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Oligonucleotide—Minor Groove Binder Conjugates
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DNA: Effect of Conjugate Structural
Factors on the Thermal Stability of Duplexes
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ABSTRACT

Synthetic polycarboxamide minor groove binders (MGB) consisting of N-methyl-
pyrrole (Py), N-methylimidazole (Im), N-methyl-3-hydroxypyrrole (Hp) and -
alanine (f3) show strong and sequence-specific interaction with the DNA minor groove
in side-by-side antiparallel or parallel orientation. Two MGB moieties covalently
linked to the same terminal phosphate of one DNA strand stabilize DNA duplexes
formed by this strand with a complementary one in a sequence-specific manner,
similarly to the corresponding mono-conjugated hairpin structures. The series of
conjugates with the general formula Oligo-(L-MGB-R),, was synthesized, where
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790 Ryabinin et al.

m =1 or 2, L = linker, R = terminal charged or neutral group, MGB = —(Py),—, —
(Im),— or —[(Py/Im),—(CH,);CONH-(Py/Im),—] and 1 <n < 5. Using thermal
denaturation, we studied effects of structural factors such as m and n, linker L length,
nature and orientation of the MGB monomers, the group R and the backbone (DNA or
RNA), etc. on the stability of the duplexes. Structural factors are more important for
linear and hairpin monophosphoroamidates than for parallel bis-phosphoroamidates.
No more than two oligocarboxamide strands can be inserted into the duplex minor
groove. Attachment of the second sequence-specific parallel ligand [-L(Py)4R] to
monophosphoroamidate conjugate CGTTTATT-L(Py)4R leads to the increase of the
duplex Tm, whereas attachment of [-L(Im)4R] leads to its decrease. The mode of
interaction between oligonucleotide duplex and attached ligands could be different
(stacking with the terminal A:T pair of the duplex or its insertion into the minor
groove) depending on the length and structure of the MGB.

Key Words: Oligonucleotide; Minor groove binder; Conjugate; Duplex stability;
Sequence-specific recognition.

INTRODUCTION

Polycarboxamide minor groove binders (MGB) that recognize the minor groove of
B-DNA in a sequence-specific manner have been intensively studied the last years
because of their potential to open new ways for sequence-specific control of gene
expression. The group of P. Dervan formulated the principles of design of the hairpin
polyamides capable of sequence-specific binding to DNA!"~® based on the fact that
two antiparallel oligocarboxamides can insert into the same DNA minor groove.'’ =)
These polyamides contain two mixed blocks of N-methylpyrrole carboxamide (Py),
N-methyl-3-hydroxypyrrole carboxamide (Hp) and N-methylimidazole carboxamide (Im)
units as monomers for ligand construction separated by a linker, and form a ‘‘head-to-
tail”’ hairpin construction. A code for the binding of hairpin polyamides has been
proposed where Im/Py, Py/Im, Py/Hp and Hp/Py pairs recognize GC, CG, AT and TA
base pairs, respectively.!'?~ '3 Replacement of certain units by a more flexible B-alanine
residue allowed for increase in the affinity and sequence selectivity of specific
polycarboxamides.!'¥!

Conjugates of minor groove binders with oligonucleotides appeared to be most
promising. They provide increased binding specificity to single-stranded DNA due to
participation of both the oligonucleotide and the ligand components.'">=2"! For ex-
ample, the use of oligonucleotide—MGB conjugate as a primer led to increased stability
and specificity of primer binding to target DNA.*"! Simultaneous specific interactions
of conjugates with both major and minor grooves of the double-stranded DNA allowed
for stabilization of DNA triple helices.”>~>*! Recently new conjugates containing two
minor groove binder moieties attached to the same terminal phosphate of
oligonucleotides were described.”>?®! In our previous work we demonstrated high
and sequence-specific stabilization of short DNA duplexes if one of the strands
contained two parallel tetracarboxamide MGB moieties attached to the same 3'-terminal
phosphate.”®’ The extent of stabilization was comparable (if not better) with that of
hairpin antiparallel MGBs. For optimization of conjugate construction, several struc-
tural factors could be varied: 1) the length of the linker between oligonucleotide and

Copyright © Marcel Dekker, Inc. All rights reserved.
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ligand, 2) the number of carboxamide units in each MGB strand as well as their
chemical nature, 3) orientation of MGB strands (N—C or C—N), 4) nature of the
C-terminal group (either neutral ester group or positively charged amino group) and
5) chemical nature of target nucleic acid backbone (DNA, RNA, etc.).

