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ABSTRACT: The fluorescence of the aliphatic (amino acido)-N2-methyl-9-hydroxyellipticinium (AA-NMHE) 
derivatives [Auclair, C., Voisin, E., Banoun, H., Bernardou, J., Meunier, B., & Paoletti, C. (1984) J. Med. 
Chem. 27, 1 161-1 1661, namely, dehydroglycino-NMHE, dehydroalanino-NMHE, dehydrovalino-NMHE, 
and dehydroleucino-NMHE, has been characterized. The changes in the fluorescence properties of the drugs, 
including increase in quantum yields, increase in fluorescence lifetimes, and Occurrence of energy transfer 
upon binding to DNA in vitro, have been further investigated. The measurement of the fluorescence increment 
of AA-NMHE when bound to fluorescent sites inside intact bacteria has been found to be suitable for the 
determination of the accessibility of the drugs to bacterial nucleic acids according to the method of Lambert 
and Le Pecq [Lambert, B., & Le Pecq, J. B. (1984) Biochemistry 23, 166-1761, With this methodology, 
the kinetics of drug uptake, the abllity of the drug to reach the bacterial nucleic acids a t  equilibrium, and 
the nature of the ligand binding model have been determined in two AA-NMHE-sensitive strains, Escherichia 
coli BL 101 (Lambert & Le Pecq, 1984) and Salmonella typhimurium TA 98 [Ames, B. N., Lee, F. D., 
& Durston, W. E. (1973) Proc. Nail .  Acad. Sci. U.S.A. 70, 782-7861. The main results obtained are the 
following: (i) At nonsaturating concentrations, each AA-NMHE exhibits a marked difference in its ability 
to reach the bacterial nucleic acids. This parameter seems to be correlated with the antibacterial efficiency 
of the drugs. (ii) The accessibility of AA-NMHE to the bacterial nucleic acids appears to be under the 
control of the hydrophobic character of the drugs on the one hand and the phenotype of the bacteria on 
the other hand. It is suggested that the increase in the accessibility to bacterial nucleic acids resulting either 
from a hydrophobic effect or from mutation is related to the ability of the drugs to reach a class of binding 
sites likely organized in a nucleosome-like structure. 

I@-Methyl-9-hydroxyellipticinium (NMHE)' is a mono- 
functional intercalating agent which exhibits a high cytotoxic 
activity against various experimental tumor cells (Le Pecq et 
al., 1975). Aliphatic (amino acido)-NMHE adducts, namely, 
dehydroglycino-NMHE, dehydroalanino-NMHE, dehydro- 
valino-NMHE, and dehydroleucino-NMHE (Table I), have 
been previously synthesized in our laboratory in order to obtain 
a homologous series of NMHE derivatives having various 
hydrophobic properties (Auclair et al., 1984). As compared 
to the parent compound NMHE, the most striking biological 
feature resulting from this structural modification is a strong 
increase in the antibacterial activity toward the Salmonella 
typhimurium rfa mutants (Ames et al., 1973) and the quar- 
ternary ammonium hypersensitive strain Escherichia coli BL 
101 (Lambert & Le Pecq, 1982). The antibacterial efficiency 
of AA-NMHE has been found to be positively correlated with 
the hydrophobicity of the drugs. This relationship can be 
classically explained by an increase in the rate of passive 
diffusion across cell membranes (Cohn, 1971). However, it 
has been recently suggested that the uptake of psoralens in 
E.  coli acrA mutants (Hansen, 1982) as well as the uptake 
of ethidium bromide in E.  coli BL 101 strain (Lambert & Le 
Pecq, 1984) was controlled by the nucleic acid accessibility 
to these drugs inside the cells. Taking advantage of the 
fluorescence properties of AA-NMHE when bound to nucleic 
acids, we have investigated the quantitative aspects of the 
intracellular binding of AA-NMHE to nucleic acids in the 
sensitive strains Salmonella typhimurium TA 98 and Es- 
cherichia coli BL 101 and attempted to establish a relationship 
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between the accessibility of AA-NMHE to nucleic acids, their 
hydrophobicity, and their antibacterial property. 

MATERIALS AND METHODS 
Chemicals. I@-Methylellipticinium (NME) was provided 

by Dr. N. Dat-Xuong (Institut de Chimie des Substances 
Naturelles, Gif sur Yvette, France). I@-Methyl-9-hydroxy- 
ellipticinium (NMHE) was provided by SANOFI Co. (Sis- 
teron, France). The aliphatic (amino acido)-NMHE adducts 
(dGly-NMHE, dAla-NMHE, dVal-NMHE, and dLeu- 
NMHE) were prepared as previously described (Auclair et 
al., 1984). Pancreatic deoxyribonuclease I, pancreatic ribo- 
nuclease I, micrococcal nuclease, calf thymus DNA, poly [d- 
(A-T)], and poly [d(G-C)] were from Boehringer (Germany). 

