
Biochemical Pharmacology, Vol. 52, pp. 851-856, 1996. 
Copyright 0 1996 Elsevier Science Inc. 

ELSEVIER 

ISSN 0006-2952/96/$15.00 + 0.00 
PI1 SOOOS-2952(96)00351-6 

Modification of the 
Recognition of Restriction Sites of Plasmid 

DNA by the Antitumor Drug Pt-Pentamidine 
Jose M. P&rez, Victor M. Gonzdez, Miguel A. Fuertes and Carlos Alonso” 

CENTRO DE BIOLOG~A MOLECULAR “SEVERO OCHOA" (CSIC-UAM), FACULTAD DE CIENCIAS, UNIVERSIDAD 
AUT&OMA DE MADRID, CANTOBLANCO, MADRID 28049, SPAIN 

ABSTRACT. The rate of binding of the antineoplastic drugs Pt-pentamidine [(cis-PtCl,),(pentami- 
dine),][PtCl,], and cis-DDP [cis-diamminedichloroplatimum(ll)] to pUC8 DNA, as well as the effect of the 

binding of these platinum compounds on the cutting effectiveness of Barn HI, Hind Ill, and Sal 1 restriction 

endonucleases, were determined by flameless atomic absorption spectroscopy and gel electrophoresis, respec- 
tively. The results show that covalent DNA platination is 12% to 22% lower in DNA:Pt-pentamidine complexes 

than in DNA:cis-DDP at the same molar rate of platinum/nucleotide, and the number of Pt-pentamidine 
molecules bound to DNA is significantly lower in Pt-pentamidine:DNA complexes than in cis-DDP:DNA 
complexes. Although both compounds inhibit Barn HI cleavage of pUC8 DNA, Pt-pentamidine does not 
prevent the cutting activity of Hind Ill, in contrast with cis-DDP. Neither cis-DDP nor Pt-pentamidine inhibits 

the cutting activity of Sal 1, whose recognition sequence neighbors the Barn HI and Hind Ill sites. BECHEM 

PHARMACOL 52;6: 851-856, 1996. 
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The interaction of cis-DDPt and its analogs with DNA has 
been extensively studied as a consequence of the discovery 
of the DNA double helix as the main intracellular target of 
these drugs. This binding may explain the antitumor prop- 
erties of the platinum-based drugs [l, 2, 31. The most com- 
mon adducts formed by cis-DDP on DNA are d(GpG) and 
d(ApG) intrastrand dimers, together with a low percentage 
of interstrand cross-links [4]. Because the DNA modifica- 
tion induced by the adducts inhibits the formation of par- 
ticular restriction fragments [5], the analysis of the activity 
of specific endonucleases has been a very useful tool for the 
mapping of drug-DNA binding sites [6, 7, 81. That the 
adducts formed do not inhibit the activity of the restriction 
enzymes and the absence of DNA cutting are only apparent 
due to the maintaining together of the resulting DNA re- 
striction fragments through covalent drug-DNA intrastrand 
cross-links [9]; whether or not the local DNA distortion 
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provoked by the adducts inhibits or slows down the cutting 
activity of the enzyme [lo] is still an open question. 

To determine the DNA binding sites of the cis-Pt(II) 
centers of the antineoplastic drug Pt-pentamidine [ll, 12, 
131, we have carried out restriction enzyme inhibition stud- 
ies using the Barn HI and Hind III sites of pUC8 DNA. The 
Barn HI and Hind III enzymes were chosen because pUC8 
DNA presents only one restriction site for each of the en- 
zymes containing target sites for the cis-Pt(II) centers [4], 
such as GG or AG base pairs, respectively. 

MATERIALS AND METHODS 
Isolation of pUC8 Plasmid and Drug Solutions 

pUC8 plasmid was isolated from the Escherichia coli strain 

JM83 according to the alkaline lysis method [14]. Cis-DDP 

was supplied by Bristol-Myers (Spain). Pt-pentamidine was 

synthesized as described previously [l 11. 

The platinum drugs were dissolved in 2.5% DMSO in 

water. Pentamidine isethionate (Aldrich, Spain) was pre- 

pared in water. The stock solutions (1 mg/mL) were stored 

in the dark at room temperature until use. 

