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Wild-type Micrococcus radiodurans possesses a very efficient mechanism for
the dark repair of radiation damage in its DNA.! Consequently, of the vegeta-
tive bacteria so far investigated, it is the most resistant to both ultraviolet and
ionizing radiation.?” * For example, it excises UV-induced pyrimidine dimers
from its DNA with such efficiency that inactivation of heavily irradiated bacteria
appears to be as much a function of protein damage as of nucleic acid damage.*

The process of transformation provides a powerful tool for studying repair
mechanisms, since it is possible to irradiate transforming DNA and to assess
its reactivation in the bacterial host 5—7 without irradiation of the host and its
repair system. We report the discovery of transformation in Micrococcus radio-
durans and present some results indicating repair of UV-irradiated transforming
DNA in this bacterium.

Materials and Methods.—Microorganisms: Wild-type Micrococcus radiodurans, which
is sensitive to streptomycin, originally obtained from Dr. A. W. Anderson; a mutant of
M. radiodurans, resistant to 200 ug/ml streptomycin; Haemophilus influenzae, strain Rd,
and two UV-sensitive mutants of H. influenzae, DB112 and DB117, were used.’

Preparation of transforming DNA: Streptomyecin-resistant M. radiodurans was grown
to saturation in TGY (0.5% tryptone, 0.1% glucose, and 0.1, yeast extract), washed in
SSC (0.15 M NaCl and 0.015 M Na; citrate), and resuspended in SSC at a concentration
of about 10" viable units/ml. The cells were gently shaken overnight at 37°C with 0.75
mg/ml lysozyme, a treatment which does not lyse them. They were then centrifuged,
resuspended in SSC/10 at a concentration of about 2 X 10%/ml, and lysed by addition
of Duponol to a final concentration of 29%,. The DNA was purified by the method of
Marmur,® and was diluted in M/15 phosphate buffer, pH 7.

Nuclease treatment of purified transforming DNA: DNA, 400 ug/ml, was incubated at
37°C for 30 min with 0.25 mg/ml DNase or 1 mg/ml RNase. Although the Marmur
procedure? includes an RNase step, some RNA could be present, hence an RNase control.

Preparation of crude extract of M. radiodurans for enhancing the frequency of transforma-
tion: Wild-type cells were grown to saturation, washed, and resuspended in M/15 phos-
phate buffer, pH 7, at a concentration of about 2 X 10°/ml. This suspension was passed
twice through a French press (pressure 15,000 psi), which reduced the viability of the
cells by about 80%. Viable cells and cell wall debris were removed by centrifugation.
During transformation procedures, this extract was diluted directly into the mixture of
recipient cells and transforming DNA. For most of the experiments the extract was
boiled for 5 min.

UV irradiation of transforming DN A: Solutions of DNA (20 ug/ml) in quartz cuvettes
were exposed to 265 nm radiation from a Hilger quartz-prism monochromator. Doses
were varied by changing the time of irradiation. Incident intensities were measured with a
calibrated photocell and d-c amplifier. These were corrected for absorption by the DNA
solutions.?

Photoreactivation and photoreactivating enzyme: DNA was treated with photoreactivat-
ing enzyme under blacklight illumination as previously described.’® Photoreactivating
enzyme was prepared from bakers’ yeast according to Muhammed.!!

Transformation of M. radiodurans: Wild-type cells (streptomycin-sensitive) grown in
TGY, usually at a concentration of around 10%/ml, were gently shaken at 37°C with
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various concentrations of DNA from the streptomycin-resistant strain. Appropriately
diluted samples from this mixture were plated after 2 hr incubation (unless stated other-
wise) in 10 ml TGY containing 1.5%, agar which was melted and cooled to about 40°C
before being mixed with the cells. The plates were incubated at 37°C for 8 hr (unless
stated otherwise) and then overlaid with 10 ml of the same melted agar medium con-
taining 200 ug/ml streptomycin. Colonies derived from transformed bacteria were
counted after at least 3 days’ incubation at 37°C. The total number of cells was measured
by counting colonies which grew in agar not containing streptomycin.

