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To improve the efficiency of a nucleic acid triggered probe activation (NATPA) system a 5-thiomethyluracil peptide nucleic acid (PNA) building

block has been synthesized. Attachment of imidazole and a coumarin ester to uracils at the ends of two PNAs resulted in a 550 000-fold
acceleration of DNA-triggered coumarin release relative to imidazole and a 6-fold increase in keat relative to a system which had these groups
attached to the amino and carboxy ends of PNAs.

Recently, we described a new idea for the design of component via a carboxy terminal histidine. While we were
chemotherapeutic agents and diagnostic probes that makeable to show that both DNA ang. coli 5S rRNA could

use of a unique or overexpressed nucleic acid sequencerigger the release of hydroxycoumarin from a pair of
specific to the disease state to trigger the activation of a complementary PNAs, we found that the rate of coumarin
cytotoxic drug or reporter molecutdn one recent formula-  release was low, presumably due in part to the lack of
tion of this idea, a disease-specific mMRNA is used to template sufficient preorganization of the catalyst and the ester due
the association of a PNA that is linked to a prodrug or probe to attachment to the ends of the PNAs by long flexible linkers
via an ester (the prodrug or probe component), with another (Figure 1). We reasoned that greater preorganization, and
PNA bearing an imidazole group (the catalytic component),
which then catalyzes the release of the dfiBpcause of
the base lability of the ester, the prodrug or probe was linked

to an amino terminal cysteine on the PNA following
automated solid-phase synthesis via addition of the thiol Base
group to a maleimide substituent at neutral pH and ambient N/qf

temperature. The imidazole was introduced into the catalytic

I PNA

NH, H

(1) (@ Ma, Z.; Taylor, J.-SProc. Natl. Acad. Sci. U.S.AR000, 97,
11159-63. (b) Ma, Z.; Taylor, J. ®ioorg. Med. Chem2001,9, 2501— . .
2510. Figure 1. Previous PNA-based NATPA system.
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therefore a greater rate of release, could be achieved bymodification of nucleic acids and analogues with sensitive
linking the catalyst and ester to the bases via short tethersfunctional groups, such as aryl esters, is best accomplished
and that 5-thiomethyluracil would be an ideal choice for following automated synthesis and deprotection, with chemose-
coupling to a maleimido ester. Herein we describe an eight- lective reactions that can proceed under near neutral condi-
step synthesis of a 5-thiomethyluracil PNA building block tions at ambient temperature. Thiol groups have been
6 (Scheme 1) for Fmoc synthesis from commercially particularly useful in this regard and have been used to link
oligonucleotides to such molecules as biotin and fluorescent
probes as well as to peptides, proteins, and gold partigles.

C5-(Thioalkyl)uridines are particularly useful for both

Scheme 1. Synthesis of the PNA Building Block
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o (tert-butylthio)- o internal and terminal modifications of DNA. Substituents at
1,2-hydrazine- § BrCH,COOE, the C5 position of pyrimidine nucleosides do not interfere
H sH dicarboxylate, 87" K,COs, DMF, . . . . .
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o the ends of DNA. Another advantage of linking to the bases

] s ' ° FmocNH.CH,CH, is that a mpdlflcanon can be mtrodu_c_ed anywhere in a
)\ | S” 4% NaoH, )\ | NHCH,CO,tBu, sequence since the number and position of thiol-bearing
o RN Y o o building blocks can be controlled by oligonucleotide syn-
Kfo 08% g 0 - thesis. While the synthesis of a series of 5-(thioalkyl)uridines

° 84%

3 OEt 4 OH and 5-(thioalkyl)-2'-deoxyuridines has been describtt
preparation of 5-(thioalkyl)uracil PNA building blocks has

? S i s not yet been reported. prmethoxybenzyl-protected 5-thio-
HN)‘j/\S/ >< H’\/bAS/ >< propynyl PNA monomer has been reported, but its incor-

OéJ\N o)\ poration into PNA has ndf. To reduce the conformational
o g”é’f:;c';h o ﬁ) degrees of freedom of the probe and catalyst in the nucleic
— Q acid triggered probe activating system, we decided to

FmocN/\/N\)J\OtBu 90% FmocN/\/N\)LOH synthesize the 5-thiomethyluracil PNA building bloék
1'4 5 H 6 (Scheme 1).

