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Hemocyanin from the Australian Freshwater Crayfish Cherax 
destructor. Studies of Two Different Monomers and Their 
Participation in the Formation of Multiple Hexamerst 

Peter D. Jeffrey,* Denis C. Shaw, and G.  Barbara Treacy 

ABSTRACT: The molecular weights of four electrophoretic 
components of the 1 7 s  constituent of the freshwater crayfish 
Cherax destructor have been determined by gel electropho- 
resis. All four have the same molecular weight, about 470 000, 
and are therefore hexamers of the 5s constituent of molecular 
weight 70 000-80 000. The hexamers are stable at pH 7.8 but 
dissociate at pH 10, upon removal of calcium ions, into the two 
monomers M I  and M2. These monomers are slowly broken 
down at pH 10, apparently by an enzyme present in serum. The 
lability thus demonstrated provides a possible explanation for 
the findings, by some previous investigators, of fragments 
suggesting that the subunit molecular weight of arthropod 
hemocyanins was considerably less than 75 000. Evidence for 
differences in the lability and proteolytic cleavage pattern 
between M2 and M I  is presented. Studies at pH 7.8 in the 

In a previous communication (Murray and Jeffrey, 1974), it 
was shown that hemocyanin from the crustacean Cherax de- 

+ From the Department of Physical Biochemistry, John Curtin School 
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presence of calcium ions demonstrate that both M I  and M 2  can 
form hexamers, the one formed by M I  having the highest 
negative charge and that by Mz the lowest. The proportions 
of M 1 and M2 evidently vary in individual crayfish, the vari- 
ability accounting for the observation that the number of 
hexamer bands visible on polyacrylamide gels ranges from four 
to the maximum of seven possible from combinations of two 
different monomers. The four intense hexamer bands always 
seen with pooled Cherax serum samples are satisfactorily ac- 
counted for by the observed ratio of M I  and M2 of about 3:l 
in such samples. Amino acid compositions are given for serum, 
M 1 ,  the mixture of hexamers containing M I  and MI, and the 
dimer M3’, a component not involved in the formation of 
hexamers. Tryptic peptide maps of different hexamers enriched 
in either M I  or MI are also presented and discussed. 

structor may be regarded as a typical arthropod hemocyanin 
with respect to the copper content and the molecular weight 
of the monomer, the types of aggregates it forms, and the de- 
pendence of the aggregation upon pH and divalent metal ions. 
Two different monomeric forms, denoted M I  and Mz, were 
seen on polyacrylamide gels at pH 10 and, it appeared, were 
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involved in the formation of the 1 7 s  constituent of hemolymph. 
Another species, M3, of about the same monomer molecular 
weight, occurring as a dimer a t  pH 10 in the absence of re- 
ducing agent, plays a part in the formation of more highly 
aggregated constituents. Subunit heterogeneity is evidently 
not uncommon in arthropod hemocyanins, having been dem- 
onstrated, for example, in the crabs Carcinus maenas (Bus- 
selen, 1970) and Cancer magister (Carpenter and Van Holde, 
1973), in  the ghost shrimp Callianassa californiensis (Roxby 
et al., 1974) and in the horseshoe crab Limulus polyphemus 
(Sullivan et al., 1974). It is of interest therefore to enquire as 
to the nature of the heterogeneity, its relationship to the 
aggregation behavior, and ultimately, its significance to the 
function of hemocyanin as an oxygen carrier. We present here 
the results of studies of some properties of monomers M I  and 
M2 of C. destructor hemocyanin and of their interactions in 
forming 17s  constituent, one of the two major aggregated 
forms occurring in the hemolymph of this animal. 

Experimental Section 
Preparation of Hemocyanin Constituents. Serum was 

prepared from C. destructor hemolymph as described pre- 
viously (Murray and Jeffrey, 1974) and stored under toluene 
at 5 OC. Usually the serum from several animals was pooled, 
but some of the experiments referred to later were carried out 
with the serum obtained from a single crayfish. 

The 17s  constituent was isolated by gel filtration on Seph- 
arose 6B. One milliliter of serum which had been dialyzed 
overnight against 0.02 M CaClz-0.05 M Tris' adjusted to pH 
7.8 with HCI was applied to a 2.5 cm X 40 cm column and 
eluted with the same buffer a t  a flow rate of I O  ml/h. The 
elution profile showed three peaks, the second of which was 
concentrated and rechromatographed to give a solution of the 
17s  material (Murray and Jeffrey, 1974, Figure 2). 

