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Abstract—Two different postsynthetic strategies were employed to introduce guanidinium moieties into oligonucleotides. A
2'-0-(6-aminohexyl) tether, which positions the modification in the minor groove, was selectively deprotected and guanidinylated
on the solid support. In the second system, the aminoethoxy spacer of the tricyclic cytosine analog G-clamp, which protrudes into
the major groove of the duplex, was guanidinylated in aqueous solution using the fully deprotected oligonucleotide. Both methods
were successfully applied to synthesize and characterize various guanidinylated oligonucleotides. © 2002 Elsevier Science Ltd. All

rights reserved.

In the past several years, numerous modifications have
been designed and synthesized to improve the intrinsic
properties of oligonucleotides (ONs) used for diagnostic
or therapeutic applications."* For both types of appli-
cations, the binding affinity of the modified oligonucle-
otide to the target, the specificity and a high on-rate of
hybridization are critical parameters. Cationic oligo-
nucleotides® (oligonucleotides with positively charged
backbones) and zwitterionic  oligonucleotides® !’
(oligonucleotides with positively charged tethers) bind
tightly to RNA and to single-stranded as well as to
double-stranded DNA (triplex formation). High affinity
binding in these modifications is due to charge neutral-
ization and fast on-rates of hybridization. In addition,
these oligonucleotides are expected to have good cellu-
lar permeation properties.?

The 2'-position is attractive for nucleic acid derivatiza-
tion as it offers the dual advantages of enhanced nucle-
ase resistance and increased binding affinity to a
complementary target strand.?’?? It was shown previ-
ously that the introduction of cationic residues at
the 2'-position greatly enhances the nuclease resistance
of an ON.!®!923 The superior nuclease resistance of
2'-0O-(3-aminopropyl) modified oligonucleotides was
attributed to a ‘charge effect’” of the cationic side chain.
Presumably, the side chain interacts competitively with
the metal ions involved in the phosphodiesterase activ-
ity of the nucleolytic enzymes.'®!° The 2’-O-aminoalkyl
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group has also served as a site for conjugation of
additional groups.”>2*

Recently, several tricyclic cytosine analogs have been
developed. These include a phenoxazine analog and
G-clamp, which carries an additional aminoethoxy moi-
ety attached to the rigid phenoxazine scaffold.?>-?¢
Incorporated into ONs, these base modifications were
shown to hybridize with guanine and to enhance duplex
stability through extended stacking interactions. Bind-
ing studies demonstrated that a single incorporation of
the G-clamp enhanced the binding affinity of an ON to
its complementary target DNA or RNA with a AT, of
up to 18° relative to 5-methyl cytosine (dC5M¢). This is
the highest reported affinity enhancement for a single
modification. It was suggested that the tethered amino
group formed an additional hydrogen bond with O6 in
the Hoogsteen face of a complementary guanine (Fig.
1A). This means that the increased affinity of G-clamp
is mediated by the combination of extended base stack-
ing and one additional specific hydrogen bond.

The guanidinium group plays an important role in
many fundamental organic and biological processes
such as catalysis,?”?° synthetic molecular receptors,*’
protein—nucleic acid interactions,*!*> including RNA/
DNA recognition by arginine rich proteins such as
transcriptional elongation factors,*3* and regulatory
processes including HIV TAR-tat interactions and
RNA-guanidiniumglycoside interactions.??

The guanidinium group is highly basic (pK,~12.5) and
planar and demonstrates directionality in H-bonding
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interactions. Since antisense technology relies on molec-
ular recognition between synthetic oligonucleotides and
mRNA, introduction of the guanidinium group into
ON’s at strategically selected positions should improve
their pharmacodynamic and pharmacokinetic proper-
ties. The significantly higher pK, value of the guani-
dinium compared to the amino functionality introduces
a positive charge that is maintained over a wide pH
range. In addition, such a modified nucleic acid can
serve as a probe for understanding specific nucleic
acid—nucleic acid interactions as well as specific nucleic
acid—protein interactions.

