
Summary 
Rifamycin is a clinically useful macrolide antibiotic pro- 
duced by the gram positive bacterium Amycolatopsis 
mediterranei. This antibiotic is primarily used against 
Mycobacterium tuberculosis and Mycobacterium leprae, 
causative agents of tuberculosis and leprosy, respectively. 
In tbese bacteria, rifamycin treatment specifically 
inhibits the initiation of RNA synthesis by binding to p- 
subunit of RNA polymerase. Apart from its activity 
against the bacteria, rifamycin has also been reported to 
inhibit reverse transcriptase (RT) of certain RNA 
viruses. Recently, rifamycin derivatives have been dis- 
covered that are effective against Mycobacterium avium, 
which is associated with the A D S  complex. Conse- 
quently, the importance of and demand for rifamycin has 
increased tremendously, the world over. In this article, 
recent trends in rifamycin research and accessability of 
recombinant DNA techniques to increase rifamycin pro- 
duction are reviewed. 

Introduction 
Rifamycin was discovered in 1959 by Sensi and cowork- 
erd'). It is an antibiotic that is produced by Streptomyces 
mediterranei or Nocardia mediterranei (now reclassified as 
Amycolatopsis mediterranei). The commercial production of 
rifamycin started in Italy in 1962. Structurally, rifamycin 
consists of a naphthoquinonic chromophore which is 
spanned by an aliphatic ansa chain between the nitrogen on 
C-2 and the oxygen on C- 12 of the chromophoric moiety. 
The Lepetit and Ciba companies succeeded in finding orally 
active compounds, one of which, rifampicin, is now in wide- 
spread clinical use. Rifamycins are currently available in dif- 
ferent forms with different generic names (Fig. 1). In fact two 
generic names exist: rifampin (US), rifampicin (elsewhere); 
trade name of Ciba Geigy: Rimactane; trade name of Lepetit: 
Rifadin. Rifampicin is a rifamycin SV-derivative with a 4- 
methylpiperazinyl iminomethyl group in the 3-position and 
was synthesized from nfamycin SV via 3-formylrifamycin 
SV. Rifampicin or rifamycin is a major antibiotic for the 
treatment of tuberculosis, leprosy and some other mycobac- 
terial infections and attempts have been made to tailor the 
basic rifamycin molecules to produce semisynthetic dmgs 
with properties potentially advantageous to those of 
rifampicid2). Thus severa1 semi-synthetic derivatives of 

rifamycin are now available. The in vitro characteristics, 
pharmacokinetics and activity of nfabutin (a spiropiperidyl- 
rifamycin also known as either LM427 or ansamycin) in 
experimental murine tuberculosis have been de~cribed(~). 
These rifamycin derivatives have properties corresponding 
to those of rifapentine, a cyclopentyl rifamycin also known 
as DL473 and MDL("), and the long-acting rifamycin denva- 
tives CGP 29861, CGP 7040, CGP 27557(5). 

Major consumption of rifamycin is for the treatment of 
tuberculosis (TB). Tuberculosis alone is responsible for one 
in four of al1 avoidable adult deaths in developing countries. 
It is estimated that every year about 15 million people 
develop tuberculosis and nearly 12 million people suffer 
from leprosy. Although TB remains a major problem in 
developing countries, it is also on the rise elsewhere. Cases 
have increased by 30.7% in Denmark, 28% in Italy and 
11.8% in the United States in recent years(@. 

Besides its use in antituberculosis therapy, rifamycins 
have been reported to be effective against a wide variety of 
pathogens of endocarditid7), infected cerebrospinal fluid 
shunts(*), meningitis, osteomyelitis and genit~-urinary(~) 
infections. The most recent clinical application of rifamycin 
is its use against the Mycobacterium avium complex, an 
opportunistic infective agent in the AIDS complex(*O). 
Claims have also been made that rifabutin has in vitro 
activity against rifampicin-resistant strains of M. tuberculo- 
sis because the mode of action of rifabutin is considered to be 
different from that of rifampicin(lO). Rifabutin has also been 
widely used on an individua1 patient basis in the United 
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Fig. 1. Structural formulae of some important rifamycins. 



