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Bleomycin4ron Can Degrade DNA in the Presence of Excess 
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ABSTRACT: The antineoplastic drug bleomycin, when complexed to Fe(II), causes both single- and dou- 
ble-stranded lesions in D N A  in vitro. EDTA is commonly used to inhibit the reaction of bleomyciwFe with 
DNA, presumably by removing the metal cofactor. In this study, we utilized a simple assay involving the 
conversion of supercoiled plasmid D N A  to the nicked or linear forms to further investigate the ability of 
bleomycin-Fe to degrade D N A  in the presence of EDTA. We found that a 1:l complex of bleomycin and 
Fe can degrade plasmid D N A  even in the presence of a I O 6  molar excess of EDTA over bleomycin. 
Furthermore, we found that the half-life for inactivation of bleomycin-Fe by excess EDTA is about 1.5 h. 
Finally, we demonstrate that excess bleomycin associated with the outer plasma membranes of cells can 
damage D N A  after the cells are lysed in buffers containing EDTA and SDS. These results suggest that 
EDTA may not be an efficient inhibitor of the reaction of bleomycin-Fe with DNA. 

Bleomycins, a group of glycopeptide antibiotics isolated from 
Streptomyces verticillus (Umezawa et al., 1966), are com- 
monly used for the treatment of several different carcinomas 
(Bennett & Reich, 1979; Sikic et al., 1985). When complexed 
to a reduced transition metal such as Cu(1) or Fe(II), bleo- 
mycins have been shown to degrade DNA both in vitro and 
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in vivo. This degradation includes both single-stranded lesions 
and double-stranded breaks in the DNA backbone (Hecht, 
1986). The single-stranded lesions or “nicks” are caused by 
both direct breaks in the DNA backbone and release of bases 
from the deoxyribose moiety. Regions in which the bases are 
removed are then susceptible to alkaline lysis (Lloyd et al., 
1978). Double-stranded breaks in the DNA are thought to 
be due to two independent breaks on opposite strands of the 
DNA (Mirabelli et al., 1982), although it is likely that one 
single-stranded nick will increase the chance of a second break 
on the opposite strand (Keller & Oppenheimer, 1987). The 
ability of bleomycin to degrade DNA is thought to be the basis 
for its antineoplastic activity [for a review, see Sikic (1986)l. 
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DNA Damage by Bleomycin in the Presence of EDTA 

Since bleomycin-mediated degradation of DNA requires the 
presence of a metal cofactor, primarily Fe(II), chelating agents 
such as ethylenediaminetetraacetic acid (EDTA),’ have often 
been used as the standard method to stop the reaction 
(Sausville et al., 1978a; Fisher et al., 1985; Grimwade & 
Beerman, 1987; Beckman et al., 1987; Moseley & Chalkley, 
1987). While attempting to study the effects of bleomycin 
on specific genes in intact cells, we became aware of the 
possibility that EDTA may not efficiently inhibit bleomy- 
cineFe(I1)-induced DNA degradation. If EDTA does not 
effectively inhibit the reactions, cells exposed to bleomycin and 
then lysed in the presence of EDTA may undergo DNA strand 
scission by bleomycin-Fe after the cells are lysed. This postlytic 
damage could result in the overestimation of the amount of 
DNA damage thought to occur in vivo. Thus, the purpose of 
the present studies was to further analyze the efficiency by 
which EDTA can inhibit the reaction of bleomycineFe with 
DNA. To accomplish this goal, we employed an assay wherein 
we measure the ability of bleomycin.Fe(I1) to convert su- 
percoiled pBR322 DNA to the nicked and linear forms of the 
molecule in the presence and absence of EDTA. Since a single 
nick in the supercoiled plasmid molecule will result in its 
conversion to a nicked molecule, this represents a very sensitive 
assay for studying DNA degradation (Kross et al., 1982; 
Povirk et al., 1977). 

