
Table 1. Diffusion coefficient values (D) measured intracellularly compared to values for 
dilute solution diffusion (25?C). 

D X 10-5 (cm/sec) 
Solute 

Intracellular Dilute solutions 

Water 2.42 + 0.28 [16]* 2.51 - 0.01 (spin echo) (4) 
2.28 (spin echo) (5) 
2.25 + 0.02 (3H-tracer) (6) 

Urea 1.87 ? .15 [22] 1.36 (6) 
Glycerol 1.25 ? .25 [9] 0.95 (6) 

* Number in bracket indicates number of experiments. tMeasured at 20?C and converted to 
25?C by a factor 3 percent/?C = + 15 percent. 
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tion is questioned (1) and various au- 
thors have suggested a slower rate of 
intracellular diffusion, but few precise 
measurements have been attempted (2). 
We measured quantitatively the diffu- 
sion coefficient of radioactively labeled 
water, urea, and glycerol in the cyto- 
plasm of the muscle fiber of the giant 
barnacle Balanus nubilus and then com- 

pared these results with the standard 
values measured in dilute solution. 

The size of the muscle fiber (2 by 
30 mm) allows dissection of individual 
fibers, therefore eliminating the poten- 
tial difficulties of extracellular constitu- 
ents and their contribution to diffusion. 
Each cell was tied by a fine thread at 
the tendonous end and hooked at the 
open end. It was then extended to 
normal resting length on a screw clamp, 
and placed vertically in a diffusion 
chamber with the open end immersed 
in the experimental solution. This ap- 
paratus allowed single dimensional dif- 
fusion from an essentially infinite vol- 
ume of a dilute iso-osmotic solution 
containing labeled water, urea, or glyc- 
erol. The remaining part of the cell 
above the solution level was covered 
with a light oil to prevent drying and 
contamination via evaporation and con- 
densation. After 90 minutes, the cell 
was removed, frozen, and sliced into 
5-mm segments. Each segment was dis- 
solved, its solute concentration was 
measured by liquid scintillation count- 
ing, and its diffusion coefficient was 
calculated. 

The solution to Fick's law of diffu- 
sion for the nonsteady state of one di- 
mensional diffusion from a source of 
constant concentration is given by the 
equation of Hober (3) 

Cl -- C (1 2 r ) C,O(i- 
f-e- dt 

where y2 = x2/4 DT; C, is the concen- 
tration of the diffusion molecule at dis- 
tance x from the source of concentra- 
tion Co and at time T. C, is assumed 
to be 0 at To; D is the diffusion co- 
efficient expressed in square centimeters 
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per second. Error function tables great- 
ly simplify the calculations. 

Our results, together with values ob- 
tained by others (4-7), are given in 
Table 1. The intracellular diffusion co- 
efficient for water was 2.42 ? .28 X 
10-5 cm2/sec, which is midway be- 
tween the two values for the self-dif- 
fusion of water. Similarly, the experi- 
mental value for glycerol of 1.25 ? .25 
X 10-5 cm2/sec does not differ from 
the measured value for diffusion in 
water. The value for urea of 1.87 ? .15 
X 10- cm2/sec is somewhat higher 
than expected. 

At least two possible complicating 
factors are present but, if significant, 
would tend to slow intracellular diffu- 
sion, not hasten it. Approximately 40 
percent of the barnacle water is bound, 
and presumably binding could occur 
with the test molecules (7). The re- 
sults suggest that the unbound water 
behaves, from a diffusional standpoint, 
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as a dilute solution. Second, the con- 
centration of barnacle cytoplasm is not 
dilute but is approximately 1M. How- 
ever, the diffusion coefficient is pro- 
portional to the activity coefficient, and 
if activity coefficients change signifi- 
cantly with concentration they are 
lowered with increasing concentration. 

The purpose of these experiments was 
to test the hypothesis that diffusion 
proceeds more slowly intracellularly 
than in dilute aqueous solution. This 
hypothesis was rejected for all three 
solutes. It would appear from calcula- 
tion of permeability coefficients that one 
may reasonably assume that the rates 
of intracellular diffusion are equal to 
those in dilute solution. 

