
1120 M. FOUGEREAU AND G. M. EDELMAN Biochemistry 

Takahashi, W. N., and Gold, A. H. (1960), Virology 10, 

T s u & %  A., Gkh, D- T.3 Young, J.9 Fraenkel-Conrat, H.9 

0. J., e&., New Brunswick, N. J., Rutgers University 
Press, p. 161. 449. 

Lapre&, C., and Durieux, J. (1957), Ann. Inst. Pasteur 92, 
62. 

Levy, A. L. (1955)) Methods Biochem. Analy. 2, 359. 
Pan, S. C., and Dutcher, J. D. (1956), Anal. Chem. 28, 836. 
Porter, R. R. (1959), Biochem. J. 73, 119. 
Press, E. M., and Porter, R. R. (196219 B i ~ ~ h e m .  J. 83, 172. 
Smith, I. (19601, Chromatographic and Electrophoretic 

Techniques, Vol. I, 2nd ed., New York, Interscience, 
pp. 96, 97, 296. 

Knight, C. A., and Stanley, W. M. (1960), Proc. Natl. 
Acad. Sci. U. S. 46, 1463. 

Tsung, C. M., Funatsu, G., Young, J. D. (1964), Arch. 
Biochem. Biophys. 105, 42. 

Waley, S. G., and Watson, J. (1953), Biochem. J. 55, 328. 
Woody, B. R., and Knight, C. A. (1959), Virology 9, 359. 
Young, J. D., Benjamini, E., Shimizu, M., and Leung, C. Y. 

(1963), Nature 199, 831. 
Young, J. D., Benjamini, E., Shimizu, M., Leung, C. Y .  

(1964), Abstr. Intern. Congr. Biochem., 6th, New York I, 96. Starlinger, P. (1955), 2. Nuturforsch. l o b ,  339. 

Resemblance of the Gross Arrangement of Polypeptide Chains in Reconstituted 
and Native -pGlobulins* 

M. FOUGEREAUt AND G. M. EDELMAN 

From the Rockefeller Institute, New York City 
Received May  6, 1964 

A study has been made of the conditions of reconstitution of 7s  y-globulin molecules from 
separated polypeptide chains and of the arrangement of chains in the reconstituted molecules. 
The molar ratios of H and L chains in the reconstituted molecules approached those of native 
y-globulin when a molar excess of L chains was mixed with H chains. Hydrolysis of recon- 
stituted molecules with papain produced S and F fragments in yields similar to those obtained 
with native y-globulins. The contribution of the chains to the fragments was assessed by the 
use of reconstituted molecules formed from L chains and H chains labeled with different iodine 
isotopes (lz5I and lalI). The S fragment contained material from H and L chains; F fragments 
consisted largely of H-chain material. The results indicate that the gross arrangement of 
chains is the same in reconstituted and native y-globulin molecules, and support the notion 
that the 7s  y-globulin molecule consists of two L chains and two H chains arranged in two inter- 
acting L . H  pairs. 

It has recently been shown that the separated H and 
L polypeptide chains of 7 s  y-globulin will form recon- 
stituted 7s molecules (Edelman et al., 1963b; Olins and 
Edelman, 1964; Roholt et d., 1964; Gally and Edel- 
man, 1964; Fougereau et al., 1964). This was achieved 
by mixing the chains in a dissociating solvent (0.5 N 
propionic acid) and dialyzing the mixture against 
neutral aqueous buffers. Interchain disulfide bonds 
could also be re-formed, if partially reduced chains 
which had not been alkylated were used as starting 
materials (Olins and Edelman, 1964). Reconstituted 
y-globulins closely resembled native 7s  y-globulin in 
their electrophoretic, antigenic, and physicochemical 
properties. In addition it was found that the phage- 
neutralizing activity recovered (Edelman et al., 1963b) 
after reassociation of chains from antibodies to f l  
phage was present mainly in the 7s  reconstituted frac- 
tion (Olins and Edelman, 1964). 

The present communication provides additional in- 
formation both on the conditions of reconstitution of 
H and L chains of human y-globulin and on the similar- 
ity of the product to native 7 s  y-globulin. Fragments 
obtained from reconstituted 7s  material and native 
7s  y-globulin after hydrolysis with papain have been 
found to be similar in their antigenic and electrophoretic 
properties. The data are compatible with models of 
the molecule consisting of two H chains and two L 
chains (Edelman et al., 1963b; Fleischman et al., 1963; 
Edelman and Gally, 1964) and suggest that the gross 
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arrangement of the chains is the same in native and 
reconstituted y-globulin. 

