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Fig. 2. Assays of lopoisomerase activity in I. coli extracts. Extracts made from
E, coli strains containing the indicated plasmids were incubated with SV40 DNA
under the topo I assay conditions described in "Materials and Methods." The

volumes of the extracts added to the relaxation reactions are indicated along the
top of the figure. The products were analyzed by electrophoresis in a I % agarose
gel under conditions that separate nicked form II DNA (//) from supercoiled (/)
and relaxed closed DNA circles (Ir). This particular SV40 DNA preparation
contained approximately 70% nicked circles (see Lane /), which did not interfere
with the assay for the relaxation of the supercoiled form I DNA. PKMI8R,
pKMIS with the 3' region of the topo I cDNA replaced with the same region of
the wild-type topo I cDNA from pKMIO (see text).

SDS-polyacrylamide gel electrophoresis and stained with
Coomassie blue to confirm that the protein concentrations were
approximately equal (data not shown).

In a similar analysis, extracts prepared from cells containing
the pKMIS plasmici that codes for a mutated topo I protein,
with the tyrosine at position 723 changed to phenylalanine
(723phemutant) (Fig. 1), failed to generate relaxed DNA (form

Ir) (Fig. 2, Lane 4). Immunoblot analysis of these E. coli
extracts indicated that expression of the mutated topo I cDNA
in the pKMIS plasmid was as efficient as the expression from
the wild-type constructs, and interestingly, bacteria expressing
the mutant form of the protein exhibited the same instability
as bacteria expresssing the wild-type enzyme (data not shown).
To be certain that the absence of activity in the pKM18-
containing strain resulted from the tyrosine-to-phenylalanine
codon change and not from some other mutation acquired
during growth of the bacterial cells, the following experiments
were performed, (a) The nucleotide sequence of the 3' region

of the topo I cDNA in pKM 18, from the Nhel restriction site
at nucleotide position 2182 to the end of the coding region, was
determined (data not shown). The only sequence differences
from the published human topo I cDNA in this region were the
two base changes introduced to convert the tyrosine 723 codon
to a phenylalanine codon. (6) To rule out the possibility that
an inactivating mutation had occurred upstream of the Nhel
site, the region of the cDNA from the Nhel site to a site 3' of

the termination codon (Bsml site at position 3311) was replaced
with the corresponding fragment from the wild-type construct

pKMIO. Extracts from E. coli cells containing the pKMIO
plasmid exhibited the expected topoisomerase activity when
assayed as described above (Fig. 2, Lanes 8-JO). Extracts con
taining the pKMIS plasmid in which the mutated 3' region had

been replaced with the corresponding region from the wild-type
cDNA (pKM18R) also relaxed supercoiled SV40 DNA (Fig. 2,
Lanes 5-7). Therefore, we conclude that the lack of relaxing
activity in extracts from cells containing the pKMIS plasmid
is due solely to the tyrosine-to-phenylalanine codon change at
position 723.

Overexpression of the Human Topo I cDNA in BHK Cells.
Stable cell lines were generated by transfecting the topo I
cDNA-containing plasmids, pKM16 (correct orientation),
pKM 17 (reverse orientation), and pKMIS (723ph<:mutant) (Fig.

1) into BHK cells. Cells which stably expressed the plasmid
DNA were selected by the addition of MTX to the medium 24
h after the transfection. Immunoblot analyses of extracts from
an uncloned population of MTX-resistant colonies after 2
weeks of selection indicated that expression of the human topo
I cDNA occurs in BHK cells when the gene is in the correct
orientation for transcription from the metallothionein promo-
tor (Fig. 3A, Lane 3). As expected, whole cell lysates of BHK
cells transfected with pKM17 expressed only the endogenous
BHK topo I which cross-reacts with the antibodies against the
human topo I (compare Lanes 2 and 4, Fig. 3/1). The BHK cell
extracts characteristically produced a doublet near the correct
molecular weight for topo I as well as an array of smaller
degradation products often seen in such extracts (52, 58). The
origin of the more slowly migrating species that react with the
antiserum is unknown. These results show that the human
cDNA clone contains suitable signals for translation initiation
when expressed from a heterologous promotor. The frequency
of obtaining MTX-resistant colonies was the same for all three
plasmids, suggesting that overproduction of the wild-type or
the mutant topo I has no obvious deleterious effects on the
cells.

