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(F. E. LaBar, unpublished data). Thus, good results with 
heterogeneous systems are expected provided the speed 
is sufficiently low for the heaviest component. Addi- 
tional studies are needed to demonstrate whether further 
limitations over those already set forth here for homo- 
geneous systems must be imposed when this pro- 
cedure is applied to heterogeneous systems. 

Acknowledgment 

K. E. Van Holde for advice and encouragement. 
The author wishes to thank Drs. R. L. Baldwin and 

References 

Archibald, W. J. (1947), J .  Phys. Colloid Chem. 51, 

Ehrenberg, A. (1957), Acta Chem. Scand. 11, 1257. 
Fujita, H., and MacCosham, V. J. (19591, J .  Chem. 

Gosting, L. J., and Morris, M. S. (1949), J .  Am. Chem. 

Hartley, B. S.  (1964), Nature 201, 1284. 

1204. 

Phys. 30, 291. 

SOC. 71, 1998. 

Kegeles, G., Klainer, S. M., and Salem, W. J. (1957), 

LaBar, F. E. (1963), Ph.D. Dissertation, Stanford 

LaBar, F. E. (1965), Proc. Natl. Acad. Sci. U. S.  54, 31. 
LaBar, F. E. (1966), Biochemistry 5, 2362 (this issue; 

LaBar, F. E., and Baldwin, R. L. (1962), J .  Phys. 

LaBar, F. E., and Baldwin, R. L. (1963), J .  A m .  Chem. 

Mommaerts, W. F. H. M., and Aldrich, B. B. (1958), 

Mueller, H. (1964), J .  Biol. Chem. 239, 797. 
Richards, E. G., and Schachman, H. K. (1959), J .  Phys. 

Schwert, G .  W. (1951), J .  Biol. Chem. 190, 799. 
Svedberg, T., and Pedersen, K. 0. (1940). The Ultra- 

Trautman, R.  (1958), Biochim. BiophJ's. Actu 28, 317. 
Van Holde, K. E., and Baldwin, R. L. (1958), J .  Phys. 

Yphantis, D. A. (1964), Biochemistry 3, 297. 

J .  Phys. Chem. 61, 1286. 

University, Palo Alto, Calif. 

preceding paper). 

Chem. SOC. 66, 1952. 

SOC. 85, 3105. 

Biochim. Biophys. Acta 28, 627. 

Chem. 63, 1578. 

centrifuge, London, Oxford, p 406. 

Chem. 62, 734. 

Chemical and Biological Properties of Reduced and 
Alkylated Staphylococcal Enterotoxin B* 

John E. Dalidowicz, Sidney J. Silverman, Edward J. Schantz, David Stefanye, and Leonard Spero 

ABSTRACT : The single disulfide bridge in staphylococcal 
enterotoxin B has been found to be nonessential for the 
biological activity and conformation of the protein. 
Reduction of the disulfide bridge and alkylation of the 
resulting SH groups with both iodoacetamide and 
iodoacetate produced derivatives that had the same 
emetic activity and immunological properties as the 
native enterotoxin. Reduction and reoxidation of the 
disulfide bridge again did not produce any immuno- 

S taphylococcal enterotoxins are the substances 
elaborated by Staphylococcus aureus and responsible for 
emesis and diarrhea in food poisoning. Staphylococcal 
enterotoxin B has been prepared in a highly purified 
state by Schantz et al. (1965). It has a molecular weight 
of 35,300 and contains 1.04% sulfur, equivalent to 12 
sulfur-containing amino acid residues per molecule. 

* From the U. S. Army Biological Center, Fort Detrick, Fred- 
erick, Maryland. Received March 31, 1966. Presented in part 
a t  the meeting of the American Society of Biological Chemists 
in Atlantic City, N. J., April 1965, 

logical or emetic changes. The physical properties of the 
alkylated enterotoxins and the reduced and oxidized 
enterotoxin, as measured by viscosity and sedimenta- 
tion, remained essentially the same as that of the native 
enterotoxin. Unfolding in 6 M guanidine hydrochloride 
gave equivalent viscosities for the native and reduced 
carboxamidomethylated enterotoxins, and the deriva- 
tive, after removal of the guanidine, regained full bio- 
logical activity. 

