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The structure of a cyclodepsipeptide isolated from fusaria fungi has been determined using mass spectrometric, 
chemical, and chromatographic methods. The antifungal, antibiotic peptide swells Penici l l ium d ig i ta tum cells 
to 10 times their normal diameter and inhibits their germination. The compound has M ,  887 and contains the 
sequence d-allo-Thr-l-Ala-d-Ala-l-Gln-d-Tyr-l-Leu. 3-Hydroxy-4-methyltetradecanoic acid is linked via an amide 
bond to threonine and an ester bond to leucine. Fast atom bombardment, field desorption, direct chemical ionization, 
and electron ionization mass spectrometry and chiral-phase gas chromatography were all employed in the solution 
of the structure. 

Fusaria are plant-infecting fungi that produce a variety 
of toxins and mtibiotics with diverse molecular structures. 
One important class of biologically active metabolites from 
fusaria are cyclodepsipeptides. These compounds contain 
both amide and ester bonds and have been shown to be 
elaborated by numerous bacteria and fungi (see ref 1 and 
2 and references cited therein). We now describe the total 
structure elucidatioh of a new cyclodepsipeptide isolated 
from corn media inoculated with Fusarium roseum. This 
antifungal, antibidtic peptide was originally isolated from 
Fusarium roseum “Acuminatum” NRRL 62273 and has 
since been identified as a metabolite of several other 
cultivars of F. roseum and 18 strains of F. tricinctum.* 
When conidia of P. digitatum are incubated for 24 h in 
a culture medium containing the cyclodepsipeptide they 
swell up to  10 diameters more than conidia incubated in 
a control medium, and theif germination is inhibiteda3s4 
Th!s phenomenon is strikirigly similar to the effect of 
funicamycin, an antifungal agent elaborated by Strepto- 
myces lysosuperificus that induces Aspergillus and Pen- 
icillium to grow into multinucleate giant cells.5 The two 
antifungal agents, however, are not similar in their chem- 
ical structure, as tunicamycin does not contain amino 
acids.6 Earlier we reported preliminary evidence that the 
antifungal metabolite produced by F.  roseum 
“Aduminatum” is a cyclic hexapeptide linked to an alkyl 
moiety.* The primary structure and enantiomeric com- 
position of this novel cyclodepsipeptide have been eluci- 
dated primarily by application of a variety of mass spec- 
trometric, chemical, and chromatographic methods which 
are discussed in detail below. The general use of these 
methods for characterization of peptides with unusual 
structures has been recently reviewed.I 

Materials and Methods 
Nuclear Magnetic Resonance. lH and I3C spectra 

were acquired using Bruker WM 300 and HX 90 instru- 
ments for analysis of samples dissolved in CD30D. 
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Mass Spectrometry. Field desorption (FD) and fast 
atom bombardment (FAB) mass spectra were determined 
with a MAT 731 instrument, operated at  +8 kV acceler- 
ating voltage. Benzonitrile-activated carbon emitters and 
a -6-kV extraction plate voltage were used for FD. For 
FAB, a neutral beam of xenon atoms was generated with 
an Ion Tdch B l l N  gun, mounted and operated as previ- 
ously described.8 Low-resolution mass spectra were re- 
corded at  1:lOOO resolution; accurate mass measurements 
were made by peak matching at  1:lOOOO resolution. 

Direct chemical ionization (DCI) mass spectra were 
obtained as previously describedg on a Finnigan-MAT 312 
(see below) with ammonia as the reagent gas (ion source 
pressure (6-8) X torr, temperature 150 “C, electron 
energy 200 eV). 

Gas chromatography-mass spectrometry (GC/MS) in- 
strumentation and experimental conditions are described 
below in connection with specific procedures, since dif- 
ferent systems were used for the various analyses. 

High-resolution electron ionization (EI) mass spectra of 
samples introduced by direct insertion probe were recorded 
on Iononet photoplates with a CEC llOB instrument, 
operated a t  8-kV accelerating potential, 70-eV electron 
energy, at  1:12 000 resolution. 

Acid Hydrolysis. Samples of the cyclodepsipeptide 
were dissolved in 0.5 mL of constant boiling HC1 (5.7 M, 
Pierce). The solution was frozen, flushed with nitrogen, 
degassed, and heated under reduced pressure in a Tef- 
lon-sealed glass hydrolysis bulb (Pierce) at 110 “C. A time 
of 15 min was used for the partial acid hydrolysis exper- 
iments while total hydrolysis was effected by heating for 
between 36 and 72 h. 