MATERIALS AND METHODS 
Human y-globulin, lyophilized Cohn fraction I1 (lot 

C780) from Lederle Laboratories (Pearl River, N. Y.) 
was used. 

Labeling of y-Globulin with Radioactive Iodine.- 
Isotopic labeling of H and L chains with 1311 and l2ZI 
was accomplished as previously described (Olins and 
Edelman, 1964). The iodination with carrier-free 
solutions of sodium [1251 ]iodide (Volk Radiochemical 
Co., Chicago, Ill.) and sodium [I311  ]iodide (Oak Ridge 
National Laboratory, Tennessee), followed the pro- 
cedure of McFarlane (1963) except that the protein was 
dissolved in 0.15 M NaCl brought to p H  8.0 with 0.2 M 
sodium borate buffer as suggested by Helmkamp et al. 
(1960). Unreacted iodide was removed by passage 
of the protein solutions through 5 x 1.0-m columns of 
Amberlite ion-exchange resin IRA-401 (Mallinckrodt 
Chemical Works, St. Louis, Mo.) equilibrated with the 
borate buffer. The specific activity of the labeled 
proteins ranged between 5 x 1oj and 3 x lo6 cpm per 
unit absorbancy at 280 mp. 

Reduction of Labeled 7-Globulin and Separation of H 
and L Polypeptide Chins.-The 1251- and 1311- labeled y- 
globulins to be used in the same sequence of experi- 
ments were treated simultaneously. After labeling 
with isotope, the y-globulin solutions were concentrated 
by ultrafiltration and then made 0.1 N in mercapto- 
ethanol. Reduction proceeded in the absence of urea 
(Edelman and Poulik, 1961) for 2 hours and was 
stopped by addition of iodoacetamide to a final concen- 
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FIG. 1.-Gel filtration of native 7s 7-globulin and recon- 
stituted material on Sephadex G-200 in 0.05 M Tris-HC1 
buffer containing 0.15 M NaC1, p H  8.0. (A) Native 7s y -  
globulin; (B) material reconstituted from reduced and 
alkylated chains. The maw ratio of H-L in the original mix- 
ture was 6 : l .  The arrow indicates the peak activity of 
alkaline phosphatase added to the mixtures prior to gel 
filtration. 

tration of 0.2 M. After 10 minutes at room tempera- 
ture, the solutions were dialyzed overnight at 4" against 
0.5 N propionic acid. The H and L chains were sepa- 
rated by gel filtration on Sephadex G-100 (Pharmacia, 
Uppsala, Sweden) in 0.5 N propionic acid (Fleischman 
et al., 1962). A load of 20 mg of reduced alkylated 
protein was applied to a column having dimensions 
of 100 x 1.0 cm; the flow rate averaged 6 ml/hour and 
1.0-ml fractions were collected. Columns measuring 
100 X 4 cm were also used, in which case the load was 
80 mg, the flow rate was 20 ml/hour, and 4-ml fractions 
were collected. In some instances prior dialysis 
against propionic acid was omitted, and reduction and 
alkylation were immediately followed by gel filtration. 

In several experiments the H-chain fractions were 
individually submitted to a second gel filtration under 
the same conditions used for the initial separation. 
The fractions constituting each peak were pooled and 
the protein concentration was estimated from the ab- 
sorbancy a t  280 mp. An aliquot of each pool was as- 
sayed for radioactivity in a dual-channel well-type 
scintillation counter (Nuclear Chicago, Des Plaines, 
Ill.) and the specific activity was calculated (Olins and 
Edelman, 1964). 

In two instances the reduction of labeled 7-globulin 
was not followed by alkylation. The solutions con- 
taining the reduced polypeptide chains were loaded 
directly onto the Sephadex columns and were separated 
as described. 

