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A method is described for labeling a specific pyrimidine in the deoxyribonu-
cleic acid (DNA) of Neurospora crassa. In cells grown in the presence of [5-3H]-
uridine, more than 97% of the radioactivity associated with the DNA had been
incorporated into cytosine. The specific activity of the labeled DNA was ap-

proximately 3 x 103 counts per min per ,g. The DNA was isolated by elution
from hydroxyapatite columns with sodium phosphate buffer (0.40 M, pH 6.8).
This procedure was used to demonstrate that in vegetative cells of N. crassa

both photoreactivation and excision repair are operative, as measured by the
removal of ultraviolet light-induced cytosine-containing dimers.

Although presumptive evidence is available,
definitive biochemical evidence for the repair
of radiation-induced damage to the deoxyri-
bonucleic acid (DNA) of Neurospora crassa is
lacking. The indirect evidence includes the fol-
lowing: (i) the initial zero slope of the survival
curves of irradiated wild-type conidia (8); (ii)
an increase in survival when wild-type conidia
are incubated after irradiation either in buffer
or in minimal medium (liquid holding recov-
ery) (26); and (iii) a loss of photoreactivability
upon holding in water after ultraviolet (UV)
irradiation (35). Postirradiation treatment with
known inhibitors of excision repair, such as
acriflavines, changes in the shape of the initial
portion of the survival curves (26). Additional
evidence comes from the existence of UV-sen-
sitive strains of N. crassa (7-9, 25, 31). These
UV-sensitive strains generally are character-
ized by approximately exponential survival
curves. Moreover, no increase in survival is
seen under postirradiation conditions that lead
to increased survival in wild-type conidia (26).

Unequivocal demonstration of excision re-
pair in N. crassa has been hampered by two
conditions. (i) Pyrimidine auxotrophs will not
grow on minimal medium supplemented only
with thymidine (12) but will grow on minimal
medium supplemented with uracil, uridine, or
cytidine (6, 20, 21). (ii) The radioactive label of
thymidine is incorporated by N. crassa into
nucleic acid but not specifically into the DNA
(12-14). Thus, the usual experimental design-
specifically labeling the DNA with [3H]thymi-

dine and monitoring, by radiochromatographic
analysis, the removal of UV-induced thymine
dimers-is not feasible.

Grivell and Jackson (15) accounted for the
two observations discussed above by demon-
strating that N. crassa and other fungi contain
no detectable thymidine kinase activity (ATP:
thymidine 5'-phosphotransferase; EC 2.1.21)
and showing that incubation of N. crassa with
either [2-14C]uridine or [2-14C]thymidine re-
sults in incorporation of radioactivity into both
ribonucleic acid (RNA) and DNA. Analysis of
the two classes of nucleic acid showed radioac-
tivity associated with uracil and cytosine in
RNA and with cytosine and thymine in DNA.
They postulated that the exogenous radioac-
tive pyrimidines were converted to a common
uracil ribonucleotide intermediate, subsequent
conversion of this intermediate to the various
pyrimidines resulting in the observed distribu-
tion of radioactivity.
We have utilized the observation on the in-

terconversion of pyrimidines to develop a pro-
cedure for specifically labeling one pyrimidine
base, cytosine, in the DNA of N. crassa. Fur-
ther, we have coupled our observations on the
distribution of label in DNA to the report by
Setlow and Carrier (29) that in DNA in which
adenine plus thymine (A + T)/guanine plus
cytosine (G + C) = 50% [in N. crassa DNA, (A
+ T)/(G + C) = 52 to 54% (33, 34)], approxi-
mately 50% of the pyrimidine dimers contain
cytosine. Thus, we have been able to monitor
the repair of UV-induced pyrimidine dimers in
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N. crassa, and in this paper we report the di-
rect demonstration of excision repair and pho-
toreactivation in vegetative cells of N. crassa.

