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Abstract: The solution structure and the dimerization behavior of the lipophilic, higilyn@thylated model

peptide, mBrBz-Ival-Val*Ivad-(aMe)Val*-(aMe)Phé-(aMe)Valb-lva’-NHMe, was studied by NMR spec-
troscopy and molecular dynamics simulations. The conformational analysis resulted in a right-hgfwed 3
helical equilibrium fast on the NMR time scale with a slight preference forottelical conformation. The
NOESY spectrum showed intermolecular NOEs due to an aggregation of the heptapeptide. In addition,
temperature-dependent diffusion measurements were performed to calculate the hydrodynamic radius. All these
findings are consistent with an antiparallel side-by-side dimerization. The structure of the dimeric peptide was
calculated with a simulated annealing strategy. The lipophilic dimer is held together by favorable van der
Waals interactions in the sense of a bulge fitting into a groove. The flexibility of the helical conformations
concerning aro/3;¢-helical equilibrium is shownn a 3 nsmolecular dynamics simulation of the resulting
dimeric structure. Both overall helical structures of each monomer and the antiparallel mode of dimerization
are stable. However, transitions were seen of several residues frgamaligal into ana-helical conformation

and vice versa. Hence, this peptide represents a good model in which two often-discussed aspects of hierarchical
transmembrane protein folding are present-i + 3 andi <— i + 4 local H-bonding interactions cause a
specific molecular shape which is then recognized as attractive by other surrounding structures.

Introduction to a local switching between@, a-, andz-helices and random
) ) ) coil conformations.

Theoretical and experimental work suggests that folding of ;..o \/e report an NMR and molecular dynamics study of
helical membrane proteins can be considered as a tWO'StagetheIipophilicheptapeptiddBrBz-Ival-VaIZ-Iva3-((xMe)VaI4-(aMe)-
process: 2 In a first step, hydrophobic helices are formed across Phé-(aMe)Val-Iva’-NHMe [mBrBz, metabromobenzoyl; Iva
the lipid membrane, stabilized by specific hydrogen bonding o\ ajine: tMe)Val, C-methy valine: @Me)Phe (B-me,thyl,
interactions. In a second step, the helical secondary s”ucmresphenylalz;nine' NHMe methylamino] 'in which six of the seven
interact to produce the native tertiary structure. These peptide q protons are substituted by meth,yl groups (Figure 1). It is
helix—helix interactions are largely governed by van der Waals well documented that peptides rich if-@ethylatedo-amino
forces and shape complementafitf NMR studies have shown acids such as Aibo-aminoisobutyric acid) or Iva have a
that individual helical fragments of bacteriorhodopsin (BR) tendency to adopt either thee3or thea-helical conformation
adopt their native-like conformation in membrane-mimicking in the crystalline stafe! as well as in structure-supporting
media such as chloroforfmin addition, NMR dynamic studies solventsi213|t was the aim of this work to investigate the,3

have pointed to a flexibility of the helical part of{B6)BR on o-helical equilibrium in chloroform solution, which mimicks
the nano- and picosecond time scales, which could be attributedthe lipophilic membrane core.
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NMR of a 3¢/a-Helical Peptide
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mBrBz-lva'-Val’-lva’-(aMe)Val'-(aMe)Phe’-(aMe)Val’-lva’-NHMe

Figure 1. The highly G-methylated heptapeptideBrBz-Iva'-Val*-
Ivad-(aMe)Val-(aMe)Phé-(aMe)Val-lva’-NHMe studied in this work.
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and characterization of Z-lvaxMe)Val-(aMe)Phe-@Me)Val-lva-
NHMe were already reported.

Z-Val-lva-(aMe)Val-(aMe)Phe-@Me)Val-lva-NHMe. This com-
pound was obtained by reacting Z-Val-OH and H-ledde)Val-(aMe)-
Phe-@tMe)Val-lva-NHMe in CHCI, solution in the presence of 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide (EDC) hydrochloride,
1-hydroxy-7-aza-1,2,3-benzotriazole (HOAYandN-methylmorpho-
line (NMM). Yield 51%; mp 206-208 °C (from CHCE/petroleum
ether); TLC 0.70 ), 0.95 (), 0.30 (Il ); [a]?% = 14.8 (c = 0.5,
MeOH); IR (KBr) 3318, 1702, 1657, 1524 cf

Z-lva-Val-lva-( aMe)Val-(aMe)Phe-(@Me)Val-lva-NHMe. This
compensated for by a higher number of hydrogen béf#s.  compound was prepared by reacting Z-V&&d H-Val-lva-@¢Me)-
With increasing helical length, however, thehelix, with its Val-(aMe)Phe-Me)Val-lva-NHMe (the latter obtained by catalytic
better hydrogen-bonding arrangement, becomes predominanthydrogenation of the corresponding Z-derivative) inCH solution
The 3¢-helix motif is found in 10% of all helical residues of in the presence of NMM. Yield 60%; mp 24250 °C (from ethyl
globular proteing® Most of the 3¢-helical stretches are fairly ~ acetate/petroleum ether); TLC 0.65,(0.90 (1), 0.30 (Il ); [0]*% =
short; nevertheless, there are few cases in which the possible!2-# (¢ = 0.5, MeOH); IR (KBr) 3312, 1696, 1656, 1526 cfn
role of its occurrence could be addressed. For instance, a MBrBz-lva-Val-lva-(aMe)Val-(aMe)Phe-(@Me)Val-lva-
transition from anu- to a 3¢-helix is seen upon substrate binding NHMe. This compound was synthesized by reacting mBrBz-aud
to lactate dehydrogendZeor to mitochondrial aspartate ami-  H-va-Val-lva-@Me)val-(aMe)Phe-(Me)Val-lva-NHMe (the latter
notransferasé® _obtalned by catalytic hydrogenc—_ltlon of the corresponding Z_-derlvatlve)

