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Reaction 2 is controlled by an activation process so that a
change of dielectric properties affects reorganization of the
solvent around both the reactant and the activation complex.
The reaction is enhanced in polar media. Results in Figure 2b
show that the slopes, @ In k5/9(1/¢), depend on the nature of
the nonaqueous component. The slopes of the straight lines are
—60, —120, and —170 for water-ethanol, water-glycerol, and
water-sucrose solutions, respectively. This indicates existence
of specific solvation and interaction of reacting species with
the solvent shell at the initial and transient states.
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Conformational Studies of Tentoxin by Nuclear
Magnetic Resonance Spectroscopy. Evidence for a New
Conformation for a Cyclic Tetrapeptide
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Abstract: The conformations of the phytotoxic cyclic tetrapeptide tentoxin, cyclo-(L-MeAlal-L-Leu2-MePhe[(Z)A]3-Gly4)
and the analogues, L-Pro!-tentoxin and N-L-[methyl/-13C]Alal-tentoxin, have been studied by 'H and !3C NMR in chloro-
form, and by ultraviolet and circular dichroism spectroscopy in methanol. The data from these studies indicate that the three
compounds have essentially the same conformation and that the conformation previously proposed for tentoxin is incorrect.
A new conformation is proposed for tentoxin with the following torsion angles: ¢1, —80°, ¥, =10°; ¢, —120°, ¥, +70°; ¢3,
—90°, 3, —20°; ¢4, —120°, Yy, +70°. The new ring conformation differs from the centrosymmetric conformation previously
proposed for tentoxin by the sign reversal of the torsion angles V4,01 while ¢2,¥2, ¢3,¥3, and all w torsional angles are un-
changed. The conformation proposed for these compounds is a new conformation for the 12-membered cyclic tetrapeptide ring

system.

Tentoxin (1) is a phytotoxic cyclic tetrapeptide produced
by the plant pathogen Alternaria tenuis.2 When applied to
germinating seedlings, tentoxin causes chlorosis in some plant
species but has little apparent effect on others.? This selective
toxicity has been linked to the presence in susceptible species
of a high affinity (kasec = 2 X 108 M) tentoxin binding site?
on chloroplast coupling factor 1 (CF}), a key protein involved
in chloroplast synthesis of ATP.3 Resistant species usually
contain a form of CF; which does not bind tentoxin tightly.

The configuration and sequence® of the amino acids in
tentoxin and the configuration of the double bond in the V-
methyldehydrophenylalanyl residue (MePhe[(Z)A])7 are well
established and have been confirmed by total synthesis.®-? In
addition, a conformation was proposed® for tentoxin (Figure
la), by analogy to that observed by Dale and Titlestad for
several model cyclic tetrapeptides (Figure 1b),!0 based on the
close similarity in the 'H NMR chemical-shift and coupling
constant data for the two systems.®® However, whereas the
Dale-Titlestad conformation (Figure 1b) has been confirmed
by x-ray crystallography,!! no substantiating evidence for the
proposed tentoxin conformation has been reported.

We first came to question the proposed tentoxin confor-
mation® as a result of synthesizing the analogue D-MeAla!-
tentoxin (2) which differs from 1 only in the stereochemistry

0002-7863/78/1500-2212%01.00/0

of the methyl group at C-11 (see Figures la and 1b for the
numbering used here). Examination of molecular models of
tentoxin in conformation la revealed that the alanine 8-carbon
was about 2.3 A from the glycine a-carbon at C-8. This car-
bon-carbon distance is very close and should be very hin-
dered.!? It was expected that the alanine 3-carbon would be
in an unhindered, “pseudoequatorial” position in the D-MeAla
analogue 2 and therefore would be no less stable than tentoxin
1. In fact, when synthesized, D-MeAla!-tentoxin was found
to exist in several conformations, two of which could be iso-
lated,® and this occurrence of multiple conformations was in-
consistent with conformation 1a.

As a result we decided to test the proposed tentoxin con-
formation by synthesizing the analogue, L-Pro!-tentoxin (3),
in which L-proline replaces L-N-methylalanine. The five-
membered ring of proline limits the C2~N-Ca-C# vicinal bond
angle to values less than +£0-20° whereas, in the proposed
conformation for tentoxin (Figure 1a), the C~N-C-C# vicinal
bond angle is about 130°. Thus, L-Pro!-tentoxin (3) cannot
exist in a conformation directly analogous to that proposed for
tentoxin. If 3 were synthesized and found to have similar
conformational and biological properties to tentoxin 1, then
the proposed conformation shown in Figure la could not be
correct.

