
interactions are available, the first being 
the recombinants between anurans and 
urodeles (11) but examples in which 
tissues from widely different species 
were employed are rare. There are 
virtually no previous studies in which 
an unspecialized responding epithelium 
has been used: perhaps the closest to 
the present combination is that of Cou- 
lombre and Coulombre (12), who re- 
ported that replacement of the lens of 
a 5-day chick embryo with dermis 
from mouse flank led to feather forma- 
tion in the relatively unspecialized host- 
chick cornea. 

This investigation demonstrates that 
human embryonic skin dermis speci- 
fically directs the transformation of un- 
specialized chick chorionic epithelium 
into a typical keratinized epidermis, 
histologically indistinguishable from 
chick skin. That the differentiated epi- 
dermis may exert an influence on 
human dermis in its turn is suggested 
by the additional modifications observed 
in the human dermis after recombina- 
tion culture. This study clearly distin- 
guishes the roles of both the inducing 
dermis and the transforming epithelium 
in a tissue interaction. 
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Crystalline Cholera Toxin and Toxoid 

Abstract. The exo-enterotoxin of Vibrio cholerae has been obtained in crystal- 
line form. A solution of the crystalline protein was equal in potency to the parent 
pure toxin in both choleragenicity and skin reactivity. Crystals of the natural 
toxoid, choleragenoid, resemble those of the toxin in appearance. A solution of 
crystalline choleragenoid was equivalent to the parent preparation in the floccu- 
lation test. 
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We have reported the isolation and 
purification of the cholera exo-entero- 
toxin, which was designated choleragen, 
and indicated that the pure protein was 
both choleragenic and skin reactive (1, 
2). Other investigators using cruder 
preparations have reported some dis- 
sociation of skin reactivity and cholera- 
genicity and suggested that the two ac- 
tivities may not be present on the same 
molecule (3). We have also reported 
the purification and some of the proper- 
ties of a natural toxoid-designated 
choleragenoid, also found in fermenter- 
grown cultures of the highly toxigenic 
strain of Vibrio cholerae, 569B Inaba 
(1, 2)-and presented some details of 
how the toxoid is formed from the toxin 
(4, 5). We now report the application 
of an additional criterion of purity, the 
solubility test, and the crystallization of 
these two proteins. Redissolved crystal- 
line cholera toxin was found to be 
equally as potent as the parent purified 
toxin in choleragenicity, skin reactivity 
and flocculation (Lf) tests. 

Choleragen and choleragenoid, puri- 
fied by either of the methods described 
(2, 5), were each subjected to an addi- 
tional chromatographic passage on Bio- 
Gel P-150 (Bio-Rad Laboratories) to 
remove residual traces of the other 
protein and traces of aggregated protein 
which may have been formed. As an 
additional test of purity, the phase rule 
solubility test was applied. Increasing 
increments of choleragen solution (25 
mg/ml) in tris (hydroxymethyl) amino- 
methane (tris) buffer (1) were added 
to test tubes, and tris buffer was added 
to a total volume of 1 ml. To each tube 
1 ml of 4M (NH4)2S04 was added and 
the tubes were incubated overnight at 
220 to 230C with gentle shaking. The 
tubes were centrifuged, and the op- 
tical density of the supernatant was 
determined at 280 nm. The results, Fig. 
1A, were consistent with those expected 
from a pure protein. The solubility 
curve showed a sharp change in slope 
at the inflection point (at approximately 
1.7 mg of protein added), and there 
was no further increase in absorbance 
with added increments of protein. 

Choleragen was crystallized by ad- 
justing the pH of a solution containing 
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justing the pH of a solution containing 

approximately 20 mg/ml to the iso- 
electric point, pH 6.6 (2), and adding 
4M (NH4)2S04 (adjusted to the same 
pH) until slight opalescence was ob- 
served at room temperature. Sufficient 
water to clarify the solution was added, 
and the mixture was placed at 40C. On 
subsequent days, a white precipitate 
was observed in the bottom of the coni- 
cal test tube which, on swirling, ex- 
hibited a refractile sheen characteristic 
of dispersed crystals. Examination by 
dark-field 'microscopy revealed the 
crystalline nature of the sediment (Fig. 
lB). A variety of crystalline forms was 
observed. Some were needle-like struc- 
tures and some shield-like forms, but, 
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Fig. 1. (A) Solubility curve of choleragen 
in 2M (NH4).2S04, at 22? to 23'C. (B) 
Two views of crystals of choleragen, dark- 
field microscopy; original magnification 
approximately 600 X. 

529 

Fig. 1. (A) Solubility curve of choleragen 
in 2M (NH4).2S04, at 22? to 23'C. (B) 
Two views of crystals of choleragen, dark- 
field microscopy; original magnification 
approximately 600 X. 

529 



E 

| '4^ 
o 1.8 -A 

o0 XM 1.4 - 

0 / 
02 / 

ax 
rr 

.o 1.0 . . 8.0 0 n. 

