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Abstract: The reversible hairpin to coil transition of d(GCGAAACGC), named sAj3, was investigated by melting
experiments. This oligomer also adopts a bulged duplex structure whose formation from the hairpin is a slow process.
The binding of the compound 1, a macrocycle containing two acridine subunits linked by two diethylenetriamine
arms, to the hairpin form was studied using absorption and fluorescence spectroscopy as well as gel filtration. 1
forms two complexes with sAj hairpin. The first complex presents a 1/1 1/sA; stoichiometry, and the binding site
of 1 was attributed to the hairpin loop by fluorescence spectroscopy. A similar binding site can be confirmed by the
comparison of sAjz and related hairpins, sAs, sTs, and sTAR. The binding constant of 1 for this site is high: K=
(4.5 £ 0.5) x 10" M~!. The second complex presents a 2/1 stoichiometry. The comparison of the hairpin melting
temperature in the absence and in the presence of 1 shows a 25 °C stabilization of the hairpin structure by the
macrocyclic molecule 1. In contrast, the reference compound 2, a monomeric acridine substituted by two
propylaminomethyl groups, does not stabilize the hairpin. The results emphasize the selectivity of 1 for the hairpin
compared to both double helices and single stranded oligomers arising from its macrocyclic structure. They agree
with the initial hypothesis that cage compounds of bicyclointercaland type would bind preferentially to single-

stranded than to double-helical nucleic acids domains.

Introduction

Nucleic acids may adopt secondary and tertiary structures,
which are sometimes highly conserved. Intramolecular folding
of a partially complementary sequence may yield a hairpin, one
of the simplest DNA and RNA secondary structures. It is
composed by a double helix, the stem, linked to a single-stranded
loop. Hairpins are common structural elements in tRNA and
mRNA. DNA hairpins are found in gene transcription regions
and in origins of DNA replication.! ™3 These structures, forming
palindromes, are often recognized by DNA and RNA regulatory
proteins.!“~8 The possible involvement of DNA hairpins in
biological processes led to numerous physical characterization
studies of these structures in vitro.> " The conformation of
hairpin loop containing two to five nucleotides appears to be
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controlled by many parameters such as the stacking pattern of
the loop residues over the stem, the steric constraint for loop
closure, the interactions of the loop bases between themselves
including stacking and/or hydrogen bond formation, and the
identity of the stem closing pair.®~37

It is of interest to develop compounds that may act as
probes of nucleic acids. The two main approaches to the design
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Cyclo-intercalation

The subsirat, scheinatized as a grey reciangle, can be a single-siranded portion of DNA or a small flat molecule.

of artificial agents for nucleic acid recognition involve the
following:

(1) sequence selective compounds, for which the goal is to
target precisely a well-defined and identified site in a nucleic
acid and

(2) structural probes destined to provide a general method
for detecting a given type of structural feature (single-strand,
double-strand, loop, bulge, etc.).

Numerous studies have been conducted along these two lines,
leading to more or less efficient and specific targeting proce-
dures. In addition, the combination with chemically reactive
groups permits to perform reactions at specific sites of a nucleic
acid. A limited number of synthetic compounds have been
designed to probe the secondary and tertiary structure of DNA
and RNA. Rh(phen),ph*" promotes strand cleavage at sites of
tertiary interaction in t-RNA.* Ni(ll) macrocyclic complexes
detect and cleave guanine bases in mismatches, bulges and
loops.®

Several synthetic molecules bind on DNA hairpin stem. For
instance, ethidium bromide is preferentially intercalated between
G—C pairs of the (GC);To(GC)- hairpin.* Actinomycin D also
binds via intercalation at the single d(GC) step of an hairpin
stem.*! Netropsin stabilizes a dumbbell structure by binding
into the stem minor groove.’® Coinpounds of the enediyne
antibiotics family present cleavage properties at flexible regions
of DNA such as bulges.** The neocarzinostatin chromophore
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selectively cleaves DNA containing a bulged T structure via a
thiol-independent mechanism.*® Intercalators linked to an
appropriate nucleic acid base bind to bulged duplexes.®

We have been interested in developing nucleic acid recogni-
tion probes that may discriminate between single- and double-
stranded domains. Our approach involves a general type of
structures, the cyclo-bis-intercaland macrocycles incorporating
two intercalator subunits linked by two bridges. The basic
concept was that the structural features of such cage-like
molecules would disfavor their binding to double-stranded
nucleic acid domains but allow their interaction with single-
stranded sequences (Scheme 1).

Several types of such cyclo-bis-intercalands have been
synthesized, and their ability to complex various molecular
substrates including nucleic acid compounds has been investi-
gated.*¢~> ]t has been shown that a porphyrin cage compound
binds preferentially to single-stranded nucleic acid domains and
effects photocleavage under irradiation with visible light 647

Various bisintercalators and polyintercalators including
bisacridines have been previously synthesized. The interest in
such compounds arise from their high affinity to DNA duplexes
and the anticancer activity of some of these molecules. These
compounds promote substantial changes in DNA conformation
induced by the intercalation process.”>?~*> The binding of a
macrocyclic bisacridine to DNA duplex has been previously
described.*

We now report a study of the interaction of the cyclo-
bisacridine compound 1°* with the oligonucleotide d(GCG AAA
CGCQC). This oligomer, named sAj3 where s designates the stem
sequence, was designed for providing loop and bulge super-
structures. The bisacridine 1 possesses flexible arms, which
are positively charged to insure electrostatic attraction with the
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Chart 1

Tetracationic form of the macrocyclic bis-acridine 1 at pH = 6.0

Monomeric reference compound 2
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phosphate groups, and two uncharged acridine moieties that may
stack on loop bases (Chart 1). These effects are responsible
for the strong complexation of mononucleotides.¢ This bulky
molecule should not intercalate into the stem, as other acridine
derivatives, due to steric hindrance. The influence of steric
effects can be evaluated by comparing the macrocyclic acridine
1 with its reference monomeric compound 2.56

The results presented in this work are consistent with a high
affinity and a selectivity of the macrocyclic acridine 1 for the
hairpin structure.