© 1978 American Chemical Society
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Table I. NMR Parameters of Tentoxin and L-Pro-Tentoxin?

2213

Methyldehydro-
1-position Leucine phenylalanine Glycine
Alanine
Tentoxin CeH 43 CeH 4.16 (8.9) CeHs 7.27 CH; 5.2(10,15)
CfH; 1.52 CiH; 0.52 CSH  7.75 CH, 3.51(2,15)
N-Me 2.77 CiH; 0.61 N-Me 3.19 NH 797(10,2)
NH 7.2(8.9)
Proline
L-Pro-Tentoxin CeH 4.49 CeH 4.4 (7) C¢Hs 741 CH; 5.13(14.8,10.5)
CSH 241 CfH,; 0.51 CPH 17.76 CH, 3.54(1438,1)
CSH  1.59-2 CiH; 0.63 N-Me 3.19 NH 7.93(105,1)
CYH,
CiH, 3.54 NH 7.3(7)

a Taken in chloroform-d solutions with tetramethylsilane added as internal reference. Data are reported in parts per million from Me4Si

with coupling constants in hertz.

CH H 'l' cn(cu,),
< N cu 0
c“ _N
cu,
o

Figure 1. Conformation of cyclic tetrapeptides: (a) conformation proposed
for tentoxin;® (b) cyclotetrasarcosyl;!? (¢) dihydrochlamydocin,!8

L-Pro!-tentoxin (3) was synthesized by cyclization of H-
Pro-Leu-MePhe[(Z)A]-Gly-OTcp in pyridine at 90 °C as
described® and isolated in 30% yield. The 'H NMR spectra of
1 and 3 in chloroform-d are shown in Figures 2 and 3 and the
chemical-shift and coupling constant data are given in Table
I. The spectrophotometric properties of tentoxin 1 and L-
Pro!-tentoxin (3) are remarkedly similar, particularly the
chemical shifts and coupling constant data for the glycyl pro-
tons and the dehydrophenylalanyl vinyl proton. As described
later in this text, these latter resonances are very sensitive to
conformational changes. The circular dichroism spectra for
tentoxin and L-Pro!-tentoxin are shown in Figure 4. Further-
more, the biological activity of L-Pro'-tentoxin as an inhibitor
of the CF,-ATPase was indistinguishable from that of tentoxin
(Figure 5).

Tentoxin

1IN

Figure 2 'H NMR spectrum (270 MHz) of tentoxin in chloroform-d.
Values reported are in parts per million from internal tetramethylsilane.
Singlet at 7.23 ppm is from chloroform. Insert: 90-MHz spectrum of glycyl
inner porton.

L-Pro Tentoxin

‘ o rz

A M

7.G37. 4 74 521 448355 319 24 198 165

Figure 3. 'H NMR spectrum (270 MHz) of L-Pro!-tentoxin taken in
chloroform-d. Values reported are in parts per million from internal Me4Si.
Singlet at 7.2 ppm is due to chloroform. Insert: 90-MHz spectrum of glycyl
inner proton.

6351

The close similarity between the spectrophotometric and
biological data of tentoxin and L-Pro!-tentoxin indicates that
their conformations must be closely related. Since L-Proi-
tentoxin cannot adopt a conformation analogous to the one
shown in Figure la, the conformation proposed® for tentoxin
cannot be correct. We report here conformational studies of
tentoxin (1), L-Pro!-tentoxin (3), and N-L-[methyl-13C]-
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Figure 4. Circular dichroism spectrum of tentoxin (X—X) and L-Pro!-
tentoxin (~—-) in methanol.
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Figure 5. Inhibition of coupled electron transport in lettuce chloroplasts
by the tentoxin analogues tentoxin (+—-); L-Pro'-tentoxin (+—x).

Alal-tentoxin (4) and propose conformations for these mole-
cules that show the two cyclic peptides are conformationally
congruent and are different from the one originally proposed
for tentoxin.

Experimental Section

The syntheses of tentoxin, L-Pro!-tentoxin, and the !3C-labeled
analogue 7 by cyclization of the corresponding trichlorophenyl esters
in pyridine have been reported.? Cyclic tetrapeptides 1, 3, and 7 used
in this study were analytically pure. The 'H NMR spectra at 270
MHz were obtained on a Bruker WH270 spectrometer in the De-
partment of Biochemistry, University of Wisconsin—Madison, and
at 90 MHz using a Bruker HX-90E pulse Fourier transform NMR
spectrometer interfaced with a Nicolet 1080 computer and disk unit.

