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1NTRO1) UCTION 

Chemica l  e v i d e n c e  x sugges ts  t h a t  ca r rageen in ,  the  t )o lysacchar ide  e x t r a c t e d  f rom 

the  red  a lgae  Chondrus  cr i spus  and  GigarKna  stellafa, consis ts  m a i n l y  of D-galae to-  

p y r a n o s e  r e s idues  jo ined  b y  a -z ,3 -g lycos id ic  l inkages  a n d  t h a t  t he  m a j o r i t y  of these  

r e s idues  h a v e  an  e s t e r  s u l p h a t e  on ca rbon  4. Smal l  a m o u n t s  of c -ga lac tose ,  g lucose  and  

xy lose  h a v e  also been  de t ec t ed ,  a l t h o u g h  SMITH el al. 7 r ega rd  all t h ree  as impur i t i e s .  

.]OHNSTON AND PER(;IVAL a h a v e  o l ) ta ined c h e m i c a l  e v i d e n c e  for b r anch ing .  C o o k  et ,z l)  

r e p o r t e d  t h a t  t h e  m o l e c u l a r  w e i g h t  of c a r r ageen in  l ay  in the r ange  IOO,OOO~5OO,OOO and  

dist inguished two components  from their sed imentat ion  measurements .  Later SmTH 
,~ND COOK '~ d i s c o v e r e d  t h a t  one of these  c o m p o n e n t s ,  des igned  K-carrageenin ,  is s ens i t i ve  

to p o t a s s i u m  ions whi le  t he  o ther ,  2 -car rageenin ,  is no t  and  s h o w e d  t h a t  t h e y  dif fer  

in su lpha t e  c o n t e n t  and opt ica l  r o t a t i on .  R e c e n t  ana lyses  6,v h a v e  e s t ab l i shed  the  

chemica l  c o m p o s i t i o n  of t he  two  c o m p o n e n t s  w i t h  fair  p rec i s ion  and  shown t h a t  whi le  

2 -ca r rageen in  is l a rge ly  a s u l p h a t e d  po ly -D-ga lac t an ,  m o r e  t h a n  one  t h i rd  of the  r e s idues  

in t he  K-componen t  a re  3 , (>anhydro- t ) -ga lac tose .  
T h e  p r e s e n t  work  was u n d e r t a k e n  in an a t t e m p t ,  f rom X - r a y  d i f f rac t ion  and  inf ra-  

red  abso rp t i on  s tudies ,  to  cha r ac t e r i z e  these  two  f rac t ions  f u r t h e r  and  to e x a m i n e  t he i r  

s t r uc tu r a l  r e l a t i o n s h i p  in whole  ca r r ageen in .  

MA'I'EIglALS AND METHOI)S 

3Iaterials 
The materials studied were prel)ared as the sodium salts from the same high viscosity conunercial 

samples, CM~ and C5, investigated by SMITH el ul.'2,L These samples were probably obtained entirely 
from Chondrus crispus. In the present investigation, no differences could be detected between them. 
The molecular weight of whole carragecnin (sample C5) was 358,oo(f a. 

The K- and ).-components were obtained in ahnost equal yields from whole carragcenin by 
methods previously described2, s. The molecular weights of the samples of the ~:-components examined 
were approximately 3oo,ooo 2. Three alcohol fractious of K-carrageenin were also studiedL The yields 
of these fractions were: at 35 % alcohol, 3%;  at 45 % alcohol, 65 % and in the supernatant 25'!{,; 
unrecovered 7%. The samples of ).-carrageenin had molecular weights of 5oo,ooo 7oo,ooo 2. One 
sample (CM-I-).-32, 7) was fractionated with alcohol during the present work, the yields being: 34 % 
at 33o; alcohol {fraction i); 33'}{, at 38% alcohol (fraction 2): lO% at 41% aicohol (fraction 3) 
and 12% at 5 o% alcohol (fraction 4): unrecovered material i t % .  Chromatograt)hic analysis (after 
SsH'rn el aid) showed that the first fraction, which has the highest molecular weight, consists mainly 
of D-galactose with only slight traces of xylose, glucose, L-galactose and an unidentified component. 
t.ater fractions contained increasing quantities of these other components. 

* Issued as N.R.('. N..  3575. 
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I~,frared examina t i on  
:X Perkin E lmer  Model 21 Double  b e a m  In f r a red  Spec t ropho to ine te r  was used  wi th  a sod ium 

chloride pr ism.  Spec imens  were prepared  as Nujol  mul l s  f rom prec ip i ta ted  mate r i a l s  which had  been 
previous ly  dried i~7 veuuo over  p h o s p h o r u s  pent()xide. 

. \ ' -ray exanl ina l ion  

(a) lb 'epavalion of oriented specimen.~. 1 :n~n'iented samples  of ca r rageen in  give only  b road  di ftuse 
di l t ract ion halos. The  m os t  conven ien t  and  successful  m e t h o d  of p roduc ing  or iented spec imens  was 
found to be by s t r e t ch ing  ex t ruded  fibres. Mois tened fihns were difficult to orient  by  s t re tch ing ,  
and  rolling was unsa t i s fac to ry .  

