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Abstract: The conformational properties gfpeptides comprised of enantiomerically par@ns-2-aminocy-
clohexanecarboxylic acid (ACHC) drans-2-aminocyclopentanecarboxylic acid (ACPC) units were studied

by NMR spectroscopy in organic solvents. In pyridiskesolution, ACPC hexamet and ACPC octame?
displayed well-defined helical structures characterized by a series of 12-membered hydrogen-bonded rings

(“12-helix™). The solution structures calculated from
conformations found previously fdrand?2 in the solid

the NMR-derived constraints were very similar to the
state. ACHC tetram@&rdisplayed a different sort of

helical conformation, characterized by a series of 14-membered hydrogen-bonded rings (“14-helix”), in methanol-
ds solution. This solution conformation is similar to that previously found in the crystal structuge of

Introduction

Unnatural oligomers that adopt specific, compact conforma-
tions (“foldamers”) have a wide range of potential applicatibns.

state, a tetramer and a hexamer constructed from enantiomeri-
cally puretrans-2-aminocyclohexanecarboxylic acid (ACHC)
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create new types of tertiary structures, which in turn might lead
to the creation of macromolecules with functional properties
akin to those of the compactly folded biopolymers, proteins and
RNA. Foldamers that display specific conformations at short
lengths 10 residues) may have medicinal applications, e.g.,
for disruption of specific proteirprotein interactions. Several

types of unnatural oligomers have recently been shown to adopt

well-defined secondary structures in solutfof.

ShortS-amino acid oligomers -peptides”) are among the
most well-studied unnatural oligomers with discrete folding
propensitie$:367 Our group has provided crystallographic
evidence that cycloalkane-bas@gdamino acid residues can
induce formation of two different helical conformations, with
helix shape determined by cycloalkane ring size. In the solid
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conditions). Two-dimensional spectra (DQF-COSY, TOCSY, ROESY,

(o]
o 0 Nﬂj\ ﬂ)l\o and NOESY) were recorded employing standard pulse sequences with
e N /\© the number of acquisitions typically set to 64 for the NOERQESY?
+0/U\N E H 3 and DQF-COSY spectra and 32 for the TOCSNspectra. Low power
A n presaturation was used to suppress the water resonance during the

relaxation delay during data collection with samples of low concentra-
3 tion. In general, spectra were recorded with 2K complex data points in
5 F2 for each of 486:512t; increments with a sweep width of 5050 Hz
in each dimension. TOCSY spectra were recorded with an isotropic
mixing time of 65 ms and trim pulses of 2.5 ms immediately before
and after the spin lock period. NOESY spectra were acquired with
mixing times between 100 and 500 ms. ROESY data were collected
with spin lock times of 250, 300, and 350 ms. ROESY data at 298 K
with a mixing time of 300 ms were used for distance restraint
calculations for compound4 and 2 whereas a 300 ms ROESY
' experiment at 277 K was used for integration of peak volumes for
H o tetramer3. The NOEs were classified into four groups of strong,
& Wf\ medium, weak, and very weak with upper bounds set to 3.0, 3.5, 4.0,
N |5 & and 5.0 A, respectively. The lower bound limit was set to 1.9 A.
Restraints files were also generated with “quantitative” distances,
- calculated by using a reference distance of an isolated geminal proton
Compound4 was prepared from theSE)-ACHC building block and pair set to 1% A Wigt]h the upper and lower bounds set t0915% abopve or
compounds from (RR)-ACHC (i.e.,4 is the enantiomer of the structure 16,y the calculated distance (each of these sets is represented in the
shown). (C) The dashed arrow points toward an expansion of one g ;n54ring Information). The temperature coefficients of the amide
ACHC residue and the definition of backbone protons fleamino protons were studied by collecting 1D spectra at seven different
acids. Dpuble sided arrows indicate the_ hydrogen bonding partners fortemperatures between 5 and&5in 5 deg increments and are reported
a f-peptide (A) 12-helix and (B) 14-helix. in —ppb/K. All spectra were processed with UXNMR on an X32

