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ABSTRACT

Peptide nucleic acid (PNA) monomers containing the tricyclic cytosine analogues phenoxazine, 9-(2-aminoethoxy)phenoxazine (G-clamp), and
9-(3-aminopropoxy)phenoxazine (propyl-G-clamp) have been synthesized. The modified nucleobases were incorporated into PNA oligomers
using Boc-chemistry for solid-phase synthesis. PNAs containing single G-clamp modifications exhibit significantly enhanced affinity toward
RNA and DNA targets relative to unmodified PNA while maintaining mismatch discrimination. These PNA G-clamp modifications exhibit the
highest increase in affinity toward nucleic acid targets reported so far for PNA modifications.

In peptide nucleic acids (PNAs) the sugar phosphate by preparing chimeras of PNA with nucleic acfiseptides),
backbone of an oligonucleotide is replaced by a pseudopep-and polyamineg, and by introducing hydrophilic amino
tide backbone derived fronN-(2-aminoethyl)glyciné:? acid® into the backbone of PNA.

Unfortunately, certain PNA sequences have poor solubility In addition to the natural nucleobases, a number of
and unmodified PNAs have limited cellular uptake and a heterocyclic modifications on the PNA backbone have been
tendency for self-aggregatiériThese problems have been reported in the literature including 2,6-diaminopurifié!
addressed by introducing PNA backbones carrying chdfges, pseudoisocytosing5-bromouracil®145-iodouracilt® 4-thio-
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thymine}® 2-thiouracil}”-185-methyl-4-8H-(1,2,4)triazol-1- the tethered amino group formed an additional hydrogen
yl)-3,4-dihydrodH-pyrimidine-2-one?? and 5-methyl- bond with O6 in the Hoogsteen face of a complementary
cytosine!? Incorporation of a tricyclic 3,5-diaza-4-oxo- guanine€?? It has been shown by X-ray crystal structural
phenothiazine into PNA showed an affinity increase of 3 analysis of a oligonucleotide decamer duplex containing a
°C per modification with complementary DNA or RNA as guanidino G-clamp, an analogue of G-clamp, that a Hoog-
compared to unmodified PN&. PNAs containing 1,8-  steen-type hydrogen bond does exist between O6 and N7 of
naphthyridin-2(H)-one and benzdf-1,8-naphthyridin- G and the tethered guanidino grotffhis suggests that the
2(1H)-one as substitutes for thymine have also been re-increased affinity of G-clamp is mediated by the combination
ported?®2! For each of these modifications, the increase in of extended base stacking and at least one additional specific
thermal binding was rather small to modest. We became hydrogen bond between O6 of G and the tethered amino
interested in the design of heterocyclic modifications that group. Single incorporation of the G-clamp at th¢e3minus
could enhance the binding affinity to mRNA, increase of an ODN resulted in a significant increase in nuclease
solubility, and increase the cellular uptake of PNA. stability as welP® Biological studies on G-clamp-containing
Several tricyclic cytosine analogues have been synthesizedphosphorothioate ODNs for specific antisense targets such
These include 9-(2-aminoethoxy)phenoxazine, called theas cyclin-dependent kinase inhibitor, 2% and c-raf
G-clamp (1, Figure 1), that carries an aminoethoxy moiety showed enhanced potency relative to unmodified GBN.
Given the benefits the G-clamp modification offers for
antisense phosphorothioate oligonucleotides, we envisioned
that introduction of the G-clamp and its derivatives into PNA

~_O X would improve the molecular recognition properties of PNA.
HeN KJ We reasoned that the additional positive charge on the
HN HIN modified base might have a positive impact on solubility
NE~NO N7 ' © and cellular uptake properties of the modified PNAs.
)\ | O)\N In the present Letter we describe convenient syntheses of
HO % N oﬁ) suitably protected tricyclic phenoxazinggj, G-clamp gb),
b N\/lcl)\ and 9-(3-aminopropoxy)phenoxazine (propyl G-clarg),
OH HNT OH PNA monomers shown in Figure 1. Each monomer has been
2aX=H incorporated into PNA using Boc-chemistry and solid-phase
1 2b X = O(CHp),NH, synthesis and deprotection protocols. Also reported are

2¢ X = O(CHp)sNH, preliminary accounts of the hybridization behavior of these

analogues with complementary DNA and RNA, and mis-
matched RNA strands.