Experimental Section

1. Materials. The oligonucleotides GCG(AAA)CGC, GCG-
(AAAAA)CGC, GCG(TTTTT)CGC and GCG(CTGGGA)CGC, re-
ferred to as sAj, sAs, sTs, and sTAR respectively, s representing the
stem sequence, were purchased from Genosys or Appligene. The
samples were purified by HPLC, ethanol precipitated, and then desalted
on a Sephadex G-10 column. The tetramer d(A)4 was purchased from
Appligene. The oligonucleotide dA; was synthesized in the laboratory
of Prof. V. Vlassov at the Molecular Biology Institute of the Siberian
Academy of Sciences, Novosibirsk. The oligomer dAj and the
polynucleotides polyd(A-T), polydT, and polyd(G-C) were purchased
from Pharmacia. The chemicals used were of the highest commercial
purity. The solutions contained 1 mM cacodylate buffer, 4 mM NaCl
at pH = 6.0 unless otherwise stated. All aqueous solutions utilized
purified water (MilliQ, Millipore). The synthesis of the macrocyclic
acridine 1 and of the reference acridine compound 2 has been previously
reported.*®
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2. Melting Temperature Measurements. The T, measurements
were performed with a Kontron 941 spectrophotometer. The temper-
ature of the six-cell holder was regulated by circulating water using a
Haake cryothermostat and controlled by a temperature sensor (ther-
miresistor) immersed within a reference cell containing appropriate
buffer. Constant heating or cooling rates were obtained using a Haake
PG20 temperature programmer. The rate of temperature change was
usually (0.05—-0.1) °C/ min. T, values were calculated by the first
derivative of the melting curves. Various cell path-lengths ranging
from | to 0.2 cm were used depending on the oligomer concentration,
so the measured absorbance did not exceed 1.7 OD.

The melting profiles of sA; were monitored at 280, 275, 257, and
246 nm with the oligonucleotide alone and at 280 and 362 or 359 nm
in the presence of 1 or 2. 1 and 2 present a large absorption peak at
247 nm. The 280 nm wavelength was chosen with respects to the
lowest contribution of 1 to the total absorption in the concentration
range used [1] = 1—40 uM based on ¢ values of free 1 and 2. Full
absorption spectra at various temperatures were also recorded to
determine the presence of isosbestic points.

The oligonucleotide samples used for melting experiments were
slowly heated to 90 °C for 30 min, then gently cooled to 3 °C, and
stored for 48 h at this temperature before measurement. Experiments
in the presence of the macrocyclic acridine 1 (or the reference compound
2) were performed in the following way: 1 was added within the cell
containing the denaturated sAs at 75 °C, and then the solution was
slowly cooled and stored 24 h for equilibration before measurement.
Both compounds 1 and 2 did not present any degradation over repeated
heating and cooling cycles.

3. Fluorescence Measurements. The fluorescence measurements
were performed with a Fluoromax apparatus (Spex) equipped with an
Hamamatsu 928 photomultiplier, using a thermostated cell holder. The
data have been corrected for the response of the PM and the variation
of the absorption at the excitation-wavelength. Relative fluorescence
yields were obtained using quinine sulfate and anthracene as references.
Repeated fluorescence measurements of 1 complexed to sA; induce
spectral modifications under continuous 360 nm irradiation possibly
due to a photochemical reaction. This was avoided by taking short
integration times and small excitation pathlengths / = 0.4 cm.

4. Chromatography. The complexes of 1 with the DNA hairpin
have been studied by gel filtration using a Sephadex G-10 column.
The resin was equilibrated in the above buffer and carefully washed
with about 10 column volumes before loading the oligonucleotide
sample (1 mL at 10 mM) with or without the macrocyclic acridine 1.
The absorption and fluorescence spectra of the eluted 0.5 mL fractions
were then measured.

Results

1. Melting Profile of the Oligonucleotide GCGAAACGC
named SsA3, comparison with sAs, sTs, and STAR. Figure 1
shows typical absorbance versus temperature profiles of GCG
AAA CGC, named sAj, where s designates the stem sequence.
Two transitions are observed at [sA3] = 40 uM, [NaCl] = 4
mM. They are called transitions 1 and 2, occurring at lower
and higher temperature respectively.

The melting temperature, “Tp1”, of transition 1 depends on
the oligonucleotide concentration. This transition is not revers-
ible on the time scale of the T, measurements: the initial
absorbance is restored only after ca. 2 days at 4 mM NaCl,
[sAz]= 10 uM, and 15 °C, and the recovery time depends on
sAjz concentration. Therefore, “Tiy1” is an apparent value of
Tl at this [NaCl].