WILTON H. BUNCH 
GENE KALLSEN 

Department of Orthopedic Surgery, 
University of Minnesota Hospitals, 
Minneapolis 55417 
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Diphtheria Toxin Subunit Active in vitro 

Abstract. Exposure of diphtheria toxin to dithiothreitol (and similar thiols) 
resulted in a subunit which was active in catalyzing the adenosine diphosphate- 
ribosylation of mammalian aminoacyl-transferase II in the presence of nicotina- 
mide adenine dinucleotide. At the same time there was a marked increase in 
total ADP-ribosylation activity. A molecule which was apparently identical to 
the derived subunit in size and activity was detected in partially purified prepara- 
tions of toxin. 
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Diphtheria toxin has been crystal- 
lized in several laboratories. It is a sim- 
ple protein of molecular weight about 
65,000 (1-3). That the toxin molecule 

may be composed of more than one 
polypeptide chain is suggested by the 
observations that the sedimentation co- 
efficient decreases from 4.2S to about 
2S after treatment with sulfite (3) and 
that more than one equivalent of 
amino-terminal amino acid is present 
per 65,000 daltons of toxin (4). We 
now report the identification in super- 
natants from cultures of Corynebac- 
terium diphtheriae of a molecular spe- 
cies that is approximately half the size 
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of native toxin and exhibits the specific 
catalytic activity in vitro attributed to 
native toxin (5, 6). In addition we have 
derived a subunit of apparently identi- 
cal size and high activity by exposure 
of native toxin to thiols such as dithio- 
threitol (DTT). Such treatment of 
native toxin also results in an increase 
in catalytic activity. 

Diphtheria toxin inhibits protein 
synthesis in mammalian cells and cell- 
free systems derived therefrom (7, 8). 
This inhibition requires the presence 
of nicotinamide-adenine dinucleotide 
(NAD) and is effected through specific 
inactivation of aminoacyl-transferase 
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II (8, 9), one of two supernatant en- 
zymes involved in the transfer of amino 
acids from transfer RNA to ribosomes 
(10). Honjo et al. (5) and Gill et al. 
(6) have elucidated the mechanism of 
inactivation of transferase II by dem- 
onstrating that toxin catalyzes the 
covalent attachment of the adenosine 
diphosphate ribose moiety of NAD to 
the transferase, with the concomitant 
release of nicotinamide. We have ob- 
tained evidence to support this mechan- 
ism by showing that toxin catalyzes the 
transfer of virtually 100 percent of the 
label from NAD-(14C-adenosyl) to acid- 
precipitable material in the presence of 
excess transferase II. This reaction sys- 
tem has been used to measure toxin 
activity in our experiments. 