. . L . computer or XWINNMR on a Silicon Graphics O2 workstation and
adopt the “14-helix”, which is characterized by 14-membered- peak picking and volume integration were performed with NMRCOM-

ring hydrogen bonds between backbone carbonyls and amidepass (Molecular Simulations Inc.). The data were zero-filled to 1024
protons two residues toward the N-termirfdsSeebach et al.  points in F1 prior to Fourier transform, multiplied by a shifted sine
have found 14-helical conformations fBpeptides composed  function and baseline corrected with a polynomial of order 5.

of acyclic residues, via two-dimensional NMR analysis in Molecular Modeling and Dynamics.Model building and molecular
methanol or in pyridiné2PWe have shown that oligomers of  dynamics simulations were performed on an SGI Indigo workstation
trans-2-aminocyclopentanecarboxylic acid (ACPC) form a “12- in the context of the QUANTA molecular modeling package (v. 4.1,
he”x”, defined by 12_membered_ring hydrogen bonds between Molecular Simulations, |nC). The CHARMmM force fiéfdwas used

backbone carbonyls and backbone NHs three residues towardor the majority of the calculations either coupled with QUANTA or
the C-terminusP with a stand-alone version on a DEC AlphaServer 2100 (Digital

. L . Equipment Corp., Marlboro, MA). Energy minimizations were typically
Here we present comprehensive, two-dimensiéHaNMR computed until convergence (defined as an energy gradient of 0.001

structural data f_or three_ hehx-formm@_—peptldes (Figure 1, kcakmol-Y), using the adopted basis Newton Raphson (ABNR)
compoundi—_s) in organic solvents, pyridine or methanol. TWO  gigorithm as implemented in CHARMm. For compourids3, mo-

of the -peptides, hexamet and octamee, are constructed  |ecular dynamic simulations were carried out on structures in vacuo
from ACPC (preliminary NMR data fo2 have been previously  using a distance-dependent dielectric constant to approximate solvent
reported®); tetramer3 is constructed from ACHC. Limited data  shielding. For ACPC hexamérand octameg, a shifted potential was

are presented for the ACHC hexam&rextensive resonance  used to a distance of 12 A with a nonbonded cutoff of 14 A. The
overlap precluded a complete analysisiofia *H NMR-based nonbonded lists were updated every 25 steps of dynamics. Dynamics
structure calculations. The availability of high-resolution solution Were carried out by first heating the systemnfr@ K to 1000 K over
structures fop-peptides composed of rigidified residues, in 14- 10 PS with a time step of 0.001 ps. The system was then equilibrated

. N 2 for 20 ps and cooled slowly back to 300 K over 70 ps. A constant-
helical or 12-helical for_ms’ should facilitate the use of these temperature dynamic simulation was then performed for 100 ps. The
foldamers for drug design and other purposes.

simulation trajectories were recorded every 1 ps and subsequently
. . analyzed to examine any conformational fluctuations. A SHAKE
Experimental Section algorithm was used to constrain bonds to hydrogen to withir? £0

NMR Spectroscopy.NMR spectra were collected on a Bruker AMX ~ Restrained MD simulations were also carried out with a protocol similar
spectrometer operating at 500 MHz with an inverse, broadband probe.to that described as above, where the energy term for the distance
Sample concentrations varied among different experiments but wererestraints was added to the total potential energy of the system as an
generally between 8 and 15 mM dissolved in one of the following harmonic potential function. Dihedral angle restraints were added for
solvents: pyridinads, CD;OD, or CD;OH/CDCk. Spectra were col- compoundsl and2 based on the NH-(H coupling constant and were
lected between 4 and 2& under the control of a Eurotherm variable- ~ calculated from the Karplus equation given by Haasnoot &t ah

o
=1
nn
w

Figure 1. (A, B) Structures of compounds used in this studly-4).

temperature unit with an accuracy of 0@ (see figures for individual ~ iterative process was applied in which additional NOEs were assigned
(6) Computer simulations ¢i-peptides: (a) Daura, X.; van Gunsteren, (8) Macura, S.; Ernst, R. Rvlol. Phys.198041, 95-117.