Thiomethyluracil 1 was obtained in three steps from

available 5-hydroxymethyluracil and show how it can be used hydroxymethyluraql acr:ordmg to a known pr_oced&ilre.
to synthesize both the catalytic and probe components of aTreatment _Of 1 with d|.-tert-butyl-l-(tert—butylth|o)-1,2-
DNA-triggered probe-releasing system. We also show that NYdrazine dicarboxylatéin DMF at room temperature for
this C5-linked system is more efficient in releasing hydroxy 12 N gave Stert-butyldithio)methyluracil2 in 91% yield
coumarin than our previous system. and in 51% overall yield from 5-hydroxymethyluracil.
We previously chose peptide nucleic acid (PNA) to Compound has also been synthesized in 58% overall yield
recognize the triggering MmRNA sequence because of ain three steps from'EnydroxymethyIuraciI via the in situ
number of features that make it ideal for in vivo use. PNA preparation of 5-thiomethylurac®.Compound2 was alky-
is a oligonucleotide analogue in which the nucleobases arelated with ethyl bromoacetate in the presence of potassium
linked to anN-(2-aminoethyl)glycine backbone instead of a carbonate in DMF to give est&rin 93% yield. EsteB was
sugar-phosphate backborfePNA has higher affinity for hydrolyzed with 4% NaOH in methanol followed by
complementary RNA sequences than natural ODNs and canacidification to give acidd in 98% yield. EDC-mediated
invade duplex regions, presumably because of its lack of
charge‘i PNA also has_ much higher biological stability than (6) (a) Hyrup, B.; Nielsen, P. EBioorg. Med. Chem1996,4, 5-23.
ODNSs in serum and in celfsFor these reasons, PNA has (b) Nielsen, P. ECurr. Opin. Struct. Biol.1999,9, 353—357. (c) Pooga,
shown great promise for the design of nuclelc acid-targeted 1 (., Sata, T Lange, Usional Eng 200t 17, 153 152
therapeutic agents, probes, and tools, either by itself or whengiol. 2003 7, 734-740. () Nielsen, P. BMol. Biotechnol 2004 26, 233

modified by other molecules, some of which are chemically 248 _ o
itives6 (7) (a) Connolly, B. A.; Rider, PNucleic Acids Resl985,13, 4485—
sensitive: 502. (b) Beaucage, S. L.; lyer, R. Petrahedron1993,49, 1925—1963.
Because of the basic and/or acidic conditions used in (8)h(a()]| Eritjgté R.; Ponsé A, 2Edc»c(ett)r)ceIlei(, M.; Giralt, E.;SAIitielricio, FG
: P ; ; : i~ Tetrahedronl991,47, 4113—4120. Zuckermann, R. N.; Schultz, P. G.
various steps in solid-phase synthesis and final deprotectlon,J. Am. Chem. S04988,110, 6592—6594. (c) Mirkin, C. A.- Letsinger, R.
L.; Mucic, R. C.; Storhoff, J. INature 1996,382, 607—609.

(3) Nielsen, P. E.; Egholm, M.; Berg, R. H.; Buchardt,$ziencel991, (9) (a) Goodwin, J. T.; Glick, G. DTetrahedron Lett1993,34, 5549—
254, 1497-1500. 5552. (b) Sun, S.; Tang, X.-Q.; Merchant, A.; Anjaneyulu, P. S. R.; Piccirilli,
(4) (a) Egholm, M.; Buchardt, O.; Christensen, L.; Behrens, C.; Freier, J. A.J. Org. Chem1996,61, 5708—5709.
S. M,; Driver, D. A; Berg, R. H.; Kim, S. K.; Norden, B.; Nielsen, P. E. (10) Hudson, R. H. E.; Li, G.; Tse, Jetrahedron Lett2002,43, 1381
Nature 1993,365, 566—568. (b) Peffer, N. J.; Hanvey, J. C.; Bisi, J. E.; 1386.
Thomson, S. A.; Hassman, C. F.; Noble, S. A.; Babiss, LPic. Natl. (11) Giner-Sorolla, A.; Medrek, LJ. Med. Chem1966,9, 97—101.
Acad. Sci. U.S.A1993,90, 10648—10652. (12) Wunsch, E.; Moroder, L.; Romani, 8loppe-Seyler's Z. Physiol.
(5) Uhlmann, E.; Peyman, AChem. Rev1990,90, 543—584. Chem.1982,363, 1461—1464.
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coupling of 4 to tert-butyl-N-Fmoc-aminoethylglycinate
afforded5 in 84% yield. Finally, deprotection of theert-
butyl ester with TFA/DCM gave the desired PNA monomer
6 in 90% vyield and in 35% overall yield from 5-hydroxy-
methyluracil.

For the synthesis of the probe compon@r{tcheme 2),
monomer 6 was used to introduce %eft-butyldithio)-
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Scheme 2. Synthesis of the Probe Component
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methyluracil into the carboxy terminus of the 9-mer PXA

by standard solid-phase Fmoc synthesis on an ABI 8909
PNA synthesis machine. Following synthesis, deprotection,

and purification, the disulfide bond of the PNA was reduced
with excess TCEP to giv@ and then incubated with excess
N-maleoylp-valine coumarin estérto give the PNA probe
componen® in 59% vyield.

For the synthesis of the catalytic compon&at(Scheme
3), monomer6 was used to introduce 3eft-butyldithio)-

Scheme 3. Synthesis of the Catalytic Component
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methyluracil into the amino terminus of the 9-mer PNB.
The disulfide bond was reduced with TCEP on the column
and then treated with 4-(2'-chloroethyl)imidaZdln 10%

(13) Thomson, S. A.; Josey, J. A.; Cadilla, R.; Gaul, M. D.; Hassman,
C. F.; Luzzio, M. J.; Pipe, A. J.; Reed, K. L.; Ricca, D. J.; Wiethe, R. W.;
Noble, S. A, Tetrahedron1995,51, 6179—6194.

