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Asstract. Excision repair has been shown to be the major pathway for repair of damage in DNA caused by
cis and trans-diamminedichloridoplatinum(Il) (DDP) in Escherichia coli. The effects of limiting excision
repair on resistance to DDP was determined using three uvrD mutants of E. coli having different defects in
the UvrD protein, DNA helicase II. Excision repair is limited because the UvrD protein function is necessary
for catalytic activity of the UvrABC nuclease. The compound cis-DDP was more toxic than trans-DDP in
decreasing survival of exposed bacteria and transforming ability of treated plasmid DNA. Repair of
chromosomal DNA damaged with DDP was dependent on«vrD function as both compounds were more toxic
to zvrD mutants than to isogenic wild-type bacteria. The transforming ability of plasmids treated withirans-
DDP was also decreased further when competent bacteria were deficient in the UvrD gene function, whereas,
plasmid DNA treated with cis-DDP had similar transforming ability in both zv»D mutant and wild-type cells.
Repair of cis-DDP modified plasmid DNA in competent bacteria was inefficient and therefore did not require

UvrD function.
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INTRODUCTION

The compound, cis-diamminedichloroplatinum(Il) or
cisplatin (¢issDDP), is a potent antitumor agent while the
trans-isomer is ineffective in the treatment of cancer
(Rosenberg et al. 1969, Roberts and Thompson 1979).
Both compounds bind to DNA to form a number of
adducts and adducts which are unique to c¢is-DDP are
thought to be responsible for its cytotoxic and antitumor
properties. The major adduct formed upon reaction of
cis-DDP with DNA is an intrastrand crosslink between
two adjacent guanines while the second most frequent
adduct is an intrastrand crosslink hbetween a 5' adenine
and an adjacent guanine (Eastman 1986, Fichtinger-
Schepman et al. 1985, Pinto and Lippard 1985). The
isomeric trans-DDP is stereochemically unable to bind
adjacent bases of the DNA and can not form such ad-
ducts (Stone et al. 1976, Eastman and Barry 1987). It is
likely then that intrastrand crosslinks between adjacent
bases in DNA are responsible for the effects of cis-DDP
in biological systems.

In addition to its antitumor effects, cis-DDP is highly
mutagenic in bacteria (Beck and Brubaker 1975, Beck and
Fisch 1980) and is toxic to E. cofi cells which are deficient
in various DNA repair processes (Alazard et al. 1982,
Beck and Brubaker 1973, Jarosik and Beck 1984, Popoff
et al. 1987). The trans-isomer is not as mutagenic as cis-
DDP (Beck and Brubaker 1975) and there is evidence
indicating that DNA damage caused by trans-DDP is re-
paired differently than that caused by ¢is-DDP (Ciccarelli
et al. 1985).

The major pathway for repair of cis-DDP damage in
DNA of E. coli is excision repair (Husain et al. 1985a,
Popoff et al. 1987). Excision repair is initiated by the in-
cision reaction of the UvrABC nuclease which cuts on
both the 3' and the 3' sides of damage in DNA (Sancar
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and Rupp 1983, Yeung et al. 1983, Van Houten 1990).
The UvrA protein facilitates the formation of a complex
between UvrB and damaged DNA while the UvrB and
UvrC proteins petform the actual incisions (Sancar and
Hearst 1993). After the incision reaction, the UvrD protein
(helicase 1) and DNA polymerase I catalyze excision of
the oligonucleotide with platinated bases and subsequent
release or turnover of the UviB and UvrC proteins from
damaged DNA (Husain et al. 1985b, Caron et al. 1985, Van
Houten 1990).

Studies performed in vitro have demonstrated the role
of excision repair in removal of intrastrand cis-DDP-
crosslinked adjacent guanines from DNA in addition to
a large number of other types of DNA damage (Husain et
al. 1985a, Beck et al. 1985). In E. cofi, the transforming
ability of plasmid DNA reacted with ¢is-DDP depends on
the competent bacteria having a functional UvrB (Popoff
et al. 1987) and UvrA gene product (Husain et al. 1985a).
This research is an extension of our previous research on
the process of excision repair in mediating resistance of
bacteria to DDP. The effects of mutant alleles of the uuD
gene on the ability of the mutant bacteria to repair dam-
age in DNA caused by DDP was characterized because
one uvD mutants which had been examined previously
was not appreciably sensitive to DDP. Three mutants at
the uerD locus were used which had different limitations
in their DNA excision repair capabilities. As expected,
viability of bacteria was dependent on UvrD function
after treatment of the cells with c¢is- or trans-DDP.
Transforming ability of trans-DDP modified plasmid DNA
in competent bacteria was also dependent on UvrD
function but that of ¢is-DDP modified plasmids was not.
This confirmed our previous results (Popoff et al. 1987)
that repair of cis-DDP modified plasmid DNA was dif-
ferent from that of trans-DDP modified plasmid DNA in
that it was inefficient and therefore did not require UvrD
function. Inefficient repair of ¢is-DDP adducts in DNA
may be one of the reasons that cis-DDP is effective as an
antitumor agent while frans-DDP is not.