No free sulfhydryl was found either as S-carboxy- 
methylcysteine or with titrations using p-mercuri- 
benzoate. All the sulfur in the molecule is accounted for 
by ten methionine residues and two half-cystine residues 
forming one disulfide bridge per molecule (Spero et ul., 
1965). 

The present communication is concerned with the 
reduction of the disulfide bridge and the alkylation of 
the resulting sulfhydryl groups with iodoacetamide and 
iodoacetate. It also includes studies on the reoxidation 
of the sulfhydryl groups of reduced enterotoxin. The 
physical properties and immunological and emetic 2375 
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FIGURE 1 : Reduction of staphylococcal enterotoxin B by P-mercaptoethanol. The reduction was carried out at room 
temperature under nitrogen using 25 mg of enterotoxin dissolved in 3.0 ml of 1.4 M Tris buffer, pH 8.6, containing 
2 mg/ml of EDTA. The indicated molarity is that of 0-mercaptoethanol. 

activities of the S-carboxymethyl,' S-carboxamido- 
methyl, and the reduced-oxidized enterotoxins are 
compared with native staphylococcal enterotoxin B. 

Experimental Procedure 

Materiuls. Staphylococcal enterotoxin B was pre- 
pared by the method of Schantz et al. (1965). @-Mer- 
captoethanol was obtained from Mann Research 
Laboratories and was redistilled before use. Iodoacet- 
amide and iodoacetate were obtained from Calbiochem 
and were recrystallized before use. 5,5  '-Dithiobis- 
(2-nitrobenzoic acid) was obtained from Aldrich Chemi- 
cal Co. and used without further purification. 

Methods. REDUCTION AND ALKYLATION OF STAPHYLO- 
COCCAL ENTEROTOXIN B. A modification of the method 
of Crestfield et ai. (1963) was used for the reduction of 
the disulfide bridge in staphylococcal enterotoxin B. 
The enterotoxin (25-100 mg) was dissolved in 3 ml of 
Tris buffer, pH 8.6 (5.23 g of Tris and 9 ml of 1.0 N 

HCI diluted to 30 ml with water), containing 2 mg/ml of 
EDTA. To this, 0.12 ml of redistilled P-mercaptoethanol 
was added and the vessel was flushed with nitrogen and 
stoppered. Urea was not required in the reduction. 
After 1 hr the reaction mixture was desalted on a cali- 
brated 1 X 15 cm column of Sephadex G-25. The test 
tube in which the reduced toxin was collected was con- 
tinuously flushed with nitrogen to minimize the re- 
oxidation of the exposed sulfhydryl groups. 

The desalted, reduced toxin was then adjusted to pH 
7.3 and 10-50 mg of iodoacetamide or iodoacetate was 
added. The iodoacetamide was added in solid form; the 
iodoacetate was added in 0.5 ml of H 2 0  adjusted to 
pH 7.3. The alkylation was then followed in a pH-Stat 
(Radiometer TTT1, Copenhagen) by the uptake of 
2 X 10-3 h.i NaOH. 

VISCOMETRY. Viscosity measurements were made in a 
Cannon-Ubbelohde semimicrodilution viscosimeter 
(Cannon Instrument Co., State College, Pa.) at 20". 
The protein was dissolved either in 0.05 M phosphate 
buffer, pH 6.55, or in 6 M guanidine chloride buffered 
with 0.1 M phosphate, pH 6.4. All samples were dialyzed 
cs. the solvent before measurement and filtered through 
a 0.25-p Millipore filter. Efflux times were over 200 
sec for all measurements. Plots of (In t / to)/c cs. c were 
extrapolated to zero concentration and corrected for 
density by the method of Tanford (1955) to obtain the 
limiting viscosity number. Partial specific volumes for 
the toxin and the derivatives in aqueous and guanidine 
solutions were taken as 0.743, the experimental value 
determined by Wagman er al. (1965). 