Toxin was prepared by growing C. 
diphtheriae, strain PW-8 (SM-1 vari- 
ant) according to the method of Yone- 
da (11). After the cells were removed 
by centrifugation the supernatant was 
fractionated with ammonium sulfate. 
The fraction precipitating between 45 
and 60 percent saturation was dissolved 
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Fig. 1. Fractionation of crude diphtheria 
toxin on Sephadex G-100. Twenty-one 
milligrams of protein precipitated from 
a culture supernatant between 45 and 60 
percent saturation with ammonium sulfate 
were dissolved in 10 ml of buffer (50 mM 
in tris-HCl, pH 7.5, and 0.5 mM in 
EDTA) and fractionated on a column of 
Sephadex G-100 (2.5 by 84 cm) equili- 
brated with the same buffer. Fractions 
(3 ml) were collected, and 5 ul samples 
from the fractions indicated were added 
to reaction mixtures containing 12 umole 
of tris-HCl, pH 7.5; 0.25 ~mole of EDTA; 
1.25 ,umole of DTT; and 190 Ag of protein 
(an ammonium sulfate precipitate at 40 
to 60 percent saturation) from rabbit 
reticulocytes containing transferase II (9). 
Then NAD-(1C-adenosyl) (1200 count/ 
min; specific activity 410 mc/mmole) 
was added to each mixture to give a final 
volume of 0.25 ml; after 15 minutes at 
37?C, 1 ml of 5 percent trichloroacetic 
acid (TCA) was added to stop the re- 
action. The precipitates were then col- 
lected on 2.5-cm Whatman GF/C glass- 
fiber disks, washed with 5 percent TCA, 
and dried; the radioactivity was counted 
in a ithin-window gas-flow counter. 
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in buffer containing tris-HCl (50 
mmole/liter), pH 7.5, and EDTA (0.5 
mmole/liter), and chromatographed on 
a column of Sephadex G-100 equili- 
brated with the same buffer. The frac- 
tions obtained were assayed for adeno- 
sine diphosphate (ADP)-ribosylation 
activity in the presence of NAD-(14C- 
adenosyl) plus a protein fraction from 
rabbit reticulocytes containing trans- 
ferase II. Two peaks of activity were 
detected (Fig. 1). The protein from 
peak I had a sedimentation coefficient 
of about 4S in the analytical ultracen- 
trifuge and flocculated rapidly in the 
presence of horse diphtheria antitoxin; 
we concluded, therefore, that this peak 
corresponded to the 65,000-dalton spe- 
cies of toxin previously described. The 
fact that peak II was retarded to a 
greater extent than peak I on Sephadex 
G-100, thus corresponding to a species 
of lower molecular weight, led us to 
suppose that this peak might represent 
a catalytically active subunit of the 
toxin. Data obtained subsequently have 
all been in accord with this hypothesis. 

After chromatographing peaks I and 
II separately on Sephadex G-100, we 
studied the sedimentation behavior of 
each in sucrose density gradients. In 
Fig. 2, a and b, it can be seen that each 
component sedimented as a single, vir- 
tually symmetrical peak. From the 
relative positions of the peaks in this 
figure, and from other similar experi- 
ments, we have calculated that the ratio 
of the sedimentation coefficient of the 
smaller component to that of the larger 
is 0.59 - 0.03. Thus, given the value 
of s20o, (sedimentation coefficient) of 
4.2S for the 65,000-dalton component 
(2), we estimate an s,,,, of 2.5 + 
0.15S for the subunit. The positions of 
marker proteins in identical gradients 
(bovine serum albumin, ovalbumin, 
chymotrypsinogen, and myoglobin) cor- 
relate well with this estimate. 

Bizzini et al. (12) have shown that 
the 4.2S toxin contains four half-cystine 
residues per 64,500 daltons but that it 
contains no free sulfhydryl groups; 
they concluded, therefore, that there 
were two disulfide bridges per toxin 
molecule. If either or both of the di- 
sulfide bridges formed an interchain 
linkage within the molecule, then rup- 
ture of the bridge or bridges by reduc- 
tion might lead to dissociation of the 
constituent chains. We incubated the 
4.2S toxin with 0.25M DTT and found 
that the ADP-ribosylation activity then 
sedimented at a rate apparently identi- 
cal to that of the 2.5S subunit isolated 

from culture supernatants (Fig. 2c). 
Hereafter we refer to the latter as the 
2.5S (native) subunit to distinguish it 
from the 2.5S (derived) subunit ob- 
tained by treatment of 4.2S toxin with 
DTT. There was no apparent change 
in the sedimentation behavior of the 
2.5S (native) subunit after exposure to 
DTT (Fig. 2d). 