MATERIALS AND METHODS
Organism. The organism used in this study was a

unicellular, osmotically sensitive strain of N. crassa
(fz; sg; os-i, agr-1, cr, aur: Fungal Genetics Stock
Center no. 326), commonly referred to as the slime
mutant. The osmotic lability and unicellular mor-
phology are a consequence of the absence of a cell
wall. The strain was a gift from Frank Gaertner.
Growth of slime mutant. N. crassa slime mutant

was routinely grown on Vogel's minimal medium
(37) supplemented with vitamins, 0.05% arginine,
2.0% soluble starch, and 10.0% sucrose. The cells
were inoculated into 25-ml flasks containing 10 ml of
medium at an initial concentration of approximately
3 x 105 cells per ml and incubated at 30 C in a
water bath shaker at approximately 100 rev/min.
The cells were maintained either by daily transfer
into fresh liquid medium or by periodic transfer on
agar slants incubated at room temperature.

Radioactive label. Cultures grown as described
were labeled with 7.5 uCi of [5-3H]uridine/ml (20
Ci/mmole) for 24 hr. In certain experiments, cells
were labeled with 5.0 uCi of [6-3H]uridine/ml
(17.0 Ci/mmole). Both radioactive isotopes were pur-
chased from Schwarz BioResearch, Orangeburg, N.Y.

Distribution of radioactivity in RNA and DNA.
Cells were grown for 24 hr in the presence of either
[5- 'H]uridine or [6- 'H]uridine. The cultures were
harvested separately by centrifugation and sus-
pended in 2 ml of sodium phosphate buffer (0.02 M,
pH 6.8). Nucleic acids were isolated by the hot salt
method of Volkin and Astrachan (38), and the radio-
active ribonucleotides were separated by ion-ex-
change chromatography (38). Radioactive DNA was
precipitated with 0.2 N HCl. The radiochromat-
ographic analysis of DNA is described below.

Irradiation and postirradiation conditions.
Cultures grown for 24 hr and labeled with [5-'H]uri-
dine were harvested by centrifugation, washed once
in sucrose (0.55 M)-sodium phosphate (0.02 M, pH
6.8), and resuspended in the same buffer at a con-
centration of approximately 107 cells per ml. A 5-ml
sample was placed in a 10-cm diameter crystallizing
dish at a thickness of 1 mm. A desk lamp containing
two 15-watt germicidal lamps was positioned to give
an incident intensity of 47 ergs per mm2 per sec, as
measured by a meter described by Jagger (17). The
crystallizing dish was placed on ice, and the sample
was irradiated to the appropriate dose with stirring.
After the irradiation, the cells were treated as fol-
lows. In the dose-response experiments, samples
were removed at each dose and centrifuged, and the
DNA was isolated as described below. In excision ex-
periments, the irradiated cells were centrifuged and
resuspended in 10 ml of fresh growth medium, placed
in a sterile 25-ml flask, and incubated in the dark in
a water bath shaker at 30 C. At given times, 2.0-ml
samples were removed and the DNA was isolated. In
the in vivo photoreactivation experiments, the irra-

diated cells were exposed to illumination from two
blacklights (G.E. 15w-BLB, which emits most of its
radiation between 300 and 400 nm) with an intensity
of 3.2 x 103 ergs per mm2 per min. At various times,
1.0-ml samples were removed and treated as de-
scribed below. All manipulations were carried out in
dim yellow light to prevent undesired direct photo-
reactivation.

Assay for photoreactivating enzyme. Separate
18- and 72-hr cultures of unlabeled cells were har-
vested, washed once with sucrose (0.55 M)-sodium
phosphate (0.02 M, pH 6.8), and resuspended and
lysed in 3 ml of sodium phosphate (0.02 M, pH 6.8).
The lysates were centrifuged to remove cellular de-
bris, and the extracts were adjusted to equivalent
protein concentrations (22). The assay for photoreac-
tivating enzyme was that described by Cook and
Worthy (11).