Fibres were formed by e x t r u d i n g  a v iscous  aqueous  solut ion of the  mate r ia l  a t  4 o '  C t h r o u g h  
a d r awn  glass nozzle of abou t  [ u]nl bore into abso lu te  e thano l  or ace tone  a t  rooln t e m p e r a t u r e .  
The  f b r e  was i m m e d i a t e l y  w i t h d r a w n  and,  as it s t i ffened on d ry ing  in air, s t r e tched  to a b o u t  twice 
its length.  The  o p t i n m m  condi t ions  for different  samples  differed only in minor  detai ls  lint, in general ,  
fibres of K-carrageenin were more  difficult to p roduce  t h a n  the  others .  A l though  the  X- ray  diffraction 
p ic tures  fr~nn these  fibres were i nadequa te  for more  t h a n  t en t a t i ve  s t ruc tu ra l  analyses ,  a t t e m p t s  
to improve  the  moleculur  o r ien ta t ion  by  fu r the r  s t r e t ch ing  were not  successful ,  The  m a x i m u n /  
ex tens ion  which  could be produced  in u fibre before b reakage  occurred was a p p r o x i m a t e l y  i oo % 
w h e t h e r  th is  was got  by s t r e t ch ing  init ial ly on d ry ing  or s u b s e q u e n t l y  in a b a t h  of ~o% aqueous  
alcoh()l. 

(b) I )ensi ly  measuremenls .  The densi t ies  of fibres, d e t e r m i n e d  by  su spend ing  t h e m  in a m i x t u r e  
of carl)on te t rachlor ide  and  t e t r a b r o m o e t h a n e ,  were found  to be I.O 4 g/ml for K-, 1-73 g /ml  fi)r 2-, 
and  I.()(, g /ml  for whole car rageenin .  Since large por t ions  of the  fibres are ev iden t ly  not  well or iented,  
these  e s t ima t e s  m u s t  be low for the  ordered reghms.  

(c) Mois ture  confetti. At)t)roximate e s t ima te s  of the  mo i s tu re  con t en t s  of bo th  prec ip i ta ted  
ma te r i a l s  and  fibres were ob ta ined  by  weighing  samples  af ter  equi l ibra t ing  for two weeks  at  2 I ' C  
and  5 ° % R.1 I. and  af ter  s u b s e q u e n t  d ry ing  at e i C in  vacuo over  p h o s p h o r u s  pen tox ide  for 4o hours .  
Mois ture  con t en t s  of fibres of whole, ~.- and  2-carrageenin  were a b o u t  13 ¢~0 ; the  values  for prec ip i ta ted  
mate r i a l s  were abou t  3 % higher.  A l though  these  resu l t s  are in accord with those  of o ther  workers  7, 
t h e y  are l)robably too high for the  well-ordered regions of the  fb res .  

(d) Oplical  measurements .  The birefr ingence of fibres was e s t h n a t e d  by  revolv ing  t h e m  in a 
holder  on a microsc¢~pe s tage  and  m e a s u r i n g  the  phase  r e t a rda t ion  with a ca l ibra ted  qua r t z  wedge,  
and  the  th i ckness  with an  eyepiece micromete r .  The  resul ts  agreed wi th in  exper i inen ta l  error  with 
e s t ima te s  m a d e  by  m e a s u r i n g  the  ref rac t ive  indices of a few fibres parallel  and  perpendicu la r  t¢) 
their  axes  us ing immers ion  liquids.  The  fibres used  for X - r a y  e x a m i n a t i o n  each had  at posi t ive 
bi refr ingence of be tween  o.oo0 and  o .o io :  thei r  t h i cknes s  was usually'  1oo l yo 1¢. The  ref rac t ive  
indices ¢)f unor i en ted  air-dried films, us ing  immers ion  l iquids,  were t.5o() for K- and  1.5o5 for ).- 
car rageenin .  

(e) .V ray appara tus .  A Nor t h  Amer ican  l 'hil ips m i c rocamera  wi th  a I-tilger and  \Vat t s  microfocus  
X-ray  set  were used t h r o u g h o u t  the  work. \Vith the  too p coll inmtor,  a spec imen- to - f ihn  d is tance  
of i. 5 cm and  Ni-filtered CuK~ radia t ion,  the  longes t  exposures  requi red  were 4 o 48 h a t  4 ° KV and  
4oo !m. The  camera  was ca l ibra ted  by dus t in~  the  fibres wi th  finely g round  sod ium chloride. \Vi th  
the  except ion  of some  exposures  on ) .-carrageenin,  the  p a t t e r n s  were ob ta ined  at  re la t ive humid i t i e s  
below 5o %. 

INFRARED R1-SI;LTS AND DISCUSSION 

T y p i c a l  s p e c t r a  f o r  ~-  a n d  2 - c a r r a g e e n i n  o v e r  t h e  r a n g e  1 3 5 o  c m  -1 t o  65  ° c m - 1  

a r e  g i v e n  i n  F i g .  I ; t h e  a l c o h o l  f r a c t i o n s  o f  t h e s e  c o m p o n e n t s  g a v e  c l o s e l y  s i m i l a r  s p e c t r a .  

A l t h o u g h  ~ - c a r r a g e e n i n  is  k n o w n  t o  c o n t a i n  a n  a p p r e c i a b l e  p r o p o r t i o n  o f  3,6-anhydro- 
D-galactose r e s i d u e s 6 ,  7 w h i l e  2 - c a r r a g e e n i n  d o e s  n o t ,  t h e i r  s p e c t r a  a r e  r e a s o n a b l y  s i m i l a r .  

T i l e  m o s t  d i s t i n c t  d i f f e r e n c e  b e t w e e n  t h e m  i s  i n  t h e  s t r e n g t h s  o f  t h e  p e a k s  a t  700  c m  -~ 

, m d  925  c m  -1. 