Reconstitution of Doubly Labeled 7s Molecules from 
Separated Chains.-Reduced alkylated L chains and H 
chains having different isotopic labels were mixed while 
still in 0.5 N propionic acid and dialyzed against three 
successive 4-liter portions of 0.05 M Tris-HC1 buffer, 
p H  8.0, for a least 72 hours at 4". In different experi- 
ments the relative proportions of H chains to L chains 
in the mixtures ranged from 1 : 1 to 6: 1 (expressed as the 
ratios of their absorbancies a t  280 mp). 
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FIG. 2.Separation upon Sephadex G-200 of reconstituted 
molecules prepared from reduced and alkylated H and L 
chains mixed at three different mass ratios. (A) Mass ratio 
of H-L = 3 : l  in the original mixture; (B) mass ratio of 
H-L = 2: 1 in the original mixture; (C) mass ratio of H-L = 
1 : 1 in the original mixture. - - 0 - - 0 - -, OD 280 mp (absorb- 
ancy at 280 mp); -@-@-, amount of lz5I-labeled H-chain 
fraction; and - - x - - x - -, amount of 131I-labeled L-chain 
fraction estimated by assay of radioactivity and converted 
into equivalent absorbancy values by the use of the known 
specific activities of the chains. The arrow indicates the 
peak of activity of alkaline phosphatase. 

When reduced polypeptide chains were prepared 
without subsequent alkylation, the mixtures were di- 
alyzed overnight against 0.05 M Tris, pH 8.0, made 0.1 N 
in mercaptoethanol. The disulfide bonds were then 
allowed to re-form (Olins and Edelman, 1964) by re- 
oxidation during dialysis against three successive 4- 
liter portions of Tris-HC1 buffer, p H  8.0, for a period of 
3-4 days. 

Separation of 7s Reconstituted Materials.-After 
dialysis the mixtures were concentrated by ultrafiltra- 
tion and centrifuged in a clinical centrifuge at 500 g 
for 15 minutes. The supernatant, containing 2-10 
mg of protein per ml, was then loaded on a column (50 
X 1 cm) of Sephadex G-200 in 0.05 M Tris-HC1, pH 
8.0,0.15 M NaC1. The flow rate averaged 3.0 ml/hour. 
In order to serve as a marker for emergence of 6s-7s 
protein, 1 pg of alkaline phosphatase (sto = 6.1 S) was 
loaded simultaneously (Olins and Edelman, 1964). 
The peak of phosphatase activity was used as a refer- 
ence in comparing several experiments. Mass ratios 



1122 M. FOUGEREAU AND G .  M. EDELMAN Biochemistry 

FIG. Y.--Cornparison by immune diffusion of native Y- 
globulin ( y )  and three different preparations of 75 molecules 
(1,2,3) obtained by reconstitution from reduced and alkyl- 
ated chains mixed at a mass ratio of H-L = 6 : l .  Anti-y, 
rabbit antiserum against human -,-globulin. 

of H chains to L chains in each peak were calculated 
from the following equation: 

counts per minute 
sp. act. 

A = ~ _ _ _ _ _ ~ ~  

where A is the estimated absorbancy and sp. act. is the 
specific activity of each chain fraction (Le., cpm/unit 
absorbancy a t  280 mgj (Olins and Edelman, 1964). 

Separation of F and S Fragments.-The reconstituted 
75 =labeled material was hydrolyzed with papain. The 
conditions were those defined by Porter (1959) except 
that the hydrolysis was allowed to proceed for only 1 
hour. Normal human ?-globulin was also hydrolyzed 
under the same conditions in order to provide S and F 
fragments (Edelman et al., 1960) for immunological 
comparison. In  both cases, the products were sepa- 
rated by starch-block electrophoresis (Olins and Edel- 
man, 1962) a t  a potential gradient of 8 v/cm for 20 
hours. The block was cut into half-inch segments 
which were eluted with normal saline. Each fraction 
was then assayed for radioactivity in the dual-channel 
well-type scintillation counter. 

Immunological Methods.-Ouchterlony double diffu- 
sion in agar was modified as previously described (Olins 
and Edelman, 1962). Immunoelectrophoresis was per- 
formed according to the micromethod of Scheidegger 
(1955). Rahhit antisera against human y-globulin, S 
fragments, and L chains were used. 

