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Abstract: Four novel piperazinylcarbonyloxyethyl derivatives of anthracene and pyrene have been prepared
and investigated with respect to sequence specificity and synergism between hydrophobic and electrostatic
effects upon binding to DNA. Linear and circular dichroism spectroscopy was used to assess the orientation

of the aromatic chromophores relative to the nucleobases. Anthracene and pyrene der2eatindS are
both concluded to bind to homo-polynucleotide poly(dA-gdy intercalation of their aromatic moieties between
base pairs, with a binding constadfitr of 4 x 10° M~1and 2x 10® M1, respectively. Significantly reduced

affinities (Kec =3 x 10* M~1and 16 M1, respectively)

are observed with poly(dG-dQjue to less favorable

interactions of the piperazinium tail in the minor groove. Base pair specificity is reflected in the binding
thermodynamics, with the binding to AT being more enthalpically driven than the binding to GC. Phenyl
substitution at the quaternary piperazinium site of the anthracene deri2atig®es not affect the ratiat/

Kae, but reduces the affinity for both AT and GC slightly. Moreover, the phenyl group in the 10-position of

4 prevents intercalation, and apparently, this compound binds externally to both AT and GC duplex
polynucleotides. The results are discussed in terms of general features of the interactions of the intercalating
and minor-groove binding molecular moieties, and their interplay with each other, with potentials for tuning

specificity.

Introduction

Cationically substituted polycyclic aromatic hydrocarbons,

Intercalators that have some degree of sequence specificity
are generally found to bind more strongly to GC than to AT.
However, some alkylammonium substituted compounds, such

such as those derived from anthracene and pyrene, generally@s1 (la Ar = 9-anthryl;1b: Ar = 9-phenanthryllc. Ar =
bind to DNA relatively nonspecifically by intercalation between naphthothiophene) have been found to be AT seleétive.

base paird:? A certain degree of specificity, attributed to

electrostatic interactions with the DNA bases, has been observed

for heterocyclic intercalators®=> The base pair selectivity can
be further enhanced by substituting the intercalat®edthough
minor variations in structure can have a pronounced influence
on the binding specificity.1? For certain natural products, the
selectivity has been shown to be an inherent feature of the
intercalating ring syster?
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It was assumed that the origin of such selectivity could be
found in the interaction between the cationic tail and the minor
groove of DNA! An increase in DNA viscosity upon intercala-
tion, due to elongation of the DNA helix, was found to be
significantly smaller for the anthracene derivati/e than for
1b andlc. The behavior oflawas attributed to bending of the
DNA at the intercalation sité.

To improve our understanding of specificity and binding
interactions of combined intercalators/groove-binders, we pre-
pared a series of water-soluble piperazinylcarbonyloxyethyl
derivative2—4 of anthracene and pyrene and investigated their
interactions with DNA using linear and circular dichroism
spectroscopy.

We expected the aryl moiety to be intercalated and, in
conjunction with electrostatic attractions, the piperazinium tail
to be pulled deep into the minor groove of the DNA double
helix. The idea is to achieve sequence specificity by tuning steric
and hydrophobic interactions of the intercalated aromatic moiety
and the tailing, minor groove bound group. The orientation of
the aromatic chromophores relative to the DNA was assessed
by polarized spectroscog§.1®
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Experimental Section

Materials. Anthracene and pyrene derivatives4 were prepared
as outlined in Scheme 1. 2-(9-Anthryl)ethyl chloroforni&té (5;

Ar = 9-anthryl) and 2-(1-pyrenyl)ethyl chloroforméte(5; Ar =
1-pyrenyl) have been reported previously. 2-(10-Phenyl-9-anthryl)ethyl
chloroformate5c was prepared in analogous fashion from phosgene
and 10-phenyl-9-anthrylethandc forms colorless crystals, mp 128
°C.H NMR (CDCl;) ¢ 8.33 (d,J = 9.0 Hz, 2H);6 7.69 (d,J = 9.0

Hz, 2H); 6 7.56 (m, 5H);0 7.37 (m, 4H);0 4.73 (t,J = 8.9 Hz, 2H);

0 4.17 (,J = 8.9 Hz, 2H).

