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Abstract. Phomopsin A, CagH,sCINGO,,. the main mycotoxin 1solated from cultures of Phomopsis
leptostromiformis and the cause of lupinosis disease, is a linear hexapeptide containing 3-hydroxy-L-
isoleucine, 3,4-didehydrovaline, N-methyl-3-(3-chloro-4,5-dihydroxyphenyl)serine, £-2,3-didehydro-
aspartic acid, E-2,3-didehydroisoleucine, and 34-didehydro-L-proline  The t-configuration of the
indicated amino acids was established by a comparison of the N-triflucroacstyl n-butylester dervatives of
the acid hydrolysis products of phomopsin A with samples prepared from authentic amino acids, using
capillary gas chromatography on a chiral stationary phase The E configuration of the two 2,3-didehydro
amino acids Is based on the products obtained by catalytic hydrogenation and sodium borohydnde
reduction of phomopsin A followed by acid hydrolysis (for 2,3-didehydroisoleucine) or by analysis of the
coupled 3C nmr spectrum of phomopsin A (for 2,3-didehydroaspartic acid) Ewidence 1s presented
which shows that the glycine formed during the acid hydrolysis of phomopsin A 1s denved from the 3,4-
didehydrovaline moiety  The sequence of the amino acids was established by heteronuclear '3C{'H}
selective population inversion (SPJ) experiments and by fast atom bombardment (fab) mass
spectrometry of phomopsin A and its derivatives  An X-ray crystallographic study of phomopsin A
confirmed the amino acid sequence and showed that the inear hexapeptde I1s modified by an ether
bridge m place of the 5-hydroxy group of the N-methyl-3-(3-chloro-4,5-dihydroxyphenyl)serine and the
hydroxy group of the 3-hydroxyisoleucine units  In addition, the X-ray study specified the absolute
configuration of phomopsin A as 22F, 25E, 3R, 4S, 7S, 108, 118, 19S

Introduction

The consumption of lupins (Lupinus spp) or post-harvest lupin roughage infected with the
fungus Phomopsis leptostromiformis Kihn Bubak ex Lind has been identfied as the causs of lupinosis,
a mycotoxicosis of sheep, cattle, and horses 12 The condition, charactenised by severe Iiver damage, Is
of considerable economic importance in Australia and field cases have also been reported n South

Afnca and New Zealand 34 The strain of P leptostromiforrus, MRC 2654 used in the present study was
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onginally 1solated from a field outbreak of lupinosis in South Africa during 1969 and was shown to cause
lupinasts In sheep! and pigs 5 Phomoapsin A (1) Is the main mycotoxin produced by P leptostromiformis

when cuttivated on lupin seed,® liquid media,” or maize kernels (this work)
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We now report the structure and absolute configuration of phomopsin A (1) based on the
products obtained on hydrolysis and after reduction reactions, *Hand '3C nm r spectral data, fast atom
bombardment (fab) mass spectral evidence and an X-ray crystallographic study The lnear
hexapeptide structure is unique in containing a 13-membered nng involving an ether bridge, a highly

substtuted phenyisenne moiety and several 2,3- and 3,4-didehydro amino acids

Discussion

Phomopsin A and several related metaboltes were extracted from a culture of P
leptostromiformis, MRC 2654 grown on sterllized, whole maize, by high speed blending in methanol
The methanol extract was purified by column chromatography on macroreticular polystyrene resin (XAD-
2),87 and the phomopsins isolated by chromatography, first on Sephadex LH-20 using methanol water
(1 1 v/v) as eluant and subsequently by gradient elution to DEAE celiulose with ammonium hydrogen
carbonate buffer, pH 79 (002 M to 0 2 M) The fractions containing phomopsin A were combined and
freeze-dned  Crystalisation from methanol ethanol water (54 1 v/v/v) gave phomopsin A (1)
(decomposition at 205 °C without melting) that analysed for 2(C4.H,CINGO,,) 5H,0, A, (MeOH) 209
(< 53 300), 222 sh (& 24 500), and 288 nm ( €13 900), v 1, (KBr) 3340 (amide NH), 1670 and 1645 cm!
(amide CO) The presence of a carboxyl group in phomopsin A as suggested by the broad absorption
(2550-2800 cm™) In s 11 spectrum was aiso indicated by electrometric ttration which provided

evidencs for the presence of two weak acid moteties and a stronger carboxylc acid

Fast atom bombardment mass spectrometry (fab -m s ) of phomopsin A gave the molecular 1on
atm/z 789/791 [M+H}*, supported by an 1on at m/z 811/813 [M+Na]* and, in negative iIon mode, at
m/z 787/789 [M-H]" An accurate mass measurement, m/z 789 2823, showed the empirical formula as
C46H45CINGO; » (calculated for M+H, 789 2862), which was substantiated by the elemental analysis and
the nmr spectral data  252Cf Plasma desorption mass spectrometry gave a senes of sodium and

potassium adduct 1ons corresponding to M-CO, which 1s in accord with the presence of a carboxyl
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group The measured mass of the [M-CO,+Na]* ion, m/z 767 28 (3°Cl 1sotope peak) was in good
agreement with the calculated value m/z 767 278

A perusal of the 13C n mr data for phomopsin A viz seven carbonyl carbon signals mthe 6 170-
160 ppm region and four methine carbon signals In the § 67-56 ppm region suggested the
involvement of several amino acids, albeit modified, in the construction of phomopsin A Confirmation of
this supposiion was obtaned by the incorporation of L-[U-'4C]valine, L-[U-'*CJisoleucine, L-[U-
4C)phenylalanine, and L-[U-'4C]proline into phomopsin A produced on hquid medium @ Furthermore,
in the proton-decoupled '3C nmr spectrum of phomopsin A biosynthetically derived from L-[3-
13C]phenylalanine only the resonance at & 69 56, assigned to the B-carbon atom of the substituted

phenylserne moiety (see later), was enhanced

An acid hydrolysate of phomopsin A (6M HCI, 110 °C, 20 h) was shown by capillary gc-m s of
the N-trfiuoroacetyl n-butyl ester dervatives'® to contain glycine (063), sarcosine (011), 3,4-
didehydrovaline (0 08), valine (0 18), two 8, y-didehydroisoleucines (0 20, 0 44) and 3,4-didehydroproline
(1.00) in the indicated ratios (see Figure 1} The glycine, sarcosine, valine, and 3,4-dehydroprolne!?
were identfied by companson with authentic samples and the 3,4-didehydrovaline and
didehydroisoleucines by their mass spectra as well as conversion to valine and a mixture of alflo-

