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P R E F A C E

A decade has p a s s e d since Drs. Hoch and S i l h a v y e d i t e d their c o m p r e h e n s i v e
w o r k e n t i t l e d T w o - C o m p o n e n t S i g n a l Transduction. This f a s c i n a t i n g b o o k encour
aged many m i c r o b i o l o g i s t s and students to enter the new world o f signal t r a n s d u c t i o n
in m i c r o b i o l o g y . In 2003, Dr. I n o u y e e d i t e d H i s t i d i n e K i n a s e in S i g n a l Transduc
tion, w h i c h f o c u s e d on h i s t i d i n e k i n a s e s and p r e s e n t e d the w e a l t h o f i n f o r m a t i o n
a c c u m u l a t e d on this p r o t e i n family.

B a c t e r i a u s u a l l y p o s s e s s a n u m b e r o f T w o - C o m p o n e n t Systems ( T C S s ) , rang
ing from a few to over 100. In E. coli, 29 h i s t i d i n e k i n a s e s , 32 r e s p o n s e r e g u l a t o r s ,
and 1 h i s t i d i n e - c o n t a i n i n g p h o s p h o r t r a n s m i t t e r (HPt) domain have b e e n found by
a n a l y s e s o f the K-12 genome. S e v e r a l e x a m p l e s o f in vitro and in vivo c r o s s - t a l k s
and signal t r a n s d u c t i o n c a s c a d e s b e t w e e n TCSs in E. coli have b e e n r e p o r t e d , w h i c h
s u g g e s t s the e x i s t e n c e o f a TCS n e t w o r k ( C h a p t e r 1).

I n t e r a c t i o n s among d i f f e r e n t TCSs enable one s y s t e m to r e s p o n d to m u l t i p l e
signals, w h i c h is i m p o r t a n t for b a c t e r i a to m i n u t e l y adjust t h e m s e l v e s to c o m p l e x
e n v i r o n m e n t a l changes. Such i n t e r a c t i o n s are found or p r e d i c t e d in v a r i o u s b a c t e r i a
in this book. Many o f these i n t e r a c t i o n s m i g h t be c o n n e c t e d by small p r o t e i n s such
as B 1500 ( C h a p t e r 1) and PmrD ( C h a p t e r 2). More e x a m p l e s o f such p r o t e i n s s h o u l d
be i d e n t i f i e d in the n e a r future in o r d e r to fill-in the m i s s i n g parts o f the b a c t e r i a l
signal t r a n s d u c t i o n n e t w o r k , a new p a r a d i g m that is i n c r e a s i n g l y r e c o g n i z e d as the
signal t r a n s d u c t i o n p a t h w a y in b a c t e r i a l cells. For drug discovery, this p a t h w a y is
c o n s i d e r e d as i m p o r t a n t as the signal t r a n s d u c t i o n p a t h w a y in animal cells ( C h a p t e r s
15 and 16).

Over the past decade, a vast a m o u n t o f e x c i t i n g new i n f o r m a t i o n on the signal
t r a n s d u c t i o n p a t h w a y in b a c t e r i a has been b r o u g h t to light. Reports on these develop
ments have been put t o g e t h e r in this book, B a c t e r i a l S i g n a l Transduction: N e t w o r k s
a n d D r u g Targets. My aim is to p r o v i d e an i n c e n t i v e for graduate students, a c a d e m i c
scientists, and r e s e a r c h e r s in the p h a r m a c e u t i c a l industry to further e l u c i d a t e the TCS
n e t w o r k s and apply them in the search for novel drugs.

I express my s i n c e r e g r a t i t u d e to all o f the c o n t r i b u t o r s for their e x c e l l e n t chap
ters, and I am also g r a t e f u l to the s t a f f o f Landes B i o s c i e n c e : R o n a l d G. Landes,
C y n t h i a C o n o m o s and M e g a n Klein for p r o d u c t i o n o f this book.

Ryutaro Utsumi, PhD
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C H A P T E R !

Introduction to Bacterial Signal
Transduction Networks
Yoko Eguchi and Ryutaro U t s u m i "

A b s t r a c t

T r a n sc rip t io n al analysis using a D N A m i c r o a r r a y is an extremely efficient m e t h o d for
analyzing t w o - c o m p o n e n t signal t r a n s d u c t i o n n e t w o r k s . Here we i n t r o d u c e three such
n e t w o r k s in Escherichia coli t h a t were clarified using a D N A microarray: a P h o Q l P h o P

system t h a t senses extracellular M i ' and c o n t r o l s the gene expression for a d a p t a t i o n to environ
mental M i ' d e p r i v a t i o n ( M i ' srimulon): an EvgS/EvgA signal t r a n s d u c t i o n system t h a t activates
expression o f m u l t i p l e drug e£Dux pumps and acid resistance genes ; and a signal t r a n s d u c t i o n
cascade b e t w e e n EvgS/EvgA and P h o Q l P h o P .

I n t r o d u c t i o n
Bacteria uses the t w o - c o m p o n e n t system ( T C S ) to sense e n v i r o n m e n t a l stresses and t r a n s d u c e

the i n f o r m a t i o n inside the cells for a d a p t a t i o n . This system is basically c o m p o s e d o f a h i s t i d i n e
kinase ( H K , sensor) residing in the i n n e r m e m b r a n e and a cognate response r e g u l a t o r (RR) in
the cytoplasm. In E. coli, 29 H K s , 32 RRs and 1 H P t ( h i s t i d i n e - c o n t a i n i n g p h o s p h o t r a n s m i t t e r )
d o m a i n s have been f o u n d by a n a l y z i n g the E. coli K-12 genome (Fig. 1 ) .1 In a d d i t i o n to each sen
sor r e s p o n d i n g to i n d i v i d u a l e n v i r o n m e n t a l stresses, a complex r e g u l a t o r y n e t w o r k b e t w e e n the
T C S s is assumed to exist, e n a b l i n g E . coli to cope w i t h a variety o f e n v i r o n m e n t a l c o n d i t i o n s .

In o r d e r to analyze such T C S n e t w o r k s o f E. coli, O s h i m a et al systematically e x a m i n e d
the m R N A profiles o f 36 t w o - c o m p o n e n t d e l e t i o n m u t a n t s , which i n c l u d e d all o f the T C S s
( h t t p :ccoli.aist - n a r a . a c . j p / x p _ a n a l y s i s 1 2 _ c o m p o n e n t s ) . 2 T h e i r results p r o p o s e d the existence
o f a n e t w o r k o f f u n c t i o n a l i n t e r a c t i o n s such as cross talks and cascades o f signal t r a n s d u c t i o n s
b e t w e e n d i f f e r e n t T C S s . This complex r e g u l a t o r y n e t w o r k c o n t r i b u t e s to the f i n e - t u n i n g o f the
adaptive ability o f the cell, w h i c h leads to b e t t e r survival. This c h a p t e r focuses on two T C S s , the
P h o Q l P h o P and EvgS/EvgA systems and describes a signal t r a n s d u c t i o n cascade from EvgS/EvgA
to P h o Q l P h o P T C S s as one example o f complex r e g u l a t o r y n e t w o r k s .

Mgl+ S t i m u l o n ( P h o Q l P h o P T C S P
The P h o Q l P h o P T C S was first recognized in Salmonella enteric a serovar Typhimurium as a

r e g u l a t o r y system t h a t m o n i t o r s the availability o f extracellular M g 4 (see C h a p t e r 2). The P h o Q
p r o t e i n f u n c t i o n s as an M i ' sensor" and, in the presence o f m i c r o m o l a r c o n c e n t r a t i o n s o f M g " ,
p h o s p h o r y l a t e s the PhoP r e g u l a t o r . P h o s p h o r y l a t e d PhoP activates the t r a n s c r i p t i o n o f some 30
different genes. 5 . 6 T h e P h o Q l P h o P system is p r e s e n t in many n o n p a t h o g e n i c , gram-negative bac 
teria, suggesting t h a t it plays a f u n d a m e n t a l physiological role in response to M i ' s t a r v a t i o n ? In

'Corresponding Author: Ryutaro Utsumi - D e p a r t m e n t of Bios cience , Graduate School
of Agriculture, Kinki University , 3 3 2 7 2 0 4 Nakamachi, Nara 631-8505, Japan .
Email: utsumi@nara.kindaLac.jp
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©2008 Landes Bioscience and Springer Science+ Business Media.
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Figure 1. S c h e m a t i c diagram of the TCSs of E. coli. Histidine kinase s e n s o r s reside in the in
ner m e m b r a n e and c o g n a t e r e s p o n s e r e g u l a t o r s in the c y t o p l a s m . Each s e n s o r r e s p o n d s to
individual e n v i r o n m e n t a l s t r e s s e s to c o p e with the f l u c t u a t i n g e n v i r o n m e n t a l c o n d i t i o n s thatE.
c o l i faces. In a d d i t i o n to signal t r a n s d u c t i o n from a s e n s o r to its c o g n a t e regulator, a n e t w o r k
of f u n c t i o n a l i n t e r a c t i o n s is p r o p o s e d , i n c l u d i n g c r o s s t a l k s and signal t r a n s d u c t i o n c a s c a d e s
b e t w e e n d i f f e r e n t TCSs. Used with p e r m i s s i o n from Eguchi Y, Utsumi R. Signal T r a n s d u c t i o n
N e t w o r k for Environmental A d a p t a t i o n in Echerichia coli. From survival and d e a t h in b a c t e r i a .
In: Yamada M, ed. Survival and Death in Bacteria. Research Signpost, 2 0 0 5 : 7 0 .

o r d e r to i d e n t i f y the m e m b e r genes o f the M i t s t i m u l o n in E. coli, we carried o u t a genome-wide
t r a n s c r i p t i o n profile analysis in the presence or absence o f M g C l 2 by using a D N A microarray. The
m R N A levels o f W 3 1 1 0 (wild type) in the presence o f 30 mM MgCI 2 , W P 3 0 2 2 (phoP defective)
and W Q 3 0 0 7 (PhoQ defective) were c o m p a r e d with those o f W 3 1 1 0 in the absence o f MgCI 2 •

The expression ratios, for a t o t a l o f 2 3 2 genes, were <0.75 in all three strains ( h t t p : / / w w w . n a r a .
k i n d a i . a c . j p / n o g e i / s e i k e n / a r r a y . h t m l ) , suggesting t h a t the P h o Q l P h o P system is involved di
r e c t l y o r i n d i r e c t l y in the t r a n s c r i p t i o n o f these genes. O f those. 26 c o n t a i n e d the PhoP box-like
sequences w i t h direct repeats o f ( T I G ) G T T T A w i t h i n 500 bp upstream o f the i n i t i a t i o n codon.
F u r t h e r m o r e , S 1 nuclease assays o f 26 p r o m o t e r s were p e r f o r m e d to verify nine M i t s t i m u l o n
genes: vboR, hemL, nagA, rstAB, slyB, yrbL, phoP~ mgrB and mgtA. Using gel shift and D N a s e
I f o o t p r i n t i n g assays, all o f these genes were f o u n d to be r e g u l a t e d directly by PhoP. Accordingly,
we c o n c l u d e d that phoP~ mgrB, mgtA, hemL, nagA, rstAB, slyB, vboR and yrbL genes c o n s t i t u t e
the M g " s t i m u l o n in E. coli (Fig. 2).

E v g S / E v g A T C S
The EvgS/EvgA TCSs in E. coli is highly h o m o l o g o u s to the virulence-related BvgS/BvgA

system o f Bordetella pertussis (see C h a p t e r 10). A B L A S T search indicates the presence o f ho
mologous systems in Klebsiella pneumoniae, Vibrio cholerae and Pseudomonas aeruginosa. EvgS
is a h i s t i d i n e kinase hybrid sensor and it is c o m p o s e d o f an N - t e r m i n a l periplasmic region and



Introduction to Bacterial Signal Transduction Networks

Low M l f ' c o n c e n t r a t l o n ..

Figure 2. Proposed M g 2 . s t i m u l o n of E. coli.
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a C - t e r m i n a l c y t o p l a s m i c r e g i o n t h a t is d i v i d e d i n t o four d o m a i n s : l i n k e r , t r a n s m i t t e r , receiver
a n d o u t p u t ( H p t ) . 9 The p e r i p l a s m i c d o m a i n o f E v g S is i n v o l v e d in signal r e c o g n i t i o n , u l t i m a t e l y
t r a n s d u c i n g t h e signal i n t o a t r a n s c r i p t i o n a l r e g u l a t i o n n e t w o r k via a cascade o f p h o s p h o r y l a t i o n . 8.10
A u r o p h o s p h o r y l a t i o n o f t h e c y t o p l a s m i c r e g i o n o f E v g S was r e p o r t e d to be i n h i b i t e d in v i t r o by
an o x i d i z e d u b i q u i n o n e - O , I I as is also t h e case w i t h t h e a n a e r o b i c s e n s o r ArcB. 12

The EvgS/EvgA system is n o t a c t i v a t e d in m i d - e x p o n e n t i a l - p h a s e cells grown in a rich m e d i u m .
The e n v i r o n m e n t a l signal to w h i c h the EvgS sensor r e s p o n d s remains u n i d e n t i f i e d , b u t studies using
a m u t a n t w i t h a c o n s t i t u t i v e l y active EvgS (evgSI m u t a n t ) 13 or using o v e r e x p r e s s i o n o f t h e response
r e g u l a t o r EvgA have d e m o n s t r a t e d t h a t t h e EvgS/EvgA system confers m u l t i d r u g r e s i s t a n c e to a
d r u g - h y p e r s u s c e p t i b l e s t r a i n t h a t lacks c o n s t i t u t i v e m u l t i d r u g efHux genes acrAB14,1 5 as well as acid
r e s i s t a n c e to e x p o n e n t i a l l y g r o w i n g cells. 1 6,17

To e x a m i n e t r a n s c r i p t i o n a l levels o f m u l t i d r u g efHux p u m p genes in an E. coli m u t a n t express
ing t h e c o n s t i t u t i v e m u t a n t EvgS1, an E. coli D N A m i c r o a r r a y analysis was p e r f o r m e d ( h t t p : / /
w w w . n a r a . k i n d a i . a c . j p / n o g e i / s e i k e n / a r r a y 2 . h t r n l ) . 1 8 As a result, m o s t o f t h e p u t a t i v e m u l t i d r u g
efHux-related genes were b e l o w the d e t e c t i o n level u n d e r t h e s t e a d y - s t a t e o f t h e e x p o n e n t i a l g r o w t h
phase, b u t at least five genes or o p e r o n s , emrKY, yhiUV, acrA, mdj'A a n d tolC, s h o w e d i n c r e a s e d
e x p r e s s i o n in t h e p r e s e n c e o f t h e c o n s t i t u t i v e m u t a n t EvgS1. 18 A m o n g t h e s e five genes or o p e r o n s ,
o n l y e m r K Y is d i r e c t l y r e g u l a t e d by EvgA; t h e o t h e r s r e q u i r e a d d i t i o n a l t r a n s c r i p t i o n a l regula
tors. Thus, a c t i v a t i o n o f t h e sensor EvgS i n i t i a t e d a t r a n s c r i p t i o n a l n e t w o r k , l e a d i n g to m u l t i d r u g
r e s i s t a n c e by a c o o r d i n a t e d e x p r e s s i o n o f m u l t i d r u g efHux p u m p g e n e s , "

In a d d i t i o n to t h e u p - r e g u l a t i o n o f t h e m u l t i d r u g efHux p u m p genes, a c t i v a t i o n o f EvgS also
u p - r e g u l a t e d t h e a c i d - r e s i s t a n c e - r e l a t e d genes, gadA, gadBG, hdeAB, ydeP, ydeO a n d gadE, as in
t h e E v g A - o v e r e x p r e s s e d s t r a i n . 16,17 A c i d r e s i s t a n c e was also c o n f e r r e d to an e x p o n e n t i a l l y g r o w n
evgSI m u t a n t ( t o be s u b m i t t e d ) . I n t e r e s t i n g l y , yhiUV, w h i c h are m u l t i d r u g efHux p u m p genes
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r e g u l a t e d by EvgS/EvgA, c o n s t i t u t e an o p e r o n w i t h gadE, e n c o d i n g a critical r e g u l a t o r involved in
expression o f some acid resistance genes. These results i n d i c a t e t h a t by a c t i v a t i o n o f t h e EvgS/EvgA
system, the M D R p h e n o t y p e occurs c o n c u r r e n t l y w i t h the acid resistance p h e n o t y p e t h r o u g h a
r e g u l a t i o n n e t w o r k o f m u l t i p l e genes.

S i g n a l T r a n s d u c t i o n C a s c a d e b e t w e e n E v g S / E v g A
and P h o Q l P h o P T C S s

To search for T e S s i n t e r a c t i n g w i t h EvgS/EvgA, we first selected u p - r e g u l a t e d genes o f o t h e r
T e S s by p i c k i n g genes t h a t were d o w n - r e g u l a t e d by d e l e t i o n o f each i n d i v i d u a l T e S ( h t t p : / I
e c o l i . a i s t - n a r a . a c . j p / x p _ a n a l y s i s / 2 _ c o m p o n e n t s ).2We t h e n m a t c h e d t h e m w i t h the u p - r e g u l a t e d
genes by the a c t i v a t i o n o f the EvgS sensor ( h t t p : / / w w w . n a r a . k i n d a i . a c . j p / n o g e i / s e i k e n / a r r a y 2 .
h t m l ) . " As a result, the expression o f 13 (crcA, ompT, proP, hemL, mgtA, phoP, pho~ rstA, rstB,
slyB, ybjG, yrbL and mgrB) o f 27 P h o Q l P h o P u p - r e g u l a t e d genes was e n h a n c e d in the evgSl
m u t a n t , clearly i n d i c a t i n g i n t e r a c t i o n b e t w e e n t h e EvgS/EvgA a n d P h o Q l P h o P systems. O f
these 13 genes, 9 (hemL, mgtA, phoP, pho~ rstA, rstB, slyB, yrbL a n d mgrB) were members o f
the P h o Q l P h o P - d e p e n d e n t Mi+ s t l m u l o n . l These genes are r e g u l a t e d directly by P h o P via phos
p h o r y l a t i o n from the P h o Q sensor.

To f u r t h e r analyze the p r o m o t e r regions o f E v g S / E v g A - e n h a n c e d P h o P regulons, SI m a p p i n g
was p e r f o r m e d for the 13 genes. E n h a n c e d expression in the evgSl m u t a n t for these genes was
c o n f i r m e d , v a l i d a t i n g t h e m i c r o a r r a y d a t a . " This r e g u l a t o r y n e t w o r k b e t w e e n the two systems
also o c c u r r e d as a result o f overexpression o f the EvgA r e g u l a t o r ; however, e n h a n c e d t r a n s c r i p 
t i o n o f the phoPQgenes d i d n o t f u r t h e r activate expression o f the P h o Q l P h o P - r e g u l a t e d genes.
These results d e m o n s t r a t e d signal t r a n s d u c t i o n from t h e EvgS/EvgA system to the P h o Q l P h o P
system in E. coli. Similar signal t r a n s d u c t i o n b e t w e e n two T e s s also exists in Salmonella and
Kato et al p r o v e d t h a t a small p r o t e i n , P m r D , c o n n e c t e d the two Salmonella T e s s ' P h o Q l P h o P
a n d PrnrB/PrnrA.2° Since t h e r e was a p o s s i b i l i t y t h a t a p r o t e i n similar to PrnrD m i g h t also con
n e c t the EvgS/EvgA a n d P h o Q l P h o P in E. coli, a s h o t g u n screening was p e r f o r m e d a n d B 1500, a
small p r o t e i n o f only 65 a m i n o acids, was i d e n t i f i e d as a factor c o n n e c t i n g this signal t r a n s d u c t i o n
cascade." B 1 5 0 0 is l o c a l i z e d in the i n n e r m e m b r a n e and b a c t e r i a l t w o - h y b r i d data showed t h a t
B 1500 f o r m e d a complex w i t h the sensor P h o Q , These results i n d i c a t e t h a t the small m e m b r a n e
p r o t e i n , B 1500, c o n n e c t e d the signal t r a n s d u c t i o n b e t w e e n EvgS/EvgA and P h o Q l P h o P systems
by directly i n t e r a c t i n g w i t h P h o Q , thus a c t i v a t i n g the P h o Q l P h o P system (Fig. 3). H a g i w a r a
et al 22 f o u n d a cascade from the P h o Q l P h o P system to the B a s S / B a s R system (a Salmonella
P r n r B / P r n r A h o m o l o g ) and one from the P h o Q l P h o P system to the R c s C l Y o j N / R c s B system
( H K , RcsC; RR, RcsB; H p t d o m a i n , YojN),23 b u t the factors c o n n e c t i n g these systems are still
n o t i d e n t i f i e d . The P h o Q l P h o P system is also c o n n e c t e d to the R s t B / R s t A system. 3.24 In this case,
the p h o s p h o r y l a t e d P h o P directly u p - r e g u l a t e s the t r a n s c r i p t i o n o f the rstAB o p e r o n by b i n d i n g
to its p r o m o t e r . The signal t r a n s d u c t i o n n e t w o r k s s u r r o u n d i n g the EvgS/EvgA system in E. coli
is i l l u s t r a t e d in Figure 3.

Future P e r s p e c t i v e s
I n t e r a c t i o n s a m o n g d i f f e r e n t T e S s enable one system to r e s p o n d to m u l t i p l e signals, w h i c h is

i m p o r t a n t to allow bacteria to m i n u t e l y adjust themselves against complex e n v i r o n m e n t a l changes.
Many o f these i n t e r a c t i o n s m i g h t be c o n n e c t e d by small p r o t e i n s such as PrnrD and B 1500. More
examples o f such p r o t e i n s s h o u l d be i d e n t i f i e d in the near future, w h i c h w o u l d help t o fill in the
yet u n k n o w n p a r t s o f the b a c t e r i a l signal t r a n s d u c t i o n n e t w o r k . I t seems t h a t a new p a r a d i g m ,
here t e r m e d b a c t e r i a l signal t r a n s d u c t i o n n e t w o r k s , is emerging.
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The PhoQlPhoP Regulatory Network
of Salmonella enterica
A k i n o r i Kato and Eduardo A. Groisman*

A b s t r a c t

T h e P h o Q l P h o P t w o - c o m p o n e n t r e g u l a t o r y system is a major r e g u l a t o r o f virulence in the
enteric p a t h o g e n Salmonella enterica serovar T y p h i m u r i u m . It also c o n t r o l s the a d a p t a t i o n
to low M g 4 e n v i r o n m e n t s by g o v e r n i n g the expression a n d / o r activity o f M g 4 t r a n s p o r t e r s

and o f enzymes m o d i f y i n g the M g 4 - b i n d i n g sites on the b a c t e r i a l cell surface. The r e g u l a t o r PhoP
modifies expression o f - 3 % o f the Salmonella genes in response to the p e r i p l a s m i c Mgl+ c o n c e n t r a 
t i o n d e t e c t e d by the P h o Q p r o t e i n . Genes t h a t are d i r e c t l y c o n t r o l l e d by the P h o P p r o t e i n often
differ in t h e i r p r o m o t e r s t r u c t u r e s , r e s u l t i n g in d i s t i n c t expression levels a n d kinetics in response
to t h e low Mg'"+ i n d u c i n g signal. PhoP regulates a large n u m b e r o f genes i n d i r e c t l y : via o t h e r
t r a n s c r i p t i o n factors and t w o - c o m p o n e n t systems t h a t form a p a n o p l y o f r e g u l a t o r y a r c h i t e c t u r e s
i n c l u d i n g t r a n s c r i p t i o n a l cascades,feedforward loops and the use o f c o n n e c t o r p r o t e i n s t h a t m o d i f y
the activity o f response regulators. These a r c h i t e c t u r e s confer d i s t i n c t expression p r o p e r t i e s t h a t
may be i m p o r t a n t c o n t r i b u t o r s to Salmonella's lifestyle.

I n t r o d u c t i o n
A p a t h o g e n ' s ability to cause disease is m u l t i f a c t o r i a l , n o t only r e q u i r i n g factors t h a t m e d i a t e

a d h e r e n c e to, e n t r y i n t o a n d / o r survival w i t h i n h o s t cells b u t also r e g u l a t o r y p r o t e i n s a n d RNAs
t h a t ensure t h a t these v i r u l e n c e factors are p r o d u c e d at the r i g h t time, at the a p p r o p r i a t e place a n d
in the c o r r e c t a m o u n t s . I n d e e d , many o f the genes i d e n t i f i e d as being r e q u i r e d for virulence often
e n c o d e r e g u l a t o r y p r o t e i n s . These r e g u l a t o r s c o u l d be specific to a p a t h o g e n or be also p r e s e n t in
related n o n p a t h o g e n i c species t h a t do n o t n o r m a l l y associate w i t h a e u k a r y o t i c host. The l a t t e r
r e g u l a t o r s typically play roles in b a c t e r i a l physiology and in a microbe's ability to gain access t o

and p r o s p e r inside animals or plants.
As discussed in this b o o k , t w o - c o m p o n e n t r e g u l a t o r y systems c o n s t i t u t e the most p r e v a l e n t

form o f signal t r a n s d u c t i o n used by bacteria to r e s p o n d t o changes in its s u r r o u n d i n g s . N o t sur
prisingly, t w o - c o m p o n e n t systems are r e q u i r e d for virulence in n u m e r o u s b a c t e r i a l species a n d
it is often the case t h a t several t w o - c o m p o n e n t systems p a r t i c i p a t e in the c o n t r o l o f p a t h o g e n i c
f u n c t i o n s in a p a r t i c u l a r species. I m p o r t a n t l y , v i r u l e n c e a t t e n u a t i o n may result n o t only from t h e
lack o f a f u n c t i o n a l t w o - c o m p o n e n t system b u t also from its c o n s t i t u t i v e a c t i v a t i o n .

In this c h a p t e r , we discuss t h e m e c h a n i s m s u t i l i z e d by t h e P h o Q l P h o P t w o - c o m p o n e n t
r e g u l a t o r y system o f the G r a m - n e g a t i v e p a t h o g e n Salmonella enteric a serovar T y p h i m u r i u m to
c o n t r o l gene expression. We begin w i t h an i n t r o d u c t i o n to the role t h a t the P h o Q l P h o P system

' C o r r e s p o n d i n g A u t h o r : Eduardo A. G r o i s m a n - D e p a r t m e n t of M o l e c u l a r M i c r o b i o l o g y ,
H o w a r d Hughes M e d i c a l Institute, W a s h i n g t o n U n i v e r s i t y School of M e d i c i n e , Campus Box
s8230, 660 S. Euclid Ave, St Louis, M O 63110, USA. Email: g r o i s r n a n w b o r c i r n . w u s t l . e d u

Bacterial Signal Transduction: Networks and Drug Targets, e d i t e d by R y u t a r o U t s u m i .
©2008 Landes Bioscience and Springer Science+ Business Media.
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plays in c o n t r o l l i n g Salmonella virulence p r o p e r t i e s , We t h e n describe how d i f f e r e n t i a l expression
o f P h o P - r e g u l a t e d genes is a c c o m p l i s h e d by analyzing the p r o m o t e r features o f genes t h a t are di
rectly c o n t r o l l e d by the PhoP p r o t e i n and by discussing the p a r t i c u l a r r e g u l a t o r y a r c h i t e c t u r e s in
w h i c h PhoP p a r t i c i p a t e s when c o n t r o l l i n g gene expression indirectly. This c h a p t e r focuses on t h e
Salmonella P h o Q l P h o P system; however, it is likely t h a t many o f the discussed general p r i n c i p l e s
be applicable to o r t h o l o g o u s systems in o t h e r species a n d / o r p a r a l o g o u s systems in Salmonella.

The S a l m o n e l l a p h o P Gene: from P h o s p h a t a s e R e g u l a t o r
to V i r u l e n c e C o n t r o l l e r

The phoP gene was first i d e n t i f i e d in a s c r e e n i n g for m u t a n t s affected in the p r o d u c t i o n o f a
nonspecific acid p h o s p h a t a s e ( N S A P ) in S. enterica serovar T y p h i m u r i u r n . T h i s screening identified
two l o c i - d e s i g n a t e d phoP and p h o N - e n c o d i n g a r e g u l a t o r y and a s t r u c t u r a l gene for NSAP.l
The m o n i k e r "phon to designate phoP o r i g i n a t e d in this r e p o n and does n o t reflect phoP's role as
it is presently u n d e r s t o o d . We now k n o w t h a t the phoP locus is a t w o - g e n e o p e r o n - p h o P Q - t h a t
encodes a t w o - c o m p o n e n t r e g u l a t o r y system t h a t c o n t r o l s the expression o f > 120 genes i n c l u d i n g
phoN, w h i c h encodes the NSAP. The phoN gene is Salmonella-specific,2 w h i c h is in c o n t r a s t to
the wide p h y l o g e n e t i c d i s t r i b u t i o n o f the phoP gene a m o n g e n t e r i c b a c t e r i a . ' A l t h o u g h "phon is
usually u t i l i z e d to designate genes involved in p h o s p h a t e m e t a b o l i s m (the t r a n s c r i p t i o n o f w h i c h
is r e g u l a t e d by p h o s p h a t e levels), n e i t h e r phoP n o r phoN is affected by changes in the p h o s p h a t e
levels in the g r o w t h media. Thus, the Salmonella P h o Q l P h o P system does n o t govern the response
to p h o s p h a t e l i m i t a t i o n , which is carried o u t by the P h o R / P h o B t w o - c o m p o n e n t system; and
the P h o P p r o t e i n s h o u l d n o t be c o n f u s e d w i t h the Bacillus subtilis PhoP p r o t e i n , despite b o t h o f
t h e m being response regulators.

Ten years after its d e s c r i p t i o n as a r e g u l a t o r o f N S A P , phoPwas f o u n d to be r e q u i r e d for viru
lence in mice 4.5 a n d survival inside p h a g o c y t i c cells 4 • 5 and a Salmonella phoP m u t a n t was r e p o r t e d
to have p o t e n t i a l as a live vaccine strain," I n a c t i v a t i o n o f the phoP gene r e s u l t e d in an increase in
the m e d i a n l e t h a l dose (LD 5o ) for mice i n o c u l a t e d i n t r a p e r i t o n e a l l y o f five orders o f m a g n i t u d e ,
p u t t i n g the phoP s t r a i n a m o n g the most a t t e n u a t e d Salmonella m u t a n t s d e s c r i b e d to date. This
is likely due to the P h o Q l P h o P system r e g u l a t i n g Salmonella's abilities to invade e p i t h e l i a l cells
a n d to survive w i t h i n p h a g o c y t i c cells. Moreover, phoP and phoQ m u t a n t s e x h i b i t hypersensitiv
ity to a n t i m i c r o b i a l p e p r i d e s . t " h y d r o g e n peroxide" and acid pH,9 and are defective for g r o w t h in
low Mg"+ .10.11 Interestingly, i n a c t i v a t i o n o f the phoP gene a t t e n u a t e s virulence also in several o t h e r
b a c t e r i a l p a t h o g e n s i n c l u d i n g Shigella .flexneri,12 Yersinia pestis, 13 Photorhabdus luminescens'" and
Erwinia carotovora, IS w h i c h cause different diseases in a variety o f animals and plants.

S t r u c t u r a l and F u n c t i o n a l P r o p e r t i e s o f the P h o P and P h o Q P r o t e i n s
The Salmonella PhoP p r o t e i n is a m e m b e r o f the O m p R family o f response r e g u l a t o r s . It

consists o f a c o n s e r v e d N - t e r m i n a l d o m a i n t h a t includes the essential a s p a r t a t e residue (Asp
52) t h a t c o n s t i t u t e s the site o f p h o s p h o r y l a t i o n and a D N A b i n d i n g h e l i x - t u r n - h e l i x m o t i f at
the C e t e r m i n u s . I v ' I h e P h o Q p r o t e i n is a p r o t o t y p i c a l b i - f u n c t i o n a l sensor t h a t has kinase (Le.,
a u t o k i n a s e and p h o s p h o t r a n s f e r a s e ) and p h o s p h a t a s e activities. I t is an i n n e r m e m b r a n e p r o t e i n
t h a t h a r b o r s two t r a n s m e m b r a n e regions t h a t define a 146 a m i n o acid periplasmic region and
c y t o p l a s m i c d o m a i n t h a t i n c l u d e s the s u b d o m a i n h a r b o r i n g the c o n s e r v e d h i s t i d i n e residue
( H i s 2 7 7 ) that is the site o f P h o Q p h o s p h o r y l a t i o n and required for activity,as well as the s u b d o m a i n
involved in p h o s p h a t a s e activity and ATP b i n d i n g . F : " Low Mg'-+ is the signal t h a t , when d e t e c t e d
by the periplasmic region o f the sensor PhoQprotein,19.22 triggers p h o s p h o r y l a t i o n o f the PhoP
protein,16.18,20.23 allowing b i n d i n g o f the PhoP-P p r o t e i n to its t a r g e t p r o m o t e r s and r e s u l t i n g in
a c t i v a t i o n or repression o f gene t r a n s c r i p t i o n . l ' V ' It has been p r o p o s e d t h a t the Salmonella P h o Q
p r o t e i n also senses a n t i m i c r o b i a l p e p n d e s " a n d acid p H 2 5 via its p e r i p l a s m i c region, t h o u g h this
n o t i o n has been q u e s n o n e d . "

N u l l m u t a t i o n s in e i t h e r the phoP or phoQ genes, w h i c h mimics the system in n o n - i n d u c i n g
c o n d i t i o n s by e l i m i n a t i n g e i t h e r the active form o f the PhoP p r o t e i n [i,e., p h o s p h o - PhoP) or the



The PhoQlPhoP Regulatory Network i f S a l m o n e l l a e n t e r i c a 9

p h o s p h o - d o n o r o f P h o P (Le., P h o Q ) , respectively, a b o l i s h e x p r e s s i o n o f P h o P - a c t i v a t e d genes.
phoQ m u t a n t s are as defective as phoP m u t a n t s , a r g u i n g t h a t P h o Q is the sole p h o s p h o d o n o r for
the P h o P p r o t e i n .

Two types o f m u t a n t s r e n d e r e x p r e s s i o n o f P h o P - r e g u l a t e d genes p a r t i a l l y o r c o m p l e t e l y b l i n d
to the p r e s e n c e o f signals.'? O n the o n e h a n d , t h e r e is a phoQ allele t h a t is r e g u l a r l y r e f e r r e d to as
P h o p c even t h o u g h t h e m u t a t i o n maps to the p h o Q g e n e ( i t was o r i g i n a l l y d e s i g n a t e d pho24 a n d
the m u t a n t phoQ e n c o d e s a P h o Q p r o t e i n w i t h a single a m i n o acid s u b s t i t u t i o n - T 4 8 I - i n its
p e r i p l a s m i c d o m a i n " ) a n d the s t r a i n w i t h this allele still r e s p o n d s to MIf".19 A Salmonella pho24
m u t a n t is as a t t e n u a t e d " as a s t r a i n a phoQ null allele. This i n d i c a t e s t h a t for Salmonella to cause
a l e t h a l i n f e c t i o n in mice, e x p r e s s i o n o f P h o P - r e g u l a t e d genes m u s t be t i g h t l y c o n t r o l l e d . There is
also a phoP a l l e l e - d e s i g n a t e d P h o P ' a n d w i t h a single a m i n o acid s u b s t i t u t i o n in the N - t e r m i n a l
d o m a i n o f the P h o P p r o t e i n - t h a t can p r o m o t e gene t r a n s c r i p t i o n in the absence o f the phoQ
gene.'? A c t i v a t i o n o f the P h o P ' p r o t e i n is still d e p e n d e n t o n p h o s p h o r y l a t i o n o n the c o n s e r v e d
A s p a r t a t e . The P h o P ' p r o t e i n gets p h o s p h o r y l a t e d f r o m acetyl p h o s p h a t e in vivo a n d e x h i b i t s an
i n c r e a s e d a b i l i t y to a u t o p h o s p h o r y l a t e from this c h e m i c a l in v i t r o . ' ?

D e f i n i n g the P h o P R e g u l o n
It is e s t i m a t e d t h a t the P h o Q l P h o P system c o n t t o l s the expression o f - 3 % o f the Salmonella

g e n o m e . " P h o P - r e g u l a t e d genes have been i d e n t i f i e d by a variety o f a p p r o a c h e s i n c l u d i n g t r a n 
s c r i p t o m e ' " a n d p r o t e o m e ' ? analyses, in vivo expression t e c h n o l o g y ( ! V E T ) in mice a n d inside
m a c r o p h a g e s , " d i f f e r e n t i a l fluorescence i n d u c t i o n (D FI) inside m a c r o p h a g e s ' " as well as classical
genetic screenings l o o k i n g for strains h a r b o r i n g P h o P - r e g u l a t e d l a c - t t a n s c r i p t i o n a l fusions or iden
t i f y i n g t h e P h o P - r e g u l a t e d genes whose defective expression is responsible for p a t t i c u l a r p h e n o t y p e s
e x h i b i t e d by phoP m u t a n t Salmonella.5.1O.1l.33-41 P h o P - r e g u l a t e d genes can be classified using a variety
o f c r i t e r i a i n c l u d i n g t h e i r p h y l o g e n e t i c d i s t r i b u t i o n , t h e t i m e at w h i c h a gene is expressed after
i n d u c t i o n o f the P h o Q l P h o P system, a n d w h e t h e r t h e r e is a r e q u i r e m e n t for a d d i t i o n a l r e g u l a t o r y
p r o t e i n s for expression to name just a few. However, the i m p r o v e d u n d e r s t a n d i n g o f the sequences
t h a t are r e c o g n i z e d by the P h o P p r o t e i n allows classification o f P h o P - r e g u l a t e d targets i n t o t h o s e
u n d e r d i r e c t a n d i n d i r e c t (Fig. 1) c o n t r o l o f the PhoP p r o t e i n . This u n d e r s t a n d i n g is b e g i n n i n g
to suggest i n t e r e s t i n g c o r r e l a t i o n s b e t w e e n the various classifications.

D i r e c t T r a n s c r i p t i o n a l C o n t r o l by the P h o P P r o t e i n
E x a m i n a t i o n o f P h o P - d e p e n d e n t p r o m o t e r s has r e v e a l e d t h a t m a n y o f t h e m h a r b o r a

m o t i f - ( T / G ) G T T T A - 5 b p - ( T / G ) G T T T A (Fig. I ) - d e s i g n a t e d P h o P box8.29.42-49 t h a t was
o r i g i n a l l y f o u n d in c e r t a i n P h o P - r e g u l a t e d p r o m o t e r s in Salmonella 50 a n d Escherichia coli. 5 1. 52 In
the first set o f analyzed p r o m o t e r s , this m o t i f was f o u n d 11-13 bp u p s t r e a m o f the -10 r e g i o n for
R N A p o l y m e r a s e at a p o s i t i o n n o r m a l l y o c c u p i e d by the -35 region. N o n e t h e l e s s , t h e search for
P h o P - r e g u l a t e d p r o m o t e r s has n o t been easy because the P h o P box can be f o u n d at various distances
from the -10 region, in b o t h possible o r i e n t a t i o n s a n d a c c o m p a n i e d o r n o t by a - 35 region. This is
f u r t h e r c o m p l i c a t e d by v a r i a t i o n in the P h o P box m o t i f i t s e l f . N o t surprisingly, this has led several
i n v e s t i g a t o r s to p r o p o s e t h a t c e r t a i n P h o P - r e g u l a t e d genes were r e g u l a t e d by the P h o P p r o t e i n
i n d i r e c t l y because t h e i r c o r r e s p o n d i n g p r o m o t e r s did n o t resemble p r o t o t y p i c a l P h o P - a c t i v a t e d
p r o m o t e r s in terms o f P h o P box s e q u e n c e , d i s t a n c e a n d o r i e n t a t i o n . "

We have successfully used a novel p r o c e d u r e d e v e l o p e d in o u r l a b o r a t o r y - t e r m e d gene p r o 
m o t e r scan (GPS)47 - t o recognize P h o P - r e g u l a t e d p r o m o t e r s in b a c t e r i a l g e n o m e s . This p r o c e d u r e ,
w h i c h provides increased s e n s i t i v i t y while maintainingspecificity,29.47 groups p r o m o t e r s t h a t share
d i f f e r e n t features i n c l u d i n g the P h o P box s u b m o n f the d i s t a n c e o f the P h o P box to the -10 region,
the o r i e n t a t i o n o f the P h o P box, the p r e s e n c e o f a -35 region, the existence o f p r e d i c t e d b i n d i n g
sites for o t h e r r e g u l a t o r y p r o t e i n s . Many P h o P - r e g u l a t e d p r o m o t e r s i d e n t i f i e d using GPS have been
c o n f i r m e d to be d i r e c t l y r e g u l a t e d by the P h o P p r o t e i n using D N a s e I f o o t p r i n t i n g a n d c h r o m a t i n
i m m u n o p r e c i p i t a t i o n ( C h I P ) a n a l y s i s . "
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The p r o t o t y p i c a l P h o P - a c t i v a t e d p r o m o t e r h a r b o r s t h e P h o P box 11-13 bp u p s t r e a m o f the
consensus -10 region for R N A polymerase. 8,29.44,45.51.52 This includes the p r o m o t e r s for the phoPf6
pmrD, slyB, pagP, mgrB a n d rstA genes, as well as t h a t c o r r e s p o n d i n g to the mgtA gene. I t has been
d e m o n s t r a t e d t h a t the l a t t e r p r o m o t e r can be efficiently t r a n s c r i b e d in v i t r o using p u r i f i e d P h o P
p r o t e i n and R N A polymerase f r o m E . coli. 52 It is n o t surprising t h a t the phoPQ and mgtA p r o m o t e r s ,
w h i c h display the best matches to the P h o P box consensus, e x h i b i t the h i g h e s t affinity for the E.
coli P h o P p r o t e i n in vitro. 44 This scenario may also play in o t h e r e n t e r i c b a c t e r i a l species given the
w i d e s p r e a d d i s t r i b u t i o n o f the mgtA gene a n d t h a t the phoPQ o p e r o n is positively a u t o r e g u l a t e d
in Salmonella and E. coli. 5 o. 51,53 Like mgtA, the genes listed above, w h i c h h a r b o r a " p r o t o t y p i c a l "
P h o P - a c t i v a t e d p r o m o t e r , are f o u n d in several o r g a n i s m s in a d d i t i o n to Salmonella.

P h o P r e g u l a t e s t r a n s c r i p t i o n o f m a n y genes w i t h an u n u s u a l G C c o n t e x t a n d a l i m i t e d
p h y l o g e n i e d i s t r i b u t i o n , suggesting t h e y were a c q u i r e d by h o r i z o n t a l gene transfer. D i f f e r e n t
features c h a r a c t e r i z e the p r o m o t e r s o f h o r i z o n t a l l y a c q u i r e d genes in Salmonella,54 such as those
c o r r e s p o n d i n g to the ugtL, mig-14, pagC a n d mgtC genes. 29.46.55 In these p r o m o t e r s , the PhoP box
is the o p p o s i t e s t r a n d relative to the p r o t o t y p i c a l o r i e n t a t i o n exemplified by the mgtA p r o m o t e r .
Moreover, the PhoP box is l o c a t e d f u r t h e r u p s t r e a m o f the -10 region and these p r o m o t e r s often
have a r e c o g n i z a b l e - 3S region, w h i c h is in c o n t r a s t t o the overlap o f the P h o P box a n d - 3S region
t h a t c h a r a c t e r i z e s t h e p r o t o t y p i c a l P h o P - a c t i v a t e d p r o m o t e r s . T r a n s c r i p t i o n o f some o f these
p r o m o t e r s is also d e p e n d e n t on the D N A b i n d i n g p r o t e i n SlyA,46 which, as d e s c r i b e d below, is
r e g u l a t e d by the P h o P p r o t e i n . Thus, there appears t o be a c o r r e l a t i o n b e t w e e n t h e s t r u c t u r e o f
P h o P - r e g u l a t e d p r o m o t e r s a n d the p h y l o g e n e t i c d i s t r i b u t i o n o f the c o r r e s p o n d i n g genes.

The H o w and W h y o f P h o Q l P h o P P o s i t i v e A u t o r e g u l a t i o n
Like many o t h e r t w o - c o m p o n e n t systems, P h o Q l P h o P positively regulates its own t r a n s c r i p t i o n

(Fig. 2).50 The phoPQ o p e r o n is t r a n s c r i b e d from two p r o m o t e r s : the c o n s t i t u t i v e p i p r o m o t e r t h a t
provides the basal level o f expression o f the P h o P a n d P h o Q p r o t e i n s so Salmonella can d e t e c t the

low M g 2+

t
PhoQ

Figure 2. M o d e l i l l u s t r a t i n g d i r e c t t r a n s c r i p t i o n a l c o n t r o l where l o w Mg 2
+ detected by the

PhoQ protein promotes p h o s p h o r y l a t i o n of the PhoP protein, w h i c h binds to the promoters
of the mgtA gene and the p h o P p h o Q operon to stimulate gene t r a n s c r i p t i o n .
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p r e s e n c e o f an i n d u c i n g signal, a n d t h e P h o P - a c t i v a t e d p2 p r o m o t e r t h a t increases t h e a m o u n t o f
b o t h t h e P h o P a n d P h o Q p r o t e i n s in r e s p o n s e to t h e low Mi+ i n d u c i n g signal.'? The b i o l o g i c a l
significance o f the phoPQ a u t o r e g u l a t i o n was n o t clear u n t i l recently w h e n it was d e m o n s t r a t e d t h a t
a u t o r e g u l a t i o n o f t h e phoPQ o p e r o n is c r i t i c a l for the i n i t i a l surge o f P h o P a c t i v i t y t h a t Salmonella
e x h i b i t s w h e n it e x p e r i e n c e s t h e low M~ i n d u c i n g signal. An e n g i n e e r e d Salmonella s t r a i n
e x p r e s s i n g c o n s t i t u t i v e l y h i g h levels o f t h e P h o P a n d P h o Q p r o t e i n s from a P h o P - i n d e p e n d e n t
p r o m o t e r r e a c h e d t h e same steady state levels o f t r a n s c r i p t i o n o f P h o P - a c t i v a t e d genes as t h e o n e
w i t h t h e w i l d - t y p e a u t o r e g u l a t e d p r o m o t e r , b u t d i d so m o n o t o n i c a l l y (Le., w i t h o u t t h e surge).
The e n g i n e e r e d s t r a i n was a t t e n u a t e d for v i r u l e n c e in mice, h i g h l i g h t i n g the c r i t i c a l role p l a y e d by
phoPQ a u t o r e g u l a t i o n . It has been p r o p o s e d t h a t the a u t o r e g u l a t i o n - m e d i a t e d surge j u m p - s t a r t s the
P h o Q l P h o P system, h e l p i n g e s t a b l i s h a new p h e n o t y p i c state 2 3,56and t h a t the expression levels tak
i n g place after the surge are r e s p o n s i b l e for m a i n t a i n i n g the n e w l y - e s t a b l i s h e d p h e n o t y p i c state.

I n d i r e c t and N o n t r a d i t i o n a l T r a n s c r i p t i o n a l C o n t r o l by the P h o P P r o t e i n
G e n e t i c a n d g e n o m i c analyses have i m p l i c a t e d P h o P in c o n t r o l l i n g gene e x p r e s s i o n in n o n 

t r a d i t i o n a l ways. O n t h e o n e h a n d , t h e r e are genes whose expression is P h o P - d e p e n d e n t b u t t h a t
lack a P h o P box in t h e i r p r o m o t e r s . O n t h e o t h e r h a n d , t h e p r o m o t e r o f c e r t a i n D N A - b i n d i n g
r e g u l a t o r y p r o t e i n s h a r b o r s a P h o P box b u t also b i n d i n g sites for o t h e r r e g u l a t o r y p r o t e i n s . O v e r
the last few years, t h e r e has been c o n s i d e r a b l e progress in d e t e r m i n i n g the n a t u r e o f the c o n n e c t i o n s
existing a m o n g PhoP, various r e g u l a t o r y p r o t e i n s a n d r e g u l a t e d s t r u c t u r a l genes. These studies have
d e m o n s t r a t e d t h a t the P h o P p r o t e i n p a r t i c i p a t e s o f a v a r i e t y o f r e g u l a t o r y a r c h i t e c t u r e s to c o n t r o l
gene e x p r e s s i o n i n c l u d i n g t y p i c a l a n d a t y p i c a l t r a n s c r i p t i o n a l cascades, f e e d f o r w a r d loops a n d t h e
use o f c o n n e c t o r p r o t e i n s to c o n t r o l t h e a c t i v i t y o f o t h e r r e s p o n s e r e g u l a t o r s .

T y p i c a l a n d A t y p i c a l T r a n s c r i p t i o n a l C a s c a d e s
The P h o P p r o t e i n p a r t i c i p a t e s in classical t r a n s c r i p t i o n a l cascades by acting as a d i r e c t t r a n s c r i p 

t i o n a l r e g u l a t o r o f genes e n c o d i n g D N A b i n d i n g r e g u l a t o r y p r o t e i n s . For example, the R s t A / R s t B
t w o - c o m p o n e n t system is u p r e g u l a t e d by t h e P h o P p r o t e i n at a t r a n s c r i p t i o n a l level (Fig. 3).29,44.57
Because r e s p o n s e r e g u l a t o r s b i n d to D N A in vivo o n l y w h e n p h o s p h o r y l a t e d , o n e w o u l d e x p e c t
t h e genes t h a t are d i r e c t l y c o n t r o l l e d by the response r e g u l a t o r R s t A to affect gene e x p r e s s i o n o n l y
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Figure 3. M o d e l i l l u s t r a t i n g a t r a n s c r i p t i o n a l cascade in w h i c h the PhoP protein binds to the
p r o m o t e r of the rstArstB operon to promote RstA and RstB expression. The RstB responds
to a yet u n i d e n t i f i e d signal to promote the p h o s p h o r y l a t i o n state of the RstA protein, w h i c h
w o u l d then bind to the p r o m o t e r of a target gene x (yet undefined in Salmonella) and stimulate
its t r a n s c r i p t i o n .
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w h e n the o r g a n i s m experiences the s i m u l t a n e o u s p r e s e n c e o f the signals t h a t activate the sensors
P h o Q a n d RstB: low Mg2+ to g e n e r a t e P h o P - P p r o t e i n for b i n d i n g to the rstA p r o m o t e r a n d the
still u n k n o w n signal a c t i v a t i n g the RstB to g e n e r a t e RstA-P. This suggests t h a t this cascade is
likely to f u n c t i o n as a B o o l e a n A N D gate. Yet, one may conceive a scenario in w h i c h a p r o m o t e r
has b i n d i n g sites for b o t h the P h o P a n d R s t A p r o t e i n s , w i t h one p r o t e i n a c t i n g as a a c t i v a t o r a n d
the o t h e r as a repressor. In this scenario, the cascade w o u l d f u n c t i o n as a B o o l e a n N A N D gate so
t h a t expression o f the t a r g e t gene w o u l d o c c u r only w h e n the a c t i v a t i n g signal for the a c t i v a t o r is
p r e s e n t a n d the a c t i v a t i n g signal for the r e p r e s s o r is absent.

The P h o Q l P h o P system has o p p o s i t e effects on the expression o f genes involved in Salmonella
invasion o f a n d survival w i t h i n m a m m a l i a n cells, b e i n g a repressor o f the f o r m e r ' " a n d an a c t i v a t o r
o f the l a t t e r . " P h o P exerts this c o n t r o l p r i m a r i l y by r e g u l a t i n g the e x p r e s s i o n o f p r o t e i n s t h a t are
the d i r e c t r e g u l a t o r s o f genes c o d i n g for two d i f f e r e n t type III s e c r e t i o n systems, w h i c h are p r o t e i n
delivery m a c h i n e s t h a t i n j e c t b a c t e r i a l p r o t e i n s i n t o a e u k a r y o t i c cell c y t o s o l / " A c t i v a t i o n o f the
P h o Q l P h o P system represses expression o f the H i l A p r o t e i n , a t r a n s c r i p t i o n a l a c t i v a t o r o f the
I n v A / S p a type III s e c r e t i o n system m e d i a t i n g invasion o f h o s t cells. The m o l e c u l a r m e c h a n i s m
by w h i c h this occurs remains u n c l e a r a n d appears to involve an A r a C - l i k e r e g u l a t o r n a m e d H i l D
t h a t d i r e c t l y c o n t r o l s e x p r e s s i o n o f the hilA gene. 6 1

,6 2

S p i R / S s r B is a Salmonella-specific t w o - c o m p o n e n t system t h a t is essential for the p r o d u c t i o n
o f the Spi/Ssa type III s e c r e t i o n system a n d its s e c r e t e d e f f e c t o r p r o t e i n s m e d i a t i n g Salmonella
survival w i t h i n p h a g o c y t i c cells.f' The S p i R l S s r B system is, in t u r n , r e g u l a t e d by b o t h the P h o Q l
P h o P a n d the E n v Z ! O m p R t w o - c o m p o n e n t systems. W h e r e a s the r e g u l a t o r O m p R c o n t r o l s t h e
i n i t i a t i o n o f t r a n s c r i p t i o n from the separate ssrB a n d spiR p r o m o t e r s , P h o P governs expression
o f the r e g u l a t o r SsrB at a t r a n s c r i p t i o n a l level by b i n d i n g to the ssrB p r o m o t e r , a n d o f the sensor
SpiR at a p o s t t r a n s c r i p t i o n a l l e v e l (Fig. 4).64 The P h o P p r o t e i n appears to c o n t r o l t r a n s l a t i o n o f
the spiR message, w h i c h i n c l u d e s a l o n g 5' u n t r a n s l a t e d region ( U T R ) w i t h the p o t e n t i a l to a d o p t
a s e c o n d a r y s t r u c t u r e o c c l u d i n g the r i b o s o m e - b i n d i n g site. C o n s i s t e n t w i t h this n o t i o n , d e l e t i o n
o f a s e g m e n t o f the spiR '5 U T R r e s t o r e d SpiR expression to a phoP r n u t a n t / "

W h a t is the p h y s i o l o g i c a l reason for the d i f f e r e n t i a l r e g u l a t i o n o f the SsrB a n d SpiR p r o t e i n s
by the P h o Q l P h o P a n d Env Z / O m p R systems? O n e p o s s i b i l i t y is t h a t a c t i v a t i o n via P h o Q l P h o P
a n d E n v Z / O m p R g e n e r a t e d i f f e r e n t a m o u n t s o f p h o s p h o r y l a t e d SsrB p r o t e i n t h e r e b y a f f e c t i n g

Figure 4. Model illustrating the a t y p i c a l c a s c a d e in which the PhoP protein binds to the ssrB
p r o m o t e r to a c t i v a t e ssrB t r a n s c r i p t i o n and to a yet u n i d e n t i f i e d g e n e z that p r o m o t e s SpiR
e x p r e s s i o n . In r e s p o n s e to a yet to be d i s c o v e r e d signal, the SpiR protein p r o m o t e s phos
p h o r y l a t i o n of the SsrB protein, which binds to its target p r o m o t e r s such as t h a t c o r r e s p o n d i n g
to the spiC gene.
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b i n d i n g to and expression from different S s r B - d e p e n d e n t p r o m o t e r s inside m a c r o p h a g e . r ' I n d e e d .
S p i R e x p r e s s i o n requires ompR, b u t n o t pbol', two hours after the i n t e r n a l i z a t i o n / ? By c o n t r a s t . the
s i t u a t i o n is v i r t u a l l y the o p p o s i t e . six hours after the i n t e r n a l i z a t i o n . 65 • 66 A l t h o u g h this r e g u l a t o r y
a r c h i t e c t u r e resembles a Boolean 0 R gate, f u r t h e r e x p e r i m e n t s are r e q u i r e d to d e t e r m i n e w h e t h e r
the a c t i v a t i o n pathways m e d i a t e d by the P h o Q l P h o P a n d O m p R l E n v Z systems p r o d u c e the same
t r a n s c r i p t i o n o u t p u t o f S s r B - d e p e n d e n t m R N A s .

A F e e d f o r w a r d L o o p R e g u l a t i n g E x p r e s s i o n o f H o r i z o n t a l l y - A c q u i r e d
G e n e s

The f e e d f o r w a r d l o o p is the m o s t often e n c o u n t e r e d n e t w o r k m o t i f in m i c r o o r g a n i s m s . "
The PhoP p r o t e i n utilizes this a r c h i t e c t u r e to p r o m o t e expression o f ugtL a n d possibly o t h e r
P h o P - a c t i v a t e d genes. T h i s e n t a i l s P h o P a c t i v a t i n g t r a n s c r i p t i o n ' " a n d / o r a c t i v i r y " o f t h e
D N A - b i n d i n g p r o t e i n SlyA and t h e n b o t h the PhoP and SlyA p r o t e i n s b i n d i n g to the ugtL p r o 
m o t e r to s t i m u l a t e its expression (Fig. 5).46 The behavior o f f e e d f o r w a r d loops can be c a t e g o r i z e d
by c o n n e c t i v i t y (i.e.• Boolean logic A N D gate or O R gate) a n d types o f each i n t e r a c t i o n [Le.,
a c t i v a t i o n or r e p r e s s i o n j . " The PhoP- and Sly A - d e p e n d e n t c o n t r o l o f the ugtL gene appears to be a
C o h e r e n t type 1 A N D f e e d f o r w a r d loop, w h i c h is a n t i c i p a t e d to s h o r t e n the p e r i o d o f time it takes
for the ugtL gene to be expressed. It is n o t e w o r t h y t h a t ugtL, like o t h e r PhoP- and SlyA-regulated
genes, is Salmonella-specific a n d / o r e x h i b i t s a very l i m i t e d p h y l o g e n e t i c d i s t r i b u t i o n . suggesting
t h a t t h e y were i n c o r p o r a t e d i n t o t h e Salmonella g e n o m e by h o r i z o n t a l gene transfer. These and
o t h e r h o r i z o n t a l l y - a c q u i r e d genes are b o u n d by the h i s t o n e - l i k e n u c l e o i d - s t r u c t u r i n g ( H - N S )
p r o t e i n " in vivo, w h i c h represses t h e i r expression. The r e q u i r e m e n t for b o t h the PhoP and SlyA
p r o t e i n s in t r a n s c r i p t i o n o f c e r t a i n P h o P - a c t i v a t e d p r o m o t e r s may obey the n e e d to o v e r c o m e
repression by H - N S .

P h o P as a C o - A c t i v a t o r P r o t e i n
The Salmonella ugd p r o m o t e r h a r b o r s b i n d i n g sites for three d i f f e r e n t response regulators:

Phol', PmrA and RcsB.70 The PmrA p r o t e i n stimulates ugd t r a n s c r i p t i o n in strains d e l e t e d for
b o t h the phoP a n d rcsB genes from one p r o m o t e r . By c o n t r a s t . a different p r o m o t e r is used in the
R c s B - p r o m o t e d ugd expression. which requires d i f f e r e n t c o - a c t i v a t o r s d e p e n d i n g on the i n d u c i n g
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Figure 5. M o d e l i l l u s t r a t i n g the f e e d f o r w a r d l o o p by w h i c h ugtL t r a n s c r i p t i o n is a c t i v a t e d w i t h
the PhoP p r o t e i n b i n d i n g to the p r o m o t e r of the slyA gene to s t i m u l a t e its expression and b o t h
the PhoP and SlyA p r o t e i n s b i n d i n g to the ugtL p r o m o t e r .
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Figure 6. M o d e l i l l u s t r a t i n g PhoP as an RcsB c o - a c t i v a t o r of ugd gene t r a n s c r i p t i o n , w h i c h takes
p l a c e w h e n the a c t i v a t i n g signals f o r b o t h the P h o Q and R c s C / Y o j N p r o t e i n s are present.

c o n d i t i o n . " In a s t r a i n h a r b o r i n g a m u t a t i o n in the tolB gene, w h i c h is a c o n d i t i o n t h a t activates the
R c s C l Y o j N / R c s B p h o s p h o r e l a y system, ugd expression requires b o t h RcsB and RcsB's c o - a c t i v a t o r
RcsA b u t n e i t h e r P h o P n o r PmrA. However, the ugd gene is expressed in a pmrA m u t a n t s t r a i n
e x p e r i e n c i n g low Mi+ a n d Fe 3

+ in a process t h a t is R c s A - i n d e p e n d e n t b u t d e p e n d e n t on b o t h RcsB
a n d P h o P (Fig. 6). A l t h o u g h the P h o P p r o t e i n has b e e n s h o w n to f o o t p r i n t the ugd p r o m o t e r , " its
specific b i o c h e m i c a l role in p r o m o t i n g ugd t r a n s c r i p t i o n t o g e t h e r w i t h the RcsB p r o t e i n remains
u n d e f i n e d . This is an example o f a B o o l e a n A N D gate because the signals a c t i v a t i n g b o t h RcsB
a n d P h o P m u s t be p r e s e n t for ugd t r a n s c r i p t i o n to take place.
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Figure 7. A) M o d e l i l l u s t r a t i n g the c o n n e c t o r - m e d i a t e d p a t h w a y s by w h i c h genes r e g u l a t e d
d i r e c t l y by the PmrA p r o t e i n are i n d u c e d in response to the signal a c t i v a t i n g the P h o Q p r o t e i n .
P h o s p h o r y l a t i o n of the PhoP p r o t e i n p r o m o t e s its b i n d i n g to the p m r D p r o m o t e r r e s u l t i n g in
e x p r e s s i o n of the PmrD p r o t e i n . PmrD b i n d s to the p h o s p h o r y l a t e d f o r m o f the PmrA p r o t e i n
(green line), r e s u l t i n g in b i n d i n g to the p b g P and ugd p r o m o t e r s and t r a n s c r i p t i o n of the p b g P
and ugd genes. The p h o s p h o r y l a t e d PmrA p r o t e i n represses t r a n s c r i p t i o n of the p m r D gene
(red line). Fe 3 + a c t i v a t e s the P m r A l P m r B system d i r e c t l y . B) M o d e l i l l u s t r a t i n g d i r e c t r e g u l a t i o n
of the p b g P and ugd genes w h e r e the P h o Q / P h o P system p r o m o t e s t r a n s c r i p t i o n of the p b g P
and ugd genes d i r e c t l y in response to l o w M g 2 + in Yersinia. Fe 3 + a c t i v a t e s the P m r B / P m r A
system d i r e c t l y . A c o l o r v e r s i o n of this f i g u r e is a v a i l b l e at w w w . e u r e k a h . c o m .
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C o n n e c t o r P r o t e i n s that R e g u l a t e R e s p o n s e R e g u l a t o r s
Recent r e p o r t s have shown t h a t small p r o t e i n s - t e r m e d c o n n e c t o r s - h a v e the ability to c o n n e c t

t w o - c o m p o n e n t systems at a p o s t t r a n s l a t i o n a l l e v e l . 8.42.72.73 These novel p r o t e i n s e x h i b i t low o r no
s e q u e n c e s i m i l a r i t y in p r i m a r y s t r u c t u r e . H o w e v e r , t h e y a p p e a r to f u n c t i o n in a similar m a n n e r :
by b i n d i n g to r e s p o n s e r e g u l a t o r s to m o d u l a t e t h e i r activities.

The b e s t - s t u d i e d c o n n e c t o r is t h e P m r D p r o t e i n , w h i c h i n t e g r a t e s the signal a c t i v a t i n g the
P h o Q l P h o P system w i t h a c t i o n s t a k e n by t h e PmrAIPmrB t w o - c o m p o n e n t system (Figs. 7 A
a n d Table 1). The l a t t e r system d i r e c t l y c o n t r o l s t h e expression o f genes e n c o d i n g enzymes t h a t
m o d i f y t h e b a c t e r i a l l i p o p o l y s a c c h a r i d e at d i f f e r e n t positions,?4-76 These P m r A - d e p e n d e n t changes
increases b a c t e r i a l r e s i s t a n c e to s e r u m " to t h e a n t i b i o t i c p o l y m y x i n B3S.42,49.7S.78.79 a n d to Fe 3 +. 78

W h e n Salmonella e x p e r i e n c e s low M g " , t h e P h o P p r o t e i n b i n d s to t h e pmrD p r o m o t e r a n d
s t i m u l a t e s pmrD t r a n s c r i p t i o n . v The p u r i f i e d P m r D p r o t e i n b i n d s specifically to t h e p h o s p h o r y 
l a t e d form o f t h e P m r A p r o t e i n ( P m r A - P ) a n d p r o t e c t s it f r o m d e p h o s p h o r y l a t i o n by the sensor
PmrB. 72 Because P m r A - P e x h i b i t s h i g h e r a f f i n i t y for its t a r g e t p r o m o t e r s t h a n u n p h o s p h o r y l a t e d
P m r A , t r a n s c r i p t i o n o f P m r A - a c t i v a t e d genes is s t i m u l a t e d a n d t h a t o f P m r A - r e p r e s s e d genes are
i n h i b i t e d . A v a r i a n t P m r A p r o t e i n t h a t p r o m o t e s t r a n s c r i p t i o n in a P m r D - i n d e p e n d e n t f a s h i o n
was s h o w n to be r e s i s t a n t to d e p h o s p h o r y l a t i o n by t h e PmrB p r o t e i n , s u p p o r t i n g the n o t i o n t h a t
P m r D ' s f u n c t i o n is to p r e v e n t PmrB from d e p h o s p h o r y l a t i n g PmrA-P. The a c t i v i t y o f the P m r D
p r o t e i n resembles t h a t e x h i b i t e d by some m e m b e r s o f the e u k a r y o t i c 14-3-3 family in t h a t b o t h
p r o t e c t t h e p h o s p h o r y l a t e d f o r m o f r e g u l a t o r y p r o t e i n s . F ' "

P h o Q l P h o P ' s sole role in t h e P m r D - m e d i a t e d p a t h w a y is to p r o m o t e PmrD e x p r e s s i o n
because t r a n s c r i p t i o n o f the pmrD gene from a h e t e r o l o g o u s p r o m o t e r r e n d e r s p r o d u c t i o n o f
P m r A - a c t i v a t e d m R N A s phoP- a n d p h o Q - i n d e p e n d e n t . 42 M o r e o v e r , t h e P h o P - r e g u l a t e d P m r D
p r o t e i n f u n c t i o n s at a p o s t t r a n s l a t i o n a l l e v e l because e x p r e s s i o n o f P m r A - a c t i v a r e d genes was still
phoP- a n d p m r D - d e p e n d e n t w h e n t h e pmrA a n d pmrB genes were expressed using a h e t e r o l o g o u s
p r o m o t e r a n d r i b o s o m e - b i n d i n g site.

The 8 5 - a m i n o acid P m r D c o n s t i t u t e s t h e first example o f a p r o t e i n t h a t i n t e g r a t e s the signal o f
o n e t w o - c o m p o n e n t system i n t o t h e a c t i o n o f a d i f f e r e n t t w o - c o m p o n e n t system. This B o o l e a n
O R gate allows Salmonella to be r e s i s t a n t to p o l y m y x i n B n o t only in response to t h e e n v i r o n m e n t s
d e n o t e d by the Fe 3+ signal t h a t activates the PmrB p r o t e i n , b u t also in low Mgl+sensed by t h e P h o Q
p r o t e i n . ? W h e n b o t h Fe 3+ a n d low Mgl+ are p r e s e n t , the P m r A p r o t e n b i n d s to t h e pmrD p r o m o t e r
a n d represses its e x p r e s s i o n , " in this way p r e v e n t i n g a c c u m u l a t i o n o f P m r A - P .

The P h o P p r o t e i n relies on a d i f f e r e n t c o n n e c t o r p r o t e i n - t e r m e d I r a P - t o e n h a n c e t h e l e v e l s o f
the a l t e r n a t i v e sigma f a c t o r RpoS (Table 1 ).8.73 This allows Salmonella to express R p o S - d e p e n d e n t

Table 1. C o m p a r i s o n o f the c o n n e c t o r p r o t e i n s PmrD and IraP

Connector PmrD IraP

Length 85 aa 88 aa

I s o e l e c t r i c p o i n t 8.9 5.6

Target P h o s p h o - P m r A RssB ( M v i A )

M e c h a n i s m of a c t i o n P r o t e c t i n g PmrA from P r o t e c t i n g RpoS from RssB-

d e p h o s p h o r y l a t i o n c a t a l y z e d d e p e n d e n t d e g r a d a t i o n

by the PmrB p r o t e i n c a t a l y z e d by the C1pXP protease

I n t e r a c t i o n p h o s p h o r y l a t i o n - d e p e n d e n t p r o t e i n - p r o t e i n i n t e r a c t i o n

p r o t e i n - p r o t e i n i n t e r a c t i o n

C i s - e l e m e n t PhoP box ( a c t i v a t i o n site) PhoP box ( a c t i v a t i o n site)

PmrA box (repression site)

O r t h o l o g d i s t r i b u t i o n Salmonella, E. coli, Shigella Salmonella, E. coli, Shigella,
Enterobacter
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genes and display R p o S - d e p e n d e n t p h e n o t y p e s , such as resistance to hydrogen peroxide, in response
t o the low M i t ' signal sensed by t h e P h o Q p r o t e i n . This a c t i v a t i o n entails b i n d i n g o f the P h o P
p r o t e i n to the iraP p r o m o t e r , w h i c h stimulates iraP t r a n s c r i p t i o n . The s y n t h e s i z e d !raP p r o t e i n
c o m p e t e s w i t h RpoS for b i n d i n g to the response r e g u l a t o r MviA ( r e f e r r e d to in E. coli as RssB
or SprE). The MviA p r o t e i n , w h i c h lacks a D N A b i n d i n g d o m a i n , exerts its r e g u l a t o r y effect by
b i n d i n g to the RpoS p r o t e i n and delivering it to the C l p X P p r o t e a s e for d e g r a d a r i o n . f Thus, the
p r o d u c e d !raP t i t r a t e s t h e MviA p r o t e i n , allowing the free RpoS to r e p r o g r a m R N A polymerase
to t r a n s c r i b e R p o S - d e p e n d e n t p r o m o t e r s .

The 8 6 - a m i n o acid !raP p r o t e i n from Salmonella is highly c o n s e r v e d w i t h the E. coli one sug
gesting t h a t these o r t h o l o g s f u n c t i o n in a similar fashion. It has been d e m o n s t r a t e d t h a t t h e E . coli
!raP p r o t e i n b i n d s to the RssB p r o t e i n in vitro a n d t h a t this b i n d i n g is n o t d e p e n d e n t o n RssB
being p h o s p h o r y l a t e d . This d i s t i n g u i s h e s !raP from PrnrD in t h a t t h e l a t t e r i n t e r a c t s only w i t h the
p h o s p h o r y l a t e d form o f the response r e g u l a t o r PrnrA (Table 1). The ! r a P - m e d i a t e d c o n n e c t i o n
b e t w e e n PhoP and RpoS suggests t h a t the s t r o n g virulence a t t e n u a t i o n r e s u l t i n g from i n a c t i v a t i o n
o f the phoP gene m i g h t due, in p a r t , to the i n a b i l i t y o f a phoP m u t a n t to p r o d u c e t h e n e e d e d levels
o f the RpoS p r o t e i n as rpoS m u t a n t s are also a t t e n u a t e d for virulence.v'"

I t is presently u n c l e a r w h e t h e r the c o n n e c t o r - m e d i a t e d i n t e r a c t i o n s b e t w e e n P h o P and o t h e r
r e g u l a t o r y p r o t e i n s i d e n t i f i e d in Salmonella can be used to infer a n a l o g o u s i n t e r a c t i o n s in o t h e r
bacterial species. This is because: first, c o n n e c t o r p r o t e i n s may be c o n s e r v e d b u t t h e i r r e g u l a t i o n
may n o t . For example, t h e c o n s e r v e d !raP p r o t e i n is n o t u n d e r t r a n s c r i p t i o n a l c o n t r o l o f the
P h o P p r o t e i n in E. coli. 8 Second, o r t h o l o g o u s c o n n e c t o r s may lose t h e i r r e c o g n i z e d f u n c t i o n
b u t r e t a i n similar r e g u l a t i o n . This is the case o f t h e E. coli PrnrD p r o t e i n , w h i c h is only 55.3%
i d e n t i c a l to the Salmonella PrnrD a n d unable to activate the P r n r A / P m r B system in E. coli; yet,
the two pmrD genes are similarly i n d u c e d in low Mg"+ in a P h o P - d e p e n d e n t f a s h i o n . " A n d t h i r d ,
n o n - o r r h o l o g o u s r e p l a c e m e n t can p r o v i d e similar c o n n e c t i v i t i e s despite the absence o f previously
i d e n t i f i e d r e g u l a t o r s .

The B i o l o g i c a l C o n s e q u e n c e s o f D i f f e r e n t N e t w o r k D e s i g n s
As discussed above, t h e PhoP p r o t e i n uses a variety o f r e g u l a t o r y a r c h i t e c t u r e s to c o n t r o l

expression o f its t a r g e t genes. Q u a l i t a t i v e l y , these a r c h i t e c t u r e s achieve the same goal: to pro
m o t e / r e p r e s s gene expression in response to the low M i t ' signal t h a t activates the P h o Q l P h o P
system. However, it is b e c o m i n g increasingly clear t h a t d i f f e r e n t r e g u l a t o r y a r c h i t e c t u r e s may
display i m p o r t a n t q u a n t i t a t i v e differences in gene expression. In this section, we focus on the
q u a n t i t a t i v e differences t h a t exist b e t w e e n d i r e c t r e g u l a t i o n and the c o n n e c t o r - m e d i a t e d pathway
because these two a r c h i t e c t u r e s result in d i s t i n c t expression behaviors n o t only when c o n t r a s t i n g
different P h o P - r e g u l a t e d genes in Salmonella b u t also when c o m p a r i n g o r t h o l o g o u s genes between
the related e n t e r i c species Salmonella and Yersinia pestis (Fig. 7).

In Salmonella, P h o P - a c t i v a t e d genes r e g u l a t e d via the PrnrD p r o t e i n are i n d u c e d to h i g h e r
levels t h a n those t h a t are d i r e c t l y c o n t r o l l e d by the PhoP p r o t e i n . V Signal a m p l i f i c a t i o n is also
d e t e c t e d when one compares expression o f the same gene( s) in two isogenic strains: one h a r b o r i n g
the P r n r D - m e d i a t e d p a t h w a y o p e r a t i n g in wild-type Salmonella a n d one lacking the pmrD gene
a n d h a r b o r i n g a PhoP box in place o f t h e PrnrA box at the t a r g e t p r o r n o r e r f s ) . ? M a t h e m a t i c a l
m o d e l i n g o f the two a r c h i t e c t u r e s suggests t h a t the rapid f o r m a t i o n o f the PrnrD- PrnrA- P complex
and the low p r o d u c t i o n rate o f P r n r A - P a r e essential for the P r n r D - m e d i a t e d signal a m p l i f i c a t i o n . "
As p r e d i c t e d for the presence o f an extra step in t r a n s c r i p t i o n a l activation, the P r n r D - m e d i a t e d
pathway displays slower i n d u c t i o n kinetics t h a n d i r e c t a c t i v a t i o n .

We c o n t r a s t e d the p o l y m x y i n B resistance e x h i b i t e d by a Salmonella pmrD m u t a n t where
PhoP c o n t r o l s expression o f the polymyxin B resistance pbgP a n d ugd genes d i r e c t l y to t h a t o f a
Salmonella with the P r n r D - m e d i a t e d pathway. The l a t t e r s t r a i n was more r e s i s t a n t to polymyxin
B t h a n the former when b a c t e r i a were grown u n d e r i n d u c i n g c o n c e n t r a t i o n s o f Mg'-+.S7 The re
sistance e n h a n c e m e n t was significant a r o u n d 0.75-1 mM Mg"+, w h i c h is the physiological Mg"+
c o n c e n t r a t i o n in m a m m a l i a n t i s s u e s . "
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The P m r D - m e d i a t e d pathway exhibits expression persistence: t h a t is, gene t r a n s c r i p t i o n con
tinues for some time after d i s a p p e a r a n c e o f the signal activating the P h o Q l P h o P system. 57 This
is because the P m r D p r o t e i n t h a t was synthesized before the P h o Q l P h o P system was s h u t o f f
c o n t i n u e s to b i n d to PmrA- P, allowing P m r A - d e p e n d e n t gene t r a n s c r i p t i o n . C o n s i s t e n t w i t h this
n o t i o n , increasing the s t a b i l i t y o f the P m r D p r o t e i n resulted in longer expression persistence. 57

We w o u l d like t o p r o p o s e t h a t the p a r t i c u l a r r e g u l a t o r y design used to c o n t r o l gene expres
sion reflects the s p e c t r u m o f niches t h a t p a r t i c u l a r b a c t e r i a l species occupy. This is in line w i t h
a recent r e p o r t suggesting coherence o f r e g u l a t o r y a r c h i t e c t u r e s a n d organisms' Iifestyles." For
example, S. enterica can infect a b r o a d range o f animal species and survive in soil a n d water for
an e x t e n d e d time. 86 By c o n t r a s t , Y. pestis lives in r o d e n t s , spreads via a flea v e c t o r w i t h o u t an en
v i r o n m e n t a l c y c l e . " These differences in the n a t u r a l h i s t o r i e s for these two organisms c o u l d be
due, in part, to the p a r t i c u l a r designs c o n t r o l l i n g expression o f these l i p o p o l y s a c c h a r i d e - m o d i f y i n g
g e n e s - c o n n e c t o r - m e d i a t e for Salmonella a n d d i r e c t for Yersinia (Fig. 7). This is because the
4 - a m i n o a r a b i n o s e m o d i f i c a t i o n o f the LPS is r e q u i r e d n o t only for resistance to polymyxin B35.74.88
b u t also to m e t a l ions p r e s e n t in s o i l . " Moreover, the 4 - a m i n o a r a b i n o s e m o d i f i c a t i o n genes have
been i m p l i c a t e d in S. enteric a i n f e c t i o n o f chicken m a c r o p h a g e s ' " and in Y. pestis survival w i t h i n
m u r i n e m a c r o p h a g e s . "

C o n c l u s i o n s
The Salmonella P h o Q l P h o P t w o - c o m p o n e n t system c o n t r o l s the expression o f a large n u m b e r

o f genes b o t h directly and via a several regulatory p r o t e i n s t h a t PhoP controls at the t r a n s c r i p t i o n a l ,
p o s t t r a n s c r i p t i o n a l and p o s t t r a n s l a t i o n a l l e v e l s . Thus, PhoP is p a r t o f a variety o f r e g u l a t o r y ar
c h i t e c t u r e s t h a t d e m o n s t r a t e q u a l i t a t i v e and q u a n t i t a t i v e differences. It is possible t h a t a d d i t i o n a l
c o n n e c t o r s a n d / o r o t h e r types o f r e g u l a t o r y p r o t e i n s may be discovered e x p e r i m e n t a l l y r a t h e r
t h a n b i o i n f o r m a t i c a l l y as small p r o t e i n s are ofien n o t a n n o t a t e d , e x h i b i t l i m i t e d c o n s e r v a t i o n a n d
display discrete p h y l o g e n e t i c d i s t r i b u t i o n s .
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C H A P T E R 3

Structural Basis o f the Signal
Transduction in the Two-Component
System
S e i j i Yamada and Y o s h i t s u g u S h i r o "

A b s t r a c t

T wo - co m p o n e n t system ( T C S ) consists o f two m u l t i - d o m a i n p r o t e i n s , a sensor h i s t i d i n e
kinase ( H K ) and a response r e g u l a t o r (RR). In response to e n v i r o n m e n t a l change, the
signal is t r a n s d u c e d from H K to RR t h r o u g h p h o s p h o r y l transfer. At the first stage o f

s t r u c t u r a l biology o f T C S , crystallographic and N M R a n a l y s e s o f d o m a i n blocks revealed the folds
a n d the remarkable regions o f sensor, d i m e r i z a t i o n and catalytic d o m a i n s o f H K a n d receiver a n d
effecter d o m a i n s o f R R . As the second stage, the advanced researches o f t h e i r m u l t i - d o m a i n form
a n d H K / R R complex showed the i n t e r - d o m a i n a n d i n t e r - m o l e c u l a r i n t e r a c t i o n s a n d i m p l i e d
t h a t the dynamic c o n f o r m a t i o n changes are r e q u i r e d in the signaling process. Thus, this c h a p t e r
describes w h a t these s t r u c t u r a l analyses o f T C S p r o t e i n s have c o n t r i b u t e d in u n d e r s t a n d i n g t h e
cell signaling m e c h a n i s m ; signal i n p u t - + p h o s p h o r y l t r a n s f e r - + signal o u t p u t .

I n t r o d u c t i o n
Bacteria, fungi and p l a n t s have e x p l o i t e d the " t w o - c o m p o n e n t system ( T C S ) " t o r e s p o n d a

s u d d e n change o f e n v i r o n m e n t s such as n u t r i e n t s , oxygen, light, o s m o t i c pressure. The system
consists o f two p r o t e i n s , a sensor h i s t i d i n e kinase ( H K ) and a response r e g u l a t o r (RR). H K senses
an extra- or an i n t r a - c e l l u l a r signal and t r a n s m i t s the sensed signal to RR t h r o u g h p h o s p h o r y l
transfer reactions. H K is a m u l t i - d o m a i n p r o t e i n c o m p o s e d o f sensor and h i s t i d i n e kinase domains
(Fig. IA) and t h e h i s t i d i n e kinase d o m a i n is f u r t h e r divided i n t o a d i m e r i z a t i o n a n d a catalytic
d o m a i n . The s t r u c t u r e a n d m e c h a n i s m o f h i s t i d i n e kinase d o m a i n o f H K is highly c o n s e r v e d
a m o n g T C S . In response to the sensing o f an external s t i m u l i or a ligand in the sensor d o m a i n ,
the special H i s residue in t h e d i m e r i z a t i o n d o m a i n is p h o s p h o r y l a t e d using A TP, w h i c h is cata
lyzed by t h e catalytic d o m a i n ( a u t o p h o s p h o r y l a t i o n ) . H K s f u n c t i o n in the dimeric form and the
a u t o p h o s p h o r y l a t i o n reaction occur in trans-manner; i.e., the catalytic d o m a i n o f one s u b u n i t
p h o s p h o r y l a t e s His in o t h e r s u b u n i t . ' The p h o s p h o r y l group on the His residue is t r a n s f e r r e d to
t h e special Asp residue in RR (RR-kinase).

The sequence analysis classified H K s i n t o Class I, hybrid type o f Class I and Class II (Fig. lB)
by t h e i r d o m a i n c o m p o s i t i o n s . Even t h o u g h the sequence similarity o f H K is n o t high, their a m i n o
acid motifs o f H , N, G 1, F and G2 boxes are i d e n t i f i e d in the all HKs. A m o n g the Class I H K , the
H box (HExxxP) c o n t a i n s a p h o s p h o r y l a t e d His residue lying on the d i m e r i z a t i o n d o m a i n and the
N ( N L x x x N ) , G I ( D x G x G ) , F (FxPF) and G2 (GxGxGL) boxes create t h e A T P - b i n d i n g a n d the
catalytic sites in the catalytic d o m a i n (Fig. IB). In the case o f hybrid type H K , the h i s t i d i n e kinase

* C o r r e s p o n d i n g A u t h o r : Yoshitsugu S h i r o - - B i o m e t a l Science Laboratory, RIKEN SPring-8
Center, H a r i m a Institute, 1-1-1 Kouto, Sayo, H y o g o 6 7 9 - 5 1 4 8 , Japan. Email: y s h i r o @ r i k e n . j p

BacterialSignal Transduction: Networks and Drug Targets, e d i t e d by Ryutaro Utsumi.
©2008 Landes Bioscience and Springer Science+ Business Media.
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Figure 1. Schematic diagrams of TCS. A) Phosphotransfer in TCS proteins. S; Sensor, Lin;
Linker, D; D i m e r i z a t i o n , CA; C a t a l y t i c , R; Receiver, E; Effecter domains. A p h o s p h o r y l group
(Pi) p r o d u c e d from ATP is transferred to His in d i m e r i z a t i o n domain and subsequently to Asp
in receiver domain. When a specific ligand (L) binds to sensor domain, the kinase a c t i v i t y
is i n h i b i t e d . B) Classification of HKs. H, N, G1, F and G2 are the conserved motifs. HPt;
H i s t i d i n e - c o n t a i n i n g Phosphotransfer domain. A l l o w s i n d i c a t e the sequence of p h o s p h o r y l
transfer.

d o m a i n is followed by an A s p - c o n t a i n i n g receiver d o m a i n a n d a H i s - c o n t a i n i n g p h o s p h o t r a n s f e r
d o m a i n (e.g., anaerobic sensor ArcB, Fig. lB).2.3 Therefore, the p h o s p h o r y l g r o u p migrates in the
H i s - A s p - H i s sequence in the case o f the h y b r i d H K (reviewed in r e f 4). O n the o t h e r h a n d , Class
II H K , c h e m o t a x i s sensor C h e A , has five d o m a i n s per m o n o m e r (Fig. lB, reviewed in r e f 5 , 6 ) . The
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P I d o m a i n c o n t a i n s a p h o s p h o r y l a t e d H i s r e s i d u e ? t h e P2 d o m a i n docks RR,8.9 t h e P3 d o m a i n
m e d i a t e s o n l y d i m e r i z a t i o n , 10 the P4 d o m a i n b i n d s ATP,10.11 and the PS d o m a i n regulates the kinase
activity.IO·12 T h e r e f o r e , l o c a t i o n o f t h e p h o s p h o r y l a t e d His (P 1) in C h e A , relative t o t h e catalytic
d o m a i n ( P 4 ) , is d i f f e r e n t from t h o s e in Class I H K s (Fig. l B ) .

R R is a c t i v a t e d u p o n a c c e p t i n g t h e p h o s p h o r y l g r o u p f r o m H K . The p h o s p h o r y l a t e d RR
f u n c t i o n s as a t r a n s c r i p t i o n f a c t o r to p r o m o t e expression o f t a r g e t genes or an a c t i v a t o r for the
d o w n s t r e a m p r o t e i n . RR c o m p r i s e s o f a receiver a n d an effecter d o m a i n . The receiver d o m a i n
c o n t a i n s t h e p h o s p h o r y l a t e d Asp r e s i d u e a n d t h e s t r u c t u r e is h i g h l y c o n s e r v e d a m o n g all RRs.
In c o n t r a s t , s t r u c t u r e o f t h e effecter d o m a i n s o f R R vary d e p e n d i n g on type o f t h e signal o u t p u t
( r e v i e w e d in r e f 13). T w e n t y - n i n e o u t o f 32 RRs in T C S o f Escherichia coli are t r a n s c r i p t i o n
factors, w h i c h have a D N A b i n d i n g a b i l i t y in t h e effecter d o m a i n s . O n t h e o t h e r h a n d , o n e o f
c h e m o t a x i s RR, CheY, has no D N A b i n d i n g d o m a i n a n d a n o t h e r one, C h e B , has m e t y l e s t e r a s e
d o m a i n as t h e effecter d o m a i n . I v "

Since 1990s, s t r u c t u r a l analyses o f t h e T C S p r o t e i n s have revealed characteristics o f each d o m a i n
in detail. In the first h a l f o f this c h a p t e r , t h e f u n c t i o n a l a n d s t r u c t u r a l aspects o f t h e d o m a i n blocks
in the T C S , especially in the Class I H K / R R system, are o u t l i n e d . The l a t t e r h a l f o f this c h a p t e r
focuses on t h e i r m u l t i - d o m a i n s form a n d H K / R R c o m p l e x , w h i c h have r e c e n t l y b e e n r e p o n e d .
These s t r u c t u r e s revealed relative o r i e n t a t i o n o f each d o m a i n a n d p r o v i d e d s t r u c t u r a l basis for
d i s c u s s i o n o n i n t e r - d o m a i n and i n t e r - m o l e c u l a r m e c h a n i s m o f t h e signal t r a n s d u c t i o n in T C S .

S t m c t u r e s o f E a c h D o m a i n i n T w o - C o m p o n e n t S y s t e m

H i s t i d i n e Kinase D o m a i n

D i m e r i z a t i o n D o m a i n
The f u n c t i o n a l f o r m o f H K is a dimer, w h i c h is f o r m e d t h r o u g h i n t e r a c t i o n o f t h e d i m e r i z a 

t i o n d o m a i n o f each s u b u n i t . N M R s t r u c t u r e o f the d i m e r i z a t i o n d o m a i n o f E n v Z , o s m o s e n s o r
in E. coli, revealed t h a t two l o n g helices (I a n d I I ) in o n e s u b u n i t are p a c k e d w i t h t h o s e o f t h e
o t h e r s u b u n i t to form a f o u r - h e l i x b u n d l e (Fig. 2).16 The a m i n o acid s e q u e n c e o f t h e helix I in t h e
N - t e r m i n a l side is m o r e c o n s e r v e d t h a n t h o s e o f t h e helix II, since the helix I has t h e H box m o t i f ,
w h i c h c o n t a i n s t h e p h o s p h o r y l a t e d His. The H - b o x r e g i o n is m o r e flexible than t h e o t h e r regions,
b u t t h e significance has b e e n u n k n o w n yet. The s i d e - c h a i n o f t h e p h o s p h o r y l a t e d H i s residue is
e x t r e m e l y e x p o s e d to b u l k solvent (Fig. 2 ) . T h e o r i e n t a t i o n o f t h e His residue is a p p a r e n t l y s u i t a b l e
for a c c e p t i n g t h e p h o s p h o r y l g r o u p f r o m t h e c a t a l y t i c d o m a i n in t r a n s - a u t o p h o s p h o r y l a t i o n 1 and
for s u b s e q u e n t l y d o n a t i n g it to its c o g n a t e RR.

C a t a l y t i c D o m a i n
The s t r u c t u r e s o f c a t a l y t i c d o m a i n o f H K have b e e n s o l v e d for CheA,IO·11 P h o Q (E. coli

Mg2+ s e n s o r ) , ' ? EnvZ,18 N t r B (E. coli n i t r a t e s e n s o r ) , " a n d PrrB (Mycobacterium tuberculosis)20
(Figs. 3A to 3F). All these s t r u c t u r e s e x h i b i t a/~ s a n d w i c h fold, in w h i c h t h r e e helices ( a I , a 2 a n d
a 4 ) is covered w i t h the ~-sheet ( t h e t o p o l o g y o f ~2-~4-~5-~7-~6).An N - t e r m i n a l s h o r t ~-sheet

(~1 a n d ~3) seals the a 1 a n d a 2 helices. The l o o p r e g i o n b e t w e e n a 3 a n d a 4 helices, t e r m e d as t h e
A T P - l i d , is flexible a n d has b e e n o f t e n d i s o r d e r e d in the crystal s t r u c t u r e s (Figs. 3E a n d 3F). The
four c o n s e r v e d m o t i f s o f H K , N, G 1, F a n d G2 boxes, are l o c a t e d in the cavity for the ATP b i n d i n g
(Figs. 3 G and 3 H ) . In a d d i t i o n t o t h e basic fold, C h e A a n d N t r B have extra s e c o n d a r y s t r u c t u r e s .
C h e A has two a d d i t i o n a l helices; i.e., o n e ( a l l ) is i n s e r t e d b e t w e e n a 2 and a 4 a n d t h e o t h e r ( a I 2 )
p r e c e d e d t h e A T P - l i d (Figs. 3A a n d 3B).IO·11 N t r B has a ~-hairpin (~' a n d ~S') i n s e r t e d b e t w e e n
~ a n d ~S for b i n d i n g o f H K i n h i b i t o r ( P I I p r o t e i n ) , as was i l l u s t r a t e d in Figure 3E. 19

These s t r u c t u r a l c h a r a c t e r i s t i c s o f t h e c a t a l y t i c d o m a i n are d i s t i n c t f r o m T h r / S e r / T y r ki
nases in m a m m a l i a n system. I n s t e a d , t h e folds o f c a t a l y t i c d o m a i n are s i m i l a r t o t h a t o f G H L
ATPases, GyrB ( D N A gyrase), 21 M u t L ( D N A m i s m a t c h r e p a i r p r o t e i n ) " a n d H s p 9 0 ( e u k a r y o t i c
m o l e c u l a r chaperon).23
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Figure 2. Structure of d i m e r i z a t i o n d o m a i n of EnvZ (1 j o y . p d b ) . The p h o s p h o r y l a t e d His residue
(His243) is represented as b a l l - a n d - s t i c k . Each s u b u n i t f o r m e d d i m e r is c o l o r e d by w h i t e and
dark-gray, r e s p e c t i v e l y .

H K requires ATP and d i v a l e n t cation, Mg'-+ or Mn2+, for the kinase activity. S t r u c t u r e s o f
the complex w i t h n o n h y d r o l y s a b l e ATP a n a l o g u e and d i v a l e n t c a t i o n i n c o r p o r a t e d in the ATP
b i n d i n g site have been r e p o r t e d for some H K (Figs. 3B, 3 C a n d 3 D ) . The N box in the helix a 2
c o n t a i n s the c o n s e r v e d Asn residue ( N 4 0 9 in C h e A and N 3 8 9 in P h o Q ) , the Ob a t o m o f w h i c h
c o o r d i n a t e s w i t h the d i v a l e n t c a t i o n (Figs. 3G a n d 3 H ) . In the G l box at the end o f l l S , the Ob
a t o m o f the c o n s e r v e d Asp residue ( D 4 4 9 in C h e A a n d D41 S in P h o Q ) forms a h y d r o g e n b o n d
w i t h a m i n o group ( N 6) in t h e a d e n i n e base a n d the m a i n - c h a i n N a n d 0 atoms o f t h e c o n s e r v e d
Gly residue (G4S3 in C h e A and G 4 1 9 in P h o Q ) i n t e r a c t w i t h the a d e n i n e ring w i t h i n t e r v e n t i o n
o f water molecules. The F box in the e n d o f a 3 a n d t h e G2 box in the b e g i n n i n g o f a 4 are p r e s e n t
at the edges o f ATP-lid.

In s t r u c t u r a l c o m p a r i s o n b e t w e e n H K s in the ATP a n a l o g u e - f r e e and - b o u n d forms, the most
significant difference was o b s e r v e d in the c o n f o r m a t i o n o f the ATP-lid. U p o n the n u c l e o t i d e
b i n d i n g , the ATP-lid is a p p a r e n t l y c o n v e r t e d from the o p e n c o n f o r m a t i o n to t h e closed confor
m a t i o n , c o n s e q u e n t l y covering the A T P - b i n d i n g site. 11 In the case o f C h e A , the A T P - l i d displays
a loop c o n f o r m a t i o n in the free form (Fig. 3A), while a l o o p - h e l i x t r a n s i t i o n is i n d u c e d u p o n
the ADPCP-Mg'-+ b i n d i n g (Fig. 3B). Lys494 a n d Ser498 in the i n d u c e d helix i n t e r a c t w i t h the
y - p h o s p h a t e o f A D P C P (Fig. 3 G ) . All these i n t e r a c t i o n s w i t h the ATP-lid as well as the N and G 1
boxes can stabilize the ATP (or ATP analogue) b i n d i n g and, eventually the y - p h o s p h a t e is exposed
to b u l k solvent region, possibly being accessible t o the p h o s p h o r y l a t e d His. I I O n the o t h e r h a n d ,
the ATP-lid o f P h o Q takes a loop c o n f o r m a t i o n even in the A D P N P - Mg'-+ b o u n d form, b u t Arg
434, Arg439 and G l n 4 4 2 in the ATP-lid i n t e r a c t w i t h the Il- or t h e y - p h o s p h a t e o f A D P N P (Fig.
3 H ) . In this case, the y-phosphate faces toward the a 2 helix (Fig. 3 H ) and it w o u l d r o t a t e t o w a r d the
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A. CheA B. CheA (ADPCP-Mg 2+) C. PhoQ (ADPNP-M g 2+)

D. EnvZ (ADPNP) E. NtrB F. PrrB

H. PhoQ (ADPNP-Mg 2 +)
I'
t

G. CheA (ADPCP -Mg2 +)

Figure 3. Structures of c a t a l y t i c d o m a i n . (A) CheA ( l b 3 q . p d b ) , (B) CheA c o m p l e x e d w i t h
ADPCP-M g 2 + (1 i58.pdb), (C) PhoQ c o m p l e x e d w i t h A D P N P - M g 2 + (1 idO.pdb), (D) EnvZ c o m 
plexed w i t h ADPNP ( l b x d . p d b ) , (E) NtrB (1 r62.pdb) and (F) PrrB ( l y s r . p d b ) . ATP analogues are
represented as b a l l - a n d - s t i c k . ATP-lid and extra s e c o n d a r y s t r u c t u r e s (in CheA and NtrB)
are c o l o r e d by dark-gray and light-gray, r e s p e c t i v e l y . (G and H) A T P - b i n d i n g sites of CheA
(1i58.pdb) and PhoQ (1 idO.pdb), respectively. ATP analogues and amino acid residues inter
acted w i t h ATP analog are represented as stick. Mg 2

+ and water m o l e c u l e s are represented as
w h i t e and gray spheres, respectively. The dashed lines i n d i c a t e hydrogen bonds. ATP-lid and
the i n v o l v i n g residues are c o l o r e d by dark-gray. H405, R408 and N409 in (G) and N385 and
N389 in (H) are i n v o l v e d in N - b o x , respectively. D449 and G453 in (G) and D415 and G419
in (H) are i n v o l v e d in G1 box, respectively. The boundaries between w h i t e and dark-gray
loops c o r r e s p o n d F and G2 boxes, respectively.
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solvent region in t h e a u t o p h o s p h o r y l a t i o n r e a c t i o n . ' ? Thus, the A T P - l i d is r e s p o n s i b l e for n u c l e o t i d e
b i n d i n g in H K s , a l t h o u g h it does n o t s h o w h i g h s e q u e n c e s i m i l a r i t y e x c l u d i n g F- a n d G2- boxes.
The s t r u c t u r a l t r a n s i t i o n o f A T P - l i d p r o d u c e s new surface n a t u r e a n d it w o u l d plays an i m p o r t a n t
role in i n t e r a c t i o n w i t h p h o s p h o r y l a t e d His residue for a u t o p h o s p h o r y l a t i o n r e a c t i o n . '

S e n s o r D o m a i n o f H i s t i d i n e K i n a s e
In s h a r p c o n t r a s t to t h e h i s t i d i n e kinase d o m a i n , t h e s t r u c t u r e s o f t h e s e n s o r d o m a i n o f H K

vary d e p e n d i n g on signals ( l i g a n d s ) . The sensor d o m a i n s are classified i n t o t h r e e types: the peri
p l a s m i c r e c e p t o r , t h e t r a n s m e m b r a n e r e c e p t o r a n d r e c e p t o r in c y t o p l a s m , as were i l l u s t r a t e d in
Figure 4. A n e x a m p l e o f t h e first c a t e g o r y is t h e c h e m o t a x i s r e c e p t o r , w h i c h can c o m m o n l y rec
o g n i z e m e t h y l - a c c e p t i n g c h e m o t a x i s p r o t e i n s (M C P s ) ; e.g., Tar a n d Tsr are t h e M C P o f a s p a r t a t e
a n d serine r e c e p t o r s , respectively.24- 2 6 1 h e p e n p l a s m i c r e g i o n o f these r e c e p t o r s is c o m p o s e d o f
e i g h t - h e l i x b u n d l e in d i m e r (Fig. 4A). The b i n d i n g o f a s p a r t a t e a n d serine to these s u b u n i t s stabi
lizes t h e d i m e r i c f o r m a n d causes t h e i n h i b i t i o n o f kinase a c t i v i t y o f C h e A . 27 A n o t h e r e x a m p l e is
q u o r u m sensor, LuxP /LUXQ,28-30 w h i c h will be a p p e a r e d in t h e f o l l o w i n g s e c t i o n .

E t h y l e n e is a r i p e n i n g h o r m o n e for h i g h e r p l a n t s . The e t h y l e n e s e n s o r in h i g h e r p l a n t s , E T R l ,
has the t r a n s m e m b r a n e s e n s o r d o m a i n , " w h i c h c o n t a i n s t h r e e m e m b r a n e s p a n n i n g helices p e r
s u b u n i t and forms d i m e r (Fig. 4B). A C u 1+ ion is f l a n k e d by the t w o s u b u n i t s o f the helices.P
Cys6S a n d H i s 6 9 in t h e s e c o n d helix in Arabidopsis E T R I are c o o r d i n a t i o n residues o f the C u 1+

ion. The C u 1+ is a p o s s i b l e b i n d i n g site o f e t h y l e n e .
G A F (cyclic G M P b i n d i n g - A d e n y l c y c l a s e - F h l A ) is a sensor d o m a i n l o c a t e d in c y t o p l a s m ,

w h i c h f u n c t i o n s as a r e d / f a r - r e d l i g h t s e n s o r in p h y t o c h r o m e s ( r e v i e w e d in r e f 33). A b i l i v e r d i n
m o l e c u l e l i g a t e d via a t h i o e t h e r l i n k a g e to a Cys residue is l o c a t e d in t h e l i g a n d - b i n d i n g p o c k e t o f
t h e G A F d o m a i n o f b a c t e r i o p h y t o c h r o m e (Fig. 4C).34 The p h o t o i s o m e r i z a t i o n o f t h e b i l i v e r d i n
D - r i n g i n d u c e d u p o n t h e r e d / f a r - r e d l i g h t i r r a d i a t i o n can r e g u l a t e the h i s t i d i n e kinase activity.
PAS ( P e r - A r n t - S i m ) d o m a i n in c y t o p l a s m o f t e n f u n c t i o n s as t h e s u b s t a n t i a l s e n s o r m o d u l e in
T C S a n d will be d i s c u s s e d l a t e r in d e t a i l .

Response R e g u l a t o r

R e c e i v e r D o m a i n
The s t r u c t u r e s o f r e c e i v e r d o m a i n s are s o l v e d for m a n y RRs s u c h as CheY,35 SpOOF,36 NtrC,37

NarL,38 CheB,15 PhoB,39 FixJ,40 SpOOA,41 Etrl,42 DrrD,43 D i v K , « PhOP,45 CheY2,46 ArcA,47

KdpE,48 T o r R 48 a n d P r r A . 4 9 T h e s t r u c t u r e s e x h i b i t b a s i c a l l y s i m i l a r f e a t u r e s , i.e., a / f l fold, in
w h i c h c e n t r a l fl-sheets ( f l 2 - f l l - f l 3 - f l 4 - f l 5 ) is f l a n k e d by t w o ( u l a n d a s ) a n d t h r e e ( a 2 , a 3 a n d
a 4 ) helices (Fig. SA).

In some receiver d o m a i n s , s t r u c t u r e s o f t h e i r a c t i v a t e d form are d e t e r m i n e d by u s i n g p h o s p h o 
ryl m i m i c s . 50-53 In s t r u c t u r a l c o m p a r i s o n b e t w e e n t h e active a n d i n a c t i v e forms, it was f o u n d t h a t
c o n f o r m a t i o n s o f t h e c o n s e r v e d T h r 8 7 a n d T y r l 0 6 ( n u m b e r i n g as in C h e Y ) are a l t e r e d , t h e side
c h a i n s o f w h i c h moves from o u t s i d e to i n s i d e u p o n t h e a c t i v a t i o n , as s h o w n in Figures SA a n d
SB. This r e o r i e n t a t i o n causes to stabilize t h e a 4 helix a n d f l 4 - a 4 I o o p . The r e o r i e n t e d a 4 - f l 5 - a 5
surface makes a new i n t e r a c t i o n site w i t h t h e p a r t n e r p r o t e i n , e.g., FliM in F i g u r e SB.54 In t h e case
o f Fix], its h o m o d i m e r is f o r m e d t h r o u g h i n t e r a c t i o n at t h e r e o r i e n t e d site (Fig. SC).55The Asp
residue (AspS7 in CheY) l o c a t e d in t h e C - t e r m i n a l edge o f t h e fl3 s t r a n d is t h e p h o s p h o r y l a t i o n
site o f t h e receiver d o m a i n . As are i l l u s t r a t e d in Figure SD, t h e p h o s p h o r y l g r o u p can be s t a b i l i z e d
by d i v a l e n t c a t i o n , Mg2+ or Mn 2 + a n d t h r o u g h m a n y h y d r o g e n - b o n d i n g i n t e r a c t i o n .

