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Abstract: Brasilicardin A (1) consists of an unusual anti/syn/
anti-perhydrophenanthrene skeleton with a carbohydrate side
chain and an amino acid moiety. It exhibits potent immuno-
suppressive activity, yet its mode of action differs from
standard drugs that are currently in use. Further pre-clinical
evaluation of this promising, biologically active natural
product is hampered by restricted access to the ready material,
as its synthesis requires both a low-yielding fermentation
process using a pathogenic organism and an elaborate, multi-
step total synthesis. Our semi-synthetic approach included a)
the heterologous expression of the brasilicardin A gene cluster
in different non-pathogenic bacterial strains producing brasi-
licardin A aglycone (5) in excellent yield and b) the chemical
transformation of the aglycone 5 into the trifluoroacetic acid
salt of brasilicardin A (1a) via a short and straightforward
five-steps synthetic route. Additionally, we report the first
preclinical data for brasilicardin A.

The application of the first immunosuppressive drugs, such
as azathioprine and corticosteroids, in the 1950s heralded
a new age in organ-transplantation. Despite the subsequent
development of further immunosuppressants, including fore-

most the natural products cyclosporin A, tacrolimus and
mycophenolic acid, there are still two major unmet clinical
needs that are required to be addressed by new immunosup-
pressive drugs: Firstly, most organ transplants continue to
have low rates of long-term graft and patient survival.l'! The
second issue is that current immunosuppressive drugs still
cause serious side effects. Since the adverse effects of a single
immunosuppressant is often too severe, commonly an indi-
vidualized combination therapy regimen consisting of 2—4
immunosuppressants, each with a reduced dose, is applied to
balance out the side effects and raise efficacy.”) Thus, the
development of new immunosuppressants that show
improved long-term survival in patients and lack undesirable
side effects remains a high priority.[!

Brasilicardin A (BraA, 1) was isolated, along with its
biosynthetic intermediates brasilicardins B, C and D (BraB-
D, 2-4), from the human pathogenic bacterium Nocardia
terpenica IFM 0406 (Figure 1).”! The natural product brasi-
licardin A (1)® represents a promising drug candidate since it
possesses strong immunosuppressive potency, low toxicity
and a mode of action that differs from all drugs which are
currently in clinical use.! Among the brasilicardin family,
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brasilicardin A (1, BraA), R = OCH3
brasilicardin B (2, BraB), R=H

brasilicardin C (3, BraC), R = OCHj,
brasilicardin D (4, BraD), R = H

brasilicardin E (5, BrakE), R = OCH,
brasilicardin F (6, BraF), R=H

brasilicardin G (7, Bra G)

Figure 1. Chemical structures of brasilicardins A-G (1-7).

1 was shown to be highly potent in a mouse mixed-
lymphocyte reaction (MLR) assay and surpassed with an
ICs, value of 0.057 uygmL™" (63.8 nM) the potency of cyclo-
sporin (0.15 ugmL™") by factor ~ 3.5 In human T cells, BraA
displayed in vitro a similar immunosuppressive activity (ICs,
65 nM).F! Usui and co-workers*! demonstrated that 1 medi-
ates this activity by inhibition of the amino acid transporter
system L; the major transporter for essential amino acid
uptake in activated human T cells. More precisely, it
represents an obligatory 1:1 amino acid exchanger that can
couple the cellular uptake of branched-chained and aromatic
amino acids with the efflux of cytoplasmic amino acids, such
as Gln. Inhibition of the transporter system leads to a cellular
depletion of essential amino acids within activated lympho-
cytes and causes GCN2-dependent integrated stress
responses, which results in the inhibition or retardation of
cell proliferation.! With this novel mode of action, BraA is
assumed to be less toxic than cyclosporin and tacrolimus. It
was reported that intravenous administration of BraA caused
no sign of toxicity at a dose of 100 mgkg™" in mice.’* Thus,
BraA (1) was expected to be a promising new immunosup-
pressive drug. However, development of BraA has been
hampered due to the scarcity of available material as the
original producer is classified as a biosafety level (BSL) 2
strain and shows a very low production yield (0.2 mgL™").*"!
Recently, the technical feasibility of the multi-step total
synthesis of brasilicardin A (1) was demonstrated.””! None-
theless, when aiming for an environmentally friendly, sustain-
able and, most importantly, cost-efficient production, a bio-
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technological production is more desirable. Encouraged by
the promising preliminary data and with ideas for improving
the given production bottleneck, we embarked on the
development of a safe (BSL-1) and economical biotechno-
logical production platform by employing heterologous
expression.

