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Streptomyces lividans induces production of
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Co-cultivation of the endophytic fungus Fusarium tricinctum with Streptomyces lividans on solid rice

medium led to the production of four new naphthoquinone dimers, fusatricinones A–D (1–4), and a new

lateropyrone derivative, dihydrolateropyrone (5), that were not detected in axenic fungal controls. In

addition, four known cryptic compounds, zearalenone (7), (�)-citreoisocoumarin (8), macrocarpon C (9)

and 7-hydroxy-2-(2-hydroxypropyl)-5-methylchromone (10), that were likewise undetectable in extracts

from fungal controls, were obtained from the co-culture extracts. The known antibiotically active

compound lateropyrone (6), the depsipeptides enniatins B (11), B1 (12) and A1 (13), and the lipopeptide

fusaristatin A (14), that were present in axenic fungal controls and in co-culture extracts, were

upregulated in the latter. The structures of the new compounds were elucidated by 1D and 2D NMR

spectra as well as by HRESIMS data. The relative and absolute configuration of dihydrolateropyrone (5)

was elucidated by TDDFT-ECD calculations.

Introduction

Cultivating microorganisms under axenic laboratory conditions

fails to resemble the natural environment where these microbes

are subjected to intense microbial competition. Therefore

naturally occurring stimulants and signal molecules that are

involved in chemical communication and antagonism between

different microbes are absent, which may result in silencing

biosynthetic gene clusters and in simplied metabolite

patterns.1,2 The endophytic fungus Fusarium tricinctum has

already been well investigated with regard to its natural

products.3–5 Applying the OSMAC (One Strain MAny

Compounds) approach on cultures of this fungus resulted in

the accumulation of new bioactive secondary metabolites such

as fusarielin congeners3 and in an enhanced production of

enniatin derivatives.4 Enniatins are known for their anti-cancer,

anti-HIV as well as for their antibacterial activities.5–7 Enniatins

A–C (named fusafungin) were even once available on the drug-

market as a local antibiotic for the treatment of respiratory

infections. However, due to undesired side effects this approval

has meanwhile been withdrawn.8

Previous co-cultivation experiments with F. tricinctum

focused on Bacillus subtilis as a prokaryotic antagonist. Co-

culture of both microbes on solid rice medium resulted in

a dramatically enhanced (up to 80-fold) accumulation of several

fungal metabolites including enniatins, the polyketide later-

opyrone and the lipopeptide fusaristatin A.5 Whereas all of the

latter compounds were also observed in axenic fungal controls

(albeit at much lower concentrations), the co-cultures yielded

several additional cryptic metabolites such as macrocarpon C,

(�)-citreoisocoumarinol, and (�)-citreoisocoumarin.5

Previous experiments also indicated that fungi when co-

cultured with different bacteria respond through accumu-

lation of different cryptic metabolites. For example, treat-

ment of the fungus Chaetomium sp. with autoclaved

cultures of Pseudomonas aeruginosa yielded new butenolide

derivatives,9 whereas co-culture of the same fungus with

live cultures of B. subtilis yielded new shikimic acid

derivatives.10
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Here we have studied the inuence of Streptomyces lividans

on accumulation of natural products by F. tricinctum. S. lividans

is known both as a plant-endophyte11 or as a soil-bacterium.12,13

Co-cultivation of F. tricinctum and S. lividans resulted in the

accumulation of several new compounds, the dimeric naph-

thoquinones (1–4) and dihydrolateropyrone (5), that were not

detected in axenic fungal controls (Fig. 1). In addition, several

known metabolites such as enniatin derivatives (11–13) showed

an enhanced accumulation in the co-cultures. Structure eluci-

dation of the new compounds by one- and two-dimensional

NMR, HRMS, ECD and quantum chemical calculations is

discussed.

Results and discussion

The EtOAc extracts of both axenic fungal cultures and co-

cultures resulting from mixed fermentation of F. tricinctum

and S. lividans on solid rice medium were analyzed by HPLC.

When fermented axenically on solid rice medium containing

liquid YM medium, the fungus accumulates a complex pattern

of bioactive metabolites consisting of several enniatines (11–

13), polyketides (e.g. lateropyrone, 6) and lipopeptides (e.g.

fusaristatin A, 14). By comparison of the chromatograms,

a dramatic shi in the metabolic prole of the co-cultures

compared to the axenic fungal or bacterial controls was

obvious. These changes are presented in Table 1 indicating

a pronounced (up to 12-fold) upregulation of constitutively

present metabolites and induction of several cryptic

compounds. Chromatographic workup of the co-culture

extracts yielded ve new compounds (1–5) that were not detec-

ted in either fungal or bacterial axenic controls.

