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Figure 3. Emission spectrum of (0,0) 'A, — 32, of molecular oxygen
originating from the reaction of finely divided suspension of KO, in CCl,
with water. The apparent peak position at 1.284 um is a shift from the
true position of 1.268 um due to the combined monochromator—detector
spectral sensitivity.

Reagent, Mallinckrodt, Paris, KY), were suspended by constant
stirring. The reaction cell was designed such that the suspension
of KO, in CCl, flows on one side of a fritted disk, the side facing
the monochromator. Water flows continuously on the other side
of the disk. The whole assembly is placed inside a closed wooden
box lined with black paper, and the experiment takes place in a
darkened room.

Figure 1 is the chemiluminescence spectrum of the H,0,/OCI
reaction. The emission peak at 1.29 um is the (0,0) ‘Ag — 325
transition, shifted from the true position of 1.268 um due to the
combined monochromator~detector spectral sensitivity. Figure
1 depicts the wavelength calibrator for the present experimental
setup.

Figure 2 is a recording of time vs. intensity of emission at 1.29
pm. The emission appears when the suspended KO, particles in
CCl, begins to flow over the wet fritted disk. The electronics were
set at the shortest possible time constant with poor but acceptable
signal-to-noise ratio so that the rise and fall of the emission with
the start and stop of the CCl suspension of KO, over the wet disk
is clearly displayed.

Figure 3 is a spectrum of the emission scanned from 1.40 to
1.20 um showing a peak at 1.284 um, corresponding to the O,
(0,0) transition lAs — 32, in this experimental setup. The
heterogeneity of the reaction presents difficulties in maintinaing
steady-state reaction conditions. A higher integration time con-
stant for the electronics was used to improve the signal-to-noise
ratio in obtaining this spectrum than in the time—intensity curve.

In a previous theoretical appraisal of the disproportionation
reaction of the superoxide anion, several factors became evident:
(i) The reaction is thermodynamically favored both by free energy
and by entropy considerations. (ii) The nature of the product,
i.e., whether the molecular oxygen is electronically excited or in
the ground state depends largely on the dielectric of the solvent
medium. (iii) However, as the yield of excited product increases
with increasing solvent dielectric constant, the generation of the
short-lived and easily quenched !Z,* singlet oxygen becomes
predominant. (iv) Moreover, superoxide anion quenching of 10,
by electron-transfer reaction is four orders of magnitude more
efficient than solvent quenching for O, (14,). (v) Furthermore,
unlike solvent quenching of O, (!Z,*) which is theoretically
predicted to proceed to O, (1A,) excited state,” electron-transfer
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quenching by O, is directly to the ground state. We plan to extend
these investigations to other electron-transfer reactions of the
superoxide anion, particularly those involving metal ions, and to
evaluate the efficiency of singlet oxygen generation in these
electron-transfer reactions.

A large number of reports have appeared postulating the in-
volvement of singlet oxygen and/or superoxide anion in biological
processes, such as the biosynthesis of prostaglandins,® microsomal
lipid oxidase reactions,!° xanthine oxidase!!"!> and phagocytosing
polymorphonuclear leukocytes,!* and the fertilization of sea urchin
eggs.)* These reports are currently based on indirect evidence
of chemical or luminescence studies. We believe that with the
new spectrometer and improved data-processing accessories it will
be possible to provide unequivocal evidence of singlet oxygen in
such systems by monitoring directly the singlet oxygen (4;)
emission.
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We have recently revised the previously assigned?® structures
of alamethicins I and II to 1 and 2* and have assigned the
structures of the peptaibophol antibiotics emerimicins III and IV?
and antiamoebins I° and II” as 36, respectively. These structures
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Scheme I. FABMS Fragment Ions Observed for Zervamicins IC, IIB, and IIA (ZIC, ZIIB, ZIIA)®?