RESULTS 

Isolation and Identification of Reconstituted 7s Mate- 
rial.-An example of the separation of reconstituted 
material by gel filtration on Sephadex G-200 in Tris- 
NaCl (see Materials and Methods) is presented in 
Figure 1. The mass ratio of H chains to L chains in 
the initial mixture made in propionic acid was 6:l. 
Two peaks were observed. The second peak emerged 
at the same position as native 75 human y-globulin, as 
shown by a control experiment (Fig. 1A) in which the 
peak activity of alkaline phosphatase was used as a 
reference. The H-L mass ratio (see Materials and 
Methods) in the second peak of the reconstituted mix- 
ture was 3.9:l. The proportion of H chains in the 
fist peak was mncb higher, the H-L ma68 ratio being 
9 : l .  Mixtures both of reduced and alkylated chains 
and of chains reduced without subsequent alkylation 
were submitted to gel filtration under the above condi- 
tions. The results were the same in either case. 

In Figure 2 are shown the patterns obtained using 
mixtures prepared with different proportions of reduced 
alkylated H and L chains. Different amounts of 
'a'I-labeled L chains were added to the same amount of 
"4-laheLed H chains and gel fitrations of the three 
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FIG. 4.-Gel filtration on Sepbadex G-100 in 0.5 N propi- 

onic acid. Comparing (A) 7.7 material reconstituted from 
reduced and alkylated chains, (B) L-chain fraction kept in 
0.5 N propionic acid after initial isolation, and (C) L-chain 
fraction after dialysis over a period of 72 hours against a 
neutral buffer. - - - x - - -, 
'*%labeled L chains. Per cent cpm, counts per minute in 
each fraction expressed as per cent of total counts for each 
isotope recovered in all fractions after gel filtration. 

preparations were performed simultaneously. In  the 
experiments illustrated in Figure 2A,B,C the mass 
ratios of H-L chains in the starting mixtures were 
3 : 1, 2 : 1, 1 : 1 respectively. 

As estimated by measurements of the absorbancy a t  
280 mp, more 7 s  material was recovered when the 

-e-, lalI-labeled H chains; 
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TABLE I 
CONTRIBUTION OF H AND L CHAINS TO WHOLE RECONSTITUTED 7s ?-GLOBULIN 

AND TO FRAGMENTS PRODUCED BY HYDROLYSIS WITH PAPAIN 

H-L Per Cent of Per Cent of 
Mass H-LMass H-labeled L-labeled 

Ratio in Ratio in 7s H-L Mass H-L Mass Mass Material in Material in 
Original Reconstituted Ratio in S Ratio in F Ratio Fragments Fragments 
Mixture Material Fragmenta Fragment" S-F S F  S F  

Experiment 1 
H PI)LPI) 6: 1 4.8:l 2.8:l 10: 1 1.6:l 57 43 80 20 
Experiment 2 b  
H ( 1 3 1 1 ) ~  ( 1 ~ 1 )  6:l 3.9:l 2.4:l 10: 1 1.71:l 58 42 
Experiment 3 

Experiment 4 
H 1261) L 1311) 3:l 3.52:l 

82 18 

H (1261) L1( 311) 6: 1 3.7:l 1.83:l 7: 1 1.9:l 62 38 79 21 

I .  I 

2:l 3.12:l 
1:l 2.95:l 1.95:l 7: 1 1.85:l 59 41 82 18 

Experiment 5 
H (1311) L ( lz6I) 3:l 3.9:l 

2:l 3.76:l 
1:l 3.46:l 

Experiment 6 (reoxi- 
dized material) 

H ( 1261) L ( 1 311) 1:l 3.3:l 2:l 10: 1 1.65:l 55 45 88 12 
83 17 H (131I)L( lZ51) 1:l 3.4:l 2.1:l 8.5:l 1.7:l 57 43 

a The material migrating toward the cathode was referred to as the S fragment. The remainder was considered to be 
the F fragment. 5 The H chains were submitted to a second gel filtration before mixture with L chains. 

proportion of L chains in the starting mixture was in- 
creased. Mass ratios of H to L chains in the pooled 
material of the 7s peak were calculated from the known 
specific activities of the starting material. The re- 
sults, presented in Table I (expt. 4), showed that the 
calculated H-L mass ratio in the reconstituted product 
approached the lowest values when an excess of L 
chains was added to the initial mixture. 

