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Binding properties of a series of isomeric ~ m-phenylene ethynylene oligomers containing short amide sequences to a piperazinium dihydrochloride
salt were investigated by using circular dichroism (CD) measurements. Although these isomeric oligomers exhibited similar helical conformations
high affinity was observed only for one oligomer. This behavior is presumably controlled by the orientation of amino groups of the amide
sequence and the folded conformation of the oligomer.

While the “binding pocket” concept is well understood for produces an internal cavity with nonpolar surfaces capable
globular proteins, it has yet to be widely implemented with of binding hydrophobic molecules of appropriate size in polar
synthetic macromolecules. In principle, compact polymer solvents' Here we report a series of hybrid backbones
chains of all types can generate three-dimensional cavitiesderived fromm-phenylene ethynylene oligomers and short,
and crevices. Lining these surfaces with specific functional isomeric amide sequences. Their association with a piper-
groups whose spatial position is determined by chain azinium dihydrochloride salt demonstrates that functional
sequence and conformation offers a potentially powerful and groups in the helical cavity control binding selectivity.
general platform for high-affinity and high-specificity mo- ; : :
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A short amide sequence inserted into the middle of a ||| N

m-phenylene ethynylene oligomer introduces hydrogen bond-

ing and ion recognition capabilities into the backbone. 1.0
Assuming that the solvophobically driven helical conforma- 0.9
tion is preserved in these hybrid backbones, the cavity will 0.8 1
display anion and/or cation interaction receptors that are ¢ 07 1
buried in the otherwise nonpolar cavity environment. The 06 1
specific arrangement of these receptors in the cavity |nter|0r 0.5

will depend on the amide sequence (Figure 1). For example = 04
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Isomeric oligomersl—3 were synthesized by coupling

Q Q short amide sequences capped with terminal acetylene end
Ol/i N]/ NEL groups to am-phenylene ethynylene heptamiéilJV—vis

=

N2

_.‘
pu

ﬂN spectra of these three oligomers in a series of chloroform/
R* @ o acetonitrile binary solvent compositions are similar to those
of the m-phenylene ethynylene oligomers previously re-
ovl 4 5 ported, suggesting a random conformation in chloroform and
M .- Gt a helical conformation in acetonitrile (Figure 2).
R= f“go“/‘O’\’o*"O’ In addition, solvent denaturation studies indicate that these

hybrid oligomers undergo a folding transition at a composi-

Figure 1. Structures of isomeric oligomets-3, rodlike ligand4, tion similar to the parent phenylene ethynylene backbone
and piperazinium dihydrochloride sdit (Figure 3 and Table B°

the conformations of sequentere commensurate with the _

phenylene ethynylene helix orienting amino groups as Taple 1. Comparison of the Free Energy of Folding of
H-bond donors into the cavify.In contrast, the helical  penaturation for Oligomers

conformations of sequenc® position carbonyl groups as
H-bond acceptors into the cavity. SequefBc¢elerived from
aminobenzoic acid, is expected to create a helical cavity that ; 3.9£0.1 52

has one H-bond donor and one H-bond acceptor. 35401 56
3 3.5+0.1 54

oligomer —AG(CH3sCN) (kcal/mol) [CHCls]1/2

On the basis of earlier studiésligand4 was expected to
have a shape and size complementary to the helical cavity
generated from oligomeiks—-3. However, in acetonitrile, no
induced CD signal was observed when ligghdias added
to solutions ofl, 2, or 3 (Figure 4 A curves labeled i). When
HCI was added to the solution, there was an induced signal
observed for oligomet (Figure 4A curves labeled iff. In
contrast, without ligand, oligomersl—3 do not exhibit any

Absorbance

(5) Coles, S. J.; Frey, J. G.; Gale P. A.; Hursthouse, M. B.; Light, M.
E.; Navakhun K.; Thomas, G. IChem. Commur2003, 568—569.
T T r T T T T (6) See Supporting Information.
260 280 300 320 340 360 380 400 (7) On the basis of a previous stugighiral side chains were introduced
Wavelength{nm) to both ends to gain information about the conformation of these oligomers.
The CD signals induced by these side chains are much weaker than

. - : . . complexation-induced CD seen in Figure 5A.
Figure 2. UV absorption spectra of oligomérin mixed solvents. (8) For detailed description of experimental procedure and data analysis,

[1] = 4.3uM. Volume % of chloroform/acetonitrile was from 100  see Supporting Information.

to 0. (9) Apparent reduction in folding at 90—100% chloroform is likely to
be caused by amide H-bonding in these nonpolar solvent conditions.

1684 Org. Lett, Vol. 7, No. 9, 2005



(R) (B) 120
1004 (A) ~ 2
(@) (i) 80 5 0 :
o son = &0 £ 100 5
T 2 T i
<
E E ,_E, 40 rose
5 < 0
= o i s 1000 2000 3000 4000
é (ii) g (1) %
— <
<4
280 300 320 340 360 380 400 280 300 320 340 360 380 400

Wavelength(nm) Wavelength(nm) -80

280 300 320 340 360 380 400

Figure 4. CD spectra of oligomers (black), 2 (red), and3 (blue) Wavelength(nm)

in acetonitrile with ligand4 (A) and without ligand4 as a control 120 80
(B): (i) no HCI, (i) [HCI] = 8404M, [oligomer] = 4.24M:; [ligand 1004 (B) = o
4]'= 840uM in A. 80 s
s 40
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significant CD signals (Figure 4B) regardless of whether HCI g 401 I e
is added or not. These results suggested that oligdmer & 207 OO ey e 0%
specifically interacts with the protonated form of liga#d ‘g’ 017 ——