Isolation and Characterization of Clones Overexpressing Topo
I. Fifteen colonies were isolated and maintained as clonal lines
from each of the BHK cell populations stably transfected with
pKM16 and pKMIS. Those cell lines producing the highest
levels of topo I as determined by immunoblot analysis were
chosen for further study. As controls, several clonal isolates
were also characterized from cells stably transfected with
pKM17. Immunoblot analysis of extracts from each of these
control lines showed no indication that the topo I cDNA was
being expressed, nor was there any obvious effect of the putative
antisense mRNA in the pKM17 lines on the expression of the
endogenous BHK topo I (Fig. 35, Lanes 1 and 5). Extracts
from representative clonal isolates that had been transfected
with pKM16 and pKMIS are also shown in Fig. 3B. These data
demonstrate that the BHK lines stably transfected with plas
mids pKM16 and pKMIS produce significantly more topo I
than the control strains (Fig. 3Ã„;compare Lanes 2 and 4 with
Lanes 1 and 5). Scanning laser densitometry indicated that the
signal in the immunoblot analysis was 2-5 times more intense
for the overexpressing lines as compared to the signal for the
control BHK cells. A lack of information regarding the ability
of the scleroderma serum to cross-react with the endogenous
BHK topo I precludes a more accurate determination of the
extent of overexpression.

Further analysis of these selected clones indicated that over-
expression of neither the wild-type nor the 723phcmutant topo

I protein affected the growth rate of the BHK cells as compared
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ent BHK cell lines as observed by phase-contrast microscopy
were also similar. These data indicate that the overexpression
of the wild-type or mutant human topo I cDNAs in BHK cells
is not cytotoxic. However, the validity of this conclusion re
quires establishing that the overexpressed wild-type protein is
active in the stably transfected cell lines.

Sensitivity of Topo I-overexpressing BHK Cells to Campto-
thecin. To assess whether the human topo I expressed in BHK
cells is active, the clonal cell line overexpressing the wild-type
form of the topo 1 protein (pKM 16) was grown in the presence
of either 1.0 or 0.1 JJM CTT. For comparison, the stable cell
lines that had been transfected by the 723phe mutant plasmid

(pKMIS) and the negative control plasmid (pKM17) were
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Fig. 3. Immunoblot analysis of transfected cell extracts. Whole cell lysates
were prepared from the different cell cultures for analysis by SDS-polyacrylamide
gel electrophoresis. Samples were transferred to nitrocellulose and reacted with
human anti-topo I antibodies followed by the secondary antibody-enzyme conju
gate and its substrate color reagent as described in "Materials and Methods." 1.
inimulinili, ii analysis of extracts from 3x10* stably transfected polyclonal BHK

cells. Lane I, Hela cells; Lane 2, untransfected BHK cells; Lane 3, BHK cells
transfected with pKM16; Lane 4, BHK cells transfected with pKM17. Ordinate,
molecular size (in kDa) and position of Gibco-BRL prestained molecular weight
standards. /(. immunoblot analysis of extracts from 1x10' clonal BHK cell lines.

Lane I, untransfected BHK cells; Lane 2, clone derived from transfection with
plasmid pKM 16: Lane 3, Hela cells; Lanes 4 and 5, clones derived from transla
tions with pKMIS and pKM17, respectively. Ordinate, molecular mass (in kilo-
daltons) and position of prestained standards from Diversified Biotech.