The melting temperature of transition 2, T2 = (47 £ 1) °C,
is unchanged by a 50-fold increase in oligonucleotide concentra-
tion, (1—50) uM (in strand). This transition is reversible and
covers a broad temperature range with a van't Hoff enthalpy
AH = —(19 £ 2) Kcal/mol and AS = —(59 £ 5) eu; AH and
AS are calculated from the UV melting curves using the
renaturation curve to avoid transition 1, assuming a two-state
model.
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Similar melting behaviors have been reported®!9.21:2257 and
attributed to the following:

—a slow intermolecular transition from a bulged duplex to
an hairpin form, corresponding to transition 1 in agreement with
slower kinetics of the hairpin to duplex interconversion reported
for “blunt end” palindromes compared to that for dangling ended
ones®’ and

—a fast intramolecular transition from a hairpin to a random
coil, corresponding to transition 2.

Ay
"Tm1” Tm2
— 2 _ 2 ——

bulged duplex hairpin random coil

Besides the independence of the T2 on the oligonucleotide
concentration, the effect of salt concentration on the melting
temperature is useful to characterize the hairpin form,40-42:58:59
A shift of T2 from 41.7 to 55 °C is observed as [NaCl] is
increased from 1 to 200 mM, using [sA3] = 10 uM. The plot
of Tm2 versus log[NaCl] has a slope dT/d log[Na*] = (5.1 &
0.4) °C. This dependence on salt concentration is similar to
the value of 4.7 °C found with the hairpin (G-C),Ts(G-C),.40-5
The salt-dependence measurements allow to estimate the
thermodynamic counterion release, An, of transition 2, based
on the above assumption of a two-state model:

dT,/d log[Na*] = —0.9(2.303RT, AH°)An

A value of An = 0.229 is obtained, corresponding to a
counterion release per phosphate Ai = 0.0286 (including both
the helical stem and loop phosphates). This last value is in
good agreement with Ai = 0.021—0.031 and 0.027, character-
istic of the ion release process in the melting of small DNA
hairpins.4°~“2*53*59

The concentration independence of transition 2 as well as its
salt dependence are both consistent with its attribution to the
intramolecular hairpin to coil interconversion.

The melting profiles of the oligonucleotides sAs, sTs, and
SsTAR have been measured, and the T, values were found to
be independent of the strand concentration as expected for an
intramolecular transition from hairpin to random coil structures.
The T,,2 values obtained for sAs, sTs, and sTAR are, respec-
tively, (35 & 2) °C, (40 = 2) °C and (45 £ 2) °C. The sTs
hairpin presents a higher stability than sAs in agreement with
published data on A, and T, hairpin loops with homologous
stemn sequence.?>2831.60 The decreasing stability from T2 =
(47 £ 1) to T2 = (35 £ 2) °C while increasing loop size from
3 to 5 adenines follows the same trend than other DNA hairpins
within similar series.!%2022.32.58

No clear evidence for another transition (at lower temperature)
is detected for sTs and sTAR. A small transition is observed
around 17 °C for [sAs] = 10 4M, pointing out at the existence
of a bulged duplex structure at low temperature.

I1. Binding of the Macrocyclic Acridine 1 to sA; and to
Model Oligonucleotides. (a) The Macrocyclic Acridine
Fluorescence Is Sensitive to DNA Structure. 1. Oligonucle-
otide sA;. The absorption spectrum of the macrocyclic acridine
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Figure 1. Effect of sA; concentration on its melting profile; 4 mM
NaCl, 1 mM cacodylate buffer pH = 6.0; (A) the two melting curves,
monitored at 280 nm, have been shifted for clarity; a and b: left and
right scale respectively; (B) first derivative of the melting curves; b:
[sAs] = 2 uM (in strand), pathlength / =1 cm; a: [sA;] =40 uM, [ =
0.4 cm.

is modified when bound in the presence of an excess of sAj:
a large hypochromism, D/Dy (362) = 0.7, is observed together
with a slight 2 nm red-shift compared to free 1 (Anax = 360
nm).

The binding of the bisacridine to excess sA; induces clear
modifications of its fluorescence spectrum, shown in Figure 2.
The maximum is red-shifted from 433 to 441 nm, and the overall
shape is modified from a broad unstructured peak to well
resolved vibronic bands. Two bands are observed at [NaCl] =
4 mM, whereas an additional broad shoulder at 470 nm is
present at [NaCl] = 500 mM. This modification of the
fluorescence spectrum may be attributed to a change in the
structural environment of 1, induced by [NaCl] increase that
shifts the duplex to hairpin equilibrium toward the former. The
melting temperature for the first transition is observed at about
35 °C at 500 mM NaCl and [sA3] = 2 uM strand, pointing out
that the bulged duplex is the predominant structure in these
conditions.