100 RESISTANCE TO CISPLATIN

MATERIALS AND METHODS

Survival Assays

Bacteria of relevant genotypes were obtained from
colleagues at Yale University, University of Georgia, and
University of North Carolina at Chapel Hill (Table 1).
Methods for cultivation of bacteria and purification of
plasmid pBR322 DNA were as described previously by
Popoff et al. (1987). Stocks of bacterial strains were kept
at -20° C in Luria-Bertani Broth (LB) (Maniatis et al. 1982)
containing 15% glycerol and were used to obtain cultures
for all experiments. Transposon Tn5 was maintained in
strain SK3451 by supplementing LB media with kanamy-
cin (25 ug/ml).

Experiments measuring survival of logarithmically
growing cells of E. coli treated with DDP (Drug Synthesis
and Chemistry Branch, Division of Cancer Treatment,
National Cancer Institute, Bethesda, MD) were performed
as described previously by Popoff et al. (1987). Bacteria
were grown in LB at 37° C with shaking in a New Brun-
swick Model G76 gyrotory water bath shaker. A culture of
logarithmically growing cells was subdivided upon reach-
ing an absorbance at 550 nm of 0.20 and treated with
DDP. Stock solutions of DDP (250-500 lg/ml) were made
by dissolving compounds in sterile saline, and were either
used the day of the experiment or kept frozen at -20° C
for no more than two weeks. Colony forming units were
determined periodically by diluting bacteria with sterile
saline and plating on LB solidified with 1.5% agar.

Sensitivity of bacteria to UV light was determined by
plating 10% -10¢ cells of a log phase culture and irradiating
the plates with a 30 Watt G.E. germicidal lamp at a dis-
tance of 50 cm (1.2 Joules/sec/M?) for 0-60 sec. After
irradiation, plates were kept in the dark to prevent photo-
reactivation and were incubated overnight at 37°C.
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Transformation Assays

Plasmid pBR322 DNA (10 pg) was treated with 2 ug
DDP in 200 ul of buffer containing 10 mM Tris'HCl, 1 mM
EDTA, 10 mM NaCl, pH 7.4 (TEN 7.4) for 20-60 min at 37°C.
Removal of unbound platinum by spot dialysis and the use
of atomic absorption spectrophotometry to determine
the amount of platinum bound to DNA were as described
previously by Popoff et al. (1987). Cells were made
competent as described previously (Popoft et al. 1987)
and were transformed with DDP modified DNA or un-
treated DNA as a control. Transformants were selected by
plating bacteria on LB agar (Maniatis et al. 1982) with
ampicillin (50 ug/ml). The number of viable bacteria was
determined by diluting bacteria and plating samples on
LB agar. Transformation frequencies (number of trans-
formants per viable cell per g DNA) are the averages of
three experiments. The average transformation frequency
of each isogenic wild-type parent and mutant strain
with untreated plasmid DNA was 2.0 x 103 for AB1157
(uwr?), 3.0 x 10* for JC8471 (uvyD252 ); 1.5 x 10* for
W3623 (uer), 2.0 x 10* for N14-4 (urrD3 ); 1.4 x 10? for
SK707 (uwrD*), and 1.1 x 10° for SK3451 (ue#D254::Tn5).
Relative frequency of transformation is the ratio of the
average transformation frequency obtained with DDP
treated plasmids to that obtained with untreated plasmid
DNA. A lethal dose of compound is defined as the number
of platinum molecules bound to plasmid DNA which
reduce its transformation frequency to 37% that of un-
treated DNA.

RESULTS
Effects of cis- and trans-DDP on Bacterial Survival
The compound c¢issDDP was more toxic to uvr™ and
urrD mutant bacteria than trans-DDP as measured by

Tanre 1

Bacterial strains.