F r o m  t h e  w o r k  o f  ORR 8, t h e  p r o n o u n c e d  a b s o r p t i o n  i n  t h e  c a r r a g e e n i n  s p e c t r a  a -  

a l ) o u t  124  ° c m  -1 c a n  b e  a s s i g n e d  w i t h  r e a s o n a b l e  a s s u r a n c e  t o  S = O s t r e t c h i n g  v i t  

b r a t i o n s .  T h e  b r o a d  a b s o r p t i o n  b a n d  a s c r i b e d  t o  C - O  s t r e t c h i n g  a n d  C - O - H  b e n d i n g  

m o d e s  o c c u r s  a t  a b o u t  lO5 ° c m  -1.  ORR (loc.  cir.)  h a s  s u g g e s t e d  t h a t ,  i n  t h e  s p e c t r a  o f  

s u l p h a t e d  p o l y s a c c h a r i d e s ,  a b s o r p t i o n  d u e  t o  s t r e t c h i n g  w i t h i n  t h e  C ~ O - S  s y s t e m  

s h o u l d  o c c u r  i n  t h e  r e g i o n  o f  8 2 o - 8 4 o  c m - - L  t h e  a c t u a l  p o s i t i o n  o f  t h i s  p e a k  d e p e n d i n g  

Re/erences p. 2o 5. 
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upon whether  the sulphate group is axial or equatorial with respect to tile plane of 
the pyranose ring. Since, on present evidence, all the sulphate groups in carrageenin 
are in the equatorial  position, they should give rise to a single peak. This peak can 
probably  1)e identified with t h e  strong a b s o r p t i o n  a t  84o cm ~. 
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X-RA~ * I{ F.SULTS 

Fibres of ^-, }~- and whole carrageenin each gave a characteristic diffraction pat tern  
(Figs. 2-5). Mean values for spacings calculated from the reflections using Bragg's  
equation are given in Tables f i l l ,  columns 3. No significant differences could be 
detected between different preparations of the same material, between ~r-carrageenin 
and its main (second) fraction, or between 2-carrageenin and its first fraction. Other  
fractions were not examined. The pat tern  obtained from a fibre of "recoml)ined" whole 
carrageenin, i.e. ~- and 2-components  mixed in solution in equal quantities, was identical 
with that  of unfraet ionated material.  There wits no evidence that  the three pat terns  
represented different transit ion states arising from ditferent degrees of orientation 
within the fibres. 

With 2-earrageenin, which showed a strong equatorial reflection, exposures at  
different moisture contents were obtained by passing nitrogen or hydrogen at the 
desired humidi ty  through the camera. The only change detected was an increase of 
about  0.2 A in the 5.8 A equatorial reflection at a relatiw~ humidi ty  of 8i'!6. 

IVhoh; carrageenin 

With  whole earrageenin, tile reflections of spacing TO. 5 A and 8.6 A suggest a fibre 
period of about  2 5 A. If  the strong meridional reflection at 4.2 A is assumed to be the 

Ire/crevices p. 205. 
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6th order reflection, this leads to a fairly accurate value of 25.2 A for the fibre period. 
The lack of distinct reflections other than on the meridian makes the choice of a unit  
cell unreliable, bu t  reflections can be assigned satisfactorily assuming an or thorhombic  
cell with ~ 18.8 A, b (fibre axis) = 25.2 A, and c = 11. 4 A (Table I, columns I and 2). 

T A B L E  I 

X - R A Y  DATA FOR W H O L E  C A R R A G E E N I N  

dobs. V isuaUy 
hkl dcalc" (Mean o! estimated 

6 films) intensity" 

( a s s u m e d )  l 1.4 W 

5.9 \V 

o o I  I I "4 

300 6.~ 
002 5.7 
202  4 .8  

4 ° o  4.7 
4 o l  4-3 
302 4.2 

t 2 o  Ko. 5 
2 2 1  0 . 2  

222 4.5 
42o 4-4 

030 
13] 
230 

050 
15o 

060 

070 
080 

09 ° 2.8 

O, IO,  O 

2 ,  I 0 ,  0 

4-4 S 

Io.  5 
ca. 6.0 

4.4 

8. 4 8.6 

6.3 I *a. 6.0 
6.2 t 

5.o~ 
4.9 J 4-9 

4.2 ( a s sumed)  4.2 

3.61 
3.5 3.2 / 

2.8 

2 . 5 /  
2. 4 j 2-3 

Figs .  2-5.  R e p r e s e n t a t i v e  X - r a y  f ibre  d i a g r a m s  f rom 
c a r r a g e e n i n .  F i b r e  a x i s  ve r t i c a l .  

S 
V\V 

S 

M W  

V W  

VS 

VS 

N 

* S = s t r o n g ;  M = m e d i u m ;  W = w 
V = v e r y .  

** B r o a d  r eg ion  of s c a t t e r  w h e r e  i 
v i d u a l  r e f l ec t i ons  are  n o t  r e s o l v e d .  

Fig.  2. \Vhole  c a r r a g e e n i n .  