to the cells transfected with the control plasmid pKM17. All
three strains grew faster in the absence of MTX than in its
presence (120 MM), but the growth rates were comparable,
demonstrating that growth inhibition by MTX had not masked
a growth inhibition resulting from the overexpression of the
topo I protein (Fig. 4/Ã•).Growth rate analyses of other selected
clonal BHK lines in the absence of MTX yielded similar results
(data not shown). Fig. 4B demonstrates that the growth rates
of all three representative cell lines in medium without MTX
were similar when determined by the rate of [3H]thymidine
incorporation. The morphological characteristics of the differ-
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Fig. 4. Growth rate analysis of clonal BHK cell lines. Multiple plates were
seeded with 5 x 10*cells and incubated at 37'C. At the indicated times beginning

approximately 24 h after seeding, the number of cells per plate in the presence
(120pM) and absence of MTX (A) and the amount of [3H)thymidine incorporation
(/>') was determined as described in "Materials and Methods." D, BHK cells

transfected with pKM16; A, BHK cells transfected with pKM17; O, BHK cells
transfected with pKMIS.
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included in the analysis. Although addition of CTT to a final
concentration of 1 MMresulted in fewer viable cells per plate in
all three clonal HI IK strains, cell death was dramatically in
creased for the strain transfected by the wild-type pKM16
plasmid (Fig. 5A). In the presence of 0.1 pM CTT, the pKM16-
containing strain ceased to multiply, whereas the pKM17 and
pKMIS BHK strains proliferated at a rate only slightly slower
than that of the same strains in medium without CTT (Fig.
5B). Similar results were seen with three different clonal isolates
from each of the different plasmid transfections (data not
shown). From these results we conclude that BHK cells over-
expressing the wild-type human topo 1cDNA are hypersensitive
to CTT, whereas cells overexpressing the 723phemutant protein

are no more sensitive than the control cells. These data dem
onstrate that expression of the wild-type topo I cDNA produces
an active form of the human topo I in stably transfected BHK
cell lines.

cDNA Clone Expresses Complete Human Topo I Protein. As
described above, the open reading frame in the topo I cDNA
clone isolated by D'Arpa et al. (13) has 70 in-frame codons

upstream of the first ATG at nucleotide position 212, raising
the possibility that this particular cDNA clone is missing the
actual initiation codon for translation. If translation of the
cellular topo I mRNA begins at an ATG triplet 5' of the first

ATG contained in the cDNA, the predicted size of such a gene
product would be at least 8 kDa larger than that of the gene
product produced from the ATG at position 212. Based on the
mobility of standards with known molecular weights, we con
clude that such a difference would have been discernible in the
8% SDS-poIyacrylamide gel used to fractionate proteins for the
immunoblot analyses shown in Fig. 3. However, the results
show that the protein expressed from the human cDNA clone
has the same mobility, and therefore the same size, as the
authentic human topo I protein from Hela cells (compare Lanes
1 and 3, Fig. 3/1; Lanes 2 and 3, Fig. 3B). These results show
that the topo I cDNA clone characterized by D'Arpa et al. (13)

contains the initiator methionine codon present in the human
topo I gene and, as a result, contains all the sequences required
for the expression of the topo I protein.

DISCUSSION

We show here that the human topo I cDNA is deleterious to
bacterial cells even when cloned in vectors which are not de
signed to express the cloned inserts. Expression of the topo I
protein was detectable both by an immunoblot analysis and by
the presence of topo I relaxing activity in extracts of the
bacterial cells. Importantly, the ability to detect the activity in
bacterial extracts allowed us to determine that the tyrosine-to-
phenylalanine change was the only inactivating mutation in
plasmid pKMIS. Expression in E. coli apparently results from
fortuitous translational start sites that occur within the coding
sequences. The deleterious effects on bacterial growth and the
resultant genetic instability of the plasmids do not result from
the topo I activity, since cells expressing the 723phe mutant

protein yielded the same phenotype. These observations dictate
that caution must be exercised when propagating topo I cDNA-

containing plasmids in bacterial cells. Accordingly, only freshly
transformed cells shown to contain unrearranged plasmids were
used as a source of topo I cDNA.