W. F.; Rigo, D.; Jaun, B.; Seebach, Bhem. Eur. J1997, 3, 1410. (b) (9) Bothner-By, A. A.; Stephens, R. L.; Lee, J.; Warren, C. D.; Jeanloz,

Christianson, L. A., Ph.D. Thesis, University of WisconsMadison, 1997. R. W.J. Am. Chem. S0d.984 106, 811—813

(c) Daura, X.; Jaun, B.; Seebach, D.; van Gunsteren, W. F.; Mark, A. (10) Rance, M.; Sorenson, O. W.; Bodenhausen, G.; Wagner, G.; Ernst,

Mol. Biol. 1998 280, 925. (d) Daura, X.; Gademann, K.; Jaun, B.; Seebach, R. R.; Withrich, K. Biochem. Biophys. Res. Commui®983 117, 479

D.; van Gunsteren, W. F.; Mark, A. Angew. Chem., Int. Ed. Endl999 485.

38, 236. (e) Daura, X.; van Gunsteren, W. F.; Mark, AFEoteins: Struct. (11) Bax, A.; Davis, D. GJ. Magn. Resonl1985 65, 355-360

Funct. Genet1999 34, 269. (f) Wu, Y. D.; Wang, D. PJ. Am. Chem. (12) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J,;

S0c.1998 120 13485. (g) Mdile, K.; Ginther, R.; Thormann, N.; Hofmann, Swaminathan, S.; Karplus, M. Comput. Cheml983 4, 187-217.

H.-J. Biopolymers1999 50, 167. (13) Haasnoot, C. A. G.; de Leeuw, F. A. A. M.; de Leeuw, H. P. M;

(7) Diederichsen, U.; Schmitt, H. ViEur. J. Org. Chem1998 63, 827. Altona, C.Recl. Tra. Chim. Pays-Bad4979,98, 576.
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Table 1. H Chemical Shifts of Hexamet in CsDsN at 298 K
c D residue NH pH  oH yH oH others
1 8.356 4.475 2.733 2.024,1.698 1.634 2.153, 1.895
CH31.497
9.397 4.711 2.626 2.002,1.658 1.529 2.185,1.787
8.445 4.733 2.884 2.045,1.830 1.723 2.325,1.830

2
3
e ——— e 4 9.030 4.840 2.884 2.067,1.873 1.723 2.411,1.873
51 50 49 48 47 46  ppm 44 43 42 41 ppm 5  8.826 4.870 3.185 2.010,1.943 1.809, 1.744 2.497,1.943
6 8973 5.077 3.572 2.131,1.959 1.852,1.637 2.217,1.959
B OCH; 5.356
5.227
(2,4)H 7.508
(3,5)H 7.328
6H 7.242
2 Refers to the chemical shifts of the aromatic protons from the
A C-terminal protecting group.
Aggregation Tests.For eachs-peptide, we collected NMR
JL l ‘ data at different concentrations in the solvents of interest and
JJ lL b examined the change in chemical shift of the backbone protons
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20  ppm and the resonance line widths. There were no changes in these
Figure 2. One-dimensional NMR spectra afin (A) pyridine-ts and parameters between 0.25 and 2.5 mM. In addition, temperature
(B) CDsOH at 298 K. (C and D) Expansions of thghCregion of the coefficients for the amide protons were within 0.5 ppb/K
spectra from parts A and B, respectively. between 2.5 and 25 mM (vide infra). These data along with

concentration-dependent CD measurements performed

from partially overlapped regions of the spectra based on the models previously® suggest that all of thg-peptides we studied were
generated from the simulations with unambiguous restraints. The bestmonomeric under the conditions used.