Isolation of DNA. Cells were harvested by cen-
trifugation and resuspended in a lysing solution con-
taining 0.1% duponol, 1.0 M NaClO4, and sodium
phosphate (0.02 M, pH 6.8). An equal volume of
isoamyl alcohol-chloroform (1:24; Sevag solution)
was added, and the solution was shaken overnight.
The solutions were centrifuged, and the aqueous
upper layer was saved. Ribonuclease (2 mg/ml) was
added to the aqueous layer to a final concentration
of 100 Ag/ml, and the samples were incubated at 36
C for 60 min. After ribonuclease treatment, the
samples were loaded onto individual 1-ml hydroxy-
apatite columns that had been prewashed with 2 ml
of sodium chloride (0.5 M)-sodium phosphate (0.02
M, pH 6.8), followed by 20 ml of sodium phosphate
(0.02 M, pH 6.8). The loaded columns were washed
with 5 ml of the latter buffer, and the residual RNA
was removed by elution with 60 ml (60 column vol-
umes) of sodium perchlorate (1.0 M)-sodium phos-
phate (0.16 M, pH 6.8). The DNA was eluted with 6
ml of sodium phosphate (0.40 M, pH 6.8). The DNA
solutions were heated to 100 C in a water bath for 10
min at neutral pH to deaminate the cytosine-con-
taining dimers and then dialyzed against distilled
water for 60 min at room temperature. Although the
cytosine is converted to uracil, for clarity the dimers
will be referred to as cytosine-containing. The DNA
species were then precipitated with 10% trichloroa-
cetic acid, with calf thymus DNA (1 mg/ml) as a
carrier. The acid-precipitable material was hydro-
lyzed in 95 to 98% formic acid at 175 C (5) for 60
min, and the formic acid was evaporated at 65 C in
an air stream. The hydrolysates were resuspended in
50 to 100 1liters of water, applied to individual
strips of Amberlite IRC-50 H+ paper (1 by 22 inches),
and chromatographed for 2 hr in acetic acid (0.1 M,
pH 4.8) (4). The chromatograms were removed, and
the solvent fronts were marked and allowed to dry at
room temperature. In this chromatographic system,
cytosine has an RF of 0.13; uracil, 0.60; and photo-
products have an RF of 0.75.
Preparation of hydroxyapatite. Hydroxyapatite

was prepared by the method of Miyazawa and
Thomas (23).
Analysis of the chromatograms. The paper

strips were marked and cut out from an RF of 0.10 to
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0.25 to include all of the cytosine region, cut into
two equivalent pieces, and placed in scintillation
vials. Similar cuts were made to include the uracil
region (RF 0.50 to 0.65) and the cytosine-dimer re-
gion (RF 0.65 to 0.80). The samples were placed in
scintillation vials; 1 ml of water and 10 ml of
dioxane-BBOT (2,5-bis- [2-(5-tert-butylbenzoxazoyl) ]-
thiophene) were added; and the radioactivity was
counted in a liquid scintillation counter. The total
radioactivity in cytosine was determined by adding
the radioactivity in the uracil region to that in the
cytosine region.

RESULTS
Labeling of N. crassa DNA: (i) rationale

of the labeling procedure. The procedure
used for labeling N. crassa DNA was based on
the observation of Grivell and Jackson (15)
that the radioactive label 2-14C on a pyrimi-
dine ring is incorporated into all of the pyrimi-
dines, and that the incorporation occurs via a
uracil ribonucleotide intermediate. We hypoth-
esized that, if Neurospora is grown in the pres-
ence of [5-3H]uridine, upon conversion of the
ribonucleotide intermediate to cytosine, the
radioactive label should remain intact; only
conversion to thymidine should result in the
removal of the 5-3H label. Conversely, radioac-
tive label 3H in any other position should be
incorporated generally into all of the pyrimi-
dine bases. Our labeling procedure should
therefore be highly specific for the incorpora-
tion of [5-3H]uridine into cytosine.