The monomer denoted M I  was prepared by applying 1 ml 
of serum which had been dialyzed overnight or longer against 
0.1 mM EGTA-0.05 M glycine adjusted to pH I O  with NaOH 
to a 2.5 cm X 40 cm column of Sephadex (3-200 equilibrated 
with the same buffer. Elution at  a flow rate of 10 ml/h resulted 
i n  a profile with three peaks, the slowest of which was con- 
centrated and rechromatographed to yield electrophoretically 
pure M I  (Murray and Jeffrey, 1974, Figure 5). Pure M I  can 
also be prepared by column electrophoresis on polyacrylamide 
gel using the LKB 7900 Uniphor apparatus and the same 
buffer as in the Sephadex chromatography. 

Attempts were made to prepare monomer Mz using ion- 
exchange chromatography on both QAE-Sephadex A-50 and 
DEAE-cellulose, and column electrophoresis on both Sephadex 
(3-200 and polyacrylamide a t  pH I O  in buffers containing 0.1 
mM EGTA. Although M? is observed well resolved from M I  
i n  serum run for 2 h on 7-cm polyacrylamide gels at  pH 10, and 
in peak 3 material from the first chromatography of serum a t  
pH I O  on Sephadex (3-200, it has so far not been possible to 
prepare M2 as a pure stable component. An explanation for 
the failure to isolate Mz is given in the Results and Discussion 
section. However, hexamers enriched in M I  or Mz could be 
prepared using an LKB 7900 column electrophoresis system. 
A 10-cm column of 4% polyacrylamide gel in 0.025 M Tris, 
pH 7.8, containing 0.1 mM EGTA was used. The reservoir was 
1.5 1.  of the same buffer and crosswise pumping of anode and 
cathode buffers was employed. After 20 min of preelectro- 

' h bbreviations used: Tris, tris(h~droxyniethq1)aminomethane: EGTA. 
cthylcnc glycol bis(e-aminoethyl ether)-N,N'-tetraacetic acid: DEAE. 
diethjlaminoethyl. 

phoresis a t  230 V ,  up to 70 mg of serum protein, dialyzed 
overnight against the buffer, was applied to the column, the 
voltage was applied, and the emerging protein was eluted with 
buffer pumped at  I O  ml/h. 

Po1vacrj.lamide Gel Electrophoresis. All experiments were 
carried out at 20 O C  in  a water-cooled Buchler apparatus using 
gels 7-cm long and continuous buffer systems. The acrylamide 
to N,N'-methylenebisacrylamide ratio was 40: I and the gels 
were polymerized with 0.1 % N,N,N',N'-tetramethylenedi- 
amine and 0.067% ammonium persulfate. At pH 7.8 the buffer 
has  0.05 M Tris adjusted to pH 7.8 with HCI and gels of 4Y0 
xrylamide solution were used. At pH 10. I the buffer was 0.05 

glycine adjusted with NaOH and containing 0.1 m M  
EGTA, and 6% gels were used. All gels were given about I5 
min of preelectrophoresis at  5 mA/gel before loading protein 
samples of volume 5-20 @I and approximate concentration I 
mg/ml in 10% glycerol. Electrophoresis was then carried out 
for I O  min a t  2 mA/gel followed by 5 mA/gel for about 1.5 h 
at pH I O .  I or 2 h at pH 7.8. Gels were stained for half an hour 
with 0.05% Coomassie brillianr blue in 25% isopropyl alco- 
hol- 10% acetic acid and then covered with 7% acetic acid and 
left to stand overnight before destaining in a Canalco hori- 
rontal destainer. Some gels were also stained overnight with 
periodic acid and Schiff's reagent for the presence of carbo- 
hydrate as described by Smith (1960). 

Molecular weight determinations were made with the use 
of the Ferguson ( 1  964) relationship 

log R, = log (R,)o + K K T  

where R, is the mobility of a protein relative to that of a 
tracking dye (bromophenol blue), T is the total gel concen- 
tration, K K  is the retardation coefficient. and (Rl)o is the H, 
value a t  a gel concentration of zero. Gels of acrylamide con- 
centration between 4 and 6% were used and, as the mobility 
of the hemocyanin constituents of interest was much lower than 
that of the tracking dye, electrophoresis was continued after 
the emergence of the tracking dye from the end of the gel in  
order to observe measurable distances of migration. By noting 
the time taken for the tracking dye to emerge and the time at  
which the run was ended, it was possible to estimate the dis- 
tance which the dye would have travelled in the complete run 
and, hence, the R, value for a particular protein band. The 
standard proteins used for calibration were bovine serum al- 
bumin monomer, dimer, and trimer, urease, and sulfite-mod- 
ified urease. 