We show here that the N- and C-terminal blocked heptapep- " 2 g;t_cgcl:lféc'_beN Scom(t:'IO? mtthle presiﬁce OfTECM 'E)A'sg'el%zg%;
tide exhibits both a dynamiciga-helical equilibrium and a % 02011, [a](ZE‘D’“; o (chfg?;ﬁA";gH)‘?ﬁg (KBD o9
dimerization behavior due to favorable van der Waals interac- 1596 eyt ' ' ' ’
t?o_ns i_n the sense of shape complementarity such as a bulge Nuclear Magnetic Resonance Measurement# 6 mg sample of
fitting into a groove, and thus represents a good model systeMq heptapeptide (MW= 997.1) was dissolved at room temperature in
for protein folding in a lipophilic surrounding. 0.5 mL of CDCk (c = 12 mmol/L). The solution was evacuated and
fused in a 0.5 mm NMR tube to remove residual oxygen. The NMR
measurements were performed on a Bruker (Rheinstetten, Germany)

Synthesis and Characterization of PeptidesMelting points were ~ DMX 600 instrumentBo = 14.1 T). Processing and evaluation of the
determined with a Leitz (Wetzlar, Germany) model Laborlux 12 expgrlmental dqta were carried out on an 02 Wo.rkstatlon. using
apparatus and are not corrected. Optical rotations were measured wit?XWinNMR Version 2.6 (Bruker). The optimal measuring conditions
a Perkin-Elmer (Norwalk, CT) model 241 polarimeter equipped with Were found from a series of 1D proton spectra, which were recorded
a Haake (Karlsruhe, Germany) model D thermostat. Thin-layer chro- in the temperature range of 27800 K. With the exception of the
matography was performed on Merck (Darmstadt, Germany) Kieselgel temperature-dependent diffusion measurements, all spectra were per-
60F254 precoated plates with the following solvent systems: 1, formed at 273 K, due to superior signal dispersion and to stabilize the
chloroform/ethanol, 9:1; 2, 1-butanol/acetic acid/water, 3:1:1; 3, toluene/ Proposed helical structure. At this temperature, however, the heptapep-
ethanol, 7:1. The chromatograms were examined using ultraviolet tide precipitated significantly so that its concentration in the saturated
fluorescence or developed by chlorine/starch/potassium iodide or nin- CDCls solution was below 12 mmol/L. Thi spectra were recorded
hydrin chromatic reaction as appropriate. All the compounds were With 16 scans, a sweep width of 6009.62 Hz, a digital resolution of
obtained in a chromatographically homogeneous state. All of the 16 384 real data points, and a relaxation delay of 1.0 s. The NGESY
synthetic intermediates and the final compound were also characterizedspectrum was recorded with a spoil gradient during the mixing time

Materials and Methods

by *H NMR.
For the large-scale production of the optically purlva, L-(aMe)-
Val, and L-(aMe)Phe, we exploited an economically attractive,

(tm = 100 ms), with a sweep width of 6009.62 Hz in both dimensions,
512 real data points in F1 and 4096 real data points in F2, 48 scans
per increment, and a relaxation delay of 1.0 s. For the data processing

chemoenzymatic synthesis developed by DSM Research a few yearsn F1, the data were zero-filled to 2048 data points, and a complex

agoi®?20|t involves a combination of organic synthesis for the prep-
aration of the racemia-amino acids followed by the use of a broadly
specific aminopeptidase to achieve optical resolution. The benzyloxy-
carbonyl (Z) N-protected, €methylateda-amino acid¥?* were
activated by the acid fluoride methé8iThe Z group was removed by
catalytic hydrogenation in methanol (MeOH) solution. The synthesis

(14) Toniolo, C.; Benedetti, ETrends Biochem. Scl991, 16, 350-
353.
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W. H. J.; Meijer, E. M.; Schoemaker, H. E. Org. Chem1988 53, 1826~
1827.
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(21) Polese, A.; Formaggio, F.; Crisma, M.; Valle, G.; Toniolo, C;
Bonora, G. M.; Broxterman, Q. B.; Kamphuis,Ghem. Eur. J1996 2,
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Chem.1991], 56, 2611-2614.