MATERIALS AND METHODS 

Materials. Blenoxane, a clinical preparation of bleomycins 
containing approximately 70% bleomycin A2, was obtained 
from Bristol Meyers (Syracuse, NY). FeSO, was obtained 
from Mallinckrodt. Agarose-ME was obtained from FMC 
Marine Colloids. Ultrapure Tris base was obtained from 
Boehringer Mannheim Biochemicals (Indianapolis, IN). 
[3H]Thymidine (60 Ci/mmol) was obtained from ICN Bio- 
chemicals. All other chemicals were reagent grade. 

Cell Culture. CV-1 cells, obtained from the American Type 
Culture Collection, Bethesda, MD, were maintained in Dul- 
becco’s modified Eagle’s medium supplemented with 5% fetal 
calf serum (Hyclone) in a humidified atmosphere containing 
5% C 0 2  at 37 OC. Cells were passaged 1:4 every 4 days using 
trypsin-EDTA. When desired, cells were treated with bleo- 
mycin as described below. 

Preparation of Bleomycin.Fe(II). Stock solutions of bleo- 
mycin were prepared by dissolving Blenoxane in sterile 
deaerated water to a concentration of about 5 mM (- 15 
units/mL). The stock solution was then diluted to 1 mM using 
an extinction coefficient of €291 = 1.7 X lo4 (Burger et al., 
1985). These solutions were stable at 4 OC for at least 1 
month. FeS04 solutions at concentrations of 10-20 mM were 
prepared in sterile deaerated water immediately before use. 
A stock bleomycin-Fe(I1) solution was prepared by mixing the 
FeS04 and bleomycin solutions so that the final concentration 
of each was 0.5 mM. This solution was stored on ice and used 
within a few hours of its preparation. For actual reactions, 
the stock bleomycin.Fe(I1) solution was diluted with sterile 
water to 5X working solutions. 

Escherichia coli strain HBlOl 
harboring the plasmid pBR322 was grown in M9Ca supple- 
mented with 5-10 pCi/mL [3H]thymidine and 100 pg/mL 
ampicillin. Plasmid was prepared from 500-mL cultures by 
using the alkaline lysis method as previously described 

Plasmid Preparation. 

I Abbreviations: PBS, phosphate-buffered saline; EthBr, ethidium 
bromide; EDTA, ethylenediaminetetraacetate; DMEM, Dulbecco’s 
modified Eagle’s medium; TE, 10 mM Tris-HC1 (pH 7.8)/1 mM EDTA. 
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(Maniatis et al., 1982). The plasmid was further purified by 
equilibrium centrifugation in CsCl gradients. 

Assay Conditions. Twelve microliters of a solution con- 
taining 3H-labeled pBR322 (25 pg/mL, -4000 cpm) in 31.25 
mM Tris-HCI (pH 7.8) and various concentrations of EDTA 
was placed in 400-pL Eppendorf tubes. The reaction was 
initiated by addition of 3 pL of a 5X bleomycinFe(I1) solution. 
O2 was provided by the DNA solution. This addition led to 
a final plasmid concentration of 20 pg/mL and a Tris-HCI 
concentration of 25 mM. The EDTA and bleomycin.Fe(I1) 
concentrations were as described in the text and figure legends. 
The reaction was allowed to proceed for 20-30 min at room 
temperature and then immediately loaded on an agarose gel 
as described below. 

To determine the rate at which the bleomycinFe(I1) com- 
plex loses activity in the presence or absence of EDTA, 1 pM 
bleomycin.Fe(I1) was mixed with an equal volume of either 
500 mM EDTA or water. No precautions were taken to use 
deaerated solutions for these experiments; thus the reaction 
mixture would contain bleomycimFe(I1) as well as the products 
of its reactions with oxygen. At the times described in the 
figure legends, 3 pL of the mixture was added to 12 pL of 
DNA/Tris solution as described above. To ensure that the 
final EDTA concentration was the same for all reactions, 62.5 
mM EDTA was included in the DNA/Tris mixture for control 
reactions that involved preincubation in the absence of EDTA. 
Thus, in all reactions, the final conditions were 20 pg/mL 
pBR322,25 mM Tris (pH 7.8), 50 mM EDTA, and 100 nM 
bleomycinFe. The dilutions of the bleomycin-Fe solution were 
staggered so that all reactions would be completed at the same 
time. Reactions with DNA proceeded 20-30 min before 
analysis by gel electrophoresis. 

