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Molecular conformation of alamethicin in dimethylsulfoxide solution

A two-dimensional n.m.r, study
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The solution conformation of alamethicin, a 20-residue antibiotic peptide, has been
investigated using two-dimensional n.m.r, spectroscopy. Complete proton resonance
assignments of this peptide have been carried out using COSY, SUPERCOSY,
RELAY COSY and NOESY two-dimensional spectroscopies, Observation of a large
number of nuclear Overhauser effects between sequential backbone amide protons,
between backbone amide protons and C"H protons of preceding residues and exten-
sive intramolecular hydrogen bonding patterns of NH protons has established that
this polypeptide is in a largely helical conformation. This result is in conformity with
carlier reported solid state X-ray results and a recent n.m.r. study in methanol
solution (Esposito er al. (1987) Biochemistry 26, 1043=1050) but is at variance with an
carlier study which favored an extended conformation for the C-terminal half of
alumethicin (Bannerjee er al. (1983) J. Mol. Biol. 165, 757-775).
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Alamethicin, a 20-residue antibiotic peptide
produced by the fungus Trichoderma viride
(1), has the sequence Ac-Aib-Pro-Aib-Ala-
Aib-Ala-Gln-Aib-Val-Aib-Gly-Leu-Aib-Pro-
Val-Aib-Aib-Glu-GlIn-Phol (2. 3). Alamethi-
cin forms voltage gated transmembrane
channels in lipid bilayers (4). a property that
has attracted widespread interest (5-9).

The presence of a large number of x-ami-

Abbreviations recommended by IUPAC-IUB Com-
mission of Biochemical Nomenclature [(1974), Pure
Appl. Chem. 40, 314] have been used. Other abbrevia-
lilons used are: n.m.r., nuclear magnetic resonance; CD,
circular  dichroism; COSY. correlated spectroscopy:
NOESY. nuclear Overhauser effect spectroscopy; HPLC,
high performance liquid chromatography: ppm. parts
per million.

noisobutyric acid (Aib. single-letter designa-
tion used is U) residues in the sequence has
also stimulated considerable interest in the
structural chemistry of alamethicin and
model Aib-containing peptides (10-21).
Accumulated evidence provides overwhelm-
ing support for the tendency of Aib-rich
sequences to adopt helical conformations
(10-20) and the largely helical nature of al-
amethicin in organic solvents was indeed in-
ferred from early CD studies (22, 23). A
crystal structure of alamethicin at 1.5A re-
solution established a largely a-helical con-
formation over the entire sequence (24).
However, an n.m.r. study of alamethicin in
methanol solutions based on an analysis of
spin-spin coupling constants (Jy,cy) and
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limited nuclear Overhauser effect (n.O.¢) data
suggested an a-helical N-terminus and an ex-
tended structure (“‘open or f-sheet”) for the
C-terminal half of the molecule (25). Indeed,
such a mixed helical — f-sheet structure has
been incorporated into a channel model (9).
The stereochemical difficulty involved in
incorporating several Aib residues into ex-
tended conformations (12) provided the stim-
ulus for us to reexamine the solution con-
formation of alamethicin using two-dimen-
sional n.m.r. methods. In this report we es-
tablish a largely helical conformation for ala-
methicin in dimethylsulfoxide solutions and
compare our results with those of a recently
published study in methanol (26).

MATERIALS AND METHODS

Alamethicin was a gift from Upjohn Co.
(Kalamazoo, MI) and was used without
further purification. A solution of 6.4 mMm in
(CD,),SO was used in all experiments,

Two-dimensional proton n.m.r. [COSY
and SUPERCOSY (27-29)] spectra were re-
corded on a Bruker WH-270 spectrometer
equipped with an Aspect-2000 computer
system. 512 t; values with 64 transients for
each t, value were collected. Low-power ir-
radiation was used at all times except during
acquisition to suppress the water signal in
(CD,),S0. Single channel detection was used.
The 512 W x | K data matrix was zerofilled
to 2K x 2K and multiplied by unshifted
sine-bell filter function in both dimensions
before Fourier transformation, yielding a
final digital resolution of 2.9 Hz/Pt. The ex-
periments were performed at room tem-
perature, (293 K).