,8 

- - 1 o  

K-Carrageenin 
K-Carrageenin does not  giw 

distinct a pa t te rn  as whole ca 
geenin but  the general features sl 
similarities. In particular the f 
periods appear to be identical and 
agreement within experimental e 
between the (I2o) reflections in whole 
and K-carrageenin suggests tha t  the 
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F ig .  3. W h o l e  c a r r a g e e n i n  t o  s h o w  re f l ec t i ons  on  s e c o n d  
a n d  t h i r d  l a y e r  l ines .  
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3" 

a axis  <)f the  uni t  cell is the  same.  The  re f lec t ions  arc  no t  c lear  enough  to lead to a re- 

l iable va lue  for the  c axis.  but  r easonab le  a g r e e m e n t  is o b t a i n e d  if indices  arc  ass igned 
to the  lCflections on the  basis of the  un i t  cell for whole  ca r rageen in  (Table l I ,  co lumns  
I a n d  2).  T h e  d i a g r a m  f r o m  k c a r r a g e c n i n  

d i f f e r s  f r o m  t h a t  o f  w h o l e  c a r r a f z c c n i n  c h i e f l v  

ill t h e  a b s e n c e  o r  e x t r e m e  w e a k n e s s  o f  t h e  4.() A 

m e r i d i o n a l  r e f l e c t i o n  ; a l s o  l h c  5. 4 A a p t ) e a r s  t o  

b{' w e a k e r  a n d  h a s  n o t  be{ 'n  c l e a r l y  r e s o l v e d .  

l"ig. 4. K-( 'ar ra~ecnln  

kk l  

"1".\ IH,I£ 11 

X - R A Y  I ) A T A  F O R  ,~ -CARI~2A{H£ENIN 

d .h.~. 1 "l',~ucdl.v 
dealt .  [ . lh ,an o/ cal lmah.d 

/tltctW t~lh'nxt'lv" 

OOI I 1 4 ( a s s u m e d )  c a .  i i . o  \ ' \ \ "  

30o 0.2 ] 
ca. .5.<i V\V 

oo2 5-7 J 
_,o2 4.8 ] 
4 . . . . .  t.7 4 . 4  * * V S  
4 ° r  4 . 3  j 
.3{}-' 4 . 2  

I 2 o  {)'5 IO.0  ,% 
2 2  I (}.2 ( ) .2  \~" 

o3o 8. 4 ,~;.() \V 
23{) (>'3 I ().-' \V 
) 31  6 . 2  I 

° 4 "  {).3 I *,.2 \ V  
t4~,  1>.o I 

w,,o 4 "  4.3 \ S  

~)7" 3 .~ ) 
3.4 M o,~o 3 .2 I 

, . .>  2.8 2.8 \V 

• See l'al>le I. ** See Table  1. 
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R e / e r e m : e s  15. 205 .  

l,'ig. 5. 2-Carragcenin .  

T A B L E  I11 

X-RAY I)ATA P'OR /.-CARRAGI~ENIN 

doks. Ui~ltally 
]tic[ d~djt ' (J lca~l  o~ estimated 

9 /i/m,~; intensity* 

TOO I l._' (assumed)  J 1.2 M\V 
ool  5.9 (assumed)  ] 5.8** V.% 

2 o o ,  m l  5.b } 
2ol 4.4 (assumed)  4.4"* N 

o3o 8. 4 8. 4 , ,  M 
2 31 3.0 4.o S 

050 5.0 5.o** 3,1 

oOo 4--'  4 .  I VS 

080 3.2 3.3 M 

090 2.8 2.8 W 

~eo Table  [. ** ~ee Table  I. 
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A-Carrageenin 

The diagram from ;~-carrageenin suggests a fibre period identical with those for 
whole and K-carrageenin. However, the ,~-carrageenin diagram differs from the others 
in having a strong equatorial reflection at 5.8 A and a clearly defined meridional 
reflection at 8. 4 A. In addition there are no distinguishable reflections on the second 
layer line, and the 5.0 A meridional reflection is weaker and more blurred than in whole 
earrageenin. The strong equatorial reflections centred at 5.8 A and about 4.4 A appear 
to be multiple. By assuming the interplanar spacing of the (ooi) planes to be 5.9 A 
and giving the 4.4 A reflection the indices (2oi), a satisfactory monoelinic unit cell is 
obtained with a : 11.3 A, b (fibre axis) = 25.2 A, c = 6.0 A, and fl -- 81°. Assignments 
and calculated spacings for this cell are given in Table I l I ,  columns I and 2. 

D I S C U S S I O N  OF X - R A Y  R E S U L T S  

;~-Carrageenin 

For reasons which will become evident, this component will be considered first. 
SMITH et al.: have shown that  A-carrageenin is largely a sulphated poly-D-galaetan and, 
from the earlier work of PERCIVAL and co-workers 1,3, it is assumed that  the residues 
are linked a-I,3- with the sulphate group on carbon 4. The small quantities of L-galactose, 
xylose and glucose in ;t-carrageenin can safely be disregarded in the present discussion 
since the first fraction of 2-carrageenin from which these other sugar residues are absent 
also gives the usual ;~-carrageenin diagram. 

The strength and clarity of the 8. 4 A meridional reflection with the absence of 
reflections on other low-order layer lines suggests that  the 25.2 A period is composed in 
A-earrageenin of three closely similar subunits. The presence of the 5.0 A and 3.3 A reflec- 
tions, however, prevents these subunits from being related by a three-fold screw axis. 

Tile elastic properties of the fibres suggest that  the molecular chains are fully 
extended and from measurements on molecular models (Fig. 6) it is found that  the 
8. 4 A fibre subperiod can be represented by the chain length of two galactose residues 
joined by  an a-r,3-1inkage. This interpretation supports the earlier suggestion by 
BUCHANAN et al). In the present discussion, the residues are assumed to be in the chair 
form of the pyranose ring. For this, two configurations are possible, designated CI 
and IC by  REEVES 1°. With the a-I,3-1inkage, however, these two configurations lead 
to identical fibre periods so that  it is impossible to distinguish between them. With 

Yig. 6. Model of ;t-carrageenin 
composed of sulphated D- 
galactose residues in the 1C 
configuration linked a-i,3-. 
Here and in Fig. 8, the side 
arms represent ester sulphate 

groups. 
References p. 205. 
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the/~-I ,3-1inkage,  the  fibre per iod  is ca. 9.o A for ( ' I  res idues but  is s te reochemical ly  
improbab le  for IC. 

