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In an attempt to understand the energetics of ^-sheet-based 
molecular recognition in aqueous solution, we have constructed 
a peptidomimetic host that binds to a tetrapeptide guest affording 
a host—guest complex, which subsequently self-associates into 
a high molecular weight /3-sheet. This system, in the simplest 
sense, mimics the binding and self-association properties 
exhibited by receptors1 such as the class 1 major histocompat
ibility proteins2 although association and signaling are not 
features exhibited by this receptor mimic. The host, which is 
composed in part of alternating cationic and hydrophobic 
a-amino acid residues, is selective for anionic guests having 
an amphiphilic periodicity of 2. Preliminary binding data 
suggest that both hydrophobic and electrostatic interactions are 
critical for /3-sheet-mediated binding. Ongoing systematic 
studies with this system should complement the synthetic hosts 
that have been used to better understand the energetics of ligand 
binding in molecular recognition.3 

The receptor mimic (1) (Figure 1) was synthesized by 
coupling 2,8-dibenzofurandiylbis(3-propanoic acid) and the side 
chain protected peptide V-K(ClZ)-L-K(ClZ)-DMDA.4 Side 
chain deprotection was accomplished by hydrogenation5 result
ing in a crude receptor mimic 1, which was purified by C18 
RP-HPLC and characterized by MALDI-TOFMS.6 The diben-
zofuran diacid residue was envisioned to separate the two 
covalently attached peptide strands by approximately 10 A, 
allowing a peptide guest to bind between the strands of 1, 
affording a three-stranded, antiparallel /3-sheet. The peptide 
guest, Suc-Glu-Leu-Glu-Leu-NH-Bzyl (2) (Figure 1) was 
prepared on oxime resin,4a cleaved from the resin utilizing 
benzylamine, deprotected, purified, and characterized as de
scribed for 1. The C-terminal benzamide group in guest 2 was 
envisioned to bind to the dibenzofuran moiety of 1 via an 
aromatic—aromatic interaction7 initiating the binding of 2 to 1, 

(l)Lauffenburger, D. A.; Linderman, J. J. Receptors: Models for 
Binding, Trafficking, and Signaling; Oxford University Press: New York, 
1993;p 365. 

(2) (a) Brown, J. H.; Jardetzkey, T. S.; Gorga, J. C; Stern, L. J.; Urban, 
R. G.; Strominger, J. L.; Wiley, D. C. Nature 1993, 364, 33. (b) Fremont, 
D. H.; Matsumura, M.; Stura, E. A.; Peterson, P. A.; Wilson, I. A. Science 
1992, 257, 919. 

(3) (a) Jimenez, L.; Diederich, F. Tetrahedron Lett. 1989, 30, 2759. (b) 
Rotger, M. C; Gonzalez, J. F.; Ballester, P.; Deya, P. E.; Costa, A. J. Org. 
Chem. 1994, 59, 4501. (c) Robbins, T. A.; Knobler, C. B.; Bellew, D. R.; 
Cram, D. J. J. Am. Chem. Soc. 1994, 116, 7955. (d) Anslyn, E.; Breslow, 
R. J. Am. Chem. Soc. 1989, ; / / , 8931. (e) Boyce, R.; Li, G.; Nestler, H. 
P.; Suenaga, T.; Still, W. C. J. Am. Chem. Soc. 1994,116, 373. (f) Kelly, 
T. R.; Bridger, G.; Zhao, C. J. Am. Chem. Soc. 1990,112, 8024. (g) Lehn, 
J.-M. Angew. Chem., Int. Ed. Engl. 1990, 29, 1304. (h) Rebek, J. J. Angew. 
Chem., Int. Ed. Engl. 1990, 29, 245. (i) Tellado-Garcia, F.; Hamilton, A. 
D.; Geib, S. J.; Goswami, S. J. Am. Chem. Soc. 1991, 113, 9265. (j) 
Zimmerman, S. C ; Duerr, B. F. J. Org. Chem. 1992, 57, 2215. (k) Huang, 
C-Y.; Cabell, L. A.; Anslyn, E. V. J. Am. Chem. Soc. 1994, 116, 2778. (1) 
Kearney, P. C; Mizoue, L. S.; Kumpf, R. A.; Fovman, J. E.; McCurdy, 
A.; Dougherty, D. A. J. Am. Chem. Soc. 1993, 115, 9907-9919. 

