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Since its discovery in the late 1950s, rifamycin has been play-
ing significant roles in combating infectious diseases.[1] Its syn-
thetically modified derivatives remain the principal chemother-
apeutical agents used for the treatment of tuberculosis, lepro-
sy, and AIDS-related mycobacterial infections. The potent anti-
bacterial activity of this class of antibiotics is due to their spe-
cific inhibition of bacterial DNA-dependent RNA polymerases.[2]

However, many strains of Mycobacterium tuberculosis have,
over time, developed resistance to rifamycin, most of which is
due to mutational alterations of the target molecule, the b-
subunit of RNA polymerase. This high-level resistance contrib-
utes to the rise of tuberculosis cases and increase in the death
toll, thus calling for the discovery and development of new
antitubercular drugs.

The biosynthesis of rifamycin has been studied extensively
by classical isotope-labeled feeding experiments and by con-
temporary genetic and biochemical approaches.[3–5] The poly-
ketide framework of rifamycin B is assembled from 3-amino-5-

hydroxybenzoic acid (AHBA), two molecules of acetate, and
eight molecules of propionate. Proansamycin X (Scheme 1) has
so far been proposed to be the earliest macrocyclic intermedi-
ate in the biosynthesis of rifamycin B. The bioconversion of
proansamycin X to rifamycin B involves a series of tailoring re-
actions, for example, an oxidative rearrangement of the olefinic
moiety to a ketal structure; an oxidative removal of C-34a; fol-
lowed by attachments of side-chain moieties to C-4, C-25, and
C-27 as the final decorations of the molecule. Our recent study
provides evidence that suggest that acetylation of C-25 takes
place prior to methylation of C-27.[6] An S-adenosylmethionine-
dependent methyltransferase (Rif-Orf14) has been found to be
responsible for the methylation reaction, converting 27-O-de-
methylrifamycin SV (DMRSV) to rifamycin SV. However, no obvi-
ous candidate gene to encode an acetyltransferase could be
located in the 96 kb rifamycin biosynthetic gene cluster.[4] Very
recently, Quadri and co-workers[7] reported an acyltransferase
activity of M. tuberculosis PapA5, a so-called polyketide-associ-
ated protein, which had a previously unclear function. The pro-
tein was proposed to catalyze diesterification of phthiocerol
and phthiodiolone with mycocerosate to give dimycocerosate
esters, the components of complex virulence-enhancing lipids
produced by M. tuberculosis. A homologous gene (rif-orf20)
was found in the rifamycin gene cluster of Amycolatopsis medi-
terranei S699;[4] hence, it was proposed to be the acetyltrans-
ferase of the rifamycin pathway.[7]

To determine whether rif-orf20 is involved in the acetylation
process in rifamycin B biosynthesis by A. mediterranei S699, the
gene was cloned into pRSET-B (Invitrogen) and recombinantly
expressed as a 6XHis-tagged fusion protein in E. coli BL21-
(DE3)pLysS (Stratagene) under the control of T7 promoter. Re-
combinant Rif-Orf20 was purified by using a Ni-NTA column
and resolved as a 47.2 kDa protein by SDS-PAGE (Figure 1 A).
Western blot analysis with anti-Histag antibody (Qiagen) gave
distinct signals; this further indicated the over-expression of
the his-tagged protein (Figure 1 B). However, due to a relatively
low recovery of the soluble his-tagged protein after purifica-
tion with Ni-NTA columns, enzymatic reactions were mostly
carried out with cell-free extracts, with acetyl-CoA (5 mm), and
27-O-demethyl-25-O-desacetylrifamycin SV (DMDARSV; 2.5 mm)
as substrates. DMDARSV was synthesized from DMRSV, an in-
termediate previously isolated from a rif-orf14-inactivated
mutant strain of A. mediterranei S699.[6] DMRSV was treated
with 20 volumes of 5 % sodium hydroxide solution in aqueous
ethanol (1:1) at room temperature to yield DMDARSV.[8] Analy-
sis of the enzymatic reaction product by ESI-MS and 1H NMR
revealed that Rif-Orf20 catalyzes the conversion of DMDARSV
to DMRSV (Figure 2 B). Incubation of DMDARSV and acetyl-CoA
with cell-free extracts of E. coli BL21(DE3)pLysS harboring
empty pRSET-B vector as well as incubation of DMDARSV and
acetyl-CoA with boiled enzyme did not give DMRSV. It is note-
worthy that incubation of DMDARSV with cell-free extract con-
taining Rif-Orf20 in the absent of external acetyl-CoA also gave
DMRSV. However, this was found to be due to the presence of
acetyl-CoA in the cell-free extracts of E. coli. Reactions carried
out on dialyzed cell-free extracts in the absent of acetyl-CoA
did not give any product.
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In contrast to the PapA5 of M. tuberculosis, which recognizes
long-chain acyl-CoA thioesters as substrate but does not
accept acetyl-CoA or other short-chain acyl-CoA thioesters, Rif-
Orf20 efficiently utilizes acetyl-CoA. To gain further insight into
Rif-Orf20 substrate selectivity, we explored the enzyme’s ability

