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1. Introduction

Animal celis contain 3 distinct DNA polymerases,
which, on the basis of studies with isolated crganelles
and with specific inhibitors [1-9] have been assigned
the following main, but possibly not exclusive, func-
tions: a-polymerase is involved in nuclear DNA repli-
cation; 8-polymerase is involved in nuclear DNA
repair synthesis; and y-polymerase is involved in mito-
chondrial DNA replication.

In plant cells the presence of an a-like DNA poly-
merase [10,11], responsible for nuclear DNA replica-
tion [12],a chloroplast y-like [13] and a mitochondrial
DNA polymerase [14], possibly invoived in organellar
DNA replication [12], have been reported. However,
there is no clear evidence as to the existence of a
f-like DNA polymerase in plants [11].

Since the repair of radiation-induced DNA lesions
also occurs in the cells of higher plants {15], we have
decided to investigate whether, at variance with animal
cells, this DNA repair synthesis is due to the activity
of the nuclear a-like DNA polymerase. To this end,
we have used aphidicolin [16], a specific inhibitor of
the a-like DNA polymerase of higher plant cefls [17],
as well as that of the DNA polymerase o of animal
cells [4,6.9,18].

The results show that the UV light-induced DNA
repair synthesis in protoplasts of Nicotiana sylvestris
is resistant to this drug and thus is not performed by
the a-like DNA polymerase.
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2. Materials and methods

2.1. Chemicals

[methyl1' 2'-*H] Thymidine (74 Ci/mmol) was
obtained from the Radiochemical Centre, Amersham.
Aphidicolin was kindly supplied by Imperial Chemical
Industries, England. Pancreatic DNase was from Sigma.

2.2, Plantlet culture and protoplast isolation

Plantlets of Nicotiana sylvestris Spegazzini et Cones
were aseptically cultured in vitro by micro-cuttings of
nodes with axillary buds, The synthetic substrate was
an agar medium [19] supplemented with the vitamins
recommended in [20], 200 mg glutamine/l, 5 g
sucrose/l and 6 g activated charcoal/l. Controlled
growth conditions were 16 h photo-periods at 3000
lux at 24-28°C.

Protoplasts were isolated from 2—3 cm long leaves.
This stage of development corresponds in this partic-
ular species to a good cytological homogeneity, with
>90% of G,-phase diploid nuclei [21}. The isolation
procedure implied carborundum brushing, enzymatic
digestion and stationary density gradient purification,
asin [19}.

2.3. UV light-induced [*H] thymidine incorporation
Freshly isolated protoplasts were suspended at
5 X 10*/ml culture medium [19] and plated as a
thinlayer in Petri dishes. After addition of aphidicolin
(10 ug/ml)and [*Hjthymidine (30 uCi/ml) the pro-
toplast suspension was exposed for 6 min and 40 s to
an irradiation of 10* ergs . mm ™ from a germicide
lamp at 25 ergs . s~} . mm™2. This dose induced total
mitotic inactivation and produced an appreciable
radiation-induced thymidine incorporation. Lower
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UV-light doses were less effective, A supplement of
aphidicolin (10 ug/ml) was then added, the protoplasts
incubated for 3 h in the dark at 25°C and washed
twice in a cold isotonic mineral solution (600 mQOsm).
After counting the protoplast number with a hemo-
cytometer, each pellet was mixed with an equal vol-
ume of 0.2 M NaOH and the resulting lysate precipi-
tated on a fiber glass filter pre-treated with 2% SDS.
The filters were repeatedly washed with 5% Na-pyro-
phosphate, with 5% trichloroacetic acid and ultimately
with absolute ethanol, After drying under an infra-red
lamp, radioactivity on the filters was counted by
scintillation spectrometry {efficiency, 34%).

2 4. Autoradiographic analysis of the protoplasts
after the incorporation of [ *Hjthymidine

After incubation with [*H}thymidine and 2 washes
with the isotonic mineral solution (section 2.3) the
protoplasts were resuspended for 1 hat 4°C in 5%
glutaraldehyde in 100 mM phosphate buffer. The
protoplasts were then collected by centrifugation,
washed 3 times with phosphate buffer and resuspended
for 1 h in 2% osmium tetroxide. After washing in
water, an aliquot of protoplasts was dried on a slide,
stained by the standard Feulgen procedure, autora-
diographed as described below and exposed for 13
days for the determination of % of labelled nuclei.
Two stained slides were treated with 0.5 mg DNase/ml
in 3 mM MgSQ, at pH 6.5 for 4 h at 37°C.

