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ABSTRACT

1 5
The icosapeptide alamethicin (Ac-Aib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-
10 15 20
Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-Aib-Glu-G1n-Phol) isolated from the

fungus Trichoderma viride induces voltage-gated ionic conductance

in black 1ipid film membranes (Latorre, R. & Alvarez, D. (1981)
Physiol. Rev. 61, 77). Single-channel measurements have indicated
that passive ion transport across membranes is mediated by alamethicin
channels that fluctuate between several conduction states. While
these studies provide phenomenological description of the nature of
alamethicin-assisted ionic conduction, very few studies probed the
molecular structure of this peptide and the nature of its interaction with
lipid membranes. These issues are addressed in the present investigation.
An analysis of the proton magnetic resonance spectrum is under-
taken. Two-dimensional NMR is employed to achieve a complete assign-
ment of the protons in the molecule to NMR resonances. The spectral
assignment is a necessary first step towards molecular interpretations.
Measurement of coupling constants and two-dimensional NOE's suggest
a half-helical, half-extended dimeric structure for the molecule in
methanol. This proposed model for the secondary structure, consistent
with the NMR data as well as a line of other experimental observations
erstwhile published, predicts that (a) the amide protons of residues
15 through 20 are intermolecularly hydrogen-bonded with the corresponding
residues of the opposing molecule to create a rigid, extended parallel
g-pleated structure for the C-terminal end of the molecule; (b) the
proline at position 14 breaks the continuity of this structure, and

amino acids 10 through 14 are forced into an open, non-hydrogen-bonded
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conformation, and (c) amino acids 3 through 9 are folded into an
a-helix, with GIn-7 side chains from the two strands in the right
juxtaposition to facilitate a hydrogen bond between them. The
resultant structure is highly amphipathic: one face is completely
hydrophobic with the aliphatic side chains exposed, whereas the other
face is primarily hydrophilic with polar side chains and peptide groups
1ining the extended g-sheet region.

The dimeric structure is further supported by relaxation measure-
ments that indicate that the N-acetyl methyl groups at the N-termini
of the two helices in the dimer have distinct proton spin-spin relaxation
times. This difference is eliminated once the dimers are dissociated
with urea.

Spectral assignments in water are complicated by broadened NMR
signals due to aggregation. Standard two-dimensional and decoupling
techniques for assignments are inadequate for this case. A successful
assignment is achieved by solvent titration from methanol. No changes
in coupling constants are noted during the titration, and it is
expected that the conformation in water is similar, if not identical,
to that in methanol. Relaxation measurements in water are consistent
with a tightly bound dimeric unit that micellises to larger aggregates.

The interaction of alamethicin with multilayers is inferred from a
spectroscopic investigation of the phospholipid bilayer prepared from di-
myristoyl lecithin (DML) in the presence and absence of alamethicin, and, for
contrast, in the presence of other membrane active molecules. The
dynamics and conformation of phospholipid head group and chains are

examined by P31 and H2 NMR. A P31 line shape calculation has helped
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identify the dependence of the spectrum on various motional,
relaxation and conformational parameters.

As part of the investigation of lipid packing and dynamics in
membranes, small bilayer vesicles are also studied. Proton NMR
indicates that the outside-facing and inside-facing leaflets of
the bilayer in small vesicles have lipids packed in different densities.
This is due to the differences in the extent and sign of curvature of
the two leaflets. At the high field at which this NMR study is
undertaken, the differences in packing show up as distinct proton
peaks from the inside and outside chain methylene and methyl groups
that differ in width and in chemical shift.

Finally, the interaction of alamethicin with DML multilayers is
characterized by P31, H2 and H1 NMR and Raman spectroscopy. The
reduction in chemical shift anisotropy (Ac) of the P31 signal is
interpreted in terms of an interaction of the peptide at the water-
membrane interface that causes a change in the average head group
orientation. Deuterium NMR shows no changes in quadrupolar splittings
(and hence C-D order parameters) of the chain deuterons, and Raman
spectroscopy shows no change in the gauche-trans ratio of methylene
segments in the chain. These results are contrasted with P31 and H2 NMR
of the gramicidin S/DML system that shows polymorphism due to partial
disruption of the multilayer structure and the chlorophyll A/DML system
that exhibits a 7° C change in phase transition temperature as a clear
indication of incorporation of the phytol chain into the bilayer.

Taken together, these experiments unequivocally indicate that the

peptide interacts with lipid bilayers at the lipid-water interface.
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The proposed amphiphilic aggregated solution structure for the peptide
is ideally suited for such an interaction. Inasmuch as the conductance
characteristics of alamethicin are only explained in terms of trans-
membrane pore formation, it is proposed that the large dipole moment of
this aggregate facilitates the transfer of the peptide into the bilayer

once a gradient of field is applied.
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Chapter I.1
Alamethicin: An Icosapeptide Antibiotic from Trichoderma viride

Alamethicin was discovered in the culture broth of the fungus

Trichoderma viride by Meyer and Reusser in 1966. They established

the antibiotic properties of this peptide and demonstrated that it
exclusively inhibits the growth of gram-positive bacteria. The
peptide is cataloged as Antibiotic U22324. Interest in the peptide
surged with the discovery by Mueller and Rudin (1968) that alamethicin
induces voltage-dependent conductance in bilayer membranes. This

was a remarkable finding since electrical conductivity properties

such as negative resistance, delayed rectification, bistable charges
of electromotive force as well as single or rhythmic action potentials,
which were erstwhile thought of as characteristic of nerve membrane
proteins (Hodgkin and Huxley, 1952) and excitability-inducing

material (Bean et al., 1969), were shown to be exhibited by this small
peptide.

The primary structure of alamethicin was thought to be cyclic
(Payne, 1970), and it was not until 1975 that NMR investigations
confirmed it to be linear (Martin and Williams, 1975). Both termini
of the peptide are modified--the N-terminus by acetylation and the
C-terminus by reduction to an alcohol. Martin and Williams' proposed
structure is branched at the C-terminus; it has been shown later that
this structure belongs only to a minor component in native alamethicin.
The isolated mixture has been separated by high-pressure liquid
chromatography into twelve components by Balasubramanian and co-workers
(1981). Solid and liquid phase methods have now been developed by
several groups to synthesize the major fraction (Gisin, 1977; Marshall

et al., 1979; Nagaraj & Balaram, 1981). These investigators have now



reached a consensus on the primary structure of the major component.
It is a Tinear sequence of twenty amino acids given below:

1 5 10 15
Ac-Aib-Pro-Aib-Ala-Aib-Ala-GIn-Aib-Val-Aib-Gly-Leu-Aib-Pro-Val-Aib-

20
Aib-Glu-G1n-Phol

The unusual features of this primary structure are the amino
acid Aib (a-aminoisobutyric acid) and the reduced C-terminus amino
acid phenylalaninol (Phol). The combination of Aib and Phol has now
been found in several peptides leading to the interesting nomenclature
for this class of compounds as "peptaibphol" antibiotics (Pandey et
al., 1977). The presence of Aib units necessitates that the peptide
be biosynthesized by a nongenetic pathway. It has been demonstrated
(Mohr & Kleinkauf, 1978) that the biosynthesis is initiated on a
multienzyme complex. The N-terminal Aib remains bound on the surface
of the synthetase until synthesis of the chain is completed; cleavage
is followed by acetylation of the N-terminus by acetyl Co-A.

