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Abstract: We have synthesized by solution methods and fully characterized tHaosdked heptapeptide
methylamidemBrBz-[L-Iva-L-(aMe)Val],-L-(aMe)Phe-L-tMe)Val-L-lva-NHMe, fully based on conforma-
tionally constrainedC*-methylatedo.-amino acids. An X-ray diffraction investigation of tiN*-benzyloxy-
carbonylated analogue showed that in the crystal state both independent mole@ane8] in the asymmetric

unit of the peptide adopt a fully developed, regular, right-handgéd@lical structure, although molecufe

would be slightly distorted at the C-terminal residue. Solution conformational analysis mBtiBz-blocked
peptide was carried out in CDg&by means of NMR spectroscopy. For structure determination we performed
restrained molecular dynamics simulations in CPRdsed on a search of the conformational space derived
from a simulated annealing strategy. For this peptide the NMR observables can be described by a single
backbone conformation, more specifically a rigig-Belix spanning the amino acid sequence from residue 1

to residue 6. The C-terminal methylamido NH group seems to be involved simultaneously in two H-bonds
(with the preceding — 3 andi — 4 carbonyl groups). Although in this peptide model there are no distinct
NOE distances for discriminatingi@ versusa-helix conformation, the sum of all NMR-derived restraints
clearly results in a 3-helical structure. Convergence from different starting structures (includingleix)

into a 3¢-helix was observed.

information at the residue level in peptides and proteins in
solution®7 NMR is expected to give parameters that are unique
for each of the two helix type&® An overwhelming amount

of information is available on the various interproton through-

space connectivities and the relative intensities of the resulting
NOE peaks for peptide and proteirrhelices. Despite some

Introduction

The 3¢-helix, first predicted as a reasonably stable polypep-
tide secondary structure about 55 years Higas only relatively
recently attracted the attention of structural biochemists and
protein crystallographers® Besides the classical-helix and

pB-pleated sheet conformation, it represents the third principal,

has been described at atomic resolution in model peptides an
in peptaibol antibioticd. The average conformational param-
eters of thex-helix are close to those of theghelix, the latter
being slightly tighter and more elongatidln particular, the
backbonep,y torsion angles for the two helices differ only by
6° and 12, respectively. However, the=€0---H—N intramo-
lecular H-bonding schemes are different;- i + 3 for the 3¢
helix, whilei < i + 4 for the a-helix.

Nuclear magnetic resonance (NMR) is the most extensively

long-range structural element occurring in globular proteins andJ;

promising, initial attempt&1°a similar analysis of grhelices
as not been carried out in detail yet. In part, this may be
scribed to the difficulty of finding a peptide model that could
adoptexclusvely the 3o-helical conformation in solution and
could be suitable for NMR analysis in terms of amino acid
sequence. In addition, there are only a few short-range distances
which can be used to distinguish the two helical types. Only
dan(i, i + 2) differs by 0.6 A (4.4 A for thex-helix, and 3.8 A
for the 3-helix), but distances abev4 A already give rise to
very weak signal intensities.
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Works from our as well as other laboratories have firmly
established that most of the*-tetrasubstitutedi-amino acids
are strong promoters ofigo-helical conformation$!=13 In
particular, heteropeptides containing oftf{+methylated amino
acid residues and homopeptides fra@@f-methylated amino
acids, such as Aibo-aminoisobutyric acid o€*-methylalanine),
Iva (isovaline orC*-methyl-aminobutyric acid), ¢Me)Val
(C*-methylvaline), and {Me)Phe C*-methylphenylalanine),
adoptexclusiely the 3¢-helical conformation in the crystal state
and in solvents of low polarity. Fully developed, stablg-3
helices were observed in these solvents at the level Bf N
blocked heptapeptide amides or octapeptide esters. Therefore,
the most reliable standard peptide model for the first unambigu-
ous structural determination of a completely assignedh8lical
conformation by NMR must be constructed with-methylated
amino acid residues. With this information in mind, as a model
peptide for the NMR characterization of thgyBelical confor-
mation, we decided to synthesize the-blocked heptapeptide
methylamidemBrBz-[L-Iva-L-(aMe)Val]-L-(aMe)Phe-L-(tMe)-
Val-L-lva-NHMe (mBrBz, mbromobenzoyl; NHMe, methyl-
amino).

Vﬁlr?€H;§%$}W)%E§m;§;5gw/

Such a sequence was designed with the aim of minimizing
the ambiguities in the assignment of the NMR resonances. We
have judged it worthwhile to obtain also the X-ray diffraction

structure of the same peptide sequence as a reference and precise

control of the interatomic distances which can be inferred from
the NMR analysis.

Materials and Methods

Synthesis and Characterization of Peptides Melting points were
determined with a Leitz (Wetzlar, Germany) model Laborlux 12
apparatus and are not corrected. Optical rotations were measured with
a Perkin-Elmer (Norwalk, CT) model 241 polarimeter equipped with
a Haake (Karlsruhe, Germany) model D thermostat. Thin-layer
chromatography was performed on Merck (Darmstadt, Germany)
Kieselgel 60ks4 precoated plates with use of the following solvent
systems: 1 (chloroformethanol, 9:1); 2 (1-butanelacetic acid-water,
3:1:1); 3 (toluene- ethanol, 7:1). The chromatograms were examined
using ultraviolet fluorescence or developed by chloristarch-
potassium iodide or ninhydrin chromatic reaction as appropriate. All
the compounds were obtained in a chromatographically homogeneous
state.

The free C-tetrasubstitutedi-amino acids were Nprotected with
the benzyloxycarbonyl (Z) grould-*” The Z-protected amino acids
were activated by using the acid fluoride meth&dThe synthesis and

(11) Karle, 1. L.; Balaram, PBiochemistryl99Q 29, 6747-6756.