linear prediction was performed using 32 coefficients. Subsequently,
in both dimensions a baseline correction was applied, and a squared
sine bell function shifted byt/2 was used for apodization. The DQF
COSY? spectrum was recorded with 8 scans, sweep width 6009.62
Hz in both dimensions, 512 points in F1 and 4096 data points in F2,
and a relaxation delay of 3.0 s. For the processing in F1, data were
zero-filled to 2048 data points and to 8196 data points in F2. A
subsequent baseline correction was applied in both dimensions. The
TOCSY?8 spectrum was recorded with 8 scans, with a sweep width of
6009.62 Hz in both dimensions and a digital resolution of 512 in F1
and 4096 data points in F2 using a DIPSipin-lock mixing sequence
with 7, = 80 ms. For the data processing, F1 was zero-filled to 1024
real data points and F2 to 2048 real data points. A subsequent baseline
correction was applied in both dimensions and a squared sine bell

(23) Carpino, L. AJ. Am. Chem. S0d.993 115 4397-4398.

(24) Jeener, J.; Meier, B. H.; Bachmann, P.; Ernst, R1.RRhem. Phys.
1979 71, 4546-4553.
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R. R.; Withrich, K. Biochem. Biophys. Res. Commu®83 117, 458—
479.

(26) Braunschweiler, L.; Ernst, R. R. Magn. Reson1983 53, 521—
528.

(27) Levitt, M. H.; Freeman, RJ. Magn. Reson1981, 43, 502-507.
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function shifted byz/2 in F1 and F2 was used for apodization. The
HMQC?® and HMBC® (with a low-pass]J filter3®) experiments were
recorded with 16 and 64 scans, respectively, and sweep widths of VaIZHv";é
22727.27 Hz in F1 and 6009.62 Hz in F2. The digital resolution was  |yapy
512 data points in F1 and 1024 in F2. The acquisition time was 85.2 o
ms and the relaxation delay 1.0 s. For the data processing F1 was zero-
filled to 1024 real data points, and a complex linear prediction was
performed using 16 coefficients. F2 was zero-filled to 4096 data points. (aMeValty™ ‘ o
Baseline correction was subsequently applied in both dimensions, and Iva’HB"/HB""; Hy
a squared sine bell function shifted ly2 was used for apodization. :
Spin—Echo Diffusion Measurements.Temperature-dependent spin
echo diffusion measurements were performed in the range of 273
300 K within six steps using a double stimulated echo experiment with
suppression of convection artifaéls’? At each temperature 79H
spectra were recorded using square gradients and a gradient ramp
between 2 and 75 G/cm with 64 scans, a sweep width of 6009.62 Hz,
and a digital resolution of 16 384 real data points. The acquisition time
was 1.36 s, and the relaxation delay was 5.0 s. The data were stored as
a pseudo-2D experiment. The dephasing and refocusing gradient length * Val*
LD was set to 4 ms, and the diffusion del&p was 50 ms. The 0 Val’Hp d
evaluation of the data was carried out using Th, relaxation menu VaPHp L
of XWinNMR 2.6 with the provided fitting function for variable —
gradient strength. At each_ temperaturg _20 convergent signal decays 'pm " > o P PR
were averaged, and a nonlinear curve fitting procedure was performed.
The diffusion constants (#s) at each temperature are as follow: 273 Figure 2. TOCSY spectrum of the aliphatic region of the heptapeptide,

(aMe)VallHy™ (aMe)Val'Hy™ Tva’Hp /HB""; Hy
\ /"” 7
v

(cMeValHyPE) 3

N

~ \vatHp/HB ' Hy.

(aMe)Val’HpMe )
(«Me)Phe’HpMe -
uMe)Val’'HpMe
Iva’HpMe
" Iva’HpMe
. . Iva'HpMe
« Iva’'HB “/HB "~

2.0

) IvalHB'/HB' !
Iva*Hp "/HB "~
Hp

ppm

K,2.11x 10794+ 8.3 x 10712 280 K, 2.53x 1010+ 56 x 1012 acquired with a mixing time of = 80 ms. Despite several overlaps,
285 K, 2.78x 107104+ 3.5 x 10712 290 K, 3.17x 10710 4+ 8.1 x a complete'H assignment could be accomplished, as indicated by the
10712 295 K, 3.56x 10710+ 1.4 x 1012 300 K, 3.93x 1070+ 1.5 cross-peak labels.

x 10712,

gether, 100 dimeric structures were calculated, and the 10 structures
with the lowest total energy were checked for convergence (mean
backbone RMSD= 0.12 A) and NOE distance violations. Out of 86
NOE distance restraints, 9 were violated between 0.2 and 0.4 A. The
structure with the lowest NOE distance violations was chosen for further
molecular dynamics (MD) simulations in explicit CHCI

A free MD simulation, without any restraint, was performed with
the MSI Discover program using the CVFF force fiétdFor this