The mechanism of the bactericidal action of alamethicin is not
clear; however, a number of investigators have looked at the effect of
alamethicin on more advanced biological systems. These studies,
while not of much importance to the native action of the peptide itself,
shed Tight on its mode of action across the cell membranes. It was
shown, for example, that the peptide can be incorporated into the
node of Ranvier of frog (Calahan & Hall, 1982). Multiple pore state
and the "inactivation phenomenon" (Donovan & Latorre, 1979)

2 ions,

can be observed inthis system when Ca+
quaternary ammonium ions or local anesthetics are present. It has

also been shown that alamethicin causes hemolysis in red blood cells



Figure 1.1 Amino acid sequence of alamethicin (Gisin et al.1977;

Pandey et al. 1977).
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(Irmscher & Jung, 1977), acts as an uncoupler of mitochondrial
oxidative phosphorylation in rat liver mitochondria (Mathew et al.,
1981), and has an unmasking effect on Na+-K+ ATPase, B-adrenergic
receptor coupled adenylate cyclase and c-AMP dependent protein kinase
activity of cardiac sarcolemmal vesicles (Jones et al., 1980).

The aforementioned experiments nonwithstanding, the focus of
the alamethicin Titerature has been centered on the peptide's curious
conductance behavior in black 1ipid films. Gordon and Haydon (1972)
published the first evidence that alamethicin exhibits discreet steps
in conductance; the most comprehensive study on alamethicin conductance
patterns followed by Eisenberg and co-workers (1973). The results from
these experiments indicated that alamethicin shows at least five
conductance states that are not simple multiples of one another
(Fig. I.2)7 While each pore state shows ohmic conductance in single
channel measurements, the overall macroscopic current-voltage curve
is nonlinear and even shows a region of negative resistance. This
is shown in Fig. I.3.

The conductance has a high-order dependence on salt and alamethicin
concentration; the number of pores n created at voltage V is given by

(Eigenberg et al., 1973)

_ 4 9 V -k
"= nc(csa1t) (Ca) exp (§T§K_) (1.1)
where csa]t and Ca are the salt and alamethicin concentrations,

respectively, n_ is the number of pores at the "characteristic voltage

c
as defined by Eisenberg et al. (1973) and K is a constant that depends

on the type of salt and membrane area. Further characterization of



Figure I.2 Single channel measurements on alamethicin doped black
PE-decane film membrane. Current vs time trace shows

up to 6 levels of conductance (from Eisenberg et al. 1973).
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Figure 1.3 Macroscopic voltage-current curve of a PE-decane

5

membrane with 10°~ g/ml alamethicin added to one side

only. The curve shows regions of negative resistance

(from eisenberg et al. 1973).
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the multipore conduction of alamethicin was accomplished by Boheim

and co-workers (Kolb & Boheim, 1978); Boheim & Kolb, 1978) by voltage-
jump current-relaxation techniques and by auto-correlation and spectral
analysis. These studies show that two independent processes are
involved in conduction. These have different time constants and
voltage dependence. These probably correspond to the slow formation

of pores and the faster fluctuation between pore states.

Based on these black lipid film experiments, several models for
alamethicin action were proposed. These differ from one another in
terms of the position of alamethicin in the absence and presence
of electric field (Latorre & Alvarez, 1981) and the nature of fluctua-
tion in the molecular system that gives rise to different pore states
[conformational changes (Gordon & Haydon, 1976) vs. lateral diffusion
(Boheim, 1974)]. These models have been described in detail in
review articles by Latorre & Alvarez (1981) and by Nagaraj & Balaram
(1981). The models cannot be distinguished, one in preference to the
other, on kinetic or thermodynamic grounds based on the electrical
conductivity measurements.

While black 1ipid film membrane studies have been very successful
in identifying the nature of conductance and pore state of alamethicin,
these methods are inadequate for predicting the molecular events under-
lying the conductance phenomenon. To achieve this, it is necessary to
employ methods for direct observation of the peptide molecule.

Recently a number of biophysical studies have addressed the question
of alamethicin secondary structure, aggregation and interaction with

lipid membranes. Ultracentrifugation and interfacial tension
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measurements by McMullen and Stirrup (1971) showed that the molecule

is highly aggregated in water (~ 17 monomers/micelle). The micelles

are only partially disrupted in 6M urea solution. Dipole moment
measurements are also indicative of aggregation; the investigation

by Yantorno, et al. (1977) shows that the molecule exists mostly as a
monomer, but to a small degree as a dimer in octanol with a dipole
moment of ~75D; larger aggregates are formed when dioxane is added

to the system. The secondary structure of the peptide has been discussed
in detail later in this report. Earlier, a circular dichroism study
indicated that 40% of the structure is a helical. More recently, partial
a helical character has been indicated by C13 NMR by Jung and co-

workers (1982) while the crystal structure has indicated o helix along
the entire length of the molecule with the inevitable break at Pro-14 (Fox &
Richards, 1982).  Davis and Gisin (1981) have published a proton NMR
assignment for alamethicin at 600 MHz without any reference to the
secondary structure. The assignments at 600 MHz are in agreement with
the results presented in this thesis. NMR, IR and crystallographic
investigations of N-terminus fragments of alamethicin have shown B

turns and 210 helical structures for these subunits (Nagaraj &

Balaram, 1981la, 1981b; Balasubramanian et al., 1981).

Spectroscopic investigations of lipid-alamethicin mixed systems have
been scarce. Hauser et al. (1970) studied the interaction of alamethicin
with 1ipid vesicles and reported perturbation of lipid head groups and
chains (Hauser et al., 1970). It was shown 1later, however, that the
observed changes are explained by alamethicin-induced vesicle fusion.

Lau and Chan suggested that alamethicin interacts with membranes at
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the water-1ipid interface. These investigators also demonstrated
channel-forming capability of alamethicin in artificial lipid vesicles
(Lau & Chan, 1975, 1976). The proposed surface interaction has been
contradicted in the recent literature by two reports that emphasize that
the peptide is incorporated into the bilayer in the absence of a field.
The first of these studies is on lipid multilayers using infrared-
attenuated total reflection spectroscopy by Fringeli and Fringeli (1979).
The second report is on vesicles by Latorre et al. (1981) which is
based on photolabeling of alamethicin by activated 1ipids.

The present investigation addresses the question of secondary
structure and aggregation state of alamethicin and, in the next part,
the interaction of alamethicin with phospholipid membranes in the

absence of a transmembrane potential.



Chapter 1.2
High-Field Two-Dimensional Fourier-Transform NMR

The first NMR experiments were reported in 1946 by Purcell et al.
(1946), and a general formalism for the NMR phenomenon was developed by
Bloch et al. (1946) the same year. Since then, this branch of
spectroscopy has flourished and improved to attain its current status
as a leading technique for structural analysis in solution as well as
for studies in motional dynamics (Seiter & Chan, 1973), kinetics
(den-Hollander et al., 1979), imaging (Hoult & Lauterbur, 1979) and
conformational analysis (Bystrov, 1976). Until recently, however,

NMR methods in solution were only applicable to small molecules. The
extension of the method to accommodate studies of biological macro-
molecules has been made possible by later developments in instrumenta-
tion as well as with the newer applications of the theory of NMR. The
two most important technical developments that aided the rapid growth
of this technique have been the manufacture of large homogenous
magnets and dedicated computer systems with fast Fourier-transform

and multiple pulse generation capabilities. For most of the work
described in this thesis a 11.7 Tesla superconducting magnet was
employed that can provide the necessary resolution and sensitivity for
spectral assignments in large peptides. The advancement in technology
has been complemented by several theoretical developments in NMR in
the last decade that have resulted in newer techniques. An important
milestone in these developments has been the creation of two-dimensional
NMR. The unambiguous assignment of about two hundred protons in
alamethicin to resonance patterns was made possible mainly due to the
use of this technique. In light of the relevance to the current work

and its rather recent use as a general technique, the basic methddo]ogy
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of two-dimensional NMR is discussed inthis chapter.