229€7 342€q 471 €7 570 683€ 784¢€y 851
ZIC: AC—TRPil—ILEiﬁLU Iva ILEj—THRj—AlB

229 342 (470) (569) (682) (783) (850)

Z11B: —6LN—

229 342 (470) (555) (668) (769) (836)
Z11A: —GLN——A1B——

1 2 3 4 5 6 7

1067 1393 € 1506 €4 1591 1861(+Na)
j—AIBi_}vHYP—GLN—AlB Hyp A1;1~PR0——PH0|_

(1066) (1392) (1590) (1860)
(967) (1052) (1378) (1491) (1576) (1846)
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@ See also Table II. © The sequences of ZIIB and ZIIA are the same as that of ZIC except for the amino acid replacements shown.
Parentheses around specific ZIIB and ZIIA ions indicate those masses are shifted from the ions for ZIC.

were assigned by using methods based largely on mass spectro-
metric techniques, including high-resolution field desorption and
electron impact mass spectrometry (HRFDMS, HREIMS) and
gas chromatography/mass spectrometry (GC/HRMS).%®

In an attempt to determine the structural features responsible
for the remarkable pore-forming activity!® of this class of anti-
biotics, we have been examining other peptaibophols. In particular,
the zervamicin!! and emerimicin II'2 complexes, from Emeri-
cellopsis salmosynnemata and E. microspora, respectively, are
of considerable interest since they have reduced pore-forming
activity'> but enhanced antibacterial activity,''? and contain both
tryptophan and threonine,!’1%1* which are not found in other
known peptaibophols. Unfortunately, the presence of tryptophan
renders these antibiotics much less amenable to both mass
spectrometry and acidolytic cleavage into fragments. Very poor
results are obtained from both FDMS and EIMS of the intact
peptides.

Very recently, a new mass spectrometric technique called fast
atom bombardment (FAB)'>!¢ has been developed for dealing with
nonvolatile, thermally labile molecules. FABMS involves bom-
barding the sample in the ion source with highly energetic argon
atoms (2-10 KeV) and has been applied to bradykinin and other
peptides.!” We have now employed FABMS successfully in the
present study of previously intractable peptaibophols and wish
to report here the structures of zervamicins IA, 1B, IB/, IC, IIA,
IIB, II-1, II-2, II-3, 11-4, and II-5 (7-17, respectively) and em-
erimicins ITA and IIB, which are shown to be identical with
zervamicins ITA and IIB.

Crude zervamicin I, an acidic peptide,!! was purified by re-
versed-phase high-performance liquid chromatography on Ul-
trasphere-ODS (Altex) (HPLC) by using methanol-water—2-
propanol-acetic acid (50:34:16:0.1) to yield zervamicin IC, the
major component, and zervamicins IA, IB, and IB’, the minor
components. Emerimicin II'?> and zervamicin II'! were similarly
separated into two major components each (IIA and IIB), and
five additional neutral zervamicins (I1I-1, II-2, II-3, II-4, and II-5)
were also isolated by using methanol-water—2-propanol (52:32:16).
Furthermore, the major components of emerimicin II and zer-
vamicin II coelute and give identical amino acid compositions
(Table I)!® and FAB mass spectra (Table II).!° Therefore, we
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Tablel. Amino Acid Compositions of the Zervamicins®

: zervamicin
amino

acid®? IA IB IB' IC IIA IB II-1 II-2 II-3 II-4 II-5

Ab 4 4 4-5 4 45 4 4-5 4-5 45 4 4
Iva 11 t t 11
val 1 1 111 to1
Ile 112 22 21 2 1 12
Lew I 1 1 t 1 1 1 1 1

Po 1 11 11 11 1 1 Il
The ¢ 1 ¢ 11 1 1 1 1 P
Hyp 2 22 22 22 2 2 2 2
Phoe 1 11 11 11 1 1 T
Gx 2 22 22 22 2 2 2 2
Trp 1t 11 11 1 d d d d d

@ Estimated from GC traces of N-trifluoroacetyl n-butyl ester
derivatives obtained from total acid hydrolyzates. ® In order of
elution from Tabsorb. ¢ Amino alcohol. ¢ Trp is sometimes de-
graded during the hydrolysis.

conclude that emerimicins IIA and IIB are identical with zer-
vamicins ITA and IIB, and the zervamicin nomenclature will be
used to identify these two peptide mixtures.

