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SUMMARY: DNA topoisomerase type I and II activities were determined by serial dilution in
nuclear extracts from control and ataxia-telangiectasia lymphoblastoid cells. Topoisomerase I
activity, assayed by relaxation of supercoiled plasmid DNA, was found to be approximately the
same in both cell types. In order to remove interference from topoisomerase I, the activity of
topoisomerase 11 was measured by the unknotting of knotted P4 phage DNA in the presence of
ATP. The activity of topoisomerase II was markedly reduced in two ataxia-telangiectasia cell
lines, AT2ABR and AT8ABR, compared to controls. This reduction in activity was detected
with increasing concentration of protein and in time course experiments at a single protein
concentration. A third cell line, AT3ABR, did not have a detectably lower activity of
topoisomerase II when assayed under these conditions. The difference in topoisomerase II
activity in the ataxia-telangiectasia cell lines examined may reflect to some extent the
heterogeneity observed in this syndrome. o 1987 scademic Press, Inc.

DNA topoisomerases are enzymes that introduce transient single and double strand breaks
into DNA and thus are capable of interconverting various DNA conformations (1-3). Eukaryotic
topoisomerases catalyze a number of different reactions that include relaxation of both negatively
and positively supercoiled DNA; intertwining of complementary single-stranded DNA circles;
catenation and interstrand transfer (4, 5). The isolation of mutants in topoisomerase 1 (top I) and
11 (top 2) in yeast provides evidence for a role for these enzymes in chromosome segregation and
maintenance of chromatin organization (6, 7). Top I mutants, with as low as 1% activity, are
viable and exhibit no obvious growth defects since they are complemented by topoisomerase II
(6). Top Il mutants replicate DNA normally but are defective in the termination of DNA
replication and the segregation of daughter chromosomes (7, 8). Increased levels of DNA
topoisomerase 11 in regenerating liver (9), and in concanavalin-A-stimulated lymphocytes (10),
paralleling a wave of DNA synthesis, provide further evidence for a role for this enzyme in DNA

replication,
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Exposure of mammalian cells to ionizing radiation causes inhibition of initiation of DNA
replication at lower radiation doses and in addition inhibition of the elongation step at higher
doses(11-13). The extent of inhibition of DNA replication is considerably less in cells from
patients with the human genetic disorder ataxia-telangiectasia (A-T) than that observed in normal
human cells after exposure to ionizing radiation and several radiomimetic chemicals (14-18). It
has been suggested that A-T cells are deficient in DNA processing which could account for the
range of abnormalities described in these cells (19). In view of the likely role of topoisomerases
in DNA replication, and their possible involvement in DNA repair and recombination, it was
conceivable that a defect in one of these enzymes might explain the chromosomal and other
anomalies observed in A-T cells. We report here that topoisomerase I activity is reduced in
some A-T cell lines compared to controls.

MATERIALS AND METHODS

Cell Culture: EBV-transformed lymphoblastoid cells, derived from control and A-T
homozygotes were used in this investigation. Cells were grown in suspension culture as
described previously (14).

Preparation of cell extracts: A modification of the method described by Duguet et al. (9) was
employed to prepare nuclear extracts from A-T and control cells. Cultures (4 x 107 cells) were
centrifuged for 10 min, washed in 5 ml of extraction buffer containing S0 mM Tris-Cl pH 7.5, 25
mM KCl, 3 mM MgCly, 0.25 M sucrose, 1 mM PMSF, 2 mM DTT, | mM EDTA, and
resuspended in 2 ml of the same buffer. The cells were homogenized in a Dounce homogenizer
at 0°C until 98% of the cells were disrupted. The homogenate was adjusted to 400 mM KCl and
centrifuged for 60 min. in a 50 Ti Beckman rotor. The supernatants were collected and adjusted
to 70% saturation with (NH4)2S04 for 30 min. at 4°C. The precipitated proteins were collected
by centrifugation in a Sorvall centrifuge for 15 min., redissolved in buffer (40 mM Tris-Cl pH
7.5,2mM DTT, 1 mM EDTA, 0.25 M sucrose) and dialyzed against the same buffer. Protein
estimations were performed according to the method of Bradford (20).