Reaction of 1-methylpiperazine with 2-(9-anthryl)ethyl chloroformate
as previousl¥ reported for the derivatization of 1-phenylpiperazine,
and 2-(1-pyrenyl)ethyl chloroformate gave the corresponding aryleth-
yloxycarbonyl-4-methylpiperazinds The piperazinylcarbonyloxyethyl
derivatives6 are characterized as follows, Ar = 9-anthryl, R=
methyl: greenish-yellow crystals, mp 110.*H NMR (CDCl) 6 8.39
(d, J= 8.1 Hz, 2H);0 8.35 (s, 1H) 8.02 (d,J = 8.1 Hz, 2H);6 7.54
(m, 2H); 06 7.47 (m, 2H);0 4.50 (t,J = 8 Hz, 2J);0 4.0 (t,J = 8 Hz,
2H); 0 3.51 (s, broad, 2H)) 3.30 (s, broad, 2H)) 2.37 (s, broad,
2H); 6 2.28 (s, 3H);0 2.21 (s, broad, 2H)6, Ar = 1-pyrenyl, R=
methyl: colorless crystals, mp 12€. *H NMR (CDCl) ¢ 8.35 (d,

J = 9.3 Hz, 2H);6 8.18 (d,J = 7.5 Hz, 2H);6 8.14 (d,J = 9.3 Hz,
1H); 0 8.13 (d,J = 7.5 Hz, 1H);0 8.04 (s, 2H);0 8.00 (t,J = 7.5 Hz,
1H); 0 7.90 (d,J = 7.5 Hz, 1H);0 4.53 (,J = 7.2 Hz, 2H);0 3.69 (t,
J = 7.2 Hz, 2H);6 3.50 (s, broad, 2H)) 3.39 (s, broad, 2H)) 2.35
(s, broad, 2H); 2.25 (s, 3H 2.15 (s, broad, 2H)%, Ar = 10-phenyl-
9-anthryl, R= methyl: pale yellow crystals, mp 15IC. *H NMR

(CDCls) 6 8.44 (d,J = 8.9 Hz, 2H);0 7.66 (d,J = 8.9 Hz, 2H);0

7.55 (m, 5H);0 7.41 (m, 2H);0 7.34 (m, 2H);0 4.56 (t,J = 7.9 Hz,
2H); 6 4.08 (t,J = 7.9 Hz, 2H);6 3.55 (s, broad, 2H)) 3.38 (s,
broad, 2H);0 2.39 (s, broad, 2H)) 2.29 (s, 3H);0 2.26 (s, broad,
2H).

The preparation oRa, 3, and4 was accomplished by stirring a
solution of6 (0.3 mmol) and methyl iodide (1 mL) in acetonitrile (5
mL) overnight. Vacuum evaporation of solvent and excess methyl iodide
afforded an oily residue, which was dissolved in a small amount of
dichloromethane. Compoun@s (yellow crystals, mp 249251 °C),

3 (colorless crystals, mp 21221 °C), and4, (yellow crystals, mp
263-270°C) crystallized upon addition of ether. The reaction of methyl
iodide with the phenylpiperazine derivative (Ar = 10-phenyl-9-
anthryl, R= methyl) to give2b (yellow crystals, mp 186190 °C)
was carried out at 80C in an autoclave. Positive ion electrospray (90%
CH3;0OH, 9% HO, 1% acetic acid mobile phase) mass spectrometric
analysis analysis yielded the following molecular ion masges.
363.208 (calcd 363.207@b: 425.220 (calcd 425.2238: 387.208
(calcd 387.207);4: 439.240 (calcd 439.238)7: 250.160 (calcd
250.160).
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(9-Anthrylmethyl)trimethylammonium iodide7) was prepared by
stirring a solution of 9-(methylaminomethyl)anthracene (100 mg; 0.45
mmol) and methyl iodide (2 mL) in acetonitrile (75 mL) in the presence
of sodium carbonate (100 mg) overnight at room temperature. The
inorganic material was removed by filtration. Vacuum evaporation of
solvent afforded a yellow solid, which was recrystallized from hot
methanol. Yellow crystals, mp about 19C dec.

Calf thymus DNA was purchased from Sigma and used without
further purification. Poly(dAdTy) (AT) and poly(dGdC) (GC) were
purchased from Pharmacia.