The possibility that the observed 
change in sedimentation coefficient 
might result from a conformational 
change, or unfolding, of the 4.2S toxin 
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Fig. 2. Sucrose-gradient sedimentation 
analysis of peaks I and II from Sephadex 
G-100. Samples from peak I (10 jug of 
protein) or from peak II (11 ug protein) 
were incubated for 2 hours at 30?C in a 
final volume of 50 1l (peak I) or 100 ,l 
(peak II) in the presence of 10 mM tris- 
HC1, pH 7.5, and 0.1M EDTA. In addi- 
tion, to one of the two samples from 
each Sephadex peak, DTT was also added 
to give a final concentration of 0.25M. 
After incubation each sample was layered 
on a separate 12-ml, 10 to 25 percent 
linear sucrose gradient which was 50 mM 
in tris-HCl, pH 7.5; 50 mM in KC1; and 
0.5 mM in EDTA. The DTT (5 mM) was 
also present in gradients used for samples 
which had been previously incubated with 
DTT. The gradients were centrifuged at 
40,000 rev/min, 5?C, for 63 hours in a 
Spinco SW-41 rotor, and selected single- 
drop fractions were assayed for ADP- 
ribosylation activity as described under 
Fig. 1. (a) Sephadex activity peak I, 
incubated without DTT; (b) peak II, in- 
cubated without DTT; (c) peak I, incu- 
bated with DTT; (d) peak II, incubated 
with DTT. The top of the gradients is to 
the right. 
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rather than a dissociation into subunits, 
seems virtually excluded by the obser- 
vation that the 2.5S (derived) subunit 
is retarded on Sephadex G-100 relative 
to the 4.2S species. Moreover a con- 
formational change sufficient to cause 
an alteration of this magnitude in the 
sedimentation coefficient would be tan- 
tamount to denaturation and would not 
be likely to yield an active product. 

In addition to demonstrating a 
marked change in sedimentation be- 
havior, the data in Fig. 2 suggest that 
an increase in total ADP-ribosylation 
activity also occurs in the presence of 
DTT. Thus the total area under the 
activity curve of the 4.2S toxin (Fig. 
2a) is less than half that of the 2.5S 
species (Fig. 2c) derived by treatment 
of an equivalent amount of 4.2S toxin 
with DTT. We have demonstrated this 
effect more clearly by assaying the 
ADP-ribosylation activity of 4.2S toxin 
and the 2.5S (native) subunit after 
varying periods of incubation in the 
presence of DTT. A net increase in 
activity of approximately twofold oc- 
curred over a 60-minute period when 
4.2S toxin was incubated at 37?C in 
the presence of 2.5 mM DTT .(Fig. 3). 
The activity of the control without 
DTT declined about 25 percent, while 
the activity of the 2.5S (native) sub- 
unit declined over 50 percent under the 
same conditions, suggesting a greater 
thermolability of the latter. The decline 
in activity of the 2.5S subunit was only 
slightly affected by the presence of 
DTT. Thus, DTT has a strikingly dif- 
ferent effect on the activity of the 4.2S 
toxin. 

Inasmuch as transferase II requires 
the presence of thiols to maintain its 
enzymatic activity (13), we routinely 
added small amounts of DTT to the 
reaction mixtures when assaying for 
ADP-ribosylation activity. In view of 
the effect of DTT on ADP-ribosylation 
activity shown above, one would expect 
to observe a progressive increase in the 
rate of ADP-ribosylation during the 
course of incubation of an assay mix- 
ture containing the 4.2S toxin. Indeed, 
a kinetic lag is observed at low DTT 
concentrations, and the lag can be 
abolished by addition of higher con- 
centrations of DTT (about 50 mmole/ 
liter) to the assay mixture, or by prior 
incubation of the toxin with DTT (14). 
A certain percentage of the activity of 
native 4.2S toxin samples must, there- 
fore, be attributed to activation during 
the assay. While exact figures on the 
maximum increase in specific activity 
6 JUNE 1969 

are not yet available, some data indi- 
cate that an enhancement of at least 
fivefold can be produced by exposure 
of 4.2S toxin to DTT (14). It is possi- 
ble that the 4.2S toxin which has not 
been exposed to thiols may in fact be 
devoid of ADP-ribosylation activity. 

