CONFORMATION OF ANTAMANIDE

The cysteines and one tyrosine residue occur in almost
identical positions, assuming one or two deletions, in both
neurotoxins and this lytic factor. The carboxyl ends of the
molecules, from residue 38 (Iytic factor), are also very similar.
The most apparent difference lies in the amino terminal half,
where the lytic factor has predominantly hydrophobic amino
acids and the typical neurotoxin hydrophilic. The invariant
sequence found so far in all neurotoxins, Lys-X-Trp-X-Asp-
X-Arg-Gly-, occurring between residues 24 and 32, is also
missing in the lytic factor.
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Antamanide Conformations in Nonaqueous Media.

Dependence on Hydrogen-Bond Acceptor
Properties of Solvent®:1

Dinshaw J. Patel

ABSTRACT: Proton and carbon nmr studies and model building
were combined to generate conformations for antamanide in
nonaqueous solution. The conformation in weak hydrogen-
bond acceptor nonaqueous solvent (designated I) contains all
intramolecularly hydrogen-bonded peptide protons. This con-
formation occurs in rapid equilibrium with a conformation
with all peptide protons exposed to solvent (designated II) in
strong hydrogen-bond acceptor nonaqueous media. An
analysis of the multiplicity of the C* proline ptoton reso-
nances and the chemical shifts of the C® and C” proline carbon

Nuclear magnetic resonance (nmr) spectroscopy and
circular dichroism (CD) measurements were coupled with an
approximate theoretical treatment to determine the confor-
mational characteristics of the cyclic all-L-decapeptide anta-
manide (Tonelli ez al., 1971). Proton nmr decoupling and ex-
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{ This paper and the following paper both contain color plates,
Plates 1 and 2 of this paper appear on p 685.

resonances for the nmr spectra of antamanide in solution
suggests the presence of two cis and two trans X-Pro peptide
bonds. Conformations were generated with cis peptide bonds
either at Val;-Pro, and Phee-Pro; or at Pro,-Pros and Pro:-
Pros using Corey-Pauling-Koltun models which were in
agreement with the nmr data and energy maps. The experi-
mental evidence appears to be more consistent with the con-
formations 1,6-cis-I & 1,6-cis-II, containing cis peptide bonds
at Val;-Pro, and Phee-Pro;, for antamanide in nonaqueous
solution.

change studies for antamanide in CDCl; solution suggested
that the observable peptide N protons were neither hydrogen
bonded nor in solvent-shielded environments. The CD spec-
trum of antamanide (in methanol, dioxane, trimethyl phos-
phate, hexafluoroisopropyl alcohol) exhibited [6] > —100,000°
in the 190-205-nm region consistent with all X-Pro peptide
bonds in the trans conformation. The solvent-dependent CD
data exhibited no isosbestic point and were assigned to me-
dium effects rather than conformational changes. The lowest
energy cyclic conformation with all-trans peptide bonds gen-
erated in the theoretical portion of the study was not stabilized
by intramolecular hydrogen bonding and possessed a pseudo-
twofold center of symmetry (Tonelli et a/., 1971). The sugges-
tion of all-trans X-Pro peptide bonds from the CD data needs
reevaluation and is considered in detail later in the manuscript.
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In contrast to the above results is the preliminary published
report on the infrared (ir) and optical rotatory dispersion
(ORD) of antamanide in solution (Ivanov et «l., 1971). The
broad NH stretching band at ~3300 cm™! in CHCl; and
CH;CN-CCl, suggested that all six N protons of antamanide
participate in intramolecular hydrogen bonds. The ORD
curves of antamanide in the range 210-250 nm exhibited
strong solvent dependence (hexane-dioxane, methanol-water).
The presence of an isosbestic point at 230 nm suggested only
two forms of antamanide in equilibrium (Ivanov et al., 1971).

From CD and uv studies a conformational change was ob-
served for antamanide in nonpolar solvents on interaction
with cations or polar solvents (Faulstich et al., 1972). The
conformation formed on addition of water was suggested to
be similar to that of the Na complex. The unusually high
negative dichroism at about 230 nm was ascribed to n — 7*
transitions of transoid tertiary amide groups distorted out of
plane. The CD data were suggested to support an antamanide
conformation in nonpolar media, designated trans-M (Faul-
stich et al., 1972). The merits of conformation trans-M will
be evaluated at the end of this manuscript.

The investigations of antamanide in solution are thus in
disagreement on the number of intramolecular hydrogen
bonds and the number of solution conformations in equilib-
rium (Tonelli et al., 1971; Ivanov et al., 1971; Faulstich
et al., 1972). In order to shed further light on the subject, the
nmr studies have been extended to an investigation of an-
tamanide in several solvents. Model building coupled with
theoretical calculations were used to generate structures de-
fined in terms of the rotation angles ¢, ¥, and « (Edsall et al.,
1966) consistent with the additional nmr data. Recent nmr
(Torchia er al., 1972a,b; Deber et al., 1971; Torchia, 1972;
Wuthrich et al., 1972) and X-ray (Sobell er al., 1971) studies
of proline-containing peptides show the presence of cis X-
Pro peptide bonds. Thus, both cis and trans X-Pro peptide-
containing antamanide structures have been investigated.

