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Abstract: Supplementing an AHBA(¢) mutant strain of Amy-
colatopsis mediterranei, the rifamycin producer, with a series
of benzoic acid derivatives yielded new tetraketides contain-
ing different phenyl groups. These mutasynthetic studies re-
vealed unique reductive properties of A. mediterranei to-

wards nitro- and azidoarenes, leading to the corresponding
anilines. In selected cases, the yields of mutaproducts (fer-

mentation products isolated after feeding bacteria with
chemically prepared analogs of natural building blocks) ob-
tained are in a range (up to 118 mg L¢1) that renders them

useful as chiral building blocks for further synthetic endeav-
ors. The configuration of the stereogenic centers at C6 and
C7 was determined to be 6R,7S for one representative tetra-
ketide. Importantly, processing beyond the tetraketide stage
is not always blocked when the formation of the bicyclic

naphthalene precursor cannot occur. This was proven by for-
mation of a bromo undecaketide, an observation that has

implications regarding the evolutionary development of rifa-
mycin biosynthesis.

Introduction

The ansamycins comprise an important and growing class of

microbial macrolactam polyketides characterized by a macrocy-
clic structure in which an aliphatic ansa chain forms a bridge
between two non-adjacent positions of a cyclic p-system.[1]

Whereas geldanamycin 3 and ansamitocin P3 4 are benzenic
ansamycin antibiotics, rifamycins 1 a–c belong to the group of

naphthalenic ansamycins (Figure 1). Rifampicin 2 and rifaximin
are semisynthetic rifamycin derivatives that display antibacteri-
al activity against both Gram-positive (e.g. Mycobacterium tu-
berculosis and Mycobacterium leprae) and Gram-negative bacte-

ria, and are in clinical use, for example, for the treatment of tu-

berculosis, leprosy, and AIDS-associated mycobacterial infec-
tions.[2]

Ansamycin antibiotics are biosynthesized by type 1 poly-
ketide synthases (PKSs) from 3-amino-5-hydroxybenzoic acid

(AHBA) 5 as a starting building block.[3] This is selectively acti-
vated by the acyl transferase (ATL) from which it is transferred

onto the first acyl carrier protein (ACPL) by transesterifica-

tion.[4–6]

The biosynthesis of rifamycin B 1 c also requires AHBA which

is uploaded onto the loading module by the ATL (Scheme 1).

After complete PKS processing, an amide synthase performs

the macrolactamization to presumably yield proansamycin X 9.
A series of tailoring transformations proceed via rifamycins W

1 a, S 1 b and SV 10 that complete the biosynthesis. Naphtha-
lenic ansamycins like rifamycin B involve a unique biosynthetic
sequence (6!8) leading to the dihydronaphthoquinone

moiety, which is proposed to take place en route from
module 3 to 4 (Scheme 1 a).[1]

First, oxidation of the benzene ring in 6 is expected to yield
hydroquinone 11 and this is further oxidized to the quinone
12 a (Scheme 1 b). Deprotonation of the 1,3-diketo moiety ini-
tiates an intramolecular Michael addition to yield dihydronaph-

thoquinone 13, which is further processed to oligoketide 8 in
module 4.[5] Support for the timing of the cyclization was de-
rived from the inactivation of the rifF gene because formation
of linear polyketides of different chain lengths was ob-
served.[7, 8] Whereas the penta- to decaketides carry the naph-

thoquinone ring, the tetraketide still contains the benzene
ring. The enzymes involved in this sequence are not part of

the rif-PKS and only limited information has so far been col-
lected on their possible nature. Floss and coworkers studied
the rif-Orf19 gene which encodes a 3-(3-hydroxyphenyl) propi-

onate hydroxylase-like protein.[6] Similar genes are involved in
the biosynthesis of geldanamycin 3, for example. When rif-

Orf19 was inactivated, the biosynthesis of rifamycin B was
blocked and only the formation of tetraketides was observed.
It was suggested that this enzyme acts as a separate protein

that interacts with the rif-PKS and introduces a hydroxy group
into the ACP-bound tetraketide. It remains unclear whether

the next steps towards hydronaphthoquinone 13 are enzyme-
catalyzed or proceed spontaneously.

It has been shown by our group and others[9–11] that ansamy-
cin antibiotics are ideally suited for preparing new derivatives
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by mutational biosynthesis or, in short, mutasynthesis. Muta-

synthesis requires the generation of mutant strains of a produc-
er organism that are blocked in the formation of a biosynthetic
building block of the end product.[12] Administration of chemi-
cally prepared analogs of these building blocks (mutasynthons)

to the blocked mutant results in new metabolites. AHBA 5, the
universal starting building block for all ansamycin antibiotics, is

a secondary metabolite and therefore blocking of its biosyn-
thesis does not have an effect on the survival of the producer
organism. For example, supplementing the AHBA(¢) mutant

strains of Streptomyces hygroscopicus, the producer of geldana-
mycin[9, 10] and Actinosynnema pretiosum, which biosynthesizes

the ansamtocins,[11] provided libraries of new ansamycin antibi-
otics modified in the aromatic moiety. It was reported that the

rifamycin-producing polyketide synthase in Amycolatopsis med-

iterranei has several interesting features. The activities of ATL

and ACPL were reconstituted in vitro and kinetic parameters

for covalent arylation of the loading module were measured
directly for different benzoates, as well as in competition ex-

periments, to determine the relative rates of incorporation.
Similarly to the loading modules of the geldanamycin (gdn)

and ansamitocin synthetases (asm)[11, 12] the rifamycin loading
module showed substrate tolerance, preferentially for 3,5-dis-

ubstituted benzoic acids.[13] Indeed, there is 64 % sequence
identity between the acyl transferases (ATL) in the rif- and asm-

PKSs and 65 % sequence identity between those in the rif- and
gdn-PKSs.[14]

Another unusual feature of the rifamycin synthetase was
first noted by Ghisalba et al.[15] and later confirmed by Floss
and Khosla.[5, 16] In selected UV-mutant strains, as well as specifi-
cally blocked mutant strains of A. mediterranei, the formation
and release of the natural tetraketide in the form of 4-hydroxy-
2H-pyran-2-one 7 was observed. In combination with mutasyn-
thetic experiments using an AHBA(¢) strain of A. mediterranei
the formation and isolation of derivatives of 7 were also re-
ported.[5] These data all suggest that failure of ring closure to

give the dihydronaphthoquinone leads to rejection of the nas-

cent ketide by module 4 of the PKS and release of the respec-
tive tetraketide.

Results and Discussions

Mutasynthetic experiments

In continuation of our earlier work on AHBA blocked mutants
of the geldanamycin 3 and ansamitocin P3 4 producers, we ex-

tended our mutasynthetic studies to the reported AHBA(¢)

mutant strain of A. mediterranei. It was our intention to further
evaluate the scope and limitations of such mutant strains as

synthetic tools for creating libraries of advanced intermediates.
We planned to include electron-deficient aromatic building

Figure 1. Structures of rifamycins W, S, and B (1 a–c), rifampicin (2), geldana-
mycin (3), and ansamitocin P3 (4).

Table 1. Mutasynthetic supplementation of AHBA(¢) mutant strain of A.
mediterranei with different m-hydroxybenzoic acids 5 and 14–17.

1 a [mg L¢1] 1 b [mg L¢1] 1 c [mg L¢1] Pyranone (mg L¢1)

5
12.8[a] 1.1[b] 20[b]

7[c]

2.4[a] –
14 – – – 18 (118)[b]

15 – – – 19 (4.2)[b]

16 – – – chemically labile
17 – – – not formed

[a] fermentation was carried out on solid agar medium (see the Experi-
mental Section). [b] Fermentation was carried out in liquid medium (see
the Experimental Section). [c] UPLC-MS detection: m/z calcd for
C15H18NO5 : 292.1185 [M++H]+ ; found: 292.1182.
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blocks that might be processed to modified tetraketides, able
to form new dihydronaphthalenes by intramolecular cyclization

of the b-ketothioester similarly to the proposed transformation
of quinone 13 into dihydronaphthoquinone 8. We sought to

achieve this either by choice of appropriate phenols that are

oxidized to hydroquinones (like 6!11) or by choice of elec-
tron-withdrawing ester, nitrile, or nitro groups.