(4) DeGrado, W. F.; Kaiser, E. T. J. Org. Chem. 1982, 47, 3258. 
(5) (a) Hendrix, J.; Lansbury, P. J. Org. Chem. 1992, 57, 3421. (b) 

Elamin, B.; Anantharamaiah, G. M.; Royer, G. P.; Means, G. E. /. Org. 
Chem. 1979, 44, ZAAl. 

(6) Kinsel, G. R.; Preston, L. M.; Russell, D. H. Biol. Mass Spec. 1994, 
23, 205. 

(7) (a) Paliwal, S.; Geib, S.; Wilcox, C. S. J. Am. Chem. Soc. 1994, 
116, 4497. (b) Hunter, C. A.; Sanders, J. K. M. J. Am. Chem. Soc. 1990, 
112, 5525. (c) Blundel, T.; Singh, J.; Burley, S. K.; Petsko, G. A. Science 
1986, 234, 1005. (d) Burley, S. K.; Petsko, G. A. Science 1985, 229, 23. 

O H VaI H O Leu H O | 

€^\ O Lys H O Lys H 

H VaI H O U u H O 

° O Lys H O Lys H 

Peptide Host 1 

(XJ O Leu O H U u O H 

YXN'UY l i'Y^N ,XY l i ,y^^oH 
O H GIu O H GIu O 

Peptide Guest 2 

o""= fc P 

P 
1-2 

»m2n 

Figure 1. Structure of host (1) and guest (2) and the apparent binding/ 
association pathway. 
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Figure 2. Titration of 1 (50 /tM) with 2 in 10 mM NaOAc, pH 5.75. 
Concentrations of 2: O, 0 fiM; D, 40 /M; O, 80 ̂ M; • . 120 fiM; • , 160 
^M; , • , 200 mM. 

ultimately affording an intermolecular antiparallel /3-sheet 
composed of 1 and 2. The peptide sequences in 1 and 2 have 
an amphiphilic periodicity of 2, allowing the hydrophobic and 
oppositely charged side chains of 1 and 2 to interact, enhancing 
sheet stability.8 When studied separately, 1 and 2 exhibit 
concentration-independent random coil type circular dichroism 
(CD) spectra at pH = 5.75, consistent with nonassociating 
peptides which adopt multiple conformations. The addition of 
peptide 2 to the receptor mimic 1 affords a CD spectrum with 
a minimum at 219 nm and a maximum at 194 nm, consistent 
with a /3-sheet complex, Figure 2.9 

The three-stranded /3-sheet complex 1—2 resulting from the 
interaction of peptides 1 and 2 is amphiphilic and as a result 

(8) (a) DeGrado, W. F.; Lear, J. D. J. Am. Chem. Soc. 1985,107, 7684. 
(b) Kaiser, E. T.; Kezdy, F. J. Science 1984, 223, 249. 

(9) (a) Diaz, H.; Tsang, K. Y.; Choo, D.; Espina, J. R.; Kelly, J. W. /. 
Am. Chem. Soc. 1993, 115, 3790. (b) Greenfield, N.; Fasman, G. D. 
Biochemistry 1969, S, 4108. (c) Saxena, V. P.; Wetlaufer, D. B. Proc. Natl. 
Acad. Sci. U.S.A. 1971, 68, 969. 

