
plasts some cells plasmolyze into more 
than one unit, thus releasing small 
protoplasts; (ii) once released, some 
protoplasts have been observed to rup- 
ture, release cell contents, and then 
heal to form smaller protoplasts with 
normal cyclosis. These partial proto- 
plasts, usually few in number, generally 
disappear within 2 days on agar. 

We attempted to determine whether 
the number of protoplasts released from 
peeled A vena coleoptiles by Myrothe- 
cium enzyme could be increased by 
addition of other substances. A pectin 
esterase preparation (Pectinol 42-E con- 
centrate) and a polygalacturonase prep- 
aration (Pectinol 41-P concentrate; 
Rohm and Haas), at concentrations of 
0.5 percent in the cellulase digestion 
mixture with mannitol, both inhibited 
protoplast release by more than 50 per- 
cent. In the presence of mannitol, 
CaCl2 or MgCl2 at 0.01M and EDTA 
(ethylenediaminetetraacetate) at con- 
centrations greater than 5 X 10-2M also 
strongly inhibited release. The reason 
for this inhibition by calcium, as con- 
trasted with its promotive effect when 
alone or with KC1 (Table 1), is not clear, 
but the fact is well established. Concen- 
trations of EDTA below 5 X 10-2M 
had little effect, although I O--M caused 
a small but significant increase in the 
number of protoplasts released. 

Protoplasts prepared in the standard 
way were exposed to each of the 
above additions for 1 hour before de- 
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Fig. 1. An Avenia coleoptile protoplast. Af- 
ter enzymic digestion of cell walls, the 
protoplasts were placed on 0.6 percent 
agar for 20 hours before transfer to a 
microscope slide for photography. N, nu- 
cleus; W, rings of secondary walls of di- 
gested vascular elements; D, debris from 
a disintegrated protoplast; P, partidal pro- 
toplast (see text). The darts indicate trans- 
vascuolar strands; the bar is 10 ,u. 
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termination of the percentage survival. 
None of the additions caused significant 
bursting, nor did they, in separate ex- 
periments, affect the action of cellulase 
on carboxymethyl cellulose. These in- 
hibitions, therefore, resulted from ef- 
fects upon the wall-removal process 
itself, and not from bursting of the 
protoplasts after they had been re- 
leased. The unexpected inhibition by 
high concentrations of EDTA suggests 
that EDTA probably does not loosen 
the middle lamella of coleoptile cells, 
since loosening would result in expo- 
sure of more cells to cellulase attack. 
EDTA does assist in the release of 
single cells from some tissues (4). 

Several tissues of physiological in- 
terest have been surveyed for ability 
to release viable protoplasts when 
treated with Myrothecium cellulase in 
0.5 molal mannitol (Table 2). Both 
leaf and root tissue of oat seedlings 
release protoplasts in good yield; a re- 
gion 2 to 4 mm behind the root tip 
released protoplasts as well as the tip, 
itself, although in neither case was 
viability (indicated by incidence of 
cyclosis and general phase-contrast ap- 
pearance) as good as that of the 
coleoptile protoplasts. For the standard 
preparation, 5-mm subapical segments 
of 20-mm coleoptiles were used; pro,to- 
plasts were released readily from seg- 
ments of larger coleoptiles, but only in 
smaller yield from coleoptiles 10-mm 
long, largely because the epidermis of 
the short coleoptiles could not be re- 
moved cleanly. The fact that Convol- 
vulus callus h.as exhibited colony for- 
mation from single cells is evidence 
that the individual cells retain the abili- 
ty to grow and divide (5). Cocking (1) 
has found that various tissues of the 
tomato plant also release protoplasts 
by similar procedures. 