States for the treatment of patients with AIDS who have 
become infected with the MAIS (Mycobucterium 
avium/intrucellulare/scrofuluceum) complex(' ' 1. Dickinson 
and Mitchison(lo) found several new nfamycins which had 
minimum inhibitory concentrations 4-8 times lower than 
those of rifampicin. The proportions of the MAIS strains 
found to be sensitive were 35% for rifampicin, 50-60% for 
CGP 27557, rifapentine and rifabutin and 8592% for CGP 
29861 and CGP7090. 

Rifamycins as inhibitors of bacterial DNA-directed 
RNA polymerase and retroviral reverse 
transcriptase 
Rifamycins are available as capsules and pediatric suspen- 
sions, both of which are almost completely absorbed from 
the gastrointestinal t r a~ t ( '~3 '~ ) .  Rifamycin effectively pene- 
trates almost al1 body tissues due to its lipid solubility(Io), and 
is the only antituberculosis drug capable of penetrating and 
sterilizing semisolid gaseous material. 

Rifamycin acts on mycobacteria by inhibiting mRNA syn- 
thesis through the formation of a strong complex with the p- 
subunit of RNA p o l y m e r a ~ e ( ' ~ ~ ~ ~ ) .  However, if the growing 
mRNA chain is longer than a few nucleotides, the polymer- 
ization reaction becomes insensitive to the presence of 
rifamycin and the elongation of the mRNA is completed. The 
inhibition of RNA synthesis is by steric blockage of translo- 
cation of the 5' end of the RNA being synthesized with the 
transcription complex. Rifamycin is located in the transcrip- 
tion complex and prevents the translocation of the dinu- 
cleotide, thus stopping further synthesis of RNA. 

Chertov et al.(I6)performed an exhaustive study to find out 
the exact mode of action of rifamycin. They observed that 
rifamycin binds to both rifamycin-sensitive (Riffs)) RNA 
polymerase of the wild-type strain of E. coli and rifamycin- 
resistant (Riff')) RNA polymerase of the mutant strain of E. 
coli rpo 225. However, the dissociation constant of the com- 
plex of Riff') polymerase with rifamycin was higher than that 
of the Riffs) RNA polymerase complex. Chertov et also 
found that RNA has analogous sites for binding with 
rifamycin. The hydroxyl groups at C?i and C23 of rifamycin 
that are essential for the action of the antibiotic coincide with 
the 3'- and 5'-OH groups of the ribose residue of the dinu- 
cleotide (Fig. 2). This indicates that rifamycin blocks the 
translocation product directly. In addition, the aspartic acid 
residue in RNA polymerase was reported to form a hydrogen 
bond at the C23 position of rifamycin, and in a mutant E. coli 
strain resistance to rifamycin, the aspartic acid-5 16 residue 
of the P-subunit of RNA polymerase is found to be replaced 
by a valine. The absence of aspartic acid eliminates or 
reduces the binding of rifamycin to RNA polymerase, thus 
making the strain resistant to rifamycin (Fig. 3). Thus, 
rifamycin is inhibiting transcription via its steric hindrance, 
by binding both to RNA and RNA polymerase. 

In the beginning, reports on the length of the ribonu- 
cleotide synthesized in the presence of rifamycin were also 
contradictory. Depending on the promoter used, either dinu- 
cleotides or trinucleotides were reported to be synthesized in 
the presence of rifamycin. This controversy was setto rest by 
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Fig. 2. Spatial structure of r(ApA) and rifarnycin. The structures are 
presented in such a way that their analogy is most obvious. A hydro- 
gen bond of the -OH group of the dinucleotide fragrnent and of the 
antibiotic with the hypothetical aspartic residue in R'JA polymerase 
is shown. (Reproduced with permission from ref. 16). 

Chertov et who found that the number of nucleotides to 
be incorporated in mRNA depends upon the promoter used 
and that the length could vary from 2 to 4 nucleotides. 