Journal of the American Chemical Society |/ 100:7 | March 29, 1978

Hz
80

_70 /

-60 } °

_50 t°

!

10 20 30 40 50 60 70
mg/mi

Figure 6. Concentration dependence of L-Prol-tentoxin amide protons in
chloroform-d. Scale: glycine NH (@) 750-780 Hz; leucine NH (0)
650-680 Hz.

Spectra of peptides were obtained at concentrations between 1 and
40 mg/mL in chloroform-4 solutions containing tetramethylsilane
as internal standard. The 13C NMR spectra were recorded on the
Bruker HX-90E. The solution concentration was varied between |
and 40 mg/mL. Above 10 mg/mL concentrations, a loss in resolution
was observed.

Ultraviolet spectra were determined in methanol using a Cary 14
spectrometer. The circular dichroism spectra were measured on a Cary
16 equipped with circular dichroism attachment.

The biological activity of L-Pro!-tentoxin was determined following
the reported procedure.?

Results

Analysis of the Conformation of L-Prol-Tentoxin (3). Solvent
Exposure of Peptide Protons. Concentration-dependent
chemical shifts for amide protons have been interpreted to
indicate intermolecular hydrogen bonding while concentra-
tion-independent chemical shifts can indicate either the proton
is intramolecularly hydrogen bonded or is shielded from sol-
vent.!3 The concentration dependence of the chemical shift of
the glycine amide proton of L-Pro!-tentoxin (3)!4 in chloroform
is shown in Figure 6.

At concentrations greater than 11 mg/mL the chemical shift
does not vary appreciably. This indicates that the molecules
are becoming intermolecularly hydrogen bonded through
aggregation. The 13C NMR spectra (not shown) taken at these
higher concentrations show a marked broadening of the carbon
resonances. Aggregation of peptides at higher concentrations
has been shown previously to contribute to line broaden-
ing.!5

At concentrations between 2.5 and 10 mg/mL the glycyl
NH chemical shift is concentration dependent with a slope
equal to 0.0063 ppm/mM. This concentration dependency is
less than that observed for nonintramolecularly hydrogen-
bonded protons in protected tetrapeptides in chloroform (0.012
ppm/mM) but greater than that attributed to intramolecularly
hydrogen-bonded protons (slope = 0.000 ppm/mM)i3 and
indicates that the glycyl NH in L-Pro'-tentoxin is probably not
intramolecularly hydrogen bonded, but may be shielded
somewhat from solvent. Some intermolecular aggregation may
persist even at the higher dilutions.

Configuration Sequence of Amide Bonds. In addition to
preventing the occurrence of certain conformations, the sub-
stitution of L-proline for L-N-methylalanine enables the ge-
ometry about the Gly-Pro amide bond to be determined by 13C
NMR.!6 The 13C NMR of L-Pro!-tentoxin showed only five
resonances (21.7, 21.92, 23.93, 22.18, and 30.77 ppm) between
0 and 32 ppm and these are assignable to the prolyl 8- and v-
and leucyl ¥- and two 6-carbons. Since the leucyl y-carbon
reported resonates between 24 and 26 ppm, the prolyl y-carbon
must be the 22.18-ppm (or lower) signal, and therefore the
Gly-Pro amide bond is cis (A% = 8.6 ppm).
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The 13C NMR carbonyl chemical shift also has been re-
ported to provide information about amide bond geometry.
Grathwohl et al.!” have shown that the 13C NMR chemical
shift of a glycine carbonyl carbon is about 166 ppm in a cis
amide bond and about 169 ppm in a trans amide bond. Car-
bonyl carbons of alanine resonate at 169 ppm in cis amide
bonds and at 172 ppm in trans amide bonds (Table II).

The chemical shift at 165.47 ppm in L-Pro'-tentoxin (Table
I) is consistent with the already assigned cis-Gly-Pro amide
bond, and the resonances at 173.2 and 172.56 ppm are con-
sistent with trans amide bonds. The resonance at 170.7 ppm
cannot be assigned to either a cis or a trans amide bond on the
basis of the 13C NMR data but is assigned a cis configuration
on the basis of ultraviolet absorption data which are presented
in detail in the following section titled The MePhe[(Z)A] Unit.
Thus, L-Pro'-tentoxin contains no more than two cis amide
bonds and one cis-Gly-Pro amide bond.