E f f e c t e r D o m a i n
RRs f u n c t i o n as t r a n s c r i p t i o n f a c t o r have a t y p i c a l h e l i x - t u r n - h e l i x m o t i f for b i n d i n g to D N A

as t h e effecter d o m a i n . In t h e case o f N a r L , t h e receiver d o m a i n i n t e r a c t s w i t h t h e e f f e c t e r d o m a i n ,
m a s k i n g t h e D N A - r e c o g n i t i o n helix ( a 9 ) in t h e n o n p h o s p h o r y l a t e d ( i n a c t i v e ) f o r m (Fig. SE).38.56
This is also the case for o t h e r RRs, s u c h as C h e B 15 a n d NtrC157; t h e active sites o f m e t h y l e s t e r a s e
a n d ATPase, respectively, are m a s k e d in t h e n o n p h o s p h o r y l a t e d forms. O n t h e o t h e r h a n d , t h e
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Figure 4. Structures of sensor domains of HK. The l i p i d bilayer membrane is s c h e m a t i c a l l y
d r a w n . A) Periplasmic aspartate receptor, Tar (aspartate b o u n d form, 1vlt.pdb). Each s u b u n i t
of Tar f o r m e d d i m e r is c o l o r e d by w h i t e and dark-gray, respectively. The ligand, aspartate,
is represented as b a l l - a n d - s t i c k . B) Schematic representation of ethylene sensor, ETR1. The
membrane b o u n d helices are represented as c y l i n d e r s . Cylinders drawn by gray dashed line
i n d i c a t e the other subunit. The e t h y l e n e m o l e c u l e and Cu" are represented by l i g h t - g r a y and
black spheres, respectively. The black dashed lines i n d i c a t e the c o o r d i n a t i o n bonds for Cu".
C) Sensor d o m a i n of red/far-red light receptor, b a c t e r i o p h y t o c h r o m e ( l z t u . p d b ) . The sensor
d o m a i n consists of N - t e r m i n a l PAS (residues 38-128, dark-gray) and C-terminal GAF (white)
domains. The b i l v e r d i n c h r o m o p h o r e and the c o v a l e n t b o n d i n g Cys24 are represented as
b a l l - a n d - s t i c k .

D N A b i n d i n g f o r m o f the i s o l a t e d e f f e c t e r d o m a i n o f N a r L was r e p o r t e d (Fig. SF), in w h i c h the
d o m a i n forms a s y m m e t r i c d i m e r a n d , e v e n t u a l l y , t h e 0.9 helix can d i r e c t l y i n t e r a c t w i t h t h e t a r g e t
DNA.58 Based o n these results, it has been n o w c o n s i d e r e d t h a t , to expose the D N A r e c o g n i t i o n site
o f t h e e f f e c t e r d o m a i n a n d t o f o r m t h e RR dimer, RR s h o u l d d r a m a t i c a l l y c h a n g e its c o n f o r m a t i o n
u p o n a c c e p t i n g t h e p h o s p h o r y l g r o u p at t h e Asp site in the receiver d o m a i n .

S i g n a l T r a n s d u c t i o n in H i s t i d i n e Kinase

R e g u l a t i o n upon S i g n a l S e n s i n g i n Q u o r u m S e n s o r L u x P I L u x Q S y s t e m
In t h e b i o l u m i n e s c e n t process in Vibrio hanley, the b a c t e r i a can sense t h e i r cell d e n s i t y ( q u o r u m

s e n s i n g ) by r e c e i v i n g a small m o l e c u l e c a l l e d " a u t o i n d u c e r " w h i c h is p r o d u c e d by themselves."
LuxP / L u x Q is t h e r e c e p t o r / t r a n s m i t t e r for t h e q u o r u m s e n s i n g s y s t e m / " LuxP is a soluble p r o t e i n
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Figure 5. Structures of response regulator. A) CheY (3chy.pdb), B) CheY-BeF r M g
2
+ c o m p l e x e d

w i t h FliM peptide (H4v.pdb), C) Receiver domain of F i x j - P 0 3 (1d5w.pdb). The conserved Asp,
Thr and Tyr/Phe residues and ligands are represented as b a l l - a n d - s t i c k , respectively. FliM
p e p t i d e (in Fig. 5B) and d i m e r i z e d s u b u n i t (in Fig. 5C) are c o l o r e d by dark-gray, respec
tively. D) B a l l - a n d - s t i c k r e p r e s e n t a t i o n of a c t i v e site of CheY-BeF r M n

2 + (lfqw.pdb). The
dashed lines i n d i c a t e hydrogen bonds. E) F u l l - l e n g t h s t r u c t u r e of t r a n s c r i p t i o n a l RR, NarL
( l m l . p d b ) . The a 6 - a l O helices are designed as D N A b i n d i n g domain. The a8 and a9 helices
are referred as " s c a f f o l d " and " r e c o g n i t i o n " helices, respectively. Asp59, the p h o s p h o r y l a t e d
residue in the receiver domain, is represented as b a l l - a n d - s t i c k . F) D N A b i n d i n g domain of
NarL c o m p l e x e d w i t h D N A (1je8.pdb). Each s u b u n i t of NarL formed d i m e r is c o l o r e d by
w h i t e and dark-gray, respectively. The w h i t e s u b u n i t is drawn as same o r i e n t a t i o n of that as
shown in Figure 5E. If the f u l l - l e n g t h structure (Fig. 5E) is fitted into this model, the receiver
domain crashes w i t h D N A .
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Figure 6. Structu resof q u o r u m sensing LuxP/LuxQ system.A) LuxP (l jx6.pdb) and chemical structure
of autoinducer. The a u t o i n d u c e r in LuxP is represented as ball-and-stick. B) L u x P - a u t o i n d u c e r
c o m p l e x e d w i t h p e r i p l a s m i c d o m a i n of L u x Q (LuxQp) ( 2 h j 9 . p d b ) . LuxP and LuxQp form a c o n 
s t i t u t i v e h e t e r o d i m e r . W h e n a u t o i n d u c e r binds to LuxP, the o t h e r h e t e r o d i m e r ( L u x Q p ' / L u x P ' )
is a t t r a c t e d to LuxP/LuxQp. LuxP, LuxQp' LuxQp' and LuxP' are c o l o r e d by w h i t e , light-gray,
d a r k - g r a y and black, r e s p e c t i v e l y . The dashed lines of LuxQp' i n d i c a t e the t r a n s - m e m b r a n e
(TM) l i n k e r e x t e n d e d from N- and C - t e r m i n a l s . C) Rotation of (B) at 90 0 a l o n g h o r i z o n t a l
axis. Whereas LuxQp' has c o m e in c o n t a c t w i t h LuxP/LuxQp c o m p l e x , the o p p o s i t e does not
o c c u r r e d . In c o n s e q u e n c e , t w o LuxP/LuxQp c o m p l e x e s form a s y m m e t r y d i m e r upon b i n d i n g
of a u t o i n d u c e r .

l o c a t e d in the p e r i p l a s m i c region a n d can b i n d t h e a u t o i n d u c e r in the cavity c r e a t e d b e t w e e n t w o
d o m a i n s (Fig. 6A).28 L u x Q i s a t r a n s m e m b r a n e H K , the p e r i p l a s m i c region o f w h i c h is c o m p o s e d
o f two PAS folds a n d is associated w i t h LuxP (Fig. 6B). 291he a u t o i n d u c e r b i n d i n g to LuxP induces
a c o n f o r m a t i o n a l change to d o s e the crevice.281his c o n f o r m a t i o n a l change o f L u x P creates a new
i n t e r a c t i o n site for a n o t h e r s u b u n i t o f p e r i p l a s m i c region o f t h e LuxQ, f o r m i n g an a s y m m e t r i c
d i m e r (Fig. 6C).30 I t has been suggested t h a t this a s y m m e t r y o f p e r i p l a s m i c region o f the L u x Q
d i s r u p t s the s y m m e t r i c a l d i m e r i z a t i o n o f the c y t o p l a s m i c h i s t i d i n e kinase d o m a i n a n d reduces
the kinase a c t i v i t y , "
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A u t o p h o s p h o r y l a t i o n o f His in D i m e r i z a t i o n D o m a i n by C a t a l y t i c D o m a i n
Most recently, M a r i n a et al r e p o r t e d the crystal s t r u c t u r e o f H K ( T M 0 8 5 3 ) f r a g m e n t from

Thermotoga maritima, c o n s i s t i n g o f d i m e r i z a t i o n and catalytic d o m a i n s (Figs. 7 A and 7B).61 Two
m o n o m e r i c T M 0 8 5 3 molecules c o n t a c t w i t h each o t h e r t h r o u g h some h y d r o p h o b i c i n t e r a c t i o n s
between helices I-II in the d i m e r i z a t i o n domain to form a dimer, that is related by a crystallographic
t w o - f o l d symmetry. The s t r u c t u r e looks like a b u t t e r f l y (Fig. 7 A). The s t r u c t u r a l characteristics
are a p p a r e n t l y similar to t h a t observed in SpoOB, w h i c h is a His c o n t a i n i n g p h o s p h o t r a n s f e r 
ase involved in the s p o l u r a t i o n p h o s p h o r e l a y o f Bacillus subtilis. 6 2 ,6 3 In the crystal s t r u c t u r e o f
t h e r m o p h i l i c H K , the ATP b i n d i n g site in the catalytic d o m a i n is far away (> 20A) from the
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Figure 7, Structures of entire h i s t i d i n e kinase domain. A) h i s t i d i n e kinase d o m a i n of HK-TM0853
(2c2a,pdb), Each s u b u n i t f o r m e d d i m e r is c o l o r e d by w h i t e and dark-gray, respectively. His260
and ADPI3N are represented as b a l l - a n d - s t i c k , respectively, B) Rotation of (A) at 90 0 along
h o r i z o n t a l axis. The ADPI3N in c a t a l y t i c d o m a i n ( C A L B is far from H i s _ A w i t h the distance
of 25 A. Therefore, the CA domains have to move d y n a m i c a l l y as i n d i c a t e d as gray allows for
t r a n s - a u t o p h o s p h o r y l a t i o n . C) Schematic diagram of reaction catalyzed by HK, Positions of
ATP and p h o s p h o r y l a t e d His (H) are i n d i c a t e d on an HK d i m e r (white and gray), Position of
p h o s p h o r y l a t e d Asp (D) is i n d i c a t e d on a RR (white w i t h gray mesh), The p h o s p h o r y l group
is i n d i c a t e d as a circle.
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p h o s p h o r y l a t e d H i s residue in the d i m e r i z a t i o n d o m a i n . Therefore, the catalytic d o m a i n s h o u l d
r o t a t e a r o u n d t h e d i m e r i z a t i o n d o m a i n by 70° for the t r a n s - a u t o p h o s p h o r y l a t i o n r e a c t i o n (Fig.
7B). Based on the c r y s t a l l o g r a p h i c o b s e r v a t i o n , a possible m e c h a n i s m for the p h o s p h o r - t r a n s f e r
in t h e T C S was p r o p o s e d , in w h i c h d y n a m i c m o t i o n o f the catalytic d o m a i n s h o u l d be involved,
as is i l l u s t r a t e d in Figure 7 C .

O x y g e n S e n s o r F i x L / F i x ] System
F i x L / F i x ] system is H K / R R from r o o t n o d u l e b a c t e r i a ( r h i z o b i a ) , w h i c h lives s y m b i o t i c a l l y

in the r o o t o f l e g u m i n o u s plants. The r h i z o b i a have an ability o f n i t r o g e n fixation by n i t r o g e n a s e
enzymes, w h i c h can c o n v e r t n i t r o g e n (N z ) in air i n t o a m m o n i a ( N H 3). Since the enzymes a r e l a b i l e
to oxygen (Oz), the r h i z o b i a s h o u l d perceive a c o n c e n t r a t i o n o f oxygen a n d express the n i t r o g e n
fixation enzymes u n d e r low O, t e n s i o n . The s u b s t a n t i a l O , sensor m o d u l e is the F i x L / F i x ] system.
The sensor d o m a i n o f FixL c o n t a i n s the h e m e ( F e - p o r p h y r i n complex) as the Oz b i n d i n g site
(Fig. 8A). The O , b i n d i n g to the heme i r o n is in a chemical e q u i l i b r i u m w i t h d i s s o c i a t i o n c o n s t a n t
o f a p p r o x i m a t e l y 30 !!M;64 u n d e r general oxygen c o n c e n t r a t i o n , O , associates to the heme iron,
while Oz is d i s s o c i a t e d from t h e iron w i t h l o w e r i n g the Oz t e n s i o n . In the O z - b o u n d (oxy) form
o f the sensor d o m a i n , the h i s t i d i n e kinase d o m a i n o f FixL is inactive, while i t is activated in the
Oz-free (deoxy) form to p h o s p h o r y l a t e the c o g n a t e RR, FixJ.6s.66

S t r u c t u r e a n d Oxygen S e n s i n g M e c h a n i s m o f P A S S e n s o r D o m a i n o f Pi x L
To date, the s t r u c t u r e s o f the FixL sensor d o m a i n from Bradyrhizobium japonicum (BjFixL )67

a n d Sinorhizobium melilou"68 are available, s h o w i n g t h a t t h r e e a - h e l i c e s ( a D , a E a n d a F ) are cov
ered w i t h five fl-sheets (flB-flA-flI-flG-flH) (Fig. 8A). The s t r u c t u r a l c h a r a c t e r i s t i c s are generally
called the "PAS fold". The heme is e m b e d d e d in the cavity c o n s t r u c t e d b e t w e e n the fl-sheet a n d
a F helix. H i s from the a F helix c o o r d i n a t e s to the heme i r o n as the fifth axial ligand a n d the op
p o s i t e sixth site is p r o v i d e d for the external l i g a n d (Oz) b i n d i n g (Fig. 8A). As the case for general
h e m e - c o n t a i n i n g e n z y m e s / p r o t e i n s , C O a n d N O , as well as Oz, can b i n d to the ferrous i r o n (FeU)
o f the h e m e in FixL. W h e n Oz binds to the heme iron in the sensor d o m a i n , the a c t i v i t y o f the
h i s t i d i n e kinase d o m a i n is e n t i r e l y suppressed. H o w e v e r , u p o n b i n d i n g C O a n d N O , the h i s t i d i n e
kinase activity is n o t i n h i b i t e d , in c o n t r a s t to the Oz b i n d i n g . 69 Therefore, FixL can d i s c r i m i n a t e
O , from o t h e r d i a t o m i c molecules.

G o n g a n d c o w o r k e r s r e p o r t e d the crystal s t r u c t u r e s o f the BjFixL sensor d o m a i n in the deoxy,
oxy, C O - b o u n d a n d N O - b o u n d forms a n d c o m p a r e d these s t r u c t u r e s w i t h each o t h e r to elucidate
c o n f o r m a t i o n a l changes i n d u c e d by the ligand b i n d i n g (Figs. 8 C to 8F, respectively).67.70,71 W h e n
the sixth p o s i t i o n o f heme iron is vacant in the deoxy forms, the Arg residue in the G - s h e e t (Arg220
in BJFixL) is l o c a t e d o u t s i d e the heme p o c k e t a n d is h y d r o g e n - b o n d e d w i t h the p r o p i o n a t e o f
the heme (Fig. 8 C ) . However, w h e n O , b i n d s to heme iron, the Arg residue comes i n t o the h e m e
p o c k e t and is h y d r o g e n - b o n d e d w i t h the i r o n - b o u n d O , (Fig. 8D ).71 In a d d i t i o n , the r e o r i e n t a t i o n
o f the Arg residue i n d u c e s a c o n f o r m a t i o n a l change in t h e F G - I o o p region b e t w e e n F-helix a n d
G - s h e e t , as is s h o w n in Figure 8B. O n t h e o t h e r h a n d , such r e o r i e n t a t i o n o f the Arg residue was
n o t d e t e c t e d in the C O a n d N O b i n d i n g to FixL (Figs. 8E a n d 8F, respectively). 70,71 O n the basis
o f these c r y s t a l l o g r a p h i c o b s e r v a t i o n s , now it is believed t h a t the m o v e m e n t o f Arg u p o n t h e Oz
a s s o c i a t i o n / d i s s o c i a t i o n w o u l d act as a trigger to i n d u c e the c o n f o r m a t i o n a l change in the FG
l o o p region, w h i c h s h o u l d be a first event in the O , sensing by the FixL sensor d o m a i n a n d c o u l d
be also responsible for t h e ligand specificity for the sensing by F~.

S t r u c t u r e o f H K / R R Complex: S i g n a l i n g P a t h w a y in P i x L / P i x ] System
Since the f u l l - l e n g t h FixL s t r u c t u r e c o n t a i n i n g the sensor a n d h i s t i d i n e kinase d o m a i n s has

b e e n unavailable yet, it is still unclear how the c o n f o r m a t i o n a l change in t h e FG l o o p o f the sensor
d o m a i n c o u l d be t r a n s f e r r e d to h i s t i d i n e kinase d o m a i n as an i n h i b i t o r y signal. To e l u c i d a t e this
issue, the s t r u c t u r a l analyses were c o n d u c t e d by using a h o m o l o g o u s p r o t e i n o f FixL from t h e r 
m o p h i l i c b a c t e r i u m . f - " H K from Thermotoga maritima, 1 h k A ( T M 1 3 5 9 ) , e x h i b i t s a s e q u e n c e
s i m i l a r i t y by 72% (29% i d e n t i t y ) to FixL,73 a n d is e x p e c t e d to have a PAS sensor d o m a i n d i r e c t l y
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C. deoxy D . o x y E . C O F. NO

Figure 8. Structures of PAS-sensor domain of oxygen sensor FixL. A) Overall structure of
deoxy (Fe 2+) FixL ( l l s w . p d b ) . The heme and the f i f t h ligand His residue are represented as
b a l l - a n d - s t i c k . B) S u p e r i m p o s i t i o n of deoxy (white) and oxy (Fe 2+-02' dark-gray, l d p 6 . p d b )
FixL. The FG-Ioop region shows c o n f o r m a t i o n a l change upon oxygen b i n d i n g , whereas
overall structures are similar to each other. (C-F) H e m e - a r o u n d structures of deoxy (in C),
oxy (in D), CO (in E, Fe 2+-CO, I l s v . p d b ) and N O (in F, Fe 2+-NO, l d p 8 . p d b ) , respectively.
Arg,220 A r g , 2 0 6 His200 and heme are represented as stick, respectively. Gas molecules ( 0 2,
CO and NO) are represented as b a l l - a n d - s t i c k . The dashed lines indicate hydrogen bond or
c o o r d i n a t i o n bond.

f o l l o w e d by h i s t i d i n e kinase d o m a i n , as the case for FixL. T h e c o g n a t e RR o f T h k A is TrrA.72.74
T h k A r e t a i n s b o t h a u t o p h o s p h o r y l a t i o n a n d T r r A - k i n a s e activity.72.75

Small angle X-ray s c a t t e r i n g (SAXS) t e c h n i q u e was a p p l i e d to e l u c i d a t e a s o l u t i o n s t r u c t u r e
o f T h k A a n d its c o m p l e x w i t h T rrA. F r o m the SAXS m e a s u r e m e n t s , m o l e c u l a r size a n d shape o f
T h k A c o u l d be e s t i m a t e d a n d these values are c o m p i l e d in T a b l e 1. O n t h e basis o f these analytical
e s t i m a t i o n , it was f o u n d t h a t T h k A exists in d i m e r in s o l u t i o n a n d two sensor d o m a i n s locate in
b o t h ends o f the d i m e r i c T h k A (see also c a p t i o n o f T able 1). The t i t r a t i o n m e a s u r e m e n t s o f T h k A
w i t h TrrA revealed the 2: 1 b i n d i n g scheme, 2 T r r A + T h k A z = T h k A z / 2 T r r A , w i t h the dissocia
t i o n c o n s t a n t (K d ) o f 8 . 2 x lO-ll M ? a n d s u g g e s t e d t h a t two TrrA molecules b i n d to the c e n t r a l
p o r t i o n o f t h e T h k A d i m e r (Table 1).

The crystal s t r u c t u r e o f T h k A / T r r A c o m p l e x o b t a i n e d at 4.2 A r e s o l u t i o n revealed the relative
o r i e n t a t i o n o f sensor, d i m e r i z a t i o n a n d catalytic d o m a i n s o f T h k A a n d TrrA (Fig. 9). Even in low
r e s o l u t i o n , the T h k A / T r r A complex s t r u c t u r e could provides a possible e x p l a n a t i o n o f the signaling
p a t h w a y o f t h e FixL/Fix] system (Fig. 9B).

From S e n s o r D o m a i n to C a t a l y t i c D o m a i n
The m o s t i m p o r t a n t f i n d i n g in the s t r u c t u r e o f the H K / R R c o m p l e x was t h a t the sensor

d o m a i n i n t e r a c t s d i r e c t l y w i t h the catalytic d o m a i n in the same s u b u n i t (Fig. 9), suggesting t h a t
the sensor d o m a i n r e g u l a t e s the catalytic d o m a i n in the same s u b u n i t ; i.e., the s o - c a l l e d cis-acting
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Table 1. Structural parameters o f ThkA, TrrA and the complex obtained
by SAXS experimeate"

1(0) b (a.u.) MwC (kDa) R g
d (A) o ; » (A) Association State

ThkA/TrrA 651 ± 3 98 (54.2) 37.8 ± 0.2 105 ± 5 (ThkA 2 ) / 2 T r r A

ThkA 506 ± 4 76 (40.9) 37.3 ± 0.1 105 ± 5 Dimer: ThkA 2

AThkA" 344 ± 3 51 (28.2) 31.3 ± 0.1 88 ± 2 Dimer: AThkA 2

TrrA 74 ± 1 11 (13.3) 15.7 ± 0.1 42 ± 2 Monomer: TrrA

aThkA w i t h o u t sensor domain. bForward scattering intensities. The value of the complex equals to
[/(OhhkA + 2/(OhrrA] and indicates that two TrrA molecules bind to ThkA 2 ; 2TrrA + ThkA 2 = T h k A /
2TrrA. cMolecular mass estimated by 1(0) c o m p a r e d with that o b t a i n e d from bovine serum albu
min. The p a r e n t h e s e s indicate the theoretical M ; values calculated from amino acid s e q u e n c e .
Both ThkA and AThkA have approximately twice M ; values of the theoretical ones, respectively
and therefore exist as dimer in solution. TrrA h a s t h e M ; value of 11 kDa similar to the theoreti
cal one and exists as monomer in solution. "Radii of gyration. "l.ongest linear d i s t a n c e s calculated
from pair distribution function. The difference of 17 A b e t w e e n ThkA and AThkA indicates that the
two sensor domains locate in both edges of ThkA 2 • No difference b e t w e e n ThkA/TrrA complex
and ThkA indicates that two TrrA molecules bind to the central region of ThkA 2 •

r e g u l a t i o n . W h e n t h e crystal s t r u c t u r e o f t h e sensor d o m a i n o f T h k A was f i t t e d o n t o t h e e l e c t r o n
d e n s i t y map, its G - s h e e t c o u l d c o n t a c t w i t h the c a t a l y t i c d o m a i n . The G - s h e e t o f t h e T h k A sensor
d o m a i n c o r r e s p o n d s to t h e F G - I o o p r e g i o n o f the FixL s e n s o r d o m a i n , as was e v a l u a t e d by t h e
s t r u c t u r a l c o m p a r i s o n ( u n p u b l i s h e d r e s u l t s ) . The o b s e r v a t i o n s u p p o r t the a s s u m p t i o n t h a t the
c o n f o r m a t i o n a l c h a n g e o f t h e F G - I o o p o f F i x L sensor d o m a i n w o u l d be a d i r e c t s w i t c h to r e g u l a t e
the kinase a c t i v i t y o f t h e catalytic d o m a i n . The r e g u l a t i o n m e c h a n i s m is a p p a r e n t l y d i f f e r e n t from
t h a t w i t h p e r i p l a s m i c sensor d o m a i n , as s t a t e d in LuxP / L u x Q system. The r e g u l a t i o n m e c h a n i s m s
o f H K d e p e n d o n t h e type o f the sensor d o m a i n .

F r o m C a t a l y t i c D o m a i n t o D i m e r i z a t i o n D o m a i n
In t h e active H K , t h e c a t a l y t i c d o m a i n can p h o s p h o r y l a t e the H i s residue in the o t h e r s u b u n i t

( t r a n s - a u t o p h o s p h o r y l a t i o n , Fig. 9B).1 The relative o r i e n t a t i o n o f d i m e r i z a t i o n a n d c a t a l y t i c do
mains o f T h k A is similar to t h a t o f T M 0 8 5 3 (Figs. 7 A, 7B, 9A a n d 9B) a n d t h e d i s t a n c e b e t w e e n
the ATP b i n d i n g site o f c a t a l y t i c d o m a i n a n d t h e s u b s t r a t e H i s was e s t i m a t e d at 25 A (Fig. 9B).
T h e r e f o r e , the d y n a m i c m o t i o n o f the c a t a l y t i c d o m a i n , r o t a t i o n a r o u n d the d i m e r i z a t i o n d o m a i n ,
w o u l d be r e q u i r e d in t r a n s - a u t o p h o s p h o r y l a t i o n r e a c t i o n , in g o o d a g r e e m e n t w i t h the p r o p o s e d
m e c h a n i s m so far (Fig. 7 C ) .

F r o m D i m e r i z a t i o n D o m a i n t o R R
T r r A m o l e c u l e b i n d s to t h e H i s - c o n t a i n i n g helix-I in t h e d i m e r i z a t i o n d o m a i n (Fig. 9A). The

s i m i l a r s i t u a t i o n c o u l d be o b s e r v e d in SpoOB system. 62.63The Ne o f H i s 3 0 in SpoOB a n d Oy o f
Asp in its RR are faced each o t h e r w i t h 5.27 A o f t h e d i s t a n c e in t h e t h e i r c o m p l e x . In t h e i n t e r 
m e d i a t e o f t h e p h o s p h o r y l t r a n s f e r r e a c t i o n f r o m H i s o f the H K d i m e r i z a t i o n d o m a i n to Asp o f
t h e RR receiver d o m a i n , a p e n t a - c o o r d i n a r e d p h o s p h o r o u s a t o m c o u l d be f o r m e d by b i n d i n g to
b o t h p r o t e i n s / "

Two RRs b i n d s e p a r a t e l y to f o r m t h e H K / R R c o m p l e x (Fig. 9). T h e r e f o r e , RRs f o r m its
h o m o d i m e r after a c c e p t i n g a p h o s p h o r y l g r o u p a n d d i s s o c i a t i o n from H K for t r a n s c r i p t i o n a l
a c t i v a t i o n . For example, t h e p h o s p h o r y l a t e d receiver d o m a i n o f Fix] c o n t a c t s w i t h each o t h e r
t h r o u g h t h e a4-~5 r e g i o n (Fig. 5D).55
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Figure 9. Electron d e n s i t y maps o f T h k A / T r r A c o m p l e x . A) The f r o n t view. Sensor (PAS), d i m e r 
i z a t i o n (Dim), c a t a l y t i c (CA) and TrrA (RR) are c o l o r e d by orange, green, blue and magenta,
respectively. The p o s i t i o n of p h o s p h o r y l a t e d His is i n d i c a t e d as pentagon. B) Rotation of (A)
at 90° a l o n g h o r i z o n t a l axis. The red dashed line and the d o t t e d c i r c l e i n d i c a t e m o n o m e r i c
ThkA and active site, respectively. A l l o w s i n d i c a t e the d i r e c t i o n of signal t r a n s d u c t i o n pathway:
[1] c i s - r e g u l a t i o n of PAS to CA, [2] t r a n s p h o s p h o r y l a t i o n of CA to Dim, [3] p h o s p h o t r a n s f e r to
RR from D i m , [4] f e e d b a c k r e g u l a t i o n of RR to PAS and [4'] d i s s o c i a t i o n of ligand enhanced
by b i n d i n g of RR.
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F r o m RR to S e n s o r D o m a i n
In the s t r u c t u r e o f the H K / R R c o m p l e x o f the t h e r m o p h i l i c T C S system, it was first finding

t h a t RR (TrrA) c o n t a c t s w i t h n o t only the H K ( T h k A ) d i m e r i z a t i o n d o m a i n b u t also the sensor
d o m a i n (Fig. 9). This finding implies a p o s s i b i l i t y t h a t RR could act as the feedback r e g u l a t o r o f the
H K sensor d o m a i n (Fig. 9B) as well as the a c c e p t o r o f p h o s p h o r y l group. I n d e e d , it was r e p o r t e d
t h a t the O 2 affinity o f the FixL sensor d o m a i n is r e d u c e d u p o n the Fix] b i n d i n g in the presence o f
A D P a n d c o n s e q u e n t l y the kinase activity o f F i x L is p r o r n o t e d . "

C o n c l u s i o n s
We have a progress in u n d e r s t a n d i n g the signaling m e c h a n i s m s o f T C S , since a lot o f s t r u c t u r a l

i n f o r m a t i o n is now available on the p r o t e i n s a n d the d o m a i n s . However, they m i g h t have only
given a s t a r t to describe the m e c h a n i s m . The discussions will give a r o u t e o f f u r t h e r s t r u c t u r a l
analysis t h a t s h o u l d be advanced in next stage. For example, d i r e c t c o m p a r i s o n b e t w e e n the ac
tive a n d the inactive s t r u c t u r e s o f e n t i r e H K m o l e c u l e will allow us to u n d e r s t a n d the r e g u l a t i o n
m e c h a n i s m o f kinase activity. Moreover, it is i m p l i e d t h a t t h e d y n a m i c c o n f o r m a t i o n changes are
r e q u i r e d in the signal t r a n s d u c t i o n process, a l t h o u g h the s t r u c t u r e s t h a t have been o b t a i n e d are
static. I f a c o m b i n a t i o n usage o f c r y s t a l l o g r a p h y a n d s o l u t i o n analysis s u p p l e m e n t s each other, the
researches on dynamics o f T C S p r o t e i n will be progressed. At last, it s h o u l d be n o t e d t h a t T C S
has n o t been discovered in mammals. The i n h i b i t o r for H K or RR may t h e r e f o r e b e c o m e a new
type o f a n t i b a c t e r i a l agents t h a t have l i t t l e side effect. The d e t a i l e d m e c h a n i s m may help to design
a n d synthesis o f such efficient and safe drugs.
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C H A P T E R 4

The Two-Component Network
and the General Stress Sigma Factor
RpoS (as) in Escherichia c o l i
R e g i n e Hengge*

A b s t r a c t

T h e general stress sigma factor RpoS (O S) is i n d u c e d d u r i n g e n t r y i n t o s t a t i o n a r y phase
a n d in response to m u l t i p l e stress c o n d i t i o n s . RpoS is r e g u l a t e d at the levels o f t r a n s c r i p 
t i o n , t r a n s l a t i o n , p r o t e o l y s is a n d p r o t e i n activity. A key factor in RpoS c o n t r o l is the

t w o - c o m p o n e n t response r e g u l a t o r RssB, w h i c h acts as a d i r e c t r e c o g n i t i o n a n d t a r g e t i n g f a c t o r
for C l p X P - m e d i a t e d RpoS proteolysis. A major , b u t n o t the only p h o s p h o d o n o r for RssB is the
complex h i s t i d i n e sensor kinase ArcB . ArcB c o o r d i n a t e s RpoS p r o t e o l y s is w i t h rpoS t r a n s c r i p t i o n
by also p h o s p h o r y l a t i n g the respon se r e g u l a t o r AreA , w h i c h bes ides c o n t r o l l i n g a large r e g u l o n ,
also acts as a t r a n s c r i p t ional repressor for rpoS. Ar cB activity d e p e n d s on the redox state o f the
resp i r a t o r y chain, w h i c h links RpoS c o n t r o l to the balance b e t w e e n energy su p p l y a n d available
r e s p i r a t o r y e l e c t r o n acceptor. In a d d i t i o n , the B a r A / U v r Y a n d Res p h o s p h o r e l a y systems can
a ctivate rpoS t r a n s c r i p t i o n a n d t r a n s l a t i o n , respectively. These syst e m s ar e involved in the c o n t r o l
o f m o t i l i t y, b i o f i l m f o r m a t i o n a n d / o r vi rul e nc e, suggesting t h a t f u r t h e r s t u d ying a p o t e n t i a l role
o f RpoS in these p h ysiological fun c t i o n s ma y be r e w a r d i n g .

I n t r o d u c t i o n
Th e RpoS or i f p r o t e i n is the mast er r e g u l a t o r o f the general stress re sponse in Escherichia coli:

RpoS , w h i c h occurs also in o t h e r j - p r o t e o b a c r e r i a , is a sigma s u b u n i t o f R N A polymerase ( R N A P )
p r e s e n t a t very low levels in rapidly g r o w i n g cells n o t e x p e r i e n c i n g any s t resses. In response to a
large variety o f stress c o n d i t i o n s, how ever, RpoS is rapidly a n d ofi en rath er d r a m a t i c a l l y i n d u c e d
(for a review o f R p o S r e g u l a t i o n , see r e f 2) W h e n p r e s e n t at h i g h levels, RpoS c o m p e t e s w i t h the
vegetative ( R p o D or 0 7 0

) a n d o t h e r sigma factors for core R N A P and r e p r o g r a m s this enzyme to
s w i t c h to t r a n s c r i p t i o n at R p o S - d e p e n d e n t p r o m o t e r s . At first glanc e , R p o S - d e p e n d e n t "stress"
p r o m o t e r s l o o k very similar t o vegetative R p o D - t r a n s c r i b e d p r o m o t e r s , yet the c o m b i n a t i o n o f
specific small d e v i a t i o n s from the c h a r a c t e r i s t i c s o f vegetative p r o m o t e r s renders these p r o m o t e r s
RpoS-specific (for reviews, see refs. 3 ,4). C o m p r e h e n s i v e m i c r o a r r a y - b a s e d t r a n s c r i p t o m e analyses
p e r f o r m e d u n d e r various c o n d i t i o n s where RpoS is s t r o n g l y i n d u c e d ( e n t r y i n t o s t a t i o n a r y phase,
s h i n s to high o s m o l a r i t y a n d p H 5) have s h o w n t h a t a l m o s t 500 genes, i .e., a p p r o x i m a t e l y 10% o f
the genes in the E. coli g e n o m e are u n d e r d i r e c t or i n d i r e c t RpoS c o n t r o l ,"?
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Regulation o f R p o S
Stress c o n d i t i o n s t h a t induce RpoS include carbon, p h o s p h o r u s , n i t r o g e n or a m i n o acid starva

tion,8-10 r e d u c t i o n s in g r o w t h rate," the classical g l u c o s e / l a c t o s e diauxic lag phase," shifts to high
osmolarity,9,12 or low pH,13,14 the classical heat s h o c k p r o c e d u r e (Le., a shift from 30° to 42°C),lS
b u t also g r o w t h at r e d u c e d t e m p e r a t u r e (e.g., r o o m t e m p e r a t u r e } " (for a summary, see ref.2).
U n d e r some c o n d i t i o n s , RpoS i n d u c t i o n is lasting (e.g., when cells e n t e r s t a t i o n a r y phase due to
s t a r v a t i o n ) , u n d e r o t h e r s it is t r a n s i e n t (e.g., u p o n p H d o w n s h i f t or d u r i n g the diauxic lag phase).
As a m u l t i t u d e o f e n v i r o n m e n t a l and cellular signals have to be processed in RpoS control, it is
n o t surprising, that this c o n t r o l occurs at all possible levels, i,e., rpoS t r a n s c r i p t i o n and t r a n s l a t i o n
as well as proteolysis and the activity o f RpoS p r o t e i n " (Fig. 1). W h i l e rpoS t r a n s c r i p t i o n can be
f u r t h e r s t i m u l a t e d by r e d u c e d g r o w t h rate (by a m e c h a n i s m t h a t involves ppGpp,8,17.18), there is
always a fair a m o u n t o f rpoS m R N A present in the cell. D u e to m R N A s e c o n d a r y s t r u c t u r e in
the t r a n s l a t i o n a l i n i t i a t i o n region, however, this m R N A is n o t efficiendy t r a n s l a t e d . Yet, transla
t i o n can be rapidly s t i m u l a t e d by small r e g u l a t o r y RNAs, which t o g e t h e r w i t h the R N A - b i n d i n g
p r o t e i n H f q trigger a l t e r a t i o n s in rpoS m R N A s e c o n d a r y s t r u c t u r e t h a t allow access o f ribosomes
to the t r a n s l a r i o n a l i n i t i a t i o n site. 1 9- 24 F u r t h e r m o r e , RpoS, which is also synthesized at a small rate
even in the absence o f stress, is rapidly d e g r a d e d by a p r o t e o l y t i c r e c o g n i t i o n factor, RssB and the
A T P - d e p e n d e n t C l p X P p r o t e a s e . Y " A rapid increase in the cellular level o f RpoS can also be
achieved by an i n s t a n t a n o u s i n h i b i t i o n o f this d e g r a d a t i o n . Finally, the activity o f RpoS, i.e., its
ability to successfully c o m p e t e w i t h o t h e r sigma s u b u n i t s for core R N A P and thereby to activate
its regulon, is c o n t r o l l e d by factors such as p p G p p , Rsd and Crl, which i n t e r a c t with R N A P core,
R p o D a n d / o r RpoSy-34

D i f f e r e n t stress c o n d i t i o n s affect different levels o f R p o S c o n t r o l , with a t e n d e n c y o f the more
severe and p o t e n t i a l l y lethal stress c o n d i t i o n s acting on the most rapid r e g u l a t o r y process in RpoS
control, i.e., proteolysis. Stress c o n d i t i o n s t h a t most strongly induce RpoS ( h y p e r o s m o t i c shift or
p H d o w n s h i f t ) s t i m u l a t e rpoS m R N A t r a n s l a t i o n as well as interfere w i t h RpoS proteolysis (Fig.
1). As m e n t i o n e d above, n u m e r o u s factors, i n c l u d i n g small molecules, small r e g u l a t o r y RNAs and

R e d u c e d g r o w t h
rate I e n e r g y
L i m i t a t i o n

\
h i g h cell l o w h i g h pH c a r b o n p h o s p h a t e heat
d e n s i t y t e m p e r a t u r e o s m o l a r i t y d o w n - s t a r v a t i o n s t a r v a t i o n s h o c k

~'\\~\JJ
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t
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Figure 1. Environmental signal i n p u t and t w o - c o m p o n e n t systems c o n t r o l l i n g rpaS t r a n s c r i p t i o n
and translation as well as proteolysis of RpoS protein. M e c h a n i s t i c details of this summary
figure are explained in the text. The figure is an extended version of a p r e v i o u s l y published
f i g u r e . "
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r e g u l a t o r y p r o t e i n s , have been i d e n t i f i e d to p l a y a role in this complex r e g u l a t i o n o f R p o S . However,
in a l m o s t all o f these c o n t r o l m e c h a n i s m s t h e actual s t i m u l u s or p r i m a r y signal has r e m a i n e d elusive.
Is it a c h a n g i n g e x t r a c e l l u l a r physical p a r a m e t e r i t s e l f (as e.g., t e m p e r a t u r e , e x t e r n a l o s m o l a r i t y or
p H ) or is it a cellular c o n s e q u e n c e o f this c h a n g i n g p a r a m e t e r , e.g., some c e l l u l a r damage? O r can
an i n i t i a l response, e.g., the massive influx o f p o t a s s i u m ions u p o n o s m o t i c u p s h i f t t h e n trigger
s e c o n d a r y a n d m o r e l a s t i n g responses?

As t w o - c o m p o n e n t systems are m a j o r s i g n a l - p r o c e s s i n g devices in b a c t e r i a , it is n o t s u r p r i s i n g
t h a t such systems are also i n v o l v e d in the massive i n f o r m a t i o n p r o c e s s i n g in the c o n t r o l o f R p o S .
The key f a c t o r in t h e p r o t e o l y t i c c o n t r o l o f RpoS is t h e response r e g u l a t o r RssB w h i c h acts as a
r e c o g n i t i o n f a c t o r t h a t targets RpoS to C l p X P proteases.25.26.30.35.36 W h i l e the role o f R s s B in RpoS
d e g r a d a t i o n is relatively well u n d e r s t o o d ( see below), it has b e e n r e c o g n i z e d only recently, t h a t RssB
a c t i v a t i o n as a p r o t e o l y t i c t a r g e t i n g f a c t o r for RpoS [i,e., p h o s p h o r y l a t i o n ) is l i n k e d to the respira
t o r y s t a t u s a n d e n e r g y s u p p l y o f t h e cell via t h e ArcB sensor kinase. The ArcBI AreA p h o s p h o r e l a y
also c o n t r o l s rpoS t r a n s c r i p t i o n and t h e r e b y c o o r d i n a t e s RpoS expression a n d d e g r a d a t i o n . " In
a d d i t i o n , t h e r e is still r a t h e r p a t c h y e v i d e n c e t h a t a d d i t i o n a l t w o - c o m p o n e n t systems such as t h e
RcsC/RcsD/RcsB a n d BarAI UvrY(YecB) p h o s p h o r e l a y s are i n v o l v e d in RpoS c o n t r o l (Fig. 1).
This review a t t e m p t s to p u t this c u r r e n t l y available i n f o r m a t i o n i n t o a m o r e o r less c o n s i s t e n t
p e r s p e c t i v e t h a t may also g u i d e f u r t h e r research on signal i n p u t i n t o RpoS r e g u l a t i o n .

The R e s p o n s e R e g u l a t o r RssB A c t s as a T a r g e t i n g F a c t o r
in RpoS P r o t e o l y s i s

RpoS is d e g r a d e d by t h e g e n e r a l A T P - d e p e n d e n t C l p X P protease.27.29.30.36 Yet, RpoS a l o n e is
n o t b o u n d by t h e h e x a m e r i c Clp~ ring, w h i c h r e p r e s e n t s t h e s u b s t r a t e - b i n d i n g a n d u n f o l d i n g
c h a p e r o n e u n i t o f t h e C l p X P p r o t e a s e , unless p h o s p h o r y l a t e d RssB is also p r e s e n t . RssB acts as the
p r i m a r y a n d e s s e n t i a l r e c o g n i t i o n f a c t o r for RpoS p r o t e o l y s i s w h i c h delivers RpoS to t h e Clp~

m o i e t y o f t h e C l p X P p r o t e a s e 25.36 (Fig. 2). R e g u l a t i o n o f the activity or availability o f R s s B t h e r e f o r e
confers r e g u l a t i o n to RpoS d e g r a d a t i o n . P h o s p h o r y l a t e d RssB, C l p X P a n d A T P are sufficient to
achieve RpoS d e g r a d a t i o n in v i t r o . "

The f u n c t i o n o f RssB as a p r o t e o l y t i c r e c o g n i t i o n or t a r g e t i n g f a c t o r is so far u n i q u e for a
t w o - c o m p o n e n t response r e g u l a t o r . It may be t h a t this f u n c t i o n evolved o n l y relatively recently,
as t h e p h y l o g e n e t i c d i s t r i b u t i o n o f RssB is m o r e n a r r o w t h a n t h a t o f RpoS. Also, w h e n RssB is
expressed s t o i c h i o m e t r i c a l l y w i t h RpoS in an E. coli s t r a i n t h a t lacks t h e C l p X P p r o t e a s e , RssB acts
like an a n t i s i g m a f a c t o r w i t h p h o s p h o r y l a t i o n - c o n t r o l l e d a c t i v i t y . " M o r e o v e r , t h e RssB o u t p u t
d o m a i n may have a c o m m o n a n c e s t o r w i t h t h e P P 2 C - t y p e S e r / T h r p r o t e i n p h o s p h a t a s e s ( a l t h o u g h
RssB does n o t feature all a m i n o acids c r u c i a l for p h o s p h a t a s e a c t i v i t y ) , w h i c h in g r a m - p o s i t i v e
b a c t e r i a c o n t r o l " p a r t n e r - s w i t c h i n g " m o d u l e s o f gene r e g u l a t i o n . " All this suggests t h a t t h e RssB
p r o t e i n was d e r i v e d from a m o r e p r i m i t i v e r e g u l a t o r y p r o t e i n t h a t a n t a g o n i z e d a n o t h e r p r o t e i n by
d i r e c t i n t e r a c t i o n . The c o m b i n a t i o n w i t h a receiver d o m a i n a l l o w e d s t r o n g r e g u l a t i o n o f a c t i v i t y
a n d p r o b a b l y its e v o l u t i o n i n t o an a n t i s i g m a f a c t o r t h a t c o n t r o l l e d RpoS activity. This a n t a g o n i s t i c
b u t still reversible role w o u l d have b e e n f u r t h e r a c c e n t u a t e d by e s t a b l i s h i n g i n t e r a c t i o n s o f R p o S
as well as o f RssB w i t h ClpXP, r e s u l t i n g in a h i g h l y r e g u l a t e d p r o t e o l y t i c t a r g e t i n g system t h a t
n o w irreversibly e l i m i n a t e s RpoS.

The R s s B - b i n d i n g site in RpoS, t h e " t u r n o v e r element", is a single alpha helix (a2.5/3.0, w h i c h
is t h e first o f t h r e e a helices in d o m a i n 3 o f R p o S . A specific a m i n o acid, l y s i n e 1 7 3 , is a b s o l u t e l y es
sential for i n t e r a c t i o n w i t h RssB. 25 This a helix is exposed in free RpoS, w h i c h allows d i r e c t and t i g h t
b i n d i n g to p h o s p h o r y l a t e d RssB in t h e absence o f any o t h e r f a c t o r s . " In the c o m p l e x w i t h R N A P
core enzyme, however, RpoS is p r o t e c t e d a g a i n s t i n t e r a c t i o n w i t h RssB. 30 N e v e r t h e l e s s , also in t h e
R N A P h o l o e n z y m e , l y s i n e 1 7 3 is still free to i n t e r a c t w i t h a c y t i d i n e , w h i c h m o s t R p o S - d e p e n d e n t
p r o m o t e r s f e a t u r e at p o s i t i o n - 1 3 a n d w h i c h is a m a j o r d e t e r m i n a n t for R p o S - s e l e c t i v i t y o f a p r o 
m o t e r . 4

• 7 • 40 As various a t t e m p t s to d e t e r m i n e t h e s t r u c t u r e o f R s s B have failed so far ( p u r i f i e d RssB
t e n d s to aggregate u n d e r all c o n d i t i o n s t e s t e d ) , t h e R p o S - b i n d i n g site in RssB is still u n k n o w n .
P u l l - d o w n assays in v i t r o as well as c o m p l e m e n t a t i o n e x p e r i m e n t s in vivo have s h o w n t h a t t h e
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Figure 2. Signal i n t e g r a t i o n i n t o the p r o t e o l y t i c t a r g e t i n g c y c l e of RpoS. P h o s p h o r y l a t e d RssB
d i r e c t l y binds to RpoS and d e l i v e r s it to the ClpXP protease. A l t e r n a t i v e l y , RpoS can bind to
RNAP core e n z y m e (E), in w h i c h it is p r o t e c t e d against i n t e r a c t i o n w i t h RssB-P and then can
a c t i v a t e m u l t i p l e genes, i n c l u d i n g the rssAB o p e r o n . The l a t t e r results in an a d j u s t m e n t of RssB
levels to RpoS levels and represents a negative f e e d b a c k c y c l e that a l l o w s a d a p t a t i o n after
RpoS s t a b i l i z a t i o n due to RssB t i t r a t i o n because of a sudden increase in RpoS expression (for
details, see text). For the RssB-binding a n t a g o n i s t I raP, it is not yet clear w h e t h e r it sequesters
RssB (not a l l o w i n g RssB to bind RpoS) or w h e t h e r it i n t e r f e r e s w i t h RssB f u n c t i o n also in the
RssB-RpoS c o m p l e x . Also, it has not yet been c l a r i f i e d , w h e t h e r RssB is d e p h o s p h o r y l a t e d
d u r i n g its release from the RssB-P-RpoS-C1pXP c o m p l e x . The figure is a m o d i f i e d version of
a p r e v i o u s l y p u b l i s h e d f i g u r e . "

isolated N - t e r m i n a l receiver or C - t e r m i n a l o u t p u t d o m a i n s o f RssB are i n a c t i v e . " It is t h e r e f o r e
h y p o t h e s i z e d t h a t e i t h e r p h o s p h o r y l a t i o n o f the N - t e r m i n a l receiver d o m a i n c o n f o r m a t i o n a l l y
activates the C - t e r m i n a l d o m a i n to b i n d RpoS or t h a t b o t h domains c o n t r i b u t e surfaces to the
b i n d i n g site for RpoS, w h i c h e,g., m i g h t be a d e f t formed by b o t h domains w h i c h w o u l d accom
m o d a t e the lysine! 7 3 - c o n t a i n i n g r e c o g n i t i o n helix o f R p o S .

B i n d i n g to RssB appears to trigger a change in RpoS c o n f o r m a t i o n , as this exposes a b i n d i n g
site for the hexameric ClpXt; ring, which is located close to the N - t e r m i n u s o f R p o S . 1 h i s allows
t e r n a r y complex f o r m a t i o n b e t w e e n RssB, RpoS and C l p X 6. 36 In RpoS alone, this ClpXt;-binding
site seems to be occluded by i n t e r a c t i o n w i t h the C - t e r m i n a l p a r t o f RpoS, as suggested by the
finding t h a t R p o S : : L a c Z h y b r i d p r o t e i n s , w h i c h c o n t a i n the N - t e r m i n a l region b u t lack the
C - t e r m i n a l p a r t o f RpoS, can be b o u n d (in vivo and in vitro) by ClpXt; in the absence o f R s s B .
Interestingly, in a w i l d t y p e b a c k g r o u n d , such ClpXt;-binding h y b r i d p r o t e i n s are degraded, but
only when their RpoS p a r t is long e n o u g h t o also c o n t a i n the RssB b i n d i n g site (Le., (12.5/3.0
l o c a t e d approximately in the m i d d l e o f RpoS). A p o i n t m u t a t i o n in this site ( K I 7 3 E ) o f such a
long h y b r i d p r o t e i n again abolishes its proteolysis. 361his indicates that RssB plays a dual role, first
by i n d u c i n g a change in RpoS c o n f o r m a t i o n t h a t allows ClpXt; to b i n d (this step is bypassed in
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t h e h y b r i d p r o t e i n s l a c k i n g t h e C - t e r m i n a l p a r t o f RpoS) a n d t h e n by t r i g g e r i n g a n o t h e r step t h a t
o c c u r s after i n i t i a l Clp~ b i n d i n g , w h i c h may affect t h e s t r u c t u r e o f t h e t e r n a r y c o m p l e x a n d / o r
a s u b s e q u e n t step in t a r g e t i n g R p o S for d e g r a d a t i o n by C l p X P p r o t e a s e . For t h e c o n f o r m a t i o n a l
c h a n g e in RpoS t h a t exposes the Clp~ b i n d i n g site, a d i r e c t i n t e r a c t i o n b e t w e e n RssB a n d Clp~

w o u l d in p r i n c i p l e n o t be necessary. N e v e r t h e l e s s , s u c h an i n t e r a c t i o n has been a s s u m e d on t h e
basis o f s e q u e n c e s i m i l a r i t y at t h e C - t e r m i n i o f R s s B a n d SspB, a k n o w n a d a p t o r for t h e C l p X P
p r o t e a s e , w h i c h b i n d s t o the Clp~ r i n g even in the absence o f s u b s t r a t e a n d p r o v i d e s it w i t h h i g h
s e l e c t i v i t y for specific s u b s t r a t e s (e.g., SsrA - t a g g e d p r o t e i n s ).4J-43 W h i l e RssB in the absence o f i t s
s u b s t r a t e RpoS does n o t b i n d t i g h t l y t o Clp~26 a n d t h e r e f o r e s h o u l d be r e g a r d e d as a t a r g e t i n g
f a c t o r r a t h e r than a p r o t e a s e a d a p t o r p r o t e i n , an i n t e r a c t i o n b e t w e e n RssB a n d Clp~ may play
a role in t h e above m e n t i o n e d s e c o n d f u n c t i o n o f R s s B in i n i t i a t i n g R p o S p r o t e o l y s i s by C l p X P .
RssB i t s e l f is n o t degraded.i" w h i c h is u n l i k e t h e fate o f v a r i o u s p r o t e o l y t i c a d a p t o r p r o t e i n s in
Bacillus subtilis, w h i c h get d e g r a d e d as s o o n as t h e r e is n o m o r e s u b s t r a t e for t h e m t o d e l i v e r t o
the p r o t e a s e a n d t h e r e b y "make r o o m " for o t h e r a d a p r o r s . r ' RssB, by c o n t r a s t , leaves the p r o t e o 
lytic c o m p l e x u p o n d e l i v e r y o f i t s s u b s t r a t e a n d m o s t likely i n i t i a t e s the n e x t r o u n d o f t a r g e t i n g . 26

W h e t h e r RssB is d e p h o s p h o r y l a t e d d u r i n g t h i s process, has n o t yet been s h o w n directly. In any
case, RssB seems to act c a t a l y t i c a l l y (Fig. 2), w h i c h is c o n s i s t e n t w i t h its c e l l u l a r levels b e i n g 10 to
2 0 f o l d lower t h a n t h a t of its s u b s t r a t e RpOS.26.38

The Role o f R s s B in the R e g u l a t i o n o f R p o S P r o t e o l y s i s
by E n v i r o n m e n t a l S i g n a l s

W h i l e the p r o t e o l y t i c t a r g e t i n g cycle catalyzed by RssB o p e r a t e s w i t h a m i n i m u m o f c o m p o n e n t s
( p h o s p h o r y l a t e d RssB, C l p X P a n d A T P ) a n d t h e r e f o r e seems simple, it features an a m a z i n g r a n g e
o f p o s s i b i l i t i e s for r e g u l a t i o n , w h i c h e x p l a i n s why a n d h o w so m a n y e n v i r o n m e n t a l signals can be
i n t e g r a t e d in t h e c o n t r o l o f R p o S d e g r a d a t i o n (Fig. 2; see also r e f 45):

1. The a c t i v i t y o f R s s B can be c o n t r o l l e d by p h o s p h o r y l a t i o n or d e p h o s p h o r y l a t i o n , w h i c h
raises the q u e s t i o n o f the p h o s p h o d o n o r s for the r e s p o n s e r e g u l a t o r RssB a n d t h e i r regula
t i o n o f a c t i v i t y ; the in vivo a n d in v i t r o d a t a so far available i n d i c a t e t h a t the ArcB h i s t i d i n e
s e n s o r kinase 37 as well as t h e small p h o s p h o d o n o r acetyl p h o s p h a t e " p h o s p h o r y l a t e RssB
a n d t h a t e n e r g y s u p p l y c o n t r o l s RssB p h o s p h o r y l a t i o n levels (for d e t a i l s , see b e l o w ) .

2. As RssB is the l i m i t i n g c o m p o n e n t for t h e overall c e l l u l a r rate o f RpoS d e g r a d a t i o n , a
s u d d e n s t r o n g i n c r e a s e in RpoS s y n t h e s i s (as e.g., u p o n o s m o t i c u p s h i f t or p H d o w n s h i f t )
can t i t r a t e the p r o t e o l y t i c r e c o g n i t i o n m a c h i n e r y , w h i c h results in RpoS s t a b i l i z a t i o n a n d
a c c u m u l a t i o n ; t h e r e f o r e , RpoS p r o t e o l y s i s is also sensitive to the e x p r e s s i o n levels o f R s s B
( u n d e r c o n d i t i o n s w h e r e RssB is p h o s p h o r y l a t e d ) . "

3. The a v a i l a b i l i t y o r f u n c t i o n o f R s s B can also be c o n t r o l l e d by a specific a n t a g o n i s t , e.g.,
by a small p r o t e i n , IraP, w h i c h i n t e r a c t s w i t h RssB a n d i n t e r f e r e s w i t h RpoS p r o t e o l y s i s
specifically u n d e r c o n d i t i o n s o f p h o s p h a t e s t a r v a t i o n , "

4. There is in vivo evidence t h a t u n d e r c o n d i t i o n s o f c a r b o n s t a r v a t i o n , at least the RssB-RpoS
c o m p l e x is still f o r m e d , b u t r e m a i n s u n p r o d u c t i v e for proteolysis, suggesting t h a t some n o t
yet i d e n t i f i e d f a c t o r may i n t e r f e r e w i t h successful t a r g e t i n g o f RpoS to C l p X P p r o t e a s e
u n d e r these c o n d i t i o n s . t "

5. As RpoS is p r o t e c t e d a g a i n s t RssB w h e n i t s e l f b o u n d t o R N A P , any f a c t o r s t h a t s t i m u l a t e
RpoS a c t i v i t y by a f f e c t i n g sigma f a c t o r c o m p e t i t i o n for R N A P core, can also r e s u l t in
a l t e r e d d e g r a d a t i o n o f R p o S ; t h i s has r e c e n t l y been d e m o n s t r a t e d for Crl, a p r o t e i n t h a t
b i n d s t o RpoS a n d s t i m u l a t e s its activity.34.48 Crl expression is u n d e r the c o n t r o l o f q u o r u m
sensing'? a n d is also i n d u c e d u p o n n i t r o g e n s t a r v a t i o n (Y. C a r a b e t t a a n d T. Silhavy, pers.
c o m m . ) .

F r o m t h i s list, it is o b v i o u s t h a t p h o s p h o r y l a t i o n a n d d e p h o s p h o r y l a t i o n o f the response regula
t o r RssB is j u s t o n e o f several p o s s i b i l i t i e s t o c o n t r o l t h e rate o f R p o S d e g r a d a t i o n . This explains,
why m u t a n t s t r a i n s e x p r e s s i n g v a r i a n t s o f RssB, in w h i c h t h e n o r m a l l y p h o s p h o r y l a t e d a s p a r t i c
acid r e s i d u e at p o s i t i o n 56 has b e e n r e p l a c e d by specific a m i n o acids ( p r o l i n e or a l a n i n e ) , w h i c h
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allow basal a c t i v i t y o f R s s B , still e x h i b i t r e g u l a t i o n o f R p o S p r o t e o l y s i s . 26
• so As t h i s c h a p t e r is a b o u t

t h e role o f t w o - c o m p o n e n t systems in RpoS c o n t r o l , o n l y the first t h r e e m e c h a n i s m s m e n t i o n e d
above t h a t affect RssB activity, e x p r e s s i o n a n d / o r a v a i l a b i l i t y will be d i s c u s s e d in d e t a i l here.

The A r c B / A r c A / R s s B " T h r e e - C o m p o n e n t " System C o o r d i n a t e s RpoS
E x p r e s s i o n and P r o t e o l y s i s w i t h Energy M e t a b o l i s m

RssB is a t y p i c a l " o r p h a n " r e s p o n s e r e g u l a t o r , as n o gene e n c o d i n g a h i s t i d i n e s e n s o r kinase is
l o c a t e d a n y w h e r e close t o t h e rssB gene. rssB is in an o p e r o n w i t h rssA 3 S ,51 (Fig. 2), b u t rssA e n c o d e s
for a special p h o s p h o l i p a s e (M. M a r q u a r d t , P. AurafS, A. Flieger a n d R. H e n g g e , u n p u b l i s h e d d a t a ) .
Extensive m u t a n t searches for a c o g n a t e sensor kinase for RssB, u s i n g screens for r e d u c e d RpoS
p r o t e o l y s i s a n d / o r i n c r e a s e d RpoS levels, r e m a i n e d unsuccessful, i n d i c a t i n g f u n c t i o n a l r e d u n d a n c y
in t h e p h o s p h o r y l a t i o n o f RssB. The small p h o s p h o d o n o r acetyl p h o s p h a t e was f o u n d t o h i g h l y
efficiently p h o s p h o r y l a t e RssB a n d an acetyl p h o s p h a t e - f r e e aekA pta m u t a n t i n d e e d e x h i b i t s re
d u c e d RpoS t u r n o v e r , " C o n s i s t e n t l y , cellular acetyl p h o s p h a t e levels are h i g h l y variable d e p e n d i n g
on t h e k i n d a n d c o n c e n t r a t i o n o f c a r b o n / e n e r g y souce supplied.P

W h i l e these f i n d i n g s i n d i c a t e d t h a t acetyl p h o s p h a t e plays a p h y s i o l o g i c a l role in RssB p h o s 
p h o r y l a t i o n , RpoS p r o t e o l y s i s was n o t c o m p l e t e l y a b o l i s h e d in t h e acetyl p h o s p h a t e - f r e e m u t a n t s
s u g g e s t i n g t h e p r e s e n c e o f a d d i t i o n a l p h o s p h o d o n o r s . Finally, t a r g e t e d k n o c k - o u t o f specific can
d i d a t e s e n s o r kinase genes f u r t h e r clarified t h e p h o s p h o r y l a t i o n o f R s s B . Specifically, m u t a t i o n s in
t h e A r c B - A r c A p h o s p h o r e l a y system r e s u l t e d in i n c r e a s e d RpoS levels in g r o w i n g cells37.s3.s4 a n d
it was o b s e r v e d t h a t t h e ArcB sensor kinase can p h o s p h o r y l a t e RssB in v i t r o . 3 7. ss

D e t a i l e d g e n e t i c a n d b i o c h e m i c a l analysis revealed t h a t t h e role o f t h e Arc p h o s p h o r e l a y system
is n o t o n l y p h y s i o l o g i c a l l y r e l e v a n t b u t is also m u c h m o r e c o m p l e x t h a n i n i t i a l l y a s s u m e d . " The
p h o s p h o r y l a t e d r e s p o n s e r e g u l a t o r A r c A acts as a d i r e c t r e p r e s s o r o f rpoS t r a n s c r i p t i o n by b i n d i n g
to two sites f l a n k i n g the m a j o r rpoS p r o m o t e r ( w i t h t h e u p s t r e a m site o v e r l a p p i n g an a c t i v a t i n g
c A M P - C R P b i n d i n g site). The sensor kinase ArcB n o t only p h o s p h o r y l a t e s A r c A b u t also RssB a n d
via t h e l a t t e r s t i m u l a t e s RpoS p r o t e o l y s i s (Fig. 3A). Thus A r c B / A r c A / R s s B r e p r e s e n t a b r a n c h e d
" t h r e e - c o m p o n e n t " system t h a t c o o r d i n a t e s RpoS synthesis a n d proteolysis a n d t h e r e b y keeps RpoS
levels low in rapidly g r o w i n g cells." This occurs as l o n g as ArcB a u t o p h o s p h o r y l a r e s , w h i c h raises the
q u e s t i o n o f t h e n a t u r e o f t h e Signal i n p u t sensed by ArcB. I t is well e s t a b l i s h e d t h a t , t o g e t h e r w i t h
the F N R p r o t e i n , t h e A r c B / A r e A p h o s p h o r e l a y is a global c o n t r o l system d u r i n g a e r o b i c - a n a e r o b i c
t r a n s i t i o n s . 56 H o w e v e r , t h e effects o f ArcB a n d A r c A o n RpoS are o b s e r v e d in a e r a t e d c u l t u r e s ,
i n d i c a t i n g t h a t this system is n o t o n l y active in t h e absence o f oxygen. The signal d i r e c t l y sensed by
ArcB is t h e r e d o x state o f t h e q u i n o n e s , w i t h o x i d i z e d q u i n o n e s i n d u c i n g i n t e r m o l e c u l a r disulfide
b o n d f o r m a t i o n w i t h i n t h e ArcB d i m e r w h i c h e l i m i n a t e s its a u t o p h o s p h o r y l a t i o n activity.s7.s8 The
r e d o x state o f the q u i n o n e s is a p a r a m e t e r t h a t i n t e g r a t e s i n f o r m a t i o n a b o u t e n e r g y s u p p l y (Le.,
e l e c t r o n s e n t e r i n g t h e r e s p i r a t o r y chain) a n d the c o n c e n t r a t i o n o f t h e e l e c t r o n a c c e p t o r (i,e., oxygen
in a e r a t e d c u l t u r e s ) . Thus, in o n l y m o d e r a t e l y aerobic s t a n d a r d l a b o r a t o r y c u l t u r e s , t h e t r a n s i t i o n
from full s u p p l e m e n t a t i o n to c a r b o n - a n d e n e r g y s t a r v a t i o n s h o u l d result in q u i n o n e o x i d a t i o n and
t h e r e f o r e i n a c t i v a t e d ArcB. This in t u r n r e d u c e s p h o s p h o r y l a t i o n o f A r e A a n d RssB a n d t h e r e f o r e
derepresses rpoS t r a n s c r i p t i o n a n d r e d u c e s RpoS d e g r a d a t i o n " (Fig. 3B; u n d e r these c o n d i t i o n s ,
rpoS expression is also s t i m u l a t e d by c A M P - C R P w h i c h r e s p o n d s to c a r b o n l i m i t a t i o n a n d t h e
BarA-UvrY p h o s p h o r e l a y system; see b e l o w ) . Thus, t h e Arc system seems to c o n t r o l RssB activ
ity a n d RpoS d e g r a d a t i o n in r e s p o n s e to e n e r g y s u p p l y signals." In a d d i t i o n , a n a e r o b i c c u l t u r e s
e x h i b i t r e d u c e d RpoS levels in s t a t i o n a r y phase (R. H e n g g e , u n p u b l i s h e d r e s u l t s ) , c o n s i s t e n t w i t h
the Arc system b e i n g h y p e r a c t i v e in t h e absence o f oxygen.

The A r c B / A r c A / R s s B p h o s p h o t r a n s f e r n e t w o r k e x h i b i t s a d d i t i o n a l c h a r a c t e r i s t i c s i n v o l v e d
in fine r e g u l a t i o n . The k i n e t i c s o f p h o s p h o r y l a t i o n o f t h e t w o r e s p o n s e r e g u l a t o r s are d i f f e r e n t :
p h o s p h o t r a n s f e r to A r c A is a p p r o x i m a t e l y 1Of o l d f a s t e r t h a n t o RssB. W i t h t h i s " k i n e t i c a d v a n 
tage", A r e A c o m p e t e s very efficiently w i t h RssB for p h o s p h o r y l a t i o n by ArcB, b u t n o t vice versa. 37
As a c o n s e q u e n c e , even r e l a t i v e l y s m a l l a l t e r a t i o n s in A r c A levels may have a s t r o n g i m p a c t o n
t h e p h o s p h o r y l a t i o n s t a t e o f R s s B a n d t h e r e f o r e RpoS d e g r a d a t i o n . As areA e x p r e s s i o n is f u r t h e r
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Figure 3. C o o r d i n a t i o n of rpaS t r a n s c r i p t i o n and RpoS p r o t e o l y s i s by the b r a n c h e d A r c B /
ArcA/RssB " t h r e e - c o m p o n e n t " system in response to the redox state of the r e s p i r a t o r y chain.
A: a high e n e r g y / o x y g e n balance m a i n t a i n s the qui nones in the r e d u c e d state that-does not
i n t e r f e r e w i t h ArcB a c t i v i t y ; this results in high ArcA and RssB p h o s p h o r y l a t i o n and t h e r e 
fore l o w rpaS t r a n s c r i p t i o n and rapid RpoS p r o t e o l v s l s and c o n s e q u e n t l y l o w RpoS levels
B: a l o w e n e r g y / o x y g e n balance results in o x i d i z e d quinones, w h i c h i n t e r f e r e w i t h ArcB
a u t o p h o s p h o r y l a t i o n , t h e r e b y s h u t t i n g d o w n A r c A and RssB p h o s p h o r y l a t i o n ; this leads to
high rpaS t r a n s c r i p t i o n and reduced RpoS p r o t e o l y s i s and c o n s e q u e n t l y to high RpoS levels.
RpoS f u r t h e r d o w n r e g u l a t e s its own p r o t e o l y s i s by a c t i v a t i n g areA expression, as A r c A h i g h l y
e f f i c i e n t l y competes w i t h RssB for residual p h o s p h o r y l a t i o n by ArcB (for f u r t h e r details see
text). The f i g u r e is a m o d i f i e d version of a p r e v i o u s l y p u b l i s h e d figure."

i n d u c e d in a R p o S - d e p e n d e n t m a n n e r d u r i n g e n t r y i n t o s t a t i o n a r y phase, a p o s i t i v e f e e d b a c k
l o o p is e s t a b l i s h e d , in w h i c h R p o S - i n d u c e d A r c A results in r e d u c e d RssB p h o s p h o r y l a t i o n a n d
t h e r e f o r e f u r t h e r s t a b i l i z a t i o n and a c c u m u l a t i o n o f R p o S . C o n s i s t e n t l y , an areA m u t a n t does n o t
stabilize RpoS to the same e x t e n t as an o t h e r w i s e wildrype s t r a i n . " Moreover, d e p h o s p h o r y l a t i o n
o f A r c A via an A r c B - m e d i a t e d reverse p h o s p h o r e l a y has b e e n s h o w n . " P h o s p h o r y l a t e d RssB,
however, is very stable. N e i t h e r does reverse p h o s p h o f l o w take p l a c e , " n o r does RssB c o n t a i n
i n t r i n s i c a u t o p h o s p h a t a s e a c t i v i r y . " D e p h o s p h o r y l a t i o n a n d t h e r e f o r e also signal decay may be
l i n k e d to t h e p r o t e o l y t i c t a r g e t i n g process c a t a l y z e d by RssB.

Finally, the q u e s t i o n arises, w h e t h e r o t h e r sensor kinases or small p h o s p h o d o n o r molecules
besides ArcB a n d acetyl p h o s p h a t e also c o n t r i b u t e to RssB p h o s p h o r y l a t i o n . 1 h i s is clearly the
case, as an arcB ackA pta m u t a n t still exhibits some RpoS d e g r a d a t i o n (F. Mika and R. Hengge,
u n p u b l i s h e d results). Moreover, how strongly the arcB m u t a t i o n affects RpoS levels a n d degrada
tion, d e p e n d s on m e d i u m c o m p o s i t i o n and the specific state in the g r o w t h cycle, i n d i c a t i n g t h a t
o t h e r sensor kinases are also involved and the relative c o n t r i b u t i o n s o f all p h o s p h o d o n o r s is subject
to r e g u l a t i o n . " As a c o n s e q u e n c e o f such a c o n d i t i o n a l use o f several sensor kinases, major signal
i n p u t i n t o R s s B - m e d i a t e d r e g u l a t i o n o f R p o S proteolysis may be different u n d e r different c o n d i 
tions. U n f o r t u n a t e l y , these a d d i t i o n a l sensor kinases have r e m a i n e d u n i d e n t i f i e d . At least u n d e r
s t a n d a r d g r o w t h c o n d i t i o n s in l i q u i d media, m u t a t i o n s in some o t h e r p h o s p h o r e l a y sensor kinase
genes (rcsC, barA, evgS) do n o t affect RpoS proteolysis (F. Mika a n d R. Hengge, u n p u b l i s h e d
results). In vitro, the UhpB sensor kinase, w h i c h responds to external g l u c o s e - 6 - p h o s p h a t e [i.e.,
an excellent c a r b o n and energy source), as well as the chemotaxis sensor kinase C h e A have been
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f o u n d t o p h o s p h o r y l a t e RssB.sS Based o n its p h y s i o l o g i c a l context,60 an i n v o l v e m e n t o f U h p B in
R s s B / R p o S c o n t r o l seems c o n c e i v a b l e b u t has n o t b e e n t e s t e d . A role for C h e A , however, a p p e a r e d
r a t h e r u n l i k e l y in view o f its h i g h l y d y n a m i c p h o s p h o r y l a t i o n a n d d e p h o s p h o r y l a t i o n o p e r a t i n g
o n a m i l l i s e c o n d - t o - s e c o n d s c a l e , " a n d a cheA m u t a t i o n does n o t affect R p o S d e g r a d a t i o n in vivo
(E. K l a u c k a n d R. H e n g g e , u n p u b l i s h e d r e s u l t s ) .

Role o f the R p o S / R s s B F e e d b a c k Cycle
In g r o w i n g E . coli cells, R p o S is r a p i d l y d e g r a d e d by t h e R s s B / C l p X P m a c h i n e r y . N e v e r t h e l e s s ,

c e l l u l a r levels o f R s s B are low ( 1 0 - 2 0 fold lower t h a n t h a t o f R p o S ) a n d l i m i t i n g for t h e o v e r a l l
c e l l u l a r r a t e o f RpoS d e g r a d a t i o n . P This is n o t o n l y a p r e r e q u i s i t e o f R p o S d e g r a d a t i o n b e i n g
sensitive t o even small c h a n g e s in t h e n u m b e r o f p h o s p h o r y l a t e d RssB m o l e c u l e s in t h e cell, b u t
t h i s s i t u a t i o n also allows t i t r a t i o n u n d e r c o n d i t i o n s t h a t r e s u l t in r a p i d a n d s t r o n g i n c r e a s e s in
rpoS m R N A t r a n s l a t i o n , e.g., o s m o t i c u p s h i f t a n d p H d o w n s h i f t . Thus, R p o S s t a b i l i z a t i o n can be
a s e c o n d a r y c o n s e q u e n c e o f a s u d d e n i n c r e a s e in R p o S s y n t h e s i s . H o w e v e r , t h e e x p r e s s i o n o f t h e
rssAB o p e r o n is d r i v e n by a R p o S - d e p e n d e n t p r o m o t e r (Fig. 2), i.e., t h e c e l l u l a r levels o f R p o S a n d
RssB are r e a d j u s t e d w h i c h resets t h e t h r e s h o l d for t i t r a t i o n . As r e a d j u s t m e n t via t h i s f e e d b a c k cycle
o c c u r s w i t h slower k i n e t i c s t h a n t i t r a t i o n , t h i s m e c h a n i s m p r o v i d e s t h e system w i t h a d a p r a r i o n . "
U p o n p H d o w n s h i f t ( f r o m p H 7 t o 5), t h i s a d a p t a t i o n is c o m p l e t e , as the R p o S " p e a k " is t r a n s i e n t
a n d t h e system r e t u r n s t o p r e s t i m u l u s R p o S levels a n d half-lifes even w h e n t h e cells r e m a i n a n d
g r o w at p H S (M. P r u t e a n u . ] . H e u v e l i n g a n d R. H e n g g e , u n p u b l i s h e d d a t a ) . In h y p e r o s m o t i c a l l y
s h i f t e d cells, a d a p t a t i o n is o n l y p a r t i a l , " s u g g e s t i n g t h a t the c e l l u l a r RssB p o o l m i g h t n o t o n l y be
t i t r a t e d b u t , p e r h a p s in t h e s o m e w h a t l o n g e r r u n , also be i n c r e a s i n g l y d e p h o s p h o r y l a t e d .

System p r o p e r t i e s c o n f e r r e d by t h e R p o S / R s s B f e e d b a c k l o o p have also b e e n s t u d i e d by a
systems b i o l o g y a p p r o a c h t h a t c o m b i n e d q u a n t i t a t i v e m e a s u r e m e n t s in vivo w i t h m a t h e m a t i c a l
m o d e l i n g . These s t u d i e s d e m o n s t r a t e d t h a t the negative R p o S / R s s B f e e d b a c k l o o p , by w h i c h RpoS
i n d u c e s t h e e x p r e s s i o n o f its o w n " d e s t r u c t i o n " f a c t o r RssB, speeds up t h e r e a c t i o n k i n e t i c s o f t h e
system a n d e x t e n d s t h e r a n g e o f a d j u s t m e n t o f R p o S levels a n d half-lifes t o d i f f e r e n t rates o f R p o S
synthesis" ( a n d M. P r u t e a n u . A. P o s s l i n g a n d R. H e n g g e , u n p u b l i s h e d d a t a ) .

Role o f the IraP P r o t e i n as an A n t a g o n i s t o f R s s B
A n o t h e r way o f r e g u l a t i n g RssB a v a i l a b i l i t y is t h e a p p e a r a n c e o f an " a n t i R s s B " factor. S u c h

a p r o t e i n , h a P (YaiB), has r e c e n t l y b e e n i d e n t i f i e d . h a P b i n d s RssB in v i t r o , o v e r p r o d u c t i o n o f
h a P in vivo i n t e r f e r e s w i t h R p o S p r o t e o l y s i s a n d an iraP m u t a n t is d e f e c t i v e in R p o S s t a b i l i z a 
t i o n specifically u n d e r c o n d i t i o n s o f p h o s p h a t e s t a r v a t i o r r . L e . , c o n d i t i o n s w h e r e h a P is i n d u c e d
p h y s i o l o g i c a l l y . Based o n these d a t a , it has b e e n s u g g e s t e d t h a t IraP s e q u e s t e r s RssB a n d t h e r e b y
i n t e r f e r e s w i t h R s s B - R p o S i n t e r a c t i o n . " H o w e v e r , t h e a l t e r n a t i v e s c e n a r i o , t h a t h a P may b i n d
t o RssB also w h e n t h e l a t t e r is in a c o m p l e x w i t h R p o S a n d may t h e n i n t e r f e r e w i t h t a r g e t i n g o f
RpoS t o C l p X P , has n o t b e e n e x c l u d e d e x p e r i m e n t a l l y . It is t e m p t i n g t o s p e c u l a t e t h a t a d d i t i o n a l
p r o t e i n s w i t h an h a P - l i k e f u n c t i o n m i g h t be i n d u c e d u n d e r some o t h e r stress c o n d i t i o n s t o o , b u t
e v i d e n c e is l a c k i n g so far. 4 7

Effects o f R s s B o n O t h e r T w o - C o m p o n e n t Systems
Several o b s e r v a t i o n s i n d i c a t e t h a t t h e RssB r e s p o n s e r e g u l a t o r can affect p h o s p h o t r a n s f e r in

o t h e r t w o - c o m p o n e n t systems w i t h o u t b e i n g i t s e l f a r e c i p i e n t or d o n o r o f p h o s p h a t e in the respec
tive r e a c t i o n s . W i t h p u r i f i e d c o m p o n e n t s in v i t r o , t h e p r e s e n c e o f R s s B i n d u c e d d e p h o s p h o r y l a t i o n
o f several s e n s o r kinases (BaeS, D e u S , H y d H , N a r Q , N t r B a n d R s t A ) a n d t h e r e f o r e i n t e r f e r e d w i t h
p h o s p h o r y l a t i o n o f t h e c o r r e s p o n d i n g r e s p o n s e r e g u l a t o r s (BaeR, D c u R , H y d G , NarP, N t r B a n d
Rstli)." In s u c h cases, RssB may act as a c o m p e t i t i v e i n h i b i t o r , w h i c h i n t e r a c t s w i t h t h e s e n s o r
kinase a l t h o u g h it is n o t p h o s p h o r y l a t e d . I f so, t h i s may have i n t e r e s t i n g r e g u l a t o r y i m p l i c a t i o n s ,
as u n p h o s p h o r y l a t e d RssB is p r e s e n t u n d e r v a r i o u s stress c o n d i t i o n s w h e r e R p o S is s t a b i l i z e d a n d
a c c u m u l a t e s ( a n d t h e n f u r t h e r activates rssE e x p r e s s i o n ) . R s s B - m e d i a t e d i n t e r f e r e n c e may t h e r e f o r e
r e d u c e t h e a c t i v i t y o f t h e above m e n t i o n e d t w o - c o m p o n e n t systems u n d e r s u c h c o n d i t i o n s .
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O n the o t h e r h a n d , w h e n RssB is p r e s e n t at substoicbiometric c o n c e n t r a t i o n s w i t h AreA, ArcB
a n d ATP in an in v i t r o t r a n s p h o s p h o r y l a t i o n assay, it even s o m e w h a t s t i m u l a t e s p h o s p h o r y l a t i o n
o f AreA ( w i t h RssB b e i n g h a r d l y p h o s p h o r y l a t e d ) , as i f small a m o u n t s o f RssB had a positive
allosteric e f f e c t Y The m e c h a n i s t i c basis o f this effect is c o m p l e t e l y u n k n o w n , but it raises the
q u e s t i o n o f w h e t h e r a sensor kinase d i m e r can s i m u l t a n o u s l y i n t e r a c t w i t h two d i f f e r e n t response
r e g u l a t o r receiver d o m a i n s .

A l t h o u g h these effects r e m a i n to be c h a r a c t e r i z e d in detail, they i n d i c a t e t h a t i n t e r f e r e n c e
b e t w e e n t w o - c o m p o n e n t systems can be m o r e complex t h a n simple "cross-talk" i.e., " n o n c o g n a r e "
p h o s p h o t r a n s f e r a n d may include c o m p e t i t i v e - i n h i b i t o r y a n d even allosteric effects especially when
an a p p a r e n t " o r p h a n " c o m p o n e n t like RssB may have relatively relaxed specificity for i n t e r a c t i o n
w i t h o t h e r t w o - c o m p o n e n t p r o t e i n s c o m b i n e d to slow p h o s p h o r y l a t i o n kinetics or efficiency.

R o l e o f the B a r A / U v r Y P h o s p h o r e l a y System in R p o S T r a n s c r i p t i o n
RpoS expression d u r i n g e n t r y i n t o s t a t i o n a r y phase was f o u n d to be r e d u c e d ( t h o u g h n o t

a b o l i s h e d ) in a m u t a n t d e f i c i e n t in the c o m p l e x sensor kinase gene barA,63 even before it was clear
t h a t the response r e g u l a t o r UvrY(YecB; SirA in Salmonella) is p h o s p h o r y l a t e d by BarA. 64 A uvrY
m u t a t i o n has a similar r e d u c i n g effect on rpoS t r a n s c r i p t i o n a n d this effect seems to be direct, as
o b s e r v e d in gel r e t a r d a t i o n e x p e r i m e n t s w i t h p u r i f i e d UvrY p r o t e i n and rpoS p r o m o t e r D N A
f r a g m e n t s a l t h o u g h a clear f o o t p r i n t p a t t e r n c o u l d n o t be o b t a i n e d (F. Mika a n d R. H e n g g e , un
p u b l i s h e d results). A l t h o u g h the B a r A / U v r Y system is clearly n o t essential for i n d u c t i o n o f R p o S
d u r i n g e n t r y i n t o s t a t i o n a r y phase, it appears to have a positive m o d u l a t o r y effect.

The d a t a available so far do n o t yet allow a clear p i c t u r e o f the p h y s i o l o g i c a l a n d m o l e c u l a r
role o f the B a r A / U v r Y system in E. coli. M i c r o a r r a y s t u d i e s i n d i c a t e d t h a t this system plays a
g l o b a l r e g u l a t o r y role. 53 I t affects c a r b o n m e t a b o l i s m (Le., s w i t c h i n g b e t w e e n glycolytic a n d
g l u c o n e o g e n i c c a r b o n s o u r c e s ) , d o w n r e g u l a t e s m o t i l i t y , s t i m u l a t e s b i o f i l m f o r m a t i o n a n d
c o n t r i b u t e s to v i r u l e n c e o f u r o p a t h o g e n i c E. coli s t r a i n s . 6 5. 67 Its effect o n c a r b o n m e t a b o l i s m ,
m o t i l i t y a n d in p a r t o n b i o f i l m f o r m a t i o n are due to B a r A / U v r Y a c t i v a t i n g the e x p r e s s i o n o f the
small CsrB RNA,65.68 w h i c h s e q u e s t e r s C s r A , a global r e g u l a t o r a n d R N A - b i n d i n g p r o t e i n t h a t
p o s t - t r a n s c r i p t i o n a l l y c o n t r o l s these p r o c e s s e s / " The p o s i t i v e role o f B a r A / U v r Y in v i r u l e n c e
gene r e g u l a t i o n a n d p a r t o f its role in b i o f i l m f o r m a t i o n are i n d e p e n d e n t o f the C s r system. 66The

c o n n e c t i o n to the B a r A / U v r Y ' s y s t e m suggests t h a t a p u t a t i v e role o f RpoS in v i r u l e n c e , m o t i l 
ity a n d b i o f i l m f o r m a t i o n may w a r r a n t f u r t h e r study, especially since the e x p r e s s i o n o f several
d i g u a n y l a t e cyclases ( G G D E F p r o t e i n s ) was r e c e n t l y f o u n d to be u n d e r RpoS c o n t r o l . " These
enyzmes s y n t h e s i z e the s i g n a l i n g m o l e c u l e c y c l i c - d i - G M P k n o w n to be i n v o l v e d in the inverse
c o n t r o l o f b i o f i l r n f o r m a t i o n a n d motility.7l·n

R o l e o f the Rcs P h o s p h o r e l a y System in RpoS T r a n s l a t i o n
Several r e p o r t s have i n d i c a t e d t h a t also the R c s C / R c s D / R c s B p h o s p h o r e l a y plays m u l t i p l e

positive b u t i n d i r e c t roles in RpoS expression (this system features t h r e e c o m p o n e n t s , as the H P T
d o m a i n is p r e s e n t on a separate p o l y p e p t i d e , RcsD (YojN).73) This is especially i n t e r e s t i n g , as the
Rcs p h o s p h o r e l a y has a global s p e c t r u m o f activities r e m i n i s c e n t o f the B a r A / U v r Y system: it
d o w n r e g u l a t e s m o t i l i t y (by repressing the master r e g u l a t o r operonflhDC'4) a n d activates the cps
genes r e q u i r e d for the synthesis o f colanic acid, i.e., a matrix c o m p o n e n t in biofilms," As flagella
a n d m o t i l i t y are i m p o r t a n t d u r i n g the first stages o f b i o f i l m f o r m a t i o n , whereas m a t r i x c o m p o 
n e n t s are involved in biofilm m a t u r a t i o n , the Res system is believed to p l a y a role in the p r o p e r
t i m i n g o f the d i f f e r e n t steps in biofilm f o r m a t i o n . F u r t h e r c o m p l e x i t y o f this system comes from
the ability o f the RcsB response r e g u l a t o r to e i t h e r act alone or in c o n c e r t w i t h the RcsA p r o t e i n .
The R c s C - a c t i v a t i n g s t i m u l i i n c l u d e h y p e r o s m o l a r i t y a n d d e s i c c a t i o n , as well as g r o w t h on solid
surfaces a n d / o r cell surface p e r t u r b a t i o n s (for a recent review, see r e f 73).

A l t h o u g h the actual m o l e c u l a r signal, t h a t activates the RcsC sensor a n d t h e r e f o r e the t a r g e t
genes o f the Res pathway, is still a mystery, it is k n o w n that the small RprA R N A , w h i c h can strongly
activate rpoS t r a n s l a t i o n , is u n d e r positive c o n t r o l o f the Res system. 2 1
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can also s t i m u l a t e rpoS t r a n s l a t i o n by repressing the expression o f L r h A w h i c h in t u r n interferes
w i t h the expression o f RprA and p r o b a b l y o t h e r small RNAs t h a t activate rpoS t r a n s l a t i o n . " O n
the o t h e r h a n d , L r h A is k n o w n to act as repressor in flagellar gene e x p r e s s i o n . " A negative role
o f the Res system in LrhA e x p r e s s i o n " w o u l d t h e r e f o r e a t t e n u a t e repression o f flagellar genes by
LrhA and replace it by its by own d i r e c t repression o f t h e flagellar m a s t e r r e g u l a t o r o p e r o n JlhDC?4
as m e n t i o n e d above. The physiological c o n d i t i o n s where these i n t e r d e p e n d e n c i e s ( w h i c h repre
sent an i n t e r e s t i n g v a r i a n t o f i n c o h e r e n t f e e d f o r w a r d 100p?9) b e c o m e relevant, are still u n k n o w n .
P r e l i m i n a r y data suggest t h a t the e n t i r e Res p h o s p h o r e l a y becomes essential for h y p e r o s m o t i c
i n d u c t i o n o f rpoS t r a n s l a t i o n in c e r t a i n m u t a n t b a c k g r o u n d s , suggesting t h a t (i) h y p e r o s m o t i c
shift is i n d e e d a m o n g the c o n d i t i o n s sensed by the Res system and t h a t (u) t h e r e is r e d u n d a n t
signal i n p u t in rpoS t r a n s l a t i o n a l c o n t r o l u n d e r o s m o t i c u p s h i f t c o n d i t i o n s (M. P r u t e a n u and R.
Hengge, u n p u b l i s h e d data).

R p o S - R e g u l a t e d T w o - C o m p o n e n t Systems
W h i l e it is clear t h a t t w o - c o m p o n e n t systems and in p a r t i c u l a r the response regulator RssB, have

a s t r o n g i m p a c t in t h e c o n t r o l o f the RpoS general stress sigma factor, only few t w o - c o m p o n e n t
systems are u n d e r RpoS c o n t r o l . R p o S - m e d i a t e d s t a t i o n a r y phase i n d u c t i o n o f the areA gene
a n d its role in a positive feedback l o o p t h a t f u r t h e r stabilizes RpoS has been m e n t i o n e d above.
The only o t h e r t w o - c o m p o n e n t genes w h i c h e x h i b i t e d r e d u c e d expression in an rpoS m u t a n t
in a g e n o m e - w i d e m i c r o a r r a y analysis," were cpxR e n c o d i n g a response r e g u l a t o r involved in an
e x t r a c y t o p l a s m i c stress response and the basRS (pmrAB) o p e r o n w h i c h affects LPS c o m p o s i t i o n
a n d t h e r e f o r e the b a r r i e r p r o p e r t i e s o f the o u t e r m e m b r a n e in response to iron and zinC. 80
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ratios o f R p o S d e p e n d e n c e o f these genes were only small ( b e t w e e n 2.1 a n d 2.5 fold) and did n o t
exceed the statistically reliable c u t - o f f ( o f 2.0) u n d e r all R p o S - i n d u c i n g stress c o n d i t i o n s tested.
This suggests t h a t the expression o f n o n e o f the E. coli t w o - c o m p o n e n t systems is u n d e r s t r o n g
RpoS c o n t r o l and t h e r e f o r e c o n f i n e d to the general stress a n d p o s t - e x p o n e n t i a l c o n d i t i o n s u n d e r
w h i c h RpoS becomes decisive for overall cellular t r a n s c r i p t i o n . Rather, t w o - c o m p o n e n t systems
seem to m o d u l a t e vegetative gene expression a n d t h e r e b y o r c h e s t r a t e a p p r o p r i a t e responses to a
m u l t i t u d e o f specific stresses in growing cells. Thus, in the overall cellular r e g u l a t o r y n e t w o r k , sev
eral t w o - c o m p o n e n t systems a n d t h e i r sensory i n p u t signals are p o s i t i o n e d u p s t r e a m o f R p o S , b u t
t w o - c o m p o n e n t systems do n o t seem to be relevant p a r t s o f t h e r e g u l a t o r y cascades d o w n s t r e a m
o f R p o S ( w h i c h are a b u n d a n t as a b o u t 8% o f the R p o S - d e p e n d e n t genes e n c o d e r e g u l a t o r y a n d / o r
signal t r a n s d u c t i o n p r o t e i n s ) ?

C o n c l u s i o n s and P e r s p e c t i v e s
As d e t a i l e d in this chapter, the response r e g u l a t o r RssB, w h i c h serves as a direct r e c o g n i t i o n and

p r o t e o l y t i c t a r g e t i n g factor for RpoS, is absolutely c e n t r a l to RpoS r e g u l a t i o n . By p h o s p h o r y l a t i n g
and t h e r e b y a c t i v a t i n g b o t h RssB a n d the ArcA response regulator, the complex h i s t i d i n e sensor
kinase ArcB c o o r d i n a t e s RpoS p r o t e o l y s i s w i t h rpoS t r a n s c r i p t i o n in' response to the redox state
o f the r e s p i r a t o r y chain, w h i c h in t u r n d e p e n d s on the balance b e t w e e n e n e r g y supply ( e l e c t r o n
source) a n d t e r m i n a l e l e c t r o n a c c e p t o r ( e l e c t r o n c o n s u m p t i o n ) . Available evidence, however, in
dicates t h a t acetyl p h o s p h a t e as well as o t h e r n o t yet i d e n t i f i e d sensor kinases susceptible to o t h e r
stimuli also c o n t r i b u t e to RssB p h o s p h o r y l a t i o n and t h e r e f o r e RpoS d e g r a d a t i o n . T o g e t h e r w i t h
e l a b o r a t e c o n t r o l m e c h a n i s m s t h a t affect RssB expression a n d availability, these systems allow the
i n t e g r a t i o n o f m u l t i p l e e n v i r o n m e n t a l signals in the c o n t r o l o f RpoS proteolysis.

The o t h e r t w o - c o m p o n e n t systems f o u n d to c o n t r i b u t e to RpoS regulation, i.e., the B a r A / U v r Y
and the Res p h o s p h o relay systems, seem to play auxiliary roles in rpoS t r a n s c r i p t i o n and t r a n s l a t i o n
u n d e r the c o n d i t i o n s t e s t e d so far. As b o t h systems have been i m p l i c a t e d in d o w n r e g u l a t i o n o f
m o t i l i t y a n d the f o r m a t i o n o f b i o f i l m s , i.e., the t r a n s i t i o n i n t o a s e d e n t a r y b a c t e r i a l lifestyle f o u n d
at surfaces w i t h cells mostly in p o s t - e x p o n e n t i a l phase, a p o t e n t i a l role o f these signaling systems
as well as o f R p o S i t s e l f u n d e r these c o n d i t i o n s c e r t a i n l y deserves f u r t h e r study.
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It is n o t e w o r t h y t h a t all t h r e e t w o - c o m p o n e n t systems i n v o l v e d in RpoS c o n t r o l are c o m p l e x
p h o s p h o r e l a y systems t h a t catalyze serial p h o s p h o t r a n s f e r r e a c t i o n s b e t w e e n t r a n s m i t t e r , receiver
a n d H P T d o m a i n s . S u c h systems are especially well s u i t e d to i n t e g r a t e n u m e r o u s signals a n d t o

f o r m p h o s p h o t r a n s f e r n e t w o r k s . M o r e o v e r , the r e s p o n s e r e g u l a t o r most c r u c i a l for RpoS c o n t r o l ,
i,e., RssB, seems t o i n t e r f e r e w i t h o t h e r t w o - c o m p o n e n t systems in novel ways t h a t may have global
r e g u l a t o r y effects a n d s h o u l d be e x p l o r e d in the f u t u r e .
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Small RNAs Controlled
by Two-Component Systems
C l a u d i o V a l v e r d e " and D i e t e r Haas

A b s t r a c t

T w o - co m p o n e n t sy s t e m s ( T C S s ) a l l o w b a c t e r i a t o m o n i t o r diverse e n v i r o n m e n t a l cues
a n d t o a d j u s t gene e x p r e ssion ac co r d in gl y at t h e t r a n s c r i p t i o n a l level. It has b e e n r e c e n t l y
r e c o g n i z e d t h a t p r o k a r y o t e s also r e g u l a t e m a n y genes a n d o p e r o n s at a p o s t t r a n s c r i p t i o n a l

level w i t h t h e p a r t i c i p a t i o n o f small, n o n c o d i n g R N A s w h i c h serve t o c o n t r o l t r a n s l a t i o n i n i t i a t i o n
a n d s t a b i l i t y o f t a r g e t m R N A s , e i t h e r d i r e c t l y by e s t a b l i s h i n g a n t i s e n s e i n t e r a c t i o n s o r i n d i r e c t l y by
a n t a g o n i z i n g R N A - b i n d i n g p r o t e i n s . I n t e r e s t i n g l y , t h e e x p r e s s i o n o f a s u b s e t o f t h e s e small R N A s
is r e g u l a t e d by T C S s a n d in t h i s way, t h e small R N A s e x p a n d t h e scope o f g e n e t i c c o n t r o l e x e r t e d
by T C S s . H e r e we review t h e r e g u l a t o r y me c h a n i s m s a n d b i o l o g i c a l r e l e v a n c e o f a n u m b e r o f small
R N A s u n d e r T C S c o n t r o l in G r a m - n e g a t i v e a n d -pos irive b a c t e r ia. Thes e r e g u l a t o r y systems gov
e r n , for i ns ta n ce , p o r i n - d e p e n d e n t p e r m e a b i l i t y o f t h e o u t e r m e m b r a n e , q u o r u m - s e n s i n g c o n t r o l
o f p a t h o g e n i c i t y , o r b i o c o n r r o l a c t i v i t y. M o s t likely, this e m e r g i n g a n d r a p i d l y e x p a n d i n g f i d d o f
m o l e c u l a r m i c r o b i o l o g y will p r o v i d e m o r e a n d m o r e e x a m p l e s in t h e n e a r f u t u r e .

I n t r o d u c t i o n
T w o - c o m p o n e n t s y s t e m s ( T C S s) p r o v i d e a m a j o r r e g u l a t o r y f r a m e w o r k b y w h i c h m a n y

p r o k a r y o t e s a n d a f e w e u k a r y o t es a d j u s t gen e e x p r e s s i o n in r e s p o n s e to c h a n g i n g e n v i r o n m e n t a l
c o n d i t i o n s a n d , in s o m e i n s t a n c e s , to in crea sing cell p o p u l a t i o n d e n sities . ' Typical T e S s c o n s i s t
o f a se n so r kin ase a n d a r e s p o n s e r e g u l a t o r . W h e n a s e n s o r y h i s t i d i n e kinase i n t e r a c t s w i t h e x t e r n a l
o r i n t e r n a l s t i m u l i , it u n d e r g o e s c o n f o r m a t i o n a l c h a n g e s , r e s u l t i n g in it s a u t o p h o s p h o r y l a t i o n .
S u b s e q u e n t p h o s p h o t r a n sfer to a c o n s e r v e d a s p a r t a t e r e s i d u e in th e c o g n a t e r e s p o n s e r e g u l a t o r
leads to a c t i v a t i o n o f t h a t p r o t e i n . A b o u t two t h i r d s o f all s e q u e n c e d p r o k a r y o t i c r e s p o n s e regu
l a t o r s have D N A - b i n d i n g d o m a i n s a n d are t r a n s c r i p t i o n a l r e g u l a t o r s . O n l y few « 1 %) r e s p o n s e
r e g u l a t o r s have an R N A - b i n d i n g d o m a i n a n d p r e s u m a b l y are i n v o l v e d in t r a n s c r i p t i o n a n t i t e r m i 
n a t i o n ," Thus, t h e m a j o r task o f T C S s is to r e g u l a t e t r a n s c r i p t i o n o f t a r g e t genes. H o w e v e r , w h i l e
t r a n s c r i p t i o n a l c o n t r o l o f gene e x p r e s s i o n is clearly o f p r i m a r y i m p o r t a n c e in p r o k a r y o t e s , t h e s e
o r g a n i s m s also n e e d r e g u l a t o r y m e c h a n i s m s t o c o n t r o l t r a n s l a t i o n i n i t i a t i o n a n d m R N A s t a b i l i t y .
To a c h i e v e this, b a c t e r i a as well as a r c h a e a c a n r d y o n t h e e x p r e s s i o n o f small, n o n c o d i n g R N A s .
These m o l e c u l e s t y p i c a l l y c o n s i s t o f 60 to 3 0 0 n t , M o s t o f t h e ~ 1 0 0 k n o w n small R N A s o f b a c 
teri a have b e e n d i s c o v e r e d in E scherichia coli a n d m a n y o f t h e m seem t o have p o s t t r a n s c r i p t i o n a l
r e g u l a t o r y f u n c t i o n s . t "

T w o m a j o r types o f small R N A s h a v i n g p o s t t r a n s c r i p t i o n a l c o n t r o l a c t i v i t y have b e e n c h a r a c 
t e r i z e d in b a c t e r i a . The first a n d p r o b a b l y m o st f r e q u e n t t y p e acts by bas e - p a i r i n g w i t h 5 ' l e a d e r
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sequences o f t a r g e t m R N A s . The genes for t h e small r e g u l a t o r y RNAs and the t a r g e t genes usually
do n o t overlap a n d in this case, base p a i r i n g is often i m p e r f e c t a n d can involve several s t r e t c h e s o f
6 to 9 p a i r e d n u c l e o t i d e s . The r e s u l t i n g R N A duplex can form a r o u n d the r i b o s o m e b i n d i n g site
a n d t h e n will block t r a n s l a t i o n i n i t i a t i o n . Alternatively, w h e n a small R N A b i n d s to an m R N A
s e g m e n t u p s t r e a m o f the r i b o s o m e b i n d i n g site, access o f the ribosomes can be e n h a n c e d , result
ing in a c t i v a t i o n o f t r a n s l a t i o n . In G r a m - n e g a t i v e bacteria, m o s t if n o t all small R N A s o f t h e
b a s e - p a i r i n g type b i n d H f q ( h o s t factor for QB replicase), a c h a p e r o n e p r o t e i n t h a t facilitates the
i n t e r a c t i o n o f small RNAs w i t h c o m p l e m e n t a r y stretches o f m R N A s . T h e hexameric H f q p r o t e i n 7. 8

p r e f e r e n t i a l l y binds to A U - r i c h R N A s e q u e n c e s . v - ' ? In several cases e x a m i n e d , the f o r m a t i o n o f a
d o u b l e - s t r a n d e d R N A region can s t i m u l a t e m R N A d e g r a d a t i o n by RNase E or RNase IIIY-13 This
process is formally similar to R N A silencing pathways in e u k a r y o t e s . A l t h o u g h p r o k a r y o t e s do
n o t have the e q u i v a l e n t o f the e u k a r y o t i c R N A - i n d u c e d silencing complex (RISC),14 t h e scaffold
p r o v i d e d by H f q d u r i n g the p a i r i n g i n t e r a c t i o n o f small RNAs w i t h t h e i r target m R N A can be
viewed as a m e c h a n i s t i c R I S C p r e c u r s o r , ' N o t all small R N A s o f b a c t e r i a i n t e r a c t w i t h 5 ' leader
sequences. There is also an example o f a small R N A t h a t stabilizes a t a r g e t m R N A by b i n d i n g to
the 3 ' e n d . "

The s e c o n d type o f small RNAs w i t h p o s t t r a n s c r i p t i o n a l c o n t r o l activity has a h i g h affinity
for R N A - b i n d i n g p r o t e i n s t h a t usually cause t r a n s l a t i o n a l repression. The p r o t o t y p e o f such an
R N A - b i n d i n g p r o t e i n is CsrA ( c a r b o n storage r e g u l a t o r ) in e n t e r i c bacteria or its h o m o l o g RsmA
( r e g u l a t o r o f s e c o n d a r y m e t a b o l i s m ) in Erwinia and Pseudomonas spp. The dimeric C s r A / R s m A
p r o t e i n l6-18 has a s t r o n g affinity for A N G G A motifs (where N is any n u c l e o t i d e ) in 5' leader
sequences o f m R N A s ; w h e n one o f several o f these motifs coincides w i t h the region o f the ribo
some b i n d i n g site and the t r a n s l a t i o n s t a r t c o d o n , t r a n s l a t i o n a l repression r e s u l t s . " ? ' Small RNAs
w i t h m u l t i p l e A N G G A or G G A m o t i f s in s i n g l e - s t r a n d e d parts mimic or even overemphasize the
p e c u l i a r i t y o f m R N A leader sequences t h a t b i n d C s r A / R s m A . 2 2

-
25 C o n s e q u e n t l y , small RNAs o f

this type avidly b i n d C s r A / R s m A p r o t e i n s and t h e r e b y relieve t r a n s l a t i o n a l repression caused by
to these regulators. 2 6. 27 D u r i n g t r a n s l a t i o n a l repression by C s r A / R s m A , some m R N A s become
d e s t a b i l i z e d . " C s r A / R s m A p r o t e i n s can also have a positive effect on the t r a n s l a t i o n a l expression
o f some t a r g e t m R N A s , p r o b a b l y by s t a b i l i z i n g the mRNA.29 W h e t h e r small RNAs can reverse
this effect, remains to be d e t e r m i n e d .

The p i c t u r e t h a t has e m e r g e d d u r i n g t h e last five years is t h a t small RNAs o f b o t h types have a
major role in m o d u l a t i n g t r a n s l a t i o n efficiency a n d m R N A s t a b i l i t y in p r o k a r y o t e s . N o n e o f these
small RNAs is essential. Yet t h e i r expression can p r o f o u n d l y alter the cell's physiology. It is therefore
i m p o r t a n t to c o n s i d e r h o w the expression o f these small R N A is r e g u l a t e d at the t r a n s c r i p t i o n a l
level. I t t u r n s o u t t h a t many o f t h e m are t r a n s c r i b e d u n d e r the c o n t r o l o f T C S s whereas o t h e r small
RNAs provide f i n e - t u n i n g o f expression o f genes t h a t are p r i m a r i l y r e g u l a t e d at the t r a n s c r i p t i o n a l
level, e.g., via T C S s . In the following we will i l l u s t r a t e this by some w e l l - d o c u m e n t e d examples.

A n t i s e n s e C o n t r o l o f T r a n s l a t i o n I n i t i a t i o n a n d m R N A S t a b i l i t y

P o r i n E x p r e s s i o n in E. c o l i
The o u t e r m e m b r a n e shields G r a m - n e g a t i v e b a c t e r i a from toxic m e t a b o l i t e s a n d p r o t e i n s .