BIOLOGICAL ASSAYS. Quantitative precipitin tests were 
performed according to the procedure of Heidelberger 
and Kendall (1929). Test material was incubated at 37" 
for 4 hr and then at 4" for 24 hr. Washed precipitates 
were dissolved in 0.25 N acetic acid and the total N 
was determined by ultraviolet spectrophotometry at 
277 mp. The amount of enterotoxin present was also 
determined by immunodiffusion in agar, using the tech- 
nique of Oudin (1946) as described by Silverman (1963). 
Antitoxin was prepared by the extensive immunization 
of rabbits with enterotoxin emulsified in Freund's 
complete adjuvant. Tests for impurities were carried 
out by the Ouchterlony (1949) technique. Although 
Oudin and Ouchterlony tests do not measure toxicity 
per se, they correlate well with toxicity tests in monkeys 
for the native toxin. Toxicity of the preparations was 
assayed by intravenous injections into rhesus monkeys 
(Mucuca mulattu, weight about 3 kg) to obtain the 
biological activity characterized by emesis and diarrhea. 
In conducting this research the animals were main- 
tained in compliance with the principles established by 
the National Society for Medical Research.2 

* Abbreviations used in this work: RCM, reduced carboxy- 
methyl; RCAM, reduced carboxamidomethyl; RO, reduced 2 National Society for Medical Research Principles of Labora- 
and reoxidized; EDsa, effective dose for 50% of the animals. 2376 tory Animal Care. 
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FIGURE 2: Oxidation of reduced staphylococcal enterotoxin B. Reduction was carried out as described under Figure 1.  
The Tris buffer was exchanged for 0.05 M phosphate or carbonate buffer on Sephadex G-25. Each buffer contained 
2 mg/ml of EDTA. The enterotoxin concentrations were approximately 2.6 mg/ml. All oxidations were carried out at 
room temperature. 

OTHER METHODS. Reduction of the disulfide bridge of 
staphylococcal enterotoxin B by P-mercaptoethanoi 
was followed by measuring the release of sulfhydryl 
groups by the spectrophotometric method of Ellman 
(1959) with 5,5 '-dithiobis(2-nitrobenzoic acid) after 
desalting on Sephadex G-25. 

Concentration of enterotoxin was measured spectro- 
photometrically at 277 mp on a Beckman DU spectro- 
photometer, using E>:* 14 (Schantz et a [ . ,  1965). 
Amino acid analysis was done on a Phoenix automatic 
amino acid analyzer (Model 5000) according to the 
methods of Spackman et a f .  (1958). 

Sedimentation constants were determined on a Spinco 
Model E ultracentrifuge, equipped with a rotor tem- 
perature indicating and control unit. In most experi- 
ments a capillary type synthetic boundary cell was used. 

Results 

Reduction of the Disu&de Bridge of Staphylococcal 
Enterotoxin B. Staphylococcal enterotoxin B was re- 
duced by P-mercaptoethanol at pH 8.6 under nitrogen 
atmosphere. Preliminary experiments showed that urea 
was not required for the reduction. The rate of the reduc- 
tion was followed by measuring the release of sulfhydryl 
groups by the method of Ellman (1959). Figure 1 shows 
that for full reduction of the disulfide bridge, the con- 
centration of mercaptoethanol must be 0.2 M and the 
minimum time for reduction must be 1 hr. At the lower 
concentrations of mercaptoethanol, the reduction is 
incomplete and stops at a certain level, depending on 
the concentration of 0-mercaptoethanol, after approxi- 
mately 1 hr. Increase of reduction time has no sig- 
nificant effect on the amount of toxin reduced by mer- 
captoethanol at concentrations below 0.2 M. 

The free sulfhydryl groups in the enterotoxin can be 
oxidized quite readily by letting the reduced enterotoxin 
stand at room temperature in air. The oxidation rate is 
dependent upon the type and pH of the buffer used. 

In phosphate buffer, pH 6.35, the oxidation proceeds to 
completion in 2 hr, but at pH 8.0 the oxidation of the 
reduced enterotoxin is very slow. In carbonate buffer, 
pH 9.5, the oxidation is complete in slightly more than 
3 hr. The pH-buffer effect of the oxidation of the re- 
duced enterotoxin is in accord with observations that 
the rates of oxidation of a given thiol vary considerably 
in different buffer solutions even though they are at the 
same pH (Fruton and Clarke, 1934). 

Another complication arises from the fact that oxida- 
tion of thiols is strongly catalyzed by minute amounts of 
copper and iron (Fruton and Clarke, 1934; Elvehjem, 
1930). The rate of oxidation, however, can be kept ex- 
tremely low if these ions are removed with a chelating 
agent (Sakuma, 1923; Harrison, 1924). Figure 2 shows 
that after 24 hr, the toxin is not completely reoxidized 
in either phosphate or carbonate buffer when 2 mg/ml 
of EDTA is added to the buffer. The results at pH 6 are 
the most striking, going from the greatest lability to 
almost complete stability. 

