
C H A R A C T E R I Z A T I O N  O F  T H E  M A R I N E  T O A D  I M M U N O G L O B U L I N S  

Purification and Characterization of Two Classes of 
Immunoglobulins from the Marine Toad, Bufo  marinus? 

Ronald T. Acton,$ E. Edward Evans,* Peter F. Weinheimer,! William Niedermeier, and J. Claude Bennett7 

ABSTRACT : Following immunization with Sahonel la  typhosa 
H (STH) antigen, the marine toad was found to synthesize 
STH agglutinating antibody associated with the 17.9s frac- 
tion of sera. When the animals were challenged with T2 bac- 
teriophage, T2 neutralizing antibody was found in both 17.9s 
and 7.3s fractions of sera at 21 days after primary immuniza- 
tion. At 14 days after a secondary injection of T2, no shift 
to the 7.3s fraction was observed. These immunoglobulins, 
designated immune macroglobulin and low molecular weight 
antibody, were purified and found to have molecular weights 
of -880,000 and -160,000, respectively. The immunoglobu- 

T o date, five classes of immunoglobulins have been de- 
scribed in man (reviewed in Adinolfi and Wood, 1969; Sterzl 
and Riha, 1970), while analogous forms of at least three of 
these classes, IgA,’ IgG, and IgM, have been observed in sev- 
eral other species of mammals. These classes of immuno- 
globulins are distinguished on the basis of function, size, 
heavy (H) chain type, carbohydrate content, and antigenic 
characteristics. Phylogenetically (reviewed in Clem and Leslie, 
1969 ; Grey, 1969) immunoglobulins resembling mammalian 
IgM have been reported for species representing the verte- 
brate classes Aves (Leslie and Clem, 1969; Grey, 1963), Rep- 
tilia (Marchalonis et al., 1969; Acton et a[., 1972a), Am- 
phibia (Marchalonis and Edelman, 1966; Diener and Marcha- 
lonis, 1970; Marchalonis et a[., 1970), and Chondrichthyes 
(Marchalonis and Edelman, 1965; Clem and Small, 1967; 
Johnston et al., 1971). In addition, there have been molecules 
similar to the IgG class found in representatives of Aves 
(Clem and Leslie, 1969; Grey, 1969), Reptilia (Marchalonis 
et al., 1969; Lykakis, 1968, Saluk et al., 1970), and Amphibia 
(Marchalonis and Edelman, 1966; Diener and Marchalonis, 
1970; Marchalonis et al., 1970). 

Studies of several species of Amphibia suggest that these 
animals are indeed capable of producing two distinct types 
of immunoglobulins (Marchalonis and Edelman, 1966; Die- 
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lins were also found to differ from each other in carbohydrate 
composition. Although the L chains from both molecules 
had a molecular weight of -22,500, the H chain for the 
immune macroglobulin was ~ 6 7 , 0 0 0 ,  while that of the low 
molecular weight antibody was ~ 5 3 , 0 0 0 .  In addition, the H 
chains of both classes of immunoglobulins were distinguish- 
able from each other on the basis of amino acid compositions, 
peptide maps, and NHn-terminal amino acid sequences. Thus, 
evidence is presented which clearly demonstrates the presence 
of at least two distinct classes of immunoglobulins in the 
marine toad. 

ner and Marchalonis, 1970; Marchalonis et al., 1970; Lykakis 
and Cox, 1968; Lykakis, 1969; Lin et al., 1971). However, 
except for the work by Marchalonis and Edelman (1966) and 
Marchalonis et al. (1970) on the bullfrog and clawed toad 
there has been little information sufficient to permit eval- 
uation of the relationship of amphibian immunoglobulins 
to those of other vertebrates. A report by Parkhouse et al. 
(1970) on the clawed toad, which described hexameric macro- 
globulins, implies more questions than answers. 

In view of the limited structural data available, we have 
elected to study the immunoglobulins of a representative 
anuran Amphibian, the marine toad, Bufo marinus. This 
species has previously been shown to produce two molecular 
weight species of antibodies (Diener and Marchalonis, 1970; 
Lin et al., 1971; Legler et al., 1969). The purpose of this in- 
vestigation was to elucidate the physical, chemical, and struc- 
tural properties of the antibodies synthesized in response to 
different types of antigens. These studies were deemed neces- 
sary in light of the phylogenetically important position of the 
Amphibia. Animals in this class are transitional from a num- 
ber of anatomical and physiological considerations and ap- 
pear to have evolved from crassopterygian ancestors toward 
the latter part OP the Devonian period (Romer, 1968). 