structures with lowest violation from this stage of the calculations were . - . .
again energy minimized and subjected to restrained dynamics simula- Assignments.The convention used throughout this study is

tions at 277 K for 100 ps. The conformations with lowest violation the accepted labeling of€ and GH for f-amino acids relative

and lowest energy were extracted based on analyzing the final 0 standardx-amino acids; i.e.oc and protons are those on
simulation trajectories. the methine carbons bearing the carbonyl group and the nitrogen
For ACHC tetrameB, simulations were performed with CHARMm  of the amide bond, respectively (Figure 1c). Residue-specific
in vacuo using the stochastic Langevin algorithm to provide coupling assignments were made based on a combination of DQFCOSY,
to a heat bath. A set of 20 pseudorandom conformations was generatedrOCSY, ROESY, and NOESY spectra. Several features of the
by sampling a structure every 10 ps from a 200 ps dynamics simulation N\R data allowed us to correlate particular amide protons with
at 1000 K where the atomic charges were removed to prevent  their positions at either end of the oligomer. For example, the
predominance of compact structures. After minimizing these 20 - .
structures in the neutral state, the charges were reapplied and the’\l'tf:"rr‘mnaI am'de_pmton (NH1) of _hexamerwas the only
molecules quickly heated back to 1000 K and equilibrated for 10 ps. @mide proton in this molecule that did not show more than one
The distance constraints were then gradually applied over the next 24NOE(ROE) cross-peak to a,8 resonance, the sole correlation
ps by increasing the force constants above zero by 1 kcal/mol every 1 being the intraresidue NH1zE1 peak. With an assignment
ps. The final set of structures was obtained by cooling each simulation made for GH1, inspection of the correlations to this peak
down to 300 K over 10 ps. The resultant conformational variation was offered clues to the identity of the adjacent residue. A similar
then assessed by superimposing the structures to the conformation withne of reasoning was used for the C-terminus: thél@®eak
the lowest distance violations of the NMR constraints, by linear least- that displayed a correlation to only one NH resonance was

squares fitting of the backbone atoms of the ftamino acid residues. . - . -
The same fitting procedure was done to the backbone atoms in theassumed to be part of the C-terminal residue. In this manner, it

crystal structure of the tetramer. was possible to perform an “NOE walk” along the backbone
and assign the NH, g, and GH protons for each of
Results compoundsl—3 and confirm intraresidue assignments from

Selection of SolventsThe syntheses of compountis4 from COSY (TOCSY) data. o )
enantiomerically pure ACP€or ACHC3 monomers have been ACPC Hexamer 1.In a preliminary report? we outlined
reported. Proton NMR spectra bf-4 were collected in different ~ Some of the details of the structure determination of hexamer
solvents in an effort to optimize chemical shift dispersion for 1. The solution conformation df is characterized by a series
NH, C,H, and GH. Interestingly, DMSQds, which is often of 12-membered NH- -€0 hydrogen-bonded rings (12-helix).
the solvent of choice for solution NMR studies of small peptides, A summary of the H-bonding pattern of the 12-helix is shown
caused severe overlap in th spectra ofl—4. Pyridineds in Figure 1a. The NMR data for ACPC oligometsand 2
gave maximum dispersion for the ACPC hexarhand octamer suggest that the helical conformation populated in solution is
2. The critical GH and GH regions were nearly first order in ~ very similar to that observed in the solid st&é.A list of
most spectra, and several of the aliphatic cyclopentyl protons chemical shifts ofl in pyridineds is shown in Table 1.
were also well resolved. GIOH proved to be optimal for ACHC ~ Comparison of the NH-gH and NH-GH regions of ROESY
tetramer3. The one-dimensionaH spectra for compounds-3, and TOCSY spectra df in pyridineds at 298 K is shown in
in general, revealed well-dispersed signals for the backboneFigure 3. All six protons in the gH region are discernible
protons, suggesting high populations of a single, well-defined although slight overlap is observed for thgHCprotons of
conformation for each oligomer. A comparison of the spectra residues 4 and 5 and residues 2 andy&is). Protons of
of compoundl in CD3OH and pyridineds is shown in Figure residues 3 and 4 show overlap in thgHCregion. Residue
2. assignments were evident from the ROESY data (vide supra).
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Figure 3. ROESY (A, C) and TOCSY (B, D) spectra @fin pyridine-ds at 298 K. Parts A and B represent the ROESY and TOCSY spectra for
the NH-GH region and parts C and D illustrate the NHHCregion of the spectra.

A

RSN

1 2 3

%iﬁf{*ﬁ#iﬂif‘q*mg

4 5

UUU AU

Figure 4. Typical (A) sequential and (B) medium range NOEs observed for AGR@ptides. Residue numbers are labeled. In part B, double

sided arrows indicate 4Ei(i)-NH(i+2) correlations and the corresponding half arrowheads repregeitt)C,H(i+2) NOEs.