(ii) Distribution of radioactivity in the
nucleic acids of N. crassa. Table 1 shows the
results of an experiment designed to test our
hypothesis. N. crassa was grown in the pres-
ence of either [5-3H]uridine or [6-3H]uridine.
The labeled nucleic acids were isolated, and
the amounts of radioactivity in the RNA and
DNA and the fraction of radioactivity in each
pyrimidine base of RNA and DNA were deter-
mined. The relative amount of radioactivity
incorporated into DNA was the same regard-
less of the position of the radioactive label and
comprised approximately 12% of the total
acid-precipitable radioactivity. The distribu-
tion of radioactivity in the pyrimidine bases of
RNA was the same for both labels: 50% for

TABLE 1. Distribution of radioactivity in an acid
hydrolysate of N. crassa DNA labeled with [5- 3H]

uridine or with [6- 3H]uridine

Fraction of radioactivity in DNA
Label

Cytosine Uracil Thymine

[5- 3H]Uridine 0.973 0.006 0.008
[6- 3H]Uridine 0.435 0.013 0.544

cytosine and 50% for uracil. These values agree
well with those reported by Henney and
Storck (16) and Storck (32) for RNA. The dis-
tribution of radioactivity between RNA and
DNA is in agreement with the values given by
Grivell and Jackson (15). When the cells were
labeled with [5-3H]uridine, more than 97% of
the radioactivity was associated with cytosine,
and only trace amounts were found to be asso-
ciated with uracil and thymine. On the other
hand, labeling with [6-3H]uridine resulted in a
general incorporation of radioactivity into all
of the pyrimidines of DNA. The small amount
of uracil found in the DNA labeled with either
riboside is ascribed to the deamination of cyto-
sine by the formic acid hydrolysis and may
vary from 0.5 to 5% (24). The label associated
with thymine in DNA labeled with [5-3H]uri-
dine was probably due to contamination of the
isotope by trace amounts of [6-3H]uridine dur-
ing synthesis. It is evident from the data in
Table 1 that the labeling procedure utilizing
[5-3H]uridine is very specific for the cytosine
in DNA. The specific activity of the labeled
DNA was approximately 3 x 103 counts per
min per ,g, based on the absorbance of DNA
at 260 nm.

Figure 1 shows a typical radiochromatogram
of hydrolyzed DNA labeled with [5-3H]uridine.
Cytosine migrates to an RF of 0.13, in a
sharply defined zone that is well separated
from those of uracil and the cytosine-con-
taining dimers. This chromatographic system
utilizing ion-exchange paper is superior to sys-
tems more routinely used for measurement of
cytosine-containing dimers, since the latter

80

0
0r

0.2 0.4 0.6 0.8 1.0
Rf

FIG. 1. Radiochromatogram of Neurospora DNA
isolated from cells labeled with [5-3H]uridine. The
DNA was hydrolyzed in formic acid and chromato-
graphed on ion-exchange paper. Relevant RF values:
cytosine, 0.13; uracil, 0.60; cytosine-containing di-
mers, 0.75.
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migrate to a position in front of cytosine. This
allows for improved quantitation of the ob-
served photoproducts, since there is no inter-
ference from trailing counts from the cytosine
zone, as there is in the butanol-acetic acid-
water system (29). In addition, this system al-
lows better separation of cytosine and cyto-
sine-containing dimers than is possible with
other chromatographic systems.

Separation of RNA and DNA. Because of
the large amount of label incorporated into
RNA, it was necessary to remove the RNA
prior to the analysis of the DNA. Separation of
RNA and DNA was based on the behavior of
nucleic acids on hydroxyapatite columns, as
described by Bernardi (1). We found that the
resolution could be increased when the RNA
was eluted with sodium phosphate (0.16 M, pH
6.8)-sodium perchlorate (1.0 M) (D. E. Graham,
personal communication). Figure 2 shows a
typical elution profile from a 1-ml hydroxyapa-
tite column and indicates that elution with
approximately 60 column volumes of buffer
removes all the RNA from the column. To
check the purity of the eluted DNA, a sample
of the material eluted with sodium phosphate
buffer (0.4 M) was precipitated with acid, hy-
drolyzed, and chromatographed. Analysis of
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FIG. 2. Histogram of the elution profile of separa-

tion of RNA and DNA with hydroxyapatite columns.
Samples of known volumes were collected and
counted, and the total counts per minute per frac-
tion were calculated. Elution buffers (pH 6.8): (A)
loading eluate; (B) 0.02 M sodium phosphate, 5 ml;
(C) 0.16 sodium phosphate-1.0 M sodium perchlor-
ate, 60 ml; (D) 0.40 M sodium phosphate, 6 ml.

