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Abstract: We present the use of ?H magic-angle spinning (MAS) NMR on methyl-deuterated o-amino
isobutyric acid (Aib) as a new method to obtain fast and accurate structural constraints on peptaibols in
membrane-bound environments. Using nonoriented vesicle-reconstituted samples we avoid the delicate
preparation of oriented samples, and the use of MAS ensures high sensitivity and thereby very fast
acquisition of experimental spectra. Furthermore, given the high content (~40%) of Aib in peptaibols and
the fact that the amino acid Aib may be synthesized from cheap starting materials, even in the case of 2H,
13C, or ®N labeling, this method is ideally suited for studies of the membrane-bound conformation of
peptaibols.

Introduction analysis of peptaibols in membrane-bound form is complicated

. . . . . by slow molecular reorientation of peptidenembrane com-
Peptaibols are fungal peptides containing? residues with - jayas 1n more general terms, this technique also suffers from

a high c_onte_nt of the helix-inducing aminq acid A'ti_n-amino . difficulties in assignment of Aib residues which lack the
isobutyric acid). They have attracted considerable interest SiNCeingerprint” He-proton and generally display substantial overlap
they, despite their small size, form ion-selective voltage-gated ¢ tha abundant fimethy! protons.

ch?nnelsbgclrosst_ t.Te celclj rtr;]embbrémhlst %rolperty dlmp“tehs i Solid-state NMR represents an attractive alternative for
antimicrobial activity, an ereby peptaibols and Synthelic 54 mic.resolution structural analysis of peptaibols, as it over-

analogues have acquired substantial interest as alternatives t%omes many of the problems described above and simulta-
small-molecule antibiotics. Despite these interesting properties, neously may provide structurahd conformational information
detailed insight into the mechanisms of their membrane disrupt- /=, J ionophores in their native environment, the lipid
ing and ion-transporting features at an atomic level is still sparse,b“ayer3_5 Such combined information may be ot’)tained by

tahnd onlyt/ fevl\I/ pﬁptal?ol_ st:jucturtes_bh?v_e t)heegoreporteld. Otnh? Qfmeasuring anisotropic dipolar coupling and chemical shielding
€ most well-characterized peptaibols Is the 20-mer alametniCing o 4 ctions for the peptaibol in lipid bilayers oriented macro-

which cc|1nta;1ns elght g'b re5|dpes. Alla_metlr)nc;rg haz_f?een scopically between glass plates with the bilayer normal parallel
?truct)u(sDyzc a(;a’(\:ltl\e;lrge attatomlc ressg Ut'%n y : 'ra{h,' M4 {0 the magnetic field:4 In this manner, it is possible to establish
ion ( )* an spectroscopy.® Besides alamethicin, a direct measurement of the peptide conformation in the bifayer.

there elx :js_:cf_a fﬁw X.RD strtuci‘lt_ures of otr;)er pept))ta|bc()::s, butt dthe A drawback of this approach, however, is that it requires highly
Eeneral ! kl]cu 1€s |r(1j c;}ys allizing mem rafn(;-RoDu? PEPUCES 4 iented samples to extract accurate structural information. This
ave also hampered the extensive use o or structure may be quite difficult to achieve for membrane-disrupting

detetrrTlntatloP of pﬁptalbbols, andhrnostjoff the knO\;vrll peptalbql peptides such as alamethicin, in particular for the functionally
::r:ys ab strue ur?sl' .Zve L.Ie(en ac ||e.ve. d r(tms c’r\}/,\sﬂ; s tgrO\;vn "N most relevant cases with the peptide present in high concentra-
€ absence of lipids. Likewise, liquid-state SUUCHT® tions in the lipid bilayers where a significant orientational

: — disorder-mosaic spreagmay be encounteredThe result is
8 \,ﬁg}(‘m%‘?rg'_ Lj'rlw,%"c";‘]‘;'iaf'éNN‘ﬁ‘gfdfeAl‘ggz geggzggglaz D593. that oriented alamethicin samples often lead to NMR spectra

(©) JBallch-; Bmwgteré R. P; Hocf;well\,l -MN;' Thomsf\?gblh K. JAgSIgorBsi, K. with substantial linebroadening, which in turn implies that
fég?;_sen’ - o erensen, ©. 4 ielsen. phys. J.2001, 81, oriented-sample spectra for uniformfyN labeled samples

(4) Bechinger, B.; Skladnev, D. A.; Ogrel, A.; Li, X.; Rogozhkina, E. V., obtained from fungal expression display significant spectral
Ovchinnikova, T. V.; O'Neil, J. D.; Raap, Biochemistry2001, 40, 9428. " . . X . K
(5) Yee, A. A.; O'Neil, J. D.Biochemistry1992 31, 3135, overlap? This overlap is highly unfortunate since the oriented-

