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ABSTRACT. A pentacyclic acridine, H-2,3-dihydroindolizino[7,6,3]acridinium chloride 1), related in
structure to tetra- and pentacyclic marine natural products, has previously been shown to induce apoptosis
in breast and non-small-cell lung tumor cell lines and shows significant differences in biological potency
and antitumor profile from other intercalating agents based on the acridine framework. We report on the
molecular recognition of the acridinium salt with DNA, quantified by optical spectroscopic methods, and
have compared these results with the clinical agent amsaamr&MSA). The results point to an
intercalative association betweérand G-C-rich sequences of DNA. We have synthesized a hexamer
duplex d(ACGCGT), presenting two potential 82pG recipient sites, and have investigated in detail by
NMR and molecular modeling methods the orientational preferencéspatrticularly with regard to the
pyrrolidine ring system. On the basis of the intermolecular nuclear Overhauser effect (NOE) data, four
possible intercalation models were considered; no single model produced a significantly better fit than
any of the others. The best fit to the experimental data was obtained by considering a dynamic equilibrium
between the different intercalated orientations with the drug maximiziogerlap with the G-C base

pairs at the intercalation site. We found little evidence for any degree of groove specificity imparted by
the pyrrolidine ring. If these simulations have biological relevance they suggest that, at most, the agent
induces only a transitory hot spot in the DNA which, evidently, is sufficient to be sensed by damage-
recognition mechanisms of the cell.

The acridine ring system is one of the medicinal chemist's  Antitumor acridines and other topoisomerase Il inhibitors
favorite molecular templates that can be decorated with aare also known to induce apoptotic cell death in susceptible
range of simple or extravagant substitueris (n addition cell lines @). Starting from the point of drug administration,
to their synthetic accessibility, derivatives of acridine are we are endeavoring to track how the physicochemical
colored, stable, usually fluorescent, and exhibit a broad rangeperturbation of DNA is recognized as damage and subse-
of chemotherapeutic properties against procaryotic and quently engages the p53-mediated induction of cell cycle
eucaryotic cells because of the facility with which they arrest and/or programmed cell deaf). While it is easy to
interact with DNA targets ). Notably, DNA-binding understand howovalentmodification of DNA through the
antitumor acridines disorganize topoisomerase3jl4), a  drug-induced formation of DNA strand breaks, DNANA
protein overexpressed in many human tumor types, such ascross-links, or DNA-protein cross-links can be recognized
breast cancer5j: however, differential selectivity toward by the cellular DNA damage-surveillance systems, for
topoisomerase- or -isoforms, or inhibition of other DNA-  €xample by the DNA-dependent protein kinase (DNA-PK)
processing enzymes such as polymerases and telomeras@cting upstream of p53), it is more challenging to conceive
might contribute to their overall biological properties. how noncaalentinteractions, such as intercalation or groove
binding, might be so recognized, particularly when the
interaction is no more than a brief encounter.
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Ficure 1: Structures ofl, 1H-2,3-Dihydroindolizino[7,6,5]-
acridine chloride, an@, amsacrine rAMSA). Proton chemical
shift differences between free and bound form4 @fre shown in
boldface type.

lung tumor cell lines irrespective of the p53 status of the

lines and that there are significant differences between the

biological potency and antitumor profile of the new agent
and other intercalating agent$4j based on the acridine
framework.

We report on the molecular recognition of the acridinium
salt with DNA quantified by optical spectroscopic methods:
in a number of cases we have compared these interaction
with those of the clinically used agent amsacrimeAMSA;

2). This work points clearly to an intercalative association
betweenl and G-C rich sequences of DNA. To probe this
interaction in detail we have synthesized a hexamer duplex
d(ACGCGT), presenting two potential GpG recipient sites,
and have studied the binding a@fby high-field NMR and
molecular modeling methods.

MATERIALS AND METHODS

Materials. The synthesis of H-2,3-dihydroindolizino-
[7,6,5kl]acridinium chloride 1) has been described earlier
(20). Amsacrine 2) (mAMSA; hydrochloride salt) and
ethidium bromide were purchased from Sigma Chemical Co.
Ltd. (Dorset, England). The DNA from salmon testes (ST-
DNA,; highly polymerized sodium salt, 58.8%-AT and
41.2% G-C) together with the double stranded alternating
poly(dAT),, poly(dGC), and nonalternating poly(dA)oly-
(dT) and poly(dGjpoly(dC) polymers (Sigma) were used

as received. Their concentrations were determined by ap-

plying molar extinction coefficients of 6600, 6600, 8400,
6000, and 7400 Mt cm! at 260 nm, respectively, and
expressed in base pairs5).