Quantification of Platinum Binding to DNA 

pUC8 DNA samples (4 Fg/mL) were incubated with the 

platinum drugs in TE buffer (10 mM Tris - HCl, pH 7.4, 

EDTA 0.1 mM) at several ri. The incubations were carried 

out in the dark for 24 hr at 37°C. DNA samples were 
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TABLE 1. Molar ratio values of drug bound to nucleotide obtained in pUC 8 DNA modified by cis-DPP and Pt.pentamidine 
at several input molar ratios of drug to nucleotide 

Compound 7, rh rtjl, (%I 

cis-DDP 0.05 0.049 f 0.002 98 0.05 
0.15 0.135 f 0.006 90 0.15 
0.25 0.200 + 0.010 80 0.25 
0.50 0.400 f 0.017 80 0.50 

h-pent. 0.05 0.038 + 0.003 76 0.016 
0.15 0.105 + 0.005 70 0.050 
0.25 0.170 -r- 0.008 68 0.083 
0.50 0.360 k 0.015 68 0.166 

4 
0.049 + 0.002 
0.135 + 0.006 
0.200 k 0.010 
0.400 * 0.017 
0.013 k 0.001 
0.035 + 0.002 
0.057 * 0.003 
0.113 * 0.005 

d,ld, (%) 

98 
90 
80 
80 
81 
70 
71 
71 

pUC8 DNA samples were incubated for 24 hr at 37°C wth the platmum drugs in TE buffer at several 7,. DNA samples were concentrated by evaporatmn and subsequently digested 

in HCI + HNO,. Then, the samples were evaporated again and, Anally, resuspended III 10% HCI m water. The platinum content of the drug:DNA complexes was measured at 

265.9 nm by FAAS. The data represent the mean values from 3 independent experunents. I, = mput molar ratlo of platmum to nucleotlde; d, = input molar ratio of drug to 

nucleotide; rh = molar ratlo of platinum bound to nucleotlde; dh = molar ratm of drug to nucleottde. 

concentrated by evaporation in a speed vacuum concentra- 
tor (SAVANT SVH 100H) and, subsequently, digested in 
3 volumes of HCl + 1 volume of HNO,. The samples were 
evaporated again and finally resuspended in 10 mL of 10% 
HCl in water. The platinum content of the drug:DNA 
complexes was measured at 265.9 nm by FAAS (Perkin 
Elmer 372 AAS and HGA programmer). Calibration was 
carried out with standard solutions of K,PtCl,. The results 
were expressed as platinum atoms bound per nucleotide 
(lb), with the mean molecular weight taken as 330 per 

nucleotide. Each value represents the mean obtained from 
3 independent experiments. 

Digestion of pUC8 with Barn HI, 
Hind Ill, and Sal I Restriction Endonucleases 

Aliquots containing 1 kg of DNA were incubated with the 
compounds in TE buffer (pH 7.4) at different ri values for 
24 hr at 37°C. Drug:DNA complexes were ethanol- 
precipitated and resuspended in 25 FL of restriction buffer 
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FIG. 1. Molecular structure of Pt.pentamidine complex and cis-DDP. 
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(10 mM Tris * HCl, pH 7.4, 50 mM NaCl, 10 mM MgCl,, 
and 1 mM 2-mercaptoethanol). The drug:DNA complexes 
were digested with Barn HI, Hind III, or Sal I until comple- 
tion. The DNA was extracted by phenol-chloroform, pre- 
cipitated with ethanol, resuspended in 20 FL of TE buffer 
and subjected to 1.5% agarose gel electrophoresis for 16 hr 
at 25 V in TAE buffer (40 mM Tris-acetate and 2 mM 
EDTA, pH 8.0). DNA was stained with ethidium bromide 
(0.5 Fg/mL) and the gels photographed under UV light. 
Densitometry of cut vs uncut DNA fractions was performed 
to estimate enzymatic activity using a Molecular Dynamics 
300 A densitometer. All experiments were repeated 3 
times. 

RESULTS 
Pt-pentamidine and cis-DDP Binding to gUC8 DNA 

Because the inhibition of restriction cutting is determined 
by the amount of DNA:drug adducts formed, we calculated 
the rb after incubation of pUC8 DNA with cis-DDP and 
Pt-pentamidine (Table 1). An almost linear correlation be- 
tween the r, and rb was observed for both drugs. Although 
the amount of platinum bound to DNA was 12-22% lower 
in Pt-pentamidine:DNA than in cis-DDP:DNA complexes, 

A) 

oc 

ccc 

ri 

the number of drug molecules bound was significantly lower 
in Pt-pentamidine:DNA complexes than in cis-DDP:DNA 
complexes, because there were 3 cis-Pt(I1) centers in Pt- 
pentamidine in contrast to 1 in cis-DDP (Fig. 1). Thus, it 
would be expected that the number of bound Pt- 
pentamidine molecules needed to inhibit the activity of a 
particular restriction enzyme would be approximately 4-fold 
higher than that of cis-DDP (Table 1). 