Experimental Section

Nmr spectra were run on a 220-MHz Varian nmr spectrom-
eter equipped with a Varian variable-temperature unit. Ethyl-
ene glycol monitored temperatures to =1°. A Fabri-Tek
computer of average transients improved the signal-to-noise
ratio. A Hewlett-Packard 651B test oscillator was used to
carry out spin decoupling.

13C nmr spectra were run on an XL-100 spectrometer inter-
faced with an F&H pulse programmer and a Fabri-Tek com-
puter for operation in the Fourier transform mode (Sternlicht
and Zuckerman, 1972). Proton decoupling was carried out
under heteronoise conditions. Samples were dissolved in
deuterated solvent and the instrument was locked on solvent
deuterium.

Results and Discussion

The proton magnetic resonance parameters of interest are
the proton-proton coupling constant Jg¥g* in hertz, the tem-
perature coefficients of peptide N resonances in parts per
million per degrees centigrade and the H* chemical shifts in
parts per million. The coupling constant can be related to a
range of values of the rotation angle ¢ from the relationship
of Barfield and Karplus (1969). The temperature coefficient of
the peptide NH resonance has provided a useful probe in the
determination of the nature of the exchangeable proton (intra-
molecularly hydrogen bonded or exposed to solvent) (Kopple
1973
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et al., 1969a,b). Large temperature coefficients (>6 X 10-?
ppm/°C) are indicative of solvent exposure of peptide N pro-
ton while small temperature coefficients (<2 X 10~ ppm/°C)
are indicative of short coplanar intramolecular hydrogen
bonds. Temperature coefficients in an intermediate range
(~2-6 X 107% ppm/°C) may reflect either weak intramolecu-
lar hydrogen bonds, internal burial away from solvent of the
exchangeable proton, or a conformational equilibrium rep-
resented by structures where the peptide proton experiences
an average of intramolecularly hydrogen-bonded and solvent-
exposed environments. Unlike the N proton chemical shifts,
those of the H* proton exhibit smaller solvent dependence
and can be used as a qualitative measure of conformational
change.

Conformational calculations (Ramachandran er al., 1966;
Venkatachalam, 1968) and the subsequent X-ray crystal-
lographic investigations of proteins have provided informa-
tion on the nature and stability of intramolecular hydrogen
bonds. For a hydrogen bond between N—H and O=C, the
N--.O distance should be between 2.6 and 3.2 A and the
NH-NO angle < 30° (Ramachandran et al., 1966).

For a tetrapeptide sequence containing L residues and
trans peptide bonds only, the chain reverses its direction and
forms a type I intramolecular 1 <= 4 hydrogen bond when the
residue rotations at positions 2 and 3 have ¢,y values of
130,140° and 60,220° respectively. Low-energy bends within
=20° of these values are predicted (Venkatachalam, 1968;
Ramachandran et al., 1970). Since the distance between C*

130,140° 60,220°

residues at positions 1 and 4 is 4.8 lgx, the chain can be ex-
tended in either direction to form an antiparallel pleated sheet
held together by intramolecular hydrogen bonds (Venka-
tachalam, 1968).

For a tripeptide sequence of L residues and trans peptide
bonds only, intramolecular type 1 <— 3 hydrogen bonds are
generated when the residue rotations at position 2 have ¢
values in the region 95,230° (Ramachandran et al., 1966).

95,230°
o c

In addition to intramolecular hydrogen bonds of type I —
4, type 1 < 3, and antiparallel 8-sheet type discussed above,
one must consider helical conformations held together by
intramolecular hydrogen bonds. The 310 and « helices (130,
120-150°) contain 1 < 5 intramolecular hydrogen bonds.

The experimental results are outlined on the basis of the
hydrogen-bond acceptor properties of the solvent system in-
vestigated.
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FIGURE 1: The proton nmr spectrum of antamanide in CD;CN at 34°, The lines below the spectrum connect N, C*%, and C° protons of in-

dividual residues derived from spin decoupling experiments

TABLE I: Proton Nmr Spectral Parameters (Chemical Shifts, Coupling Constants, and Temperature Coefficients) for Antamanide

in Acetonitrile (34°).
Temp Coeff (ppm/°C)
HY H~ H? H" Juvg® Jeoyh Low Temp High Temp

Ala 7.83 4.23 1.04 8.5 —2.3 X103 0.45 x 10~
Val 7.02 4.54 1.99 0.96 8.5 2.5 X103 0.23 x 103
Phe® 7.47 4.47 8.0 —-2.7x 107 —1.7 X103
Phe 7.42 3.73 8.0 4.3 X 103 2.0 x 10
Phe 7.37 4.66 2.84,3.16 8.0 4.1 X103 1.6 X 1073
Phe 7.30 3.93 2.86

Pro 4.20 2.10 8.0, <1

Pro 4.06 2.02 8.0, <1

* Assigned to Phe, from Na ion binding studies outlined in the foilowing manuscript (Patel, 1973).

I. Nonagueous Weak Hydrogen-Bond Acceptor Solvents

Antamanide was investigated in polar CD;CN and non-
polar CD;CO;H. Both are weak hydrogen-bond acceptor
solvents.