For a 12-helix fold, each NH proton (except for NH1) should NH4, CsH3-NH5, and GH4-NH6 (Figure 4b). In addition, -
give through-space correlations to twgHCprotons, since the

ment with both the intraresidue,8 (residue) and the GH of
the previous residud  1). This pattern is observed fdrin

1-3is available as Supporting Information.

amer. We observed several long-rardyg(i,i+2), dg(i,i+2),

fold found in the crystal structuré A diagram of the sequential

hexamerl is shown in Figure 4. gH(i)-NH(i+2) correlations
were observed between all possible proton pairs that would beSimilar correlations were observed for both octari2eand
tetramer 3. Each of these cross-peaks was very weak for

expected for a fully formed 12-helix, i.e. s81-NH3, GH2-

(i)-CoH(i+2) cross-peaks appeared to be present between the
amide proton of a particular residue is in an eclipsing arrange- same residue pairs, although definitive assignments were

possible only for gH3-C,H5 and GH4-C,H6. The GH1-C,-

H3 and GH2-C,H4 cross-peaks were ambiguous because of
Figure 3a. A list of assignments and NOE peaks for compounds overlap of the GH3 and GH4 proton resonances. A very weak
dgn(i,i+3) cross-peak betweengBl and NH4 was observed
Medium-range NOEs reveal the backbone fold of the hex- providing further evidence for the 12-helix conformation in
solution (not observed at the contour level depicted in Figure
anddgn(i,i+3) correlations that are consistent with the 12-helix 3). At each terminus, we observed one correlation that is not
consistent with the 12-helix-fold, theg81-NH2 and GH5-

and medium-range NOEs observed along the backbone ofNH6 correlations. These correlations could indicate some
“fraying” of the helical structure at each terminus in solution.
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Figure 5. ROESY (A, C) and TOCSY (B, D) spectra &fin pyridine-ds at 298 K. Parts A and B represent the ROESY and TOCSY spectra for
the NH-GH region and parts C and D illustrate the NHFCregion of the spectra

hexamer1 and octamer2 and hence did not contribute 1aPle 2. *H Chemical Shifts of ACPC Octamérin CsDsN at 298
significantly to the final calculation of the low-energy structures -
(see below) residue NH pH  oH yH oH others
ACPC Octamer 2. A pattern of NOEs similar to that 1 8399 4475 2.733 2.024,1.693 1.648 CH2:.L14?937’1.916
observed forl allowed us to assign a 12-helical conformation 2 9459 4.690 2.626 2.002. 1.677 1.639.1.551 32'174 1.809
for octamer2 in pyridine-ds (this 8-peptide was not soluble in 3 8512 4711 2884 20451852 1723  2.282,1.852
CD30H). In the GH region, two protons were partially buried 4 9158 4754 2.841 2.088,1.895 1.701 2.282,1.830
under the residual water resonance, and four othét @eaks 5 9.070 4.776 2.884 2.088,1.959 1.744 2.325,1.873
were contained within~0.2 ppm. Even with these limitations, ? g'ggg i'ggg g'ggg g'ggg' i'gg? i';gg 1734 22"21917' 11'895227
we could discern that the NOEs observedZawvere similar to 8 8997 5077 3.593 2.131,1.959 1.852, 1648 2.239, 1.959
those seen fot. A set of minor peaks in the one-dimensional OCH, 5.356
spectrum of octame2 was attributed to either an impurity or a 5.227
rotamer that results from slow rotation about the N-terminal %"S‘)ﬂ ;-ggg
carbamate boné& the presence of this minor component did gk" %235,

not hamper the analysis @ The chemical shifts of relevant
protons fronR in pyridine-ds are listed in Table 2. A comparison
of the ROESY and the TOCSY spectradis shown in Figure

a Refers to the chemical shifts of aromatic protons on the C-terminal
protecting group.

5. A strategy similar to that used for hexanfecorroborated Table 3. 'H Chemical Shifts for the ACHC Tetramé&?
the chemical shift assignments of thgHCand GH protons. .