As in our past studies,* ™ amino acids were identified by FDMS
of the total acid hydrolyzate (from ca. 1 mg of antibiotic) and
GC/MS of their trifluoroacetyl (TFA) n-butyl ester derivatives
(Tabsorb, Regis Chemical Co.) and were quantitated by GC.
Absolute configurations were assigned by GC of their TFA methyl
esters on a packed chiral column of 10% N-lauroyl-N"tert-bu-
tyl-L-valinamide (for Val, Ile, Leu, Thr, Hyp, and Glu) or of their
TFA butyl esters (Pro, Iva), TFA methyl esters (Trp), or pen-
tafluoropropionyl (PFP) butyl esters (Phol) on a chiral capillary
column (RSL-007, Alltech Associates). Zervamicins IIA, IIB,
and IC all yield 2 mol each of L-Ile, L-Hyp, and L-Glu and 1 mol
each of L-Leu, L-Pro, L-Thr, L-Trp, and L-Phol (Table I). Zer-
vamicins IIB and IC additionally yield 4 mol of Aib and 1 mol
of p-Iva, while zervamicin IIA yields 5 mol of Aib and no Iva.

Molecular weights of zervamicins IC, IIA, and IIB were as-
signed as 1838, 1823, and 1837 on the basis of their respective
M + Na ions at m/z 1861, 1846, and 1860 in the positive ion FAB
mass spectra and their M — H ions at 1837, 1822, and 1836 in
the negative ion FAB mass spectra (Figures 1 and 2). Intense
fragment ions in the positive ion FAB mass spectral” at m/z 58,
70, 72, 86, and 130 were indicative of the presence of Aib, Pro,
Iva (or Val), Ile (or Leu or Hyp), and Trp in the peptide and could
have served to identify those amino acids if their presence had
not previously been established. In addition, the positive ion FAB
mass spectrum of zervamicin IC (Figure 1) also gave quite clearly
the acyl cleavage ions shown in Scheme I, defining the entire
sequence of amino acids except for distinction among the isobaric
ions due to Leu, Ile, and Hyp and the sequence in the tripeptide
unit involving amino acids 10, 11, and 12.

(18) The abbreviations Aib, Iva, and Hyp refer to a-aminoisobutyric acid,
isovaline (a-ethylalanine), and 4-hydroxyproline, respectively.

(19) Obtained on a Micromass ZAB 2F mass spectrometer employing
6-KeV argon atoms (from argon ions charge exchanged with argon gas)
directed onto a matrix prepared from a small amount (ca. 1 ug) of sample
dispersed in glycerol on a tungsten ribbon. Spectra were recorded oscillo-
graphically.
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Table II. Ions Observed in Positive lon FAB Mass Spectra of the Zervamicins
acyl cleavage ions, m/z “molecular” ions, m/z
Z% Ac—-1—2 3—4 5—6 70 8 9 10,11 —12——13—14—15,16 M+Na M+K M-Hd M4
IA 229 342 471 570 669 837 1053 1823 1824
IB 229 328 457 556 669 837 1053 1823 1824
IB" 229 342 471 556 837 1053 1823 1824
IC 229 342 471 570 683 784 851 982 1067 1393 1506 1591 1861 1877 1837 1838
ITA 229 342 470 555 668 769 836 967 1052 1378 1491 1576 1846 1862 1822 1823
IIB 229 342 470 569 682 783 850 1066 1392 1590 1860 1876 1836 1837
II-1 229 342 470 555 654 755 822¢ 953 1038 1808 1809
-2 229 342 470 S555 668 769 836 953 1038 1808 1809
II-3 229 328 456 541 654 755 822 953 1038 1364 1562 1808 1809
I1-4 229 342 470 569 668 769 836 967 1052 1822 1823
11-5 229 342 470 569 682 783 850° 967 1052 1822 1823

@ Zervamicin. © Acyl cleavage - H,0. € Acyl cleavage also observed at m/z 840 (11-1) and 858 (II-5). <@ Negative ions.
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Figure 1. Positive ion FAB mass spectrum of zervamicin IC. lons at m/z 93, 185, 277, etc., are due to (G, + H)*, where G = glycerol.

