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ABSTRACT

CABRERA-JUAREZ, EMILIANO (Johns Hopkins
University School of Hygiene and Public Health,
Baltimore, Md.) AND ROGER M. HERRIOTT.
Ultraviolet irradiation of native and denatured
transforming deoxyribonucleic acid from Haemo-
philus influenzae. J. Bacteriol. 85:671-675.
1963.-Two antibiotic-resistance markers in
denatured deoxyribonucleic acid (DNA) from
Haemophilus influenzae showed about the same
sensitivity to ultraviolet irradiation as in native
DNA. The resistance of markers in denatured
DNA to ultraviolet (UV) light increases with
alkalinity up to pH 12. New transforming
markers or genetic "lethals" were not produced
by in vitro irradiation of either native or dena-
tured DNA. The UV irradiation of the denatured
DNA reduces its capacity to form new markers
with nitrous acid. Nitrous acid reactivated some
of the intrinsic marker destroyed by UV irradia-
tion of denatured transforming DNA.

The exposure of bacteria to ultraviolet (UV)
irradiation has in many instances led to the
formation of mutants (Zelle, 1955; Witkin, 1956).
Virus-infected cells often release mutant viruses
if they have been irradiated during infection
(Weigle, 1953; Weigle and Dulbecco, 1953;
Jacob, 1954). It is a little surprising, then, that
the cases of mutants arising after direct irradia-
tion of extracellular viruses or transforming
deoxyribonucleic acid (DNA) are very limited
(Krieg, 1959; Nester and Lederberg, 1961). In
view of a recent observation (Horn and Herriott,
1962) that single-stranded (denatured) Haemo-

1 On leave from: Departmento de Biofisica,
Escuela Nacional de Ciencias Biologicas, Instituto
Polit6cnico Nacional, MWxico, D.F., M6xico. Sup-
ported by the John Simon Guggenheim Memorial
Foundation.

philus DNA was very sensitive to the mutagenic
action of nitrous acid whereas the native form
was not, it was decided to irradiate denatured
DNA with UV and after renaturation to look for
new transformable markers in the DNA. It was
reasoned that perhaps the positive mutagenic
action on cells occurs when, for a brief time, some
of the DNA may be in single-strand form. How-
ever, despite many analyses for a variety of
markers, no new markers (mutants) were detected
after irradiation of either denatured or native
hemophilus transforming DNA.

MATERIALS AND METHODS

General methodology. The preparation of DNA
from Haemophilus influenzae, competent cells
media, and most of the laboratory techniques
have been described previously (Goodgal and
Herriott, 1961).
DNA. We used native or denatured C25 DNA

[DNA extracted from H. influenzae resistant to
25 ,ug/ml of cathomycin (first isolated by Mary
J. Voll)]. In some experiments we tested native
and denatured Sm250 DNA (DNA extracted from
H. influenzae resistant to 250 ,ug/ml of strepto-
mycin). [This marker is Sma or Sm2° of Hsu
and Herriott (1961) and was first isolated by
Alexander and Leidy (1953), but only 250 ,ug/ml
of streptomycin was used in the present experi-
ments for screening.] Denatured DNA was
obtained by heating and quenching according to
Marmur and Lane (1960). After treatment with
UV light, nitrous acid, or both, the denatured
DNA was renatured by the method of Marmur
(1960), which involves heating for 1 hr at pH 7
and 66 C with the following steps. In general, a
1-ml sample of 20 ,ug/ml of denatured DNA, dis-
solved in 0.5 M NaCl-0.01 M sodium citrate, was
placed in a tube and incubated in a bath of 6
liters of water at 65 to 67 C for 1 hr. Then the
tube was transferred to 1 liter of water at 65 to
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67 C, and it was allowed to cool to 30 C, which
took about 2 hr.
UV irradiation of native or denatured trans-

forming DNA. For UV irradiation in general,
DNA at a concentration of 20 Ag/ml in 0.15 M
NaCl-0.01 M sodium citrate was exposed for
various time periods at 45 cm from a 15-w General
Electric germicidal lamp with an output of
approximately 25 ergs per mm2 per sec. The
solutions irradiated in a petri dish were approxi-
mately 1 mm thick and were mixed by rotation
of the dish during irradiation.