All measurements were performed atDin pH 7.2 buffer solution
containing 10 mM NacCl, 5 mM Tris, and 1 mM sodium cacodylate.
DNA and polynucleotide concentrations were determined spectropho-
tometrically, usingezeo nm= 6600 Mt cm™* for AT and calf thymus
DNA, andezss nm= 8400 Mt cm for GC. Absorption spectra were
recorded on a Cary 4B spectrophotometer, LD spectra on Jasco J-500A
and J-710 spectropolarimeters equipped with an Oxley prism for LD
measurement, and CD spectra on a Jasco J-710 spectropolarimeter.
Absorbance titrations of the ligands were carried out by adding aliquots
of a concentrated DNA solution. Titration end points were, whenever
possible, determined by using a large excess of polynucleotide. When
the binding constant was too low to allow complete complexation, the
spectrum of the complexed ligand was constructed by linear combina-
tion of the spectra of the free ligand, and that of a mixture of free and
bound ligand. The correct combination coefficients were determined
by visual inspection of the resulting absorption spectra and the
corresponding LDspectra. To determine the binding isotherms, the
spectra from the titrations were least-squares-fitted to the spectra of
free and bound ligand. Except for the titrations4fsingular value
decomposition analysis of the absorption spectra in the-380 nm
region gave no more than two significant components, corresponding
to free and bound ligand. Binding constants and binding site widths
were assessed from absorbance titrations using the method of McGhee
and von HippeP%2 We tried to include cooperativity when fits were
only fair, but since the fits did not improve, we chose the noncooperative
model for the analyses.

As the low affinitites of 2 and 3 for GC made calorimetric
determinations of the heat of binding difficult, binding enthalpies and
entropies were determined from van’t Hoff plots. Concentrations of
polynucleotide and ligand were chosen so as to give approximately
50% bound ligand at 20C. Binding constants were determined as
described above. No significant deviations from linearity were observed
in the van’t Hoff plots between 5 and BC. The van’t Hoff enthalpies
are in agreement with calorimetrically determined heats of binding of
2 and3to calf thymus DNA, suggesting that the change in heat capacity
on binding is small. Above 5C0C, melting of poly[dA-dT] was
observed. We have not specifically determined the stabilization of AT
and GC by2-3, but the data from the van't Hoff plots give an
indication of the influence oR and 3 on the duplex stability. The
partitioning of the free energy of binding into a polyelectrolyte part
(AG°pe and a nonpolyelectrolyte parthG°npd Was done using eq2e.2
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Figure 1. Absorption spectra of compounds-4 and 7. The thick -go
solid lines are the spectra of the free compounds. The spectra of the

complexes are given by the thin solid (AT) and dotted (GC) lines. (a)

2a, (b) 2b, (c) 3, (d) 4, (e) 7. The spectra of the bound ligands were :
obtained at a DNA:ligand ratio of 40, and the spectrum of the free - 3 - W w & g
ligand subtracted, as described in the text. = AE o0 © 40 5
5 0 . p bt 5,-
; d
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helical polynucleotides, compounds—4 show absorption e 3. Linear dichroism (left panel) and reduced linear dichroism
spectra with extensive hypochromism and red-shifts (Figure 1), (right panel) of compoundg—4 and7 bound to AT (solid lines), and
indicating strong interaction between the aromatic chromophoresGc (dotted lines). (aPa, (b) 2b, (c) 3, (d) 4, (€) 7. Binding ratios
and the DNA bases. Isosbestic points are exhibited in absorbancevere ~40 (DNA:ligand).

titrations of 2a, 2b, and 3 with AT and GC, suggesting that

only two species, namely, free (uncomplexed) and bound ligand, namely, (9-anthrylmethyl)trimethylammonium iodidg).(For
are spectroscopically distinguishable. This justifies the applica- this compound, the LOn the 316-400 nm region does indicate
tion of a two-state model for describing the binding process of intercalation, although the L'is not quite as negative as that
compounds2 and 3. Significantly, titration spectra of the in the DNA band.

phenylanthracene derivativiewith AT and GC are characterized

by the lack of isosbestic points, which here indicates multiple _N(CHg)s

binding modes. It also appears that the bathochromic shit of HeC

upon binding to DNA is smaller (~200 cntl) than for

compound® and3 (400—-800 cnt?), indicating that the binding

geometry of4 differs significantly from that o2 and 3. The
LD and CD results discussed below support this conclusion.

