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ABSTRACT The equilibria and kinetics of the interactions of proflavine (PR) and its platinum-containing derivative
[{PtCl(tmen)},{HNC,3H,(NHCH,CH,),}]* (PRPt) with double-stranded poly(A) have been investigated by spectrophotometry
and Joule temperature-jump relaxation at ionic strength 0.1 M, 25°C, and pH 5.2. Spectrophotometric measurements indicate
that base-dye interactions are prevailing. T-jump experiments with polarized light showed that effects due to field-induced
alignment could be neglected. Both of the investigated systems display two relaxation effects. The kinetic features of the
reaction are discussed in terms of a two-step series mechanism in which a precursor complex DS, is formed in the fast step,
which is then converted to a final complex in the slow step. The rate constants of the fast step are k; = (2.5 = 0.4) X 10° M~
s ',k y =4 =01 x10% s for poly(A)-PR and k; = 2.3 = 0.1) X 10° M ' s ", k_, = (1.6 = 0.2) x 10 s~ for
poly(A)-PRPt. The rate constants for the slow step are k, = (4.5 + 0.5) X 10° s~ ", k_, = (1.7 = 0.1) X 10® s~ ' for poly(A)-PR
andk, =9.7 +1.2s " k_, = 10.6 = 0.2 s~ ' for poly(A)-PRPt. Spectrophotometric measurements yield for the equilibrium
constants and site size the values K = (4.5 + 0.1) X 103 M~ ', n = 1.3 = 0.5 for poly(A)-PRand K = (2.9 + 0.1) X 10° M~ ",
n = 2.3 = 0.6 for poly(A)-PRPt. The values of k, are similar and lower than expected for diffusion-limited reactions. The values
of k_, are similar as well. It is suggested that the formation of DS, involves only the proflavine residues in both systems. In
contrast, the values of k, and k_, in poly(A)-PRPt are much lower than in poly(A)-PR. The results suggest that in the complex
DS,, of poly(A)-PRPt both proflavine and platinum residues are intercalated. In addition, a very slow process was detected and
ascribed to the covalent binding of Pti(ll) to the adenine.

INTRODUCTION

The intercalative properties of acridines (Lerman, 1961)et al., 1984, 1989; Bowler and Lippard, 1986; Sundquist et
have been recognized as the basis of their mutagenic aral., 1990; Ceci et al., 1993), with the aim of producing com-
antitumor activities (Ferguson and Denny, 1991). Proflavingpounds showing toward nucleic acids the interacting charac-
(3,6-diaminoacridine), also denoted as PR in the following eristics of both the functional groups. One of them is the
causes frameshift mutations in viruses, in bacteriophagesiew compound [{PtCl(tmen}{HNC ; ;H,(NHCH,CH,),}] *,
and in bacteria, but shows DNA-breaking activity in mam-(tmen = N,N,N,N’-tetramethylethylenediamine), which
malian cells (Ferguson and Denny, 1991). This and othefrom now on will be denoted as PRPt, where two platinum
chromosomal mutations seem to be related to the ability ofesidues are linked to a proflavine molecule (cf. Fig. 1).
proflavine to stabilize DNA-topoisomerase Il intermediates |t should be noted that most of the kinetic studies on the
(Ferguson and Denny, 1991; Ripley et al., 1988; Brown ehinging of intercalators to nucleic acids involve DNA,
al., 1993). The antineoplastic activity of some acridine\yhereas binding to RNA has been relatively less studied.
_derlvatl\_/es a_nd of ot_her intercalators is th_e result of the'rDespite the abundance of studies performed by different
interaction with topoisomerase 1l (Capranico et al., 1990 pniques, the results and the conclusions as well are rather
Corbett et al.,, 1993; De Isabella et al., 1993) and has beegierent. For instance, the DNA-phenanthridine system has
exp_l0|te_d n t_he c_I|n|caI trea_tment of hu_man cancers. been found to display a single relaxation (Jovin and Striker,
cis-Diamminedichloroplatinum (Il) dis-DDP), widely 1977; Macgregor et al., 1985), two relaxations (Wakelin and

used in chemotherapy, is itself capable of producing Iesion%aring 1980; Meyer-Almes and Porschke, 1993), and even

in DNA (Lippard, 1983; Fichtinger-Schepman et al., 1986; . .
Brabec and Leng, 1993), and the combined use of interc three relaxations (Breslow and Crothers, 1975). Concerning

lating drugs withcis-DDP has proved successful against he DNA-acridine system, depending on the structure of the

some forms of solid tumors (Pizzocaro et al., 1985). Re-d_ye’ d|fferent_ behgwors have been ob_serv_ed as well. A
cently, bifunctional molecules have been synthesized tha%mgle relaxation with a reciprocal relaxation time that tends

link somecis-DDP like residues to an intercalator (Bowler to level off fpr high polymer concentration; was meas.ured
(Marcandalli et al., 1988), but two (Wakelin and Waring,