Optical spectroscopic experiments were conducted at pH
7.0, at which compound is fully protonated (K, = 9.77)
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in dimethyl sulfoxide (DMSO). Drug and DNA working
solutions were prepared by dilution of the stock solutions
and buffered at pH 7.0 with the buffer solution described
above. In the case aitAMSA, the volume of DMSO in
the final drug solution never exceeded 1%.

The hexamer duplex d(ACGCGias synthesized on a
10 uM scale by standard solid-phase phosphoramidite
chemistry and purified as previously describdd)( The
hexamer (4.3 mg) was dissolved in 560 of D,0 to give
a 2.1 mM duplex solution. The sodium salt of trimethylsilyl
propionate was added as an internal reference compound,
0.1% sodium azide as an antibacterial agent, and 0.1% EDTA
to complex heavy metal ions. The hexamer was shown to
be >95% pure by'*H NMR spectroscopy.

InstrumentationUV spectra were recorded on a Pharmacia
Biotech Ultrospec 2000 UV/visible spectrophotometer. Fluo-
rescence emission spectra were measured on a Perkin-Elmer
LS-5B luminescence spectrophotometer. NMR data were
collected at 500 MHz on a Bruker DRX500 spectrometer
and processed on an R4600PC Silicon Graphics Indy
workstation running XWINNMR software. Calculations were
performed on an R10000 Silicon Graphics Indigo 1l worksta-
tion running AMBER 4.1 softwarel@).

Absorption Spectroscopyl.o study the changes in the
UV —visible absorption spectrum of compouridon its
interaction with DNA, the following general method was
used. To a fixed volume (1 mL) of an aqueous drug solution
(3 x 1075 M, pH 7.0), contained in a 10 mm path length
quartz cell were added different microvolumes of a DNA
solution containing the same amount of the drug, up to a
sufficiently high DNA:drug ratio to ensure that the drug was

?ully bound. An equal concentration of DNA was added to

the reference cell. Aqueous solutionslafbeyed the Beer
Lambert law in the relevant concentration region.

Fluorescence Emission Spectroscofynission spectra
were obtained by titrating an aqueous buffered (pH 7.0) drug
solution (2 mL, 3x 10°® M) with microvolumes of a DNA
solution at the same concentrations of drug and buffer.
Spectra were obtained with an excitation wavelength of 475
nm. Fluorescence intensity values were monitored at the
emission maximum of 540 nm. Excitation and emission slit
widths were 5 and 10 nm, respectively. Fluorescence
intensity values were recorded every 2 nm, spectra being
monitored initially with drug alone and then after each
addition of DNA.

Quenching of EthidiumDNA FluorescencelheQ values
for quenching (drug concentration that reduces the fluores-
cence of initially DNA-bound ethidium by 50%) were
determined for each DNA (20 mM) in the buffer solution at
pH 7.0 containing 2 mM ethidium bromide, as previously
described 19). These concentrations were selected to effect
minimal ethidium displacement and maximum drug-induced
guenching of fluorescenc2@). All measurements were made
at room temperature in 10 mm path length quartz cuvettes
following serial addition of aliquots of a stock drug solution
(2 mM). The DNA—ethidium complex was excited at 546

(16). Buffered aqueous stock solutions of the DNA samples nm and the fluorescence was measured at 595 nm. The
(5 mM) were prepared in 0.2 mM filtered double-distilled compounds and their DNA-bound complexes showed neither
water containing 10 mM sodium phosphate and 1 mM optical absorption nor fluorescence at 595 nm and did not
ethylenediaminetetraacetic acid (EDTA) (pH 7.0). Stock interfere with the fluorescence of unbound ethidium.
solutions ofl (5 mM) were prepared in the same buffer at  NMR Spectral Studie€ompoundl was dissolved in BD

pH 7.0. Stock solutions afrAMSA (5 mM) were prepared  to give solutions of concentration 0.024, 0.12, 0.6, 3, 6, and
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15 mM, and 1D proton spectra were acquired at 298 K. To with the DNA and drug molecules restrained to their initial
form the complex of compountlwith d(ACGCGT), 5ulL coordinates with a force constant of 100 kcal mof—2.
aliquots of a 60 mM solution of compouridwere added  After this initial equilibration, all subsequent simulations
successively to the 550L (1.6 mM) DNA sample until a  were run using the particle mesh Ewald (PME) method
2:1 drug:duplex ratio was reached. The ratio was monitored within AMBER 4.1. Dynamics (10 ps) was run on the water
by 1D proton NMR, by integration of the thymine methyl and counterions at 100 K before the system was heated to
and drug methylene protons (H2a/b) and adenine H8 and300 K over 10 ps; equilibration was then continued as the
drug H10 resonances. restraints placed on the DNA were reduced to 50, 25, 12.5,