F rom the s t reng th  of the S.4 A reflection, the  two galactose residues within tlfis 
per iod  ev iden t ly  form a dis t inct  "galactobiose '"  unit  and cannot  be equiva lent  crys ta l lo-  
graphica l ly ,  a l though at present  there  is no sa t i s fac tory  evidence to account  for any 
chemical  differences between them. "l'his result  is reminiscent  of the  unit  of ccllobiosv 
in cellulose (e.g. HERMANSU), and of elfitobiose in chit in 12.. However,  the s imple model  
shown in Fig. 0 is inade( luate  to explain  the  results  of t)eriodate oxida t ion  of ~-carra- 
geenin. SMITH el ul. 7 suggest  t ha t  some su lpha te  groups may  be d i s t r ibu ted  unevenly  
among the galaetose  residues and tha t  occasional  side residues may  1)c present.  It seems 
l ikely tha t  these features  account  for the  25.2 A per iodic i ty  in 7t-carrageenin al thougll  
the  chemical  d a t a  are insufficient for a more de ta i led  in te rpre ta t ion .  

From the observed  dens i ty  and water  conten t  of 2-earrageenin,  the number  of uni ts  
of six su lpha ted  galactose  residues each wi thin  the proposed  unit  cell is ca lcula ted  to 
be ore'. In tiffs work, the d a t a  are insufficient to permi t  the de t e rmina t ion  of space 
groups,  but  some idea of the molecular  packing call be got from the re la t ive  intensi t ies  

of reflections. In a r ranging  the 
2-carrageenin molecule within its 
uni t  cell, account  must  be taken  
of the s t rength  of the ( I O I ) a n d  
(2oi) reflections, the compara t ive  
weakness  of the (IOO) reflection, 
and the ext re ine  weakness or 
conlplete  absellce of tim (IOI) re- 
flection. The form of a molecule 
composed of pyranose  rings joined 
by  a-I ,3-  l inkages approac lws  
tha t  of a fiat r ibbon and the 
above  condi t ions are sat is l ied if 

Fig. 7" Packing arrangement of ~.-carrageenin molecules in 
a c plane. 

the  p lanes  of the molecules closely a p p r o x i m a t e  to the  (IOI) p lanes  as in Fig. 7. 
The proposed  s t ruc ture  does not  expla in  the in tens i ty  of the 5.o A and 3-3 A 

mer id iona l  reflections.  If the  present  cell were doubled,  a l t e rna te  molecules could be 
d isp laced  re la t ive  to one ano ther  a long the fibre axis. However ,  doubl ing the c axis 
is unsa t i s fac tory  since the spacings of the  resul t ing (o51) and {o3I ) planes would be 
incorrect .  I )oubl ing  the a axis would be sa t i s fac tory  but  is not just if ied by ttw X- ray  
evidence.  

K-(TarrageeniJz  

Cheinical analyses< 7 have shown tha t  K-carrageenin conta ins  both  su lpha ted  
D-galactose and 3 ,6-anhydro-D-galactose  residues.  Their  ra t io  differs s l ight ly  between 
the three  alcohol fractions,  bu t  the average is about  1 .4 : IL  The mechanical  p roper t i e s  
of ~c-carrageenin fihres suggest  t ha t  the molecular  chains  are flllly ex tended.  In the 
25.2 A fibre period,  therefore,  the su lpha ted  residues,  assumed to be in a-i ,3-1inkage, 

* In the Stuart model for cellulose (see HERMANsll), successive glucose residues are made crystallo- 
graphically distinct by alternating the direction of the hydroxyl groups on carbons 2 and 6. A similar 
explanation may apply here with the sulphate groups except that, as these have considerably greater 
scattering power, the distinction between successive galactose residues wtmld bt, demonstrated 
n l u c h  l/lOrO clearh'. 
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must have chain lengths of 4.2 A as shown by the results on 2-carrageenin. The anhydro- 
galactose residues probably have a closely similar chain length ; the strength and clarity 
of the 4.2 A reflection from whole and K-carrageenin support this suggestion and, 
moreover, no integral number of pyranose rings of widely different chain length could 
be accommodated. The six residues within the 25.2 A period of K-carrageenin must 
therefore be sulphated galactose and anhydro-galactose in the ratio of either 1 : 1 or 2 : I. 
Tt~e experimental value of 1. 4 : I may be accounted for by branching, evidence for which 
in unfractionated carrageenin has been presented by JOHNSTON AND PERCIVM. a. Perio- 
date oxidation of K-carrageenin has shown that terminal residues, if present, are not 
snlphated galactose ; however, terminal anhydro-galactose residues are permissibteL The 
residue ratio in the main chain therefore is probably 2 : I. If in each 25.2 A period one 
anhydro-galactose residue is attached to the main chain through carbon 6 of a sulphated 
galactose residlm, the ratio of the two residues for the whole molecule becomes 4:3 ,  
which is close to the experimental wdue. 

Fig. 8. Model of the main 
chain of K-carrageenin com- 
posed of sulphated D-galactose 
residues linked a-i,3- and 3,6- 
anhydro-I~-galactose residues 
linked fl-L4- in the ratio 2:t. 
Both types of residue are in 

the IC configuration. 