The Leu (Ile) vs. Hyp positions were partially distinguished
by an accurate mass measurement® carried out on the m/z 1067
ion of zervamicin IC, which gave the value 1067.6088 (calcd
1067.6023 for Cs3Hg3NO3), indicating both Hyp residues were
absent from this ion; thus, one Hyp is at position 13 and the other
at 10, 11, or 12. Preferential mass spectral cleavages>® between
amino acids 9 and 10, 12 and 13, and 14 and 15 would be in
keeping with Hyp at positions 10 and 13, Pro at 15, and indeed,
the only other prominent peaks above m/z 230 were at m/z 242,
249, and 327 due to Hyp-Gln + H, Pro-Phol + H,, and Hyp-
GlIn-Aib + H, respectively. This location for Hyp-10 was con-
firmed by a hydrolytic experiment described below. These as-
signments complete the structure of zervamicin IC, except for the
disposition of Leu and Ile at positions 2, 5, and 8, which will be
established below.

(20) High-resolution measurement was difficult but was successfully ac-
complished by peak matching the very intense sample peak (m/z 1067) vs.
the M + H ion of gramicidin S (1141.71376).

(M=H)"
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Figure 2. Molecular ion region of the negative ion FAB mass spectrum
of zervamicin IC.

The assignment of a structure for the neutral peptide zervamicin
IIB follows, since the FAB mass spectrum shows a shift of ions
above m/z 342 to positions 1 amu lower, indicating the re-
placement of Glu at position 3 in zervamicin IC with a Gln residue
(Scheme I). Similarly, the sequence of the other major neutral
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Chart 1
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AC'A:B-P:O-AIBB-A:A-A 1SB-A6|_A-G7|_N-A?B-V:L-Als-GLY-LEU-AlB-PRO-VAL-AlB-A1B-G|_u—“—G|_N- ProL
Ac-A1B-Pro-A1B-ALA-A1B-A1B-GLN-A1B-VAL-A1B-GLY-LEU-A1B-PRO-VAL-A1B-A1B-GLUGLN-PHOL
Ac-PHE-A1B-A1B-A1B-VaL-GLY-LEU-A1B-A1B-HyYpP-GLN-[vA-HYP-ALA-PHOL
Ac-PHE-A1B-A1B-A1B-VAL-GLY-LEU-A1B-A1B-HYP-GLN-Iva-HyP-A1B~PHOL
Ac-PHeE-A1B-A1B-A1B-IvA-GLY-LEU-A1B-A1B-HYP-GLN-IvA-HyP~A1B-PRO-PHOL
Ac-PHe-A1B-A1s-A1B-IvA-GLY-LEU-A1B~A1B-HYP-GLN-IvA~PRO-A1B-PRO-PHOL

JACALYE Ac-Trp-ILE-GLU-IvA-VAL-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
8(ZIB): Ac-TrRp-VaL-GLu-IvA-ILE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL

9(ZIB"):
W10
1A
12(211B):
Ba@-D:
WZI-2:
15(211-3):
16(Z11-4:
-5

component, zervamicin ITA, can be deduced from the FAB mass
spectrum, which indicates that the Iva at position 4 of zervamicin
IIB is replaced by Aib (Scheme I).

Partial hydrolysis of zervamicin IIB in trifluoroacetic acid, a
procedure we earlier showed to cleave selectively Aib-Hyp and
Aib-Pro bonds,*"® yielded several oligopeptides which were
separated by HPLC (methanol-water—acetic acid, 70:29:1) and
identified by GC/MS of the derivatized total acid hydrolyzate.
The oligopeptides included the nonapeptide Ac-Trp-Ile(Leu)-
Gin-Iva-Ile(Leu)-Thr-Aib-Leu(Ile)-Aib (containing no Hyp), the
dodecapeptide Ac-Trp-Ile(Leu)-Glin-Iva-Ile(Leu)-Thr-Aib-Leu-
(Ile)-Aib-Hyp-Gln-Aib (containing 1 Hyp), and the tetradeca-
peptide Ac-Trp-Ile(Leu)-Gln-Iva-Ile(Leu)-Thr-Aib-Leu(Ile)-
Aib-Hyp-Gln-Aib-Hyp-Aib (containing 2 Hyp’s). The dipeptide
fragments Hyp-Aib and Pro-Phol and the tripeptide Hyp-Gln-Aib
were also detected as major components of the partial hydrolyzate
by GC/MS following derivatization.* These results confirm the
location of Hyp at positions 10 and 13, Pro at 15, Gln at 11, and
Aib at 9, 12, and 14. Partial hydrolysis of zervamicin IIB in 8.0
N hydrochloric acid-methanol also proved useful, since the tet-
rapeptide Thr-Aib-Leu(Ile)-Aib was identified by GC/MS of the
derivatized hydrolyzate, confirming the proposed sequence at
positions 6-9.

