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A	 B	 S	 T	 R	 A	 C	 T

Following	its	introduction	in	1967,	rifampicin	has	become	a	mainstay	of	therapy	in	the	treatment	of	
tuberculosis,	leprosy	and	many	other	widespread	diseases.	Its	potent	antibacterial	activity	is	due	to	spe-	
cific	inhibition	of	bacterial	RNA	polymerase.	However,	resistance	to	rifampicin	was	reported	shortly	
after	 its	 introduction	 in	 the	medical	 practice.	 Studies	 in	 the	model	 organism	Escherichia	 coli	helped	
to	 define	 the	molecular	mechanism	 of	 rifampicin-resistance	 demonstrating	 that	 resistance	 is	mostly	
due	to	chromosomal	mutations	in	rpoB	gene	encoding	the	RNA	polymerase	β chain.	These	studies	also	
revealed	the	amazing	potential	of	the	molecular	genetics	to	elucidate	the	structure–function	relation-	
ships	 in	bacterial	RNA	polymerase.	The	 scope	of	 this	paper	 is	 to	 illustrate	how	rifampicin-resistance	
has	been	recently	exploited	to	better	understand	the	regulatory	mechanisms	that	control	bacterial	cell	
physiology	and	virulence,	and	how	this	information	has	been	used	to	maneuver,	on	a	global	scale,	gene	
expression	in	bacteria	of	industrial	interest.	In	particular,	we	reviewed	recent	literature	regarding:	(i)	
the	effects	of	rpoB	mutations	conferring	rifampicin-resistance	on	transcription	dynamics,	bacterial	fit-	
ness,	physiology,	metabolism	and	virulence;	(ii)	the	occurrence	in	nature	of	“mutant-type”	or	duplicated	
rifampicin-resistant	RNA	polymerases;	and	(iii)	the	RNA	polymerase	genetic	engineering	method	for	
strain	improvement	and	drug	discovery.	

1. Introduction	

Bacterial	RNA	polymerase	(RNAP)	is	a	well	established	and	still
an	 attractive	 target	 for	 antibiotic	 therapy.	 RNAP	 is	 an	 essential	
enzyme	 with	 an	 impressive	 degree	 of	 structural	 conservation	 in	
the	three	domains	of	life	despite	a	relatively	low	sequence	identity,	
and	with	high	degree	of	both	structural	and	sequence	conservation	
within	each	domain.	These	features	account	for	the	efficacy,	selec-	
tivity	and	broad-spectrum	activity	of	antibiotics	targeting	bacterial	
RNAP	such	as	rifamycins	(Chopra,	2007;	Darst,	2004;	Villain-Guillot	
et	al.,	2007).	

Rifampicin,	a	semisynthetic	rifamycin,	is	one	of	the	most	potent	
and	 broad-spectrum	 antibiotics	 against	 bacterial	 pathogens.	 The	
history	of	this	antibiotic	(also	called	rifampin	in	the	United	States)	
dates	back	to	1957	when	a	soil	sample	from	a	pine	arboretum	near	
the	beach-side	town	of	St	Raphael	in	southern	France	was	brought	
for	analysis	to	the	Lepetit	Pharmaceutical	research	lab	in	Milan,	
Italy.	There,	a	research	group	isolated	an	interesting	bacterium,	cur-	
rently	 classified	 as	Amycolatopsis	mediterranei	 (Lechevalier	 et	 al.,	
1986),	capable	of	producing	a	mixture	of	molecules	with	antibiotic	
activity.	These	related	compounds	were	called	“rifomycins”	A,	B,	
C,	D,	E	(later	changed	to	“rifamycins”)	(Aronson,	1999).	The	only	
component	of	this	mixture	sufficiently	stable	to	be	isolated	in	a	
pure	form	was	rifamycin	B,	which	unfortunately	has	only	a	very	
modest	antibacterial	activity.	In	1959,	after	two	years	of	attempts	
to	obtain	more	stable	semisynthetic	products,	a	new	molecule	with	
a	4-methyl-1-piperazinaminyl	side	chain	exhibiting	high	efficacy,	
good	 tolerability	 and	 excellent	 oral	 bioavailability	was	 produced,	
and	was	 named	 “rifampicin”.	 Rifampicin	 and	 other	 rifamycins	
are	polyketide	antibiotics	belonging	to	the	family	of	ansamycins	
antibiotics,	 so	 named	 because	 of	 their	 basket-like	 molecular	
architecture	(Latin:	ansa	=	handle)	comprising	an	aromatic	moiety	
bridged	at	non-adjacent	positions	by	an	aliphatic	chain.	The	potent	
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antibacterial	 activity	 of	 these	 compounds	 is	 due	 to	 their	 specific	
inhibition	of	bacterial	RNAP	(Campbell	et	al.,	2001).	

Following	 its	 introduction	 in	 1967,	 rifampicin	 has	 become	 a	
mainstay	of	 therapy	 in	 the	 treatment	of	 tuberculosis,	 leprosy	and	
AIDS-associated	mycobacterial	infections	(Shinnick,	1996).	In	addi-	
tion	 to	 mycobacterial	 infection,	 rifampicin	 is	 also	 used	 in	 the	
treatment	 of	 infections	 caused	 by	 methicillin-resistant	 Staphylo-	
coccus	 aureus	 (MRSA)	 in	 combination	with	 fusidic	 acid,	 including	
difficult-to-treat	osteomyelitis		and		prosthetic		joint		infections.		It	
is	 also	 an	 excellent	 prophylactic	 agent	 against	Neisseria	 meningi-	
tidis	 infections,	 and	 is	 recommended	 as	 an	 alternative	 treatment	
for	 infections	 with	 the	 tick-borne	 disease	 pathogens,	 Borrelia	
burgdorferi	and	Anaplasma	phagocytophilum,	when	treatment	with	
doxycycline	 is	 contraindicated.	 Additional	 indications	 are	 infec-	
tions	sustained	by	Listeria	spp.,	Neisseria	gonorrhoeae,	Haemophilus	
influenzae	and	Legionella	pneumophila.	

As	 well	 as	 for	 other	 antibiotics,	 resistance	 to	 rifampicin	 was	
reported	shortly	after	its	introduction	in	the	medical	practice,	par-	
ticularly	 in	 tubercle	bacilli	 (Manten	and	Van	Wijngaarden,	1969).	
Studies	 in	 the	 model	 organism	 Escherichia	 coli	 helped	 to	 define	
the	molecular	mechanism	most	frequently	 involved	in	rifampicin-	
resistance	 (di	 Mauro	 et	 al.,	 1969;	 Ezekiel	 and	 Hutchins,	 1968;	
Khesin	 et	 al.,	 1969;	 Tocchini-Valentini	 et	 al.,	 1968).	 Importantly,	
the	studies	with	the	E.	coli	rifampicin-resistant	(RifR)	mutants	also	
revealed	the	amazing	potential	of	 the	molecular	genetics	 to	eluci-	
date	the	structure–function	relationships	in	bacterial	RNAP	(Jin	and	
Gross,	1991,	1988;	 Jin	et	al.,	1988a,	1988b;	Korzheva	et	al.,	2000;	
Landick	et	al.,	1990;	Mustaev	et	al.,	1997;	Tavormina	et	al.,	1996).	
The	scope	of	this	paper	is	to	review	how	rifampicin-resistance	has	
been	 exploited	 to	 better	 understand	 the	 regulatory	 mechanisms	
that	 control	bacterial	 cell	 physiology	and	virulence,	 and	how	 this	
information	 has	 been	 used	 to	 maneuver,	 on	 a	 global	 scale,	 gene	
expression	 in	 bacteria	 of	 industrial	 interest	 for	 strain	 improve-	
ment	and	drug	discovery.	To	this	purpose,	we	start	the	next	section	
trying	 to	 summarize	 our	 current	 understanding	 about	 the	 struc-	
ture	 and	 function	 of	 the	 bacterial	 RNAP,	 the	 interaction	 of	 RNAP	
with	transcription	factors	and	rifampicin,	and	the	so-called	“strin-	
gent	response”,	 the	global	regulatory	system	that	modulates	gene	
expression	 in	 bacteria	 in	 response	 to	 nutritional	 stress.	 Indeed,	
a	 functional	 overlap	 has	 been	 reported	 between	 the	 phenotypes	
exhibited	by	certain	rifampicin-resistance	mutations	and	the	strin-	
gent	phenotype	(Xu	et	al.,	2002;	Zhou	and	Jin,	1998).	
	
	
2. The	bacterial	RNA	polymerase,	the	interaction	with	
rifampicin,	and	the	“stringent	response”	

	
2.1. The	bacterial	RNA	polymerase	
	

Over	 the	 past	 twenty	 years,	 crystallographic	 structures	 have	
been	determined	for	bacterial	RNAP	complexes	with	nucleic	acids,	
nucleotides,	modulating	small	molecules,	and	 inhibitors	 including	
rifamycins.	The	structure	of	Thermus	aquaticus	core	RNAP,	solved	
in	1999,	 revealed	 that	 the	 enzyme	with	a	 subunit	 composition	of	
α2ββ∗ω (Murakami		et		al.,		2002a,b;		Vassylyev		et		al.,		2002;		Zhang	
et	al.,	1999)	has	a	shape	reminiscent	of	a	“crab	claw”,	which	is	sim-	
ilar	to	that	of	the	archaeal	RNAP	(Hirata	et	al.,	2008)	and	eukaryotic	
RNAP	(Cramer	et	al.,	2000,	2001).	The	two	largest	β and	β∗ subunits	
form	the	two	pincers	of	the	crab	claw,	which	are	separated	by	a	deep	
cleft	about	27	Å		wide	(Zhang	et	al.,	1999)	(Fig.	1A).	The	two	pincers	
of	the	claw	form	a	positively	charged	cleft	(known	as	the	active-site	
or	main	channel)	which	contains	two	catalytically	active	Mg+2	ions,	
and	accommodates	the	nucleic	acids	during	transcription.	A	dimer	
of	α subunits	(αI	and	αII)	is	positioned	at	the	interface	of	the	β and	
β’	pincers,	while	the	small	ω subunit	wraps	around	the	C-terminal	
tail	 of	 the	β’	 subunit.	 Each	 of	 the	 two	α subunits	 consists	 of	 two	

domains:	an	N-terminal	domain	(α-NTD)	and	a	smaller	C-terminal	
domain	(α-CTD)	joined	by	a	flexible	linker	(Blatter	et	al.,	1994).	The	
α-NTD	dimerizes	and	is	responsible	for	the	assembly	of	the	large	β 
and	β’	subunits.	The	α-CTD	plays	a	different	role;	it	interacts	with	
a	diverse	range	of	transcriptional	activators	and	can	interact	with	
promoter	DNA	sequences	(Gourse	et	al.,	2000;	Haugen	et	al.,	2008).	

Based	on	crystallographic	data,	biophysical	results,	biochemical	
results,	models	have	been	proposed	for	the	structures	of	tran-	

scription	initiation	and	elongation	complexes.	The	models	propose	
that	nucleic	acids	completely	fill	the	active-site	(or	main)	channel	

of	RNAP,	such	that	the	only	route	by		which		incoming		nucleo-	
side	triphosphate	substrates	(NTPs)	can	access	the	active	center	is	
through	a	narrow	 funnel-shaped	 “pore”	 (also	known	as	 the	 “sec-	
ondary	channel”)	that	leads	from	the		surface		of		the		enzyme		to	

the	active	site	(Gnatt	et	al.,	2001;	Ebright,	2000).	Crystallographic	
data		show		that		α-NTD,		ω and		regions		of		β and		β∗ subunits		form	
an		immobile		core		surrounded		by		five		domains:		the		β∗ clamp,		β∗ 

jaw,	β-flap,	β protrusion	(or	β upstream	lobe)	and	β lobe	(or	β 
downstream	lobe)	(Fig.	1A).	These	domains	are	able	to	move	inde-	
pendently	 from	each	 other	 as	 rigid	 bodies,	 and	 their	movements	
enable	binding	 to	σ factors	 and	promoter	DNA,	 and	opening	 and	
closing	of	the	main	channel	during	the	transcription	cycle,	driving	
loading	of	 the	DNA	 into	 the	active	 site	 channel.	 In	particular,	 the	
β∗ clamp		folds		over		the		catalytic		cleft		and		holds		the		nucleic		acids	
(DNA	 and	 RNA)	more	 tightly	 in	 the	 active	 center,	 stabilizing	 the	
elongation	 complex.	Movements	 of	 the	β upstream	 and	β down-	
stream	lobes	contribute	to	open	and	close	the	active	site	channel,	
while	 conformational	 changes	of	 the	β flap	modulate	 the	 elonga-	
tion	behavior	of	 the	enzyme	at	 the	RNA-exit	 channel	 in	 response	
to	hairpin-dependent	pause	signals.	

In	 addition	 to	 the	 above-mentioned	 mobile	 domains,	 crystal-	
lographic	data	have	also	shown		other		structural		motifs		(helices	
or	 loops)	 that	 have	 been	 named	 according	 to	 either	 location	 or	
aspect,	 or	presumed	 role	 in	 the	 transcription	process	as	deduced	
also	by	genetic,	biochemical	and	biophysical	studies	(Fig.	1A).	For	
examples,		the		β∗ bridge		helix		separates		the		main		channel		into		a	
downstream	 DNA	 entry	 channel	 and	 secondary	 channel,	 and	 is	
located	near	the	template	DNA	at	the	+1	site.	Therefore,	it	has	been	
proposed	that	this	motif	is	involved	in	translocation	of	the	nucleic	
acids	during	transcription.	Just	inside	the	secondary	channel	lies	the	
β∗ trigger	loop,	a	structural	element	that	was	shown	to	play	a	role	in	
elongation	by	modulating	the	oscillating	properties	of	the	adjacent	
β∗ bridge	helix.	The	location	of	the	β∗ rudder,	the	β∗ lid	and	the	β fork	
loop	1	suggests	 that	 these	 loops	are	 involved	 in	DNA-RNA	strand	
separation,	 in	 order	 to	maintain	 as	 8–9	bp	 long	DNA-RNA	hybrid	
of	the	transcription	“bubble”	 in	the	active-site	cleft.	The	fork	 loop	
2	and	the	zipper	could	be	involved	in	delineating	the	downstream	
and	upstream	boundary	of	 the	 transcription	bubble,	 respectively.	
Five	loops	of	β∗ and	β subunits	have	been	termed	the	switches	and	
could	 participate	 in	 controlling	 the	 position	 of	 the	 clamp	 or,	 for	
switches	1–3,	in	forming	a	binding	site	for	the	DNA–RNA	hybrid.	