Compound 1 exhibited distinct UV absorption maxima at

lmax 320, 278 and 223 nm. The HRESIMS data of 1 established

the molecular formula C31H24O16, indicating twenty degrees of

unsaturation. The 1H NMR spectrum of 1 (Table 2) showed

fewer signals in comparison to the molecular formula, sug-

gesting the possible dimeric nature of 1. These signals included

two singlet aromatic protons at dH 7.17 (H-8/80), two singlet

methyl groups at dH 1.88 (Me-14) and 1.86 (Me-140), two singlet

methylene groups at dH 3.08 (H2-12
0) and 3.03 (H2-12), in addi-

tion to three methoxy groups at dH 4.10 (Me-15/150) and 3.68

(Me-160). In the HMBC spectrum of 1, 3J-HMBC correlations

Fig. 1 Structures of compounds 1–10.

Table 1 Yield of induced metabolites per flask of co-culture of F.

tricinctum and S. lividans (n ¼ 6) vs. axenic controls of F. tricinctum (n
¼ 4)

Compound Fungal control (mg) Co-culture (mg) Increase (fold)

1 n.d.a 7.67 � 0.1

2 n.d. +c

3 n.d. +

4 n.d. +

5 n.d. +

6 1.3 � n.a.b 17.0 � 0.8 12.5
7 n.d. +

8 n.d. 12.5 � 10.4

9 n.d. +
10 n.d. +

11 250.7 � 50.2 868.9 � 38.0 3.5

12 203.8 � 31.8 459.5 � 25.3 2.3

13 47.6 � 32.3 95.7 � 8.9 2.0
14 175.2 � 54.0 294.8 � 11.4 1.7

a n.d. ¼ not detected. b n.a. ¼ not available. c Isolated but not detected
in all crude extracts.

1492 | RSC Adv., 2019, 9, 1491–1500 This journal is © The Royal Society of Chemistry 2019

RSC Advances Paper

O
p

en
 A

cc
es

s 
A

rt
ic

le
. 

P
u

b
li

sh
ed

 o
n

 1
1

 J
an

u
ar

y
 2

0
1

9
. 

D
o

w
n

lo
ad

ed
 o

n
 1

/1
5

/2
0

1
9

 2
:0

8
:4

0
 P

M
. 

 T
h

is
 a

rt
ic

le
 i

s 
li

ce
n

se
d

 u
n

d
er

 a
 C

re
at

iv
e 

C
o

m
m

o
n

s 
A

tt
ri

b
u

ti
o

n
-N

o
n

C
o

m
m

er
ci

al
 3

.0
 U

n
p

o
rt

ed
 L

ic
en

ce
.

View Article Online



from H-8 to C-1 (dC 179.5), C-6 (dC 139.8) and C-10 (dC 112.5),

and from Me-15 to C-2 (dC 159.0) as well as weak 2J-HMBC

correlations from H-8 to C-7 (dC 152.8) and C-9 (dC 127.2) were

observed. In addition, H-8 showed long range 4J-HMBC corre-

lations to C-2, C-4 (dC 188.3) and C-5 (dC 145.4), while Me-15

exhibited long range HMBC correlations to C-1, C-3 (dC 121.2),

C-4 and C-9. Furthermore, when the spectra were recorded in

CDCl3, an additional signal at dH 12.04 assigned for OH-5 was

detected which showed HMBC correlations to C-5, C-6 and C-10.

These ndings conrmed the presence of a dimeric substituted

naphthoquinone core structure of 1 through a C-3/30 linkage

(Fig. 1). A methoxy and a hydroxy group were located at C-2/20

and C-5/50, respectively. Apart from these, the HMBC correla-

tions fromMe-14 to C-11 (dC 120.4) and C-12 (dC 43.5), and from

H2-12 to C-11, C-13 (dC 169.9) and C-14 together with the HMBC

correlations from Me-140 to C-110 (dC 120.1) and C-120 (dC 43.3),

from H2-12
0 to C-110, C-130 (dC 168.5) and C-140, and fromMe-160

to C-130, indicated the presence of two side chains from C-14 to

C-13 and from C-140 to C-160 as shown. Based on the molecular

formula and the chemical shis of 1, these two side chains are

connected to the core structure through two acetonide rings

between C-6/60, C-7/70 and C-11/110. Thus, the structure of 1, to

which the trivial name fusatricinone A is given, was established

as shown.

The UV pattern and NMR data of compound 2 (Table 3)

resembled those of 1, suggesting their structural similarity. The

molecular formula C30H22O16 of 2 was determined by the

HRESIMS data, differing from that of 1 by the loss of 14 amu,

which was due to the absence of the carboxymethyl group of 1 as

shown by comparison of the 1D and 2D NMR spectra of both

compounds. In addition, the 1D NMR of 2 showed the same

chemical shis for related nuclei in both molecule halves,

indicating that both molecule halves are constitutionally iden-

tical. Thus, 2 was identied as a new natural product and was

given the trivial name fusatricinone B.