In the present work, a series of conjugates with the general formula Oligo-
(L-MGB-R),, was synthesized, where m = 1 or 2, L = linker (y-aminobutyric or e-
aminocaproic acid residue), R = terminal charged or neutral group, MGB = —(Py),—,
—(Im),— or —[(Py/Im),—(CH;);CONH-(Py/Im),,—] and 2 < n < 4. Effects of the num-
ber of carboxamide units (n) and their nature, the linker L length, the nature of the
group R, the nature of the backbone (DNA or RNA) on the stability of their com-
plexes with complementary oligonucleotides were studied. As a basic experimental
model, a 3’-conjugate of one or two tetrapyrrole carboxamides with a short oligo-
nucleotide containing an AT tract at the modified terminus was used.

MATERIALS AND METHODS
Reagents

All reagents and solvents were purchased from Sigma-Aldrich-Fluka and SDS. The
model oligonucleotides were synthesized by the Oligonucleotide Synthesis Group in
Novosibirsk Institute of Bioorganic Chemistry or by Eurogentec.

MGB Synthesis

Synthesis, purification, NMR and mass-spectrometry analysis of amino-function-
alized minor groove binders were carried out as described previously.!'®!7-26-28]

Synthesis of Oligonucleotide—MGB Conjugates

For covalent coupling of one MGB molecule to the oligonucleotide we used
terminal phosphate activation as described in previous papers.”®?*2%! The phosphate
activation step was done in organic solvent (DMSO) and the attachment of the ligand
in water—DMSO mixture.

For synthesis of 2:1 MGB:oligonucleotide conjugate, 0.05-0.5 pmoles of 1:1
conjugate were precipitated by CTAB, dried, dissolved in DMSO, its phosphoroamidate
phosphate activated again with triphenylphosphine/dipyridyldisulfide/dimethylamino-
pyridine as it was described previously,’*” excess of the second ligand (2—-3 mg in
DMSO) added directly to the reaction mixture and the mixture incubated at least
2 hours (preferably overnight) at room temperature.

The conjugates were purified by HPLC on a C-18 X-Terra column (Waters, 7 pum,
300 x 7.8 mm) in a 5-40% acetonitrile linear gradient (elution rate 2.0 ml/min)
in 0.02 M ammonium acetate using the 1100 chromatography system from Ag-
ilent Technologies.

Oligonucleotide conjugates were analyzed by gel electrophoresis, UV spectropho-
tometry and mass spectrometry on Q-Star instrument from Applied Biosystems as it
was described before. 222628

MARCEL DEKKER, INc.
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Thermal Denaturation Assay

The thermal denaturation and renaturation studies of duplexes were carried out on
a Kontron Uvikon 940 spectrophotometer (BioTek) with thermostated cuvettes of 1-cm
optical pathlength. The concentrations of the duplex strands in each sample were
1.5 pM, in 10 mM phosphate buffer pH 7.3, 0.1 M NaCl, 0.1 mM EDTA. The sample
temperature was changed at 0.2°C/min and the absorption was recorded every 200 s.
The treatment of the melting curves was carried out using KaleidaGraph and Microsoft
Excel softwares. In certain experiments, the melting curves of the duplexes were
recorded in a specially constructed thermostated microcuvette of the liquid micro-
chromatography system ‘‘Millichrom’” (Novosibirsk Institute of Bioorganic Chemistry,
Russia) according to the method described in a previous report.'>!

