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It is desirable to obtain all functional proteins in a pure state to study their 
nature, properties, and mode of action. This is especially true for bacterial 
toxins. At present, little or nothing is known concerning the primary chemical 
or physiological effects of bacterial toxins; even the tissue cells affected are for 
the most part unknown. Thus, information on either the nature or the mode 
of action of bacterial toxins would permit a better understanding of the specific 
physiologic functions which are disturbed during the course of infections and 
would perhaps suggest improved immunotherapeutic or specific chemothera- 
peutic measures. 

Several exotoxins have been isolated in highly purified form. Both Eaton 
(1) and Pappenheimer (2) have prepared purified diphtherial toxin. Two 
groups (3, 4) working at Camp Detrick have reported the crystallization of 
botulinum toxin (type A). Scarlatinal toxin (5) and streptolysin (6) have been 
highly purified. Although these toxins have been characterized as heat-labile 
proteins, physical and chemical analyses have as yet offered no explanation for 
their extreme toxicity. 

Pickett, Hoeprich, and Germain (7) prepared tetanal toxin (Mueller) in a 
highly purified state by neutral salt precipitation and adsorption on cadmium 
compounds. Their best preparation contained 0.023 X l0 s mg. N per M.L.D. 
which represented a product of about 100 times greater purity than had been 
previously reported (8). These authors made no claim that they had reached 
the limits of purity for this toxin. 

In a preliminary communication, Pillemer, Wittler, and Grossberg (9) re- 
ported the crystallization of tetanal toxin. The purpose of the present paper 
is to describe in detail the methods for the purification and crystallization of 
tetanal toxin. Certain cheJnical and physical properties of the crystalline 
toxin are also presented. 

EXPERIMENTAL 

Ma/cr/ds.--The parent tetanal toxin# employed in this study were prepared according to 
the method of Mueller and Miller (10) and contained between 20 and 40 Lf units and between 
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200,000 and 500,000 M.L.D. per ml. It is doubtful whether the present study could have been 
carried to completion if this toxin had not been available, because attempts to crystallize 
tetanal toxins prepared on veal infusion-proteose-peptone medium had not been successful. 

All chemical reagents were either c.P. or the best grade obtainable. The acetate buffer 
used for pH adjustments was composed of 2 ~ acetic acid and 0.4 • sodium acetate. Diluted 
40-fold with distilled water, this buffer gave a pH of 4. 

General Methods.--Methods for the determination of minimal lethal dose (mL.D.) of tetanal 
toxin have been reported elsewhere (11). It  has been found that strict adherence to these 
methods gives results which are reproducible to within 10 per cent. The combining capacity 
(Lf) and the time required for optimal flocculation (Kf) were determined by methods previ- 
ously described (11). In most of the current experiments, increasing amounts of toxin were 
added to a constant amount of antitoxin. All other conditions were maintained as previously 
described. Since the antitoxin was maintained constant, the Kf of different samples was 
comparable. The criteria of Moloney and Hennessy (12) were rigidly followed in order to 
establish the true zone of flocculation. Special flocculating serums (13) were also employed 
to minimize the occurrence of false zones. 

The techniques employed here for electrophoretic analysis have been reported (14). Ultra- 
centrifugal studies were carried out by Dr. Dan H. Moore, of Columbia University, employing 
techniques in use in his laboratory. Solubility determinations were carried out according to 
Northrop (15). Isoelectric points were determined by a modification of the method of 
1VHchaelis and Rona (16). Hydrogen ion determinations were made on the glass electrode 
after warming the sample to 25 ° and before the addition of methanol. Mter adjustment of 
the pH and the addition of methanol, the ionic strength was calculated from the valence of 
the ions present and from their concentration. Centrffugation was carried out in a refrigerated 
centrifuge (International, PR-1). Constant temperature baths were employed to maintain 
the desired temperature of the solutions during fractionation. 

Immunological Considerations.--The classical studies of Ramon have estab- 
lished the validity of the flocculation test for the determinat ion of the com- 

bining units  of te tanal  toxin and toxoid. However, the flocculation test does 
not  distinguish between toxin and toxoid, both of which combine with ant i-  
toxin. Therefore, in studies on the purification of toxins, caution mus t  be 

observed in interpreting data  based solely on flocculation tests. The inter-  
mediate or final products may represent mixtures of varying proportions of 

toxin and toxoid. 
The toxic properties of toxins are due to groups or configurations on the 

molecule distinct from those groups responsible for flocculation. The deter- 
minat ion of the M.L.D. of the toxin offers the best proof tha t  toxin has not  been 

converted to toxoid during fractionation or processing. The ratio of M.L.D. to 
Lf per rag. of nitrogen or per ml. of sample also offers evidence of the integri ty 
of the toxin molecule and distinguishes between spontaneous "toxoiding" and 
denatura t ion during handling. A decrease in this ratio indicates tha t  toxin is 
being converted to toxoid. A loss of Lf uni ts  concomitant  with a decrease in 
this ratio is due to denaturat ion with a resulting loss of toxic properties and 
combining capacity. Any increase in this ratio indicates tha t  toxoid is being 
separated from the toxin. The exact nature  of the conversion of toxin to toxoid 
is unknown.  However, certain evidence presented below and reported else- 
where-(17) suggests tha t  te tanal  toxoid is a dimer of te tanal  toxin molecules 
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which have apparently interacted or condensed through their toxic groups. 
Toxin which has spontaneously converted to toxoid exhibits immunological and 
physicochemical properties which differ from those of toxin. Thus, the pres- 
entation of data on a "pure toxin" may be misleading unless it is definitely 
established that the toxin is free of toxoid or that the toxoid has properties 
identical in all respects with those of toxin. 

