J. Am. Chem. S0d.998,120, 4891-4892 4891

Theoretical and Experimental Circular Dichroic of the atoms and chromophores should serve as a basis for

Spectra of the Novel Helical Foldamer interpreting observed spectra in terms of structure. Here we

Poly[(1R,2R)-trans-2-aminocyclopentanecarboxylic describe theoretical and experimental studies that establish the

acid)] CD signature of a nove#-peptide helix and provide a test of the
validity of one current theory for this purpose.

Jon Applequist,® Kimberly A. Bode! Daniel H. Appella Various research groups, including ours, have independently

Laurie A. Christiansori,and Samuel H. Gellmén reported theoretic’l and experiment&P+ 6 circular dichroic

spectra of particular observed or hypothetical p@igmino acid)
lowa State Uniersity, Ames, lowa 50011 helices, though until now no comparison has been made between
Department of Chemistry, Ursity of Wisconsin the observed CD spectrum and the theoretical spectrum for a
Madison, Wisconsin 53706  Known structure. Such a comparison is made here for the helix

) found by Appellaet al# for poly[(1R,2R)-trans-2-aminocyclo-

Receied December 15, 1997 pentanecarboxylic acid], here abbreviat@dQpc), (see Figure

Circular dichroism (CD) spectroscopy is often the first structural 1)- The helix found for the hexamer in methanol solution by
method applied to new peptides and proteins, because the meashNMR spectroscopy is a novel left-handed structure designated
urement is simple to perform and data from the far-UV region @S @ 12-helix in the notation of Appelit al? (indicating a 12-
provide insight into secondary structures in solution. Measure- aom hydrogen-bonded ring) or an4helix in the notation of
ments that provide higher resolution structural information, such Bode and Applequist [indicating a left-handed helix with
as X-ray crystallography and NMR spectroscopy, require much hydrogen bonds between (NHnd (CO)-s]. The L3 helix is
more time and material for data acquisition and analysis. Current@ Very compact structure, having only 2.6 residues per turn and
efforts in many laboratories are directed toward the identification Virtually no void volume in the interior. Bode and Appleqdist
of unnatural oligomers and polymers that adopt compact and well- 9ave spectral predictions for pofdamino acids) in the less
defined folding patterns (“foldamers®4 Short oligomers of ~ COMpact Rz, Rys, L4, and Ls helices but not the L helix.
B-amino acids g-peptides), for example, have recently been  The calculations reported here are based on the idealized L
shown by X-ray crystallography and/or NMR spectroscopy to helix illustrated in Figure 2. The f|_rst step was to generate the
adopt a variety of helical or sheet secondary structtresEarlier ~ Structure of Ae-(5 Cpcho—OMe by simulated annealing calcula-
studies of3 -amino acid homopolymers led to proposals of helical tions?® The average backbone torsion angless, v, w, side
and sheet conformation;1” however, the conformations of these ~ chain torsion angleg®, 5%, x° x* and side chain bond angles
high polymers in solution have never been fully elucidated. ~ Were found from the simulation as listed in Table 1. A regular

Rapid progress in foldamer development requires simple and helix was ge_nerated using these average quantities for all residues
convenient assays for the formation of well-defined conforma- combined with a set of covalent bond lengths and bond angles
tions. While the extensive experimental CD spectra available for used in previous optical calculatiols.The repeating unit was
poly(a-amino acids) provide a basis for interpreting spectra in —C*H—CO—-NH—CHX—, where X represents the portion of
terms of secondary structures of these polyri@téthere is no  the cyclopentane ring connecting @nd €. No additional end
reason to expect the same empirical correlations to apply to 9roups were attached. Because the bond geometries differ slightly
homologous molecules such as tBeptides. In principle, a  from those of the annealed structure, a final optimization of the

physical theory that relates the CD spectrum to known properties backbone torsion angles, as described previousias necessary
to achieve realistic hydrogen bond geometries. The final opti-
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Iﬁm\?e?stﬁteolfnggr?;in mized geometry is given in Table 1 and is seen to be close to the
(1) Seebagh, D.. Overhand, M.:"Kale, F. N. M.: Martinoni, B.Helv. annealed structure. The rms difference in non-hydrogen atom
Chim. Acta1996 79, 913. positions in the two structures is 0.162 A.

L e B e e, A B 0y Doaa e Figure 3 shows the theoretical and experimental CD spectra
'(3) Appelia, D. H.; Christianson, L. A.; Karle, 1. L.; Powell, D. R.; Gellman, N the amider—s* band near 200 nm. The theoretical spectra

S. H.J. Am. Chem. S0d.996 118 13071. were obtained for the dipole interaction model using the polar-

(4) Appella, D. H.; Christianson, L. A.; Klein, D. A.; Powell, D. R.; Huang, ili i i N -
X1 3 Barchi 1 Gellmar. S Miature 1097 387, 361, izability parameters described previously for the '@Chro

(5) Seebach, D.; Oberer, L.; Hommel, U.; Widmer, Hely. Chim. Acta mophores and the nonchromophoric atd#3:22 Th? curves .for
1997 80, 2033. (8 Cpc) and (3 Cpc), show that the CD spectrum is sensitive to

(‘75) Eeebtﬁ?'hv D.;Slv_lagwevg_s, J. ChEmA- ?gmmlﬁmggé _2%15”- - chain length in this range. It is particularly notable that the experi-
A 5 118, 11 oqg ™ [ A Powell, D. R Gellman, SJH.— mental spectrum for tBog8(Cpck—OBzI in methanol agrees well

(8) Eschenmoser, AOrigins Life 1994 24, 389. with theory in the major observed band at 205 nm. The observed

(9) Hagihara, M.; Anthony, N. J.; Stout, T. J.; Clardy, J.; Schreiber, S. L. spectrum in trifluoroethanol confirms the presence of the predicted