such a chromatogram indicated that the DNA
was free from contaminating RNA (Fig. 1).
The absence of any appreciable radioactivity
in the uracil region (RF = 0.60) attests to the
complete removal of the RNA. In addition,
control experiments were performed that indi-
cated the source of the uracil found in the
chromatograms to be resistant to both ribonu-
clease and alkali; and the amount of label in
the uracil region was about constant when cy-
tosine was eluted, rehydrolyzed, and rechro-
matographed. These experiments all point to
the deamination of cytosine as the source of
the observed uracil, and not contamination
with residual RNA.
In vivo dose-response curve. Figure 3

shows the production of cytosine-containing
dimers as a function of dose. The rate of for-
mation of dimers is linear with increasing dose
of 254-nm radiation. Setlow and Carrier (29)
have shown that, in Escherichia coli DNA [(A
+ T)/(G + C) = 50%] irradiated at 280 nm,
the rate of formation of cytosine-containing
dimers is linear to 10 4 ergs/mm2, beyond
which the curve becomes nonlinear. The non-
linearity above 104 ergs/mm2 is due to the sat-
uration of the overall reaction as a result of the
relatively high absorption coefficient of cyto-
sine dimers (28).

Photoreactivation. Terry and Setlow (36)
have demonstrated the presence of photoreac-
tivating enzyme in conidial extracts of N.
crassa, but the presence of the enzyme has not
been reported in vegetative cells. Two separate
criteria have been used to measure photoreac-
tivating enzyme in Neurospora. Extracts have
been assayed for enzyme activity, as measured
by the ability of the extracts to monomerize
acetophenone-photosensitized E. coli DNA;
and the monomerization of cytosine-con-
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FIG. 3. Production of cytosine-containing dimers
in vivo as a function of irradiation at 254 nm.
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taining dimers by intact cells has also been
monitored.
In vivo photoreactivation. Figure 4 shows

the monomerization of cytosine-containing
dimers as a function of time of exposure to vis-
ible light of effective photoreactivating wave-
lengths. Such exposure results in an approxi-
mately first-order decrease for the first 20 min,
after which the number of dimers monomer-
ized by the enzyme does not increase appreci-
ably.
In vitro photoreactivation. Extracts of

vegetative cells from Neurospora were assayed
for their ability to photoreactivate thymine-
containing dimers in acetophenone-photosen-
sitized E. coli DNA under appropriate condi-
tions. Figure 5A shows the kinetics of photo-
reactivating enzyme from Neurospora in this
assay. The reaction is characterized initially by
a steep slope, which breaks at about 20%
(based on extrapolation to the ordinate); the
rate subsequently slows by at least a factor of
two. This curve is characteristic of the assay
system and appears to be due to the inaccessi-
bility of some of the dimers (11).

Boling and Setlow (2) observed that in Sac-
charomyces cerevisiae, a unicellular ascomy-
cete, the activity of photoreactivating enzyme
varied with the phase of growth. No activity
could be demonstrated in log-phase cells; en-

zyme activity was not observed until the end
of the log phase and reached a maximum in
stationary phase. To see whether this observa-
tion was true for another ascomycete, N.
crassa cultures were prepared in log and sta-
tionary phases, and extracts were made, ad-
justed to equivalent protein concentrations
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FIG. 4. In vivo photoreactivation of vegetative
cells of Neurospora. Cells were grown and labeled as

usual, and irradiated as a thin suspension with 103
ergs/mm2 at 254 nm. The irradiated cells were ex-

posed to blacklights at an intensity of 3.2 x 103 ergs
per mm2 per min at room temperature for various
periods of time.

and assayed (Fig. 5B). There was no demon-
strable difference in activity between log-phase
and stationary-phase cells. It appears that the
enzyme is active throughout the cell growth
cycle of N. crassa, and that the observation in
yeast (2) may be a unique function of its uni-
cellular life cycle.

