
the extensive degradation of host DNA 
by these enzymes is consistent with the 
previous evidence that the bX174 
DNA is a ring structure, resistent to 
exonuclease attack (8). That the RF 
also resists degradation under these 
conditions suggests that it, too, is a 
ring. In confirmation of these results, 
recent electron micrographs (9) of RF 
preparations show the presence of ring 
structures of the expected contour 
length (10). 
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suggests another general method for 
the preparation of materials suitable 
for complementary strand association 
studies. This report describes further 
observations on the formation of such 
gels by the actions of ultraviolet light 
or nitrous acid as well as tests of the 
resulting gels as practical experimental 
tools. It appears that any naturally 
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occurring nucleic acid and most artifi- 
cial nucleotide polymers, including 
oligonucleotides (7), can be readily 
converted to such gels. 

A simple qualitative procedure has 
been used to test the formation of gels 
with a variety of nucleic acids. A drop 
of water containing about 50 /ug of 
nucleic acid was dried at 100?C on a 
microscope slide. While drying the 
solution was distributed with a glass 
rod over an area of about 2 cm2. The 
cover slip was irradiated for several 
minutes 5 cm from a General Electric 
15-watt germicidal lamp. The slide was 
rinsed and scraped lightly in 3 ml of 
water to remove the gel and to dissolve 
any ungelled polymer. When DNA, 
ribosomal RNA, soluble RNA, or 
polyU (8) were treated in this way, 
visible fibers were formed. Upon ir- 
radiation for only a few seconds the gel 
structure was so open that it was barely 
visible in water, but the addition of 
0.01M MgCl2 condensed it into visible 
fibers. At higher doses the fibers ap- 
peared to be very dense even when 
suspended in distilled water. An esti- 
mate of the quantity of ungelled 
polymer could be made by filtering the 
gel and measuring the optical density 
of the filtrate at 260 mit. The amount 
of irradiation required to form a gel 
depends on the molecular weight of the 
polymer, the optical thickness of the 
dried material, and the fraction of bases 
present capable of forming dimers. 

Gels may also be formed on inert 
supporting materials such as polyvinyl 
beads (9), cellulose fibers and nylon 
thread. Figure 1 shows the degree of 
retention of polyU and polyC on Geon 
101 resin grains after drying the 
polymers out of water solution and 
exposing them to ultra-violet light 22 
cm from the 15-watt germicidal lamp. 
The curves are based on the reduction 
in optical density of the filtrate after 
the resin was suspended in water and 
washed thoroughly on a glass-wool 
filter. Other measurements have shown 
that for this dose range there is no 
significant reduction of the optical 
density of the total polyU or polyC 
resulting from dimer formation or other 
chemical effects of ultraviolet irradia- 
tion. At considerably higher doses such 
effects are significant. There was no 
evidence for gel-formation of polyA 
or polyl at these doses of irradiation. At 
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The DNA gels could also be formed by 
treating dried films (previously made 
single-stranded by boiling in water solu- 
tion) with nitrous acid (10). For this 
purpose 0.25M KNO2 was adjusted to 
pH 4.2 by the addition of acetic acid 
and it was diluted with 2 volumes of 
ethanol. A few drops of this solution 
were placed on the dried film and al- 
lowed to remain for 10 minutes. The 
gel was then washed off in tris buffer, 
pH 7.4. Fibers were observed with 
properties comparable to those formed 
upon ultraviolet irradiation. 

It was possible to obtain specific 
complementary strand association be- 
tween RNA from bacteria and DNA 
gels formed by cross linking as a 
result of ultraviolet irradiation. In one 
experiment 3.5 mg of DNA was dis- 
solved in water and boiled for 10 
minutes to separate the strands. The 
solution was brought to 0.15M NaCl 
containing 0.015M sodium citrate 
(SSC) and 100 mg of cellulose powder 
added to supply bulk for convenient 
handling. Two volumes of alcohol were 
added and the wet precipitate was 
exposed to ultraviolet light (2 minutes 
with stirring 5 cm from the 15-watt 
germicidal lamp). The bulk of the 
DNA did not precipitate in sufficiently 
close association with the cellulose 
fibers, and as a result only about 10 
percent of the original DNA remained 
in the cellulose column after thorough 
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Fig. 1. Fraction of polyU and polyC im- 
mobilized on plastic beads as a function 
of total ultraviolet dose. Eight milligrams 
of polymer were dried on 2 g of Geon 
101 resin. Samples (100 mg) were given 
four exposures with mixing in between 
each. The fraction bound was determined 
from the reduction in optical density of 
all material that could be washed from 
the resin. The scale showing ergs/cm2 is 
based on a National Bureau of Standards 
calibration of the energy emitted in the 
Hg line at 254.7 mg from an unfiltered 
lamp. The 254.7 line presumably is the 
effective radiation causing cross linking 
by dimer formation. 

