
nificant at the .01 level. Three sub- 
jects saw more triangles on the left 
and two subjects saw more on the right 
at all exposure times. For only two of 
the subjects are these differences sig- 
nificant at all exposure times (.05 
level). Thus, right-left asymmetry oc- 
curred under the conditions of our 
experiment but was not prominent (7). 

Figure 1 (right) illustrates another 
clear finding: the field of search ex- 
pands as a function of duration of ex- 
posure (luminance being constant). A 
sensitive measure of the effective size 
of the field is the total number of posi- 
tive identifications for the cells lying 
within the liminal contour. When this 
measure is plotted against duration of 
exposure, there is a rapid increase in 
some undetermined interval in the 
0- to 30-msec range and a slower in- 
crease in the 30- to 200-msec range 
for all five subjects (8). 

Further research with shorter or 
longer exposure times, contrasting 
forms other than the circle and tri- 
angle, other discriminable variables 
(such as size and color), instructions 
that direct the subject's attention away 
from his visual fixation, or photo- 
graphic monitoring of eye position and 
movement would help to test the gen- 
erality of our results (9). 
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Origin and Biologic Individuality 

of the Genetic Dictionary 
A bstract. Deoxyribonucleic acid con- 

tains sequences complementary to homolo- 
gous amino-acid transfer ribonucleic acid 
molecules which serve as the translating 
device between polyribonucleotides and- 
proteins. This implies that the RNA mole- 
cules have their primary origin in DNA. 
From the amount of DNA participating, 
one would infer that more than 20 com- 
plementary sequences exist per genome, a 
conclusion consistent with a degenerate 
code. The fact that complex formation 
occurs most readily with homologous RNA 
suggests that, while the language remains 
universal, each dictionary is uniquely iden- 
tifiable with its own genome. 

There are excellent reasons (1) for 
identifying the soluble ribonucleic acid 
(s-RNA) molecules with the genetic 
dictionary which permits translation 
from the four-unit language of the 
polynucleotides to the twenty-unit par- 
lance of the proteins. It is of obvious 
interest to determine the relation be- 
tween these RNA molecules and the 
genome. In particular, one would like 
to know whether sequences exist in ho- 
mologous deoxyribonucleic acid (DNA) 
which are complementary to those 
which occur in the s-RNA molecules. 
Information on this question would il- 
luminate a number of central issues, 
including problems of origin, unique- 
ness of sequences, and estimations of 
coding degeneracy. 

A test for complementarity is specific 
hybrid formation between DNA and 
RNA. This criterion was used by Hall 
and Spiegleman (2) to demonstrate 
that RNA synthesized in Escherichia 
coli after infection by the bacteriophage 
T2 is complementary to the DNA of 
the virus rather than to that of the host. 
Identification of the hybrid structures 
was made by equilibrium density cen- 
trifugation in swinging bucket rotors, 
combined with isotopic labeling. The 
same procedures were used (3) to re- 
veal sequences in DNA complementary 
to homologous ribosomal RNA and to 
show (4) that DNA sequences comple- 
mentary to the nucleic acid of an RNA 
virus do not exist. The search for com- 
plementarity with ribosomal and viral 
RNA made it necessary to design ex- 
periments capable of detecting com- 
plexes which include between 0.001 
percent and 0.01 percent of the total 
DNA. The sensitivity needed was 
achieved by labeling the RNA to the 
required specific activity. Confusion 
with "noise" in the form of either 
mechanical trapping, or chance coin- 
cidence in complementarity over short 

regions, was avoided by making use of 
the resistance of specific hybrids to 
degradation by ribonuclease. Nonspe- 
cific complexes are completely sensitive 
to such degradation (3). 

The successful detection (3) of 
hybrids of ribosomal RNA and DNA 
encouraged us to extend the examina- 
tion of homology of DNA and RNA 
to the species of s-RNA molecules. The 
sensitivities developed for the ribosomal 
and viral RNA investigations (4) made 
it certain that a definitive answer was 
attainable for s-RNA. 

