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Abstract: A catalytic DNA-templated reaction of hydrolysis of an ester group in an N-modified peptide
nucleic acid, which is activated by a Cu?* complex—PNA, has been discovered and optimized. Both the
ester-containing PNA and the metal complex PNA bind neighboring sites on a template DNA. This brings
the reacting groups (the ester and the Cu?* complex) in proximity to each other and accelerates the
hydrolysis of the ester ~500 times in comparison with its hydrolysis in the absence of the template. The
hydrolysis reaction provides >102-fold kinetic discrimination between DNAs that are different from each
other at a single nucleotide position. Natural enzyme T4 DNA ligase is slightly less selective. On the basis
of this reaction a fully homogeneous and sensitive assay for sequence-specific DNA detection has been
developed (10 fmol DNA). Identification of one of four DNAs (variation at one position) can be done in a
single experiment. Since the Cu?* ion is tightly bound in an associate containing the ester PNA, the metal
complex PNA, and the template DNA, application of this method in buffers containing other Cu?*-binding
ligands, e.g., PCR buffer and physiological buffer, is possible.

Introduction of DNA probes. Sensitivity of this method is further decreased
by slow turnover rates. An alternative strategy has been reported
by Taylor et a* He has described DNA- or RNA-templated
hydrolysis of activated esters in the presence of imidazole
derivatives and DNA-templated Staudinger reaction. An im-
portant advantage of these templated cleavage reactions is that
the problem of product inhibition is much less pronounced, since

affinities of products and substrates to the template DNA are

Sequence-specific detection of nucleic acids is a crucial
research aspect in biological sciences and is becoming increas:
ingly important in diagnostics and genomicSince the amount
of nucleic acids in biological samples is limited, a hybridization
event is usually used as a trigger of some catalytic reactions to
amplify a nucleic acid target. Practically important homogeneous
catalytic assays, which are triggered by hybridization between 8 o )

a probe and a nucleic acid target, include, for example, not_very different. Therefort_a, sensitivity of DNA detection can
polymerase chain reaction (PCR), Invader assay, ligase chain’€ IMProved due to catalytic tumover.
We have recently communicated a DNA-templated reaction

reaction (LCR), strand displacement amplification (SDA), and . ty € ; a _
rolling cycle amplification (RSA}Y. In all of them enzyme-  ©f hydrolysis of picolinate ester (S) in an N-modified peptide

catalyzed reactions are used, since they have quick turnover.
rates and are highly processive. Although they are quite useful,

(2) Reviews: (a) Summerer, D.; Marx, Angew. Chem2002 114, 93—95.

the enzymatic methods have several limitations. In particular,
enzymes are often inefficient with short probes, for which the

highest sequence specificity is achieved, they do not recognize
non-natural or heavily modified probes, and enzyme-based
assays are unlikely to be used in vivo, because of difficulties

of enzyme delivery into cells.

Some recent studies have been devoted to coupling a
hybridization event with nonenzymatic reactions in an attempt
to develop methods lacking the mentioned drawbd&cksr
example, Kool et al. have described phosphothioaidide
DNA ligation on template DNAs and RNA%This reaction is
more specific in terms of sequence fidelity than analogous (3
enzymatic ligation catalyzed by T4 DNA ligase. However, since
it is strongly inhibited by its products, catalytic turnovers can

be achieved only in the presence of enormous excesésdglt) 4

(1) Schweitzer, B.; Kingsmore, £urr. Opin. Biotech2001, 12, 21-27.

10.1021/ja0503332 CCC: $30.25 © 2005 American Chemical Society

b) Gat, Y.; Lynn, D. GTemplated Org. Synt200Q 133-157. (c) Gat,

Y.; Lynn, D. G. Biopolymers1998 48 (1), 19-28. Product inhibition in
templated reactions: (d) Ye, J.; Gat, Y.; Lynn, D.Agew. Chen00Q

112 3787-3789. (e) Luo, P.; Leitzel, J. C.; Zhan, Zh.-Y. J.; Lynn, D. G.
J. Am. Chem. S0d.998 120, 3019-3031. (f) Zhan, Zh.-Y. J.; Lynn, D.

G. J. Am. Chem. S0d.997 119 12420-12421. Templated reactions in
organic synthesis (selected references): (g) Kanan, M. W.; Rozenman, M.
M.; Sukurai, K.; Snyder, T. M.; Liu, D. RNature 2004 431, 545-549.

(h) Gartner, Z. J.; Tse, B. N.; Grubina, R.; Doyon, J. B.; Snyder, T. M.;
Liu, D. R. Science2004 305, 1601-1605. Template-directed synthesis of
metallosalen conjugates (selected references): (i) Czlapinski, J. L.; Shep-
pard, T. L. ChemBioChen2004 5 (1), 127-129. (j) Czlapinski, J. L.;
Sheppard, T. LJ. Am. Chem. So2001, 123 8618-8619. Templated
reactions in self-replicating systems (selected references): (k) Orgel, L.-
E. Acc. Chem. Red.995 28, 109-118. (I) Bag, B. G.; von Kiedrowski,

G. Pure Appl. Chem.1996 68 (11), 2145-2152. Template-inhibited
reactions: (m) Boll, I.; Kraemer, R.; Mokhir, Bioorg. Med. Chem. Lett.
2005 15 (3), 505-509.

(a) Xu, Y.; Karalkar, N. B.; Kool, E. TNat. Biotech2001, 19, 148-152.

(b) Sando, S.; Kool, E. TJ. Am. Chem. So2002 124 (10), 2096-2097.