The remaining protoplasts were embedded in 3%
agar. Solidified agar was sliced into small blocks which
were dehydrated and embedded in epon—araldite [22].

Sections were obtained with an LKB 8802 A ultra-
microtome, collected on slides and coated with auto-
radiographic emulsion (NTB2). After exposure
(2 months) the specimens were processed in Kodak
D19 solution for 4 min at 20°C and stained with 2%
Azur B at pH 9.

3, Results

We have chosen protoplasts for this study on DNA
repair synthesis in plants since they offer many of the
cultural and experimental advantages of unicellular
organisms together with the absence of a cell wall
which may interfere with the UV treatment. However,
preliminary experiments showed that those protoplasts
which are considered optimal for cultural characteris-
tics, such as cell wall regeneration and resumption of
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mitotic activity, are not convenient for this study.

This was the case with protoplasts from leaves of
N. plumbaginifolia, where nuclear DNA synthesis
resumes within a short time after cell wall digestion
[23]. This synthesis is inhibited by aphidicolin, sim-
ilarly to that shown in cultured plant cells [17] and
may therefore be attributed to the activity of the
replicative a-like DNA polymerase. However,a 1-2%
residual incorporation of the radioactive DNA precur-
sor, observed even in the presence of saturating doses
of the drug, hinders the attempts to show a UV-induced
[3H] thymidine incorporation into nuclear DNA since
the rate of DNA repair synthesis in higher organisms
is expected to be 23 orders of magnitude lower than
that found in nuclear DNA replication [5].

A similar problem with animal cells was approached
by exploiting the unique property of brain neurons
which, in adult rats, do not carry out nuclear DNA
replication, thus allowing a study of the UV-induced
DNA repair synthesis [3,5].

Similarly, we have used plant protoplasts prepared
from leaves of &V, sylvestris which, under the experi-
mental conditions used, do not carry out replicative
DNA synthesis and do not enter cell division during
the first 3—5 days of culture.

As table 1 shows, with this experimental material,
a consistent stimulation of the incorporation of {*H]-
thymidine into trichloroacetic acid-insoluble material
was detectable following irradiation with UV-light,
Both the background and the UV-induced incorpora-
tions were resistant to aphidicolin and are thus in no
case attributable to nuclear replicative DNA synthesis.

To define the intracellular localization of the incor-
poration product, an autoradiographic analysis of
fixed cells was performed. Freshly prepared protoplasts
were irradiated with UV-light, incubated with or with-
out aphidicolin in the presence of [*H]thymidine and
subsequently fixed and analyzed by autoradiography
for the intracellular distribution of the incorporated
radioactivity.

The resuits show that:

(1) About 40% of the irradiated protoplasts (table 2,
fig.1 A,D) where preferentially labelled in the nuclear
region. The label was localized in the DNA molecules,
since treatment of the fixed slides with pancreatic
DNase resulted in disappearance of all nuclear grains,
At variance from the results obtained in similar
experiments with animal cells [7], the remaining frac-
tion of protoplasts did not show preferential nuclear
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Table 1
Enhancement of thymidine incorporation in protoplasts of Nicotiana sylvestris
by UV irradiation (emp/10° protoplasts)

Unirradiated {a) Lrradiated (b) Induced
incorp. {(b—a)
No aphidicelin 1651 2359 708
Aphidicolin
(20 pg/ml) 1622 2224 602

Samples of 3 X 10° protoplasts were prepased, expased to UV-light, and incubated
in the presence of [*H] thymidine for 3 h as in sections 2.2 and 2.3, The incorpora-
tion of radicactivity into the trichloroacetic acid-insoluble fraction was measured
as in section 2.3