Transformation of H. influenzae: The preparation of competent cells and transforming
DNA containing the streptomycin marker was as previously described.” 12 Tritium-
labeled DNA was prepared by purifying DNA from cells grown with 250 ug/ml adenosine
and 50 uc/ml H3-thymidine (spec. act., 6.7 ¢/mmole) in the medium. The specific ac-
tivity of the purified DNA was about 10° cpm/ug.

Measurement of DN A uptake by cells: M. radiodurans at about 108 viable units/ml was
gently shaken at 37°C for 2 hr with 0.2-0.4 pg/ml H>-DNA from H. influenzae, with and
without the addition of M. radiodurans extract and calf thymus DNA. In some experi-
ments the H-DNA at a concentration of 1.8 ug/ml in M/15 phosphate buffer, pH 7,
was boiled for 5 min and quickly cooled just before it was added to the cells. DNase
(0.1 mg/ml) was added after the 2-hr incubation, and the mixture was incubated further
for 15 min. The cells were collected by centrifugation, washed four or five times with
water, and lysed in hot formic acid in scintillation vials. The formic acid was boiled off,
and 1 ml water was added while the vial was hot (which helped to resuspend the dried
material). Dioxane scintillation fluid was added after the vials cooled, and the radio-
activity in the vials was measured in a scintillation counter. The radioactivity in ali-
quots of the supernatant fluid from the first centrifugation was also measured. M. radio-
durans that had been killed by being heated at 70°C for 10 min took up considerably
less than 19, of the DNA taken up by unheated cells, as measured by this method, al-
though the cells are not lysed by such heating. Uptake of DNA by H. influenzae was
measured in essentially the same way, except that the concentration of H-DNA was 2.4
ug/ml, the incubation was 45 min, and the cells were washed with 3.5%, brain-heart infu-
sion instead of water.

Results and Driscussion.—Stimulation of transformation in H. influenzae
by an extract from M. radiodurans: During an unsuccessful attempt to
reactivate UV-irradiated H. influenzae transforming DNA by incubating it with
a crude extract of M. radiodurans, it was discovered that the extract stimulated
transformation. The transforming ability of both UV-irradiated and unirra-
diated H. influenzae DNA was increased by a factor of up to 20, depending on
the degree of competence of the H. influenzae cells. Some of the results ob-
tained with the extract are shown in Table 1. When the extract was boiled for
five minutes, the number of transformations was increased by about another

TaBLE 1. The effect of a crude extract of M. radvodurans on transformation in H. influenzae.

———Streptomycin-Resistant Colony-Forming Units/ml—
With autoclaved

Strain of Without With With boiled extract
H. influenzae extract extract* extract (15 min, 20 psi)
Rd (competent) 2.2 X 10% 2.6 X 108
Rd (log phase) 5 56
DB112 (low competence) 2.1 X 10° 4.5 X 104 8.3 X 10¢
DBI112 (low competence) 33 9.3 X 102 1.2 X 103
DBI117 (mutant defective
in transformation) 2 1
None 0

* Diluted by factor of 30 into transformation medium.
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factor of 2, presumably because of the heat inactivation of nucleases in the ex-
tract. In no case did the extract affect the viability of H. influenzae cells during
the usual two-hour incubation of transforming DNA and cells. The presence
or absence of magnesium chloride (10—2 J) in the mixture of cells, DNA, and
extract did not affect the number of transformants. Table 1 shows that the
extract has little or no effect on transformation when relatively competent cell
preparations are used. Exponentially growing cells, which are poorly trans-
formed, as well as other cultures of low competence, transform considerably
better in the presence of the extract. However, transformation in DB117, a
UV-sensitive mutant of H. influenzae which is deficient in transformability,’
even though it takes up DNA normally when grown as for competence,!? is not
improved by the extract.

The effect of M. radiodurans extract and competing DN A on labeled DN A uptake
by M. radiodurans: Table 2 shows that M. radiodurans takes up native and
denatured DNA to the same extent and that the uptake of both is inhibited by
the M. radiodurans extract. When the extract is treated with DNase and then
autoclaved, there is much less inhibition of uptake. Thus the inhibiting effect
of the extract on DNA uptake in M. radiodurans is apparently the result of com-
petition between the denatured DNA present in the extract (approximately 40
pg/ml in these experiments) and the labeled DNA. The uptake of DNA into
H. influenzae is unaffected by the extract. Under normal conditions H. in-
fluenzae takes up more than ten times as much native DNA as denatured DNA.14
The lack of inhibition in the case of H. influenzae may therefore be explained in
terms of the inability of denatured DNA to compete with native DNA during
uptake.