(6) (a) Marassi, F. M.; Opella, S. J. Magn. Resor2009 144 150. (b) Wang, sample solid-state NMR approach relies exclusively on the
J.; Denny, J.; Tian, C.; Kim, S.; Mo, Y.; Kovacs, F.; Song, Z.; Nishimura,
K.; Gan, Z.; Fu, R.; Quine, J. R.; Cross, T. A.Magn. Resor200Q 144,
162. (c) Vosegaard, T.; Nielsen, N. @. Biomol. NMR2002 22, 225. (7) Aisenbrey, C.; Bechinger, BBiochemistry2004 43, 10502.
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resonance positions to derive the structural restraints. As astronger, structural restraints than what is typically observed in
consequence, the most accurate constraints have so far beefH NMR of Ala-ds labeling?121617Furthermore, the deuterated
derived from sets of singly®N-labeled sample%,although Aib amino acid may be synthesized from inexpensive starting
selective labeling entails the requirement for much more materials implying that the overall cost of Aily-thbeling is
spectrometer time and is very expensive in terms of extensive significantly less expensive than, for example, Alidabeling.
use of isotope-labeled protected amino acids for multiple-sample
solid-phase peptide synthesis.

The dilemma is that on one hand, oriented solid-state NMR  Synthesis ofN-Fmoc-Aib-ds. The amino acid Aib (2-amino-3,3,3-
is one of the best techniques to obtain accurate structural andtrideuterio-2-trideuteriomethy! propionic acidamino isobutyric acid)
conformational information on uniformly isotope-labeled samples, was synthesized as previously describédo a stirred solution of
but on the other hand, it is very difficult to achieve perfectly ammonium chloride (2.57 g, 48.00 mmol) and sodium cyanide (2.35
oriented samples due to membrane mosaic spread and/o@: 48 mmol) in CHCI/H0 1:2 (15 mL) was added acetodg(2.94
peptide-induced membrane disruption. To overcome this, we mL, 40 mmol, 99.9% deuterated, Car_nt?rldge Isotope Laborat_orles)_. The
have to either improve significantly the sample preparation react|ort1 Vefsgl V\./tiséealleg]andtl.eﬂ stwnr;gﬂf]or 48 h.'_I'her:reactlon ”Q;X.“‘C;e
methods or improve the NMR methods used to extract the was extracted with CICI; three times and the organic phase was drie

. . . o . and concentrated under reduced pressure. The resulting residue was
crucial structural information from the nuclear spin interactions. aated with 12 M aqueous hydrochloric acid (20 mL) at 2Q0for 2

Adapting the latter approach, we here follow the line of recent 1 and concentrated under reduced pressure. The resulting colorless
work in several group$;* using nonoriented samples to residue was suspended in absolute ethanol (20 mL) and filtered to
provide the same kind of information typically achieved from remove ammonium chloride. Evaporation of the filtrate afforded
oriented samples, provided the peptides display a sufficiently 2-amino-3,3,3-trideuterio-2-trideuteriomethyl propionic acid (Ag)-
high degree of lateral diffusion around the lipid bilayer norfdal.  (2.98 g, 68%) as pale yellow crystal$C NMR (100 MHz, DMSO-
This is accomplished by measuring residual effects from de): 0 (Ppm) 174.0, 55.9, 23.5 (m, 2C). . . .
anisotropic nuclear spin interactions being partially averaged The Fmoc protected amino aciN-Fmoc-2-amino-3,3,3-trideuterio-
by this uniaxial diffusion. By comparing the magnitudes of the 2-trideuteriomethyl propionic acid) was synthesized from the crude Aib-
. el

averaged and nonaveraged interactions, it is possible to extracfe 8°0Ve:* Aib-s (1.64 g, 15.00 mmol), N&O; (7.95 g, 75.00 mmol),

. . . . . and 9-fluorenyl chloroformate (4.66 g, 18.00 mmol) were suspended
orientational information as known for oriented samples. Here,

. in 150 mL dioxane/water (1:1) and stirred overnight at room temper-
we extend this approach to accommodate the strength of theyy e The reaction mixture was poured into 90 mL of water and washed

most powerful oriented sample approaches which simultaneouslyyith diethyl ether three times. The aqueous layer was acidified using
measuretwo anisotropic interactions to achieve the comple- concentrated aqueous HCl and extracted with ethyl acetate three times.
mentary structural restraints from two differently oriented The organic phase was dried with Mg$diltered, and concentrated
nuclear spin interactions. This has been nicely exploited by the under reduced pressure to give pi¥&moc-Aib-ds (2.92 g, 59%) as
so-called PISEMA experiments measuriflg-1>N dipole— a colorless solid*H NMR (400 MHz, DMSO-Dg): 0 (ppm) 12.27 (s,
dipole and!SN chemical shielding interactiort8. 1H, CQH), 7.89 (d, 2H,J = 7.6 Hz), 7.72 (d, 2H) = 7.2 Hz), 7.58