Because of their relatively low-field chemical shifts the two
trans amide bonds in L-Pro!-tentoxin may not be planar, and
w may deviate from 180° by 10-20°. Grathwohl et al.!7 have
proposed that cyclotetraglycyl has four transoid amide bonds
in Me,SO because the chemical shifts of the carbonyl carbons
are about 1 ppm downfield from a planar trans amide bond.
In chlamydocin, Sa, which has four transoid amide bonds (w
= 162°, —166°, 156°, —164°) in the crystalline state,'® the
carbonyl chemical shifts (Table II) are about 4 ppm downfield
from model trans amide chemical shifts.'® Although sugges-
tive, the two examples do not provide sufficient information
correlating w with 13C NMR carbonyl resonances to decide
if the secondary amide bonds are trans or transoid in L-Pro!-
tentoxin. The chemical shifts of the carbonyl carbons in ten-
toxin 1 are consistent with planar trans amide bonds, and
therefore we have assumed that all the amide bonds are es-
sentially planar (w = 0 or 180 £ 5°), and have used the cor-
responding 7 angle of 111° found in cyclo-(Sar),.!!

Examination of Dreiding molecular models suggested two
possible ring conformations with alternating cis,trans,cis,trans
amide bond sequences. The major difference between these two
is found in the orientation of the CH=C—C==0 chromo-
phore; in one it is S-cis and in the other it is S-trans. The other
possible amide bond sequences, cis-cis-trans—trans, cis—
trans-trans-trans, etc., which can be constructed from cyclic
tetrapeptides containing one or two cis amides, were examined
but these were rejected either because of severe steric inter-
actions or ring strain apparent in these conformations or be-
cause they were inconsistent with the NMR data.

The following paragraphs contain our analysis of the NMR
and UV data which is used to provide partial conformational
units. These units are combined to specify the conformation
of the 12-membered ring system.

The Glyeyl Unit. It is clear from the data in Table I that the
glycyl a protons in cyclic tetrapeptides can be nonequivalent
in the "H NMR and subject to anisotropic effects not seen in
larger or more flexible peptides. This nonequivalency has been
thoroughly studied in cyclotetrasarcosyl (Figure 1b)!0 in which
two distinct sets of glycyl o protons are observed. Those in the
2 and 8 inner positions are eclipsed with the carbonyl groups
in the 12 and 6 positions, respectively, and these protons are
strongly deshielded (5.2 ppm). The outer protons in the 2 and
8 positions are in more equatorial-like positions and are ob-
served near 3.2 ppm.'0 Geminal coupling in the 2 and 8 posi-
tions is about 15 Hz.

In contrast the protons in the 5 and 11 positions are
subjected to different chemical and magnetic environments
and the inner and outer protons are observed at about 4.3 and
3.6 ppm, respectively, in the 'H NMR with a geminal coupling
constant of 18 Hz.1% Neither proton in the 5 or 11 position is
eclipsed by a carbonyl group and consequently neither is as
deshielded as the 2 (and 8) inner protons. By means of mul-
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Table II. 13C NMR Carbonyl Resonances as a Function of Amide
Bond Geometry®

cyclo-(Gly-Gly)b¢
cyclo-(Gly-Ala)b.c
cyclo-(Ala-Ala) e
TFA.Gly-Gly-Gly-Ala

166.0 (Gly, cis)

165.9 (Gly, cis); 168.6 (Ala, cis)

-; 169.0 (Ala, cis)

168.6 (Gly, trans)

168.8 (Gly, trans)

168.9 (Gly, trans); 171.8 (Ala,
trans)

164.74, 170.024,
171.53,171.74

165.47, 170.7,

TFA-Gly-Gly-Ala-Ala

¢yclo-(L-MeAla-L-Leu-
MePhe[(Z)A]-Gly)4 (1)
cyclo-(L-Pro-L-Leu-
MePhe[(Z)A]-Gly)4 (3) 172.56, 173.2
Chlamydocin (5)¢ 171.7,172.7, 174.4, 175.5
cyclo-(Gly-Gly-Gly-Gly) b« 169.8

@ Chemical shifts are in parts per million from internal Me,Si. ¢ In
Me,S0. ¢ Data taken from ref 17. ¢ CDCls. ¢ R. D. Jasensky, un-
published data.