Isolation, purification, denaturation 
of DNA, and uniform labeling of RNA 
with either P32 or tritiated uridine were 
carried out as described previously (3). 
Soluble RNA was obtained from a cell 
extract from which ribosomes were re- 
moved by centrifugation for 3 hours 
at 100,000g. The RNA was isolated 
by the phenol procedure (5) and fur- 
ther purified by chromatography on 
columns of methylated albumin (6). 
The procedures of Hall and Spiegelman 
(2) for the formation and detection 
of hybrid structures in cesium chloride 
gradients were followed. 

Preliminary experiments revealed that 
the temperature range (400 to 550C) 
suitable for complex formation with 
either informational (7) or ribosomal 
RNA (3) did not lead to hybrids 
between s-RNA and DNA. In one 
sense this was fortunate since a simple 
method was thus provided for detecting 
contamination of s-RNA with ribosomal 
or complementary RNA. 

Hybrid formation requires incubation 
at temperatures and under ionic condi- 
tions that allow formation of hydrogen 
bonds. It is perhaps not surprising 
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Fig. 1. Hyperchromicity of s-RNA and 
ribosomal RNA from F. coli. Solutions 
containing 30 ,tLg/ml of nucleic acids in 
TMS (O.O1M tris, O.3M NaCil, O.OO1M 
Mg+ pH 7.3) were used. The O.D.26l0 
readings at the ambient temperatures were 
made in stoppered quartz cuvettes in an 
Opticon spectrophotometer provided with 
controlled electrical heating. The tempera- 
ture was increased at a rate of 0.5 0C/min. 
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that s-RNA is resistant to hybridization 
since x-ray analysis (8) suggests that 
s-RNA is a hairpin structure kept to- 
gether by a highly regular system of 
hydrogen bonding. Until this secondary 
structure is disrupted there is no oppor- 
tunity for pairing between s-RNA mole- 
cules and complementary sequences in 
the DNA. One can make an educated 
guess of the temperatures required for 
complex formation by examining the 
melting curve of s-RNA obtained under 
the conditions required for hybridi- 
zation. 

Figure 1 compares the hyperchromic 
response of s-RNA and ribosomal RNA 
to heating in the medium employed for 
hybridization. One would predict from 
these curves that complex formation 
between ribosomal RNA and DNA 
would occur between 400 and 50'C 
but that virtually no hybrids would be 
observed with s-RNA. The conclusions 
derived from this analysis were con- 
firmed when the optimal conditions, for 
hybridization of s-RNA were deter- 
mined. These tests were deliberately 
carried out at low input ratios of s-RNA 
to DNA so that the conditions could 
be used to examine the effect of RNA 
concentration on extent of hybridiza- 
tion. Figure 2A shows that the amount 
of s-RNA hybridized per unit of DNA 
reached a, plateau between 700 and 
750C. Figure 2B illustrates the kinetics 
of hybrid formation at 720C and indi- 
cates that the process was nearly com- 
plete in about 100 minutes. Because 
of the results of these and similar ex- 
periments, mixtures undergoing hybridi- 
zation were incubated at 720C for 2 
hours. 

It must be emphasized that since only 
a minute segment of the DNA is likely 
to participate there will be compara- 
tively small amounts of RNA in the 
apparent complex. Thus there must be 
independent evidence that hybrids be-' 
tween s-RNA and DNA are being 
formed. The nature of the evidence 
required can be listed as follows: 

1) Proof that the RNA that has be- 
come a part of the complex is s-RNA 
by the analysis of the base composition 
of the hybridized material. 

2) A demonstration that the RNA 
that has become part of the complex 
is much more resistant to degradation 
by ribonuclease than is a free RNA 
control. 

3) Evidence that s-RNA saturates 
the DNA at levels indicating that only 
a small proportion of the DNA is com- 
plementary to the s-RNA, 
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Table 1. Base composition of RNA hybridized 
to DNA. S-RNA of E. coli, uniformly labeled 
with p32 to a level of 200,000 count/min per 
microgram, was purified on a methylated albu- 
min column. It was incubated with homologous 
heat-denatured DNA in 0.01-M tries 0.001M 
Mg++; 0.3M NaCI at pH 7.3 for 2 hours at 
720C. The input RNA/DNA was 0.16 X 10-2 
to avoid nonspecific complex formation, sensitive 
to ribonuclease. Hybrid structures were sep- 
arated as described in Fig. 2A. The hybrid region 
was pooled, and unlabeled ribosomal RNA was 
added as carrier. After hydrolysis in 0.3M NaOH 
for 16 hours, the nucleotide composition was 
determined by distribution of p32 in the peaks 
recognized on Dowex-formate columns (7). 
C, A, U, and G refer to cytidylate, adenylate, 
uridylate, and guanylate. 