Two-dimensional NMR was first proposed by Jeener (1971, unpublished;
Jeener et al, 1979); the theoretical foundations were subsequently
laid and chemical applications cited by Aue et al. (1976), Ernst (1975)
and Freeman et al. (1977). Applications to macromolecules were
pioneered by Wiithrich and co-workers (Nagayama & Wiithrich, 1981 and
references therein). In one-dimensional Fourier-transfer NMR a
radiofrequency pulse excites all spins in the system. The amplitude
of magnetization is then monitored as a function of time. The signal
S(t2) thus acquired is then Fourier transformed to obtain the frequency
domain spectrum S(f2). The logical extension to two dimensions would
require another parameter in the acquired spectrum. This is usually
another time, but may be rf field strength, frequency or magnetic
gradients. Most commonly the acquired signal is of the form S(tl,tz)
which is related by double Fourier transform to F(wl,mz). A two-
dimensional representation of the data is termed a "two-dimensional
spectrum." In spite of its appearance, a two-dimensional spectrum
is not a stacked plot of many one-dimensional spectra. The complete
correlated representation is a single spectrum obtained from one
composite pulse sequence. All 2D Fourier-transform experiments are
characterized by three temporal phases. These are shown in Fig. 1.4
and have been named by Aue et al. (1976) in accordance with their
functional significance:

1. Preparation period (t < 0)

The spin system is allowed to relax to a state of Boltzman

energy distribution. An initial state described by the density
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Figure I.4 General scheme for two dimensional NMR spectroscopy
defining time periods and pulses. In the final Fourier
transformed representations, coupled NMR resonances,

A and B, give rise to cross peaks AB and AB'.
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operator ¢(0) and suitable for the particular 2D experiment is then
created in the preparatory pulse Pl'

2. Evolution period (0 < t < t;)

The system evolves under the influence of a Hamiltonian ﬁ(l).
The transverse magnetization during this period depends upon ﬁ(l) and

t In all 2D experiments FID's are collected as a function of tl‘

1°
At the end of this period, a short and strong perturbation (usually
a 90° rf pulse) is employed to rotate the generated spin states.

3. Detection period (t1 < t)

The system evolves under the influence of another Hamiltonian

)

The signal is detected as a function of tz. The final spin
state for the system is described by the density operator c(tl,tz)
given by

)
~

o(tysty) = exp (-1 H(z)tz) é exp (-i ﬁ(l)tl) a(0) 1.2

A

~

Here ﬁ represents a mixing operator whose components connect the two sets
of transitions during the time periods t1 and ts. The transverse

magnetization is given by

My(tlatz) =Tr [F_Y G(tlstz)] 1.3

where Fy is the total spin for the system along the observation axis.
The NMR signal S(tl,tz)a:My(tl,tZ) is double Fourier transformed to
given the frequency-dependent spectrum F(ml,wz). The order of
Fourier transformation is not important, although it is usually most
convenient to first transform the free induction decays along tss

“interferograms” are then constructed using corresponding points from
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different spectra along tl. These are transformed to obtain the 2D
spectrum.

A variety of two-dimensional experiments may be created that
differ from one another in a) the components of the density matrix
in the initial state (O]m(O)), b) the Hamiltonians ﬁ(l) and §(2)
that determine the resonance frequencies along the two dimensions, or

c) the components of the rotational operator R that determine how

ij,Im
the transition frequencies are connected during the mixing period by the
mixing pulse(s). There are, however, two major classes of single quantum
two-dimensional methods. Most experiments can be classied into one of
these classes or a combination of the two:

1. Resolved NMR

_ 1) , N2)
Here %1m # 0, R = 5(ij)(1m) and H( # H'"/. Common

ij,Im
examples are homonuclear J resolved NMR and dipolar NMR.

2. Correlated NMR

%m # 0; Rij,1m # a(ij)(lm) ﬁ(l) = 2(2). Examples are chemical
shift correlated NMR and spin echo correlated spectroscopy.

Four kinds of 2D spectroscopies have been most popular in the
current literature. These are: 2D-J resolved spectroscopy,
correlated spectroscopy (COSY), spin echo correlated spectroscopy
(SECSY) and nuclear Overhauser enhancement spectroscopy (NOESY). SECSY
and COSY are related by conformal mapping and have the same information
content. SECSY involves a smaller data matrix requiring lesser
memory space and is therefore more useful in studies of macro-
molecules. In what follows, a short description of each of these

methods is presented. SECSY and NOESY have been used later for
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assignments and structural analysis. 2D-J resolved spectroscopy has
not been used here, but is included in this chapter because of its
importance as an NMR technique.

2D-J Resolved Spectroscopy

2D-J resolved spectroscopy is useful for identification of
multiplet structure in a crowded region of spectrum and for the measure-
ment of coupling constants. The apparently higher resolution afforded
by this technique as compared to a regular one-dimensional experiment is
because each multiplet in the spectrum is rotated about its center by
an angle (usually 90°). The spin coupling (J) and the chemical shift
(8) are displayed along separate axes, thus enhancing the digital
accuracy in the measurement of J.

The pulse sequence for the experiment (Nagayama et al., 1977, 1979)
(Fig. 1.5) is

o o
[90° - tl/2 - 180° - t1/2 - t2]n

The nonselective 90° preparatory pulse frequency labels the spins.

In the middle of the evolution period a180° pulse is applied. The
spin echo generated at the end of t1 is then acquired as a FID over
the time period t,. To construct the interferograms in the second
dimension, the experiment is repeated with increasing t1 values. The
data matrix S(tl,tz) generated is Fourier transformed to produce the
desired spectrum S(wl,mz).

Homonuclear Correlated Spectroscopy (COSY and SECSY)

COSY and SECSY manifest connectivities between NMR peaks of

spins that are J coupled. These two methods circumvent the
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Figure 1.5 Pulse sequences for the common homonuclear two-dimensional

NMR methods.
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conventional decoupling technique with the advantage that the complete
information about all connectivities in the spectrum is obtained from
one instrumental setting and the absence of decoupler frequency helps
gain arbitrarily high selectivity. COSY and SECSY are identical in
their information content,and either one of them is of great importance
in assignment of peaks in complicated NMR spectra, especially from large
molecules.

The pulse sequences for these experiments are the following

(Kumar et al.,1980a ; Nagayama et al., 1979), (Fig. I1.5):

COSY: [90°-t, -90° - t2]n

1

SECSY: [90° - t1/2 - 90° - t1/2 - t2]n

The pulse following or during the evolution period is 90° as compared
to 180° for J resolved. In SECSY, an echo is generated at the end of
the evolution period. In COSY, however, no echo is generated since
the observation period directly follows the mixing pulse. As a result
the final data representation is different in the two cases (Fig. 1.4).
These two representations are related by conformal mapping.

Nuclear Overhauser Enhancement Spectroscopy (NOESY)

Nuclear Overhauser enhancement is defined as the functional
change in the intensity of one NMR peak when another is saturated.
Such an exchange of magnetization is observed only for spins that
are close together in space and are coupled by dipolar interactions.
NOESY manifests NOE connectivities as cross peaks between resonances

that correspond to nuclei close together in space. Unlike the one-
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dimensional experiment, no irradiation frequency for saturation is
used, thus avoiding all spill-over problems. In addition, all NOE's
in the molecule may be obtained from a single experiment.

The pulse sequence for the NOESY experiment is (Kumar et al.,

1980a, 1980b) (Fig. I.5):

[90° - t, - 90° - T = 90° - t2]n

1

A1l spins are frequency labeled during tl. During the mixing delay
Ty CrOSS relaxation leads to incoherent magnetization exchange.

The spectrum is acquired following the third 90° pulse as a function
of t2' The data representation is similar to that in COSY except
the cross peaks now correspond to NOE-coupled spins. The delay Ty
determines the extent of truncation in the transfer of magnetization.
NOE's over only small distances are picked up for short T In
principle Ty could be varied to generate a 3D experiment with
challenging display possibilities.