Treatment and Analysis of CV-1 Cells. Confluent 35-mm 
tissue culture dishes of CV-1 cells were washed twice with 
serum-free DMEM and then incubated for 1 h in 0.5 mL of 
DMEM containing bleomycineFe at the indicated concentra- 
tions. Cells were then processed as described in the figure 
legends and text. To determine the residual activity of bleo- 
mycinmFe on the cell surface, cells were incubated for 15 min 
with 0.5 mL of PBS (140 mM NaC1/5O mM phosphate, pH 
7.4) containing 1 pg of 3H-labeled pBR322. The PBS solution 
was removed and spun at 3000 rpm in an Eppendorf microfuge 
to pellet any cells that were removed from the dish. The 
supernatant solution was transferred to a clean 1.5-mL Ep- 
pendorf tube to which 1 mL of 95% ETOH was added. The 
DNA was precipitated for 2 h at -20 OC and collected by 
centrifugation. The DNA was then dissolved in 30 pL of 10 
mM Tris, pH 7.8, and 1 mM EDTA. This procedure typically 
resulted in >75% recovery of the initial plasmid DNA. The 
radioactivity was quantitated by liquid scintillation counting, 
and 5000 cpm was run on an agarose gel. 

To analyze residual bleomycineFe activity in cell lysates, a 
modification of the procedure of Hirt (1967) was employed. 
Briefly, treated cells were washed 2 times with PBS and lysed 
in 0.5 mL of 25 mM Tris (pH 7.8), 10 mM EDTA, and 1% 
SDS containing 2 pg of 3H-labeled pBR322 by gently rocking 
the dishes for 15 min at room temperature. The lysate was 
then carefully poured into 1.5-mL Eppendorf tubes to which 
150 pL of 5 M NaCl was added. The resulting solution was 
mixed by gentle inversion and kept at 4 OC overnight. Fol- 
lowing centrifugation at 15000g for 30 min at 4 OC, the su- 
pernatant solution was transferred to a clean tube and treated 
with 100 pg/mL RNase A (Sigma) for 30 min at 37 OC 
followed by 100 pg/mL proteinase K (Boehringer Mannheim) 
for 30 min at 37 OC. The solution was then extracted 2 times 
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FIGURE I ;  Agarose gel analysis of bleomycinFe-mediated damage 
to supercoiled DNA in the presence of EDTA. BleomyciwFe was 
added to supercoiled pBR322 DNA in the presence of various con- 
centrations of EDTA and incubated as described under Materials and 
Methods. Shown is the EthBr fluorescence of the reaction products 
after electrophoresis on I %  agarose gels. The final EDTA concen- 
tration was 0 mM (lanes 14) .  5 mM (lanes 5-91. 10 mM (lanes 9-12), 
and 50 mM (13-16). For each set of samples at a given EDTA 
concentration. the final bleomycin.Fe concentration was, from left 
to right, 0. 25, 50, and 100 nM. respectively. The positions of the 
supercoiled (sc), linear (lin). and relaxed (rel) plasmid molecules are 
shown, 

with phenolchloroformisoamyl alcohol (1:l:O.Ol) and 1 time 
with chloroform. The DNA was then precipitated by adding 
2 volumes of ethanol and incubating a t  -70 OC for at least 
30 min. Following centrifugation, the pelleted DNA was 
dissolved in 400 pL of TE. The DNA was then reprecipitated 
by adding 100 pL of 10 M ammonium acetate and 1.0 mL 
of ethanol. Following centrifugation, the DNA pellet was 
washed with 70% ethanol, dried, and dissolved in 100 pL of 
TE. The radioactivity in each sample was quantitated by 
scintillation counting, and 5000 cpm was loaded onto agarose 
gels. 