Bacterial Strains and Media. Escherichia coli K12 strain 
AB 1157 was kindly provided by Dr. N. Otsuji (Fukuoka, 
Japan). Escherichia coli BL 101 strain was provided by Dr. 
B. Lambert (Villejuif, France). This strain derives from AB 
1 157 after a single mutation and was isolated and selected for 
its sensitivity toward ethidium bromide (Lambert & Le Pecq, 
1982). Salmonella typhimurium strain TA 98 was provided 
by Dr. B. N. Ames (Berkeley, CA). This strain exhibits the 
rfu mutation resulting in increased permeability to bulk and 
hydrophilic compounds. Oxoid nutrient broth 2 was obtained 
from Oxoid Ltd. (England). M9 medium contains the fol- 
lowing per liter: Na2HP04, 6 g; KH2P04, 3 g; NaCl, 0.5 g; 

I Abbreviations: EDso. effective dose 50, the dose of drug reducing 
by 50% the bacteria growth rate as compared to controls; AA-NMHE, 
(amino acido)-~-methyl-9-hydroxyellipticinium; NMHE, fl-methyl- 
9-hydroxyellipticinium; NME, p-rnethylellipticiniurn. 
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NH,Cl, 1 g; MgS04, 1 mM; CaCl,, 0.1 mM; vitamin B,, 1 
mg; casamino acids (Difco, Detroit, MI), 3 g; glucose, 2 g. 
In anaerobiosis experiments, Mg contains 16 mM succinate 
instead of glucose. 

Fluorescence Measurements. Fluorescence spectra were 
recorded on a SLM 800 spectrofluorometer (Urbana, IL) 
equipped with a thermostated cell holder. This instrument was 
connected with an Ortec 93 15 photon counter, interfaced 
through an Ortec 779 interface controller, to a Minc digital 
computer. Fluorescence spectra were corrected for the vari- 
ation of the lamp excitation intensity as previously described 
(Le Pecq & Paoletti, 1967). In the presence of bacteria, 
corrections for inner filter effect were performed as described 
by Lambert & Le Pecq (1984). Kinetics of fluorescence 
increment in the presence of bacterial suspensions were per- 
formed by using an SFM 23/B Kontron spectrofluorometer 
(Zurich, Switzerland). Fluorescence lifetime was measured 
by the time-correlated single photon counting technique as 
previously described (Wahl et al., 1970; Yguerabide, 1972), 
using an instrument built in the laboratory. 

Fluorescence Titration of DNA, Poly[d(A- T ) ] ,  and Poly- 
[d(G-C)]. The fluorescence increment (AIF) was the difference 
of fluorescence intensity between the solution containing drug 
and DNA and the solution containing drug alone. The values 
of the increasing factor of fluorescence intensity between free 
and bound drug (v) were calculated according to Eisinger et 
al. (1965). When the binding of the drug was not complete, 
the concentration of bound drug was computed according to 
Le Pecq & Paoletti (1967). The binding constants and the 
number of binding sites were obtained from Scatchard plots. 
In all cases, fluorescence titrations were performed in quartz 
fluorescence cells (1-cm path length) containing 3 mL of 
buffered solutions thermostated at 25 "C. The excitation 
wavelength was set at 330 nm and the emission wavelength 
at 550 nm. 

Kinetics of Fluorescence Increment and Fluorescence Ti- 
tration of Bacterial Suspensions. Bacteria were grown ov- 
ernight in oxoid medium at 3 7 O  in a rotative shaker and then 
diluted (4%) in Mg medium up to an absorbance of 0.6 at 650 
nm. The bacterial suspension was adjusted to lo8 cells/mL 
in prewarmed M9 medium and allowed to grow 10 min in the 
rotative shaker at 37 OC (cell counts have been performed by 
plating efficiency and using a Malassez hematocytometer). 
Bacteria were used as they exist for fluorescence assays or were 
disrupted in a French press (Aminco). For kinetic measure- 
ments, the fluorescence intensity was continuously recorded 
after the addition of various concentrations of drug to the 
bacterial suspension. The rate constants were computed from 
the curves obtained. For the fluorescence titrations, AIF was 
taken as the difference between the fluorescence intensity at 
the steady state of the mixture containing the drug and the 
fluorescence intensity of the free drug. The latter was mea- 
sured either with drug alone in M9 or with drug in the presence 
of the insensitive strain AB 1 1  57 under similar experimental 
conditions. Experimental data obtained were treated as de- 
scribed for DNA. 

