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FOREWORD

This thesis was undertaken in the Laboratory of 

Molecular Biophysics, Department of Zoology, University 

of Oxford while I was a student member of Balliol College. 

The contents are my own work except where it is stated 

otherwise.

This volume marks the culmination of the more organised 

phase of my education, so it is appropriate that it is 

dedicated to he who was the greatest source of encouragement 

during my school career - my father. He gave me the opportunities 

he was unable to have. It is fitting that the teachers of the 

Forest Grammar School, Berkshire, and the Department of Physics, 

University of Manchester, should be thanked for nurturing the 

seed of scientific interest. It was my enjoyment of biology 

lessons at school which led me to venture into biophysics, and 

my enjoyment of physics at Manchester which steered me towards 

research.
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ABSTRACT

The thesis is mainly concerned with the structure of the 

protein in the egg case of the praying mantis. It continues 

the work of Rudall (1956), who showed that the protein was 

organised into lamellae and had an a-helical structure. He 

put forward two models: hexagonally packed ot-helices, and 

two-stranded coiled coils arranged in layers. In the latter 

model, each coil is staggered from its neighbours by a 

quarter of the pitch, so as to allow optimum packing.

Sections on the X-ray diffraction camera, analysis of 

errors in reciprocal lattice coordinates, analysis of sequences 

of fibrous proteins, and unsuccessful structural studies on 

sequential polyheptapeptides are also included.

Lamellae may be removed from fresh egg cases, and 

ribbons from egg cases a few or more hours after production. 

Electron microscopy of negatively stained lamellae, positively 

stained lamellae and sectioned ribbons, and X-ray diffraction 

studies on the ribbons make it possible to postulate a model 

for the structure. The model is more detailed than Rudall's 

and has differences. It has layers of two-stranded a-helical 

coiled coils about 18A thick packed in register to form 46o8 

thick lamellae about 1 ,um. x 10,um. The layers are perpendic­ 

ular to those in Rudall's model. The lamellae pack into ribbons 

with considerable disorientation. Coiled coils within an is8 

thick layer probably pack in a way similar to that in the 

layers of Rudall*s model with a stagger of 2.5 x the pitch 

and a rotation of 90° between adjacent coiled coils. Each 

coiled coil has chains about 730 fi long staggered by about 55
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Coiled coils interact end to end with an overlap of about

40 8, so as to leave gaps of about ISA. The molecular length

of 730 8 is consistent with the molecular weight of 53,000

estimated from SDS gel electrophoresis. The molecular axis

is parallel to the principal shear plane in the lamella. Fibres

of this protein drawn from the first order gland give an

X-ray diffraction pattern indicating a very similar structure.

In the presence of water, uranyl acetate solution, 

neutralised phosphotungstic acid or a mixture of chlorobenzene 

and bromobenzene, the volume of the unit cell changes. X-ray 

diffraction evidence indicates that sliding occurs between 

coiled coils as the volume changes. The amount of lateral 

swelling is greater in the direction perpendicular to the 

surface of the lamella than in the direction parallel to it. 

Together wi£h the different extents of the lattice 1 in these 

directions, this is consistent with the model, which is different 

in these two directions.

A discussion is included on the literature relating to 

X-ray diffraction cameras using a Frank s mirror and a quartz 

crystal monochromator. To this has been added calculations 

concerning focal size, resolution and intensity of the X-ray 

beam. The results of these are embodied in a discussion of 

camera design. An appendix is devoted to a method of estimating 

standard errors of reciprocal lattice coordinates.

The analysis of the sequences of fibrous proteins and the 

statistical basis of this analysis are discussed in appendices. 

Preliminary calculations on tropomyosin have revealed periodicities 

which can be related to a 14 residue stagger between chains, in
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agreement with Hodges et al (1973), and to the repeat of the 

actin helix. Hydrophobia residues and possibly positively 

charged residues are arranged in a pattern which, on the 

present limited data, appears to be important in interactions 

with actin. Residues generally considered to disrupt helical 

structures are arranged in a band coiling around the a-helix. 

A technique enabling the D stagger in collagen to be identified 

is described. This also gives information which suggests 

how hydrophobic interactions are important in defining the 

pitch of the collagen molecules and the interactions between 

them. Arguments based on this technique show how pairs of 

opposite charges lead to interactions consistent with a five- 

stranded microfibril.

There is also an appendix on attempts to produce oriented 

arrays of sequential polyheptapeptides, in order to obtain 

X-ray diffraction patterns. Another appendix describes how 

the colony of praying mantids was raised.
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Chapter 1 

Background to the problem

This chapter is not a complete review of fibrous proteins, 

but a brief guide to enable the reader to appreciate the 

thesis fully. Reference to the work by Fraser and MacRae 

(1973a) will not only give a more comprehensive account, 

but it will provide the most important references to other 

works. Seifter and Gallop (1966) and Cohen (1966) have also 

given interesting accounts. For other proteins, see the work 

by Dickerson and Geis (1969) and for other biopolymers, see 

the works of Yudkin and Offord (1971, 1973).

1.1 Biopolymers

There are three major classes of biological macromolecules: 

polynucleotides, polysaccharides and proteins. They are 

formed by condensation (that is by removal of water) from 

nucleotides, sugars and amino acids respectively. Polynucleotides 

are mainly concerned with the transfer of information and the 

control of protein synthesis. Food storage and the construction 

of structural tissue is a function of both proteins and poly­ 

saccharides, but only proteins are able to carry out sophisticated 

roles, such as those required of enzymes. Aggregates of lipids, 

the other major class of structural molecules, are the basis of 

several organelles, including most membranes. 

1.1.1____Polysaccharides

Polysaccharides play an important role in food storage. 

In this role, they often exist in a branched form and possibly



do not have unique sequences of sugars, unlike polynucleo- 

tides and proteins, which have not been found in branched 

conformations. They are also used to construct complex 

structures. Their sequences, if regular, are generally rather 

simple, so they cannot be used as the sole component of 

sophisticated systems. They are the major component of some 

structural tissues, such as cellulose and chitin. 

1.1.2_____Proteins

Complex biological systems depend on protein for their 

structure and function. This is possible because there is 

a range of twenty naturally occurring amino acids which can

be incorporated into a unique sequence. A protein of ISO

150 195 
residues can therefore have 20 - 10 possible sequences,

so it is generally possible to find one or more sequences 

among these that fulfil the required role extremely well. 

This property enables structural tissue, unlike polysacch- 

arides, to be purpose built to fairly rigid specifications. 

It is also possible to construct molecules with very sophist­ 

icated modes of action, as is evident in the case of enzymes. 

Organelles, such as membranes, which are largely constructed 

of non-protein material, contain proteins to carry out the 

more sophisticated functions.

1.2 Structure and function of proteins

Most proteins can be classified as fibrous or globular, 

those with axial ratios (that is the ratio of the largest 

to the smallest overall dimension) less than five being
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classified as globular and the rest as fibrous. Fibrous 

proteins make up the bulk of structural protein, whereas 

globular proteins are normally used in proteins with a 

specific non-structural role, such as enzymes.

It is interesting to consider muscle (see the review 

by Huxley, 1971), where the thick filaments are composed 

mainly of fibrous protein. In vertebrate muscle, the protein 

is myosin, which has a long rod-like portion in the filament 

and a globular head projecting from it. Possibly, the rod 

portion fulfils a structural role and the globular portion 

has an enzymic role, acting as a co-enzyme with actin in the 

hydrolysis of ATP. It may be thought that the long fibres of 

actin molecules perform a structural role even though actin 

is a globular protein close to 5O A across in all directions. 

The presence of tropomyosin coiling around the actin filament 

makes it likely that this fibrous protein supplies the major 

tension bearing structure, whereas the actin has the enzymic 

role.

1.3.1. The collagens  

Collagen is a very abundant protein, being the major 

protein component of most tension and pressure bearing tissues 

in vertebrates, as well as being present in many invertebrates 

In humans, where collagen is the protein component of tendon 

and bone and is present as a large fraction of skin, the 

protein makes up to 20% of the dry weight of the body. The 

collagen molecule consists of three proline rich chains with 

glycine at every third position. It has also been suggested



that these triple helices aggregate into five-stranded ropes 

and such a rope has been referred to as a microfibril (Smith, 

1968). X-ray evidence supports this (Miller and Wray, 1971) 

and suggests that these raicrofibrils would be arranged on 

a tetragonal lattice of side 38 8 (Miller and Parry, 1973). 

There are many varieties of collagen: a number of insects 

produce collagen-like silks, for example the gooseberry sawfly 

(Rudall, 1968). 

1.3.2____g-sheet structures

The 3-structures fall into two classes - the parallel-3 

and the cross-3 structures. The parallel-3 structures are 

constructed with polypeptide chains in parallel or antiparallel 

arrangement. Each chain is a 21 helix and is therefore 

approximately planar. These chains hydrogen bond into sheets, 

which pack so as to facilitate good side-chain packing. Random, 

parallel and antiparallel systems are believed to exist. Such 

structures are found in several synthetic polypeptides, such 

as 3-poly-L-alanine and polyglycine I, as well as some 

naturally occurring materials, such as Bombyx mori and tussah 

silk. a-helical structures can often be converted to the 3 

form by stretching under appropriate conditions. 3 structures 

are often coiled; feather keratin (Fraser et al., 1971) is 

an example of this.

Cross-3 structures are exemplified in silk from the egg 

stalks of the green lacewing fly, Chrysopa flava. The X-ray 

pattern is very similar to that given by parallel-3 structures, 

except that it is rotated through a right angle with respect
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to the fibre axis. The polypeptide chain bends back

on itself every five to nine residues (nine in chrysopa silk)

forming a ribbon. The ribbons hydrogen bond at the edges to

form sheets which pack together.

1.3.3. g-helical structures

These structures, along with the collagen structures, 

were recognised by Astbury (Astbury, 1947; Astbury et al, 1948) 

as giving distinctive high-angle X-ray diffraction patterns. 

The a-helical class became known as the k-m-e-f class, since 

it contains keratin, myosin, epidermin and fibrinogen. The 

class can also be recognised by a high optical rotation at 

a wavelength of 22O nm., and by characteristic infra-red 

absorption bands.

These structures form a major part of biological organisms, 

Keratin is the protein of hair, horn and nail and forms a 

major part of mammalian skin (Fraser et al, 1972). The known 

structural proteins of muscle, paramyosin, the major part of 

the myosin molecule and tropomyosin are a-helical. Fibrinogen 

has only 30% helix and is thought to be globular units 

connected by helical filaments (Slayter, 1969). Paramyosin 

(Lowey, Kucera and Holtzer, 1963) , tropomyosin (o?sao, Bailey 

and Adair, 1951) and the light meromyosin fragment of myosin 

(Holtzer, Lowey and Schuster, 1962) are rod-shaped molecules 

with an a-helix content in excess of 90%. a-helical proteins 

are widespread, examples being some insect silks (section 1.6) 

and whelk egg capsules (Flower, Geddes and Rudall, 1969).

X-ray and chemical evidence suggests that many a-hel.ical 

proteins exist as two-stranded coiled-coils, which pack into
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a lattice or rope structures. The close relationship between 

a and 3-structures is shown by the ability of one to change 

to the other under appropriate conditions. The ease of the 

conversion in a-keratin suggests that the energy difference 

is small. It would be interesting to compare the sequence of 

the coiled 3-structure, feather keratin, with that of an a-helical 

keratin fulfilling a similar function. This could provide 

information on how the sequence defines the structure. 

1.3.4 Other fibrous proteins

There are many other fibrous proteins, but in general, 

their conformation has not been well characterised. References 

to many of them are given by Fraser and MacRae (1973a) and 

Seifter and Gallop (1966). Some are clearly aggregates of 

globular subunits, such as F-actin and TMV virus; for some, 

for example elastin and resilin, the best description is not 

clear and for others there is no generally accepted molecular 

model. Further discussion is beyond the scope of this thesis.

1.4 Theory of X-ray diffraction

Before more detailed analysis is given, it is important 

to give an account of X-ray diffraction which is sufficient to 

allow non-diffractionists to appreciate the problem. For a 

complete understanding, reference must be made to texts. There 

are good introductory texts on X-ray diffraction (Woolfson, 1970; 

Holmes and Blow, 1965) and accounts extending the theory to 

fibrous systems (Fraser and MacRae, 1973a; Dickerson, 1964; 

Wilson, 1966). More advanced ideas on diffraction are presented 

by Guinier (1963) and on diffraction from chain molecules by 

Vainshtein (1966) .



1.4.1.____General Theory

X-rays are scattered by lattices with regularly spaced 

points or atoms according to Bragg's Law (see Fig. 1.1). 

Constructive interference occurs when the path difference 

is an integral number of wavelengths and then

nX = 2dsin0 (1.1) 

The physical meaning of this is doubtful, but it is 

useful in practice. A three dimensional structure will scatter 

X-rays from a particular periodicity only when the incident 

ray is at particular angles of incidence on the lattice, 

so the specimen must be oriented for this. With the slightly 

disoriented specimens used in fibre work, it is normally possible 

to see many orders at the same time, each corresponding to an 

integral value of n. The 670 8 axial repeat in collagen is an 

example of this.

Reference is often made to a reciprocal lattice. This 

derives from the relationship

s = h a* + k b* + 1 c*, (1.2)

which is mathematically equivalent to Bragg's Law. s is the 

scattering vector, a*, b* and c* define the reciprocal lattice 

and h, k and 1 are integers. If the specimen is oriented 

correctly, the reflection corresponding to particular values 

of these integers should occur. The angle is correct when the 

defined reciprocal lattice point falls on the Ewald sphere, 

(see standard texts).

Each repeating unit scatters X-rays in directions 

generally described by a continuous function. The form of
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this function, which is closely related to the structure, 

determines the intensities of the reflections defined by the 

reciprocal lattice. Strong periodicities within each unit show 

themselves as intensity variations which are in accordance 

with Bragg's Law. The breadth of a reflection or modulation 

of intensity indicates the perfection and range of order in 

the structure producing it in a way analagous to scattering 

from a diffraction grating. The width of the reflection is 

close to the range of order as measured in reciprocal space, 

and it is therefore reciprocally related to that range.

Standard texts on optics show that a diffraction pattern 

is described by the Fourier transform of the diffractor. 

X-rays are scattered by electrons, so we find that (see, for 

example Woolfson, 197O).

i i i
Fhkl V/ / / (xyz) exp 2-rri (hx+ky+lz) dx dy dz (1.3)

x=O y=0 z=O

where F, , , is the scattered amplitude, V is the volume of the 

unit cell, x, y, z are the fractional coordinates of the sides 

of the unit cell, p is the electron density, and h,k,l are integer 

1.4.2_____Diffraction from helices

Cochran et al (1952) gave the theory of diffraction by 

helical structures and this was amplified by Klug et al (1958).

A continuous line helix gives a cross on a diffraction 

pattern when the incident beam is at right angles to the 

helix axis. The cross is centred where the unscattered beam 

strikes the film and the angle between the arms is determined 

by the radius and pitch of the helix. The lines of the cross
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are close to being at right angles to the helix locus when 

the beam is incident at 90° to this line, owing to adjacent 

turns of the helix producing quasi-parallel lines acting as 

a grating.. A helix of pitch P repeats at intervals of P, so 

intensity only occurs on lines (layer lines) at axial intervals 

of 1/P in reciprocal space. If scattering units, for example 

amino acid residues, occur at axial intervals of p along the 

axis, this is equivalent to a series of planes sampling the 

helix. By the convolution theorem (see texts on diffraction), 

the pattern from the helix is placed at each point where the 

planes scatter, so the helix pattern repeats at axial intervals 

of 1/p in reciprocal space. The true repeat of the structure 

may be infinite, but it can always be closely approximated
%

to a finite one, as in a-keratin (Fraser and MacRae 1973 b).

Helices packed into a lattice give a diffraction pattern 

sampled by the points of the reciprocal lattice. Regular and 

irregular distortions (Vainshtein, 1966) and non-helical 

material cause complications. The small crystallites are 

usually disoriented with respect to each other and often 

randomly oriented about the helix axis. This superimposes 

several patterns, producing arcs,and brings extra reciprocal 

lattice points on to the Ewald sphere. Random staggers between 

helices sometimes occur, changing the pattern (Vainshtein, 1966).

1.5___a-helical proteins.

a-helical proteins have been discussed (Fraser and 

MacRae, 1973a . Fasman G.D., 1967), 

1.5.1_____The a-helix.

Pauling and Corey (1951) interpreted X-ray diffraction 

data obtained from poly-y-methyyl glutamate and poly-y-ben^yl-L-
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glutamate (Bamford, Hanby and Happey, 1951) in terms of a 

hydrogen bonded helical structure with 3.6 residues per turn 

and an axial residue repeat of about 1.5 A., that is 18 residues 

and five turns in 2?8 . This is the a-helix. Huggins (1952) 

showed that a right handed a-helix was more stable than a 

left handed one for L-amino acids, as borne out by a right 

handed a-helix in myoglobin (Kendrew et al 1960). Sugeta 

and Miyazawa (1967) computed atomic coordinates, and Parry 

and Suzuki (1969) calculated the coordinates of a standard 

helix of residue repeat 1.5 8 and residue rotation 100 degrees.

Studies on poly-L-alanine (Elliott, 1967; Brown and 

Trotter, 1956; Elliott and Malcolm, 1958; Arnott and Wonacott, 

1966a,b; Arnott and Dover, 1967; Arnott, 1968) reveal a right 

handed a-helical structure with molecules randomly distributed 

between the parallel and anti-parallel orientations. It gives 

the X-ray diffraction reflections expected from an a-helix, 

notably the 1.5A meridional reflection and the near meridional 

reflections on the 5.4& layer line.

a-helical structures in synthetic polypeptides and 

globular proteins are tabulated (Fraser and MacRae, 1973a). 

The pitch and residue translation in the globular proteins 

listed is fairly constant. In fibrous polypeptides, the 

variation is greater and the mean distances are significantly 

shorter, indicating that coiling, twisting and tilting could 

be general phenomena, even in polypeptides considered to pack 

parallel. This is supported by the smaller differences in the 

unit twist than in the pitch. 

1.5.2 Coiled-coil structures

The a-helix does not predict the X-ray diffraction 

patterns of proteins in the k-m-e-f class, where there are
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strong meridional reflections at about 1.485 A and about 5.15 2. 

Many k-m-e-f proteins give similar diffraction patterns 

(Fraser et al, 1965).

Pauling and Corey (1953) and Crick (1952) independently 

proposed that a-keratin is based on a coiled-coil, since 

this predicted these two meridional reflections more closely. 

Crick (1953b) described the way two parallel helices would 

be able to fit together by interlocking the side chains so 

the mean centre to centre distance between groups is about 

58. They can then coil around each other. The energy required 

to so coil an a-helix is probably very small (Crick, 1952; 

Parry and Suzoki, 1969).

Crick (1953b) gave the following likely values for a 

two strand rope, although they are likely to vary.

Turns of the major helix 

Turns of the minor helix

Atoms in the set

Repeat distance

Radius of the major helix

N =1 o

C=126xl.5coslO° 8=1868

R =5.28, say.

The proportion of non-polar (hydrophobic) groups in 

tropomyosin is lower than for globular proteins (Bailey, 1948). 

Non-polar groups are expected to occur between the chains, 

since by packing the hydrophobic side chains together, more 

hydrogen bonds form elsewhere, which is energetically preferable 

The sequence (X-N-X-X-N-X-X) is to be expected, where N is a



14

non-polar residue and X is any residue. A sufficient length 

of tropomyosin has been sequenced to verify this (Hodges 

and Smillie, 1970, 1972 a,b ; Hodges et al.,1973) . 

1.5.3_____X-ray diffraction from a coiled coil

Fourier transforms of continuous and discontinuous 

coiled coils (Crick, 1953a; Lang, 1956; Ramachandran, 1960) 

are a good approximation, but they wrongly assume a constant 

line density for the continuous helix (Pardon, 1967). A 

method used for cx-keratin- requires only the atomic coordinates 

relative to the major helix for the repeating unit of seven 

residues, which is arranged on a simple helix (Fraser et al 

1964). The general theory (Crick, 1953a) is not described 

here, but the applications are,(Crick , 1953b) .

The gradual major helix follows the axis of the a-helix. 

It has radius r , a repeat distance of P in the z direction 

(i.e. parallel to the coiled coil axis) and a pitch angle a 

given by tan a = 2 IT r /P. The minor helix approximates to the a- 

helix. r.. is the distance of an atom from the minor helix 

axis. The structure has a repeat distance c in the z direction, 

the major helix making N. turns and the minor helix NL turns 

relative to the major helix in that distance. M atoms are 

equally spaced along the coiled-coil locus in the repeat distance 

The cylindrical coordinates of reciprocal space are denoted 

by R, ip and Z.

The Fourier transform C (R,i|;,Z) is non-zero only on 

the layer lines (f is the layer line number) since the structure 

is periodic in the z direction (the fibre axis). For a left- 

handed major helix and a right handed minor helix
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i|;,£./c) =ZZZJ (27rRr 0 )J (2irRri)J (2T 
pqs P <2 s

rjsina). exp i (p (b^-ip) +q (^TT+IJ;) + srr) (1.4)

subject to the condition that only terms for which

NQp + (N^NQ) 9 + N ! s = £, + m 1 M (1.5)

are included, where p, q, s and m 1 can take any integer 

values, positive or negative.

J (x) is very small for small x and large n, so Bessel 

functions of high order are usually unimportant. Consider terms 

for which p, q and s are small. The largest terms are 

normally those with two zero order Bessel functions, as 

follows :

p = q = S!=m'=O : equatorial

q = s = m 1 = O, p small : near equatorial

p=q=m'=Os=l :5.l2 meridional

p = q = s =Om l =l :1.5A meridional

p=s=m'=0q=l :58 meridional

Substituting the parameters for the two strand rope (section (1,5.2) 

in equation (1.5) gives

p -i- 35 q + 36 s = £. + 126m' (1.6) 

On the meridian, R ?» 0 and

C(0,0,l/c) =Z J (2TT(L/c) f sin a) exp (i s IT) (1.7)
s s -" 

subject to

36s = £ + 126 m f (1.8)

Clearly, £ is a multiple of 18, so no meridional reflections
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occur except at sub-multiples of 186/18 = 10.38 ( a consequence 

of the 18-fold rotation axis).

From equation (1.8):

U/18) 0123456789 10 

d(8) oo io.3 5.17 3.45 2.59 2.07 1.72 1.48 1.29 1.15 1.03 

s 0 1 23 4 5 

-3 -2-10 1

There are strong meridional reflections at 5.178 and 1.488. The 

5.178 reflection is produced mainly by the side chains, where 

r 1 is large. At 1.488 resolution, side chains, especially lysine, 

arginine and glutamic acid, which have high temperature factors 

(Kendrew, 1962), are normally disordered. The main chain contri­ 

butes most to this reflection, except perhaps in crystalline 

structures with ordered side chains. At 108 resolution, a 

side chain in water scatters much less than in vacua, but beyond 

58 the effect is negligible, depending on small scale density 

fluctuations (Langridge et al I960). Other reflections are 

predicted to be weak, except where side chains are highly 

ordered and \.s\.£ 2.

Two helices related by a diad have a repeat distance of half 

the pitch of the major helix, so only even layer lines are 

present (Equivalent to (p~q) being even in equation 1.6).

On the equator, £= 0 and s = 0, otherwise J becomes zero.
o

The structure amplitude is

I I 

subject to

p q O* Jq

p + 35 q = 126 m' (1.10)
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For small R, the only important term is for p = q = 0. 

For higher R, terms such asp=7, q=7;p= -14, q = 4; 

p = -7, q = 11 may be important.

The near equatorial region corresponds to p ^ 0, q = s = m 1 =0, 

so for a single coiled coil C(R,i|j,£/c) = J (2irRrQ ), JQ (2-jrRr.j^).

Jo (2ir(£/c) r;L sin d)exp i p (\ TT+ ip) (1.11)

subject to

N p = I (1.12)

Since N = 1, p = £.For small £ and r and r =5.2:

pi 2 3 4

1/R(S) 17.8 10.9 7.75 6.2

6 degrees 5% 6% 7' 1\

tan 0 = £/cR and the pitch angle is 10 degrees so the maxima 

occur at an angle from the equatorial direction of about two 

thirds of the pitch angle.

For a two strand rope, only even values of £ are present, 

so the first near equatorial is for £= 2. The broad maximum of 

J2 gives an exact spacing, depending on neighbouring parts 

of the structure. The finite radius of the helix causes the

intensities for £= 4 and higher to be low, since for r =1.8A, 

JQ (2iTR r ) = 0 where 1/R = 4.5S.

The 5A near meridionals for which m = 0, s and q = 0 or 1 

and p is small, and the reflections near the 1.5§ reflection 

for which m 1 =1, (s + q) =0, and p and q are small are 

important.
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Distortions allow more reflections to appear as the unit 

cell increases in size. Packing into a lattice causes sampling 

by the discrete lattice reflections.

1.5.4. X-ray patterns

a-fibrous proteins, for example paramyosin, keratin, 

tropomyosin and myosin, give very similar X-ray diffraction 

patterns.

The unit cell is defined so that the c axis is parallel 

to the molecular axis,

1.5.4.1. Paramyosin

Low angle X-ray diffraction patterns obtained from paramyosin 

containing muscles show a series of meridional and near meridional 

reflections indexing on a two dimensional lattice.

A number of studies (Bear and Selby, 1956; Elliott, 1963, 

1964; Elliott and Lowy, 1970) have found the c axis to be 

close to 720 8 and the angle B to be close to 9O degrees 

whether dry or wet. The a axis shrinks by about 20% when going 

from the wet to the dry state. The dry state dimensions for 

Venus mercenaria (25OA), Crassostrea angulata (33o8) and 

Mytilus edulis (420 A) are in the ratio 3:4:5 and are multiples 

of about 82 8 in the dry state, equivalent to 1068 when wet.

The high angle pattern of the anterior byssus retractor of 

M.edulis in the wet state has a prominent meridional at 

5.15 - 0.068 and off meridional maxima on the 5.25 8 layer line 

(Cohen and Holmes, 1963). The layer lines from the 72O 8 

repeat extend at least as far as 58 for both living and dried 

muscle, the prominent reflection occurring on layer line 

142, at 5.123 8 and 5.076 8 for living and dried muscle 

respectively.
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A weak meridional arc occurs at 1.485 - O.OOsS (Cohen and 

Holmes, 1963; Elliott et al, 1968) The spacing of the off 

equatorial layer line in the 10A region is 89 - 58 (Cohen and 

Holmes, 1963), similar to the value for the opaque adductor 

of C. 'comercialis- (Fraser et al.1965). c.angulata gives a value 

near 7o8, perhaps produced by an overlying interference function.

Native muscle from M. edulis gives a 20 A equatorial 

interference maximum, and maxima occur on the near equatorial 

layer line for muscle soaked in acetone-water mixtures after 

drying (Cohen and Holmes, 1963), interpreted in terms of a 

body-centred tetragonal arrangement (Elliott et al 1968). The 

equatorial maximum corresponding to the lateral molecular 

separation varies from 178 to 2o8 as the mixture is varied 

(Elliott and Lowy, 197O). Half widths imply a coherent length 

of 150A , much shorter than the molecule, suggesting that the 

pitch varies along the length (Cohen and Holmes (1963). The 

equatorial and near equatorial intensity corresponds better to 

a two-stranded coiled-coil than a three-stranded one (Cohen and 

Holmes, 1963). Fraser et al. (1965) considered the side chains 

and the background, obtaining a better fit, especially for the 

dry case.

1.5.4.2 a-keratin

The reciprocal spacings of porcupine quill a-keratin satisfy«

the selection rule

Z = m/h + n/P + s/P

where h = 67.1& , P = 22oS, P = 2358 and m, n, and s are 

integers (Fraser and MacRae, 1973 b). In conjunction with the 

lateral distribution of intensity, this indicates that the 

microfibrils (observed in the electron microscope) in a-keratin 

have a helical structure with a 22o8 pitch and a 67. l8 unit height.
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subject to a regular axial distortion of period 235A. n must be 

a multiple of N where the microfibril has N-fold rotational

symmetry (Klug, Crick and Wyckoff , 1958), so the off meridional

2
intensity depends on terms of the type J (2irRr)   Given a

microfibril diameter of 368 (Eraser et al , 1971) and lateral 

positions of off meridional reflections at 35 - 45 8, N must 

be one.

Meridional reflections occur at spacings of 5.1658 and 1.4858 

(Fraser et al 1964) Near equatorial spacings in a -keratin 

are in the range 70-858 (Fraser et al, 1965) . Two and three 

stranded coiled coils cannot be distinguished although a two 

stranded form is favoured because of the similarity between the 

diffraction patterns of a -keratin and paramyosin (Fraser et al 

1965) . A possibility not considered is that both two and three 

stranded coils are present.

1.5.4.3 Tropomyosin

Films prepared from tropomyosin give a meridional arc at

5.15A, a diffuse equatorial reflection at 9 . 88 (Astbury et al/
 

1948) and a meridional arc of spacing 1.498 (Perutz, 1951a) . 

Tropomyosin and paramyosin give similar patterns, so it was 

inferred that tropomyosin is a two-stranded coiled-coil (Fraser 

et al, 1965) .

1.5.4.4. Myosin

Myosin gives a meridional reflection at a spacing of 1.50 8 

(Perutz, .195Jb) . Light meromyosin fragments (the a-helical 

portion) have been oriented and give a high-angle a-pattern 

as well as meridionals and near meridionals indexing on an 

axial period of 43o8 (Cohen and Szent-Gyorgyi , 1960; Szcnt- 

Gvoravi et al, I960). Both native and dried striated muscle
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give a high angle a-pattern with a meridional arc at 5.15 R and 

a diffuse equatorial reflection at 9.8A (Astbury, 1947) pres­ 

umably from myosin.

1.5.5. Chemical data

Chemical work provides .information on molecular size and- 

interactions from which inferences can be made about the native 

structure.

1.5.5.1. Paramyosin

Paramyosin has a molecular weight of about 2'OO,000 (Lowey 

et al, 1963; McCubbin and Kay, 1968; Woods, 1969), but about

half this in appropriate denaturing solvents (Olander et al. 1967;
McCubbin and Kay,1968; 

Weber and Osborn, 1969^/ Woods, 1969), suggesting that the

molecule has two chains. Optical rotatory dispersion infers a 

very high a-helix content (Cohen and Szent-Gyorgyi, 1957, 1960; 

Simmons et al, 1961; Riddiford, 1966; Olander, 1971), consistent 

with the amino acid composition, in which it resembles tropo- 

myosin and the rod portion of myosin. It has a high content of the 

a-helix favouring residues, glutamic acid, leucine and alanine, 

and a low content of the non-a-helix favouring residues, proline, 

glycine and cysteine (Finkelstein and Ptitsyn, 1971). Hydrodynamic 

and light scattering studies in solution (Lowey et al, 1963 ) 

indicate a length of 133oS and an axial ratio of 64:1. Taken 

with the molecular weights and amino acid composition, this is 

strong evidence for a two-stranded coiled-coil.

1.5.5.2 Tropomyosin

The molecular weight of tropomyosin, as determined by 

hydrodynamic studies, is about 68,000 but in the presence of
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denaturants and reducing agents the molecule dissociates into 

two chains of very similar weight and composition (Holtzer et al 

1965; Woods, 1967). Optical rotatory dispersion in aqueous 

solution indicates an a-helix content nearly 100% (Cohen and 

Szent-Gyorgyi, 1957; McCubbin and Kay, 1969; Woods, 1969; Rainford 

and Rice, 1970).

Crick (1953b) predicted a sequence (X-N-X-X-N-X-X) for 

coiled coils, where N is a non-polar residue and X is any residue. 

This sequence has been found (Hodges and Smillie, 1970, 1972a,b; 

Hodges et al, 1973).

1.5.5.3. Myosin

The molecule has two chains that run side by side throughout a 

rod-like portion and end in a globular head (Lowey, 1971). Myosin 

has a molecular weight (M.W.) of 510,000. Two enzymic fractions 

of this, light meromyosin (M.W.140,000) and the S2 fragment of heavy 

meromyosin (M.W.62,OOO) have a very high helical content (Lowey 

et al , 1969). These fragments often occur together as the 

papain rod (M.W.22O,OOO).

1.5.5.4. Keratin

Keratin contains many proteins, many forming the matrix 

surrounding the microfibrils. The low sulphur proteins form two 

groups, components 7 and 8 in the ratio of about 2:1 (Thompson
*

and O f Donnell,1965) with molecular weights of about 53,000 and 

45,000 (Jeffrey, 1972) and helix contents in solution of 56% and 

62% (CiE'wther and Dowling, 1971). X-ray diffraction of oriented 

films of the low sulphur proteins gives an a-pattern (Happey, 1950) 

There is a suggestion that two chains of component 7 and one of 8
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aggregate (Crewther et al 1968) to form a three strand rope,

(Crewther et al., 1968; Crewther and Dowling, 1971). Provisional 

sequence work suggests helical and non-helical regions (O'Donnell, 

1969; Corfield et al, 1968; Hosken et al, 1968).

1.5.6. Composition

a-fibrous proteins have similar compositions (Table 1.1). 

Approximately 2/7 of the residues are small hydrophobics, as predict­ 

ed by Crick (1953b). Myosin is more polar than average and tropo- 

myosin is more hydrophobic than average, reflecting differences in 

intermolecular interactions. The. proportion of the helix 

disrupting residues, cysteine, glycine and proline (Finkelstein 

and Ptitsyn,1971) ,is small. The helical portions of the low sulphur 

proteins of keratin have a similar composition (Crewther and 

Dowling, 1971).

For globular proteins, Finkelstein & Ptitayn (1971) found that 

a-helical regions had a significantly above average content of 

alanine, glutamic acid, leucine and histidine, and a significantly 

below average content of glycine, tyrosine, asparagine, serine, 

proline and cysteine.

1.5.7. Electron microscopy

1.5.7.1. Paramyosin

The thick paramyosin containing filaments in molluscan 

catch muscle are up to 60 ym long and 200-160O 8 in diameter

(Hanson and Lowy, 1963). Treated and stained filaments show a two- 

dimensionally periodic structure (Hall et al, 1945; Hanson and 

Lowy, 1964a; Elliott and Lowy, 1970; Szent-Gyorgyi et al, 1971; 

Cohen et al, 1971a); Treatments revealing this structure may remove 

a surface layer of myosin. Hall et_al (1945) found non-primitive 

cell dimensions of a = 1938, c = 72o8 and 6 = 9O
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from the constancy of a, assumed they were flat ribbons, as is 

supported by the presence of enantiomorphic forms (also observed 

by Elliott, 1964; Elliott and Lowy, 1970; Cohen et al, 1971a). 

Cohen et al, (1971a) suggested that the filaments were helical but 

selective staining of the top surface occurred. Elliott (1971) 

shadowed both sides, obtaining an image giving the optical 

diffraction pattern expected for a helical structure. Elliott and 

Lowy (197O) observed an apparent change in the screw sense of a 

shadowed specimen accompanied by a change in a. A change in 

polarity without a change in screw sense has been observed (Cohen 

et al, 1971a). The a dimension varies widely; for filaments over 

80o8 in diameter, the a values were 200-400$, but for smaller 

diameters, the upper limit was about 660A, perhaps due to distortion 

at the outer surface of a la^er bent into a cylinder (Elliott and 

Lowy, 197O). This suggests a two dimensional lattice of the type 

envisaged by Bear and Selby (1956) rolled into a spiral cylinder

(Whittaker, 1955). However, no X-ray reflection corresponding to the 

intersheet spacing has been observed, nor has the edge of the sheet 

been seen in the electron microscope.

i

1.5.7.2. Keratin

The low sulphur proteins form microfibrils of 70A diameter 

within a matrix of high sulphur proteins (Rogers, 1959). The micro- 

fibrils appear to be annular with a wall thickness of 20A and 

high sulphur protein inside (Filshie and Rogers, 1961).

1.5.7.3. Tropomyosin

Rodlike particles of mean length 4008 believed to be 

individual tropomyosin molecules have been seen (Rowe, 1964; Ooi, 

and Fujimc - Higashi, 1971).
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1.5*7.4. Myosin

Hanson et al, (1971) isolated thick filaments from vertebrate 

striated muscle. These show the central M band about 49 5$ wide, 

flanked on either side by zones about 395$ wide, followed by ten 

repeats of a 42O- 15$ period.

The form of the myosin containing filaments in vertebrate 

smooth muscle is not well established (Burnstock, 1970> Lowy et al, 

1973). Lowy and Small (197O) say the filaments are ribbon-like,

about 80S thick, 200-llOoS. wide and up to 30,000& long. Other workers have

generally observed filaments of diameter 150-200&, apparently depending on the 

method of preparation. (Rice et al.,1971; Sonlyo et al., 1971a,b; Cooke and 
Fay, 1972). The in vivo form is not known. In paramyosin containing

smooth muscle, the myosin is believed to be located at the surface 

of the thick filaments (Hanson and Lowy, 1964b; Squire, 1971; Szent- 

Gyorgyi et al, 1971).

1.5.8. Artificial forms

Electron microscope studies of in vitro forms of paramyosin 

(Cohen et al f 1971a), tropomyosin (Cohen et al, 1971b) and myosin 

(Harrison et al, 1971; King and Young, 1972) have revealed banding

patterns relating to molecular staggers. Molecular lengths can be

estimated.

1.6. Silks

Fibrous proteins secreted by arthropods are normally classified 

as silks. Comprehensive reviews have been given by Lucas et al y 

(1958), Rudall (1962), Seifter and Gallop (1966), Lucas and Rudall 

(1968), Rudall and Kenchington (1971) and Fraser and MacRae (1973a).

1.6.1. Structures

Silk has been classified into six classes of $ silks, one
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cross-3 class, one class of collagen-like and polyglycine-like silks 

and one class of a-helical silks (Warwicker, I960; Lucas and Rudall, 

1968; Rudall and Kenchington, 1971). The most complete list of 

silks and their structures is given by Fraser and MacRae (1973a). 

The different classes of parallel-^ silks differ in structure and 

composition. The proportion of glycine present appears to be a 

crucial factor and varies from 45 residues per 100 in group 1 to 

2.1 residues per hundred in group 6. (Rudall and Kenchington, 1971). 

Some silks have polyglycine I or II, or collagen structures (Rudall 

and Kenchington, 1971). The amino acid compositions are rich in 

glycine for polyglycine structures and more like that of collagen for 

collagen structures. (Lucas and Rudall, 1968; Rudall and Kenchington, 

.1971). a-helical silks have been found in a variety of arthropods. 

The silk of the green lace wing fly (chrysopa flava) egg stalk was 

the first cross-3 structure to be discovered (Geddes, A.J. et al,

1968). Rudall and Kenchington (1971) also discuss chitinous and 

cuticulin silks, but these contain little fibrous protein.

1.6.2. a-helical silks

The first a-helical silk to be so identified was the ootheca 

protein of praying mantids (Rudall 1956). Several are now known 

(Table 1.2). a-proteins generally have high contents of glutamic 

acid and lower glycine contents than is normal for silk. The amino- 

acid composition of purified mantis ribbons is compared with that 

of other silks and a-proteins in table 1.3.

Comparing the silk of Arge ustulata t which has some a-character- 

istics, with those which are a-fibroins, we see that glutamic 

acid and alanine are more important. However, the total number of 

acidic residues is closer to that in the a-fibroins and the quantity
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of hydrophobias is not much greater. Lucas and Rudall (1968) 

compare this silk to two other Argid silks with a 3 structure.

Ala Glu. (Res/100) 
Digelansinus diversipes 38 36

Pachylota Audouini 36 36 

Arge ustulata 41 33

Rudall and Kenchington (1971) regard the a-helical form in 

silk proteins as a consequence of a reduced glycine content and an 

increased content of acidic residues.

Aculeate Hymenopteran larvae silk gives a patterns with meridional 

arcs of spacing 5. 1A and 1.5S. Atkins (1967) has studied the 

good pattern given by honey bee (Apis me 11 if era)'larva silk. A 

meridional arc of spacing 5.06 - O.05A and off meridional arcs, 

apparently on the same layer line, are obtained. Strong diffraction 

occurs on the equator at 9. 4A and on the 35A layer line at a spacing 

of 8.4A. The axial period is 280A. A four-stranded coiled-coil 

model was fitted to the relative intensities and the positions of the 

equatorial and off-equatorial reflections, but it seems likely that 

other reasonable models could fit. Some indication that there may 

be a stable four chain unit was obtained by Flower and Kenchington 

-41967) , who observed fibres 25A in width under the electron 

microscope (They were produced by suspending the silk in 0.3M KC1). 

Shearing occurs during hardening of the silk. (Lucas and Rudall, 

1968; Ramsden, 1938).

The wasp Pscudopompilus humbolti, Dahlbom, produced a silk 

with a good a pattern and a good a+3 transformation with extensions 

of 90-100?, in water at 70°C (Rudall, 1962).
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The silk ;from the oothecae of Aspidomorpha beetles (Flower 

and Kenchington, 1967) produce X-ray patterns very like those
 of the 

praying mantis ootheca.

The silk from the flea xenopsylla cheopis (Rudall and 

Kenchington, 1971) has an X-ray diffraction pattern much more 
like 

those of keratin and myosin than those of the aculeate silks.

1.7 Mantid Oothecal Protein

1.7.1. Egg-case production

Rudall (1956) considers three glands (Fig.1.1) to be 

important in the formation of the ootheca. 
The principle gland is 

a large set of parallel tubules each about 1
 mm. in diameter and 

occupying much of the abdominal space (In Sphodromantis membramacea 

the tubules are about 1.5 mm. in diameter and could hardly be 

described as parallel (personal observation)). This g1and t known as 

the main colleterial gland, the left collete
rial gland or the first 

order gland, produces almost all of the subs
tance of the ootheca. 

The gland tubules form a common duct opening
 into the genital atrium 

between the valvulae of the ovipositor. Just before this duct 

reaches the exterior, it is joined by the duct of a much smaller 

gland, the right colleterial gland (second order gland). There is 

also a gland which produces regular trapeziu
m shaped crystals of 

calcium citrate enclosed in complex membrane
s (Parker and Rudall, 1955)

The left colleterial gland secretes numerous
 globules of 

protein up to 0.5 mm. in diameter (size estimated by Kenchington 

and Flower, 1969), a fluid serum and a pigment
 protein, which indifferent 

species may be dark or light brown, or greenish blue. When dark 

golden brown, this protein may occur as well
-defined crystals, as 

in Mantis religiosa and Paratcnodera sinesis
, but it is usually
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in solution. Shortly before laying, the protein globules are highly 

birefringent (Rudall, 1956; personal observation for Sphodromantis 

membramacea), but shortly after laying they are scarcely birefringent 

and much smaller. Each globule has a thin membrane surrounding 

it.

The function of the calcium citrate gland is uncertain, since 

Rudall (1956) found that normal egg cases were still produced 

after its removal. Kenchington and Flower (1969) found that 

protein globules dissected from the left gland form ribbons on 

treatment with calcium chloride solutions of 0.005M to 0.025 M. The 

ribbons are only 10 ym long and 2^3 ym wide, but they are otherwise 

identical to naturally occurring ribbons. Calcium citrate is 

sufficiently soluble to furnish these concentrations of calcium 

ions.

The right gland has an unknown function, but Stay and Roth (1962) 

have suggested that it supplies an essential chemical tanning^s 

in the cockroach ootheca (Periplaneta and Blatta) (Brunet and Kent, 

1955) and a variety of other species (Stay and Roth, 1962).

In the production of the ootheca (Rudall, 1956) muscular 

action extrudes the contents of the colleterial glands. During 

extrusion, the globules lose their membranes and the contents 

become a viscous mass, which is moulded by the valvules into the 

fabric of the egg case.

Neville and Luke (1971) found that the spherulites in the 

left colleterial gland of both adulbSphodromantis tenuidentata and 

Miomantis monacha were formed of a continuous phase, whereas 

Kenchington and Flower (1969) working on Sphodromantis contrails 

found that the spherulites were composed of fibrils 0.05 - 0.1 ym. 

in diameter and Rudall (1956) found fibrils 0.2-0.5 ym.in diameter.
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It seems likely that fibrils existed in the earlier preparations, 

but it is possible that conditions differed. Neville and Luke 

(1971) think that these fibrillar units are likely to be twin- 

coiled a-helices, but they observe a wide range of pitch. They also 

observe an irreversible denaturation at 55 C, which they 

attribute to the breakage of hydrogen bonds - a feature of 

a-helices.

Kenchington and Flower (1969) considered the spherulites to be 

constructed of sheets of fibrils, each sheet inclined at 18 degrees 

to the adjacent ones in a cholesteric arrangement. It is only 

possible to correlate a fixed 18 degrees with a wide range of 

pitch (Neville and Luke, 1971) if the fibril size varies.

Rudall (1956) and also Kenchington and Flower (1969) 

observe that just after laying there are many approximately 

cylindrical fibrils, which within 30 minutes change to ribbons 

15 ym. long, 1-2 ym. wide and 200-300 S thick. Rudall obtained 

the ribbons from the fresh egg case by limited treatment with 

dilute trypsin. At this stage, the ribbons are readily altered 

by heating in water, they dissolve in concentrated urea solution 

and are digested by trypsin, but, within hours, the ootheca dries, 

becomes browner and hardens; it is now completely resistant to 

boiling water, strong urea and tryptic digestion. Rudall(1956) 

observes that during ribbon formation the fibrils develop vacuoles 

and then flatten into ribbons.

1.7.2. Structure of the protein 

1.7.2.1 Electron microscopy

Rudall (1956) examined the small ribbons formed after- 

limited treatment of fresh egg case with trypsin. Alter staining 

with phosphotungstic acid (PTA), densely stained diagonal lines
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were visible making an angle of about 20 degrees with the long 

edge of the ribbon. These striations, which also show after 

shadowing, are destroyed by longer treatment with trypsin. The 

proteolytic action of trypsin may aid PTA staining at certain 

sites (Rudall, 1962). At higher magnification, the striations 

appear as double rows of spots, each spot being 20-3OA in diameter 

(Rudall, 1962).