2. Double-Stranded DNA. The above results suggest that
the macrocyclic acridine fluorescence maximum may be sensi-
tive to the nucleic acid structure. This hypothesis was first tested
with double stranded DNAs. Fluorescence maxima are observed
between 470 and 480 nm, similar for all double stranded
polynucleotides tested (see Table 1). This is quite a large red-
shift, of about 42 nm, relative to free 1. A comparable result
was also obtained for an oligonucleotide duplex named {G;-
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Figure 2. Effect of NaCl concentration on the normalized fluorescence
spectra of the macrocyclic acridine bound to sAs; [sAs] = 40 uM, [1]
=5 uM, 1 mM cacodylate buffer pH = 6.0, excitation wavelength 4
= 360 nm, excitation and emission slits:1.15 nm; a: [NaCl] =4 mM,
b: [NaCl] = 500 mM, c¢: free 1 at 4 mM NaCl; insert: normalized
fluorescence spectra of the macrocyclic acridine 1 bound to AMP and
to sA; hairpin. a: [AMP] = 10 uM, b: [sA;] = 40 uM. [1] = 5 uM.
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Figure 3. Comparison of the fluorescence spectra of 1 bound to single
stranded and double stranded oligomers; a: [G;] = 50 uM, b: [Cy] =
50 uM, c: [{G-C:}] = 25 uM, excitation wavelength 4 = 360 nm,
excitation and emission slits: 1.15 nm.

C,}, obtained from the 1/1 mixture of G, and C, oligomers,
the 5’3" and 3’5’ strands of {G;-C,} respectively. This model
duplex represents a kind of mimic of one sAj stem:

5" GCGGCG 3’ G,
3’ CGCCGC 5’ C,

A c.a 42 nm red-shift of Ama.x Seems thus to characterize 1 in
a double-stranded environment.

3. Single-Stranded DNA and sAs, sTs, and STAR Hair-
pins. Figure 3 shows the fluorescence spectrum of 1 bound to
the above double-helical {G>-C>} compared to that observed
in the presence of each of its strands, G, and C,. The
fluorescence maxima of 1 are found at 443 nm when bound to
both single-stranded oligomers, the two strands of {G>-Cs},
whereas for the duplex bound macrocycle, the fluorescence
peaks at 475 nm. This result confirms the above hypothesis
stating that the macrocycle fluorescence is sensitive to DNA
structure. Namely, the data point out that a duplex environment
results in a (475 % 5) nm fluorescence maximum.

The question is then whether the fluorescence maxima of
bound 1 are sensitive to single-stranded oligomers sequence. If
this is the case, the data may allow the deducing of the
macrocycle binding site in sAj; hairpin. Table 1, Figure 2
(insert), and Figure 4A compare the macrocyclic acridine
fluorescence bound to sA3; and sAs hairpins, AMP, dAs, and
dAj. The fluorescence spectra peak at (441 £ 2) nm for all
the adenine oligomers including sA3 and sAs.

Slama-Schwok et al.

. Fluorescence Maxima and Relative Yields for the

Table 1
Macrocyclic Acridine 1 Bound to Various Oligo- and
Polynucleotides
DNA Amax (£ 1 nm) O/
AMP 440 08+0.1
dA; 440 0.5 £0.05
dAs 440 0.7+0.1
dAj 442 09+0.1
sA3 441 6.8 £0.5
sAs 442 0.7+0.1
dTy 425 6.8+0.3
polydT 425 72+£03
sTs 427 10+0.1
sTAR 452 0.6+0.1
GCGGCG (Gy) 442 0.3 £0.03
CGCCGC (Cy) 443 1.2+0.1
{G-Cy} 475 1.1+0.1
polyd(G-C) 480° 0.3+£0.03
polydG-polydC 471
polyd(A-T) 481¢ 46+04

¢ 1 mM cacodylate buffer pH = 6.0, 4 mM NaCl, [1]=5uM, T =

20 °C, the fluorescence maximum and yield of free 1 are, respectively,
Amax= (433 £ 1) nm and &, = (4.2 £ 0.5) x 1072 ¢ Limit values
obtained in the presence of 5—10 molar excess of the oligomer over °
[1]. © Values measured in the presence of 100—300 molar excess in

phosphate units.
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Figure 4. (A) Comparison of the fluorescence spectra of the macro-
cyclic acridine 1 bound to the hairpins studied; 4 mM NaCl, 1 mM
cacodylate buffer pH = 6.0, [1] = 5 uM, excitation wavelength: 360
nm, excitation and emission slits: 1.15 nm; [hairpins] = 40 uM, full
line: sAsj, broken line: sTs, broken and dotted line: sAs, dotted line:
sTAR. (B) Comparison of the normalized fluorescence spectra of the
macrocyclic acridine 1 complexed to T mono and oligomers; same
conditions as in (A), full line: [UMP] = 50 uM, broken line: [dT4] =
40 uM, broken and dotted line: [polydT] = 20 uM; dotted line: [sTs]
= 40 uM.

The Amax similarity observed between adenine oligomers and
the latter hairpins, distinct from that of 1 bound to the stem
model {G>-C,} as well as to other duplexes, lend, strong support
to the single-stranded environment of 1 in the sA; and sAs.
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Moreover, Figure 4B shows that the macrocyclic acridine
exhibits similar fluorescence maxima for T-rich oligonucle-
otides, including sTs: Apax = (425 £ 1) for dT4 and polydT,
Ay = (429 £ 1) for UMP. If the 5 T of sTs are replaced by
CTGGGA (sTAR), then the fluorescence maximum of 1 is
observed at (452 £ 1) nm. These results show that the
macrocyclic acridine is sensitive to the loop sequence and allow
the assignment of the macrocycle acridine binding site to the
loop of the sA3, sAs, sTs, and sTAR hairpins.