Energy Transfer Measurement. The Occurrence of energy 
transfer from nucleic acids to the bound drug was determined 
according to Weil & Calvin (1963). The relative quantum 
yield ratio of the bound drug upon excitation in the UV region 
vs. excitation in the visible region was determined by using 
the following equation: 

Table I: Structure of Ellipticine Derivatives 

NME -H -H 
dGly-NMHE -OH -N=C(R,)COOH -H 
dAla-NMHE -OH -N=C(R,)COOH -CH3 
dVal-NMHE -OH -N=C(R3)COOH -CH(CH,)2 
dLeu-NMHE -OH -N=C(R,KOOH -CH,CH(CH,L 

a I1 

M K ) 5 0 0 4 0 0 3 0 0  
wavelength (m) exitation wavelengthlmn) 

FIGURE 1: Fluorescence spectra of AA-NMHE free and bound to 
DNA: (a) uncorrected excitation and emission spectra of dVal- 
NMHE (2 pM); (b) part of uncorrected excitation spectra of 
dGly-NMHE (2 rM); (c) same spectra with an excess of calf thymus 
DNA (30 pM). Solutions were in 0.1 M cacodylate buffer, pH 7 .  

where Z and E are respectively the fluorescence intensity and 
the molar extinction coefficient for Xex,vis = 3 15 nm and Xex,uv 
= 260 nm. 

Enzymatic Procedures. When RNase A alone was allowed 
to work, DNase residual activity was removed by heating 10 
min at 60 OC. Then bacterial broken cells ( lo8 cells/mL) were 
treated with 5 units/mL RNase A for 45 min at 37 OC. For 
DNase treatment, DNase I was allowed to work 80 units/mL 
for 90 min and the micrococcal nuclease worked 2 units/mL 
for 90 min at 37 OC to yield mononucleotides from nucleic 
acids. 

RESULTS 
Fluorescence Properties of AA-NMHE. In the series of 

ellipticines, the derivatives hydroxylated at the C-9 position 
(Table I) exhibit no detectable fluorescence in aqueous media. 
The presence of the amino acid moiety linked at the C-10 
position to Nz-methyl-9-hydroxyellipticinium results in the 
recovery of the fluorescence properties of the ellipticine 
chromophore. Figure 1 a shows the uncorrected fluorescence 
spectra of dVal-NMHE dissolved in water. Maximum ex- 
citation and emission wavelengths and the various quantum 
yields of each AA-NMHE are indicated in Table 11. The 
values corresponding to the nonhydroxylated compound 
fl-methylellipticinium are shown as reference for the un- 
substituted ellipticinium chromophore. 

Fluorescence Properties of AA-NMHE Bound to DNA. As 
previously described for intercalating fluorescent dyes, it can 
be expected that free molecules in aqueous solution sur- 
rounding DNA and those intercalated into DNA might have 
different fluorescence properties (Le Pecq & Paoletti, 1967). 
Accordingly, the addition of DNA to a solution of AA-NMHE 
results in a marked increase in the fluorescence intensity of 



A A - N M H E  A C C E S S I B I L I T Y  T O  B A C T E R I A L  N U C L E I C  A C I D S  V O L .  2 4 ,  N O .  3 ,  1 9 8 5  703 

Table 11: Fluorescence Characteristics of AA-NMHE and NMHE Free in Solution 
compd emission max (nm) noncorrected excitation max (nm). corrected excitation max (nm)b Qr‘ 

NME 542 - 309, 358, 422 280sh,d 300, 360, 425 0.21 
dGly-NMHE 546 - 310, 361, 464 - 282, 310,h, 360, 425 0.21 
dAla-NMHE 550 - 308, 361, 465 - 283, 315,h, 370, 425 0.10 
dVal-NMHE 548 - 306, 361, 452 - 278, 315,h, 370, 420 0.14 
dLeu-NMHE 554 306, 361, 466 279, 312.h, 365, 425 0.14 

“Underlined numbers are the highest maxima. bCorrection is achieved for lamp intensity. cQr is the quantum yield of the drug calculated in 
comparison with that of ellipticine (Le Bret et al.. 1977). dsh, shoulder. 

