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Background: The emergence of drug resistant
tuberculosis has called for the discovery of new
antitubercular drugs.

Results:  We successfully generated 24-
desmethylrifampicin by modifying the rifamycin
polyketide backbone.

Conclusion:  24-desmethylrifamycin ~ showed
better antibacterial activity than rifampicin against
multi-drug resistant strains of Mycobacterium
tuberculosis.

Significance: The combined genetic-synthetic
strategy used in the study has opened up new
avenues for generating more rifamycin analogs.

ABSTRACT

Rifamycin B, a product of Amycolatopsis
mediterranei S699, is the precursor of clinically
used antibiotics that are effective against
tuberculosis, leprosy and AIDS related
mycobacterial infections. However, prolonged
usage of these antibiotics has resulted in the
emergence of rifamycin resistant strains of
Mycobacterium tuberculosis. As part of our
effort to generate better analogs of rifamycin,
we substituted the acyltransferase (AT) domain
of module 6 of rifamycin polyketide synthase
(rifPKS) with that of module 2 of rapamycin

PKS. The resulting mutants (rifAT6::rapAT2)
of A. mediterranei S699 produced new
rifamycin analogs, 24-desmethylrifamycin B
and  24-desmethylrifamycin SV,  which
contained modification in the polyketide
backbone. 24-desmethylrifamycin B was then
converted to 24-desmethylrifamycin S, whose
structure was confirmed by MS, NMR, and X-
ray crystallography.  Subsequently, 24-
desmethylrifamycin S was converted to 24-
desmethylrifampicin, which showed excellent
antibacterial activity against several
rifampicin-resistant M. tuberculosis strains.

Rifamycin B, a product of the soil bacterium
Amycolatopsis mediterranei S699, is a clinically
important  precursor of the broad-spectrum
macrolide  antibiotics, rifampicin, rifabutin,
rifapentine and rifaximin (Fig. 1). Rifampicin,
rifabutin, and rifapentine are effective against
tuberculosis (TB), leprosy, and AIDS related
mycobacterial infections, whereas rifaximin is
used to treat enteroaggregative E. coli infections.
This class of antibiotics binds to bacterial RNA
polymerases (RNAPs) and blocks the extension of
RNA chain (1,2). However, a long period of use
and a combination of poor compliance and poor
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medical supervision have resulted in the rifamycin
resistant strains of Mycobacterium tuberculosis.
Therefore, there is an urgent need to produce
rifamycin analogs that can overcome this
resistance  problem. However,  structural
complexity of rifamycin B limits the use of
chemical tools to generate fundamentally different
rifamycin analogs, such as modifications of the
backbone structure.

Structurally, rifamycin belongs to the
ansamycin class of antibiotics, characterized by a
naphthalene moiety spanned by an aliphatic chain
(Fig. 1). The carbon skeleton of rifamycin B is
built by a type | polyketide synthase (PKS)
machinery from two acetate and eight propionate
units using 3-amino-5-hydroxybenzoic  acid
(AHBA) as a starter molecule (3). The rifamycin
(rif) biosynthetic gene cluster (AF040570.3) was
first independently identified in Amycolatopsis
mediterranei S699 (3,4) and LBG A3136 (5),
which was then confirmed by genome sequencing
of A. mediterranei S699 (4) (Fig. 2). The cluster
consists of five type | PKS genes, rifA to rifE, an
amide synthase (rifF), the AHBA biosynthetic
genes, and genes responsible for regulation, efflux,
and tailoring processes. The Rif-PKS is comprised
of a non-ribosomal peptide synthetase-like loading
domain (6,7) and ten chain extension modules.
Each module consists of a minimal set of domains
that includes ketosynthase (KS), responsible for
catalyzing a condensation reaction, acyltransferase
(AT), which loads the extender unit malonyl-CoA
or methylmalonyl-CoA, and an acyl carrier protein
(ACP) domain, which tethers the growing
polyketide chain. The AT domains of module 2
and 9 recruit malonyl-CoA (incorporating acetate)
and the remaining eight modules recruit
methylmalonyl-CoA  (providing  propionate).
Additionally, there are modifying domains
(ketoreductases,  dehydratases, and  enoyl
reductases) present in the modules. Finally, an
amide synthase, RifF, is responsible for the
polyketide ring closure, leading to an ‘ansa’
structure (8). The genetic organization of the
modules in the rifamycin biosynthetic pathway is
collinear, similar to the erythromycin (ery) and
rapamycin (rap) PKSs (9,10). This collinear
architecture makes it a possible target for
combinatorial biosynthesis (11).

Type | PKSs, such as eryPKS, have been
shown to be amendable to combinatorial

biosynthetic modifications to give new analogs of
antibiotics (12-15). For instance, replacement of
debsAT1 and AT2 with rapAT14 (16), debsAT1
with rapAT2 (13), debsAT6 with rapAT2 (17),
debsAT4 with AT5 domain of nidamycin PKS
(18), have resulted in the formation of their
respective novel hybrid analogs. Despite these
early successes, many attempts to alter PKSs in
other systems appeared to be less successful. In
the case of rifamycin, ever since the discovery of
rif PKS, no modifications of this PKS system have
been reported. One of the reasons for this is that A.
mediterranei S699 is less amendable to genetic
manipulations. Nevertheless, our early efforts in
this direction have resulted in cloning vectors
transformation protocol for A. mediterranei (19-
27). In addition, we have demonstrated that gene
manipulations in this strain are possible (28,29).
However, whether the rifPKS is amendable to
genetic manipulations to produce new rifamycin
analogs with altered polyketide backbone remains
uncertain.