isoleucine and isoleucine, respectively, after hydrogenation (PtO,-H,) of the hydrolysate The presence

dh pro,|

l
dh nl'(-‘ /I: it

By

,1. ULl

dh val

Figure 1  Capillary gas chromatogram (90 m, SCOT OV101) of the N -trfiuoroacetyl n-butyl esters of
the amino acids obtained on acid hydrolysis of phomopsin A (Abbreviations are gly = glycine, sar =
sarcosine, val = vaine, dh-val = dehydrovaline, dh-le = dehydroisoleucine, dh-pro = 34-
dehydroproline, bht = 3,6-di-t-butylhydroxytoluene)

of 2,3-didehydroaspartic acid and 2,3-didehydroisoleucine in phomopsin A was established by
nonstereospecific sodium borohydnde reduction prior to acid hydrolysis which then yielded, In addition
to the above amino acids, aspartic acid (1 00), allo-soleucine (0 50), and 1soleucine (0 50) However,

prior catalync reducton (PtO,-H,) of phomopsin A followed by acid hydrolysis and capillary gas
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chromatography of the N-triflucroacsty! n-butyl esters on a chiral phase column indicated the presence
of DL-valine, DL-isoleucine, L-proline, and DL-aspartic acid 1n the rato of 1111 and the g,v-

didehydroisoleucines mentioned above in the same relative ratio as before (see Figure 2) It i1s important
to note that both glycine and sarcosine were completely absent Catalytic hydrogenation of the 2,3-
didehydroisoleucine moiety must therefore proceed stereospecifically as only isoleucine was detected in
this hydrolysate and as a consequence the E configuration i indicated for this didehydro amino acd

The presence of DL-isoleucine and DL-aspartic acid 1s to be expected as reduction of the 2,3-didehydro
amino acids can occur at erther face of the double bond The presence of DL-valine 1s disconcerting and
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Figure 2 Capillary gas chromatograms of the N-triflucroacetyl n-butyl esters of (a) the amino acids
obtained on hydrolysis of octahydrophomopsin A chromatographed on a 90 m SCOT OV101 column
(b) The same sample on a 25 m WCOT RSL-007 chiral phase column (Abbreviations are val = valine,
dh-ile = dehydroisoleucine, ile = 1soleucine, pro = proline, asp = aspartic acid)

would imply that a 44 » 4 23 isomenzation of the 3,4-didehydrovaline moety occurs on the catalyst
surface during reduction The L configuration for the 3-hydroxyisoleucine moiety was established by
catalytic reduction of the two g, y -dehydroisoleucines present in the hydrolysate to L-isoleucine The E
configuration of the 2,3-didehydroaspartic acid moiety followed from the magnitude of the three-bond
(‘3C,‘H) coupiing observed for the amide carbonyl atom which appears as a doublet of doublets at 8¢
16395 [BJ(CH) 95 Hz, 3J(C,NH) 23 Hz] In the single frequency nOe *3C nmr spectrum of
phomopsin A 12 These results provide firm evidence for the presence of 3,4-didehydro-L-proline, E-2,3-
didehydroaspartic acid, E-2,3-didehydroisoleucine, 3-hydroxy-L-isoleucine and 3,4-didehydrovaline in

phomopsin A

An ambiguity in the results obtained from the acid hydrolysis of phomopsin A concerns the onigin
of the glycine present in the hydrolysate It seems fikely that glycine could arise erther from the 3-
hydroxyisoleucine by a retro-aldol fission, or from the 3,4-didehydrovaline, after Markovnikov addition of
water across the double bond followed once again by a retro-aldoi reaction Hydrolysis of phomopsin A
(8M HCI, 110 ©C, 20h) n a sealed tube, followed by treatment of the hydrolysate with 2,4-
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dintrophenythydrazine and hplc analysis of the resultant mixture showed the presence of the 2,4-
dintrophenylhydrazone denvatve of acetone The glycine therefore i1s denved from the 3,4-
didehydrovaline moiety in phomopsin A and this deduction was confirmed by hydrolysis of phomopsin A
denved biosynthetically from L-[U-'C]vaine® to give glycine which contained 33% of the recovered
radioactivity

Although phenylalanine is efficiently incorporated into phomopsin A (see above) nerther this amino
acid nor a dervative was detected in the acid hydrolysates  Instead when phomopsin A was treated
with 11 0 M HCI, sarcosine and a chlorodihydroxybenzaldehyde are formed by an acid-catalysed retro-
aldol fission The latter compound was 1solated and identfied by g c -ms companson of its dimethyl
ether (M*, 200/202, accurate mass determination m/z 200 0234, calculated for CyH,ClO;, 200 0240)
with authentic 3-chloro-4,5-dimethoxybenzaldehyde, after the substitution pattern of the aromatic nng
had been established by high-field nmr data (see later) lons at m/z 171/173 in the fab mass
spectrum of both phomopsin A and phomopsinamine (2) are derived from this mowety A
chiorodihydroxyphenylpyruvic acid, derived from the corresponding 2,3-didehydroamino acid formed by
dehydration of the substituted phenyisenine untt, was also detected in the hydrolysate and identfied by
the mass spectrum of its tetra(tnmethylsilyl) derivative (M ™+, 518)

Mild acid hydrolysis of phomopsin A (6 M HCI, 38 °C, 1h) gave oxaloacetc acid, derived from the
constituent 2,3-didehydroaspartic actd moiety, and phomopsinamine (2), a moderately strong base
Fab-ms of (2) showed ions at m/z 697/699 which correspond to [M-H20+Na]+ The ongin of the
oxaloacetic actd was confirmed by catalytc reduction of phomopsinamine (PtO,-H,) followed by acid
hydrolysis to give valine, 1soleucine, proline and the two B, v -didehydroisoleucines  Aspartic acid was
absent

The constituent amino acids of phomopsin A viz 3,4-didehydroproline, 2,3-didehydroisoleucine,
2,3-ddehydroaspartic acid, N-methyl-3-(3-chloro-4,5-didhydroxyphenyl)serine, 3,4-didehydrovaline, and
3-hydroxyisoleucine must be accommodated in a cyclic peptide or a modified linear peptide containing,
in each case, at least one free carboxy group to account for the empincal formula ,