The Chain lengths of 3,6-anhydro-D-galactose residues in a-i,4-1inkage would be 
considerably longer than the 4.2 A required above (c/. the E-glucose residues in cellu- 
losen), although the anhydro ring may shorten the residues by straining the pyranose 
ring. However, a model of 3,6-anhydro-D-galactose in the IC chair form shows com- 
paratively little strain of the valence bonds and angles, while in the CI form the strain 
in forming the anhydro ring would be so excessive as to be improbable. A more satis- 
factory explanation is obtained by assuming a/~-linkage which for an unstrained residue 
in the IC form leads to a length of 4.35 A (c/. s-glucose residues in starch13). This distance 
may easily be reduced slightly by the strain from the anhydro ring. 

The main chain of the K-carrageenin molecule can therefore be represented by a 
succession of pairs of sulphated D-galactose residues in a-I,3-1inkage interspersed with 
single 3,6-anhydro-D-galactose residues in fi-I,4-1inkage. A model of this structure is 
shown in Fig. 8. 3,6-anhydro-D-galactose residues are attached to sulphated galactose 
residues in this backbone at 25.2 A intervals so that the fibre repeat unit of the K-carra- 
geenin molecule consists of four sulphated D-galactose and three 3,6-anhydro-D-galactose 
residues. 

Because of the diffuseness of the K-carrageenin diagrams, molecular packing will 
be discussed only in relation to whole carrageenin. 

A unique feature of K-carrageenin is its sensitivity to potassium, ammonimn, 
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rubidiuin and caesium ions and insensitivity to lithium and sodium. It is interesting, 
although on present structural evidence perhaps premature, to attempt an explanation 
of this behaviour in terms of the proposed model for ,~-carrageenin. 

"l'h(' kind of ions to which ,c-carragecnin is sensitive suggests that the sensitivity 

I 2 16 £ 

Fig. O. t)ossible mode of aggregati~m ~f K-carra- 
geenin molecules in solut ion wi th  h wt rn ted  uni- 

va len t  t'atiollS. 

depends upon the diameter of the hy- 
drated cation e, in particular that it must 
be smaller than a certain value, and that 
the smaller ions are able to pack K-car- 
rageenin molecules sufficiently closely to 
maintain aggregation and cause precipi- 
tation. A possible packing arrangement 
is shown in Fig. q in which two K-car- 
rageenin molecules are held closely to- 
gether by eh, ctrostatic forces between 
their nearest sulphatt' groups and the 
univalent cations. Molecules above and 
below the plane of these two molecules 
could be displaced as shown, so that each 
sulphate group would be eHectively sur- 
rounded by cations. In this regard the 
essential difference between ,c- and ).-car- 
rageenin molecules is that in the former, 
with the longer repeat period, successive 
sulphate groups on alternate neigh- 
bouring molecules are 6. 3 A apart, 
whereas in the latter they would be only 
4.2 A apart. Evidently the latter distance 
must be t()o small t() allow univalent 

cations of any size to build ll t) a strncture of the type envisaged. 
From measurements on st)ace-filling models the diameter of the hydrated ion required 

in Fig. q is about 4 A. Values reported by different authors for the size of hydrated cations 
wtry considerably (for summary see I¢A(:ttM3-I~ AND I:~OYFA¢~), but all agree that K ~, NHi, 
R1) ; and Cs + are closely similar while Na ~ and Li +- are respectively about 1.6 and 2 times 
greater. The size requirement here agrees nlost closely with the estimates of (;ORIN 15 

and MOl':LWYN-Hu(;HFS TM, who give the diameter of the hydrated K ~ ion as 2.5-4.o A. 
Excess potassium chloride is required to precipitate K-carragcenin a. The explanation 

may be that, as the molecules are excessively long and highly charged, the sulphate 
groups must be effectively neutralized before appreciable portions of the molecules can 
al)l)roach at all closely. The lower potassium chloride concentration required in the 
presence of sodium chloride ̀~ may be explained in the same way. 

The t)acking arrangement suggested in Fig. q requires an ordered crystalline lattice 
that would exist only in the hydrated state and would be destroyed on drying. However, 
it may be possible to detect aggregation 1)y light scattering measurements at concen- 
trations of t)otassium ions below the level at which precipitation occurs. 

ll'hole carrafieemti 

The whole carrageenin samples studied consisted of K- and 2-components in nearly 
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equal amounts. The unit cell, therefore, must contain equal numbers of K- and ~- 
carrageenin chains of the types discussed above; that  is, it must contain a multiple of 
ten sulphated galactose and three anhydro-galactose residues. The number of such 
structural units within the proposed cell is calculated to be about 1.6. Because of the 
possibly low density and high moisture estimates used in the calculation however, this 
unit cell probably contains two 
~- and two it-carrageenin chains. 

As previously stated, space 
groups cannot be determined 
with any certainty from the 
present limited X-ray data and, 
although the unit cell was des- 
cribed earlier as orthorhombic, 
a reasonably satisfactory packing 
arrangement giving a monoclinic 
cell with/3 9 °o can be obtained 
as shown in Fig. lO. In this, the 
absence or weakness of the (IOO), 
(200) and (oor) reflections would 
be accounted for by the fairly 
close similarity of . -  and it-car- 
rageenin chains. Owing to the lack 
of resolution within the equatorial 
reflections at about 4.5 A it is 

" ~ K  

) 
o = 1 8 8 ~ ,  

C-D ~ X 

Fig. Io. Packing arrangement of molecules in a-c plane in 
whole carrageenin. 

difficult to decide the orientation of the planes of the molecules. From the weakness of 
the (oo2) reflection, however, the orientation must be approximately parallel to the 
(ioo) planes. The side residues of the K-carrageenin molecules could be accommodated in 
this packing arrangement if they protruded along the a axis, i.e. perpendicular to 
the general plane of the backbone residues. The strong (I2o) reflection probably arises 
from the ,-carrageenin molecules alone since it persists in the K-earrageenin diagram 
as well. This reflection may be due to a relative displacement of b/4 of alternate 
,-carrageenin chains along the a axis; the side residues may also contribute to it. 