Fig.1. Light micrescopic autoradiographs of whole or sectioned Nicotiana sylvestris protoplasts, after incubation for 3 h in the
dark in the presence of [ *H]thymidine (section 2): (A,D) UV-irradiated protoplasts; (B,E) protoplasts treated as in (A) but incu-
bated in the presence of 20 ug/ml aphidicolin; (C,F) unirradiated protoplasts. (c) chloroplast; (n) nucleus; (v) vacuole; bars, 10 um,
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Table 2
Labelling of nuclei in protoplasts of Nicotiana sylvestris
induced by UV irradiation

Unirradiated  TIrradiated

Labelled Labelled % of

nuclei nuclei total
No aphidicolin 0 202 40.4
Aphidicolin (20 pg/ml) 0 195 39.0

Protoplasts were treated as in table 1 and the autoradiographic
analysis was performed on whole protoplasts as in section 2.4,
Quantitative data were obtained by screening 500 protoplasts
for each experiment. Labelled nuclei were considered those
with >15 grains; this value is significantly higher than the
background in the cytoplasm

labelling. The reason for this behaviour is not known,
although a number of interpretations may be given,
amongwhich: partial loss of viability in the protoplast
population or shielding of the nuclear region from the
UV-light by the cytoplasmic organelles or by whole proto-
plasts may come into consideration, The UV treatment
was performed in an iso-osmotic suspension where

some protoplasts float and others sink.

(2) The addition of aphidicolin did not decrease
the percentage of UV-stimulated labelled nuclei and
the average number of grains per nucleus (fig.1B,E)
The inhibitory effect of aphidicolin on replicative
DNA synthesis has been shown in plant cells [13] and
in protoplasts of Daucus carota L. and of V. plumba-
ginifolia (unpublished).

(3) In control unirradiated protoplasts no labelled
nuclei were detected (table 2, fig.1C,F). The observed
silver grains were diffused all over the cytoplasm (fig.
1C). Part of the label (43% of total) could be removed
by pancreatic DNase treatment, Thus, it most probably
represents incorporation of [°H]thymidine into the
organellar DNA [12]. In fact, the leaf-derived proto-
plasts utilized in this study were particularly rich in
chloroplasts. The DNase-resistant incorporation was
most probably due te metabolization of the radioac-
tive precursor and to its utilization for different cel-
lular syntheses, as observed in cultured plant cells
[24--26]. We found that the addition of 5-fluorode-
oxyuridine during the pulse with [*H]thymidine did
not reduce this process, unlike [25].
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4. Discussion

DNA repair synthesis is conveniently shown in
protoplasts prepared from leaves of N. sylvesiris, where
replication of nuclear DNA does not occur at an
appreciable rate, This DNA repair synthesis is not
affected by the addition of aphidicolin, an inhibitor
of the a-like DNA polymerase.

These results agree with experiments which failed to
detect an effect of aphidicolin on DNA repair synthesis
in HeLa cells, as measured by autoradiography of UV-
irradiated cell [7] or chromosomes [8]. This synthesis
has thus been attributed to DNA polymerase 8 [7-9].
However, contrasting results, suggesting that aphidicolin
inhibits DNA repair, have also been reported [27—30].
This discrepancy might be due either to an effective
role of DNA polymerase « in DNA repair synthesis
under the physiological conditions tested or, possibly,
ta the use of isolated nuclei [27] or permeabilized cells
[28,29] in order to allow the uptake of exogenously
supplied labelled deoxyribonucleoside triphosphates.

Thus, although our results do not exclude a role
for the o-like DNA polymerase in DNA repair pro-
cesses in other physiological conditions, they establish
that in UV-light-treated plant protoplasts from V.
sydvestris the observed DNA repair synthesis is not
inhibited by aphidicolin and is therefore not attribut-
able to the activity of the a-like DNA polymerase.

A number of investigations have failed to detect a
B-ike polymerase in various plant cells [11]. However, a
minor DNA polymerase activity has been reported in
plants which shares some f-polymerase properties [11].

It is important to investigate further the charac-
teristic and function of this enzyme. We have observed
that crude extracts from leaves and protoplasts of
N. sybvestris and N, plumbaginifolia contain, in addi-
tion to a low amount of o-like DNA polymerase, a
consistent fraction of DNA polymerase activity which
is resistant to N-ethylmaleimide, an inhibitor of both
a- and y-like DNA polymerases, and to aphidicolin
(unpublished). We are presently attempting to purify
and characterize this enzyme.
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