(c) Abe, H.; Kool, E. T.J. Am. Chem. So2004 126, 13980-13986. (d)
Sando, S.; Abe, H.; Kool, E. T. Am. Chem. So2004 126, 1081-1087.

(a) Mar, Zh.; Taylor, J.-SProc. Natl. Acad. Sci. U.S.A200Q 9 (21),
11159-11163. (b) Ma, Zh.; Taylor, J.-Bioconj. Chem2003 14, 679

683. (c) Cai, J.; Li, X.; Yue, X.; Taylor, J.-Sl. Am. Chem. So@004
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Template offer additional sensitivity due to catalytic turnover, have not
DNA ; ;
et been applied for DNA analysis.
A PNA-LCu y PP Y
N, 9 Results and Discussion
O linker-PNA Synthesis.The structure of the linker between the picolinate
fragment and the PNA N-terminus affects the rate of S-linker-
PNALCu PNA hydrolysis in the DNA-templated reaction. In our previous
communication four- and two-atom linkers have been stutlied.
C”>\_</° To test a system with the ester fragment directly attached to
OH the PNA terminus (no linker), we have synthesized a PNA that
* has an alcohol group in place of the N-terminal amino group,
HO-linker-PNA PNA 5 (Scheme 1). Synthesis has been started from the

S-linker-PNA

Figure 1. Suggested structure of a complex S/CuL formed upon mixing
S-linker-PNA, PNA-LCu, and a template DNA, which is responsible for

activation of the ester group (S) toward hydrolysis. DNA-templated ester
hydrolysis catalyzed by the €ticomplex is shown in inset A.

nucleic acid (S-linker-PNA) by a Cti complex-PNA (PNA-
LCu, Figure 1y

Metal catalysis is generally more efficient and more versatile
than organocatalysis. PNA is a neutral DNA analogue, which
binds nucleic acids strongly and sequence specifi€aBpth
the S-linker-PNA and the PNA-LCu bind neighboring sites on
a template DNA, which brings the reacting groups (S and LCu)
in proximity to each other and accelerates the hydrolysis of the

preparation of PNA2 using a standard solid phase synthesis
protocol. Then the N-terminus of PNAhas been reacted with
bromoacetyl bromide to attach a bromoalkyl group, which was
further aminated using aminoethanol. The resulting alkylamino
alcohol (PNA4) has been O- and N-acylated byNtthymine-
acetic acid, which was preactivated by a HBTU, HOBT, DIEA
mixture1® The O-acyl group of the diacylated product has been
selectively hydrolyzed using concentrated aqueous fdidive
PNA 5, >90% vyield over steps -bd starting from PNAZ2.
Coupling of picolinic acid, which was activated by DIC,
cleavage, deprotection of the resulting conjugate using a TFA/
m-cresol mixture, and final HPLC purification has afforded a
PNA with the ester group directly attached to the modified PNA
terminus (PNA$a and6b). Additionally, the picolyl fragment

of previously reported conjugaté2 and13 has been substituted
for a 1N-methyl-2-imidazolyl fragment to test whether donor
properties of the Ci anchoring group affect the rate of the
templated ester hydrolysis. These derivatives (PNAELab)
have been synthesized by acylation of HO-linker-PNsAand

substrate ester (S). We have found that shortening the length10using DIC-activated N-methyl-2-imidazolylcarboxylic acid

of the linker between the ester group and the PNA fragment
from four to two atoms accelerates templated hydrolysis
significantly. In this paper we present results of further variation
of the S-linker-PNA structure. In particular, direct conjugation
of ester groups to PNA (no linker) and substitution of?Gu
anchoring group (2-pyridyl, S) for a stronger Cinder (-
methyl-2-imidazolyl}y have been studied. The latter modification
could lead to stabilization of the complex S/CuL, which is
responsible for catalytic ester hydrolysis, and acceleration of
the templated hydrolysis reaction (Figure 1). A MALDI-TOF

(Schemes 1, 2). The obtained conjugates have been cleaved from
the solid support and deprotected using a TRA&fesol mixture
and finally purified by HPLC.

Optimization of the Templated Hydrolysis Reaction.Some
transition metal ions are known to accelerate hydrolysis of esters
containing metal-anchoring donor groups, e.g., picolinic and
amino acid esters.-We have tested DNA-templated hydrolysis
of PNA 12 (1 uM) by M?*-PNA 14a(1 uM) at pH 7 (MOPS
10 mM, NaCl 50 mM) in the presence of different metal ions
(1 uM): M2t = Ci2* (CuSQ), Niz+ (NiSQy), Zr?* (ZnCly),

mass spectrometric assay for indirect DNA analysis has beenand Pd" (Pd(Q:CCHs),). Except for Z&™, all listed ions are

developed based on templated hydrolysis of the optimized
S-linker-PNAs. MALDI-TOF mass spectrometry is an accurate,
sensitive, and rapid method of analysis, which allows multiplex-
ing and can be used in high-throughput genotygilige indirect
DNA analysis via mass spectrometric detection of PNA rather
than DNA probes has two important advantages: a higher
sensitivity and the possibility of analysis of samples in biological
buffers containing usually high concentrations of metal ion salts.
Methods of DNA analysis using either PNADNA binding or
stoichiometric DNA-templated reactions of PNA probhave
been reported. Catalytic reactions of PNA probes, which could

(5) Brunner, J.; Mokhir, A.; Kraemer, Rl. Am. Chem. SoQ003 125 (41),
12410-12411.

(6) Peptide Nucleic AcidsProtocols and ApplicationNielsen, P. E., Egholm,
M., Eds.; Horizon Scientific Press: Norfolk, 1999.