The AHBA(¢) mutant strain of A. mediterranei was generated
by a knockout of rifK activity responsible for the aromatization

of the AHBA precursor, amino-dehydroshikimic acid.[17] Cultiva-
tion of this mutant strain was first carried out in the presence

of AHBA 5 in liquid culture and, as expected, the production of
rifamycin 1 c was restored (Table 1). Additionally, rifamycin W

1 a and rifamycin S 1 b were also isolated, whereas traces of
the released tetraketide 7 were only detectable by UPLC-MS.

Next, 3-hydroxybenzoic acids 14 and 15 were probed and

these were also processed, in this case yielding the known 2H-
pyran-2-ones 18 and 19, respectively, with the former in prepa-

ratively excellent yield.[6] However, we did not observe hydrox-
ylation and hence hydroquinone or naphthoquinone forma-

tion. As proposed, liberation from module 3 probably takes
place by a spontaneous intramolecular release mechanism. As

Scheme 1. Simplified overview of the biosynthesis of rifamycin B 3 and proposed biosynthetic steps from phenol 6 to dihydronaphthoquinone 13 [asterisks
signify that the dehydratase (DH) and ketoreductase (KR) are nonfunctional] .
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oxidation and hence cyclization do not take place, further
processing seems to be kinetically hampered and the inter-

mediate remains attached to ACP3 until pyranone formation
takes place.

Additionally, we employed benzyl alcohol 16 and benzyla-
mine 17 as mutasynthons, based on our recent observation

that the geldanamycin producer S. hygroscopicus is able to
accept benzyl alcohol 16 and process it to give ring-enlarged

macrolactones.[18] In the present case, after supplementing the

AHBA(¢) strain of A. mediterranei with 16, the corresponding
chemically labile pyranone 20 was formed. The corresponding
benzylamine 17 was not processed at all under the fermenta-
tion conditions employed.

We extended our studies on the promiscuity of the rif-PKS
loading module by using a library of differently substituted

and functionalized benzoic acids 21–39 (Scheme 2). Anthranilic

acid 21, as well as two nitrosubstituted anthranilic acid deriva-
tives 22 and 23, were not accepted, in agreement with the ki-

netic data that was previously collected for the loading
module.[13] 4-Amino benzoates 26 and 27 were also not con-

sumed after being fed to the AHBA(¢) mutant strain of A. med-

iterranei. Consequently, we prepared a library of differently
functionalized and substituted 3-aminobenzoic acids. 2-Fluoro-

substituted mutasynthon 24 was processed to give tetraketide
40 in surprisingly good yield but a hydroxy group at position 2

in the benzoic acid 25 inhibited processing by A. mediterranei.
Likewise, 4-substituted benzoic acid 29 gave the same nega-

tive result, whereas the fluoro-substituted 28 was well accept-
ed by the mutant strain. With the exception of 21 and 50 (see
Scheme 3) these observations are in line with previously col-

lected kinetic data.[13] However, substitution at position 5 in 3-
aminobenzoic acids, as in 30–33, makes them well-suited mu-
tasynthons, from which 2H-pyran-2-ones 42–45 can be ob-
tained in preparative amounts. One important finding of these
feeding experiments is that electron-deficient mutasynthons
32 and 33, which contain a trifluoromethyl and a nitrile group,

respectively, are processed but do not undergo cyclization to

the corresponding dihydronaphthalene but are also processed
to the stage of the tetraketide before they are released from

the rif-PKS. In addition, it is noteworthy that fluorine-contain-
ing mutasynthons such as 24, 28, and 36 that contain a substi-

tution pattern not favored to be accepted by ATL (functionali-

Scheme 2. Mutasynthetic supplementation with aminobenzoic acids 21–39. X, Y = different substituents; n. a. = not accepted but detoxification products, in-
cluding benzamides and acetylated amides, were detected (these are listed in the Supporting Information).
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zation in the 2-,4-, or 6-position), are transformed into the cor-
responding 2H-pyran-2-ones 40, 41, and 46, respectively. Very

likely, fluorine is sufficiently small to accommodate the arene
ring in the active site of ATL–ACPL of the loading module, in

a similar manner to the unsubstituted aminobenzoic acid 14
(Table 1).

During our investigation of mutasynthetic options with an-
samycin antibiotics, we reported on a unique and unprece-

dented reductive property of the geldanamycin producer S. hy-

groscopicus towards aryl azides. Selected examples were trans-
formed into the corresponding anilines.[19] We have now found
that A. mediterranei is the second microbial source able to
reduce the bioorthogonal functional azido group (Scheme 3).

When feeding 3-azido-5-hydroxybenzoic acid 47 to the

AHBA(¢) mutant strain, rifamycin B (1 c) was isolated along
with rifamycin S (1 b) and 2H-pyran-2-one 49 as the main prod-

uct. The rifamycins only form after reduction of the aryl azide

and formation of the pyranone 49 strongly indicates that re-
duction of the azido group takes place prior to PKS processing,

which would be in line with our studies on the geldanamycin
producer S. hygroscopicus.[19, 20]

Secondly, 3-hydroxy-5-nitrobenzoic acid 48 was also convert-
ed into rifamycin S 1 b in trace amounts, which is the first ex-

ample of a nitroarene being reduced by one of the ansamycin

producers in our hands. A. mediterranei exerted a more impres-
sive reductive power towards nitro groups when it was supple-

mented with 3,5-dinitrobenzoic acid 50. Aniline 52 was isolat-
ed in a similarly excellent yield as when 3-amino-5-nitrobenzoic

acid 51 was fed to the AHBA(¢) mutant strain. The formation
of tetraketides 49 and 52 confirms that electron-withdrawing

nitro groups are not sufficient to induce intramolecular Michael
addition to create the dihydronaphthalene unit (see also muta-

synthons 32 and 33). One may speculate why reduction only
occurs for one nitro group. Clearly, the resulting aminonitroar-

ene is a new substrate with different binding properties for
the cryptic enzyme and likely no longer a suitable substrate.

At this point, we had only encountered reduction by S. hy-
groscopicus of aryl azides that have the same 1,3,5-trisubstitu-

tion pattern found in AHBA 5. When 2,3-disubstituted benzoic

acid 53 was fed to the AHBA(¢) mutant strain of A. mediterra-
nei, formation of the tetraketide was not observed, which can

be explained by the fact that 2,3-disubstituted benzoates are
not accepted by the loading module (see also 25, Scheme 2).

However, we isolated the reduction product 54, which was
also detected after feeding 3-amino-2-hydroxybenzoic acid 25,
an experiment that was carried out for comparison. In earlier

studies on the reductive power of the geldanamycin producer
S. hygroscopicus, we provided evidence that the reduction of
the azido group occurs prior to loading onto the PKS starter
module and the transformation 53!54 provides some sup-

port for the present case.

Structure elucidation of the stereochemistry at C6 and C7 in
tetraketides

The two stereogenic centers generated in module 1 are also
present in tetraketide 7 but disappear during downstream

processing. We chose tetraketide 56 for determining the abso-
lute configuration of both stereogenic centers at C6 and C7,
respectively. Tetraketide 56 was obtained in good yield after

feeding of 3-amino-4-bromobenzoic acid 55 to the AHBA(¢)
strain. This result is remarkable in view of the fact that 4-substi-

tuted 3-aminobenzoic acids, with the exception of benzoic
acid 28 bearing a small fluorine substituent, are commonly

poor substrates for PKS processing (Scheme 2).

After protection of the aniline group as Boc-carbamate, the
secondary alcohol in 57 was treated with both enantiomeric

Mosher chlorides to yield diastereomeric esters 58 a and 58 b
(Scheme 4). Analysis of the 1H NMR data established the ste-

reogenic center at C7 to be S (see the Supporting Information).
The configuration at C6 was determined to be R by using the
SPARTAN ’08 software (Wavefunction, Inc. , Irvine, CA, USA). The
analysis was based on the relationship between the H–H cou-

pling of the vicinal protons at C6 and C7 (J = 8.7 Hz), as ob-
served in the 1H NMR spectrum, and the torsion angle (179.48).
Both stereochemical assignments are in accordance with the

results reported for a different approach by Hartung et al.[21]

Besides the tetraketide 56, the undecaketide 59 was also de-

tected in the crude fermentation material by UPLC-HRMS
(Figure 2). Attempts to isolate it by HPLC were not successful,

likely due to chemical lability of the enedione structure. For an-

alytical purposes we therefore prepared the methyl ester 60
from the crude fermentation product but chemical lability of

both undecaketides hampered isolation in amounts sufficient
for full characterization.