The proton nmr spectrum of antamanide in CD;CN at 34°
is shown in Figure 1. Decoupling studies permit the assign-
ments shown below the spectra. The chemical shifts and cou-
pling constants are summarized in Table 1. The peptide cou-
plings, Ju¥u®, vary between 8.0 and 8.5 Hz for the five ob-
servable N protons. Two of the four proline H* protons are
doublets with Jy2x? = 8.0 and <1 Hz. The temperature de-
pendences of the peptide N protons of antamanide in CD3;CN
are plotted in Figure 2 and the slopes tabulated in Table I. The
data between 20 and 70° exhibit slopes of <2 X 1072 ppm/°C
for the Ala,, Vali, and three of the four observable Phe pep-
tide protons. The remaining Phe peptide proton is under the
aromatic resonances and cannot be detected.

The proton nmr spectrum of antamanide in CD;CO,H at
32.5° has been investigated by decoupling studies and the

data are summarized in Table II. The peptide couplings,
Ju¥we, vary between 6.5 and 8.5 Hz for all six peptide N pro-
tons. The temperature dependences of the peptide N protons
of antamanide in CD;CO,H are plotted in Figure 2 and the
slopes tabulated in Table II. The temperature coefficients for
Vali, Ala,, and two Phe peptide protons are <0 X 1073
ppm/°C while two Phe peptide protons (similar C* chemical
shifts at 4.30 ppm) exhibit slopes of 3-4 X 10~% ppm/°C.

The small or negative slopes (<2 X 1073 ppm/°C) as ob-
served for Ala,, Val,, and two Phe residues (presumably Phe,
and Pheg by symmetry) suggest the presence of short co-
planar intramolecular hydrogen bonds while the remaining
two Phe residues with similar C* chemical shifts (presumably
Phe; and Phe;; by symmetry) exhibit intermediate slopes (2—
4 X 10~% ppm/°C) suggesting the presence of weak intramo-
lecular hydrogen bonds or solvent-shielded amide protons.

For an L-prolyl residue succeeded by another L-prolyl resi-
due, i.e., for Pro; and Pro;, the pyrrolidine rings should have
the poly-L-proline II (tfrans peptide bonds) or poly-L-proline
12, No. 4, 669
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FIGURE 2: Temperature coefficient plots for antamanide in acetic acid and acetonitrile.

I (cis peptide bonds) geometry, namely ¢ = 310-340° (Cowan
and McGavin, 1955; Sasisekharan, 1959). For a residue pre-
ceding proline, conformational calculations predict ¢ to be in
the range 280-340° (Schimmel and Flory, 1968; Brant et al.,
1967).

The gramicidin S structure exhibits two type 1 <= 4 and
two antiparallel B-sheet type short coplanar intramolecular
hydrogen bonds (Hodgkin and Oughton, 1957; Schwyzer,
1959; Stern et al., 1968; Schwyzer and Ludescher, 1968;
Ovchinnikov et al., 1970).

Starting from a gramicidin S like structure (Figure 3) a con-
formation was derived from model building in which strong
intramolecular hydrogen bonds were formed by Ala,, Phe,
(type 1 < 4) and Val;, Phe, (antiparallel g-sheet type); the
Y values of Val;, Pros;, Phes, and Pro; are restricted to the
range 280-340° and dihedral angles ¢ for nonproline residues
are consistent with the experimentally observed coupling
constants Jy¥g® = 6.5-8.5 Hz. In this structural arrangement
the bends necessary for cyclization are made at the Pro resi-

Pro. R ? R Pro;
U
CH—C——N—CH
N co
s
C=0 H--N
/ AN
Val;, R—CH CH—R Ala,
AN /
N—H O=C
/ N
O= NH
N /
Phelo R—CH CH—R Phe5
/ AN
HN C=0
AN /
C=0 H—N
AN
Phe; R—CH CH—R Pheg
7
N—H O=C
AN
N I
CH-—N-—C—CH
I
Pros R O R Pro;

FIGURE 3: The gramicidin S backbone emphasizing four intra-
molecular hydrogen bonds; position of antamanide residues for
conformation 2,7-cis-1.
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dues. There are cis peptide bonds between Pro;-Pro; and
Pro;-Pros in this conformation. The rotation angles derived
fromt model building are summarized for the conformation,
designated 2,7-cis-I in Table III and Corey-Pauling-Koltun
(CPK) models presented in plate 1. For the peptide N protons
of Phe; and Phey, to participate in type 1 < 3 intramolecular
hydrogen bonds, the ¢, values of Ala, and Phey have to be
in the range (95,230°). For conformation 2,7-cis-I these val-
ues are in the range 90,270 and meet the condition for the hy-
drogen bond. Thus, the experimental requirements that Val;,
Phes, Ala,, and Phe; participate in short coplanar hydrogen
bonds and Phe; and Phe,, participate in weak intramolecular
hydrogen bonds are met by conformation 2,7-cis-1.

A conformation was generated from CPK models that
showed the following features. It exhibited cis peptide bonds
between Val;-Pro, and Phes-Pro;, ¢ values consistent with
experimental Jg¥g* coupling constants, Y values in the range
280-340° for Val,, Phes, Pros;, and Pro; in agreement with
conformational maps of an X residue in an X-Pro sequence
and short coplanar intramolecular hydrogen bonds for Val,,
Phes, Alas, and Phey and weak intramolecular hydrogen bonds
for Phe; and Phe;,. The backbone of this conformation, desig-
nated 1,6-cis-I, takes up a double helical-like geometry. The
rotation angles defining this conformation are outlined in
Table III and CPK models presented in plate 2.

