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the overall intensities, which decrease in the order 4 > 1> 2>
3. Table I lists fluorescence decay rate constants'® for 4 and
electron-transfer rate constants'®® and exothermicities'™ for 1-3
in five solvents.

In solvents more polar than diethyl ether,? the electron-transfer
rate constants in DSAs 2 and 3 are from three to seven and from
four to 11 times larger, respectively, than those in DSA 1. Hence,
either |V] or the FCWDS must be larger in 2 and 3. Since electron
transfer in 1 is 0.3 eV more exothermic (Table I) than in 2 and
the center to center distances (R,.) are comparable, |V] in DSA
2 must be larger than in DSA 1.2 This qualitative conclusion
is supported by the |V]’s, listed in Table I, that were obtained?!
from the electron-transfer data using the semiclassical formulation
of the transfer rate constant!? in conjunction with Marcus’ ex-
pression for the solvent reorganization energy?? and the Born
correction to the reaction exothermicity.* DSAs 1 and 2 are nearly
linear and contain all trans arrays of spacer bonds; thus, the
dominant contribution to |/ is through-bond coupling.* |V in
the symmetry-forbidden DSA, 1, is only 4-7% as large as in the
symmetry-allowed DSA, 2. The reduction in |¥] from 2 to 1
translates into a 200—-800-fold reduction in the optimal transfer
rate constant® for the symmetry-forbidden DSA, which represents
the symmetry restriction to electron transfer in these molecules.

Qualitative comparison of the transfer rate constants in 3 to
those of 1 and 2 is made difficult by the gauche link in the spacer
of 3. The shorter R in 3 effects a decrease in the solvent re-
organization energy and increases in the driving force and FCWDS
in comparison to 2. Furthermore, through-bond contributions to
IV] are likely reduced by the gauche link*!? in 3, whereas
through-solvent coupling could be augmented.*#* Neglecting the
results from diethyl ether,?® quantitative analysis (Table I) in-
dicates that introduction of a single gauche link in the symme-
try-allowed spacers (2 — 3) diminishes the optimal transfer rate
constant? by a factor of 3—11. This concurs with results of Oliver
et al.,, who have reported*® rate reductions by factors of 3-14
attending a single trans to gauche substitution in DSAs with nearly
identical R,’s. We have not yet determined the contribution of
through-solvent coupling in 3. Furthermore, we have not identified
the cause of the factor of 2 reduction in |V}(2) and |V](3) observed
in the more polar solvents, particularly since |V](1) is effectively
solvent independent. The larger |V] in THF, ethyl acetate, and
ether (3) could originate from symmetry-dependent through-
solvent coupling. Alternatively, inadequate values of the sol-

(19) (a) Fluorescence waveforms obtained with a Hamamatsu R1645U
microchannel plate connected to a Tektronix TD7912 digitizer. Lifetimes
obtained by nonlinear least squares fitting waveforms to the system response
convolved with a single exponential decay. (b) Electron-transfer rate constants
determined as (1/7(X)) - (1/7(4)). (c) Redox potentials measured by using
cyclic voltammetry at 22 °C in CH,CN containing 0.1 M tetrabutyl-
ammonium hexafluorophosphate versus Ag/AgCl. The oxidation potential
of the donor is 0.894 ¢V. The reduction potentials of the dicarbethoxyethylene
and dicyanoethylene acceptors are —1.64 eV and -1.9 eV, respectively. The
dicyanoethylene reduction waveform is irreversible at scan rates of 100 mV /s,
The reduction potential is accurate to within 100 mV (see ref 4a). The
reaction exothermicity was calculated as in ref 4a.

(20) The reaction exothermicities are insufficient to access the inverted
region in these solvents.

(21) The matrix element calculation is sensitive to the Born radii assumed
for the donor and acceptors. Changing the acceptor radii in the range from
3.0 to 5.0 A generates |V(2)|/|V(1)| ratios of 3—40 in acetonitrile. The
acceptor radii employed are 3.9 and 4.2 A for the acceptors in 2 and 1,
respectively, and 5.0 A for the donor. As experimental values for these radii
are lacking, the radii were obtained from the equivalent excluded volume
spheres. We are attempting to determine these radii from electrochemical
measurements.

(22) (a) Marcus, R. A. Can. J. Chem. 1959, 37, 155. (b) Marcus, R. A.
J. Chem. Phys. 1956, 24, 966.

(23) The optimal transfer rate constant is proportional to |/]? and refers
to the situation where FCWDS is 1.

