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. 

Macromolecular Organization of Hemocyanins 
and Apohemscyanins as 

Revealed by Electron Microscopy 

SUMMARY 

Comparative electrsn microscopic studies of the structural 
organization of representative hemocyanins and apohemocya- 
nins from Mollusca and Arthropoda are described. Helix 
pomatia, Busycon canaliculatum, and Loligo pealei were 
chosen as examples of the Mollusca; Homarus americanus and 
Limulus polyphemus represented the Arthropoda. Mollusca 
hemocyanins are cylindrical molecules (diameter about 340 A ,  
height ranging from 143 A to 680 A )  built up from 3 to 12 
rows of subunits. Arthropoda hemocyanins are built from a 
cubic monomer (105 A )  in various stages of organization 
which is species dependent. Mollusca hemocyanins are 
distinctly different from Arthropoda hemocyanins, although 
they seem to be built from analogous subunits. Observations 
indicating the possible presence of certain constituents 
specifically localized in the core of the Mollusca hemocya- 
nins are discussed. A differentiated outer layer is regu- 
larly found around the hemocyanin and apshemocyanin mole- 
cules of Mollusca. It is not known whether these structures 
are actual components of the native molecules or are deter- 
mined by the preparation techniques. Their possible pre- 
sence can have significant biological implications. Repro- 
ducible differences between hemocyanins and apohemocyanins 
were observed only in the Mgllusca and under certain condi- 
tisns. High resslution electron micrsscopy using imprsved 
preparati3n techniques and instrumentation (coherent micro- 
beam illumination) revealed new structural details in the 
molecules close to quaternary levels. The results are dis- 
cussed in relation to the available biochemical and biophy- 
sical data on these highly srganized macromolecular complexes. 
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ABSTRACT 

I P  

Macromolecular organization of hemocyanins and apohemocyanins 
as revealed by electron microscopy. H. Fernandez-Moran, 
E. F. J. van Bruggen & M. Ohtsuki. 
J. Mol. Biol. 
(Dept. of Biophys., University of Chicago, Chicago, Ill., 
U. S. A. ) .  

/ / 

Comparative high resolution electron microscopic studies of 
the structural organization of representative hemocyanins 
and apohemocyanins from Mollusca and A r t h r ~ p s d a  are described. 
Mollusca hemocyanins are cylindrical molecules (diameter 
about 340 A ,  height ranging from 140 A to 680 A )  built up 
f rom 3 to 12 rows o f  subunits. Arthropoda hemocyanins are 
built from a cubic monomer (105 A )  in various stages o f  organ- 
ization which is species dependent. Mollusca hemocyanins are 
distinctly different from Arthropoda hemocyanins, although they 
seem to be built from analogous subunits. New structural 
details observed close to the quaternary levels are discussed 
in relation to available biochemical and biophysical data on 
these highly organiz etl macromolecular complexes. 



. 
Mac romo l e  cu l a  r 0 rgan iza t  i o n  o f Hemo c yanins  

and Apohemocyanins a s  
Revealed by E lec t ron  Microscopy 

1. I n t r o d u c t i o n  

Hemocyanins a r e  important  oxygen- t ranspor t ing  blood p r o t e i n s  
which occur  f r e e l y  d i s s o l v e d  i n  t h e  hemolymph of c e r t a i n  i n -  
v e r t e b r a t e s  of phylums Mollusca and Arthropoda ( R e d f i e l d ,  
1934; Dawson & M a l l e t t e ,  1945).  With r ega rd  t o  t h e i r  physio- 
l o g i c a l  f u n c t i o n ,  hemocyanins a r e  s i m i l a r  t o  hemoglobin, t h e  
r e s p i r a t o r y  pigment i n  t h e  blood of h i g h e r  an imals .  There 
i s  also a c e r t a i n  ana logy  w i t h  the e r y t h r o c r u o r i n s  (Roche, 
B e s s i s  & Thie ry ,  1960a, 1960b; Roche, B e s s i s ,  Breton-Gorius 
& S t r a l i n ,  1961; Levin,  1963a) , t h e  c h l o r o c r u o r i n s  , and 
haemerythr in  ( R e d f i e l d ,  1934; Klotz & Klotz, 1955) which 
a r e  oxygen- t ranspor t ing  p r o t e i n s  of some i n v e r t e b r a t e  s p e c i e s .  
However, on ly  hemocyanins con ta in  copper (0.18% t o  0.25%), 
which i s  probably u n i v a l e n t .  One molecule of oxygen i s  
bound f'or every  two atoms of copper ( R e d f i e l d ,  1934).  

Eriksson-Quensel  & Svedberg (1936) have s t u d i e d  hernocyanins 
e x t e n s i v e l y  i n  t h e  u l t r a c e n t r i f u g e  under  d i f f e r e n t  c o n d i t i o n s .  
The molecules  were shown t o  d i s s o c i a t e  r e v e r s i b l y  i n t o  s m a l l e r  
u n i t s  depending upon t h e  pH, i o n i c  s t r e n g t h ,  e t c .  Undissoc ia t -  
ed molecules  of d i f f e r e n t  b i o l o g i c a l  o r i g i n  vary  widely i n  
s i z e .  T h e i r  molecular  weights range f r o m  s e v e r a l  hundred 
thousands i n  t h e  case  of c e r t a i n  Arthropoda t o  s e v e r a l  m i l l i o n s  
f 'or c e r t a i n  Mollusca.  

E a r l i e r  s t u d i e s  ( S t a n l e y  & Anderson, 1942; Quaife  & Baylor ,  
1943; Polson & Wyckoff, 1947; Schramm & Berger ,  1952; and 
L a u f f e r  & Swaby, 1955) were confirmed and extended by systema- 
t i c  c o r r e l a t e d  e l e c t r o n  microscope s t u d i e s  by van Bruggen (1962; 
1964) and van Bruggen, Wiebenga & Gruber (1962a; 1962b; 1963). 
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L These recent studies, mainly using negative staining tech- 
niques, showed that Mollusca hemocyanin molecules are roughly 
cylindrical in shape. The diameter of the cylinders is about 
300 A; the length varies between 175 A and 2,000 A ,  depending 
upon the species. A tentative model was proposed for Helix 
wmatia (Roman snail) hemocyanin. Arthropod hemocyanin 
exhibits a different structure; i t s  basic unit seems to be a 
cube with an edge of about 80 8 .  They are observed as mono- 
mers, dimers, tetramers, etc., of this basic unit (van Bruggen 
et al. 1963; van Bruggen 1964). 

b 

The size of hemocyanin molecules and the ease of preparation 
from fresh blood without extensive manipulations makes these 
organized respiratory pigments ideal subjects for electron 
microscopy. Moreover, they can be subjected to controlled 
experimental biophysical, biochemical and physical chemical 
modifications which can be correlated with the results of 
electron microscopy. 

It is possible to remove the copper from a hemocyanin mole- 
cule (Kubowitz, 1938) to obtain apohemocyanin. Investiga- 
tions of any structural changes thay may occur, using high 
resolution electron microscopy and possibly electron diffrac- 
tion, may yield information relevant to the localization of 
the copper that plays a key role in this molecules. 

Improved preparation techniques (Hall, 1955; Huxley, 1956; 
Brenner & Horne, 1959; Fernandez-Moran, 1963a) and instru- 

electron microscopy have permitted direct visualization of 
the substructure of viruses (Brenner & Horne, 1959; Caspar 

/ 
& Klug, 1962) and of certain multienzyme complexes (Fernan- 
dez-Moran, Reed, Koike & Willms, 1964). These results can 
be correlated with the available X-ray data and biochemical 
information to deduce the actual arrangement of the protein 
subunits and molecular organization of these systems. It 

/ 1 

mentation (Fernandez-M3ran, / / 1960b,,1964) for high resolution 

/ 
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t h e r e f o r e  appeared worthwhile t o  a t t empt  a s imilar  c o r r e l a t e d  

which would lead  t o  a more d e t a i l e d  model o f  t h e i r  o rganiza-  
t i o n  a t  a l e v e l  o f  r e s o l u t i o n  c l o s e  t o  t h e  q u a t e r n a r y  s t r u c -  
t u r e  of  t h e  c o n s t i t u e n t  p r o t e i n s .  

b approach ,  i n  t h e  s tudy  o f  hemocyanins and apohemocyanins, 

T h i s  paper  r e p o r t s  on comparative s t u d i e s  o f  t h e  s t r u c t u r a l  
o r g a n i z a t i o n  o f  r e p r e s e n t a t i v e  hemocyanins and apohemocyanins 
from Mollusca and Arthropoda a s  r evea led  by h igh  r e s o l u t i o n  
e l e c t r o n  microscopy u s i n g  a v a r i e t y  of  supplementary tech-  
n iques .  Hel ix  pomatia,  Busycon cana l i cu la tum,  and Lol igo 
p e a l e i  were s e l e c t e d  a s  examples of  t h e  Mollusca; Homarus 
americanus and Limulus polyphemus a s  examples o f  t h e  A r t h r o -  
poda.  The r e s u l t s  w i l l  be  discussed i n  r e l a t i o n  t o  t h e  
a v a i l a b l e  biochemical  and b iophys ica l  d a t a .  . 
A d d i t i o n a l  i n v e s t i g a t i o n  on t h e  reassembling o f  mix tu res  o f  
t h e  s u b u n i t s  of  two d i f f e r e n t  hemocyanins a f t e r  d i s s o c i a t i o n  
of  t h e  molecules  a t  h igh  pH was done w i t h  a mixture  o f  Hel ix  
and Lol igo hemocyanins, and w i t h  a mixture  o f  Helix and 
Limulus hemocyanins. The r e s u l t s  of  t h e s e  i n v e s t i g a t i o n s  a r e  
r e p o r t e d  i n  a companion paper.  

2 .  Materials 
( a )  Hemgcyanin 

The hemolymphs of  Busycon cana l icu la tum,  Lol igo  p e a l e i ,  and 
Limulus polyphemus were c o l l e c t e d  f r e s h  and s e n t  r e f r i g e r a t e d  
from t h e  Marine B i o l o g i c a l  Laboratory a t  Woods Hole,  U . S . A .  
H e l i x  pomatia hemolymph was c o l l e c t e d  i n  t h e  u s u a l  way by 
h e a r t  punc tu re ,  kept  under  to luene  a t  +4 C and s e n t  from t h e  
Labora tory  of S t r u c t u r a l  Chemistry a t  Groningen, The Nether- 
l ands ,  on i c e  i n  a dewar f l a s k .  Homarus americanus hemolymph 
was c o l l e c t e d  l o c a l l y  by b leeding  a l i v i n g  animal  a f t e r  ex- 
t r a c t i o n  of  a l e g .  In t h i s  c a s e  a f i b r i n - l i k e  component 
formed by shaking was removed by f i l t r a t i o n .  