RESULTS AND DISCUSSION
Synthesis of Conjugates

For covalent attachment of minor groove binders containing a primary aminoalkyl
group at the N-terminus via phosphoroamidate formation, we used a simple method
(proposed by Zarytova et al.,)"*'! of oligonucleotide terminal phosphate activation with
Mukaiyama reagents (triphenylphosphine—dipyridyldisulfide—dimethylaminopyri-
dine)"*? in dry polar organic solvents. The coupling reaction in the aqueous solutions
leads to attachment of only one ligand,”*” while in water-free organic solvents (DMSO,

DMF) in excess of ligands and activating agents, two aminoalkyl groups can be
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Figure 1. Examples of oligonucleotide CGTTTTATTp—minor groove binder conjugates.
Number of conjugate indicates number of duplex where it was used according to Table 1.
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attached to the same phosphate, thus bis-phosphoroamidate derivative can be
formed.!2*?!

In the present work we used mainly oligopyrrole carboxamide ligands with
v-aminobutyric or g-aminocaproic acid as N-terminal unit and short oligonucleotide
duplexes containing A:T tracts (Fig. 1). As it was demonstrated, when bis-phos-
phoroamidate oligonucleotide—MGB conjugates form duplexes with complementary
oligonucleotide sequences, both ligands insert into the minor groove and strongly
stabilize complex formation similarly to classical hairpin MGB structures with an-
tiparallel strand orientation.®!

Thermal Denaturation Method

The stability of duplexes formed by oligonucleotides modified by terminally at-
tached ligands with complementary sequences was determined by thermal denaturation
method. We followed optical densities of preformed duplexes at two wavelengths: 260
nm and 330 nm. These wavelengths are close to the absorption maximums of the
oligonucleotide and MGB parts of the complex, respectively. As it was shown in a
previous paper,?®! the interaction of the MGB with the minor groove of DNA leads to
a red shift of the absorption maximum of the carboxamide (from 305-310 nm to 320-
325 nm). Thus, melting of the DNA-MGB complex is accompanied by a decrease in
the optical density at 330 nm, and the negative peak on the melting curve at this
wavelength is considered as a clear indication of interaction between duplex and MGB.
All the results are summarized in Table 1 (in the following text, the numbers are
attributed to duplexes according to this table).

The nonmodified model duplex 1 dissociates at 20°C. As it was already shown,
addition of only one tetrapyrrole ligand to the 3’-end of the AT-tract of short oli-
gonucleotide led to the significant increase of its melting temperature with
complementary oligonucleotide resulting in ATm from 10°C for neutral ligand up to
26°C for positively charged one (compare for example duplex 1 to 3, 9 and 11). Du-
plexes with a strand conjugated to two parallel tetrapyrrole ligands were much more
stable; their melting temperatures were about ATm = 40°C higher than those of non-
modified duplexes (compare for example 1 to 4, 5, 10, 12 and 16). For conjugates
with a hairpin MGB consisting of two antiparallel strands, the difference in melting
point could vary in a wide range depending on the structure of the conjugate (du-
plexes 6, 13).

Effect of Linker Length

We compared stability of duplexes linked to one tetrapyrrole residue via 7-
aminobutyric and g-aminocaproic acid. For 1:1 conjugates, longer linker provided
slightly better stability of the duplex independently of the charged (duplexes 2 and 3)
or uncharged (duplexes 9 and 11) C-terminal groups. The difference was between 5°
and 9°C. When two parallel tetrapyrrole residues were attached, no evident difference
was detected (compare duplexes 4 and 5, 10 and 12).

The majority of the experiments have been done with y-aminobutyric acid linker
between oligonucleotide and tetrapyrrole residue.

MARCEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1}



wv
-
4
[-3
a.
w
o«

ORDER

Ryabinin et al.