Amino Acid Analysis. Determination of amino acids 
was carried out on total acid hydrolyzates obtained by 
refluxing the cyclodepsipeptide in 6 N HC1 for 24 h. Am- 
ino acid analysis was performed with a Glenco MM-100 
Amino Acid Analyzer using norleucine as an internal 
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standard and ninhydrin for detection. 
Derivatization of Blocking Groups. In separate ex- 

periments, aliquots of the total acid hydrolysates were 
extracted 3 times with diethyl ether. The combined or- 
ganic extracts were taken to dryness under a stream of dry 
nitrogen and then were either methylated with ethereal 
diazomethane [ 10% (vol/vol) methanol for 30 min at 25 
"C] or trimethylsilylated by using BSTFA (Regis) and 
pyridine (51) for 30 min at 65 OC. Prior to analysis by GC 
or GC/MS, the methylated samples were dried under 
nitrogen and redissolved in a known volume of chloroform, 
while aliquots of the Me3Si mixture were analyzed directly. 

Hydrogenation Conditions. The combined organic 
extract was hydrogenated with Adam's catalyst a t  room 
temperature for 3 h. This product was methylated with 
diazomethane and analyzed by GC/MS. 

Conversion of Peptide Mixtures to Polyamino Al- 
cohols. The sequence of reactions for the derivatization 
of a mixture of peptides (obtained in this case by partial 
acid hydrolysis, see above) to a mixture of N-(2,2,2-tri- 
fluoro- 1,l-dideuterioethyl)-O-(trimethylsilyl)polyamino 
alcohols has been described in detail elsewhere.lOJ1 The 
resulting derivatized mixture was analyzed directly by GC 
and GC/MS (see below). The high volatility, predictable 
GC retention behavior, and easily interpretable and pre- 
dictable mass spectra of these polyamino alcohol deriva- 
tives have been thoroughly described elsewhere.IO 

Gas Chromatography and GC/MS. Aliquots of the 
derivatized extracts of the total peptide hydrolyzates and 
mixtures of polyamino alcohols obtained as described 
above were chromatographed on a 6-ft glass column (l/& 

i.d.1 packed with 3% OV-17 on Gas Chrom. Q (100/120 
mesh). The temperature was linearly programmed from 
70 to 335 "C a t  1 2  "C/min with a helium flow rate of 30 
mL/min. 

The GC/MS system used in these particular experi- 
ments consisted of a Perkin-Elmer Model 990 gas chro- 
matograph with a flame ionization detector coupled via 
a single-stage jet separator to a Hitachi-Perkin-Elmer 
RMU-6L mass spectrometer operated in electron ioniza- 
tion mode at 70 eV. The mass spectrometer was interfaced 
to an IBM 1800 computer for data acquisition and in- 
strument control. Under computer control the instrument 
was magnetically scanned every 4.7 s from m/z 28 to 767. 
After termination of the GC/MS experiment the data were 
processed, resulting in the production of a set of successive 
mass spectral scans as well as the associated mass chro- 
matograms. These were filmed automatically, by a 16-mm 
camera, and also stored on magnetic tape. Retention 
indices were automatically calculated using internal hy- 
drocarbon standards, and the mass spectra were inter- 
preted with the aid of a computer program.1° 

Determination of Absolute Configurations of Am- 
ino Acids. Aliquots of the total acid hydrolysates 
(aqueous phase) were dried in vacuo, converted to the 
N-(pentafluoropropionyl) N-propyl esters and chromato- 
graphed on a 15 m X 0.25 mm Chirasil-Val fused silica 
capillary column (Applied Science) as previously de- 
scribed.', The column was held at 90 "C for 4 min then 
linearly programmed a t  4 "C/min to 220 "C. 