The molecular formula of compound 3 was determined as

C32H26O16 based on the HRESIMS data, differing from that of 1

by an additional 14 amu and implying the presence of an

additional methyl group in 3. The UV and NMR (Table 4) data of

3 were similar to those of 2 and likewise exhibited only one set

of NMR signals, indicating methylation of both terminal

Table 2 NMR data of compound 1a

Position

1a 1b

dC, type dH (J in Hz) dC, type dH (J in Hz)

1/10 179.5, C 179.5, C
2/20 159.0, C 159.0, C

3/30 121.2, C 121.2, C

4/40 188.3, C 188.3, C
5/50 145.4, C 145.4, C

6/60 139.8, C 139.8, C

7/70 152.8, C 152.8, C

8/80 102.5, CH 7.17, s 102.5, CH 7.17, s
9/90 127.2, C 127.2, C

10/100 112.5, C 112.5, C

11 120.4, C 120.4, C

12 43.5, CH2 3.03, s 43.5, CH2 3.03, s
13 169.9, C 169.9, C

14 24.8, CH3 1.88, s 24.8, CH3 1.88, s

15 61.6, CH3 4.10, s 61.6, CH3 4.09, s

110 120.1, C 120.1, C
120 43.3, CH2 3.08, s 43.3, CH2 3.08, s

130 168.5, C 168.5, C

140 25.1, CH3 1.86, s 25.1, CH3 1.86, s
150 61.6, CH3 4.09, s 61.6, CH3 4.09, s

160 52.5, CH3 3.68, s 52.5, CH3 3.68, s

a Measured in CDCl3–CD3OD (2 : 1) (1H at 600 MHz and 13C at 150
MHz).

Table 3 NMR data of compound 2a

Position

2a 2b

dC,
b type dH (J in Hz) dC,

b type dH (J in Hz)

1/10 179.1, C 179.1, C
2/20 158.6, C 158.6, C

3/30 n.d.c n.d.c

4/40 188.3, C 188.3, C
5/50 145.5, C 145.5, C

6/60 139.1, C 139.1, C

7/70 152.1, C 152.1, C

8/80 102.0, CH 7.21, s 102.0, CH 7.20, s
9/90 127.1, C 127.1, C

10/100 112.2, C 112.2, C

11/110 119.2, C 119.2, C

12/120 42.9, CH2 3.12, s 42.9, CH2 3.10, s
13/130 171.4, C 171.4, C

14/140 24.6, CH3 1.91, s 24.6, CH3 1.88, s

15/150 61.2, CH3 4.13, s 61.2, CH3 4.12, s

OH-5/OH-50 12.06, s 12.06, s

a Measured in CDCl3 (
1H at 600 MHz and 13C at 150 MHz). b Data were

extracted from the HSQC and HMBC spectra. c n.d. ¼ not detected.

Table 4 NMR data of compound 3a

Position

3a 3b

dC,
b type dH (J in Hz) dC,

b type dH (J in Hz)

1/10 179.3, C 179.3, C
2/20 158.7, C 158.7, C

3/30 n.d.c n.d.c

4/40 n.d.c n.d.c

5/50 145.4, C 145.4, C
6/60 139.3, C 139.3, C

7/70 152.6, C 152.6, C

8/80 102.0, CH 7.21, s 102.0, CH 7.21, s

9/90 127.6, C 127.6, C
10/100 112.1, C 112.1, C

11/110 119.5, C 119.5, C

12/120 43.3, CH2 3.07, s 43.3, CH2 3.06, s
13/130 167.6, C 167.6, C

14/140 24.7, CH3 1.90, s 24.7, CH3 1.89, s

15/150 61.2, CH3 4.13, s 61.2, CH3 4.12, s

16/160 52.0, CH3 3.71, s 52.0, CH3 3.71, s
OH-5/OH-50 12.05, s 12.05, s

a Measured in CDCl3 (
1H at 600 MHz and 13C at 150 MHz). b Data were

extracted from the HSQC and HMBC spectra. c n.d. ¼ not detected.

This journal is © The Royal Society of Chemistry 2019 RSC Adv., 2019, 9, 1491–1500 | 1493
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carboxyl groups to form the respective methyl ester functions.

This deduction was further conrmed by the HMBC correlation

from Me-16/160 (dH 3.71) to C-13/130 (dC 167.6). The trivial name

fusatricinone C was assigned to the new compound 3.