963 

Irradiation time (sec.) 

Fig. 1. Fraction of polyU and polyC im- 
mobilized on plastic beads as a function 
of total ultraviolet dose. Eight milligrams 
of polymer were dried on 2 g of Geon 
101 resin. Samples (100 mg) were given 
four exposures with mixing in between 
each. The fraction bound was determined 
from the reduction in optical density of 
all material that could be washed from 
the resin. The scale showing ergs/cm2 is 
based on a National Bureau of Standards 
calibration of the energy emitted in the 
Hg line at 254.7 mg from an unfiltered 
lamp. The 254.7 line presumably is the 
effective radiation causing cross linking 
by dimer formation. 

963 

I ̂^ I I ̂^ I 

U U 



'; 
, 30,00 
a, 

|Z 20,00( . 
o 

0?1 "o 

G, 

E I 

0 

0 

0 

Co 

"40 50 60 70 
Temperatur6.(?C ) 

80 90 

Fig. 2. Integral of the radioactivity from 
pulse-labeled E. coli RNA eluted from 
immobilized DNA as a function of tem- 
perature: (---) eluted from a DNA 
gel immobilized on a cellulose matrix; 
(X) eluted from DNA immobilized in 
agar. 

washing. Even this small yield of 
nucleic acid gel was more than ade- 

quate for testing its capacity to form 

specific complementary strand associa- 
tion with labeled RNA. Following the 

procedure of Bolton and McCarthy 
(2), a small amount of pulse P"'-labeled 
RNA from Escherichia coli BB was 
incubated with the DNA-cellulose gel 
for 16 hours at 60?C in a mixture of 
0.3M NaCl, 0.03M sodium citrate. The 
DNA-cellulose gel (about /2 ml) was 

placed in a water-jacketed column, 
washed at 40?C with the same buffer 
and with 0.015M NaCl containing 
0.0015M sodium citrate. The tempera- 
ture was raised in steps and the column 
washed with 5 ml cuts of this dilute 
buffer. Seventy-five percent of the 

radioactivity was removed by the 
washes at 40?C and the remaining 25 

percent was eluted between 40? and 
78?C. Figure 2 shows the integral of 
the radioactivity eluted from the col- 
umn as a function of the temperature. 
Similar results were obtained with a 
column made by drying and ultraviolet 
cross linking of E. coli DNA on a 

length of cotton thread. In addition, 
Fig. 2 shows the results of elution of 
E. coli pulse-labeled RNA from DNA 
immobilized in agar (4). The curves 
are very similar over the range from 
60? to 90?C and do not differ in form 
from elution curves obtained for 
sheared DNA or from DNA melting 
curves measured by hyperchromicity. 
Therefore, long lengths of the DNA in 
the cross-linked gel are available for 

specific strand association by comple- 
mentary hydrogen bonding. 

Polyuridylic acid gel supported on 

polyvinyl beads was used for a number 
of experiments. It was formed by mix- 

ing 3 mg of polyU with 0.5 g of Geon 
101 beads, drying at 100?C in a sili- 
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Fig. 4. Concentration of 5' pApApA in 
equilibrium with a polyU gel immobilized 
on polyvinyl beads. The optical density 
of the filtrate is plotted as a function of 
the temperature. 

mercial hydrolysate was neutralized with car- 
:ontain- boxylic ion-exchange resin, brought to 
7.4) at 1M NaCl containing 0.01M sodium 
ntil the citrate, pH 7.2, and passed over the 
that of column at 0?C. Adenylic acid and 
in was diadenylic acid were not retained by the 
lcentra- column. The column was slowly flushed 
ples of with IM NaCl containing 0.01M 
,mpera- sodium citrate while the temperature 
esulting was steadily raised by a motor driven 
3 along thermostat. Resolved peaks of tri-, 
mixture tetra-, penta-, and hexaadenylic acids 
hyper- were successively eluted and the tem- 

milarity peratures at which the peaks appeared 
licating agreed with the values for the melting 
n form points of these oligonucleotides inter- 
gel and acting with polyU in solution (11). 
t length Since the cuts taken (1 ml) were twice 
n. the column volume, the column was 
in was operating as a single-plate fractionating 
leotides system. If conditions were properly 
lie acid adjusted, chromatographic resolution 
e of the of much longer oligonucleotides could 

be achieved. 