For GC/MS the capillary column was inserted directly 
into the ion source of the mass spectrometer. The GC/MS 
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computer system consists of a Varian Model 3700 gas 
chromatograph (equipped with a splitless injector and 
flame ionization detector) and a Finnigan-MAT 312 dou- 
ble-focusing mass spectrometer fitted with a combined 
EI/CI/FAB ion source operating in electron ionization 
mode with an ionization potential of 70 eV. A Finnigan- 
MAT SS-200 data system controlled the instrument and 
acquired, processed, and stored the data. For these ex- 
periments the mass spectrometer was scanned from m/z 
40 to 800 at 1 s per decade. 

For chemical ionization ammonia at an ion source 
pressure of 8 X torr was employed (temperature = 150 
"C, electron energy 200 eV). 

Results and Discussion 
Mass spectrometric, chemical, and chromatographic 

methods contributed to the elucidation of structure A. 
C H 3C H (C H2)9CH3 
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Scheme I. 
m/z 189 in the Mass Spectrum Assigned to  the (Me$), 

Derivative of 3-Hydroxy-4-methyltetradecanoic Acid 

Rearrangement To Form the Ion Observed at 

n i l Z  387 m l r  189 

Scheme 11. Rearrangement To Form the Ion Observed at 
m/z 128 and Its Subsequent Fragmentation in the Mass 
Spectrum Assigned to 4-Methyl-3-tetradecenoic Acid 
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failed to shift the apparent M, of the peptide, indicating 
the COOH-terminus is also blocked (or cydic with the 
NH,-terminus) and that Glx = Gln. The difference be- 
tween the composition of the amino acids present (C30- 
H45N709) and the molecular composition indicated the 
presence of a non amino acid group(s) with the composition 

Hydrolysis of the peptide in 6 N HC1 at  110 "C for 36 
h released ether-soluble components which were identified 
by GC/MS following trimethylsilylation or diazo- 
methylation. The structures of the compounds were as- 
signed as 3-hydroxy-4-methyltetradecanoic acid and its 
dehydration product 4-methyl-3-tetradecenoic acid, on the 
basis of high- and low-resolution electron ionization mass 
spectra. 

The E1 spectrum assigned to the (Me3Si), derivative of 
3-hydroxy-4-methyltetradecanoic acid had m/z 73 as its 
base peak and included peaks corresponding to (M - CH3) 
at  m/z 387 (21%) and (M - OMe3Si) a t  m/z 313 (7%) but 
lacked a molecular ion. Cleavages adjacent to the Me3Si 
ether produced abundant ions at m/z 233 (98%) and 271 
(28%), thus ascertaining the @-position of the hydroxyl 
group. An ion observed a t  m/z 189 (34%) was probably 
the result of a rearrangement of the trimethylsilyl group 
from the 0-hydroxyl oxygen to that of the ester carbonyl 
(Scheme I). 

The E1 spectrum assigned to the methyl ester of 4- 
methyl-3-tetradecenoic acid had a molecular ion a t  m/z  
254 (10%) and a fragment due to elimination of methoxy 
at m/z 223 (14%). Cleavage of the 2,3-bond accompanied 
by loss of H. resulted in an ion at m/z 180 (19%). Location 
of the double bond in 3,4-position was suggested by the 
observation that the base peak in this spectrum (mlz  128) 
arose by loss of CgHzo with rearrangement of a hydrogen. 
Further fragmentation then produced ions at  m / z  96 
(54%) and 87 (42701, as illustrated in Scheme 11. 

The preference for dehydration to the 3,4-position rather 
than the conjugated 2,3-position would be due to the 
methyl group at  position 4. This group permitted the 
formation of a trisubstituted double bond. Appearance 
of an ion at  mlz 114 (28%) gave further evidence for the 
location of the methyl group. 

The identities of these compounds were affirmed by 
hydrogenation of a portion of the ether-soluble material 
over platinum dioxide catalyst, followed by diazo- 
methylation and analysis by GC/MS. The mass spectrum 
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Figure 1. Total ionization profile produced in a GC/MS ex- 
periment on a derivatized partial acid hydrolyzate of the cyclo- 
depsipeptide from fusarium. Peptides identified by mass spec- 
trometry are labeled. 