Spectra of the free DNA and the dru®NA complex 5, and finally 2.5 kcal moi* A~2in successive 10 ps runs.
were acquired by use of standard phase-sensitive 2D NMREach complex was subjected to 50 ps of unrestrained
pulse sequences. Nuclear Overhauser effect (NOESY) spectralynamics, first with the DNA coordinates frozen, and second
of the uncomplexed DNA were acquired at mixing times of allowing all molecules to move freely. Snapshots were
60, 120, and 250 ms. One-dimensional (1D) proton spectracollected at 0.5 ps intervals and average structures were
of the free DNA and the drugDNA complex were acquired  calculated over the final 20 ps of the run. The complexes
at temperatures of 28308 K, with 5 K increments. Total were judged by RMSD from starting structure to be
correlation (TOCSY) spectra, and NOESY spectra with equilibrated after 25 ps. Distances between drug and DNA
mixing times of 100 and 300 ms, were acquired at 298 and protons were calculated and averaged over the final 25 ps
308 K. For all 2D spectra, 1024 complex data points were of the trajectory.
collected for each of 400 or 512 increments with 1632
transients for each. Spectra were zero-filled to;2KK prior RESULTS
to Fourier transformation. A jump-and-return NOESY se-
quence was employed for solvent suppression in 90@ H
solutions and spectra were acquired at 298 and 308 K with
mixing times of 300 ms.

Molecular Modeling. The starting (canonical B-form)
structure of the hexamer duplex was generated by the

NUCGEN module of AMBER 4.1 18). Hydrogens were - - : i .
: peaks of the free ligand remained unshifted up to a 1:1 DNA:
added with the PROTONATE module. By use of the EDIT drug ratio, whereas the 475 nm absorption peak was red-

H:Odu(lf' teﬁ)l|C|thnet-r;]eltjtrallzn:jgtﬁodlttlm E[:ounterlonti WEre qhifted to 488 nm at higher DNA:drug ratios. The observation
placed at the pnosphates an € structure was then SUlee soyeral isosbestic points (data not shown) indicated the
rounded by a periodic box of TIP3P water molecules such

that lute at I ths A f box f presence of either a single spectroscopically detectable bound
_”? Tods;o ute a_og} V‘E)as efss_ rom a?yl Z&Oace. species or several bound species with very similar spectro-
40 A, containing 3570 water molecies, All Simulations were SCOPIC fealures (see below). The binding bito other
run with the SANDER module of AMBER 4.1 and the pog’”“ﬁ'e‘;tges'lpc%d’m po'yt(dc(ff)'tpO'y(dA)'ﬂO'yngt%;
AMBER 95 force field. SHAKE 21) (tolerance 0.0005 &) 29 Poly(dGjpoly(dC), presented features similar to those

; ' . ) described above. The DNA-induced hypochromicities were
was applied to all bondsa 2 fstime step was used, and a

temperature of 300 K was maintained through Berendsenroughly comparable (3844%) and an isosbestic point at

P . gh B 518 nm was found in all cases.

temperature coupling2@). An 8 A cutoff was applied to Bindi Hiniti £ th d—DNA |

the Lennard-Jones interactions and the nonbonded list was °'"dINg afinities of thé compound COMPIEXeS
updated every 25 steps. Molecular dynamics simulations were assessed by absorbance titrations. The spectrophoto-

were performed at constant pressure with isotropic position [)netrlg data alllowc;,:g then\!/dallges doff(mol_em:fl}es of tllgan?
scaling and a time constant of 0.2 ps. Structureas built ound per nucleotide) and(ligand free in the system) to

: : - be calculated 24). Scatchard analysis of the data gave
with INSIGHT Il (Biosym/MSI, San Diego, CA), and ESP- = ™. . .
derived atomic partial charges were determined by ablndlng isotherms (Figure 2) that were fitted to the McGhee

semiempirical approach within MOPAQ@J) by the AM1 and von Hippel neighbor-excluded site mod2s) general-
method. Atom types were assigned according to the AMBER !zed to 'mclude more than one binding species and/or drug
95 force field guidelines. The DNA intercalation sites were Interaction:
created by applying distance restraints between selected atom

pairs in the flanking base pairs to give an inter-base-pair I — K(1— nr)

UV Spectral Changes Induced by Nucleic Aciddddition
of natural ST-DNA to a solution of compountinduced
significant changes in its absorption spectrum that were
characterized by hypochromicity and accompanied by ba-
thochromic shifts. Upon addition of ST-DNA, 68% hypo-
chromism at all wavelengths was observed. The absorption

(2w —1)@A—nr)+r— R]n—l

distance of 7.67.4 A. The restraints were introduced over C 2(w— 1)@ —nr)
the first 5 ps of a 30 ps run at 300 K, which was cooled to 1-(n+r+RJ2
1 K over the final 5 ps. Before the drug was docked, the 2(1—nn)

water and counterions were removed from the DNA. The
drug was docked by use of the LEaP module of AMBER R=[[1 — (n+ 1)r]?+ dwr(d — nr)]*?