Materials and Methods 

Animals. Adult specimens of the marine toad, Bufo marinus, 
were obtained from the Lemberger Co., Oshkosh, Wis. Ani- 
mals of both sexes were used and ranged in weight from 200 to 
450 g. These were maintained at a constant temperature of 
25 i 2’ as previously described (Evans et al., 1966). The toads 
were force-fed twice weekly with ground horsemeat. 

Antigens and Immunization. Antigens used in this study were 
Salmonella typhosa “H” flagella antigen (STH)2 and T2 
bacteriophage. Detailed aspects concerning the preparation 
of these antigens as well as immunization procedures and 
antibody titrations have been described (Legler et al., 1969; 
Evans et al., 1966). 

2 5th. Salmonella typhosa “H.” 
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Immunoglobulin Purixcation. Immune sera that had been 
stored at  -20' were allowed to thaw at room temperature 
and centrifuged at  2980g for 15 min at 5" to remove precipi- 
tated material. An aliquot of whole sera was subjected to gel 
filtration on Sephadex G-200 to determine the distribution 
of STH agglutinating and T2 neutralizing antibody. An addi- 
tional aliquot was exhaustively dialyzed against 0.015 M 

Tris-HC1 (pH 8.0), centrifuged at 2980g for 15 min at 5", 
and applied to a DEAE-Sephadex (A-50) column (45 X 2.5 
cm) equilibrated with 0.015 M Tris-HC1 (pH 8.0). Flow rate 
was 40 ml/hr. Fractions of 10 ml were collected and monitored 
by absorption at 280 mp. Elution was accomplished with a 
linear gradient (0.615 M Tris-HC1, pH 8.0, to 0.4 M NaCI, 
pH 8.0). The fractions collected from the DEAE column which 
were demonstrated to have antibody activity were then pooled 
and concentrated by ultrafiltration utilizing Dialflo XM-100 
membranes (Amicon Corp.) and an aliquot applied to an 
upward-flowing Sephadex G-200 column (2.5 X 100 cm, bed 
volume 480 ml, flow rate 20 ml/hr) equilibrated with 0.14 M 

NaC1-0.01 M Tris, 0.01 % sodium azide buffer adjusted to 
pH 7.4 with HC1 (Tris-NaC1, pH 7.4 buffer). Fractions of 5 ml 
were collected and monitored by absorption at 280 mp. The 
excluded fraction was concentrated by ultrafiltration and an 
aliquot applied to an upward-flowing Sepharose 6-B column 
(2.5 X 100 cm, bed volume 500 ml, flow rate 15 mljhr) equili- 
brated with Tris-NaC1, pH 7.4 buffer. The fraction which 
appeared in the region where human IgG eluted was concen- 
trated and recycled on Sephadex G-200. The final products, 
referred to as purified immune macroglobulin and low molec- 
ular weight antibody respectively, were concentrated by ultra- 
filtration and used immediately or stored at 5' until studies 
could be completed. 

Immunoelectrophoresis. Rabbit antisera to whole marine 
toad serum utilized in the immunoelectrophoretic studies 
were prepared by intramuscular and footpad injections in 
Freund's complete adjuvant (Difco) at 0, 1, 3, and 6 weeks. 
The antisera obtained at 5 weeks after the last stimulation 
were used in the studies herein reported. 

Immunoelectrophoresis was performed on film strips 
12.7 X 3.5 cm utilizing 175 V and 5 mA/strip for 1.5 hr as 
described by Alford et al. (1967). The strips were coated with 
6 ml of agar prepared in 0.06 hi barbital buffer (pH 8.8). 

Physical Measurements. Sedimentation velocity measure- 
ments were conducted at  20' in a Spinco Model E ultracentri- 
fuge using double-sector 12-mm cells and schlieren optics. 
Sedimentation coefficients were calculated according to pro- 
cedures described by Schachman (1959). Diffusion measure- 
ments were made in the same centrifuge at  20" and a speed of 
3617 rpm, using a capillary-type synthetic boundary cell as 
described by Ehrenberg (1957). Diffusion coefficients were 
calculated by the maximun ordinate method (Ehrenberg, 
1957). The sedimentation and diffusion photographic patterns 
were measured on a Nikon microcomparator. A detailed 
description of these determinations has previously been de- 
scribed (Acton et al., 1971a,b). 

The partial specific volumes of the marine toad immuno- 
globulins were calculated from the amino acid and carbohy- 
drate compositions of the whole immunoglobulin molecules 
as described by Cohn and Edsall (1943). The extinction co- 
efficients at  280 mp were measured in 0.85 sodium chloride 
solution in a Beckman DB spectrophotometer. Protein con- 
centration of the solutions were calculated from the nitrogen 
content determined with Nessler's reagent after Kjeldahl 
digestion. A nitrogen content of 1 6 z  was assumed. These 
analyses were performed in duplicate. 
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Carbohydrate Analysis. Prior to carbohydrate analysis of the 
purified immunoglobulin, it was necessary to remove posbiblc 
carbohydrate contaminants that could arise from Sephadex 
gel. This was accomplished by twice precipitating the isolated 
immunoglobulins with 50% (NH4)?S04, solubilizing uith 
distilled water, and then precipitating twice with 50z ethanol. 
The immunoglobulins were then exhaustively dialyzed against 
water and lyophilized. 