Strain Relevant genotype Other chromosomal markers Source Reference
AB1157 uort thil, thrl, let BO, pro A2, B. J. Bachmann# d
thyl, bis G4, arg E3, lac Y1,

gal K2, ara 14, xyl 5, mill,

tsx 33, sir31, sup E44.
JC8471 uwrrD252 Same as AB1157, also #ps L31 B. J. Bachmann d
SK707 wort lac BK1, mal A1, mtll, xyl7, S. R. KushnerP

arg H1, his G4, ind 188, met E40,

sup E44.
SK3451 urd254::Tn5 Same as SK707 A. Sancar® e
W3623 uvrt tp 56, gal T23 B. J. Bachmann f
N14-4 uvrD3 Same as W30623, also ips L178 B. J. Bachmann f

AE coli Genetic Stock Center, School of Medicine, Yale University.

PDepartment of Molecular and Population Genetics, University of Georgia.

CDepartment of Biochemistry, University of North Carolina, Chapel ITill.

dHorii and Clark 1973
“Maples and Kushner 1982,
tOgawa et al. 1968.
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their effects on colony forming ability of treated bacteria
(Fig. ). Three different wor) mutants (uorD3, uorl)252,
e 254:°Tn5) varied in their ability to survive exposure
to DDP, but each mutant exhibited an increase in sensi-
tivity when compared to its parent strain upon exposure
to cither isomer of DDP or to UV light (Fig. 1, Table 2).
Colony forming ability in cultures of cells bearing the
nerd3 mutation (strain N14-4), Uvr* cells of the isogenic
strain ' W3623, and Uvr® cells of strain AB1157 did not
decrease upon exposure of the bacteria to ¢issDDP (Fig.
1-a). These cells underwent one or two divisions during
the first hour of exposure to 30 pug c¢is-DDP per ml LB and
thereafter, there was no change in the number of colony
forming units for 2 hr. Inhibition of cell division was
indicated by the appearance of filamentous cells (Table 2)
and was responsible for the lack of increases in the
number of colony forming units. Inhibition of cell divi-
sion which results in filamentous growth is one of the SOS
responses to DNA damage in E. coli (Walker 1984).
Repair-proficient cells of strain SK707 were more sensi-
tive to ¢is-DDP than those of the other Uvr* strains or the
w3 murtant strain (Fig. 1-a). Colony forming units in-
creased during the first hour that cells of this strain were

cis-DDP
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treated with ¢is-DDP, and survival decreased to 37%
after an additional 90 min exposure to ¢is-DDP. The rea-
son for enhunced sensitivity of SK707 cells to cis-DDP is
unknown but they were not appreciably more sensitive
to trans-DDP (Fig. 1-h).

Cells of mutant strains JC8471 (2vA)252) and SK3451
(1twrD254::TnS) were more sensitive to ¢is-DDP than
the wuor>3 mutants. Survival in these cell populations
was reduced to 37% upon exposure to ¢is-DDP for 30
and 90 minutes, respectively. This was a greater than five-
fold increase in sensitivity (ratio of times of exposure
resulting in decrease of colony forming ability to 37%,
parent strain relative to mutant strain) for strain SK3451
compared to its parent strain SK707 and a greater than
two-fold increase in sensitivity for strain JC8471 compared
to its parent strain AB1157 (Table 2). Cell mass increased in
all cultures in the presence of either platinum compound
as indicated by turbidity measurements (data not shown).

Because trans-DDP has a lower toxicity than the cis-
isomer, cells were treated with a two fold higher con-
centration of transDDP (60 pg/ml). Repair-proficient
cells and 13 mutants were most resistant to treatment
with trans-DDP; after addition of trans-DDP there was

trans-DDP
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TaBLE 2

Lffects of DDP and UV on Wild-type
anduveD Mutants of Escherichia coli.

Strain Exposure time to recduce

viability o el (37%)¢ FilamentationD

cis-DDP uv cis-DDP trans-DDP
nin sec

AB1157 (uorty >180 25 ++ -
JC8471 (ueid252) 90 4 ++ +
SK707 ety 150 13 ++ -
SK3451 (uwnd254:Ins5) 30 3 ++ +
W3623 (uer’) >180 25 ++ -
N14-4 (urid3) >180 12 ++ -

AA culture of logarithmically growing cells was subdivided upon reach-
ing an absorbance at 550 nm of 0.20 and treated with no DDP, 30 ug
Cis-DDP/m) or 60 ug trans-DDP/ml. Bacteria were UV irradiated with
a germicidal lamp at 1.2 Joules/sec/M2. Viability was monitored by
plating and the time of exposure reducing colony forming units to
37% is given.