Table 111: Fluorescence Characteristics of AA-NMHE Bound to 
Calf Thymus DNA 

compd Qb.uv/Qb.vit  7 (nsIb v 
dGly-N M H E 4.3 24 25 
dAla-NMHE 6.0 17 28 
dVal-NMHE 5.1 16 23 
dLeu-NMHE 3.8 17 25 

“ Ratio of the quantum efficiency of drug bound to DNA at 260 nm 
vs. the same quantity at 3 15 nm. D 7 is the fluorescence singlet lifetime 
of the drug bound to DNA ( r  = 0.06). V is the fluorescence incre- 
ment between free and bound drug at 330-nm excitation and 25 OC in 
0.1 M cacodvlate buffer. PH 7. 

the drug and in marked modifications of the fluorescence 
spectra. Figure lb,c shows the excitation spectra obtained in 
the UV region for free and DNA-bound dGly-NMHE. The 
increase in the fluorescence intensity associated with a shift 
toward longer wavelengths can be related to a hydrophobic 
effect (data not shown) as previously reported in the case of 
ethidium bromide when intercalated (Olmsted & Kearns, 
1977). The appearance of a shoulder in the 260-nm range is 
consistent with an energy transfer process from DNA to the 
intercalated drug as demonstrated for ethidium bromide (Le 
Pecq & Paoletti, 1967). No shift in the visible region of the 
fluorescence excitation spectrum, as well as in the emission 
spectrum, is observed. The Occurrence of the energy transfer 
process can be revealed by calculation of the ratio Qb,uv/Qb,, 
(see Materials and Methods). If energy transfer occurs, this 
ratio must be greater than unity. The values indicated in 
column 2 of Table I11 show that energy transfer effectively 
occurs with all AA-NMHE. Energy transfer has been sug- 
gested to take place only with compounds which are interca- 
lated in nucleic acids (Le Pecq & Paoletti, 1967; Reinhardt 
et al., 1982), and therefore, these results corroborate the 
viscosimetric data previously obtained concerning the DNA 
length increase in the presence of AA-NMHE (Auclair et al., 
1984). In contrast, the quantum yield enhancement resulting 
from the hydrophobic effect may be due to the intercalation 
process and/or to outside binding. These possibilities can be 
investigated by measurement of the fluorescence lifetimes. The 
values of the fluorescence lifetimes of each AA-NMHE bound 
to DNA (pH 7, 0.1 M NaCl) are indicated in column 3 of 
Table 111. These values are quite similar to those previously 
obtained in the series of ellipticine (Le Bret et al., 1977) and 
are consistent with intercalation. 

At total dye to nucleotide ratios ranging from 0.01 to 0.20, 
each bound AA-NMHE exhibits a single fluorescence lifetime 
(single exponential decay); similar data were obtained at 
various ionic strengths (0.01-1 M Na+), indicating that under 
these conditions external binding does not occur. AA-NMHE 
DNA binding parameters such as binding constant and num- 
ber of sites can therefore be evaluated by fluorescence titration. 
The values of the fluorescence increment index (V) obtained 
for the different AA-NMHE adducts are indicated in column 
4 of Table 111 (Vis  the ratio Qbeb/&, where Qb and Qr are 
the quantum yields of bound and free drug, respectively, and 
+, and ef are the extinction coefficients of the bound and free 

Table IV: Calf Thymus DNA Binding Constants of AA-NMHE and 
NME” 

K., (M-’) at 
compd PH 5 PH 7 

NME 9.9 x 105 4.4 x 105 

dAla-NMHE 1.0  x 107 7.8 x 105 
dVal-NMHE 5.0 x 106 5.0 x 105 
dLeu-NMHE 1.8 X lo6 3.9 x 105 

dGly-NMHE 4.3 x 106 1.7 X lo6 

“pH 5 is obtained with 0.1 M acetate buffer and pH 7 with 0.1 M 
cacodylate buffer. 

Table V: Poly[d(A-T)] and Poly[d(G-C)] Binding Parameters of 
AA-NMHE in 0.1 M Cacodylate Buffer, pH 7 

dGly-NMHE 28 7.8 X 10’ 22 8.0 X lo5 
dAla-NMHE 28 1.0 X lo6 22 1 . 1  X lo6 
dVal-NMHE 26 3.3 X los 20 7.0 X 10’ 
dLeu-NMHE 28 6.0 X lo5 22 1.0 X lo6 

“ V is the fluorescence increment between free and bound drug at 
330 nm. bK.nn is the apparent affinity constant in M-l. 

drug at 330 nm). The equilibrium between free and bound 
molecules is given by the Scatchard plot. The Scatchard plots 
of the fluorometric titration of calf thymus DNA by AA- 
NMHE yield slightly concave-upward curves, usually obtained 
with monofunctional intercalating compounds. For all the 
AA-NMHE, the maximum value of the drug bound per nu- 
cleotide ratio obtained was 0.2, which is consistent with the 
neighbor-exclusion model. The DNA binding constants ob- 
tained for the different drugs at pH 7.0 and 5.0 are indicated 
in Table IV. The fluorometric characteristics of drugs upon 
binding to DNA through intercalation could be dependent on 
the sequence of the DNA (Michelson et al., 1972; Le Pecq 
et al., 1975), and moreover, the drugs may exhibit a se- 
quence-specific binding. Fluorometric titration of the homo- 
polymers poly[d(A-T)] and poly[d(G-C)] shows that the 
fluorescence increment, the stoichiometry of binding, and the 
affinity for these polynucleotides are quite similar for each 
AA-NMHE (Table V). 