Simulated Annealing and Molecular Dynamics. A set of 86
interproton distances was determined from a quantitative evaluation
of the NOESY spectrum. Nineteen of these were ambiguous and with
a high intermolecular component, 35 were intraresiduat-(i), 26
sequentiali(— i + 1), and 25 long range (=i + n, n > 1). For the
calibration of the cross-peak intensity, the diastereotopigpigtons
of (aMe)Phé could not be used due to overlap. Therefore, three
conformationally independent interproton distances were used and ) et .
afterwards checked for consistency. The distance of the amide protonPUrPoSe the resulting dimeric SA structure was surrounded by a cubic
of the NHMe C-terminal blocking group to its methyl group protons 20X of CHCE (length, 36 A; 241 CHGImolecules). The system was
was set to 2.67 A, and the NOE intensities of ¥ and (xMe)- mln!mlzed using 1000 _st_ep_s o_f steepest descent and 1000 steps of
Val*Hg to their Hy protons were set to 2.67 A. The upper and lower conjugate gradients minimization f_or the solvent and thg starting
limits of the distance restraints were generated after averaging cross-Structure and then heated to 273 K in seven steps. The trajectory was
peak volumes on both sides of the diagonal and by adding and "écorded after an equilibration time of 500 ps for 2.5 ns at this
subtracting 10% of the NOE distance. As distances were averaged usingtemperature using periodic boundary conditions with a cutoff radius
ther~® sum functior® for ambiguous intra- and intermolecular NOEs, A.
no pseudoatom corrections were used.

Simulated annealing (SA) calculations were performed with the
X-PLOR* program using theparallhdg force field. The SA started Due to its hydrophobicity and for comparison to a previously
with a random cpnformatlon of the monomeric peptide backbone._A published study? the terminally blocked heptapeptide was
total of 32 ps of high-temperature dynamics at 1000 K (random velocity i estigated in CDGI Furthermore, the CDgbolution mimicks
initialization according to the Boltzmann distribution) was performed the natural environment of a lipophilic peptide, e.g., in a

on this structure in vacuo. The temperature was decremented in 20 K b 8 All NMR t f d at
steps to a value of 60 K. A final 30 ps dynamics run and a 1000 step membrane cor measurements were performed a

minimization were then performed. Because of CH@ie dielectric 273 _K to stabilize the proposed helical structure of the linear
constant was set 4.8. An ensemble of 100 monomeric structures wasPeptide.

generated, yielding also a partial diastereotopic assignment. For the Proton spin systems indamethylateda-amino acids do not
calculation of the dimeric structure, all ambiguous intermolecular NOEs Yyield direct coupling information between the side chains and
were included, and the same simulated annealing protocol was usedthe backbone. In addition, low signal dispersion of the numerous
As starting structure, a dimeric model consistent with the intermolecular methyl groups complicated the signal assignment. Spin systems
NOEs was built manually from the lowest-energy monomeric structure. of the side chains, especially of \@nd the N- and C-terminal
Because of the singular single set which was observed in the SpeCtra'blocking groups, were assigned using a TOGS¥pectrum
noncrystallographic symmetry restraints (N&Syere applied. Alto- (Figure 2). Seq,uential assignment of proton and carbonyl

Results and Discussion

(28) Hurd, R. E.; John, B. KJ. Magn. Reson1991, 91, 648-653. resonances was achieved by a combination of H¥fQ®d
20529) Bax, A.; Summers, M. FJ. Am. Chem. Sod 986 108 2093 HMBC?® spectra via the heteronuclear CO-HN; cross signals.

(g(')) Kogler, H. Sarensen, O. W.; Bodenhausen, G.: Emst, R.Ragn The procedure is illustrated in Figure 3, where a superposition
Reson1983 55 157-163. ' T ' of the HMQC and HMBC spectra is shown, and the results are

(31) Jerschow, A.; Miler, N. J. Magn. Resonl997 125 372-375. listed in Tables 1 and 2. Diastereotopic assignment of the

(32) Jerschow, A.; Miler, N. J. Magn. Reson1998 132 13-18.

(33) Nilges, M.Proteins: Struct., Funct. Genet993 17, 297-309. (35) Dauber-Osguthorpe, P.; Roberts, V. A.; Osguthorpe, D. J.; Wolff,

(34) Bringer, A. T.X-PLOR Version 3.1, A System for X-ray Crystal- J.; Genest, M.; Hagler, A. TProteins: Struct., Funct. Genel988§ 4,
lography and NMRYale University Press: New Haven, 1992. 31-47.
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Figure 3. Superposition of an HMQC (gray) and an HMBC (black) spectram~80 ms) to show the procedure used for sequential assignment
of the heptapeptide. The upper part is an expansion of the section of the spectrum indicated in the lower part.
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Table 1. 'H NMR Resonances and Diastereotopic Assignment of
mBrBz-Ival-Val*Ivas-(aMe)Val*-(aMe)Phé-(aMe)Valt-lva’-NHMe
at 273 K in CDC} [ppm]

mBiBz Iva'  Val’ Iva’ (aMe)Val' (oMe)Phe’ (aMe)Val® Iva’  NHMe
H2 NH 737 672 7091 7.15 7.94 767 741 NH
8.10 7.45
H4 Ha 4.07 HMe
777 2.68
H5  HBMe 1.74 1.64 1.52 1.48 1.45 167 -
7.43
H6 HP' 205 211 3.27 1.93
7.95 proS proR
205 238 2.15 224
Hp" 2.06 323 2.03
proR proS
Hy 1.05 117 1.21
proS proS proS
1.18 113 1.03
Hy' 0.95 1.05 1.02
proR proR proR
HS - - 7.39 -
He 7.36
Ho 7.35
Table 2. 3C NMR Resonances ofBrBz-lva'-Val?-Ivas-