The remaining problem, concerning the location of the Ile and
Leu residues in these peptides, was solved by studying several
minor components of the zervamicin complexes. Hydrolysis,
derivatization, and GC/MS indicated the amino acid compositions
shown in Table I, and FABMS gave molecular ions and char-
acteristic ions for several amino acids as well as fragment ions
indicating isomorphous replacement, as shown in Table II.
Particularly significant are the amino acid compositions of zer-
vamicins IB and II-3 in which Val replaces one Ile residue of
zervamicins IC, IIA, and IIB (Table I) and which can be shown
from FAB fragment ions (Table II) to be the amino acid at
position 2, i.e., Ile should be at position 2 in zervamicins IC, IIA,
and IIB. Similarly, in zervamicins IA, II-1, and 1I-4 Val replaces
an Ile of zervamicins IC, IIA, and IIB (Table I) which should
be at position 5 (Table II), while in zervamicins II-2 and II-5 Val
replaces a Leu residue of zervamicins IC, IIA, and IIB (Table
I) which should be at position 8 (Table II).

As noted at the outset, zervamicin IT shows considerably reduced
membrane pore-forming ability and considerably enhanced an-
tibacterial activity compared to alamethicins, antiamoebins, and
emerimicins III and IV. Comparing the sequences of the zer-
vamicins with those of 1-6 (and most particularly of 5 and 6),
there are obvious regions of close similarity of zervamicins with
the antiamoebins (amino acids 7-16), as well as regions of dif-
ference (amino acids 1-6). Interchange of the nonpolar amino

Ac-TrRp-ILE-GLU-A1B-]LE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B~PRO-PHOL
Ac-Trp=-ILE-GLU-IvA-]LE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-TrRp-ILE-GLN-A1B-1LE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-TrRP-ILE-GLN-IvA-]LE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-Trp-ILE-GLN-A1B-VAL=THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-Trp-ILE-GLN-A1B-]LE-THR-AIB-VAL-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-TrP-VAL-GLN-A1B-ILE-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL
Ac-Trp-TLE-GLN-IvA-VAL-THR-A1B-LEU-A1B-HYP-GLN-A1B-HYP-A1B~PRO-PHOL
Ac-Trp-ILE-GLN-IvA-]1LE-THR-A1B-VAL-A1B-HYP-GLN-A1B-HYP-A1B-PRO-PHOL

acids Aib, Iva, Leu, and Ile is not regarded as of primary im-
portance nor is chain shortening, as in emerimicins III and IV
(3 and 4). Which of the major replacements (Trp-Phe, Thr-Gly,
Gln-Aib) is (are) responsible for these major alterations of
bioactivity will be the subject of future reports. It should be noted,
however, that all of the replacements are in the direction of forming
a more polar N terminus in the zervamicin antibiotics (vs. 3-6).
The present communication shows that relatively minor variations
in amino acid composition and sequence have profound effects
and that these and related antibiotics can probably be studied
optimally by FABMS combined with the previously employed*®
GC/MS techniques.
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In addition to unusual steric effects in the reactions of syn! and
anti? isomers of sesquinorbornene, it has recently been found by
X-ray crystallography3® that two derivatives of syn-sesquinor-
bornene (1) show a hingelike bending of the double bond with
a dihedral angle of 162-164° between the plane of carbon atoms
4a, 8a, 1, 4 and that of atoms 4a, 8a, 5, 8. Careful examination
of the intermolecular interactions suggested no way in which the
deformation could be due to forces between molecules within the
crystal.?
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