The biosynthetic gene cluster (BGC) of brasilicardin A
(1) was identified by the pioneering work of Dairi and co-
workers and reported to consist of 11 genes (bral-brall,
Figure 2)." Recently, we expanded on this work and were
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Il Terpene biosyntheticgenes [l 3-HBA biosynthetic genes

Figure 2. Biosynthetic gene cluster encoding brasilicardins.

able to redefine the borders of the BGC, employing genome
sequencing and heterologous expression in Amycolatopsis
japonicum.® Briefly, we provided evidence that the BGC had
to be expanded by the adjacent genes bra0 and bral2,
encoding a dioxygenase and a transcriptional activator,
respectively. However, this proof-of-concept study did not
lead to the heterologous production of 1, instead yielding the
biosynthetic intermediates BraC (3) and BraD (4) and their
corresponding aglycons, for which we proposed the trivial
names brasilicardins E (BraE, 5) and F (BraF, 6) (Figure 1).

In order to achieve production of the complete BraA (1)
molecule and raise the yield of brasilicardins in general, we
investigated the heterologous expression of the brasilicardin
BGC in more than 70 actinomycetes (Table S1). For max-
imum flexibility, we established a phage P1-derived artificial
chromosome (PAC)-based methodology alongside the
fosmid-based heterologous expression system.”!

As well as standard Streptomyces model host strains, a set
of 45 attini ant associated Streptomyces strains!'”! were
included. Furthermore, strains from the genera Pseudonocar-
dia, Amycolatopsis, Prauseria, Saccharothrix and Rhodococ-
cus were selected as phylogenetically close relatives of the
original producer strain, N. terpenica IFM 0406. It was
observed that nine actinomycetes hosts produced solely
BraE (5), while further 10 strains secreted BraE (5) and
BraF (6), respectively. Another set of 10 host strains exhibited
a shifted or extended production spectrum and were enabled
to produce BraC (3), BraD (4), and BraF (6) (Table S1). The
sole production of the aglycons § and 6 was observed
foremost in Streptomyces strains, coherent with the absence
of the TDP-L-rhamnose biosynthetic genes in the corre-
sponding host strains. Upon introduction of the plasmid
(PRHAMO), which contains the full biosynthetic cassette to
generate TDP-L-rhamnose, the production of the mono-
glycosylated BraC (3) and BraD (4) was detected in the
majority of the strains (Table S1). Only a few actinomycetes,
such as the attini ant-derived S. griseus:bcaABO1
(pPRHAMO) and R. erythropolis:2G3 additionally produced
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a new brasilicardin derivative 7 (Figure 1), albeit in a lower
amount. The new derivative was isolated, and its structure
fully elucidated by NMR analysis (Figures S12 and S13,
Table S4). As a result, the compound represents a new
brasilicardin congener, solely lacking the GIcNAc moiety
when compared to BraA (1) (Figure1), for which we
proposed the trivial name brasilicardin G (BraG, 7). How-
ever, BraA (1) or BraB (2) could not be discovered in any of
the heterologous hosts. In terms of production yield, the S.
griseus:bcaAB01 (pRHAMO) strain was superior to all other
tested strains (Table S1). Under non-optimized brasilicardin
production conditions,* this host produced 305 mgL ™" of 3,
168 mgL " of 5 and 15 mgL~" of 7 after 12 days of cultivation
(Figure S1). Despite the fact that we did not achieve the
heterologous production of the target compound BraA (1),
the significant production of the stereochemically complex
intermediates 3 and 5 we attained opened up the avenue for
a semi-synthetic route to BraA. In order to develop an
efficient process, we next aimed for further optimization of
the production yield of either 3 or 5. These improvements
were solely focused on the best performing strain, S.
griseus:bcaAB01 (P RHAMO).