Agarose Gel Electrophoresis and Quantitation. DNA 
damage was analyzed by electrophoresis on 1% agarose gels 
in TAE (40 mM Tris, 20 mM sodium acetate, and 1 mM 
EDTA) for 4 h at 80 V using a 25-cm gel. Following elec- 
trophoresis, the gels were stained in 0.5 pg/mL ethidium 
bromide and photographed on a Fotodyne UV transillumi- 
nator. Gel slices corresponding to the supercoiled, linear, and 
nicked forms of the DNA were excised from the gels and 
melted directly in plastic scintillation vials by adding 1.0 mL 
of H,O and placing in a microwave oven for 3 min on high. 
After being cooled, IO mL of Scintiverse E (Fisher Scientific) 
scintillation cocktail was added, and the radioactivity was 
quantitated by liquid scintillation counting. For each sample, 
the amount of radioactivity was determined from all three 
forms of DNA. The number of nicks per supercoiled molecule 
was determined as previously described (Povirk et al., 1977; 
Povirk & Houlgrave, 1988). All results were corrected for 
the number of nicks in the untreated plasmid DNA. 

RFSULTS 
Degradation of Supercoiled pBR322 DNA by Bleomycin 

in the Presence of EDTA. The ability of bleomycin to degrade 
supercoiled plasmid DNA in a concentration-dependent 
manner was examined in the presence of 0-50 mM EDTA as 
described under Materials and Methods. Figure 1 shows an 
ethidium bromide stained agarose gel depicting the damage 
caused by 0-100 nM bleomycin.Fe in the presence of 0,s. 10, 
and 50 mM EDTA. It is clear from this picture that, re- 
gardless of the EDTA concentration, the supercoiled DNA 
is converted to nicked and linear DNA as the blwmycin.Fe 
concentration increases from 0 to 100 nM. Furthermore, at 
a given bleomycinFe concentration, the extent of conversion 
of supercoiled molecules to nicked plasmid appears to increase 
with increasing EDTA concentration. 

To quantitate the results observed in Figure 1, pBR322 
DNA, uniformly labeled with ('Hlthymidine, was used in the 
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fiGuRE 2 Quantitative effects of bleomycin.Fe on supercoiled DNA 
in the presence of EDTA. Reactions of bleomycin.Fe with supermiled 
3H-labeled pBR322 in the presence of various concentrations of EDTA 
were subjected to electrophoresis on 1% agarose gels. Gel slices 
containing the supercoiled, linear, and relaxed plasmid molecules were 
excised and quantitated as described under Materials and Methods. 
Shown is a plot of the total number of breaks per supercoiled plasmid 
molecule against the concentration of bleomycin.Fe(l1) used in the 
reactions in the absence of EDTA (0). or in the presence of 5 mM 
EDTA (A), IO mM EDTA (m), and 50 mM EDTA (A). The points 
represent the mean i the standard deviation of five separate ex- 
periments. 

reactions. Following agarose gel electrophoresis, the bands 
corresponding to supercoiled, nicked, and linear DNAs were 
excised, melted, and counted. The number of breaks per 
supercoiled molecule was quantitated by using a Poisson 
distribution as previously described (Povirk et al., 1977; Povirk 
& Houlgrave, 1988). Figure 2 shows the relationship between 
blwmycin.Fe and DNA damage at the various concentrations 
of EDTA. Note that concentrations of EDTA from 5 to 50 
mM either do not protect the DNA at all or actually augment 
the bleomycin-induced damage. Furthermore, qualitative 
experiments showed that bleomycin.Fe in the presence of lower 
concentrations of EDTA induced DNA damage similarly to 
that observed for the controls (data not shown). Finally, 
control experiments showed that EDTA and Fe in the absence 
of bleomycin did not damage DNA in this system and bleo- 
mycin in the absence of added Fe(l1) caused very little damage 
in the presence or absence of EDTA (data not shown). 

In these experiments, the plasmid concentration was 20 
pg/mL, which corresponds to approximately 7 nM pBR322. 
In the absence of EDTA, approximately 150 nM bleomy- 
cinFe(I1) was necessary to introduce an average of one break 
per plasmid molecule which corresponds to about a 20-fold 
molar excess of bleomycinFe to pBR322. However, the actual 
extent of damage is underestimated because this assay does 
not detect alkaline-labile lesions introduced to the DNA. 
Furthermore, because one break in a supercoiled plasmid is 
sufficient to convert it to a nicked plasmid, the assay under- 
estimates the actual damage resulting from bleomycin-Fe 
concentrations that cause greater than one break per plasmid. 

