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Abstract: Proteins can adopt helical and sheet-type secondary structures that depend on their primary
sequence of amino acids. Nonnatural foldamers have been developed to emulate these protein structures
as well as investigate various types of noncovalent interactions. Here we report a strategy to access two
distinct folding topologies in aqueous solutions using the inherent recognition properties of aromatic donor/
acceptor interactions. These oligomers are constructed of electron-rich 1,5-dialkoxynaphthalene (Dan) and
electron-deficient 1,4,5,8-naphthalenetetracarboxylic diimide (Ndi) units. A trimer of the sequence Dan-
Ndi-Dan was shown to adopt a pleated fold in solution, while its constitutional isomer, Dan-Dan-Ndi, adopted
an intercalative or turn-type fold. UV—vis and NOESY spectroscopy analyses were consistent with the two
different conformations. This study illustrates the designability of folding naphthyl oligomers and encourages
the use of directed aromatic interactions to construct larger and more complex assemblies in water.

Introduction
Previously, we have studied the aromatic donor/acceptor @ && a
complexation of electron-rich 1,5-dialkoxynaphthalene (Dan)
and electron-deficient 1,4,5,8-naphthalenetetracarboxylic diimide 1 3, Trimer
(Ndi) monomerd Dan:Ndi complexation was found to be Pleated folding Intercalatlvefoldlng stack prevented Dlmer stack

favored over Dan:Dan and Ndi:Ndi self-associations in aqueous
solutions due to complementary electronic differences of the
naphthyl rings that modulate the extent of the desolvation driving A““”JLN/\/\O‘/O\g X gm; X ;ﬂ*\ /\/ﬁr“v“““
force for aromatic stacking? This association discrimination
of Dan and Ndi aromatics suggests that oligomers composed2
of these two naphthyl moieties could have designable folding . . L x ;N ,:)_/\n,ﬁ\,cozH
and binding behaviors, analogous to the wide array of supra- L N/\/\“ ‘f X f" o7 ,©
molecular structures created by Stoddart and co-workers.

For instance, the Dan:Ndi interaction has been used in an3
intramolecular fashion by oligomers of the sequence (Dan\di) bucHN\)LNMO,‘o\S v g_/o\’\ PR m_/\nwvcom
to create single-strand foldamérermed aedamefs® Ad- Neoa
ditionally, the Dan:Ndi association was found to be effective
when exploited in amtermolecular format, controlling hetero- A o "
duplex formation in water between donor Qaand acceptor A°““Y1LN’\/‘°*°‘£ x4 . gN-/Y oo
Ndi, strand<® In continuing investigations on the capability of Voo ° oo

aromatic interactions to direct folding, we report here that a H
Dan-Ndi-Dan trimer folds into a pleated structure in solution, ac= "y suc = ”°2°\’ﬁg§- X = -é/\rr”\)LN’\i- Y= '513’”‘/_5'

o

/nu

COH Shortened linker
@ ;:;é)??erley, M. S.; Iverson, B. L1. Am. Chem. So@001, 123 7560~ Figure 1. Cartoon representations of the folding patterns targeted by
(2) For reviews of aromatic interactions, see: (a) Waters, MClur. Opin. compoundsi-4. Black disks represent a Dan or Dan* unit. Also shown are

Chem. Biol 2002 6, 736-741. (b) Hunter, C. A.; Lawson, K. R.; Perkins,  the letter designations,-d and a*-f*, used for NOESY analyses.

J.; Urch, C. JJ. Chem. Soc., Perkin Trans2B01, 651-669. (c) Hunter, ) ) . . .

C. A Sanders, J. K. MJ. Am. Chem. S04.99Q 112 5525-5534, but an intercalative or turn-type fold is adopted by a trimer with
(3) (a) Stoddart, J. F.; Tseng, H.-Rroc. Natl. Acad. Sci. U.S.2002 99, . -

4797-4800. (b) Philp, D.: Stoddart, J. Rngew. Chem., Int. Ed. Engl. @ different sequence of Dan-Dan-Ndi (Figure 1).