(aMe)Val-(aMe)Phé-(aMe)Val-lva’-NHMe at 273 K in CDC}
[ppm]

mBrBz

Iva NHMe
178.9

63.3

(aMe)Val®
176.5
66.3

Iva’
175.8
63.3

Val®
173.8
63.5

Tva'
176.2
64.2

(aMe)Val*
176.4
65.5

(aMe)Phe’
176.6
63.4

Cco
Ca CMe

292

Cl

C2
133.1

Cp 240 183 23

Me

240 200 232

C3 Cp 355 31.7 357 386 48.5 38.3 353
125.7
C4 Cy' 1.3 202 114 19.9 138.5 0.1 11.2
138.5 Cy" 20.2 204 21.1
C5 (0} - - 133.6 -
1337
C6 Cg 130.7
128.5
Co 129.5
H
0 1 2°3 4 5 6 7 8
HN'/ N -.....D
HN'/ HN? — B-xom
HN' / HN™ Bl < 300 pm
wve ' - EAmEEET 0
HeMe'™ / HN' N . — < 450 pm
vy
HpMe ™ / HN' S — <550pm
~ \ I
HgMe™ / HN' ] l__—' Overlap

Figure 4. Summary of the NOE-derived backbone distances for the

heptapeptide. The width of the bars indicates the NOE intensity. Residue
numbers 0 and 8 are used for the N-terminal and C-terminal blocking
groups, respectively. For the restrained MD calculations, measured
distances (with 10% errors) are used instead of distance classes.

y-methyl groups of V& and @Me)Val*® residues and the
B-protons of Ivd and Ivd was possible on the basis of local
geometries using NOE-derived distances after the first converge
simulated annealing calculations. TReorotons of Iva were
degenerate, and thg-protons of (Me)Phé were highly
overlapped.

Strong sequential ¥—HN;+; NOE cross-peaks confirm the
helical conformation of the heptapeptide (Figure 4). Addition-
ally, the NOESY spectrum showed a féwtermolecular NOEs,
especially from the amide proton of \alo the C-terminal
blocking group NHMe and from side chain to side chain, which
indicate an antiparallel side-by-side aggregation or a head-to-
tail aggregation, as described in the crystal structure of Boc-
Val-Ala-Leu-Aib-Val-Ala-Leu-(Val-Ala-Leu-Aib}-OMe (Boc,
tert-butyloxycarbonyl; OMe, methoxy¥f

To corroborate the aggregation phenomenon with an ad-

ditional experiment, temperature-dependent diffusion measure-

(36) Karle, 1. L. Acta Crystallogr.1992 B48 341—356.
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ments of the heptapeptide were performed. The diffusion
coefficients were calculated by applying a fitting procedure to
the signal decay (Figure 5). The calculated self-diffusion
coefficient of CHC} was used as an internal standafd.o
estimate the hydrodynamic radius of the heptapeptide in a
saturated CHGIsolution, the StokesEinstein equation was
used by taking into account the temperature dependency of the
dynamic viscosity of CHGland a friction factor for the helical
shapef/fo = 1.0438 Assuming a helical geometry for the
heptapeptide, as indicated by the NOESY spectrum, the
hydrodynamic diameter of the monomeric helix is 15.5 A. For
an antiparallel side-by-side aggregation the hydrodynamic
diameter should be about 1.5 times larger. Although the accuracy
of the applied method is not very high, the calculated factors
between 2.3+ 0.1 at 273 K and 1.8t 0.1 at 300 K clearly
indicate a dimerization.

On the basis of this information, the NOE assignments had
to be carefully reinterpreted in terms of dimerization. Especially
protons near the middle of the interface between the two
monomers have a highly mixed intra-/intermolecular origin. This
fact and the additional low signal dispersion made the assign-
ment of the NOE cross signals more ambiguous. However, these
ambiguities were checked after every SA calculation and, if
possible, cleared during the refinement of the structure. During
the first structure calculation, all NOE distance restraints which
were recognized as obviously intermolecular were excluded, and
only the monomeric structure was considered. To prevent bias,
several randomly generated conformations of the linear peptide
were used as starting structures. One NQ@&/¢)PhéHpS'/" —
(aMe)PhéHe'I", was significantly violated in all SA runs. The
distance restraint given by that NOE was 0.5 A shorter than
the minimum geometrically possible distance. This provided
evidence for an antiparallel side-by-side aggregation in which
the two phenyl rings of Pién the two monomers are in close
contact. Thus, a dimeric starting structure was generated out of
the first helical monomeric structures which was consistent with
these data, and all ambiguous intermolecular NOEs were
included during the next SA calculations (Figure 6). The 10
structures with the lowest total energy converged to a backbone
RMSD of 0.12 A, and the dimeric structure with the lowest
NOE distance restraint energy was chosen for further analysis.
Nine distance restraints were violated by-6®4 A, partly due
to side chain flexibility of Vat (with a predominating trans
conformation) and I& [with a predominatinggauché—)
conformation]. The dimeric structure calculation also resulted
in a refined monomeric helix, which could be classified
according to the KabseFSander algorithi? as ana-helix from
Val? to Iva’. A stereoplot of the monomeric heptapeptide