We improved the production of 3 and 5 with several
modifications, applied in three steps. One critical parameter
for the quantity of a target secondary metabolite produced by
a microorganism are the cultivation conditions.!'"'! Therefore,
a screening with 34 different media was performed, which
revealed a medium with a high glucose and amino acid
content as the optimal choice. BraC (3), and BraE (5)
production yields of S. griseus:bcaAB0O1 (pRHAMO) in the
optimized medium were increased up to 1151 mgL™" and
639 mgL~", respectively (Figures 3, S2 and S3).

In a second modification, we implemented genetic
engineering measures. Since our previous biosynthetic studies
revealed that bral2 is a positive regulator of the brasilicardin
BGC,®™ we hypothesized that its overexpression in the
heterologous host S. griseus:bcaABO1 (pRHAMO) might
increase the production yield. Indeed, the introduction of
bral2 under the control of the constitutive ermEp* promoter
led to a further increase in production of the compounds 3
(1347 mgL™") and 5 (1151 mgL ") (Figures 3 and S4).

Finally, metabolic flow considerations were inspected. We
scrutinized the brasilicardin biosynthesis pathway for bottle-
necks in biosynthetic substrates and hypothesized that the
supply of terpenoid building blocks might be a limitation in

mBracC(3) BraE (5) Bra G (7)
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S. griseus::bcaABO1
under non-optimized
conditions

]
8

product titer [mg/L]

medium optimization medium optimization medium optimization
+ regulator + regulator
overexpression overexpression
+ terpenoid-pathway
tuning

Figure 3. Summary of the stepwise improvement of the brasilicardin
production titer in S. griseus 65.
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production. The diterpenoid backbone of 1 is synthesized with
isopentenyl diphosphate (IPP) and dimethylallyl diphosphate
(DMAPP) units. In a bacterial setting, these precursors are
usually synthesized via the methylerythritol 4-phosphate
(MEP) pathway. In addition to the MEP pathway, only
a few actinomycetes possess the mevalonate (MVA) pathway,
which is often located next to an isoprenoid biosynthetic gene
cluster. Employing '"C-isotopic labeling experiments,
Kobayashi and co-workers demonstrated that the diterpenoid
moiety of 11is, as expected, biosynthesized from D-glucose via
the MEP pathway.'!l Since the MEP pathway undergoes
a strong and complex feedback regulation, the MVA pathway
is easier to manipulate and therefore more suitable for
a metabolic engineering approach. Therefore, we integrated
the MVA pathway as a second terpene pathway into S.
griseus:bcaAB01 (pRHAMO) to enrich the DMAPP/IPP
precursor pool.

Furthermore, it had been reported that the overexpres-
sion of the gene isopentenyl diphosphate isomerase (idi),
whose product converts IPP into DMAPP, led to an increased
production of the target terpenoid.!® Likewise, the over-
expression of the native geranylgeranyl and farnesyl diphos-
phate synthase genes (ggpps, fpps), whose products utilize
DMAPP/IPP units to form farnesyl-PP and geranyl-geranyl-
PP, were shown to exert a positive effect on the production
yield.

To examine whether these genes would also further
increase production in S. griseus:bcaAB01 (pPRHAMO), the
idi gene from the MVA pathway and the genes bral2 and
ggpps/fpps were heterologously expressed in S. griseus:b-
caABOl (pPRHAMO). As a result, the strain produced
1669 mgL™" BraC (3) and 926 mgL™" BraE (5) (Figures 3
and S5), representing a ~ 5-fold improvement of the yield
when compared with the first experiments in both cases. In
summary, the stepwise optimization of the medium compo-
sition, BGC regulation and precursor supply resulted in the
generation of a safe and sustainable platform for the
production of BraC (3) and BraE (5) on gram-scale
(Figure 3).

Employing semi-synthesis, the now readily available
aglycone 5 was used for conversion into the biologically
highly active BraA (1). Inspired by previous synthetic efforts
by us and others,>*"! we developed a synthesis comprising
five linear steps (Scheme 1). In the first steps of the synthesis,
the primary amino function and carboxyl group of aglycone 5
were protected as a carboxybenzyl (Cbz) and benzyl ester,
respectively.