Dialysis, Amino Acid Analjlsis, and Peptide Maps. Protein 
solutions were dialyzed in machined Perspex cells of circular 
cross section in which two compartments each of volume about 
1.5 ml were separated by the dialysis membrane and could be 
loaded and emptied with a syringe. The 2.5-cm diameter 
membranes were cut from 24/32 Visking dialysis tubing which 
had been washed with 3% acetic acid at  60 "C followed by 
copious glass-distilled water. The cells were filled, using sterile 
precautions as far as possible, and were circulated slowly in a 
water bath at  20 O C  on a n  apparatus driven by an electric 
motor, and the outside solution was changed daily for 15 days 
and monitored for amino acids. The dialysate was made 6 M 
in HCI by the addition of an equal volume of concentrated acid 
and hydrolyzed prior to amino acid analysis. 

In a separate dialysis experiment, the combined dialysates 
from 8 days dialysis of MI were lyophilized and dissolved in 
0.5 ml of 0.5 M HCI to give a solution of pH 9 which was ap- 
plied to a 1.5 X 55 cm column of Sephadex G-25 equilibrated 
with 0.05 M ammonium bicarbonate, and washed in with the 
same buffer. On elution with buffer a t  I O  ml/h, the elution 
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FIGURE I: Polyacrylamide gel electrophoresis of Cherax destructor 
hemocyanin at pH 7.8 and IO. The cathode is at the tap and elenrophoresis 
is from top to bottom. (A) Pooled Serum from 20 to 30 animals showing 
the four main bands of the 17s (heramer).constituent. (B) The single 
hexamer band obtained after reconstituting monomer MI at pH 7.8 + 0.04 
M Ca'+. (C) Serum from a single animal showing six to seven bands for 
the 17s constituent (electrophoresis continued for longer than in A). (D) 
The isolated 17s constituent at pH 10 after dissociation at pH 10 in 0. I 
mM EGTA showing bands due to the resulting two monomers. (E) Mo- 
nomer M I  isolated from the mixture of the two monomers at pH 10. (F) 
Whole serum at pH 10 showing the prsence of dimer M,' which arises 
from dissociation of aggregated forms larger than hexamers. 

profile was obtained using the absorbance measured at 230 nm. 
The eluate was pooled to give two fractions and after concen- 
tration subjected to peptide mapping on Whatman 3MM 
paper; the first separation was high-voltage electrophoresis at 
pH 4.7 (25 ml of pyridine-25 ml of glacial acetic acid made 
up to 1 1. with water) a t  4 V/mm for 1.5 h. This was followed 
by ascending chromatography (1  -butanol-acetic acid-pyri- 
dine-water in proportions 15:3:1012 v/v) for 20 h. The pep- 
tides were detected by staining with fluorescamine. 

Amino acid analyses were performed with a Beckman 12OC 
analyser by the method of Spackman et al. (1958). Samples 
were hydrolyzed for 22 h a t  1 IO "C in evacuated sealed tubes 
containing 2-4 ml of 6 M HCI (Crestfield et al., 1963) and I% 
(v/v) aqueous phenol; HCI was removed by rotary evaporation. 
Methionine and half-cystine were determined as methionine 
sulfone and cysteic acid, respectively, on samples which had 
been oxidized with performic acid (Hirs, 1956). 

Tryptic peptide maps of hexamers enriched in either M I  or 
Mz were prepared as follows: the proteins and any contami- 
nating proteolytic enzymes were denatured by oxidation with 
performic acid (Hirs, 1956) and then suspended in 0.5% am- 
monium bicarbonate pH 8 for digestion by trypsin 2% w/w at 
37 "C for 4 h. The small amount of material with limited sol- 

~ 

TABLE I: KR Values and Proportions of C. destructor Hemocyanin 
Hexamers. 