Among the unsuitable tissues, only 
the Acer and potato-tuber cells showed 
signs of significant wall digestion. The 
Acer cells released no protoplasts when 
exposed to the cellulase for 2 hours, 
but, a few minutes after their return 
to distilled water, a few cells squirted 
their contents out of presumed holes 
in the weakened wall, allowing the 
cell wall to contract with a jerk. When 
potato tissue was placed in cellulase, 
digestion of some wall occurred, but 
the protoplasts apparently ruptured, 
leaving only starch grains visible. 
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To prepare protoplasts, the methods 
and tissues must be carefully matched. 
Obviously no one method is suitable 
for all cells. Although the addition, to 
the basic cellulase digestion mixture, 
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of pectinase or hemicellulase did not 
enhance release from coleoptile tissue, 
it may release protoplasts from some 
of the tissues we have listed as unsuit- 
able; small amounts of these enzymes 
are, of course, already present in the 
Myrothecium enzyme mixture. In addi- 
tion to steric factors and recalcitrant 
wall materials, one is also faced with 
the presence in many plants of cellu- 
lase inhibitors (6), which may be a 
limiting factor in the enzymic removal 
of cell walls around living plant 
protoplasts. 

ALBERT W. RUESINK: 

KENNETH V. THIMANNt 

Biological Laboratories, Harvard 
University, Cambridge, Massachusetts 

References and Notes 

1. E. C. Cocking, Nature 187, 962 (1960); D. W. 
Gregory and E. C. Cocking, J. Cell Biol. 24, 
143 (1965). 

2. A. W. Ruesink and K. V. Thimann, Proc. 
Nat. A cad. Sci. U.S. 54, 56 (1965). 

3. K. Selby and C. C. Maitland, Biochem. J. 
94, 578 (1965). 

4. B. Z. Ginzburg, J. Exp. Botan. 12, 85 (1961); 
M. Zaitlin and D. Coltrin, Plant Physiol. 39, 91 
(1964); W. H. Jyung, S. H. Wittwer, M. J. 
Bukovac, ibid. 40, 410 (1965). 

5. E. D. Earle and J. G. Torrey, Plant Physiol. 
40, 520 (1965). 

6. M. Mandels and E. T. Reese, in Symposium 
on Enzymic Hydrolysis of Cellulose and Related 
Materials, E. T. Reese, Ed. (Pergamon, New 
York, 1963), pp. 115-57. 

7. Supported by NSF (graduate fellowship to 
A.W.R. and grant GB-4337 to K.V.T.). 

* Present address: Institut fur Allgemeine Botanik, 
E.T.H., Ziirich, Switzerland. 

t Present address: University of California, Santa 
Cruz. 

2 September 1966 

Gamma-A Cold Agglutinin: 
Importance of Disulfide Bonds 
in Activity and Structure 

Abstract. Cleavage of disulfide 
bonds caused by mild reduction with 
mercaptoethanol produces a reversi- 
ble loss of cold agglutinin activity and 
antigen-binding ability in a gamma-A 
polymer cold agglutinin. Return of 
agglutination and antigen-binding abil- 
ity occur only in those molecules that 
have not been depolyinerized by reduc- 
tion. Loss of activity becomes irrever- 
sible if reduction is followed inmedi- 
ately by alkylation. 

The difficulty of isolating yA anti- 
bodies has limited the opportunities 
to examine the role of disulfide bonds 
in both biological activity and struc- 
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polymer cold agglutinin. Return of 
agglutination and antigen-binding abil- 
ity occur only in those molecules that 
have not been depolyinerized by reduc- 
tion. Loss of activity becomes irrever- 
sible if reduction is followed inmedi- 
ately by alkylation. 

The difficulty of isolating yA anti- 
bodies has limited the opportunities 
to examine the role of disulfide bonds 
in both biological activity and struc- 
ture of these antibodies. Cold aggluti- 
nation of red blood cells, observed in 
the serum of a patient with reticulum 
cell sarcoma (1), was found to be 
caused by a yA antibody with a 
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sedimentation coefficient of 10.5S 

(9.5 ito 11.5S), which indicates a yA 
polymer. Cold agglutinin was detect- 
able in the serum at high dilutions 
and could readily be isolated by elu- 
tion from the red cells at 37?C. In 

my experiment reduction and alkyla- 
tion of this yA cold agglutinin caused 
a marked and irreversible decrease in 
the titer of the agglutinin. Reduc- 
tion and removal of the reducing agent 
permitted a partial return -of ag- 
glutinin activity (25 to 50 percent), 
the maximum return requiring approxi- 
mately 24 hours (Table 1). 