The Kf of toxin has been followed here to ascertain the extent of early dena- 
turation of either toxin or toxoid. An increase in the Kf of a fraction compared 
with the preceding fraction or with the parent toxin is considered a definite 
indication of damage to the molecule. Any decrease in the Kf points to the 
removal of degraded toxin or toxoid molecules. Of course, such separations are 
desirable during purification and should occur if the fractionation procedure 
itself does not lead to irreversible changes in the labile proteins. In the present 
studies, the importance of Kf has been fully recognized. Any fraction showing 
evidence of a prolonged Kf is not employed for further fractionation or char- 
acterization. 

Criteria of Purity.--The identification of a protein as a single molecular 
species is difficult. The commonly accepted criteria are constancy of solubility, 
constancy of chemical composition, and homogeneity of all measurable physical 
properties. When the protein has measurable functional activity, a constant 
correlation must exist between the above properties and all the biological func- 
tions of the protein. Such proteins as toxins, toxoids, and antitoxins must act 
as single substances in the flocculation test. In so far as possible, the conditions 
employed for physical characterizations should be within the physiologic range. 
This should permit a greater degree of correlation between physicochemical 
data and biological function of the protein. On the basis of data presented in 
this report, it would appear necessary to apply the above mentioned eriteria to 
freshly prepared proteins. Identical samples should be employed for the com- 
parison of biological activity with chemical and physicochemical data, and these 
measurements should be made simultaneously. 

Methods of Purification.--The purification of toxins and toxoids offers many 
difficulties. One of the major problems is the separation of minute amounts of 
the active principle from large volumes of culture media and water. The insta- 
bility of toxins, as well as their great affinity for surfaces and adsorbing agents, 
offers additional difficulties. Furthermore, contamination of the toxin by 
microorganisms capable of elaborating other lethal toxins and enzymes may 
alter the true ~.L.D. value of the toxin. Finally, several closely related proteins 
are present as contaminants. Thus, the separation of toxins and toxoids re- 
quires fractionafion systems other than salt precipitation, adsorption, or acid 
precipitation. The method must be reproducible and transferable from small 
scale laboratory experiments to the large scale production routinely employed 
by industry. 

Theoretical considerations of the precipitation by ethanol-water mixtures 
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have been reviewed by Edsall (18). Cohn (19) and associates have put these 
theories into practice in the fractionation of plasma proteins. As pointed out 
by these workers, the denaturing effect of alcohol is minimized at the low tem- 
peratures employed. Dialysis, which is a major objection to neutral salt pre- 
cipitations, is unnecessary in the process. The influence of pH, ionic strength, 
and protein concentration in this system of fractionation has been described 
(18). 

In studies on the purification of labile toxins and toxoids (9, t l ,  20-24) meth- 
anol has been found preferable to ethanol as the organic precipitating agent. 
Under certain conditions ethanol alters toxins even at low temperatures. I t  
has also been noted in this laboratory that methanol may be preferable to 
ethanol for the fractionation of other proteins, including certain of the plasma 
proteins. The inherent danger of denaturation by increased temperature is 
greatly minimized by the use of methanol. Certain proteins which are dena- 
tured by ethanol at --5 ° are quite stable in methanol even at 0 °. Since the 
volatile methanol is removed from the proteins by freezing the mixture and then 
removing both the water and alcohol at reduced pressure, clinical objections to 
the use of methanol are minimized. 

For the most part, the influence of pH, alcohol concentration, temperature, 
and protein concentration on the solubility of toxins and toxoids is similar to 
that described for plasma proteins. The precise balance of the charged condi- 
tion of proteins (which is determined by the pH of the mixture) and the meth- 
anol concentration plays the major r61e in the separation of toxin from bacterial 
proteins and culture medium constituents. Protein concentration is adjusted 
to allow protective stabilization of the toxin molecules, by virtue of protein- 
protein interaction, and of their dipolar activities. The adjustment of five 
independent variables permits the attainment of a large number of experimental 
conditions for the separation of the desired proteins. 

The solubility of the components of a protein system will vary as a function 
of pH at constant ionic strength and constant methanol concentration, or as a 
function of methanol concentration at constant pH and constant ionic strength. 
Other sets of experimental values can be obtained as functions of temperature, 
ionic strength, or protein concentration at constant methanol concentration or 
pH. Each variable is adjusted at any one step in order to obtain the highest 
y~eld and greatest purity accompanied by no deleterious changes in the toxin 
molecules. 