The peptide N-H and O=C groups participating in the
intramolecular hydrogen bonds in conformations 2,7-cis-I
and 1,6-cis-1 are summarized in Table IV.

TABLE 11: Proton Nmr Spectral Parameters for Antamanide in
CD,CO.H (32.5°).

Temp Coeff
HY H~ H? HY Ju¥u* (ppm/°C)

Ala 8.25 4.59 1.18 8.0 —0.5 x 1078
Phe 8.08 4.94 8.5 ~0
Phe 8.00 4.30 7.5 3.8 X 1073
Phe 7.70 4.30 7.5 3.2 x10°°®
Phe 7.64 4.98 6.5 —-0.8 x 107¢
Val 7.45 4.61 2.18 1.01 8.0 —-0.2 x 10-¢
Pro 4.52
Pro 4.35
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FIGURE 4: The proton nmr spectrum of antamanide in dioxane at 45°,

Attempts to generate an all-trans peptide bond conforma-
tion that met the intramolecular hydrogen bond and the rota-
tion angle ¢ and ¥ requirements outlined above were unsuc-
cessful.

The above analysis predicts that antamanide conformation
in nonaqueous weak hydrogen-bond acceptor solvents is
represented by either 2,7-cis-I or 1,6-cis-1.

I1. Nonaqueous Strong Hydrogen-Bond Acceptor Solvents

Antamanide was investigated in nonpolar dioxane and
polar dimethylformamide. Both are good hydrogen-bond
acceptor solvents.

The proton nmr spectrum of antamanide in dioxane-d; at
45° is shown in Figure 4. Decoupling studies permit the
assignments shown below the spectra. The chemical shifts
and coupling constants are summarized in Table V. The six
peptide couplings, Jg¥ue, vary between 7.0 and 8.5 Hz. Two
of the four proline H* protons are doublets with Jy*g? =
8.0 and <1 Hz, while the remaining two C* proline protons
are multiplets. The temperature dependence of the peptide N
protons of antamanide in dioxane-ds are plotted in Figure 5
and the slopes are tabulated in Table V. The slopes range from

TABLE IiI: Predominant Antamanide Conformation in Non-
aqueous Weak Hydrogen-Bond Acceptor Solvents.”

Val,,Phes Pro.,Pro; Pro;,Pros Ala,,Phe, Phes,Phe;,

ol

HRRinl

2.4 X 1073 (Valy), 4.1 X 107? (Alay), and 3.6 X 103 (Phe,
He at 4.61 and 4.71 ppm) to 5.6 X 102 (Phe, H* at 4.35 and
4.48 ppm).

The temperature dependence of the peptide N protons of
antamanide in dimethylformamide-d; are plotted in Figure 5.
The slopes are in the range from 4.0 to 5.6 X 10~% ppm/°C
for the five observable residues.

The slopes in the strong hydrogen-bond acceptor solvents
(dimethylformamide, dioxane) are much larger than in the
weak hydrogen-bond acceptor solvents (CD;CN, CD;CO,.H).
The temperature data in dimethylformamide and dioxane
exhibit coefficients approaching =26 X 10® ppm/°C, a condi-
tion for solvent exposure of peptide N protons. It is proposed
that with increasing hydrogen-bond acceptor properties of
solvent, conformation(s) with all peptide protons exposed to
solvent are in equilibrium with the all-hydrogen-bonded
antamanide conformation discussed in the last section.

A conformation containing cis peptide bonds between
Pro,-Pro; and Pro;-Pros, and derived from 2,7-cis-I by rota-
tion of the ¢ angle at Pro; and Pros from 150 to 300°, was in-
vestigated. The conformation, designated 2,7-cis-II, exhibits
solvent-exposed protons and its rotation angles derived from
molecular model building are summarized in Table VI.

A conformation containing cis peptide bonds between Val;-
Pro, and Phes-Pro;, and derived from 1,6-cis-I by rotation of

TABLE 1v: Groups Involved in Intramolecular Hydrogen

2,7-cis-I ¢ 60 120 120 90 60 Bonds for Conformations 2,7-cis-I and 1,6-cis-I.

¥ 300 330 150 270 300

w 0 180 0 0 0 2,7-cis-1 1,6-cis-1
1,6-cis-I ¢ 60 120 120 30 60 Ne—H ~~ O—C N—H ~~ O—C

¥ 330 330 270 120 120

w 180 0 0 0 0 Val; Ala, Val, Phe;

Ala, Val; Ala, Pheio
“ Rotation angles defined as in Edsall et al. (1966). The Phes Phe, Phes Val,
rotation angles ¢, ¥, and w are for conformations 2,7-cis-I Phe, Phe; Phe, Phe;
and 1,6-cis-1, candidates for the antamanide conformation in Phe; Pro; Phe; Pro.
poor hydrogen-bond acceptor solvents. Phe;, Pros Pheyq Pro;
BIOCHEMISTRY, VOL. 12, Nno. 4, 1973 671
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FIGURE 5: Temperature coefficient plots for antamanide in dioxane and dimethylformamide,

TABLE V: Proton Nmr Spectral Parameters for Antamanide in Dioxane (45°).