In this work, we will exploit, for the first time, measurement ~ (PS, 1H, NH), 7.42 (m, 2H), 7.33 (m, 2H), 4.28.18 (m, 3H)."*C
of the2H quadrupole couplings in thwvo differently oriented, MR (100 MHz, DMSO-d): o (ppm) 176.0, 154.9, 143.9 (2C), 140.8

. . . . (2C), 127.7 (2C), 127.2 (2C), 125.3 (2C), 120.2 (2C), 65.3, 55.0, 46.8,
deytelrated methyl groups being present.ln the amino acid Alb. 24.2 (m, 2C). HRMS (ES-TOF): GH1sDNOs [M + Na'], 354.1582:
This is an ideal experiment for peptaibols, taking specific ¢ .1 254 1578

advantage of their high Aib con.te_nivqof.’/o)l Whic_h _allows us Synthesis of [Aiks-dg]-Alamethicin. The sequence of alamethicin
to present a strategy for obtaining high-precision structural employed in this work corresponds to alamethicin F30/3: —Ac
constraints from théH quadrupole-coupling interactions mea- UPUAUAQU*VUGLUPVUUEQ-Phol, where the amino acids are

Materials and Methods

sured for methyPH labeled Aib residues (Ailok) using 2H listed in one-letter code with the following additional abbreviations:
magic-angle spinning (MAS) NMR. AH NMR spectrum of a Acetyl (Ac), Aib (U), Aib-ds (U*), and L-phenylalaninol (Phol). The
vesicle-reconstituted peptaibol with an Adlg-residue will peptide was synthesized by Fmoc-solid-phase peptide synthesis on

display resonances from two sites corresponding to the two 2-chlorotrityl chIor_ideOresin p_reloaded with phenylalaninol (Q.lO mmol,
methyl groups at the Cpositions in Aib. By measuring the 0.45_mm0|/g I_oadmg_?. Couphng; were performed on a MultiSynTech _
reducea quadupole coupings, a set of accurate sirucuraTOTRNC pepide ymhesizer undera ivogen atrosprer usng
restraints may be established becaus'e the quadrupole couplin%moc_amino acid (0.40 mmol), TFFH (0.39 mmol), and DIPEF,)A (0.80
tensor for the methyl group_s are orlented_ along tie-C mmol) in DMF (1 mL). Fmoc deprotection was achieved using 5 mL
bonds. The advantages of Aib-deuteration is that the presence,gy, piperidine in DMF for 5 min repeated three times for each coupling
of two methyl groups leads to complementary, and thus much step. For Aib residue no. B-Fmoc-Aib-ds was used. Coupling times
were 35 min, except for YU and P-U couplings where coupling

(8) (a) Glaubitz, C.; Watts, Al. Magn. Reson1998 130, 305. (b) Prongidi-
Fix, L.; Bertani, P.; Bechinger, Bl. Am. Chem. So2007, 129 8430.
(9) Whiles, J. A.; Brasseur, R.; Glover, K. J.; Melacini, G.; Komives, E. A.; (16) van der Wel, P. C.; Strandberg, E.; Killian, J. A.; Koeppe, R. E., 2nd

Vold, R. R.Biophys. J.2001, 80, 280. Biophys. J.2002 83, 1479.
(10) Bechinger, B.; Sizun, GConcepts Magn. Reso8003 18A 130. (17) (a) Vold, R. R. InEncyclopedia of Nuclear Magnetic Resonan@eant,
(11) Aisenbrey, C.; Bechinger, B. Am. Chem. SoQ004 126, 16676. D. M., Harris, R. K., Eds.; Wiley: New York, 1996; Vol. 5, p 3314. (b)
(12) Strandberg, E.; Ozdirekcan, S.; Rijkers, D. T.; van der Wel, P. C.; Koeppe, Nevzorov, A. A.; Moltke, S.; Heyn, M. P.; Brown, M. B. Am. Chem.
R. E., Il; Liskamp, R. M.; Killian, J. A.Biophys. J22004 86, 3709. So0c.1999 121, 7636.
(13) Andronesi, O. C.; Pfeifer, J. R.; Al-Momani, L.; Ozdirekcan, S.; Rijkers, (18) Ogrel, A.; Shvets, V. |.; Kaptein, B.; Broxterman, Q. B.; RaafEu. J.
D. T.; Angerstein, B.; Luca, S.; Koert, U.; Killian, J. A.; Baldus, N Org. Chem.200Q 857.
Biomol. NMR2004 30, 253 (19) Lescrinier, T.; Hendrix, C.; Kerremans, L.; Rozenski, J.; Link, A.; Samyn,
(14) Cady, S. D.; Goodman, C.; Tatko, C. D.; DeGrado, W. F.; HongJM. B.; van Aerschot, A.; Lescrinier, E.; Eritja, R.; van Beeumen, J.; Herdewijn,
Am. Chem. So®007, 129, 5719. P.Chem. Eur. J199§ 4, 425.
(15) Wu, C. H.; Ramamoorthy, A.; Opella, S.JJ.Magn. Reson. A994 109, (20) Carpino, L. A.; Beyermann, M.; Wenschuh, H.; Bienert, M.c. Chem.
270 Res.1996 29, 268.
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Table 1. Typical Magnitudes and Orientations of the Nuclear Spin Interactions Considered in This Work