Calcd Obsd 
Hexamer Percentage" Percentageb KnC 

22 21 0.215 
36 0.217 
32 0.216 
II 0.215 

The proportion of each hexamer expected was calculated on the 
basis of the measured ratio of MI :M~,  712, found when a sample of 
pooled serum exhibiting four hexamer bands was dissociated at pH 
IO, and on the assumption that all of the possible hexamers are formed 
with equal probability. The proportions of the hexamer electro- 
phoretic bands observed in a sample in which the proportions of mo- 
nomer MI and M2wereintheratioRZ.Thepercentageofeach hex- 
amer band was estimated by photodensitometry on a photographic 
negative of the gel. The KR values were measured by gel electro- 
phoresis as described in the text for the four hexamer bands present 
in sufficient intensity to allow application of the technique. The mean 
value of the KR's corresponds to a molecular weight of 470 000. 

ubility at pH 4 was removed by centrifugation and the soluble 
peptides were lyophilized prior to electrophoresis and chro- 
matography as above. Peptides were detected by staining with 
ninhydrin. 

Results and Discussion 
The Electrophoretic Heterogeneity ojthe 17s Constituent. 

The electrophoretic pattern a t  pH 7.8 given by p l e d  C. de- 
structor serum is shown in Figure 1A. When the constituent 
with a sedimentation coefficient of 17 S is isolated and run on 
gels under the same conditions, the four bands indicated on the 
figure are observed. Determination of the K R  values in the 
Ferguson (1964) relation for each of these bands by linear 
least-squares fitting of results from electrophoresis experiments 
on whole serum a t  different gel concentrations gave the results 
listed in Table 1. It is evident that all of the bands have the same 
KR (0.216 f 0.001) which, from the calibration graph with 
proteins of known molecular weight, corresponds to a molec- 
ular weight of 470 000. The limitations of the calibration 
procedure suggest that this value could be in error by up  to 
about 10%. Nevertheless the precision in the measurements 
of the Kn's for the four observed bands is equivalent to a dif- 
ference in molecular weights of only f 3 0 0 0  and indicates that 
the molecular weights of the components giving rise to the 
bands are  identical. When the 1 7 s  constituent is dissociated 
(pH 10 in the presence of 0.1 m M  EGTA) the two bands de- 
noted M I  and M2 are obtained (Figure ID) and these have 
molecular weights of 70 000 and 72 000, respectively, by 
polyacrylamide gel electrophoresis. The difference is not sig- 
nificant in terms of the experimental error associated with the 
technique; all that can be said is that the molecular weights of 
MI  and M2 are either identical or very similar and a re  close 
to 70 000. An accurate determination of the molecular weight 
of M I  by the meniscus depletion sedimentation equilibrium 
technique, in fact, gave a value of 74 000 for this hemocyanin 
monomer (Murray and Jeffrey, 1974). Comparison of the 
molecular weight 470 000 estimated by gel electrophoresis for 
the four bands of the 1 7 s  constituent with that of the mono- 
mers which comprise it (taken as 74 700) reveals that the four 
bands are hexamers. If it is assumed that both M I  and M2 are 
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1.p 
H i s  
A rg 
Asp 
Thr 
Ser 
GI I1 

Pro 
G l Y  
Ala 
Cyst(e)ine 
Val  
Met 
I le 
Leu 
TYr 
Phe 
Trpl __- __ .___ 

31 
45 
33 
9 5 
34 
38 
67 
32 
42 
39 

2 
49 

5 
29 
54 
26 
39 
12 

28 
47 
32 
95 
35 
39 
66 
28 
42 
40 
Tr 
52 

4 
27 
52 
28 
36 
12 

26 
46 
31 
9 i 
35 
39 
6 7 
28 
41 
79 

1) 
$ 3  

4 
26 
52 
27 
37 
12 

' I  Values are  the mean of two determinations calculated on the basis of aspartic acid equal to 95 for comparison ulih C'uricer /t/agiFfer. 1-r 
Tryptophan was not determined f o r  = Trace. Values for C'ancer magisrer from Carpenter and Van Holde (1973) in residues/7X 000 g. 

C.. destritctor; the value was set equal to that for Cancer magister leading to a molecular weight of 78 000 for M 1 ,  
----___- ____ ____ . .- ~ . - ~ . 