The syntheses of certain guanidinium derivatives of
nucleic acids have been described in the literature.
Cationic ONs containing a guanidinium backbone have
been synthesized by Bruice and his group.*® Doronina
and Behr have synthesized 4-guanidiniumpyrimidine
ONs for triple helix formation.?” Recently, ONs con-
taining 4-guanidinium-2-pyrimidinone nucleobases have
been prepared. These nucleobase analogues were
designed to mimic the double hydrogen bonding pat-
tern of protonated cytosines in parallel triple helices.®
However, no convenient method has been reported for
site-specifically converting an amino group present in a
modified nucleic acid into a guanidinium group.

In the present paper, we report the postsynthetic mod-
ification of a primary amino group to a guanidinium
moiety on either the 2'-position of a nucleotide or the
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Figure 1. (A) Proposed base pairing between G and G-clamp;
(B) base pairing between G and guanidinium-G-clamp.

aminoethoxy tether of G-clamp. In the double helical
structure of nucleic acids, the 2'-O-(6-aminohexyl)
tether faces the minor groove of the duplex, while the
aminoethoxy spacer of G-clamp protrudes into the
major groove (Fig. 1A). We rationalized that the exten-
sion of the aminoethoxy spacer of the G-clamp to a
guanidinium derivative would provide another Hoogs-
teen bond between the imino or amino nitrogens of the
tethered guanidinium and N7 of a complementary gua-
nine base (Fig. 1B). In fact, crystallographic X-ray
studies, of a decamer duplex containing the guani-
dinium-G-clamp nucleotides revealed this additional
hydrogen bond.*® This is the first direct observation of
a single base pair with five hydrogen bonds including
both Watson—Crick and Hoogsteen interactions.

As outlined in Scheme 1, two different strategies have
been employed to convert an existing amino function
into a guanidinium group: (A) selective deprotection of
the primary amino group followed by guanidinylation
on the solid support and (B) guanidinylation of a
completely deprotected ON in solution. 2'-O-
Aminoalkyl modifications can be introduced using sim-
ple alkylation procedures reported.””!84% The amino
group has been protected with phthalimido,”*'® tri-
fluoroacetyl,'® cyanoethyloxycarbonyl*! and allyloxy-
carbonyl (Alloc) groups.*® In the present work, Alloc
was chosen as a protection group for the primary
amino function of 2’-O-(6-aminohexyl) as it can be
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Scheme 1. Guandinylation of primary amino groups. (A)
Reaction conditions (1 pmol scale): (i) 10 mg Pd,[(Ph-
CH=CH),CO]5-CHCl;, 26 mg P(Ph); in 0.5 ml of 1.2 M
nBuNH,/HCOOH in THF, 50°C, 1.5 h, 100%, (ii) washing
with DCM, acetone, sodium N,N-diethyldithiocarbamate
(ddtc Na*), H,O, acetone, DCM, diethyl ether, (iii)) 1.0 M of
1 H-pyrazole-1-carboxamidine hydrochloride and DIEA in
DMF, rt, 5 h, 90%. (B) (i) 40% aq. CH;-NH,/conc. aq. NH;
(1:1), 55°C, 1 h, (ii)) HPLC purification and DMT-deprotec-
tion, (iii) 1.0 M solution of 1H-pyrazole-1-carboxamidine
hydrochloride in 1.0 M aq. Na,CO;, 3 h at rt, for ON-3,
ON-4 and 12 h at 55°C, for ON-5, ON-6, isolated yield after
2nd HPLC purification: 50-60%.
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conveniently and selectively removed on the solid sup-
port by a Pd(0) complex, while leaving all other protec-
tion groups of the oligonucleotide unaffected.*® In both
strategies, the primary amino groups were guanidinyl-
ated by using 1H-pyrazole-1-carboxamidine hydro-
chloride.** Although this reagent has been widely used
for guanidinylation of peptides and small organic
molecules, it had not been tested for nucleic acids, yet.
This may have been due to the concern about the
potential reactivity of this reagent towards exocyclic
amines present in the nucleobases.