Compound 4 had the same molecular formula as that of 3

(C32H26O16) as established by HRESIMS. The UV spectrum was

similar to those of compounds 1–3, suggesting the presence of

the same naphthoquinone core structure. Unlike 3, however,

the 1H and 13C NMR spectra of the monomers of 4 (Table 5)

exhibited two sets of signals, one of which (from C-1 to C-16)

showed the same pattern as that of the monomer in 3. The

second monomer of 4 showed signals accounting for the

aromatic proton at dH 7.23 (H-80) and a hydroxy group at dH

11.10 (OH-70), which are key signals to determine the substitu-

tion pattern of the second monomer. The HMBC spectrum of 4

displayed correlations from H-80 to C-60 (dC 140.2), C-70 (dC
144.3), C-100 (dC 107.6) and C-10 (dC 178.6), and from OH-70 to C-

60, C-70 and C-80 (dC 111.4). In addition, a ROESY correlation

between H-80 and OH-70 was observed. These data indicated that

cyclisation of one acetonide moiety of 4 included the oxygens at

the C-50 and C-60 positions. Thus, the structure of 4 was eluci-

dated as shown and the trivial name fusatricinone D was

assigned to this compound.

Compounds 1–4 were detected in the original fungal-

bacterial co-culture crude EtOAc extract by LC-MS, indicating

that they are true natural products and not formed through

methylation during chromatographic workup.

The 1H NMR data of dimeric naphthoquinone core structure

of 1–3 were comparable to those of synthetic 3,30-dimethoxy-

8,80-dihydroxy-2,20-bi-1,4-naphthoquinone, which exhibited

signals of methoxy groups at dH 4.15 and signals of hydroxy

groups at dH 12.08.14,15

For the isolated dimeric naphthoqinones 1–4, the 3/30-biaryl

linkage between monomers can lead to axial chirality if the

rotational energy barrier is sufficiently high.16 DFT quantum

chemical calculations of the rotation energy barrier for the

biaryl axis were performed to check the possibility of atro-

pisomers or interconversion of Ra and Sa conformers, which

yielded�22 kcal mol�1 for the inversion (Fig. 2), indicating that

the atropisomers interconvert with a half-life of �1.7 � 103 s ¼

�28 min at 300 K.17,18

Compounds 1–4 gave baseline ECD spectra and zero specic

rotation. Each monomer contains one chiral center (C-11 and C-

110), and there is a congurationally labile biaryl axis, which is

expected to allow the interconversion of Ra and Sa conformers in

solution. Provided that the monomers have identical absolute

conguration for the central chirality elements, namely

(11R,110R) or (11S,110S) absolute conguration, distinct ECD

spectra would be expected for 1–4 as observed for biaryls with

central chirality but low rotational energy barrier exemplied by

dicerandrol B,19 and versixanthone C.20 Thus the baseline ECD

curves suggest stereoisomeric mixtures of 1–4 containing either

equimolar amounts of (11R,110R) and (11S,110S) stereoisomers

or four stereoisomers with (11R,110R), (11S,110S), (11S,110R),

(11R,110S) absolute conguration. If there is a mixture of two

quasi-enantiomers [(11R,110R) and (11S,110S)], the duplication

of NMR signals derives from the slowly interconverting Ra and

Sa conformers, which represent rotational diastereomers

(Fig. 3A). If there is a mixture of four stereoisomers or two

racemates [(11R,110R), (11S,110S), (11S,110R), (11R,110S)], the

duplication can be due to diastereomers that differ in the

conguration of the central chirality elements [(11S*,110S*)

versus (11S*,110R*)], but not due to stereoisomers with enan-

tiomorphic molecule halves [(11S,110R) versus (11R,110S)]

(Fig. 3B). However, it is more likely that the slowly inter-

converting Ra and Sa conformers with homomorphic molecule

halves are distinguished by the NMR even in this case, and the

remote central chirality elements do not result in duplication of

NMR signals.

The related biaryl derivative xanthomegnin, which was iso-

lated from several Penicillium and Aspergillus species and occurs

naturally as a 1 : 1 mixture of atropisomers,21 has the same

naphthoquinone core structure as compounds 1–4 isolated in

this study, but the condensed 1,3-dioxolane ring is replaced by

a d-lactone ring. The biogenetic precursor of xanthomegnin is

(R)-semivioxanthin, and xanthomegnin has a distinct ECD

spectrum allowing congurational assignment of analogues.22

Table 5 NMR data of compound 4a

Position

4a 4b

dC,
b type dH (J in Hz) dC,

b type dH (J in Hz)