Linear and Circular Dichroism. LD spectra of compounds Further insight into the binding modes 2f4 was gained
2—4 were first recorded using calf thymus DNA, which by its by LD, CD, and absorption spectra of the ligamblynucleotide
greater contour length and better flow-orientation properties complexes Figure 3 shows the LD and L'Dspectra of the
gives much larger LD amplitudes than the synthetic polynucleo- complexes with AT and GC. Despite the small signals (poor
tides. The reduced dichroism was then formed a$ £0.D/ orientation due to short polynucleotides), the spectra allow the
Aiso. From the spectra (Figure 2), it appears that only compound following conclusions. Anthracene derivativeza and 2b
2a shows ligand orientation properties fully consistent with intercalate into AT, while their binding mode to GC is less
intercalation into DNA. As to the2b—DNA complex, the  obvious (see Discussion). The pyrene derivaBiatercalates
noticeably wavelength-dependent L3 at variance with @  into AT, and probably also into GC. Different frothand 3,
homogeneous intercalative binding. The less negativé LD the phenylanthracengshows virtually no LD when bound to
around 250 nm, where there is a strong, long-axis polarized ejther AT or GC. Model anthracene compouhdntercalates
anthracene transition, may suggest that the anthracene longat least partially into GC, but shows very little LD when bound
axis in2bis not perfectly perpendicular to the DNA helix axis. to AT. This means tha? and 3 intercalate into AT, while?,

For the pyrene derivativg, we observe an enhanced wavelength |acking the piperazinium moiety, intercalates into GC. All
dependence of the L'DSuch strong variation in LDwith complexes show very little induced CD (Table 1), as is expected
wavelength indicates that there are at least two binding modes for intercalation or random external bindig.

characterized by different absorption spectra. Contrasting the ~Binding Constants.Binding affinities as well as site widths
behavior of2 and3, the phenylanthracenéshows very little  for the complexes with AT and GC are summarized in Table
LD, indicating neither intercalation nor groove binding. 2. We are aware that the limited saturation range makes the

As a reference, we have also investigated the interaction of yncertainty in the binding values larger than desirable, but the
DNA with a structurally simple anthrylalkylammonium salt,

7

(26) Lyng, R.; Rodger, A.; Norde B. Biopolymers1991, 31, 1709~
(25) Wilson, W. D.; Lopp, |. GBiopolymers1979 18, 3025-3041. 1820.
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Table 1. Induced CD Features of—x* Transitions in AT and
GC Complexes of Compounds-4

compound [(poly(dA-dTY [(poly(dG-dC)} 0

2a:GC
3AT
3:.GC
T:AT
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o
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2a positive (316-400 nm) positive (316400 nm) Sole!odel
2b positive (316-400 nm)  positive (316400 nm) 2 :E:E:E:E:i
3 negative (316370 nm)  positive (318370 nm) tofelelels
4 none (306-400 nm) none (300400 nm) Ko
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Table 2. Binding Constants and Binding Site Widths as
Determined from McGheevon Hippel Analysis of Absorbance

kcal/mol
& A
N R

Titrations !
[(poly(dA-dT)]2 [(poly(dG-dC)} S-BA ane -
compound K/M—L n/bp K/M~1 n/bp -TAS®
2a  4x10P+10P 23403 3x 10°+10* 2.14+0.1 -10
2b 2x 100+ 10° 1.940.3 ca.10 ca.2 Figure 4. Enthalpic and entropic contributions to the binding?ef3
3 2x10F+5x 105 2.6+0.3 ca.10° 2-3 and7 to AT and GC. Concentrations were chosen as to g%
4 a a a a bound ligand at 20C, with total concentrations of6 uM (2 and7),
7 2x 1P+ 10° 20+03 3x 1P+ 10° 2.3+0.3 and 3uM (3).
@ Heterogeneous binding. : : . ‘
12t e
Table 3. Thermodynamic Parametér®r the Binding of2—3 and W
7to AT and GC 10f a 20AT v 2b:GC
[(poly(dA-dT), [(poly(dG-dO)} N
compoundAG®pe AG%pe AH® -TAS AG°pe AG°npe AH® -TAS r i 1 L | ,
31 32 33 34 3.6x10
2a -29 —-41 -52-18 -28 —-27 —-27 —-28 s
2b -23 —-47 -61-09 -24 -24 -38 —-10 T T T T
3 -26 —-55 -8.2+0.08 —-2.7 -39 -51 —-15 - 2AT ]
7 —23 —47 -29 -41 -25 —44 —25 —4.4 2 13 o 3ac
M 12 )
2In kcal/mol at 20°C and 10 mM NaCl® AG®, denotes the £
polyelectrolyte contribution to the free energy of binding, @@&°npe 0 - | | | |
is the difference betweeAG°sps and AG®pe. 23 32 33 34 Toxl0?
small binding constants together with the relatively low extinc- 1k ' ! T T i
tion coefficients of2 and 7 preclude a higher saturation L .
coverage. Despite this, the data in Table 2 should give a good 12p
description of the relative affinities for AT and GC 28, 2b, ol ° ;ég
3, and 7. The binding site widths obtained for compouris B . . . ) i
and3 are compatible with the nearest-neighbor exclusion model, 31 32 33 34 3.6x10°
as was also found for similar systefalthough some of the UTIK