Rate of Inactivation of BleomycimFe(1l) by Excess EDTA. 
The experiments described above involved adding bleomycin-Fe 
solutions to DNA in the presence of EDTA. It is possible that 
the reaction of blwmycinFe with DNA occurs at a faster rate 
than the release of Fe from the bleomycin. Therefore, it was 
important to determine the rate of inactivation of blwmycin-Fe 
with excess EDTA. To accomplish this goal, bleomycinFe(l1) 
was mixed with excess EDTA for 0-5 h prior to addition to 
DNA (see Materials and Methods). Figure 3 shows the results 
of these studies. Compared to control samples of bleomycinFe 
alone, bleomycinFe incubated with EDTA for extended pe- 
riods prior to the addition to DNA does show a decrease in 
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FIGURE 3: Time course for the biological inactivation of bleomycin.Fe 
by EDTA. Blmmycin.Fe(I1) ( I  pM) was mixed with an equal volume 
of either water or 500 mM EDTA. At the indicated times, 3 r L  of 
the mixture was added to 12 rL  of 3H-labeled pBR322 and allowed 
to react, and the resulting damage was quantitated as desnibed under 
Materials and Methods. The final reaction conditions were 100 nM 
bleomycin.Fe. 20 pg/mL pBR322, 50 mM EDTA, and 25 mM 
Tris-HCI. Shown is a plot of the number of breaks per plasmid 
molecule following incubation of the bleomycin.Fe with either water 
(0 )  or EDTA (A) for the indicated time. The pints represent the 
mean & the standard deviation of four separate experiments. 

ability to damage the DNA. However, even after a 5-h in- 
cubation with a 106-fold molar excess of EDTA, the bleo- 
mycin.Fe still retains the ability to nick the plasmid DNA. 
Therefore, it appears that the rate of inactivation of the 
bleomycin.Fe by EDTA is very much slower than the rate of 
the reaction of the bleomycin-Fe with DNA. 

Figure 3 shows that the inactivation of bleomycin.Fe by 
EDTA lags during the first hour of the incubation. This lag 
period is probably due to the fact that the initial number of 
breaks per plasmid molecule is underestimated because the 
bleomycin.Fe concentration is large enough to cause many 
breaks in each plasmid. Therefore, if we consider only the 
linear portion of this curve, the half-life for the inactivation 
of the biological activity of the bleomycin.Fe complex in the 
presence of excess EDTA is about 1.5 h. 

Acfiuify of Bleomycin-Fe(ll) in EDTA-Containing Lysates 
from Treated Cells. Many laboratories have lysed cells in 
detergent solutions containing EDTA to stop the reaction of 
bleomycin-Fe with intracellular DNA. Since the results 
presented above make it unlikely that the EDTA could stop 
the reaction of residual bleomycinFe with the DNA, we 
thought it prudent to test the residual bleomycin.Fe activity 
in cell lysates. To this end, cells were treated with various 
concentrations of bleomycineFe, washed twice with PBS, and 
subsequently lysed in a solution containing EDTA, SDS, and 
supercoiled plasmid DNA. The plasmid DNA was purified 
from the cell lysates and analyzed for damage as described 
under Materials and Methods. The results of the experiments 
are shown in Figure 4A. As the concentration of bleomycin-Fe 
used to treat the cells was increased, the damage to the plasmid 
DNA also increased as evidenced by the decrease in super- 
coiled DNA. Since this DNA was introduced to the system 
in lysate buffer after the cells were washed with PBS, it is clear 
that residual bleomycin.Fe is capable of damaging DNA in 
the cell lysates. However, it was not clear whether the residual 
bleomycin.Fe was internal or on the cell surface. 