It is generally accepted that formation of the naphthoqui-
none moiety takes place during the chain extension of the

Scheme 3. Studies on the reductive properties of A. mediterranei.
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polyketide, specifically between the tetraketide and the penta-

ketide stage.[6] Failure of ring closure leads to release of the
tetraketide. The formation of bromo undecaketide 59 is re-

markable, as it demonstrates that the rif-PKS is also able to

process a tetraketide that is not transformed into the dihydro-
naphthoquinone moiety (Figure 2).

As a consequence, natural undecaketide 61 may be regard-
ed as a potential evolutionary predecessor of an unknown rif-

PKS product. As a result of an evolutionary optimization pro-
cess, new enzymes that were not part of the PKS became part

of rifamycin biosynthesis. These are responsible for dihydro-

naphthoquinone formation (6!8). Such evolutionary changes
are also evident in the rif-PKS architecture, which contains an

inactive DH (module 1) and KR (module 3; Scheme 1). Their
evolutionary inactivation might have been crucial for naphtha-

lene formation, because the hypothetical “paleo”-tetraketide

62 lacks structural and reactivity features to facilitate cycliza-
tion.

All of these alterations may have led to survival advantages
for the producer organism. In fact, the importance of such evo-

lutionary analysis of PKSs was recently discussed by Kalesse
and co-workers, who reported on the synthesis and biological

evaluation of “paleo”-soraphens that remarkably showed differ-

ent biological activity than natural soraphen, thereby address-
ing other biological targets.[22, 23]

Conclusions

In conclusion, we extended the synthetic potential of the
AHBA(¢) blocked mutant of A. mediterranei, the producer of ri-

famycin B 1 c, using the concept of mutasynthesis. As reported
for the loading domains of geldanamycin and ansamitocin

polyketide synthases, the rifamycin AHBA loading domain
(ATL–ACPL) is also highly promiscuous for unnatural benzoic
acids; 3-aminobenzoic acids with a third substituent located at
position 5 are preferentially processed. The fact that we did

not find any oxidation products derived from any of the muta-
synthons fed reveals the high substrate specificity of the en-
zymes involved in naphthalene formation (6!8). Several of
these tetraketides are produced in such amounts that they can
be employed as highly functionalized chiral building blocks.

In addition, we found that A. mediterranei shows remarkable
reductive properties towards aryl azides and nitroarenes. This

is the second example of a microorganism with reductive
properties towards aryl azides. Notably, in both cases it is asso-
ciated with aminohydroxybenzoic acids and ansamycin biosyn-

thesis. As observed for S. hygroscopicus, the reduction is very
likely not associated with the PKS but occurs prior to loading

onto the ansamycin PKS. One may speculate about the nature
of this cryptic enzyme; all of our attempts to date to pinpoint

Figure 2. Structures of bromo undecaketide 59, methyl ester 60, “paleo” un-
decaketide 61, and “paleo” tetraketide 62.

Scheme 4. Feeding of 3-amino-4-bromobenzoic acid 55 to the AHBA(¢) blocked mutant of A. mediterranei and stereochemical assignment of C6 and C7 after
Mosher esterification. DMAP = 4-dimethylaminopyridine.
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it to enzymes associated with the AHBA biosynthesis, which is
a common biosynthetic feature in A. mediterranei and S. hygro-

scopicus, have failed.[24]

Finally, the formation of undecaketide 59 reveals that the rif-

PKS is principally able to further process intermediate poly-
ketides that cannot be cyclized to the naphthalene moiety.

Along with the silent DH1 and KR3 in PKS modules 1 and 3, this
observation may be interpreted to indicate that naphthalene
formation became part of rifamycin biosynthesis late in the

evolution of this secondary metabolite.

Experimental Section

General information

1H NMR spectra were recorded with a Bruker Avance-400
(400 MHz) with DPC console and Bruker DRX-500 (500 MHz) with
DRX-console at room temperature. Multiplicities are described with
the following abbreviations: s singlet, d doublet, t triplet, q quartet,
m multiplet, b broad.
13C NMR spectra were recorded at 100 MHz with a Bruker Avance-
400 and at 125 MHz with a Bruker DRX-500. Chemical shifts of 1H
and 13C NMR spectra are reported in d (ppm) relative to TMS as the
internal standard. Multiplicities are described with the following
abbreviations: s singlet (due to quaternary carbon), d doublet (me-
thine), t triplet (methylene), q quartet (methyl), m multiplet. All
coupling constants J are expressed in Hz. Supporting 1H–1H corre-
lation (COSY) and 1H–13C correlation (HSQC, HMBC) experiments
were performed for interpretation of mutaproduct spectra.

Mass spectra were recorded with a type QTOF premier (MICRO-
MASS) spectrometer (ESI mode) in combination with a Waters Acq-
uity S2 UPLC system equipped with a Waters Acquity UPLC BEH
C18 1.7 mm (SN 01473711315 545) column [solvent A = water +
0.1 % v/v formic acid; solvent B = MeOH + 0.1 % v/v formic acid;
flow rate = 0.4 mL min¢1; gradient (t [min]/solvent B [%]): 0/5; 2.5/
95; 6.5/95; 6.6/5; 8/5]. Ion mass signals (m/z) are reported as
values in atomic mass units. Retention times (tR) are given in the
experimental part.

Rifamycin derivatives were isolated by using preparative high-per-
formance liquid chromatography on a VARIAN PROSTAR system
[pump Prepstar Model 218, variable wavelength detector Prostar
(l= 220–400 nm, preferred monitoring at l= 248 nm)] with the
column TRENTEC Reprosil-Pur 120 C18 AQ (5 mm, 250 mm Õ 25 mm,
with guard column 40 mm Õ 8 mm) with parallel mass spectromet-
ric detection (MICROMASS type ZMD ESI-Quad spectrometer).
Semi-preparative high-performance liquid chromatography was
performed by using a MERCK HITACHI Model 7000 system with the
column NUCLEODUR C18 ISIS (5 mm, 250 mm Õ 8 mm). Separation
conditions and retention times (tR) are reported in the experimen-
tal part. Flash column chromatography was performed on MA-
CHEREY–NAGEL silica gel (grain size 40–63 mm).

Commercially available reagents and solvents were used as re-
ceived or purified by conventional methods prior to use, as report-
ed previously.[25] For thin-layer chromatography, precoated silica
gel 60 F254 plates (MERCK, Darmstadt) were used and the spots
were visualized with UV light at 254 nm or alternatively by staining
with ninhydrin or permanganate solutions.

Fermentation of Amycolatopsis mediterranei (mutant strain
HGF003)

General information on fermentations

To conduct mutasynthetic experiments, a blocked mutant of Amy-
colatopsis mediterranei (strain HGF003) was used. It is a knockout
of rifK, which is one of the genes indispensable in the biosynthesis
of AHBA. Consequently, the bacterial strain is unable to produce ri-
famycin unless AHBA is added to the culture medium. All work
with bacteria was performed by using sterile devices and media.
The cultivation of A. mediterranei strain HGF003 was carried out on
agar plates at 28 8C in an Heraeus or Thermo Scientific Heratherm
IGS100 incubator, whereas the cultivation in liquid medium was
performed by using New Brunswick Scientific Innova 4900 gyratory
multi-shaker or New Brunswick Scientific Innova 44/44R stackable
shaker at 200 rpm at 28 8C. The cultivation media were prepared
by using distilled water and sterilized by autoclaving: YMG agar:
10 g L¢1 malt extract (Sigma Aldrich, Roth), 4 g L¢1 yeast extract
(Bacto, Duchefa Biochemie), 4 g L¢1 d-(++)-glucose·H2O (Roth),
22 g L¢1 agar (Bacto, Roth); vegetative medium: 5 g L¢1 beef extract
powder (Sigma Aldrich), 5 g L¢1 peptone (Roth), 5 g L¢1 yeast ex-
tract (Bacto, Duchefa Biochemie), 2.5 g L¢1 caseine hydrolysate (en-
zymatic, Roth), 1.5 g L¢1 NaCl (Honeywell), 22 g L¢1 glucose·H2O;
production medium: 25 g L¢1 peanut meal, 9.6 g L¢1 (NH4)2SO4,
9.5 g L¢1 CaCO3, 126.5 g L¢1 glucose·H2O, 1 mL L¢1 trace elements
solution (1 g L¢1 MgSO4·H2O, 1 g L¢1 CuSO4·5 H2O, 1 g L¢1

FeSO4·7 H2O, 1 g L¢1 MnSO4·H2O, 1 g L¢1 Co(NO3)2·6 H2O).