Reduction was carried out with the 
use of 0.1M 2-mercaptoethanol in 
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phosphate-buffered saline (PBS), pH 
7.0, for 2 hours at room temperature 
with a 1: 8 dilution of serum contain- 

ing the yA cold agglutinin. Alkyla- 
tion was accomplished by adding re- 

crystallized iodoace!tamide in sufficient 

quantity to make the final concentra- 
tion 0.2M. Iodoacetamide and mer- 

captoethanol were removed by dialysis 
against PBS, with bath changes every 
15 minutes for 2 hours (2). Cold ag- 
glutinin titers were determined as de- 
scribed previously (1). 

Recovery of activity after removal 
of mercaptoethanol was not improved 
by increasing the temperature to 37?C 
or by changing the pH of the solu- 

Gradient fractions 

2000 
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Fig. 1. Titer and radioactivity of yA cold agglutinin in four experiments. Centrifuga- 
tion was performed in a Beckman-Spinco model L ultracentrifuge with an SW 39 
rotor. Samples were centrifuged at 35,000 rev/min (134,21. g) for 17 hours at 4?C; 
gradient volume was 4.8 ml and sample volume, 0.2 ml. Solid bars indicate titers of 
cold agglutinin; open bar, increase in titer of cold agglutinin with antiserum to yA; 
open circles, yG globulin (mg/100 ml); and solid circles, I'2" activity. (A) Whole 
serum containing a /A cold agglutinin was centrifuged through a 5 to 20 percent 
sucrose gradient. Titer of cold agglutinin and level of 7G globulin were determined 
in each fraction. (B) Isolated yA cold agglutinin was labeled with I1' and centri- 
fuged as described in (A); radioactivity of the fractions was then determined. (C) 
Serum containing yA cold agglutinin was reduced for 2 hours with 0.1M mercapto- 
ethanol and promptly layered on a sucrose gradient containing the same concentration 
of mercaptoethanol. After centrifugation the fractions were individually dialyzed and 
allowed to regain maximum activity before titration of cold agglutinin and determina- 
tion of yG globulin. (D) Isolated I25_-labeled -yA cold agglutinin was reduced for 
2 hours with 0.IM mercaptoethanol and centrifuged through a sucrose gradient con- 
taining 0. M mercaptoethanol, and radioactivity of the fractions was determined. 
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tions to 5.5 or 8.0. Dialysis of re- 
duced serum against the following ox- 

idizing agents did not improve recov- 

ery: 0.0016M oxidized glutathione, 
0.00046M cystine, and 0.001M de- 

hydroascorbic acid. Dialysis against 
0.0001M mercaptoethanol after re- 
moval of the 0.1M mercaptoethanol 
and finally the removal of all mercapto- 
ethanol by dialysis against PBS did not 
affect the return of cold agglutinin 
activity. 

Haber (3) has pointed out that the 
correct re-formation of intramolecu- 
lar disulfide bonds is favored in dilute 
solutions while, in more concentrated 
solutions, intermolecular bond forma- 
tion is favored. In my study undiluted 
serum containing the cold agglutinat- 
ing antibody was treated at room tem- 
perature with 0.1 M 2-mercaptoethanol 
for 2 hours, and portions were then 
diluted 1:2, 1: 16, 1: 64, 1: 256, or 
1: 1024. Mercaptoethanol was removed 
by dialysis as previously described, and 
the samples were allowed to remain at 
room temperature for 24 hours. An un- 
treated control had a cold agglutinin 
titer of 1 : 1024, while the titers of the 
reduced and diluted samples were all 
1: 512 regardless of their original dilu- 
tions during the period of disulfide bond 
re-formation. Therefore, it seemed pos- 
sible that intramolecular disulfide bonds 
essential to the cold agglutinin activity 
were reduced but, because of their loca- 
tion, they were not readily susceptible 
to incorrect disulfide bond formation 
and thus were not adversely affected 
when the experiment was performed in 
more concentrated solutions. 