1980) and three separate effects (Li and Crothers, 1969)
were also observed. Nevertheless, all authors agree in as-
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Z is scarcely soluble in perchlorate medium. Sodium cacodylate (D2
O M) was used to keep the pH of the solutions at the desired value.
S
Ly /CHe—CHz-r;l N% t‘J—CHz—CHz L
A4
(L/H\ H H H ’PT )
C' cl” N Methods

FIGURE 1 PRPt [{PtCI(tmen)},{HNC ;H,(NHCH,CH,),}] *. The double-stranded conformation of poly(A) was obtained by gradually
Tmen= L-L = N,N,N,N'-tetramethylethylenediamine. lowering the pH of the solution from an initial value of 7 to the value of 5.2

and waiting for at lea<2 h sothat the transition could come to completion
(Maggini et al., 1994) Measurements of pH were made with a Radiometer
Copenhagen (Copenhagen, Denmark) PHM-84 pH meter equipped with a

teraction of acridines with single-helical pon(A) by the combined glass electrode in which the liquid junctionswea3 M NaCl
solution.

T-jump method and concluded that the stacking betV_Veen the The binding equilibria were studied in the visible region, where only the
dye molecules bound externally to the polymer chain playsiyes absorb. Spectrophotometric measurements were made using a Perkin-
an important role in the dynamics of the interaction. Elmer and Co GmbH (Berlingen, Germany) Lambda 17 UV/VIS spec-

To gain information on the mode of binding of bifunc- trophotometer. The absorption spectra of both dyes change upon binding to

. . - . oly(A), displaying hypochromism and bathochromic shifts. Spectropho-
tional druQS to ribonucleic acids, we have performed qpometric titrations were performed by adding increasing amounts of

te_mperature-jur_np study of the interaction of PR and '_DRPE)oly(A) to a dye solution. The data bt= 0.1 M were evaluated according
with double-helical poly(A). The structure of double-helical to the Benesi and Hildebrand (1949) method, whereas the titratidns at

poly(A) has been elucidated by crystallographic (Rich et al.0.01 M were analyzed by fits to the McGhee and von Hippel (1974)
1961), NMR (Lerner and Kearns, 1981), and Raman (Scovequation. Unless specified otherwise, concentrations of poly(A) are given
ell, 1978) studies and proved to be quite different from thosd" Units of moles of base pairs per dm

. . .~ The kinetic measurements were carried out by the temperature-jump
of standard RNA double helices. ACtua"y’ the adenines palfechnique with Joule heating and absorbance detection. To check the

through two G-NH, N7 and two G-NHy " O,P=hydro- influence of the electric field on the kinetics, the Messanlagen T-jump
gen bonds (Scovell, 1978), and the phosphate interacisstrument (Gttingen, Germany) was modified by inserting a polarizer in

electrostatically with the proton bound to the df adenine front of the entrance cell window. A test was made to check the quality of
in the opposite chain (Rich et al., 1961). The resultingthe light at the exit of the T-jump monochromator (Bausch and Lomb no.

truct hibits tw llel strand d ingl 338602). With the cell filled with water, the light intensity was measured
struciure exnibits two parallel strands and a single groov‘T:‘ordifferent directions of the polarizer with respect to the transient electric

and requires each base pair to be at least partially protonatggiq. A sinusoidal dependence of the light intensity on the rotation angle
to prevent strand dissociation. The presence of only onedicated that the light from the monochromator is polarized, and the value
type of base, as well as only one type of groove, allows aref the minima yielded~35% polarization. Furthermore, the quality of the
easier interpretation of the experimental data (Wakelin anaell windows with respect to their abi!ity to depqlarizg the incident light
Waring, 1980) and makes poly(A) an especially interestinq‘i“’as tested as follows: a beam of vertlca_lly E)olal_’lzed_ I_|ght from a 633-nm
8 . i e-Neon laser was allowed to cross a Nicol's prism initially set parallel to
model for the study of interactions between ligands andne incident light. The measured photocurrent at the exit of the prism was
ribonucleic acids. A further aim of this investigation is to 1.9 x 103 A. The Nicol's prism was then rotated by 90°, and the
confirm the recent assertion of previous authors (Meyermeasured current intensity was reduced t& 10~ ° A. The cell was then
Almes and Porschke, 1993) that the use of the T-jum[ji”ed with water and inserted in frpnt of thg prism. No_ inc_rease in the
technique with Joule heating yields correct results, provide&hotocurrent was observed, meaning that light depolarization by the cell

. . . . windows was negligible.
that the artifacts due to field-induced allgnment are properly Each of the two investigated systems displays two relaxation effects.