(12) Toniolo, C.; Benedetti, BMacromoleculed991, 24, 4004-4009.
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G.; Preigoux, G.; Aubry, A.; Kamphuis, Biopolymersl993 33, 1061-
1072.
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G.; Toniolo, C.; Aubry, A.; Bayeul, D.; Kamphuis, Pept. Res1995 8,
6—15.
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Table 1. Analytical and Physical Properties of the Newly Synthesized Derivatives and Peptides

TLC
Re>

IR (cm™1)¢

0.7¢ 3410, 3339, 1831, 1715, 1521

recryst solverit [o]p?° (degf Rer Res

melting pointC)

compd

0.5¢¢ 3413, 3343, 1838, 1717, 1615, 1586, 1523

0.75 0.90 0.45 3368,1717,1652,1526
0.80 0.95 0.40 3372,3317,1704, 1655, 1545

0.80 0.95 0.40 3429, 3338, 1706, 1675, 1646, 1521
0.80 0.95 0.35 3415, 3334, 1702, 1665, 1643, 1528
0.75 0.95 0.35 3322, 1699, 1657, 1643, 1525

0.70 0.95 0.35 3323,1702, 1657, 1526

0.65 0.95 0.30 3323,1700, 1658, 1526

0.60 0.95 0.40 3310, 1656, 1530
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231-232

Z-L-(aMe)Val-L-lva-L-(aMe)Val-L-(aMe)Phe-L-¢Me)Val-L-lva-NHMe

314
38.3

AcOEt/E3O/PE

MC/PE

a AcOEt, ethyl acetate; PE, petroleum ether;&tdiethyl ether; MC, methylene chloridec = 0.5, methanol¢ The solid-state IR absorption spectra were obtained in KBr pellets (only bands in the

302-303
3450-3300 and 18561500 cnt! regions are reported).c = 0.5, methylene chloridé.Rr4 (ACOEt-PE, 1:3)f[0]262%

238-241

Z-L-lva-L-(aMe)Val-L-lva-L-(aMe)Val-L-(aMe)Phe-L-(Me)Val-L-lva-NHMe
mBrBz-L-Ilva-L-(aMe)Val-L-lva-L-(aMe)Val-L-(aMe)Phe-L-@Me)Val-L-lva-NHMe
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Figure 1. X-ray diffraction structure of the two independent molecul&sahdB) in the asymmetric unit of Z-[L-lva-L¢Me)Vall,-L-(aMe)-
Phe-L-@Me)Val-L-lva-NHMe with atom numbering, as viewed perpendicularly to the helix axis. The intramolecular H-bonds are indicated by
dashed lines. As for moleculB, only the conformation with the higher occupancy factor for ta®é)Val'?> and Ivd” side-chain C-atoms is
shown.

Table 2. Crystal Data for the Terminally Blocked Heptapeptide Table 1. All of the synthetic intermediates were also characterized by
- IH NMR. The finalmBrBz-protected heptapeptide methylamide was
;rgmcal formula 9%2:':%4'\'809 also characterized by (i) amino acid analysis (C.Erba model 3A30 amino
temp (K) 293(2) acid analyzer, Rodano, Milan, ltaly) [lva 2.9yNle)Val 3.2, @Me)-
Crysta| System monoclinic Phe 11] and (||) mass SpeCtrOmetry (FAB'MS) (MW 10121) [1013
space group R2 (M + H)*, 1035 (M+ Na)'].
a(A) 9.861(2) X-ray Diffraction. Colorless crystals of the terminally blocked
b (A) 18.338(3) heptapeptide were grown from ethanol by slow evaporation. A single
c(A) 32.023(8) crystal of approximate dimensions 0:40.4 x 0.2 mm was mounted
a (deg) 90 on the tip of a glass capillary. Cell parameters were determined from
f (deg) 98.6(1) 25 well-centered reflections in the #25° 6 range. Data collection
Y (d?&gs) 90 was performed by using a Philips PW1100 four-circle diffractometer
;Ol( ) 2726(2) and graphite monochromated Cu K radiatidn=1.54184 A),6—26
mole_cules/asymmetric unit 2 ;%?TT (gnt%d;up to@= 120.4, h from —11 to 10,k from 0 to 20,
gggi%&?é?gﬁ%f; aled) 01 611187 The structure was solved by direct methods (SHELXS 86 progiam).
F(000) 2088 Refinement was carried out of?, using the full dataset and the
no. of collected reflchs 11459 SHELXL 93 program. For the side chain ofifle)Val(12) two
no. of independent reflcns 8652 positions were assigned to the CG2 atom, with occupancy parameters
Rint 0.058 of 0.55 and 0.45, respectively. Similarly, the CG atom of Iva(17) was
no. of data/restraints/parameters 8652/22/1186 refined over two positions with occupancy parameters of 0.60 and 0.40,
goodness of fit 1.033 respectively. These atoms were treated isotropically throughout the
max shift/esd’s 0.118 refinement. H atoms were included at calculated positions with
max and mirAp (e/A%) +0.50-0.21 idealized geometry, and they were allowed to ride on their carrying
atom, with Ui, set equal to 1.2 (or 1.5 for methyl groups) times the
characterization of Z-LeMe)Val-F were already reportéfyhile Z-L- Ueq Of the carrying atom. Restraints were applied to theand +-3