Millard and Rudall (1962) claimed that along each fibrous rod 

(which they considerered to be parallel to the striations) there 

was a staining centre every 338, although they only obtained 

this by dividing the period (400A-) by the number of staining centres 

(12). They relate this to the 6% arginine content of the ribbons. 

This is one residue in 22 and there are 22 residues in a 33A length 

of an a-helix. On this basis, they conclude that the staining 

centres could be mainly arginine. A basic araino acid like arginine 

would be expected to be stained by PTA.

Rudall (1956) observed the main cleavage plane parallel to the 

ribbon axis and the minor one parallel to the diag.onal lines.

1.7.2.2. X-ray diffraction

Rudall (1956) drew fibres from the globules in the left 

colleterial gland and also from material taken from the ovipositor. 

A diffuse X-ray pattern is produced with two well-marked features, 

namely arcs at 5.188 and 1.58. There is equatorial scattering at 

8.38 and 14.58. Hexagonally packed rods 16.58 in diameter were 

proposed to explain this.

Rudall (1956) found that ribbons with the X-ray beam parallel 

to the face and perpendicular to the long axis give X-ray diffraction 

patterns dominated by a set of row lines which are orders of
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17.5 - 18.5A- When the ribbon is rotated about the long axis 

to present the flat face to the beam, a pattern indicating an 

equatorial period of 3l8 or 628 is obtained. , The meridional

spacings at 5.18° and 1.5A remain.

On stretching the ribbons in cold or warm water, 100% 

extension was achieved, and X-ray patterns revealed a doubly 

oriented ^-structure of axial periodicity 3.33A with the hydrogen 

bonds perpendicular to the surface of the ribbon. The 

transformation was readily reversible. The axial period of 3.33A 

and the period along the chain of 4.78 gave strong, sharp reflections, 

whereas the chain separation period of about 9.88 gave a weak, 

diffuse reflection.

More recent work suggests that the axial period of the ribbons 

is in excess of 48o8, based on two low-angle meridional reflections 

(Fraser and McRae, 1973a).

1.7.2.3. Models proposed

Rudall (1956): gave two interpretations. One considers straight 

a-helices packed hexagonally (fig.1.2). Taking cylinders of 

diameter 10.3A, periods of 31A and 17.88 are readily obtained. 

The shading in his figure presumably indicates that there are two 

types of a-helices present, differing in sequence, twist, stagger 

or direction. The diagonal lines seen in the electron microscope 

are accounted for by postulating a superficial layer of fibrils 

superposed on the main parallel chains and making an angle of 

about 20 degrees with them. This could occur by fitting knobs into 

holes as suggested by Crick (1952). If the diagonal fibrils were 

also a-helices then they could give an axial period of 5.l8.
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Rudall states that there are several layer lines in the 5A 

region, perhaps including a 5.48 layer line.

This model does not fit well with the X-ray diffraction 

data. Projection of the structure on to the axis marked 3l8, 

then gives a periodicity of 3l8. Since the shaded and unshaded 

helices must be very similar, most of the intensity on the equator 

of the pattern obtained with the beam perpendicular to the 

face of the ribbon must fall on every sixth order of 3l8, which 

is not observed. For the same reason, most of the intensity 

not on the equator should fall on row lines corresponding to 

every third order of 3l8. The intensity is high near 108, but 

this is generally true for a- helical structures. With the thin 

edge of the ribbon towards the source, most of the intensity should 

fall on row lines which are orders of 17.8/2 = 8.98. Taking all 

a-helices as identical, and projecting the structure in fig. 

1.2 on to a plane perpendicular to the paper and parallel to the 

axis marked 17.8A, the structure repeats at intervals of 8.98 . 

There is too much intensity on the odd orders of the 17.88 for 

the structure to be consistent with it.

The other interpretation is based ontwo-stranded ropes of 

a-helices, which would give meridional reflections at 5.l8 and 

1.58. If the diameter of each helix is 10.48 and the pitch of 

the supercoil is 180-190)8, then these grooves will make an angle 

of about 20 degrees with the edge of the ribbons. The lateral 

period is 17.88 and the inclination of the diagonal grooves is 

remarkably similar to the slope of the diagonal lines seen in 

the electron micrographs. Rudall notes that the grooves of the 

model are separated by about 3o8, while the true striations are 

separated by about 12o8, indicating an axial period of 36o8.
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The tendency to cleave along diagonal lines suggests that they 

contain long fibrous elements. The method of packing the coiled 

coils is shown in fig. 1.3. A stagger between adjacent coiled 

coils of a quarter of the supercoil pitch allows optimum packing.

This model is in better agreement with the X-ray diffraction 

data. However, it is seen from fig. 1.3 that the true periods 

are 628 and 35.6A, twice the dimensions marked. If the structure 

is projected on to two planes perpendicular to the paper and 

parallel to the axes marked 3l8 and 17.88, then these periods 

remain doubled. Weak row lines may occur on orders of 62A but 

there is no sign of row lines on orders of 35.68. If the 

structure is projected on to the plane of the paper, the coiled 

coils become circularly symmetric, so orientation is no longer 

important. Projection of this structure on to the two axes gives 

periods of 31/28 and 17.8/2 8, so the equators for the two patterns 

should in one case have reflections as orders of 15. 58 and in 

the other as orders of 8.98., This is not observed.
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Fig.1.1 The glands which form the material of the ootheca
in female mantids. 1, first order gland; 2, second order gland;
3, calcium citrate gland; 4 ootheca, (copied from Rudall, 1956)«,

A
Fig. 1.2 A, hexagonal packing of straight a-helices of diameter
1O.38; B, two superposed layers of a-helices inclined at about 20 , 
(Copied from Rudall, 1956)

3 1A

*

Fig. 1.3 Cross-section of five layers of a-helical coiled coi]s, 
the a-helix being'10.48 in diameter. The lateral periodicities 
given are less than those in the photographs of 'wet 1 specimens 
(Copied from Rudall, 1956).
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Amino acid compositions of a-helical proteins
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Amino Acid Myosin 
-Papain rod 
fragment

Residues /1DO
. b 

Tropomyosin Paramyosin Average

Alanine

Arginine

Aspartic Acid

Glutamic acid

Glycine

Half cystine

Histidine

Isoleucine

Leucine

Lysine

Methionine

Phenylalanine

Proline

Serine

Theonine

Tyrosine

Valine

Ala+Leu+Ile+Val

Asp+Asn+Glu+Gln

Arg+His+Lys

Tyr+Met+Phe

Ser+Thr

Pro+Gly+^Cys

a Lowey et al.

9.7

6.4

10.1

25.0

2.3

0.5

1.7

4.1

11.3

12.2

2.6

0.8

O

4.5

4.3

0.7

3.8

28.9

35.1

20.3

4.1

8.8

2.8

(1969)

12.1

4.8

10.1

24.7

1.3

1.0

0.7

3.8

10.9

.13.2

4.4

0.5

0.2

4.4

2.7

1.9

3.4

30.2

34.8

18.7

6.8

7.1

2.5

12.2

9.8

12.8

21.3

2.0

O.6

1.3

3.3

12.4

6.9

1.5

1.0

0.1

5-3

4.5

1.6

3.6

31.5

34.1

18.0

4.1

8.8

2,7

11.3

7.0

11.0

23.7

1.9

0.7

1.2

3.7

11.5

10.8

2.8

0.8

0.1

4.7

3.8

1.4

3.6

30.2

34.7

19.0

5.O

8.5

2.7

b Rabbit skeletal (Hodges and Smillie, 197O)

c Rabbit skeletal (Huszar and Elzinger, 1971); small amounts of 3-methylhistidine 

also detected.
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TABLE 1.2

Examples of a-helical silks.

Class, family or 
subfamily, genus, 
and species

Ref. X-ray 
classif­ 
ication,

Content of selected residues res/ICO 

Gly Ala Ser Glu Pro RefS

Apidae
Apis mellifera 2 
Bombus lucorum 2

Argidae
Arge ustulata 1

Mantidae
Mantis (ootheca) 1

a(7) 
a(7)

$(6) + a

a

2 41 8 33 2 2

15 5 21 21

Pulicidae
Xenopsylla cheopis 1

Vespidae
Vespa cabro 3 
Vespa sylvestris 3

Pseudopompilus
humbolti, 3 

Dahlbom i

a

a 
a

a

a 1. Rudall and Kenchington (1971); 2. Lucas and Rudall (1968); 3 Rudall (1962). 

b largely as glutamine.
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Residue Mantis
ribbons

Gly 5.5 

Ala 14.7 

Val 3.2 

Leu 6.5 

He 2.4 

Ser 5.4 

Thr 3.1 

Asp+Asn 9.5 

Glu+Gln 21.4 

Lys 1O.1 

Arg 5.O 

His 2.7 

Tyr 3.8 

Phe 1.9 

Pro 1.9 

Met 

h Cys 

NH

Ala+Leu+Ile+Val 26.8 

Asp+Asn+Glu+Gln 30.9 

Arg+His+Lys 17.8 

Tyr+Met+Phe 5.7 

Ser+Thr 8.5 

Pro+Gly+^Cys 7.4

mpositior

nd other

is of the mantis silk,

Ot-helical proteins.

Arge ' 4 species of a- 
ustulata fibroin Vespidae 

& Apidae 
(Range)

2.1

40»9

2.5
i.

2.8

1.2

8.2

2.5

1.3

33.1

1.2

0.8

O.6

1.0

-

1.7

0.1

(30.9)

47.4

34.4

2.6

1.1

10.7

3.8

4.6-6.5.

16.1-36.7

1.9-6.5 

4.7-9.5

1.0-5.1

8.7-22.7

2. 8-5   3

8.2-12.7

8.3-14.0

2.3-4.4

0.1-5.3

0,2-1.3

0.1-2.5

0.1-2.2

1.3-3.1

 

a-helical 
myofibrillar 
proteins (Sec 
1.5.6.) (range).

1.3-2.3

9.7-12.2

3.4-3.8 

10.9-12.4

3.3-4.1

4.4-5.3

2.7-4.5 

10.1-12.8 

21.3-25.0

6.9-13.2

4.8-9.8

0.7-1.7

0.7-1.9

0.5-1.0

O -O.2

1.5-4.4 

.0.7

28.9-31.5

34.1-35.1

18.0-20.3

4 0 l-6.8

7.1-8.8

2.5-2.8

a. M.M.Attwood's estimates (Rudall and Kenchington, 1971). 

b. Lucas and Rudall (1968)
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CHAPTER 2

X-Ray Diffraction Techniques

2.1 Introduction

This chapter is concerned with the generation of X-rays 

and the X-ray optics used to obtain diffraction patterns from 

specimens. This is not intended to be a complete account of 

X-ray optics, but rather a description of those aspects required 

for an understanding of the system used for this work.

2.2 X-ray generation

This section only gives a brief outline of X-ray generation. 

An account of a variety of X-ray generators is given by Peiser, 

Rooksby and Wilson (1960). More specific information can be 

found in the manufacturer's manual. The discussion given here 

is intended to provide sufficient understanding of the generator 

to enable its role in the work to be understood.

2.2.1. The X-ray generator

X-rays were produced by an Elliott GX3 rotating anode 

X-ray generator. This utilises a water-cooled copper anode 

rotating at 3000 r.p.m. By distributing the heat produced by 

the electron beam around the 3O cm. circumference of the 

anode, a much higher power output can be obtained. Electrons 

are emitted by a tungsten filament and are accelerated towards 

the anode (see fig. 2.1). The copper focusing cup (bias cup) 

is set at a voltage with respect to the filament and is then 

able to focus electrons emitted by the filament into a hori­ 

zontal line focus 200 ym high and appearing as a 200
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rectangle when viewed horizontally at 4^ to the anode 

surface. The technique of viewing at a small angle gives 

an apparent increase in source brightness, because unlike 

visible light, which obeys the Lambert Cosine Law in emission, 

X-rays are emitted isotropically. A.t very small angles, 

surface roughness will decrease the intensity of emission. The 

focus is viewed through a beryllium window.

A 100 ym focusing cup can also be supplied with this 

equipment, but this is not necessarily an advantage. The 

reason for this is that with a 200 ym focus the generator can

be operated at a beam power of 2 kW giving a power loading

2of 50 kW /mm , whereas with a 10O ym focus, the generator

can only be operated at a power of | kW, giving a power

2loading of 75 kW/mm . It is seen that for an increase in

brightness of 5O%, a decrease in power by a factor of four 

is suffered. One way of overcoming this would be to increase 

the speed of anode rotation, since the maximum permissible 

power is proportional to >fw, where w is the rotational 

speed, but workers who have tried this find that the oil seal 

life is inversely proportional to w. These seals are fitted 

between the X-ray tube casing and the bearing sleeve which 

rotates with the anode. With the aid of oil lubrication, these 

seal the vacuum, so if there is a failure, oil enters the 

tube, carbonises and contaminates the system.

2.2.2. Operating the X-ray generator

Maintenance is basically the same as for any vacuum system 

associated with motors and electronics. Failure of water seals 

and oil seals occurs several times a year. An oil seal failure
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contaminates the system, so it is necessary to clean the 

vacuum system completely every six to twelve months, and to 

clean in the vicinity of the anode whenever oil seals fail. 

Filaments fail after between 7 and 14 weeks 1 operation. 

Replacement of these is not easy as the quality of the focus 

is dependent on the filament position in the cup to a few 

tens of microns. The distance between the anode and the 

bias cup has a tolerance of ^ mm.

Before setting up X-ray cameras, the focus must be examined 

by putting a pinhole in the aperture outside the beryllium 

window. This selects a narrow beam leaving the anode at 4%°. 

Photographs of the focus can be taken at a magnification of 

ten by setting the film to pinhole distance at 40 cm, which 

is ten times the focus to pinhole distance. Optimally an 

image 2.2 mm square is obtained. The pinhole diameter is about 

30 ym, which, at a magnification of ten, will add 11x30 yin = 

33O ym to the image diameter. This indicates that a focus a 

little better than 2OO ym could be obtained. Initially the 

voltage on the focusing cup is varied to produce the best focus.

For a correctly set filament with the focusing cup used, 

this occurred at 25% bias (equivalent to 125 V between the 

filament and the cup. The best bias is selected and the cathode 

is rotated until the best focus is again achieved. The tolerance 

on this setting is found to be one or two degrees. When this 

is done, it may be found necessary to make a further small 

adjustment to the bias.

The generator was often run at 40 kV, 5O mA, but experience 

showed that filament life and oil seal life were increased by 

running at 40 kV, 4O mA.
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2.3 Outline of the X-ray camera

The camera system was similar to that used by Reedy, 

Holmes and Tregear (1965) and also Huxley and Brown (1967). 

The latter workers describe a number of properties of the 

camera. The quartz crytal monochromator was cut at an 

angle to the reflecting planes, which allowed the crystal to 

be placed closer to the source than the focus. Such a 

system was first used by Guinier (1946).

The elevation view of the camera is shown in Fig. 2.2. 

It shows the role of the Franks mirror in focusing. The 

Franks mirror is placed as far from the source as possible, 

but before the quartz crystal monochromator. Adjustments are 

made to the curvature of the mirror to give the best possible 

focus at F. As the system is very asymmetric, a source of 

size 200 ym is found to give a focus much larger than this. 

This focus is too large to give sufficient resolution, so its 

size is reduced by a horizontal collimating slit. The parasitic 

scatter from this slit and also from the monochromator is 

stopped by a guard slit, which the beam does not touch. The 

space between the specimen and the film is evacuated to prevent 

air scatter.

The plan view (fig. 2.3) shows the means of focusing in 

the horizontal direction. A quartz crystal monochromator 

accepts radiation in an angle of a few degrees from the source. 

The radiation scattered by the 1O11 planes, which is mono­ 

chromatic, is focused at F. Collimating and guard slits 

perform the same function in this direction, except that the 

collimating slit does not touch the beam unless it is required 

to irradiate only a small part of the specimen. Radiation
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scattered by the specimen comes to a focus on the cylindrical 

film.

The dimensions and properties of the camera will be 

described in later sections, but for the sake of comparison, I 

record here a brief summary of the observations of Huxley and 

Brown (1967). Most of their work was done using a 5 cm long, 

gold plated mirror centred 14 cm from the source, giving a 

focus 22 cm. from the crystal. They state that the perfection 

of focusing improves with length. At 2 m the focal size is 

less than 1OO ym. The longer camera also gave cleaner pictures, 

because the non-Bragg scatter intensity falls approximately 

as the cube of the linear dimensions, whereas the intensity 

of the focus falls approximately as the square. They also 

used a 90 cm. camera giving 10,OOO 8 resolution and resolving 

the 1st order of the 64o8 repeat in collagen. Their longest 

camera used a crystal cut at 7° to the reflecting planes 

 and placed 6O cm from the source. The specimen film distance 

was 186.5cm.

The following sections consider the separate parts of the 

camera in more detail.

2.4 Construction of the camera

Most of the equipment described in this section was made 

by our design engineer, Mr. M. Pickford. The exceptions were 

the guard slit, supplied by Beaudouin, the magnetic bases supplied 

by Eclipse, the monochromator turntable supplied by C.G.S, 

France, and the micromanipulator for the collimating slit.

2.4.1. The Franks mirror bender

The construction of the Franks mirror bender is in principle



45

very similar to that described by Franks (1958). It is 

primarily designed to bend the mirror into a cylindrical 

shape byapplyingequal couples at either end. The mirror itself 

was an optical flat of crown glass 6cm x 2cm x 0.4cm. This 

was sometimes plated with either gold or nickel.

The bender used is shown in sectional elevation in fig.2.4 

and the end view is shown in fig. 2.5. The mirror is bent 

by screwing in the screw. This exerts a force at A which 

bends the spring, thus providing a lever. The force is 

transmitted via point B to point C where the brass block, F, 

exerts a downward force on the mirror. An upward force at 

D is exerted by the bar, so as to provide a couple acting 

at C and D. Point E is also force bearing. The five force 

bearing points must be kept very clean and so must block F 

to enable free movement. With the mirror placed symmetrically 

in the bender, equal couples are exerted at each end of the 

mirror. As the mirror is bent, the distance between the bars 

measured along the mirror increases. The mirror slides between 

points D and E against the frictional forces. This will change 

the shape of the mirror. If the optimum curvature is approached 

by increasing it, then the remaining forces are outward and 

the curvature of the mirror is then expected to be greater 

at the ends than in the centre. Owing to the thickness of 

the mirror, this is not a serious problem, but it must be 

considered. In the case of the quartz crystal monochromator, 

it is more serious. Neglecting '_he frictional forces and 

allowing the mirror to slide freely, it is seen that the mirror 

will minimise its energy by taking up the form of a cylinder.
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I have introduced the frictional forces because no other 

worker pays them any attention and presumably they are thought 

to be insignificant. This is not so, as can be seen by 

considering the case when the mirror is displaced from being 

symmetrically placed in the bender to a position where the 

couples at each end are unequal. This has been done by a 

number of workers, using cameras where the mirror is closer 

to the source than the focus, Most of them are aiming to 

improve the focus by making the mirror approximate more 

closely to the optimum shape, which is generally considered 

to be an ellipse, and this will be discussed in a later 

section. Some workers claim that an asymmetrically placed 

mirror takes up the form of a cubic curve which can be made 

to approximate to the optimum curve, which is a logarithmic 

spiral (personal communication).

Our problem is the shape of the mirror in the asymmetric 

setting. Points to be considered are the possibility of rotation 

about point A in fig. 2.4, the size of the forces required 

to exert the couple and the radius of the curved mirror. The 

radius of the mirror-will be shown later to be of the order 

of 10O m, and, for a mirror unable to slip over the bars, this
O

corresponds to an increase in length of about 1 in 10 . 

Considering that the forces required to exert the couple are 

not very small, as is apparent by the proportions of fig.2.6, 

slippage will be seriously inhibited.

Other workers have made calculations based on determining 

what line best fits the four points where the force is 

exerted. It is clear that the lowest order polynomial which 

passes through four points is a cubic. This argument is 

not valid, because energy is the appropriate criterion. It
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is common knowledge that forces exerted on a rod at two points 

can produce a sinusoidal shape, which is a higher polynomial. 

Any standard text, such as that by Feynman , Leighton and 

Sands (1964), considers this. Another argument could be put 

forward suggesting that the bender determines the inclination 

and the position of the mirror at either end. This information 

can be fitted to a cubic polynomial, but not a quadratic. This 

argument can be objected to in the same way as the previous 

argument. Moreover, if slippage can occur, these criteria 

can be satisfied by a cylindrical surface. Even in this case, 

rotation about point A in fig. 2.4 could modify this.

As the problem has not been solved theoretically, it is fitting 

to say that the improvement in the focusing properties of the 

mirror that occur on placing the mirror asymmetrically in 

the bender indicates a change in the shape of the mirror 

towards the optimum shape; this shape is close to that of 

an ellipse.

2.4.2 The monochromator turntable

A simplified diagram is shown in fig. 2.7, The main feature 

is the rotating table which may be turned by hand and locked in 

position. Once locked, the table may be rotated by means of 

the fine rotational adjustment. Many turns of this gives a 

total movement at the table circumference of a fraction of a 

millimetre. It is very important that there is no slack in 

this, so this is taken up with a spring. On the source side 

of the table, there are slits which can be controlled in the 

vertical and the horizontal directions. The monochromator 

bender itself is placed on the table. It is clamped by a
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very simple arrangement. Screws pass through a bar which 

passes over the top of the bender and into screw holes C and 

D. A cover fits over the bender and, with the aid of ridge A, 

radiation hazards are much reduced. A second cover, which 

can be rotated according to the direction of the exit beam, 

is placed over the first. This also had adjustable slits 

for the exit beam, but, as these were found to be difficult 

to use, they were not used in the horizontal direction. The 

horizontal slits at either end could be closed to about 2mm. 

and they were usually used at this setting. The entrant slits 

were helpful in aligning the table, but the main purpose was 

to prevent stray radiation passing through the system. The 

cylindrical projection shown enables a radiation-safe join 

to be made with the Franks mirror bender.
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2.4.3. The monochromator crystal bender

A simplified diagram is shown in fig. 2.8. The quartz 

crystal is first placed in the bender and the position of 

block E is adjusted with the screw shown. The screw shown 

can slide freely in part F, which is fixed to the frame of 

the bender. When this has been done, force is exerted at A 

by tightening the screw. The spring bends, providing a lever 

action, and transmits the force via three stainless steel 

balls, marked B, to the bars. These bars exert a force on 

the crystal at C. This is matched by an upward force at D 

providing a couple to bend the crystal. The separation between 

the upper bars is 3.89 cm. 'and that between the lower bars 

is 3.81 cm.

The problem of the resulting shape of the crystal is 

similar to that in the Franks mirror, Here however, the 

crystal is bent to a radius which sometimes is as small as 5Ocm., 

although 1OO cm is more normal, so the crystal will almost 

certainly slide between the bars. If it increased in length

without sliding then in order to produce a cylindrical surface

4 an increase in length of 1 in 10 would be required. It

is probable that the crystal slides, but not enough to take up 

a perfect cylindrical shape. The beams produced by the crystal 

indicate that the crystal is very close to the optimum shape. 

If the crystal position is approached from the underbent 

situation, a distortion similar to that shown in fig. 2.9 could 

occur. If the correct position is approached from the other 

direction, the distortions that are possible are quite 

intriguing. When the curvature of the crystal is varied about
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the correct position, the changes in the beam produced could 

indicate the presence of distortions. The sii-.uation shown 

in fig. 2.9 could be as close to the optimum shape as is the 

cylindrical surface,*.

A serious problem with the bender was its sensitivity to 

changes of temperature. This could be due to thermal expansion 

or changes in the elastic properties of the spring and the 

quartz crystal. The problems of thermal expansion could be 

overcome by constructing the bender out of materials with a 

lower coefficient of thermal expansion. A worker has been 

reported as suggesting that a quartz crystal should be used 

as a spring (personal communication). This is a very good 

suggestion, since the balance between the spring and the 

crystal would no longer be temperature sensitive.

It is sometimes found that crystals require some time to 

become stable even when the temperature is steady. This could 

be caused by the crystal slipping between the bars or by the 

relaxation of frictional forces in the horizontal position 

adjustment of the crystal* A colleague has suggested a 

better system which is shown in fig. 2.1O. This has the 

advantage of using Teflon sliding on brass, which is better 

than brass on brass, and applying an equal frictional force 

at either end of the crystal.

2.4.4, The Collimating System

The collimating slit is shown in fig. 2.11. The edges 

were made from tantalum and could be set at various separations up 

to 500 ym. The design is such that parasitic scatter is minimised.
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It is important that the edges are not damaged, since this 

increases parasitic scatter. Owing to the soft nature of 

tantalum, each edge was cleaned with lens tissue until no 

dirt could be seen at a magnification of fifty. Any particle 

causes parasitic scatter. In the horizontal direction, 

collimation was provided by two pieces of lead with edges cut 

in the same way as the tantalum edges. The slit itself was 

mounted so as to have fine vertical and horizontal adjustments 

and it was placed as close as possible to the monochromator.

The guard slit, which was made by Beaudouin, was constructed 

in a similar way. The differences being that both the horizontal 

and the vertical slits were made of steel, and each of the 

horizontal sides of the slit had independent, very fine adjustments, 

The adjustment of the slit width in the horizontal direction 

was performed by sliding the edge in and out. The guard slit 

was placed as close as possible to the specimen.

2.4.5. The Evacuated Film Chamber

This chamber is important in this camera, because the specimen 

cell and the backstop assembly are attached to it. The apparatus 

is shown in figs. 2.12, 2.13 and 2.14. It is necessary to 

evacuate the space before the film to prevent air scatter, which 

can seriously darken the film in the region within about is8.

Fig. 2.13 shows the cylindrical chamber. A cylindrical film 

holder slides into this, so as to be easily removed. Focusing 

of the scattered radiation requires that the specimen be placed 

on the same cylinder as the film. The front plate is easily 

removeable to enable different plates, capable of use with 

larger specimen cells, to be put in its place. The mylar wind6w 

is used because it is not a strong absorber of X-rays. At the
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rear of the camera is a hole used for the purposes of alignment. 

There is also a fine two way adjustment within the camera. 

This holds a frame which supports a mylar strip, upon which 

is glued a lead backstop. Lead back stops were cut from 

sheet lead. Experience has shown that scatter of X-rays from 

the backstop on to the film is a serious problem. To prevent 

this, the backstop was cupped in the direction shown. Simple 

geometry shows that it is also necessary to curve the backstop 

slightly in the other direction. Backstop diameters of 1 or 2 mm 

were generally used although 5 mm was more normal when the 

camera was tilted for high angle reflections.

Fig. 2.12. shows the front view of the camera and is basically 

self-explanatory. The specimen cell support has a fine adjustment 

in which the slack is taken up by a spring. The specimen cell 

is easily removeable from this mount. The steel ball shown is 

directly beneath the specimen. Adjustment of the screws at 

the rear of the camera shown in fig. 2.14 will rotate the assembly 

about the specimen. If the beam is passing along the centre 

of the table, the central part of the table need only be 

slid back until the beam is again focused upon the film. The 

problems with this are that the backstop moves with the assembly 

and certain angles cannot be set without moving the table as 

a whole. This tilting is necessary to produce diffraction from 

small repeats along the length of the specimen.

2.4.6. Specimen cells.

A number of specimen cells were used. The first, shown in 

Fig. 2.15, was constructed from brass. It was designed to support
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fibres glued between the pins at various humidities determined 

by a flow of air through the cell. The distance between the 

pins could be varied so that specimens could be put under 

tension. For ease of mounting, the inner part slid into the 

outer part. The holes marked on the diagram are to allow the 

passage of air. For a well controlled humidity, it is 

necessary to bubble air against a counter current of solution 

in a column

filled with glass helices to maximise the contact area. (A 

colleague; personal communication). He also reports that air 

above a solution needs to be left overnight before equilibrium 

is reached. In my experiments, air was bubbled through water 

which was sufficient to make the specimen dripping wet.

The second specimen cell, shown in fig. 2.16 ; was constructed 

of perspex. The specimen was clamped in the method shown with 

the force being supplied by the springs. Tension could be supplied 

by altering the distance between the clamps with adjustments 

A and B. To allow easy mounting of the specimen, the front of 

the cell could be removed. The cell was normally used with 

some solution inside to-keep the air at a desired humidity. It 

could also be used with totally immersed specimens, and the 

windows could be screwed very close to the specimen to allow 

this. The two tubes shown allow air or solution to be passed 

through the cell. These were normally kept sealed. Bar C joined 

the two clamps together, and enabled specimens to be rotated 

about their axis.

2,5 Theory of the Franks Mirror

The best treatment of the Franks mirror is given by 

Franks (1955), who describes X-ray diffraction cameras using 

one mirror and two mirrors.



2.5.1. Reflection of X-rays

The content of this section is mainly a summary of work presented by 

Witz (1969). The refractive index of a substcince for X-rays is less than unity
1 I"   --"-..tirf

by a few parts per million (Darwin, 1914; Janes, 1948) :
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n=l-6 =
2 ,2e X

2-rrmc'
N f (0) = 1 - 2.72 x 10

10 PA
A

(271)

-3 
where A(cm) is the wavelength of the X-rays; p (g.cm )

is the density of the substance; A (g) is the atomic weight of the 

scattering atoms; f(O) is the number of electrons per atom 

effectively scattering in the forward direction (i.e. allowance 

being made for the dispersion correction). As a first approxi­ 

mation f(O) = Z, the atomic number of the substance.

X-rays are therefore reflected from a plane surface at 

glancing angles smaller than the critical angle 0 (Compton, 1923)

= JT~6 = 2.33 x 105 x
\l

P f (O) (2.2)

0 is of the order of a fraction of a degree. For CuKa and nickel
-.3

0 = 6.9 x 1O rad. = 2.3 1 . This gives 
c

0 (2.3)

Since 6 is proportional to X, short wavelengths present in
C

the incident beam are eliminated by confining the glancing incidence 

to angles close to 0 : the CuK$ line and the peak of the white
O

radiation (which occurs at about O.5A for an operating voltage 

of 4O kV) are not reflected on a mirror set at an angle 0 = 0.9x0
\^r

since X(CuK3) - 0.9X (CuKa). In practice, the region close to 

0=0 cannot be used, since not only is the reflected intensity 

low, but the reflected beam is too close to the incident beam to 

be separated from it.
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Near the critical angle, absorption in the mirror causes 

a decrease of the reflectivity. Prins (1928); (see; also James, 

(1948)) calculated the reflectivity curve R(0) assuming 

Fresnel's laws to apply to X-rays, with a complex index of 

refraction.

n = l-6=l-a-i& (2.4) 

where a is given by equation (2.1) and $ = y X/4ir takes into 

account the linear absorption coefficient. (This can be found 

in any standard text e.g. Bleaney and Bleaney (1965)). Fig. 2.17 

gives the reflectivity curves for nickel and gold films deposited 

by evaporation and reflecting CuKa radiation. In equation (2.1) 

p measures the density of the film, which can be different

from the bulk material. Kiessig (1931) measured the density of
nickel films and Rieser (1957) the density of copper films; 
they found them to be 10% below the corresponding

values of the bulk material. The same correction is applied to 

the density of the gold film in fig. 2.17.

The reflectivity is not only less than uniiy at 6< 0 , but
\~*

has appreciable values at angles larger than © . This lack of
{*r

sharpness of the limit of reflection makes a mirror less 

efficient as a monochromator. A>s can be seen from table 2.1, 

the sharpness is much greater for glass than for either gold 

or nickel. Table 2.1 also shows the calculated ratios of the 

reflectivities for the CuK3 and CuKa radiations for different 

mirrors set at the critical single 6 (CuKa) : the resolution depends on
\~*

-£ at 0 and on A6 = 6 (CuKa) - 6 (CuK$) . 
Si \y c c c

Witz (1969) states that the total energy reflected by a

mirror is approximately proportional to 0 R (0 ) . This is not
c c

generally the case, as will be seen later, but this is a reasonabl
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index for comparison and it is obeyed precisely in the special 

case of a point source at the centre of a logarithmic spiral 

on which the mirror is placed.

It is also seen from fig. 2.17, that the distribution of 

intensity across the reflected beam is given by R(0), if the 

X-ray source is a fine line parallel to the reflecting plane. 

Some indication of this non-uniformity is given by the value of

  at 9 = 6 : the smaller the absorption, the steeper the
C

slope of R (0) at 9 = 9 ; the sharper the cut-off and the
t-»

higher the reflectivity at 6 < 0 . Witz (1969) says that the
\-»

best material for a mirror has an absorption discontinuity 

at a wavelength slightly shorter than that of the reflected 

radiation, such as nickel for Cuka. . This is true where uniformity 

is a requirement.

Since the angle of incidence is small, any imperfection of 

the reflecting surface causes scattering of the X-rays and 

variations in the intensity of the reflected beam. The problem 

has been studied by Ehrenberg (1949)y who showed that irregularities 

as small as loS in the flatness of the reflector can scatter 

X-rays. In practice the beam is fairly uniform to within 1O%, 

but the width of the beam is larger than predicted by the 

geometry. Even a finger print on the mirror causes a detectable 

deterioration in the usefulness of the mirror (a colleague; 

personal communication) . The topographic changes caused by 

touching the surface can be detected using X-ray ref lectometry . 

(Franks, 1973).

Scattering is not the only problem with imperfect surfaces; 

interference is also serious, and the following description
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of this was given by Franks (1973). The path difference intro­ 

duced by an irregularity of height h on the reflector surfacex

is 2 h sin i, where i is the glancing angle of incidence.
J\.

The equivalent path difference for visible light at normal 

incidence is 2hT . For the scatter to be acceptably low, the
JL

path difference must be less than some fraction of the wave­ 

length. For light, 2hT must be less than L,,., where X T isLI / r LI

is the light wavelength and f is normally taken to be 4, 8,

10 or 2O depending on the application. For X-rays, 2 h sin ix.

must be less than x /f where X is the X-ray wavelength. For
/I .; X

X = 1.58, i = 25 min, and X_ = 500o8, x., = -^F and 2 h sin i 
X J_i / n._ £ D x

Li
= 103A. Monitoring facilities for such surfaces are being set 

up at the National Physical Laboratory (Lindsey t 1973).

2.5.2 The symmetric Franks camera

The best account is that given by Franks (1955) in which 

he discusses cameras with both one mirror and two mirrors "r

he aims to bend the mirror into a cylinder as a good 

approximation of the optimum,shape, an ellipse. The last 

paragraph of this section, summarises some of the information 

from this paper. This approximation is best when the source and 

the focus are equidistant from the mirror.

The ellipse is seen to be the best shape by considering 

fig. 2.18 and applying a well known theorem in elementary 

geometry; all angles subtended by the foci of the ellipse at 

a point on the ellipse have a bisector which is perpendicular 

to the tangent at that point. The source S and the focus F 

are considered as the foci of an ellipse. It is seen that a
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a point source of light at S in a reflecting ellipsoid will 

produce a point focus at F. In our case, we are considering 

the less efficient elliptical cylinder, with a very high 

eccentricity to keep the grazing angle of incidence below 0 .
O

A high eccentricity also makes the mirror shape closer to 

that of an ellipse.

It is seen that the grazing angle of incidence is not a 

constant along the mirror. This is particularly true when the 

length of the mirror is within an order of magnitude of the

major axis of the ellipse. Under these conditions the elliptical 

shape is not the one that maximises the intensity. Another factor 

which must be considered is the source size : for large sources^ 

an ellipse neither maximises the intensity nor produces the 

best focus. These problems have not been discussed, because 

they are not serious problems for a symmetric camera, but they 

will be discussed later for the asymmetric case.

Franks (1955) states that the intensity at the focus is 

proportional to the specific loading and the height of the source, 

and the greatest intensity was obtained when the nearest edge 

of the mirror was less than 1 cm. from the source. The maximum 

low angle resolution for a mirror 2O cm. from both the focus 

and the source is about 8OO A for a 4 cm mirror, but nearly 

5000 8 for a 1 cm. mirror. The intensity decreases rapidly 

with the camera length and also with the mirror length, for 

the case of constant resolution. The maximum low angle resolution 

for the camera with the mirror 20 cm. from both the source 

and the focus occurs at a specimen film distance of 4 cm.
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2.5.3 The mirror position in the bender

It has been suggested that positioning the mirror .a symet- 

rically in the bender gives a better approximation to the 

ellipse. Experiments with gold plated mirrors did not indicate any 

improvement. When glass and nickel mirrors were available, a 

colleague suggested trying the experiment again. When the 

mirror was moved in the bender about 0.6 mm towards the source, 

a great improvement was noticed for glass and an improvement 

was noticed for nickel. These experiments were done with a 2OOym 

source and a total camera length of 50 cm with the mirror between 

10 cm. and 15 cm. from the source. The experiment with glass was 

done by colleagues and that with nickel was done jointly by a 

colleague and myself; all workers agreed. This experiment was 

also carried out with glass, a 100 ym source, a mirror to focus 

separation of about 80 cm. and the mirror as close to the 

source as before; a similar improvement was noted for an 

approximately equal movement. The best estimate of the mirror 

displacement is 6Q0ym; it does not escape my notice that the 

bar separation at one end would be 1800 ym compared with 6OO ym 

at the other - a ratio of 3 to 1. In all these experiments 

there was intensity over a couple of mm. with a focused image in 

the centre. Only with glass did this image become a fine, well- 

defined line.

The bender aims to give the mirror a cylindrical shape when 

the mirror is placed symmetrically. As the improvement when glass 

was used was so significant, assume the shape is elliptical for 

the purpose of demonstrating the factors determining the camera 

geometry.
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2.5.4. The focus of the mirror

I have not given a complete treatment here. This is not 

worthwhile until the precise shape of the mirror is known and 

better data are available for the variation of reflectivity 

with the grazing angle of incidence. When these are known, it 

will be a straightforward matter to provide a full treatment. 

For the purpose of illustrating the principles, I have considered 

an elliptical geometry which is by far the simplest.

Firstly consider the elliptical geometry shown in fig. 2.19. 

For an element, 6£, of the mirror distance D from the focus 

and distance d from the source, given that the height of the 

source is s and that of the focus is f, we see that the size 

of the focus is given by

In the cameras used, the mirror was always placed very 

asymmetrically, so that the focal size had to be reduced by 

collimation. Under these circumstances, consider the focal 

height after collimation to be F; then the height of the source 

used is S where

S-f dff< §> (2.6)

For a mirror of length £. centred at this position, the height

of the source used by one end is given as

(d-2) F
L {. 
b +

= -
1 l ' ''

and that used by the other.,end is given by

c = (d+ 2)F 
2 (2.8)

D " 2
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If &<<d, it is reasonable to approximate the height for the 

whole mirror by

i!
s 1 = % <s. + s.) = (Df 42 )Z 

1 ^ D* - $r_
4 

If &«d, this becomes

S 1 - jS: (2.9)

which is identical to (2.6) and is the approximation we shall use. 

For cases where £ <£c d, it can be noted that a source the size of 

S can be effectively used. In practice for a common case where 

d = 2.5£ , the useful source size is about 1.2.S, but as the 

outer parts of the source are only used by part of the mirror, 

it would be preferable to sacrifice some size for increased 

brightness.

It is seen that for constant values of d, F and D in cameras 

of the dimensions commonly used , the power received by the mirror 

is dependent on the brightness of the source, rather than the 

size. Now it is approximately true for an anode limited by its 

ability to lose heat that

B « -!   (2.10)

It would therefore be sensible to aim to reduce the size of 

the focus until s = S. If the source size is fixed, the intensity

at the focus can be increased,, but by a lesser amount, by increasing

d s d until   = -f. The total intensity is proportional to S in

equation (2.6). Now it is normally the case that D is fixed by
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other requirements of the camera. In this case the fraction, 

E, of the incident radiation that is reflected is given by

E « d . (2.11)

Now the incident energy depends on the angle subtended by the 

mirror at the source and this varies inversely with d. The 

increase in reflected energy comes from the mirror being in a 

position where the curvature of the ellipse is small. It is 

then possible to set the mirror in a shape that deviates little 

from the optimum. If the beam is not limited by the size of 

the monochromator crystal and if monochromators supplying

varying degrees of asymmetry are available, the best position

d sfor the mirror is that which gives   = -= . Increasing the

length of the mirror would also increase the intensity of 

the focus, but if this makes it harder to attain the optimum 

shape, the gains will be smaller than expected. If it is possible 

to place the mirror in a more symmetric position, this could be 

overcome.

It is interesting to consider the effect of using nickel, 

gold or glass. Experience suggests that glass is the best. 

This is partly because,- owing to the small grazing angle of 

incidence on the mirror, the mirror subtends a smaller angle 

at the source. It is clear that, for the small angles concerned, 

the curvature of the mirror is proportional to this angle. As the 

initial planar geometry and a circular geometry both tend 

towards an elliptical geometry as the curvature decreases, glass 

more closely imitates the optimum shape. The decnease in the 

angle of incidence would be expected to lead to a decrease in 

the intensity produced in a strictly proportional manner. This 

is not the case,seeing glass not only has a higher reflectivity 

than nickel or gold, but it maintains this with little fall
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before the critical angle is reached. There is a decrease in 

the reflected intensity, but less than might be expected.

This would not alone make glass better than gold or nicke! 7 

Another loss of energy with gold or nickel is parasitic scatter 

from the obviously less perfect surface. This can be observed 

with a fluorescent screen. The death knell for this plated 

surface is that it rapidly deteriorates in the X-ray beam - 

visibly so after a few months.

The answer lies in a material that is sufficiently dense to 

allow a high grazing angle of incidence yet has a high 

reflectivity and a high quality surface. With the advantages of 

gold and nickel, without lower reflectivities, parasitic scatter 

and deterioration with time, a more intense beam could be 

produced, hopefully by a factor of two. This problem may already 

be solved. A colleague reports that some groups, including his 

own, are using double extra flint glass with a high lead oxide 

content for the mirrors of standard Franks cameras (Franks,1955).

It is useful to consider a typical camera geometry. A camera 

that has been set up has the monochromator centred 20cm. from 

the source and the focus 30cm. from this. The mirror is about 

12^cm. from the source giving a value of ^ of 4. The focal 

size is 240 ym leading to the height of source being used to 

be 60ym.

Care must be taken when using such an argument until the 

deviations from ellipticity are quantified. Such deviations would 

be likely to increase the size of the source that-'could be 

effectively used. Possibly it could be as large as 1OO ym. 

Another factor is that the gain in intensity produced by moving 

a mirror to the point where ;s/f = d/D is less; owing to
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deviations in the geometry, not all of the mirror is then 

effectively using all of the source.

It has been suggested that a logarithmic spiral is the best 

shape for a Franks mirror, since it is then possible to 

illuminate the whole mirror at a grazing angle of incidence

of 9 (personal communication). This is not true and not c

merely because the maximum of the reflectivity curve is at an 

angle below 0 , but because the mirror needs a very large
N^

source to use it -effectively. This can be shown. In the case 

of reflecting crystals, de Wolff has carried out some calcul­ 

ations (de Wolff 1950; Wilsdorf, 1951). With a source to 

crystal distance of 110 mm, a crystal to focus distance of 220 mm, 

and an angular aperture of 3 , the focal size is 2O ym and 

the X-ray tube focus required is 330 ym. If this is done with 

a mirror, there would be a similar result. If the same is done 

with the source, rather than the focus, as the origin of the 

spiral, only a small part of the source and the potential 

power could be used. This part of the power which can be used 

is the same as that part which can be used with the source at 

the origin, since each part of the source is only effectively 

used by a part of the mirror. Another factor which diminishes 

the usefulness of the logarithmic spiral is that the angle 

subtended by the source at the mirror is very small. In the
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case of the camera dimensions mentioned, where the effective

source height was 60 Vm, the effective source subtends an angle
-4 

of 5 x 10 rad. at the mirror. This means that the

reflectivity is always close to the maximum value, even for nic&.Ql, 

where the reflectivity curve is strongly peaked, so there is not 

much gain that can be made. The worst imaginable system would 

be to use a logarithmic spiral with the source at the focus; this 

maximises the energy lost through collimation.

I conclude this section with a description of how the 

optimum geometry may be discovered. It is general, but all the 

illustrations refer to an elliptical geometry. The arguments 

start from equation (2.5).

The angle subtended by 6£ at the source is 60 and the angle
makes with the element 

that a line joining a point on the source to the elementlis 6.

For nickel, the mirror will be set so that radiation is incident , 

on the mirror at angles a little below 6 . (see fig. 2.17).
(*  

This is done so as to maximise the reflected intensity from the 

mirror for the part of the source used. (In practice, the 

intensity would be maximised for the whole source and the 

brightest part would be selected by collimation; neglecting the 

problems of monochromatisation, this is effectively the same 

for a source of uniform brightness) ., It is seen that the power 

incident upon the mirror for an element 6S of the source is 

given by

6P ± « 6 a 6S (2.12)

Now 6a = (2.13)

6 p. « e_j
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If we now extend this to consider a mirror of length L 

centred at distance d from the source, we obtain

where & is the position of the element 6& measured from the 

centre of the mirror away from the source. The total incident 

energy is given by

(2.16)p.1

L
2

/

L"2

s

/

o

(S,£). d£ dS
d + &

where the coordinates O and S are the edges of the effective 

source with 0 being defined as the edge nearest the plane 

approximating most closely to the mirror. 0 (S,£ ) depends on 

the material used, as this affects the grazing angle of 

incidence. For nickel it approximates to

0 * 5 x 10" 4 + S (2.17)

The total reflected energy is given by

L s
P cc 2 R (6) 9 (S,& ) d£ d S .Pr / ./ ————————d + £————— (2.18)

j «

L o 
2

where R (9) is the function given in fig. 2.17.

It is seen from equation '2.17) that the mirror is 

considered to be planar. This is a reasonable approximation
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especially when D is large, but if the geometry is to be optimised, 

a better expression must be used. As a very simple example, 

consider the elliptical geometry of fig.2.18.