The fact that the topo I protein expressed from the cDNA
clone is the same size as the authentic human topo I argues
strongly that the AUG start codon at position 212 is the true

A)

150

50 100 150
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Fig. S. Camptothecin sensitivity of clonal BHK cell lines. Multiple plates were
seeded and counted as described for Fig. 4. D, BHK cells transfected with pKM16;
A, BHK cells transfected with pKM17; O, BHK cells transfected with pKM18.
â€¢¿�,A, â€¢¿�cell counts for plates with CTT; A, O, D, cell counts for plates without
CTT. The clonal cell lines analyzed are the same cell lines that were used in Fig.
3B. At 50 h after seeding the cells, CTT was added to a final concentration of
either 1.0 UM(A) or 0.1 pM (B).

start codon for expressing the protein. This conclusion agrees
with the results obtained independently by Kunze et al. (32),
who analyzed the transcription start sites by SI mapping and
primer extension.

Based on homology comparisons with the yeast proteins, the
tyrosine residue present at position 723 in the human protein
has been tentatively designated as the active site tyrosine (8, 9).
Here we show by two criteria that replacement of this tyrosine
by a phenylalanine residue renders the topo I protein inactive.
First, bacterial extracts containing the mutant protein are un
able to relax supercoiled DNA under conditions where the wild-
type protein is enzymatically active. Second, while BHK cells
overexpressing the wild-type protein are hypersensitive to CTT,
cells overexpressing the mutant protein are no more sensitive
to CTT than the control cells expressing only the endogenous
BHK enzyme. These results demonstrate that tyrosine-723 is
essential for enzyme activity and support the hypothesis that
this is the active-site residue.

A 2- to 5-fold overexpression of the human topo I protein in
BHK cells had no obvious effects on the viability, morphology,
or growth characteristics of the cells in culture. Furthermore,
preliminary results indicate that the stably transfected cells do
not grow in agar.5 These observations suggest that the abnormal

growth of the colon cancer cells with elevated topo I levels (28)
is not a direct result of the increased topo I activity. However,
the possible involvement of topo I in nonhomologous or ille
gitimate recombination (59) suggests that genomic instability

5 L. Parker, A. Ching, and J. Champoux, unpublished observations.
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could result from the elevated intracellular topo I levels.
Whether excess topo I promotes genetic rearrangements which
lead to oncogenic transformation can now be tested with the
cell lines described here.

A 5-fold overexpression of the S. cerevisiae topo I had no
effect on the yeast cell (14), although overexpression of the
enzyme in the repair-deficient rad52 mutant was lethal. This
last result has been interpreted to mean that overexpression in
yeast leads to adducts that are repaired by normal cellular
processes. Any conclusions concerning whether such adducts
are formed in mammalian cells must await further analyses in
repair-deficient cells or research under conditions where the
level of overexpression is greater than that observed here.

If one or more domains of topo I are responsible for the
correct localization of the enzyme within the nucleus, then one
might expect that overexpression of the 723phcmutant form of

the protein would be deleterious to the cells due to competition
for nuclear targeting sites. The ease with which such overex-
pressing cell lines were obtained and the failure to observe any
obvious growth phenotype associated with the resultant lines
indicates that if this hypothesis is correct, then the level of
overproduction achieved here (2- to 5-fold) may not be sufficient
to observe an effect. Alternatively, the human enzyme may be
sufficiently different from the BHK enzyme such that no sig
nificant competition occurs. In either case, a more critical test
of the hypothesis clearly requires higher levels of overexpression
of the human enzyme in human cell lines.

We have demonstrated that BHK cell lines overexpressing
the human topo I are hypersensitive to CTT. This result con
firms that the overexpressed protein is indeed active in the cell
lines and that sensitivity to the drug is dependent on the
concentration of the enzyme in the cell. The increased sensitiv
ity of certain human colon adenocarcinomas to CTT analogues
appears to similarly correlate with increased intracellular levels
of topo I (28). The failure of the 723phc mutant form of the

protein to render the cells hypersensitive to the drug demon
strates that an active form of the enzyme is required for drug
sensitivity. This observation is consistent with reports from two
other laboratories demonstrating that the cytotoxic activity of
CTT is dependent upon the presence of topo I in the cells (14,
15). It is presumed that cell death results from the formation
of long-lived covalent adducts that interfere with normal cellu
lar processes such as DNA replication and transcription (22-
24). Given this unusual mode of action for the drug, one cannot
infer that topo I participates in a particular cellular process
simply by determining that CTT inhibits the process in vivo.
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