Excision. The disappearance of cytosine-
containing dimers in acid-precipitable DNA
from cells incubated in the dark in growth
medium is shown in Fig. 6. There is a rapid
decrease for the first 60 min, after which the
excision process slows down. After 240 min,
almost 96% of the cytosine-containing dimers
have been excised.
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FIG. 5. Assay for photoreactivating enzyme ac-

tivity in extracts of Neurospora. Vegetative cells
were grown for either 18 to 20 or 72 hr, and extracts
were prepared and adjusted to equivalent protein
concentrations. Samples of the extracts were assayed
for their ability to monomerize thymine dimers in E.
coli DNA that had been photosensitized with aceto-
phenone. Samples were removed at various times,
and the DNA was hydrolyzed, chromatographed, and
analyzed for the fraction of thymine dimers re-
maining. Symbols: 18- to 20-hr culture, 0; 72-hr cul-
ture, A.
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Preliminary experiments indicated that the
irradiated cells must be incubated in growth
medium in order for maximum excision to
take place. Incubation in 0.55 M sucrose-0.02 M
sodium phosphate after UV irradiation re-
sulted in a decreased amount of excision. Exci-
sion was characterized by a lag of 30 min prior
to any observable decrease in dimers, and after
120 min only 33% of the dimers had been re-
moved. The decreased excision in sucrose
buffer is unexplained at this stage.

Neither the fate of the excised dimers nor
the size of the excised region has been investi-
gated. Experiments designed to follow the
appearance of the dimers in either the acid-
soluble material or the medium were not at-
tempted at this time because of the large back-
ground of cytosine from cellular RNA. How-
ever, experiments investigating the size of the
excised region are in progress.

DISCUSSION
The excision repair system first described by

Setlow and Carrier (27) and Boyce and
Howard-Flanders (3) in bacteria has been im-
plicated previously in the repair of chemically
induced damage to DNA (18, 19). Evidence is
available indicating that xeroderma pigmento-
sum, a human genetic disease characterized by
extreme sensitivity to UV light and a resultant
high incidence of skin cancer, may have its
etiology in a nonfunctional UV-specific endo-
nuclease (10, 30) that normally carries out the
putative initial step in the excision repair
system.

Thus, because of the apparent general ability
of the excision repair system to recognize
damage to DNA and its central role in the
maintenance of cellular integrity, it is of in-
terest to characterize the system as fully as
possible in eukaryotes. Any characterization
must of necessity include a study of the ge-
netics of the repair system. Unfortunately, no
suitable eukaryotic system has been available
for such a study. Eukaryotic systems in which
studies of repair phenomena are possible lack
the required genetic facilities. Conversely,
studies of systems with the prerequisite ge-
netic facilities, such as fungi, have been re-
stricted to indirect measurement of repair be-
cause of the inability to measure repair di-
rectly and to assign relative importance to the
various repair systems.
The finding that the DNA of organisms defi-

cient in thymidine kinase can be labeled by
growth on [5-3H]uridine now makes N. crassa
a system of choice for studies of the genetics of

a~0.2-6
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FIG. 6. In vivo excision of cytosine-containing
dimers by vegetative cells of Neurospora. Vegetative
cells were grown and labeled as usual and irradiated
with 650 ergs/mm2 at 254 nm. The irradiated cells
were suspended in fresh growth medium and incu-
bated at 30 C in the dark, with shaking, and samples
were removed at various times.

repair in eukaryotes. More generally, this
system may be useful in other studies con-
cerned with various aspects of DNA function
and metabolism in fungi.
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