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Abstract

Metabolic profiling and structural elucidation of novel secondary metabolites ob-
tained from derived deletion strains of the filamentous fungus Penicillium chry-
sogenum were used to reassign various previously ascribed synthetase genes of the
roquefortine/meleagrin pathway to their corresponding products. Next to the struc-
tural characterization of roquefortine F and neoxaline, which are for the first time
reported for P. chrysogenum, we identified three novel metabolites, namely roque-
fortine L, M and N which harbor remarkable chemical structures. Their biosynthesis
is discussed, questioning the exclusive role of glandicoline A as key intermediate in
the pathway. The results reveal that further enzymes of this pathway are rather un-
specific and catalyze more than one reaction leading to excessive branching in the
pathway with meleagrin and neoxaline as end products of two branches.
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Introduction

The filamentous fungus Penicillium chrysogenum is commercially exploited for
many decades due to its high production of B-lactam antibiotics like penicillin G
(Weber, et al., 2012). Next to penicillins, secondary metabolites like roquefortines
and glandicolines were isolated from liquid cultures of P. chrysogenum which show
pharmaceutically interesting properties, like neurotoxic (Scott, et al., 1976), anti-
microbial (Clark, et al., 2005; Koolen, et al., 2012) and antitumor (Du, et al., 2010)
activities. They are structurally closely related and arise from the roquefortine/
meleagrin pathway which contains a di-modular Non-Ribosomal Peptide Synthe-
tase (NRPS) flanked by six associated genes (Ali, et al., 2013; Garcia-Estrada, et al.,
2011). Starting with histidyltryptophanyldiketopiperazine (HTD), synthesized by the
core synthetase enzyme RogA using tryptophan and histidine as substrates, RogD
catalyzes the reversed prenylation of HTD at the C-3 of its indole moiety utilizing
dimethylallyldiphosphate to form roquefortine D. At the same time, RogR, a cyto-
chrome p450 oxidoreductase, oxidizes HTD at its histidinyl moiety to dehydrohisti-
dyltryptophanyldiketo-piperazine (DHTD). Both simultaneous reactions of HTD lead
to a branch of the roquefortine/meleagrin pathway, one to DHTD via the oxidation
by RogR and further to roquefortine C by dimethylallyl addition of RogD, and the
other via an alteration of the enzymatic order. There, dimethylallyl addition is first
performed by RogD to yield roquefortine D while further oxidation is carried out
by RogR yielding roquefortine C (Figure 1). Although several labeling, silencing and
deletion experiments have been conducted, there is still ambiguity about the sub-
sequent biosynthetic reactions and the genes involved. For instance, roquefortine
Cis supposed to be converted into glandicoline A and further to glandicoline B with
RogM and RoqO each catalyzing one reaction (Ali, et al., 2013; Garcia-Estrada, et
al., 2011). However, their assignment to a particular reaction is still unclear. In ad-
dition, neoxaline was proposed as final product of the pathway, originating from a
hydrogenation of meleagrin (Overy, et al., 2005), yet no gene could be found in the
roq gene cluster performing that reaction.

Here we describe the quantification, structural identification and biosynthesis of five
previously unidentified metabolites, obtained from high sensitive comparative me-
tabolite profiling of host and deletion strains. Roquefortine F and neoxaline, next to
the three structurally novel metabolites, which we named roquefortine L, M and N,
were found to be derived from the roquefortine/meleagrin pathway. These results
demonstrate a further branching of this secondary metabolite pathway yielding a
variety of intermediates with complex structures and a diverse range of activities.

Experimental procedures

Host strains, media, grown condition and plasmid construction

P. chrysogenum strain DS54555, which lacks both the penicillin cluster genes and
the ku70 gene, was used as a host strain for deletion analysis and was kindly sup-
plied by DSM Anti-infective (Delft, the Netherlands). All the strains were grown on
YGG-medium for protoplasts formation and transformation. For analysis, cells were
grown on SMP medium (glucose, 5.0 g/L; lactose, 75 g/L; urea, 4.0 g/L; Na,SO,, 4.0
g/L; CH,COONH,, 5.0 g/L; K.HPO,, 2.12 g/L; KH,PO,, 5.1 g/L) for secondary metabo-
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lites production using a shaking incubator at 200 rpm for 168 hours at 25°C.