1 179.0, C 179.0, C

2 158.5, C 158.5, C

3 n.d.c n.d.c

4 n.d.c n.d.c

5 143.8, C 143.8, C

6 139.3, C 139.3, C

7 152.4, C 152.4, C
8 101.1, CH 7.16, s 101.1, CH 7.16, s

9 n.d.c n.d.c

10 111.8, C 111.8, C

11 120.0, C 120.0, C
12 42.1, CH2 3.29, s 42.1, CH2 3.28, s

13 167.9, C 167.9, C

14 24.2, CH3 1.82, s 24.2, CH3 1.81, s

15 60.4, CH3 3.96, s 60.4, CH3 3.95, s
16 52.0, CH3 3.57, s 52.0, CH3 3.56, s

OH-5 11.80, s 11.79, s

10 178.6, C 178.6, C
20 157.8, C 157.8, C

30 n.d.c n.d.c

40 n.d.c n.d.c

50 n.d.c n.d.c

60 140.2, C 140.2, C

70 144.3, C 144.3, C

80 111.4, CH 7.23, s 111.4, CH 7.23, s

90 n.d.c n.d.c

100 107.6, C 107.6, C

110 120.0, C 120.0, C

120 41.8, CH2 3.24, s 41.8, CH2 3.24, s
130 167.9, C 167.9, C

140 24.6, CH3 1.80, s 24.6, CH3 1.80, s

150 60.7, CH3 4.01, s 60.7, CH3 4.00, s

160 52.0, CH3 3.59, s 52.0, CH3 3.59, s
OH-70 11.10, s 11.10, s

a Measured in DMSO-d6 (1H at 600 MHz and 13C at 150 MHz). b Data
were extracted from the HSQC and HMBC spectra. c n.d.¼ not detected.
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In the biosynthesis of xanthomegnin, the optically active

monomers are formed rst and are then dimerized by oxidative

coupling.23

Compound 5 showed UV absorption maxima at 350, 263, 243

and 229 nm and had the molecular formula C15H12O8 based on

the HRESIMS data. Compound 5 contains two additional

protons compared to the co-isolated structurally related known

compound lateropyrone (6),24 suggesting hydrogenation of the

olenic double bond of 6 at C-8 and 9, thus yielding 5. This was

also evident from the 1H NMR spectrum of 5 (Table 6), which

exhibited two aromatic protons at dH 6.36 (s, H-3) and 7.38 (s, H-

10), two oxygenated methines at dH 4.92 (br s, H-9) and 6.04

(br s, H-8), an aromatic methyl group at dH 2.51 (s, Me-12) in

addition to a methoxy group at dH 3.73 (s, OMe-11). The HMBC

correlations from H-3 to C-2 (dC 170.9), C-4 (dC 184.4) and C-4a

(dC 113.1), from Me-12 to C-2 and C-3, and from H-10 to C-10a

(dC 158.1), C-9a (dC 125.6) and C-4a indicated the presence of

the same rings A and B in 5. However, the HMBC correlation

from H-8 to C-6 (dC 168.6), C-11 (dC 170.6), C-9a (dC 125.6) and

from H-9 to C-11 and C-9a conrmed the disappearance of the

double bond of 6 in 5.

Based on the small 3JH-8,H-9 coupling constant value, a cis

relative conguration of 5 was expected, and hence TDDFT-ECD

calculations were performed on the arbitrarily chosen cis-

(8R,9S) stereoisomer.25,26 DFT optimization of the 15 initial

conformers generated using the Merck Molecular Force Field

(MMFF) at various levels of theory (B3LYP/6-31G(d), B97D/TZVP

PCM/MeCN and CAM-B3LYP/TZVP PCM/MeCN) resulted in 1, 3

and 5 low-energy DFT conformers ($1%), respectively. In the

lowest-energy CAM-B3LYP/TZVP PCM/MeCN conformer (63.6%

population), the C-8 methoxycarbonyl group adopted axial

orientation, while the C-9 hydroxy group was axial and formed

Fig. 2 Calculation of the height of the rotation barrier for compounds 1–4. (A) Conformational energy profile obtained for the gas phase at the
B3LYP/6-31G(d) level of theory for the rotation about the central biaryl bond in the model compound 8,80-dihydroxy-3,30-dimethoxy-2,20-
binaphthyl-1,10,4,40-tetrone. Vertical lines separate regions of values for the torsion angle that correspond to distinct conformations according to
the Klyne–Prelog notation. The structures of the Ra and Sa atropisomers are assigned to the corresponding minimum-energy conformers in the
anticlinal conformations. (B) Visualization of the distinct conformers according to the Klyne–Prelog notation. The height of the black line
indicates the relative energy of the depicted conformer.
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an intramolecular hydrogen bond to the carbonyl oxygen.

Conformers B–D represented geometries with inversed helicity

of the a-pyrone ring having equatorial methoxycarbonyl and

equatorial hydroxy groups with a total population of 31.4%.

Boltzmann-weighted ECD spectra computed for all the sets of

conformers of cis-(8R,9S) at various levels (B3LYP/TZVP,

BH&HLYP, CAM-B3LYP and PBE0/TZVP) gave a mismatch

with the experimental ECD spectrum (Fig. 4). This suggested

that the small 3JH-8,H-9 coupling constant may derive from

a trans-diequatorial orientation of H-8 and H-9 of the trans

relative conguration, which, considering the trans-diaxial

orientation of the large substituents, is less common for 1,2-

disubstituted benzene-condensed heterocyclic derivatives.