Cultivation parameters

Amycolatopsis mediterranei (strain HGF003) was stored as spore
suspensions in 40 % v/v glycerol/water solution at ¢80 8C and used
for the inoculation of agar plates. Test fermentations were carried
out on agar plates at 28 8C for 14 days (after 7 days 10 mg of sub-
strate dissolved in 1.5 mL of DMSO/water mixture per plate were
added). For cultivation in liquid medium, a few colonies were
transferred directly from the agar plate after 7 days of growing to
the 500 mL bottom-baffled flasks or flasks with steel springs con-
taining vegetative medium (50 mL per flask). Precultures were
shaken for 3 days at 28 8C before inoculation of the main cultures
(500 mL bottom-baffled flask or flask with steel springs charged
with 50 mL of production medium, 0.0625 mmol of substrate dis-
solved in 4 mL of DMSO/water mixture, preferably 1:1). Shaking
was continued at 28 8C for 4 days for total cultivation time of
13 days.

Scale-up fermentations were carried out in vegetative (50 mL per
flask) and production media (1 L, 1.25 mmol L¢1 of substrate in
4 mL of DMSO/water mixture, 4 mL of inoculum from vegetative
medium per flask) as described above.

The substrate solution was added onto an agar plate or into the
production medium respectively by sterile filtration after pH ad-
justment to 7 with 1 m NaOH. When cultivation was completed,
the culture broth was extracted with ethyl acetate, the combined
extracts were dried over MgSO4 and the solvent was removed
under reduced pressure.

Simultaneously, the microbial strain was fed with the natural starter
building block 3-amino-5-hydroxybenzoic acid 5 to monitor the
productivity of the strain (positive control). The inoculated medium
with no mutasynthon added constituted the zero control.

For detection of the products from the fermentation cultures, sam-
ples from the culture broth (200 mL) were dissolved in methanol
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(200 mL), centrifuged (3 min, 4 8C) and the clear supernatant was
screened by UPLC-ESI-MS.

Mutasynthetic experiments

Rifamycin W 1 a : Rifamycin W 1 a was obtained as a yellow solid
after supplementing a culture of the blocked mutant of A. mediter-
ranei (strain HGF003) with 3-amino-5-hydroxybenzoic acid 5 (fed
50 mg, 0.33 mmol per 125 mL; 10 mg per plate) carried out on
agar plates (isolated amount = 1.6 mg; 12.8 mg L¢1). 1st HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 67.0 min. 2nd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 70/55;
90/100; 100/100; tR = 74.0 min. The analytical data are in accord-
ance with those reported previously:[6, 26] 1H NMR (500 MHz, CD3OD,
CHD2OD = 4.87 ppm): d= 8.40 (bs, 1 H, 2-NH), 7.57 (s, 1 H, 3-H), 6.50
(dd, J = 16.0, 11.0 Hz, 1 H, 18-H), 6.41 (d, J = 10.0 Hz, 1 H, 29-H), 6.25
(d, J = 11.0 Hz, 1 H, 17-H), 6.08 (dd, J = 16.0, 6.7 Hz, 1 H, 19-H), 4.61
(bs, 1 H, 6-OH), 4.39 (bs, 1 H, 8-OH), 4.04 (dd, J = 10.0, 1.0 Hz, 1 H,
21-H), 4.01 (dd, J = 10.0, 1.0 Hz, 1 H, 23-H), 3.58 (dd, J = 10.9, 7.9 Hz,
1 H, 34a-H), 3.48 (dd, J = 10.0, 2.0 Hz, 1 H, 25-H), 3.44 (dd, J = 10.8,
6.5 Hz, 1 H, 34b-H), 3.21–3.13 (m, 1 H, 28-H), 2.63 (dd, J = 16.6,
7.3 Hz, 1 H, 27-H), 2.38–2.32 (m, 1 H, 20-H), 2.16 (s, 3 H, 14-H), 2.09
(bs, 3 H, 13-H), 2.08 (bs, 3 H, 30-H), 1.88–1.85 (m, 1 H, 22-H), 1.82–
1.79 (m, 1 H, 24-H), 1.44–1.38 (m, 1 H, 26-H), 1.06 (d, J = 7.1 Hz, 3 H,
33-H or 34-H), 0.92 (d, J = 7.0 Hz, 3 H, 31-H), 0.73 (d, J = 6.8 Hz, 3 H,
33-H or 34-H), 0.43 ppm (d, J = 7.0 Hz, 3 H, 32-H); 13C NMR
(125 MHz, CD3OD, CD3OD = 49.0 ppm): d= 201.2 (s, C11), 187.1 (s,
C4), 183.4 (s, C1), 172.2 (s, C15), 164.7 (s, C8), 164.1 (s, C6), 142.6 (d,
C19), 141.5 (d, C29), 140.9 (s, C12), 140.8 (s, C2), 135.2 (d, C17),
132.1 (s, C16), 129.9 (s, C10), 126.3 (d, C18), 122.2 (s, C5), 119.0 (s,
C7), 118.0 (d, C3), 107.5 (s, C9), 79.0 (d, C27), 74.8 (d, C23), 71.0 (d,
C21), 69.1 (d, C25), 64.5 (t, C34a), 49.6 (d, C28), 44.1 (d, C26), 39.1
(d, C20), 37.9 (d, C24), 34.3 (d, C22), 20.2 (q, C30), 18.0 (q, C13),
12.7 (q, C34), 11.7 (q, C32), 11.2 (q, C31), 8.9 (q, C33), 8.5 ppm (q,
C14); UPLC-MS (MeOH) tR = 2.9 min; HRMS-ESI: m/z calcd for
C35H46NO11: 656.3071 [M++H]+ ; found: 656.3068.

Rifamycin S 1 b : Rifamycin S 1 b was obtained as a yellow solid
after supplementing a culture of the blocked mutant of A. mediter-
ranei (strain HGF003) with 3-hydroxy-5-nitrobenzoic acid 48 (fed
229 mg, 1.25 mmol L¢1; HRMS), 3-azido-5-hydroxybenzoic acid 47
(fed 168 mg, 0.94 mmol per 750 mL; isolated amount = 1.0 mg;
1.3 mg L¢1) and 3-amino-5-hydroxybenzoic acid 5 (fed 191 mg,
1.25 mmol L¢1; isolated amount = 1.1 mg L¢1). Additionally, fermen-
tation with AHBA 5 on agar plates (fed 50 mg, 0.33 mmol per
125 mL; 10 g/plate) yielded 0.3 mg of rifamycin S 1 b (2.4 mg L¢1).
1st HPLC: preparative HPLC (C18): solvent A = water + 0.1 % v/v
formic acid, solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 77.0 min. 2nd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 70/55;
90/100; 100/100; tR = 84.0 min. 3rd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/60;
100/100; tR = 68.0 min. The analytical data are in accordance with
those reported previously:[27] 1H NMR (500 MHz, C6D6, C6D5H =
7.16 ppm): d= 12.73 (s, 1 H, 8-OH), 8.34 (s, 1 H, 3-H), 8.29 (s, 1 H, 2-
NH), 6.34 (d, J = 12.6 Hz, 1 H, 29-H), 6.28 (dd, J = 15.7, 8.3 Hz, 1 H,
18-H), 5.86 (d, J = 8.3 Hz, 1 H, 17-H), 5.77 (dd, J = 15.7, 8.3 Hz, 1 H,
19-H), 5.27 (dd, J = 12.6, 8.6 Hz, 1 H, 28-H), 4.63 (d, J = 1.5 Hz, 1 H,