to use different acyl-CoA thioesters. Thus, propionyl-CoA, bu-
tyryl-CoA, isobutyryl-CoA (branched-chain), palmitoyl-CoA
(long-chain), and benzoyl-CoA (aromatic) were tested. All CoA
esters were individually incubated with Rif-Orf20 in the pres-
ence of DMDARSV. Analysis of the reaction products by ESI-MS
showed that the enzyme utilized propionyl-CoA as substrate,
albeit slightly less efficiently (~80 %) than acetyl-CoA, to give
rise to a propionyl ester derivative of DMDARSV (Figure 2 C).
No product could be detected in enzyme incubations with the
other CoA esters.

The propionyl-CoA incubation product has a molecular mass
of 697 Da, 56 amu more than DMDARSV and 14 amu more
than DMRSV, and corresponds to a propionylated derivative of
DMDARSV. The propionyl group is most likely attached to 25-
OH, as this group is the natural acylation site for Rif-Orf20. This
was supported by comparisons of its MS/MS fragmentation
pattern (m/z 696!622!604!394) with those of DMRSV (m/z
682!622!604!394) and DMDARSV (m/z 640!622!604!
394). The 1H NMR spectrum of the propionylated DMDARSV is
nearly identical with that of DMRSV, except for the lack of
acetyl protons (at 2.08 ppm in that of DMRSV) and the pres-
ence of propionyl protons [at 0.63 ppm (t, J = 7.6 Hz, 3 H) and
2.18 ppm (q, J = 7.6 Hz, 2 H)] .

Scheme 1. Proposed biosynthetic pathway to rifamycin B.

Figure 1. A) SDS-PAGE and B) Western blot of over-expressed His-tagged Rif-
Orf20. 1: protein ladder ; 2: cell-free extract of E. coli/pRSET-B after IPTG induc-
tion; 3: total protein of E. coli/rif-orf20 after IPTG induction; 4: cell-free extract
of E. coli/rif-orf20 after IPTG induction; 5: His-tagged Rif-Orf20 after
Ni-NTA column purification.
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This study revealed that Rif-Orf20, a homologue of M. tuber-
culosis PapA5 protein, is an acetyltransferase that is responsible
for the conversion of DMDARSV to DMRSV in rifamycin B bio-
synthesis. This enzyme, together with PapA5, represents a new
class of acyltransferases.[9] Rif-Orf20 also utilizes propionyl-CoA
as substrate to give rise to a new analogue of rifamycin. How-
ever, in contrast to the PapA5 of M. tuberculosis, it does not
recognize long chain fatty acids as substrate; this suggests
that both enzymes have distinct substrate recognition
domains.

Experimental Section

Instruments and chemicals : The 1H and 13C NMR spectra were re-
corded on a Bruker DPX400 FT NMR spectrometer. Low-resolution
mass spectra were recorded on a ThermoFinnigan LCQ Advantage
(electrospray and atmospheric pressure chemical ionizations)
Liquid Chromatograph–Ion Trap Mass Spectrometer. A MaxQ 4000
shaker, Barnstead/Lab-Line, was used for the fermentation. A Bio-
Rad SmartSpec 3000 was used for UV measurement of DNA and

protein. Chemical reactions were
monitored by TLC (silica gel 60
F254, Merck) with detection by UV
light or by Ce(SO4)2/H2SO4 solu-
tions. Column chromatography
was performed on 230–400 mesh
silica gel (Aldrich). For HPLC, a
Beckman System Gold Program-
mable Solvent Module was used
with a Beckman System Gold De-
tector. All chemicals were pur-
chased from EMD Chemicals, Al-
drich, Sigma, or Bio-Rad and used
without further purification unless
otherwise noted. Acetyl-CoA, pro-
pionyl-CoA, butyryl-CoA, isobutyr-
yl-CoA, and benzoyl-CoA were
purchased from Sigma.

Microorganisms, culture condi-
tions and vectors : The DMRSV-
producing strain was generated
from A. mediterranei S699 by
frame-shift inactivation of rif-
orf14.[6] E. coli XL1-Blue (Strata-
gene) was used as host for sub-
cloning, and E. coli BL21-
(DE3)pLysS (Stratagene) was used
for gene expression. pRSET-B (Invi-
trogen) was also used for gene
expression. E. coli strains were
grown in LB[10] or LB containing
betaine (2.5 mm) and sorbitol
(1 m ; LBBS)[11] media supplement-
ed with ampicillin (100 mg mL�1)
or ampicillin (100 mg mL�1)/chlor-
amphenicol (25 mg mL�1) for selec-
tion of plasmids.