Some lipophilic rifamycins are also proving to be 
antileukemic agents as they are able to inhibit reverse tran- 
scriptase (RT) of oncogenic RNA viruses from both anima1 
and human leukemia cells. This property of rifamycins, and 
the spread of HIV infections coupled with the importance of 
HIV-RT in the life cycle of the virus, prompted several 
groups to consider lipophilic rifamycins ac RT inhibitors and 
therefore as potential anti-HIV drugs. Bartolucci et al.(17) 
speculated that, since RT requires the presence of short DNA 
as a primer for the synthesis of the new DNA in addition to 
the RNA template. the initiation of reverse transcription may 
resemble the mechanism of synthesis of DNA-dependent 

Fig. 3. Mode1 of inhibition of RNA polymerase by rifarnycin. 
(Reproduced with perrnission from ref. 16). 



RNA polymerase mRNA that is resistant to rifamycins. 
Rifamycin may approach the RT-catalytic site, but the pres- 
ente of DNA primer in the temary complex makes the 
process of polymerization insensitive. Thus there is a need to 
test rifamycin derivatives which can inhibit RT in a manner 
similar to the one shown in bacteria. Bartolucci et al.(17) 
tested nearly 29 rifamycins for inhibition of RT as potential 
anti-HIV drugs. Their results showed that rifamycin deriva- 
tives such as oximes, hydrazones and alkylamino derivatives 
are the strong inhibitors of RTs from leukoviruses. The open 
ansa-chain derivatives and rifamycins carrying a modified 
nucleotide in the side chain were found to be more effective. 

Biotrancformation of rifamycin B: a new approach 
for rifamycin S production 
Rifamycin B is produced by A. mediterranei but this has very 
little antibiotic e f fe~t ( '~2 '~) .  Existing methods for the conver- 
sion of microbial product-rifamycin B to active rifamycin S 
require steps that consist of rather strong oxidation followed 
by acid hydrolysis. This procedure, however, results in low 
yields, necessitating the need to develop biologica1 transfor- 
mation methods which are more efficient and cost-effective. 
As one instance, Vohra et isolated the highly active 
extracellular enzyme rifamycin-B oxidase from Curvularia 
lunata var. aeria. In the presence of this enzyme, the conver- 
sion of rifamycin B was very rapid; 90% of rifamycin B dis- 
appeared within the first 20 min of incubation and simul- 
taneously hydrolyzed to rifamycin S(20). The enzyme has a 
pH optimum of 6.5 and temperature optimum of 50°C. Sub- 
sequently this enzyme was immobilized on nylon fibers 
using glutaraldehyde as a cross-linking agendZ1). An activity 
of 18 U/g of nylon fiber with a binding efficiency of 37% was 
achieved. The immobilized enzyme showed an operational 
stability of 7 days and was protected against thermal inacti- 
vation. Vohra(22) also developed a rapid, simple and 
unequivocal method for easy identification of rifamycin B- 
producing strains. This method involves the use of the 
enzyme rifamycin oxidase, which converts inactive 
rifamycin B to active rifamycin S. The conversion of 
rifamycin B to rifamycin S was determined by the use of a 
sensitive or indicator strain of Stuphylococcus aureus. 

Classica1 strain improvement programme and 
limitationc 
Although the production of rifamycin through fermentation 
is simple, the tricks in the fermentation process are usually 
not published and are kept confidential. In addition, A. 
mediterranei is not easily amenable to routine genetic manip- 
ulations. Despite al1 these difficulties, A. mediterranei has 
been the focus of study the world ~ v e r ( ~ ~ ) ,  and several groups 
have attempted to improve this strain genetically. Al1 tra- 
ditional techniques of generating mutants with the ability to 
produce higher amounts of rifamycins have been used from 
time to time. The mutations have been produced through the 
use of phages, UV and nitrosoguanidine treatments. These 
efforts have resulted in the improvement of rifamycin pro- 
duction from 500 mg/l in 1957 to 5000 mg/l in 1980(19323). 

This information is only obtained from the published work. 
However, certain industria1 strains (the information is never 
revealed by the industries engaged in the production of 
rifamycin) are known to produce 15 g/l or even 24 g/l of 
rifamycin. Probably much of the improvement in these 
strains is through the refining of the fermentation process 
rather than the genetic improvement of the strain. 