A clear correlation between the proc- 
esses of dissociation of 4.25 toxin into 
subunits and increase in ADP-ribosyla- 
tion activity is not possible from the 
data presented here. The increase in 
activity apparently parallels the degree 
of dissociation of the 4.2S toxin, and 
dissociation appears to be requisite for 
the increase in activity (14). Thus the 
2.5S subunit may well be the molecular 
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Fig. 3. Effect of DTT on the ADP-ribosy- 
lation activity of 4.2S toxin and the 2.5S 
(native) subunit. Toxin from Sephadex 
peak I (4 ,g of protein) or peak II (3.5 tg 
of protein) was incubated at 37?C, in a 
final volume of 500 A1 containing 5 ,umole 
of tris-HCl, pH 7.5; 0.5 umole of EDTA; 
50 ,ug of bovine serum albumin; and 1.25 
umole of DTT. Control mixtures lacked 
DTT. At the indicated times 25-tl samples 
were withdrawn from each mixture and 
added to assay mixtures containing 12.5 
,amole of tris-HCL, pH 7.5; 0.25 tmole 
of EDTA; and 190 ,tg of reticulocyte pro- 
tein [fraction precipitated with (NH4)2SO4, 
40 to 60 percent saturation]. Dithiothreitol 
(62.5 Amole) was immediately added to 
control mixtures to bring the concentration 
to the same level as those containing 
toxin samples previously incubated with 
DTT. Then NAD-14C was added to give a 
final volume of 0.25 ml, and the samples 
were incubated, and radioactivity was 
counted as described in Fig. 1; (a) 4.2S 
toxin; (b) 2.5S (native) subunit. 

species through which the intoxication 
of cells is effected. 

Goor (15) has demonstrated the 
presence of a form of toxin with a 
sedimentation coefficient of 6.8S in a 
preparation of toxin obtained from the 
Massachusetts Department of Public 
Health. He reported an apparent con- 
version of this form into 4.2S toxin upon 
exposure to DTT and concluded that 
the 6.8S form was a dimer of 4.2S 
toxin. We subjected a sample of toxin 
obtained from the same source to su- 
crose density gradient analysis and 
observed an active component with a 
sedimentation coefficient close to 7S. 
However, an identical sample treated 
with DTT exhibited activity only in the 
2.5S region of the gradient. We are un- 
able at present to explain this discrep- 
ancy. The 6.8S form has not been 
detected in our own preparations of 
toxin. 

Gabliks and Falconer (16) have 
reported that toxin which has been ex- 
posed to sensitive human cells in cul- 
ture exhibits an increased diffusion rate 
through dialysis membranes in parabi- 
otic culture chambers and an increased 
potency when tested on mouse cells, 
which are normally highly resistant to 
toxin. The increased diffusion rate may 
be explained if sensitive cells are able 
to dissociate 4.2S toxin into highly ac- 
tive 2.5S subunits. In addition, we sug- 
gest that the normal resistance of mouse 
cells may be the result of an inability to 
dissociate 4.2S toxin. 

From sedimentation data we have 
estimated the molecular weight of the 
2.5S subunit as being about 29,000 
and from gel-filtration data, as about 
26,000. The probable error in these 
estimates, however, together with our 
lack of information on the possible 
heterogeneity of the component sub- 
units, prevents our drawing conclusions 
concerning the number of 2.5S subunits 
per toxin molecule. 

The 2.5S subunit found in culture 
supernatants may either be released 
from cells as such or may arise through 
dissociation of the 4.2S toxin after its 
release into the medium. The possibility 
that the subunit arises only at some 
step in the purification procedure is 
highly unlikely, since we have detected 
significant amounts of the subunit in 
sucrose gradient analyses of unproc- 
essed culture supernatant. 

R. J. COLLIER 
HEATHER A. COLE 

Department of Bacteriology, University 
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a hormone (2), ecdysone. Ecdysone 
appears in the blood of larger flies (for 
example, Calliphora, Phormia, Sarcoph- 
aga) about 15 hours before the be- 

ginning of the puparial contraction, a 

process which lasts about 30 minutes. 
The effect of ecdysone on tanning has 
been studied frequently (3), but the 
control of the puparial contraction has 
been ignored. 