When the H-L mass ratio in the original mixture was 
311, 65-70010 of the L chains were incorporated into the 
7s material (second peak); the remainder was eluted in 
a third peak after gel filtration on Sephadex G-200 
(Fig. 2A). The calculated H-L mass ratio in the 
second peak was 3.52:l. With a mass ratio of 2: l  
in the starting material, 4045% of the L chains were 
incorporated (Fig. 2B). When a 1: l  starting mass 
ratio was used, the H-L mass ratio in 7 s  peak was close 
to the value of 3: l  expected for the native molecule 
assuming a molecular weight of 60,000 for the H chains 
and 20,000 for the L chains (Edelman, 1963b); 30% 
of the L chains were incorporated in reconstituted 7 s  
material (Fig. 2C). 

Other experiments similar to that shown in Figure 1, 
indicated that when the original mixture was prepared 
with an excess of H chains (6:l  mass ratio) almost 
1 0 0 ~ o  of L chains were recovered in the 7 s  reconstituted 
material, in agreement with previous results (Olins 
and Edelman, 1964). As emphasized above, however, 
when an excess of L chains was added to the starting 
mixture, the total recovery of reconstituted 7s material 
was higher, and the H-L ratio of the 7s peak was closer 
to the ratio expected to be present in the native mole- 
cule. In Table I (expt. 5)  are presented the results of 
the same sequence of experiments performed with alter- 
nate labels. The results were similar except that the 
H-L ratios were slightly higher. 

The reconstituted 7 s  materials were tested for their 
antigenic behavior; analyses of three different prepara- 
tions are shown in Figure 3. Complete antigenic iden- 
tity was observed between the native y-globulin and the 
reconstituted materials when rabbit antiserum to 
human y-globulin was employed. 

It has been shown in a previous communication 
(Olins and Edelman, 1964) that 7 s  material recon- 

stituted from alkylated chains was redissociated into 
its components when placed in a dissociating solvent 
or when examined by starch-gel electrophoresis in urea. 
In the present experiments an aliquot of reconstituted 
7 s  material was filtered through a column of Sephadex 
G-100 in 0.5 N propionic acid. As shown by the elution 
curve presented in Figure 4, the dissociation was almost 
complete. The L chains were well resolved and the H 
chains did not show further dissociation, as indicated 
by the very small amount of H-labeled material present 
in the L-chain peak (Fig. 4A). Although a small 
amount of L chains was present in the first peak, iso- 
lated L chains were shown to be free of H contaminant 
when submitted to a second gel filtration before mixing 
(Fig. 4B). When isolated L chains were dialyzed 
against neutral aqueous buffer over a period of several 
days and then subjected to gel filtration in 0.5 N pro- 
pionic acid (Fig. 4C), their behavior was similar to that 
found for L chains of the reconstituted globulins (Fig. 
4A). 

Hydrolysis of Reconstituted 7s Material with Papain. 
-About 3 mg of reconstituted 7 s  material was digested 
with papain in each different experiment. Because 
of the small amount of material used, the mass of pro- 
tein in each fraction eluted from the starch block was 
determined by assay of radioactivity (see Materials and 
Methods). Typical separations of F and S fragments 
of 7 s  material reconstituted from reduced alkylated 
and reduced reoxidized chains appear on Figure 5. 
All of the material that migrated toward the cathode 
was considered to be S fragment; the remainder repre- 
sented the F fragment. The patterns were similar, 
although 6he yield of F fragments from the reduced 
reoxidized preparation was higher. The calculated 
S-F mass ratios ranged from 1.6: l  to 1.9: l .  Label 
associated with L chains migrated mainly with the 
slowly moving fraction; in different experiments, 
the percentage recovered in the S fragment varied from 
79% to more than 88%. The remainder was found 
partly in the peak corresponding to F fragments and 
partly in faster-moving degradation products. Isotope 
associated with H chains was distributed between S 
and F fragments in the relative amounts of 58% and 
42 %, respectively. Calculated mass ratios of labeled 
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FIG. 5.-Isolation by zone electrophoresis on starch of S 
and F fragments from reconstituted 7s material hydrolyzed 
with papain. (A) 75 material obtained by reassociation of 
reduced chains; (B) 7s material obtained by reassociation 
of reduced alkylated chains. -e-, H-chain material 
labeled with '*$I; - - - X - ~ - X - - -, L-chain material la- 
beled with I J l I .  The arrow indicates the origin; (- ) = cath- 
ode, (+) = anode. 