DNA manipulation : Routine ge-
netic procedures, such as plasmid
DNA isolations, restriction endo-

nuclease digestions, alkaline phosphatase treatments, DNA liga-
tions, and other DNA manipulations, were performed according to
standard techniques.[10] DNA fragments were excised from agarose
gels and residual agarose was removed with the QiaQuick Gel Ex-
traction Kit (Qiagen). PCR was carried out by using Pfx DNA poly-
merase (Invitrogen) according to the manufacturer’s protocol. Se-
quencing was performed by using the Big Dye RR terminator cycle
sequencing kit (PerkinElmer Biosystems), and the gels were run on
ABI-3730 sequencers.

Synthesis of DMDARSV: DMRSV (40 mg, 58 mmol) was dissolved
in NaOH solution (5 %) in aqueous ethanol (1:1; 800 mL) and stirred
for 30 min at room temperature. The reaction mixture was diluted
with ice water (1.6 mL), and HCl solution (0.1 n) was added drop-
wise until the mixture reached pH 3. The product was extracted
with ethyl acetate, and the organic solvent was then evaporated.
The crude product was subjected to silica gel column chromatog-
raphy (SiO2 10 g, EtOAc) to give DMDARSV (32 mg, 47 mmol, 81 %).
1H NMR (D2O, 400 MHz, 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid,
sodium salt (TMSP) was used as internal standard): d=�0.03 (d,
J = 6.5 Hz, 3 H, H-34), 0.54 (d, J = 6.5 Hz, 3 H, H-33), 0.83 (d, J = 7 Hz,
3 H, H-32),[a] 0.90 (d, J = 7 Hz, 3 H, H-31),[a] 1.23 (m, 1 H, H-26), 1.45
(m, 1 H, H-24), 1.64 (s, 3 H, H-13), 1.83 (m, 1 H, H-22), 1.96 (s, 3 H, H-

Figure 2. A) Negative-ion ESI-MS of DMDARSV, B) incubation products of Rif-Orf20 with DMDARSV and acetyl-CoA,
and C) incubation products of Rif-Orf20 with DMDARSV and propionyl-CoA.
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14),[b] 2.02 (s, 3 H, H-30),[b] 2.25 (m, 1 H, H-20), 3.38 (d, J = 11 Hz, 1 H,
H-23),[c] 3.69 (d, J = 10.5 Hz, 1 H, H-21),[c] 3.81 (d, J = 9 Hz, 1 H, H-
25)c, 4.34 (m, 1 H, H-27), 5.22 (dd, J = 5.5, 12.5 Hz, 1 H, H-28), 6.00
(dd, J = 7, 15.5 Hz, 1 H, H-19), 6.11–6.23 (m, 3 H, H-18, H-17, H-29),
7.46 (s, 1 H, H-3); ESI-MS m/z : 640 [M�H]� . [a] , [b] These assign-
ments may be interchanged. [c] Appeared as a doublet because
one of the vicinal interproton coupling constants is ~0 Hz.[12]

Gene expression : Rif-orf20 was amplified from the template
pTM1303[6] by using the primers 5’-GAAGATCTTGTGACGC-
GAGCGGCTGTCCGGCG-3’ (forward) and 5’-GGAATTCTCACAGGT-
CACGAGTCAGGCGGGCC-3’ (reverse), with a BglII restriction site in-
troduced into the forward primer and an EcoRI site introduced into
the reverse primer to facilitate subcloning. PCR reactions were per-
formed in a thermocycler (Eppendorf) under the following condi-
tions: 33 cycles of 30 s at 96 8C, 45 s at 60 8C, and 45 s at 72 8C. The
PCR product was purified and digested with BglII/EcoRI, and the re-
sulting 1.12 kb fragment was cloned into pRSET-B and amplified in
E. coli XL1Blue. The construct was then introduced into E. coli BL21-
(DE3)pLysS by heat-pulse transformation, and ampicillin/chloram-
phenicol-resistant transformants were selected. E. coli BL21-
(DE3)pLysS was grown in LB medium (3 mL) containing ampicillin
and chloramphenicol at 37 8C and 300 rpm for 16 h. The culture
was then transferred to LBBS medium (20 mL) and incubated at
37 8C and 300 rpm. At an OD600 of 0.5, isopropyl-b-d-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.1 mm,
and the incubation was continued at 25 8C and 200 rpm. After
24 h, the cells were harvested by centrifugation at 6500 rpm for
5 min and stored at �80 8C until further use.