equally competent to form hexamers there are seven combi- 
nations possible. H MI)^, ( M I  ) d M J  I .  (M1)4'(h'f2)2,  MI)^. 
(Md7. (M1)24M?)4, ( M I ) I - ( M I ) ~ ,  and (M2)6. Knowledge of 
the proportions of M I  and MZ in the 17s  constituent then al- 
lows calculation of the proportions of each of these hexamers. 
The results of such a calculation for the proportions of M I  and 
M l  estimated to be present in the 17s constituent from pooled 
serum are  given in Table I .  Four hexamers, those containing 
the four highest proportions of M 1 ,  account for 97% of the total 
hexamer and moreover their relative amounts correspond with 
those estimated experimentally. This result suggests that the 
fastest band in Figure 1A represents  MI)^ followed by 
( M I ) Y ( M ? ) I ,  (M1)dM2)2 ,  and ( M I ) A M ~ ) ~ .  Some serum 
from individual crayfish does show more than four distin- 
guishable bands with mobilities corresponding apparently to 
hexamers, for example, as indicated in Figure 1 C, gels showing 
up to the expected seven have been observed. This might mean 
that individual animals have different proportions of M I  and 
M z  in their hemolymph and/or that some of the M2 originally 
present can be lost during manipulation of samples. 

The difficulty in confirming the scheme proposed to account 
for the origin of the electrophoretic heterogeneity of the 17s 
constituent resides in our inability to isolate the monomer Ml .  
However, two further pieces of evidence may be cited in sup- 
port of the proposal. First, if purified monomer M I  is dialyzed 
at pH 7.8 i n  the presence of Ca'+ and the resulting solution run 
on polyacrylamide, the pattern shown in Figure 1 B is obtained. 
Comparison with Figure 1 A reveals that, under these condi- 
tions, M I  forms an aggregate with the mobility of the fastest 
hcxanier band, confirming that the band in question is indeed 
( M  !)(>. Secondly, when a section of polyacrylamide gel corre- 
sponding to the position of M? in  Figure I D  was cut out, 
macerated, extracted, and concentrated, and the resulting 
solution dialyzed at  pH 7.8 in the presence of Ca?+ and run  on 
polyacrylamide, LL band running in the same position as the 
slowest hexamer band on Figure I C  was obtained. This seems 
to be, as expected, ( Mz )~ .  There was also a suggestion of a band 

corresponding with the next slowest in Figure IC, which could 
result from combination of Mz with a trace of M, retained 
from the gel extraction to give ( M I ) I . ( M ~ ) ~ .  

Amino Acid Analysis and Dialysis at p H  I O  and p H  7.8. 
The results of amino acid analyses carried out on hydrolysates 
of C. destructor serum, the 1 7 s  constituent (containing M I  
and Mz), and monomer M I ,  are reported in Table 11. It could 
be noted, first, that comparison of the compositions of Cherax 
destructor serum and Cancer magister serum (Carpenter and 
Van Holde, 1973) reveals that the hemocyanins from these two 
crustacean species are very similar. Secondly, no significant 
differences could be observed between the compositions of the 
17s constituent and monomer M I ,  indicating that M? must 
be quite similar to M I .  , 4 n y  small differences which do exist 
would of course be very difficult to pick up in a comparison of 
this kind since M2 represents only about one-fourth of the 17s 
constituent. The difficulty was reduced somewhat by corn,- 
paring analyses performed on the 17s  constituent enriched in 
M I  and M2, respectively (cf. Figure 3).  Here the amounts of 
lysine, valine, and isoleucine differed by 10% or more between 
the two fractions. There do seem to be significant differences 
between the compositions of (.'. destructor serum and that of 
either the 1 7 s  constituent or M I .  These differences are con- 
sistent with the presence in serum of another component which 
has previously been designated dimer Mj' (Murray and Jef- 
frey, 1974) and whose composition is given in Table 11. It can 
be seen that dimer is higher than serum in those residues for 
which serum is higher than the 17s constituent and lower than 
serum in those for which serum is lower than the 17s  constit- 
uent. The properties of this component are under investigation 
and will be the subject of ;I future communication. 

The failure to isolate monomer Mz from the mixture of the 
two monomers produced by dissociating the hexamers a t  pH 
I O  in the presence of 0.1 n i l 4  EGTA suggested that M2 is 
unstable under such canditic.,ris, In  order to test this idea a n d  
to explore further the relationship between M I  and Ml, 
hemocyanin solutions were dialyzed against two volumes of 
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TARLI: 111 :  Amino Acid Composition of External Solution after 2 
Days of Dialysis ufthe MI and 17s Constituents of Hemocyanin 
a t  P t i  10. 