Tile strong 4-9 A meridional reflection may be due to the packing of the it-carra- 
geenin molecules, although it is considerably clearer and stronger with whole than with 
it-carrageenin. If the reflection arose from two arcs off the meridian and were given 
the indices (15o), it would then represent a displacement of the it-carrageenin molecules 
relative either to one another or to the K-carrageenin chains. 

Assuming the unit cell for K- to be the same as for whole carrageenin, the numher 
of ~c-earrageeniu chain units of four sulphated galactose and three anhydro-galactose 
residues each within this cell is calculated to be 3.2, i.e. four molecules traverse the cell. 
This result and the general similarity of the X-ray diagrams suggest that the packing 
in K -  is similar to that  in whole carrageenin with ~-carrageenin molecules replacing 
the it-. The condition giving rise to the (15o) reflection, however, no longer obtains. 

CONCLUSION 

Comparison of the X-ray diffraction patterns of K-, ~t- and whole earrageenin shows 
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t h a t  the  p a t t e r n  f rom whole  c a r r a g e e n i n  does  no t  r e p r e s e n t  t he  sum of t h o s e  f rom the  

K -  a n d  A - c o m p o n e n t s  s e p a r a t e l y .  In  whole  c a r r a g e e n i n ,  t he re fo re ,  the  two  t y p e s  of 

mo lecu l e s  m u s t  ex i s t  in a d i s t i n c t  a n d  def in i t e  s t r u c t u r a l  r e l a t i o n s h i p  wi th  r e s p ec t  to 

one  a n o t h e r  a n d  c a n n o t  occur  as large s e p a r a t e  a g g r e g a t e s .  S e p a r a t i o n  of K- a n d  2- 

c o m p o i l e n t s  w i t h  s u b s e q u e n t  r e c o m b i n a t i o n  does  no t  a p p e a r  to d e s t r o y  i r r eve r s ib ly  a n y  

m a j o r  s t r u c t u r a l  f e a t u r e s  in w h o l e  c a r r a g e e n i n .  

Desp i t e  k n o w n  c h e m i c a l  d i f f e r ences  b e t w e e n  K- a n d  ;~-carrageenin<7, t he i r  i n f r a r ed  

s p e c t r a  are  fa i r ly  s imi la r .  The  X - r a y  d i f f r ac t ion  p a t t e r n s  f rom these  t w o  c o m p o n e n t s ,  

howeve r ,  conf i rm chemica l  a n a l y s e s  in e s t a b l i s h i n g  the  e x i s t e n c e  of s t r n c t u r a l  d i f fe rences  

b e t w e e n  t h e m .  The  fibre pe r i od  of 25.2 A can be a c c o u n t e d  for in t h e  p r o p o s e d  s t r u c t u r e  

for ,<-carrageenin and  in 2 -ca r r ageen in ,  a l t h o u g h  m o r e  def in i te  a n d  d e t a i l e d  s t r u c t u r a l  

a n a l y s e s  m u s t  a w a i t  f u r t h e r  chemica l  s tud ies .  
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SI !MM :\ RY 

X-ray diffraction patterns have been obtained from stretched fibres of whole carrageenin and 
its K- and ~-components. The results establish structural differences between the two components, 
but the proposed fibre period in all three materials is 2.5.2 ,\. 

The K-carrageenin molecule is probal>ly branched. Along tile main chain, the fibre period 
appears to contain two trisaccharide units each comprising two sulphated D-galactose residues linked 
tz-l,3- and one 3,6-anhydro-D-galactose residue linked fl-i,4-, while within each 2.5.2 .\ period a single 
side residue of 3,6-anhydro-I)-galactose appears to be attached to the main chain through carbon 0 
of a sulphated D-galaetose residue. 

In ).-carrageenin the fibre period may represent three disaccharide units the majority of which 
are composed of two sulphated D-galactose residues linked *z-~,3-. The long fibre period could be 
accounted for by a variation in the number of sulphate groups attached to the galactose residues 
or by the presence of side residues. 

,~.-Carrageenin appears to have n monoclinic unit cell with a : 11.3 A: b (tibre axis) :5.-' ' \ ;  
c ().o :\ and ~ 8 I .  This cell is traversed by one 2.-carrageenin molecule. The unit cells for whole 
and K-carrageenin are identical, and it is suggested that  they are probably nlonoclinic with fl 9o '  
and axes a 18.8 A: t~ (fibre axis) "5.-' A and c l I.4 A. In K-carrageenin, four molecules 
traverse such a unit cell, while whole carrageenin it is traversed by two K- and two ,~.-carrageenin 
molecules which alternate in sheets parallel to (too). The infrared spectra of the K- and ,~,-components 
are similar. The potassium sensitivity of K-carrageenin is explained in terms of its proposed structure. 

RI:'SUM t:~ 

l.es images de diffraction des rayons X par des fibres ('tendues de carragt}nme totale et de ses 
constituants K et ~. ont dtd obtenues, l.es rdsultats indiquent des diffdrences structurales entre les 
deux cnnstituants, mais la p~riode proposde pour la fibre est, pour les trois produits, de 2.5.2 A. 

l.a moldcule de K-carrag~nine est probablement ramifi('e, l.e hmg de la chaine principale, la 
pdriode de la fibre contient deux unit6s trisaccharidiques, comprenant deux r6sidus D-galactose 
sulfat6s li~s en ~L-l,3, et un rdsidu 3,6-anhydro-t)-galactose lit: en fl-~,4-, tandis que, ~ l'intdrieur de 
chaque p6riode de 2.5.2 :\, un seul r~sidu lat6ral de 3,6-anhydro-D-Ralactose est roll( 5 la cha!ne 
principale par l'interm6diaire du carbone 6 d'un r(,sidu D-galactose sulfatd. 