Given these observations, we decided to investigate the <1 -207
binding of oligomers1—3 to the dication ligands. The -40
binding isotherm for each oligomer to ligaBdvas measured -60 7
in acetonitrile by circular dichroism (CD) spectroscdpy* -80 o a0 sm0  am0  am0  amo 0o
Figure 5 shows a series of CD spectra obtained from the Wavelength(nm)
addition of different concentrations of enantiomerically pure 120

ligand 5 to oligomers1—3 in acetonitrile. For sequencg (C) 80~
ligand 5 induces a significant Cotton effect at ca. 314 nm 60

€

corresponding to the backbone’s diphenylacetylene chro- Zg_ s 40
mophore. An isodichroic point is observed at ca. 292 nm. ‘_E 40 F 20 W ot ot ] .
The spectra have band shapes similar to those observed for ° 20] 0 0 om0 2000 3000 4000
the 1:1 complex formed between-phenylene ethynylene = S [Ligand 5](uM)
oligomers and ligand in 40% aqueous acetonitrifé. z °7

As seen in Figure 5A (inset), the CD signal at 314 nm < %]
recorded over a range of ligand concentrations showed :g'

saturation behavior expected for complex-induced CD signal.
The intensity of the CD signal at 314 nm plotted against the i 280
concentration ob can be fitted to a 1:1 binding isotherm
by nonlinear least-squares analygigielding an association
constantKys, of 1.0 x 10° M~ In contrast to sequence

300 320 340 360 380 400
Wavelength(nm)

Figure 5. CD spectra of oligomef (A), 2 (B), and3 (C) as a

: : ; function of concentration & (range, 4.6-400uM) in acetonitrile.
when oligomer2 or 3 was exposed to liganfi, the induced [Oligomer] = 4.2 uM. The insets show plots of th&Ae values at

CD signal was much smaller over the entire range of ligand 314"y, against the concentration of ligahdThe solid curve is
concentrations. No induced Cotton effect or saturation the best fit to the data using a 1:1 binding model.
behavior was evident (Figures 5B and 5C).

Although we have not been able to rule out the possibility
that this behavior stems from an insignificant helical twist
sense bias in the diastereomeric complex betweand 2
or 3, the most plausible explanation is a significantly lower
affinity for 5 by these two sequences.

To further support the mechanism of the specific interac-
tion between oligomet and the ligand, clear, short amide

sequences capped with terminal trimethylsilylacetylene end
groups (6—8) were also investigated. When ligdndas
added to acetonitrile solutions of these short amide se-
guences, only, which has the same amide arrangement as
oligomer1, showed chemical shift changes of NH protons
and aromatic protot® For further investigation, a Job’s plot
analysis was performed. Keeping the total concentration of
(10) CD spectra of each oligomer in the absencé db not have any 6 and ligands at 1 mM, the concentrations 6fwere varied.
significant signals. Induced CD spectra were obtained by subtracting the When products of chemical shift change by the mole fraction
CID(lslp)erﬁt-rlng;r?;Igagne(?hf;ﬁmetr?:tocl)ifgghrgecrgTv[i)tlr?gﬁt an amide sequence do of 6 were plotted against the mole fraction &fthere was
not bind5 in pure acetonitrile.

(12) Program “Dynafit” was used for nonlinear least-squares fitting:
Kuzmic, P.Anal. Biochem1996,237, 260—273.

(13) For the binding study between oligomérs3 and ligand, 'H NMR
was unsuccessful because of line broadening due to aggregation.
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a peak observed at 0.67 of the mole fraction of the short groups of the amide sequence are oriented toward the interior
amide sequence. This result suggested that the stoichiometrof the cavity. The presence of H-bond donors in the helical
of the complex betweef and ligand5 is 2:1, rather than  cavity and chloride anion of piperazinium sé&ltprovides
1:11In addition,'H NMR titration data were also obtained favorable ion interactions betweédrand5. We investigated
by progressive addition of ligansito 6 in acetonitrile. The the role of counterion through the study of dicationsdof
chemical shift changes of NH protons against the concentra-with H—F, H—Br, and H—I. No clear evidence of induced
tion of ligand 5 can be fitted to a 2:1 binding, yielding CD was observed in these cases. We thus conclude that the
association constankg,; of 1.0 x 10° M~ andK,, of 1.0 x chloride anion plays an important role in the sequence-
100 ML selective binding betweeh and5.
In conclusion, we have demonstrated that hybrid back-
s bones derived frorm-phenylene ethynylene oligomers and
short, isomeric amide sequences can be used to introduce
ion-selective interactions into the helical cavity. The specific
binding properties observed between these oligomers and
piperazinium salb are consistent with H-bond donor groups
being oriented according to the amide sequence and con-
trolled by the folded conformation of then-phenylene
ethynylene oligomer. Further studies to gain more details
about the specific interactions involved in binding and the
role of chlorine ion are currently underway.
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Figure 6. Structures of short amide sequenéess.

These experiments support the notion that oligorher
specifically interacts with the protonated form of ligasd
These results are consistent with our assumption that
oligomerl adopts a helical conformation in which the amino
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