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ABSTRACT

+ H3N

A major frontier in foldamer research is creation of unnatural oligomers that adopt discrete tertiary structures; at present, only biopolymers
are known to fold into such compact conformations. We report an initial step toward helix-bundle tertiary structure in the S-peptide realm by
showing that a 10-residue S-peptide designed to adopt an amphiphilic helical conformation forms small soluble aggregates in water. Sedimentation
equilibrium data indicate that the aggregated state falls in the tetramer-hexamer size range.

Recent work from many laboratories has shown that oligo- Here we report a first step toward creation of a specific
mers built from a wide range of monomer types can display tertiary structure with-amino acid oligomers. We describe
regular, well-defined conformatioisThese unnatural sec- a j-peptide that forms an amphiphilic helidipophilic on
ondary structures fall into the three classes known from one side, hydrophilic on the other), and we show that this
proteins: helix, sheet, and reverse turn. Gaining higher ordermolecule undergoes self-association in aqueous solution.
conformational control is a major current goal in foldamer Pioneering work from DeGrado, Mutter and others has shown
research. At present, only proteins and nucleic acids arethat identifying conventional peptides-amino acid resi-
known to fold to specific, compact tertiary structures. Tertiary dues) that form amphiphilia-helices and self-associate in
folding appears to be necessary for many of the sophisticatedsmall clusters constitutes the initial phase in a “hierarchic
operations carried out by these biopolymers (e.g., catalysis).design strategy for helix bundle tertiary structéfeSelf-
Demonstrating that unnatural foldamers can adopt discreteassociatinga-helices have also formed the basis for self-
tertiary structures would show that proteins and nucleic acids : : ——
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replicating systent$ and provided a platform for exploring  Initial studies were performed in agueous 10 mM TRIS, pH
unusual sources of noncovalent affinity. Amphiphilic 8.0, at several rotor speeds ranging from 35 to 60 kifpm.
B-peptide helices have found biological applicatiéhs put Nonamphiphilic isomeR was present as a single species at
controlled self-association has not previously been obsérved. three concentrations under these condititngear least-
Deca-j3-peptidel was expected to adopt an amphiphilic squares regression analy$isesulted in molecular weight
helical conformation in agueous solution on the basis of prior estimates (averaged over four rotor speeds) of 1330, 1330,
observations. Seebach et al. have shown fhatibstituted and 1320 at 0.2, 1.4, and 1.8 mM, respectively. These values
B-amino acids (“f-residues”) lead to formation of a “14-  are consistent with the theoretical monomer molecular weight
helix”, which is defined by 14-membered ring hydrogen of 1370. Minor discrepancies between observed and calcu-
bonds among backbone amide groups (G=CH—N,_3).1° lated values may be attributable to nonideality (particularly
We have shown that the 14-helix is promoted even more applicable to highly charged molecules) or uncertainty in
strongly byg-amino acid residues with a six-membered ring the calculated partial specific volume. Comparable sedimen-
constraint, e.g.trans-2-aminocyclohexanecarboxylic acid tation behavior was observed for nonamphiphilipeptide
(trans-2-ACHC)! The 14-helix has approximately three 2 at 1.7 mM in 100 mM CRCO,H/CDs;CO:Na, 9:1 HO:
residues per turri-Peptidel contains thre¢rans-2-ACHC/ D,O, pH 3.8 (these conditions were used for subsequent
trans-2-ACHC/#-homolysine triads, which should lead to NMR experiments).
an amphiphilic 14-helix that has all three ammonium side  Through similar AU analysis, amphiphilig:peptidel was
chains aligned on one side of the helix and the six cyclohexyl found to be monomeric at 0.3 and 0.6 mM in 10 mM TRIS,
rings defining a hydrophobic helical face. The predicted pH 8.0 (molecular weight estimates matched thos® dut
disposition of side chains, as viewed along the 14-helix axis, radial distance spectra showed that at least one aggregated
is presented with the illustration df. The N-terminals®- state coexisted with the monomer at higher concentrations,
homotyrosine residue facilitates detection and quantification as evidenced by nonlinearity of In(absorbangevs (radial
via UV absorbance. Isomerjgpeptide2 was prepared as a  distance? plots (Figure 1). Nonlinear least-squares fitfihg
negative control. The 14-helical conformation available to to various monomer/n-mer models was performed with
2 is not amphiphilic because the ammonium side chains areconcentration distribution data obtained at 0.9, 1.3, and 1.7
distributed evenly around the periphery. Bftpeptideswere  mM to estimate aggregate stoichiometry. A monomer
prepared by automated solid-phase synthesis, purified byhexamer equilibrium model provided the best fits, as judged