Alkylation of the Reduced Enterotoxin. After reduc- 
tion the sulfhydryl groups were alkylated by either 
iodoacetamide or iodoacetate. The alkylation proceeds 
at a constant rate and is complete in approximately 1 hr 
with iodoacetamide and 3 hr with iodoacetate. This 
rate difference was observed by Smythe (1936) and at- 
tributed to either an easier nucleophilic displacement 
of the I- from iodoacetamide than iodoacetate or a 
coulombic repulsion between the mercaptide and iodo- 
acetate ion (Cecil and McPhee, 1959). Occasionally 
nearly quantitative alkylation was achieved but in 
most experiments only 75 of the toxin was alkylated, 
the remainder being reoxidized during the process. The 
oxidized toxin can be removed from the alkylated 
products by CM-cellulose chromatography at 3 with 
0.05 M phosphate buffer, pH 6.1. Both alkylated de- 
rivatives are retained by CM-cellulose. The RCAM- 
toxin is eluted quite readily after a stepwise change to 
0.2 M phosphate buffer at pH 6.4. The RCM-toxin, 2377 
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FIGURE 3: Viscosity of staphylococcal enterotoxin B 
and derivatives. The viscosities were determined at 20" 
in 0.05 M phosphate buffer, pH 6.55. e, RCM-entero- 
toxin; 0, RCAM-enterotoxin; X ,  RO-enterotoxin; and 
0, native enterotoxin. 

FIGURE 4: Comparison by Ouchterlony imniunodif- 
fusion of native enterotoxin, the three derivatives, and 
RCAM-enterotoxin after renaturation. The agar was 
made up in isotonic saline containing 0.5 M glycine. 
Center well contained a 1 : 5  dilution of antienterotoxin. 
All sample wells contained 50 pg/ml of protein. A 
and D, native enterotoxin; B, RCAM-enterotoxin 
which was denatured in 6 M guanidine and renatured by 
removal of the guanidine; C, RO-enterotoxin; E, 
RCAM-enterotoxin; and F, RCM-enterotoxin. 

however, is not. Only a small amount of the derivative 
is obtained, the rest being retained on the column. This 
is true even if the pH of the buffer is increased to 7.3. 
The stronger binding to the resin suggests some degree 
of conformational change in the alkylated derivatives. 2378 

Enterotoxin N Added k / m l  serum) 

FIGURE 5: Precipitation of staphylococcal antientero- 
toxin B by altered and unaltered enterotoxin. The 
samples were incubated for 4 hr at 37" and then for 24 
hr at 4". 0, native enterotoxin; 0, RCAM-entero- 
toxin; X, RCM-enterotoxin; and 0, RO-enterotoxin. 

The amino acid analysis of both the alkylated toxin 
derivatives after purification by CM-cellulose chroma- 
tography showed two S-carboxymethylcysteine residues 
per molecule of toxin. The amino acid analysis also 
showed no evidence that any histidine or lysine residues 
were alkylated in the process. 

Physical Properries of fhe RCM- and RCAM-Enfero- 
roxins. The physical properties of the two column- 
purified alkylated derivatives and the RO-toxin re- 
mained essentially the same as that of the unaltered 
enterotoxin. The rate of sedimentation in the analytical 
ultracentrifuge and the sedimentation pattern were 
essentially unchanged by the alkylation or reduction and 
oxidation. Table I shows that the sedimentation coeffi- 
cients for the altered enterotoxins were between 2.6 and 
2.8 S for concentrations of 5 mg/ml. This is in good 
agreement with the sedimentation coefficient obtained 
for an equivalent concentration of the native toxin 
(2.8 S )  (Wagman et al., 1965). 

TABLE I : Physical Properties of Staphylococcal Entero- 
toxin B and Derivatives. 

Native enterotoxin 2.80  
RCAM-enterotoxin 2.71 
RCM-enterotoxin 2.68 
RO-enterotoxin 2.60  
Native enterotoxin in 6 M guanidine 
RCAM-enterotoxin in 6 M guanidine 
Native enterotoxin after removal of 

RCAM-enterotoxin after removal of 

. . 