The conditions for removal of impurities at any one step in fractionation are 
specific for that step. In the same manner, the conditions required for the 
separation of a particular toxin will not necessarily apply to another toxin. 
Such investigations involve the laborious task of physicochemical, analytical, 
and immunological control and do not offer an easy or simple application to the 
purification of all protein systems. However, the precision of the method which 
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conforms to the disciplines of physical chemistry, the ease in obtaining highly 
pure products once the exact method has been established, and the reproduci- 
bility of results make it the method of choice in the fractionation of functional 
proteins. 

RESULTS 

Tn the present s tudy the first step required that  the toxin be removed as a pre- 
cipitate with a minimum accompaniment of cytoplasmic bacterial proteins, 
and of proteoses, peptones, and amino acids which are constituents of the culture 
medium. In  subsequent steps, further removal of these impurities was accom- 
plished. Finally, the nucleoproteins, mucoids, and carbohydrates were re- 
moved, and then crystallization of the toxin was achieved. As will be seen 
below, the toxin m a y  be precipitated or may  be maintained in solution during 
the removal of impurities depending upon the limits of solubility of the protein 
and of the impurities, the nature of the impurities, and the convenience of the 
experimental conditions. I t  should be  stressed that  the conditions indicated 
in the text and tables must  be rigidly followed for reproducibility. Small devi- 
ations in p H  or other variables which may  seem insignificant can result in a 
great decrease in yield and marked changes in the purification factors. Tem- 
perature should be controlled rigidly during the process. A cooling coil im- 
mersed in the toxin during the addition of methanol or the immersion of the 
toxin in cold baths with the slow addition of alcohol will greatly aid in main- 
taining the temperature near the freezing point or at  - -5  °. Weston dial ther- 
mometers (stainless steel) make excellent stirring rods in this process because 
the temperature can be easily followed during processing. 

Separation of Fravtion T-PI.--In a series of solubility studies, the conditions for the 
separation of the toxin from culture medium products were determined. The general frac- 
tionation method follows. 

One volume of toxin was chilled to 1 ° and adjusted to the desired pH with ice-cold acetate 
buffer or, in some instances, with acetic acid. To this mixture the calculated amount of 
methanol (measured at --5 ° and chilled to --20 °) was added slowly with constant stirring, care 
being taken to maintain the temperature at --5 ° or under. The mixture was maintained at 
--5 ° for 24 hours. At alcohol concentrations above 40 per cent, the temperature was main- 
tained at -- 10 °, while at alcohol concentrations of 40 per cent or under, the temperature was 
keptnearthefreezingpointorat--5 °. The precipitate was removed in a refrigerated centrifuge 
at the same temperature as that used during processing. The precipitate was then dissolved 
to the desired volume with 0.15 ~ sodium acetate of pH 6.8. The solution was clarified by 
centrifugation at 4000 R.P.M. for 20 minutes at 1 °, and immediately assayed or stored at --25 ° 
until needed. 

Pertinent data  on the behavior of the toxin in mixtures consisting of cul ture  
media, methanol, and water under varying conditions of pH, ionic strength, 
and temperature are summarized in Table I. Analysis of these resltus discloses 
the following information. Tetanal  toxin is quanti tat ively precipitated be- 
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tween p H  4.5 and 5.25 in 40 per  cent  methanol  a t  ionic s t rength  0.09 and  a t  
- 5  ° . The  highest  concentrat ion per  mil l igram of prec ip i ta ted  ni t rogen is 
obta ined  between p H  5.0 and 5.25. Hydrogen  ion concentrat ions greater  than  
5.0 lead to the  increased precip i ta t ion  of const i tuents  other  than toxin. Hy-  
drogen ion concentrat ions less than  p H  5.25 result  in an increased solubi l i ty  of 
the toxin. Increasing or decreasing the ionic s t rength  under  the above condi- 
tions does not  affect apprec iably  the yield or pur i ty .  E leva t ion  of the  tem- 
pera ture  to 0 ° in 40 per  cent methanol  general ly results in dena tura t ion  of the  

TABLE I 
Frecipitation of Tetanal Toxin from Culture Medium in Methanol-Water Mixtures Varying 

in pH at Ionic Strength of O.09 and at a Temperature of --5°C. 

Conditions 

pH Methanol 

per cent 

4.5 40 
4.5 25 
4.8 40 
4.8 25 
5.0 40 
5.0 25 
5.15 40 
5.15 25 
5.25 40 
5.4 40 
6.0 40 
6.6 40 

Lf per rag. N KI* 

mln. 

226 30 
378 25 
634 18 
487 20 
812 12 
506 15 
862 10 
516 15 
883 10 
872 10 
207 30 
183 30 

~.LD. per rag. 
N X l0 s 

5.0 
9.3 
7.1 

10.3 
7.4 

10.1 
7.2 

10.4 
8.7 
4.1 

Parent toxin . . . . . . . . . . . . . .  6.9 ] 30 i 0.068 

* Tested at 50 Lf units. 