Fluorometric Measurements of AA-NMHE Uptake in 
Bacteria. The experimental data described above indicate that 
binding of AA-NMHE adducts to DNA through intercalation 
resulted in a strong increase in the fluorescence of the drugs. 
With this occurrence, it can be assumed that in AA- 
NMHE-containing cell suspensions, an increase in fluorescence 
reflects the amount of drug which has reached fluorescent sites, 
including intercalation sites inside the cells. This technique 
has proved to be suitable for the study of ethidium bromide 
uptake in E .  coli (Lambert & Le Pecq, 1984). Therefore, we 
have first of all investigated the kinetics of fluorescence in- 
crement of AA-NMHE in the presence of the sensitive strains 
E .  coli BL 101 and S .  typhimurium TA 98. Figure 2 shows 
that addition of different AA-NMHE derivatives to the 
bacterial suspensions resulted in a marked fluorescence en- 
hancement as a function of time. The initial part of each curve 
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FIGURE 2: Time course of fluorescence increment of AA-NMHE in 
living cells: (A) dGly-NMHE (B) dAla-NMHE (0) dVa1-NMHE 
(A) dLeu-NMHE. Intact cells were prepared as described under 
Materials and Methods. In the left panel, BL 101 was tested. In 
the right panel, curves refer to the TA 98 strain. 

Table VI: First-Order Rate Constants of AA-NMHE Uptake in 
Bacteria 

k (min-') 
compd BL 101 TA 98 

dGly-NMHE 0.396 0.314 
dAla-NMHE 0.277 0.546 
dVal-NMHE 0.572 0.693 
dLeu-NMHE 0.438 0.924 

can be fitted by a single exponential, yielding first-order rate 
constants ranging from 0.277 to 0.925 min-' (Table VI). 
These values reflect the rate-limiting step of the accessibility 
of the drugs to the fluorescent sites inside the bacteria. This 
limiting step can be related to the rate of equilibration of the 
drug concentrations across the bacterial membrane and/or the 
rate of equilibration of the drugs with their fluorescent sites 
inside the bacteria. It must be noted that in the TA 98 strain 
the rate constant values were roughly correlated with the 
hydrophobicity of the drugs as expressed in terms of a capacity 
factor (Auclair et al., 1984). The addition of AA-NMHE to 
a suspension of wild-type E. coli AB 1157, which is insensitive 
to AA-NMHE, is not followed by a fluorescence increase. 
This observation suggests that the ability of the drugs to reach 
the fluorescent sites is related to their antibacterial activity. 

Nature of the AA-NMHE Binding Sites in Bacteria. The 
fluorescence increment of AA-NMHE when associated with 
bacteria may come from the binding of the drugs to nucleic 
acids as well as to various hydrophobic components of the cells. 
Evidence for the involvement of double-stranded nucleic acids 
as fluorescent sites in bacteria is provided by determination 
of the fluorescence lifetimes and the occurrence of energy 
transfer. The values of the fluorescence lifetime of AA- 
NMHE in bacteria were found to be 24, 17, 18, and 16 ns for 
dGly-NMHE, dAla-NMHE, dVal-NMHE, and dLeu- 
NMHE, respectively. These values are quite similar to those 
obtained with calf thymus DNA in vitro (Table 111). The 
Occurrence of energy transfer from bacterial nucleic acids to 
the drugs is obvious from the data shown in Figure 3 which 
indicate that the variation of the quantum yield of AA-NMHE 
(dVal-NMHE in the figure) follows the variation of the nucleic 
acid absorption spectrum (see Materials and Methods). Quite 
similar spectra were obtained for all the AA-NMHE. As 
previously demonstrated for ethidium bromide (Lambert & 
Le Pecq, 1984), it appears from these results that the fluor- 
escent binding sites for AA-NMHE in bacteria are the dou- 
ble-stranded nucleic acids. Additional information can be 
obtained from the titration curves of bacterial nucleic acids 

e 
3 

2 

1 

B A N O U N ,  L E  B R E T ,  A N D  A U C L A I R  

I 

250 340 3.50 
wavelength (nm) 