<

79

"PAAIRSAI SIYTLI [ “OU IOO(] [9IBIA O WS1AdoD

EONLNE(CHD)HN
I¢ (ADOD(CHD)HN ~ 0O~ A Sl
HOY(ADODE(CHO)HN - HOY(ADODE(CHO)HN -
8¢ —(D)OD(*HD)HN ~ —(AD)OD(*HD)HN ~ v 4!
1HO"(ADODE(CHD)HN -
6t —Y(ADOD*(CHD)HN ~ O~ v #€1
09 1HO"(ADOD*(CHD)HN ~ 1HO"(KDOD(CHD)HN ~ Vv +C1
¢ 1HO"(ADOD(CHD)HN ~ _0O~ A #11
8¢ 1HO"(ADODE(CHD)HN ~ 1HO"(ADODH(CHD)HN ~ v 01
0¢ 1HO"(ADODE(CHD)HN ~ O~ v 6
9N (“HD)HN 9N (“HD)HN
(ADOD*(CHO)HN— (ADOD*(CHO)HN—
LE —P(ADOD*(CHD)HN ~ —P(ADOD*(CHD)HN ~ v 8
9N (“HD)HN
(ADOD*(CHO)HN— AINE(CHD)HN
LE —P(ADOD*(CHD)HN ~ (ADODCHD)HN ~ v L
9N (“HD)HN
(ADOD*(CHO)HN—
86 —P(ADOD*(CHD)HN ~ O~ v %9
9N (“HD)HN 9N (“HD)HN
09 ADOD*(CHD)HN ~ (ADOD*(CHO)HN ~ v S
9ANE(CHD)HN 9ANE(CHD)HN
19 (ADOD(CHD)HN ~ (ADOD(CHD)HN ~ v ¥
SaN*(‘HD)HN
9% (ADOD(CHD)HN ~ O~ v *€
9N (“HD)HN
LE (ADOD*(CHO)HN ~ O~ v T
0c O~ O~ v |
Do L X Ix Jxordn(q Judxg
‘soouanbos Arejuowerdwod
oy yum sarednfuod goN—sopnosponuosdio £q pawoj soxordnp oYy jo sarmerodwo) uoneInjeudp [BWIRY], I 9V

1102 Alenuer 9z 0§ :0T

1Y papeo |umog

MaRrcEL DEKKER, INC.

270 Madison Avenue, New York, New York 10016

®



wv
-
4
[-3
a.
w
o«

ORDER

795

Oligonucleotide—Minor Groove Binder Conjugates

"PAAIRSAI SIYTLI [ “OU IOO(] [9IBIA O WS1AdoD

(ponunuod)
S¢S —7(DOD*(*HD)HN ~ O~ D ¢
9N *(‘HD)HN 9gN*(‘HD)HN
IS F(ADOD(CHD)HN ~ F(ADOD(CHD)HEN ~ D ¥€
AgNH(‘HD) HN
9t F(ADOD(CHD)HN ~ O~ D €¢
S1 O~ O~ D 43
9ANE(‘HD)HN YANE(CHD)HN
8¢ F(ADOD(CHD)HN ~ (ADOD(CHO)HN ~ q I£3
9ANE(CHD) HN
¢ (ADOD(CHD)HN ~ _O~ q 0€
91 O~ O~ q 62
YANE(CHD)HN YANE(CHD)HN
0€ -H(WDOD(CHD)HN ~ (ADOD(CHD)HN ~ v +8C
9N (‘HD)HN 9N (‘HD)HN
¥ -(WDOD(CHD)HN ~ -H(WOD(CHD)HN ~ A #LT
YANE(CHD)HN
€T -"(WpOD*(‘HD)HN ~ O~ v +9¢
LT NgHNYUADODE(CHIIHN ~ O~ v ST
€¢ HOUADODE(CHD)HN ~ THOUADODE(CHD)HN ~ A ¥T
9T HOUADODE(CHD)HN ~ O~ v €T
YANE(CHD)HN YANE(CHD)HN
9t “LADODE(CHD)HN ~ “LADODE(CHD)HN ~ v @
AgN*(‘HD)HN
0¢ “UADODE(*HD)HN ~ O~ v IC
9ANE(CHD)HN YANE(CHD)HN
19 “S(ADOD(*HD)HN ~ “S(ADOD(*HD)HN ~ v 0T
YANE(CHD)HN
LE -S(ADODE(*HD)HN ~ _0O~ v 61
43 ~ HNE(CHD)HNE (ADAd « ~ HNE(CHD)HNE(ADAd A 81
Ig ~ HNECCHD)HNE(AQ)Ad 0O~ v L1
SN, N (“HD)HN SN, N (“HD)HN
€9 F(ADOD(*HD)HN ~ (ADOD(CHD)HN ~ v 91

1102 Alenuer 9z 0§ :0T

1Y papeo |umog

MaRrcEL DEKKER, INC.

