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(Received 18 July 1977) 

Collagen f i b r i l s  provide a biological example of smectic 
A l iquid crystals .  They demonstrate spiral l ing of t he i r  
constituent chiral  molecules, about the normal t o  the i r  
layers,  when they undergo a t ransi t ion to  smectic C. 
Under tension, perpendicular t o  the planes of the layers,  
t he i r  molecules a r e  t i l t e d  and some of them rearrange 
so as  to  describe a l a t t i c e  whose uni t  ce l l  has a 
square base. 
t ha t  the layer thickness i s  dictated by the amino acid 
sequence of its collagen molecules, and not by the i r  
length, and tha t  extra s t ab i l i t y  is conferred on the 
s t ructure  by covalent cross-links . 

Novel features of the collagen f i b r i l  a r e  

Collagen f i b r i l s  are a biological system which 
exemplifies the s t ructural  principles of smectic A (SA) 
l iquid crystals.  Because of the selection pressures t o  
which they a re  subjected during the i r  evolution, biological 
structures often provide more interest ing and sophisticated 
examples of physical-chemical principles than do synthetic 
systems. Collagen f i b r i l s  a r e  unusual in  tha t  the thickness 
of the layers i n  the i r  SA structures is less  than the i r  
molecular length and tha t  extra tens i le  strength is  
conferred on the f i b r i l s  by covalent cross-links between the 
molecules. They a l so  i l l u s t r a t e  precession of the t i l ts  of 
t he i r  chiral  molecules i n  the t ransi t ion to  a smectic C (S,) 
and, perhaps more interestingly,  i l l u s t r a t e  the formation of 
a square-based l a t t i c e  when subjected t o  tens i le  s t ress .  

understanding of SA l iquid crystals .  
found in  the extracellular matrices of  animal connective 

Our purpose i s  to show tha t  the collagen f i b r i l  furthers 
Collagen f i b r i l s  a r e  

- 
t Present address: MRC, 20 Park Crescent, London WIN 4AL. 
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FIGURE 1 
collagen f i b r i l  from ra t  t a i l  tendon. Sodium 
phosphotungstate (2% solution) w a s  used as the s ta in .  
The thickness of a layer and two sub-layers a re  marked. 
In pract ice  X-ray diffract ion gives a be t t e r  estimate 
of the thickness D than does electron microscopy4. 

Electron micrograph of a "negatively stainedvv1 

tissues.  They are  roughly cyl indrical  and the i r  length i s  
several orders of magnitude greater than their diameter, 
which depends on the par t icular  t i s sue  but i s  typically of 
the order of 102nm. 
stained"1 f i b r i l  is shown in Figure 1. Collagen molecules 
can also be considered a s  cylinders with a diametsr (1.2nm) 
which is much less than the i r  length (3.0 x lo2 nmI2; more 
s t r i c t l y  they consist  of three chains of L amino acids wound 
in to  coaxial helices and are, therefore, chira13. 
collagen is  a protein i t s  molecules have distinguishable C 
and N terminal ends. We summarise the evidence which leads 
us t o  believe t h a t  collagen f i b r i l s  a r e  SA l iquid c rys ta l s  
very br ie f ly  i n  the next paragraph. Further de t a i l s  and a 
consideration of the biological implications of our resu l t s  
w i l l  be published elsewhere. 

An electron micrograph of a "negatively 
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COLLAGEN FIBRILS 35 

The points of evidence on which w e  base our model for  

1. The meridian (paral le l  to the f i b r i l  axis)  of low- 
angle X-ray diffract ion patterns from oriented 
assemblies of collagen f i b r i l s  consists of orders of a 
67 nm periodicity4. 
whose thickness i s  W67nm. 
2 .  
layer which can absorb s ta in  (thickness 0.6D) and a 
sub-layer which excludes s ta in  (thickness 0.4D) 5. 
Since the molecular length i s  4.4D t h i s  r e su l t  is 
explained by each layer containing equal numbers of 
molecules with axial  staggers of 0,1,2,3 and 4 D  as  
shown in  Figure 2516. 
3. There is usually no long-range order in  the  side- 
to-side arrangement of molecules. The evidence for  
t h i s  assertion is provided by the equator (perpendicular 
to the meridian) of low-angle X-ray diffract ion pat terns  
from collagen f i b r i l s  from a variety of sources7r* (an 
exception occurs when f i b r i l s  a re  stretched - we return 
to t h i s  complication l a t e r ) .  

Points (1) and (3) define an SA l iquid crystal .  
shows tha t  it has an unusual feature:  
two sub-layers. 
which is 4/5 of tha t  i n  the other sub-layer; 
roughly speaking, the former absorbs s t a in  while the l a t t e r  
excludes it as i n  point ( 2 ) .  Figure 3 shows that this 
model i s  consistent with the equatorial intensi ty  
dis t r ibut ion of X-ray diffract ion patterns from the collagen 
f i b r i l s  of f i sh  fin-rays. 