Considering the geometry of fig. 2.18. it can be easily
o

shown that if a»b, then the foci are a distance b /2a from the

extremities of the ellipse. For the ellipse, 
2 2

^2 + ^2 = 1 (2.19) 
a b

2we can show that dy _ -b x / 9 ~mdx = a2y < 2 ' 20)

Noting that all angles of incidence are small; for a point 

distance d + £ from the source, the angle of incidence on an 

elliptical mirror is given 'by

dx

-b 2 d + b / 2 a + ab 2 
= _

a y

,2, .,. 
a ~ P ( a - d) y ,~ 00 x

• • v3 — ————"—o———————" T \ ^ . <£ <£ I2 a a y

Using the relationships

b / 2 2 /-> o ~> \ y = — Ja - x (2.23)

and
2

x = d + -^5—— - a (2.24)
2 a

the relationship for 9 can be deduced. It is, however, likely 

that numerical methods will need to be invoked to solve equation 

(2.18) since the functional form of R(9) is not simple. The 

optimum geometry is then found by the simultaneous minimisation

of (2.18) for all.the variables. In the case of elliptical
dF geometry, S could be set as — and F and D could be treated as

constants while the system is minimised with respect to b and d. 

Allowance must be made for the case f = F. A further factor
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needs to be included within the integral of (2.18). This allows 

for the fact that increasing the source to crystal separation 

decreases the angle subtended by the crystal at the source, 

and hence decreases the intensity. This function M, has a 

number of variables. The final form is

p v ,• , M R (0) 0 (S,£ ) d£ d S 
r

.L 
2

where K is a constant.

2.5.5 The mirror as a monochromator

It was seen in section 2.5.1 that the mirror can act as 

a monochromator. This is a useful property, since the 

scattering of non-Ka radiation from the monochromator crystal 

is a serious problem.

Consider the well known argument repeated by Witz (1969). 

Since 0 <* Xand X(Cu K3) = O.9X (CuK a), it is necessary to set
\^f

the mirror at an angle 6 = 0.9 x 0 .
\.x

This argument in our situation means that the source must

subtend an angle less than 0.1 x 0 at the mirror, that is anc
angle less than 1.4' for glass which is about 4 x 10 rad. For 

a mirror 12 cm. from the source, a source size of 50ym is required. 

This is even smaller than the effective source for the elliptical 

geometry shown, resulting in only some of the Cu(K$) being 

removed. Most of the white radiation, however will not be 

scattered.

2.6 Theory of the crystal monochromator 

2.6.1.Principles of crystal monochromators

The following argument is very similar to that presented by
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Witz (1969).

Consider the example illustrated in fig. 2.2O: a plane 

crystal slab is set to reflect the radiation of wave-length X 

emitted by a point source S. Only a narrow region of the 

crystal, limited by the circular intersections of the plane 

and the cones of apex S, axis SN normal to the crystal and 

half angles •=• - 0 and ir/2 - 0 - IT will reflect the radiation, 

and the divergence of the reflected beam is equal to the width 

H of the rocking (or reflection)curve of the crystal radiation 

of a different wavelength X 1 and Bragg angle 0 1 will be 

reflected by another region. The crystal can be used as a 

monochromator only if the two regions do not overlap, and 

this condition sets an upper limit to n :

0 - © '! (2.26)

Since X-ray sources have a finite size SS 1 , the condition 

applies to the sum n+a / where a is the angular width of the 

source determined from the reflecting region of the crystal: 

n + a < | G - 0 1 | • (2.27) 

This condition is set by the need for one part of the crystal 

not to reflect the different wavelengths. If the Ka doublet is 

to be resolved into its components, n+a is limited to A0 = 

0 ' (Ka 2 ) - 0 (Ka 2 ) = (X ' -X ) X" 1 tan 0. For a given 

monochromator material,A 0 is a constant for Ka wavelengths 

between O.5A and 2.5A and Bragg angles smaller than 0 = 3O 

(Sandstrom, 1957): for (101) quartz, A© = 6 x 10 rad. Some 

examples of A0 are given in table 2.2.

,„ Considering that the size of the focus achieved is about 

50 pm, it would be reasonable to sacrifice some of the fineness 

of focusing in order to increase the intensity. This is also
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discussed by Witz (1969) and the argument (abridged) is 

reproduced below. My comments are in parentheses.

A distinction must be made between the height of the 

rocking curve, the reflectivity, and its area, the integrated 

intensity. The intensity of the reflected beam is proportional 

to the latter only if the angular width of the source is 

larger than the mosaic spread n- (This is the case with the 

cameras used) . If the source is small (a«n) the intensity 

is determined by the reflectivity.

Rennincer(l956) calculated the integrated intensities 

R and R for the mosaic (ideally imperfect) and perfect 

states of some crystals mechanically suitable as monochromators: 

the area of the rocking curve is measured in radians in Darwin's 

formula, since the variable of integration is the angle of

incidence (James, 1948). It will be seen from Table 2
-4 

that mosaic spreads close to r\ = 5 x 10 rad, which are

necessary for a doublet resolution, are of the order of, or 

smaller than, the values of R , and are only a small multiple 

of the width 0.75R (James, 1948) of the rocking curve for the
x~

perfect state. (It is seen that quartz is suitable even in 

the mosaic state.)

Extinction is therefore the predominant factor

determining the shape and area of the rocking curve (For a compre­ 

hensive account of this see James (1948), and for a comrehensible 

account, see Woolfson (1970)). Bacon and Lowde (1948) calculated

the rocking curves for crystals having negligible primary»•*

extinction, and a Gaussian mosaic spread of standard deviation 

n. They found the reflectivity to vary by a factor 3 if R 

increases from 1 to 2O. If absorption is negligible, the 

height is unity over the range n and the area is n . This
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behaviour is very similar to that of the integrated intensity R 

for the perfect state which varies only by a factor 2 as R varies 

by a factor 2O, for the reflections examined by Renninger 

(1956).

For quartz crystals and CuKa radiation } reflectivities as 

high as 25% (Fournet ; 1951) or 5O% (measured by H.Huxley; 

reported by Witz (1969)) have been measured, although a curved 

quartz crystal does not reflect more than 7% of the CuKa 

component of the incident beam emitted by a semi-microfocus 

X-ray tube (Witz, 1969), the loss of intensity is entirely caused 

by the geometry of the incident beam which fits only approximately 

that of the object caustic of the curved monochromator crystal 

(Fournet, 1951). Here ends the account adapted from Witz. (1969)

The surface of thennnuochromator is very critical. If 

consideration is given to section 2.5.1, it is seen that the 

effect of a surface irregularity increases with the grazing 

angle of incidence. It is possible to provide quartz with what 

is known as a corona finish, but the advantage of this must be 

considered together with the changes in the rocking curve. 

Sakisaka (1930) found that the effect of the same surface treatment 

given to different crystals varied widely. For quartz, grinding 

with fine emery poweder increases both the height and the width 

of the rocking curve - the height by about 30% and the integrated 

intensity by a factor of two or three; this gain is caused by 

the surface being broken up enough for primary extinction to 

become negligible. Quartz plates polished, as ours are, to 

optical transparency, gave the same integrated intensity as 

etched ones. (Sakisaka (1927, 1930)).

• Some interesting work was done by White (1950). lending quartz
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crystals induces strain which increases the ability of a

crystal to diffract by up to over 20 times in integrated intensity.
r

The value gradually increases from the value for the perfect 

state. This is of interest to our case although knowledge of 

the reversibility and magnitude of the effect is required.
e

Polarisation at the monochromator does not cause a serious 

loss of intensity, but it must be considered in accurate 

intensity measurements (Witz. 1969). The spectral composition 

of the reflected beam is pure, since the higher harmonics of 

CuKa 1 are eliminated at the Franks mirror along with 

the white radiation at short wavelengths.

2.6.2 Curved crystal monochromators

A complete account is not given here. This is partly 

because Johann (1931) has given a lucid, rigorous and 

comprehensive account of the subject. Johansson (1933) produced 

an excellent account in which he extended the work to crystals 

which were first ground to a radius of 2R and then bent to a 

radius of 2R giving the surface a radius of R. I have given a 

semi-qualitative account which should enable the basic principles 

to be understood.

In the following, the absorption is considered to be sufficient! 

high in the region of A (CuKa) for only the surface to be 

considered. This is a reasonable approximation, but see White 

(1950).

The crystal is bent to a shape which is closely cylindrical. 

Ideally for a point source, the crystal would be bent to a 

logarithmic spiral with the source as the origin, such that 

radiation is incident along the whole length at the same angle.
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This is the system of de Wolff (1950) in reverse. This 

crystal would have to have a relatively small angular aperture 

to maintain a small focal image. As it is, we do not have a 

point source, so we can use a larger part of the source. The 

system by de Wolff (195O) required a source size of 33O ym 

to produce a size at the focus of 20 ym. This system will 

transmit the same amount of energy as the one where the source 

and focus are interchanged, assuming a constant source 

brightness. Moreover, using a 330 ym source makes it impossible 

to separate CuKa and CuK a~ for the camera dimensions given 

by de Wolff. The system with the source at the origin of 

the spiral has one advantage over a cylindrical crystal, and 

that is that the angular aperture is not limited by the 

rocking curve.

The crystals used were cut at an angle to the surface» For 

specimen film distances of less than 30 cm., a 3 cut was used 

and for longer distances a 6° cut. The reason for doing this 

is to increase the intensity of the beam at the focus without 

changing the separation of the crystal and focus. This was 

first done by Guinier (1946). Guinier's initial work was 

carried out with the following values: 2R = 500 mm, a = 7°, SC 

= 55cm and CP = 170 mm, where 2R is the radius of the bent 

crystal, a is the angle the surface makes with the reflecting 

planes, SC is the source to crystal distance and CP is the 

crystal to focus distance. Guinier also compared the Johann 

arrangement (i.e. a bent plane crystal) with the Johansson 

arrangement (a bent curved crystal) for a value R = 600 mm; he 

found the Johansson arrangement allowed an angular aperture of 

about 3 compared with 1.5 for the Johann arrangement. There
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was an increase in intensity at the focus by a factor of 2.2 

and the focus was nearly as fine.

A description of the principles of this system was given 

by Guinier et al (1955). A diagram illustrating the principle 

is given in fig. 2.21. The dotted lines added indicate how 

Guinier must have arrived at his relationship.

SC _ sin (0 -a) , 2 2 8) 
CF sin (0 +a)

where the symbols are defined in the diagram.

It was stated that the asymmetric cut of the crystal was 

useful in increasing the .intensity at the focus, and this can 

be shown by simple geometry. CF is the dimension that is fixed 

by the need for resolution of the X-ray pattern, so we consider 

it to be a constant. Using the symbols from fig. 2.21

SC.a = & sin (0 -a)

CF.a = £ sin (0 +a)

It is necessary to maximise a. If £ is fixed, this is done by 

making a as large as possible; values up to 10 degrees have been 

used, which is close to the upper limit of 0, which is 13 21 f 

for the quartz planes used. It is seen that increasing the 

length of the crystal also increases the intensity. This is limited 

by the need for the crystal to be short enough for radiation to 

be incident at very nearly the same angle along its length. If 

this is not satisfied, not all of the crystal would be reflecting 

and in a more serious situation Kot 2 would be reflected.

2.6.3 Focusing geometries

This section is an abridged version of part of the work



75 
published by Witz (1969). My comments are in parentheses or

otherwise referenced.

The geometrical aberrations define the size of the focal 

image and that of the effective source. Where the crystal is cut 

at an angle a to the reflecting planes, the X-rays from this 

source strike the monochromator surface at an angle within 

the interval (0 -a, 0 -a + n)•

Fig. 2.22 shows the geometry for the surface reflection 

(Johann, 1931) arrangement. The plane of the figure is 

perpendicular to the crystal bent to a radius R; the incident 

and reflected beams are tangents to the source caustic circle of
*

radius R sin (0 + a) and to the object caustic circle of radius 

R sin (0 - a) respectively. Both circles are concentric 

with the crystal circle. For a narrow region of the crystal 

centred at C, the focal circle of diameter OC - R, tangential at 

C to the crystal circle, intersects the caustics at the source 

S and the focus F: SC = R cos (0 + a) and CF = R cos (p - a);

0 = Tr/2 - 0. Also notice in the figure that M is very close to
/^ /\ 

the focal circle: MFC = MSC = co: the angular apertures of the

incident and reflected -beams are both equal to the corresponding

aperture of the crystal and they do not vary with the angle cr

if the radius R of the crystal remains constant. This is equivalent

to my deduction in the last section that,for a constant CF, w

is maximised by maximising a.

The effective width of the source in the Johann arrangement

measured along OS perpendicular to the source to crystal distance
2SC, is determined as follows: A,S = ^ Rw cos(0 -a) corresponds

to the geometrical aberration shown in fig. 2.22. The reflection 

curve contributes A~ S = n. CS. A further increase is caused
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the crystal, and the correlative thickness of the caustic:

AS = RAA/A sin (0 - a) tan 9. The effective width of the

X-ray tube focus for a beam of convergence 2w is given by

A Se = SC [n + ^- cot (9 -a) + |^- tan 0] (2.29)

For a perfect quartz crystal reflecting CuKa on the (1O1) planes,

6 = 13°21' and n = 3.2 x lo" 5 rad. Compton & Allison (1935)
-4 O 

give AA as 5.8 x 10 A. For the camera dimensions used for

much of my work, wherex as stated beforey S(: = 2OO mm and CF = 

300 mm, AS is about 50 ym. It is seen that the source size
\^

required increases as the value of or increases and increases 

proportionally with S(5. The width of the focal spot, measured 

along OF perpendicular to CF can be obtained in the same way:'

ApAr e CF 1

2 AA . n — r- tanG (2.30)

For the camera measured this is 60 pm, which is also the width 

measured at the film. This also indicates that the crystal geometry 

is very closely cylindrical. When narrower beams were used, 

40 ym, was measured.

One point not mentioned by Witz (1969) is the restrictions 

imposed by the need to resolve Ka, and Ka~. If w is increased, 

a larger source must be provided, so that radiation is incident 

on the whole crystal at grazing angles of incidence between 9 and 

0 + n. After a certain point this allows a_ to appear. Using 

the following figures from Compton and Allison (1935)

Wavelength CuKa,., = 1.54* 8
Wavelength CuKatT = l.Sifo 8
Width at half maximum for CuKa 2 = 7.7 x 1O~1 8
Width at half maximum for CuKa, = 5.8 x 10 8
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We find that the angular separation of Ka and Ka2 at the
-4 

crystal is 5.9 x 10 rad. To allow for the line width, it
-4 

is reasonable to set an upper limit of 6 x 10 rad. to the

angular range accepted by the crystal. Again using the same 

camera dimensions it is found that the maximum permissible 

aperture corresponds to a source size of 1OO pm. With larger 

sources, the effective source must be so positioned on the total 

source that the CuKa does not appear.

2.6.4 Parasitic Scatter from the Monochromator

This is a serious problem which can be overcome in two 

ways. Fournet used two crystals such that the focus of one 

was the source for the other (Guinier, 1955). In this case 

the second crystal was supplied with monochromatic radiation 

and the parasitic scatter was limited to within ten minutes 

of the main beam. In our case, partial monochromatisation 

was supplied by the Franks mirror and the area affected was 

reduced by guard slits. The method of using guard slits was 

also adopted by Guinier (1955).

2.7 Collimation

This section is similar in many ways to a discussion given 

by Guinier (1955) , but as it was derived independently and 

contains differences, he cannot accept responsibility for it. 

I have considered the collimation in the Franks mirror direction 

in the first sub-section, and in the second, the collimation in 

the other direction is considered.
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2.7.1. Collimation in the vertical direction

The beam from the crystal is relatively narrow in the 

vertical direction defined by the Franks mirror and it is about 

7mm wide in the horizontal direction on leaving the crystal. 

Vertically the beam may be either divergent or convergent, 

depending on the asymmetry of the Franks mirror position; in 

any case, it is almost a parallel beam. The system is shown 

diagrammatically in fig. 2.23. The collimating slit reduces 

the size of the beam to a size generally between 100 ym and 

300 ym, and the guard slit is set so that the beam just 

misses it; the relative dimensions of the two slits are, 

of course, dependent on the degree of convergence or divergence 

of the beam. However, parasitic scatter from the first slit and 

also from the crystal is defined by XA and YB. As the parasitic 

scatter from the crystal is very strong, the region AB cannot be 

used for data collection, especially for weakly diffracting 

specimens. This distance y is found by simple geometry to be

y = £ ( w + X ) + x (2.31) 

Given that D = d, s = llcm, w = 200 ym and x = =4O ym, we obtain

y = 2 (w + x) - w 

= w + 2 x 

= 700 ym.

This corresponds to a largest resolvable spacing of 47O 8. In 

practice, allowing for a clear resolution between the reflection 

and the focus, 2358 would be more reasonable and this corresponds 

well with practice. Even this limit is difficult to obtain, owing 

to the problems associated with back-stop construction. It is 

necessary to cup the backstop to prevent the beam scattering from
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the backstop on to the film; the parts of the film closer to

the front than the sheet lead back-stop are the most vulnerable. 

The smallest back-stops successfully used, blanked out the centre 

of the film to 300 A and often for ease of construction, back-stops 

over 2mm across were used, which masked the film out to 150 A. 

The back-stop problem is technically soluble. At higher angles 

a 200 ym focus is adequate for resolution in exeess of 400 A, 

200 ym corresponding to a separation of 825 8.

»

2.7.2. Collimation in the horizontal direction

In the horizontal direction there is a strongly convergent 

beam, so collimation is more difficult. This system is shown 

in fig. 2.24. The collimating slit normally just touches 

the beam and only when a narrower beam is required is it 

adjusted so as to just miss the beam. Parasitic scatter from 

the crystal and the collimating slit is defined by the 

dotted lines. This is a good approximation when the collimating 

slit does not cut the beam and it is precise when it does so by 

-more than a small amount. The region affected by parasitic 

scatter is given by the relationship

r = § ( P + q) + q. (2.32) 

which is analogous to (2.31).

When beams that are highly convergent are used, this normally 

results in scatter out to about 30 8, although figures around 7o8 

to 1OO A were commonly obtained using narrow beams. It is 

possible to use the outer part of the streak for data collection, 

since this is produced by a small part of the monochromator, 

whereas the centre of the pattern, collects parasitic scatter from
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the whole crystal.

It is easy to see that reducing the beam width by means of 

a variable slit placed near the source would be a more effective 

means of controlling the width of the beam; it would commonly 

decrease the area affected by parasitic scatter by about 20 

per cent, since d is effectively increased. For a collimating 

slit placed 5 cm from the centre of the crystal and for d = 

D = 10 cm, the length of the parasitic scatter streak is decreased 

by a third by collimating before the crystal. Parasitic scatter 

is also decreased by decreasing the amount of non-useful (e.g. 

non Ka) radiation incident upon it; this could in part be 

achieved by slite adjustable vertically placed near the source.

2.8 Focusing of the diffraction pattern

In the vertical direction the beam is defined by the collimating 

slits. There is no focusing, just a defocusing caused by striking 

the film at an angle. For a beam with a vertical component of 

angular deviation at the specimen of e, the focus is broadened 

by a factor of sec e, for a specimen of insignificant size.

In the horizontal direction, the scattered radiation focuses 

on the cylindrical film as shown in fig. 2.25; this is a standard 

technique (Guinier, 1955). The convergence of the scattered 

beam cannot be changed at the specimen, so the reason for using 

cylindrical geometry becomes obvious, since an arc of a circle 

subtends equal angles at all points on that circle outside the 

arc itself.

There are three factors that would increase the size of the 

focus at the film/*- the specimen size, the angle of incidence
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that the beam makes with the film and the effect of the 

specimen not following the cylinder. Bending specimens around 

the circle makes a significant improvement at high angles. 

The effect of specimen size is illustrated in fig. 2.26. The 

treatment given is illustrative and refers to the total width at 

the focus, not the standard deviation. It is seen that the 

increase of the width of the focus, f ., is d sin ( y+ 3)/sin.3 

so that

f = d(sin Y cot3 + cos Y-) (2.33)

This is often an important factor. If d = 0.5mm and y = 3 

= 30°, f . - 65O ym, which is an order of magnitude higher than 

the focal size obtained with a specimen of infinitesimal size. 

It also illustrates the need to use small specimens for high 

angle work.

The effect of the specimen curvature would not be expected 

to be large. The major problems are that for highly oriented 

specimens, not all of the specimen would be scattering X-rays, 

and for specimens with large unit cells, unwanted reciprocal 

lattice points make their contribution to the pattern. It is seen 

that working with a disoriented specimen with a large unit cell 

verges on the impossible. The problems mentioned could be 

corrected by giving the specimen a radius of curvature equal to 

twice that of the focusing cylinder. This would also half the 

deviation of the specimen from the cylinder. Another way of 

improving matters is to decrease the convergence of the beam. 

The improvement with curved specimens needs an explanation so 

one is given below. As the angle of scattering is a constant, 

the maximum widening of the beam is caused by scattering from the
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specimen at the point where it deviates most from the cylinder.

From fig. 2.27 it is seen that the increase in focal width, f ,
\^

produced by the specimen not being curved is t sin (y + 3)/sin 3.
Ra 2 

The distance t is found to be R - R cos o- —j- so
R2 

f = -— (sin ycot 3 + cos y) (2.34)

-2
If R = 5 cm and a = 2 x 10 rad, this gives f - 13 ym, which

c
is a small effect. This suggests that this factor is small except 

at very high angles and high beam convergence. The latter 

explanation is reasonable. The effect of the factor is to give 

the specimen an effective-width, d , given by

_ R g^ de ~ d + 2~ ' (2.35)

Another quantity f, must be defined as the width of the unscattered 

beam as measured on a plane at the focus and at right angles to 

the beam. From fig. 2.27 it is seen that the beam makes an 

angle fr/2 - y with the film. This increases the width of the 

focus by a factor of secy .

The final focal width f is given by

f = (fb + fc + fs ) secy (2.36)

f is generally small, f dominates at high angles, especially c s
for thick ^specimens, and f dominates at low angles. A surprising

S

fact is that, after taking into account specimen absorption, 

the specific intensity at high angles, particularly below 2 8, 

is maximised by specimens of less than 100 ym thickness. The 

optimum value is obtained by evaluating 

8_ , d , -k d ,
r\ T i. _g \*~ J3d i

~k d where the factor & takes account of the specimen absorption.
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e, approximates to 1 - kd in this example.

2.9 Camera design

This section is a summary of some results from earlier sections 

It is primarily designed to enable those who have faith in the 

derivations to build a good camera system.

2.9.1. Maximising the intensity

In earlier sections it was discovered that the position of 

the Franks mirror in the camera had only a small effect on the 

intensity in the conditions of asymmetry prevailing. It was 

found that moving the crystal towards the source did have a sig­ 

nificant effect on intensity. The best situation was with the 

Franks mirror very close to the source so as to allow the 

crystal to be placed very close to the source. Different camera 

lengths can then be provided by choosing crystals with varying 

angles between the surface and the reflecting planes. Reduction 

of parasitic scatter was found (theoretically) to be brought 

about by fixing a two-way adjustable slit between the mirror 

and the source;this is especially apparent when it is necessary to 

reduce the width of the beam. Concentration on working out a 

method to make the Franks mirror more precisely elliptical would 

also be worthwhile.

On these bases, I suggest a source to the centre of the 

mirror distance, SM, of 7 cm. and a source to the centre of the 

crystal distance SC, of 14cm. These are about as short as these

distances can be conveniently made. Even though a maximum beam
-2

divergence of 3 x 10 rad. can be achieved (Guinier, 1946), it
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was shown that it is advantageous to restrict this to about

-2
2 x 1O rad. These two figures would require Franks mirror

slit widths of about 2.7 mm. and 1.8 mm. respectively. If 

slits are interposed between the mirror and the source, a 

standard 3 mm. would be more than adequate.

Another factor to be considered is the quartz crystal. The 

length is such that the maximum beam convergence is not used. With

a 3 crystal 14 cm. from the source, an angle of convergence
-o

of 2.2 x 10 rad. is possible, but with higher angles of

cut, the convergence is below the optimum range. As most of the 

work was done with a 3° crystal, this was not of great concern, 

but it is useful to consider how to solve the problem for higher 

angles. It seems reasonable to give the bars bending the crystal 

extra support, so that a central part about 1mm. wide can be 

largely filed away, as in the Franks mirror. It is simple to 

see the effect of bars of thickness h holding a crystal of cut 

$ with a bar separation of d. The useful length of the crystal 

becomes d - h (cot (9-a) + cot (6 + a)), where 8 = 13°21'.

Reducing the bar thickness by half, as in the Franks mirror^allows
-2

a convergence angle of 2 x 1O rad. to be used with crystals

cut at angles as high as 6 . To extend this to 10°, either the 

angle of convergence must be decreased t or the crystal must be 

doubled in total length and the bender increased in size.

Assuming that air absorption is not serious and for a fixed 

mirror position, the intensity at the focus is simply dependent 

on the angle of convergence; this can be maximised by using a 

suitably long crystal as close as possible to the source. This means 

that, providing air absorption can be reduced, fairly short
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specimen-film distances can be used with long crystal to focus 

distances, allowing good control of parasitic scatter. This 

argument is not as simple as it may appear if only part of 

the source is effectively used (section 2.6), as is true except 

for fine-focus X-ray generators. In this case, moving the crystal 

closer to the source reduces the fraction of the source used, 

cancelling other benefits.

Clearly, intensity increases with the source brightness.

2.9.2. Other considerations

Other considerations are concerned with maximising both low 

and high angle resolution. The low angle region is masked by 

parasitic scatter. For the best elimination of this, the 

distance between the two slits should be large compared with 

the distance between the guard slit and the film^ for my work, 

it was found convenient to make these distances equal - for an 

11 cm. specimen to film distance, a 30 cm crystal to focus 

distance allows the slits to be 14 cm and 28 cm from the focus. 

It must be borne in mind that the Franks mirror often produces 

a diverging beam, resulting in a loss of intensity as the 

crystal to focus distance is increased.

The resolution is also dependent on the specimen to film 

distance. More surprisingly, if resolution only in the direction 

defined by the crystal is considered, the shortest exposure 

times do not correspond to the maximum angle of convergence and 

making the specimen film distance large enough to resolve 

the reflections. Using equation (2.30) this is maximised by 

setting:
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' = ° (2 " 37)

o

This gives A .A_A_
2n "X tan 9
cot (0 + u>) (2.38)

which is about 0.35° forw= 3°.

Generally it is required to maximise the intensity rather 

than the resolutionx as the resolution is more often limited by 

the mirror focusing and collimation.

There are other reasons for using smaller angles of 

convergence.Highly oriented specimens cannot usefully use high 

angles, and large unit cells and small specimens require 

smaller angles.

It is interesting to examine the asymmetry of the camera. A 3 

crystal would allow a crystal to focus distance of 21 cm. This 

would be most suitable for specimen film distances of 6 cm. or 

less; this allows the guard slit to be placed at least as 

close to the film as to the collimating slit. A 6° crystal would 

allow a crystal to focus distance of 35 cm which is ideal for 

specimen film distances up to 13 cm.Beyond 7 'a larger crystal 

and a different bender design are advisable; air absorption 

between the two slits also becomes a problem. However having 

solved these problems and placed a 10 crystal 16 cm from the 

source, a crystal to focus distance of 110 cm is obtained. 

Because the parasitic scatter is not focused, it is often possible 

to use a specimen film distance of a metre and not use a guard 

slit. The relative intensity of the focused to the unfocused 

radiation increases with the specimen film distance. If parasitic
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scatter needs to be removed, a specimen film- distance as high 

as 50 cm. could be used.

2.10. Setting up the camera

Much of the material in this section was taught to me by 

A. Miller. To avoid taking undue credit and to cater for those 

who prefer experience to youth, an account of both the methods 

of myself and a colleague is given. Techniques I have developed 

are all simple, so it is likely that workers elsewhere have 

used some of them.

Before setting up the camera, pressure bearing points in the 

benders should be cleaned, care being taken not to touch the 

mirror and crystal surfaces.

2.1O.1. The Franks mirror

Before setting the mirror, a length of tubing should be 

fixed to the X-ray tube window so as to allow a beam to be taken 

off the anode at an angle of about 4.5 . The generator is then 

put on to low power for setting the mirror. The brass guard is 

fitted over the end of the mirror bender. This fits over the tube 

leading from the X-ray window. Care is taken that it is fitted 

such that the mirror is still free moving and such that room is 

left for the mirror to be placed asymmetrically in the bender, 

setting the bars as in fig. 2.28. I prefer to set the mirror 

at an initial angle of 4-^ but a colleague prefers to find the 

angle by rotating the mirror until the beam produced is at its 

maximum intensity. The mirror is adjusted heightwise and horizontally 

until the widest bright beam can be seen on a fluorescent screen
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placed near the mirror. Rotation is not normally necessary, but 

this is easily checked by sliding the bars in and out one at a 

time; the widest beam should correspond to both bars being 

completely inserted. The technique preferred by a colleague 

consists in finding the widest beam without recourse to moving 

the bars.

When the mirror is in position, X-ray shielding is put in 

position and the fluorescent screen is placed in a position 

near where the intended focus is to be. The bar nearest the 

source is then rotated to the position shown in fig. 2.29. On 

moving the mirror bender up and down in the vertical direction, 

two beams appear on the screen, the lower one being the reflected 

beam and the upper one being the beam passing the mirror. The 

separation is made as great as possible before the intensity of 

the reflected beam drops noticeably; this is more easily done 

with a glass mirror than with a nickel or a gold mirror. When 

this has been done tJhe bar nearest the source is rotated until 

the upper beam disappears leaving the reflected beam at its 

original intensity; the way this happens is shown in fig. 2.30. 

The mirror is put in a number of positions for testing the 

quality of the focus. The final position is normally displaced 

0.5 mm. towards the source. Experiments with asymmetrically 

placed mirrors were carried out by a colleague before I used the 

technique. For each position tried, the curvature of the mirror 

is adjusted to give the best possible focus on the fluorescent 

screen.

It should not be expected that a fine focus should be 

produced, especially for highly asymmetric mirror positions. The
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surface is also very important - only with glass could a fine 

line be produced and this was superimposed upon about 2 mm. of 

background. With nickel and gold it is not easy to decide on 

the best focus.

2.1O.2. The monochromator crystal

Sections 2.4.2 and 2.4.3 describe the monochromator bender 

and its supporting turntable. With reference to these sections 

and with the aid of a microscope, the crystal can be placed 

symmetrically in the bender.

There are two approaches to setting the monochromator 

turntable in position: that of a colleague rests heavily on 

examining the beam reflected from the crystal and adjusting 

the table position until the best beam is obtained; my method 

which I describe, concentrates more on aligning the table 

before the crystal is bent.

The monochromator table is adjusted in height until the 

cylindrical lip on the source side fits into a brass cover on 

the Franks mirror, giving a radiation free fit. The structure 

supporting the slits on the side of the table nearest the 

source allows the table to be placed squarely against the 

Franks mirror, care being taken that the brass cover on the 

mirror is not pushed tightly against it, as this inhibits 

movement of the mirror. The horizontal slit on the table is made 

as narrow as possible - about 2mm. - and the height is adjusted 

until the beam passes through the centre. It is important that 

the beam passes along the diameter of the turntable. This is 

easily brought about by closing the slit plates from either side
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until the aperture matches the width of the beam. From the 

position of the slits, it is seen whether or not the beam is 

passing over the centre of the table, and horizontal adjustments 

must be made until the beam does. It is easy to carry out these 

procedures using a fluorescent screen. The beam is then checked 

to see if it indeed does pass over the centre of the table.

The crystal bender is then taken and placed in the centre of 

the table. It is viewed from above and placed so that the surface 

of the crystal is parallel to the beam and lies along a diameter 

of the table. This can be checked in part by viewing the beam 

passing by the crystal; this will be less than half the normal 

width since the bending bars are obstructing the beam and half 

of the beam is not passing in front of the crystal at all. Small 

rotations of the table should have the effect of making the 

beam narrower; if the opposite is the case, the crystal is 

not parallel to the beam. The bender is now clamped to the table. 

Tests are carried out at this stage to see if the crystal is 

at the right height; only a small adjustment should be required.

It is often not certain whether the crystal is the right 

way round in the bender, even though the crystals are often 

marked to indicate it. Under these circumstances bending the 

crystal does not produce a widening reflected beam. This is 

a good indication of this, but especially for a 3 crystal 

placed a good distance from the source, this can fail. In this 

case, the asymmetry of the camera is only 1.5, so reversing the 

positions of the source and the focus requires the crystal to be 

bent 1.5 times as much as normal. If the source to crystal 

distance is not top small, this could be done without breaking
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2the crystal and a focus would be produced. 1.5 - 2.25 times

as close to the crystal as expected. Owing to the brittleness 

of the crystal, the following method has been adopted.

A fluorescent screen is placed close to the crystal so 

as to receive both the main and the reflected beams. The crystal 

is first rotated so that the bar farthest from the source cuts 

off most of the remaining main beam. The power is then switched 

to at least 2O KV 2OmA with a 200 ym source and the room is 

completely darkened. Turning the turntable by hand will 

eventually produce the reflected Ka beam as a small point of 

light on the screen. The screen is then placed farther from 

the source and the positions of the main and reflected beams are 

are marked on the screen. Now the angles made by the crystal with 

the incident and reflected beams are measured. The grazing 

angle of incidence should be (0 -a) where 6 is 13 21' for quartz 

1CT1 planes and a is the angle of cut of the crystal/ and the 

grazing angle of reflection is ( 9+ a). If the reverse is the 

case, the crystal is the wrong way round and the bender must be 

turned over.

The crystal must now be bent. The method employed is basically 

that received from a colleague, although tests have been developed 

which check to see if the crystal has been overbent; these tests 

enable the crystal to be bent with more confience. The method 

received consists in watching the reflected beam widen as the 

crystal is bent. Eventually a uniform, symmetric beam is produced, 

and separation of a., and a- is achieved by observing the beam near 

the crystal. My method is described in detail.



The fluorescent screen is placed near the crystal at an 

angle such that the image of the beam is magnified about five 

times. The crystal is rotated by hand until the beam is seen as 

a fine point and the table is locked so as to allow rotation with 

the fine adjustment. As the crystal is rotated the fine point 

moves across the screen. The distance between the point where 

the beam appears on the screen and the point where it disappears 

corresponds to the length of the beam for which we are aiming. 

As the crystal is bent, the beam widens and since radiation is 

incident on the crystal at a smaller range of angles, the beam 

moves more quickly across the screen. If the bender is rotated 

such that the angle of incidence increases, the point of reflection 

moves from the end of the crystal nearest the source to that 

nearest the focus. This results in the beam moving across the 

screen towards the line of the incident beam. If the reverse 

is true, the crystal is overbent. The crystal is bent until 

the beam on the screen becomes wider. At this point the beam 

fills all of its original track and rotating the crystal through 

it causes it to appear briefly and then disappear. The beam 

should not be striking the bending bars. This can be checked 

by moving the crystal a small amount across the beam while looking
- V

for the shadow of the bars on a fluorescent screen. The crystal 

is returned to its original position unless the beam is striking 

a bar. In this case, the earlier procedure in setting the 

crystal and turntable should be repeated.

Now fine adjustments are carried out.A technique employed 

by a colleague consists in adjusting the crystal about the final 

beam until symmetry is achieved. As the crystal is rotated such
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that the angle of incidence is decreased, the bright beam in the 

centre splits into equal parts which move towards the outside. 

When these have nearly disappeared, another brighter image appears 

in the centre and fills the original beam width, with a certain 

amount of non-uniformity. Continued rotation causes this to 

split into two parts as did the other. The first beam is a and 

the second beam is c^ . It seems clear that this method consists 

of setting the angle of incidence correctly at the two ends of
«

the crystal.

A good method is to set the crystal very close to the correct 

setting by aiming to set it for the region between a, and a 2 - 

This is done by placing a fluorescent screen at the focus at an 

angle to the beam and then rotating the crystal unti a, and c* 2 

are of equal intensity. A piece of lead is taken and moved in 

front of the crystal to ascertain whether the a~ is incident on 

the source end or the focus end of the crystal. As the ct 2 

corresponds to a greater deviation, it also corresponds to a 

greater angle of incidence on the crystal. The crystal is then 

bent or unbent until a, and « 2 are reflected weakly from both 

ends of the crystal. Now only an extremely fine adjustment is 

necessary. The aim is to obtain a uniform bright beam that 

corresponds to the presence of no a 2 in the beam, as determined 

by a fluorescent screen at the focus and one placed near the 

crystal. Eventually the beam is such that rotation of the crystal 

through the correct position causes the beam to appear and 

disappear and no a 2 is in the beam. It has been found that 

approaching the correct position from the underbent position

often gives a better beam; this is probably due to distortions 

in the crystal. It would be expected that if higher beam
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convergences were used, a less perfect beam would be produced 

and in that case, setting the two ends of the crystal for the 

same angle of incidence could be the best possible. After this 

the covers are put on the table in such a way that the beam is 

not obstructed.

A crystal set in this way is stable in a temperature 

controlled environment, although small movements are common in 

the first few days after setting up. Small adjustments can be 

made by observing the beam leaving the crystal and bringing it 

back to the original,position by a fine adjustment of the curva­ 

ture.

2.1O.3. The rest of the camera

The equipment used is described in section 2.4.4. ,5, and 6. 

Firstly the table is set so that the beam passes along the 

central line. The evacuated chamber is placed on the table so 

that the position can be refined by aligning the beam with the 

centre of the mylar window and the centre of the alignment hole. 

This requires adjusting the position and height of the three 

legs of the table. The central part of the table slides back 

and forth. This is adjusted positionally, using a fluorescent 

screen, so that the focus corresponds closely to the film

position. The final adjustment is carried out with a film in the
«

camera. A through focal series can be taken, through brass for 

absorption, as the position is adjusted; the setting corres­ 

ponding to the finest focus is selected.

The focus is now refined by putting a screen at the focus 

at an angle to the beam. The Franks mirror curvature is given
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a fine adjustment to increase the intensity of the focus at 

the brightest point.

The collimating slit is set to the desired height and the 

width in the horizontal direction is chosen so as to either 

just miss the beam or to cut it. The horizontal adjustment, 

being a more recent development is provided by pieces of lead. 

The adjustments are best carried out with the aid of a micro­ 

scope. The slit is then adjusted, by means of the fine 

adjustment available and the beam passing through it is 

examined with a fluorescent screen. By moving the slit up 

and down through the beam, it is possible to check that the slit 

is horizontal. Using a Geiger counter, the slit is placed as 

close to the crystal as possible in such a way that the 

intensity is maximised.

The guard slit is then positioned as clo.se. as is convenient 

to the specimen position. Starting with the slits wide apart and 

the beam passing between them, the slits are closed down until 

they just touch the beam. The slits can then be adjusted until 

the beam is just missing them. With practice the slit sides can 

be placed about 10 jam from the beam, but the system is not 

designed so that this is done easily. The slits in the horizontal 

direction must be adjusted by sliding them in and out so that 

they just miss the beam. This is difficult to do, since the 

camera was not fitted with adjustments to screw the slits in and 

out, but after a number of attempts, the slit edge can be placed 

very close to the beam. It is easier to adjust the horizontal 

position of the whole guard slit assembl-.y to bring one side 

near the beam; then only one slit edge needs to be set.

The specimen is now mounted in a cell and this is supported 

on the front of the camera in the mount provided. For a long
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well oriented specimen such as collagen, the specimen is 

positioned, by means of the fine vertical adjustments, such that 

it reduces the intensity of the beam, as measured with a Geiger 

counter. At low angles the maximum intensity is achieved by 

cutting the intensity by a factor of e (2.718) (This can very 

easily be proved), but at high angles, this is not the case 

and not just because of the longer path length of the X-rays 

through the specimen. (See section 2.9). For high resolution 

it is found that smaller specimens are better, especially at 

high angles. For very thin specimens and for specimens with 

only a small ordered area, a brass window needs to be 

constructed just before the specimen. This is necessary since 

the specimen cannot be aligned by absorption. In the case of a 

small specimen, in the absence of adjustments on the specimen 

cell, the table position is given a fine adjustment to position 

the beam in the chosen part of the specimen. The size of the 

ordered area must be borne in mind when choosing the dimensions 

of the collimating slit. The height adjustment is carried out 

to position the beam in the predetermined area.

The back stop is set by adjusting its vertical and horizontal 

position until the beam is striking the centre. For an untilted 

camera this is done with a Geiger counter, in which case it is 

easy to count the turns of the key between the two edges and 

place the beam in the centre. In the tilted case, a fluorescent 

screen must be used.

If a tilted camera is required, the camera is tilted after 

setting the specimen height, unless a window and fluorescent 

screen are used. This may require moving the whole table.

One or more films are enclosed in black paper and slid into
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the film holder, which is then slid into the evacuated chamber 

The camera is finally sealed and evacuated. A short exposure 

is enough to check that all is well, after which the film is 

changed and a longer exposure is carried out.
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Numerical data for mirrors Taken from Witz (1969)

at 9 e R(e )c c

R(CuKg) 
R(CuKa)

at e (Ka) c

Crown glass 14'

Nickel

Gold

23'

32

0.73

Oo65

0.45

100

72

40

100

150

140

O.O48

O.O21

0.13

Radiation: CuKa 
'Columns 3 and 4 in arbitrary units

0, angle of incidence; 0 the critical anglej R, reflectivity.

TABLE 2.2

Integrated intensities. Taken from Witz (1969)

m
R

(200) LiF

(1O1) quartz 

(OO2) graphite

9.1x10
-4

4.3x10
-4

62.5x10 

Radiation:

-4

0.32x10
-4

O.44x10
-4

0.52x10
-4

CuKa

10.3x10
-4

5.9x10
-4

5.8x10
-4

R and R taken from Renninger (1956) m p
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Fig. 2.1 Sectional view through the anode and cathode of the 
generator. A, anode; C, focusing cup; E, electron path; F/filament; 
S, X-ray source.

Fig. 2.2 Elevation view of the X-ray camera. For clarity, it is not 
to scale. In practice 9 < O.5 . Fig. 2.3 is closer to scale at 
about half actual size. The symbols are as for fig. 2.3.

Fig. 2.3 Plan view of the X-ray camera. B, beam stop; C, colliinating 
slit; F, focus of X-rays; F, focus of diffracted X-rays; G, guard 
slit; M, Frank s mirror; Q, quartz crystal monochromator; S, 
specimen; V, evacuated chamber; W, mylar window; X, source of 
X-rays.
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Fig. 2.4 Sectional front elevation of the Frank s mirror bender 
(actual size). Symbols as for Fig. 2.6

M

F 
-K

H

Fig. 2.5 End elevation of the Frank s mirror bender, 
size). Symbols as for Fig. 2.6

(actual

M

Fig. 2.6 Enlargement (7.5X) of part of fig. 2.4 for a 
mirror placed symmetrically in the bender. A,B,C,D,E, force 
bearing points; F, brass block; G, frame of the bender; H, 
attachment to fit a magnetic base; J, slit 1/8 in. wide X 3/64in. 
deep; K, screw for turning the bar; M, Frank s mirror; P, brass; 
R, bars 3/32 in. in diameter; S, bending screw; T, steel spring.
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H

Fig. 2.7 Simplified plan view of the monochromator turntable. A, 
ridge; B, spring adjustment; C and D, holes for screws; F, focus 
of X-ray camera; H, horizontal slit adjustment; L, locking screw; 
P, cylindrical projection; R, fine rotational adjustment; S, aper­ 
ture defined by slits; T, rotating table; V, vertical slit adjust­ 
ment; XY, centre line and direction of entrant beam.

H

Q
IS

Fig. 2.8 Simplified sectional plan of the quartz crystal bender 
(twice full scale). A,B,C and D, force bearing points; E, brass 
block; F, brass plate; G, frame"of bender; H, bending screw; J,/ 
steel ball; K, 2 steel balls; L and M, 1/16 in. diameter bars- 
M fixed to the frame of the bender; N, screw; Q, quartz crystal 
monochromator; S, steel spring; V, end elevation of F.

Fig.2.9 A possible distortion of the monochromitor crystal 
(greatlyexaggerated). B, bars; F, frictional forces; Q, quartz
crystal monochromator; S, a cylindrical shape.
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Fig. 2.10. An improved horizontal 
adjustment for the quartz crystal. 
A, adjustment screw; B, brass block; 
S, metal strip (spring); T, teflon.

Fig. 2.11.^6 collmat- 
ing slit. E,exit beam 
I, incident beam; K, 
tantalum knife edge; 
P, parasitic scatter.

Fig, 2.12. The evacuated film chamber.
A, air inlet pipe; B, bung; C, specimen cell; D, locating 
steel ball; F, front plate; G, front leg; H, specimen cell 
height adjustment; J, height adjustment; L, lid; M, magnetic 
base; 0, *0' ring;. P, steel plate; R, rear log; S, 3 screws; 
T, 4 screws; V, evacuation pipe; W, mylar window.
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Fig. 2.13. Sectional plan of the evacuated chamber. 
A, alignment hole; B, lead backstop supported on mylar, 
one thou. thick; C, specimen cell; D, cylindrical chamber; 
E, front plate; F, film in black paper; G, araldite glue; 
H, film holder; O, 'O 1 ring seal; S, specimen; W, mylar 
window, one thou. thick.

Fig. 2.14. Plan of the evacuated chamber and its support table 
A, air inlet; C, specimen cell; N, nylon slides; P, table 
- sliding part; R, adjustment screw; S, 3 screws; T, table; V, 
evacuation pipe.
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Fig. 2.15. A specimen cell designed for fibres in acontrolled atmosphere.
A, attachment for support; E, end elevations; F, front elevation;I, inner part; L, slot for locating pin; M, moveable support;O, outer part; P, pins; S, screw for moving M and P; W, mylarwindow.

S D

Fig. 2ol6. Front view and section of a cell for specimens in a controlled atmosphere or immersed. For clarity, one clamp is removed from the section. A, screw-in adjustments pushing on N; B, attachment for support; C, metal bar; D, clamp; E, outer part of D; F, inner part of D - pull to release the clamp; H, spring keeping E against N; K, spring for pushing F against E; L, leak- proof seal; M, slot for N; N, metal rod attached to E; P, perspex cell; R, 4 screws; S, specimen; T, tube; U, mylar; V, removeeible front; W, screw-in window.
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Fig. 2.17 Taken from Witz (1969). Reflection of the CuKa radiation 
from plane nickel and gold plated mirrors. Calculated reflectiv­ 
ities (top) and observed intensity distributions with a semi-micro- 
focus X-ray tube (1mm X O.lmm source).

a

Fig. 2.18 The optimum reflection geometry for a Frank s mirror. 
Exaggerated in the y direction. All angles of incidence are 
less than 30'. BS = b /2a, if a » b. S, source; F, focus. S & F 
are the foci of the ellipse.
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Fig. 2.19. Elliptical geometry for an asymmetrically placed 
Frank s mirror with a source of a finite size (all angles of 
incidence are less than 30'). A, Frank s mirror; F, focus; S, 
source.