270 Madison Avenue, New York, New York 10016

®



wv
-
4
[-3
a.
w
o«

ORDER

Ryabinin et al.

796

— OOPHO®HONH— =¢

®

"PAAIRSAI SIYTLI [ “OU IOO(] [9IBIA O WS1AdoD

MARCEL DEKKER, INc.

270 Madison Avenue, New York, New York 10016

VVVVVVVV-€ X'XA-LILLLLLL-dX'X § D
VVVVVVVV-€ ““X'Xd-LLLLLLLL-S d

tHY fnw
_ N
0o~ N —0o (vp)fjod- ¢ “eX'Xd-LLLLLLLL-S ‘2
/@ =.Ad /E = AdH
HO N — (vDArod- ¢ “ex'xd-LLLLLLLL-S :d
o tHa DOVVILLLY- € ‘X'Xd-LLVVVVD-§ D
|
|8/%M |8/AUN S$-OVVVLVD-€ ‘OLLLVLIO-dX'X- S :d
=uw = >n_
HN — _ HN — S VVLVVVIOD-€ ““X'Xd-LLVLLLOD-S 'V
*(SpPIOY OIQ[ONN pue SOpPNOJ[ONN ‘SOPISOI[ONN] 0} papnIwqns) d[onte snoradld o woiy eley
9ANE(CHD)HN
(ADOD*(CHD)HN—
89 —7(ADOD(‘HD)HN ~ O~ 19) 44
YANE(CHD)HN
(ADOD*(CHD)HN—
L9 —Y(ADOD(CHD)HN ~ O~ d 9%
0z O~ 0O~ d w
AN (‘HD)HN AN (*HD)HN
69 (ADOD(CHD)HN ~ (ADOD(CHD)HN ~ q |87
9ANE(CHD) HN
€9 (ADOD(*HD)HN ~ O~ q or
0c 0o~ o~ q 6¢
9N (“HD)HN 9N *(“HD)HN
T (ADOD(*HD)HN ~ (ADOD(CHO)HN ~ a 8¢
9ANE(CHD) HN
9T (ADOD(CHD)HN ~ _0O~ a L€
0z _O~ o~ a 9¢
YANE(CHD)HN
(ADOD*(CHD)HN—
Do UL X X LXerdng ou idxg

‘panunuo) [ qu

1702 AJenuer 92 0S:0T : I Papeo juwod



10: 50 26 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Oligonucleotide—Minor Groove Binder Conjugates 797
Effect of a Positive Charge at the C-Terminal Group

Three different C-terminal groups of the MGB residues were tested: neutral
carboethoxy group, ternary diethylamino group that must be protonated under phys-
iological conditions and positively charged quaternary trimethylammonium group. For
1:1 conjugates connected by vy-aminobutyric acid, the best stabilizing effect was
observed with the ternary diethylamino group (ATm = 17°C, compare duplexes 1 and 2).
The effect observed for trimethylammonium group was less pronounced (maybe due to
steric hindrance), ATm = 11°C (compare duplexes 1 and 15), while the lowest effect was
shown for neutral carboethoxy group (ATm = 10°C, compare duplexes 1 and 9). With the
longer e-aminocaproic linker, this difference between charged and uncharged terminal
group was even stronger: ATm = 26°C and 15°C, for diethylamino- and carboethoxy
groups, respectively (duplexes 3 and 11).

A terminal positive charge was considered as an important element for design of
hairpin MGB.!"1334351 [ our experiments, we also observed more stable duplexes if they
were formed by 1:1 conjugates with a hairpin octapyrrole and C-terminal positively
charged group (compare duplexes 6 and 13, ATm = 38°C and 29°C, respectively). In
contrast, low effect of C-terminal positive charge was observed for duplexes with parallel
tetrapyrrole ligands (duplexes 4,5,10,12,16). For all these duplexes, ATm was around
40°C; it was almost independent of the terminal charge and only slightly dependent on the
linker length. Thus, a structure with two minor groove binder strands attached to the same
phosphate group seems to have better affinity to the target DNA than a hairpin structure.
Two positive charges of both ligands in complexes 4,5 and 16 must theoretically stabilize
the complex formation even more, but this effect could be compensated by their electric
repulsion due to close location of amino groups in the parallel conjugate.