However, we have demonstrated recently by ECD and NMR

calculation and X-ray analysis that in benzene-condensed chiral

heterocycles the large substituents of contiguous chirality

centers preferably adopt trans-diaxial orientation both in solu-

tion and in the solid-state rendering the protons to trans-die-

quatorial position.27,28 The same computational ECD protocol

was carried out for the arbitrarily chosen trans-(8S,9S) stereo-

isomer, for which all combinations of the applied levels gave

Fig. 3 Stereochemical relationship of atropisomers in the case of the symmetric molecules 2 and 3. If both molecule halves are homomorph (A),
diastereomeric atropisomers result. If both molecule halves are enantiomorph (B), enantiomeric atropisomers result. “Me” and “OMe” relate to C-
14 and 15 as well as C-140 and 150 in Fig. 1. The grey arrows in the right panel indicate whole-body rotations; the configuration descriptors relate
to the central/axial/central chirality elements in the molecules.

Table 6 NMR data of compound 5a

Position dC,
b type dH (J in Hz)

2 170.9, C
3 109.6, CH 6.36, s

4 184.4, C

4a 113.1, C
5 n.d.c

5a n.d.

6 168.6, CH

8 81.8, CH 6.04, br s
9 70.9, CH 4.92, br s

9a 125.6, C

10 103.6, CH 7.38, s

10a 158.1, C
11 170.6, C

12 20.3, CH3 2.51, s

OMe-11 52.4, CH3 3.73, s

a Measured in acetone-d6 (
1H at 750 MHz and 13C at 175 MHz). b Data

were extracted from the HSQC and HMBC spectra. c n.d.¼ not detected.

Fig. 4 Experimental ECD spectrum of 5 in MeCN compared with the
Boltzmann-weighted BH&HLYP/TZVP PCM/MeCN//CAM-B3LYP/
TZVP PCM/MeCN spectrum of the cis-(8R,9S)-5.
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moderate to good agreement with the experimental ECD spec-

trum. The diequatorial orientation of the methoxycarbonyl and

hydroxy groups was found in conformers A and D with a total

population of 46%, while the diaxial geometry was found in

conformers B–D and G totaling 53% population. Conformers A

and B with opposite helicity of the condensed a-pyrone ring had

markedly different computed ECD spectra as demonstrated by

their rotatory strengths (Fig. 5). Based on the good ECD agree-

ment, (�)-trans-(8S,9S) absolute conguration was determined

for dihydrolateropyrone (5).

The ve known cryptic compounds that were isolated from

the co-culture extracts but were not detected in extracts of the

axenic fungal control included lateropyrone (6),24 zearalenone

(7),29 (�)-citreoisocoumarin (8),30,31 macrocarpon C (9),5 and 7-

hydroxy-2-(2-hydroxypropyl)-5-methylchromone (10).32 In addi-

tion, four constitutively present compounds (also detected in

axenic fungal controls) including enniatins B, B1 and A1 (11–

13)6 and fusaristatin A (14)33 were upregulated in the co-culture

extracts.

The new dimeric naphthoquinones 1–4 and the likewise new

compound 5 were evaluated for their antibacterial activity

against human pathogenic bacterial strains, including Staphy-

lococcus aureus and Pseudomonas aeruginosa but exhibited no

antibacterial activity. For compound 5, this is in sharp contrast

to the structurally closely related known compound lateropyr-

one (6), which had previously been noted for its pronounced

activity against Gram positive bacteria.5 Apparently, hydroge-

nation of the double bond at C-8 and 9 leads to a complete loss

of antibacterial activity.

The observed upregulation of antibiotically active lateropyr-

one (6) and enniatins (11–13) during co-cultivation of F. tri-

cinctum and S. lividans (Table 1) may be interpreted as chemical

defense of the fungus.5 The most interesting nding from this

study is, however, the observation that F. tricinctum responds to

the presence of S. lividans in a metabolically different way

compared to co-cultures of this fungus with B. subtilis, leading

to the accumulation of the new compounds 1–4 that are not

detected when the fungus is co-cultured with B. subtilis. This

result mirrors data from a similar study with the fungus Chae-

tomium sp. Co-culture of Chaetomium sp. either with B. subtilis

or with P. aeruginosa likewise provoked accumulation of

different sets of cryptic fungal compounds.9,10 Future experi-

ments should aim at unravelling the molecular patterns that

underlie these specic fungal metabolic responses.

Experimental section
General experimental procedures

For measuring the optical rotations a Perkin-Elmer-241 MC

polarimeter was used. ECD spectra were recorded on a J-810

spectropolarimeter. Solvents used for spectroscopic measure-

ments had spectral grade and for other usage solvents were

distilled prior to use. For 1D and 2D NMR spectra, Bruker

AVANCE DMX 600 or Bruker ARX 700 NMR spectrometers were

used. Mass spectra were recorded with a Finnigan LCQ Deca

mass spectrometer, while HRMSESI spectra were acquired with

a FTHRMS-Orbitrap (Thermo-Finnigan) mass spectrometer.

