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The structures of new lipopeptide antibiotics, arylomycins A and B, were elucidated by a
combination of ESI-FTICR-mass spectrometry, NMR spectroscopy, EDMAN sequencing, and
fatty acid and chiral amino acid analyses. The colourless arylomycins A share the peptide
sequence of D-N-methylseryl2(D-MeSer2)-D-alanyl3-glycyl4-N-methyl-4-hydroxyphenylglycyl5-

(MeHpg5)-L-alanyl6-tyrosine7 cyclised by a [3,3]biaryl bond between MeHpg5 and Tyr7. The
yellow arylomycins B differ from arylomycins A by nitro substitution of Tyr7. The N-termini of
arylomycins A and B are acylated with saturated C11-C15 fatty acids (fa1) comprising n, iso,
and anteiso isomers. Arylomycins A and B represent the first examples of biaryl-bridged
lipopeptides.

Arylomycins were isolated from the fermentation broth

of Streptomyces sp. Tu 6075 (Fig. 1). The taxonomy of the

producing organism, fermentation, isolation, and biological
activities of arylomycins are described in the preceding

paper1). Here, we present the structure elucidation of these
novel compounds.

Experimental

Electrospray Ionisation (ESI) Fourier Transform Ion

Cyclotron Resonance (FTICR) Mass Spectrometry (MS)

Mass spectra were recorded on a passively shielded 4.7

Tesla ApexTM II ESI/MALDI-FTICR-mass spectrometer

(Bruker Daltonik). ESI (Analytica of Branford) was

performed in the positive mode with a grounded capillary

sprayer needle mounted 60°off-axis. The software XMASS

5.0.10 (Bruker Daltonik) was used for data acquisition and

processing. Mass calculation was performed with the
standard elemental mass compilation of AUDI and

WAPSTRA2). In general 512k data points were acquired. A

mass range of m/z 200-2000 Da was covered by

performing excitation from m/z 150-2500 Da. Samples

(1μg/ml) were introduced in a continuous stream of 50%

(v/v) aqueous acetonitrile containing 1% (v/v) AcOH at a

flow rate of 1μl/minute. An internal four-point-calibration

was performed with a mixture of known compounds.

For fragmentation studies, high resolution FTICR-

MS/MS and -MS3 were acquired by sustained off-resonance

irradiation (SORI)3) collision induced dissociation (CID)
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using argon as collision gas. Before adding the collision

gas, correlated sweep isolation was used to isolate

precursor ions and eject all other ions from the analyser
cell.

NMR Spectroscopy

1D and 2D NMR spectra of arylomycins A2 and B2 were

recorded on a Bruker AMX2-600 spectrometer operating at

a proton frequency of 600.13MHz using a 5-mm triple

resonance probehead equipped with z-gradients. Spectra of

arylomycins A2 and B2 were recorded in DMSO-d6 solution

at 305K and in MeOH-d4 solution at 300K.

The data set acquired for each sample consisted of 1D 1H

NMR, cleanTOCSY, CW-ROESY, NOESY (DMSO-d6),

gradient selected (gs)-HSQC and gs-HMBC experiments.
The spectra were referenced to the signal of DMSO-d6 at

δ(1H)=2.50ppm and δ(13C)=39.5ppm, and of MeOH-d4

at δ(1H)=3.35ppm and δ(13C)=49.0ppm, respectively.

Fatty Acid and Chiral Amino Acid Analyses by GC-MS

Approx 100μg of each sample was hydrolysed in 6N

HCl under vacuum at 110℃ for 24 hours. The hydrolysate

was extracted with diethyl ether and the organic layer

derivatised to methyl esters(1.5N methanolic HCl, 110℃,

15 minutes). Fatty acid methyl esters were extracted with

n-pentane and analysed on both a Chrompack CP 9001 gas

chromatograph (flame ionisation detection) and an Agilent

6890/5973 GC-MS (electron impact ionisation), both

equipped with a 20m×0.22mm SGE HTs fused silica

capillary. The components were identified by comparison of

their mass spectra with library spectra and, where possible,

by comparison of retention times4).

The amino acids in the aqueous fraction of the

hydrolysate were derivatised to their N-trifluoroacetylated

ethyl esters. These were analysed on the Agilent GC-MS

using a home made 25m×0.25mm fused silica capillary

coated with 30% octakis (3-O-butyryl-2,6-di-O-pentyl)-γ-

cyclodextrin/70% PS 255 (dimethylpolysiloxane)5,6). In

order to detect the biaryl-linked bis-amino acids, the N-

trifluoroacetylated ethyl esters of the amino acids were

subsequently trimethylsilylated (HMDS/BSTFA 1:1,

100℃ for 30 minutes) prior to GC-MS analysis on the

HT-5 capillary.