	
2.2. Interaction	of	RNA	polymerase	with	sigma	factors	and	
regulatory	proteins	

	
Although	core	RNAP	is	catalytically	proficient	for	transcription,	

it	 can	 only	 weakly	 and	 unselectively	 bind	 to	 the	 DNA.	 To	 begin	
transcription	at	a	specific	promoter,	RNAP	must	first	bind	a	disso-	
ciable	subunit	called	the	sigma	(σ)	factor	to	form	a	fully	functional	
RNAP	holoenzyme	(referred	to	as	Eσ).	The	multiple	members	of	the	
σ factor	family	are	divided	into	two	classes,	the	σ70	 	class	and	the	
σ54	 class,	with	 little	 sequence	 conservation	between	 the	 two.	The	
σ70	 class	owes	 its	name	to	 the	prototypical	E.	 coli	 “housekeeping”	
σ70	 factor.	This	class	 is	composed	of	 the	primary	σ factors,	which	
are	responsible	for	transcribing	most	genes	involved	in	basic	cellu-	
lar	metabolism,	and	many	members	of	alternative	σ factors,	which	
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Fig.	1.	Schematic	representation	of	bacterial	RNA	polymerase	and	its	interaction	with	transcriptional	activators.	(A)	Subunit	structure	of	bacterial	core	RNA	polymerase	
(RNAP)	with	location	of	mobile	domains	and	other	structural	motifs	playing	a	key	role	in	the	transcription	process.	(B–D)	Interaction	of	bacterial	RNAP	with	transcriptional	
activators.	Eσ70	holoenzyme	activators	are	grouped	into	two	classes:	Class	I	and	Class	II.	Class	I	activators	bind	well	upstream	of	the	promoter	−35	element,	and	establish	
direct	contact	with	the	α-CTD,	thereby	recruiting	RNAP	to	the	promoter	(B).	Class	II	activators	bind	very	close	to	the	promoter	 35	element,	and	directly	contact	domain	4	
of	σ70,	to	recruit	RNAP	to	the	promoter.	At	some	Class	II	promoters,	the	activators	make	additional	contact	with	the	α-NTD	of	RNAP	(C).	Eσ54	holoenzyme	activators	(bEBP)	
hydrolyze	ATP	and	bind	upstream	activating	sequences	(UAS)	well	upstream	(80–150	bp)	from	the	transcription	site.	The	interaction	of	UAS-bound	bEBP	with	Eσ54	requires	
DNA	looping,	which	is	often	facilitated	by	DNA	bending	proteins	such	as	the	integrative	host	factor	(IHF)	(D).	

	

transcribe	subsets	of	genes	required	under	specific	growth	con-	
ditions,	such	as	heat	shock,	or	specific	cellular	processes,	such	as	
flagella	production	(Gruber	and	Gross,	2003;	Paget	and	Helmann,	
2003).	In	contrast,	the	σ54	class	has	a	single	member,	σ54,	is	present	
in	most	but	not	all	bacteria	(about	60%	according	to	EBI-Genome	
database),	and	has	been	implicated	in	directing	the	transcription	
of	genes	associated	with	nitrogen	metabolism,	various	stresses	
and	growth-limiting	conditions	including	phage	shock,	cytotoxicity	
from	nitrosative	stress	and	pathogenicity	(Buck	et	al.,	2000;	Fisher	
et	al.,	2005).	

Notably,	 the	 two	 classes	 of	 σ factors	 employ	 very	 different	
modes	to	activate		transcription		in		the		RNAP		holoenzyme.		The	
σ70	 	members		are		composed		of		four		functionally		distinct		heli-	
cal	 domains	 (σ1	 to	 σ4)	 connected	 by	 flexible	 linkers,	 which	 are	
involved	 in	 promoter	 recognition,	 core	 RNAP	 binding	 and	 DNA	
melting	(Haugen	et	al.,	2008;	Murakami	and	Darst,	2003).	The	tran-	
sition	 from	 a	 closed	 to	 an	 open	 complex	 (isomerization)	 occurs	
spontaneously	upon	promoter	binding.	In	this	system,	regulations	
of	 transcription	 initiation	 is	 accomplished	 by	 a	 variety	 of	 regula-	
tory	proteins	that	recruit	(class	I	and	class	II	activators)	or	obstruct	
(repressors)	Eσ70	binding	to	the	promoter	region,	or	promote	the	
escape	 of	 Eσ70	 from	 the	 promoter	 (Browning	 and	 Busby,	 2004;	
Busby	 and	 Ebright,	 1997;	 Haugen	 et	 al.,	 2008;	 Helmann,	 	 2009)	
(Fig.	1B	and	C).	In	contrast	to	Eσ70,	the	alternate	σ54-RNAP	holoen-	
zyme	(Eσ54),	which	recognizes	promoters	marked	by	 the	24	 (GG)	
and	12	(TGC)	consensus	sequences	upstream	of	 the	 transcription	
start	site,	binds	promoter	sequences	 in	an	energetically	 favorable	
closed	conformation	 that	 rarely	 isomerizes	 into	an	open	complex	
(Buck	 et	 al.,	 2000;	Wigneshweraraj	 et	 al.,	 2008).	To	 initiate	 tran-	
scription,	Eσ54	needs	to	bind	specialized	activator	proteins	(known	
as	bacterial	enhancer-binding	proteins	[bEBP])	that	hydrolyze	ATP	
and	use	 the	energy	released	 to	remodel	 their	 substrates	 (Rappas	

et	al.,	2007;	Schumacher	et	al.,	2004;	Xu	and	Hoover,	2001;	Zhang	
et	al.,	2002)	(Fig.	1D).	Thus,	σ54	is	structurally	different	from	σ70	
members,	and	is	composed	of	three	regions		based		on		function:	

the	N-terminal	 region	 I	 interacts	with	 activator	 proteins	 and	 the	
12	promoter	element,	where	DNA	melting	originates;	the	central	

region	II	is	variable	and	sometimes	absent;	the	C-terminal	region	III	
contains	a	number	of	 functional	modules,	 including	determinants	
that	bind	core	RNAP	and	promoter	DNA	(Bordes	et	al.,	2004;	Bose	
et	al.,	2008a,b;	Buck	et	al.,	2000;	Chaney	et	al.,	2001;	Gallegos	et	al.,	
1999).	

	
2.3. Interaction	of	RNA	polymerase	with	transcription	elongation	
and	termination	factors	

	
Once	the	process	of	transcription	begins,	sigma	factors	dissoci-	

ate,	 and	 RNAP	makes	 a	 stable	 ternary	 elongation	 complex	 (TEC)	
with	 the	 DNA	 and	 nascent	 RNA	 (Wilson	 and	 von	 Hippel,	 1994;	
Mooney	et	al.,	1998).	During	 this	stage	a	number	of	 transcription	
elongation	factors	interact	with	RNAP	including	Nus	factors	[NusA,	
NusB,	NusG	and	NusE	(ribosomal	protein	S10)],	ribosomal	protein	
S4,	RfaH,	Gre	 factors	 (GreA,	GreB),	 transcription/DNA	repair	cou-	
pling	factor	Mfd,	RapA	(HepA)	and	termination	factor	Rho	(Bailey	
et	 al.,	 2000;	 Fish	 and	 Kane,	 2002;	 Nudler	 and	 Gottesman,	 2002;	
Roberts	and	Park,	2004;	Squires	and	Zaporojets,	2000;	Sukhodolets	
et	al.,	2001).	These	factors	affect	RNAP	processivity	by	modulating	
transcription	pausing,	arrest,	termination	and	antitermination.	

Two		 types		 of		 mechanisms		 are		 known		 to		 cause		 transcrip-	
tion	 termination:	 intrinsic	 (or	Rho-independent)	 termination	 and	
factor-mediated	 (or	 Rho-dependent)	 termination.	 Intrinsic	 termi-	
nation	occurs	in	the	absence	of	auxiliary	factors	at	sites	where	the	
nascent	RNA	can	form	a	stable	hairpin-like	structure	immediately	
preceding		a		run		of		uridine		residues.		Rho-mediated		termination	
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Fig.	2.	Interaction	between	rifampicin	and	amino	acids	of	RNA	polymerase	β subunit	(RpoB).	(A)	Map	of	the	E.	coli	RNA	polymerase	β (RpoB)	subunit	with	location	of	rif	
clusters	N,	I,	II	and	III	(top),	and	amino	acid	sequence	alignment	of	the	rif	clusters	from	E.	coli	(E.c.),	N.	meningitidis	(N.m.),	S.	aureus	(S.a.),	B.	subtilis	(B.s.),	M.	tuberculosis	(M.t.)	
and	S.	coelicolor	A3(2)	(S.c.)	(bottom).	Well-characterized	RpoB	substitutions	causing	rifampicin-resistance	in	E.	coli	are	reported	above	the	E.	coli	RpoB	sequence.	Numbering	
begins	at	the	first	amino	acid	of	the	RpoB	sequences.	Closed	circles	above	the	E.	coli	sequence	indicate	amino	acid	residues	involved	in	direct	binding	to	rifampicin.	∆ 

indicates	 amino	 acid	 deletion;	▲ indicates	 amino	 acid	 insertion;	 asterisks	 indicate	 evolutionarily	 conserved	RpoB	 amino	 acid	 residues.	 (B)	 Phenotypes	 associated	with	RifR	

RpoB	substitutions	in	E.	coli.	Amino	acid	substitutions	associated	with	a	stringent-like	phenotype	but	not	conferring	rifampicin-resistance	are	shown	in	gray.	

results	 from	 the	 action	 of	 the	 Rho	 protein	 that	 binds	 to	 specific	
sequences	 called	 rut	 (Rho	 utilization)	 sites	 in	 the	 nascent	 RNA.	
After	 binding	 Rho	 acts	 as	 a	molecular	motor	 translocating	 along	
the	 nascent	 RNA	 and	 promoting	 dissociation	 of	 paused	 TEC.	 rut	
sites	 are	 generally	 represented	 by	 RNA	 regions	 of	 about	 70–80	
nucleotides	that	are	rich	in	cytosine	and	devoid	of	secondary	struc-	
tures	 (Morgan	 et	 al.,	 1985;	Bear	 et	 al.,	 1988;	Alifano	 et	 al.,	 1991;	
Rivellini	 et	 al.,	 1991).	 These	 sites	 may	 be	 located	 at	 the	 end	 of	
transcriptional	units	contributing	to	transcriptional	punctuation	of	
the	bacterial	genome,	or	also	intragenically.	In	this	latter	case,	the	
rut	 sites	become	accessible	 to	Rho	under	 conditions	 that	perturb	
translation	 leading	 to	 premature	 termination	 of	 untranslated	 or	
poorly	 translated	 transcripts	 (the	 so-called	 transcriptional	 polar-	
ity)	 (Alifano	 et	 al.,	 1988,	 1991;	 Ciampi	 et	 al.,	 1989;	 Richardson,	
1991).	 Indeed,	 under	 optimal	 translation	 conditions,	 the	 leading	
ribosome	 masks	 the	 rut	 sites	 before	 Rho	 can	 anchor	 to	 it.	 This	
mechanism	contributes	 to	 tight	coupling	between	translation	and	
transcription	 in	 bacteria	 (Alifano	 et	 al.,	 1994;	 Richardson,	 1991).	
The	 existence	 of	 a	 direct	 physical	 link	 between	 the	 leading	 ribo-	
some	 and	 the	 TEC	 is	 further	 supported	 by	NMR	 studies	 showing	
that	NusG,	a	conserved	protein	that	associates	with	RNAP,	interacts	
with	Rho	stimulating	transcription	termination,	and	competitively	
with	 the	 ribosomal	protein	S10	 (NusE)	 (Burmann	et	al.,	2010).	 It	
thus	appears	that	Rho	competes	with	the	ribosome	at	two	sequen-	
tial	levels,	initially	for	the	binding	to	the	rut	sites,	and	subsequently	
for	 the	 interaction	with	NusG.	NusE,	 in	 turn,	 	may	 	 also	 	 interact	
with	NusB	at	 the	 level	of	specific	RNA	control	sequences	(termed	
“boxA”),	and	the	NusB/NusE/boxA	RNA	ternary	complex	interacts	
with	the	TEC	promoting	N-mediated	transcription	antitermination	
in	 bacteriophage	 lambda	 (Das	 et	 al.,	 2008;	 Stagno	 et	 al.,	 2011).	
On	 the	 other	 hand,	 the	 interaction	 of	 NusB	with	 a	 boxA-like	 ele-	
ment	 within	 S.	 enterica	 sv.	 Typhimurium	 hisG	 was	 reported	 to	
stimulate	 premature	Rho-dependent	 termination	 at	 a	 suboptimal	
intragenic	 rut	 site	 (Carlomagno	 and	 Nappo,	 2001).	 Interestingly,	
Rho	protein	 has	 been	 recently	 involved	 also	 in	 a	 number	 of	

additional	 mechanisms	 including	 the	 avoidance	 of	 potential	 con-	
flicts	 between	 DNA	 replication	 and	 transcription,	 suppression	 of	
pervasive	 antisense	 transcription	 and	 recruitment	 in	 riboswitch	
and	small	RNA-dependent	regulation	(Boudvillain	et	al.,	2013).	

Transcription	 pausing,	 which	 is	 fundamental	 in	 transcription	
termination	and	antitermination,	may	occur	either	by	RNAP	inter-	
action	 with	 nascent	 RNA	 secondary	 structures	 or	 by	 physical	
barriers	to	RNAP	translocation	such	as	DNA-binding	proteins,	DNA	
lesions,	 misincorporated	 substrates,	 and	 specific	 DNA	 sequences	
(Fish	 and	 Kane,	 2002).	 Under	 certain	 conditions,	 both	 types	 of	
pausing	 can	 lead	 to	 either	 transcription	 arrest	 or	 termination	
(Richardson	and	Greenblatt,	1996).	Genetic,	biochemical	and	struc-	
tural	studies	have	identified	four	structural	determinants	in	RNAP	
responsible	 for	 stability	 of	 TEC:	 the	 downstream	 DNA-binding	
clamp	and	the	RNA/DNA	hybrid	binding	site	(both	in	the	main	chan-	
nel),	 the	single-stranded	RNA	binding	site	and	 the	upstream	RNA	
binding	 site	 (both	 in	 the	RNA-exit	 channel)	 (Fig.	1A).	 In	addition,	
when	pausing	 occurs	by	physical	 barrier,	 the	 secondary	 channel,	
which	allows	NTPs	diffusion,	is	also	involved	as	it	binds	the	RNA	3∗-	
terminus	that	is	extruded	from	the	catalytic	center	in	“backtracked”	
TEC	(Zhang	et	al.,	1999;	Vassylyev	et	al.,	2002).	The	evidence	that	
many	 mutations	 affecting	 transcription	 elongation	 and	 termina-	
tion	 map	 in	 or	 in	 close	 proximity	 of	 these	 channels,	 including	 a	
number	 of	RifR	mutations	 that	will	 be	 presented	below	 (Fig.	 2B),	
strongly	 supports	 this	 view.	Current	models	 also	 suggest	most	of	
transcription	elongation	factors	interact	with	RNAP	at	or	near	these	
three	channels:	Mfd	near	the	upstream	opening	of	the	main	(DNA-	
binding)	channel,	NusA	in	the	proximity	of	both	the	main	channel	
and	 the	RNA	 exit	 channel,	 and	GreA	within	 the	 secondary	 (back-	
tracked	RNA-binding)	channel	(Borukhov	et	al.,	2005).	
	