These considerations have prompted the use of recombi- 
nant DNA techniques for further improvement ofA. mediter- 

Progress is virtually non-existent, however, due to 
non-availability of the cloning vector and transformation 
methods. To our knowledge, not much has been done regard- 
ing the improvement of A. mediterranei since 1980. How- 
ever, Schupp and coworkers succeeded in preparing the 
genetic map of A. mediterranei through genetic recombina- 
tion and linkage a n a l y s i ~ ( ~ ~ ) .  The map was constructed pri- 
marily to localize the tentative positions of genes responsible 
for rifamycin B biosynthesis (Fig. 4). The three steps in 
rifamycin biosynthesis are determined by the genes located 
on the chromosomes and these genes are closely linked. Two 
additional genes, A10 and A& have also been identified and 
found to be associated with rifamycin biosynthesis. Simul- 
taneously, several groups have been attempting to develop a 
transformation system and cloning vectors for A. mediter- 
ranei but not successfully. A plasmid pMEA100 was isolated 
from this b a c t e r i ~ m ( ~ ~ ) .  Unfortunately, this plasmid could 
not be developed into a suitable cloning vector as it has low 
copy number, integrates into the chromosome and is difficult 
to isolate from liquid culture. In addition, several gene 
cloning methods developed for S t r e p t o m y ~ e s ( ~ ~ - ~ ~ )  are not 
applicable to this organism. Schupp and D i v e r ~ ( ~ ~ )  developed 
a method for protoplast preparation and regeneration from A. 
mediterranei. However, several attempts to transform these 
protoplasts with Streptomyces cloning vectors such as 
pIJ702, pIJ61 and pIJ922 were not s u c c e s ~ f u l ( ~ ~ ~ ~ ~ ) .  

Development of resistance to rifamycin: how to 
tackle it? 
Although TB is easily curable, the TB bacteria have a notori- 
ous ability to become resistant to drugs if the treatment is 
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Fig. 4. Genetic map of Amycolatopsis mediterranei. 



stopped midway or is inadequate. The alarmingly high sus- 
ceptibility to TB of individuals infected with HIV has added 
a further dimension to the problem. One critica1 question is 
whether higher frequencies of drug-resistant variants emerge 
as a consequence of immuno-deficiency and the diminution 
of the immune response as a major selective force against the 
pathogens. There is also the constant threat of mutations of 
infectious pathogens which confer their resistance to previ- 
ously effective drugs and that can overcome the immunolog- 
ical surveillance that we take for granted. 

At times, Mycobacteriurn tuberculosis develops resistance 
to rifamycin. Although the mechanisms of resistance devel- 
oped in bacteria by rifamycin have not been investigated, a 
study has been carried out by Zhang et al.(31) with isonico- 
tinic acid hydrazide (INH), which is also being used for treat- 
ment of tuberculosis. For instance, Zhang et al.(31) selected 
INH-resistant mutants of M.  smegmatis because M. tubercu- 
losis grows very slowly. They identified a gene from virulent 
M. tuberculosis that restored the sensitivity to INH in the M .  
smegmatis mutants and in E. coli, which is intrinsically resis- 
tant to the drug. The cloned gene (kat G) was found to encode 
catalase peroxidase which converts INH to a biologically 
active form. It is hoped therefore, that it will be possible to 
synthesize the active INH metabolite, which if stable, might 
then be used for treating patients infected with resistant 
strains of M. tuberculosis. Added to this is the non-availabil- 
ity of any quick test sysem for the detection of M. tubercu- 
Zosis. The current test for identifying TB-resistant bacteria is 
very slow, taking up to 4 weeks after diagnosis, during which 
time the condition of an infected patient if given inappropri- 
ate drugs might become even w o r ~ e ( ~ l ) .  Recently scientists 
have developed a new test to identify quickly drug-resistant 
strains of tuberculosis bacteria, and this may help to speed up 
effective anti-TB treatment and stop the spread of drug resis- 
t a n ~ e ( ~ l , ~ ~ ) .  The new test. developed at the Albert Einstein 
College of Medicine in New York, involves introducing the 
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firefly luciferase gene into the bacteria. When exposed to 
anti-TB drugs, the dead or crippled drug-susceptible bacteria 
are incapable of producing light but the still thriving drug- 
resistant bacteria continue to glow. The entire method of 
identification takes 2-3 days. 