HYN H* Hf H” Ja¥ e Ju*uf Temp Coeff (ppm,°C)
Ala 8.42 4.41 1.21 8.5 4.1 x 1073
Val 7.44 4.43 2.00 0.95 8.5 2.4 x 1073
Phe 4.61 3.08 8.3 3.6 x 1073
Phe . 4.71 2.96,3.26 7.0 3.7 X 1073
Phe 7.61 4.35 3.08 7.7 5.6 X 1073
Phe 7.36 4.48 2.82,3.12 8.0 5.6 X 1073
Pro 4.21 2.10 8.0, <1
Pro 4.06 2.23 8.0, <1
Pro 3.78 2.06,1.70 7.5,7.5
Pro 3.46 1.88,1.66 9.0,4.5

the ¢ angle at Pro; and Pros from 270 to 150°, was investi-
gated. The conformation, designated 1,6-cis-1I, exhibits sol-
vent-exposed protons and its rotation angles derived from
molecular model building are summarized in Table V1.

A low-energy conformation with solvent-exposed peptide
N protons and containing all-trans peptide bonds has been
proposed previously by our group (Tonelli ef al., 1971).

Conformations 2,7-cis-II and 1,6-cis-II exhibit ¢ values

TABLE Vi: Predominant Antamanide Conformation in Non-
aqueous Strong Hydrogen-Bond Acceptor Solvents.”

Val,,Phes Pros,Pro; Pro;Pros Alay,Phe, Phe;s,Pheq

2,7-cis-Il ¢ 30 120 120 60 90
v 300 300 330 300 270
w 0 180 0 0 0
1,6-cis-I ¢ 30 120 120 90 30
¥ 300 330 120 300 330
w 180 0 0 0 0

? Rotation angles defined as in Edsall er al. (1966). The
rotation angles ¢, Y, and w are for conformations 2,7-c¢is-II
and 1,6-cis-II, candidates for the antamanide conformation
in strong hydrogen-bond acceptor solvents.

672 BIOCHEMISTRY, voL. 12, No. 4, 1973

consistent with Jgy¥g* = 7.0-8.4 Hz and ¢ values for Val,,
Pro., Phes, and Phe; in the range 280-340° consistent with
conformational maps of X residues in an X-Pro sequence.
Since these conformations exhibit no intramolecular hydro-
gen bonds, they are flexible structures and the rotation angles
in Table VI are representative of a conformation in a group
of low-energy structures.

The above analysis predicts either conformation 2,7-cis-11
or 1,6-cis-II to be the predominant antamanide conformation
in nonaqueous strong hydrogen bond acceptor solvents.

111. Exchange Processes between Solvent-Dependent
Antamanide Conformations

In the previous two sections it was suggested that the con-
formation of antamanide in nonaqueous solution was depen-
dent on the hydrogen-bond acceptor properties of solvent.
A rigid conformation (either 2,7-cis-I or 1,6-cis-1) held to-
gether by intramolecular hydrogen bonds of all six antamanide
peptide N protons exists in weak hydrogen-bond acceptor
nonaqueous solvents while a flexible conformation (either
2,7-cis-I1 or 1,6-cis-II) with all peptide N protons hydrogen
bonded to solvent exists in strong hydrogen-bond acceptor
nonaqueous solvents.

It is necessary to consider whether the solvent-dependent
equilibrium I <2 II is in slow or fast exchange. Studies on the
solvent dependence of the proton nmr spectra of cyclo(Pro-
Gly-Ser), (Torchia et al., 1972b) and cyclo(Pro-Gly)s (Deber
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et al., 1971) established that separate sharp nmr spectra are
observed under conditions of slow exchange between confor-
mations with cis peptide X-Pro bonds and those conforma-
tions with trans peptide X-Pro bonds. These features are con-
sistent with the barrier to cis-trans peptide bond isomeriza-
tion of ~20 kcal/mol. By contrast, average spectra consistent
with rapid exchange among conformations are observed when
rotation angle changes are located at ¢,y values only (Torchia
et al., 1972a,b; Patel and Tonelli, 1973).

Addition of CD;CO,H to antamanide in CDCl; results in
large changes in the H* chemical shifts (Figures 6 and 7). (By
contrast, addition of i-PrOH to antamanide in CDCl; had no
effect on the H* chemical shifts.) This suggests an acid-depen-
dent variation in the populations of conformations I and II
in the equilibrium I & II for antamanide in nonaqueous solu-
tion. The gradual addition of CD,CO,H from 0 to 6% to
antamanide in CDCl; results in shifts of the individual reso-
nances without doubling of their spectra (Figures 6 and 7).

The N, H%, H? and CH; protons of the individual amino
acids of antamanide in a particular solvent (CDCl;, CD;CN,
CD;CO,;H, dioxane, and dimethylformamide) do not show
doubling of spectra.

The data are consistent with a rapid equilibrium for I == II
without cis-trans peptide bond isomerization in nonaqueous
solvents.

1V. The X-Pro Peptide Bond

Trans peptide bonds have been observed for linear peptides
containing a-amino acids. For imino acids, like proline, the
X-Pro peptide bond can be cis or trans.

o chain
Y
=N Ne=x
/ H o/ H
chain H C H H C H
07\ 0”7\
chain chain
cis trans

Ramachandran er al. (1970) showed that cyclization of a
peptide was facilitated by the presence of either p-amino
acid(s) or glycine(s) in an L-amino acid sequence. The cyclic
decapeptide antamanide contains neither D-amino acids nor
glycines. However, it contains a high proline content and
cyclization may be facilitated by the presence of cis peptide
bonds.