Moles percent GC Purine! 

C A U G (%) pyrimidine 

Input s-RNA 
27.2 20.6 18.2* 34.0 61.2 1.23 

Hybridized RNA 
27.2 18.6 19.0* 35.2 62.4 1.20 

Ribosomal RNA (7) 
24.3 25.0 19.7 31.0 55.3 1.27 

"ItJfbrmationl' RNA (7) 
24.7 24. 1 23.5 27.7 52.4 1.07 

* Includes also counts attributable to pseudouridylate. 
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Fig. 2. Hybridization s-RNA to DNA. 
(A) Influence of temperature. The incu- 
bation mixture in TMS consisted in every 
case of 40 pg of heat-denatured E. coli 
DNA and 0.01 gg of H-iabeled s-RNA 
E. coli (1 count/min per microgram). 
The total volume was 0.6 to 0.7 ml. The 
mixtures were incubated for 2 hours at 
the specified temperatures. Enough solid 
or solution of CsCl was then added to 
the mixtures to yield a density of 1.72, 
and a final volume of 3.0 ml. The result- 
ing samples were centrifuged for 3 days 
at 250C and 33,000 rev/min in the SW39 
rotor of a Spinco model L ultracentrifuge. 
After centrifugation 0.2 ml fractions were 
collected from the bottom of the tubes, 
diluted to 1.2 ml and analyzed for O.D.20 
and radioactivity of the acid-precipitable 
fraction (3). The amount of RNA hybrid- 
ized is determined from the counts of the 
acid-precipitable fraction in the DNA- 
density region of the gradient. The in- 
put ratio was adjusted so that nonspecific, 
ribonuclease-sensitive counts were not 
significant. (B ) Influence of time. The 
experimental conditions described in part 
A were used, except that here the tempera- 
ture was kept constant at 750C and the 
time of incubation was varied. 

4) Specific complex formation with 
homologous and but not heterologous 
RNA. 

To satisfy the first point, purified 
s-RNA, uniformly labeled with P", was 
hybridized to DNA. After separation 
in a CsCI gradient, the hybridized-ma- 
terial was removed, hydrolyzed by 
alkali, and analyzed for base composi- 
tion (7). Table 1 shows the base com- 
position of the hybridized material and 
the input s-RNA. For comparison, the 
base compositions of the other RNA 
components of E. coli are also listed. 
The hybridized RNA is virtually identi- 
cal in base composition to the s-RNA 
and is easily distinguishable from either 
the ribosomal or the "informational 
RNA" which is, synthesized in a "step- 
down transition" (7). It should be 
noted that pseudouridylate, a base 
unique to s-RNA, was present in its 
characteristic position on the Dowex- 
formate column. 

The second property, the relative 
resistance to ribonuclease of s-RNA 
(13-labeled) hybridized to DNA is 
illustrated in Fig. 3. Here P32-labeled 
s-RNA was added to the reaction mix- 
ture as an internal control to monitor 
the enzyme activity. The initial loss in 
acid-precipitable material in the tritium 
counts is due to adventitious s-RNA 
contaminating the DNA-density region. 
As might be expected the proportion 
varies with the input ratio of s-RNA 
to DNA; it is very small at low input 
ratios (see Fig. 4). 

The next question refers to the level 
at which saturation of the DNA occurs. 
A fixed amount of DNA was incubated 
with various concentrations of tritiated 
s-RNA and the resulting complexes 
were separated in CsCl gradients. The 
total and the ribonuclease-resistant ma- 
terial in the DNA density regions were 
then determined. The results are sum- 
marized in Fig. 4. The picture is very 
similar to that observed in the satura- 
tion experiments with ribosomal RNA 
(3). Before treatment with ribonuclease 
no sharp plateau is observed owing to 
the formation of irrelevant complexes 
when the ratio of RNA to DNA is high. 
However, counts of the ribonuclease- 
resistant material show abrupt evidence 
of saturation. The plateau suggests 
that 0.023 percent of the DNA consists 
of sequences complementary to s-RNA. 