The presence of the above amino acid structural units was also recognized from a detalled
analysis of the resolution enhanced 500 MHz 'H nmr spectrum of phomposin A recorded In
[2H6]d|mathyl sulphoxide  The proton-proton connectvity pattern was confrmed by extensive
homonuclear 'H{'H} decoupling expenments (Figure 3) The '3C nmr data for phomopsin A as
shown in Figure 4 were obtained from proton-decoupled and single frequency nO e spectra The
signals of the proton-bearing carbon atoms were correlated with specific proton resonances by
observing the residual (*3C,'H) spittings in a senes of off-resonance proton-decoupled '3C nm
expenments as well as in a two-dimensional (2-D) (*3C,H) chemical shift correlation expenment *3%4 In

the assignment of the different 3C resonances use was made of chemical shift values,'® (3C,'H)
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coupling constants and selective '3C{H} decoupling expenments The long-range (13C, ) connectvity
psttern was determined by extensve heteronuclear '3C{'H} selective populaton inversion (SPI)'S
expenments and by a 2-D chemical shift correlation expenment adjusted to detect correlations via long-
range ('3C,"H) couplings 13.14

98592 9323

£ CO—N——C—CO—N——C—CO,H
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Figure 3. The 'H chemical shifts and couplings constants (Hz) for phomopsin A (1) The ('H,'H)
connectivity pattern as indicated was determined by homonuclear decoupling experiments  The broken
tines show cases where effects were observed during decoupling expenments, afthough no splttings
were measurable

Figuré 4. The '3C chemical shifts and long-range ('H,'3C) connectivity pattern for phomopsin A (1)

The long-range (*3C,H) connectivities determined by these methods partly established the amino
acid sequence, the location of the N-methyl group, and the substitution pattern of the modified

phenylserine moiety In phomopsin A

Evidence for the location of the N-methyl group as a constituent of the modified phenylserine
molety was provided by selective iradiation of the N-methyl proton transmions ( & H 2468) In a SPI
expenment The result shows that these protons are coupled to a carbon atom thres bonds removed,
which resonates at § ; 66 05 D This carbon chemical shift value, however, has been correlated with the
resonance at §y 4 072, a terminus of the spin system incorporating the two meta-oniented (J 2 0 Hz)
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aromatic protons of the phenylisenne moiety  These two resonances ( §,, 4 072, §.66 05) are assigned
to the nuclel of the a-centre of the amino acid as selective irradiation of the proton transrions n a SPI
expenment affected the resonances at . 164 27 S (amide carbonyl carbon), 12984 S, 69 56 D, and
3339 Q ['U(CH) 1427 Hz, N-CHz] The resonance at & 69 56 (correlated with ¢ |, 5 033) is assigned to
C-8 and that at é; 12984 S to C-v 1.e. C-1 of the phenyisenne moiety  Analysis of the proton-proton
connectivity pattem for the phenylsenne moiety suggests the presence of etther a 3,4,5- or a 2,3,5-
tnsubstituted phenyl nng n phomopsin A This ambiguity was resolved by irradation of the 8-H proton
transiion ( 6, 5 033) In a SPI expenment which affected the resonance at & ¢ 12984 S (C-1) and both
resonances at &g 12279 D and 12246 D, correlated with the meta-onented aromatic protons at &,
7 060 and 6 656, respectively The nature of the substituents of the 3,4,5-tnsubstituted phenyl nng was
determined by chemical shift considerations and the results of two addrional SPI expenments Selective
rradiation of the C-2 proton transitions ( §,, 7 060) affected the resonances assigned to C-6 ( 6¢ 122 46
D) and C-g ( & 69 56 D) as well as those at 5§ 14709 S and 12164 S Similar selective wradiation of
the C-8 proton transitions ( 6 4 6 656) affected the resonances assigned to C-2 (8c12279D)and C- 8
( 8¢ 6956 D) as well as those at & 14709 S and 14508 S§ The chemical shift of the last two
resonances s indicative of two oxygen-beanng sp? carbon atoms The two- and three-bond (*3C,'H)
connectivity pattern demanded by these results 1s satisfied by a 3-chloro-4,5-dihydroxy substtution
pattern for the phenyl nng of the phenylserine moiety and allows the assignment of the resonances for C-
3 (6 12164), C4 ( §;14709), and C-5 (8 5 14508) It is of interest to note that four-bond (3c,'H)
couplings, identified by the value of 4J(CH), were observed for H-2 and C-5, and H-6 and C-3

The assignment of the resonances in the '3C nm r spectrum of phomopsinamine (2) (see Figure
5) 1s based on the same methodology as that described for phomopsin
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Figure 5.  Structure and '3C chemical shifts for phomopsinamine (2)

The sequence of the different amino acids in phomopsin A 1s based on the results obtaned from
SPI expenments (Figure 4) and the ('H,'H) connectivity pattern (Figure 3) For example, selectve
wrediation of the C-g proton transiions (§ , 7 260) of the 2,3-didehydroaspartic acid moiety in a SPI
expernment affected the resonance at §¢ 139 33 (C- o) and the carbonyl carbon resonance at ¢ 163 95
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Selective irradiation of the amide proton ( § , 9 323) affected the resonances at 6 110 87 D and 163 95
S, thus identifying the amide proton as part of the 2,3-didehydroaspartic acid moiety, as well as the
carbonyl carbon resonance at 8, 16286 S The last resonance 1s also affected when the amide proton
of the 2,3-didehydroisoleucine unit  §, 8 592 1s irradiated In a SPI expenment  These results define the
inkage 2,3-didehydroisoleucine + 2,3-didehydroaspartic acid  In this way, the results of the SPI
expenments allow us to formulate the parhal sequences 3,4-didehydroproline +2,3-didehydroisoleucine
+ 2,3-didehydroaspartic acid and N-methyl-3-(3-chloro-4,5-dihydroxyphenyl)serine -+ 3,4-didehydrovaline
+ 3-hydroxyisoleucine