Phase sensitive NOESY spectra (500 MHz)
were recorded using standard procedures (30)
on a Bruker AM-500 spectrometer equipped
with an Aspect-3000 computer system. Quad-
rature detection was employed in both dimen-
sions with the carrier placed at one end of the
spectrum and quadrature in t, achieved by the
time-proportional phase increments method
(31). 512 t, values with 64 transients per t,
value were acquired. The 512 W x 2K data
matrix was zerofilled to 2K x 2K and
multiplied by phase-shifted sine-bell (n/4
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shifted) in both dimensions before Fourier |
transformation. The final digital resolution |
was 9.4 Hz/Pt in both domains. A random |
variation of 5% of the mixing time was used |
to eliminate coherent contributions from zero |
quantum coherences in the NOESY spectrum |
(30). '

ficients of various amide resonances were

Experiments to obtain temperature coef- |

carried out on the Bruker WH-270 spec- |

trometer. The temperature was

varied |

between 290 K and 340 K in steps of 10K and |
one-dimensional spectra were acquired with

8 K data points.

RESULTS AND DISCUSSION

Resonance assignments

I

The 'H n.m.r. spectrum of natural alamethi- |

cin has been reported to resemble. that of the

HPLC purified peptide (25). Therefore, in the
present study, the natural peptide has been
used without further purification. The spectra

obtained are in agreement with the previously
reported data (25, 32). Fig. | shows the
SUPERCOSY spectrum of alamethicin in
(CD,),S0, The spectrum displays a large
number of crosspeaks leading to detailed as- -
signments, some of which are outlined below.
The 10 expected intraresidue N,H-C/H con-
nectivities of Ala(4, 6), GIn(7, 19), Val(9, 15),
Gly(11), Leu(12), Glu(18) and Phol (20) are
clearly seen. The Gly (11) NH (8.10 ppm) can
be recognized by its characteristic triplet
nature and coupling to its two C*'H resonan-
ces (at 3.48 and 3.73 ppm)(Fig. 1c). The NH
resonance of Gly(11) shows an n.O.e. to two
other NH resonances at 7.69 and 7.99 ppm
(Fig. 2). The resonance at 7.99 ppm shows no
further COSY connectivity and is therefore
assigned to NH of Aib(10). The NH at
7.69 ppm, assigned to Leu(12), shows a
COSY connectivity to its C*H at 4.28 ppm
(Fig. 1c) and from 4.28 ppm, a crosspeak is
seen to C’H, at 1.75ppm. From C”H, re-
sonance at 1.75 ppm a COSY connectivity is
seen to a resonance at 0.82 ppm, which is
characteristic of the chemical shift of C*H,
resonances of Leu. Since Leu C°H, and C'H
resonances are generally overlapped (33, 34,
Fig. 2 of ref. 35), the resonance at 1.75 ppm is
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used in t; to enhance crosspeak intensities.

assigned to C*H, and C’H and that at 0.82 to
C’H, and C*H;, of Leu(12).

Starting from the highest field NH re-
sonance of Phol(20), the entire spin system is
readily recognised from the NH-C*H-C’H;
C*H-C"H-OH COSY connectivities. The
spin systems of the two Ala residues were
identified with the help of a Relay COSY
experiment (not shown). Further assignments
and sequence specific assignments need
analysis of the NOESY spectra shown in
Figs. 2 and 3. A large number of sequential
N;H-N,,,H (Fig. 2) and N,H-C’_,H and
NH-CI;H (Fig. 3) n.O.es have been
observed. For example, one of the Ala NH
protons shows an NH-NH n.O.e. connectiv-
ity to a resonance at 7.82 ppm, which in turn
shows a COSY connectivity to a peak at
3.78ppm. Since Aib has no NH-C*H