25-H), 3.91 (d, J = 4.2 Hz, 1 H, 23-OH), 3.71 (s, 1 H, 21-OH), 3.49 (d,
J = 9.5 Hz, 1 H, 21-H), 3.01 (dd, J = 9.0, 3.4 Hz, 1 H, 27-H), 2.96 (ddd,
J = 10.1, 4.3, 1.7 Hz, 1 H, 23-H), 2.78 (s, 3 H, 37-H), 2.37 s, 3 H, 14-H),
2.28–2.24 (m, 1 H, 20-H), 1.90–1.87 (m, 1 H, 26-H), 1.79 (s, 3 H, 30-H),
1.60 (s, 3 H, 13-H), 1.59 (s, 3 H, 36-H), 1.50 (m, 1 H, 22-H), 1.47 (m,
1 H, 24-H), 0.99 (d, J = 7.0 Hz, 3 H, 32-H), 0.64 (d, J = 7.3 Hz, 3 H, 31-
H), 0.45 (d, J = 7.1 Hz, 3 H, 33-H), 0.23 ppm (d, J = 7.1 Hz, 3 H, 34-H);
13C NMR (125 MHz, C6D6, C6D6 = 128.06 ppm): d= 190.7 (s, C11),
185.4 (s, C1), 181.8 (s, C4), 173.5 (s, C35), 172.5 (s, C6), 169.2 (s,
C15), 167.0 (s, C8), 146.3 (d, C29), 142.5 (d, C19), 139.8 (s, C2), 133.1
(d, C17), 131.5 (s, C16), 131.5 (s, C10), 124.7 (d, C18), 117.1 (d, C3),
115.2 (d, C28), 115.1 (s, C7), 111.5 (s, C5), 111.4 (s, C9), 109.1 (s, C12),
82.8 (d, C27), 78.0 (d, C23), 73.9 (d, C21), 73.9 (d, C25), 56.3 (q,
C37), 40.4 (d, C20), 37.7 (d, C26), 37.4 (d, C24), 33.1 (d, C22), 22.8
(q, C13), 20.6 (q, C36), 20.3 (q, C30), 16.6 (q, C31), 12.4 (q, C34), 11.8
(q, C32), 8.9 (q, C33), 7.5 ppm (q, C14); UPLC-MS (MeOH); tR =
3.0 min; HRMS-ESI: m/z calcd for C37H46NO12 : 696.3020 [M++H]+ ;
found: 696.3022.

Rifamycin B 1 c : Rifamycin B 1 c was obtained as an orange solid
after supplementing a culture of the blocked mutant of A. mediter-
ranei (strain HGF003) with 3-hydroxy-5-nitrobenzoic acid 48 (fed
229 mg, 1.25 mmol L¢1; HRMS, LC-MS/MS), 3-azido-5-hydroxybenzo-
ic acid 47 (fed 168 mg, 0.94 mmol per 750 mL; isolated amount =
1.5 mg; 2 mg L¢1) and 3-amino-5-hydroxybenzoic acid 5 (fed
191 mg, 1.25 mmol L¢1; isolated amount = 20 mg L¢1). 1st HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 82.0 min. 2nd HPLC: preparative HPLC (C18):
solvent A = water, solvent B = MeOH; flow rate = 15.0 mL min¢1; gra-
dient (t [min]/solvent B [%]): 0/40; 5/40; 20/50; 50/50; 100/100; tR =
75.0 min. 3rd HPLC: preparative HPLC (C18): solvent A = water, sol-
vent B = MeOH; flow rate = 15.0 mL min¢1; gradient (t [min]/sol-
vent B [%]): 0/10; 5/10; 85/100; 100/100; tR = 69.0 min. UPLC-MS
(MeOH) tR = 3.2 min; HRMS-ESI : m/z calcd for C39H50NO14 : 756.3231
[M++H]+ ; found: 756.3228.

Tetraketide 18 : Tetraketide 18 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-hydroxybenzoic acid 14 (fed 173 mg, 1.25 mmol L¢1). The
fermentation was carried out in liquid medium providing tetrake-
tide 18 as a colorless foam (isolated amount = 118.0 mg). HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 44.0 min. The analytical data are in accord-
ance with those reported previously:[5] 1H NMR (400 MHz, CD3OD,
CD2HOD = 3.31 ppm): d= 7.15 (t, J = 8.1 Hz, 1 H, H-12), 6.82–6.76
(m, 2 H, H-11 or H-13, H-9), 6.73–6.66 (m, 1 H, H-11 or H-13), 6.06 (s,
1 H, H-4), 4.67 (d, J = 8.8 Hz, 1 H, H-7), 2.83 (dq, J = 14.1, 7.1 Hz, 1 H,
H-6), 1.88 (s, 3 H, H-14), 0.98 ppm (d, J = 7.0 Hz, 3 H, H-15); 1H NMR
(400 MHz, [D8]THF, [D8]THF = 1.73 ppm): d= 7.06 (t, J = 7.8 Hz, 1 H,
H-12), 6.75–6.73 (m, 2 H, H-11 or H-13, H-9), 6.62 (ddd, J = 8.0, 2.3,
1.0 Hz, 1 H, H-11 or H-13), 5.85 (s, 1 H, H-4), 4.64 (d, J = 8.4 Hz, 1 H,
H-7), 2.71 (dq, J = 15.0, 7.1 Hz, 1 H, H-6), 1.83 (s, 3 H, H-14),
0.93 ppm (d, J = 7.1 Hz, 3 H, H-15); 13C NMR (100 MHz, [D8]THF,
[D8]THF = 25.5 ppm): d= 166.0 (s, C3), 165.4 (s, C5), 165.2 (s, C1),
158.6 (s, C10), 146.0 (s, C8), 129.6 (d, C12), 118.6 (d, C13), 115.2 (d,
C11), 114.6 (d, C9), 100.9 (s, C2),98.7 (d, C4), 76.2 (d, C7), 47.4 (d,
C6), 15.3 (q, C15), 8.7 ppm (q, C14); UPLC-MS (MeOH) tR = 2.4 min;
HRMS-ESI : m/z calcd for C15H17O5 : 277.1076 [M++H]+ ; found:
277.1075.

Tetraketide 19 : Tetraketide 19 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
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with 3,5-dihydroxybenzoic acid 15 (fed 193 mg, 1.25 mmol L¢1).
The fermentation was carried out in liquid medium providing tetra-
ketide 19 as a colorless solid (isolated amount = 4.2 mg). The ana-
lytical data are in accordance with those reported previously:[5] 1st
HPLC: preparative HPLC (C18): solvent A = water + 0.1 % v/v formic
acid, solvent B = MeOH+ 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 41.0 min. 2nd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 80/45;
90/100; 100/100; tR = 32.0 min. 3rd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 60/25;
90/90, 100/100; tR = 37.0 min. 1H NMR (400 MHz, CD3OD): d= 6.29
(d, J = 2.2 Hz, 2 H, H-9, H-13), 6.19 (t, J = 2.2 Hz, 1 H, H-11), 6.04 (s,
1 H, H-4), 4.58 (d, J = 8.8 Hz, 1 H, H-7), 2.78 (dq, J = 14.2, 7.1 Hz, 1 H,
H-6), 1.87 (s, 3 H, H-14), 0.99 ppm (d, J = 7.1 Hz, 3 H, H-15); 13C NMR
(100 MHz, CD3OD): d= 169.4 (s, C3), 169.0 (s, C5), 165.9 (s, C1),
159.6 (s, C10, C12), 146.1 (s, C8), 106.4 (d, C9, C13), 103.0 (d, C11),
102.7 (s, C4), 99.0 (d, C2), 77.0 (d, C7), 47.2 (d, C6), 15.6 (q, C15),
8.3 ppm (q, C14); UPLC-MS (MeOH) tR = 2.2 min; HRMS-ESI: m/z
calcd for C15H17O6 : 293.1025 [M++H]+ ; found: 293.1028.

Tetraketide 20 : Tetraketide 20 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-hydroxy-5-(hydroxymethyl)benzoic acid 16 (fed 210 mg,
1.25 mmol L¢1). The fermentation was carried out in liquid medium
providing compound 20 as a colorless solid which gradually de-
composed during attempts to purify it by HPLC. 1st HPLC: prepara-
tive HPLC (C18): solvent A = water+ 0.1 % v/v formic acid, sol-
vent B = MeOH + 0.1 % v/v formic acid; flow rate = 15.0 mL min¢1;
gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55; 90/100; 100/100;
tR = 38.0 min. 2nd HPLC: semi-preparative HPLC (C18-ISIS): solven-
t A = water, solvent B = MeOH; flow rate = 2.5 mL min¢1; gradient
(t [min]/solvent B [%]): 0/10; 5/10; 80/45; 90/100; 100/100; tR =

30.0 min. 3rd HPLC: semi-preparative HPLC (C18-ISIS): solvent A =
water, solvent B = MeOH; flow rate = 2.5 mL min¢1; gradient
(t [min]/solvent B [%]): 0/10; 5/10; 60/25; 90/90, 100/100; tR =
47.0 min. 1H NMR (400 MHz, CD3OD): d= 6.81 (s, 1 H, Ar), 6.74 (s,
1 H, Ar), 6.68 (s, 1 H, Ar), 6.04 (s, 1 H, H-4), 4.67 (d, J = 8.8 Hz, 1 H, H-
7), 4.53 (s, 2 H, ArCH2), 2.82 (dq, J = 14.2, 7.1 Hz, 1 H, H-6), 1.86 (s,
3 H, H-14), 0.97 ppm (d, J = 7.0 Hz, 3 H, H-15); UPLC-MS (MeOH) tR =
2.0 min; HRMS-ESI : m/z calcd for C16H19O6 : 307.1182 [M++H]+ ;
found: 307.1187.