4.1. Counterions were added to neutralize the system {§ Na

and the system was solvated and equilibrated. Equilibration wherer is the binding ratioc is the concentration of unbound
was performed by first holding the positions of the DNA, drug,K is the equilibrium binding constamt,is the number
drug molecules, and counterions fixed and running 5000 stepsof base pairs occluded per bound drug molecule @nd

of minimization on the water alone followed by 5000 steps the cooperativity between drug binding sites. Valuesvof
of minimization on the whole system. This was followed by > 1 correspond to cooperative interactions, while values of
10 ps of dynamics on the water alone performed at 100 K, w < 1 indicate anticooperativity.



6726 Biochemistry, Vol. 38, No. 21, 1999

@ 6o

Bostock-Smith et al.

Ficure 2: Binding isotherms for compouridwith various DNA polymers showing plots ofc versus, wherer is the number of molecules
of drug bound per nucleotide amds the concentration of free ligand. Panel &) ST-DNA, (O) poly(dAT),. Panel b: [J) poly(dGC),

(O) poly(dA)-poly(dT), (a) poly(dG)ypoly(dC).

Table 1: Binding Parameters of Compoub@omplexed with
ST-DNA and a Variety of Synthetic DNA Polymers

Ka(M™) n (bpy w
ST-DNA 4.0x 10° 1.57 0.51
poly(dAT), 49x 10° 1.26 0.18
poly(dGC) 9.0 x 107 2.30 0.35
poly(dA)-poly(dT) 1.0x 107 3.00 0.35
poly(dG)poly(dC) 7.5x 107 1.55 0.23

aThe estimated error in the association constants 19%.° bp =
base pairs.

Table 2: Binding Data fofl Determined by EthidiumrDNA
Fluorescence Quenching Studies, Compared to the Reference
Compoundm-AMSA

Q* (uM)
compoundL M-AMSAP
ST-DNA 5.0 17.6
poly(dAT), 3.3 21.6
poly(dGC} 2.1 8.8
poly(dA)-poly(dT) 2.7 28.4
poly(dG)poly(dC) 7.9 27.6
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Ficure 3: Fluorometric titration data fat with various polynucle-

otides: {) ST-DNA, (O) poly(dAT),, (<) poly(dGC), (+) poly-

(dA)-poly(dT), and A) poly(dGY)poly(dC).F/Fy is plotted against
the DNA:drug ratio, wher& is the fluorescence of drug quenched

with DNA and Fy is the fluorescence of free drug.

The binding constants fdrwith different DNA polymers

aDrug concentration to give 50% quenching of fluorescence of bound
ethidium at an added ethidium:DNA molar ratio of 0.1:1 (see text);
mean value from three determinatiofg.he Q value for m-AMSA
was determined at pH 5.0 in a 10 mM sodium acetate buffer solution
(1 mM EDTA).

a 34% decrease in fluorescence when bound to ST-DNA.
The quenching of the fluorescence was more significant upon
interaction with an oligonucleotide bearing &G sequence
[45% for poly(dGC) and 44% for poly(dGpoly(dC)],
whereas it was less significant with-A oligonucleotides
[23% for poly(dAT) and 27% for poly(dA)poly(dT)].
Therefore, the fluorescence data support the spectrophoto-
metric data in that binding of to DNA shows a marked
selectivity for G-C sites.

Quenching of EthidiumDNA Fluorescencelhe fluores-
cence of the dye ethidium bromide is increased around 50-
fold when it intercalates within DNA19). Addition of a
DNA binding agent induces a progressive decrease in the
fluorescence of the ethidiurDNA complex. The effects

have been determined from these analyses (Table 1). Theof 1 on the fluorescence of the ethiditbNA complex have

data indicated that compouridis a relatively strong DNA
binding ligand with a DNA affinity similar to that of
m-AMSA to ST-DNA (K = 5.5 x 10 M~2) (26) but lower
than that of proflavine = (3.0+ 0.5) x 10° M~ (27) at
physiological pH. The smaller binding constants for the

complexes of compound with poly(dAT), and poly(dA}

poly(dT) compared with poly(dG&pand poly(dGjpoly(dC),
respectively, indicated a-GC base-pair binding preference.