2.4. Interaction	of	RNA	polymerase	with	rifampicin	
	

In	2001	Campbell	and	colleagues	obtained	crystals	of	RNAP	in	a	
complex	with	rifampicin	allowing	the	identification	of	the	binding	
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pocket	of	 this	 antibiotic,	 and	 a	better	understanding	of	 the	mode	
of	 action	 of	 this	 antibiotic	 (Campbell	 et	 al.,	 2001).	 The	 pocket	 is	
centered		approximately		20	Å			upstream		from		the		active		center		on	
the	wall	of	 the	main	channel	 in	a	region	of	 the	β subunit	 forming	
the	 fork	domain.	 The	 rifamycin	naphthyl	moiety	 (atoms	C1–C10)	
contacts	 β residues	 V146,	 L511,	 S513,	 R529,	 S531,	 L533,	 G534,	
N568,	and	I572	(E.	coli	RpoB	numbering).	The	rifamycin	ansa	moi-	
ety	(atoms	C15–C29)	contacts	β residues	R143,	Q510,	L511,	L512,	
F514,	D516,	T525,	H526,	P564,	and	Q761	(Fig.	2A).	Rifampicin	pos-	
itioned	in	this	pocket	would	block	growth	of	the	RNA	chain	past	2	
or	3	nucleotides,	explaining	the	bactericidal	effect	of	the	antibiotic.	
As	 the	 synthesis	of	 the	 first	 two	phosphodiester	bonds	can	occur	
in	the	presence	of	rifampicin,	the	antibiotic	does	not	interfere	with	
substrate	 binding,	 catalytic	 activity,	 or	 the	 intrinsic	 translocation	
mechanism	 of	 the	 RNAP.	Moreover,	 RNAP	 becomes	 totally	 resis-	
tant	 to	 rifampicin	 after	 it	 has	 synthesized	 a	 transcript	 of	 3	 or	 4	
nucleotides	and	entered	the	elongation	phase.	

Consistently	 with	 the	 crystallographic	 data,	 most	 of	 the	
rifampicin-resistant	 (RifR)	mutations	 isolated	 so	 far	map	 directly	
in	 the	 fork	 domain	 that	 is	 proximal	 to	 catalytic	 site,	 or	 in	 adja-	
cent	regions	including	the	protrusion	and	external	domains	1	and	
2	 of	 the	β subunit	 (Jin	 and	 Gross,	 1988,	 	 1991;	 	 Landick	 	 et	 	 al.,	
1990;	 Lisitsyn	 et	 al.,	 1984;	 Mustaev	 et	 al.,	 1991;	 O’Neill	 	 et	 	 al.,	
2000;	Ovchinnikov	et	al.,	1981,	1983;	Severinov	et	al.,	1993;	Singer	
et	 al.,	 1993;	 Tavormina	 et	 al.,	 1996;	 Vattanaviboon	 et	 al.,	 1995)	
(Figs.	 1A	 and	 2A).	 Amino	 acid	 substitutions	 at	 these	 sites	 are	
expected	 to	 affect	 the	 conformation	 of	 the	 binding	 pocked,	 and	
lower	its	affinity	for	rifampicin.	In	particular,	substitutions	at	three	
sites,	β D516,	β H526,	and	β S531	(E.	coli	numbering),	confer	high	
levels	 of	 rifamycin-resistance	 and	 little	 or	no	 loss	 of	 fitness,	 and,	
accordingly,	 are	 especially	 frequently	 encountered	 in	 clinical	 iso-	
lates	 of	 RifR	 bacteria.	 Other	mutations	 conferring	 lower	 levels	 of	
rifampin	 resistance	 are	 located	 away	 from	 this	 binding	 pocket.	
Many	 of	 them	 are	 found	 in	 the	 lobe	 region	 suggesting	 that	 bind-	
ing	of	rifampin	to	the	fork	region	is	somehow	linked	to	the	lobe’s	
conformation	when	holding	the	downstream	DNA	suggesting	that	
binding	of	the	lobe	domain	to	DNA	is	necessary	for	the	formation	
of	the	rifampin-binding	pocket.	

	
2.5. Interaction	of	RNA	polymerase	with	ppGpp	

	
In	 E.	 coli,	 two	 unusual	 regulatory	 nucleotides,	 the	 guanosine	

tetra-	and	pentaphosphate	(collectively	referred	to	here	as	ppGpp),	
were	 identified	 initially	 as	 the	 effectors	 of	 the	 	 so-called	 	 “strin-	
gent	 response”	 (Cashel	 et	 al.,	 1996;	 Potrykus	 and	 Cashel,	 2008).	
This	 response	 in	 bacteria	may	 be	 triggered	 by	 nutritional	 depri-	
vation,	 such	 as	 amino	 acid	 starvation,	 and	 is	 accompanied	 by	 an	
extensive	reprogramming	of	gene	expression.	Binding	of	ppGpp	to	
E.	coli	RNAP	inhibits	transcription	from	many	promoters	required	
for	 ribosome	 synthesis,	 activates	 transcription	 from	 a	 number	 of	
promoters	for	amino		acid		biosynthesis,		and		regulates		a		variety	
of	 additional	 promoters	 as	 well	 (Barker	 et	 al.,	 2001a,b;	 Haugen	
et	 al.,	 2008).	 Studies	 in	 other	 microorganisms	 and	 genome-wide	
approaches	demonstrate	that	 	ppGpp		 is	 	a	 	key	 	 factor	 	 in	 	bacte-	
rial	 physiology,	 and	 hence	 is	 considered	 a	 bacterial	 “alarmone”.	
It	 regulates	 the	 levels	 of	 transcripts	 from	 several	 hundred	 genes	
involved	 in	 macromolecular	 biosynthetic	 pathways,	 a	 variety	 of	
stress	 response,	 and	 a	 number	 of	 adaptive	 programs	 including	
antibiotic	 biosynthesis	 in	 actinomycetes,	 sporulation,	 host	 colo-	
nization	and	virulence	in	many	pathogens	(Dalebroux	et	al.,	2010;	
Durfee	et	al.,	2008;	Traxler	et	al.,	2008).	

In		E.		coli		ppGpp		exerts		many		of		its		physiological		effects		by	
interacting	directly	with	RNAP	in	cooperation	with	DnaK	suppres-	
sor	 (DksA),	 a	 protein	 that	 binds	 in	 the	 secondary	 channel	 of	 the	
enzyme	amplifying	 the	effects	of	 the	ppGpp	on	RNAP	(Paul	et	al.,	
2004;	Perederina	et	al.,	2004;	Potrykus	and	Cashel,	2008).	ppGpp	

	
affects	 transcription	 from	 only	 a	 subset	 of	 promoters	 which	 are	
characterized	by	specific	structural	and	kinetic	properties.	In	partic-	
ular,	ppGpp	increases	decay	of	the	open	complex	thereby	inhibiting	
transcription	initiation	from	complexes	that	are	intrinsically	short-	
lived	(Barker	et	al.,	2001b;	Haugen	et	al.,	2008).	In	E.	coli	short-lived	
transcription	initiation	complexes	include	those	formed	at	the	level	
of	rRNA-encoding	operons	and	many	tRNA-encoding	genes,	as	well	
as	 some	 promoters	 for	mRNA,	 for	 instance	 pyrBI	 and	 fis	 promo-	
ters	 (Barker	 et	 al.,	 2001a;	Donahue	and	Turnbough,	1990;	Mallik	
et	al.,	2006;	Potrykus	and	Cashel,	2008;	Murray	et	al.,	2003).	As	a	
consequence,	ppGpp	negatively	affects	transcription	at	the	level	of	
these	promoters.	 The	 stimulatory	 effects	 of	 ppGpp	at	 the	 level	 of	
other	promoters	are	probably	indirect	resulting	from	the	inhibition	
of	rRNA	transcription	and,	thus,	 liberation	of	RNAP	for	binding	to	
other	promoters	(Barker	et	al.,	2001a;	Murray	et	al.,	2003).	

The	ppGpp	binding	site	on	RNAP	has	remained	elusive	for	a	long	
time.	Initial	studies	using	cross-linkable	ppGpp	derivatives	con-	

cluded	that	ppGpp	bound	to	one	of	the	two	large	subunits	of	E.	coli	
RNAP,	i.e.,	β∗ (Toulokhonov	et	al.,	2001)	or	β (Chatterji	et	al.,	1998),	
but	neither	study	located	the	binding	site	more	specifically.	A	later	
crystallographic	 study	 with	 a	 RNAP	 from	 Thermus	 thermophilus	
showed	ppGpp	to	be	positioned	adjacent	to	the	RNAP	catalytic	cen-	
ter,	partially	overlapping	with	the	incoming	NTP	binding	site	at	the	
bottom	of	the	secondary	channel	(Artsimovitch	et	al.,	2004).	How-	
ever,	subsequent	studies	indicated	that	the	T.	thermophilus	RNAP,	
similar	to	RNAPs	from	Bacillus	 subtilis,	 is	not	regulated	by	ppGpp	
(Kasai	et	al.,	2006;	Vrentas	et	al.,	2008;	Westover	et	al.,	2004).	In	fact,	
at	variance	with	Proteobacteria,	in	B.	subtilis	and	possibly	in	most	

other	bacteria	cessation	of	rRNA	synthesis	during	the	stringent	
response	is	not	due	to	a	direct	action	of	ppGpp	on	RNAP,	but	rather	
results	 from	 the	 concomitant	 reduction	 in	 the	 GTP	 pool	 because	
these	bacteria	rely	on	GTP	as	the	initiating	nucleotide	for	transcrip-	
tion	of	rRNA	operons	(Krásný		and	Gourse,	2004;	Kriel	et	al.,	2012).	

More	recently,	a	crystal	structure	of	the	E.		coli		RNAP		holoen-	
zyme	in	complex	with	ppGpp	was	reported	(Zuo	et	al.,	2013).	The	
structure	revealed	that	the	alarmone	binds	at	an	interface	between	
the	core	module	(containing	sections	of	the	β,	β∗ and	α subunits)	
and	the	shelf	modules	(containing	sections	of	the	β,	β∗ and	ω sub-	
units)	on	the	surface	of	RNAP,	away	from	the	catalytic	center	and	
the	nucleic	acid	binding	path.	These	results	were	consistent	with	a	
parallel	study	in	which	the	ppGpp	binding	site	on	E.	coli	RNA	was	
mapped	by	crosslinking,	protease	mapping,	and	analysis	of	mutant	
RNAPs	that	fail	to	respond	to	ppGpp	(Ross	et	al.,	2013).	The	binding	
site	was	positioned	at	the	interface	between	the	β∗ and	ω subunits.	
Residues		implicated		in		ppGpp		binding		were		β∗ K615,		β∗ I619,		β∗ 
D622	and	β∗ Y626	in	the	core	module,	and	β∗ R362,	β∗ R417,	ω A2,	
ω R3,	ω V4	and	ω T5	in	the	shelf	module.	These	residues	are	not	con-	
served	in	RNAPs	from	distantly	related	bacterial	species,	including	
B.	subtilis,	consistent	with	the	absence	of	direct	effects	of	ppGpp	on	
B.	subtilis	RNAP	(Ross	et	al.,	2013)	(Fig.	3).	

Identification	of	the	binding	site	allowed	to	propose	a	model	for	
the	mechanism	of	ppGpp	action,	and	to	predict	 in	which	bacterial	
species	ppGpp	exerts	its	effects	by	targeting	RNAP.	The	position	of	
ppGpp	on	the	surface	of	RNAP	suggests	an	allosteric	mechanism	of	
action	involving	restriction	of	motion	between	the	two	mobile	core	
and	shelf	modules	of	RNAP.	Because	ppGpp	 inhibits	 transition	on	
the	pathway	to	open	complex	 formation	prior	 to	nucleotide	addi-	
tion,	 the	 model	 predicts	 that	 by	 altering	 the	 relative	 orientation	
of	 the	 mobile	 modules	 ppGpp	 weakens	 or	 disrupts	 the	 interac-	
tions	between	RNAP	holoenzyme	segments	and	the	DNA	template	
strand	in	a	promoter	open	complex	(Ross	et	al.,	2013).	These	inter-	
actions	include	σ subunit	contacts	to	several	promoter	recognition	
elements,		β and		β∗ subunit		contacts		to		the		downstream		portion	
of		the		transcription		bubble,		and		β and		β∗ contacts		to		the		down-	
stream	DNA	duplex	(Murakami	and	Darst,	2003;	Zhang	et	al.,	2012;	
Chakraborty	et	al.,	2012).	A	“finger”	in	the	σ subunit	positions	the	
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Fig.	3.			Interaction	between	ppGpp	and	amino	acids	of	E.	coli	RNA	polymerase	β∗ (RpoC)	and	ω (RpoZ)	subunits.	Map	of	the	E.	coli	RNA	polymerase	β∗ (RpoC)	and	ω (RpoZ)	
subunits	with	 location	of	 the	Regions	1–3	 involved	 in	ppGpp	binding	(top),	and	amino	acid	sequence	alignment	of	 the	Regions	1–3	from	E.	coli	(E.c.),	N.	meningitidis	(N.m.),	
S.	aureus	(S.a.),	B.	subtilis	(B.s.),	M.	tuberculosis	(M.t.)	and	S.	coelicolor	A3(2)	(S.c.)	(bottom).	Closed	circles	above	the	E.	coli	sequence	indicate	amino	acid	residues	involved	in	
direct	binding	to	ppGpp.	Asterisks	indicate	evolutionarily	conserved	RpoC	amino	acid	residues.	

	

template	 strand	 in	 the	 main	 channel,	 while	 the	 central	 segment	
of		the		β∗ bridge		helix		interacts		with		template		strand		position		+2,	
and	 the	 β “switch	 3”	 region	 interacts	 with	 template	 strand	 pos-	
itions	+1	to	3	(Zhang	et	al.,	2012).	Residues	in	two	short	segments	
that	connect	 the	core	and	shelf	modules	establish	additional	 con-	
tacts	to	DNA	strands	in	the	downstream	portion	of	the	transcription	
bubble	 in	 initiation	 and	 elongation	 complexes	 (Vassylyev	 et	 al.,	
2007;	 Tagami	 et	 al.,	 2010;	 Zhang	 et	 al.,	 2012).	 Consistently	 with	
this	 model,	 RNAP	 substitutions	 that	 mimic	 the	 effects	 of	 ppGpp	
by	 reducing	 open	 complex	 stability,	 thereby	 suppressing	 growth	
defects	in	strain	lacking	ppGpp,	are	located	in	β,	β∗ and	σ subunits	
along	 the	 path	 of	 the	 transcription	 initiation	 bubble	 and	 down-	
stream	duplex.	Notably,	some	of	these	substitutions	map	in	the	fork	
and	 fork	 loop	2	segments	of	 the	β subunit	and	confer	rifampicin-	
resistance	(Bartlett	et	al.,	1998;	Barker	et	al.,	2001a;	Xu	et	al.,	2002;	
Yang	and	Ishiguro,	2003;	Zhou	and	Jin,	1998).	