FIGURE 3: Energy transfer from bacterial nucleic acids to dVal- 
NMHE. The fluorescence excitation spectrum was corrected according 
to Lambert & Le Pecq (1984). 
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FIGURE 4: Fluorescence increment of dGly-NMHE upon binding to 
broken BL 101 cells. AZF is the fluorescence increment between the 
drug in M9 medium and the drug in disrupted cells, at the same 
concentration (m). (7) Same titration after RNase- and DNase-free 
treatment; (A) broken cells treated by RNase and subsequently by 
DNase. 

performed in the presence of disrupted bacteria and subsequent 
treatments with nucleases. Figure 4 shows that the addition 
of RNase decreases by about 60% the fluorescence increment 
of AA-NMHE (dGly-NMHE in the figure) at saturation 
concentrations of drug. The further addition of DNases results 
in complete suppression of the fluorescence increment, indi- 
cating that in crude preparations of disrupted bacteria the 
fluorescent sites are located on nucleic acids only. Similar data 
were obtained with all the AA-NMHE. 

Quantification of AA-NMHE Bound to Bacterial Nucleic 
Acids ut the Steudy State. The use of the extent of fluores- 
cence increment to determine the amount of drug which has 
reached the nucleic acids inside the bacteria requires correction 
for the various fluorescence enhancement eficiencies occurring 
with each drug. This can be done by establishment of the 
titration curves of a nucleic acids containing suspension of 
disrupted bacteria. Moreover, in the range of concentrations 
used, each drug exhibits a single and constant fluorescence 
lifetime when bound to bacterial nucleic acids in both intact 
and disrupted cells. With this occurrence, the amount of drug 
bound to bacterial nucleic acids can be calculated according 
to Le Pecq & Paoletti (1967) as for purified DNA. For this 
purpose, it can be assumed that disruption of the bacteria 
results in the disappearance of the membrane barrier as well 
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Table VII: Differential Accessibility of AA-NMHE to Bacterial 
Nucleic Acids" 

BL 101 TA 98 
compd b C b C 

dGly-NMHE 7 23 7 21 
dAla-NMHE 12 43 I 25 
dVal-NMHE 27 61 24 56 
dLeu-NMHE 26 42 19 36 

P -0.97 -0.92 -0.88 -0.81 
OValues indicate the fraction (in percent) of the nucleic acid binding 

sites reached at the steady state for a concentration of 1 pM drug. 
100% is taken as the maximum binding to bacterial nucleic acids at 

saturating concentration of drug in the presence of disrupted bacteria. 
100% is taken as the binding to bacterial nucleic acids of 1 pM drug 

in the presence of disrupted bacteria. dThe correlation coefficient, r ,  
accounts for the correlation between percent of AA-NMHE accessi- 
bility to bacterial nucleic acids and the cytotoxicity of each drug. 

as in the disorganization of the nucleosome-like structures of 
the cells (Pettijohn, 1982). These circumstances correspond 
to the maximum accessibility to the fluorescent sites. 
Therefore, at each concentration of the drug, the fluorescence 
increment corresponds to 100% of the potential accessibility 
to the fluorescent binding sites. Thus, as the fluorescence 
increment is proportional to the bound drug concentration (Le 
Pecq & Paoletti, 1967), in disrupted cells 

AI, = kCB 

where CB is the bound drug concentration. In intact cells, the 
fluorescence increment is 

hl< = kCB' 

Thus, the amount of drug bound to nucleic acids in intact 
bacteria expressed as the percent of maximum binding is 

with CB = 100%. 
Therefore, at a given concentration of drug, the amount of 

drug bound to bacterial nucleic acids can be expressed either 
as the percent of the maximum accessibility at this concen- 
tration or as the percent of the maximum accessibility at 
saturating concentrations of drug. Table VI1 summarizes the 
values so obtained and shows that at equilibrium each AA- 
NMHE exhibited a marked difference in accessibility to 
bacterial nucleic acids in both strains. The highest values were 
obtained with the most antibacterial drug, dVal-NMHE, 
whereas the lowest values were obtained with the less active 
drug dGly-NMHE. The value of the linear correlation 
coefficient between the BL 101 antibacterial efficiency of 
AA-NMHE and their differential accessibility (columns b)  
is statistically significant for this relation as measured by the 
Student's test (p < 0.05). Apparent binding constants and 
maximum binding of AA-NMHE to bacterial nucleic acids 
can be investigated by Scatchard treatment of the fluorescence 
titration curves of intact bacteria by AA-NMHE according 
to the following equation: 

r / c  = K(n - r)  