(14) Zoeteman, M.; Bouwman, E.; de Graaff, R. A. G.; Driessen, W.
L.; Reedijk, J.; Zanello, Pinorg. Chem.1990,29, 3487—3492.
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DIPEA in DMF for 1 day. Final deprotection and cleavage
from the resin, followed by reversed-phase HPLC purifica-
tion, provided PNA11.

To determine the efficiency of fluorescent probe release,
4 uM PNA 9 was incubated with and without 4M PNA
11 and/or the fully complementary templai®ain pH =
7.0 sodium phosphate buffer (Scheme 4). Efficient coumarin

Scheme 4. Kinetic Scheme for DNA-Triggered Coumarin
Release
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release only occurred when the catalytic and probe compo-
nents were in the presence of the complementary DNA
(Figure 2). The system was also found to be sensitive to
mismatches, dropping 23- and 30-fold in rate with a

4+ O 9+11+12a
— - -9+11+12b
9+11+12¢
- 9+11
34 — —9+12a

coumarin released (M)

100 150
time {min)

Figure 2. Kinetics of coumarin release with matched and
mismatched DNA triggers. The prodrug compon@ii M) was
incubated in the presence or absence of the catalytic component
11 (4 uM), fully complementary DNA12aor mismatched DNAs

12b and12cin 10 mM phosphate pH 7 buffer. Coumarin release
was assayed by fluorescence (Ex350 nm, Em= 452 nm).
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mismatch in either the catalyti@ 2b) or probe (20 binding kinetics!® appearing to be fast and substrate concentration
sites of the triggering DNA. dependent during the first turnover (pre-steady-state regime),
As in previous studie¥?the initial rate of DNA triggered but slow and concentration independent during the second
coumarin release exhibited saturation kinetics (Figure 3) turnover (steady-state regime). This type of kinetics is
indicative of a rate-limiting step following coumarin release.
_ Indeed, the rate of coumarin release in the presence of
saturating substrate (8 9) could be fit to the burst equation
[coumarin]= [11-12a}((1 — e kaf) + kyt) from which the
8 uM ~ steady-state rate constang)(was determined to be (6.46
——auwM — - 0.02) x 10°°s! (see the Supporting Information). The value
Lo = e of kz is remarkably similar to that of 6.2 10~° s™* calculated
Z e ’ for the dissociation rate constafi) of an 8-mer PNADNA
. duplex from published daf&.This similarity suggests that
dissociation of the hydrolyzed 9-mer PNA prodd&from
e T the catalytic complex1-12a(ky—13, Scheme 4) is limiting
. L= the turnover rate of the reaction. If so, it should be possible
v to increase the turnover rate by decreasing the length of PNA
: 9 and hence the dissociation rate of its hydrolysis product,
PNA 13. Future studies will be aimed at increasing the
. ; . overall catalytic efficiency of both DNA- and RNA-triggered
0 50 00 10200 2%0 coumarin release by optimizing the length of the substrate
t(min) PNA, and the lengths of the linkers to the ester and imidazole
Figure 3. Kinetics of coumarin release as a function of probe Subunits.
component concentration. The catalytic comporidn2 M) and In conclusion, we have developed an efficient route for
DNA trigger 12a (1 uM) were incubated with probe componéht  the synthesis of a 5-thiomethyluracil PNA monomer for
in 10 mM phosphate pH 7 buffer. Coumarin release was assaVEdsoIid-phase Fmoc synthesis that allows for postsynthetic
by fluorescence (£= 350 nm,Ep = 452 nm). modification of PNA in the major groove. Most importantly,
we have shown that attachment of imidazole and a coumarin
ester to the C5 of uracil substantially increases the efficiency
of DNA-triggered prodrug activation over those systems in
which these groups are attached to the chain terhtih@reby
paving the way to better RNA-triggered systems.
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indicative of reversible binding of substra®eto the DNA
trigger sequence (Scheme 4). A plot of the initial rates as a
function of the concentration &could be fit to a Michaelis-
Menten equation with &, 0f 5.0+ 0.2 x 104stand a

Km of 0.8+ 0.1uM (see the Supporting Information). The  Acknowledgment. This work was supported by the NIH
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The reaction also exhibited catalysis, as evidenced by the
release of more moles of coumarin than the number of moles  (15) Bender, M. L.; Kezdy, F. J.; Wedler, F. C., JrChem. Educl967,
of the catalytic complex1-12ain the presence of excess 4-88.

) i . . ’(16) Kushon, S. A.; Jordan, J. P.; Seifert, J. L.; Nielsen, H.; Nielsen, P.
substrat® (Figure 2). The reaction showed biphasic or burst E.; Armitage, B. A.J. Am. Chem. So@001,123, 10805—10813.
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