Tetraketide 40 : Tetraketide 40 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-2-fluorobenzoic acid 24 (fed 194 mg, 1.25 mmol L¢1).
The fermentation was carried out in liquid medium providing com-
pound 40 as a colorless solid (isolated amount = 25 mg). 1. HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 39.0 min. 2. HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/5; 10/5; 20/10; 60/
40; 90/100; 100/100; tR = 46.0 min. 3. HPLC: preparative HPLC
(C18): solvent A = water + 0.1 % v/v formic acid, solvent B =
MeOH + 0.1 % v/v formic acid; flow rate = 15.0 mL min¢1; gradient
(t [min]/solvent B [%]): 0/10; 10/10; 20/10; 60/40; 100/100; tR =
68.0 min. 1H NMR (400 MHz, CD3OD): d= 6.90 (t, J = 7.8 Hz, 1 H, H-
12), 6.78–6.71 (m, 2 H, H-13, H-11), 6.06 (s, 1 H, H-4), 5.09 (d, J =
8.9 Hz, 1 H, H-7), 2.90 (dq, J = 14.4, 7.2 Hz, 1 H, H-6), 1.86 (s, 3 H, H-
14), 1.01 ppm (d, J = 7.0 Hz, 3 H, H-15); 13C NMR (100 MHz, CD3OD):
d= 169.2 (s, C3), 168.2 (s, C5), 165.7 (s, C1), 150.7 (s, C9), 136.7 (s,

C10), 130.5 (s, C8), 125.3 (d, C12), 117.4 (d, C13), 117.2 (d, C11),
102.5 (d, C4), 99.2 (s, C2), 70.3 (d, C7), 46.8 (d, C6), 15.3 (q, C15),
8.3 ppm (q, C14) ; UPLC-MS (MeOH) tR = 2.3 min; HRMS-ESI : m/z
calcd for C15H17FNO4 : 294.1142 [M++H]+ ; found: 294.1140.

Tetraketide 41: Tetraketide 41 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-4-fluorobenzoic acid 28 (fed 194 mg, 1.25 mmol L¢1).
The fermentation was carried out in liquid medium providing com-
pound 41 as a colorless solid (isolated amount = 20 mg). 1. HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; t R = 46.0 min. 2. HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/5; 10/5; 20/10; 60/
40; 90/100; 100/100; tR = 50.0 min. 1H NMR (400 MHz, CD3OD): d=
6.90 (dd, J = 11.2, 8.3 Hz, 1 H, H-12), 6.83 (dd, J = 8.7, 2.1 Hz, 1 H, H-
9), 6.60 (ddd, J = 8.3, 4.4, 2.1 Hz, 1 H, H-13), 6.04 (s, 1 H, H-4), 4.62
(d, J = 8.8 Hz, 1 H, H-7), 2.79 (dq, J = 14.1, 7.1 Hz, 1 H, H-6), 1.86 (s,
3 H, H-14), 0.95 ppm (d, J = 7.0 Hz, 3 H, H-15); 13C NMR (100 MHz,
CD3OD): d= 169.2 (s, C3), 168.1 (s, C5), 166.0 (s, C1), 152.7 (s, C11),
140.1 (s, C8), 136.7 (s, C10), 117.4 (d, C13), 116.7 (d, C9), 115.6 (d,
C12), 102.3 (d, C4), 99.2 (s, C2), 76.6 (d, C7), 47.3 (d, C6), 15.6 (q,
C15), 8.3 ppm (q, C14); UPLC-MS (MeOH) tR = 2.4 min; HRMS-ESI:
m/z calcd for C15H17FNO4 : 294.1142 [M++H]+ ; found: 294.1144.

Tetraketide 42 : Tetraketide 42 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-5-(azidomethyl)benzoic acid 30 (fed 240 mg,
1.25 mmol L¢1). The fermentation was carried out in liquid medium
providing compound 42 as a colorless solid (isolated amount =
2.5 mg). 1. HPLC: preparative HPLC (C18): solvent A = water +
0.1 % v/v formic acid, solvent B = MeOH+ 0.1 % v/v formic acid;
flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/
20; 50/55; 90/100; 100/100; tR = 36.0 min. 2. HPLC: semi-prepara-
tive HPLC (C18-ISIS): solvent A = water, solvent B = MeOH; flow
rate = 2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 50/
35; 90/80; 100/100; tR = 49.0 min. 1H NMR (500 MHz, CD3OD): d=
6.69 (t, J = 1.6 Hz, 1 H, H-13), 6.65–6.60 (m, 2 H, H-9, H-11), 6.04 (s,
1 H, H-4), 4.64 (d, J = 8.8 Hz, H-7), 4.21 (s, 2 H, ArCH2), 2.81 (dq, J =
14.1, 7.1 Hz, H-6), 1.86 (s, 3 H, H-14), 0.97 ppm (d, J = 7.1 Hz, H-15);
13C NMR (125 MHz, CD3OD): d= 169.4 (s, C3), 168.9 (s, C5), 165.9 (s,
C1), 149.6 (s, C10), 145.4 (s, C8), 137.9 (s, C12), 117.5 (d, C13), 115.7
(d, C11), 114.8 (d, C9), 102.7 (d, C4), 99.1 (s, C2), 77.0 (d, C7), 55.7 (t,
ArCH2), 47.3 (d, C6), 15.6 (q, C15), 8.3 ppm (q, C14); UPLCMS
(MeOH) tR = 2.54 min; HRMS-ESI : m/z calcd for C16H19N4O4 :
331.1406 [M++H]+ ; found: 331.1406.

Tetraketide 43 : Tetraketide 43 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-5-fluorobenzoic acid hydrochloride 31·HCl (fed
239 mg, 1.25 mmol L¢1). The fermentation was carried out in liquid
medium providing tetraketide 43 as a colorless solid (isolated
amount = 2.5 mg). 1st HPLC: preparative HPLC (C18): solvent A =
water + 0.1 % v/v formic acid, solvent B = MeOH+ 0.1 % v/v formic
acid; flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/
20; 5/20; 50/55; 90/100; 100/100; tR = 39.0 min. 2nd HPLC: semi-
preparative HPLC (C18-ISIS): solvent A = water, solvent B = MeOH;
flow rate = 2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/
10; 80/45; 90/100; 100/100; tR = 62.0 min. 3rd HPLC: semi-prepara-
tive HPLC (C18-ISIS): solvent A = water, solvent B = MeOH; flow
rate = 2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 10/10;
20/30; 60/40; 90/90, 100/100; tR = 43.0 min. 1H NMR (500 MHz,
CD3OD): d= 6.45 (t, J = 2.0 Hz, 1 H, H-9), 6.35–6.32 (dt, J = 11.0,
2.0 Hz 1 H, H-13), 6.31–6.29 (dt, J = 11.0, 2.0 Hz, 1 H, H-11), 6.04 (s,
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1 H, H-4), 4.59 (d, J = 8.7 Hz, H-7), 2.77 (dq, J = 14.0, 7.1 Hz, H-6),
1.85 (s, 3 H, H-14), 0.98 ppm (d, J = 7.1 Hz, H-15); 13C NMR
(125 MHz, CD3OD): d= 169.3 (s, C3), 168.8 (s, C5), 165.7 (s, C1),
165.3 (s, C12), 146.9 (s, C10), 146.8 (s, C8), 110.5 (d, C9), 103.0 (d,
C13), 102.7 (s, C2), 101.8 (d, C11), 99.1 (d, C4), 76.7 (d, C7), 47.1 (d,
C6), 15.6 (q, C15), 8.3 ppm (q, C14); UPLC-MS (MeOH) tR = 2.3 min;
HRMS-ESI : m/z calcd for C15H17FNO4 : 294.1142 [M++H]+ ; found:
294.1140.