Although the frequency of transformation can normally be correlated with
DNA uptake, in the case of M. radiodurans the extract increases the frequency
of transformation about 100-fold, while the DNA uptake decreases by an order
of magnitude. The extract stimulates transformation in H. influenzae without
affecting uptake. Therefore the extract may exert its stimulatory effect on
transformation at the stage of DNA integration.

TaBLE 2. The effect of M. radiodurans extract and competing DN A on uptake of tritiated
H. influenzae DN A by M. radiodurans.

Additions to mixture State of Cells Supernatant
of cells and H-DNA H3-DNA (cpm) (cpm)
Expt.1  None* Native 1,750 41,000
Extract (diluted X8) Native 100 46,000
None* Denatured 1,820 43,000
Extract (diluted X8) Denatured 150 48,000
Expt. 2  None* Native 5,200 56,000
Calf thymus DNA (600 ug/ml) Native 120 66,000
Calf thymus DNA (600 pug/ml) Native 44 67,000

boiled 10 min and quick-cooled

* M/15 phosphate buffer, pH 7, was substituted for extract and calf thymus DNA in controls.
Note that the counts which disappear from the supernatant are not all recovered in the cell fraction,
presumably because of quenching by the cell fraction. The uptake of label into the bacteria is not
caused by DNase-induced breakdown of DNA with consequent uptake of nucleotides, since counts
obtained when DNase is not used are higher than when it is.
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Transformation in M. radiodurans: Evidence is presented in Table 3 that
wild-type cells which are sensitive to streptomycin may be transformed to strep-
tomyein resistance by purified DNA extracted from a streptomycin-resistant
strain. DNA is necessary for transformation, since in its absence, or after incu-
bation with DNase, no transformants are obtained. RNase treatment of the
DNA does not affect the number of transformants. The frequency of trans-
formation is extremely low when only recipient cells and DNA are incubated
together but is greatly enhanced by the addition of the extract from wild-type
M. radiodurans. The addition of extract does not affect the total number of
viable cells, for example, by increasing the growth rate during incubation.

The transformation of a culture requires a period of incubation of the re-
cipient bacteria with the transforming DNA to allow the DNA to be taken up
by the cells. A further period is required for the marker on the transforming
DNA to be expressed. In the transformation of M. radiodurans to strepto-
myecin resistance the best conditions include a two-hour incubation of cells,
DNA, and extract in liquid culture, followed by eight hours of incubation on
solid medium before addition of the streptomycin (see Table 4). With longer
times of incubation in liquid culture, the number of transformants drops mark-
edly. A possible explanation for this decrease is that the high cell concentration
which precludes further growth in the liquid culture is unfavorable for the in-

TaBLE 3. Evidence for transformation in M. radiodurans.

Streptomycin-
sensitive Boiled Streptomycin-resistant

M. radiodurans Donor DNA M. radiodurans colony-forming
(2.5 X 108/ml) (80 ug/ml) extract units/ml

+ + + 1.32 X 104

+ (RNase-treated) + 1.36 X 10¢

+ (DNase-treated) + 0

+ + - 1 X 10?

+ - + 0

- + + 0

Wild-type M. radiodurans (streptomycin-sensitive), 0.3 ml, were incubated for 2 hr at 37°C with
0.1 ml transforming DNA from a streptomycin-resistant M. radiodurans plus 0.1 ml crude extract
from the wild type. Samples of 0.1 ml were assayed for transformants by plating in agar, incubat-
ing for 8 hr, and then adding agar containing streptomycin. Transformants were scored after 3 days.