Inhibition of Bum HI CZeavage 
in Drug:pUC8 DNA Complexes 

Figure 2 shows the results of the agarose gel electrophoresis 
of native and drug-modified DNA after Barn HI digestion 
(A) and the percentage of inhibition of enzyme cleavage 
versus the rZ (B). It was observed that binding of cis-DDP at 
an yi of 0.05 only produced partial inhibition of the enzyme 
cleavage because oc and ccc DNA bands were detected, in 
addition to the pUC8 linear form (Fig. 2A, lane 3). A 
densitometric evaluation of the different DNA forms re- 
vealed that the cleavage was inhibited by 50% (Fig. 2B). At 
an r, of 0.15, the inhibitory effect reached 89% because only 
a faint band corresponding to the linear form was observed 
(Fig. 2A, lane 4). At a cis-DDP ri of 0.25 and higher, the 
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FIG. 2. (A) Electrophoresis in agarose gels following digestion with Barn HI of pUCS DNA modified by cis-DDP (lanes 3 to 7), 
Pt-pentamidine (lanes 11 to 15), and pentamidine (lanes 19 to 23); ri = 0.05, 0.15, 0.25, 0.50, and 0.75. Lanes 1, 9, and 17: 
native pUC8 DNA; lanes 2, 10, and 18: native pUCS DNA after digestion with Barn HI; lanes 8, 16, and 24: pUC8 DNA 
incubated with the drugs at ri = 0.75. (B) Inhibition of Bam HI cleavage of pUC8 DNA modified by cis-DDP (A); Pt- 
pentamidme (0); and pentamidme (0) vs ri. Inhibition was determined densitometrically by comparing the fractions of the 
uncut versus the cut plasmid. The symbols represent the mean value obtained from 3 independent experiments. The vertical 
bars indicate the SD. 
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inhibitory effect was 100% because only a single band, cor- 
responding to both the oc form (with an increased mobil- 
ity) and the ccc form (with a decreased mobility), slightly 
slower than that of the linear form, was detected (Fig. 2A, 
lanes 5 to 8). We observed that Pt-pentamidine at a I, = 
0.05 did not inhibit the cutting capacity of the enzyme (Fig. 
2A, lane 11). Partial inhibition was detected at a Pt- 
pentamidine r, of 0.15 and 0.25 (35% and 55%, respec- 
tively) (Fig. 2A, lanes 12 and 13). At a Pt-pentamidine r, = 
0.5, the inhibition of Barn HI cleavage reached a plateau of 
80% (Fig. 2A, lanes 14 and 15 and Fig. 2B). The inhibition 
capacity of the drug was not due to binding of the ligand 
because pentamidine did not interfere with the cutting ca- 
pacity of Barn HI at any of the ri tested (Fig. 2A, lanes 19 
to 23). 

Inhibition of Hind III 
Cleavage in Drugs:pUCS Complexes 

Figure 3A shows the results of agarose gel electrophoresis 
after Hind III digestion of native or drug-modified pUC8 
DNA. There was a gradual increase in the percentage of 
inhibition of Hind III cleavage with growing amounts of 
platinum bound to DNA after cis-DDP binding (lanes 3 to 

A) 

oc 

ccc 

ri 

B) 

7). From the data presented in Fig. 3B, it may be calculated 
that 50% of the inhibition was reached at a cis-DDP ri of 
0.1, increasing to 100% at the r, of 0.25. Neither Pt- 
pentamidine nor pentamidine, however, produced inhibi- 
tion of Hind III cleavage at any of the ri tested (Fig. 3A, 
lanes 11 to 15 and 19 to 23, respectively). It is likely, then, 
that in contrast to the cis-Pt(I1) centers of cis-DDP, the 
cis-Pt(II) centers of Pt-pentamidine do not form adducts 
within or near the Hind III restriction-site sequences. 

Inhibition of Sal I Cleavage in Drug:DiVA Complexes 

To assess whether the inhibition of Barn HI or Hind III 
activity on platinated pUC8 DNA is restricted to sequences 
with which the drug may form adducts or if the inhibition 
also extends to neighboring DNA sequences, we carried out 
experiments with the Sal I restriction enzyme, whose cut- 
ting site is located 6 base pairs downstream of Barn HI and 
12 base pairs upstream of Hind III. Because the Sal I target- 
site sequences do not contain GG or AG base pairs, it is not 
expected to form Pt-DNA bifunctional adducts with the 
cis-Pt(I1) centers. It was observed that the binding of either 
cis-DDP (Fig. 4, lanes 3 to 7) or Pt-pentamidine (lanes 9 to 
13) to pUC8 did not inhibit Sal I cleavage at any of the r, 
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FIG. 3. (A) Electrophoresis in agarose gel following digestion with Hind III of pUC8 DNA modified by cis-DDP (lanes 3 to 7), 
I%pentamiclme (lanes 11 to 15), and pentamidine (lanes 19 to 23); ri = 0.05, 0.15, 0.25, 0.50, and 0.75. Lanes 1, 9, and 17: 
native pUC8 DNA; lanes 2, 10, and 18: native pUC8 DNA after digestion with Hind III; lanes 8, 16, and 24: pUC8 DNA 
incubated with the drugs at ri = 0.75. (B) Inhibition of Hind III cleavage of pUC8 DNA modified by cis#DDP (A), I% 
pentamidine ( l ), and pentamidine (0) vs ri. Inhibition was determined densitometricaIly by comparing the fractions of the 
uncut versus the cut plasmid DNA. The symbols represent the mean value obtained from 3 independent experiments. The 
vertical bars indicate the SD. 
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FIG. 4. Electrophoresis in agarose gel following digestion 
with Sal I of pUCS DNA modified by cis-DDP (lanes 3 to 7) 
and Pt-pentamidine (lanes 9 to 13); ri = 0.01,0.05,0.1,0.25, 
and 0.50. Lane 1: native pUCS DNA; lane 2: native pUC8 
DNA after digestion with Sal I; lane 8: digestion by Sal I of 
pUC8 DNA modified by pentamidine (ri = 0.50); lanes 14, 
15, and 16: pUCS DNA modified by cis-DDP, Pt- 
pentamidine and pentamidine at ri = 0.50. 