lva-F and Z-L-@Me)Phe-F are described here. The Z-group was distances involving the side-chain atoms of th&ig)Val(12) residue,
removed by catalytic hydrogenation. Th#&rBz moiety was incor- the CB1 atom of Iva(13), and the disordered CG and @@ms of
porated in the Rrdeblocked heptapeptide by usimBrBz-OAt (OAt, Iva(17). Refinement converged #®, = 0.0795 [onF, for 4700
1-oxy-7-azabenzotriazoléy. The latter was prepared from the com-  reflections withF, = 4(0)Fo] andwR, = 0.276 (onF?) for all data.
mercially availablemBrBz-Cl (Fluka, Buchs, Switzerland) and HOAt ~ Other relevant crystal data are given in Table 2. o
(Millipore, Bedford, MA) in methylene chloride in the presence of ~ Nuclear Magnetic Resonance and Molecular Dynamics Simula-
N-methylmorpholine [mp 159160 °C (from ethyl acetate)Rr; 0.95; tions. A 15.3-mg sample of themBrBz-protected heptapeptide
Re2 0.95;Re; 0.75; IR (KBr) 1791, 1591, 1566 cth The analytical methylamide were dissolved in 0.5 mL of CRGE = 30 mmol/L).

and physical properties of the newly synthesized peptides are listed in This solution was saturated with argon and residual oxygen was
removed in an ultrasonic bath. The NMR measurements were

(18) Carpino, L. A.; Mansour, E. S. M. E.; Sadat-Aalaee,JDOrg. (20) Sheldrick, G. MSHELXS 86. Program for the Solution of Crystal
Chem.1991, 56, 2611-2614. Structures University of Gatingen, Germany, 1986.
(19) Carpino, L. A.J. Am. Chem. Sod.993 115 4397-4398. (21) Sheldrick, G. M.,SHELXL 93. Program for Crystal Structure

Refinement{niversity of Gdtingen, Germany, 1993.
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Table 3. Relevant Backbone and Side Chain Torsion Angles
(deg) for MoleculesA andB (X-ray Structure) and Those Averaged
over 100 ps RMD Trajectofyfor the Terminally Blocked
Heptapeptide

angle moleculé\ moleculeB averaged

backbone
o1 —61.5(10) —55.4(15) —48(7)
Y1 —29.9(10) —32.1(13) —36(7)
w1 —171.4(7) —170.8(10)
b2 —52.8(9) —57.0(15) —46(7)
Y2 —32.3(8) —29.6(13) —46(7)
w2 —175.3(6) —179.5(9)
¢3 —51.0(9) —48.4(14) —64(7)
Y3 —41.6(9) —33.1(12) —22(7)
w3 —171.2(7) —170.9(8)
on —54.7(9) —54.0(10) —43(7)
Ya —32.7(9) —26.3(9) —29(7)
Wa —175.0(7) —176.8(6)
o5 —53.1(9) —51.2(8) —43(7)
Ys —32.9(9) —37.9(8) —42(6)
ws —178.1(7) —178.2(6)
o6 —51.6(9) —51.2(9) —55(7)
Ve —45.1(9) —41.6(9) —51(6)
ws —175.5(8) —176.5(7)
¢7 —78.0(12) —56.2(10) —51(6)
Y7 —8.0(15) —42.8(10) —42(8)
w7 -178.1(12)  —176.6(9)

side chains
21l —74.0(10) 176.6(21) 66(8)
x21,1 60.9(9) 168.1(16) 58(6)
x21,2  —171.9(8) —75.2(28); 42.1(19)
%3l 170.9(9) 165.6(13) —174(6)
xal,1 169.2(9) 64.7(9) 169(6)
%s1,2 —64.0(9) —171.2(9)
x5l —178.8(8) 176.8(6) —170(5)
%s52,1 92.3(8) 89.9(7) 97(9)
%s2,2 —88.0(9) —88.0(7)
x6l,1 166.6(8) 171.4(9) 167(5)
x6l,2 —70.6(9) —61.5(9)
x71 —61.6(10) —178.9(15);—78.8(21) —165(8)

a Reference 42.

Table 4. Intra- and Intermolecular HBond Parameters for the
Terminally Blocked Heptapeptide (X-ray Structure)

donor acceptor symmetry distance (A) angle (deg)
D—H A operations of A D--A H---A —H---A
intramolecular

N3  O0A xY,2 3.335(10) 2.497(9) 164.8(2)
N4 Ol xyz 3.034(8) 2.233(8)  154.9(2)
N5 02 xyz 3.068(8) 2.284(8) 151.6(2)
N6 03 xyz 3.185(8) 2.371(8)  158.1(2)
N7 04 xyz 2.962(9) 2.264(9)  138.3(2)
N8 O5 xyz 2.864(13) 2.074(14) 152.4(4)
N13 OO0B xy,z 3.246(11) 2.427(11) 159.3(3)
N14 Ol1 xvyz 3.004(9) 2.151(8) 171.2(2)
N15 012 xy,z 3.136(10) 2.280(10) 173.6(3)
N16 013 xy,z 3.132(8) 2.318(8) 157.9(2)
N17 Ol4 xyz 2.995(8) 2.273(8)  141.6(2)
N18 015 xV,z 2.985(9) 2.358(9)  130.1(2)

intermolecular
N1 016 1+xy,1+z 2.892(8) 2.040(8) 170.8(2)
N2 017 1+xvy,1+z 3.232(9) 2.614(9) 129.6(2)
N11 o7 XY, Z 2.949(11) 2.329(13) 129.3(3)

performed on a Bruker AMX 600 instrumenB{ = 14.1 T). 1D
experiments were performed in the range-3260 K to find the optimal

measuring conditions. An optimum between signal dispersion and line
broadening was found at 270 K, and the 2D experiments were

performed at this temperature. THe spectra were recorded with 128

Gratias et al.