controlled. The kinetic curves were collected by a Tektronix (Beaverton, OR) 2212
storage oscilloscope, transferred to a PC and evaluated according to the
method of Provencher (1976). Because our data storage device does not

have a dual sampling scale, all of the experiments with the poly(A)-PRPt
MATERIALS AND METHODS system, where the two relaxation effects differ by about two orders of
Materials magnitude, have been recorded first at a high and then at a low sampling

rate. In such a way the two effects could be analyzed separately.
Poly(A) was purchased from Pharmacia Biotech (Uppsala, Sweden) in the
form of lyophilized sodium salt (mean length600 units). The polynu-
cleotide solutions were standardized spectrophotometrically, using an ex-
tinction coefficient of 1.01x 10* M~ cm™?* at 257 nm (Janik, 1971). RESULTS
Proflavine hydrochloride was purchased from Sigma (St. Louis, MO), and
the concentration of the stock solutions was determined by measuring thEquilibria
absorbance at 444 nm and using 4.2 X 10 M~ *cm™ ! (Schwarz et al., . .
1970). PRPt was synthesized and purified as described elsewhere (Ceci &€ transition of poly(A) from the single-strand to the
al., 1993). Stock solutions of PRPt were prepared by dissolving weighedlouble-strand conformation depends on pH and on the ionic
amounts of the solid in doubly distilled water. The absorption spectrum andstrength. Al = 0.1 M and 25°C the melting pH is 5.9, and
the extinction coefficient of PRPt in the visible region appear to be at the working pH of 5.2 the transition is complete (Maggini

practically the same as those of proflavine. All of the solutions were kept o
in the dark at 4°C and were used within 1 week. Sodium perchlorate wa?t al., 1994)' Furthermore, we note that under the conditions

used to adjust the ionic strength, in the poly(A)-PR system, whereas Of our @fperimems the duplex of poly(A) is half-protonated
sodium nitrate was employed with the poly(A)-PRPt system, because PRAMaggini et al., 1998).
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Poly(A)-PR

Fig. 2 shows the spectral changes occurring in the poly(A)-
PR system when increasing polymer amounts are added to
a fixed dye amount. The clearly visible red shift indicates 31
dye-base interactions, whereas the single, well-defined isos- g
bestic point suggests the occurrence of a relatively simple <5 b
o
E

4+ a

binding process. This can be represented by the apparent
reaction

D+ S< DS 1) 14

where DS denotes the total bound dye, D the free dye, and
S the binding sites on the polymer that are potentially free.
Preliminary titrations, performed at 444 nm, revealed that 0 2 4 6 8 10 12
the binding of proflavine to double-stranded poly(A) is 10°1C. (M)

rather weak. To enhance the extent of reaction one should s
mcrgase the reactant Concentr&_"tlons' The total dye (_:OnceEI_GURE 3 Spectrophotometric titrations evaluated according to the Be-
tration, Cp, could not be conveniently augmented, owing t0 negi. Hildebrand methoda) The poly(A)-PR system.bj The poly(A)-
possible dimerization of proflavine f@@, > 5 X 107> M PRPt system. pH= 5.2, T = 25°C,| = 0.1 M, A = 444 nm. The
(Hammes and Hubbard, 1966), and therefore the measureencentration of poly(A)Cs, is given in units of base pairs.

ments were performed in an excess of polymer. Under these

circumstances the variabdedefining the ratio of bound dye o o
to total polymer concentrationDs, never exceeded the n, we have performed a titration at an ionic strength of 0.01

value of 0.06, thus making the binding at an isolated sitdl: Where complete saturation is achieved quite easily, as
largely favored. The data, plotted according to the Benedndicated by the shape of the titration curve, where initially

and Hildebrand (1949) procedure, yielded good straighfhe absorbance decreases linearly and, as more titrant is
lines, as shown by plat of Fig. 3. The ratio of intercept to added, suddenly becomes constant. The intersection of the

slope give, the apparent equilibrium constant of reactiontwo straight lines drawn through the linear portions of the
1 (see Table 1). The data were then analyzed according

o
e
-

{gration curve corresponds t€4/Cp = n. The site size

the Scatchard (1949) method. The resulting plots are almo&€términed in this way is 1.3 0.5.

parallel to thex axis, and the intercept on tlyeaxis gave for

K the same ngL!e as that thained by the Benesi-Hi!debranﬁo|y(A)_pRpt

procedure. Similar behavior has been observed with other o o .
equilibria could be measured only at low valuesr ¢Die- ~ SPectrophotometrically. Its value (pk= 9.5 = 0.05) en-
bler et al., 1987). Obviously, for such systems the evalua@bled us to establish that at the working pH of 5.2 the dye

tion of the site sizen, could be very difficult. To estimate 1S fully protonated. o
The spectral changes occurring in the poly(A)-PRPt sys-

tem, when increasing polymer amounts are added to a fixed
1.0 dye amount, are qualitatively similar to those observed for
the poly(A)-PR system. Again, an isosbestic point and a red
shift are observed. The spectrophotometric titrations were
analyzed according to the procedure used for the poly(A)-
PR system. Pladb of Fig. 3 provides the value d& reported
in Table 1. From a titration dt= 0.01 M it has been found
thatn = 2.3 = 0.6. This result is substantiated by the
analysis of the data according to the McGhee and von
Hippel (1974) equation.