The alditol acetates of the neutral and amino sugars were 
quantified by the gas chromatographic method of Nieder- 
meier (1971). This procedure utilizes a Hewlett-Packard 
Model 402 gas chromatograph and an Infotronics Model 
CRS 104 electronic integrator. All analyses were performed in 
duplicate. Sialic acid was determined by the thiobarbituric 
acid method of Warren (1959). 

Reduciion, Alkylation, and Preparation o f  Polypepiide 
Chains. Titration of disulfide groups in the purified immuno- 
globulins was carried out with 0.5 M 2-mercaptoethanol in 
0.1 M Tris-glycine buffer (pH 7.0), containing 0.5 mg of 
EDTA/ml, as described by Habeeb (1966). The concentration 
of guanidine hydrochloride varied from 0 to 5 M in the final 
reaction mixture. The number of liberated sulfhydryl groups 
was determined by the 5,5-dithio[bis(2-nitrobenzoic acid)] 
reagent of Ellman (1959) as described by Habeeb (1966). 

The purified immunoglobulins were extensively reduced and 
alkylated in the presence of 8 hi guanidine hydrochloride as 
previously described (Acton ei ul., 1971a). Following reduc- 
tion and alkylation, the H and L polypeptide chains were 
isolated by gel filtration on a Sephadex G-200 upward-flowing 
column (2.5 X 120 cm) equilibrated with 5 M guanidine 
hydrochloride as described by Small and Lamm (1966). 
Purity of the separated H and L chains was ascertained by 
electrophoresis in 5 %  polyacrylamide gel containing 5 si 

urea by a procedure adapted from Maize1 (1966) as described 
by Acton et  al. (1969). Molecular weights of the purified H 
and L chains were determined on the same Sephadex G-200 
column in the presence of 5 SI guanidine hydrochloride by 
the method described by Andrews (1964). 

Amino Acid Analysis. Samples of the purified H and L 
chains were hydrolyzed in duplicate with 6 N HCl under nitro- 
gen at  106' for 20 hr. Following hydrolysis, HC1 was removed 
in a vacuum over NaOH. Analyses were performed on the 
Beckman Model l20C automatic amino acid analyzer utiliz- 
ing a 55-cm column for separation of neutral and acidic amino 
acids and an 8-cm column for basic amino acids as described 
by Hubbard (1965). Corrections were not made for losses 
of serine and threonine. Tryptophan was determined spec- 
trophotometrically by the N-bromosuccinimide method of 
Spande and Witkop (1967). 

Peptide Maps. The purified H and L chains were subjected 
to two-dimensional peptide mapping analyses as described 
by Bennett (1967). Samples were digested with trypsin, 1 5 0  
(w/w) ratio of enzyme to protein, and then subjected to chro- 
matography followed by high-voltage electrophoresis in the 
second dimension. Peptides were detected by staining with 
ninhydrin-collidine color dip. The Pauly stain was utilized 
to detect tyrosine- and histidine-containing peptides. 

Amino-Terminal Sequence Analysis. NHz-terminal sequence 
analyses of the isolated H and L chains were performed by 
the Edman degradation method utilizing methyl isothiocy- 
anate as the coupling agent, The methylthiohydantoin de- 
rivatives of the amino acids were resolved and identified by 
gas-liquid chromatography according to the methods of 
Waterfield and Haber (1970). Polypeptide chains which were 
found to be nonreactive in Edman procedure were digested 
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FIGURE 1: Elution pattern of marine toad whole immune serum 
from a Sephadex G-200 column (2.5 X 100 cm) equilibrated with 
Tris-NaC1 buffer (pH 7.4). The vertical bar represents STH agglu- 
tinin titers; (0) absorbance at 280 mfi. 

with Pronase and the blocked NHz-terminal peptides from 
each of the Pronase digests were isolated from a Dowex 50-X2 
column as described by Bennett (1968). 