Preparation of cell-free extracts containing His6-tagged recombi-
nant Rif-Orf 20 protein : Tris-HCl buffer pH 7.5 (10 mm, 1 mL) con-
taining dithiothreitol (DTT, 1 mm) and phenylmethylsulfonyl fluo-
ride (PMSF, 1 mm) was added to the thawed cell pellet from 20 mL
culture. The mixture was agitated in a Vortex mixer and incubated
on ice for 30 min. The suspension was then sonicated at 5 W (3 �
30 s), and the cell debris was removed by centrifugation at
10 000 rpm for 10 min. Protein concentration was measured by the
Bradford protein microassay with bovine serum albumin as stan-
dard. An aliquot of the cell-free extract (0.5 mL) was subjected to
dialysis over a 6–8000 molecular weight cut-off membrane (Spec-
tra/Por) in Tris-HCl buffer pH 7.5 (200 mL, 10 mm) containing DTT
(1 mm) and PMSF (1 mm) at 4 8C overnight.

SDS-PAGE and Western analysis : For SDS-PAGE, protein solution
(10 mL, 80 mg of proteins) was mixed with Laemmli sample buffer
(Bio-Rad; 20 mL) containing b-mercaptoethanol (5 %) and boiled for
10 min before being loaded onto SDS-PAGE gel. Proteins resolved
by SDS-PAGE were electrotransferred to a polyvinylidene difluoride
membrane (Millipore, Bedford, MA) [transfer buffer:[13] Tris
(14.26 g), glycine (67.82 g), and methanol (15 %) in 4 L total
volume] overnight at 100 mA. The membrane was blocked with
non-fat dry milk (NFDM, 5 % w/v) in TTBS buffer [Tris-HCl (pH 7.5,
100 mm), NaCl (150 mm), Tween-20 (0.1 %)] and incubated with a
1:1000 dilution of primary anti-histag antibody (Qiagen) in NFDM
(1 %) in TTBS for 2 h at room temperature. After being washing
with TTBS buffer, the blot was incubated with a 1:7500 dilution of
secondary antibody (peroxidase-conjugated goat anti-mouse IgG
(Pierce)) for 45 min at room temperature and then washed 3 �
with TTBS buffer. The blot was then treated with enhanced chemi-
luminescence solution (luminol, p-coumaric acid and peroxide in
Tris buffer pH 8.5 (100 mm)) for 1 min and exposed to X-ray film.

Enzyme assays : The enzymatic reaction mixture for determining
the activity of Rif-Orf20 contained DMDARSV (2.5 mm), cell-free ex-

tract (50 mL, 0.4 mg of proteins), Tris-HCl buffer pH 7.5 (50 mm),
and acetyl-CoA (5 mm) in a total volume of 100 mL. The mixture
was incubated at 30 8C for 1 h, acidified with HCl solution (0.1 n,
2.5 mL), and extracted with ethyl acetate (100 mL). The ethyl acetate
solution was used directly for mass spectral analysis. Incubations
to determine the substrate specificity of Rif-Orf20 contained the
same components as above with variables in the use of different
acyl-CoA thioesters. A scaled-up enzymatic reaction was carried
out with DMDARSV (2.5 m), cell-free extract (1 mL, 8 mg of pro-
teins), Tris-HCl buffer (pH 7.5, 10 mm), and acetyl-CoA (5 m) in a
total volume of 2 mL. After 2 h incubation under the same condi-
tions described above, the mixture was worked up to give DMRSV.
1H NMR (D2O, 400 MHz, 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid,
sodium salt (TMSP) was used as internal standard): d=�0.20 (d,
J = 6.5 Hz, 3 H, H-34), 0.70 (d, J = 6.5 Hz, 3 H, H-33), 0.96 (br d, J
�6.5 Hz, 6 H, H-31, H-32), 1.21–1.40 (m, 2 H, H-24, H-26), 1.78 (s,
3 H, H-13), 1.92 (m, 1 H, H-22), 2.03 (br s, 6 H, H-14, H-30), 2.08 (s,
3 H, H-36), 2.38 (m, 1 H, H-20), 3.15 (d, J = 10 Hz, 1 H, H-23),[a] 3.83
(d, J = 10 Hz, 1 H, H-21),[a] 3.95 (br d, J�8 Hz, 1 H, H-27), 5.02 (d, J =
10.5 Hz, 1 H, H-25),[a] 5.35 (dd, J = 8, 12.5 Hz, 1 H, H-28), 6.20 (dd, J =
7.5, 15.5 Hz, 1 H, H-19), 6.35 (m, 2 H, H-29, H-17), 6.53 (dd, J = 11,
15.5 Hz, 1 H, H-18), 7.20 (s, 1 H, H-3). ESI-MS m/z : 682 [M�H]� .
[a] Appeared as a doublet because one of the vicinal interproton
coupling constants is ~0 Hz.[12]
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