(7) log(Ksormatio Cu—pyridine)) = 2.6: Ambrose, J.; Covington, A.; Thirsk,
H. Trans. Faraday Socl197Q 65, 1897. logKformatiod Cu—N-methyl-
imidazole))= 4.2: Agafonova, A.; Agafonov, IZh. Phys. Khim1954
27, 1137.
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expected to form stable complexes with Pllli#aat micromolar
concentration, since at these conditions the correspondfrig M
PNA 14a complexes can be detected by MALDI-TOF mass

(8) Reviews: (a) Tost, J.; Gut, |. @dv. Mass Spec2004 16, 123-143. (b)
Tost, J.; Gut, . GMass Spectrom. Re2002 21, 388-418. (c) Lechner,
D.; Lathrop, G. M.; Gut, I. GCurr. Opin. Chem. Biol2001, 6, 31—38.
(d) Bray, M. S.; Boerwinkle, E.; Doris, P. AHuman Mutat.2001, 17,
296-304. Recent applications of MALDI-TOF mass spectrometry in
detection of DNA sequences: (e) van den Boom, D.; Beaulieu, M.; Oeth,
P.; Roth, R.; Honisch, C.; Nelson, M. R.; Jurinke, C.; Cantor)r&. J.
Mass Spec2004 238(2), 173-188. (f) Powell, N.; Dudley, E.; Morishita,
M.; Bogdanova, T.; Tronko, M.; Thomas, QRapid Commun. Mass
Spectrom2004 18 (19), 2249-2254. (g) Mengel-Jorgensen, J.; Sanchez,
J. J.; Borsting, C.; Kirpekar, F.; Morling, NAnal. Chem2004 76 (20),
6039-6045. (h) Nelson, M. R.; Marnellos, G.; Kammerer, S.; Hoyal, C.
R.; Shi, M. M.; Cantor, C. R.; Braun, AGenome Re2004 14 (8), 1664-
1668. (i) Ren, B.; Zhou, J.-M.; Komiyama, NNucleic Acids Re2004
32 (4), e42/-e42/9.

(9) (a) Ross, P. L.; Lee, K.; Belgrader, Rnal. Chem1997, 69, 4197-4202.
(b) Mattes, A.; Seitz, OAngew. Chem., Int. EQ2001, 40 (17), 3178
3181. (c) Ficht, S.; Mattes, A.; Seitz, . Am. Chem. SoQ004 126
9970-9981.

(10) Mokhir, A.; Kraemer, RBioconj. Chem2003 14 (5), 877-883.

(11) Fife, T. H.; Przystas, T. J. Am. Chem. S0d.985 107, 1041-1047.
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Scheme 1. Synthesis of Peptide Nucleic Acids Modified with Scheme 2. Synthesis of Peptide Nucleic Acids Modified with
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methyl-2-imidazolyl carboxylic acid, DIC, DMAP, 2. TFAm-cresol.

a(a), (f) PNA synthesis; (b) BrCC(O)Br, DIEA; (c) HO(CH)2NHa,
DIEA; (d) 1. 1-N-thymineacetic acid, HBTU, HOBT, DIEA, 2. N¢aq;
(e) 1. picolinic acid, DIC, DMAP, 2. TFAm-cresol; (g) 1. CDI, 2.
HO(CH,),OH, NaH; (h) 1. 1N-methyl-2-imidazolyl carboxylic acid, DIC,
DMAP, 2. TFA, m-cresol.

0.6 ]

0.3
spectrometry. PNA probes, complementary DNA, buffer, and

metal ions were incubated at room temperature for 60 min, 120
min, and 24 h before analysis. 6.0 9

Zn?" and Pd" do not substantially accelerate DNA-templated 0 100 200
hydrolysis of PNA12 in comparison with its hydrolysis in the Time (min)
absence of the template, while %‘:Lan_d NP* provide consider- g 2 Hydrolysis of PNAGa (5 «M) by CL2*-PNA 14a(1 «M) in the
able acceleration, with the former ion beirglO times more presence (filled squares) and absence (open diamonds) of IBNBuM).
active. Moreover, background hydrolysis was found to be 10 mM MOPS pH 7, NaCl 50 mM. DNA sequences and numbering are
considerably faster in the presence ofNiwhich probably ~ 9iven in Scheme 3.
reflects lower binding affinity of Ni* toward PNA 14a 2). Ratios of catalyzed to background hydrolysis ratsa{
Therefore, all further experiments have been conducted with \jguncay of PNA 6a (no linker between ester group and PNA)
Cw?* ions. At room temperature Ctrpromoted templated  and PNA12 (four-atom linker) are similar to each other and
hydrolysis is very slow, producing 5% of the product in 24 smaller thanVcayVguneatfound for PNA 13 (two-atom linker)
h. The optimal temperature of this reaction was found to be (Table 1). Additionally, melting points of duplexés/15 and
around 35°C. At these conditions templated hydrolysis of 12/15 are 3.5-7.1 °C smaller than that o315 (Table 1).
picolinic esters is fast, while background nontemplated hydroly- However, thesel,,’s are still >12 °C above the temperature
sis is still very slow. Moreover, the presencet60 mM NacCl used for the templated hydrolysis reaction, which indicates that
is required to achieve sufficient rate of exchange of the the duplexes are fully formed at these conditions. It is known
hydrolysis product for the intact S-linker-PNA. In the absence that motions of molecular fragments within helical structures
of NacCl this reaction is strongly inhibited by its products, become more pronounced at temperatures close to melting
presumably due to the slow exchange. points. This effect is especially strong at duplex termini. Such