Results 

Immunoglobulin PuriJcation. Previous work by Evans and 
coworkers (1966) has shown that the marine toad, while 
capable of synthesizing antibodies in high titer to STH, lacks 
the ability to elicit an enhanced antibody response to repeated 
injections of this antigen. Utilizing sera obtained from marine 
toads immunized with STH, we attempted to determine the 
size distribution of STH agglutinating antibodies in whole 
serum. When immune anti-STH marine toad serum was sub- 
jected to gel filtration on Sephadex G-200, as shown in Fig- 
ure 1 ,  three components were resolved which were analogous 
to the excluded volume as well as the 7s and 4s regions re- 
spectively, as determined by standard molecular weight 
markers. The STH agglutinating activity was confined to 
the material eluting in the excluded volume. This same elution 
profile was observed, even when sera collected over a 241-day 
period following secondary and tertiary injections of STH 
were used. In no instance was there an indication of STH 
agglutinating antibodies in the material eluting in the 7s 
region. However, when the marine toad was challenged with 
T2 bacteriophage, as described by Evans et al. (1966), neutral- 
izing antibody was found to be associated with the 7s region 
as well as material eluting in the void volume. As shown in 
Figure 2 ,  gel filtration of marine toad immune T2 neutralizing 
sera on Sephadex G-200 revealed that at 21 and 28 days after 
the primary injection as well as 7 and 14 days after the sec- 
ondary stimulation, the activity resided in a pool of both the 
excluded and the 7s fractions. 

The immunoglobulins of the marine toad could be sepa- 
rated from other serum proteins by passage through an anion- 
exchange column. In the particular elution profile shown in 
Figure 3A, immune anti STH serum was applied to the col- 
umn, and as can be seen, the STH agglutinating activity was 
confined to the first fraction eluted. When the other serum 

21 DAYS POST l o  

0 0 

0 20 40 60 80 100' 
TUBE NUMBER 

2 

d d I. j 

0.1 

0 20 40 60 80 100 
TUBE NUMBER 

0.4 I 1 0.4 t I 

N 
0.2 

d 
0 

TUBE NUMBER TUBE NUMBER 

FIGURE 2: Elution patterns of marine toad whole immune serum 
from a Sephadex G-200 column (2.5 X 45 cm) equilibrated with 
Tris-NaC1 buffer (pH 7.4). The vertical bar represents T2 bacterio- 
phage neutralization titers in the indicated fractions ; (0) absorbance 
at 280 mu. 

components were eluted with a linear salt gradient and as- 
sayed, no additional activity could be found. The active 
fraction (FI) was pooled as indicated, concentrated and sub- 
jected to gel filtration on Sephadex G-200. As shown in Fig- 
ure 3B, two components were resolved in regions correspond- 
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FIGURE 3 :  (A) Fractionation of marine toad whole immune serum 
from a DEAE A-50 anion-exchange column (2.5 X 45 cm). A 
gradient (---) with 0.015 M Tris-HC1 (pH 8.0) as the starting buffer 
and 0.015 M Tris-HC1 + 0.4 M NaCl (pH 8.0) as the limit buffer was 
used. FI indicates the fraction pooled for gel filtration Sephadex 
G-200. (B) Gel filtration of FI on a Sephadex G-200 column (2.5 X 
100 cm) equilibrated with Tris-NaC1 buffer (pH 7.4). The horizontal 
bars indicate the fractions pooled (P1 and P2). The vertical bar 
represents STH agglutin titers; (0) absorbance at 280 mp. 
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ing to the excluded volume and 7 s  markers. STH agglutinat- 
.hg activity was associated only with the material in the ex- 
cluded volume. 

T2 neutralizing antibody could also be found in the fist 
fraction eluted from an anion-exchange column analogous 
to the profile seen in Figure 3A when marine toad immune 
anti-T2 sera was applied. When this fraction was chromato- 
graphed on Sephadex G-200, activity was found in both the 
excluded and 7 s  fractions. 

To obtain homogeneous preparations of immunoglobu- 
lins, the fractions from several Sephadex G-200 runs were 
pooled as indicated in Figure 3B, (P1 and P2), concentrated, 
and rechromatographed (Figure 4A,B). These rechromato- 
graphed materials will be referred to as purified immune 
macroglobulin and purified low molecular weight antibody, 
respectively. Ultracentrifuge analyses of these preparations 
are shown in Figure 5. Both fractions contained predomi- 
nantly homogeneous material with only trace amounts of low 
or high molecular weight contaminants. The immune macro- 
globulin and low molecular weight antibody had s ~ ~ . ~  values 
of 17 and 7 S, respectively. The purified immunoglobulins 
were also found to be free of contaminating proteins as deter- 
mined by immunoelectrophoresis (Figure 6). 