In the current investigation, 2D NMR has assumed an important
role in determination of structure of the icosapeptide alamethicin.
As described in the next chapter SECSY was used for a complete
assignment of all peaks in this molecule and NOESY provided important
structural predictions that are consistent with our proposed model

for alamethicin.
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Chapter 1.3

NMR Study of Alamethicin in Solution: Assignment of Proton Resonances

A. INTRODUCTION

The pore forming characteristics of alamethicin in 1ipid membranes
is expected to be closely linked to its structure in solution. Modern
developments in high field NMR have afforded access to structural inves-
tigations on proteins and polypeptides. This chapter describes structural
studies on alamethicin by 1H NMR spectroscopy at 500 MHz. Two-dimensional
spin echo correlated spectroscopy is combined with double resonance exper-
iments to afford a complete assignment of NMR resonances to protons in the
molecule. Coupling constants and two-dimensional nuclear Overhauser enhance-
ments are also reported. In the following chapter, these results have been
combined to deduce the conformation of alamethicin in a methanolic solution.
The effect of water on the solution conformation was followed by solvent
titration experiments. No pronounced conformational difference was noted
between the two solvent systems despite a significant increase in the

aggregation of the molecule in water.

B.  MATERIALS AND METHODS

Alamethicin from three different sources was used in this study. The
first sample is a generous gift from Dr. G. B. Whitfield, Jr., of the
Upjohn Company and was used without further purification. The second one
is a highly purified sample ('fraction 4' by HPLC) that was prepared in

the laboratory of Professor G. R. Marshall (Balasubramanian et al., 1981).
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The third sample was purchased from PHLS, Wiltshire, England. This latter
sample was found to be impure and give 8 bands on TLC. The mixture was
therefore purified on a 2 mm silica gel 60 F254 precoated preparative TLC
plate. Each band was then recovered and rum on 0.5 mm preparative TLC
plates. The fraction that showed spectroscopic resemblance to 'fraction 4'
of Marshall's purified alamethicin was collected at Rf 0.47 using the solvent

system: CHC13:CH 0H:H20 v/v/v 65:24:4,

3
A1l solutions of alamethicin were made in NMR tubes to prevent loss
in handling. Typically, the concentration of the peptide was in themilli-
molar range. The amide protons exchange with different rates in deuterated
methanol and are all replaced by deuterons in about a day's time. Before
such a deuterated peptide is reused for further experiments to investigate
the amides, it was back-exchanged in a CH30H-H20 mixture for several days.
The protonated solvent was then blown off with dry nitrogen. The tube was
kept under vacuum overnight and then fresh solutions were made in deuterated
solvents immediately before the experiment. The measured pD value of an
alamethicin solution was typically 6.34 in CD3OD and 6.52 in 020. In view
of the closeness of these values to neutrality, no PD adjustments were made.
A11 NMR spectra were recorded on a Bruker WM500 spectrometer operating
at a field strength of 11.74 Tesla (500.13 MHz proton frequency). Spectra
were recorded at 298 K. Conventional NMR spectra were acquired in the
Fourier transfer (FT) mode with either 16K or 32K data points using quad-
rature-phase detection, a 60° pulse width, a cycling time between scans of
1.7 seconds, and a spectral width of 6000 Hz. The spectra were resolution-
enhanced to facilitate spectral assignments and coupling constant measure-
ments. This was achieved with a Gaussian multiplication routine that in-

volved multiplying the free induction decay (FID) with a Gaussian centered
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at 15% of the total decay time and a negative line broadening of -7 Hz.
The complete assignment of the proton NMR spectrum of é]amethicin
in methanol was achieved with the aid of spin echo correlated spectroscopy
(SECSY) and double resonance experiments. Conformation of the molecule
was established by coupling constant measurements. Predictions about the
conformation of the C terminal end based on these measurements were con-
firmed by two-dimensional nuclear Overhauser spectroscopy (NOESY).
The SECSY spectrum was obtained using the two-pulse sequence (900-t1-

90°-t (Aue et al., 1976). With this sequence all the spins are frequency

Z)n
labeled during time tl’ and exchange of magnetization between J-coupled
spins takes place during the application of the second pulse. The free
induction decay is acquired as a function of t2. Collection of several

such FID!'s for different t1 values yields a data matrix f(tl,tz) that is
Fourier transformed in two dimensions to obtain the 2D spectrum s(wl,wz),
where Wo is the regulaf chemical shift axis and wy is the frequency of J
coupling. In our experiments, after zero filling, the number of data points
used in the wy and Wy dimensions was 1K and 4K, respectively. A sixteen-
phase cycling was used for each t1 to prevent distortions and axial peaks.
The phases used for the SECSY experiment were the ones suggested by Bruker
for use with their FTNMR and FTNMR2D software packages. To obtain the

best presentation of data, multiple level contour plots were used to join
local regions of equal intensity. Cross peaks that indicate J connectivity
show up symmetrically about a centrally placed one-dimensional spectrum.

For a 'square plot', coupled cross peaks fall on a segment that makes an

angle of 135° to the central axis.
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Homonuclear decoupling was performed with the gated Tow power de-
coupler on the WM500 spectrometer. The power levels used were high
enough to decouple the peaks but without significant spilling over to
nearby resonances.

The 2D-NOE spectrum was obtained using three 90° pulses with a mixing

time T between the last two (Anil Kumar et al., 1980)

(90°-t -900-Tm-900-t

1 2)n
The mixing time used was 350 msec. The data used after Fourier transforma-

tion was 1K and 4K along the w, and wy axes, respectively. A linebroadening

1
of 1 Hz along the t1 axis and a cosine squared bell along the t2 axis were
applied to enhance the signal-to-noise ratio. Very few clear cross peaks
showed up in the 2D NOE spectrum for reasons elaborated upon later in the
chapter. The phase sequence used to obtain a diagonally projected spectrum

was kindly provided by Dr. J. Wright of the University of California, San

Diego, and consisted of 16 phase cyclings to reduce axial peaks.

C.  RESULTS

(a) Spectrum in Methanol

A A A A A A A

A list of chemical shifts of all protons in the alamethicin molecule
in CD30D is presented in Table I.1. Different regions of the proton
magentic resonance spectrum of alamethicin in this solvent system are shown
in Figure I.6. A1l spectra reported here correspond to those of the sample
of alamethicin received from the Upjohn Company. A1l measured coupling

constants in the molecule are also summarized in Table I.1.
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Table 1.1 Proton NMR Chemical Shifts and 1H-IH Coupling Constants of

Alamethicin in MEthanO]'d4’ Chemical Shifts Are in ppm from TMS.

Amino Acid; Chemical Shift (&), Coupling Constants,
Proton Group ppm (+0.01) Hz (+0.2)
Proline-2
aCH 4.24 JGBI = 8.1
BCH(1) 1.78 JaBZ = 8.1
BCH(2) 2.30
YCHZ 2.06
yCH(1) 3.49
8CH(2) 4.00
Alanine-4
NH 7.55 o = 57
oCH 4.11 Jaethy ~ 7.0
BCH3 1.52
Alanine-6
NH 7.92 Ja-NH = 5.5
oCH 4.02 Jo-Ch” 7.0
BCH3 1.53

Glutamine-7
NH 8.00 J
oCH 3.90
BCH2 2.27



Table 1.1 Continued

Amino Acid;
Proton Group

Valine-9
NH
aCH
BCH
YCH4(1)
YCH;(2)

Glycine-11
NH
aCH(1)
aCH(2)

Leucine-12
NH
aCH
B;Y-CH2
GCH3(1)
8CH4(2)

Proline-14
aCH
BCH(1)
BCH(2)
YCH,
8CH(1)
8CH(2)

Chemical Shift (¢§),

29

ppm ( +0.01)

w w NN

.48
.58
.23
.06
.98

+33
+93
.66

.09
.45
.94
.91
s 83

¥ 7
» 1B
30
.06
|
.88

Coupling Constants,

Hz (+0.2)
oy = 5+5
a-B = 9'5
.JB_Yl = 6.6
JB-YZ =7.4
J = 16.4
®17%
IpHog = 8-0
JG_B1 = 3.7
Ja_Bz = 11.0
JY_CH§ = 6.3
Jy-CH% 6.0
Yog, " 7.3
do-g, = 7.3