Alamethicin conformation
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Contour plot of the '"H 270 MHz SUPERCOSY spectrum of 6.4 mm alamethicin in (CD,),S0. Diagonal and
crosspeak regions of (a) 9.0 to 3.5 ppm and (b) 4.75 1o 0.5 ppm and expanded regions of (¢) NH-C*H crosspeaks and
(d) C*H-C"H crosspeaks. Specific residue assignments are indicated in single-letter code. In (d). except for P2 (3. 6)
and P14 (y, 6) connectivities ull other crosspeaks represent C*H-C*H connectivities. SUPERCOSY delay of 10 ms was

COSY connectivity and Ala (4) has Aib res-
idues on both sides, this fixes the assign-
ment of Gin (7) and the resonance at
7.55ppm to Ala (6). Interactive use of the
spectra shown in Figs. 1-3 leads to a large
number of assignments of alamethicin, which
are summarized in Table 1.

Sequential n.O.e.s of the type N;H-N,, | H
indicative of helical structures have been seen
over a large number of residues. These are
marked in Fig. 2 and are schematically shown
in Fig. 4. The largest stretch of these n.O.e.s
is  Aib(8)-Val(9)-Aib(10)-Gly(11)-Leu(12)-
Aib(13). Close proximity of NH resonances
of GIn(7) with Aib(8) and Aib(17) with
Glu(18) and GIn(19) precludes observation of
these crosspeaks. In Pro, this sequential con-
nectivity is observed from Pro,C°H-X;_,NH.

This has been seen from both Pro(2) C*H-
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Contour plot of the '"H 500 MHz NOESY spectrum of
alamethicin in (CD,),50 showing the low field region
from 6.5 to 8.5 ppm, The sequential N H-N,_ | H connec-
tivities are indicated (in single-letter code). The numbers
indicate their positions in the peptide sequence. The

~ chemical shift of the N,H resonance corresponds to the
ppm value on the X-axis while that of the N, | H corre-
sponds to the ppm value on the Y-axis, The mixing time
wits 200 ms,
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Expansion of the 'H 500MHz NOESY spectrum
showing the NH-C*H (3.0-4.5 ppm) and NH-C*H (1.5-
2.5ppm) crosspeak regions. The peaks identified by a
single residue code are intraresidue crosspeaks. Four of
the indicated crosspeaks are from Aib N, H to Pro C?,  H.
Other details are same as in Fig. 2.
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Aib(1) NH and Pro(14) C*H-Aib(13) NH

(Figs. 3 and 4). The identification of Pro C°H

resonances leads to further assignments of the
Pro(2) and Pro(14) spin systems. Fig. 3 also
illustrates other interresidue n.O.e. cross-
peaks like Val(9) C’H-Aib(10) NH, Ala(4)
C*H-GIn(7) NH and Pro(14) CPH-Val(15)
NH and intraresidue n.O.e.s such as Ala(6)
NH-C’H and GIn(7) NH-C’H. The GIn(7)
and GIn(19) side chain e-amide protons at
6.63, 7.06, 6.75 and 7.19 ppm respectively,
give rise to strong crosspeaks in both the
COSY and NOESY spectra, indicating the
existence of geminal coupling and magnetiza-
tion transfer by chemical exchange processes.

Fig. 5 summarizes the chemical shifts of
NH resonances of alamethicin in (CD,),SO

obtained in this study and compares them |

with the chemical shifts obtained in CD,OH
(26) and also with the chemical shifts of NH
resonances in four synthetic fragments re-

ported earlier (36). The Aib (3) NH resonance, |
not showing any n.O.e. connectivity, has been |

identified after assigning all the other NH |
protons in the spectrum, Most of the NH

resonances are shifted to higher field in
(CD,),S0 relative to CD,OH with the excep-
tion of Aib(3), Ala(4) and Aib(16). The NH
chemical shifts in the synthetic fragments also
exhibit values similar to those determined for
alamethicin in this study except for the N-
and C-terminal residues of the fragments.