Rifamycins - cloning of biosynthetic pathways: a 
difficult job! 
As mentioned earlier, methods for gene cloning have been 
developed for severa1 species of S t r e p t ~ m y c e s ( ~ ~ - ~ ~ ) .  
Although A. mediterranei also belongs to Actinomycetales, 
unti1 recently recombinant DNA techniques were not avail- 
able for this organism. This was mainly due to non-availabil- 
ity of a suitable plasmid which could be developed into a 
cloning vector, and standard transformation methods and 
cloning vectors as applicable to streptomyces were not 
applicable to these organisms. 

We have succeeded for the first time in the construction of 
the plasmid-cloning vector pRL1 for A. mediterranei and 
related o r g a n i s m ~ ( ~ ~ ) .  In our attempt to develop pRLI, we 
isolated a cryptic plasmid pA387 (29.6 kb) from Amyco- 
latopsis (DSM 43387)(33). A hybrid plasmid was thus con- 
structed by cloning a 5.1 kb fragment of pA387 into the E. 
coli cloning vector pDM10. Transformation with the hybnd 
plasmid termed pRL1 (Fig. 5 )  could only be achieved in A. 
mediterranei, however, by electroporation. Maximum trans- 
formation frequency of I .  lxIO3 transformantslyg DNA was 
obtained at 12.5 kVkm and a pulse duration of 10.8 ms. This 
plasmid has a rather high copy number, is genetically stable 
and can be easily isolated from A. mediterranei. Construction 
of the preliminary cloning vectorpRL1 and development of a 
standard transformation method has now paved the way for 
genetic manipulations of A. mediterranei. 

However, construction of a cloning vector alone may not 
solve the problem. Cloning of rifamycin biosynthetic genes 
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Fig. 5. Physical map of pRL1. Km, Kanamycin resis- 
tance genes; pBR-Ori, origin of replication of vector 
pBR322; pA-rep, replicon of Amycolaropsis plasmid 
pA387. (Reproduced with permission from ref. 33). 5600,Bcll 



may still prove to be difficult as these organisms are virtually 
recalcitrant to routine genetic manipulations. Advances in 
the cloning of severa1 antibiotic clustered genes in related 
genera and the availability of DNA probes may however, 
ease the situation. 

In actinomycetes and allied gram positive bacteria, the 
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Fig. 6. Architecture of genes encoding fatty acid and polyketide 
synthases. (a) Type I1 PKSs and a FAS. (act, actinorhodin; gru, gra- 
naticin; “jren”, frenolicin; otc, oxytetracycline; tcrn, tetraceno- 
mycin). The linear arrangement of the three adjacent genes, inciud- 
ing the ketosynthase and the ACP, is conserved for al1 Type I1 PKS 
gene clusters so far characterized. The product of the gene of 
‘unhown’ function resembles the ketosynthases but lacks a puta- 
tive active site thiol and is thought to function with ketosynthase 
protein as a heterodimer. Note that the tcrn cluster has no ketoreduc- 
tase or dehydrase functions but appears instead to have an 0- 
methyltransferase function. The clusters are drawn approximately 
to scale, except for the gap between the ACP and ketoreductase 
genes of two otc clusters which is longer than shown. (b) Type I 
FASs and PKSs, arranged to show the conservation of the linear 
order of active sites between vertebrate Type I FASs and the PKSs 
(6-MSAS, methylsalicyclic acid synthase; ery, 6-deoxyerythrono- 
lide B synthase). This arrangement is not conserved for the fungal 
FASs, which each consist of two unlinked genes for the a and sub- 
units of the FAS. Interestingly, the Brevibacterium ammoniagenes 
FAS does resemble a head-to-tail fusion of the two fungal units. The 
domains within the Type I genes are arbitrarily shown to be of equa1 
lengths, with no interdomain spaces. (c) Chakonelresevratrol syn- 
thace, drawn to the same scale as the Type I synthases in (b). They 
each represent a single condensing enzyme that may be evolutionar- 
ily unrelated to other ketosynthases. (Produced with permission 
from ref. 37). 