gstructure is given in Figure 7. Conformational parameters such

as the backbone torsion anglgg or the interproton distances
are close for thexr- and the 3p-helices. There are only a few
NOE distances which discriminate between these two helical
conformations: fora- and Jg-helicesdyn(i,i + 2) should be
4.4 and 3.8 A, respectively, whil,s(i,i + 3) varies between
2.5 and 4.4 A and between 3.1 and 5.1 A, respectittyThe
NOE distanced,n(i,i +4) is aboe 4 A in both helical
conformations and thus gives rise to very weak intensity.
However, the complete absence of this NOE might indicate a

(37) CRC Handbook of Chemistry and Physi€&RC Press: Cleveland,
1998.

(38) Holde, K. E. V.Physical BiochemistryPrentice Hall: Englewood
Cliffs, NJ, 1998.

(39) Kabsch, W.; Sander, Giopolymers1983 22, 2577-2637.

(40) Withrich, K. NMR of Proteins and Nucleic Acid§Viley: New
York, 1986.

(41) Withrich, K. Sciencel989 243 45-50.



NMR of a 3¢/a-Helical Peptide J. Am. Chem. Soc., Vol. 123, No. 27, 208483

']
0,9 1
Temp.: 273 K
0,8 DiffConst.: 2.11*¥10™ +/- 8.3¥10"m’/s
"% 0,7 Temp.: 280 K
2 DiffConst.: 2.53*10™ +/- 5.6%10™ m’/s
= 06
i+
S 0.5 Increasing temperature Temp.: 285 K
oo DiffConst.: 2.78%10™ +/- 3.5¥10"m%/s
[
é 04 Temp.: 290 K
5 03 DiffConst.: 3.17*10™ +/- 8.1%10mY/s
= i
Temp.: 295K
0.2 DiffConst.: 3.56*10™ +/- 1.4*¥10"m/s
01 Temp.: 300 K
0 DiffConst.: 3.93%10™ +/- 1.5¥10m?/s

0 10 20 30 40 50 60 70
Gradient strength [G/cm]

Figure 5. Temperature-dependent signal decay of the heptapeptide using a pulsed-field gradient echo diffusion experiment. The data were acquired
at temperatures of 273, 280, 285, 290, 295, and 300 K (from right to left).

Table 3. Characteristic Distances (pm) for an Ideal ModeHelix
and an ldeal Model 13-Helix in Comparison to the Experimental
Peptide Helix ofmBrBz-Ival-Val*lvas-(aMe)Val-(aMe)Phé-
(aMe)Val-lva’-NHMe?

H*H(, i + 2) [pm] o helix expt. helix 339 helix
Iva'C*Me — Iva’H" 485 ‘ 479 442
Val’H® - (aMe)Val‘HY 447 | 426 396
va’C*Me — (aMe)Phe’H™ 474 433 418 i
(aMe)Val*CPMe - (eMe)Val°HY 476 442 420
(aMe)Phe’CPMe — Iva'HY 470 ‘ 493 413
(aMe)Val*C"Me - NHMeHN : 447 | 457 431
HHNG, i + 4) [pm]
Iva'C’Me — («Me)Phe’HY 437 573 584
Val’H* - (aMe)Val’H" 447 578 586
Iva’C*Me — Iva’H" 453 534 597
(aMe)Val'C*Me - NHMeHN 479 445 590
C'C'(G, 1 + 3) [pm]
mBrBzCO - Iva’CO 457 457 489
va'CO - (aMe)Val‘CO 499 569 551
Val’CO - (aMe)Phe’CO 512 565 563
Iva’CO — (aMe)Val’CO 516 544 568
(aMe)Val*CO ~ Iva’CO 506 486 552
H*HP(, i + 3) [pm)
Iva'C*Me - Iva’HP' /" 276 355
Figure 6. Relative orientation of the two monomers within the dimeric ~ va’H* - (@Me)val*HP 7 s 372 398
complex. NOE distance restraints with a high intermolecular share Iva'C*Me - @Me)Phe’H” /" : 273 381 412
- : : - . - (aMe)Val’C*Me — Iva'HP /" | 276 271 357
define the antiparallel side-by-side aggregation of the heptapeptide
(broken lines). aThe preferred helix type in the peptide is marked in gray.