Table 5. Assignment of'H and*3C NMR Resonances for the
Terminally Blocked Heptapeptide

residue H o6 1BC 4 residue H & B¥C 6

mBrBz Cl 1356 @Me)Phé NH 7.97 CO 173.7
H2 8.08C2 1309 a 60.2
C3 1223 HMe 1.41 @BMe 20.2
H4 752C4 1346 AR 3.03 @ 46.0
H5 7.18C5 130.8 BS 3.33
H6 796C6 126.2 Cl1 1355
CO 166.4 H2,6 7.23C2,6 130.6
H3 7.23C3 1278
Ivat NH 8.36 CO 1729 H4 7.25C4 1265
Ca 61.2 H5 7.26C5 127.8

HBMe 1.55 BMe 20.3
HF' 202@ 321 @Me)ValNH 7.63CO 174.1

HB" 1.95 G 632
HyMe 0.97 G/ 8.2 H8Me 1.32 (BMe 14.8
HB 219 353
(aMe)VaPNH 678 CO 1718 WR 114G’ 184
Co 620 HS 0.89G" 17.4
HAMe 1.51 BMe 20.2

HE 191 @ 356 Ivd NH 745CO 176.1
Hy' 085G 17.2 @ 60.1
Hy” 083G" 175 H3Me 1.47 BMe 19.1
HBS 194 @ 325

Ivad NH 7.83CO 1742 MR 1.83
Coa 604 H/Me 0.92 G 8.3

HAMe 1.53 BMe 20.8

HF 196 @  329NHMe NH 7.37

HB" 1.96 HMe 2.40CMe 26.4
HyMe 1.06 G/ 8.7

(aMe)Val NH  7.71CO 1665
Ca 62.7

HAMe 1.41 BMe 16.7

HB 212@ 354

HyS 111G' 179

HyR 098G" 17.3

a2 The spectra were recorded in CRQE = 30 mmol/L) at 270 K.
The prochirality is indicated by superscripts.

of 31250.0 Hz and a digital resolution of 65536 data points. The
acquisition time was 1.05 s and the relaxation delay 4.0 s. The
NOESY?? spectrum was recorded with a sweep width of 5319.15 Hz
in both dimensions and a digital resolution of 512 inaAd 4096 in

F.. The mixing time was 100 ms, the acquisition time 385 ms, and
the relaxation delay 1.3 s. For the data processingds zerofilled to
1024 points. Subsequently, in Bnd F; a squared sine bell function
shifted byz/2 was used for apodization. The DEPT-HM&8&pectrum
was recorded with a swept width of 21739.13 Hz indAd 5319.15

Hz in k.. The digital resolution was 512 data points inafd 4096 in

F.. A BIRD pulse was used to suppress the-1°C signals. For the
data processing:fvas zerofilled to 1024 points. Subsequently, in F1
and F2 a squared sine bell function shifted 42 was used for
apodization. The HMB& spectrum was recorded with a swept width
of 21739.13 Hz in Fand 5319.15 Hz in & The digital resolution
was 512 data points in;fand 8192 in . The relaxation delay was
1.3 s. For the data processing in&linear prediction of 512 points
using 8 coefficients was performed. Subsequently, in F1 and F2 a
squared sine bell function shifted byf2 was used for apodization.

A set of interproton distances was determined from a quantitative
evaluation of the NOESY spectrum. For calibration the cross-peak
between the geminabiMe)Phé Hpj protons was used. An intensity
correction for the cross-peaks of methyl groups (dividing the cross-
peak volumes by three) was applied. The limits of the distance
restraints were generated by adding/subtracting 10% of the NOE
distance. In addition, a pseudoatom correction for methyl groups and
the nondiastereotopically assigned protons has to be taken into account.

(22) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RRhem. Phys.
1979 71, 4546-4553.
(23) Kessler, H.; Schmieder, P.; Kurz, M. Magn. Reson1989 85,

scans, a sweep width of 5319.15 Hz, and a digital resolution of 16384 445405

data points. The acquisition time was 1.54 s and the relaxation delay

(24) Bax, A.; Summers, M. FJ. Am. Chem. Sod 986 108 2093~

1.0s. For thé3C spectra 8196 scans were recorded at the sweep width 2094.
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Table 6. NOE Derived Distance Restraints, Calculated Distances in the Averaged Minimized MD Structure and in the X-ray Structure of
MoleculesA andB (y. = —75°, x» = —179) for the Terminally Blocked Heptapeptide and in an IdealizeHelix?
X-ray

