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Figure 1. Schematic diagram of energy terms as functions of reaction
coordinate for a series of three entropy-controlled cycloadditions with
little or no enthalpic barrier, presented in the manner of Houk.S In each
case, the value of —TAS at the transition state (maximum of AG) is
marked with an arrow.

AH

Reaction Coordinale

Figure 2. Schematic diagram of configurational interaction of ground
level (heavy solid line) with charge-transfer configurations of decreasing
energy A, B, and C to produce ground state reaction profiles A’, B, and
C’, respectively.

and the other is entropy controlled? A detailed treatment remains
to be given, but we point out that just this result can be deduced
qualitatively as a corollary from Houk’s model® for entropy control,
according to which the contribution of the —-TAS?* term to AG*
depends on the position of the transition state (maximum in AG)
along the reaction coordinate. In the ordinary Diels—Alder series,
all of the reactions have substantial enthalpic barriers, but to a
good approximation, the reaction exothermicities hardly vary.
Therefore, by the Hammond postulate, the Diels—Alder transition
states all should have about the same location, and hence all should
have about the same value of —~TAS*. The major contributor to
AAG* thus will be the AAH* term.

(6) Houk, K. N.; Rondan, N. G.; Mareda, J. Tetrahedron 1985, 41, 1555
and references cited therein.
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In contrast, the diyl cycloadditions have little or no enthalpic
barrier, but in terms of Figure 1, the variation in their relative
rates must result from shifts of the position of the transition state
along the reaction coordinate, which in turn produces a monotonic
variation of —TAS*.® What causes these shifts? For didactic
convenience, we offer an interpretation based on a configuration
interaction (CI) treatment2%78 of cycloadditions, although the
same result would be obtained in any formalism that takes into
account the idea® that the more reactive the system, the faster
the drop of the floor of the potential energy pass. In the CI
formalism, the wave function for the transition state can be de-
scribed as the result of quantum mechanical mixing of ground
and excited, notably charge transfer (CT), wave functions (Figure
2). The deeper the CT energy minimum, the stronger the in-
teraction with the ground level. With reference to Figure 2, one
sees that this will cause a steeper descent of the AH profile to lower
energy, which in turn, as Figure 1 shows, will result in a shift to
an earlier, lower maximum in AG. In this view, a single physical
basis underlies both the changes of transition-state energy that
produce enthalpy control of the Diels—Alder sequence and the
shifts of transition-state location that produce entropy control of
the biradical addition sequence.
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We report that a double-stranded DNA template can direct
the sequence-specific formation of a phosphodiester linkage be-
tween oligodeoxyribonucleotides in aqueous solution by juxtaposing
the termini head-to-tail in a triple-helical complex (Figure 1).!
A triple-stranded complex can be formed when a pyrimidine
oligodeoxynucleotide binds in the major groove of duplex DNA
parallel to the purine Watson—Crick strand. In the complex,
sequence specificity for the condensation of oligodeoxynucleotides
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Figure 1. Ligation of a 3"-hydroxyl and an activated 5'-phosphate of two
oligonucleotides is directed by a double-stranded template through for-
mation of adjacent triple-helical complexes.

is directed by Hoogsteen base pairing.5!!

A double-stranded template, 37 base pairs in length, and two
pyrimidine oligodeoxynucleotides, 15-mers A and B, were syn-
thesized by chemical methods and purified by gel electrophoresis
(Figure 2). Oligodeoxynucleotides A and B are complementary
in a Hoogsteen sense to adjacent unique 15-bp sequences on the
double-stranded template. In a triple-stranded complex, the 3’
end of A would be proximal to the 5’ end of B (Figure 2). Ol-
igodeoxynucleotide B was phosphorylated at the 5" end with po-
lynucleotide kinase and [y->’P]ATP and incubated in the presence
of A (0.7 uM concentration) and the duplex DNA template (0.15
uM concentration). The 5'-terminal phosphate of B was activated
in situ with BrCN, imidazole, and NiCl,.* After 9 h (20 °C),
the reaction products were separated by denaturing polyacrylamide
gel electrophoresis and visualized by autoradiography (Figure 3A).
Condensation of 15-mers A and (*2P)B in the presence of duplex
template was apparent on the autoradiogram by the production
of a radioactive 30-mer in 40% yield (lane 6).'> The product of
the reaction can be identified as a 30-mer by comparison of its
electrophoretic mobility with that of an authentic 5’-
phosphorylated 30-mer having the sequence expected for the
head-to-tail A-B condensation product (lane 11). Within ex-
perimental limits, no condensation product (<1%) is apparent in
the absence of A (lane 9) or in the absence of template under the
same conditions (lane 3). No product (<1%) is detected after
incubation of A, B, and the pyrimidine strand of the template alone
(lane 5); however, some product (15% yield) is found after in-
cubation of A, B, and the purine strand of the template (lane 4).