	
2.6. ppGpp	targets	other	than	RNAP	
	

Targets	 other	 than	 RNAP	 mediate	 additional	 physiological	
response	 of	 ppGpp.	 In	 E.	 coli	 ppGpp	 exerts	 a	 	 direct	 	 inhibitory	
effect	 on	 the	 activity	 of	 translation	 factors	 EF-Tu,	 EF-G	 and	 IF2,	
on	 exopolyphosphatase,	 and	 on	 lysine	 decarboxylase,	 an	 enzyme	
that	is	involved	in	acid	tolerance	(Dalebroux	and	Swanson,	2012).	
By	 indirect	 mechanisms,	 ppGpp	 promotes	 stability	 of	 σ38,	 a	
stationary-phase	σ-factor	 that	 is	 crucial	 for	 stress	 resistance	 and	
the	expression	of	virulence	 factors	by	a	variety	of	pathogens,	and	
increases	the	activity	of	σ24,	a	σ-factor	that	coordinates	the	cellular	
response	to	the	presence	of	misfolded	proteins	in	the	periplasm	or	
outer	membrane	 (Bougdour	and	Gottesman,	2007;	Merrikh	et	al.,	
2009).	ppGpp	also	controls	the	activity	of	transcription	factors	that	
are	 dedicated	 to	 regulation	 of	 virulence	 genes	 including	 SlyA	 in	
Salmonella	enterica	and	PigR	of	Francisella	tularensis	(Charity	et	al.,	
2009;	 Zhao	 et	 al.,	 2008).	 In	 Legionella	 pneumophila	 and	 E.	 coli,	
ppGpp	induces	the	expression	of	non-coding	regulatory	RNAs	that	
regulate	 the	stability	of	 	certain	 	mRNAs	 	 indirectly	 	via	 	 the	 	car-	
bon	storage	regulator	(CsrA)	regulatory	pathway	(Edwards	et	al.,	

2011).	 Furthermore,	 in	 actinomycetes,	 ppGpp	 inhibits	 polynu-	
cleotide	 phosphorylase	 (PNPase)	 activity	 thereby	 preserving	 the	
mRNA	 during	 the	 stationary	 phase	 (Gatewood	 and	 Jones,	 2010;	
Siculella	 et	 al.,	 2010).	 In	 B.	 subtilis	 ppGpp	 inhibits	 the	 DNA	 pri-	
mase,	 and	 the	 activity	 of	 the	 YybT	 phosphodiesterase	 leading	 to	
an	increased	pool	of	cyclic-di-AMP	(Rao	et	al.,	2010),	a	nucleotide	
that	signals	DNA	damage	in	this	microorganism	(Witte	et	al.,	2008).	
The	 activity	 of	 CodY,	 a	 master	 regulator	 in	 Gram-positive	 Firmi-	
cutes,	is	also	indirectly	influenced	by	the	alarmone.	CodY	is	a	DNA-
binding	 transcriptional	 repressor	 that	 is	 activated	 by	 GTP,	 and	
controls	antibiotic	synthesis,	genetic	competence,	flagellar	produc-	
tion,	sporulation	and	virulence.	During	the	stringent	response,	the	
pool	of	GTP	is	reduced	as	a	consequence	of	both	the	ppGpp	synthesis	
that	consumes	GTP	and	the	inhibition	of	a	key	enzyme	for	GTP	syn-	
thesis	(Gallant	et	al.,	1971;	Lopez	et	al.,	1981).	The	reduced	GTP	pool	
releases	 the	CodY	repressor	 from	its	 target	promoters	permitting	
their	transcriptional	activation	(Sonenshein,	2005).	
	

3. Rifampicin-resistance	in	medical	practice	
	
3.1. Effects	of	rpoB	mutations	on	fitness	of	pathogenic	bacteria,	
and	underlying	mechanisms	

	
Immediately	 after	 the	 emergence	 of	 the	 first	 RifR	mutants	 in	

the	 clinical	 practice,	many	 epidemiologists	 and	 infectious	 disease	
specialists	were	interested	to	know	the	relative	fitness	of	the	RifR	

strains	 in	 order	 to	model	 the	 spread	 of	 the	 rifampicin-resistance	
worldwide	(Daddi	et	al.,	1969).	Defining	 the	effects	of	drug	resis-	
tance	on	 relative	 fitness	 can	be	difficult.	 Indeed,	microbial	 fitness	
is	 by	 itself	 a	 complex	 trait	 that	 encompasses	 the	 ability	 of	 a	 give	
strain	 to	 survive	and	reproduce	 in	a	given	environment.	Further-	
more,	for	commensal,	opportunistic	or	pathogenic	microorganisms	
fitness	 is	 also	 affected	 by	 host-to-host	 transmission	 capabilities.	
Reviewing	 the	 methods	 used	 to	 estimate	 this	 trait	 is,	 obviously,	
outside	the	scope	of	this	paper.	However,	it	is	important	to	remark	
that	no	single	method	is	likely	to	be	sufficient	to	define	it	because	
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fitness	 is	dependent	on	multiple	biological	properties,	and	so	
multiple	approaches	 including	experimental	methods	and	epi-	

Table	1	
Relative	fitness	associated	with	specific	RifR	RpoB	mutations.	

	
	

demiological	studies	as	well	as	mathematical	models	are	required.	
Rifampicin	targets	transcription,	an	essential	function.	As	

described	above,	most	(>95%)	of	the	mutations	conferring	

Bacterial	species	 RpoB	mutation	(S.	
coelicolor	A3[2]	
numbering)	

Relative	
fitness	

Ref.	

rifampicin-resistance	are	clustered	within	 three	distinct	 sites,	 the	
so-called	rif	cluster	I,	II	and	III	(Fig.	2A),	in	the	central	segment	of	
the	β chain	of	the	RNA	polymerase.	These	mutations,	which	change	
amino	 acids	 directly	 involved	 in	 antibiotic	 binding	 to	 RNA	 poly-	

Escherichia	coli	 L511Q	(L422Q) 0.86	
D516G	(D427G) 1.03	
H526Y	(H437Y) 0.91	
H526L	(H437L) 0.94	

Reynolds	(2000)	

merase,	 affect	 evolutionarily	 conserved	 residues	 (Campbell	 et	 al.,	
2001)	(Fig.	2A).	Therefore,	it	is	not	surprising	that	they	may	com-	
promise	transcription	efficiency	at	the	level	of	specific	promoters,	
and	hence	physiology	and	fitness	of	the	organism.	Indeed,	a	direct	
relationship	between	the	 fitness	cost	of	rpoB	mutations	and	 their	
effects	 on	 transcription	 was	 demonstrated	 in	 E.	 coli	 (Reynolds,	
2000).	In	contrast,	no	obvious	association	between	the	magnitude	
of	rifampicin-resistance	and	its	allied	cost	was	ever	found	in	E.	coli	
(Elena	et	al.,	1998)	as	well	as	in	other	microorganisms	(Wichelhaus	
et	al.,	2002).	

In	 particular,	 E.	 coli	 RifR		RNA	 polymerases	 may	 confer	 slow-	
growth	and/or	cold-	or	temperature-sensitive	phenotypes	(Jin	and	
Gross,	1989),	and	exhibit	altered	properties	in	transcription	elon-	
gation	and/or	termination	(Jin	et	al.,	1988a,b;	Jin	and	Gross,	1991;	
Landick		et		al.,		1990).		Indeed,		several		RifR			mutations		are		allele-	

Staphylococcus	
aureus	

	
	
	
	
	
	
	
	
	
	
	
	

Mycobacterium	
tuberculosis	

S464P	(S420P) 0.93	
Q468R	(Q424R) 0.80	
Q468L	(Q424L) 0.95	
D471Y	(D427Y) 0.88	
D471E	(D427E) 0.96	
D471G	(D427G) 0.87	
N474K	(N430K) 0.60	
A477D	(A433D)a 0.91	
A477V	(A433V)a 0.88	
H481Y	(H437Y) 0.93	
H481N	(H437N) 1	
R484H	(R440H) 0.75	
S486L	(S442L)b 0.86	

H445R	(H437R)	 0.38c	
H445D	(H437D) 0.42	
H445Y	(H437Y)	 0.79c	
S450Y	(S442L)b	 0.84d	

Wichelhaus	et	al.	
(2002)	

	
	
	
	
	
	

Billington	et	al.	
(1999)	

specific	 suppressors	 of	 defective	 nusA	 and	 rho	 alleles	 (Jin	 et	 al.,	
1988a)	(Fig.	2B).	The	H526Y	substitution	is	responsible	for	a	severe	
defect	in	transcription	termination	in	both	E.	coli	(Jin	et	al.,	1988b;	
Heisler	et	al.,	1996)	(Fig.	2B),	and	the	same	phenotype	is	observed	
for	the	corresponding	H482Y	substitution	in	B.	subtilis	(Ingham	and	
Furneaux,	 2000).	 In	 contrast,	 four	RifR		mutations,	 i.e.	 the	Q513P,	
D516V	 and	 D516N	 substitutions,	 and	 the	 507–511	 deletion	with	
valine	 insertion,	 lead	 to	 increased	 transcription	 termination	 effi-	
ciency	 (Jin	 et	 al.,	 1988b)	 (Fig.	 2B).	The	well-characterized	Q513P	
mutant	 exhibits	 increased	 Rho-dependent	 and	 Rho-independent	
termination,	altered	transcription	elongation	and	an	increased	Km	
for	 purine	nucleotides	 (Jin	 and	Gross,	 1991;	Heisler	 et	 al.,	 1996).	
Similarly,	in	B.	subtilis	rpoB	RifR	mutations	that	change	the	equiva-	
lent	glutamine	residue	(Q469)	to	a	basic	residue	(Q469K	or	Q469R)	
enhances	 the	 action	 of	 Rho	 and	 sensitivity	 to	 the	 transcription	
elongation	 factor	 NusG	 (Ingham	 and	 Furneaux,	 2000).	 Finally,	 a	
number	 of	 substitutions	 affecting	 the	 rpoB	 residues	 531–533	 in	
E.	coli,	i.e.	S531F,	∆532	and	L533P,	results	in	a	severe	defect	in	rRNA	
operon	antitermination	(also	known	as	“cellular	antitermination”)	
(Jin	 et	 al.,	 1988a).	 Interestingly,	 these	 mutations	 along	 with	 the	
S522F,	A532E,	T563P	and	P564L	substitutions	were	shown	to	func-	
tionally	mimic	the	modifications	induced	by	the	binding	of	ppGpp	
to	E.	 coli	RNAP	 (Bartlett	 et	 al.,	 1998;	 Zhou	 and	 Jin,	 1998;	 Barker	
et	al.,	2001a,b).	 In	fact,	similar	to	ppGpp	binding,	these	mutations	
weaken	the	interactions	between	RNAP	and	stringently	controlled	
promoters	such	as	rRNA	operon	promoters	 (Zhou	and	 Jin,	1998).	
The	defect	in	rRNA	operon	antitermination	may	further	contribute	
to	the	stringent-like	phenotype.	

Notwithstanding	their	effects	on	transcription,	a	fitness	burden	
is	not	always	associated	with	rpoB	mutations.	In	general,	the	genetic	
nature	of	the	resistant	determinant,	and	the	genetic	background	of	
the	 antibiotic-resistant	mutant	may	 influence	 the	 relative	 fitness	
of	antibiotic-resistant	 strains	 (Alifano,	2014).	Hence,	 for	 instance,	
the	 substitution	 D516G	 conferring	 intermediate	 resistance	 to	
rifampicin	was	 rather	 associated	 to	 a	 slight	 fitness	 advantage	 in	
E.	coli	(Reynolds,	2000)	(Table	1).	Substitution	of	the	conserved	his-	
tidine	residue	in	the	cluster	I	of	the	RNA	polymerase	β chain	(H526	
in	E.	coli	corresponding	to	H481	in	S.	aureus)	is	extremely	frequent	
among	clinical	RifR	isolates	in	many	bacterial	species	reflecting	the	
low	fitness	cost	 imposed	by	amino	acid	substitutions	at	 this	posi-	
tion.	In	fact,	the	substitution	H481N	in	the	rpoB	gene	product	of	S.	
aureus	was	not	demonstrably	associated	with	a	cost	of	resistance	

a			Serine	(instead	of	alanine)	is	present	at	position	433	of	S.	coelicolor	A3(2)	RpoB.	
b	Asparagine	 (instead	 of	 serine)	 is	 present	 at	 position	 440	 of	 S.	 coelicolor	A3(2)	

RpoB.	
c		Calculated	as	the	average	of	two	independent	mutants.	
d		Calculated	as	the	average	of	four	independent	mutants.	

	
	

in	vitro	(Wichelhaus	et	al.,	2002)	(Table	1),	while	the	substitution	
H481Y	in	S.	aureus,	as	well	as	the	corresponding	substitution	H526Y	
in	 E.	 coli,	 gave	 only	 a	 modest	 fitness	 burden	 (Wichelhaus	 et	 al.,	
2002)	(Table	1).	Molecular	modeling	has	adequately	explained	the	
major	cost	associated	with	the	substitution	H481Y	with	respect	to	
that	 of	 the	 substitution	H481N	 in	 S.	 aureus	 (O‘Neill	 et	 al.,	 2006).	
Substitution	 of	 the	 imidazole	 ring	 of	 histidine	 481	with	 the	 phe-	
nolic	moiety	of	tyrosine	leads	to	the	formation	of	hydrogen	bonds	
between	tyrosyl	hydroxyl	group	and	the	proximal	guanidine	moi-	
ety	of	 the	arginine	484.	As	 the	arginine	484	 lies	 at	 the	 surface	of	
RNA	polymerase	 and	 is	 predicted	 to	 be	 in	 contact	with	DNA,	 the	
hydrogen	 bonding	 would	 move	 the	 arginine	 residue	 away	 from	
its	 original	 position	 thus	 weakening	 the	 electrostatic	 interaction	
with	the	DNA	template	and	decreasing	the	stability	of	the	transcrip-	
tion	complex.	The	reduced	stability	in	the	transcription	bubble	has	
consequence	not	only	on	transcription	initiation	by	decreasing	the	
stability	of	the	promoter	open	complex	thereby	mimicking	a	strin-	
gent	phenotype,	but	also	on	transcript	elongation	and	termination.	
In	fact,	 there	is	evidence	that	 in	E.	coli	the	equivalent	H526Y	sub-	
stitution	decreases	transcriptional	pausing	and	termination	in	part	
through	direct	effects	on	overall	transcription	elongation	complex	
stability	(Landick,	2001).	

The	fitness	burden	of	a	given	substitution	may	also	vary	between	
different	species.	In	M.	tuberculosis	the	RpoB	S450L	mutation,	which	
is	the		most		frequent		rifampicin		resistance-conferring		mutation	
in	 clinical	 strains	worldwide,	 was	 associated	with	 the	 lowest	 fit-	
ness	 cost	 in	 laboratory	 strains	 and	 no	 fitness	 defect	 in	 clinical	
strains	 (Gagneux	 et	 al.,	 2006).	 However,	 in	 S.	 aureus	 the	 corre-	
sponding	substitution	S486L	significantly	affected	bacterial	growth	
rates	(Wichelhaus	et	al.,	2002)	(Table	1).	The	 fitness	burden	may	
also	 vary	 between	 different	 lineages	 of	 a	 given	 species.	 By	 using	
3	pairs	 of	 linked	 cases	 of	meningococcal	 disease	by	 serogroup	B,	
A	 and	 C	 rifampicin-susceptible	 and	 rifampicin-resistant	 isolates	
harboring	 the	 same	 H552Y	 substitution	 (H526Y	 in	 E.	 coli),	 Taha	
et	al.	(2006)		demonstrated		that		the		virulence		of		the		serogroup	
B	 rifampicin-resistant	 isolate	 was	 substantially	 attenuated	 when	
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compared	to	the	corresponding	susceptible	isolate	in	BALB/c	mice	
infected	 intraperitoneally.	 In	 contrast,	 attenuation	 was	 not	 sig-	
nificant	 for	 the	 other	 two	 pairs	 of	 less	 virulent	 serogroup	 C	 and	
serogroup	A	strains.	