However, in o r d e r to be taken up by the cells, n u t r i e n t s must first be able to traverse the o u t e r
m e m b r a n e t h r o u g h general or specific water-filled channels. S t r u c t u r a l o u t e r m e m b r a n e p r o t e i n s
( O m p s ) k n o w n as p o r i n s form these channels. E. coli has several porins, three o f w h i c h we will
c o n s i d e r in some detail: O m p A , a m o n o m e r i c p r o t e i n w i t h a I - n m d i a m e t e r f o r m i n g a gated,
general solute channel, OmpF, a t r i m e r i c p r o t e i n w i t h a 1.2-nm d i a m e t e r , w h i c h allows passage
o f large (~350 Da) h y d r o p h i l i c a n d h y d r o p h o b i c solutes and O m p C , a t r i m e r i c p r o t e i n w i t h a
L l - n r n d i a m e t e r , w h i c h is fairly i m p e r m e a b l e to large, h y d r o p h o b i c or a n i o n i c c o m p o u n d s . "
An E. coli ompA m u t a n t is more sensitive than the p a r e n t a l s t r a i n to c h o l a t e (bile salt), s o d i u m
d o d e c y l sulfate a n d serum, suggesting t h a t O m p A may be i m p o r t a n t for the s t a b i l i t y o f the o u t e r
m e m b r a n e . " An ompC ompF d o u b l e m u t a n t is sensitive to o s m o t i c stress above p H 8, b u t is unaf
fected by h i g h o s m o t i c pressure at n e u t r a l p H Y
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The O m p A p r o t e i n is t r a n s l a t e d from an unusually stable m R N A having a half-life o f ~ 15
min in growing cells. In slowly growing or s t a t i o n a r y phase cells the half-life is r e d u c e d to ~4

min. The r e g u l a t e d m R N A stability depends on H f q and on an u n t r a n s l a t c d 5 ' leader sequence
to w h i c h a small R N A t e r m e d MicA (= SraD; 78 ne) b i n d s by a base-pairing m e c h a n i s m . MicA
becomes strongly expressed in rich media when cells e n t e r the s t a t i o n a r y phase o f growth. H i g h
levels o f MicA b l o c k r i b o s o m e b i n d i n g to ompA m R N A , w h i c h facilitates cleavage by RNase E
a n d s u b s e q u e n t decay o f ompA m R N A . H f q facilitates MicA b i n d i n g to ompA m R N A . 1 3,3 3 Thus,
MicA d o w n r e g u l a t e s the expression o f ompA in early s t a t i o n a r y phase (Fig. 1).

The E n v Z / O m p R T C S inversely r e g u l a t e s the e x p r e s s i o n o f the ompC a n d ompF genes.
C o n d i t i o n s o f h i g h salt activate a u t o p h o s p h o r y l a t i o n o f the EnvZ osmosensor, w h i c h in t u r n
results in p h o s p h o r y l a t i o n o f the O m p R response regulator. At low osmolarity, EnvZ f u n c t i o n s
as a p h o s p h a t a s e , removing t h e p h o s p h o r y l group from O m p R . Thus, the i n t r a c e l l u l a r level o f
p h o s p h o r y l a t e d O m p R ( O m p R - P ) positively correlates w i t h the o s m o l a r i t y o f the growth medium.
H i g h levels o f O m p R - P activate the t r a n s c r i p t i o n o f ompCbut repress that o f ompF (Fig. 1). Because
O m p C pores are relatively i m p e r m e a b l e to bile salts, this r e g u l a t i o n is believed to confer t o l e r a n c e
o f E. coli to bile salts at high osmolarity, such as in an animal gut. At i n t e r m e d i a t e osmolarity, the
a b u n d a n c e o f O m p R is r e d u c e d and t h e n O m p R - P represses ompC b u t activates ompF. This will
favor n u t r i e n t u p t a k e t h r o u g h the O m p F pore (which is larger t h a n O m p C ) in p o o r media, e.g.,
o u t s i d e the gut. U n d e r low o s m o t i c pressure, O m p R is n o t p h o s p h o r y l a t e d and this prevents
t r a n s c r i p t i o n o f b o t h ompC and ompF.34 Two small RNAs, M i c C (109 nr) and MicF (93 nr),
m o d u l a t e the expression o f O m p C a n d O m p F at t h e t r a n s l a t i o n a l level (Fig. 1 ) . 3 5 - 3 7 M i c C , w h i c h
is s y n t h e s i z e d p r e f e r e n t i a l l y in m i n i m a l m e d i a and at low t e m p e r a t u r e , base-pairs w i t h the ompC

Hig h l e m p . ,
rich m e d i a

O x l d o t l v e
stress

Slat . phase

OmpF

O m p T FecA FepA C IIA

O m p C
tow t e m p .,
p o e r m e d l a

O m pA

Various
O m p s

Figure 1. C o n t r o l of porin expression in Escherichia coli by m u l t i p l e antisense small RNAs.
P o s t t r a n s c r i p t i o n a l m o d u l a t i o n of porin levels is f i n e l y tuned by a set of sRNAs (boxed in
black) as a result of d i f f e r e n t stimuli channeled through the osmosensory EnvZ/OmpR TCS,
the SoxR/SoxS system for m o n i t o r i n g o x i d a t i v e stress and the e x t r a c y t o p l a s m i c stress respon
sive p a t h w a y that determines the i n t r a c e l l u l a r levels of the sigma factor 0 [ . O t h e r factors like
g r o w t h phase, n u t r i e n t a v a i l a b i l i t y and t e m p e r a t u r e also i n f l u e n c e the expression of small RNA
genes. Positive c o n t r o l of gene expression is denoted w i t h arrows whereas negative effects
are denoted w i t h b l u n t ended lines. D o t t e d lines indicate phosphotransfer.
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l e a d e r m R N A in t h e p r e s e n c e o f H f q a n d t h e r e b y blocks r i b o s o m e b i n d i n g . In an ompR m u t a n t ,
M i c C levels are h i g h e r t h a n in t h e wild type, s u g g e s t i n g t h a t O m p R d i r e c t l y or i n d i r e c t l y represses
micC e x p r e s s i o n . "

In a s i m i l a r way, t h e small R N A M i c F r e g u l a t e s ompF e x p r e s s i o n p o s t t r a n s c r i p t i o n a l l y . In
p a r a l l e l w i t h ompC, micFis i n d u c e d by h i g h o s m o l a r i t y u n d e r E n v Z / O m p R c o n t r o l . M i c F R N A
is c o m p l e m e n t a r y to the r i b o s o m e - b i n d i n g site a n d t h e A U G s t a r t c o d o n o n ompF m R N A , result
ing in i n h i b i t i o n o f t r a n s l a t i o n . Like M i c A a n d M i c C , MicF b i n d s Hfq.38 Various e n v i r o n m e n t a l
f a c t o r s , in a d d i t i o n to o s m o t i c stress, can i n d u c e micF e x p r e s s i o n : o x i d a t i v e stress, i n c r e a s i n g
t e m p e r a t u r e , rich n u t r i e n t s , bile salts, w e a k acids a n d c e r t a i n a n t i b i o t i c s . " O x i d a t i v e stress activates
t h e t r a n s c r i p t i o n f a c t o r SoxR, w h i c h s w i t c h e s o n t h e t r a n s c r i p t i o n o f t h e t r a n s c r i p t i o n f a c t o r
SoxS. Positive c o n t r o l by SoxS affects micF, a m o n g a range o f o t h e r t a r g e t g e n e s . " F u r t h e r m o r e ,
e x p r e s s i o n o f b o t h ompC a n d ompF a p p e a r s to be n e g a t i v e l y c o n t r o l l e d by t h e I p e X small R N A . 40

In t h i s c o m p l e x n e t w o r k o f r e g u l a t o r y i n t e r a c t i o n s (Fig. 1), t h e dual i n p u t o f t h e E n v Z ! O m p R
T C S s t a n d s o u t : u n d e r c o n d i t i o n s o f o s m o t i c stress, this T C S favors t h e e x p r e s s i o n o f ompC over
t h a t o f ompF at b o t h t h e t r a n s c r i p t i o n a l a n d t r a n s l a t i o n a l level.

O v e r e x p r e s s i o n o f O m p s is d e l e t e r i o u s to the cell a n d triggers the e x t r a c y t o p l a s m i c stress ( E C S )
r e s p o n s e pathway, w h i c h is e s s e n t i a l in E. coli. O v e r p r o d u c t i o n o f O m p C or O m p F s t i m u l a t e s t h e
DegS p r o t e a s e l o c a t e d in t h e i n n e r m e m b r a n e . DegS t r u n c a t e s RseA, an i n n e r m e m b r a n e p r o t e i n
w h i c h , in the absence o f ECS, s e q u e s t e r s t h e E C S sigma f a c t o r OE (= R p o E ) . T r u n c a t e d R s e A is
cleaved by a s e c o n d i n n e r m e m b r a n e p r o t e a s e , RseP a n d t h i s cleavage delivers oE to t h e c y t o p l a s m
(Fig. 1; see c h a p t e r 6 for f u r t h e r d e t a i l s ) . W h e n b o t h O m p A a n d O m p C are r e m o v e d f r o m t h e cell
by d e l e t i o n o f t h e c o r r e s p o n d i n g s t r u c t u r a l genes, RseP a n d p r o b a b l y DegS as well are no l o n g e r
essential," In wild t y p e E. coli, a small R N A t e r m e d RseX (91 n t ) , w h i c h is c o m p l e m e n t a r y to t h e
r i b o s o m e b i n d i n g sites o f t h e ompA a n d ompC m R N A s , negatively r e g u l a t e s t r a n s l a t i o n o f ompA
a n d ompC in an H f q - d e p e n d e n t way. In R s e P - d e p l e t e d cells, artificial R s e X o v e r e x p r e s s i o n res
cues cell v i a b i l i t y by q u e n c h i n g t h e p r o d u c t i o n o f O m p A a n d O m p C Y oE activates t r a n s c r i p t i o n
o f micA a n d rybB, a gene for yet a n o t h e r small R N A (80 n t ) , w h i c h t a r g e t s m R N A s s p e c i f y i n g
O m p C , O m p W a n d o t h e r O m p s . Thus, s t r e s s - i n d u c e d e x p r e s s i o n o f M i c A a n d RybB results in
d o w n - r e g u l a t i o n o f O m p A , O m p C , O m p W a n d m i n o r O m p s (Fig. 1).42

P o s t t r a n s c r i p t i o n a l r e g u l a t i o n o f O m p s is f u r t h e r i l l u s t r a t e d by the d i s c o v e r y o f O m r A a n d
O m r B , t w o small R N A s t h a t b i n d H f q and l i m i t t h e t r a n s l a t i o n o f ompT m R N A i n E . coli. 43 O m p T
is a surface p r o t e a s e ; w h e t h e r it also acts as a p o r i n is n o t clear. In e x p o n e n t i a l phase, t h e expres
s i o n o f O m r A a n d O m r B c o m p l e t e l y d e p e n d s o n t h e E n v Z / O m p R T C S (Fig. 1). In s t a t i o n a r y
phase, EnvZ and O m p R are also i m p o r t a n t , b u t RpoS a n d o t h e r u n i d e n t i f i e d e l e m e n t s c o n t r i b u t e
to t h e t r a n s c r i p t i o n o f t h e t w o small RNAs.43 F u r t h e r o u t e r m e m b r a n e p r o t e i n s r e g u l a t e d by
O m r A B i n c l u d e FecA, FepA a n d C i r A (Fig. 1), w h i c h form g a t e d c h a n n e l s for i r o n - s i d e r o p h o r e
c o m p l e x e s . v The p i c t u r e t h a t emerges f r o m t h e s t u d i e s on O m p r e g u l a t i o n is t h a t t h e c o m p o s i 
t i o n o f O m p s varies in r e s p o n s e to e x t r a c e l l u l a r f a c t o r s b u t t h e t o t a l c o n c e n t r a t i o n o f O m p s in
t h e o u t e r m e m b r a n e is c a r e f u l l y m a i n t a i n e d at t h e p o s t t r a n s c r i p t i o n a l Ievel, small R N A s have a
key role in t h i s balance.44-45

Q u o r u m Sensing a n d P a t h o g e n i c i t y in S t a p h y l o c o c c u s aureus
The G r a m - p o s i t i v e b a c t e r i u m Staphylococcus aureus can be a h a r m l e s s c o m m e n s a l w h e n it

colonizes m u c o s a l m e m b r a n e s , e.g., in t h e h u m a n nose, or a severe p a t h o g e n o n c e it has p e n e t r a t e d
t h e b a r r i e r o f t h e skin or t h e m u c o s a . S. aureus has an impressive n u m b e r o f s o - c a l l e d accessory
genes c o d i n g for surface p r o t e i n s ( s u c h as t h e a n t i - i m m u n e surface p r o t e i n A, f i b r o n e c t i n - b i n d i n g
p r o t e i n s a n d f i b r i n o g e n - b i n d i n g p r o t e i n s ) a n d for e x t r a c e l l u l a r p r o t e i n s (such as h e m o l y s i n s , en
t e r o t o x i n s , exfoliatins a n d lytic enzymes ) . T h e agr (accessory gene r e g u l a t o r ) system d e t e r m i n e s t h e
relative levels o f surface p r o t e i n s , w h i c h are c o l o n i z a t i o n factors, a n d o f t h e e x t r a c e l l u l a r p r o t e i n s ,
w h i c h are v i r u l e n c e factors. W h e n cell p o p u l a t i o n d e n s i t i e s increase, t h e agr system u p r e g u l a t e s
m o s t v i r u l e n c e f a c t o r s a n d d o w n r e g u l a t e s many c o l o n i z a t i o n factors. As a c o n s e q u e n c e , t h e agr
system is r e q u i r e d for acute i n f e c t i o n by S. aureus (e.g., abscess f o r m a t i o n , e n d o c a r d i t i s ) . The agr
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system p r o d u c e s a cell p o p u l a t i o n d e n s i t y - r e l a t e d ( " q u o r u m sensing") signal a n d t r a n s d u c e s this
signal via a T C S (Fig. 2). The A g r D p r o d u c t is a p r o p e p t i d e , w h i c h is processed, m o d i f i e d and
e x p o r t e d by the AgrB m e m b r a n e p r o t e i n . The m a t u r e q u o r u m sensing signals o f various strains
are p e p t i d e s c o n s i s t i n g o f 7 to 9 a m i n o acids a n d c o n t a i n a t h i o l a c t o n e s t r u c t u r e f o r m e d b e t w e e n
an i n t e r n a l cysteine a n d a C - t e r m i n a l p h e n y l a l a n i n e , m e t h i o n i n e or leucine. The m a t u r e c o g n a t e
signal b i n d s to the N - t e r m i n a l d o m a i n o f the A g r C sensor kinase a n d triggers a u t o p h o s p h o r y 
l a t i o n . P h o s p h o r y l a t e d A g r C t r a n s f e r s its p h o s p h a t e residue to the response r e g u l a t o r AgrA.
P h o s p h o r y l a t e d AgrA (AgrA-P) t h e n activates t r a n s c r i p t i o n o f the agrBDCA o p e r o n a n d o f the
d i v e r g e n t l y t r a n s c r i b e d R N A III locus (Fig. 2). R N A III (S 14 nt) is the m a j o r r e g u l a t o r o f p a t h o 
genicity. S h o u l d we call it a "small" r e g u l a t o r y R N A ? As we will explain below, R N A III p r o v i d e s
antisense r e g u l a t i o n o f t r a n s l a t i o n i n i t i a t i o n o f m u l t i p l e m R N A targets a n d to this e n d c o m b i n e s
several d i f f e r e n t b a s e - p a i r i n g segments in o n e relatively large a n d stable R N A molecule. At the
same time, R N A III codes for a /)-hemolysin. 46 -48

R N A III consists o f 14 s t e m - l o o p s t r u c t u r e s (Fig. 2). The S r e n d region o f R N A III is p a r t i a l l y
c o m p l e m e n t a r y to the S r leader o f hla ( a - h e m o l y s i n ) m R N A . T h i s i n t e r a c t i o n positively regulates
hla t r a n s l a t i o n by p r e v e n t i n g a s e c o n d a r y s t r u c t u r e o f hla m R N A in w h i c h the r i b o s o m e b i n d i n g
site w o u l d be occluded," O t h e r examples o f h o w small RNAs can s t i m u l a t e t r a n s l a t i o n i n i t i a t i o n
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Figure 2. P r o d u c t i o n of c o l o n i z a t i o n and v i r u l e n c e factors in Staphylococcus aureus is bal
anced by RNA III, an unusual small RNA encoded in the agr locus. The agr gene p r o d u c t s
c o n s t i t u t e a q u o r u m - s e n s i n g system that responds to a c y c l o p e p t i d e a u t o i n d u c e r leading to
p h o s p h o r y l a t i o n of the t r a n s c r i p t i o n a l a c t i v a t o r AgrA, w h i c h boosts t r a n s c r i p t i o n of the agr
genes from p r o m o t e r P2 and of RNA III from P3. By establishing antisense i n t e r a c t i o n s w i t h
d i f f e r e n t regions of the molecule, the m u l t i f u n c t i o n a l RNA III modulates translation of mRNAs
for surface protein A (a c o l o n i z a t i o n factor), for a l p h a - h e m o l y s i n (a v i r u l e n c e factor) and for
Rot (a t r a n s c r i p t i o n a l regulator of spa and hla). In a d d i t i o n , a central p o r t i o n of RNA III (grey
segments) is translated into the d e l t a - h e m o l y s i n peptide. SD, S h i n e - D a l g a r n o sequence ( r i b o 
some binding-site); other symbols are the same as in Figure 1.



S m a l l R N A s Controlled by T w o - C o m p o n e n t Systems 59

are d e s c r i b e d in the c o n t e x t o f RpoS r e g u l a t i o n in E. coli (see c h a p t e r 4). The 3 ' e n d region o f
R N A III is p a r t i a l l y c o m p l e m e n t a r y to the 5 r leader o f spa (surface p r o t e i n A) m R N A . A n n e a l i n g
o f R N A I I I to t h e spa l e a d e r b e g i n s w i t h a " k i s s i n g " c o n t a c t b e t w e e n t h e l o o p o f h a i r p i n 13
(Fig. 2) a n d a loop c o n t a i n i n g the ribosome b i n d i n g site o f spa m R N A . The s u b s e q u e n t forma
t i o n o f an extensive R N A duplex buries t h e spa i n i t i a t i o n c o d o n a n d i n h i b i t s spa t r a n s l a t i o n .
Moreover, this R N A duplex is d e g r a d e d by the d o u b l e s t r a n d - s p e c i f i c RNase III, r e n d e r i n g the
i n h i b i t i o n process l r r e v e r s l b l e . " F u r t h e r m o r e , the loops o f h a i r p i n s 7 a n d 14 engage in a kissing
i n t e r a c t i o n w i t h two u n p a i r e d regions in rot ( r e p r e s s o r o f t o x i n ) m R N A . The R N A I I I - r o t
m R N A duplex f o r m e d strongly represses t r a n s l a t i o n o f rot m R N A a n d includes loops 9 and 13
o f R N A III.51 This p o s t t r a n s c r i p t i o n a l r e g u l a t i o n o f the R o t p r o t e i n , a t r a n s c r i p t i o n factor, has
p l e i o t r o p i c consequences. As R o t represses hla and i n d u c e s spa,52 d o w n r e g u l a t i o n o f rot by R N A
I I I e n h a n c e s expression o f hla a n d d i m i n i s h e s t h a t o f spa. 46 .5 1 O v e r a l l this means t h a t R N A I I I has
a s t r o n g positive effect on hla a n d a d i s t i n c t negative effect on spa. I t is possible t h a t H f q facilitates
the i n t e r a c t i o n s o f R N A I I I w i t h t a r g e t m R N A s in S. aureus. However, this role o f H f q appears
to be less i m p o r t a n t t h a n t h a t in E. coli. 5 0,51

S e q u e s t r a t i o n o f R N A - B i n d i n g P r o t e i n s

B i o c o n t r o l A c t i v i t y o f P s e u d o m o n a s fluorescens CHAO a n d P a t h o g e n i c i t y
o f P s e u d o m o n a s s y r i n g a e P a t h o v a r s

P. fluorescens C H A O is a G r a m - n e g a t i v e soil b a c t e r i u m . It effectively colonizes t h e r o o t s o f
d i f f e r e n t crop p l a n t s a n d p r o t e c t s these from fungal p a t h o g e n s . The b i o c o n t r o l p r o p e r t i e s o f
s t r a i n C H A O are complex; t h e y d e p e n d on a b l e n d o f a n t i f u n g a l s e c o n d a r y m e t a b o l i t e s (such
as 2 , 4 - d i a c e t y l p h l o r o g l u c i n o l [Phi], p y o l u r e o r i n , p y r r o l n i t r i n and h y d r o g e n cyanide [ H C N ] ) ,
extracellular lytic enzymes a n d p o o r l y c h a r a c t e r i z e d elicitors o f i n d u c e d systemic resistance (ISR),
a m e c h a n i s m t h a t renders the h o s t p l a n t less susceptible to p a t h o g e n s . 5 3,54 M o s t o f the b i o c o n t r o l
activity o f s t r a i n C H A O a n d similar f l u o r e s c e n t p s e u d o m o n a d s is lost in null m u t a n t s o f a T C S
t e r m e d G a c S / G a c A (for global a c t i v a t i o n o f a n t i b i o t i c s a n d cyanide) because most s e c o n d a r y me
t a b o l i t e s a n d extracellular enzymes are p r o d u c e d at very low levels in these m u t a n t s , by c o m p a r i s o n
w i t h the wild type. 5 3. 60 GacA, whose role as a global r e g u l a t o r was discovered in s t r a i n CHAO,55
has i m p o r t a n t f u n c t i o n s in many G r a m - n e g a t i v e b a c t e r i a (Table 1).

There are b a c t e r i a l and p l a n t - d e r i v e d signals t h a t activate the f u n c t i o n o f t h e G a c S / G a c A
system in pseudomonads. The C H A O signals are soluble in o r g a n i c solvents, h e a t - s t a b l e a n d unre
lated to w e l l - k n o w n q u o r u m sensing signal m o l e c u l e s , s u c h as N - a c y l - h o m o s e r i n e l a c t o n e s o f
G r a m - n e g a t i v e bacteria, b u t t h e i r chemical c h a r a c t e r i z a t i o n has been h a m p e r e d by t h e i r very low
c o n c e n t r a t i o n s in c u l t u r e s u p e r n a t a n t s and biofilm extracts. 58 ,60 Signal p r o d u c t i o n is a u t o r e g u l a t e d
by the G a c S / G a c A system and requires a sufficient supply o f t h i a m i n e . " C r o s s - t a l k b e t w e e n differ
ent Pseudomonas a n d Vibrio species is possible via similar signals. 62 C o n c e r n i n g the p l a n t signals,
there is i n d i r e c t evidence t h a t p h e n o l i c glucosides ( a r b u t i n , salicin) may act as i n d u c e r s o f the
G a c S / G a c A signal t r a n s d u c t i o n pathway in the p l a n t p a t h o g e n Pseudomonas syringae pv. syringae. 6 3

F u r t h e r m o r e , r o o t exudates o f sugar beet have been o b s e r v e d to stimulate the synthesis o f the cyclic
l i p o p e p t i d e a m p h i s i n in Pseudomonas sp. DSS73, b u t n o t in a gacS m u t a n t o f this s t r a i n / "

The G a c S / G a c A T C S is strictly r e q u i r e d for the expression o f t h r e e small RNAs t e r m e d RsmX
(119 n t ) , RsmY (118 nt) a n d R s m Z (127 nt) in s t r a i n C H A O (Fig. 3). A c o n s e r v e d u p s t r e a m
sequence e l e m e n t (consensus T G T A A G N 6 C T T A C A ) is f o u n d in the rsmX, r s m Y a n d rsmZ
p r o m o t e r s as well as in p r o m o t e r s o f o t h e r G a c A - c o n t r o l l e d small R N A genes in G r a m - n e g a t i v e
bacteria a n d m i g h t be a GacA b i n d i n g site. 2 5,65-67 The t h r e e small R N A s have a h i g h affinity for
two small R N A - b i n d i n g p r o t e i n s , RsmA and RsmE. B o t h p r o t e i n s act as t r a n s l a t i o n a l repressors
o f t a r g e t m R N A s , e.g., the m R N A s c a r r y i n g hcnA (for a s u b u n i t o f H C N synthase), aprA (for an
extracellular m e t a l l o p r o t e a s e ) or phLA (for a s u b u n i t o f the Phi b i o s y n t h e t i c enzyme complex).68,69
G a c A - d r i v e n expression o f the t h r e e small RNAs sequesters the r e g u l a t o r y p r o t e i n s RsmA a n d
RsmE; this leads to the t r a n s l a t i o n o f the t a r g e t m R N A s and hence to the synthesis o f b i o c o n t r o l
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Figure 3. The GacS/GacA TCS and a triad of e f f e c t o r small RNAs d e t e r m i n e expression of
e x t r a c e l l u l a r factors and b i o c o n t r o l a c t i v i t y in P s e u d o m o n a s fluorescens strain CHAO. The
GacS/GacA TCS, w h i c h responds to u n c h a r a c t e r i z e d a u t o i n d u c i n g signals, promotes transla
tion of various mRNAs i n v o l v e d in e x o p r o d u c t f o r m a t i o n and c o n t r o l of plant root pathogens,
by r e l i e v i n g a translational blockage caused by the R N A - b i n d i n g RsmA and RsmE proteins.
This is achieved by increasing, either d i r e c t l y or i n d i r e c t l y , the i n t r a c e l l u l a r levels of three
small RNAs (RsmX, RsmY and RsmZ) that sequester RsmA and RsmE. The symbols are the
same as in Figure 1.

f a c t o r s (Fig. 3). S i m u l t a n e o u s d e l e t i o n o f rsmX, rsmYand rsmZ is necessary to o b t a i n t h e same
p h e n o t y p e as t h a t o f a gacS or gacA m u t a n t . I n a c t i v a t i o n o f o n l y o n e or two small R N A genes has
a m i n i m a l effect. 66 Thus, these small R N A s can f u n c t i o n a l l y replace o n e a n o t h e r . N e v e r t h e l e s s ,
t h e y m i g h t have d i s t i n c t p h y s i o l o g i c a l f u n c t i o n s in t h a t t h e i r expression p a t t e r n s d u r i n g g r o w t h in
b a t c h c u l t u r e are d i f f e r e n t . In t h e same vein, s i m u l t a n e o u s d e l e t i o n o f rsmA a n d rsmE is n e c e s s a r y
to o v e r c o m e (suppress) the d e f e c t s ofgacS andgacA m u t a n t s . The expression o f rsmA increases
slightly w i t h i n c r e a s i n g cell p o p u l a t i o n d e n s i t i e s whereas rsmE is expressed u n d e r p o s i t i v e GacA
c o n t r o l . P ' I h e G a c S / GacA T C S n o t o n l y r e g u l a t e s t h e f o r m a t i o n o f e x o p r o d u c t s , it also p o s i t i v e l y
c o n t r o l s t h e e x p r e s s i o n o f the stress sigma f a c t o r i f ( R p o S ) and, as a c o n s e q u e n c e , t h e r e s i s t a n c e
o f s t r a i n C H A O to o x i d a t i v e stress in s t a t i o n a r y p h a s e . "

In t h e p l a n t - p a t h o g e n s Pseudomonas syringae pv. syringae a n d P. syringae pv. tomato D C 3 0 0 0
t h e G a c S / G a c A T C S is essential for the p r o d u c t i o n o f toxins ( s y r i n g o m y c i n a n d c o r o n a t i n e , re
spectively) a n d for p a t h o g e n i c i t y o n b e a n a n d t o m a t o , respectively.63.7l-74The GacS sensor, w h i c h
was o r i g i n a l l y called LemA (for lesion m a n i f e s t a t i o n ) , was d i s c o v e r e d in P. syringae pv. syringae.?l
In b o t h pv. tomato a n d pv. syringae t h e G a c A - c o n t r o l l e d t r a n s c r i p t i o n f a c t o r SalA regulates t o x i n
p r o d u c d o n . Y " In pv. tomato, b u t n o t in pv. syringae, G a c S / G a c A also has a positive effect on H r p L ,
an a l t e r n a t i v e sigma f a c t o r c o n t r o l l i n g the type I I I s e c r e t i o n system ( T T S S ) . A l t h o u g h the chain o f
c o m m a n d in t h e G a c S / G a c A cascade o f P. syringae p a t h o v a r s has n o t b e e n i d e n t i f i e d conclusively,
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S m a l l R N A s C o n t r o l l e d by T w o - C o m p o n e n t Systems 65

t h e r e is e v i d e n c e f r o m b i o i n f o r m a t i c s s t u d i e s t h a t s t r a i n D C 3 0 0 0 has t h r e e G a c A - c o n t r o l l e d small
R N A s (rsmX, rsmY, rsmZ) a n d four R s m A - l i k e R N A - b i n d i n g p r o t e i n s . 1 8. 67 The e x i s t e n c e o f t w o
o f t h e s e small R N A s has b e e n d e m o n s t r a t e d e x p e r i m e n t a l l y . "

The G a c S / G a c A T C S o c c u r s in m a n y d i f f e r e n t G r a m - n e g a t i v e b a c t e r i a ( T a b l e 1). The genes
a n d pathways w h o s e expression the G a c S / G a c A system r e g u l a t e s v a r y g r e a d y a n d f u r t h e r examples
will be d i s c u s s e d below. As a c o m m o n f e a t u r e o f G a c S / G a c A signal t r a n s d u c t i o n cascades it is ob
served t h a t a r t i f i c i a l o v e r e x p r e s s i o n o f any s e q u e s t e r i n g small R N A will s u p p r e s s t h e effects c a u s e d
by gacS or gacA m u t a t i o n s in v a r i o u s m i c r o o r g a n i s m s . 2 2,25.65.66.76 Maybe t h e first o b s e r v a t i o n o f this
k i n d was made in P. synngae pv. pbaseolicola, a p r o d u c e r o f p h a s e o l o t o x i n a n d p a t h o g e n o f b e a n :
C e r t a i n p h a s e o l o t o x i n - n e g a t i v e m u t a n t s ( u n m a p p e d b u t p r e s u m a b l y m u t a t e d ingacS o r gacA)
were f u n c t i o n a l l y c o m p l e m e n t e d by a O.4-kb locus t e r m e d T R R (for t h e r m o r e g u l a t o r y r e g i o n )
w h e n this locus was i n s e r t e d i n t o a m u l t i - c o p y p l a s m i d . " A l t h o u g h at t h e t i m e o f p u b l i c a t i o n
( 1 9 9 3 ) t h e T R R p r o d u c t h a d n o t b e e n i d e n t i f i e d , in r e t r o s p e c t it is e v i d e n t t h a t T R R codes for
an rsmY-like small R N A . 65 O v e r e x p r e s s i o n o f T R R n o t o n l y restores p h a s e o l o t o x i n p r o d u c t i o n
in t h e m u t a n t b a c k g r o u n d b u t also o v e r r i d e s t e m p e r a t u r e c o n t r o l o f p h a s e o l o t o x i n p r o d u c t i o n .
The wild t y p e s y n t h e s i z e s t h e t o x i n at 2 0 ° C , b u t n o t at 2 8 ° C , whereas t h e s u p p r e s s e d m u t a n t s
p r o d u c e t h e t o x i n at 2 0 ° C a n d 28°C. 77

Q u o r u m Sensing a n d P a t h o g e n i c i t y in P s e u d o m o n a s a e r u g i n o s a
~orum sensing r e g u l a t i o n in P. aeruginosa is h i g h l y c o m p l e x a n d has b e e n r e v i e w e d else

where. 78 • 8o H e r e we will o n l y discuss t h e i m p a c t o f t h e G a c S / G a c A T C S o n q u o r u m s e n s i n g ,
v i r u l e n c e a n d b i o f i l m f o r m a t i o n . Small s e q u e s t e r i n g R N A s are expressed u n d e r s t r i c t GacA c o n t r o l
in P. aeruginosa, m u c h like in P. fluorescens. H o w e v e r , in s t r a i n s P A O a n d PA14 o f P. aeruginosa,
o n l y t w o such R N A s occur, R s m Y a n d RsrnZ, and t h e i r s i m u l t a n e o u s absence in m u t a n t s t r a i n s is
n e e d e d to r e p r o d u c e a GacA -negative p h e n o t y p e . RsmY a n d R s m Z a n t a g o n i z e t h e a c t i o n o f o n e
R s m A p r o t e i n , by avidly b i n d i n g to it (Fig. 4).81.83 R s m Z does n o t b i n d H f q whereas RsmY does
a l t h o u g h t h e s i g n i f i c a n c e o f the l a t t e r o b s e r v a t i o n is n o t clear. 84

From a p r o t e o m i c analysis it a p p e a r s t h a t t h e R s m A / R s m Y / R s m Z t r i a d m e d i a t e s m o s t im
p o r t a n t f u n c t i o n s o f t h e G a c S / G a c A TCS.83 In s t r a i n PA14 and, to a lesser e x t e n t , in s t r a i n PAO,
m u t a t i o n s in e i t h e r gacS o r gacA a t t e n u a t e v i r u l e n c e o f P. aeruginosa for d i f f e r e n t h o s t o r g a n i s m s
i n c l u d i n g b u r n t mice, n e m a t o d e s , insects a n d p l a n t s . 8 5. 87 This loss o f v i r u l e n c e in gacS/gacA m u t a n t s
is due to a m a r k e d l y d i m i n i s h e d e x p r e s s i o n o f v i r u l e n c e f a c t o r s t h a t are r e g u l a t e d p o s i t i v e l y by
q u o r u m sensing such as H C N , p h e n a z i n e s a n d lytic exoenzymes.83.87.90 The u n d e r l y i n g m e c h a n i s m s
are c o m p l e x . O n t h e o n e h a n d , t h e G a c S / G a c A system p o s i t i v e l y i n f l u e n c e s t h e e x p r e s s i o n o f t h e
q u o r u m sensing m a c h i n e r y , in p a r t i c u l a r t h a t o f t h e rhlI gene, w h i c h e n c o d e s t h e e n z y m e for the
b i o s y n t h e s i s o f t h e q u o r u m sensing signal N - b u t a n o y l - h o m o s e r i n e lactone.83.88.91 T h e n this signal,
t o g e t h e r w i t h its h i e r a r c h i c a l l y s u p e r i o r c o m p a n i o n signal, N - ( 3 - o x o d o d e c a n o y l ) - h o m o s e r i n e
l a c t o n e , p o s i t i v e l y c o n t r o l s t h e t r a n s c r i p t i o n o f a wide range o f e x t r a c e l l u l a r v i r u l e n c e factors, via
t h e t r a n s c r i p t i o n a l r e g u l a t o r s R h l R a n d LasR, r e s p e c r i v e l y . Y " O n t h e o t h e r h a n d , t h e G a c S / G a c A
system also r e g u l a t e s t h e e x p r e s s i o n o f c e r t a i n v i r u l e n c e f a c t o r s d i r e c t l y at the level o f t r a n s l a t i o n
(Fig. 4), in t h e same way as s h o w n for P. fluorescens. In t h e case o f t h e e x p r e s s i o n o f the hcnABC
genes ( f o r H C N s y n t h a s e ) , t h e i n p u t o f t h e G a c S / G a c A system a p p e a r s to be s t r o n g e r in the d i r e c t
t r a n s l a t i o n a l c o n t r o l p a t h w a y t h a n in t h e q u o r u m s e n s i n g pathway.83.92

M i c r o s c o p i c a l e x a m i n a t i o n o f P. aeruginosa biofilms has revealed a role o f GacA in b i o f i l m
m a t u r a t i o n . " The a c t i v i t y o f t h e G a c S / G a c A system is m o d u l a t e d by t w o m e m b r a n e - b o u n d
sensor kinases, RetS (for r e g u l a t i o n o f e x o p o l y s a c c h a r i d e s a n d t y p e I I I s e c r e t i o n ) a n d LadS (for
lost adhesion).94.95 The c o g n a t e r e s p o n s e r e g u l a t o r s for RetS a n d LadS have n o t b e e n i d e n t i f i e d
conclusively. In t h e f o l l o w i n g , we will assume t h a t GacA is the p a r t n e r for RetS, GacS a n d LadS
(Fig. 4) as c u r r e n t e x p e r i m e n t a l d a t a are c o n s i s t e n t w i t h this m o d e l H o w e v e r , a d d i t i o n a l r e s p o n s e
r e g u l a t o r s d e p e n d i n g o n RetS a n d LadS may exist. RetS acts as an a n t a g o n i s t o f GacS. W h e n RetS
is i n a c t i v a t e d by m u t a t i o n , b o t h rsmYand rsmZ are expressed at very h i g h levels (B. H u m a i r a n d
D. Haas, u n p u b l i s h e d results)94.96 a n d t h i s leads to effective s e q u e s t r a t i o n o f R s m A p r o t e i n . The
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Figure 4. M u l t i p l e s e n s o r y s y s t e m s c o n v e r g e to c o n t r o l e x p r e s s i o n of p r o t e i n - s e q u e s t e r i n g
small RNAs w h i c h r e g u l a t e q u o r u m s e n s i n g a n d p a t h o g e n i c i t y in P s e u d o m o n a s a e r u g i n o s a .
R e c e n t e v i d e n c e s u g g e s t s that at least t h r e e T e s s e n s o r s , GacS, LadS a n d RetS, c h a n n e l t h e i r
i n p u t s t h r o u g h t h e r e s p o n s e r e g u l a t o r GacA, w h i c h is r e q u i r e d for t r a n s c r i p t i o n of RsmY
a n d RsmZ small RNAs. The levels of t h e s e r e g u l a t o r y RNAs d e t e r m i n e the a v a i l a b i l i t y of the
RNA-binding p r o t e i n RsmA, which p o s t t r a n s c r i p t i o n a l l y r e g u l a t e s the synthesis of R h l l - m e d i a t e d
N - b u t a n o y l - h o m o s e r i n e l a c t o n e , e x o p r o d u c t f o r m a t i o n , biofilm d e v e l o p m e n t , t y p e 3 s e c r e t i o n
s y s t e m (TTSS) a n d t y p e IV pilus f o r m a t i o n . The s y m b o l s are the s a m e as in Figure 1.

c o n s e q u e n c e s are a small colony p h e n o t y p e due to s t r o n g cell-cell a g g r e g a t i o n , o v e r p r o d u c t i o n o f
e x t r a c e l l u l a r p r o d u c t s (especially p o l y s a c c h a r i d e s ) , e n h a n c e d biofilm f o r m a t i o n , lack o f the T T S S
and r e d u c e d t w i t c h i n g m o t i l i t y due to d o w n r e g u l a t i o n o f type IV pili.94.97.98 N o t surprisingly, rsmA
a n d retS m u t a n t s have similar phenotypes.81.91.99 By c o n t r a s t , when LadS is m u t a t i o n a l l y inactivated,
rsmZ expression is very low, a d h e s i o n and biofilrn f o r m a t i o n are r e d u c e d , whereas T T S S expres
sion is e n h a n c e d (Fig. 4).95 It will be i n t e r e s t i n g to investigate p h o s p h o t r a n s f e r in the G a c S 
R e t S - L a d S - G a c A system. GacS has a kinase d o m a i n ( w i t h a c o n s e r v e d h i s t i d i n e r e s i d u e ) , a
response r e g u l a t o r d o m a i n (with a c o n s e r v e d a s p a r t a t e residue) a n d a h i s t i d i n e p h o s p h o t r a n s f e r
[ H p t ) d o m a i n ( w i t h a c o n s e r v e d h i s t i d i n e r e s i d u e ) . S t u d i e s on t h e E . coli GacS h o m o l o g BarA
a n d on the P. fluorescens GacS p r o t e i n have s h o w n t h a t all t h r e e d o m a i n s are essential for biologi
cal activity.60·102.103 RetS has an u n u s u a l a r r a n g e m e n t t h a t consists o f a p e r i p l a s m i c d o m a i n a n d a
t r a n s m e m b r a n e d o c k i n g d o m a i n followed by a c e n t r a l kinase d o m a i n ( w i t h a c o n s e r v e d h i s t i d i n e
residue) a n d two d i s t i n c t receiver d o m a i n s 1 a n d 2 (each w i t h a c o n s e r v e d a s p a r t a t e residue). The
kinase d o m a i n and receiver 2 are essential for activity; receiver 1 m i g h t have a m o d u l a t i n g func
t i o n . 96The p e r i p l a s m i c d o m a i n s o f GacS a n d RetS appear to be relatively u n i m p o r t a n t for activ
ity.58.60.96 LadS, w h i c h also seems to have a c y t o p l a s m i c m e m b r a n e l o c a t i o n , has a h i s t i d i n e kinase
a n d o n e response r e g u l a t o r d o m a i n whose f u n c t i o n s await e x p l o r a t i o n . " RetS a n d LadS o c c u r
n o t o n l y in P. aeruginosa, but also in o t h e r p s e u d o r n o n a d s , a c c o r d i n g to g e n o m e s e q u e n c e data.
RetS h o m o l o g s are p r e s e n t in P. putida, P. syringae, P. fluorescens a n d P. entomopbila a n d display
an overall i d e n t i t y o f ~55%, r e s u l t i n g from 75 to 80% i d e n t i t y along the 550 a m i n o acid residues
d o w n s t r e a m o f the t r a n s m e m b r a n e d o m a i n a n d a h i g h l y variable segment in the 4 0 0 N - t e r m i n a l
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residues. M o r e o v e r , in Azotobactervinelandii s t r a i n AvO P, a RetS p r o t e i n o f 933 residues having
71% i d e n t i t y in the C - t e r m i n a l p a r t is p r e d i c t e d from the g e n o m e s e q u e n c e . In A. vinelandii
the G a c S / G a c A system c o n t r o l s a l g i n a t e p r o d u c t i o n . P v ' ? ' LadS h o m o l o g s are p r e d i c t e d o n l y in
p s e u d o m o n a d s , w i t h an average o f 55 to 65% i d e n t i t y spread a l o n g the p o l y p e p t i d e s . However,
the P. putida, P. entomophila a n d P. syringae LadS h o m o l o g s lack a p u t a t i v e r e s p o n s e r e g u l a t o r
d o m a i n at the C - t e r m i n u s as they are a b o u t 120 to 130 residues s h o r t e r t h a n the P. aeruginosa
a n d P. fluorescens LadS p r o t e i n s .

A c c o r d i n g to the m o d e l p r e s e n t e d in Figure 4, t h e r e are t h r e e sensors (RetS, GacS, Ladx) in
the Gac/Rsm signal t r a n s d u c t i o n p a t h w a y o f P. aeruginosa. They t r a n s d u c e the i n p u t o f several
c h e m i c a l l y u n i d e n t i f i e d signals by i n f l u e n c i n g the level o f p h o s p h o r y l a t i o n o f GacA; possibly
a d d i t i o n a l response r e g u l a t o r s are involved in this process. The i n t e g r a t e d i n p u t d e t e r m i n e s the
level o f t r a n s c r i p t i o n o f t h e rsmYand rsmZ genes. After this divergence, the signal t r a n s d u c t i o n
p a t h w a y converges again at the level o f RsrnA. The f u r t h e r p o s t t r a n s c r i p t i o n a l effects o f RsrnA
can be p o s i t i v e o r negative; many m e c h a n i s t i c details r e m a i n to be e l u c i d a t e d , p a r t i c u l a r l y in the
b r a n c h t h a t p o s i t i v e l y r e g u l a t e s T T S S a n d pilus biogenesis.

Virulence a n d C a r b o n M e t a b o l i s m in E n t e r i c B a c t e r i a
E n t e r i c bacteria have h o m o l o g s o f the G a c S / G a c A T C S a n d f u n c t i o n a l analogs o f the sequester

i n g s m a l l RNAs R s m X / R s m Y IRsmZ. In s t r a i n K-12 o f E. coli, the GacS h o m o l o g BarA (for bacte
rial adaptive responses) was o r i g i n a l l y r e c o g n i z e d as a m u l t i - c o p y s u p p r e s s o r o f an envZ d e l e t i o n
m u t a t i o n . However, t h e r e is no evidence for a c r o s s - t a l k b e t w e e n BarA a n d O m p R u n d e r n a t u r a l
c o n d i r i o n s . P i ' I h e GacA h o m o l o g UvrY owes its n a m e to the l o c a t i o n o f the uvrY gene, w h i c h lies
i m m e d i a t e l y u p s t r e a m o f the U V repair gene uvrC a n d forms a uvrYC o p e r o n . However, UvrY
has no a p p a r e n t D N A r e p a i r f u n c t i o n a n d is n o t p a r t o f the SOS regulon.lOS.l06 A t r a n s c r i p t o m e
analysis o f all T C S m u t a n t s c o n d u c t e d i n E . coli K-12 has revealed t h a t an uvrY m u t a t i o n p r o f o u n d l y
i n f l u e n c e s t r a n s c r i p t levels o f p e r i p h e r a l c a r b o n u t i l i z a t i o n p a t h w a y s . l ' " Moreover, barA a n d uvrY
m u t a n t s are more sensitive to h y d r o g e n p e r o x i d e t h a n is the wild type.102.108 In a f i m b r i a t e d uro
p a t h o g e n i c s t r a i n o f E. coli, the B a r A / U v r Y system c o n t r i b u t e s to the fitness o f the m i c r o o r g a n i s m
in the bladder. I 0 9 , l l o In t h e e n t e r o p a t h o g e n Salmonella enterica serovar T y p h i m u r i u r n , the c o g n a t e
response r e g u l a t o r o f Bar A is n a m e d SirA (for Salmonella invasion r e g u l a t o r ) , as sirA m u t a n t s are
defective for invasion o f e p i t h e l i a l cells a n d a t t e n u a t e d in a g a s t r o e n t e r i t i s model. ll 1. 112 SirA also
has a repressive effect o n flagellar gene expression. 1

13

In E. coli a n d S. enterica, U v r Y a n d SirA, respectively, drive the expression o f two small RNAs
t e r m e d CsrB a n d C s r C (Fig. 5). The CsrB ( - 3 5 0 nr) small R N A is similar in b o t h m i c r o o r g a n i s m s
a n d so is the C s r C ( - 2 5 0 nt] R N A . However, CsrB a n d C s r C have no a p p a r e n t s e q u e n c e h o m o l 
ogy w i t h the RsmX, R s m Y a n d R s m Z R N A s o f p s e u d o m o n a d s . CsrB a n d C s r C have a b o u t 16
a n d 9 p r e d i c t e d s t e r n - l o o p s t r u c t u r e s , respectively a n d r e p e a t e d A G G A o r A N G G A m o t i f s are
f o u n d mostly in s i n g l e - s t r a n d e d R N A segments.22.114.117 CsrB a n d C s r C R N A s s t r o n g l y b i n d to
the C s r A protein,22.116 b u t n o t to Hfq.ll8 In S. enterica, a d o u b l e m u t a n t d e l e t e d for csrB a n d csrC
behaves like barA a n d sirA m u t a n t s , in terms o f l o s s o f invasion capacity. 117 SirA has been r e p o r t e d
to b i n d to the csrB p r o m o t e r o f S. enterica in v i t r o 1l 9,120 a n d UvrY has b e e n f o u n d to activate the
expression o f a csrB-lacZ fusion in a c o u p l e d t r a n s c r i p t i o n - t r a n s l a t i o n system o f E. coli. 121 These
e x p e r i m e n t s p r o v i d e evidence for a d i r e c t i n t e r a c t i o n o f the S i r A / U v r Y response r e g u l a t o r w i t h a
csrB p r o m o t e r e l e m e n t . The signals a c t i v a t i n g the BarA sensor have n o t b e e n i d e n t i f i e d . However,
it has b e e n p r o p o s e d t h a t r e p r e s s i o n o f invasion genes by bile salts requires t h e B a r A / S i r A TCS.1 22

Interestingly, a barA m u t a n t o f S. enterica is n o n - i n v a s i v e b u t the absence o f BarA can be f u n c t i o n 
ally c o m p e n s a t e d by f e e d i n g acetate, suggesting t h a t a c e t y l - p h o s p h a t e d e r i v e d from acetate m i g h t
d i r e c t l y p h o s p h o r y l a t e SirA w i t h o u t BarA,us

The C s r A p r o t e i n has m u l t i p l e f u n c t i o n s a n d targets. In S. enterica, CsrA d i f f e r e n t i a l l y regu
lates the expression o f f l a g e l l a , T T S S a n d invasiveness (Fig. 5),114.123 F u r t h e r m o r e , C s r A positively
c o n t r o l s the expression o f CsrB a n d C s r C . 1l7The m e c h a n i s m s by w h i c h CsrA exerts these effects in
the B a r A / S i r A cascade are n o t e n t i r e l y clear, as the t a r g e t m R N A s to w h i c h C s r A b i n d s have n o t
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Figure 5. TCSs and small RNAs c o n t r o l v i r u l e n c e in Salmonella enterica serovar T y p h i m u r i u m .
The BarA/SirA TCS and the small RNAs CsrB and CsrC of e n t e r i c b a c t e r i a are f u n c t i o n a l ho
mologs of the Gac and Rsm elements d e s c r i b e d in pseudomonads. H i l A , H i l C and H i l D are
t r a n s c r i p t i o n factors. For an e x p l a n a t i o n of symbols see Figure 1.

b e e n i d e n t i f i e d . At any rate, t h e r e g u l a t o r y p r o t e i n s H i l C , H i l D a n d H i l A are i n t e r m e d i a t e s in the
signal t r a n s d u c t i o n f r o m B a r A / S i r A to T T S S genes a n d InvF, the m a j o r r e g u l a t o r o f invasion genes
(Fig. 5).124.125 A m o n g a n u m b e r o f r e g u l a t o r y systems ( n o t s h o w n ) , t h e E n v Z / O m p R T C S w h e n
a c t i v a t e d by h i g h salt c o n d i t i o n s c o n t r i b u t e s to t h e a c t i v a t i o n o f t h e H i l C D A p a t h w a y (Fig. 5).

I n E . coli, several t a r g e t m R N A s o f CsrA have b e e n c h a r a c t e r i z e d a n d this allows r a t i o n a l i z a t i o n
o f some o f the p l e i o t r o p i c effects o f the B a r A / U v r Y cascade. The glycogen b i o s y n t h e t i c enzymes
A D P-glucose p y r o p h o s p h o r y l a s e ( G l g C ) a n d glycogen synthase (GlgA) a n d the c a t a b o l i c e n z y m e
glycogen p h o s p h o r y l a s e ( G l g P ) are e n c o d e d by t h e glgCAP o p e r o n . C s r A b i n d s to the 5 ' l e a d e r
o f glgC m R N A ; t h i s p r e v e n t s r i b o s o m e b i n d i n g a n d t r a n s l a t i o n a n d facilitates glgCAP m R N A
decay. These results e x p l a i n why UvrY has a p o s i t i v e effect o n glycogen metabolism.28.126.127 The
pgaABCD o p e r o n codes for a p o l y s a c c h a r i d e c o n s i s t i n g o f B - l , 6 - N - a c e t y l - D - g l u c o s a m i n e u n i t s .
This adhesin mediates cell a d h e s i o n t o p o l y s t y r e n e and biofilm f o r m a t i o n . CsrA cooperatively binds
to a t l e a s t six sites in t h e 5 ' leader o f pgaA m R N A ; the 5 t h and 6 t h sites overlap t h e S h i n e - D a l g a r n o
s e q u e n c e a n d t h e s t a r t c o d o n , respectively. Thus, C s r A c o m p e t e s w i t h t h e 30S r i b o s o m a l s u b u n i t
for b i n d i n g and this results in e n h a n c e d pgaA t r a n s c r i p t decay in vivo. As a result, a uvrY m u t a n t
has a d i m i n i s h e d ability t o f o r m biofilms.128.129 C s r A also blocks t r a n s l a t i o n o f t h e cstA gene, w h i c h
e n c o d e s a c a r b o n s t a r v a t i o n - i n d u c i b l e p e p t i d e t r a n s p o r t e r . C s r A b i n d i n g is o b s e r v e d at t h r e e or
f o u r sites in t h e 5 ' l e a d e r o f cstA. Again o n e o f these sites lies in t h e r i b o s o m e b i n d i n g site.l3°
As m e n t i o n e d before, a C s r A consensus b i n d i n g site, A N G G A , emerges f r o m t h e s e s t u d i e s . In
Pseudomonas spp., R s m A / R s m E b i n d i n g a p p e a r s to have t h e same s p e c i f i c i t y (K. L a p o u g e a n d
D. H a a s , u n p u b l i s h e d d a t a ) . N e g a t i v e effects o f C s r A on g l u c o n e o g e n e s i s in E. coli may involve
s i m i l a r m e c h a n i s m s . "
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C s r A can act as a p o s i t i v e r e g u l a t o r i n E . coli. F o r i n s t a n c e . C s r A b i n d i n g t o f l h D C m R N A ( t h e
m a s t e r r e g u l a t o r o f flagellar m o t i l i t y ) e n h a n c e s t h e half-life a n d t h e t r a n s l a t i o n levels by a b o u t
3 - f o l d . 29 C s r A a c t i v a t e s b i o f i l m dispersal'!' a n d t h e e x p r e s s i o n o f several e n z y m e s in g l y c o l y s i s "
a n d in t h e E n m e r - D o u d o r o f f pathway. 132 C s r A also s t i m u l a t e s t h e t r a n s c r i p t i o n o f t h e esrB a n d
esrC genes.1l6.121.133 S o m e o f these effects are p r o b a b l y i n d i r e c t a n d involve t r a n s c r i p t i o n a l r e g u l a 
t o r s . M u l t i p l e a c t i v i t i e s o f C s r A are r e f l e c t e d in c o m p e t i t i o n e x p e r i m e n t s c o n d u c t e d . for i n s t a n c e ,
in glucose m e d i u m , w h e r e a u v r Y m u t a n t wins over t h e wild t y p e d u r i n g g r o w t h , b u t loses in late
s t a t i o n a r y p h a s e : in t h e u v r Y m u t a n t glycolysis is e x p e c t e d to be favored over g l u c o n e o g e n e s i s as
l o n g as glucose is available.P'

In t h e p l a n t p a t h o g e n Erwinia earotovora s u b s p . carotouora, w h i c h causes soft r o t in a w i d e
v a r i e t y o f p l a n t s . t h e G a c S / G a c A T C S ( a l t e r n a t i v e l y n a m e d E x p S / E x p A ) positively c o n t r o l s the ex
p r e s s i o n o f m a j o r v i r u l e n c e d e t e r m i n a n t s (Fig. 6).135-137 O n l y one. relatively large. G a c A - d e p e n d e n t .
r e g u l a t o r y R N A t e r m e d RsmB (479 nr) is f o u n d in this organism.67.138.139 RsmB has 24 G G A m o t i f s .
e n d o w i n g it w i t h a h i g h b i n d i n g c a p a c i t y for t h e C s r A - l i k e r e g u l a t o r y p r o t e i n R s m A . 140 RsmB
is p r o c e s s e d t o an ' R s m B species o f 2 5 9 n t w h i c h has R s m A - b i n d i n g a c t i v i t y as well, b u t w h o s e
b i o l o g i c a l s i g n i f i c a n c e is n o t clear. 13 9 T h e r e are t h r e e t r a n s c r i p t i o n a l r e g u l a t o r s t h a t repress the
r5mB gene: R s m C . K d g R a n d H e x A . O f these. R s m C also a c t i v a t e s rsmA e x p r e s s i o n (Fig. 6).141-143
N - A c y l - h o m o s e r i n e l a c t o n e s m o d u l a t e rsmA e x p r e s s i o n : t h e y b i n d to t h e t r a n s c r i p t i o n r e g u l a t o r s
E x p R l a n d E x p R 2 a n d t h e r e b y p r e v e n t t r a n s c r i p t i o n a l a c t i v a t i o n o f t h e rsmA p r o m o t e r by these
r e g u l a e o r s . v " R s m A is a r e p r e s s o r o f p a t h o g e n i c i t y genes (Fig. 6). i.e .• pel for p e c t a t e lyase. peh for
p o l y g a l a c t u r o n a s e . eel for cellulase. prt for p r o t e a s e . nip for a necrosis f a c t o r a n d hrpL fur the a l t e r n a 
tive sigma f a c t o r c o n t r o l l i n g TTSS.145-148 The T T S S o f E. earotovora is involved in the m a n i f e s t a t i o n
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Figure 6. In the p l a n t pathogen Erwinia carotovora subsp. carotovora the expression of major
v i r u l e n c e d e t e r m i n a n t s is p o s i t i v e l y regulated by the G a c S / G a c A - h o m o l o g TCS designated
ExpR/ExpA. A single small RNA (RsmB) and a single RNA b i n d i n g p r o t e i n (RsmA) serve to
c o n t r o l the expression of several p a t h o g e n i c i t y factors at a p o s t t r a n s c r i p t i o n a l level. For an
e x p l a n a t i o n of symbols see Figure 1.
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o f a hypersensitive r e a c t i o n in tobacco. In a g r e e m e n t w i t h this model, m u t a t i o n s in gacS, gacA or
rsmB cause loss o f virulence, whereas m u t a t i o n in r s m A b r i n g s a b o u t h y p e r v i r u l e n c e . 1 36.138.146 D i r e c t
i n t e r a c t i o n b e t w e e n RsmA a n d t a r g e t m R N A s remains to be d e m o n s t r a t e d .

C o m b i n a t i o n o f A n t i s e n s e a n d S e q u e s t r a t i o n M e c h a n i s m s
B o t h t y p e s o f p o s t t r a n s c r i p t i o n a l c o n t r o l t h a t we have d i s c u s s e d above (i.e., a n t i s e n s e

b a s e - p a i r i n g a n d m R N A m i m i c r y w i t h p r o t e i n s e q u e s t r a t i o n ) can be c o m b i n e d in a single organ
ism. The h u m a n p a t h o g e n Vibrio cholerae provides an example. In this G r a m - n e g a t i v e b a c t e r i u m
the c e n t r a l t r a n s c r i p t i o n a l r e g u l a t o r H a p R activates the p r o d u c t i o n o f haem a g g l u t i n a t i n g p r o t e a s e
a n d represses the synthesis o f virulence factors ( i n c l u d i n g cholera t o x i n and the t o x i n - c o r e g u l a t e d
pilus) a n d b i o f i l m f o r m a t i o n (Fig. 7). The i n p u t from t h r e e signal t r a n s d u c t i o n pathways a n d at
least seven small R N A s d e t e r m i n e hapR expression. These pathways act in parallel. The first system
responds to the q u o r u m sensing signal C A I - l (for cholera a u t o i n d u c e r 1) whose chemical s t r u c t u r e
is u n k n o w n . C A I - l activates the m e m b r a n e - b o u n d sensor kinase CqsS. The s e c o n d system senses
AI -2 (for a u t o i n d u c e r 2), a furanosyl b o r a t e diester, via the p e r i p l a s m i c b i n d i n g p r o t e i n LuxP a n d
the m e m b r a n e - b o u n d sensor kinase L u x Q At low cell densities, w h e n the c o n c e n t r a t i o n s o f b o t h
signal molecules are low, CqsS a n d L u x Q have kinase activity a n d t r a n s f e r p h o s p h a t e to the LuxU
p r o t e i n . L u x U - p h o s p h a t e passes the p h o s p h a t e to the response r e g u l a t o r LuxO. L u x O - p h o s p h a t e
a n d the n u c l e o i d p r o t e i n Fis assist the a l t e r n a t i v e a f a c t o r R p o N to t r a n s c r i b e four small R N A
genes called qrr-L, qrr-Z, qrr- 3 a n d qrr-4 (for q u o r u m r e g u l a t o r y RNA). In the presence o f H f q , the
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Figure 7. TCS and small RNAs in q u o r u m sensing of Vibrio cholerae. Four b a s e - p a i r i n g sRNAs
( Q r r l - 4 ) p r o m o t e degradation of hapR mRNA, e n c o d i n g the master regulator of v i r u l e n c e HapR.
The levels of Q r r RNAs depend on the a m o u n t of t r a n s c r i p t i o n a l l y active (Le., p h o s p h o r y 
lated) LuxO p r o t e i n , w h i c h is d e t e r m i n e d by the i n p u t from t w o c o n v e r g e n t q u o r u m - s e n s i n g
systems as well as by the c o n c e n t r a t i o n of free CsrA p r o t e i n . CsrA is sequestered by 3 small
RNAs (CsrB, CsrC and CsrD) under the p o s i t i v e c o n t r o l of the VarS/VarA TCS. Thus, L u x O - P
prevails at l o w cell densities whereas i n a c t i v e LuxO is more a b u n d a n t in dense p o p u l a t i o n s .
For an e x p l a n a t i o n of symbols see Figure 1.
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four small R N A s b i n d to the r i b o s o m e b i n d i n g site o f hapR m R N A by a base - p a i r i n g m e c h a n i s m
a n d this i n t e r a c t i o n p r o m o t e s hapR m R N A d e g r a d a t i o n . 1 49 .1 50 At h i g h cell densities, w h e n C A I - l
a n d A I - 2 are p r e s e n t , CqsS a n d L u x Q have p h o s p h a t a s e activity. Reverse p h o s p h o t r a n s f e r from
L u x O - p h o s p h a t e to the sensor p r o t e i n s results in t r a n s c r i p t i o n a l l y inactive L u x O . As the Q r r 's
cease to be p r o d u c e d , hapR m R N A can be t r a n s l a t e d a n d the H a p R p r o t e i n d i r e c t s v i r u l e n c e fac
t o r e x p r e s s i o n a n d b i o f i l m m a t u r a t i o n . S i m u l t a n e o u s d e l e t i o n o f all four qrr genes (or o f the hfq
gene) is necessary t o o b t a i n c o n s t i t u t i v e H a p R levels .v '?

M u t a t i o n s in the V a r S N a r A T C S ( h o m o l o g s o f G a c S / G a c A ) cause greatly d i m i n i s h e d p r o d u c 
tion o f cholera toxin a n d the toxin-co regulated pilus. l SI The VarS/VarA signal t r a n s d u c t i o n pathway
consists o f t h r e e VarA- d e p e n d e n t small RNAs (CsrB, C s r C a n d C s r D ) , the R N A - b i n d i n g p r o t e i n
CsrA a n d an u n k n o w n c o m p o n e n t (Fig . 7) . The t h r e e RNAs are h o m o l o g s o f E. coli CsrB. 67. 76 At
low cell densities, the V a r S N a r A system is assumed n o t to be p h o s p h o r y l a t e d and the small R N A s
are n o t expre ssed. In this m o d e , the CsrA p r o t e i n c o n t r i b u t e s to the a c t i v a t i o n o f LuxO, by an
u n k n o w n m e c h a n i s m . " At h i g h cell den sities, the V a r S N a r A system activates the t r a n s c r i p t i o n o f
the t h r e e small RNAs, w h i c h then s e q u e s t e r C s r A , r e s u l t i n g in low L u x O a c t i v i t y (Fig. 7). Thus,
the VarS/VarA r e g u l a t o r y p a t h w a y is a b r a n c h o f the q u o r u m sensing r e g u l o n in V. cholerae?6

C o n c l u d i n g R e m a r k s
The biological f u n c t i o n s o f many p r o k a r y o t i c small R N A s have been d e t e c t e d in b i o i n f o r m a t i c

or g e n e t i c screens (Table 2 gives some f u r t h e r examples); however , many f u n c t i o n s still n e e d to
be dlscovered .Y" A m o n g t h o s e p r o k a r y o t i c small R N A s t h a t have been s t u d i e d in e x p e r i m e n t a l
detail, most have a role in p o s t t r a n s c r i p t i o n a l r e g u l a t i o n a n d the antisense a n d s e q u e s t e r i n g small
RNAs discussed here clearly represent the p r e d o m i n a n t types. As i l l u s t r a t e d by omp gene r e g u l a t i o n ,
t h e i r f u n c t i o n can be t o m o d u l a t e gene expression in response t o c h a n g i n g e n v i r o n m e n t a l c o n d i 
t i o n s and to p r e v e n t o v e r s h o o t i n g o f p r o t e i n p r o d u c t i o n . w h i c h w o u l d be d e l e t e r i o u s t o the cell.
A n o t h e r i m p o r t a n t f u n c t i o n o f small R N A s is to v a l i d a t e gene expression at the t r a n s l a t i o n a l level.

Table 2. A d d i t i o n a l r e p o r t s o f T e s s that c o n t r o l expression o f small RNAs

Small RNAs
U n d e r

S t r a i n TCS TCS C o n t r o l F u n c t i o n s o f Small RNAs References

Escheri ch ia Res RprA P r o m o t i o n of rpoS transl ation 4; 174; 175
c o l i K12 p h o s p h o r e l a y (lO S nt)

(Rc sG Rc sB via
RcsD)

C l o s t r i d i u m V i r R / V i r S VR - R N A U p r e g u l a t i o n of 176; 177;
p e r f r i n g e n s (386 nt) c h r o m o s o m a l l y e n c o d e d 178

alpha- (colA) and kappa- (pic)

toxins and d o w n r e g u l a t i o n of

e x o n u c l e a s e cadA.

U p r e g u l a t i o n of plasm id-

e n c o d e d b e t a - 2 - t o x in (c p b 2)

and d o w n r e g u l a t ion o f

co ll age n adh esin (c n a)

Bacillus SpoOF/SpoOB/ SurA N o t d e t e r m i n e d y e t. 179
subti/is SpoOA (280 nt) Expression u n d e r sp o r u l at i o n

c o n t r o l .

S t r e p t o c o c c u s FasBGA FasX U p r e g u l a t i o n o f v i r u l e n c e 180

p n e u m o n i a e ( - 2 9 0 nt) factors
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following major decisions taken by the cells at the t r a n s c r i p t i o n a l level. W h e n this v a l i d a t i o n step
involves d e g r a d a t i o n o f mRNAs, it is essentially irreversible and thus can provide a c o m m i t m e n t
to a d e v e l o p m e n t a l process, e.g., biofilm f o r m a t i o n or expression o f virulence factors. As cellular
regulators, small RNAs have the advantage t h a t they are energetically less expensive t o make and
simpler to degrade t h a n are p r o t e i n s .

R e d u n d a n c y o f small R N A genes is often observed. This implies t h a t loss o f one p a r t i c u l a r
small R N A gene can often be c o m p e n s a t e d by the r e m a i n i n g f u n c t i o n a l l y e q u i v a l e n t small RNAs.
In such a s i t u a t i o n , m u t a n t s lacking one small R N A do n o t have an obvious p h e n o t y p e a n d are
difficult to o b t a i n in a c o n v e n t i o n a l screen. R e d u n d a n c y , however, may only be a p p a r e n t u n d e r
l a b o r a t o r y c o n d i t i o n s . D i f f e r e n t i a l t r a n s c r i p t i o n o f f u n c t i o n a l l y r e l a t e d small RNAs may in fact
allow f i n e - t u n i n g o f target gene expression. In this way, m u l t i p l e signals can be i n t e g r a t e d at the
level o f t r a n s l a t i o n and m R N A stability.
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I n t r o d u c t i o n

B ac t e ri a have evolved complex stress responses t h a t allow t h e m to r e s p o n d to t h e i r s u r r o u n d 
ings. In G r a m negative b a c t e r i a , these stress responses can be c o m p a r t m e n t a l i z e d i n t o the
c y t o p l a s m i c a n d e x t r a c y t o p l a s m i c (envelope) stress responses. The e x t r a c y t o p l a s m i c stress

response m o n i t o r s the i n t e g r i t y o f the envelope, w h i c h consists o f the o u t e r m e m b r a n e ( O M ) , i n n e r
m e m b r a n e (1M) a n d the periplasm. The O M is an atypical m e m b r a n e in t h a t it is a s y m m e t r i c a l
w i t h l i p o p o l y s a c c h a r i d e s f o u n d only o n the o u t e r facet. F u n c t i o n s o f the O M i n c l u d e a c t i n g as
a p e r m e a b i l i t y barrier, allowing for t r a n s p o r t via p o r i n s a n d avoiding p h a g o c y t o s i s . ' The 1M is
c o m p o s e d o f p h o s p h o l i p i d s a n d p r o t e i n s . The 1M is involved in many activities i n c l u d i n g e n e r g y
g e n e r a t i o n a n d c o n s e r v a t i o n , b i o s y n t h e t i c a n d c a t a b o l i c reactions, signal t r a n s d u c t i o n a n d a c t i n g
as a h y d r o p h o b i c b a r r i e r to c o n t r o l a n d m a i n t a i n the i n t r a c e l l u l a r c o n c e n t r a t i o n s o f c y t o p l a s m i c
i o n s / m o l e c u l e s . ' The periplasm, w h i c h lies b e t w e e n the 1M a n d O M , c o n t a i n s the p e p t i d o g y l c a n
layer t h a t is involved in m a i n t a i n i n g cell shape. A l t h o u g h it has been t h o u g h t t h a t the p e r i p l a s m
is e x t r e m e l y viscous due to its h i g h p r o t e i n c o n t e n t , it was recently shown t h a t the viscosity o f
the p e r i p l a s m is n o t t h a t m u c h d i f f e r e n t t h a n the c y t o p l a s m , w i t h an average d i f f u s i o n rate o f
9.0 ± 2.1 ~m2s-! in the c y t o p l a s m and 2.6 ± 1.2 ~m2s-1 in the p e r i p l a s m . ' The p e r i p l a s m is involved
in p r o c e s s i n g essential n u t r i e n t s for t r a n s p o r t , biogenesis o f m a j o r envelope c o m p o n e n t s , detoxi
fication a n d b u f f e r i n g the c y t o p l a s m i c e n v i r o n m e n t from e x t e r n a l stresses to m a i n t a i n g r o w t h
a n d viability,"

Escherichia coli has at least five k n o w n stress responses t h a t allow i t to m o n i t o r envelope ho
meostasis, the a E , Cpx ( C o n j u g a t i v e Pilus Expression), Bae ( B a c t e r i a l A d a p t i v e Response), Psp
( P h a g e - S h o c k - P r o t e i n ) a n d Rcs ( R e g u l a t o r o f C a p s u l a r Synthesis) responses. O f these five stress
responses t h r e e o f t h e m are c o n t r o l l e d by t w o - c o m p o n e n t systems a n d thus, t w o - c o m p o n e n t
signal t r a n s d u c t i o n is centrally involved in the b a c t e r i a l response to envelope stress. A l t h o u g h
t h e r e is some overlap, each o f these pathways has been shown to r e s p o n d to d i f f e r e n t stresses a n d
regulate d i f f e r e n t processes. The a E p a t h w a y senses and r e s p o n d s mainly to stresses t h a t involve
a M p r o t e i n ( a M P ) m a i n t e n a n c e a n d folding," The Cpx p a t h w a y is i n d u c e d a n d m e d i a t e s adap
t a t i o n to, m i s f o l d e d p r o t e i n s in the p e r i p l a s m , specifically those associated w i t h the p e r i p l a s m i c
face o f the i n n e r m e m b r a n e . " The Cpx response has also been shown to sense a n d facilitate adhe
sion to a b i o t i c s u r f a c e s ? The Bae p a t h w a y is involved in d e t o x i f i c a t i o n by r i d d i n g the cell o f toxic
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c o m p o u n d s . P The P h a g e - s h o c k - p r o t e i n r e s p o n s e m o n i t o r s b o t h t h e p r o t o n m o t i v e force a n d
t h e i n t e g r i t y o f t h e i n n e r m e m b r a n e . " The Res p a t h w a y seems t o be i n v o l v e d in t h e f o r m a t i o n o f
surface s t r u c t u r e s . l ' : "

The OE E n v e l o p e S t r e s s R e s p o n s e

D i s c o v e r y o f a E

The use o f E C F ( E x t r a C y t o p l a s m i c F u n c t i o n ) sigma f a c t o r s , w h i c h are d i v e r g e n t f r o m 0 7 °, is
o n e way in w h i c h b a c t e r i a sense a n d r e s p o n d t o t h e i r s u r r o u n d i n g s . Signal t r a n s d u c t i o n e v e n t s in
r e s p o n s e to a l t e r a t i o n s in t h e e n v i r o n m e n t l e a d to an i n c r e a s e d c e l l u l a r c o n c e n t r a t i o n o f a given
E C F sigma factor, w h i c h can t h e n associate w i t h t h e core R N A p o l y m e r a s e ( R N A P ) to c h a n g e gene
e x p r e s s i o n . " To date, o n l y t w o E C F s have b e e n i d e n t i f i e d i n E . coli, FecI (as r e v i e w e d by 14) a n d OE,
w h i c h is essential. 1 5.16 The OE (0 24 ) s u b u n i t was first i d e n t i f i e d for its a b i l i t y t o t r a n s c r i b e the rpoH
( e n c o d e s an a l t e r n a t i v e sigma f a c t o r t h a t r e g u l a t e s h e a t s h o c k r e s p o n s e ) a n d degP (htrA) ( e n c o d e s
a p e r i p l a s m i c s e r i n e e n d o p r o t e a s e / c h a p e r o n e ) genes, u n d e r h e a t s h o c k c o n d i t i o n s ' F " ( T a b l e 1).
W h e n t h e y i n i t i a l l y i d e n t i f i e d OE, E r i c k s o n a n d G r o s s " p u r i f i e d t h e sigma f a c t o r r e s p o n s i b l e for
t r a n s c r i b i n g rpoH f r o m t h e P3 p r o m o t e r , h o w e v e r t h e y d i d n o t i d e n t i f y t h e gene t h a t e n c o d e d t h e
sigma factor. T a k i n g d i f f e r e n t a p p r o a c h e s R o u v i e r e e t al 19 a n d R a i n a et aFo b o t h d e t e r m i n e d t h a t
an ORF at m i n u t e 55.5 on t h e E . coli g e n e t i c m a p e n c o d e d OE, rpoE.1t was l a t e r d e t e r m i n e d t h a t
rpoE was t h e first gene in a four gene o p e r o n 2 1 ,22 a n d t h e rpoE p r o m o t e r is d r i v e n by OE .19.20

A c t i v a t i n g Cues
F r o m the d i s c o v e r y o f OE, it was d e t e r m i n e d t h a t o n e o f t h e a c t i v a t i n g cues t h a t s t i m u l a t e d

o E - m e d i a t e d t r a n s c r i p t i o n was h e a t s h o c k c o n d i t i o n s , an up s h i f t in t e m p e r a t u r e above 4 2 ° C Y

Table 1. M e m b e r s o f the i f r e g u l o n that are i n v o l v e d in e n v e l o p e h o m e o s t a s i s

G e n e Name

rpoE
rseA

rseB
rseC
rseP (yaeL)
r p o D ( 0 7 ° )

r p o H (0")

d e g P ( h t r A )

skp
fkpA
surA

dsbC

y i f O

yraP

yaeT

m i c A

rybB

C l a s s i f i c a t i o n ; Role

ECF 0 factor; role in e n v e l o p e and o x i d a t i v e stress responses
Regulatory protein; antisigma factor of OE

Regulatory protein; modulates RseA a c t i v i t y
Regulatory protein; possible positive regulator of OE

Zinc m e t a l l o p r o t e a s e ; degrades RseA
H o u s e k e e p i n g 0

Heat shock 0

Serine e n d o p r o t e a s e w i t h c h a p e r o n e a c t i v i t y ; C o n d i t i o n a l ;
d e g r a d a t i o n of damaged peri plasmic proteins
Chaperone; a M P c h a p e r o n e
PPIC and chaperone a c t i v i t y
PPIC and O M p o r i n c h a p e r o n e
d i s u l f i d e bond isomerase w i t h c h a p e r o n e a c t i v i t y

O M l i p o p r o t e i n ; O M biogenesis

O M l i p o p r o t e i n ; a M P assembly
a M P assembly f a c t o r
sRNA; reduces o m p A RNA levels

sRNA; reduces o m p C and o m p W RNA levels

Essential

Yes
No

No
No
Yes
Yes
Yes

Temp'
above 43°C
NOb
Nob
Nob
Nob

Yes
No
Yes

No

N o

a. Temp, t e m p e r a t u r e
b. skp, f k p A , s u r A , dsbC single or d o u b l e mutants had no d e l e t e r i o u s affects on bacterial g r o w t h ,
h o w e v e r t r i p l e mutants displayed g r o w t h defects.
c. PPI, p e p t i d y l p r o l y l cis, trans isomerase
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H o w e v e r h e a t s h o c k c o n d i t i o n s e n c o m p a s s m a n y d i f f e r e n t signals t h a t c o u l d elicit many d i f f e r e n t
responses. To b e t t e r u n d e r s t a n d the role o f (JE in t h e cell it was c r u c i a l t h a t specific signals t h a t
activate (JE be i d e n t i f i e d . F r o m t h e p e r i p l a s m i c l o c a t i o n o f D e g P , it was s u g g e s t e d t h a t (JE may be
i n v o l v e d in m o n i t o r i n g t h e e n v e l o p e . " To test this h y p o t h e s i s , Mecsas et aF 3l o o k e d to see w h a t
affect o v e r p r o d u c t i o n a n d u n d e r p r o d u c t i o n o f 0 MPs w o u l d have on (JE activity. O v e r e x p r e s s i o n
o f O M P s such as, O m p X , O m p T , O m p F a n d O m p C r e s u l t e d in an increase in (JE activity, while
l i m i t i n g t h e a m o u n t o f O M P s p r e s e n t r e d u c e d t h e a c t i v i t y o f (JE. To d e t e r m i n e i f t h e signal was
g e n e r a t e d in the c y t o p l a s m or t h e e n v e l o p e Mecsas et al 2 3 l o o k e d at w h a t h a p p e n e d w h e n O M P
p r e c u r s o r s were o v e r e x p r e s s e d a n d t r a p p e d in t h e c y t o p l a s m in a seeB m u t a n t . They o b s e r v e d t h a t
the a c t i v i t y o f (JE r e s e m b l e d t h a t seen w h e n 0 MPs were l i m i t e d , s u g g e s t i n g t h a t (JE is a c t i v a t e d by
a signal t h a t o r i g i n a t e s in t h e envelope w h e n O M P s are o v e r p r o d u c e d . " A few years later it was
s h o w n t h a t e t h a n o l , D T T ( d i t h i o t h r e i t o l ) a n d p u r o m y c i n , all c o m p o u n d s k n o w n to cause mis
f o l d e d p r o t e i n s , specifically i n c r e a s e d (JE a c t i v i t y , " I t was also s h o w n t h a t (JE senses a n d r e s p o n d s
to t h e p r o d u c t i o n o f t h e m i s f o l d e d P-pilus s u b u n i t PapG, w h e n it is driven o f f - p a t h w a y because
o f the absence o f its c o g n a t e c h a p e r o n e , PapD. 24 All these o b s e r v a t i o n s s u g g e s t e d t h a t (JE senses
a n d r e s p o n d s to m i s f o l d e d p r o t e i n s in t h e envelope. I f this is t r u e o n e w o u l d t h i n k t h a t defects in
e n v e l o p e p r o t e i n f o l d i n g f a c t o r s w o u l d also affect p a t h w a y activity. M u t a t i o n s to p r o t e i n f o l d i n g
genes, such as t h e dsb ( e n c o d i n g disulfide b o n d o x i d o r e d u c t a s e s ) genes, degP, surA (a p e p t i d y l p r o y l
cis, trans isomerase ( P P I ) / c h a p e r o n e ) a n d jkpA ( P P I I c h a p e r o n e ) , all caused an increase in p a t h w a y
activity,20,25 w h i c h r e a f f i r m e d t h a t (JE senses a n d r e s p o n d s to m i s f o l d e d p r o t e i n s , specifically to
m i s f o l d e d O M P s , in the envelope.

R e g u l a t i o n O f O E
W h e n R a i n a et al 20 a n d Rouviere et al 19 were t r y i n g to clone a n d analyze the gene e n c o d i n g

(JE, t h e y n o t i c e d t h a t in the absence o f i n d u c t i o n t h e a c t i v i t y o f (JE was low, s u g g e s t i n g t h a t it was
negatively r e g u l a t e d by a possible a n t i s i g m a factor. To t r y a n d i d e n t i f y a possible a n t i s i g m a f a c t o r
t w o a p p r o a c h e s were t a k e n . D e Las Penas et al 2l t o o k i n t o a c c o u n t t h a t t h e genes e n c o d i n g sigma
a n d a n t i s i g m a factors are n o r m a l l y f o u n d in an o p e r o n . They l o o k e d at t h e s e q u e n c e d o w n s t r e a m
f r o m rpoE a n d i d e n t i f i e d t h r e e 0 RFs t h a t were t e r m e d rseABC for r e g u l a t o r o f sigma E. Missiakas
et al 22 used t r a n s p o s o n m u t a g e n e s i s to i d e n t i f y genes t h a t , w h e n i n a c t i v a t e d , led to an increase in
(JE activity. T h e i r a p p r o a c h i d e n t i f i e d two such i n s e r t i o n a l m u t a t i o n s t h a t seemed to be i n v o l v e d
in (JE r e g u l a t i o n . These m u t a t i o n s l o c a l i z e d to the s e c o n d a n d t h i r d genes, rseAB respectively, in
the rpoErseABC four-gene o p e r o n . U p o n c h a r a c t e r i z a t i o n o f rseABC, it was d e t e r m i n e d t h a t RseA
is an i n n e r m e m b r a n e p r o t e i n t h a t t r a n s m i t s the signal g e n e r a t e d in the e n v e l o p e to (JE.2l,22 RseA
spans t h e m e m b r a n e once w i t h C - t e r m i n a l p e r i p l a s m i c and N - t e r m i n a l c y t o p l a s m i c d o m a i n s . I t is
the c y t o p l a s m i c d o m a i n o f R s e A t h a t i n t e r a c t s w i t h (JE to i n h i b i t its a c t i v i t y a n d this is all t h a t is
n e e d e d for i n h i b i t i o n 2 2,26-27 (Fig. 1). Specifically, t h e - 3 5 b i n d i n g r e g i o n 4.2 o f (JE has been s h o w n
to i n t e r a c t w i t h RseA.27 RseB, a p e r i p l a s m i c p r o t e i n , is also a negative r e g u l a t o r o f (JE a c t i v i t y ;
h o w e v e r its role is n o t p i v o t a l in t r a n s m i t t i n g t h e signal to (JE.21,22 RseB has a role in s t a b i l i z i n g
RseA and the RseA ~(JE i n t e r a c t i o n 2 1. 22,28,29 (Fig. 1). W h e n RseB is absent there is a t w o - f o l d increase
in a c t i v i t y c o m p a r e d to w h e n it is p r e s e n t a n d RseA half-life is c h a n g e d f r o m 18.6 ± 3.1 mins to
4 4 . 3 ± 6.1 mins. 2 1,22,29 R s e C , a c y t o p l a s m i c p r o t e i n , does n o t seem to have a m a j o r role in the signal
ing cascade, a l t h o u g h it has b e e n suggested t h a t it may be a p o s i t i v e r e g u l a t o r o f (JE. 22

The effects o f RseB on RseA a n d t h e o b s e r v a t i o n t h a t the relative RseA synthesis rate was
t h e same u n d e r i n d u c i n g a n d n o n - i n d u c i n g c o n d i t i o n s s u g g e s t e d t h a t RseA is p o s t t r a n s l a t i o n 
ally m o d i f i e d in r e s p o n s e to i n d u c i n g c u e s . " RseA is cleaved in a t w o step process by t w o i n n e r
m e m b r a n e p r o t e a s e s , first by DegS, a serine p r o t e a s e a n d t h e n RseP (YaeL), a zinc r n e t a l l o p r o t e 
ase 2 9- 30 (Fig. 1). U n d e r i n d u c i n g c o n d i t i o n s , it is n o t RseA t h a t senses t h e m i s f o l d e d p r o t e i n s , b u t
r a t h e r t h e P D Z d o m a i n o f D e g S . 31 P D Z d o m a i n s are f o u n d in diverse s i g n a l i n g p r o t e i n s a n d are
i n v o l v e d in p r o t e i n : p r o t e i n i n t e r a c t i o n s . " U n d e r n o n - i n d u c i n g c o n d i t i o n s t h e P D Z d o m a i n o f
DegS i n h i b i t s it p r o t e o l y t i c activity, p r e v e n t i n g it f r o m d e g r a d i n g RseA (Fig. 1). However, u n d e r
i n d u c i n g c o n d i t i o n s , t h e P D Z d o m a i n b i n d s t h e C - t e r m i n u s o f m i s f o l d e d O M P s , w h i c h c o n t a i n
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Figure 1. M o d e l of the i f p a t h w a y u n d e r i n d u c e d and n o n - i n d u c e d c o n d i t i o n s . A. U n d e r
n o n - i n d u c e d c o n d i t i o n s , the PDZ d o m a i n of DegS i n h i b i t s d e g r a d a t i o n of RseA. RseB is b o u n d
to the peri plasmic d o m a i n of RseA, s t a b i l i z i n g the RseA: OE i n t e r a c t i o n . The presence of RseB
and the p e r i p l a s m i c d o m a i n of RseA i n h i b i t RseP from d e g r a d i n g RseA. B. U n d e r i n d u c i n g
c o n d i t i o n s , the P D Z d o m a i n of DegS i n t e r a c t s w i t h the C - t e r m i n a l domains of m i s f o l d e d OMPs.
The a c t i v a t e d DegS then cleaves RseA near the t r a n s m e m b r a n e d o m a i n on the peri plasmic
side (1). This releases the peri p l a s m i c d o m a i n of RseA and RseB, w h i c h relieves the i n h i b i t i o n
on RseP. RseP is then able to cleave RseA near the t r a n s m e m b r a n e d o m a i n in the c y t o p l a s m
(2). This releases the c y t o p l a s m i c d o m a i n of RseA w i t h i f still b o u n d (3). SspB then d e l i v e r s
the c y t o p l a s m i c d o m a i n of RseA w i t h i f to the ClpXP c o m p l e x (4, 5). ClpXP degrades the
c y t o p l a s m i c d o m a i n of RseA f r e e i n g i f (6). i f is n o w free to bind w i t h RNAP and up regulate
the r e g u l o n (7, 8). The n u m b e r e d a r r o w s i n d i c a t e the s e q u e n t i a l o r d e r in w h i c h i f is a c t i v a t e d .
O M , o u t e r membrane, 1M, i n n e r m e m b r a n e , PP, peri plasm, PG, p e p t i d o g l y c a n , OMP, o u t e r
m e m b r a n e p r o t e i n , RNAP, RNA p o l y m e r a s e .
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a YFF r e c o g n i t i o n p e p t i d e . This i n t e r a c t i o n activates DegS t o cleave RseA adjacent to the trans
m e m b r a n e d o m a i n on the p e r i p l a s m i c side." It has been d e t e r m i n e d t h a t the cleavage by DegS is
the rate d e t e r m i n i n g step a n d t h a t the DegS-cleaved RseA serves as a s u b s t r a t e for RseP p r o t e o l y 
sis.29.3o.33 O n c e the p e r i p l a s m i c d o m a i n o f R s e A is r e m o v e d t h e n RseP is free t o cleave RseA at the
c y t o p l a s m i c cleavage site ( H E x x H ) , w h i c h is close to the t r a n s m e m b r a n e d o m a i n . " It is believed
t h a t the g l u t a m i n e rich regions o f R s e A ' s p e r i p l a s m i c d o m a i n i n t e r a c t w i t h the p e r i p l a s m i c P D Z
d o m a i n o f R s e P , thus i n h i b i t i n g it from d e g r a d i n g RseA u n t i l the p r o p e r stress is sensed.'?

G r i g o r o v a et al 34 s h o w e d t h a t RseB d i m i n i s h e d RseP d e g r a d a t i o n o f RseA. They s p e c u l a t e d
t h a t the affect RseB had o n RseP a c t i v i t y may have a role in sensing signals o t h e r t h a n O M P s .
It has been s h o w n t h a t RseB can i n t e r a c t w i t h the m i s f o l d e d p e r i p l a s m i c p r o t e i n MalE3 Us The
h y p o t h e s i s is t h a t u n d e r i n d u c i n g c o n d i t i o n s t h a t do n o t involve O M P s , RseB w o u l d be t i t r a t e d
away,where it m a y o r may n o t i n t e r a c t w i t h the m i s f o l d e d p r o t e i n s p r e s e n t . This removal o f R s e B
w o u l d t h e n allow RseP to cleave RseA i n d e p e n d e n t l y o f DegS. 34 I f this does occur, one w o u l d
s p e c u l a t e t h a t the p r o t e o l y s i s is i n e f f i c i e n t since the g l u t a m i n e rich region in the p e r i p l a s m i c
region o f R s e A t h a t is i m p o r t a n t for RseP i n h i b i t i o n is still p r e s e n t . It has also been s h o w n t h a t
the s u b s t r a t e for RseP is a DegS-cleaved RseA.29.33 Thus the role o f RseB in signal t r a n s d u c t i o n
remains mysterious. A b e t t e r e x p l a n a t i o n for the i n h i b i t o r y effect o f R s e B on RseP p r o t e o l y s i s o f
RseA may be t h a t the g l u t a m i n e rich region o f R s e A a n d RseB b o t h c o n t r i b u t e to the i n h i b i t i o n
o f RseP a n d t h a t RseB may f u n c t i o n t o b l o c k any i n a p p r o p r i a t e d e g r a d a t i o n o f RseA by DegS.
In a similar fashion, RseB may also have a role in b l o c k i n g the (JE p a t h w a y from n o r m a l O M P
m i s f o l d i n g "noise': A n o t h e r p o s s i b i l i t y is t h a t RseB is i m p o r t a n t in s h u t t i n g o f f the (JE p a t h w a y
after O M P f o l d i n g stress has been relieved.

A f t e r b o t h cleavage e v e n t s by DegS a n d RseP, the c y t o p l a s m i c d o m a i n o f R s e A is lett i n t a c t
w h i c h is still able to i n h i b i t ( J E . This c y t o p l a s m i c d o m a i n o f R s e A m u s t be d e g r a d e d in o r d e r t o
free ( J E . A t t e r t h e cleavage by RseP, t h e c y t o p l a s m i c d o m a i n o f R s e A is t a r g e t e d for d e g r a d a t i o n
by ClpXP.35 SspB, a C l p X P a d a p t o r p r o t e i n , r e c o g n i z e s the C - t e r m i n a l VAA signal o n RseA
t h a t is g e n e r a t e d after RseP cleavage a n d delivers it t o C l p X P , w h e r e it is d e g r a d e d , r e l e a s i n g
(JE35 (Fig. 1).

I t was t h o u g h t t h a t RseA was the pivotal signal t r a n s d u c t i o n p r o t e i n o f the (JE pathway. However,
recently it has been shown t h a t (JE activity increases u p o n e n t r y i n t o s t a t i o n a r y phase i n d e p e n d e n t l y
ofRseA.36 This increased activity is due to an i n t e r n a l ( c y t o p l a s m i c ) signal r e l a t e d to s t a r v a t i o n .
U p o n f u r t h e r analysis it was d e t e r m i n e d t h a t the increased a c t i v i t y o f the (JE p a t h w a y is c o r r e l a t e d
w i t h i n c r e a s e d levels o f p p G p p (3:S'-bispyrophosphate).36 p p G p p is a global r e g u l a t o r t h a t is the
general signal o f s t a r v a t i o n . 37 A l o n g w i t h a c t i v a t i n g ( J E , p p G p p also activates as a n d ( I N , 37 suggest
i n g t h a t it is used t o c o o r d i n a t e a b r o a d response t o n u t r i t i o n a l stress. The exact n a t u r e o f how the
signaling cascade b e t w e e n p p G p p a n d (JE works is still n o t u n d e r s t o o d . H o w e v e r this is the first
time t h a t a c y t o p l a s m i c r e g u l a t o r has been shown to influence (JE regulation. U n d e r s t a n d i n g exactly
h o w p p G p p regulates (JE will o p e n the d o o r to u n d e r s t a n d i n g how envelope stress responses are
r e g u l a t e d by b o t h e x t e r n a l a n d i n t e r n a l signals.

o f R e g u l o n
The (JE r e g u l o n has b e e n extensively s t u d i e d a n d it has b e e n s p e c u l a t e d t h a t it consists o f over

100 members. Originally, it was s h o w n t h a t the r e g u l o n c o n s i s t e d mainly o f p e r i p l a s m i c p r o t e i n
folding and d e g r a d i n g factors, in keeping w i t h a p r i m a r y role in sensing a n d r e s p o n d i n g to misfolded
p r o t e i n s in the p e r i p l a s m , especially O M P s . It is now k n o w n t h a t the r e g u l o n c o n t a i n s m e m b e r s
t h a t are involved in m u l t i p l e aspects o f cell f u n c t i o n i n c l u d i n g p r o t e i n f o l d i n g and d e g r a d a t i o n
in the periplasm, assembly o f o u t e r m e m b r a n e p r o t e i n s , p r i m a r y m e t a b o l i s m , t r a n s c r i p t i o n a n d
t r a n s l a t i o n , l i p o p r o t e i n s a n d lipid d e t o x i f i c a t i o n , D N A / R N A m o d i f i c a t i o n a n d repair, cell s t r u c 
ture a n d division, r e g u l a t i o n o f small n o n c o d i n g RNAs (sRNAs) a n d genes o f u n k n o w n f u n c t i o n s
17.25.38-43 (Table 1). For a c o m p r e h e n s i v e list o f the m e m b e r s o f the (JE r e g u l o n please refer t o the
m i c r o a r r a y papers by R h o d i u s et al 43 a n d Kabir et al. 40 This section will only deal w i t h the m e m b e r s
o f the r e g u l o n whose main p u r p o s e is in envelope p r o t e i n biogenesis a n d d e g r a d a t i o n .
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Initially, t h e m a i n m e m b e r s o f t h e OE r e g u l o n i d e n t i f i e d were rpoE i t s e l f a l o n g w i t h its r e g u l a t o r s
rseABC. 21,22 The first m a j o r c h a r a c t e r i z a t i o n o f the OE r e g u l o n u t i l i z e d p r o m o t e r l e s s lacZ e l e m e n t s
to i d e n t i f y c o n s t r u c t s t h a t s h o w e d i n c r e a s e d 13-galactosidase a c t i v i t y w h e n OE was o v e r e x p r e s s e d . "
rseP, a n o t h e r r e g u l a t o r o f OE was a d d e d to t h e r e g u l o n after this screen was c a r r i e d o u t . 38 I t was
f o u n d t h a t OE n o t o n l y r e g u l a t e s i t s e l f b u t also t w o o t h e r 0 factors, rpoD ( 0 70 ) , t h e h o u s e k e e p i n g
sigma f a c t o r a n d rpoH (OH), t h e h e a t s h o c k sigma factor.17.18.38 Because o f t h e r e g u l a t i o n o f degP, a
p e r i p l a s m i c c h a p e r o n e a n d p r o t e a s e a n d a c t i v a t i o n by 0 MPs, it was d e t e r m i n e d t h a t OE m o n i t o r s
the envelope, so it was n o t s u r p r i s i n g w h e n p e r i p l a s m i c c h a p e r o n e s a n d f o l d i n g catalysts were a d d e d
to the OE r e g u l o n . These c h a p e r o n e s a n d f o l d i n g catalysts i n c l u d e skp, a c h a p e r o n e for OMPs,JkpA,
a p e r i p l a s m i c p e p t i d y l - p r o l y l - i s o m e r a s e ( P P I ) , surA, a p e r i p l a s m i c O M P c h a p e r o n e , w h i c h also
has P P I a c t i v i t y a n d dsbC, a d i s u l f i d e b o n d isomerase w h i c h also has c h a p e r o n e a c t i v i t y " (Table
1). I n t e r e s t i n g l y , p r i o r to t h e i r i d e n t i f i c a t i o n as OE r e g u l o n m e m b e r s , D s b C , SurA, F k p A a n d Skp
were i d e n t i f i e d for t h e i r a b i l i t y to m o d u l a t e OE a c t i v i t y w h e n o v e r e x p r e s s e d o r m u t a t e d , " R e c e n t
s t u d i e s t h a t c h a r a c t e r i z e d genes t h a t were u p r e g u l a t e d w h e n OE was o v e r e x p r e s s e d have e x p a n d e d
t h e r e g u l o n to i n c l u d e p r o t e i n s i n v o l v e d in O M assembly, such as YifO, an e s s e n t i a l l i p o p r o t e i n
r e q u i r e d for 0 M P biogenesis, yraP, a n o n - e s s e n t i a l l i p o p r o t e i n t h a t is i m p o r t a n t for cell e n v e l o p e
m a i n t e n a n c e a n d yaeT, an e s s e n t i a l O M P assembly f a c t o r 4 1. 44,45 ( T a b l e 1).

I n t e r e s t i n g l y , it was r e c e n t l y s h o w n t h a t OE alleviates O M P m i s f o l d i n g n o t o n l y by i n d u c i n g
e x p r e s s i o n o f O M P assembly a n d d e g r a d a t i o n f a c t o r s b u t also by c o n t r o l l i n g e x p r e s s i o n o f t h e
O M P s themselves. W h e n t h e OE p a t h w a y is i n d u c e d m a n y O M P s , such as O m p A , O m p C , O m p F ,
O m p W a n d O m p X are d o w n - r e g u l a t e d . t v " H o w e v e r , n o n e o f t h e O M P p r o m o t e r s c o n t a i n t h e
r e c o g n i t i o n s e q u e n c e for OE.43 It was d i s c o v e r e d t h a t OE d o w n - r e g u l a t e s O M P s u p o n p a t h w a y
a c t i v a t i o n t h r o u g h t h e c o n t r o l o f t r a n s c r i p t i o n o f t w o s R N A , micA a n d rybB.39 U p o n i n d u c t i o n
o f t h e OE p a t h w a y t h e r e is an increase in M i c A a n d RybB levels. M i c A a n d RybB go on to b i n d
w i t h ompA m R N A a n d o m p C / W m R N A , respectively, d e c r e a s i n g t h e s t e a d y - s t a t e levels o f these
mRNAs.39 Thus, OE m e d i a t e d a c t i v a t i o n o f these s R N A stops t h e a c c u m u l a t i o n o f r n i s f o l d e d / mis
l o c a l i z e d O M P s in t h e p e r i p l a s m by c o n t r o l l i n g gene e x p r e s s i o n at the p o s t t r a n s c r i p t i o n a l l e v e l .
This in t u r n , will allow t h e m e m b e r s o f t h e OE r e g u l o n to m o r e efficiently clear t h e m i s f o l d e d
O M P s p r e s e n t and r e t u r n t h e cell to h o m e o s t a s i s .

i f a n d Virulence
The OE p a t h w a y is c o n s e r v e d t h r o u g h o u t n u m e r o u s G r a m negative b a c t e r i a . W h i l e t h e OE

p a t h w a y has b e e n s t u d i e d extensively in E.coli w i t h r e l a t i o n to m o n i t o r i n g a n d m a i n t a i n i n g O M P s ,
most w o r k in o t h e r G r a m negative b a c t e r i a has l i n k e d OE to v i r u l e n c e . OE is essential inE.coli, b u t its
h o m o l o g u e s are n o t essential in o t h e r bacteria. P r o b a b l y the most widely s t u d i e d OE h o m o l o g u e s are
in Salmonella enterica serovar T y p h i m u r i u m a n d Pseudomonas aeruginosa. S t u d i e s o f OE in v a r i o u s
p a t h o g e n s s h o w e d t h a t rpoE m u t a t i o n s a t t e n u a t e v i r u l e n c e (Table 2) ( f o r a m o r e c o m p r e h e n s i v e
review o n OE a n d p a t h o g e n e s i s please refer to t h e Raivio review r e f 46).

In S. typhimurium, rpOE/OE m u t a n t s e x h i b i t decreased survival a n d p r o l i f e r a t i o n in m a c r o p h a g e s
a n d e p i t h e l i a l cell l i n e s , " This d e c r e a s e d v i r u l e n c e is a t t r i b u t e d to an i n c r e a s e d s e n s i t i v i t y to reac
tive oxygen species, like H 2 0 z a n d s u p e r o x i d e . F ' v It was also s h o w n w h e n S. typhimurium e n t e r s
i n t o m a c r o p h a g e s t h e r e is an increase in OE activity, a l l o w i n g o n e to s p e c u l a t e t h a t this increase
in a c t i v i t y may help t h e b a c t e r i a survive a g a i n s t o x y g e n - d e p e n d e n t h o s t defences. 4 9.50 Analysis o f
t h e OE r e g u l o n in S. typhimurium also s h o w e d t h a t it c o n t a i n s genes i m p o r t a n t for p a t h o g e n e s i s ,
w h i c h may also be why rpoE m u t a n t s are a t t e n u a t e d w i t h a 50% l e t h a l dose ( L D 50) five o r d e r s o f
m a g n i t u d e h i g h e r t h a n wild type. 4 7. 51 The p h e n o t y p e s seen w i t h rpoE m u t a n t s in S. typhimurium
are c o m m o n a m o n g o t h e r rpoE m u t a n t s in d i f f e r e n t p a t h o g e n s ( T a b l e 2). For e x a m p l e rpoE mu
t a n t s in Vibrio cholerae have a d e c r e a s e d a b i l i t y to survive w i t h i n t h e i n t e s t i n e s a n d have a LD 50
t h r e e fold h i g h e r t h a n wild type." Mycobacterium rpoE m u t a n t s are u n a b l e to survive a n d grow
w i t h i n m a c r o p h a g e s a n d w h e n mice are i n f e c t e d w i t h t h e m u t a n t s t h e y have a d e l a y e d d e a t h . 5 3. 54

OE / rpoE m u t a n t s in Burkholderia pseudomallei e x h i b i t r e d u c e d survival in m a c r o p h a g e s , w h i c h
may be due to an i n c r e a s e d s e n s i t i v i t y to H 2 0 2.55 As for t h e P. aeruginosa rpoE h o m o l o g u e , algU,
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Table 2. Affects that rpoE mutants have on pathogenesis

P a t h o g e n

S. t y p h i m u r i u m

V. c h o l e r a e

M y c o b a c t e r i u m

B. p s e u d o m a l l e i

P. aeruginosa

Affects on V i r u l e n c e

Decreased survival and p r o l i f e r a t i o n in macrophages and epithelial cell lines
increased s e n s i t i v i t y to reactive oxygen species, H 2 0 2 and superoxide LDSOa
is 5 fold higher than w i l d - t y p e

Decreased a b i l i t y to survive in intestinal e n v i r o n m e n t s LDsO is 3 fold higher
than w i l d - t y p e intestinal c o l o n i z a t i o n is 30 fold reduced

U n a b l e to survive and p r o l i f e r a t e in macrophages results in delayed death in
i n f e c t e d mice

Reduced survival in macrophages increased s e n s i t i v i t y to H 2 0 2 reduced
a b i l i t y to form b i o f i l m s , w h i c h help in resistance to a n t i b i o t i c s and host
i m m u n e systems
Increased s e n s i t i v i t y to p h a g o c y t i c k i l l i n g reduced a b i l i t y to form b i o f i l m s ,
w h i c h are i m p o r t a n t in establishing i n f e c t i o n

a. LDso, 50% lethal dose

m u t a n t s show i n c r e a s e d s e n s i t i v i t y to p h a g o c y t i c killing. 56 Thus, t h r o u g h the study o f rpoE m u t a n t s
in n u m e r o u s p a t h o g e n s it a p p e a r s t h a t OE m e d i a t e s a d a p t a t i o n to oxidative stresses, h o w e v e r t h e
m e c h a n i s m by w h i c h this o c c u r s is n o t k n o w n .