In a preiminary communication!” the 2,3-didehydroaspartic acid + N-methyl-3-(3-chloro-4,5-
dihydroxyphenyl)senne sequence was deduced from the two-bond (*3C,'H) coupling observed for the
carbon resonance of the basic secondary N-methyl group, § ¢ 33 21 [Qd, 'J(CH) 134 0, 2J(CH) 30 Hz]
in  phomopsinamine (2), which lacks the 2,3-didehydroaspartic acid moiety  The corresponding
resonance in the *3C nmr spectrum of phomopsin A [ § ¢ 3339 Q, '/(CH) 1420 Hz] exhibits no such
tong-range ('3C,'H) coupling By elimination, the remaining linkage between the constituent amino acids
of phomopsin A was defined by the sequence 3-hydroxyisoleucine + 3,4-didehydroproline and a cyclic
hexapeptide structure was proposed for phomopsin A 17

However, such a cyclic hexapeptide structure requires the presence of two ortho phenolic
hydroxy groups in the substtuted phenylsenne moiety Chemical evidence for the involvement of the
oxygen atom of one of these groups In an ether bond has been reported'® but was not incorporated
into previously reported structures 17'9 Thus phomopsin A fails to complex with borate  Methylation of
phomopsin A with diazomethane prior to acid hydrolysis and subsequent conversion of the hydrolysis
products to their tnmethylsilyl denvatives leads to the formation of a monomethyl mono(trnimethylsilyl)
dervative of 3-chloro-4,5-didhydroxybenzaldehyde (M, 258) 18

A linear hexapeptide structure lacking the peptide bond between the 2,3-didehydroaspartic acid
and N-methyl-3-(3-chloro-4,5-dihydroxyphenyl)serine moieties was, therefore, proposed for phomopsin
A on the basis of fab mass spectral data '®  In an X-ray crystallographic study (see later), the linear
structure was further modfied by an ether bridge replacing hydroxy groups of the substituted

phenylserine and 3-hydroxyisoleucine units, as shown in (1) 20

The nmr ewvidence Is equally interpretable on the basis of structure (1) for phomopsin A The
absence of a two-bond ('3C,'H) coupling for the N-methyl carbon resonance Is explained by the
observation that the hexapeptde forms a zwiterion mnvolving the carboxy group of the 23-
didehydroaspartic acid moiety and the N-methy! nitrogen atom of the substituted phenylserine residue 2
The 2,3-didehydroaspartic acid forms a hydrogen-bonded 7-membered nng monoanion similar to that
formed by maleic acid 2! The stability of the monoanion 1s enhanced by tautomensm and the resulting
high acidity causes phomopsin to retan its zwitterionic character down to pH 2 The hydrogen-bonded
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proton which 18 part of the tautomenc system resonates at unusually low-field, 5,189 ppm The
corresponding proton in the maleic acid monoanion resonates at &), 20 1p p m 192!

As stated earlier the complete amino acid sequence data for phomopsin A (1) was deduced from
fab mass spectral data'® The chionnecontanng [M+H]Y wons of phomopsn A (1),
octahydrophomopsin A (3) and their methyl and tndeutenomethyl esters (4)~(7) are prominent features
of therr positive 1on fa b spectra (Figures 6 and 7)  The most prominent N and C terminal sequence
ions observed In the positive lon spectra are, in all cases, of the B and Y" types respectively (Scheme
1)22 with cleavage of the macrocycliic ring occuming by fission of one or other of the ether bonds

XsYs Z, X, Yy 2, %, Y, 2,

PRl MR [RAR] [T
H,N—-C+CiN1CtCH+NtctCciN{C—cooH
HIH| [H|H| (WA

A, B, Cy A, B,C, A; B, C,

+
b he o
+
H,N-C-C=0 H,N-C—C-N—-C—-COOH
H H H H

Scheme 1 Nomenclature for the sequence ions in the mass spectra of peptides with examples of B,
and Y," 1ons (" denotes addition of 2H)

In the Y* senes sequence 10ns the inihal loss (243 amu) from the amino terrmini of phomopsin A
(1) and ts dervatives (3)-(7) involves fission of the 3-hydroxyisoleucine ether bond and hydrogen
transfer to the aromatic amino acid with concomitant loss of hydrogen from the 3-hydroxyisolsucine units
to yield didehydroisoleucine residues in the peptide chains The amino terminal N-methyl-3-(3-chloro-
4,5-dihydroxyphenyl)serine units generated by this ring opening are then lost (-243) leaving the newly-
generated didehydroisoleucine residues present in the Y," and Y, fragment ions The latter are in turn
lost (-111) in producing the Y fragment ions

The B series fragment 1ons, on the other hand, are characterised by cleavage of the macrocyclic
nng between the aryl nng and the ether oxygen with hydrogen transfer in the reverse direction to
produce 3-hydroxyisoleucine residues in the peptide chans Thus, generation of the B, fragment tons
nvolves a loss of 129 (3-hydroxyisoleucine) from the B, tons The B, ions have m/z 226/228 with no
evidence of the (m/z 244/246) 10ns expected If cleavage of the ether bndge had occurred, as in the
case of the Y" fragment 10ns, at the 3-hydroxyisoleucine ether bond

As well as the B and Y" i0ns, a series of sequence ions (m/z 658, 415, 318 and 207), beginning at
the Bg fragment lons, 1s observed in the spectra of phomopsin A (1) and s methyl (4) and
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Figure 6. Positve ionfab mass spectra of (8) phomopsin A (1), (b) the methyl ester of phomopsin
A (3) and (c) the tndeuteriomethyl ester of phomopsin A (6)
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Figure 7 Postive ionf a b mass spectra of (a) octahydrophomopsin A (3), (b) the methyl ester of
octahydrophomopsin A (5) and (c) the trideutenomethyl ester of octahydrophomopsin A (7)
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Table 1 The m/z values of the main sequence ions in the positive ion fa b spectra of
phomopsin A (1) and its derivatives (3) - (7)

Compound [M+H]* B, B, By B, By Y, Y, Y Y/ Y5

(1) 789 226 323 452 - 658 - - 338 449 546
(3 797 226 325 454 - - 134 247 344 455 554
@) 803 226 323 452 - 658 - - 352 463 560
(5) 811 226 325 454 551 664 148 261 358 469 568
0] 806 226 323 452 547 658 - - 355 466 563
@ 814 226 325 454 - 664 151 264 361 472 571