DRilamentation was observed microscopically after growth of bacteria

in LB broth containing DDP for 3 hr at 37° C: (++) filamentous cells
approximately 3-10 times longer than untreated control cells: (+)
clongated cells twice the length of control cells; (-) cells equal in size
to the control cells.

an initial 1 hr lag followed by increases in colony form-
ing units (Fig. 1-b). Increases in the number of colony
forming units were most inhibited when cultures of
1rD252 and ww254:TnS cells were treated with the
trans-compound in comparison to the wild-type iso-
genic cells. Repair-proficient cells did not become
filamentous, but the sensitive 1252 and wwrD254:TnS
mutants appeared slightly elongated after exposure to
trans-DDP for 3 hr indicating that damage in their DNA
caused by trans-DDP had caused induction of the SOS
response (Table 2).

Effects of DDP in Transformation Assays

The relative frequencies of transformation of com-
petent bacteria with DDP-modified plasmids decreased
as the numbers of platinum adducts per molecule of
pBR322 DNA increased (Fig. 2). Relative frequency of
transformation was defined as the ratio of the average
transformation frequency for competent cells transformed
with DDP treated plasmids to the average transformation
frequency obtained with untreated control plasmids.

Modification of plasmid DNA with fruns-DDP was far
less toxic than ¢is-DDP modification in transformation
assays (Fig. 2). The transformation frequency was reduced
to 80% for DNA molecules with 14 bound trans-DDP
adducts, and to 37% (a lethal dose) for molecules with
two bound ¢is-DDP adducts in repair-proficient bacteria.
The transforming ability of plasmids treated with trans-
DDP was decreased further when competent bacteria
were deficient in the UvrD gene function, whereas,
plasmid DNA wreated with ¢is-DDP had similar transform-

ing ability in both uerD mutant and wild-type cells. Six
adducts in trans-DDP modified plasmids reduced the
relative frequency of transformation of the most sensi-
tive worD) mutant (SK3451::Tn5) to 37% whereas 8-14
adducts were not lethal and only reduced the transfor-
mation frequency of repair proficient cells to about 70%
that obtained with untreated plasmid DNA.

DISCUSSION

The pleiotropic nature of the UvrD gene product has
been noted before and results in a diversity of phenotypes
among 1D mutant isolates (Washburn and Kushner
1993, Yamamota et al. 1988, Kuemmerle and Masker 1980,
Zieg et al. 1978). Biochemical defects in Helicase II caused
by cach of the urD mutations caused enhanced lethality
of ¢is-DDP and trans-DDP in the three uerD strains and
thus affected UvrD functions needed for effective removal
of DDP adducts in DNA. The UvrD protein coded by the
uwvrD3 allele has lysine at position 387 rather than glutamic
acid and is thought to have increased binding to single
stranded DNA (Yamamota et al. 1988). Although the
urrD3 allele confers exceptional sensitivity to methyl
methanesulfonate (Washburn and Kushner 1991), it
conferred only slight sensitivity to DDP.
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Greater sensitivities to both platinum compounds were
conferred by the wed252 and 111254 Tn5 mutations.
The 10252 allele does not confer the mutator pheno-
type as observed for null mutations and thus mutants
have the necessary UvrD activities to be proficient in
mismatch repair. The ©erD252 mutation is a base
substitution in the region coding for the ATP binding
domain of the UvrD protein and causes a glycine-to-
aspartic-acid change at amino acid 30 (Washburn and
Kushner 1993). The u«wrD252 encoded enzyme has re-
duced levels of ATPase activity and decreased ahility to
unwind DNA containing nicks in comparison to wild-
type DNA helicase 1I. This reduction in its unwinding
activity is thought to cause its decreased ability to facilitate
release of the UvrC and the incised oligonucleotide
containing damaged bases. The insertion of Tn5 into the
ueld gene results in a truncated UviD protein which
would be expected to have no UvrD activities. Mutants
having delction-insertion null mutations in the worD
gene are viable but are deficient in mismatch repair, de-
ficient in excision repair and have high levels of genetic
recombination (Washburn and Kushner 1991). As
expected then, the mutation 77255 TnS5 conferred the
greatest sensitivity to the platinum compounds.

Treatment with ¢is-DDP was more detrimental to
plasmid function than treatment with trans-DDP. The
toxicity of ¢is-DDP adducts for plasmid inactivation in
transformation assays was also higher than that reported
by Husain et al. (1985a) for cis-1,2-diamino-
cyclohexyldichloro-platinum(ID). This difference is due to
the particular carrier ligands of these two compounds
which gives them slightly different properties in bio-
logical systems. The relative frequency of transformation
decreased to 37% at two ¢is-DDP adducts per molecule
pPBR322 DNA for all worD isolates as well as wild-type
isogenic strains. Thus two adducts constituted a lethal
dose indicating that repair of cis-DDP adducts in plasmid
DNA was very inefficient. The norD mutants were as
proficient as wild-type bacteria in the repair of cis-DDP
adducts in plasmid DNA indicating that turnover of
repair enzymes did not enhance repair of cis-DDP ad-
ducts in plasmid DNA.