tistep rotational processes (described in detail in ref 6¢c and 20)
it is possible for the 2 and 8 protons to exchange with the 5 and
11 protons. This does not occur at ambient temperature in
cyclotetrasarcosyl (coalescent temperature ca. 180 °C), but
does occur when both N-methyl groups in positions 1 and 7 are
removed.1? cyclo-(Gly-Sar-Gly-Sar) coalesces in the NMR
at about 20 °C.10

In L-Pro!-tentoxin (Table I) the chemical shift of the glycyl
outer (3.55 ppm) and inner (5.2 ppm) protons is similar to
those in the 8 position of cyclotetrasarcosyl (3.25 and 5.3 ppm).
The 3Jcy_cey coupling constant in L-Pro!-tentoxin is 10.5 Hz
which is consistent with a vicinal bond angle of 170 + 20°.2!
Also, the geminal coupling (14.8 Hz) is similar to the 8 position
of cyclotetrasarcosyl. Together these data indicate the partial
structure 6 in which the inner proton and the N-methyldehy-
drophenylalanylcarbonyl group are approximately coplanar
(£20°).

\1\2‘\ /“\'\
HC’ T

H

6

The effect of temperature on the 'H NMR spectrum of
L-Pro'-tentoxin in chloroform was studied over the tempera-
ture range —30 to +55 °C. The coupling constants and line
widths of the « protons were not changed at the higher tem-
peratures and no evidence for the beginning of some coales-
cence process was observed. No broadening of line width was
observed at —30 °C which indicates that the glycine proton
resonances do not arise from the time averaging of multiple
ring conformations. This is in contrast to the 'H NMR spec-
trum of cyclo-(Sar-Gly-Sar-Gly), in which coalescence, caused
by rapid ring flipping processes and ¢,3 bond rotations,!0:20
was observed at 20 °C. The absence of coalescence at 55 °C
indicates the conformation about the glycyl residue is relatively
rigid. The 'H NMR spectrum of tentoxin did not show any line
broadening for glycine at 120 °C, the highest temperature
tested.

The MePhe[(Z)A] Unit. The total synthesis of tentoxin®°
established a Z configuration for the olefin group. In linear
peptides this unit absorbs in the ultraviolet spectrum at 278
nm (e 218 000).° In tentoxin the chromophore is essentially
unchanged [An.x 284 nm (e 20 670)] which indicates that the
CH=C—C=0 unit is conjugated and nearly planar in the
cyclic structure. Further evidence for coplanarity comes from
the analysis of cyclo-(Gly-Phe[(Z)A]-D-Pro-L-Ala) (7).22
Analysis of Dreiding molecular models shows that in 7 the
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carbonyl group and the double bond cannot be coplanar
whether 7 is in a cis,trans,cis,trans conformation or an all
transoid conformation. The ultraviolet spectrum of 7 shows
that the Phe[(Z)A] residue has a low extinction coefficient
[Amax 282 nm (e 13 000)] which is consistent with reduced
overlap of the C=C and C=0 orbitals.

The high extinction coefficient for tentoxin (20 670) also
supports the assumption that the amide bond between the
leucyl- and N-methyldehydrophenylalanyl residues is cis.
Dreiding models of tentoxin in a conformation with an all-trans
or with a cis,trans,trans,trans amide bond sequence show that
the carbonyl group and the double bond could not be coplanar
in these conformations, but would be nearly perpendicular to
each other and therefore would be expected to have ultraviolet
extinction coefficients closer to that observed with the model
peptide 7 (e 13 000).

The chemical shift of the vinyl proton of the dehydrophen-
ylalanyl residue is sensitive to its orientation to the carbonyl
group. In L-Pro'-tentoxin and in tentoxin the vinyl proton is
found at 7.74 ppm. In other tentoxin analogues® chemical shifts
of 7.75 and 7.25 ppm are observed. The low-field resonance
(7.74 ppm) is consistent with an S-cis?> CH=C—C=0
configuration, i.e., 8. Supporting this is the observation that
the vinyl proton of 9 resonates at 7.55 ppm while the isomer
10 resonates at 6.5 ppm.2* Protons eclipsed by the carbonyl

NMe+

0/5—_§—‘CGH_5

H
8

C:H; H

H O CH, O
9 10

group are more strongly deshielded. Evidence that the vinyl
proton in L-Pro!-tentoxin is deshielded by an S-cis carbonyl
group is also provided by cyclic tetrapeptide 7 where the vinyl
proton, which cannot be eclipsed by the carbonyl group, ab-
sorbs at 6.55 ppm.22

The MePhe[(Z)A]-Gly Unit. When the partial data for the
glycyl- and methyldehydrophenylalanyl residues are combined
and the two units joined, a conformation of the MePhe[(Z)-
A]-Gly face of L-Prol-tentoxin emerges in which the vinyl
proton, the carbonyl group, and the glycyl inner proton are
approximately coplanar (£30°). This is illustrated in partial
structure 11.