- Indicates not distinguishable from background or absent

tndeuteriomethyl (6) esters These 1ons, which involve fission of the aryl-ether bond of the macrocyclic
rng, represent amino acid residue losses from the amino termini of the B acylium ions with transfer of a

hydrogen to the acylum species

Dehalogenation reactions have been reported to occur in phenolic and heterocyclic aromatic
compounds dunng fa.b measurement?® and the fab posttive ion spectra of phomopsin A (1) and its
denvatives (3)-(7) also show prominent i1ons formed by replacement of the aromatic chlorine by
hydrogen lons corresponding to the parent [M+H]* ions but lacking chiorne are observed at m/z
755, 769, 772, 777 and 780 n the spectra of (1), (3)-(7) respectivedly Low intensity Y" and B-senes
sequence lons of the dechlorinated molecules, corresponding to the ions shown in Table 1 but with m/z

values of 34 less, are also detectabile in the spectra

The mass spectrum of phomopsin A (1) in particular also shows evidence of hydrogen addition
under fab conditions leading to a distortion of the expected isotopic intensihes from the theoretical
distnbution This phenomenon has been observed previously with polyunsaturated molecules such as

organic dyestuffs2* and daunomycin dervatives 25

The chlonne-containing B, fragment 1ons at m/z 226/228 are the most intense peaks In the
spectra of the unreduced phomopsins (1), (4) and (6), while the Y;" 1ons formed by cleavage of the 3-
oxyisoleucine-proline peptide bonds are the base peaks in the spectra of the octahydro derivatives (3),

(8) and (7)

The f ab mass spectral data provide evidence of, and are fully consistent with the presence of
the ether bridge established by the X-ray diffraction data,'? (see later) although this was not recognised

in an earher nterpretation of the fab data '® The molecular ions and fragment 1ons observed In the
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fab spectra of (1), (3)-(7) indicated an absence of the elements of water from a Iinear peptide structure
in which the amino terminn and both carboxyl groups at the carboxy terminn are free 19 This suggests
an internal ether brdge, most logically between one of the phenolic hydroxy groups and the ongtnally
postulated 3-hydroxyisoleucine residues '®  The presence of such a bndge 1s indicated in the
f a b spectra by fragment ions in which the ether oxygen is retained by erther the N-methyl-3-(3-chloro-
4,5-dihydroxyphenyl)senne unrts (Y" senes ions) or by the 3-hydroxyisoleucine units (B senes ions) but

never on both residues simultaneously

Phomopsin A (1) crystallises from ethanol-methanol-water as hydrated pnsmatic crystals which
analyse for 2(CygH,sCINGO,,) 5H,0  The crystals are orthorhombic, space group P2,2,2,, a =
18 756(3), b = 22 321(3), ¢ = 23 940 (6) AZ=4

The crystallographic analysis shows that phomopsin A has the linear peptide configuration shown
in (1), with an ether bndge forming a 13-membered macrocychc ring which incorporates a 3,4,5-
tnsubstituted phenyl nng Phomopsin thus resembles the cyclopeptide group of alkaloids?® which are
tetra- or pentapeptides with a modfied (decarboxylated and dehydrated) 3-(p- or m-
hydroxyphenyl)serine unit linked through an ether bridge to a 3-hydroxy amino acid to form a 13- or 14-
membered ning  Howaever, in the alkaloids, the peptide chain 1s connected through the amino group of

the phenylserine unit rather than through the carboxyl group as in phomopsin A

The two independent molecules in the crystal (A and B) adopt different conformations (see Figure
8 and Tabie 2), the major difference being the relative orientation of the 3-chloro-4-hydroxy-5-oxypheny!
moiety of the macrocychic nrng  Compared with its position in molecule A, the aromatc ring 1n molecule
B has rotated approximately 137° about an axis joining O-2 and C-11 so that in molecule B the aromatic
ring is face-on to the C-6--C-7 segment of the macrocyclic nng The angle between the aromatic nng
and the convenient reference bond C-7--C-321s 153° in molecule B (the angle of rotation of the aromatic
ning 1s the sum of the supplements of these angles) The difference in the two conformations I1s also
reflected in four torsion angles of the macrocyclic ring, viz C-16--C-1--0-2-C-3, C-1-0-2--C-3--C-4, C-9--
C-10--C-11--C-12 and C-10-C-11--C-12--C-16, which have the respective values -95(2), 91(2), -42(2),
96(2)° In molecule A and 95(3), 19(3), 43(3), -93(3)° in molecule B Consequently, the side-chain of the
N-methyl-3-(3-chloro-4-hydroxy-5-oxyphenyl) untt adopts the [g* (g".g™)] and [t(g*.97)] conformations
in molecules A and B respectively, the respective x ', x,21, x,22 values being 78(2), -89(2), 96(2)°
for molecule A and 166(2), 79(3), -93(3)° for molecule B Athough there 18 an intramolecular hydrogen
bond between the nitrogen atom and the hydroxy group of the protonated phenyisenne residue (see
Table 3) In molecule A, the N-36  O-38 distance being 271(2) A, thers 1s N indicaton of a similar
interaction in molecule B The side-chain of the 3-oxyisoleucine mosety 1s descnbed as [tig*)] in
molecule A with  x "1 = 168(2)° and x 52 = 57(3)° while in molecule B tts conformation 18 [t{f)] with

Xa'"! = 165(2)°and x ;2 = 178(2)° as a result of the different macrocyclic nng conformations
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Table 2. Selected torsion angles (°) E s d ’s range between 2 and 5°