E s s e n t i a l N a t u r e o f i f
N o t l o n g after OE was d i s c o v e r e d a n d c l o n e d it was n o t i c e d t h a t it was e s s e n t i a l for b a c t e r i a l

g r o w t h at h i g h t e m p e r a t u r e s . " Initially, it was t h o u g h t t h a t t h e r e a s o n for the e s s e n t i a l n a t u r e o f
OE at h i g h t e m p e r a t u r e s was due to t h e fact t h a t it is n e e d e d to drive the t e m p e r a t u r e d e p e n d e n t
p r o m o t e r s o f rpoH a n d degP. H o w e v e r analysis o f d i f f e r e n t rpoE m u t a n t s at 30° s u g g e s t e d t h a t
OE m i g h t be e s s e n t i a l at all t e m p e r a t u r e s , since no two rpoE m u t a n t s h a d s i m i l a r g r o w t h p a t t e r n s /
p h e n o t y p e s , s u g g e s t i n g t h e a c c u m u l a t i o n o f s u p p r e s s o r m u t a t i o n s . 19.20 U p o n analysis o f cells lack
ing OE it was d e t e r m i n e d t h e y had a c q u i r e d a s u p p r e s s o r in o r d e r to grow at low t e m p e r a t u r e s . I 5
U n d e r s t a n d i n g why a n d h o w OE is e s s e n t i a l is key t o fully u n d e r s t a n d i n g t h e role o f OE w i t h i n t h e
b a c t e r i a l cell. The OE r e g u l o n i n c l u d e s n u m e r o u s genes t h a t are essential for v i a b i l i t y such as rpoE
i t s e l f rpoD, rpoH andrseP38 (Table 1). It was also n o t e d t h a t single a n d d o u b l e d e l e t i o n s o f dsbC,
skp, surA orfkpA d i d n o t have d e l e t e r i o u s effects, h o w e v e r d e l e t i o n s o f m o r e t h e n t w o o f these
genes c o n f e r r e d g r o w t h d e f e c t s 38 .57 ( T a b l e 1). Thus, o n e reason why OE is essential may be t h a t it
t r a n s c r i b e s several genes t h a t are e s s e n t i a l for v i a b i l i t y e i t h e r a l o n e or in c o m b i n a t i o n . OE may also
c o n t r i b u t e t o o t h e r u n d e f i n e d essential cellular f u n c t i o n s , since recently it has b e e n s h o w n t h r o u g h
m i c r o a r r a y analysis t h a t OE is i n v o l v e d in n u m e r o u s cellular p r o c e s s e s . P "

As m e n t i o n e d b e f o r e t h e o n l y way t h a t OE m u t a n t s are able to grow is in t h e p r e s e n c e o f sup
p r e s s o r s . " To try a n d u n d e r s t a n d in f u r t h e r d e p t h the essential n a t u r e o f OE, D o u c h i n et al 5 8 l o o k e d

at h o w s u p p r e s s o r s a l l e v i a t e d t h e n e e d for RseP in the n o r m a l a c t i v a t i o n o f OE. There c o u l d be t w o
reasons why RseP is n e e d e d in t h e n o r m a l a c t i v a t i o n o f OE. The first reason is t h a t w i t h o u t RseP,
RseA w o u l d n o t be fully d e g r a d e d a n d u l t i m a t e l y t h e r e w o u l d be no release o f OE and t h e r e f o r e
n o a c t i v a t i o n o f the r e g u l o n . The s e c o n d reason why RseP m i g h t be i m p o r t a n t is t h a t rseP a n d
yaeT are p r e d i c t e d to be in the same o p e r o n , so o n e c o u l d i m a g i n e t h a t a m u t a t i o n in rseP c o u l d
affect yaeT, w h i c h is i m p o r t a n t in t h e i n s e r t i o n o f O M P s i n t o t h e OM.44,45 I t was f o u n d t h a t
o v e r e x p r e s s i o n o f t h e s R N A , rseX, bypassed t h e RseP r e q u i r e m e n t for the a c t i v a t i o n o f OE. R s e X
s u p p r e s s e d OE l e t h a l i t y by d o w n r e g u l a t i n g levels o f O m p C a n d OmpA,58 t h u s d e c r e a s i n g t h e
p o t e n t i a l stress caused by these p r o t e i n s a n d u l t i m a t e l y a l t e r i n g t h e r e q u i r e m e n t for OE. Thus, t h i s
s t u d y suggests t h a t rseP ( a n d t h e r e f o r e OE) is essential because it p e r m i t s sufficient a c t i v a t i o n o f
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the OE p a t h w a y to allow the cell to deal w i t h basal levels o f stress c o n f e r r e d by n o r m a l / u n s t r e s s e d
O M P e l a b o r a t i o n .

In c o n c l u s i o n t h e r e are t h r e e p o t e n t i a l reasons why OE may be essential to the cell; t h e first
b e i n g t h a t the r e g u l o n e n c o d e s n u m e r o u s genes w i t h r e d u n d a n t f u n c t i o n s . Thus if the b a c t e r i a
loses an i n d i v i d u a l gene it still has o t h e r factors to overcome the deficit, h o w e v e r a loss o f more
than o n e w o u l d see t h a t f u n c t i o n e l i m i n a t e d r e s u l t i n g in r e d u c e d viability. The s e c o n d reason
t h a t the OE p a t h w a y may be essential is t h a t it is involved in many aspects o f cell physiology. The
t h i r d reason OE may be essential is t h a t it c o n t r o l s the expression levels o f 0 MPs t h r o u g h sRNAs,
so w h e n OE is absent O M P s are expressed at h i g h e r levels b u t t h e r e is no p a t h w a y t o u p r e g u l a t e
the assembly a n d folding factors to facilitate t h e i r biogenesis, thus l e a d i n g to an e n o r m o u s stress
t h a t c a n n o t be overcome.

F u t u r e Research Q u e s t i o n s
A l t h o u g h the OE p a t h w a y has b e e n s t u d i e d in d e p t h a n d it is the m o s t c h a r a c t e r i z e d envelope

stress response in E.coli, t h e r e are still q u e s t i o n s t h a t r e m a i n to be answered. Fully u n d e r s t a n d i n g
the e s s e n t i a l i t y o f OE is p r o b a b l y t h e biggest q u e s t i o n t h a t still needs to be addressed. W h i l e i n i t i a l
s t u d i e s o f the OE response a d d r e s s e d h o w the p a t h w a y is c o n t r o l l e d by signal t r a n s d u c t i o n t h a t
occurs across t h e i n n e r m e m b r a n e , r e c e n t s t u d i e s i n d i c a t e c y t o p l a s m i c signal t r a n s d u c t i o n events,
such as those involving g e n e r a t i o n o f p p G p p also affect OE r e g u l a t e d g e n e s . " This begs the ques
t i o n o f w h e t h e r o t h e r c y t o p l a s m i c factors or signals exist t h a t affect OE r e g u l a t e d gene expression.
A n o t h e r u n a n s w e r e d q u e s t i o n concerns the role RseB plays in signal t r a n s d u c t i o n . Is RseB involved
in s h u t t i n g o f f the OE p a t h w a y after the stress has been relieved, or is its role in p r e v e n t i n g false
signals from a c t i v a t i n g the p a t h w a y ? A d d r e s s i n g these q u e s t i o n s will s h e d l i g h t on h o w b a c t e r i a
m a i n t a i n h o m e o s t a s i s by i n t e g r a t i n g a v a r i e t y o f signal t r a n s d u c t i o n m e c h a n i s m s a n d pathways.

The Cpx T w o - C o m p o n e n t S y s t e m

Cpx H i s t o r y a n d C o m p o n e n t s o f the S i g n a l T r a n s d u c t i o n P a t h w a y
The discovery o f the Cpx signal t r a n s d u c t i o n p a t h w a y was originally n o t associated w i t h studies

o f e x t r a c y t o p l a s m i c stress responses, b u t r a t h e r w i t h a genetic screen for s t r a i n s incapable o f conju
g a t i o n o f the F plasmid. 59 T h o u g h n o n - e s s e n t i a l for cell survival, g a i n - o f - f u n c t i o n m u t a t i o n s in the
cpx locus yielded s t r a i n s sensitive to e l e v a t e d t e m p e r a t u r e s t h a t possessed a l t e r e d envelope p r o t e i n
c o m p o s i t i o n , giving the first i n d i c a t i o n t h a t the cpx genes may be involved w i t h envelope stress.60-63
S u b s e q u e n t c h a r a c t e r i z a t i o n o f the cpx locus d e t e r m i n e d t h a t it e n c o d e d two genes. T h r o u g h
analysis o f fusion p r o t e i n s a n d i m m u n o c h e m i c a l e x p e r i m e n t s , t h e cpxA gene was d e t e r m i n e d to
e n c o d e a t r a n s m e m b r a n e p r o t e i n w i t h s e q u e n c e h o m o l o g y t o the Env Z t w o - c o m p o n e n t h i s t i d i n e
kinase family.64,65 Later analysis o f the r e g i o n u p s t r e a m from cpxA u n c o v e r e d its c o g n a t e response
r e g u l a t o r , C p x R , w h i c h s h o w e d h o m o l o g y to the O m p R s u b f a m i l y o f D N A - b i n d i n g p r o t e i n s a n d
t o g e t h e r the C p x A R p r o t e i n s were classified as a t w o - c o m p o n e n t signal t r a n s d u c t i o n system. 66

S u b s e q u e n t studies u n c o v e r e d a b i o l o g i c a l role for the Cpx t w o - c o m p o n e n t system. Using
toxic, m i s f o l d e d , mislocalized, s e c r e t e d p r o t e i n s , Silhavy a n d colleagues d e m o n s t r a t e d t h a t consti
tutively a c t i v a t e d cpx m u t a n t s (cpx*) e n d u r e d h i g h levels o f m i s f o l d e d a n d m i s l o c a l i z e d envelope
p r o t e i n s . " These studies also d e m o n s t r a t e d t h a t the p e r i p l a s m i c p r o t e a s e , DegP, was an i m p o r t a n t
c o m p o n e n t o f the a l l e v i a t i o n o f t o x i c i r y / " F u r t h e r m o r e , the o v e r e x p r e s s i o n o f a l i p o p r o t e i n o f
u n k n o w n f u n c t i o n , N l p E , was d e m o n s t r a t e d to activate the Cpx p a t h w a y a n d also s u p p r e s s e d the
toxicity o f m i s f o l d e d , m i s l o c a l i z e d s e c r e t e d p r o r e i n s . f Since Cpx p a t h w a y a c t i v a t i o n rescued the
cell from m i s f o l d e d envelope p r o t e i n s , the Cpx signal t r a n s d u c t i o n system was p r o p o s e d t o c o n t r o l
an envelope stress response in E. coli. 67,68

T h o u g h C p x A a n d C p x R were i n i t i a l l y classified as a t r a d i t i o n a l t w o - c o m p o n e n t signal trans
d u c t i o n system, later w o r k revealed a t h i r d signal t r a n s d u c t i o n p r o t e i n , CpxP. 6 9- 71 C p x P was first
i d e n t i f i e d as a small p e r i p l a s m i c p r o t e i n t h a t was i n d u c e d in a C p x - d e p e n d e n r m a n n e r in response
to envelope stresses such as alkaline p H o r o v e r p r o d u c t i o n ofNlpE.69 H o w e v e r in a d d i t i o n to b e i n g
a d o w n s t r e a m t a r g e t o f the Cpx system, the o v e r p r o d u c t i o n o f CpxP r e s u l t e d in a d o w n r e g u l a t i o n
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o f C p x - m e d i a t e d gene expression.?" Moreover, it was shown t h a t t e t h e r i n g o f CpxP to the i n n e r
m e m b r a n e p r e v e n t e d the a c t i v a t i o n o f the Cpx system after harsh envelope stress due to s p h e r o 
p l a s t i n g (i.e., removal o f the o u t e r m e m b r a n e ) . " A l t h o u g h no d i r e c t i n t e r a c t i o n between CpxP
a n d CpxA has been shown, it has been d e m o n s t r a t e d t h a t C p x P - m e d i a t e d i n h i b i t i o n requires the
p e r i p l a s m i c sensing d o m a i n o f CpxA, w h i c h suggests t h a t CpxP i n t e r a c t s w i t h the sensor d o m a i n
o f CpxA to i n h i b i t t h e Cpx p a t h w a y . " In s u p p o r t o f this hypothesis, CpxP c o u l d i n h i b i t CpxA
enzymatic activity in r e c o n s t r u c t e d p r o t e o l i p o s o m e s . " Overall, early studies showed t h a t the Cpx
signal t r a n s d u c t i o n pathway regulates an envelope stress response o f w h i c h DegP is a c o m p o n e n t
a n d consists o f the m e m b r a n e b o u n d sensor kinase CpxA, the cognate response r e g u l a t o r C p x R
and the p e r i p l a s m i c i n h i b i t o r y p r o t e i n CpxP (Fig. 2).

Cpx P a t h w a y A c t i v a t i o n
The Cpx r e s p o n s e is i n d u c e d by envelope stressors t h a t i n c l u d e a l k a l i n e p H , t h e overex

pression o f specific m e m b r a n e - a s s o c i a t e d p r o t e i n s and a l t e r a t i o n s in m e m b r a n e s t r u c t u r e / ' In
a d d i t i o n , adherence t o abiotic surfaces has been shown to activate the Cpx response? The first major
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Figure 2. The Cpx envelope stress response. In n o n - i n d u c i n g c o n d i t i o n s , CpxA remains
u n p h o s p h o r y l a t e d , p a r t l y through i n t e r a c t i o n w i t h the p e r i p l a s m i c protein, CpxP. Envelope
stress brought about by either elevated pH or the presence of misfolded or overexpressed
envelope proteins results in degradation of CpxP by Degp, thus relieving i n h i b i t i o n of CpxA.
I n d u c i n g cues stimulate CpxA autokinase and kinase a c t i v i t i e s . The p h o s p h o r y l a t e d form of
CpxA transfers the phosphate ion to CpxR w h i c h up-regulates t r a n s c r i p t i o n of several genes
i n v o l v e d w i t h protein f o l d i n g , degradation and t r a n s c r i p t i o n regulation (e.g., dsbA, degp,
cpxRA, cpxP and others). Once envelope stress is alleviated, CpxA acts as a phosphatase
to remove the phosphate ion from CpxR thereby d o w n - r e g u l a t i n g the Cpx envelope stress
response. A d d i t i o n a l abbreviations: O M : outer membrane; PP: p e r i p l a s m i c space; 1M: inner
membrane. Figure adapted from Raivio et ai, 1999, Raivio and Silhavy, 2001, Buelow and
Raivio 2 0 0 5 .
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i n d u c i n g cue o f t h e C p x p a t h w a y was i d e n t i f i e d t h r o u g h a s e l e c t i o n for m u l t i c o p y s u p p r e s s o r s o f
t h e t o x i c i t y e x e r t e d by s e c r e t i o n o f a L a m B - L a c Z - P h o A fusion p r o t e i n . This s e l e c t i o n i d e n t i f i e d
the o v e r p r o d u c t i o n o f t h e o u t e r m e m b r a n e l i p o p r o t e i n NlpE.68The m e c h a n i s m o f C p x p a t h w a y
a c t i v a t i o n by N l p E o v e r e x p r e s s i o n is n o t k n o w n , h o w e v e r N l p E o v e r e x p r e s s i o n results in p r o t e i n
m i s l o c a l i z a t i o n a n d likely r n i s f o l d i n g , t h u s it is s p e c u l a t e d t h a t this may c o n s t i t u t e p a r t o f t h e
i n d u c i n g cue.6.6 8 In a d d i t i o n to N l p E , t h e o v e r e x p r e s s i o n o f pilus s u b u n i t s such as t h o s e o f t h e
u r o p a t h o g e n i c E . coli ( U P E e ) P o r Pap pilus ( P a p G a n d PapE) a n d t h e m a j o r s u b u n i t , BfpA, o f
t h e t y p e I V b u n d l e f o r m i n g pilus o f e n t e r o p a t h o g e n i c E. coli ( E P E e ) has b e e n s h o w n to i n d u c e
the C p x system as well. 2 4. 73 Since b o t h Pap a n d Bfp s u b u n i t s are m i s f o l d e d a n d / o r m i s l o c a l i z e d
w h e n e x p r e s s e d in t h e absence o f o t h e r pilus assembly c o m p o n e n t s , these s t u d i e s t o g e t h e r w i t h
t h o s e o n N l p E , p r o v i d e s t r o n g e v i d e n c e t h a t m i s f o l d e d p r o t e i n s are a m a j o r C p x p a t h w a y activat
ing signal. It has b e e n d e m o n s t r a t e d t h a t t h e C p x system is i n d u c e d d u r i n g P pilus assembly a n d
it is h y p o t h e s i z e d t h a t t h i s is a r e s u l t o f o c c a s i o n a l pilus s u b u n i t s failing to follow t h e n o r m a l as
sembly p a t h w a y a n d b e c o m i n g m l s f o l d e d . Y " Thus, a c t i v a t i o n o f the C p x p a t h w a y by m i s f o l d e d
p i l u s s u b u n i t s may have a p h y s i o l o g i c a l role d u r i n g p i l u s assembly (discussed l a t e r ) ; however, t h e
m o l e c u l a r n a t u r e o f t h e i n d u c i n g cue t h a t is g e n e r a t e d by m i s f o l d e d p r o t e i n s is n o t k n o w n .

I n t e r e s t i n g l y , P a p G was s h o w n to activate t h e OE a n d Bae e n v e l o p e stress responses as well;
however, o v e r p r o d u c t i o n o f P a p E a p p e a r s to specifically i n d u c e t h e C p x pathway.24.75.76The speci
ficity o f P a p E to i n d u c e o n l y t h e C p x system has b e e n a t t r i b u t e d to its N - t e r m i n a l e x t e n s i o n , as
d e l e t i o n o f this m o t i f a b o l i s h e d t h e a b i l i t y o f P a p E o v e r e x p r e s s i o n to activate t h e C p x r e s p o n s e . "
I t is h y p o t h e s i z e d t h a t in t h e absence o f t h e Pap c h a p e r o n e , PapE a d o p t s a specific c o n f o r m a t i o n
t h a t i n d u c e s C p x A a n d t h a t this c o n f o r m a t i o n r e q u i r e s t h e N - t e r m i n a l e x t e n s i o n . Thus, f u r t h e r
analysis o f Pap s u b u n i t f o l d i n g i n t e r m e d i a t e s is likely to lead to a b e t t e r u n d e r s t a n d i n g o f h o w
m i s f o l d e d p r o t e i n s activate the C p x response.

As b o t h Pap a n d b u n d l e f o r m i n g pili play an e s s e n t i a l role in a d h e r e n c e to h o s t cells, it is
i n t e r e s t i n g t h a t N l p E has also b e e n i m p l i c a t e d in cell a d h e r e n c e . O t t o a n d Silhavy d e m o n s t r a t e d
t h e l i n k b e t w e e n N l p E a n d a d h e r e n c e ? as b a c t e r i a l a t t a c h m e n t to a b i o t i c surfaces was s h o w n to
i n d u c e the Cpx response in an N l p E - d e p e n d e n t fashion. F u r t h e r m o r e , b o t h cpxR a n d nlpE m u t a n t s
e x h i b i t e d defects in a d h e s i o n , " Together, t h e i n d u c t i o n o f t h e Cpx p a t h w a y in r e s p o n s e to assembly
i n t e r m e d i a t e s o f b a c t e r i a l pili a n d a d h e r e n c e to a b i o t i c surfaces h i g h l i g h t s a p o s s i b l e role for t h e
C p x system in b a c t e r i a l p a t h o g e n e s i s a n d b i o f i l m f o r m a t i o n (see b e l o w ) .

E l e v a t e d p H is a n o t h e r i n d u c i n g cue o f t h e C p x stress r e s p o n s e t h a t has b e e n d e m o n s t r a t e d in
b o t h Shigella a n d E . coli species. 6 9. 77 Strains c a r r y i n g c p x null m u t a t i o n s are hypersensitive to alkaline
p H a n d t h e e x p r e s s i o n o f C p x - r e g u l a t e d genes has b e e n d e m o n s t r a t e d to be i n d u c e d by e l e v a t e d
p H . 69 In Shigella, m u t a t i o n s in cpxA a l t e r e d gene e x p r e s s i o n o f t h e v i r u l e n c e r e g u l a t o r , virF, in a
p H - d e p e n d e n t m a n n e r , " A l t h o u g h t h e n a t u r e o f t h e C p x i n d u c i n g cue g e n e r a t e d at a l k a l i n e p H
r e m a i n s u n k n o w n , it seems likely t h a t it involves d e n a t u r e d p r o t e i n s , given t h a t m i s f o l d e d p r o t e i n s
are k n o w n to activate C p x A . 2 4. 73

Finally, two s e p a r a t e research g r o u p s i d e n t i f i e d a l t e r a t i o n s in t h e cell e n v e l o p e t h a t a c t i v a t e d the
C p x system. M i l k e y k o v s k a y a a n d D o w h a n " first r e p o r t e d t h a t t h e lack o f p h o s p h a t i d y l c t h a n o l 
amine (PE) in the m e m b r a n e r e s u l t e d in the i n c r e a s e d C p x - d e p e n d e n t expression o f the p e r i p l a s m i c
p r o t e a s e degP. In a n o t h e r s t u d y by Silhavy a n d c o l l e a g u e s , " t h e a c c u m u l a t i o n o f an i n t e r m e d i a t e
o f e n t e r o b a c t e r i a l c o m m o n a n t i g e n ( E C A ) synthesis r e s u l t e d in t h e a c t i v a t i o n o f t h e C p x s y s t e m . "
In b o t h cases, t h e a l t e r a t i o n o f t h e m e m b r a n e c o m p o s i t i o n s t i m u l a t e d t h e C p x r e s p o n s e . Again,
it is n o t clear h o w changes in m e m b r a n e c o m p o s i t i o n activate C p x A . O n e p o s s i b i l i t y is t h a t these
changes a l t e r p r o t e i n f o l d i n g in t h e e n v e l o p e .

Cpx S i g n a l T r a n s d u c t i o n
In t h e p r e s e n c e o f t h e above m e n t i o n e d e n v e l o p e stresses, t h e a c t i v a t i o n o f t h e C p x r e s p o n s e

is t h o u g h t to be m e d i a t e d by classic t w o - c o m p o n e n t p a t h w a y signal t r a n s d u c t i o n m e c h a n i s m s .
T y p i c a l t w o - c o m p o n e n t p h o s p h o t r a n s f e r r e a c t i o n s b e t w e e n t h e s e n s o r k i n a s e C p x A a n d the
r e s p o n s e r e g u l a t o r C p x R c o n t r o l t h e C p x e n v e l o p e stress r e s p o n s e ' P ? (Fig. 2). I n d u c i n g cues
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r e s u l t in a u t o p h o s p h o r y l a t i o n o f C p x A , l i k e l y at t h e c o n s e r v e d h i s t i d i n e residue.72.8° O n c e
p h o s p h o r y l a t e d , C p x A t r a n s f e r s t h e p h o s p h a t e i o n likely to t h e c o n s e r v e d a s p a r t a t e r e s i d u e on
t h e c o g n a t e r e s p o n s e r e g u l a t o r , CpxR.72.80 C p x R is m o s t closely r e l a t e d t o t h e O m p R s u b f a m i l y
o f r e s p o n s e r e g u l a t o r s t h a t are classified as w i n g e d - h e l i x - t u r n - h e l i x D N A b i n d i n g p r o t e i n s . "
B a s e d o n t h i s h o m o l o g y , it is e x p e c t e d t h a t CpxR~P s t i m u l a t e s t r a n s c r i p t i o n t h r o u g h d i r e c t
c o n t a c t s w i t h t h e c a r b o x y - t e r m i n a l d o m a i n o f t h e a s u b u n i t o f R N A p o l y m e r a s e . In a d d i t i o n ,
e x p e r i m e n t a l e v i d e n c e i n d i c a t e s t h a t C p x A also acts as a p h o s p h a t a s e o f p h o s p h o r y l a t e d CpxR.72.80
F u r t h e r m o r e , since c o n s t i t u t i v e l y a c t i v a t e d cpx m u t a t i o n s d i m i n i s h e d t h e p h o s p h a t a s e a c t i v i t y o f
C p x A , t h i s i n d i c a t e s t h a t t h e relative a c t i v i t y o f t h e p a t h w a y is c o n t r o l l e d by t h e r a t i o o f C p x A
k i n a s e to p h o s p h a t a s e a c t i v i t i e s . f

E f f o r t s to e l u c i d a t e the i n h i b i t o r y role o f C p x P o n t h e C p x system have p r o v e d to be c h a l l e n g i n g
a n d have c o n s i s t e d o f n u m e r o u s e x p e r i m e n t a l a p p r o a c h e s . I n v e s t i g a t i o n s o f various g a i n - o f - f u n c t i o n
C p x A ' m u t a n t s revealed t h a t d e l e t i o n o r p o i n t m u t a t i o n s in the p e r i p l a s m i c d o m a i n o f C p x A
r e s u l t e d in t h e i n a b i l i t y o f C p x A to sense Cpx i n d u c i n g c u e s . " The a u t h o r s s p e c u l a t e d t h a t this
d o m a i n o f C p x A i n t e r a c t e d w i t h an i n h i b i t o r y p r o t e i n w h i c h w o u l d be t i t r a t e d away in t h e pres
ence o f a c t i v a t i n g s i g n a l s . " F o l l o w up s t u d i e s revealed t h a t o v e r p r o d u c t i o n o f C p x P i n h i b i t e d
the Cpx r e s p o n s e a n d t h i s i n h i b i t i o n was d e p e n d e n t on the p e r i p l a s m i c d o m a i n o f C p x A , w h i c h
s u g g e s t e d t h a t C p x P i n t e r a c t e d w i t h CpxA.7° In s u p p o r t o f t h i s h y p o t h e s i s it was d e m o n s t r a t e d
t h a t t e t h e r i n g C p x P to t h e i n n e r m e m b r a n e p r e v e n t e d full a c t i v a t i o n o f t h e C p x r e s p o n s e by
s p h e r o p l a s t i n g . " F u r t h e r , F l e i s c h e r et al 72 r e c e n t l y s h o w e d t h a t t h e a d d i t i o n o f p u r i f i e d C p x P t o
r e c o n s t r u c t e d p r o t e o l i p o s o m e s c o n t a i n i n g C p x A lead t o an i n h i b i t i o n o f C p x A a u t o k i n a s e activ
ity. T o g e t h e r , the c u m u l a t i v e d a t a suggest t h a t C p x P associates w i t h C p x A in the p e r i p l a s m a n d
t h e C p x P : C p x A i n t e r a c t i o n has a n e g a t i v e r e g u l a t o r y effect on t h e C p x e n v e l o p e stress r e s p o n s e .

To e x a m i n e t h e m e c h a n i s m s o f C p x P i n h i b i t i o n , B u e l o w a n d Raivio p e r f o r m e d a m u t a g e n 
esis s c r e e n t h a t i d e n t i f i e d several cpxP m u t a n t s t h a t no l o n g e r c o u l d i n h i b i t the C p x p a t h w a y , "
E x a m i n a t i o n o f these cpxP m u t a n t s revealed m u t a t i o n s in a h i g h l y c o n s e r v e d N - t e r m i n a l d o m a i n . f
S o m e o f these m u t a t i o n s r e s u l t e d in a large d e c r e a s e in C p x P s t a b i l i t y t h a t was r e s t o r e d by m u t a 
t i o n s o f t h e p e r i p l a s m i c p r o t e a s e DegP.B2This o b s e r v a t i o n s u g g e s t e d t h a t D e g P m i g h t n o r m a l l y
be i n v o l v e d w i t h C p x P s t a b i l i t y a n d C p x signal t r a n s d u c t i o n . In fact, b o t h the Silhavy a n d Raivio
r e s e a r c h g r o u p s have n o w d e m o n s t r a t e d the i n v o l v e m e n t o f the p e r i p l a s m i c p r o t e a s e D e g P w i t h
C p x P d e g r a d a t i o n . 8 2,83 B u e l o w a n d R a i v i o ' " d e m o n s t r a t e d t h a t t h e i n d u c i n g cue o f a l k a l i n e p H led
to a D e g P - d e p e n d e n t d e g r a d a t i o n o f CpxP, w h i l e Isaac et al 83 s h o w e d t h a t C p x P was r e q u i r e d for
the d e g r a d a t i o n o f m i s f o l d e d pilus p r o t e i n s a n d also t h a t C p x P d e g r a d a t i o n was e n h a n c e d u n d e r
these c o n d i t i o n s . 82,83 These e x p e r i m e n t s suggest t h a t m i s f o l d e d p e r i p l a s m i c p r o t e i n s may associate
w i t h C p x P t h u s t i t r a t i n g C p x P away from C p x A a n d r e l i e v i n g C p x P - m e d i a t e d i n h i b i t i o n o f t h e
C p x r e s p o n s e . C p x P c o u l d t h e n b r i n g the m i s f o l d e d p r o t e i n t o D e g P w h e r e b o t h C p x P a n d t h e
m i s f o l d e d p r o t e i n w o u l d be d e g r a d e d . A n o t h e r p o s s i b i l i t y is t h a t c o n d i t i o n s t h a t lead to e n v e l o p e
p r o t e i n m i s f o l d i n g also r e s u l t in m i s f o l d i n g o f CpxP, c a u s i n g it t o b e c o m e a s u b s t r a t e for DegP.

It is i n t e r e s t i n g t o n o t e t h a t h i g h levels o f C p x P do n o t c o m p l e t e l y s h u t o f f the Cpx pathway, n o r
does d e l e t i o n o f cpxP p r e v e n t i n c r e a s e d a c t i v a t i o n o f t h e C p x system.7°,84 Thus, it is p r o p o s e d t h a t
t h e role o f C p x P is to h e l p "fine t u n e " t h e C p x p a t h w a y d u r i n g e n v e l o p e stress a n d / o r t o p r e v e n t
i n a p p r o p r i a t e a c t i v a t i o n o f the C p x r e s p o n s e . Y T h e e l u c i d a t i o n o f t h e m o l e c u l a r m e c h a n i s m o f
C p x P - m e d i a t e d i n h i b i t i o n , its r e l i e f a n d its p r e c i s e c e l l u l a r role await f u r t h e r study.

The Cpx Regulon
I n i t i a l s t u d i e s o f genes r e g u l a t e d by C p x R i d e n t i f i e d t h r e e genes: dsbA, w h i c h e n c o d e s for t h e

m a j o r p e r i p l a s m i c d i s u l f i d e o x i d o r e d u c t a s e , degP, c o d i n g for t h e p e r i p l a s m i c p r o t e a s e ! c h a p e r o n e
a n d a gene e n c o d i n g a p e p t i d y l - p r o l y l isomerase, ppiA. 85,86 These findings were n o t s u r p r i s i n g as each
gene p r o d u c t is i n v o l v e d w i t h p r o p e r e n v e l o p e p r o t e i n f o l d i n g (dsbA, degP a n d ppiA) or d e g r a d a 
t i o n (degP). T h r o u g h analysis o f the u p s t r e a m r e g i o n o f all t h r e e genes, P o g l i a n o a n d c o l l e a g u e s ' "
p r o p o s e d a c o n s e n s u s b i n d i n g site for C p x R (5' -GTAAN(6.7)GTAA-3 ') w h i c h has a i d e d o t h e r
r e s e a r c h g r o u p s in i d e n t i f y i n g m o r e p u t a t i v e C p s - r e g u l a t e d genes.
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T h e r e are c u r r e n t l y 41 genes in 2S o p e r o n s t h a t are p r o p o s e d to make up t h e C p x r e g u l o n
( T a b l e 3). E x a m i n a t i o n o f t h e s e genes reveals f u n c t i o n a l s u b c a t e g o r i e s . O n e class c o n s i s t s o f genes
d i r e c t l y i n v o l v e d w i t h e n v e l o p e m a i n t e n a n c e such as t h e a f o r e m e n t i o n e d dsbA, degP a n d ppiA
genes, as well as psd, secA a n d spy. M u t a t i o n s in t h e dsbA locus r e s u l t e d in m i s f o l d e d e n v e l o p e p r o 
t e i n s due t o t h e lack o f d i s u l f i d e b o n d f o r m a t i o n . 87

•
88 I d e n t i f i c a t i o n o f D e g P p r o t e a s e a c t i v i t y was

s h o w n t h r o u g h analysis o f a degP m u t a n t w h i c h was defective in b r e a k d o w n o f several m i s f o l d e d
p e r i p l a s m i c p r o t e i n s , b u t n o t c y t o p l a s m i c p r o t e i n s . " T h o u g h n o t e s s e n t i a l for b a c t e r i a l survival,
p r o p e r p r o t e i n f o l d i n g in t h e p e r i p l a s m is also m e d i a t e d by p e p t i d y l - p r o l y l isomerases such as ppiA
a n d ppiD. 90.91 I d e n t i f i c a t i o n o f ppiD as a C p x - r e g u l a t e d gene was based o n t h e p r e s e n c e o f p u t a t i v e
C p x R b i n d i n g sites in its u p s t r e a m region,91,92 t h e a b i l i t y o f a p u t a t i v e p h o s p h a t a s e t h a t c o n t r o l s
t h e C p x r e s p o n s e to d o w n - r e g u l a t e ppiD e x p r e s s i o n a n d its i n c r e a s e d t r a n s c r i p t i o n in t h e p r e s e n c e
o f an u n c h a r a c t e r i z e d cpx* m u t a t i o n . " H o w e v e r , ppiD has also b e e n d e m o n s t r a t e d to be u n d e r t h e
r e g u l a t o r y c o n t r o l o f t h e classical h e a t s h o c k sigma factor, o", w h i c h r e g u l a t e s t h e e x p r e s s i o n o f

Table 3. List of g e n e s and operons proposed to be under Cpx regulation

Gene(s) F u n c t i o n P r o p o s e d
Cpx-Regulation-

Positive
Positive
N e g a t i v e

Positive or negative
Positive or negative
Positive
Positive

Positive
Negative
Positive

Positive
Positive

Positive
Positive
Positive
Positive
Positive

Positive
Positive

Negative
Negative

N e g a t i v e
Negative
N e g a t i v e

O u t e r m e m b r a n e p r o t e i n C

O u t e r m e m b r a n e p r o t e i n F
N - a c e t y l n e u r a m i n i c acid (NAN) channel

C o m p o n e n t of e f f l u x p u m p
M u l t i drug t r a n s p o r t e r

Envelope P r o t e i n M a i n t e n a n c e
Periplasmic serine e n d o p r o t e a s e
D i s u l f i d e o x i d o r e d u c t a s e

Periplasmic p e p t i d y l - p r o l y l isomerase A
Periplasmic p e p t i d y l - p r o l y l isomerase D
Secretion s u b u n i t A

Phosphatidyl serine d e c a r b o x y l a s e
Spheroplast p r o t e i n Y

degP

yihEdsbA

p p i A

p p i O

secA

p s d

spy

Envelope C o m p o n e n t s
o m p C

o m p F

n a n C

aerO
m d t A B C O

Signal T r a n s d u c t i o n
cpxP Periplasmic p r o t e o l y t i c adapter p r o t e i n ,

m o d u l a t o r of CpxA
cpxRA Cpx t w o - c o m p o n e n t regulators
r p o E r s e A B C Sigma E and regulators
Bacterial a p p e n d a g e s (flagella, f r i m b r i a e , pilins) and c h e m o t a x i s
m o t A BcheA W M o t i l i t y and c h e m o t a x i s signal t r a n s d u c t i o n

proteins
tsr Serine c h e m o t a x i s
aer Aerotaxis receptor

csgOEFG, csgBAC C u r l i n adhesin r e g u l a t i o n and assembly
p a p B A UPEC P pilus assembly and r e g u l a t i o n
U n r e l a t e d to e n v e l o p e c o m p o n e n t s or s t r e s s
ung U r a c i l - D N A glycosylase
a r o K Shikimate kinase I
m v i M Putative v i r u l e n c e factor

h t p X Heat shock protease

a. For references of the p u t a t i v e Cpx r e g u l a t i o n o f these genes, see text.
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c y t o p l a s m i c c h a p e r o n e s and p r o t e a s e s . " T h o u g h no e x p e r i m e n t a l evidence exists, the u p s t r e a m
r e g u l a t o r y region o f OH is s p e c u l a t e d t o c o n t a i n a C p x R b i n d i n g site, w h i c h suggests t h a t OH may
be u n d e r Cpx r e g u l a t o r y control.8 6. 92 Thus, f u r t h e r w o r k needs to be d o n e to d e t e r m i n e w h e t h e r
the p r o p o s e d C p x - r e g u l a t i o n o f ppiD is d i r e c t or the result o f the Cpx system i n f i u e n c i n g o" levels.
The psd a n d setA genes e n c o d e for p r o t e i n s t h a t affect biogenesis o f p h o s p h o l i p i d s and p r o t e i n s
d e s t i n e d for the b a c t e r i a l envelope. These genes were p r o p o s e d to be C p s - r e g u l a t e d based on a
b i o i n f o r m a r i c s screen for a C p x R consensus b i n d i n g l o g o , " psd encodes a m e m b r a n e - b o u n d phos
p h a t i d y l s e r i n e decarboxylase t h a t is involved in p h o s p h o l i p i d b i o s y n t h e s i s . " SecA is the ATPase
s u b u n i t o f the Sec b a c t e r i a l p r o t e i n t r a n s l o c a t i o n m a c h i n e r y w h i c h governs p r o t e i n e x p o r t across
the i n n e r m e m b r a n e . The spy gene, o f u n k n o w n f u n c t i o n , may also be i n c l u d e d in this c a t e g o r y
since its d e l e t i o n causes i n d u c t i o n o f the OE response, suggesting a role in o u t e r O M P b i o g e n e s i s . "
A spy-lacZ r e p o r t e r was s h o w n to be u p - r e g u l a t e d by several C p x - i n d u c i n g c o n d i t i o n s , i n c l u d i n g
N l p E overexpression, s p h e r o p l a s t i n g a n d the presence o f cpxA* m u t a t i o n s . "

A s e c o n d class o f genes p r o p o s e d to be C p x - r e g u l a t e d i n c l u d e s genes e n c o d i n g e n v e l o p e
p r o t e i n s involved in t r a n s p o r t , such as o u t e r m e m b r a n e p r o t e i n s O m p C , O m p F and N a n C a n d
m e m b r a n e c h a n n e l s involved w i t h active effiux, i n c l u d i n g A c r D a n d M d t A B C D . 94. 96 C p x R has
been s h o w n to b i n d u p s t r e a m o f the ompC, ompF, acrD a n d mdtA p r o m o t e r s . 9 4. 96 A d d i t i o n a l l y ,
m u t a t i o n s a n d c o n d i t i o n s t h a t activate the Cpx response lead to i n c r e a s e d ompC a n d d e c r e a s e d
ompF e x p r e s s i o n . " D e l e t i o n o f cpxR d i m i n i s h e d nanC expression, suggesting t h a t this p u t a t i v e
N - a c e t y l n e u r a m i n i c acid c h a n n e l may be positively C p x - r e g u l a t e d . " Interestingly, all genes listed
in this class are s t r o n g l y r e g u l a t e d by o t h e r r e g u l a t o r y pathways. The p o r i n genes ompC a n d ompF
have been shown to be u n d e r the c o n t r o l o f the Env Z - O m p R signal t r a n s d u c t i o n s y s t e m . " Various
r e g u l a t o r s i n c l u d i n g N a n R , N a g C a n d O m p R regulate the expression o f nanG.95.98 Th e genes en
c o d i n g the d r u g t r a n s p o r t e r s A c r D a n d M d t A B C D are also r e g u l a t e d by a n o t h e r envelope stress
response, the Bae system (see next section).8.99.loo F u r t h e r , the C p x R b i n d i n g site has been s h o w n
to overlap those o f O m p R u p s t r e a m o f ompC a n d ompF a n d those o f BaeR u p s t r e a m o f the acrD
a n d mdtABCD loci. 9 4. 96 At the acrD a n d mdtABCD gene clusters, C p x R appears to f u n c t i o n to
e n h a n c e or facilitate B a e R - m e d i a t e d gene expression, since i n d u c i b l e t r a n s c r i p t i o n is still seen in
cpx m u t a n t s , a l t h o u g h at a d i m i n i s h e d level.% These data suggest C p x R may f u n c t i o n as an acces
sory r e g u l a t o r at these loci.

A n o t h e r class o f C p x - r e g u l a t e d genes consists o f r e g u l a t o r y genes, e n c o d i n g the Cpx a n d
OE signal t r a n s d u c t i o n p r o t e i n s . E i t h e r c o n s t i t u t i v e l y a c t i v a t e d cpx" m u t a t i o n s or elevated p H
levels r e s u l t e d in i n c r e a s e d levels o f C p x A , C p x R a n d CpxP, i n d i c a t i n g a u t o r e g u l a t i o n o f the
Cpx system.69.70.IOl A u t o r e g u l a t i o n is n o t e d in o t h e r stress response systems such as in OW a n d
OX in B. subtilus a n d the E. coli OE stress response. This p r o b a b l y reflects a n e e d for t i g h t c o n t r o l
o f these stress responses w h e n r e s p o n d i n g to p o t e n t i a l l y h a r m f u l e n v i r o n m e n t s (reviewed in r e f
S, 13). In a d d i t i o n to r e g u l a t i n g the Cpx system, the Cpx response also negatively regulates the
OE response. 92. 10 2 CpxR~P b i n d s u p s t r e a m o f the rpoErseABC locus w h i c h e n c o d e s OE a n d its
r e g u l a t o r s a n d m u t a t i o n s t h a t i n a c t i v a t e o r i n d u c e the Cpx response cause i n c r e a s e d or decreased
e x p r e s s i o n o f the rpoErseABC gene cluster, respectively.92.102 Presumably, this cross r e g u l a t i o n
b e t w e e n envelope stress signal t r a n s d u c t i o n pathways reflects the n e e d for the cell to c o o r d i n a t e
its response to d i f f e r e n t envelope stresses.

A growing n u m b e r o f p r o p o s e d C p s - r e g u l a t e d genes can be g r o u p e d t o g e t h e r as genes involved
w i t h the p r o d u c t i o n or f u n c t i o n o f e x t r a c e l l u l a r b a c t e r i a l s t r u c t u r e s such as flagella o r pili. These
i n c l u d e the m o t i l i t y a n d c h e m o t a x i s gene clusters motABcheAW, tsr a n d aer, the csg locus e n c o d 
ing t h e curli adhesin, its assembly m a c h i n e r y a n d r e g u l a t o r s a n d the pap gene cluster e n c o d i n g the
U P E C P pilus. E x p e r i m e n t a l evidence for the l i n k b e t w e e n the Cpx response and m o t i l i t y is l i m i t e d
as the m o t i l i t y a n d c h e m o t a x i s genes were r e p o r t e d to be d o w n r e g u l a t e d o n l y in a m u t a n t cpx"
b a c k g r o u n d , while the d e l e t i o n o f cpxR had m i n i m a l effect on the t r a n s c r i p t i o n o f motABcheAW
a n d tSr. 101 Nevertheless, the d e l e t i o n o f cpxR results in increased moriliry,'?' thus suggesting an
i n h i b i t o r y role o f the Cpx response system o n motility. As the r e g u l a t i o n o f motility, c h e m o t a x i s
a n d flagellar c o m p o n e n t s is g o v e r n e d by the a l t e r n a t i v e sigma factor, OF, it remains unclear w h e t h e r
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C p x exerts its r e g u l a t o r y effect d i r e c t l y o n these m o t i l i t y a n d c h e m o t a x i s genes, o r acts o n genes
h i g h e r up in the flagellar r e g u l a t i o n hierarchy. Alternatively, the effects o f the Cpx response o n
m o t i l i t y may also be p a r t l y due to p o s t t r a n s c r i p t i o n a l effects. C u r l i are e x t r a c e l l u l a r p r o t e i n a c e o u s
fibers i m p o r t a n t for b i o f i l m f o r m a t i o n a n d have also been p r o p o s e d to be negatively r e g u l a t e d by
the Cpx response, however only u n d e r c e r t a i n g r o w t h c o n d i t i o n s . l ' " Using e l e c t r o p h o r e t i c m o b i l i t y
shift assays, it was s h o w n t h a t C p x R , in c o n c e r t w i t h O m p R , b i n d s to the u p s t r e a m r e g i o n o f the
csgDEFG o p e r o n w h i c h e n c o d e s the curli b i o s y n t h e s i s r e g u l a t o r a n d t r a n s p o r t genes. 1M In a cpxR
m u t a n t grown in h i g h salt, the expression o f t h e csgD r e p o r t e r is increased, s u g g e s t i n g t h a t C p x R
may be involved in repression o f the csgDEFG o p e r o n u n d e r c e r t a i n c o n d i t i o n s . 1M H o w e v e r the
Cpx r e g u l a t o r y effect was m i l d ( ~ 2 fold difference) a n d only n o t e d in specific m e d i a c o n d i t i o n s ,
t h u s it may be t h a t the Cpx response regulates curli p r o d u c t i o n o n l y u n d e r specifically d e f i n e d
e x p e r i m e n t a l c o n d i t i o n s . A d i r e c t r e g u l a t o r y l i n k b e t w e e n the Cpx response a n d P-pili has also been
d e m o n s t r a r e d . Y " Analysis o f the u p s t r e a m regions o f the pap o p e r o n s revealed a C p x R b i n d i n g
site w h i c h overlaps w i t h t h a t o f a n o t h e r r e g u l a t o r y p r o t e i n , Lrp. P h o s p h o r y l a t e d C p x R c o m p e t e s
w i t h L r p for b i n d i n g to c e r t a i n sites w i t h i n this pap s w i t c h r e g i o n t h a t d i r e c t s phase-variable ex
p r e s s i o n o f the pap o p e r o n , r e s u l t i n g in a decrease in in vivo p r o d u c t i o n o f P pili. l o5 I n t e r e s t i n g l y ,
all o f t h e genes e n c o d i n g these e x t r a c e l l u l a r a p p e n d a g e s a p p e a r to be negatively r e g u l a t e d by the
Cpx response. It is t e m p t i n g to s p e c u l a t e t h a t these genes have evolved to be u n d e r Cpx c o n t r o l
because it is desirable for the cell to s h u t d o w n p r o d u c t i o n o f e x t r a c e l l u l a r e n v e l o p e - l o c a l i z e d
s t r u c t u r e s w h e n envelope stresses causing m i s f o l d i n g o f p r o t e i n s are p r e s e n t .

The r e m a i n i n g genes (ung, aroK, htpX a n d mviM) p r o p o s e d to be p a r t o f the Cpx regulon do n o t
involve envelope s t r u c t u r e , m a i n t e n a n c e , or r e g u l a t i o n a n d thus the r a t i o n a l e for t h e i r r e g u l a t i o n by
the Cpx stress response is unclear. The m a j o r i t y o f these genes (ung, aroK a n d mviM) were i d e n t i f i e d
to be C p x - r e g u l a t e d from a g e n o m e - w i d e b i o i n f o r m a t i c s screen for C p x R consensus b i n d i n g sites. 92

The unggene e n c o d e s u r a c i l - D N A glycosylase a n d is involved in D N A repair. W h i l e D e W u l f a n d
colleagues'? s h o w e d t h a t u n g t r a n s c r i p t levels were r e d u c e d in a cpxR null b a c k g r o u n d a n d elevated
in the presence o f a c o n s t i t u t i v e l y active cpxA * m u t a t i o n , O g a s a w a r a et al 106 s h o w e d t h a t C p x R ~ P
b o u n d u p s t r e a m o f the ung gene a n d a p p a r e n t l y repressed t r a n s c r i p t i o n , l e a d i n g to r e d u c e d U n g
e n z y m a t i c activity. The e x p e r i m e n t s were p e r f o r m e d in d i f f e r e n t s t r a i n b a c k g r o u n d s a n d so it
may be t h a t this is the e x p l a n a t i o n for the c o n t r a d i c t o r y results. D i f f e r e n c e s in C p x - r e g u l a t i o n o f
genes have also been n o t e d w i t h the aroK gene t h a t e n c o d e s a s h i k i m a t e kinase t h a t is involved
in a r o m a t i c a m i n o acid m e t a b o l i s m . D e W u l f et al 92 have s u g g e s t e d aroK is positively r e g u l a t e d by
the Cpx response, h o w e v e r using a d i f f e r e n t s t r a i n b a c k g r o u n d , Price a n d Raivio l 0 2 s h o w e d aroK
to be negatively r e g u l a t e d by the Cpx response. mviM e n c o d e s a p u t a t i v e v i r u l e n c e f a c t o r a n d is
p r o p o s e d to be positively r e g u l a t e d by the Cpx r e s p o n s e . " The cytosolic h e a t s h o c k protease, H t p X ,
was suggested to be u n d e r C p x - r e g u l a t o r y c o n t r o l by a n o t h e r research g r o u p w h i c h s h o w e d t h a t
a htpXlacZ fusion was u p - r e g u l a t e d in t h e presence o f a cpxA* m u t a t i o n a n d d o w n - r e g u l a t e d by
a b l a t i o n o f cpxR. 107 Since these genes e n c o d e p r o t e i n s w i t h an array o f f u n c t i o n s i n c l u d i n g cyto
solic p r o t e o l y s i s (htpX'), D N A a n d a m i n o acid m e t a b o l i s m (ung, aroK) a n d v i r u l e n c e (mviM), it
is n o t clear w h a t t h e i r cellular role is as p a r t o f t h e Cpx r e g u l o n . A d e t a i l e d analysis o f how a n d
w h e n the Cpx system exerts its r e g u l a t o r y effects o n these genes is r e q u i r e d to p r o p e r l y c o n f i r m
the role o f each gene in the Cpx r e g u l o n . It may be t h a t the C p x response plays c y t o p l a s m i c roles
in m e t a b o l i s m a n d p r o t e i n q u a l i t y c o n t r o l t h a t have yet to be fully d e s c r i b e d .

Cellular Role o f the Cpx Response
The C p x system is p r o p o s e d to r e g u l a t e various genes w i t h d i f f e r e n t f u n c t i o n s n o t exclusively

l i m i t e d to envelope stress. In e f f o r t s to clarify the cellular role o f the Cpx response, Price a n d
Raivio 102 assayed the expression o f the m a j o r i t y o f the p r o p o s e d Cpx r e g u l o n m e m b e r s in several
cpx genetic b a c k g r o u n d s a n d in response to o v e r e x p r e s s i o n o f N l p E , an i n d u c e r o f the w i l d - t y p e
C p x signal t r a n s d u c t i o n pathway. The a u t h o r s d e m o n s t r a t e d a core g r o u p o f genes t h a t were
s t r o n g l y r e g u l a t e d by the C p x response. The m a j o r i t y o f these genes (degP, dsbA, cpxP, spy, ompF,
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rpoErseABC a n d psd) are d i r e c t l y i n v o l v e d w i t h e n v e l o p e p r o t e i n f o l d i n g and t h e r e f o r e suggest
the p r i m a r y role o f the C p x response is as an e n v e l o p e stress r e s p o n s e . ! "

S t e m m i n g f r o m its role in envelope m a i n t e n a n c e , the C p x response is also likely to be i n v o l v e d
in b a c t e r i a l p a t h o g e n e s i s since it affects b a c t e r i a l a d h e r e n c e via N l p E a n d also pilus assembly w h i c h
is necessary for h o s t - c e l l attachmentp4,73,74 In a d d i t i o n , t h e Cpx system i t s e l f h a s b e e n s h o w n to be
i m p o r t a n t for b a c t e r i a l p a t h o g e n e s i s in several p a t h o g e n s . M u t a t i o n s in cpxA h o m o l o g u e s r e n d e r
p a t h o g e n i c Salmonellae i n c a p a b l e o f a t t a c h i n g to a n d i n v a d i n g h o s t cells. 108 , 109 In Shigella spp., t h e
Cpx signal t r a n s d u c t i o n system plays an essential role in r e g u l a t i o n o f the virF and invE activators o f
v i r u l e n c e d e t e r m i n a n t expression. I 10·112 Several studies have p r o v i d e d i n d i r e c t e v i d e n c e to s u p p o r t
t h e t h e o r y t h a t the C p x p a t h w a y plays a c r u c i a l role i n E . coli p a t h o g e n e s i s . N u l l m u t a t i o n s in cpxR
r e s u l t e d in a Pap pilus assembly d e f e c t in l a b o r a t o r y s t r a i n s o f E. coli c a r r y i n g a p l a s m i d e n c o d i n g
all o f t h e P pilus assembly genes, r e s u l t i n g in s h o r t e r pili w h e n c o m p a r e d to w i l d - t y p e s t r a i n s . " In
a d d i t i o n , a cpxR n u l l m u t a t i o n in e n t e r o p a t h o g e n i c E. coli ( E P E e ) r e s u l t e d in a decrease in t h e
p r o d u c t i o n o f b u n d l e f o r m i n g pili a n d l o c a l i z e d a d h e r e n c e , t h e first step in E P E C p a t h o g e n e s i s . "
F u r t h e r m o r e , b o t h Cps-regulated f o l d i n g f a c t o r D s b A a n d p r o t e a s e D e g P have b e e n s h o w n to
be e s s e n t i a l for b a c t e r i a l v i r u l e n c e in several p a t h o g e n i c species i n c l u d i n g Pseudomonas, E P E C ,
Vibrio, Salmonella, Shigella, Yersinia, a n d Bordetella. I 13
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m a i n t a i n p r o p e r f u n c t i o n o f various e n v e l o p e - l o c a l i z e d virulence d e t e r m i n a n t s such as pili a n d type
III s e c r e t i o n a p p a r a t i . O n whole, t h e C p x system appears to p l a y a role in b a c t e r i a l p a t h o g e n e s i s ,
however, q u e s t i o n s r e m a i n as to w h e t h e r t h e C p x response is d i r e c t l y i n v o l v e d w i t h r e g u l a t i n g
v i r u l e n c e f a c t o r gene t r a n s c r i p t i o n , o r r a t h e r i n d i r e c t l y involved t h r o u g h m e d i a t i n g the e x p r e s s i o n
o f f o l d i n g factors a n d p r o t e a s e s t h a t e n s u r e p r o p e r f u n c t i o n o f these v i r u l e n c e d e t e r m i n a n t s .

The Bae T w o - C o m p o n e n t System
The BaeSR t w o - c o m p o n e n t system was t h e t h i r d signal t r a n s d u c t i o n p a t h w a y to be officially

classified as an e n v e l o p e stress r e s p o n s e in Escherichia coli. Based o n t h e l i m i t e d i n f o r m a t i o n avail
able on t h e Bae pathway, it appears t h a t its m a i n f u n c t i o n is to u p r e g u l a t e efflux p u m p s in r e s p o n s e
to toxic c o m p o u n d s . H e r e we will discuss w h a t is p r e s e n t l y k n o w n a b o u t Bae while h i g h l i g h t i n g
i m p o r t a n t areas r e q u i r i n g f u r t h e r research.

D i s c o v e r y a n d C l a s s i f i c a t i o n as a n E n v e l o p e Stress Response
C h a r a c t e r i z a t i o n o f Cpx r e g u l o n m e m b e r spy revealed t h a t i n d u c t i o n o f t h i s gene d u r i n g

s p h e r o p l a s t f o r m a t i o n was o n l y p a r t i a l l y d e p e n d e n t on a f u n c t i o n a l C p x p a t h w a y , " In an e f f o r t to
i d e n t i f y t h e c o r e g u l a t o r o f spy, Raffa a n d R a i v i o " p e r f o r m e d t r a n s p o s o n m u t a g e n e s i s on a s t r a i n
c a r r y i n g a s p y : : l a c Z fusion. This a p p r o a c h g e n e r a t e d a single i n s e r t i o n a l m u t a n t t h a t d r a m a t i c a l l y
i n c r e a s e d spy e x p r e s s i o n . The m u t a n t was d e t e r m i n e d to have a BaeS g a i n - o f - f u n c t i o n m u t a t i o n
a n d was capable o f a c t i v a t i n g spy t r a n s c r i p t i o n i n d e p e n d e n t o f Cpx. The baeS gene h a d p r e v i o u s l y
b e e n i d e n t i f i e d for its a b i l i t y to c o m p l e m e n t m u t a t i o n s in the h i s t i d i n e kinase genes envZ, creC
a n d phoR. 122 S e q u e n c e analysis revealed t h a t BaeS is i t s e l f a p u t a t i v e h i s t i d i n e kinase, e n c o d e d in
an o p e r o n w i t h a p r o p o s e d r e s p o n s e r e g u l a t o r , BaeR. T o g e t h e r they c o n s t i t u t e t h e BaeSR ( b a c t e 
rial a d a p t i v e response) t w o - c o m p o n e n t s y s t e m . ! " F u r t h e r i n v e s t i g a t i o n i n t o t h e l i n k b e t w e e n t h e
BaeSR t w o - c o m p o n e n t system a n d t h e C p x envelope stress r e s p o n s e revealed t h a t b o t h p a t h w a y s
were capable o f a c t i v a t i n g spy expression in r e s p o n s e to a v a r i e t y o f envelope stresses. In a d d i t i o n ,
a baeR cpxR d o u b l e m u t a n t was m o r e sensitive to e n v e l o p e p e r t u r b a t i o n s t h a n e i t h e r single mu
r a n t . " W h i l e these f i n d i n g s suggest s i g n i f i c a n t overlap b e t w e e n t h e pathways, it s h o u l d be n o t e d
t h a t BaeSR was s h o w n to have no effect o n any o t h e r C p x r e g u l a t e d gene a n d t h a t n o t every C p x
i n d u c i n g cue t e s t e d was an effective signal for Bae p a t h w a y a c t i v a t i o n . Based on t h e s e findings t h e
a u t h o r s classified t h e Bae p a t h w a y as a d i s t i n c t e n v e l o p e stress response system.

C o n q u e r i n g Stress v i a A c t i v e Efflux
In a screen p e r f o r m e d by B a r a n o v a and Nikaldo," baeR o v e r e x p r e s s i o n was f o u n d to increase

resistance o f a h y p e r s e n s i t i v e acrAB m u t a n t to n o v o b i o c i n . The i n c r e a s e d resistance was a t t r i b u t e d
to t h e fact t h a t cells o v e r e x p r e s s i n g BaeR failed to a c c u m u l a t e t h e drug. U p o n closer i n s p e c t i o n
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o f the region u p s t r e a m o f the baeSR locus, the a u t h o r s d i s c o v e r e d t h a t these genes were in fact
p a r t o f a larger o p e r o n e n c o d i n g the yegMNOB m u l t i - d r u g efHux system. 8

•
123 A f t e r d e m o n s t r a t i n g

t h a t B a e R - m e d i a t e d a c t i v a t i o n o f yegM was r e s p o n s i b l e for the a f o r e m e n t i o n e d p h e n o t y p e , the
o p e r o n was r e n a m e d mdtABCD, where mdt d e n o t e s m u l t i - d r u g t r a n s p o r t e r . 8 The f o l l o w i n g year,
t h e Yamaguchi group d e m o n s t r a t e d t h a t BaeR overexpression confers i n c r e a s e d levels o f resistance
to 13-lactam a n t i b i o t i c s , d e o x y c h o l a t e a n d low levels o f SDS. 1

OO .
12 4 T h e B a e R - m e d i a t e d resistance

to 13-lactams was d u e to an increase in expression o f mdtABC, as well as an a d d i t i o n a l m u l t i d r u g
e x p o r t e r gene, acrD. 1

°O F u r t h e r i n v e s t i g a t i o n i n t o mdtA a n d acrD r e g u l a t i o n revealed t h a t BaeR
m e d i a t e d a c t i v a t i o n o f these genes is e n h a n c e d w h e n C p x R b i n d s m u l t i p l e sites u p s t r e a m o f the
BaeR b i n d i n g sites in the mdtA a n d acrD p r o m o t e r r e g i o n s . " This m o d u l a t i o n o f B a e r e g u l a t i o n
by the Cpx p a t h w a y r e p r e s e n t s an example o f h o w these two envelope stress response systems
c o o p e r a t i v e l y c o m b a t envelope stress. Together, these findings suggest t h a t one way in w h i c h the
BaeSR t w o - c o m p o n e n t system fulfills its f u n c t i o n as an envelope stress response system is t h r o u g h
u p r e g u l a t i o n o f genes involved in active efflux.

P r e s e n t M o d e l : Q u e s t i o n s S t i l l R e m a i n i n g
The BaeSR signal t r a n s d u c t i o n p a t h w a y is t h o u g h t to be a p r o t o t y p i c a l t w o - c o m p o n e n t system

(Fig. 3). P h o s p h o t r a n s f e r from the c o n s e r v e d H 1 d o m a i n o f B a e S to t h e c o n s e r v e d D 1 d o m a i n o f
BaeR has been d e m o n s t r a t e d in v i t r o in the presence o f ATP.125 Based o n h i g h h o m o l o g y b e t w e e n
the p e r i p l a s m i c i n h i b i t o r y p r o t e i n , C p x P and Spy, t h e r e has b e e n s p e c u l a t i o n as to w h e t h e r Spy
i n h i b i t s BaeS a c t i v i t y in a similar m a n n e r to h o w C p x P i n h i b i t s C p x A 71 (see p r e v i o u s s e c t i o n ) .
This idea is a t t r a c t i v e as it w o u l d reveal a c o m m o n m e c h a n i s m by w h i c h envelope stress response
systems m o d u l a t e a c t i v i t y in the absence o f an i n d u c i n g cue. To date, t h e r e is no e x p e r i m e n t a l
evidence in s u p p o r t o f this m o d e l .

A c t i v a t i n g cues t h a t i n i t i a t e BaeSR signal t r a n s d u c t i o n i n c l u d e g e n e r a l envelope stresses such
as s p h e r o p l a s t f o r m a t i o n , o v e r e x p r e s s i o n o f m i s f o l d e d P a p G pilus s u b u n i t s a n d the p r e s e n c e o f
i n d o l e . " I n c r e a s e d s e n s i t i v i t y o f baeSR m u t a n t s to m y r i c e t i n , gallic acid, nickel c h l o r i d e a n d so
d i u m t u n g s t a t e implies t h a t the p a t h w a y may also r e s p o n d to the p r e s e n c e o f these a n t i m i c r o b i a l
compounds." All o f the a f o r e m e n t i o n e d i n d u c i n g cues elicit a cellular response t h a t extends b e y o n d
the Bae pathway. For example, o v e r e x p r e s s i o n o f P a p G activates the OE, C p x a n d Bae signaling
pathways; while i n d o l e a n d s p h e r o p l a s t f o r m a t i o n activate the C p x a n d Bae pathways.24.75 The
i d e n t i f i c a t i o n o f m o r e specific i n d u c e r s c o u l d reveal a d d i t i o n a l f u n c t i o n s o f t h e p a t h w a y a n d lead
to the i d e n t i f i c a t i o n o f new r e g u l o n m e m b e r s .

As it s t a n d s , the Bae r e g u l o n consists o f a small b u t diverse g r o u p o f genes n o t l i m i t e d to t h o s e
d i s c u s s e d above (mdtABCD, acrD a n d spy). R e s e a r c h e r s have e m p l o y e d b o t h g e n e t i c screens
a n d e x p r e s s i o n p r o f i l i n g in an e f f o r t to c o m p l e t e the r e g u l o n . B a r a n o v a a n d Nikaido" s c r e e n e d a
l i b r a r y o f s h o r t g e n o m i c f r a g m e n t s for p r o m o t e r s t h a t r e s p o n d e d to BaeR o v e r p r o d u c t i o n . This
a p p r o a c h led to the i d e n t i f i c a t i o n o f two r e p u t e d r e g u l o n members, ygcL a n d yieO, e n c o d i n g a
p r o t e i n o f u n k n o w n f u n c t i o n a n d a p u t a t i v e m e m b r a n e t r a n s p o r t p r o t e i n respectively. N i s h i n o
et aP26 p e r f o r m e d m i c r o a r r a y analysis o f an E. coli s t r a i n overexpressing BaeR, a baeSR d e l e t i o n
m u t a n t a n d wild type E. coli cells e x p o s e d to indole. Using the t h r e e expression d a t a sets the au
t h o r s i d e n t i f i e d mdtABCD, acrD, spy a n d ycaC as d i r e c t targets o f B a e R r e g u l a t i o n . The only new
r e g u l o n m e m b e r to be u n c o v e r e d , ycaC, e n c o d e s a p u t a t i v e m e m b r a n e l o c a l i z e d h y d r o l a s e . P ' T h e
fact t h a t the g e n e t i c screen a n d the m i c r o a r r a y analyses exposed d i f f e r e n t genes as possible r e g u l o n
m e m b e r s suggests t h a t n e i t h e r a p p r o a c h was exhaustive. This, c o m b i n e d w i t h the k n o w l e d g e t h a t
the m o r e c h a r a c t e r i z e d envelope stress responses have extensive r e g u l o n s , suggests t h a t t h e r e are
o t h e r BaeR r e g u l a t e d genes w a i t i n g to be i d e n t i f i e d .

The Phage-Shock-Protein (Psp) Response
The Phage s h o c k p r o t e i n response was first d i s c o v e r e d by P e t e r Model's g r o u p in E. coli. 127 The

consensus w i t h i n the field is t h a t this u n i q u e p a t h w a y is u p r e g u l a t e d in response to d i s s i p a t i o n o f
the p r o t o n - m o t i v e force a n d the r n i s l o c a l i z a t i o n o f s e c r e t i n p r o t e i n s . In the following sections I
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Figure 3. The BaeSR t w o - c o m p o n e n t system. I n d u c i n g cues such as general e x t r a c y t o p l a s 
mic stresses and the presence of t o x i c c o m p o u n d s are sensed by the h i s t i d i n e sensor kinase,
BaeS. This i n i t i a t e s a u t o p h o s p h o r y l a t i o n and subsequent p h o s p h o r y l transfer from BaeS to
the c y t o p l a s m i c response regulator BaeR. BaeR-P f u n c t i o n s as a t r a n s c r i p t i o n a l regulator ac
t i v a t i n g expression of genes i n v o l v e d in a c t i v e e f f l u x and u n k n o w n f u n c t i o n s . H1= conserved
h i s t i d i n e , D1 = conserved aspartate

will discuss the w o r k i n g m o d e l for Psp signal t r a n s d u c t i o n w i t h emphasis on its p r e d i c t e d activat
ing signals.

D i s c o v e r y o f t h e P h a g e S h o c k R e s p o n s e
The first phage s h o c k p r o t e i n (PspA) was i d e n t i f i e d d u r i n g an e x a m i n a t i o n o f cellular p r o t e i n s

f r o m E . coli cells i n f e c t e d w i t h filamentous p h a g e . ! " Researchers d e t e r m i n e d t h a t the elevated level
o f P s p A f o u n d in i n f e c t e d cells was a d i r e c t result o f synthesis o f the i n t e g r a l m e m b r a n e p r o t e i n
e n c o d e d by phage gene IV. The phage gene IV p r o t e i n ( p I V ) is r e q u i r e d at h i g h levels d u r i n g
i n f e c t i o n to facilitate virus assembly.!" Significant a m o u n t s o f the m a t u r e form o f this secretin
p r o t e i n become mislocalized d u r i n g an i n f e c t i o n , as the p i l o t p r o t e i n t h a t normally targets the
secretin to the o u t e r m e m b r a n e is n o t e n c o d e d on the p h a g e . ! " It is n o t clear why mislocalized
secretin p r o t e i n specifically induces PspA expression; however, generalized p e r t u r b a t i o n o f the
i n n e r and o u t e r m e m b r a n e s was r u l e d o u t as the signal,!" Previous work w i t h A. b a c t e r i o p h a g e
showed t h a t many o f the E. coli p r o t e i n s synthesized d u r i n g an i n f e c t i o n are also i n d u c e d by heat
shock.P" W h i l e exposure to extreme heat s h o c k was f o u n d to increase PspA expression, it is n o t
a classic heat s h o c k p r o t e i n as its expression is n o t r e g u l a t e d by 0 32 • 127 O t h e r e x t r a c y t o p l a s m i c
stresses shown t o i n d u c e PspA expression i n c l u d e exposure to e t h a n o l and h y p e r o s m o t i c s h o c k . ! "
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T h e o b s e r v a t i o n t h a t Psp e x p r e s s i o n is i n d u c e d u p o n e x p o s u r e t o t h e s e g e n e r a l e n v i r o n m e n t a l
stresses l e d r e s e a r c h e r s t o c a t e g o r i z e pspA as a stress r e s p o n s i v e gene, in t h e s a m e class as OE a n d
0 32 r e g u l a t e d g e n e s . ! "

W o r k i n g M o d e l o l P s p S i g n a l T r a n s d u c t i o n
E x a m i n a t i o n o f t h e n e w l y i d e n t i f i e d l o c u s e n c o d i n g p . p A i n E . coli u n c o v e r e d an o p e r o n e n c o d 

ing five genes, pspA, B, C, D a n d E. 131 C h a r a c t e r i z a t i o n o f these genes r e v e a l e d t h a t pspA e n c o d e s
a n e g a t i v e r e g u l a t o r o f t h e p.p o p e r o n , w h i l e t h e pspB a n d pspC gene p r o d u c t s w o r k t o g e t h e r t o
a c t i v a t e psp e x p r e s s i o n . ' : " T h e pspE gene is t r a n s c r i b e d as p a r t o f t h e o p e r o n u n d e r i n d u c i n g c o n 
d i t i o n s a n d f r o m its o w n p r o m o t e r u n d e r n o n - i n d u c i n g c o n d i t i o n s . P ' For m o r e than a d e c a d e ,
pspD was classified as a h y p o t h e t i c a l g e n e . ' ? ' R e c e n t l y , it was d e m o n s t r a t e d t h a t pspD is in fact
e x p r e s s e d in vivo a n d t h a t it l o c a l i z e s to t h e i n n e r m e m b r a n e . P ' N o f u n c t i o n has b e e n a s s i g n e d
t o e i t h e r P s p D o r PspE.

The e n t i r e psp o p e r o n is s u b j e c t t o p o s i t i v e r e g u l a t i o n by 0)4, w i t h a s u b s e t o f i n d u c e r s r e q u i r 
i n g t h e p r e s e n c e o f I H F for full a c t i v a t i o n . 13 o. m C o n s t i t u t i v e a c t i v a t i o n o f t h e psp o p e r o n in t h e
a b s e n c e o f t h e n e g a t i v e r e g u l a t o r P s p A a n d p o s i t i v e r e g u l a t o r s PspB a n d P s p C s u g g e s t e d t h e in
v o l v e m e n t o f an a d d i t i o n a l p o s i t i v e r e g u l a t o r p r e s e n t in t h e cell u n d e r n o n - i n d u c i n g c o n d i t i o n s . P "
T r a n s p o s o n m u t a g e n e s i s o n a s t r a i n l a c k i n g t h e pspA, B a n d C genes led t o t h e i d e n t i f i c a t i o n o f t h e
0 54 t r a n s c r i p t i o n a l a c t i v a t o r , PSpE134 PspF b e l o n g s t o t h e e n h a n c e r - b i n d i n g f a m i l y o f p r o t e i n s a n d
is e n c o d e d i m m e d i a t e l y u p s t r e a m o f t h e psp o p e r o n in t h e o p p o s i t e o r i e n t a r i o n . P ' In t h e a b s e n c e
o f stress, PspA i n t e r a c t s w i t h t h e A T P a s e d o m a i n o f PspF a n d i n h i b i t s 054- m e d i a t e d t r a n s c r i p 
t i o n . l3S,136 I n t e r a c t i o n b e t w e e n PspF a n d P s p A has b e e n d e m o n s t r a t e d in vivo u s i n g t h e b a c t e r i a l
t w o - h y b r i d systern.P? E l d e r k i n et al 137 w e n t as far as to i d e n t i f y t h e e x a c t r e s i d u e in PspF t h a t is
r e q u i r e d f o r P s p A b i n d i n g a n d s u b s e q u e n t i n h i b i t i o n .

P s p A f r a c t i o n a t e s w i t h b o t h i n n e r m e m b r a n e a n d c y t o p l a s m i c p r o t e i n s , s u g g e s t i n g it can exist
as b o t h a p e r i p h e r a l i n n e r m e m b r a n e p r o t e i n a n d as a s o l u b l e p r o t e i n . 131.1 38 R e s e a r c h e r s i n v e s t i 
g a t i n g t h e a b i l i t y o f P s p A t o i n t e r a c t s p e c i f i c a l l y w i t h o t h e r p h a g e s h o c k p r o t e i n s were able t o
c r o s s l i n k P s p A to PspB a n d P s p c . 132 I n t e r e s t i n g l y , t h e i n t e r a c t i o n b e t w e e n P s p A a n d PspB c o u l d
o n l y be d e m o n s t r a t e d i f t h e e n t i r e psp o p e r o n was o v e r e x p r e s s e d s u g g e s t i n g a n o t h e r Psp p r o t e i n
is n e e d e d . B a s e d o n t h e e s s e n t i a l i t y o f pspB a n d pspC for t h e i n d u c t i o n o f t h e E. coli Psp r e s p o n s e
by c e r t a i n i n d u c e r s , it has b e e n p r o p o s e d t h a t PspB a n d P s p C i n t e r a c t u p o n p r e s e n t a t i o n o f an
a c t i v a t i n g s i g n a l a n d t h a t t h i s i n t e r a c t i o n p r o m o t e s b i n d i n g to PSpA.130.139 W h i l e an i n t e r a c t i o n
b e t w e e n PspB a n d P s p C has n o t b e e n d e m o n s t r a t e d in E. coli, it has b e e n s h o w n for t h e Yersinia
enteracolitica Psp r e s p o n s e ' ? " (Fig. 4).

P r o t e i n - p r o t e i n i n t e r a c t i o n s a p p e a r t o be t h e m a i n m e c h a n i s m b y w h i c h Psp signal t r a n s d u c t i o n
is a c h i e v e d . M o r e w o r k is r e q u i r e d to d e t e r m i n e t h e d y n a m i c s o f these i n t e r a c t i o n s u n d e r i n d u c i n g
a n d n o n - i n d u c i n g c o n d i t i o n s . M a n y q u e s t i o n s r e m a i n c o n c e r n i n g w h a t takes p l a c e u p o n p r e s e n t a 
t i o n o f an i n d u c i n g cue. As such, several a s p e c t s o f t h e w o r k i n g m o d e l for Psp Signal t r a n s d u c t i o n
are s p e c u l a t i v e a n d r e q u i r e f u r t h e r i n v e s t i g a t i o n (Fig. 4).

D e t e r m i n i n g F u n c t i o n a l i t y by Means o f A c t i v a t i n g S i g n a l s
As m e n t i o n e d above, t h e o r i g i n a l i n d u c e r s o f P s p A e x p r e s s i o n i d e n t i f i e d were t h e m i s l o c a l i z a t i o n

o f a p h a g e e n c o d e d s e c r e t i n , p I V a n d several g e n e r a l e x t r a c y t o p l a s m i c s t r e s s e s . ! " S h o r t l y after t h e
Psp r e s p o n s e was i d e n t i f i e d , t w o s e p a r a t e g r o u p s s t u d y i n g p r o t e i n e x p o r t in E. coli i s o l a t e d t r a n s 
p o r t d e f e c t i v e m u t a n t s c a p a b l e o f i n d u c i n g P s p A synthesis.138.141 M u t a t i o n t o t h e s i g n a l s e q u e n c e
o f t h e o u t e r m e m b r a n e p o r i n p r o t e i n , LamB, causes a b e r r a n t l o c a l i z a t i o n o f t h e p r o t e i n . It was
h y p o t h e s i z e d t h a t e l e v a t e d levels o f P s p A f u n c t i o n e d to c o u n t e r a c t t h e d e l e t e r i o u s effects o f t h i s
toxic m u t a t i o n . The a u t h o r s t e s t e d t h e r e l e v a n t p h e n o t y p e s in a !!pspA-C::kan b a c k g r o u n d a n d
f o u n d t h a t t h i s was n o t t h e c a s e . ! " A s e p a r a t e s t u d y f o u n d t h a t a c o l l e c t i o n o f p r e c u r s o r P h o E
m u t a n t s , for w h i c h n o r m a l b i o g e n e s i s o f t h i s o u t e r m e m b r a n e p r o t e i n is d e f e c t i v e , a c t i v a t e d PspA
s y n t h e s i s in a m a n n e r t h a t was d e p e n d e n t o n t h e Sec e x p o r t s y s r e r n . I " T h e r e q u i r e m e n t o f t h e
g e n e r a l s e c r e t o r y p a t h w a y for Psp i n d u c t i o n s u g g e s t e d t h a t e n t r a n c e i n t o t h e e x p o r t s y s t e m was
g e n e r a t i n g t h e a c t i v a t i n g signal. W o r k s h o w i n g t h a t PspA s y n t h e s i s was a c t i v a t e d by a d d i t i o n o f
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Figure 4. Proposed model for the E. coli Phage shock protein response. A) Under normal
c o n d i t i o n s PspA binds PspF in the cytoplasm and i n h i b i t s 05 4 mediated t r a n s c r i p t i o n of the
Psp regulon. B) I n d u c i n g cues such as m i s l o c a l i z a t i o n of secretins or mutations that reduce
membrane potential are sensed by PspB and/or PspC in the inner membrane. Interaction
between PspB and PspC somehow enables or promotes PspA b i n d i n g to PspB/C and the
subsequent release of PspF. Free PspF initiates psp t r a n s c r i p t i o n . PspA accumulates at the
c y t o p l a s m i c face of the inner membrane where it is t h o u g h t to maintain the PMF. The func
tions of Psp regulon members PspG, PspD and PapE are u n k n o w n .

the p r o t o n i o n o p h o r e , c a r b o n y l c y a n i d e c h o r o p h e n y l h y d r a z o n e (CCCP),142 led researchers to
investigate the role o f P s p A in p r o t o n motive force ( P M F ) d e p e n d e n t t r a n s l o c a t i o n . They f o u n d
t h a t PspA was n o t r e q u i r e d for efficient p r e P h o E t r a n s p o r t by a P M F - i n d e p e n d e n t m e c h a n i s m
b u t was r e q u i r e d for P M F - d e p e n d e n t Sec t r a n s p o r t , p r o v i d i n g the first e x p e r i m e n t a l evidence t h a t
the Psp system m i g h t r e s p o n d to d i s s i p a t i o n o f the p r o t o n motive f o r c e . ! "

In line w i t h the above o b s e r v a t i o n s , the Psp response has also been shown to r e s p o n d to defects
in t h e Sec s e c r e t i o n system a n d in Y i d C , a p r o t e i n believed to be involved in clearing the Sec
t r a n s l o c a t i o n c h a n n e l . ! " Y i d C d e p l e t i o n was only f o u n d to affect s e c r e t i o n w h e n S e c - d e p e n d e n t
p r o t e i n s were o v e r e x p r e s s e d . v " This suggests t h a t the Psp response is n o t r e q u i r e d for efficient
s e c r e t i o n unless the t r a n s l o c a t i o n a p p a r a t u s becomes s a t u r a t e d . In s u p p o r t o f this, PspA has b e e n
s h o w n to e n h a n c e the t r a n s p o r t efficiency o f p r o t e i n s t a r g e t e d to the periplasm via the Tat p a t h w a y
w h e n the Tat system becomes s a t u r a t e d , b u t is n o t n e e d e d for n o r m a l Tat p a t h w a y f u n c r i o n . v " In
b o t h cases it has been p r o p o s e d t h a t s a t u r a t i o n o f the t r a n s l o c a t i o n a p p a r a t u s s o m e h o w m o d u l a t e s
the PMF, w h i c h in t u r n activates the Psp response. W h i l e d i r e c t a c t i v a t i o n o f the Psp response by
P M F d i s s i p a t i o n has n o t been d e m o n s t r a t e d experimentally, t h e r e are examples where m u t a t i o n s
causing a decrease in m e m b r a n e p o t e n t i a l have d e t r i m e n t a l effects in the absence o f pspA. 145.146 It is
n o t clear w h e t h e r the Psp response is r e s p o n d i n g specifically to a r e d u c t i o n in m e m b r a n e p o t e n t i a l
or simply sensing d o w n s t r e a m effects o f P M F d i s s i p a t i o n .



Two-Component Signaling and Gram Negative Envelope Stress Response Systems 99

A p h y s i o l o g i c a l role for t h e Phage s h o c k p r o t e i n r e s p o n s e has b e e n d e m o n s t r a t e d in o r g a n i s m s
o t h e r than E. coli. In Salmonella enterica serovar T y p h i r n u r i u m , !i.rpoE cells in s t a t i o n a r y phase
g r o w t h have e l e v a t e d PspA levels a n d an rpoEpspA d o u b l e m u t a n t has r e d u c e d s u r v i v a l in s t a t i o n 
ary p h a s e c o m p a r e d to a single m u r a n r . l " A decrease in P M F in t h e d o u b l e m u t a n t suggests t h a t
b o t h genes are i n v o l v e d in P M F m a i n t e n a n c e a n d t h a t PspA can c o m p e n s a t e for a E • 14S In Yersinia
enterocolitica a pspC m u t a n t is severely a t t e n u a t e d for survival in an a n i m a l m o d e l , d u e to YscC
s e c r e t i n production.147.148 YscC forms t h e o u t e r m e m b r a n e c h a n n e l t h r o u g h w h i c h type t h r e e
s e c r e t i o n s u b s t r a t e s are t r a n s l o c a t e d . The Psp r e s p o n s e is a c t i v a t e d d u r i n g assembly o f a f u n c t i o n a l
t y p e t h r e e s e c r e t i o n system in this o r g a n i s m o n l y w h e n YscC is expressed. 148 Thus, in c o n j u n c t i o n
w i t h , or as a r e s u l t of, its role in m o n i t o r i n g m e m b r a n e p o t e n t i a l a n d s e c r e t i n m i s l o c a l i z a t i o n t h e
Psp r e s p o n s e f a c i l i t a t e s G r a m - n e g a t i v e p a t h o g e n e s i s .

T r a n s c r i p t i o n a l p r o f i l i n g o f E. coli cells o v e r e x p r e s s i n g t h e m a i n e f f e c t o r s o f t h e Psp response,
PspA a n d t h e n e w e s t m e m b e r o f t h e p a t h w a y PspG,149 revealed t h a t u p o n i n d u c t i o n o f t h e Psp
r e s p o n s e cells a d j u s t r e s p i r a t o r y gene e x p r e s s i o n a n d r e d u c e t h e e x p r e s s i o n o f h i g h energy, P M F
c o n s u m i n g , processes such as m o t i l i t y . ISO This s u p p o r t s a m o d e l w h e r e b y t h e Phage s h o c k p r o t e i n
r e s p o n s e senses a v a r i e t y o f e n v e l o p e stresses a n d r e s p o n d s by a c t i v a t i n g e x p r e s s i o n o f PspA a n d
PspG, w h i c h f u n c t i o n to f a c i l i t a t e p r o t e i n t r a n s p o r t a n d r e s t o r e m e m b r a n e p o t e n t i a l by d o w n 
r e g u l a t i n g e n e r g e t i c a l l y costly cellular events.

The Res P h o s p h o r e l a y S y s t e m
The Res p a t h w a y was first i d e n t i f i e d d u r i n g a screen for genes t h a t r e g u l a t e E. coli c o l a n i c acid

c a p s u l a r b i o s y n t h e s i s in t h e m i d - 1 9 8 0 s . 1s1 To date, this c o m p l e x p h o s p h o r e l a y system has b e e n
s h o w n to r e g u l a t e genes a s s o c i a t e d w i t h e n v e l o p e i n t e g r i t y a n d s t r u c t u r e a n d is b e l i e v e d to p l a y a
p i v o t a l role in b i o f i l m m a t u r i t y a n d e n t e r i c p a t h o g e n e s i s . In t h e f o l l o w i n g s e c t i o n s we will review
w h a t is c u r r e n t l y k n o w n a b o u t t h e Rcs p a t h w a y w h i l e clearly d e m o n s t r a t i n g why it has r e c e n t l y
b e e n classified as an e x t r a c y t o p l a s m i c stress r e s p o n s e system.

D i s c o v e r y a n d E a r l y H i s t o r y o f t h e Res P a t h w a y
The genes r e g u l a t i n g c a p s u l a r b i o s y n t h e s i s in E. coli K-12 are e n c o d e d by t h e cps o p e r o n a n d

are expressed at relatively low levels u n d e r s t a n d a r d l a b o r a t o r y c o n d i t i o n s . The o b s e r v a t i o n t h a t
a m u t a t i o n in t h e lon locus o f E. coli results in the o v e r p r o d u c t i o n o f t h e c o l a n i c acid c a p s u l a r
p o l y s a c c h a r i d e sent researchers on the h u n t for genes involved in t h e b i o s y n t h e s i s a n d r e g u l a t i o n o f
this cellular s t r u c t u r e . Trisler a n d G o t t e s m a n IS2 used i n s e r t i o n a l m u t a g e n e s i s in an e f f o r t to i d e n t i f y
genes r e s p o n s i b l e for t h e m u c o i d y p h e n o t y p e seen in lon cells. In a d d i t i o n to i d e n t i f y i n g t h e six
genes e n c o d e d in t h e cps o p e r o n , they also d e m o n s t r a t e d t h a t it is r e g u l a t e d by t h e A T P - d e p e n d e n t
p r o t e a s e , Lon, at t h e r r a n s c r i p r i o n a l Ievel.F" O n e year later, t h e same g r o u p i d e n t i f i e d a n d char
a c t e r i z e d t h r e e n e w r e g u l a t o r y genes t h a t a f f e c t e d t h e e x p r e s s i o n o f several cps::lac fusions. lSI The
genes were n a m e d rcsA, B a n d C ( f o r r e g u l a t o r o f c a p s u l a r s y n t h e s i s ) , w h e r e RcsA a n d RcsB were
classified as p o s i t i v e r e g u l a t o r s o f cps a n d R c s C was classified ( w i t h L o n ) as a negative r e g u l a t o r
o f cps e x p r e s s i o n . ' ! '

G e n e t i c analysis o f rcsA in t h e p r e s e n c e a n d absence o f Ion r e v e a l e d t h a t RcsA is t a r g e t e d for
p r o t e o l y t i c d e g r a d a t i o n by L o n a n d is a l i m i t i n g f a e t o r in cps e x p r c s s l o n . P ' J r was s o o n d e m o n s t r a t e d
t h a t RcsB a n d RcsC can drive cps e x p r e s s i o n i n d e p e n d e n t o f R c s A revealing t w o m o d e s o f cps regu
l a t i o n . I " S e q u e n c e h o m o l o g y o f RcsB a n d R c s C to e n v i r o n m e n t a l l y responsive t w o - c o m p o n e n t
r e g u l a t o r s led to t h e m o d e l w h e r e b y R c s C f u n c t i o n s as a m e m b r a n e b o u n d s e n s o r kinase a n d
RcsB as a c y t o p l a s m i c r e s p o n s e r e g u l a t o r . ISS O v e r t h e next d e c a d e r e s e a r c h e r s d i s c o v e r e d t h e Rcs
p a t h w a y was n o t a typical t w o - c o m p o n e n t system d e d i c a t e d to capsule synthesis, b u t a u n i q u e
p h o s p h o r e l a y e n c o m p a s s i n g n u m e r o u s accessory p r o t e i n s a n d an extensive r e g u l o n .

Rcs P h o s p h o r e l a y I n v o l v e s A u x i l i a r y R e g u l a t o r s a n d Accessory P r o t e i n s
The R c s C s e n s o r kinase is u n i q u e in t h a t it possesses an a d d i t i o n a l d o m a i n at its C - t e r m i n a l

e n d t h a t shares h o m o l o g y to t h e N - t e r m i n a l receiver d o m a i n o f a r e s p o n s e r e g u l a t o r . ISS It was
s p e c u l a t e d t h a t this RcsC D 1 d o m a i n f a c i l i t a t e d RcsB D 2 p h o s p h o r y l a t i o n by m e d i a t i n g t r a n s f e r
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o f the p h o s p h o r y l g r o u p from the H I d o m a i n o f R c s C . 155 F u r t h e r i n v e s t i g a t i o n i n t o the p r o p o s e d
Res H i s - A s p - A s p p h o s p h o r e l a y led to t h e discovery o f a u n i q u e p h o s p h o t r a n s m i t t e r e n c o d e d
d o w n s t r e a m o f rcsB, YojN. 1 56 YojN, later r e n a m e d RcsD, c o n t a i n s an H p t ( h i s t i d i n e c o n t a i n i n g
p h o s p h o t r a n s f e r ) d o m a i n in its C - t e r m i n u s t h a t is r e q u i r e d to t r a n s m i t signals b e t w e e n RcsC
a n d RcsB.156 RcsD is a p r e d i c t e d i n t e g r a l m e m b r a n e p r o t e i n w i t h a large p e r i p l a s m i c d o m a i n t h a t
shares l i m i t e d h o m o l o g y to t h a t o f RcsC.156.157 It has been suggested t h a t RcsD receives signals
i n d e p e n d e n t o f R c s C ; however, no such signal has b e e n u n c o v e r e d . " It is now generally a c c e p t e d
t h a t the R c s C - R c s D - R c s B p a t h w a y is a m u l t i - s t e p H i s - A s p - H i s - A s p p h o s p h o r e l a y c o n c l u d i n g
w i t h RcsB~P b i n d i n g D N A a n d a l t e r i n g t r a n s c r i p t i o n o f t a r g e t genes (Fig. 5).

RcsB is a m e m b e r o f the Fix] subfamily o f response r e g u l a t o r s a n d has been shown to f u n c t i o n
alone or in c o n c e r t w i t h auxiliary r e g u l a t o r s . W h e n acting alone, RcsB b i n d s as a h o m o d i m e r
i m m e d i a t e l y u p s t r e a m o f the - 35 region o f the R N A p o l y m e r a s e b i n d i n g site. 15 8,159 At a subset o f
p r o m o t e r s RcsB b i n d s as a h e t e r o d i m e r w i t h RcsA, at a c o n s e r v e d core sequence referred to as the
RcsAB box ( l o c a t e d 50-100 n u c l e o t i d e s u p s t r e a m o f the t r a n s c r i p t i o n a l s t a r t site).160,161 RcsB a n d
RcsA b o t h c o n t a i n a LuxR-type C - t e r m i n a l D N A b i n d i n g m o t i f a n d f u n c t i o n as positive regulators

A d a p t e d from
M a j d a l a n i & G o t t e s m a n (2005)
and Huang et aI, (2006)
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Figure 5. Proposed model for the E, coli Rcs phosphore lay system. A c t i v a t i n g signals enter
the Rcs pathway at the sensor kinase RcsC or at the outer membrane l i p o p r o t e i n RcsF. RcsC
a u t o p h o s p h o r y l a t e s at an H1 domain and transfers the phosphate to a 01 domain in its
C-terminus. The phosphate is then transferred to the Hpt domain of RcsO and f i n a l l y to the
0 2 domain in the N - t e r m i n a l end of the response regulator RcsB. RcsB-P works alone or in
c o n c e r t w i t h RcsA to regulate t r a n s c r i p t i o n of the Rcs regulon. RcsA is an unstable protein
that is p r o t e o l y t i c a l l y degraded by Lon and ClpYQ.
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o f c o l a n i c acid s y n t h e s i s a n d rcsA a u t o r e g u l a t i o n . 15 1,162 RcsA s t a b i l i t y is c o n t r o l l e d by t h e p r o t e a s e s
L o n a n d C l p Y Q 153,163 RcsA- RcsB h e t e r o d i m e r i z a t i o n is n o t r e q u i r e d for RcsB r e c o g n i t i o n o f t h e
RcsAB box, b u t s i g n i f i c a n t l y stabilizes t h e R c s B / D N A l n t e r a c t i o n . F " It has b e e n p r o p o s e d t h a t
RcsB b i n d i n g a l o n e at these p r o m o t e r s allows for basal levels o f activity, while t h e p r e s e n c e o f t h e
c o - i n d u c e r RcsA e n h a n c e s t r a n s c r i p t i o n in r e s p o n s e to an i n d u c i n g cue. l 64 A n o t h e r e x a m p l e o f this
rype o f c o o p e r a t i v e a c t i o n involves the TviA p r o t e i n o f V i a n t i g e n synthesis in Salmonella typhi. 16 5,166

It is t h o u g h t t h a t t h e use o f an a u x i l i a r y r e g u l a t o r to m o d u l a t e RcsB a c t i v i t y allows t h e p a t h w a y to
d i f f e r e n t i a l l y c o n t r o l e x p r e s s i o n o f r e g u l o n m e m b e r s in r e s p o n s e to v a r i e d a c t i v a t i n g cues.

In a d d i t i o n to auxiliary r e g u l a t o r s t h e Res p h o s p h o r e l a y also utilizes accessory p r o t e i n s in o r d e r
to carry o u t signal t r a n s d u c t i o n . RcsF was first i d e n t i f i e d for its ability to activate e x o p o l y s a c c h a r i d e
synthesis w h e n o v e r p r o d u c e d on a m u l t i - c o p y p l a s m i d . l ' " D u e to the loss o f t h i s f u n c t i o n in an
rcsB m u t a n t , the a u t h o r s p r o p o s e d t h a t RcsF was i n v o l v e d in RcsB p h o s p h o r y l a t i o n . It was l a t e r
d e t e r m i n e d t h r o u g h e p i t a s i s e x p e r i m e n t s t h a t RcsF is p o s i t i o n e d u p s t r e a m o f R c s C in t h e signal
ing cascade a n d t h a t it is i n v o l v e d in signal t r a n s d u c t i o n r a t h e r t h a n d i r e c t p h o s p h o r y l a t i o n . v "
Evidence s h o w i n g t h a t RcsF is an o u t e r m e m b r a n e l i p o p r o t e i n o r i e n t a t e d t o w a r d s t h e p e r i p l a s m
s u p p o r t s a m o d e l w h e r e b y RcsF senses surface cues a n d t r a n s m i t s t h e signal to RCSC 16 8,169 (Fig. 5).
It s h o u l d be n o t e d t h a t n o t all Res i n d u c i n g cues r e q u i r e RcsF. O v e r p r o d u c t i o n o f t h e D n a J - l i k e
p r o t e i n , D j l A , activates t h e Res p h o s p h o r e l a y i n d e p e n d e n t o f R c s F , s u g g e s t i n g t h e r e are t w o dis
t i n c t s i g n a l i n g p a t h w a y s t o w a r d s RcsC. 16 9 T h e use o f an o u t e r m e m b r a n e l i p o p r o t e i n to t r a n s m i t
signals to a s e n s o r kinase is n o t u n i q u e to t h i s system. As m e n t i o n e d e a r l i e r in t h i s c h a p t e r , N l p E
t r a n s m i t s a signal to t h e C p x p a t h w a y u p o n a d h e r e n c e to h y d r o p h o b i c s u r f a c e s ? It a p p e a r s t h a t
l i p o p r o t e i n s may p l a y a vital role in signal t r a n s d u c t i o n .

A n o t h e r accessory p r o t e i n s h o w n to i n f l u e n c e t h e p a t h w a y is t h e p u t a t i v e i n n e r m e m b r a n e
p r o t e i n IgaA o f Salmonella enterica. IgaA negatively r e g u l a t e s t h e R c s C - R c s D - R c s B system u p o n
h o s t c o l o n i z a t i o n t h e r e b y f a c i l i t a t i n g Salmonella v i r u l e n c e . V ' ' ! " This t o p i c will be discussed f u r t h e r
in a l a t e r s e c t i o n .

A c t i v a t i n g S i g n a l s
A c o m m o n a l i t y a m o n g t h e m u t a t i o n s a n d g e n e r a l e n v i r o n m e n t a l stresses k n o w n to activate t h e

Rcs p h o s p h o r e l a y is an a s s o c i a t i o n w i t h o u t e r m e m b r a n e s t r u c t u r e s a n d i n t e g r i t y . T h e m a j o r i t y o f
t h e m u t a t i o n s s h o w n to activate Res, or t h e expression o f R e s - r e g u l a t e d genes, are i n v o l v e d in t h e
p r o d u c t i o n o f c e l l u l a r or e x t r a c e l l u l a r p o l y s a c c h a r i d e s . T h e y i n c l u d e rfa, mdo, tol; pmr a n d surA.
C o l l e c t i v e l y these genes play m a j o r roles in LPS b i o s y n t h e s i s (rfa), m e m b r a n e d e r i v e d oligosac
c h a r i d e p r o d u c t i o n (mdo ), colanic acid synthesis (t04 pmr) a n d p r o p e r f o l d i n g o f e n v e l o p e p r o t e i n s
(surA).169,172.176 In a d d i t i o n to these m u t a t i o n s , t h e Res p a t h w a y is also a c t i v a t e d by o v e r p r o d u c t i o n
o f c e r t a i n e n v e l o p e p r o t e i n s . As p r e v i o u s l y m e n t i o n e d , o v e r p r o d u c t i o n o f accessory p r o t e i n RcsF
a n d t h e m e m b r a n e a n c h o r e d c h a p e r o n e D j l A , a c t i v a t e s cps e x p r e s s i o n t h r o u g h RCSC/B.167,177
The exact signal g e n e r a t e d by t h e s e p r o t e i n s is n o t well u n d e r s t o o d , however, o v e r p r o d u c t i o n
o f e n v e l o p e p r o t e i n s seems to be a c o m m o n i n d u c e r o f e n v e l o p e stress r e s p o n s e systems. The
e n v i r o n m e n t a l c o n d i t i o n s s h o w n to i n f l u e n c e t h e Res r e g u l o n i n c l u d e o s m o t i c s h o c k , dessica
t i o n , g r o w t h on solid m e d i a , as well ~.S e x p o s u r e to t h e c a t i o n i c d r u g c h l o r p r o m a z i n e a n d a s u b s e t
o f f3-lactams. 178

·
183 E a c h o f t h e a f o r e m e n t i o n e d i n d u c e r s cause serious stress to t h e b a c t e r i a l cell

e n v e l o p e a n d elicit a r e s p o n s e t h a t e x t e n d s b e y o n d t h e Rcs pathway. For a m o r e d e t a i l e d review
o f this t o p i c see r e f e r e n c e s I I a n d 12.

The Res R e g u l o n : D e t e r m i n i n g the P h y s i o l o g i c a l Role o f the P a t h w a y
The Res r e g u l o n f u r t h e r s u p p o r t s the claim t h a t this p a t h w a y is s o m e h o w involved in m o n i t o r i n g

a n d m a i n t a i n i n g cell surface s t r u c t u r e s . H i s t o r i c a l l y , t h e Res p h o s p h o r e l a y is k n o w n to p o s i t i v e l y
r e g u l a t e c o l a n i c acid s y n t h e s i s in E. coli K-12. 151 In line w i t h t h i s f i n d i n g , t h e Rcs r e g u l a t o r y
p r o t e i n s RcsB a n d RcsA have b e e n s h o w n to p o s i t i v e l y r e g u l a t e e x o p o l y s a c c h a r i d e p r o d u c t i o n in
o t h e r o r g a n i s m s , i n c l u d i n g t h e p l a n t p a t h o g e n s Erwinia amylovora a n d Pantoea stetoartii, as well
as t h e e n t e r i c p a t h o g e n Salmonella typhimurim. 16 1,184,185 R c s B / R c s A also a c t i v a t e t r a n s c r i p t i o n
o f t h e ugd gene in Salmonella. 174,175 W h i l e t h i s gene does n o t e n c o d e a c o m p o n e n t o f a c a p s u l a r
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s t r u c t u r e it does e n c o d e U D P - g l u c o s e d e h y d r o g e n a s e , an e n z y m e r e q u i r e d for p r o d u c t i o n o f a
c o l a n i c acid sugar. 186 As p r e v i o u s l y m e n t i o n e d , RcsB does n o t j u s t w o r k in c o n c e r t w i t h RcsA.
In Salmonella typhi, RcsB i n t e r a c t s w i t h a n o t h e r p o s i t i v e r e g u l a t o r , TviA, at the roiA p r o m o t e r
t o i n i t i a t e Vi a n t i g e n p r o d u c t l o n . t ' " M o r e c o r e g u l a t i o n was f o u n d b e t w e e n Res a n d t h e PrnrAB
t w o - c o m p o n e n t system in Salmonella. 187 R e s e a r c h e r s d e t e r m i n e d t h a t b o t h systems i n d e p e n d e n t l y
e n h a n c e t r a n s c r i p t i o n o f t h e wzz gene f r o m o v e r l a p p i n g r e g i o n s o f its p r o m o t e r . " ? Wzz is r e s p o n 
sible for d e t e r m i n i n g a - a n t i g e n c h a i n l e n g t h in Salmonella enterica serouar T y p h i m u r i u m a n d so
by a f f e c t i n g it e x p r e s s i o n , these p a t h w a y s affect s u s c e p t i b i l i t y to h o s t i m m u n e r e s p o n s e s . I ' "

O t h e r p o s i t i v e l y r e g u l a t e d genes in the Rcs r e g u l o n i n c l u d e fisA, ftsZ a n d osmc. 158.188.189 The
s i g n i f i c a n c e o f t h e Rcs p a t h w a y r e g u l a t i n g genes i n v o l v e d in cell d i v i s i o n a n d o s m o r e g u l a t i o n is
n o t clear at t h i s p o i n t . A screen for E. coli p r o m o t e r s r e g u l a t e d by RcsB u n c o v e r e d the first e x a m p l e
o f n e g a t i v e r e g u l a t i o n by t h e Res r e s p o n s e . F r a n c e z - C h a r l o t et al l90 d e m o n s t r a t e d t h a t an RcsB-A
h e t e r o d i m e r b i n d s to an RcsAB box in t h e flhDC p r o m o t e r a n d acts as a negative r e g u l a t o r o f
flagellin synthesis. A few years l a t e r t h e D o r e l g r o u p s h o w e d t h a t RcsB-A r e g u l a t e s t h e csgDEFG
a n d csgBA o p e r o n s . ! " The n e g a t i v e r e g u l a t i o n o f flagellin a n d c u r l i n e x p r e s s i o n r e p r e s e n t s a clear
o v e r l a p b e t w e e n Res, the C p x p a t h w a y a n d t h e p h a g e - s h o c k - p r o t e i n r e s p o n s e r e g u l o n s (refer t o
r e l e v a n t s e c t i o n s in t h i s c h a p t e r ) . I t has also l e d to the s u g g e s t i o n t h a t t h e Res p a t h w a y plays an
i m p o r t a n t role in t h e t r a n s i t i o n f r o m early to late b i o f i l m f o r m a t i o n , as it d o w n - r e g u l a t e s m o t i l i t y
genes a n d u p r e g u l a t e s c o l a n i c acid, w h i c h f u n c t i o n s in b i o f i l m m a t u r i t y . I 1.182.192 The f i n d i n g t h a t an
rcsB m u t a n t e l a b o r a t e s p r e m a t u r e flagella a n d an rcsC m u t a n t takes l o n g e r to display flagella s u p p o r t s
t h i s i d e a . " ? This a n d o t h e r f i n d i n g s also p r o v i d e s u p p o r t for R c s C p h o p h a t a s e activity.168.193.196

It has been d e m o n s t r a t e d t h a t the Rcs p h o s p h o r e l a y r e g u l a t e s t h e s t a t i o n a r y p h a s e sigma f a c t o r
( R p o S ) at t h e t r a n s l a d o n a l level.!" This is a c c o m p l i s h e d by r e p r e s s i n g t h e s y n t h e s i s o f L r h A , a
r e p r e s s o r o f t h e s R N A , R p r A , w h i c h activates RpoS t r a n s l a t i o n ; as well as by d i r e c t l y s t i m u l a t i n g
R p r A activity.197.198 In a d d i t i o n to a f f e c t i n g RpoS e x p r e s s i o n , t h e r e is overlap b e t w e e n t h e Rcs
a n d RpoS r e g u l o n s . O n e s u c h e x a m p l e is the newly i d e n t i f i e d p e r i p l a s m i c p r o t e i n ydel. 157 I t was
o b s e r v e d t h a t rcsC, B, D single m u t a n t s were s i g n i f i c a n t l y o u t c o m p e t e d by w i l d - t y p e cells in a
m o u s e m o d e l o f i n f e c t i o n ; ydel was i d e n t i f i e d as the R e s - r e g u l a t e d gene r e s p o n s i b l e for the per
s i s t e n c e o f Salmonella in mice. 157 The a u t h o r s s p e c u l a t e t h a t ydel s o m e h o w increases Salmonella
resistance to a n t i m i c r o b i a l p e p t i d e s . l " The Res p a t h w a y has also b e e n s h o w n to affect p a t h o g e n e s i s
in o t h e r G r a m - n e g a t i v e p a t h o g e n s . The R c s C - R c s D - R c s B s i g n a l i n g system in e n t e r o h a e m o r r h a g i c
Escherichia coli p o s i t i v e l y a n d n e g a t i v e l y r e g u l a t e s t y p e t h r e e s e c r e t i o n by a c t i n g t h r o u g h t w o o p 
p o s i n g r e g u l a t o r s , G r v A a n d P c h A . 199 In Yersinia enterocolitica B i o v a r IB, t h e Res p h o s p h o r e l a y
p o s i t i v e l y r e g u l a t e s s e c r e t i o n t h r o u g h t h e Ysa t y p e t h r e e s e c r e t i o n system by a f f e c t i n g e x p r e s s i o n
o f genes e n c o d e d o n t h e Ysa p a t h o g e n i c i t y island.f"

Since t h e Rcs p h o s p h o relay seems to play s u c h an i n t e g r a l role in G r a m - n e g a t i v e b a c t e r i a l
p a t h o g e n e s i s , it is n o t s u r p r i s i n g t h a t an o r g a n i s m w o u l d a d a p t a way t o r e g u l a t e Res activity. As
m e n t i o n e d previously, t h e IgaA m e m b r a n e p r o t e i n o f Salmonella n e g a t i v e l y r e g u l a t e s R c s B C
u p o n h o s t c o l o n i z a t i o n . F " ! " IgaA is o n l y r e q u i r e d i f t h e Res p a t h w a y is active a n d has p r o v e n t o
be r e q u i r e d for Salmonella v i r u l e n c e . 170.1 71 It seems a c o m m o n f e a t u r e o f e n v e l o p e stress r e s p o n s e
systems is to r e g u l a t e genes i m p o r t a n t for c e r t a i n aspects o f v i r u l e n c e , b u t w h e n fully a c t i v a t e d ,
t o a t t e n u a t e virulence.l09.lll.201

In s u n u n a r y , the Rcs r e g u l o n suggests t h a t t h i s c o m p l e x signal t r a n s d u c t i o n p a t h w a y is i n v o l v e d
in e n v e l o p e i n t e g r i t y a n d s t r u c t u r e a n d suggests an i m p o r t a n t role for t h e Rcs system in b i o f i l m
m a t u r i t y a n d G r a m - n e g a t i v e p a t h o g e n e s i s .
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Dual Regulation with S e r / T h r Kinase
Cascade and a His/Asp TCS
in Myxococcus xanthus
Sumiko Inouye* and H i r o f u m i Nariya

A b s t r a c t

F
ru i ti n g b o d y d e v e l o p m e n t o f Myxococcus xanthus is p r o p e l l e d by t e m p o r a l gene expression
d i r e c t e d via s t a g e - s p e c i f i c i n t e r c e l l u l a r s i g n a l i n g p a t h w a y s . M. xantbus e x h i b i t s social
behaviors d u r i n g its complex life cycle and is a p o t e n t i a l source for p r o d u c t i o n o f n a t u r a l

p r o d u c t s such as s e c o n d a r y m e t a b o l i t e s . The n u m e r o u s signaling pathways o f M. xanthus consist
o f n o t only t h e t w o - c o m p o n e n t His-Asp p h o s p h o r e l a y system ( T C S ) b u t also p r o t e i n S e r / T h r
kinases ( P S T K s ) t h a t regulate gene expression, m o t i l i t y a n d m u l t i c e l l u l a r d e v e l o p m e n t . Recent
studies have u n c o v e r e d the u n i q u e m o l e c u l a r r e g u l a t o r y m e c h a n i s m o f M r p C , a t r a n s c r i p t i o n
f a c t o r essential for f r u i t i n g b o d y d e v e l o p m e n t a n d s p o r u l a t i o n . m r p C expression is a c t i v a t e d
early in d e v e l o p m e n t by MrpB, w h i c h belongs to the N t r C family o f T C S . M r p C , is, in t u r n ,
a t r a n s c r i p t i o n a l a c t i v a t o r o f fruA t h a t encodes a n o t h e r key t r a n s c r i p t i o n factor, FruA. FruA is
essential for f r u i t i n g b o d y d e v e l o p m e n t and s p o r u l a t i o n and regulates positively and negatively
the synthesis o f many d e v e l o p m e n t a l p r o t e i n s . In a d d i t i o n , expression o f m r p C d u r i n g vegetative
g r o w t h is kept at a low level by t h e P S T K P k n 8 - P k n 1 4 kinase cascade w h i c h negatively regulates
M r p C - b i n d i n g activity to its own p r o m o t e r . Therefore, M. xanthus utilizes a novel dual system
w i t h b o t h e u k a r y o t i c P S T K cascade and p r o k a r y o t i c T C S signaling systems to tightly and precisely
regulate M r p C levels, w h i c h activate timely fruA expression and p r o p e l f r u i t i n g body d e v e l o p m e n t
a n d s p o r u l a t i o n .