H-chain material to labeled L chains in the S fragments 
of reconstituted molecules varied from 2.8:l to 1.8:l 
(Table I). In the F fragment, H-chain material was 
predominant (7:l to 1 O : l ) .  All these values are sum- 
marized in Table I. 

The separation of S and F fragments was clearly 
demonstrated by immunoelectrophoresis as shown in 
Figure 6a. There was a close resemblance to the 
pattern given by the fragments of native human y- 
globulin and no cross reaction was observed between 
the two components. Similar separation was observed 
with reconstituted and reoxidized material (Fig. 6b). 
In  Figure 6c,d are shown the patterns obtained by 
immunoelectrophoresis of F and S fragments isolated 
by starch-block electrophoresis. In this case the frag- 
ments were isolated as indicated on the elution curves 
shown on Figure 5. The mobility of the S fragment of 
reconstituted y-globulin was  slightly different from the 
S fragment of native y-globulin. Similar patterns were 
found after immunoelectrophoresis of different prepara- 
tions. 

The antigenic identity of S and F fragments from 
normal and reconstitute3 y-globulin was established 
by double diffusion in agar. A reaction of identity was 
obtained between normal S fragment and its counter- 
part from reconstituted y-globulin, as tested with a rab- 
bit antiserum to human y-globulin (Fig. 7). Identity 

d 

FIG. G.--ldenIilicxlion of fragments of reconstituted ma- 
terial hy immunoelectri,phorzsls. (ai 7s material reconsti- 
tuted from reduced and alkylated chains (top) and native 
7s 7-globulin (bottom) after hydrolysis with papain: (b)  
reconstituted reoxidized 75 molecules (bottom) and frag- 
ments obtained from this material after hydrolysis with 
papain (top); (e) S fragment (tap) and F fragment (bot- 
tom) isolated from native y-globulin after hydrolysis with 
papain; (d) S fragment (top) and F fragment (bottom) 
isolated from 75 material reconstituted from reduced and 
alkylated chains. Rabbit antiserum against human y- 
globulin was used. 

was also found for the respective F fragments (Fig. 7). 
An additional faint line was Seen in the F fragments of 
reconstituted material. 

DISCUSSION 
It has been suggested (Edelman and Benacerraf, 

1962; Edelman et al., 1963a,b) that both H and L p l y -  
peptide chains are involved in the antibody activity 
of 7s y-globulin molecules. Recovery of specific com- 
bining activity toward antigen following admixture of 
separated chains (Edelman et ~ l . ,  1963b Edelman, 
1963a; Frangk and Nezlin, 1963a,b) has strengthened 
this hypothesis and has prompted a search for active 
reconstituted 75 material. Evidence for the recovery 
of such reconstituted material has been recently re- 
ported (Olins and Edelman, 1964; Roholt et al., 1964). 
Although reconstituted molecules have not been shown 
to be identical to 7 s  y-globulin, there was close re- 
semblance in their sedimentation coefficients, molecular 
weights, electrophoretic mobility, and immunological 
properties. The present studies provide additional 
evidence of a close resemblance between I S  material 
reconstituted from separated H and L chains and native 
7 s  y-globulin. Both materials had the same behavior 
unon eel filtration on Seohadex G-200. their immuno- 
ligicar properties were s'&, the number of chains 
appears to he the same, and the arrangement of chains 
is alike in each. 

The values of the H-L mass ratio in the 75 recon- 
stituted material are particularly important in assessing 
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the degree of resemblance between native and recon- 
stituted molecules. The best available estimates 
(Edelman, 1963a,b; Pain, 1963; Small et al., 1963) 
indicate that the molecule of I S  y-globulin is consti- 
tuted of two H chains (each having a molecular weight 
of 55,00040,000) and two L chains (each having a 
molecular weight of 20,000-25,000). As a consequence, 
the mass ratio of H chains to L chains must he within 
the range of 2.5: l  to 3 : l .  The values of this ratio 
differed appreciably in the different experiments on 
reconstituted materials. Nevertheless, when mixtures 
were prepared simultaneously from the same pool of 
chains, the mass ratio approached theoretical values 
when an excess of L chains was added. It seems reason- 
able to propose that in this case the H chains were 
saturated with L chains. A t  lower L-chain concentra- 
tions the population of molecules in the I S  zone would 
he heterogeneous, an appreciable proportion of them 
possibly containing only one L chain. The above as- 
sumptions are supported by experiments on the “solu- 
bilization” of the H chains by the L chains (Olins and 
Edelman, 1964). Deviations in the H-L ratio might 
also result from contamination of H-chain fractions 
with L chains prior to mixing, leading to labeling of L 
chains as H material. The relative Contribution of 
contaminating L chains would be decreased by dilution 
when an excess of distinctively labeled L chains was 
added. This interpretation is supported by the data 
indicating that the H-L mass ratio was lower when H 
chains which had been subjected twice to gel filtration 
were used. 