where r is the amount of AA-NMHE retained by lo8 bacteria, 
c is the micromolar free concentration of AA-NMHE, K is 
the apparent binding constant, and n is the maximum number 
of AA-NMHE sites per IO8 bacteria. Figure 5 shows 
Scatchard plots of these data obtained with dGly-NMHE and 
dVal-NMHE. In the BL 101 strain, dGly-NMHE and 
dVal-NMHE interact with bacterial nucleic acids according 
to two different models of binding. dVal-NMHE interacts 
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FIGURE 5: Scatchard representations of fluorometric measurements 
of dGly-NMHE (A) and dVal-NMHE (0) retained by BL 101 (a) 
and TA 98 (b) cells at equilibrium. Bacterial suspensions (lo8 
cells/mL) were separated in several samples and incubated till 
equilibrium with various drug concentrations. All incubations and 
measurements were done at 37 "C. In panels c (BL 101 strain) and 
d (TA 98 strain), dGly-NMHE (A) and dVal-NMHE (0) binding 
to disrupted cells at 37 OC (equilibrium is instantaneous). 

through the anticooperative binding model involving one class 
of binding sites as exhibited by the concave upward curved 
plot. In contrast, the binding of dGly-NMHE to bacterial 
nucleic acids occurs according to a sequential process involving 
two classes of binding sites (as described in the case of ethidium 
bromide interaction with lymphoblastic chromatin; Paoletti 
et al., 1977). At low concentrations, the drug reaches the first 
accessible sites whereas at higher concentrations, the second 
class of sites is filled according to a cooperative process. For 
both drugs, the maximum binding obtained at saturating 
concentration was about 2 nmol per lo8 bacteria, which is in 
agreement with the value reported for ethidium bromide 
(Lambert & Le Pecq, 1984). In the TA 98 strain, dGly- 
NMHE and dVal-NMHE interact with bacterial nucleic acids 
in a similar way, suggesting a cooperative binding model in- 
volving a single class of binding sites. However, in this case, 
the values of maximum binding at saturating concentration 
of drug were found to be markedly different (0.35 nmol/108 
bacteria for dGly-NMHE and 1.80 nmol/108 bacteria for 
dVal-NMHE). Strictly, the appearance of the two classes of 
binding sites in the BL 101 strain and the cooperative processes 
in both strains require integrity of the bacteria. As shown in 
Figure 5c,d, the Scatchard plots obtained from the fluorescence 
titration curves of disrupted bacteria by dGly-NMHE and 
dVal-NMHE exhibited in all cases concave upward curved 
plots, yielding quite similar binding constants in the range of 
lo6 M-' and a similar maximum number of binding sites at 
saturating concentrations of drug. 

DISCUSSION 
Among the different possibilities which may account for the 

relation between the antibacterial properties of the AA- 
NMHE adducts and their hydrophobic properties, two hy- 
potheses have been retained: (i) The increase in the hydro- 
phobic character of AA-NMHE could be associated with an 
increase in the transport of the drugs across cell membranes 
(Hansch, 1971). (ii) The increase in the hydrophobic character 
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that, in contrast with ethidium bromide (Lambert & Le Pecq, 
1984), the accessibility of AA-NMHE to bacterial nucleic 
acids was not dependent on the energization of the bacterial 
membrane since neither the deprivation of oxygen nor the 
addition of cyanide (data not shown) affects the amount of 
drug bound to nucleic acids at the steady state. It can 
therefore be hypothesized that regulation of the accessibility 
occurs at nucleic acid levels. Scatchard plots of the binding 
of dGly-NMHE to BL 101 suggest the presence of two ac- 
cessibility classes of binding sites which where sequentially 
filled as the concentration of drug increased. The sharp 
transition observed in the Scatchard plots reflects a cooperative 
effect in the binding of dGly-NMHE to bacterial DNA and 
can be due to the appearance of new binding sites for inter- 
calation. This type of sequential filling has been previously 
described for the binding of ethidium bromide to chromatin 
(Paoletti et al., 1977). In this way, it has been suggested that 
the DNA iq the bacterial chromosome is coiled in a nucleo- 
some-like structure [see Pettijohn (1982) for a review]. In 
contrast, Scatchard plots of the binding of dVal-NMHE to 
BL 101 show a homogeneous filling of the binding sites as 
observed in the presence of purified DNA or disrupted bac- 
teria. One of the possible explanations is that the lipophilic 
character of dVal-NMHE allows one to overcome a hydro- 
phobic barrier which may exist at the bacterial nucleoid level. 
This phenomenon may account for the differential accessibility 
of these two drugs to E .  coli nucleic acids at nonsaturating 
concentrations. At saturating concentrations of drug, the 
number of binding sites appears to be quite similar for both 
drugs. In the TA 98 strain the binding of dGly-NMHE and 
dVal-NMHE can be interpreted as a cooperative process in- 
volving in each case the interaction with a single class of 
binding sites. However, in that case, at saturating concen- 
trations of drug, the number of binding sites is markedly lower 
for dGly-NMHE. The occurrence of two different models of 
ligand binding corresponding to each strain, BL 101 and TA 
98, is in agreement with the hypothesis of Lambert & Le Pecq 
(1984) that the mutation in BL 101 is associated with mod- 
ifications of the bacterial chromosome resulting in an increase 
in DNA accessibility. This property may explain the differ- 
ential accessibility of AA-NMHE in the two strains and the 
marked higher antibacterial activity of the drugs toward BL 
101 especially for the less hydrophobic compounds dGly- 
NMHE and dAla-NMHE. 