; ; NH H H
Medium-range correlations that paralleled those of hexaimer residue B @
were observed for octame; i.e., dsn(i,i+2) and dys(i,i+2) % 2-228 gg;g i-ggg
correlations (a pattern of NOEs analogous to those shown in 6.252 3660 1778
Figure 4b, over the entire length of an octamer). However, the 4 7722 3.862 2175

dag(i,i+2) correlations involving protons4E13 and GH5 could
not be definitively assigned because of resonance overlap

Figure 5c; see Supporting Information for a complete list of . . . .
(Fig PP g P in CD30OH solution. In contrast td and 2, the dispersion of

chemical shifts foB in pyridine-ds was inferior to the dispersion

NOEs for2).

ACHC Tetramer 3. Tetramer3 displays a 14-helix confor-
mation in the solid staté& Since3 is comprised of only four
residues, barely more than one turn of the 14-helix is possible.
The NMR data fo3 suggest that the 14-helix is highly populated

(14) Benedetti, E.; Pedone, C.; Toniolo, C.; Nemethy, G.; Pottle, M. S.; Was obscured somewhat by cyclohexane methylene resonances;

Scheraga, H. Alnt. J. Pept. Protein Res98Q 16, 156.

aAt 277 K in CD;OH.

in CDsOH, where nearly all backbone resonances3afiere

well resolved. Assignments proceeded in a manner analogous
to that described fot and2. A list of chemical shifts for the

backbone protons 03 is shown in Table 3. The &2 peak

however, the correlation data allowed tentative assignment of
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CﬁH Table 4. Temperature Coefficient of Amidic Protons gfPeptides
] 4 3 1-3in Various Solvents
A 2 1 residue DMSO CBOH GCsDsN
ppm 1 6.76 8.25 (6.72) 13.9 (13.3)
2 16 @ 2 6.80 8.55 (3.84) 13.1 (12.4)
3 5.44 5.40 (4.76) 5.1(4.7)
3 175 4 3.84 5.25 (7.00) 6.2 (5.5)
18 5 3.76 4.85 4.7 (4.5)
: 6 4.08 5.00 5.2(4.2)
194 7 - (4.9
CH 8 —(5.0)
¢ 2.0 aValues are in—ppb/K. Numbers given for all three solvents are
for hexamerl. ? Values in parentheses are for tetrarfBén CD;0H.
1 ¢Values in parentheses are for octar@en CsDsN.
4 / |Ffi.':7 ~'5"7\'i" 7
il '}
‘ ‘ gy
¢ '\L J\\
) NS A
B . " b‘\ “.‘i,//\

Figure 7. Overlay of the 10 best structures of the octaealculated
from restrained molecular dynamics simulations.

H NH
(o]

g

Figure 6. (A) C,H-CsH region of the ROESY spectrum of tetranger
in CD3;OH at 277 K. The strong, long-ranggil-C,H4 correlation is
labeled. (B) Cartoon of the folded conformation of tetra®erdicated
by CsH1-C,H4 shown in part A.

in CD3OH, and we tentatively assigned some of the observed
NOEs. Although all peaks could not be unambiguously assigned,
the pattern of correlations for this molecule was consistent with
the 14-helix structure. Correlations such as intraresidue NH-
C.H and dna(i,i—1), along with long-rangelns(i,i+2) could