TaBLE 4. Number of transformants as a function of the time of incubation in liquid and on
solid media.*

Hours in liquid medium ——————————— Transformants/ml
before plating in agar medium Streptomycin agar layer Streptomycin agar layer
without streptomycin added after 6 hrt added after 10 hrt

1 1.5 X 103 7.5 X 103
2 3.6 X 102 1.1 X 104
3 1.0 X 10 5.2 X 103
6 1.0 X 10 1.0 X 10
8 — 0

Wild-type M. radiodurans, 0.3 ml, were incubated at 37°C with 0.1 ml transforming DNA plus
0.1 ml crude extract from wild type. Samples of 0.1 ml were plated and incubated at 37°C until a
layer of agar containing streptomycin was added. Transformant colonies were scored after 3 days.

* Viable units/ml, 2.5 X 105,

t Hours from the mixing of Cells and DNA.
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tegration of transforming DNA, in which case any unintegrated DNA in the
bacteria may break down.

The amount of transformation as a function of the concentration of trans-
forming DNA is shown in Figure 1, together with a similar titration curve for
transformation to streptomycin resistance of H. influenzae, strain Rd, with H.
nfluenzae transforming DNA. Approximately 100 times more DNA is required
for the maximal transformation of M. radiodurans. The reason for this is not
clear. The titration curve might be explained on the basis that only a few de-
natured molecules in the DNA preparation cause transformation. However,
single-stranded M. radiodurans DNA apparently does not transform, since this
DNA, denatured at 40°C at pH 11.7 by the method of Alberts and Doty, has
less than 10 per cent of the transforming ability of native DNA, a result similar
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to that found for H. influenzae DNA.® Another possibility is that only a few
very long DNA molecules in the purified DNA preparation are capable of trans-
forming M. radiodurans. However, a crude lysate of the streptomycin-resistant
strain, which was gently handled so as to produce a minimum of breakage of the
DNA molecules, did not transform appreciably better than the usual purified
DNA at an equivalent DNA concentration. Another possible explanation for
the low activity is that the excision mechanism, which is present in M. radio-
durans,! may excise newly integrated DNA and thus prevent expression of the
streptomyecin marker in the majority of the DNA molecules that enter the cell.

The competence of bacterial cells is normally a transitory state in the growth
of the culture, maximal competence developing just before the cells enter the
resting phase.’* However, in the case of M. radiodurans, competence does not
appear to be dependent on the growth stage (see Table 5).

UV inactivation of M. radiodurans transforming DNA: The survival curves
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of UV-irradiated transforming DNA’s from M. radiodurans and H. influenzae
are compared in Figure 2. The M. radiodurans DNA appears to be considerably
more UV-resistant. The ratio of the dose necessary for 50 per cent inactivation
of the M. radiodurans DNA relative to that of H. influenzae is about 24 (ref. 17).
The M. radiodurans DNA does not appear to be inactivated exponentially, nor
does the dose-effect relationship fit a square-root plot as observed for H. in-
transforming DNA’s is difficult, because of the different types of response to
UV irradiation. 4

Pyrimidine dimers are apparently formed in UV-irradiated DNA from M.
radiodurans since the DNA competes normally with irradiated H. influenzae
transforming DNA for photoreactivating enzyme.!®* Nevertheless, Figure 3
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TABLE 5. Number of transformants as a function of growth stage of the culture.

Viable units/ml Transformants/ml Per cent

ODersnm* (X 1078) (X 10-3) transformation
0.50 1.37 2.8 0.0020
0.75 1.89 3.9 0.0021
0.90 2.23 4.7 0.0021
0.97 2.26 7.7 0.0034
1.05 3.80 5.5 0.0015

Exponential growth of wild-type M. radiodurans ceases at an OD of about 0.65. Thus at an OD
of 0.75 or above, the culture is entering the resting phase. 0.3 ml of cultures at the various OD’s
were incubated with 0.1 ml transforming DNA and 0.1 ml crude extract from wild-type for 2 hr.
Volumes of 0.1 ml were plated in agar, incubated for 8 hr at 37°C, and then agar containing strepto-
mycin was added. Transformant colonies were scored after 3 days.