0002-7863/95/1517-1655$09.00/0 © 1995 American Chemical Society 



1656 J. Am. Chem. Soc, Vol 117, No. 5, 1995 Communications to the Editor 

was expected to dimerize in a face to face fashion through 
hydrophobic interfacial interactions.8b The dimerized complex 
I222 may also assemble beyond the dimer by way of inter-
molecular association of lfa complexes, mediated by excess 
guest peptide 2 into an extended sheet structure. The CD-
monitored binding of 1 to 2 could be fitted to the equilibria 1 
+ 2 ** 1-2 »- lm2n, having a KD of 490 [M for 1-2 and an 
apparent KD of 400 nM for lm2„.10 

In order to better characterize the initial binding reaction of 
1 + 2 ** 1—2, 1 was covalently attached to an N-hydroxy-
succinimide activated agarose chromatography resin for high-
performance affinity chromatography (HPAC) analysis.113 Im
mobilizing 1 on a resin by an amide bond derived from one of 
the €-amino groups of lysine ensured that the 1-2 complex 
would not undergo self-association, therefore uncoupling the 
initial binding equilibrium from the subsequent association 
equilibria. The dissociation constant for the 1—2 complex was 
determined by HPAC by plotting the concentration of the guest 
injected versus the reciprocal of the difference between the 
elution volume and the void volume.11 The KB determined by 
HPAC (510 fiM) was virtually identical to that determined by 
fitting the solution binding data computationally (490 fiM). 

Analogs of the guest peptide 2, Suc-ELEL-NHX, which differ 
with regard to the C-terminal amide group (X), were evaluated 
for their ability to bind to the immobilized host using HPAC 
analysis. As X increases in hydrophobicity so does the binding 
affinity for the host (X = H, KD = 0.76 mM; X=isobutyl, KD 

= 0.71 mM; X = benzyl, KD = 0.51 mM), but not dramatically. 
Importantly, 1 is very selective with regard to the tetrapeptides 
that it is capable of binding. A structural analog of 2 where 
the glutamic acid residues are replaced with serine has weak 
affinity (XD = 2.18 mM), whereas peptides such as Gly4, Ala*, 
and TVTV do not bind to 1, suggesting that both the amphiphi-
licity and the anionic nature of the guest are important. An 
evaluation of the binding energetics of a variety of structural 
analogs of 2 is currently in progress. 

The effect of temperature and salt on the quaternary structure 
of the 1—2 complex was ascertained by evaluating samples 
containing 50 ^M 1 and 410 fiM 2. As the temperature of a 
sample was increased from 5 to 30 0C, there was little change 
in the CD spectrum, reflecting the thermal stability of the 
/?-sheet-based lm2„ assembly.12a_c Addition of 2 to 1 in the 
presence of salts differing in their anion component strongly 
inhibits guest binding as predicted by the electroselectivity 
series, indicating that the anions bind to 1. At 25 0C, sulfate 
prevents the formation of a 1—2 complex by inhibiting the 
binding event at concentrations of 50 mM, while at the same 
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concentrations perchlorate and chloride anions do not appear 
to significantly perturb the formation of a 1—2 complex. At 
concentrations above 50 mM, perchlorate and chloride inhibit 
the binding of 1 to 2 . 1 2 W 

Since CD spectroscopy is not very sensitive to /3-sheet 
quaternary structure formation,13 we set out to characterize the 
MW of the lm2„ complex by analytical equilibrium ultra-
centrifugation.14a These experiments reveal that the lm2„ 
complex assembled far beyond the dimeric state at 25 0C at pH 
= 5.75. In fact, the sample sedimented from the equilibrium 
ultracentrifugation cell at 3000 rpm, dictating that the lm2„ 
complex has a MWapp approaching or exceeding 105.14 The 
concentrations of both 1 and 2 were varied, as were the 
temperature, pH, salt type, and salt concentration in an effort 
to create well-defined quaternary structures composed of 1 and 
2 as probed by analytical equilibrium ultracentrifugation. The 
results of these efforts fall into two categories: either the 
conditions afforded a soluble 1—2 complex of high MW or the 
conditions denatured the complex, affording unstructured 1 and 
2. These results and others strongly suggest that the binding 
of 2 by 1 and the subsequent self-association of the 1—2 
complex are linked equilibria.10 The self-association has a 
significantly lower K0 (̂ D(app) = 400 nM) than the K0 for the 
formation of 1—2 (Kc 490 fiM), explaining the cooperative 
nature of the binding and self-association steps. Strategies 
pursuant to the formation of a stable I222 structure in solution 
are currently in progress. 
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