Partial Hydrolysis and EDMAN Sequencing of

Arylomycins A2 and B2

Approx 1mg each of arylomycins A2 and B2 in 100μl

6N HCl were allowed to stand at room temperature for 24

hours, then HCl was removed by evaporation under

vacuum. The extent of degradation was checked by ESI-

FTICR-MS. The partial hydrolysates were then subjected to

EDMAN sequencing.

Samples were applied onto a TFA treated glass filter disc

coated with 0.75mg of BioBrene Plus (Perkin-Elmer

Applied Biosystems), and sequenced in a protein sequencer

494A 'Procise' (Perkin-Elmer Applied Biosystems). After

one and two cycles of degradation, MeOH/TFA 1:1 (v/v)

was delivered to the reaction cartridge for about 30 seconds

and then purged through the cartridge outlet tubing by an

argon stream. The samples were recovered in a tube fixed

below the outlet tubing.

Fig. 1. Chemical structure of arylomycins exemplified on A2 (R=H) and B2 (R=NO2).

The N-termini of arylomycins An and Bn are acylated with saturated n, iso, and anteiso C11-C15
fatty acids (Table 1).
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Results

Arylomycins A and B (Fig. 1) were isolated from the

fermentation broth of Streptomyces sp. Tu 6075 in five

colourless and seven yellow fractions. Analysis of each

fraction by ESI-FTICR-MS afforded molecular masses

between 810 and 911 Da (Table 1) with very high mass

accuracy. The mean exact mass differences of 14.0154 Da

between fractions of one series indicated homologous

compounds (calc. mass of CH2: 14.0157 Da), whereas the

mean exact mass difference of 44.9849 Da between A and

B series suggested nitro substitution of the latter (calc. mass

difference: 44.9851 Da) (Fig. 2).

Arylomycins A2 and B2 were selected for NMR

spectroscopic studies. Both compounds exhibited in

DMSO-d6 solution two signal sets for all amino acid

residues as well as for CH2-10, CH2-11 and C-12 of fa1 in

an approx ratio of 7:3. The twofold signal sets of residues

Ala3 and Gly4 were further split up to give four sets for

those residues altogether in an approx ratio of 5:2:2:1.

The appearance of up to four resonances for one proton

complicated the assignment procedure. Therefore, a second

set of NMR spectra in MeOH-d4 solution was acquired for

each of the two compounds (data not shown). Possibly due

to the exchange of amide protons in MeOH-d4, only a

twofold signal set (approx ratio of 8:2) for the residues

Ala3 and Gly4 was observed.

One Gly and two Ala residues were identified in TOCSY

spectra by their unique spin systems. MeSer, MeHpg, as

well as Tyr (arylomycin A2) and 3-NO2 Tyr (arylomycin B2)

Fig. 2. Characteristic exact mass differences

observed by ESI-FTICR-MS between selected

homologous compounds within one series

(Δm=14Da) and between A and B series

(Δm=45Da).

Table 1. Mass and fatty acid analysis data of arylomycins A and B.
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residues were assigned by means of ROESY, NOESY,

HSQC, and HMBC spectra. The [3,3]biaryl-bond of

MeHpg5 and Tyr7 in arylomycin A2 and the respective

[3,5]biaryl-bond of MeHpg5 and 3-NO2Tyr7 in arylomycin
B2 were established from the signal pattern and

multiplicities of the aromatic protons together with HMBC

crosspeaks and ROEs or NOEs. Particularly indicative of

the linkage were HMBC connectivities from H-27 to C-42

and from H-41 to C-28 as well as ROESY crosspeaks

between H-27 and H-41 and between H-25 and H-41. The

sequence of both compounds was established from

sequential crosspeaks (HN(i+1) or CH3N(i+1)⇔Hαi, Hα(i+1)⇔

Hαi) observed in NOESY and ROESY spectra as well as

from Hα(i+1)⇔C'i connectivities detected in the HMBC

spectra. Fatty acid signals were assigned from TOCSY,

HSQC, and HMBC spectra. The iso constitution of the fatty

acids in arylomycins A2 and B2 was reflected by a doublet

at δ=0.78 in the 1H NMR spectrum corresponding to the

terminal methyl groups. The linkage of the fatty acid (fa1)

to MeSer2 was proven by HMBC connectivities from H3-13

and H-14 of MeSer2 to C-12 of fa1. 1H and 13C chemical

shifts of the major signal sets of arylomycins A2 and B2 in

Table 2. 1H and 13C chemical shifts (ppm) of arylomycin A2 (DMSO-d6, 305K).†

†Data refer to the major signal set.
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DMSO-d6 solution are summarised in Tables 2 and 3.