An orthogonally protected G-clamp PNA monom&0§)
attached to the rigid phenoxazine scaff&i@Incorporated ~ was synthesized from 5-bromourad@) @s shown in Scheme
into oligonucleotides, these cytosine modifications hybridize 1. Trimethylsilylation of 5-bromouracil in HMDS under
with guanine and enhance duplex stability through extendedreflux followed by treatment of the silylated derivative with
stacking interactions. Binding studies demonstrated that aethyl bromoacetate in refluxing acetonitrile yielded 5-bromo-
single incorporation of the G-clamp enhanced the binding 3,4-dihydro-2,4-dioxo-1(&2)-pyrimidine-acetic acid ethyl
affinity of an oligodeoxynucleotide (ODN) to its comple- ester §) in quantitative yield. Activation at C4 of compound
mentary target DNA or RNA with a\T,, of up to 18°C 4 by treatment with POGland triazole in the presence of

relative to 5-methylcytosine (dC5Me). It was suggested that triethylamine and subsequent substitution of the triazole
moiety at C4 with 2-aminoresorcinol in the presence of

Figure 1. Structure of monomeric DNA and PNA G-clamp.
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Scheme 1 Scheme 2
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o aReagents and conditions: (a) (i) PQQliazole, TEA/MeCN,
ZiN T, —10°C, (ii) 2-aminophenol, DIEA/DCM, ¢t6 h (51.7%); (b) CSF
(10 equiv), CgCO; (1 equiv)/EtOH, reflux 36 h; (c) (i) LiOH, (ii)

f HIN ) KHSOy; (d) (Boc)HNCHCH,NH(CH,COOEt), DCC, DhbhOH,
—_— NZ 9aR=Et,n=1 DMAP/DMF, 12 h (6%, over all yield fron®c).
P | 9bR=Et,n=2
0” >N e
o 10aR=H,n=1
o 10bR=H,n=2 aminoethyl)glycinate as described for the synthesis of
BocHN/\/N\/U\OR compound9a to obtain the fully protected monom®éc in

6% over all yield. Alkaline hydrolysis of compour@t gave

*Reagents and conditions: (a) (i) HMDS, reflux, (i) ethylbro- - the desired phenoxazine PNA monomécin quantitative
moacetate, MeCN reflux (94%); (b). (i) POgCltriazole, TEA/

MeCN, —10°C, (ii) 2-aminoresorcinol, DIEAIDCM, 16 h (76%):  Y'€ld: _ _ _

(c) PhP, DEAD, ZHN(CHy).OH (n = 2 or 3)/MeCN, 24 h (80%); PNA synthesis was performed using Boc chemistry-based
(d) CsF (10 equiv), GEO; (1 equiv)/EtOH, reflux 36 h (83%);  automated synthesis (Applied Biosystems, model 433A) and
(e) (i) LIOH, (ii) KHSO4 (>95%); (f) (BoC)HNCHCH,NH(CH,- synthesis protocols based on previously published proce-
COOEt), DCC, DhbhOH, DMAP/DMF, 12 h (50%). dures?’28 The C-terminal lysine was introduced by using a

MBHA polystyrene resin (NovaBiochem) pre-loaded with

subsequent addition of KHS@ave the free carboxylic acid BOC-Lys(2-Cl-Z)-OH. Using a preactivation time of 5 min
8ain quantitative yield. and a coupling time of 1 h, all novel monometfa—c

The carboxylic acidBa was coupled to ethyN-(2-tert- coupled with efficiencies comparable to the standard Boc-
butyloxycarbonylaminoethyl)glycinate via prior activation of PNA monomers. The coupling efficiency was monitored by
the carboxylic group with DCC and DhbhOH to obtain the qualitative Kaiser test After cleavage and deprotection
fully protected G-clamp monomefa in 52% yield! according to standard low/high TFMSA protocols, the PNA
Saponification oBa at low temperature using LiOH yielded ~ oligomers were purified by RP-C18 HPLC, analyzed by ESI-
the desired PNA monomefl0a The propyl G-clamp MS, lyophilized, and stored at20 °C. HPLC buffer: A=
monomer {0b)was obtained from compouridvia monoalky- 0.1% TFA in water, B= MeCN; 0 to 35% B in 35 min.
lation with benzyl N-(3-hydroxypropyl)carbamate under PNA monomerlOawas incorporated into sequenck3
Mitsunobu alkylation conditions in acetonitrile followed by ~and17. MonomerlObwas incorporated in sequenci$and
subsequent reactions as described for the synthesis ofl8, and monomefdOc was incorporated into sequenck2
compoundl0a and 16. All sequences are listed in Table 1. Sequence

The phenoxazine PNA monometQg was synthesized = complementarity and stability of PNA-DNA and PNA-RNA
from compound4 as shown in Scheme 2. Unlike the ring hybrids were determined by thermal denaturation studies and
closure reaction in the tricyclic systems that have the
aminoalkyl tethers X0a and 10b), the ring closure of (27) Christensen, L.; Fitzpatrick, R.; Gildea, B.; Petersen, K. H.; Hansen,

. . . . H. F.; Koch, T.; Egholm, M.; Buchardt, O.; Nielsen, P. E.; ethlPept.
compoundsc with cesium fluoride and cesium carbonate to s 1995 1, 185-83.

obtain compoundc or 8cwas very sluggish. For this reason, o (28) Kolé:h,oT-: Hanksl;enl,:H. FF'e; A{\gg;sig,s%;_légrsem T, Batz, H. G;
- e - e tteson, K.; Oerum, HJ. Pept. Res 49, .