Fluorescence Emission Spectroscopiie quenching of
the fluorescence of the acridinium salt at constant
concentration with increasing concentrations of DNA has
been studied. A plot of/Fo, whereF is the fluorescence of
drug quenched with DNA anHy is the fluorescence of the
free drug, versus DNA:drug ratio is shown in Figure 3. The
data indicate that the fluorescencela$ differently quenched
by the various polynucleotides tested. Compotrsthowed

been studied and compared to those of the reference
compoundmAMSA (2), at pH values where both species
are in the cationic acridinium state; pH 7.0 for compound
(PKa=9.77) and at pH 5.0 fom-AMSA (pKa = 7.19) @6).

The quenching@) values were determined with ST-DNA

or synthetic oligonucleotides to obtain further information
relating to the base or sequence preference of the binding.
Data are shown in Table 2. In the case of compodnd
smaller drug concentrations were necessary to reduce by 50%
the fluorescence of the ethidiunDNA complex compared

to mAMSA, suggesting thatl is a more effective DNA
binder tharm-AMSA itself. The data also reveal thashows

only slightly greater preference for poly(dGQ)ver poly-
(dAT), than ethidium, reflected in the small differenceQn
values for binding to the two polymers (2.1 and 38,
respectively). In contrast, th@ values for bindingnrAMSA
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FiGURE 4: Assignment of drug resonances in the 2:1 compleg wfith d(ACGCGT); 1D *H NMR spectra are shown along the top of
each 2D plot with drug resonances labeled. Connectivities within the two distinct drug spin systems, involving pratamsl 4-12, are
illustrated in (a) TOCSY and (b) 300 ms NOESY recorded at 308 K.

to the same polymers show a greater difference (8.8 versusindicating rapid exchange between different bound states.
21.6uM, respectively), indicating a significantly higher<& In H,O a large number of broadened imino proton resonances
selectivity than for ethidium or compourid (11-14 ppm) were similarly observed at low temperature

NMR StudiesA complete assignment of free DNA (288 K) that could not be accounted for by a simple
resonances of the duplex d(ACGCGTWyas obtained via ~ Symmetrical 2:1 binding model.
TOCSY and NOESY spectra. Unbound drug resonances, At 308 K one averaged set of bound drug signals can be
which had been previously assigned by 2D NOESY and 1D identified by double quantum filtered correlation spectro-
NOE difference spectra and coupling constat,(proved scopy (DQF-COSY) and TOCSY experiments. The sharper
to be highly concentration-dependent, indicating a degreeresonances permit a full assignment of nonexchangeable
of self-association of the pyridoacridinium salt in aqueous signals for both the bound drug and the hexamer duplex via
solution. Studies of the concentration dependence of chemicaNOESY and TOCSY spectra (Figure 4). Line broadening
shift, and subsequent extrapolation to high dilution, provided was particularly evident for the G and C resonances,
the necessary reference state for determining shift changesndicating that all four of these are involved in drug binding,
upon DNA binding. consistent with the drug preferentially occupying the two

Compoundl was titrated with d(ACGCGT )at 298 K to CpG intercalation sites as predicted, and in agreement with
a ratio of 2:1 drug:duplex. Only one set of resonances for the GC specificity determmed by op_t|cal spectrophotometric
one strand of DNA was observable at all stages of the @nd fluorescence quenching experiments.
titration at this temperature. For a symmetrical 2:1 complex, Changes in chemical shifts of drug and DNA were
one set of DNA resonances is expected as the dyad symmetrynonitored during the titration. While there was an initial large
is preserved. However, at lower ratios two or more sets of change in drug and, to a lesser extent, DNA resonances on
resonances are expected for a ligand in slow exchange, eithefddition of a small amount of drug, the shifts did not change
representing a mixture of 2:1 and 0:1 or the asymmetric 1:1 further as more drug was added (with the exception of the
Comp|ex or a mixture of all three, depending on the degree adenine H2) The differences in chemical shifts of Compound
of binding cooperativity. The single set of resonances, which 1 between complexed (2:1 drug:duplex) and uncomplexed
exhibit line broadening, indicates that the drug is in fast forms (high dilution) are significant (Figure 1). Large upfield
exchange between different binding sites. Variable temper- shifts in the range-0.67 to—0.98 ppm for the protons of
ature studies on the 2:1 complex showed further line the aromatic pyridoacridine ring system bre indicative
broadening at temperatures below 298 K that were consider-Of intercalation, with the smaller shift changes of the
ably greater than seen in studies on the duplex alone,puckered pyrrolidinium ring implying that this is protruding
suggesting intermediate exchange broadening at these teminto the major or the minor groove. Change in chemical shift
peratures_ Moreover, at low temperature many resonancegNith temperature was monitored for a number of resonances
were observed to split into multiple components that were and the melting temperature of the complex was determined
not compatible with a single symmetrical 2:1 complex in to be greater than 318 K.
solution but multiple conformational states, suggesting the A large number of NOEs (see Table 3) have been
possibility of different intercalated orientations in intermedi- identified between the bound ligand and DNA protons,
ate or slow exchange. Above 298 K the lines become largely with the base and sugar protons of G3 and G5. Fewer
progressively narrower and many resonances coalesceNOEs were observed to C2 and C4 due to extensive line