In this paper, we describe for first time the
replacement of AT6 of rifPKS (which adds
propionate) with AT2 of rapamycin (rap) PKS
(which adds acetate to the growing polyketide
chain) in A. mediterranei S699. The mutant
produced 24-desmethylrifamycin B and 24-
desmethylrifamycin SV, which were then
converted to their semisynthetic derivative 24-
desmethylrifamycin S and 24-
desmethylrifampicin. These compounds were
found to be effective against a number of
pathogenic bacteria, including rifampicin-resistant
strains of M. tuberculosis.

EXPERIMENTAL PROCEDURES

General - All chemicals were obtained either from
Sigma Aldrich, EMD, TCI, or Pharmacia.
Analytical thin-layer chromatography (TLC) was
performed using silica gel plates (60 A), which
were visualized using a UV lamp and ceric
ammonium  molybdate  (CAM)  solution.
Chromatographic purification of products was
performed on silica gel (60 A, 72-230 mesh).
Proton NMR spectra were recorded on Bruker
300, 500, or 700 MHz spectrometers. Proton
chemical shifts are reported in ppm () relative to
the residual solvent signals as the internal standard
(CD;0OD: dy 3.35). Multiplicities in the '"H NMR
spectra are described as follows: s = singlet, bs =
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broad singlet, d = doublet, bd = broad doublet, t =
triplet, bt = broad triplet, g = quartet, m =
multiplet; coupling constants are reported in Hz.
Carbon NMR spectra were recorded on Bruker
500 or 700 MHz spectrometers. Carbon chemical
shifts are reported in ppm (o) relative to the
residual solvent signals as the internal standard.
Low-resolution electrospray ionization (ESI) mass
spectra were recorded on a Thermo-Finnigan
liquid chromatograph-ion trap mass spectrometer.
High-resolution mass spectra were recorded on an
AB SCIEX TripleTOF™ 5600 equipped with an
electrospray ionization source.

Bacterial strains, plasmids, and culture media -
Amycolatopsis mediterranei S699 (wild-type), a
producer of rifamycin B, was obtained from
Professor Giancarlo Lancini at the former Lepetit
Laboratories, Geranzano, Italy. For sporulation, it
was grown at 30 °C on agar plates containing
YMG (4 g yeast extract, 10 g malt extract, 4 ¢
glucose, and 15 g agar per liter, pH 7.2-7.4)
medium (30). pUC18 and pUC19 were used for
subcloning and pMO2 and plJ4026 were used for
domain replacement. E. coli XL-1 Blue was used
for the propagation and isolation of plasmids.
Rifamycin-sensitive and -resistant strains of
Mycobacterium tuberculosis were acquired from
Open  Source Drug Discovery (OSDD)
(www.osdd.net/) in association with CSIR-
Institute of Genomics and Integrative Biology,
India (http://www.igib.res.in/). The plasmids and
bacterial strains that were used in the present study
are listed in Supplemental Table S1.

Construction and screening of a genomic
cosmid library and selection of the rifamycin
cluster - The genomic library of A. mediterranei
S699 was prepared in the cosmid vector pWEL5
(31). This involves isolation of high molecular
weight DNA of A. mediterranei by Kirby’s
method (32). The genomic DNA was partially
digested with Sau3Al and subjected to size
fractionation with sucrose gradient. The fractions
were pooled and used for ligation with linearized
and dephosphorylated pWE15. The ligated DNA
was transferred into E. coli XL-1 Blue MR. About
2,000 clones were screened using [a-*PJdATP
labeled DNA probes obtained from PCR
amplification of the loading domain of rifPKS and
rifK (AHBA synthase gene) of S699. About 10
clones were selected after hybridization. End
sequencing of the positive cosmid clones was

performed. Finally, three cosmid clones, pRIF13,
pRIF21 and pRIF24, which represent the entire rif
gene cluster were selected and enlisted in
Supplemental Table S1.

Construction of pAT6F - For the construction
of the pAT6F replacement cassette, AT6 flanking
regions, a 1.6 kb DNA fragment upstream of AT6
(AF040570.3) with engineered Xbal/Ball sites and
a 1.5 kb DNA fragment downstream of AT6
(AF040570.3) with Avrll/Xbal sites, were
obtained by PCR amplification from the cosmid
pRIF13. The two amplicons, PCR-I and PCR-II,
were treated with kinase and individually cloned
into pUC18, which had been digested with Smal at
28 °C and treated with shrimp alkaline
phosphatase. The inserts and vector were ligated
together and the ligation mix was electroporated
into E. coli XL-1 Blue competent cells. The
constructs containing PCR-I and PCR-II were
named pAT6A and PpAT6B, respectively.
However, due to the cloning of PCR-I in only one
orientation, the PCR-I insert was retrieved from
pAT6A by digestion with EcoRI and Hindlll and
cloned into pUC19, which was predigested with
EcoRl and Hindlll. The ligation product was
electroporated into E. coli XL-1 Blue competent
cells. The pUC19 plasmid harboring the PCR-I
insert was named pAT6C.

The rapAT2 (X86780.1) fragment was
excised from plasmid pMO2, by Avrll and HindlIlI
digestion. The resulting 0.85 kb DNA fragment
was ligated with Avrll/HindllI-digested pAT6B to
give plasmid pAT6D. Subsequently, the PCR-I
fragment was excised from pAT6C by Ball/Ndel
digestion and cloned into the Ball/Ndel site of
pAT6D to give pAT6E. The later plasmid was
subsequently digested with Xbal to give a 3.85 kb
PCRI/rapAT2/PCRII fragment, which was then
inserted into the Xbal site of plJ4026 to give
pAT6F (Supplemental Figs. S1-S3). pAT6F was
constructed for the implementation of domain
replacement (Supplemental Fig. S4) in A
mediterranei S699. All clones (pAT6A, pAT6B,
pAT6C, pAT6D, pAT6E & pAT6F) were
sequenced using the 3100 Avant Genetic Analyzer
(Applied Biosystems) at the University of Delhi,
India.