without purlfylng the esterc, it was SapOI’lIerd t@c and (29) Kaiser, E.; Colescott, R. L.; Bossinger, C. D.; Cook, PAnal.

subsequently coupled to ethi(2-tert-butyloxycarbonyl- Biochem.197Q 34, 595-8.
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Table 1. 30T, Data for Duplexes of 10-mer PNA Containing
Cytosine (control), Phenoxazine (X 2a), G-clamp (Y= 2b),
and Propyl-G-clamp (Z 2c) with Complementary DNA and
RNA

Table 2. 30 Base Recognition of 10-mer PNA Containing
Cytosine (control), Phenoxazine (X 2a), G-clamp (Y= 2b),
and Propyl-G-clamp (Z 2c) with Complementary G, A, C,
and U of RNA

seq sequence DNA RNA

no T,C AT,’K T,°C AT,K
11 GTAGATCACT-Lys® 499 55.0

12 GTAGATXACT-Lys 499 0.0 564  +14
13 GTAGATYACT-Lys [ - 657  +107
14 GTAGATZACT-Lys 625  +135 685  +I35
15 GTAGATCCCT-Lys 498 60.1

16 GTAGATCXCT-Lys 556 458 642  +4.1
17 GTAGATCYCT-Lys 735  +237 783  +182
18 GTAGATCZCT-Lys 695 +197 761  +16.0

compared with the corresponding unmodified control se-

seq sequence T, C

no vs.1G  vs.TA vs.1C  vs. U
11  GTAGATCACT-Lys® 55.0 ™M ™M ™M
12 GTA GAT XAC T-Lys 56.4 ] M M
13  GTA GAT YAC T-Lys 65.7 37.0 39.8 38.0
14  GTA GAT ZAC T-Lys 68.5 19.7 '38.1 39.6

(Table 2). With G-clamp (PNAL3) and propyl G-clamp
(PNA 14), significantly less stable duplexes were formed
against oligonucleotides with mismatched A, C, and T as
compared to the target strand containing a matching G (Table
2). The results indicate that all tricyclic modifications exhibit

guences. The modifications were evaluated in two different excellent sequence specificity.

sequences with the heterocylic modification at different
positions within the oligomer and with different flanking
bases. In the first set of oligomers (sequertksl4, Table

In summary, tricyclic cytosine analogues based on the
phenoxazine were incorporated into PNA oligomers. A
convenient route for the facile synthesis of suitably protected

1), the flanking bases are T and A. In the second set phenoxazine, G-clamp, and propyl G-clamp PNA monomers

(sequencet5—18, Table 1) they are both C. While a single
incorporation of the phenoxazine monoméog) in PNA
12resulted in ar, increase of only 1.4C when hybridized

to complementary RNA, the PNA containing the G-clamp
(PNA 13) showed an affinity enhancement of 10G. PNA

has been developed. Single incorporation of these tricyclic
moieties into to PNA showed sequence-dependent affinity
enhancement of up to 18 when hybridized to RNA and
up to 24°C when hybridized to DNA. These are the highest
T advantages for heterocyclic modifications of PNA

containing the propyl G-clamp, with the increased tether reported so far. Furthermore, the magnitude depends on the

length at position 9 of the heterocycle (monorh@&b, PNA
14), resulted in furtheil,, advantage with an increase of 13.5
°C relative to unmodified PNA. When the heterocylic
modification was flanked by two Cs in the second set of
sequences, th&, enhancement was even higher (Table 1).
The phenoxazine modification (PNA6) resulted in aTp,
increase of 4.1°C toward complementary RNA. The G-
clamp (PNAL17) resulted in an increase of 18€. ThisTy

length of the aminotether employed. Recently, we have also
demonstrated the conversion of the G-clamp to the corre-
sponding guanidinium group in oligonucleotide analogues
and the same process can be extended to the PNAs reported
here?*32Further evaluation of these high-affinity modifica-
tions with respect to their effect on the cellular uptake and
pharmacology of PNA antisense oligomers and on the strand
invasion potential of PNA are in progress.

increase corresponds well to the data reported for a G-clamp-

containing ODN of a similar sequen&&The enhancement
of melting temperature for the G-clamp modification in
ODNSs also has significant sequence dependence.
Hybridization of the modified PNAs with complementary
DNA gave results similar to those observed with comple-
mentary RNA (Table 1). Th&, enhancement was greater

when the modified base was flanked by two Cs than when

the flanking bases were T and A. &, enhancement of 23.7
°C was observed when the G-clamp PNA (PNA) was
hybridized to complementary DNA (Table 1). Thig,

enhancement is the highest known increase in affinity for a

PNA-DNA hybrid. The propyl G-clamp (PNAS8) gave a
T advantage of 19.7C when hybridized with complemen-
tary DNA.

For the control PNA? (11) and the phenoxazine modifica-
tion (PNA 12), incorporation of a base mismatch (A, T, or

C) in the target strand opposite to the modified site resulted
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