I n t r o d u c t i o n
M u l t i c e l l u l a r d e v e l o p m e n t o f Myxococcus xanthus is d i r e c t e d by a series o f i n t e r c e l l u l a r signaling

pathways t h a t regulate the stage-specific expression o f a specific set o f genes. The e n v i r o n m e n t a l
signals are t r a n s m i t t e d inside cells t h r o u g h r e c e p t o r - t y p e kinases t h a t p h o s p h o r y l a t e d o w n s t r e a m
r e g u l a t o r y p r o t e i n s to m o d u l a t e t h e i r activities. In p r o k a r y o t e s , t h e major m e c h a n i s m o f signal
t r a n s d u c t i o n is a t w o - c o m p o n e n t His-Asp p h o s p h o r e l a y system ( T C S ) t h a t consist of, in most
cases, a h i s t i d i n e kinase ( H K ) a n d a response r e g u l a t o r (RR).! In c o n t r a s t , p r o t e i n Ser / T h r ( P S T K )
and T yr kinases ( P T K ) play the major roles in e u k a r y o t e s by p h o s p h o r y l a t i n g d o w n s t r e a m P S T K s
a n d r e g u l a t o r y p r o t e i n s . There are two i m p o r t a n t differences b e t w e e n T C S and P S T K signal
ing systems. In the T C S system, H K a u t o - p h o s p h o r y l a t e s its His residue u t i l i z i n g ATP and a
h i g h - e n e r g y p h o s p h o - g r o u p o f t h e His residue o f H K is t h e n t r a n s f e r r e d to the Asp residue o f a
cognate response regulator. F u r t h e r m o r e , H K i t s e l f c o n t a i n s p h o s p h a t a s e activity t h a t mediates
d e p h o s p h o r y l a t i o n o f response r e g u l a t o r s . ' In c o n t r a s t , P S T K s use ATP to p h o s p h o r y l a t e t h e i r

* C o r r e s p o n d i n g A u t h o r : Sumiko I n o u y e - - D e p a r t m e n t of Biochemistry, Robert W o o d Johnson
M e d i c a l School, Piscataway, NJ 0 8 8 5 4 , USA. Email: i n o u y e s u @ u m d n j . e d u
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o w n S e r / T h r residues for a c t i v a t i o n o f t h e i r kinase activity. The a c t i v a t e d P S T K p h o s p h o r y l a t e s
its s u b s t r a t e by u s i n g A T P to m o d u l a t e the f u n c t i o n . The signal can be greatly a m p l i f i e d a n d stably
m a i n t a i n e d for l o n g time p e r i o d s since a specific p h o s p h a t a s e is r e q u i r e d for t h e i n a c t i v a t i o n o f
P S T K s . M xanthus g e n o m i c s revealed 102 genes for p u t a t i v e P S T K s a n d 137 a n d 118 genes for
p u t a t i v e H K s a n d RRs o f T C S , respectively ( h t t p : / / c m r . t i g r . o r g ) .

M. xanthus is a G r a m - n e g a t i v e soil b a c t e r i u m t h a t exhibits a c o m m u n a l lifestyle d u r i n g v e g e t a t i v e
g r o w t h a n d f r u i t i n g b o d y (FB) f o r m a t i o n (Fig. I). W h e n M. xanthus cells are s u r r o u n d e d in a rich
n u t r i e n t c o n d i t i o n , t h e y grow unicellularly, f o r m i n g large swarms c o n s i s t i n g o f t h o u s a n d s o f cells
w h i c h c o o r d i n a t e l y secrete lytic enzymes t h a t d e g r a d e m a c r o m o l e c u l e s . ' U p o n n u t r i e n t d e p l e t i o n
at h i g h cell density, ~ 100,000 cells glide t o w a r d s an a g g r e g a t i o n c e n t e r a n d form a m u l t i c e l l u l a r
FB. D u r i n g t h e 30 h d e v e l o p m e n t a l process, a p p r o x i m a t e l y 10% o f the i n i t i a l cell p o p u l a t i o n
d i f f e r e n t i a t e s i n t o spores inside the FB while o t h e r s (80%) s u r r o u n d i n g t h e FB u n d e r g o suicide
autolysis, p r o v i d i n g n u t r i e n t s to t h e o t h e r s t h a t form the FB a n d spores.v'

The cells sense n u t r i e n t l i m i t a t i o n , in p a r t , t h r o u g h t h e a c c u m u l a t i o n o f g u a n o s i n e p e n t a - or
t e t r a - p h o s p h a t e , (p )ppGpp.6,7 In a d d i t i o n , b a s e d on analysis o f f i v e e x t r a c e l l u l a r c o m p l e m e n t a t i o n
groups, five i n t e r c e l l u l a r signals, A, B, C, D a n d E, are k n o w n to be involved and each is essential for
m u l t i c e l l u l a r FB f o r m a t i o n and sporularion.S? A-signal is a specific set o f a m i n o acids and p e p t i d e s
a n d appears to be used as q u o r u m sensing to measure t h e cell d e n s i t y n e c e s s a r y for t h e i n i t i a t i o n
o f successful m u l t i c e l l u l a r d e v e l o p m e n t . " A-, B-, D- a n d E-signals are essential for t h e p r o g r e s s i o n
t h r o u g h t h e first 5 h o f d e v e l o p m e n t , while C - s i g n a l is i m p o r t a n t for d e v e l o p m e n t afrer 6 h a n d is
used r e p e a t e d l y to achieve a g g r e g a t i o n a n d l a t e r s p o r u l a t i o n . I I W h i l e t h e csgA gene is essential for
C - s i g n a l i n g , 12 t h e precise n a t u r e o f C - s i g n a l is c o n t r o v e r s i a l . O n e p r o p o s a l is t h a t CsgA g e n e r a t e s
t h e C - s i g n a l enzymatically a n d the o t h e r is t h a t C - s i g n a l is a cell-surface-associated p r o t e i n e n c o d e d
by t h e csgA gene a n d is e s s e n t i a l for a g g r e g a t i o n , FB f o r m a t i o n and s p o r u l a t i o n . C s g A , a 25 k D a
p r o t e i n , w i t h a h i g h s i m i l a r i t y to m e m b e r s o f t h e s h o r t - c h a i n a l c o h o l d e h y d r o g e n a s e f a m i l y , " is
p r o c e s s e d i n t o C - s i g n a l , a 17 k D a p r o t e i n , by a d e v e l o p m e n t a l l y specific p r o t e a s e . ' !

The e x p r e s s i o n o f m a n y genes early in d e v e l o p m e n t is likely to be r e g u l a t e d b y a S4-RNA

p o l y m e r a s e ( a S 4 - R N A P ) r e c o g n i z i n g s p e c i f i c p r o m o t e r s a n d i n i t i a t i n g t r a n s c r i p t i o n w i t h
e n h a n c e r - b i n d i n g p r o t e i n s (EBPs).IS Fifty t w o p u t a t i v e EBPs are f o u n d f r o m g e n o m e a n a l y s i s "
a n d m u t a t i o n a l analysis reveals t h a t several EBPs are involved in m o t i l i t y and FB d e v e l o p m e n t . P ? '
MrpB, an EBP, is essential for m r p C expression t h a t encodes a d e v e l o p m e n t a l l y essential t r a n s c r i p 
t i o n factor, M r p C . 18 M r p C is a t r a n s c r i p t i o n f a c t o r o f f t u A t h a t e n c o d e s a n o t h e r key t r a n s c r i p t i o n
factor, FruA,22 w h i c h is e s s e n t i a l for FB d e v e l o p m e n t a n d s p o r u l a t i o n . " The synthesis o f many
p r o t e i n s d u r i n g FB d e v e l o p m e n t is u n d e r t h e c o n t r o l o f F r u A in a C - s i g n a l - i n d e p e n d e n t a n d
d e p e n d e n t m a n n e r , "

Ve getative
growt h

D e v e l o p m e n t G e r m i n a t i o n

'1--.... .... - - . .
1 - ' - I
I - I

I>Qg regatio n Mound

6 12 18 24

Fru i ti n g bo dy ..
30 hr

Figure 1. Life c y c l e of M y x o c o c c u s x s n t b u s . See t h e text for d e t a i l s .
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FruA: A Key D e v e l o p m e n t a l T r a n s c r i p t i o n Factor
F r u A is a key t r a n s c r i p t i o n f a c t o r t h a t regulates a large n u m b e r o f gene e x p r e s s i o n early in

d e v e l o p m e n t a n d is r e q u i r e d for FB f o r m a t i o n a n d s p o r u l a t i o n . The fruA gene was i d e n t i f i e d by
t r a n s p o s o n m u t a g e n e s i s as an essential locus for m u l t i c e l l u l a r d e v e l o p m e n t a n d e n c o d e s a p r o t e i n
h o m o l o g o u s to the response r e g u l a t o r family o f T C S . 23 Later, the fruA gene was also i d e n t i f i e d as
a class II gene, w h i c h is an essential c o m p o n e n t in the C - s i g n a l t r a n s d u c t i o n p a t h w a y , " A l t h o u g h
the p u t a t i v e p h o s p h o r y l a t i o n site, the Asp residue at 59, is c o n s e r v e d in FruA a n d is i m p o r t a n t for
in vivo f u n c t i o n , " a kinase for FruA has n o t b e e n i d e n t i f i e d yet. The expression o f the fruA gene
is i n d u c e d d e p e n d i n g o n A- a n d E-signals at a r o u n d 6 h o f d e v e l o p m e n t a n d reaches the h i g h e s t
level at 12 h,23 b u t is i n d e p e n d e n t o f C-signal. 25

Analysis o f p r o t e i n e x p r e s s i o n p a t t e r n s at 12 h o f d e v e l o p m e n t revealed t h a t 276 p r o t e i n s are
differentially expressed, o f w h i c h the synthesis o f 1 5 4 p r o t e i n s is d o w n - r e g u l a t e d , while the synthesis
o f 1 2 2 p r o t e i n s is up-regulared.i" A m o n g the u p - r e g u l a t e d p r o t e i n s , 54 are d e p e n d e n t o n b o t h fruA
a n d csgA a n d 7 are d e p e n d e n t o n only fruA. P r o t e i n S, the p r o d u c t o f the tps gene, is a spore coat
p r o t e i n " a n d D o f A e x h i b i t s no s i m i l a r i t y to k n o w n p r o t e i n s . " B o t h p r o t e i n s are n o n e s s e n t i a l for
m u l t i c e l l u l a r d e v e l o p m e n t a n d t h e i r expression is C v s i g n a l - i n d e p e n d e n r . v - " In c o n t r a s t , F r z C D
m e t h y l a t i o n a n d devRS expression d u r i n g d e v e l o p m e n t were f o u n d to be d e p e n d e n t o n fruA as well
as C_signal. 2 5.29 F r z C D is a c o m p o n e n t o f the Frz system t h a t c o n t r o l s d e v e l o p m e n t a l a g g r e g a r i o n . "
FruA regulates the expression offrzF, w h i c h encodes t h e m e t h y l t r a n s f e r a s e for F r z C D a n d is in the
same o p e r o n . 31 The devRS genes are essential for s p o r u l a t i o n , b u t the f u n c t i o n o f the devRS gene
p r o d u c t s is u n k n o w n . " A n o t h e r FB essential g e n e , j d g A , was i d e n t i f i e d by in v i t r o s e l e c t i o n from
the g e n o m i c l i b r a r y using the p u r i f i e d D N A - b i n d i n g d o m a i n o f FruA. 33The jdgA gene e n c o d e s a
p r o t e i n h o m o l o g o u s t o the o u t e r - m e m b r a n e auxiliary ( O M A ) family p r o t e i n involved in polysac
c h a r i d e e x p o r t system a n d is r e q u i r e d for FB d e v e l o p m e n t a n d s p o r u l a t i o n .

MrpC: A T r a n s c r i p t i o n a l A c t i v a t o r for f r u A E x p r e s s i o n
The fruA gene is expressed exclusively d e p e n d i n g o n A- a n d E-signals d u r i n g FB d e v e l o p m e n t .

The p r o m o t e r region a t - I S S t o - 4 1 bp from the t r a n s c r i p t i o n s t a r t site is essential for the i n d u c 
t i o n o f d e v e l o p m e n t a l fruA e x p r e s s i o n based on lacZ r e p o r t e r a n a l y s i s . " In t h e u p s t r e a m region
o f the fruA p r o m o t e r , t w o types o f complexes were o b s e r v e d w i t h a m m o n i u m sulfate f r a c t i o n 
a t e d extracts p r e p a r e d from cells at 12 h d e v e l o p m e n t . From f o o t p r i n t analysis, two b i n d i n g sites
were d e t e r m i n e d . M u t a t i o n a l analysis o f the b i n d i n g sites s h o w e d t h a t they are i n d i s p e n s a b l e for
the i n d u c t i o n o f fruA expression d u r i n g d e v e l o p m e n t . Thus, the D N A - b i n d i n g site i d e n t i f i e d is
an essential cis-acting e l e m e n t for fruA expression. U s i n g the D N A affinity c o l u m n specific t o a
cis-acting e l e m e n t , a fruA p r o m o t e r - b i n d i n g p r o t e i n (FBP) was p u r i f i e d f r o m d e v e l o p m e n t a l cell
extracts. The N - t e r m i n a l s e q u e n c e o f F B P was f o u n d t o be i d e n t i c a l to residues from 33 to 53 o f the
p r o p o s e d M r p C s e q u e n c e . " Since there is a n o t h e r ATG at the 2 6 t h c o d o n in mrpC, a r e c o m b i n a n t
M r p C 2 l a c k i n g the N - t e r m i n a l 2 5 residues o f M r p C was p u r i f i e d a n d f o u n d to b i n d t o a cis-acting
e l e m e n t o f t h e fruA p r o m o t e r as does FBP, i n d i c a t i n g t h a t M r p C / M r p C 2 is a t r a n s - a c t i n g f a c t o r
for fruA e x p r e s s i o n . " T h e r e f o r e , t h r e e essential t r a n s c r i p t i o n factors, MrpB, M r p C a n d FruA ap
p e a r t o form a t r a n s c r i p t i o n a l cascade, each o f w h i c h s e q u e n t i a l l y activates d o w n s t r e a m factors
d e p e n d i n g on d e v e l o p m e n t a l signaling pathways to p r o p e l FB d e v e l o p m e n t .

G e n e t i c S t u d y o f t h e m r p C L o c u s
mrpC is l o c a t e d d o w n s t r e a m o f mrpA-mrpB in t h e mrp locus w h i c h was i d e n t i f i e d via trans

p o s o n m u t a g e n e s i s as an essential locus for m u l t i c e l l u l a r d e v e l o p m e n t (Fig. 2A).18 Based o n t h e i r
p r e d i c t e d a m i n o acid sequences, mrpA a n d mrpB e n c o d e a soluble H i s kinase a n d a response
r e g u l a t o r o f the N t r C family, respectively a n d mrpC e n c o d e s a h o m o l o g u e o f the c A M P r e c e p t o r
p r o t e i n ( C R P ) family o f t r a n s c r i p t i o n factors. mrpA a n d mrpB are c o t r a n s c r i b e d after A-signal
a n d (p ) p p G p p b u t before C_signal. 1 8. 19 mrpC, l o c a t e d 2 7 4 - b p d o w n s t r e a m o f mrpB, is t r a n s c r i b e d
i n d e p e n d e n t l y a n d its e x p r e s s i o n is a b s o l u t e l y d e p e n d e n t o n mrpB b u t n o t mrpA. B o t h mrpB a n d
mrpC are r e q u i r e d for a g g r e g a t i o n a n d s p o r u l a t i o n b u t mrpA is r e q u i r e d only for s p o r u l a t i o n .



114

A

B

B a c t e r i a l S i g n a l Transduction: N e t w o r k s a n d D r u g Targets

Y1 ""_~ . . . _ X_1_
Z 1

MrpB ~-=" ": ~ -: ~ t .. n<Q",,,'~t:~~":1.I1C :.-:~~~t.:d~ 'J ':l.·':(';"" ~'GTTTG"t·,

X2 X3~ ~ .. . . .
n -:c ~1;:q~: ':3 9 1l1 (; ~ ~;t;T':"~ ~~) : ~ f; " >1 ~ .:lc "qaa ':Q ;

. . . . . . T . . _ _ Y2_ _ .. X5 . ..
q c C :- Q1 tqf..'H~~_CTGTA 4.::.,.: t" "~TACCQ1q~,~~.,q~ r. 1 t ~ q ",,· c ::;q ~e-:'l!}...

X6 · 24 - 12 .1
r'ATTTCAA~ t c c ,c t9qc~<:-'*I 'I ·c.~~Q._9 ' 'q. , ~"'lJ 'l lr : 1 c ne r ce . C'1 ~ n <1 ... ~ c'1

rbs MrpC
c~Q':C'e';9'::: : t.c: .:c a':9~ t. :.cc : to:C"::-~:.t ~":C'ATG:A':C'.... , . TC A..;C{"l ... c c

H H (; r" :. x
MrpC2

t C:CT('G': (:CC ·~ rr; ( .( ; M'I: t. :IV.(· : 1 c c. rf ;( ' n ; •.x;co';T(;CA" At: ;';C ! :M;C:--C ' :(i - i(~TG

f' i C ~ N V OJ ~\ P L o T_ T s 9 G H

c
St ep 1 --001 - - - - - - - - - - - m rpC

Enh.'\nOef~t

Step 2
Y2 1.5 X6

Y'

mrpC

Step 3

Step 4

Step 5

:::-'-{:::. r- ~. . . -~:....mrpC

Y'

. . . . . -~-mrpC

6 6
6 6 Mrpc

Y1

~
X' X3 X2 X '

- ' . /

- <f4
Y2" ' - ~~mrpC

)(5 X6 - 2 04 · ' 2

Figure 2. T r a n s c r i p t i o n a l regulation of mrpC. A) Gene o r g a n i z a t i o n of the mrp locus. Arrows
i n d i c a t e t r a n s c r i p t i o n a l o r i e n t a t i o n . B) MrpB and M r p C b i n d i n g sites on the mrpC p r o m o t e r
region. The boxes w i t h the letter X and Y represent M r p C b i n d i n g sites and boxes w i t h the
l e t t e r Z are M r p B b i n d i n g sites. The translational stop codon TGA and the i n i t i a t i o n c o d o n
ATG for the mrpB and mrpC genes are i n d i c a t e d by b o l d capitals, respectively. The c o d o n
ATG used for M r p C 2 is also h i g h l i g h t e d by bold capitals. The p r e d i c t e d p h o s p h o r y l a t i o n site
in the N - t e r m i n a l 2 5 residues of M r p C is i n d i c a t e d w i t h a bold letter. The sequences of t h e - 1 2
and - 2 4 boxes for the as" p r o m o t e r and a p u t a t i v e r i b o s o m e - b i n d i n g site are represented by
u n d e r l i n e d b o l d bases. The t r a n s c r i p t i o n a l i n i t i a t i o n site is i n d i c a t e d as +1 w i t h uppercase G.
The sites hypersensitive to DNase I t r e a t m e n t are i n d i c a t e d by grey arrowheads. C) Schematic
diagram for the t r a n s c r i p t i o n a l i n i t i a t i o n of mrpC. A gray oval and an e m p t y c i r c l e represent
MrpB and M r p C existing as dimers, respectively. See the text for details.
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A mrpA m u t a n t (/).mrpA) is able to form t r a n s l u c e n t m o u n d s ( a g g r e g a t i o n ) , b u t s p o r u l a t i o n is
delayed. AmrpA yields spores o f 10 % after 3 days a n d 30 % after 7 days d e v e l o p m e n t relative to
the p a r e n t s t r a i n , s u g g e s t i n g t h a t mrpA is r e q u i r e d for only myxospore f o r m a t i o n . The defective
p h e n o t y p e o f a mrpB m u t a n t (AmrpB) was c o m p l e m e n t e d by i n t r o d u c i n g the w i l d - t y p e mrpB
gene, b u t was n o t by a m u t a t i o n at t h e p u t a t i v e p h o s p h o r y l a t i o n site AspS8 to Alq, suggesting
t h a t a c t i v a t i o n o f M r p B by p h o s p h o r y l a t i o n w i t h H K is essential for m r p C e x p r e s s i o n a n d m a t u r e
FB d e v e l o p m e n t .

T h e r e f o r e , a scenario p r o p o s e d by Sun a n d Shi (200 I) 18 early in d e v e l o p m e n t is t h a t t h e expres
sion o f m r p A B is a c t i v a t e d via a d e v e l o p m e n t a l l y specific signaling p a t h w a y a n d p r o d u c e d M r p A
a n d MrpB. MrpB p h o s p h o r y l a t e d by M r p A a n d / o r a c o m p l e m e n t H K , activates d o w n s t r e a m gene
expressions p a r t i c u l a r l y m r p C a n d t h e n p r o m o t e s cellular a g g r e g a t i o n . M r p C m i g h t a u t o - r e g u l a t e
its own expression, because mrpC expression using the r e p o r t e r gene fused at the N - t e r m i n a l c o d i n g
r e g i o n o f the M r p C was n o t o b s e r v e d in the m r p C - d e l e t i o n s t r a i n . They s p e c u l a t e d t h a t M r p A
serves as a p h o s p h a t a s e for MrpB in late d e v e l o p m e n t i f s t a r v a t i o n still persists, since M r p A is n o t
r e q u i r e d for m r p C expression or for cellular a g g r e g a t i o n d u r i n g FB d e v e l o p m e n t .

MrpC B i n d i n g Sites in m r p C and f r u A P r o m o t e r R e g i o n s
In the u p s t r e a m region o f the m r p C p r o m o t e r , there is a c h a r a c t e r i s t i c sequence for the - 1 2 / - 2 4

box o f the 054_promoter, 13-bp u p s t r e a m from the t r a n s l a t i o n s t a r t site. The 6 3 7 - b p u p s t r e a m
r e g i o n is sufficient for the d e v e l o p m e n t a l expression o f mrpG. 18 The t r a n s c r i p t i o n a l s t a r t site o f
m r p C is t h e G residue, 63 bases u p s t r e a m from the i n i t i a t i o n c o d o n (Fig. 2B).34 D N A - b i n d i n g
assay a n d f o o t p r i n t analysis using p u r i f i e d M r p C reveals t h a t M r p C b i n d s to at least e i g h t sites in
the u p s t r e a m region o f the m r p C p r o m o t e r , " As d e s c r i b e d above, M r p C also b i n d s to two sites
in the u p s t r e a m r e g i o n o f the f t u A p r o m o t e r , " Two types o f consensus sequences, A / G T T T C /
G A A / G (X) a n d G T G T C - N g - G A C A C (Y) (where N is any base) s u m m a r i z e the sequences for
M r p C - b i n d i n g sites based on analysis o f b i n d i n g sites in b o t h the mrpC and ftuA p r o m o t e r regions,
(Fig. 2).35 In t h e m r p C p r o m o t e r region, there are sixX- and two Y-type sites, Y I - X I - X 2 - X 3 - X 4 - 2 6 - b p
h y p e r s e n s i t i v e region-Y2-X4-XS, while there are two t a n d e m repeats o f Y - t y p e sites in the f t u A
p r o m o t e r region. The h y p e r s e n s i t i v e r e g i o n b e t w e e n the X4 a n d Y2 sites o f D N a s e I d i g e s t i o n
suggests t h a t M r p C - b i n d i n g i n t r o d u c e s D N A b e n d i n g in the m r p C p r o m o t e r region. A l t h o u g h
M r p C b e l o n g s to t h e C R P family, p u r i f i e d M r p C does n o t r e q u i r e any c N M P for specific b i n d 
ing to the f t u A a n d m r p C p r o m o t e r regions. The N - t e r m i n a l M r p C s e q u e n c e e x h i b i t s s i m i l a r i t y
to the cyclic n u c l e o t i d e b i n d i n g d o m a i n , however, the residues w h i c h have been s h o w n in E. coli
C R P to c o n t a c t the cyclic p h o s p h a t e a n d p u r i n e ring o f c A M P are n o t c o n s e r v e d in M r p C . Thus
a n o t h e r type o f n u c l e o t i d e such as ( p ) p p G p p may serve as an e f f e c t o r for M r p C in v i v o , " since
(p ) p p G p p is k n o w n to be essential early in d e v e l o p m e n t ?

A g e n o m i c survey using the consensus X site shows t h a t several genes i n c l u d i n g d e v e l o p m e n t a l
genes c o n t a i n m u l t i p l e t a n d e m repeats a n d also a single X site in the p u t a t i v e p r o m o t e r regions a n d
at the p r e d i c t e d p r o m o t e r sequences. 35 In the C R P family, such p r o m o t e r / b i n d i n g site a r r a n g e m e n t s
can p r o v i d e b i p o l a r ( a c t i v a t i o n a n d repression) r e g u l a t i o n for gene e x p r e s s i o n s . " This suggests t h a t
M r p C is a global r e g u l a t o r for d e v e l o p m e n t a l gene expression, i n c l u d i n g f t u A t r a n s c r i p t i o n .

R e g u l a t i o n o f m r p C E x p r e s s i o n M e d i a t e d by MrpA, MrpB and MrpC
MrpB b e l o n g s to the N t r C family o f e n h a n c e r - b i n d i n g p r o t e i n s (EBPs). EBPs b i n d to D N A

e n h a n c e r e l e m e n t s typically l o c a t e d 1 0 0 - 1 5 0 bp u p s t r e a m o f the t r a n s c r i p t i o n i n i t i a t i o n site a n d
make c o n t a c t w i t h 0 5 4_ R N A p o l y m e r a s e ( 0 5 4_ R N A P ) to form a D N A 100p.37 Based o n gel retar
d a t i o n analysis, p u r i f i e d MrpB was able to f o r m two b a n d s w i t h the m r p C p r o m o t e r region a n d
these b a n d s were s u p e r - s h i f t e d w h e n MrpB c o n c e n t r a t i o n was increased. F o o t p r i n t analysis shows
t h a t MrpB p r o t e c t s two regions w h i c h overlap w i t h M r p C weak b i n d i n g sites, X I - X 2 a n d X 3 - X 4,
respectively a n d c o n t a i n s a c o m m o n sequence, A A C G T T , i n d i c a t e d by Z I ( - 1 6 9 to - 1 6 4 ) a n d Z2
( - 1 3 5 to - 1 3 2 ) in Figure 2B. F u r t h e r m o r e , M r p A is f o u n d to have a u t o k i n a s e activity, m o s t likely
p h o s p h o r y l a t e d at the H i s residue, j u d g i n g by acid or alkaline t r e a t m e n t . The p h o s p h o r y l g r o u p o f
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M r p A is able to t r a n s f e r to an Asp residue o f M r p B , s u g g e s t i n g t h a t M r p A may act as MrpB kinase
in FB d e v e l o p m e n t a n d s p o r u l a t i o n , a l t h o u g h the g e n e t i c s t u d y o f mrpA a n d mrpB suggests t h a t
mrpA is n o t essential for m r p C expression ( N a r i y a a n d Inouye, m a n u s c r i p t in p r e p a r a t i o n ) .

The i n i t i a l t r a n s c r i p t i o n o f m r p C is c a r r i e d o u t w i t h MrpB and 0 5 4_ RNAP, as d e s c r i b e d above.
O n c e M r p C is p r o d u c e d , M r p C also plays a critical role for its own expression t o g e t h e r w i t h MrpB.
Based o n the MrpB a n d M r p C b i n d i n g site analysis in the mrpC p r o m o t e r region, a m o d e l for
m r p C expression is d e p i c t e d in Figure 2 C . In early d e v e l o p m e n t , mrpAB t r a n s c r i p t is a c t i v a t e d via
d e v e l o p m e n t a l l y specific signaling pathways a n d p r o d u c e s M r p A a n d MrpB. MrpB d i m e r s (EBPs
are usually d i m e r s ) , b i n d to two e n h a n c e r elements at Z 1 a n d Z2. M r p C existing in a small a m o u n t
d u r i n g vegetative g r o w t h (see below) b i n d s to M r p C s t r o n g b i n d i n g sites, Y l , Y2, XS a n d X6 (Step
2), i n d u c i n g D N A b e n d i n g at the h y p e r s e n s i t i v e region in D N a s e I d i g e s t i o n l o c a t e d b e t w e e n X 4
a n d Y2, ( i n d i c a t e d by a gray triangle in Fig. 2B). D N A l o o p i n g can also be s t a b i l i z e d by i n t r i n s i c
D N A c u r v a t u r e . " Interestingly, the p r o b a b i l i t y o f D N A c u r v a t u r e in this region (26 bp) is h i g h ,
as p r e d i c t e d by the b e n d . i t p r o g r a m ( h t t p : / / h y d r a . i c g e b . t r i e s t e . i t / ~kristian/d n a / b e n d _ i t . h t m l ) .
054-RNAP b i n d i n g to the - 1 2 / - 2 4 box i n t e r a c t s w i t h MrpB, f o r m i n g a stable t r a n s c r i p t i o n com
p e t e n t complex (Step 3). MrpB b i n d i n g to the m r p C p r o m o t e r region i n d u c e s D N A b e n d i n g
b e t w e e n the two b i n d i n g sites, b u t n o t the region t h a t forms D N A l o o p i n g . In c o n t r a s t , M r p C
b i n d i n g seems to have a large effect o n D N A b e n d i n g a n d the assembly o f a stable t r a n s c r i p t i o n
c o m p e t e n t c o m p l e x o f the m r p C p r o m o t e r . It is n o t clear at p r e s e n t w h e t h e r MrpB a n d M r p C
b i n d i n d e p e n d e n t l y or synergistically t o the m r p C p r o m o t e r region. O l i g o m e r i z a t i o n o f M r p B may
be i n d u c e d by p h o s p h o r y l a t i o n on its receiver d o m a i n w i t h M r p A a n d / o r a c o m p l e m e n t H K , yet
i d e n t i f i e d a n d t h e n the f u n c t i o n o f ATPase is activated. ATP hydrolysis by the c o n s e r v e d c e n t r a l
d o m a i n o f M r p B is activated to convert the 054_RNAP closed p r o m o t e r complex to the t r a n s c r i p t i o n
c o m p e t e n t open complex a n d subsequently p r o d u c e s M r p C (Step 4). As the d e v e l o p m e n t a l process
progresses, M r p C expression reaches a m a x i m u m at 18 h a n d t h e n d e c r e a s e s . " A c c u m u l a t i o n o f
M r p C to a h i g h c o n c e n t r a t i o n may result in its b i n d i n g to the low affinity b i n d i n g sites overlap
p i n g w i t h M r p B b i n d i n g sites a n d may i n t e r f e r e w i t h MrpB b i n d i n g to repress m r p C expression
(Step 5). Therefore, the expression o f m r p C is c o n t r o l l e d w i t h a h i g h l y s o p h i s t i c a t e d b i p o l a r feed
back system w i t h M r p A / o t h e r H K a n d MrpB in T C S t o g e t h e r w i t h M r p C t h a t f u n c t i o n s as an
a c t i v a t o r a n d a repressor for its expression u n d e r specific d e v e l o p m e n t a l c o n d i t i o n s .

P k n 8 - P k n 1 4 K i n a s e Cascade
M . x a n t h u s c o n t a i n s 102 P S T K s , several o f w h i c h have been s t u d i e d for t h e i r roles in multicel

l u l a r FB d e v e l o p m e n t a n d s p o r u l a t i o n . 5. 39 -44 P k n 4 is a 6 - p h o s p h o f r u c t o k i n a s e (PFK) kinase whose
gene is l o c a t e d 18-bp d o w n s t r e a m o f the pft gene f o r m i n g o p e r o n . " B o t h pkn4 a n d pft are essential
for glycogen c o n s u m p t i o n d u r i n g early d e v e l o p m e n t a n d for an effective s p o r u l a n o n . v " P F K
i n t e r a c t s w i t h the P k n 4 r e g u l a t o r y d o m a i n ( P k n 4 R D ) in a p h o s p h o r y l a t i o n - d e p e n d e n t m a n n e r
a n d is a c t i v a t e d by P k n 4 - m e d i a t e d p h o s p h o r y l a t i o n at its allosteric e f f e c t o r site. P F K a c t i v a t i o n is
i n h i b i t e d by a new factor, MkapB, t h a t was i d e n t i f i e d by the yeast t w o - h y b r i d screen using the M.
x a n t h u s g e n o m i c l i b r a r y w i t h P k n 4 as b a i t .46 MkapB i n t e r a c t s in a p h o s p h o r y l a t i o n - d e p e n d e n t
m a n n e r w i t h P k n 4 a n d remains associated w i t h P k n 4 R D . As a result, P k n 4 is unable to i n t e r a c t
w i t h P F K .

In a d d i t i o n to MkapB, two o t h e r factors have been s h o w n to associate w i t h P k n 4 a n d o t h e r
m e m b r a n e P S T K s such as Pkn 1, P k n 2 , Pkn8 a n d Pkn9 by the yeast t w o - h y b r i d s c r e e n . v ' I h e t h r e e
multi-kinase associated proteins, MkapA, MkapB a n d M k a p C , c o n t a i n well-known p r o t e i n - p r o t e i n
i n t e r a c t i o n d o m a i n s . M k a p A is a small p r o t e i n c o n t a i n i n g a C 2 H 2 - t y p e zinc-finger like m o t i f ,
M k a p B c o n t a i n s e i g h t t a n d e m repeats o f T P R ( t e t r a t r i c o p e p t i d e repeat) d o m a i n a n d M k a p C has
t h r e e t a n d e m repeats o f f i b r o n e e t i n type 3 ( F N 3 ) - l i k e d o m a i n . Therefore, these P S T K s seem to
form a complex n e t w o r k via Mkaps that also f u n c t i o n as adapters for r e c r u i t i n g factors in the P S T K
s i g n a l i n g pathway. Moreover, a m e m b r a n e - a s s o c i a t e d P S T K , Pkn8 was f o u n d to i n t e r a c t w i t h a
c y t o p l a s m i c P S T K , Pkn 14 a n d Pkn 14 associates w i t h M r p C . 46 This opens a new p o s s i b i l i t y for the
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r e g u l a t i o n o f t h e e s s e n t i a l t r a n s c r i p t i o n factor, M r p C , o f w h i c h e x p r e s s i o n early in d e v e l o p m e n t
is, as d e s c r i b e d above, u n d e r t h e c o n t r o l o f M r p A a n d M r p B w h i c h b e l o n g to t h e T C S .

m r p C E x p r e s s i o n in p k n 8 and p k n 1 4 - D e l e t i o n S t r a i n s d u r i n g
V e g e t a t i v e G r o w t h

P k n 8 a n d P k n 1 4 are active kinases a n d P k n 8 p h o s p h o r y l a t e s P k n 1 4 w h i c h p h o s p h o r y l a t e s
M r p C at t h e Thr r e s i d u e t s ) b a s e d on t h e b i o c h e m i c a l analysis. 34 ,46 Thus, P k n 8 is P k n 1 4 kinase,
P k n 1 4 is M r p C kinase a n d P k n 8 a n d P k n 1 4 form an active kinase cascade. The C - t e r m i n a l 4 1
residues o f P k n 14 are r e q u i r e d for t e t r a m a r i z a t i o n o f P k n 1 4 t h a t i n t e r a c t s w i t h M r p C . In t h e pkn8
(l1pkn8) a n d pkn14 (l1pkn14) d e l e t i o n s t r a i n s , FB d e v e l o p m e n t p r o g r e s s e d s i g n i f i c a n t l y faster w i t h
r e s p e c t t o t h a t o f t h e p a r e n t a l s t r a i n . In c o n t r a s t to a low level o f m r p C e x p r e s s i o n in t h e p a r e n t
s t r a i n d u r i n g v e g e t a t i v e g r o w t h , m r p C e x p r e s s i o n in b o t h I1pkn8 a n d I1pkn14 is h i g h l y e l e v a t e d ,
s u g g e s t i n g t h a t t h e P k n 8 - P k n 14 kinase cascade n e g a t i v e l y r e g u l a t e s m r p C e x p r e s s i o n d u r i n g veg
e t a t i v e g r o w t h . 34 A c c u m u l a t i o n o f M r p C in I1pkn8 a n d I1pkn14 i n d u c e s f t u A e x p r e s s i o n at early
s t a t i o n a r y phase, c o m p a r e d t o t h e n o r m a l t i m e o f f t u A e x p r e s s i o n at 6 h o f d e v e l o p m e n t . T h e r e f o r e ,
the d e v e l o p m e n t a l p h e n o t y p e o f I1pkn8 a n d I1pkn14 seems to be d u e t o u n t i m e l y F r u A p r o d u c t i o n
m e d i a t e d by e l e v a t e d levels o f M r p C d u r i n g v e g e t a t i v e g r o w t h . Since pkn14 is m a i n l y e x p r e s s e d
d u r i n g v e g e t a t i v e g r o w t h , w h e r e a s t h e pkn8 e x p r e s s i o n increases s t e a d i l y d u r i n g v e g e t a t i v e g r o w t h
a n d d e v e l o p m e n t , m r p C e x p r e s s i o n seems t o be released f r o m the i n h i b i t i o n o f t h e P k n 8 - P k n 1 4
kinase cascade in early d e v e l o p m e n t . W h e n d e v e l o p m e n t a l processes are i n i t i a t e d , m r p C e x p r e s s i o n
is a c t i v a t e d w i t h M r p A a n d M r p B w h o s e e x p r e s s i o n are h i g h l y i n d u c e d u n d e r early d e v e l o p m e n t a l
signals a n d a c c e l e r a t e d f u r t h e r by a u t o - r e g u l a t i o n o f M r p C by I t s e l f T h e r e f o r e , M xanthus appears
t o u t i l i z e b o t h the e u k a r y o t i c P S T K k i n a s e cascade a n d t h e p r o k a r y o t i c t w o - c o m p o n e n t system
t o c o n t r o l t h e precise t i m i n g o f m r p C e x p r e s s i o n in its life cycle, since u n t i m e l y m r p C a n d f t u A
e x p r e s s i o n s r e s u l t in f a i l u r e to form n o r m a l m a t u r e FBs filled w i t h a h i g h n u m b e r o f spores.

M r p C 2 , a Major R e g u l a t o r for m r p C and f r u A E x p r e s s i o n
As d e s c r i b e d above, m r p C e x p r e s s i o n at a low level d u r i n g v e g e t a t i v e g r o w t h is u p r e g u l a r e d

in early d e v e l o p m e n t a n d t h e P k n 8 - P k n 1 4 kinase cascade a p p e a r s t o n e g a t i v e l y r e g u l a t e m r p C
e x p r e s s i o n . r ' F u r t h e r m o r e , t h e p r o t e i n t h a t lacks t h e N - t e r m i n a l 3 2 residues o f M r p C has b e e n
i s o l a t e d as f t u A - b i n d i n g p r o t e i n (FBP) a n d M r p C 2 l a c k i n g t h e N - t e r m i n a l 2S r e s i d u e s has t h e
same b i n d i n g a c t i v i t y o f F B P to t h e ftuA p r o m o t e r , " T h e r e are m a n y i m p o r t a n t q u e s t i o n s t o be
a n s w e r e d to u n d e r s t a n d m r p C a n d f t u A expressions a n d successive F r u A - m e d i a t e d gene expressions
in M. x a n t h u s d e v e l o p m e n t : H o w does t h e P k n 8 - P k n 14 kinase cascade i n h i b i t m r p C e x p r e s s i o n
by Pkn l - i - m e d i a t e d p h o s p h o r y l a t i o n a n d h o w a n d w h e n is M r p C 2 p r o d u c e d d u r i n g d e v e l o p 
m e n t a n d w h a t are t h e d i f f e r e n c e s b e t w e e n M r p C a n d M r p C 2 . T h r o u g h s t u d y o f M r p C / M r p C 2
profiles by W e s t e r n b l o t analysis u s i n g a n t i - M r p C 19G, a low level o f M r p C as a 30 leD b a n d was
o b s e r v e d d u r i n g v e g e t a t i v e g r o w t h a n d g r e a t l y i n c r e a s e d u p o n i n i t i a t i o n o f d e v e l o p m e n t r e a c h i n g
a m a x i m u m at 18 h d e v e l o p m e n t . " I n t e r e s t i n g l y , a n o t h e r b a n d at 29 leD was d e t e c t e d relative t o
the i n c r e a s e in M r p C d u r i n g d e v e l o p m e n t a l p r o g r e s s i o n a n d r e a c h e d t h e m a x i m u m a m o u n t at 18
h d e v e l o p m e n t , s i m i l a r t o M r p C . The 29 leD b a n d m i g r a t e s at t h e same p o s i t i o n o f F B P , suggest
i n g t h a t t h e 29 leD b a n d m i g h t be a d e v e l o p m e n t a l l y p r o c e s s e d p r o d u c t o f M r p C a n d may have
a m a j o r role in m r p C a n d JruA e x p r e s s i o n s . r ' I n d e e d , M r p C 2 has a 4- a n d 8 - f o l d h i g h e r b i n d i n g
a c t i v i t y w i t h r e s p e c t t o t h a t o f M r p C t o t h e u p s t r e a m r e g i o n o f t h e m r p C a n d JruA p r o m o t e r ,
respectively. T h e r e f o r e , i f t h e f u l l - l e n g t h M r p C is a p r i m a r y p r o d u c t o f m r p C as p r e d i c t e d from
the s e q u e n c e analysis o f mrpC,18 t h e d e v e l o p m e n t a l p r o t e o m i c p r o c e s s i n g o f M r p C to M r p C 2 is
a c r i t i c a l e v e n t for p r o g r e s s i o n o f d e v e l o p m e n t .

The e x p r e s s i o n ofJruA r e q u i r e s A- a n d E - s i g n a l i n g , b u t is also r e d u c e d in a B - s i g n a l i n g defec
tive bsgA m u t a n t early in d e v e l o p m e n t . P ' T h e bsgA (lonD) gene is e s s e n t i a l for d e v e l o p m e n t a n d is
r e s p o n s i b l e for t h e p r o d u c t i o n o f B - s i g n a l t h a t is r e q u i r e d at the e a r l i e s t stage in d e v e l o p m e n t . " It
e n c o d e s an A T P - d e p e n d e n t serine p r o t e a s e , a m e m b e r o f t h e L o n family ( G i l l et a l 1 9 9 3 ; Tojo et
a l 1 9 9 3 ).48.49 Based on the r e p o r t e r analysis, bsgA e x p r e s s i o n is u p - r e g u l a t e d d u r i n g d e v e l o p m e n t
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b u t it is still expressed d u r i n g vegetative g r o w t h at a low l e v e l . " M r p C was p r o d u c e d at a similar
low level in the fonD m u t a n t a n d the p a r e n t strains d u r i n g vegetative g r o w t h , w h e n M r p C / M r p C 2
expression was e x a m i n e d in the lonl) m u t a n t s t r a i n . " M r p C expression was u p - r e g u l a t e d , m o r e o v e r
M r p C 2 was d e t e c t e d in the p a r e n t s t r a i n at 12 h o f d e v e l o p m e n t , however its expression in the
m u t a n t s t r a i n was greatly r e d u c e d . Interestingly, M r p C 2 was n o t d e t e c t e d a n d FruA expression
was markedly r e d u c e d in the m u t a n t s t r a i n w h e n c o m p a r e d to t h a t o f the p a r e n t a l s t r a i n , sug
gesting t h a t L o n D is responsible for the p r o t e o l y t i c p r o c e s s i n g o f M r p C i n t o M r p C 2 . Therefore,
L o n D plays critical roles in the h i g h level expression o f mrpC a n d f u A t h a t in t u r n propels the
d e v e l o p m e n t a l p r o g r e s s i o n o f M xanthus.

I n h i b i t i o n by P k n 8 - P k n 1 4 K i n a s e Cascade on M r p C / M r p C 2
E x p r e s s i o n d u r i n g Vegetative G r o w t h

P k n 14 is able to p h o s p h o r y l a t e M r p C a n d its p h o s p h o r y l a t i o n site is a T h r residue( s). 34 U p o n
p h o s p h o r y l a t i o n by P k n 14, M r p C b i n d i n g a c t i v i t y to the mrpC a n d f u A p r o m o t e r s is d e c r e a s e d
to 23 a n d 12%, respectively, o f the b i n d i n g activity o f u n p h o s p h o r y l a t e d M r p C . F u r t h e r m o r e ,
M r p C 2 was f o u n d n o t to be p h o s p h o r y l a t e d by P k n 1 4 , i n d i c a t i n g t h a t the p h o s p h o r y l a t i o n site( s)
o f M r p C is (are) at Thr-21 a n d / o r T h r - 2 2 w i t h i n the N - t e r m i n a l 2 S residues o f M r p C (Fig. 2B).

Since mrpC expression is elevated in the !i.pkn8 a n d !i.pkn14 s t r a i n s relative to the p a r e n t a l
s t r a i n , based o n the l a c Z - r e p o r t e r analysis, M r p C / M r p C 2 in !i.pkn8 a n d !i.pkn14 cells d u r i n g
vegetative g r o w t h a n d early d e v e l o p m e n t a l stage were e x a m i n e d by w e s t e r n b l o t analysis. As
e x p e c t e d , elevated levels o f M r p C were d e t e c t e d d u r i n g vegetative g r o w t h in b o t h !i.pkn8 a n d
!i.pkn14 relative t o the p a r e n t a l s t r a i n a n d r e a c h e d a l m o s t the same level o f M r p C as the p a r e n t a l
s t r a i n at 12 h o f d e v e l o p m e n t . Interestingly, M r p C 2 p r o d u c t i o n was clearly o b s e r v e d in !i.pkn8 a n d
!i.pkn14 while it was n o t d e t e c t a b l e in the p a r e n t a l s t r a i n d u r i n g vegetative g r o w t h . Therefore, t h e
h i g h level o f mrpC expression in A.pkn8 a n d !i.pkn14 d u r i n g vegetative g r o w t h is m o s t likely due to
M r p C 2 a c c u m u l a t i o n , because M r p C 2 has a 4 - f o l d h i g h e r b i n d i n g activity to the mrpC p r o m o t e r .
F u r t h e r m o r e M r p C 2 was u n d e t e c t a b l e in the p a r e n t a l s t r a i n d u r i n g vegetative g r o w t h , whereas
lonD expression has been r e p o r t e d d u r i n g vegetative g r o w t h . This implies t h a t M r p C p h o s p h o r y l a 
tion by the P k n 8 - P k n 1 4 cascade may also i n h i b i t its p r o t e o l y t i c processing to M r p C 2 by L o n D in
a d d i t i o n to r e d u c i n g M r p C - b i n d i n g activity. To avoid the u n t i m e l y i n i t i a t i o n o f d e v e l o p m e n t a l
processes, mrpC expression d u r i n g vegetative g r o w t h is kept at the low level by i n h i b i t i n g M r p C
a u t o a c t i v a t i o n activity by p h o s p h o r y l a t i o n w i t h the P k n 8 - P k n 1 4 cascade.

O v e r v i e w
The r e g u l a t o r y m e c h a n i s m o f mrpC a n d f u A expression essential for M. xanthus d e v e l o p m e n t

is s u m m a r i z e d in Figure 3. The mrpC gene is l o c a t e d d o w n s t r e a m o f the mrpAB o p e r o n e n c o d i n g
M r p A ( H K ) a n d MrpB (RR) o f the t w o - c o m p o n e n t system a n d its expression seems to be con
t r o l l e d u n d e r the 0 54 p r o m o t e r w i t h an e n h a n c e r b i n d i n g p r o t e i n , MrpB. Expression o f mrpC is
f u r t h e r a m p l i f i e d by M r p C . D u r i n g vegetative g r o w t h , the mrpC gene is likely t r a n s c r i b e d at a low
level by 054_RNAP in the presence o f basal levels o f p h o s p h o r y l a t e d MrpB. The M r p C p r o d u c e d
is p h o s p h o r y l a t e d by P k n 1 4 , w h i c h is a c t i v a t e d by m e m b r a n e - a s s o c i a t e d Pkn8. P h o s p h o r y l a t e d
M r p C has a low b i n d i n g affinity to the mrpC a n d f u A p r o m o t e r s a n d may n o t be p r o t e o l y t i c a l l y
p r o c e s s e d to M r p C 2 by L o n D (see below). Thus, the P k n 8 - P k n 1 4 kinase cascade p r e v e n t s FB
d e v e l o p m e n t u n d e r u n f a v o r a b l e c o n d i t i o n s by negatively r e g u l a t i n g the D N A - b i n d i n g a c t i v i t y o f
M r p C a n d by p r o d u c i n g M r p C 2 , w h i c h has a h i g h e r affinity to the mrpC a n d f u A p r o m o t e r s .

As the cells sense n u t r i e n t l i m i t a t i o n , the d e v e l o p m e n t a l processes are i n i t i a t e d . The expres
sion o f pkn14 decreases a n d Pkn8 a c t i v i t y may be d o w n - r e g u l a t e d by the m u l t i p l e P S T K n e t w o r k
systems via Mkaps, M k a p A , MkapB a n d M k a p C , while mrpAB expression is a c t i v a t e d u n d e r the
d e v e l o p m e n t a l signaling pathway. The d e v e l o p m e n t a l expression o f mrpC is i n i t i a t e d by MrpB
b i n d i n g to two e n h a n c e r elements t o g e t h e r w i t h M r p C b i n d i n g in the mrpC p r o m o t e r region.
M r p C b i n d i n g at h i g h affinity sites (Y1 a n d Y2-XS-X6) in the mrpC p r o m o t e r region appears to
i n t r o d u c e a D N A b e n d a n d to be essential in forming a stable t r a n s c r i p t i o n c o m p e t e n t complex w i t h
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Figure 3. Proposed model for the regulation of m r p C and fruA expression regulated by PSTK
and TCS signaling systems. See the text for details.

a 54 _RN A P (Fig. 2 e ) . The d e v e l o p m e n t a l l y s y n t h e s i z e d M r p C is m o s t likely n o t p h o s p h o r y l a t e d ,
b u t i n s t e a d p r o c e s s e d by L o n D p r o t e a s e i n t o M r p C 2 t h a t has a h i g h e r affinity for the m r p C a n d
ftuA p r o m o t e r regions. The a c c u m u l a t i o n o f M r p C 2 activates the expression o f ftuA t h a t e n c o d e s
FruA, an essential t r a n s c r i p t i o n f a c t o r t h a t regulates d i r e c t l y / i n d i r e c t l y a large n u m b e r o f gene
a n d is essential for FB d e v e l o p m e n t a n d s p o r u l a t i o n .

M. x a n t b u s has n u m e r o u s signal t r a n s d u c t i o n systems w i t h b o t h the p r o t e i n S e r / T h r kinase
( P S T K ) a n d the t w o - c o m p o n e n t H i s - A s p relay systems ( T C S ) t h a t regulate t h e timely expression
o f genes u n d e r specific e n v i r o n m e n t a l signals. The m o l e c u l a r m e c h a n i s m s g u i d i n g early develop
m e n t a l processes in M. x a n t b u s are b e g i n n i n g to be u n d e r s t o o d a n d are d i f f e r e n t from those in
o t h e r s p o r e - f o r m i n g b a c t e r i a . In c o n t r a s t t o B. subtilis e n d o s p o r e f o r m a t i o n t h a t is g o v e r n e d by
sigma factor cascades, three essential t r a n s c r i p t i o n factors, MrpB, M r p C a n d FruA, m o s t likely form
a t r a n s c r i p t i o n a l cascade a c t i v a t i n g s e q u e n t i a l l y a d o w n s t r e a m factor. M o r e o v e r , t h e i r expression
is r e g u l a t e d by b o t h a P S T K cascade a n d T C S . However, some key factors n e e d to be e l u c i d a t e d .
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Since phosphorylation likely controls the activity o f M r p B and FruA, the most i m p o r t a n t factors
are the HKs for FruA and MrpB. Particularly,the identification o f F r u A kinase and the character
ization o f i t s regulation on FruA activity are crucial to understand the expression o f genes involved
in developmental progression. Identifying the signals that affect m r p C expressionvia Pkn8- Pkn 14
and MrpAB is a major challenge.

Among 102 PSTKs identified, over half o f them are predicted to be receptor-type kinases and
others are cytoplasmic kinases, implyingthat they may function for a variety o f cellular processes by
forming kinase cascades. Interestingly, one M. xanthus PSTK, containing H K domain (HK) in its
regulatorydomain, was found to interactwith other PSTKcontaininga receiver domain (REC) via the
H K and REC domains based on the genomic yeast two-hybrid screen.This suggests that TCS could
be directlycoupled to P S T K i n the samesignaltransduction pathway(Nariyaand Inouye,manuscript
in preparation). While the socialbehaviorand FB development ofM. xanthus and the eukaryotic soil
amoebae,Dictyostelium discoideum, are similar, their signaltransduction systems appear to be different.
The unique regulatory system that combines the PSTK and TCS discovered in M. xanthus may be
utilized in other developmental and also pathogenic bacteria to maintain their life cycles.
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A b s t r a c t

~
cent w o r k o n the r e g u l a t i o n o f p r o k a r y o t i c g r o w t h a n d d e v e l o p m e n t by t w o - c o m p o n e n t
systems ( T C S ) has revealed u n s u s p e c t e d levels o f complexity. In the d i m o r p h i c freshwater
a c t e r i u m Caulobacter crescentus, T C S p r o v i d e s t r i n g e n t t e m p o r a l a n d spatial c o n t r o l o f

cellular d e v e l o p m e n t a n d cell-cycle progression. W h i l e the e n v i r o n m e n t a l signals m o d u l a t i n g T C S
r e g u l a t o r y n e t w o r k s are largely u n k n o w n , the c o m p o n e n t s o f the n e t w o r k a n d t h e i r i n t e r a c t i o n s
w i t h each o t h e r are increasingly well-defined. Here, we p r e s e n t an overview o f T C S r e g u l a t i o n o f
cell-cycle c o n t r o l in C. crescentus.

I n t r o d u c t i o n
The field o f t w o - c o m p o n e n t signal t r a n s d u c t i o n was p r i m a r i l y b o r n o u t o f early genetic a n d

b i o c h e m i c a l analyses o f b a e t e r i a l chemotaxis! a n d s p o r u l a t i o n . P ' I h e realization t h a t the r e g u l a t o r s
o f Bacillus subtilis s p o r u l a t i o n , SpoOA and SpoOF, share s e q u e n c e h o m o l o g y w i t h select regions o f
the Escherichia coli c h e m o t a x i s r e g u l a t o r s CheY a n d CheB,4 a n d the E. coli t r a n s c r i p t i o n factors
AreA a n d OmpR,5 suggested t h a t d i s p a r a t e physiological o u t p u t s were r e g u l a t e d by c o m m o n
p r o t e i n s t r u c t u r a l motifs. The h o m o l o g o u s d o m a i n s h a r e d by these p r o t e i n s , now referred to as a
receiver, is the d e f i n i n g d o m a i n o f the d o w n s t r e a m ' r e s p o n s e r e g u l a t o r ' c o m p o n e n t o f a c a n o n i c a l
T C S . The receiver d o m a i n is p h o s p h o r y l a t e d by an u p s t r e a m sensor h i s t i d i n e kinase c o m p o n e n t
in response to some r e g u l a t o r y signal,"

Since these early discoveries, the vast m a j o r i t y o f c h a r a c t e r i z e d bacterial T C S have p r o v e n to be
n o n - e s s e n t i a l w h e n grown u n d e r typical l a b o r a t o r y c o n d i t i o n s a n d to regulate adaptive processes
such as the c o n t r o l o f c y t o p l a s m i c o s m o l a r i t y , n u t r i e n t u p t a k e a n d u t i l i z a t i o n , a l t e r n a t i v e cellular
r e s p i r a t i o n a n d i n t r a c e l l u l a r redox state in response to physical a n d chemical changes in the envi
r o n m e n t o f the cell," I t can be a r g u e d t h a t many such adaptive responses are likely to be essential
in the c o n t e x t o f the n a t u r a l e n v i r o n m e n t o f the b a c t e r i u m . Nevertheless, w i t h one exception,"
t w o - c o m p o n e n t genes i n E . coli a n d B . subtilis have all been d e l e t e d in n u t r i e n t - r i c h m e d i u m with
o u t a s i g n i f i c a n t loss in cell viability.9.!O O u r p e r s p e c t i v e o n the f u n c t i o n a l roles o f T C S p r o t e i n s
began to change when, over ten years ago, it was r e p o r t e d t h a t t h a t the g r a m - n e g a t i v e b a c t e r i u m ,
Caulobacter crescentus, e n c o d e d at least two essential t w o - c o m p o n e n t response r e g u l a t o r p r o t e i n s ,
DivK l l a n d CtrA.J2 S u b s e q u e n t w o r k in C. crescentus i d e n t i f i e d two essential t w o - c o m p o n e n t

* C o r r e s p o n d i n g A u t h o r : Sean C r o s s o n - D e p a r t m e n t of B i o c h e m i s t r y and M o l e c u l a r Biology,
and The C o m m i t t e e on M i c r o b i o l o g y , The U n i v e r s i t y of Chicago, G o r d o n Center for Integrative
Science, 929 E. 57th Street, Chicago, IL 6 0 6 3 7 , USA. Email: scrossonseuchlcago.edu
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kinases, C c k A 13 a n d DivL,14 b o t h o f w h i c h are u p s t r e a m r e g u l a t o r s o f C t r A p h o s p h o r y l a t i o n 13.14
a n d act in c o n c e r t w i t h several o t h e r t w o - c o m p o n e n t p r o t e i n s t o r e g u l a t e p o l a r cell d i v i s i o n a n d
cell cycle p r o g e s s i o n . i - " All f o u r o f these T C S p r o t e i n s e x h i b i t d y n a m i c s u b c e l l u l a r l o c a l i z a t i o n
across t h e cell cycle t h a t relates to t h e i r f u n c t i o n as cell-cycle r e g u l a t o r s .

M o r e recently, a s y s t e m a t i c d e l e t i o n o f e a c h p r e d i c t e d t w o - c o m p o n e n t gene in t h e g e n o m e o f
C. crescentus has i d e n t i f i e d 5 a d d i t i o n a l e s s e n t i a l T C S p r o t e i n s , t w o o f w h i c h , C e n K a n d C e n R ,
act as a c o g n a t e p a i r a n d r e g u l a t e cell e n v e l o p e b i o g e n e s i s a n d i n t e g r i r y , ' ? Thus, C. crescentus
e n c o d e s several e s s e n t i a l T C S t h a t f u n c t i o n as r e g u l a t o r s o f c e l l u l a r g r o w t h a n d d e v e l o p m e n t .
This c h a p t e r will focus o n t h e f u n c t i o n a l role o f a d e f i n e d set o f e s s e n t i a l a n d n o n - e s s e n t i a l T C S
t h a t w o r k in c o n c e r t w i t h several n o n - T C S r e g u l a t o r y p r o t e i n s t o c o n t r o l cell cycle p r o g r e s s i o n
in C. crescentus.

C a u l o b a c t e r crescentus: A D i m o r p h i c B a c t e r i a l M o d e l
for C e l l Cycle R e g u l a t i o n

R e c e n t w o r k in m i c r o b i a l c e l l u l a r b i o l o g y has decisively p u t an e n d t o t h e l o n g - h e l d view o f
b a c t e r i a as largely u n s t r u c t u r e d cells d e v o i d o f s p a t i a l or t e m p o r a l r e g u l a t i o n . It is n o w w i d e l y rec
o g n i z e d t h a t p r o k a r y o t e s e x e r t c o m p l e x a n d p r e c i s e s p a t i a l c o n t r o l over m a n y i n t e r n a l m o l e c u l e s
a n d t h a t t h i s i n t e r n a l o r g a n i z a t i o n is d y n a m i c a n d s u b j e c t to r e g u l a t i o n by diverse s i g n a l s . " C.
crescentus is o n e o f t h e m o r e i n t r i g u i n g m o d e l systems, as c e l l u l a r r e p l i c a t i o n involves a s e q u e n c e
o f p r o f o u n d m o r p h o l o g i c a l t r a n s i t i o n s c o o r d i n a t e d w i t h cell-cycle specific c h a n g e s in t h e expres
sion, p h o s p h o r y l a t i o n , s u b - c e l l u l a r l o c a l i z a t i o n a n d d e g r a d a t i o n o f h u n d r e d s o f p r o t e i n s . E a c h C.
crescentus cell cycle c u l m i n a t e s in d i m o r p h i c cell division in w h i c h m o r p h o l o g i c a l l y d i s t i n c t swarmer
a n d s t a l k e d cells are p r o d u c e d (Fig. I B ) . The s t a l k e d cell is so n a m e d for a single m e m b r a n o u s s t a l k
t h a t e x t e n d s f r o m t h e cell p o l e a n d has a s t r u c t u r e k n o w n as t h e h o l d f a s t at its tip. The h o l d f a s t
secretes a s t r o n g l y a d h e s i v e p o l y s a c c h a r i d e w h i c h enables the b a c t e r i u m t o affix i t s e l f t o surfaces
a n d r e m a i n s t a t i o n a r y , ' ? A f t e r cell d i v i s i o n is c o m p l e t e a n d t h e p r o g e n y s w a r m e r cell is released,
t h e s t a l k e d cell i m m e d i a t e l y r e c o m m e n c e s c h r o m o s o m e r e p l i c a t i o n w h i l e t h e s w a r m e r cell goes
t h r o u g h an e x t e n d e d G l p h a s e in w h i c h D N A r e p l i c a t i o n is b l o c k e d . S w a r m e r cells have a single
p o l a r flagellum a n d p i l i a n d are h i g h l y m o b i l e , e x h i b i t i n g c h e m o t a c t i c b e h a v i o r . A f t e r a p e r i o d
o f m o t i l i t y the s w a r m e r cell sheds its f l a g e l l u m a n d r e t r a c t s its p i l i in r e s p o n s e t o some u n k n o w n
c u e t s ) , grows a p o l a r s t a l k in t h e i r place a n d i n i t i a t e s c h r o m o s o m e r e p l i c a t i o n a n d cell d i v i s i o n
(Fig. l B ) . This d i m o r p h i c cell cycle allows t h e s w a r m e r cells to seek a d v a n t a g e o u s n e w e n v i r o n 
m e n t s w h i l e the sessile s t a l k e d cells can s t r i c t l y l i m i t r e p l i c a t i o n u n t i l local c o n d i t i o n s are favor
able; t h e p a t h w a y s t h r o u g h w h i c h t h e b a c t e r i a e v a l u a t e t h e i r e n v i r o n m e n t are g e n e r a l l y u n k n o w n .
Thus C. crescentus cell d i v i s i o n r e q u i r e s c o o r d i n a t e d r e g u l a t i o n o f m e t a b o l i c , m o r p h o l o g i c a l a n d
c e l l - d i v i s i o n processes. I n d e e d , m o r p h o g e n i c a n d cell-cycle r e g u l a t i o n is g e n e t i c a l l y l i n k e d by a
series o f r e g u l a t o r y c i r c u i t s c o n t a i n i n g t w o - c o m p o n e n t p r o t e i n s . 2 0. 21

CtrA, GcrA and D n a A : G l o b a l R e g u l a t o r s o f C e l l Cycle P r o g r e s s i o n
At the t o p o f the h e i r a r c h y o f cell cycle c o n t r o l are t h r e e essential p r o t e i n s : C t r A , a D N A - b i n d i n g

response r e g u l a t o r ; 12 G c r A , a n o n - T C S r e g u l a t o r y p r o t e i n c o n s e r v e d a m o n g the o - p r o t e o b a c t e r i a r "
a n d D n a A , a t r a n s c r i p t i o n f a c t o r w h i c h i n i t i a t e s c h r o m o s o m e r e p l i c a t i o n . " C t r A , G c r A a n d D n a A
have o s c i l l a t i n g p a t t e r n s o f t r a n s c r i p t i o n across t h e cell cycle. I m p o r t a n t l y , t h e i r o s c i l l a t i o n s are o u t
o f phase, 24 w h i c h allows t h e m t o r e g u l a t e f u n c t i o n a l l y c o m p l e m e n t a r y g e n e t i c m o d u l e s at d i s t i n c t
t e m p o r a l p h a s e s o f t h e cell cycle (Fig. 1 C).

C t r A acts as a t r a n s c r i p t i o n f a c t o r ; like o t h e r D N A - b i n d i n g r e s p o n s e r e g u l a t o r s , its a c t i v i t y is
c o n t r o l l e d by its p h o p h o r y l a t i o n state. A t least t w o u p s t r e a m s e n s o r h i s t i d i n e kinases, C c k A a n d
DivL, i n d i r e c t l y p h o s p h o r y l a t e CtrNS.26 (Fig. 2). W h e n C t r A is p h o s p h o r y l a t e d , it b i n d s t o five
t a r g e t s e q u e n c e s in the c h r o m o s o m a l o r i g i n o f r e p l i c a t i o n a n d o c c l u d e s t h e b i n d i n g o f D n a A, t h u s
b l o c k i n g t h e i n i t i a t i o n o f c h r o m o s o m a l r e p l i c a t i o n . " C t r A - P is f o u n d in very h i g h c o n c e n t r a t i o n s
in s w a r m e r cells, p r e v e n t i n g t h e m f r o m e n t e r i n g S p h a s e u n t i l t h e p r o t e i n is c l e a r e d from the cell
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Figure 1. C o o r d i n a t i o n of cell cycle events by CtrA, GcrA and DnaA. The x-axis (time) is
synchronous in the three panels. A) Approximate timing of cellular processes regulated by
the three master regulators. B) M o r p h o l o g i c a l events of the C. crescentus cell cycle. Pili,
flagellum, stalk and holdfast are labeled. The dashed inner ring inside the Caulobacter cell
represents the circular chromosome; the theta structure represents the replicating c h r o m o 
some. C) N o r m a l i z e d c e l l - c y c l e protein levels of the three master regulators. The out-of-phase
oscillations of CtrA, GcrA and DnaA allow " i n - t i m e " cueing of cell cycle events.

by proteolysis. This clearance occurs as the swarmer cell t r a n s i t i o n s to a s t a l k e d cell and c o i n c i d e s
w i t h a t t e n u a t i o n o f ctrA t r a n s c r i p t i o n , thus p e r m i t t i n g c h r o m o s o m e r e p l i c a t i o n to begin in the
early stalked cell. T r a n s c r i p t i o n o f ctrA is u p r e g u l a t e d again in late stalked a n d early p r e d i v i s i o n a l
cells, w h e n it acts as a t r a n s c r i p t i o n factor for several classes o f genes r e q u i r e d for b u i l d i n g a new
s w a r m e r cell. 12 ,28 In p r e d i v i s i o n a l cells CtrA~P first activates t r a n s c r i p t i o n o f genes r e q u i r e d for
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flagellar b i o s y n t h e s i s a n d c h e m o t a x i s a n d later activates t r a n s c r i p t i o n o f genes for pili biogenesis,
D N A m e t h y l a t i o n a n d cell d i v i s i o n " (Fig. IA). Several o t h e r r e g u l a t o r y p r o t e i n s i n c l u d i n g
t r a n s c r i p t i o n factors, h i s t i d i n e kinases, response r e g u l a t o r s and sigma factors are also r e g u l a t e d by
C t r A ~ P at d i f f e r e n t times across the cell c y c l e . " F e e d b a c k r e g u l a t i o n o f ctrA by these d o w n s t r e a m
r e g u l a t o r y p r o t e i n s will be discussed in a later section.

A l t h o u g h n o t a t w o - c o m p o n e n t p r o t e i n , GcrA is c o n s e r v e d across a range o f u - p r o t e o b a c t e r i a
and acts as a key r e g u l a t o r o f the t w o - c o m p o n e n t cell cycle c i r c u i t r y o f C. crescentusr: gcrA tran
s c r i p t i o n is u p r e g u l a t e d d u r i n g the s w a r m e r - t o - s t a l k e d t r a n s i t i o n , just as C t r A is d o w n r e g u l a t e d
(Fig. I C). Indeed, GcrA has been d e m o n s t r a t e d to i n d i r e c t l y activate the t r a n s c r i p t i o n o f ctrA in
the stalked cell s h o r t l y after C t r A ~ P has been cleared from the cell d u r i n g the G I to S t r a n s i t i o n . "
In a d d i t i o n t o the negative r e g u l a t i o n by C t r A ~ P, gcrA is subject to positive r e g u l a t i o n by D n a A .
W h i l e it is unclear i f D n a A is the only t r a n s c r i p t i o n a l a c t i v a t o r o f g c r A , b o t h CtrA~P clearance
a n d D n a A activity are necessary for the a c c u m u l a t i o n o f GcrA.30 It has b e e n shown t h a t GcrA
d o w n r e g u l a t e s the t r a n s c r i p t i o n o f D n a A , b u t it unclear w h e t h e r this is r e g u l a t e d by a t h r e s h o l d
level or by t i m i n g . f GcrA affects t h e t r a n s c r i p t i o n o f many genes o t h e r t h a n ctrA, many o f w h i c h
will be e x a m i n e d later in this c h a p t e r 22 (Fig. IA). GcrA levels begin to decrease in p r e d i v i s i o n a l
cells, t h o u g h they remain h i g h e r in t h e s t a l k e d c o m p a r t m e n t a n d the p o s t d i v i s i o n a l stalked cell
t h a n in the swarmer cell. 24

D n a A is essential for c h r o m o s o m e r e p l i c a t i o n in C. crescentus and is also the t r a n s c r i p t i o n
factor for m u l t i p l e genes; some o f these, such as ccrM a n d several genes necessary for flagellar
biosynthesis, are r e d u n d a n t l y r e g u l a t e d by C t r N 3 (Fig. IA). D n a A is p r e s e n t t h r o u g h o u t the cell
cycle, b u t its level o f a c c u m u l a t i o n is h i g h e s t in cells u n d e r g o i n g the s w a m e r - t o - s t a l k e d t r a n s i t i o n
a n d in early s t a l k e d cells (Fig. I C). This is due t o a c o m b i n a t i o n o f t r a n s c r i p t i o n a l a n d p r o t e o l y t i c
r e g u l a t i o n ; t r a n s c r i p t i o n from the d n a A p r o m o t e r increases roughly t w o - f o l d at this p o i n t in
the cell cycle" and the h a l f life o f the u n s t a b l e D n a A p r o t e i n doubles at the s w a r m e r - t o - s t a l k e d
t r a n s i t i o n . P D n a A proteolysis is d e p e n d e n t u p o n the same C l p P protease s u b u n i t responsible for
C t r A d e g r a d a t i o n , a l t h o u g h t h e C l p X c h a p e r o n e r e q u i r e d for C t r A d e g r a d a t i o n is unnecessary
(Fig. 2). Intriguingly, the u n k n o w n r e g u l a t o r y m e c h a n i s m s g o v e r n i n g D n a A proteolysis allow for
selective d e p l e t i o n o f D n a A , b u t n o t C t r A , u p o n e n t r y i n t o s t a t i o n a r y phase or u p o n s t a r v a t i o n
for c a r b o n or n i t r o g e n , a l t h o u g h n o t p h o s p h a t e . " Thus, D n a A acts as a positive r e g u l a t o r o f gcrA
t r a n s c r i p t i o n , GcrA acts b o t h as a negative r e g u l a t o r o f d n a A t r a n s c r i p t i o n and a positive regula
t o r o f ctrA t r a n s c r i p t i o n a n d C t r A acts as a negative t r a n s c r i p t i o n a l r e g u l a t o r o f gcrA, f o r m i n g an
elegant, switch-like t r a n s c r i p t i o n a l feedback system w h i c h may be m o d u l a t e d by e n v i r o n m e n t a l
c o n d i t i o n s (Fig. 2).

T r a n s c r i p t i o n a l C o n t r o l o f CtrA
The o u t - o f - p h a s e oscillations o f D n a A , GcrA and C t r A are t i g h t l y r e g u l a t e d by many factors

i n c l u d i n g t h e i r own levels in the cell. There is an a d d i t i o n a l layer o f c o m p l e x i t y in the r e g u l a t i o n
o f ctrA as two p r o m o t e r s , P I and P2, c o n t r o l t r a n s c r i p t i o n o f this critical response r e g u l a t o r , "
I m m e d i a t e l y after cell division t h e ctrA locus is fully m e t h y l a t e d , w h i c h represses t r a n s c r i p t i o n . "
After D n a A i n i t i a t e s r e p l i c a t i o n and the r e p l i c a t i o n fork passes the ctrA locus, two copies o f the
weaker P I ctrA p r o m o t e r are h e m i m e t h y l a t e d . It is some time before P I is fully m e t h y l a t e d by the
essential C c r M D N A m e t h y l t r a n s f e r a s e , because t r a n s c r i p t i o n o f the ccrM gene is a c t i v a t e d by
CtrA~p.34 C t r A begins to a c c u m u l a t e after the h e m i m e t h y l a t e d P I p r o m o t e r is i n d i r e c t l y acti
vated by GcrA,z2 O n c e C t r A ~ P has a c c u m u l a t e d t o a t h r e s h o l d level, it binds to and represses its
PI p r o m o t e r a n d activates its s t r o n g e r P2 p r o m o t e r , i n c r e a s i n g the rate o f i t s own r r a n s c r i p t i o n . t '
while repressing the gcrA p r o m o t e r " (Fig. 2). It has been p r o p o s e d t h a t this step-wise increase o f
C t r A c o n c e n t r a t i o n w i t h i n the cell may p r o v i d e a m e c h a n i s m for s e q u e n t i a l a c t i v a t i o n o f genes,
as C t r A w o u l d t e m p o r a l l y c o n t r o l r e g u l a t e d p r o m o t e r s in an o r d e r d e t e r m i n e d by t h e i r b i n d i n g
affinity to C t r A ~ P. 35
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P r o t e o l y t i c C o n t r o l o f C e l l Cycle R e g u l a t o r y P r o t e i n s
As previously m e n t i o n e d , p r o t e o l y s i s o f D n a A seems to d e p e n d u p o n b o t h cell cycle progres

sion a n d e n v i r o n m e n t a l i n p u t ; the r e g u l a t o r y m e c h a n i s m s g o v e r n i n g this process are u n k n o w n .
B o t h C t r A 36 a n d GcrA 24 are also selectively p r o t e o l y z e d at d i f f e r e n t times across the cell cycle.
W h i l e i m m u n o b l o t analysis has shown t h a t GcrA has a half-life four times l o n g e r in s t a l k e d cells
t h a n in swarmer cells, it is n o t yet k n o w n w h a t p r o t e i n s are involved in GcrA p r o r e o l y s i s . P ' I h e
p r o t e i n s involved in C t r A p r o t e o l y s i s have been c o m p a r a t i v e l y well c h a r a c t e r i z e d . Specifically,
C t r A is d e g r a d e d by the C l p X P p r o t e a s e c o m p l e x d u r i n g the s w a r m e r - t o - s t a l k e d r r a n s i r i o n "
C t r A p r o t e o l y s i s is d e p e n d e n t on a b i p a r t i t e signal w i t h i n C t r A t h a t is c o n t a i n e d w i t h i n b o t h the
N - t e r m i n a l receiver d o m a i n a n d the f i n a l ! 5 a m i n o acids at the C v t e r r n i n u s . " C l e a r a n c e o f C t r A
from the cell a n d c o n s e q u e n t l y from the C t r A b i n d i n g sites on the o r i g i n o f r e p l i c a t i o n allows
c h r o m o s o m e r e p l i c a t i o n to b e g i n . " In the p r e d i v i s i o n a l cell C t r A is selectively p r o t e o l y z e d in the
s t a l k e d c o m p a r t m e n t while it a c c u m u l a t e s in the swarmer c o m p a r t m e n t ; this p r o t e o l y s i s helps to
d i r e c t t h e d i f f e r e n t fates o f these two cells."

The C l p X P p r o t e a s e complex is d y n a m i c a l l y l o c a l i z e d across the cell cycle: I t is f o u n d at the
s t a l k e d pole o f stalked cells, is t r a n s i e n t l y l o c a l i z e d to the d i v i s i o n p l a n e o f early p r e d i v i s i o n a l cells
a n d d u r i n g the later stages o f p r e d i v i s i o n it r e t u r n s to the s t a l k e d pole where it remains u n t i l the
next d i v i s l o n . " This l o c a l i z a t i o n p a t t e r n is d e p e n d e n t u p o n the p h o s p h o r y l a t i o n state o f the single
d o m a i n response regulator, C p d R . 28 .4j D u r i n g the s w a r m e r - t o - s t a l k e d t r a n s i t i o n , u n p h o s p h o r y l a r e d
C p d R a c c u m u l a t e s a n d localizes to the s t a l k e d pole, where it is necessary for the l o c a l i z a t i o n o f the
C l p X P complex." W h e n C p d R is p h o s p h o r y l a t e d , C l p X P is d e l o c a l i z e d a n d unable to efficiently
d e g r a d e CtrA.4l Notably, C p d R is p h o s p h o r y l a t e d by the same m u l t i - c o m p o n e n t p h o s p h o r e l a y
system t h a t p h o s p h o r y l a t e s C t r A . The sensor h i s t i d i n e kinase C c k A p h o s p h o r y l a t e s the h i s t i d i n e
p h o s p h o t r a n s f e r a s e ChpT, w h i c h in t u r n p h o s p h o r y l a t e s b o t h C t r A a n d C p d R . 28The a c t i v i t y o f
C h p T thus s i m u l t a n e o u s l y actives C t r A a n d deactivates the m a c h i n e r y r e s p o n s i b l e for CtrA~P

d e g r e d a t i o n (Fig. 2).
The small " a d a p t o r " p r o t e i n R c d A is expressed at low levels in swarmer cells b u t u p r e g u l a t e d

by CtrA~ P d u r i n g the s w a r m e r - t o - s t a l k e d t r a n s i t i o n / " Cells lacking R c d A do n o t localize C t r A
to the C l p X P p r o t e a s e complex a n d c a n n o t p r o t e o l y z e C t r A 4 0 . T h e m e c h a n i s t i c a n d s t r u c t u r a l
basis o f p o l a r C l p X P t a r g e t i n g by the T C S p r o t e i n , C p d R and the a d a p t e r p r o t e i n , R c d A , r e m a i n
unexplored. No chaperones or a d a p t o r s have been r e p o r t e d to be necessary for d e g r a d a t i o n o f D n a A
by ClpXP,32 a n d it is yet to be d e t e r m i n e d i f o t h e r p r o t e i n s are involved in this process.

D H i s t i d i n e kinase

o Response r e g u l a t o r

<> P h o s p h o t r a n s f e r a s e

6 . Protease

- Gene expression

= P h o s p h o t r a n s f e r

Protein i n t e r a c t i o n /
p o s t t r a n s l a t i o n a l r e g u l a t i o n

Figure 2. Schematic of C. crescentus regulatory c o m p o n e n t s and their k n o w n i n t e r a c t i o n s .
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P h o s p h o r y l a t i v e C o n t r o l o f C e l l Cycle R e g u l a t o r y P r o t e i n s
The p h o s p h o r y l a t i o n profile o f C t r A m i r r o r s its t r a n s c r i p t i o n a l profile. CtrA~P is p r e s e n t in

swarmer cells a n d d e g r a d e d d u r i n g the G 1 to S t r a n s i t i o n (Fig. 1). After C t r A is t r a n s l a t e d in late
stalked cells, it is p h o s p h o r y l a t e d a n d remains active in stalked a n d p r e d i v i s i o n a l cells. 38 A n e t w o r k
o f signal t r a n s d u c t i o n systems m e d i a t e s the p h o s p h o r y l a t i v e r e g u l a t i o n o f C t r A . The C c k A hy
b r i d h i s t i d i n e kinase a u t o p h o s p h o r y l a t e s in response to an u n k n o w n signal " a n d t h e n passes the
p h o s p h o r y l g r o u p t o the h i s t i d i n e p h o s p h o t r a n s f e r p r o t e i n ChpT, w h i c h d i r e c t l y p h o s p h o r y l a t e s
CtrA.2 8 C c k A is expressed at c o n s t a n t levels t h r o u g h o u t the cell cycle, b u t is o n l y active w h e n
l o c a l i z e d to the cell poles. C c k A localizes to swarmer poles while D N A r e p l i c a t i o n is b l o c k e d ,
delocalizes d u r i n g the G 1 to S t r a n s i t i o n a n d t h e n localizes to b o t h poles o f the p r e d i v i s i o n a l
c e l l . " The role played by the sensor d o m a i n in C c k A a u t o p h o s p h o r y l a t i o n a n d / o r l o c a l i z a t i o n
is u n k n o w n . B o t h l o c a l i z a t i o n a n d a c t i v a t i o n o f C c k A are r e g u l a t e d by t h e response r e g u l a t o r
DivK, w h i c h u p o n p h o s p h o r y l a t i o n i n h i b i t s C c k A a c t i v i t y a n d leads t o its d e l o c a l i z a t i o n i n t o the
c y t o p l a s m . " C t r A ~ P also d i r e c t l y c o n t r o l s the t r a n s c r i p t i o n o f divK, c r e a t i n g a negative f e e d b a c k
r e g u l a t o r y circuir'" (Fig. 2).

Like C c k A , the DivL kinase is also g e n e t i c a l l y u p s t r e a m o f C t r A . Its p u r i f i e d catalytic d o m a i n
p h o s p h o r y l a t e s p u r i f i e d C t r A in vitro, suggesting t h a t DivL influences C t r A activity d i r e c t l y r a t h e r
than t h r o u g h a p h o s p h o r e l a y or signal t r a n s d u c t i o n p a t h w a y . " DivL is unusual a m o n g sensor kinases
o f t w o - c o m p o n e n t systems in t h a t , a l t h o u g h it has all the c o n s e r v e d m o t i f s o f regular h i s t i d i n e
kinases, it is p h o s p h o r y l a t e d on a t y r o s i n e r e s i d u e . " DivL, like o t h e r h i s t i d i n e kinases, c o n t a i n s a
c o n s e r v e d four-helix b u n d l e v necessary for d i m e r i z a t i o n a n d catalysis. In a yeast t w o - h y b r i d assay,
f r a g m e n t s o f DivL were s h o w n t o weakly i n t e r a c t w i t h D i v K but the f u n c t i o n a l significance, if
any, o f this i n t e r a c t i o n remains u n k n o w n . " The t r a n s c r i p t i o n o f D i v L is n o t cell cycle r e g u l a t e d
a n d l o c a l i z a t i o n is n o t r e q u i r e d for DivL kinase a c t i v i t y , " a l t h o u g h it does localize to the s t a l k e d
cell p o l e in a m a n n e r d e p e n d e n t o n a n o t h e r T C S sensor kinase, DivJ.44 DivL is n o t involved in the
r e g u l a t i o n o f c h r o m o s o m e r e p l i c a t i o n a n d its exact role in the r e g u l a t i o n o f cell cycle p r o g r e s s i o n
a n d cell d i v i s i o n r e m a i n s u n c l e a r . r '

PleC a n d Div] are two a d d i t i o n a l T C S h i s t i d i n e kinases t h a t regulate C t r A t h r o u g h the response
r e g u l a t o r DivK. This a d d i t i o n a l t w o - c o m p o n e n t r e g u l a t o r y c i r c u i t is discussed below.

U p s t r e a m C e l l Cycle C o n t r o l by O p p o s i n g K i n a s e s
Div] a n d PleC are n o n - e s s e n t i a l t w o - c o m p o n e n t t r a n s m e m b r a n e sensor h i s t i d i n e kinases t h a t ,

a l t h o u g h similar in s e q u e n c e , o p p o s e each o t h e r to regulate the essential c y t o p l a s m i c response
r e g u l a t o r DivK. U n i d e n t i f i e d signals p e r c e i v e d by the kinase sensory d o m a i n s r e g u l a t e the kinase
a c t i v i t y o f b o t h p r o t e i n s , b u t the m e c h a n i s m s by w h i c h this o c c u r are u n k n o w n . In response to
these u n k n o w n signals, Div] a u t o p h o s p h o r y l a t e s a n d t r a n s f e r s its p h o s p h o r y l g r o u p to DivK;
PleC, also r e g u l a t e d by u n k n o w n signals, mainly acts to d e s p h o s p h o r y l a t e DivK ~ P," However, in
cells d e v o i d o f b o t h Div] a n d P l e C , DivK ~ P is still f o u n d , i n d i c a t i n g t h a t DivK p h o s p h o r y l a t i o n
is n o t exclusive to these k i n a s e s " .

Div] localizes to the stalked pole a n d PleC localizes to the flagellar pole in d i v i d i n g a n d swarmer
cells, while DivK ' s h u t t l e s ' b e t w e e n t h e m based o n its p h o s p h o r y l a t i o n state. 46 M u t a n t cells lack
ing div] can be rescued by m u t a t i o n s in cckA a n d divL, w h i c h e n c o d e kinases t h a t p h o s p h o r y l a t e
C t r A . 4

7 These genetic d a t a p r o v i d e evidence t h a t Div] a n d DivK ~ P u l t i m a t e l y i n h i b i t C t r A activity,
while P l e C a n d DivK e n h a n c e C t r A a c t i v i t y , " Div] is necessary for p r o p e r l o c a l i z a t i o n , l e n g t h
a n d m o r p h o l o g y o f stalks a n d holdfasts,20,45 while P l e C is necessary for the p o l a r l o c a l i z a t i o n a n d
assembly o f pili c o m p o n e n t s ; loss o f P l e C a c t i v i t y leads to a loss o f a s y m m e t r y in d i v i d i n g cells,
r e s u l t i n g in two flagellated p o l e s . " W h i l e Div] a n d P l e C kinase a c t i v i t y on DivK o p p o s e each
other, p r o p e r Div] l o c a l i z a t i o n to the stalked pole d u r i n g division d e p e n d s u p o n f u n c t i o n a l PleC. 45

P l e C also c o n t r o l s the l o c a l i z a t i o n , at d i f f e r e n t time p o i n t s , o f a v a r i e t y o f p r o t e i n s involved in pili
f o r m a t i o n a n d s u b s e q u e n t cell m o t i l i t y ; its own l o c a l i z a t i o n is in t u r n c o n t r o l l e d by Pod], whose
t r a n s c r i p t i o n a n d p r o t e o l y t i c p r o c e s s i n g is r e g u l a t e d by d o w n s t r e a m t a r g e t s o f the P l e C response
r e g u l a t o r , DivK 4

9 (Fig. 2).
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N e t w o r k C o n t r o l o f H i s t i d i n e K i n a s e L o c a l i z a t i o n
and Polar M o r p h o g e n e s i s

The s e n s o r - l i n k e d kinase PleC is a critical r e g u l a t o r o f cellular m o r p h o l o g y and d e v e l o p m e n t
a n d its expression a n d l o c a l i z a t i o n , are subject to m u l t i p l e levels o f c o n t r o l by the core cell cycle
r e g u l a t o r y n e t w o r k . B o t h PleC a n d Pod], the t r a n s m e m b r a n e p o l a r i t y factor w h i c h regulates PleC
l o c a l i z a t i o n , " are subject to o v e r l a p p i n g t r a n s c r i p t i o n a l a c t i v a t i o n by DnaA30 and, indirectly, by
GcrA.22 S i m u l t a n e o u s l y , C t r A activates the t r a n s c r i p t i o n o f PerP, w h i c h is one o f two proteases
t h a t process Pod] in o r d e r to alter its a c t i v i t y " . Pod] is t r a n s c r i b e d a n d t r a n s l a t e d in the s t a l k e d
cell a n d p r e s e n t in the early p r e d i v i s i o n a l cell. F u l l - l e n g t h Pod] ( P o d ] L) is a t r a n s m e m b r a n e p r o t e i n
w i t h p e r i p l a s m i c a n d c y t o p l a s m i c d o m a i n s , w h i c h localizes to the n a s c e n t swarmer pole d u r i n g
early cell division. Here, Pod] r e c r u i t s PleC w h i c h is r e q u i r e d for p o l a r pili f o r m a r i o n . v D u r i n g cell
division, PerP cleaves the p e r i p l a s m i c d o m a i n from Pod] while the r e m a i n i n g c y t o p l a s m i c d o m a i n
a n d t r a n s m e m b r a n e a n c h o r (Pod]s) remain at the flagellar p o l e o f the p r o g e n y swarmer cell. The
m e m b r a n e m e t a l l o p r o t e a s e M m p A cleaves P o d ] , d u r i n g the s w a r m e r - t o - s t a l k e d t r a n s i t i o n a n d
releases i t f r o m the m e m b r a n e . The i n t e r v a l o f time b e t w e e n PerP cleavage a n d M m p A cleavage
appears to be d e t e r m i n e d by a r e g u l a t o r y m e c h a n i s m d i s t i n c t from the t r a n s c r i p t i o n a l r e g u l a t i o n
o f PerP,50 as M m p A is n o t localized to any region o f the cell m e m b r a n e a n d its t r a n s c r i p t i o n is
n o t cell-cycle d e p e n d e n t 51.

The Search for R e g u l a t o r y S i g n a l s
A l t h o u g h t h e r e are a l m o s t c e r t a i n l y o t h e r u n i d e n t i f i e d c o m p o n e n t s in the r e g u l a t o r y system

t h a t c o n t r o l s cell cycle p r o g r e s s i o n , several major c o m p o n e n t s o f this c o n t r o l c i r c u i t r y have been
m a p p e d a n d t h e i r i n t e r a c t i o n s with each o t h e r have largely been d e f i n e d (Fig. 2). However, the
physical a n d chemical n a t u r e o f signals t h a t affect these r e g u l a t o r y pathways remain almost entirely
u n d e f i n e d . For example, cell cycle arrest by c a r b o n or n i t r o g e n s t a r v a t i o n does n o t affect cellular
levels o f C t r A b u t d r a m a t i c a l l y a n d reversibly e n h a n c e s the rate o f D n a A p r o r e o l y s t s . " This
result i n d i c a t e s t h a t e n v i r o n m e n t a l n u t r i e n t availability c o n t r o l s c h r o m o s o m e r e p l i c a t i o n w i t h
h i g h s p e c i f i c i t y Y The m o l e c u l a r m e c h a n i s m ( s ) by w h i c h this process occurs r e m a i n a mystery,
b u t are a l m o s t c e r t a i n l y tied i n t o the core T C S c o n t r o l c i r c u i t r y o f Caulobacter. As the c o n t e n t s
o f p r o k a r y o t i c cells b e c o m e increasingly well-described, the next f r o n t i e r in cellular b i o l o g y is to
d e t e r m i n e n o t o n l y w h i c h molecules i n t e r a c t , but how those i n t e r a c t i o n s are g o v e r n e d in response
to the i n t r a - a n d e x t r a - c e l l u l a r e n v i r o n m e n t . Caulobacter crescentus, w h i c h e x h i b i t s p o l a r cell divi
sion a n d possesses an extensive suite o f d e f i n e d t w o - c o m p o n e n t p r o t e i n s at the h i g h e s t levels o f
its cell cycle c o n t r o l circuitry, is a u n i q u e l y suitable m o d e l o r g a n i s m in w h i c h to p u r s u e answers
to this n e x t g e n e r a t i o n o f q u e s t i o n s in b a c t e r i a l cell b i o l o g y a n d signal t r a n s d u c t i o n .
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RegB/RegA, A Global Redox-Responding
Two-Component System
Jiang Wu and Carl E. Bauer*

A b s t r a c t

T h e R e g B - R e g A r e g u l o n f r o m Rhodobacter capsulatus a n d Rhodobacter spbaeroides e n c o d e s
p r o t e i n s i n v o l v e d in n u m e r o u s e n e r g y - g e n e r a t i n g a n d e n e r g y - u t i l i z i n g processes such as
p h o t o s y n t h e s i s , c a r b o n fixation, n i t r o g e n fixation, h y d r o g e n u t i l i z a t i o n , aerobic and anaero

bic r e s p i r a t i o n , d e n i t r i f i c a t i o n , e l e c t r o n t r a n s p o r t a n d a e r o t a x i s . The r e d o x signal t h a t is d e t e c t e d
by t h e m e m b r a n e - b o u n d sensor kinase, RegB, has b e e n i d e n t i f i e d to be t h e u b i q u i n o n e p o o l in t h e
m e m b r a n e . R e g u l a t i o n o f R e g B a u t o p h o s p h o r y l a t i o n also involves a r e d o x - a c t i v e c y s t e i n e t h a t is
p r e s e n t in t h e c y t o s o l i c r e g i o n o f R e g B . B o t h p h o s p h o r y l a t e d a n d u n p h o s p h o r y l a t e d forms o f t h e
c o g n a t e r e s p o n s e r e g u l a t o r RegA are capable o f a c t i v a t i n g or r e p r e s s i n g a v a r i e t y o f genes in t h e
r e g u l o n . H i g h l y c o n s e r v e d h o m o l o g u e s o f R e g B a n d RegA have b e e n f o u n d in a wide n u m b e r o f
p h o t o s y n t h e t i c a n d n o n p h o t o s y n t h e t i c b a c t e r i a w i t h e v i d e n c e s u g g e s t i n g t h a t R e g B / R e g A have
a f u n d a m e n t a l role in t h e t r a n s c r i p t i o n o f r e d o x - r e g u l a t e d genes in m a n y b a c t e r i a l species.

I n t r o d u c t i o n
G e n e t i c screens i n i t i a l l y i d e n t i f i e d RegB a n d RegA as r e g u l a t o r s o f t h e p h o t o s y s t e m synthesis in

R. capsulatusl" In this species, n u l l m u t a t i o n s in regB a n d regA are defective in high-level expression
o f t h e p h o t o s y s t e m w h i c h are n o r m a l l y o n l y s y n t h e s i z e d u n d e r c o n d i t i o n s o f l o w oxygen t e n s i o n . '
E x p r e s s i o n o f the puh, pufandpuc o p e r o n s t h a t e n c o d e a p o p r o t e i n s for t h e l i g h t h a r v e s t i n g I, l i g h t
h a r v e s t i n g II a n d r e a c t i o n c e n t e r c o m p l e x e s o f t h e p h o t o s y s t e m are s i g n i f i c a n t l y r e d u c e d in RegB
a n d RegA m u t a n t s . P ' I h e s i m i l a r p h e n o t y p e s d i s p l a y e d by these m u t a n t s led to t h e h y p o t h e s i s t h a t
t h e y may be c o g n a t e t r a n s - a c t i n g p a r t n e r s c o n s t i t u t i n g a t w o - c o m p o n e n t r e g u l a t o r y system. This
was c o n f i r m e d by s e q u e n c e analysis w h i c h d e m o n s t r a t e d t h a t RegB e x h i b i t s h o m o l o g y to h i s t i d i n e
p r o t e i n k i n a s e s ' < " a n d RegA e x h i b i t s h o m o l o g y to D N A - b i n d i n g r e s p o n s e r e g u l a t o r s . v ' ?

S u b s e q u e n t to t h e d i s c o v e r y o f R e g B / R e g A f r o m R. capsulatus, h o m o l o g o u s t w o - c o m p o n e n t
r e g u l a t o r y systems were f o u n d a n d g e n e t i c a l l y c h a r a c t e r i z e d in many o t h e r species such as t h e
RegB/RegA7 h o m o l o g s in Rhodobacter spbaeroides (also called PrrB/PrrA),8,9 R e g S / R e g R system
f r o m Bradyrhizobium japonicum, 10 A c t S I A c t R from Sinorbizobium meliloti." R o x S / R o x R f r o m
Pseudomonas aeruginosa 12 and R e g B / R e g A from Rhodovulum sulfidophilum andRoseobacter denitri
fieans 13 (Table 1). G e n o m e sequence studies have also i d e n t i f i e d RegA and RegB h o m o l o g u e s in many
o t h e r p h o t o s y n t h e t i c as well as n o n p h o t o s y n t h e t i c a- a n d y - p r o t e o b a c t e r i a l species (Table 1).

G e n e t i c s h u t t l i n g s t u d i e s have d e m o n s t r a t e d t h a t RegB a n d RegA h o m o l o g u e s f r o m d i f f e r e n t
species are in v i t r o a n d in vivo i n t e r c h a n g e a b l e , w h i c h means p h o s p h o t r a n s f e r can be o b s e r v e d
b e t w e e n d i f f e r e n t RegB a n d RegA h o m o l o g u e s . i - " a n d t h a t some RegA h o m o l o g u e s can b i n d to
p r o m o t e r s a n d r e g u l a t e gene t r a n s c r i p t i o n in a n o t h e r s p e c i e s . F ' " I n d e e d it is n o w well e s t a b l i s h e d

* C o r r e s p o n d i n g Author: Carl E. B a u e r - D e p a r t m e n t of Biology, Indiana University, Myers Hall,
915 E. Third St., B l o o m i n g t o n , IN 4 7 4 0 5 - 7 1 7 0 , USA. Email: bauer@indiana.edu
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based
search

RegB
RegA

Q-Binding
Redox-Active

DNA-Binding
Organism

RegB
Identity

H-Box
Site

Cystein
RegA

Identity
Acid-Box

Domain

Rhodobacter
capsulatus

YES
Q9L906

YES
YES

YES
YES

P42508
YES

YES
Rhodobacter

sphaeroides
YES

Q3j6C1
58%

YES
YES

YES
YES

Q53228
83%

YES
YES

Silicibacter
pomeroyi

YES
Q5LLQ5

54%
YES

YES
YES

YES
Q1GCP6

82%
YES

YES
Rhodovulum

sulfidophilum
YES

082866
54%

YES
YES

YES
YES

082868
83%

YES
YES

Roseobacter
denitrificans

YES
082869

55%
YES

YES
YES

YES
Q9ZNM4

81%
YES

YES
Oceanicola

granulosus
YES

Q2CjX1
53%

YES
YES

YES
YES

Q2CjX3
84%

YES
YES

Jannaschiasp.
YES

Q28jY5
51%

YES
YES

YES
YES

Q28jX7
81%

YES
YES

~
uncultured

proteobacterium
YES

Q8KYV6
53%

YES
YES

YES
YES

Q8KYV8
78%

YES
YES

"- I;'
Rhizobium

loti
YES

Q98C40
38%

YES
YES

YES
YES

Q98C39
69%

YES
YES

~
.

Brucellasuis
YES

Q8G321
37%

YES
YES

YES
YES

Q8G319
67%

YES
YES

..... ~
Brucella

abortus
YES

Q2YP02
37%

YES
YES

YES
YES

Q57FN7
67%

YES
YES

o:!

Xanthobacter
sp.

YES
Q26N86

38%
YES

YES
YES

YES
Q26N85

69%
YES

YES
;:. ..... ;l

Brucella
melitensis

YES
Q8YER2

37%
YES

YES
YES

YES
Q8YER6

67%
YES

YES
l:i

Bradyrhizobium
japonicum

YES
086124

36%
YES

YES
YES

YES
Q89VZO

69%
YES

YES
i:! ~

Aurantimonas
sp.

YES
Q1YF90

35%
YES

YES
YES

YES
Q1YF91

68%
YES

YES
S.

Nitrobacter
winogradskyi

YES
Q3SWG3

35%
YES

YES
YES

YES
Q3SWG2

70%
YES

YES
'" 1!

Rhizobium
meliloti

YES
Q92TA1

36%
YES

YES
YES

YES
Q52913

70%
YES

YES
~

Rhodopseudomo
nas

palustris
YES

Q6NCAO
36%

YES
YES

YES
YES

Q6NCA1
70%

YES
YES

~
Rhizobium

etli
YES

Q2KE47
36%

YES
YES

YES
YES

Q2KE48
69%

YES
YES

s, ...
Sinorhizobium

medicae
YES

Q52912
36%

YES
YES

YES
NO'

;:. o:!

Nitrobacter
hamburgensis

YES
Q1QRL7

34%
YES

YES
YES

YES
Q1QRL6

70%
YES

YES
l>... b

Caulobacter
crescentus

YES
Q9ABH9

38%
YES

YES
YES

YES
Q9ABI0

68%
YES

YES
~

Rhizobium
leguminosarum

YES
Q1MNA6

36%
YES

YES
YES

YES
Q1MNA7

69%
YES

YES
~
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H-Box
Site
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RegA
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Domain
.... ~

Agrobacterium
tumefaciens

It
YES

Q8Uj81
36%

YES
YES

YES
YES

Q8Uj82
68%

YES
YES

~

Nitrosospira
multiformis

YES
Q2YD54

27%
YES

YES
YES

YES
Q2YD55

59%
YES

YES
~

Pseudomonassyringae
YES

Q4ZNL1
30%

YES
YES

YES
YES

Q87Wj3
52%

YES
YES

~ <:>

Chromohalobact
er

sa/exigens
YES

Q1QWH9
26%

YES
YES

YES
YESQ1QWI0

47%
YES

;s
YES

e-
Pseudomonasfluorescens

YES
Q3KI43

29%
YES

YES
YES

YES
Q3KI42

52%
YES

YES
~

Azotobacter
vine/andii

YES
Q41Y97

28%
YES

YES
YES

YES
Q41Y98

50%
YES

YES
~ <:>

Methylobacillus
flagellatus

YES
Q1GZ69

27%
YES

YES
YES

YES
Q1GZ68

51%
YES

YES
~

Pseudomonas
putida

YES
Q2XjG8

28%
YES

YES
YES

YES
Q88PG2

50%
YES

YES
~

Oceanospirillum
sp

YES
Q2BQZ7

26%
YES

YES
YES

YES
Q2BQZ8

49%
YES

YES
<:> ;s

Nitrosomonas
europaea

YES
Q82VOO

25%
YES

YES
YES

YES
Q820M1

50%
YES

YES
~ ...

Pseudomonasaeruginosa
YES

Q9HVS7
28%

YES
YES

YES
YES

Q9HVS8
50%

YES
YES

~

Pseudomonas
entomophila

YES
Q11EEJ

29%
YES

YES
YES

YESQ11EE2
50%

YES
YES

~
Sphingopyxis

alaskensis
YES

Q7GT06
26%

YES
YES

YES
YES

Q7GT07
45%

YES
YES

Sphingomonas
sp.