Metabolite profiling

All strains used for gene assignments were grown in quintuplicate to increase statis-
tical power, according to the procedure described above. Sample preparation was
carried out as described previously (Ali, et al., 2013). Metabolomic profiling was
performed on an Agilent 1200 Capillary pump (Agilent, Santa Clara, CA) coupled
to a Surveyor PDA detector (Thermo Scientific, San Jose, CA) and LTQ-FT-ICR-Ultra
mass spectrometer (Thermo Scientific, San Jose, CA) equipped with an ElectroSpray
Interface as described earlier (Ali, et al., 2013).

Metabolite identification

The identity of compound 10 was confirmed by comparing retention time and MS
fragmentation spectra to its commercially available standard, purchased from Bio-
Connect (Huissen, the Netherlands). Compound 6, 9, 11 and 12 were identified
using NMR after extraction from liquid cultures. 6 was extracted from the rogN
deletion strain culture filtrate which was made alkaline with 25 % ammonium hy-
droxide (pH 10) and extracted with dichloromethane. The alkaline dichloromethane
layer was evaporated to dryness, redissolved in water containing 50 % acetonitrile,
vortexed, centrifuged and transferred to an autosampler vial for fraction collection
via preparative reversed phase LC on an Atlantis T3 column (10 x 100mm, 5 um )
(Waters Milford, MA). Compound 9 was extracted following the isolation procedure
above except using culture filtrate of the rogO deletion strain, while 11 and 12 were
obtained from the same culture filtrate after lyophilization and extraction using
methanol. The methanol layer was evaporated to dryness, redissolved in water,
vortexed, centrifuged and subjected to repeated semi-preparative chromatography
as described above. Elemental composition of compounds 6, 9, 11 and 12 was de-
termined using high-resolution MS. NMR spectra were recorded on a Bruker Avance
[ 700 MHz or 600 MHz spectrometer with sample temperatures ranging from 260
K to 300 K, depending on the particular requirements for each sample. By choosing
an optimal aquisation temperature, severe line broading could be avoided which
was observed for various signals due to conformational averaging. For aquisition,
samples were dissolved in equal amounts of DMSO and CDCI..

Chemical stability of compound 6

An aqueous solution of compound 6 was adjusted to pH 2.5 by addition of formic
acid. Metabolite profiling was carried out as described above. Products, formed by
a degradation of 6, were compared to extracted standards using HPLC-MS/MS.

Results

Metabolite profiling of host and deletion strains leads to five new metabolites of the
roquefortine/meleagrin pathway

In a previous study, we described the identification of various abundant metabolites
and resolved the major enzymatic steps belonging to the roquefortine/meleagrin
pathway (Ali, et al., 2013). In order to identify secondary metabolites originating
from the rog gene cluster (Figure 1A), culture supernatants of the host strain and
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individually rog gene deletion strains were subjected to comparative metabolite
profiling using HPLC-UV-MS (Figure 2). As host strain, P. chrysogenum DS54555 was
used which is derived from the industrial DS17690 strain lacking the ku70 gene and
multiple penicillin biosynthetic genes clusters. Here, we describe the identification
and quantification of several less abundant metabolites, roquefortine L (6), roque-
fortine F (9), neoxaline (10), roquefortine M (11) and roquefortine N (12) (Figure
1B) that have not been previously considered or structurally characterized, filling
missing biosynthetic reaction steps in the roquefortine/meleagrin pathway.