be tentatively assigned, all of which were indications that a 14-

helix is populated in solution. Only twag(i,i+2) correlations
could be assigned unambiguously due to overlap in thig C
CsH3 and NH2-GH4, which are characteristic of a 14-hetiz. ~ region of the spectrum. Previously reported H/D exchange data
A very strong NOE between (&1 and GH4 is an excellent ~ With 4in CDsOH suggested that this molecule adopts a stable
indication that the 14-helix fold is highly populated for tetramer folding pattern, which is presumably the 14-hefix.
3 in CH3OH (Figure 6a). This correlation is possible only if Amide Proton Temperature Coefficients.The temperature
the molecule folds to bring the cyclohexyl groups of the two dependences of amidic proton chemical shifts (“temperature
terminal residues very close in space (Figure 6b). In the crystal coefficients”) are frequently examined in an effort to gain insight
structure of3, these protons are within 2.59 A of one anotbfer.  on intramolecular hydrogen-bonding patterns. In hydrogen-
We observed additional NOEs f&rthat suggested that the  bonding solvents, like those employed in our study, the
amide bonds of residues 2 and 3 may be “flipping” to bring the conventional interpretation of temperature coefficients is that
NH proton in proximity of the3-proton of the previous residue  small values result from intramolecularly hydrogen-bonded NH
(as discussed above, analogous NOEs were observed at thgroups, while large values result from solvent exposed NH
termini of 1), viz., GH1-NH2 and GH2-NH3. An indication groups. These simple interpretive rules were originally derived
of some type of chemical exchange was also evident from the from analysis of small cyclic peptidé&}which have relatively
behavior of the NH1 proton at various temperatures. This proton rigid conformations. For linear peptides, however, interpretation
was a sharp doublet between 277 and 288 K, but began toof amide temperature coefficients is, in principle, more complex.
broaden at higher temperatures and virtually disappeared in thelf, for example, internal hydrogen bonding is disrupted when
one-dimensional spectrum above 298 K. This behavior sug- the temperature is raised, then a large temperature coefficient
gested that some,Texchange broadening is occurring on the Will probably be observed. The uncertainties associated with
NMR time scale at or above room temperature, possibly by temperature coefficient interpretation have been discussed in
C—N rotation of the N-terminal carbamate grotfpin the detail by Anderson et af®
NOESY spectrum o3 at 298 K, the majority of the NOEs We measured NH temperature coefficientsfgueptidesl—3
observed at 277 K were still present at 298 K, but some long- because we had independent high-resolution information on the
range correlations were weakened, suggesting that the foldedsolution conformations of these molecules, which could help
structure begins to unravel as the temperature is raised.

this peak. We also observetig(i,i+2) correlations for NH1-

; (15) (a) Kopple, K. D.; Ohnishi, M.; Go, AJ. Am. Chem. Sod.969
ACHC Hexamer 4. The analysis o# was hampered by o ©20% o Raty ™ 0rs S \Waiochem. Biophys. Res. Commii869

severe overlap of signals in the,& and GH regions in all the 36, 194. (b) Anderson, N. H.: Neidigh, J. W.; Harris, S. M.; Lee, G. M.;
solvents tested. However, the amide protons were well resolvedLiu, Z.; Tong, H.J. Am. Chem. Sod 997, 119, 8547-8561.
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Figure 8. (A) Overlay of thes-peptide backbone of the 10 best structures of the tetr@raiculated from restrained molecular dynamics simulations.

(B) Overlay of thes-peptide backbone of a second family of structures obtained in the restrained molecular dynamics simul&iosith af
left-handed helical twist. The N- and C-terminal residues in parts A and B are shaded black. (C) Overlay of the crystal strai¢uinée)f and

the calculated structure (black) from NOE-restrained molecular dynamics simulations that most closely matches the crystal structure.coordinates

us avoid misinterpretation. Data obtained in three solvents for the NOE restraints in the simulated annealing calculations. The

ACPC hexamelf and data for ACPC octamerin pyridine-ds

RMSD values for all calculated structures were £.3 and

are shown in Table 4. The data sets appear to be qualitatively1.0+ 0.2 A for all atoms and 0.1% 0.05 and 0.1t 0.05 A
consistent with 12-helix formation, because for each ACPC for the backbone atoms for compountignd 2, respectively,

oligomer the two N-terminal NH groups display significantly

indicating that the 12-helix is highly populated for oligomérs

larger temperature dependences than do the remaining NHand?2 in pyridine solution.

groups. In the 12-helix conformation, only the two N-terminal
NH groups would fail to form intramolecular 12-membered ring

For ACHC tetramer3, the structures calculated from the
modeling support the conclusion that a 14-helix is present in

hydrogen bonds. These results hint that the 12-helical conforma-CD;OH. As with the ACPC oligomers, starting structures3of
tion is at least partially populated in all three solvents even at were annealed with NOE restraints (a table of restraints is

the highest temperature.