Fig. 2.20. Reflection of X-rays from a plane monochromator 
(From Witz (1969))
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Fig. 2.21 Asymmetrical bent crystal monochromator. The 
diagram is from Guinier (1955). Dotted lines have been 
added to make clear the derivation of the mathematical 
formulae. SC = d; CF = D; AB - £sin (9 -a ); sinV= d/2R; 
AO = SO = CO = FO = R.

Figure 2.22 Curved crystal monochromator - the Johann 
system (Johann, 1931). .Diagram from Witz (1969).
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Fig. 2.23. Elevation view of the collimating system. 
AB, range of parasitic scatter; CD, main beam; E, collimating 
slit; F, film; G, guard slit; H, specimen; I, beam from 
the monochromator; XY = x.

Fig. 2.24 Plan view of the collimating system.
E, collimating slit; F, film; G, guard slit; H, specimen;
I, beam from the monochromator; XY = p.
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Fig. 2.25 Representation of focusing.
C, focusing cylinder; F, focus of main beam; F 1 , focus of
scattered beam; I, beam from the monochromator; S, specimen

Fig. 2.26 Illustration of hovv specimen . thickness affects the
focal size.
I f beam from monochromator; S, specimen.



110,

Fig. 2.27 Illustration of the effect of specimen 
curvature on the size of the focus with part of 
the diagram enlarged (bottom). Point S is the 
centre of the specimen.
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Fig. 2.28 Section through the Frank s mirror before 

commencing adjustment.

M

8

Fig. 2.29 Section through the Frank s mirror after the first 

adjustment.

Fig.2.3O Section after the final adjustment.

Figs. 2.28-2.30 Adjustment of the bars of the Frank s mirror bender, 

B, bars; M, Frank s mirror; S, sonrce of X-rays.
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CHAPTER 3

Chemical. Work

3. 1 Preparations by R. Pau

Some preliminary work was done by R. Pau using Sphodromantis 

tenuidentata.

The outer protein was removed from a freshly laid egg case and put 

with a few ml. of distilled water. The protein was washed by repeated

sonication, centrifugation and suspension in water and stored in suspen-

o
sion at 4 C. It was used for measurements of molecular weights and

amino acid compositions. Later work on this is reported in section 3. 4.

3. 2 Separation of the protein

Later experiments were carried out using S. membramacea.

The egg case was taken immediately after completion and the soft 

white protein was removed as before. Separation of the insoluble 

lamellae was achieved by sonication, centrifugation and suspension in

water repeated three times, keeping the temperature at 4 C. E?rly
o

preparations were stored suspended in water at 4 C, but after about a

week they began to smell. Components of different molecular weights 

were separated by SDS gel electrophoresis. Many components were 

found to be present, so it was suspected that bacteria had caused some 

chains to break down. Storage in liquid nitrogen was also tried, but 

after thawing, the protein proved difficult to dissolve in urea solutions, 

indicating tha t c ross-linking had alieady occurred. This was overcome 

by storing the protein in 8M urea with a little A-mecapto -ethanol added 

to prevent oxidation of S-H groups. The solution was green.

The soluble material left after centrifugation during separation
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was precipitated using ammonium sulphate. Most of the green colouring

matter appeared to be fixed to this component. The remaining solution

o
of ammonium sulphate and unprecipitated matter was left at 4 C. After

a few weeks, an emerald green precipitate had formed.

3.3 Chemical investigations

A carboxy methyl cellulose (CMC) column was formed. The CMC 

was washed with normal sodium hydroxide for four minutes, washed 

thoroughly with water, washed with normal sulphuric acid for four 

minutes and washed again with water. This was equilibrated with a 

solution containing 6M urea and 10 mM phosphate (the sodium salts) at 

pH 5. 8 and packed into a column.

The solution of lamellae dissolved in 8M urea was dialysed against 

the solution used to equilibrate the CMC with one crystal (about 10 c.c.) 

of chlorobutanol added to deter bacteria. The resulting solution was 

pippetted on to the column. Protein was clearly fixed to the CMC as 

evidenced by the green colouring matter attached to the protein.

All solutions of salts used were made up using the buffer used for 

equilibration. After initial washing of the column with the buffer, the 

concentration of sodium chloride was slowly increased from zero to 1M. 

The solution leaving the column was passed through a meter measuring 

UV absorption and collected at 50 drops per tube. The UV absorption 

indicated that no significant quantity of protein left the column at 

concentrations of sodium chloride above 0. 5M. Finally, 1M ammonium 

sulphate solution was passed through the column. No further protein 

was removed. Protein corresponding to the two major peaks in the UV 

absorption was collected, dialysed thoroughly against water at 4 C and
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freeze dried. One peak corresponded t"o a OM sodium chloride concen­ 

tration and the other to 0. 2M.

Samples of the water insoluble and water soluble components of the 

egg case were compared with the two major fractions derived from the 

CMC column using SDS gel electrophoresis. Both fractions from the 

column contained components of different molecular weights. The 

dominant component from the water insoluble lamellae had a molecular 

weight around 50-55000, but all samples showed this band to some 

extent. As both fractions from the column showed several bands, it 

was decided that this technique was'unsuitable. When further material 

became available, it was separated and stored.

3.4 Further investigations by R. Pau

These investigations are currently being undertaken, but the results 

are not yet available. It is hoped to determine accurate molecular 

weights and amino -acid compositions of the major components of the 

lamellae.

3. 5 Polymorphic forms

Polymorphic forms of the protein could yield useful information. 

Protein dissolved in 8M urea was dialysed at 4 C against a solution of 

urea which was changed in small steps from 8M to about 2. 6M. The 

solution was buffered initially with 50 mM tris, but the concentration 

was decreased as lithe urea solution was diluted. Some solutions 

contained either magnesium or calcium chloride at a ImM concentration, 

Ai about 2.6M, precipitates formed. The structures formed were 

apparently crystalline in the presence- of magnesium ions at pi I 8. 5.
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Bacteria destroyed the structure before it became possible to examine

them in the electron microscope.

It was decided to repeat the experiment, extending the work to 

include other values of pH and phosphate buffers. No suitable material 

became available for this.

3. 6 Density measurements

To help choose a model for the protein structure, density measure­ 

ments were made. Lamellae were pelleted in the centrifuge and 

dehydrated by immersion in ethanol for several days. The pellet was 

then transferred to a mixture of chlorobenzene and alcohol, keeping air 

from the pellet, and finally into chlorobenzene. The two steps allow the 

pellet to be dense enough to remain immersed at all times. Bromo- 

benzene was gradually added over two weeks, maintaining the pellet at 

the same density as the solution. When the density of the pellet had 

stabilised, the density of the solution was determined. It was found that 

the density of the lamellae was 1. 338 gm. /c. c. when immersed in a 

mixture of chlorobenzene and bromobenzene of the same density at 

24. 4°C.

It was hoped that the protein structure would become dehydrated and 

collapse. The new unit cell size estimated by X-ray methods would then 

allow the density in the natural state to be determined. Measurements 

of the unit cell dimensions suggest that much of the water was replaced 

by the solution. A smaller unit cell size could be obtained by treating 

material with air dried over silica gel, lending support to this hypothesis
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CHAPTER 4

Electron Microscopy

4. 1 The Work of P. Eagles and R. Pan 

4. 1. 1 Specimen preparation

Protein was removed from a freshly laid egg case produced by 

Sphodromantis tenuidentata. After brief treatment with trypsin, the 

lamellae making up the protein were separated by sonication to prevent 

cross-linking, the soluble components were removed by repeated sonica­ 

tion, centrifugation and resuspension in fresh water.

4. I. 2 Embedded lamellae

Lamellae were embedded sectioned and stained with potassium 

permanganate and lead citrate. An electron micrograph obtained is 

shown in plate 4. 1. It is not possible to say whether the lamellae have

a constant thickness, since they are sectioned at a range of angles,
o

but they are possibly all about 400 A thick. A banding of period about
o

166 A is seen on some of the lamellae.

4. 1.3 Negatively stained lamellae

Lamellae were placed on carbon coated grids and stained briefly with 

0. 5% uranyl acetate solution. Electron micrographs obtained are shown 

in plates 4. 2-4. 4. A. micrograph gives the optical diffraction pattern 

shown in plate 4. 5. A mask was constructed to filter out light not 

confined to the lattice of points and the pattern was reconstructed to 

produce an image, as shown in plate 4. 6. An image produced by five 

superimpositions of a selected area of a micrograph is shown in plate 4. 7.



119. 
The contrast in this plnte is the negative of that in plates 4. 5 and 4. 6,

so the stain is represented by white areas. The dimensions of the

lattice determined from this are similar to those marked in fig. 4. 1.
i<*.

The figure defines the cell sides a and c. b is perpendicular to the

paper as will be seen later. The dimensions of the lattice determined

° o /y o from plate 4. 7 are e = 87 A, n - 133 .A and p = 98 . The striations

o 
separated by 30 A were also noted.

4. 2 Further work

4. 2. 1 Specimen preparation

A freshly laid egg-case produced by S. membramacea was taken and 

the lamellae were separated by sonication, centrifugation and resuspen- 

sion in fresh water three times. Trypsin was not used for most of the 

work, although it did produce a cleaner preparation with a lesser 

tendency to form clumps of lamellae. The suspension was placed on 

electron microscope grids. Some of the grids were treated with 0. 1% 

trypsin solution for between three and ten minutes and this was then 

washed off. It had little effect.

4. 2. 2 Negatively stained lamellae

It was found that 3% uranyl acetate solution was a suitable stain. 

Increasing the time of staining from a few seconds to two minutes 

increased the contrast, but otherwise had little effect. The micrograph 

obtained was identical to that obtained using S. tenuidentata.
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4. 2. 3 Positively stained lamellae

The best positive staining was obtained by staining for an hour or more 

with 0. 1% uranyl acetate solution. Good results were also obtained with 

0. 1% phosphotungstic acid followed by 0. 1% uranyl acetate. If phospho- 

tungstic acid was used alone, fine details were not visible and if it 

was first neutralised with sodium hydroxide, eventhe major striations 

could not be seen.

Plate 4. 8 shows a lamella stained with 0. 1% uranyl acetate solution.

o
The striations separated by 30 A are more dominant than with negative

staining. Plate 4.9 is rather unusual. The treatment was identical,

o o
but the 133 A striations are scarcely visible, whereas the 30 A striations

are clearly visible.

4.3 Negatively stained lamellae

The observations described here were derived from the micrographs 

and images described in section 4. 1.

4.3. 1 The pattern obtained

This is drawn in fig. 4. 1. In practice there were variations in

o
distances measured. Angles generally had a range of about 3 and

distances had a range of between 5% and 10% of the mean value. This 

could in part be due to experimental errors in calibrating the microscopes 

at different magnifications. However, variations in the structure were 

probably produced by molecular sliding. Where distances cannot be 

averaged over many repeats, variations in staining cause variations in 

measurements. The measurements used here were obtained from

plate 4. 7. This is typical, although the 94 A cell dimension is about
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3 A greater than average.

o
The striations spaced at 133 A intervals are composed of short lines

o o
about 80A long at an angle of about 15 to the striations and spaced at

o
intervals of 94A along each striation. The structure of each line appears

i

to vary, but most commonly is three equally spaced centres of stain.

Variations are probably caused by irregularities of staining. The

o
staining centres a re about 20 A in diameter.

In addition to the major striations, there are less pronounced

striations at an angle of about 19 degrees to the major striations and

o
separated from each other by about 30 A. Further striations, showing

as indistinctleteralbands about 40 A wide, occur along the direction AB

o
and separated by 80 A.

The features described above can be seen on both selected areas of 

micrographs and also on images produced by superimposition. They are 

arranged on a unit cell having sides of 94 A and 133° at an angle of 

82 . This cell agrees with optical diffraction from the micrograph.

On some micrographs, the image of the lamella appears to change. 

On close inspection of images produced by reconstruction or super- 

imposition, such as plate 4. 6, it is seen that the staining is different 

in these regions. It is seen that the central spot in the line of three 

disappears in the second type of pattern. It could be that positive staining 

is dominant in these areas, in which case the central spot would 

normally be a gap. The greater complexity of these regions could 

indicate positive staining. Some areas of plate 4. 6 show the central 

spot as absent, but only the other two spots are present, one more 

intense than the other, suggesting a direction to the structures present.
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From the image, they should be parallel. Reconstructions such as

plate 4. 6 should be treated with caution, since artifacts produced by the 

technique may occur.

4. 3. 2 Shear planes

Inspection of plates 4. 3 and 4. 4 revealstwo sets of shear planes. One 

runs along the major striations. This is visible in two places on 

plate 4.3. It is seen that small filaments often cross these striations. 

The most common shear planes are found approximately parallel to the 

fine striations. Measurements of seven shears give the mean angle 

between the shear and the major striation as 21 2' 4- 15' , significantly 

greater than the 19 for the minor striations. Plate 4. 4 shows fine

filaments free from the main matrix running along the shears. These
o

filaments are less than 20A in diameter and are never free of the matrix

for more than 600 A. Both shear planes contain evidence that the 

filaments are continuous across the major striations. In plate 4.3 there

appears to be one per group of three spots, that is one per minor striation

o
giving a separation of 30.A .

4. 4 Positively stained lamellae

Lamellae from S. membr^macea positively stained with 0. 1% uranyl 

acetate solution gave very similar micrographs. The major striations 

were still present, though the minor striations were more dominant than 

before. Examination of plate 4.8 shows that three spots are often visible, 

but sometimes the central one is less intense. One of the two outer 

spots is often more intense, indicating that the structures present are 

not centrosymmetric. There are indications that the groups of three 

spots are parallel rather than anti-parallel but the quality of the
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micrograph makes this uncertain. Plate 4.8 is an example where the

o op 
angle of the cell is 79 rather than 82 . The 133 A side is marked by

lines of limited staining, perhaps apolar, running between the groups of
with different, faces uppermost 

three spots. This plate also shows lamellae '• ovelTapping.

It is seen from the non-overlapping regions that they are oriented__ ^

hands in such a way as to leave the minor striations approximately

o
parallel. The angle between the two sets of major striations is about 30

Plate 4. 9 shows a structure given the same treatment. It is identical

o 
except that the major striations are very weak. The 30 A striations are

very clear.

4. 5 Sectioned material 

4.5.1 Specimen preparation

Ribbons were removed from the egg case of S. tenuidentata. It was 

decided to fix, embed, section and stain the material, so Mrs. B. M. Luke 

did this and took micrographs. The specimens were fixed in osmium 

tetroxide and stained with uranyl acetate and lead citrate.

4. 5. 2 Micrographs obtained

Plate 4. 10 shows a section approximately at right angles to the plane
o

of the lamellae. They have a thickness of about 400 A with tapered ends

and the packing is only approximately regular. Plate 4. 11 is a section 

in the plane of a lamella, revealing the major striations seen in the 

sonicated lamellae. Plate 4. 12 is a section taken at a small angle to this 

plane, indicating that the major striations are continuous through the 

thickness of a lamella.
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Sections like that shown in plate 4. 10 often contain lamellae showing 

transverse banding patterns, ;as shown in plates 4. 13-4. 16. The most 

distinctive pattern is the myosin-like pattern as in plates 4. 15 and 4. 16

and as drawn in fig. 4.2. The term myosin-like refers to the appearance)
o

the structure is unlike that of myosin. The repeat is about 140A and

contains two strong bands followed by three weak ones. The distance

o o 
between bands is 39-A between strong ones and 26 A elsewhere. Uniform

o
banding patterns are also found, 30A being the most common spacing.

o o o 
20A, 51A and 90A have also been seen. The five repeats measured are

o
multiples of 10A.
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O

Fig. 4.1. Pattern derived from micrographs of lame
llae negatively 

stained with uranyl acetate. The unit ce
ll dimensions are from

Plate 4.7. X, line of shear plane - 6 was estimated as 21°2' ± 15'
.^ i

shear planes; Y, approximate line of minor striation- 
AB line of lateral"*~ ?** 

bands; AB = 457 A.

Fig.4.2 A transverse banding found on some
 embedded and 

sectioned lamellae. The estimated distan
ces of 268 and 398 

are approximate.



PLATES 4.1 - 4.16

Electron micrographs of sonicated lamellae and sectioned 

ribbons from the egg case of Sphodromantis tenuidentata 

were taken by Dr. P.A.M.Eagles (plates 4.1-4.5) and Mrs. B.M. 

Luke (plates 4.10-4.16) using the AEI801A electron microscope. 

Electron micrographs of sonicated lamellae from the egg case 

of s.membramacea were taken by the author with the assistance 

of Mr. L.J. Stump using the AEI801A electron microscope (plate 

4.8) and by the author using the Hitachi HU11E electron 

microscope (plate 4.9). Optical diffraction, reconstruction 

and superimposition (plates 4.5-4.7) are the work of Dr. P.A.M 

Eagles and Dr. R.N.Pau.
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Plate 4.1 Embedded lamellae from s.tenuidontatn. showing 

bands spaced by 166$ . Stain: potassium permanganate and 

lead citrate. Magnification of plater 63,000. Magnification 

of print; 1/5,000, (Ey P.A.M.Eagjes),

II. r um

Plate 4,2 Sonicated lamellae from s.tenuidentata negatively 

stained with 0.5% uranyl acetate solution. Magnification of 

plate: 2,600. Magnification of print: 5 f OOO (By P.A.M.Eagles).
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Plate 4.4 Sonicated lamella from s. tenu.i aen cata negatively 

stained v;ith 0.5% uranyl acetaLe solution. Magnification of 

plate: 63,000. Magnification of print: 250,000. (By P.A.M.Eagles),

O.OlS"

Pilate 4.5 Optical diffraction pattern of a selected area from 

a micrograph like plate 4.3. (By P.A.M.Eagles and R.N.Pau).
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Plate 4.6 Image produced by optical Reconstruction of a

selected area of a micrograph like plate 4.3, showing an 

apparent change of structure. Magnification,: 500,000. 

(By P.A.M.Eagles andR.N.Pau).

Plate 4.7 Image produced by five superimpositions of a selected 

area of a micrograph, like plate 4.3. Magnification: 1,000,000. 

The stain is white. (By P.A.M.Eagles and R.N.PauK



Plate 4.. tf sonicated lamella from s .mevbrantsccx positively 

stained with 0.1% uranyl acetate solution* Tv;o orientations 

of the major stridtions are seen. Magnification of plate: 

100,000. Magnification of print: 350,000. (By L.J.Stump and 

the author)„

Plate 4.9 Sonicated lamella from s.membramacoa positively 

stained with 0.1% uranyl acetate solution, showing the more 

closely spaced striations as the dominant feature. Magnification 

of plate: 100,000. Magnification of print: 330,000.(By the author>
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Plate 4,10 Section through a ribbon from s. tenuidentata 

approximately perpendicular to the lamellae surfaces, showing 

packing of 400 8 thick lamellae. Stain: uranyl acetate and 

Jead citrate. Magnification of plate: 43,000. Magnification of 

print: . 7O,OOO. (By B.M.Luke).

10008

Plate 4.11 Sectioned ribbon from s.tenuidentata stained with 

uranyl acetate and lead citrate, showing the major striations 

Magnification of plate: 67,000. Magnification of print: 200,000 

(By B.M.Luke).
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Plate 4.12 Sectioned ribbon from s.tonuid&ntata stained with 

uranyl acetate and lead citrate. The section, taken at an 

angle through several lamellae, shows that the major striations 

are continuous across a lamella. Magnification of plate: 67,000, 

Magnification of print: 145,000.(By B.M.Luke},

loooS

Plate 4.13 Sectioned ribbon from s.tenuidentata stained with 
uranyl acetate and lead citrate, showing several different 
patterns of transverse banding. Magnification of plate: 67,000. 
Magnification of print: 110,000, (By B.M.Luke).
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Plate 4.14. Section through a ribbon from s.tenuidentata 
approximately perpendicular to lamellae surfaces, showing a 
regular 90k transverse banding. Stain: uranyl acetate and lead 
citrate. Magnification of plate: 43,000. Magnification of print 
83,000. (By B.M.Luke).

looo?;

Plate 4.15 Section through a ribbon from s.tenuidentata 
approximtely perpendicular to the lamellae surfaces f showing a 
regular 30A banding and also the pattern referred to as 'myosin- 
like 1 . Stain: uranyl acetate and lead citrate. Magnification 
of plate: 67,000. Magnification of print: 200,000" (-By B.M.Luke),

Plate 4.16 Section through a ribbon from s 
approximately perpendicular to the lamellae surfaces, showing 
the pattern referred to as 'myosin-like' and drawn in Fig.4.2. 
Stain: uranyl acetate and lead citrate. Magnification of 
plate: 67,OOO . Magnification of print: 140,000 -(By B.M.Luke).
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CHAPTER 5 

X-Ray Diffraction
».

This chapter describes the results obtained by X-ray diffraction and 

some of the physical properties of the materials examined. The data 

given are those used in the arguments, the complete data being given 

in Appendix II.

5. 1 Studies of the gland contents

These were carried out on a female mantid of species Sphodromantis 

membramacea, as shown in plate 5. 1.

5. 1. 1 Removal of gland tubules

The insect was first anaesthetised with chloroform. Access to the 

gland was obtained by cutting along the mid-ventral line from the ovipositor 

to the thorax. The gland, filling about half the abdomen, contains green 

tubules about 1 mm. in diameter and is as described in chapter 1. A 

number of aqueous solutions, including water, were tried as preservatives 

of the gland during dissection, but all caused rapid coagulation of the 

contents, so the cuticle was kept in place as long as possible. A one or 

two centimetre length of gland tubule could easily be removed by pulling 

it free with forceps. After two or three hours, the whole gland hardened.

Only about one insect in five was found to provide suitable material 

for experiments. Age appeared to be a factor, young insects having a 

small gland and older insects having a gland with degenerating tubules.
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5.1.2 Physical properties

As the gland contents hardened after a short time, these experiments 

were performed jointly with R. Kerr.

It was hoped to be able to preserve the gland contents. A range of 

concentrations of sodium chloride, calcium chloride and mixtures of 

both in aqueous solution all produced coagulation of the gland contents. 

Varying the pH had little effect, nor did the removal of calcium ions 

with EGTA, or the removal of both calcium and magnesium ions with 

EDTA. The blood of the insect itself, which forms a green jelly on
0

contact with the air, was the best anti-coagulant. Glycerol also 

prevented coagulation until hardening occurred after several hours.

A punctured tubule was placed under glycerol. Observation between 

crossed polars showed high birefringence and good extinction for the 

material flowing from the orifice, indicating that flow orients the 

material. When left under glycerol for a few hours, spherulites were 

obtained similar to but smaller than those produced by Neville (Neville 

and Luke, 1971).

5. 1. 3 Specimen preparation

A gland tubule was held with two pairs of forceps and stretched gently. 

The outer wall of the tubule broke and sometimes left a thin filament of 

the contents between the two parts. Each severed end closes to leave a 

small orifice through which a thin fibre may be pulled. As the two parts 

are drawn apart, the tubule contents flow out. The fibre dries a few 

centimetres from where it is produced, but by then it has been stretched 

to about twice its original length. Fibres can only be drawn at about



130,

one centimetre per second. Below this speed, the fibre is stretched 

less and sometimes dries so as to seal the orifice. Above this speed it 

breaks, allowing the undried portion to shrink. Fibres up to 30 cm. in 

length have been drawn. It is likely that flow orientation is much more 

important than orientation by stretching.

The fibres produced were between 10 iim and 30 um in diameter, 

highly birefringent and gave almost perfect extinction between crossed 

polars. After a few weeks, the fibres gain a mosaic appearance and 

show less extinction. This happens overnight at 100% relative humidity. 

Fibres were held under tension at 100% relative humidity in an attempt 

to increase the orientation and crystallinity, but the decrease in extinc­ 

tion and the loss of fibres through breakage indicated that such 

experiments could result in the loss of the material. When water made 

contact with the fibres, they became soft, white and fluffy. X-ray 

patterns obtained after a few weeks, when extinction is poor, showed that 

orientation was still good and the pattern had changed little. A photograph 

of fibres a month after pulling is shown in plate 5.3. This was taken 

between crossed polars and shows the high degree of birefringence.

The fibres were brittle, elastic, and stretched very little, presenting 

problems for mounting. A U-shaped support with a V filed in each arm 

was used after removal of the sharp edges. A small clamp was placed 

on each end of the fibre, which was then rested over the support and 

glued into position with a solution of cellulose nitrate in acetone. The 

fibre could then be cut, leaving a length of fibre glued to the support. 

Several hundred fibres were mounted one at a time, so as to form a 

bundle.
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5. 1. 4 X-Ray patterns

The bundle of fibres was exposed under room conditions with a cylindri­ 

cal film and a specimen film distance of 11. 07 cm. (calibrated using 

aluminium powder). Plates 5. 6 -5. 8 show the X-ray patterns obtained 

when the fibre axis is at right angles to the beam and when it is tilted 

from this position by 8. 5 and 31 respectively. The patterns reveal a 

highly oriented structure with limited crystallinity.

5. 1. 4« 1 The equatorial pattern

The equatorial pattern is very similar to that obtained from 

ofc-keratin (Fraser et al. , 1964). Most of the intensity is in the slowly 

varying background, presumably from material with little crystallinity. 

Superimposed on the background are three broad maxima which index 

on a tetragonal unit cell . Closer inspection reveals splitting of 

reflections. Owing to the varying background, it is difficult to ascertain 

the true position of a reflection. To overcome this, an equatorial 

densitometer trace was obtained using the Joyce-Loebl densitometer 

(fig. 5. 1). The background was estimated and subtracted, leaving a 

profile of the reflections. It was seen that the eye estimated the position 

of a reflection as being at a point where the specific intensity was higher 

than it was at the peak position indicated by the trace . For the purposes 

of estimating the unit cell, it was considered that the separations between 

reflections were best estimated for reflections of similar intensity on a 

uniformly varying background. Positions were considered to be estimated 

well where the background was uniform. .As the eye integrates over the 

whole reflection, it was taken to give a better indication of positions
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than the densitometer. The measurements and indexing obtained are

o
given in table 5. 2. A quasi-tetragonal cell of sides 16. 8 + 0. 5 A and

o
1 5. 4 + 0. 5 A was considered to fit the data.

Not only were reflections split to make the unit cell only approxi­ 

mately tetragonal, but there were many very weak reflections whose 

positions could not be estimated accurately, perhaps relating to higher

levels of organisation.
o

At low angles, there was a very weak broad shadow at about 30A and
o

a weak equatorial streak out to about 50A. This streak had indications

o
of maxima on a repeat of the order of 250A, but the pattern is not well

resolved here.

5. 1.4.2 The meridional and near meridional pattern 

5. 1.4.2. 1 Low and medium angle reflections

There is a weak pattern on and near the meridian. It was not easy 

to determine which reflections were meridionals, owing to the prohibitive 

exposure time required to obtain a good pattern, but meridional compo­ 

nents could be estimated. The meridional pattern corresponding to

spacings less than 70A is not visible, but layer lines streak out to about

o
BOA in the near equatorial region, allowing measurements to be made.

All reflections streak along the layer lines. A peak in the overall transform

o
occurs at the 17A reflection which is almost certainly on the meridian.

The strongest layer lines occur at 163&, 78. 5&, 53.3$ and 17. 08&.

The measurements and indexing are tabulated in table 5.3, which also 

includes standard errors for each reflection (See appendix I for the method 

of estimation). The standard errors are based on estimates of systematic
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errors and considerations of random errors. The standard errors assume 

a normal distribution of measurements, but as the eye tends to select 

certain areas in a reflection, the distribution is not normal. The error 

is, therefore, only an indication and probably an underestimate of the 

true error.

The quality of the pattern makes unambiguous indexing difficult. It

o o o
can be indexed on a cell of 490+_ 6A, 1435 + 8A or 19 44 +_ 10A The

standard deviation between observed and calculated values of reciprocal 

spacings would be expected to decrease proportionally with the increase 

in the proposed unit cell size, if there was no relation between the

proposed and true cells. The true cell should be marked by an

o
appreciable minimum in the standard deviation, as is the 143 5A unit cell.

•
o 

If the poorly indexed reflection at 395.A, which is difficult to measure

owing to the proximity of the equatorial streak, is overlooked, then the
o 

1435A cell is by far the best. For sharp, strong reflections it is possible

to index a pattern on such a large cell with a high confidence. In this 

case, the quality of the pattern makes this estimate uncertain. The 

cell size is almost certainly very large.

There are modulations in intensity of the near meridional reflections.

It is difficult to obtain a good estimate, but the intensity is low in the

0 o
region of 26A and increases in both directions from here. The 17A and

o
10A regions are peaks in the modulation. The minima appear to be

o
orders of about 26A. However, these minima are apparently not of zero

intensity.

5. 1. 4. 2. 2 The 5° region

The transform readies a maximum in the 5A region (plate 5.7)



which is dominated by the strong meridional reflection at 5. 18 +_ 0. 05A. 134 

A number of weak reflections which are meridional or near meridional

occur. Table 5. 4 shows that they occur at separations corresponding

o o
to a repeat of 122A. They can be fitted to a 490 A cell as the 9'st, 95th,

99th, 103rd and 107th layer lines. If the spacings are indeed regular, they

o
would correspond to every 16th order on a cell of 1944A, or to every IZth

order on a cell of 1435A , but indexing is beyond the quality of the data.
o 

Broad maxima also occur with an equatorial component of 10. 2A and

o
an axial one of 4. 9A.

5.1.4.2.3 High angle reflections

The high angle region (plate 5. 8) is dominated by the strong meridional

o
at 1. 49 + 0. 01A. The reflections in this region are broad with half

o i 
widths of 0. 02A . This suggests that the regular structures producing

o
them extend for only 50A. All reflections are very weak except for the

o
one mentioned and a weak, broad reflection at 1. 14A, just within the

limit of observation. The reflections are so weak that it is impossible 

to say whether or not they are meridional. The measurements are 

recorded in table 5. 5.

5, 1. 4. 3 The near equatorial pattern

o
Layer lines, which are strongest in the 10A region, sample the row

lines. Their positions are affected by the varying background, but they

o
are consistent with being the first four orders of 82 + 5A, which is one

sixth of 490^ or one eighteenth of 1435A (Table 5.6) 0

5,1.5 Intact gland tubules

An X-ray diffraction pattern was obtained from an air hardened intncl



tubule. A broad meridional arc extending through about a right angle 135, 

was obtained near 5. 1A. There was some preferential orientation along 

the tubule. This reflection probably comes from the same protein as 

that drawn into fibres.

5.2 Studies on the egg case ribbons

The rest of this chapter deals with studies carried out on ribbons 

removed from the hardened egg case.

5. 2.1 Removal of ribbons

Egg cases were removed from the cages after they had turned brown. 

This occurs a few hours after laying. Cases used were between a few 

days and six months old. Plate 5.2 shows egg cases from Sphodromantis 

membramacea on the left and egg cases from S. tenuidentata on the 

right. The former is about 4 cm x 1. 5 cm and the latter is about 2. 5 cm x 

1 cm. Both have layers of sheet and ribbon like protein encapsulating 

an inner region of regularly arranged eggs. S. tenuidentata has a layer 

of protein several millimetres thick which can be torn into sheets or 

ribbons. S. membram acea has a layo:r less than 0. 5 mm thick,which is 

easily divided into ribbons.

The outer layer of protein is removed and moistened with distilled 

water. It is convenient to tear the protein apart with two pairs of forceps 

whilst examining it between crossed polars at a magnification of 6 or 12. 

It is possible to break down the material by shearing along the few lines 

along which it readily shears. Finally a ribbon about 15 mm x 0. 5 mm x 

0. 1 mm is obtained. Such a ribbon removed from S_._ membramacea is 

shown in plate 5.4. It is seen that the birefringence colours vary greatly
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across the specimen. About a dozen egg cases from S. tenuidentata^

were examined. Each egg case provides thousands of ribbons. 

Occasionally these can be broken down to give a unit which shows good 

extinction, but usually they become too small to use before this stage is 

reached. There is variation between egg cases. One case produced several 

ribbons showing areas which were deep blue between crossed polars and 

gave much better extinction. The largest of these areas was over 2 mm 

long and is shown in plate 5. 5. Work on egg cases of S. membramacea 

suggested that they might produce better specimens than those produced 

by S. tenuidentata, but an exhaustive search was not carried out. Only 

one ribbon had a sufficiently large area of good extinction to obtain 

diffraction patterns from this area alone.

5.2.2 Low angle X-ray diffraction

X-ray diffraction patterns of ribbons from S. tenuidentata were 

obtained using specimen film distances of about 65 cm. With the flat

face of the ribbon towards the source, no strong features were visible
o

within the meridional arcs at S2A. Weak features would not have shown

owing to the long exposures required. Difficulties in handling the 

limited supply of good material and the difficulty of determining the 

molecular axis accurately made stacked specimens impracticable.

With the specimen mounted with the thin edge towards the source, 

strong equatorial reflections appeared, the intensity decreasing rapidly 

with increasing distance fiiom the centre. The data for a ribbon dried

under room conditions were collected . Those corresponding to spacings

o
greater than \2QA were collected using a 64. 7 cm. specimen to film distance,

the rest being collected using a 17. 50 specimen film distance. These
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equatorials correspond to the first seven orders of 455 + 3A (Table 5. 7).

Plate 5.9 shows a pattern obtained from a specimen held over water.

5- 2« 3 Nomenclature

The three perpenditular directions in the ribbon are parallel to the 

a, b and c axes. The c axis is parallel to the ribbon axis. The a axis 

is in the plane of the ribbon and the b axis is at right angles to it. 

When reference is made to the primitive unit cell, the sides are designated 

as in fig. 4. 1. ^ and^are the meridional and equatorial components of 

reciprocal space.

5. 2. 4 Medium angle diffraction patterns of S. tenuidentata

5. 2. 4. 1 With the beam parallel to the ribbon surface

Specimens from the egg case of S. tenuidentata were supported 

horizontally with the X-ray beam at right angles to the ribbon axis and

parallel to the ribbon surface. Patterns were obtained at room
o

temperature (22 C) at 100% relative humidity, room conditions and over

silica gel. Little change in the overall appearance of the pattern

occurred as humidity was varied, but unit cell dimensions changed.

There were small variations between specimens under the same conditions.

Plates 5. 10 and 5. 11 were patterns obtained at 100% relative humidity 

and at room conditions respectively. Plates 5. 12 and 5. 13 were obtained 

at room conditions and over silica gel respectively four months later. 

It is seen that the deterioration in the quality over this time was small. 

The specimen in plate 5. 12 was tilted about its axis by 3° in order to 

bring reflections on the a axis on to the Ewald sphere. Little change 

was noted. This could bo due to a substantial volume of'reciprocal space
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contributing to this reflection combined with the effects of disorientation. 

It is seen that specimens at 100% relative humidity have three reflections 

- an equatorial and a near equatorial pair — on the same layer line. As 

the humidity is decreased^ reflection outside the equatorial incrmses

in intensity until it is as strong as the others over silica gel. It is

o
the next reflection on he 450A lattice. The meridional data are given

in table 6. 7.

The pattern is dominated by strong row lines corresponding to a
o

repeat of about 18/. These are most in fense on the equator and in
oo

regions corresponding to spacings between 4A and 5A. Weaker row
o 

lines also occur indexing on a .repeat of about 450.A. The axial repeat

o 
appears to increase at increasing resolution. 991-A fits quite well, but

reflections on odd orders are weak or absent, so for most purposes a
o 

repeat of 495A may be considered to describe the structure. The true

unit cell with the fibre axis as one edge may be very large and it may 

change with conditions. For a full understanding, reference must be

made to the primitive unit cell as in chapter 6, but it is useful to take

o 
the unit cell as 495A while describing the data. The data are recorded

in table 5. 9. Data for meridional patterns are given in tables 6. 5-6. 7.

o
The ISA repeat distance was estimated using the first and second

order equatorial reflections. Between four and six orders appeared, 

depending on the camera geometry, the second being the strongest. It 

was considered that higher orders would not give accurate values without 

tilting the specimen. However, inclusion of all the orders made no

significant difference (table 5.8). The values estimated were 18.6° ,

o °
17. 9A and 17. 5A for material at 100% relative humidity,al room conditions

and over silica gel respectively.
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The axial repeat was estimated using reflections both on and off the

o 
meridian out to about 8A It varied little as humidity changed, being

495 + 2A, 494 + 2Aand 492 j-2% at 100% relative humidity, at room 

conditions and over silica gel respectively. It was sometimes found that 

intensity moved to the neighbouring reciprocal lattice point, but the 

overall intensity distribution was the same. Small intensity variations 

were also found between specimens observed under the same conditions. 

The medium angle reflections are tabulated in table 5. 9. Meridional 

data compiled from two similar patterns are tabulated in table 6. 5.

The equatorial period is more difficult to ascertain, since reflections

are not sharp equatorially. The low angle pattern gave a value of

o
455 + 3A for material under room conditions. The medium angle pattern

oo °
gives periods of 485 j- 3 A, 462 +_ 3 A and 452 _+ 3A for material at 1 00%

relative humidity, room conditions and over silica gel respectively.

o 
The reflections are grouped close to the ISA row lines.

o
Axial sampling on the 18A row line was found with up to eleven orders

q o o
of 82A or one sixth of 495A. Sampling of about 460/ equatorially can be

o
seen within each reflection in the 18A equatorial and near equatorial

o
region. Axial sampling in the 9A row line was usually hidden by

disorientation, but one measurement was possible and gave an axial

O O o
component of 73A. The range of me asurements was from 54A to 82A, 

so 82A could be the true value, but lower values are more likely.

Measurements of sampling in different parts of the pattern, including the
oo

5A regio^gave a range of 80A to 85A.

5.2.4.2 With the beam pcrpendicular to the ribbon surface

Patterns were obtained with the beam perpendicular to the ribbon
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surface. The pattern changed little as conditions changed but the unit 

cell became bigger. Plates 5. 14 and 5. 15 show the pattern obtained 

under room conditions and over silica gel respectively.

It is seen that the pattern is both more complex and more greatly 

arced than that obtained with the thin edge towards the source. The 

meridional pattern is the same but the rest of the pattern is different.

The major modulation in the equatorial intensity has a period of 33. 0 4-
o

0. 6A for a ribbon kept at 100% humidity. This period decreases as the

0 ,° 
humidity is decreased, becoming 32. 1A at room conditions and 30. 6A

over silica gel.

- The equatorial period is uncertain and could vary. At 100% relative

o
humidity a period of 927 + 6A gave the best indexing. Most reflections

o o 
occur on a lattice of 463A, but some strong ones require a lattice of 309A.

The data displayed in table 5. 10 indicates that the indexing is not the

whole story. However, it is a useful approximation and helps in the
o o

presentation of the data. It is seen that 463A is 14 x 33A which can be

related to the structure as seen in chapter 6. The equatorial period

o o 
becomes 899 + 6A at room conditions and 859 + 6A over silica gel.

Table 5. 10 reveals that the first odd order meridional occurs on the 

35th layer line and this is very weak. As the layer line number 

increases, so does the intensity falling on odd numbered layer lines.

Odd numbered layer lines of low orders have intensity only beyond the

o
20th row line. It is seen that a 495A unit cell describes the low resolution

structure.

The line of greatest intensity in the equatorial direction is often at 

about 88 to the line of greatest intensity in the meridional direction. 

There are possible reasons for this (See chapter 6).
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5.2.4,3 Polymorphic forms

With the flat face of the ribbon towards the beam, different patterns 

were sometimes obtained. One such pattern is shown in plates 5. 16 

and 5. 17. It was obtained from the specimen shown in plate 5. 5. These 

patterns were normally obtained from areas less than 1 mm across. 

Larger areas sometimes gave patterns showing the presence of both 

types of structure in the same specimen under the same conditions.

The pattern is essentially identical to the other except that low and

o
medium angle meridional reflections are rotated to a line at about 18

to the fibre axis. The spacings remain the same, whereas the meridional 

components necessarily change. The patterns in the equatorial and 

5A regions are the same for the two patterns.

The degree of arcing in certain meridional reflections suggests 

that any of the specimens examined may contain structures producing 

these reflections at angles other than about 0 degrees and 18 degrees 

to the meridian. This and the possibility of reflections overlapping due 

to this effect and disorientation makes intensity estimation very difficult.

5.2.4.4 High angle pattern

o 
There is an intense pattern in the 5A region, as shown in plate 5. 18.

The meridional pattern is not simple, but specimens tilted by 8. 5 degrees

o
give a strong reflection at 5. 12 + 0. 02A.

With the beam striking the face of the ribbon, disoriented patterns

are produced which are difficult to interpret, but with the beam striking
o

the thin edge, the pattern is less disoriented. The 5A region is sampled

by the 18A row lines', which are themselves sampled axially by a period 

of about 85A (about one sixth of 495/v).
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at higher angles there are no strong features, the strongest being

o
the very weak meridional at 1. 485 + 0. 005A, which is sampled by several

o 
orders of about 500A (measurement is difficult), presumably corresponding

o
to the 495A unit cell.

5. 2. 4. 5 Range of order

From the widths of reflections, the size of the crystallites was 

estimated assuming the material was a mosaic of perfect crystals. In

practice the widths come from a number of effects, in particular short

o 
range imperfections. The widths estimated corresponded to about 450A

o
in the b direction, 1000A in the a direction and a distance at least of the

o 
order of 10, OOOA axially.

The irregularity of specimen shape made precise estimates difficult, 

since broadening due to the non-zero specimen size could only be 

estimated approximately.

5. 2. 4. 6 Lipid

Some specimens had a substantial amount of lipidpTiaducinga ring
o

at about 45A. Plate 5. 19 shows an X-ray diffraction pattern of a ribbon

held with the flat face towards the beam. The intense lipid ring almost 

totally disappeared if the specimen was soaked in acetone for 10 minutes.

With the thin edge towards the beam, the ring was concentrated on the
giving spacings of • 
o / o o

equator and it was sampled by the 450A lattice A46»4A and 41«5A under

room conditions.

5. 2. 5 Intensities

The intensity distribution is very similar for different specimens, but



the intensity for particular reflections often changes. Table 5. 11 shows 

the extent of such changes for strong meridionals under the three 

different degrees of humidity used.

Arcing and overlapping reflections made intensities difficult to 

estimate. The intensities were estimated from a densitometer trace, 

taking account of the disorientation. Since the disorientation is high and 

the focal size small, integrated intensities were found by multiplying the

specific intensity by the layer line number. The intensities of the

were 
meridional reflections corrected for the Lorentz and polarization factors

(Guinier, 1963) and finally normalised to give a total intensity of 1000 up 

to and including the 64th layer line. These intensities are recorded in 

table 5. 12 for two specimens supported with the thin edge towards the 

beam under room conditions. It is seen that the intensity is a maximum 

in both cases close to the 46th layer line. Only one of the two specimens, 

however, has a high intensity on the 32nd layer line.

At high intensities, densitometier readings become non-linear. To 

avoid errors from this, intensities on the backing film were compared 

with those on the frort film. For very intense regions, the appropriate 

corrections were made.

Table 5. 13 gives similar intensities estimated from a pattern obtained 

from a specimen oriented with the flat face towards the beam.

143,

5.2. 6 Ribbons from the egg case of S. membra mace a

The X-ray diffraction patterns obtained were almost identical to 

those obtained from specimens from the other species. Plates 5.20 and 

5.21 show patterns obtained with the thin edge towards the beam at 100% 

relative humidity and with the flat fare towards the beam at room con­ 

ditions. The disorientation present is normal except where an exhaustive
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search has been made for a good specimen, as was done for S. tenuidentata.

There was no significant change in the unit cell dimensions. The 

changes were of the kind found between different specimens of

S. tenuidentata. The> greatest change was that the strong 82A

o
meridional was replaced by a weak one at 100A. In S. tenuidentata this

reflection occurred in only one specimen which was observed flat on

at 100% relative humidity. In this case it was accompanied by a strong
o

82A reflection. It must be remembered that this appeared with the

specimen oriented edge on for a specimen with a large degree of 

disorientation, as revealed by the pattern obtained with the flat face 

towards he beam.

5. 2. 7 Stained specimens from S. membramacea

Staining specimens for a few days had little effect, so the specimens 

used were soaked for three months . The effects of stain were not 

pronounced, especially when phosphotungstic acid was used. Uranyl 

acetate had a greater effect. The staining solutions used were 2% 

phosphotungstic acid (PTA) neutralised with sodium hydroxide and 0. 5% 

uranyl acetate. The ribbons were removed from the solutions, the excess 

solution was removed, and they were allowed to dry under room con­ 

ditions before being X-rayed.

5.2.7.1 PTA stained specimens

These specimens were little changed by the stain and the unit cell 

dimensions were unchanged. Insufficient exposure time was available 

to examine small changes. The diffraction patterns obtained for the 

specimen with the thin edge towards the source and with the flat face
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towards the source are shown in plates 5.22 and 5.23 respectively.

5,2. 7.2 Uranyl acetate stained specimens 

5.2.7.2.1 Very low angle reflections

With the flat face towards the beam at a specimen film distance of
o o

17. 5 cm. , the region between 100A and 200A was investigated. This

region had revealed no reflections with any other treatment, but two 

pairs of strong reflections were observed with uranyl acetate . These 

reflections can be seen in plate 5. 24. They are arcs on lines 21.5 degrees

to the equator, the lines crossing at the centre of the pattern. The
o °

spacing is 147A. The meridional and equatorial components are 402A
o

and 158A. The unit cell estimated as for earlier patterns is given by the
o o

higher angle pattern as 990A axially and 923A equaterially. It cannot
o o

definitely be said that the true value of the 402A estimate is not 495A, but

this seems unlikely for a strong well defined reflection such as this. 