YES
Q1N6Y2

24%
YES

YES
YES

N01
Paracoccus

denitrificans
NO'

YES
Q3PEU7

77%
YES

YES
Uncultured

Acidobacteria
NO'

YES
Q7X351

66%
YES

YES
bacterium Pe/agibacter

ubique
NO'

YES
Q4FP64

67%
YES

YES
Psychroflexus

torquis
NO

YES
Q1VjUO

65%
YES

YES
Nitrosomonas

eutropha
N02

YES
Q3N6K1

49%
YES

YES
Thiobacillus

denitrificans
N02

YES
Q3SFG7

49%
YES

YES
Alcaligenes

eutrophus
N02

YES
Q476X9

48%
YES

YES
Anaeromyxobac
ter

dehalogenans
N02

ES
Q21197

47%
YES

YES
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Q-Binding
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DNA-Binding
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RegB
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H-Box
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Cystein
RegA

Identity
Acid-Box

Domain

Anaeromyxobacter
dehalogenans

NCY
YES

Q21197
47%

YES
YES

Ralstonia
metallidurans

N02
YES

Q1LS55
46%

YES
YES

Saccharophagusdegradans
N02

YES
Q21GP2

39%
YES

YES
Pseudoalteromonas

haloplanktis
N0

2
YES

Q31BV7
42%

YES
YES

Shewanella
frigidimarina

N02
YES

Q3NW53
42%

YES
YES

Burkholderia
cenocepacia

N0
2

YES
Q44X66

43%
YES

YES
Chromobacterium

violaceum
N02

YES
Q7NZM5

47%
YES

YES
~

Burkholderia
vietnamiensis

N02
YES

Q4BNG8
43%

YES
YES

"
Ralstonia

solanacearum
N02

YES
Q8Y3EO

45%
YES

YES
~ ~.

Burkholderia
pseudomallei

N02
YES

Q3JXA5
43%

YES
YES

.....
Burkholderia

thailandensis
N02

YES
Q2T278

43%
YES

YES
~ '"

Burkholderia
mallei

N02
YES

Q62F01
51%

YES
YES

l:l .....
Burkholderia

ambifaria
N0

2
YES

Q3FK41
43%

YES
YES

~
Colwellia

psychrerythraea
N02

YES
Q47UR4

42%
YES

YES
~ ~

Methylococcus
capsulatus

N02
YES

Q602T5
46%

YES
YES

"::t.
Idiomarina

loihiensis
N02

YES
Q5QWI7

38%
YES

YES
'" ?!

Shewanellaamazonensis
N02

YES
Q3QI67

42%
YES

YES
~

Shewanella
denitrificans

N0
2

YES
Q3P3L2

37%
YES

YES
~

Shewanella
putrefaciens

N02
YES

Q2ZVU1
38%

YES
YES

s, ...
Shewanellaoneidensis

N02
YES

Q8E9U1
38%

YES
YES

l:l '"
Shewanellabaltica

N02
YES

Q3Q7V3
37%

YES
YES

l:>.. b
Dechloromonas

aromatica
N02

YES
Q47FP7

44%
YES

YES
... ~

Hahellachejuensis
N0

2
YES

Q2SM70
42%

YES
YES
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t h a t RegB a n d RegA c o n s t i t u t e a h i g h l y c o n s e r v e d g l o b a l r e g u l a t o r y system t h a t p r o v i d e s an
o v e r l y i n g layer o f r e d o x - c o n t r o l on a v a r i e t y o f e n e r g y - g e n e r a t i n g a n d e n e r g y - u t i l i z i n g b i o l o g i c a l
processes in m a n y diverse species o f b a c t e r i a . Specifically, e n e r g y g e n e r a t i n g a n d e n e r g y u t i l i z i n g
m e t a b o l i c a n d b i o e n e r g e t i c processes s u c h as p h o t o s y n t h e s i s , t e t r a p y r r o l e synthesis, c a r b o n fixation,
n i t r o g e n fixation, h y d r o g e n o x i d a t i o n , d e n i t r i f i c a t i o n , a e r o b i c / a n a e r o b i c r e s p i r a t i o n a n d e l e c t r o n
t r a n s p o r t are k n o w n m e m b e r s o f the R e g B / R e g A r e g u l o n in R. capsulatus (Fig. 1).

Members o f the Reg Regulon

P h o t o s y n t h e s i s
The R e g B / R e g A system was i n i t i a l l y discovered by selecting for m u t a t i o n s t h a t e x h i b i t e d r e d u c e d

synthesis o f the p h o t o s y s t e m i n R. capsulatus. l
,2 An i n t a c t copy o f regA was s u b s e q u e n t l y s h o w n to

be r e q u i r e d for R. capsulatus to grow p h o t o s y n t h e t i c a l l y u n d e r d i m l i g h r . ' As is the case for RegA,
RegB is also necessary for a n a e r o b i c synthesis o f the p h o t o s y s t e m . G e n e expression s t u d i e s have
i n d i c a t e d t h a t expression o f the puc, p u l a n d puh o p e r o n s t h a t c o d e for a p o p r o t e i n s o f t h e l i g h t
h a r v e s t i n g a n d r e a c t i o n c e n t e r complexes are s i g n i f i c a n t l y r e d u c e d w h e n e i t h e r RegB or RegA are
d i s r u p t e d . P M u t a t i o n s in RegB a n d RegA h o m o l o g u e s from R. spbaeroides also s h o w similar effects
w i t h r e s p e c t to the c o n t r o l o f pub, p u l a n d puc expression as was r e p o r t e d for R. capsulatus. 8

In a d d i t i o n to c o n t r o l l i n g synthesis o f l i g h t h a r v e s t i n g a n d r e a c t i o n c e n t e r a p o p r o t e i n s , RegA
also affects t e t r a p y r r o l e synthesis whose b r a n c h e d p a t h w a y s p r o d u c e c o m p o u n d s such as b a c t e r i o 
c h l o r o p h y l l a n d h e m e t h a t are b o u n d by p h o t o s y s t e m a n d c y t o c h r o m e a p o p r o t e i n s , respectively. For
example, expression o f the bchE in R. spbaeroides t h a t e n c o d e s an e n z y m e in the b a c t e r i o c h l o r o p h y l l
b i o s y n t h e s i s p a t h w a y was r e p o r t e d to be r e g u l a t e d by P r r B / P r r A system. 1 5 T h e r e are also r e p o r t s
t h a t RegA from R. spbaeroides c o n t r o l s e x p r e s s i o n o f hemA, hemZ a n d hemN 15,16 t h a t c o d e for en
zymes involved in the c o m m o n b r a n c h used by b o t h the h e m e a n d b a c t e r i o c h l o r o p h y l l b i o s y n t h e t i c
pathways. In R. capsulatus it has b e e n d e m o n s t r a t e d t h a t hemA, heme, hemE, hemH a n d hemZ, are
also c o m p o n e n t s o f the R e g B / R e g A r e g u l o n . ' ? P u t a t i v e R e g A - b i n d i n g sites were also revealed in
the p r o m o t e r r e g i o n o f these hem genes a n d t w o P r r A - b i n d i n g sites have been i d e n t i f i e d u p s t r e a m
o f hemA in R. spbaeroides." d e m o n s t r a t i n g t h a t RegA d i r e c t l y r e g u l a t e s hem gene e x p r e s s i o n . "

E l e c t r o n T r a n s f e r S y s t e m
The RegA h o m o l o g u e from R. sphaeroides ( p r r A ) was f o u n d t o p o s i t i v e l y r e g u l a t e t h e expres

sion o f cyeA, t h a t e n c o d e s c y t o c h r o m e C2. 8 In t h i s species, c y t o c h r o m e C2 s h u t t l e s e l e c t r o n s f r o m
t h e c y t o c h r o m e be, c o m p l e x t o t h e p h o t o s y s t e m r e a c t i o n c e n t e r as well as to r e s p i r a t o r y c o m p o 
n e n t c y t o c h r o m e oxidase. P r i m e r e x t e n s i o n a n d in v i t r o t r a n s c r i p t i o n s t u d i e s i n d i c a t e d t h a t P r r A
d i r e c t l y a c t i v a t e s cyeA t r a n s c r i p t i o n . " E v i d e n c e t h a t RegA d i r e c t l y c o n t r o l s cyeA e x p r e s s i o n was
p r o v i d e d by D N a s e I p r o t e c t i o n assays w h i c h s h o w e d t h a t RegA* ( c o n s t i t u t i v e l y active v a r i a n t
o f R e g A ) from R. capsulatus b i n d s to a r e g i o n o f the cyeA P2 p r o m o t e r c e n t e r e d -so bp from t h e
s t a r t site o f t r a n s c r i p t i o n . "

Swem et al 2 1 d e m o n s t r a t e d t h a t R e g B / R e g A c o n t r o l s s y n t h e s i s o f c y t o c h r o m e C2 as well as
c y t o c h r o m e C y a n d t h e c y t o c h r o m e be, c o m p l e x in R. capsulatus. It was s h o w n t h a t RegA activates
b i o s y n t h e s i s o f c y t o c h r o m e s be, a n d C2 u n d e r a n a e r o b i c , s e m i - a e r o b i c a n d a e r o b i c g r o w t h c o n d i 
tions, whereas it o n l y activates c y t o c h r o m e C y u n d e r s e m i - a e r o b i c a n d a n a e r o b i c c o n d i t i o n s . D N a s e
I p r o t e c t i o n assays also d e m o n s t r a t e d t h a t RegA b i n d s t o 2 sites on t h e p r o m o t e r o f t h e pet (bcl)
o p e r o n a n d t o 4 sites on t h e p r o m o t e r s o f t h e cyeA a n d cycY genes e n c o d i n g c y t o c h r o m e C2 a n d
c y t o c h r o m e C y ' r e s p e c t i v e l y , "

Like many b a c t e r i a l species, R. capsulatus possesses a b r a n c h e d r e s p i r a t o r y c h a i n i n v o l v i n g t w o
d i f f e r e n t t e r m i n a l oxidases. In one b r a n c h , the u b i q u i n o l ( u b i h y d r o q u i n o n e ) oxidase takes e l e c t r o n s
d i r e c t l y from the q u i n o n e p o o l t o r e d u c e O 2 t o H 2 O. The s e c o n d b r a n c h , w h i c h is s i m i l a r to t h e
m i t o c h o n d r i a l e l e c t r o n t r a n s f e r c h a i n , is c o m p r i s e d o f t h e c y t o c h r o m e be, c o m p l e x , c y t o c h r o m e s
C2 or C y a n d a c b b r t y p e c y t o c h r o m e c o x i d a s e . " RegA has been o b s e r v e d to a c t i v a t e c y t o c h r o m e
cbb 3 oxidase e x p r e s s i o n s e m i - a e r o b i c a l l y a n d aerobically while repressing expression a n a e r o b i c a l l y , "
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DNase I f o o t p r i n t analysis revealed t h a t RegA directly controls synthesis o f cytochrome ebb 3 oxidase
by b i n d i n g to a site on the eeoNOQP p r o m o t e r l o c a t e d just u p s t r e a m from the -35 s e q u e n c e . "

As o b s e r v e d for eeoNOQP o p e r o n , R e g B / R e g A is also involved in the r e g u l a t i o n o f eydAB
o p e r o n e n c o d i n g u b i q u i n o l oxidase, w i t h RegA r e q u i r e d for a c t i v a t i o n o f eydAR t r a n s c r i p t i o n
u n d e r all g r o w t h c o n d i t i o n s tested. D N a s e I f o o t p r i n t assays i n d i c a t e t h a t RegA binds to two sites
u p s t r e a m from the -35 region o f the p r o m o t e r . "

R e c e n d y R e g B / R e g A h o m o l o g u e s from P. aeruginosa ( R o x S / R o x R ) were r e p o r t e d to be in
volved in the c o n t r o l o f aerobic r e s p i r a t i o n in this s p e c i e s . " More precisely, R o x S / R o x R c o n t r o l s
the i n d u c t i o n o f the cyanide-insensitive oxidase, w h i c h is the t e r m i n a l oxidase o f one aerobic
e l e c t r o n t r a n s p o r t pathway, in the presence o f cyanide. It is p r o p o s e d t h a t RoxR coregulates the
cioAR p r o m o t e r w i t h a n o t h e r anaerobic regulator, A N R , thereby p e r m i t t i n g the i n t e g r a t i o n o f
different s t i m u l i in the c o n t r o l o f cyanide-insensitive oxidase expression.

R. eapsulatus and R. spbaeroides are also b o t h capable o f anaerobic r e s p i r a t i o n using d i m e t h 
ylsulfoxide ( D M S O ) as a t e r m i n a l e l e c t r o n acceptor," The r e d u c t i o n o f D M S O is catalyzed by
a m e m b r a n e - b o u n d D M S O reductase enzyme t h a t is e n c o d e d by the dorCDA o p e r o n . The dor
o p e r o n is u n d e r the t r a n s c r i p t i o n c o n t r o l o f a t w o - c o m p o n e n t signal t r a n s d u c t i o n system, D o r S /
D o r R , t h a t responds to the availability ofDMSO.24.26 The sensor kinase, DorS is k n o w n to auto
p h o s p h o r y l a t e in the presence o f D M S O w i t h the p h o s p h a t e t r a n s f e r r e d to the response regulator,
D o r R , w h i c h t h e n activates dorCDA expression. In a d d i t i o n to D o r S / D o r R , the dorCDA o p e r o n
is also r e g u l a t e d by the R e g B / R e g A system w i t h RegA acting as a repressor o f the dorCDA o p e r o n
d u r i n g p h o t o h e t e r o t r o p h i c g r o w t h in the presence o f malate as a c a r b o n s o u r c e . " However, RegA
seems to lose c o n t r o l o f the dorCDA o p e r o n i f the cells are grown on pyruvate r a t h e r than malate.
This indicates t h a t a n o t h e r u n i d e n t i f i e d r e g u l a t o r can suppress the regA m u t a n t p h e n o t y p e in cells
grown on pyruvate b u t n o t in cells grown on malate.

In a d d i t i o n to r e g u l a t i n g synthesis o f a larger n u m b e r o f c y t o c h r o m e a p o p r o r e i n s , RegA also
c o n t r o l s synthesis o f the c y t o c h r o m e c o f a c t o r heme. Smart et al l 7 d e m o n s t r a t e d t h a t expression
o f hemA, heme, hemE, hemZ a n d hemH genes t h a t code for enzymes in the c o m m o n h e m e / b a c 
t e r i o c h l o r o p h y l l b r a n c h o f the t e t r a p y r r o l e pathway are p a r t o f the RegB-RegA regulon. Thus,
RegB-RegA are involved in r e g u l a t i n g the s t o i c h e o m e t r y o f heme biosynthesis w i t h synthesis o f
c y t o c h r o m e a p o p r o t e i n s t h a t b i n d this cofactor.

C a r b o n F i x a t i o n
The Calvin- Benson-Bassham (CBB) reductive p e n t o s e p h o s p h a t e pathway allows p r o d u c t i o n

o f o r g a n i c c a r b o n via the assimilation o f C O 2, Enzymes o f the Calvin cycle are e n c o d e d by the
ebb, and ebb I I o p e r o n s . T r a n s c r i p t i o n o f these o p e r o n s is r e g u l a t e d in response to c a r b o n by the
t r a n s c r i p t i o n a l activator, C b b R . 28,29

An i n v o l v e m e n t o f the R e g B / R e g A system in the biosynthesis o f Calvin cycle enzymes was
first discovered in R. sphaeroides where it was d e m o n s t r a t e d t h a t RegB (PrrB) was r e q u i r e d for
positive r e g u l a t i o n o f the ebb o p e r o n s , b o t h anaerobically in the light and aerobically in the d a r k . "
Using p u r i f i e d R. capsulatus RegA *, D u b b s et al 28

, 3Q d e m o n s t r a t e d t h a t RegA directly c o n t r o l s
R. sphaeroides ebb expression by b i n d i n g to four sites in the ebb, p r o m o t e r and to six sites on the
ebb[[ p r o m o t e r . The a u t h o r s h y p o t h e s i z e d t h a t the l o c a t i o n s o f R e g A b i n d i n g c o u l d allow d i r e c t
i n t e r a c t i o n s w i t h C b b R a n d / o r w i t h R N A polymerase. F u r t h e r m o r e , b i n d i n g o f RegA to the two
sites l o c a t e d in the u p s t r e a m activating sequence (UAS) in the ebb[ p r o m o t e r appears responsible
for a RegA - m e d i a t e d 4 I - f o l d e n h a n c e m e n t in ebb[ e x p r e s s i o n . "

G i b s o n et al 3 l d e m o n s t r a t e d t h a t c h e m o a u t o t r o p h i c a l l y grown regA (prrA) m u t a n t s o f R.
sphaeroides differentially express the two ebb o p e r o n s with expression o f the ebb I I p r o m o t e r severely
r e d u c e d and expression o f the ebb[ p r o m o t e r e n h a n c e d in the prrA m u t a n t strain. This result
i n d i c a t e s t h a t PrrA f u n c t i o n s as an activator o f ebb I I and a repressor o f ebb[. Analysis o f p r o m o t e r
m u t a n t s suggests t h a t RegA may b i n d to d i s r i n c t regions in ebb I I a n d in ebb, d u r i n g p h o t o a u t o t r o 
p h i c and c h e m o a u t o t r o p h i c growth.
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In R. capsulatus, the R e g B / R e g A system also c o n t r o l s expression o f the two ebb o p e r o n s t h a t are
p r e s e n t in this s p e c i e s . " I n a c t i v a t i o n o f regA a n d regB affects ebb j a n d ebb l I expression w i t h o n l y 14
a n d 10% o f w i l d - r y p e levels, respectively, in a reg A - d i s r u p t e d strain u n d e r p h o t o a u t o t r o p h i c g r o w t h
c o n d i t i o n . RegA* was also s h o w n to b i n d to two D N A - b i n d i n g sites in b o t h the ebb j a n d ebb l I

p r o m o t e r regions. There is a m a j o r h i g h affinity RegA b i n d i n g u p s t r e a m o f the ebb j t r a n s c r i p t i o n
s t a r t site t h a t is a s s u m e d to be involved in t r a n s c r i p t i o n a l a c t i v a t i o n in c o n c e r t w i t h C b b R j • A low
affinity RegA b i n d i n g site o v e r l a p p i n g a C b b R 1 D N A - b i n d i n g site is p r o p o s e d t o has a negative
role caused by RegA m e d i a t e d o c c l u s i o n o f C b b R j b i n d i n g to this region. O n the ebb l I p r o m o t e r ,
t h e r e are 2 h i g h affinity RegA b i n d i n g sites. The u p s t r e a m l o c a t i o n o f these b i n d i n g sites suggests
t h a t they are involved in a c t i v a t i o n .

It has b e e n r e p o r t e d t h a t RegA h o m o l o g u e s from B. japonieum (RegR) a n d from S. meliloti
(ActR), also f u n c t i o n as a c t i v a t o r s o f ebb o p e r o n s in c o n c e r t w i t h CbbR.33.34 Thus, as was dem
o n s t r a t e d for R. capsulatus, RegA h o m o l o g u e s a p p e a r to c o n t r o l C O 2 f i x a t i o n in n u m b e r o f
p h o t o s y n t h e t i c a n d n o n p h o t o s y n t h e t i c b a c t e r i a .

N i t r o g e n F i x a t i o n
C o n d i t i o n s o f n i t r o g e n and oxygen l i m i t a t i o n are k n o w n to activate expression o f nifgenes that are

required for biosynthesis o f m o l y b d e n u m nitrogenase (reviewed in r e f 3 5 ) . ] o s h i and Tabita 36 observed
t h a t nitrogenase synthesis is de-repressed in the presence o f excess a m m o n i u m inR. sphaeroides strains
that lacked a f u n c t i o n a l C O 2 fixation pathway. They p r o p o s e d t h a t nitrogenase becomes de-repressed
to serve as an alternative s e c o n d a r y e l e c t r o n sink in the absence o f C O 2 fixation. Interestingly, a
f u n c t i o n a l regB gene is r e q u i r e d for de-repression o f nitrogenase in the absence o f c a r b o n fixation,
suggesting t h a t R e g B / R e g A system is involved in the c o n t r o l o f n i t r o g e n fixation.

Elsen et al 37 s h e d l i g h t o n the m e c h a n i s m o f d e - r e p r e s s i o n o f n i t r o g e n a s e in R. eapsulatus
by s h o w i n g t h a t the R e g B / R e g A system i n d i r e c t l y c o n t r o l s expression o f the nif'HDK o p e r o n
t h a t e n c o d e s the m o l y b d e n u m - c o n t a i n i n g n i t r o g e n a s e complex. In R. eapsulatus a n d in many
o t h e r species, n i t r o g e n a s e expression is r e g u l a t e d by n i t r o g e n l i m i t a t i o n t h r o u g h the N t r B / N t r C
t w o - c o m p o n e n t system. U n d e r n i t r o g e n l i m i t i n g c o n d i t i o n s N t r B p h o s p h o r y l a t e s N t r C w h i c h
t h e n activates nifA t r a n s c r i p t i o n . N i f A t h e n activates expression o f n u m e r o u s n i f g e n e s i n c l u d i n g
nif'HKD (reviewed in ref. 35). In R. capsulatus, t h e r e are two f u n c t i o n a l copies o f nifA, nifAI a n d
nifA2, e i t h e r o f w h i c h can activate nif'HDK expression. Elsen et al 37 d e m o n s t r a t e d t h a t RegA b i n d s
to the nifA2 p r o m o t e r a n d activate the t r a n s c r i p t i o n . Interestingly, R e g A - m e d i a t e d a c t i v a t i o n o f
nifA2 t r a n s c r i p t i o n requires N t r C t h e r e b y i n d i c a t i n g t h a t RegA ~ P ( p h o s p h o r y l a t e d RegA) alone
is n o t sufficient to s t i m u l a t e nifA2 expression.'? Thus, RegA appears to p r o v i d e an o v e r a r c h i n g l a y e r
o f redox c o n t r o l o n t o p o f the c o n t r o l o f n i t r o g e n availability t h a t is p r o v i d e d by N t r C .

In B. japonieum, the R e g B / R e g A h o m o l o g u e s (RegS/RegR) are r e q u i r e d for the aerobic a n d an
aerobic expression o f thefixRnifA o p e r o n . ' ? Interestingly a m u t a t i o n t h a t disrupts the response regula
t o r RegRreducesfixRnifA expression and consequently n i t r o g e n fixation activity.However, no related
p h e n o t y p e was observed u p o n d i s r u p t i o n o f the sensor kinase, RegS. RegR m u t a n t s o f B. japonieum
form nodules b u t the nodules are f u n c t i o n a l l y incapable o f fixing n i t r o g e n (a fix- p h e n o t y p e ) .

D e n i t r i f i c a t i o n
Recently, theR. sphaeroides R e g B / R e g A system ( P r r B / P r r A ) was shown to c o n t r o l expression o f

n i t r i t e r e d u c t a s e t h a t is a t e r m i n a l e l e c t r o n a c c e p t o r involved in d e n i t r i f i c a t i o n . " Specifically, regB
a n d regA d i s r u p t e d s t r a i n s r e d u c e d e x p r e s s i o n o f the n i t r i t e r e d u c t a s e s t r u c t u r a l gene, nirK w h i c h
r e s u l t e d in the i n a b i l i t y to grow a n a e r o b i c a l l y on n i t r i t e - c o n t a i n i n g m e d i u m . nir expression is also
r e g u l a t e d by n i t r i t e availability t h r o u g h the t r a n s c r i p t i o n f a c t o r N n r R . Thus, RegA p r e s u m a b l y
acts in c o n c e r t w i t h N n r R , to c o o r d i n a t e nirK expression.

Hydrogen O x i d a t i o n
R. eapsulatus p o s s e s s e s t h e hupSLC o p e r o n t h a t c o d e s for a m e m b r a n e - b o u n d u p t a k e

[NiFe ] h y d r o g e n a s e t h a t catalyses H 2 o x i d a t i o n . This e n z y m e allows the b a c t e r i u m t o grow a u t o 
t r o p h i c a l l y w i t h H 2 as the sole e l e c t r o n source ( r e v i e w e d in ref. 39).
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H 2 r e g u l a t i o n is m e d i a t e d by the t w o - c o m p o n e n t r e g u l a t o r y system H u p T / H u p R w i t h the
response r e g u l a t o r H u p R d i r e c t l y a c t i v a t i n g h u p S L C t r a n s c r i p t i o n in the presence o f H 2 . 40 Maximal
e x p r e s s i o n o f hupSLC also requires the b i n d i n g o f I H F b e t w e e n the H u p R and the R N A poly
merase D N A - b i n d i n g sites."

Elsen et aP7 d e m o n s t r a t e d t h a t RegA is involved in repressing hupSLC expression u n d e r b o t h
aerobic a n d a n a e r o b i c h e t e r o t r o p h i c g r o w t h c o n d i t i o n s . A major D N A - b i n d i n g site o f Reg A was
s h o w n to be l o c a t e d close to the - 35 p r o m o t e r r e c o g n i t i o n sequence w i t h a s e c o n d lower affinity
RegA b i n d i n g site o v e r l a p p i n g the I H F D N A - b i n d i n g region. At t h a t l o c a t i o n it is possible t h a t
RegA c o u l d p r e v e n t e i t h e r the R N A p o l y m e r a s e , o r the I H F p r o t e i n , or b o t h , from b i n d i n g to
the hupSLC p r o m o t e r .

D e h y d r o g e n a s e s
G l u t a t h i o n e - d e p e n d e n t formaldehyde dehydrogenase serves an i m p o r t a n t role in the detoxifica

t i o n o f f o r m a l d e h y d e by conversion to formate. Analysis o f expression o f the g l u t a t h i o n e - d e p e n d e n t
f o r m a l d e h y d e d e h y d r o g e n a s e gene, adhI, d e m o n s t r a t e d t h a t adhI expression is u n d e r c o n t r o l o f
several effectors t h a t r e s p o n d to f o r m a l d e h y d e , m e t h a n o l , o r o t h e r f o r m a l d e h y d e adducr/" This
enzyme is a b s o l u t e l y r e q u i r e d for g r o w t h w i t h c a r b o n sources such as m e t h a n o l t h a t generates
f o r m a l d e h y d e . F o r m a l d e h y d e o x i d a t i o n creates r e d u c i n g power in the form o f N A D H t h e r e b y
p r o v i d i n g cellular e n e r g y as a p r o d u c t . Interestingly, in R. spbaeroides RegA (PrrA) was s h o w n to
be essential for n o r m a l aerobic expression o f theadhI g e n e . " Analysis o f R e g A b i n d i n g to the adhI
p r o m o t e r has n o t been u n d e r t a k e n , so it is n o t yet c e r t a i n w h e t h e r RegA d i r e c t l y or i n d i r e c t l y
affects expression o f f o r m a l d e h y d e d e h y d r o g e n a s e .

In S. meliloti the R e g B / R e g A h o r n o l o g u e s , A c t S / A c t R , c o n t r o l b i o s y n t h e s i s o f t h r e e d e h y d r o 
genases: f o r m a l d e h y d e d e h y d r o g e n a s e , f o r m a t e d e h y d r o g e n a s e and m e t h a n o l d e h y d r o g e n a s e as
well as C O 2 fixation. 34 The A c t S / A c t R system is also involved in acid t o l e r a n c e . "

The S e n s o r K i n a s e R e g B
The R. capsulatus regB gene encodes a 4 6 0 a m i n o acid (50.1 k D a ) h i s t i d i n e p r o t e i n kinase

t h a t is c o m p o s e d o f two d o m a i n s ; a N - t e r m i n a l t r a n s - m e m b r a n e d o m a i n c o n t a i n i n g six h y d r o 
p h o b i c m e m b r a n e - s p a n n i n g regionsll.4344 a n d a C - t e r m i n a l c y t o p l a s m i c " t r a n s m i t t e r " d o m a i n . A
r e c e n t s t u d y i d e n t i f i e d the u b i q u i n o n e p o o l as the redox signal for RegB w i t h a h i g h l y c o n s e r v e d
q u i n o n e b i n d i n g site f o u n d to be l o c a t e d in the t r a n s - m e m b r a n e d o m a i n t h e r e b y i n d i c a t i n g t h a t
this r e g i o n plays a role in redox-sensing (Fig. 2).45 The t r a n s m e m b r a n e d o m a i n is followed by a
cytosolic d o m a i n t h a t c o n t a i n s an H - b o x site o f a u t o p h o s p h o r y l a t i o n ( H i s 2 2 5 ) a n d the N, G 1, F
a n d G2 boxes t h a t define the n u c l e o t i d e b i n d i n g cleft. 1.6,44 The t r a n s m i t t e r d o m a i n also c o n t a i n s
a c o n s e r v e d redox-active cysteine capable o f r e g u l a t i n g the activity o f RegB t h r o u g h f o r m i n g an
i n t e r m o l e c u l a r disulfide b o n d in response to the redox state t h a t is l o c a t e d in a c o n s e r v e d "redox
box" just d o w n s t r e a m o f the H - b o x (Fig. 2).46

K i n a s e A c t i v i t y
I n i t i a l kinase assays d e m o n s t r a t e d t h a t a H i s - t a g g e d cytosolic d o m a i n o f R. capsulatus RegB

was capable o f a u t o p h o s p h o r y l a t i o n in v i t r o as well as p h o s p h o t r a n s f e r to its c o g n a t e response
regulator, R e g A . T h e rate o f a u t o p h o s p h o r y l a t i o n was initially r e p o r t e d to be low w i t h half maximal
p h o s p h o r y l a t i o n o b s e r v e d after 45 m i n u t e s o f i n c u b a t i o n w i t h [y_3 2 P ] A T P . 4 7 . 4 8 As the kinetics
were n o t affected by the ATP c o n c e n t r a t i o n , it was suggested t h a t the r a t e - l i m i t i n g step o f R e g B
a u t o p h o s p h o r y l a t i o n was p h o s p h o t r a n s f e r from b o u n d A T P to the h i s t i d i n e residue or the d i m e r 
i z a t i o n o f the p r o t e i n , r a t h e r t h a n b i n d i n g o f ATP,47 R e c e n t results from Swem et al 46 d e m o n s t r a t e
t h a t a n o n H i s - t a g g e d ( t r u n c a t e d ) version o f R e g B e x h i b i t s a significantly faster a u t o p h o s p h o r y l a 
t i o n rate, r e a c h i n g h a l f maximal p h o s p h o r y l a t i o n w i t h i n 5 m i n u t e s . Similar results were seen w i t h
t r u n c a t e d cytosolic forms o f R e g B h o m o l o g u e s fromR. spbaeroides." B.japonicum,49 as well as w i t h
the f u l l - l e n g t h version from R. sphaeroides 50 a n d R. capsulatus. 45 P h o s p h o r y l a t e d f u l l - l e n g t h RegB
e x h i b i t s decreased s t a b i l i t y o f the p h o s p h a t e c o m p a r e d to the t r u n c a t e d version o f R e g B (half-life
o f a b o u t 34 m i n u t e s versus 5.5 t o 6 h o u r s ) , p o i n t i n g to a role o f the t r a n s m e m b r a n e d o m a i n in
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Figure 2. M e m b r a n e spanning, h i s t i d i n e a u t o p h o s p h o r y l a t i o n and cysteine r e g u l a t o r y p o r t i o n s
of RegB. The p h o t o l y t i c p o r t i o n of RegB that p h o t o - a f f i n i t y crosslinks to a q u i n o n e analog is
i n d i c a t e d in inverse w h i t e l e t t e r i n g w i t h u n i v e r s a l l y conserved residues in this fragment shown
w i t h a red b a c k g r o u n d . The h i s t i n d i n e site of a u t o p h o s p h o r y l a t i o n is i n d i c a t e d in green and
the redox active cystein is i n d i c a t e d in blue. A c o l o r version of this figure is available o n l i n e
at w w w . e u r e k a h . c o m .

r e g u l a t i n g the p h o s p h o r y l a t i o n state o f R e g B . 48.50 As m u t a t i o n s in the N - t e r m i n a l t r a n s m e m b r a n e
d o m a i n led to RegB p r o t e i n s w i t h c o n s t i t u t i v e kinase a c t i v i t y in vivo, the " u n s i g n a l e d " state o f t h e
p r o t e i n has b e e n p r o p o s e d to be " a u t o p h o s p h o r y l a t i o n d o m i n a n t ' Y "

The first d e m o n s t r a t i o n o f p h o s p h o t r a n s f e r f r o m R. c a p s u l a t u s RegB~ P ( p h o s p h o r y l a t e d
RegB) to RegA was r e p o r t e d by I n o u e et al. 48 P h o s p h o t r a n s f e r s t u d i e s s h o w e d t h a t t h e t r a n s f e r
o f p h o s p h a t e is r a p i d ( < 1 m i n ) f r o m t h e c y t o s o l i c d o m a i n o f RegB t o RegA in v i t r o . " Similar
p h o s p h o t r a n s f e r k i n e t i c s has b e e n r e p o r t e d using t r u n c a t e d c y t o s o l i c a n d f u l l - l e n g t h versions o f
R. spbaeroides RegB h o m o l o g u e s a n d B. japonicum h o m o l o g u e (RegSc).49 N o b a c k - t r a n s f e r o f
p h o s p h a t e from RegA ~ P to RegB has been o b s e r v e d . Y " Since p h o s p h o t r a n s f e r is very rapid, a u t o 
p h o s p h o r y l a t i o n o f R e g B a p p e a r s to be the r a t e - l i m i t i n g step in the p h o s p h o r y l a t i o n o f RegA.

P h o s p h a t a s e A c t i v i t y
Like many h i s t i d i n e kinases, RegB can m o d u l a t e the level o f p h o s p h o r y l a t e d RegA, n o t only

t h r o u g h p h o s p h o r y l a t i o n , b u t also by exerting p h o s p h a t a s e activity on RegA ~ P. D e p h o s p h o r y l a t i o n
o f RegA ~ P in vitro has been s h o w n to be d e p e n d e n t o n the a m o u n t o f u n p h o s p h o r y l a t e d RegB,
w h i c h is a g o o d i n d i c a t i o n t h a t RegB possesses p h o s p h a t a s e activity t o w a r d RegA.47 Similar results
were observed for theB.japonicum RegB h o m o l o g u e (RegS)49 and for the full-length version ofRegB
from R. sphaeroides. 50 P h o s p h a t a s e activity has also been c h a r a c t e r i z e d for a t r u n c a t e d soluble form
o f R. spbaeroides RegB by m e a s u r i n g the s t a b i l i t y o f the p h o s p h a t e on RegA ~ P in the presence a n d
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absence o f R e g B . Collectively, these results showed t h a t the presence o f R e g B resulted in > 16-fold
r e d u c t i o n in the s t a b i l i t y o f the p h o s p h a t e o n RegA~P. 1 9 Because b o t h t r u n c a t e d a n d full-length
RegB e x h i b i t the same p h o s p h a t a s e activity, it is assumed that m o d u l a t i o n o f p h o s p h a t a s e activity
does n o t require the N - t e r m i n a l d o m a i n o f RegB.50 However, f u r t h e r studies will be r e q u i r e d to
d e t e r m i n e i f p h o s p h a t a s e activity is redox-regulated.

In the E. coli sensor kinase Env Z, it is a p p a r e n t t h a t a t h r e o n i n e residue p o s i t i o n e d 4 residues
d o w n s t r e a m o f the c o n s e r v e d p h o s p h o r y l a t e d h i s t i d i n e is i m p o r t a n t for p h o s p h a t a s e a c t i v i t y , "
This t h r e o n i n e residue is p o s i t i o n e d on the same a - h e l i c a l face d i r e c t l y below the p h o s p h o r y l a t e d
h i s t i d i n e . I t is believed t h a t the h i s t i d i n e residue may d e p r o t o n a t e the t h r e o n i n e hydroxyl g r o u p
to form a g o o d n u c l e o p h i l e t h a t a t t a c k s the p h o s p h o r y l g r o u p b o u n d to the a s p a r t a t e residue o f
the c o g n a t e response regulator. Interestingly, RegB h o m o l o g u e s also c o n t a i n a 100% c o n s e r v e d
t h r e o n i n e residue l o c a t e d four residues d o w n s t r e a m o f the p h o s p h o r y l a t e d h i s t i d i n e , suggesting
t h a t RegB may e x h i b i t a similar p h o s p h a t a s e m e c h a n i s m w i t h RegA. N o n e t h e l e s s , P o t t e r et also
p o i n t o u t t h a t a s i g n i f i c a n t difference b e t w e e n RegB a n d EnvZ p h o s p h a t a s e a c t i v i t y exists given
t h a t Env Z has a r e q u i r e m e n t for ATP, o r a n o n h y d r o l y z a b l e a n a l o g u e as a c o f a c t o r for p h o s p h a t a s e
a c t i v i t y while RegB lacks this n u c l e o t i d e r e q u i r e m e n t .

R e d o x S i g n a l i n g via Q u i n o n e
In vivo s t u d i e s i n d i c a t e d t h a t R e g B / R e g A - r e g u l a t e d p h o t o s y n t h e s i s genes was i n h i b i t e d by

g r o w t h u n d e r aerobic c o n d i t i o n s . I t was t h e r e f o r e i n i t i a l l y p r e s u m e d t h a t RegB kinase activity
was d i r e c t l y i n h i b i t e d by oxygen. However, this p o s s i b i l i t y was s u b s e q u e n t l y e x c l u d e d because R.
capsulatus is fully capable o f d e - r e p r e s s i n g p i g m e n t b i o s y n t h e s i s u n d e r c h e m i a u t o t r o p h i c g r o w t h
c o n d i t i o n s involving g r o w t h in the presence o f oxygen, h y d r o g e n a n d c a r b o n dioxide. 53

A n o t h e r signal p r o p o s e d to r e g u l a t e RegB was the redox state o f the r e s p i r a t o r y e l e c t r o n trans
p o r t chain. 8 • 36 • 54-57 This c o n c l u s i o n was based on the o b s e r v a t i o n t h a t m u t a t i o n s o f R. spbaeroides a n d
R. capsulatus c y t o c h r o m e ebb, oxidase lead to elevated aerobic expression o f R e g B / R e g A - r e g u l a t e d
genes. 8 ,58 It was t h e r e f o r e suggested t h a t c y t o c h r o m e tbb, oxidase -generates an " i n h i b i t o r y ' signal
t h a t represses the R e g B / R e g A t w o - c o m p o n e n t system. Recently Swem et al d e m o n s t r a t e d t h a t the
redox state o f the u b i q u i n o n e pool, w h i c h is k n o w n to be affected by respiration a n d p h o t o s y n t h e s i s
is a d i r e c t Signal c o n t r o l l i n g RegB a u r o p h o s p h o r y l a r o n . " In the Swem study, full-length RegB kinase
activity was i n h i b i t e d a p p r o x i m a t e l y 6 - f o l d in vitro by the presence o f o x i d i z e d c o e n z y m e Q 1 (Q 1
is a derivative o f u b i q u i n o n e ) whereas kinase activity was n o t affected by the presence o f r e d u c e d
Q 1. In p u r p l e p h o t o s y n t h e t i c b a c t e r i a , t h e r e is a large u b i q u i n o n e p o o l t h a t f u n c t i o n s as e l e c t r o n
carrier o f the e l e c t r o n t r a n s p o r t c h a i n in the m e m b r a n e . V The o x i d i z a t i o n / r e d u c t i o n state o f the
u b i q u i n o n e p o o l varies in response to changes in oxygen t e n s i o n , being p r e d o m i n a n t l y o x i d i z e d
u n d e r aerobic c o n d i t i o n s a n d p r e d o m i n a n t l y r e d u c e d u n d e r a n a e r o b i c c o n d i t i o n s / " U b i q u i n o n e
is a facile signal given t h a t u b i q u i n o n e s a n d RegB are b o t h m e m b r a n e - a s s o c i a t e d a n d the redox
state o f q u i n o n e s reflects changes in e n v i r o n m e n t a l oxygen t e n s i o n a n d changes in the redox state
o f these cells in general. U b i q u i n o n e as redox signal for c o n t r o l l i n g RegB activity also correlates
well w i t h the o b s e r v a t i o n t h a t m u t a t i o n s in c y t o c h r o m e cbb J oxidase lead to elevated RegB activity.
In this case, a m u t a t i o n in a t e r m i n a l r e s p i r a t o r y e l e c t r o n d o n o r such as a cbb J oxidase w o u l d result
in a m o r e r e d u c e d u b i q u i n o n e pool, w h i c h w o u l d lead to e l e v a t i o n o f R e g B kinase activity.

W i t h the use o f 1 4 C - a z i d o q u i n o n e p h o t o affinity cross-linking, a u b i q u i n o n e - b i n d i n g site was
i d e n t i f i e d in a p e r i p l a s m i c l o o p b e t w e e n t r a n s m e m b r a n e helices t h r e e a n d four (Fig. 2).45 In this
region t h e r e is a h e p t a p e p t i d e s e q u e n c e o f G G X X N P F t h a t is 100% c o n s e r v e d a m o n g all k n o w n
RegB h o m o l o g s . v It has been p r o p o s e d t h a t o x i d i z e d u b i q u i n o n e may b i n d to this h e p t a p e p t i d e
t h r o u g h the 3t-3t i n t e r a c t i o n s b e t w e e n its p a r a - h y d r o x y b e n z o a t e ring a n d the a r o m a t i c side g r o u p
o f the c o n s e r v e d p h e n y l a l a n i n e ( P h e l I 2 ) , as well as h y d r o g e n b o n d i n t e r a c t i o n b e t w e e n u b i q u i 
n o n e a n d the c o n s e r v e d asparagine (Asp I I I ).45 The b i n d i n g o f o x i d i z e d u b i q u i n o n e may result
in allosteric m o d i f i c a t i o n o f R e g B t h a t leads to the i n h i b i t i o n o f a u t o p h o s p h o r y l a t i o n . W h e n the
u b i q u i n o n e p o o l is s h i f t e d to p r o t o n a t e d form u n d e r anaerobic c o n d i t i o n s , the h y d r o g e n b o n d
b e t w e e n asparagine a n d u b i q u i n o n e c o u l d be d i s r u p t e d , w h i c h c o u l d trigger s t r u c t u r a l changes
f a c i l i t a t i n g the a u t o p h o s p h o r y l a t i o n o f RegB. S u b s e q u e n t in vivo m u t a t i o n a l s t u d y o n P h e l 1 2
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r e s u l t e d in elevated aerobic synthesis o f p h o t o s y s t e m , c o n f i r m i n g t h a t this h e p t a p e p t i d e is involved
in the sensing o f the u b i q u i n o n e p o o l redox state a n d r e g u l a t i n g o f the RegB a c t i v i r y . "

A d d i t i o n a l R e d o x Signals
In a d d i t i o n to the u b i q u i n o n e - b i n d i n g site, t h e r e is a fully c o n s e r v e d cysteine t h a t is also in

volved in r e d o x - s e n s i n g . " This redox-active cysteine (Cys 265) is l o c a t e d in a "redox-box" t h a t is
h a r b o r e d in the cytosolic d i m e r i z a t i o n i n t e r f a c e l o c a t e d d o w n s t r e a m o f the H - b o x (Fig. 2). In v i t r o
analysis using t r u n c a t e d RegB w i t h o u t the t r a n s m e m b r a n e d o m a i n indicates t h a t an i n t e r m o l e c u l a r
disulfide b o n d forms b e t w e e n RegB d i m m e r s u n d e r o x i d i z i n g c o n d i t i o n s , c o n v e r t i n g active dim
mers i n t o inactive t e r r a m e r s , " In v i t r o disulfide b o n d f o r m a t i o n was s h o w n to r e q u i r e t h e presence
o f a d i v a l e n t m e t a l ion w h i c h may h e l p t o fold RegB to the f u n c t i o n a l s t r u c t u r e . 46 The involve
m e n t o f an i n t e r m o l e c u l a r d i s u l p h i d e b r i d g e in the c o n t r o l o f R e g B a c t i v i t y is also s u p p o r t e d by
an increase in vitro f u l l - l e n g t h RegB p h o s p h o r y l a t i o n in the p r e s e n c e o f DTT.50 F u r t h e r m o r e ,
W e s t e r n b l o t has c o n f i r m e d t h a t the i n t e r m o l e c u l a r disulfide b o n d f o r m a t i o n u n d e r aerobic g r o w t h
c o n d i t i o n s regulates t h e RegB activity in vivo. However, the W e s t e r n b l o t also s h o w e d o n l y <20%
Cys 265 forms disulfide b o n d in vivo. The r e m i n d e r o f Cys 265 has b e e n p r o p o s e d to form o t h e r
derivatives, such as sulfenic acid ( C y s - S - O H ) , to r e g u l a t e the RegB activity.46

Various m u t a t i o n s have been c o n s t r u c t e d to p r o b e the roles o f the u b i q u i n o n e a n d C y s 2 6 5
redox signals in r e g u l a t i n g RegB activity. A C y s 2 6 5 to a l a n i n e m u t a t i o n ( C 2 6 5 A ) in f u l l - l e n g t h
RegB led to a t t e n u a t e d , b u t n o t absent redox c o n t r o l by c o e n z y m e Q 1 in v i t r o a n d r e d u c e d redox
c o n t r o l in vivo. 45.46 Similar results were o b s e r v e d w i t h m u t a t i o n s in the u b i q u i n o n e b i n d i n g d o m a i n
w h i c h shows elevated e x p r e s s i o n w h i c h still h a r b o r s a level o f redox c o n t r o l , " These results sug
gests t h a t u b i q u i n o n e p o o l is a redox signal i n d e p e n d e n t o f the redox state o f C y s 2 6 5 . 45 Given t h a t
u b i q u i n o n e b i n d i n g site is l o c a t e d in t r a n s m e m b r a n e d o m a i n a n d C y s 2 6 5 is l o c a t e d in cytosolic
d o m a i n , t h e y are n o t likely to d i r e c t l y i n t e r a c t . So, it seems u b i q u i n o n e p o o l a n d Cys265 f u n c t i o n
i n d e p e n d e n t l y a n d t h a t b o t h c o n t r i b u t e t o the redox c o n t r o l o f the RegB activity.

G e n e t i c studies also implicate a role o f S e n C (also called P r r C ) in t r a n s d u c t i o n o f a "redox signal"
in R. spbaeroides a n d in R. capsulatus. Specifically, i n a c t i v a t i o n o f senC (prrC), w h i c h is c o t r a n s 
c r i b e d w i t h regA, results in an o x y g e n - i n s e n s i t i v e p h e n o t y p e in R. sphaeroides. 8 • 36 • 5 4-57 Interestingly,
S e n C also has sequence s i m i l a r i t y to a family o f o x i d o r e d u c t a s e s t h a t are involved in disulfide b o n d
o x i d a t i o n a n d r e d u c t i o n . " O n e p o s s i b i l i t y is t h a t , S e n C c o u l d be d i r e c t l y i n v o l v e d in m o d u l a t i o n
o f the o x i d a t i o n a n d r e d u c t i o n state o f a redox-active cysteine residue w i t h i n RegB.46

The R e s p o n s e R e g u l a t o r R e g A
R. capsulatus RegA is a p r o t e i n ( 1 8 4 a m i n o acid residues, 2 0 . 4 k D a ) c o n t a i n i n g c o n s e r v e d

residues t h a t are t y p i c a l l y f o u n d in t w o - c o m p o n e n t response r e g u l a t o r s i n c l u d i n g a p h o s p h a t e
a c c e p t i n g a s p a r t a t e a n d an "acid p o c k e t " c o n t a i n i n g t w o h i g h l y c o n s e r v e d a s p a r t a t e residues
in the N - t e r m i n a l receiver d o m a i n . The receiver d o m a i n is l i n k e d by a four p r o l i n e h i n g e t o a
SO a m i n o acid C - t e r m i n a l o u t p u t d o m a i n t h a t c o n t a i n s a t h r e e helix b u n d l e h e l i x - t u r n - h e l i x
( H - T - H ) D N A - b i n d i n g moti(2·62-63 RegA h o m o l o g u e s have been f o u n d to be highly c o n s e r v e d
a m o n g n u m e r o u s a - p r o t e o b a c t e r i a l species w i t h an u n p r e c e d e n t e d c o m p l e t e c o n s e r v a t i o n o f the
D N A - b i n d i n g d o m a i n .

Effect o f P h o s p h o r y l a t i o n
D N A - b i n d i n g a c t i v i t y o f RegA was i n i t i a l l y d e m o n s t r a t e d using a c o n s t i t u t i v e l y active vari

a n t o f R e g A called RegA*.62 S u b s e q u e n t D N a s e I f o o t p r i n t analysis to the puc p r o m o t e r region
revealed t h a t p h o s p h o r y l a t e d a n d u n p h o s p h o r y l a t e d w i l d - t y p e RegA, p r o t e c t i d e n t i c a l regions
with varying affinities. This o b s e r v a t i o n indicates t h a t p h o s p h o r y l a t i o n does n o t affect the p o i n t s o f
p r o t e i n - D N A i n t e r a c t i o n but r a t h e r the affinity for the b i n d i n g s i t e . " Indeed, p h o s p h o r y l a t i o n is re
p o r t e d to increase the D N A - b i n d i n g affinity o f R e g A by at least 16-fold. 47 A f u r t h e r 6 - f o l d increase
in the D N A b i n d i n g activity is achieved u p o n p h o s p h o r y l a t i o n o f R e g A *Y These results are consis
t e n t w i t h w h a t was r e p o r t e d for theB.japonicum R e g A h o m o l o g u e (RegR), whose D N A - b i n d i n g
activity is increased by at least 8-fold u p o n p h o s p h o r y l a n o n . " P h o s p h o r y l a t i o n - i n d u c e d s t i m u l a t i o n
o f D N A - b i n d i n g a c t i v i t y was also r e p o r t e d for P. aeruginosa R o x R P
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M u t a t i o n a l analysis has been u n d e r t a k e n at the site o f p h o s p h o r y l a t i o n (Asp63) in R. capsulatus
RegA, as well as w i t h RegA h o m o l o g u e s from B. japonicum and R. sphaeroides. A D 6 3 N m u t a t i o n
in RegR o f B. japonicum r e n d e r e d the p r o t e i n unable to be p h o s p h o r y l a t e d and also unable t o b i n d
D N A as d e m o n s t r a t e d by gel r e t a r d a t i o n experiments w i t h afixR-nifA p r o m o t e r probe." In contrast,
experiments involving a D 6 3 K RegA m u t a n t from R. capsulatus showed that the m u t a n t p r o t e i n was
capable o f b i n d i n g D N A despite an i n a b i l i t y to be p h o s p h o r y l a t e d . This i n d i c a t e d that p h o s p h o r y l a 
t i o n m i g h t n o t affect D N A - b i n d i n g ability, but rather, facilitates a c o n f o r m a t i o n a l change allowing
a p p r o p r i a t e i n t e r a c t i o n o f RegA w i t h R N A polymerase." This t h e o r y was f u r t h e r s u p p o r t e d by in
vitro t r a n s c r i p t i o n assays by C o m o l l i et al 19 involving wild-type a n d a D 6 3 A m u t a n t o f P r r A from
R. sphaeroides. Their studies revealed that b o t h u n p h o s p h o r y l a t e d a n d p h o s p h o r y l a t e d wild type
PrrA ate able to activate in vitro t r a n s c r i p t i o n o f the cyeA P2 p r o m o t e r w i t h p h o s p h o r y l a t e d PrrA
e x h i b i t i n g greater activity than u n p h o s p h o r y l a t e d PrrA. Interestingly, the D 6 3 A form o f P r r A was
unable t o activate any detectable a m o u n t s o f t r a n s c r i p t i o n . These data suggest that Asp63 is essential
for f u n c t i o n a n d that its presence in p h o s p h o r y l a t e d a n d u n p h o s p h o r y l a t e d states may affect several
steps o f activation such as the D N A - b i n d i n g o f R e g A and i n t e r a c t i o n w i t h R N A polymerase.

S u p e r i m p o s e d on the effect o f p h o s p h o r y l a t i o n are n u m e r o u s in vivo o b s e r v a t i o n s t h a t un
p h o s p h o r y l a t e d RegA is also capable o f affecting t r a n s c r i p t i o n . Specifically, m u t a t i o n a l analysis
indicates that p h o s p h o r y l a t e d RegA f u n c t i o n s as an anaerobic repressor o f c y t o c h r o m e cbb 3 oxidase
expression, while u n p h o s p h o r y l a t e d RegA f u n c t i o n s as an aerobic activator. 2 1

•
65 In a d d i t i o n , b o t h

p h o s p h o r y l a t e d and u n p h o s p h o r y l a t e d RegA are involved in a c t i v a t i o n a n d repression o f ubi
q u i n o l oxidase e x p r e s s i o n . f cbb ( c a r b o n fixation) o p e r o n e x p r e s s i o n , " and r e g u l a t i o n o f hupSLC
e x p r e s s i o n . " A d d i t i o n a l D N A - b i n d i n g s t u d i e s w i t h b o t h p h o s p h o r y l a t e d a n d u n p h o s p h o r y l a t e d
RegA are clearly n e e d e d to o b t a i n an u n d e r s t a n d i n g o f the m e c h a n i s m o f a c t i v a t i o n o r r e p r e s s i o n
by u n p h o s p h o r y l a t e d RegA.

D N A - B i n d i n g Sites
D N a s e I f o o t p r i n t analysis i n i t i a l l y d e m o n s t r a t e d t h a t p u r i f i e d w i l d - t y p e RegA a n d R e g A '

b i n d t o i d e n t i c a l specific sites in the p u f a n d puc p r o m o t e r s . 6 2.67 S u b s e q u e n t D N a s e I f o o t p r i n t
analysis d e m o n s t r a t e d t h a t n u m e r o u s o t h e r o p e r o n s are u n d e r d i r e c t r e g u l a t i o n o f the R e g B / R e g A
system, i n c l u d i n g nifA2,37 hupSLC,37 regB,68 senC-regA-hvrA,68 petABC, 21 cyeA,21 cycY,21 cydAB,21
ccONOPQ/l cbb 32 I and cbbII,32 a n d to cheOp2. 32 D N A - b i n d i n g a c t i v i t y has also been r e p o r t e d for
the p h o s p h o r y l a t e d forms o f R e g R in B. japonicum 49 a n d RoxR in P. aeruginosa 12 using gel m o b i l 
ity r e t a r d a t i o n e x p e r i m e n t s .

The n u m b e r o f RegA D N A - b i n d i n g sites t o t a r g e t p r o m o t e r s ranges b e t w e e n 1 a n d 6, based
on D N a s e I p r o t e c t i o n assays. I n d i v i d u a l sites in the p r o m o t e r regions have varying affinities as
d e t e r m i n e d by the a m o u n t o f R e g A n e e d e d to o b t a i n half maximal p r o t e c t i o n o f i n d i v i d u a l s i t e s . "
These d i f f e r e n t b i n d i n g l o c a t i o n s may allow RegA to i n t e r a c t w i t h R N A polymerase in more t h a n
one m a n n e r at these p r o m o t e r s .

The a l i g n m e n t o f 21 RegA b i n d i n g sites from R. capsulatus a n d R. spbaeroides revealed t h a t
R e g A i n d e e d binds t o a consensus sequence o f 5 ' - G ( C / T ) G ( G / C ) ( G / C ) ( G I A) N N ( T I A ) ( T I A)
N N C ( G I A ) C - 3 : 21 For RegR from B.japonicum, a r e l a t e d consensus " RegR box" 5'-GNG(AIG)
C ( A I G ) T T N N G N C G C - 3 ' o n t h e f i x R n i f A p r o m o t e r , was also i d e n t i f i e d . " More i n s i g h t s i n t o
the D N A r e c o g n i t i o n a n d b i n d i n g ability o f R e g A was p r o v i d e d by an recently solved N M R
s t r u c t u r e o f the D N A - b i n d i n g o u t p u t d o m a i n o f R e g A b o u n d to D N A . 63 This s t r u c t u r e d e m o n 
s t r a t e d t h a t the RegA D N A b i n d i n g s t r u c t u r e is c o m p r i s e d o f a t h r e e - h e l i x b u n d l e e n c o m p a s s i n g a
h e l i x - t u r n - h e l i x moti£63The N M R s t r u c t u r e also c o n f i r m e d t h a t the consensus RegA r e c o g n i t i o n
s e q u e n c e consists o f Y G C G R C R x ( T I A ) ( T I A ) x G N C G C ( x = a variable n u m b e r o f bases ).63 The
t h r e e helices w i t h i n the three-helix b u n d l e can be labeled a 6 , a 7 and a s , where a 7 and a s compose
the p r e d i c t e d h e l i x - t u m - h e l i x m o t i f a s is the r e c o g n i t i o n helix, w h i c h b i n d s specifically t o the
G C G i n v e r t e d repeat sequence w i t h i n the major D N A groove, while a 6 seems to make nonspecific
i n t e r a c t i o n w i t h the p h o s p h a t e b a c k b o n e o f the D N A . 63 A s u b s e q u e n t m u t a t i o n a l analysis o f t h e
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h e l i x - t u r n - h e l i x m o t i f i d e n t i f i e d several residues c r i t i c a l for the f u n c t i o n o f P r r A , w h i c h s u p p o r t
the p r o p o s e d D N A - r e c o g n i t i o n site from the N M R s t r u c t u r e . "

C o n c l u d i n g Remarks
G e n e t i c a n d b l o c h e m l c a l analyses have revealed t h a t the R e g B / R e g A system is a m a j o r global

r e g u l a t o r o f n u m e r o u s e n e r g y - g e n e r a t i n g a n d e n e r g y - u t i l i z i n g c e l l u l a r processes. The systems
c o n t r o l l e d by R e g B / R e g A in R. capsulatus a n d in R. sphaeroides i n c l u d e such f u n d a m e n t a l a n d
diverse processes as p h o t o s y n t h e s i s , t e t r a p y r r o l e synthesis, C O 2 fixation, N 2 assimilation, h y d r o g e n
u t i l i z a t i o n , d e n i t r i f i c a t i o n , d e h y d r o g e n a s e s , e l e c t r o n t r a n s p o r t a n d aerotaxis (Fig. 1). The Reg
r e g u l o n is c o n t i n u o u s l y g r o w i n g a n d it is likely t h a t t h e r e are many more, yet to be discovered,
t a r g e t genes u n d e r the c o n t r o l o f R e g B / R e g A in these m e t a b o l i c a l l y diverse b a c t e r i a .

I n s p e c t i o n o f k n o w n m e m b e r s o f t h e Reg r e g u l o n , as s h o w n in Figure 1, e x h i b i t s an i n t e r e s t 
ing i n t e r r e l a t i o n s h i p b e t w e e n the various r e g u l a t e d c o m p o n e n t s . Specifically, p h o t o s y n t h e s i s ,
r e s p i r a t i o n (oxygen a n d D M S O m e d i a t e d ) a n d h y d r o g e n o x i d a t i o n all d i r e c t l y affect the oxida
t i o n / r e d u c t i o n state o f the u b i q u i n o n e p o o l . Processes such as c a r b o n fixation, n i t r o g e n assimila
t i o n a n d f o r m a l d e h y d e d e h y d r a t i o n all can f u n c t i o n as e l e c t r o n sinks. In a d d i t i o n , f o r m a t i o n o f
h y d r o g e n by n i t r o g e n a s e can be used as a s u b s t r a t e by the u p t a k e h y d r o g e n a s e system. Likewise,
c a r b o n g e n e r a t e d by d e h y d r a t i o n o f f o r m a l d e h y d e can be used by the C a l v i n cycle d u r i n g c a r b o n
fixation. I n d e e d evidence suggests t h a t RegA can f u n c t i o n as a "master c o n t r o l l e r " t h a t is responsible
for c o o r d i n a t i n g these various r e d o x - r e s p o n d i n g s y s t e m s . " For example, the c a r b o n fixing C a l v i n
cycle b e c o m e s d e - r e p r e s s e d u n d e r p h o t o h e t e r o t r o p h i c c o n d i t i o n s i n v o l v i n g l i g h t plus o r g a n i c
c o m p o u n d s . U n d e r this g r o w t h c o n d i t i o n , c a r b o n fixation is t h o u g h t to f u n c t i o n as an e l e c t r o n sink
t h a t bleeds o f f excess r e d u c i n g power. I f c a r b o n fixation is i n c a p a c i t a t e d , such as w h e n R u b i s C O
is m u t a t e d , t h e n n i t r o g e n a s e b e c o m e s d e - r e p r e s s e d , even in the p r e s e n c e o f excess a m m o n i u m so
t h a t n i t r o g e n a s e can take over t h e i r role o f f u n c t i o n i n g as an e l e c t r o n sink in the absence o f c a r b o n
fixation. I m p o r t a n t l y , d e - r e p r e s s i o n o f c a r b o n fixation and n i t r o g e n fixation u n d e r c o n d i t i o n s o f
excess c a r b o n a n d a m m o n i u m are R e g B / R e g A - d e p e n d e n t e v e n t s . " This clearly u n d e r s c o r e s the
i m p o r t a n c e o f R e g B / R e g A in c o n t r o l l i n g the overall cellular redox poise.

The o b s e r v a t i o n t h a t h i g h l y c o n s e r v e d RegB a n d RegA h o m o l o g u e s exist in m a n y o t h e r bac
t e r i a l species also i n d i c a t e s t h a t t h e R e g B / R e g A system c o n s t i t u t e s an i m p o r t a n t redox c o n t r o l
e l e m e n t t h a t is n o t easily r e p l a c e d by o t h e r r e g u l a t o r s . A l t h o u g h m a n y q u e s t i o n s r e g a r d i n g the
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Figure 3. RegB kinase a c t i v i t y is c o n t r o l l e d by at least t w o redox inputs. O n e is the redox
state of the q u i n o n e pool (Q and Q H 2 ) that interacts w i t h the membrane spanning p o r t i o n of
RegB. A second i n p u t is the redox state of a conserved Cys (designated as 5H or 5-5) located
d o w n s t r e a m of the site of a u t o p h o s p h o r y l a t i o n (P).
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f u n c t i o n o f RegB a n d RegA in o t h e r systems still n e e d to be a d d r e s s e d , e v i d e n c e is m o u n t i n g
t h a t t h e y c o n t r o l a s i m i l a r set o f t a r g e t genes in a n u m b e r o f b a c t e r i a l species.

Finally, there are several questions r e g a r d i n g the molecular m e c h a n i s m o f redox sensing by RegB.
As d e p i c t e d in Figure 3, t h e r e are at least two e s t a b l i s h e d redox sensing i n p u t s in this m e m b r a n e
s p a n n i n g kinase. O n e i n p u t is the redox state o f the q u i n o n e p o o l t h a t i n t e r a c t s w i t h m e m b r a n e
s p a n n i n g p o r t i o n o f R e g B . The s e c o n d i n p u t is the redox state o f a c o n s e r v e d Cyst t h a t is l o c a t e d
d o w n s t r e a m o f the site o f p h o s p h o r y l a t i o n . In b o t h cases, the i n h i b i t i o n o f kinase activity by these
d i f f e r e n t i n p u t signals remains t o be e s t a b l i s h e d . There also remain many o u t s t a n d i n g q u e s t i o n s
a b o u t the m e c h a n i s m o f t r a n s c r i p t i o n a c t i v a t i o n a n d repression by p h o s p h o r y l a t e d a n d d e p h o s 
p h o r y l a t e d RegA as well as the n a t u r e o f i n t e r a c t i o n s t h a t RegA may have w i t h o t h e r t r a n s c r i p t i o n
factors at t a r g e t p r o m o t e r s .
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The BvgS/BvgA Phosphorelay System
o f P a t h o g e n i c Bordetellae
Structure, Function and Evolution
Dagmar Beier and Roy Gross*

A b s t r a c t

I n the genus Bordetella several i m p o r t a n t h u m a n a n d a n i m a l p a t h o g e n s are classified w i t h
B. pertussis, the etiological agent o f w h o o p i n g cough, being medically the most relevant. In these
bacteria expression o f the most i m p o r t a n t virulence factors i n c l u d i n g several toxins, adhesins

and c o l o n i z a t i o n factors is c o n t r o l l e d by a single master r e g u l a t o r y t w o - c o m p o n e n t system, the
BvgS/BvgA system. This system represents a p a r a d i g m o f a complex p h o s p h o r e l a y system t h a t
mediates a f i n e - t u n e d t r a n s c r i p t i o n a l response r e s u l t i n g in d i f f e r e n t expression levels o f virulence
factors d u r i n g different stages o f the i n f e c t i o n process. In this c h a p t e r the c u r r e n t knowledge a b o u t
signal p e r c e p t i o n a n d the m o l e c u l a r basis o f d i f f e r e n t i a l gene expression c o n t r o l l e d by a single
t w o - c o m p o n e n t system is discussed.

I n t r o d u c t i o n
In many b a c t e r i a l p a t h o g e n s t w o - c o m p o n e n t systems ( T C S ) p l a y a d o m i n a n t role in the

expression o f t h e i r v i r u l e n c e p h e n o t y p e . 1 . 2 T h i s is p a r t i c u l a r l y t r u e for b a c t e r i a w h i c h e n c o u n t e r
s u b s t a n t i a l l y d i f f e r e n t e n v i r o n m e n t a l c o n d i t i o n s d u r i n g t h e i r life cycle such as facultatively p a t h o 
genic bacteria w h i c h have e n v i r o n m e n t a l phases b u t have also a c q u i r e d the ability to colonize h o s t
organisms. In a d d i t i o n , d u r i n g i n f e c t i o n the invasion i n t o d i f f e r e n t h o s t niches a n d t h e defence
m e c h a n i s m s m o u n t e d by the h o s t as a response to i n f e c t i o n may require a q u i c k a n d efficient
a d a p t a t i o n to such changes as exemplified by facultatively i n t r a c e l l u l a r bacteria w h i c h have to
express d i f f e r e n t genetic p r o g r a m s d u r i n g t h e i r e x t r a c e l l u l a r a n d i n t r a c e l l u l a r phases. Accordingly,
in many cases c o m p l e x r e g u l a t o r y n e t w o r k s c o n s i s t i n g o f several T C S b u t also o f a d d i t i o n a l
r e g u l a t o r y p r o t e i n s or small RNAs are r e q u i r e d for efficient c o l o n i z a t i o n o f a h o s t o r g a n i s m . In
c o n t r a s t , B. pertussis is an i n t r i g u i n g example o f a p a t h o g e n i c b a c t e r i u m w h i c h a p p a r e n t l y requires
the activity o f a single master r e g u l a t o r y T C S , the BvgS/BvgA system, to m o d u l a t e expression
o f virtually all virulence t r a i t s . P B. pertussis is the e t i o l o g i c a l agent o f w h o o p i n g cough, an acute
disease w h i c h despite the availability o f effective vaccines still is a major cause o f m o r b i d i t y a n d
m o r t a l i t y in the w o r l d p a r t i c u l a r l y in children." A successful i n f e c t i o n by B. pertussis requires the
o r c h e s t r a t e d expression o f a large n u m b e r o f p r o t e i n s d e d i c a t e d to an efficient c o l o n i z a t i o n o f
the h o s t a n d defense against h o s t attack. A m o n g these Bvg-activated factors (vag genes) there are
several mainly secreted or surface associated factors involved in a d h e r e n c e such as the f i l a m e n t o u s
h e m a g g l u t i n i n ( F H A ) , p e r t a c t i n ( P R N ) , fimbriae ( F I M ) , and tracheal c o l o n i z a t i o n factor (TcfA),
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in s e r u m resistance (BrkA) toxins s u c h as the p e r t u s s i s t o x i n ( P T X ) , the adenylate cyclase t o x i n
(CYA), a n d t h e d e r m o n e c r o t i c t o x i n ( D N T ) , a t y p e III s e c r e t i o n system a n d t h e bvgAS gene locus
itse1£4.5 M o r e o v e r , the BvgS/BvgA system i n f l u e n c e s t h e s t r u c t u r e o f t h e l i p o p o l y s a c c h a r i d e a n d
r e g u l a t e s b i o f i l m f o r m a t i o n . s "

B. pertussis is closely r e l a t e d to o t h e r p a t h o g e n i c Bordetellae i n c l u d i n g B. para pertussis also
c a u s i n g w h o o p i n g c o u g h - l i k e s y m p t o m s in i n f e c t e d p a t i e n t s a n d B. bronchiseptica causing respira
t o r y i n f e c t i o n s o f variable c o n s e q u e n c e for t h e h o s t r a n g i n g f r o m a s y m p t o m a t i c carriage to severe
i n f e c t i o n s in many m a m m a l i a n species b u t o n l y o c c a s i o n a l l y in man." The g e n o m i c s e q u e n c e s
o f t h e s e t h r e e species s h o w t h a t B. pertussis a n d B. para pertussis are i n d e p e n d e n t d e s c e n d a n t s o f
B. bronchiseptica-like a n c e s t o r s w h i c h d u r i n g t h e i r a d a p t a t i o n to man as t h e exclusive h o s t have
e x p e r i e n c e d a very s i g n i f i c a n t e r o s i o n o f t h e i r g e n e t i c material," All t h r e e species e n c o d e h i g h l y
r e l a t e d v i r u l e n c e factors, a l t h o u g h t h e r e is s u b s t a n t i a l v a r i a t i o n in t h e i r c a p a c i t y to express these
factors, as e x e m p l i f i e d by P T X w h i c h is expressed o n l y by B. pertussis d e s p i t e t h e p r e s e n c e o f t h e
ptx o p e r o n in t h e o t h e r t w o species." These species are s o m e t i m e s r e f e r r e d to as m e m b e r s o f t h e
B. bronchiseptica c o m p l e x or as "classical" Bardetellae:" S o m e w h a t m o r e d i s t a n t l y r e l a t e d is
B. avium causing r e s p i r a t o r y i n f e c t i o n s in birds.F'Ihe g e n o m e s e q u e n c e o f B. avium was e s t a b l i s h e d
r e c e n t l y a n d o n c e m o r e shows the p r e s e n c e o f m a n y v i r u l e n c e genes o r t h o l o g o u s to t h o s e o f t h e
m a m m a l i a n p a t h o g e n s . " Several o n l y p o o r l y c h a r a c t e r i z e d species have b e e n a d d e d to t h e genus
r e c e n t l y w i t h B . holmesii being a h u m a n p a t h o g e n causing severe i n f e c t i o n s in i m m u n o c o m p r o r n i s e d
p a t i e n t s , b u t also w h o o p i n g c o u g h - l i k e s y m p t o m s in o t h e r w i s e h e a l t h y i n d i v i d u a l s . " B. hinzii is a
c o m m e n s a l o f many birds b u t can also cause disease in i m m u n o c o m p r o r n i s e d p a t i e n t s , " B. trematum
was r e p e a t e d l y i s o l a t e d from w o u n d o r ear i n f e c t i o n s a l t h o u g h the e t i o l o g y o f t h e i n f e c t i o n s is n o t
known." Finally, B. petrii was r e c e n t l y d e s c r i b e d b e i n g the first e n v i r o n m e n t a l isolate b e l o n g i n g
to t h e genus Bordetella. I I

•
I
? M o s t i n t e r e s t i n g l y , all o f these species e n c o d e p r o t e i n s o r t h o l o g o u s to

t h e BvgS/BvgA T C S a l t h o u g h in m o s t o f t h e cases no i n f o r m a t i o n is available a b o u t t h e f a c t o r s
c o n t r o l l e d by the system in these b a c t e r i a (see beloW).I2.I8

P h e n o t y p i c P h a s e s in the E x p r e s s i o n o f the V i r u l e n c e Factors
o f B. p e r t u s s i s

In Lacey's p i o n e e r i n g w o r k t h e e x p r e s s i o n o f t h e v i r u l e n t p h e n o t y p e o f B. pertussis was s h o w n
to be variable a c c o r d i n g to changes in t h e e n v i r o n m e n t a l c o n d i t i o n s . 19 Various p h e n o t y p i c phases
were d e s c r i b e d a c c o r d i n g to m o r p h o l o g i c a l a n d serological c r i t e r i a . A m o n g t h e signals i d e n t i f i e d
to reversibly cause s w i t c h i n g b e t w e e n t h e d i f f e r e n t phases in v i t r o t h e r e are s u l p h a t e ions, n i c o 
t i n i c acid a n d t e m p e r a t u r e . O n l y in t h e relative absence o f s u l p h a t e ions, n i c o t i n i c acid or at b o d y
t e m p e r a t u r e t h e v i r u l e n t p h e n o t y p e ( p h a s e I) was f o u n d to be expressed, while in t h e p r e s e n c e o f
these c o m p o u n d s or at low t e m p e r a t u r e the b a c t e r i a were d e f i n e d to be in t h e a v i r u l e n t p h a s e IV.
This p h e n o m e n o n was t e r m e d " p h e n o t y p i c m o d u l a t i o n " . Several decades before a n o t h e r regula
t o r y p h e n o m e n o n h a d been d e s c r i b e d w h i c h also leads to an a v i r u l e n t phase IV p h e n o t y p e , t h e
s o - c a l l e d "phase v a r i a t i o n " w h i c h occurs at a relatively h i g h i n c i d e n c e a n d i r r e v e r s i b l y locks the
b a c t e r i a in this a v i r u l e n t p h a s e . P J n t h e early '80s by t r a n s p o s o n m u t a g e n e s i s Weiss and Falkow
i d e n t i f i e d a gene locus (at the t i m e t e r m e d vir) w h i c h is a b s o l u t e l y r e q u i r e d for t h e p h a s e I phe
n o t y p e a n d t h e r e b y for t h e expression o f the m o s t r e l e v a n t v i r u l e n c e f a c t o r s m e n t i o n e d a b o v e . "
C h a r a c t e r i z a t i o n o f t h e respective gene locus t h e n revealed t h a t it e n c o d e s a T C S w h i c h was
r e n a m e d BvgS/BvgA a n d w h i c h s u b s e q u e n t l y was s h o w n to be r e s p o n s i b l e for b o t h r e g u l a t o r y
p h e n o m e n a , the " p h e n o t y p i c m o d u l a t i o n " and t h e "phase v a r i a t i o n " The D N A s e q u e n c e o f t h e
vir locus revealed a s u r p r i s i n g feature o f the BvgS/BvgA system: it was o n e o f the first s o - c a l l e d
u n o r t h o d o x T C S , w h i c h is c h a r a c t e r i z e d by a c o m p o s i t e m u l t i d o m a i n h i s t i d i n e kinase (BvgS)
a n d t h e o c c u r r e n c e o f a f o u r - s t e p H i s - A s p - H i s - A s p p h o s p h o r e l a y (see below) (Fig. 1).22.23

In a g r e e m e n t w i t h Lacey's o b s e r v a t i o n s , t h e d e t a i l e d c h a r a c t e r i z a t i o n o f the expression p a t t e r n
o f i n d i v i d u a l B v g S / B v g A - r e g u l a t e d factors revealed t h a t these factors can be classified i n t o differ
e n t categories r e g a r d i n g t h e i r expression k i n e t i c s u p o n e n v i r o n m e n t a l changes (Fig. 2).24 In t h e
l a b o r a t o r y u n d e r n o n m o d u l a t i n g c o n d i t i o n s , i.e., at 37°C a n d in t h e absence o f n i c o t i n i c acid a n d
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Figure 1. The d o m a i n s t r u c t u r e of t h e BvgS a n d BvgA p r o t e i n s a n d t h e p h o s p h o t r a n s f e r
r e a c t i o n s a r e s h o w n . The a m i n o a c i d s i n v o l v e d in p h o s p h o t r a n s f e r r e a c t i o n s a r e i n d i c a t e d .
A b b r e v i a t i o n s : PBP, p e r i p l a s m i c b i n d i n g p r o t e i n ; T, t r a n s m i t t e r ; R, r e c e i v e r ; H, HPt d o m a i n ;
0 , o u t p u t d o m a i n .

s u l p h a t e ions, all B v g S / B v g A c o n t r o l l e d v i r u l e n c e f a c t o r s (the s o - c a l l e d v i r u l e n c e a c t i v a t e d or vag
genes) are expressed, w h i l e i n a c t i v a t i n g m u t a t i o n s in t h e bvgAS genes or a p p l i c a t i o n o f m o d u l a t 
ing c o n d i t i o n s leads to lack o f e x p r e s s i o n o f the v i r u l e n c e genes a n d the i n d u c t i o n o f e x p r e s s i o n
o f a n o t h e r s u b s e t o f genes ( t h e s o - c a l l e d v i r u l e n c e r e p r e s s e d or vrg genes). These t w o p h e n o t y p i c
stages c o r r e s p o n d to Lacey's v i r u l e n t phase I (vag) a n d a v i r u l e n t p h a s e IV (vrg) stages, respectively.
H o w e v e r , as an a l t e r n a t i v e to Lacey's d e s i g n a t i o n s the t e r m s Bvg" a n d B v g phases, respectively,
b e c a m e c o m m o n in the r e l e v a n t l i t e r a t u r e . The Bvg+ phase vag genes c o u l d be f u r t h e r classified i n t o
t w o d i f f e r e n t classes, o n e class w h i c h after a s w i t c h from m o d u l a t i n g to n o n m o d u l a t i n g c o n d i t i o n s
e x h i b i t s a fast k i n e t i c s o f t r a n s c r i p t i o n a l i n d u c t i o n ( t h e s o - c a l l e d early o r class II genes), w h i l e
a s e c o n d s u b s e t o f genes has a q u i t e slow i n d u c t i o n k i n e t i c s (the s o - c a l l e d late or class I genes).
I n t e r e s t i n g l y , a m o n g the early class II genes t h e r e is the a u t o r e g u l a t e d bvgAS locus i t s e l f a n d genes
e n c o d i n g a d h e s i n s such as F H A a n d F I M , while t h e m a i n f a c t o r s e n c o d e d by late class I genes
are P T X a n d CYA.24 M o s t i n t e r e s t i n g l y , r e c e n t l y a novel c a t e g o r y o f v i r u l e n c e r e l a t e d f a c t o r s was
d e s c r i b e d for B. pertussis. This c a t e g o r y was p r e d i c t e d by Lacey's o b s e r v a t i o n o f i n t e r m e d i a t e phases
i n d u c e d by o n l y p a r t i a l l y m o d u l a t i n g g r o w t h c o n d i t i o n s . In t h i s s o - c a l l e d i n t e r m e d i a t e or Bvg'
p h a s e no e x p r e s s i o n o f class I genes ( t h e t o x i n s P T X , CYA) c o u l d be o b s e r v e d , w h i l e class II genes
( a d h e s i n s such as F H A ) are expressed. By use o f a p a r t i c u l a r BvgS m u t a n t ( t h e B v g S - I l m u t a n t
w h i c h has a s u b s t i t u t i o n o f t h r e o n i n e by m e t h i o n i n e at p o s i t i o n 7 3 3 w i t h i n the c o n s e r v e d H - b o x
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Figure 2. On top of the figure the relative expression level of the d i f f e r e n t B v g - c o n t r o l l e d
classes of genes is shown in the three d i f f e r e n t p h e n o t y p i c stages Bvg-, Bvg' and Bvg', respec
tively. On the b o t t o m the structure of the (haS, bipA and cya p r o m o t e r s is shown. A n t i d r o m i c
arrows i n d i c a t e BvgA target sites w i t h the parenthesis i n d i c a t i n g p r i m a r y (10) and secondary
(2°) BvgA b i n d i n g sites. Proposed b i n d i n g of B v g A - P dimers (in red colour) at the d i f f e r e n t
p r o m o t e r s and t h e i r i n t e r a c t i o n w i t h RNA polymerase (in blue c o l o u r ) is d e p i c t e d . +1 indicates
the t r a n s c r i p t i o n a l start site and r o l l i n g arrows represent t r a n s c r i p t i o n . The figure is adapted
from Jones et al 2005. 5 8

o f B v g S ) w h i c h was "frozen" in an i n t e r m e d i a t e activity state specific "class I l l " factors expressed
only u n d e r these s e m i - m o d u l a t i n g c o n d i t i o n s could be i d e n t i f i e d . The r e p r e s e n t a t i v e o f these class
III or Bvg' factors is the BipA p r o t e i n w h i c h has sequence s i m i l a r i t y to i n t i m i n , a v i r u l e n c e factor
o f several p a t h o g e n i c E n r e r o b a c t e r i a e . i - "

In c o n t r a s t to the r e g u l a t i o n o f the vag genes, very little is k n o w n a b o u t the negative r e g u l a t i o n
o f the phase IV vrg genes. In the m a m m a l i a n p a t h o g e n s a gene d o w n s t r e a m o f the bvgAS locus
d e s i g n a t e d bvgR was s h o w n by m u t a t i o n analysis to be involved in the r e g u l a t i o n o f the v r g g e n e s
since its i n a c t i v a t i o n led to c o n s t i t u t i v e expression o f several vrg genes. 27The c o r r e s p o n d i n g 32 k D a
BvgR p r o t e i n is s u p p o s e d to act as a t r a n s c r i p t i o n a l repressor at least at several vrg p r o m o t e r s . In
a g r e e m e n t w i t h its B v g - d e p e n d e n t activity, the bvgR p r o m o t e r is a c t i v a t e d by the p h o s p h o r y l a t e d
BvgA p r o r e i n . " However, it is i n t e r e s t i n g to n o t e t h a t the genomes o f B. a v i u m a n d B. petrii did
n o t reveal the presence o f a BvgR o r t h o l o g raising the q u e s t i o n a b o u t the p a r t i c u l a r i m p o r t a n c e
o f this f a c t o r a n d its r e g u l o n for the m a m m a l i a n p a t h o g e n s .



The BvgSIBvgA Phosphorelay System of Pathogenic Borderellae 153

S t r u c t u r e F u n c t i o n R e l a t i o n s h i p s in the B v g S / B v g A
P h o s p h o r e l a y System

The 135 k D a BvgS sensor p r o t e i n was one o f the first c o m p o s i t e h i s t i d i n e kinases w i t h a
complex m o d u l a r d o m a i n a r c h i t e c t u r e described. I t consists o f a large p e r i p l a s m i c d o m a i n fol
lowed by a t r a n s m e m b r a n e , a PAS, a t r a n s m i t t e r , a receiver and an H P t domain.22,23 A c c o r d i n g
to the classification by G r e b e a n d S t o c k (1999),29 BvgS b e l o n g s to t h e H P K l b s u b f a m i l y o f
h i s t i d i n e kinases. The 23 k D a BvgA p r o t e i n has the features o f a typical response r e g u l a t o r w i t h
an N - t e r m i n a l receiver o f the RC I family and a D N A b i n d i n g C - t e r m i n a l o u t p u t d o m a i n w i t h a
h e l i x - t u r n - h e l i x m o t i f t h a t can be classified w i t h i n the F i x J / N a r L family (Fig. 1). The s i m i l a r i t y
o f BvgA and NarL allowed the m o d e l l i n g o f its t h r e e - d i m e n s i o n a l s t r u c t u r e on t h e basis o f the
NarL crystal s t r u c t u r e . 3 0. 3IThe o u t p u t d o m a i n c o n t a i n s four alpha-helices ( H 7 to H l O ) w i t h the
h e l i x - t u r n - h e l i x m o t i f e m b e d d e d in the H 8 - H 9 helices. As in the o t h e r t w o - c o m p o n e n t systems
the p h o s p h o t r a n s f e r from the h i s t i d i n e kinase to the response r e g u l a t o r m o d u l a t e s the activity o f
the r e g u l a t o r y p r o t e i n w h i c h in its p h o s p h o r y l a t e d state increases its affinity for D N A b i n d i n g and
allows its specific i n t e r a c t i o n w i t h the p r o m o t e r s o f mainly virulence relevant genes to p r o m o t e
t h e i r t r a n s c r i p t i o n (see below).

The N - t e r m i n a l t r a n s m e m b r a n e d o m a i n o f BvgS is followed by a very large p e r i p l a s m i c do
main w h i c h c o n t a i n s two sequence m o t i f s c h a r a c t e r i s t i c for p e r i p l a s m i c solute b i n d i n g p r o t e i n s
(aa 6 5 - 5 2 5 ) . D i r e c t l y following the s e c o n d t r a n s m e m b r a n e s p a n n i n g region a PAS d o m a i n (aa
5 9 1 - 6 9 6 ) is p r e s e n t . " This region o f the BvgS p r o t e i n was formerly t e r m e d l i n k e r region a n d
m u t a t i o n s w i t h i n t h a t region affected the activity o f the h i s t i d i n e kinase r e n d e r i n g it active con
stitutively.34-36 In o t h e r signalling p r o t e i n s it was shown t h a t PAS d o m a i n s are capable to perceive
a variety o f d i f f e r e n t signals i n c l u d i n g light, redox p o t e n t i a l a n d the presence o f small molecules
such as FAD. 33The presence o f a large p e r i p l a s m i c p o r t i o n and a c y t o p l a s m i c PAS d o m a i n indi
cates t h a t the BvgS p r o t e i n may sense extra- and i n t r a c e l l u l a r signals. The t r a n s m i t t e r d o m a i n has
the typical c h a r a c t e r i s t i c s o f such a signalling d o m a i n . A s u b d o m a i n (aa 7 1 7 - 7 8 1 ) c o n t a i n i n g the
c o n s e r v e d h i s t i d i n e k n o w n to be p h o s p h o r y l a t e d ( H i s 7 2 9 ) is followed by a s e c o n d s u b d o m a i n
(aa 8 3 7 - 9 4 4 ) w h i c h binds ATP, catalyzes its hydrolysis and transfers the g a m m a - p h o s p h a t e to
h i s t i d i n e 729. From this residue the p h o s p h o r y l group is t h e n t r a n s f e r r e d to the aspartic acid
1023 o f the BvgS receiver d o m a i n (aa 9 7 6 - 1 0 9 5 ) and finally to His 1172 o f the H P t d o m a i n (aa
1 1 3 3 - 1 2 2 6 ) . From the p h o s p h o r y l a t e d H i s l 1 7 2 the p h o s p h a t e is t h e n t r a n s f e r r e d to A s p 5 4 in
the BvgA receiver d o m a i n . 3. 37 -41

L i t t l e is k n o w n a b o u t signals sensed by BvgS w h i c h may be relevant in vivo d u r i n g i n f e c t i o n .
Interestingly, a l i n k b e t w e e n cysteine m e t a b o l i s m a n d P T X expression was d e s c r i b e d recently. It
was o b s e r v e d t h a t at early time p o i n t s o f a B. pertussis c u l t u r e a large a m o u n t o f i n t r a c e l l u l a r sul
p h a t e accumulates w h i c h is released i n t o the m e d i u m at later time p o i n t s and may d o w n - m o d u l a t e
expression o f P T X . 4 2 It is likely t h a t the p e r i p l a s m i c d o m a i n is involved in this signal p e r c e p t i o n
o f s u l p h a t e , since in v i t r o the activity o f a soluble p u r i f i e d BvgS p r o t e i n c o n s i s t i n g only o f the
c y t o p l a s m i c d o m a i n s was n o t d i m i n i s h e d in the presence o f s u l p h a t e . " However, w i t h t h e same
p u r i f i e d BvgS p r o t e i n it c o u l d be d e m o n s t r a t e d t h a t BvgS activity is strongly i n h i b i t e d by the
presence o f a soluble u b i q u i n o n e derivative (Q-O) while the r e d u c e d form d i d n o t have a n y e f 
feet. This i n d i c a t e s t h a t the kinase activity can be reversibly s w i t c h e d on a n d o f f d e p e n d i n g on the
o x i d a t i o n state o f the u b i q u i n o n e e l e c t r o n carrier a n d suggests a relevant l i n k o f the BvgS/BvgA
signal t r a n s d u c t i o n system w i t h the energy state o f the c e l l . "

B v g A - D N A I n t e r a c t i o n s
A l t h o u g h n o t proven experimentally, it is believed t h a t in vivo d i f f e r e n t levels o f BvgA~P

( p h o s p h o r y l a t e d BvgA) c o n t r o l the expression o f d e f i n e d sets o f genes in t h e B v g ( I V ) , Bvg'
( i n t e r m e d i a t e ) and Bvg" (I) phase. This a s s u m p t i o n is based on the in v i t r o analysis o f B v g A bind
ing w h i c h revealed t h a t p r o m o t e r s o f class 1, 2 a n d 3 genes are c h a r a c t e r i z e d by differences in the
affinity and l o c a t i o n o f B v g A b i n d i n g sites.32.44-52The consensus BvgA b i n d i n g site consists o f the
h e p t a n u c l e o t i d e sequence T T T C ( C / T ) T A . In the u p s t r e a m region o f the class II Jha gene this
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sequence is p r e s e n t as a nearly p e r f e c t i n v e r t e d repeat c e n t r e d at p o s i t i o n - 8 8 . 5 w i t h respect to the
t r a n s c r i p t i o n a l s t a r t site. M u t a t i o n a l analysis d e m o n s t r a t e d t h a t n u c l e o t i d e s at p o s i t i o n s 3 , 4 and
7 o f the b i n d i n g h e p t a d c o n t r i b u t e s u b s t a n t i a l l y to sequence specific r e c o g n i t i o n by BvgA.53 The
h e p t a n u c l e o t i d e i n v e r t e d repeat sequence represents the high affinity BvgA b i n d i n g site in the fha
p r o m o t e r which is b o u n d by a BvgA~P dimer, Several lines o f e x p e r i m e n t a l evidence i n d i c a t e d
t h a t BvgA dimerizes even in the absence o f p h o s p h o r y i a t i o r r ' F " and m o d e l i n g o f the sequence o f
the BvgA o u t p u t d o m a i n on the recently solved crystal s t r u c t u r e o f the NarL C - t e r m i n u s b o u n d
to its D N A t a r g e t " suggests t h a t BvgA dimers i n t e r a c t i n g w i t h D N A are f o r m e d by the associa
t i o n o f the C - t e r m i n a l a - 1 0 helices.F Two a d d i t i o n a l BvgA~P dimers i n t e r a c t w i t h a s e c o n d a r y
low affinity b i n d i n g region l o c a t e d i m m e d i a t e l y 3' to the h e p t a n u c l e o t i d e i n v e r t e d repeat w h i c h
overlaps w i t h the - 35 region o f t h e f h a p r o m o t e r . ? BvgA b i n d i n g t o this s e c o n d a r y b i n d i n g region
is c o o p e r a t i v e and shows only l i m i t e d D N A b i n d i n g specificiry," In a d d i t i o n , BvgA~P b i n d i n g
to t h e low affinity b i n d i n g region is facilitated by cooperative i n t e r a c t i o n s w i t h the C - t e r m i n a l
d o m a i n o f the a s u b u n i t o f R N A polymerase ( a - C T D ) which binds the same s t r e t c h o f D N A
on a d i f f e r e n t face o f the helix. 32 However, b i n d i n g o f the t h i r d BvgA ~ P d i m e r directly a d j a c e n t
t o t h e - 3 5 region suggests t h a t the response r e g u l a t o r p r o t e i n m i g h t also make c o n t a c t w i t h the
0 70 s u b u n i t a n d / o r the N - t e r m i n a l d o m a i n o f the a s u b u n i t o f R N A p o l y m e r a s e , " The m o d e l
o f t h r e e BvgA dimers b o u n d end to end on the same face o f the D N A helix w i t h a t w o - h e l i c a l
t u r n p e r i o d i c i t y is also c o n s i s t e n t w i t h d e l e t i o n analyses s h o w i n g t h a t 21 bp deletions w i t h i n the
s e c o n d a r y b i n d i n g region cause h y p e r a c t i v a t i o n o f the fha p r o m o t e r , "

Like the fha p r o m o t e r the positively a u t o r e g u l a t e d P 1 p r o m o t e r o f the bvgAS locus r e s p o n d s
quickly to a shift from m o d u l a t i n g to n o n m o d u l a t i n g c o n d i t i o n s . In the u p s t r e a m region o f bvgAS
a b i n d i n g region for BvgA~P was i d e n t i f i e d s p a n n i n g from p o s i t i o n - 9 0 to p o s i t i o n - 4 0 w i t h
respect to t h e t r a n s c r i p t i o n a l s t a r t site. 46 An i m p e r f e c t i n v e r t e d repeat o f the consensus BvgA
b i n d i n g h e p t a d is p r e s e n t w i t h i n this region ( p o s i t i o n - 7 3 t o - 9 3 ) and it was shown t h a t BvgA ~ P
b i n d s to an o l i g o n u c l e o t i d e c o n t a i n i n g this i n v e r t e d repeat s e q u e n c e . "

The pm gene shows a kinetics o f t r a n s c r i p t i o n a l i n d u c t i o n u p o n a shift from m o d u l a t i n g to
n o n m o d u l a t i n g c o n d i t i o n s w h i c h is delayed as c o m p a r e d to the class 2 fha and bvgAS genes, b u t
w h i c h is clearly faster t h a n the i n d u c t i o n kinetics o f the class 1 p t x and cya genes.t" The u p s t r e a m
region o f pm c o n t a i n s a h i g h affinity p r i m a r y BvgA~P b i n d i n g site r a n g i n g from p o s i t i o n - 5 2
to - 9 4 c o m p r i s i n g an i n v e r t e d h e p t a n u c l e o t i d e repeat sequence m a t c h i n g 9 from 14 p o s i t i o n s o f
the consensus BvgA b i n d i n g site. In a d d i t i o n a d o w n s t r e a m low affinity b i n d i n g region s p a n n i n g
to p o s i t i o n + 2 2 was m a p p e d . " The l o c a t i o n o f the p r i m a r y BvgA b i n d i n g site w h i c h is similar in
the fha p r o m o t e r p r e s u m a b l y places prn a m o n g the class 2 genes.

Expression o f the class 3 genes is restricted to the Bvg' phase. T r a n s c r i p t i o n o f the best character
ized class3 gene, bipA, was shown to be b o t h activated and repressed by BvgA ~ P.5a-52 Transcriptional
a c t i v a t i o n o f bipA is achieved by the b i n d i n g o f a BvgA ~ P dimer t o a h i g h affinity BvgA b i n d i n g
site c e n t e r e d at p o s i t i o n - 6 6 . 5 which is nearly i d e n t i c a l to the h e p t a n u c l e o t i d e i n v e r t e d repeat
p r i m a r y b i n d i n g site in the fha p r o m o t e r and the i n t e r a c t i o n o f a n o t h e r BvgA ~ P climer w i t h the
3' adjacent s e c o n d a r y b i n d i n g region w h i c h overlaps the - 3 5 region o f the bipA p r o m o t e r . As
o b s e r v e d for the fha p r o m o t e r b i n d i n g o f B v g A ~ P to the s e c o n d a r y b i n d i n g region is stabilized by
cooperative i n t e r a c t i o n s b e t w e e n BvgA~P dimers and w i t h a_CTD.50,52 At increased c o n c e n t r a 
tions o f BvgA ~ P a low affinity b i n d i n g site c e n t r e d at p o s i t i o n + 2 0 is r e c o g n i z e d by a BvgA ~ P
d i m e r w h i c h triggers the cooperative b i n d i n g o f two a d d i t i o n a l BvgA ~ P dimers to the 3' adjacent
s e c o n d a r y region e x t e n d i n g to p o s i t i o n +75. 5 0. 52 The i n t e r a c t i o n o f B v g A ~ P w i t h the b i n d i n g sites
l o c a t e d d o w n s t r e a m o f the t r a n s c r i p t i o n a l s t a r t site results in repression o f bipA, however, there
is still debate w h e t h e r BvgA ~ P interferes w i t h bipA expression by c o m p e t i t i o n for b i n d i n g w i t h
R N A polymerase or by i n h i b i t i n g t r a n s c r i p t i o n i n i t i a t i o n a n d / o r e l o n g a t i o n . 51,52

P r o m o t e r s o f class 1 genes c o n t a i n BvgA b i n d i n g sites o f r a t h e r low affinity. In vitro b i n d i n g
to the u p s t r e a m regions o f p t x and cya r e q u i r e d significantly h i g h e r a m o u n t s o f B v g A ~ P t h a n the
i n t e r a c t i o n w i t h the fha and bvgAS P 1 p r o m o t e r s . v - " Similarly, in vitro t r a n s c r i p t i o n o f the toxin
genes strictly r e q u i r e d BvgA ~ P, while t r a n s c r i p t i o n o f fha, bvgAS and bipA was already o b s e r v e d
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in t h e p r e s e n c e o f u n p h o s p h o r y l a t e d BvgA.51,57 D N a s e I f o o t p r i n t i n g s h o w e d t h a t e x t e n d e d
regions in the u p s t r e a m region o f p t x a n d cya s p a n n i n g from p o s i t i o n - 1 6 8 to - 9 7 a n d -137
to - 5 1 , respectively, are b o u n d by BVgA~P.45,46 A more refined analysis revealed t h a t in the p t x
a n d cya p r o m o t e r s two BvgA~P dirners i n t e r a c t w i t h p r i m a r y b i n d i n g sites s p a n n i n g from posi
t i o n -120 to - 1 6 5 and - 1 2 5 to - 8 0 , respectively. This relatively low affinity p r i m a r y b i n d i n g to
sites l o c a t e d f u r t h e r u p s t r e a m t h a n p r i m a r y b i n d i n g sites in the p r o m o t e r s o f class 2 a n d 3 genes
is followed by c o o p e r a t i v e b i n d i n g o f four or two, respectively, a d d i t i o n a l dimers to s e c o n d a r y
regions e x t e n d i n g a n d o v e r l a p p i n g the - 3 5 regions o f the p r o m o t e r s . "

Taken t o g e t h e r , the a c t i v a t i o n o f B v g A - d e p e n d e n t p r o m o t e r s involves t h e i n t e r a c t i o n o f
BvgA ~ P dimers w i t h p r i m a r y b i n d i n g sites s h o w i n g lower affinity and f a r t h e r u p s t r e a m l o c a t i o n
in class 1 versus class 2 a n d 3 genes a n d the s u b s e q u e n t c o o p e r a t i v e assembly o f a d d i t i o n a l BvgA
dimers down to the - 3 5 p r o m o t e r region w h i c h allows the i n t e r a c t i o n w i t h R N A polymerase to
i n i t i a t e t r a n s c r i p t i o n (Fig. 2).

Fine T u n i n g o f the A c t i v i t y o f the B v g S / B v g A P h o s p h o r e l a y
A major q u e s t i o n arising from these results is how the BvgS/BvgA system is able to c o n t r o l such

a s o p h i s t i c a t e d t r a n s c r i p t i o n a l response w h i c h a p p a r e n t l y is based on d i f f e r e n t f i n e - t u n e d levels o f
p h o s p h o r y l a t e d BvgA. Intrestingly, t h e expression o f the bvgAS locus is subject to a u t o r e g u l a t i o n
by BvgA ~ P and this may c o n t r i b u t e to fine t u n i n g o f the system simply by r e g u l a t i n g t h e a m o u n t
o f p r o t e i n s expressed u n d e r d i f f e r e n t e n v i r o n m e n t a l c o n d i t i o n s . " Recently, an a t t r a c t i v e m o d e l
was p r o p o s e d based on d i f f e r e n t activity states o f B v g S m o n o m e r s w i t h i n a BvgS d i m e r w h i c h in
c o m b i n a t i o n w i t h the t r a n s c r i p t i o n a l a u t o r e g u l a t i o n o f the bvgAS o p e r o n may f u r t h e r explain
the f i n e - t u n e d r e g u l a t i o n by BvgS/BvgA.3 A c c o r d i n g to this m o d e l the BvgS sensor p r o t e i n does
n o t act as a mere m o l e c u l a r switch w h i c h is e i t h e r in the O N or in t h e O F F state a c c o r d i n g to
the presence or absence o f m o d u l a t i n g signals. The BvgS p r o t e i n s h o u l d r a t h e r be able to p e r m i t
a m u l t i t u d e o f a c t i v i t y states w h i c h results in f i n e - t u n e d d i f f e r e n c e s o f t h e p h o s p h o r y l a t i o n
state o f B v g A . The m o d e l d e p e n d s on the fact t h a t receiver d o m a i n s are k n o w n to be capable o f
a u t o p h o s p h o r y l a t i o n w i t h the p h o s p h a t e deriving e i t h e r from p h o s p h o r y l a t e d h i s t i d i n e residues
in the t r a n s m i t t e r ( H i s 7 2 9 ) or in H P t d o m a i n s ( H i s I 1 7 2 ) . Moreover, it is k n o w n t h a t the BvgS
receiver can n o t only act as a p h o s p h o t r a n s f e r a s e b u t also as a p h o s p h a t a s e by the catalysis o f the
transfer o f the p h o s p h o r y l g r o u p from A s p 1 0 2 3 to w a r e r / " A s s u m i n g t h a t the p h o s p h o t r a n s f e r
from t h e BvgS H P t to the BvgA receiver d o m a i n is reversible, as shown for o t h e r T C S such as the
A r c B I AreA system o f E. coli, t h e n the BvgS receiver d o m a i n could also c o n t r o l the p h o s p h o r y l a t i o n
state o f the BvgA response regulator. In a BvgS d i m e r such a b i f u n c t i o n a l capacity o f t h e receiver
d o m a i n c o u l d result in a f u r t h e r level o f c o n t r o l o f the p h o s p h o r e l a y , since its p h o s p h o t r a n s f e r a s e
versus p h o s p h a t a s e activities c o u l d enable at least three d i f f e r e n t activity states o f the system. In
one state (full BvgS activity u n d e r permissive c o n d i t i o n s ) b o t h receiver d o m a i n s o f the BvgS
d i m e r w o u l d act as p h o s p h o t r a n s f e r a s e s . In an i n t e r m e d i a t e activity state o f BvgS ( u n d e r semi
m o d u l a t i n g c o n d i t i o n s ) the receiver o f one BvgS p r o t e i n in the d i m e r c o u l d act as a p h o s p h o r r a n s 
ferase, while the o t h e r receiver m i g h t exert p h o s p h a t a s e activity w h i c h w o u l d result in a r e d u c e d
overall p h o s p h o r y l a t i o n state o f the BvgA p r o t e i n . U n d e r fully m o d u l a t i n g c o n d i t i o n s b o t h o f the
receivers may be active as p h o s p h a t a s e a n d the p h o s p h o r y l a t i o n level o f B v g A w o u l d be negligible.
A l t h o u g h n o t experimentally proven this is an attractive hypothesis and may be o f general relevance
for the f u n c t i o n o f complex H i s - A s p - H i s - A s p p h o s p h o r e l a y systems w h i c h may n o t only provide
a d d i t i o n a l r e g u l a t o r y circuits to be i n t e g r a t e d in the c o n t r o l o f the p h o s p h o relay, e.g., by specific
p h o s p h a t a s e s or a n t i - h i s t i d i n e kinases as shown for the s p o r u l a t i o n c o n t r o l system o f B. subtilis,61
b u t w o u l d allow a f u r t h e r level o f c o n t r o l by the i n t r i n s i c p r o p e r t i e s o f these systems themselves.
O n the o t h e r h a n d , the view t h a t "normal" T C S are o r d i n a r y O N and O F F switches is p r o b a b l y
t o o simplistic and i n t e r m e d i a t e activity states o f such systems may also o c c u r and may, a m o n g o t h e r
possibilities, be achieved by fine t u n e d signal p r o c e s s i n g d u r i n g the i n i t i a l signal p e r c e p t i o n step.
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Relevance o f B v g S / B v g A M e d i a t e d G e n e R e g u l a t i o n
d u r i n g the I n f e c t i o n P r o c e s s

In 1991 S c a r l a t o et al p r o p o s e d t h a t t h e d i f f e r e n t i n d u c t i o n k i n e t i c s o f v i r u l e n c e genes after
shift f r o m m o d u l a t i n g to n o n m o d u l a t i n g c o n d i t i o n s o b s e r v e d in v i t r o may have in vivo relevance,
since it reflects the o b v i o u s t e m p o r a l d e m a n d s o f t h e d i f f e r e n t i a l l y r e g u l a t e d factors, i.e., a d h e s i n s
(class I I ) such as F H A a n d F I M may play an early role d u r i n g c o l o n i z a t i o n w h i l e t o x i n s (class I)
s u c h as P T X a n d CYA b e i n g r e l e v a n t in l a t e r stages to p r o t e c t t h e b a c t e r i a from h o s t d e f e n c e
m e c h a n i s m s . " There are o n l y a few in vivo s t u d i e s w h i c h taken t o g e t h e r do n o t p r o v i d e clear cut
c o n c l u s i o n s , p r o b a b l y due to differences in e x p e r i m e n t a l design and t h e use o f d i f f e r e n t s t r a i n s a n d
a n i m a l m o d e l s . H o w e v e r , some i n d i c a t i o n s for t h e relevance o f B v g S / B v g A m e d i a t e d v i r u l e n c e
gene r e g u l a t i o n d u r i n g i n f e c t i o n were o b t a i n e d . For i n s t a n c e , it was s h o w n in a rat m o d e l w i t h
B. bronchiseptica t h a t e c t o p i c expression o f a flagellar gene ( b e l o n g i n g to t h e v r g g e n e s ) d u r i n g t h e
Bvg" p h a s e r e d u c e d t h e c o l o n i z a t i o n c a p a c i t y o f t h e b a c t e r i a in the t r a c h e a o f t h e a n i r n a l s . P M o r e
recently, in an i n t r a n a s a l mouse m o d e l e v i d e n c e was p r o v i d e d t h a t B. pertussis s t r a i n s w i t h a l t e r e d
p r o m o t e r regions o f v i r u l e n c e genes i n t e r f e r i n g w i t h t h e i r i n d u c t i o n k i n e t i c s were i m p a i r e d in t h e i r
c a p a c i t y to c o l o n i z e t h e r e s p i r a t o r y t r a c t . 63 O n t h e o t h e r h a n d , in «B. bronchiseptica r a b b i t m o d e l
it was s h o w n t h a t Bvg"-phase l o c k e d m u t a n t s were able to c o l o n i z e a n d it was c o n c l u d e d t h a t t h e
n o r m a l BvgS/BvgA - r n e d i a t e d response to m o d u l a t i n g signals is n o t i m p o r t a n t at least d u r i n g early
c o l o n i z a t i o n . f Recently, a possible role for the Bvg' phase d u r i n g i n f e c t i o n was p r o p o s e d . It was
s h o w n t h a t a B. pertussis m u t a n t l o c k e d in t h e Bvg' phase p e r s i s t e d as well as t h e wild type s t r a i n
in t h e u p p e r r e s p i r a t o r y t r a c t o f mice, b u t a d e l e t i o n o f the bipA gene ( t h e p r o t o t y p e o f a class III
f a c t o r ) caused a r e d u c e d c a p a c i t y to c o l o n i z e t h e m u r i n e nasal cavity. M o r e o v e r , in mixed infec
t i o n s o f t h e Bvg' phase m u t a n t a n d t h e wild type s t r a i n , the wild type o u t c o m p e t e d t h e m u t a n t at
late t i m e p o i n t s . Based on such findings it was suggested t h a t m o d u l a t i o n to the Bvg' p h e n o t y p e
may be r e l e v a n t in vivo ( p o s s i b l y by slightly d i f f e r e n t t e m p e r a t u r e in t h e nasal cavity versus t h e
t r a c h e a ) a n d may c o n t r i b u t e to a b e t t e r t r a n s m i s s i o n o f t h e b a c t e r i a to a new h o s t . 65 The role o f
t h e BvgR r e g u l o n in t h e v i r u l e n t p h e n o t y p e is n o t well e s t a b l i s h e d a n d only p r e l i m i n a r y s t u d i e s
are available. A B . bronchiseptica bvgR m u t a n t was s h o w n to c o l o n i z e t h e lungs o f i n f e c t e d mice as
well as t h e c o r r e s p o n d i n g wild type s t r a i n / " In a B. pertussis r e s p i r a t o r y i n f e c t i o n m o d e l in mice
it was c o n c l u d e d t h a t t h e B v g R - m e d i a t e d r e g u l a t i o n o f gene e x p r e s s i o n i n f l u e n c e s the success o f
r e s p i r a t o r y i n f e c t i o n possibly in late stages o f I n f e c t i o n . " Clearly, f u r t h e r w o r k a b o u t the BvgR
r e g u l o n is r e q u i r e d to e v a l u a t e its c o n t r i b u t i o n to v i r u l e n c e .