Scheme 111. Peptide Sequences Identified in the GC/MS 
Analysis (Figure 1)  of the Derivatized Partial Acid 

Hydrolyzate of the Isolate from Fusaria 

Thr-Ala-Ala-Gln-Tyr-Leu 
~~ 

of the hydrogenated product was identical with that of 
authentic methyl 4-methyltetradecanoate. MS and proton 
NMR data on selected derivatives (see above) demon- 
strated that the 3-hydroxyl group of the 4-methyl- 
tetradecanoic acid moiety is not free in the intact peptide. 
The observation that this hydroxyl is liberated upon acid 
hydrolysis suggested that this group is ester linked in the 
intact molecule, probably to the blocked carboxyl terminus 
of the peptide. Furthermore, the hydrolytic release of the 
carboxylate moiety of the fatty acid indicates that this 
functional group is most likely amide linked to the peptide 
and thus serves as the blocking group known to be present 
on the NH,-terminus. 

The sequence of amino acids and the linkage of the 
hydroxy fatty acid to the peptide were unambiguously 
established using the GC/MS protein sequencing metho- 
dology developed by Biemann and co-workers.lOJ1 Partial 
acid hydrolysis (5.7 N HC1, 110 "C, 15 min) of the cyclic 
peptide produce a complex mixture of linear peptides 
which were converted in a number of steps to the corre- 
sponding N-(2,2,2-trifluoro-l,l-dideuterioethyl)-O-(tri- 
methylsily1)polyamino alcohols. The key step of this 
procedure is reduction of the amide backbone of the 
peptide to a repeating ethylenediamine, a modification 
which drastically decreases their polarity. The resulting 
complex mixture of polyamino alcohols is injected into the 
GC/MS where the derivatives are separated and mass 
spectra of each fraction are obtained in a repetitive scan- 
ning mode. 

A total ionization plot obtained from the GC/MS ex- 
periment on the derivatized cyclic peptide is shown in 
Figure 1. Interpretation of the data led to identification 
of seven peptides (Scheme 111) two of which, Thr-Ala- 
Ala-Glx and Ala-Glx-Tyr-Leu, unambiguously established 
the sequence of the peptide portion of the molecule. 

The mass spectrum of the latter peptide is presented 
in (Figure 2) to illustrate the general features of the PO- 
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e12  

Figure 2. Electron ionjzation m u  spectrum of the component assigned BS the Ala-Glu-Tyr-Leu derivative obtained by trifluoroacetylation, 
reduction with diorane-ds and trimethylsilylation of the peptide partial acid hydrolyzate. Gln is converted to Glu during partial acid 
hydrolysis. 
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Figure 3. Electron ionization mass spectra of the peptide partial acid hydrolyzate fractions which contained the fatty acid moiety. 
Shown are the spectra of the derivatives assigned as (A) C,,H,(OH)CO-Thr and (B) Tyr-Leu-O-C,,H.&OOH. 

lyamino alcohol mass spectra. Derivatives of C,,HZsCH- 
(OH)CH,CONH-Thr and Tyr-Leu-O-CH(C,,H,,)- 
CH,COOH (Figure 3) were also identified in the GC/MS 
data, indicating that the peptide is cyclized through the 
blocking group which is linked via an ester bond to the 
COOH-terminus and an amide bond to the NH,-terminus. 
Survival of the ester during acid hydrolysis and its con- 
version to an ether rather than an alcohol by reduction in 
diborane indicates that this bond is sterically hindered." 
Structural assignments made on the basis of the GC/MS 
experiments were corroborated by the abundant se- 
quence-related ions observed in FAB mass spectra of the 
underivatized partial acid hydrolyzates of the peptide. 
Hydrolysis converts Gln to Glu (difference = +1 u) and 
apparently causes about 50% ring opening (based on 

relative peak heights in the FAB data) of the cyclic peptide 
(difference = 18 u). Thus, the ions observed at m/z 889 
and 907 in FAB spectrum (Figure 4) can he assigned as 
the molecular protonated ions of the cyclic and linear 
peptides, respectively. Two series of fragment ions dom- 
inate the spectrum, which is shown in Figure 4. They 
correspond formally to the molecular protonated ions of 
released, linear peptides with either a free carboxyl ter- 
minus or with the hydroxy fatty arid moiety attached to 
the carboxyl terminus (Scheme IV, underlined masses). 
Formation of these peptides from the cyclic depsipeptide 
may be relationalized by assuming that the amide bond 
between Thr and the blocking group and the ester bond 
between Leu and this group cleave faster under the hy- 
drolysis conditions employed than do the peptide bonds. 
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Figure 4. Fast atom bombardment mass spectrum of the un- 
derivatized partial acid hydrolyzate of the peptide. Hydrolysis 
converts Gln to Glu (+1 u) and opens the cyclic structure hy 
addition of water. MNI 907, (M - H20)+ or MH' of unopened 
peptide 889. 