*OD: Optical density measured in Bausch and Lomb spectrophotometer.

shows that after treatment of the UV-irradiated M. radiodurans DNA with
purified yeast photoreactivating enzyme, there is no increase in the survival of
activity. The same enzyme preparation diluted tenfold more than in the M.
radiodurans experiment was active and increased the transforming ability of a
similar concentration of UV-irradiated H. influenzae DNA by a factor of 10.
It is therefore assumed that almost all the pyrimidine dimers in the irradiated
M. radiodurans transforming DNA were monomerized by the photoreactivating
enzyme but that this was irrelevant to M. radiodurans cells, which have a mecha-
nism for the repair of dimer damage. We consider it unlikely that the M. radio-
durans extract contributes to the repair of transforming DNA, since it does not
repair H. influenzae transforming DNA. Thus the efficiency of wild-type M.
radiodurans at repairing its own irradiated DNA would appear to be matched by
its ability to repair irradiated transforming DNA.

The inactivation of DNA shown in Figure 3 appears somewhat greater than
that shown in Figure 2. The DNA is consistently slightly more sensitive to
UV radiation when photoreactivating enzyme is added and irrespective of
whether or not it is illuminated. This effect is probably due to the presence of
ethylenediaminetetraacetate in the photoreactivating enzyme preparation.

Summary.—Evidence has been presented that Micrococcus radiodurans can
undergo transformation. The frequency of transformation is increased about
100-fold in the presence of a heat-stable factor from a crude extract of wild-type
M. radiodurans. This extract also increases the frequency of transformation
in Haemophilus influenzae of low competence. The extract decreases DNA up-
take in M. radiodurans because of competition by DNA in the crude extract.

Transforming activity in DNA from M. radiodurans appears to be UV-re-
sistant, and is not increased by treatment with yeast photoreactivating enzyme.
We conclude that the recipient cells efficiently repair pyrimidine dimer damage
in transforming DNA as they do in cellular DNA when cells themselves are
irradiated.

* Research sponsored by the U.S. Atomic Energy Commission under contract with the Union
Carbide Corporation, and by the Medical Research Council of Great Britain.

{ Permanent address: Department of General Microbiology, University of Edinburgh,
College of Agriculture, West Mains Road, Edinburgh, Scotland.

1 Boling, M. E., and J. K. Setlow, Biochim. Biophys. Acta, 123, 26 (1966).



VoL. 61, 1968 BIOCHEMISTRY. MOSELEY AND SETLOW 183

2 Anderson, A. W., H. C. Nordan, R. F. Cain, G. Parrish, and D. Duggan, Food Technol.,
10, 575 (1956).

¢ Duggan, D. E., A. W. Anderson, P. R. Elliker, and R. F. Cain, Food Res., 24, 376 (1959).

4 Setlow, J. K., and M. E. Boling, Biochim. Biophys. Acta, 108, 259 (1965).

5 Mabhler, 1., Biochem. Biophys. Res. Commun., 21, 384 (1965).

¢ Reiter, H., and B. Strauss, J. Mol. Biol., 14, 179 (1965).

7Setlow, J. K., D. C. Brown, M. E. Boling, A. Mattingly, and M. P. Gordon, J. Bacteriol,.
95, 546 (1968).

8 Marmur, J., J. Mol. Biol., 3, 208 (1961).

? Morowitz, H. J., Science, 111, 229 (1950).

10 Setlow, J. K., and R. B. Setlow, Nature, 197, 560 (1963).

11 Muhammed, A., J. Biol. Chem., 241, 516 (1966).

12 Goodgal, S. H., and R. M. Herriott, J. Gen. Physiol., 44, 1201 (1961).

13 Boling, M. E., S. Modak, G. Price, A. Mattingly, M. P. Gordon, and J. K. Setlow, in
Abstracts, 12th Annual Meeting, Biophysical Society, Pittsburgh, Pa. (Feb. 19-21, 1968).

14 Barnhart, B. J., and R. M. Herriott, Biochim. Biophys. Acta, 76, 25 (1963).

15 Alberts, B. M., and P. Doty, J. Mol. Biol., 32, 379 (1968).

16 Ravin, A. W., Advan. Genet., 10, 62 (1961).

17 Setlow, J. K., Radiation Res., Suppl. 6, 141 (1966).

18 Rupert, C. S., and S. H. Goodgal, Nature, 185, 556 (1960).

19 Setlow, J. K., M. E. Boling, and F. J. Bollum, these ProcEEDINGS, 53, 1430 (1965).