The arcing should not produce such a large error. Reflections can 

occur in positions other than expected if they are sampling a rapidly 

varying transform, but this requires the reflection to correspond to a 

substantial volume of reciprocal apace for an individual crystallite

within the ribbon. This app ears not to be the case. We must conclude

o
that even though a 495A cell describes the meridional pattern quite well,

this is unlikely to be a true cell. This dilemma is resolved in chapter 6.

There is an additional weak reflection whose measurement is rendered 

difficult by the parasitic scatter from the monochromator. It occurs at 

a spacing of approximately 165A and is of the order of 1 5 from the meridian.
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5. 2. 7. 2. 2 The medium angle pattern

The medium angle pattern is shown in plates 5. 25, 5.26, 5. 27 and 

5.28. The first three being determined with the flat face towards the 

beam. As there was substantial background at low angles, three plates 

are given to enable all features to be seen. Plate 5.28 shows the 

pattern obtained when the thin edge is towards the beam.

The unit cell dimensions increased in the two equatorial directions

00 ° O
from 899A to 923A in the a direction and from 462A to 493A in the b

direction. These values are close to those for an untreated specimen
o o

at 100% relative humidity (927A and 485A).

o 
The meridional pattern (tables 5. 14 and 6.4) has a 40A modulation

o
in intensity. The 41. 2A meridional becomes very strong, whereas it

is weak or absent for untreated S. tenuidentata and medium for

S. membramacea.

o 
With the beam parallel to the ribbon surface, the 18A equatorial region

o
increases in intensity, whereas the 9A region decreases in intensity.

o ô*

The spacings of these reflections become 19. OA and 9- 45A.

With the beam perpendicular to the face of the ribbon, three equa­ 

torial reflections are seen to have been enhanced by the treatment These
o o o

occur at 29. 7A, 33. 5A and 36. 8A, They can
o

be indexed on 923A, as the 25th, 28th and 31st orders, but it is seen that
o 

they closely fit the 8th, 9th and 10th orders of 297A.

5. 2. 8 Specimens from S. membramacea treated with chlorobenzene 

and bromobenzene

A specimen was soaked in a mixture of chlorobenzene and bromo­ 

benzene (specific gravity 1.33) for two weeks. The X-ray diffraction
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patterns of the treated specimens are given in plates 5. 29 and 5. 30

for the specimen positioned with the flat face and the thin edge respectively 

towards the beam. The patterns were almost identical to those obtained 

from untreated specimens. The unit cell size was intermediate between

those of specimens under room conditions and over silica gel, the equatorial

o o
components being 883A and 457A.

o
It is noticed that weak meridionals occur on both the 10th (99A) and

12th (82A) layer lines in the specimens observed. There is also an

increase in intensity falling on the 18th layer line away from the

o 
meridian. The row lines of the 18A repeat are sharper than normal.

The meridional data are recorded in table 6. 10.

5. 2. 9 Meridional modulations in intensity

It is immediately apparent that the patterns decrease in intensity
o o 

beyond 1 5A, and beyond 8A they fade to nothing before appearing again

o
in the 5A region. Only approximate measurements can be made, but the

first minimum occurs between 13. lA and 9. 5A for untreated specimens.

Measurements on patterns from specimens treated with a mixture of

o
chlrjrobenzene and bromobenzene suggest a minimum in the range 14. 3A

o
to 10. 7A. A uranyl acetate treated specimen gave a pattern indicating

o
that the minimum occurs at 12. 1A or less. All these vabes are

o o
consistent with the range 10. 7A to 12. 1A.
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TABLE 5.1

List of intensities in order as used in this chapter

ws 
vs
s
ms
m
mw
w
vw
ww

very, very strong
very strong
strong
medium strong
medium
medium weak
weak
very weak
very, very weak.

TABLES 5.2 - 5.6 relate to fibres drawn from the gland,

TABLE 5.2

Equatorial spacings 
Observed spacings A

Determined using 
a densitometer

Main maxima

15.6

10.7

8.3

Indexing

Finer 
Structure

Calc.spacings

8

18.6

10.9

,8.4
7.8

16.31
14.95
10.92

8.4O
7.96

01
10
11

02
20

16.80
15.44
11.34

8.40
7.72

The cell sides are 16.8 - O.sS and 15.4 - O.5&
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Meridional and

Observed 
spacing 

8

395

234

163

129

102

78.4

53.3

41.4

33.3

30.4

26.0

23.9

21.22

19.10

17.08

16.38

14.26

13.01

11.09

10.81

9.82

9.08

8.62

near meridional reflections

Standard Notes Indexing on Indexing 
error 489. 5& 1435& 
A Layer line Calc. Lay. line 

number spac. number

26

9

3

2

2

1.5

0.3

0.4

w sharp 1

w sharp 2

m 3

w sharp 4

w sharp 5

m 6

raw blurred 9

w 12

0.2 ww 15

0.2

0.2

0.2

0.10

0.09

0.08

O.O9

0.08

0.07

0.06

O.O6

O.O7

O.O6

0.07

Meridionals or

Observed 
spacing

5.38 
5.18 
4.95 
4.78 
4.57

vw 16

raw 19

mw 2O

mw 23

mw 26

m 29

mw blurred 3O

vw 34

vw 38

w 44

w blurred 45

w broad 5O

vw 54

vw 57

'TABLE 5.4

near meridionals in the

Intensity Fitted 
Index

w 91 
s (meridional) 95 
w 99 
w 103 
vw 107

490

245

163

122

98

81.6

54.4

40.8

32.6

30.6

25.8

24.5

21.28

18.83

16.86

16.35

14.40

12.88

11.12

10.88

9.79

9.06

8.59

4

6

9

11

14

18

27

35

43

47

55

60

68

75

84

88

101

110

129

133

146

158

166

on Indexing on 
19448 

Calc. Lay. line Calc. 
spac. number spac.

359 5

239 8

159 12

130 15

102 19

79.7 25

53.1 36

41.0 47

33.4

30.5 64

26.1 75

23.9 81

21.10 92

19.13 102

17.08 113

16.31

14.21

13.05

1.1.12

10.79

9.83

9.08

8.64

389

243

162

190

102

77.8

54.0

41.4

30.4

25.9

24.0

21.13

19.06

17.20

5A region.

to a 489. 5A° cell 
Calc. spac.

5.379 
5.153
4.944 
4.752 
4.576

The accuracy of measurement does not permit fitting to the 1435A cell,
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TABLE 5.5 

Meridionals and near meridionals between 4A and 1.1A

Observed spacing A 
3.20 
3.06 

,492
2.13 
1, 
1, 
1,

,93
,65
,49

1.37
1.30
1.18
1.17
1.14

Intensity 
vw 
vw 
vw 
vw 
vw 
vw 
s
vw 
vw 
vw 
vw 
w

description

meridional

very broad

TABLE 5.6

Layer lines sampling the row lines in the 1OA region.

Observed spacing A Intensity Orders of 828

70.0
39.9
30.1
21.7

s
vw
w
vw

The spacings fit orders of 82 - 5A. 
1/6 of the axial period is 81.7A

82.0
41.0
27.3
20.5

TABLE 5.7

Low angle equiatorials for a ribbon at room conditions with its thin edge 

towards the source.

Observed spacing 
Obtained with (5O5 
64.7cm specim.(249 
film distance (153

With 17.50 cm.(116 
specimen film ( 89 
distance ( 73

( 64

Intensity Order
ws 1
vs 2
ms 3

mw 
vvw 
wvw 
wvw

4
5
6
7

Calculated spacing 
455 
238 
152

114
91
76
65
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Main equatorial row lines for a ribbon from S.tenuidentata at various 
humidities with the thin edge towards the beam.

10O% R.
Order

1
2
3
4
5

Period

H.
spacing A
Obs.'! -Calc.

18.31 18.6
9.33 9.3
6.19 6.2
4.64 4.65
3.73 3.72

18.6 - O.lS

Room conditions Over silica qel
Order Spacing A
Obs.

17.70
9.OO
6.01
4.50
3.62

17.

Calc.

17.9
8.95
5.97
4.48
3.58

9-0. l8

Order
Obs.

17.39
8.80
5.87
4.42

17.

Spacing R
Calc.

17.5
8.75
5.83
4.38

5± O.lR

TABLE 5.9

Medium angle reflections for a
with the thin edge towards the

* - reflections that

?
Obs

O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
O
1080
1231
1289

1613
1922
2183
2195
2220
2507
2712
2833
3273
3446

o.-l ,^6
A X 1O

.Gale.

0
O
0
0
O
O
O
O
O
O
O
O
O
O
O
O
0
1113
1214
1316

1619
1923
2226
2226
2226
2530
2732
2834
3238
3441

fit poorly

£ JT1
Obs.

859
1118
1363
1561
2156
2408
2554
2910
4856
5094
5514
5665'
6052
6947
7182
7658
7874
50O
0

5638
501
539

4403
3926
O

5505
1316
255
0
0

ribbon from
source .

•

x 106
Calc.

866
1082
1299
1515
2165
2381
2598
2814
4763
5196
5412
5629
6062
6928
7144
7577
7793
433

O
5629
433
433
4330
3897
0

5412
1299
216
0
0

5. tenuidentata

intensity

w
w
w
w
w
w
w
w
w
w
w
s
s
m
w
w
w
w
s
s
vw
w
w
w
s
w
vw
vw
s
s

at room

£

O
O
O
0
O
O
O
O
O
O
O
O
O
O
0
O
O
11
12
13

16
19
22
22
22
25
27
28
32*
34

conditions

k

4
5
6
7

10
11
12
13*
22*
24*
25*
26
28
32
33
35*
36*
2
0
26
2
2*

30*
18
O
25*
6
1
0
0

cont'd,
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3703
3753
4057
4309
4656
4930
4945
5247
5310
5414
5474
5516
5679
5903
5972
6154
6174
6370
6533
6700
6787
6791
6833
6842
7113
7533
7560
7696
7735
8368
8387

3744 
3744 
4048 
4352 
4655 
4959 
4959 
5262 
5262 
5465 
5465 
5566 
5667 
5870 
5971 
6173 
6173 
6376 
6579 
6679 
6780 
6780 
6882 
6882 
7084 
7489 
7590 
7691 
7691 
84OO 
84OO

0
5553
0
0
O
579
285
454
0
O

652
0
O
O

3842
5499
O

2444
0

1608
5647
835
384
O
O
0
O
O
O
828
O

0
5629
0
O
0

649
216
433
O
O

649
0
0
O

3897
5412
O

2381
0

1515
5629
866
433
O
O
O
O
O
O
866
O

w
w
w
s
s
vw
w
vw
vw
vw
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w
w

152

37*
37
40
43*
46
49
49
52
52*
54*
54
55*
56
58
59 
61 
61 
63 
65*
66
67
67
68*
68*
70
74*
75
76
76
83
83

O
26* 
0 
0 
O 
3
1
2 
O 
0
3 
O 
O 
O
18

25*
O
11 
O
7*
26
4 
2 
O 
O 
O 
O 
O 
O 
4 
O
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TABLE 5.10

Data obtained from a ribbon from S.tcnuidentata at 10O% relative humidity 
with the beam perpendicular to the ribbon surface.

* Reflections that index poorly.

Obs. Calc. Obs. Calc, Intensity h

o
o
o
o
0
505
516
583
792
822
942
1035
1197
1503
1851
2017
2187
2310
2916
3028
3256
3402
3511
3870
4051
4092
4432
4626
4727
4778
4921
5072
5345
5345
5483
5628
5857
6045
6128
6391
6569

O
O
O
O
O
505

505
605
807
807
908
1009
1211
1514
1816
2018
2220
2321
2926
3027
3229
3431
3532
3834
4036
4137
4440
4641
4742
4742
4944
5045
5348
5348
5448
5650
5852
6054
6155
6357
6559

2256
3377
5739
6044
6367
2256
2886
1602
392
986
5899
O
O

3012
4910
2739
O

2517
517
1098
O
O
O

1062
O

1395
O
O
O

1234
O

1354
727
996
O
O
O

1159
0

1519
0

2266
3345
5719
6042
6366
2266
2913
1618
432
971

5934
O
O

3021
4963

' 2698
0

2482
539

1079
O
O
0

1079
O

1403
O
0
O

1187
0

1403
755
971
O
O
0

1187
O

1511
0

mw
w
s
vw
s
mw
vw
mw
w
s
w
w
s
w
w
w
vs
w
w
mw
w
vs
vw
s
s
s
vw
vs
vw
mw
mw
mw
mw
mw
vw
mw
m
m
m
m
m

0
0
0
0
o
5
5
6
8
8
9*
10
12
15
18*
20
22
23
29
30
32
34
35
38*
40
41*
44
46
47
47*
49
50
53
53
54*
56
58
60
61
63
65

21
31
53
56
59
21
27
15
4*
9

55*
O
O
28
46*
25*
0

23
5

10
0
O
O
10
O
13
O
O
0
11*
0
13*
7
9
O
0
0
11
0
14
O
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TABLE 5.11

Changes

Approx.
Space.
8

41.2
22.5
15.4
14.5
13.4
12.4
11.8
11.5
10.7
8.5
8.1

7.6

in strong meridionals.

Layer
Line

12
22
32
34
37
40
42
43
46
58
61
64
65

1OO% R
38 " XX

Obs.
1232
2204
3252
3430
absent
4048
absent
4338
4650
5857
6128
absent
6569

' H6

Calc.
1208
2220
3229
3431

4036

4339
4641
5852
6155

6559

(S. Tenuidentata)
Room
Conditions

int,

s
s
w
s

ms

m
s
m
m

m

BA xic
Obs.
1235
2213
3245
3448
3685
4055
absent
4304
4637
5883
6172
6496
absent

)
Calc.
1214
2226
3238
3441
3744
4048

4352
4655
5870
6173
6477

int,

s
s
ms
s
mw
w

s
s
mw
mw

w/ms

Over silica gel - n b
X 10 
Calc. 
1219 
2235 
3251 
3454 
3759

38-1
Obs.
1270
2232
3264
3404
3745
absent
4237* 4267
4338* 4369
4665 4674
5884 5893
6196 6198
absent
6594 6604

int.

s
s
s
ms
m

mw
ms
s
m
w

w

*not present together.

TABLE 5.12

Meridional intensities found from 2 patterns from S.tenuidentata obtained 
with the beam parallel to the ribbon surface. The intensities are corrected 
for Lorentz and polarisation factors.

34 36 42 46 53 58 61 64
48 21 141 216 155 68 71 131

Specimen one.

Layer line 12 22 32 
Intensity 34 7O 45

Specimen two.

Layer •'

Line 12 22 32 34 37 4O 46 49 54 56 58 61 64 68 7O

Inten­ 
sity 25 38 218 95 27 21 333 25 29 32 32 58 64 72 56

TABLE 5.13

Equatorial intensities found with the beam perpendicular to the ribbon 
surface, (S.tenuidentata) .

Row
Line 21 27

Integ rated 
Intensity. 

112 149

32 53 58 63 74 85 97 112 122

96 457 1076 63 717 1445 276 1736 1286 14O1
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	TABLE 5.14 

Meridional pattern. Specimen of S. membramacea treated with uranyl acetate,

Intensity ?8 ~ 1 X1O6 1/7

w 2206 45.33
vs 2455 40.73
w 2763 36.20
mw 3181 31.44
mw 3430 29.15
vw 3760 26.60
m 4089 24.45
ms 4258 23.49
s* 4609 21.69
m* 6447 15.49

*Some weak reflections occur between these two reflections.
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PLATES 5.1 - 5.30

The X-ray diffraction patterns were obtained using 

the equipment described in Chapter 2. Unless specified 

otherwise, the specimen to film distance is llcm. and a 

cylindrical film is used. The fibre axis is usually at 

right angles to the X-ray beam and perpendicular to the axis 

of the cylindrical film. The exceptions are most of the 

tilted specimens which are tilted from this position in 

the plane containing the fibre axis and the X-ray beam. Other 

tilted specimens are rotated about the fibre axis so as to 

explore the equatorial plane. Scattering from the mylar 

windov;s produces rings in the 8A region. The scales marked 

are only approximately correct in the high angle equatorial 

region - a property of the camera geometry.



Plate 5.1 Adult female rnantid of species sp

membramacea f together with an egg case. (About 2/3 life size).

Plate 5.2 Egg cases from sphodromantis membramacea (left) and 

S. tenuidentata (right), (Life size).



100

Plate 5.3 Fibres drawn from the left colleterial gland of 

s.membramacea photographed between crossed polars at a 

magnification of 100.

1

Plate 5.4 A ribbon from the egg case of s.membramacea 

photographed between crossed polars at a magnification of 2O,

500/uru«

Plate 5.5 A well oriented area (coloured blue) in a ribbon 

from the egg case of s.tenuidentata photographed between

crossed polars at a magnification of 50.



Flare 5.6 X-ray diffraction pattern taken, at roup. rcnci iiions of fibres 

dra-.v'n frrrrj the left colleterial gland of 5,,;"c-;:J;r (v;r:acG3 6 ^ay oyoosure.

Plate 5.7 X-ray diffraction pattern taken at room conditions of fibres 

drawn from the left collctorial gland. The fibres are tilted by 8,5 to 

show the 5..128 reflection. 3 day exposure.



9

Plate 5.8 X-ray diffraction pattern taken at room conditions

of fibres drav:n from the left collet c-;r.ial gland of s.Tne 

The fibres are tilted by 31 to show the 1.49& reflection.

"i7 day exposure.

0.0l8
-1

Plate 5.9 X-ray diffraction pattern taken at high humidity of 

a ribbon from the egg case of S. tenuidentata . The specimen is 

under slight tension and it is supported with the beam in the 

plane of the ribbon. Flat film. 64.7cm specimen to film distance 

66 hr. exposure.



m O..1A

Plate 5.1O X-ray diffraction r;-<stt.ern tr.'cea at i?C ;:> relative humidity of 
a ribbon from S.tcnuidentata \viv.h the be•:-..'D in the piano 01 the ribbon. 
5 day exposure.

0.18

»

Plate 5.1J. The same as 5,1O after drying under room conditions at constant. 
length. Small changes occur near the equator. 8O hour exposure



O.lX
-1

Plate 5 0 12 Plates 5 e 12, 5.13, 5.15-5.18. are fron, the same specimen as 
plates 5.1O-5 t ll, but four months la tor. 5.12 is the same as 5.1.1 (-y.cc-.pt 
that the specimen is tilled 3° for the .11-'^ equatorial reflection. 5O hr«, 
exposurec Li"tle deterioration is Lvio'ent.

-1

Plate 5.13 X-ray diffraction pattern taken ovc>r silica gel from a ribbon 
from S.tenuiJentata with the beam in the plane of the ribbon. Changes on 
drying are most evident in the ISA equatorial region. 50 hr. exposure.



0

Plate 5.14 X-ray diffraction pattern taken under room 

conditions of a small selected area in a ribbon from the egg 

of s .tenuidentata with the beam perpendicular to r.he plane 

of the ribbon. The specimen was under slight tension. 

140 hr. exposure.

o.iS'

Plate 5.15 X-ray diffraction pattern taken over silica gel of 

a ribbon from the egg case of s.tenuidentata with the beam 

perpendicular to the plane of the ribbon. 17.5 cm,specimen 

to film distance. 121 hr. exposure.



0. 1
-.1

Plate 5.16 X-ray diffraction taken at room con/litions from a 

small selected area (800 x 240.urn) of a specimen from s. tenuidentata 

The beam is perpendicular to the plane of the ribbon. The pattern 

is not symmetric about the meridian. 190 hr. exposure.

0.18 *"" JL

Plate 5.17. The backing film for the diffraction pattern in 

Plate 5.16, showing the low angle region more clearly.



") 1 VvJ * .1.. 1

Plate 5.18 X-ray diffraction pat hern Lakeri at- room conditions 

of a ribbon from the egg case of s. tenuidentata . The specimen 

is tilted 8.5 from having its plane perpendicular to the beam, 

so as to observe the 5.12A meridional reflection. 5O hr. exposure.

0,18 ~

Plate 5.19 X-ray diffraction pattern taken at 100% relative 

humidity of a ribbon from the egg case of s.tenuidentata, 

showing rings produced by lipid. The beam is perpendicular 

to the plane of the ribbons. 17.5 cm. specimen to film distance 

22 hr. exposure.



0.1&
-1

MB^^^^MB^^^^^^^^^^M^^^H^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^BHMIMi^M^M

Plate 5..2O X-ray diffraction pattern of a \ie~c. ribbon from 
Beam in the plane of the ribbon. 18 hr. exposure.

-1

Plate 5.21 X-ray diffraction pattern of a ribbon from S.momfcramacoa at 
room conditions. Beam perpendicular to the plane of the ribbon. 70 hr. 
exposure.



o.i8

Plate 5.22 X-ray diffraction pattern of a ribbon from the egg case 

of S.membramacea cifter soaking for 3 months in neutralised 2% 

phosphotungstic acid. The beam was in the plane of the ribbon. 

48 hr. exposure.

O.l8'

Plate 5.23 X-ray diffraction pattern of a ribbon from s.membramacea 

after soaking in neutral phosphotungstic acid. The beam was 

perpendicular to the plane of the ribbon. No reflection appears in 

the 15O S region. 17.5 cm. specimen film distance. 5 day exposure.

O.OlS
-1

Plate 5.24 X-ray diffraction pattern of a ribbon from s.membramacea 

after soaking for 3 months in 0.5% uranyl acetate solution. The 

beam was perpendicular to the plane of the ribbon. Low angle 

reflections at 147 A are seen. 17.5 cm. specimen film distance.



o -1 
O.1A

•^^••K ^H 
Plate 5.25 X-ray diffraction pattern of a ribbon from the egg

case of s.membramacea after soaking in O.5% uranyl acetate 

solution. The beam was perpendicular to the plane of the

ribbon. 72 hr exposure.

-i

Plate 5.26. The same as plate 5.25. 8 hr. exposure.



Go 01$ J

Plate 5.27 X-r^y dif iracu.Lon pattern of a ribbon from the 

egg case of s.membranacea after soaking in O.5% uranyl acetate 

solution. The beam was perpendicular to the plane of the ribbon 

17.5 cm.specimen to film distance. 74 hr« exposure.

O.l8
-1

Plate 5.28 X-ray diffraction pattern of a ribbon from the egg 

case of s.membramacea after soaking in O.5% uranyl acetate 

solution. The beam was parallel to the plane of the ribbon. 

37 hr. exposure.



o.iS

Plate 5.29 X-ray diffraction patter/: of a ribbon frcro r-\r}-niJ-.r:: i[.acea after 
soaking in chlorobenzene and bromoh oi.zen^. Be;air: perpendicular to the ribbon 
surface* 12 br. exposure. •

I

o.i?

Plate 5.30 X-ray diffraction pattern obtained from a ribbon from S.ui
after soaking in chlorobenzerio and bronobenzene. Beam parallel to the ribbon

surface. 15 hr. exposure.
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CHAPTER 6 

Interpretation and Discussion

In this chapter the work of the earlier chapters is interpreted and 

discussed. Since the X-ray diffraction patterns and the electron micro­ 

graphs obtained for S. membramacea and S. tenuidentata were almost 

identical, the structures are considered to be the same and are discussed 

togethe r.

6. 1. A k. m.e.f structure

Fibres drawn from the gland gave a meridional reflection «at 1. 49A
o

and a strong meridional reflec.tionat 5. ISA. Ribbons gave a weak
o o

meridional at 1. 485A and a strong one at 5. 12A. This is characteristic

of' proteins in the k. m. e. f. group. Another feature common to this

o 
class of proteins is intensity in the 1 OA equatorial region.

The pattern derived from fibres shows this clearly. It is very similar 

to that given by ^-keratin, where the microfibrils are not packed on a 

lattice. The reflections superimposed on the smoothly varying region 

are relatively weak and fairly broad, indicating that most molecules 

are not packed with any long range order. Reflections streak along the 

layer lines. The length of the streaks • indicatesthat most crystallites 

present are only a few molecules across.

The equatorial pattern given by ribbons also shows high intensity in

o
the 10A region, btit sampling by the transform of the lattice makes the

pattern less obviously of the k. m.e.f. class. Some patterns show a

very faint shadow of the fibre pattern, indicating the presence of a littie

onon-crystalline material. There is sampling on a period of 82A in

several regions. This relates to a repeat in the structure of 8ZA.
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Two helical chains related by a parallel diad axis would give a repeat

of half the helix-pitch. On this basis, measurements of the sampling in

o o
the 5A region and the 9A near equatorial region lead to a pitch of 165 -J^

o
5A. However, the pitch could vary and thus not bear a simple relation

to the period. Proteins of the k. m. e. f. class are generally thought to have
o

a higher pitch about 180A (Fraser et al. , 1965).

6. 2 The high angle pattern

The high angle pattern given by the fibres was very weak. It is 

subject to errors produced by the fibres not being tilted for each reflec­ 

tion, as well as errors derived from the difficulty in seeing the reflections,

However, they appear to be consistent with a two stranded coiled-coil
o

of pitch about 165A , since many of the reflections in the meridional
Q

region are orders of 165/ 16A = 10. 3A. 165A corresponds closely to 112 

residues and 32 turns of the helix, resulting in an approximate 16-fold

rotation axis, since both these numbers are multiples of 16. It cannot

o
be said which reflections are truly meridionals, but the strong 1.49A

o
reflection probably is and this indexes as the seventh order of 10. 3A.

o
If the reflections that are orders of 10. 3A are meridionals and the

others are not, then this is a good system. However, the weakness of

the reflections makes meridionals difficult to identify and their width of

2 0 — I *
2x10 A results in inaccurate determination of spacings. For this

o 
reason, indexing on a repeat of 165/ 17=9. 7A must be considered as a

possibility, since many reflections index on this. This would require

o
a 17-fold rotational axis, which would be equivalent to a pitch of about 176A, 

As the range of order determined from the reflection width is only BOA, it 

is quite possible that some parts of the molecule have this pilch in a
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o

system with a repeat of 82A. A gradually varying residue rotation is
*

also a possibility, since not all of the molecule need have a symmetry

close to that revealed by the strongest reflections. The same arguments
o

apply to the ribbons which give a broad 1. 485A reflection sampled by a

o
large lattice. The reflection at 5. 12A is strong and sharp, indicating

that the pitch of the minor helix is better defined than the residue

translation. This could be controlled by packing requirements. Even

o
in the fibre pattern, the 5. ISA reflection is substantially more sharply

o
defined than the 1.49A reflection.

Table 6. 1 indexes the high angle meridional and near meridional

o 
reflections on a repeat of 9- 8 A, corresponding to a 17-fold axis and an

0 o o
83. 5A repeat, and 10. 3A, corresponding to a 16-fold axis and an 82. 5A

repeat.

It seems likely that the pitch of the major helix and the residue trans­ 

lation vary. The pitch of the minor helix is well defined and almost 

constant.

6. 3 Lateral molecular packing

When the thin edge of the ribbon is towards the source, the pattern

Oo O

is sampled at intervals of 18. 6+0. 1A, 17. 9+0. 1A and 17. 5+0. 1A 

for specimens at 100% relative humidity, room conditions and over silica 

gel respectively. Very little intensity falls f?.r from these row lines, 

indicating that this spacing represents a repeat in the structure. It is

large enough to allow packing of coiled coil structures. The value

o
estimated for the fibres was 16. 8 +_ 0. 5A , but this is not inconsistent

with these values, considering the problems of measurement.
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When the flat face of the ribbon is towards the source, there is a

modulation in the equatorial intensity, repeating at 33. 0 +_ 0. 6A ,
° o

32. 1 + 0. 6A and 30 . 6 +_ 0. 6A for specimens at 100% relative humidity,

room conditions and over silica gel respectively. A packing scheme for 

coiled coil structures can easily allow for row lines at 33A intervals, 

but no reflections should occur on the equator for odd orders. This is 

so because the equatorial pattern is the Fourier transform of the electron 

density after projection on to the equatorial plane. Since a coiled coil 

is circular in this projection, the projected electron density has a 

repeat of one coiled coil diameter, corresponding to 16. 5A. However, 

the structure proposed in fig. 6. 1 does have a repeat of 33A, leading to 

33$ row lines. The pattern is so disoriented that off equatorial 

reflections could be identified as being equatorial. However, it is

expected that not all the structure is material arranged on a coiled coil.

Gaps or non-coiled-coil material could be responsible for the equatorial

modulation.

At this stage in the argument, the simplified structure in fig. 6. 1

can be proposed. The stagger between coiled coils in the figure is

41J? (a quarter of the pitch), as proposed by Rudall (1956). The actual

stagger probably differs somewhat from this.

•6.4 3-Dimensional molecular packing

Sufficient information has now been considered to enable the electron 

micrographs to be intepreted.

First consider a structure composed of coiled coil structures 

packed as in fig. 6. 1. It is seen that the contours of the surface vary 

with a repeat of half the pitch. The pattern is identical at intervals
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of a quarter of the pitch, but only after a small lateral translation. The

way the staining is likely to vary with a repeat of a quarter of the pitch 

is shown in fig. 6.2. This assumes different negative staining as the 

contours change from one type to another.

Examination of micrographs showed that structures were continuous

across the major striations. These are likely to be coiled coils. The

o
separation between them was about 30A where the ribbon had been sheared,

but for these filaments. Structures between these are considered to be 

linked non-covalently, allowing easier shearing. This tendency to 

shear along these striations suggests that molecules are likely to end 

here. The major line of shear, as marked in fig. 4. 1 is likely to be

along the molecular axis. Only non-covalent bonds need then be broken.

o 
This line passes between identical points separated by about 730A which

is 4. 5 times the pitch assumed. The estimated molecular weight of

between 50, 000 and 55, 000 is consistent with an Ck-helical chain of length

o 
about 730.A. The coiled coil would contain two such chains.

The minor striations do not follow the molecular axis. Fig. 6. 2

suggests tha t they are not expected to, but neither are they as expected

o
from this figure. There are fuzzy bands of about 40LA width separated

o
by 80A, giving a pattern twice the size of th?t expected. It is seen that

o o
80Ais one ninth of 730A and it is therefore 0. 5 times the pitch assumed.

o
On the basis of fig. 6.2 a pitch somewhat greater than 165A could

maintain the minor striations over -this distance, but a change of 

structure needs to be invoked for the fuzzy band region. It is seen that

thesefuzzy bands are not at right angles to the molecular axis, but at

o o
about 82 to it. In fig. 4. 1 the angle is 81. 5 . The dimensions from

the micrograph give lateral separations between coiled coils of about
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16. 5$. The stagger therefore differs from Rudall's model by about

o
2. 5A. This does, however, assume that thelateralband represents a

constant orientation about the axis. This gives each molecule an identical 

position with regard to its neighbours. The stagger between adjacent

coiled coils becomes 2. 5P + 2. 5A , where P is the assumed pitch of
o

)65A. For optimum packing, the stagger should be -f (1 H^ 2n). P/ 4 ,

where n is an integer. If this is to be achieved for a pitch P, then the 

beginnings of adjacent coiled coils must be rotated about the molecular 

axis GO as to produce a 90 degree difference in their rotational orientations. 

Thelateralstriations can be followed and it is seen that ( in this model,

consecutive groups of three spots are at 90 degrees to each other.

o
Following along the major striations the angle is 180 and the same

angle applies between the two ends of the molecules . The system is 

seen to be consistent.

The remaining problem is the interpretation of thelateralbanding. 

This could represent a change in the structure. Assume that the minor 

striations show where there is a regular coiled coil structure and the 

fuzzy bands represent a slightly different structure. This structure

would necessarily be described by a parameter the same as the pitch

o
in a regular coiled coil, since the 5. 12A reflection is sharp. However,

o
the residue translation can change since the 1.49A reflection has a width

o-l
of 0. 02A , equivalent to the length of the visible minor striations.

o 
Allowing for the extra 2. 5A in the stagger between coiled coils, the

o 
pitch for optimum packing is 4 x 2. 5A greater tha n that expected from the

o o 
82. 5A repeat. The optimum pitch becomes 175A in this region. This is

high enough for the striations in fig. 6.2 to be as long as those observed. 

From poor high angle data, a 17-fold axis is considered a possibility.
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This could derive from a pitch of 119 residues corresponding to a pitch

of 111 A. Without better high angle data, this remains uncertain. It is 

also uncertain whether optimum packing is achieved. However, the 

conditions in the electron microscope are such that the closest packing 

is expected to be achieved, so the packing is likely to be optimum.

It cannot be shown that the staining pattern has these origins, or indeed 

that it is uncomplicated by positive staining. However, this explanation 

is consistent within the limitations of the data.

The structure in the gap region is made difficult to determine by 

limitations of the data. Generally, there are three densely stained spots 

in each group, the outer ones being the more dominant. However, fine 

details, such as those in fig. 6.2, require small quantities of stain to 

make them visible. Under these conditions, any aggregation of polar 

groups would be expected to show up with positive staining. Sometimes 

the central spot cannot be seen. This could be because more stain is 

present, allowing negative staining to be completely dominant. An 

alternative explanation might be that positive staining has occurred and

that the central spot corresponds to a hole. .As the staining time was'\ 
\

short and the matrix of protein is dense, the former possibility is 

considered more likely. Unfortunately, the proximity of the gaps makes 

the density argument less attractive.

Remembering that the figures given are likely to have errors of about 

10A, we arrive at the structure in fig. 6. 3. Each chain in the coiled

coil is staggered by about 55^ . A pair of coiled coils interacts as shown
o ° 

with an overlap of 35.A and two gaps of 20A The gaps correspond to the

outer spots and the overlap region is marked by the central spot. This
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indicates that groups are present that stain with uranyl acetate; that 

is negatively charged groups. The inference is that negatively charged 

amino acids, such as aspartic acid and glutamic acid are important in 

defining the stagger between interacting molecules.

X-ray diffraction patterns from specimens held with the thin edge 

towards the source have most of the intensity close to row lines which 

are orders of 18A.

o
If row lines existed in the equatorial plane at spacings of 36A, but not

along this equator, then they would almost certainly appear as a result 

of disorientation. Even specimens tilted about the axis showed no 

'evidence of other row lines. This suggests that the structure repeats 

every 18A in the direction perpendicular to the electron micrographs 

of sonicated lamellae. This distance is about correct to allow packing

of the coiled-coils proposed.
o

The existence of the 18A repeat suggests that the coiled coils pack as

in fig. 6. la. This has different properties in the two perpendicular lateral

directions. The different repeat distances in the two directions found

o 
from X-ray diffraction and the greater changes with humidity in the 18A

direction support this structure. Materials with differing properties in 

two perpendicular directions are likely to form sheet structures, such 

as the lamellae observed.

6. 5 Structure and packing of lamellae

The ribbons used for X-ray diffraction work are composed of many
o

lamellae of about 450A thickness. X-ray diffraction obtains values of
0 o

485 + 3A\ 462 +_ 3A and 452 +_ 3A for material at 100% relative humidity,
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at room conditions and over silica gel respectively. The material

between the lamellae has a significantly different electron density from

them, as indicated by the high intensity of the low orders of the 450A
o

reflections. When the humidity was changed, the 450A sampling shifted
o 

across the ISA region. This suggested that the fractional change in the
o o

450A repeat was greater than that in the 18A repeat. This probably

results from the inter-lamellar material swelling and shrinking more 

than the lamellae. The very rapid fall off in intensity over the first seven 

orders of the 450$ reflection and the breadth of these reflections show 

that the spacing is not regular. The irregularity in the packing of 

lamellae is clear from plate 4. 10, which shows a section through an 

embedded ribbon. Scattering from regions of regularly packed lamellae would 

give relatively sharp reflections. At the other extreme, a lamella

embedded in the matrix would behave more like an isolated structure of

o 
about 450A thickness. Broad peaks of rapidly decreasing intensity

would be produced. The positions of these peaks could differ from the 

others, since the regular regions probably contain some material between 

lamellae. Variations in the thickness of lamellae (they taper at the 

ends in electron micrographs) could caise differences in the positions of 

reflections. This fits with the low angle region containing broad 

reflections of decreasing intensity, not separated from each other by 

clean film.

Examination of most of the diffraction patterns indicates that the 

meridian and the equator are lines of symmetry. Since the lamellae 

are asymmetric, this is not expected. It would be produced if both directions 

of the molecular axis are present in a ribbon. The lamellae could be

arranged randomly, but the pattern obtained without a meridional line
orientation 

of symmetry indicates th at the same* can exist over a 100 pm
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thick ribboa Either the lamellae are randomly arranged in some

ribbons and not in others, depending on the conditions, or, what is more
orientation 

likely, the changes after many lamellae. If the latter is correct,

random effects, perhaps aided by the conditions of formation, could
orientations 

produce the twok present. The existence of small regions looking
^symmetric * 

like the region giving the " pattern infers random effects. The

occurrence of these regions in some egg cases and not in others infers 

that conditions of formation are important.

Looking at the plane of the ribbon, there is disorientation between 

lamellae. X-ray diffraction: and electron micrographs of embedded ribbons 

strongly support this.

The continuity of striations through lamellae in the embedded and
o

sectioned ribbons shown in plates 4. 1 and 4. 12 infers that the ISA

thick sheets pack in register. The similarity of the electron micrographs 

of embedded ribbons and of sonicated lamellae indicates that very great 

structural changes do not occur during treatment.

Banding patterns within the sectioned, embedded and stained ribbon

are less easily interpreted. The 166A striation in fig. 4. 1 could derive
o 

from the edge of the lamella being at an angle to the 133A striations.
o 

The most common pattern is a simple 30A separation between striations.

A possible origin for this is a cut along a major striation, but the period

would hardly be maintained over such a distance. It is possible that the
o

30A equatorial periodicity could result in a pattern of this form. However,

it is surprising that the major striations do not show up. The myosin- 

like pattern could be produced by sectioning in this direction, but the 

intense bands are rather far apart to be produced by the major striations. 

Even though the banding pattern is superficially like that of myosin 

filaments, myosin seems quite different from this protein.
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Patterson functions

Patterson functions were calculated from the meridional data. This 

was difficult, owing to the difficulties of identifying true meridional 

reflections, overlapping reflections and of intensity estimation. 

However, data from different patterns in which intensities and the 

reflections present were substantially different (section 5.2. 5) gave 

broadly similar Patterson functions (fig. 6.4). The pattern drops to a

o
low intensity beyond ISA, so termination effects are likely to be small,

7but the intensities were multiplied by a function of form exp (- kl ). k was 

chosen so as to decrease the intensity of the outermost reflection by a 

factor of 10. Other factors were tried. A factor of 100 causes a loss 

of 2 peaks out of 22. A factor of 1 resulted in extra peaks appearing, but 

these were small and are likely to be produced by termination effects. 

The peak positions in the Pattersons derived from twodiffr action patterns 

are recorded in table 6.2. The positions are expressed in units of 

0. 001 x unit cell of 991-A. It is seen that the two patterns give similar 

results.

A Patterson function has a mirror plane, so only half the unit cell is 

shown. It is seen that the two halves of the function also have approxi­ 

mate mirror planes, a consequence of most of the intensity being on 

even numbered layer lines. This made it reasonable to take the unit cell

as 495A in most of the following analysis. The peaks occur at spacings

o
which are approximately 1/46 of the unit cell; that is 21. 5A. This

result is expected from the intensity distribution, which peaks most

strongly near and on the 46th layer line. If a Patterson function is
i

o 
calculated out to 30A resolution, pattern 1 gives a Patterson function

with a pronounced periodicity of 1/32 of the unit cell; that is 30. 9A .



171

This is expected, since most of the intensity then occurs on the 32nd

layer line. If k is chosen so that the intensity of the outermost reflection

o 
is reduced by a factor of 100, then a period of about 88A is dominant; a

result of three almost equally spaced reflections no longer dominated 

by the outermost. More useful information could be obtained with a 

Patterson function from higher resolution data, as indicated by the 

changes between the above Patterson functions, but good data cannot be 

obtained at such resolutions.

6.7. Interpretation of Patterson functions

It is possible to fit several solutions to the Patterson function. 

Examination of the structure in fig. 6. 3 suggests a physically meaningful 

solution. Consider the structure projected on to the molecular axis. 

Then it is seen that the separation of identical points along a direction
«

parallel to the major striations leads to a projected axial separation

o
of about 89A. Translation parallel to the other side of the unit cell to

an identical point, followed by translation parallel to the major striation
o

to an identical point gives an axial stagger of about 28A . All possible

staggers, S, are all possible sums of these; that is

S = ms -f nt (6. 1)
o o

where s is about 89A, t is about 28A and m and n are integers. The

Pattersons derived from patterns 1 and 2 have slightly different peaks,
0 P

but they can both be indexed with the staggers as t = 21. OA and s = 88. 6A,

Expressed in units of one thousandth of the unit cell, these become 21. 2 

and 89. 5. Peaks occur for /n/ £ 6 anc* / mf <£ 4. Beyond these limits, 

the total number of vectors becomes appreciably smaller.
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Disorder would also cause the peak size to become smaller. The 

largest peaks occur for n = 0, especially when m is small. This is 

because the second term in (6. 1) relates to structures affected by both 

axial and equatorial disorder. The greater breadth of reflections in the 

equatorial direction infers more disorder in this direction. Hence terms 

with n = 0 produce the largest peaks in the Patterson function. There is 

one exception to the largest peaks occurring for n = 0. This occurs in the

Patterson function from pattern 1, and it is the peak for n = 3, m = 0 at

o
63A. This peak is also large in the Patterson function from pattern 2.

At these resolutions, the gaps can be expected to be responsible for most

of the X-ray scattering. Fig. 6.3 shows that the two holes are separated

o
by 55A. The resolution of the electron micrograph is limited, so that

o 
an error of 10A in the estimate of the separation of two points is as small

o 
as can be expected. APatterson function using data out to 15A, cannot give

o o 
accuracy better than 15A. The 10A error for the electron micrograph is

very small, but this material is very stable in the microscope, as can be

seen from the micrographs. It is seen that two peaks are expected in
o

the Patterson function at about 60A. They cannot be resolved, so they

will overlap to form a larger peak, as is observed. The full expression 

for the stagger now becomes

S = ms + nt + £r (6. 2) 

where r is about 60A and £, = -I, 0 or 1.

This system is too complex to fit to the Patterson function. However, 

it can be seen that all peaks can be explained in terms of it. The indexing 

is in table 6.2. The value of r cannot be easily determined. The breadth 

of the peak in the Patterson function from pattern 2 is so narrow that r
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would be expected to be close to the peak value of 64. 4A. The broader

o
peak in pattern 1 occurs at 62. 4A. Assuming any charge is sliding

between coiled coils, we conclude that the most likely value for the centre

o
to centre distance of the two gaps is 65A. The error, however, is likely

o
to be larger than for the estimate of 55A obtained from the electron

micrograph.

6. 8 Origin of approximate unit cells

The equatorial unit cell was difficult to determine . Values such as

o
463A were thought possible. From fig. 4. 1, it is seen that lines approxi­ 

mately at right angles to the molecular axis could provide periods of
oo o 

about 450A and about 600A . All strong reflections indexed on about 3 1 OA

and most reflections indexed on 463A. The cell chosen was 927A. It is 

possible that this large cell was a result of there being no true cell.

True repeats along lines at small angles to the equator could, through

o o
disorientation, result in a cell 927A being chosen, if 927A is a common

multiple of the true repeats.

The meridional pattern is formed by reciprocal lattice points within 

about 15 degrees of the molecular axis. When the ribbon is supported 

with its thin edge towards the source, there is no possibility of telling 

how far these points are from the molecular axis. With the flat face 

towards the beam, it would be possible if only one molecular direction 

were present, but this is not the case. As opposing molecular directions 

are present, a reflection occurs on both sides of the meridian and arcing 

often joins the two, perhaps producing a meridional intensity maximum. 

The : angle of arcing is a guide.• This varies widely, lending credence 

to this argument. Some reflections are broader, ns if two reflections 

of very similar spacing have arced and overlapped.
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The meridional pattern represents the Fourier transform of the

structure projected on to the fibre -axis. In this case it represents the 

Fourier transform of the sum of the structure projected on to all lines 

within about 15 degrees of the fibre axis, the ones closest to the meridian

being weighted most heavily. Fig. 6.3 shows that identical points

o o
separated by 495^ occur along lines at an angle of 13 to the major

o
striations and at 8 to the molecular axis. There is another such line

at 32 degrees to the major striations and at 11 degrees to the fibre axis. 

For a line to dominate the pattern, the electron density projected on to 

it should have variations of large amplitude. In fig. 6.3, the second line 

would give a very large variation, since the gap regions in adjacent 

major striations are in register. This situation could change if t oo 

much molecular sliding occurs.

It would be an oversimplification to say that the structure projected 

on to these lines gives the meridional pattern, but these dominate 

sufficiently for this spacing to be chosen as the best unit cell. The 

doubling of this cell at higher resolution could indicate that alternate gap 

regions differ in some way.

The Patterson function is still valid, except that peaks produced by 

axial staggers between structures separated by a large distance laterally 

will become broad or non-existent.

6.9 The equatorial pattern

The true equatorial pattern should have a modulation at intervals 

of 33$ since the gap regions, when projected on to a line at a small angle 

to the a axis, give a strong 33A repeat in electron density within the 

plane of the ribbon. The packing of coiled-coils superimposed a period 

of 16. 5$ upon this. However, the diffraction from the basic 06-hclix
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results in the 10A region being the most intense.

6.K) The gap length

o
Electron microscopy suggests a gap length of 20A. As the gaps are

considered to be dominant in producing the low and medium angle patterns, 

the pattern should be modulated by the transform of the gap. The position

of the first minimum of the modulation is not easy to determine, but,
o

assuming it is the same under all conditions, it is at 11.4+ 0. 7A (section

5.2. 9). If the gaps line up throughout the ribbon, as the evidence suggests

then they must scatter as a slit. This would provide an estim^e of
o 

the gap length of 11.4+0. 7A. If the alignment is imperfect, then this

could be an underestimate. Since a disc (shaped gap of 13. 9A would lead 

to this estimate, the error is likely to be small. The major source of 

error is the difficulty of determining the position of the minimum The 

value obtained is consistent with the figure obtained from the electron 

micrographs, especially since effects due to imperfect focusing or optical 

aberrations would lead to an overestimate from electron micrographs. 