interaction (4) xr Aiso Aaniso 7 geometry
2H quadrupole couplirty 1 +3/4p 0 54.1 kHz 0 Qpa = (0°, =55.2, 0°)
2 +3/40 0 54.1 kHz 0 Qpa = (0°, 55.2, 0°)
15N chemical shift 1 119 ppm 99 ppm 0.19 Qpe= (90°, 17°, 90°)
1H-15N dipolar coupling +1 0 9.94 kHz 0 Qpe= (90°, 0°, 0°)

aTensor magnitude determined from the powder spectrum, and geometry determined from PDB structures of peptaibols {Seustexile is the
factor 3n — Y,)/(21(21 — 1)) for 2H (I = 1) for them <= m — 1 transition (n = 0,1). ¢ Typical value, see ref 23 for detail$Values taken from ref 24.

times were extended to 4 h. N-Terminal acetylation was performed geometric function«) of the anisotropic part of the interaction is given
using AcO (0.70 mmol) and DIPEA (1.40 mmol) in DMF (1 mL). by
Cleavage and deprotection of the peptide was performed by treating

the peptidyl resin with 4 mL TFA/DCM/EDITIPS 47:47:4:2 (viv) for 2 @
45 min, followed by immediate precipitation of the peptide in cold  ©(17,,2pwm 2vg) = z Drno(€2yg) x
tert-butyl ethyl ether (80 mL). Repeated centrifugation, decantation, m==2

and trituration (four times) with coldert-butyl ethyl ether gave the @ ;. @ @

crude peptide (116 mg, 59%) as an off white powder. The crude peptide Dm(R2pm) = — (D5 1(Rpp) + D3 (260 | (2)
was dissolved in 40% MeCN in water (ca. 30 mg/mL) and semi- 6

preparative HPLC purification was performed on an Agilent 1100

system with a Vydac 208TP510 column (C8, 10 mmuiA250 mm, 5 Here, a set of Euler angles (relating the coordinate systems X and Y,
um particle diameter). Purlflcatlon was achieved using a Ilneargrad_lent defined asQxy = (axy,Bxv,yxv)) are introduced for the coordinate
from 40 to 60% eluant B in eluant A (eluant A being 0.1% TFA in  transformations from the principal axis system (P) to an molecular
water and eluant B being 0.1% TFA in MeCN) at a flow rate of 5 reference system (M) and finally to the bilayer frame (B) which for
mL/min over 20 min, affording [Aib-de]-alamethicin F30/3 (22 Mg, griented samples is collinear with the laboratory frame @),
11%., tr = 17 min). The purity was confirmed by analytical HPLC 10 yenotes them,mi element of a second-rank Wigner rotation matrix
. o .

be >90%. MS (MALDI-TOF): GaH144DeN22055 [M + Na'], 1992.1; element. The molecular reference system may be either (i) the peptide-
found, 1992.7. - _ N plane system (E), (i) the Aib side chain system (A), or (iii) tedelix

Vesicle Reconstitution of Alamethicin.The [Aibs-ds]-alamethicin system (H). The definition of the E and A coordinate systems is
vesicle-reconstituted sample was prepared by suspending 25.8 mg;,sirated in Figure 1, while the latter-helix system has origin in the
DMPC in 1 mL of water. The suspension was vortexed and centrifuged conier of the helix with the® axis being the helix axis and witk®
repeatedly until complete homogeneity was achieved. déb pointing from the center of the helix toward:CTypical Euler angles
aIamet_h|C|n 5 mg corresponding to a peptide/lipid molar ratio of_l_:15) for the P < E coordinate transformationS%g) are known from
was dissolved in~100 uL of methanol and added to the lipid  ymerous studies and are listed in Table 1 for*#iechemical shift
suspension, WhICh made_the solut_lon transparer_lt. Ir_nmedlately after(/liso = Oisor Aanise = Oanisa With the latter denoting the chemical shift
addition of peptide and brief vortexing of the peptide/lipid sample, 10 anisotropy) andH—15N dipolar coupling faniso= bis, wherebs is the