tested. These data suggest that the platinum adducts are 
formed at or near to the Barn HI and Hind III restriction 
sites, because they do not inhibit the cutting of neighboring 
restriction sites. 

DISCUSSION 

Although the data obtained by FAAS show that the 
amount of platinum bound to pUC8 DNA due to the cis- 
Pt(I1) centers of Pt-pentamidine was only 12-22% lower 
than that due to cis-DDP, the number of molecules bound 
to the DNA was much lower, because Pt-pentamidine is an 
oligomer containing 3 cis-Pt(I1) centers per molecule [ll]. 
The results obtained herein, showing that increasing bind- 
ing of cis-DDP and Pt-pentamidine to pUC8 DNA gradu- 
ally prevents the formation of restriction fragments by Barn 
HI, suggest that both drugs may form intrastrand cross-links 
of the adjacent guanines located at the cutting site of the 
enzyme. Because the pUC8 plasmid also contains a 
d(G),.d(C), stretch at 5’ in the Barn HI restriction site 
[15], a bifunctional binding of the cis-Pt(I1) centers of Pt- 
pentamidine and cis-DDP to neighboring guanines may oc- 
cur, inducing a conformational change capable of prevent- 
ing localization of the recognition sequence by the enzyme 
[9]. However, it cannot be ruled out that monofunctional 
binding to guanine may also occur within or close to the 
restriction site because, as has previously been reported 
platination with [Pt(Eten),(NH,),Cl]Cl, which cannot 
bind bifunctionally, inhibits DNA cleavage by Barn HI [7]. 
The data show, moreover, that Pt-pentamidine does not 
inhibit the cleavage of pUC8 DNA by Hind III, suggesting 
that the cis-Pt(I1) centers of Pt-pentamidine do not bind 
either to the 5’A-A3’ base pair at the cutting site or to the 
5’A-G3’ adjacent sequence. Because monofunctional bind- 
ing of Pt-pentamidine to the guanine of the 5’A-G3’ base 
pair that flanks the restriction site of Hind III inhibits, to 
some extent, the enzyme activity [7], it seems that the 
cis-Pt(I1) centers of Pt-pentamidine need the presence of 
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adjacent guanines to bind to DNA. However, cis-DDP in- 
hibits the cleavage of pUC8 DNA by Hind III, so the drug 
must bind to the AG pair located near the restriction se- 
quence of Hind III. In fact, it has previously been reported 
that, although cis-DDP mainly forms intrastrand cross-links 
of adjacent guanines, the drug can also form this kind of 
adduct on AG pairs in which adenine is located at 5’ [16]. 
However, our data show that the concentration of cis-DDP 
needed to inhibit 50% of the cutting activity of Hind III is 
2-fold higher than that needed to inhibit 50% of cutting 
activity of Barn HI (ri = 0.10 vs ri = 0.05) and that the 
inhibitory effect of the drugs must be due to binding within 
or near the restriction sites, because the Sal I restriction site 
was not affected. Thus, we believe that the pentamidine 
residues alter the potential DNA binding sites of the cis- 
Pt(I1) centers of Pt-pentamidine relative to the cis-Pt(I1) 
center of cis-DDP. These results are in agreement with 
Pt-pentamidine:DNA melting data, which indicated that 
30% of total DNA in Pt-pentamidine:DNA complexes was 
not melted at 79”C, in contrast with that observed in cis- 
DDP:DNA complexes in which the melting temperature 
value decreased relative to native DNA [17]. Thus, we be- 
lieve that novel platinum drugs may be designed in which 
the ligand restricts or confers base-specificity to the inter- 
action of the cis-Pt(I1) centers with DNA. 
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