Absorbance

Temperature-jump experiments

Electric field effects

Wavelength (nm) The discharge of the capacitor in temperature-jump exper-
iments with polymers causes field-induced alignment. Be-
FIGURE 2 Spectra of the poly(A)-PR system. pt56.2, = 0.1 M, T = th | | | h iented. qi . ¢
25°C. Total proflavine concentratid®, = 2.0 X 10" >M. From top at444 ~ C2US€ W€ polymer molecules, when oriented, give rise 1o
nm: C4Cp = 0, 2.5, 10, 20, 40. The total poly(A) concentrati@dy, is  €lectric dichroism, the solution behaves like a dichroic light
given in units of base pairs. polarizer (Dourlent et al., 1974; Meyer-Almes and Por-
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TABLE 1 Parameters for the binding of acridine dyes to double-stranded Poly(A)

Dyes n K/10® (MY Kyin/10° (M~ k/10f (M~ 1s™h k_,/10° (s7Y) k, (s7Y) ko, (s
PR 1.3+ 0.5 45+ 0.1 3.8+ 0.9 25+ 0.4 24+ 0.1 447+ 55 173+ 13
PRPt 2.3+ 0.6 29+ 0.1 2.8+ 0.4 2.3+ 0.1 1.6+ 0.2 9.7+ 1.2 10.6+ 0.2

All measurements refer to 25°C and ionic strength 0.1 M. The following parameters have been evaluated from spectrophotometric titrationbavite absor
detectionn, number of base pairs occupied by the dgeapparent equilibrium constant. The other parameters have been derived from T-jump experiments:
Kiin = (ki/k_7) (1 + ky/k_,) is the apparent equilibrium constant derived from kinetigandk_, have been derived according to Eqk5andk_, have

been derived according to Eq. 6, wheke= k, andB = k_,.

schke, 1993). As a consequence, orientation and deorienta- ks
tion effects could be monitored by directing toward the cell D+ S(: DS, (4)

a beam of linearly polarized light.
The effects of the applied electric field on the poly(A)-Pr Assuming that the fast effect is associated with step 2, a
system have been tested at 460 nm (isosbestic point). Undpear dependence of the reciprocal fast relaxation time,
these conditions the signals associated with chemical reads " on the reactant concentration is expected according to
tions are suppressed, and any observed relaxation should 5&- 5, whereC, replaces the sum of the equilibrium con-
thus ascribed to electric field alignment. Fig.Mshows centrations of the reactants, because the polymer is present
some orientational effects of the polymer-dye complex ain €Xcess:
| = 0.01 M recorded for different values of the polarization 1 kGt K )
angley (curves a—§ The amplitude is reversed on going ! sl
from ¢s = 0° to ¢y = 90° and is reduced to a negligible value A plot of 7, * versusCg is shown in Fig. 5A. The points are
for ¢y = 55°, the magic angle. The T-jump curves, whenrather scattered because, as shown in FRj.the amplitude
recorded under magic angle conditions, display only chemef the fast effect is small and the noise is large. The
ical effects, i.e., effects free from orientational contributionsreciprocal slow relaxation timeg, *, is expressed by the
(Dourlent et al., 1974; Meyer-Almes and Porschke, 1993). ltelationship
is important to note that the magnitude of the orientational »
effect is remarkably reduced by the addition of salt and by 7 = (KAG/I(1 + K,Cy) + B (6)
decreasing the length of the polymer (Meyer-Almes anthereKl
Porschke, 1993). The length of our poly(A) sample-800
bp, and the results of Fig. R (curves dande) show that, at

I_ = 0.1 M, the orientation effects could be neglecte_d. I_nparallel mechanism, step 3 is excluded ahd= ky/K,,
light of these results we have concluded that our kinetiG,hareass = k 5 A plot according to Eq. 6 is shown in Fig.

experiments could be safely carried out without a polarizerg g The solid line is calculated by using fét, the ratio
and we have avoided its use to get a higher signal-to-noisg Note that in Egs. 5 and 6 the total site concentration

is the equilibrium constant of step 2. Assuming
that only steps 2 and 3 are operative (series mechanism),
thenA = k, andB = k_,. In the other limiting case, the

ratio. Cs should be replaced, in principle, f(r) — [D]f'(r),
where the variablef(r) andf’(r) account for possible site
Poly(A)-PR overlapping (McGhee and von Hippel, 1974; Jovin and

Striker, 1977; Macgregor et al., 1985). The approximation is
The T-jump experiments were carried out at 430 nm bejustified by the fact that, under our experimental conditions,
cause this wavelength provides the best signals. The dyse values off(r) approach unity an€s >> [D]f'(r). The
concentration ranged betweenx110 °> M and 3X 10 °  values of the rate constants are collected in Table 1. It
M, whereas the poly(A) concentration was changed by up tghould be noted that the relaxation amplitudes of the two
5.15x 10~* M. Two relaxation effects, differing by about observed effects in the poly(A)-PR system are of opposite
one order of magnitude in the time scale and of opposit&ign. Assuming that the difference in extinction coefficients
amplitude, were observed (cf. Fig. B). This behavior between products and reactants has the same sign for both
indicates that at last two complexes are formed in nonnegrormal modes of reaction, one could conclude that the
ligible amounts. The results indicate that the apparent reageaction enthalpies of the two steps are of opposite sign.
tion 1 could be appropriately described by the individualSimilar behavior has been found in the DNA-proflavine
steps system (Li and Crothers, 1969).