mL of water was added, and the sample was lyophilized. The dry ginolar coupling constant) interactions. Whifd chemical shift and
ve§|cles were resuspended in 3@I8 of water (1:1 solid/liquid mass 15\—1H dipolar coupling measurements typically are interpreted by the
ratio) and transferrecbta 4 mmBruker MAS rotor. ) relation of the tensors to the peptide plane (to which the amide NH
Solid-State NMR Experiments. All 2H MAS NMR experiments spin-pair belongs), we will for théH quadrupole couplingibniso =
were performed on a 16.45-T (700 MHz) Bruker Avance-2 spectrometer ¢, \yhereCy, is the quadrupole coupling constant) relate the interaction
with a ?H Larmor frequency of 107.46 MHz. The experiments were 4 e i side-chain systems (A). Thus, we will use the Euler angles
performed on a standard 4 mm triple-resonance Bruker probe (runnlng(QPA) listed in Table 1 which are derived as averages from the
in double-resonance mode) using single-pulse excitatigs (30 kHz)  conformations of all Aib’s in the PDB taking the typical assumption
with a repetition delay of 0.5 s, sampling of 1994 complex points With ¢ the principal component of the quadrupole coupling interaction
a dwell time of 10us (spectral width of 100 kHz), 8000 transients () is aligned along the €&-C* bond vectors, which is the typical
(corresponding to a total experiment time of 67 min), & spiNNINg  scenario for CH groups?® The Euler angles relating to the helix
frequency of 2000 Hz, 4 mm O.D. rotors_ Wlt_h sample volumes of 60 f3me @r1) are calculated from the molecular geometry using
uL, and sample temperatures of 30, which is well above the gel- SIMMOL.22.23
to-liquid crystalline phase transition at 23. The experimental spectra From eq 2 it is evident that the resonance position is typically defined
were processed (zero-filled to 8192 points, 50 Hz Lorentzian line- by gix parameters, three define the size of the interaction tensor
brgadenlng) and corrected for baseline distortions by spline interpolation (isotropic value, anisotropy, and the asymmetry) and three Euler angles
using the open-source software package SIMPSBN. _ relate the molecule to the laboratory frame. Considering invariance
Data Analysis. For anoriented bilayer samplevith the bilayer toward rotations around theoHield axis, the latter dependency is
normal aligned along in the laboratory frame, that is, collinear with expressed in terms of two angles, such asttaedp angles. Since the
Bo, the resonance frequency governed by a nuclear spin interag}ion (- magnitude of the tensor is typically known a priori, the task is to
is given by determine the two angles. Typically we have only one or two
. 1 measurements per residue, and hence it is clear that the determination
V; = Jiso + Aanisal ©(111:2pw Ruig) @) of these angles may be accounted for by several pairs of orientational
] ] ] ] angles as typically represented in terms of a restrictiorfjébiowing
where the isotropic and anisotropic components and asymmetry yhich angles are compatible with the measurement. In our hands, the

parameter are represented Ay, Zanisa andz;, respectively, ang* is restriction plot R;) for interaction/. for an oriented sample is calculated
an interaction-related constant of proportionality listed in Table 1. The

(23) Bak, M.; Schultz, R.; Vosegaard, T.; Nielsen, NJCMagn. Resor2002
(21) Bak, M.; Rasmussen, J. T.; Nielsen, N. .Magn. Reson200Q 147, 154, 28.

296. (24) Ramamoorthy, A.; Wu, C. H.; Opella, S.J.Magn. Reson. B995 107,
(22) Vosegaard, T.; Malmendal, A.; Nielsen, N.Chem. Monthl\2002 133 88.

1555. (25) Bechinger, B.; Zasloff, M.; Opella, S. Brotein Sci.1993 2, 2077.
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a

Figure 1. (a) Geometrical representation of a peptide plane and the side
chain for an Aib residue, high-lighting tHéN chemical shielding tensor

in blue and the averagél tensors for each of the two GBide-chain methyl
groups in Aib. The peptide-plane coordinate system (E) is definedxith
along the N-H bond, ZZ perpendicular to the peptide plane, ayd
orthorgonal to these two axes. The Aib side-chain coordinate system (A) is
defined withz* intersecting the N-C* and C—C® bondsy* perpendicular

to the plane spanned by*@nd the two @'s, and withx* orthogonal to
these two axes. (b) Definition of the helix tilt)( rotational pitch ) angles,

and the bilayer frame (B) is the angle between the helix axis and the
bilayer normal £8) for a rotation aroung®, while p is the rotation around

the helix axis, with the zero point defined as the orientation where the C
atom of the amino acid in question is located in tfez® plane. (c)
lllustration of the effect of averaging of anisotropic interaction tensors by
fast rotation. The leftmost figure shows the thféequadrupole coupling
tensors of the Cpgroup, the middle figure shows the averaged quadrupole
coupling tensor resulting from fast rotation around tife-C# bond, and

the rightmost figure shows the averaged quadrupole coupling tensor resulting
from averaging around the bilayer normal.

from comparison of the experimental resonance frequency and the
calculated frequency for a particular conformation in terms of

X _ 1/sim 2
Ry(Qup) = exp) —4In 2 T’ @)

whereAv; represents the error limit for the experimental measurement,
typically taken as the full-width-half-height line width. In this
representation, the highest valuesRafQugs) reveal maximum compat-
ibility of molecular conformations®@ug) with the experimental data.
For experiments with two restrictions, the overall restriction is achieved
by multiplication of the individual restrictionsRot = Ri1R2.