3irhelical population due to its more elongated geometry. preference for one of the helix types (Table 3). The peptide
Hence, an unambiguous identification of populations of each p5ckhone RMSD is 0.61 A away from an ideahelix model
helix type by NMR methods in solution is severely limited, 54 .57 A from an idealg-helix model (the backbone RMSD
unless'*N- and carbonyt*C-labeled samples would allow the  penyeen an ideat-helix and an ideal g-helix is 0.83 A). Thus,
direct measurement of intramolecular hydrogen-bonding donorscompared to the fully Gmethylated heptapeptide analogue,
and acceptor atoms and their populatiétid? With the excep- which adopts predominantly aghelix.12 the present heptapep-
tion of VaP, the heptapeptide lacks all°tprotons which are  tjge with the missing &methylation of Vat is more likely to
essential for conformational analysis on the basis of the above-gphqw a 3da-helical equilibrium with a slight preference for
mentioned characteristic NOEs. Furthermore, basing the struc-ihe o-helical conformation.

ture of the whole peptide on the presence and relative intéhsity  The calculated dimer structure is shown in Figure 8 as a
of one or two NOEs involving one residue only (Yeseemed  gpace-filling Connolly surface of each monomer and is held
unjustified. However, a detailed analysis of the resulting together by favorable lipophilic interactions. Ka@fdas shown,
structure using all experimental data, in particular typical " x_ray diffraction structures of helical peptides, that the
distances, torsion angles, and hydrogen bond patterns, provideg|ominating factor of packing motifs in apolar helices is not their
evidence that the peptide rather adopts an averaged structure igyino|ar nature but rather a shape selection, such as a bulge fitting
a 3id/a-helical equilibrium fast on the NMR time scale (100 ini5 a groove® Thus, shape complementarity is essential for
ms mixing time in the NOESY experiment) without a clear olecular recognition of the apolar helices. This property is

(42) Dingley, A. J.; Grzesiek, 3. Am. Chem. S0d.998 120, 8293~ fulfilled by our model peptide. The bulge, which enables a fitting
8297. _ _ of the helices, is mainly caused by the phenyl rings of the Phe
(43) Cordier, F.; Grzesiek, 3. Am. Chem. 504999 121, 1601-1602. residues. The tilt angle between the helices was measured using

44) Gemmecker, GAngew. Chem200Q 112, 1276-1279. . . .
§45g Millhauser, G. L.: &emand, C. J_;QHa,éon’ P.: Bolin. K. A vande Molmol 2.6*®as 168, so that the antiparallel helices are twisted

Ven, F. J. M.J. Mol. Biol. 1997, 267, 963-974. by 15.
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Figure 8. Dimeric structure of the heptapeptide showing the antiparallel side-by-side aggregation in the sense of a bulge fitting into a groove using
a van der Waals surface.

It has been showfi*° that helices are flexible on the  For this reason and to show the stability of the dimeric structure,
nanosecond to picosecond time scale and undergo transitions free molecular dynamic simulation over 3 ns without any NOE
among 3o-helical, a-helical, and random coil conformations. distance restraint was performed in a cubic box of GHal

(a6) Koradi, R Bileter, M. Wehrich, K. J. Mol. Graphics1996 14, 273 K. Figure 9 shows the trajectory after an equilibration time
51-55. (48) Huston, S. E.; Marshall, G. Riopolymers1994 34, 75-90.

(47) Orekhov, V. Y.; Korzhnev, D. M.; Diercks, T.; Kessler, H.; Arseniev, (49) Tirado-Rives, J.; Maxwell, D. S.; Jorgensen, W.JLAmM. Chem.
A. S.J. Biomol. NMR1999 14, 345-356. So0c.1993 115 11590-11593.
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Figure 9. Free molecular dynamics simulation of the dimeric structure of the heptapeptide in a cubic box of &dCB ns using periodic
boundary conditions. (1) Hydrogen bonding pattern for each monomérelical (gray bars) andighelical (black bars) hydrogen bonds are
indicated for each residue. A hydrogen bond-GBN is indicated if the @+H distance is shorter than or equivalent to 2.80 A and theOG-

HN— and CG--H—N angles are larger than 11.(02) Orthogonal distance (black) and tilt angle (gray) between the monomers normalized to the
experimental structure. (3) Trajectory after an equilibration time of 500 ps. The time-averaged potential energy of the system is given iakilocalor
per mole.

of 500 ps. Monitored are the hydrogen bond populations for The tilt angle stays more or less constant over the trajectory
3ic-helicali < i + 3 anda-helical i < i + 4 interactions for and agrees with the angle derived from the SA strategy. Only
each residue in either monomer. A €N hydrogen bond is a very small reorganization of the tilt angle is seen upon helical
indicated for an ©®-H distance shorter than or equivalent to transitions. Twax-helical conformations occur simultaneously
2.8 A and if the G-O---HN— and CQ--H—N angles exceed  only for a short time of approximately 150 ps, and then the
11C. Further, the diagram shows the orthogonal distance andsystem returns to a mixed;@o-helical conformation of the
the tilt angle between the two helices, which are normalized to monomers while the dimeric structure stays stable over the
the experimentally determined structure. The time-averagedwhole 3 ns. This finding suggests that, in terms of a stable
potential energy of the system is given in kilocalories per mole. aggregation, the conformation with two purehelices is