(24) (a) Miller, J. R,; Beitz, J. V.; Huddleston, R. K. J. Am. Chem. Soc.
1984, /06, 5057. (b) Miller, J. R.; Peeples, J. A.; Schmitt, M. J.; Closs, G.
L. J. Am. Chem. Soc. 1982, 104, 6488. (c) Miller, J. R.; Beitz, J. V. J. Chem.
Phys. 1981, 74, 6746. (d) Guarr, T.; McGuire, M. E.; McLendon, G. J. Am.
Chem. Soc. 1988, 107, 5104.

(25) In diethyl ether, the nearly thermoneutral transfer in 2 and 3 could
produce repopulation of S, from the electron-transfer state, an increase in the
observed lifetime, and a decreased |V

vent-dependent reaction and reorganization energies could be
responsible.

Within the standard model,*!32 these experiments demonstrate
that electronic symmetry can modulate electron-transfer rate
constants by at least 2 orders of magnitude. This observation is
consistent with literature methods for evaluation of electronic
coupling matrix elements, which reduce to O for appropriate DSA
symmetries.>®° In order to experimentally achieve larger sym-
metry restrictions, the contributions of vibrations and vibronic
coupling to the relaxation of the symmetry constraints must be
better understood. If S;-S, vibronic coupling contributes sig-
nificantly to the electronic mixing, |V] could be temperature de-
pendent. Measurement of the temperature dependence of the
electron-transfer rate constants and the dependence of the redox
potential on solvent and temperature will provide more quantitative
characterization of |V]. Moreover, elimination of the larger re-
action exothermicity and conformational freedom associated with
the acceptor in 1 will provide a more direct measure of symmetry
effects in electron-transfer reactions. These experiments are
currently in progress.
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The past decade has been marked by research directed toward
the design of compounds capable of recognizing DNA sequences!?
and shapes.> Molecules capable of recognizing RN As are virtually
unknown,* largely because of the structural complexity of these
macromolecules® and the scarcity of information describing their

* To whom correspondence should be addressed.
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Figure 1.

tertiary structures.® In this communication we describe a strategy
for the recognition of structured RNA.

Tethered oligonucleotide probes (TOPs) consist of two oligo-
deoxynucleotides linked by a tether. The oligodeoxynucleotides
complement two nonduplex and noncontiguous sites on the RNA
and are separated by a tether whose length spans the distance
between them (Figure 1). We reasoned that if the two oligo-
deoxynucleotides in each TOP bound the RNA cooperatively,’
a single molecule would result with greater sequence and structure
specificity than the original two.* In this communication we report
that TOPs bind cooperatively, monomerically, and with high
affinity to two noncontiguous, nonhelical sites within the Lepto-
monas collosoma SL RNA.?

Each TOP contains the DNA complementary to RNA bases
13-19 (5'-site) and 68-77 (3’-site)'? separated by a tether con-
taining either one, five, or ten abasic phosphodiester units.!" This
tether mimics the chemical composition of DNA but permits
considerable conformational flexibility. Binding was detected by
using RNase H which selectively hydrolyzes RNA:DNA hybrids,'2
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Figure 2. Top (A): Autoradiogram of a 15% denaturing polyacrylamide
gel illustrating RNase H cleavage of 5’-*?P-end-labeled SL RNA in the
presence of probes 1-9. Lanes labeled A, G, and OH™ represent enzy-
matic (A,G) and alkaline (OH") sequencing lanes. Lane 1: intact RNA
control (no RNase H). Lane 2: RNase H control. Lane 3: 15uM 1
(no RNase H). Lane4: 150 nM 1. Lane 5: 150 nM 2. Lane 6: 150
nM 3. Lane7: 150 nM each8and 9. Lane 8: 150 nM 4. Lane 9: 150
nM 6. Lane 10: 150 nM 5. Lane 11: 150 nM 7. Unless otherwise
indicated, all reactions contained 1.5 uM SL RNA, 52 mM Tris-Cl 2
mM HEPES pH 8.0, 12 mM MgCl,, 1.5 mM DTT, 135 mM KCl, 0.7
mM EDTA, 0.5 ug of BSA, between 2 and 10 units of RN Asin, 0.8 units
of RNase H, and 5% glycerol. SL RNA was renatured (70 °C) and
cooled slowly to 25 °C prior to addition of probe, RNAsin, and RNase
H. Reactions were incubated (2 h), quenched (100 mM EDTA), and
electrophoresed. Bottom (B): Autoradiogram of a 15% denaturing
polyacrylamide gel illustrating competition of 5-2P-end-labeled SL
RNA cleavage by UCCAAAAUUU, TCCAAAATTT, and AAAU-
UUUGGA. Lane I: SL RNA control. Lanes 2-5: competition of 1
(150 nM). Lanes 6-9: competition of 2 (150 nM). Lanes 10-13:
competition of 3 (150 nM). Lanes 14-17: competition of oligo-
nucleotides 8 and 9 (150 nM cach). Lanes 2, 6, 10, and 14 no inhibitor.
Lanes 3,7, 11,and 15: 15 uM UCCAAAAUUU. Lanes 4, 8, 12, and
16: 30 uM TCCAAAATTT. Lanes5,9,13and 17: 15 uM AAAU-
UUUGGA. Competitor and TOP were added simultaneously.
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and reveals the sequence specificity of binding when the end-la-
beled products are subjected to high resolution denaturing gel
electrophoresis. Reactions were performed in the presence of 12
mM Mg?* and 135 mM KCL,'? and enzymatic conditions were
chosen to ensure that the extent of RNA:DNA hybridization was
rate limiting.!4