Genetic manipulation of A. mediterranei S699
- Routine genetic procedures, such as genomic
DNA  isolation [according to  CTAB
(cetyltrimethylammonium  bromide)  method],
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plasmid isolation (Promega DNA purification kit),
and restriction endonuclease digestion, were
carried out by standard techniques. pAT6F was
electroporated (using BioRad GenePulser) into A.
mediterranei S699 using the method described
previously (25), and the electroporated mixture
was plated on YMG agar plates, incubated for 12-
16 h, and overlaid with soft agar (5 g/L, Difco™
agar, granulated) containing 500 pg/mL of
erythromycin. The transformants, obtained after 5-
7 days, were grown in YMG medium containing
50 ug/mL erythromycin (Sigma Aldrich) to
confirm resistance. The integration of pAT6F in
these single crossover (SCQO) clones was
confirmed by Southern blot hybridization. In order
to stimulate replacement of AT6 with rapAT2,
these SCOs were cultured for 3-4 rounds in YMG
medium without erythromycin. The cells were
plated on YMG agar plates with and without
erythromycin pressure and antibiotic sensitive
colonies were selected. The double cross-over
(DCO) clones were further confirmed by Southern
blot hybridization. For Southern hybridization, the
genomic DNA was immobilized on a Hybond N+
membrane (Amersham Biosciences).
Hybridization was performed using [o*’P]-labeled
DNA probes at 65 °C for 12 h. For non-radioactive
methods, hybridization was carried out using DIG-
labeled DNA probe at 65 °C. Stringency washes
were done with 5x SSC, 2x SSC, 1x SSC and 0.1x
SSC at 65 °C.

PCR and sequence analysis of the AT6 mutant
- Primers were designed based on the sequences of
the upstream and downstream regions of rifAT6
domain of A. mediterranei S699, shown in
Supplemental Table S2. Chromosomal DNA of
the AT6 mutant was isolated using a reported
method (32), and PCR amplification was carried
out wusing high fidelity DNA Polymerase
(Invitrogen) using conditions and the reaction mix
provided with the enzyme. In addition, DMSO (3
pL) was added to the reaction mixture (100 pL).
The PCR product (1.5 kb) was confirmed by
agarose gel, extracted from the gel using DNA
extraction kit (QIAGEN), and submitted to DNA
sequencing at the Oregon State University Center
for Genome Research and Biocomputing (CGRB).

Isolation and  purification  of  24-
desmethylrifamycin B and 24-desmethylrifamycin
SV - Spores of the mutant strain were initially
grown on a shaker in YMG medium for 3 days at

30 °C and 200 rpm. The seed culture was then
used to inoculate (10%, v/v) YMG medium (10 x
100 mL) in 500 mL flasks. After incubation for 10
days under the same conditions, the cultures were
centrifuged, the pooled supernatants acidified to
pH 3 with 1N HCI, and the metabolites extracted
with ethyl acetate (2 x 1 L). The crude extracts of
rifamycin-related compounds were subjected to
silica gel chromatography using CHCls-
MeOH/5%NH,OH (10:1 and then 8:1) as a mobile
phase. Fractions containing the products were
pooled and dried using a rotary evaporator. The
product obtained was further purified using HPLC
[YMC-ODS-A, 250 x 10 mm, CH3;CN-HCOONH,
(0.05 M) (60:40), flow rate 2 mL/min, 254 nm].
The product was then desalted using Sephadex
LH-20 column with MeOH as eluent to give 24-
desmethylrifamycin B (20 mg) and 24-
desmethylrifamycin SV (8 mg).

24-desmethylrifamycin  B: 'H NMR (700
MHz, D,0O, CryoProbe): & 6.69 (s, 1H, H-3), 6.34
(d, 1H,J = 12 Hz, H-29), 5.98 (d, J = 11 Hz, 1H,
H-17), 5.75 (dd, J = 15 Hz, 11 Hz, 1H, H-18), 5.21
(dd, J = 15 Hz, 10 Hz, 1H, H-19), 5.05 (m, 2H, H-
25, H-28), 4.50 (d, J = 17 Hz, 1H, -CH,-COQOH),
442 (d, J =17 Hz, 1 H, -CH,-COOH), 3.38 (bd, J
=10 Hz, 1H, H-23), 3.22 (m, 2H, H-21 and H-27),
3.22 (s, 3H, H-37), 2.11 (s, 3H, H-36), 2.08 (s, 3H,
H-14), 1.98 (m, 2H, H-20 and H-26), 1.70 (s, 3H,
H-13), 1.53 (m, 2H, H-22 and H-24), 1.28 (t, J =
12 Hz, 1H, H-24), 0.92 (d, J= 6.5 Hz, 3H, H-31),
0.85 (d, J =7 Hz, 3H, H-32), 0.72 (d, J = 6.5 Hz,
3H, H-34). BC NMR (175 MHz, D0,
CryoProbe): &¢c 191.7, 176.7, 174.7, 168.1, 144.7,
142,1, 141.5, 1315, 126.5, 126.4, 119.4, 117.8,
113.7, 112.8, 112.1, 109.6, 104.4, 101.1, 80.5,
73.9, 72.4, 715, 68.8, 54.9, 48.8, 41.4, 39.9, 35.9,
32.2, 21.8, 20.6, 20.5, 15.4, 9.5, 9.5, 6.9. (-)-HR-
ESI-TOF-MS m/z740.2939 (calcd for CsgHssNOy4
[M-H]: 740.2918).