In order to determine whether or not the residual bleomy- 
c i n f e  was on the cell surface, treated cells were washed with 
PBS and then incubated with PBS containing the supercoiled 
plasmid DNA. Following a brief centrifugation to remove any 
unattached cells, the plasmid DNA was purified from the PBS 
and analyzed for the extent of damage. As seen with the whole 
cell lysates, figure 4B shows that the damage to the plasmid 
DNA increased with the concentration of bleomycinFe used 
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FIGURE 4 Agarose gel analysis of residual bleomycin.Fe activity 
asscxiated with treated cells. Monolayers of CV-I cells were treated 
with various concentrations of bleomycin.Fe. washed twice with PBS, 
and then either lysed in 0.5 mL of 25 mM Tris-HCI (pH 7.8). IO 
mM EDTA, and 1% SDS containing 2 pg of supercoiled pBR322 
DNA or incubated with 0.5 mL of PBS containing 2 pg of pBR322 
DNA. The plasmid DNA was recovered from each fraction as 
described under Materials and Methods and subjected to electro- 
phoresis on a 1% agarose gel. Shown is the EthBr-stained agarose 
gel. Panel A represents the damage wurring in cell lysates whereas 
panel B represents the damage to supercoiled plasmid associated with 
bleomycin.Fe from the surface of treated cells. Lanes 1-6 in each 
panel represent damage occurring after the cells were treated for I 
h with 0, IO, 25,50,75, and 100 r M  bleomycinFe, respctively. The 
positions of the relaxed (rel). linear (lin), and supercoiled (sc) plasmids 
are indicated. The band above %I" in panel A represents fragmented 
chromasomal DNA isolated in the cell lysates. 
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RGURE 5:  Removal of residual bleomycin.Fe from treated cells. CV-I 
cells on 35-mm dishes were treated with IO pM bleomycin.Fe for I 
h in serum-free DMEM, washed with PBS and/or trypsin as described 
below, and lysed in the presence of supercoiled pBR322 DNA as 
described uner Materials and Methods. Shown is a picture of an 
EthBr-stained agarose gel depicting the damage to the supercoiled 
DNA recovered from lysates of treated cells (lanes 1-5). Lanes I 
and 2 are controls wherein the cells were not treated with bleomy- 
cin.Fe(l1) and either washed with PBS (lane 1) or washed briefly with 
trypsin followed by PBS (lane 2) prior to lysis. Lanes 3-5 represent 
the plasmid DNA recovered from lysates of treated cells after they 
were washed 4 times with 2 mL of PBS (lane 3), washed briefly I X 
with 2 mL of 0.1% (w/v) trypsin followed by 2 mL of PBS (lane 4). 
or removed from the dish with trypsin and collected by centrifugation 
(lane 5) .  Lane 6 represents the residual bleomyciwFe found in the 
trypsin-containing supernatant from the treatment in lane 5 after the 
supernatant was incubated with CV-I cells. The position of the relaxed 
(rel), linear (lin). and supercoiled (sc) plasmids are indicated. The 
band above "rel" fragmented chromosomal DNA isolated in the cell 
lysates. 

to treat the cells. These results strongly suggest that residual 
bleomycin.Fe on the surface of treated cells is not readily 
removed by washing the monolayer with PBS; however, the 
possibility that internal bleomycin-Fe escapes back through 
the cell membrane during incubation with the plasmid DNA 
cannot be excluded. 

The results presented above demonstrate that washing 
treated monolayers 2 times prior to lysis is not sufficient to 
eliminate residual bleomycinFe that could potentially damage 
intracellular DNA. We therefore attempted to find conditions 
that would eliminate this residual activity. Figure 5 shows 



9936 

the results of these attempts. Washing bleomycin-Fe-treated 
monolayers 4 times with PBS does not effectively remove 
residual bleomycin-Fe from the cell surface (lane 3). However, 
the bleomycin-Fe-mediated damage to the supercoiled DNA 
can be substantially reduced if the treated cells are either 
washed briefly with a trypsin-containing solution prior to lysis 
(lane 4) or removed from the dish with trypsin, pelleted, and 
resuspended in the lysis solution containing supercoiled plasmid 
(lane 5). To show that the trypsin itself does not directly 
inactivate the bleomycin-Fe, supercoiled DNA was added to 
the supernatant solution from trypsinized treated or untreated 
cells. Lane 2 of Figure 5 shows that the trypsin-containing 
supernatant from untreated cells has no DNA hydrolytic ac- 
tivity whereas lane 6 shows that the DNA is substantially 
degraded in the trypsin-containing supernatant from treated 
cells. Thus, it is possible to remove the residual bleomycin-Fe 
from cell monolayers with trypsin although the trypsin itself 
is not an inhibitor of bleomycin-Fe. 