HPLC chromatograms were obtained with a Dionex P580 system

connected to a photodiode array detector (UVD340S). Routine

UV lengths for detection were set at 235, 254, 280, and 340 nm.

The stationary phase of the analytical column (125� 4 mm) was

Eurosphere-10 C18 (Knauer, Germany). The mobile phase was

a gradient of acidic nanopure water, set to pH 2 by adding

HCOOH and HPLC grade methanol, following the gradient:

0 min, 10% MeOH; 5–35 min, 10–100% MeOH; 35–45 min,

100% MeOH. Semi-preparative HPLC chromatography was

performed using the Lachrom–Merck Hitachi semi-preparative

HPLC system (UV detector L-7400; pump L-7100; Eurosphere-

100 C18, 300 � 8 mm, Knauer, Germany) at a ow rate of 5.0

mL min�1. Column chromatography was carried out using

Sephadex LH-20 and Merck MN Silica gel 60 M (0.04–0.063

mm). During the isolation work, precoated silica gel 60 F254

TLC plates (Merck, Darmstadt, Germany) served to control the

progress of isolation, under detection at 254 and 365 nm and

then sprayed with anisaldehyde reagent.

Microbial material

The endophytic fungus F. tricinctum was obtained from healthy

fresh rhizomes of A. paucinervis (Aristolochiaceae) adapting

standard procedures.34 The fresh plant was collected in January

2006 from the mountains Beni-Mellal, located in Morocco.6 The

bacterial strain Streptomyces lividans TK24 (ref. 35) complies to

standard laboratory strains.36

Identication of fungal material

The fungal microorganism was identied as F. tricinctum using

the ITS method according to the protocol of molecular biology,

by DNA isolation and amplication of the ITS region as previ-

ously described.6 The same strain of the fungus, encoded as F.t.,

is kept under laboratorial conditions at �80 �C in the Institute

of Pharmaceutical Biology and Biotechnology, Heinrich-Heine

University, Düsseldorf, Germany.

Fig. 5 Experimental ECD spectrum of 5 in MeCN compared with the
Boltzmann-weighted BH&HLYP/TZVP PCM/MeCN//CAM-B3LYP/
TZVP PCM/MeCN spectrum of the trans-(8S,9S)-5.
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Co-cultivation of F. tricinctum with S. lividans

In order to cultivate the fungus and the bacterium under sterile

conditions, ten Erlenmeyer asks (1 L each) were prelled with

solid rice medium (50 g of milk rice, Oryza) and Yeast Malt (YM)

medium (60 mL), and then autoclaved. Four Erlenmeyer asks

were inoculated with only fungus or bacterium, serving as

axenic control cultures. S. lividans was precultured using YM

medium, which was incubated at 30 �C and shaken at 200 rpm,

le overnight to reach exponential mid growth. Since the

distribution of the bacterial colonies was not measurable by OD

because of agglomeration, the average amount of colonies was

estimated visually in order to divide equal amounts of the

bacterium to each ask. This has been performed by using

a sterilized 5 mL Eppendorf pipette. The bacteria were then

added to asks containing the solid rice medium and le for

three days at 30 �C before the fungus was added to the asks

and le at room temperature. This protocol was chosen as the

fungus readily killed the bacteria when added simultaneously to

the culture asks. The axenic fungal or bacterial cultures on

solid rice media were kept under identical conditions. All asks

were then cultivated at room temperature. Flasks were extracted

when the fungus had completely covered the surface of the

culture media.

Extraction and isolation

Aer fermentation, 300 mL EtOAc were added to the fully grown

cultures which were then extracted for 8 h under continuous

shaking. The EtOAc extracts of the co-cultures of F. tricinctum

and S. lividans following HPLC chromatography were

combined, yielding an amount of 3.8 g. This extract was dis-

solved in a solvent mixture of MeOH–H2O (9 : 1) followed by

partitioning against n-hexane. The aqueous MeOH extract was

subjected to a Sephadex LH-20 column, using acetone as mobile

phase, to obtain 12 fractions (Fr.1–14). The second and third

fractions (Fr.2 and 3) were combined due to their similar HPLC

proles followed by separation on a silica column. From the

rst fraction of this chromatographic separation which was

eluted with CH2Cl2–MeOH (99 : 1), compound 3 (2.3 mg) was

puried using semi-preparative RP-HPLC with 100% MeOH.

Fr.4 was further fractionated using a Sephadex LH-20 column

with MeOH as mobile phase which yielded compound 1 (10.8

mg) as the subfraction Fr.4–4. Fraction Fr.4–3 was subjected to

semi-preparative RP-HPLC to afford compound 4 (2.1 mg).