Figure 4 shows the results of a mea- 
surement of the quantity 5' pApApA 
(12) in solution in equilibrium with a 

_ .given quantity of a polyU gel as a func- 

' tion of temperature. For this purpose 
- 2.0' about 0.5 mg of polyU gel bound to a 

0 coarser grade (for rapid filtering) of 
xE 

, polyvinyl beads was used. A sample of 
< 5' pApApA disolved in 1M NaCl con- 

- 1 taining .01M sodium citrate pH 6.8 
0 

o was added to the washed resin in a 
- test tube immersed in a temperature- 
~ controlled bath at 0?C. Samples were 

displaced out through a filter and drawn 
70 back again into the test tube after 

measuring their optical density. The 

^-polyU temperature was raised in steps and the 
:al den- approach to a steady optical density 
yA and was followed at each temperature. 

density Check measurements made as the tem- 
ig tem- obilized perature was lowered indicated that 

equilibrium had been achieved. This 
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method is suitable for determining the 
heat of reaction per hydrogen bond 
between oligonucleotides and polymers. 
Some complexity is introduced in this 
case by the apparent formation of a 
triple-stranded structure (11) between 
one 5' pApApA molecule and two 
polyU strands in the gel. 

The degree of cross linking is im- 
portant in the use of gels for studies 
of complementary relationships between 
nucleic acids. A tightly cross-linked 
gel retards the diffusion of nucleic acid 
strands into position for hydrogen bond 
formation. In addition, the presence of 
an interstrand cross link certainly 
would prevent hydrogen bonding in its 
immediate neighborhood and might 
have longer range effects. It was ob- 
served that one sample of polyU dried 
on Geon 101 beads and exposed to 
about 5 X 106 ergs/cm2 of radia- 
tion at 254.7 mrp had a very much re- 
duced capacity to hydrogen bond with 
even so small a molecule as pApApA. 
This was perhaps, in part, due to ultra- 
violet induced hydration of the uracil 
residues and other possible chemical 
effects. Opposed to the requirements 
for a low degree of cross linking is 
the need to prevent the polymer from 
going into solution at high tempera- 
tures where some thermal strand cis- 
sions will occur. The gels should there- 
fore be made from as high molecular 
weight material as possible and irradi- 
ated only enough to provide stability. 
One solution to these conflicting re- 
quirements currently being tested is to 
form an extremely tightly cross-linked 
gel of polyU or a DNA unrelated to the 
nucleic acids otherwise participating 
in the experiment (13). The nucleic 
acid of interest then can be stably 
bound to this matrix with minimal 
irradiation and a small number of cross 
links. 

The nature of the interstrand cross 
links which give rise to insoluble nucleic 
acid gels after ultraviolet irradiation is 
not yet fully understood. It has been 
clearly demonstrated that thymine 
dimers are induced by ultraviolet ir- 
radiation in frozen solution (14, 15) 
and that they occur in irradiated DNA 
(16, 17). Insoluble polyU gels have 
been previously reported (11) and evi- 
dence for a uracil dimer has been 
published (17). The formation of 
polyC gels by ultraviolet irradiation has 
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labeled DNA in solution appear to give 
rise to a uracil dimer rather than a 
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cytosine dimer (17). However, the 
irradiation doses were much higher 
than those used here and the product 
might be different with the high con- 
centrations of cytosine residues in the 
dried polyC films. Some evidence has 
been presented for the existence of 
mixed dimers of uridine and thymidine 
(17). The conclusion can hardly be 
avoided as previously suggested (15), 
that dimers can form between any pair 
of pyrimidines. This would account for 
the relative ease with which insoluble 
gels of naturally occurring nucleic acids 
can be induced by ultraviolet irradia- 
tion It is very unlikely that purine- 
purine dimers play a part in the process. 
However, there is no evidence for or 
against purine-pyrimidine dimers. It re- 
mains to be determined which of the 
possible dimers are important in a par- 
ticular situation. 

R. J. BRITTEN 

Department of Terrestrial Magnetism, 
Carnegie Institution of Washington, 
Washington 15 
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seen when nicotinamide adeninedinucleotide is added to the homogenates before 
freezing, nor when the homogenates are kept at room temperature, nor when 
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