3 
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4 I n  most ca ses  t h e  hemolymph was s t u d i e d  without  f u r t h e r  
s p u r i f i c a t i o n ,  s i n c e  t h e  blood does no t  c o n t a i n  a p p r e c i a b l e  

amounts of  o t h e r  p r o t e i n s  bes ides  hemocyanin. I n  a few 
cases  t h e  hemolymphs were d i a lysed  f i r s t  a g a i n s t  a s o l u t i o n  
c o n t a i n i n g  0.01 M-ammonium a c e t a t e  and 0.0005 - 0.01 M- 
calcium a c e t a t e  (pH between 6 and 7 ) .  

( b )  Apohemocyanin 

Apohemocyanin ( copper- f ree  hemocyanin) was prepared  by t h e  
method o f  G h i r e t t i  (1956) b y  d i a l y s i s  o f  t h e  hemolymph 
a g a i n s t  s e v e r a l  changes o f  a s o l u t i o n  con ta in ing  0.01 M- 
K C N ,  3.01 M-borax, and 0.01M-CaC12 a t  pH 8 . 2 .  
l a t i o n s  were c a r r i e d  o u t  i n  a fume hood a t  21'C. The KCN 

was removed by d i a l y s i s  a g a i n s t  s e v e r a l  changes o f  a so lu -  
t i o n  c o n t a i n i n g  0.01 M-ammonium a c e t a t e  and 0.01 M-calcium 
a c e t a t e  brought t o  pH 6 t o  7 w i t h  d i l u t e  a c e t i c  a c i d .  The 

e n t i r e  p r e p a r a t i o n  procedure f o r  apohemocyanin was c a r r i e d  
o u t  under t h e  same cond i t ions  a s  t h o s e  r epor t ed  e a r l i e r  
(van  Bruggen e t  a l . ,  1962) .  At t h a t  t ime t h e  copper con- 
t e n t  was determined spec t ropho tomet r i ca l ly  a s  a carbamate 
complex by combining t h e  procedures  o f  Pe te r son  and B o l l i e r  
(1955) and S a n d e l l  (1944). He l ix  pomatia hemocyanin con- 
ta ined  0.21% Cu, 
0.05% Cu. The same procedure was followed throughout f o r  
t h e  p r e p a r a t i o n s  of s o l u t i o n s  of  apohemocyanin from o t h e r  
t y p e s  of  hemocyanin (Busgcon, L o l i g o ,  Limulus, Homarus). 

The manipu- 

Helix pomatia apohemocyanin conta ined  

( e )  B u f f e r s  

The hemocyanin and apohemocyanin s o l u t i o n s  were d i l u t e d  
w i t h  b u f f e r  f o r  t h e  e l e c t r o n  microscopy. The fo l lowing  
b u f f e r s  were t h e  main ones u s e d :  
. t i >  0.31 M-ammonium a c e t a t e  (pH 6 .8)  
(ii) 0.01 M-acetic acid/ammonium a c e t a t e  + 0.0005 M t o  

0.01 M-Ca-acetate and/or Mg-acetate (pH between 6 and 7 ) .  
( i i i ) O . O l  M-(NH4),CO3/NH4OH (pH between 10 and 11). 
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The f i n a l  p r o t e i n  concent ra t ion  was very much dependent upon 
t h e  specimen p r e p a r a t i o n  method chosen, and va r i ed  from 50 yg 
to 800 pg/ml b u f f e r .  

The water  used for a l l  t h e  p repa ra t ion  was de- ionized ,  l e d  
over  c h a r c o a l ,  d o u b l e - d i s t i l l e d  i n  a q u a r t z  d i s t i l l a t i o n  u n i t  
and u l t r a - f i l t e r e d  through a 100 A m i l l i p o r e  f i l t e r .  The 
s o l u t i o n s  were f i l t e r e d  through b a c t e r i a l  f i l t e r s .  

3. Methods 
( a )  Specimen P r e p a r a t i o n  

S e v e r a l  v a r i a t i o n s  of t h e  nega t ive  s t a i n i n g  technique  ( i i a l l ,  
1955; Huxley, 1956; Brenner & Home,  1959) and of p o s i t i v e  
s t a i n i n g  were used.  

( i) P r e p a r a t i o n  of a f e n e s t r a t e d  formvar f i l m  covered w i t h  
an  u l t r a t h i n  carbon f i l m .  

Specimen g r i d s  of copper ,  t i t an ium and plat inum were u s u a l l y  
coa ted  w i t h  f e n e s t r a t e d  formvar f i l m s  (Fernandez-M3r& & 

Finean ,  1957) w i t h  uniformly d i s t r i b u t e d  h o l e s  of 100 A to 
5,000 A diameter .  
c o a t i n g  c l e a n  g l a s s  s l i d e s  o r  f r e s h l y  cleaved mica w i t h  a 
0.1% or 0,2% s o l u t i o n  of fo rmvar  i n  1, 2-dichloroethane i n  
a n  atmosphere of p r e c i s e l y  c o n t r o l l e d  r e l a t i v e  humidity 
(80% to 90%). 
o r a t i o n  of a carbon c o a t .  Best r e s u l t s  were obta ined  by 
cover ing  t h e s e  f e n e s t r a t e d  f i l m s  w i t h  extremely t h i n  carbon 
f i l m s  ( t h i c k n e s s  of 10 A to 50 A approximate ly)  which a r e  
very  r e s i s t a n t ,  p r a c t i c a l l y  s t r u c t u r e l e s s  and s u p e r i o r  to 
t h e  s t anda rd  u l t r a t h i n  formvar f i l m s .  These u l t r a t h i n  carbon 
f i l m s  were prepared by evaporat ion on f r e s h l y  cleaved mica 
from s p e c t r o s c o p i c a l l y  pure carbon po in ted  r o d s  from a d i s -  

t a n c e  of about  1 2  em. A Varian high-vacuum evapora t ion  u n i t  
was used (Var ian  u l t r a - h i g h  vacuum u n i t  Model 922 w i t h  vac-  
i o n  pump 921) w i t h  s p e c i a l l y  adapted l i q u i d  n i t r o g e n  and 
l i q u i d  helium a t tachments .  Th i s  u n i t  has vacso rp t ion  f o r e  

t 

These f e n e s t r a t e d  f i l m s  were prepared by 

These f i l m s  were s t a b i l i z e d  by vacuum evap- 
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pumps, and t h e r e f o r e  i s  devoid o f  a l l  o i l  vapors and a t t a i n s  
a vacuum of lom8 to lo-’ mm Hg. which can be monitored con- 
t i n u o u s l y  w i t h  a r eco rd ing  Alpert  gauge. The carbon f i l m s  
t h a t  a r e  evaporated i n  t h i s  atmosphere f r e e  of  r e s i d u a l  gases  
a r e  d i s t i n c t l y  s u p e r i o r  t o  the s t anda rd  carbon f i l m s  prepared 
i n  pumping u n i t s  w i t h  d i f f u s i o n  pumps. A f t e r  evapora t ion  t h e  
f i l m s  can be f l o a t e d  o f f  t h e  mica i n  u l t r a - f i l t e r e d ,  double 
q u a r t z - d i s t i l l e d  water .  The carbon f i l m s  resemble monomolecu- 
l a r  f i l m s ,  and r e q u i r e  s p e c i a l  ob l ique  i l l u m i n a t i o n  because 
t h e y  a r e  b a r e l y  v i s i b l e .  
coa ted  f e n e s t r a t e d  formvar f i l m s  and a f f o r d ,  a f t e r  d r y i n g ,  
i d e a l  s u b s t r a t e s  fsr h igh  r e s s l u t i o n  e l e c t r o n  microscopy. 

l 

They can be picked up on t h e  carbon- 

(ii) P r e p a r a t i o n  o f  f e n e s t r a t e d  formvar f i l m s  w i t h  a s b e s t o s .  

I n  some c a s e s ,  f e n e s t r a t e d  f i l m s  were used without  any suppor t -  
i n g  f i l m  (Huxley & Zubay, 1963; Fernandez-Moran, 1962a) .  A 
u s e f u l  v a r i a n t  o f  t h i s  procedure c 3 n s i s t s  o f  b r i d g i n g  t h e  h o l e s  
of t h e  f e n e s t r a t e d  f i l m  w i t h  s u i t a b l y  d i s p e r s e d  u l t r a - t h i n  
f i laments of  a s b e s t o s  ( C h r y s o t i l e )  p r i o r  to d e p o s i t i o n  of  t h e  

n e g a t i v e  s t a i n i n g  f i l m .  The a s b e s t o s  f i b e r s  a c t  a s  r e i n f o r c -  
i n g  s t r u c t u r e s  t o  b r idge  t h e  l a r g e r  ho les ,and  a n  extremely 
t h i n  f i l m  of t h e  nega t ive  s t a i n  i s  f r e q u e n t l y  found wedged 
between t h e  ho le  contours  and  t h e  a s b e s t o s  f i l a m e n t .  T h i s  

t echn ique ,  which i s  descr ibed s e p a r a t e l y  (Fernlndez-Moran, i n  
p r e p a r a t i o n )  has t h e  a d d i t i o n a l  advantage t h a t  t h e  a s b e s t o s  
f i be r s  e x h i b i t  a c h a r a c t e r i s t i c  p e r i o d i c  l a t t i c e ,  p a r a l l e l  t o  
t h e  long  a x i s ,  w i t h  a per iod of  7.3 which can se rve  a s  a n  
i n t e r n a l  c a l i b r a t i o n  s tandard .  

/ 4 

1 

(iii) P r e p a r a t i o n  of  f e n e s t r a t e d  f i l m  w i t h  b e n t o n i t e .  

An a d d i t i o n a l  v a r i a t i o n  f o r  mounting n e g a t i v e l y  and p o s i t i v e l y  
s t a i n e d  specimens u t i l i z e s  extremely t h i n  (10 A to 20 A )  ben- 
t o n i t e  and montmor i l lon i te  p a r t i c l e s  prepared  by t h e  method 
o f  McLaren and Pe te r son  ( 1 9 6 1 ) .  
hemocyanin molecules  and can then  be used to br idge  t h e  gaps 
i n  f e n e s t r a t e d  f i l m s .  

-7- 
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( i v )  P repa ra t ion  of t h e  p r o t e i n .  
The fo l lowing  p r e p a r a t i o n  techniques were used: 
( a )  A d r o p l e t  of t h e  hemocyanin o r  apohemocyanin s o l u t i o n  
d i l u t e d  w i t h  one of t h e  b u f f e r s  descr ibed  above t o  a p r o t e i n  
c o n c e n t r a t i o n  o f  25 wg/ml, was placed on t h e  specimen g r i d  
w i t h  a f i n e ,  f r e s h l y  drawn g l a s s  p i p e t t e .  A f t e r  one to two 
minutes t h e  excess  p o r t i o n  of t h e  s o l u t i o n  was removed by 

f l o a t i n g  t h e  g r i d  upside down on a s o l u t i o n  of t h e  co r re s -  
ponding b u f f e r  a l o n e ,  f o r  abmt  f i f t e e n  seconds.  I n  some 
cases  t h e  specimen was then  f ixed  by t r a n s p o r t i n g  t h e  g r i d  
t o  a f i x i n g  s o l u t i o n  i n  a f r e s h l y  flamed plat inum loop.  For 
f i x a t i o n  we used 1% or 3% formaldehyde n e u t r a l i z e d  w i t h  KOH 
or 1.5% g lu ta ra ldehyde  i n  0.91 M-phosphate b u f f e r  (pH 7 . 0 ) .  
The f i x a t i o n  was done on i c e  (03C)for t h i r t y  minutes ,  a f t e r  
which t h e  specimens were r i n s e d  by f l o a t i n g  them on b u f f e r  
a l o n e  f o r  about f i f t e e n  seconds. 