From Fr.5, compounds 5 (0.8 mg), 6 (3.9 mg) and 7 (1.5 mg) were

obtained by semi-preparative RP-HPLC with MeOH/H2O as

mobile phase. Compounds 2 and 8 were isolated from Fr.8 by

semi-preparative RP-HPLC, where 2 (4.2 mg) was eluted at 100%

MeOH and 8 (1.1 mg) at 55% MeOH–H2O. Furthermore, puri-

cation of Fr.10 with semi-preparative HPLC yielded compound

9 (1.1 mg) at 40% MeOH–H2O and compound 10 (1.2 mg) at

55% MeOH–H2O elution system.

Fusatricinone A (1). Red solid; [a]23D 0 (c 0.1, DCM); UV

(MeOH) lmax 223, 278 and 320 nm; 1H and 13C NMR data see

Table 2; HRESIMS [M + H]+ m/z 653.1141 (calcd for C31H25O16

653.1137).

Fusatricinone B (2). Red solid; [a]23D 0 (c 0.1, DCM); UV

(MeOH) lmax 223, 277 and 320 nm; 1H and 13C NMR data see

Table 3; HRESIMS [M + H]+ m/z 639.0977 (calcd for C30H23O16,

639.0981).

Fusatricinone C (3). Red solid; [a]23D 0 (c 0.1, DCM); UV

(MeOH) lmax 222, 277 and 319 nm; 1H and 13C NMR data see

Table 4; HRESIMS [M + H]+ m/z 667.1289 (calcd for C32H27O16,

667.1294).

Fusatricinone D (4). Red solid; [a]23D 0 (c 0.1, DCM); UV

(MeOH) lmax 223, 278 and 313 nm; 1H and 13C NMR data see

Table 5; HRESIMS [M + H]+ m/z 667.1299 (calcd for C32H27O16,

667.1294).

Dihydrolateropyrone (5). Yellow, amorphous powder;

[a]23D �84 (c 0.1, EtOH); UV (MeOH) lmax 229, 243, 263 and

350 nm; ECD (MeCN, l [nm] (D3), c ¼ 0.23 mM): 399 br (�0.09),

301 (�0.30), 275 (�1.74), 239 (�1.01), 202 sh (1.11), 192 (2.25).
1H and 13C NMR data see Table 6; HRESIMS [M + H]+ m/z

321.0604 (calcd for C15H13O8, 321.0605).

Calculation of the rotation barrier for compounds 1–4

To obtain an energy prole for the rotation about the central

biaryl bond in compounds 1–4 at reasonable computational

expense, 8,80-dihydroxy-3,30-dimethoxy-2,20-binaphthyl-1,10,4,40-

tetrone (Fig. 2B) was used as model compound. First, structures

in which the torsion angle dened by atoms C4–C3–C30-C40

(Fig. 1) was varied from �180� to 180� in increments of 8� were

constructed in the Maestro GUI of the Schrödinger Suite of

programs. A single structure with a torsion angle of 0� was

added to the resulting series of conformer structures. For each

of the resulting 47 structures, a conformational search with

a harmonic restraint of 104 kcal mol�1 rad�2 on the corre-

sponding value of the torsion angle was performed using

MacroModel and its default settings except for the truncated

Newton conjugate gradient method for energy minimization.

The minimum energy conformers for each of the 47 searches

were then geometry optimized while freezing the respective

value of the torsion angle. Geometry optimization was carried

out in the gas phase at the B3LYP/6-31G(d) level using the

GAUSSIAN 09 soware.

Conformational analysis and TDDFT-ECD calculations of 5

Mixed torsional/low-frequency mode conformational searches

were carried out by means of the MacroModel 10.8.011 soware

by using the Merck Molecular Force Field (MMFF) with an

implicit solvent model for CHCl3.
37 Geometry reoptimizations

were carried out at the B3LYP/6-31G(d) level in vacuo, the B97D/

TZVP38,39 and the CAM-B3LYP/TZVP40 levels with the PCM

solvent model for MeCN. TDDFT-ECD calculations were run

with various functionals (B3LYP, BH&HLYP, CAM-B3LYP, and

PBE0) and the TZVP basis set as implemented in the Gaussian

09 package with the same or no solvent model as in the

preceding DFT optimization step.41 Electronic circular

dichroism spectra were generated as sums of Gaussians with

2700 and 3300 cm�1 widths at half-height, using dipole-velocity-

computed rotational strength values.42 Boltzmann distributions

were estimated from the ZPVE-corrected B3LYP/6-31G(d)
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energies in the gas-phase calculations and from the B97D and

CAM-B3LYP energies in the solvated ones. The MOLEKEL

soware package was used for visualization of the results.43

Antibacterial assay

The antibacterial activity was determined by using the micro-

dilution method in alignment with the CLSI guidelines.44

Compounds were prepared using a DMSO stock solution with

the highest concentration of 0.64% (64 mg mL�1). This was

subjected to a prepared inoculum, in which the direct colony

suspension method was applied by using an inoculum of 5 �

105 colony forming units per mL. Simultaneously, antibiotics

were serial 2-fold diluted in DMSO with the compounds.
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