O n l y recently, in an elegant study, f u r t h e r evidence fur an in vivo relevance o f B v g - m e d i a t e d
r e g u l a t i o n was o b t a i n e d . In a mouse model after aerosol challenge w i t h fully m o d u l a t e d B. pertussis
( p h a s e IV) by a R I V E T a p p r o a c h t h e k i n e t i c s o f i n d u c t i o n o f v i r u l e n c e f a c t o r expression was
m o n i r o r e d . f ' Thc d a t a clearly show t h a t t h e in v i t r o o b s e r v a t i o n s a b o u t the existence o f early a n d
late factors c o u l d also be d o c u m e n t e d in vivo w i t h t h e a d h e s i n s b e i n g expressed earlier while CYA
was expressed at a l a t e r time p o i n t . H o w e v e r , in the e x p e r i m e n t a l design t h e b a c t e r i a h a d to be
s y n c h r o n i z e d in t h e Bvg phase p r i o r to i n f e c t i o n , a s i t u a t i o n w h i c h is n o t n a t u r a l , since p r o b a b l y
the b a c t e r i a t r a n s m i t t e d to a n e w h o s t are in a m u l t i t u d e o f expression stages o f t h e i r v i r u l e n c e
factors. It is well c o n c e i v a b l e t h a t an efficient i n f e c t i o n o f t h e new h o s t in fact r e q u i r e s the pres
ence o f a h e t e r o g e n e o u s p o p u l a t i o n o f i n f e c t i n g agents w i t h a b r o a d e x p r e s s i o n s p e c t r u m o f t h e i r
v i r u l e n c e factors. T h e r e f o r e , the role o f B v g - m e d i a t e d fine t u n i n g o f v i r u l e n c e gene expression
d u r i n g i n f e c t i o n r e m a i n s u n d e f i n e d .

E v o l u t i o n a r y C o n s i d e r a t i o n s
Recently, T C S o r t h o l o g o u s to t h e B. pertussis BvgS/BvgA system have also been i d e n t i f i e d

in the m o r e d i s t a n t l y r e l a t e d m e m b e r s o f t h e genus Bordetella, B. holmesii, B. avium, B. hinzii,
B. trematum a n d even in t h e e n v i r o n m e n t a l species B. petrii. 12,18 (Gross et al, u n p u b l i s h e d results)
I n t e r e s t i n g l y , t h e gene c o n t e x t s u r r o u n d i n g t h e bvgAS o p e r o n is d i f f e r e n t in t h e "classical" a n d
t h e "new" Bordetella species, respectively. W h i l e in the "classical" Bordetellae the bvgAS system in
the u p s t r e a m r e g i o n is f l a n k e d by the fha/fim gene locus and d o w n s t r e a m by t h e bvgR gene, in t h e
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o t h e r p a t h o g e n i c species, the bvgAS locus is flanked by sequences u n r e l a t e d to t h o s e o f the classical
Bordetelfae.The s t r u c t u r e o f the bvg locus t h e r e f o r e is in line w i t h the p h y l o g e n e t i c analysis o f the
d i f f e r e n t Bordetella species w h i c h i n d i c a t e s a very close r e l a t i o n s h i p o f the m a m m a l i a n p a t h o g e n s
a n d a m o r e d i s t a n t r e l a t i o n s h i p w i t h the o t h e r p a t h o g e n i c Bordetellae.

The close r e l a t i o n s h i p b e t w e e n t h e BvgS/BvgA systems o f the "classical" Bordetellae is also
d o c u m e n t e d by the fact t h a t the B. bronchiseptica system can f u n c t i o n a l l y be i n t e r c h a n g e d w i t h
t h a t o f B. pertussis. 69 In c o n t r a s t , t h e B . holmesii BvgS/BvgA system can only p a r t i a l l y s u b s t i t u t e for
t h e B . pertussis system, since only the BvgS p r o t e i n s are i n t e r c h a n g e a b l e , while the B. holmesii BvgA
p r o t e i n can n o t c o m p l e m e n t a bvgA m u t a n t o f B. pertussis. In fact, the BvgS p r o t e i n o f B. holmesii
can p h o s p h o r y l a t e t h e B . pertussis BvgA p r o t e i n in v i t r o a n d the BvgA p r o t e i n o f B. holmesii is n o t
able t o b i n d to BvgA a c t i v a t e d p r o m o t e r s o f B. pertussis such as the fha p r o m o t e r . IS

Still the relevant signals perceived by the BvgS/BvgA system in vivo are u n k n o w n . T e m p e r a t u r e
c o u l d be such a signal since it reflects the difference b e t w e e n an e n v i r o n m e n t a l a n d h o s t associated
l o c a t i o n o f the b a c t e r i a . In fact, B . .hronchiseptica may have the p o t e n t i a l to survive o u t s i d e o f a
h o s t a n d the p a t h o g e n i c Bordetellae are p r o b a b l y d e s c e n d e n t s o f e n v i r o n m e n t a l relatives such as
B. petrii?o.71 Moreover, as m e n t i o n e d above, t h e r e are s l i g h t t e m p e r a t u r e differences w i t h i n the
d i f f e r e n t c o l o n i z a t i o n niches o f B. pertussis, e.g., the average t e m p e r a t u r e w i t h i n the nasal cavity is
slightly lower than in t h e t r a c h e a a n d may c o n t r i b u t e to m o d u l a t i o n o f v i r u l e n c e gene expression.
However, the p r e s e n c e o f a PAS d o m a i n i n d i c a t e s t h a t BvgS also perceives i n t r a c e l l u l a r signals.
In fact, a l i n k o f the BvgS/BvgA system to the e n e r g y m e t a b o l i s m was recently shown, since the
o x i d a t i o n state o f q u i n o n e s influences BvgS activity. In line w i t h this o b s e r v a t i o n is the fact t h a t
the BvgS/BvgA system also c o n t r o l s several genes e n c o d i n g c o m p o n e n t s o f the r e s p i r a t o r y e l e c t r o n
t r a n s p o r t c h a i n i n c l u d i n g t e r m i n a l oxidases. For i n s t a n c e , c o m p o n e n t s o f the c y t o c h r o m e c , com
plex were f o u n d to be expressed m a i n l y in the Bvg' phase, while c o m p o n e n t s o f the c y t o c h r o m e . ,
a n d c y t o c h r o m c . g . , complexes r e q u i r e an a c t i v a t e d BvgS/BvgA system for t h e i r expression. The
l a t t e r t e r m i n a l oxidases have a h i g h affinity for oxygen a n d may be p a r t i c u l a r l y relevant u n d e r
m i c r o o x i c g r o w t h c o n d i r l o n s . T ' I h i s c o n n e c t i o n o f the BvgS/BvgA r e g u l o n w i t h the r e s p i r a t o r y
c h a i n is i n t r i g u i n g a n d may i n d i c a t e a role o f the BvgS/BvgA system in c o n t r o l l i n g the e n e r g y
m e t a b o l i s m u n d e r d i f f e r e n t oxygen c o n c e n t r a t i o n s , or, initially, in the s w i t c h from aerobic to
a n a e r o b i c g r o w t h c o n d i t i o n s since B. petrii, w h i c h appears to be closely r e l a t e d to a c o m m o n
a n c e s t o r o f the p a t h o g e n i c Bordetellae, has a facultatively a n a e r o b i c m e t a b o l i s m . Similar to the
s t r u c t u r a l l y r e l a t e d A r c B / A r c A system o f E. coli, the o r i g i n a l f u n c t i o n o f the BvgS/BvgA system
may t h e r e f o r e have b e e n to c o n t r o l the m e t a b o l i c state o f the b a c t e r i a a c c o r d i n g to oxygen avail
ability. In this scenario v i r u l e n c e genes may have been s u b o r d i n a t e d to BvgS/BvgA r e g u l a t i o n ,
because in the i n f e c t e d h o s t the b a c t e r i a e n c o u n t e r m i c r o o x i c g r o w t h c o n d i t i o n s sensed by the
BvgS/BvgA system.

Based on the g e n o m i c sequences o f the "classical" Bordetellae D N A m i c r o a r r a y s t u d i e s have
b e e n p e r f o r m e d to define the BvgS/BvgA c o n t r o l l e d r e g u l o n in these b a c t e r i a . A p a r t from the
i d e n t i f i c a t i o n o f a series o f new vag genes w i t h a p o t e n t i a l to c o n t r i b u t e to v i r u l e n c e also i n s i g h t s
in the i n f l u e n c e o f t h e BvgS/BvgA system to b a c t e r i a l m e t a b o l i s m were o b t a i n e d . 72 • 7 3 I t was f o u n d
t h a t the BvgS/BvgA a c t i v a t e d gene expression p a t t e r n s are very similar in B. bronchiseptica a n d
B. pertussis, while the BvgS/BvgA r e p r e s s e d r e g u l o n o f the two species s h o w e d m u c h difference.
In B. bronebiseptica a m u l t i t u d e o f m e t a b o l i c , t r a n s p o r t , m o t i l i t y a n d c h e m o t a x i s f u n c t i o n s are
conversely r e g u l a t e d to the v i r u l e n c e genes i n d i c a t i n g an i m p o r t a n t role o f this r e g u l o n in survival
o u t s i d e o f a host. In c o n t r a s t , the vrg r e g u l o n o f B. pertussis seems to be m u c h m o r e l i m i t e d a n d
it may be o n the way o f loss o f f u n c t i o n for the o b l i g a t e h o s t associated b a c t e r i a . An e m e r g i n g
feature f r o m such g e n o m e wide s t u d i e s is t h a t t h e r e is very p r o n o u n c e d g e n o m e p l a s t i c i t y due t o

the presence o f a large n u m b e r o f m o b i l e g e n e t i c elements. This e x t r a o r d i n a r y g e n o m e flexibility
may q u i c k l y cause d i f f e r e n t expression profiles o f B v g S / B v g A r e g u l a t e d factors in d i f f e r e n t strains,
a feature w h i c h may be very i m p o r t a n t for the e v o l u t i o n o f the h o s t - p a t h o g e n r e l a t i o n s h i p a n d
the g e n e r a t i o n o f h o s t s p e c i t i c i t y . "
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Capturing the VirA/VirG TCS
of Agrobacterium tumefaciens
V i - H a n Lin, R o n g G a o , A n d r e w N . B i n n s a n d D a v i d G. Lynn*

A b s t r a c t

T w o - c o m p o n e n t systems ( T C S ) r e g u l a t e p a t h o g e n i c c o m m i t m e n t in many i n t e r a c t i o n s
a n d p r o v i d e an o p p o r t u n i t y for u n i q u e t h e r a p e u t i c i n t e r v e n t i o n . The V i r A / V i r G T C S o f
Agrobacterium tumefaciens m e d i a t e s i n t e r - k i n g d o m gene t r a n s f e r in the d e v e l o p m e n t o f

h o s t t u m o r s a n d sets in m o t i o n the events t h a t u n d e r l i e the great success o f this m u l t i - h o s t p l a n t
p a t h o g e n . S i g n i f i c a n t p r o o f for the feasibility o f i n r e r v e n t i o n s has now e m e r g e d w i t h the discovery
o f a n a t u r a l p r o d u c t t h a t effectively " b l i n d s " the p a t h o g e n to the h o s t via i n h i b i t i o n o f V i r A / V i r G
signal t r a n s d u c t i o n . Moreover, the e m e r g i n g studies on the m e c h a n i s m o f signal p e r c e p t i o n have
revealed general sites s u i t a b l e for i n t e r v e n t i o n o f T C S signaling. Given the extensive f u n c t i o n a l
h o m o l o g y , it s h o u l d now be possible to t r a n s f e r the models d i s c o v e r e d for V i r A N i r G b r o a d l y t o

o t h e r p a t h o g e n i c i n t e r a c t i o n s .

I n t r o d u c t i o n
Biological c o m m u n i t i e s are in c o n s t a n t e v o l u t i o n a r y flux a n d in a very real and p r a c t i c a l sense,

this adaptive m o l e c u l a r e v o l u t i o n c o n t i n u e s to erode the arsenal o f effective a n t i b i o t i c s and therapies
t h a t u n d e r p i n o u r h e a l t h care system. As the h u m a n global p o p u l a t i o n grows a n d m o r e mobile
lifestyles emerge, t h e spread o f new p a t h o g e n s is accelerated. S e c o n d a r y p r o d u c t s s y n t h e s i z e d by
fungi a n d b a c t e r i a for self-defense p r o v i d e the essential core o f o u r s t r a t e g i e s t o fight these t h r e a t s .
However, these c u r r e n t a n t i b i o t i c s t a r g e t just t h r e e f u n c t i o n a l e n t i t i e s ; the b a c t e r i a l cell wall, the
r i b o s o m e a n d D N A gyrase. As this arsenal c o n t i n u e s to be w e a k e n e d by resistance, new targets
a n d strategies are r e q u i r e d .

O f the myriad o f c o m p l e x events u n d e r p i n n i n g p a t h o g e n e s i s , h o s t / p a t h o g e n r e c o g n i t i o n is
r e s p o n s i b l e for m o b i l i z i n g all s u b s e q u e n t p a t h o g e n i c p r o g r a m s a n d t h e r e f o r e p r o v i d e s a criti
cal a n d obvious t a r g e t for i n t e r v e n t i o n . W i t h i n p r o k a r y o t i c p a t h o g e n s , the s e d u c t i v e l y simple
" t w o - c o m p o n e n t " signaling m o d u l e s ( T C S ) s h o u l d e r m u c h o f the e n v i r o n m e n t a l sensing a n d
h o s t d e t e c t i o n responsibility. These h i s t i d i n e a u t o - k i n a s e sensors a n d a s p a r t y l p h o s p h a t e response
r e g u l a t o r s discussed in this b o o k perceive physical a n d c h e m i c a l i n p u t s a n d m e d i a t e o u t p u t s t h a t
range from gene expression t o physical t r a n s l o c a t i o n . For successful e x p l o i t a t i o n in an ever-changing
landscape, a more c o m p l e t e a n d h o l i s t i c u n d e r s t a n d i n g o f the strategies a n d m e c h a n i s m s o f p a t h o 
genesis will be necessary. D e f i n i n g signal p e r c e p t i o n a n d t r a n s m i s s i o n does not, in isolation, address
w h a t m u s t be the c e n t r a l l o n g - t e r m q u e s t i o n - w h a t does the c o m p l e x set o f signal p e r c e i v i n g a n d
i n t e g r a t i n g activities have to do w i t h a p a t h o g e n ' s success? The t e m p o r a l a n d spatial d i s t r i b u t i o n
o f i n d u c i n g signals a n d how this d i s t r i b u t i o n c o r r e s p o n d s t o tissues a n d cells w i t h i n the h o s t t h a t
are maximally susceptible t o i n f e c t i o n m u s t be d e t e r m i n e d .

* C o r r e s p o n d i n g Author: David G. L y n n - C e n t e r for Fundamental and A p p l i e d M o l e c u l a r
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Agrobacterium tumefaciens i n i t i a t e s t u m o r s o n p l a n t h o s t s a n d r e p r e s e n t s a special o p p o r t u n i t y
to o b t a i n this m o r e h o l i s t i c i n f o r m a t i o n on p a t h o g e n e s i s . The critical p a t h o g e n e s i s genes, i n c l u d i n g
t h e h o s t d e t e c t i o n m o d u l e s , are l o c a l i z e d to t h e t u m o r - i n d u c i n g ( T i ) p l a s m i d a n d are well charac
t e r i z e d . The o u t p u t o f p a t h o g e n e s i s - t r a n s f e r o f o n c o g e n i c D N A i n t o the e u k a r y o t i c h o s t - h a s
b e e n extensively s t u d i e d d u e to t h e t e c h n o l o g i c a l o p p o r t u n i t i e s for p l a n t genetic e n g i n e e r i n g . A n d
p e r h a p s most i m p o r t a n t l y , t h e m u l t i p l e m o l e c u l a r signals and key r e c o g n i t i o n m o d u l e s r e g u l a t 
ing p a t h o g e n e s i s have b e e n d e f i n e d . N e v e r t h e l e s s , these m e m b r a n e - a s s o c i a t e d t w o - c o m p o n e n t
system ( T C S ) e l e m e n t s have g e n e r a l l y p r o v e n r e c a l c i t r a n t to s t r u c t u r a l c h a r a c t e r i z a t i o n . We have
a c c o r d i n g l y d e v e l o p e d a l t e r n a t e s t r a t e g i e s o f d e f i n i n g t h e global a r c h i t e c t u r e o f t h e d o m a i n s a n d
these m e t h o d s have n o w revealed novel signal p e r c e p t i o n events a n d key t r a n s m i s s i o n m o t i o n s
p o t e n t i a l l y susceptible to t h e r a p e u t i c i n t e r v e n t i o n . O u r i n i t i a l h y p o t h e s i s t h a t p l a n t tissues, w h i c h
are c o n s t a n t l y e x p o s e d to rich, c o m p l e x a n d e v e r - c h a n g i n g physical a n d b i o t i c challenges, will
p r o v i d e key i n s i g h t s i n t o p a t h o g e n i c s t r a t e g i e s has been r e w a r d i n g a n d revealed g e n e r a l e l e m e n t s
o f T C S signaling. H e r e we review t h e e m e r g i n g u n d e r s t a n d i n g o f signal p e r c e p t i o n for t h e signal
ing m o d u l e s i n A . tumefaciens a n d show h o w this u n d e r s t a n d i n g can reveal e n t i r e l y new s t r a t e g i e s
for specific a n t i b i o t i c d e v e l o p m e n t .

A g r o b a c t e r i u m t u m e f a c i e n s
The very i n i t i a l stages o f h o s t / p a t h o g e n i n t e r a c t i o n s are e s s e n t i a l to any d e v e l o p i n g s y m b i o t i c

or p a t h o g e n i c a s s o c i a t i o n . 1 A c o m m i t m e n t to such i n t i m a t e a s s o c i a t i o n s r e q u i r e s t h e m o b i l i z a 
t i o n o f s i g n i f i c a n t r e s o u r c e s ; m i n i m a l l y t h e i n v a d i n g o r g a n i s m m u s t d e t e c t c o m p a t i b l e h o s t
organs, tissues a n d / o r cells, r e s p o n d in a t e m p o r a l l y a n d spatially a p p r o p r i a t e m a n n e r a n d stage
the a v o i d a n c e o f h o s t defense. This " c h e m i c a l language" t h a t enables a p a t h o g e n ' s response a n d
evades a host's r e s i s t a n c e to c o l o n i z a t i o n m u s t necessarily be c o m p l e x a n d fluid. Remarkably, T C S
f o r m t h e basis o f many o f these e n v i r o n m e n t a l sensing strategies in p r o k a r y o t e s a n d are widely
used by p a t h o g e n s to c o n t r o l v i r u l e n c e . A c c o r d i n g l y , o u r i n i t i a l focus was to u n d e r s t a n d h o w this
widely d i s t r i b u t e d class o f c o n s e r v e d r e g u l a t o r y systems reviewed in this b o o k a n d elsewhere 2-4

r e c o g n i z e a n d i n t e g r a t e signal i n p u t s to e n s u r e b o t h a c c u r a t e c o m m i t m e n t to p a t h o g e n e s i s a n d
h o s t r e s p o n s e to c o l o n i z a t i o n .

T C S have, at t h e i r core, a 'sensor kinase' t h a t a u t o p h o s p h o r y l a t e s at a c o n s e r v e d h i s t i d i n e . This
P 0 4 - 2 is s u b s e q u e n t l y t r a n s f e r r e d , d i r e c t l y or indirectly, to a c o n s e r v e d a s p a r t a t e o n a ' r e s p o n s e
r e g u l a t o r ' . Signal i n p u t via the sensor kinase generally c o n t r o l s the level o f t h e p h o s p h o r y l a t e d
r e s p o n s e r e g u l a t o r , w h i c h , in t u r n , alters t h e b i o c h e m i c a l activity. In p a t h o g e n e s i s , this a c t i v i t y is
to i n d u c e or repress e x p r e s s i o n o f specific genes t h r o u g h t h e i n t e r a c t i o n o f t h e p h o s p h o r y l a t e d
r e s p o n s e r e g u l a t o r w i t h specific sites o n t h e r e g u l a t e d p r o m o t e r s . This fairly simple p i c t u r e may
have layers o f c o m p l e x i t y , d e p e n d i n g o n w h e t h e r the s e n s o r e x h i b i t s p h o s p h a t a s e a c t i v i t y or
involves a d d i t i o n a l p h o s p h o t r a n s f e r p r o t e i n s a n d e x h i b i t even g r e a t e r r e g u l a t i o n . " ! Already,
t w o - c o m p o n e n t systems o f p a t h o g e n s have b e e n i d e n t i f i e d a n d successfully e x p l o i t e d as t a r g e t s
to c o n t r o l p a r h o g e n e s l s . t ' P

The issue o f signal c o m p l e x i t y is c r i t i c a l for any b i o l o g i c a l m a t r i x a n d q u e s t i o n s r e m a i n con
c e r n i n g the m e c h a n i s m s by w h i c h a T C S perceives a n d t r a n s l a t e s t h a t c o m p l e x i t y i n t o useful
i n f o r m a t i o n for t h e p a t h o g e n . In some cases, m u l t i p l e t w o - c o m p o n e n t systems converge to activate
c o m m o n genes or to i n d i v i d u a l l y i n f l u e n c e e x p r e s s i o n o f d i f f e r e n t subsets o f g e n e s . " : ' 5 At p r e s e n t
t h e r e is a s u r p r i s i n g lack o f i n f o r m a t i o n r e g a r d i n g the signal p e r c e p t i o n processes and, in p a r t i c u l a r ,
t h e h o s t - d e r i v e d signals for most systems have n o t b e e n i d e n t i f i e d . In fact, the possible role played
by m u l t i p l e signals on any p a r t i c u l a r t w o - c o m p o n e n t system is rarely e x a m i n e d . O n e e x c e p t i o n to
this is the N O r e s p o n s i v e sensor kinase ResE o f Bacillus subtilus w h e r e g e n e t i c evidence suggests
m u l t i p l e signal i n p u t s ; " o n e r e c o g n i z e d in t h e c y t o p l a s m a n d o n e in t h e p e r i p l a s m . Similarly,
r e c e n t in silico analysis o f BvgS ( t h e s e n s o r kinase r e g u l a t i n g p a t h o g e n e s i s in Bordetella pertussis)
i n d i c a t e s t h a t it has t w o d i s t i n c t p e r i p l a s m i c p r o t e i n - b i n d i n g d o m a i n s a n d a c y t o p l a s m i c PAS
d o m a i n , all t h e o r e t i c a l l y capable o f r e s p o n d i n g to s e p a r a t e signals.
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Agrobacterium tumefaciens is a g r a m - n e g a t i v e soil b a c t e r i u m t h a t i n f e c t s p l a n t s , g e n e r a l l y at
w o u n d sites a n d i n i t i a t e s t h e f o r m a t i o n o f t u m o r s . Because o f t h e ease a n d relative safety o f ma
n i p u l a t i n g t h i s b a c t e r i u m , it has b e c o m e an i m p o r t a n t m o d e l system o f b a c t e r i a l p a r h o g e n e s i s , ' " ? '
Briefly, v i r u l e n t b a c t e r i a c o n t a i n a large t u m o r - i n d u c i n g p l a s m i d ( p T i ) t h a t carries a v a r i e t y o f
v i r u l e n c e (vir) genes. T w o o f t h e vir genes, virA a n d virG, c o m p r i s e t h e t w o c o m p o n e n t system
t h a t r e c o g n i z e s signals o f t e n a s s o c i a t e d w i t h p l a n t w o u n d sites, specifically, p h e n o l derivatives,
low p H , c e r t a i n aldose m o n o s a c c h a r i d e s a n d l i m i t e d p h o s p h a t e . V i r A is t h e s e n s o r kinase t h a t
processes all these i n p u t signals 22

•
27 and, u l t i m a t e l y , p h o s p h o r y l a t e s V i r G . 2 8,29 E x p r e s s i o n o f virA a n d

virG is a u t o r e g u l a t e d , w h i l e virG e x p r e s s i o n is also e n h a n c e d by acidic p H a n d l i m i t e d p h o s p h a t e
t h r o u g h t h e i r effects on d i f f e r e n t c o m p o n e n t s o f i t s p r o m o t e r . f - " The p h o s p h o r y l a t e d v e r s i o n o f
V i r G in t u r n activates e x p r e s s i o n o f n u m e r o u s o t h e r vir genes on t h e T i p l a s m i d , " m o s t o f w h i c h
are n e c e s s a r y for t h e o p t i m a l t r a n s f e r o f o n c o g e n i c D N A f r o m t h e b a c t e r i u m i n t o t h e p l a n t cell
( r e v i e w e d in r e f 32).

R e c o g n i t i o n o f h o s t d e r i v e d signals by V i r A is c o m p l e x . A p h e n o l i c signal, e.g., a c e t o s y r i n g o n e
(AS) is e s s e n t i a l for vir gene i n d u c t i o n . 25,26,33,34 T h e p r e s e n c e o f c e r t a i n sugars (e.g., glucose )22,24 as
well as acidic p H 23,25,27,35 s t r o n g l y e n h a n c e s vir gene e x p r e s s i o n i f t h e c o n c e n t r a t i o n o f p h e n o l i c
i n d u c e r is low, b u t sugars a n d low p H are n o t e s s e n t i a l for i n d u c t i o n . The c h r o m o s o m a l l y e n c o d e d
v i r u l e n c e p r o t e i n C h v E is necessary for m o n o s a c c h a r i d e s t o serve as signals. 22,36 C h v E has s i g n i f i c a n t
h o m o l o g y to o t h e r p e r i p l a s m i c s u g a r - b i n d i n g p r o t e i n s , in p a r t i c u l a r the r i b o s e - b i n d i n g p r o t e i n s
o f E. coli a n d S. t y p h i m u r i u m Y T h e r e has b e e n s o m e c o n f u s i o n in the l i t e r a t u r e a b o u t t h e m e a n s
by w h i c h p H is r e c o g n i z e d by V i r A , a m a t t e r c o m p l i c a t e d by t h e fact t h a t t h e virG p r o m o t e r is
r e s p o n s i v e to l o w p H . 27,30 R e c e n t s t u d i e s h o w e v e r i n d i c a t e t h a t acidic p H exerts its effect t h r o u g h
t h e p e r i p l a s m i c r e g i o n a n d is, at least partly, C h v l i - d e p e n d e n t . " A l t h o u g h t h e e v i d e n c e s t r o n g l y
suggests t h a t C h v E has a p h y s i c a l i n t e r a c t i o n w i t h t h e p e r i p l a s m i c d o m a i n o f V i r A , 3 6 it is n o t
k n o w n i f t h i s i n t e r a c t i o n takes place b e f o r e o r after C h v E b i n d s t h e sugar, b u t the i n t e r a c t i o n
i t s e l f is p l - I - d e p e n d e n r .

V i r A forms m e m b r a n e b o u n d homodimers,35,38,39(Fig. 1) a n d the i m p o r t a n c e o f d i m e r i z a t i o n
for V i r A a c t i v i t y is i n d i c a t e d by e x p e r i m e n t s s h o w i n g t h a t A T P b o u n d t o o n e s u b u n i t is u t i l i z e d t o
p h o s p h o r y l a t e t h e o t h e r s u b u n i t w i t h i n the dimer. 40 • 4 2 I n fact, signals r e s u l t i n g f r o m b o t h p h e n o l
a n d sugar p e r c e p t i o n can be t r a n s f e r r e d f r o m o n e m o n o m e r to the o t h e r . 4 1,42 E a c h V i r A m o n o m e r
w i t h i n a d i m e r c o n s i s t s o f d i s t i n c t f u n c t i o n a l d o m a i n s . 35,39.43 Two t r a n s m e m b r a n e r e g i o n s define an
N - t e r m i n a l p e r i p l a s m i c (P) d o m a i n . The c y t o p l a s m i c p o r t i o n o f V i r A c o n s i s t s o f t h r e e a d d i t i o n a l
r e g i o n s : t h e l i n k e r (L), the kinase (K) a n d t h e receiver (R). The p e r i p l a s m i c d o m a i n is i n v o l v e d
in sugar Signaling t h r o u g h i n t e r a c t i o n w i t h ChvE;36 t h e kinase d o m a i n c o n t a i n s t h e c o n s e r v e d
h i s t i d i n e t h a t is t h e site o f a u t o p h o s p h o r y l a t i o n " a n d an A T P - b i n d i n g site 45 a n d t h e receiver d o 
m a i n has some h o m o l o g y w i t h t h e N - t e r m i n u s o f t h e V i r G r e s p o n s e r e g u l a t o r . O n e o f t h e m o s t
i n t r i g u i n g features o f t h e V i r A m o l e c u l e is t h a t several o f i t s d o m a i n s can f u n c t i o n w h e n e x p r e s s e d
s e p a r a t e l y a n d these can be used to d e v e l o p m o d e l s o f a c t i v a t i o n (Fig. 2). This m o d e l p r e d i c t s t h a t
t h e p e r i p l a s m i c d o m a i n has a repressive a c t i v i t y on t h e c y t o p l a s m i c d o m a i n a n d is r e l i e v e d by
C h v E f sugar flow p H s i g n a l i n g . The kinase d o m a i n , alone, e x h i b i t s c o n s t i t u t i v e a c t i v i t y in s t i m u l a t 
ing vir gene e x p r e s s i o n t h a t is n o t r e g u l a t e d by a c e t o s y r i n g o n e (AS), t h e p h e n o l i c i n d u c e r . 2 3. 40,43

I n c l u s i o n o f t h e receiver w i t h the kinase f r a g m e n t ( K R ) creates a v e r s i o n o f t h e p r o t e i n t h a t can
n o t be a c t i v a t e d , " w h i l e t h e l i n k e r - k i n a s e - r e c e i v e r f r a g m e n t ( L K R ) r e q u i r e s AS for activity. The
c o n t r a s t i n g b e h a v i o r o f K , K R a n d L K R is in a c c o r d w i t h t h e role o f t h e l i n k e r in p e r c e p t i o n o f the
p h e n o l i c i n d u c e r a n d suggests t h a t an i n h i b i t o r y effect o f t h e receiver is reversed by AS. W i t h L K R
a n d n o p e r i p l a s m i c d o m a i n , h i g h c o n c e n t r a t i o n s o f AS are r e q u i r e d because t h e s u g a r - e n h a n c e d
p h e n o l r e s p o n s e is r e m o v e d . i v " O n t h e o t h e r h a n d , t h e p e r i p l a s r n i c - l i n k e r - k i n a s e f r a g m e n t ( P L K )
e x h i b i t s s t r o n g a c t i v i t y in t h e absence o f a p h e n o l i n d u c e r , c o n s i s t e n t w i t h a m o d e l o f t h e receiver
as a repressive e l e m e n t , t h o u g h o u r r e c e n t d a t a ( F a n g , Lynn, Binns a n d W i s e , s u b m i t t e d ) suggests
t h a t t h e receiver can also f u n c t i o n as an a c t i v a t o r w i t h l i m i t i n g V i r G c o n c e n t r a t i o n s . E x p r e s s i o n
o f the receiver in t r a n s to P L K also rescues these r e g u l a t o r y f u n c t i o n s . 4o ,46
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Figure 1. The V i r A / V i r G TCS in A g r o b a c t e r i u m . VirA is located on the inner cell membrane
where it exists as a dimer. P h o s p h o r y l a t i o n occurs between the t w o subunits, and is f o l l o w e d
by p h o s p h o r - t r a n s f e r to the cognate response regulator, V i r G (Reproduced w i t h permission
from M c C u l l e n CA, Binns AN. Annu Rev Cell Dev Bioi 2006; 22:101-127).

H i g h - r e s o l u t i o n s t r u c t u r a l d a t a t h a t s u p p o r t s m e c h a n i s t i c models in T C S has b e e n slow to
emerge due to l i m i t a t i o n s in s t a b i l i t y a n d solubility. However, w i t h the a c c u m u l a t i n g genetic d a t a
a n d i n f o r m a t i o n r e g a r d i n g the m o d u l a r i t y o f T C S f u n c t i o n s , we have a r g u e d t h a t l o w - r e s o l u t i o n
s t r u c t u r a l d a t a may p r o v i d e sufficient i n f o r m a t i o n t o develop t h e r a p e u t i c i n t e r v e n t i o n strate
gies. Accordingly, we have d e v e l o p e d a m o d e l w h e r e b y helical coils e x t e n d i n g from the s e c o n d
t r a n s m e m b r a n e region i n t o a n d o u t o f the l i n k e r region process a n d t r a n s m i t signals t o the kinase
d o m a i n . ' ? In v i t r o signal d e p e n d e n t sensor kinase activities have been d e v e l o p e d in relatively few
cases 4 8

· 5 0 a n d only in the case o f the r e l a t e d c h e m o t a x i s p r o t e i n , Tar ( a n d Trg), is t h e r e s t r o n g
s t r u c t u r a l evidence c o n c e r n i n g t r a n s m e m b r a n e signal t r a n s d u c t i o n . 51 Nevertheless, d o m a i n swaps
w i t h these systems to test f u n c t i o n a l models o f p a t h o g e n i c T C S can be p o w e r f u l .

P a t h o g e n i c A . tumefaaens recognizes and integrates at least four d i f f e r e n t signals. Such complex
a n d h i g h l y r e g u l a t e d r e c o g n i t i o n system may suggest t h a t a specific l o c a t i o n (or time), organ, tis
sue or cell type is maximally susceptible to the p a t h o g e n . Accordingly, these r e q u i r e m e n t s offer
many d i f f e r e n t sites for i n t e r v e n t i o n a n d the successful strategies may be useful for many d i f f e r e n t
p a t h o g e n s t h a t have similar b u t less s o p h i s t i c a t e d r e c o g n i t i o n r e q u i r e m e n t s . InA. tumefaaens, the
r e q u i s i t e w o u n d site c e r t a i n l y provides a ' p o r t a l o f e n t r y : b u t o t h e r specific processes at the h o s t
may be necessary for r r a n s f o r m a e i o n . " For example, the h i g h activity o f the p h e n y l p r o p a n o i d
pathway, low p H a n d sugars associated w i t h cell wall synthesis are also r o u t i n e l y associated w i t h
w o u n d r e p a i r a n d cell d i v i s i o n Y However, two studies have e s t a b l i s h e d t h a t t r a n s f o r m a t i o n can
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Figure 2. Domain module of VirA, showing only a single m o n o m e r for simplicity. AS and
ChvE signal inputs into VirA are indicated (Reproduced w i t h permission from M c C u l l e n CA,
Binns AN. Annu Rev Cell Dev Bioi 2006; 22:101-127).

o c c u r in u n w o u n d e d t o b a c c o seedlings 54 • 55 a n d in o n e case, vir gene e x p r e s s i o n c o u l d be o b s e r v e d
in t h e b a c t e r i a in t h e absence o f w o u n d i n g . " So, w h a t is t h e r e q u i r e d i n f o r m a t i o n ? W h a t is t h e
relative t i m i n g a n d f r e q u e n c y o f vir i n d u c t i o n and t r a n s f o r m a t i o n at w o u n d e d vs. u n w o u n d e d sites?
W h a t is t h e d i s t r i b u t i o n o f i n d u c i n g signals a n d h o s t defense s t r a t e g i e s over b o t h t i m e a n d space?
W h a t is t h e "signal l a n d s c a p e ' Y " a n d h o w has t h e p a t h o g e n evolved to e x p l o i t the i n f o r m a t i o n ?
C e r t a i n l y Agrobacterium offers m a n y o p p o r t u n i t i e s for u n d e r s t a n d i n g t h e c o m p l e x i n f o r m a t i o n
exchange t h a t occurs d u r i n g h o s t i n v a s i o n a n d s h o u l d p r o v i d e s t r a t e g i e s for i n t e r v e n t i o n at t h e
m a n y c r i t i c a l stages o f p a t h o g e n e s i s .

S i g n a l P e r c e p t i o n and T r a n s m i s s i o n

'The P h e n o l Signal
The m o s t c r i t i c a l a n d the m o s t s t u d i e d , b u t p r o b a b l y t h e least u n d e r s t o o d , o f t h e signals re

q u i r e d to i n d u c e V i r A / V i r G - m e d i a t e d gene t r a n s f e r is t h e p h e n o l . W h i l e a c e t o s y r i n g o n e (AS)
is g e n e r a l l y t h e e x p e r i m e n t a l n a t u r a l p h e n o l i n d u c e r , t h e d i v e r s i t y o f r e p o r t e d i n d u c i n g p h e n o l s
is i m m e n s e . " The p h e n o l h y d r o x y l g r o u p is e s s e n t i a l for activity, b u t several a u x i l i a r y s t r u c t u r a l
features, i n c l u d i n g ortho-methoxy g r o u p s a n d para-acetyl a n d alkyl s u b s t i t u e n t s , c o n t r i b u t e to
activity. A simple f i r s t - o r d e r s t r u c t u r e - a c t i v i t y m o d e l was p r o p o s e d to e x p l a i n t h e v a r i o u s p h e n o l
i n d u c e r s . V This " p r o t o n t r a n s f e r " m o d e l i n v o l v e d simple p r o t o n t r a n s f e r from t h e p h e n o l acid to
a V i r A base, d e s i g n a t e d t h e a m i n e , reversibly s w i t c h i n g t h e kinase a c t i v i t y f r o m " O F F " to " O N "
(Fig. 3). This m o d e l p r e d i c t s t h a t any acid w i t h a pKa above t h e p H o f t h e c y t o p l a s m c o u l d access
t h e h y d r o p h o b i c b i n d i n g site a n d p r o t o n a t e a basic a m i n e .
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We f u r t h e r evaluated the dose response o f vir i n d u c t i o n and i n h i b i t i o n . These results argue
t h a t VirA is directly involved in AS p e r c e p t i o n , but do n o t explain the broad p h e n o l specificity.
N o r does this a s s i g n m e n t explain the i n a b i l i t y o f the first s y n t h e t i c i n h i b i t o r o f T C S i n d u c t i o n ,
ASBr , to physically i n t e r a c t w i t h the VirA .57

T h e R a t c h e t M o d e l
In the absence o f d i r e c t physical or chemical evidence, Lohrke et al p r o v i d e d the best genetic

evidence for VirA serving as the p h e n o l r e c e p t o r by moving the V i r A / V i r G signaling system i n t o
E. coli. 58 V i r A / V i r G alone was sufficient for p h e n o l p e r c e p t i o n when co-expressed with the R N A
polymerase (rpoA) gene from A . tumefaaens . As o u t l i n e d in Figure 2, c u r r e n t genetic evidence
f u r t h e r identifies the linker d o m a i n o f Vir A as responsible for sensing phenols. C o m m o n B L A S T
m e t h o d s do n o t i d e n t i f y f u n c t i o n a l l y h o m o l o g o u s sequences , b u t recent advance in sequence
c o m p a r i s o n m e t h o d o l o g y has i m p r o v e d the d e t e c t i o n o f remote h o m o l o g o u s sequences. 59 A search
o f the VirA linker sequence against the S U P E R F A M I L Y l i b r a r y (www.supfam.orgj '" i d e n t i f i e d a
GAF-like d o m a i n as a s e c o n d a r y s t r u c t u r e m a t c h . " Sequence searching using o t h e r p r o t e i n family
databases (e.g., Pfam)62 c o n f i r m e d the i d e n t i f i c a t i o n , a l t h o u g h the sequence h o m o l o g y score was
r a t h e r low. GAF d o m a i n s represent a large family o f small m o l e c u l e - b i n d i n g elements t h a t gener
ally do n o t display s t r o n g sequence c o n s e r v a t i o n / " There are now more t h a n 1,400 p u t a t i v e GAF
d o m a i n s i d e n t i f i e d / " each generally c o u p l e d w i t h o t h e r f u n c t i o n a l domains and i m p l i c a t i n g t h e i r
role in s m a l l - m o l e c u l e - m e d i a t e d r e g u l a t i o n o f f u n c t i o n . s '

G A F d o m a i n s are d i s t a n t l y r e l a t e d t o a n o t h e r class o f small m o l e c u l e - b i n d i n g d o m a i n s
k n o w n as PAS.63 .65 ,66 Both d o m a i n s appear f r e q u e n t l y in h i s t i d i n e kinascs (c.g., PAS: FixL, ArcB
and BvgS; GAF : LytS ( p u t a t i v e r e g u l a t o r o f cell autolysis) and E T R I ( p l a n t ethylene receptor» ,
are usually l o c a t e d i m m e d i a t e l y p r i o r to the h i s t i d i n e kinase d o m a i n and are i m p l i c a t e d in small
m o l e c u l e - m e d i a t e d kinase activation. Like PAS, the sequence c o n s e r v a t i o n a m o n g G A F d o m a i n s
is low, w h i c h may imply great diversity in t h e i r small molecule ligands . GAF d o m a i n s do have
a c o n s e r v e d a r r a n g e m e n t o f se co n d ar y s t r u c t u r e elements with three a helice s ( a 2 , a 3 and a 4 )
separated by t h r e e ~ s t r a n d s (~I, ~2 and ~3) b e t w e e n a2 and a 3 and a n o t h e r t h r e e ~ s t r a n d s (~,

~S and ~6) b e t w e e n a 3 & a 4. A few X-ray crystal s t r u c t u r e s o f GAF d o m a i n s have now been
r e p o r t e d . IMCO, for P D E 2 (cyclic n u c l e o t i d e p h o s p h o d i e s t e r a s e ) in mouse, I Y K D , for cyaBl
(adenyl yl cyclase) in c y a n o b a c t e r i u m A n a b a e n a as shown in Figure 4 and 1 V H M and I F S M for
u n k n o w n p r o t e i n s inE. coli and yeast respectively, all c o n t a i n a central anti-parallel m u l t i - s t r a n d e d
~-sheet (~I-~6). packed on one side with a few a helices (a2 . a 4 and a I ) and on the o t h e r with
a 3 and a ~-~S loop c o n s t i t u t i n g the p o t e n t i a l l i g a n d - b i n d i n g site . 65 .6 7.68

The s e c o n d a r y s t r u c t u r e o f the VirA linker was f u r t h e r p r e d i c t e d with Sam T 0 2 web server
( h t t p : / / w w w . c s e . u c s c . e d u / r e s e a r c h / c o m p b i o / H M M - a p p s / ) to c o m p a r e w i t h GAF d o m a i n s o f
k n o w n s t r u c t u r e . The s t r u c t u r a l similarities to GAF d o m a i n s are well c o n s e r v e d in four different
VirA linker sequences e x a m i n e d , excep t for the absence o f the ~3 s t r a n d and the existence o f an
a d d i t i o n a l ~ s t r a n d in the ~-~S loop . The long flexible ~4-~S loop, usually having some s e c o n d a r y
s t r u c t u r e features ( a - h e l i c a l in cyaBl adenylyl cyclase), has been shown to be involved in ligand
b i n d i n g t o g e t h e r w i t h ~3-a3 region 67 .6 8 and the ~-~S loop, ~3-a3 and ~-sheet o f the linker do
main may well c o n s t i t u t e a p o t e n t i a l p h e n o l - b i n d i n g site. Most i m p o r t a n t l y , three a - h e l i c e s ( a I ,

I n d u c t i o n

Figure 3. The proton transfer model of AS i n d u c t i o n .
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a 2 a n d a 4 ) f l a n k t h e c e n t r a l ~ e l e m e n t o f t h e V i r A l i n k e r ; a 2 a n d a 4 are p r e s e n t in all k n o w n
G A F s t r u c t u r e s p a c k i n g a g a i n s t o n e side o f t h e ~-sheet, w h i l e the n o n c o n s e r v e d a l in some G A F
s t r u c t u r e s is in c o n t a c t w i t h a 2 / a 4 a n d a l ' f r o m a n o t h e r d i m e r s u b u n i t , p r o v i d i n g t h e d i r n e r i z a 
t i o n i n t e r f a c e . 6 7. 68 As d e v e l o p e d below, a l a n d a 4 a p p e a r i m p o r t a n t for s i g n a l - m e d i a t e d kinase
a c t i v a t i o n in V i r A . Since t h e p r e d i c t i o n s at F i g u r e 5 have a l c o n n e c t i n g t o t h e p H / s u g a r - s e n s i n g
p e r i p l a s m i c d o m a i n via T M 2 a n d a 4 as a c o n t i n u o u s helix t h r o u g h the H - b o x o f the kinase d o m a i n ,
t h e i n t e r a c t i o n a n d t h e relative m o t i o n a m o n g t h e s e helices c o u l d be c r i t i c a l for i n t e g r a t i n g t h e
p H / s u g a r a n d p h e n o l p e r c e p t i o n to r e g u l a t e t h e kinase activity.

D i m e r i z a t i o n a p p e a r s key for h i s t i d i n e kinase f u n c t i o n " a n d t h i s a s s o c i a t i o n is m a i n t a i n e d in
V i r A (Fig. l ) . As w i t h o t h e r h i s t i d i n e kinases, V i r A a u t o p h o s p h o r y l a t i o n is an i n t e r - s u b u n i t reac
t i o n , w h e r e b y a p h o s p h a t e g r o u p is t r a n s f e r r e d f r o m t h e A T P - b i n d i n g r e g i o n o n o n e d i m e r s u b u n i t
t o a c o n s e r v e d h i s t i d i n e on the s e c o n d subunit.40·41.69 W h i l e d i m e r i z a t i o n alone seems i n s u f f i c i e n t for
s i g n a l i n g in h i s t i d i n e kinases,38.70-72 t h e s i g n a l - m e d i a t e d d i s p l a c e m e n t o f o n e s u b u n i t relative to t h e
o t h e r has b e e n s u g g e s t e d t o be c r i t i c a l for t h e a c t i v a t i o n o f h i s t i d i n e kinases,73-75 P r e v i o u s analyses
by P H D - s e c a l g o r i t h m s i d e n t i f i e d h e l i c a l c o i l e d - c o i l - l i k e h e p t a d p a t t e r n s , " n o w a s s i g n e d a l a n d
a 4 by t h e G A F n o m e n c l a t u r e . I n i t i a l tests o f t h e f u n c t i o n a l role o f t h e h e l i c a l i n t e r f a c e in signal
t r a n s d u c t i o n were e x p l o r e d by fusing the l e u c i n e z i p p e r ( L Z ) o f G C N 4 in r e g i s t e r at t h e b e g i n n i n g
o f helix a 1. The large f o l d i n g free e n e r g y o f t h e l e u c i n e z i p p e r w i t h a d a p t e r s e q u e n c e s (0, 3, o r 4
residues i n s e r t e d b e t w e e n L Z a n d t h e site o f f u s i o n ) was p r e d i c t e d t o bias s u b u n i t p o s i t i o n a n d en
force a l i g n m e n t o f t h r e e d i f f e r e n t interfaces. I n d e e d , the r e s u l t i n g L Z - ( 0 / 3 / 4 ) - l i n k e r - k i n a s e - r e c i e v e r
( L Z - L K R ) c o n s t r u c t s d i s p l a y e d p h e n o l - i n d e p e n d e n t activities, c o n s i s t e n t w i t h L Z r e s t r i c t i n g t h e
f l e x i b i l i t y o f the i n t e r f a c e s to a c t i v a t e / s u p p r e s s t h e p h e n o l r e s p o n s e . These i n i t i a l s t u d i e s led t o t h e
" r a t c h e t " m o d e l for s i g n a l p e r c e p t i o n / t r a n s m i s s i o n w h e r e a s i g n a l - i n d u c e d t w i s t i n g o f the d i m e r
s u b u n i t s p r o p a g a t e d t h r o u g h t h e kinase d o m a i n to m e d i a t e p h o s p h o r y l a t i o n . "

Figure 4. S t r u c t u r e of GAF d o m a i n from c y a B l . 6 5 PDB ID: lYKD; l i g a n d , cAMP.
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Figure 5. Schematic representation of the VirA l i n k e r d o m a i n . In this model, a l transmits signal
p e r c e p t i o n from the p e r i p l a s m i c d o m a i n through a4 and into the conserved h i s t i d i n e at 474.
This model for the m o n o m e r has a l l o w e d a more d e t a i l e d a l / a 4 f o u r - h e l i x b u n d l e model to
be d e v e l o p e d , as shown in Figure 7.

Signal I n t e g r a t i o n
The global m o t i o n s o f Vir A revealed by t h e L Z fusions p r o v i d e d t h e first i n s i g h t i n t o signal

p e r c e p t i o n by V i r A N i r G a n d o p e n e d several f u r t h e r lines o f analysis. For example, G 4 7 1 E a n d
G 6 6 S D r e p r e s e n t t w o k n o w n s u b s t i t u t i o n s l o c a t e d w i t h i n t h e kinase d o m a i n o f Vir A t h a t alter
signal p e r c e p t i o n . " G 4 7 1 E is l o c a t e d n e a r t h e c o n s e r v e d h i s t i d i n e ( H 4 7 4 , site o f a u t o - p h o s 
p h o r y l a t i o n ) a n d creates a V i r A allele t h a t is a c t i v a t e d by sugar alone, b u t is f u r t h e r i n d u c i b l e by
p h e n o l s . G 6 6 S D lies near t h e p r e d i c t e d A T P - b i n d i n g site a n d u n l i k e VirAc471E, Vir.Ac66SD shows
low c o n s t i t u t i v e vir gene expression in t h e absence o f h o s t signals, b u t whose a c t i v i t y is also f u r t h e r
i n d u c e d by sugar a n d / o r p h e n o l signals. R e m a r k a b l y G 4 7 1 E a n d G 6 6 S D a l t e r e d t h e a c t i v i t y o f
the L Z - L K R c o n s t r u c t s very d i f f e r e n t l y . " The LZ-(O/3)-LKRc47lE allele t u r n e d t h e a c t i v i t y o f f
c o m p l e t e l y while L Z - ( 3 ) - LKR<;66SD was O N a n d L Z - ( 4 )-LKR<;66SD was 0 FE These i n i t i a l results
s u g g e s t e d the very real p o s s i b i l i t y o f m a p p i n g t h e i n t e r a c t i n g faces across t h e helices u s i n g these
L Z f u s i o n s .

As t h e d e v e l o p i n g m o d e l p r e d i c t e d d i r e c t h e l i x / h e l i x i n t e r a c t i o n s b e t w e e n a 1 a n d a 4 , l e u c i n e
z i p p e r fusions in a 4 , c r e a t i n g t h e L Z - ( O / 3 / 4 ) - K R c o n s t r u c t s , were also e x p l o r e d . " As w i t h the
LZ-(O/3/4)-LKR<;665D c o n s t r u c t s , the e x p r e s s i o n o f a P virlJ-lacZ r e p o r t e r was d e p e n d e n t o n t h e
a d a p t e r s e q u e n c e i n s e r t e d b e t w e e n L Z a n d a 4 . LZ-(4)-KR<;66SD a n d LZ-(O)-KR<;66SD were ON
in vir e x p r e s s i o n while the a c t i v i t y o f LZ-(3)-KR<;66SD was repressed. R e m o v a l o f t h e receiver
d o m a i n ( L Z - Kc66SD series) r e s u l t e d in m u c h h i g h e r a c t i v i t y for L Z - ( 0)- K<;66SD a n d L Z - ( 4)- K<;66SD,
c o n s i s t e n t w i t h the receiver f u n c t i o n i n g as a repressive e l e m e n t , while LZ-(3)-K<;66SD was again
inactive. I m p o r t a n t l y , t h e L Z - a 4 c h i m e r a s w i t h o u t an i n t a c t receiver d i s p l a y e d t h e same a c t i v i t y
d e p e n d e n c e on t h e a 4 i n t e r f a c e as t h e LZ-(O/3/4)-K~SDc o n s t r u c t s , s u g g e s t i n g a r a t c h e t m o d e l
o f r o t a t i o n a l m o t i o n t h a t u n i t e s a l a n d a 4 in r e g u l a t i n g a c t i v a t i o n o f t h e kinase d o m a i n . In o t h e r
words, t h e two helices a p p e a r to be f u n c t i o n a l l y c o u p l e d ; a phase shift o f a 1 p r o p a g a t e s to a 4 a n d
r e g u l a t e s p h o s p h o r y l a t i o n o f t h e kinase. M o r e o v e r , the i n s e r t i o n s a p p e a r e d to be specific to a l
a n d a 4 as e q u i v a l e n t i n s e r t i o n s in a 2 h a d no effect on the activity.
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The e m e r g i n g GAF m o d e l o f the linker d o m a i n p o s i t i o n s o l and a 4 as parallel helices in a
four-helix b u n d l e w i t h i n the VirA dimer, m u c h like the parallel f o u r - h e l i c a l coiled-coil p r e s e n t in
a n o t h e r widely d i s t r i b u t e d signaling d o m a i n in h i s t i d i n e kinases, the H A M P d o m a i n . " I n d e e d ,
four-helix b u n d l e s t r u c t u r e s are c o m m o n in b a c t e r i a l signaling a n d the H - b o x - c o n t a i n i n g the
s u b d o m a i n o f the h i s t i d i n e kinase i t s e l f likely forms a four-helix b u n d l e . The c h e m o t a x i s recep
t o r s appear to t r a n s m i t p e r i p l a s m i c signals t h r o u g h a p i s t o n - l i k e sliding m o t i o n o f one helix in
a four-helix b u n d l e f o r m e d by t r a n s m e m b r a n e helices. s l

•
7 3 Based on the s i m i l a r i t y b e t w e e n the

p e r i p l a s m i c d o m a i n s o f Vir A and the c h e m o r e c e p t o r s Tar and Trg, a t r a n s m e m b r a n e signaling
m o d e l w i t h the same helical sliding m o v e m e n t along the T M 2 axis was i m a g i n e d for p H / s u g a r
t r a n s d u c t i o n . Since a I c o n n e c t s i m m e d i a t e l y to T M 2 , such a helical sliding m o t i o n c o u l d move
a l e i t h e r t o w a r d or away from the i n n e r m e m b r a n e . A reasonable h y p o t h e s i s m i g h t be t h a t t h e
a l / a 4 / a l ' / a 4 ' four-helix b u n d l e c o o r d i n a t e s the p h e n o l - i n d u c e d r o t a t i n g m o t i o n w i t h the p H I
s u g a r - i n d u c e d sliding m o t i o n to give an i n t e g r a t e d response. Since p h e n o l is absolutely r e q u i r e d
for virulence i n d u c t i o n , while p H / s u g a r synergistically e n h a n c e p h e n o l i n d u c t i o n , the r o t a t i n g
m o t i o n appears i n d i s p e n s a b l e for kinase a c t i v a t i o n , while a sliding m o t i o n , caused by sugar and
p H signaling, may significantly lower the energy b a r r i e r o f helix r o t a t i o n .

C l o s e r analysis o f a I a n d a 4 revealed a feature t h a t may i n t e g r a t e the p r o p o s e d s u g a r - i n d u c e d
helical sliding w i t h the r o t a t i o n we p r o p o s e is i n d u c e d by p h e n o l . o l and a 4 c o n t a i n a h i g h d e n s i t y
o f negatively charged residues c l u s t e r e d at the N - t e r m i n u s o f b o t h helices and m o s t o f these acidic
residues are c o n s e r v e d a m o n g d i f f e r e n t VirA sequences (Fig. 6). P a r t i c u l a r l y for a i , S o u t o f 14
residues are D or E. A similar h i g h d e n s i t y o f negatively c h a r g e d residues have been r e p o r t e d in the
a d a p t a t i o n s u b d o m a i n o f c h e m o r e c e p t o r Tar, where the negative charge may destabilize the local
four-helical s t r u c t u r e and e n h a n c e the c o n f o r m a t i o n a l dynamics for s i g n a l i n g . T ' I h e presence o f
so many D and E residues in a l and a 4 w o u l d invariably place some negatively charged residues
in the o t h e r w i s e h y d r o p h o b i c p a c k i n g i n t e r f a c e o f t h e four-helix b u n d l e . D u r i n g the r o t a t i o n o f
helices, two negatively c h a r g e d residues c o u l d collide such t h a t the e l e c t r o s t a t i c r e p u l s i o n w o u l d
r e s t r i c t r o t a t i o n (Fig. 7, lower scheme). However, a sliding m o t i o n o f one helix relative to the
o t h e r w o u l d separate t h e negatively c h a r g e d residues a few A along the helix axis, r e d u c i n g the
e l e c t r o s t a t i c r e p u l s i o n and allowing for r o t a t i o n (Fig. 7). E x t e n d i n g the i n i t i a l hypothesis w o u l d
suggest t h a t the p e r i p l a s m i c d o m a i n o f Vir A a n c h o r s the a l helix in an unfavorable p o s i t i o n for
r o t a t i o n and limits the capacity o f AS to i n d u c e kinase activity, while p H / s u g a r p e r c e p t i o n relieves
this i n h i b i t i o n by sliding the o l helix to displace negatively c h a r g e d residues in the four-helical
interface, easing p h e n o l - i n d u c e d r o t a t i o n .

To explore the f u n c t i o n a l roles o f these negatively c h a r g e d residues in a l l a 4 , conservative
s u b s t i t u t i o n s o f the D a n d E residues to N or Q were c o n s t r u c t e d . " I f the e l e c t r o s t a t i c r e p u l s i o n
a m o n g the negatively c h a r g e d residues does p l a y a role in l i m i t i n g the r o t a t i o n , the c h a r g e - n e u t r a l
s u b s t i t u t i o n s s h o u l d lower the energy barrier fur r o t a t i o n and show a h i g h e r activity t h a n wild type.
I n d e e d b o t h E 2 9 S Q a n d E 2 9 9 Q s h o w e d significantly h i g h e r activity w h e n t e s t e d in the absence
o f i n d u c i n g sugar. Moreover, in the presence o f i n d u c i n g sugar, the increase in p h e n o l responsive
ness was e l i m i n a t e d , c o n s i s t e n t w i t h the p o s i t i o n i n g o f these residues being responsible for the
repressive n a t u r e o f t h e p e r i p l a s m i c d o m a i n . These data are f u r t h e r c o n s i s t e n t w i t h the general
w o r k i n g m o d e l for the m o t i o n s o f Vir A a n d s u p p o r t the general a p p r o a c h in t h a t it allows d i r e c t
in vivo m a p p i n g o f the interfaces o f the helices before a n d after a c t i v a t i o n .

* * * * *a l DYEELIKEIGVCFE

* *
a 4 EIQLLELATACLCH.

Figure 6. The a c i d i c residues as i n d i c a t e d by * at the N - t e r m i n u s of both ul and u4.
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H i s t i d i n e kinase h y b r i d s w i t h Tar have also b e e n used p r e v i o u s l y to p r o b e t r a n s m e m b r a n e
signaling m e c h a n i s m s . The successful c o n s t r u c t i o n o f an a s p a r t a t e - r e s p o n s i v e T a r - E n v Z h y b r i d ,
T a z l , has been used to s u p p o r t a p i s t o n m e c h a n i s m o p e r a t i n g in Env Z s i g n a l i n g 7 9 • 80 O n the o t h e r
h a n d , Tar- ArcB h y b r i d s do n o t r e s p o n d to a s p a r t a t e , c o n s i s t e n t the absence o f the t r a n s m e m b r a n e
p i s t o n signaling in a p r o t e i n t h a t does n o t have a p e r i p l a s m i c sensing d o m a i n ; r a t h e r a c y t o p l a s m i c
PAS d o m a i n appears to be used for sensing redox signals." Tar-VirA h y b r i d p r o t e i n s have previ
ously b e e n c o n s t r u c t e d to i n v e s t i g a t e V i r A s i g n a l i n g , b u t n o n e o f the Tar-VirA h y b r i d s s h o w e d
responsiveness to a s p a r t a t e . " However, we felt the i n s e n s i t i v i t y to a s p a r t a t e may result from incor
rect f u s i o n p o i n t s in these chimeras, t h e r e f o r e Tar-VirA h y b r i d s were r e - i n v e s t i g a t e d a n d based
o n the T M 2 s e q u e n c e a n a l o g y o f Vir A a n d Tar, Tar( aa l- 214) was fused at the N - t e r m i n u s o f the
c y t o p l a s m i c p o r t i o n o f V i r A . Since the helical i n t e r f a c e appears c r i t i c a l for the p h e n o l response,
m u l t i p l e starring p o i n t s o f V i r A (aa281- 287), specifically those previously selected in the LZ fusions,
d i c t a t e d the interface. Fusions at 281, 282 a n d 283 s h o w e d a g r a d u a l increase o f kinase activity,
c o n s i s t e n t w i t h the r o t a t i o n m e c h a n i s m for signaling. A d d i n g residues s h i f t e d the registry. Alleles
c a r r y i n g a single a m i n o acid i n s e r t i o n at 283 gave the 2 8 2 - f u s i o n p h e n o t y p e , f u r t h e r suggesting
t h a t the difference in activities is specifically the result o f the p o i n t s o f fusion. Moreover, fusions
at 285, 286, 287, w i t h four residues less t h a n the c o r r e s p o n d i n g 281, 282 a n d 283 ( a p p r o x i m a t e l y
o n e t u r n o f a helix), d i s p l a y e d a similar p a t t e r n o f i n c r e a s i n g activity.

The TarA fusions r e q u i r e d p h e n o l s (AS), were insensitive to sugar a n d low p H a n d s h o w e d a
decrease o f a c t i v i t y in response to a s p a r t a t e ; t h e I C so b e t w e e n 0 . 5 - 1 roM was c o m p a r a b l e to T a z l ,
the Tar-EnvZ fusion. 79

•
8o Therefore, the TarA fusions r e s p o n d specifically to the n a t u r a l ligand o f Tar,

a s p a r t a t e a n d appear to i n t e g r a t e p h e n o l a n d a s p a r t a t e sensing. Since the t r a n s m e m b r a n e signaling
m e c h a n i s m o f Tar has been s u g g e s t e d to o p e r a t e t h r o u g h the helical s l i d i n g i n t o the c y t o p l a s m i c
d o m a i n , these d a t a f u r t h e r i m p l i c a t e helical s l i d i n g in V i r A signaling. Moreover, the d i r e c t i o n o f
helical s l i d i n g may be d i f f e r e n t because a s p a r t a t e decreases the a c t i v i t y o f the TarA fusions, b u t
i n d u c e s the activity o f Tar. Like the sugar response o f wild type VirA, a s p a r t a t e also a l t e r e d AS
sensitivity, d e c r e a s i n g the ED so o f AS responses o f 2 8 3 a n d 2 8 2 fusions. T h e r e f o r e , the ability o f
TarA fusions to i n t e g r a t e a s p a r t a t e a n d p h e n o l a n d V i r A to i n t e g r a t e p H / s u g a r a n d p h e n o l , may
well rely o n the VirA l i n k e r d o m a i n to r a t c h e t the interfaces o f 0.1 a n d 0.4 a n d m o d u l a t e the e n e r g y
b a r r i e r o f helical r o t a t i o n t h r o u g h t r a n s m e m b r a n e helical sliding.

In a d d i t i o n to the p i s t o n m e c h a n i s m , s i g n i f i c a n t evidence suggests t h a t helical r o t a t i o n is es
sential for h i s t i d i n e kinase s i g n a l i n g in Sin 1 a n d ArcB.74.81 VirA, Sin 1 a n d A r c B all c o n t a i n a cyto
plasmic "linker" d o m a i n ( - l 2 0 a a ) b e t w e e n the kinase a n d T M 2 . Two helical s e g m e n t s invariably
flank this c y t o p l a s m i c linker, c o r r e s p o n d i n g to 0.1 a n d 0.4 in VirA. H e l i c a l - i n t e r f a c e - d e p e n d e n t
activities have been o b s e r v e d for the s e c o n d helix in S l n l (AMP, the 2 n d helix o f H A M P ) a n d
the first helix in ArcB (aa73-11 5)7 4. 81 T h e r e f o r e , the helical r o t a t i o n w i t h i n t h e four-helix b u n d l e
may be a c o m m o n s i g n a l i n g m e c h a n i s m for h i s t i d i n e kinases w i t h a d o m a i n o r g a n i z a t i o n o f two
helices f l a n k i n g the c y t o p l a s m i c linker. Such a m e c h a n i s m may have evolved for c y t o p l a s m i c sens
ing tasks, as seen in VirA a n d ArcB, even t h o u g h the f u n c t i o n o f the l i n k e r from SIn 1 is n o t clear.
A d d i t i o n a l l y , a variety o f sensor kinases have a p e r i p l a s m i c d o m a i n p o s t u l a t e d to i n f l u e n c e t h e i r
l i n k e r d o m a i n a n d t r a n s m e m b r a n e s l i d i n g m o v e m e n t has been h y p o t h e s i z e d as c r i t i c a l to this
a c t i v i t y (e.g., N a r X , ResE, DifA).16,82 N a r X / D i f A c h i m e r a s have yielded n i t r a t e a c t i v a t i o n o f D i f
r e g u l o n m e m b e r s . " I n t e r e s t i n g l y , N a r X from E. coli also has a c e n t r a l l i n k e r m o d u l e a n d we have
f o u n d it to be G A F - l i k e by the S U P E R F A M I L Y web server ( w w w . s u p f a r n . o r g j . ' "

Two a d d i t i o n a l critical discoveries n o t yet p u b l i s h e d from this a p p r o a c h are w o r t h m e n t i o n 
ing. First, the a m i n o acids just p r i o r to 0.1, residues 288- 293, r e g u l a t e p h e n o l s t r u c t u r a l specificity.
S u b s t i t u t i o n s in this region n a r r o w the active p h e n o l s to t h o s e missing the para-acyl s u b s t i t u e n t .
This discovery is i m p o r t a n t b o t h as it helps p i n - p o i n t the region involved in p h e n o l p e r c e p t i o n
a n d also provides i n s i g h t i n t o the ability o f the m o l e c u l e to d e t e c t such a b r o a d range o f s t r u c t u r e s .
As we have a r g u e d t h a t this a b i l i t y to d e t e c t a b r o a d s t r u c t u r a l class is i m p o r t a n t for m u l t i - h o s t
p a t h o g e n e s i s , 1 alleles t h a t n a r r o w the s t r u c t u r a l range o f the signal will be i m p o r t a n t in t e s t i n g
this a s s e r t i o n . S e c o n d , the C - t e r m i n a l receiver d o m a i n o f Vir A is u n u s u a l a m o n g the T C S a n d
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is n o t s h o w n in F i g u r e 7. The d i s c o v e r y o f " p s u e d o - r e c e i v e r " d o m a i n s , s i m i l a r in s e q u e n c e to t h e
receiver d o m a i n s o f t y p i c a l r e s p o n s e r e g u l a t o r s b u t w i t h o u t t h e c o n s e r v e d aspartate,83 -8S suggests
t h a t t h e s e e l e m e n t s may have f u n c t i o n s t h a t go b e y o n d p h o s p h a t e t r a n s f e r . I n d e e d , n o w p h y s i c a l
a n d g e n e t i c e v i d e n c e has s u g g e s t e d t h a t t h e receiver o f V i r A associates w i t h t h e kinase (Fig. 2),
t h e l i n k e r , as well as V i r G to d i r e c t p h o s p h a t e t r a n s f e r s . The exact role t h e receiver plays in t h e
m o t i o n s o f t h e l i n k e r is c u r r e n t l y b e i n g i n v e s t i g a t e d .

A n t i b i o t i c D e v e l o p m e n t
T h e m e c h a n i s t i c m o d e l for signal p e r c e p t i o n a n d t r a n s m i s s i o n in Agrobacterium p a t h o g e n e s i s

has d e v e l o p e d to t h e p o i n t w h e r e d r u g design a n d e v o l u t i o n a r y a p p r o a c h e s c o u l d be e m p l o y e d
to i d e n t i f y lead i n h i b i t o r y c o m p o u n d s . T h e p r o c e s s o f h a r n e s s i n g t h e T i - e n c o d e d D N A t r a n s f e r
m a c h i n e r y as a n a t u r a l v e c t o r for t h e i n c o r p o r a t i o n o f f o r e i g n genes i n t o h i g h e r e u k a r y o t e s r e v e a l e d
several h o s t s r e s i s t a n t toAgrobacterium p a t h o g e n e s i s . T h e o b s e r v a t i o n t h a t maize a n d in fact m o s t
cereal c r o p s , were r e s i s t a n t to t r a n s f o r m a t i o n e n a b l e d t h e d i s c o v e r y o f 2 - h y d r o x y - 4 , 7 -dimethoxy
b e n z o x a z i n - 3 - o n e ( H D M B O A ) (Fig. 8,1).86 H D M B O A , w h i c h c o n s t i t u t e s >98% o f t h e o r g a n i c
e x u d a t e o f y o u n g m a i z e s e e d l i n g , t a r g e t s t h e V i r A / V i r G t w o - c o m p o n e n t s i g n a l t r a n s d u c t i o n
system w i t h a n t i - v i r u l e n c e a c t i v i t y at c o n c e n t r a t i o n s o r d e r s o f m a g n i t u d e b e l o w t h e c o m p o u n d s
g e n e r a l t o x i c i t y t h r e s h o l d . R e a c t i o n - d i f f u s i o n m o d e l s have n o w s h o w n t h a t H D M B O A d e f i n e s
a s t e a d y - s t a t e z o n e o f i n h i b i t i o n c i r c u m s c r i b i n g t h e y o u n g maize s e e d l i n g , c r e a t i n g an u n u s u a l
i n n a t e i m m u n i t y w h e r e t h e s e n s i n g m a c h i n e r y for v i r u l e n c e is d i s r u p t e d a n d no d i r e c t i n h i b i t i o n
o f g r o w t h o r v i a b i l i t y are c o n t r i b u t i n g t o t h e d e v e l o p m e n t o f r e s i s t a n c e .

F u r t h e r s t u d i e s have n o w r e v e a l e d t h a t t h e e x u d e d n a t u r a l p r o d u c t H D M B O A is n o t t h e
active i n h i b i t o r o f vir gene e x p r e s s i o n . R a t h e r an i n t e r m e d i a t e p r o d u c e d a l o n g H D M B O A ' s t w o
d e c o m p o s i t i o n p a t h w a y s , s p e c i f i c a l l y p a t h w a y a to i n t e r m e d i a t e 2, c r e a t e s t h e a c t u a l i n h i b i t o r
(Fig . 9). 87These r e s u l t s led to the p r o p o s a l t h a t H D M B O A f u n c t i o n s as a " p r o - d r u g " fur r e g u l a t i n g
Agrobacterium's v i r u l e n c e . T h e r e l a t i v e l y s t a b i l i t y in t h e r h i z o s p h e r e ( - p H 5.5) allows for accu
m u l a t i o n o f H D M B O A a r o u n d t h e maize r o o t , b u t as t h e c o m p o u n d accesses t h e m o r e n e u t r a l
( - p H 7 . 0 ) b a c t e r i a l c y t o p l a s m , t h e i m i d o q u i n o n e i n t e r m e d i a t e 2 forms r a p i d l y a n d s u b s e q u e n t l y
i n h i b i t s t h e V i r A kinase t o represses vir gene e x p r e s s i o n .

W h i l e t h e i n s t a b i l i t y o f H D M B O A a p p e a r s t o be c r i t i c a l to its f u n c t i o n in t h e soil, t h e use o f
t h i s s t r a t e g y t o d e v e l o p lead c o m p o u n d s may well r e q u i r e s t a b l e a n a l o g s . Based o n t h e i n h i b i t i o n
m e c h a n i s m o f H D M B O A , key s t r u c t u r a l e l e m e n t s o f t h e i n d u c e r were d e v e l o p e d by s t r u c t u r e - a c 
t i v i t y a n a l y s e s ( S A R ) a n d are s h o w n in t h e box above. T h e s e e l e m e n t s were t h e n s y n t h e t i c a l l y
i n c o r p o r a t e d i n t o a novel b e n z o f u r a n o n e s k e l e t o n a n d t h e first s t a b l e s y n t h e t i c i n h i b i t o r , H D I
was c r e a t e d . " U n l i k e H D M B O A t h a t f u n c t i o n s o n t h e k i n a s e d o m a i n o f V i r A, H D I a p p e a r s
t o f u n c t i o n o n l y w h e n t h e receiver d o m a i n is p r e s e n t ( M a r e s h a n d Lynn, u n p u b l i s h e d ) . W h i l e
b i n d i n g small m o l e c u l e (e.g., b e n z o q u i n o n e ) o n t h e p s u d o - r e c e i v e r d o m a i n o f C i k A t o r e g u l a t e

Figure 8 . The r i n g - o p e n e d acetal structure of H D M B O A . The t w o d e c o m p o s i t i o n pathways
are i n d i c a t e d as a and b.
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kinase activity has been discussed r e c e n t l y , " the d i s t i n c t i o n b e t w e e n the sites o f action o f these t w o
i n h i b i t o r s , H D M B O A a n d H D I , remains to be d e t e r m i n e d . Just as H D M B O A served as a valu
able lead for the discovery o f H D I , H D I sets the stage for the discovery o f an entirely new class o f
p o t e n t i a l i n h i b i t o r s . We a n t i c i p a t e t h a t the d e t a i l e d m e c h a n i s m o f H D I's i n h i b i t i o n will facilitate
the r a t i o n a l design o f a d d i t i o n a l c h e m i s t r y t h a t can be e x t e n d e d to T C S more generally.

P e r s p e c t i v e
The rate at w h i c h e n t i r e genomes are s e q u e n c e d c o n t i n u e s to increase and most o f the p r e d i c t e d

p r o t e i n s remain o f u n k n o w n s t r u c t u r e and f u n c t i o n . In this climate, s t r u c t u r a l i n f o r m a t i o n is
rate l i m i t i n g in o u r efforts to u n d e r s t a n d m o l e c u l a r biology. T C S , in many ways, are p r o t o t y p i c a l
o f this l i m i t a t i o n . Several c o m p o n e n t s o f T C S are i n t e g r a l m e m b r a n e p r o t e i n s a n d m o s t o f the
o t h e r e l e m e n t s f u n c t i o n at interfaces or w i t h c o g n a t e p a r t n e r s w i t h p o o r in v i t r o solubility. These
l i m i t a t i o n s c o m p r o m i s e b o t h s t r u c t u r a l and f u n c t i o n a l analyses. W h i l e these e n v i r o n m e n t a l
sensing m o d u l e s are a b u n d a n t in p r o k a r y o t e s , where many serve essential roles in p a t h o g e n e s i s ,
most o f the a c t i v a t i n g ligands are u n k n o w n . This b o o k focuses on T C S as p o t e n t i a l targets for
the d e v e l o p m e n t o f new a n t i b i o t i c s and a l t e r n a t e strategies o f s t r u c t u r a l a n d f u n c t i o n a l analyses
o f these p r o t e i n s will be necessary for these efforts t o be successful.

The p l a n t p a t h o g e n Agrobacterium tumefaciens can be s t u d i e d safely and effectively and has
served as a model p a t h o g e n in many contexts. The bacterium's u n i q u e capacity to m e d i a t e l a t e r a l
gene transfer across k i n g d o m s has m o t i v a t e d i n t e n s e investigations for p l a n t b i o t e c h n o l o g y and
the V i r A N i r G system c o n t i n u e s to p r o v i d e very useful m e c h a n i s t i c i n f o r m a t i o n a b o u t signal
p e r c e p t i o n and t r a n s m i s s i o n a n d to i n f o r m our u n d e r s t a n d i n g o f T C S in p a t h o g e n e s i s . These in
vivo strategies have successfully c r e a t e d a m o d e l for the complex m o t i o n s necessary t o t r a n s m i t
and i n t e g r a t e m u l t i p l e i n p u t signals from diverse cellular c o m p a r t m e n t s . F u r t h e r , t h e identifica
t i o n o f n a t u r a l i n h i b i t o r s has revealed a u n i q u e s t r a t e g y for r e g u l a t i n g p a t h o g e n c o m m i t m e n t
and e n a b l e d the d e v e l o p m e n t o f a novel lead c o m p o u n d for the discovery o f e n t i r e l y new a n d
u n e x p e c t e d p o t e n t i a l a n t i b i o t i c s .
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Figure 9. The upper scheme shows the d e c o m p o s i t i o n pathway a in Figure 8 of H D M B O A
gives i n t e r m e d i a t e 2. Intermediate 2 can f u r t h e r decompose into M B O A . Lower scheme shows
the r e t r o - s y n t h e t i c analysis of the c r i t i c a l f u n c t i o n a l groups necessary for the c o n s t r u c t i o n
of the stable i n h i b i t o r , H D I .
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M o s t i m p o r t a n t l y however, this f o u n d a t i o n e s t a b l i s h e d in Agrobacterium will u n i q u e l y stage
o u r a b i l i t y t o ask why p a t h o g e n s evolve systems t h a t r e q u i r e t h e p r e s e n c e o f several h o s t - d e r i v e d
signals s i m u l t a n e o u s l y to activate v i r u l e n c e gene e x p r e s s i o n . U s i n g Agrobacterium as an in vivo
d e t e c t o r c a r r y i n g d i f f e r e n t c o n s t r u c t s t o r e s p o n d to d i f f e r e n t signals, the p l a n t h o s t can be a n a l y z e d
to d e t e r m i n e w h i c h signals are actually available in the h o s t tissue and w h e n t h e y emerge. T h r o u g h
this d e v e l o p m e n t o f Signal specific versions o f VirA, it will be possible t o p r o b e the c h e m i c a l ,
t e m p o r a l a n d s p a t i a l d i m e n s i o n s o f t h e h o s t "signal landscape". M o r e o v e r , such s t u d i e s will reveal
w h i c h specific features o f the l a n d s c a p e are c r i t i c a l for successful p a t h o g e n e s i s . B u i l d i n g f u r t h e r
o n this i n f o r m a t i o n , a " s y n t h e t i c b i o l o g y " e n g i n e e r i n g d i f f e r e n t d e t e c t o r s t h a t r e s p o n d to d e s i r e d
signals, can be e n v i s i o n e d . Such d e t e c t o r s , expressed w i t h i n an o r g a n i s m able to survive in e i t h e r
soil or p l a n t i n t e r s t i t i a l spaces, c o u l d r e p o r t on biological threats, c h e m i c a l toxins, or d e v e l o p m e n t a l
a l t e r a t i o n s w i t h i n a cellular matrix. We can n o w i m a g i n e a p l a t f o r m o f f u n d a m e n t a l a n d a p p l i e d
q u e s t i o n s b e i n g asked a n d t e c h n o l o g y b e i n g d e v e l o p e d d i r e c t l y from a basic u n d e r s t a n d i n g o f t h e
V i r A N i r G system in Agrobacterium tumefaciens.
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Quorum Sensing and Biofilm
Formation by Streptococcus m u t a n s
D i l a n i Senadheera and D e n n i s G. Cvitkovitch *

A b s t r a c t

S 'trept ococcus mutans is the p r i m a r y cau sative agent involved in d e n t a l caries in h w n a n s . A m o n g
i m p o r t a n t v i r u l e n c e f a c t o r s o f this p a t h o g e n , i t s a b i l i t y to form a n d susta in a p o l y s a c c h a 
r i d e - e n c a s e d b i o f i l m ( c o m m o n l y c a l l e d d e n t a l p l a q u e ) is vital n o t o n l y to its survival a n d

p e r s i s t e n c e in t h e o r a l cavity , b u t also for its p a t h o g e n i c i t y as well. This c h a p t e r focuses o n the S.
mutans ' b iofilm p h e n o t y p e a n d h o w t h i s m o d e o f g r o w t h is r e g u l a t e d by its d e n s i t y - d e p e n d e n t
q u o r w n s e n s i n g ( Q S ) system p r i m a r i l y c o m p r i s e d o f t h e C o m p e t e n c e S t i m u l a t i n g P e p t i d e ( C S P )
a n d the C o m D / C o m E t w o - c o m p o n e n t signal t r a n s d u c t i o n system . In a d d i t i o n to b i o f i l m forma
t i o n , the e S P - m e d i a t e d QS system in S. mutans also affects its a c i d o g e n i c i t y , aciduriciry, g e n e t i c
t r a n s f o r m a t i o n a n d b a c t e r i o c i n p r o d u c t i o n . I n t e r e s t i n g l y, it has also been d i s c o v e r e d t h a t these
p r o p e r t i e s are o p t i m a l l y e x p r e s s e d in cells deri ved f r o m a b i o f i l m as o p p o s e d to a f r e e - f l o a t i n g
p l a n k t o n i c m o d e o f g r o w t h . H e n c e , s t r a t e g i e s t a r g e t i n g S . mutans'QS system to a t t e n u a t e b i o f i l m
f o r m a t i o n a n d / o r v i r u l e n c e are c u r r e n t l y b e i n g used to develop t h e r a p e u t i c or p r e v e n t a t i v e measur es
a g a i n s t d e n t a l caries. Recently, it was di s c o v e r e d t h a t t h e a d d i t i o n o f C S P in large c o n c e n t r a t i o n s
( r e l a t i v e to a m o u n t s u s e d for n o r m a l c o m p e t e n c e d e v e l o p m e n t ) r e s u l t e d in g r o w t h a r r e s t a n d
e v e n t u a l cell d e a t h , t h u s p a v i n g way for C S P - m e d i a t e d t a r g e t e d k i l l i n g o f S. mutans . In a d d i t i o n
t o t h e QS system, effects o f o t h e r t w o - c o m p o n e n t signal t r a n s d u c t i o n systems on t h e b i o f i l m
p h e n o t y p e o f S. m u t a n s ar e also d i s c u s s e d .

I n t r o d u c t i o n
In n a t u r e , b a c t e r i a live in diverse h a b i t a t s t h a t are o f i e n s u b j e c t e d t o v a r i o u s e n v i r o n m e n t a l

fluxes. The a b i l i t y t o d e t e c t a n d a d a p t t h e i r cell p h y s i o l o g y o r b e h a v i o r t o signals r e f l e c t i n g
s u c h c h a n g e s c an u l t i m a t e l y d e t e r m i n e t h e s u r v i v a l a n d p e r si s t e n c e o f t h e s e o r g a n i s m s . The
t w o - c o m p o n e n t s i g n a l t r a n s d u c t i o n p a r a d i g m , i l l u s t r a t e d by th e c h a p t e r s in t h i s b o o k , f a c i l i t a t e s
t h i s a d a p t i v e r e s p o n s e via a s o p h i s t i c a t e d s e n s o r a n d r e s p o n d e r . M o r e specifically, a p a r t i c u l a r
s t i m u l u s or a c o m b i n a t i o n o f s t i m u l i can a u t o p h o s p h o r y l a t e a m e m b r a n e - l o c a t e d h i s t i d i n e kinase
sensor, w h i c h can t h e n convey t h i s message i n t o t h e cell by t r a n s f e r r i n g t h e p h o s p h a t e g r o u p to
a r e s p o n d e r p r o t e i n ( r e s p o n s e r e g u l a t o r ) . l . 2 1 h e a d a p t i v e p h e n o t y p e is e l i c i t e d w h e n the result
i n g p h o s p h o r y l a t i o n triggers a c o n f o r m a t i o n a l c h a n g e in t h e r e s p o n s e r e g u l a t o r p r o m p t i n g its
b i n d i n g to specific DNA p r o m o t e r r e g i o n s , t h e r e b y r e n d e r i n g t r a n s c r i p t i o n a l r e g u l a t i o n o f genes
u n d e r t h e i r c o n t r o l . In r e c e n t ye ar s , t h e a v a i l a b i l i t y o f c o m p l e t e b a c t e r i a l g e n o m e s has f a c i l i t a t e d
t h e discov ery o f novel t w o - c o m p o n e n t signal t r a n s d u c t i o n syst e ms, w h i c h in c o m b i n a t i o n w i t h
effective g e n e t i c t o o l s has vastl y e n h a n c e d o u r u n d e r s t a n d i n g o f h o w b a c t e r i a se n se a n d r e s p o n d
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to v a r i o u s signals. F r o m a c l i n i c a l s t a n d p o i n t , these systems p r o v i d e us w i t h p o t e n t i a l t a r g e t s t h a t
can be m a n i p u l a t e d to c o m b a t p a t h o g e n i c i n f e c t i o n s .

The q u o r u m sensing ( Q S ) p h e n o m e n o n , w h i c h enables b a c t e r i a to a l t e r t h e i r gene e x p r e s s i o n
w h e n a c r i t i c a l d e n s i t y o f t h e cell p o p u l a t i o n is r e a c h e d , is o n e o f t h e m o s t f a s c i n a t i n g b e h a v i o r s
o b s e r v e d u t i l i z i n g signal t r a n s d u c t i o n . " " U b i q u i t o u s in b o t h G r a m - n e g a t i v e a n d G r a m - p o s i t i v e
b a c t e r i a , QS is i n d u c e d by c h e m i c a l messengers ( a u t o i n d u c e r m o l e c u l e s or p h e r o m o n e s ) t h a t are
r e l e a s e d i n t o t h e e n v i r o n m e n t a n d i n c r e a s e d in c o n c e n t r a t i o n p r o p o r t i o n a t e to a g r o w i n g p o p u l a 
tion. O n c e the d e n s i t y reaches a p a r t i c u l a r t h r e s h o l d , these signal molecules can trigger an expression
cascade, w h i c h can a l t e r t h e cell p o p u l a t i o n s ' p h y s i o l o g y o r b e h a v i o r as a collective u n i t i n s t e a d
o f an i n d i v i d u a l e n t i t y . Various p h y s i o l o g i c a l activities c o n t r o l l e d by this cell-cell c o m m u n i c a t i o n
c i r c u i t r y i n c l u d e a n t i b i o t i c p r o d u c t i o n , c o m p e t e n c e d e v e l o p m e n t , s p o r u l a t i o n , b i o f i l m d i f f e r e n t i a 
t i o n , c o n j u g a t i o n a n d b i o l u m i n e s c e n c e in b a c t e r i a . 6 • 9- 17 Such h i g h l y c o o r d i n a t e d g r o u p b e h a v i o r
can have p r o f o u n d i m p l i c a t i o n s on t h e survival as well as t h e p a t h o g e n i c i t y o f a b a c t e r i a l p o p u l a 
t i o n . In a d d i t i o n to m o u n t i n g stress r e s p o n s e s a n d c o p i n g m e c h a n i s m s u n d e r h i g h cell density, it
may be a d v a n t a g e o u s for these o r g a n i s m s to s y n c h r o n i z e t h e release o f t o x i n s a n d o t h e r a n t i g e n i c
v i r u l e n c e f a c t o r s w i t h cell d e n s i t y a n d t h u s o v e r w h e l m t h e h o s t i m m u n e system w i t h t h e s u d d e n
u n a n i m o u s release o f v i r u l e n c e factors. A c c u m u l a t i n g e v i d e n c e o f i n f e c t i o u s m o d e l s c o n d u c t e d
by using a n i m a l s h a r b o r i n g m u t a n t b a c t e r i a l s t r a i n s d e f e c t i v e in o n e or m o r e c o m p o n e n t s o f t h e i r
r e s p e c t i v e QS systems have s h o w n r e d u c e d or a t t e n u a t e d v i r u l e n c e . v "

In this e n s u i n g c h a p t e r , we will discuss h o w Streptococcus m u t a n s - a p r i m a r y e t i o l o g i c a g e n t
r e s p o n s i b l e for h u m a n d e n t a l caries as well as e n d o c a r d i t i s , utilizes its QS s i g n a l i n g system to
regulate biofilm f o r m a t i o n . Biofilms are s u r f a c e - a t t a c h e d m i c r o b i a l c o m m u n i t i e s t h a t are p r o t e c t e d
by a s e l f - g e n e r a t e d o r g a n i c p o l y m e r m a t r i x . 1 9- 24 By r e s o r t i n g to a b i o f i l m lifestyle, S. mutans can
m o d u l a t e v a r i o u s p h y s i o l o g i c a l a n d physical p r o p e r t i e s t h a t are b e n e f i c i a l to its g r o w t h , survival
a n d p e r s i s t e n c e in t h e o r a l cavity. For example, the b i o f i l m m a t r i x can act as a d i f f u s i o n b a r r i e r
a n d l i m i t t h e p e n e t r a t i o n o f a n t i m i c r o b i a l s t o t h e i n n e r m o s t cells. Also, b i o f i l m cells have a t r a n 
s c r i p t i o n a l profile t h a t is m a r k e d l y d i s t i n c t f r o m t h e i r p l a n k t o n i c c o u n t e r p a r t , likely giving rise
to t h e i r i n h e r e n t l y r e s i l i e n t o r r e s i s t a n t p h e n o t y p e t h a t is widely d o c u m e n t e d in t h e scientific
l i t e r a t u r e . 2 o,2s-3o O n a d i f f e r e n t n o t e , it has b e e n s h o w n t h a t S. mutans cells g r o w n as a b i o f i l m have
a d r a m a t i c increase in g e n e t i c c o m p e t e n c e a n d are h i g h l y t r a n s f o r m a b l e by e x o g e n o u s DNA.38
They also e x h i b i t an i n c r e a s e d a b i l i t y to t o l e r a t e acid c h a l l e n g e s . Y " M u c h to t h e f a s c i n a t i o n o f
r e s e a r c h e r s in t h i s field, it was r e c e n t l y d i s c o v e r e d t h a t t h e a d d i t i o n o f t h e b i o l o g i c a l l y active syn
t h e t i c a u t o i n d u c e r QS p e p t i d e p h e r o m o n e in excess o f c o n c e n t r a t i o n r e q u i r e d for t h e i n d u c t i o n
o f g e n e t i c t r a n s f o r m a t i o n c a u s e d g r o w t h arrest a n d e v e n t u a l l y cell d e a t h , f o l l o w e d by d i s r u p t i o n
o f the b i o f i l m . " This f i n d i n g was an e x c i t i n g d i s c o v e r y for t h e scientific c o m m u n i t y i n v e s t i g a t i n g
t h e p o s s i b i l i t y o f t a r g e t i n g S. mutans to c o n t r o l its p a t h o g e n i c i t y .

V i r u l e n c e P r o p e r t i e s o f S. m u t a n s
Streptococcus mutans is a well k n o w n b a c t e r i u m in the fields o f oral m i c r o b i o l o g y a n d clinical den

t i s t r y as the etiologic agent o f d e n t a l caries in h u m a n s . S. mutans was first d e s c r i b e d as small, c h a i n e d
coccobacilli by J. K. C l a r k in 1924, a l t h o u g h its r e l a t i o n s h i p w i t h caries was clearly d i s t i n g u i s h e d
only in the 1960s following a series o f e x p e r i m e n t s by F i t z g e r a l d a n d Keyes, w h o d e m o n s t r a t e d its
c a p a b i l i t y to i n d u c e d e n t a l caries in rats and h a m s t e r s , " However, a link b e t w e e n S. mutans and
h u m a n d e n t a l caries was o n l y e s t a b l i s h e d after a series o f l o n g i t u d i n a l studies t h a t s h o w e d a statisti
cally s i g n i f i c a n t increase in S. mutans' c o u n t s in t e e t h t h a t were d e s t i n e d to develop carious lesions
in humans.34-38 After r e c o g n i z i n g the association o f S. mutans w i t h h u m a n d e n t a l caries, decades
o f research has focused n o t only o n i d e n t i f y i n g its virulence traits, b u t also on u n d e r s t a n d i n g h o w
these factors are r e g u l a t e d in t h e plaque biofilm to cause disease. A growing evidence o f l i t e r a t u r e
has h i g h l i g h t e d t h r e e virulence t r a i t s o f S. mutans as b e i n g vital to the i n i t i a t i o n a n d p r o g r e s s i o n
o f caries. These i n c l u d e : (1) t h e ability to m e t a b o l i z e d i e t a r y c a r b o h y d r a t e s a n d p r o d u c e lactic acid
(acidogeniciry), (2) ability to grow a n d survive in a low p H e n v i r o n m e n t (aciduriciry) and (3) ability
to utilize d i e t a r y sugars to p r o d u c e g l u c a n polymers a n d form the plaque biofilm. 3 9-42 O f the first
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two factors, acidogenicity or the release o f acid i n t o its g r o w t h e n v i r o n m e n t results in c o r r o d i n g the
c a l c i u m - p h o s p h a t e matrix o f the t o o t h s t r u c t u r e , whereas h i g h aciduricity o f S. mutans enables it to
survive a n d f u r t h e r utilize sugars for metabolic activities u n d e r low p H that is usually d e t r i m e n t a l
to a large n u m b e r o f plaque organisms. The t h i r d a t t r i b u t e , which is the ability to form a biofilm
offers S. mutans' p r o t e c t i o n from t r a n s i e n t e n v i r o n m e n t a l changes and mechanical forces, thereby
facilitating its g r o w t h a n d survival in the oral cavity. In fact, S. mutans is so a t r u n e d to the biofilm
lifestyle t h a t it c a n n o t be f o u n d in the m o u t h s o f people w i t h o u t t e e t h or d e n t u r e s for it to adhere to.
The c a r b o h y d r a t e polymer matrix in the biofilm also serves as an excellent food reserve from w h i c h
S. mutans and o t h e r bacteria can derive n u t r i e n t s by digesting these organic polymers. Interestingly,
in S. mutans, aciduricity and biofilm f o r m a t i o n are c o n t r o l l e d by a p e p t i d e - i n d u c e d QS system,13,43
w h i c h we will discuss in the following section.

Q u o r u m S e n s i n g System in S. m u t a n s

I d e n t i f i c a t i o n o f the P n e u m o c o c c a l Q u o r u m Sensing System
The discovery o f the QS n e t w o r k in S. mutans was largely d e p e n d e n t o n i n f o r m a t i o n d e r i v e d

from its closely r e l a t e d species, Streptococcus pneumoniae, w h i c h comprises the b e s t - c h a r a c t e r i z e d
cell-cell c o m m u n i c a t i o n c i r c u i t r y a m o n g m e m b e r s o f the genus Streptococcus. In S. pneumoniae, QS
was believed to f u n c t i o n mainly to acquire a n d i n c o r p o r a t e foreign D N A from the e n v i r o n m e n t
by i n d u c t i o n o f a physiological state k n o w n as genetic c o m p e t e n c e . In this b a c t e r i u m , t h e l i n k
b e t w e e n cell p o p u l a t i o n d e n s i t y a n d t r a n s f o r m a t i o n was first discovered in the 1960s by Pakula
a n d Walczak ( 1 9 6 3 ) a n d Tomasz a n d H o t c h k i s s (1964).44,45 U p o n n o t i c i n g t h a t the i n d u c t i o n o f
genetic c o m p e t e n c e t o o k place only at a p a r t i c u l a r cell p o p u l a t i o n density, it was also discovered
t h a t s u p p l e m e n t i n g cell-free s u p e r n a t a n t d e r i v e d by filtering a c o m p e t e n t c u l t u r e was capable o f
i n d u c i n g c o m p e t e n c e in o t h e r w i s e n o n c o m p e t e n t cells. It was later d e t e r m i n e d t h a t the compe
t e n t state was i n d u c e d by a p r o t e i n - l i k e "activator" c o m p o u n d p r e s e n t in the s u p e r n a t a n t o f the
c o m p e t e n t cultures. 44 ,46 Later this p e p t i d e was i d e n t i f i e d as a 17 -residue, c a t i o n i c p e p t i d e a n d was
referred to as the c o m p e t e n c e s t i m u l a t i n g p e p t i d e ( C S P ) due to its role in genetic c o m p e t e n c e
d e v e l o p m e n t in S. pneumoniae. 47 ,48 By using the reverse t r a n s l a t e d a m i n o acid sequence o f the
CSP, t h e comC p r e c u r s o r p e p t i d e gene (com for c o m p e t e n c e ) a n d its c o n t i g u o u s genes were
identified,47.49-51 Interestingly, the comC was p a r t o f the comCDE t r i c i s t r o n i c o p e r o n , in w h i c h the
l a t t e r genes e n c o d e d a m e m b r a n e - b o u n d h i s t i d i n e kinase sensor p r o t e i n ( C o m D ) a n d its c o g n a t e
r e s p o n d r e g u l a t o r (ComE).52,53

Competence S t i m u l a t i n g P e p t i d e
The QS circuit in S. mutans was discovered by searching its genome using the comCDE sequence

o f S. p n e u m o n i a e . D e s p i t e the h i g h h o m o l o g y s h o w n by the o r t h o l o g o u s genes in S. m u t a n s , the
o r i e n t a t i o n o f these genes was d i s t i n c t from t h a t in S. pneumoniae: the comC was l o c a t e d S9 bp
p r o x i m a l a n d in the reversed o r i e n t a t i o n o f the c o m p l e m e n t a r y s t r a n d h a r b o r i n g comDE.31 In
a d d i t i o n to S. pneumoniae, the o r g a n i z a t i o n o f these genes in S. mutans also d i f f e r e d from those
in o t h e r s t r e p t o c o c c i i n c l u d i n g Streptococcus mitis, Streptococcus oralis, Streptococcus gordonii a n d
Streptococcus sanguinis. 54 In these b a c t e r i a , the comC, comD a n d comE genes are o r g a n i z e d as an
o p e r o n s t a r t i n g w i t h comC a n d followed by comD a n d comE genes in the S' to 3' d i r e c t i o n .

The d e d u c e d p r i m a r y t r a n s l a t i o n a l p r o d u c t o f comC, w h i c h was derived by using its consensus
n u c l e o t i d e sequences from various S. mutans strains, was i d e n t i f i e d as a 4 6 - a m i n o acid c a t i o n i c
p e p t i d e , whose C - t e r m i n u s h a r b o r e d the b i o l o g i c a l l y active s e c r e t e d CSP, 21-aa in l e n g t h y As
in the case o f p n e u m o c o c c i , p o s t t r a n s l a t i o n a l p r o c e s s i n g was r e q u i r e d for the m a t u r a t i o n o f the
p r o p e p t i d e by cleaving the Gly-Gly site l o c a t e d at -1 a n d -2 p o s i t i o n s (relative to the cleavage
site) in the N - t e r m i n u s o f the p r e c u r s o r CSP. Interestingly, the biological activity o f the m a t u r e
s y n t h e t i c C S P was r e t a i n e d w h e n a d d e d to g r o w i n g c u l t u r e s as j u d g e d by the increased f r e q u e n c y
in t r a n s f o r m a t i o n . " H e n c e , this f i n d i n g p r o v i d e d researchers w i t h a novel t o o l to use s y n t h e t i c ,
exogenously s u p p l i e d C S P to s i m u l a t e p o p u l a t i o n g r o w t h in S. mutans' c u l t u r e s in the labora
tory, as well as f u r t h e r investigate the p h y s i o l o g i c a l p r o p e r t i e s c o n t r o l l e d by C S P - i n d u c e d QS in
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S. mutans . The a b i l i t y to use s y n t h e t i c CSPs for QS e x p e r i m e n t s was d e m o n s t r a t e d p r i o r to this
s m d y by Havar stein er al w h o showed thar d i s t i n c t species o f s t r e p t o c o c c i from the anginosus g r o u p
c o m m o n l y e n c o d e d a n d r e s p o n d e d to i d e n t i c a l CSPs, t h e r e b y b e l o n g i n g to the same 'pherorype'."
In c o n t r a s t , it was d i s c o v e r e d t h a t CSPs from o t h e r groups were m o s t often species-specific a n d
in some cases s t r a i n - s p e c i f i c .

In a r e c e n t study, Syvitski et al 56 i n v e s t i g a t e d the s t r u c t u r e - f u n c t i o n r e l a t i o n s h i p o f the S.
m u t a n s s i g n a l i n g p e p t i d e b a s e d o n t h r e e - d i m e n s i o n a l s t r u c t u r e s o f C S P d e r i v e d from t h e U A 1 5 9
w i l d - t y p e s t r a i n a n d a C - t e r m i n a l l y t r u n c a t e d p e p t i d e ( T P C 3 ) from the J H I 0 0 5 s t r a i n , w h i c h
was defective in g e n e t i c c o m p e t e n c e d e v e l o p m e n t . By s y n t h e s i z i n g a series o f p e p t i d e s t h a t har 
b o r e d a a - s u b s t i t u t i o n s or aa - d e l e t i o n s a n d by using t h e m in c o m p e t i t i v e i n h i b i t i o n assays, these
researchers s h o w e d t h a t the C - t e r m i n a l s t r u c t u r a l m o t i f comp rising o f p o l a r - h y d r o p h o b i c c h a r g e d
residues was crucial for QS a c t i v a t i o n , whereas the core a l p h a - h e l i c a l s t r u c t u r e p r e s e n t in the ma
ture p e p t i d e was i m p o r t a n t for r e c e p t o r b i n d i n g . It was d e m o n s t r a t e d t h a t the lack o f 3 o r m o r e
C - t e r m i n a l p e p t i d e s r e s u l t e d in n o n c o m p e t e n t cells and t h a t these m u t a n t p e p t i d e s , at a h i g h e r
c o n c e n t r a t i o n , were able b i n d a n d c o m p e t i t i v e l y i n h i b i t a n d e v e n t u a l l y a b o l i s h the a c t i v a t i o n o f
the C S P - i n d u c e d QS p a t h w a y in S. mutans.