24-Desmethylrifamycin SV: 'H NMR (700
MHz, CD;0D, CryoProbe): 'H NMR (700 MHz,
CD;0D): 86.42 (s, 1H), 6.31 (bd, J = 12 Hz, 1H),
5.95-5.89 (m, 2H), 5.51 (s, 1H), 5.20 (bt, J = 12
Hz, 1H), 5.14 (bd, J = 9 Hz, 1H), 3.22 (s, 3 H),
3.17 (t, J = 10 Hz, 1H), 2.13 (s, 3H), 2.12-2.11 (m,
2H), 2.01 (s, 3H), 1.96 (s, 3H), 1.67 (s, 3H), 1.54-
1.49 (m, 4H), 0.93 (d, 6H), 0.78 (d, J = 5 Hz, 3H).
HRMS (ESI-TOF) m/z (calcd for CssH,NO5, [M-
H]: 682.2707).
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Conversion of 24-desmethylrifamycin B to 24-
desmethylrifamycin S - 24-desmethylrifamycin B
(8 mg, 0.0107 mmol) was dissolved in MeOH-
H,O (10:1, 5 mL) containing CuCl, (0.1 mM). The
reaction mixture was stirred at room temperature
(RT) overnight to convert 24-desmethylrifamycin
B to 24-desmethylrifamycin S. The mixture was
acidified to pH 3 and the product was extracted
with ethyl acetate (3 x 5 mL). The extract was
subjected to silica gel column using CHCl3;-MeOH
(10:1) as eluent to give 24-desmethylrifamycin S
(6 mg).

'H NMR (300 MHz, CD;0D): 7.85 (s, 1H),

7.04 (m, 1H), 6.88 (bd, J = 11 Hz, 1H), 6.59 (m,
1H), 5.23 (dd, J = 12.6 Hz, 9.7 Hz), 4.53 (bt, J =8
Hz, 1H), 4.22 (bd, J = 10 Hz, 1 H), 3.80 (bd, J =
10 Hz, 1H), 3.48 (s, 3H), 2.50 (s, 3H), 2.35 (s,
3H), 2.33 (s, 3H), 2.00 (s, 3H), 1.62 (m, 3 H), 1.41
(d, J =7 Hz, 3H), 1,29 (d, J = 6.8 Hz, 3H), 0.67
(d, J =7 Hz, 3H). HRMS (ESI-TOF) m/z 680.2730
(calcd for CzsH4,NO;, [M-H]': 680.2707).
X-ray crystallography of 24-desmethylrifamycin S
- Diffraction intensities were collected at 173(2) K
on a Bruker Apex CCD diffractometer using MoK
radiation = 0.71073 A. Space group was
determined based on systematic absences.
Absorption corrections were applied by SADABS
(33). Structures were solved by direct methods and
Fourier techniques and refined on F* using full
matrix least-squares procedures. All non-H atoms
were refined with anisotropic thermal parameters.
H atoms were treated in calculated positions in a
rigid group model. It was found that solvent water
is partially occupied in a position between
molecules with an occupation factor of 0.25. H
atoms in this solvent water molecule were not
taken in consideration. The Flack parameter is
0.00(10). The relatively high value of R;y, 0.1271,
is related to the fact that diffraction at high angles
was very weak and intensity statistics at high
angles are poor. All calculations were performed
by the Bruker SHELXTL (v. 6.10) package (34).
The  crystal  structure  data  for  24-
desmethylrifamycin S (Table 1) has been
deposited at the Cambridge Crystallographic Data
Centre (deposition number: CCDC 1000828).

Synthesis of 24-desmethylrifampicin - 24-
desmethylrifamycin S (5 mg, 0.0073 mmol) was
dissolved in DMF (200 pL) and acetic acid (50
pul). After stirring the mixture at 50 °C,
paraformaldehyde (3 mg) and 1,3,5-trimethyl-

hexahydro-1,3,5-triazine (8 pL) were added. The
reaction was stirred at 50 °C for 2 h until all
starting material was converted to 3-methyl-1,3-
oxazino(5,6-c)-24-desmethylrifamycin, indicated
by a blue spot on TLC. Subsequently, 1-amino-4-
methyl-piperazine (8 uL) was added to the
mixture. The reaction was stirred at the same
temperature, and monitored by TLC until the
disappearance of the blue spot and the formation
of 24-desmethylrifampicin. The mixture was
diluted with cooled 2% acetic acid (1.5 mL) and
extracted three times with CHCI; (2 mL). The
organic fractions were combined and concentrated
to 1 mL and further washed 3 times with Brine
solution. Organic fractions were combined and
dried over anhydrous sodium sulfate then dried
under a rotary evaporator. Crude fractions were
subjected to silica gel chromatography with
CHCI3-MeOH in 10:1 and 8:1 ratio, as eluent.
Fractions containing the product were pooled and
further purified by HPLC [CHsCN-0.05 M
HCOONH;, (60:40)] with (YMC-ODS-A, 250X10
mm ID, 5 microns particle size) column and flow
rate 2 mL/min at 254 nm. Fractions containing 24-
desmethylrifampicin were dried to afford the title
compound (2.5 mg, 0.0031 mmol) of reddish
orange powder. ‘H NMR (500 MHz, CD;OD):
HRMS (ESI-TOF) m/z 807.3829 (calcd for
C42HssN4O,, [M-H]': 807.3816).