J. ?{B} ggﬁwérisogg?gszaﬁ)ﬁ 655_(.3?50tenza D.: Longari, C.; Fioravanzo, E.: Negative band near 190 nm, but the differences from the methanol

Carugo, O.; Sardone, NChem. Eur. J1996 2, 644. spectrum suggest that other conformations may be present in
11é1%)52H§1me0, Y.; Geib, S. J.; Hamilton, A. H. Am. Chem. Sod.996 trifluoroethanol. The presence of a weak negative band at 220

(12) Lokey, R. S.; Iverson, B. INature 1995 375, 303. nm in both experimental spectra is likely due to the anmige*

(13) Green, M. M.; Peterson, N. C.: Sato, T.. Teramoto, A.: Cook, R.: transition, which is omitted from the calculation. The curve for
Lifson, S.Sciencel995 268 1860. . (B Ala)y is similar to that for § Cpc), except for a much weaker

(14) Nelson, J. C.; Saven, J. G.; Moore, J. S.; Wolynes, Boncel 997, negative band near 190 nm. This shows a sensitivity of the

277, 1793. . : -

(15) Bella, J.; Alemia, C.; Ferradez-Santin, J. M.; Alegre, C.; Subirana, ~ Spectrum of the Ls helix to side chain structure that was absent
J. A. Macromolecules 992 25, 5225. B i from the theoretical spectra of other pglygmino acid) helice&’
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1995 36, 263. Table 2 summarizes the theoretical parameters of both the

(17) Bode, K. A.; Applequist, Macromolecules.997, 30, 2144, absorption and CD spectra obtained in these calculations. The
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Figure 1. Structure of tBoc#f Cpclk—OBzl with notation for torsion
angles.
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Figure 3. CD spectra of Lz poly(3-amino acid) helices, expressed on
a residue-molar basis. Theoretical curves areffdCgch. (—); (5 Cpck
(--); (B Ala)iz (— —); all using a half-peak bandwidth of 4000 cin
Experimental data are for tBo@Cpck—OBzl at 20 in methanol Q)
and in trifluoroethanol ) on a Jasco J-715 spectrometer.

Table 2. Spectral Properties of the—x* Band in L3 Helices

property B Ala)i, (6 Cpche (6 Cpck
Amasnim) 189 190 190
Figure 2. Stereo image of{ Cpcho in L_3 helix. Nitrogen atoms are fA (em™) 4053170 3918.218 3363_240
black. Produced by MacMolplt program courtesy Brett Bode. f, 0.006 0.008 0.005
) fo 0.164 0.210 0.235
Table 1. Geometry of the L3 (3Cpc), Helices fi /o 0.037 0.039 0.023
weaes o QB G55 085 o
¢ (deg) 94.7 95.0 Acp1 (Nm) 204 206 204
& (deg) -92.1 —-94.3 Acpz (nm) 190 192 192
y (deg) 101.5 103.0
 (deg) —178.5 180.0 2. The splitting is manifested by the separation of the positive
gg;gmgaé?aet%n A _1402'705 _139'2710 and negative bands of the CD spectrum but would not be easily
residues per turn 256 258 observed in the absorption spectrum because of the weak oscillator
NO distance (A9 2.79 2.78 strengthf, of the parallel band, corresponding approximately in
HNC angle (ded) 7.48 12.4 wavelength to the positive CD band.
OCN angle (deg) 13.06 13.5 3. A potentially important feature of the absorption spectrum
(? NC/Cr) 5 :148'70 :148'70 of the L3 helix is the occurrence of most of the oscillator strength
¥t (NCPCIC?) 118.82 118.82 ; : - JSLe =TIt
72 (CFCCOC) 2756 22756 in the bar_ld_polarlzed perpendlcule}r to th_e hellx axis. Th_|s is a
%3 (CrCOC-Ce) 43.49 43.49 characteristic of all of the polgtamino acid) helices examined
x4 (COCCC) —165.62 —162.19 so far in which each NH is hydrogen bonded to a CO group
DNUjCVD 110.46 110.46 toward the N-terminus of the chain, while helices with hydrogen
gggg %82-12 iggzg bonding in the opposite direction are predicted to show strong
[OACCa 10171 10099 absorption in both parallel and perpendicular modes test of
this prediction would be possible by linear dichroism measure-
2 Average values from annealing simulatiGrOptimization of ¢, ments on a sample of chain length sufficient to permit orientation
E Y to f|E NO distance 2.79 A and linear NHOC group, with of the molecules in a solid film.
standard” backbone bond lengths and bond angles aarftked at 4. The CD bands have signs and wavelengths comparable to

180.0. © Geometry of NH--OC group. those of the set of helices examined previouglyHowever, the
parameters for the absorption spectra are maximum absorptionrotational strengths of the bands for the;lhelix are substantially
wavelengthima, band splittingA between perpendicular and  smaller. As noted above, the rotational strengths in this case show
parallel absorption bands, mean oscillator strefigihd polarized unusual sensitivity to side chain structure. The present findings
oscillator strength§, fg, relative to the helix axis. The CD para-  show that the dipole interaction model for the CD calculations is
meters are the wavelengths of the major extré@, Acp. and consistent with observations for a structure determined indepen-
the rotational strengthR;, R, of the corresponding bands, found dently, lending support to both the validity of the theoretical
by summation of rotational strengths of normal modes above and approach and the assignment of the structure. As the model has
below 200 nm, respectively. The following points are noteworthy: been tested primarily on polgfamino acidsy! the present

1. The splittingA is substantially larger than values predicted extension to a homologous structure gives further evidence of its

for other heliced! which are in the range 1668200 cn1* using utility as a structural tool.
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