Yield of 
parent toxln 

100 
7O 

75 

75 

75 
100 
85 
35 
2O 

toxin. 2 Alcohol concentrat ions less than  40 per  cent general ly result  in in- 
creased solubil i ty of the toxin. Methanol  concentrat ions greater  than  40 per  
cent prec ip i ta te  iner t  culture medium products  and bacter ia l  proteins.  There  
i s  no evidence tha t  hydrogen ion concentrat ions between 4 and 7 under  the 
present  condit ions impair  the  toxin, since the Kf  is often shorter  than  tha t  of 
the pa ren t  toxin over the  wide p H  range. P igment  is p rec ip i ta ted  with the 

toxin under  p H  5.4. 
The  above information indicates tha t  separat ion of t h e t o x i n  from the crude 

toxic f i l t rate occurs opt imal ly  a t  p H  5.0 to 5.25 in 40 per  cent methanol  a t  
- -5  °. The  charged condit ion of the toxin has a greater  influence on its solu- 
b i l i ty  than  the ionic s t rength of the mixture.  The  separat ion of bacter ia l  toxins 

2 Such toxins show either an absence or marked retardation of flocculation. 
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differs in this respect from the separation of the plasma proteins in ethanol-water 
mixtures, which depends largely on precise salt concentrations (19). These 
results compare favorably with those reported for the purification of te tanal  
toxin produced in veal infusion medium (11). I t  should be noted that  a single 

precipitation quant i ta t ively  separates toxin containing more than 800 Lf per 
rag. of nitrogen. Assuming that  pure toxin has between 3300 and 3600 Lf per 
rag. of nitrogen, this material  is o~er 20 per cent pure. This precipitate is 
hereafter referred to as T-PI .  The ratio of M.r.D. to Lf uni ts  per rag. N is about  

1.2 X 104 and is slightly greater than  that  of the crude toxin. 

TABLE II 

Precipitation of Tetanal Toxin from Fraction T-PI in Methanol-Water Mixtures Varying in 
ptt, Ionic Strength, and Temperature 

Conditions 
Lf p~ mg. 

pH Methanol Ionic Temperature strength 

3.5 
3 . 5  

4.0 
4.0 
4.5 
4.5 
5.0 
5.0 
5.5 
5.5 
6.0 
6.0 

per ceng 

25 
10 
25 
10 
20 
10 
20 
10 
25 
15 
25 
15 

O. 057 
O. 068 
0.057 
O. 068 
0.06 
O. 068 
0.06 
O. 068 
0.037 
O. 024 
0.057 
0.064 

°c. 
--5 
--3 
--5 
--3 
--5 
--3 
--5 
--3 
--5 
--3 
--5 
--3 

283 
212 
341 
364 
812 
974 

1113 
1282 
1150 
1390 
741 

1122 

Kf* ~r.L.v. per 
rag. N X 10~ 

m~n. 

120 
120 
20 1.5 
20 1.5 
15 9.3 
15 12.6 
12 18.3 
12 22.0 
12 20.6 
12 24.2 
20 13.6 
15 20.6 

Yield 
from 
T-PI 

~eg cent 

60 
15 

100 
83 

100 
100 
100 
100 
36 
22 

* Tested at 50 Lf units. 

Solubility of Toxic Principle in Fracaon T-PI.--SeverM large lots of crude tetanal toxin 
were processed to fraction T-PI. The initial separation of tetanal toxin from culture medium, 
conducted at pit 5.15 :t: 0.05 in 40 per cent methanol at --5 °, has been found to be reproduci- 
ble for all crude toxins studied here. Fraction T-PI was dissolved to one-tenth of the parent 
toxin volume in 0.15 ,x sodium acetate. The behavior of this fraction in methanol-water 
mixtures was then observed over a wide range of experimental conditions. The results of 
these studies are summarized in Table II. 

The toxin in fraction T - P I  is quant i ta t ive ly  precipitated between p H  4.5 and 
5.5 under  appropriate conditions. I t  is insoluble in 20 per cent methanol  a t  
pH 4.5, in 10 per cent methanol  at  pH 5.0, and in 15 per cent methanol  at  pH 
5.5. The removal of culture medium substances and bacterial impurities re- 
duces the amount  of methanol  required to precipitate the toxin. I t  will be 
noted from the prolonged Kf that  pH 3.5 apparent ly alters the toxin molecule 
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or precipitates degraded toxin or toxoid molecules. Hydrogen ion concentra- 
tions less than pH 5.5 result in increased solubility of the toxic principle under  
the observed conditions. The ionic strength apparent ly  plays little or no r61e 
in the precipitation of toxin in this step. In  view of the above results, the toxic 
principle is reprecipitated a t  either pH 5.5 in 15 per cent methanol  or at  p H  5.0 
in 10 per cent methanol,  at  ionic strength between 0.025 and 0.075, and at  a 
temperature of - -3  ° to -- 5 °. These fraetiolas have an Lf content  of about  1300 
per mg. of N and about  20 million ~.L.D. per mg. of N. The ratio of ~t.L.D. to 

TABLE III  

Solubility of Tetanal Toxin from Fraction T-PII in Methanol-Water Mixtures and Water 
Vatting in pH, Ionic Strength, and Temperature 

Conditions 

Ionic Temperature pH Methanol strength 

.3.5 
3.5 
3.5 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 
4.0 

loer c ~ l  

7.5 
5.0 
0.0 

10.0 
10.0 
7.5 
7.5 
7.5 
7.5 
5.0 
0.0 
0.0 
0.0 

0.075 
0.075 
0.075 
0.075 
0.025 
0.075 
0.05 
0.025 
0.15 
0.075 
0.15 
0.075 
0.025 

°C. 