Table 1.1 Continued

Amino Acid;
Proton Group

Valine-15
NH
aCH
RCH
YCH3(1)
YCH5(2)

Glutamic acid-18
NH
oCH
BCH2
yCH

Glutamine-19
NH
aCH

BCH,

Phenylalaninol-20
NH

ring-ortho
-meta
-para

aCH

BCH(1)

BCH(2)

BCH, (OH)

30

Chemical Shift (&),
ppm (+0.01)

.58
W

nN W N

R4

7.90

2.39

.36
.29
W
.13
15
.74
.93

w NN DN NN

.61

Coupling Constants,

Hz (+0.2)
Mg = 77
Ja-B = 9.6
J = 6.6
B-vq
J = 6.2
B=vo
Mg = 77
Iy =16
o = 91
Joum = 77
Inep = 73
= 9.0
a-Bl
J 14.0
By-8,
J = 5.9
a-82
JQ-B(OH) = 5-5



Table I.1 Continued

31
Amino Acid; Chemical Shift (8); Coupling Constants,
Proton Group ppm ( +0.01) Hz (+0.2)
o-Aminoisobutyric
acid-1,3,5,8,10,13,
16 and 17
a-CH3 1.2-1.7

N-acety]l 2.05
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ﬁgigg~frgfggg. The amide protons appear between 8.4 and 7.3 ppm down-
field of TMS. These protons typically exchange out in this deuterated
solvent in a few hours. The glycine amide peak can be readily identified
from its coupling pattern since it is the only amide signal that shows up
as a triplet. As expected, all the a-aminoiosbutyric acid amide protons
appear as singlets from lack of an o proton. The remaining amide protons
show up as doublets. A weak resonance (labeled Val x in Figure I1.6A) is
seen at 7.47 ppm. By tracing its connectivity to a, B and y protons, this
peak has been identified as belonging to a valine. This signal is absent
in the purified 'fraction 4' and is therefore assigned to one of the minor
components of alamethicin in the Upjohn sample.

ggﬂ~frgfggg. The oCH protons are quite well resolved at 500 MHz and
the various multiplets can be easily examined and analyzed. These protons
occur between 4.5 and 3.4 ppm along with the & protons of the prolines.
The aoCH protons of the glycine are chemical-shift nonequivalent and are
separated by 135 Hz. The oCH proton multiplets simplify as the amide
protons exchange out (cf. Figures I.6B and 1.6C). This exchange has been
taken advantage of in the assignment of the spectrum and in the determination

of coupling constants (J and J

NH-oCH oCH-aCH "

and 3 ppm downfield from TMS. A1l the B and § protons can be quite easily
identified although overlapping resonances do obscure the structural de-
tails of some of the multiplets and make it impossible to determine
coupling constants in these cases. The y and § methyls of the two valines
and the single leucine are very well resolved. The two methyls attached

to a given valine are nonequivalent. They are chemically shifted by 40 Hz
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Figure 1.6 H1 NMR spectrum of alamethicin in methano]-d4 at 500 MHz.

a.

b.

Amide and aromatic protons.
aCH protons prior to exchange of amide

protons in the deuterated solvent.

. oCH protons after amide exchange.

- B and y CH, protons.

. Methyl protons.



34

aromatics
Amides and Aromatics
o] O
£l
51 E
o
O
{o) @) a
_O (qV]
a ©
L=
- o Ot &
@ Zloo
o 1 2 =3
N I < O 15
a Sl e
= 1 - E >
bl © ]
I, L\*J\ﬂ '\Mﬂ
8 kil 11
L1 [t | | | T [ L J
80 7.5 70
ppm

Figure I.6a.



*GS°I {unbL4

St

wdd

G'e

Pro 2

methanol

Su0joid HO D

B %_ w
= Phol 20 Glu I8 24
- e —NEY: §
ETAPG -
3 =
== a7 3
i ————— Glyll CH(I) @
=——= Pro 3 14(2) a
- 3
Val 15
r —____Pro 5 14(1)
—=—  \aol9
™ Pro 8 2(1)

g€



36

L
|ouDyjaw
Q(1)20:d( {2
6 IDA _
N =
HO-0 HD 11419 -
gl 10ud . ; -
I IoAq
. m _% 1§
Q == Q
e Q2| Ol {——r |
K194 ——
g WHOI! m———
s 9oyl _—
T 5 b DIV { ==
5% 8l N9 02 IYg{——=n———
oE T
o - 2 0id{
5§ L
[¢D]
O = tl 01d{
3 @ = L 7

2l neT *WIJ

4.5

Figure I.6c.



*P9°1 34nbL4

W
o -
—————  }Phol 20 BCHI(I)
i 2 ™
Q
i g
————=——=———"}Phol 20 BCH(2) et
B i}-@dny \(<j
& ol
N o
wm

. =——==—}GlLny

N

.(J'l ——
©
© I E%_ }’G'U |8)’
=

-—-1—_——]]:6%0 2andl4 BCHI(2)

—_——h—
e Val IS
r i*@"é\v&s%
1Pro 2and 14Y
}Glu 88 N- acetyl
_-%?_}—Leu 2B,y

L
- HPro 2and 14 BCH (1)

LE



38

Methyls

(2) *HD 2l 33/L Hk.
(1)¥HD 2I N3 S—

x_D> T 5 =T =

(2)5HD 6 IDA (2)¥HD g1 >ﬂ,\l\
(1) HDGIIPA I —=

(1) € HD 6 IPAL

1.0

1.5

Figure I.6e.



39

for Val-15 and by 65 Hz for Val-9. The methyls of the alanine and the
a-aminoisobutyric acid residues are seen between 1.4 and 1.7 ppm. The
two alanine methyls can be distinguished from the eight a-aminoisobutyric
acid methyls by tracing their scalar connectivity to the CH protons by
spin decoupling. The aromatic protons belonging to the phenylalaninol
ring resonate between 7.1 and 7.3 ppm and are easily identified. The
assignment of ortho, meta and para protons can be made from their inten-
sities and the multiplet structure. The N acetyl peak occurs at 2.05 ppm.
The assignment of resonances in methanol was primarily accomplished
by 2D spin echo correlated spectroscopy. Figure I.7 shows a contour plot
that exhibits all the connectivities. The plot shown here is 'square',
i.e. the number of Hertz per centimeter along the two axes is identical.
In this plot the central axis represents a contour of the one-dimensional
spectrum, and two cross peaks corresponding to J-coupled resonances fall
on a line that makes an angle of 135° with the central axis, as shown in
Figure I.7. Independent confirmations of all 2D assignments have been
made by spin decoupling. Decoupled and undecoupled spectra were recorded
separately and were compared visually. Difference spectra were not used
since Bloch-Siegert shifts on nearby resonances could give inaccurate
assignments and shifts. The 2D method has distinct advantages over de-
coupling in that all the information about coupling can be obtained from
a single spectrum, and problems regarding spillover of decoupler power
are avoided. In some cases 2D offers specific advantages over decoupling
in spectral assignments, as in the case of the glycine amide proton.
Here, the amide proton is easily exchanged and appears as a broad triplet.
These characteristics render decoupling assignments difficult, but the 2D

spectrum shows the connectivity quite clearly.
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Figure I.7 Contour plot of two-dimensional spin echo spectrum of
alamethicin in methano]-d4. Connectivities due to J

coupling between protons are indicated.
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Several amino acids are repeated in the primary sequence of alamethicin.
Most of the repeating residues are Aib units that are confdrmationa]]y un-
informative. No attempt has therefore been made to assign individually
the amide and methyl protons of this amino acid. The remaining degener-
acies in amino acid assignments have been solved using a variety of exper-
imental evidence. The observed NOE between the ortho proton of Phol1-20 and
a valine a-CH identifies the latter proton as belonging to Val-15. Val-9
is spatially distant from Phol-20, and a proximity between the two would
necessitate a pseudocyclic conformation with increased steric hinderances.
The proximity of Val-15 and Phol-20 is, in fact, a natural consequence of
the conformation of alamethicin suggested in Chapter I.7. Pro-2 has been
distinguished from Pro-14 by the earlier N-terminal cleavage and shift
reagent experiments of Martin and Williams (1976). Gln-19 can be identi-
fied from Gln-7 based on the trends in the coupling constants. The gluta-
mine amide peak with JNH-aCH coupling constant of 5.2 Hz is assigned to
GIn-7 since the amino acids flanking this residue have a similar coupling
constant and form part of an o helix. The distinction between Ala-4 and
Ala-6 is largely tentative.