For therotating nonorientedesicle sampleone should in principle
consider an additional coordinate system defining the rotor (R) prior
to transformation into the laboratory frame, as described extensively
in the literature, for example, in refs 21 and 23. In this case, the

section. For interpretation of the orientational information, it is sufficient
that we are able to simulate the MAS spectra to provide information
about the isotropic value, anisotropy, and asymmetry of the relevant
nuclear spin interaction, and then compare these values with those
obtained for a representative nonaveraged powder sample of the peptide
in solid phase (not inserted into the hydrated membrane). In this
representation, we exploit the fast rotational diffusion around the bilayer
normal @). This averaging is illustrated in Figure 1c which shows the
2-fold averaging of the quadrupole coupling tensor for a; @Bup.

First, the quadrupole coupling tensors for each of the three deuterons
will be averaged by the fast rotation around the-@ bond. A
consequence of this averaging is that we observe a partially averaged
quadrupole coupling o€ = 54 kHz (represented byanisoand listed

in Table 1) while the quadrupole coupling constant for an isolate®C

is approximately three times lardéaliphatic’H quadrupole couplings
have been reported ©q ~ 170 kHz)? A second consequence is that
the averaged quadrupole coupling tensor will be axially symmetric
around the &C bond. The second averaging around the bilayer normal
will lead to a further reduced anisotropy of the nuclear spin interactions
because of the motional averaging, such that

reduced__
aniso ;Laniso X K(”inPMYQMB)

reduced__
75 =0

A
(4)

Hence, by measuring the reduced anisotropic interaction in the
nonoriented vesicle samples the geometric function may be determined
as k(7,Qem,Qus) = A9 aniso (With « defined in eq 2), yielding

exactly the same restriction plots for nonoriented samples as for oriented
samples?14

Results and Discussion

With the aim of deriving accurate structural restraints from
selectively labeled samples, we will consider b&iN and?H
labeling, as well as static and rotating samples in the following.
This allows us to explore the capability of the various ap-
proaches and obtain a direct comparison for future reference.
To illustrate the characteristics of the structural constraints
achievable from static oriented-sample solid-state NMR, Figure
2 shows simulate#PN and?H spectra for an uniaxially oriented
ideal a-helical peptide (black lines in Figure 2 parts a, e, and
g; black dots in 2c). This helical peptide has a single residue
labeled with art®N amide atom and a single Aib residue isotope
labeled with?H, respectively. The spectra act as input for the
analysis, and by comparison with the corresponding powder
patterns the so-called restriction plots showing which molecular
conformations are in agreement with the input data are derived
from eq 3. The most frequently used experimental approach
relies on®™N labeling of one (or more) backbone amide atom-
(s) and recording a 1N spectrum (Figure 2a). This spectrum
provides a continuum of possible conformations (Figure 2b) with
helix tilt angles ranging from~5° to ~30°. The 2DH—-15N
dipolar coupling?®N chemical shift separated-local-field (SLF)
experiment (Figure 2c) is more favorable since it leads to a much
narrower conformational restriction (Figure 2d). This confined
restriction plot is clearly advantageous since it leads to a more
accurate determination of the molecular conformation, but this
is achieved at the expense of needing to record a time-
consuming 2D experiment, although methods to increase the
speed of the 2D acquisition have recently been preséhiiuke

transformation B~ R represents the powder averaging. Including this,
the overall spinning sideband manifold may be reproduced by numerical

simulations of experimental spectra as demonstrated in the subsequent

14720 J. AM. CHEM. SOC. = VOL. 129, NO. 47, 2007

(26) Burnett, L. J.; Muller, B. HJ. Chem. Physl971, 55, 5829.

(27) (a) Jones, D. H.; Opella, S.J1.Magn. Resor2006 179, 105. (b) Bertelsen,
K.; Pedersen, J. M.; Nielsen, N. C.; VosegaardJ.TMagn. Resor2007,
184 273.