Cleavage of S-linker-PNAs by the PNA-LCu is strongly motions destabilize the structure of the S/CuL complex formed
accelerated by catalytic amounts of a DNA template (Figure on DNA templates and, therefore, are expected to decrease the

Ester conversion

J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005 7851
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Table 1. Optimization of Signal-to-Background Ratio for DNA-Triggered Ester—PNA Hydrolysis

S-linker-PNA/PNA-LCu/DNA anchor? linker Vgeat] \fguncat b T (°C)°
11a-C/Cu-14a/15 Im —CH,C(O)— 487 55.0+ 1.4
9a/Cu-14a/15 Im —(CHy),0C(O)- 145 51.2+ 15
6a/Cu-14a/15 Py none 118 47+ 1.3
6b/Cu-14a/27 Py none 112 64.4 0.4
6b/Cu-14a/28 Py none 84
6b/Cu-14a/29 Py none 42
6b/Cu-14a/30 Py none 42
6b/Cu-14a/31 Py none 1
13/Cu-14a/15 Py —CH,C(O)— 483¢f5 542+ 1.6
12/Cu-14a/15 Py —(CHy)2,0C(0)— 150¢f5 50.7¢f5

aAnchors: Im,N-methyl-2-imidazolyl. Py, 2-pyridyl® Initial rates have been used in the calculation/g®¥Vo "eatvalues; standard deviations of these
values are less thah10%. ¢ [S-linker-PNA] = [PNA-LCu] = [DNA] = 2 uM, 10 mM MOPS pH 7, NaCl 50 mM. PNA and DNA sequences and numbering
are given in Schemes-13.

Scheme 3. Sequences and Numbering of DNAs mismatcht? Potentially it should be possible to achieve the
DNA 15: TAGTTGTGATCCATCC single mismatch discrimination equal V'@ values
DNA 16: TAGTTATGATCCATCC depending on the mismatch position. This would correspond to

DNA 17: TAGTTITGATCCATCC
DNA 18: TAGTTCTGATCCATCC
DNA 19: AGTGCCGAGTCCATCC

the situation when all mismatched DNA is not bound to its target
PNA, while all complementary DNA is bound. We have

DNA 20: AGTGCCAAGTCCATCC demonstrated that such selectivity can be achieved in the
DNA 21: AGTGCCTAGTCCATCC templated metal-catalyzed reaction by variation of the mismatch
DNA 22: AGTGCCCAGTCCATCC position in the template DNA. Hydrolysis of PNBb in the

DNA 23: TAGTTGTGAGGGGAGGAAA presence of DNA®28—31 containing single mismatches in
DNA 24: TAGTTATGAGGGGAGGAAA different positions has been conducted (Table 1). The most
DNA 25: TAGTTITGAGGGGAGGAAA duplex-destabilizing mutation in DNA7, A18—C18, was found
DNA 26: TAGTTCTGAGGGGAGGAAA - . .
DNA 27: TAGTTGTGATTAGGTCCATCC to be positioned opposite the PNA-LCu, and the corresponding
DNA 28: TAGTTTTGATTAGGTCCATCC mutated DNA 31 does not act at all as a template in the
DNA 29: TAGTTGTTATTAGGTCCATCC hydrolysis of PNA6b (VocalVginea= 1). This corresponds to a
DNA 30: TAGTTGTGATGAGGTCCATCC 112-fold single mismatch discrimination. Natural enzyme T4
DNA 31: TAGTTGTGATTAGGTCCCTCC DNA ligase reaches 2dold discrimination at optimal condi-

] ) _tions®and more selectivéth ligase fromThermus thermophilus
rate of the templated hydrolysis reaction. Due to lower melting 1 .fold.24 In chemical ligations of DNA probes on nucleic

points, the mentioned destabilization is expected to be strongergcig templates-10%-fold discrimination of single mismatches
for duplexesa/15 and12/15. Another reason for the observed  pas peen achievédwhile ligations of PNA probes provide

differences invo®Vg'"*avalues may be that the two-atom linker .1 2_fold discrimination2

of PNA 13 is optimally suited for formation o.f the S/CuL. The DNA-templated hydrolysis reaction may be potentially
complex on the DNA template, whereas this complex is jnnibited by additional C& binding ligands, which compete
destabilized in case of the longer linker of PN due to  yth the ester substrate for free sites of the metal ion. This could
entropy loss and in case of the shorter linker of Pé&due to become a significant limitation of metal complex based methods
enthalpy lossTr, of the6a/15 duplex can be tuned by choosing o getection of unpurified nucleic acids, which were obtained
another PNA sequence. We have selected a 14-mer PNA, PNAyy pCR o directly from biological samples. Such samples may
6b, to achieve a substantial increasefgfof the corresponding  contain nucleotide triphosphate, phosphate, and chloride anions,
PNA/DNA duplex,+17.3°C (Table 1). Surprisingly, the rates 4| of which bind and inhibit catalytic activity of Ctr when

of templated hydrolysis of PN&b and shorter PN/Ga have present at high concentrations. Additionally, high concentration
been found to be practically the same (Table 1). This suggestsyt sodium and potassium ions in the mentioned media may
that the linker in the S-linker-PNA affects the templated nhinder direct analysis of probes by mass spectrometry. There-
hydrolysis reaction directly via stabilization/destabilization of fore, a prepurification step is usually used in known methods
the complex S/CuL rather than indirectly via stabilization/ 4 mass spectrometric detection of DNAS15Surprisingly, the
destabilization of S-linker-PNA/DNA duplexes. A substitution DNA-templated ester hydrolysis reaction reported here does

of the 2-pyridyl fragment in PNAL2 and 13 for the N-methyl- work in a typical PCR buffer (buffer B, Experimental Section)
2-imidazolyl fragment (PNAS, 11a 11b) does_ not significantly as well as in a physiological buffer (buffer C, Experimental
alter the rates of the DNA-templated reaction. Section). This may be attributed to the exceptionally high