We now turn to the last criterion, 
specificity of complex formation. Con- 
vincing tests of specificity, which con- 
tain internal controls on-the hybridizing 
process, have been designed. In the 
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Fig. 3. Resistance of "hybridized" RNA 
to ribonuclease action. Hybridization was 
carried out with H'-labeled s-RNA and 
heat-denatured DNA of E. coli in TMS 
at 720C for 2 hours. The input RNA/- 
DNA was 2.6 x 102 to permit exhibition 
of some nonspecific complex in the DNA- 
density region. After density centrifuga- 
tion, as described in Fig. 2, the fractions 
containing hybrid were pooled and dia- 
lyzed against a solution containing O.O1M 
Tris and O.1M NaCl at pH 7.3. Free 
P:2 -labeled s-RNA was included as an 
internal control. Ribonuclease (10 ,tg/ml) 
was added and the incubation was con- 
tinued at 250C. At the indicated intervals, 
samples were removed and the H- and 
P' 2-counts of the acid-precipitable residue 
were determined in a Packard scintillation 
spectrophotometer (3). 
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Fig. 4. Saturation of s-RNA E. coli by 
DNA F. coli. Mixtures containing 45 to 
50 jug of heat-denatured DNA plus various 
amounts of H3-labeled s-RNA ( 100,000 
count/min per microgram) in 0.85 ml 
TMS were incubated at 720C for 2 hours. 
The samples were then treated as described 
in Fig. 2A. After separation in the density 
gradient, the DNA-density fractions were 
collected and divided into two portions. 
In one, the radioactivity of the total acid- 
insoluble material was determined. The 
second portions were further diluted so 
that the concentration of CsCl would be 
less than 0.2M and then 10 ,yg/ml of 
ribonuclease was added. After incubation 
at 250C for 10 minutes the radioactivity 
of the acid-precipitable residue was deter- 
mined. In the plateau region, the whole 
hybrid fraction was pooled and the ribo- 
nuclease-resistant residue was examined by 
the kinetic procedure of Fig. 3. 
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first, s-RNA preparations of two differ- 
ent biological origins were incubated 
with DNA homologous to one of them. 
For ease of identification, each s-RNA 
is labeled with a different radioactive 
isotope. If specificity is complete, the 
homologous s-RNA will hybridize and 
the heterologous RNA will be excluded. 
In the other type of test, two DNA 
preparations, distinguishable by their 
positions in the density gradient, were 
incubated in the presence of a labeled 
s-RNA homologous to one of them. 
If specificity does exist, the isotope 
should be found associated only with 
the peak corresponding to the homolo- 
gous DNA. 

The results of both kinds of speci- 
ficity tests are summarized in Fig. 5. 
In Fig. 5A the incubation mixture con- 
tained denatured DNA from E. coli, 
P32-labeled s-RNA of E. coli and H3- 
labeled s-RNA of Bacillus megaterium. 
We note complete exclusion of the tri- 
tiated heterologous s-RNA from the 
hybrid region and excellent hybrid 
formation with the homologous s-RNA 
marked with P'2. 

The alternative specificity test was 
carried out with DNA of Pseudomonas 
aeruginosa and DNA of Bacillus mega- 

terium since they have very different 
densities. and separate well in CsC1 
gradients. A mixture of heat-denatured 
preparations of DNA from these two 
sources were incubated with tritium- 
labeled s-RNA of B. megaterium. The 

resulting profiles obtained in the CsCl 
gradients are shown in Fig 5B. There 
are virtually no counts associated with 
DNA from Pseudomonas aeruginosa 
whereas an excellent hybrid structure 
is seen in the density region of the 
homologous DNA from B. megateriun. 

The experiments described offer con- 
vincing evidence that specific hybrids 
between s-RNA and DNA can be 
formed under the proper conditions. 
The material which has formed a com- 
plex is indeed s-RNA as shown by a di- 
rect analysis of the hybridized material. 
The usual resistance of hybrids of RNA 
and DNA to ribonuclease has been 
demonstrated. Further, the DNA is 
saturated at RNA levels that indicate 
only a small proportion of the DNA is 
complementary to the s-RNA mole- 
cules. Finally, hybrid formation is spe- 
cific, occurring readily only between 
homologous s-RNA and DNA. 