Both f i x e d  and unfixed specimens were s t a i n e d  by f l o a t i n g  
on t h e  s t a i n i n g  s o l u t i o n  f o r  one ,  two o r  f i v e  minutes .  
F i n a l l y  each specimen was a i r  d r i e d  by b l o t t i n g  t h e  edge 
of t h e  g r i d  t o  a p i e c e  of f i l t e r  paper  u n t i l  n e a r l y  d ry .  

T h i s  method i s  very s imilar  t o  t h e  one f i r s t  descr ibed  by 
Huxley (1963). 
e t  a l .  f o r  t h e  examination o f  sucrose  and g l y c e r o l  con ta in ing  
g r a d i e n t  m a t e r i a l .  

It was developed i n  t h i s  form by van Bruggen 

The fo l lowing  s o l u t i o n s  were used for nega t ive  s t a i n i n g :  
1) 0.5% and 2% s o l u t i o n s  of phosphotungst ic  a c i d ,  s i l i c o -  
t u n g s t i c  a c i d  or boro t u n g s t i c  a c i d  n e u t r a l i z e d  w i t h  KOH 
o r  NaOH t o  pH 7.2.  
2 )  1% and 2% s o l u t i o n s  of ammonium meta tungs ta t e .  
3 )  0.5%, 1%, and 2% s o l u t i o n s  o f  "uranium-EDTA" (van Bruggen 
e t  a l . ,  1962a) o r  uranium c i t r a t e  i n  0.01 M-ammonium a c e t a t e  
brought  t o  pH 7 t o  10 w i t h  ammonia. For  p o s i t i v e  s t a i n i n g  
1% and 2% s o l u t i o n s  of unbuffered u r a n y l  a c e t a t e  were used.  
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In order to prevent the formation of particles, all the 
staining solutions were freshly prepared and ultrafiltered 
in a manner described previously (Fernandez-M3ran, 1964). . / 0 

(b) Microdroplet cross-spraying techniques were used (Fer- 
nzndez-Moran, 1962a, 1962b) by means of a multiple-spraying 
device provided with suitably arranged separate quartz 
capillaries (internal opening 0.2 to 0.1 millimeters) for 
specimens and for reagents. It is possible to obtain con- 
trolled, brief interaction of specimen microdroplets with 
microdroplets of 1% to 2% potassium phosphotungstate (pH 7.2), 
uranyl acetate, or other heavy metal s 3 i u t i s f i s .  The c x s s -  

sprayed microdroplets (about 0.1 to l0k in diameter) collide 
in mid-air and rapidly interact shortly before impinging on 
the specimen grid. As a result of the small size and rela- 
tively high speed of the cross-spraying microdroplets there 
is a favorable combination of rapid specimen cooling and 
limited drying to attain a high degree of preservation of 
labile structures (Fernandez-Moran, 1962; 1964). This 
technique can also be modified to obtain cross-spraying of 
the unfixed specimens with 1% to 3% buffered glutaraldehyde 
solutions for fixation, thus preventing the aggregation 
which often occurs during fixation. 

4 

0 / 

(e) A mixture of the protein with a concentration of about 
400 pg/ml and of the stain was sprayed directly onto the 
carbon film, using the standard negative staining technique 
described by Brenner & Home (1959). 

(d) A cDmbination of negative staining and embedding with 
ultrathin sectioning was used (Fernandez-Moran, 1952; 1962; 
1964). 
or pellets of the hemocyanin prepared by ultra-centrifugation 
were mounted on a Moran-Leitz ultramicrotome and sectioned 
with a diamond knife (Fernandez-Moran , 1953). 

I I 

Dried or frozen droplets of the hemocyanin solutions 

4 0 
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The pellets or suspensions were also sucked into thin plas- 
tic capillaries (0.1 to 0.2 millimeters inner diameter) 
using the technique described earlier f o r  examination of 
oriented tobacco mosaic virus gels (Ferngndez-Mor& & 

Schramm, 1958). The specimen capillaries were cut into short 
segments and mounted on the microtome where they could 
either be sectioned directly or after freezing. These ultra- 
thin sections are collected directly on a 1% to 2% buffered 
phosphotungstate solution or on unbuffered 1% to 2% uranyl 
acetate and picked up on filmed specimen grids. Although 
this technique has inherent limitations, mainly caused by 
drying artifacts, it provides interesting information on 
the aggregates of hemocyanin molecules in the ultra-centri- 
fugated pellets. The results will be reported in a separate 
publication. 

(e) In a number of cases, it was found useful to combine 
positive and negative staining with uranyl acetate with 
shadow casting with carbon in an ultra-high vacuum of 10 
to lo-' mm Hg. This technique was particularly useful also 
when dealing with unstained fresh and fixed hemocyanin 
molecules, since it permits a determination of the geometry 
and contours of the molecule without the introduction of 
staining artifacts. Thanks to the high contrast obtained 
with microbeam illumination using pointed filaments, the 
carbon shadows could be made visible depicting extremely 
fine detail which would normally be obscured by the stan- 
dard platinum or tungsten shadowing. 

-8 

4. Electron Microscopy 
The electron microscope studies were carried out in a 
facility which was designed to provide optimum conditions 
for consistent attainment of' high resolution. The micro- 
sco-ps were provided with a highly regulated power supply 
(50 kilowatt motor generator set, specially designed and 
manufactured by Westinghouse Company, which is equipped 
with a new solid state regulator giving better than 0.1% 

-10- 



voltage stability and very low- harmonic distortion). The 
microscopes were mounted on vibration-free foundations in 
clean room environments. 

A Siemens Elmiskop I and Elmiskop IA, and a Hitachi 11B 
microscope were used, operating mainly at 80 kV (also at 
100, 75, 60, 50, and 40 kV for selected specimens). 

All microscopes were provided with improved pointed filaments 
(Fernhdez-Moran, 1960b) of single-crystal tungsten with a 
tip radius of ll~- to 10~. These pointed filaments were used 

tense microbeam illumination with high coherence and low 
angular divergence. Recent improvements in the gun design 
make it possible to attain image brightness(with a 1~ to 1 0 ~  
spot size, bean current 1 to 8 micro-amperes at 75 to 80 kV) 
which is adequate for direct observation of image detail at 
the highest electron optical magnification. In most of the 
critical work, cgndenser apertures of 23~1, 53y and 13Op were 
used in condenser I1 to obtain a greater transverse coherence 
length and enhance contrast in the images. Using multiple 
objective apertures of copper or platinum ( 3 0 ~  and 5 3 ~  
diameter) as well as very thin ( 5 ~  to 101-1) molybdenum 
apertures of 3 0 ~  and 5 3 ~  the astigmatism of the objective 
lens could readily be corrected under direct observation and 
reduced to less than 0.1~. For high resolution studies the 
measured astigmatism of the objective lens was 0.05~ or less. 
One of the electron microscopes was provided with a separate, 
specially regulated power supply with reduced ripple for the 
objective lens, with improved controls permitting recording 
of through-focal series in steps of 80 A to 200 A .  
ments were provided with special Viton gaskets to improve the 
high vacuum and reduce the residual gases. Most of the high 
resolution micrographs were recorded us ing liquid nitrogen 
cold stages and anti-contamination devices. A combination 
of low intensity microbeam illumination and controlled 

/ 

yg-ut ine 1 ~y with the double  cnncienser system to provide in- 

All instru- 
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3 specimen cool ing  (-8g3 to -180 C) was found to be very u s e f u l  
f o r  t h e  s tudy  of  d e l i c a t e  s t r u c t u r e s  o f  t h e  hemocyanin mole- 

I c u l e s ,  a s  wel l  a s  f o r  con t ro l l ed  e t c h i n g  experiments .  

The h i g h e r  e f f i c i e n c y  of t h e  pointed f i l amen t  sources  enabled 
us  to use I l f o r d  high r e s o l u t i o n  p l a t e s  r o u t i n e l y  ( 4  t o  20 
seconds exposure a t  40,000 to 160,000 X e l e c t r o n  o p t i c a l  mag- 
n i f i c a t i o n ) .  
on a t h i n  p o l y e s t e r  base were found to be very use fu l  f o r  
r eco rd ing  up to 90 exposures without breaking t h e  vacuum. T h i s  

was p a r t i c u l a r l y  va luable  i n  record ing  through-foca l  s e r i e s  
u s ing  t h e  cold s t a g e s .  I l f o r d  N-49 and Gavaert S c i e n t i a  
23D50 p l a t e s  were a l s o  r o u t i n e l y  used. 

I n  a d d i t i o n ,  Kodak High D e f i n i t i o n  70mm f i l m s  

For a l l  c r i t i c a l  measurements, c a l i b r a t i o n  of t h e  microscope 
was c a r r i e d  out  a t  t h e  t ime of  r eco rd ing  t h e  e l e c t r o n  micro- 
g raphs ,  u s ing  a d i f f r a c t i o n  g r a t i n g  r e p l i c a  (54,864 l i n e s  p e r  
i nch  and 28,800 l i n e s  p e r  i nch ,  suppl ied  by Ladd Research 
I n d u s t r i e s )  i n  t h e  same p o s i t i o n  a s  t h e  g r i d .  An a d d i t i o n a l  
check on the  c a l i b r a t i o n  was c a r r i e d  out  by Ronald L u f t i g  and 
Dr. K e i j i  Yada us ing  combined e l e c t r o n  microscopy and e l e c t r o n  
d i f f r a c t i o n  of s e l e c t e d  p lanes  from copper p tha locyanin  and 
K2PTC14 c r y s t a l s .  

Measurements were c a r r i e d  out  d i r e c t l y  on t h e  p l a t e s  and 
f i l m s  u s i n g  a n  o p t i c a l  comparator (Nikon Shadowgraph Model 6~). 

The p l a t e s  were developed w i t h  Agfa Rodina l ,  Kodak D72, or 
D76 under  c o n t r o l l e d  temperature cond i t ions  (20'C). 

p r i n t s  were made from t h e  o r i g i n a l  p l a t e s  or from con tac t  
d u p l i c a t e s  t a k i n g  s p e c i a l  p recaut ions  t o  e l i m i n a t e  a b e r r a t i o n s  
u s i n g  t h e  Durst S-45 e n l a r g e r  w i t h  po in t  source or w i t h  a 
mercury vapor lamp. 