Treatment with nitrous acid. The method of
Horn and Herriott (1962) was followed. To 1
volume of a mixture (acetate buffer and 2 M
NaNO2 in 0.15 M saline, pH 4.8) was added 1
volume of denatured DNA. The final concentra-
tion of buffer was 0.05 M, and the DNA con-
centration was 50 ,Ag/ml. It was incubated at
37 C for 30 min, at which time the samples were
neutralized to pH 7.4 by a tenfold dilution with
0.02 M NaMHPO4 in 0.3 M sodium chloride. The
concentration of DNA was now 5 ,g/ml and was
annealed as described above.

Transformation procedure. The assay procedure
described by Goodgal and Herriott (1961) was
followed, but during the uptake of DNA a solu-
tion containing 0.1 M sodium chloride, 0.01 M
phosphate buffer, and 0.02% Tween 80 (pH 7.0)
was used instead of "Elev" broth. The titer in
the reaction mixture was calculated, and from
this the percentage of residual transforming
activity of the different samples relative to the
control.
New transforming or lethal markers in UV-

irradiated DNA. To look for new transforming or
lethal markers in the UV-irradiated DNA, the
following method was used. The reaction mixture
consisted of 3.0 ml of Difco Brain Heart Infusion
[supplemented with hemin and diphosphopyri-
dine nucleotide (DPN)], 2 X 108 cells/ml, and 0.1
,ug/ml of DNA. This is equivalent to about 20
molecules of DNA per cell. This mixture was
shaken for 150 min at 37 C. The cells were then
washed and diluted with Eugonbroth (BBL),
and plated on the following different media:
(a) Brain Heart Infusion Agar plus hemin plus
DPN, (b) medium a plus 5 ,ug/ml of streptomy-
cin, (c) medium a plus 5 ,Ag/ml of erythromycin,
(d) Brain Heart Infusion Agar plus DPN plus
5 ,ug/ml of protoporphyrin, (e) Brain Heart
Infusion Agar plus hemin. After 24 to 48 hr of

incubation at 37 C, the colonies were counted.
The results in medium a yielded the viable count
of the cells in the reaction mixture. If the sample
of DNA has some lethal markers, there should be
a significant difference between the samples
with and without DNA. The results in media b,
c, d, or e give, respectively, the number of mu-
tants resistant to 5 ,tg/ml of streptomycin, to 5
,ug/ml of erythromycin, and those mutants
capable of utilizing 5 ,ug/ml of protoporphyrin
and also DPN-independent mutants. If the
sample of DNA contains some new marker(s)
produced by irradiation and of the type screened
for in this work and if this new marker is
integrated by the competent cells, there should
be an increase in the number of resistant cells
relative to the control without DNA.

RESULTS

Inactivation of genetic markers in denatured
DNA by irradiation. The sensitivity of genetic
markers in denatured (single-stranded) trans-
forming DNA to ultraviolet irradiation has not
previously been described because there was no
way of evaluating the effect until Marmur and
Lane (1960) described the renaturation pro-
cedure. As a preliminary to the problem of
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FIG. 1. Ultraviolet inactivation of cathomycin
(25 ,g/ml) resistance marker in native and de-
natured DNA.
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generating new markers by irradiation, an ex-
amination of the relative sensitivity to UY of two
different markers in native and heat-denatured
Haemophilus DNA was determined.
The experimental results in Fig. 1 and 2 show

that there is little difference in sensitivity of the
native and denatured forms of transforming
DNA. The slightly greater resistance seen for
denatured C25 DNA in Fig. 1 is reversed when
one views the action on the Sm210 marker shown
in Fig. 2.

Effect of pH on ultraviolet inactivation of genetic
markers in denatured DNA. Curves of the sur-
viving transforming activity after irradiation of
denatured Haemophilus C25 DNA at different
pH values, followed by renaturation at pH 7
before testing, are shown in Fig. 3. It seems clear
from these figures that the C25 marker in dena-
tured DNA is considerably more stable to ir-
radiation at pH 12 than in the more neutral
solutions.

Attempts to produce genetic changes in DNA
by in vitro irradiation. Nitrous acid had been
so successful in generating new markers in he-
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FIG. 2. Ultraviolet inactivation of streptomycin
(250 ,g/ml) resistance marker in native and de-
natured DNA.
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FIG. 3. Effect of pH on the ultraviolet inactivation
of cathomycin (25 ,ug/ml) resistance marker in de-
natured DNA.

mophilus DNA that we were encouraged to
try UV light under similar circumstances.
Markers similar to those generated by nitrous
acid were examined. However, using separately
native, as well as denatured, DNA and irradiat-
ing with varying doses and at different pH values
failed to produce heritable changes in the DNA
leading to resistances in the cells to marginal
levels of any of the antibiotics. Nor did the ir-
radiated DNA contain genetic "lethals," for
saturating levels of the irradiated DNA failed to
prevent any detectable fraction of the cells from
growing.