HPLC, and isolated as trifluoroacetate salts.
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Self-association ol and2 in solution was examined by
sedimentation equilibrium analytical ultracentrifugation (AU).
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(9) None of the amphiphilic helix-forming-peptides described in ref 2
has been shown to form discrete, soluble aggregates. HamuréP eicakd
that their amphiphiligg-peptides form very large aggregates in the presence
of phosphate, and our group has made similar observations with a related
14-helical 5-peptide and with thg-peptide reported in ref 2c. Arvidsson
et al?d have described a zwitteriongpeptide that does not self-associate
at concentrations up to 2 mM; the authors commented that this observation
“raises the gquestion how to distribute side-chains in order to achieve self-
aggregation” of helicap-peptides.
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is the slope of a In(concentration) vs (radial distaAgdyt, concentration
in all cases is in absorbance unitéjs molecular weighty is partial specific
volume,p is solvent densityg is rotor speed in units of radians per sBc,
is the universal gas constant, ahds the absolute temperature. A partial
specific volume ¢) of 0.832 mL g* was used, as calculated by the method
in: Durchschlag, H.; Zipper, FProg. Colloid Polym. Sci1994,94, 20.
Similar results were obtained by nonlinear fits of concentration distribution
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arbitrary reference radiusgj near the meniscus, and base is a correction
included to account for nonsedimenting species (in most cases, set to zero).
All other terms are as defined above.
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s aggregates that remain highly soluble, rather than forming

the large, insoluble aggregates observed for many conven-
0.6 tional peptide$:'61” The association is weak relative to that

A. 07 of mosta-peptides that form amphiphilic helices; however,
o5 | B-peptidel is shorter than most-peptides designed to form
- helical bundles2®The onset of aggregation fdroccurs in
= 097 a concentration range comparable to that of ALPHA-1, a
5 1.0 1 12-residuen-peptide reported by DeGrado et al. in 1986 as
E 4 an initial step toward hierarchical design of helical bundfes.
The stoichiometry range deduced for self-associdtad
121 consistent with hydrophobically driven formation of helical
-1.3 1 bundle aggregates in which nonpolar helix surfaces are buried
1.4 . . . . against one another.
47.0 48.0 49.0 50.0 51.0 52.0 NMR studies were conducted to gain further insight on
the self-association df. Figure 2 shows NH/aryl CH NMR
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Figure 1. Representative AU data for amphiphiffepeptidel at M
60 krpm in 10 mM aqueous TRIS, pH 8.0: (A) 0.3 mM; (B) 1.7 J;_JL,..W...J__JUL_
mM. The linearity of (A) suggests a single species (monomgEyic
and the curvature in (B) suggests the presence of at least one i Mh il i ﬂ L_
aggregated state in equilibrium with the monomer. See text for , o ;
details. 8.8 8.3 8.0 7.6 7.2 ppm

Figure 2. NH/aryl CH region'H NMR spectra of amphiphilic
by randomness of residudfsAccording to this model, 30 B-peptidel in 100 mM CD,CO,H/CD3;CO:Na, 9:1 HO:D,O, pH
40% of 1 is estimated to be hexameric at 1.7 mM. Under 3.8, at various concentrations: (bottom to top) 0.2, 0.4, 0.8, 1.4,
buffering conditions used for subsequent NMR studies (100 1:8: 4.0, and 8.0 mM.

mM CD3;CO,H/CDs;CO:Na, 9:1 HO:D,0, pH 3.8), analysis

of AU data for 1 suggests pure monomer at 0.3 mM but
multiple species at 1.2 mM. In this case, the best fits were
achieved with a monomer-tetramer model.

data forl in 100 MM CD;CO,H/CDsCO:Na, 9:1 HO:D,0,
pH 3.8, at various concentrations between 0.2 and 8.0 mM.

The variation in apparent aggregate stoichiometry between TNe Iin_es are sharp at the low concentrations. The onset of
the two buffer systems may indicate that altering the solvent NMR line broadening, seen clearly at 1.4 mM, seems to
leads to a change in aggregate structure. Alternatively thiscorrelate with the onset of self-association as detected via
variation may reflect the uncertainty inherent in the fitting AU In contrast, no significant changes in line shape were

}pbserved for contrgb-peptide2 between 0.3 and 5.7 mM

process. (For example, two or more aggregated states ma - g - A '
be populated.) Whatever the explanation for this variation, 'n thiS solvent?which is consistent with AU data suggesting
that 2 does not self-associate. The NMR spectruml it

however, the important conclusion is that the amphiphilic i
14-helix formed byl self-assembles into relatively small 8:0 MM was unchanged after 1 month, and the solution
remained clear. Ten-fold dilution of the 4.0 mM solution