Ouchterlony analysis of the purified immunoglobulins 
utilizing rabbit antiserum to whole marine toad serum re- 
vealed precipitin arcs with a reaction of partial identity. The 
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PIGURE 5 :  Ultraccntrifu~ation pattcins of purified marine toad 
immunoglobulins (PI and P2, Figure 4A, B). (A] Purified immune 
macroglobulin at a protein concentration or2.8 mglml. The photo- 
graph was taken 16 min after reaching a speed of 56,000 rpm. 
(B) Purified LMWA at a protein concentration of 3.0 mg/ml. The 
photograph was taken 24 min after reaching a speed of 56,000 rpm. 
The buffer employed was 0.076 M sodium phosphate (pH 7.5). The 
centrifugations were conducted at a phase-plate angle of 60" and a 
temperature of 20". 

low molecular weight antibody was shown to be antigenically 
deficient with respect to the immune macroglobulin. 

Physical Studies. The extinction coefficients at 280 mp for 
the purified immunoglobulins measured in 0.85% sodium 
chloride were found to be 14 and 16 for the immune macro- 
globulin and low molecular weight antibody, respectively. 

The sedimentation of the immune macroglobulin was found 
to be concentration dependent and a sedimentation coefficient 
of 17.9 S was obtained by extrapolation to infinite dilution. 
Sedimentation of the low molecular weight antibody did not 
appear to  he concentration dependent and an .go,- value 
of 7.3 S was obtained. The diffusion coefficients were obtained 
by extrapolation of the DtOlrv values plotted as a function of 
protein concentration. This plot revealed OSo,, values of 
1.78 X lo-' and 3.89 X IO-' cmn/sec for the immune 
macroglobulin and low molecular weight antibody, respec- 
tively. The immune macroglobulin exhibited concentration 
dependence of diffusion which is to be expected in new of 
the large frictional ratio of this protein. Molecular weights 
for the purified immunoglobulins were calculated from the 
D&, and sgo,, constants according to the equation of 
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FIGURE 6: The results ofimmunoelectrophorrtic analysis of marine toad scrurn and purified immunoglobulms. (A) Immunoelectrophoresis of 
marine toad whole sera (MTWS). (B) Top well, marine toad low molecular weight antibody (MTLWA), protein concentration 2.0 mg/ml, 
bottom well marine toad immune macroglobulin (MTIM), protein concentration 2.8 mglml. Precipitation arcs were developed, usingarahhit 
antiserum against marine toad whole sera (Anti-MTWS). The cathode is to the left. 

TABLE I: Carbohydrate Compositions of Marine Toad Immunoglobulins. 

Moles/Mole of Protein 

Protein Mannose Fucose Galactose samine" Acid Ratio Z CHO 

Mannose: 
Gluco- Sialic Galactose 

Immune macroglobulinh 103 5 103 124 23 1: l  7 . 6  
Low molecular weixht antibodv 9 0 14 10 3 1 : 1 . 6  4 . 2  

a Free base. Observed residues per mole were calculated on the basis of an observed molecular weight of 880,000 for the 
immune macroglobulin and 160,000 for the low molecular weight antibody. 

Svedberg and Pedersen (1940). Utilizing calculated partial 
specific volumes of 0.721 and 0.725 for the immune macro- 
globulin and low molecular weight antibody, respectively, 
molecular weights were found to be 880,000 and 160,000, 

Chemical Studies. The carbohydrate compositions of the 
marine toad purified immunoglobulins are shown in Table I. 
In determining the carbohydrate composition, it was found 
that the maximum yield of neutral sugars occurred after a 
4-hr hydrolysis while a 10-hr hydrolysis was necessary to re- 
cover all the glucosamine. The sialic acid determinations were 
performed following 30-min hydrolysis. 

Figure 7 illustrates the titration of disulfide bonds with in- 
creasing guanidine hydrochloride concentration for the ma- 
rine toad immune macroglobulin. The number of disulfide 
bonds cleaved per mole of protein was a function of guanidine 
hydrochloride concentration. In the absence of guanidine 
hydrolchloride, a maximum of 17 disulfide bonds were ti- 
trated. With an increase in guanidine hydrochloride, there is 
a progressive cleavage of disulfide groups with a maximum 
number of 89 being titrated at a guanidine hydrochloride 

concentration of 4.25 to 5 M. It is of special note that the 
titration of the disulfide groups at the various concentrations 
of the denaturing solvent is not appreciably enhanced by in- 
creasing the time of reaction. Although lack of material pre- 
vented extensive studies on disulfide titrations for the low 
molecular weight antibody, a maximum of 17 were titrated at 
a guanidine hydrochloride concentration of 5.5 M. 