Antibacterial assay - Antibacterial activity of
rifampicin and its analogs were determined by
agar diffusion assay. Mycobacterium smegmatis
and Staphylococcus aureus were streaked on
nutrient agar and incubated overnight at 37 °C.
Colonies were transferred to nutrient broth and
incubated at 37 °C for 24 h. The growth of the
cultures was measured to a proper density at 600
nm (BioRad, SmartSpec 300). The inoculum (1
mL) was mixed thoroughly with warm nutrient
agar (24 mL) and poured into petri dishes. The
agar plates were allowed to solidify and dry for 30
min before assay. Sterile Whatman discs were
impregnated with rifampicin and its analogs (20
pL) at a concentration of 1 mg/mL and dried at
RT. The discs were placed onto inoculated agar
plates and incubated at 37 °C for 24 h. To produce
a contrast background of the inhibition zone,
0.25% MTT developing dye (2 mL) was added
over the plates.

Drug sensitivity assays were done by Premas
Biotech, Haryana, India, wusing various
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concentrations of drugs (0.01 - 1 pg/ml). The drug
testing was done using MB BacT/ALERT System
(35), which is a mycobacterial detection system
that utilizes a colorimetric sensor and reflectance
detector to determine the level of carbon dioxide
within the bottle. The bottle contains a medium
and a MB/BacT reconstitution fluid, which
promotes the growth of mycobacteria. As the
bacteria grow, they produce CO,, which changes
the color of the sensor located at the bottom of the
bottle from green to yellow. The testing was
performed with two controls: Direct growth
control (DGC) and Proportionate growth control
(PGC). DGC consists of 0.1 mL seed culture and
0.5 ml reconstitution fluid. PGC consists of 0.5
mL of DGC and 0.5 ml reconstitution fluid. Test
bottle contains 0.5 mL seed culture, 0.5 mL
reconstitution fluid, and the antibiotic. The test is
considered as complete when the PGC bottle flags
positive.

RESULTS

AT6 domain substitution in A. mediterranei
S699 - It has been reported that the formation of
naphthalene moiety in rifamycin biosynthesis
occurs during chain elongation, specifically on
module 4, as opposed to a result of a post PKS
modification process (8,28,36). This reaction is
catalyzed by Rif-Orfl9, a 3-(3-hydroxyphenyl)
propionate  hydroxylase-like  protein, which
introduces a hydroxy group into the acyl carrier
protein (ACP)-bound tetraketide and sets the stage
for a cyclization reaction to form the naphthalene
ring (28). Based on this, we designed a strategy to
construct mutant strains of A. mediterranei S699
that might produce new rifamycin analogs, in
which modification of the polyketide backbone
occurs after the naphthalene ring formation (Fig.
2). We replaced the AT domain of module 6
(AT6) of the rifPKS (recognizes methylmalonyl-
CoA as substrate) with the AT domain of module
2 (AT2) of the rapamycin PKS (recognizes
malonyl-CoA) (Fig. 3A and Supplemental Fig.
S1). For this purpose, the rapAT2 domain excised
from pMO2 (12), was sandwiched between PCR-I
and PCR-Il, 1.68kb and 1.5 kb DNA regions
upstream and downstream of the AT6 domain of
rifPKS, respectively. The resulting cassette (PCR-
I/rapAT2/PCR-11) was then introduced into the
vector plJ4026 to give pAT6F (Fig. 3B). This non-
replicative plasmid (containing erythromycin

resistance gene ermE) was electroporated into A.
mediterranei S699 and the transformants were
selected under erythromycin pressure.

Screening of first homologous recombinants
yielded four single crossover (SCO) clones, which
did not produce rifamycin, as indicated by the lack
of brown pigmentation even after three weeks of
incubation on agar plates (Supplemental Fig. SS5A-
D). Southern blot hybridization of their genomic
DNA using [a-*?P]-labeled plJ4026 as probe
confirmed the integration of PCR-1/rapAT2/PCR-
Il cassette in the chromosome (Supplemental Fig.
S6A). The mutants were then grown on agar plates
without antibiotic pressure for 3-4 generations to
allow a second homologous recombination to
occur. Screening of the colonies yielded three
positive double crossover (DCO) clones, which
were sensitive to erythromycin and produced brown
pigmentation (Supplemental Fig. S5E-G). These
clones were confirmed by Southern blot
hybridization using DIG labeled rapAT2
(Supplemental Fig. S6B). The DCO clones were
also confirmed using PCR amplification and
sequencing (data not shown).  The rapAT2
amplicons from these DCOs were identical to the
rapPKS  from  Streptomyces  hygroscopicus,
indicating that the rapAT2 domain has successfully
replaced the rifAT6 domain in A. mediterranei S699.