Amide Coupling Constants. Table 1.2 shows the amide coupling constants

B A N s N

(J for the various amide protons along the polypeptide chain. There

NH-aCH)
exists a pattern for the magnitude of these coupling constants along the
chain. The values are typically 5.0-5.5 Hz for the N-terminal half of
the molecule and 7-9 Hz for the C-terminal end. This is an important
observation and suggests that the molecule may be apportioned into two

regions, each with a different secondary structure. These two regions

appear to be separated from one another by the bend introduced by Pro-14.
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Table 1.2. Amide-oCH Proton Coupling Constants (J ) of Alamethicin

NH-a

in Methanol-d,.
Amino Acid JoNH (Hz) Conformation
Aib-1 -
Pro-2 -
Aib-3 =
Ala-4 5.7
Aib-5 -
Ala-6 5.5 a helix
GIn-7 5.2
Aib-8 =
Val-9 5.5 e
Aib-10 -
Gly-11 6.1
Leu-12 8.0 extended open
Aib-13 -
Pro-14 - sl
Val-15 1.7
Aib-16 -
Aib-17 -
Glu-18 7.7 extended B sheet
GIn-19 7.6
Pho1-20 9.1 ]
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The amide coupling constants measured for the alamethicin protons in
methano]-d4 are quite different from those measured for the corresponding
amino acids in N-terminal fragments in DMSO-d and chloroform-d (Nagaraj
and Balaram, 1981). The values of the coupling constants for the whole
molecule are consistently lower.

Low temperature measurements showed that the values of amide coupling
constants are thermally invariant within errors of measurement. Thus,

J for GIn-7, Val-9, Val-15, and Phol-20 are 5.18, 5.69, 7.56, and

NH-aCH
9.32 Hz, respectively, at 298 K, and 5.05, 5.89, 7.35, 9.37 Hz, respec-
tively, at 278 K.

2D-NOE Studies. The nuclear Overhauser effect has often been used to
infer proximity relationships for nuclear spins in a molecule. This in-
formation is often helpful in conformational analysis (Wagner et al.,
1981). The two-dimensional NOE spectrumof alamethicin in methano]-d4 is
shown in Figure I.8. A stacked plot in the diagonal representation is
shown. In this representation, lines drawn parallel to the two frequency
axes through a cross peak intersect the diagonal at positions corresponding
to peaks that show the cross relaxation.

As is true for all 2D studies, the information content of a 2D-NOE
spectrum depends upon the number of cross peaks. Unfortunately, the 2D-
NOE spectrum of alamethicin in methanol shows only a few cross peaks. This
is a result of the rotational time scale of the peptide being comparable to
the reciprocal of the NMR frequency (wTC ~v 1). This conclusion was sup-
ported by the fact that one-dimensional NOE difference spectra for this
system did not yield significant enhancements either. The correlation

10

time of tumbling for the peptide is estimated to be 4-6 x 10° " sec in
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Figure 1.8 Stacked plot of two-dimensional nuclear Overhauser
spectrum of alamethicin in methano1-d4. There were only
a few cross peaks (see text); prominent ones are labeled

A,B and C.
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methanol. At 500 MHz, this gives wr, = 1.2-1.8. The fractional enhance-
ment in the intensity of one spin I when a different spin S is irradiated
depends upon the correlation time T, and the NMR frequency w according to .

(Balaram et al., 1973):

(s) 5+ szg - 4u)4Ti:1
f.(S) = 1.4
I 10 + 2357 + dwtor
c c
For these conditions, we predict, fI(S) = -0.036. This small value for

the enhancement factor would explain the lack of many cross peaks.

In the 2-D NOE stacked plot, three weak cross peaks are clearly dis-
cerned. These are labeled A, B and C in Figure I.8. A is a cross peak
between GIn-19 aCH and GIn-19 NH, B is a very weak cross peak between the
Phol1-20 BCH2 and the ortho ring proton of Phol-20 and C between Val-15 «CH
and the ortho proton of Phol-20. Note that the protons responsible for
the cross peak C are on amino acids that are five residues apart. Inasmuch
as magnetization transfer is seen only for spins in very close spatial
proximity, this result imposes restrictions on the conformation of the

near the C-terminal end.

(b) Spectrum in Water

N A A A A A

The biological activity of alamethicin is manifested in aqueous so-
lutions, at the membrane interface and inside the membrane itself.
Accordingly, it is important to study the conformation and properties of
this peptide in an aqueous medium. Alamethicin is expected to be aggre-
gated at the concentrations chosen for our experiments (McMullen and

Stirrup, 1971). This is reflected in the NMR spectrum as broad Tines.
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Usual methods of assignments are not applicable for such broad resonances.
To alleviate this problem, the proton NMR spectrum was fo]]bwed carefully
by solvent titration. A methanolic solution of alamethicin was titrated
with water, and the positions of the peaks were traced through the ti-
tration.

A1l the resonances become broader with increasing amounts of water
added to the methanolic solution. Part of this broadening is heterogeneous,
resulting from overlapping resonance, but the bulk of the broadening arises
from short T2's. Figure 1.9 shows the aCH, aromatics, B and y methylenes
and methyl regions of the alamethicin spectrum in DZO' Following the above
methid, it was possible to assign most of the peaks. However, there is
too much overlap of the resonances in the region of 8 and y methylene pro-
tons to allow meaningful individual assignments.

Figure I.10 shows the variation in the chemical shifts with the
addition of water for oCH and methyl protons. The proton resonances are
shifted in both directions upon the addition of water. For example, while
the a-CH proton of Pro-2 is shifted upfield, the corresponding proton in
Pro-14 moves downfield. In a number of cases, the peaks 'cross over', as
in the case of the oCH protons of Leu-12 and Pro-14. On the other hand, a
few protons like the aCH protons of the alanines seem to be solvent inert,
presumably reflecting their lesser exposure to solvent molecules.

The coupling constants of various residues can be determined from the
spectrum through part of the titration. No change is observed in the J
values, suggesting a similar conformation of the molecule in methanol and

in methanol-water mixtures.
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Figure 1.9 H1 NMR spectrum of alamethicin in DZO at 500 MHz.
a. Aromatic protons from Phol-20.
b. aCH protons.
o B,yCH2 and methyl protons
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Figure 1.10 Solvent titration curves for selected protons of
alamethicin in methanol-water mixtures.
a. Chemical shifts of aCH protons.

b. Chemical shifts of methyl protons.
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Chapter 1.4
Proposed Structure of Alamethicin in Solution

A.  INTRODUCTION

Ever since the pioneering work on alamethicin by several investigators
(Mueller and Rudin, 1968; Gordon and Haydon, 1976; Eisenberg et al., 1973;
Boheim, 1974) the structure of alamethicin and the nature of the alamethi-
cin ionic channel have received considerable attention. Initial efforts to
deduce the molecular basis for the gated ionic conductance of alamethicin
in black 1ipid film membranes were impeded by a lack of understanding of
the structure of the icosapeptide. In fact, early attempts at structural
studies were led astray by an incorrect primary structure of the molecule.
The situation has been rectified by the subsequent NMR work (Martin and
Williams, 1976) as well as synthetic efforts (Marshall et al., 1979; Gisin
et al., 1981). Despite these efforts as well as those of others (Nagaraj
and Balaram, 1981; Fringeli and Fringeli, 1979) the secondary structure of
alamethicin in solution, not to mention in 1lipid bilayers, has remained
elusive. With the advent of high field NMR spectroscopy and with the aid
of the modern techniques of two-dimensional NMR (Nagayama, 1981; Aue et al.,
1976), the determination of the solution structure of peptides and proteins
has become more of a tractable problem (Wagner and Withrich, 1982; Wiithrich
et al., 1982).