6728 Biochemistry, Vol. 38, No. 21, 1999 Bostock-Smith et al.

Table 3: Correlation of Observed Dra@®NA NOESs with DRUG DNA HY*

Measured Distances in Molecular Dynamics Simulations of 2:1 Ho _H11 Te
Complexes ofl with d(ACGCGT)? W
ppm
A B T =
olo |iag H4 H5 He W7 H9 H10 HI1 Hi2 X1 | 4 i
C2 H1' ) 5.8 ! f
. e o ()
comr | 3 O - ®
. o _|® o e
G5 H1 s T s % o
6.2
G3/G5 H2' oo o0 oo o0 o0 o0
Gcit| o oo e o %o Sfe o6
G3 H2" 5’— —'! 6.4 @
o ;
Ho
G5 H2 o .
! () ) o _|®
cowe | &% £
T T T T T
G5 Ha' s 4 % 8- o 66 64 62 60 58 ppm
|l e ® o e o o o @ FiGure 5: Portion of the 300 ms NOESY spectrum of the 2:1
cuesHs | g o> ofe - f % % e of complex of1 with d(ACGCGTY) at 308 K showing NOEs (boxed)
P from drug H4, H5, H7, H9, and H11 to deoxyribose'lHdsonances.
cacsHs' | o ofe oo o 1o Ys o o O° The corresponding 1D spectrum is shown along the top of the plot
). with assignments indicated.
G3 H8
o @ ®)
PY minor minor
G5 Ho o G<5~<\/N~/\\ G;; c(as\p G;S
C2 H5 ~ J ~N A
o c4 c2 c4"~"""c2
(©) (d)
aEach cross represents an observed NOE between drug and DNA miner minor
protons. A black dot in any one quadrant indicates that the observed G5~§¥N\/ G3 G5\ I(Nj G3
NOE is consistent with a particular binding mode (A, B, C, or D) as ( < ) > ( y >
indicated in the key in the top left-hand corner. Average distances in c4a L”) \C2 C4 . ~c2
each of the four possible complexes were calculated over the final 20 major major

ps of each simulation and distances$ A (within 1 standard deviation)
were considered consistent with an observed NOE. FIGURE 6: Schematic representation of four different binding modes
(a—d) of 1 intercalated at the'%CpG steps of d(ACGCGTF)Only

the outline of the pentacyclic acridine ring system is illustrated for
broadening, again consistent with exchange between differentclarity.

bound environments involving predominantly the CpG steps.
The observation of NOEs to G5 as well as to G3 suggests a6). Dynamics simulations on symmetrical models of all four
CpG rather than a GpC binding site, consistent with the binding modes resulted in four structures, each being a time-
evidence from differential line broadening of C2 and C4. A average over the final 25 ps of the simulations when the
number of NOE cross-peaks between ligand aromatic protonstrajectories were stable. Between them they were able to
and deoxyribose Hlprotons are shown (Figure 5). We account for 92% of the NOEs observed (specifically, 92%
cannot exclude the possibility of there being a minor of the NOEs corresponded to a distance in one or more
population of drug molecules intercalated at the central GpC structures of less than 5 A, within 1 standard deviation, once
site giving rise to a subset of NOEs; however, intercalation those that could be accounted for by spin diffusion or
at this site would exclude the possibility of a second bound resonance overlap had been discarded). No single structure
drug on the basis of the neighboring site exclusion principle. was able to account for the full 92%, while no structure could
The data are, however, consistent with predominantly CpG be discarded without reducing the number of NOEs ac-
site intercalation. On this basis, four possible intercalative counted for. Each binding mode has its own distinguishing
binding modes exist for each drug and are shown schemati-NOE connectivities. For example, G5 Hdives NOEs to
cally in Figure 6. Two have the pyrrolidine ring lying in the  acridine H7, H9, H10, and H11l. Those to H9 and H10
major groove and two in the minor, each pair having a C2 correlate with mode A, to H7 with mode C, and to H11 with
rotation about the short axis of the drug. Thus, NOE cross- mode D. An NOE is also observed from G5 'Hd H4 but
peak intensities represent a population-weighted average ovethis is not unique to a single structure (Table 3). In total,
each of these bound states. mode B only has one distinguishing NOE (G3'H® H11),
Molecular Modeling.Preliminary modeling studies sug- while modes A, C, and D have six, five, and five distin-
gested that the NOE data were consistent, in part, with all guishing NOEs, respectively. Correlation of NOEs with short
four different intercalation modes at the CpG sites (Figure distances for each binding mode is given in Table 3, showing
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Ficure 7: (Left panel) Binding mode A of the 2:1 complex bfwith d(ACGCGT); mean structure from the final 25 ps of molecular
dynamics simulations of the complex. (Right panel) Binding mode®Aillustrating stacking interactions between the drug and the 5
G-C base pairs at each of the two intercalation sites per complex.