1996 35, 1155-1196. P ; ; : ;
(4) For reviews of foldamers, see: (a) Hill, D. J.; Mio, M. J.; Prince, R. B.; The use o.f aromatlc |nteract|o_ns IS .emergmg asa Vegsat”e

Hughes, T. S.; Moore, J. SChem. Re. 2001, 101, 3893-4011. (b) tool for creating folding systems, including turn structu¥&g:

) fgﬂ‘?ﬂ%.sz'féééﬁf‘%ﬂﬁ;ﬁﬁaegfggé 3}7753‘ . Li and co-workers have reported a series of donor/acceptor
(6) Nguyen, J. Q.; Iverson, B. L1. Am. Chem. Sod.999 121, 2639-2640. based folding systems, including a “zipper-featured” foldamer
g; ggﬂ AR et S B that adopts a U-turn fold in organic solvedtsin addition,

(9) Gabriel, G. J.; Iverson, B. L1. Am. Chem. So@002 124, 15174-15175. Waters and co-workers have extensively studied hairpin peptide

10.1021/ja046722y CCC: $30.25 © 2005 American Chemical Society J. AM. CHEM. SOC. 2005, 127, 2637—2640 = 2637
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Table 1. UV—Vis Data? Dan |\ JUMWI M
" 1 79 f PP ¢ G &
compd ect (Ama) €382mm°
1 700 (532 nm) 12200 « CcCo¢ O ©
2 670 (532 nm) 11200 Ndi |2
3 490 (510 nm) 13200 ppm 75 o o5
4 380 (526 nm) 14600
Dan L —
o - o ) 2 focebg® &  Fag
aExtinction coefficientsq) in M~1 cm~1. b Solutions at 1 mM concentra- 7.9 =
tions. ¢ Solutions at 4«M concentrations. - - - o
8.1 o - o e (-]
- . . . . o Ndi
mimics to probe interactions involving aromang nﬁﬁsThe. opm 75 = o5
work reported here extends the use of aromatic interactions, Dan '
illustrating a strategy to access distinctly different folding 3 I Wwﬁeluﬁ“*‘a%&*“aw
patterns just by shuffling the sequence of two residue types. — = o e ° -
Natural a-peptides can form both helical an@-sheet 79l
structures, along with a variety of different turns. The nonnatural . > o . _
B-peptide foldamers can also form a variety of helical and Ndi }8.4
hairpin structure$® The foldamers reported here join the bom 75 5 5

f-peptides as a nonnatural folding system capable of aCCeSSIngI—'igure 2. Aromatic region of NOESY spectrum &f-3 exhibiting through-

at least two distinct folding topologies by design. space H/H contacts between the Ndi (vertical axis) and the Dan and Dan*
moieties (horizontal axis).
Results

) ) ) o signifying the interaction ofz-systems in a face-to-face-
Design and SynthesisEarlier work indicated that Dan and  qjentation. As reference, face-to-face stacking of DNA bases
Ndi moieties prefer to stack in an alternating arrangement in upon duplex formation typically exhibits 50% hypochromism.

aqueous solu_tion, max_imizing the compleme_ntary Dan-Ndi A charge-transfer (CT) band also appeared for solutions of each
facial interactions:”-° Trimer 1, with an alternating naphthy! compound with1 and 2 having an identicalmay of 532 nm

sequence was therefore expected to form a Dan/Ndi/Dan yng gimilar extinction coefficients for their CT bands of 700
hydrophob.|c column through a pleated fold (Figure 1) similar and 670 M cm™L, respectively. These values are consistent
to a previously reported naphthyl hexarfieHowever, a it timers 1 and 2 folding to a similar extent and with the
constltutlgnal isomer, tmef, servgd as the focus of this study  5romatic units in a similar face-centered stacking geometry.
because it can maximize Dan:Ndi contacts presumably throughy,\vever, trimer3, which has the same Dan-Dan-Ndi sequence

a unique intercalative type of turn. Trim8was intended asa 555 pyt with a restrictive linker, exhibited markedly less
nonfolding control because models indicated that its shortened hypochromism at 382 nm, a loweer compared tol and 2

linker between the Dan residues precludes a tri-ring parallel
stack. The dimer, compound, was used to calibrate our
quantitative U\-vis studies since the folding of Dan/Ndi dimers ;.o consistent with significantly less folding and an altered

has been well-establishédlhese four compounds, shown in stacking geometry. For comparison, dindeexhibited anecr
Figure 1, were synthesized by solid phase synthesis methods ¢ 3g0 M1 cm2 at its Jmax Of 526 nm and displayed an
Purification was accomplished by reverse-phase chromatography,yinction coefficient of 14600 at 382 nm.

to give analytically pure fractions and freeze-drying afforded
soft pale purple solids.

and a shift of the charge transféfa.x down to 510 nm. As
expected based on the shortened linker desigh thfese values