Microbial	 cell	 physiology,	 metabolism	 and	 lifestyle	 may	 also	
influence	the	relative	fitness	of	antibiotic-resistant	strains	(Alifano,	
2014).	 RifR	mutations	may	 confer	 a	 conditionally	 beneficial	 phe-	
notype	 depending	 on	 the	 carbon	 source	 substrate.	 For	 instance,	
it	has	been	demonstrated	that	RifR	rpoB	mutants	of	B.	 subtilis	can	
present	novel	metabolic	 capabilities	with	 fitness	gain	when	com-	
pared		with		their		rifampicin-susceptible		parental		strain		(Perkins	

Table	2	
Changes	in	transcriptional	patterns	associated	with	RpoB	H481Y	and	RelAF128Y	
substitutions	in	S.	aureus.	

	
	

Changes	in	transcriptional	patternsa	 Ref.	
	

	

Cellular	processes	and	signaling	 Gao	et	al.	
(2013)	

Capsule	biosynthesis	(capA,	B,	C,	D,	5E,	F,	5G,	H,	 Up	
I,	J,	K,	5L,	5M,	N,	50,	5P)	

Quorum	sensing	(agrA,	B,	C,	D)	 Up	
Phenol-soluble	modulins	(psm)	 Up	

Amino	acid	metabolism	and	ABC	transporters	

and	Nicholson,	2008).	The	 resistant	mutants	make	 less	proficient	
use	of	strongly	utilized	substrates,	but	increase	their	capability	for	
degrading	weakly	utilized	substrates	(see	below).	Interestingly,	dif-	
ferent	RifR	mutations	 have	 different	 effects	 on	 the	 carbon	 source	
metabolism	 likely	 because	 their	 impact	 on		the	 dynamics	 of	 the	

Branched	chain	amino	acid	synthesis	(ilvA,	D,	B,	
H,	C;	leuA,	B,	C,	D)	

Oligopeptide	ABC	transporters	(oppB,	3C,	3D,	
3F,	3A)	

Oligopeptide	ABC	transporters	(opp1F,	1D,	1C,	
1B,	1A)	

Up	

Up	

Down	

transcription	 cycle	 change	 depending	 on	 the	 mutation	 involved	
(Perkins	and	Nicholson,	2008)	(Fig.	2B).	

	
3.2. Effects	of	rpoB	mutations	on	bacterial	cell	physiology	and	
expression	of	virulence	genes	

	
More	 recently,	 the	 studies	 on	microbial	 fitness	have	benefited	

from	the	application	of	omics	technologies.	These	technologies	are	
useful	not	only	to	explore		the		connections		linking		environmen-	
tal	selective	pressure,	mutagenesis,	altered	phenotype,	and	fitness	
during	evolution,	but	also	to	better	understand	the	global	effects	of	
rpoB	mutations	on	bacterial	cell	physiology	and	metabolism.	

Comparative	omics	now	allows,	 	 for	 	 instance,	 	 to	 	access	 	 into	
the	 nature	 and	 the	 impact	 of	 single	 	 nucleotide	 	 polymorphisms	
that	 accumulate	 in	 clinical	 S.	 aureus	 isolates	 under	 combined	
antibiotic	and	host	pressures,	 leading	not	only	 to	antibiotic	 resis-	
tance	 but	 also	 to	 altered	 host-pathogen	 interactions	 that	 favor	
persistent	 infection	 (Garzoni	 and	Kelley,	 2011).	 Using	 a	microar-	
ray	 approach,	 Gao	 et	 al.	 (2013)	 investigated	 at	 transcriptional	
levels	 the	host-pathogen	 	consequences	 	of	 	 two	 	mutations	 	aris-	
ing	 in	 methicillin-resistant	 S.	 aureus	 (MRSA)	 during	 persistent	
infection:	 the	H481Y	missense	 in	 the	 RNA	 	 polymerase	 	β chain,	
and	 the	 F128Y	 substitution	 in	 RelA	 protein,	 which	 is	 associated	
with	 an	 active	 stringent	 response	 (Gao	 et	 al.,	 2013).	 In	 the	 rpoB	
and	the	relA	 	mutants		significant		global		transcriptional		changes	
as	 compared	 to	 wild-type	 were	 observed	 including	 changes	 in	
genes	 encoding	 mediators	 of	 central	 metabolism,	 global	 regula-	
tion,	 and	 virulence-associated	 genes	 with	 significant	 overlap	 in	
transcriptional	 patterns	 associated	with	 the	 two	mutations.	 Both	
rpoB	and	relA	mutations,	particularly	the	RpoB	H481Y,	led	to	spe-	
cific	 transcriptional	effects	 including	up-regulation	of	capsule	and	
agr	 (accessory	 gene	 regulator)	 gene	 expression,	 which	 in	 turn	
reduced	virulence,	increased	resistance	to	host	antimicrobial	pep-	
tide	killing,	and	resulted	in	persistent	infection	(Table	2)	(Gao	et	al.,	
2013).	 Up-regulation	 of	 the	 agr	 gene	 expression	 is	 of	 particular	
interest	because	in	S.	aureus	the	agr	quorum-sensing	system	con-	
trol	metabolic	 operons	 involved	 in	 carbohydrate	 and	 amino	 acid	
metabolism	 and	 utilization,	 and	 phenol-soluble	 modulin	 (PSM)	
cytolysin	genes,	and,	via	the	intracellular	effector	molecule	RNAIII,	
a	wide	array	of	virulence	genes	(Queck	et	al.,	2008).	

As	discussed	 above,	 the	overlapping	pattern	of	 the	 two	muta-	
tions	 is	 consistent	 with	 the	 finding	 that	 certain	 rpoB	mutations	
causing	rifampicin-resistance	exhibit	a	 	stringent-like	 	phenotype.	
In	 fact,	 although	 not	 reported	 in	 E.	 coli	 (Fig.	 2B),	 the	 equivalent	
H437Y	 substitution	 in	 Streptomycetes	 has	 been	 shown	 to	 confer	
ppGpp-independent	antibiotic	production	(Lai		et		al.,	 	2002;		Talà	
et	al.,	2009;	Wang	et	al.,	2010)	(Fig.	4A).	At	this	point,	it	is	important	
to	 consider	 that,	 as	 discussed	 above,	 in	Gram-positive	 Firmicutes	
and	probably	also	in	Actinobacteria	most	of	the	effects	of	ppGpp	on	
RNA	polymerase	are	indirect,	and	may	be	caused	by	perturbed	GTP	

a		Up,	up-regulation	of	transcript	levels;	Down,	down-regulation	of	transcript	lev-	
els.	

	
	
homeostasis	in	turn	affecting	transcription	initiation	at	the	level	of	
rRNA	operons	(Krásný		and	Gourse,	2004;	Kriel	et	al.,	2012).	

Notably,	 rpoB	mutations,	 irrespective	 of	 their	 ability	 to	 confer	
rifampicin-resistance,	 promote	 selection	 of	 the	 vancomycin-	
intermediate	 phenotype	 (Cui	 et	 al.,	 2010;	 Matsuo	 	 et	 	 al.,	 	 2011;	
Saito	et	al.,	2014).		At		least		two		steps		of		selection		are		required	
to	 get	 vancomycin-intermediate	 S.	 aureus	 (VISA)	 when	 starting	
from	vancomycin-susceptible	S.	 aureus	 (VSSA)	 strains.	Before	 the	
VISA	 phenotype	 is	 attained,	 mutants	 in	 the	 transitional	 stage	 of	
vancomycin	 resistance,	 which	 are	 called	 heterogeneously	 VISA	
(hVISA),	appear.	rpoB	mutations	are	one	of	the	major	contributors	
to	 the	hVISA-to-VISA	phenotype	conversion	(Matsuo	et	al.,	2011).	
Indeed,	it	has	been	reported	that	more	than	70%	of	the	VISA	strains	
carry	rpoB	mutations	(Matsuo	et	al.,	2011;	Watanabe	et	al.,	2011).	
Among	the	RifR	rpoB	mutations,	 the	above-mentioned	H481Y	was	
responsible	for	increased	vancomycin	resistance,	while	Q468K	and	
Q468R	did	not	increase		resistance		to		this		antibiotic.		Promotion	
of	 the	 VISA	 phenotype	 by	 H481Y	 mutation	 was	 associated	 with	
prolonged	doubling	time,	activation	of	the	stringent	response	and	
cell	wall	 thickening	 (Matsuo	 et	 al.,	 2011).	 The	 different	 effects	 of	
the	H481Y	and	 the	Q468K/R	 substitutions	 could	be	 attributed	 to	
the	antithetic	effects	of	these	mutations	on	transcription	dynamics	
leading	to	distinct	phenotypes.	As	mentioned	above,	in	B.	subtilis	the	
equivalent	H482Y	and	 the	Q469K/R	substitutions	 result	 in	oppo-	
site	effects	on	transcription	pausing	and	termination	(Ingham	and	
Furneaux,	2000)	(Fig.	4C).	

The	 impact	of	 the	rpoB	mutations	on	bacterial	physiology	and	
metabolism	was	 also	 explored,	 by	means	 of	 proteomic	 approach,	
in	 two	 N.	 meningitidis	 invasive	 clinical	 isolates	 carrying,	 respec-	
tively,	the	RpoB	D543V	and	H553Y	substitutions	(Neri	et	al.,	2010)	
(Table	 3).	 A	 total	 of	 twenty-three	 spots	were	 found	 to	 be	 differ-	
entially	 expressed	 in	 both	 RifR	 strains	 compared	 to	 a	 susceptible	
clinical	isolate.	Enzymes	involved	in	carbohydrate	metabolism	and	
in	 the	 reactions	of	 the	 tricarboxylic	 acid	 (TCA)	 cycle	 resulted	up-	
expressed.	The	NADP-dependent	glutamate	dehydrogenase	that	in	
N.	meningitidis	supplies	the	TCA	cycle	with	2-oxoglutarate	(Monaco	
et	al.,	2006;	Pagliarulo	et	al.,	2004;	Talà	et	al.,	2011)	and	is	essen-	
tial	for	virulence	in	the	infant	rat	model	(Sun	et	al.,	2000)	was	also	
up-regulated	(Table	3).	By	assuming	that	these	RpoB	substitutions	
may	mimic	a	stringent	phenotype,	up-regulation	of	these	proteins	
is	unexpected	because	TCA	enzyme-encoding	genes	are	generally	
down-regulated	under	stringent	conditions	in	E.	coli	(Durfee	et	al.,	
2008).	 In	 contrast,	 similar	 to	E.	 coli	under	 stringent	 conditions,	 a	
number	of	proteins	 involved	 in	ATP	production,	 lipid	metabolism	
and	cell	division	were	down-expressed	in	the	N.	meningitidis	rpoB	
mutants	 (Table	 3).	 In	 addition	 to	 metabolic	 enzymes,	 proteins	
involved	 in	 transcription,	 translation	 and	 protein	 turnover	 were	
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Fig.	4.	Phenotypes	associated	with	RifR	RpoB	substitutions	in	S.	coelicolor	A3(2)	and	S.	lividans	(A)	S.	griseus	and	S.	erythraea	(B)	and	B.	subtilis	(C).	NTD,	aminosugar	antibiotic	
3,3∗-neotrehalosadiamine	biosynthesis	pathway.	

	
	

differentially	expressed.	In	particular,	the	DNA-directed	RNA	poly-	
merase	 subunit	 α,	 the	 transcription	 elongation	 factor	 NusA,	 and	
the	 translation	 elongation	 factor	 G	were	 up-expressed	 (Table	 3).	
These	changes	are	somewhat	expected	by	considering	the	possible	
effects	of	 the	RpoB	D543V	and	H553Y	substitutions	on	transcrip-	
tion	 dynamics	 as	 inferred	 from	 studies	 addressing	 the	 effects	 on	
transcription	 elongation	 and	 termination	 of	 the	 equivalent	 RpoB	
substitutions	in	E.	coli	(Heisler	et	al.,	1996;	Jin	et	al.,	1988a,b;	Jin	and	
Gross,	1991;	Landick	et	al.,	1990)	(Fig.	2B).	In	fact,	the	mechanisms	
controlling	transcription	elongation	and	termination	appear	to	be	
highly	conserved	in	Neisseriaceae	and	Enterobacteriaceae	(Alifano	
et	al.,	1988,	1991;	Lavitola	et	al.,	1999;	Miloso	et	al.,	1993).	

Although	resolution	of	proteomic	analysis	is	limited	by	the	rel-	
ative	abundance	of	the	proteins,	these	results	demonstrate	a	wide	
effect	of	rpoB	mutations	on	carbon	 (and	energy)	metabolism	and	
on	basic	cell	functions	and	processes	in	N.	meningitidis.	

In	M.	 tuberculosis,	 omic	 approaches	have	been	mainly	 focused	
on	 global	 changes	 in	 gene	 expression	 profile	 upon	 exposure	 of	
rifampicin-resistant	 and	 rifampicin-susceptible	 strains	 to	 differ-	
ent	 rifampicin	 concentrations	 in	 the	 attempt	 to	 better	define	 the	

mechanisms	of	rifampicin-resistance	(de	Knegt	et	al.,	2013;	Gupta	
et	 al.,	 2010;	 Louw	 et	 al.,	 2011).	 These	 studies	 	 are	 	 outside	 	 the	
scope	of	the	present	review.	In	contrast,	 the	study	of	Bisson	et	al.	
(2012)	investigated	the	impacts	of	two	RpoB	substitutions,	H445D	
and	 S450L,	 on	 the	 proteome	 and	 metabolome	 in	 the	 absence	 of	
rifampicin	in	order	to	determine	protein	and	metabolite	abundance	
changes	that	are	associated	with	the	two	rpoB	mutations	indepen-	
dent	of	drug	exposure	(Fig.	2B	and	Table	4).	Noteworthy,	both	rpoB	
mutants	 showed	 significant	 up-regulation	 of	 the	 polyketide	 syn-	
thase	(PKS)	genes	ppsA-ppsE	and	drrA,	which	constitute	an	operon	
encoding	multifunctional		enzymes		involved		in		the		biosynthesis	
of	phthiocerol	dimycocerosate	and	other	 	 lipids	 	 in	 	M.	 	 tuberculo-	
sis	 (Table	 4).	 In	 addition,	 metabolomics	 identified	 precursors	 of	
phthiocerol	 dimycocerosate	 (PDIM),	 but	 not	 the	 intact	 molecule	
itself,	in	greater	abundance	in	both	rpoB	mutant	isolates.	PDIM	is	a	
long-chain	β-diol	(phthiocerol)	esterified	with	two	branched-chain	
mycocerosic	acids	located	in	the	outer	mycobacterial	cell	wall	that	
has	been	 implicated	 in	M.	 tuberculosis	virulence	(Cox	et	al.,	1999;	
Reed	 et	 al.,	 2004).	 Indeed,	M.	 tuberculosis	 strains	with	 defects	 in	
this	pathway	have	been	shown	to	possess	increased	cell	envelope	
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Table	3	
Changes	in	protein	expression	patterns	associated	with	RpoB	substitutions	D542V	
and	H552Y	in	N.	meningitidis.	