12 116 10 9

D N
o o o

Relative abundance

w
o

10

2 4 6 8 10 12 14 16 18 20 22 24
Time (min)
Figure 2. HPLC-MS elution profiles of novel metabolites of the meleagrin/neoxaline pathway.
HPLC-MS total ion chromatogram (TIC, black) and normalized extracted ion chromatograms (EIC, colored) of novel
secondary metabolites from the meleagrin/neoxaline pathway. Roquefortine N (12, 15.1 min), roquefortine M (11,
16.5 min), roquefortine L (6, 16.8 min), neoxaline (10, 17.8 min), and roquefortine F (9, 22.8 min).

Structure elucidation and quantification of 6, 11 and 12

Compound 6 is a novel complex metabolite composed of a roquefortine scaffold and
a rare nitrone moiety, thus named roquefortine L. The mass-to-charge ratio of its
corresponding ion was observed at 404.1706 using HPLC-FT-ICR-MS, representing
the protonated molecule [M+H]* with formula C,,H, N.O, (calc. 404.1717) eluting
at 16.5 minutes. The same ion was previously tentatively identified as glandicoline
A (13) (Figure 1B), as elemental composition and parts of the structure indicated
consistency with this compound (Ali, et al., 2013). However, its *H- and *C-NMR
data showed high similarity to the diketopiperazine 4, indicating a roquefortine-
like core structure. Furthermore, its *H-NMR spectrum revealed two protons at C-8
representing a single bond between C-8 and C-9, which is different from the double
bond described for 13 (Supplemental Figure 1, Supplemental Table 1). Additionally,
C-2 (6, = 146) in the *C-HMBC spectrum indicated a double bond between N-1 and
C-2 which was supported by the chemical shift of N-1 (6, = 280) in the **N-HMBC
spectrum (Supplemental Figure 2, Supplemental Table 1). As compound 13 was re-
ported from various Penicillium species like P. albocoremium (Overy, et al., 2005),
P. glandicola (Kozlovskii, et al., 1994) and P. chrysogenum (Vinokurova, et al., 2002)
and proposed as a precursor of 7, host and rog deletion strain chromatograms of
P. chrysogenum were further analyzed for the presence of 13. The chromatogram
of the ion with m/z 404.1706, representing the protonated molecular [M+H]* with

formula C,,H,,N.O, of both compounds 6 and 13, was extracted in a 5 ppm mass
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accuracy window. However, no ion possibly corresponding to 13 could be found
whereas 6 was observed at high concentration in the liquid media (Figure 3).

metabolite AroqT  ArogN  AroqO ArogM  ArogR  ArogD  AroqA

1 100

O A~ WN

abueyo pjoy}

0

Figure 3. Fold change of the concentration of secondary metabolites from the roquefortine/meleagrin pathway
in deletion strains compared to the host strain.

Numbers in table represent the internal standard corrected concentrations of secondary metabolites in superna-
tants of deletion strains obtained from HPLC-UV-MS compared to their concentration in the supernatant of the
host strain P. chrysogenum DS54555. Cell coloring, representing the fold change, was performed on a logarithmic
scale. Red colored cells indicate a concentration increase whereas green colored cells represent a decrease. Cells
colored in white indicate a complete absence of the metabolite in the deletion sample. Novel metabolites of the
roquefortine/meleagrin pathway are shown with bold numbers.

The absence of 13 in host and various P. chrysogenum strains lead to the conclusi-
ons that 13 is not produced by P. chrysogenum DS54555.