atom 1 atom 2 lower limit upper limit Dwmp mol A mol B o-helix
mBrBz H2 Ival HN 3.00 3.67 4.44 4.44
mBrBz H6 Ival HN 1.86 2.28 2.01 2.01
(aMe)Val HN Ival HN 2.32 2.84 2.97 2.69 2.75 2.75
mBrBz H2 Ive® HN 3.55 4.34 3.39 3.64
mBrBz H2 mBrBz H4 3.97 4.86 4.27 4.27
mBrBz H6 mBrBz H5 1.94 2.37 2.44 2.44
Iva® HN (aMe)Val HN 2.29 2.80 2.82 2.80 2.70 2.52
(aMe)Val® HN NHMe HN 3.01 3.68 3.95 4.05 4.42 4.13
mBrBz H4 mBrBz H5 2.08 2.54 2.48 2.48
(aMe)Phé HN (aMe)Phé HpProR 1.88 2.30 2.25 2.36 2.40 2.46
(aMe)Phé HN (aMe)Phé&Hppros 1.95 2.38 2.43 2.48 2.44 2.40
(aMe)Vals HN (aMe)Ph&HpPoR 2.82 3.45 3.81 4.02 3.91 3.88
(aMe)Valb HN (aMe)Phé HpProS 2.28 2.79 2.61 2.75 2.55 2.74
Ival HN Ival H3Me 2.81 412 3.48 3.53 3.45 3.60
mBrBz H2 Ive® Hy 2.90 4.23 4.38 3.53
mBrBz H2 (@Me)Val Hy 3.55 4.95 5.14 6.79
(aMe)Phé& HN (aMe)Val* Hp 2.29 2.80 2.95 2.80 4.09 2.93
Ivad HN (aMe)val HB 3.37 412 4.50 4.92 5.00 4.53
Iva® HN Iva® HiMe 2.57 3.86 3.68 3.48 3.46 3.69
Iva® HN (aMe)vaP Hy 2.23 5.39 3.59 3.50 4.27 3.62
(aMe)Val* HN Val* HB 1.87 2.29 2.20 2.36 2.43 2.17
(aMe)Val* HN Val* HyProR 2.60 3.89 4.34 4.37 3.00 4.36
(aMe)Val* HN Val? Hy 3.77 7.59 5.74 5.57 5.78 5.96
(aMe)valf HN Val® Hp 1.88 2.30 2.24 2.39 243 2.25
(aMe)Val® HN Ivad H3Me 2.97 4.30 4.04 4.13 4.10 451
(aMe)Vals HN (aMe)Vals HiMe 2.87 4.19 3.64 3.51 3.50 3.70
(aMe)Val® HN Iva® Hy 3.61 5.01 5.04 5.47 5.29 6.58
(aMe)Val® HN (aMe)Val® HypProR 2.87 4.19 4.44 4.36 4.41 4.45
(aMe)valP HN (aMe)Vvalb HyproS 2.28 3.53 3.26 2.87 2.78 3.39
Iva’” HN (aMe)Val® HB 2.29 2.80 2.53 2.40 2.65 2.87
Iva’” HN Iva” H3Me 2.70 4.00 3.62 3.58 3.48 3.66
Iva’ HN (aMe)Val® HMe 3.72 5.13 4.47 4.33 4.37 441
Iva’ HN (aMe)Val® HyproS 3.51 491 4.79 4.56 4.62 5.00
Iva’ HN (aMe)Val HyProR 3.79 5.21 5.59 5.17 6.09 6.30
Iva’” HN Iva’ Hy 2.47 3.75 4.29 2.95 4.32 4.31
NHMe HN NHMe HMe 2.27 3.52 2.61 2.46 2.50 2.61
NHMe HN Iva’ HpProR 2.46 3.01 3.61 3.20 3.71 3.62
NHMe HN Iva’ HpPros 2.53 3.10 2.42 4.13 2.32 2.45
NHMe HN Iva’ HSMe 3.31 4.68 4.40 412 4.32 4.39
NHMe HN (aMe)Valf HaMe 3.92 5.35 5.18 4.47 4.80 5.17
NHMe HN (aMe)Val* HyproR 4.07 5.52 5.34 5.46 6.48 6.20
NHMe HN Iva’ Hy 3.49 4.87 4.47 4.93 4.26 4.50
(aMe)vaP HN Ival Hy 3.26 4.62 321 4.86 4.44 3.09
(aMe)vaP HN (aMe)VaP Hy 1.93 4.95 3.42 3.36 3.28 3.43
(aMe)Ph& HpProR (aMe)Vals H3Me 4.25 5.72 6.05 5.96 5.90 5.99
(aMe)Phé Hprros (aMe)Valé HMe 3.18 4.54 4.58 4.50 4.49 4.55
(aMe)Phé HpproR (aMe)vaP Hy 3.09 6.62 6.08 5.67 5.84 7.30
(aMe)Phé HpproS (aMe)vaP Hy 2.83 6.25 6.24 5.38 6.33 6.58
(aMe)Phé HpPros (aMe)Vals HyProS 3.58 4.98 4.33 4.61 4.35 4.18
NHMe HMe (aMe)Val® HMe 4.56 7.07 6.70 6.45 6.06 6.74
(aMe)Vals HB Iva® HBMe 3.01 4.35 4.70 4.80 5.02 3.42
(aMe)Val® HB Iva’ H3Me 3.55 4.95 5.02 4.71 4.65 4.83
(aMe)valf Hp (aMe)val® HBMe 3.04 4.38 3.86 3.86 3.85 3.86
(aMe)Val HB (aMe)Val HyProR 2.18 3.42 2.50 2.44 2.48 2.50
(aMe)Val Hp Ival H3Me 3.25 4.61 4.72 451 4.08 3.33
(aMe)Val* HyproR Ivad HB 3.03 7.52 7.78 7.22 6.39 7.36
Iva’ HpProS Iva’ HiMe 2.66 3.95 3.89 2.98 3.76 3.89
Iva? HpProS Iva’ Hy 2.50 3.78 2.48 241 2.38 2.48
(aMe)Vals HyPror (aMe)Valf HAMe 2.74 5.04 3.88 3.63 3.60 3.88
(aMe)Vals Hypros (aMe)Valb HpMe 2.52 4.80 3.46 3.41 3.47 3.46
Ivad Hy (aMe)valPHBMe 4.05 6.51 7.09 8.35 8.06 9.70
(aMe)Phé HN (aMe)Val HN 2.18 2.67 2.81 2.77 2.79 2.58
(aMe)Phé HN (aMe)valPHN 2.13 2.60 2.73 2.88 2.86 2.44
Ival HN Ival Hy 3.01 4.34 3.15 3.15 4.39 3.05
(aMe)Phé& HN (aMe)ValbHp 3.45 4.22 4.61 4.96 4.93 4.32
(aMe)Val HN (aMe)Val HAMe 2.78 4.09 3.54 3.47 3.47 3.68
(aMe)Val® HN Iva’ HBProR 3.26 3.99 4.49 4.78 5.07 4.18
Iva’ HN Iva’ HpBProR 1.96 2.39 2.15 2.33 2.36 221
Iva’” HN Iva’ HpProS 2.13 2.60 2.40 3.53 2.48 2.39
(aMe)vaP HN (aMe)vaP HpMe 2.55 3.83 3.58 3.46 3.53 3.68
(aMe)Phé Hppros (aMe)Phé HpMe 2.90 4.22 3.90 3.82 3.80 3.90
(aMe)Phé HpproR (aMe)Phé HBMe 2.53 3.82 3.16 2.99 2.95 3.16
NHMe HMe Ival HBMe 4.69 7.21 5.82 5.43 5.54 5.82
NHMe HMe (aMe)Phé HAMe 2.90 5.22 4.57 3.96 4.95 5.45
(aMe)Vals HB (aMe)Val* HiMe 3.53 4.92 4.10 4.31 4.20 5.74
(aMe)Val HB (aMe)Val HAMe 3.82 5.24 4.73 4.68 5.33 5.78