	
	

Changes	in	protein	expression	patternsa	 Ref.	
	

	

Intermediary	and	energy	metabolism	 Neri	et	al.	
(2010)	

Phosphoenolpyruvate	synthase	(PpsA)	 Up	
Pyruvate	dehydrogenase	E1	 Up	
Isocitrate	dehydrogenase	 Up	
Succinyl-CoA	synthetase	 subunit	β (SucC)	 Up	
Aconitate	hydratase	(AcnB)	 Up	
Malate	quinone	oxidoreductase	(Mqo)	 Down	
Enolase	 Down	
Zinc-binding	alcohol	dehydrogenase	 Down	

and	PpsD	and	PpsE	subsequently	extending	the	phthiocerol	further	
by	adding	a	4-methyl	branch	and	malonyl-	or	methylmalonyl-CoA,	
respectively	(Azad	et	al.,	1997;	Trivedi	et	al.,	2005).	The	finding	of	
up-regulation	of	several	genes	encoding	PKS	in	both	rpoB	mutants	
of	M.	tuberculosis	is	of	interest	because	in	related	Actinobacteria	PKS	
are	 involved	in	the	biosynthesis	of	various	secondary	metabolites	
such	as	erythromycin	and	rifamycin,	and,	as	we	will	discuss	in	more	
detail	below,	several	rpoB	mutations	lead	to	up-regulation	of	other-	
wise	dormant	gene	clusters	in	Actinobacteria,	resulting	in	increased	
abundance	 of	 specific	 secondary	 metabolites	 that	 are	 absent	 or	
minimally	present	in	wild-type	strains.	These	data	suggest	that	rpoB	
mutations	 in	M.	 tuberculosis	may	 trigger	compensatory	 transcrip-	
tional	changes	in	secondary	metabolism	genes	analogous	to	those	

Carboxyphosphonoenol	 pyruvate	
phosphonomutase	(PrpB)	

NADP-dependent	glutamate	
dehydrogenase	

Down	
	

Up	
observed	in	related	Actinobacteria.	

F0	F1		ATP	synthase	subunit	α (AtpA)	 Down	

Lipid	metabolism	
4. Rifampicin-resistance	in	biotechnology:	RNA	polymerase	
genetic	engineering	

Malonyl-CoA-acyl	carrier	protein	
transacylase	(FabD)	

Transcription	
DNA-directed	RNA	polymerase	subunit	α 
(RpoA)	

Down	
	
	

Up	

	
4.1. The	rifampicin-resistance	selection	method	as	a	tool	to	
improve	antibiotic	production	and	activate	silent	antibiotic	gene	
clusters	in	Actinomycetes	

Transcription	elongation	factor	(NusA)	 Up	

Translation	
Elongation	factor	G	(FusA)	 Up	

Folding,	sorting	and	degradation	
Trigger	factor	 Down	
60	kDa	chaperonin	(GroEL)	 Down	
Peptidyl-prolyl	cis-trans	isomerase	(PpiB)	 Down	

Cell	division	
Cell	division	protein	(FtsA)	 Down	
Septum	site-determining	protein	(MinD)	 Down	

	
	

a	Up,	up-regulation	of	protein	levels;	Down,	down-regulation	of	protein	levels.	
	
	

Table	4	
Changes	in	protein	expression	patterns	associated	with	RpoB	H445D	and	RpoB	S450L	
substitutions	in	M.	tuberculosis.	

	
	

Changes	in	protein	expression	patternsa	 Ref.	
	

	

Lipid	metabolism	 Bisson	et	al.	
(2012)	

Modular	type	I	PKS	system	PpsA-E	(involved	in	 Up	
PDIM	biosynthetis)	

Acyl-CoA	dehydrogenase	FadE31	 Up	

Cell	wall	and	cell	processes	
ABC	transporter	DrrA	(involved	in	PDIM	 Up	
biosynthetis)	

Intermediary	and	energy	metabolism	
Succinic	semialdehyde	dehydrogenase	 Up	
(GabD1)	

Information	pathways	
Bifunctional	polyribonucleotide	 Up	
nucleotidyltransferase	(GpsI)	

Putative	integration	host	factor	(MIHF)	 Up	

Conserved	hypothetical	proteins	
Rv1056	 Up	
Rv3038c	 Up	
Rv3661b	 Up	

	
	

a	Up,	up-regulation	of	protein	levels;	Down,	down-regulation	of	protein	levels.	
	

permeability	 (Camacho	et	 al.,	 2001),	 and	 are	more	 susceptible	 to	
IFN-γ-mediated	 and	 IFN-γ-independent	 immunity	 (Kirksey	 et	 al.,	
2011;	Murry	et	al.,	2009).	

The	genes	ppsA-ppsE	encode	a	type	I	modular	PKS	responsible	
for	 biosynthesis	 of	 the	 phtiocerol	 backbone	 of	 PDIM,	with	 PpsA-	
PpsC	sequentially	 loading	ketide	units	onto	 long-chain	 fatty	acids	

The	reviewed	 literature	provides	many	examples	of	activation	
of	 silent	 or	weakly	 expressed	 gene	 clusters	 coding	 for	 secondary	
metabolites	 by	 RifR	 rpoB	mutations	 in	 Actinomycetes	 and	B.	 sub-	
tilis	(Ochi	and	Hosaka,	2013;	Ochi	et	al.,	2014).	For	instance,	gene	
clusters	 coding	 for	 enzymes	 involved	 in	 actinorhodin	 (Act)	 and	
undecylprodigiosin	 (Red)	 biosynthesis	 are	 found	 in	 Streptomyces	
lividans	but	normally	are	not	expressed.	In	contrast,	these	clusters	
are	 expressed	 in	 the	 phylogenetically	 related	 bacterium	 Strepto-	
myces	coelicolor	A3(2).	However,	certain	rifampicin-resistant	rpoB	
mutants	of	S.	 lividans	produce	both	Act	and	Red	 in	abundance	by	
activating	transcription	of	the	key	regulatory	genes	actII-ORF4	and	
redD	(Hu	et	al.,	2002).	The	RpoB	substitutions	D427V,	S433P,	S433L,	
H437Y,	H437R,	R440H,	R440C,	R599C	were	among	the	most	effec-	
tive	 in	 activating	both	Act	 and	Red	production	 (Fig.	 4A).	 Some	of	
these	rpoB	mutations	result	 in	ppGpp-independent	antibiotic	pro-	
duction	in	both	S.	coelicolor	A3(2)	and	S.	 lividans	(Lai	et	al.,	2002;	
Xu	 et	 al.,	 2002;	Wang	 et	 al.,	 2010).	 This	 result,	 together	with	 the	
evidence	 that	 the	 guanine	 nucleotide	 ppGpp	 is	 a	 pivotal	 signal	
molecule	for	initiating	the	onset	of	antibiotic	production	in	Strepto-	
mycetes	(Artsimovitch	et	al.,	2004;	Bibb,	2005;	Martínez-Costa	et	al.,	
1996;	Ochi,	2007,	1987;	Saito	et	al.,	2006;	Takano	and	Bibb,	1994),	
is	consistent	with	the	hypothesis	 that	 the	rpoB	mutations	activat-	
ing	 antibiotic	production	 in	S.	 lividans	 can	 functionally	mimic	 the	
physiological	modifications	induced	by	the	ppGpp	(Hu	et	al.,	2002;	
Lai	et	al.,	2002;	Talà	et	al.,	2009;	Xu	et	al.,	2002;	Wang	et	al.,	2010,	
2008).	However,	it	is	also	important	to	remember	that	a	number	of	
specific	effects	of	 these	mutations	on	global	gene	expression	may	
due	 to	 their	 impact	 on	 transcription	 elongation/termination,	 and	
that	there	is	not	a	straightforward	correlation	between	the	effects	
of	these	mutations	on	RNAP	promoter	binding/isomerization,	and	
their	 effects	 on	 transcription	 elongation/termination	 as	 clearly	
demonstrated	in	E.	coli	and	B.	subtilis	(Heisler	et	al.,	1996;	Ingham	
and	Furneaux,	2000).	

The	 broad	 applicability	 of	 the	 RifR		selection	method	 to	 strain	
improvement	was	recently	demonstrated	by	Tanaka	et	al.	(2013).	
The	 introduction	 of	 certain	 rpoB	mutations	 effectively	 increased	
antibiotic	 production	 by	 Streptomyces	 griseus	 (streptomycin	 pro-	
ducer),	S.	 coelicolor	 (actinorhodin	producer),	Streptomyces	 antibi-	
oticus	(actinomycin	producer),	Streptomyces	 lavendulae	(formycin	
producer),	Saccharopolyspora	erythraea	(erythromycin	producer),	
and	Amycolatopsis	 orientalis	 (vancomycin	producer).	 Importantly,	
this	method	worked	successfully	regardless	of	the	chemical	class	of	
the	antibiotics	(polyketides,	polyethers,	glycopeptides,	macrolides,	
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polypeptides,	nucleotides,	and	aminoglycosides).	In	contrast,	it	was	
restricted	 by	 strain	 biology	 and	 environmental	 conditions	 (e.g.,	
growth	media).	For	 	 instance,	 	although	 	actinomycin	 	production	
by	 S.	 antibioticus	was	markedly	 enhanced	 by	 introducing	 certain	
rpoB	mutations,	production	of	the	same	antibiotic	by	Streptomyces	
parvulus	could	not	be	enhanced	using	 this	method	(Tanaka	et	al.,	
2013).	Moreover,	the	activation	of	the	gene	clusters	for	secondary	

	
Table	5	
Changes	in	transcriptional	patterns	associated	with	RpoB	S444F	or	RpoB	Q426R	
substitutions	in	S.	erythraea.	

	
	

Changes	in	transcriptional	patternsa	 Ref.	
	

	

S.	erythraea	RpoB	S444F	vs.	parent	strain	 Carata	et	al.	
(2009)	

Metabolism	

metabolites	 was	 medium	 dependent,	 with	 each	 rpoB	 mutation	
exerting	differential	effects	on	activation	of	each	gene	cluster.	For	
instance,	although	Q424K	and	S442L	mutations	were	quite	effective	
at	 enhancing	 streptomycin	production	 (Fig.	 4B),	 these	mutations,	
at	variance	with	the	H437Y	(and,	partially,	H437R)	mutations,	were	
not	effective	in	enhancing	 	the	 	activity	 	of	 	cryptic	 	gene		clusters	
for	 other	 secondary	metabolites	 in	 S.	 griseus.	 In	 contrast,	 H439Y	
and	H439R	mutations	(corresponding	 to	H437Y/R	 in	S.	 coelicolor	
A3[2]),	 which	 were	 effective	 in	 enhancing	 erythromycin	 produc-	
tion	 (Fig.	 4B),	 were	 widely	 effective	 in	 enhancing	 the	 activity	 of	
cryptic	 genes	 of	 S.	 erythraea.	 Similarly,	 S433L	 and	 H437Y	muta-	
tions,	which	were	effective	in	enhancing	actinorhodin	production,	
were	also	effective	in	enhancing	the	activity	of	the	cryptic	genes	of	

Energy-generating		NADH		dehydrogenase	
complex	I	(nuoC,	D,	E,	F)	

Valine	catabolic	pathway	
(mmsA2-SACE	 1456,	SACE	 1457)	

Information	storage	and	processing	
Replication,	 recombination	and	repair	
(gyrA,	gyrB,	deaD)	

Ribosome	biogenesis	(rpsB,	rpsD,	rplD,	rplO,	
rplW,	rpmC,	rpmD)	

S.	erythraea	RpoB	Q426R	vs.	parent	strain	
Metabolism	
Nitrogen	regulon	(glnB,	amt,	glnA1,	gudB,	
ureA,	ureC,	nirB,	nirD,	narK)	

Valine	catabolic	pathway	
(mmsA2-SACE	 1456,	SACE	 1457)	

Up	
	

Up	
	
	

Down	

Down	

	
	

Up	

Down	

S.	coelicolor.	
Overall,	this	study	demonstrates	that	H437Y	and	H437R	

mutations	are	among	 the	most	effective	 in	a	wide	variety	of	

Amino	acid	biosynthesis	(metH,	hisC2,	lat)	 Up	
Nucleotide	metabolism	(purF,	pyre,	adk)	 Up	
Nucleotide	metabolism	(purE,	pyrH)	 Down	
Vitamin	metabolism	(pdx1,	folK)	 Up	

Actinomycetes	 and	on	a	wide	variety	 secondary	metabolites.	The	
mutations	affecting	the	histidine	residue	at	position	437	have	been	
shown	 to	 circumvent	 the	detrimental	 effects	 of	 the	 relA	and	asfB	
mutations	(in	S.	coelicolor)	and	the	relC	mutations	(in	S.	 lividans),	

Carbon	metabolism	(eno,	SACE	 5675,	
SACE	7048)	

Energy-generating	NADH	dehydrogenase	
complex	I	(nuoA,	C,	D,	E,	F,	L)	

Information	storage	and	processing	

Up	
	

Down	

perhaps	by	mimicking	the	stringent	phenotype	(Hu	et	al.,	2002;	Lai	 Ribosome	biogenesis	(rpsA)	 Up	
et	al.,	2002;	Talà	et	al.,	2009;	Xu	et	al.,	2002;	Wang	et	al.,	2010,	2008).	
In	 many	 cases,	 enhancement	 of	 antibiotic	 production	 by	 these	
mutations	may	be	mediated	by	up-regulation	of	poorly	transcribed	
genes	 as	 represented	by	pathway-specific	 regulatory	 genes	actII-	

Ribosome	biogenesis	(rpsB,	rpsD,	rplD,	rplO,	
rplW,	rpmC,	rpmD)	

Global	transcriptional	regulators	
(SACE	3299,	SACE	4349,	SACE	6128)	

Down	

Up	

Putative	stress	proteins	(smpB,	uspA3)	 Up	
ORF4	 in	 actinorhodin	production	or	pleiotropic	 regulatory	 genes	
as	 represented	 by	 bldD	 in	 biosynthesis	 of	 erythromycin	 (Tanaka	

Replication,	 recombination	and	repair	
(gyrA,	gyrB,	deaD)	

Down	

et	al.,	2013).	A	similar	mechanism	is	involved	in	the	enhancement	of	
streptomycin	production	in	the	S.	griseus	Q424K	mutant,	in	which	
the	 expression	 of	 the	 pathway-specific	 regulatory	 gene	 strR	was	
markedly	up-regulated	(Tanaka	et	al.,	2013).	