* Mol Mol * Mol Mol

A B A B

C1-02-C3-C4 ot 79 N24-C25-C50-052 bgr? -167 169
02-C3-C4-N5 84 75 C23-N24-C25-C26 8 20
C3-C4-N5-C8 139 135 N24-C25-C26-C27 Xg' 177 178
C4-N5-C6-C7 “2 176 180 C25-C26-C27-053 xg2? 177 -170
Ns-Ce-C7-N8 Y2 111 109 C25C26-C27-084  xg®' 1 4
C6-C7-N8-C8 %2 .08 -110 C27-C26-C25-C50 4 1
C7-Ng-Ca-C10  “1 170 169 C26-C25-C50-051 Xg>! 162 174
N8-C9-C10-C11 74 95 C26-C25-C50-052  x 2> 13 -13
C9-C10-C11-C12 42 43 N36-C10-C11-038 X, 49 45
C10-C11-C12C16 x,>2 96 -93 N36-C10-C11-C12 ;2 78 166
C11-C12-C16C1  x,32 180 180 N36-C10-C9-N8 v,  -102 -119
C12-C16-C1-02 177 173 C37-N36-C10-C9 ¢ 94 73
C16-C1-02-C3 95 95 C37-N36-C10-C11 141 160
02-C3-C4-C17 160 160 C10-C11-C12-C13 x2' 89 78
C6-N5-C4-017 43 -104 96 N5-C4-C3-C28 x3 168 165
N5-C4-C17-N18  v3 117 116 N5-C4-C3-C30 xa2 3B 46
C3-C4-C17-N18 126 117 C4-C3-C28-C29 xa S 178
C4-C17N18C18 wz -175 -173 C4-C17-N18-C41 2 3
C17-N18-C19-C20 ¢, 74 -77 NB-C7-C32-C33 x, ' 9 8
N18-C19-C20-N21 ¥, 159 149 N8-C7-C32-C34 x2'? 180 176
C19-C20-N21-C-22 v, 168 172 N18-C19-C43-C42 xs 180 176
C20-N21-C22-C23 ¢ 70 53 C19-C43-C42-C41 X 42 7 2
N21-C22-C23-N24 v; 30 40 N18-C41-C42-C43 X4 8 -2
C-22-C23-N24-C25 wg  -178 175 N21-C22-C45-C46 xs"' ~-173 -165
C-23-N24-C25-C50 ¢g 172 -163 N21-C22-C45-C48 xs? 6 3
N24-C25-C50-051 ¥gr' 18 -3 C22-C45-C46-C47 x5  -102 -119

*The convention for the conformational angles ¢, ¥, w, X, Is that proposed by the IUPAC-IUB
Commussion on biochemical nomenclature (cf Biochemistry, 1970, 8, 3471)  The residues R, - Rg are
defined as follows

R, = N-methyl-3-(3-chioro-4-hydroxy-5-oxyphenyl)senne
R, = 3.4-ddehydrovaiine

R; = 3-oxyisoleucine

R4 = 3,4-didehydroproline

Rg = E-2,3-didehydroisoleucine

Rg = E-2,3-didehydroaspartic acid

The segment of the hexapeptide chan compnsing the 3,4-didehydroproline, 2,3-
didehydroisoleucine and 2,3-didehydroaspartic acid moieties adopts a similar conformation in the two
independent molecules The segments, however, are not fully extended but have a turn at the 2,3-
didehydroisoleucine residue ( Vg = 30(3) and 40(4)° In molecules A and B, respectively) so that the
terminal 2,3-didehydroaspartic acid residue is twisted back towards the sec-butyl moiety of the 3-
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Figure 8. Perspectve view of molecules A and B for phomopsin A

oxyisoleucine The 2,3-didehydroaspartc acid is a monoanion involved i two intramolecular hydrogen
bond nteractons For one of the interactions, N-24 donates its proton to O-51 of the peptide chain
carboxyl group, the N-24 O-51 distances being 257(2) and 253(2) R in molecules A and B
respectively  For the other interaction, a symmetnical hydrogen bond is formed between the two
carboxyl groups The O-652  O-54 distances, 2 43(2) A n molecule A and 2 40(2) ;\ mn molecule B, are
similar to the value 2 408(1) A observed for this interaction In the maleate anion In imidazolium hydrogen
maleate 27 As in the latter, the four carbon atoms are planar (torsion angle C-27--C-26--C-25--C-50 -4(5)
and 1(5)° in molecules A and B, respectively), but one carboxyl group in molecule A and both carboxy!
groups in molecule B are slightly rotated from the plane (See torsion angles C-25--C-26--C-27--0O-63,
C-25--C-26--C-27--0-54, C-26--C-25--C-50--0-51, C-26--C-25--C-50--0-52

The peptide bonds in phomopsin A are all approxmately trans planar, the w values (Table 2)
ranging from 168(1) to 180(2)° n the two independent molecules The largest deviations from planarity
of approximately 10° are found for the substituted phenyisenne and 3,4-didehydroproline unts ~ The
orientaion of the side-chans of the 34-didehydrovaline, 2,3-didehydroisoleucine and 23-
didehydroaspartic acids units in the two molecules I1s similar  For molecule A the respective x ! values
are -9(4), -173(2), 177(3)° and for molecule B -6(3), -164(3), 178(3)° Atoms of the five-membered nng
of 3,4-didehydroproline are planar to within + 008(2) and + 002(2) A in molecules A and B,
respectively

There 1s some disordering of the water molecules n the crystal, and as an approximation to allow
for this, four of the water oxygen atoms, OW-4--OW-7, have been included with one-half occupancy An
intncate system of intermolecular hydrogen bonds links the phomopsin and water molecules into a three-
dimensional network (Table 3) Some of the interactrons provide a direct knkage between the
phomopsin molecules whilst for others, the water molecules provide a bridging between them  As
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Table 3 Proposed hydrogen bonding for phomopsin A (Distances (7\) and angles (%)

Transformations of the coordinates (x,y,z) are given by superscripts

L (4+4x, 4y, 1-2), U(-4+x, 4y, 1-2),

IX (3%, 1y, - 32), X (%X, 1,4 +2)

W(x 1+y, £-2), V(2x, -y, -4+2),
V(1x, -d+y, $-2), VI(x,-3+y, 4-2), VI (1, -4+y, 13-2), VIII (%, -3+y, 4 -2),

Atoms X Y H2 Y <X-HY Atoms X Y
N5A 0358 292(2) 206 146 038B 052! 284(3)
N5B 035A 296(3) 208 149 O3%A 0318 281(2)
NsA Ow3l 293(4) 196 178 0398 OW4 269(5)
NSB 033A 300(2) 215 147 0528 0548 243(2)
N21A owill 295(3) 198 172 052A 054AP 240(2)
N21B O53A 294(3) 198 171 ow1 0538 283(4)
N24A O51AP 257(2) 204 112 ow2 Oos51AVl 311(4)
N248 0518B° 253(2) 205 108 owz 054V 294(4)
N36A O38AP<C 271(2) 217 114 ows 0518 321()
N36A 0O51B'c 279(3) 208 129 OW5 053AX 301(6)
N36A 040B! 310(3) 242 127 OwWs 044B* 259(6)
N36B O40A! 283(2) 195 149 owa owsd 315(@7)
N38B Os1Alc 270(3) 181 151 ow4 owrXd 321(6)
N36B ow2'Ve 315(3) 256 120 ows owrd 255(10)
038A 044AY 271(2) ows owsd 247(7)