In our earlier contribution (Tonelli et al., 1971), N-acetyl-
Pro-methyl ester was used as a model system for CD studies.

PEPTIDE C*H PEPTIOE NH
g pro
§ 40— v 78
= \\_e_m w‘
g pro, phe® "h’:
@ k:tbo e
aza
\o—e\,_o phe”
3 50—

01 234568 01 2 34568

% ADDITION OF ACETIC ACID
TO ANTAMANIDE IN CHLOROFORM

FIGURE 7: Plots of chemical-shift changes for N and C* antamanide
protons in chloroform on gradual addition of acetic acid.

For each trans X-Pro peptide bond, a contribution of [0], =
—20,000 to — 30,000 deg cm?/dmol for the 7—#* 190-205-nm
band was deduced. Since antamanide in a series of solvents
exhibited [0],; ~ —150,000 deg cm?/dmol in the 190-205-nm
region it was suggested that all four X-Pro peptide bonds were
trans. Conformational analysis of antamanide in solution
was therefore restricted to trans X-Pro bonds (Tonelli et al.,
1971). Faulstich e al. (1972) have reported on the synthesis
and CD spectra of perhydroantamanide in solution. (The
phenyl rings are reduced in perhydroantamanide.) For per-
hydroantamanide in methanol, [fl;; = —70,000 deg cm?/
dmol in 195-210-nm region, suggesting that half the rotation
observed for antamanide in solution in the = — #* region
originates in the four aromatic rings.

The CD data no longer support the premise that all four
X-Pro peptide bonds in antamanide are trans (Tonelli et al.,
1971), and molecular model building and conformational
calculations must consider cis X-Pro peptide bonds for
antamanide conformations in solution.

The proline H* proton chemical shift along with its splitting
pattern due to coupling to H* protons are characteristic for
cis and trans X-Pro peptide bonds.

Cyclotriproline contains only cis peptide bonds and its
spectrum in CD.Cl; gave an H* doublet at 5.05 ppm, Ju*s?
= 7.0 and 1.4 Hz (Deber ez al., 1971). The X-Pro peptide bond
in evolidine has been assigned a cis configuration and exhibits
an H® doublet at 4.26 ppm, Jzx? = 8.0 and 0 Hz (Kopple,
1971). By contrast, polyproline II in D,O which contains only
trans peptide bonds gave an H* multiplet at 4.7 ppm, Jy*g? =
8.5 and 5.5 Hz (Torchia, 1971).

cyclo(Pro-Gly-Ser), in Me,SO and DO exhibits two sets of
spectra for conformations containing cis peptide X-Pro and
trans peptide X-Pro bonds in slow exchange. The cis X-Pro
peptide bond conformation exhibits an H* proline doublet at
4.75 ppm while the trans X-Pro peptide bond conformation
exhibits an H* proline multiplet at 4.35 ppm (Torchia et al.,
1972a). cyclo(Pro-Gly)s in CD,Cl; exhibits cis X-Pro peptide
bonds and the 4.75-ppm proline H* resonance is a doublet.
cyelo(Pro-Gly);-Na in Me,SO exhibits trans X-Pro peptide
bonds and the 4.35-ppm proline H* resonance is a multiplet
(Deber et al., 1971). The chemical shift and multiplicity of
proline H® resonances are summarized in Table VIL.

In summary, for a conformation containing cis and trans
X-Pro peptide bonds, the proline H* resonance is a doublet
for the cis X-Pro peptide bond and a multiplet at higher field
for the trans X-Pro peptide bond.

In the nmr study of antamanide in solution, the investiga-
tions were undertaken in the solvents CD;CO:H, CDiCN,
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FIGURE 8: The heteronoise proton-decoupled *C nmr spectrum of
antamanide in CD;CN at 50°,

dioxane-ds, CDCl;, and C¢Ds. In all these solvents, two proline
C® resonances were doublets (Jy*g® = 8 and <1 Hz) and
came downfield from the remaining two proline C* resonances
which were multiplets (see Table I and Table V for data in
CD;CN and dioxane-ds). The proline H® splitting pattern in
the proton nmr spectra strongly suggests that two X-Pro pep-
tide bonds are cis and two are trans for antamanide in non-
agueous solution,

The heteronoise proton-decoupled '*C spectrum of anta-
manide in CD;CN at 50° is outlined in Figure 8. Chemical
shifts are referenced relative to CS; and assignments based on
comparison with amino acid spectra. The assignments are
summarized in Table VIIL.

From a study of a series of proline-containing peptides with
cis and trans X-Pro amide bonds, Dorman and Bovey (1972)!
noted that the C® and C” proline chemical shifts reflected the
geometry of the peptide bond. The model systems used were
N-acetylproline (cis and trans), N-acetylproline methyl ester
(cis and trans), N-acetylproline amide (cis and trans), Gly-Pro
(cis and trans), cyclo(Pro-Ser-Gly), (trans), and polyproline 11
(trans). It should be noted that the geometry at the Pro y angle
(i.e., cis’ or trans’) may also have to be considered. In the
above model systems Pro ¢ is trans’.

For cis and trans X-Pro peptide bonds, the proline C”
resonances have chemical shifts at 170.4 % 0.3 and 168.5 +
0.3 ppm, respectively, in the model systems. This permits
assignment of antamanide proline C” resonances at 170.4

! Dorman, D, and Bovey, F. A. (1972), manuscript in preparation.
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TABLE ViI: Compilation of Proline H* Chemical Shifts and
Multiplicity for Proline-Containing Peptides.