C
HY 1
H, H
11

The Conformation of L-Pro!-Tentoxin. When the partial
conformation 11 is incorporated into the cyclic tetrapeptide,
cyclo-(L-Pro-L-Leu-MePhe[(Z)A]-Gly) (3) which contains
the conformationally restrictive proline residue, the major
features of the conformation are almost completely defined.
The question remains whether the Leu-H*~NH vicinal cou-
pling constant (7 Hz) is due to a distinct conformation with a
Leu-NH-C=H vicinal bond angle of £135° or whether the 7
Hz is an averaged J value caused by rapid rotation about the
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YPro-®Len angles. It is probable that the leucyl 3Jny_cy arises
from rapid rotation because in most cyclic peptides, and in
proteins, ¥pro,¢1eu rotation is too fast to be observed by NMR.
Only in (L-Pro-Gly-L-Pro-Gly) is the rotation sufficiently slow
to be observed.2’ In this case in Me,SO; line broadening is
evident at 0 °C and, at —30 °C, two sets of resonances are
observed which coalesce at about —15 °C. At =30 °C the
chemical shifts and coupling constants of the nonexchangeable
protons of L-Pro!-tentoxin (and tentoxin) are close to the values
obtained at 30 °C (£0.02 ppm) except for the leucyl protons.
The leucyl « proton shifts from 4.11 ppm at 30 °C to 4.34 ppm
at —30 °C and the § resonance at 0.51 ppm is shifted farther
upfield to 0.44 ppm at —30 °C. Comparable upfield shifts (0.1
ppm) of the leucyl 8 and v protons are evident. These results
indicate that the conformation about the leucine residue is
being affected to the greatest extent by the lowering of tem-
perature and this is consistent with a slowing down of the
rotations about Ypro,@Len, and possibly also the rotations about
the leucyl side chain (x,).

The data described indicate that in chloroform L-Pro!-
tentoxin has the conformation shown in Figure 7a. The torsion
angles for this conformation are given in Table III.

Conformational Analysis of Tentoxin (1) and N-[methyl-
13C)Alanyl!-Tentoxin (4). Because the 'H NMR, CD, and bi-
ological properties of tentoxin and L-Prol-tentoxin are so
similar (Figures 2-4) their conformations also should be
similar. In order to be certain that the alanyl N-Me-C°H
vicinal bond angle in tentoxin is similar to the prolyl C*N-
Ce-H vicinal bond angle in L-Pro'-tentoxin, analogue 4 was
synthesized? in which the N-methyl group on the L-alanine was
enriched in 13C. The undecoupled '3C NMR spectrum for 4
is shown in Figure 8. The '3C-N-C2~H coupling constant
measured is 5.0 Hz. Using the 3Ji3cn_cy dihedral angle re-
lationship derived by Ovchinnikov and Ivanov2¢ a value of 5.0
Hz indicates a C3~N-C2-H vicinal bond angle of about 127°,
The corresponding vicinal bond angle in proline is 135°. Thus,
¢1 and ¥, for the N-methylalanyl! residue in tentoxin are very
nearly the same as the L-Pro residue in L-Pro!-tentoxin, and
the conformation of tentoxin is as shown in Figure 7b. The
torsion angles for tentoxin are given in Table III.

Discussion

The conformation observed for tentoxin and L-Pro’-tentoxin
is a new conformation for the 12-membered cyclic tetrapeptide
ring system. Previously, two types of cyclic tetrapeptide con-
formations had been observed in cyclo-(Gly)41726 and cyclo-
(Sar).10.11 Grathwohl et al. proposed that cyclo-(Gly), in so-
lution occurs predominantly in an §'4 symmetrical conforma-
tion with the principal symmetry axis perpendicular to the
cyclo peptide ring.!” Theoretical studies of model peptides have
indicated that closure of the tetrapeptide could be achieved by
reducing the angle 728 at the a-carbon atom from 109.5 to 95°
or by making the peptide amide groups nonplanar with w de-
viating from 180° by £15-25° or by a combination of these
two modifications,2® and the conformation of cyclo-(Gly)s
appears to be consistent with these modifications.