the even spread of NOE correlations across the four bindingnm) observed in the UV spectrum &fin the presence of
modes. Structures were also examined for short distancesST-DNA was consistent with insertion of the molecule into
for which an NOE might have been predicted. A number of the double helix by intercalation. Similar spectral features
these were apparent in the four modeled complexes but couldwere induced by other synthetic DNAs of different base
be accounted for by factors such as line broadening andcomposition. Initially, the presence of several distinct isos-
signal overlap, which made assignment ambiguous. bestic points in the absorbance titrations with ST-DNA
In three of the four simulations the drug is seen to converge suggested that only two distinct forms of the drug were in
to the same orientation at both binding sites. These orienta-solution—the free form and one, or a number of similar, fully
tions can be seen to maximize overlap betweemthgstems  bound (intercalated) forms. However, the presence of an
of the drug and the flanking base pairs (Figure 7). This also isosbestic point does not prove that there are only two forms
serves to place the pyrrolidine ring in the center of the groove of the drug present. The binding isotherms for the interaction
in which it is located, with minimal overlap with aromatic  betweerl and various DNA polymers are presented in Figure
ring systems, consistent with the small chemical shift change 2 in the form of Scatchard plots. The plots are hyperbolic
seen on binding. In one binding mode (Figure 7, mode C), and are comparable to the binding curves obtained for the
two different orientations are seen, fitting with slightly interaction ofm-AMSA (28) and proflavine 29) with natural
different but similar numbers of NOEs. DNA. For these reference compounds such a binding curve
has been interpreted as showing two distinctly different
DISCUSSION binding modes: one of high affinity (type 1) and one of lower
Physicochemical Studies of the DraBNA Interaction. affinity (type Il). The type | process is strong and corresponds
The results from several different complementary techniquesto the intercalation of the drug into the DNA double helix
have provided information concerning the mechanism of at low binding ratios. The type Il process is weak and is
binding of a new polycyclic acridinium saltto DNA. The normally attributed to external electrostatic binding at high
decrease in the absorbance at 475 nm (red-shifted to 48&inding ratios. Type | binding predominated forx 0.16 in
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the case oimAMSA (28) and forr < 0.2 in the case of
proflavine 9), whereas type Il binding predominated for

> 0.16 and forr > 0.2, respectively. The effect of a tight
binding site is dominant at < 0.4 in the case of compound
1, with weaker binding becoming prominentrat 0.4. Since
type | binding is associated with the intercalation of the

Bostock-Smith et al.

therefore, of binding. The same evidence of the high binding
ability of 1 to G—C sequences was expected in the

ethidium—DNA fluorescence quenching assays. However,

the Q values revealed that binding was without marked base
pair specificity compared wittm-AMSA, the Q value for

the interaction ofl with poly(dGC} being only 1.5 times

acridine ring between DNA base pairs, we conclude that smaller than with poly(dAT) Direct observation of base pair

compoundl is a more effective DNA intercalating agent
than eithetTm-AMSA or proflavine.

preference by footprinting experiments was thwarted because
compoundL did not give a distinct footprint (data not shown).