Proline H* Chem
Shift (ppm)

Compound Solvent Cis® Trans®
cyclo(Pro-Gly-Ser), DO 4.4
Mezso 4, 2
cyclo(Pro-Ser-Gly). DO 4.4
Me,SO 4.7 4,25
cyclo(Pro-Pro-Pro) CD.Cly 5.05

Poly(L-proline)-1I D,O 4.7

t-Boc-Gly-Pro-OH Me, SO 4.5 4,25
(S-Bzl)-Cys-Pro-Leu-  Me,SO 4.6 4.4
Gly-NH.
Evolidine Me,SO 4.26
Dimethyl- 4.41
formamide
Poly(Pro-Gly) D,O— 4.6 4.35
CD;CO:D
Me,SO 4.5 4.4
Poly(Gly-Gly-Pro-Gly) D,O— 4.6 4.4
CD;CO:D
Me,SO 4.5 4.3
Actinomycin D 3.9-4.3¢
cyclo(Gly-Pro); CD.Cl, 4.75
cyelo(Gly-Pro)s-Na Me,SO 4.35

¢ H* resonance is a doublet. > H* resonance is a multiplet.
¢ Fine structure of C* resonance undetermined.

and 171.2 ppm to cis X-Pro peptide bonds while two proline
C” resonances at 167.6 ppm are assigned to trans X-Pro pep-
tide bonds (Table VIII).

For cis and trans X-Pro peptide bonds, the proline C?
resonances have chemical shifts at 161.5 == 0.4 and 163.8 = 1.1
ppm, respectively, in the model systems. This permits assign-
ment of antamanide proline C? resonances in the region 161.2
=+ 0.4 ppm to cis X-Pro peptide bonds while the Pro C?
resonances at 163.7 and 164.0 ppm are assigned to trans X-Pro
peptide bonds (Table VIII).

The 3C nmr data strongly suggest that two X-Pro peptide
bonds are cis and two are trans for antamanide in CD3CN.

V. Discussion of Conformations

The solvent-dependent conformational behavior of anta-
manide in nonaqueous solution can be represented as one of
two possibilities: 2,7-cis-1 &2 2,7-cis-I1; 1,6-cis-1 = 1,6-cis-11.
The equilibrium shifts toward II in strong hydrogen-bond
acceptor solvents. Some features of these conformations are
discussed below.

The peptide NH resonance of Ala, in antamanide in non-
aqueous solvents comes downfield from the remaining peptide
NH resonances (Figures 1, 4, and 6). For conformation 2,7-
cis-1, Ala, peptide NH forms an intramolecular type 1 < 4
hydrogen bond. It has been observed that protons participat-
ing in type 1 < 4 intramclecular hydrogen bonds come upfield
from the remaining peptide NH protons (Urry and Ohnishi,
1970; Torchia et al., 1972a,b). Under these conditions, the
Ala; peptide NH in the 2,7-cis-1 conformation would be ex-
pected to come at high fields in direct contradiction with ex-
periment.



CONFORMATION OF ANTAMANIDE

TABLE vii: 1*C Chemical Shifts (Ppm Relative to CS,) for
Antamanide in CD;CN at 50°.

CH;, Ala,Val 176.5,174.8, 173.8
C?, Pro 171.2,170.4, 167.6, 167.6
C?, Pro 164.0, 163.7
C?, Pro,Val 161.6, 161.0, 160.8
C*, Phe 157.5,156.9, 156.1, 154.7
C?, Pro 145.9,145.8,144.7, 144.3
C?, Ala,Phe 143.1, 140.5
C?, Phe 136.5,136.5
C?, Phe,Val 135.2,134.9
C2, Pro 133.8,133.5,131.7, 131.5

Pro,Pro- Pro,Pros

2 3
Oy H
Val,Phe, Ala,Phe,

Antamdnide forms a complex with Na ion in nonaqueous
solvents. The metal ion coordinates with the carbonyl groups
of the cyclic peptide. Thus a cluster of carbonyls in the non-
complexed conformation may be a prerequisite for complexa-
tion. In conformation 2,7-cis-I there is no cluster of carbonyl
groups (plate 1) while a set of four carbonyls in a cluster in
1,6-cis-1 may serve as a recognition site for Na complexation
(plate 2).

A definitive selection between these two possibilities can be
approached by incorporation of proline-H*-d, at either posi-
tions 2 and 7 or 3 and 8. Identification of Pro H® proton
doublets with particular proline residues would permit loca-
tion of the cis peptide bonds.

V1. Conformation trans-M

An Evaluation. Ivanov et al. (1971) have proposed an
antamanide conformation in nonpolar media, designated
trans-M. All peptide bonds are trans, and Faulstich et al.
(1972) point out that the peptide bond between Val;-Pro,
and Phes-Pro; departs 30° from the planar trans configuration
for this conformation. The rotation angles have not been re-
ported but can be deduced from a CPK model of conformation
trans-M built from a drawing reported by Faulstich e al.
(1972). They are shown in Table IX.