Recently several biologically active cyclic tetrapeptides have
been found in nature.30 The study of one of these, chlamydocin
(5a) which is a highly cytostatic cyclic tetrapeptide,3? has
provided another example of an all-transoid conformation. An
x-ray study of an analogue, dihydrochlamydocin (5b), revealed
that, in the solid state, 5b contained four transoid amide bonds
with w twist angles of 18, 14, 24 and 16°!® (Figure 1¢). In
addition an average angle of 105° for = was found for the four
corners of the ring system. Thus, to close the chlamydocin te-
trapeptide ring, both w and 7 deviate from the normal Paul-
ing-Corey geometry.3?

In contrast to these systems, cyclo-(Sar)4 has been shown
by NMR and x-ray studies to have a centrosymmetric con-
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Figure 7. Schematic representation of conformation of (a) L-Pro!l-tentoxin
and (b) tentoxin in chloroform.

Table IIL Torsion Angles? for L-Pro!-Tentoxin and Tentoxin

Residue L-Pro!-Tentoxin Tentoxin
L-Pro ¢ = —80°¢a —85to —90°4
(L-MeAla) Y =-10° 0to 10°
L-Leu ¢ = —120° -120 to —130°
Y = +70° +55 to +65°
MePhe[(Z)A] ¢ = —=90° -90°
Y = =20° -20°
Gly ¢ =—120to —130° —-120to —130°
Y = +70° +355 to +65°

@ Values of ¢,y £20°.

formation with the amide bond sequence cis,trans,cis,trans
(Figure 1b).10.11 The amide bonds in cyclo-(Sar)4 are nearly
planar with an average w twist angle of 5-6° and the angle 7
averages 111°. No explanation has been given why cyclo-
(Sar)4 or cyclo-(Sar-Gly), adopts alternating cis,trans,cis, trans
amide conformations rather than all-transoid conformations.
However, since cyclo-(Gly)s, which has no « or N substitution,
adopts the S4 conformation it must be the most stable cyclic
tetrapeptide conformation as was predicted by the theoretical
studies.?® Methylation of two or more amide nitrogens prob-
ably introduces transannular steric interactions which desta-
bilize the preferred S4 conformation.

The conformation of tentoxin in chloroform is related to the
cyclo-(Sar)4 conformation (Figure 1b) except that the Gly-
MeAla (or Gly-Pro) end of the ring system has undergone a
“ring-flip”. This *“‘ring-flip” process is analogous to a cyclo-
hexane chair to boat interconversion and corresponds to the
reversal of the signs, but not the magnitude, of the ¥4,¢, torsion
angles. This “ring-flip”” process apparently removes a steric
interaction between the 8-carbon of L-MeAla and the Gly
a-carbon. These atoms would be only 2.3 A apart in the
cyclo-(Sar)s centrosymmetric conformation (Figure la).
Because cyclo-(Sar)s does not adopt the unsymmetrical
ring-flip conformation of tentoxin either in solution or in the
solid state, the unsymmetrical ring-flip conformation must be
less stable than the centrosymmetric conformation. The energy
difference between the two ring conformations must be less
than the steric interaction that would develop between the Gly
and MeAla 8-carbon atoms. A recent study of Ramakrishnan
and Mangula?3® has shown that the centrosymmetric confor-

mation of cyclo-(Sar), is about 1 kcal more stable than the

conformation in which one end of the ring has been “flipped”.
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Figure 8. Partial undecoupled !*C NMR spectrum for L-[methyl-1*C]-
alanyl'-tentoxin in chloroform. Tetramethylsilane was added as internal
reference.

Here also the “ring-flipping” process corresponds to the sign
reversal of the torsion angles Y4,¢; while ¢2,¥2, ¢3,¥3, and all
w torsion angles are unchanged.