DISCUSSION 
In this report, we have demonstrated that bleomycin.Fe 

retains the ability to degrade DNA in the presence of excess 
EDTA. Some of this activity is present even after the bleo- 
mycin-Fe is incubated for several hours with a large excess 
of EDTA prior to reaction with the DNA, suggesting that the 
off-rate for Fe from bleomycin is probably very slow. Finally, 
residual bleomycin on the surface of treated cells is capable 
of degrading DNA after the cells are lysed in buffers con- 
taining EDTA and SDS. This result suggests the necessity 
for extensively washing cells prior to lysis. 

When bleomycin.Fe is added to the DNA in the presence 
of excess EDTA, we assume that the free Fe is rapidly che- 
lated. However, the Fe bound to bleomycin will be chelated 
at  a rate dependent on the off-rate of the Fe from the bleo- 
mycin. If this rate is slower than the rate of reaction of 
bleomycin-Fe with DNA, then the DNA will be nicked re- 
gardless of the presence of excess chelator. Similar results have 
been reported by Aronovitch et al. (1987) in that the removal 
of Fe(II1) from the ternary complex of DNA-bleomycin-Fe- 
(111) is very slow, even in the presence of excess chelators. 

It is not clear why the damage to DNA from a given con- 
centration of bleomycineFe increases with increasing EDTA 
concentration. Preliminary results using this system suggest 
that the damage to DNA from bleomycineFe can be aug- 
mented by increases in ionic strength (Solomon and Moseley, 
unpublished observations). Although this is in contrast to 
previous observations using a different system (Sausville et 
a]., 1978b), it is possible that the increase in ionic strength 
associated with elevated EDTA concentrations is responsible 
for the increased bleomycinaFe-induced DNA damage. 

Many investigators use EDTA to stop the reaction of 
bleomycin-Fe with both naked DNA and isolated nuclei 
(Fisher et a]., 1985; Grimwade & Beerman, 1987; Beckman 
et a]., 1987). If the reaction of bleomycinSFe with DNA is 
faster than the inactivation of the bleomycinSFe by EDTA, 
it is likely that the reaction is complete prior to the addition 
of EDTA. Thus, the results for most in vitro analyses would 
likely be the same regardless of whether the EDTA was used 
to stop the reaction or not. 

In contrast to the in vitro data, the extent of damage to 
genomic DNA in experiments involving bleomycin-Fe treat- 
ment of cultured cells can be influenced by residual DNA on 
the cell surface prior to lysing treated cells. Since DNA 
damage can occur after cell lysis, it is possible that the in- 
tracellular DNA damage reported by many investigators is 
overstated. Thus, it is extremely important that residual 
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bleomycinmFe be completely removed from the cell surface 
prior to lysis. Iqbal et al. (1975) have previously described 
the possibility of artifactual bleomycin-induced DNA damage 
and methods to correct for this damage. 

Although our results show that trypsin effectively removes 
residual bleomycin from the surface of treated cells, the 
mechanism of removal is not clear. It is possible that the 
trypsin treatment simply loosens cell/cell and cell/substratum 
contacts sufficiently to allow trapped bleomycin to escape. In 
addition, it is possible that the bleomycin could bind to cell 
surface proteins that are cleaved by the trypsin treatment. 

Radiolabeled bleomycin has been shown to bind to cell 
membranes in a saturable manner that can be completed with 
unlabeled bleomycin (Roy & Horwitz, 1984; Moseley, sub- 
mitted for publication), suggesting the presence of specific 
receptors on the cell surface for bleomycin. Thus, the residual 
bleomycin activity demonstrated on the surface of treated cells 
could be due, at least in part, to bleomycin bound to these 
receptors. Due to the large amount of DNA released upon 
lysis of the cells, it is not practical to quantitate the released 
bleomycin based on degradation of supercoiled plasmid DNA. 
However, it is unlikely that a specific receptor for bleomycin 
would be present in a concentration sufficient to cause the 
observed damage to the supercoiled plasmid. Thus, the pro- 
posed receptor for bleomycin is probably only one source of 
the residual bleomycin activity. 