The 

The obse rva t ions  descr ibed  here a r e  based on t h e  e v a l u a t i o n  
of more than  2,000 p l a t e s  and f i l m s  i n  which a n  average 
r e s o l u t i o n  of  8 A to 15 A was c o n s i s t e n t l y  achieved .  
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About 2,000 a d d i t i o n a l  p i c t u r e s ,  t aken  a t  t h e  Laboratory o f  
S t r u c t u r a l  Chemistry, Un ive r s i ty  o f  Groningen, The Nether lands ,  
w i t h  a P h i l i p s  EM-200 e l e c t r o n  microscope,  were a l s o  eva lua ted .  I '  

4 .  R e s u l t s  
( a )  Mollusca 

( i)  Hel ix  pomatia hemocyanin 

Negative s t a i n i n g .  A s  shown i n  P l a t e s  I and I11 t h e  hemocya- 
n i n  molecules  appear  a s  c i r c l e s  o f  about 380 A (Histogram 
F i g .  1) and a s  r e c t a n g l e s  i n  specimens n e g a t i v e l y  s t a i n e d  
w i t h  "uranium-EDTA" a s  descr ibed  by van Bruggen e t  a l .  (1962a) .  
The c i r c l e s  c o n t a i n  s u b u n i t s  i n  c h a r a c t e r i s t i c  f i v e - f o l d  or 
t e n - f o l d  symmetrical arrangement. I n  t h e  r e c t a n g l e s  t h e  sub- 
u n i t s  a r e  a r ranged  i n  s i x  p a r a l l e l  rows. 

I n  good agreement w i t h  van Bruggen e t  a l .  (1962a; 1963) t h e  
s i z e  o f  t h e  r e c t a n g l e s  pe rpend icu la r  t o  t h e  rows i s  found 
t o  be about  400 A (Histogram F i g .  1) and t h e  o t h e r  s i d e s  
show a v a r i a t i o n  from 359 t o  400 A .  There i s  a s l i g h t  

d i f f e r e n c e  of about  10% t o  15% between t h e  dimensions of  t h e  
d i ame te r  of t h e  c i r c l e s  and t h e  w i d t h  o f  t h e  r e c t a n g l e s .  
T h i s  i s  compatible w i t h  t h e  assumption t h a t  t h e  c i r c l e s  and 
r e c t a n g l e s  a r e  p r o j e c t i o n s  o f  t h e  same c y l i n d r i c a l  molecule ,  
t a k i n g  i n t o  c o n s i d e r a t i o n  the  a l t e r a t i o n s  in t roduced  by t h e  

p r e p a r a t i o n  techniques .  

C e r t a i n  s t r u c t u r a l  f e a t u r e s  which had not  been c l e a r l y  seen 
b e f o r e  a r e  now d i s c e r n i b l e  i n  g r e a t e r  d e t a i l ,  b o t h  i n  t h e  
f r e sh  and i n  t h e  f i x e d  molecules u s i n g  d i f f e r e n t  p r e p a r a t i o n  
t echn iques .  The new d e t a i l s  r e l a t e  mainly t o  t h e  subuni t  
s t r u c t u r e ,  t h e  i n t e r n a l  conf igu ra t ion  of t h e  molecules ,  and 
t o  t h e i r  o u t e r  c o a t s .  

I n  t h e  c e n t e r  of t h e  c i r c l e s , i n  specimens n e g a t i v e l y  s t a i n e d  
w i t h  phosphotungstate  by the  double-spray method, ( P l a t e  11) 
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Size d i s t r i b u t i o n  of c i r cu la r  and rectangular  forms of Helix omatia hemo- 
cyanin molecule s nega t ive lg  s t a ined  w i t h  pho spho t ung s t a-ny 1 
ace ta t e  (UA) and uranium EDTA ( U E ) .  ( a )  and ( e )  length of  the rectangular  
forms measured perpendicular t o  rows: PTA - c l e a r  areas  i n  ( a ) ,  UA - c lea r  
a reas  i n  (b), UA - hatched areas ,  UE - c lea r  areas  i n  ( d ) .  





A 

_ _ _ _  
500 a 

hemocyanin molecules negatively staine 
the double-spray method without 
s a semi-opaq 

by a concentric dense mi 
n t r a l  layer (arrow-b) and 

mcture  of the  subunits I s  
a&)* ( a )  X 675-000. (b  t o  



. we see a dense core of about 120 A diameter with no clearly 
discernible internal structure. Some of the molecules, how- 
ever (Plate IIa, b) show faint indications of differentiated 
structures in the core. The dense core is surrounded by a 
semi-opaque ring (diameter about 180 A ,  width 30 A )  featuring 
the outlines of 10 oval units (dimensions 30 A x 45 A )  which 
are bounded by a dense ring (width about 15 A to 30 A ,  outer 
diameter 230 A ) .  
recognized in the different preparations, appears to be made 
of ten segments delimiting the ten internal units (Plate IIa, 
IIb, IId). Around the dense middle ring we find a well-defin- 
ea clear annular zone (cliameter 290 A to 300 A, width 40 A ) ,  
in the center of which a fine dense concentric layer with a 
thickness of 8 A to 12 A is discernible (Plate I1 d). Adjac- 
ent to this zone is a dense outer boundary ring (diameter 
about 320 A )  which merges into the surrounding layer of 
phosphotungstate. In negatively stained preparations one 
regularly finds the embedded molecules surrounded by an 
electron-dense halo which might indicate a greater accumu- 
lation of the phosphotungstate around the molecules. The 
rectangular forms of the molecules measure about 350 A in 
a direction perpendicular to the subunit rows, and approxi- 
mately 300 A parallel to the rows (Fig. 1). The regular 
rows have an average width of 40 A,  and exhibit a typical 
annular subunit structure (arrows Plate I1 a, e). The 
subunits have an average diameter of 40 A, featuring a 
dense core of about 8 A to 10 A within a semi-opaque ring. 
In well-preserved rectangular fo rms  it is possible to count 
6 to 7 individual subunits in each of the six rows. This 
would give a total of abDut 42 subunits visible in that part 
of the rectangular forms of the molecules which is embedded 
in the phosphotungstate film. 

This dense middle ring, which is clearly 

Earlier physico-chemical experiments by van Bruggen et al. 
(1960) 3n mixtures of neubralized tungstate compounds with 
Helix pbmatia hemocyanin demonstrated that this reagent does 
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not  l e a d  to a n  i r r e v e r s i b l e  d i s s o c i a t i o n  of t h e  molecules .  
These experiments a r e  i n  agreement w i t h  o t h e r  biochemical 
s t u d i e s  (Fernandez-Moran, Oda, B l a i r  & Green, 1964) which 
i n d i c a t e  t h a t  phosphotungstate under t h e  cond i t ions  used 
for specimen p r e p a r a t i o n s  i n  e l e c t r o n  microscopy i s  a r e l a -  
t i v e l y  m i l d  r eagen t .  

I 1 

Aldehyde f i x a t i o n  o f  hemocyanin molecules p r i o r  t o  nega t ive  
s t a i n i n g  y i e l d s  e s s e n t i a l l y  the  same type of s t r u c t u r e s  as  
observed i n  unf ixed  p r e p a r a t i o n s .  

! -  

Negative s t a i n i n g  w i t h  I I  uranium-EDTA" ( P l a t e s  I ,  111) g i v e s  

t h e  fo l lowing  average dimensions f o r  t h e  s t r u c t u r e s  observed 
i n  t h e  c i r c u l a r  forms: dense co re  = 130 8 ,  semi-opaque r i n g  = 

190 8 ,  dense middle r i n g  = 250 8 ,  c l e a r  annu la r  zone = 340 8,  
dense o u t e r  r i n g  = 400 8 .  
s t r u c t u r e s  i n  t h e  phosphotungstate p r e p a r a t i o n s  we observe ,  
i n  a d d i t i o n  to t h e  s l i g h t l y  l a r g e r  dimensions,  t h e  fol lowing 
d i s t i n c t i v e  f e a t u r e s :  t h e  c e n t r a l  core  e x h i b i t s  a s e r i e s  of 
25 A to 30 A dense p a r t i c l e s  a r ranged  i n  r o s e t t e - t y p e  3r 

a n n u l a r  p a t t e r n s  ( P l a t e  111 b to e ) ;  t h e  c o n s t i t u e n t  t e n  sub- 
u n i t s  s t and  o u t  very c l e a r l y  i n  t e n - f o l d  symmetrical  a r r ange -  
ment occupying both t h e  semi-opaque r i n g  and t h e  dense middle 
r i n g .  

Compared w i t h  t h e  corresponding 

A f i n e  dense c i r c u l a r  l a y e r  o f  about 8 A i s  f a i n t l y  v i s i b l e  
i n  t h e  middle of  t h e  c l e a r  annular  zone. The demarcation 
l i n e  between t h e  c l e a r  annular  zone and t h e  dense o u t e r  r i n g  
d i s p l a y s  a t y p i c a l  s e r r a t e d  p r o f i l e  which may be r e l a t e d  to 
t h e  subun i t  s t r u c t u r e  of t h e  molecules .  

P o s i t i v e  s t a i n i n g .  I n  a r e p r e s e n t a t i v e  p r e p a r a t i o n  o f  hemo- 
cyanin molecules p o s i t i v e l y  s t a i n e d  w i t h  u rany l  a c e t a t e  ( P l a t e  
I V )  t h e  c h a r a c t e r i s t i c  concent r ic  r i n g s  o f  t h e  c i r c u l a r  forms 
a r e  we l l  de f ined .  The c e n t r a l  r eg ions  of t h e  c i r c u l a r  forms 
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of  t h e  molecules show v a r i a t i o n s  i n  d e n s i t y ,  s i z e  and conf ig-  
u r a t i o n .  The d iameter  of t h e  c e n t r a l  r eg ion  de l imi t ed  by 
t h e  dense middle r i n g  v a r i e s  f r o m  about 130 A i n  t h e  "c losed"  
dense forms ( P l a t e  I V  d )  t o  1°C) A i n  t h e  "open",  semi-opaque 
c i r c u l a r  forms ( P l a t e  I V  e ) .  The dense c i r c u l a r  l a y e r  i n  
t h e  middle Df t h e  c l e a r  annular  zone i s  now more pronounced 
( w i d t h  of  15 a t o  20 A )  and f r e q u e n t l y  shows a beaded sub- 
s t r u c t u r e  ( P l a t e s  I V  b t o  e ) .  The dense o u t e r  r i n g  i s  found 
c l o s e l y  a s s o c i a t e d  w i t h  a l e s s  dense homogenems c s a t  r e s u l t -  
i n g  i n  a t o t a l  d iameter  o f  the o r d e r  of 370 A f o r  t h e  s e p a r a t e  
molecules not  embedded i n  the s t a i n .  