From all these observations, we have the following three 
conclusions: (i) The different antibacterial activity of AA- 
NMHE is related to the different accessibility of these drugs 
to bacterial nucleic acids. (ii) The accessibility to bacterial 
nucleic acids is under the control of the hydrophobicity of the 
drugs. (iii) The increase in the hydrophobic character of the 
drugs increase their ability to reach a protected class of binding 
sites likely located in a nucleosome-like structure of the bac- 
terial chromosome. 
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ABSTRACT: Salmon sperm DNA, treated with the antitumor agent cis-diamminedichloroplatinum(I1) 
(cis-DDP), was enzymatically degraded to (o1igo)nucleotides. Four Pt-containing products were identified 
by 'H N M R  after preparative chromatography on a diethylaminoethyl-Sephacel column at pH 8.8. In all 
identified adducts, comprising approximately 90% of the total F't in the DNA, Pt was linked to the N7 atoms 
of the nucleobases guanine and adenine. The two major adducts were ~ i s - P t ( N H ~ ) ~ d ( p G p G )  and cis-Pt- 
(NH,),d(pApG), both derived from intrastrand cross-links of cis-DDP on neighboring nucleobases. Only 
the d(pApG) but not the d(pGpA) adduct could be detected. Two minor adducts were Pt(NH,),dGMP, 
resulting from monofunctionally bound cis-DDP to guanine, and c i ~ - p t ( N H ~ ) ~ d ( G M p ) ~ ,  originating from 
interstrand cross-links on two guanines as well as from intrastrand cross-links on two guanines separated 
by one or more bases. For analytical purposes we developed an improved method to determine cis-DDP 
adducts. Routinely, 40-kg samples of enzymatically degraded cis-DDP-treated DNA are now analyzed 
by separation of the mononucleotides and Pt-containing (o1igo)nucleotides on the anion-exchange column 
Mono Q (FPLC) at  pH 8.8 (completed within 14 min) and subsequent determination of the Pt content in 
the collected fractions by atomic absorption spectroscopy. The method was used to optimize the digestion 
conditions for cis-DDP-treated DNA. In kinetic studies on the formation of the various adducts, a clear 
preference of the Pt compound to react with guanines occurring in the base sequence d(pGpG) was established. 

%e antitumor drug cis-diamminedichloroplatinum(I1) 
(cis-DDP)' is a frequently used chemotherapeutic agent; its 
working mechanism, however, is not fully clarified yet [for 
reviews, see Marcelis & Reedijk (1983) and Lippard (1982)l. 
It is generally accepted now that the antineoplastic activity 
of the drug is based on its interaction with cellular DNA 
leading to the formation of various types of adducts. In Figure 
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1 the hitherto known cis-DDP-DNA adducts are schematically 
depicted. Apart from these adducts, DNA-protein cross-links 
are formed by cis-DDP (Plooy et al., 1984), but these adducts 
are outside the scope of this study. Recently, we (Fichting- 
er-Schepman et al., 1982) and other investigators (Johnson, 
1982; Eastman, 1983) reported methods to inventory the ad- 
ducts in DNA by degrading cis-DDP-treated DNA, followed 
by chromatography of the resulting products. 

Abbreviations: cis-DDP, cis-diamminedichloroplatinum(I1); cis- 
DDP-DNA, salmon sperm DNA modified with cis-DDP in vitro; rb, 
number of Pt atoms bound per nucleotide; rtr total input drug-nucleotide 
ratio in solution; AAS, atomic absorption spectroscopy; 'H NMR, proton 
nuclear magnetic resonance; FPLC, fast protein liquid chromatography; 
Tris, tris(hydroxymethy1)aminomethane; DEAE, diethylaminoethyl. 
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