- 5  
0 
0 

- 3  
- 3  
- 3  
- 3  
- 3  
- 3  

0 
0 
0 
0 

Lf p ~  mg. Kf* 

6O 
6O 
60 

1712 5 
1483 5 
2080 5 
1562 5 
1100 5 
1538 15 
1743 10 
1320 15 
1612 15 
1612 15 

m.l,.n, per 
m g . N  X 10' 

42.1 
131 .9  

27.8 

Yield 
from 

T-PII  

#~cenJ 

9O 
90 
9O 
80 
60 
92 
86 
60 
92 
86 
92 
92 
86 

* Tested at 50 Lf units. 

Lf uni ts  per rag. of N is about  1.8 )< 104, which is considerably greater  than the 

ratio in T-PI .  This fraction is designated T -P I I .  

Solubility of Toxic Principle in Fraction T-PII.--Fraction T-PII was dissolved to one- 
twentieth of the parent toxin volume in 0.075 M sodium acetate. Observations over a wide 
range of experimental conditions revealed that the separation of the toxic principle as a 
precipitate from the contaminating materials did not materially improve purification. Experi- 
ments were then designed to remove the bacterial proteins as a precipitate while leaving the 
toxin in solution. The results of an experiment with one large batch of T-PII are given in 
Table n I .  All determinations given in this table were performed on the supernatants after 
the removal of the precipitated material. 

I t  will be seen that  most of the te tanal  toxin remains in solution between pH 
3.5 and 4.0 under  appropriate conditions. Close analysis of the data  reveals 
that  a t  p H  3.5, with methanol  concentrations of 7.5 per cent or lower, only a 
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slight precipitation of the toxin occurred. The Kf of the soluble toxin, however, 
is markedly prolonged indicating damage to the toxic principle. At pH 4.0 
in either aqueous solution or in methanol up to 10 per cent, a large part of the 
toxic principle remains soluble with a sharp decrease in the Kf, indicating the 
removal of degraded toxin or toxoid molecules. I t  will also be observed that 
in the absence of methanol at this pH, the degree of purity is lower. For this 
batch of toxin, optimal separation of the toxin from bacterial protein occurs at 
pH 4.0, methanol concentration 7.5 per cent, ionic strength 0.075, at a tem- 
perature of --3 °. Increasing the alcohol concentration at this pH results in a 
decreased yield of toxin in the supernatant, and decreasing the alcohol at this 
pH leads to incomplete removal of the impurities. The ionic strength at this 
step is of great importance. Whereas an ionic strength of 0.075 yields a toxic 
solution containing 2000 Lf per rag. of N, decreasing the ionic strength to 0.05 
results in a product 25 per cent less pure. Further decrease of the ionic strength 
to 0.025 leads to a precipitation of toxin, and the supernatant has a purity of 
only 1100 Lf per rag. N. I t  is interesting that the removal of bacterial proteins 
under appropriate conditions markedly decreases the Kf of the resulting purified 
toxin. 

The step which has just been described is of utmost importance in the puri- 
fication of tetanal toxin. I t  has been noted that various lots of T-PI I  behave 
differently at this step. I t  is, therefore, necessary to ascertain on an aliquot 
of T-PI I  the optimal conditions for the separation of the bacterial proteins 
from the toxin. While this is a laborious procedure, it is imperative in order 
to obtain unaltered and highly purified toxin. For the adequate removal of the 
inert precipitate from T - H I  from twelve different batches of toxin, it has been 
observed that the conditions at this step vary from pH 3.8 to 4.2, from methanol 
concentrations of 5 per cent to 12 per cent, and from 0.05 to 0.15 ionic strength 
at temperatures between 0 ° and - 5  °. These fractions are designated T-SIII.  
The ratio of ~.L.D. to Lf per rag. of N for these fractions is about 2 × 104. 

Solubility of Toxic Principle in Fraction T-SIII.--Fraction T-SIII  was main- 
tained at its freezing point and studies were carried out to remove other con- 
taminants which may have remained in solution during separation of fraction 
T-SIII. I t  is still desirable to maintain the toxic principle in solution at this 
step. I t  was noted that the removal of nucleoproteins and other materials 
with low solubility at pH 4.0 allowed the addition of greater concentrations of 
methanol at this pH with little or no precipitation of the toxin. The results of 
these studies are given in Table IV. 90 per cent of the toxin remains soluble at 
pH 4.0 when the alcohol concentration is increased to 30 per cent. Increasing 
the pH leads to the precipitation of the toxic principle. Oa the basis of these 
studies, fraction T-SIII  was adjusted to pH 4.0 and the alcohol concentration 
increased to 30 per cent. After several hours a flocculent precipitate settled 
out. The material was allowed to stand for 24 hours, and the supernatant was 
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collected by centrifugation at --5 ° and designated fraction T-SIV. This solu- 
tion generally contains approximately 2500 Lf per mg. N. 