A number of interesting implications 
follow from the fact that DNA con- 
tains sequences complementary to 
s-RNA. The existence of complemen-. 
tarity makes it likely that s-RNA origi- 

nates on a DNA template. Invoking a 
DNA-independent pathway for the 
origin of s-RNA (8, 9) seems now 
unnecessary. This conclusion is in 
agreement with the recent demonstra- 
tion that actinomycin D, which inhibits 
(10) the DNA-dependent RNA poly- 
merase, also prevents (11) all RNA 
synthesis in both bacterial and animal 
cells. The fact that this same agent 
does not inhibit production of RNA 
virus (11) is argument against the oper- 
ation in uninfected cells of a mechanism 
which synthesizes RNA on an RNA- 
template. 

The presence in s-RNA of methylated 
bases and pseudo-uridine might perhaps 
,pose a problem for a DNA-dependent 
pathway. However, methylation of 
purines and pyrimidines occurs after 
the formation of the polynucleotide 
(12). We would then predict the exist- 
ence of an ezyme which can convert 
uridine to pseudo-uridine in the intact 
polynucleotide. 

The fact (from the hybridization 
curve) that s-RNA saturates the DNA 
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Fig. 5. Specificity of hybridization. (A) 
Two different types of s-RNA plus one 
type of DNA; 55 ug of heat-denatured 
DNA from E. coli were incubated in TMS 
(2 hr, 720) with a mixture of- 0.06 Ag of 
P`-labeled s-RNA (50,000 count/min per 
microgram) from E. coli and .06 jug H- 
labeled s-RNA (100,000 counts/min per 
jig) from B. megaterium. After equilibri- 
um density gradient centrifugation (Fig. 2) 
0.2 ml fractions were collected and diluted 
to 1.2 ml. The O.D.,60 and the radioactivity 
of the ribonuclease-resistant acid-precipi- 
table fraction were determined by counting 
in a Packard liquid scintillation spectrome- 
ter which permits simultaneous counting 
of P32 and H3. Only the hybrid region of 
the density gradient is shown. The optical- 
density profile identifies the DNA and the 
radioactivity identifies the hybrid structure. 
(B) Two different DNA's plus one s-RNA. 
Heat-denatured DNA from B. megateriurn 
and Ps. aeruginosa, 30 JAg each, were in- 
cubated in TMS with 0.06 jig of HW-labeled 
s-RNA from B. megaterium at 720 C for 
2 hours (total volume was 0.7 ml). The 
same procedure as in Fig. 2A was fol- 
lowed. The hybrid portion of the curve 
after treatment with ribonuclease is shown. 
The peaks in the optical-density profile 
identify the positions of the two DNA 
preparations in the reaction mixture. 
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at about 0.02 percent is consistent with 
what would be expected if the genetic 
code were degenerate. Despite the com- 
plicated operations required to obtain 
this number it is remarkably repro- 
ducible. In independent experiments 
values of 0.019 percent and 0.023 per- 
cent were obtained in this laboratory. 
In addition, Goodman and Rich (13) 
in a very similar experiment found a 
value of 0.024 percent. Therefore, the 
value can be given some credence. If 
anything, it is probably an underestima- 
tion since conditions for hybridization 
may not be optimal and the treatment 
with ribonuclease may slowly remove 
some s-RNA that had entered into the 
complex. 

The expected saturation level can be 
estimated from the molecular weight 
equivalent of the genome of Escherichia 
coli (4 x 109) and the number of 
different kinds of s-RNA molecules, 
each of which has a molecular weight 
of 2.5 X 104. If the genetic code is not 
degenerate, each amino acid is coded 
by only one triplet which implies that 
there are only 20 different s-RNA mole- 
cules. If the code is degenerate, more 
than 20 will be needed in the dictionary. 
The plateau predicted by the non- 
degenerate case is 0.01 percent. The 
fact that it is at least twice as high 
suggests that some amino acids are 
identified with more than one s-RNA 
molecule. This possibility is consistent 
with the accumulating evidence for 
degeneracy which has emerged from 
triplet identifications (14, 15) and 
agrees with the multiplicity of types of 
s-RNA for individual amino acids (16, 
17). That this multiplicity is the physi- 
cal basis for degeneracy has been 
demonstrated by Weisblum et al. (18). 