DNA topoisomerase I assay: Enzyme activity was measured by relaxation of supercoiled
plasmid, pR1-2 (kindly provided by U.Novak School of Veterinary Science, University of
Melbourne). Activity was determined on serial dilutions of extracts as described previously (9).
Analysis of the products of the reaction was achieved by electrophoresis on 0.75% agarose gels
followed by staining with ethidium bromide.

DNA topoisamerase Il assay: Strand-passing activity of DNA topoisomerase II was assayed by
the P4 phage unknotting assay as described by Liu et al (21). P4 phage and the bacterial strains
required for growth and titering were kindly provided by Leroy Liu, John Hopkins Medical
School, Baltimore, U.S.A.

RESULTS

DNA topoisomerase I activity was measured in nuclear extracts, prepared from A-T and
control lymphoblastoid cells, by relaxation of supercoiled plasmid in the absence of ATP. Fig.1
a,b compares activity in two sets of A-T and control cell lines. It is evident that the extent of
relaxation of supercoiled DNA with increasing protein concentration, is approximately the same
in all four extracts. Topoisomerase I levels were also comparable in other A-T and control cell

lines (data not shown).

On the other hand determination of topoisomerase II activity revealed a significant
difference between control and A-T extracts. Fig. 2a demonstrates that unknotting of P4 phage
DNA, to produce circular DNA, is very much reduced in ATSABR extracts compared to control
(C12ABR) extracts. The production of circular DNA is greater than 10 fold higher with control
than with A-T extracts over the protein concentration range 0.5-3 pg/incubation. This difference
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Figure 1. DNA topoisomerase I activity in (a) control (Ci2ABR) and A-T
(AT8ABR) and (b) control (C17ABR) and A-T (AT2ABR) nuclear
extracts. Lane 1, no protein; lane 2, 0.01 pg; lane 3, 0.025 ug; lane 4;
0.05 pg; lane 5, 0.1 ug; lane 6; 0.25 pg and lane 7, 0.5 pg.
Topoisomerase I activity was determined by relaxation of supercoiled
plasmid DNA. Form 1, supercoiled; Form 1r, relaxed.

in activity can also be visualized by decrease in knotted DNA (Fig. 2 a), and by appearance of
catenated DNA in the wells (Fig. 2 b). It is also clear that the ratio of linear to circular DNA is
considerably greater with increasing protein concentration in the case of ATSABR. This
observation is compatible with the accumulation of an intermediate in the reaction. A time
course experiment at 2|1g protein/incubation showed an increased amount of activity with time
for control extracts and little or none for A-T (Fig. 2b). Comparison of a second set of control
and A-T extracts also demonstrated considerably reduced activity of topoisomerase I in the A-T
(AT2ABR) cells.. This was evident with both increasing protein concentration (Fig. 3a), and
with increasing time at a single concentration of 2pug of protein/incubation (Fig. 3b). A third A-T
cell line (AT3ABR) had similar levels of topoisomerase II activity to those in a control, CI7ABR
(Fig. 4a, b). Overall there was some variation in control activity but it is clear that 2 of the 3 A-T
cell extracts showed very low topoisomerase I activity. This activity was found to be dependent
on the presence of ATP.
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Figure 2. DNA topoisomerase II activity in control (C12ABR) and A-T
(AT8ABR) nuclear extracts. (a) Increasing concentration of protein;
lane 1, no protein; lane 2, 0.5 pg; lane 3, 1.0 pg; lane 4, 1.5 ug, lane 5,
2.0 pg and lane 6, 3.0 pg. (b) Time course of reaction using 2.0 pg of
protein; lane 1, 0 time; lane 2, 10 min, lane 3, 20 min; lane 4, 30 min;
lane 5, 40 min and lane 6, 60 min. Enzyme actvity was determined by
unknotting of P4 phage DNA.
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Figure 3. DNA topoisomerase Il activity in control (C5ABR) and A-T
(AT2ABR) nuclear extracts. (a) Increasing protein concentration; (b)
Time course (2.0 jig protein). Order is the same as in legend to Figure
2 for protein concentration and time course experiments.