Effect of Oligocarboxamide Chain Length

A tripyrrole is a minimal size ligand for effective insertion into the DNA minor
groove. Thus, for 1:1 conjugates with y-aminobutyric linker between two components and
a diethylamino group at the C-terminus, ATm is 10, 17 and 17°C for di-, tri- and
tetrapyrrole ligands, respectively (duplexes 21, 19 and 2). For strands with two attached
ligands, similar changes have been shown (26, 41 and 41°C, duplexes 22, 20 and 4). A
similar tendency is observed for conjugates with neutral C-terminal groups (duplexes
23 and 9, 24 and 10). As it has already been demonstrated, the character of the
interaction with duplexes is different for tetrapyrrole and dipyrrole fragments.
Tetrapyrrole carboxamides (in both 1:1 and 2:1 conjugates) interact with the DNA
minor groove [!~619submited] “ghort dipyrrole ligands cannot provide strong enough
interaction with a minor groove. According to NMR data,’*”! the conjugated carboxam-
ide residue can either interact with the terminal A:T pair by stacking (form 1), or insert
into the minor groove (form 2). For duplex 23 (dipyrrole) the form 1 is preferable./*”)
This interaction leads to its higher thermal stability with a difference of ATm = 6°C. A
similar effect was observed when a butylamino group was present at the C-terminus
of the attached ligand (duplex 25, ATm = 7°C). The presence of a diethylamino
group at the C-terminus leads to an increase of ATm up to 10°C (duplex 21).

Our hypothesis is that the two forms are in a dynamic equilibrium. Preference for
form 1 or 2 depends on the nature of the attached ligands and their C-terminal group.
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Since oligoimidazole derivatives cannot insert into the minor groove of A:T-containing
sequences (in confirmation, no changes of optical density at 330 nm is observed during
melting for duplexes 26 and 27 with one or two tetraimidazole residues conjugated to
one strand), slight stabilization of the duplex can be explained only by stacking
interaction. It is worth noting that almost the same ATm = 3-4°C was observed for
both one and two conjugated oligoimidazoles. So this ATm could be considered as a
difference in the thermal stability provided just by stacking.

For two tetrapyrrole residues where interaction with the minor groove is highly
preferable, ATm does not depend on the nature of the C-terminal group (see above).
However, for two dipyrrole residues, ATm is 13°C for neutral C-terminal group (duplex
24) and 26°C for positively charged C-terminal group (duplex 22), which reflects an
increase of the form 2 (minor groove binding) contribution into stabilization that
depends on the C-terminal group of attached MGB.

These data together with published data®”’ also indicate that depending on the
structure of two parallel attached ligands, different variants of interaction can be
realized: stacking interaction, insertion of only one or both residues into the minor
groove of the duplex and dynamic intermediate states. This hypothesis, however, needs
additional studies and confirmations.

Sequence Specificity of Duplex Stabilization

When one of the conjugated ligands is tetrapyrrole and the second tetraimidazole,
the difference is ATm = 10°C (duplex 28), which reflects a contribution of binding of
only one tetrapyrrole residue to the minor groove. However, this effect is lower
compared to that of only one tetrapyrrole strand (ATm = 26°C). Comparison of
duplexes 3, 26, 5, 27 and 28 indicates that the presence of a second parallel ‘‘cognate’’
(A:T-specific) MGB residue strongly stabilizes the interaction with the minor groove of
the duplex, whereas a second ‘‘noncognate’” MGB strongly destabilizes it. This
destabilization provides additional sequence specificity for selective recognition of
DNA by parallel double-stranded minor groove binders.

Maximal Capacity of the Minor Groove

Several conjugates were synthesized where ligands could theoretically form more
than a two-stranded oligopyrrole complex. Two hairpin ligands (duplex 8) as well as
one hairpin and one linear ligand (duplex 7) were attached to the same strand of the
duplex A. As it is seen from the table, addition of a third and fourth strand decreased
the stability of the duplex. In both cases, ATm = 17—18°C was observed compared to
ATm = 38°C for hairpin octapyrrole (duplex 6) and 40°C for two parallel tetrapyrroles
(duplex 5). Similar results were obtained with the same model possessing neutral ester
group at the C-terminus of the ligands (duplex 14, ATm = 18°C). Thus, we conclude
that only two parallel or antiparallel oligopyrrole strands can insert into the DNA minor
groove. According to our data, formation of 3:1 and 4:1 complexes (reported in
Refs. %371y in the case of attached oligopyrrole ligands, has a low probability.