Further evidence suggesting the in- 
tramolecular location of the disulfide 
bonds that are responsible for recov- 
ery of cold agglutinin activity was 

provided by sucrose-density-gradient 
ultracentrifugation. A reduced but un- 

alkylated serum sample was layered on 
a 5 to 20 percent sucrose gradient that 
contained 0.1M mercaptoethanol. Re- 

covery of activity could not have 
occurred as a result of re-formation of 
disulfide bonds during the period of 

centrifugation because of the presence 
of 0.1M mercaptoethanol. The gradi- 
ents were then divided into 23 fractions, 
and mercaptoethanol was removed by 
dialysis against PBS for 24 hours before 

performing cold agglutinin titrations 

(Fig. 1C). Gamma-G globulin as mea- 
sured by an immunodiffusion method 

(4) served as an internal marker with 
which to calculate the sedimentation 
rate (5). The reduced cold agglutinin 
had a sedimentation coefficient of 
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10.5S, approximately the same as that 
of the untreated antibody (Fig. 1A), 
which finding demonstrated that the 
molecules that regained activity had not 
been depolymerized during reduction. 

Deutsch (6) reported complete de- 
polymerization of a yA polymer after 
10 to 16 hours of reduction with 
O0.1M mercaptoethanol, but he failed 
to find repolymerization at neutral 
pH. In my experiment a cold ag- 
glutinating antibody was isolated by 
elution from red blood cells (1), fol- 
lowed by fractionation with Sephadex 
G-200. The isolated antibody was la- 
beled with I125 (7) by the method of 
Bale et al. (8), except that the use 
of catalase was omitted because of 
the low level of radioactivity. The sedi- 
mentation coefficient of I125-labeled 
antibody (Fig. 1B) was similar to that 
of cold agglutinin from untreated serum 
(Fig. 1A). After 2 hours of reduc- 
tion with 0.1M mercaptoethanol the 
I'25-labeled antibody was centrifuged 
through a sucrose gradient containing 
0.1M mercaptoethanol to prevent re- 
polymerizaition. Radioactivity was de- 
termined in a well-type scintillation 
counter, and the results (Fig. 1D) in- 
dicate that partial depolymerization 
does occur. 

An experiment was performed to 
determine whether nonagglutinating 
but antigen-binding antibodies with 
lower sedimentation rates are pro- 
duced by mercaptoethanol reduction. 
After titration of cold agglutinin in 
fractions obtained from the sucrose- 
density-gradient experiment in which 
reduced cold agglutinin was used (Fig. 
1C), the red blood cells from that 
titration were washed at 4?C, mixed 
with sheep antiserum to yA, and al- 
lowed to settle for 1 hour at 4?C. A 
one-tube increase in agglutination was 
seen in only one fraction that cor- 
responded to ,the peak of 7S activ- 
ity, which finding indicated that very 
little nonagglutinating antigen-binding 
antibody was present (Fig. 1C). 