All probes bind and induce RNase H cleavage at their targeted
site(s) (Figure 2A). Comparison of the site-specific cleavage
induced by TOP 1 with that induced by probes 4 and 6 (which
contain only one oligodeoxynucleotide) indicates a significant
increase in yield at both sites when the two oligodeoxynucleotides
are united in a single molecule. Comparison of TOP 2 with probes
5 and 7 shows the identical trend. Neither 10 nor 11 induces RNA
cleavage at either site, demonstrating that the 5’-site cleavage
enhancement depends on sequence-specific hybridization at the
3’-site. None of the TOPs induce cleavage at several partially
complementary sites (Figure 1), providing evidence that secondary
structure has been maintained.’> Thus, TOPs 1 and 2 hybridize
cooperatively and sequence-specifically to the SL RNA, and the
hybridization efficiency of TOP 1 is higher.

Selective competition experiments demonstrate cooperative
formation of a 1:1 complex. RNA was incubated with RNase
H, TOP, and an excess of either UCCAAAAUUU or
TCCAAAATTT. If binding of the TOP to the 5’-site depends
explicitly on simultaneous binding to the 3’-site, and the con-
centration of the competing probe is high enough to displace the
TOP 5’-end, then the TOP 3’-end should be unbound at equi-
librium with a concomitant loss of RNase H sensitivity at bases
13-19." If binding is noncooperative or multimeric, a significant
fraction of TOP 3’-ends will be bound at the 5-site and detected
by RNase H. As shown in Figure 2B, competition with excess
UCCAAAAUUU or TCCAAAATTT causes the 5-site cleavage
yield to decrease for all three TOPs. In contrast, cleavage at the
5’-site is unaffected when the experiment is performed in the
presence of untethered oligonucleotides 8 (TCCAAAATTT) and
9 (GTTCTTC). Addition of noncomplementary AAAUUUUG-
GA has no (1 or 2) or little (3) effect on RNase H sensitivity at
either site. Moreover, an oligoribonucleotide complementary to
the 5’-site causes a reduction in cleavage yield at both the 5'- and
3’-sites when TOPs 1-3 are tested but not when the experiment
is performed with 8 and 9.!7 This data demonstrates that the
two oligonucleotide segments within each TOP interact cooper-
atively, and both ends bind simultaneously to a single molecule
of the SL RNA. Because they combine the increased sequence
selectivity provided by two oligonucleotides with the structural
specificity of a synthetic tether, TOPs offer the potential to
characterize and differentiate tertiary structures in globular
RNAs and RNPs.'¥1%  Experiments to address this question are
underway.
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High selectivity in the binding of various substrates to a host
molecule is often dependent upon conformational homogeneity
and substantial host/guest contact. In this communication, we
describe two chiral, Cy-symmetric receptors (1 and 2) having only
limited conformational flexibility and deep basket-like binding
sites.! These molecules bind diamides of certain amino acids with
high selectivity which is dependent upon the nature of the amino
acid side chain (~2 kcal/mol for serine vs alanine) and the identity
of the N-alkyl substituent (>3 kcal/mol for methyl vs tert-butyl).
They are also among the most enantioselective synthetic receptors
yet prepared? and bind certain derivatives of L-amino acids with
selectivities as high as 3 kcal /mol.
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1X=8
2X=0 CHzPh

The syntheses (see supplementary material) of 1 and 2 utilized
their C; symmetry and began with trialkylation of 1,3,5-tri-
mercaptobenzene® or phloroglucinol with N-protected methyl
3-(aminomethyl)-5-(bromomethyl)benzoate. After coupling with
Boc-L-phenylalanine (Phe), a triple macrolactamization via a
tris(pentafluorophenyl ester) provided 1 and 2 in 30% and 7%
yields, respectively.

Receptors 1 and 2 are exceptional in that Monte Carlo con-
formational searching* using the MacroModel/AMBER? force
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