Scheme IV. 
Atom Bombardment Mass Spectrum of the Underivatized 

Peptide Partial Acid Hydrolyzate from Fusaria" 

Assignments of Peaks Observed in the Fast 

372 

295- 
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a Upper mass values correspond to (M t H)i for the 
indicated peptide where X = H and X = C,,H,,(OH)CO; 
underlined masses are for X = C,,H,,COOH and X = H. 

Subsequent cleavage of the peptide bonds would then 
result in the fragments obtained. 

The absolute configurations of the amino acids were 
determined by gas chromatography of the N-(penta- 
fluoropropionyl) N-propyl ester derivatives on a chiral 
phase capillary column." Composition and configuration 
were assigned by comparison of the observed retention 
times with retention times obtained for the derivatives of 
d and l amino acid standards (Figure 5). These results 
were corroborated by GC/CIMS using ammonia as the 
reagent gas. These data indicate the presence of one 
residue each of &Ala, l-Ala, l-Gln (observed as l-Glu), and 
d-Tyr and approximately 0.7 and 0.3 residues respectively 
of l-Leu and 1-Ile (quantitation based on amino acid 
analysis data). A small amount of l-Val was also observed. 
Surprisingly, no peak was observed at the expected elution 
position of d- or l-Thr. However, an unknown, later eluting 
peak (11.93 min, +/-0.05 min) had a mass spectrum in- 
distinguishable from that of the derivative of Thr. The 
unknown was subsequently identified as d-do-Thr by 
comparison with the retention behavior of standards, in- 
cluding, d,l-do-Thr, d,l-Hse, and d,l-methyl-Ser. 

The remaining question of the sequence of the d- and 
l-Ala residues was answered by comparing the relative 
concentrations of free amino acids present in a partial acid 

Figure 5. Separation of N-(pentafluompmpionyl) N-propyl ester 
derivatives of d,l-amino acid enantiomers of a Chirasil-Val fused 
silica capillary column. For experimental details, see text. (A) 
Synthetic mixture of six amino acids. (B) Total acid hydrolyzate 
of the cyclic peptide. Standards of d,l-do-Thr and d,l-Ile were 
analyzed in separate experiments. 

hydrolyzate of the peptide before and after treatment of 
the hydrolyzate with carboxypeptidase A. This enzyme 
will release l-amino acids from the COOH-termini or tri 
or larger peptide~. '~ Hydrolysis conditions identical with 
those used to produce the mixture shown in Figure 1 were 
employed. Enzymatic digestion of this hydrolysis mixture 
only increased the relative peak heights of l-Leu and l-Glu 
(and to a lesser extent l-Ile and l-Val). Since the hydro- 
lyzate was known to contain Thr-Ala-Ala (Scheme In), the 
failure to observe an increase in the l-Ala peak indicates 
that  the probable sequence order is 4-Ala-&Ala-. An al- 
ternate approach involving saponification of the lactone 
and treatment of the linear peptide with carboxypeptidase 
A resulted in the release of l-Leu and smaller amounts of 
l-Ile and l-Val confirming that the composition of this 
sequence position is microheterogeneous. 

Conclusion 
The combmed use of mass spectrometric, chemical, and 

chromatographic techniques constitutes a highly efficient 
and unambiguous approach for determining the structure 
of usual peptides. The methods described here enabled 
the structure of a new, novel cyclodepsipeptide to be elu- 
cidated without the necessity for selective opening of the 
ring to produce a free NH,-terminus. Furthermore, it was 
shown that the sequence, structure, and linkage of the 
blocking group and the absolute configuration of the amino 
acids could be determined by utilization of GC, FAB, and 
GC/MS without isolation or purification of degradation 
fragments. 

Registry No. Ala-Glu-Tyr-Leu deriv, 96666-32-9; CIIHB- 
(0H)CO-Thr deriv, 96688-74-3; Tyr-Leu-0-C14HBCOOH deriv, 
96666-33-0; fusaria fungi cyclodepsipeptide, 96666-31-8. 
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