A value of y = 310° is predicted from energy calculations
for an L-prolyl residue succeeded by another L-prolyl residue
and observed experimentally for polyproline I, polyproline II,
and model fragments containing proline sequences (Cowan
and McGavin, 1955; Sasisekharan, 1959; Schimmel and Flory,
1968). Thus, the assignment ¥pro, = ¥pro, = 120° for con-
formation trans-M suggests a very high conformational energy.
By contrast Go and Scheraga (1970) have pointed out that the
first Pro in a Pro-Pro sequence may exhibit ¢ = 120° if a
flexible geometry is permitted for the Pro ring.

There are two sets of bends in conformation trans-M stabi-
lized by type 1 < 4 intramolecular hydrogen bonds. The
first set involves two proline residues at positions 2 and 3 with
a trans peptide bond between them. Venkatachalam (1968)
has shown that a 1 <= 4 bend can be made with ¢y
values of 120,150 and 120,150° for positions 2 and 3 respec-

TABLE IX
Proz,Pro7 Pros,Pros Ala4,Pheg Ph’es,Phem Vall,Phee
@, deg 120 120 90 250 240
¥, deg 120 150 150 90 300

tively. However, this holds only if there are nonproline residue
at positions 3 and 4 so that y values at positions 2 dnd 3 can
assume values of ~150°, For conformation trans-M, Pro;

(120,120°) (120,150%)
Pro,Pro; Pro;Pros
2 3
O H
Val,Phe, Ala,Phe,

and Pros occupy position 3 of a type 1 <4 bend.
The second set of type 1 <— 4 bends in frans-M is shown be-
low. For L-amino acids, trans peptide bonds and proline

(120,150°)
ProsProg

(90,150°)
Ala,Phe,

Pro,Pro: Phe,Phe,,

(¢, = 120,150°) at position 2, conformational calculations
(Venkatachalam, 1968) predict a type I bend with ¢, ¢ =
60,240° at position 3. It is apparent that ¢,y = 90,150° for
Ala,,Phes at position 3 in conformation frans-M does not meet
this requirement. Thus both bends stabilized by type 1 < 4
intramolecular hydrogen bonds in conformation trans-M may
be energetically unfavorable.

The peptide N protons of Ala,, Phe,, Phe;, arid Phe,, form
short linear type 1 < 4 intramolecular hydrogen bonds and
the peptide N protons of Val, and Phes form weak type 1 < 3
intramolecular hydrogen bonds in conformation trans-M.
Experimentally, Alay, Val;, and two Phe residues (presumably
Phe, and Phe; by symmetry) have slopes of <2 X 10-2 ppm/
°C while the remaining two Phe residues (presumably Phe;
and Pheyp) exhibit slopes of ~4 X 10~ ppm/°C for anta-
manide in poor hydrogen-bond acceptor nonaqueous solvents.
Thus antamanide conformation trans-M does not meet the re-
quirements set by the temperature coefficient data.

The ¢ values for Phe; and Phe,, are 250,90° for conforma-
tion rrans-M. Approximate intramolecular potential energy
calculations (Brant and Flory, 1965; DeSantis er al., 1965;
Ramakrishnan and Ramachandran, 1965) do not predict an
energy minimum in this region of the conformational energy
map. By contrast, approximate quantum mechanical calcula~
tions (Pullman and Maigret, 1972) and calculations by Crippen
and Scheraga (1969) suggest an energy minimum at ¢}
(250,90°) for L-amino acid residues.

Finally, conformation trans-M exhibits two nonplanar
trans peptide bonds. Winkler and Dunitz (1971) have evalu-
ated the effect of small departures from the planarity of the
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peptide bonds. A departure of 30° from planarity, however,
only serves to raise the conformational energy of structure
trans-M.

Summary of Conclusions

The solution conformations of antamanide in nonaqueous
solution have been reinvestigated. The temperature coeffi-
cients of the peptide NH resonances in poor hydrogen-bond
acceptor solvents suggested a conformation involving four
strong and two weak intramolecular hydrogen bonds while the
coefficients in strong hydrogen-bond acceptor solvents sug-
gested a conformation with solvent-exposed peptide protons.
The observation of average proton nmr spectra suggests rapid
equilibrium among conformations and rules out cis-trans
peptide bond isomerization. The multiplicity of the H* proline
protons and the carbon chemical shifts of the C* and C? pro-
line residues in antamanide are consistent with two cis and two
trans X-Pro peptide bonds. Low-energy conformations con-
structed from model building were generated with cis peptide
bonds between Phe¢-Pro; and Vali-Pro, (conformations 1,6-
cis-1 &2 1,6-¢cis-II) and also with cis peptide bonds between
Pros-Pros and Pros-Pro; (conformation 2,7-cis-1 & 2,7-cis-II).
These conformations exhibited ¢ values consistent with
Jir¥p® coupling constants, Y values in the range 280-340 for
the X residue in the X-Pro sequence, intramolecular hydrogen
bonds suggested from temperature coefficient and exchange
data, and rotation angles consistent with low-energy regions
of conformational maps. These conformations are defined in
terms of ¢, ¥, and w rotation angles and photographs of CPK
models presented. The experimental evidence appears to be
more consistent with the conformations 1,6-cis-I = 1,6-cis-II,
containing cis peptide bonds at Val;-Pro, and Phe¢-Pro-, for
antamanide in nonaqueous solution. The conformation for
antamanide in nonpolar media suggested by Ivanov et al.
(1971) and Faulstich et al. (1972) is reviewed.
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