(b) Stoichiometry of the Macrocyclic Acridine 1—sA3
Complexes. The complexes between the macrocyclic acridine
1 and sAj; have been further characterized by gel filtration on
a Sephadex G-10 column. This technique allows the separation
of oligonucleotides according mainly to their molecular weight,
the larger ones being eluted earlier in the elution curve. Typical
elution profiles of sA;3 solutions containing increasing [1] are
compared to that of free sA; (Figure 5A). The elution volume
of free sA3z corresponding to the maximum OD monitored at
280 nm, is Vinax= (3.6 & 0.3) mL. The sA; solutions containing
1 are all eluted at Vi = (2.8 £ 0.3) ml, earlier than free sAs.
Comparable Vp,x values are observed independently of the
[1)/[sA3] ratios ranging from 1/4 to 5/1, but the ODpax(280)
values differ. These ODmax(280) drop sharply at [1)/[sA3] >
2. The same holds when the elution profile is monitored at
362 nm, the maximum of 1 absorption. The absorption and
fluorescence spectra of the eluted fractions are consistent with
the presence of complexed 1.

The 280 nm wavelength mainly measures the oligonucleotide
concentration (¢ = 5.3 x 10* M~l:cm™!), whereas 362 nm is
the monitoring wavelength for the macrocyclic acridine. A
unique complex between sA; and 1 should therefore be
characterized by a single ratio OD(280)/0D(362) along the
elution process. Figure 5B shows that it is indeed the case for
all [1}/[sA3] < 2. If these ratios are larger or equal to 2, OD-
(280)/0D(362) is no more constant over the whole elution
process. The fraction corresponding to ODy,y is still eluted
around 2.8 mL, similarly to the other ratios, indicating the
presence of the same species. However, deviations from the
usual OD(280)/0D(362) are clearly seen, especially at elution
volumes above 3.0 mL, and the elution can only be completed
after several column volumes.

These gel filtration results point out the existence of two kinds
of sA;—1 complexes:

—The first one is characterized by a unique OD(280)/OD-
(362) ratio, leading to an extinction coefficient ¢ = (1.1 £ 0.1)
x 10* M~lcm™!, compatible with a 1/1 stoichiometry of this
complex with respect to the value of free 1 (¢ = (1.37 & 0.05)
x 10* M~ lem™)),

—The second complex is only observed at or above a two-
fold excess of 1 over sAj. It adsorbs to the (G-10) polymer
matrix, accounting for the large OD decrease. However, it can
be eluted with large amounts of buffer solutions, suggesting an
equilibrium between adsorbed and soluble species. It may be
consistent with a 2/1 stoichiometry: such a complex should be
neutral, since the eight negative charges of the phosphates of
sAj are balanced by the 2 x 4 charges of the two macrocyclic
acridine molecules. As indicated above, the second complex
is present together with the first 1/1 one.

(c) Binding Constants of the Macrocyclic Acridine to the
sA3 Hairpin and the dA; Trimer. The above experiments
point out at the existence of two complexes, which are not
disrupted by gel filtration, qualitatively implying large binding
constants of 1 to sA;. However, the adsorption of the 2/1
complex preclude the quantitative determination of its binding
constant by spectroscopic methods. The existence of this second
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Figure 5. (A) Effect of macrocyclic acridine 1 concentration on the
elution profiles of sA; on a Sephadex G-10 column, monitored at 280
nm; eluant: cacodylate buffer pH = 6.0, [sA3] = 10 uM; full circles:
sA; alone, open squares: [1] = 2.5 uM, full diamonds: [1] = 10 uM,
full triangles: [1] = 20 uM, full squares: [1] = 50 uM. (B):
Stoichiometry of the sAj—macrocyclic acridine complex(es); same
conditions as in part (A), full and open diamonds: [1] = 10 uM
monitored at 280 nm (left scale) and 362 nm (right scale) respectively,
full and empty triangles: [1] = 20 4M monitored at 280 and 362 nm,
respectively, expended four times relative to both left and right scales.

complex renders difficult the determination of the binding
constant K of the first one at 1/1 stoichiometry. We used [sA3]
= (3—10) uM in 100—1000 fold molar excess over 1, conditions
that favor the formation of the 1/1 complex C;.

K
hairpin + 1==C, (1)

In these experimental conditions, the sAj3 hairpin is the only
structure in solution containing 1, based on fluorescence spectra,
although the free oligonucleotide itself is partly in the bulged
duplex form at 25 °C and [sA;]= 10 uM. The bound
macrocyclic acridine presents a limiting fluorescence spectrum
similar in vibronic structure and yield to that of figure 2a
providing excess [sAj] over [1]. The binding constant K is
determined by monitoring sA; absorbance changes at 257 nm,
the large excess of sAj3 over 1 insures a negligible contribution
of 1 absorption. Reverse titration results for sAz hairpin lead
to the binding constant K;= (4.5 & 0.5) x 107 M~L. The 1/1
stoichiometry, resulting from the gel filtration experiments, is
confirmed by the fit of the data according to eq 1.
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Figure 6. Comparison of the melting profiles of {G,C,} oligomer alone
and in the presence of macrocyclic acridine 1. a: [{G>C,}] =2 uMin
double strand, b: in the presence of [1] =2 uM , 4 mM NaCl, | mM
cacodylate buffer pH = 6.0.