Compound 11 and 12 are novel compounds based on a roquefortine-like scaffold,
thus named roquefortine M and roquefortine N. HR-ESI-MS of 11 (m/z 422.1814
[M+H]*, calc. 422.1824) and 12 (m/z 440.1918 [M+H]*, calc. 440.1928) established
the molecular formula C,_H__N.O, and C_H__N_O.. Their chemical structure was de-
termined using *C-HMBC, ®*N-HMBC and H-NMR (Supplemental Figure 3 and 4,
Supplemental Table 2) showing similar signals as observed for compound 6, which
indicates a similar chemical scaffold. However, the significant upfield shift of N-1
(from &, =280 in 6 to §, = 185 in 11) in the *N-HMBC spectra together with the
chemical shift of C-2 (6. =146 in 6, 6_= 172 in 11) in the *C-NMR spectra of com-
pound 11 shows that 11 contains a single bond between N-1 and C-2, with C-2 being
a carbonylic carbon. In addition, a comparison between the *N-HMBC spectrum
of compound 11 and 12 revealed that the amide-bond between N-14 and C-13 in
11 was hydrolyzed in 12 (6, = 32.0) yielding a primary amine and a carboxyl group.
Both compounds commonly occur, together with compound 6, in liquid cultures of
P. chrysogenum host and roqT, rogN and roqO deletion strains (Figure 3). Their ab-
sence in the remaining deletion strain samples concludes the involvement of rogA,
rogR, rogD and rogM in their biosynthesis.

Structure elucidation and quantification of 9 and 10
Compound 9 with molecular formula C_H,.N.O,, established by HR-ESI-MS (m/z

2325
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420.2015 [M+H]*, calc. 420.2030), was identified as roquefortine F, a metabolite
solely reported from a deep-ocean sediment derived Penicillium species (Du, et al.,
2009), using *H- and 3C-NMR (Supplemental Figure 5, Supplemental Table 3). Its
H-NMR spectrum is very similar to the spectrum of 3 (Ali, et al., 2013), except
a double bond between C-12 and C-15. Furthermore, the presence of C-26 (6, =
63.6) in the *C-NMR spectrum, next to a sharp OCH, peak (6, = 4.01) and a mis-
sing proton on N-1 in the *H-NMR spectrum fully agree with a methoxylated N-1 in
compound 9. This was supported by the absence of correlations with a carbon or
proton in the HMBC spectrum. The concentration of 9, particularly high in the host
strain, was found to be reduced to approximately one third in the deletion strains
of rogT and roqO and absent in the remaining deletion strains (Figure 3). This data
suggest that roqO and roqT are the only two genes not involved in the biosynthesis
of 9. Compound 10 with molecular formula C,,H,.N.O, (m/z 436.1967 [M+H]", calc.
436.1979) was identified as neoxaline, a metabolite previously isolated from As-
pergillus japonicas Fg-551 (Hirano, et al., 1979) and P. tulipae (Overy, et al., 2006),
by comparing retention time and MS/MS fragments to its commercially available
standard (Supplemental Figure 6). While the concentration of 10 in host and roqT
deletion strain is almost comparable, a 97% decrease was observed in the rogO
deletion strain (Figure 3). In all remaining deletion strains, compound 10 could not
be detected leading to the conclusion that all genes in the rog gene cluster, except
roqT, are required for the synthesis of 10.

Chemical degradation of compound 6 leads to various products

Nitrones, such as compound 6, are not infinitely stable and degrade already at room
temperature in aqueous solution as well as under acidic conditions by incorporation
of water (Cashman, et al., 1999; Rodriguez, et al., 1999; Sun, et al., 2007). In order
to determine the resulting degradation products, an aqueous solution of 6 was aci-
dified and the resulting sample measured using HPLC-UV-MS (Figure 4). Next to a
50 % decrease of 6, two highly abundant ions were observed in the treated sample
corresponding to 11 and 12. Additionally a third unidentified compound was found
eluting at 17.33 minutes with a mass-to-charge ratio of 422.1823, representing the
protonated molecule with the formula C,H,,N.O,. These results demonstrate that
11, 12 and an unidentified third compound are produced by degradation of the
rather unstable compound 6.

Figure 4. Chemical degradation of com-
pound 6 leads to various products.