kq

D+S<DS (@) poiyn)-PRP

o The T-jump measurements have been performed at 445 nm
DS < DS, (3) in a range of poly(A) concentratior®; up to 4x 10 %M
k-2 and PRPt concentration§, up to 2 X 10> M. The
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FIGURE 4 Effects of the transient electric field on the poly(A)-PR

system (investigatecsi with joule heating and absorbance detectiony: pH FIGURE 5 Reciprocal relaxation times as a function of the reactant
52,Cp =3.0X10°M, C/Cp = 3.33,T=25°C. &) | = 0.01 M, rise  concentrations for the poly(A)-PR system. p+5.2,1 = 0.1 M, T = 25°C.
time = 1 us, heating time= 49 us. The traces have been recorded with (A) Fast effect. B) Slow effect.

different directions of the polarizer with respect to the transient electric

field: (a) parallel, b) magic angle (55°),d) perpendicular. The wavelength . . .
is that of the isosbestic point (460 nm), where the effects of the chemicafln€asuring the absorbance at Iong time intervals. The half-

reaction are suppresse®)( = 0.1 M, rise time= 50 us, heating time= _ life of this chemical change, measured @ = 1 X 10°°
7.4 ps, A = 430 nm. () No polarizer,r; = 0.41 ms andr, = 4.2 ms. €) M andCg = 4 X 10 * M, was found to be~50 h at 25°C.
Magic angle (55°)r, = 0.38 ms andr, = 4.6 ms. This process is too slow to be ascribed to polynucleotide-

dye noncovalent binding. On the other hand, the half-life of
relaxation curves of the poly(A)-PRPt system are also biexthis slow reaction is on the same order of magnitude as that
ponential, but, in contrast to poly(A)-PR, the relaxation of similar processes involving covalent interaction of plati-
times differ by about two orders of magnitude (Fig. 6) andnum(ll) drugs with polynucleotides (Bruhn et al., 1990).
the amplitudes display the same sign. The two relaxatioWVithin the time interval from sample preparation to the end
times were analyzed according to Egs. 5 and 6; the resulsf each T-jump experiment<(1 h), the extent of this reac-
are shown in Fig. 7. A plot of %, versus the reactant tion was too small to affect the relaxation measurements.
concentration, shown in Fig. B, yields the values oA and
Elllzhle solid line is calculated by using Eq. 6 aKd = DISCUSSION
In addition to the effects investigated by T-jump, a very The experiments with polarized light show that the prob-
slow reaction was detected by mixing poly(A) and PRPt andems due to field-induced orientation can be completely
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FIGURE 6 Temperature-jump relaxation detected by absorbance for the

poly(A)-PRPt systemCp, = 1.23X 107 ° M, CJ/Cp = 10, pH=5.2,1 = T T T T
0.1 M, T = 25°C, A = 445 nm. @) The curve is the result of the 0 1 2 3 4
accumulation of three repeated experiments recorded with a rise time of 1 10'c (M)

s

ms and shows two kinetic effects well separated on the time scale. The
relaxation time of the slow effect is, = 87 ms. B) Fast effect. The curve ] ) ] )
is the result of the accumulation of four repeated experiments recordefflIGURE 7 Reciprocal relaxation times as a function of the reactant

with a rise time of 10us, and its analysis provides = 0.53 ms. concentrations for the poly(A)-PRPt system. pH5.2,1 = 0.1 M, T =
25°C. (A) Fast effect. B) Slow effect.