Production of rifamycin analogs by
rifAT6::rapAT2 mutant - To investigate if the
rifAT6::rapAT2 mutant could produce rifamycin
analogs, the wild-type and the mutant strains of A.
mediterranei were grown in YMG medium (50
mL) for 7 days. The cultures were centrifuged and
the supernatants were fractionated with ethyl
acetate and analyzed by electrospray ionization
mass spectrometry (Thermo Finnigan liquid
chromatograph-ion trap mass spectrophotometer).
Whereas the wild-type produced rifamycin B and
rifamycin SV, the mutants produced compounds
that gave quasi-molecular ions of m/z 740 and
682, which were 14 atomic mass units (amu) less
than those of rifamycin B (m/z 754 [M-H]) and
rifamycin SV (m/z 696 [M-H]"), respectively (Fig.
4A-B). The results were consistent with the
expected molecular masses for desmethyl analogs
of rifamycin B and SV, although on the basis of
these data alone it was not clear if the missing
methyl group occurred at the expected C-24
position of the polyketide backbone.
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Structure determination of 24-
desmethylrifamycin B and 24-desmethylrifamycin
SV - To confirm the chemical structure of the
products, a 1 L scale culture of rifAT6::rapAT2
mutant was prepared. The culture was extracted
with EtOAc and the extract was subjected to SiO,
column chromatography and HPLC (YMC Cgg
250 x 10 mm 5 micron, acetonitrile-0.5 M aq.
ammonium formate 40:60, flow rate 2 mL/min,
254 nm). The major product (m/z 740 [M-H]) was
isolated (yield, 20 mg/L) and analyzed by 'H and
BC NMR. The 'H NMR spectrum of the
compound revealed the presence of three pendant
methyl groups [5 0.72 (d, J = 6.5 Hz, 3H), 0.85 (d,
J=7Hz, 3H),0.92 (d, J = 6.5 Hz, 3H)], instead of
four in rifamycin B [ -0.30 (d, J = 4.5 Hz, 3H),
0.57 (d, J = 6 Hz, 3H), 0.97 (d, J = 6 Hz, 6H)],
confirming the lack of a pendant methyl group in
the mutant product (Fig. 4C-D). This is consistent
with the expected product 24-desmethylrifamycin
B. Interestingly, 24-desmethylrifamycin B is
chemically rather unstable and can partially
convert to 24-desmethylrifamycin SV and S in
MeOH. 'H NMR analyses of the latter compounds
revealed the lack of signals for the glycolate
moiety (Supplemental Fig. S7- S9).

Conversion of 24-desmethylrifamycin B to 24-
desmethylrifamycin S - To further confirm the
chemical structure of the products, 24-
desmethylrifamycin B was oxidized to 24-
desmethylrifamycin S using CuCl, as catalyst. The
product was analyzed by (-)-ESI-MS (m/z of 680
[M-H], indicating the lack of the glycolate moiety
and the presence of a naphthoguinone unit in the
molecule) and *H NMR spectrum. Interestingly,
during storage in CD;OD at -20 °C, transparent
red brown orthorhombic crystals were formed.
These crystals were washed with cooled n-hexane
and  subsequently  subjected to @ X-ray
crystallographic analysis. The crystal structures
revealed a dimeric form of 24-desmethylrifamycin
S coordinating with Ca?* through C-1, C-8, C-21,
and C-23 oxygen atoms (Fig. 5). The results
unambiguously confirmed the identity of the
compound as 24-desmethylrifamycin S.

Synthesis of 24-desmethylrifampicin - To
compare the biological activity of the new
compound with the clinically used rifampicin, 24-
desmethylrifamycin S was converted to 24-
desmethylrifampicin by chemical synthesis. The
synthesis was carried out according to the

published method for the preparation of rifampicin
(37). Thus, treatment of 24-desmethylrifamycin S
with  paraformaldehyde and 1,3,5-trimethyl-
hexahydro-1,3,5-triazine in the presence of acetic
acid gave 3-methyl-1,3-oxazino(5,6-c)-24-
desmethylrifamycin (Fig. 6). The product was then
treated with 1-amino-4-methylpiperazine to give
24-desmethylrifampicin. Despite high purity of the
product, as determined by TLC, HPLC, and ESI-
MS (Supplemental Fig. S10 and S11), we were not
able to obtain good quality NMR spectra of 24-
desmethylrifampicin. This quandary might have
been due to either partial oxidation of
hydroquinone to  quinone or  reversible
conformational changes of the compound that led
to more than one conformer in the solution.
However, attempts to improve the quality of the
'H NMR spectrum by adding a trace amount of the
reducing agent ascorbic acid, which is commonly
used to reduce quinone to hydroquinone forms of
rifamycin, or increasing the temperature during *H
NMR measurements were unsuccessful. To
confirm the utility of the synthetic method, we
employed the same method to convert rifamycin S
to rifampicin. The later compound gave an
excellent 'H NMR spectrum, identical to that of
commercially available rifampicin (Supplemental
Fig. S12). As there is no indication of quinone
formation in rifampicin, it is predicted that the
reversible conformational changes of 24-
desmethylrifampicin is a more likely scenario.
Nevertheless, to validate the identity of 24-
desmethylrifampicin, a comparative MS/MS
analysis was carried out (Supplemental Fig. S13).
The result showed that 24-desmethylrifampicin
(m/z 807 — 676 — 616 — 490 — 420) and
rifampicin (m/z 821 — 690 — 630 — 490 — 420)
have identical fragmentation patterns, albeit most
of the fragments of 24-desmethylrifampicin are 14
atomic mass units less than the corresponding
fragments from rifampicin (Supplemental Figs.
S13 and S14). These fragmentation patterns are
also consistent with those previously reported for
rifampicin (38).

Antibacterial activity of 24-
desmethylrifamycin S and 24-desmethylrifampicin
— An antibacterial assay was carried out using 24-
desmethylrifampicin, 24-desmethylrifamycin S
and commercially available rifampicin and
rifamycin S against Mycobacterium smegmatis
and Staphylococcus aureus. The results showed
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that  24-desmethylrifamycin S and 24-
desmethylrifampicin are active against M.
smegmatis and S. aureus, comparable to rifamycin
S and rifampicin, respectively (Supplemental Fig.
S15). This prompted us to carry on the study using
multidrug resistant strains of M. tuberculosis. For
this, MDR strains were procured from Open
Source Drug Discovery (OSDD) (www.osdd.net/)
and the drug testing was performed at Premas
Biotech, Haryana, India, according to WHO
guidelines. The drug sensitivity tests were carried
out against two rifampicin-sensitive (OSDD 209
and H37Rv) and three rifamycin-resistant (OSDD
55, OSDD 206, and OSDD 321) strains of M.
tuberculosis (Table 2). Rifampicin (HiMedia), 24-
desmethylrifampicin and 24-desmethylrifamycin S
were tested against the above-mentioned
pathogenic strains. The tests were done at various
concentrations (0.01 — 50 pg/mL) of drugs using
BacT/ALERT MB System (35). The results
revealed that 24-desmethylrifamycin S and 24-
desmethylrifampicin showed strong antibacterial
activity against both rifampicin-sensitive and -
resistant strains of M. tuberculosis.