Total ion chromatogram of pure (black)

and degraded compound 6 (blue) af-

ter addition of formic acid measured

on HPLC-MS. Acid induced degrada-

12 tion leads to the formation of 11 and

1 12 next to an unidentified compound

eluting at 17.33 minutes with [M+H]*=

A_A A_J l Z\\ 422.1823 and elemental composition

C_H,.N.O

220723 54"

6

Time (min)
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Discussion

Here, we present new insight into the complex biosynthesis of secondary metabo-
lites from the roquefortine/meleagrin pathway. Five novel metabolites were found
to originate from the rog gene cluster, obtained from comparative metabolites pro-
filing of the host strain and various deletion strains in combination with NMR and
MS based structure elucidation. As all five metabolites are produced in a late stage
of the pathway, no changes were observed for the biosynthesis of upstream me-
tabolites 1 — 4, which starts with RogA taking L-histidine and L-tryptophan as sub-
strates and producing compound 1. Based on the highly significant accumulation
of 4 in the rogM deletion strain and the absence of all downstream metabolites
6 — 12 (Figure 3), it can be concluded that rogM, encoding a flavin-dependent MAK
1-monooxygenase like protein, is involved in the conversion of 4 into 6, a novel
compound containing an unusual nitrone moiety. Nitrones are widely known due
to their free radical trapping properties and their potential application as thera-
peutics in age related diseases (Floyd, et al., 2008) like cancer (Floyd, et al., 2011)
and ischaemic stroke (Maples, et al., 2004). As the chemical scaffold of compound
6 is closely related to the roquefortine group it was named roquefortine L. Flavin-
containing monooxygenases are commonly known to consecutively oxidize drugs
and xenobiotics containing a soft-nucleophile, such as nitrogen or sulfur (Krueger
and Williams, 2005). In case of secondary amines, flavin-containing monooxygena-
ses consecutively oxidize the nitrogen, leading to the production of hydroxylamines
and nitrones (Cashman, et al., 1999; Rodriguez, et al., 1999; Sun, et al., 2007). A
similar mechanism for the synthesis of the nitrone containing compound 6 is very
likely, starting with the oxidation of the secondary amine in the indole part of 4,
yielding the hydroxylated intermediate 5 (Figure 5). Further oxidation on the same

/ ° / 0
NH NH
N W — N W —
. NN bh NN
PR s Ui

Figure 5. Proposed biosynthesis of 6 by RogM.

nitrogen produces an unstable N,N-dihydroxylated species which is followed by the
loss of water, producing eventually compound 6. However, nitrones are not indefi-
nitely stable and easily degrade at room temperature in aqueous solutions (Cash-
man, et al., 1999; Rodriguez, et al., 1999; Sun, et al., 2007). Under acidic conditions
compound 6 decomposes by a consecutive incorporation of water leading, among
others, to the production of compound 11 and 12 (Figure 4 and 6). This decompo-
sition was also observed in NMR experiments after extended storage of a solution
of 6 at room temperature. These results suggest that the presence of 11 and 12 in
liquid cultures of P. chrysogenum can be attributed to a chemical degradation of 6.
Compound 6, with the formula C,,H, N.O,, is represented by an ion with a mass-

21 '573
to-charge ratio of 404.1706 and eluting at 16.8 minutes. The exact same ion was
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Figure 6. Degradation of 6 yielding 11 and 12 by consecutive incorporation of water.