Destruction of nitrous acid mutable regions in
denatured DNA by UV irradiation. When it was
observed that UV irradiation failed to produce
new genetic units in denatured DNA, it was of
interest to learn whether this treatment had
destroyed the capacity to form new markers with
nitrous acid. Column I of Table 1 contains the
number of streptomycin-resistant transformants
produced with C25 DNA which had been dena-
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tured, exposed to varying doses of UVirradiation,
then exposed to a constant treatment with
nitrous acid, and finally renatured. It is amply
clear that the number of nitrous acid-induced S5
genetic markers was not reduced by 20 sec of
irradiation, but after 100 sec only one-fourth of
the number remained.
The data in column II show that when these

two treatments were reversed (i.e., the nitrous
acid treatment was followed by the UV irradia-
tion) the nitrous acid-induced markers began to
fall at a lower radiation dosage. After only 5 sec
of exposure, there was a drop of 50% in the new
markers. At first glance, this seems to suggest that
the nitrous acid-induced markers are more sen-
sitive to UV light than the corresponding regions
in untreated nucleic acid (column I), but the
experiments described below suggest a different
explanation; namely, that nitrous acid reverses
the UV damage to DNA and in so doing allows it
to yield new markers with nitrous acid.
The initial or intrinsic C25 genetic marker in

denatured C25 DNA was exposed to UV light for
varying periods. Samples were removed for test,
and the remainder of each sample was given a
constant exposure to nitrous acid. All samples
were renatured and tested for intrinsic C25-
transforming activity. The results are plotted in
Fig. 4. The interesting point is that apparently
the nitrous acid partially reversed the destruction
inflicted by UV irradiation. This did not occur

TABLE 1. Effect of ultraviolet (UV) irradiation
and nitrous acid on denatured C25 DNA

Streptomycin (5 jig/ml) resistant mutants
per m of mixture

Time of UV
irradiation Column I* Column Ilt

UV-iHN02 HNO2 -- mUV

sec

Controlt 2.30 X 104 2.30 X 104
0 1.46 X 105 1.46 X 105
5 1.50 X 105 6.94 X 104

20 1.48 X 105 5.27 X 104
100 4.13 X 104 2.18 X 104
300 2.75 X 104 2.15 X 104
600 2.75 X 104 1.95 X 104

* Effect of UV irradiation on

new markers with HNO2.
the formation of

t Sensitivity of the new markers produced by
nitrous acid to UV irradiation.

t No irradiation and no nitrous acid treatment.
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FIG. 4. Effect of nitrous acid on ultraviolet-

inactivated cathomycin (25 i.g/ml) resistance marker
in denatured DNA.

in irradiated native DNA. Simple chemical
reversal of irradiation damage to genetic materials
has not previously been reported, although photo-
enzymatic reversal has (Rupert, Goodgal, and
Herriott, 1958).

DISCUSSION

Our inability to observe new markers in ir-
radiated native or irradiated denatured DNA
followed by renaturation is not readily explained.
Experiments using P32-labeled DNA indicate
that both are taken up by competent cells. If
the irradiation forms a preponderance of damaged
markers, some of these might well have found
their way into the genome of the host cell and
resulted in the death of the cell, i.e., "lethals."
However, none was detected, so we must con-
clude that somehow UV light produces changes
which prevent its genetic integration and expres-
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sion in cells. It is not likely that interstrand link-
age produced by irradiation can account for the
failure to observe new genetic effects, especially
in the case of denatured DNA. Furthermore, if
the irradiation were performed at about 50 to
60 C, it would be possible to decide whether
intrastrand linkage played a significant role.
The auxotrophic mutants which Nester and

Lederberg (1961) produced with UV irradiation
of Bacillus subtilis DNA were of such a low fre-
quency that the techniques used in the present
work might not have detected them.

If further work confirms these observations
that nitrous acid reversal of UV damage is re-
stricted to denatured DNA, it will be the second
case of the development of a genetic property
via denatured DNA. It was reported earlier
(Horn and Herriott, 1962) that new genetic
markers developed during nitrous acid treatment
of denatured DNA and not with native DNA.
Since both these cases involved nitrous acid, it
may be that comparable changes developed in
the native DNA but cross-linking of the DNA
strands by nitrous acid (Geidushek, 1961) pre-
vented their biological expression.
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