gene encoding steps in the biosynthesis of an antibiotic are 
located near the gene that confers resistance to the antibiotic 
produced by that o r g a n i ~ m ( ~ ~ ) .  Expression of antibiotic pro- 
duction at a particular stage in the life cycle of these differen- 
tiating microorganisms, and understanding of the organiz- 
ation and regulation of biosynthetic genes for antibiotic 
pathways, should also help to make genetics an important 
tool in the search for new antibiotics in a bacterial group 
where recombinant DNA techniques are well established. In 
addition, members of the genus Streptomyces produce a mul- 
titude of structurally diverse polyketide natural products, 
including many that have important applications in medicine 
and agriculture. Underlying the structural heterogeneity of 
these metabolites is a common mode of biosynthesis, which 
involves the coupling of small thioester precursors catalyzed 
by a polyketide synthase (PKS) multienzyme ~ o m p l e x ( ~ ~ ) .  
The building units of polyketides, although of various kinds, 
are commonly residues of acetate, propionate and butyrate. 
Each unit contributes two carbon atoms to the assembly of 
the linear chain, so that the p-carbon always carries a keto 
group. Some of the keto groups are reduced to hydroxy 
groups. But most of them remain in the chain. The occur- 
rence of these at many of the alternate carbon atoms of the 
chain is the source of the name ‘p~lyket ide’ (~~) .  

Synthetic enzymes for most of the polyketides’ secondary 
metabolites and those for fatty acids have a common evolu- 
tionary ongin. The enzyme system that cataiyses the synthe- 
sis of fatty acids is termed fatty acid synthase (FAS) and that 
involved in polyketide synthesis, the polyketide synthase 
(PKS). These enzymes are very similar to each other. How- 
ever, the mechanism of correct processing of the fatty acids 
or polyketide chain are not properly understood. 

During recent years emphasis has been completely shifted 
towards cloning, mapping and characterization of PKS 
genes. Major genes which have been cloned are those 
involved in the biosynthesis of the antibiotics acti- 
n ~ r h o d i n ( ~ ~ ) ,  granaticid3@, te t ra -cen~mycin(~~,~*)  and ery- 
t h r ~ m y c i n ( ~ ~ ) .  These genes have been mapped and 
sequenced and are being further manipulated to enhance the 
antibiotic production (Fig. 6)(37). 

Since polyketide assembly is always likely to involve sim- 
ilar biochemical processes and generate structurally related 
thioester intermediates, the PKS complexes may have inter- 
esting relationships and may, therefore, show a significant 
leve1 of nucleotide sequence similarity with each other, inci- 
cating that cloned DNA coding for one synthase can serve as 
a hybridization probe for the isolation of others. Malpartida 
and H o p w ~ o d ( ~ ~ ) ,  in fact, demonstrated the use of PKS genes 
(act I and act I1 encoding ketoacyl synthase and ketoreduc- 
tase components of actinorhodin in S. coelicolor respec- 
tively) to isolate homologous sequences encoding the gra- 
naticin PKS from S. violaceoruber TU 22 and a presumptive 
milbemycin PKS from S. hygrosc~p icus (~~) .  In addition, act I 
and act I1 homologous DNA was observed in a series of other 
polyketide antibiotic-producing Streptomycetes, including 
the monersin produced by S. ~innamonensis(~’). Thus there is 
every possibility that these probes or related PKS sequences 
may prove useful for cloning rifamycin biosynthetic genes. 

It is now hoped that this basic research which includes the 



availability of cloning vector, transformation methods and 
certain DNA probes, will soon make the cloning of rifamycin 
biosynthetic genes possible. Identification of the regulatory 
regions which affect the expression of rifamycin biosynthetic 
genes and their subsequent manipulations may finally result 
in the development of genetically improved strains of A. 
mediterranei, allowing more economic production of this 
antibiotic. 
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