We think that the difference in repair requirements for
plasmid DNA treated with cissDDP in comparison to DNA
treated with trans-DDP is due to inefficient incision
reactions at cis-DDP-DNA adducts by the excision repair
nuclease. Recently it has been shown that the UvrABC
nuclease is not efficient in making incisions in DNA at
localized cis-DDP-GG adducts in vitro (Page et al. 1990,
Visse et al 1994). Although the formation of preincision
complexes on linear DNA containing ¢is-DDP-intrastrand
crosslinks was fast the actual rate of incision was slow
(Visse et al. 1994). Intrastrand crosslinks at adjacent
guanines comprise 65% of all adducts caused by ¢is-DDP
(Eastman 1980) and can not be formed by trans-DDP
(Stone et al. 1976). If the incision reactions performed by
the UvrB and UvrC proteins are slow at c¢isDDP-DNA
adducts, then the repair complex would be likely to
encounter a DNA replication complex and repair of the
adduct might he exacerbated. In such cases, the incision
reactions might be aborted or the adducts processed in a
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different fashion eliminating the need for UvrD function.
Repair of the adducts in plasmid DNA caused by trans-
DDP was more efficient than for those caused by cis-DDP
as indicated by decreased toxicity of frans-DDP. These
results indicate that efficient repair of trans-DDP adducts
in plasmid DNA does occur and therefore requires UvrD
function for catalytic activity of the UvrABC nuclease.

In all three werD) isolates, the function of the UvrD)
helicase 11 activity was needed for repair of c¢is-DDP
adducts in chromosomal DNA but not for ¢isDDP ad-
ducts in plasmid DNA. This may be due to amplification
of the differences in the sensitivities of the ¢orl) mutants
in comparison to wild-type bacteria as the SOS response
is induced in bacteria treated with ¢is-DDP; SOS induc-
tion causes inhibition of DNA replication allowing time for
repair and increased synthesis of many repair enzymes
including the #er3 and oD gene product (Walker 1984).
This was not the case when competent bacteria were
transformed with ¢is-DDP modified plasmid DNA, SOS in-
duction was not observed. This conclusion is strengthened
by the observation that SOS induction in competent
bacteria enhances repair of cis-DDP damaged plasmid
DNA but not that of trans-DDP (Popoff et al. 1987).
Another reason for these differences in repair may be that
the spectrum of adducts formed in plasmid DNA during
in vitro treatment with ¢is-DDP is different from the
spectrum formed in vivo in chromosomal DNA of treated
bacteria.

In summary, a functional Helicase U protein is required
for repair of ¢is-DDP adducts in chromosomal but not
plasmid DNA. This is most likely resultant from ampli-
fication of the uorD defect as SOS repair is induced in cis-
DDP treated cells causing inhibition of DNA replication
and enhanced synthesis of repair enzymes (uvrB and
uorD gene products included). Repair of ¢cisDDP dam-
aged plasmid DNA in SOS uninduced cells is inefficient or
slow, few adducts are actually excised and the UvrD gene
product is therefore not needed for turnover of Uvr
proteins to enhance repair. Repair of trans-DDP-modified
plasmid DNA occurs more frequently than that of ¢is-DDP-
modified DNA and requires the Helicase T function for
catalytic activity of DNA repair complexes. More efficient
removal of trans-DDP adducts from DNA relative to that
of ¢is-DDP adducts has previously been shown to occur
also in eucaryotic CV-1 cells (Ciccarelli et al. 1985). Further
comparative studies on repair of cis- and trans-DDP
adducts might shed light on the reason for their different
repair requirements and different anti-tumor properties.
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ANNOUNCEMENT OF NOMINATIONS FOR
THE HERBERT OSBORN AWARD

The Ohio Biological Survey is soliciting nominations for the 1995 Herbert Osborn
Award. This annual award honors the founder of the Ohio Biological Survey and
recognizes noteworthy accomplishments and service in the field of biology relating to
the objectives of the Survey. Past recipients are Dr. J. Arthur Herrick, Dr. Charles King,

Nominations for the 1995 Award will include a listing of worthy achievements,
bibliographies (when appropriate), and additional relevant information. The deadline

Send nominations to Dr. Barbara K. Andreas, Chair, Osborn Award, Division of
Natural Sciences, Cuyahoga Community College, 4250 Richmond Road, Highland Hills,