To effect complete separation of the H and L chains, the 
purified immunoglobulins utilized for polypeptide chain 
preparations were extensively reduced and alkylated in the 
presence of 8 M guanidine hydrochloride. Chain separations 
were achieved hy gel filtration on Sephadex G-200 in the 
presence of 5 M guanidine hydrochloride (Figure 8). The first 
peak in each case represents aggregated H chain, based on 
peptide map data and the fact that the H-chain fraction re- 
formed an aggregate peak eluting in the same position when 
recycled on the same column. The polyacrylamide gel elec- 
trophoretic patterns also included in this figure demonstrate 
that the H and L chains were obtained in a homogeneous 
state. It should also be emphasized that the low molecular 
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purified immune macroglobulin as a function of guanidine hydro- 
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weight antibody H chain migrated further into the gel as 
compared to the immune macroglobulin, indicating a lower 
molecular weight. 

The molecular weights of the recycled H and L chains from 
the two species of purified immunoglobulins were determined 
by their elution volumes from a Sephadex G-200 column 
equilibrated with 5 M guanidine hydrochloride. The column 
was calibrated with extensively reduced and alkylated known 
molecular weight markers as described by Andrews (1964). A 
plot of these data (Figure 9) reveals that the L chains from 
both species of purified immunoglobulins had a Kd value of 
0.646 which indicated a molecular weight of 22,500 =k 2500. 
The H chain of the immune macroglobulin had a Kd value of 
0.375 which corresponded to  a molecular weight of 67,000 * 
2500, while the Ka value for the low molecular weight anti- 
body H chain was 0.448 and the molecular weight 53,000 
* 2500. 

Amino acid analyses of the chains are compared in Table 
11. There are distinct differences between the two types of H 
chains. L chains were identical within limits of the analytical 
method. Although the marine toad immunoglobulin H chains 
differ from each other in some respects, they have relatively 
high amounts of serine, threonine, aspartic acid, and glutamic 
acid which appears to be a Feature common to many verte- 
brate immunoglobulins (Acton et a/., 1971c; Suzuki and 
Deutsch, 1967; Johnston et a/., 1971). There were, however, 
higher numbers of S-carboxymethylcysteine in the H chains 
of both the immune macroglobulin and low molecular weight 
antibody, respectively, than reported for human IgM and 
153 (Bennett, 1969; Gall and Edelman, 1970). 
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Exact tracings of the tryptic peptide maps prepared using 
the purified H and L chains from the marine toad immuno- 
globulins are shown in Figure 10. The maps demonstrate 
that the H chains of the immune macroglobulins have unique 
peptides which readily distinguish these molecules from the H 
chains of low molecular weight antibody. Peptide map analy- 
ses did not reveal any peptides which were unique to either 
of the L-chain preparations. 

The isolated H and L chains from the marine toad purified 
immunoglobulins were subjected to Nffderminal sequence 
analyses (Table 111). The H chain from the immune macro- 
globulin had a free NHn-terminal residue and the yield of the 
residue on a relative molar basis indicated that the sequence 
of the first two residues shown represents the principal NHY 
terminal sequence. The low molecular weight antibody H chain 
as well as the L chains from both types of immunoglobulins 
were nonreactive in the Edman procedure. The H and L 
chains of the low molecular weight antibody were digested 
with Pronase and the blocked NH2-terminal peptides from 
the Pronase digests were isolated from a Dowex 50-X2 col- 
umn. Analysis of the column effluent by paper chromatog- 
raphy (Bennett, 1968) revealed both ninhydrin positive as 
well as 'ninhydrin-negative peptides. The ninhydrin-negative 
peptides detected by starch-iodide staining were then eluted 
from paper and subjected to amino acid analysis. The amino 
acid compositions of the ninhydrin-negative peptides are 
summarized in Table 111. The suggested sequences shown are 
based on the amino acid composition and have been arranged 
to afford maximum homology with mammalian immuno- 
globulin H a n d  L chains (Bennett, 1968). Pyrrolidonecarbox- 
ylic acid has been assumed to he the NHderminal residue since 
the amino acid compositions indicated significant molar 
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TABLE 11: Amino Acid Compositions of Heavy and Light 
Chains of Marine Toad Immunoglobulins. 

Immune Low Mol Wt 
Macro- Antibody' 

H L 
globulina 

Amino Acid H Chain Chain Chain 

Lysine 
Histidine 
Arginine 
Aspartic acid 
Threonine 
Serine 
Glutamic acid 
Proline 
Glycine 
Alanine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
S-Carboxymethylcy steine 
Tryptophanb 

37 
8 

15 
64 
44 
50 
57 
33 
34 
28 
43 

3 
27 
40 
25 
19 
15 
12 

36 13 
9 3 

12 7 
49 20 
37 18 
46 22 
44 24 
34 10 
29 16 
15 9 
32 15 
3 2 

27 10 
30 14 
19 10 
12 6 
13 5 
7 3 

a Observed residues per molecule were calculated on the 
basis of an observed molecular weight of 67,000 less the 
weight due to carbohydrate (5092) for the immune macro- 
globulin H chain, 53,000 less the weight due to carbohydrate 
(2226) for the low molecular weight antibody H chain and 
22,500 for the L chains. The L chains were assumed to be 
free of carbohydrate. The residues reported are the average 
of duplicate determinations. Determined spectrophoto- 
metrically (Spande and Witkop, 1967). 

yields of glutamic acid. Also pyrrolidonecarboxylic acid 
has been shown to be the unreactive NHn-terminal residue 
of several other immunoglobulin H and L chains (Bennett, 
1968). It is possible that other blocked "%-terminal peptides 
are present in low yields. 