Amino Acid 

L.ys 

Arg 
His 

Asp 
Thr 
SW 
GI" 
Pro 
Gly 
Ala 
Cyst(e)ine 
Val 
Met 
I l e  

No. of Residues" 

Monomer 17s 

---__~___ - 

MI A h  Constituent Ah 

32 f 6  
43 -3 
33 +2 53 +21 
95 0 95 0 
35 0 33 -2 
41 +2 33 -6 

30 +2 39 + I  I 
41 -I 

66 - I  57 -8 

4 0 4 0 
29 +3 41 +I4 
48 -4 65 + I 3  
28 +I 35 +7 
39 +2 49 + I 3  

" 7'hc number of residues is calculated on the basis that aspartic 
acid is q u a l  IO 95. .The symbol A refers to the difference [number 
of residues i n  the external solution minus number i n  the original so- 
lution (Table l i ) ] .  Figures are not given for lysine and histidine for 
the 17s constituent, because it was found subsequently that the Tris 
buffer i n  which this constituent was dissolved interfered with the de- 
lcrmination olthcsc aminu acids. Similarly. glycine and alanine fig- 
u r c h  are not given for M I ,  because it was dialyzed in a glycine-cun- 
tainine buffer. 

buffer (0.05 M sodium carbonate-sodium bicarbonate, 0.1 
mM EGTA, pH IO)  for various lengths of time and the outside 
solution was examined by amino acid analysis after hydrolysis 
in 6 M HCI. Experiments of this kind with bovine serum al- 
bumin and @-lactoglobulin showed no detectable amino acids 
outside the membrane after I O  days of dialysis. However, in 
separate experiments with the hemocyanin hexamers and with 
monomer MI, all of tbe amino acids occurring in these com- 
ponents were found in the outside buffer after only 2 days and 
continued to appear over the 15-day period for which the di- 
alysis was continued. 

The composition of the outside solution collected over the 
first two days of dialysis is given for monomer MI and the 17s 
constituent in Table 111. Two points should be made before 
drawing any conclusions from the results quoted in the table. 
First, it must he remembered that the amino acids were de- 
termined on hydrolysates of solutes which had dialyzed 
through a membrane and the compositions will therefore not 
necessarily correspond with those of the whole proteins which 
are  being dialyzed. I t  is worth noting also that the sizes of the 
fragments escaping through the membrane could range from 
single amino acids up to peptides of molecular weight several 
thousand. Secondly, the figures in Table 111 have been arbi- 
trarily calculated for purposes of comparison on the basis that 
the aspartic acid content corresponded to 95 residues as was 
done for the intact proteins (Table 11). Inspection ofTable 111 
reveals that the amino acid composition of the external solution 
afterdialysisofM1 is,infact,sosimilartothatof MI itselfthat 
it is reasonable to assume that MI is broken completely into 
dialyiable fragments. However, in the case of the 17s con- 
stituent, comparison of the composition of the external solution 
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FltiURE 2: Polyacrylamide gel electrophoresis oi  Chhpmx destruelor 
hemocyanin at pH 10 showing the presence olcarbohydrale. (A) Serum 
staincd with Coomassir blue showing the two monomers Mi and M2 and 
the dimer M i  resulting from dissociation of the aggregated forms. (B) 
As A but stained lor carbohydrate with periodic acid and Schiffs reagent. 
(C) Monomer MI stained with Coomassic blue. (D) Monomer M I  stained 
lor carbohydrate 

after 2 days ofdialysis with that of the solution originally inside 
the membrane shows considerable differences in some of the 
amino acids. Since the 17s constituent contains Mz as well as 
M I ,  the difference in the behavior on dialysis at pH I O  must 
arise from the presence of Mz. In addition, because no such 
difference could be detected from a comparison of the amino 
acid compositions of intact 17s constituent and monomer M I  
(Table II), the dialysis experiments indicate that Mz is broken 
down in the solution of hexamers more readily than M I-the 
external solution a t  this early stage of dialysis containing a 
higher proportion of amino acids derived from M2 than were 
present in the original 1 7 s  constituent. In  accordance with this 
reasoning polyacrylamide gel electrophoresis of the 17s con- 
stituent showed, after 2 days of dialysis, a pronounced decrease 
in the proportion of M2 with respect to M I  and on further di- 
alysis it was observed that MZ disappeared completely. 