-, 0.6 

0 1.0 2.0 4.0 6.0 8.0 10.0 
CL 

t,o Total choleragenoid (mg/ml) 

E 

| '4^ 
o 1.8 -A 

o0 XM 1.4 - 

0 / 
02 / 

ax 
rr 

.o 1.0 . . 8.0 0 n. 

-, 0.6 

0 1.0 2.0 4.0 6.0 8.0 10.0 
CL 

t,o Total choleragenoid (mg/ml) 

Pig. 2. (A) SolUDlllty curve or cnoleragen- 
oid in 2.67M (NH4)2SO4, at 22? to 23?C. 
(B) Crystals of choleragenoid, same con- 
ditions as Fig. lB. 
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for the most part, the crystals tended to 
assume the plate or rhomboidal form 
predominant in Fig. 1B. After the initial 
crystallization, it was possible to obtain 
more crystals by seeding fresh (NH4)2- 
SO4-treated preparations. Crystals were 
harvested by centrifugation, redissolved, 
and dialyzed against tris buffer. The 
potency of the redissolved choleragen 
was tested, in parallel with the parent 
toxin, for choleragenicity in infant rab- 
bits (6), for skin reactivity in adult 
rabbits (7), and by the Lf test (8). The 
results in each case were identical with 
the parent toxin. The dose causing a 
mean choleragenic score (1, 6) of 5 
was estimated from titrations in groups 
of five infant rabbits each, to be 0.4 
u/g. The skin reactive dose was between 
0.0003 and 0.001 /tg, determined in 
duplicate titrations in each of two rab- 
bits. [This dose was somewhat higher 
than that which we reported previously 
(2), but we have found that results of 
this test vary depending on the sensitiv- 
ity of the rabbits used on a given occa- 
sion.] The Lf dose, as already reported 
(8), was 1.0 atg. Disc electrophoresis re- 
vealed a single protein band in the 
separating gel with a trace of aggre- 
gated material which failed to penetrate 
the polyacrylamide gel. 

Choleragenoid was processed similar- 
ly, except that a higher concentration 
of (NH4)2SO4, 2.67M, was used in the 
solubility test. The results (Fig. 2A) 
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indicated that choleragenoid was not 
homogeneous according to this criterion. 
A gradual curve was observed with in- 
creasing absorbance at high concentra- 
tions of protein. This is entirely consist- 
ent with our previous observations that 
there are multiple species of cholerage- 
noid (2). Nevertheless, using (NH4)2- 
SO4 at the isoelectric point, pH 7.75, 
of the predominant species of cholera- 
genoid (2), we were able to obtain 
crystals (Fig. 2B) which resembled 
those of choleragen. In this case, how- 
ever, a slight amount of amorphous 
precipitate was removed after the first 
(NH4)2SO4 addition, and crystalliza- 
tion was achieved after a subsequent in- 
crease of the (NH4)2SO4 concentration 
to approximately 2.7M. Disc electro- 
phoresis of the redissolved crystalline 
material suggested that it consisted pri- 
marily of the predominant cholerage- 
noid species (2). The Lf dose of the 
redissolved crystals was identical with 
the parent preparation of choleragenoid, 
0.6 ,ug (8). We believe this to be the 
first time that crystallization of a nat- 
ural toxoid has been reported. 

In addition to showing that the chol- 
era toxin, like diphtheria, tetanus, and 
other classical bacterial toxins, is crystal- 
lizable, our results indicate that we were 
working with a pure protein. Our study 
reemphasizes the differences between 
our previous work and that of investiga- 
tors working with cruder preparations 
(3) who reported dissociation of diar- 
rheagenic activity and skin reactivity. 
We can conclude only that the discrep- 
ancies are attributable to the use of im- 
pure preparations or to the possibility 
that in the procedures used, which re- 
sulted in losses of most of the original 
toxic activity (3), fractions or subunits 
of the toxin molecule may have been 
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present poorly understood, role in many 
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tected, by chemical means, in the liver 
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separated perhaps in combination with 
other materials present. Although we 
have demonstrated the heterogeneity of 
the subunits of the choleragen molecule 
(9, 10), we have thus far been unable 
to separate the subunits and thereby 
evaluate this hypothesis. In contrast to 
previous reports on less pure materials 
(11), chemical analyses (10) indicate 
that the purified products are simple 
proteins essentially free of lipid and 
carbohydrate. 
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Microsomal Lipid Peroxidation: Morphological Characterization 

Abstract. Lipid peroxidation of liver and kidney microsomes induces a highly 
characteristic sequence of morphological changes typified by detachment of ribo- 
somes and formation of large aggregates of vesicles bound together by dense 
amorphous material and myelin figure-like debris. The trilaminar structure of the 
membrane is, however, retained even after complete peroxidation, though its spac- 
ing may be increased. The aggregates resemble lysosomal lipofuscin pigment as 
well as the membranous aggregates of endoplasmic reticulum seen in the liver after 
carbon tetrachloride poisoning. 
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