a Significant violations are indicated in bold.
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Table 7. H—Bond Population during the Last 100 ps of the RMD
(>1%) for the Terminally Blocked Heptapeptide

acceptor donor pattern{-x) x population (%)
mBrBz O=C Iva®NH i+3 99
Ival O=C (aMe)Val*NH i+3 7
(aMe)ValP O=C (aMe)PhéNH i+3 51
Iva® O=C (aMe)ValPNH i+3 100
(aMe)vValtO=C Iva’ NH i+3 39
(aMe)ValrO=C NHMe i+4 53
(aMe)Phé O=C NHMe i+3 11

Thus, upper limits of NOE- 0.9 A for methylene groups, NOE 1.0
A for methyl groups, and NOE- 2.1 A for theisopropyl group (Val)
were used.

Simulated annealing (SA) and molecular dynamics (MD) calculations
were performed with the MSI Discover program using the CVFF force
field.?> The SA started with a manually built, extended conformation
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Figure 2. Summary of the NOE-derived backbone distances. The width
of the bars indicates the NOE intensity. A white square shows a NOE
that was not used during calculations due to overlap. The numbers are
equivalent to the residue number with the exception of the N- and

of the backbone. With this structure high-temperature dynamics at 1000 - _tarminal protecting groups (& mBrBz, 8 = NHMe).

K (random velocity initialization according to the Boltzmann distribu-
tion) with downscaled force-field terms was performed. During the
following downscaling of the temperature to 100 K the force-field terms

A the regularity of the helix is slightly distorted at the

were increased to their normal values. Each SA cycle was finished by C-terminus, in that it is formed by five type-lil -bends followed

a short minimization. The ten structures with the lowest total energy DY @ nonhelical type-|5-bend. In both molecules, the N-
(including NOE distance restraints) were checked for convergence terminal G=0---H—N intramolecular H bond is rather we#k=32

(mean backbone RMSE- 0.23 A) and NOE distance violation (no
distance restraint violation0.3 A). The structure with the lowest NOE
distance violation was chosen for further rMD refinement in explicit

chloroform. For that purpose the resulting SA structure was surrounded

by a cubic box of chloroform (length: 32 A, 176 CHGCholecules).
This system was minimized and heated to 270 K within six steps.

Subsequently, the NOE distance restraints were reduced from 50 kcal/

mol A2 to 5 kcal/mol & in four steps of 20 ps. After an additional
40-ps equilibration, data were recorded and analyzed for 100 ps.

Results and Discussion

Crystal-State Conformational Analysis. We determined by
X-ray diffraction the molecular and crystal structure of the
terminally blocked heptapeptide Z-[L-lva-laMe)Val],-L-
(aMe)Phe-L-@Me)Val-L-lva-NHMe. A view perpendicular to
the helix axis of the two independent moleculdésgndB) in
the asymmetric unit is illustrated in Figure 1. Relevant
backbone and side-chain torsion andtese given in Table 3.

Further conformational differences between molecAlesd
B are observed in the side-chain disposition of four correspond-
ing residues® Only the side-chain torsion angles of h&rans),
(aMe)Phé (trans, skewi/skew), and @Me)Val® (trans/
gauche) in moleculeA are closely matched by the correspond-
ing torsion angles of Iv& (aMe)Phel® and @Me)valt®
residues in molecul8.

All of the peptide and (C-terminal) amide bonds arans
planar, although some distortiol\w > 8°|, is seen for thev,
andws angles. The conformation of the urethane benzyloxy-
carbonylamino group can be described by the torsion angles
about the N1 (or N11)C08, C08-OU, OU-CO07, and CO#

CO01 bonds @, 6%, 62, and 63, respectivelyf* While wo and
0 are bothtrans [wo = —166.7(7Y in A and 176.1(11)in B;

61 =176.4(10y in A and—177.0(11} in B] and 63 has similar
values [74.6(14)in A and 84.1(11) in B], the values off?2

largely differ, being 103.5(14)in A and—97.9(13} in B.

