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Foldamers are oligomers that adopt well-defined conformations. 0 o]
Interest in unnatural foldamers has burgeoned in recent years as it ;3 "“u‘li( J -"IL‘II*I’
has become clear that short oligomers constructed from subunits °\\~2-Q5 ow.Q
other thano-amino acids or nucleotides can adopt discrete =
secondary structurésThe ability to control molecular shape has OJ\" \IAO

allowed creation of foldamers with interesting functidifsPeptides

(B-amino acid oligomers) are among the most widely studied oligomerst! this precedent suggested that the PCA and nipecotic
unnatural foldamer&All three types of regular secondary structure ; . . . . :
acid oligomers with four or more residues might have discrete

observed in proteins, helix, gheet, and reverse wm, have beenconformational preferences. SubsequéBtNMR studies, however,
documented among sh¢#tpeptides. To date, however, gHpep-

tide secondary structures characterized by high-resolution methodsreveakad that even the longest oligomers in these fiymptide

. : series displayed multiple resonances for each carbonyl carbon,
(X-ray crystallography or two-dimensional NMR spectroscopy) . ~". . . .
have contained intramolecular hydrogen bonds between backbonem_d icating the prezs ence of multlp_le amide rotamers in slow excha_nge
amide groups. Similarly, intramolecular hydrogen bonding is with one anothet? Similar behavior has been (_)bserve_d for peptoids
characteristic of the most common protein secondary structures.f)f compargble length.The presence of multiple arr.nde. rptamers
Non-hydrogen bonded secondary structures, for example, polypro-'n these oligomers makes NMR structural analysis difficult and
line helices’ occur occasionally among proteins and in some shor

t complicates the interpretation of length-dependent CD data.
conventional peptides. Individual strands within the collagen triple ' @n effort to induce the backbone amide group to prefer a single
helix have a polyproline Il conformation, and short PPII helices

conformation Z), we prepare@-peptides from a 2-monosubstituted

play important roles in proteinprotein recognitio’t® The PPI helix PCA (2-MPCA) monomer (R= methoxymethyl). However;*C
has not yet been observed in proteins, but this secondary structurd VMR data forN-acyl 2-MPCA derivativel and related homooli-
is displayed by proline oligomers in certain solvents and by some 9omers indicated multiple rotameric statésVe turned to 2,2-
N-alkylglycine oligomers (“peptoids™.Some nonpeptidic folda- DPCA units to impose a stronger rotamer Bia5C NMR analysis
mers lack internal hydrogen bondﬂ]g of N-acyl 2,2-DPCA derivative2 and related homOOIigomel’S

We describe here a set@fpeptides that cannot form backbene ~ (32—€) in CDCl indicated that only a single rotameric state is
backbone hydrogen bonds but that nevertheless display distinctsignificantly populated in each cakeThe favored rotamer o2
conformational preferences. These oligomers are constructed fromwas identified asZ by observation of NOEs from the protons on
2,2-disubstituted-pyrrolidine-4-carboxylic acid (2,2-DPCA) residues. carbon-5 of the ring to the protons of the isobutyryl group, as shown
Because these building blocks g#émino acids, the interresidue  in the drawing above.
linkages are tertiary amides, as in proline and peptoid oligomers, A wide range of 2,2-DPCA building blocks is available via well-

and there are no hydrogen bond donors in the backbone. precedented chemistry. The key transformation-alkylation of
a protected derivative afans-4-hydroxy+ -prolinel4 The alkylating

LO-H LoH FOH agent provides one of the 2-substituents, and the proline carboxyl

O O RI”}O is transformed into the other 2-substituent. Deprotection of the

N R " R ¢ N 4-hydroxyl group, activation, cyanide displacement, and hydrolysis
H H H provide the carboxyl group of the desirgdamino acid‘? The

residues in dime#, for example, were prepared viaalkylation
In previous work, we examined oligomers of pyrrolidine-3-  with benzyl bromide. The crystal structure 4{Figure 1) shows
carboxylic acid (PCA) and of nipecotic acid, the six-membered ring that the amide group linking the two 2,2-DPCA residues adopts
homologue of PC/&;SeebaCh et al. conducted independent studies the expectecz conformation. 2,2-DPCA o|igomers can be ef-
of nipecotic acid oligomer$!° The per-residue circular dichroism  ficiently synthesized in solution with BopCl as coupling agent and
(CD) spectra of these oligomers change as a function of length upgoc as the protecting group on the ring nitrogen, or on a solid

to the tetramer but are independent of length for the pentamer andsupport with PyBrOP as the coupling agent and Fmoc as the
hexamer. Similar trends have been observed among pm”nenitrogen protection grouf?

* For correspondence concerning QM calculations, contact H.A.C. (carlsonh@ _HomOO“gomGrSSa_? were In_ves“g_ated in C4OH by Cb
umich.edu); for all other concerns, contact S.H.G. (gellman@chem.wisc.edu). (Figure 2). The per-residue CD signal increases up to the pentamer

T Department of Chemistry, University of Wisconsin. ;i
* Graduate Program in Biophysics, University of Wisconsin. bgt chanlges little betwe_en_per_ltamer and _hexamer_. Taken toge_ther
§ University of Michigan. with the 13C NMR data indicating that a single amide rotamer is
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Figure 1. Conformation of dime# in the solid state. For clarity, hydrogen @ ®)

atoms are omitted. Non-carbon backbone atoms have been labeled.