fits are only fair, we conclude th&tand3 are characterized by Figure 5. van't Hoff plots for the binding o2—3 and7 to AT and

significantly different affinities for AT and GC. The largest gc.

preference for AT compared to GC, namely 20-fold (corre-

sponding to a difference of 2 kcal/mol in binding free energy), occurs at~50 °C for 2a:AT and 2b:AT, and at~55 °C for

is found for2a By contrast, the anthrylalkylammonium model  7.AT. For 3:AT, at a concentration of 40M AT, the release

compound? shows virtually no base pair preference. of ligand occurs at about 60C. Thus, the degrees of AT
Thermodynamics. Thermodynamic parameters for the bind-  gtapjlization appear to bea~ 2b < 7 < 3.

ing of 2and3to AT and GC are collected in Table 3 and Figure For compoundg, 3, and7, the slopesd In K)/(3 In[Na*])
4. The corresponding van't Hoff plots are shown in Figure 5. \,ore around—1 (data not shown) for both AT and GC

For compound®, 3, and7, the binding to both AT and GCis ., hjexes, indicating similar polyelectrolyte binding free ener-
enthalpically favored. The AT specificity observed fband3 giespof abéut—2.5 k(?allmol. holy y g

is reflected in the magnitude of the binding enthalpies. The heats
of binding of 2a, 2b, and3 to AT are more than 60% more
negative than for the corresponding binding to GC. TR&ST
contribution is not as systematically affected/sd°, but the The results indicate that compour2liand3 intercalate with
binding to AT is in general entropically disfavored compared a high specificity for AT. The phenyl-substituted anthracéne
to the binding to GC. The differences in binding enthalpy and shows multiple binding modes to both AT and GC, but
entropy for7:AT and7:GC are small. This observation suggests absorbance titrations show that the affinity is of the same order
that the AT specificity oR and3 manifests itself in the heat of ~ of magnitude as that d.
binding. Since neither (9-anthrylmethyl)ammonium chlorfdegr the

As compound2, 3, and7 do not bind strongly to single-  analogous model compourfdshows any significant base pair
stranded DNA, we can from the point in the van't Hoff plots preference, we attribute the selectivityand3 to interaction
where the binding constant (amount of bound ligand) drops between the piperazinium site and the DNA. We base this
sharply estimate the difference in melting temperature of the conclusion on the following observation. The similarity of the
AT complexes of2, 3, and7. At a total concentration of 80  induced CD spectra of the complex2sDNA and 7—DNA
uM bases AT a sharp increase in free ligand concentration indicate similar binding geometries. Thus, the relatively large