The clombining ability of this yA 
cold agglutinin was reversibly inacti- 
vated by mercaptoethanol. Reduction 
and alkylation of the antibody abol- 
ished not only its agglutinating activ- 
ity but also its ability to bind to 
red blood cells at low temperatures, 
as judged by failure of sheep anti- 
serum to yA to agglutinate the red 
cells that had been mixed with the re- 
duced-alkylated cold agglutinin. Fail- 
ure of antiserum to yA to cause ag- 
glutination is probably not due to 
loss of antigenicity of the reduced- 
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Table 1. Return of cold agglutinin activity 
after reduction with mercaptoethanol. Serums 
treated with both mercaptoethanol and iodo- 
acetamide were treated first with 0.1M mer- 
captoethanol for 2 hours, then dialyzed for 
an additional 2 hours against frequent 
changes of phosphate-buffered saline, pH 7.0. 
Dialysis was discontinued and iodoacetamide 
was added to the samples at the times indi- 
cated. Samples were in contact with iodoaceta- 
mide for 2 hours. They were then dialyzed 
against buffer, and, after 24 hours at room 
temperature, they were tested for cold agglu- 
tinin activity. In testing serums that were 
treated with mercaptoethanol alone, the mer- 
captoethanol was removed after 2 hours by 
dialysis, and the samples were allowed to 
remain at room temperature for 24 hours be- 
fore titration. Serums treated with iodoaceta- 
mide alone were in contact with this com- 
pound for 2 hours; no mercaptoethanol was 
added. MCE, mercaptoethanol; IA, iodoace- 
tamide. 

Time between 
Treatment removal of Titer of 

of MCE and cold 
serum addition agglutinin 

of IA 

None 1: 1024 

MCE-IA 0 hour <1: 8 
2 hours 1: 8 

10 hours 1: 64 
24 hours 1: 256 

7 days 1: 256 

MCE 1: 256 

IA 1: 1024 

alkylated yA cold agglutinin. Prelimi- 
nary testing of yA polymer from a 
patient with myeloma showed that the 
antiserum to -yA was able to form agar 
precipitin bands at the same dilutions 
of both untreated and reduced-alkyl- 
ated yA polymers. 

Red blood cells that initially had 
been mixed with reduced-alkylated 
cold agglutinin at 4?C gave the same 
titer with untreated serum as normal 
red blood cells did-a further indi- 
cation that the combining ability of 
reduced-alkylated cold agglutinin was 
lost. Nonagglutinating antibody with 
the combining site intact might have 
been expected to compete with ag- 
glutinating antibody for red blood cell 
antigen. 

Finally, an attempt was made to 
elute yA antibody from red blood 
cells that had been mixed at 4?C 
with reduced-alkylated cold aggluti- 
,nin. No precipitin band was detected 
with the eluate and antiserum to yA 
When the Ouchterlony or Preer meth- 
ods were used, while !a similar eluate 
from red blood cells combined with 
untreated cold agglutinating serum dem- 
onstrated a precipitin band as far as 
a dilution of 1:5. This indicates that 
the reduced-alkylated cold agglutinin 
was unable to adhere to the cell at 
4?C. 

Ishizaka et al. (9), using Il3l-labeled 
antibody, have demonstrated a simi- 
lar effect of reduction and alkylation 
on the combining ability of a yA 
isoagglutinin. There is no way at pres- 
ent to determine whether disulfide 
bonds responsible for loss of antigen- 
binding are present within the com- 
bining site itself or at a more remote 
location that indirectly affects the com- 
bining site. The structure of the com- 
bining site may be unaltered and the 
loss of antigen-binding may be the re- 
sult of steric or charge alterations that 
prevent access of antigen to the bind- 
ing site. 

Antibodies of the yG class generally 
have antibody-combining sites in which 
disulfide bonds are either resistant to 
these mild conditions of reduction and 
alkylation or not dependent on the 
disulfide bonds for their antigen- 
binding ability. Some yM antibodies 
(9-12) also have combining sites un- 
affected by similar conditions of re- 
duction and alkylation. 

My studies show that this yA anti- 
body is quite sensitive to disulfide 
bond reduction, and that at least 
one effect is on antibody-combining 
ability. This observation and the ob- 
servations of Ishizaka et al. (9) and 
of Rawson and Abelson (13) dem- 
onstrate that yA agglutinating anti- 
bodies have a very wide range of 
sensitivity to mercaptoethanol. The rea- 
son for this is not yet known. 
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