Tetraketide 44 : Tetraketide 44 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-5-(trifluoromethyl)benzoic acid 32 (fed 256 mg,
1.25 mmol L¢1). The fermentation was carried out in liquid medium
providing tetraketide 44 as a colorless solid (isolated amount =
1.0 mg). 1st HPLC: preparative HPLC (C18): solvent A = water +
0.1 % v/v formic acid, solvent B = MeOH+ 0.1 % v/v formic acid;
flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/
20; 50/55; 90/100; 100/100; tR = 57.0 min. 2nd HPLC: preparative
HPLC (C18): solvent A = water, solvent B = MeOH; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 50/35;
90/100; 100/100; tR = 74.0 min. 3rd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 68.0 min. 4th HPLC: semi-preparative HPLC
(C18-ISIS): solvent A- water, solvent B- MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]):0/10; 5/10; 50/35; 90/
100; 100/100; tR = 69.0 min. 1H NMR (500 MHz, CD3OD): d= 6.92–
6.88 (m, 1 H, H-11), 6.86 (m, 2 H, H-13, H-9), 6.01 (s, 1 H, H-4), 4.72
(d, J = 8.5 Hz, 1 H, H-7), 2.81 (dq, J = 14.0, 6.9 Hz, 1 H, H-6), 1.87 (s,
3 H, H-14), 1.00 ppm (d, J = 7.1 Hz, 3 H, H-15); 13C NMR (125 MHz,
CD3OD): d= 179.4 (s, C3), 169.3 (s, C5), 165.5 (s, C1), 150.2 (s, C10),
146.0 (s, C8), 132.4 (s, C12), 125.8 (s, CF3), 117.6 (d, C9), 112.8 (d,
C13), 111.3 (d, C11), 102.7 (d, C4), 99.2 (s, C2), 76.6 (d, C7), 47.1 (d,
C6), 15.3 (q, C15), 8.3 ppm (q, C14); UPLC-MS (MeOH) tR = 2.6 min;
HRMS-ESI : m/z calcd for C16H17F3NO4 : 344.1110 [M++H]+ ; found:
344.1114.

Tetraketide 45 : Tetraketide 45 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-5-cyanobenzoic acid 33 (fed 102 mg, 0.63 mmol per
500 mL). The fermentation was carried out in liquid medium pro-
viding tetraketide 45 (isolated amount = 3.5 mg, 7.0 mg L¢1) as
a colorless solid. 1st HPLC: preparative HPLC (C18): solvent A =
water + 0.1 % v/v formic acid, solvent B = MeOH + 0.1 % v/v formic
acid; flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/
10; 5/10; 90/100; 100/100; tR = 41.0 min. 2nd HPLC: preparative
HPLC (C18): solvent A = water, solvent B = MeOH; flow rate =

15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 70/50;
90/100; 100/100; tR = 51.0 min. 3rd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 70/50;
90/100; 100/100; tR = 21.0 min. 4th HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/5; 5/5; 50/5; 90/
100; 100/100; tR = 65.0 min. 1H NMR (500 MHz, CD3OD): d= 6.90–
6.86 (m, 2 H, H-11, H-9), 6.84 (dd, J = 2.1. 1.5 Hz, 1 H, H-3), 6.04 (s,
1 H, H-4), 4.65 (d, J = 8.5 Hz, 1 H, H-7), 2.81 (dq, J = 14.2, 7.1 Hz, 1 H,
H-6), 1.86 (s, 3 H, H-14), 0.99 ppm (d, J = 7.1 Hz, 3 H, H-15); 13C NMR
(125 MHz, CD3OD): d= 169.3 (s, C3), 168.3 (s, C5), 165.6 (s, C1),
150.7 (s, C10), 146.7 (s, C8), 120.5 (s, CN), 119.8 (d, C11), 118.8 (d,
C9), 117.4 (d, C13), 113.7 (s, C12), 102.7 (d, C4), 99.5 (s, C2), 76.4 (d,
C7), 47.2 (d, C6), 15.6 (q, C15), 8.5 ppm (q, C14); UPLC-MS (MeOH)
tR = 2.1 min; HRMS-ESI: m/z calcd for C16H17N2O4 301.1188 [M++H]+ ;
found: 301.1140.

Tetraketide 46 : Tetraketide 46 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-6-fluorobenzoic acid 36 (fed 194 mg, 1.25 mmol L¢1).
The fermentation was carried out in liquid medium providing tetra-
ketide 46 as a colorless solid (isolated amount = 1.1 mg). 1st HPLC:
preparative HPLC (C18): solvent A = water+ 0.1 % v/v formic acid,
solvent B = MeOH + 0.1 % v/v formic acid; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/20; 50/55;
90/100; 100/100; tR = 26.0 min. 2nd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 80/45;
90/100; 100/100; tR = 50.0 min. 1H NMR (500 MHz, CD3OD): d= 8.25
(s, residual signal, OH), 7.64 (dd, J = 6.3, 2.6 Hz, H-12), 7.61–7.57 (m,
1 H, H-9), 7.09–7.02 (m, 1 H, H-11), 5.95 (s, 1 H, H-4), 5.15 (d, J =
8.4 Hz, 1 H, H-7), 2.89 (dq, J = 14.5, 7.0 Hz, 1 H, H-6), 1.85 (s, 3 H, H-
14) 1.06 ppm (d, J = 7.0 Hz, H-15); 13C NMR (125 MHz, CD3OD): d=
164.2 (s, C3), 163.7 (C5) 161.5 (s, C1), 159.4 (s, C13), 135.4 (s, C10),
131.7 (s, C8), 122.3 (d, C11), 121.0 (d, C9), 117.0 (s, C2), 116.4 (d,
C12), 98.0 (d, C4), 69.8 (d, C7), 46.8 (d, C6), 15.1 (q, C15), 8.6 ppm
(q, C14); UPLC-MS (MeOH) tR = 2.2 min; HRMS-ESI: m/z calcd for
C15H17FNO4 : 294.1142 [M++H]+ ; found: 294.1130.

Tetraketide 49 : Tetraketide 49 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-azido-5-hydroxybenzoic acid 47 (fed 168 mg, 0.94 mmol per
750 mL). The fermentation was carried out in liquid medium pro-
viding tetraketide 49 as brown crystals (isolated amount = 35 mg;
47 mg L¢1). 1st HPLC: preparative HPLC (C18): solvent A = water +
0.1 % v/v formic acid, solvent B = MeOH+ 0.1 % v/v formic acid;
flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/
20; 50/55; 90/100; 100/100; tR = 53.0 min. 2nd HPLC: preparative
HPLC (C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =
2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5.0/10; 50/55;
90/100; 100/100; tR = 55.0 min. 1H NMR (400 MHz, CD3OD): d= 8.06
(s, residual signal, OH), 6.53 (s, 1 H, 9-H), 6.46 (s, 1 H, 13-H), 6.33 (t,
J = 2.1 Hz, 1 H, 11-H), 6.01 (s, 1 H, 4-H), 4.62 (d, J = 8.4 Hz, 1 H, 7-H),
3.89 (s, residual signal, OH), 2.76 (dq, J = 8.3, 7.1 Hz, 1 H, 6-H), 1.81
(s, 3 H, 14-H), 0.95 ppm (d, J = 7.1 Hz, 3 H, 15-H); 13C NMR (100 MHz,
CD3OD): d= 169.1 (s, C3), 167.8 (s, C5), 165.6 (s, C1), 159.9 (s, C12),
147.1 (s, C10), 142.41 (s, C8), 112.0 (d, C9), 109.3 (d, C11), 106.3 (d,
C13), 102.3 (s, C2), 99.3 (d, C4), 76.5 (d, C7), 47.1 (d, C6), 15.3 (q,
C15), 8.3 ppm (q, C14); UPLC-MS (MeOH) tR = 2.3 min; HRMS-ESI:
m/z calcd for C15H16N3O5 318.1090 [M++H]+ ; found: 318.1080.