2 Hydrogen atom coordinates were calculated (N-H 0 97 ;\)

b Intramolecular H-bond

€ Bifurcated interaction

9 Donor atom uncertain

Figure

9 Relative onentations of the A and B molecules of phomopsin A showing the hydrogen
bonding The side-chains of the 3,4-didehydrovaline, 3-oxyisoleucine and 2,3-didehydroisoleucine
moieties have been omitted for clanty
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ilustrated n Figure 9, the A and B molecules are linked in parrs, with the 2,3-didehydroaspartic acid
terminus of molecule A adjacent to the substituted phenyiserine moiety of molecule B, and vice versa
In addmon to the electrostatc bonds formed by these zwittenonic centres, there are seven
intermolecular hydrogen bonds linking the two molecules the N-36 nitrogen atoms of the phenylsenne
moieties are the donor atoms In interactions with the 0-51 atoms of the 2,3-didehydroaspartic acid unts
and the O-40 carbonyl oxygens of the 3-oxyisoleucine units  In addition to these interactions, the N-5

atoms of the 3-oxyisoleucine residues donate ther protons to the O-35 carbonyl oxygens of the
phenylsenne moieties, and the hydroxy group oxygen, O-38 of molecule B, 1s the donor atom in an

interaction with 0-52 of the 2,3-didehydroaspartic acid of molecule A

Only fragmentary ewidence s available for the conformation of phomopsin A in soluton  The
close smilarity of the section of the macrocyclic ring from O-2 to C-10 in the A and B molecules of the
crystal, suggests that this section will retain the same conformation also in solution and that the
macrocyclic ring as a whole will approximate the A and B options or both  This may not be true of the
acyclic part of the molecule which, in the crystal, ts apparently constrained by the favourable energetics
of the electrostatically bonded A-B par  In solution In water or dmethylsulphoxide, the interpair bonds
would be expected to be replaced by solvation and the peptide chain should be free to assume other
conformatons The most relevant n mr parameter, the vicinal coupling constant of the CHOH-
CHNHMe system J 3 9 Hz, is consistent with both the A and B conformations, the torsion angle, H-10--
C-10-C-11--H-11, being -45°n Aand 43°InB Ann O e effect observed between the aromatc proton
H-16 and the benzylic proton H-11 1s indicative of the macrocychc ring being, to a large extent, in the A
conformaton There I1s also a 4-bond benzylic couplng between H-16 and H-11, J 12 Hz, which
suggests that ¢ onginates in the B conformation in which the 4-bond pathway has an extended form
Other observed effects such as the sharpening and increase in height of some resonances (e g methyl
protons of C-30 and C-34) and decrease in height of others (e g H-7) when the temperature 1s raised to
348 K, probably reflect a change in conformer populations but their precise signficance 1s less clear

The temperature gradients for the chemical shift of the hydroxy and amide protons (Table 4)
exhibit the wide range of values which are usually indicative of conformational stabilty, although, in this
instance, 1t probably does not exclude the interconversion of conformers A and B because of the small
change 1n position of most atoms  Both the amide and the carboxyl hydroxy group of the 2,3
didehydroaspartic acid group have gradients of less than 2x10° ppm K, consistent with the tight
binding of the carboxy! hydroxy group in the monoamion complex of the 2,3-didehydroaspartic acid and
the strong hydrogen-bonding of the amide proton to the adjacent carboxyl [N-24A  O-51A, 253 l°\ N-
24B 0-51B, 251 ;\] This amide proton exchanges slowly with deuterium oxide in comparison with
that of the 3-oxyisoleucine group with a temperature gradient of 6 7x10° ppm K1, which exchanges
particularly slowly This N-5 proton s hydrogen-bonded in the crystal to the carbonyl (O-35) of the other
molecule of the A-B pair mplying that in an unpaired molecule it should have adequate access to solvent
molecules The very slow exchange therefore raises the possibility that the molecular painng seen in the

crystal might actually persist in solution

2367



2368

C C J CULVENOR et al

Table4 Temperature gradients of the exchangeabie protons of phomopsin A (1)

Chemical Shift* Temp Gradient D,0

Assignment

(ppm) (PPm)K™? (x10°) Exchange
665brs 43 fast OH
855brh 33 fast OH
882d 67 very slow N-5 proton
895d 75 med fast N-8 proton
909s 58 fast OH
936s 07 slow N-24 proton
968s 49 slow N-21 proton
190 s 18 fast OH of 2,3-dide-
hydroaspartic acid

*br = broad, d = doublet, h = hump, s = singlet

Although the stereoview (Figure 10) shows that the molecules in the A-B pair have juxtaposed
hydrophobic regions formed by (1) the side-chains of the substituted phenyiserine and 3-oxyisoleucine
residues and (2) those of the 3,4-didehydrovaline units, which would tend to hold the molecules together
in aqueous solution, the existence of painng In soluton was not supported by 13C relaxation time
measurements in [?Hgjdimethy! sulphoxide

Figura 10. Stereoview of the A-B pairin crystals of phomopsin A
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The absolute configuraton as depicted in (1) i1s determined by prior evidence that the 3,4-
didehydroproiine and 3-isoleucine units have the L-configuration (see earlier) The stereochemucal
specification of phomopsin A is therefore 22E, 25€, 3R, 4S, 7S, 10S, 118, 18S, the configuration of the
double bonds at C-22 and C-25 also being determined earlier

Experimental

M p s were determined on a Kofler hot-stage apparatus U v absorptions were measured for
solutions in methanol on a Unicam SP8-100 spectrometer, while 1 r spectra were recorded for KBr discs
on a Perkin-Elmer 237 spectrometer N m r spectra of ["’Hs]dumethyl sulphoxide soluttons were recorded
on a Bruker WM-500 spectrometer operating at 500 13 MHz for H and 125 76 MHz for '3C nucler Fast
atom bombardment (f a b ) mass spectra were obtained using a JEOL JMS-DCX303 mass spectrometer
and JMA-DASO00 data system The fab gun was operated at 6kV and xenon was used as the
bombarding atom beam  Analyses were carried out at ambient temperature and 3kV accelerating
voltage Samples (5-10 ng) were dissolved in a thioglycerol glycerol (1 1) matnx