avoided by working under magic angle conditions or, if the
polymers are sufficiently short (like our poly(A)), at a poly(A)-PR system exhibits positive cooperativity, as indi-
suitable ionic strength. The assertion by Meyer-Almes andtated by down-curved Scatchard plots (Ciatto, 1994) and by
Porschke (1993) that the temperature-jump techniquea spectrum of relaxation times obtained from T-jump ex-
with Joule heating, when used with appropriate care, doeperiments (Hammes and Hubbard, 1966). In contrast, the
not introduce artifacts provoked by field alignment is thusred shift observed at any P/D ratio, for both systems inves-
confirmed. tigated here, reveals that the binding process is dominated
The binding of PR to double-stranded poly(A) is different by dye-base interactions (intercalation), whereas equilibria
from the binding to the single-stranded polymer. In the latterand kinetics indicate the absence of positive cooperativity.
case the spectra display a blue shift at moderate P/D ratio§oncerning the fastest of the two observed chemical effects,
which indicates the formation of external complexes stabi-one must exclude the possibility that this is due to dye
lized by dye-dye stacking interactions (Dourlent anddimerization, because proflavine does not aggregate for
Helene, 1971; Ciatto, 1994). Moreover, the single-strandedoncentrations less than®610 > M (Schwarz et al., 1970).
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This observation has been confirmed by our T-jump experthe idea that proflavine and platinum are both inside for the
iments performed in the absence of polymer, which did nofollowing reasons: first, the titrations at ionic strength 0.01
reveal any relaxation effect. The conclusion is that the fasM show that the site size for binding of PRPt is twice that
effect should be ascribed to dye-polymer interaction. Thdor binding of PR, suggesting that the base pair between two
values ofk; are, with both PR and PRPt, definitely lower adjacent cavities could open, thus making room for both
than expected for a diffusion-controlled reaction. Two mod-residues. Furthermore, we have observed that during the
els have been proposed to interpret the reduced rate of thmurse of the very slow reaction, where platinum binds
binding process represented here by reaction 2: the firstovalently to the adenine, the visible absorption maxima
model requires that the encounters be diffusive, but only aemain red-shifted relative to the free compound. This re-
fraction of them lead to intercalation (Macgregor et al.,sult, while indicating that the intercalation of the profiae
1985). The second model envisages the diffusion-controlledesidue persists during the covalent binding of Pt(ll) to
formation of an external complex (let us indicate it by8d  the adenine, designates P&s an intermediate of the
stabilized by electrostatic interactions, followed by the rate-very slow reaction. Moreover, to give further support for
determining step, where-B is converted to a more stable our hypothesis, we notice that Bowler et al. (1984) report
form (Meyer-Almes and Porschke, 1993). We do not knowthat the intercalator-linked platinum complexes
the stability constant of {3, but we note that for the [Pt(AO(CH,),en)CL] (with n = 3 and 6) bind covalently to
DNA-ethidium system the value o£100 M ! has been DNA, while the AO (acridine orange) moiety is interca-
estimated (Meyer-Almes and Porschke, 1993). Because #ted. Finally, a comparison between Figs. 4 and 6 shows
pH 5.2 each base pair of poly(A) bears only a negativehat whereas the amplitudes of the fast step bear the same
charge (Maggini et al., 1998), we could argue that the valuesign, the amplitudes of the slow step bear opposite signs.
of the stability constant of {3 in the poly(A)-PR system Because the experiments have been recorded on the same
should be well below 100 M!. Hence we expect that the side of the isosbestic point, we should conclude that the
plot of Fig. 5A should not display the curvature revealing reaction enthalpy of the slow process in poly(A)-PRPt dif-
the formation of BS. Similar considerations apply to the fers in sign from that of the slow process in poly(A)-PR.
poly(A)-PRPt system as well. Moreover, we note that theThis result might also support the previously expressed idea
values ofk, for PR and PRPt are similar, and the same holdsn favor of a structure of DS where both proflavine and
for the values ofk_, (cf. Table 1). This suggests that the platinum residues are “inside.” Actually the need to make a
strengths of the dye-polymer interactions in the intermediatéarge cavity to allocate the Pt moiety of the dye as well
complexes Dgare similar, i.e., the interactions involve only could alter the energetics of the slow step to such an extent
the acridine, whereas the platinum residues do not contribthat the sign ofAH® is reversed.
ute noticeably to the stability of QSn the poly(A)-PRPt According to the above considerations, the series mech-
system. The hypotheses about the nature of the intermediataism seems to be largely favored. Actually, concerning the
complex are rather controversial. Most of the authors wh@oly(A)-PRPt system, it is much easier to form P8y
have investigated DNA-dye systems express the idea thalirect insertion of the platinum residues into the polymer
the bound form corresponding to pBould be an “outside cavities already occupied by the acridine residues rather
complex” more stable than the electrostatic ion pais,D than by the parallel process, where \Bshould dissociate
because of additional dye-base interactions. Wakelin anthto the free reactants, which, in turn, should reassociate to
Waring (1980), by investigating the interaction of acridinesgive DS,.
and phenanthridines with DNA, observed the formation of The parallel mechanism was first advanced by Bresloff
two bound forms and proposed that these forms represemind Crothers (1975) for the DNA-ethidium system. How-
molecules associated, respectively, with the mayor and thever, in such a case the interconversion between the two
minor groove of the helix. This argument does not hold inbound forms occurs mainly by the additional bimolecular
our case because poly(A) exhibits only a single groovestep S+ DS & DS, + S, where the interstrand dye
Schelhorn et al. (1992), from a thermodynamic study of thetransfer is accumplished with no dissociation of the dye
DNA-PR system, conclude that the form corresponding tdrom from either of the strands. This mechanism, which
DS, is a “preintercalated” complex. Very recently Porschkerequires a linear concentration dependence of both relax-
(1998) has developed an electrooptical method that allowation times, should be ruled out, because in our systems the
the characterization of the individual relaxation processes iplots of 1/, versus the poly(A) concentration are curved.
terms of structures of intermediates. This author, investigat-
ing by his new technique the DNA-ethidium system, con-
firmed that two complexes are formed at diffe(er)t rates aanEFERENCES
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whereas the “outside” complex is negligible. Benesi, H. A., and J. H. Hildebrand. 1949. Spectrophotometric investiga-
The values ok, andk_, are definitely lower for poly(A)- té‘i]’;n‘if g‘;c;rit:‘;agéfzr;g;."’d'”e with aromatic hydrocarbods.Am.
PRPt than for poly(A)-PR. We ascribe this difference to the . .
role of the platinum residues in the process of formation oiBOWIer’ B. B, K. J. Ahmed, W. I. Sundquist, L. S. Hollis, E. E. Whang,