In order to minimize the length of the synthesis, we opted
to use protected aglycone 8, bearing two hydroxyl groups, in
the glycosylation step, even though glycosylation reaction
could take place at positions C-2 and/or C-3. We reasoned
that the hydroxy group at position C-3 would be sterically
more hindered compared to the hydroxy group at position C-
2, as position C-3 is situated between one hydroxyl and two
methyl groups and glycosylation reaction should preferen-
tially occur at the hydroxy group at position C-2.

The key step of this synthesis, the coupling of 8 with the
acetyl protected carbohydrate side chain of BraA (com-
pound 9),!" was performed using Schmidt’s glycosylation
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0 1) CbzCl, NaOH,
THF/H,0 (1:1), rt, 3 h

2) benzyl bromide,
Cs,COg3, DMF, rt, 15 h
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thioanisole,
TFA, 11, 18 h

Scheme 1. Semi-synthesis of the TFA salt of brasilicardin A (1a) starting from aglycone 5.

conditions in the presence of TMSOTT as promoter. Applying
these conditions, reported by Jung and Koch,>!' using
1.4 equiv of donor 9 and 0.2 equiv of promoter, resulted in
low conversion of the reaction. After a reaction time of 5 h,
regioisomers 10 and 11 were obtained in 20 % and 10 % yield,
respectively, whereas a substantial amount of acceptor 8 could
be recovered. The use of an excess of imidate 9 (3 equiv),
adecreased amount of the promoter (0.05 equiv) and a shorter
reaction time (2 h), resulted in a slight improvement of the
yield of fully protected brasilicardin A (compound 10, 25 %;
57 % based on recovered starting material (brsm)). However,
the ratio of glycosylation at position C-2 (compound 10) and
position C-3 (compound 11) was unchanged (2:1). Double
glycosylation at positions C-2 and C-3 on compound 8 was not
observed.

In the last steps of the synthesis, all protective groups
present in 10 were cleaved off. The simultaneous removal of
all O-acetyl groups and the benzyl ester proceeded smoothly
under mild basic conditions without affecting the hydroxy-
benzoate moiety at rhamnose C-4' position. Finally, the Cbz
protecting group present in 12 had to be cleaved off without
degrading any other functionality in the molecule. Due to the
presence of a double bond in the perhydrophenanthrene
skeleton, the Cbz group could not be cleaved off using
hydrogenation conditions. After testing different conditions
on model compounds, the method described by Kiso and co-
workers!™® using thioanisole in trifluoroacetic acid (TFA) was
selected. Treatment of 12 under mild conditions with 50 equiv
of thioanisole in TFA gave the target molecule BraA as the
TFA-salt (1a) in 61 % yield.

The overall yield of the synthetic sequence was 7% and
16% brsm. The spectroscopic analysis revealed that the 'H
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and “C NMR spectra of synthetic 1a were superimposable
with those of 1, obtained from strain IFM 0406 and reported
by Shigemori et al.**! (Figures $28 and $29).

In addition, the immunosuppressive activity of natural
BraA (1), its biosynthetic intermediates BraC (3), BraE (5)
and BraG (7) and synthetic BraA (1a) were evaluated in
a human CD3 + cell proliferation assay, and compared with
the standard drug cyclosporin A (Figures S30 and S31). BraA
(1) exhibited the most potent immunosuppressive activity and
showed a greater reduction in proliferation than the marketed
drug cyclosporin A, which was in a good agreement with
previous studies.’*! Synthesized BraA (1a) showed the same
inhibition profile and potency as isolated BraA (1), corrob-
orating that our synthesis produced the correct structure.
Notably, the antiproliferative activity of BraG (7), lacking the
N-acetyl-glucosamine moiety found in BraA (1), was still
comparable with cyclosporin, while BraC (3) prevented
proliferation only at higher concentrations (5 uM). BraE (5)
did not inhibit T cell proliferation at the tested concentra-
tions. These results suggest the presence of the benzoyl group
in the carbohydrate side chain is important for the immuno-
suppressive activity of BraA.