Redissociation of the 7s material used in the latter 
experiments (Fig. 4)  confirmed that the H chains did 
not contain large amounts of free L chains. It should 
be emphasized that 15-20% of the isolated L chains 
remained aggregated when submitted to gel filtration 
in 0.5 propionic acid after exhaustive dialysis against 
neutral buffer. The presence of this reaggregated mate- 
rial suggests that dimerization of L chains might have 
occurred (Gally and Edelman, 1964). The L material 
in the H-chain peak (Fig. 4A) probably represents the 
counterpart of the aggregated L chains observed in 
Figure 4C; it  could also represent a fraction of L chains 
that remained associated with the H chains. In either 
case, the reconstituted IS material would not com- 
pletely redissociate in 0.5 N propionic acid. 

The gross arrangement of polypeptide chains in IS 
msterial reconstituted both from alkylated and non- 
alkylated chains was similar to that of native IS y- 
globulin, as shown by the fact that after cleavage of 
the two kinds of molecules with papain the fragments 
obtained had similar properties. The electrophoretic 
behavior appeared to he similar, although the fragments 
dwived from reconstituted material showed a slightly 
lower mobility than the native F and S fragments. It 
is possible that the chains present in the reconstituted 
molecules may have been slightly altered in tertiary 
structure dnring the reduction and separation proce- 
dures so that a change in net charge may have resulted 
upon reconstitution. S fragments and F fragments of 
native and reconstituted material were antigenically 
identical. In accord with earlier findings (Edelman 
et ol., 1960) there was also evidence that hydrolysis 
with papain produced minor components of higher 
mobility than the F fragment. 

Hydrolysis of native y-globulin by papain yields 
twice as much of the S fragment as of the F fragment 
on a mass hasis (Edelman et al., 1960). The same rela- 
tive yield of S and F fragments was obtained after 
hydrolysis of 75 reconstituted material having an H-L 
mass ratio of 3:1 (Le., an approximate mole ratio of 
unity). Analysis of the labeled material from the H 

(Table I, compare expts. 1 and 2.) 

FIG. 7.-comparison by immune diffusion of S and F 
fragments of native yglobulin and products obtained by 
hydrolysis of reconstituted molecules with papain. (1,2,3) 
S fragments and (4,5,6) F fragments of three different prep- 
arations of IS reconstituted molecules. S = S fragment and 
F = F fragment of native y-globulin (7); Anti-y = rabbit 
antiserum against human y-globulin. 

chain indicated that the S fragment contained slightly 
more of this material than did the F fragment. The 
best estimation for the mass ratio of H chains to L 
chains in the S fragment was 1.83:l. This ratio ap- 
pears to be slightly higher than the ratio expected if 
one assumes molecular weights of 55,000 for the H chains, 
20,000 for the L chains, and 50,000 for the S fragment. 
Since the S fragment appears to contain one L chain, 
the contribution of material from the H chain in the S 
fragment would he 30,000, leading to a theoretical 
ratio of H-L of 1.5:l .  It should be stressed, however, 
that the calculated values used in asses3ing the ratios 
actually reflect tyrosine residues that have been 
iodinated. Since there is no evidence of an even dis- 
tribution of these residues along the chains, nor of an 
even distribution of labeling, it is conceivable that the 
contribution of certain portions of the chains to the 
fractions is over- or underestimated. Specific activi- 
ties of S and F fragments obtained from singly labeled 
IS y-globulin molecules were found, however, to differ 
only slightly from one another in several experiments. 
Incomplete hydrolysis by papain might also result in 
overestimation of the proportion of the H-chain label 
present in S fragments. 