Table 2 : T, Values and Related Thermodynamic Parameters of
the Hairpin to Coil Transition of sAj in the Presence of Macrocyclic
Acridine 1 at 4 mM NaCl, | mM Cacodylate Buffer, pH =6.0
Assuming a Two-State Model

[1)/[sAs] Tn ATy, —AH —-AS —AG(25°C)
M strand/M) (°C) (£2°C) (Kcal/mol) (eu) (Kcal/mol)

freesA; 47%1 19£2 59+5 1.4

1/4 47+ 1

172 49+1 2

1/1 57+£2 10

2/1 67+2 20

4/1 70£2 23

5/1 75+2 28 38+3 108£10 5.7

The value of K is almost two orders of magnitude higher
than the binding constant determined for the trimer dA3;, K =
(6 £ 1) x 105 M™! by fluorescence spectroscopy. This
difference in affinity between dA; and sAj possessing the A;
binding site emphasizes the selectivity of the macrocyclic
acridine 1 for the hairpin loop structure over “random” single-
strand.

(d) Melting Profiles of sA3; and {G>-C;} in the Presence
of 1. 1. Melting Temperature of the Duplex {G,-Cz} in
the Presence or Absence of 1. Figure 6 shows similar Tp,

values obtained for the model duplex {G»-C,}, with and without -

1. This comparison points out that the macrocyclic acridine
does not stabilize the double helix unlike intercalators including
acridine derivatives.

2. Effect of the Stoichiometry [sA3)/[1] on sA; Melting
Temperature. Table 2 summarizes the results obtained at 4
mM NaCl, [sA3] = 10 uM in the presence of different
macrocyclic acridine concentrations. The curves are reversible,
and an isosbestic point is observed at (260 £ 1) nm between
55 and 90 °C, [1)/([sA3] ranging from 2/1 to 1/2, [sA3] = (1—
10) uM.

A clear dependence of T2 on the [1}/[sA3] ratio is observed.
Excess sA3 over 1 does not displace 71,2 compared to free sAs.
In contrast, large T2 shifts ranging from 20 to 28 °C are
obtained at [1)/[sA3] = 2 (Figure 7, curves b and a). A decrease
of the initial absorbances at low temperatures is also observed
at 280 nm compared to free sA;. These relative OD decreases
are larger when [1] increases. They may be related to the gel
filtration results: a larger [1] at constant [sA3] increases the
proportion of the 2/1 complex, part of which may be adsorbed
on the cell walls as in the case of the G10 polymer.

3. Comparison of the Melting Temperature of sA3 in the
Presence of the Macrocyclic 1 and Monomeric 2 Com-
pounds. The T2 shift observed in the presence of 1 does not
show up if the macrocyclic compound is replaced by two
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Figure 7. Melting profiles of sA; in the presence or absence of the
macrocycle 1 and the monomeric acridine 2; [sA;] = 2.8 uM, 4 mM
NaCl, | mM cacodylate buffer pH = 6.0, a: free sA;, b: [1])/[sA;] =
2, ¢t [2V[sA;]= 4

equivalents of the monomeric acridine 2 (Figure 7 curves ¢ and
b). This implies that the macrocyclic structure of 1 is needed
for hairpin stabilization,

Discussion

1. Comparison of the Thermodynamic Parameters of sA3
to those of Related Hairpins. The biphasic melting profiles
of sA; offer experimental evidence that such a partly-
complementary oligomer can adopt both the hairpin and the
bulged duplex conformations. The slow duplex to hairpin
interconversion did not allow its characterization at the low ionic
strength used.”” T2 of the intramolecular hairpin to coil
transition remains constant despite the 50 fold increase in strand
concentration.

The thermodynamic parameters derived from the melting
curves assuming a two-states model are AH = —(19 £ 2) Kcal/
mol and AS = —(59 + 5) eu. The experimental AH is smaller
than the calculated value at 1 M NaCl from the nearest-neighbor
approximation assuming no contribution of the loop, AH = —23
Kcal/mol. The measured AH value is smaller than that observed
for the corresponding hairpin with a five-membered adenine
loop As (AH = —23.5 Kcal/mol).6! This increase in AH with
the loop size, in contrast to the enthalpic decrease observed with
other hairpins that possess longer stems than sA; 316:34,36,60.62
suggests that the innermost GC pair is likely to be partially
altered. This pair is probably partly disrupted since two GC
pairs are not sufficient in GC(A);GC to form a hairpin.? This
is also supported by the strong alteration of the stem structure
for small hairpin loops demonstrated by enzymatic cleavage.!6%0

2. The Complexes between the Macrocyclic Acridine 1
and sAs;. The macrocyclic acridine 1 forms two distinct
complexes with the hairpin studied. These complexes present
different elution profiles in gel filtration: the 1/1 complex is
eluted earlier compared to the free hairpin, whereas the 2/1
complex elution is smeared. The latter complex is responsible
for the adsorption phenomena observed with different tech-
niques: gel filtration, spectroscopic measurements obtained at
similar 1/sA; ratios independently of the technique used. This
2/1 complex has a low solubility in aqueous solutions, smce it
is uncharged.