Discussion
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separation of the cationic site and the intercalating moie®/ in  evidenced from the absorption features, thand3 intercalate
compared to7 does not change the intercalation properties. into GC. The weak LD signal of the GC complexes2dt not
Furthermore, the origin of the sequence specificity is not due readily explained. It is conceivable that the affinity for GC is
to the charge itself, but to the fact that the charge causes thetoo low to allow accurate measurement of LD at reasonable
piperazinium side-chain to reside inside the minor groove. poly(dG-dC) concentrations. However, the LD spectr&eAT
One may argue that AT and GC are not very good models and 2-GC were recorded at 17 and M bound ligand,
of the binding sites found in mixed-sequence DNA and that respectively, so that it can most likely be ruled out that the
the difference in affinitites merely reflect the different helical difference in LD signal is due to different concentrations of
stabilities of AT and GC. The AT specificity of the neutral bound 2. A remaining explanation is that the anthracene
intercalator 7,8,9,10-tetrahydroxy-7,8,9,10-tetrahydrobea}zo[ ~ derivatives2 have a binding mode where the aryl moiety is
pyrene has been attributed to tRig8While intrinsic differences only partially inserted into the intercalation pocket. This
in the intercalation pockets of AT and GC may induce sequence interpretation is supported by fluorescence anisotropy (FA,
specificity in neutral intercalators, the consequences of pulling Aem = maximum of the emissiordex = 300—-420 nm, lifetimes
the piperazinium tail ir2, 3, and7 into the minor groove via are~5 ns) measurements. For the AT complexes, we fird r
the charge will probably have a larger effect on the binding 0.05, indicating that the chromophore has a high degree of
than differences in, for example, unwinding stability and motional freedom during its excited state lifetime. GC efficiently
polarizability, between AT and GC. Furthermore, the observa- quenches the anthracene emission, so that the FA measurements
tions that only2 and3 show AT-specific binding, whil& does in these cases were inconclusive. We believe that the anthracene,
not, along with the significant difficulty of saturating calf thymus due to steric clashing between the lateral rings and the DNA
DNA, also speak in favor of true AT preference. Had factors backbone cannot intercalate with its short-axis parallel to the
such as different unwinding resistance been important, thosebase pair long axis. It seems likely that the intercalation involves
would have affected the binding @ftoo, as well as that o2. insertion of a lateral ring into the DNA. Similar arguments have
The driving force for the binding of compounds-4 may been presented earlieThe observed increasingly more negative
be assumed to consist of two parts: (1) hydrophobic/dispersive LD" of 2a—DNA toward the red end of the absorption spectrum
interactions associated with intercalative stacking of the aromatic could indicate that the anthracene short-axis is more perpen-
ring system with the base pairs and (2) the interaction of the dicular to the DNA helix axis than the long-a¥%.Such a
piperazinium tail with the minor groove of DNA. While the  binding mode would not be very rigid, as it involves only limited
former part is of predominantly attractive nature, the latter overlap of the base pair and the anthracene. Thus, any
involves both attractive electrostatic interactions, including interference of the piperazinium with the minor groove of the
hydrogen bonding, as well as steric repulsion. The pyrene DNA could have a pronounced effect on the spatial insertion
derivative 3 binds 10 times more strongly to DNA than of the anthracene. Such a decrease of overlap will consequently
anthracene derivatives This is in line with previous investiga- ~ reduce the anthracenease pair interactions. Still, even the
tions, in which the importance of good overlap of intercalator limited overlap of the anthracene with the DNA bases can have
and base pair has been recognizeds for the only slightly the observed spectroscopic repercussions.
decreased affinity o2b compared to that o2a, this indicates The heterogeneous binding df concluded above can be
a rather unsignificant interference of the phenyl substituent in understood in terms of the molecular geometry of the 10-
2b and the DNA as to steric demands and hydrophobic phenylanthracene moiety. It is known from X-ray crystal-
interaction with the hydrated minor groo%&3! SinceKar/Kec lographic systematic studies of steric and conjugation effects
is virtually the same foRaand2b, we are therefore inclined to  that the phenyl ring and the anthracene are practically perpen-
believe that the phenyl interacts primarily with the exterior of dicular to each othe¥ Consequently, intercalation of is
the DNA (such as the backbone), rather than with the more effectively prevented by spatial interference. This conclusion,
sequence-dependent interior of the groove. together with an increased hydrophobic character upon introduc-
The LD and LD spectra of compounda and3 bound to ~ ing the phenyl moiety, can explain the disordered, possibly
calf thymus DNA support for all of them an intercalative binding €xternal binding modes ef that are evidenced from the linear
mode. This is interesting in view of the large difference in dichroism results.
binding affinities for AT and GC, and the poor LD observed A more detailed description of the intercalation geometry can
with the latter polynucleotides. As the affinity for AT is about be obtained from the sign of the induced CD spectra (Table 1).
20 times higher, and the LD spectra were recorded with a In anthracene derivativeza and 2b, the positive induced CD
relatively large excess of DNA of about 20 base pairs per ligand, Of both their AT and GC complexes supports a binding mode
the LD spectra will probably to a high degree reflect the binding With the molecular short-axis parallel to the long-axis of the
of the compounds to AT-rich regions. base-pair. 'I_'he pyrene (_jenvatlses_mterestmg |nsofar a3AT _
There remains the question concerning the binding mode of 2nd3-GC differ in the sign of the induced CD in the long-axis
2to GC. The LD and LDobtained for the calf thymus DNA ~ Polarized la band at 350 nm. Th&AT complex shows a
complexes of can, as noted above, not necessarily be applied N€gative induced CD signal, suggesting that the molecular long-
for determining the binding mode. We conclude from the strong 2XiS is oriented along the base-pair long-ai¥'*By contrast,