DISCUSSION

Although many derivatives of rifamycin have
been synthesized by chemical methods in the past
40 years (39), only a handful of rifamycin
derivatives are currently wused for treating
tuberculosis. Most rifamycin derivatives, including
those used in the clinics, are chemically modified
at the C-3 and/or the C-4 positions of the
naphthalene moiety. Chemical modifications of
other parts of the compound appear to be difficult
to achieve due to the complexity of the molecule.
In addition, X-ray crystallography studies of
Thermus aquaticus RNAP complexed with
rifampicin revealed that the four free hydroxy
groups in the molecule are important for RNAP
binding (2). Consequently, modifications of these
hydroxyl groups are undesirable. Thus, this work
focuses on the design of a strategy that gains

access to rifamycin analogs, in which
modifications take place in the polyketide
backbone.

However, many complex polyketide systems
similar to rifPKS have been reported to be less
amendable to pathway engineering, either due to
inflexibility of the downstream enzymes to accept
modified substrates, or incompatibility in

architectural modularity of the modified PKS
systems (40). Therefore, efforts to genetically
engineer the rifPKS of A. mediterranei S699 were
a somewhat risky and challenging endeavor.
Additionally, the post PKS tailoring processes in
rifamycin biosynthesis involving cytochrome
P450-dependent hydroxylation and oxidative
cleavage and rearrangement of the ansa chain
(28,41) further augment the degree of
complications in rifamycin biosynthesis. However,
the most challenging aspect in the current study
was the construction of the mutant strains of A.
mediterranei S699. Gene transfer into this strain
has so far only been successful through
electroporation with undesirably low efficiency
(28,29).

Nevertheless, the consideration of the
formation of the napthaquionone ring, which takes
place during polyketide chain elongation (8,28),
let us to target the replacement of the rifAT6
domain with that of rapAT2. Using this domain-
replacement strategy, we successfully
demonstrated that the rifPKS gene cluster is
amendable to genetic manipulations and the
mutants (rifAT6::rapAT2) can produce new
rifamycin analogs, 24-desmethylrifamycin B and
24-desmethylrifamycin SV. While not completely
unexpected, it is rather surprising that this
complex biosynthetic system is adaptable to such a
modification. However, whether this approach is
applicable to the other rifPKS modules remains to
be explored. More importantly, their semi-
synthetic product, 24-desmethylrifampicin,
showed comparable or better antibacterial activity
than the clinically used rifampicin against various
pathogenic bacteria, including rifampicin-sensitive
and -resistant M. tuberculosis. This finding is
significant because such a compound may be
developed as a promising lead to cure MDR-TB.

Rifamycin resistance is associated with
genetic alterations in an 81-bp region of the rpoB
gene encoding the DNA-dependent RNAP f-
subunit (42). In this study, we used rifampicin-
resistant M. tuberculosis strains, OSDD 321 and
OSDD 206, which contain the S531L mutation,
and OSDD 55, which has the H526T mutation in
the RNAP B-subunit. These mutations appear to
alter the affinity of the RNAPs to rifampicin. In
addition, on the basis of the reported crystal
structures of bacterial RNAPs complexed with
rifampicin (2), and the sequence data for
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rifampicin-resistant RNAPs (42), we hypothesize
that drug resistant mutations disrupt hydrogen
bonding in the polyketide ansa chain. This was in
part confirmed by the fact that 24-
desmethylrifampicin showed improved activity
against rifampicin-resistant M. tuberculosis. The
loss of the methyl group in this compound is
postulated to lead to conformational changes in the
ansa chain that allow for more flexibility of the
compound to bind mutated RNAPs. This
conceivable conformational flexibility may be
connected to the unsettled 'H and *C NMR
spectra of 24-desmethylrifampicin.

While 24-desmethylrifampicin showed
improved efficacy against M. tuberculosis,
compared to rifampicin it presents only a small
structural change. Therefore, it is possible that
resistant strains to 24-desmethylrifamycin can
quickly develop. However, interestingly, even
among the clinically used rifamycin derivatives,
the tendency of bacterial resistance to those drugs
is significantly different. For example, although
rifampicin resistant strains of M. tuberculosis are
now emerging, resistance to rifabutin has yet to be
widely seen. In fact, some bacterial strains that
confer resistance to rifampicin are still susceptible
to rifabutin. X-ray crystal structural studies of the
T. thermophilus RNAP in complex with rifapentin
or rifabutin revealed additional interactions
between their C-3/C-4 side chains and the enzyme
(43). A more recent study on the crystal structures
of the E. coli RNAP complexes with
benzoxazinorifamycins has also demonstrated the
role of the C-3/C-4 side chains in their improved
binding to the protein (44). In the case of 24-
desmethylrifamycin, we anticipate that
conformational flexibility of the ansa chain may
provide some advantages against mutated RNAPs.
This may be further improved by chemical
modifications of the C-3/C-4 positions of the
compound, e.g., adding benzoxazine moiety or
other side chains, which can be effectively done
by semi-synthesis using the mutant product as a
scaffold.