. . 

guanidine . .  

guanidine .. 

4.03 
4.13 
4.37 
4.09 

25.9 
27.2 

4.08 

4.19 
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TABLE II : Biological Activity of Staphylococcal Enterotoxin B and Derivatives. 

Rhesus Monkey Response Serolog. Act., pg of 
Act. Toxin/100 
pg of Protein 0.1 pglkg 0.3 clsk 

Immuno- Diar- Diar- Esti- 
Pre- d s u -  rhea Latent rhea Latent mated 

cipitin sion and Period and Period ED50 
Tests Tests Emesis. (min) Emesis (min) (Fglkg) 

A. 
. 

- - 0 n ” 0 

4 -n- 
r 

Untreated enterotoxin 121 101 -50% 66-1 52 516 6@ 120 0 .1  
RCAM-enterotoxin 121 117 113 111 213 65-100 <0.3 
RCM-enterotoxin 117 122 113 175 416 82-89 <0.3 
RO-enterotoxin 122 118 01 3 . . .  516 52-121 <0.3 
Renatured RCAM-enterotoxin . .  . . .  114 179 314 83-108 <O 3 

a Where response is given as a fraction, the numerator refers to the number of animals responding and the denomi- 
nator refers to the total number of animals tested. 

The conformational change in the alkylated de- 
rivatives, especially the RCM-enterotoxin, suggested 
by their altered behavior during CM-cellulose chroma- 
tography is also reflected in their viscosity. Figure 3 
shows a plot of (In t/tO)/c cs. concentration for the native 
and altered toxins. The lines have zero slope, indicating 
that there is no association of the alkylated toxin mole- 
cules. Extrapolation of these plots to zero concentration 
and correction for density yielded the limiting viscosity 
numbers shown in Table I. The limiting viscosity num- 
ber of the native toxin was 4.03. The RCAM-enterotoxin 
and the RO-enterotoxin gave values of 4.13 and 4.09, 
respectively. The RCM-enterotoxin gave a limiting 
viscosity number of 4.37. A calculation of the axial 
ratios for the molecules as anhydrous prolate ellipsoids 
shows an 8% difference for the RCM-enterotoxin but 
less than 3z for the other two toxins in comparison 
with the native molecule. 

Electrophoresis of the RCAM-enterotoxin on starch 
gel using 0.02 M borate buffer at pH 8.6 showed one 
component. Native enterotoxin gives two major com- 
ponents in starch gel electrophoresis (Schantz et al., 
1965; Baird-Parker and Joseph, 1964). The mobility of 
the alkylated enterotoxin was found to be slower than 
that of any of the components of the native entero- 
toxin. 3 

Biological Properties of’ the Alkylated Enterotoxins. 
The alkylated derivatives and the RO-enterotoxin were 
compared with the native enterotoxin for biological 
activity by precipitin, immunodiffusion, and emetic 
tests. Figure 4 shows that a reaction of identity was ob- 

Since the RCAM-enterotoxin used in this experiment was ob- 
tained quantitatively from the toxin, these results suggest very 
strongly that the separations found with the native enterotoxin by 
Schantz et al. (1965) and Baird-Parker and Joseph (1964) do not 
reflect components with differing primary structure. Differences 
in the number of amide groups or amino acid substitutions would 
persist in the alkylated derivatives. 

x-x--X+ :::r-=-- 
5 10 15 3.0 

Concentration ( g / m l  x 103)  

FIGURE 6: Viscosity of denatured and renatured staph- 
ylococcal enterotoxin B and RCAM-enterotoxin. 
A, proteins in 6 M guanidine hydrochloride; B, pro- 
teins in 0.05 M phosphate buffer, pH 6.55, after removal 
of guanidine by gel filtration on Sephadex G-25. 0, 
RCAM-enterotoxin; X , native enterotoxin. 