Isolation of phomopsin A (1) - Phomopsis leptostromiformis (MRC 2654) was grown in bulk on wet,
sterilized, whole yellow-maize kernels for 21 days at 25 °C Cultures were dned at 45 °C for 24 h and
milled to a fine meal The resulting matenal was acutely toxic to day-old duckings The dned, milled,
mouldy maize (50 kg) was extracted with methanol by high speed blending in a Wanng blender The
methanol extract was concentrated i vacuo and the residue partitioned between aqueous methanol
(90%) and hexane The methanol was evaporated and the residual matenal was parttioned between
chioroform and water The toxic material obtained from the water fraction was fractionated by column
chromatography on macroreticular polystyrene resin (XAD-2) using (a) water, (b) water methanol (1 1
v/v), and (c) methanol as eluant Bioassay indicated that the toxicty was associated with the residue
obtained from the methanol solution (12 6 g)

The active fraction was further fractionated on a Sephadex LH-20 column with methanol water
(11v/v) Fractions (150 ml) were analysed for the presence of phomopsin A by t1c on silica gel using
n-propanol n-butanol water ammonium hydroxide (65 15 17 3 v/v/v/v), as the developing solvent
Fractions containing phomopsin A were pooled and the solvent evaporated under reduced pressure to
give toxic material (9 0 @)

A part of this toxic matenial (6 0 g) was dissolved in 0 02 M ammonium hydrogen carbonate buffer
(pH 7 9) and applied to a column of DEAE cellulose (3 8 x 50 cm) The column was developed at a flow
rate of 120 ml h™* collecting 20 ml fractions (u v detection at 260 nm) using inibally 0 02 M buffer (181)
and subsequently by gradient elution with the same buffer (final concentration 0 2 M) Fractions were
analysed for phomopsin Aby t 1 ¢ as described earlier Fractions 220-245 were pooled and freeze-dned
for 72h to yield amorphous phomopsin A (660 mg)

Crystallisation from methanol ethanol water (54 1 v/v/v) gave phomopsin A (1), mp 205 °C
(decomposition without metting), Ama, 209 (€ 53 300), 222 sh (€24 500) and 288 nm (€ 13 900),v a0
(KBr) 3340 (amide NH), 2800 - 2550 (CO,H), 1670 and 1645 cm™ (amide CO) (Found C,517,H,58,
N, 103,Cl4 4% Calculated for 2(CagH,sCINGO,,) 5H,O C, 5183, H, 6 04, N, 1007, Cl 4 25%)

Formation of phomopsinamine (2) - A solution of phomopsin (1) (100 mg) in 6 M hydrochloric acid
was strred for 65 min at 38 °C  The solvent was evaporated m vacuo and the residue was purfied by
chromatography on Sephadex LH-20 using methanol as eluart to give amorphous phomopsinamine (@)
(56 mg)

Octahydrophomopsin A (3) - A suspension of PtO, and phomopsin A (2 mg) in methanol (1 ml) was
strred at room temperature and pressure n a hydrogen atmosphere for 24h to gve a mixture of
diastereomenc octahydrophomopsin A (3) Longer periods of hydrogenation caused a slow
dehalogenation
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Phomopsin A methy! (4) and [molhyl-zH,] (6) esters. - The methyl esters were prepared by
dissolving phomopsin A in methanol (or [2H3]meihanol) made 0 1 M with respect to hydrochloric acid
Complete conversion to the monomethyl ester, montored by fab mass spectrometry and paper
electrophoresis occurred over a penod of a week

Octahydrophomopsin A methyi (5) and [mcthyl-zﬂal (7) ester. - These esters were prepared as
descnbed above by hydrogenation of the respective phomopsin A esters using PtO, as catalyst and
methanol (or [2H,]methanol) as solvent

X-ray crystaliographic analysis of phomopsin A - Hydrated pnsmatic crystals of phomopsin A (1),
2(C,gH45CINGO;45) 5H,O were obtained from ethanol methanol water M, = 1668 5, orthorhombic,
space group P2,2,2,, & = 18 756(3), b = 22321(3), ¢ = 23940(6) A V = 10023(5) A3, Z = 4, D, =
1106 g cm™, F(000) = 3528, u(CuKa) = 110cm™  Acrystalca 022x0 22 x0 65 mm was sealed I
a thin-walled Lindemann glass capillary with a small amount of mother liquor for the diffracton
measurements The intensity data were measured at 288(1)K on a four-circle Rigaku-AFC diffractometer
with CuKae radiation (graphite-crystal monochromator, » = 1 5418 K) and recorded by an w - 20 scan to
a 26, of 90° The intenstties of three standard reflections, measured every 50 reflecons, remained
constant to within 3% The data were corrected for Lorentz and polanzaton effects but not for
absorption  Of the 4495 unique data measured, the 3643 for which />0 | were used for the structure
refinement

The structure was solved by direct methods with the MULTAN program  Initially, the only sites
readily located from E-maps were those for atoms of the 3-chloro-4-hydroxy-5-oxyphenyl molety of one
phomopsin molecule, molecule A Attempits to inibate phase refinement based on a number of different
tnal structures (the inital fragment was extended and sites for other plausible molecular fragments
included) eventually yielded a reliable set of phases it Is of interest to note that the site of the second
chlonne atom In the asymmetric unit was located only after molecular fragments corresponding to ~40%
of the scattening matenal were included in the analysis Refinement with anisotropic temperature factors
given to the Ci and isotropic for the C, N and O atoms converged at R = 0 125  For the final refinement,
seven low order terms (sin ©>0 10) seversly affected by extinction were omitted The parameters were
refined In two blocks with the terms gven unit weights, the, function rminimized was z(l F,l - | Fcl)2
Hydrogen atoms bonded to C and N were included at idealized posiions The non-methyl and methyl H
atoms were given common isotropic temperature factors which refined to values of U = 007(2) and
015(@3) ;\2, respectively At convergence the maximum shift-to-error ratio was 007 1 and the final
difference map showed no unusual features  Refinement was carried out with the SHELX76 program on
a VAX11/780 computer

Selected torsion angles are given in Table 2 and hydrogen bonding dimensions are given in Table
3 Figure 8 which contains the atom numbenng and Figure 9 have been prepared from the output of the
ORTEPIi program Atomic coordinates for this structure as well as bond lengths, bond angles, torsion
angles and intermolecular contacts for the non-hydrogen atoms, structure-factor amplitudes and thermal
parameters have been deposited with the Cambridge Crystallographic Data Centre 28
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