Previous studies (Edelman and Benacerraf, 1962; 
Olins and Edelman, 1962; Fleischmann et aZ., 1963; 
Small et al., 1963) have already established the rela- 
tionship existing between F fragments and H chains 
on one hand, and S fragments and L chains on the other. 
Additional data obtained by high-voltage electrophore- 
sis of tryptic hydrolysates of polypeptide chains 
and fragments after reduction of the fragments sug- 
gest that the F fragment contains parts of H 
chains and that the L chains are present relatively 
complete in the S fragment. The present analysis of 
doubly labeled reconstituted molecules and their pzod- 
ucts is consistent with this assignment and implies 
that the 7s y-globulin or antibody molecule contains 
two L chains and two H chains (Edelman and Benacer- 
raf, 1962; Fleischman et al., 1963) probably arranged as 
one L.H pair for each combining region (Edelman and 
Gally, 1964). 
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Preparations of a1 and a2 single chains and the covalently linked double chain Plz (al-a2) 
isolated by chromatography from denatured rat-skin collagen were studied by sedimentation 
equilibrium in pH 4.8 potassium acetate buffer at 40" and in 5 M guanidine a t  7". Comparison 
of the observed distribution of protein with the theoretical distribution calculated from the 
concentration dependence of molecular weight indicated that a1 was essentially homogeneous. 
Samples of a2 showed contamination. Although P12 was unstable a t  40", studies in 5 M guanidine 
indicated good homogeneity. It was concluded that the molecular weights of a1 and a2 are 
98,000 f 5,000. The molecular weight of Plz is 196,000 f 10,000, a value consistent with its 
structure. Sedimentation coefficients and intrinsic viscosities of the various components are 
consistent with the random-coil structure. These results support the proposal that the col- 
lagen monomer contains three a chains (two a1 and one a2). 

Chromatographic studies of denatured collagen have 
provided strong evidence that newly synthesized mole- 
cules consist of three chains of which two, designated 
al ,  are apparently identical while the third, designated 
a2, has a different amino acid composition. In most 
collagen samples intramolecular cross-linking produces 
covalently linked double chains of two types, al-a2 
and al-al. The double chains are called p12 (for al- 
a21 and Pll (for al-al(  (Piez et al., 1961, 1963). 

To support this proposed chain structure and to 
provide a basis for further structural studies, accurate 
molecular weights of these various components are 
necessary. Previous studies, all done with mixtures 
of single and double chains, have yielded results be- 
tween 70,000 and 125,000 for single chains and between 
160,000 and 290,000 for double chains. Many of these 
figures were proposed only as approximations. These 
data have been summarized and discussed by Hannig 
and Engel (1961). The work reported here was done 
with samples of al ,  a2, and which have been demon- 
strated to represent single molecular species by the 
criteria of chromatography, amino acid composition, 
Sedimentation velocity (Piez et al., 1963) and acryl- 
amide-gel electrophoresis (Nagai et al., 1964). Saort- 
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column sedimentation equilibrium was employed under 
conditions where the chains would be fully denatured as 
measured by changes in viscosity and optical rotation 
(see the review by Harrington and Von Hippel, 1961). 

METHODS 
Samples.-al, a2, and Plz were isolated from rat- 

skin collagen by chromatography on CM-cellulose as 
previously described (Piez et al., 1963). The collagen 
was prepared either by 1 M salt or 0.5 M acetic acid ex- 
traction. Preparations of a1 routinely showed no evi- 
dence of other components by the criteria of chro- 
matography, sedimentation velocity (Piez et al.,  1963), 
and gel electrophoresis (Nagai et al.,  1964). The a2 
samples usually had small amounts of heavier material 
(presumably p12) which could not be removed by re- 
chromatography. The amount present could not usu- 
ally be seen by sedimentation velocity in the ultra- 
centrifuge but could be visualized by the more sensitive 
technique of electrophoresis on acrylamide gel (Nagai 
et al.,  1964). The amount of contamination could not 
be measured quantitatively but was estimated to be 
about 5%. The samples of 8 1 2  sometimes contained a 
small amount of lighter material but the degree of 
purity was difficult to evaluate because of the instabil- 
ity of this component. It has not yet been possible to 
prepare Bll in pure enough form to warrant study by the 
procedures used here. 