tained with native, RCM-, RCAM-, and RO-entero- 
toxins in Ouchterlony double diffusion. Figure 5 shows 
that the precipitin curves for the alkylated and the 
RO-enterotoxins were basically the same as that of the 
unaltered enterotoxin. The Oudin immunodiffusion 
tests (Table 11) also show that the altered enterotoxins 
have the same serological activity as the native entero- 
toxin. The movement of the enterotoxins in the immuno- 
diffusion tests was the same for all derivatives tested. 
Emetic tests on rhesus monkeys indicated that the two 
alkylated derivatives and the RO-enterotoxin have ap- 2379 
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proximately the same effective dose for 50 % of the ani- 
mals (EDbo) for emesis as that of the native enterotoxin. 
Table I1 shows that of 15 monkeys tested only four 
failed to develop either vomiting or diarrhea at a dose 
of 0.3 pg/kg. The latent period of reaction for the al- 
tered enterotoxins was of the same range as that of the 
regular toxin. At a dose of 0.1 pg/kg one of three mon- 
keys for both RCM- and RCAM-enterotoxins gave a 
positive response. The RO-enterotoxin at this level 
gave negative results. A statistical evaluation of the 
ED5o for emesis in monkeys for the native enterotoxin 
gave a value of 0.1 pg/kg with 95 confidence limits of 
0.05-0.2 (Schantz et al., 1965). The limited number of 
animals involved in the testing of the altered toxins 
precludes an accurate evaluation of their EDbo, but 
the data, emetic response, and latent period strongly 
suggest equivalent activities. 

Reversible Denaturation of RCAM-Enterotoxin. The 
RCAM- and native enterotoxin were dissolved in 6 M 

guanidine hydrochloride buffered with 0.1 M phosphate 
buffer, pH 6.4. After standing for 4 hr at room tem- 
perature, the viscosity was measured. Figure 6 shows a 
plot of (In t / to)/c us. c.  A limiting viscosity number of 
27.2 was obtained for the RCAM-enterotoxin. Simi- 
larly, native toxin in 6 M guanidine hydrochloride gave a 
limiting viscosity number of 25.9. The guanidine was 
then removed by dialysis or by gel filtration, the solu- 
tion was lyophilized, the residue was dissolved in 0.05 
M phosphate buffer pH 6.55, and the viscosity was 
again determined, Limiting viscosity numbers of 4.19 
and 4.08 for the RCAM-enterotoxin and native entero- 
toxin were obtained. These correspond very closely 
to the limiting viscosity numbers of the derivative (4.13) 
and native toxin (4.03) that were obtained without any 
guanidine treatment. 

Ouchterlony tests (Figure 4) on the guanidine-treated 
and subsequently dialyzed RCAM-enterotoxin showed 
reactions of identity with undenatured RCAM- and 
native enterotoxins as controls. The renatured RCAM- 
toxin was tested for biological activity by intravenous 
injection in rhesus monkeys. Table I1 shows that, at a 
dose of 0.3 pg/kg, three of four monkeys developed 
emesis. When the dose was decreased to 0.1 pg/kg, 
one monkey of four developed emesis. The latent period 
of reaction was of the same range as that of the native 
enterotoxin. The renatured RCAM-enterotoxin is, 
therefore, biologically and serologically equivalent to 
the untreated derivative. 

Discussion 

The data show that staphylococcal enterotoxin B 
may be reduced and reoxidized without producing an 
important change in conformation or biological ac- 
tivity. Furthermore, reduction and alkylation yielded 
derivatives with equivalent emetic and serological ac- 
tivity and only slightly altered physical properties. 
Some degree of conformational change in the alkylated 
derivatives is suggested, though, by their altered be- 
havior during CM-cellulose chromatography. Both 
derivatives are bound to the carboxylic acid resin more 2380 
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strongly than the native material despite the fact that 
introduction of the carboxamidomethyl groups does 
not alter the number of charged groups on the molecule 
and that the introduction of the carboxymethyl groups 
increases the number of anionic groups by two. I t  is 
apparent that several cationic or hydrogen-bonding 
groups are made available for interaction with the resin 
as a result of the reduction and alkylation process. 
The conformation of the RCM-enterotoxin is more 
strongly affected, presumably because of the repulsive 
effect of the two carboxyl functions, This derivative is 
held much more strongly to the resin and has a higher 
limiting viscosity number. Although these slight changes 
are real they do not indicate a drastic conformational 
alteration. Furthermore, these alterations must be con- 
fined to small areas of the protein surface; the sites in- 
volved in both emetic activity and combination with 
specific antibody remain unchanged. 