With the exception of the unsaturation in the 5 position, the
tentoxin conformation is very similar to the unsymmetrical
conformation of a proposed intermediate in the multistep
process required for interconversion of the 2 and 8 positions
with the 5 and 11 positions of ¢yclo-(Sar)4,2% and to that cal-
culated by Ramakrishnan.3¢ The tentoxin conformation would
also be related to the conformation proposed on symmetry
arguments for cyclo-(L-Pro-Gly),.25 The preferred configu-
rational sequence of chiral amino acids in the tentoxin type
conformation would be L,L,L,L. cyclo-(L-Ala)43433 could adopt
this conformation without developing severe transannular
steric interactions or it could adopt the all-transoid confor-
mation.
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Isolation and Conformational Analysis of Two
Conformers of D-Methylalanine!-tentoxin
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Abstract: D-MeAla!-tentoxin, an analogue of the phytotoxic cyclic tetrapeptide, cyclo-(L-MeAla!-L-Leu?-MePhe[(Z)A]-
Gly), has been found to exist in multiple conformations which can be separated by thin-layer chromatography (TLC) and iso-
lated at 4 °C. The two conformers are designated 2U (upper) and 2L (lower) based on their faster and slower mobilities, re-
spectively, on TLC. The activation energy (E,) for the equilibrium 2U = 2L is 23 % 1 kcal/mol. The conformations of each
of the purified conformers, 2U and 2L, as well as the analogue, D-Pro!-tentoxin, have been studied by 'H and '3C NMR, and
by ultraviolet and circular dichroism spectroscopy. The data show that at room temperature conformer 2L is a mixture of rap-
idly equilibrating conformers 2L; and 2L; and that the E, for interconversion is 13 £ 1 kcal. The conformations of 2L; and
2L;, determined at —30 °C, have the following torsion angles: 2L; ¢, +60°, ¢; —150°; ¢, —120°, 5 4+60°; ¢3 —90°, 3
+160°; ¢4 130°, ¥4 —85°; 2L, ¢ 60°, ¢ 135°; ¢ —140°, ¢ 70°; ¢p3 —=80°, 3 —30°; ¢4 0°, ¥4 —90°. A conformation is pro-
posed for 2U, based on 'H NMR and CD data, with the following torsion angles: ¢; 60°, ¥ —160°; ¢, —60°, ¥, —60°; ¢3 90°,
Y3 —20°; ¢4 140°, ¥4 —80°. A comparison between the conformations of D-MeAla!-tentoxin and the dihydro analogue, cyclo-
(D-MeAla-L-Leu-L-MePhe-Gly), indicates that dehydro amino acid residues can affect the conformational space available

to a peptide.

The cyclic tetrapeptide tentoxin, cyclo-(L-MeAla-L-Leu-
MePhe[(Z)A]-Gly) (1), is a phytotoxin that causes chlorosis
in some plant species but not in others.!:2 This selectivity has
been linked to the presence in sensitive species of a tentoxin
binding site on chloroplast coupling factor 1 (CF;), an isolable
protein involved in the photosynthesis of ATP.3 The structure
of tentoxin 1 is known* and the conformation of tentoxin shown
for 1 has been proposed on the basis of 'H NMR studies.’
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1
In order to study the relationships between the structure,
including conformation, and biological activity of tentoxin 1,
as well as to explore the effect of the configurational sequence
of constituent amino acids on the conformation of the 12-

0002-7863/78/1500-2218$01.00/0

membered ring system, we have synthesized several tentoxin
analogues.®=® One of these, cyclo-(D-MeAla-L-Leu-Me-
Phe[(Z)A]-Gly) (2), which corresponds to the replacement
of L-MeAla with D-MeAla in the 1 position, was found to ex-
hibit unusual conformational properties. We report here the
isolation and conformational analysis by NMR of two con-
formations of D-MeAla!-tentoxin (2).

Experimental Section

D-MeAla!-tentoxin (2) was synthesized in 48% yield by cyclization
of the linear peptide, D-MeAla-L-Leu-MePhe[(Z)A]-Gly-O-Tep,
following the reported procedure.® The product was purified by pre-
parative silica gel thin-layer chromatography (TLC) eluting with 5%
ethanol in ethyl acetate. Two major bands (R, 0.45, 0.30) were de-
tected and isolated by extraction of the silica gel with ethyl acetate.
When the extraction was carried out at 25 °C, each fraction was found
to contain approximately equal amounts of both components (R, 0.45,
0.30), but when the extraction was done at 4 °C each fraction con-
tained only a single component. The smaller Ry component is desig-
nated 2L and the higher Ry component is designated 2U. The samples
of 2U used in these studies were prepared by equilibrating pure 2L
at room temperature and then rechromatographing the mixture at
4 °C. This procedure was used to eliminate the possible contamination
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