The structure close to the gap is uncertain. Electron micrographs 

show that thelateralbands appear to continue across the overlap region, 

but this is on the limit of the resolution of the data and must be treated 

wifrT caution. This does suggest a continuation of the coiled-coil structure 

into the overlap region. This could fit neatly with a gap length of 

7 residues. However, if the gap contains non- o£-helical material at the 

end of the chains, the gap between c^-helical material will be greater 

than that estimated. Such an effect occurs in collagen, where there are 

teleopeptides at the ends of the triple helical sections; they do not have 

the triple-helical structure normally associated^; th the collagen molecule. 

The fibre pattern is not sufficiently intense to give a pood estimaie of
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o 

the gap length. A modulation can be seen corresponding to a gap of 26A,

but the minimum is not of zero intensity, suggesting that this is some 

other effect.

6. 11 Primitive Unit Cells

Before the model can be considered reasonable, it must be shown 

that all the reflections can reasonably be indexed in terms of the primitive
»

unit cell. Since the disorientation is high, a very accurate value for 

the spacing is required if unambiguous indexing is to be achieved. 

Unfortunately, such accuracy is only obtained in the region close to the 

meridian. Using just these reflections, it is found that the reflections 

can be indexed, but cell dimensions can vary substantially without changing

the indexing. The cells fitted to the data have total lengths of gap and
o °

molecule in the expected range 742 + 23A (viz. 9 x 82. 5A). The driest

material has dimensions closer to those found in electron micrographs, 

and the areas of the ac plane projections of the cell are smaller for 

drier specimens. Agents such as water and uranyl acetate cause swelling 

and molecular sliding. These must occur together unless the gap or the 

molecule is to become longer. These changes are discussed qualitatively, 

since the cell dimensions are not sufficiently accurately determined.

Figs. 6. 5 and 6. 6 show how the molecular length and orientation are 

related to the unit cell in real space and recprocal space.

6. ll. 1 Uranyl acetate treated specimen (S. membramacea)

This specimen (section 5.2.7) gave strong low angle reflections, 

enabling the meridional reflections to be tested against them. The 

meridional reflections were indexed on the cell shown in fig. 6. 5 according
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to the scheme in table 6. 4. The weak reflection observed near the

meridian could be a first order of a cell double this size in the c direction,

but,as it is weak and of uncertain spacing ;it is ignored. The cell predicts
o

a low angle 100 reflection at an angle of 21 10' to the equator at a
o

spacing of 146A. The strong low angle reflections were found at a
o o

spacing of 147A at an angle of 21 25' to the equator, well within

experimental error. For other reflections, where a strong 100 reflection 

was not obtained, it proved difficult to analyse data away from the 

meridian. The presence of two molecular directions and disorientation 

in regions where reflections were less sharp proved a difficulty for data 

not on the me ridian.

This cell showed the greatest difference from the electron micro.graphs.

The degrees of swelling and molecular sliding were greater than for other

o
conditions. The molecular length and the gap came to 740A.

6. 11. 2 A specimen at room conditions (S. tenuidentata)

Several good patterns were obtained, enabling spacings to be accurately 

determined. The unit cell (fig. 6. 5) is close to that found in electron 

micrographs. The length of the molecule and gap together comes to 

734$. However, the cell parameters are not as well determined as the 

indexing (table 6. 5) suggests, since only a small volume of reciprocal 

space is represented. Examples of close reflections are seen at higher 

angles. Overlapping can cause an average value to be found. Where 

this is probable all likely contributions to the observed reflection are 

included in table 6. 5 and the following tables.

It is seen (fig. 6/7) that most of the reciprocal lattice points within 

about 15 degrees of the meridian are represented by n reflection falling on
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the meridian for a specimen supported with the thin edge towards the

source. This pattern contains many well indexed reflections. Other 

patterns are less well indexed, but they are discussed below.

6. 11. 3 A specimen over silica gel (S. tenuidentata)

The cell determined for this specimen (fig. 6. 5) was the smallest, as 

expected after dehydration, and it most closely resembled the cell in 

the electron micrographs. Table 6.6 shows 'that there are many

ambiguities in the indexing. These reflect the problems of overlapping

o
reflections. The length of the molecule and gap is 7ZSA, not significantly

different from the other values.

6. 11. 4 Specimens at 100% relative humidity

Two different specimens of 'S. tenuidentata and one of S. membramacea 

gave similar but different unit cells, as indexed in tables 6. 7-6. 9. It is 

not surprising that differences should occur between specimens, since 

they are cross linked in the egg case and are therefore dependent on the 

initial conditions.

6. 11. 5 A specimen treated with chlorobenzene and bromobenzene

(S. membramacea)

It was seen in chapter 5 that the unit cell dimensions appeared to be 

the same as for a specimen at 100% relative humidity. The reflections 

were indexed on the same cell as that used for the S. membramacea 

specimen at 100% relative humidity. Table 6. 10 shows that the agreement 

is quite good.
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6. lil. 6 Conclusions

The cell parameters for all cases is given in table 6. 11. It appears 

that swelling and molecular sliding is stimulated by a polar environment, 

uranyl acetate being more effective than water. It seems likely that 

polar interactions are being weakened, reflecting their importance in 

the structure. The similarity in the effects of the chlorobenzene and bromo- 

benzene mdxture and water is surprising. Possibly, the mixture is kept 

in the structure by dipolar interactions, the greater molecular mass 

compensating for the lower dipole moment, as compared with water.

6. l!2 Other material present

It is known that material is present between the k. m. e. f. sheets. 

As most reflections index well, it is thought that few medium angle

reflections are given by the inter -lamellar material. It is noticed that

o 
some reflections index poorly. The reflection at about 24. 1A is the most

noticeable of these. These reflections could well derive from the second 

component.

It is known that small crystals are present in the egg cases, as seen 

by the presence of granular rings on X -ray diffraction patterns. 

Examination under the optical microscope reveals small crystals of 

various sizes of the order of 10 pm. They could easily be the calcium 

citrate crystals found by Parker and Rudall (1955), but the diffraction 

rings do not correspond to the commonest forms of this substance. The 

crystals are found on the surfaces of sheet like structures, but they are 

not uniformly distributed between egg cases or within an egg case. 

The presence of a soluble substance is suggested by the condensation of 

water on a ribbon at high humidities; that, is when the vapour pressure
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of the water is higher than the saturated vapour pressure of the solution

on the ribbon. Calcium citrate may not be sufficiently soluble to produce 

the observed effect, so another salt may be responsible.

There is a likelihood of lipid being present (section 5. 2. 4. 6). This 

was not always present and^hen it was, the amount varied. The sampling 

of the lipid reflection by the 450A row lines suggested that the lipid was

intimately associated with the protein. The width of the sampled reflec-

o
tion inferred crystallites of dimensions at least 400A at right angles to

the lamellae. Perhaps the lipid forms ordered structures on the edges 

of the lamellae.

6. 1-3 Larger unit cells

The presence of a number of weak reflections which could not be 

indexed could derive from a larger unit cell or a second component. 

Examination of the structure in fig. 6.3 shows that the cell is probably 

larger. Irrespective of the relative rotation between coiled-coil units, 

there is a repeat of 1/9 of the length of the molecule and gap. Since the 

coiled coil has a diad axis, the length contains 4»5 repeats of what is 

probably the average pitch. Assuming the two chains are of equal length, 

the two ends of the coiled coil are oriented at 180 degrees to each other. 

The cell will at least be doubled in the c direction to account for this. 

This was also suggested by the diffraction patterns from the specimen 

stained with uranyl acetate. This is consistent with a 90 degree relative 

orientation between adjacent coiled coils. The stagger of 2»5 times the 

average pitch combined with a 90 degree rotational difference between 

the termini of adjacent coiled ooils leads to packing as proposed (section
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6. 4). The rotational difference between consecutive overlap regions

along the c axis of the primitive unit cell becomes 180 degrees, and along 

the a axis becomes 90 degrees, leading to a doubling of the unit cell in the 

a direction. The stagger between adjacent coiled coils must change 

as conditions change; the unit cell changes its dimensions, leading to 

molecular sliding. However, the packing remains close to the optimum 

and has some of the essential features proposed by Rudall (1956).

6. 14 The structure of the fibres

The similarity between the structure of the fibres and that of the 

ribbons is not proven.^ Since the fibres were produced without the contents 

of the right colleterial gland and the calcium citrate gland being added, not 

all the material is present, so differences in structure can be expected. 

Pulling fibres results in rapid drying, which would be expected to inhibit 

the formation of regular structures. However, when it is considered that 

the left gland produces most of the material, similar structures in the 

ribbons and the fibres may be found.

The discussion of sections 6. 1, 6. 2 and 6. 3 shows that the structure 

is very similar as regards lateral packing and a coiled coil structure, but 

the meridional diffraction pattern remains to be indexed. Unfortunately 

this pattern is very weak, so data are not available. The pattern 

obtained shows streaks crossing the meridian. Owing to the small 

crystallite size, reflections close to the meridian form streaks crossing 

the meridian. Since fibres are rotationally disoriented around the fibre 

axis, there are always reflections on both sides of the meridian which

form streaks centred on the meridian. Fortunately the disorientation is
i

small.
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The meridional information cannot give the dimensions of the

primitive unit cell. A two dimensional unit cell, as used to describe the 

electron micrographs, needs at least three pieces of information to

define it. This is provided where reflections arc across the meridian,

2 2 
since terms in a , c and a. c are required to define the distance in

reciprocal space. In this case only the components of the reciprocal 

lattice points projected on to the axis are required. TKs depends only on 

a and c as seen from fig. 6. 8.

Information can be obtained. Fig. 6. 8 shows how L, the length 

of the molecule and gap together, is related to distances a and c, the 

angle marked S » and the angle between c and the molecular axis oL. 

This diagram follows directly from fig. 6.3, and provides the relationships

sin cC = 2a

cos 06 = 7c + 2a tan S

cos 06 = 7c + sinck tan 
17

The diagram of the reciprocal unit cell shows that the distance 

projected on to the fibre axis by a reciprocal lattice point is

P =£. c cos ct + h a sin^t. 

where h and £ are constants. This becomes

P = £ (^7 + sinot tang) + h 2 
1 L c L

S is a small angle below 5 , so the distance becomes approximately 

M/L, where M is a constant. The fibre axis is more closely parallel 

to the c* axis than the a* axis, so many consecutive points along the a* axis 

will not give reflections on the meridian. As £ is small and P,, £f M/ L, 

then the diffraction pattern i s likely to index along the meridian on a cell
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It would be hoped that data would be obtained from regions far from 

the meridian, but the random orientation of crystallites about the fibre

axis leads to intensities being too low.

o
The best indexing was achieved on a unit cell of 1435A, but this value

is not certain. As a number which is close to a multiple of L, it is
*

possible to relate this to the structure, unlike the other possible indexing 

schemes. It also gave the best indexing as indicated by the standard 

errors between observed and calculated values. On this basis, this 

unit cell is thought to be correct.

If the value is correct, then the gap regions must have virtually

o
disappeared, possibly at the expense of a greater overlap. 1435/ is 2L

which requires the cell size to be doubled in the c direction. This is 

expected (section 6. 131), but it is surprising that it is detected here, 

unless the structure has changed a little. It is possible that information 

away from the h£ plane appeared on the meridian more here than for the 

ribbons. The ribbons were much more disoriented in the ac plane which 

would lead to most of the meridional data coming from points in the h£ 

plane. If the unit cell is 2c , but c in projection on to the ac plane, then 

this result is explained.

The structure of the fibres is less certain than that of the rfcbons, 

owing to the poorer diffraction patterns obtained.

6. 1 5 Summary of the solution

The ribbons from the egg case contain lamellae of size about 10 Jim

o
x 1 iim and thickness close to 460A, depending on the conditions. These

lamellae pack into ribbons or some times sheets which form the outer
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case of the ootheca. A ribbon is typically of the order of 10 mm x 1 mm. 

x 0. 1 mm. , but it can be subdivided until it can no longer be handled. The 

lamellae are arranged in the ribbon with the long axes approximately 

parallel to the long axis of the ribbon and their planes approximately in 

the plane of the ribbon. Disorientations between lamellae of 10 degrees 

or more are general.

The structure of a lamella repeats through its thickness at intervals

0 <?
of about 18/, depending on the conditions. The structure of this 18A

thick sheet is shown in fig. 6.3. The packing between sheets differs 

from that proposed by Rudall (1956) (fig. 6. 1), but within the sheet, it is 

very similar. Coiled coil structures pack parallel in such a way as to 

allow a close packing as suggested by Rudall (1956). This requires a

stagger of a quarter of the pitch between coiled coils.

o
The structure has a repeat along the fibre axis of 82. 5A which

o 
probably relates to an average pitch of 165A. It seemed likely that this

pitch varied. Some evidence suggested the presence of a pitch of about

o o 
175A, closer to that expected for a coiled coil. The width of the 1. 5A

reflection indicated that this residue translation was only maintained for

o
a distance of about 50A, even though the pitch appeared to be maintained

o
for a greater distance. This leads to there being 50A lengths of coiled

o o 
coil of supercoil pitch 175A. The rest of the 82. 5A repeat is probably

helical material with a pitch very close to that in the &L- helix, but 

with changes in the residue translation and the supercoil pitch; this

region would show as the fuzzy bands on the electron micrographs.

o
The stagger between adjacent coiled coils is 2. 5 x 165A. With the

appropriate azimuthal rotations, the major striations become lines of 

overlap regions between every other coiled coil, each region being
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achieved. Adjacent major striations then have overlap regions rotated 

about the fibre axis 90 degrees from each other. When the orientations 

of overlap regions are considered, the unit cell is doubled along both

sides, but for most purposes the unit cell is about 95A x 140A and
o

contains one coiled coil of total length, including the gap, of about 740A

o
(9 x 82. 5A) which is 4. 5 times the average pitch. Since the unit cell

changes with conditions, packing cannot always be precisely like that 

proposed by Rudall (1956) but it is likely to be close. The probability 

of variations in the pitch also makes the packing less regular.

The coiled coil structures themselves have appreciable o£ -helical

structure. The molecular weights estimated are consistent with a

o
molecular length of about 72OA, assuming the molecule contains two

chains which dis sociate in SDS, as is expected for non-covalently linked

o 
protein chains. The gap length estimated is about 1 5A and the stagger

o 
between the two chains in a coiled coil is estimated to be 55A (the error

in this is likely to be up to 15A).

Electron microscopy of the stained lamellae revealed that the overlap 

region was usually stained even with negative staining, inferring the 

presence of negatively charged amino acids in the overlap region. The 

amino acid composition of the ribbons given in chapter 1 is consistent 

with a structure that is largely o(-helical, containing small quantities 

of helix-disrupting residues and large amounts of acidic amino acids.

6. 16 Further work

Before much work can be directed towards improving the model, 

better diffraction patterns are required. For this, a more suitable species 

of praying mantis must be found. Only after an exhaustive survey of egg
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cases from different species, would it be worth while developing a colony

of insects. The colony used for this work took nearly six months to 

mature after hatching. Better data would allow more accurate intensities 

and positions to be obtained for the reflections and a more quantitative 

analysis could be carried out.

It should be possible to use the information so far derived from the 

data to index more of the off-meridional data, but this task is not easy. 

This would allow unit cells to be determined more accurately. It is 

doubtful if intensities and indexing could be made accurate enough to 

elucidate more clearly the overlap region. It is hoped that measurement 

of the low angle reflections in terms of polar coordinates can give values 

of the reciprocal lattice spacing j which are accurate enough to index 

the reflections. Even then, this is dependent on the unit cells already 

found. However, an extension to regions farther from the meridian 

should increase the accuracy of cell dimensions determined.

The possibility of producing artificial forms of the protein has not 

been fully explored. Some material is likely to remain for this when 

R. Pau completes the determination of accurate molecular weiglits and 

amino acid compositions.

6. 17 General discussion

The conclusions drawn from this work may have a bearing on more 

general problems. In this section, no general principles are established, 

but the existence of such principles is assumed.

6. I 7 . 1 k-m-e f structures

It has been established that this protein contains an appreciable
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amount of protein with a coiled -coil ^L-helical structure, confirming 

Rudall's (1956) assignment of this protein to the k-m-e-f class. There 

are no indications that the lateral packing of the coiled-coils differs

greatly from that in other proteins of the k-m-e-f class. It is probable

o 
that regular ct-helical structure extends for distances of only 50A .

This situation is almost identical to that in •£ -keratin, where the structure

o 
extends for about 60A (Fraser and MacRae, 1973b). In the praying mantis

egg case protein, the other structure appears to be a helix of a very 

similar pitch but the residue translation differs. This region is 

uncertain without more data. In <0C-keratin there are indications that 

the regions between the oC-helical sections are less regular (Fraser 

et al. , 1972).

The gap length and the stagger between the two chains are small. This 

is probably typical for the k-m-e-f class. In tropomyosin the stagger 

is thought to be 14 residues (Hodges et al. , 1973), which is about a third 

of that in this protein. The small size of the stagger can be related to 

the existence of a two chain unit (section 6. 18. 2).

6.1.7.2 Sheets and microfibrils

The coiled-coil structure has a small stagger between chains. A
•

stagger which is a smaller fraction of the molecular length could lead to 

a microfibrillar structure as in collagen (Smith, 1968). If after a few 

molecules, the sheet can curl up to place the last molecule along the same 

line as the first, then microfibrils can be constructed. In this case, it 

would take about 14 molecules before this could be done. The most 

stable arrangement is then a small overlap with the next coiled coil. 

The superooiling is a means by which chains can be stabilised in pairs.
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The lateral packing is different in two perpendicular directions, a 

prerequisite for the development of a sheet structure. With this model, 

packing in the plane of the sheet allows good molecular interlocking in 

the manner proposed by Rudall (1956). The smaller amount of swelling 

at high humidities in this direction implies that the coiled coils interact 

more strongly. This suggests that the greater extent of the lattice in 

the plane of the sheet results from stronger interactions between the 

subunits (coiled coils). Another expected property of a plane sheet is that 

the two surfaces should be identical. If this is not the case, the sheet 

may be expected to be curved or even to form a structure like that of a 

Swiss roll, as is possibly the case for paramyosin (section 1. 5. 4. 1). 

Examination of the ISA thick sheet shows that this is the case. The 

molecular length is 4. 5 times the pitch. By this mechanism, consecutive 

molecules are rotated about the fibre axis 180 degrees from each other. 

This allows the same structures to be present on either side of the sheet 

without restricting the range of possible sequences for this purpose. 

Control of the length to j (2n + 1) times the average pitch, where n is 

an integer, is much more, easily achieved by genetic selection than are 

many changes in the sequence.

Microfibrillar structures, such as the two chain coiled coil can 

themselves aggregate into microfibrils. $£-keratin, which forms micro- 

fibrils from ot-helical coiled coils (Fraser and MacRae, 1973b) and 

collagen which forms microfibrils from three chain units (Smith, 1968) 

are examples of this. The most stable structure appears to involve 

supercoiling of the microfibril in both these cases (for collagen see 

Miller and Parry, 1973).
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Eventually, microfibrils generally form a lattice. If the lattice is 

not very similar in two perpendicular directions at right angles to the 

fibrils, then sheet structures are expected to be formed. Sheets can 

then pack parallel to each other. oC-keratin is an example where the 

microfibrils do not form a regular lattice, but are embedded in a matrix 

(Fraser et al. , 1972). There is a pseudo-hexagonal packing in od-keratin, 

but not a regular lattice.

6. 1*7. 3 The amino acid composition

The amino acid composition (table 1. 3) is similar to that of the 

ct -helical muscle proteins. However the content of the helix-disrupting 

residues, proline, glycine and cysteine is higher. These could be found 

in non-dC-helical regions; proline certainly is. The higher content of 

glycine and alanine than in the muscle proteins could indicate an 

evolutionary link with the other silks.

The differences between the amino acid compositions and molecular 

weights of proteins of the k-m-e-f group makes it impossible to regard 

them as one protein. They are a group of different proteins.

It appeared that negatively charged groups were dominant on the 

surface of the lamellae as seen from the good positive staining of lamellae
4

achieved with uranyl acetate. They appeared particularly important in 

the overlap region. It would be expected that hydrophobic residues would 

dominate in intermolecular interactions, since they prefer to interact 

with each other rather than with water. However, two hydrophobic 

surfaces would define a molecular stagger by steric effects rather than 

any other. The introduction of positively and negatively charged groups
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allows the two chains to have sequences which strongly favour one

particular stagger. When the overlap region is short a high concentration 

of charged groups is expected. Where the overlap region is the greater 

part of the molecular length, then the charged groups can be more 

scattered, allowing the system to utilize the stabilising effect of hydrophobic 

interactions in an aqueous environment.

Since the material swells anisotropically, swelling coincides with 

molecular sliding. Swelling occurs most readily in the presence of water 

or uranyl acetate. Both these agents are polar and therefore tend to 

disrupt polar interactions. This also infers the importance of polar 

interactions in defining molecular staggers.
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Table 6.1

The high angle meridional and near meridional pattern given by the fibres

Observed 
spacing* Order of 

167/17 &

Calculated 
spacing A

Order of 

165/16 &

Calculated

spacing A

11.09
10.81
9.82
9.08
8.62
5
5
.38 
.18

A.95 
4.78 
4.57
3,
3
2,

20
06
49

2.13
1
1
1
1
1
1
1

,93
,65
,49
,37
,30
,18
17

/1.14

3

4

5
6

7

8

9

9.80

4.90

3.27

2.45

1.96
1.63

1.40

1.22

1.09

4
5

6
7

8

5.15

2.58
2.06

1.72
1.47

1.29

1:14

*Exposure times given would not reveal weak reflections beyond about 8 A

/Reflection on the edge of the film, giving a less reliable estimate of 

its position.
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Table 6.2

Peaks in the Patterson function at 15 & resolution from two similar 
diffraction patterns and indexing on the scheme chosen

Peak 
positions

Patt- Patt­ 
ern ern 
1 2

Possible indexing

RxlOOO/991

0 0 

23

46

65.5

90

109.5

127.5

142

152

173

191

218

238

27

63

89

109

128

153

175.5

192

218

240

n

0 

+1
_o

+2

3

0

^5

±6

0

3

4

5

2

3

m

0 

0

1

0

0

1
0

0

4

1

1

1

2

2

Calc. 
pos.

0 

21.2

25

42

63
' 89

106

127

142

153

174

195

221

242

.9

.4

.6

.5

.2

.1

.3

.5

.4

.6

n

-2

-1

-4

1

2
-6

-1

0

2

5

4

in

1

1

2

1

1

3

2

2

3

2

2

Calc. n 
pos.

47

68

94

110

131

141

157

179

189

215

236

.1

.3

.2 +4

.7

.9

.3

.8

.1 6

.2 0

ra Calc 
pos

0 84.8

2 193.8

3 231.5
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Table 6.3

Patterson function from pattern 1 out to 30 & resolution

Intervals of 1/32 
Peak position of unit cell

0

32

62

93

126

156

186

220

250

0

31.2

62.5

93.7

125.0

156.2

187.5

' 218.7

250.0
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Table 6.4

xing of the meridional pattern of the uranyl acetate treated sp 
.membraraacea)

Indexing

h I

0

1

-

1

2

-

1

2

3

0

2

3

3

1

1

-

2

2

-

3

3

3

4

4

4

6

Spacing A

Observed

97.5

78.9

53.9

46.1

40.8

36.2

31.6

29.2

26.6

24.5

23.5

21.8

15.5

Calc.

98.6

80.3

—

46.2

40.2

—

31.8

29.6

26.8

24.6

23.1

21.7

15.4

Reciprocal
T1 *

Observed

1026

1268

1854

2169

2452

2763

3170

3430

3760

4089

4262

4591

6447

spacing
io6

Calc.

1015

1245

—

2166

2490

-

3145

3383

3735

4060

4331

4616

6497
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Table 6.5

Indexing of the meridional pattern from two specimens from S.tenuidentata 
at room conditions

Indexing Spacing X.

Observed Calc

Reciprocal spacing 
&"1 X 106

Observed Calc

1
1
1
2
3
4
1
3
4
5
0
1
2
3
4
5
2
4
5
1
0
2
7_
1
3
5
6

1
2
3
3
3
3
4
4
4
4
5
5
5
5
5
5
6
6
6
7
7
7
6
7
7
7
7

80.97
45.15
30.81
29.01
27.10
24.66
23.23
21.54
20.24
18.76

*

}l8.47{

18.13
17.72
17.00
16.21
15.40
14.64
14.05
13.28

} 13.23{

12.93

\ 12.99 {

12.44
11.99

80.84
45.25
30.65
29.29
26.94
24.32
23.18
21.57
20.21
18.74
18.49 
18.54
18.18
17.81
17.05
16.17
15.37
14.64
14.09
13.27
13.21 
13.22
12.82
13.03 
13.04
12.43
12.01

1235
2215
3245
3447
3689
4055
4305
4642
4939
5330

} 5414 {

5516
5642
5882
6171
6496
6831
7113
7532

} 756o{

7735

} 7696 {

8036
8336

1237
2210
3262
3415
3711
4112
'4314
4636
4948
5337
5409 
5393
5500
5617
5865
6185
6506
6829
7096
7534
7572 
7564
7800
7677 
7663
8049
8329
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Table 6.6

Indexing of the meridional pattern from the specimen over silica gel 
(gytenuidentata)

Indexing

1
1
2
3
0
1
4
2
3
4
0
1
5
3
4
3
6
4
5
6
0
1
2
8
1
9

Spacing A

Observed Calc

Reciprocal spacing

6io

Observe^

1
2
2
2

78.74
44.80
39.89
34.36

80.26
44.78
40.13
34.35

1270
2232
2507
2910

} 30.63 {»;«} 3264

]}
3
3

I)

H
4
5

5)
5
5 N
6 ( 
6 [
6'
*}

5

29.38

26.70
23.60

23.05

21.44

20.13
17.72

17.00

16.14

15.16

13.22

• 12.47

f 29.14} 
1 29.04J

26.75
24.17

r 22.87 ] 
I 22.94 /
f 21.68 1 
I 21.39 J
20.07
17.64

f 17 ' 1? ) 
I 16.91 J

16.06
r 15.13-)
) 15.25 [ 
) 15.33 \
L 15.22 J
f 13.30 ] 
I 13.14 J

12.44

3404

3745
4237

4338

4665

4968
5642

5884

6196

6594

7567

8021
f

Calc.

1246
2231
2492
2911
3280
3285
3431
3444
3738
4137
4372
4359
4613
4674
4983
5669
5822
5912
6229
6610
6559
6525
6570
7521
7612
8034
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Table 6.7

Indexing of the meridional pattern from a specimen of S. tenuidentata
at 100% relative humidity

Reciprocal spacing 

Indexing Spacing X AX ̂10

I Observed Calc. Observed Calc.

1
1
1
2
-

1

3

1

2

3

3
-

4

4

78.86

44.91

30.79

28.91

24.72

23.05

21.39 •

79.11

45.03

30.78

28.88
-

23.32

21.22

1268

2227

3247

3459

4045

4338

4675

1264

2221

3248

3462
—

4288

4713
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Table 6.8

Indexing of the meridional pattern from a second specimen 
S«tenuidentata at 100% relative humidity

Indexing 

h t

Reciprocal spacing

Spacing A
1

Observed Calc Observed

10'

Calc

1 1
0 1

1 1
1 2

1 3

2 3

4 3

2 4

3 4

3 ]
4 4 J

5 4

2 5

4 ]
3 5 J

4 5

8 4 •

2 6

3 6 J

78.00

96.62

83.54

45.72

30.71

29.39

24.68 '

22.56

21.62

[ 20.33

19.04

18.24

17.76

17.07

15.26

77.82

93.28

81.37

45.23

30.76

29.30

24.70

22.60

21.61

r 20.17 •) 

1 20.35 J

18.98

18.33

r 17.62 \ 

I 17.80 J

17.09

I 15 ' 13 1
< 15.38 >

v 15.07 )

1282*

1035

1197

2187

3256

}402

4051

4432

4626

4921

5253

5483

5628

5857

6569

1285

1072

1229

2211

3251

3413

4048

4423

4629

r 4957 

I 4915

5268

5456

r 5675 

I 5618

5851

( 6609

\ 6502

t 6634

*Reflection observed well off the meridian at about the correct position 

for the I'Ol reflection
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Table 6.9

Indexing of the meridional pattern from a specimen from S .membramacea 
at 100% relative humidity

Spacing A

Reciprocal spacing

X
"1

10

h

0

1

2

1

1

3

3

4

i

1

2

2

3

4

4

5

7

Observed

100.3

45.46

40.49

30.87

23.36

21.36

17.70

12.85

Calc.

95.33

45.43

40.03

31.10

23.61

21.47

17.80

12.79

Observed

997

2199

2470

3239

4280

4683

5650

7788

Calc.

1049

2202

2498

3215

4246

4659

5619

7820
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Table 6.10

Indexing of the meridional pattern from a specimen from s .membramacea 
after treatment with chlorobenzene and bromobenzene

Indexing 

h £.

Spacing

Reciprocal spacing 
6

0
1
1
2
3
1
4
2
3

1
2
3
5
2
4
5
2

1
1
2
2
2
3
2
3
3

4
4
4

5
5
6

1 J

Observed

96.06
80.26
44.36
40.49
34.91
31.03

28.91
26.70
25.72
23.30
22.39
21.37

18.60

16.92
16.15
15.48

f 
I

Calc.

95.33
80.06
45.43
40.03
34.18
31.10
29.06
29.21
26.69

23.55
22.70
21.47
18.52
18.48
16.95
16.02
15.55

f 18.52 l 
I 18.48J

Observed

1041
1246
2254
2470
2865
3223

3459

3745
4045
4291
4466
4679

5375

5909
6195
6459

{

t

Calc.

1049
1249
2202
2498
2927
3215
3441
3424
3747

4246
4405
4659
5399
5411
5901
6245
6432
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Table 6.11

Parameters of the unit cells

Conditions Sp.

Uranyl
. acetate M

Room T

Silica gel T
100% R.H. T

100% R.H. T

100% R.H. M

Chloro- and
bromobenzene M

E.M.(fig.4.1) T

M s.raembramacea

a
A

145.9

139.4

139.1

144.7
152.5

145.9
•

145.9

134

f
A

98.62 87°56'

92.94 95°44 f

92.00 95°57 f

94.52 90°

93.37 92°51 f

95.33 90°24 f

95.33 90°24'

94 98°

t
A

739.9
733.6
728.2

722.ll

734.9

730.3

730.3

730

table

23°14 ! 6.4

22°22' 6.5

22°28' 6.6

23°37' 6.7

24°31' 6.8

24°16' 6.9

24°16 f 6.10 
21°

T s.tenuidentata
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Fig.6.1 Packing of coiled coils. 6.la shows two coiled coils 

of pitch, P, and relative stagger P/4 packed as suggested by 

K.M.Rudall. 6.1 b shows sections through a layer of such 
coiled coils at axial intervals of P/8. 6.1c shows the packing 

of layers in the model proposed in this thesis. The dimensions 

are for wet specimens.

5

~T

M 5 M M Q 5 \

Fig. 6.2 Possible negative staining where either sections i, 

iii and v in fig. 6.1 have a well defined stain pattern or 

else ii and iv do. All lines on the diagram represent stain 0
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Fiq 6 3 Idealised packing of coiled coils. The probable
volitions in pitch and deviations from regularity are not variations in P ^ ^ L Une Qf fuzzy band^
probably representing a rather different structure at 80 8 
intervals.
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Fig. 6.4 Patterson function of the meridional X-ray diffraction 
pattern out to 168 resolution for a specimen from 5. tenuidentata 
at room conditions. The horizontal axis is calibrated in fractions 
of the 991A unit cell. The pattern is symmetric about 0.5 on , 
the horizontal axis. The 000 reflection was not included.
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Fig. 6.5 Diagram defining symbols used to define the unit 
cell and the molecular axis, AE. The molecular length,

Fig. 6.6 
axis.

The unit cell in reciprocal space. X, the molecular
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Fig. 6.7 Reciprocal lattice for dry ribbons from s. tenuidentata 
The dotted line is the direction of the axis of the ribbon. The 
circles are reflections falling on the meridian of diffraction 
patterns - a result of disorientation. The small circles mark 
reflections where indexing is ambiguous.
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6
Real space

Reciprocal space

Fig. 6.8 (See also fig. 6.5) Diagram illustrating the
derivation of relationships needed for the interpretation of
the X-ray diffraction patterns from fibres drawn from the
gland of S.membramacea .
For convenience of calculation, the distance 2a is measured
perpendicular to the c axis of the unit cell. AB= molecular
length = £; X, direction of the molecular axis; CO and DO
are the distances EO and FO after projection on to the molecular
axis.
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APPENDIX I 

A:; \IY3I3 OF X-^AY DIFFRACTION DATA

1.1 Estimation of Reciprocal Lattice Parameters 

XXI The Reciprocal Lattice Spacing, p

£1.2 The Component of the Reciprocal Lattice along the fibre, J 

£13 The Equatorial Component f

1.2 Analysis of errors 

I.2JE Errors in P 

I2r? Errors in J 

£2.3 Errors in £

1.3 Calibration
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APPENDIX I

Analysis of X-Ray Diffraction Data

The diffraction patterns from the praying mantis egg case 

ribbons presented problems for measurement. Owing to disorien- 

tation, measurement errors were large, which is serious for 

such a large unit cell. It was necessary to have some idea of 

the errors. Random errors are easily estimated, but systematic 

errors must be estimated from a knowledge of the experimental 

arrangement.

The formulae used to evaluate reciprocal lattice coordinates 

are equivalent to those used by other workers. They are widely 

stated (Eraser and MacRae, 1973a, for example). Errors in these 

coordinates are expressed in terms of measured parameters and 

evaluated - a standard technique.

Diffraction patterns were calibrated by covering the specimen 

with aluminium powder and making measuements on the rings of the 

powder diffraction pattern.

The methods of this appendix were incorporated in a computer 

programme.

I.I.___Estimate of reciprocal lattice parameters 

1.1.1. The reciprocal lattice spacing,p

The mathematical symbols used are defined on the diagram of 

the arrangement of the specimen and film (fig. I.I) From the 

diagram, OD = 2r=D, CA = x, AB = y, specimen tilt in the 

horizontal plane = 3, ^COA = y, L AOD = X -3 , £ AOB = X, 

= 29. It is clear from Fig.I.I that
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x =-• y
A 2 r (I.I) 

and

tan y = ^L. sec (X -3) (1.2)

Simple 

trigonometry leads to the relationship

cos 26 = cosy cos X (1.3) 

From Bragg's Law,

which becomes p = *T (1 - cosy cos X ) 2 (1.4)

1.1.2. The component of the reciprocal lattice along the fibre 3

Several equivalent formulae can be derived. The most 

useful for the analysis of errors is

3 = Y ( H cos B + A sin 3) (1.5) 

where A = 1 - cos ycos X (1.6)

and H = "°' C°S ° " "
2 2 (§) 2 + cos

A has already been evaluated in finding p. This can be found 

using standard trigonometry.

1.1.3 The equatorial component £

By Pythagoras' theorem,

£ = /p 2 - 3 2 (1.8) 

1.2 Analysis of errors

The standard errors are calculated from the standard errors
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of the measured quantitities. The errors in x and y are 

calculated from the measurements on the position of the 

reflection. The error in D is estimated using measurements on 

the calibration curve. The error in $ was estimated from a 

knowledge of the particular experimental conditions. The standard 

errors in x, y and D could be reduced by taking more measurements 

However, the errors may not be random, since properties of 

the eye affect the measurements. It is wise to regard the 

estimated errors as a minimum value. In the following the 

standard error in a parameter f is <5f .

1.2.1. Errors in p

p = p (x,y,D,$ ) (1.9)

<6p) 2 = (^) 2 (6x) 2 + () 2 (Sy) 2

(1. 10)

Equation (I. 10) is the solution except for evaluating the 

partial differentials. The major steps in this are set out 

below. From equations I.I, 1.2, and 1.4, we find,

p =
D2 cos 2

D

cos 2 (Y _ p,
cos

{ P cos (%) cos (g - B) } 
' "

cos2 (- 3)

Replacing the numerator and denominator by E and F,

p _ Jl {1 -- X U

Replacing F by
- -} P =
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where A, E, F are functions of x, y, 3 and D. 

Let f be x, y, 3 or D.

22 = 3£ r 5A 3E BA -5F,

22 = Jl
X

|| = - (sin(g) cos ( g -3) + sin (g -3) (^) cos (g) }

cos (^) cos (^ -3 ) + g cos ( ^ -3) sin

•f g cos (g) sin ( g -3) 

|| = D cos (g) sin (g -3)

21 = i
2 F

20 cos ( -3) sin (-3)

2 D cos 2 (g -3) + 2 y cos (g -3) sin (g -3) 

2D 2 cos ( -3) sin ( -3)
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The above equations relate the original partial derivatives 

to measurements. A computer programme is simply written by 

taking the equations in reverse order.

1.2.2. Errors in 7

3 = Y { H cos 3 + A sin $/)
A

(1.5)

where H and A are defined in section 1.1.2. The error is found

from

(67)

For f = x, y OE D

Mi cos

(6y) () (6D)

If 'sin*)

|| = i {- H sin 3 + cos 3 || + A cos 3 + sin 3 

— has been determined in section 1.2.1.

) (63)

H
D sin (g)cos (g - 3) 

Jx2 -f D 2 cos 2 (g - 3)

Replacing the numerator and denominator by P and F

P
H = ^

?I has been determined in section 1.2.1.

= o

-3) - sin sin

= sin (X) cos <£ -3) - g cos (g -3) cos g +g sin g sin (g -3) 
D u
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= Dsin(g) sin

F

= z£
p2

These equations relate the partial derivatives t
o the 

measurements. A programme can be written by taki
ng the 

equations in reverse order.

1.2.3 Errors in £

P 2 - 3 2 = Q

8Q 
9F

3Q 3Q 3p .22

If = 'P
If

'. I / 0 la(P

This enables the derivatives ^, ^, -^ and ^| to be 

evaluated in terms of derivatives already determ
ined. The 

standard error is found from
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1.3 Calibration

The specimen was covered with aluminium powder. This 

produces powder diffraction rings on the film. Measurement of 

the extreme values of y were taken a number of times, so as to 

supply an estimate of the error. From the known spacing, 

2.333078, for the first diffraction ring, the diffraction angle 

29 could be calculated. In this case, 29 = X. It was then 

simple to calculate the specimen film distance and its standard 

error.
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Appendix II 

X-Ray Diffraction Data

This appendix is devoted to a record of the 

measurements made, including those not used in the body of
•

the thesis. Most of the additional data presented here is 

of rather a poor quality and difficult to interpret. The film 

numbers recorded with the data refer to the original films. 

For the purposes of the thesis, this appendix is of little 

relevance, but it could be useful to future workers.

The errors calculated are standard errors estimated 

as described in appendix I. It must be remembered that 

specimens were not tilted for each reflection. The high 

degree of disorientation present means that information from 

an appreciable area in reciprocal space can occur at one point 

on the film. Besides complicating the analysis, this means that 

the specimen need not be precisely set for a particular 

reflection. Sufficient information is given in the following 

tables to enable the surface in reciprocal space corresponding 

to a perfectly oriented specimen to be found.

The data recorded are not always complete. Sometimes 

the pattern made it very difficult to obtain complete informa­ 

tion about all the reflections. On other occasions, not all 

measurements were necessary to obtain the required information. 

It is sometimes noted that a reflection was measured on only 

one side of the centre of the film. This was occasionally 

necessary where the background radiation was not uniform. 

Some specimens were supported vertically so as to use the 

direction with the best focusing for the equatorial region.



The tables are recorded in the order given in the 

table below. The following abbreviations are used :-
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T - S. tenuidentata

M - Su membramacea

R - ribbon

F - fibres

R.H. - relative humidity

room - room conditions

S.G. - silica gel

C & B - chlorobenzene & 
bromobenzene

UA - uranyl acetate

PTA - phosphotungstic acid 
(neutralised)

F - flat face towards the source 

E - thin edge towards the source
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Pilm No.

3

84

174

178)

177)

176)

183

187

188

190

200

203

92

193

194

197

199

201

204

205

208

213

214

217

219

Specimen

TR

TR

TR

TR

TR

TR

TR

TR

TR

TR

TR

TR

TR

MR

MR

MR

MR

MR

MR

MR

MR

MR

MF

MF

MF

Conditions

& treatment

1OO% R.H.

1OO% R.H.

1OO% R.H.

room

room

room

1OO% R.H.

room

S.G.

S.G.

1OO% R.H.

C & B

C & B

1OO% R.H.

UA

UA

UA

PTA

UA •

PTA

room

room

room

Specimen

orientation

F.

E

E

E

F

F

F

F

F

E

E

F

E

E

E

F

F

E

F

F

„
•

Specimen

tilt
(deg)

0

0

O

O

O

O

8.5

0

0

0

0

O

0

O

0

O

O

O

O

O

O

8 C . D

31

Specimen
-film

distance
(cm.)

17.5

11

11

11

11

11

11

11

11

11

64.7

11

11

11

11

17.5

17.5

11

11

11

11

11

11

Notes

Handed 
. -.'.pattern

Specimen 
vertical

ditto
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To simplify the presentation, certain abbreviations

M - meridional

E - equatorial

NE - near equatorial

NM - near meridional

EC. - equatorial component

MC - meridional component

? - description uncertain

are used. They are :-

WS - very very strong

VS - very strong

S - strong

MS - medium strong

M - medium

MW - medium weak

V - weak

VW - very weak

VW - very very weak

Film No. 3- Egg case stored for 9 months in liquid 

nitrogen. Specimen held under tension at 100$ R.H. viewed 

at right angles to the ribbon face. Cylindrical film. 

17.5 cm. specimen to film distance. S. membramacea.

A0' 1 x 10 5 
/ 5?

Description Position Intensity Value Error Value Error Value Error

Measured
as M

Broad
Lipid?
Same Re­
flection.
split?

NE?

Split? 
Possible
of above

.
M or
NM
M
NE
E

NE

M
NM
NE

M
M

splitting)
reflection)

S

W
S
MW
MW

MW
*

.
VS
MW
VW

W
VS
W 
W
W

1286

1035
1197
1705
2256

2312

2187
3221
2932

t x
3256
3402
3401 
3366
3416

10

7
Ik
15
15

15

13
18
17

10 5

19
20
43 
31
27

822

1035
1197
583

0

5049

2187
3028
5158

3 x 10

3255
3401
2017 
1503
2310

8

7
14
11
-

103

13
17

102

5

19
20
61 
21

25

989

0
0

1602
2256

2256

0
1098
2886

!x
0
0

2738 
3012
2517

10

—
—

15
15

15

—
8

16

10 5

_
..

25 
kO
57
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Description Position Intensity Value Error Value Error Value Error

Possibly NE E 
Diffuse.
Split? 
One side 
only 
Split?a 2?

One side 
only

One side 
only a 2?

Possibly 
split

Granular ) 
ring. Salt) 
crystals? )

Granular ) 
ring. Salt) 
crystals? )

NE

M
NM

M
NM
E

W

¥

M

M
NM
NM

M
M

M
M
NM
M
NM
NM
NM
M

NE
E
NE
NE
E
M
M

VW

S
S
S

VW
VS

VW
MW
MW
MW
MW
MW
MW
VW

W
S
W
W
VW
MW
M

M

M 
M

M 
M 
S

3377

4002

3511

4051
4013
^323

4432
4626

4727
4921
4935
5253
5250
5395
5437
5483

5248
5739
5938
5973
6044
5628
5857

22

30

21

25
33
31

30
27

28
29
38
30
33
37
37
32

40
33
46
35
34
32
33

0

c-792

3510

4049
3870
4092

4430
4623

4724
4917
4778
5248
5072
5345
5345
5478

1851
O

2916
942

0
5623
5851

-

14

21

25
32
29

30
27

29
29
28
30
31
37
37
32

60
—

51
22
—

32
34

3377

3923

0

0
1062
1395

0
0

0
0

1235
0

1354
727
996

0

4911
5739
5172
5899
6044

0
0

22

32

-

_
27
33

_
—

—
-

102
-

30
53
30
—

33
33
38
35
34
-
-

6052 34

6128
6155

36
39

6415 37

6121
6045

37
36

0
1160

Measurements on three reflections suggested a splitting into 
reflections at 7 deg. 13 min. + 2k mins. to each other.

Angles were measured at the centre of the pattern.

75

6496 
6569 
6367

37 
39 
36

6488
6391 

0

37 
37

0 
1519 
6367

39 
36
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Film No. 84. The specimen had been held under 

slight tension at 100$ R.H. for several weeks. During this 

time it was soaked for about 30 minutes in acetone. This 

removed most of the lipid. The pattern was obtained at room 

conditions. The specimen was supported with the thin edge 

towards the source. 11 cm. specimen to film distance. 

S. teniudentata. o-l

fx 10 5 3x 10 5 x 10
Description Po sition Intensity Value Error Value Error Value Error

M
One side
only NM

M

VW

S

Measured
as NM

Diffuse

Diffuse
Diffuse

Row 1 ine )
streak 

Hard to
measure

M or NM

NM

E

E

E

E

Very arced) 
Probably ) E 
lipid )

Very arced 
Probably 
lipid 

Samples?

E

VW

V¥

V

V

w

w

V

V

One side
only 

Artifact?

Hard to 
measure

One side 
only

E

E

E

E

1231 1231

859

2156

0

0

2408 8 0

0

NM

M

M or NM

NM

E

E

E

VW

S

VW

VW

W

W

W

1689

2220

2844

3014

1561

1363

1118

18

7

9
16
10
20

5

1613
2220

2833

2712

0

0

0

18

7

9
10

-
-
—

501
0

254

1316

1561
1363

1118

119
-

16
29
10
20

5

859

2156

2408 8

1

w

w

w

• 2554

2909^

5094

4856

9

19

20

20

0

0

0

0

2554

2909

5094

4856

9

19

20

20
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Hard to
measure
Hard to
measure
Hard to
measure

Sharp

Measured
as NM

Ftossibly
NM

NE

NE

NE

M

M

M

M

M

M

M or NM

NM

M

S

S

W

W

S

S

W

VW

vw

5120

4498

4914
3273
3446
3703
4057
4309
4656

4954
4964

5310

*_* .&. j~ \s

18

25'

19
10
11
11
14
13
14

16
16

16

JL • V^». -•- *^ «•

1080
.