) ] . and S. J. Lippard. 1989. Synthesis, characterization, and DNA-binding
the final complex D$. Concerning this complex, we favor  properties of (1,2-diaminoethane)platinum(ll) complex linked to the



2724 Biophysical Journal Volume 77 November 1999

DNA intercalator acridine orange by trimethylene and hexamethyleneLerman, L. S. 1961. Structural considerations in the interaction of deoxyri-
chains.J. Am. Chem. S0d.11:1299-1306. bonucleic acids with acridined. Mol. Biol. 3:18-30.

Bowler, B. E., L. S. Hollis, and S. J. Lippard. 1984. Synthesis and DNA Lerner, D. B., and D. R. Kearns. 1981. Proton and phosphorus NMR
binding and photonicking properties of acridine orange linked by a investigation of the conformational states of polyadenylic acid double
polymethylene tether to (1,2-diamminoethane) dichloroplatinum(ll). helix. Biopolymers20:803—816.

J. Am. Chem. $0d06:6102-6104. _ _ ) Li, H. J., and D. M. Crothers. 1969. Relaxation studies of the proflavine-
Bowler, B. E., and S. J. Lippard. 1986. Modulation of platinum antitumor  DNA complex: the kinetics of an intercalation reactiah.Mol. Biol.

drug binding to DNA by linked and free intercalatoBiochemistry. 39:461-477.

25:3031-3038. . ) Lippard, S. J. 1983. Platinum, Gold, and Other Metal Chemotherapeutic
Brabec, V., and M. Leng. 1993. DNA interstrand cross-linkstrahs- Agents. ACS Symposium Series 209. American Chemical Society,

diamminedichloroplatinum(ll) are preferentially formed between gua- \washington, DC.
nine and complementary cytosine residu@sc. Natl. Acad. Sci. USA. Macgregor, R. B., R. M. Clegg, and T. M. Jovin. 1985. Pressure-jump

90:5345-5349. o . L study of the kinetics of ethidium bromide binding to DNBiochemis-
Bresloff, J. L., and D. M. Crothers. 1975. DNA-ethidium reaction kinetics: try. 24:5503-5510.

gemglnsérig}l%ns_%g_lrlezcé ligand transfer between DNA binding Sltes'Maggini, R., F. Secco, M. Venturini, and H. Diebler. 1994. Kinetic study
) ! L o of double-helix formation and double-helix dissociation of polyadenylic
Brown, M. D., L. S. Ripley, and D. H. Hall. 1993. A proflavine induced o4 3 Chem. Soc. Faraday Trang0:2359—2363.

frameshift hotspot in the thymidylate synthase gene of bacteriophage T4. . - )
Mutat. Res286:189—197. Maggini, R., F. Secco, M. Venturini, and H. Diebler. 1998. Proton transfer

. . . . involving nucleic acids: a temperature-jump study of the systems sul-
Bruhn, S. L., J. H. Toney, and S. J. Lippard. 1990. Biological processing e phthaleins-double stranded poly(A) and sulphonephthaleins-
of DNA modified by platinum compounddn Progress in Inorganic double stranded poly(C)nt. J. Chem. Kinetics30:161-169.

Chemistry: Bioinorganic Chemistry, Vol. 38. S. J. Lippard, editor. John ) s
Wiley and Sons, New York. 477-5186. Marcandalli, B., G. Stange, and J. F. Holzwarth. 1988. Kinetics of the

Capranico, G., K. W. Khon, and Y. Pommier. 1990. Local sequence interaction of acridine dyes with nucleic acids.Chem. Soc. Faraday
Lo T N ' ' . ; ) Trans. 184:2807-2819.
requirements for DNA cleavage by mammalian topoisomerase Il in the
presence of deoxorubicilNucleic Acids Res18:6611-6619. McGhee, J. D., and P. H. von Hippel. 1974. Theoretical aspects of DNA-
Ceci, E., R. Cini, A. Karaulov, M. B. Hurthouse, L. Maresca, and G. Natile. protein intercalation: co-operative and non-co-operative binding of large

1993. Preparation of same platinum-linked acridines and crystal struc- Z%gndjgéo a one-dimensional homogeneous lattizeMol. Biol. 86:

ture of [3,6-bis(dimethylamino)acridinioethyl]chlordd(N,N,N’- e ) ) )
tetramethylethylenediamine)platinum(ll). Chem. Soc. Dalton Trans. Meyer-Aimes, F. J., and D. Porschke. 1993. Mechanism of intercalation
2491-2497. into DNA double helix by ethidiumBiochemistry.32:4246—-4253.