The guanidinium-modified ONs synthesized during this
study are summarized in Table 1. Interestingly, in the
case of the self-complementary sequences, ON-5 or
ON-6, complete guanidinylation of the amino groups
could only be achieved by performing the reaction at
elevated temperature (55°C) and extended reaction time
(12 h). This shows that the primary amino group, which
is involved in the base pairing interactions, is not
susceptible to the guanidinylation reaction within the
double-stranded structure of these palindromic ONs. In
all these cases, even under elevated temperatures and
extended reaction times, selective and quantitative
guanidinylation of only the alkyl amino group was
observed. After desalting (Sephadex G25) and purifica-
tion of the compounds by another reversed phase
HPLC step, the guanidinylated compounds were ana-
lyzed by electrospray mass spectrometry (ES-MS) and
capillary gel electrophoresis (CGE) analysis. There was
no evidence for residual starting material bearing the
primary amino function or any other side product in
the purified samples.

Guanidinylation of the primary amino groups slightly
increased the hydrophobicity of the corresponding
ONs, as detected by minor changes in RP-HPLC reten-
tion time. We also attempted to evaluate the change in
binding affinity towards target RNA in converting an
amino group into a guanidinium group. As ON-1 has
the tendency to form both duplexes and triplexes with
its target strand, the thermal melting analysis was car-
ried out only with the G-clamp-containing ON-2, ON-5
and their guanidinylated analogues ON-3 and ON-6.
All T, experiments were carried out in buffer contain-

ing 100 mM NaCl, 10 mM phosphate and 0.1 mM
EDTA, pH 7.0.

The melting experiments with the self-complementary
sequences ON-5 and ON-6 were performed without an
additional target strand and the transition temperature
of their helix to coil conversion could not be deter-
mined (7, >95°C). However, this observation certainly
confirmed the intrinsic high affinity nature of the G-
clamp modification and its guanidinium analogue. The
corresponding unmodified DNA shows a 7T, <50°C.
The T,, analysis of guanidinylated ON-3 in comparison
with ON-2 did not show the additional increase in
affinity expected for the formation of an additional
(5th) hydrogen bond. With this particular sequence
setup, in which the G-clamp modification is flanked by
two Cs and the target strand had a five base overhang
at its 5'-end, the guanidinylation resulted in a decrease
in T,, for RNA and DNA target strands of 5.9° (64.9
versus 70.8°C) and 5.7° (53.5 versus 59.2°C), respec-
tively. A more detailed study of the hybridization prop-
erties of G-clamp oligonucleotides and their
guanidinylated counterparts is in progress.

In summary, two methods for postsynthetic modifica-
tion of oligonucleotides have been developed. Both
involve the conversion of primary amino functions into
guanidinium groups by using 1 H-pyrazole-1-carboxam-
idine hydrochloride. Although this reagent is known to
react with aromatic amines under forcing conditions,
the exocyclic amines of the nucleobases were not
affected under the conditions used in the present work.
For conversion on the solid support, the amino groups
were protected by Alloc, which can be selectively
removed without cleaving the ON from the support,
and the guanidinylation was carried out in 10% DIEA
in DMF. For postsynthetic guanidinylation in aqueous
solution, primary amino groups were protected with
Tfa, which can be readily removed under the conditions
of oligonucleotide deprotection and cleavage. Using
these methods several modified ONs bearing guani-
dinium moieties, located in either the minor or major
groove, have been prepared and analyzed. The detailed
binding affinity and other antisense properties of these
modifications are being evaluated.

Table 1. Sequence and modification of the oligonucleotides synthesized

ON Sequence 5'—3' Modification MW ica MWioina
ON-1 TTT TU*T TTT T All PO?; U*: 2'-0-hexylguanidinium-U>™¢ 3281.6 3281.7
ON-2 TCT CC*C TCT C All PO; C*=2'-deoxy-G-clamp 3039.1 3039.4
ON-3 TCT CC*C TCT C All PO; C*=2'-deoxy-guanidinium-G-clamp 3081.1 3080.8
ON-4 CTC GTA CCC* TCC CGG All PO; C*=2'-deoxy-guanidinium-G-clamp 5553.7 5552.1
TCC
ON-5 GC*G TAU, ACGC All PO; Uy, =2-0-MOEP-U>™¢; C*=2'-deoxy-guaninidium G-clamp 3293.3 3292.8
ON-6 GCG TAU,; AC*GC All PO; Uy, =2-0-MOE-U>™¢; C*=2'-deoxy-guanidinium-G-clamp 3293.3 3293.0

“ Phosphodiester backbone.
b 2'-0-Methoxyethyl.
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