In Table 4 the intra- and intermolecular H-bond parameters are ~ The two independent molecules are aligned head-to-tail in

listed.
Both moleculesA and B are right-handed 3-helices?

the crystal, with the helix axis along the [101] direction. The
N—H group of the N-terminal Ivd of moleculeB forms an

stabilized by six consecutive intramolecular H bonds between intermolecular H bond with the C-termina® group of Ivd

the G=0 group of residué and the N-H group of residué +

of moleculeA within the same asymmetric unit. Conversely,

3. The right-handed helical screw sense is dictated by the two intermolecular H bonds connect the N-terminus of molecule

known conformational bias of L-lva (with a linear side
chainj}®#and L-@Me)Val (with a-branched side chaid§:!°
The values of the, backbone torsion angles, as averaged for
the first six residues of molecul& and all seven residues of
molecule B, are —53.7, —35.2, close to those typical for
peptide 3¢-helices £57°, —30°).# The only significant devia-
tion from such values is found at the C-terminal/lvesidue of
moleculeA, which adoptsp,i values characteristic of thet+

2 position of a type-|3-bend?2° Therefore, while molecule
B is a regular %-helix all the way through the main chain,
formed by a succession of six type-fitbends?-2%in molecule

A to the C-terminus of a (¥ x, y, 1 + 2) translated molecule

B. Such H bonds involve the-NH groups of Iva and @Me)-
Val? as the donors and the=€D groups of (Me)Val® and
Iva,l” respectively, of the symmetry equivalent molecBlas

the acceptors. The latter H bond is very weak. Among the
potential H bond donors only the-NH group of @Me)Val'2
does not participate in any H bond.

NMR Spectroscopy and Molecular Dynamics Simulations
Due to the high hydrophobicity of the terminally blocked
heptapeptide side chains the NMR measurements were per-
formed in CDC} solution. During the analysis of the NMR

(25) Dauber-Osguthorpe, P.; Roberts, V. A.; Osguthorpe, D. J.; Wolff,
J.; Genest, M.; Hagler, A. TProteins: Struct. Funct. Genetick98§ 4,
31-47.

(26) IUPAC—-IUB Commission on Biochemical NomenclaturBio-
chemistry197Q 9, 3471-3479.

(27) Venkatachalam, C. MBiopolymers1968 6, 1425-1436.

(28) Toniolo, C.CRC Crit. Re. Biochem.198Q 9, 1-44.

(29) Rose, G. D.; Gierasch, L. M.; Smith, J. Adv. Protein Chem1985
37, 1-109.

(30) Ramakrishnan, C.; Prasad, Mt. J. Protein Res1971, 3, 209—
231.

(31) Taylor, R.; Kennard, O.; Versichel, \Wcta Crystallogr.1984 B4Q,
280—-288.

(32) Gabitz, C. H.Acta Crystallogr.1989 B45 390-395.

(33) Benedetti, E.; Morelli, G.; Naethy, G.; Scheraga, H. Ant. J.
Pept. Protein Res1983 22, 1-15.

(34) Benedetti, E.; Pedone, C.; Toniolo, C.; Dudek, M ni¢hy, G.;
Scheraga, H. Alnt. J. Pept. Protein Res983 21, 163-181.



NMR and X-ray of a g-Helical Peptide J. Am. Chem. Soc., Vol. 120, No. 19, 199869

Figure 3. Stereoplot of the average, minimized rMD structuren@rBz-[L-lva-L-(aMe)Val],-L-(aMe)Phe-L-@Me)Val-L-lva-NHMe.

experiments, signal assignment turned out to be the crucialto the Kabsch-Sander algorithm (Molmol 2.238§%° can be
problem. Mainly because of the low signal dispersion, it was classified as a 3-helix from Iva to (aMe)val®. The SA

not possible to assign unambiguously several NOESY cross-structure with the lowest NOE distance violation was chosen
peaks. Forthe numerous methyl groups pseudoatom correctiongor further refinement with rMD in explicit chloroform (Table
on the NMR derived distances had to be taken into account. 3). Because of the lower force constank§desay10), the
Because of the resulting limitations on the quality of the NMR distance restraint violation is not so good as the SA results, but
derived constraints a simulated annealing strategy, instead ofthe disagreements are limited to the N- and C-terminal regions
distance geometry, was used to search the conformational spacewhich might be slightly disturbed by aggregation (see below).

The refinement was performed with use of restrained MD in The peptide seems to be quite rigid. The backbone RMSD
explicit chloroform. referenced to the SA structure is 0.30 A with a standard
For the chemical shift assignment of all proton and carbon deviation of only 0.06 A over the last 100 ps. This rigidity
resonances (Table 5) a combination of HMBC, HMQC, can also be seen in the small standard deviations of the dihedral

NOESY, and TOCS%:3¢ spectra was used. The assumption angles listed in Table 3.

of a helical structure, which was initially required for assignment  The H-bonding pattern (Table 7) gives a good hint on the
of the HY protons by using sequentia™+H NOE'’s, could  secondary structure exhibited by the heptapeptide. It shows a
be later confirmed via the HMBC spectrum. The diastereotopic clear preference for — i + 3 hydrogen bonds. Only at the
assignment of¢Me)Phé HPR/H/S and the Ivd HPR/HFS protons C-terminus can a significant population ofiar~i + 4 H bond
was performed on the basis of the different signal intensities of he gphserved. This three-center H béfhdith Iva’ NH and the
the H—~C' and H—CPM® cross-peaks in the HMBC experi-  C_terminal NHMe group acting as donors and thé/g)Val*
ments¥” It was also possible to assign the d|gstereotop|c C=0 group as the acceptor seems to produce a new type of
y-methyl groups of ¢Me)Val* and @Me)Val® by using NOE  C.capping motif. The averaged, minimized conformation of
derived distances after the first converged simulated annealingthe |ast 100 ps is depicted in Figure 3. It shows,gl®lical
calculation. conformation from residue 1 to residue 6. The backbone RMSD
A set of interproton distances was determined from a to the two conformers observed in the crystal state for the
quantitative evaluation of the NOESY spectrum. Altogether, Z-protected analogue is 0.39 and 0.64 A, respectively. It must