(€)

Figure 4. Computationally derived structures 6f(non-hydrogen atoms
6000 only): (a) representative member of a family of structures derived from
NOE-restrained dynamics with DYANA followed by restrained simulated
annealing with SYBYL,; (b) conformation with all threg torsion angles

= —80°; (c) conformation with all threey torsion angles= —160°. The
image was generated with the program DS viewer pro.

4000 -

the aryl groups in the side chains of residues 3 and 4. These NOEs
suggest at least partial population of folded conformations.
Calculations were used to determine the most likely conformers
of 2,2-DPCA oligomers. Gaussian 98was used to calculate
minima of a 2,2-dimethyl derivative & at the RHF/6-31G* level.
Systematic searching of all conformational space yielded 22 minima
(energy range 16.4 kcal/mol, half the structures within 4 kcal/mol

-6000

Molar Ellipticity (deg cm 2 1 decimol)

-8000 gf,_::; of lowest-energy minimum). The conformers differed by combina-
f 3c,n=4 tions of E/Z amide bonds, equatorial/axial placement of the C
10000 ¢ ' ig'::: amide (ring pucker), orientation of thg-acyl isobutyryl group,

12000 " and they torsion angle [Gi)Cy(i)—C(E=O)([)N(i+1)]. (The v
Wavelength (nm) torsion an_gle ir}@-amino acid r_esidues i_s defined a_nalogously to
the y torsion angle in conventional-amino acid residues.) Two
Figure 2. Normalized per residue CD spectra of 2,2-disubstituted PCA Y positions were greatly preferregh.values of—76° (10°) were
oligomers3a—e in methanol. - . .
stabilized by favorable Coulombic interactions between the oxygen
of the G, amide and a neighborings@ydrogen, andp values of
—165 (£ 8°) were favored by a similar interaction between the
oxygen and a €hydrogen. Almost no difference in energy was
found between equatorial/axial conformers of theatide (ring
pucker conformers). The second lowest-energy minimum (0.5 kcal/
mol) for the 2,2-dimethyl analogue @fwas in excellent agreement
with the crystal structure of. Both exhibit similary angles, &
amide rotamer, and an equatorial position for the linking amide.
The calculated global minimum was consistent with the NMR
results discussed below.

Molecular mechanics are more appropriate than quantum me-
chanics to model efficiently the conformations of tetrarBehe
NOEs summarized in Figure 3 were used as restraints for simulated
annealing. Initial structures were generated using torsion angle
dynamics with the program DYANAS These structures were then
used as starting points for restrained simulated annealing with the
program SYBYL!"18 The simulations yielded a family of closely
related conformations (Figure 4a; 0.610.23 A rmsd among the
populated for each member of the series (data not shown), the CDbest eight structures, backbone heavy atoms only). We were
data imply the formation of a regular structure in the longer surprised to observe that these conformations were not regular, that
oligomers. is, that the pattern of torsion angles was not consistent along the

Several 2,2-DPCA heterotetramers and heteropentamers werebackbone. Closer inspection revealed thatith®rsion angle was
prepared as a prelude to conformational analysis via two-dimen- the source of the variation among the residyess approximately
sional NMR;5 in CD,ClI, (but not in C3OH) displayed the best —165° for residues 1 and 2 of tetramérin the NOE-derived
proton resonance dispersion among the heterooligomgiii)C—~ structures, whilep is approximately—80° for residue 3 of. The
CsH(i+1) NOEs were observed between each pair of adjacent y torsion observed for the first two residues approximates the values
residues, which is consistent witfzaconformation for each of the  seen in the lowest-energy structure from the quantum mechanical
three interresidue amide linkages,(i8 the ring carbon bearing  calculations. The value ap for the third residue is in agreement
the carbonyl substituent;sGs the methylene carbon adjacent to with the second lowest energy quantum mechanically calculated
the nitrogen). Figure 3 shows some of the NOEs that could be structure and with they angle observed in the solid state
assigned from NOESY data, including all but two of the NOEs conformation of dime# (Figure 1). The backbong and6 torsion
between residues that are not adjacent in sequence (the two omitteéngles, that is, the five-membered ring conformations, were
are discussed below). There were severali+2 NOESs involving reasonably consistent throughout the simulations of tetr&maed

Figure 3. Selected NOEs between sequentially nonadjacent residues
observed for tetrames in CD.Cl,.
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matched those observed in the crystal structure of ddnEigure molecule5 (PDF). This material is available free of charge via the
4b and ¢ shows conformations of tetrandan which all three of Internet at http://pubs.acs.org.

the internaly torsion angles are identical. Torsion angles near
—160 (Figure 4c) yield a more extended conformation, and torsion References
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and observed NMR parameters will therefore reflect population- E. K.; Truong, K. T.; Dill, K. A.; Cohen, F. E.; Zuckermann, R. Rroc.
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between sequentially nonadjacent residues is entirely consistent with 123 6778.

a particular helical conformation for a conventional peptide or a  (7) See, for example: (a) Lokey, R. S.; Iverson, B.Nature 1995 375
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[-peptide, it is very unlikely that the molecule is conformationally 1997 277, 1793.

homogeneous under the NMR conditions. Instead, the folded (8) Huck, B. R,; Langenhan, J. M.; Gellman, S.®kg. Lett.1999 1, 1717.

. f f T ; Computational analysis of these systems: Chandrasekhar, J.; Saunders,
conformation is probably in equilibrium with an unfolded state, M.; Jorgensen, W. LJ. Comput. Chen2001, 22, 1646,
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