_In our preliminary communication we have reported that a giapjlity of the complex S/CuL, which is probably a result of
single mismatch within duplexei/15and14a@15reduces the  the preorganization of the corresponding ligands on a DNA
initial cleavage rate #15-fold, which is significantly worse than template (Figure 1). This is in agreement with the fact that the

the difference between hydrolysis in the presence and absencgyNa-templated reaction is not substantially inhibited by up to
of the templateVo°/Vpuneat> 1005 This indicates that at least

some part of the mismatched DNAs bind the catalyst and the Eg

Igloi, G. L. Proc. Natl. Acad. Sci. U.S.A.998 95, 8562-8567.
Wu, D. Y.; Wallace, R. BGenel1989 76, 245-254.

substrate. Though a single mismatch in PNA/DNA duplexes (14) Luo, J.; Bergstrom, D. E.; Barany, Rucleic Acids Res1996 24, 3071~
i ; i 3078.
leads usua”y to a Slgmflcam decrease of their Stab”'ty’ the (15) Stoerker, J.; Mayo, J. D.; Tetzlaff, C. N.; Sarracino, D. A.; Schwope, I.;

magnitude of this effect is dependent on the position of the Richert, C.Nat. Biotech200Q 18, 1213-1216, and references therein.

= o

7852 J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005



Templated Metal Catalysis for DNA Detection ARTICLES

1 alcohols
T
1 c—) | |
C ifXx=G —_—
,.rJ o+ S'J + 7 | esters
S I_,-l
T . '
S r"l v Cu Cu s j C 4
1 ! ;
S 4 % % G I
S
r‘J r"‘l (~: A G \RIE]
S G [ | | |
: S T ‘ (1
i'r‘I Vi VoL # I I 1
5 v B L WY L
& /{quick L
< slow

Cu®”
|

—

l
P i

Figure 4. MALDI-TOF mass spectra of a mixture of S-linker-PNAga-

C, -T, -A, -G (each 5uM) and the catalyst Ci-PNA 14a (1 uM) with

(orange spectrum) and without (black spectrum) template DRAL xM)

taken 60 min after component mixing. During the hydrolysis reaction the
v S-linker-PNAs (peaks in MS are labeled ‘esters’) are transformed to alcohols

Figure 3. Application of DNA-templated ester hydrolysis in sequence- (peaks are labeled ‘alcohols’). 10 mM MOPS, pH 7, NaCl 50 mM. PNA

o
—Cy

specific DNA detection. Compounds-1V: S-linker-PNAs, which differ and DNA sequences and numbering are given in Schemés 1
from one another at a single position in a PNA strand (C, T, A, or G
nucleaobase); an ester group is marked Bignd the PNA strand is shown Among all studied S-linker-PNAs the best selectivigey

as a stick. Associat¥ is a duplex between a template DNA (shown as a uncat ; . .
stick with X, which represents an unknown nucleotide) and a PNA-Lcu Vo""®®) in the templated hydrolysis reaction has been observed

(catalyst). The template is complementary to only one of four PNAY . for PNA 11a-C which contains anN-methyl-2-imidazolyl

The complementary PNA forms associate with V (shown on example fragment attached to the N-terminus of PNA via the two-atom

of PNAI), in which the esterS) is activated due to coordination to &ul. linker. This PNA . t dit | h b furth

and is quickly hydrolyzed by water. InKer. ! IS conjugate a}n IS analogues aye een U.I' er
tested in mass spectrometric assays. In the typical experiment

2 equiv of the hydrolysis products, picolinic acid axanethyl- a mixture of four S-linker-PNAsI 1V, Figure 3), which differ
2-imidazolylcarboxylic acid (Figure 2), which have considerably from one another at a single position in a PNA strand (C, T, A,
higher affinity toward C&* than their esters do. Moreover, ©f G nugleobase), was allowed to react with catalytic amounts
substitution of the 2-pyridyl fragment for the stronger?cu  (0-2 equiv) of associate. The latter is a duplex between the
binder,N-methyl-2-imidazolyl fragment,in the substrate ester ~PNA-LCu and a DNA template and is complementary to one
does not alter the rate of the templated ester hydrolysis. This Of the S-linker-PNAs. This complementary S-linker-PNA binds
may indicate that Cif is already fully bound in the associate the associat¥/, forming V1, and its ester group is hydrolyzed
VI (Figure 3) containing the picolyl estePNA at concentra- ~ due to intramolecular activation by the Sucomplex of the
tions used for the assays. PNA-LCu. The mismatched S-linker-PNAs are hydrolyzed more
MALDI-TOF Mass Spectrometric Assay for Detection of slowly due to less efficient intermolecular activation by théCu
Single Nucleotide Variations in DNA. MALDI-TOF mass complex. On the basis of these different reactivities one can
spectrometry is a highly sensitive and mild method of analysis 'dentify a sequence of the analyte (template) DNA.
of short DNA and PNA probes. A time-of-flight (TOF) detector _ MALDI-TOF mass spectra of mixtures containing four
provides excellent resolution. Monocharged ions are usually Sinker-PNAs11a-G, -T, -A, -G, and the catalyst Ci-PNA
detected, while peaks corresponding to doubly charged speciest4aWwith and without DNALG, which is complementary to PNA
as well as gas phase monocharged dimers have very lowl1aT, are shown in Figure 4. These spectra were acquired 60
intensity. Therefore, each component of the mixture gives Min after mixing the mentioned components. As expected PNA
practically a single peak in the mass spectidim contrast, in 11a-Tis cleaved significantly faster than the other PNAs in
ESI mass spectra one can detect several charged forms per singi€ Presence of the template, while all substrates are cleaved at
compound. MALDI-TOF mass spectrometry has been recently & similar rate in the absence of the template. When other
applied in quantitative analysis of DN, PNAS and antibiot-  témplate DNAs 15, 17, 18) are used in place of DNAG, the
ics18 These factors make MALDI-TOF mass spectrometry a cOrresponding complementary PNAs are cleaved preferentially.
method of choice for analysis of complicated mixtures. This assay could be repoduced with other S-linker-PNitb
C,-T,-A, -G) and corresponding DNA templat&8—22, which
(16) (a) Crain, P. F.; McCloskey, J. &urr. Opin. Biotechn1998 9, 25-34. suggests its generality. It should be noted that the PNA sequence