Currently, the rifAT6::rapAT2  mutant
produces about 20 mg/L 24-desmethylrifamycin
B, which is lower than the yield of rifamycin B
produced by the wild-type strain S699 (50-100
mg/L). This is consistent with the common
phenomenon observed in  many genetically
engineered  strains, which often produce

combinatorial products in lower yields than the
natural product (45). However, the yield may be
increased through a classical strain improvement
program, or by adopting the PKS domain
replacement strategy to modify industrial strains,
which can produce rifamycin B up to 24 g/L (21).

Furthermore, it is desirable to successfully
apply the “‘proof-of-concept” methodology
developed in this study to further garner new
rifamycin analogs by modifying its polyketide
backbone. This may include replacement of the
AT domains of other modules (loss or gain of a
methyl group at other C-positions), inactivation of
a dehydratase domain (introduction of an
additional hydroxyl group) or a ketoreductase
domain (introduction of a ketone). In addition,
double or multiple modifications may also be
pursued to generate more diverse analogs of
rifamycin. Whereas effective strategies to achieve
multiple genetic modifications still have yet to be
developed, the combined genetic-synthetic
approach applied in this study holds great potential
to generate more rifamycin analogs to combat the
threat of MDR strains of M. tuberculosis and/or
other life-threating pathogens.
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FIGURE LEGENDS
FIGURE 1. Chemical structures of rifamycin B, its semisynthetic derivatives, and rapamycin.

FIGURE 2. Genetic organization of polyketide synthase gene cluster of rifamycin B biosynthesis. The
chain is assembled from a starter unit (AHBA), 2 acetate and 8 propionate extender units. RifF encodes an
amide synthase, which catalyzes the cyclization of the polyketide backbone. Post PKS modification and

cyclization of polyketide backbone eventually leads to the formation of rifamycin B.

FIGURE 3. Construction of AT6 mutant of Amycolatopsis mediterranei S699. A. Partial polyketide
assembly lines in rifamycin and rapamycin biosynthesis. AT6 domain of rifamycin PKS adds propionate,
whereas AT2 domain of rapamycin PKS adds acetate to the growing polyketide chains. Proansamycin X
is a precursor of rifamycin B. B. Schematic overview of homologous recombination events postulated to

occur in A. mediterranei S699 to give an AT6 mutant.

FIGURE 4. Mass spectrometry and NMR spectroscopy analyses of rifamycin B and 24-
desmethylrifamycin B. A. (-)-ESI-MS analysis of ethyl acetate extract of the AT6 mutant strain of A.
mediterranei S699 that shows prominent peaks at m/z 740 (desmethylrifamycin B) and 682
(desmethylrifamycin SV). B. (-)-ESI-MS analysis of ethyl acetate extract of the wild-type strain that
shows prominent peaks at m/z 754 (rifamycin B) and 696 (rifamycin SV). C. Partial '"H NMR spectrum of
rifamycin B. D. Partial 'H NMR spectrum of 24-demethylrifamycin B. Red stars show the four pendant
methyl group in rifamycin B and blue stars show three pendant methyl groups in 24-desmethylrifamycin
B.

FIGURE 5. X-ray crystal structure of 24-desmethylrifamycin S dimer in complex with Ca?*. Broad red

arrows indicate the missing methyl groups.

FIGURE 6. Synthetic scheme for 24-desmethylrifampicin.
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Table 1. Crystal data and structure refinement for 24-desmethylrifamycin S.

Table 2. Drug sensitivity data for rifampicin-resistant and -susceptible strains of Mycobacterium
tuberculosis (procured from OSDD) against commercially available rifampicin and the novel compounds
24-desmethylrifamycin S and 24-desmethylrifampicin.

Table 1. Crystal data and structure refinement for 24-desmethylrifamycin S.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.00°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I1>2sigma(l)]
R indices (all data)

Absolute structure parameter
Extinction coefficient
Largest diff. peak and hole

Cr2 Hg1Ca Ny Og450

1406.47

173(2) K

0.71073 A

Orthorhombic

C222(1)

a=14.257(7) A a=90°.
b =20.818(11) A b =90°.
¢ = 25.054(13) A g =90°.
7436(7) A®

4

1.256 Mg/m?

0.162 mm™

2972

0.22 x 0.22 x 0.08 mm®

1.73 to 25.00°.

-16<=h<=16, -24<=k<=24, -29<=I<=29
35699

6539 [R(int) = 0.1271]

100.0 %

Semi-empirical from equivalents
0.9872 and 0.9653

Full-matrix least-squares on F?

6539 /0 /452

1.059

R1 =0.0924, wR2 = 0.2301
R1=0.1322, wR2 = 0.2576

0.00(10)

0.0048(6)

1.090 and -0.483 e.A”
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Table 2. Drug sensitivity data for rifampicin-resistant and -susceptible strains of Mycobacterium
tuberculosis (procured from OSDD) against commercially available rifampicin and the novel compounds
24-desmethylrifamycin S and 24-desmethylrifampicin.

rifampicin 24-desmethyl- 24-desmethyl-
M. tuberculosis strain (HiMedia) rifamycin S rifampicin
(ng/ml) (ng/ml) (ng/ml)

OSDD 55 (H526T) >50 0.1 <0.01
OSDD 206 (S531L) Resistant >50 0.05 0.05
OSDD 321 (S531L) >50 0.1 0.05
OSDD 209* Susceptible 0.1 <0.01 <0.01
H37Rv* 0.05 <0.01 0.05

*no rpoB mutation

Figure 1

CHj ©

Rifamycin B

Rifabutin — Rifapentine Rapamycin
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Figure 2
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Figure 3
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Figure 4
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Figure 6
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