NOESY Spectroscopy1lD NMR spectra displayed upfield
) ) ) shifts of the aromatic protons relative to Ndi and Dan mono-
UV—Vis Spectroscopy.UV—vis data were acquired for  merd consistent with the expected ring current effects for face-
aqueous solutions df4 in 50 mM Na phosphate buffer, pH . tace stacking. Solutions of 1 mM trimer in 90/10% buffered
7.0 (Table 1). Hypochromlsm between 45 and 60% of thg Ndi 'H,0/D,0 were used for hydrogen assignment purposes and by
absorbance at 382 nm (using the unstacked, monomeric Nd'employing NOESY and TOCSY¥NMR methods. the iden-
value esg, = 26600) was observed for each compound fification of the aromatic resonances of the two Dan units (Dan
, - - " _and Dan*) for each trimer was accomplishéd-urther, 2D
(10) For examples of various types of oligomeric systems that utilize aromatic . . . . .
interactions to adopt ordered S(ttl;l)JCtL:]reSH see: (a) Slt(on(re], M. T.. Moore, 3. NMR experiments were performed to investigate in detail the
S. Org. Lett 2004 6, 469-472. Ghosh, S.; Ramakrishnan,/Agew. ifi i i
Cherm. Int. £02004 43, 3264 3268, (6) Zhot, O 2.+ Jiang, XK - Shéto, srf)ecmc H_/H contacts that occur_between aromatic units and
X.-B.; Chen, G.-J.; Jia, M.-X.; Li, Z-TOrg. Lett 2003 5, 1955-1958. the resulting NOESY spectra (Figure 2) for compourie3
(d) Zhang, W.; Horoszewski, D.; Decatur, J.; Nuckolls,JCAm. Chem. afforded distinct cross-peak patterns.
S0c.2003 125, 4870-4873. (e) Bisson, A. P.; Carver, F. J.; Eggleston, D. . .
S.; Haltiwanger, R. C.; Hun(te)r, C. A;; Livingstone, D. L.; Mchgabe, J.F,; The NOESY spectrum df exhibited NOE signals along the
Rotger, C.; Rowan, A. EJ. Am. Chem. So@00Q 122, 8856-8868. (f) entire range of Dan resonances indicating contacts between the
Ndi unit and both Dan and Dan* rings. In particular, Ndi proton
contacts with Dan protons f and ¢ were unambiguous (since

Tanatani, A.; Yamaguchi, K.; Azumaya, |.; Fukutomi, R.; Shudo, K.;
Kagechika, HJ. Am. Chem. S0d.998 120, 6433-6442.

(11) Zhao, X.; Jia, M.-X.; Jiang, X.-K.; Wu, L.-Z.; Li, Z.-T.; Chen, G.-J.
Org. Chem 2004 69, 270-279.

(12) (a) Tatko, C. D.; Waters, M. L1. Am. Chem. So@004 126, 2028-2034.

(b) Butterfield, S. M.; Waters, M. LJ. Am. Chem. So2003 125 9580-
9581. (c) Tatko, C. D.; Waters, M. 0. Am. Chem. So@002 124, 9372
9373.

(13) (a) Langenhan, J. M.; Gellman, S. Brg. Lett. 2004 6, 937-940. (b)
Langenhan, J. M.; Guzei, I. A.; Gellman, S. Angew. Chem., Int. Ed.
2003 42, 2402-2405. (c) Seebach, D.; Abele, S.; Gademann, K.; Jaun, B.
Angew. Chem., Int. EA.999 38, 1595-1597. (d) Deebach, D.; Beck, A.
K.; Bierbaum, D. JChem. Biodiersity 2004 1, 1111-1239.

(14) Cantor, C. R.; Shimmel, P. RBiophysical Chemistry, part JIW. H.
Freeman: New York, 1980.

(15) Martin, G. E.; Crouch, R. C. ITwo-Dimensional NMR Spectroscopy
Croasmun, W. R., Carlson, R. M., Eds.; VCH Publishers: New York, 1994,

(16) NOESY techniques identified through-space correlations across amide
carbonyls and alkoxy oxygens while long-range total correlated spectros-
copy (TOCSY) methods have been used for aromatic systems Bedoce
in the case reported here connects protons a and d for each Déh ring.
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Figure 3. Unfolding curves of trimerd—3. Complete unfolding occurred
at CTAB concentrations above 0.03 w/v % at which point no hypochromism
at 382 nm was observed for the solution.

there was no chemical shift overlap for these two protons). As F9ure 4. Representative lowest energy conformers dfeft structures)
and2. Only the aromatic rings and carbon atoms in the backbone are shown

for the Dan* protons, the relative intensities of the cross-peaks for clarity. The Dan/Dan linker fog, designated by the arrows, appears
at 6.5 and 6.3 ppm compared with the other cross-peaksflexible and long enough to allow for the unstrained insertion of an NDI
suggested that a* and d* also made Ndi contacts. Unfortunately Unit.