(15) Sedimentation equilibrium distributions for homogeneous interacting

macromolecular systemaA < A;) can be described by (ref 12¢)= ¢, (16) (a) Koo, E. H.; Lansbury, P. T.; Kelly, J. WWroc. Natl. Acad. Sci.
expla] + co;j exp[g] + base, wher&oj may be simplified tocoj = Co,/ U.S.A.1999,96, 9989. (b) Dobson, C. Mirends Biochem. Sc1999,24,
K1n The termco; is the concentration of speciegmonomer) at reference 329.

radiusry (defined above)g; is the molecular weight term for specieas (17) Self-association of helix-formingi-phenylene ethynylene oligo-
defined above, likewise fazpj andoj for specieg, n is the stoichiometry mers: Brunsveld, L.; Prince, R. B.; Meijer, E. W.; Moore, J(8g. Lett.

of the aggregate, any , is the dissociation constant for the monomer/n-  2000,2, 1525.

mer equilibrium. Best results for fitting to monomewher equilibrium (18) Eisenberg, D.; Wilcox, W.; Eshita, S. M.; Pryciak, P. M.; Ho, S.
expressions were achieved with basé. P.; DeGrado, W. FProteins: Struct., Funct., Genet986,1, 1.
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led to a return to the sharp lines observed for the original ||| | | N ININNEGG

0.4 mM sample, which shows that self-associatiori a$

reversible. The broad lines observed at higher concentrations ¥ 3g000
may indicate that equilibration between the monomeric and E 20000 -
helical bundle forms ol is relatively slow (i.e., the system F 10000
is approaching decoalescence). e o
In contrast, af-peptide composed strictly of acyclic € 10000 |
residues (containing thrg#-homoleucine/B-homoleucine/ 2
B3-homolysine triads) did not appear to aggregate as moni- = -20000 |
tored by'H NMR over a similar concentration range (data & -30000 ' ' '
not shown). From these results, we conclude that cyclic 190 210 230 250
residues (trans-2-ACHC) are important for self-association. Wavelength (nm)

Self-association of amphiphilia-helical peptides is  Figure 3. Circular dichroism data fg8-peptides at 25C: (bottom
frequently monitored by circular dichroism (CD), because to top at 214 nm) 0.1 mA2 in methanol; 0.1 mML in methanol;
o-helicity in the monomeric state is much lower than O-meZ in 1Qng1llg GQJGSOSS%FEI% ICt>H 8.0; anl;jt 0.1 (roan 10A _

_ i~ H i mivl aqueous , P 0. € gata were optained on an AVIV
ﬁtmt}tee“(;:lzilli?y tff:)? ﬁgazteogriﬁgds;tfﬁ]sr:)gigggss& %EC:ug; 202SF _instrument wit_h 1-mm path Igngth cells. The data ha_lve been

- . . o ) normalized forS-peptide concentration and number of residues.
even in the monomeric state thispeptide displays a high
14-helix population. 14-Helix formation in water #}tpep-
tides containing (R,R)-trans-2-ACHC gives rise to a CD
maximum at ca. 215 ni? At 0.1 mM in 10 mM TRIS, pH
8.0, a concentration well below the onset of self-association,
1 exhibits an intense maximum at 213 nm (Figure 3). The
CD spectrum of 0.1 mML in methanol displays a slightly
shifted maximum (215 nm), and the intensity is sligtdwer
than observed in agueous solution. Extensive CD analysis Acknowledgment. This work was supported by NIH
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the similarity between CD spectra afin aqueous buffer ~ Biophysics Instrumentation Facility at UW-Madison, for
and in methanol suggests that tfigpeptide is highly folded  advice and assistance with AU studies, and Prof. Hans Reich
in both solvents. The CD spectrum of nonamphiphilic isomer for advice in NMR interpretation. NMR spectrometers were
2 at 0.1 mM is nearly identical to that df at 0.1 mM, in purchased in part with NIH support.
both aqueous buffer and methanol, showing that high 14-
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The results described here represent an initial step toward
creation of an unnatural helix-bundle tertiary structure.
Precedent from de novo protein design suggests that our next
steps should involve synthesizing longépeptides that
presumably will associate more tighfiy® This step is
underway.

Supporting Information Available: AU and NMR data
for 1 and2. This material is available free of charge via the
Internet at http://pubs.acs.org.
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