Since the extracts employed here were relatively crude it was important to rule out a
significant contribution from endonuclease activity, although this would be minimized by the
dilutions used in our assays (9). Nuclease activity was determined by production of nicked
circular DNA using the pR1-2 plasmid. Relaxed circular DNA and the nicked circular form,
which might arise from endonuclease activity, can be resolved in the presence of ethidium
bromide (22). A small amount of nicked circular DNA was present in the absence of extract and
this did not increase at protein concentrations up to 3ug of extract/incubation (date not shown).
Furthermore no linear DNA was observed under conditions for topoisomerase I activity (Fig. 1).
It is unlikely that some other activity is interfering with topoisomerase II in A-T extracts since
mixing experiments between A-T and control extracts did not dramatically reduce topoisomerase
I activity (results not shown). Finally, there was no evidence of loss of topoisomerase 1I activity
into the cytoplasm in A-T cells. In both cell types activity was negligible in cytoplasmic extract

compared to nuclear extract.
DISCUSSION

Ataxia-telangiectasia is a heterogeneous genetic disorder characterized by a variety of
clinical, cellular and molecular abnormalities (23). A number of features that include
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Figure 4. DNA topoisomerase Il activity in control (C17ABR) and A-T
(AT3ABR) nuclear extracts (a) Increasing protein concentration. (b)
Time course (2.0 pg protein). Order is same as in legend to Figure 2.
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chromosome instability, abnormal DNA rearrangements, defective DINA repair, radioresistant
DNA synthesis and cell cycle anomalies can be explained by what has been termed a defect in
DNA processing (24). To date it has not been possible to identify a common biochemical defect
in A-T or indeed to understand how a defect in a single gene could explain the "DNA
abnormalities" and the other characteristics of this syndrome. We have provided evidence in this
report for reduced topoisomerase II activity in nuclear extracts from 2 out of 3 A-T cell lines.
The change is very significant and represents a greater than 10-fold reduction in activity in both
cases. Failure to observe a decrease in the other A-T cell line (AT3ABR), which is incidentally
in a different complementation group to AT2ABR, could be due to a different site of mutation
which might alter the enzyme in a different way. It should be pointed out that the three A-T
lymphoblastoid cells used in this study have approximately the same doubling times as the
controls and there is no evidence for a prolonged S phase (25). Consequently, if topoisomerase
II plays an important role in DNA replication, it is unlikely that the defect in the enzyme is a
drastic one in situ. It is more likely that mutations lead to different structural changes in the
enzyme, and when it is released from the nuclear matrix different degrees of reduction in
enzyme activity result,dependent upon the actual structural change. In its natural environment in
the nuclear scaffold the protein would function almost the same as a normal control protein.
However, when the cell is exposed to damaging agents such as ionizing radiation, that interfere
with the supercoiled structure of chromatin, this may be sufficient to expose the defect in
topoisomerase II leading to the abnormalities in DNA processing described in A-T.

Evidence in support of a defect in topoisomerase II in A-T cells has been reported
previously. Henner and Blazka (26) have shown that 3 A-T fibroblast lines were 2-3 fold more
sensitive to etoposide (VP-16-213) than control fibroblasts. Increased cell killing and elevated
retention in G2 phase, after exposure to etoposide, have also been described in A-T fibroblasts,
SV-40 transformed A-T cells, and in A-T lymphoblastoid cell lines (27). After exposure of A-T
cells to ionizing radiation in G1 phase, a large fraction of the resulting double strand breaks in
DNA (determined as prematurely condensed chromosome fragments) remained unrepaired (28).
In addition increased cell killing by novobiocin (29), and misrepair of double strand DNA breaks
in restriction enzyme cleaved recombinant plasmids, transfected into A-T cells (30), are also in
keeping with a defect in topoisomerase II. The report of a defect in topoisomerase II described
here for A-T cells, together with evidence of increased numbers of unrepaired double strand
breaks, suggest that this enzyme may play an important role in the repair of double strand breaks
induced in DNA by ionizing radiation and other radiomimetic chemicals.

The description of a defect in topoisomerase II provides a means of understanding the
occurence of a variety of characteristics associated with A-T. A deficiency in this enzyme could
clearly lead to anomalies in DNA replication, repair and recombination, all of which are
observed to some extent in A-T cells. A-T thus is a useful model system linking a defectin a
specific enzyme and predisposition to cancer.
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