For ACHC tetramer3, NH temperature coefficients were
measured only in CEDH (Table 4). The values (6.7, 3.8, 4.8,
and 7.0 ppb/K for NH1, NH2, NH3, and NH4, respectively)
also qualitatively suggest a folded structure for the tetraBner
The lowest coefficient was found for NH2 (3.8) which should

included in the Supporting Information). Examination of the

20 structures derived from the protocol outlined in the Experi-
mental Section revealed that two families of conformations were
populated. An overlay of the 10 structures that best fit the NOE
restraints (lowest restraints energy) is shown in Figure 8a. It is
evident that a right-handed, 14-helix is formed even though only

be involved in a hydrogen bond with the carbonyl of residue 4 a little more than one full turn of the helix is possible. There is
in a 14-helix fold. These data are consistent with the NOE data some disorder near the C-terminal group, but the backbone

in suggesting thaB assumes a 14-helix structure in gIH
solution.

Molecular Dynamics. f-Peptides1—3 were studied by
molecular dynamics simulation using the CHARMmM force

atoms seem to converge well (RMSD0.38+ 0.03 A for the
backbone atoms).

A second conformation dd was found to be also helical in
nature, but the handedness was reversed (left-handed helix,

field.22 The NOE data were used to generate qualitative distanceFigure 8b). These structures were of much higher total energy

restraints for simulated annealiigind minimizations. For both
ACPC oligomers,1 and 2, the 12-helix was the predominant
fold that converged during the calculations from the solution

than those with the expected right-handed helix conformation.
It is also evident from Figure 8b that this family of conforma-
tions showed more structural scatter with a much higher RMSD

data. The calculated structures agreed well with the crystal than the structures comprised of a right-handed helix.

structures oflL and?2. In addition, the NMR-derived structures
closely reproduced the conformations that were originally
predicted by a modified versiéftof the AMBERL7?<force field
within the molecular modeling package MACROMODELA

list of the NOE restraints used for compouridsnd?2 is supplied
with the Supporting Information. Figure 7 shows an overlay of
the 10 structures of octam@ithat had the fewest violations of

(16) Nilges M.; Clore, G. M.; Gronenborn, A. NFEBS Lett1988 239,
129-136.

(17) Laurie Christianson, Ph.D. Dissertation, University of Wisconsin,
Madison, 1997. Christianson, L. A.; Lucero, M. J.; Appella, D. H.; Klein,
D. A,; Gellman, S. HJ. Comp. Chemin press. AMBER force field: (b)
Weiner, S. J.; Kollman, P. A.; Case, D. A.; Singh, U. C.; Ghio, C.; Alagona,
G.; Profeta, S.; Weiner, Rl. Am. ChemSoc 1984 106, 765-784. (c)
Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M, Jr.;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P.
A. J. Am. ChemSoc 1995 117, 5179-5197.

(18) Chang, G.; Guida, W. C.; still, W. C. Am. Chem. Sod 989
111, 4379-4386. (b) Mohamadi, F.; Richards, N. G. J.; Guida, W. C.;
Liskamp, R.; Lipton, M.; Caufield, C.; Chang, G.; Hendrickson, T.; Still,
W. C.J. Comput. Chenl99Q 11, 440-467.

Figure 8c shows an overlay of the best fit structure from the
10 low-energy conformations with the crystal structure of
tetramer3.3¢ A close fit of the NMR-derived structure and the
solid state structure is evident. The average RMS difference of
the 10 best structures with the crystal structure was 0275
0.027 A. These data show that ACHC building blocks can be
used to design3-peptide oligomers with well-defined and
relatively rigid conformations. However, some conformational
flexibility due to the limited number of helix-stabilizing
interactions is evident in such a short oligomer.

Conclusion

This study shows that-peptides prepared from enantiomeri-
cally pure ACHC or ACPC residues adopt solution conforma-
tions that mirror the well-defined helical conformations found
in the solid state. Thus, the ACHC and ACPRfpeptide
backbones provide two distinct molecular shapes that could
serve as scaffolds for display of functional group clusters in
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