Other Structural Features

The protruding end of the complementary oligonucleotide strand does not hinder
interaction of the attached ligands with the duplex. Stabilization is observed after
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attachment of one (duplex 33; ATm = 31°C) and two tetrapyrrole residues in parallel
(duplex 34, ATm = 36°C) or antiparallel orientation (duplex 35; ATm = 40°C) to the
oligonucleotide GAAAATTp when it forms a duplex with complementary sequence
CCAATTTTC elongated by two cytosines from 5'-terminus.

Moreover, the replacement of A:T pair by G:C pair at the terminus of the duplex
does not prevent insertion of the ligands into the minor groove (ATm = 19°C for 1:1
conjugate and 42°C for 1:2 conjugate, duplexes 30 and 31, respectively), even with a
short y-aminobutyric acid linker. This tolerance for terminal mismatch is quite
surprising and could be explained by ‘‘breathing’’ of the terminal base pair and
interaction with only 3 side-by-side elements.

It must be noted that in duplexes 30 and 31, MGBs are attached to the 5'-terminus
of the duplex strand and not to the 3’-terminus as in the duplex A. So, no effect of
DNA attachment terminus on the stability of the duplex was observed. In contrast, for
one and especially for two parallel tetrapyrrole ligands, the N—C orientation of the
MGB is preferable compared to C—N orientation (compare 11, 12, 17 and 34).

Interaction with RNA Targets

Octathymidylate conjugates with one or two tetrapyrrole carboxamides were tested
for their binding the poly(rA) (dupl. 36-38). With only one residue, stabilization effect
was quite low (ATm = 6°C). Addition of the second residue even destabilized modified
duplex (ATm = 4°C). However, slight stabilization (possibly due to stacking
interactions) compared to nonmodified heteroduplex is observed. This result is
different from those obtained for octathymidylate/poly(dA) (dupl. 40-41, ATm = 43°
and 49°C). It demonstrates that attachment of MGB to the DNA strand does not
improve the adaptation of the ligand to the DNA—-RNA heteroduplex that has different
structure compared to DNA-DNA duplexes.

Close stability of the duplexes 40 and 41 even when only one tetrapyrrole is
attached to oligo(dT) strand was explained by formation of 2:1 MGB:dsDNA com-
plexes by insertion into the same minor groove of two MGB moieties attached to the
neighboring octathymidylates on the poly(dA) matrix.!*®!

CONCLUSION

Covalent attachment of one and two oligopyrrole ligands to one of the strands of
A:T-containing duplex increases interaction of the ligands with DNA and strongly
stabilizes the duplex. The mechanism of interaction and the extent of stabilization do
not depend on the attachment site (3'- or 5’) of the MGB residues, but on the structural
factors such as the length of oligocarboxamide part of the conjugate, the nature of the
linker between oligonucleotide and ligand(s), the nature of the C-terminal group of the
ligand(s), and the MGB residue orientation. The effect of structural factors is more
important for monophosphoroamidate conjugates in both linear and hairpin forms. For
duplexes containing a strand with two attached ligands, the effect of structural factors,
especially C-terminal charge, is less pronounced. In the case of bis-phosphoroamidate,
conjugates’ presence of second ‘‘noncognate’> MGB residue impedes interaction of the
first “‘cognate’” MGB strand with the DNA minor groove, which could be considered
as an additional factor increasing sequence specificity of the conjugates. However, the
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interaction between two oligopyrrole ligand strands and DNA minor groove tolerates
G:C mismatch at the duplex terminus.

ABBREVIATIONS

MGB Minor groove binder

Py
Im
Hp

N-methylpyrrole-2-carboxamide
N-methylimidazole-2-carboxamide
N-methyl-3-hydroxypyrrole-carboxamide
[-alanine
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