Ciatto, C. 1994. Studio cinetico e termodinamico dell'interazione di acidiPizzocaro, G., R. Salvioni, M. Pasi, F. Zanoni, A. Milani, S. Pilotti, and S.
nucleici con agenti intercalanti: il sistema poly(A)-proflavina. Thesis, Monfardini. 1985. Early resection of residual tumor during cisplatin,
University of Pisa, Pisa. vinblastine, bleomycin combination chemotherapy in stage Ill and bulky

Corbett, A. H., D. Hong, and N. Osheroff. 1993. Exploiting mechanistic stage Il nonseminomatous testicular can€ancer.56:249-255.
differences between drug classes to define functional drug interactioPorschke, D. 1998. Time-resolved analysis of macromolecular structures
domains on topoisomerase Il. Evidence that several DNA cleavage- during reactions by stopped-flow electrooptiBsophys. J75:528-537.
enhancmg.agent share a common site of action on the enzyrBiol. Provencher, S. W. 1976. An eigenfunction expansion method for the
Chem.268.14394—14398.. o analysis of exponential decay curvds.Chem. Phys64:2772-2777.

Dezlsa}bellz?\l,gzé’, % Capramco,l Mt" I?talur;n:)o, C Sissi, P'Irg",\ﬁ’zhol’ and l:Rich, A., D. R. Davies, F. H. C. Crick, and J. D. Watson. 1961. Molecular

unino. . Sequence selectivity of topoisomerase cleavage - g,cture of polyadenylic acidl. Mol. Biol. 3:71—-86.

stimulated by mitoxantrone derivatives: relationships to drug DNA ) .
binding and cellular effectdVlol. Pharmacol.43:715-721. Ripley, L. S., J. S. Dubins, J. G. De Boer, D. M. De Marini, A. M. Bogerd,
Diebler, H., F. Secco, and M. Venturini. 1987. The binding of Mg(ll) and and K. N. Kreuzer. 1988. Hotspot sites for acridine-induced frameshift

- - - ) . mutations in bacteriophage T4 correspond to sites of action of the T4
Ni(ll) to synthetic polynucleondesBlophys..Chen126.193.—205. . type I topoisomerasel. Mol. Biol. 200:665—680.

Dourlent, M., and C. Helene. 1971. Quantitative analysis of proflavine . . .
binding to polvadenvlic acid. polvuridvlic acid. and transfer RNEAr Scatchard, G. 1949. The attraction of proteins for small molecules and ions.
J Bioghen$23¥86—9)!/5 » poyuncy ' ' Ann. N.Y. Acad. Scb1:660-672.

Dourlent, M., J. F. Hogrel, and C. Helene. 1974. Anisotropy effects in Schelhorn, T., S. Kretz, and H. W. Zimmermann. 1992. Reinvestigation of
temperature-jump relaxation studies on solutions containing linear poly- the binding of proﬂgvme to DNA. Is intercalation the dominant binding
mers.J. Am. Chem. So@6:3398—3406. effect?Cell. Mol. Biol. 38:345-365.

Ferguson, L. R., and W. A. Denny. 1991. The genetic toxicology of Schmechel, D. E. V., and D. M. Crothers. 1971. Kinetic and hydrodynamic
acridines.Mutat. Res258:123—160. studies of the complex of proflavine with polyA.polyBiopolymers.

Fichtinger-Schepman, A. M., P. H. Lohman, F. Berends, J. Reedijk, and 10:465-480. ) o
A. T. van Oosterom. 1986. Interaction of the antitumour drug cisplatin Schwarz, G., S. Klose, and W. Balthasar. 1970. Cooperative binding to

with DNA in vitro and in vivo.lARC Sci. Publ78:83-99. linear biopolymers. 2. Thermodynamic analysis of the proflavine-
Hammes, G. G., and C. D. Hubbard. 1966. The interaction of acridine POlY(L-glutamic acid) systemEur. J. Biochem12:454-467.
orange and proflavine with polyadenylic acid. Phys. Chem7o0: Scovell, W. M. 1978. Structural and conformational studies of polyriboad-
2889-2895. enylic acid in neutral and acid solutioBiopolymers.17:969-984.
Janik, B. 1971. Physicochemical Characteristics of Oligonucleotides an@undquist, W. 1., D. P. Bancroft, and S. J. Lippard. 1990. Synthesis,
Polynucleotides. IFI/Plenum, New York. 76-96. characterization and biological activity afis-diammineplatinum(ll)

Jovin, T. M., and G. Striker. 1977. Chemical relaxation kinetic studies of COmPplex of the DNA intercalators 9-aminoacridine and chloroquine.
E. coli RNA polymerase binding to poly[d(A-T)] using ethidium as a  J- Am. Chem. S0d.12:1590-1596.
fluorescence probdn Chemical Relaxation in Molecular Biology. I.  Wakelin, L. P. G., and M. J. Waring. 1980. Kinetics of Drug-DNA
Pecht and R. Riegler, editors. Springer-Verlag, New York. 245-281. Interaction.Biopolymers.144:183-214.