Although it is clear that bleomycin-Fe degrades DNA in 
vitro, it is not clear whether this is the primary mechanism 
for bleomycin toxicity in vivo. Berry et al. (1985a,b) have 
shown that DNA damage by individual bleomycin congeners 
in permeabilized cells does not necessarily correlate with cell 
growth inhibition. Furthermore, Stamato et al. (1987) describe 
a bleomycin-sensitive mutant of Chinese hamster ovary cells 
that does not sustain greater DNA damage than the parent 
cells upon treatment with bleomycin. Finally, preliminary 
results in this lab have shown that physiologically relevant 
concentrations of bleomycin lead to increased turnover of 
arachidonic acid in human lung fibroblasts (Moseley and 
Peterson, submitted for publication). These results suggest 
the possibility of alternative mechanisms for bleomycin cyto- 
toxicity. 
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ABSTRACT: Carbamoyl phosphate is held in the active site of Escherichia coli aspartate transcarbamoylase 
by a variety of interactions with specific side chains of the enzyme. In particular, the carbonyl group of 
carbamoyl phosphate interacts with Thr-55, Arg-105, and His- 134. Site-specific mutagenesis was used to 
create a mutant version of the enzyme in which Thr-55 was replaced by alanine in order to help define the 
role of this residue in the catalytic mechanism. The Thr-55 - Ala holoenzyme exhibits a 4.7-fold reduction 
in maximal observed specific activity, no alteration in aspartate cooperativity, and a small reduction in 
carbamoyl phosphate cooperativity. The mutation also causes 14-fold and 35-fold increases in the carbamoyl 
phosphate and aspartate concentrations required for half the maximal observed specific activity, respectively. 
Circular dichroism spectroscopy has shown that saturating carbamoyl phosphate does not induce a con- 
formational change in the Thr-55 - Ala holoenzyme as it does for the wild-type holoenzyme. The kinetic 
properties of the Thr-55 - Ala catalytic subunit are altered to a greater extent than the mutant holoenzyme. 
The mutant catalytic subunit cannot be saturated by either substrate under the experimental conditions. 
Furthermore, as opposed to the wild-type catalytic subunit, the Thr-55 - Ala catalytic subunit shows 
cooperativity for aspartate and can be activated by N-(phosphonoacety1)-L-aspartate in the presence of low 
concentrations of aspartate and high concentrations of carbamoyl phosphate. As deduced by circular dichroism 
spectroscopy, the conformation of the Thr-55 - Ala catalytic subunit in the absence of active-site ligands 
is distinctly different from the wild-type catalytic subunit. Furthermore, carbamoyl phosphate causes an 
alteration in the circular dichroism spectrum of the Thr-55 -+ Ala catalytic subunit as opposed to the mutant 
holoenzyme. For the Thr-55 - Ala catalytic subunit, the K D  of carbamoyl phosphate and the Ki of PALA 
are both increased approximately 50-fold compared to the wild-type catalytic subunit. These data suggest 
that in the wild-type holoenzyme Thr-55 plays an important part in the binding of carbamoyl phosphate, 
has a small catalytic function in polarizing the carbonyl, and is important in the conformational change 
that occurs upon binding of carbamoyl phosphate which in turn is important for the ordered binding of 
aspartate. In addition, Thr-55 also plays a role in stabilizing the native conformation of the wild-type catalytic 
subunit. 

Escherichia coli aspartate transcarbamoylase (EC 2.1 -3.2) 
catalyzes the condensation of N-carbamoyl-L-aspartate from 
carbamoyl phosphate and L-aspartate in the committed step 

of the pyrimidine biosynthesis pathway. The enzyme, used 
as a model system to study the molecular mechanisms of 
allosteric regulation [see reviews by Allewell (1 989); Gerhart 
(1970), Jacobson and Stark (1973), Kantrowitz and Lipscomb 

* To whom correspondence should be addressed. The holoenzyme exhibits homotropic cooperativity for both 
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