The binding site of the macrocyclic acridine in the 1/1
complex is within the hairpin loop as suggested by fluorescence
spectroscopy (see below). The possible binding sites of the two
macrocyclic acridine molecules in the 2/1 complex may be
evaluated in terms of accessibility: more accessible residues
within the hairpin structure may represent more favorable

(61) Gavriatopoulos, I.; Slama-Schwok, A. unpublished data.
(62) Erie, D. A.; Suri, A. K.; Breslauer, K. I.; Jones, R. A.; Olson, W.
K. Biochemistry 1993, 32, 436—454.
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binding sites. This accessibility varies within hairpin families
bearing a common stem sequence and X, loops. For Aj loops
(X = A, n = 3), an enzymatic cleavage study shows that the
main cleavage site is the second adenine residue from the 5
side of the loop. Minor sites lie at the loop stem junction (last
base pair close to the loop and first A residue both at the 5’
loop extremity),®® consistent with the perturbation of the sA;
stem structure derived from the thermodynamic parameters
mentioned above. This alteration, observed for small loops, »n
= 3 to 4 residue, is limited to 2—3 base pairs closest to T; or
A4 loops.'® The stem-loop junction could thus be the binding
site of the second macrocyclic acridine molecule in the 2/1
complex, whereas the first one should be within the loop.

An alternative interpretation could also be entertained for the
2/1 complex binding site. It has been shown that bis-
intercalators with extended and rigid linkers are able to
intercalate intermoleculary, with each one of the aromatic
subunits located in separate duplexes. This binding mode yields
to DNA cross-links that aggregate with different sizes and shapes
and thus electrophoretic mobilities.*>>¢ The flexibility of the
linkers of 1 allows their extension and the “unfolding” of the
macrocycle which then becomes an almost flat molecule. This
form could bind to two different hairpin molecules, inducing
cross-linking between the two. However, this interpretation
predicts a stoichiometry of three macrocycles per two hairpins,
in contrast with the 2/1 one found by gel filtration; it is possible
that an additional bisacridine 1 is needed for this cross-linking
to occur in order to overcome the electrostatic repulsion of the
phosphates, especially at the low ionic strength used. More
work is needed to assess precisely the binding site of the second
macrocycle in the 2/1 complex.

3. The Macrocyclic Acridine 1: a Potential Fluorescent
probe of Oligonucleotide Structure that Discriminates be-
tween Single- and Double-Helical DNA. The study of the
fluorescence spectra of 1 bound to model single- and double-
stranded oligomers and polynucleotides enables the correlation
of the macrocyclic acridine spectral modifications to sAj;
different structures, hairpin or bulged duplex. The similarity
in fluorescence maximum for adenine oligomers and the sAj;
and sAs hairpins permits the assignment of the binding site of
the macrocyclic acridine in the 1/1 complex to the adenine(s)
loop. A similar comparison can be done between sTs and
thymine containing oligonucleotides, leading to the same
conclusion. Moreover, the binding of 1 on the studied hairpins,
designed to possess a variable loop and a common stem, is
evidenced by the change in 1 fluorescence maximum according
to the loop sequence. This assignment of the 1/1 complex
binding site to the loop also relies on the difference in Apma
observed for the stem model duplex and sAj; hairpin.

The red-shifted shoulder of 1 bound to sAj3 bulged duplex is
observed at a similar wavelength to the characteristic peak of 1
on double-stranded DN As, although the fluorescence maximum
still peaks at 442 nm (Figure 2b). The value of Amax hints to
an adenine environment close to a double-helical structure. In
other words, the binding site of 1 may be the bulged adenines
in sA; duplex structure. More work is needed to assess this
assignment. The T, data support the above assumption that
intercalation in the G-C paired stem is not a favored binding
site for 1.

It is interesting to note the variations in relative fluorescence
yield observed between the series AMP, dA;, dA4, dAy, and
sAj hairpin. The fluorescence yield of the former complexes
is significantly lower than for the sAj; hairpin loop. This
difference may result from a different stacking pattern, namely
the adenine self-stacking in the hairpin loop varies from that
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present in dA, oligomers. Other related structural parameters
may also explain the difference in fluorescence yield between
sA3 hairpin and dAs3, such as the distance between consecutive
adenines. It could be larger in the former in order to close the
Aj; loop that in the unconstrained dA;z oligomer,!6346062 This
may induce the flexible cavity of the macrocyclic acridine to
open up to accommodate to this larger interresidue distance.
The increase in the interchromophoric distance by electrostatic
repulsion between protonated acridinium moieties at pH = 2,
enhances markedly the fluorescence yield of 1 compared to that
of uncharged ones at pH = 6.0. This fluorescence enhancement
does not arise from the difference in yield between uncharged
acridine and acridinium chromophores since the variation of
the model (monomeric) compound 2 with the pH does not
present such an effect. It supports the above difference in
adenine distance between dAs; and sA; loop evidenced by the
response of 1 fluorescence yield. Such a difference in structure
may explain the higher binding constant by almost two orders
of magnitude of the macrocyclic acridine 1 to sAj; hairpin
compared to that with the trimer dAs;.

The relative fluorescence yield of the bisacridine is much
lower when bound to sAs than to sA;. This difference may be
related to a more extensive stacking in sAs, resulting in a smaller
gap between consecutive adenines needed to close the As loop
than the A; one. The larger stem alteration in sAs relative to
that of sAs may also alter the loop stacking more extensively
in the former than in the latter. The variation in the extent of
stacking may explain the large decrease in the fluorescence yield
of the macrocyclic acridine, with low self-stacking dT and
polydT relative to sTs, consistent with an ordered Ts loop. These
interpretations are consistent with a simulation study of As and
Ts loops, predicting that both structures are highly ordered, with
a high degree of base stacking.5?