2195

2183

3272

3444
3702
4055
4307
4653

4945
4930

5306

17

12

12

10

11

11

14

13
14

16
16

16

5005

3926

4403
0
0
0
0

0

0

285

578

0

17

27

19
-
-
-
-
-
—

57
32

-

Same reflec-)
tion 

Measured
as NM

Possibly
NM

NM

M

M

W

vw

5266

5414

5516

15

16

16

5247

5409

5511

16

16

16

454

0

0

44

-

-

Same
reflection 

Measured
as NM

Broad 

Poorly

NM

E

5513 16 5474 16

5661 17 0

652 37

5661 17

*r

resolv
Sampled

Sampled

MC

ed

measured
Hard to
measure
Artifact?

E
NE

NE

M V

M & NM

M

5514
5788

5725
5685

.

5903

6174

18
21
20

17

18

18

0

1273

1922

5679

5897

6167

-

17
19
17

18

19

5514
5646
5392

0

0

0

18

20

19
-

—

-
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Description Position Intensity Value Error Value Error Value Error

Measured 
as M M & or NM

Artifact? NM

Layer line M & 2 NM's
Better NM above

Layer line 
streak

Layer line 
streak

Measured 
as M

Blurred 
Blurred 
Broad

Blurred

Measured 
as M

Blurred 
Blurred
Measured 
as M

Measured 
as M

Broad
Blurred

Blurred

NM

NM

M If

M or NM

NM

M

M

M

M „ '
M

M W
M WW

M & or NM

M

M

M & or
NM

M & or
NM

M

M 

M 

M 

M 

M

M

S 

V 

W 

W 

V 

W 

W

6533
6537
6842
6844
6823
6890
6842

7101

7696

7533
7113

8387
8409
7561
7735
8670
9116
9330
9635
9920

10120
10577
10811

11294

11-781
13002
14033
13847

15336

15739
16151

19
19
20
20

33
22
22
62

24

23

21

24
24

23
23

59
• 27;"

27

33
31

29

33
31

34

36
38
41
41
44
45
46

6525
6525
6833
6833
6370
6700
6791
5972

7683

7520
7102

8369
8369
7548
7721
8655
9093
9306
9609
9891

10089
10541
10774

11251

11733
12936
13951
13768
15228

15623
16026

20
20

21

21

31

23
22
40

25

24

22

26

26
24

24
60
29
29

35
34

32
36
35

37

40
43
48
48
54

55
57

0

393
-

383
2444
1608

835
3843

-

-

0

0
828

0
0

0
0

671
7151

0

0
0
0

0

0

-

96
-

112

44
32
56
95

—

-
-

—
98
-
-
-
-

162
168

-

—
-
—

-

mm

13021 2259

0

0

0

0

0

-

-

-

-

_
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Description Position Intensity Value Error Value Error Value Error

One side only

Measured
as M

Probably M
& NM
Probably M
& NM

MC measured

Measured as M

Measured as M
Ring

Sampled

M
M
M
M

M or
NM

M

M

M

NM

M
NM

M

M

M

M
M
NM

M
M
M or
NM

M
M
M & NM

M

M

E

E

NE

NE

V

¥

VW

WW

¥

M¥

M¥

S

S

•

¥

V¥

V¥

S
¥

If
¥

¥

S

S

16304

16560
16951
17661

•

18553
18876
18923
19232

19333
19469
19550

19607

20120
20525
20806
21123
21348
21630
22387

22701
23298
23455
23724

24351
24719

25953
5670

6052
5779
6049

47
48
48
51

54
54
54

55
56
56
58

56

59
59
59
60
61
62
64

66
68
69
67
70
72

75
17
22
18
60

16175
16424

16806
17497

18363
18675
18672
19020
19011
19249
19241

19382

19877
20266
20538
20842
21058
21328

22051

22351
22919
23069
23325

-

24268

25429

0
—

1304
2507

58

59
61
65

70
71
71
73
73
74
74

75

78
80
81
83
85
87
91

93
97
99
99

107
115

-
—

11
134

0

0

0

0

0

0

0

0

3515
0

3458

0

0
0

0
0
-

0

0

0

0
0

0
- -

0

0

5670

6052

5630

5505

-
-
-

-
-
-
-

282
-

305-

—

-

-
-
-
- .
-
-

-

-
-

-
-

-

-

17
22

18

20
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Description Position Intensity Value Error Value Error Value Error

Broad E 6947

E W 7182

E 7659
E W 7874'

E W 8584
NE 6702

NE 7287
8221

8829

10601

W 11588

¥ 12510

W 13501
w 16509
W 18773
MS ' 19876

Poorly 
Resolved 19497

19563
21007
21832
22836
23637

E 11085

E 11739
E 12670

17707
19746

<^> m~s M. .* x*

25
22

23
23

26

43
—

28
34
38
49
67

55
71

91
119

129
131
310
428
288

319
32

33
37

496
376

0
0

0

0

0

3753 57
4500
6154 25
6784 34
9009 37
9880 47
11107 72
12184 51
15419 68
17465 78
18415 87

18884 115

19120 87

19656 309

20417 415

21914 277
22646 302

0
0
0

13489 538
15903 360

6947
7182

7659
7874
8584

5553
5731
5450
5647
5588
6054
5758
5816
5899
6885
7478

4854
4141

7411
7732
6422
6773
11085
11739
12670
11470
11705

25
22

23
23
26

33
-

67
31
45
63
64

213
165
236
319

388
620
269

420

423

496

32

33
37

383

393
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Film No. 174. Specimen at 100^ R.H. with the thin 

edge towards the beam. 11 cm. specimen film distance. 

S. tenuidentata.

f x 10 5

o-l

10 x 10I .A. J.\J ** .A. JL\-J *f SL. JL\J

Description Position Intensity Value Error Value Error Value Error

M
M
M
M
M
M
M
E
E
E
E
E

S
S
W
M
M
M
S
S
vs
S
MW
M

1268 8
2221 8
3247 22

3459 6
4045 7
4338 8
4675 8
5461 12

10715 29
16143 29
21548 36
26837 46

1269
2221

3246

3458
4043
4336
4672

0
0
0
0
0

8
8

23
6
8
8

9
-
—
-
—
—

0
0

0

0

0

0
0

5461

10715
16143
21548
26837

12
29
29
36
46

Films Nos. 176, 177, 178. This is a pack of three 

films in decreasing order of intensity. The specimen is the 

same as for film 174 after drying under room conditions at

constant length. 11 cm. specimen to film distance.
o 

Film No. 178. Axial sampling on the 9A row line at

3 = 0.01376 - 0.00045.

.o-l
Film No. 177.

fx 10 5 3x 10 5 10
Description Position Intensity Value Error Value Error Value Error

M

M 

M

M

S 

¥ 

V 

M

19359 35
19982 37
20409 47
20988 38

19143 61
19744 64
20156 72
20712 70

0

0

0

0
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Description Position Intensity Value Error Value Error Value Error

5 approx­ 
imate

it

u

42?

Broad

Row lines
NE

»

"

"

»

»

M 

M 

M 

M 

M 

M

M

M

M

MW

MW

MW

M

M

M

M

M

M

M

M

M

E

E

E

E

E

E

E

E

EC

EC

EC

EC

EC

EC

S

S

M

M

M

VW

S

VS

VW

S

VS

S

W

MW

W

VW

VW

S

S

M

M

S

M

21466

22246 43

22621 43

23703 52

24826 45

25833 55

20216 43

21001 43

21883 70

22738 46

1239 8
2221 8

3217 9
3467 10
3694 7

4053 10
4287 23
4624 11

4925 9

5650 12
11106 24

16647 29

22223 79
27619 44

1927 8

2359 4

2981 9

5650 12

6086 13

6926 25
7685 32
11148 35
11799 21

21170 74

21917 78
22275 80

23305 90
24369 93
25316 103

19093 68

19870 72

20742 93
21583 82

1239 8
2221 8

3217 9
3465 10
3692 7
4051 11

4285 23
4621 11

4921 9
0 -
0 -
0 -
0 -
0 -

0 -

0 -

0 -

_ —

-

- -

- -

- _

— —

0

0

0

0

0

0

6646

6801
'6974
7157

0
0
0
0
0
0
0
0
0

5650
11106
16647
22223
27618

1927
2359
2981

5750
6086
6926
7685
11149
11799

12
24
29
79
44
8
4

9

12
13
25
32
35
21

f approxi 
mate

1269 8 6700
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Film 176. Some of these reflections were also

measured on film 177.

- 1

f x 10 5 3x 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

Broad

Broad

Broad

Broad)
2 reflections?)

M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M
M

LS?)
M
M
M
M
M

S
S
M
S
M
V
S
VS
¥
W
w
M
M
MS
W
MW
V
V
M
VW
M
M
W
M
M

W
' MS

M
MW
W

1239 8
2199 4
3217 23
3^30 6
3658 10
4053 10
4317 11
4632 17
4917 12
5349 18
5606 12
5862 18
6169 18
6459 20 
6821
7531
8036 16
8336 21
8591 17
8848 22

9067 16

9308 18

9703 19
9820 19
10068 20

10646 19
11267 22

11770 21
14155 26

13579 28

1239 8

2199 4
3217 23
3429 6
3656 10
4051 11
4314 11

4629 18
4914 12
5345 19
5600 13
5856 19
6162 19
6450 21
6812 16
7518 16
8020 18
8318 23
8573 20
8827 24

9045 20

9284 22

9676 23
9792 23

10038 24

10610 24

11224 27

11722 28

14071 37

13505 37

0
0

0
0

0
0
0
0

0
0

0

0
0

0
0

0
0
0

0

0
0

0

0

0

0

0

0

0

0

0
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Description Position Intensity Value Error Value Error Value Error

Diffuse
•

Diffuse

Diffuse
Diffuse
Diffuse
Diffuse
£ approxi­ 

mate
11 sharp

11 diffuse
" diffuse
" sharp
" diffuse
it

" diffuse
H

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

MW

M

M

M

MW

W

W

MW

M

S

M

M

MS

MS

MS

MS

MS

MS

MS

S

M

M

W

M

M

MS

W

S

S

S

S
1 W

W

W

W

13988 50

15233 28

15626 29

16077 30
16477 **2
17613 44
18136 68
18499 38
18833 36
19398 39
20036 40
20427 48
21035 39
21541 43
22307 51
22604 43
23634 44
24743 63
25836 50

_ _
- -
- -
- «.
— —
- -
- -
- -
_ -

20172 39
20772 81
21681 50

22985 46

13454 31
14121 38

14770 40

15954 57

13906 56
15128 42
.15512 43
15953 45
16344 55
17451 60
17958 79
18310 59
18634 59
19180 63
19796 67
20172 73
20757 70
21242 75
31975 83
2225? 80
23239 86
24289 101
25319 101

1380 9
2720 48
3805 16
4815 19
6117 26
7025 22
8308 41
9104 55

9956 33
19031 66
19630 98
20531 79
21812 83
7249 30
8367 44

9367 46
11047 70

0
0
0
0
0
0
0

0

0

0

0

0

0

0

0

0

0

0

0

5700

5700
5700
5700

5700

5700
5700
5700
5700

0
0
0
Oi:

11334 40

11375 63
11420 71
11511 129

-
-
-
-
-
-
-
-
-
-
—
-
-
-
-
-
-
-

_
-
-
-
-
-
—
-
-
-
-
-
-
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Description Position Intensity Value Error Value Error Value Error

Broad

Sharp

f approximate 
Broad

n

Diffuse E

E

E

MS

M

M

M

MS

MS

MS

MS

MS
W

3rd, 4th & 5th 
row lines of 17A°

2nd, 3rd, 4th 
and 5th row 
lines

W
W
W

16282 66

18013 55
18722 50

19674 52
20586 50
21490 56

22635 126
23362 54

24456 57

25432 63

1912 22

2381 22

3032 16

11487 83 
13692 67 
145^9 63 
15669 68 

16712 68 
17724 79 
18977 147 
19759 85 
20915 93 
21929 103

7301 109

10191 85
0 -
0 -
0 -

11539 160
11705 132
11783 116
11898 127
12020 120

12152 151

12338 423
12466 151
12676 174
12881 207

1912 22

2381 22

3032 16
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Film No. 183. Specimen held with the flat face 

towards the beam under room conditions. S. tenuidentata. 

This is the pattern without a meridional line of symmetry

11 cm. specimen to film distance.

o-l

f x 10 5 *x 10 5 I x 10 5
Description Position Intensity Value Error Value Error Value Error"~* r*' "*" ** ~

Reflections
along a line 
18 to fibre

n
n
n
it
tt
n
ti
n

5 approxi­ 
mate

3 approxi­ 
mate

Perhaps NE

5 approxi­ 
mate

>
at J 
axis t

NE

E

E

E

NE

E

E

E

NE

E

E

E
E

NE

E

1 VS
1 S ) S

M¥

MS
MS
M
¥
¥
¥
¥

¥

MS

MS
MS

M¥

M¥
M"

S

¥

¥

MS

¥

MS

M

MW

M

1246 2
2220 4
4657 8
3216 6
4303 8
5335 10
5913 12
6221 13
6528 13
8333 16
8643 17
1761 50
2330 4
2983 14

3597 8

5381 42
5928 12
6579 14
6977 19

7754 14
8276 21

8549 15
' 9460 18

9903 19

10384 21

10869 26

1184 2
2111 4

4446 9
3071 6
4107 8
5068 10

5614 13
5906 13
6197 14
7902 18
8192 19
650 5

0 -
0 -
0 -

1461 -
0 -
0 -
0 -

1456 -
0 -
0 -
0 -
0 -

2172 -
0 -

387 14
687 25
1385 55
954 38
1283 50
1668 59
1855 75
1953 78
2052 81
2646 99
2754 102
1637 54
2330 4
2983 14

3597 8

5179 43
5928 12
6579 14
6977 19

7616 15
8276 21
8549 15
9460 18
9903 19

10154 21
10869 26
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Description Position Intensity Value" Error Value Error Valu_e Error

3 approxi­ 
mate NE

E

E

E

E

M?

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

Maxima of) E

of intensity) E

modula- ) E

tions ) E
" M
it M

n M

it M

MS
M

M

W

W

MS

MW

W

W

W

MW

MW

VS

VW

W

M

W

MS

M

MW

MS

MW

VW

M
M-

M

MW

13191 25
12453 27

13518 28

14227 38

14947 27

4673 10
6167 32

17564 35
17840 44
18130 33
18493 37
18841 37

19378 35
19813 36
20059 39
20392 37
20739 38
20956 41
21506 42
21896 49
22229 43

22474 41
22719 43
23527 45
24060 43
25744 48
26763 48

4682 8

6427 12

9310 17

12995 23
21000 38

22272 40

23657 43
24752 45

2873 -
0 -
0 -

0 -

0 -

4670 11
6160 32
17403 54
17671 60

17953 55
18305 58
18642 60
19161 61
19581 63
19818 66
20139 66
20473 68
20682 71
21209 74

21583 80

21900 79
22135 78
22369 81
23138 86
23644 88
25233 100
261 88 106

0 -
0 -

0 -

0 -

20723 70

21942 77

23261 85

24298 92

12874 25
12453 27

13518 28

14227 38
14947 27

0 -
0 -
0 -
0 -
0 -
0 -
0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

4682 8

6427 12

9310 17
12995 23

0 -
0 -
0 -
0 -
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Description Position Intensity Value Error Value Error Value Error

Measured 
as M

M 

M

M or NM 

M or NM 

M or NM 

M or NM

25787 46
26878

30224 54
31648 56
34257 61
35387 63

25273 99
26296 107

29394 132
30693 144
33043 167
34047 177

0
0

0
0
0
0

Film No. 187. Fibre axis vertical. Specimen under room 

conditions with the flat face towards the beam. 11 cm. specimen 

to film distance. S. tenuidentata,
A0 ' 1

f x 10 5 3x 10 5 ?x 10 5 
Description Position Intensity Value Error Value Error Value Erro

NE

NE

Equatorial ) 
components ) 
of E and NE) 
reflections)
it

it
it
it a 2?

it

tt

tt

M

MS

W

MS

S

VS

MW

M

MS

MW

MW

MS

MW

MS

M

W

W

1249 18

1817 7

762 1
763 2

989 22

1649 8

2264 22

2997 9
3604 7
5403 18
5944 12
6586 13
7744 18
8289 18.
9422 21
9835 31
10306 28
10870 29

12485 34
12988 33
13491 37
14157 38
14850 40



Film No. 188. Fibre axis vertical. Specimen at 100$ R.K. 
with the flat face towards the source. 11 cm. specimen to 
film distance. S. tenuidentata.

A0" 1 x 10 5

232

Description Position and Intensity Value Error

Equatorial components of 
strong equatorial and 
near equatorial 
reflections

5681 11
6381 13
8609 18
9190 20

Film No. 190. Specimen under room conditions with the specimen 
tilted about an axis at right angles to the fibre axis by 8.5 
from the position with the flat face towards the source. 
11 cm. specimen to film distance. S. tenuidentata.

A0 ' 1

f x 10 5 3x 10 5 ?x 10 5 
Description Position Intensity Value Error Value Error Value Error

Broad
Sharp
Broad
Broad

Salt rings
it

it

it
it

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

W

V
W
W

VS

M

M
M
MS

M

M

M

M

M

M
W

W
VS

M

M

17680 49
18188 56
18566 48
18957 51
19494 49
20160 60
20479 58
20913 59
21159 53
21607 52
22330 53
22763 63
23715 55
24262 62

24881 71

26045 58

30025 63
33153 68
40322 78
44121 83

17679 46

18188 51
18566 44
18957 46
19494 45
20160 55
20478 53
20911 53
21156 48
21603 47
22323 48
22754 57
23700 51
24243 58
24856 65

0
0
0

0

0
0

0

0

0

0

0

0

0

0

0
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Film No. 200. Specimen over silica gel with the flat face 

towards the source. 11 cm. specimen to film distance. 

S. tenuidentata. The pattern gives an equatorial line 

and a meridional line close to which most intensity falls. 

They are at about 87 degrees to each other.
.o-l

/x 10 5 10 x 10
Description Position Intensity Value Error Value Error Value Error

Wide arc

MC measured NM

Broad

EC measured NE 

EC measured NE
E 
E

Very broad) E 

2 reflections?)

Sharp 

Sharp 

Broad

M

M

M

M
NM

M

M
M

M
NE

NE

E
E
E
is?)

E
E

E

E

E

E

E

M

W

S

S

S

M
MW
S
V
W
W
W

W
W

M

MS
S

W

W

M

W

V

M

1375 18
1257 6
2221 15

3259 10
339^ 10

- _

465^ 16
5340 24
5882 17

6202 20
- -
- _

2456 7

3062 10
3543 43

6238 67
6779 19
7117 22
7885 24
8450 26

6117 50

6859 28
7436 24

839 23
1256 6
2221 15

3258 10

3393 10
4235 12
4651 16
5335 24
5876 18
6194 21

- -
- -
0 -
0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

1090 14
0 -

0 -

0 -

0 -
- -

0 -

0 -

0 -

0 -

1154 6

1683 7
2456 7
3062 10
3543 43

6238 67
6779 19
7117 22
7885 24
8450 26

6117 50

6859 28
7436 24
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Film 203. Specimen held over silica gel with the thin edge 

towards the beam. 11 cm. specimen to film distance. 

S. tenuidentata.
o-l

x 10 3x 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

Broad 2)

M

M

M

M

M

M

M

M

M

M

M

S

S

vw
w
S

MS

M

MS

S

VW

M

reflections?)

Broad

Broad

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

W

M

MW

MW

W

¥

W

W

W

W

VW

W

W

S

w
w
MW

M

1283 9
2243 10

2507 11

2910 15

3269 21

3415 21

3745 18

4338 20
4677 23
4968 22

5357 25

5642 25
5884 28

6191 29

5950 27
659^ 33
7567 35
8021 42
8687 42
8599 42
10032 48
10748 57
11274 59
11726 55
19432 87
20098 103

20417 92
20938 96

21610 97

1283 9
2243 10

2506 11

2909 15

3268 21
3414 21
3743 19
4336 20
4674 24
4965 23
5352 25

5637 26
5878 28
6184 29
5944 27
6586 34

7555 36
8006 43
8667 43
8580 43
10002 49
10711 58
11231 61
11680 57
19213 99
19856 113
20163 104
20664 110
21309 112

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0

0
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Description Position Intensity Value Error Value Error Value Error

235

Broad M

M
M

P approxi­ 
mate

"
n
n
"
11
"
n

M Broad
H ,1

„ „

Row lines measured)
from E and NE )

reflections )
n
n
11 Broad

11 Broad, Perhaps ) 
2 row lines )

«
it
11 Blur
11 Blur
it
n

M 22700 102

W 24855 125

w 26020 136

S - -

MW - -

MW - -

W - -

W - -

MW - -

W - -

W - -

S - -

S - -

S - -

vs - -
vs - -
w - -
M - -

MW - -

VW - -

VW - -

ww - -
vs - -
w — —
w - -
M - -

W - -

22351 119
24395 144

25492 157

1387 17

2613 48

3755 94
4843 41

5973 34
6987 34
8544 44
9210 110
19129 135
19852 107
20157 109

- -
-
- -
-
- -
- _

-

- -
- -
- _
- _
- -
— —

0 -

X) -
0 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5800 -

5752 27

6202 29

6753 59
7114 39
7844 45
8583 48

9832 66

10687 48
11368 51
12018 57
12932 67
17041 73
22638 95

Maximum in the 

intensity ) 
Modulation on the) 
3rd and 4th row 

lines of 17A

24145 119 7641 149 22904 121
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Film No. 92. Specimen from S. tenuidentata, at 100^ R.H. 

Thin edge of the ribbon towards the source. Specimen to 
film .distance 6'*.7 cm.

Position Intensity
x 10

o-l

E 
E 
E

WS 

M
ww

1982
4013

6496

Film No. 193- Specimen after soaking in a mixture of 

chlorobenzene and bromobenzene. The pattern was obtained 

with the flat face towards the beam. 11 cm. specimen to film

distance. S. membramacea.
Ao-l

f x 10 5 5x 10 5 f x 10 5
Description Position Intensity Value Error Value Error Value Error

M and NM measured)
as M. NM*s could)
not be clearly )
identified owing )
to disorientation)
n
n
n

" a 2?
1!

n

it

it

tt

it

w
w
S

M
V

S
W"

S

w
S
w
S

w
M

S

M

M

W
W

1041 29

1246 15
2236 8

2477 30
2858 16

3225 6
3745 10
4295 8
4448 11

4690 17
5386 ~24

5906 11

6177 13
6462 12
9118 27
2256 30
2949 25
3638 20

4407 37

1041

1246

2236

2477
2858

3224

3743
4292
4446
4687

"5381
5900
6170
6454
9096
1807
1807
1806
1804

29
15
8

30
16
6
10
8

11

17
'24

12

14
13
29

35
35
35
35

0
0
0

0
0
0

0
0

0

0

0

0
0

0

0

1350
2331
3158
4021

15

15

10

37
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Description Position Intensity Value Error Value Error Value Error

3" measurement
doubtful

E
E 

Poor 3 ) E & 

Measurement )NE

Blur
Blur

E

E

E

E

Film 194. Spec 
of chlorobenzene
thin edge
to film di

of the

stance

Description Posi

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

M

MS

s.
or 

VS
M
M

W

W

imen of

5505
5984
6586 

8290
9739
10893
12877
15005

S. raembramac

and broinobenzene.
ribbon

•

towards the

17

24

19 

59
33
24
28

76

1802
0
0 

179*4
0
0
0
0

35
-

36
-

-

-

—

ea after soaking
It was

source.

f x 10 5
tion Intensity Value Error

M

S

MV

W

MS

W

S

W

S

W

MS

V

M

S

S

W

MS

MS

1165
2272
2463
2873
3220
4580
4287
4485
4669
5364
5913
6213
6455
9118
1937^
20446

21422

22535

52
15
15

5
20

11

11

17
11
10
13
18
14
27

35
43
41
43

supported
11

A0 ' 1

3"x 10 
Value

1165

2272

2462

2872

3219

4577
4285

4482

4665

5359
5907
6206
6448
9096
19157
20190
21129

22193

cm.

5 
Erro

52

15

15

5
20

11

11

17

12

10

14

19
15
29
61
70

73
80

5202 12
5984 24
6586 19 

8093 60

9739 33
10893 24
12877 , 28
15005 76

in a mixture 
with the
specimen

f x 10^ 
r Value Error

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 -

0 - •

0 -

0 -
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Description Position Intensity Value Error Value Error Value Error

estimated 
" diffuse 
" sharp

Equatorial 
components of E 
and NE reflections

11 Blur

S 

M 

M 

M 

M 

M

MW 

M

VS

V

W

S

V

1582 20

18207 89

18845 78

19695 89

20480 76

21404 114

5700
5700
5700
5700
5700
5700

5715

6180
6984
7550

11212

11853
13481
16719
22444

-
-
-
-
-
-

18

18

14

35
21

60
24

32

39

Film No. 197. Specimen of S. membramacea supported with the 

thin edge towards the source at 100^ R.H. Specimen film 

distance 11 cm.
0 " 1

f x 10 5 5x 10 5 10
Description Position Intensity Value Error Value Error Value Error

M

M

M

M

M

M

M

M

M

M

M

M

W

S

M

W

M

M

MW

S

W

W

V

W

997
2199
2470
2770
3239
4280

4683

5650

6076

7788
9047
10581

29
30

9
5

30
17
11
13
22

35
35
49

997
2199
2470
2770
3238
4278
4680
5644
6069
7774
9025

10546

29
30

9
5

30
17
12
13
22

35
37
51

0
0

0

0

0

0

0

0

0

0

0

0

-

-

-

-
—

-

-

-

-

-
—

A
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Film No. 201. Specimen from S. membramacea after soaking for 
3 months in 0.5^ uranyl acetate solution with the flat face of 
the ribbon towards the source. 17.5 cm. specimen to film 
distance.

Reflections on lines at an angle of 21 deg. 26-5 min. from the 
equator. A direct measurement of / gives 
= 0.00680 - 0.00003.

Film No. 20*1. Specimen from S. membramacea after soaking for 
3 months in Q.5°/o uranyl acetate solution. Supported with the 
flat face of the ribbon towards the source. 17.5 cm. 
specimen to film distance.

A0" 1

/ x 10 5 Sx 10 5 fx 10 5 
Description Position Intensity Value Error Value Error Value Error

Hard to measure
Same row line) 
3 approximate)
Intensity enhanced) 
by the treatment )

E M
n

it

E 

E

VS 

S

1680 49

1090 Ik

3363 11
2985 23
2713 12

1330 14

370

0 -
0 -
0 -

1025 79

1025 79

3363 11
2985 23
2713 12

Film 205. Specimen from S. membramacea after soaking for 
3 months in 2°/o phosphotungstic acid (PTA) neutralised with 
sodium hydroxide. The specimen was supported with the thin 

_.£dge of jthe ribbon_to3^ards_-the source. 11 cm. specimen to film

distance.

f x 10 5 3 X 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

M

M

M

M

E
M

M

S

S

S

S
MW

2770

3181
4273
4646
5664
1906

15
16
23
8

13
3

2770
3180
4270
4643

0
1905

16
16
23
9

-
3

0

0

0

0

5664
0

13
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Description Position Intensity Value Error Value Error Value Error

Row lines measured) 
from E and NE) 
reflections)

n
n 

n

11 Blur

it

S 

M

M

VS

MW

V

W

W

S

W

V

M

5374 38
6564 14

7288

10685
11154

12143
12970
14293
15991
17216
21411
26656

15
66

37
38
67
67
48
40
46
50

Film 199. Specimen of S. membramacea after soaking for 3 months 
in 0.5$ uranyl acetate solution. The ribbon was supported with 
the thin edge towards the source. 11 cm. specimen to film 
distance.

A
o-l

fx 10 5 5x 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

Intensity) M 
enhanced by) 
the treatment)

VS

Intensity) 
enhanced by) 
the treatment)

M
M
M
M
M
M
M
M
M
E

V
W
M

-MW

VW
M
MS
S
M
S

3 and 
approximate E W

2455 2455 0 -

2206

2763

3181
mm I f-r f\

3430

3760

4089
4258

4610

6455
5272

8
37
30
6

52
16
11
11
38
38

2206

2763

3180
—3429

3759
4087
4256
4607
6448

0

8

37
30
6

52
17
11
11

39
—

0

0

0

0

0

0

0

0

0

5272

10580 42

5331 37

0 • - 
7890 41

38

10580 42
5272 is



241
/ 5 I

Description Position Intensity Value Error Value Error Value Error

E

E

E

E

Film No. 208.

VS

W

M

MW

Specimen

11070
6078
6890
7618

from S. memb

29
45
12

45

ramacea

0 -

0 -

0 -

0 -

after

11070
6078

. 6890
7619

soaking for

29
45
12

45

3 months in 0.5/£ uranyl acetate solution with the flat face of the 
ribbon towards the source. 11 cm. specimen film distance.

f x 10 5 3 X 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

M

M

M

M

M

M

M

M

M

E

E

M

W

MS

W

MS

VS

S

MS

MS

S

MS

S

MS

S

VS

MS

M

MW

V

1026

1269

1854

2133
2448

3159
4009
4265
4573
1593
1345
1949
2446
2908
3164
3500
4800
4120

15

8

22

8

4

9
23
17
8

18

10

9
6

9
22

16
19
10

1026
1269
1854
2133
2448
3158
4007
4263
4570
1378
645
645
£45

0
927
3500
2091

0

15 .
8

22

8

k

9
23
17

9
3

15
15
15
-

10

16
39
-

0

0

0

0

0

0

0

0

0

799
1180
1839
2359
2908
3025

0
4321
4120

-

-

-

-

—

-

-

-

-

37
8

8

4

9
23
—

39
10



242
Film No. 213. Specimen from S. membramacea after soaking for 

3 months in 2 c/o phosphotungsti c acid (PTA) neutralised with 

sodium hydroxide. The specimen is supported with the flat 
face of the ribbon towards the source. Specimen to film 
distance 11 cm.

0 " 1

/x 10 5 Jx 10 5 x 10
Description Position Intensity Value Error Value Error Value Error

M

M

M
M

M
M

M
M

M
M

M

MW
MW

MW
M
MW

S
MW

S

S
Ml/

M

1057
1243
1929
2216
2462

. 3176
3825
4246
4617
5318
5822

19
19
10
3
5
6
6
5
5

33
11

1057
1243
1929
2216
2461
3175
3823
4244
4614
5312
5816

19
19
10
3
5
6
7
5
6

33
12

0
0
0
0
0
0
0
0
0
0

0

Row lines)
measured from)
E and NE reflections)
it 

it 

it 

it 

it 

ti 

it 

it

MW

M
W 

W
MW 
M" 

MS 

W
MW

2410 10

3048

3612

4895
5425

5976
6572
7721
8286

10

37
6

15
15
14
61
20

Film No. 214. Fibres drawn from the gland of S. membramacea. 

11 cm. specimen to film distance. The following table also
«

refers to this film.
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f x 10 5 Jx 10 5 I x 

Description Posi tlon Intensity Value Error Value Error Value Error

Layer line streaks 
measured on meridian
"
n
11
tt
n
tt
n
n
11 Blur
11
11
11

" Blur
11 Broad
"
tt

E or NE
E & NE

Broad 2 ) 
reflections!)
Layer line; also) 
samples other ) 
row lines )
1 or 2 layer lines) 
sampling row lines)

Layer line sampling) 
row lines )
n

t M

MW

MW

MW

MW

VW

WW

W

MW

MW

VW

VW

W

W

W

VW

VW

s
s
s

s

VW

W

VW

5862

5196

4712

4170

3796
33^9
2998
2382
1913
6111
7026
7699
9044
9278
10213
11046
11645
6416
9304

11986

9429

10419

9902

9652

30

25
23
20
17
17

53
13
11
31
39
36

47
48
66
60
92
35
60

58

42

51

46

44

5856

519-1
4709
4168

3795
33^8
2997
2382
1913
6104
7016
7686
9022
9254
10182
11006
11598

0
0

0

1471

4605

3320

2508

30

25
23
20

17
17
53
13
11
32

39
36
48
49
67
62
92
-
-

-

26

49

32

31

0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

6416
9304

11986

9313

9347

9329

9320

—
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

35
60

58

42

46

44

^3

Film No. 214 (as above). More accurate measurements and extra 

measurements in the low angle region. The measurements were 

made using a Nikon shadowgraph. The reflections are all 

layer line streaks from meridional and near ' meridional 

reflections.
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Description^ position and intensity

Fine

More intense and broader

? x icr
Value Error

253
428

774
977
1275
613
1877
2418
2790
3290
3840
4188
4713
5235
5853

of S.

17
17
17
17
24
4

9
21
21
22
26
25
22

25
27

membramacea

11 cm. specimen to film distance. The fibre axis was tilted 

8.5° away from being at right angles to the X-ray beam.

fx 10 5 5x 10 5 I x 10 5 
Description Position Intensity Value Error Value Error Value Error

M W 

M S 

M W. 

M W 

M VW 

Very broad

E 
E 
E

18598 82

19317 41

20216 53

20930 53

21899 45

22623 119
12340 38
9498 30
6365 20

18598
19317
20216
20928
21894
20401

0

0

0

75
38
48

48

41

45
-

-

—

0

0

0
0

0

9779
12330
9498
6365

-

-

-

—

-

307
38
30
20
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Film No. 219. Fibres drawn from the gland of S. membramacea. 
11 cm. specimen film distance. Fibre axis tilted as before 
but by 31°.

/ x 10 5 3 X 10 5 Ix 10 5
Description Position Intensity Value Error Value Error Value Error

M

The remaining reflections )
are all weak. They are )
all measured on the )
meridian, but they )
may not be )
meridional )

" Broad

67132 275 
21480 98 
31295 1^2 
32706 173 
40130 196 
46849 329 
51791 223 
60790 324 
72850 290 
77393 301 
86481 319 
87352 320 
90344 324

67132 275 
19989 151 
29920 177 
3137^4 184 
39102 177 
46159 173 
513^9 128 
60702 60 
72741 89 
77024 161 
84958 333 
85663 352 
87994 420

0 -

7864 364
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APPENDIX III

Statistical Ideas and Protein Structure

This work is not part of the main thesis and has not yet 

been developed fully. For this reason, the survey of the 

literature and the ramifications of the arguments are more 

limited than in the main thesis. This appendix concentrates 

on the development and illustration of techniques rather than 

properties of the proteins concerned. The particular statistical 

test required depends on the numbers and distributions, so 

some methods may need to be varied.

111,1. Introduction

Fibrous proteins are generally built of long uniform 

molecules and the variations along these molecules are often 

periodic in nature. This makes statistical ideas very useful 

in the analysis of periodic variations and interactions. The 

number of periods of a certain repeating property in a molecular 

length is often so great that periodicities can be identified 

without necessarily recognising the property which is significant 

in the periodicity. The number of interactions between adjacent 

molecules is so great that precise energy calculations, which 

are almost impossible, are not necessary. However, if the 

number of residues is small, the amino acids may well have to 

be grouped according to properties in order to obtain significant 

results. There are many ways of doing this; for example, by 

charge, size and hydrophilicity.
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III.2 Regularities in Sequence

It is to be expected that all fibrous proteins contain 

certain regularities in the sequence which relate to the structure. 

Sometimes the relevant property of the regularly spaced amino 

acids is easy to identify and may be simply hydrophobicity. 

Often the property is less general and harder to identify - in 

some cases only one amino acid is suitable. To overcome this 

problem, it is suggested that regularly spaced amino acid positions 

should be taken for investigation of the population of amino 

acids. If certain amino acids repeat significantly more often 

than would be expected for a system with no periodicities, then 

that periodicity is probably important for the protein. It 

then remains to identify the relevant property of the amino 

acids present and relate it to the higher levels of structure. 

III.2.1. The Residue Distribution.

A method also useful for less regular patterns is given 

below. A protein chain has 1000 residues and 10 of these are 

a particular amino acid to be investigated. It is proposed 

that this amino acid preferentially occurs at the twelve sites 

shown in Fig. III.1. Each site contains five amino acid positions 

and 7 of the 1O amino acids occur at those sites. The probability 

of seven or more occurring at these sites for randomly distributed _

residues is

10 10-i i
(i- --) (--) dii.i)

i=7 i! (10-i) I 1000 100O

as given by the binomial distribution. This can be used to 

test for preferential inclusion or exclusion of particular
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residues. Care must be taken since a periodicity in one 

residue can impose peridicities on other residues. The 

regular glycine distribution in collagen increases the 

probability of finding non-glycine residues at the other 

positions. For this reason, a high level of significance 

is desired. If the relevant property of the amino acid can 

be identified, the hypothesis can be set up to include all 

residues with that property and, if the hypothesis is correct, 

a higher significance is likely to be obtained. Carrying out 

this procedure for individual amino acids is a method of 

arriving at a hypothesis concerning the necessary properties.

It may be found that-only one amino acid position is 

important at each site. This is likely to be true for residues 

controlling interactions between rapidly rotating structures. 

At higher levels of structure, more positions may be important. 

For example, two adjacent residues oriented the same way could 

make up such a site. These could be separated by several 

residue positions along the molecule.

The sites chosen may or may not be separated by regular 

intervals. The separation could be determined as an integral 

or non-integral number of residues, for example a 28A period­ 

icity could be examined as easily as a 28 residue periodicity.

In general terms, for a chain of length A residues 

including r residues of interest , the probability of the 

residues occurring n or more times at a out of a total of A 

amino acid positions along the chain is

r r '
N = Z —————-——— (1 - f) r" i (f) 1 (III.2)

i=n i! (r - i) ! A
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The most probable value is

N = ~~ (III.3) P A

with a standard error of

(1 - f) (f) (£) (III.4)

This technique has been applied to the collagen sequence as 

described below.

III. 2. 2 Regular Periodicities

Sometimes it is not possible to produce a hypothesis, 
but the same method could still be used to test for periodicities

r\

by using a X test. Assuming a random distribution of residues 
the expected total, E, for a particular residue occuring at 
specified sites can be found. This can be compared with the 

observed value, O, by

(0 - E) 2

all residues

A high value of *2 indicates that a significant pattern is 

present. Reference to a text on statistics will provide 
tables of X2 and appropriate modifications which are sometimes 

necessary in the above formula.

In tropomyosin below, the positioning of the first site 

strongly affects the likelihood of finding a significant 
periodicity. To overcome this, site 1 could be fixed at one

end of the molecule and X2 could be calculated. Then,
2 staggering one residue at a time, other values of X could be

calculated until all possibilities had been covered. In the 
case of a periodicity of seven residues, seven values would be
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calculated. The variation of X over these values would show 

the importance of the periodicity at different residue positions, 

which would be interesting for tropomyosin. A total JC2, *p , 

for the periodicity could be calculated

*p = I X2 (III.5) 
all positions

2A graph of X plotted against periodicity would have peaks at

important periodicities in the sequence.

III. 2.3. Separations between Residues

A similar property that can be investigated is the separation 

between like residues. There are grounds for believing that 

similar separations occur throughout a sequence. Obviously, 

regular periodicities would also show up if this property 

was searched for. The method used in applying this search to 

tropomyosin has resemblances to methods involving nearest neigh­ 

bour distributions, as described later. The work done on 

tropomyosin illustrates this method and is described in Section III

III.2. 4 Nearest Neighbours

Sometimes certain groups occur near other ones much more 

than expected for a random system. In the case of tropomyosin, 

the nearest residue may be three residues along the chain, 

owing to the rapid rotation of the a-helix. Where proximity, 

rather than a fixed separation, is the important factor, it 

is better to investigate the nearest neighbour distribution 

than the predominant separations.

Each group having the property of interest is compared in 

turn with the nearest neighbour of interest and the separation
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each lysine with the nearest lysine, or each group of one 

charge, with the nearest group of the opposite charge.

As an example consider the nearest negatively charged 

neighbour to each positively charged group. If a proportion p 

of all groups is negatively charged, the probability of the 

nearest negatively charged group being n residues away from 

a randomly chosen positively charged group is P where

= P (1 - P) n~ 1 (III.6)

This distribution is shown in fig. III.2. If proximity is 

important, a distribution more akin to the dotted lines in 

fig (III.3) is obtained. If a certain separation is favoured 

a peak is obtained,otherwise the probability is higher for 

small separations.

III.3 The Tropomyosin sequence

About half of the sequence has been published (Hodges 

and Smillie, 1970, 1972, a,b, Hodges et al, 1973). It is 

clear from the published sequence that the hydrophobic residues 

are regularly arranged at positions II and V in a repeat of 

seven along the molecule. This arrangement was postulated by 

Crick (1953a,b) for a two stranded coiled coil structure 

making two turns per seven residues with respect to the 

major helix of the coiled coil. The hydrophobic groups lie 

along the line of contact between the two strands.

The work done below was carried out on a provisional 146 

residue sequence at the C-terminal end received prior to
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Since only a short section of sequence was available 

only some illustrative calculations were performed. The 

significance of most results was low, so only the more signif­ 

icant results are noted.

When the full sequence is available, the calculations will 

give results of greater significance. The second chain will 

then be added with the stagger of 14 residues which leads to 

good interlocking between the chains in a coiled coil with a 

hydrophobic core (Hodges et al, 1973).

III.3.1. Muscle

The structure and function of muscle has been reviewed 

(Huxley, 1971). Contraction of muscle occurs when the thick 

and thin filaments slide between each other. The thick filaments 

contain myosin. Myosin is a fibrous protein with a globular 

head that makes contact with the thin filaments repeatedly 

during contraction. The thin filament is a two stranded coil 

of F actin with tropomyosin running in the grooves on either 

side. Troponin is also present. F actin is a chain of globular 

subunits estimated by electron microscopy to be 55A axially, 

35 8 radially and 50 R tangentially (Moore et al, 1970). The 

two strands are staggered by 27.5 8 giving a periodicity in 

axial projection of 27.5 A .

III.3.2. The Separation between Residues

The work is preliminary so only separations by multiples 

of seven were considered, although other separations would be 

very likely to produce interesting results. If separations
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expressed in angstroms are to be investigated, then the nearest 

residue could be considered. The tropomyosin work does not 

indicate the definition of the separations, but if calculations 

were carried out at every separation,not just multiples of 

seven residues, and the fraction of comparisons producing 

identical groups was plotted, then the width of the peaks 

would indicate the definition of the separations. It seems 

likely that residues stabilising the most rapidly coiling 

structures will give rise to the best defined separations and 

periodicities. Owing to the rapid rotation of the chain, 

separations relating to interactions between larger structures 

could produce peaks separated by several residues. In the case 

of tropomyosin, a three residue translation brings the residue 

orientation to only 50 degrees from the starting position and a 

seven residue translation produces a similar angle.

It is also possible to consider separations approximating 

to certain values, which need not necessarily correspond to an 

integral number of residues. If several residues are considered 

for each comparison, a higher level of significance will be 

obtained for some situations.

The following comparisons are categorised according to 

their relation to the structure.

III.3.3. Stabilisation of the Coiled Coil.

Each residue was considered in turn and when it was 

identical with a residue separated from it by a multiple of 

seven this was recorded. The first residue was compared with 

twenty others, the eighth with nineteen and every residue was 

so compared until the 134th was reached. The same method was 

used for each of the other columns in table III.l. The number
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and proportion of times the residues compared are identical 

for the various columns is shown in table III.2. The standard 

errors stated assume that the comparisons made are a random 

sample from the molecular chain and are taken as Jn where n 

events are counted.

The lowest total corresponds to group VII, which is on 

the outside of the coiled-coil model proposed by Crick (1953a,b). 

The next lowest total occurs for Group IV which corresponds 

to residues away from the line of contact between the chains. 

The mainly hydrophobic groups, II and V, both have high totals; 

these are found on the inside of the coiled coil. Groups I, 

III and VI, which are mainly hydrophilic, have high totals, 

which seems to indicate that they are instrumental along with 

groups II and V, in the stabilisation of the coiled coil, since 

a repeat of seven is a fundamental property of the structure.

Groups VII and IV, which have low totals, probably control 

interactions with actin, troponin and perhaps myosin.These 

interactions are likely to be controlled by periodicities 

which are not necessarily multiples of seven, in which case 

residues from different columns of the sequence table could 

contribute to one periodicity. Such periodicities may be 

less well defined, since these control interactions between 

more slowly coiling structures. It might be thought that these 

interactions are more polar than those within the coiled coil, 

but hydrophobic interactions are still important.

If groups following and preceding the hydrophobic residues 

form a barrier between a hydrophobic environment and a hydro­ 

philic one, this could have a stabilising effect. Glutamine 

and its acid have a short paraffin chain and a hydrophrlic



257

terminus to the residue, so the high incidence of one or the 

other in these positions is not surprising.Lysine could fulfil 

a similar role for interactions between larger structures, 

where a longer paraffin chain is required.

The highly hydrophobic nature of groups III and VI 

emphasises the importance of these in coiled-coil interactions. 

It may be expected that tightly coiled structures will be 

stabilised by fewer of the large hydrophobic residues, such 

as tyrosine and phenylalaKine. Interactions between such 

structures could be expected to be in part by means of hydro- 

phylic residues. This view is supported by the ability of 

three stranded collagen molecules or dimers of paramyosin to 

exist intact and separated in an aqueous environment.

III.3.4. Other interactions

Comparisons were also made for fixed separations between 

residues.c Tests were carried out for each of the seven groups. 

A separation by 14 residues, for example, was found by 

comparing every pair of residues separated by this amount and 

recording the fraction of the comparisons finding identical 

residues. Taking the seven groups together the most significant 

separations were 28, 35, 56, 77, 84 and 112 residues.