Dans la ~[-carragdnine, la p~riode tie la fibre peut representer trois uuitds disaccharidiques, la 
majorit6 desquelles sont composc~es tie deux rdsidus i~-galactose sulfates li(,s cn ~z r,3-. l.a p6riodc 
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longue de la fibre peu t  ~,tre rappor tde  /t une va r i a t i on  dans  le nombre  des groupes sulfate  lids au 
rdsidus ga lac tose  ou /t la prdsence de r6sidus lat(}raux. 

La 2-carrag~nine possdde une uni t6  monoc l in ique  pour  laquel le  a -- ~l. 3 A; b (axe de la tibre) 
z5.z A; c -- 6.o A e t /5  -- 8 ~ .  Cet te  uni t6  es t  t ravers~e  pa r  une moldcule de ,~-carragdnine. Les 

unit(,s de la car ragdnine  to t a l e  et  de la ~-carragdnine  sont  i den t iques  et  l 'on peu t  supposer  qu 'e l les  
sont  monoc l in iques  avec fl = 9o '~ et  des axes  a - I8.8 A; b (axe de la fibre) -- -'5.2 A e t  c -- ~ I. 4 A. 
Dans  la ~-carragdnine,  qua t r e  moldcules t r a v e r s e n t  une telle unitd, l a n d i s  que dans  la car ragdnine  
totale ,  elle est  t raversde  pa r  deux  lnoldcules de ~c et  deux  moldcules tie ;~-carragdnine qui a l t e r n e n t  
en feui l lets  paral l tqes /t (~oo). Les spectres  infra-rouges  des c o n s t i t u a n t s  ~ et  ;~ sont  semblables .  I,a 
sensibi l i td  au po t a s s ium de la ~-carragdnine  est expl iqude a I 'a ide de la s t ruc tu re  pr(q~osde. 

Z U S A M M E N F A S S I I N ( ;  

X - S t r a h l e n d i f f r a k t i o n s b e s t i m m u n g e n  wurden  mi t  gedehn ten  Fasern  yon ganzem,  s~wie in seine 
~c-und ) . -Komponenten  au fgespa l t enem Carrageenin  durchgef i ihr t .  Die Ergebnisse  beweisen, dass  
zwischen beiden K o m p o n e n t e n  s t ruk tu re l l e  Unterschiede  bestehen,  dass aber  die gefundene Fasern-  
periodizit~it  der  drei  Subs tanzen  in al len Ffillen z5.2 A ist. 

Das ~¢-Carrageenin-Molekiil is t  wahrsche in l ich  verzweigt .  In der H a u p t k e t t e  schein t  eine einzelne 
l~'asernperiode aus zwei Tr i sacchar ide inhe i t en  zu bestehen,  deren jede ihrersei ts  aus  zwei su l fa t i e r t en  
o -Ga lak tose re s t en  in u - t , 3 - B i n d u n g  und einem 3 ,6-anhydro-D-Galak toseres t  in /5- i -4-Bindung 
bes teht ,  wobei  andererse i t s  von jeder  :5.-' A Per iode der H a u p t k e t t e  ein e inzelner  3 ,~-anhydro-  
D-Galak toseres t  abzweigt .  Dieser Ga lak tose res t  sche in t  tiber das 6-Kohlens tof fa tom eines su l fa t i e r t en  
1)-Galakt~)serests m i t d e r  H a u p t k e t t e  ve rbunden  zu sein. 

lm  2-Carrageenin k a n n  die Fase rnper iode  aus drei D i saccha r ide inhe i t en  bes tehen yon denen die 
meis ten  je zwei su l fa t ie r te  D-Galactosereste in ~t- l ,3-Bindung aufweisen,  wobei die L/inge der Faser- 
per iode durch eine J~nderung in der Zahl der an die Galak toseres te  gebundenen  Sul fa tgruppen,  oder 
durch Se i t enke t t en  e rk l / i r t  werden kann.  

2-Carrageenin sche in t  eine monokl in i sche  E inhe i t sze l l e  mi t  a - -  I1. 3 A, b -- z5.z A (Fasern-  
achse), c -- 6.o A und fl -- 8 t  zu besitzen.  Diese Zelle wird  nur  durch ein einziges ; t-Carrageenin- 
moleki i l  durchzogen.  

Die Einhei t sze l le  fiir ganzes und ~c-Carrageenin ist dieselbe, es wird w)rgeschlagen,  dass  sie 
wahrschein l ich  monokl inisch,  mi t  einem /5 yon 9o ~ und Achsen von a -- I8.8 A, b (Fasernachse)  
- -  z5._, A u n d c  ~ 1.4 A ist. Eine  solche Zelle wird in K-Carrageenin von v ier  Molekii len durchzogen,  
wfihrend sic in ganzem Carrageenin  von zwei K- und zwei ) . -Carrageeninmoleki i len,  welche in zu 
(1 oo) para l le len  Schichten  m i t e i n a n d e r  abwechseln ,  durchzogen  wird. 

Das inf raro te  S p e k t r u m  der ~¢- und 2 -Komponen te  ist  dasselbe.  
Die K a l i u m e m p f i n d l i c h k e i t  des K-Carrageenins wird an H a n d  der vorgesch lagenen  S t r u k t u r  

erklS~rt. 
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