I n t e r e s t i n g  obse rva t ions  can be made when t h e  hemocyanin mole- 
c u l e s  a r e  adsorbed on extremely t h i n  b e n t o n i t e  or montmoril l-  
o n i t e  l ame l l ae  (10 t o  30 A t h i c k )  prepared accord ing  t o  t h e  
method of McLaren and Peterson (1961) .  I n  t h e s e  p r e p a r a t i o n s  
t h e  hemocyanin molecules a re  sandwiched between t h e  under ly ing  
carbon f i l m  and t h e  t h i n  ben ton i t e  l ame l l ae .  Upon d r y i n g ,  a 
c h a r a c t e r i s t i c  spreading  or compression e f f e c t  i s  noted which 
d i s p l a c e s  t h e  dense c e n t r a l  c3re  e c c e n t r i c a l l y  and f l a t t e n s  
out  t h e  l e s s -dense  subuni t  s t r u c t u r e s  of t h e  o u t e r  l a y e r s .  
Under f avorab le  cond i t ions  it i s  a l s o  p o s s i b l e  t o  examine 
t h e s e  sandwiched p repa ra t ions  w i t h  a l i q u i d  n i t r o g e n  co ld  
s t a g e  a t  low t empera tu res ,  thus m r t i a l l y  p re se rv ing  them i n  
t h e i r  hydrated s t a t e .  Although under t h e s e  cond i t ions  t h e  
molecules  a r e  exceedingly s e n s i t i v e  t o  e l e c t r o n  beam r a d i a -  
t i o n  e f f e c t s  and r a p i d  e tch ing  s e t s  i n ,  t h e i r  g e n e r a l  dimen- 
s i o n s  appear  t o  be about 20% l a r g e r  than  those  of t h e  s t anda rd  
d r i e d  n e g a t i v e l y  s t a i n e d  p repa ra t ions .  

Fixed and Carbon-Coated P repa ra t ions .  

Hemocyanin molecules f i x e d  w i t h  1.5% buf fe red  g lu t a ra ldehyde  
or w i t h  1% t o  3% n e u t r a l i z e d  formaldehyde p r i o r  t o  n e g a t i v e  
or p o s i t i v e  s t a i n i n g  show e s s e n t i a l l y  t h e  same s t r u c t u r e s  a s  
t h e  unf ixed  molecules .  However, t h e  dense o u t e r  cDat s t a n d s  
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o u t  more c l e a r l y .  The  coa t  can be s t a b i l i z e d  by v e r t i c a l  
I d e p o s i t i o n  of  a very t h i n  carbon f i l m  i n  a n  u l t r a h i g h  vacuum. 

I n  o r d e r  t o  g a i n  a b e t t e r  unders tanding  o f  t h e  three-dimen- 
s i o n a l  c o n f i g u r a t i o n  of  t h e  hemocyanin molecules ,  specimens 
f i x e d  w i t h  a ldehydes were o b l i q u e l y  shadowed w i t h  carbon i n  
a n  u l t r a h i g h  vacuum to lo-’ mm Hg).  The enhanced 
c o n t r a s t  ob ta ined  w i t h  t h e  h ighly  coherent  microbeam i l l u m i n -  
a t i o n  makes t h e  f a i n t  carbon shadows c l e a r l y  v i s i b l e  ( P l a t e s  
V ,  V I ) .  The i n d i v i d u a l  hemocyanin molecules  s t a n d  o u t  a s  
c y l i n d r i c a l  or barre l - shaped  s t r u c t u r e s  p r o j e c t i n g  sha rp  
shadows. The o u t e r  coa t  surrounding t h e  molecules  i s  s l i g h t -  
l y  e c c e n t r i c  and broadened i n  t h e  d i r e c t i o n  o f  t h e  carbon 
source .  It e x h i b i t s  a r e g u l a r  s e r i e s  of  c o n c e n t r i c  r i n g s  o f  
t h e  o r d e r  o f  10 to 20 h ( P l a t e  V a t o  e ) .  

Approximately s i x  r i n g s  can be counted w i t h  a gap between 
t h e  t h i r d  and t h e  f o u r t h  r i n g .  The r i n g s  show a r e g u l a r  
beaded s t r u c t u r e  o f  about  10  h to 20 A ,  
b i l i t y  may be cons idered  t h a t  t h e  c o n c e n t r i c  r i n g s  r e s u l t  
fmm success ive  d e p o s i t i o n s  o f  carbon du r ing  r epea ted  shadow- 
i n g ,  i t  i s  more probable  t h a t  t hey  correspond to a n  a c t u a l  
s t r u c t u r e .  T h i s  conclus ion  i s  based on examinat ion of  a 
l a r g e  number of p l a t e s  i n  which shadowing was performed from 
d i f f e r e n t  a n g l e s  and under  vary ing  c o n d i t i o n s ,  wi thout  
a p p r e c i a b l y  modifying t h e  number and f i n e  s t r u c t u r e  o f  t h e  
c o n c e n t r i c  r i n g s  of t h e  o u t e r  c o a t .  I n  t h e s e  shadowed 
p r e p a r a t i o n s  t h e  subun i t  f i n e  s t r u c t u r e  of  t h e  r e c t a n g u l a r  
f o r m s  i s  a l s o  p a r t i c u l a r l y  w e l l  d e f ined .  A s  shown i n  P l a t e  
V e ,  a c h a r a c t e r i s t i c  p r o f i l e  o f  t h e  shadows w i t h  two peaks 
can  be seen .  These peaks a re  probably i n d i c a t i v e  of a 
groove p a r a l l e l  to t h e  rows o f  subun i t s  corresponding to 
t h e  middle of t h e  molecule where d i s s o c i a t i o n  u s u a l l y  occur s .  
Another t ype  of groove ,  pe rpend icu la r  to t h e  d i r e c t i o n  of  
t h e  r o w s ,  was descr ibed  by van Bruggen e t  al. (1962a ) .  

Although t h e  p o s s i -  
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Helix pomatia hemocyanin molecules f ixed  w i t h  g lutaraldehyde,  s t a i n e d  
w i t h  u rany l  a c e t a t e  and shadowed with carbon i n  an  u l t r a h i g h  vacuum. A s  
a r e s u l t  of t h e  enhanced c o n t r a s t  obtained w i t h  coherent microbeam i l l u -  
minat ion,  t h e  c y l i n d r i c a l  hemocyanin molecules s t and  out d i s t i n c t l y ,  
p r o j e c t i n g  sharp shadows ( a ) .  The s l i g h t l y  e c c e n t r i c  o u t e r  coat exhibits 
a ser ies  of concentr ic  r ings  w i t h  a r e g u l a r  beaded s t r u c t u r e  (b,d,e) .The 
r e c t a n g u l a r  forms p r o j e c t  c h a r a c t e r i s t i c  shadows w i t h  two peaks ( e )  

correspond t o  a c e n t r a l  groove p a r a l l e l  t o  t h e  rows o f  subuni t s .  
o n t r a s t  p r i n t .  ( a )  X 320,000. ( b  t o  e )  X 800,000. 



C 

D 

- 1OOOX I 
1ooA 

1- pomatia apohemocyanin molecules fixed with glutaraldehyde, 
with uranyl acetate and shadowed with carbon in an ultrahigh vac 
three-dimensional appearance and fine structure is similar to the corres- 
ponding hemocyanin preparations. The outer coat is conspicuous in both 
t h e  circular and rectangular forms, and the individual molecules appea 
to be slightly larger and more ermeable t o  stains. Reversed-contrast 
rint. (a) X 320,000. (b t o  e7 X 700,000. 



(ii) Apohemocyanin. 
t i v e l y  and p x i t i v e l y  s t a i n e d  f i x e d  and unf ixed  apecimens 
of  apohemocyanin f a i l e d  t o  show s i g n i f i c a n t  d i f f e r e n c e s  
w i t h  r e s p e c t  to t h e  s t r u c t u r e  o f  hemocyanin. T h i s  i s  i n  
agreement w i t h  t h e  pre l iminary  f i n d i n g s  r e p o r t e d  by van 
Bruggen e t  a l .  (1962a)  

Examination o f  a wide v a r i e t y  of nega- 

The on ly  d i f f e r e n c e s  d e t e c t e d  were found i n  u r a n y l - s t a i n e d  
and shadowed p r e p a r a t i o n s  ( P l a t e  V I ) ,  and i n  phosphotungs ta te  
c ross -sprayed  specimens ( P l a t e  V I I ) .  I n  t h e s e  p r e p a r a t i o n s  
t h e  i n n e r  p a r t  o f  t h e  molecule seems t o  be more opened up and 
permeable to t h e  s t a i n .  This r e s u l t s  i n  more marked d i f f e r -  
ences  i n  t h e  c o n f i g u r a t i o n  of t h e  c e n t r a l  r e g i o n s  of t h e  
c i r c u l a r  f o r m s .  The dimensions o f  t h e  apohemocyanin mole- 
c u l e s  appear  to be s l i g h t l y  l a r g e r  (about  10% to 15%) t h a n  
t h o s e  o f  t h e  hernocyanin molecules; t h e  o u t e r  coat  i s  a l s o  
more conspicuous.  

C e r t a i n  r ep roduc ib le  d i f f e r e n c e s  could be d e t e c t e d  i n  a 
s e r i e s  o f  c o n t r o l l e d  e t ch ing  experiments  u s ing  microbeam 
i l l u m i n a t i o n  i n  combination w i t h  t h e  co ld  s t a g e .  Under 
c e r t a i n  c o n d i t i o n s  ( inc reased  i n t e n s i t y  of microbeam i l lum-  
i n a t i o n ,  presence o f  water  vapor and r e s i d u a l  g a s e s ,  e t c . )  
a c h a r a c t e r i s t i c  e t c h i n g  e f f e c t  can be observed i n  nega- 
t i v e l y  s t a i n e d  specimens which have been sandwiched between 
carbon f i l m s .  A s  shown i n  P l a t e s  V I 1  a ,  b ,  one can observe 
d i r e c t l y  a p a r t i a l  e t c h i n g  away o f  c e r t a i n  p a r t s  of t h e  
hemocyanin and apohemqanin  molecules .  I n  hemocyanin mole- 
c u l e s  ( P l a t e  V I 1  a )  t h e  c l e a r  a n n u l a r  zone a d j a c e n t  t o  t h e  
middle  dense r i n g  i s  g radua l ly  e tched  away. However, some 
of  t h e  d e t a i l s  o f  t h e  m i d d l e  dense r i n g  and c e n t r a l  core  
a r e  r e t a i n e d .  By c o n t r a s t ,  i n  t h e  apohemocyanin molecules  
( P l a t e  V I 1  b )  t h e r e  i s  ex tens ive  o b l i t e r a t i o n  of f i n e  
d e t a i l  i n  t h e  o u t e r  and in t e rmed ia t e  zones w i t h  p a r t i a l  
p r e s e r v a t i o n  of  t h e  dense c e n t r a l  r e g i o n s .  However, i n t e r -  
p r e t a t i o n  of t h e  r e s u l t s  o f  t h e s e  e t c h i n g  experiments  i s  
still u n c e r t a i n ,  and f u r t h e r  work i s  necessa ry .  
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tion of Helix pomatia apohemocyanin molecules negative1 
dium phosphotungstate by the double-spray method withou 

d differences in the density and configura 

the apohemocyanin molecules to the stain. X 400,000. 
ions of the circular forms may result from enhanced pe 
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Electron micrographs of Helix pomatia hemocyanin (a) and apohemocyanin 
molecules (b) which have been negatively stained, sandwiched between 
carbon films, and subjected to controlled etching with microbeam illu- 
mination at low temperatures. Selective etching away of certain parts 
of these molecules can be observed which may possibly be related t o  the 
modifications induced by the treatment for copper removal. 
and (b) X 800,000. 