Discussion 

The experimental results presented in this paper demon- 
strate the presence of both high and low molecular weight 
antibodies in the marine toad, Bujo marinus. It is of particular 
interest that the molecular size of antibody synthesized is re- 
lated to the type of antigenic stimulus. Salmonella H antigens 
elicit only high molecular weight agglutinating antibodies, 
even when the immunization schedule included multiple 
injections over a period of 241 days. However, neutralizing 
antibodies to T2 bacteriophage can be found in both high 
and low molecular weight components of serum as soon as 
21 days following primary injection. Although T2 bacterio- 
phage immunizations elicited in the marine toad antibodies 
of both high and low molecular weight types, a total shift to 
the low molecular weight variety was not observed over the 
interval tested. Similar findings have also been reported for 
other anuran amphibian species (Marchalonis and Edelman, 
1966; Marchalonis et al., 1970; Lykakis and Cox, 1968; Lyka- 
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FIGURE 9: Plot of (Kd)l/~ us. (mol wt)'I2 for totally reduced and alky- 
lated proteins with known molecular weights eluted from a Sephadex 
G-200 volume (2.5 X 120 cm) with 5 M guanidine hydrochloride. 
The molecular weights for the standards used in this plot were 22,500 
for the immunoglobulin light chains and 52,000 for the immuno- 
globulin y chains (Edelman et a/., 1968), 66,000 for the immuno- 
globulin chains (Suzuki and Deutsch, 1967; Zikan et a/., 1971), 
and 58,000 for the paddlefish immune macroglobulin (Acton et a/., 
1971b). The vertical bars indicate the estimate standard deviation of 
marine toad H and L chain Kd's obtained. [Kd' = V ,  - ( V O / V ~ ) ] ' ~ ~ ,  
where V, is the peak elution volume (198 ml for this column as 
measured with Dextran-2000 (Pharmacia) and Vi the included 
volume. V o  + Vi = the elution volume for small molecules (702 ml 
for this column). 

kis, 1969) as well as the marine toad (Diener and Marchalo- 
nis, 1970; Lin et al., 1971). 

The immune macroglobulin and low molecular weight 
antibody were found to have molecular weights of -880,000 
and -1 60,000, respectively. The two molecules were also 
found to differ in the amount, as well as composition, of 
carbohydrate. The carbohydrate content of the immune 
macroglobulin (7.6%) is in the range of values (7.3-12.9Z) 
reported for human macroglobulins by Davie and Osterland 
(1968). The low molecular weight antibody has a content 
of 4.2 which is significantly higher than values reported 
for IgG from several species of mammals by Niedermeier 
et al. (1971). This value is, however, similar to the content 
of 4.3 found for chicken 7s  immunoglobulin (Niedermeier 
et al., 1971). Perhaps more striking is the fact that the 
mannose to galactose ratio for the two types of marine toad 
immunoglobulins is on the order of 1 : 1. Several human mac- 
roglobulins (Davie and Osterland, 1968) and mammalian IgG 
from several species (Niedermeier et al., 1971) have been 
found to range from 2 :1 to 5 :l. Recent investigations by our 
group (Acton et al., 1972a,b) have demonstrated a 1 :1 molar 
ratio of mannose to galactose in the carbohydrate moieties 
of immunoglobulins isolated from several species of verte- 
brates below Aves. These same studies also revealed that the 
majority of the carbohydrate is found associated with the H 
chain of both molecules from the marine toad. Less than 1 % 
was found in the L-chain preparations. 

Reduction of the immune macroglobulin under mild con- 
ditions resulted in a cleavage of 17 disulfide bonds. With 
increasing guanidine hydrochloride concentration, a progres- 
sive reduction of disulfide bonds resulted in a maximum num- 
ber of 89 being titrated at a guanidine hydrochloride concen- 
tration of 5.04 M. The results of this titration differ from the 
amino acid analysis (see Table 11) which would indicate 100 
disulfide bonds for a pentameric molecule containing 10 H 
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FIGURE 10: Tracings of the tryptic peptide maps of purified marine toad 17.9s and 7.3s immunoglobulin H and L chains. Chromatography 
was carried out in the horizontal dimension and electrophoresis was in the vertical dimension with the positive electrode on the origin 
side. Peptides which stain darkly with ninhydrin are outlined as solid circles. Peptides which appear only with special stains (ninhydrin 
negative) are drawn with a light margin. On the L chain tracing the Pauli-positive peptides, used to confirm identity, are marked P and 
are cross-hatched. Br, Gr and Y are peptides staining brown, gray and yellow, respectively, with ninhydrin color dip. 