this could not be verified because of chemical shift overlap. ] ) ]
The primary sequence of compouBiglaces the Dan unit far stacking. Differences between structures were largely confined
enough from the Ndi moiety so that if the molecule were in an to the torsion angles of the flexible linker regions. This current
extended or partially unfolded state (a non Dan/Ndi/Dan stack), Mdeling is in agreement with the idea that a naphthyl oligomer
NOE signals would not be expected between the Ndi protons Will @dopt a conformation to maximize, if geometrically

and the Dan protons. Examining the spectrunakvealed reasonable, the number of Dan/Ndi interactions. The few
that Ndi/Dan* contacts can be unequivocally identified (f*, e* conformers that did not adopt a face-centered Dan/Ndi/Dan

c*, and a*). arrangement of rings after energy minimization (severely off-
set and edge-to-face oriented structures for instance) resulted
in significantly higher energies>(5 kcal/mol) than the repre-
sentative low energy structures shown in Figure 4. Note that
the modeling is not assumed to be quantitative, as no explicit
water molecules were included. Rather, it is intended to evaluate
relative linker compatibilities with the various folded structures.

Importantly, for the Dan unit, contact between proton ¢ and
the Ndi unit was clear as well. There may be other Dan protons
that make contact with the Ndi ring (in particular protons a and
d) but signal overlap hinders this assignment in an unambiguous
fashion. Last, the NOESY spectrum 8f with unambiguous
Ndi hydrogen correlations with f* and d*, indicated an interac-
tion between the Ndi unit and the immediately adjacent Dan* Discussion
residue. However, as expected for a restricted linker control,
no Ndi interactions could be attributed to the more distant Dan
residue of3.

Due to the similarities of the U¥vis extinction coefficients
of 1 and 2, plus their comparable unfolding curves based on
- ] ) o ) UV absorbance, it is reasonable to believe that these two trimers
Unfolding studies were carried out by monitoring the increase gh5re a common arrangement of their aromatic rings. Data from
in absorbance (i.e. the decrease in hypochromism) at 382 NMsypporting 2D NMR and computer modeling experiments
with the addition of cetyltrimethylammonium bromide (CTAB),  jndicate that this arrangement of rings consisted of a face-to-
a detergent that was found to disrupt aromatic stacking of relateds;ce  Dan/Ndi/Dan stack. A control trime8, designed to
folding molecules.In Flgure 3, the percent unfold_ed was scalt_ad geometrically prevent this type of trimeric stack, gave signifi-
to each molecule with 0% unfolded representing the starting cantly different UV-vis and NOESY spectra as anticipated.
state before CTAB was introduced to the solution and 100% Indeed, while the NOESY spectra are consistent with a
unfolded indicating a final state in which absorbance did not pleated fold structure fat and an intercalative fold fa2, both
change with higher concentrations of CTAB. As expected, since rggyjting in a Dan/Ndi/Dan hydrophobic column, it is important
each trimer has one Ndi unit, 100% unfolded gave the same, consider alternative interpretations. For example it is possible
absorbance for each solution, and corresponded to a value equgl, imagine a conformation fo2 in which edges of both Dan
to that found for an Ndi monomer solution of the same (ings make contacts with the same face of the Ndi unit, in a
concentration containing the same amount of CTAB. roughly triangular geometry. Such a scenario is unlikely,
Once again, the behavior of compouridand2 were almost  however, in light of the observed hypochromism that strongly
indistinguishable, while that & was different. In particula|3 supports a face-to-face stacking geometry of the aromatic
unfolded at lower CTAB concentrations, presumably because ynits514 Moreover such a triangular geometry would have
there are fewer intramolecular stacking interactions for this less significantly different ring current effects and therefore dramati-
folded system. cally different chemical shifts of the aromatic protons fr
Computer Modeling. Molecular dynamics simulations of  compared withl. Such differences were not observed, and in
twenty diverse initial structures of models band2 each were fact, the chemical shifts for the aromatic regions of the spectra
performed using restraints based on unambiguous NOE datafor 1 and2 are comparable.
Various conformations were thus obtained, of which the more  There are, however, subtle differences in the splitting patterns
stable ones (within 1 kcal of the lowest-energy conformers of the aromatic protons fdr and2, indicating slightly different
shown in Figure 4) all displayed face-centered Dan/Ndi/Dan relative orientations of the stacked rings. These differences are