75 NOE derived distances, containing 35 intraresiduat (), be kept in mind that, according to Scheraga and co-workers,
25 sequentiali(— i + 1), and 15 long-range (=i + n, n > normal molecular mechanics force fields have a tendency to
1) constraints, were used (Table 6 and Figure 2). prefer ana-helix over a 3q-helix for peptides containing €

The helical backbone arrangement was already indicated bytetrasubstitutedi-amino acids. To show the preference of the
the low13C-chemical shift dispersion and the series of sequential experimental data for a.ghelix, a restrained minimization
HN,—HN,; NOE’s. The major objective was to discriminate starting with aro-helix (the backbone dihedrals of the averaged,
between a g-helical structure, as in the crystal structure of the minimized rMD structure were set to= —65 andy = —40)*
Z-protected analogue (see above), and a possibhelical was performed. The resulting structure showed a backbone
arrangement. To obtain no biased results, an only slighty RMSD of 0.15 A referenced to the averaged, minimized rMD,
optimized linear conformation was chosen as the starting 3i0-helical structure.
structure for the SA calculations. The ten SA structures with 38 Kabseh W Sander Giopol <553 22 75777537
the lowest total energy (including distance restraints) converged absch, V., sander, Giopolymer ) —2637.
(backbone RMSD= 0.23 A) to a conformation, that, according 519595). Konradi, R.; Billeter, M.; Wthrich, K. J. Mol. Graph.1996 14,

(40) Taylor, R.; Kennard, O.; Versichel, W. Am. Chem. Sod 984

(35) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521— 106, 244-248.

528. (41) Paterson, Y.; Rumsey, S. M.; Benedetti, E.nié¢hy, G.; Scheraga,
(36) Bax, A.; Davis, D. GJ. Magn. Reson1985 65, 355-360. H. A. J. Am. Chem. S0d.981 103 2947-2955.
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Table 8. List of Unambiguously Assigned Intermolecular NOEs structure. Both peptide molecules are folded in the crystal state
for the Terminally Blocked Heptapeptide into a fully developed, regular, right-handegy-Belical con-

NOE (A) formation, although in molecul& the backbonep,y torsion
Ival HN NHMe HMe 399 angles of the C-terminal residue are distorted from the ideal
Ival HN (aMe)Valb HMe 3.51 values? albeit slightly (by~25°).
(aMe)VaP HN NHMe HMe 3.92 The NMR spectroscopy-simulated annealing-restrained mo-
f\(};\{kf-i)/\}/ﬁzHN Il:llﬁl\zl_'eﬁll\-l/lsle 3;-%; lecular dynamics strategy used in this study allowed us to
mBrBz H2 NHMe HMe 493 _classﬁy the 3D_-structure_ qf the termmally blocked hepta_pepude
mBrBz H5 NHMe HMe 3.68 in CDCl; solution as a rigid gr-helix all the way from residue

1 to residue 6. A mixed3/a-helical conformation appears to

be populated at the C-terminus. Distinguishing betweeand
3ic-helical peptides is in general a difficult task, as there is
essentially only one NOE constraint that is different in both
structures by more than the usual error in distance measurements
[dan(i, i + 2)]. In addition, this distance is in the range of 4 A,

The crystal structure of the Z-protected analogue shows a
head-to-tail aggregation of theghelices. In CDJ at low
temperature the dipolar nature of the helical structure can also
lead to significant aggregation. Indeed, there is experimental
evidence for such a phenomenon in solution. A few intermo- A P . . ;
lecular NOEs (Table 8) suggest aggregation on the time scaIeWh'Ch is at the upper limit for getting distances in small
of the NOESY mixing time (100 ms). These NOEs are mainly molecules. In our peptide "?Ode" Wh'Ch.IaCks all Gpiotons,
observed between atoms at either termini of the helix. Although we used the sum of aII. ayallable expgnmental data and could
a direct comparison of the intermolecular distances in the cell prove that only a fo-hehx 1S observgd n SOIUt_'On'
of the X-ray structure with the NMR-derived NOE distances is _ Further NMR studies of appropriately designed analogues,
difficult due to the two different N-terminal blocking groups, —ncorporating Slngle and double subsutuuons with mmtem
it gives a clear hint on a similar head-to-tail aggregation in the @mino acids, of this standardchelical guest peptide based

crystal state and in solution. exclusively onC*-methylatedamino acids will show whether
this helix is still stable or has been modified into arhelical
Conclusions structure, and in the latter case, whether it is possible to analyze

a potential equilibrium between these two biologically important

To distinguish a - versus amt-helix by NMR spectroscopy secondary peptide structures by NMR Spectroscopy.

one relevant problem is the design of appropriate prototypical
peptide standards fully developed in each of the two secondary
structures. As a first step in this direction, we synthesized by
solution methods and fully characterized the conformationally
restricted, N-blocked heptapeptide methylanmiu&rBz-[L-Iva-
L-(aMe)Val],-L-(aMe)Phe-L-(tMe)Val-L-lva-NHMe.

We were able to grow a single crystal and solve the X-ray
diffraction structure of its synthetic precursor, tNe-benzyl-
oxycarbonylated analogue. This modest modification at the
N-terminus is not expected to modify the peptide secondary
structure in any significant wal%:'®> However, what was
assumed to be a rather routine task, a noncentrosymmetric
structure containing 69 light (non-H) atoms, turned out to be a
challenging problem owing to the occurrence of two independent
molecules in the asymmetric unit, thus leading to a 138-atom JA9731478
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