~~ 

TABLE HI: Amino-Terminal Sequence Analysis of Marine Toad Immunoglobulin H and L Chains. 

Immunoglobulin Type Chain Type 1 2 3 4 5 

Immune macroglobulin Heavy Ser - Ile 

Low molecular weight antibody Heavy (PCA, Ser , Asx, Glx) 
Light PCA" 

Light ( P a  Ser, Asx, Glx, Thr) 

a PCA = pyrrolidonecarboxylic acid. 

and 10 L chains. This difference of -10% is consistent with 
the analytical limitations of these two methods, particularly 
since cysteine was determined as the S-carboxymethyl de- 
rivative rather than as cysteic acid, Although the maximum 
number of disulfide bonds titrated (89) agrees with the re- 
sults of Habeeb et al. (1970) for human macroglobulin, there 
is a difference in the titration curve in that 90 disulfide bonds 
were cleaved in the human macroglobulins only after 6 hr 
and a guanidine hydrochloride concentration of 3-3.5 M. 

In the case of the marine toad immune macroglobulin there 
was not a substantial difference between reduction times of 
1 and 6 hr. The titration of 17 disulfide groups for the low 
molecular weight antibody agrees with the 18 suggested from 
the amino acid analysis. 

The H chain for the marine toad macroglobulin had a 
molecular weight of 67,000 while that of the low molecular 
weight antibody was -53,000. The light chains from both 
types of immunoglobulin had a molecular weight of -22,500. 
These values are in agreement with those reported for human 
IgM (Suzuki and Deutsch, 1967; Filitti-Wurmser et al., 1970; 
Zikan et al., 1971) and IgG (Edelman et al., 1968) as well as for 
classes of immunoglobulins found in several species of lower 
vertebrates (Acton et al., 1971b; Marchalonis and Edelman 
1966; Clem and Small, 1967; Johnston et al., 1971; Acton 
et al., 1972a). If one assumes equal number of chains, 10 H 
and 10 L, for the macroglobulin and 2 H and 2 L for the low 
molecular weight antibody, then the aggregate molecular 
weight calculated from the polypeptide chain data is compati- 
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ble with the total molecular weights determined by direct 
analysis. 

The amino acid analysis of the H and L polypeptide chains 
from the two types of immunoglobulins also revealed that 
the H-chain molecules were different in many respects. The 
compositions for the L chains were very similar. This was 
further confirmed by peptide maps which also revealed differ- 
ences between the H chains. The limited "*-terminal se- 
quence data confirmed the fact that the H chains from the 
marine toad immunoglobulins were diferent. 

The presence of a polypeptide chain other than the H and 
L chains has been observed in secretory IgA of rabbit (Hal- 
pern and Koshland, 1970) and human as well as human IgM 
(Mestecky et al., 1971). This component of polymeric immuno- 
globulins has been termed "J" chain. Recent studies (Wein- 
heimer et al., 1971) have also revealed fast-moving protein 
bands on disc electrophoresis gels of the L-chain fractions 
of marine toad immune macroglobulins. The electrophoretic 
mobility of these bands appeared identical with those of 
human J chain from secretory IgA and IgM. It should be 
pointed out, therefore, that the difference in the amount of 
carbohydrate between the marine toad immune macroglob- 
ulin and low molecular weight antibody could be attributed 
in part to a J-chain-like component. Niedermeier et al. (1972) 
has shown purified J chain to have a total carbohydrate con- 
tent of 7.6%. The contribution of J chain in this context 
would be very small since the ratio of L to J chain has been 
reported as 10 :1 for pentameric macroglobulins (Wein- 
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heimer et al., 1971). This fact, as well as the sharp cuts of 
the H- and L-chain fractions taken off the G-200 column in 
5 M guanidine hydrochloride, precludes the significant con- 
tribution of a J-chain-like component to the physical and 
chemical studies of the respective chains. 

The data presented in this paper on the immunoglobulins 
of the marine toad as well as comparable physical and chem- 
ical data on other species of anuran Amphibian by Marcha- 
lonis and Edelman (1966) and Marchalonis et al. (1970) sug- 
gest a close analogy between the immunoglobulins of Am- 
phibia and the IgG and IgM molecules of mammals. 
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