The 28, 56, 84 and 112 residue repeats indicate a 28 residue 

periodicity. Hodges et al (1973) found that the 14 residue 

stagger was achieved by matching a small hydrophobic residue 

in one chain with a large hydrophobic residue in the other 

chain. For perfect matching, a large hydrophobic residue would 

have a small hydr9phobic residue 14 residues on either side.
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This leads to large hydrophobics being on a 28 residue repeat 

and the small residues being on another 28 residue repeat 

displaced 14 residues from the first.Groups II and V in table 

III.l show this to be the case. The sequence down column II 

is (lie or Leu, Leu, Ala, X) n , with a few exceptions. The 28 

residue repeat is also significant in Groups I, III and VI, 

perhaps indicating a relationship between the structure of the 

core and that of the periphery of the coiled coil.

The 77 residue separation corresponds to 110 8 measured 

along the thin filament or 1148 along the coiled tropomyosin 

molecule. It may relate to the 27.58 or the 5 58 repeat along 

the thin filament, which could be found directly by a fuller 

analysis of this type. In this case it could correspond to 

28A periodicity seen as lightly stained bands in electron 

micrographs of in vitro aggregates of tropomyosin (Caspar 

et al ., 1969; Parry and Squire, 1973). Hydrophobic residues 

away from the coiled coil axis occur at 28A intervals. (A.Miller, 

(personal communication); Parry, 1974).

The 35 residue separation and the 49 and 63 residue separations 

in group I require more information before their origin can
•

be identified. Charged residues appear to be involved, but

significance is low.

III.3.5 A three dimensional approach

A one dimensional study only gives limited information, 

but perhaps sufficient to commence a three dimensional study. 

Knowing the a-helix has 3.5 residues per turn, the sequence 

has been arranged in fig. III.3 to make the angular and spatial 

arrangements more apparent. As yet, only one chain is 

represented.
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III.3.6 Distortions of the coiled coil

Certain residues may cause distortions: non-h^arophobic 

groups in positions II and V; glycine, tyrosine, asparagine, 

serine, proline and cysteine (Finkelstein and Ptitsyn, 1971); 

and also aspartic acid (Kotelchuck and Scheraga, 1968, 1969, 

Lewis et_al, 1970).

In position II, such residues occur on a period of 28 

residues. Table III.4 is the same as table III.3 with only 

these residues recorded. Hydrophobic groups not in positions 

III and VI are likely to form intermolecular interactions not 

disruptive to the coiled coil, so these are not included, 

except for those listed above.

The arrangement of these residues is similar to that of 

the hydropbobic residues, which probably interact with actin,

so they may relate to small distortions of the coiled coil 

allowing a stronger interaction with actin. Most of these 

"residues not near the hydrophobic residues are arginine, lysine, 

glutamine and glutamic acid, which may be speculated as being 

present at the interface between protein and the aqueous 

environemnt, thus playing a twin role by means of a hydrophobic 

paraffin chain and a polar part. The helix propensity of the 

residues recorded was determined in a very different system.

The residues (table III.4) are arranged in a band of 

gradually decreasing pitch as it becomes farther from the C 

terminus. The residues also tend to lie on the dotted lines. 

The dotted lines are about 18O° apart around the a-helix. The 

significance of this awaits the full sequence.
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III.3.7 Interactions with the actin helix

Large hydrophobia residues and most hydrophobia residues 

away from the coiled coil axis probably contribute to interactions 

with actin. These residues and the positively charged residues 

are arranged on related patterns. The large hydrophobic 

residues, tyrosine and phenylalanine, hydrophobic residues not 

in positions II and V, and positively charged residues are 

recorded in table III.5

The hydrophobic residues lie near a helix on the surface 

of the a-helix. At angles of about 90° around the a-helix from 

this line are found the positively charged groups,mainly lysine, 

but their positions are less well defined. The hydrophobic 

residues have a tendency to cluster on a repeat that may be 55A, 

which relates to the actin structure.

The pitch of the F-actin helix has been estimated as 

7O08 (Huxley, 1963) and the screw sense has been determined 

as right-handed (Depue and Rice, 1965). The screw sense in 

the thin filaments of insect flight muscle is right handed (Reedy, 

1968) . The pitch' in muscle has been estimated as being between 

6988 and 8128, depending on the muscle and the experimentalists. 

(Fraser and MacRae, 1973 a).

The repeat distance of the line linking the hydrophobics 

may be close to Ilo8. A tropomyosin pitch of 1868 would be 

1808 after projection on to the thin filaments. To interact 

with the actin helix, the line of hydrophobics should go once 

round the a-helix in 14o8. The discrepancy may disappear when 

the full sequence, the two chains and the pitch of tropomyosin 

can be considered together. The two helices of opposite hands
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(a coiled coil is left handed) rotate towards each other.

The pitches of the actin and tropomyosin helices are P A and ?„,t\ j.

(PT is the pitch projected on to the axis of the thin filament). 

The line of hydrophobic residues passes once round the a-helix 

in distance R. Then

" R (III. 7)
A

The axis of the tropomyosin molecule is inclined to that 

of the thin filament, so in practice the coiled coil of period 

PT rotates more rapidly than expected from this formula , as 

the value of 11OA rather than 14oS suggests.

The lines of positively charged groups on either side of 

the line of hydrophobic residues are mainly lysine. Perhaps 

lysine fulfils a similar role to glutamic acid. The long 

paraffin chains could interact with the line of hydrophobic 

residues and the polar parts with the aqueous environment, 

tropomyosin moves in the groove of the actin helix (Parry and 

Squire, 1973) . Lysine has a high temperature factor (Kendrew, 1962) 

inferring the flexibility required for movement.

111.3.8 Further work.

With the full sequence, the second chain will be included 

and the analysis will be more quantitative. If the overlap 

between coiled coils can be established, a long chain of 

molecules can be analysed with greater thoroughness.

111.3.9 General speculation

The core of the coiled coil is very hydrophobic. This is
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probably a general feature for small structures, as evidenced 

by their stability in aqueous environments, in particular 

acidic and basic ones. It seems likely that tightly coiled 

three chain structures, such as the collagen molecule, are 

stabilised by small and medium sized hydrophobic amino acids; 

whereas the data on tropomyosin are consistent with only the 

largest ones being excluded from the core.

Most hydrophobic residues not on the coiled coil axis 

fall on a line enabling.easy interaction with the actin helix. 

This is produced by preferential exclusion of these groups from 

surfaces in an aqueous environment. These could control azimuthal 

relationships between interacting structures, but there is no 

reason to suppose that they are more important than polar residues P 

in controlling axial register. These hydrophobic amino acids may 

be larger than those on the coiled-coil axis. As the periodicities 

are less well defined, in part a consequence of the rapidly 

coiling a-helices not presenting residues at the correct angle at 

the required intervals and in part the greater area over which

interactions may occur, larger residues may well be preferred.

There are many glut.amines or glutamic acid residues bordering

the hydrophobic core indicating that hydrophilic groups with 

hydrophobic chains are an important stabilising factor at the 

interface between hydrophobic and hydrophilic regions. The 

stabilising groups are more likely to be the acid, since inter­ 

actions with water would then be stronger. It would be predicted 

that interactions between larger structures would use residues 

with longer paraffin chains, such as lysine. It is clear that 

lysine is preferentially arranged on lines 90 around the a-helix
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on either side of the line of hydrophobias controlling inter­ 

actions with actin.

An interesting observation is that groups generally 

considered to disrupt an a-helical or a coiled-coil structure 

are arranged in a helical band around the coiled-coil bearing 

some relation to the line of contact with the actin helix.

These observations are useful in deciding how to group 

residues to give high significance in the techniques proposed 

and used.

III.4. The collagen sequence 

III.4.1. Regularities

Collagen has not been studied in the same way as troponj|S£siri 

but a number of regularities in the positions of specific 

groups were noted by a colleague. Statistical tests were 

performed using the methods of section III.2.1. Testing 

significance is not easy, since a regularity may be imposed 

by the presence of other regularities. For example, the 

glycine periodicity excludes phenylalanine from a third of the 

residue positions.

As an example of the techniques used on tropomyosin, 

observe the separation between phenylalanine residues. They 

occur at positions 23, 92, 167, 233, 317, 4O4, 464, 503, 632, 

791, 932 in the sequence as published by Hulmes et al (1973), 

Staggers that are multiples of about D = 234 residues are found. 

Positions 233, 464 and 932 are described approximately by

j = D - 3, 

where j is an integer. Assuming other positions differ from
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these by submultiples of D, the others are best described by

kD - (3/11) D-3 

for positions 167 , 404 and 63.2;

- (7/11) D - 3 

for positions 92 and 791

- (1/6) D-3 

for position 5O3 and

mD - (1/9) D-3

for position 23, where k, &, m and n are integers. This indicates 

that separations of 21, 26, 39 and 234 residues may be important, 

but only further analysis can show this.

The regularity of phenylalanine suggests that only one 

residue is suitable for certain functions as stated in section 

III.2. If the analysis of section III.3 had grouped all 

hydrophobic amino acids together, important features of tropo- 

myosin would have been missed. It is clear that the techniques 

described in section III.2 could be very powerful if applied 

to collagen.

III.4.2. General speculations

From the analysis of tropomyosin, it was suggested that 

glutamic acid plays an important part in the stabilisation of 

rapidly coiling structures. The difference between the two non- 

giycine positions in the collagen sequence is likely to relate 

to the structure of the triple helix, so the distribution of 

glutamic acid residues was investigated. For the sequence (Gly-X-Y)



265

it was found that position X contained 38 residues and position 

Y 6 residues. This indicates that the role of glutamic acid 

could be similar to that in tropomyosin.

Here glutamic acid residues were concentrated close to 

the line of hydrophobics stabilising the coiled coil, suggesting 

that the hydrophobic paraffin chain and the hydrophj'lic charged 

terminus enabled it to make stabilising interactions with both 

the hydrophobic amino acids and the aqueous environment. The 

equivalent role in collagen would be the stabilisation of the 

interactions between collagen molecules. There was a suggestion 

that lysine performed a similar role for the interaction between 

actin and tropomyosin. This is more likely to be equivalent to 

interactions between microfibrils. The larger size of the 

structures may require the longer paraffin chain possessed by 

lysine.

The suggestion that small hydrophobic amino acids stabilise 

tightly coiled structures is supported by the glycine periodicity 

in collagen. Positions X and Y are well away from the axis of the 

triple helix so they must also contribute to inter-molecular 

interactions.

III.4.3 Interactions

Analysis of the interactions between long fibrous protein 

molecules is made possible by the statistical features described 

in section III.l . These techniques are explained by reference 

to collagen.

III.4.3-1. Proposals for Investigation.

When the collagen sequence determined by various workers
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was collated by Hulmes et al (1973) colleagues discovered 

that complex scoring schemes were of no avail. A colleague 

and I agreed that polar interactions could be scored equally. 

Moreover his view that polar groups controlled the interaction 

was worth testing. It seemed reasonable to count the inter­ 

actions made between two collagen alchains. A program was 

written to count the number of interactions made between two 

chains as they were staggered by different amounts. Applying 

the central limit theorem to the distribution of residue-residue 

interaction energies (see section III 4.3.4), it is found that 

the interaction energy and the number of interactions maximise 

together. • **•

To investigate the importance of polar interactions, the 

number of interactions between unlike charges and the number 

between like charges were found. The latter was subtracted from 

the former to obtain a number representing the interaction. 

Since like charges repel and do not make contact, the effect 

of like charges is much less. If this was followed up, they 

would have been treated separately from other interactions. As 

one molecule interacts with others along most or all of its 

length, it was considered that an appropriate normalisation 

was needed. Counting interactions with other molecules would 

require assumptions regarding the staggers between more than 

one molecule, so only two interacting molecules were considered. 

Instead, the number of interactions was divided by the number 

of residues compared at that stagger.

Ir appeared likely that a stagger of D (6688 - 28. Wray, 

1972; Miller and Parry, 1973) occurred between collagen molecules,
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(that is between triple helices), since it fitted the Hodge- 

Petruska model. On this basis, the graph of the number of 

interacting residues as plotted in fig. III.3 was the predicted 

result of the analysis, the dips occurring because like inter­ 

actions were considered. If only like interactions are considered, 

then the dips disappear, leaving peaks at D and 3D. Fig. III.3 

also illustrates diagrammatically how the peak at 3D is produced. 

The presence of this peak does not necessarily indicate that 

a 3D stagger is important in vivo.

Interactions between unlike charges were given a score 

of 1 and between like charges a score of -1, all others being 

scored zero. It was decided to plot the results using the 

graph-plotting package available on the ICL 19O6A computer. A 

colleague suggested an extension to include opposing residues 

plus one either side. This is reasonable since side chains 

are quite long, and the main chains are thought to be staggered 

by one residue within the molecule. As it was a trial program, 

interactions between more greatly separated residues were not 

counted. The importance of these must be tested by observing 

their effect on the results. A colleague used this method.The 

output revealed peaks at multiples of D - a significant event, 

since it was the first time sequence had been related to structure 

in proteins, except for local interactions.

The method introduces several useful techniques. These are: 

counting interactions instead of making approximate energy 

calculations; considering residues with a selected property; 

staggering chains to find the favourable interactions; and 

plotting the results in a form showing these directly.
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4.3.2___Further investigations

The method has been well illustrated by work carried out 

by Hulmes et al (1973). This section is devoted to a discussion 

of their work.

III. 4. 3. 2.1. Analysis

Hulmes et al (1973) used the method for interactions 

between positively charged amino acids (lysine, hydroxylysine 

and arginine) and negatively charged ones (glutamic acid and 

aspartic acid) . They used the same method for interactions between 

amino acids with a large hydrophobic side chain (valine, methionine, 

isoleucine, leucine and phenylalanine). Repulsions between like 

charges were considered, but apparently not separately from other 

interactions. Simple energy calculations were also made by giving 

different scores to different interactions, but counting the 

interactions gave better results.

Best results were obtained when residues several positions 

to either side of the opposing residues were considered. The 

optimum range being - 3 for charge interactions and - 2 for 

hydrophobic interactions. The way this was done is illustrated

in Fig. III. 4

Statistical significance was investigated by generating 

2O random sequences of the residues in the real sequence so as 

to maintain the real distribution between positions in the

triplet Gly-X-Y.

The analyses were performed without the normalisation procedure

in the original program.

Results

The results are shown in fig. III. 5 for the charged inter-
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actions, hydrophobia interactions and total interactions. All

groups show sharp peaks at intervals corresponding to staggers 

of OD, ID, 2D, 3D, and 4D, where D = 234 - 1 residues. No 

regularity was found for random sequences. The peate at D are 

3 to 3.5 standard deviations from the mean for random sequences.

If a second interacting molecule translated 5D from the 

first is considered, the peaks at multiples of D become approx­ 

imately equivalent, except for those at OD which are two to 

three times higher than those at ID. For charged residues, 

the high peak at OD is attributed to an observed tendency of 

negative and positive charges to be close together, suggesting 

that intra-molecular charge interactions are an important factor. 

The hydrophobic interaction curve shows fine structure with an 

apparent period of D/ll*Inspection shows there are two patterns 

of opposite phase, each with a period 2D/11^ and each modulated 

by a pattern with a period of 2D (see fig. III. 6). Frequency 

analysis shows strong spacings at 21 residues (D/ll), and at 

39 and 47 residues which is consistent with a period of 2D/11 

sampled by bhe fifth and sixth orders of D. Most ami.no acids 

with large hydrophobic side chains contribute to this structure. 

They often occur on a pattern with intervals of 2D/11 and D/ll. 

This fine structure was not found for charged residues.

The values for D of 234- 1 residues and 668- 2A correspond 

to a residue translation of 2.855- 0.02A ; close to the value of 

2.91- O.OlS obtained by X-ray diffraction measurements. The 

D/ll interval is 21 residues and the pitch, P, of the chain 

supercoil is approximately 30 residues, so the simple relation­ 

ship D/ll = 2 P/3 may apply.
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III.4.3.3. Discussion

Hulmes et al (1973) were mainly interested in finding 

the D repeat and succeeded in doing so. This section speculates 

on how the method can be extended. 

Ill 4.3.3.1 Analysis

It would have been interesting to see results from different 

groups of amino acids. Amino acids with short side chains- 

glycine, alanine, valine, serine,threonine, cysteine and 

proline - are likely to be involved in intramolecular inter­ 

actions, which are likely to be very well defined and perhaps 

only opposing residues need be considered. This should enable 

the stagger (probably one or two residues) between the al 

chains to be determined. Information may also be obtained relating 

to the amino acids remaining for inter-chain interactions.

2O random sequences are not needed to investigate significance. 

In the analysis of the significance of the peaks at multples 

of D, it was stated that the deviation from the mean determined 

for a random sequence was 3.5 standard deviations indicating a 

confidence level of O.l%. The level is much less than this if one peak 

is considered alone, as there are many staggers at which it can 

occur. If t5he regular periodicity of these peaks is considered, 

then the confidence level becomes much higher. The interesting 

feature is not the difference between the number of interactions 

at a peak and the number for a random sequence. It is the difference 

between the number at the peaks and the number between the peaks. 

This relates to staggers between interacting molecules and can 

be analysed by elementary statistics for a randomly distributed 

variable. When the main peaks have been considered, these can
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be subtracted from the curve before the other peaks are 

analysed.

Ill 4.3.3.2 Results

Approximately equivalent peaks were obtained at all 

multiples of D, compared with the predicted peaks at D and 

3D (See section III 4.3.1.). The four peaks are equivalent 

because amino acids of opposite charge are often paired, 

allowing interactions between charged groups to occur.at all 

multiples of D. This has been investigated further (Doyle 

et al, 1974). Since the arguments in section III.4.3.1 

suggest that a simple system would produce peaks at ID and 3D, 

it may be expected that the structure requires an interaction 

at 2D or 4D. The microfibril structure proposed by Smith (1968 )f 

although defined by a ID stagger alone, does have an interaction 

at 4D. Since this interaction is only for a small fraction of 

the molecular length, it is surprising that the peaks are as 

significant as those at ID and 3D (The significance of the peak 

at 4D is difficult to estimate, owing to the small number of 

residues available for interaction.). This could result from 

the extra peaks being defined by a pairing of charges. Further 

work (Doyle et al ., 1974)*supports the greater importance 

of the ID stagger.

The pairing of groups of opposite charge was attributed 

to intra-molecular interactions, .-and the high peak at OD is 

attributed to this. Measurements from the curve for charge 

interactions (fig.III.5) indicate that the peak at OD would 

become only a little higher than those at multiples of D after 

normalising as suggested in section III 4.3.1. This means that 

the pairing occurs almost exclusively for residues involved 

*See appendix VI.



272

in interactions at multiples of D. This makes it unlikely 

that pairing is to allow intra-molecular bonding and a require­ 

ment for interactions occurring at multiples of D seems the 

most probable explanation.

The lesser definition in the curve for charged interactions 

derives from the higher background, the peak height remaining the 

same.as for hydrophobic interactions. The peak height 

indicates that the interactions are probably equally important 

and the higher background relates to interactions with an 

aqueous environment. As hydrophobic groups are confined to 

non-aqueous environments, charged interactions in their vicinity 

are likely to be produced by largely hydrophobic amino acids 

such as lysine.

The fine structure in the hydrophobic curve is expected. 

If the small hydrophobic amino acids, which are more likely to 

stabilise the molecule, had been included, the molecular 

structure would have been more apparent in this. The structure 

remaining probably relates to inter-molecular interactions. It 

indicates that collagen molecules are coiled so as to present 

groups for inter-molecular interactions only at specified 

intervals. A repeated separation distance between large 

hydrophobic residues would appear as a peak in the interaction 

curve. If the molecules are packed so as to present some 

hydrophobic groups to an aqueous environment, these are likely 

to be shielded by long, flexible amino acids, such as lysine. 

The structure of the interaction curve is also evident in the 

arrangement of phenylalanine (see section III.4.1). The other 

patterns in the distribution of hydrophobic groups also probably
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relate to intermolecular interactions.

The fine structure is unlikely to relate to possible in vivo 

staggers between molecules, since interactions at staggers of 

D are a controlling factor. For this reason, a direct analysis 

of the sequence, as applied to tropomyosin, would be a more 

appropriate means of investigation.

The relationships between the molecular structure and the 

pitch are changed if the microfibril is supercoiled. Assuming 

the fine structure comes from intra-microfibrillar interactions, 

the pitch of interest is that in the coordinate frame rotating 

with the supercoiling microfibril. If the supercoil has a hand 

opposite to that in the molecule and the pitch is 7OO 8, then a 

molecular pitch of about 28.5 residues is required in the frame 

rotating with the supercoil, if the experimentally determined 

pitch is correct.

Ill 4.3.4. The statistical bases

The method has been illustrated. It is now possible to 

appreciate the statistical basis.

Ill 4.3.4.1 The energy distribution

When two molecules interact, the interaction energies 

between pairs of amino acids follow a distribution which is

well behaved. The range of energies relates to the interacting 

groups, their environment and relative translation. For such 

a distribution, the mean energy is fairly well defined, as 

seen from the central limit theorem. The variance of the means 

determined for different molecular staggers is 1/n, where n is
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the number of interactions counted, so it is an advantage 

to compare structures with many amino acids. The mean is 

directly related to the number of interactions as used in the 

analysis.

At a stagger corresponding to an important interaction, 

the energy could change, owing to specific residues being 

involved in interactions, but it is very unlikely that the 

number of interactions would not change. If the mean of the 

energy distribution is unchanged, the interaction energy is 

directly related to the number of interactions.

Ill 4.3.4.2 Significance of Peak Heights

The peaks in the interaction curve are superimposed upon 

a background level. This background is produced by unspecific 

interactions with solvent, irregular interactions between 

protein molecules and interactions which cannot occur because 

the aminoS? acids are displaced too far azimuthally. At a peak 

the number of contributing interactions is greater than the 

deviation from the background level, since-there are few amino 

acids left to contribute to the background. If it is assumed 

that the fraction of residues contributing to the background is 

constant after subtraction of the peaks, then several relation­ 

ships are obtained. For a peak maximum of N interactions and a 

background of height n, the peak height is

P = N - n (III.8)
<

and the number of interactions is

I = (N-n) + N/(T-1) (III.9) 

where T is the total number of amino acids tested for interactions



275

and is found from

T = A - S (III.10) 

where

A is the number of amino acids in the chain and S is the 

relative stagger of the molecules.

The background level beneath the peak is

B = n - N(T-l) (III.11) 

so the standard error of the number of interactions is

E = /l" + J¥ (III.12) 

This applies to a peak height at one stagger. If a peak 

appears, the confidence levels must allow for the fact that 

it could have occurred at any other stagger.

The parameter which must be minimised is the fractional 

standard error

E-, = E / I (III.13) r
= I + 

JI i
To increase the significance, residues interacting with those 

translated several positions along the chain have been included. 

As the range is increased, B increases increasingly rapidly 

and I increases decreasingly rapidly so that a minimum ;i value

for E is reached for a particular range. The correct range can 
F

be found from the interaction curves determined with different 

ranges.

Ill 4.3.5 Three dimensional inferences

This analysis shows how the optimum staggers between 

molecules can be determined. This can lead to certain restrictions 

on protein structure. Once this has been done, use of the methods 

applied to tropomysoin could lead to angular relationships. These
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could be fed back into the interactions analysis. Starting with 

the molecular structure the method may be capable of being 

extended step by step up to the structure of the collagen fibril.

Examination of the fine structure of the hydrophobic 

interaction curve gives information on the three dimensional 

structure. Calculations on part of the sequence suggest that 

the curve may differ in the overlap region (five stranded) and 

the gap region (four stranded). A five stranded structure of 

pitch 3O residues would lead to intermolecular interactions 

at intervals of 30 n - 9 residues, where n is an integer. (Fig.III.7) 

A whole number of turns corresponds to 3O residues, whereas 9 

residues corresponds to a turn of 108°, the internal angle of 

a pentagon. Angles of (36O n - 1O8) degrees are expected. (A 

colleague performed the same analysis on all the sequence together. 

His arguments and conclusions were identical). This neatly fits 

in with a 3O residue pitch, since the three chains are thought 

to be staggered by one residue from each other. The angle of 

12O between each of the three chains would lead to there being 

a third of the pitch between points where adjacent chains can 

make an interaction with the adjacent microfibril. Combined 

with the stagger of one residue, this leads to there being 9 

residues between points where the sequence performs a similar 

role. Since one chain has similar interactions at a separation 

of 9 residues, the system is efficient. The interaction curves 

for both the whole sequence and the overlap regions gives peaks 

at 21 residues and 39 residues supporting this, whereas the gap 

region gives 21 and 42 residues. Before a different structure 

is proposed for this region, the calculations must be checked
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using the whole sequence.

III.5. The future

The preliminary work on tropomyosin provides hope that 

three dimensional protein structures can be derived from the 

sequences of fibrous proteins. This can be tested for the 

full sequence of tropomyosin and for collagen.

The one dimensional work on collagen shows how molecular 

staggers can be estimated - an important first step in three 

dimensional work. Applied to tropomyosin, this is likely to 

reveal the molecular stagger, thought to be 14 residues. The 

overlap between coiled coils is too short to obtain an accurate 

value for this in this way. Fine structure relating to the 

interaction with actin will be present. Owing to the lesser 

definition of the interacting edge than between the small 

diameter collagen molecules, and owing to the lower number of 

residues in the sequence, the fine structure may be close to the 

noise level of the interaction curve. Any peaks other than 

that at 14 resirtteftswill be very interesting.



TABLES FOR APPENDIX III

Table VII I II m iv V VI 
III.l 1 Lys Glx lie Glx Glx lie Glx

2 Lys Glx Leu Lys Glx(Glu)Ala Lys

3 His lie Ala Glx (Glu) Asx(Asp)Ala Asp

4 Arg Lys Tyr G]K Glx Val Ala

5 Arg Lys Leu Val lie lie or Glx
Leu

6 Gly or Glx or Leu Glx Arg Ser or Glx Ser Asx Ala
7 Glx Arg Ala Glx Val or Ala or Glx

Leu Ser
• 8 Ser or Lys CMC(Cys) Gly Asx or Leu Glx Gly or Ala Glx

9 Glx Glx Leu Lys Lys, Val Thr
lie or 
Thr

10 Asn Asx Leu Lys Ser Leu Glx

11 Ala Val or Ala Glx Lys Tyr Ser 
Glx

12 Glx

13 Glx

14 Asx

15 Thr

Lys

Glx

Lys

Arg

Glx

He

Leu

.Ala

Asx

Lys

Lys

Glx

Lys

Leu 
Val

Glx

Phe

Tyr

or Leu

Ala

Ala

Glx

Ser

Glx

Glx

16 Arg Ser Val Thr or Lys Leu Glx
Ala

17 Lys Ser He Asx Asx Leu Glx

18 Asx Glx Val or Tyr Ala Glx Lys
Leu

19 Leu Lys Tyr Lys Ala He Ser

20 Glx (Glu) Leu Asx (Asp) His Ala Leu Glx (Glu)
21 Asn Asp Hser Thr Ser He COOH

(Met)
The provisional sequence for the 146 residues of tropomyosin at the C terminal end. The brackets indicate the form published by Hodges et al (1973) when the 137 residues at the C terminal end were published.

Glx = Glutamine or glutamic acid
Asx = Asparaglne or aspartic acid.
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TABLE III.2 .

VII
Total 18 
Proportion

0.09 
S.E. O.02

I
39

0.19
0.03

II
39

0.19
0.03

III
41

0.20
0.03

IV
23

0.11
0.02

V
43

0.21
0.03

VI
59

0.31
0.04

Total
262

00 18
0.01

The number and proportion of groups producing identical comparisons 
within the seven groups of the sequence.

	TABLE III.3

Arrangements of residues by position and angle
III VII IV I V II VI III VII IV

1 Lys Glx lie Lys
1 Glx Glx He Glx Glx Glx
2 Lys Glx Leu Lys
2 Lys Glx Ala Lys Lys Glx
3 His lie Ala His
3 Glx Asx Ala Asp Glx Asx
4 Arg Lys Tyr Arg
4 Glx Glx Val Ala Glx Glx
5 Arg Lys Leu Arg
5 Val He He Glx Val He

	or Leu
6 Gly Glx Leu Gly

or SER or Asx or Ser
6 Glx Arg Ser Glx Glx Arg

	or Ala
7 Glx Arg Ala Glx
7 Glx Val Ala Glx Glx Val

or Leu or Ser or Leu
8 Ser Lys Cys Ser

or Gly or Gly
8 Gly Asx Leu Glx Gly Asx
or Ala or Glx or Ala or Glx

9 Glx Glx . Leu Glx
9 Lys Lys, Val Thr Lys Lys, He

Ile,Thr Thr
10 Asn Asx Leu Asn
10 Lys Ser Leu Glx Lys Ser
11 Ala Val Ala Ala

or Glx
11 Glx Lys Tyr Ser Glx Lys
12 Glx Lys Glx Glx
12 Asx Lys Tyr Glx Asx Lys
13 Glx Glx He Glx
13 LVs Leu or Leu Ser Lys Leu or

Y Val Val
14 Asx Lys Leu Asx
14 Lys Glx Ala Glx Lys Glx
15 Thr Arg Ala Thr
15 Glx Phe Ala Glx Glx Phe
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TABLE III.3 (cont'd)

III

16
16 Thr

or Ala
17
17 Asx
18

18 Tyr
19
19 Lys
20
2O Asx
21
21 Thr

VII

Arg

Lys

Asx

Leu

Glx

Asn

IV

Lys

Asx

Ala

Ala

His

Ser

I

Ser

Ser

Glx

Lys

Glx

Asp

V

Leu

Leu

Glx

lie

Ala

He

II

Val

He

Val
or Leu

Tyr

Leu

Met

VI

Glx

Glx

Lys

Ser

Leu

COOH

III

Thr
or Ala

Asx

Tyr

Lys

Asx
Thr

CII

Arg

Lys

Asx

Leu

Glx

Asn

IV

Lys

Asx

Ala

Ala

His

Ser



TABLE III.4 
Arrangement of coiled coil disrupting residues

281

III VII IV v ii VI III VII IV

1 
l

Asx



TABLE III.5 

Arrangement of positive and hydrophobia residues
282

III VII VI

\
\
\



283 

Table III.5 Legend

1 Line of hydrophobias making contact with the actin helix.

—— line of hydrophobias

——————— lines of positively charged residues

— — — — lines of positively charged residues

+ positively charged residue

H hydrophobia residue

H residues that are sometimes hydrophobia

T tyrosine (large hydrophobia)

P phenylalanine (large hydrophobia)
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Fig. III.l A hypothetical distribution of residue positions 
favouring certain amino acids. Positions 1 and 10OO are marked 
P, protein chain; S, .a site containing 5 residue positions.

Fig. III.2 The nearest neighbour distribution of residues is 
a histogram which approximates to these curves in the case of 
It a random distribution; 2, close proximity being favoured; 
3, separations close to a certain small value being favoured.

Fig. III.3 Idealised interaction curves for collagen predicted 
for*: a)*, charge interactions; and b, interactions between opp­ 
osite charges. Illustration of possible charge interactions 
where two interacting chains are staggered by c) D, and d), 2D
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Fig. III.4 An illustration of the method used to count molecular 
interactions (a) The interactions were counted as all possible 
staggers as molecules 1 was moved past molecule 2. In some 
cases, the additional interactions that would occur as molecule 
1 overlaps molecule 3 were included, (b) an interaction^ was 
counted if two residues in opposite chains were within- 2 
(Hjhlrophobic) or - 3 (charged):- residues apart. (From Hulmes 
et al. 1973)

200 -

100

100

Fiq III.5 A computer plot of the number of hydrophobic and 
charge interactions and their total between two collagen 
molecules (on the ordinate) as a function of the stagger 
between them. The stagger (on the abscissa) is measured in 
residues The D intervals are marked.(From Hulmes et al. 1973)
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Fig. III.6(a) An enlarged portion (0-234 residues) of the 
hydrophobia interaction curve in Fig. 4 (b) An idealised 
representation of the curve showing the pattern of which it 
is composed. (From Hulmes et al, 1973)

(t)

Fig. III.7 (a) An illustration of how interactions between 
coiled structures packed pentagonally are separated by 

+ IPS + .3 where P is the pitch, measured

axially. Each circle represents the three strandedcbl-Iagen 
molecule. Interactions take place at A and B. (b) shows how a 
four stranded unit leads to a separation of + 9O p _ 

+ n 360 ~ nP - \ P.
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APPENDIX IV

Studies on Synthetic Polypeptides

Attempts were made to produce oriented films and fibres 

of two synthetic sequential polyheptapeptides synthesiser 

by Cowell and Jones (1972). The sequences were

(Leu-Glu-Lys-Ala-Glu-Ser-Gly) I 

and

(Leu-Glu-Lys-Ala-Glu-Ala-Gly) II

These sequences are of the form (H-X-X-H-X-X-X) where H 

is a hydrophobic residue. This form was suggested by Crick 

(1953b) as a possible basis for an a-helical coiled coil 

structure.

Great effort failed to produce oriented arrangements 

of these molecules. Fibres could not be drawn and films could 

not be stroked from solutions of the polypeptides in many 

common laboratory reagents, including chloroform, acetone, 

benzene, dimethyl formamide, water, formic acid and acetic 

acid. The protein was rather insoluble in all but strong 

solutions of the acids, so no viscous solutions or gels were

produced.

Later chemical work indicated a-helix contents of 40% for 

for polymer (I) and 20% for polymer (II) (Cowell and Jones, 1972), 

which explains why orientation was not achieved. For ease of 

orientation, the protein needs a high axial ratio and therefore 

a high molecular weight. The number and weight average molecular 

weights were 6,OOO and 11,000 respectively for polymer (I), 

and 3,000 and 6,OOO respectively for polymer (II), (Cowell and 

Jones, 1972), which" are very low values.
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In the case of (I ) f which has contiguous serine and 

glycine residues, the low a-helix content could be attributed 

to these residues not favouring a-helix formation (Goldsack, 1969). 

More likely, the molecular weights were too low. A study ont

(Tyr-Ala-Glu) found that the critical molecular weight for

the onset of a-helix formation was about 5,000 (Schechter et al,1971)

The only X-ray diffraction pattern obtained was the powder 

pattern of (I) shown in plate IV.1. Measurements to the centres 

of the broad rings gave spacings of 10.98 and 21.lS . Perhaps 

a small proportion of the material formed order regions. An 

a-helical structure with an axial repeat of 14 residues could 

produce rings at 2l8 and 1O.5S. The lateral spacing between 

a-helices could result in 'a 1O.5 8 ring or even a 2l8 ring if 

alternate a-helices were arranged differently.
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Plate IV. 1 X-ray ' diffraction pattern from a powder of the 

synthetic sequential, polyheptapeptide, (Leu-Glu-Lys-Ala-Glu-Ser-Gly)
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APPENDIX V 

The Praying Mantis

A colony of Sphodromantis membramacea was raised from an 

egg case sent by Dr. W. Kenchington. This replaced a colony 

of S.tenuidentata which had been kept earlier. An adult 

female S.membramacea is shown in plate 5.1, together with egg 

cases. Plate 5.2 shows egg cases of both S.tenuidentata and s. 

membramacea .

By keeping the insects in a large cage with many resting 

places and giving them a surplus of food, cannibalism was not 

too serious. Young insects were fed on drosophila, but, as 

they grew, they were given flies and cockroaches. They grew 

faster at 24°C than at room temperatures.

Collection of fresh egg cases was made easier by reversing 

the hours of light and darkness, since they much more often 

produced egg cases at night. A tendency for several insects to 

produce at the same time was observed, but this was not examined 

for statistical significance.

An interesting observation was that a newly hatched insect 

could recognise, catch and eat drosophila without parental 

assistance. This observation opens up questions on develop­ 

mental neurobiology and the genetic transferance of knowledge.
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APPENDIX VI

Origins and Implications of the D Stagger in Collagen 

I

This appendix concerns a paper by Doyle et al.(1974) 

currently in press. It is based on a criticism of the 

interpretation of the importance of pairs of opposite charges 

given by Hulmes et al.. (1973). (See section III.4.3).

The required interaction curves were suggested and 

colleagues calculated them using the methods of section III.4.3. 

The results indicated that the paired charges did lead to 

interactions favouring the D stagger in collagen.

The origins of the D periodicity in the interaction 

curve have interesting implications for evolution. A colleague 

investigated whether a D or 2D periodicity in the sequence could 

have resulted from gene duplication. No evidence for this was

found.

The arguments are presented in the paper which continues

the appendix.
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ORIGINS AND IMPLICATIONS OF THE D STAGGER IN COLLAGEN

Barbara B. Doyle, David W.L. Hukins, David J.S. Hulraes,
Andrew Miller, Christopher J. Rattew1 and John Woodhead-Galloway

Laboratory of Molecular Biophysics
Department of Zoology 

South Parks Road, Oxford 0X1 3PS

Summary Although the distribution of hydrophobic residues in the 
al chain collagen sequence has a D ~ 670 ft periodicity, it is dipoles 
formed by 100 residues occurring in pairs of unlike charge which are 
responsible for the ID stagger between molecules. Sheet models based 
on the Hodge-Petruska model for the axially projected collagen structure 
require interactions specifying ID and 4D staggers. We found no 
evidence for interactions specifying a strong 4D stagger and, therefore, 
favour the Smith microfibril model which is specified by ID stagger 
interactions alone. Two hydroxylysine residues, 234 residues apart, 
may form a covalent cross-link stabilising the ID stagger. Gene 
duplication does not appear to be responsible for the periodicity in 
the sequence.

In tro due tion The D - 670 A periodicity of collagen fibres is caused by 

parallel molecules of length 4.4D having an axial translation, or stagger, 

of nD with respect to each other, where n is an integer (1). It 

has been shown (2) that the distribution of charged and large hydrophobic 

residues in the triple-helical region, for the available ctl chain sequence,

is responsible for favourable interactions at OD, ID, 2D, 3D and 4D

2
Staggers, where D = 234 +^ 1 residue translations. We shall show

that the ID stagger is specified by charged residues occurring close 

together in the sequence in pairs of opposite charge. Consideration of 

possible covalent cross-links, subsequently formed between molecules,

1. Present address: Department of Biophysics, University of London 
King's College, 26-29 Drury Lane, London WC2B 5RL.

2. Co:r,paribon of observed and computer generated electron rnicrogrnplr 
yielded D - 232 + 0.5 residue translations (3). \vr.lton (4,5) obtained 
D - 233 + 1 by r.cthoclo r.inilcr to those of rcfs. 2 and 3. X-ray 
dij-fiv.ction suf. costs -D " 2IM -\_ 2 (0) •
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provides further evidence for a ID stagger between adjacent molecules.

The ID stagger has important implications for the formation of a

co]Jfcigen raicrofibril (7). Surprisingly we shall show that the

pseudo D period in the sequence, which determines this ID stagger (8),

is not a result of gene duplication.

Hydrophobic interactions Hydrophobic residues alone lead to favourable

interactions for integral staggers of D.with, of course, the maximum

possible number of hydrophobic interactions occurring at OD (2) (see

fig. la). For anti-parallel molecules, however, the most stable

interactions do not occur at integral D staggers (9).

Electrostatic interactions In general any distribution of charged

residues would tend to destabilise a OD stagger, which would maximise

repulsions between like charges, but would not necessarily stabilise

any D stagger. We have examined the sequence to see if any particular

aspect of its distribution of charged residues would favour an integral

D stagger.

The triple-helical region of the al chain sequence (2) contains 

87 positively and 73 negatively charged residues. Of these 100 occur 

in pairs so that a positively and a negatively charged residue are 

separated by < 2 uncharged residues (Table 1), as has been mentioned 

previously (2). The remaining 60 unpaired charges are implicated in 

the formation of fibrous long spacing (FLS) collagen (9) but they do 

not specify a D periodicity.

Fig.2 shows that the most stable interaction between parallel 

molecules, when only the paired charge residues are considered, occurs 

for molecules staggered by ID. We may consider the paired charged 

residues to form dipolos and fic.lb shows that this idea aids our 

understanding of how paired charges specify a ID staler.
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Pairs of residues of opposite charge were previously unsuspected 

of having any special importance for the interactions of collagen, or 

any other protein, molecules and may prove to be of more general 

importance.

Cross-links After the triple helical collagen molecules have 

assembled into a fibril,under the influence of hydrophobic and electro­ 

static interactions, the fibril is stabilised by the formation of 

covalent cross-links involving lysine and hydroxylysine (10). 

Two of the four hydroxylysine residues in the sequence (at positions 

681 and 915) are 234 residues apart, suggesting that their function is 

to form cross-links which stabilise the ID stagger between adjacent 

molecules. Furthermore 4 of the 32 lysine residues occur in pairs 

234 residues apart, while 10 occur in pairs which are 234 _+ 3 residues 

apart.

Implications for Smith's raicrofibril If adjacent molecules in the 

most general axially projected collagen fibril model, with parallel 

molecules related by staggers of nD (1), are related by a ID stagger 

then the familiar Hodge-Petruska model is produced (11, 12). 

We have found the source, -in the ccl chain sequence, of interactions 

leading specifically to a ID stagger and have identified residues 

which might form a cross-link stabilising this stagger. Therefore 

we prefer the Hodge-Petruska model to the other schemes, in which 

adjacent molecules would be related by other specific nD staggers.

(see ref. 6).

The Hodge-Petruska, or indeed any other, model for the axially 

projected structure of the collagen fibril does not directly lead to a 

three-dimensional model. Staggered nolccules could form sheets but 

Smith (V) suggested that a sheet with a \vidth of five nolccules vat;
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rolled into a cylinder (fig. 3). Evidence'for (but not proof of) this 

cylinder, or wicrofibril, was provided by X-ray diffraction (13) and 

electron microscopy (6, 14, 15). Further evidence is provided by the 

results described here.

A simple sheet model like that of fig.3 requires two kinds 

of interactions for its integrity: one kind specifies a ID stagger 

while the other specifies a 4D stagger. (Other sheet models also 

require at least two kinds of interactions). Although we have 

found the source of a strong ID stagger we have found no such evidence 

for a comparably strong 4D stagger. However if this sheet is rolled 

into a cylinder the molecules become sub-units on a five-fold helix 

which can be specified solely by one interaction between successive 

residues: the ID stagger. Once the microfibril has assembled the 

resulting 4D stagger may be stabilised by specific cross-links but 

only the interactions responsible for the ID stagger are necessary 

for self-assembly.

Genetic implications We have investigated how a collagen molecule 

with the.D periodic interactions, which we have observed, could have 

evolved. At first sight the obvious mechanism would be by successive 

duplication of a gene corresponding to a length D of sequence. 

We investigated this possibility by translating the sequence past 

itself, one residue at a time, counting the number of homologies; thus 

we did not allow for the possibility of deletions since we were searching
•

for the source of an exact periodicity produced by duplication of an 

entire D segment with glycine as every third residue (see rcf. 16). 

At no position, other of course than OD, did the number of identical 

residues exceed 15% (if gone duplication were responsible we night expec
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about 50% homology - ref. 17). Furthermore, when amino acids related 

by a single base change in their codons were considered to be 

homologous, this value did not exceed 30%. We conclude that there 

is no evidence in the sequence for the D periodicity being caused 

primarily by gene duplication. 3

Upon further consideration we can see that gene duplication 

is unlikely to be responsible for a ID periodicity because the ID 

stagger is specified by interactions between unlike charged residues. 

Gene duplication, although ideal for specifying the distribution of 

hydrophobic residues, would not produce oppositely charged residues 

at corresponding positions in consecutive D periods. Once the 

observed periodicity was established in a 2D length it is conceivable 

that the periodicity of the entire sequence could have been achieved 

by gene duplication. However, we found no evidence for this possibility 

and can only conclude that whatever mechanism is responsible for the ID 

periodicity, within a 2D period, is probably responsible for the 

periodicity of the entire sequence.

In conclusion we are beginning to understand how the collagen 

sequence is responsible for the self-assembly of molecules into fibrils 

but not how this periodic sequence evolved.

3. Similar conclusions wore re-ached by C.J. r-ir.cJcnn and K.A.PICK (.'?}
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Table 1 Positions of paired charged residues classified according 
to the direction of the resulting dipole

1. Dipoles pointing towards C terminus

Arg-Asp 144-146 567-569 845-846 989-992
Arg-Glu 183-186 192-194 294-296 729-731 737-740

833-834 855-857 885-887
Lys-Asp 50-53 264-266 434-435 531-533 564-566

573-576 581-582 654-656 852-854 881-884
971-972

Lys-Glu 108-110 174-176 270-272 645-647 722-723

2. Dipoles pointing towards N terminus

Asp-Arg 384-386 620-621
Glu-Arg 131-132 308-309 332-333 347-350 419-420

452-453 500-501 506-507 554-555 788-789
812-813

Asp-Lys 96-99 372-374 602-603 
Glu-Lys 56-59 288-290 413-416 476-479 752-753

800-803
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1 Schematic diagram showing how (a) . hydrophobic residues and
(b) dipoles can specify D staggers. Any apparently random, but 
asymmetric, distribution of hydrophobic residues (crosses) which was, at 
least roughly, repeated in every D period would lead to a D periodicity 
in the interactions of paralle}, but not anti-parallel, molecules. 
Pairing of unlike charged residues to form dipoles (arrows) can 
stabilise ID and 3D staggers if the dipoles point in opposite directions 
in successive D periods, since parallel dipoles have a destabilising 
influence while anti-parallel dipoles contribute to stability. In 
practice, no peak corresponding to a 3D stagger appears above the noise 
level of fig. 2. This figure does not show the actual distribution of 
hydrophobic residues or dipoles.

Fig. 2 Interactions between dipoles on two parallel molecules as a 
function of the stagger between them. Dipoles consist of unlike charged 
residues separated by less than three residues. Anti-parallel dipoles 
within a range of _+ 3 residues, score +1; parallel dipoles score -1. 
The ordinate is the total score and the abscissa is measured in residues. 
The ID peak has a height corresponding to 11 stabilising dipole-dipole 
interactions: since the minimum number of dipoles pointing in either 
direction is 22 this represents 50% of the maximum possible stability.

Fig. 3 Hodge-Petruska model for the axially projected collagen structure. 
A sheet model based on this structure requires two kinds of interactions 
between molecules: one kind (between molecules like P and Q) leads to a 
ID stagger, while the other (between molecules like P and R) leads to a 
4D stagger.
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