Viscosity measurements show that the disulfide bridge 
of staphylococcal enterotoxin B is not necessary for the 
conformational structure of the molecule. Reduction 
and alkylation produce only minor changes in axial 
ratio. In addition, the disulfide loop provides very 
little structural restraint to the molecule, possibly 
indicating that the two half-cystine residues are not 
widely separated in the polypeptide chain. Unfolding 
in 6 M guanidine gave essentially equivalent limiting 
viscosity numbers for the native and RCAM-entero- 
toxin. This is in marked contrast to other proteins such 
as ribonuclease (Harrington and Sela, 1959) and serum 
albumin (Frensdorff et a[., 1953) where the disulfide 
bridges provide significant configurational restraint in 
the presence of denaturants. The disulfide bridge is also 
not necessary for the biological activity of the entero- 
toxin because the alkylated enterotoxins have equiva- 
lent emetic and serological activity. Furthermore, the 
refolding of the RCAM-enterotoxin upon removal of 
the denaturing agent after treatment with 6 M guanidine 
is probably the same as that of the native toxin in that 
the renatured RCAM-enterotoxin has the same sero- 
logical activity, measured by Ouchterlony tests, and the 
same biological activity, measured by emesis in rhesus 
monkeys, as the native enterotoxin. Thus, in common 
with a growing list of proteins (Epstein et a[., 1963), all 
of the information for the formation of biologically 
active enterotoxin resides in the amino acid sequence, 
and the introduction of carboxamidomethyl groups on 
the sulfhydryls does not interfere with its refolding. 
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Formation of Methane from Methyl Factor B and 
Methyl Factor I11 by Cell-Free Extracts 
of Methanobacillus omelianskii" 

J. M. Wood, M. J. Wolin, and R. S Wolfe 

ABSTRACT: Methylcobinamide (methyl factor B) and 
methyl-Co-5-hydroxybenzimidazolylcobamide (methyl 
factor 111) were tested as methyl donors for the trans- 
methylation reaction leading to the formation of 
methane in extracts of the methane bacterium Methano- 
bacillus omelianskii. The methyl-cobalt ligands of 
both substrates were approximately as active as 
that of methyl-Co-5,6-dirnethylbenzimidazolylcobamide 
(methylcobalamin); the presence of the dimethyl- 
benzimidazole nucleotide moiety is not required for 

test the specificity of the enzyme system in 
Methanobacillus omelianskii which converts methyl- 
cobalamin' to methane (Wolin et al., 1963, 1964), 
methyl factor B (Muller and Muller, 1962) and methyl 
factor I11 were chosen as substrates. Methyl factor B 
may be regarded as methylcobalamin with the exclusion 

* From the Departments of Microbiology and Dairy Science, 
University of Illinois, Urbana, Illinois. Receiced February 23, 
1966; reaised April 27, 1966. This work was supported by 
National Science Foundation Grant GB-1878 and in part by 
U. S. Public Health Service Grant E-4445. 

1 Abbreviations used in this work: methyl factor B, methyl- 
cobinamide: methyl factor 111, methyl-Co-5-hydroxybenzimida- 
zolylcobamide; methylcobalamin, methyl-Co-S,6-dimethylbenz- 
irnidazolylcobamide: ATP, adenosine 5'-triphosphnte. 

the methyl-cobalt ligand to be active as methyl donor 
Adenosine triphosphate was required for the formation 
of methane from both methyl-BI2 analogs. The proper- 
ties of derivatives prepared from the respective reduced 
cobinamide and cobamide products which accumulate 
suggest that they possess sulfhydryl radicals on their 
respective cobalt atoms. The striking lack of specificity 
of methyl-BI2 analogs as methyl donors in biological 
systems is postulated to reside in their ability to chemi- 
cally alkylate reduced corrinoid-containing enzymes. 

of the benzimidazole nucleotide moiety, and factor 111 
derivatives have been shown to be the predominant, 
naturally occurring cobamide compounds present in 
M. omelianskii (Lezius and Barker, 1965). 

Experimental Section 

Factors B and I11 were generous gifts from Dr. L. 
Mervyn of Glaxo Research Limited, Greenford, 
Middlesex, England. Methyl factor B was synthesized 
by methylating hydrido factor B with dimethyl sulfate 
at O" ,  and its absorption spectrum was compared with a 
sample of methyl factor B kindly provided by Dr. D. H. 
Dolphin. Spectra were determined by use of a Cary 
Model 14 spectrophotometer. Hydrido factor B was 2381 
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