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Subunit Association and Heterogeneity of Limulus polyphemus 
Hemocyanin? 

Michael L. Johnson*,$ and David A. Yphantis 

ABSTRACT: The molecular weights of the 6S, 24S, 36S, and 
6 0 s  components of Limulus polyphemus hemocyanin were 
determined by high speed sedimentation equilibrium to be 
69 400, 856 000, 1 690 000, and 3 160 000. The behavior of 
this hemocyanin appears to be similar to that of other arthro- 
pod hemocyanins where the first aggregation step is the for- 

mation of a hexamer of the 6 s  monomer. Here the larger ag- 
gregated states (24S, 36S, and 60s )  are successive dimers of 
an unobserved hexamer (16s). The 24S-36S-6OS association 
was found to be heterogeneous, suggesting that 24s  compo- 
nents of different composition may be present. 

E a c h  oxygen binding site of hemocyanin is associated with 
two copper atoms and no porphyrin ring. The molecular weight 
per oxygen binding site is approximately 50 000 for molluscan 
and 74 000 for arthropod hemocyanin (Redfield et al., 1928). 
The molecular weights of native hemocyanins range from a few 
hundred thousand to many million depending on the species 
and solvent conditions (Svedberg & Pederson, 1940). 

Many techniques indicate that Limulus hemocyanin is 
unusual: The isoelectric point of Limulus hemocyanin is 6.4, 
higher than that of most other hemocyanins (Redfield, 1933). 
The extinction coefficient at  278-280 nm is lower than the 
values observed for other hemocyanins (Ghiretti-Magaldi et 
al., 1966; Nickerson & Van Holde, 1971). The position of the 
absorption maximum in the near UV is intermediate: 345 nm 
for molluscan, 335 nm for arthropod, and 340 nm for Limulus 
hemocyanin. Immunological studies have shown that Limulus 
hemocyanin does not cross-react with “any other hemocyanin” 
(Ghiretti-Magaldi et al., 1966). In an early paper Svedberg 
& Hedenius (1934) commented that the molecular size and 
pH stability of Limulus hemocyanin are “unique” among 
hemocyanins. Because of this uniqueness of the hemocyanin 
from Limulus polyphemus and because Limulus is a very old 
and primitive species, a study of the subunit structure of its 
hemocyanin was undertaken. 

Svedberg & Pederson (1 940) reported that Limulus 
hemocyanin exists in several different aggregated states, de- 
pending on the buffer conditions. Their values for the sedi- 
mentation coefficients are 56.6, 34.6, 24.0, 16.0, and 5.87 S. 
Other authors have reported 60,40,25, 16, and 5.2 S (Bancroft 
et  al,,  1966). For simplicity we refer to the aggregated states 
b! their approximate sedimentation coefficients, namely, 60, 
36. 24, 16, and 6 S, without implying that these are anything 
niore than approximate. 

Electron microscopic studies (Levin, 1963; Fernandez- 
Moran et al., 1966) suggested that the 16 S associated species 

+ 1:rom the Clinical Endocrinology Branch, National Institute of Ar- 
lhritis, Metabolism and Digestive Diseases, National Institutes of Health, 
Hethesda, Maryland 20014, and the Biochemistry and Biophysics Section, 
Biological Sciences Group. University of Connecticut, Storrs, Connecticut 
06268. Receiced Ocrober I I ,  1977. This work represents in part the thesis 
( i f  M.L.J .  presented to the Graduate School of the University of Con- 
necticut in  partial fulfillment of the requirements for the Ph.D. degree. 
This work was supported by National Science Foundation Grants GB- 
11790. BMS 71-01299, and PCM 76-21847. 

U.L.J. was supported by National Institutes of Health training Grant 
GM-00317. 

of Limulus hemocyanin is cubical and approximately 95 8, on 
a side. This 1 6 s  species dimerizes to form the 24s component. 
The 2 4 s  component in turn dimerizes to form the 3 6 s  com- 
ponent which is seen as a flat ring structure approximately 240 
A in diameter with a hole in the center. Finally the 6 0 s  com- 
ponent appears as a stacked dimer of the 3 6 s  ring structure. 
The electron microscopic studies also suggested the 1 6 s  
component to be an octamer of the 6 s  component. In  ultra- 
centrifugal studies of Homarus americanus and Cancer ma- 
gister, the 1 6 s  component is found to be a hexamer of the 6 s  
component (Morimoto & Kegeles, 1971; Ellerton et al., 1970). 
Because of the small dimensions of the 6 s  and 1 6 s  compo- 
nents, it is very difficult to determine with the electron mi- 
croscope whether the 1 6 s  component is an octamer or a hex- 
amer of the 6 s  component, as usually seems the case with ar- 
thropod hemocyanins. A study of the subunit molecular 
weights should resolve this ambiguity. 

The average copper content of Limulus hemocyanin is 
0.173% by weight (Allison & Cole, 1940; Ghiretti-Magaldi 
et al., 1966; Redfield et al., 1927; Hernler & Phillippi, 1933; 
Wharton & Rader, 1970). The two copper atoms per oxygen 
binding site would correspond to a molecular weight of 73 400 
per oxygen binding site. If impure protein samples were used 
for these determinations, then the molecular weight per binding 
site would be overestimated. Thus this value is probably an 
upper limit for the monomer molecular weight. A similar 
procedure using the amino acid composition (Ghiretti-Magaldi 
et al., 1966; Roche & Jean, 1934; Sullivan et al., 1976) is not 
feasible since the amino acids are not present in small enough 
quantities and since Limulus hemocyanin is heterogeneous in 
subunit composition (Sullivan et al., 1976). 

Osmotic pressure measurements indicate the monomer 
molecular weight to be 69 000 (Burk, 1939). Ultrafiltration 
indicates 68 100 (Cohn, 1925). Bonaventura and co-workers 
(Sullivan et al., 1976) found that the monomers were hetero- 
geneous on NaDodS04’ gel electrophoresis with molecular 
weights ranging from 57 000 to 75 000 and with a predominant 
species of approximately 70 000. 

Svedberg & Heyroth ( 1  929) determined the molecular 
weight of the 3 6 s  component as 2 million by the combination 
of sedimentation and diffusion measurements at pH 6.63. 
Bancroft et al. (1966) reported a molecular weight of 1.94 X 
1 O6 for the 3 6 s  component as observed by sedimentation 

I Abbreviations: NaDodS04, sodium dodeeyl sulfate; Tris, tris(hj- 
__ 

droxymethy1)aminomethane; RMS, root mean square of the residuals. 
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