This sensitivity to DNA structure seems to be unique to the

-macrocyclic acridine 1. The model acridine compound 2 does

not present marked Amax shifts of its fluorescence spectrum in
the presence of single- and double-stranded polynucleotides as
it is the case for the macrocyclic acridine (data not shown).
Acridine derivatives are well-known intercalators into double
helices but bind weakly to single-stranded DNA.5 The spectral
sensitivity of 1 to the DNA secondary structure is specific to
this compound and probably results from its macrocyclic
structure.

4. Selective Stabilization of the Hairpin Structure by the
Macrocyclic Acridine 1. T, data show that the macrocyclic
acridine induces a 25 °C shift of the hairpin to random coil
transition at 2/1 and higher 1/sAj; ratios, quantified as AAG(25
°C)= —4.3 Kcal/mol. This Ty, displacement is specific to the
hairpin structure since no stabilization is observed for the {Ga-
C>} duplex in contrast with the Tp, shift of double helixes
induced by intercalators including acridine derivatives and
bisintercalated bisacridines.>* The shorter length of the dieth-
ylenetriamine linker of 1 compared to the spermine one of the
macrocycle synthesized by Zimmerman and co-workers may
allow a switch from a nonintercalative to a bisintercalative
binding mode. The linker length is one of the critical parameters
that governs bisintercalation.5253

The hairpin melting temperature is not increased when 1 is
replaced by the model acridine compound 2. This implies a
relationship between the structure of these compounds and their
ability to stabilize the sA3 hairpin form. The high affinity and
selectivity of the macrocyclic acridine 1 for the hairpin structure
may result from the macrocyclic structure, which as noted above
was designed with the expectation that it would induce

(63) Dourlent, M.; Héléne, C. Eur. J. Biochem. 1971, 23, 86—95.
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preferential binding to single-stranded domains. The flexibility
of the bis-cationic polyammonium linkers may also favor 1
binding to the three-membered loop. NH,4* ion was shown to
stabilize rRNA tertiary structure, the bases essential for this
effect being within or surrounding the junction loop.%

It is probable that the 2/1 complex contributes to the overall
Tr shift. The location at the loop—stem junction assumed for
the second macrocyclic acridine molecule in the 2/1 complex
seems consistent with such a hairpin stabilization.

The thermal stabilization of the macrocyclic acridine hairpin
complex AT, relative to the free hairpin follows the equation:
ATy = [(TPm Tn)/(nRAH)] X In (1 + K.ay) where T°n, and T
are the transition temperatures of the free sA3 and of the complex
respectively; AH, the dissociation enthalpy of the loop that
constitutes the ligand binding site; n, the apparent number of
ligand per binding site, and a;, the activity of the free ligand at
T = T, assumed equal to half of the total ligand concentration.53
Enthalpic contributions of four-membered DNA loops have been
reported®’¥#0 with values ranging from AH = —3.3 to —11.1
kcal/mol for GATC(A4)GATC and GATC(GAAA)GATC,
respectively.’! Based on the calculated AH= —23 Kcal/mol
and the measured AH= —19 Kcal/mol, the loop enthalpy of
formation should be AHj,p= —4.0 Kcal/mol, a value closer to
that reported for the above A4 loop. The corresponding
calculated binding constants are K =1 x 107 and 7 x 107 M~!
assuming n = 1 and n = 2 respectively. The measured value
K, = (4.5 £0.5) x 107 M™! lies in the same order of magnitude.

5. Comparison of the Binding of the Bisacridine to sA3
and dA;. The macrocyclic acridine presents an 80 times higher

(64) Wang, Y. X.; Lu, M,; Draper, D. E. Biochemistry 1993, 32, 12279—
12282.
(65) Crothers, D. M. Biopolymers 1971, 10, 2147—2160.
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affinity for the sA; hairpin over the single-stranded oligomer
dAs. Such an effect may be related to the structural differences
between sA; and dA; as mentioned above. It is possible that
the disruption of the adenine self-stacking needed to accom-
modate dA; costs more in energy than the increase of 1
interchromophoric distance necessary to fit to sAj3 loop.

Conclusion

The macrocyclic acridine 1 forms two complexes of 1/1 and
2/1 stoichiometries, with the sAj; hairpin. A high affinity
constant of the macrocycle for the sA3 hairpin in the 1/1 complex
is obtained, K1= (4.5 £ 0.5) x 10" M~L. The macrocycle
binding site is expected to lie within the hairpin loop to account
for the fluorescence data on sA; and model oligomers. The
same loop also constitutes the bisacridine binding site in sAs,
sTs, and sTAR hairpins, based on a similar reasoning.

In contrast to the clear melting temperature displacement of
the hairpin to coil transition, ATn2 = 25 °C relative to free
sAj3, the lack of Tr, shift of the {G>-C>} model duplex illustrates
that the macrocyclic acridine does not stabilize the double helical
structure, but specifically the hairpin. The comparison of 1
binding constants for dA; and sA; further demonstrates the
selectivity of the macrocyclic acridine for the hairpin structure.
This selectivity probably arises from the macrocyclic structure
of the bisacridine 1 by comparison to the model acridine 2.
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