an ((g)) Eﬂﬁ%‘faﬂpj;agfﬁiv yggggycglfns“&e?r?t}egiz é?f’%?ﬁ%ém, in the PNA-LCu conjugate seems to be unimportant as long as

Biol. 1997, 4, 63—77. (b) Sarracino, D.; Richert, ®ioorg. Med. Chem. the conjugate fully binds the template DNA. In particular,

Lett. 1996 6, 2543-2548. ; ; ; ;
(18) Ling, Y. C.; Lin, L.; Chen, Y. TRapid Comm. Mass Spectrot998 12 hydrolysis of PNA 11a mixture by C&'-PNA 14b in the
(6), 317-327. presence of any of DNA templat&3—26 is as efficient and
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Figure 5. Relative amounts (in %) of individual S-linker-PNAda-C,

-T, -A, -G in their mixture. Initially an equimolar mixture of S-linker-
PNAs (5uM) is present, which corresponds to 25% of each PNA at time
= 0. The mixture also contains the catalystG&PNA 14a(1 uM) and the
template DNA16 (1 M), MOPS 10 mM pH 7, NaCl 50 mM. Filled
diamond: 11a-C open squares:1la-T, filled triangles: 11a-A, filled
squares:11a-G. PNA and DNA sequences and numbering are given in
Schemes 13.
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Figure 6. Relative amounts (in %) of individual S-linker-PNAda-C

-T, -A, -G in their mixture. Initially an equimolar mixture of S-linker-
PNAs (5uM) is present, which corresponds to 25% of each PNA at time
= 0. The mixture also contains the catalyst?G®NA 14a (1 uM) and
MOPS 10 mM pH 7, NaCl 50 mM. Filled diamond:1a-C, open squares:
11a-T, filled triangles: 11a-A filled squares:11a-G PNA sequences and
numbering are given in Schemes 3.

selective as that by Ct-PNA 14ain the presence of any of
DNAs 15-18. We have determined changes in relative con-
centrations of S-linker-PNA41a-C -T, -A, -G during the

Boll et al.
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Figure 7. MALDI-TOF mass spectra of a mixture of S-linker-PNAga-
C, -T, -A, -G (each 5uM) and the catalyst Ci-PNA 14a (1 uM) with
(orange) and without (black spectrum) the template DIMNX1 M) taken
60 min after component mixing. 10 mM MOPS pH 7, NaCl 50 mM.
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Figure 8. MALDI-TOF mass spectra of mixtures of S-linker-PNA%a—

C, -T, -A, -G (5 equiv each), Cir-PNA 14a (1 equiv), and different
amounts of DNA15 (A: no DNA, B: 1 pmol, C: 100 fmol, D: 10 fmol)
acquired correspondingly 0, 1, 5,&8 h after component mixing. 10 mM
MOPS pH 7, NaCl 50 mM. PNA and DNA sequences and numbering are
given in Schemes-13.

LCu (Figure 8). Even in the presence of only 10 fmol of analyte
DNA the highest intensity peak in the region of the spectrum,
where products appear, corresponds to the product of hydrolysis
of the S-linker-PNA complementary to the analyte DNA.

In reported methods of indirect analysis of DNA sequences
based on detection of PNA probes by MALDI-TOF mass
spectrometry sensitivity is mainly defined by the instrument

templated ester hydrolysis using areas of the correspondingintrinsic sensitivity as well as efficiency of the analyte recovery

peaks in the mass spectra. Templated hydrolysis of RR&T

after prepurification step(s). PNADNA binding as well as

is complete after 4 h, which corresponds to 5 turnovers (Figure stoichiometric reactions of PNA probes have been used in such

5). As expected in the absence of any template DNA, relative assays. Sensitivity of DNA detection by these methods has been
amounts of the S-linker-PNAs are almost constant over first 4 reported not to exceed 0.5 pmol of DNA, which is less than

h of hydrolysis, except that a slight decrease of the ANA-G
amount is observed (Figure 6). The latter effect is due to
precipitation of the mentioned PNA.