Precipitation of Tetanal Toxin from Fraction T-SIV.--Various experimental 
conditions have been employed for the separation of tetanal toxin as a precipi- 
tate from fraction T-SIV. The general procedures employed for the separation 
of fraction T - P I I  were followed. At this step, high ionic strengths should be 
avoided. I t  was observed that  the precipitation of tetanal toxin at this point 
at ionic strengths greater than 0.025 resulted in irreversible changes in the toxin 
molecule. Furthermore, hydrogen ion concentrations less than pH 6.0 should 
also be avoided in order to retard the spontaneous conversion of tetanal toxin 

TABLE IV 
Solubility of Tetanal Toxin from Fracgon T-SIII in Methanol-Water Mixtures Varying in pH 

pH* Methanol Lf per rag. N~; Yield from T-SIII  

4.0 
4.0 
4.0 
4.2 
4.2 
4.5 
4.5 
5.0 
5.0 
5.5 
5.5 

per c ~  

40 
30 
20 
25 
15 
25 
15 
25 
15 
25 
15 

2800 
2520 
2118 
2314 
1982 

60 
9O 

100 
7O 
8O 

4O 
10 
10 

* pH of T-SIII diluted with two parts of water. 
Supernatants tested. 

to a flocculating atoxic protein. The most suitable conditions encountered so 
far for the precipitation of the toxin at this step are p H  5.4, 10 per cent meth- 
anol, ionic strength 0.02 at a temperature of - 5  °. A large quantity of  sodium 
hydroxide is necessary to raise the pH of fraction T-SIV to 5.4. This, of course, 
increases the ionic strength of the solution. In order to avoid local excess of 
salt and hydroxyl ions, the alkali should be added in a dilute form in a methanol- 
water mixture to attain the above mentioned conditions. This addition should 
be made slowly with constant stirring. The material insoluble under these 
conditions is almost pure tetanal toxin. At times, some crystallization of the 
toxin occurs at this step. The precipitate was collected by centrifugation at 
--5 ° and was dissolved in 0.075 M sodium acetate to an Lf concentration of 
about 12,000 per ml. This fraction is designated T-PV and usually contains 
approximately 3000 Lf and 50 million M.L.D. per mg. of N. 

Precipitation of Tetanal Toxin from Fraction T-PV.--Fraction T-PV, which 
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is almost pure tetanal toxin, was subjected to varying experimental conditions 
in order to remove traces of impurities prior to the crystallization of the toxin. 
I t  was found that reprecipitation of this material at pH 4.9 and ionic strength 
of 0.01 at 0 ° in the absence of methanol yielded the purest product. Therefore, 
fraction T-PV was diluted with ice-cold distilled water to an ionic strength of 
0.01, the pH was adjusted to 4.9, and the material was allowed to stand for 24 
hours at 0 °. This precipitate was generally amorphous; however, crystals were 
often observed at this step. This fraction was designated T-PVI and was dis- 
solved in 0.05 M sodium acetate to a concentration of about 12,000 Lf per ml. 
This solution contains about 3200 Lf and 60 million ~.L.D. per rag. of N. 

Crystallization of Tetanal Toxin.--The crystallization of tetanal toxin from 
fraction T-PVI is dependent on the purity of this fraction. Traces of nucleo- 
protein will interfere with crystallization. Furthermore, if even partial spon- 
taneous detoxification of the toxin has occurred during processing, crystalliza- 
tion is retarded. It  is obvious that if the special precautions indicated in the 
above procedures are not followed to avoid denaturation of the toxin, crystalli- 
zation will not be accomplished. 

A number of experimental conditions were employed to achieve crystalliza- 
tion. Tetanal toxin readily forms an amorphous precipitate in aqueous solu- 
tions between pH 4.5 and 5.4 resembling a "euglobulin" in the classical ter- 
minology. However, in very dilute solutions, under these conditions of pH and 
in the presence of optimal concentrations of methanol, the toxin will crystallize 
out of solution. This procedure was employed early in the experimental work. 
While this procedure yields adequate quantities of crystals, it involves the 
handling of large volumes of material and is time-consuming. Attempts have 
been made to establish more practical conditions for the crystallization of 
tetanal toxin. Crystallization of the toxin does not occur readily at a pH acid 
to its isoelectric point. However, if the hydrogen ion concentration is suffi- 
ciently low (between pH 5.8 and 6.2), the addition of alcohol up to 20 per cent 
concentration does not produce an amorphous precipitate. Fraction T-PVI 
was adjusted to a 1 per cent protein solution at pH 6.0, methanol concentration 
of 20 per cent, ionic strength of 0.02, and a temperature of --5 °. Crystalliza- 
tion of the toxin occurred within a few days, and on standing for several weeks, 
a good yield of crystals was obtained. Attempts to obtain crystals at hydrogen 
ion concentrations less than pH 6.0 were not highly successful, since at these 
hydrogen ion concentrations tetanal toxin is readily detoxified. Hydrogen ion 
concentrations greater than pH 6.0 resulted in a precipitate of both crystalline 
and amorphous material. A summary of the degree of purity and yield of 
tetanal toxin at each step is given in Table V. The conditions of pH and 
methanol concentration employed at each step are shown graphically in Fig. 1. 