The observation of exchange peaks in ROESY and

NOESY spectra between the signal sets indicated the

existence of a conformational equilibrium. The upfield

shift observed for CH3-13 (Δδ(13C)=3.1ppm, Δδ(1H)=

0.16ppm) and H-14 (Δδ(1H)=0.45ppm) of MeSer2 in

the minor signal set was indicative of the cis-trans

isomerisation of the fa1-MeSer2 amide bond7). The

geometry of the fa1-MeSer2 amide bond was assigned as
trans for the major signal set based on an NOE between

H2-11 and H3-13 and as cis for the minor signal set based

on an NOE between H2-11 and H-148).

ESI-FTICR-MS/MS- and MS3 experiments confirmed

the structures of arylomycins An and Bn (Fig. 3). All
compounds showed relatively intense b2-fragments

(nomenclature according to ROEPSTORFF and FOHLMAN9))
due to the N-alkylation of the internal amino acid

residue MeSer2 (Fig. 3). N-Alkylation of internal amino

acid residues activates the C-terminal side to form

corresponding b-ions10). Within an arylomycin series, these

b2-ions differ by 14 Da due to the different chain lengths of

the fatty acids. A shift in mass of 45 Da of the abundant

Table 3. 1H and 13C chemical shifts (ppm) of arylomycin B2 (DMSO-d6, 305K).†

† Data refer to the major signal set.
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y3"-ion between arylomycin series A and B is indicative of
the nitro substitution of the Tyr7 residue in arylomycins B

(Fig 3) as is the difference in the relative abundance of the
c4"-ion.

All isolated arylomycins fractions were subjected to total

hydrolysis and analysed for their fatty acid and amino acid

composition by (chiral) GC-MS. Equimolar amounts of L-

Ala, D-Ala, Gly, and D-MeSer were detected in all fractions.

The biaryl-bridged bis-amino acids, with or without nitro

substitution (B or A series respectively), were also

identified by their mass spectra. Determination of the

configuration of biaryl-linked bis-amino acids was not

possible, primarily because of their high molecular weight
and thus insufficient volatility, but also because reference

substances are not available. The fatty acid analysis

revealed the presence of saturated fatty acids in the range of

C11-C15 comprising n, iso, and anteiso isomers (Table 1).

For assignment of the absolute configurations of Ala3

and Ala6, partial hydrolysis, ESI-FTICR-MS, EDMAN

sequencing and chiral amino acid analysis were

successively applied. ESI-FTICR-MS of the partial

hydrolysates of arylomycins A2 and B2 revealed the

hexapeptide cleaved from the fatty acid to be the main

component. The partial hydrolysates were subjected to two

cycles of EDMAN sequencing in order to cleave the first Ala

(Ala3) residue from the sequence. After each cycle, the
residual substance was recovered by extraction, subjected

to total hydrolysis and derivatisation, and analysed by

chiral GC-MS. After one cycle of EDMAN sequencing of

the arylomycin A2 partial hydrolysate, L-Ala with an

enantiomeric excess (ee) of 36.8% was found. The

enantiomeric excess of L-Ala increased to 92.4% after

the second cycle. The corresponding ee values for the

arylomycin B2 partial hydrolysate were 40.1% and 86.4%

after one and two cycles, respectively. Removal of D-Ala

during EDMAN degradation of the partial hydrolysates thus

allowed assignment of the Ala residues as D-Ala3 and

L-Ala6.

Discussion

Arylomycins A and B are lipohexapeptides containing

saturated C11-C15 n, iso, and anteiso fatty acids, D- and

L-amino acids, N-methylated amino acids, and a biaryl-

bridged tripeptide segment. Arylomycins exist in a

conformational equilibrium in MeOH and DMSO solution

which involves cis-traps isomerisation around the fa1-

MeSer2 amide bond. The occurrence of cis-trrans isomerism

around N-methylated amide bonds has been reported for

natural products11,12) Whereas a similar biphenyl-bridged

peptide structure was found in biphenomycin A and B13-15),
the combination of biaryl-bridging and fatty acid acylation

is a novel feature in a natural product as are the

respective bis-amino acid residues [3,3]MeHpg5-Tyr7 and

[3,5]MeHpg5-3-NO2Tyr7.
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Fig. 3. ESI-FTICR-MS/MS of arylomycins A2

and B2.