To characterize further the breakdown products at pH IO, 
the dialysate from 8 days of dialysis of M I  was applied to a 
column of Sephadex G-25.  The elution profile indicated the 
presence of a range of peptides of varying molecular weights. 
Two-dimensional separation of these peptides on paper showed 
only very faint fluorescence with fluorescamine indicating 
breakdown to a very large number of different peptides. 
Combined dialysates from 8 days of dialysis of the 17s con- 
stituent were also lyophilized and applied to the G-25 column. 
The eluate from this experiment again indicated the presence 
of peptides over a wide molecular weight range but was no- 
ticeably different from that of M I  (a greater proportion of 
peptides of intermediate size). The peptide maps from the 1 7 s  
constituent dialysate showed many extra peptides which 
stained quite well in comparison with those from the M I  di- 
alysate. This could be taken to mean that the M2 component 
is subject to more uniform (and facile) cleavage by a postulated 
contaminating proteinase a t  a large but specific number of 
bonds. The overall result of the dialysis experiments stresses 
the apparent differences between MI and M2 and that there 
does not appear to he a simple relationship between their 
structures. 

Figure 2 shows the results of polyacrylamide gel electro- 
phoresis experiments in which the gels were stained for car- 
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pH 7.8 m 

Fraction Number 
FIGURE 3: Elution pattern of hemocyanin serum after electrophoresis 
on polyacrylamide gel at pH 7.8 in LKB 7900 apparatus. The inset shows 
the enrichment in Mrcontaining hexamers from A t o  B. Thegel pattern 
on the left is that of serum a t  pH 7.8, while that on the right is a fraction 
from theascendingsideolthe 25s peak immediatelyafter B in the elution 
profile showing the 25s material beginning to appear in the clfluent. 

I,IC~URE 4 Peptide maps of 17s constituent of Cherox destructor 
hemocyanin. The origin and the direction oi  electrophoresis and chro- 
matography is indicated: lor further details, see text. (A) Constituent (17s) 
enriched in MI-containing hcxamers; (B) constituent (17s) enriched i n  
M2-cantaining heramen. The arrawed spots  arc those a,hich appear in 
one peptide map but not in the other. 

bohydrate. These show that monomer M I ,  monomer M2, and 
dimer M3' all contain carbohydrate and evidently there is no 
substantial difference in the carbohydrate content of M I  and 
M 2  since the bands stained for carbohydrate have about the 
same relative intensities as those stained with Coomassie blue. 
These experiments, therefore, also imply differences in amino 
acid composition between M I  and M2. 

Finally, peptide maps of the  17s constituent enriched in M I  
and M2, respectively. as described in the Experimental Section, 
are reproduced in Figure 4. The comparison is made with an 
M ,-enriched 17s fraction rather than with pure M I  because 
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FIGURE 5: Polyacrylamide gel patterns of hemocyanin and 8-lactoglo- 
bulin A incubated at pH 7.8 and 10 showing proteolytic breakdown of 
8-lactoglobulin i n  the presence of hemocyanin. (A and D) Hemocyanin 
alone; (6  and E) 8-lactoglobulin alone; (C and F) hemocyanin + &lac- 
toglobulin. Solutions of the two proteins alone and together were incubated 
overnight a1 30Tundernitrogengas in thepresenceoi0.1 mM EGTA-l 
m M  dithiothreitol at pH 7.8 (0.05 M Tris) and 10 (0.05 M sodium car- 
bonate-sodium bicarbonate), respectively. The concentration of hemo- 
cyanin in the incubation mixture was 1.33 mg/ml and ofB-lactoglobulin 
0.67 mg/ml and. following incubation, 20-4 samples were applied to 8% 
gels at pH IOcontaining0.I mM dithiothreitol and 0.1 mM EGTA. 

the latter can only be prepared at pH IO where some break- 
down may occur before the digestion with trypsin. The elution 
pattern from the column electrophoresis and polyacrylamide 
gels of the fractions showing progressive enrichment in M2 are 
shown in Figure 3. The peptide maps show an overall similarity. 
with each having a few ninhydrin-positive spots not found in 
the other. Amino acid analyses of an arbitrary selection of the  
strongly staining peptides confirmed their similarity in each 
map. The extra peptides were found to contain less material 
than those which were common to the two maps but the com- 
position of each included lysine or arginine consistent with 
them being true tryptic peptides and not a result of cleavage 
by the suspected contaminating proteinase. The differences 
between M I  and M z  suggested by the dialysis experiments are 
less apparent from the tryptic peptide maps: nevertheless there 
are differences. Unfortunately it is not possible to say anything 
unequivocally about the relationship between the monomers 
because of the obvious difficulties of interpretation of results 
obtained with mixtures. It does not seem profitable to pursue 
the enquiry further with such mixtures and accordingly re- 
newed efforts are being made to isolate Mz to allow direct 
comparison of its composition and structure with that of 
M I .  