The data available (19, 20) suggest 
that the genetic dictionary is universal, 
or nearly so. However, the coding 
triplets probably occupy only a small 
proportion of the s-RNA strands. 
Although the function of the non-coding 
stretches of approximately 70 nucleo- 
tides is as yet unknown. They provide 
the opportunity for biological individu- 
ality by sequence variation without 
disturbing the functioning of the 
universal language. The specificity of 
complex formation in the present ex- 
periments shows that this opportunity 
was not neglected in the course of 
biologic evolution. Thus, although the 
s-RNA of E. ccli can translate the 
genetic message of a rabbit into hemo- 
globin (19), the s-RNA can be uniquely 
identified with the genome of its origin. 

Ribosomal RNA appears to have the 
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same combination of genetic uniqueness 
and use unrestricted by specificity re- 
quirements. Ribosomes are compara- 
tively indifferent (14-16) to the origin 
of the genetic messages to which they 
respond. However, their sequences are 
unique, since they hybridize readily 
only to homologous DNA (3). 

One other feature is shared by these 
two molecular species. Although their 
sequences vary, the over-all base com- 
position is remarkably similar in a 
variety of organisms. Thus, ribosomal 
RNA from Pseudomonas aeruginosa 
with a DNA containing 64 percent 
guanine-cytosine is indistinguishable 
from that of Bacillus megaterium, the 
DNA of which contains 44 percent 
guanine-cytosine. We are faced with 
the paradox that two sets of cistrons, 
those for s-RNA and ribosomal, have 
resisted the drift toward different 
average base compositions (21). 

DARIO GIACOMONI 
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16 November 1962 

Anthrax Toxin: Causative Agent 
in the Death of Rhesus Monkeys 

A bstract. Anthrax toxin was present in 
the blood obtained from rhesus monkeys 
at the terminal stage of anthrax and was 
also present in increasing amounts in the 
lymph as death approached. When sterile 
toxin produced in vitro was injected in 
sufficient amounts, monkeys died unless 
they were injected with specific antiserum. 
Death with symptoms of toxemia occurred 
within 2 hours after injection of 10'" 
spores, whereas 1010 spores or less required 
20 or more hours of growth in vivo to 
cause death. 

In 1955 Smith et al. were able to 
demonstrate toxin in the blood of 
guinea pigs dying from anthrax (1). 
Previous investigators (before Smith 
et al.) had attempted this proof, but 
failed. Except for Middleton and 
Standen (2), who found toxin in the 
blood of two of four monkeys just 
before they died of anthrax, no one has 
determined whether toxin is always 
associated with terminal anthrax or 
whether specific antiserum neutralizes 
toxin and could be useful in treatment 
for the disease. It is not known whether 
whole toxin is a better antigen than 
"protective antigen," one of its com- 
ponents (3, 4), or whether a toxoid 
can be prepared that could be used for 
immunization. In this paper we report 
initial experiments which suggest that 
rhesus monkeys infected with anthrax 
die of toxemia. This inference is sup- 
ported by four observations: (i) toxin 
is present in the blood of monkeys at 
the terminal stage of anthrax infection; 
(ii) toxin increases in concentration as 
the disease progresses in both the lymph 
and blood and reaches a maximum at 
death; (iii) sterile toxin alone causes 
death of the monkey; and (iv) a rapid 
toxemic death occurs after an injec- 
tion of 10" Bacillus anthracis spores. 

Blood and lymph were obtained by 
the procedures of Hodges and Rhian 
(5). Lymph was collected continuously 
and blood was drawn as desired. 
Changes in the concentration of toxin 
in the lymph and blood after challenge 
was determined by intravenous injec- 
tion of Fischer-344 rats by the method 
of Beall et al. (4). Bacilli in these 
fluids were counted by the dilution 
plate method or by direct quantitative 
observation, as described by Keppie 
et al. (6). The crude in vitro toxin 
and the antiserum used were prepared 
by the method of Beaul et al. (4). 

While we were doing other work on 
pathogenesis, anthrax toxin was found 
in the blood of 12 out of 15 rhesus 
monkeys in the terminal stages of an- 
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