J. AM. CHEM. SOC. = VOL. 127, NO. 8, 2005 2639
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likely due to the unique geometrical preferences imposed by association and the designability of naphthyl oligomers. Stability

presumed distinct linker topologies (Figure 4). Analogous studies of longer naphthyl oligomers that display other types

splitting pattern differences were observed in a previous study of folding are underway.

of Dan-Ndi dimers tethered with a wide range of linkérs.
The aim of computer modeling was to investigate the ability

of 2 to adopt a tri-aromatic stack conformation resulting in a UV —Vis Spectroscopy.UV —vis spectra were taken on a temper-

new type of intercalative fold. An exhaustive survey of ature-regulated Hewlett-Packard 8452A diode array spectrophotometer.

conformational space was considered unnecessary since therE0r the unfolding studies, solutions of trimers were initially ayA0

was already strong spectroscopic evidence that naphthyl oligo-2€fore the fitration of a 2.%M (0.1 wiv %) solution of CTAB.

mers fold by arranging their rings in close proximity to each Absorbances were adjusted for volume changes. The hypochromism

h As i tant the decisi t ¢ t fafter each injection of CTAB was measured and divided by the
othér. AS important was the decision 10 generale a Set 0 hypochromism of the original solution to give a percent unfolded value.

optimized structures rather than pursue a single, presumedgeers jaw studies generated linear plots for all the molecules throughout
|0W€‘St'_en€_‘r9y structure with p"_Oh'b't'Vely long molecular_ the concentration ranges investigated by-tii& spectroscopy, indicat-
dynamic simulations. This modeling strategy had been previ- ing that the reported values are for monomeric species. Similarly,

Experimental Section

ously shown successful for naphthyl oligoméps. chemical shifts in the NMR spectra displayed no conentration depen-
Overall, the modeling does corroborate the proposed Dan/dence over the concentration range used in these studies.
Ndi/Dan stacking fod and2 (Figure 4). In earlier investigations, NOESY Spectroscopy.Samples for 2D NMR experiments were

we rejected a rigid two-state unfolded/folded model for aedamers readily soluble in 50 mM sodium phosphate, pD7.0 D,O. Spectra
and provided evidence that there exists families of stably folded Were recorded on a Varian INOVA 500 MHz spectrometer at 1 mM
structures, but importantly, all of these conformers were concentrations of compound and T8P¢3-trimethylsilyl-propionic-
Characteri,zed b face-cen’éered stackifiaThe same was 2,2,3,3-d acid, sodium salt) was used as a standard. Informative NOEs
indicated by our)lfnodeling studies for trimgr.ﬂndZWhere all were observed between the Dan and Ndi units when NOESY spectra

e . were acquired with a mixing time of 800 ms.
structures within 1 kcal mol of the most stable conformation Computer Modeling. All simulations were performed with the

exhibited a tri-aromatic parallel stack that maximizes Dan:Ndi Hyperchem software package (Hypercube Inc., Gainesville, FL 32601)
interactions, consistent with the-HH correlations from the  using the MM+ force field. To expedite calculations, representative

NOESY experiments. models ofl and2 were used in which the side chains were removed.
This naphthyl oligomer folding system that is directed by Unrestrained molecular dynamics was used to produce a set of 20

aromatic interactions joins thg-peptides as nonnatural fol- ~ random structures for both models dfand 2, each of which were

damers capable of accessing distinct folding patterns in a then annealed over 10 ps with a distance restraint based only on

predictable fashiof? unambiguous NOE_ signals (additional details can_be found in the
Supporting Information). Each structure was then subjected to geometry
Conclusions optimization without any restraints using a FletchReeves conjugate

Combined, UV+-vis data, 2D NMR data, and computer gradient (0.01 keal mof).

modeling are fully consistent with the interpretation that both ~ Acknowledgment. We are grateful for funding from the
naphthyl trimersl and2 adopt folded conformations in which  Robert A. Welch Foundation (F1188) and the National Science
a face-to-face Dan/Ndi/Dan stack is attained. A consequenceFoundation (CHE-0079106).

of this stacked arrangement is that the secondary structure of
is a pleated fold, while that o2 can be considered an
intercalative turn type of fold. It thus appears that the folding
patterns were predicted by the linear sequence of two residue
types owing to the strong directionality of the Dan:Ndi JA046722Y

Supporting Information Available: Details of UV-vis,
NMR, and molecular modeling analyses. This material is
available free of charge via the Internet at http://pubs.acs.org.
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