Dialysis experiments demonstrating the breakdown of the 
two monomers at pH IO have been described and the presence 
of a proteolytic enzyme in serum has been assumed to be the 
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likely cause. Direct evidence for the validity of the assumption 
is presented in Figure 5 which shows that, when 0-lactoglobulin 
A is incubated with Cherax destructor serum at pH 10 or 7.8, 
the protein is broken into fragments too small to be detected 
on polyacrylamide gels run under standard conditions. In these 
experiments it was necessary to perform the incubation under 
nitrogen gas and in the presence of 1 m M  dithiothreitol to 
prevent aggregation of fragments through disulfide inter- 
change. When the 1 7 s  constituent was dialyzed in a cell a t  pH 
7.8 (0.05 M Tris adjusted with HCI), in contrast to the results 
of pH 10, no amino acids were found in the outside solution 
even after 12 days of dialysis. Preincubation of hemocyanin 
with the enzyme inhibitors parahydroxymercuribenzoate (0.15 
mM) and phenylmethylsulfonyl fluoride (0.3 mM) a t  pH 7.8 
and their inclusion in the experiments a t  pH 10 failed to pro- 
duce any significant change in the rate a t  which hemocyanin 
was broken down. Likewise iodoacetamide (0.26 mM) did not 
prevent the disappearance of M2, as monitored by polyacryl- 
amide gel electrophoresis, in samples of hemocyanin at  pH 10. 
Thus as yet it has not been possible to prevent the proteolysis 
which we have demonstrated to occur. 

Conclusions 
The results presented here show that both monomers Mi and 

Mz from C. destructor serum are labile a t  pH 10, M? being 
broken down more readily than M I .  The greater instability of 
M? together with its presence in lower amount than M I  ac- 
counts for the failure to purify it, particularly since the stan- 
dard method for obtaining M I  and Mz has been to dissociate 
the hexamers at  pH 10. Both monomers are capable of forming 
hexamers when Ca2+ is present, the number of hexamer bands 
which are seen on polyacrylamide gels being dependent on the 
proportions of Mi and Mz present. This ratio seems to vary in 
individual crayfish but its limits have not been established 
because of the problems associated with the lability of Mz. 
However, there always seems to be less Mz than M I  and, 
judging by the results with serum pooled from up to 30 animals, 
an average value for the ratio is about three parts of M I  to one 
of M2. It is estimated, from the experimental error in deter- 
mining the molecular weights of the four hexamers investi- 
gated, that their molecular weights could differ by up to 6000 
before a measurable difference was reliably detected. This 
means that the molecular weights of Mz and M I  could differ 
by up to about 2000 without being reflected as an observable 
difference in the molecular weights of  MI)^ and  MI)^' 

The finding that Cherax destructor hemocyanin contains 
two different monomers with molecular weights differing by 

(M2)3. 

perhaps 2000 in the molecular weight range 70 000-80 000 
finds a parallel in the results of Carpenter and Van Holde 
(1973) with Cancer magister hemocyanin. Some differences 
in properties which could be noted, however, are first that, 
whereas the proportions of the two monomers found in Cancer 
magister appear to be about equal, in Cherax destructor they 
occur in a ratio of about 3: 1. Secondly, isomeric forms of the 
monomers and hexamers of Cherax destructor hemocyanin 
are resolved on polyacrylamide gels but those from Cancer 
magister are not. The demonstrated proteolytic activity present 
in Cherax destructor hemocyanin a t  pH 10 reinforces the 
conclusion of Carpenter and Van Holde (1973) that results 
obtained by previous workers which seemed to show the exis- 
tence of subunits smaller than that of molecular weight 75 000 
in arthropod hemocyanins could be explained by the presence 
of fragments produced by hydrolysis. 

The functional significance of the presence of monomer 
variants in hemocyanins may well be, as suggested by the work 
of Sullivan et  al. (1974) with Limulus polyphemus hemocy- 
anin, to provide the organism with flexibility of respiratory 
response to varying environmental conditions. We  hope to 
investigate this question more fully by oxygen-binding studies 
on whole C. destructor serum and on individual constituents 
which can be isolated from it. The further elucidation of in- 
teractions between constituents is necessary in this connection, 
in particular the relationship of the so-called “dimer” (M3’ in 
Murray and Jeffrey, 1974) to M I  and Mz, since its presence 
seems to be required for the formation of higher aggregates 
than hexamers. 
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