Since BraA is a potent inhibitor of the amino acid
transport system L, BraA (1a) and natural BraC (3) were
further evaluated in an antiproliferation assay using the
human malignant glioma cell line LN229 (Table S6). The
selective L-amino acid transporter 1 (LAT1) inhibitor
JPH203 (ICs, 15.0 uM) served as a positive control in this
study. BraC (3, ICs, 15.7 uM) showed a similar antiprolifera-
tion activity as JPH203. Intriguingly, BraA (1a, ICs, 0.13 pM)
was > 100-fold more active in this assay than the standard
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LAT1 inhibitor JPH203, which entered very recently phase I
clinical studies."

The ability of BraA (1a), BraC (3), BraE (5) and BraG (7)
to interact with LAT1 in LN229 cells was further determined
using a radiolabel uptake assay (Table S7). All tested com-
pounds showed very good to moderate affinity for [*H]-
gabapentin, a LAT1 selective substrate, in an uptake com-
petition assay. BraA (1a), BraC (3) and JPH203 displayed
ICs, values of 40, 80 and 29 nM, respectively, and represent
the most potent molecules of this series.

The cytotoxic activities of BraA (1), C (3), E (5) and G (7)
were tested in tumor cell lines and 3T3 fibroblasts after 72 h
incubation. ICy, values were higher than 5 uM for all the cell
lines and brasilicardins tested, except for the Jurkat cell line,
which is a lymphocyte cell model. Again, the effect of BraA
(1) in Jurkat cells was more potent than those of the other
brasilicardins (Table S8). The new availability of the com-
pounds BraA (1a) and C (3) also permitted the first in vitro
ADME evaluation. Firstly, the stability of both compounds
was tested in gastrointestinal fluid, hepatocytes and plasma.
The stability of 1a and 3 at 1 uM in simulated gastric fluid
(SGF) containing pepsin and simulated intestinal fluid (SIF)
containing pancreatin was assessed at 37 °C. Both compounds
were stable for more than 4h under those conditions
(Table S12), and their calculated half-lives (#,) were greater
than 8 h. Next the stability and intrinsic clearance of both
compounds at 1 uM was assayed using human and mouse
hepatocytes (5 x 10° cellsmL ") (Table S14). In the presence
of human hepatocytes, both compounds were stable with
calculated r,s greater than 6 h. In the presence of mouse
hepatocytes, 3 was also stable with a calculated #, >6 h. In
contrast, BraA (1a) exhibited a calculated #:, of 296 & 97 min,
and an intrinsic clearance (CL,) of 4.6864+ 1.539 uL.min~"/
10° cells, suggesting some hepatic metabolism. In stability
tests using human and mouse plasma, both compounds were
stable with calculated #,s > 8 h. Finally, a Caco-2 cell mono-
layer assay was conducted to determine the intestinal
permeability, and identify specific transport and intestinal
metabolization events (Table S13). In the Caco-2 monolayer
assay, at a concentration of 5 uM, BraA (1a) exhibited mean
apical-to-basolateral permeability (P,,,(A—B)) of 0.01x
10°cms™' and P,,(B—A) of 0.05x10°cms', while BraC
(3) exhibited a P,,,(A—B) of 0.06 x10°cms™" and P, (B—
A) of 0.07 x 10° cms™". The intrinsic Caco-2 transwell perme-
ability was low for both compounds, and the ratio (B—
A)/(A—B) for 1 supports the notion that 1 may be a substrate
for P-gp efflux transporters.'”

In conclusion, we have reported the identification and
consecutive development of a heterologous producer strain
that enables the sustainable production of the stereochemi-
cally complex natural products BraC (3) and BraE (5) at
excellent rates. In addition, the new derivative BraG (7) was
isolated and structurally elucidated. Furthermore, the bio-
technological approach was complemented with a short 5-step
semi-synthesis, which enabled the conversion of BraE (5) to
the target compound BraA (1a). This coupled system
provides a) novel, economically viable access to BraA (1a)
itself, and b) the opportunity to readily generate derivatives,
either from 3 or 5, in order to conduct SAR studies and
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optimize its pharmacologic, pharmacokinetic and biopharma-
ceutical properties.

In addition, we conducted the first ADME studies of these
compounds, which provide a promising basis for further drug
development since no red flag is raised to hamper the further
development of brasilicardins. The therapeutic potential of
this compound class became even more significant since it
became apparent that the target LAT1 is also related to other
diseases, particularly cancer."® Therefore, the established
platform will be useful to develop derivatives for this
indication.
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