(a) X780,000 



I C  

(iii) Busycon cana l icu la tum hemocyanin 
Busycon hemocyanin molecules show, i n  n e g a t i v e l y  and p o s i t -  
i v e l y  s t a i n e d  p repa ra t ions  ( P l a t e s  I X ,  X ) ,  c i r c u l a r  and 6- 
row r e c t a n g u l a r  s t r u c t u r e s  which a r e  e s s e n t i a l l y  s i m i l a r  t o  
those  of  Hel ix  pomatia hemocyanin. 

? 

More e longated  r e c t a n g l e s  having t h e  same w i d t h  show up w i t h  

9 rows ( l e n g t h  5 2 3  A )  and 1 2  rows ( l e n g t h  683 A )  ( P l a t e s  I X ,  

X ) .  
a t  row 6 and 7 f o r  t h e  9-row s t r u c t u r e s ,  and two i r r e g u l a r i t -  
i e s  r e s p e c t i v e l y  a t  row 3 and 4 and a t  row 6 and 7 f o r  t h e  
12-row r e c t a n g l e s .  

C lose r  examination r evea l s  a n  i r r e g u l a r i t y  i n  t h e  spacing 

( i v )  Busycon apohemocyanin 
Busycon apohemocyanin and hemocyanin molecules showed t h e  
same type  o f  minor d i f f e r e n c e s  ( P l a t e  X I  a ,  b )  a s  desc r ibed  
f o r  t h e  corresponding p repa ra t ions  of  Hel ix  Qomatia. 

A s  shown i n  P l a t e s  X I 1  and X I I I ,  c e r t a i n  t y p i c a l  modifica- 
t i o n s  of t h e  i n t e r n a l  co re  o f  t h e  c i r c u l a r  fsrms were con- 
s i s t e n t l y  found i n  f i x e d  and u r a n y l  a c e t a t e  s t a i n e d  prepara-  
t i o n s .  I n s t e a d  of t h e  c i r c u l a r  rows of p a r t i c l e s  i n  t h e  
i n n e r  c o r e ,  3ne f i n d s  l a r g e  numbers of molecules w i t h  r o d -  

l i k e  or e longated  dense s t r u c t u r e s  ( P l a t e  X I I I ) .  The rods 
a r e  about  50 A to 100 A long, and approximately 2 3  A t o  
40 A wide. 
t o  be a gene ra l  swe l l ing  of t h e  whole molecule.  The o u t e r  
c o a t  i s  very marked and has an  average w i d t h  of about 53A 
t a  80 A .  I n  a d d i t i o n  to t h e  c l e a r l y  v i s i b l e  s t r u c t u r e s  
t h e r e  appears  t o  be a genera l  m a t r i x - l i k e  m a t e r i a l  which i s  
ex t remely  f i n e  gra ined  , permeating t h e  e n t i r e  molecular  
s t r u c t u r e .  

I n  a d d i t i o n  to these  mod i f i ca t ions  t h e r e  appears  
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Preparation of Busycon canaliculatum hemocyanin molecules stained and 
embedded In a thin film of uranyl acetate extending over the holes of 
a feQestrated carbon film reinforced with ultrathin asbestos filaments 

asbestos filaments in different orientations, while others are supported 
within extremely thin films of the negative stain bridging the resulting 
network o f  submicroscopic gaps. The individual subunits are seen in par- 
allel array in the 6-, 9-, and 12-row rectangular forms featuring a dense 
serrated border. The asbestos filaments (shown in bottom insert at X 
1,000,000) exhibit a characteristic crystalline lattice period of 7.3 
which serves as an accurate calibration standard. X 720,000. 

(100A diameter). Numerous molecules are found adhering to the slender 



Electron micrographs of Busycon canaliculatum hemocyanin (a) a 
hemocyanin (b) molecules negatively stained, showing the same 
minor structural differences mainly in the central region 0 
ular forms as observed In the corresponding preparations of 
pomatia. X 670,000. 



C 

Electron micrographs of representative hemocyanin (a,b,c) and apohemo- 
cyanin (d-1) molecules of Bus  con canaliculatum stained with uranyl 
acetate without prior f i x a k - f ) ,  and after fixation with glutar- 
aldehyde (g-1) . Characteristic s t r u c t u r a l  modifications are observed 
in the dense core of the circular f o r m s ,  and the outer coat is general- 
ly broadened and well-defined ( g - 1 ) .  (a-f) X 880,000. (g-1) X 1, 000,000. 



. . . .  