The requirement for A in the coupling reaction to produce
30-mer is consistent with condensation of B exclusively with A.

(6) (a) Moser, H. E.; Dervan, P. B. Science ( Washington, D.C.) 1987, 238,
645. (b) Strobel, S.; Moser, H. E.; Dervan, P. B. J. Am. Chem. Soc. 1988,
110,7927. (c) Povsic, T.; Dervan, P. B. J. Am. Chem. Soc. 1989, 111, 3059.
(d) Strobel, S. A.; Dervan, P. B. J. Am. Chem. Soc. 1989, 111, 7286. (e)
Mabher, L. J.; Wold, B. J.; Dervan, P. B. Science (Washington, D.C.) 1989,
245,725, (f) Griffin, L. C.; Dervan, P. B. Science (Washington, D.C.) 1989,
245, 967.
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Héléne, C. Nucleic Acids Res. 1987, 15, 7749. (b) Praseuth, D.; Perrouault,
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Massoulié, J.; Guschlbauer, W. W. Prog. Nucleic Acid Res. Mol. Biol. 1967,
6, 83. (c) Felsenfeld, G.; Miles, H. T. Annu. Rev. Biochem. 1967, 36, 407.
(d) Lipsett, M. N. Biochem. Biophys. Res. Commun. 1963, 11, 224. (e)
Lipsett, M. N. J. Biol. Chem. 1964, 239, 1256. (f) Howard, F. B.; Frazier,
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93. (g) Miller, J. H.; Sobell, H. M. Proc. Natl. Acad. Sci. U.S.A. 1966, 55,
1201. (h) Morgan, A. R.; Wells, R. D. J. Mol. Biol. 1968, 37, 63. (i) Lee,
J. S.; Johnson, D. A.; Morgan, A. R. Nucleic Acids Res. 1979, 6, 3073. (j)
Marck, C.; Thiele, D. Nucleic Acids Res. 1978, 5, 1017. (k) Letai, A. G.;
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(12) The yield was calculated as the percentage of total radioactivity
incorporated into product.
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Figure 2. In the triple-stranded complex, the pyrimidine Hoogsteen
strands (A and B) are the condensing oligonucleotides (shaded). The 3’
terminus of oligonucleotide A is proximal to the 5 terminus of oligo-
nucleotide B. Both are parallel to the purine template strand.

No self-condensation of B is evident. Optimal formation of the
30-mer occurs when both strands of the DNA duplex template
are present. Remarkably, condensation is observed in the presence
of A and the purine strand of the template alone, even though
the condensing oligodeoxynucleotides are not complementary to
the purine template in an antiparallel Watson—Crick fashion.
Condensation could result from the accommodation of a minimum
of four base mismatches necessary for Watson—Crick hybridization
or the formation of a double-stranded DNA complex in which
the purine and pyrimidine strands are parallel to each other.!?

If the double-stranded template is directing condensation of
oligodeoxynucleotides A and B, the 30-mer produced will have
a 5-hydroxyl, a 3’,5-phosphodiester at position 15-16, and a
nucleotide sequence corresponding to a head-to-tail alignment of
A and B (Figure 2). To analyze for product composition, the
30-mer produced in the reaction was purified by gel electrophoresis
and digested with calf spleen phosphodiesterase, a 5~exonuclease
that degrades DNA terminated by 5-hydroxyl.'"* After treatment
of the condensation product with this phosphodiesterase, only a
trace of the 30-mer is visible and most of the radioactive label
is found in mononucleotides (Figure 3B, lane 2). The susceptibility
of the reaction product to degradation by the exonuclease indicates
that it possesses a 5'-hydroxyl. The release of mononucleotides

(13) For recent observations of parallel double-stranded DNA molecules,
see: (a) Germann, M. K.; Kalisch, B. W.; van de Sande, J. H. Biochemistry
1988, 27, 8302-8306. (b) van de Sande, J. H.; Ramsing, N. B,; Germann,
M. W.; Elhorst, W.; Kalisch, B. W_; Kitzing, E. V.; Pon, R. T.; Clegg, R. C.;
Jovin, T. M. Science (Washington, D.C.) 1988, 241, 551-557.