Among numerous other signals all samples showed

intense b2-ions by cleavage of the C-terminal bond of

MeSer2. In addition, the loss of water and formation of

intense y3"- and c4"-ions can be seen clearly. The mass

shift of Δm=45 Da (marked with dotted arrows) of

fragment y3" reflects nitro substitution within the
biaryl-bridged moiety. The c4"-ions do not differ by
mass (marked with dashed arrows) but by magnitude,
which shows the influence of nitro substitution of Tyr7
on the activation of the N-Cα bond of MeHpg5 for

fragmentation.



VOL. 55 NO. 6 THE JOURNAL OF ANTIBIOTICS 577

References

1) SCHIMANA, J.; K. GEBHARDT, J. MULLER, A. HOLTZEL, D.
G. SCHMID, R. SUSSMUTH, R. PUKALL & H.-P. FIEDLER:
Arylomycins A and B, new biaryl-bridged lipopeptide
antibiotics produced by Streptomyces sp. Tu 6075. I.
Taxonomy, fermentation, isolation and biological
activities. J. Antibiotics 55: 565-570, 2002

2) AUDI, G. & A. H. WAPSTRA: The 1995 update to the
atomic mass evaluation. Nuclear Physics A 595:
409-480, 1995

3) GAUTHIER, J. W; T. R. TRAUTMAN & D. B. JACOBSON:
Sustained off-resonance irradiation for CAD involving
FTMS. Anal. Chim. Acta 246: 211-225, 1991

4) ALLGAIER, H.; G. WINKELMANN & G. JUNG: Iturin AL:
Struktur und Derivate eines Peptidolipids mit hohem
C16-Iturinsaureanteil. Liebigs Ann. Chem. 5: 654-666,
1984

5) KONIG, W. A.; R. KREBBER & P. MISCHNICK:
Cyclodextrins as chiral stationary phases in capillary gas
chromatography. Part V. J. High Resol. Chromatogr. 12:
732-738, 1989

6) SCHURIG, V.; M. JUTZA, M. PRESCHEL, G. J. NICHOLSON
& E. BAYER: Gas chromatographic separation of

proteinogenic amino acid derivatives. Enantiomer 4:
297-303, 1999

7) NEUMAN, R. C. & L. B. YOUNG: On the relative
magnitudes of cis and trans coupling across carbon-
nitrogen partial double bonds. J. Phys. Chem. 69:
1777-1780, 1965

8) SCHMIDT, R.; D. MENARD, C. MRESTANI-KLAUS, N. N.

CHUNG, C. LEMIEUX & P. W. SCHILLER: Structural
modifications of the N-terminal tetrapeptide segment of

[D-Ala2] deltorphin I: effects on opioid receptor affinities
and activities in vitro and on antinociceptive potency.
Peptides 18: 1615-1621, 1997

9) ROEPSTORFF, P. & J. FOHLMAN: Proposal for a common
nomenclature for sequence ions in mass spectra of

peptides. Biomed. Mass Spectrom. 11: 601, 1984
10) VAISAR, T. & J. URBAN: Gas-phase fragmentation of

protonated mono-N-methylated peptides. Analogy with
solution-phase acid-catalyzed hydrolysis. J. Mass
Spectrom. 33: 505-524, 1998

11) TOSKE, S. G.; P. R. JENSEN, C. A. KAUFFMAN & W.
FENICAL: Aspergillamides A and B: modified cytotoxic
tripeptides produced by a marine fungus of the genus
Aspergillus. Tetrahedron 54: 13459-13466, 1998

12) GALLIMORE, W. A. & P. J. SCHEUER: Malyngamides O
and P from the Sea Hare Stylocheilus longicauda. J. Nat.
Prod. 63: 1422-1424, 2000

13) EZAKI, M.; M. IWAMI, M. YAMASHITA, S. HASHIMOTO, T.
KOMORI, K. UMEHARA, Y. MINE, M. KOSHAKA, H. AOKI
& H. IMANAKA: Biphenomycins A and B, novel peptide
antibiotics. I. Taxonomy, fermentation, isolation and
characterization. J. Antibiotics 38: 1453-1461, 1985

14) UCHIDA, I.; N. SHIGEMATSU, M. EZAKI, M. HASHIMOTO,
H. AOKI & H. IMANAKA: Biphenomycins A and B, novel

peptide antibiotics. II. Structural elucidation of
biphenomycins A and B. J. Antibiotics 38: 1462-1468,
1985

15) KANNAN, R. & D. H. WILLIAMS: Stereochemistry of the
cyclic tripeptide antibiotic WS-43708A. J. Org. Chem.
52: 5435-5437, 1987