Tetraketide 52 : Tetraketide 52 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3,5-dinitrobenzoic acid 50 (fed 27 mg, 0.12 mmol per 100 mL)
and 3-amino-5-nitrobenzoic acid 51 (fed 57 mg, 0.31 mmol per
250 mL). The fermentations were carried out in liquid medium pro-
viding compound 52 as a yellow solid (isolated 7.0 mg; 70 mg L¢1

and 18.0 mg; 72 mg L¢1, respectively). Fermentation with 3,5-dini-
trobenzoic acid 50 (fed 50 mg, 0. 24 mmol per 125 mL; 10 mg per
plate) carried out on agar plates also provided the title compound
52 (isolated amount = 2.0 mg, 16 mg L¢1). 1st HPLC: semi-prepara-
tive HPLC (C18-ISIS): solvent A = water + 0.1 % v/v formic acid, sol-
vent B = MeOH + 0.1 % v/v formic acid; flow rate = 15.0 mL min¢1;
gradient (t [min]/solvent B [%]): 0/20; 5.0/20; 50/55; 90/100; 100/
100; tR = 18.0 min. 2nd HPLC: semi-preparative HPLC (C18-ISIS): sol-
vent A = water, solvent B = MeOH; flow rate = 2.5 mL min¢1; gradi-
ent (t [min]/solvent B [%]): 0/15; 5.0/15; 80/45; 90/100; 100/100;
tR = 33.0 min. 3rd HPLC: semi-preparative HPLC (C18-ISIS): solven-
t A = water, solvent B = MeOH; flow rate = 2.5 mL min¢1; gradient
(t [min]/solvent B [%]): 0/5; 5.0/5; 15.0/5; 90/100; 100/100; tR =
68.0 min. 1H NMR (400 MHz, CD3OD): d= 7.51–7.43 (m, 1 H, H-13),
7.40 (t, J = 2.2 Hz, 1 H, H-11), 7.00–6.94 (m, 1 H, H-9), 6.05 (s, 1 H, H-
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4), 4.76 (d, J = 8.3 Hz, 1 H, H-7), 4.59 (broad residual signal, 1 H, OH),
2.86 (dq, J = 8.3, 7.1 Hz, 1 H, H-6), 1.87 (s, 3 H, H-14), 1.03 ppm (d,
J = 7.1 Hz, 3 H, H-15); 13C NMR (100 MHz, CD3OD): d= 171.4 (s, C3),
169.8 (s, C5), 164.7 (s, C1), 150.9 (s, C12), 150.7 (s, C10), 146.6 (s,
C8), 119.8 (d, C11), 110.6 (d, C13), 109.3 (d, C4), 108.5 (d, C9), 98.5
(s, C2), 76.2 (d, C7), 47.0 (d, C6), 15.2 (q, C15), 8.5 ppm (q, C14);
UPLC-MS (MeOH) tR = 2.5 min; HRMS-ESI: m/z calcd for C15H17N2O6

321.1087 [M++H]+ ; found: 354.1065.

Tetraketide 56 : Tetraketide 56 was obtained after supplementing
a culture of the blocked mutant of A. mediterranei (strain HGF003)
with 3-amino-4-bromobenzoic acid 55 (fed 214 mg, 0.99 mmol per
800 mL). The fermentation was carried out in liquid medium pro-
viding tetraketide 56 as a colorless solid (isolated amount =
15.0 mg, 19.0 mg L¢1). The yield is better than the one obtained
after fermentation on agar plates (fed 300 mg, 0. 94 mmol per
750 mL; 10 mg per plate; isolated amount = 7.0 mg/750 mL,
9.0 mg L¢1). 1st HPLC: preparative HPLC (C18): solvent A = water +
0.1 % v/v formic acid, solvent B = MeOH+ 0.1 % v/v formic acid;
flow rate = 15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/20; 5/
20; 50/55; 90/100; 100/100; tR = 50.0 min. 2nd HPLC: preparative
HPLC (C18): solvent A = water, solvent B = MeOH; flow rate =
15.0 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 50/55;
90/100; 100/100; tR = 56.0 min. 3rd HPLC: semi-preparative HPLC
(C18-ISIS): solvent A = water, solvent B = MeOH; flow rate =

2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/10; 5/10; 80/45;
90/100; 100/100; tR = 64.0 min. 1H NMR (400 MHz, CD3OD): d= 7.33
(d, J = 8.2 Hz, 1 H, H-12), 6.82 (d, J = 2.0 Hz, 1 H, H-9), 6.54 (dd, J =
8.2, 2.0 Hz, 1 H, H-13), 6.04 (s, 1 H, H-4), 4.63 (d, J = 8.7 Hz, 1 H, H-7),
2.81 (dq, J = 14.1, 7.0 Hz, 1 H, H-6), 1.87 (s, 3 H, H-14), 0.99 ppm (d,
J = 7.1 Hz, 3 H, H-15); 13C NMR (100 MHz, CD3OD): d= 169.2 (s, C1),
168.2 (s, C3), 165.8 (s, C-5), 146.5 (s, C10), 144.3 (s, C8), 133.3 (d,
C12), 118.1 (d, C13), 115.4 (d, C9), 108.9 (s, C11), 102.4 (d, C4), 99.2
(s, C2), 76.6 (d, C7), 47.2 (d, C6), 15.5 (q, C15), 8.3 ppm (q, c-14);
UPLC-MS (MeOH) tR = 2.6 min; HRMS-ESI : m/z calcd for C15H17BrNO4

354.0341 [M++H]+ ; found: 354.0341.

The undecaketide 59 was also present in the crude fermentation
material as judged by UPLC-HRMS analysis: 59 : m/z calcd for
C35H53BrNO9 : 710.2904 [M++H]+ ; found: 710.2906; m/z calcd for
C35H51BrNO9 : 708.2753 [M¢H]¢ ; found: 708.2751; tR = 3.34 min. For
methyl ester formation, see the Supporting Information.

3-Acetamido-2-hydroxybenzamide 54 : 3-Acetamido-2-hydroxy-
benzamide 54 was obtained after supplementing a culture of the
blocked mutant of A. mediterranei HGF003 with 3-azido-2-hydroxy-
benzoic acid 53 (fed 224 mg, 1.25 mmol L¢1). The fermentation was
carried out in liquid medium providing compound 54 as a colorless
solid (isolated amount = 11.1 mg). 1st HPLC: preparative HPLC
(C18): solvent A = water + 0.1 % v/v formic acid, solvent B =
MeOH + 0.1 % v/v formic acid; flow rate = 15.0 mL min¢1; gradient
(t [min]/solvent B [%]): 0/20; 5/20; 50/55; 90/100; 100/100; tR =
23.0 min. 2nd HPLC: preparative HPLC (C18): solvent A = water, sol-
vent B = MeOH; flow rate = 15.0 mL min¢1; gradient (t [min]/sol-
vent B [%]): 0/10, 20/15, 60/25, 90/45, 100/100; tR = 41.0 min. 3rd
HPLC: semi-preparative HPLC (C18-ISIS): solvent A = water, sol-
vent B = MeOH; flow rate = 2.5 mL min¢1; gradient (t [min]/solvent B
[%]): 0/10, 20/15, 60/15, 90/45, 100/100; tR = 7.0 min. 4th HPLC:
semi-preparative HPLC (C18-ISIS): solvent A = water, solvent B =
MeOH; flow rate = 2.5 mL min¢1; gradient (t [min]/solvent B [%]): 0/
5, 20/10, 60/10, 90/45, 100/100; tR = 7.0 min. 1H NMR (400 MHz,
[D6]DMSO, [D6]DMSO = 2.5 ppm): d= 13.94 (s, 1 H, OH), 9.21 (s, 1 H,
NHAc), 8.67 (s, 1 H, CONH2), 8.07 (dd, J = 7.8, 1.0 Hz, 1 H, H-6), 7.93
(s, 1 H, CONH2), 7.56 (dd, J = 8.0, 1.2 Hz, 1 H, H-4), 6.75 ppm (t, J =
8.0 Hz, 1 H, H-5); 13C NMR (100 MHz, CD3OD): d= 174.5 (s, CONH2),
171.9 (s, NHCOCH3), 154.2 (s, C2), 128.6 (s, C3), 127.0 (d, C4), 124.1

(d, C6), 118.7 (d, C5), 115.3 (s, C1), 23.8 ppm (q, NHCOCH3) ; UPLC-
MS (MeOH) tR = 1.9 min; HRMS-ESI : m/z calcd for C9H11N2O3

195.0770 [M++H]+ ; found: 195.0768; m/z calcd for C9H9N2O3

193.0619 [M¢H]¢ ; found: 193.0612.
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