The crystals obtained can be redissolved in sodium acetate and recrystallized 
under the above stated conditions. The final product can be dissolved either 
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in 0.15 ~t sodium chloride at p H  5.5 or, for greater stability, in 0.3 2~ glycine at  
p H  5.8. This material can be stored at - 2 5  °, dried from the frozen state, or 

TABLE V 
Degree of Purity and Yield of Tetanal Toxin at Various FracEonation Steps 

(Average Values) 

Fraction 

Parent 
T-PI 
T-PII 
T-SIII 
T-SIV 
T-PV 
ToPVI 
T-CVII 
T-CVII-4 

Lf per rag. N 

6-10 
800-1000 

1200-1400 
1800-2400 
2200-2600 
2800-3200 
3000-3400 
3300-3600 
3300-3600 

M.L.D. per  rag. 
NX I0~ 

0.06-0.1 
10-12 
18-24 
36-45 

40-50 
50-60 
60-70 
60-70 

Yield 

95-100 
90-100 
70-80 
70-80 
60-80 
50-70 
10-40 
5-35 

4(:I T P - ~  

T$ -IV 

+ " TC-'V[[ CL2C 

¢u 

"~ J0 

0 I I TP'-'V[ t I 
4 4.5 5 5.5 6 

pN 
FIO. 1. A schematic diagram of the conditions of pH and methanol concentration at 

different steps of the purification of tetanal toxin. P, toxin precipitated under described 
conditions; S, toxin soluble under described conditions; C, toxin crystallized under described 
conditions. 

maintained at 0 ° in the presence of 0.3 ~ glycine. A photograph of the crystals 
has been published previously (9). 

Properties of Crystalline Tetanal Toxin 

Crystalline tetanal toxin in a 1 per cent solution is pale yellow. I t  is very  
stable in the presence of glycine between p H  5.0 and 6.0. I t  is relatively stable 
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in the presence of neutral salt at  this pH. However, hydrogen ion concentra- 
tions less than 6.0 lead to the spontaneous conversion of the toxin to a flocculat- 
ing atoxic protein. 

TABLE VI 
Chemical Composit ion of  Crystalline Tetanal  Tox in  

Nitrogen, per cent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Phosphorus, per cent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Sulfur, per cent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Carbohydrate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

15.7 
0.065 
1.04 

TABLE VII 
Properties of Crystall ine Tetanal  Tox in  

Mobility in veronal buffer, pH 8.6, 0.1 ionic strength . . . . . . . . . . . . . . . . . .  
Sedimentation constant, s l y ,  w . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Optical rotation, [a]~, degrees . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Isoelectric point . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Lf per mg. N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Kf~0, rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
M.L.D. per mg. N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

2.8 X 10 -5 
4.5 
--63 
5 .14-0 .1  
3600 
I0 
6.6 X 107 

FIG. 2. Electrophoretic pattern of crystalline tetanal toxin. Time = 18,000 seconds. 

Chemical composition of the toxin is summarized in Table VI. While the 
crystalline toxin gives the usual protein reactions and contains 1 per cent sulfur 
and a trace of phosphorus, it is entirely lacking in carbohydrate.  Amino acid 
analyses of the crystalline protein are being conducted by  Dr. Max S. Dunn 
and will be reported later. 

Table V I I  summarizes the physicochemical character of freshly dissolved 
crystalline tetanal toxin. The toxin is electrophoretically homogeneous (Fig. 
2) with a mobility of 2.8 )< 10 -5 in veronal buffer of 0.1 ionic strength at pH  8.6. 
The optical rotation of --63 ° differs from the optical rotation of --45 ° for 
diphtherial toxoid (21). 
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The isoelectric point was estimated from the minimum solubility of both total 
N and the combining activity of the crystalline toxin. The toxin was adjusted 
to different hydrogen ion concentrations with acetic acid at 0.2 pH intervals in 
distilled water at constant volume and at 1 °. The results of this experiment 

TABLE VIII 
Solubility of Crystalline Tetanal Toxin in Distilled Water as Function of pH 

pH* Lf precipitated Protein N precipitated 

4.3 
4.5 
5.0 
5.2 
5.5 
6.0 

p e r  ¢ c n f  

0 
3O 
9O 
9O 
40 
20 

per cen~ 

0 
30 
90 
90 
40 
20 

* Determined on supernatant s after equilibration with the precipitates for 18 hours at 1 ° 

0.5 

o o oc 0.4 I 

0.3 o 

"~ / ° "  

~ 0.t! 
O~ 02, 

i , ,. J _ _ J  _..t._ 
0.4 0 6  O 8 l.O 2J 7.5 
Hff total protein R per mL 

• =.5olubi[ity &ftcr 2.4 hrs. at ffC. o =5olubility after 10 days at 0*C. 

FIG. 3. Solubility curves of crystalline tetanal toxin. The protein nitrogen per milliliter 
in solution is plotted against the total protein nitrogen concentration. The solid line is the 
theoretical curve for a solid phase of one component. 

are given in Table VII I .  I t  will be noted that, judged both by N and by com- 
bining capacity, the toxin has a minimum solubility at p H  5.1 -4- 0.1. 