Ecdysone originates from the ring 
gland situated above the brain. It was 

long considered impossible to study the 
effect of extirpating the gland because 
of its close proximity to the brain and 
the intrinsic difficulties of operating on 
a small soft-bodied organism. However, 
Possompes (4) reported a method by 
which the ring gland was removed 
without causing other damage to the 

larva; he showed that puparium forma- 
tion was prevented when the extirpa- 
tion was accomplished before a critical 

period but that normal puparia were 
formed when ring glands were subse- 
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Table 1. The effect of the injection of synthetic ecdysone into mature larvae of Calliphora 
erythrocephala which had been deprived of their ring glands (permanent larvae) on the for- 
mation of the puparium. A second injection was applied 24 hours after the first in those 
larvae which by then had not pupariated. The controls received two injections of water. 

First Puparia formed Second Puparia formed Puparia 
iLarvae injection after 12 injection after 12 in 
injected ecdysone hours ecdysone hours controls 
(No.) (A/g/larva) (No.) (ug/larva) (No.) (No.) 

10 0.3 2 0.6 4 1/10 
10 0.6 2 0.6 5 0/10 
19 0.6 2 0.6 14 0/10 
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quently implanted into operated speci- 
mens. This operation was much im- 
proved by Berreur (5). 

The existence of a technique for the 
extirpation of the larval ring gland in 
larvae, and the availability of pure 
ecdysone now makes it possible to in- 
vestigate the effect of ecdysone on con- 
traction to the puparium as distinct 
from its effect on tanning. The fact 
that implantation of ring glands pro- 
duces normal puparia (4) does not by 
itself prove that ecdysone alone is in- 
volved in the process. 

The ring glands were removed (5) 
from 5-day-old larvae of Calliphora 
erythrocephala. This operation resulted 
in "permanent larvae" with otherwise 
normal activity. Four or five days later 
each larva was injected with 1 /1 of a 
saturated aqueous solution of ecdysone 
(Schering). Dosages were calculated 
from the stated solubility of ecdysone 
in water (300 ug/ml). Only a few 
puparia had been formed 12 hours 
after the injection (Table 1). Those 
which had not pupariated were injected 
a second time 24 hours after the first 

injection. A large percentage of pupari- 
ation resulted overnight. Altogether 29 

puparia were formed out of 39 perma- 
nent larvae injected with ecdysone, 
whereas only one puparium ensued 
from 30 control larvae which had re- 
ceived two injections of water. 

Permanent larvae side by side with 

puparia formed from permanent larvae 
after the injection of ecdysone are 
shown in Fig. 1. The larva had con- 
tracted into the typical barrel shape 
with rounded ends and straight walls, 
exactly as in normal puparium forma- 
tion, proof that the function of ecdy- 
sone is not limited to tanning but ap- 
plies also to the preceding puparial 
contraction. 

It was puzzling to note that two in- 

jections of ecdysone at intervals of 24 
hours were required for inducing pu- 
pariation. According to Ohtaki et al. 

(6) ecdysone is rapidly inactivated in 
mature fly larvae so that at any time 

prior to puparium formation the ecdy- 
sone titer in the hemolymph is too low 
to induce pupariation. This suggested 
that pupariation is induced not so much 

by accumulation of ecdysone in the 

hemolymph beyond a critical concentra- 
tion, but by a cumulative effect of small 
doses on the cuticle. It would appear 
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that in our experiment ecdysone was 

quickly inactivated after a single dose, 
and a second injection 1 day later found 
the cuticle in a more receptive state. 
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Puparium Formation in Flies: 

Contraction to Puparium Induced by Ecdysone 

Abstract. Larvae of the fly Calliphora erythrocephala (Meigen) were deprived 
surgically of their ring glands at an age prior to the appearance of ecdysone in 
the blood, and then injected with ecdysone. They contracted into the typical barrel- 

shaped puparium, before the onset of tanning. This proved that ecdysone controls 

the puparial contraction as well as tanning. 
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