Elec t ron  micrographs of r ep resen ta t ive  apohemocyanin molecules of Busy- - con canal iculatum s t a ined  w i t h  uranyl  a c e t a t e  a f t e r  f i x a t i o n  with g l u t - .  
araldehyde.  Numerous molecules a r e  found w i t h  rod- l ike  o r  elongated 
dense s t r u c t u r e s  i n  the  cen t r a l  region of t he  c i r c u l a r  forms, w i t h  a 

~~~~~~~ and has an average widizr: o f  5 O A  to 8OA.  There a l s o  appears t o  
be a gene ra l  swel l ing of  t h e  v h o l e  molecule. 

of in te rmedia te  configurat ions.  The o u t e r  coat is very marked 

- .  
X 1,000,000. 



( v )  Lol igo  p e a l e i  
E l e c t r o n  micrographs o f  g lu ta ra ldehyde  f i x e d  molecules  f r o m  
Lol igo p e a l e i  hemocyanin n e g a t i v e l y  s t a i n e d  w i t h  potassium 
phosphotungs ta te  ( P l a t e  X I V )  confirm e s s e n t i a l l y  t h e  p re -  
v ious  f i n d i n g s  r e p o r t e d  by van Bruggen e t  a l .  (196211) f o r  
a n o t h e r  Decapod Sepia  o f f i c i n a l i s .  

The molecules  appear  a s  c i r c l e s  w i t h  a t e n - f o l d  symmetry 
and a d iameter  of  about 339A and a s  r e c t a n g l e s  o f  370 A 
x 140 A. 
be due t o  t h e  f i x a t i o n  procedure.  

D e t a i l s  i n  t h e  molecules a r e  obscured,  which might 

S t a i n i n g  w i t h  u rany l  a c e t a t e  ( P l a t e  X V I )  shows much more 
d e t a i l s ,  bu t  u n f o r t u n a t e l y  i t  i s  very d i f f i c u l t  t o  v i s u a l -  
i z e  t h e  r e c t a n g l e s  i n  this way. Spraying of a mixture  of 
t h e  hemocyanin and ''uranium-EDTA" gave good s t r u c t u r a l  
p r e s e r v a t i o n .  However, now t h e  background g r a i n  from t h e  
s t a i n  was too coa r se .  F loa t ing  o f  a specimen thus  prepared 
i n  u r a n y l  a c e t a t e  f o r  about  15 seconds g i v e s  t h e  r e s u l t  
shown i n  P l a t e  XV. Both c i r c l e s  and squa res  show very f i n e  
s t r u c t u r a l  d e t a i l s .  It i s  d i f f i c u l t  t o  s e e  t h e  s e p a r a t e  
s u b u n i t s  i n  t h e  o u t e r  r i n g  o f  t h e  c i r c l e s .  The i n n e r  r i n g  
c l e a r l y  c o n s i s t s  o f  10 subun i t s .  The d iameter  o f  t h e s e  
s u b u n i t s  i s  20 A t o  30 A ,  and t h e  d i s t a n c e  between them i s  
40 A t o  50 A ,  I n  c o n t r a s t  t o  P l a t e  X I V  s t a i n e d  s t r u c t u r e s  
a r e  observed i n  t h e  core  o f  t h e  i n n e r  r i n g  o f  t h e  c i r c l e s  
i n  P l a t e  XV. These s t r u c t u r e s  a r e  l e s s  c l e a r  t han  those  
seen  i n  He l ix  and Busycon hemocyanin. The r e c t a n g l e s  show 
t h e  s u b u n i t s  i n  3 rows p a r a l l e l  t o  t h e  l o n g e s t  s i d e .  The 
s u b u n i t s  seem t o  be a r r ayed  i n  a close-packed s t agge red  
@ t e r n  i n  c o n t r a s t  t o  Hel ix  and Busycon hemocyanin, where 
t h e  s u b u n i t s  from d i f f e r e n t  rows seem t o  s t a n d  e x a c t l y  above 
each o t h e r .  F u r t h e r ,  t h e  r e c t a n g l e s  f r o m  Lol igo appea r  t o  
s t a i n  completely symmetr ica l ly ,  while  t h e  corresponding 
s t r u c t u r e s  of Hel ix  and Busycon show d i f f e r e n t  d e n s i t i e s  
f o r  t h e  f i r s t  and t h e  l a s t  rows. I n  a d d i t i o n  t o  t h e  c i r c l e s  
and r e c t a n g l e s ,  s m a l l e r  components a r e  observed t h a t  do not  
show a c h a r a c t e r i s t i c  s t r u c t u r e .  
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PLATE 11' 1 

B 

Loligo pealei hemocyanin molecules glutaraldehyde fixed and negatively 
stained with potassium phosphotungstate. 
les (diameter about 330 A) and as rectangles of about 140 A x 370 A. 
Subunit structure of circular and rectangular forms is discernible. 
(a) X 400,000. 

The molecules appear as Girt- 

(b) X 600,000. 



A 
1 1 8 YI.\TE xy 1000 a 

(c) 
ranium-EDTA' and then floated on uranyl acetate foreabou 
The moleculesoappeareas circles (diameter about 31OA)  and 

!s of about 160~ x 355A. The circular forms show subunit s 
;€?n-fOld symmetry; the  rectangular forms show 3 PONS of sub 
@-packed staggered pat te rn ,  Smaller components (diameter 7C 
built from 3 to 5 subunits are also visible. (a) X450,000, ( 
,000. 

Loligo ,pealei hemocyanin molecules sprayed as a m 



. -.. . 

hemocyanin 
s, symmetm 

escr ibed f o r  Plate XV.- 
360 , 000. 

1000 ii 

molecule s negat ively s ta ined w i t h  ura 
and substructure of t he  molecules are 
Note t h e  f i n e  d e t a i l s  v i s i b l e  i n  the I 



(vi) Loligo apohemocyanin 
Specimens of glutaraldehyde-fixed Loligo apohemocyanin, 
which were negatively stained with phosphotungstate, do 
not show any reproducible differences of significance as 
csmpared with the hemocyanin. However, it was noticed 
that in many cases the inner core appears to be more dense. 
Most of the structures here were broken up into segments. 
In some of the areas examined at high magnifications there 
were indications that not all of the subunits exhibited 
the characteristic dense, internal core. 

Loiigo apohemocyanin, prepa red  according to the method of 
Cohen & Van Holde (1964) sprayed as a mixture with "uranium- 
EDTA", followed by floating on uranyl acetate (Plate XVII) 
shows circles and rectangles that are similar to those of 
the hemocyanin prepared in the same way. A larger amount 
of smaller components is observed. The smallest components 
with a diameter of 70 A to 100 A are built from about 3 
subunits, while the larger ones are formed by a combination 
of two or more of these structures. 
to 100 A x 230 A to 270 A occur frequently. 

Dimers measuring 70 A 

(vii) Limulus polyphemus 
Depending on the composition of the medium, Limulus p o l y -  
phemus hemocyanin contains components with sedimentation 
constants of 6 s, 16 s, 24 s, 35 s, and 57 s. 

Confirming the results reported previously by van Bruggen 
(1964) the 57 s component, negatively stained with sodium 
phosphotungstate at pH 7 (Plate XVIII) shows up as circles 
with a diameter of about 240 A ,  or as rectangles with di- 
mensions of 210 A x 243 A composed of two parallel rows, 
each measuring about 90 A x 240 A .  
(Plates XVIII to XX) appears as a square consisting of 4 
smaller squares connected at one of their corners as des- 
cribed first by Levin (1.963~). 

The 35 s component 
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1000 & 
lecules  sprayed a s  a mixture w i t h  "uranium- 
y1 acetate  foT about 15 seconds. The mole- 

ameter about 34011) and a s  r e c t m g l e s  of about 
he symmetry and substructure of the molecules i s  t he  same 

ibed f o r  Lol igo hemocyanin, Many gmaller components are observed 
lest with a diameter of 7 O A  t o  l O O A  a r e  b u i l t  from 3 t o  5 subunit; 

e r  ones a r e  formed by a combination o f  two o r  more of  these 
a )  and (b) X 450,000. 



hemocyanin molecules negatively stained w i t h  sod i  
The 16 s component is observed as aDsmall sguar 

sldes 80A t o  look) or hexagon (diameter 120A to 150A). 
especially seen at the border region where the molecules 
g, is often observed as a combination of' a hexagon w l  
e, The 35s component appears as a tetrameroof' 4 sgua 
OA) or as rectangles wi th  dimcnsionseof 210A x 240A, 

allel rows, each measuring about gOA x 240A. X 285,000. 



. Limulus Polyphemus hemocyanin molecules nega Bassi& phosphotungstate, The dimensions, symmetry, and substructure 
cules is the same as described for Plate XVZII. Note expeclal 
ring stmcture with a diameter of about 100A, probably corresponding to 
ano$her protein present in Limulus hemglymph. 
l O O A  x 450A with a spacing of about 6 5 ~  probably is a side vie 
of several of these lOOA rings. 

e Bale- 
( a )  a 

The elongated-st 

X 360,000. 



hemocya 
s with t e dimensions. I v - -  - 

e s r i b e d  i n  P l a t e s  XVIII and XIX are observed. 



The sma l l e r  squares  w i t h  a s ide  of 83 A to 100 A were 
e a r l i e r  i d e n t i f i e d  a s  t h e  16 s cDmponent (van Bruggen, 1964) .  
The hexagons (d i ame te r  120 A t o  l5O A) and t h e  smal l  r e c t a n g l e s  
of 83 A x 110 A were shown t o  be o t h e r  p r o j e c t i o n s  of t h i s  16 s 
component. The 24 s component i s  seen a s  a dimer most ly  con- 
s i s t i n g  o f  a hexagon connected w i t h  a square o r  a r e c t a n g l e .  
The 6 s component ob ta ined  a t  complete d i s s o c i a t i o n  s t i l l  shows 
s u b s t r u c t u r e  and measures about 45 A a c r o s s .  

S t a i n i n g  w i t h  u rany l  a c e t a t e  ( P l a t e  X X )  shows t h e  same s t r u c -  
t u r e s  a g a i n ,  however, now w i t h  much f i n e r  d e t a i l .  T h i s  i s  
b e s t  seen i n  t h e  sma l l e r  components :.,ihere t h e  subun i t s  show 
a very  f i n e  s u b s t r u c t u r e  t h a t  was no t  v i s i b l e  a f t e r  s t a i n i n g  
w i t h  phosphotungstate .  

Bes ides  t h e  s t r u c t u r e s  descr ibed above,  a r i n g  s t r u c t u r e  w i t h  

a d iameter  of about 100 A i s  r e g u l a r l y  seen ( P l a t e s  X I X ,  X X ) .  

We have considered t h e  p 9 s s i b i l i t y  t h a t  t h i s  s t r u c t u r e  might 
be a n  enzyme or ano the r  kind o f  p r o t e i n  p r e s e n t  i n  t h e  
Limulus blood; however, t h i s  assumption can only be t e s t e d  
by biochemical  a n a l y s i s ,  and f u r t h e r  work remains t o  be done. 
The e longated  s t r u c t u r e  o f  450 A x 100 A shown i n  P l a t e  XIXa 
probably i s  a s i d e  view o f  a s t a c k  o f  s e v e r a l  o f  t h e s e  lO3A 
r i n g s .  From t h e  p e r i o d i c i t y  w i t h  a spac ing  of  about 65 A 
t h e  he igh t  of  t h e  i n d i v i d u a l  molecules  can be e s t ima ted  t o  
be about 65 A .  

No s i g n i f i c a n t  d i f f e r e n c e s  were f m n d  between hemocyanin and 
apohemocyanin molecules o f  Limulus ( P l a t e  XXI) as  examined 
by a wide v a r i e t y  of p o s i t i v e  and nega t ive  s t a i n i n g  techniques  
and shadow c a s t i n g  w i t h  carbon. 

( u i i i )  Homarus americanus 
Specimens of hemocyanin of Homarus americanu 
s t a i n e d  w i t h  PTA ( P l a t e  XXII) show p i c t u r e s  
t i a l l y  s i m i l a r  to t hose  descr ibed  p rev ious ly  
e t  a l .  (1963) f o r  o t h e r  Crustacea.  
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Llmulus polyphems apohemocganin molecules sprayed as a mixture with 
%ranium-EDTA” and then floated on uranyl acetate for about 15 seconds. 
The same molecular structures are observed as f o r  Limulus hemocyanin. x 360,000. 



B 

I 0 0 0 s  

Homarms americanus hemocyanin molecules negatively stained with potassium 

ponent is observed as a combination of a hexagon and rectangle (e). An 
interesting phenomenon found in only one of the hemolymph samples examin- 
ed was a tendency of the molecules baggregate laterally into long 
strings. ( b ) .  (a) X 450,000. (b) X 112,500. (d) X 900,000. 

phosphqtun state. The 16s component appears as hexagons yith a diameter 
of l 3 O A  (d or as near-rectangles with sides of about  105-4. The 24s com- 



The 16 s component appears  a s  hexagons w i t h  a d iameter  o f  

130 A ,  squares  or r e c t a n g l e s  w i t h  a s i d e  of about 105 A .  
The 24 s component aga in  appears  t o  be a combination o f  a 
hexagon and a square or a r e c t a n g l e .  

The hexagons c o n s i s t  o f  one,  sometimes two, s u b u n i t s  i n  
t h e  c e n t e r  w i t h  s i x  around i t .  Looking a t  t h e  d e t a i l s ,  
we s e e  t h a t  because of t h e  b e t t e r  r e s o l u t i o n  each of  t h e  
s u b u n i t s  a c t u a l l y  has a r i n g  type  s t r u c t u r e .  T h i s  i s  even 
b e t t e r  v i s i b l e  a f t e r  s t a i n i n g  w i t h  u rany l  a c e t a t e  ( P l a t e  
X X I I I ) .  A s u b s t r u c t u r e  f o r  each of t h e s e  r i n g s  i s  c l e a r l y  
shown. 

The same f i n e  s t r u c t u r e s  a r e  observed i n  t h e  o t h e r  p ro jec -  
t i o n  o f  t h e  16 s component. 

An i n t e r e s t i n g  phenomena, t h a t  on ly  occurred i n  one o f  
t h e  hemolymph samples, was a tendency of t h e  molecules 
t o  aggrega te  l a t e r a l l y  i n t o  long s t r i n g s  forming a dense 
mesh-work ( P l a t e  X X I I b )  . 

P r e p a r a t i o n s  o f  Homarus apohemocyanin ( P l a t e  X X I V )  were 
n o t  d i f f e r e n t  i n  t h e  e s s e n t i a l  d e t a i l s  f r o m  t h o s e  of 
hemocyanin. 
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A 

C 

0 

PIATE XXIII 
with uranyl acetate. The same st ructures  are observed as in Plate XXI 

Homarus americanus hemocyanin molecules negatively s 

more clearly. The hexagons consists of one or two subunits i n  the cene 

substrmcture for each of these rings is clearly shown. (a) X 400,O 
(b to e )  X 900,000, 

i t h  six around it. Each of these subunits has an annular structure 



Komarus americanus apohernocyanin molecules ne atively stained with uranyl 
acetate (a) and potassium phosphotungstate (b Structures with exactly 

, and substructure as described for Homarus 
X 400,000. (b) X 450,000. 

t h e  same dimensions, 
hemocyanin are observed. 



5. Discussion 

I .  The electron microscopical data presented here for hemo- 
cyanin molecules from different biological origins allows 
us to discuss the analogy between them at a level of reso- 