For ligands such as intercalating drugs, which are subject NMR Spectroscopyl.o probe in more detail the nature of
to neighboring site exclusion effects, precise binding pa- the DNA recognition, a short oligonucleotide duplex
rameters cannot be determined by traditional Scatchard plotsd(ACGCGT) was synthesized containing two symmetry-
since the total number of binding sites is not independent of related high-affinity 5pyrimidine—purine (3-CpG) steps for
the binding ratio. We calculated the apparent binding high-resolution NMR studies. These, and the subsequent
constantsK) and the site siza for the interaction ofl to molecular modeling studies, were not consistent with the drug
various DNA polymers using the spectrophotometric data binding in one preferred orientation but rather that all four
and the excluded-site McGhee and von Hippel moas).( possible intercalated orientations were required to account
In contrast to the Scatchard treatment, binding parametersfor the observed NOEs, with the pyrrolidine ring showing
calculated by the latter model are critically dependent upon no particular preference for binding in either groove (Figure
the choice of lattice unit. For intercalating agents such as 6). The different intercalated conformations of the drug are
mAMSA and simple aminoacridines it is reasonable to in intermediate to fast exchange on the chemical shift time
assume that the concentration of potential binding sites in scale. Perturbations &1 chemical shifts have been widely
the naked lattice corresponds to the concentration of inter-used to provide a qualitative analysis of the mode of DNA
base-pair regions in double-stranded DNA. Consequently, binding of both intercalators and groove binders; alterations
we have expressed the concentration of binding sites andin base stacking that accompany intercalation produce
the binding ratios in terms of base pairs. The extended characteristic chemical shift chang&§); Significant upfield
McGhee and von Hippel equatio@), incorporating coop-  shifts (negativeAd) are evident for the protons of the
erativity (see Results section), has been chosen for thearomatic pyridoacridine ring system in the rang8.67 to
analysis of the data instead of the simpler known equation: —0.98 ppm (Figure 1), indicative of the importance of
r/c=K( — nn)[( — nr)/(1 — (n— 1)r]"L. The introduction mr-stacking interactions with the DNA base pairs in complex
of a drug cooperativity factoref) modifies the theory to  stabilization and in good agreement with two previous NMR
produce Scatchard plots that are concave. The new polycyclicstudies of DNA-acridine complexes3(, 32). In contrast,
acridinel can form aggregates (see NMR dilution experi- resonances from the pyrrolidine ring undergo more modest
ments) at higher concentrations. The extended equation haghanges in shift, consistent with protrusion into the major
the advantage that it provides information about drug or minor groove.
aggregation (cooperative binding,> 1) or noncooperative Studies both by NMR and by footprinting methods have
binding @ < 1, no aggregation/nearest neighbor exclusion). shown that simple acridines tend to show no orientational
Values ofw < 1 (see Table 1) were obtained in all cases, in specificity (33); however, ring substituents can alter this
agreement with noncooperative binding, as further suggestedoehavior 84). There has been a degree of controversy over
by CD studies (to be published separately). Binding param- the orientation ofmrAMSA, with some claims for the anilino
eters defined in Table 1 indicate tHabinds strongly to ST- ring to lie preferentially in the minor groove and some for
DNA (K = 4.0 x 10° M) and that it is more selective for  the major groove33). Among the more highly substituted
G—C-rich DNA sequences. The data show théias a 200-  examples, acridinetriazene combilexins bind with the
fold higher affinity for poly(dGCj relative to poly(dAT}) anilino ring and its pendant triazene moiety lying in the minor
with a binding constant to the former oligonucleotide of 9.0 groove 85), while a cobalt(lll}-bleomycin analogue also
x 10 M~1, but much poorer discrimination is observed tethered to the 9 position lies in the major groo8&)( More
between poly(dAjpoly(dT) and poly(dGpoly(dC). The unusually, an acridine with a spermine at the 9 position is
higher affinity for poly(dGC) suggests that &C-rich proposed to intercalate asymmetrically, stacking between just
alternating pyrimidine-purine sequences represent the pre- the purines of a purinepurine site with the spermine
ferred DNA binding site forl and binding parameters protecting the pyrimidine strand from cleava@d)( Further
confirm site sizes close to two base painsg( 2), indicating embellishment of the new acridinium sdltwith pendant
partial or complete intercalation of the drug within the DNA substituents capable of groove-specific interactions, or
double helix, as expected for the neighboring site exclusion modifications to the pyrrolidine fragment, may facilitate

model.

The fluorometric titrations agreed reasonably well with
the spectrophotometric analysis results, confirming that
binds more tightly to poly(dGG)than to poly(dAT). The

better sequence and orientational discrimination.

The combination of spectrophotometric and NMR data
allows us to draw some conclusions regarding the nature of
the binding of compound to DNA and how base sequence

results for the complementary homopolymer pairs also might influence this binding. Binding df to DNA appears

indicate tighter drug binding to poly(d@joly(dC) than to
poly(dA)-poly(dT). The amount of quenching increased with
the DNA G—C content, indicating that 6C-containing sites

to be similar to that of other aminoacridine derivatives, in
that two types of binding site (type | and type Il) were
observed. An intercalative process (type I) of the acridinyl

are responsible for the greatest amount of quenching and,moiety has been demonstrated figrconferring high DNA
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binding affinity. The weak binding process (type Il) could
be attributed to an external electrostatic attraction at high
binding ratios. With regard to sequence selectivity, spectro-
photometric and fluorometric analyses suggest a stron@ G

base pair preference of the drug. NMR and molecular 17,
modeling studies demonstrate intercalation at CpG sites while

also showing that compountlis in fast exchange on the
NMR time scale between a number of bound conformations
with no observed orientational specificity. The NMR studies
in particular highlight the dynamic nature of the recognition
process betweed and DNA. If these simulations have

biological relevance they suggest that, at most, the agent 20-

induces only a transitory hot spot in the DNA that, evidently,

is sufficient to be sensed by damage-recognition mechanisms

of the cell.
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