previously tentatively identified as compound 13 (Ali, et al., 2013) as its elemental
composition and parts of the structure indicated consistency with this compound.
However, further structure elucidation using various NMR experiments confirmed
the structure of 6 instead. This was surprising as compound 13, a proposed key-
intermediate in the biosynthesis of downstream metabolites like 7, 8 and 10 was
previously tentatively identified in different Penicillium cultures (Overy, et al., 2005;
Vinokurova, et al., 2002). By using a comparable instrumental set-up with a similar
chromatographic separation method, host and deletion strains of DS54555 were
screened for production of 13. Nevertheless, neither 13 nor corresponding degra-
dation products could be detected, whereas 6 was found at high concentrations lea-
ding to the conclusion that 13 is not produced by P. chrysogenum. This is remarka-
ble as 13 was expected as single precursor of 7, modified by RoqO (Garcia-Estrada,
et al., 2011). In addition, a deletion of rogO resulted in an up to 98 % decrease of 7
whereas the levels of upstream metabolites remained nearly unchanged, indicating
that RoqO is indeed involved in the synthesis of 7. Due to the general absence of
13 in the P. chrysogenum derived samples, compound 7 has to originate from a dif-
ferent biosynthetic route than the previously reported oxidation of 13 on its indole
nitrogen (Ali, et al., 2013; Garcia-Estrada, et al., 2011; Overy, et al., 2005). RoqO,
encoding a p450 monooxygenase, closely resembles FtmG (64% identity, 79% si-
milarity at the amino acid level) a cytochrome p450 monooxygenase catalyzing the
hydroxylation of fumitremorgin C to dihydroxy-fumitremorgin C (Kato, et al., 2009),
compounds that are structurally similar to the roquefortine derivatives. A possible
deduced biosynthesis of 7 involves the hydroxylation of 6 on C-9 by RoqO similar
to the oxidation of fumitremorgin C by FtmG. Subsequent cleavage of the bond
between C-9 and N-14 followed by the development of a bond between C-2 and
N-11 is postulated to yield ultimately 7. These results, together with the general
absence of 13 in P. chrysogenum lead to the conclusion that 7 and 8 are produced
via a different biosynthesis in P. chrysogenum than in other Penicillium strains like
P. tulipae (Overy, et al., 2005), for which a tentatively identified 13 was reported as
intermediate.

The deletion of rogN resulted in an accumulation of 7 in the liquid medium whereas
metabolites 8, 9 and 10 were absent (Figure 3). RogN, a methyltransferase, was pre-
viously recognized to catalyze the addition of a methyl group on the hydroxylated
nitrogen of 7 producing 8 (Ali, et al., 2013; Garcia-Estrada, et al., 2011). As 9 con-
tains a methylated hydroxylamine group in the same position as 8, the hydroxylami-
ne containing compound 5, which differs only in a methyl-group, is proposed as its
direct precursor with RogN catalyzing the methyl addition to yield 9. These results
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reveal a further branching of the roquefortine/meleagrin pathway with compounds
6 and 9 being products of 5. In addition, they support the presence of 5, which was
proposed based on its involvement in the biosynthesis of 6.

Compound 10 was previously proposed as direct product of 8 by enzymatic hydro-
genation (Overy, et al., 2005). However, BLAST analysis did not reveal an enzyme in
the roquefortine/meleagrin pathway, which is able to perform that reaction (Ali, et
al., 2013; Garcia-Estrada, et al., 2011). Moreover, a 53 times higher concentration
of 8 compared to 10 in the host strain, but the absence of 8 in the rogO deletion
strain with 10 still being present, leads to the conclusion that 8 is not a precursor of
10 (Figure 3). In contrast, due to the high concentration of 9 in the AroqO strain and
its roquefortine-like structure (roquefortine scaffold with a methoxygroup on N-1),
compound 9 is proposed as direct precursor of 10 with RoqO catalyzing this reac-
tion, similar to the synthesis of 7 from 6. These results suggest that RoqO is involved
in the reactions from 6 into 7 and from 9 into 10 by oxidizing and subsequently con-
verting a roquefortine scaffold into a glandicoline like structure (Figure 1B).

In conclusion, these results extend the additional branch of compound 9 leading to
the final product 10. Unspecificity, already observed for RogR and RogD (Ali, et al.,
2013), could now also be observed for RoqO and RogN leading to a complex degree
of branching in the pathway and a wide palette of compounds. Several of the new
compounds identified in the current study were found to be equipped with interes-
ting biological activities. Roquefortine F, previously reported from a deep ocean se-
diment derived fungus Penicillium sp., shows moderate cytotoxicity against various
tumor cell lines (Du, et al., 2009). Neoxaline, which was first isolated from A. japoni-
cas Fg-551, stimulates the central nervous system in mice (Hirano, et al., 1979) and
inhibits cell proliferation (Koizumi, et al., 2004). Furthermore, it was found to induce
cell cycle arrest at the G2/M phase in Jurkat cells (inhibition of tubulin polymerizati-
on) (Koizumi, et al., 2004). Here, the novel metabolites roquefortine L, roquefortine
M and roquefortine N are added to the palette of potential cytotoxic compounds,
which demonstrates the potential of engineered industrial P. chrysogenum strains
to produce novel bioactive compounds with unusual chemical scaffolds.
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Supplemental Information