(14) Bernardi, A.; Bernardi, G. In The Enzymes; Boyer, P. D., Ed.; Aca-
demic Press: New York, 1971; Vol. 4, p 329.
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Figure 3. Condensation of oligonucleotides A and (*2P)B and product
analysis; autoradiograms of high-resolution, 20% polyacrylamide dena-
turing gels: (A) Production of a radioactive 30-mer by template-directed
condensation of 15-mers A and (**P)B. Lanes 1-10: all reaction mix-
tures contain 5'-*?P-phosphorylated B. Activation of the 5’-phosphate
of B was initiated by addition of a freshly prepared solution of BrCN (0.4
M) to the reaction mixtures. Reaction mixtures initially contained 40
mM BrCN, 20 mM imidazole-HCI (pH 7.0), 20 mM NiCl,, and 100
mM NaCl in a total volume of 30 uL. In control experiments, BrCN,
oligonucleotide A, and one or both strands of the template were omitted
from the reaction. After a 9-h reaction time (20 °C), the DNA was
precipitated with ethanol, and the precipitates were dissolved in buffer
and loaded on the gel. Lane 11: authentic synthetic 30-mer with the
sequence 5'-T4(CT),T,(CT),T4(CT)s-3" phosphorylated at its 5" end with
polynucleotide kinase and [y-*?*P]ATP. (B) Enzymatic hydrolysis of the
condensation product by treatment with calf spleen phosphodiesterase.
Lane 1: condensation product. Lane 2: condensation product after
treatment with 4 ug of calf spleen phosphodiesterase (Boehringer
Mannheim) at 37 °C for 8 h. (C) Sequencing analysis of the 5'-
phosphorylated condensation product. Lane 1: purified, 2P 5’ end-la-
beled condensation product. Lane 2: T-selective chemical cleavage
reaction (KMnO,)."" Lane 3: C-selective cleavage reaction (hydrazine,
NaCl).'® Lane 4: 5 end-labeled condensation product treated with 4
ug of calf spleen phosphodiesterase at 37 °C for 8 h.

containing most of the radioactive label and the absence of a
radioactive 16-mer corresponding to enzymatic termination at the
coupling site indicate that the predominant linkage formed in the
condensation reaction is a 3’,5’-phosphodiester bond.

For sequencing analysis, the condensation reaction was carried
out with oligodeoxynucleotide B phosphorylated by using unlabeled
ATP. The A-B product was then purified by gel electrophoresis
and treated with polynucleotide kinase and [y-*2P]ATP. The 2P
5’ end-labeled product was isolated by gel electrophoresis and
subjected to chemical sequencing reactions specific for C and T
(Figure 3C, lanes 2 and 3).'%!'  The sequence of the 30-mer
verifies the condensation of the 3’ terminus of A with the 5

(15) Maxam, A. M.; Gilbert, W. Methods Enzymology 1980, 65, 497-559.
(16) Kochetkov, N. K.; Budowskii, E. . Organic Chemistry of Nucleic
Acids; Plenum: New York, 1972; Part B, pp 412-416.
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terminus of B. Finally, the 5-phosphorylated product was treated
with calf spleen phosphodiesterase and shown to be resistant to
degradation, confirming that the exonuclease had little endo-
nuclease or 3-exonuclease activity (Figure 3C, lane 4).

In conclusion, double-stranded DNA can serve as a template
to align reactive termini of oligonucleotides and promote their
condensation. Within the context of self-assembling chemical
systems for macromolecular information transfer, this conversion
of sequence information is not self-replicating.!” Triple-helix-
directed ligation can create sequences that are neither identical
nor complementary in a Watson—-Crick sense to the template, but
rather new sequences of nucleic acids.
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Several groups have reported observing fluorescence en-
hancements in nonaqueous solutions upon the binding of some
metal ions to conjugate fluorescent probes, probes in which the
metal ligand is not an integral part of the fluorophore substruc-
ture.2 Conjugate probes offer great potential as reporter molecules
in that the known selectivities of azacrown and cryptand binding
sites can, in principle, be applied unaltered to the design of
fluorescent probes with similar selectivities and large signal ranges.
Recently, we have found that anthrylazamacrocycles demonstrate
both chelation-enhanced fluorescence (CHEF) and chelation-
enhanced quenching (CHEQ) upon metal ion binding in 100%
aqueous solution.®  However, both conjugate and integral
fluorescent probes have been applied to date almost exclusively
to the detection of metal ions.* We now report the first obser-
vation of large CHEF effects on the binding of anions to an-
thrylpolyamine conjugate probes, which serve to “signal” molecular
recognition events involving carboxylate, sulfate, and phosphate
groups. Moreover, we propose intracomplex protonation of a
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{4) The single exception is found in a stimulating paper by Lehn (J. Chem.
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fluorescence was observed.

© 1989 American Chemical Society