As pointed out above, crystalline tetanal toxin, on standing at 0 ° rapidly loses 
toxicity with no loss in its ability to flocculate with tetanal antitoxin. This 
phenomenon complicated the determination of the exact sedimentation constant 
and true constant solubility of the crystalline protein. Inspection of Fig. 3 
reveals that the solubility of the freshly prepared crystalline protein is almost 
constant in 1.4 M ammonium sulfate at pH 7.0 and acts as though it were essen- 
tially a solid phase of one component. However, on standing for 10 days at 
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0 °, at least 50 per cent of the material shows a change in solubility and the solu- 
tion appears to contain two molecular species. This change is accompanied 
by a loss of about 75 per cent of the toxicity of the solution while the flocculating 
capacity remains unaltered. This would indicate that the solubility of freshly 

FIo. 4. Sedimentation patterns of crystalline tetanal toxin after standing for 10 days at 0 °. 
D, once crystallized toxin. 6 D, four times recrystallized toxin. 

prepared crystalline toxin is constant and that the changes observed on standing 
are caused by the condensation of the pure toxin. This hypothesis was sub- 
stantiated by the results of ultracentrifugal studies (17). The unavailability 
of an ultracentrifuge in this laboratory at present made it impossible to study 
freshly prepared crystalline toxin. Samples were forwarded to Dr. Dan H. 
Moore, Columbia University, who conducted the ultracentrifugal studies. I t  
will be noted that 55 to 60 per cent of the molecules had a sedimentation con- 
stant of 7.0 and the remaining molecules sedimented at 4.5 S (Fig. 4). Immu-  
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nological analysis of these fractions revealed that the toxin was associated with 
the molecules sedimenting at 4.5 S. Both fractions flocculated with antitoxin. 
These results suggest that crystalline tetanal toxin is spontaneously converted 
to a flocculating atoxic dimer. Work will be carried out to determine the mech- 
anism of this reaction. In reviewing the work of other investigators on the 
purification of toxins, little or no reference is made to the possibility that their 
final toxin preparations may have contained toxoid. The spontaneous con- 
version of crude toxin to toxoid (natural toxoiding) is well known. I t  seems 
highly improbable that the usual methods employed for the fractionation of 
toxins involving dialysis and extraphysiologic conditions of pH, salt concen- 
tration, and temperature would not have caused some conversion of the toxin 
to toxoid. That  such a conversion might have taken place is indicated by the 
absence of constant solubility data for purified toxins. The recognition of the 
possibility that toxin may easily be converted spontaneously to a toxoid should 
lead to a better understanding and to more exact physicochemical data on these 
substances. On the basis of the present studies it appears that tetanal toxin 
has a sedimentation constant of 4.5 Svedberg units? 

Crystalline toxin is not precipitated by an anti-Clostridium tetani rabbit 
serum. The toxin is almost immediately detoxified by very small amounts of 
formalin (0.01 to 0.001 per cent). This detoxified material is highly antigenic 
and can be used for immunization. However, the inherent technical hazards 
to personnel during the processing of the toxin makes it advisable to employ 
crude toxoid for the parent material when a purified toxoid is desired. The 
conditions described in the text for the purification of tetanal toxin are the same 
for the purification of tetanal toxoid with the following exception: in the re- 
moval of T-PI the pH should be adjusted to 4.85 4- 0.05. 

SUM~CIARY 

Methods for the purification and crystallization of tetanal toxin are described. 
The methods consist of the multiphase fractionation system involving methanol 
as the organic precipitating agent under controlled conditions of pH, ionic 
strength, protein concentration, and temperature. 

Crystalline tetanal toxin has an electrophoretic mobility of 2.8 X 10 -5 in 
veronal buffer of 0.1 ionic strength at pH 8.5. The solubility of freshly pre- 
pared toxin is essentially constant. The isoelectric point is 5.1 ± 0.1. The 
crystalline toxin contains 1 per cent sulfur, traces of phosphorus, and gives the 
usual protein reactions. I t  does not contain carbohydrate. 

3 Since this paper has  gone to press, samples of crystalline tetanal  toxin have been stored 
a t  0 ° in the presence of homogeneous h u m a n  a lbumin (4.5 S). I t  has  been noted tha t  no 
loss either in the toxicity or in the  combining capacity of the toxin occurred after  s tanding 
for 20days.  Ultr~centrifugal analysis of this mixture revetled tha t  the s~mple was homogene-  
ous with a sedimentat ion cons tant  of about  4.5. This  substant ia tes  the view tha t  te tanal  
toxin has  a sedimentat ion cons tan t  of 4.5. 
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The crystalline toxin does not precipitate anti-Clostridiutn tetani rabbit 
serum. The final product contains between 3400 and 3600 Lf and about 
6.6 X 10 ~ M.L.D. per mg. N. 

Crystalline tetanal toxin is spontaneously converted to a flocculating atoxic 
dimer upon standing at 0 °. This change is accompanied by the appearance of 
another molecular species as judged by constant solubility tests. Ultracen- 
trifugal analysis of these fractions reveals that tetanal toxin has a sedimentation 
constant of 4.5 Svedberg units while the atoxic flocculating dimer sediments 
a t7  S. 
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