ML L

Supplemental Figure 1. "H-NMR spectrum of roquefortine L (6) in DMSO/CDCI, acquired at 300K on a 600 MHz
spectrometer. Small additional peaks labeled with a star correspond to a second conformation of 6. Assignments
can be found in Supplemental Table 1.
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Supplemental Figure 2. **N-HMBC spectrum of compound 6 acquired at 290 K. Small additional peaks correspond
to compound 11 which was produced by slow degradation of 6. Further assignments can be found in Supplemental
Figure 1.
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Supplemental Figure 3. *H-NMR spectrum of roquefortine M (11) acquired at 250 K.
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Supplemental Figure 4. *N-HMBC spectrum of roquefortine M (11) acquired at 270 K.
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Supplemental Figure 5. *H-NMR spectrum of roquefortine F (9) acquired at 280 K.
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Supplemental Figure 6. HPLC-MS/MS fragmentation spectra including chemical formula and calculated exact mass
of metabolites. Metabolites shown are protonated compound 6 (roquefortine L, A), 9 (roquefortine F, B), 10 (ne-
oxaline, C), 11 (roquefortine M, D) and 12 (roquefortine N, E). Spectra were acquired at a LTQ-FT-MS at 35% norma-
lized collision energy in positive ion mode.
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roquefortine L (6)
2

1-NO -

2 1476
3 382
3a 1379
4 749 1243
5 744 1290
6 7.52 1286
7 7.56 1149
Ta 1485
g 224,295 245
9 5.06 63.6
10 164.9
11-NH 10.77

12 1222
13 136.7
14-N

15 6.37 1122
16 1243
17-N

18 776 136.3
19-NH 12.42%=

20 7.49 1321
21 431
22 3.79 1415
23 3.06.5.09 116.2
24 0.86 224
25 1.09 223

(*) not observed
(**) from spectrum at 280 K

Supplemental Table 1

roquefortine L (6) (& in ppm).

roquefortine M (11)
s

roquefortine N (12)
=

1-NOH

11-NH
12
13
14-NH
15
16
17-N

19-NH

22

5
24
25

738
6.26

765
12.87
7.09

6.00
4.98.5.09
104
096

(*) not observed

(™) tentative assignment

1429

523

165.1

1210
160.1

1364

133.8
419

1423
113.9

213

(***) from spectrum at 290 K

Supplemental Table 2
Chemical shifts of *H, 3C and **N-NMR of Chemical shifts of *H, **C and *®*N-NMR of roquefortine M (11) and roquefortine N (12)

(6 in ppm).
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137

118

ta
=3
[}

169

14-NH,

718
699

722

693

1731
345

1247
1250
1211
1276
1064
1427

1071
1277

1334

1276
417
1425
1134
214
212

30

196

roquefortine F (9)
=

2

3

3a

4 7.30

5 7.09

6 727

7 7.06

Ta

8 2.40

9 3.96

10

11-NH 10.63

12 =

13 1574
14-N14

13 6.44 109.1
16 *

18 .75 136.9
19-NH 12.82

20 7.21 1342
21 40.5
22 5.99 1431
23 5.09,5.16 1146
24 0.94 232
25 1.07 224
26 40 63.6

(*) not cbserved

Supplemental Table 3
Chemical shifts of *H and **C-NMR of ro-
quefortine F (9) (6 in ppm).
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