In the previous chapter the complete assignment of the alamethicin
spectrum was presented. Spin-spin coupling constants measured therefrom
is combined with two-dimensional NMR results to propose here a model for

alamethicin structure in solution.



57

B.  CONF’ «<ATION IN METHANOL

Probably the most important results emerging from the NMR work de-
scribed in Chapter 1.3 are the amide coupling constants (JNH-aCH) since
they provide a diagnostic for the secondary structure of the peptide.
There exists a remarkable pattern to these coupling constants along the
chain of the peptide. The N-terminal end of the molecule beginning with
Ala-4 through Val-9 gives JNH-aCH'S around 5.3 Hz. This value suggests
an alpha helix towards this end of the molecule. The C-terminal end, on
the other hand, shows coupling constants ranging from 7.2 up to 8.2 Hz.
These higher values are more consistent with a R-pleated sheet structure
(Bystrov, 1976; Dickerson and Geis, 1969). Since no discernable temper-
ature dependence is observed/for these coupling constants, it is surmised
that the secondary structure of alamethicin is quite rigid under the con-
ditions of the present experiments, and the larger coupling constants ob-
served for the C-terminal do not correspond to an average rotomer popu-
lation, but rather reflect a rigid, extended structure for this region of
the peptide.

It is now well established that alamethicin is a linear peptide
(Martin and Williams, 1976). Accordingly, an extended R-sheet structure
in a part of the molecule could only be stabilized by intermolecular hydro-
gen bonds. A dimer of alamethicin which is consistent with these NMR
observations is shown in Figure I1.9. Here, the amide protons of residues
15 through 20 are intermolecularly hydrogen bonded to residues on the
opposing molecule to create a rigid, extended, B-pleated type structure
for the C-terminal end of the molecule. The proline at position 14, of

course, breaks the continuity of this structure and forces amino acids 10
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through 14 into an open structure. In accordance with the coupling con-
stant data, amino acids 3 through 9 are folded into an a helix. Inter-
estingly, this structure brings the Gln-7 side chains from the two strands
in the right juxtaposition to facilitate a hydrogen bond between them.

Photographs of a CPK model illustrating the proposed structure are
shown in Figure I.11. Different views are depicted to illustrate different
features of the structure. Examination of the structure reveals that it
is highly amphiphilic, with one face (Figure I.11A) completely hydrophobic
and the other face (Figure I.11B) lined with polar groups towards the C-
terminal half of the molecule. The polar groups arise from two sources:
(i) the polar side chains of amino acids 18 through 22 and (ii) the exposed
backbone amide groups of residues 10 through 14, It is possible that this
amphiphilic nature of the dimer structure plays a role in the formation of
the alamethicin channel.

Two important structural features are apparent from the model. First,
the a-CH proton of Val-15 and the orthoproton of the phenyl ring of Phol-20
are in very close proximity (Figure I.11C). This is in accordance with the
appearance of a cross peak between Val-15 oCH and Phol-20 ortho proton in
the 2D-NOE spectrum. Second, it is an asymmetric structure, the two halves
of the dimer being partly inequivalent. This feature has been explored ih
detail in Chapter I.5 and a relaxation technique has been devised to con-
firm the aggregation state in methanol and in water.

In the prbposed structure, seven out of the twenty amino acids are
arranged into an o helix. Earlier CD data (McMullen et al., 1971) had
indicated that 40% of the molecule is o helical. The model is also con-

sistent with infrared attenuated total reflection spectroscopic investigations
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Figure I.11 Photographs of CPK models depicting the proposed structure
of alamethicin in methanol.
a. The hydrophobic face
b. The hydrophilic face showing the polar
originating from the polar side chains
and amide residues.
c. Side view of the dimer, showing the

close proximity of ring ortho proton

of Phol 20 and the aCH proton of Val 15.

d. The N-terminus of the molecule showing
the intermolecularly hydrogen bonded

GIn 7's and the two ahelices.
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Figure. I.11a
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Figure I.11b
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Figure I.1llc
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Figure I.11d
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(Fringeli and Fringeli, 1979). These workers presented evidence that the
molecule is entirely o helical in the dry state, but that upon addition

of water, the molecule rearranges to form a R-pleated sheet structure.
Although these results were obtained in the presence of lipids, we attri-
bute them primarily to a solvent effect with the lipids providing a
hydrophobic surface for the adsorption and further stabilization of the
structure. The amide proton exchange rates recently reported by Davis and
Gisin (1981) are also in accord with our proposed structure. These inves-
tigators reported that the proton exchange rates for Ala-4, Ala-6, Gln-7,
and Val-9 are very slow, while those for Gly-11, Leu-12, and Val-15 are
much faster. Since the amide protons are tied up in intramolecular hydrogen
bonding in the a-helical N-terminus of the molecule, they are expected to
exchange very slowly, while the amide protons in the exposed region between

the two more structured ends should undergo exchange more rapidly.

C. CONFORMATION IN AQUEOUS SOLUTION

The dimeric structure proposed above is highly amphiphilic and one
expects further aggregation of the peptide when alamethicin is transferred
from methanol to an aqueous environment. This expectation is confirmed by
the NMR spectrum of alamethicin in water. The spectrum is broad and i1l

-defined, and the homogeneous broadening of resonances seen in this solvent
system clearly indicates a longer correlation time for tumbling of the
molecular units, indicative of extensive aggregation even in the millimolar
concentration range. This observation is in agreement with earlier sedi-

mentation studies (McMullen and Stirrup, 1971).
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Spectral assignments in water were made by solvent titration. Large
chemical shifts were observed in going from methanol to wafer, particularly
for the hydrophobic residues. These solvent shifts may well reflect the
greater exposure of the hydrophobic groups in methanol compared to water as
these groups are expected to be sequestered away from water through hydro-
phobic association to form larger aggregates. A detailed quantitative
analysis of the shift data, however, is beyond the scope of this work and
is not attempted here.

While the state of aggregation of alamethicin is significantly more
extensive in water than in methanol, there is no evidence for a change in
the secondary structure of the molecule in going from one solvent system to
the other. A1l the coupling constants that were possible to be measured
remain unchanged throughout the solvent titration. This result is not in-
consistent with the mode of aggregation depicted above; namely, that the
aggregates in water are formed by the hydrophobic association of the dimeric

units observed in methanol.
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Chapter 1.5

Solution Structure of Alamethicin: Confirmation by NMR Relaxation Studies

A.  INTRODUCTION

In Chapter 1.4 a secondary structure for alamethicin in solution
has been described based on NMR coupling constant measurements and
2-D NOE results. In this chapter relaxation results are discussed
which contribute further evidence in favor of the proposed dimeric
model. The experiments undertaken to achieve this derive from the
motional dependences of the two NMR relaxation times (spin-lattice
relaxation time T1 and spin-spin relaxation time Tz). T1 is the time
constant for non-radiative exchange of energy with the lattice that
restores Boltzman equilibrium in the spin system once the exciting
rf pulse is turned off. The spin-spin relaxation time, Tz, on the
other hand, results from an interaction between spins. This process

governs the line width of NMR peaks. The width at half height v

3
for a Lorentzian 1ine shape is given by
AH v
_ 1 0
MR P (1.5)

where AHo is the inhomogeneity in the magnetic field.