When collagen f i b r i l s  a r e  dried the i r  molecules 
sometimes sp i r a l  around the axis. 
a further example of the behaviour of ch i ra l  molecules i n  
the t rans i t ion  from SA t o  Sc9t10. 
for  t h i s  t rans i t ion  has been obtained for  collagen from a 
variety of sources using the techniques of electron 
microscopyl1rl2 and X-ray diffraction13r14. We note t h a t  
the t rans i t ion  occurs when the concentration of the  long 
rod-shaped molecules changes i. e. , they show typical lyotropic 
behaviour . 
SA properties including the formation of a l a t t i c e  with a 
square base, which have been predicted t h e ~ r e t i c a l l y l ~  1 1 6 .  
When r a t  t a i l  tendons, which consist largely of oriented 
collagen f i b r i l s ,  a r e  stretched, Bragg ref lect ions appear on 
the equator of t he i r  X-ray diffraction patterns. 
ref lect ions can be indexed on the basis  of a l a t t i c e  whose 
uni t  c e l l  has a square basel7n18. 
constant a t  D=67 nm and the molecules a re  t i l t e d  by about 4 . 

the structure of the collagen f i b r i l  are:  

Thus the fibril consists of layers 

Figure 1 shows tha t  each layer consists of a sub- 

Point (2) 
layers consist of 

therefore, 
The thicker sub-layer has a packing fract ion 

This observation provides 

Experimental evidence 

Under t ens i l e  stress collagen f i b r i l s  shown the expected 

These 

The layer thickness remains 
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-+- 1 -f - _ _ -  

FIGURE 2 Model fo r  the s t ructure  of a collagen f i b r i l .  
Each layer contains equal numbers of molecules with 
ax ia l  staggers of 0,1,2,3 and 4D. The axial ly  projected 
structure was solved using electron micrographs of 
negatively stained collagen5 and confirmed using 
posit ively stained material6. Molecules are represented 
by arrows t o  show tha t  they are a l l  pa ra l l e l  (as opposed 
t o  ant i -paral le l ) .  There i s  no long-range order i n  any 
plane perpendiculalar t o  the  f i b r i l  axis. 

from the f i b r i l  axis  directionlg. 
l a t t i c e  a r i ses  from a dis tor ted SA l iquid crystal  suggests 
that  two models proposed previously for  the packing of mole- 
cules i n  the  uni t  ~ e 1 1 1 ~ , 1 *  a re  incorrect.  
pursue the matter here i n  case it should obscure our main 
argument. 

fur ther  examples of l iquid crystals  but,  unfortunately, the 
methods generally used t o  study them could disguise the i r  
nature. X-Ray diffract ion emphasises any ordered phase which 
may be present and electron microscopy tends t o  be subjective 
so t h a t  highly ordered s t ructures  receive greater a t tent ion.  
'Ihe suggestion tha t  a biological s t ructure  might assemble 
i t s e l f  l i ke  a l iquid crystal  is not hew. Neville and h i s  
collaborators have demonstrated tha t  arthropod cut ic le  might 
assemble v ia  a cholesteric l iquid crystal  t rans i t ion  stage20. 
A similar suggestion has been made regarding the formation 
of chick corneal stromaa1. 

Recognition tha t  the 

We sha l l  not 

I t  is  worth noting tha t  biological f ib res  might provide 
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T 

FIGURE 3 Comparison of observed low-angle X-ray 
diffract ion equatorial intensi ty  dis t r ibut ion with that  
predicted by the model of Figure 2.  The intensi ty  i s  on 
an arbi t rary scale.  K, the modulus of the scattering 
vector (measured i n  nm'l) is defined by K=(41r/X)sin(+/2) 
where A i s  the X-ray wavelength (0.1542 nm) and + is the 
angle through which the beam i s  scattered. The observed 
pattern (continuous l i ne )  w a s  obtained from a f i b r i l  
forming a f i s h  fin-rayU. The calculated pattern 
(dashed l i n e )  was obtained by methods described 
elsewhere using a value of 0.47 fo r  the two-dimensional 
packing fract ion of the thinner sub-layer projected on 
t o  a plane perpendicular t o  the f i b r i l  axis;  
packing fract ion is consistent with density measurements8. 

t h i s  

W e  conclude by emphasing the novel features of the 
collagen structure.  Although the discussion of the SA to 
Sc t rans i t ion  and of the e f fec t  of tension provided inform- 
at ion on the SA state, the resu l t s  were not altogether 
unexpected. Other aspects are more unusual and might be 
exploited in  synthetic systems. 
Figure 2 is dictated by the  D-periodic sequence of 
charged and hydrophobic amino acid residues i n  the  collagen 
molecule22 and not by its length. 
length is not an integral  multiple of the sequence 
periodicity each layer consists of two sub-layers. 
f i b r i l s  have to withstand tension i n  order t o  perform their 

The layer thickness i n  

Because the molecular 

Collagen 
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bio logica l  functions. 
i s  enhanced by covalent cross-l inks between a molecule and 
a neighbour staggered by 4D w i t h  respect  t o  it23. 
the collagen f i b r i l  i l l u s t r a t e s  some expected and some 
unusual propert ies  of  Sn l i q u i d  c rys ta l s .  

The t e n s i l e  s t rength of t h e  f i b r i l  

Hence 

Acknowledgements: We thank G. Rogers and C.J.  Eden for 
help with experiments and Professor P-G. de Gennes f o r  
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