In dilute solutions the time of the templated hydrolysis
reaction increases and, therefore, precipitation of PNA-G
becomes a serious problem. However, DNA detection is still
possible by analysis of intensities of products of the hydrolysis
reaction, since they are more soluble in water (Figure 7).
Sensitivity of the DNA-templated hydrolysis reaction in DNA

the sensitivity of MALDI-TOF mass spectrometry at optimal
conditions? This can probably be explained by the analyte loss
during its purification before analysis. The analysis method
reported here combines high sensitivity of MALDI-TOF mass
spectrometry in PNA detection and signal amplification due to
catalytic turnover. PNA is analyzed directly from reaction
mixtures without prepurification to minimize PNA losses, which
is an important advantage, since PNA tends to bind to surfaces
of reaction vials, HPLC columns, etc. This is the first assay for

detection has been tested using decreasing concentrations of thBNA detection in which metal complex catalyzed reaction is

analyte DNA, the corresponding S-linker-PNA, and the PNA-

7854 J. AM. CHEM. SOC. = VOL. 127, NO. 21, 2005
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One can envision that application of other more efficient metal ~ Aminoethanol (224L, 350 umol) and DIEA (61.3uL, 350 umol)
catalyst-substrate pairs may shorten analysis time and, poten-were dissolved in DMF (1 mL) and added to PI8Aesin. After 24 h
tially, increase catalysis turnover. mixing at 22°C the resin was worked up and analyzed analogously to
the protocol used for PNA3 synthesis. Starting material was not
detected, while aminated PNA appeared at 2631.7, calcd for
Ci06H14N55026 [M + H]* 2634.6.

1-Thymineacetic acid (37 mg, 2@@nol), HBTU (68 mg, 18Q:mol),

Conclusions

The DNA-templated hydrolysis of an ester in a substrate PNA
catalyzed by a Ci complex of a catalyst PNA has been and HOBT (28 mg, 200umol) were dried at 0.01 mbar for 30 min,
optimized. This reaction provides100-fold kinetic discrimina- then dissolved in DMF (1 mL), and mixed with DIEA (76., 400
tion between DNAs that are different from each other at a single umol). A slightly darkened solution was added to the PMAesin,
nucleotide position. Natural enzyme T4 DNA ligase is slightly and the resulting suspension was mixed for 60 min &tQ2After this
less selective. On the basis of this reaction a fully homogeneous the resin was worked up and analyzed analogously to the protocol used
Sens|tlve assay for Sequence_speC|f|C DNA detectlon has beeﬁ(or PNA 3 SyntheSiS. Starting material was not detected, while O,N'
developed (10 fmol DNA). Identification of one of four DNAs ~ diacylated PNA product appeared at 2964.2, calcd f@gHGsNssOss
(variation at one position) can be done in a single experiment, [M + HI" 2967.9. The product obtained was treated with aqueous
Since the C&" ion is tightly bound in an associate containing ammonia (25%) for 24 h, worked up, and analyzed in a standard way.
the substrate PNA, the catalyst PNA, and the template DNA Starting material was not detected, while deprotected .B Nppeargd

. L . ! L ' at 2800.3, calcd for GH14gNs7034 [M + H]* 2801.8. Picolinic acid
application of this method in buffers containing other?Gu

FE - . . . (25 mg, 200umol) and HOBT (28 mg, 20@mol) were dried for 30
b'nd'%ﬁl ligands, e.g., PCR buffer and physiological buffer, is in at 0.01 mbar, dissolved in DMF (1 mL), and mixed first with DIC
possible.

(31 uL, 200 umol) and then with DMAP (1.2 mg, 1@mol). After
complete DMAP dissolution the resulting solution was added to PNA
5 resin, which was dried for 24 h at 0.01 mbar. The suspension was
mixed far 3 h at 22°C and worked up in a standard way. The PRA
obtained was cleaved from the solid support and deprotected using a
TFA/m-cresol mixture (4:1, v/v, 15@L), precipitated by addition of
10 volumes of diethyl ether, filtered, washed with diethyl ethex (2
mL), dried, dissolved in water, and purified by HPLC. Pl§& HPLC
tr = 26.0 min. Yield: 2.9%. MALDI-TOF MS: calcd for GH1sd\s0s2
[M + H]* 2905.9, found 2903.7. PNBb was synthesized analogously.
HPLC tg = 29.7 min. Yield: 3.5%. MALDI-TOF MS: calcd for
C172H278Ng6046 [M + H]Jr 4225.1, found 4225.0.

PNA 9. N-Methyl-2-imidazolylcarboxylic acid (25 mg, 20@mol)
and HOBT (28 mg, 20@tmol) were dried for 30 min at 0.01 mbar,

Experimental Section

The best commercially available chemicals from Acros (Geel,
Belgium), Aldrich/Sigma/Fluka (Deisenhofen, Germany), Advanced
Chemtech (Louisville, KY), and Novabiochem'(ifltingen, Switzer-
land) were obtained and used without purification. HPLC-purified DNA
was obtained from Metabion. Buffers used for templated reactions:
buffer A, MOPS 10 mM, pH 7 and NaCl 50 mM; buffer B, ATP 200
uM, MgCl; 1.5 mM, KCI 50 mM; buffer C, phosphate buffer 10 mM,
pH 7, NaCl 150 mM.

The reagents for PNA synthesis were obtained from PerSeptive
Biosystems (Hamburg, Germany). MALDI-TOF mass spectra were
recorded on a Bruker BIFLEX IIl spectrometer. The solution of 3,5-
dimethoxy-4-hydroxycinnamic acid (27 mM in TFA 1%/GEN 33.9%/ dissolved in DMF (1 mL), and mixed first with DIC (3L, 200xmol)
MeOH 33%/H0 33%) was used as a matrix for MALDI-TOF analysis and then with DMAP (1.2 mg, 1@mol). After complete DMAP
of the PNA conjugates. Samples for mass spectrometry were preparecfjissolution the resulting solution was added to P8lAesin obtained
on a Bruker MAP Il probe preparation station using a dried droplet in accordance with the reported proto€dthe suspension was mixed
method with 1:2 probe/matrix ratio for water and water{CN for 3 h at 22°C and worked up in a standard way. The PBldbtained
solutions (HPLC fractions) and a 1:20 ratio for TRAtresol (4:1) was cleaved from the solid support and deprotected usingniefésol
solutions. Mass accuracy with external calibration was 0.1% of the (4:1, v/v, 150ul), precipitated by addition of 10 volumes of diethyl