interaction between the anthracensystem and the DNA bases, ~3-GC exhibits a positive induced CD, which indicates a different
orientation in the intercalation pocket. Although it is difficult
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of the AT complex probably involves a large overlap of pyrene the binding entropy arise from the different degrees of motional
and base pair. By contrast, in tt2GC complex, we may  freedom of the bound ligand.

anticipate from the sign of the induced CD that the pyrene short- e thus conclude that the thermodynamic arguments cor-
axis is parallel to the base pair long-axis. Consequently, the roporate the binding o2 and3 to AT and GC as follows. In
decrease in intercalator overlap lowers the affinity. AT, the enthalpic gain by having a large overlap between
The binding thermodynamics supports the conclusion2hat  intercalator and nucleobases is in part compensated by a more

and 3 should intercalate with different depths in AT and GC. rigid binding mode. By contrast, the binding to GC involves a
An indication of the greater base pair overlapBafompared to  smaller degree of intercalation due to steric interference of the
2 and7 can be found in the more than XC higher melting  piperazinyl tail and the exocyclic amino groups of guanine in
temperature o8:AT compared to those o2:AT and 7:AT. the minor groove. This reduces the magnitude of the binding

Furthermore, the significant difference in the raibl®/~TAS’ enthalpy, but the less tight binding increases the binding entropy.
between the AT and GC complexes can be interpreted in terms

of a balance between deep intercalation with a restricted
motional space, and less tight binding with a larger conforma-
tional manifold. Piperazinylcarbonyloxyethyl substitution adds AT specificity
Among the contributions to the binding enthalpy and entropy, to the binding interaction of both anthracene and pyrene.
we will consider the following. (1) The disruption of the water  synergistic effects may contribute to the observed selectivity:
structure around the aromatic moiety and solvation shell of the pecause of its spatial demand, the piperazine tail cannot penetrate
cationic site upon intercalation will constitute a positive as deep into the minor groove of GC, which contains the
contribution to the binding entropy. (2) The above process will exocyclic guanine amino groups, as into that of AT, and the
also contribute to the binding enthalpy. Although the release electrostatic attraction is thereby reduced. As a consequence,
of “hydrophobic water” involves the breaking of hydrogen the piperazinium tail is forced out of the minor groove of GC,
bonds, those are weaker than those that are re-formed in theang this in turn impairs intercalation of the aromatic moiety.
form an unfavorable contribution. The net effect, however, is pajr, Thermodynamic measurements reveal that the decrease in
most likely favorable, judging from the significantly more affinity is due to less favorable binding enthalpy. Phenyl
favorable binding enthalpy &8 compared to that @ On the ~ gypstitution of the piperazinium site is found to have little effect
basis of this observation, we also conclude that the significantly oy affinity and selectivity. However, phenyl substitution of the

different binding enthalpies of the AT and GC complexe20of  anthracene moiety prevents intercalation into DNA for steric
and3 are due to the different intercalation depths. As for the |ea50ns.

entropic effects, the release of bound water and ions will give

a positive contribution to the binding entropy. Furthermore, the Acknowledgment. We are indebted to Dr. Gunnar Sten-

change in motional freedom of both DNA and ligand on binding f . .
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will contribute to AS’. These contributions are difficult to 9 P P Y

estimate, but since for both AT and GC complexe,@8, and
7 the polyelectrolyte contribution to the free energy of binding bi
(and thus the contribution td\S’) is about the same, we

conclude that the variations in the non-polyelectrolyte part of
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