Conformation

The involvement of NH groups in intramole-
cular hydrogen bonding was probed by
studying the temperature dependence of NH
chemical shifts (37-39). Table 2 lists the tem-
perature coefficients of the NH resonances.
Most of the NH resonances exhibit low tem-
perature coefficients with the exception of Aib
(1), Aib (13), two e-amide protons of Gln (19)
and one of Gln (7). This indicates that most
of the backbone NH groups in alamethicin
are intramolecularly hydrogen bonded. Such
extensive intramolecular hydrogen bonding
patterns are characteristic of helical con-
formations (20, 36). In studies of polypep-
tides the interresidue n.O.e. connectivities
CH-N;,,H (d,n), NNH-N;;;H (dxy) and
C’H-N;,,H (dyx) provide information on the

1 AR T



St S N ot B, B REL

T N e P

Alamethicin conformation

TABLE 1
Chemical shifts (in ppm) of assigned ' H resonances in alamethicin®

% Residue NH C'H C’H Others
b Aib() 8.78 1.35
Pro(2) 4.12 2.25 C'H, 1.83
1.68 C'H, 3.82
C'H, 3.42
Aib(3) 1.7 1.37
Ala(4) 1.712 3.90 1.39
Aib(5) 7.83 1.38
Ala(6) 1.55 3.94 1.39
© GIn(7) 7.82 3.78 2.10 CH, 2.34
4 &-NH syn 6.63
&NH anti 7.06
Aib(8) 173 1.42
Val(9) 7.25 3.63 © 218 C"H, 0.92
C"H, 092
£ Aib(10) 7.99 1.40
L Gly(11) 8.11 3.48
i
-8 Leu(12) 7.69 4.28 1.75 CH 175
5 C'H, 0.82
C'H, 082
£ Aib(13) 8.16 1.40
. Pro(14) 4.28 2.18 C'H, 1.84
1.63 0,373
C'H, 3.48
Val(15) 7.20 372 2.21 CH, 092
. C"H; 0.92
i Aib(16) 783 1.43
Aib(17) 7.57 1.36
Glu(18) 7.52 370 1.87
Gin(19) 7.48 397 1.79 C'H, 2.05
e-NH syn 6.75
¢e-NH anti 7.19
Phol(20) 6.94 3.88 2.90 C"H,1.38
2.52 OH 4.64

*Peptide concentration, 6.4 mum in (CD,),SO. Chemical shilts reported”(at room temperature) with reference to

internal tetramethylsilane.

backbone conformations (39). In particular,
successive d,y connectivities are indicative of
cxlc{lded strands, while successive dyy con-
nectivities are characteristic of helical struc-
tures. The NOESY results on alamethicin
C_le?l{'ly demonstrate that several dyy connec-
tivities are observed while there is no evidence
for d.,N connectivities. These observations are
consistent with an almost completely helical
conformation for the entire molecule. The
observation of the sequential Pro C’H-
Xi_iNH n.O.e.s at both Pro (2) and Pro (14)

confirms that the helical structure is con-
tinued at both the Pro positions as well. In-
corporation of Pro residues into 3,, helical
structures has been suggested by earlier
studies of (Aib-Pro), sequence (40, 41) and
confirmed by recent crystal structure analysis
of a 16-residue peptide which accommodates
as many as three proline residues in a helical
secondary structure (19). For the entire range
of allowed polypeptide conformations the d,y
distance ranges from 2.2 to 3.5 A, the shorter
distances being characteristic of extended
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Comparison of observed helical NOESY connectivities
in CD; OH (26) with those in (CD, ), SO (this study). The
connectivities shown are N H-N,,  H (d., filled bars),
CIH-N,, H (d,y, unfilled bars) and Aib N,H-Pro C, | H
(striped bars). From residues Aib(17)-Gln(19) the NH-
NH connectivities were not observed due to severe
overlap of the NH resonances in this region.

strands and the longer distances being re-
presentative of a-helices. The dyy distance
ranges from 2.8 A for an a-helical structure to
4.3i in an antiparallel f-sheet, The shortest
dpn (CMH-N;,, H) distance for a helical struc-
ture is 2.5 A, while for an extended strand the
shortest dy distance observed is 3.2 A.In the
present study a large number of dyy and dyy
connectivities have been observed (Fig. 4)
while no d,, connectivities could be detected.
These results strongly support a largely
helical conformation for alamethicin.