Membrane-Bound NMR Conformation of Peptaibols ARTICLES

C e 104 .
3-"‘* 3 E
b i 03 '
22 :
OF '
Zz3 ] .
& 8101 [ ol
=T 0 20 40 60 80 0 10 20 30 40
15N Chemical shift (ppm) Pe (deg) T (deg)

| —

40 20 0 -20 kHz

| g -
5200': ;

<100+

0
0 10 20 30 40
T (deg)

"

0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
7 (deg) T (deg) T (deg) T (deg)

Figure 2. (a,c,e,g) SimulatedPN (a,c) and®H (e,g) static-sample spectra for an ideahelical peptide (torsion anglesy = —65°, —40°) with tilt and
rotational pitch angles of,p = 5°,50° along with the corresponding powder spectra. (b,d,f,h) Restriction plots showing in color the conformations in terms
of local orientationsux,Sx (X represents either the peptide-plane (E) or Aib side-chain (A) coordinate system) (left) and helix conformatir(cigét)
being in agreement with the simulated spectra in panels a, c, e, g, respectivéli} & (c)'H-1°N SLF spectra of the backbone amide. spectra of the
methyl group in (e) an Ala and (g) an Aib residue- i) Combined restrictions fron®N and?H data (i,k) use thé>N 1D spectrum in panel a, (j,I) use the
SLF spectrum in panel c, (i,j) use tRe spectrum in panel e, and (k,I) use the spectrum in panel g. The intersection of the dashed lines in panels b, d,
f, h, and i~ represents the input values. The inset in panel b shows the color contour levels.

third approach (Figure 2e) employs labeling of the methyl method for obtaining structural restraints on peptaibols. The
group of an Ala residue for which the orientation of the basis of this strategy is that Aib has two methyl groups in the
quadrupole coupling tensor is along the—<C, bond. Using B position (&), which upon deuteration will enable comple-
this knowledge, the quadrupolar splitting in the spectrum of mentary structural restraints to be obtained from%Hepectra
the oriented peptide may be used to deduce orientationalof each of the two deuterated methyl groups. A first investigation
restraints as shown in Figure 2191216 As for the case of 1D of this idea is illustrated by the simulatédl experiments in
15N spectra, this approach provides a continuum of possible Figure 2g, and the restriction plots (Figure 2h) which clearly
conformations, and a combination of information from several reveal a significant confinement of the restraints when compar-
labeled residues would be needed for determination of accurateing with the example of Ala-deuteration (Figure 2f). In fact,
molecular conformations. Addressing these typical experiments, the use of methyl-deuterated Aib's (Ai) provides confor-
our simulations support the known fact that the 2D SLF mational restraints similar to those achieved from time-consum-
experiment provides much better structural restraints than theing 2D experiments (Figure 2c,d). However, while the 2D SLF
1D experiments since it combines the complementary structural experiment reduces the continuum of allowed conformations
information from two different nuclear spin interactions. observed in the 1D experiment to only two possible configura-
Owing to the high content of Aib residues in peptaibols, they tions (here at,p ~5°,50° and~28°,21(C"), the restriction plot
offer an alternative strategy, which is an inexpensive and fast from 2H methyl-deuterated Aib shows a few more allowed
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Figure 3. (a,b) Experimental (bottom) and simulated (t8H) MAS NMR spectra of (a) lyophilized and (b) vesicle-reconstituted jAd-alamethicin. In

panel b an expansion of the experimental spectrum is shown in gray behind the simulated spectrum. Note the sharp line from the natural-aBundance D
signal from water in the sample. (c) Plot of the root-mean-square (rms) deviation between experimental spectrum in panel b and simulated spectrum as a
function of the quadrupole coupling constant for one of the two sites (red points) along with the quadrupole coupling constant for the othefisé® (blue

The red dashed line shows the rms curve when assuming only one site. Restriction plot showing conformations of (d) the Aib side-chain coordinate syste
and (e) the alamethicin molecule assuming it has an iddalical structure. The color coding of the restriction plot is as in Figure 2.

conformations (in this particular case it has two large and six rotational diffusion* these assemblies would display signifi-
small allowed conformations). This is because it is not possible cantly reduced signal intensity due to the increased exchange-
to unambiguously assign the two doublets in Figure 2g to each induced T, relaxation, or simply display unaveraged powder
of the two CDy-groups. Hence, we need to include this spectra!

ambiguity in the restriction plot by, for each conformation The?H MAS NMR spectrum of [Aik-dg]-alamethicin as a
(Rwme), evaluating which assignment gives the largest value for lyophilized powder is shown in Figure 3a. We will use this
Rt (cf. eq 4). Despite the few extra allowed conformations, spectrum as the unaveraged spectrum. Alternatively, one could
the advantage of using Aibsdabeling over Alads labeling is use the vesicle-reconstituted sample at low temperature, so the
indeed confirmed when comparing the restriction plots in Figure uniaxial averaging is frozen out, to achieve the same. We find
2 parts f and h. Aisenbrey and Bechinger recently suggestedthe prior approach much simpler and significantly more sensi-
the combined use dfN and?2H labeling to provide the desired tive. The only potential problem in using the lyophilized sample
two complementary structural restrairits. To follow this idea, is that hydrogen-bonding patterns may often be different in
Figure 2 (il) shows the restriction plots obtained using lyophilized samples than in vesicle-reconstituted samples.
combinations of thé®N and?H restriction plots in Figure 2. However, this should not be problematic for the study of the
Specifically, Figure 2 parts i and j represent restriction plots deuterated methyl groups of Aib, which are not expected to
which could be achieved froPN and?2H labeling of an Ala participate in the normal hydrogen-bonding patterns. The
residue, while Figure 2 parts k and | show the corresponding unaveraged spectrum in Figure 3a may be modeled using
plots forN and?H labeling of an Aib residue. The difference  SIMPSON22(Figure 3a) with one set of quadrupole coupling
from Figure 2i to 2j and 2k to 2l is that Figure parts 2i and 2k parametersGqo = 53.1+ 2.1 kHz, = 0). Introducing a second
employ the restrictions from the 1BN spectrum in Figure 2a,  site to the optimization yielded the same value for the two
while Figure parts 2j and 2| employ restrictions from the 2D quadrupole coupling parameters, and hence the two methyl
1H-15N SLF experiment in Figure 2c. Interestingly, we observe groups display the same value for the quadrupole coupling in
in the present example, that only when data from four different this sample.