The T1 and T2 relaxation processes arise from fluctuations in
locally generated magnetic fields due to the motions in molecules.
T1 processes are affected by fluctuations perpendicular to the direc-
tion of the field,while T2 arises from fluctuations along any of the

three directions. The range of motional fluctuation in a molecule is
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contained in the spectral density functions J(nwo); n=20,1,2
(Abragam, 1961). The relaxation times are related to these functions
in a straightforward way. For dipolar interaction mediated relaxation

in a many-spin system, for example,

%_1 = 3 ¥"n21(1 + 1) iz; 1O (op) * (3p)g (o)} (1.6)
_%_2_ R ) 1zk 3 (3)5 (0 + Ry (o))

+30)5, (20)  (1.7)

Here the summation is over all pairs of spin. These expressions are
of particular significance in macromolecular systems where a large
range of motions is allowed. Since the expression for T2 contains a
spectral density at zero frequency while T1 has spectral densities
only at around Larmor frequency, we expect that slow motions would
only affect T2 and not Tl’ while high-frequency processes would affect
both T1 and T2.

In the proposed solution structure for alamethicin, the two helices
at the N-terminal end of the proposed dimer are held rigidly together
and are energetically stabilized by a side chain amide hydrogen bond
between the two GIn-7's. Extensive hydrophobic interaction between
the side groups in the helical region no doubt contributes to the
stability of the structure as well. Since one helical strand must be
necessarily twisted slightly with respect to the other in this structure,

an interesting consequence is that the two acetyl methyl groups at the
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N-termini of the dimer are inequivalent in terms of the angle subtended
by them with respect to the long axis of the dimer. Since this is the
principal rotor axis, it follows on the basis of the Woessner et al.
(1969) treatment of the relaxation of symmetric top methyl groups
attached to the side chain of an anisotropically tumbling ellipsoid,
that the two sets of N-acetyl methyl protons should exhibit different
spin-spin relaxation times (T2‘s). The Tl's for the two sets of
N-acetyl methyl protons, on the other hand, are expected to be identical.
This contrast in the angular dependence of the two relaxation times
originates from the slow motion dependence of T2 but not of T1 and has
been discussed in detail later in the chapter. The C-termini of the
dimer are also inequivalent, but since the individual units are
related to one another by a two-fold screw axis, the side groups in
this part of the molecule are symmetrically displaced with respect to
the principal rotor axis of the aggregate. Protons from the two
aromatic rings on the individual strands, for example, subtend the
same angle to the rotor axis and should therefore exhibit equal spin-
spin relaxation times.

The relaxation time measurements discussed in this chapter are
consistent with the above expectations. T1 and T2 measurements for
selected protons in alamethicin have been undertaken in methanol, in
water, and in the presence of urea under conditions that would break
up intermolecularly hydrogen-bonded oligomers. On the basis of these
relaxation measurements, estimates of the correlation times and

orientations of the acetyl groups in the molecule have been obtained.
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B. MATERIALS AND METHODS

Alamethicin used in this study is a generous gift of Dr. G. B.
whitfield, Jr., of the Upjohn Company. The experiments wére
repeated and confirmed with the highly purified "fraction 4" kindly
supplied by Professors G. R. Marshall and T. M. Balasubramanian,
and with alamethicin purchased from PHLS England. 020 was purchased
from Aldrich Chemical Company, Inc. and CD3OD from Merck, Inc.
Perdeuterated urea was prepared by repeated evaporation of a solution
in DZO'

A1l solutions of alamethicin were made in NMR tubes to prevent
Toss in handling. Typically, the concentration of the peptide used
was in the millimolar range. The measured pD value of an alamethicin
solution was typically 6.84 in CD3OD and 6.52 in DZO‘ In view of
the closeness of these values to neutrality, no pD adjustments were
made. Prior to T2 measurements, oxygen was eliminated from the
solution by bubbling dry gaseous nitrogen into the sample. Samples
for T2 measurements in the presence of urea were made by dissolving
alamethicin in saturated solutions of perdeuterated urea in CD3OD
or D20.

500 MHz NMR spectra were recorded on a Bruker WM 500 spectrometer
operating at a field strength of 11.74 Tesla, and 200 MHz NMR spectra
were acquired on a Varian XL-200 spectrometer operating at a field
strength of 4.69 Tesla. A1l spectra were recorded at 298 K. NMR
spectra were acquired in the Fourier transform (FT) mode using
quadrature-phase detection and a cycling time between pulses of 5

seconds. 32 K and 8 K data points and spectral widths of 6000 Hz
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and 2500 Hz were used to acquire the 500 MHz and 200 MHz spectra,
respectively.
The Carr-Purcell-Meiboom-Gill repetitive two-pulse sequence (Farrar

& Becker, 1971) 90x.[-1-180y.-11n was used for the measurement of spin-
spin relaxation time (Tz). The value of T used was 0.5 msec and 2 msec
for the experiments at 500 MHz and 200 MHz, respectively. The advantages
of the CPMG method over the simple Hahn echo technique are: (a) the
short value of t minimizes the effects of molecular diffusion on the
measurement of T,; and (b) the phase shift in the 180° pulse with
respect to the 90° pulse eliminates errors introduced by inaccuracies

in the measurement of length of the 180° pulse. Using this technique,
echo signals were generated at increasing time intervals. When a NMR
peak is describable by a single spin-spin relaxation time (TZ)’ the
intensity derived from Fourier-transformation of the echo signal is
expected to decay exponentially with a time constant T2 (Farrar & Becker,

1971), i.e.,
I(t) = A exp (-t/Tz) (1.8)

where I(t) is the intensity of the resonance derived from Fourier-

th echo.

transformation of the nth 2cho signal and t = 2nT for the n
For a composite peak described by two component T2’s,the time decay
of total intensity is nonexponential and may be described by

I(t) = Cp €xp ('t/TZA) + Cg exp ('t/TZB) (1.9)

The Fourier-transformed spectra were scaled in the "absolute
intensity mode." No spectral resolution enhancements or line

broadenings were used. Sample tubes were not spun during spectral
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acquisition to prevent artifactual modulation of Tz‘s introduced by
sample spinning. Accurate measurement of intensity was accomplished
by cutting out peaks and weighing them on a Mettler balance.

Spin lattice relaxation times (Tl) were determined by the inversion
recovery method using the standard 180-1-90 pulse sequence. Data
manipulation was accomplished by the automatic T1 determination routine

available in the Bruker software.

C. RESULTS

The proton NMR spectra of alamethicin in methanol and in water
have been assigned (Banerjee et al., 1983). This chapter emphasizes
the N-acetyl methyl protons at 2.05 ppm and the aromatic ring protons
of phenylalaninol centered around 7.2 ppm. As expected, the measured
ratio cf the intensity of these two peaks is 5/3.

Since the N-acetyl methyl protons on the two strands of the
proposed dimer are not symmetrically positioned with respect to the
principal tumbling axis, they were expected to show differences in
spin-spin relaxation times. On the other hand, the more symmetrically
disposed aromatic groups at the extended C-terminal end of the
molecules should relax with essentially the same time constant. Figure

I.12 shows a plot of the time dependence of the logarithm of the intensity
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of the acetyl and aromatic protons of alamethicin in methanol as

derived from the Fourier transforms of the various echo signals in the
CPMG experiment. These measurements were made at 500 MHz. It is clear
from the plot that while the contribution to the echo signal from the
aromatic protons followed an exponential time course, that from the
acetyl resonance was nonexponential, describable only by a minimum

of two component Tz's. The number of protons contributing to the

slower decay may be ascertained by linear extrapolation of this component
to zero time. If the intensity of the signal from the aromatic residues
is normalized to five protons, one finds that the long time constant
component of the acetyl group resonance corresponds to 1.5 protons only.
Thus, it seems that half of the N-acetyl protons have a significantly

longer spin-spin relaxation time than <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>