lution close to their quaternary structures. Eriksson- 
Quensel and Svedberg (1936) suggested from sedimentation 
analysis that a very close structural relation should exist 
for hemocyanins belonging to the same and to different 
phylums. They introduced classes f o r  the different compon- 
ents with sedimentation constants ranging from 6 s t o -  133 S. 
Their idea that the dissociation would Occcr  into halves, 
fourths, eights, etc. molecules strongly influenced later 
workers. Schramm and Berger (1952) proposed from electron 
micrographs a model for the molecule of Helix pomatia hemo- 
cyanin in accordance with this way of dissociation. 

Sedimentation analysis showed that the sedimentation con- 
stants for the main components of the Arthropoda hemocyanins 
ranged from 16 s to 57 s; for the Mollusca hemocyanins from 
57 s to 133 s. The importance of comparing the structure 
of the 57 s components from both phylums is obvious. The 
57 s components are, in fact, found as main components 
respectively in Limulus and Loligo hemocyanin. 

Ultracentrifugation analysis showed for the Arthropoda a 
component with a sedimentation constant of 4 s to 6 s, as 
the smallest unit. In agreement with this are the 43 A to 
53 structures seen in electron micrographs of dissociated 
hemocyanins (van Bruggen, 1964). Our present observations 
show that the structure of these units is roughly annular. 
At high resolution there are indications of finer substruc- 
tures (Plates XXII to XXIV). Future biochemical analysis 
may permit a closer correlation with these observations. The 
6 s component is clearly recognized as a building block in 
the 16 s compDnent (Plates XXII to XXIV). The structure of 
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the 16 s component is not clearly established. It is outlined 
as a hexagon, a square, or a rectangle. Levin (196313) pro- 

(1963) proposed a cube. 
16 s component and is mostly seen as a combination of a hex- 
agon with a cube or a rectangle (Plates XXIII to XXIV). In 
contrast to Levin's (1963~) observations, we found this typi- 
cal dimer both for Homarus and Limulus belonging respectively 
to the Crustacea and Merostomata. This emphasizes the relation- 
ship between these hemocyanins belonging to the different 
classes of the same phylum. The 35 s unit, clearly seen as a 
tetramer of the 16 s unit, was nnly observed in Limulus hemo- 
cyanin (Plates XVIII to XXI). 

. posed a roughly triagonal prismatic model; van Bmggen et al. 
The 24 s component is a dimer of the 

# 

t 

The structure of the 57 s unit, also of Limulus hemocyanin, 
is more difficult to analyze. It shows striking analogy with 
that of the erythrocruorins (Levin, 1963a). Bo.th are seen as 
circles and as rectangles consisting of two rows with a gap in 
between. The erythrocruorins show a very clear hexagonal struc- 
ture. Limulus hemocyanin sometimes resembles a pentagon. The 
57 s component shows the 24 s component as an intermediate both 
during dissociation and reassociation; therefore it might be a 
pentamer of this 24 s unit. 

Loligo hemocyanin (phylum Mollusca) also has a sedimentation 
constant of about 57 s. Its structure is completely different 
from Limulus hemocyanin. 
bility of a quaternary structural relationship between these 
hemocyanins belonging to different phylums. 
trifugation studies by Van Holde and Cohen (1964a; 1964b) 
showed a dissociation at high pH into 11 s component with a 
molecular weight of 389 ,000. A 19 s component with a mole- 
cular weight of 773,300 occurred as an intermediate during 
this dissociation. The smaller structures visible on Plates 
XV-XVII probably correspond to those 19 s and 11 s components. 
Sedimentation analysis has not clearly revealed components 
with a sedimentation constant smaller than 11 s. Electron 

This would make unlikely the possi- 

Recent ultracen- 
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microscopy, however, shows at high pH particles with a dia- 
meter of 40 A to 50 A that are very similar both in size and 

I structure to the 6 s component of the Arthropoda hemocyanins. 
The discrepancy between sedimentation analysis and electron 
microscopy might be due to a dissociation by the stains of the 
11 s unit into smaller components. They are shown both in 
uranyl acetate and phosphotungstate preparations. 
to 50 A subunits are clearly the constituent building blocks 
of Loligo hemocyanin. They are also observed in the circular 
and rectangular projections of its main component (Plates XV- 

These 40 A 

XVII). 

When we compare the structures of Loligo, Helix and Bfisycon 
hemocyanin we see circular forms with about the same diameter 
and symmetry for each of the species and rectangular forms with 
increasing numbers of rows. This again points out their cylin- 
drical structure. Condie and Langer (1964) suggested for 
Kelletia kelletia hemocyanin that the circular and rectangular 
forms represent two different species of molecules. They do 
not give any proof for this suggestion. We found that the 
ratio of circles to rectangles can be drastically changed (van 
Bruggen, 1962) in specimens prepared from a hemocyanin solution 
before and after treatment with a small amount of non-ionic 
detergent. This is additional proof that we are dealing here 
only with a different way of orientation of the same cylindri- 
cal molecules. The observation of 20 subunits in the outer ring 
of the circular forms agrees very well with calculations that 
give a circular diameter of about 325 A for 20 subunits, measur- 
ing about 45 A across. For an inner ring of 10 subunits, with a 
diameter of 45 A ,  calculations yield a diameter of about 145 A ,  
also in reasonable agreement with our observations. 

From a structural point of view Helix hemocyanin can not simply 
be considered as a dimer of Loligo hemocyanin,and,Busycon hemo- 
cyanin is more complex than a mere polymer of Helix hemocyanin. 
Thus, the pattern shown by half Helix molecules (rectangular 3- 
row structure) is different from the corresponding rectangular 
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form of t h e  main Lol igo component. The Lol igo molecule s t a i n s  
. even ly ,  whi le  t h e  h a l f  Hel ix  molecule c o n s i s t e n t l y  d i s p l a y s  

asymmetry of s t a i n i n g  i n d i c a t i v e  o f  a c e r t a i n  p o l a r i t y .  Look- 
i n g  a t  t h e  9- and 12-row s t r u c t u r e s  of Busycon hemocyanin 
( P l a t e s  I X  - X I )  w e  do not  s ee  a s imple r e p e t i t i o n  o f  t h e  
Helix 6-row s t r u c t u r e .  Rather i t  appears  t h a t  one or m3re 3- 
row s t r u c t u r e s  a r e  a t t a c h e d  to t h e  b a s i c  6-row s t r u c t u r e  
c h a r a c t e r i s t i c  o f  t h e  Hel ix  hemocyanin. Asmming t h a t  t h e s e  
3-row s t r u c t u r e s  a r e  c losed"  a t  one s i d e  and "open" a t  t h e  
o t h e r  s i d e ,  we r e g u l a r l y  f i n d  t h e  open'' s i d e  f a c i n g  t h e  6- 
row p a r t  i n  t h e  9- and 12-row s t r u c t u r e s .  T h i s  g i v e s  r i s e  
t o  t h e  t y p i c a l  s t a i n i n g  p a t t e r n s  observed.  The same obser -  
v a t i o n s  were made f o r  s t r u c t u r e s  con ta in ing  a s t i l l  iai-ger 
number o f  rows. They a r e  always b u i l t  up from a 6-row main 
p a r t  w i t h  t h e  sys t ema t i c  a d d i t i o n  o f  a c e r t a i n  number of  3- 
row s t r u c t u r e s  i n  t h e  descr ibed  modular o r g a n i z a t i o n  p a t t e r n s .  

11  

11  

A c r i t i c a l  a n a l y s i s  of t h e  new s t r u c t u r a l  d e t a i l s  observed i n  
t h e  c e n t r a l  and o u t e r  p a r t s  o f  t h e  Hel ix  and Busvcon molecules 
must take i n t o  c o n s i d e r a t i o n  t h e  complex p r e p a r a t i o n  f a c t o r s  
i nuo lved .  Treatment w i t h  uranium compounds and aldehyde f i x a -  
t i o n  p l a y s  a n  important  r o l e  i n  t h e  r ep roduc ib le  demonst ra t ion  
of t h e s e  s t r u c t u r e s .  

The co res  o f  t h e  c i r c u l a r  forms of t h e  molecules show p a t t e r n s  
r ang ing  from a number o f  p a r t i c l e s  disposed i n  c i r c u l a r  a r r a y s ,  
r o s e t t e s ,  {PLates  I11 - X I I )  to r o d l e t s  ( P l a t e  X I I I ) .  Speci-  
mens n e g a t i v e l y  s t a i n e d  w i t h  phosphotungs ta te  show l i t t l e  o r  
no i n d i c a t i o n s  of such d i f f e r e n t i a t e d  s t r u c t u r e s  i n  t h e  dense 
c o r e s .  The obse rva t ion  o f  a p r e f e r e n t i a l  s t a i n i n g  of  t h e  
c e n t r a l  r e g i o n s  of  t h e  c i r c u l a r  and r e c t a n g u l a r  forms  of  hemo- 
cyan in  and apohemocyanin molecules could be i n t e r p r e t e d  i n  
e s s e n t i a l l y  two d i f f e r e n t  ways. E i t h e r  t h e  molecules t a k e  up 
t h e  s t a i n  because they  a r e  p a r t i a l l y  hollow i n s i d e ,  o r  t h e y  
may c o n t a i n  c o n s t i t u e n t s  i n  t h e  c e n t e r  t h a t  s t r o n g l y  i n t e r a c t  
w i t h  t h e  heavy meta l  s t a i n s .  A c t u a l l y ,  we a r e  d e a l i n g  he re  
With  a combination of nega t ive  and p o s i t i v e  
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staining. Assuming predominant negative staining we must 
localize these constituents in the top and bottom layers 

favor localization in the center of the molecules. On the 
basis of the available data it is difficult to decide clear- 
ly between the two alternative interpretations. However, 
the possibility of the presence of constituents specifically 
localized in the core of these molecular complexes is import 
ant and warrants further investigation. 

I of the cylindrical molecules, while positive staining would 

The outer coat or layer of about 40 A to 83 A which uniform- 
ly surrounds the s e p a r a t e  rnr'llecules is consistently seen in 
both unfixed and aldehyde-fixed specimens stained with uranyl 
acetate (Plates IV - XIII). 
associated with the dense outer layers of the hemocyanin and 
apohemocyanin molecules. In through-focal series it exhibits 
a characteristic uniform fine structure with well-defined 
borders which is different from the background structure of 
the carbon film and adjacent uranium particles. In carbon 
shadowed preparations this outer coat shows a characteristic 
structure featuring concentric rings with particulate sub- 
units in fairly regular arrangement (Plates V, VI). It is 
interesting to note that t h e  same type of structure is 
found in both the circular and rectangular forms of the mole- 
cules. The possibility that we may be visualizing a condensed 
layer of some material which has been displaced from the 
molecules by preparative manipulations is but one of the many 
conceivable interpretations. Although the regular occurrence 
of such a differentiated outer layer is suggestive, we do not 
know whether these structures are actual components of the 
native molecules, or were produced by our preparation techniques. 
Nevertheless, the possible presence of a protective coating 
around these large molecular complexes would have significant 
biological implications which merit further investigation. 

This outer coat is intimately 
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cyanins of the Arthropoda. Certain differences were found when 
comparing the centers of the circular forms of hemocyanin and 
apohemocyanin molecules from Helix and Busycon (Plates VI- 
VIII, XI-XIII). Some of these changes may have been caused by 

I 

c 

The present studies, which essentially confirm and extend the 
comprehensive investigations by van Bruggen and collaborators, 
have mainly served to emphasize the remarkable degree of com- 
plexity and structural sophistication of these unique macro- 
molecular complexes. 
ity for correlated biochemical and physico-chemical studies, 
since it is now possible to visualize their exquisite fine 
structure directly at the level of the subunits corresponding 
closely to the quaternary and perhaps tertiary protein struc- 
tures. X-ray diffraction studies of hemocyanin crystals may 
prove to be of key importance in elucidating their molecular 
organization. Many of the basic problems connected with the 
organization of multienzyme complexes and other macromolecular 
assemblies (Schmitt, 1963) will undoubtedly derive valuable 
methodological and conceptual support from studies in this 
field. 

The hemocyanins afford an ideal opportun- 

Finally, it is interesting t o  recall Redfield's (1933) 
suggestion that evolution among the hemocyanin bearers has 
resulted in a great variety of forms, but has led to little 
advance 5n khe'mkchanisms f o r  respiration. The different 
structural variations of the hemocyanins which are now being 
directly visualized by electron microscopy may well be the 
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expression of this evolutionary trend which could not evolve 
beyond the level of organization o f  these macromolecular 
complexes. Although they seem to be built from analogous 
subunits, hemocyanins from phylum M3llusca are distinctly 
different from those o f  phylum Arthropoda. In this connec- 
tion one could poknt out the structural analogy between 
Limulus hemocyanin and Arenicola (phylum Annelida) hemoglobin, 
both of which have the same sedimentation constant. Although 
belonging to different phylums, the evolution o f  their very 
different blood proteins resulted in closely related struc- 
tures. 

4 
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