nuclear spin interactiond¥N chemical shiftH—1°N dipole— The?H MAS NMR spectrum of the peptide reconstituted into
dipole coupling, and twéH quadrupole couplings), the restric-  lipid vesicles at a peptide/lipid ratio of 1:15 gives the spectrum
tion plot (Figure 2I) shows only one allowed conformation. in Figure 3b. In this spectrum, we observe a significantly

Given the delicate and time-consuming procedures for narrower spinning-sideband envelope indicating that the sample
preparation of aligned samples we have chosen to measure theindergoes the assumed fast uniaxial diffusion. The spectrum
motionally average@H quadrupole coupling tensors of the €D may be modeled using two sit€(1) = 6.7 + 0.8 kHz and
groups for alamethicin reconstituted in lipid vesicles fréirh Co(2) = 10.0£ 1.5 kHz. To demonstrate the reliability of this
MAS NMR experiments of unoriented samples-14 Our test optimization, Figure 3c shows (with red points) the rms
sample may appear in different oligomeric channel-forming deviation from simulation to experimental spectrum as a function
states in the membrane. Although some of the larger oligomersof one of the quadrupole coupling constants and the corre-
may be slightly too large to fulfill the requirement for fast sponding optimized value for the other quadrupole coupling
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constant (blue line). The rms curve displays two clear-cut synthesizing deuterated Aib represent a great advantage of the
minima in agreement with the assumption of the presence of present approach. Aib may be synthesized directly by a Strecker
two sites, one for each of the methyl groups. Assuming only synthesis employing acetone, ammonium chloride, and sodium
one site would disagree with our model and is strongly cyanide as starting materidfs Since the chemistry is well-
disfavored by its rms curve (dashed red line in Figure 3c). The established and the amino acid contains no chiral centers, the
scaled quadrupole couplings determined for the vesicle- yield is generally good. Deuteration of the methyl groups of
reconstituted sample may be used to calculate the restrictionAib is achieved using acetordg-as starting material. Conse-
plots in Figure 3 parts d and e by use of egs42 From Figure qguently, we have been able to keep the cost of synthesizing
3e we observe the allowed conformationso) = (6° £ 2°, deuterated Fmoc-protected Aib low, almost as low as for
175 £ 5°); (9° + 2°, 295 + 5°); (17° £+ 1°, 215 + 5°); and unlabeled Fmoc-Aib from commercial sources.

(170 £ 1°, 255 + 5°) assuming amo-helical structure of

alamethicin. Confining these to a single helix conformation Conclusion

would require measurements on samples with labeling of other

amino acids, but we note that these four possible conformations I conclusion, we have demonstrated thet MAS NMR
represent significantly more accurate restrictions than could be €xperiments on vesicle-reconstituted peptaibols with db-
achieved from other 1D experiments (cf. Figure 2). We further labeling provide a fast and inexpensive path to accurate

note that the two major restrictions corresponding to helix tilt conformational constraints. In the present example of dAib
angles of 6-9° agree well with previous work. dg]-alamethicin we have found very narrow restrictions on the

The 2H MAS spectrum of vesicle-reconstituted [Aidg]- molecular conformation from 1BH experiments, which are
alamethicin in Figure 3b was achieved from a sample containing largely superior than the restrictions one could achieve in the
5 mg of peptide in only 67 min. For comparison, we will Same amount of time from a singléN label or a single
typically need several hours for a 8N experiment and beyond ~ deuterated methyl group in an alanine residue.

24 h to record a 2D SLF experiment of an orientéM labeled
peptide with the same peptide quantity. Combined with the ease
of preparing the sample, we find that methyl-deuteration of Aib’s
provide an attractive alternative to conventiort&iN-based
approaches for solid-state NMR structural characterization of
peptaibols. In addition, the low cost of and simplicity of JA0749690
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