StrR	 is	member	 of	 a	 regulatory	 cascade	 starting	with	 binding	
of	quorum	sensing	A-factor	to	ArpA	repressor	dissociating	it	from	
adpA	 promoter	 thereby	 inducing	 transcription	 of	 this	 gene.	 The	
transcriptional	 factor	 AdpA,	 in	 turn,	 activates	 a	 number	 of	 genes	
required	 for	 secondary	metabolism	and	morphological	differenti-	
ation	(Ohnishi	et	al.,	2005).	Members	of	the	AdpA	regulon	include	
StrR	 (Retzlaff	 and	 Distler,	 1995).	 Notably,	 in	 the	 Q424K	mutant,	
in	 spite	 of	 strR	 transcription	 stimulation,	adpA	 transcription	was	
rather	 impaired.	However,	since	translation	of	adpA	 is	modulated	
by	 bldA,	 coding	 for	 the	 only	 tRNA	 species	 able	 to	 read	 the	 rare	
leucine	 codon	 UUA	 efficiently	 in	 the	 high	 G+C	 Actinomycetes,	 it	
would	be	interesting	to	analyze	in	this	mutant	both	bldA	RNA	and	
AdpA	protein	 levels.	 Indeed,	 there	 is	evidence	 that	bldA	 is	appar-	
ently	 subject	 to	 positive	 stringent	 control	 (Chater	 and	 Chandra,	
2008).	Analogously,	it	would	be	intriguing	to	check	ActII-ORF4	pro-	
tein	levels	in	the	H437R/Y	mutants	of	S.	coelicolor	since	translation	
of	actII-ORF4	is	also	subject	to	bldA	regulation	(Fernández-Moreno	
et	al.,	1991).	

In	addition	to	H437Y	and	H437R	mutations,	substitutions	of	Ser	
at	position	433	(S433P/L)	or	442	(S442F/Y/L)	were	also	often	effec-	
tive	in	boosting	antibiotic	production,	although	position	442	(S444	
in	S.	erythraea)	is	variable	among	species	(e.g.,	asparagine	in	S.	coeli-	
color).	For	instance,	the	S444F/Y	(position	442	in	S.	coelicolor	A3[2]	
RpoB)	mutations	markedly	potentiated	the	erythromycin	produc-	
tion	by	S.	erythraea	(Carata	et	al.,	2009;	Tanaka	et	al.,	2013)	(Fig.	4B).	
The	mechanisms	 of	 activation	 of	 secondary	metabolism	 by	 these	
mutations,	however,	might	be	different	 from	that	of	the	H439Y/R	
mutations	in	S.	erythraea	(H437Y/R	in	S.	coelicolor	A3[2]).	The	S444F	

	

a	Up,	up-regulation	of	transcript	levels;	Down,	down-regulation	of	transcript	lev-	
els.	

	
	

mutation	in	S.	erythraea	markedly	altered	the	transcriptional	profile	
of	 this	microorganism	(Table	5).	 	The	 	expression	 	of	 	genes	 	cod-	
ing	 for	key	enzymes	of	 carbon	 (and	energy)	 and	nitrogen	 central	
metabolism	was	 dramatically	 altered	 in	 turn	 affecting	 the	 flux	 of	
metabolites	 through	 erythromycin	 feeder	 pathways.	 	 In	 	 particu-	
lar,	 the	 valine	 catabolic	 pathway	 that	 supplies	 propionyl-CoA	 for	
biosynthesis	of	 the	erythromycin	precursor	6-deoxyerythronolide	
B	was	strongly	up-regulated	in	this	mutant,	while,	at	variance	with	
the	H439Y/R	mutants,	the	expression	of	the	biosynthetic	gene	clus-	
ter	of	 erythromycin	 and	 regulatory	genes	 including	bldD	was	not	
significantly	affected	(Carata	et	al.,	2009).	

Altogether	 these	 data	 indicate	 that	 distinct	 mechanisms	 are	
responsible	 for	 the	 stimulatory	 effects	 on	 antibiotic	 production	
caused	 by	 rpoB	 mutations	 because	 each	 mutation	 may	 exert	 a	
distinct	 effect	 on	 gene	 expression	 depending	 on	 its	 impact	 on	
transcription	 dynamics	 and	 the	 genome	 context.	 For	 instance,	 it	
may	 be	 noteworthy	 the	 circumstance	 that	 the	 	 regulatory	 	 gene	
bldD	 and	 the	 gene	 coding	 for	 the	 transcription	 elongation	 factor	
nusB	 are	 located	 adjacent,	 in	 a	 convergent	 orientation	 on	 the	 S.	
erythraea	 chromosome.	 In	 the	H439R/Y	mutants	 it	 is	 reasonable	
that	 the	 termination	 deficiency	 that	 is	 associated	with	 the	 corre-	
sponding	 substitutions	 in	 model	 organisms	 (Heisler	 et	 al.,	 1996;	
Ingham	 and	 Furneaux,	 2000)	may	 perturb	 the	 expression	 of	 the	
two	convergently	transcribed	genes	leading	to	bldD	up-regulation.	
This	 hypothesis	 is	 strongly	 supported	 by	 the	 finding	 of	 a	 	 non-	
sense	 mutation	 in	 nusB	 in	 an	 industrial	 erythromycin-producing	
strain	with	possible	consequence	on	bldD	expression	(Peano	et	al.,	
2012).	
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4.2. The	rifampicin-resistance	selection	method	as	a	tool	to	
manipulate	the	cell	cycle,	activate	dormant	genes,	and	expand	the	
metabolic	capabilities	of	Bacillus	

	
The	 	efficacy	 	of	 	rpoB	 	mutations	 	 in	 	activating	 	 the	 	 	produc-	

tion		 of		 a		 dormant		 antibiotic		 has		 been		 also		 demonstrated		 in	
B.	subtilis.	 In	particular,	 	RpoB		substitution		S487L		in	 	B.	 	subtilis	
led	 to	 dramatic	 autoinduction	 of	 the	 amino	 sugar	 antibiotic	 3,3∗-
neotrehalosadiamine	 	 (NTD),	 	 which	 	wild-type	 	 strains	 	 do	 	 not	
produce	(Inaoka	et	al.,	2004)	(Fig.	4C).	In	contrast,	H482Y	and	H482R	
substitutions	 that	 effectively	 activated	 antibiotic	 production	 in	 S.	
lividans	 (Hu	 et	 al.,	 2002)	were	 ineffective	 in	B.	 subtilis	NTD	 pro-	
duction	that	is	not	controlled	by	ppGpp	(Inaoka	et	al.,	2004).	This	
finding	 is	 reminiscent	 of	 the	mutational	 pattern	 that	was	 associ-	
ated	with	 enhanced	 production	 of	 streptomycin	 (an	 amino	 sugar	
antibiotic,	just	like	NTD)	by	S.	griseus	(Fig.	4B).	

Mechanistically,	it	has	been	proposed	that	the	mutant	RNA	poly-	
merase	 harboring	 the	 RpoB	 S487L	missense,	with	 respect	 to	 the	
wild-type	 enzyme,	 acquired	 a	 superior	 ability	 to	 efficiently	 tran-	
scribe	σA-dependent	promoters	including	ntdABC	operon	promoter	
resulting	in	the	dramatic	activation	of	the	NTD	biosynthesis	path-	
way	by	an	autoinduction	mechanism	(Inaoka	et	al.,	2004).	The	same	
substitution	was	proven	to	be	effective	for	overproduction	of	extra-	
cellular	enzymes	such	as	amylase	and	protease	by	several	Bacillus	
species	(Inaoka	et	al.,	2004).	

Interestingly,	 Maughan	 et	 al.	 (2004)	 demonstrated	 that	 four	
RpoB	substitutions,	Q469R,	H482R,	H482Y	and	the	above-described	
S487L	 caused	 global	 changes	 in	 B.	 subtilis	 growth,	 sporulation,	
germination	 and	 competence	 for	 DNA-mediated	 transformation	
(Fig.	4C).	Compared	to	the	growth	rate	of	the	wild-type	strain,	low-	
ered	 growth	 rates	were	 observed	 in	 certain	mutants	 (e.g.,	 in	 the	
S487L	mutant)	but	not	in	others	(e.g.,	in	the	Q469R	and	H482R/Y	
mutants)	 in	 rich	 Luria	 Bertani	 (LB)	 medium.	 Furthermore,	 tem-	
perature	sensitive	germination	was	observed	in	Q469R	and	S487L	
mutants,	while	 the	H482R/Y	mutants	exhibited	 temperature	 sen-	
sitive	sporulation.	

This	study	further	supports	the	concept	that	the	rpoB	mutations	
activating	secondary	metabolism	can	be	functionally	classified	into	
three	major	groups:	(i)	group	I	mutations	affecting	the	H482	residue	
(H437	 in	 S.	 coelicolor	 A3[2]	 numbering)	 including	 the	 H482R/Y	
(H437R/Y	in	S.	coelicolor	A3[2]);	(ii)	 	group		II	 	mutations	 	affect-	
ing	 the	 Q469	 residue	 (Q424	 in	 S.	 coelicolor	A3[2])	 including	 the	
Q469R/K	 (Q469R/K	 in	 S.	 coelicolor	 A3[2]);	 group	 III	 mutations	
(with	 some	 phenotypic	 overlaps	with	 group	 II	mutations)	 affect-	
ing	the	S487	residue	(only	present	in	several	Streptomycetes;	N442	
in	 S.	 coelicolor	A3[2])	 including	 S487L/F/Y.	 This	 classification	 is	
consistent	with	 the	 results	 of	 a	more	 recent	 study,	 in	which	 dif-	
ferent	 levels	 of	 glucose	 catabolite	 repression	 during	 sporulation	
and	spore	resistance	to	heat	and	chemicals	were	observed	in	RifR	
rpoB	mutants	(Moeller	et	al.,	2012)	(Fig.	4C).	In	particular,	strains	
carrying	 the	 Q469L,	 S487F,	 S487L	 or	 S487Y	 exhibited	 a	 strong	
catabolite-resistant	sporulation	(Crs)	phenotype.	Interestingly,	the	
Crs	phenotype	also	 results	 from	missense	mutation	P290F	 in	 the	
sigA	(rpoD)	gene	encoding	the	major	vegetative	RNA	polymerase	σA	
factor	(Kawamura	et	al.,	1985).	This	observation,	together	with	the	
evidence	 that	rpoB	mutation	may	suppress	 temperature-sensitive	
sporulation	 initiation	 caused	 by	 sigA	 missense	 mutation	 E314K	
(Nanamiya	et	al.,	2000),	implicates	that	the	effects	of	several	rpoB	
substitutions	including	S487L	on	NTD	biosynthesis,	and	activation	
ad	catabolite	repression	of	sporulation	initiation	involve	the	activ-	
ity	of	the	σA	factor.	

As	 above	 mentioned,	 RifR		 selection	 also	 led	 to	 discover	 new	
metabolic	capabilities	of	B.	subtilis	(Perkins	and	Nicholson,	2008).	
By	 using	 global	metabolic	 profiling	 approach,	 a	 number	 of	 alter-	
ation	of	substrate	utilization	patterns	were	observed	in	the	RifR	rpoB	
mutants	 including		the	 utilization	 of	 novel	 substrates		previously	

unknown	 in	B.	 subtilis,	 such	as	gentiobiose,	β-methyl-d-glucoside,	
and	D-psicose.	 In	 general,	 compared	 to	 the	wild-type,	 the	RifR	

mutation	 led	 to	 a	 decrease	 in	 strongly	 utilized	 substrates	 and	
an	 increase	 in	weakly	 utilized	 substrates.	 However,	 specific	 rpoB	
mutations	were	associated	with	specific	 stimulatory	or	 inhibitory	
effects	on	substrate	utilization	(Perkins	and	Nicholson,	2008).	This	
study	demonstrates	 that	 combining	RifR	with	metabolic	 profil-	
ing	 is	 system-wide	 approach	 for	 uncovering	previously	 unknown	
metabolic	 capabilities	 and	 further	 understanding	 global	 trans-	
criptional	 control	 circuitry.	 The	 biotechnological	 implications	 are	
obvious,	since	extending	the	range	of	substrate	utilization	and/or	
altering	substrate	preference	may	represent	major	goals	in	micro-	
bial	strain	improvement	processes.	

	
4.3. Strain	improvement	and	drug	discovery	methods	based	on	
natural	“mutant-type”	or	duplicated	RNA	polymerases	

	
As	 already	 mentioned,	 under	 standard	 laboratory	 conditions	

(standardized	 media	 and	 growth	 conditions)	 and	 in	 different	
experimental	setups	(pure	cultures,	co-cultures,	cellular	or	animal	
infection	models),	a	fitness	burden	is	often	associated	with	the	RifR	

rpoB	mutations.	 However,	 laboratory	 conditions	 cannot	 replicate	
the	 entire	 complexity	 of	 a	 natural	 environment.	 Soil	microorgan-	
isms	such	as	Bacillus	and	Actinomycetes	have	to	thrive	in	a	hostile	
environment.	They	are	not	bathed	in	rich	sources	of	nutrients	such	
as	in	laboratory	conditions,	and	need	to	rely	on	the	ability	to	utilize	
ephemeral,	 rare,	or	 less	 readily	metabolized	 substrates,	 including	
β-glucosides	 released	 through	 breakdown	 of	 cellulose	 and	 hemi-	
cellulose.	They	have	to	face	the	competition	with	other	organisms	
and	microorganisms	for	food	and	space,	and	sometime	have	to	col-	
onize	hosts	as	diverse	as	nematodes,	 insects,	plants	or	mammals.	
As	 reported	 above,	 the	 ability	 (i)	 to	 utilize	 less	 readily	 metab-	
olized	 substrates,	 (ii)	 to	 modulate	 sporulation,	 germination	 and	
spore	 resistance	 to	 chemical	 and	 physical	 agents,	 (iii)	 to	 activate	
cryptic	 clusters	 for	 antibiotics	 and	 siderophores,	 and	 (iv)	 to	 tune	
the	 expression	 of	 host	 colonization	 factors	 may	 be	 conferred	 by	
particular	rpoB	mutations.	Thus,	 it	 is	entirely	possible	 that	under	
more	realistic	environmental	conditions,	rpoB	mutants	may	indeed	
exhibit	greater	fitness	than	the	wild-type	strain.	