peak mass, i.e4£3.0 atm/z 3000. Preparative and analytical HPLC
was performed at 4%C on a Shimadzu liquid chromatograph equipped
with UV —vis detector, column oven, and Advantec SF-2100W fraction

ether, filtered, washed with diethyl ether 22 mL), dried, redissolved
in water, and purified by HPLC. PNA%lab were obtained analo-
gously, except that in the synthesis of the latter compounds POA

bound to the resin was used in place of PRAPNA9: HPLCtgr =
22 min. Yield: 4.5%. MALDI-TOF MS: calcd for GoH143N\s6030 [M
+ H]* 2728.1, found 2730.4. PNAla-C HPLC tg = 21.0 min.
Yield: 12.3%. MALDI-TOF MS: calcd for GogH141N56029 [M + H] ™
2700.0, found 2699.4. PNAla-T: HPLC tg = 21.0 min. MALDI-
TOF MS: calcd for GioH14MNss030 [M + H]™ 2714.0, found 2714.4.
PNA 11a-A: HPLC tg = 21.0 min. MALDI-TOF MS: calcd for
Clld_|141N58028 [M + H]+ 27229, found 2723.6. PNAla-G. HPLC
tr = 21.0 min. MALDI-TOF MS: calcd for @dH141Nsg029 [M + H] ™
2738.8, found 2740.7. PNA1b-C: HPLCtr = 23.4 min. Yield: 5.4%.
MALDI-TOF MS: calcd for GogH14i1Ns54032 [M + H] T 2708.6, found
2706.2. PNA11b-T: HPLCtgr = 23.4 min. MALDI-TOF MS: calcd
for CioH14Ns3033 [M + H]™ 2723.6, found 2721.2. PNA1b-A:
HPLC tr = 23.4 min. MALDI-TOF MS: calcd for GogH140Ns56031 [M
+ H]* 2731.7, found 2730.2. PNA1b-G: HPLC tg = 23.4 min.
MALDI-TOF MS: calcd for GodH141Ns5¢032 [M + H]t 2748.7, found
2746.1.

PNAs 12, 13, and 14a were obtained as reportédind PNA14b
was obtained analogously to PN®a PNA 14b: HPLC tg = 22.9
min. Yield: 3.1%. MALDI-TOF MS: calcd for GsH16/Ns54037 [M +
H]* 3019.0, found 3018.2.

collector. A Macherey-Nagel Nucleosil C4 2504.6 mm column with
gradients of CHCN (0.1% TFA, solvent B) in water (0.1% TFA,
solvent A) was used: 49C, 0% B for 5 min, in 30 min to 35% B, in
10 min to 90% B, 90% B for 10 min.

Synthesis of PNA ConjugatesThe PNA part of conjugates (Scheme
1, PNA 2 and PNA7) was synthesized on an Expedite 8909 PNA/
DNA synthesizer according to the manufacturer’'s recommendations
for 2 uM scale synthesis. A lysine residue was attached to the PNA
C-terminus using Fmoc-Lys(Boc)-OH to increase PNA solubility in
aqueous buffers.

PNAs 6a.Bromoacetyl bromide (8.GL, 100 umol) was dissolved
in DMF (1 mL) and mixed with DIEA (38L, 200umol). The resulting
dark solution was added to Rink resin bound PRA~2 umol of
terminal NH; groups). The suspension was mixed at'€2for 30 min
using an automatic mixer with temperature-controlling capability,
filtered, washed with 2« DMF (2 mL) and 2x CHsCN (2 mL), and
dried at 0.01 mbar. A portion of dry resin (PN3) was treated with
TFA/m-cresol (4:1, viv, 2Q:L) for 90 min at 22°C, and the solution
obtained was analyzed by MALDI-TOF mass spectrometry. Starting
material was not detected, while bromoacetylated P\&ppeared at
2655.0, calcd for @4H13eNsBrO,7 [M + H]* 2655.5.
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UV-Melting Experiments. UV melting experiments were performed  final concentration) was added. The reaction was initiated by addition
on a Varian Cary 100 Bio U¥Wvis spectrophotometer measuring of template DNA14 (1 «M final concentration). Probes (dL) were
absorbance at 260 nm in 1 cm optical path black wall semimicrocuvettes taken at definite times and mixed with 3,5-dimethoxy-4-hydroxy-
with a sample volume of 0.7 mL, usingi strand concentration in cinnamic acid matrix (2L). The resulting mixture was spotted on a
MOPS buffer (10 mM, pH 7), NaCl (50 mM). Cooling and heating MALDI plate and allowed to dry. Prepared in such a way probes were
rates were 0.8C/min. Melting points were averages of the extrema of analyzed by MALDI-TOF mass spectrometry. Each reaction was
the first derivative of the 61-point smoothed curves from at least two repeated at least three times.

cooling and two heating curves. _ Acknowledgment. We thank Ruprecht-Karls-Universtta
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and CuSQ (1 uM) in buffer (MOPS 10 mM, NaCl 50 mM, pH 7)was ¢4 the sample of 5-(2-pyridyl)-2-pyrazolylcarboxylic acid
prepared. This mixture was allowed to stand at°22for 24 h for P (2-pyridyl)-2-py y y '

equilibration, then an equimolar mixture of 4 PNA%b (each 5uM JA0503332
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