Fig. 4 illustrates the n.O.e. connectivities
observed for alamethicin in (CD,),SO and
compares the results with those obtained in
CD,OH (26). It is seen that the tracing of the
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TABLE 2
Temperature coefficients (d6/dT, ppm/K x 10’ )* of va.

rious amide resonances

d6/dT

F—

Residue dé/dT Residue

Aib(1) 3.47 Gly(11) 214
Aib(3) 1.53 Leu(12) 184
Ala(4) 2.65 Aib(13) 3.88
Aib(5) 171 Val(15) 0.50
Ala(6) 1.63 Aib(16) 1.71 |
GlIn(7) 1.59 Aib(17) 0.71
Aib(8) 2.65 Glu(18) 204
Val(9) 1.35 Gin(19) 1.22 ¢
Aib(10) 2.86 Phol(20) 0.92
Glin(7) Gln(19)

&-NH syn 4.87 e-NH syn 482
e-NH anti 2.69 e-NH anti 449 |

“Measurements were made at 270 MHz over the range

290-340K in steps of 10K,

complete in this study. In CD,OH an n.Oe.

was observed between GIn(19) C*H and
Phol(20) NH, which suggested an extended
conformation for the C-terminal dipeptide.
In the present study a strong n.O.e. has been

g

helical structure by sequential n,O.e.s is more

observed between GIn(19) NH and Phol(20)

NH, suggesting that a helical conformation is
maintained even over this segment. These dif-
ferences may be a consequence of the dif-

FIGURE $§
| ) : Comparison of the NH re-

b

sonance chemical shifts of

alamethicin (a) in CD,OH
(26) with those obtained
from this study (b) in
A4
studies on the following syn-
thetic fragments in
(CD,),SO (36). (c) Z-Aib-
Pro-Aib-Ala-Aib-Ala-OMe.
(d) Boc-Gln-Aib-Val-Aib-
Gly-Leu-Aib-OMe. (e) Boc-
Leu-Aib-Pro-Val-Aib-
OMe. () Boc-Gly-Leu-Aib-
Pro-Val-Aib-OMe. Residue
numbering of the resonan-

&(ppm)
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ces corresponds to the origi-
nal alamethicin sequence.

(CDy); SO and earlier
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ferent states of protonation of the Glu(18)
y-carboxyl group. A :

Due to extensive overlap in the one-dimen-
sional spectrum J,, ., values are not measur-
able accurately, except for Leu(12)
77 + 0.5Hz, GIn(19) 8.1 + 0.5Hz, Val(9)
59 + 0.5Hz and Phol(20) 9.1 + 0.5Hz.
The others, measured from cross-sections of
the two-dimensional spectrum recorded with
lower digital resolution, are Ala(4)
6.0 + 2.0Hz, GIn(7) 6.9 £ 2.0Hz, Val(15)
64 + 2.0Hz and Glu(18) 7.5 + 2.0Hz.
Thes:é values are similar to those obtained for
alamethicin in methanol, suggestive of a
similar distribution of helical conformations
in methanol and dimethylsulfoxide. While a
succession of low J,\ ey values (<6Hz) are
generally characteristic of helical conforma-
tions, the observed values for the C-terminal
half of alamethicin in both solvents are ap-
preciably larger. However, it should be noted
that even small changes in ¢ values of
~ 4 20 can have a large effect on the J
values observed for conformations close to
¢ ~ — 60 duce to the steep dependence of J
on ¢ in this region.

Alamethicin appears to favor helical con-
formations in organic solvents which are
probably very similar to those observed in
crystals. This is not surprising since the large
number of Aib residues undoubtedly serve to
stabilize helical folding and also restrict con-
formational mobility. The occurrence of ap-
preciable amounts of f-strand structures as
suggested earlier (9, 25) is highly unlikely, and
the present study together with earlier reports
(24, 26) provides strong evidence for largely
helical structures.
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