The	discovery	of	natural	“mutant-type”	or	duplicated	RNA	poly-	
merase	genes	in	certain	“rare”	Actinomycetes	is	consistent	with	this	
view.	In	contrast	to	the	widely	accepted	consensus	of	the	existence	
of	 a	 single	 RNA	 polymerase	 in	 bacteria,	 Actinomycetes	 with	 two	
or	multiple	rpoB	paralogs	were	recently	discovered	(Vigliotta	et	al.,	
2005;	 Ishikawa	et	al.,	2006;	Talà	et	al.,	2009).	 In	Nonomuraea	sp.	
ATCC	39727,	 the	producer	of	 the	glycopeptide	antibiotic	A40926,	
the	presence	of	duplicated	rpoB	genes,	rpoB(S)	(rifampicin-sensitive	
wild-type	 rpoB)	 and	 rpoB(R)	 (rifampicin-resistant	 mutant-type	
rpoB),	 provides	 the	microorganism	with	 two	 functionally	 distinct	
RNA	 polymerase	 (Vigliotta	 et	 al.,	 2005)	 (Fig.	 5).	 With	 respect	 to	
the	rpoB(S)	gene	product,	 the	product	of	rpoB(R)	is	characterized	
by	 an	 18-bp	 in-frame	 deletion	 in	 a	 hyper-variable	 region	 of	 the	
lobe	domain,	and	mutations	causing	 five	amino	acid	substitutions	
located	within	or	close	to	the	rif	clusters	I	and	II	(Fig.	5).	Of	these	
substitutions,	the	histidine	to	asparagine	substitution	(H437N	in	S.	
coelicolor	A3[2])	in	the	rif	cluster	I	is	of	particular	interest	because	
it	corresponds	to	one	of	 the	rifampicin	resistance	rpoB	mutations	
that	activate	antibiotic	production	 in	S.	 lividans	by	mimicking	 the	
stringent	phenotype	(Hu	et	al.,	2002).	Notably,	 the	corresponding	
histidine	 to	asparagine	substitution	 (H481N)	 in	S.	 aureus	RpoB	 is	
not	associated	to	fitness	cost	(Table	1).	The	serine	to	tyrosine	sub-	
stitution	(S485Y	 in	S.	 coelicolor	A3[2])	 in	 the	rif	cluster	 II	 (Fig.	5)	
is	 also	of	 interest	because	 the	equivalent	 substitution	 in	E.	 coli	 is	
responsible	 for	moderate-level	 resistance	 to	 rifampicin	 and	high-	
level	resistance		to		sorangicin		(Campbell		et		al.,		2005;		Rommele	
et	 al.,	 1990;	 Xu	 et	 al.,	 2005).	 Sorangicin	 is	 a	 polyketide-derived	
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Fig.	5.	 	 rpoB	duplication	 in	Actinomycetes.	Amino	acid	 sequences	of	 the	 region	spanning	 the	rif	clusters	 I	 and	 II	of	RpoB	proteins	encoded	by	Nonomuraea	sp.	ATCC	39727	
rpoB(S)	and	rpoB(R),	Nocardia	farcinica	IFM	10152	rpoB	and	rpoB2	paralogous	genes,	and	S.	coelicolor	A3(2)	rpoB	are	shown.	Closed	triangle,	amino	acid	substitution	common	
to	rpoB(R)-	and	rpoB2-encoded	proteins;	closed	circle,	amino	acid	substitution	specific	to	rpoB(R)-	or	rpoB2-encoded	proteins.	

	
	

macrocyclic-polyether	produced	by	the	Myxobacterium	Sorangium	
cellulosum	 (Jansen	 et	 al.,	 1985).	 Similarly	 to	 rifampicin	 it	 inhibits	
transcription	 initiation	 but	 does	 not	 inhibit	 transcription	 elonga-	
tion,	and	exhibits	partial	cross-resistance	with	rifampicin	(Irschik	
et	 al.,	 1987;	 Campbell		 et		 al.,		 2005;		 Rommele		 et		 al.,		 1990;		 Xu	
et	al.,	2005).	It	is	also	worth	noting	the	presence	of	both	histidine-
to-asparagine	 and	 serine-to-tyrosine	 substitutions	 in	 the	
corresponding	regions	of	rpoB2	from	Nocardia	farcinica	(strain	IFM	
10152),	 an	Actinomycete	 that	 shares	with	Nonomuraea	 sp.	 strain	
ATCC	39727	the	distinction	of	having	two	rpoB	paralogs	(rpoB	and	
rpoB2)	(Ishikawa	et	al.,	2006)	(Fig.	5).	

The	presence	of	both	wild-type	rpoB(S)	and	mutant-type	rpoB(R)	
genes	 in	 the	 same	 genome	 may	 represent	 an	 elaborate	 strategy	
enabling	 certain	 Actinomycetes	 to	 cohabit	 with	 microorganisms	
that	 produce	 antibiotic	 targeting	 the	 bacterial	 RNAP,	minimizing,	
at	 the	 same	 time,	 the	 disadvantage	 associated	 with	 rifampicin-	
resistance	 (Ishikawa	 et	 al.,	 2006).	 However,	 the	 more	 intriguing	
possibility	 is	 that	 rpoB	 duplication	 may	 contribute	 to	 the	 devel-	
opmental	strategy	of	 these	bacteria.	This	hypothesis	 is	supported	
by	 the	observation	 that	 rpoB(R)	 transcription	 is	 tightly	 regulated	
during	Nonomuraea	 growth,	 and	 that	 the	 constitutive	 expression	
of	this	gene	increases	the	production	of	the	glycopeptide	antibiotic	
A40926	in	this	organism	(Alduina	et	al.,	2007;	Vigliotta	et	al.,	2005).	
Moreover,	rpoB(R)	markedly	activated	antibiotic	biosynthesis	in	the	
wild-type	S.	 lividans	strain	1326,	which	 is	considered	a	good	host	
for	genetic	analysis	of	Nonomuraea	(Alduina	et	al.,	2005),	and	also	
in	strain	KO-421,	a	relaxed	(rel)	mutant	unable	to	produce	ppGpp.	
Site-directed	mutagenesis	demonstrated	that	the	RpoB(R)-specific	
histidine-to-asparagine	 substitution	 in	 the	 rif	 cluster	 I	 (Fig.	 5)	 is	
essential	 for	 the	 activation	 of	 secondary	metabolism	 (Talà	 et	 al.,	
2009).	

This		 physiological		 role		 of		 rpoB		 duplication		 is		 also		 consis-	
tent	 with	 results	 of	 studies	 with	Nonomuraea	 	 terrinata	 	 strains	
with	 single	 rpoB	 [rpoB(R)]	 or	 duplicated	 rpoB	 [rpoB(S)	 +	 rpoB(R)]	
demonstrating	 that	 the	 strain	 with	 duplicated	 rpoB	 shows	much	
greater	 capability	 than	 the	 single	 rpoB	 strain	 for	 growth	 (rep-	
resenting	 primary	 metabolism)	 and	 sporulation	 and	 antibiotic	
production	 (representing	 the	 developmental	 strategy),	 especially	
under	 stressful	 conditions	 (Talà	 et	 al.,	 2009).	 There	 is	 also	 evi-	
dence	that	mutant-type,	or	duplicated,	rpoB	often	exists	in	nature,	
with	 rpoB	 gene	 polymorphisms	 detected	 	 in	 	 five	 	 of	 	 75	 	 inher-	
ently	 rifampicin-resistant	 Actinomycetes	 isolated	 from	 nature,	
although		these			polymorphisms			are			preferentially			distributed	
in	 the	 rare	 Actinomycetes,	 	 not	 	 in	 	 Streptomyces	 	 spp.	 	 Notably,	
most	 of	 these	 rifampicin-resistant	 rare	 Actinomycete	 isolates	
obtained	 to	 date	 are	 able	 to	 produce	 	 antibiotics	 	 (Talà	 	 et	 	 al.,	
2009).	

From	a	practical	viewpoint,	 these	 findings	suggest	 the	 intrigu-	
ing	possibility	of	using	rpoB(R)-based	technology	to	improve	strains	

and	to	search	for	novel	bioactive	molecules	by	activating	dormant	
genes.	This	 technology	 should	have	greater	potential	 than	 simple	
RifR	 selection	 method	 currently	 used	 to	 improve	 the	 production	
of	 secondary	 metabolites	 (Hu	 and	 Ochi,	 2001;	 Ochi	 and	 Hosaka,	
2013;	Ochi	et	al.,	2014,	2004;	Tamehiro	et	al.,	2003;	Tanaka	et	al.,	
2013),	 as	 the	 introduction	 of	 rpoB(R)	 was	 much	 more	 effective	
in	 boosting	 antibiotic	 production	 in	S.	 lividans	 than	 the	 introduc-	
tion,	for	instance,	of	simply	the	H426Y	mutation	(Talà	et	al.,	2009).	
This	may	be	due	 to	 the	additional	rif	cluster-associated	RpoB(R)-	
specific	 substitutions	 that	 likely	 interact	 functionally	 with	 the	
histidine-to-asparagine	substitutions,	 leading	to	the	marked	effect	
of	rpoB(R).	In	the	future,	it	will	be	of	interest	to	examine	whether	
various	rpoB(R)	forms	found	in	nature	in	other	Actinomycetes	are	
more	capable	of	activating	silent	bacterial	genes	than	Nonomuraea	
rpoB(R).	

	
	

5. Concluding	remarks	
	

Rifampicin-resistance,	 with	 the	 underlying	 mechanisms	 and	
biological	effects,	is	an	area	of	wide	interest	to	scientists	operating	
in	many	different	 fields,	 from	 epidemiology	 to	 infectious	 disease,	
from	molecular	biology	 to	cell	physiology	and	biochemistry,	 from	
industrial	microbiology	 to	 biotechnology,	 from	microbial	 ecology	
to	evolution.	

The	 above-reviewed	 literature	 shows	 that	 specific	 rpoB	muta-	
tions	 conferring	 rifampicin-resistance	 may	 exert	 variable	 effects	
on	bacterial	fitness	and	on	a	variety	of	biological	processes	includ-	
ing	 nutrition,	 primary,	 intermediary	 and	 secondary	 metabolism,	
sporulation,	germination,	host	colonization	and	virulence	depend-	
ing	 on	 the	 microorganisms	 and	 their	 genetic	 backgrounds,	 the	
model	systems,	and	the	experimental	conditions.	However,	in	spite	
of	 such	 a	wide	 range	of	 biological	 effects	 associated	with	 a	 given	
mutation,	mutation-specific	mechanisms	mediating	 the	 biological	
effects	have	to	be	better	understood.	In	this	review,	a	general	pat-	
tern	is	proposed	to	explain	the	differential	and	complex	effects	on	
gene	expression	that	are	caused	by	the	rpoB	mutations.	The	avail-	
able	 evidence	 suggests	 that	 a	 number	 of	 specific	 effects	 of	 rpoB	
RifR	mutations	may	be	due	to	their	specific	impact	on	transcription	
dynamics	including	promoter	binding/isomerization	and	transcrip-	
tion	 elongation/termination	 that	 are	 not	 directly	 correlated	with	
each	other.	In	fact,	while	most	analyzed	rpoB	RifR	mutations	appear	
to	reduce	the	open	complex	stability	thereby	mimicking	the	direct	
or	 indirect	 effects	 of	 ppGpp	 on	 RNAP,	 their	 effect	 on	 transcrip-	
tion	elongation/termination	appear	 to	be	specific	and	antithetical	
in	some	cases.	

Based	 on	 these	 traits	 and	 their	 effects	 on	 global	 gene	 expres-	
sion,	a	functional	classification	is	presented	for	most	studied	RpoB	
substitutions	 in	both	 clinical	 and	 industrially-important	 bacteria:	
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(i)	group	I	substitutions	affecting	the	histidine	residue	in	rif	cluster	I	
(H526	in	E.	coli;	H437	in	S.	coelicolor	A3[2])	that	decrease	transcrip-	
tion	termination	in	E.	coli	and	B.	subtilis;	(ii)	group	II	substitutions	
affecting	a	glutamine	residue	in	rif	cluster	I	(Q513	in	E.	coli;	H424	in	
S.	coelicolor	A3[2])	that	increase	transcription	termination	in	E.	coli	
and	B.	subtilis;	(iii)	group	III	substitutions	affecting	a	serine	residue	
in	 rif	 cluster	 I	 (S531	 in	E.	 coli;	 in	S.	 coelicolor	A3[2]	 the	 serine	 is	
replaced	by	asparagine	442)	that	decrease	cellular	antitermination	
in	E.	coli.	

Noteworthy,	 substitution	 of	 the	 histidine	 residue	 in	 rif	 cluster	
I	 (H526	 in	E.	 coli;	H437	 in	S.	 coelicolor	A3[2]),	 the	most	 frequent	
genetic	alteration	in	RifR	clinically	isolated,	is	also	the	most	effective	
in	 promoting	 adaptive	 responses	 (alternative	 substrates	 uti-	
lization,	 secondary	metabolism,	 sporulation/germination,	 genetic	
exchange,	antibiotic	hetero-resistance)	in	soil	bacteria	by	mimick-	
ing	 the	 effects	 of	 alarmone	 ppGpp	 and	 altering	 the	 transcription	
dynamics.	 This	 means	 that,	 in	 certain	 ecological	 niches	 and/or	
environmental	 conditions,	 the	 disadvantage	 of	 a	 reduced	 growth	
potential,	which	is	often	associated	with	RifR	rpoB	mutations,	may	
be	 compensated	 by	 the	 advantage	 of	 having	 induced	 adaptive	
strategies.	This	hypothesis	is	supported	by	the	recent	discovery	of	
natural	“mutant-type”	or	duplicated	rpoB	genes	with	the	histidine-	
to-asparagine	substitution	(H437N	in	S.	coelicolor	A3[2])	in	the	so-
called	rare	Actinomycetes.	By	a	theoretical	point	of	view,	the	rpoB	
polymorphism	 may,	 therefore,	 act	 as	 a	 modulator	 of	 microbial	
evolution.	

By	 a	 practical	 point	 of	 view,	 the	 rifampicin-resistance	 	 selec-	
tion	method	is	routinely	used	to	maneuver,	on	a	global	scale,	gene	
expression	in	bacteria	of	industrial	interest	for	strain	improvement	
and	 drug	 discovery.	 The	 natural	 polymorphisms	 associated	 with	
the	rpoB	gene	may	be	also	exploited	to	this	purpose	by	transferring	
natural	 “mutant-type”	or	duplicated	rpoB	genes	 into	 target	bacte-	
ria.	The	advantage	of	this	procedure,	as	compared	to	the	classical	
rifampicin-resistance	selection	method,	 relies	on	 the	 introduction	
of	multiple,	 functionally	 interacting	 rpoB	mutations.	 Importantly,	
the	RNA	polymerase-based	methods	can	be	successfully	combined	
with	 other	methods	 including	 ribosome	 engineering,	metabolism	
remodeling,	 co-cultivation	 and	 utilization	 of	 rare	 earth	 elements	
(REE)	 (Ochi	 and	 Hosaka,	 2013;	 Ochi	 et	 al.,	 2014),	 and/or	 ratio-	
nal	genome-guided		approaches		(Chaudhary		et		al.,		2013;		Peano	
et	 al.,	 2012;	 Stephanopoulos	 et	 al.,	 2004;	 Xu	 et	 al.,	 2013).	 In	
particular,	 the	 utilization	 of	 REE,	 whose	 effectiveness	 in	 activat-	
ing	 cryptic	 gene	 expression	 and	 antibiotic	 production	 in	 bacteria	
has	 been	 recently	 demonstrated	 (Inaoka	 and	 Ochi,	 2011;	 Kawai	
et	 al.,	 2007;	 Ochi	 et	 al.,	 2014;	 Tanaka	 et	 al.,	 2010),	 is	 of	 great	
interest.	 In	 fact,	 REE	may	 represent	 environmental	 stress	 signals	
that	 trigger	 adaptive	 microbial	 responses,	 and	 therefore	 may	 be	
useful	to		understand		the		mechanisms		underlying		the		silencing	
of	cryptic	genes,	 	and	 	the	 	ecological	 	role	 	of	 	 the	 	“mutant-type”	
and	 duplicated	 RNA	 polymerases	 in	 rare	 Actinomycetes.	 Indeed,	
“mutant-type”	 and	 duplicated	 RNA	 polymerases	 are	 involved	 in	
cryptic	 gene	 activation,	 and,	 such	 as	 hypothesized	 by	 Ochi	 et	 al.	
(2014),	REE	may	either	induce	their	expression	or	modulate	their	
activity.	
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