During the trajectory, monomer A is predominantly-8elical, unfavorable, which is in agreement with the vibrational and
whereas monomer B is more-helical, with the exception of  electronic CD data of the related Z-{aMe)Val]s-OtBu (OtBu,

the N- and C-termini adopting an — i+ 3 interaction. tert-butoxy) homopeptide. These spectroscopic results indicated
Analyzing the backbone torsion angl¢gp,> it turns out that a stabilization of the @-helical conformation at high concentra-
thesei — i + 3 interactions are eithe?-Ill turns®® with ¢; = tions upon self-aggregation; however, at low concentrations the
—60° andy; = —30°, consistent with a g-helix,*5or at the octamer showed a propensity for a mixe@/&-helical struc-

N-terminus a3-1I" turn with ¢j+; = +60° andyj+; = —12C ture>2
and ¢i+» = —80° and 4, = 0°. Furthermore, the simulation
showed transitions of monomer A from agdelical to an Conclusions

a-helical conformation and vice versa of the residues, Val?, )
Iva3, and tMe)Val. These transitions occur in approximately ~ NMR spectroscopy was used to characterize the 3D structure

30 ps. As a consequence, the orthogonal distance between th€f a linear, highly C-methylated, N- and C-blocked heptapep-

two monomers increases when both adopt a noteelical tide in CDC[; solution. Strong SequentialN'FHN NOEs indicate

Conformation’ which is broader than ﬁ)_:he”cal conformation. a helical conformation. Add|t|0na”y, both intermolecular NOEs
(50) IUPAC—-IUB Commission on Biochemical NomenclaturBio- (52) Yoder, G.; Polese, A;; Silva, R. A. G. D.; Formaggio, F.; Crisma,

chemistryl197Q 9, 3471-3479. M.; Broxterman, Q. B.; Kamphuis, J.; Toniolo, C.; Keiderling, T. A.

(51) Venkatachalam, C. MBiopolymers1968 6, 1425-1436. Am. Chem. Sod 997 119, 10278-10285.
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and NOEs with a high intermolecular component suggest an on C*-methylated amino acids and is thus conformationally more
antiparallel side-by-side aggregation. Temperature-dependentconstrained. The missing*@nethylation of Vat in the present
calculations of the hydrodynamic radius from diffusion mea- heptapeptide seems to introduce some flexibility, which has an
surements, which correspond to an oligomer of an at least di- impact on its overall structure. An unrestrained molecular dy-
meric order, corroborated these findings. For the structure cal- namics simulation of the dimeric helices in CR&blution over
culation a simulated annealing strategy was used, initially con- 3 ns showed that both the helical secondary structure and the
sidering only the monomeric structure by excluding all NOEs antiparallel dimeric structure are stable. Furthermore, transitions
which were recognized as intermolecular. During the refinement between the two helical conformations are seen on a time scale
of the structure, all intermolecular and ambiguous NOEs were of picoseconds, but the most populated hydrogen bonds are those
included, starting now from a consistent dimeric structure model. typical of a 3¢-helix in monomer A and of am-helical in
Structural calculations resulted in an antiparallel aggregated monomer BThe dimeric structure is held together by favorable
structure of two right-handed helical monomers with a slight van der Waals interactions in the sense of a bulge fitting into a

preference for am-helical conformation. groove. The native-like environment for a lipophilic peptide is
Discrimination between predominaniydelix or o-helix by mimicked by the CHGlsolution. Thus, the heptapeptide studied
NMR spectroscopy is difficult. Only very few NOEs, lildgn- here is a good model in which two relevant aspects of trans-

(i, +2), show slight differences, but there is no unique membrane protein folding are present according to the two-
characteristic NOE which unambiguously discriminates between stage modél(or, in the case of globular proteins, according
these two helical conformations. In addition, one has to keep to the diffusion-collision mode¥d). First, flexiblei — i + 4

in mind that transitions between either helix type and random andi < i + 3 hydrogen bonds build up a stable local structure,
coil may take place in solution on a time scale of pico- to which is responsible for the onset of a specific molecular shape.
nanoseconds. Thus, on the NMR time scale of milliseconds (100 Second, this shape is recognized as attractive by other sur-
ms mixing time in the NOESY experiment), both conformations rounding structures via electrostatic forces and lipophilic
are populated. As, with the exception of ¥ahe heptapeptide interactions in combination with a complementary shape.
lacks all H* protons necessary for a reasonable estimation of
relative populations, all available experimental data were used,

analyS of he siriciie showed hat Some characierstc . V2~ (GMEVal*(AME)PTE-(ae)VaF-va’:NHMe and NOE
tancis torsion angles, and hydrogen bonds are in favor of anviolations, ¢ backbone torsion angles, and temperature
’ ges, ydrog dependence of amide protons chemical shifts (PDF). This

a-helix, while others favor a;3-helix. The heptapeptide inves- o . .
; L . o - material is available free of charge via the Internet at
tigated in this work is an analogue nBrBz-lval-(aMe)Val http://pubs.acs.org.

Ivad-(aMe)Val*-(aMe)Phé-(aMe)Valb-lva’-NHMe, which we
found previously? to adopt an almost pure;ghelix form in JA010635D
CDCl; solution. This latter heptapeptide é®@mpletelybased (53) Karplus, M.; Weaver, D. LNature 1976 260, 404—-406.

Supporting Information Available: Distance restraints used
for the simulated annealingalculation ofmBrBz-lval-Val2-