C o m D E S i g n a l i n g P a t h w a y
In S. mutans, the QS p a t h w a y e n c o m p a s s e s at least two g e n e t i c 1 0 c i - c o m C D E a n d the co

mAB. 31 W h i l e comC encodes the p r e c u r s o r C S P , the comDE genes e n c o d e a t w o - c o m p o n e n t signal
t r a n s d u c t i o n system c o m p r i s i n g o f a m e m b r a n e - b o u n d h i s t i d i n e kinase ( C o m D ) a n d its c o g n a t e
response r e g u l a t o r ( C o m E ) , respectively. The comA a n d comB genes e n c o d e the s e c r e t i o n appa
ratus necessary for p r o c e s s i n g a n d e x p o r t o f the s i g n a l i n g molecule. More specifically, the C o m A
consists o f an ATP - b i n d i n g cassette t r a n s p o r t e r t h a t utilizes C o m B as an accessory p r o t e i n for
p r o c e s s i n g o f the p r e c u r s o r C S P . Based on the QS m e c h a n i s m o f S. pneumoniae, a m o d e l for QS
in S. mutans has b e e n proposed" (Fig . 1). It is b e l i e v e d t h a t when m a t u r e C S P reaches a t h r e s h o l d
c o n c e n t r a t i o n , it is d e t e c t e d by the C o m D r e c e p t o r , w h i c h u n d e r g o e s a u t o p h o s p h o r y a l r i o n at a
c o n s e r v e d h i s t i d i n e residue . C o n s e q u e n t l y , the p h o s p h o r e l a y o f C o m D to its r e s p o n d e r p r o t e i n ,
results in its a c t i v a t i o n , thus t r a n s d u c i n g the d e n s i t y - d e p e n d e n t message i n t o a cellular response by
a l t e r i n g the t r a n s c r i p t i o n o f comAB, comC a n d comDE, as well as t h a t o f a n a l t e r n a t i v e s i g m a - f a c t o r
( d e s i g n a t e d comX) t h a t can regulate the so-called "late genes".5 7 R e c e n t l y , it has been s h o w n t h a t in
the absence or in the presence o f l o w C S P c o n c e n t r a t i o n s , u n p h o s p h o r y l a t e d C o m E can repress
the tran s c r i p t i o n o f comC, whereas u n d e r h i g h C S P c o n c e n t r a t i o n p h o s p h o r y l a t e d C o m E can
increase the c o m C t r a n s c r i p t i o n via a de-repression m e c h a n i s m . 58 The C o m E - d e p e n d e n t activation
o f the l a t e - p h a s e is one o f four t e m p o r a l l y d i s t i n c t t r a n s c r i p t i o n profiles o b s e r v e d in response to
C S P i n S. pneumoniae . " These i n c l u d e the early, late, delayed gene i n d u c t i o n a n d gene r e p r e s s i o n
profiles t h a t are yet to be i d e n t i f i e d in S. mutans. O f these t r a n s c r i p t i o n a l profiles, the early genes
e n c o d e p r o t e i n s necessary for C S P p r o d u c t i o n , e x p o r t a n d r e c o g n i t i o n a n d i n c l u d e the comAB,
comCDE a n d comX genes whose a c t i v a t i o n is likely d e p e n d e n t o n the p h o s p h o r y l a t e d state o f
C o m E . In the p n e u m o c o c c a l c o m p e t e n c e d e v e l o p m e n t model, the C o m E - b i n d i n g site consensus
s e q u e n c e i n c l u d e s a C A t T T c a / g G - N 12-ACAt/ g T T g A G . 60 I n t e r e s t i n g l y , a c t i v a t e d C o r n X t o g e t h e r
w i t h R N A p o l y m e r a s e ( w h i c h are s t a b i l i z e d by C o m W ) can r e c o g n i z e a n d b i n d to a c o n s e r v e d
p r o m o t e r s e q u e n c e o f d o w n s t r e a m t a r g e t genes u n d e r t h e i r c o n t r o l . In S. pneumoniae, this con
sensus s e q u e n c e ( T A C G A A T A ) is k n o w n as the com-box or c i n - b o x a n d are k n o w n to c o n t r o l
genes i m p o r t a n t for D N A p r o c e s s i n g , u p t a k e a n d r e c o m b i n a r i o n . s' <' I n t e r e s t i n g l y , C S P - i n d u c e d
C o r n X a c t i v a t i o n also p r o m o t e s the cell-lysis and release o f D NA from a sub - f r a c t i o n o f t h e bacte
rial p o p u l a t i o n . 64. 65 This o b s e r v a t i o n is n o t s u r p r i s i n g since, by r e g u l a t i n g the a v a i l a b i l i t y o f d o n o r
D N A in c o n c e r t w i t h g e n e t i c c o m p e t e n c e , these b a c t e r i a ensure t h a t the e n e r g y a n d resources
u t i l i z e d by cells for g e n e t i c t r a n s f o r m a t i o n is w o r t h w h i l e . A similar p h e n o m e n o n o f D N A release
via QS was o b s e r v e d in S. mutans,32 w h i c h will be discussed in the f o l l o w i n g s e c t i o n s along w i t h
o t h e r p h e n o t y p e s c o n t r o l l e d by the C S P in this b a c t e r i u m .
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Figure 1. Schematic representation o f the p u t a t i v e m o l e c u l a r mechanism o f the QS system in
S. mutans. From Li YH et al. J Bacter iol 2 0 0 2 : 2 6 9 9 - 7 0 8 ; 43 w i t h permission of the A m e r i c a n
Society for M i c r o b i o l o g y .

Q u o r u m S e n s i n g a n d B i o f i l m F o r m a t i o n i n S. m u t a n s
A c t i v a t i o n o f the QS system in S. mutans is k n o w n t o regulate several p h e n o t y p e s : biofilm for 

mation, c o m p e t e n c e i n d u c t i o n , acid tolerance response (ATR) and b a c t e r i o c i n p r o d u e t i o n . 13 .3 1.43 .66
Interestingly , evidence suggests t h a t t r a n s f o r r n a b i l i t y a n d A T R f u n c t i o n o p t i m a l l y when S. m u t a n s
is grown as a biofilm in c o n t r a s t to tree-living p l a n k t o n i c cells. 1 3, 31 In this section , we will give
p r o m i n e n c e to discussing the e S P - m e d i a t e d biofilm p h e n o t y p e a n d how the QS pathway can be
m a n i p u l a t e d to c o n t r o l the f o r m a t i o n o f d e n t a l bio61ms.

In G r a m - p o s i t i v e bacteria , the first r e p o r t t o establish a link b e t w e e n QS and biofilm forma
t i o n came from an i n v e s t i g a t i o n by Loo et al involving S. gordonii . 1 4 1 h i s b a c t e r i u m is a p i o n e e r
o r g a n i s m in the oral m i c r o f l o r a t h a t i n i t i a t e s the f o r m a t i o n o f d e n t a l plaque. In an a t t e m p t to
i d e n t i f y various genetic factors involved in biofilm f o r m a t i o n in the S. gordonii Challis strain,
these researchers used T n 9 1 6 t r a n s p o s o n mutagenesis to screen for m u t a n t s defective in biofilm
f o r m a t i o n using an in vitro biofilrn assay. It was revealed t h a t one o f the m u t a n t s , which had a
t r a n s p o s o n i n s e r t e d in the comD signal p e p t i d e h i s t i d i n e kinase sensor gene formed defective
biofilms t h a t lacked the t h r e e - d i m e n s i o n a l s t r u c t u r e p r e s e n t in wild-type biofilms , thus l i n k i n g
QS to biofilm f o r m a t i o n .

W h e n the genetic c o m p o n e n t s o f the S. m u t a n s ' QS system were first identified, i t was observed
that the genetic t r a n s f o r m a b i l i t y w a s 10- to 600-fold higher in cells derived from biofilms, c o m p a r e d
with those o b t a i n e d from p l a n k t o n i c cultures ." Hence, it was h y p o t h e s ized t h a t in a d d i t i o n to
c o m p e t e n c e d e v e l o p m e n t , this system m i g h t also be involved in b i o 6 l m f o r m a t i o n . To test this
a s s u m p t i o n , m u t a n t s deficient in the comC, comD , comE and comX, as well as the e n t i r e comCDE
o p e r o n were c o n s t r u c t e d a n d assayed for t h e i r ability to i n i t i a t e b i o 6 l m f o r m a t i o n . " I n t e r e s t i n g l y ,
c o m p a r e d w i t h the wild-t ype , all m u t a n t s f o r m e d biofilms t h a t lacked the a r c h i t e c t u r a l i n t e g r i t y
o f the wild-type biofilrn, whereas the comD - , comE- and comX-deficient m u t a n t s formed biofilms
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w i t h r e d u c e d b i o m a s s . N o t a b l y , o n l y b i o f i l m s f o r m e d by t h e comC m u t a n t a n d n o t t h o s e f o r m e d
by the comD, comE or comX m u t a n t s were r e s t o r e d to the w i l d - t y p e a r c h i t e c t u r e by c o m p l e m e n t i n g
w i t h s y n t h e t i c C S P or a p l a s m i d c o n t a i n i n g the w i l d - t y p e comC (Fig. 2 ) . T h i s d i s c r e p a n c y was likely
caused by the i n v o l v e m e n t o f m u l t i p l e signal t r a n s d u c t i o n pathways in d e t e c t i n g a n d / or r e s p o n d i n g
t o CSP. H o w e v e r , t h e i d e n t i t y a n d t h e m o d e o f r e g u l a t i o n o f a s e c o n d p u t a t i v e C S P - r e s p o n s i v e
system are yet to be e s t a b l i s h e d . M o r e o v e r , e x p r e s s i o n analysis o f t h e comCDE genes in S. mutans
a n d S. gordonii s h o w e d t h a t t h e y were u p r e g u l a t e d in t h e b i o f i l m m o d e o f g r o w t h relative t o t h e i r
p l a n k t o n i c c o u n t e r p a r t f u r t h e r s u p p o r t i n g t h e Q S - b i o f i l m l i n k . I

4.43

R e c e n t l y , in an a t t e m p t t o u n d e r s t a n d t h e m o l e c u l a r basis o f b i o f i l m r e g u l a t i o n by t h e
C S P - d e p e n d e n t QS system, t h e e x p r e s s i o n o f several b i o f i l m - a s s o c i a t e d genes were t e s t e d using
l 8 - h b i o f i l m s d e r i v e d f r o m S. mutans w i l d - t y p e V A l S9 a n d its isogenic m u t a n t derivatives d e f i c i e n t
in t h e come, comD or comE g e n e s . " E x p r e s s i o n analysis s h o w e d t h a t the C o m D / C o m E signal
t r a n s d u c t i o n system h a d a p o s i t i v e r e g u l a t o r y effect o n t h e e x p r e s s i o n o f these genes, w h i c h i n c l u d e
g l u c o s y l t r a n s f e r a s e B / C / D (gifBICID), f r u c t o s y l t r a n s f e r a s e (ftj) a n d g l u c a n - b i n d i n g p r o t e i n B
(gbpB). O f these, t h e g l u c o s y l t r a n s f e r a s e s u t l i l z e the g l u c a n m o i e t y o f t h e s u c r o s e m o l e c u l e t o p r o 
d u c e i n s o l u b l e ( G t t B / C ) a n d s o l u b l e ( G t f D ) g l u c a n p o l y m e r s t h a t p r o m o t e p l a q u e f o r m a t i o n . In a
d i f f e r e n t study, it was d i s c o v e r e d t h a t g t f B I C e x p r e s s i o n were s i g n i f i c a n t l y u p r e g u l a t e d in S. mutans
V A l S9 w h e n s u p p l e m e n t e d w i t h C S P relative to the n o - C S P c o n t r o l in a C o m E - d e p e n d e n t man
ner. 68 I n t e r e s t i n g l y , since p r e v i o u s s t u d i e s have l i n k e d t h e s e genes w i t h c a r i o g e n i c i t y in r a t m o d e l s ,
t h e i r r e g u l a t i o n by t h e QS system in S. mutans is i n d e e d i n s i g h t f u l a n d c o u l d p o t e n t i a l l y lead t o
the design o f a n e w d r u g t a r g e t t h a t may affect Q S - m e d i a t e d b i o f i l m f o r m a t i o n .

In a d i f f e r e n t study, P e t e r s e n et al i n v e s t i g a t e d t h e s p e c i f i c i t y o f t h e C S P effect o n b i o f i l m
f o r m a t i o n u t i l i z i n g S. mutans a n d Streptococcus intermedius. 69 T h e y o b s e r v e d t h a t e a c h species
o n l y r e s p o n d e d to its n a t i v e C S P a n d s h o w e d n o b i o f i l m r e s p o n s e w h e n e x p o s e d to t h e n o n n a t i v e
p e p t i d e . For e x a m p l e S. mutans w i l d - t y p e L T - l l r e s p o n d e d t o its n a t i v e p e p t i d e by e n h a n c i n g
b i o f i l m f o r m a t i o n b u t was u n a f f e c t e d by t h e signal p e p t i d e p r o d u c e d by S. intermedius. This k i n d
o f s p e c i f i c i t y d i s p l a y e d by Q S p e p tides can be used t o o u r a d v a n t a g e to specifically t a r g e t b i o f i l m
f o r m a t i o n by p o t e n t i a l l y p a t h o g e n i c b a c t e r i a . In fact, s u c h a t e c h n i q u e w o u l d be less invasive a n d
p o s s i b l y have less i n f l u e n c e in d i s r u p t i n g t h e e c o l o g i c a l i m b a l a n c e o f t h e o r a l m i c r o f l o r a by k i l l i n g
p a r t i c u l a r o p p o r t u n i s t i c p a t h o g e n s u s i n g a n t i b a c t e r i a l d r u g s .

NG8 wild t y p e c o m C m u t a n t c o m C mutant + CSP

Figure 2. Biofilm f o r m a t i o n by ComC mutant and its NG8 parent w i t h and w i t h o u t CSP at
300X m a g n i f i c a t i o n using CSLM. Top panel: xy plane, l o w e r panel: xz panel. From Li YH et al.
J Bacteriol 2 0 0 2 : 2 6 9 9 - 7 0 8 ; 4 3 w i t h permission of the American Society for M i c r o b i o l o g y .
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D e n s i t y - D e p e n d e n t P r o d u c t i o n o f B a c t e r i o c i n s : I m p l i c a t i o n s
on Survival in Plaque

R e c e n t discoveries p e r t a i n i n g to the QS system in s. m u t a n s have d e m o n s t r a t e d a l i n k to bacte
riocin or b a c t e r i o c i n - l i k e gene expression in this organism. Baeteriocins ( m u t a c i n s ) are ribosomally
s y n t h e s i z e d p r o t e i n s , w h i c h have a n t i m i c r o b i a l activity a g a i n s t closely related b a c t e r i a . " In S. mu
tans, two types o f m u t a c i n s have been i d e n t i f i e d : (1) l a n t i b i o t i c s r e p r e s e n t e d by r n u t a c i n I, II a n d
III (2) n o n l a n t i b i o t i c s r e p r e s e n t e d by m u t a c i n IV.71-74 W h i l e the former type can kill m o s t o f the
G r a m - p o s i t i v e bacteria, the l a t t e r has a n a r r o w e r s p e c t r u m killing mostly s t r e p t o c o c c i b e l o n g i n g to
the s a n g u i n i s a n d mitis types. As a r e s i d e n t in the o r a l biofilm, the activity o f b a c t e r i o c i n s can help
S. m u t a n s c o m p e t e for l i m i t e d n u t r i e n t s available in its ecological niche. The h i g h genetic diversity
o b s e r v e d a m o n g d i f f e r e n t S. m u t a n s s t r a i n m i g h t be a result o f the Q S - d e p e n d e n t b a c t e r i o c i n
p r o d u c t i o n t h a t is c o u p l e d w i t h h o r i z o n t a l gene transfer. Moreover, by s y n c h r o n i z i n g b a c t e r i o c i n
p r o d u c t i o n w i t h p o p u l a t i o n density, S. m u t a n s can n o t o n l y reduce its c o m p e t i t i o n for food, b u t
also ensure t h a t a h i g h p e r c e n t a g e o f h e t e r o l o g o u s D N A is p r e s e n t d u r i n g g e n e t i c c o m p e t e n c e
d e v e l o p m e n t . In a d d i t i o n to p r o d u c i n g b a c t e r i o c i n s , S. m u t a n s was recently s h o w n to p r o d u c e
b a c t e r i o c i n - i m m u n i t y p r o t e i n s ( e n c o d e d by bip andsmbG), w h i c h m o d u l a t e the sensitivity to an
t i m i c r o b i a l s in S. mutans?S In the presence o f l o w a n t i b i o t i c c o n c e n t r a t i o n s , genes e n c o d i n g these
b a c t e r i o c i n - i m m u n i t y p r o t e i n s s h o w e d an increased expression, whereas t h e i r o p t i m a l expression
was seen w h e n cells were grown as a b i o f i l m as o p p o s e d to p l a n k t o n i c cells.

Q u o r u m S e n s i n g - D e p e n d e n t G r o w t h Arrest and C e l l D e a t h
Based on m u l t i p l e p h e n o t y p e s c o n t r o l l e d by the S. m u t a n s QS system, it seems r a t i o n a l t h a t

m a n i p u l a t i n g QS can possibly reduce its effects on various virulence a t t r i b u t e s c o n t r o l l e d by this
system. Recently, it was d e m o n s t r a t e d t h a t the a d d i t i o n o f exogenous C S P in excess o f the levels
necessary for c o m p e t e n c e i n d u c t i o n r e s u l t e d in the i n h i b i t i o n o f S. mutans growth.V N o t surpris
ingly, this effect was C o m D E - d e p e n d e n t a n d w h e n C S P c o n c e n t r a t i o n was f u r t h e r increased, the
cells u n d e r w e n t g r o w t h arrest a n d cell d e a t h . M u t a t i o n a l analyses suggested t h a t cell d e a t h was
m e d i a t e d by C o m D / C o m E in a C o r n X - i n d e p e n d e n t manner. M o r e recently, the effect o f C S P
(0 to 10 Itg! ml) o n S. m u t a n s biofilm a r c h i t e c t u r e was i n v e s t i g a t e d using S c a n n i n g E l e c t r o n mi
c r o s c o p y ' " S u p p l e m e n t i n g S. m u t a n s biofilms w i t h h i g h dose o f s y n t h e t i c C S P (5 or 10 Itg/ ml)
r e s u l t e d in a h i g h f r a c t i o n o f r u p t u r e d a n d swollen cells t h a t also showed a d i f f e r e n t cell shape
a n d surface texture. H e n c e , these o b s e r v a t i o n s reveal t h a t the effects o f C S P on biofilm f o r m a t i o n
are m u l t i f a c t o r i a l . It is yet to be d e t e r m i n e d w h e t h e r it is possible to selectively c o n t r o l S. m u t a n s
in a m u l t i - s p e c i e s b i o f i l m by varying the C S P c o n c e n t r a t i o n . Moreover, using C S P to c o n t r o l S.
m u t a n s to m o d u l a t e v i r u l e n c e obviously w a r r a n t s f u r t h e r in vivo testing.

Effect o f O t h e r S i g n a l T r a n s d u c t i o n Systems on S. m u t a n s B i o f i l m
F o r m a t i o n

In a d d i t i o n to the C o m D / C o m E system, o t h e r two c o m p o n e n t signal t r a n s d u c t i o n systems in
S. m u t a n s have been associated w i t h biofilm f o r m a t i o n (Fig. 3). O f these, the V i c R / V i c K system
has been s h o w n to c o n t r o l the expression o f g t f B / C / D , f t j a n d gbpB g e n e s . " The vieK a n d vieR
genes e n c o d e a p u t a t i v e h i s t i d i n e kinase and p u t a t i v e response r e g u l a t o r , respectively. W h i l e the
vieR serves an essential f u n c t i o n in S. mutans, m u t a t i o n a l analyses using a vieK-deletion s t r a i n
revealed t h a t it a f f e c t e d biofilm a r c h i t e c t u r e , cell g r o w t h a n d s u c r o s e - d e p e n d e n t a d h e s i o n in S.
m u t a n s . Interestingly, a l t h o u g h this m u t a n t p r o d u c e d an excess o f e x t r a c e l l u l a r polymer, specific
p a t h o g e n - f r e e rats h a r b o r i n g the vieK m u t a n t s t r a i n s h o w e d no difference in d e n t a l caries relative
to those t h a t h a r b o r e d the p a r e n t s t r a i n . However, more s m o o t h - s u r f a c e p l a q u e a n d significantly
d i m i n i s h e d m u t a n t C F U s were o b s e r v e d relative to t h e c o n t r o l group. Since it is k n o w n t h a t the
c a r i o g e n i c i t y in these animals are affected by the m i c r o b i a l c o m p o s i t i o n , the d i e t a n d the n a t u r e
o f the p o l y s a c c h a r i d e matrix, it is n o t s u r p r i s i n g t h a t the excess p l a q u e e x t e n t o b s e r v e d for the vieK
m u t a n t did n o t necessarily result in h y p e r c a r i o g e n i c i t y . However, it is n o t e w o r t h y t h a t w i t h o u t
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Figure 3. QS-mediated phenotypes in S. mutans and t w o - c o m p o n e n t signal transduction
systems that modulate the b i o f i l m phenotype. From Li YH et al. J Bacteriol 2 0 0 2 : 2 6 9 9 - 7 0 8 ; 4 3
w i t h permission of the American Society for M i c r o b i o l o g y .

vicK t h e excess p l a q u e t h a t was g e n e r a t e d by t h e m u t a n t s t r a i n was n o t c a r i o g e n i c , t h u s m a k i n g it
i n t e r e s t i n g t o i d e n t i f y t h e n a t u r e a n d b i o c h e m i c a l p r o p e r t i e s o f t h i s p o l y m e r .

Studies p e r t a i n i n g to t w o o t h e r signal t r a n s d u c t i o n systems, H K l l / R R I I 77 a n d CiaRICiaH,78 as
well as an o r p h a n response r e g u l a t o r COVR79.80 have also s h o w n to i n f l u e n c e t h e b i o f i l m p h e n o t y p e
in S. mutans. In each signal t r a n s d u c t i o n system, the h k l 1 / r r l l a n d the d a R / d a R genes e n c o d e a
h i s t i d i n e kinase sensor p r o t e i n a n d its c o g n a t e response regulator, respectively.The h i d 1 / IT 11 system
was i n v e s t i g a t e d by L i et al w h o s h o w e d t h a t d e l e t i o n o f h k l l or rr 11 caused defects in biofilm forma
t i o n w i t h 50% to 70% r e d u c t i o n in biofilm biomass a n d resistance to acidic pH.77 M u t a n t biofilms
o b s e r v e d by S c a n n i n g e l e c t r o n m i c r o s c o p y revealed biofilms having a sponge-like a r c h i t e c t u r e w i t h
large o p e n areas t h r o u g h o u t t h e biofilm, In a d i f f e r e n t study, i n a c t i v a t i o n o f e i t h e r o f t h e daR! d a R
genes r e s u l t e d in r e d u c e d b i o f i l m biomass, whereas the absence o f c i a l l a l t e r e d s u c r o s e - d e p e n d e n t
b i o f i l m f o r m a t i o n . " Interestingly, this h i s t i d i n e kinase m u t a n t also s h o w e d r e d u c e d m u t a c i n p r o 
d u c t i o n , d e f i c i e n c y in t r a n s f o r m a b i l i t y , as well as d i m i n i s h e d ability t o t o l e r a t e stress. I n v o l v e m e n t
o f the C o v R m u t a n t (also called G c r R ) in b i o f i l m f o r m a t i o n was first d i s c o v e r e d by I d o n e et al. 80

These researchers s h o w e d t h a t a m u t a n t d e f i c i e n t in covR was defective in s u c r o s e - d e p e n d e n t adhe
sion a n d was h y p o c a r i o g e n i c in a germ-free rat m o d e l relative to its p a r e n t strain. C o n s e q u e n t l y , it
was d i s c o v e r e d by Biswas et al t h a t the C o v R negatively r e g u l a t e d the expression o f the gifB a n d gtfe
genes by d i r e c t l y b i n d i n g to the p r o m o t e r r e g i o n . " W h i l e these signal t r a n s d u c t i o n systems possibly
c r o s s - c o m m u n i c a t e to r e g u l a t e b i o f i l m fOrmation in S. mutans more s t u d i e s are w a r r a n t e d t o investi
gate i f a n d h o w t h e y f u n c t i o n in response t o cell d e n s i t y a n d o t h e r e n v i r o n m e n t a l Signals.
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F u t u r e P e r s p e c t i v e s
The p r o s p e c t o f t a r g e t i n g QS systems to c o n t r o l b i o f i l m - m e d i a t e d i n f e c t i o n s is receiving a

c o n s i d e r a b l e a m o u n t o f a t t e n t i o n . C h e m i c a l agents t h a t m i m i c QS m o l e c u l e s are c o n s t a n t l y b e i n g
e v a l u a t e d for t h e i r a b i l i t y to ' c o n f u s e ' t h e b a c t e r i a a n d h o p e f u l l y a t t e n u a t e t h e i r a b i l i t y to cause
disease. This is i n d e e d a p a r a d i g m shift in t h e way i n f e c t i o n s are t r e a t e d a n d m a n a g e d . C u r r e n t
s t r a t e g i e s o f a n t i m i c r o b i a l a c t i o n are f o c u s e d on m o l e c u l e s w i t h b r o a d - s p e c t r u m i n d i s c r i m i n a t e
activity. The t r e a t m e n t o f p a t i e n t s w i t h these c o m p o u n d s o f t e n results in massive a l t e r a t i o n o f t h e
host's r n i c r o f l o r a o f t e n w i t h h e a l t h a f f e c t i n g c o n s e q u e n c e s (such as ulcerative p s e u d o m e m b r a n o u s
c o l i t i s ) . By specifically t a r g e t i n g QS systems o f p a t h o g e n i c b a c t e r i a we may h o p e f u l l y be able t o

surgically remove t h e p a t h o g e n s while leaving t h e n o r m a l flora i n t a c t w i t h h o p e f u l l y l i t t l e or no
d e t r i m e n t a l side effects to t h e host. As we l e a r n m o r e a b o u t the s u b t l e differences b e t w e e n b a c t e r i a
a n d t h e way they sense t h e i r e n v i r o n m e n t s these a p p r o a c h e s will very likely b e c o m e c o m m o n p l a c e .
The day t h a t a d i a g n o s t i c lab identifies a p a t h o g e n a n d prescribes a h i g h l y specific t r e a t m e n t t h a t has
the h i g h e s t effectiveness w i t h the least l i k e l i h o o d o f c a u s i n g s e c o n d a r y p r o b l e m s is w i t h i n reach.
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The Roles o f Two-Component Systems
in Virulence o f Pathogenic Escherichia
coli and Shigella spp.
T o r u T o b e *

A b s t r a c t

T w o - c o m p o n e n t syst ems ( T C S s ) are well c o n s e r v e d a m o n g E. coli s t r a i n s , i n c l u d i n g
p a t h o g e n i c E. coli a n d also closely relat ed Shigella spp . A l t h o u g h 25% o f the g e n o m e o f
p a t h o g enic E. coli is s t r a i n -specific, o n l y small n u m b e r o f s t r a i n - s p e c i f i c T C S s is f o u n d .

R e g u l a t i o n o f v i r u l e n c e genes in r e s p o n se to en v i r o n m e n t a l st i m uli is p a r t l y d e p e n d e n t on T C S s
c o m m o n l y p r e s e n t in n o n p a t h o g e n i c E . coli st r ai ns . Some virulen ce genes are dir ectly r e g u l a t e d
b y response r e gul a t or o f T C S b u t some are affected at p o s t t r a n s c r i p t i o n a l step s o f p r o d u c t i o n or
assembly o f m a c r o m o l e c u l e b y T C S - i n d u c e d p r o d u c t s . In the p r o cess o f a c q u i r i n g v i r u l e n c e traits ,
r e g u l a t o r y systems for v i r u l e n c e genes expr ession se e m to be b u i l t by i n t e g r a t i n g E . coli b a c k b o n e
T C S s w i t h the v i r u l e n c e r e g u l a t o r y n e t w o r k via t r a n s c r i p t i o n r e g u l a t o r y gene .

I n t r o d u c t i o n
A l t h o u g h m o s t o f Escherichia coli s t r a i n s ar e harmless to h u m a n s a n d animals a n d even some

are i n h a b i t a n t o f the h u m a n i nt e srin al t r a c t , c e r t a i n p o p u l a t i o n o f E. coli s t r a i n s cause i n f e c t i o u s
diseases to h u m a n s a n d animals. P a t h o g e n i c E. coli strains pos sess specific v i r u l e n c e factors t h a t
enable t h e m to cause d i a r r h o e a or e x t r a i n t e s t i n a l i n f e c t i o n s , such as u r i n a r y t r a c t i n f e c t i o n or
m e n i n g i t i s . I D i a r r h e a g e n ic E. col i faces i n t e n s ive c o m p e t i t i o n w i t h o t h e r e n t e r i c b a c t e r i a to oc
cup y p a r t i c u l a r n iches i n i n t est in e. A l t h o u g h th ey ar e n o t resid e n t o f i n t e s t i n e , once e n t e r e d to
i n t e s t i n a l t r a c t the y successfull y colonize a n d m u l t i p l y using t h e i r strategies d i f f e r e n t from members
o f n o r m a l flor a. O n the o t h e r h a n d , u r o p a t h o g enic E. coli ( U P E C ) , wh ich cau ses u r i n a r y tra ct
i n f e c t i o n , colonize s from feces or p e r i n e a l region a n d ascend the u r i n a r y t r a c t to the b l a d d e r , w h i c h
e n v i r o n m e n t is c o m p l e t e l y d i f f e r e n t from i n r e s t i n e .i Thus, p a t h o g e n i c s t r a i n s have the ability to
rapidly a d a p t to e n v i r o n m e n t a l changes a n d survive against host defense systems i n c l u d ing bar
rier f u n c t i o n o f i n t e s t i n a l rnicroflora. Specifics o f b a c t e r i a l v i r u l e n c e factors used a n d the effect
o n the h o s t vary from p a t h o g e n to p a t h o g e n , b u t the f u n c t i o n s o f factors are classified to several
categories: adhesins are r e q u i r e d for c o l o n i z a t i o n on e p i t h e l i a l cells, s e c r e t e d toxins for d i s r u p t i o n
o f h o s t f u n c t i o n a n d effectors t r a n s l o c a t e d to host ce ll s by specific se cre t io n system for m o d u l a 
t i o n o f host phy siology.

Six cla sses o f d i a r r h e a g e n ic E. coli t h a t cause i n t e s t i n a l diseases are r e c o g n i z e d ' : e n t e r o p a t h o 
genic E. coli ( E P E C ) , e n t e r o h a e m o r r h a g i c E. coli ( E H E C ) , e n t e r o t o x i g e n i c E. coli ( E T E C ) ,
e n t e r o i n v a s ive E. coli ( E I E C ) a n d e n t e r o a g g r e g a t i v e E. coli (EAgg E C ) , diffusel y a d h e r e n t E. coli
(D A E C) . A l t h o u g h p a t h o g e n i c str at egies used b y p a t h o g e n s are different, the y use a lim i t e d array o f
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m a c r o m o l e c u l a r systems. V i r u l e n c e f a c t o r s used for a d h e r e n c e or m o d i f i c a t i o n o f h o s t f u n c t i o n by
each p a t h o g e n are d i f f e r e n t from each o t h e r , b u t u n d e r l y i n g p l a t f o r m s for p r e s e n t i n g these f a c t o r s
are similar. For example, m o s t o f E P E C s t r a i n s p r o d u c e type IV pili k n o w n as the b u n d l e form
ing pili (BFP), to make b a c t e r i a l aggregates a n d to form m i c r o c o l o n y on surface o f t h e e p i t h e l i a l
cells, while, E T E C s t r a i n s f r o m h u m a n p r o d u c e C F A ( c o l o n i z a t i o n f a c t o r a n t i g e n j / I fimbriae
or C F A / I I I type I V pili. Toxins p r o d u c e d by E T E C are S T ( h e a t - s t a b l e ) a n d LT ( h e a t - l a b i l e ) ,
w h i c h is very s i m i l a r to c h o l e r a toxin, while, E H E C p r o d u c e s shiga toxins, w h i c h is very s i m i l a r to
t o x i n p r o d u c e d by Shigella spp. A l t h o u g h types o f d i a r r h e a i n d u c e d are d i f f e r e n t , b o t h E P E C a n d
E H E C i n d u c e t h e i d e n t i c a l h i s t o p a t h o l o g i c a l effect on e p i t h e l i a l cells o f i n t e s t i n e , w h i c h is c a l l e d
a t t a c h i n g a n d effacing ( A / E ) lesion. The A / E lesion is i n d u c e d as a c o n s e q u e n c e o f i n v o l v e m e n t
o f various v i r u l e n c e factors, such as type I I I s e c r e t e d p r o t e i n s a n d specific a d h e s i n , i n t i m i n . E I E C
a n d Shigella spp. possess the same v i r u l e n c e p l a s m i d e n c o d i n g many v i r u l e n c e f a c t o r s i n v o l v e d
in i n v a s i o n o f h o s t cells a n d i n t r a c e l l u l a r s p r e a d i n g . Variety o f v i r u l e n c e factors for invasion is
t r a n s l o c a t e d to h o s t cells t h r o u g h type I I I s e c r e t i o n system.

E x p r e s s i o n o f v i r u l e n c e factors is a l t e r e d in r e s p o n s e to changes in e n v i r o n m e n t a l c o n d i t i o n s .
P a t h o g e n s have various h a b i t a t s d u r i n g t h e i r life cycle a n d n e e d to sense p r o x i m i t y a n d l o c a t i o n
w i t h i n the host. This made t h e m to express v i r u l e n c e t r a i t s a p p r o p r i a t e l y . Also, v i r u l e n c e factors,
especially on surface e x p o s e d m a c r o m o l e c u l e s , are silent u n t i l r e a c h i n g to t a r g e t site to avoid rec
o g n i t i o n by a n d a t t a c k f r o m h o s t defense m e c h a n i s m s . In a d d i t i o n , p a t h o g e n s e n c o u n t e r various
stress c o n d i t i o n s in h o s t to be overcome for survival. Stress responses t h a t enable p a t h o g e n to sense
a n d a d a p t to c h a n g i n g e n v i r o n m e n t a l c o n d i t i o n s are also i m p o r t a n t for successful i n f e c t i o n . Some
e n v i r o n m e n t a l factors c o m m o n l y affect the expression in many p a t h o g e n s b u t some are specific for
p a t h o g e n , r e f l e c t i n g i n f e c t i o u s strategies. M o s t c o m m o n f a c t o r m u s t be t e m p e r a t u r e , " Expression
o f v i r u l e n c e genes is repressed at low t e m p e r a t u r e , such as 27°C, b u t is a c t i v a t e d w h e n grown at
37°C for h u m a n p a t h o g e n i c E . coli and Shigella Spp.S-7 T e m p e r a t u r e m u s t be o n e o f e n v i r o n m e n t a l
factors to sense h o s t since expression o f v i r u l e n c e genes in h u m a n p a t h o g e n s is m a x i m u m at 37"C
whereas 4 2 ° C for r a b b i t e n t e r o p a t h o g e n i c E. coli. 8 O s m o l a r i t y a n d p H also affect t h e expression
in m a n y p a t h o g e n s . " ! ' Expression o f Shigella v i r u l e n c e genes necessary for invasion is e n h a n c e d
at h i g h o s m o l a r i t y c o n d i t i o n a n d a c t i v a t e d at a l k a l i n e p H c o n d i t i o n s . " O t h e r e n v i r o n m e n t a l
f a c t o r s are d e s c r i b e d for specific v i r u l e n c e genes o f each p a t h o g e n . In E P E C , expression o f B F P
is repressed by a m m o n i u m ion while a c t i v a t e d by c a l c i u m . " In E H E C , t h e level o f LEE genes
e x p r e s s i o n is a f f e c t e d by b r o t h m e d i u m ; g r o w n in tissue c u l t u r e m e d i u m , such as D u l b e c c o ' s
m o d i f i e d Eagles M e d i u m ( D M E M ) , increase t h e expression as c o m p a r e d LB. 14 This is p a r t l y due
to t h e p r e s e n c e o f s o d i u m b i c a r b o n a t e in D M E M , since a d d i t i o n o f t h e same c o n c e n t r a t i o n o f
s o d i u m b i c a r b o n a t e e n h a n c e d the e x p r e s s i o n in E H E C grown in LB. Type III s e c r e t i o n in E P E C
a n d E H E C is also affected by variety o f e n v i r o n m e n t a l factors," S e c r e t i o n o f EspB, o n e o f type
III s e c r e t e d p r o t e i n , is m a x i m a l at 37"C, p H 7 , p h y s i o l o g i c a l o s m o l a r i t y and e n h a n c e d by s o d i u m
b i c a r b o n a t e a n d calcium. The expression o f S h i g a - t o x i n has s h o w n to be a f f e c t e d by c o n c e n t r a t i o n
o f i r o n in t h e m e d i u m . "

G e n o m e S t r u c t u r e o f P a t h o g e n i c E. coli and Shigella spp.
The genome sequences o f severalE. coli strains and Shigella strains were d e t e r m i n e d . C o m p a r i s o n

o f g e n o m e sequences revealed h i g h levels o f d i v e r s i t y r e s u l t i n g f r o m gross c h r o m o s o m a l changes.
Sizes o f c h r o m o s o m e o f p a t h o g e n i c E . coli strains are larger than t h a t o f n o n p a t h o g e n i c E . coli K-12
s t r a i n . 16 - 18 G e n o m e s e q u e n c e c o m m o n in E. coli strains, w h i c h d e t e r m i n e s c h a r a c t e r i s t i c s o f E. coli
physiology, is p r e d i c t e d as a b o u t 4 Mb i n c l u d i n g a b o u t 3 0 0 0 genes by c o m p a r i n g E. coli strains.
S t r a i n - s p e c i f i c sequences are f o u n d as i n s e r t o f D N A f r a g m e n t r a n g i n g from several bp to 100 k b p
to E. coli b a c k b o n e g e n o m e . The i n s e r t e d sequences c o n t a i n i n g c l u s t e r o f v i r u l e n c e genes is c a l l e d
p a t h o g e n i c i t y island. LEE (locus for e n t e r o c y t e e f f a c e m e n t ) o f E P E C a n d E H E C c o n t a i n s over
30 genes e n c o d i n g type I I I s e c r e t i o n m a c h i n e r y , s e c r e t e d p r o t e i n s a n d a d h e s i n , w h i c h are r e q u i r e d
for i n d u c t i o n o f A / E lesion. LEE is f o u n d at sele or pheV t R N A g e n e . " The PAl ( p a t h o g e n i c i t y
i s l a n d ) o f U P E C c o n t a i n i n g genes for Pap pilus b i o s y n t h e s i s a n d h a e m o l y s i n is i n s e r t e d at pheV
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site in a c e r t a i n U P E C s t r a i n . A l t h o u g h possessing the same set o f v i r u l e n c e genes, c o m b i n a t i o n
o f v i r u l e n c e genes in PAIs a n d l o c a t i o n o f PAIs are variable a m o n g s t r a i n s . " In a d d i t i o n , t h e r e are
v a r i a t i o n s in v i r u l e n c e genes even a m o n g s t r a i n s in the same pathorype." These g e n o m e island
often have a d i f f e r e n t G + C c o n t e n t s a n d c o d o n usage from the E. coli b a c k b o n e g e n o m e . The
a c c u m u l a t i o n o f these i n s e r t e d sequences o c c u r r e d via n u m e r o u s , i n d e p e n d e n t h o r i z o n t a l t r a n s f e r
events at many d i s c r e t e c h r o m o s o m a l sites. I n d e e d , o f these g e n o m e islands m o s t o f l a r g e islands
are p r o p h a g e s a n d p r o p h a g e - l i k e e l e m e n t s in E H E C 0 1 S7: H 7 s e q u e n c e d s t r a i n . " O n the o t h e r
h a n d , m o s t i m p o r t a n t v i r u l e n c e d e t e r m i n a n t s o f E I E C a n d Shigella spp. are o n the large p l a s m i d .
The p l a s m i d carries genes for type I I I s e c r e t i o n system a n d a r o u n d 20 genes for effector, type
III - d e p e n d e n t s e c r e t e d p r o t e i n . " G e n o m e o f Shigella flexneri is slightly smaller t h a n t h a t o f E. coli
K-12 a n d relatively little n u m b e r o f g e n o m e islands as c o m p a r e d to those o f E H E C a n d U P E C . 22,23
H e n c e f o r c e , p a t h o g e n i c i t y o f E. coli a n d Shigella spp. are o b t a i n e d by extensive r e a r r a n g e m e n t o f
g e n o m e s t r u c t u r e via h o r i z o n t a l gene transfer.

T w o - C o m p o n e n t Systems (TCSs) in V i r u l e n c e E x p r e s s i o n
T w o - c o m p o n e n t systems are used to sense a n d r e s p o n d to e x t r a c y t o p l a s m i c c o n d i t i o n s . The

systems are generally c o m p o s e d o f a sensor kinase a n d a response r e g u l a t o r . E. coli K-12 s t r a i n pos
sesses 30 genes for sensor kinase a n d 34 genes for response r e g u l a t o r to a d a p t to changes in variety
o f c h e m i c a l or physical c o n d i t i o n s . A l t h o u g h extensive d i v e r s i t y o f g e n o m e s t r u c t u r e , r e p e r t o i r e
o f genes for t w o - c o m p o n e n t systems are n o t m u c h a l t e r e d (Table 1). For example, all o f genes for
sensor kinase a n d response r e g u l a t o r except A t o S / A t o C system are p r e s e n t in E H E C 0 1 S 7 : H 7
Sakai strain. In a d d i t i o n to these genes this strain possesses one gene fur sensor kinese a n d two genes
for response r e g u l a t o r . O n l y o n e o f genes for response r e g u l a t o r is missing from U P E C C F T 0 7 3
strain a n d three sets o f genes for t w o - c o m p o n e n t systems are found. Size o f Shigella jlexneri genome
is slightly smaller t h a n t h a t o f E. coli K-12, b u t 18% o f g e n o m e is d i f f e r e n t from E. coli K-12. S.
flexneeri loses several o f t w o - c o m p o n e n t r e g u l a t o r y systems as c o m p a r e d to E. coli K-12 strain. In
p a t h o g e n i c E . coli a n d U P E C , it remains u n k n o w n a b o u t the role o f strain-specific t w o - c o m p o n e n t
r e g u l a t o r y systems. W h e r e a s , i n v o l v e m e n t o f T C S s , w h i c h are c o m m o n in E. coli K-12 strains, in
r e g u l a t i o n o f virulence gene expression is r e p o r t e d in p a t h o g e n i c E . coli a n d Shigella spp (Table 2).
Response r e g u l a t o r is usually a t r a n s c r i p t i o n r e g u l a t o r a n d c o n t r o l s r e s t r i c t e d n u m b e r o f t a r g e t
genes. Some o f v i r u l e n c e genes are r e g u l a t e d d i r e c t l y by response r e g u l a t o r at t r a n s c r i p t i o n a l step,
while expressions o f o t h e r genes are a f f e c t e d i n d i r e c t l y at p o s t t r a n s c r i p t i o n a l steps by the p r o d u c t s
o f T C S - r e g u l a t e d genes. L i n k i n g a d d i t i o n a l genes to E. coli b a c k b o n e r e g u l a t o r y systems facilitate
the a b i l i t y o f E. coli to d e v e l o p new s t r a t e g y o f m u l t i p l i c a t i o n . Even t h e r e is n o t any effect o n
v i r u l e n c e gene expression, T C S seems to be involved in p a t h o g e n i c i t y . Since success in b a c t e r i a l
i n f e c t i o n o f h o s t requires m u l t i p l e abilities, d i s a b i l i t y in o n e o f the steps, such as a d a p t a t i o n to new
e n v i r o n m e n t or stress p r o d u c e d by host o r o t h e r m i c r o f l o r a , affect the i n f e c t i v i t y o f p a t h o g e n .

C p x A I C p x R System
The Cpx t w o - c o m p o n e n t signal t r a n s d u c t i o n p a t h w a y r e s p o n d s specifically to stress caused

by d i s t u r b a n c e s in the cell envelope a n d activates genes e n c o d i n g p e r i p l a s m i c p r o t e i n f o l d i n g
a n d d e g r a d i n g factors. The C p x system is a c t i v a t e d by stresses t h a t cause C p x P to dissociate from
C p x A at p e r i p l a s m i c site, a c t i v a t i n g C p x A kinase a c t i v i t y at c y t o p l a s m i c site a n d p h o s p h o r y l a t e
C p x R . P h o s p h o r y l a t e d C p x R regulates expression o f many genes by b i n d i n g to u p s t r e a m sequence.
M e m b e r s o f C p x r e g u l o n i n c l u d e dsbA ( e n c o d e s p e r i p l a s m i c d i s u l p h i d e i s o m e r a s e ) , ppiA a n d
ppiD ( p e r i p l a s m i c p e p t i d y l p r o p y l isomerases) a n d degP ( p e r i p l a s m i c p r o t e a s e a n d c h a p e r o n e ) .
The c o n n e c t i o n o f Cpx system to the r e g u l a t i o n o f expression o f surface s t r u c t u r e s t h a t are neces
sary for v i r u l e n c e have been r e p o r t e d in U P E C , E P E C a n d Shigella Spp.24 Pap o r P pili o f U P E C
are t h e t y p i c a l c h a p e r o n e - u s h e r class o f pili, w h i c h are assembled via a c o m p l e x process mostly at
p e r i p l a s m . The pilus s u b u n i t s are i n i t i a l l y s y n t h e s i z e d in the c y t o p l a s m a n d t r a n s p o r t e d t h r o u g h
the general s e c r e t o r y system to the p e r i p l a s m . The P pili specific c h a p e r o n e i n t e r a c t s w i t h t h e
s u b u n i t s at the p e r i p l a s m to assist f o l d i n g , p r e v e n t from p r e m a t u r e a g g r e g a t i o n by t e m p o r a l l y
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Table 1. Distribution of T e s in p a t h o g e n i c E. coli and Shigellae

res Strain

Sensor Response f. coli K-12 E H E C 0 1 5 7 UPEC S. flexneri 2a
Kinase Regulator M G 1 6 5 5 Sakai C F T 0 3 7 2 4 5 7 1

O m p R f a m i l y

PhoR PhoB Present Present Present Present

P h o Q PhoP Present Present Present Present

EnvZ O m p R Present Present Present Present

RstB RstA Present Present Present Present

C p x A CpxR Present Present Present Present

CreC CreB Present Present Present Present

BaeS BaeR Present Present Present Present

CusS C u d R Present Present Present Present

Q s e C QseB Present Present Present Present

K d p D KdpE Present Present Present a b s e n t

a b s e n t (TorS)

TorS TorR Present Present Present

Present (TorR)

AreB A r e A Present Present Present Present

BasS BasR Present Present Present Present

YedV Y e d W Present Present Present Present

N a r L f a m i l y

NarX N a r L Present Present Present Present

a b s e n t ( N a r Q )

N a r Q NarP Present Present Present

Present (NarP)

U h p B U h p A Present Present Present Present

ResC ResB Present Present Present Present

BarA U v r Y Present Present Present Present

EvgS EvgA Present Present Present Present

N t r C f a m i l y

G l n L G l n G Present Present Present Present

H y d H H y d G Present Present Present Present

AtoS A t o C Present a b s e n t Present absent

YfhK Y f h A Present Present Present Present

C h e m o t a x i s f a m i l y

C h e W CheY Present Present Present Present

C h e A CheB Present Present Present Present

CitB f a m i l y

C i t A CitB Present Present Present a b s e n t

DeuS D e u B Present Present Present Present

LytT f a m i l y

LytS LytR Present Present Present Present

Y p d A YpdB Present Present Present Present

H y f R Present Present a b s e n t absent

continued on next page
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Table 1. C o n t i n u e d

res S t r a i n

Sensor Response E. coli K-12 E H E C 0 1 5 7 UPEC S . f l e x n e r i 2a
Kinase R e g u l a t o r M G 1 6 5 5 Sakai CFT037 2 4 5 7 T

YgaA Present Present Present Absent

YifB Present Present Present Absent

BglJ Present Present Present Absent
P a t h o g e n - s p e c i f i c

ECs5067 Absent Present Absent Absent
ECs0417 ECs0418 A b s e n t Present Absent Absent
c 3 5 6 4 c3565 Absent Absent Present Absent
c4545 c 4 5 4 6 Absent Absent Present A b s e n t
c5041 c 5 0 4 0 Absent Absent Present Absent

The data from H D B was m o d i f i e d . ( h t t p : / / s p o c k . g e n e s . n i g . a c . j p / % 7 Ettdb - t f / t w o / ) .

p r o v i d i n g p e p t i d e to i n t e r a c t i v e groove o f the s u b u n i t a n d p r o m o t e assembly i n t o the g r o w i n g pilus
at an o u t e r m e m b r a n e usher. In t h e process o f assembly, m i s f o l d e d s u b u n i t s , failed to i n t e r a c t w i t h
c h a p e r o n e , leave the p a t h w a y to form n o n p r o d u c t i v e i n t e r a c t i o n s a n d are d e g r a d e d s u b s e q u e n t l y .
Expression o f P pilus in E. coli K-12 s t r a i n activates Cpx system, w h i c h in t u r n i n d u c e s p e r i p l a s m i c
factors, such as D e g P a n d DsbA, r e q u i r e d for P pilus assembly," In the absence o f Cpx system, only
s h o r t pili are assembled, whereas the a c t i v a t i o n o f C p x system by i n t r o d u c i n g c o n s t i t u t i v e active
C p x R m u t a n t s e n h a n c e d p r o d u c t i o n o f pilus in E. coli K-12. In a d d i t i o n , p h o s p h o r y l a t e d C p x R
b i n d s to the p a p p r o m o t e r a n d affect the phase v a r i a t i o n o f pilus expression. Thus, it is p r e s u m e d
t h a t Cpx system enables p r o p e r p r o d u c t i o n o f pili by a c t i v a t i n g p e r i p l a s m i c assembly factors a n d
m a i n t a i n i n g the O N state o f phase v a r i a t i o n at u r i n a r y tract.

Type IV b u n d l e - f o r m i n g pili (BFP) o f E P E C is p o o r l y p r o d u c e d from e x o g e n o u s p r o m o t e r
in E. coli K-12 s t r a i n unless the Cpx system is c o n s t i t u t i v e l y a c r i v a t e d . " In E P E C , e l i m i n a t i o n o f
Cpx system by m u t a t i o n o f cpxR results in d i m i n i s h e d BFP p r o d u c t i o n , c o n s e q u e n t l y r e d u c t i o n
in p i l i - m e d i a t e d a u t o a g g r e g a t i o n . F u r t h e r m o r e , the cpxR m u t a t i o n has a s i g n i f i c a n t effect o n the
a d h e r e n c e to e p i t h e l i a l cells, w h i c h is the first step in E P E C p a t h o g e n e s i s . Process o f type IV pili
assembly is c o m p l e t e l y d i f f e r e n t from t h a t o f P pili. P e r i p l a s m i c assembly i n t e r m e d i a t e s have n o t
b e e n i d e n t i f i e d for BFP. P r e m a t u r e p i l i n s u b u n i t s ( p r e b u n d l i n ) are i n i t i a l l y s y n t h e s i z e d in c y t o 
plasm a n d t r a n s l o c a t e d to c y t o p l a s m i c m e m b r a n e t h r o u g h general s e c r e t i o n pathway. Then, leader
s e q u e n c e o f the s u b u n i t is cleaved by BfpP leader p e p t i d a s e a n d disulfide b o n d at C - t e r m i n u s ,
w h i c h is essential for assembly, is f o r m e d by DsbA. Possibly, a m o u n t o f D s b A in E. coli K-12 is n o t
e n o u g h for m a t u r a t i o n o f b u n d l i n , whereas, basal level o f C p x - r e g u l a t e d factors are h i g h e n o u g h
for assembly process in E P E e . Alternatively, o t h e r p e r i p l a s m i c factors may be r e q u i r e d or BFP
assembly factors are affected. Since expression o f b u n d l i n in E. coli K-12 activates Cpx system, Cpx
system sense the p r o d u c t i o n o f b u n d l i n a n d s u p p o r t s the efficient assemble o f B F P in E P E e .

C u r l i fibers are p r o d u c e d by n o n p a t h o g e n i c a n d p a t h o g e n i c E. coli a n d Salmonella enterica.
C u r l i are involved in a d h e r e n c e to surfaces o f m a m m a l i a n h o s t tissue a n d also to i n o r g a n i c ma
terials, w h i c h leads to f o r m a t i o n o f b i o f i l m . H e n c e , C u r l i are t h o u g h t to p l a y a role in v i r u l e n c e .
Cpx system is i m p l i c a t e d in the r e g u l a t i o n o f curli b i o g e n e s i s , " C p x R b i n d s to the csgD p r o m o t e r
region, r e s u l t i n g in r e p r e s s i o n o f csg gene expression. Cpx system is a c t i v a t e d in response to h i g h
o s m o l a r i t y shift a n d C p x R represses csgD expression in h i g h salt m e d i u m . H o w e v e r , r e p r e s s i o n by
C p x R is r e s t r i c t e d to h i g h salt c o n d i t i o n s . R e s p o n s e to o t h e r h i g h o s m o l a r i t y c o n d i t i o n s , c r e a t e d
by h i g h sucrose, is m e d i a t e d by H - N S . A l t h o u g h r e g u l a t i o n o f csggenes t r a n s c r i p t i o n is m e d i a t e d
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by several factors, at least t h e Cpx system regulates curli expression at t r a n s c r i p t i o n a l level in
response to h i g h salt c o n d i t i o n s .

A d h e r e n c e to surface o f host tissue or abiotic material is essential for i n f e c t i o n or biofilm forma
tion. Bacteria response to c o n t a c t to the surface and adjust their cell s t r u c t u r e and physiology d u r i n g
a d h e n s i o n . This response is p a r t l y m e d i a t e d by Cpx s y s t e m . " It has been s h o w n t h a t Cpx system
is a c t i v a t e d u p o n a t t a c h m e n t o f E. coli to abiotic h y d r o p h o b i c surface. This a c t i v a t i o n requires
N l p E , an o u t e r m e m b r a n e l i p o p r o t e i n , w h i c h is k n o w n as an i n d u c e r o f Cpx system. A l t h o u g h
u n d e r l y i n g m e c h a n i s m r e m a i n e d unclear, a c t i v a t i o n o f Cpx system is i m p o r t a n t to e s t a b l i s h novel
bacteria-surface i n t e r a c t i o n for efficient a d h e r e n c e .

Type I I I s e c r e t i o n system ( T T S S ) o f Shigella spp. is necessary for i n v a s i o n o f h o s t cells.
Expression o f the T T S S genes is affected by p H and Cpx system has b e e n f o u n d to activate regula
t o r y gene for T T S S g e n e s , " P h o s p h o r y l a t e d C p x R activates t r a n s c r i p t i o n o f virF, w h i c h encodes
t r a n s c r i p t i o n a l a c t i v a t o r for invE (virB) e n c o d i n g a n o t h e r r e g u l a t o r for T T S S genes, by b i n d i n g
to p r o m o t e r region o f t h e virF gene. Cpx system also affect the p r o d u c t i o n o f InvE p r o t e i n . P
C o n s e q u e n t l y , Cpx system is involved in virulence expression in Shigella spp. by e n h a n c i n g T T S S
expression at b o t h t r a n s c r i p t i o n a l and p o s t t r a n s c r i p t i o n a l processes.

B a r A / U v r Y S y s t e m
The B a r A / U v r Y t w o - c o m p o n e n t signal t r a n s d u c t i o n p a t h w a y r e g u l a t e s the e x p r e s s i o n o f

C s r A / C s r B system, w h i c h is a global r e g u l a t o r y system c o n t r o l l i n g c a r b o n m e t a b o l i s m , flagella
biosynthesis and biofilm f o r m a t i o n . ' ? UvrY positively c o n t r o l s t r a n s c r i p t i o n o f n o n c o d i n g R N A
genes, csrB. B i n d i n g o f csrB R N A to CsrA p r o t e i n p r e v e n t its activity t h a t block access o f ribo
some to c e r t a i n m R N A . The h o m o l o g u e s o f B a r A / U v r Y system in o t h e r b a c t e r i a are involved in
virulence o f the bacteria. For example, B a r A / S i r A in Salmonella enterica affects the expression o f
virulence genes in S P I - I p a t h o g e n i c i t y i s l a n d , " D e l e t i o n o f E x p S / E x p A in Erwinia carotovora,
VarS/VarA in Vibrio cholerae a n d G a c S / GacA in Pseudomonus spp. d i m i n i s h e s t h e i r v i r u l e n c e . P ? '
I n v o l v e m e n t o f B a r A / U v r Y system in U P E C was d e m o n s t r a t e d in m o n k e y cystitis c o m p e t i t i o n
m o d e l . " I t has been shown t h a t the uvrY m u t a n t is o u t c o m p e t e d in the m o n k e y b l a d d e r w h e n
equal n u m b e r o f the m u t a n t and wild type o f U P E C are i n o c u l a t e d . O u t c o m p e t i t i o n o f the uvrY
m u t a n t in the m e d i u m c o n t a i n i n g urine suggested t h a t B a r A / U v r Y system affects b a c t e r i a l ability
to efficiently switch between c a r b o n sources. Thus, virulence o f U P E C is d e p e n d e n t on B a r A / U v r Y
system because the system may s u p p o r t efficient g r o w t h in u r i n a r y tract.

E n v Z / O m p R S y s t e m
The E n v Z / O m p R signal t r a n s d u c t i o n system regulates expression o f p o r i n genes, ompF and

ompC, in response to changes in osmolarity. In a d d i t i o n to these p o r i n genes, O m p R regulates
expression o f many genes in E. coli. D i s r u p t i o n o f En v Z / O m p R system in Shigella .flexneri reduces
its virulence and decreases expression o f virulence g e n e s . " But the effect o f E n v Z / O m p R system
seems to be i n d i r e c t . V i r u l e n c e o f the m u t a n t is r e s t o r e d by m u l t i c o p y o f ompC, w h i c h is barely
expressed in the m u t a n t . These results suggest t h a t the main c o n t r i b u t i o n o f E n v Z / O m p R system
to virulence o f Shigella spp. is t h r o u g h t h e u n k n o w n role o f O r n p C . 37

C o n s t i t u t i v e l y active O m p R m u t a t i o n stimulates biofilm f o r m a t i o n by E. coli. O m p R b i n d s
p r o m o t e r o f csgD, which encodes t r a n s c r i p t i o n a l r e g u l a t o r for csgAB o p e r o n e n c o d i n g curli and
enhances t r a n s c r i p t i o n . Thus, activated O m p R p r o m o t e s biofilm f o r m a t i o n by e n h a n c i n g the initial
a d h e s i o n o f bacteria to abiotic surface. 3 8,39The r e g u l a t i o n o f b i o f i l m f o r m a t i o n and expression o f
curli genes in wild type E. coli is c o m p l i c a t e d by i n v o l v e m e n t o f o t h e r r e g u l a t o r s . The f o r m a t i o n
o f b i o f i l m by wild type E. coli is i n h i b i t e d by h i g h o s m o l a r i t y c o n d i t i o n , w h i c h activates E n v Z l
O m p R s y s t e m . " The csgD gene is also r e g u l a t e d by CpxR, a response r e g u l a t o r o f C p x A / C p x R
system. Since Cpx system is also a c t i v a t e d in response to h i g h o s m o l a r i t y stress c o n d i t i o n s a n d
C p x R represses csgD expression by b i n d i n g t o t h e p r o m o t e r , it is likely t h a t expression o f csgD
gene is strongly repressed by C p x R a n t a g o n i z i n g positive effect o f O m p R at the csgD p r o m o t e r at
least in h i g h salt c o n d i t i o n s . Hence, Env Z / O m p R system can positively regulate expression o f csg
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genes a n d biofilm f o r m a t i o n in E. coli b u t the expression is d e p e n d e n t on c o m b i n a t i o n w i t h o t h e r
r e g u l a t o r s t h a t are activated by d i f f e r e n t or the same stimuli.

R c s C / R c s D / R c s B S y s t e m
The RcsC/RcsD IRcsB signal t r a n s d u c t i o n system regulates genes e n c o d i n g enzymes involved

in synthesis o f e x t r a p o l y s a c c h a r i d e , such as cps genes for colanic acid p o l y s a c c h a r i d e synthesis
a n d ugd gene for U D P - D - g l u c o s e d e h y d r o g e n a s e . The expression o f v i r u l e n c e genes in E H E C is
a f f e c t e d by t h e RcsC/RcsD/RcsB s y s r e m . " O v e r e x p r e s s i o n o f rcsB, e n c o d i n g response r e g u l a t o r ,
or rcsD, e n c o d i n g p h o s p h o t r a n s f e r p r o t e i n , d r a s t i c a l l y increase the level o f expression o f genes
in LEE p a t h o g e n i c i t y island. C o n s e q u e n t l y , v i r u l e n c e o f E H E C is e n h a n c e d by the increase o f
ability o f a d h e r e n c e to e p i t h e l i a l cells a n d type III s e c r e t i o n o f effectors. F u r t h e r , a c t i v a t i o n o f
RcsC/RcsD/RcsB system by o v e r p r o d u c t i o n o f p e r i p l a s m i c p r o t e i n RcsF or i n t r o d u c t i o n o f
c o n s t i t u t i v e l y active RcsC e n h a n c e s the expression o f LEE genes. This a c t i v a t i o n is d e p e n d e n t
o n m a s t e r r e g u l a t o r gene, ler, in LEE and u p s t r e a m r e g u l a t o r gene grvA, w h i c h is l o c a t e d o u t s i d e
o f LEE. The grvA gene is o n the E H E C s t r a i n - s p e c i f i c c h r o m o s o m a l s e g m e n t a n d encodes t r a n 
s c r i p t i o n a l r e g u l a t o r for L E E ] o p e r o n , w h i c h includes ler gene (see Fig. I). Therefore, a c t i v a t i o n
o f R c s C / R c s D / R c s B system activates a b o u t 40 LEE genes t h r o u g h cascade o f positive r e g u l a t i o n :
activation o f grvA expression leads increase o f LEE] o p e r o n t r a n s c r i p t i o n , w h i c h increases p r o d u c 
t i o n o f Ler, Ler t h e n activates o t h e r LEE genes t r a n s c r i p t i o n . I n v o l v e m e n t o f RcsC/RcsD/RcsB
system in r e g u l a t i o n o f LEE genes is c o m p l i c a t e d because LEE genes are r e g u l a t e d by several o t h e r
r e g u l a t o r s a n d by various e n v i r o n m e n t a l factors. This a c t i v a t i o n is achieved only w h e n b a c t e r i a is
grown in the D u l b e c c o s M o d i f i e d Eagle m e d i u m (D M E M ) b u t n o t in LB. Moreover, d e l e t i o n o f
rcsB is r e s u l t e d in increased expression o f LEE genes when b a c t e r i a are grown in D M E M . T h e s e
results i n d i c a t e t h a t a c t i v a t i o n o f o t h e r r e g u l a t o r y system( s) for LEE genes by g r o w t h in D M E M
is p r i m a r i l y r e q u i r e d for f u r t h e r r e g u l a t i o n by RcsB. A n d basal level o f R c s B activity represses LEE
genes expression, while f u r t h e r activation ofRcsB enhances the expression. Repression o f LEE genes
by the RcsB at basal level is d e p e n d e n t o n o t h e r r e g u l a t o r genes, pchA a n d pchB, for LEE genes.
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Figure 1. I n t e g r a t i o n of v i r u l e n c e r e g u l a t o r y system w i t h b a c k b o n e TCS. D u a l r e g u l a t o r y cas
cades m e d i a t e s response of LEE genes to R c s - a c t i v a t i ng sti rnuli. RcsC/RcsD/RcsB system a f f e c t s
LEE genes e x p r e s s i o n in p o s i t i v e and n e g a t i v e manner. RcsB at n o r m a l level a f f e c t s n e g a t i v e l y
on LEE genes t h r o u g h repressing pchA and pchB genes e x p r e s s i o n . A c t i v a t e d RcsB a f f e c t s
p o s i t i v e l y on LEE genes t h r o u g h a c t i v a t i o n of grvA gene e x p r e s s i o n . E n v i r o n m e n t - r e s p o n s e of
v i r u l e n c e genes in LEE is m e d i a t e d by r e g u l a t o r y genes at o t h e r l o c i , w h i c h transfer the signal
f r o m TCS. Thus, r e g u l a t o r y systems for h o r i z o n t a l l y a c q u i r e d v i r u l e n c e genes are i n t e g r a t e d
i n t o b a c k b o n e r e g u l a t o r y systems via v i r u l e n c e regulators.
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A m i n o acid s e q u e n c e s o f P c h A a n d PchB share 98% s i m i l a r i t y a n d b o t h can a c t i v a t e t r a n s c r i p t i o n
o f L E E 1 o p e r o n , w h i c h i n c l u d e s ler gene. E n h a n c e m e n t o f LEE gene expression in D M E M - g r o w n
E H E C is at least p a r t l y caused by the increase ofpch genes expression, w h i c h is a c t i v a t e d by D M E M .
N e g a t i v e effect o f RcsB o n pch t r a n s c r i p t i o n was d e m o n s t r a t e d . T r a n s c r i p t i o n o f pch genes was
e n h a n c e d in rcsB d e l e t i o n m u t a n t a n d r e d u c e d by o v e r p r o d u c t i o n o f R c s B . A c c o r d i n g l y , LEE genes
are b o t h p o s i t i v e l y a n d negatively r e g u l a t e d by R c s C / R c s D / R c s B system t h r o u g h t w o d i f f e r e n t
r e g u l a t o r y cascade (Fig. 1). Basal a c t i v i t y o f R c s C / R c s D IRcsB system negatively affect LEE genes
e x p r e s s i o n by r e p r e s s i n g p c h r e g u l a t o r genes, while, w h e n R c s C / R c s D / R c s B system is a c t i v a t e d
by e n v i r o n m e n t a l s t i m u l i , a c t i v a t e d RcsB e n h a n c e s t h e LEE genes e x p r e s s i o n t h r o u g h a c t i v a t i o n
o f a n o t h e r p o s i t i v e r e g u l a t o r gene grvA.

O t h e r TCS in Virulence E x p r e s s i o n
Q s e C ( Y g i Y ) / Q s e B (YgiX) system is a h o m o l o g o f P r e A - P r e B system o f Salmonella enterica,

w h i c h m o d u l a t e s e x p r e s s i o n o f a n o t h e r T C S PmrA/PmrBY PmrA/PmrB system r e g u l a t e s t h e
m o d i f i c a t i o n o f l i p o p o l y s a c c h a r i d e l e a d i n g to r e s i s t a n c e a g a i n s t p o l y m y x i m B in Salmonella
enterica. The Q s e C ( Y g i Y ) / Q s e B (YgiX) system in E. coli r e g u l a t e s p r o d u c t i o n o f flagella a n d
a b i l i t y o f motility.42The system senses a u t o i n d u c e r , w h i c h is p r o d u c e d by E. coli a n d used as signal
m o l e c u l e for cell-cell c o m m u n i c a t i o n o r q u o r u m sensing. E x p r e s s i o n o f v i r u l e n c e in E H E C is also
a f f e c t e d by t h e same a u t o i n d u c e r , b u t t h e Q s e C ( Y g i Y ) / Q s e B (YgiX) system is n o t i n v o l v e d in
t h e r e g u l a t i o n o f v i r u l e n c e e x p r e s s i o n .

P h o Q l P h o P system is k n o w n to r e g u l a t e t r a n s c r i p t i o n o f Salmonella v i r u l e n c e genes. A l t h o u g h
p h o P m u t a n t o f Shigella flexneri has t h e same a b i l i t y o f cell i n v a s i o n , i n t e r c e l l u l a r s p r e a d i n g , in
d u c t i o n o f a p o p t o s i s in m a c r o p h a g e s a n d r e s i s t a n c e to e x t r e m e acid p H , t h e m u t a n t S. flexneri are
cleared m o r e rapidly than wild type from i n f e c t e d animals. A l t h o u g h precise m e c h a n i s m s remain to
be u n k n o w n , the P h o Q l P h o P system is r e s p o n s i b l e for resistance to killing by p o l y m o r p h o n u c l e a r
l e u c o c y t e s ( P M N ) a n d a n t i m i c r o b i a l peptide,"

C o n c l u s i o n
P a t h o g e n i c E . coli or Shigella spp. e n c o u n t e r s variety o f e n v i r o n m e n t a l c o n d i t i o n s d u r i n g its life

cycle. Even in g a s t o i n t e s t i n e , where is n i c h e s o f d i a r r h e a g e n i c p a t h o g e n s , e n v i r o n m e n t a l c o n d i t i o n s
changes d r a m a t i c a l l y f r o m e x t r e m e l y acid to n e u t r a l p H , rich to very r e s t r i c t e d n u t r i e n t c o n d i 
t i o n s , n o r m a l to h i g h o s m o l a r i t y , As n o n p a t h o g e n i c E. coli is a m e m b e r o f i n t e s t i n a l r n i c r o f l o r a ,
p a t h o g e n i c E . coli a n d Shigella have to a d a p t to t h e same e n v i r o n m e n t a l changes by u s i n g t h e same
response a n d a d a p t a t i o n systems. In a d d i t i o n , because p a t h o g e n i c strains are n e w c o m e r in i n t e s t i n e ,
t h e y have to increase t h e i r p o p u l a t i o n a n d c o l o n i z e o n i n t e s t i n a l m u c o s a by o v e r c o m i n g a l r e a d y
e x i s t i n g m i c r o f l o r a . Thus, v a r i e t y o f genes are r e q u i r e d for p a t h o g e n i c i t y by i n v o l v i n g in survival
or m u l t i p l i c a t i o n as well as for v i r u l e n c e to h o s t . By these reasons, T C S s , w h i c h are r e q u i r e d for
g r o w t h in e n v i r o n m e n t s o f i n f e c t i o n sites, c o u l d be d e s c r i b e d as e s s e n t i a l for p a t h o g e n i c i t y . This
case is e x e m p l i f i e d by B a r A / U v r Y system in U P E C , w h i c h affect t h e g r o w t h o f b a c t e r i a in u r i n a r y
t r a c t . M o r e specifically, it has b e e n r e p o r t e d t h a t p r o d u c t i o n o f v i r u l e n c e d e t e r m i n a n t are d i r e c t l y
or i n d i r e c t l y a f f e c t e d by a c t i v a t i o n o f some T C S s . V i r u l e n c e a s s o c i a t e d genes are s t r i c t l y r e g u l a t e d
to express at t a r g e t site o f i n f e c t i o n . S e n s i n g e n v i r o n m e n t a l c o n d i t i o n s a n d t r a n s f e r r i n g signals to
r e g u l a t o r y systems for v i r u l e n c e genes are i m p o r t a n t for successful i n f e c t i o n . R e s p o n s e o f viru
lence genes e x p r e s s i o n to changes in e n v i r o n m e n t a l c o n d i t i o n s is a c h i e v e d t h r o u g h v a r i o u s ways
as s h o w n for h o u s e - k e e p i n g (E. coli b a c k b o n e ) genes. For example, t h e r m o r e g u l a t i o n o f Shigella
flexneri v i r u l e n c e genes is m e d i a t e d by s e n s i n g changes in D N A s u p e r h e l i c i t y at r e g u l a t o r y gene
virF. 44 A c t i v a t i o n o f v i r u l e n c e genes e x p r e s s i o n in E H E C at c o n d i t i o n s i n d u c i n g g r o w t h arrest is
m e d i a t e d by increase o f p p G p p , w h i c h is a signal m o l e c u l e for s t r i n g e n t r e s p o n s e . v T C S is also
i n v o l v e d in r e g u l a t i o n o f v i r u l e n c e genes to r e s p o n d to e n v i r o n m e n t a l factors. At least several
systems are i n v o l v e d in r e g u l a t i o n o f v i r u l e n c e genes e x p r e s s i o n directly, such as t h e C p x A / C p x R
system in t r a n s c r i p t i o n o f P a p - p i l u s genes in U P E C a n d in v i r u l e n c e genes in Shigella sonnei,
O m p R in curli genes in E. coli. In these cases t r a n s c r i p t i o n o f t a r g e t v i r u l e n c e genes are a f f e c t e d by
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r e s p o n s e r e g u l a t o r , w h i c h b i n d s p r o m o t e r r e g i o n o f t h e gene. In o t h e r cases, T C S - r e g u l a t e d gene
p r o d u c t s affect p r o d u c t i o n o f v i r u l e n c e f a c t o r s o r assembly o f m a c r o m o l e c u l e s . Since v i r u l e n c e
genes in E. coli are a c q u i r e d by h o r i z o n t a l t r a n s f e r o f e x t e r n a l D N A a n d usually possess d i f f e r e n t
c o d o n usage from E. coli b a c k b o n e genes, v i r u l e n c e f a c t o r s may r e q u i r e s s t r e s s - i n d u c e d f u n c t i o n s
for e f f i c i e n t p r o d u c t i o n .

G e n o m e s t r u c t u r e o f p a t h o g e n i c E. coli suggested t h a t m o s t o f v i r u l e n c e - a s s o c i a t e d genes are
l o c a t e d at strain-specific c h r o m o s o m a l segments or on plasmids. A l t h o u g h genes for macromolecules,
such as pilus or type III s e c r e t i o n m a c h i n e r y , are l o c a t e d in the same s e g m e n t and t i g h t l y r e g u l a t e d
by a specific r e g u l a t o r , w h i c h is also e n c o d e d by the same segment, r e g u l a t o r y system for r e s p o n d i n g
to e n v i r o n m e n t a l stimuli is d e p e n d e n t u p o n the E. coli b a c k b o n e r e g u l a t o r y system. I n t e g r a t i o n o f
a c q u i r e d v i r u l e n c e genes to t h e E. coli b a c k b o n e response r e g u l a t o r y systems m u s t be an i m p o r t a n t
process to e s t a b l i s h a successful p a t h o g e n i c strain. It has been s h o w n t h a t p l a c i n g the v i r u l e n c e regu
l a t o r y gene i n t o the E. coli b a c k b o n e response r e g u l a t o r y n e t w o r k r e n d e r s the v i r u l e n c e r e g u l a t o r y
system to r e s p o n d to signals p r o c e s s e d t h r o u g h E. coli b a c k b o n e r e g u l a t o r y system.
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Vancomycin Resistance VanS/VanR
Two-Component Systems
Hee-Jeon H o n g , Matthew I. H u t c h i n g s and M a r k ] , B u t t n e r "

A b s t r a c t

V a n c o m y ci n is a m e m b e r o f t h e g l y c o p e p t i d e class o f a n t i b i o t i c s . V a n c o m y c i n resis
t a n c e (van) gene clusters are f o u n d in h u m a n p a t h o g e n s such as Enterococcus faecalis,
Enterococcus faecium a n d Staphylococcus aureus, g l y c o p e p t i d e - p r o d u c i n g a c t i n o m y c e t e s

such as Amycolotopsis orientalis, Actinoplanes teichomyceticus a n d Streptomyces toyocaensis a n d the
n o n g l y c o p e p t i d e p r o d u c i n g a c t i n o m y c e t e Streptomyces coelicolor. Expression o f the van genes is
a c t i v a t e d by the V a n S / V a n R t w o - c o m p o n e n t system in response to e x t r a c e l l u l a r g l y c o p e p t i d e
a n t i b i o t i c . Two major types o f i n d u c i b l e v a n c o m y c i n resistance are f o u n d in p a t h o g e n i c b a c t e r i a ;
VanA s t r a i n s are resistant to v a n c o m y c i n i t s e l f a n d also to the l i p i d a t e d g l y c o p e p t i d e t e i c o p l a n i n ,
while VanE strains are r e s i s t a n t to v a n c o m y c i n b u t sensitive to t e i c o p l a n i n . H e r e we discuss the
enzymes the van genes e n c o d e , the range o f d i f f e r e n t V a n S / V a n R t w o - c o m p o n e n t systems, the
b i o c h e m i s t r y o f V a n S / V a n R , the n a t u r e o f the e f f e c t o r l i g a n d ( s ) r e c o g n i s e d by VanS a n d the
e v o l u t i o n o f the van cluster.

I n t r o d u c t i o n
Vancomycin is clinically i m p o r t a n t for t r e a t i n g e n t e r o c o c c a l i n f e c t i o n s arising after a b d o m i n a l

surgery a n d is vital as the only widely effective t r e a t m e n t for i n f e c t i o n s caused by m e t h i c i l l i n - r e s i s 
t a n t Staphylococcus aureus ( M R S A ) , a major killer in h o s p i t a l - a c q u i r e d i n f e c t i o n s . Vancomycin a n d
o t h e r g l y c o p e p t i d e a n t i b i o t i c s i n h i b i t cell wall b i o s y n t h e s i s by b i n d i n g to the D-alanyl- D - a l a n i n e
( D - A l a - D - A l a ) t e r m i n u s o f l i p i d - a t t a c h e d p e p t i d o g l y c a n p r e c u r s o r s on the o u t s i d e o f the cytoplas
mic m e m b r a n e (Fig. lA).l,2 This i n t e r a c t i o n blocks f o r m a t i o n o f m a t u r e p e p t i d o g l y c a n , p r i n c i p a l l y
by d e n y i n g t r a n s p e p t i d a s e access to its s u b s t r a t e , t h e r e b y p r e v e n t i n g f o r m a t i o n o f the p e p t i d e
crosslinks b e t w e e n p o l y s a c c h a r i d e s t r a n d s t h a t give the cell wall its rigidity.

The first clinical isolates o f v a n c o m y c i n - r e s i s t a n t strains o f p a t h o g e n i c Enterococcus faecalis
andEnterococcusfaecium (VRE) a p p e a r e d in the late 1980s and were shown to r e p r o g r a n u n e cell
wall b i o s y n t h e s i s such t h a t the 'stem' p e n t a p e p t i d e o f p e p t i d o g l y c a n p r e c u r s o r s t e r m i n a t e d in
D-alanyl-D-laetare (D-Ala-D-Lac), rather than in D-Ala-D-Ala (Fig.1B).3-6 The affinity o f van comy
cin for p r e c u r s o r s t e r m i n a r i n g in D-Ala- D-Lac is ~ 1 OOO-foid lower t h a n for precursors t e r m i n a t i n g
in D - A l a - D - A l a , r e n d e r i n g the m o d i f i e d b a c t e r i a r e s i s t a n t . ' Because v a n c o m y c i n is the f r o n t - l i n e
t h e r a p y for t r e a t i n g p r o b l e m a t i c i n f e c t i o n s caused by M R S A , the spread o f vancomycin resistance
t h r o u g h b a c t e r i a l p o p u l a t i o n s is an acute p u b l i c h e a l t h issue, h i g h l i g h t e d by the recent emergence
o f v a n c o m y c i n - r e s i s t a n t , m e t h i c i l l i n - r e s i s t a n t Staphylococcus aureus (VRSA) in h o s p i t a l s . r ' ?

* C o r r e s p o n d i n g Author: Mark J. B u t t n e r - D e p a r t m e n t M o l e c u l a r M i c r o b i o l o g y ,
John Innes Centre, N o r w i c h Research Park, Colney, N o r w i c h NR4 7UH, UK.
Email: m a r k . b u t t n e r o b b s r c . a c . u k
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Figure 1. Transpeptidase and the mode of action of v a n c o m y c i n . A) Transpeptidase recognises
the sequence D - a l a n y l - D - a l a n i n e ( D - A l a - D - A l a ) at the end of the p e n t a p e p t i d e chain, cleaves
off the terminal alanine and joins the remainder to the branch of a stem p e p t i d e from an ad
jacent p o l y s a c c h a r i d e chain. V a n c o m y c i n and other g l y c o p e p t i d e a n t i b i o t i c s i n h i b i t cell wall
biosynthesis by b i n d i n g to the D - A l a - D - A l a terminus of l i p i d - a t t a c h e d p e p t i d o g l y c a n precur
sors on the outside of the c y t o p l a s m i c membrane. This i n t e r a c t i o n blocks f o r m a t i o n of mature
p e p t i d o g l y c a n , p r i n c i p a l l y by d e n y i n g transpeptidase access to its substrate. B) Vancomycin
resistant bacteria reprogram me cell wall biosynthesis such that the stem p e n t a p e p t i d e ter
minates in D - a l a n y l - D - I a c t a t e ( D - A l a - D - l a c ) . The a f f i n i t y of v a n c o m y c i n for D - A l a - D - l a c is
- 1 0 0 0 - f o l d l o w e r than for D - A l a - D - A l a , a l l o w i n g t r a n s p e p t i d a t i o n to occur. Note that the
p e p t i d o g l y c a n precursor shown is the one present in S t r e p t o m y c e s , but the exact nature of the
precursor varies from genus to genus; in S t r e p t o m y c e s it has l l - d i a m i n o p i m e l i c acid ( l l - d p m )
at p o s i t i o n 3 of the stem p e n t a p e p t i d e and the branch is a single glycine.
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A Range o f D i f f e r e n t VanS/VanR Systems
In the c o n t e x t o f this b o o k . the key p o i n t a b o u t the v a n c o m y c i n resistance (van) genes is t h a t

they are expressed only in the presence o f extracellular glycopeptides a n d t h a t signal t r a n s d u c t i o n is
m e d i a t e d by a t w o - c o m p o n e n t system c o n s i s t i n g o f a sensor kinase (VanS) and a response r e g u l a t o r
(VanR). Five d i f f e r e n t V a n S N a n R t w o - c o m p o n e n t systems have b e e n e x a m i n e d . albeit to very
d i f f e r i n g extents. M o s t effort has b e e n c o n c e n t r a t e d o n the V a n S N a n R systems associated w i t h
the clinically i m p o r t a n t VanA (VanS A N a n R J a n d VanB ( V a n S B N a n R B) e n t e r o c o c c a l strains t h a t
first a p p e a r e d in h o s p i t a l s in the late 1980s. 1 1 M o r e recently, t h e r e has been analysis o f V a n S / V a n R
systems f o u n d in a c t i n o r n y c e t e s , the o r d e r o f b a c t e r i a t h a t make all o f the k n o w n g l y c o p e p t i d e s .
In every case where it has b e e n s t u d i e d , the vanS/vanR genes are themselves u n d e r V a n S N a n R
c o n t r o l , c r e a t i n g an a u t o - a m p l i f i c a t i o n l o o p in the presence o f i n d u c e r (Fig. 2).

E n t e r o c o c c a l VanA a n d VanB S t r a i n s
E n t e r o c o c c a l VanA strains are r e s i s t a n t to v a n c o m y c i n i t s e l f a n d also to the l i p i d a t e d glyco

p e p t i d e t e i c o p l a n i n (Fig. 3). while VanB strains are r e s i s t a n t to v a n c o m y c i n b u t sensitive to tc
i c o p l a n i n . The van genes in VanA strains are c a r r i e d on the t r a n s p o s o n Tn1546 a n d t h e r e is very
l i t t l e s e q u e n c e v a r i a t i o n b e t w e e n the van genes in VanA isolates. The first isolates o f the new
S. aureus h o s p i t a l 'superbug,' VRSA, arose from i n t e r g e n e r i c t r a n s f e r o f T n1546 from a co-isolate
o f E. faecalis?·IO The van genes in VanB strains are c h r o m o s o m a l l y e n c o d e d a n d are m o r e diverse
in s e q u e n c e t h a n t h e i r VanA e q u i v a l e n t s .

In c o n t r a s t to these VanA a n d VanB r e s i s t a n t strains, the c o m p a r a t i v e l y rare V a n e . VanE
a n d VanG isolates o f Enterococci have a D - a l a n y l - D - s e r i n e ( D - A l a - D - S e r ) ligase i n s t e a d o f a
D - A l a - D - L a c ligase. 6

•
1 2 T h e s u b s t i t u t i o n o f D - S e r for D - A l a results in a ~6-fold decrease in af

finity for v a n c o m y c i n a n d t h e r e f o r e low-level resistance. 1 3 T h e D - S e r - b a s e d systems will n o t be
c o n s i d e r e d f u r t h e r here.

G l y c o p e p t i d e - R e s i s t a n t A c t i n o m y c e t e s
G l y c o p e p t i d e r e s i s t a n c e has b e e n e x p l o r e d in t h r e e d i f f e r e n t a c t i n o m y c e t e s : Streptomyces

coelicolor, w h i c h does n o t make a g l y c o p e p t i d e a n d Streptomyces toyocaensis a n d Actinoplanes tei
cbomyceticus, w h i c h do make glycopeptides. G l y c o p e p t i d e resistance has an a d d i t i o n a l significance

tw o--c olllpon ent tw o -c o m p o n e n t
senso r k in a se r esp on s e

rq: u la to r

p uta t ive
m e m b r alu e
pru t eln

Fe m pr ot ei n D·l a ct at c [)..ala ni ne: () · U-al an in c :I) ·
deh,.d ro~4.'n a\C la ct . l f' liJ:a\c a la n i ne-d ipt'pri d a w

Figure 2. O r g a n i s a t i o n and regulation of the vancomycin resistance (van) gene cluster of
S. c o e l i c o l o r . The genes are organized into four t r a n s c r i p t i o n units, vanS/vanR, van}, vent;
and vanHAX and these transcripts are induced by vancomycin in a vanR-dependent manner.
Reproduced w i t h permission from reference 23.
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Figure 3. Structures of the g l y c o p e p t i d e a n t i b i o t i c s vancomycin, t e i c o p l a n i n and A47934 and
the cell w a l l - s p e c i f i c , n o n g l y c o p e p t i d e a n t i b i o t i c , m o e n o m y c i n A.

in glycopeptide p r o d u c e r s , where a c t i v a t i o n o f the resistance genes by the e n d o g e n o u s l y p r o d u c e d
a n t i b i o t i c prevents suicide ( a u t o - t o x i c i t y ) .

S. coelicolor is genetically the m o d e l species o f a genus o f G r a m - p o s i t i v e , mycelial soil bacteria
responsible for the p r o d u c t i o n o f t w o - t h i r d s o f t h e commercially i m p o r t a n t a n t i b i o t i c s . Like
most o t h e r n o n p a t h o g e n i c actinornycetes, S. coelicolor lives in the soil and it seems likely t h a t it
e n c o u n t e r s g l y c o p e p t i d e p r o d u c e r s such t h a t the van gene cluster (Figs. 2 a n d 4) confers a selec
tive advantage. F u r t h e r , it is widely believed t h a t all g l y c o p e p t i d e resistance genes are u l t i m a t e l y
derived from a c t i n o m y c e t e g l y c o p e p t i d e p r o d u c e r s . " C o n s i s t e n t w i t h this idea, the S. coelicolor
resistance genes are clearly associated w i t h a laterally a c q u i r e d D N A e l e m e n t (G. C h a n d r a and
H.-J. H o n g , u n p u b l i s h e d ) .

S. toyocaensis is the p r o d u c e r o f the 'sugarless' g l y c o p e p t i d e A 4 7 9 3 4 (Fig. 3) a n d the van re
sistance genes in this o r g a n i s m (Fig. 4) are associated w i t h the A 4 7 9 3 4 b i o s y n t h e t i c cluster. IS S.
toyocaensis is resistant t o A 4 7 9 3 4 b u t sensitive to b o t h v a n c o m y c i n a n d t e i c o p l a n i n .

A. teichomyceticus is the p r o d u c e r o f t e i c o p l a n i n (Fig. 3) a n d carries a van cluster (Fig. 4),
i n c l u d i n g v a n S / v a n R , associated w i t h the t e i c o p l a n i n b i o s y n t h e t i c genes. 16

•
17 A. teichomyceticus is

resistant to all glycopeptides tested, b u t it now seems clear t h a t this ' p a n - g l y c o p e p t i d e resistance'
does n o t arise from p a n - g l y c o p e p t i d e i n d u c t i o n o f the van genes b u t r a t h e r because t h e van genes
are expressed constitutively, even in the absence o f a n t i b i o t i c . 18 The cause o f t h e c o n s t i t u t i v e ex
pression o f the van genes is u n k n o w n , b u t one p o s s i b i l i t y is t h a t the VanS sensor kinase is locked
in the 'on' state in this o r g a n i s m .

W h a t D o the van Genes Encode?
The n u m b e r o f genes p r e s e n t in the van cluster varies (Fig. 4), b u t the 'core' cluster consists offive

g e n e s - v a n S / v a n R , plus a v a n H A X o p e r o n e n c o d i n g the three enzymes r e q u i r e d for r e m o d e l l i n g
cell wall p r e c u r s o r s : VanH, w h i c h converts pyruvate to D - l a c t a t e ; VanA, a D - A l a - D - L a c ligase;
a n d vanX, a D - A l a - D - A l a d i p e p t i d a s e t h a t cleaves any residual D - A l a - D - A l a d i p e p t i d e , e n s u r i n g
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Figure 4. Comparison of the van gene clusters from enterococcal VanA and VanB strains,
S. coelicolor, S. toyoeaensis and A. t e i e h o m y e e t i c u s .

t h a t p e p t i d o g l y c a n p r e c u r s o r s t e r m i n a t e u n i f o r m l y in D - A l a - D - L a c . In a d d i t i o n t o this m i n i m a l
set, o t h e r genes are s o m e t i m e s present. The VanA t r a n s p o s o n T n 1 5 4 6 encodes two accessory
p r o t e i n s , VanY and VanZ, w h i c h are n o t r e q u i r e d for, b u t can c o n t r i b u t e t o , h i g h level resistance
to v a n c o m y c i n and t e i c o p l a n i n . VanY is a D , D - c a r b o x y p e p t i d a s e t h a t can cleave the C - t e r m i n a l
D-Ala o f p e p t i d o g l y c a n p r e c u r s o r s ( b u t has no activity against free D - A l a - D - A l a d i p e p t i d e , the
vanX substrate).19.2o VanZ confers low level t e i c o p l a n i n resistance in the absence o f the o t h e r
resistance p r o t e i n s by an u n k n o w n m e c h a n i s m . "

The S. coelicalor cluster consists o f seven genes, vanSR]KHAX, d i v i d e d i n t o four t r a n s c r i p t i o n
units and carries two genes, v a n ] a n d v a n K , n o t found in enterococcal VanA and VanB strains (Figs.
2 and 4).22 van], e n c o d i n g a p r e d i c t e d m e m b r a n e p r o t e i n o f u n k n o w n f u n c t i o n , is n o t r e q u i r e d for
vancomycin resistance, b u t vanKis essential for r e s i s t a n c e . " VanKis a m e m b e r o f the Fern family o f
enzymes, which add the ' b r a n c h ' a m i n o acid( s) t o the stem p e n t a p e p t i d e o f p e p t i d o g l y c a n precur
sors. In S. coelicolor, the b r a n c h is a single glycine residue (Fig. 1) and, in the absence o f vancomycin,
this residue is a d d e d by an enzyme called FernX. 23 However, the c o n s t i t u t i v e FernX activity o f
S. coelicolor can recognise only precursors t h a t t e r m i n a t e in D - A l a - D - A l a as a substrate. YanK is
r e q u i r e d for vancomycin resistance because it is the only enzyme t h a t can add the Gly b r a n c h t o

p r e c u r s o r s t e r m i n a t i n g in D - A l a - D - L a c ( p r o d u c t i o n o f p r e c u r s o r s lacking the Gly b r a n c h is lethal
in Streptomyces because it prevents cross-linking o f the p e p t i d o g l y c a n by t r a n s p e p t i d a s e , l e a d i n g
t o cell Iysis)." The absence o f o r t h o l o g u e s o f vanKin the vancomycin-resistance gene clusters o f
p a t h o g e n i c e n t e r o c o c c i implies t h a t FernX o f e n t e r o c o c c i can recognise precursors t e r m i n a t i n g
in e i t h e r D - A l a - D - L a c or D - A l a - D - A l a .

V a n S / V a n R B i o c h e m i s t r y
V a n S / V a n R systems from e n t e r o c o c c i a n d S. coelicolor have b e e n c h a r a c t e r i s e d in v i t r o .

W r i g h t et al 24 d e m o n s t r a t e d t h a t a fusion p r o t e i n c o n s i s t i n g o f m a l t o s e b i n d i n g p r o t e i n ( M B P )
a n d t h e c y t o s o l i c d o m a i n o f e n t e r o c o c c a l VanSA c o u l d catalyse b o t h a u t o p h o s p h o r y l a t i o n a n d
r a p i d p h o s p h o t r a n s f e r t o p u r i f i e d VanR A. I n c u b a t i o n o f MBP-VanSA w i t h p h o s p h o r y l a t e d
VanR A (VanR A ~ P) i n c r e a s e d its d e p h o s p h o r y l a t i o n a p p r o x i m a t e l y 6-fold, suggesting t h a t VanS
can also act as a VanRA-specific p h o s p h a t a s e . " Similar e x p e r i m e n t s s h o w e d t h a t e n t e r o c o c c a l
VanSB also possesses b o t h VanR B kinase a n d p h o s p h a t a s e a c t i v i t y . " F u r t h e r , H u t c h i n g s et al 26

s h o w e d t h a t t h e c y t o s o l i c d o m a i n o f S. coelicolor VanS can a u t o p h o s p h o r y l a t e a n d catalyse
b o t h p h o s p h o r y l a t i o n and d e p h o s p h o r y l a t i o n o f S. coelicolor VanR in vitro. Thus, t h e in v i t r o
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b i o c h e m i c a l e v i d e n c e suggests t h a t VanS is a b i f u n c t i o n a l p r o t e i n t h a t can s w i t c h b e t w e e n
k i n a s e a n d p h o s p h a t a s e a c t i v i t i e s .

Using gel shift assays a n d a D N A f r a g m e n t c a r r y i n g the v a n H A p r o m o t e r region, H o l m a n
et aF7 s h o w e d t h a t p h o s p h o r y l a t i o n o f e n t e r o c o c c a l VanR A r e s u l t s in a 5 0 0 - f o l d i n c r e a s e in
D N A - b i n d i n g activity. Similarly, VanR B ~ P was f o u n d to b i n d t a r g e t p r o m o t e r s m o r e t i g h t l y t h a n
u n p h o s p h o r y l a t e d VanR B a n d to be m o r e efficient in p r o m o t i n g o p e n complex f o r m a t i o n by R N A
p o l y m e r a s e . " D N a s e ! f o o t p t i n t i n g e x p e r i m e n t s suggested t h a t p h o s p h o r y l a t i o n o f V a n R A resulted
in o l i g o m e r i s a t i o n o f the p r o t e i n at the vanH A p r o m o t e r . U n p h o s p h o r y l a t e d VanR A, or a D 5 3 A
v a r i a n t w h i c h c a n n o t be p h o s p h o r y l a t e d , e x h i b i t e d lower D N A b i n d i n g - a f f i n i t y a n d a smaller
f o o t p r i n t at the vanH A p r o m o t e r , " I n v e s t i g a t i o n o f V a n R B o l i g o m e r i z a t i o n using gel f i l t r a t i o n
suggests t h a t e n t e r o c o c c a l VanR B is c o n v e r t e d from m o n o m e r to d i m e r on p h o s p h o r y l a d o n . P The
i n t r i n s i c in v i t r o s t a b i l i t y o f p h o s p h o r y l a t e d response r e g u l a t o r s varies widely, p e r h a p s reflecting
t h e i r physiological roles, w i t h i s o l a t e d p r o t e i n s displaying half-lives ranging from 23 s for CheY ~ P,
involved in c h e m o t a x i s , to 180 m i n for SpoOF ~ P, i n v o l v e d in Bacillussporulation. 2s The half-life
o f V a n R B ~ P is ~ 150 m i n . "

V a n S / V a n R and A c e t y l P h o s p h a t e
In many t w o - c o m p o n e n t systems, loss o f the sensor kinase or loss o f the response r e g u l a t o r leads

to the same p h e n o t y p e - l o s s o f expression o f the t a r g e t genes. However, in b o t h S. coelicolor a n d
e n t e r o c o c c i , d e l e t i o n o f vanS results in c o n s t i t u t i v e expression o f the v a n c o m y c i n resistance genes,
suggesting t h a t VanS negatively regulates VanR f u n c t i o n in the absence o f a n t i b i o t i c . In o t h e r words,
VanR ~ P can be g e n e r a t e d in a V a n S - i n d e p e n d e n t m a n n e r a n d VanS acts as a VanR ~ P p h o s p h a t a s e
in the absence o f v a n c o m y c i n . In S. coelicolor, V a n S - i n d e p e n d e n t synthesis o f V a n R ~ P appears to
arise because VanR can be a c t i v a t e d in vivo by the small m o l e c u l e p h o s p h o d o n o r acetyl p h o s p h a t e .
D e l e t i o n o f vanS in S. coelicolor results in c o n s t i t u t i v e e x p r e s s i o n o f the van genes b u t a vanS pta
ackA triple m u t a n t , w h i c h s h o u l d n o t be able to synthesise acetyl p h o s p h a t e , fails to express the van
genes, whereas a pta ackA d o u b l e m u t a n t shows w i l d - t y p e , r e g u l a t e d i n d u c t i o n o f the van g e n e s . "
These results suggest t h a t in the absence o f vancomycin, acetyl p h o s p h a t e p h o s p h o r y l a t e s VanR a n d
VanS acts as a p h o s p h a t a s e to suppress the levels o f Vank--P, O n exposure to v a n c o m y c i n , VanS
a c t i v i t y switches from a p h o s p h a t a s e to a kinase a n d v a n c o m y c i n resistance is i n d u c e d (Fig. 5). It
s h o u l d be n o t e d t h a t t r a n s c r i p t i o n o f the S. coelicolorvanS/vanR o p e r o n is i t s e l f u n d e r V a n S / V a n R
c o n t r o l (Fig. 2)22 a n d so t h e r e will be very l i t t l e VanR or VanS p r o t e i n in S. coelicolor g r o w i n g in the
absence o f v a n c o m y c i n . Thus, the ' f u t i l e cycle' o f V a n R p h o s p h o r y l a t i o n a n d d e p h o s p h o r y l a t i o n
s h o w n to o c c u r in t h e absence o f v a n c o m y c i n in Fig. 5 will o c c u r at a s i g n i f i c a n t level only after
the o r g a n i s m has b e e n t r a n s i e n t l y e x p o s e d to the a n t i b i o t i c . Similar results have been o b t a i n e d in
e n t e r o c o c c a l VanA strains. A r t h u r et al 29 s h o w e d t h a t the van p r o m o t e r s o f an E. faecium VanA
s t r a i n were c o n s t i t u t i v e l y a c t i v a t e d by VanR A in the absence o f VanSA a n d c o n c l u d e d t h a t VanSA
negatively c o n t r o l s VanR A in the absence o f g l y c o p e p t i d e i n d u c e r , p r e s u m a b l y by d e p h o s p h o r y l a 
t i o n . F u r t h e r , H a l d i m a n n et al 30 i n t r o d u c e d a vanH s: lacZ f u s i o n i n t o an ackA s t r a i n o f E. coli,
w h i c h o v e r p r o d u c e s acetyl p h o s p h a t e . H e t e r o l o g o u s expression o f e n t e r o c o c c a l VanR A in this
s t r a i n s t i m u l a t e d h i g h levels o f ~-galactosidasep r o d u c t i o n , suggesting t h a t acetyl p h o s p h a t e could
act as an in vivo p h o s p h o d o n o r to the E. faecium VanR A p r o t e i n in E. coli.

' C r o s s t a l k ' w i t h O t h e r T w o - C o m p o n e n t Systems
In an elegant s t u d y using flow c y t o m e t r y , B a p t i s t a et al 31 t o o k advantage o f a vanYB-g[p tran

s c r i p t i o n a l fusion to examine i n d u c t i o n o f van gene expression in single cells o f an e n t e r o c o c c a l
VanB s t r a i n . In e n t e r o c o c c a l VanB strains, null m u t a t i o n s in VanSB lead to a p h e n o t y p e t e r m e d
' h e t e r o g e n e o u s : in which, in the absence o f a n t i b i o t i c , only a m i n o r i t y o f the b a c t e r i a express the van
g e n e s . " F u r t h e r , a d d i t i o n o f a n t i b i o t i c leads to u n i f o r m i n d u c t i o n o f the w h o l e p o p u l a t i o n , r a t h e r
t h a n s e l e c t i o n o f the s u b p o p u l a t i o n i n i t i a l l y expressing resistance u n d e r n o n - i n d u c i n g c o n d i t i o n s .
They c o n c l u d e d t h a t a h e t e r o l o g o u s kinase a c t i v a t e d VanR B in the absence ofVanSB. Interestingly,
this p u t a t i v e kinase was s t i m u l a t e d by v a n c o m y c i n , t e i c o p l a n i n a n d the n o n g l y c o p e p t i d e cell wall
i n h i b i t o r m o e n o m y c i n (Fig. 3), suggesting t h a t it m i g h t r e s p o n d to the same i n d i r e c t signal as
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Figure 5. A model for the f u n c t i o n of the v a n c o m y c i n resistance VanS/VanR t w o - c o m p o n e n t
signal t r a n s d u c t i o n system in S. coelicolor. In the absence of a n t i b i o t i c , acetyl phosphate
p h o s p h o r y l a t e s D51 o f V a n R and VanS acts as a phosphatase to suppress the levels o f V a n R - P.
In the presence of a n t i b i o t i c , VanS is c o n v e r t e d from a phosphatase into a kinase, leading to
the a c c u m u l a t i o n of VanR - P and a c t i v a t i o n of the four p r o m o t e r s of the van gene cluster.
T r a n s c r i p t i o n of the vanS/vanR operon is itself under VanS/VanR c o n t r o l and so there w i l l
be very l i t t l e VanR or VanS protein in S. c o e l i c o l o r g r o w i n g in the absence of v a n c o m y c i n .
Thus, the ' f u t i l e c y c l e ' of VanR p h o s p h o r y l a t i o n and d e p h o s p h o r y l a t i o n shown in the absence
of v a n c o m y c i n w i l l o c c u r at a s i g n i f i c a n t level only after the organism has been t r a n s i e n t l y
exposed to the a n t i b i o t i c .

VanSA from VanA-type e n t e r o c o c c i (see below). Presumably, in wild-type e n t e r o c o c c a l VanE strains,
t h e p h o s p h a t a s e a c t i v i t y ofVanSB keeps VanR B in t h e u n p h o s p h o r y l a t e d state in t h e p r e s e n c e o f
t e i c o p l a n i n a n d m o e n o m y c i n , p r e v e n t i n g t h e p u t a t i v e h e t e r o l o g o u s k i n a s e f r o m a c t i v a t i n g van
gene e x p r e s s i o n . The p u t a t i v e h e t e r o l o g o u s kinase has n o t b e e n i d e n t i f i e d b u t a possible c a n d i 
d a t e is C r o S , since it is k n o w n to be i n d u c e d by v a n c o m y c i n , t e i c o p l a n i n a n d m o e n o m y c i n A . 3 2

C r o S is r e q u i r e d for i n t r i n s i c ~-lactam resistance in E. f a e c a l i s b u t the t a r g e t genes o f the C r o R S
t w o - c o m p o n e n t system i n v o l v e d in this r e s i s t a n c e have n o t b e e n tdentified."

R e l a t i o n s h i p s B e t w e e n VanS P r o t e i n s o f D i f f e r e n t O r i g i n
In c o n s i d e r i n g t h e n a t u r e o f the e f f e c t o r l i g a n d ( s) t h a t activate VanS, it is i m p o r t a n t to keep in

m i n d the r e l a t i o n s h i p s b e t w e e n VanS p r o t e i n s o f d i f f e r e n t origin. First, the differences in t h e sizes o f
t h e e x t r a c y t o p l a s m i c sensor d o m a i n s are s t r i k i n g . The p u t a t i v e e x t r a c y t o p l a s m i c sensor d o m a i n o f
VanSAis 103 a m i n o acids l o n g , the e q u i v a l e n t d o m a i n ofVanSB consists o f 3 7 a m i n o acids, whereas
t h e p u t a t i v e e x t r a c y t o p l a s m i c sensor d o m a i n s o f t h e t h r e e a c t i n o m y c e t e VanS p r o t e i n s c o n t a i n
o n l y 2 6 - 2 7 a m i n o acids. These sensor d o m a i n s are sufficiently small for t h e a c t i n o m y c e t e VanS
p r o t e i n s to have b e e n i n c l u d e d in a review o f ' i n r r a m e m b r a n e - s e n s i n g ' sensor kinases. 33 The VanS
p r o t e i n s from e n t e r o c o c c a l VanA and VanB s t r a i n s are o n l y d i s t a n t l y r e l a t e d (16% overall i d e n t i t y )
a n d t h e p u t a t i v e VanSA a n d VanSB s e n s o r d o m a i n s are n o t r e l a t e d in a m i n o acid sequence. The
e n t e r o c o c c a l VanSA a n d VanSB p r o t e i n s are also very d i v e r g e d f r o m t h e i r a c t i n o m y c e t e e q u i v a l e n t s
( - 1 5 % overall i d e n t i t y in p a i r w i s e c o m p a r i s o n s ) . In c o n t r a s t , t h e VanS p r o t e i n s from the t h r e e
a c t i n o m y c e t e s s t r o n g l y resemble each o t h e r ( 6 5 - 7 7 % overall i d e n t i t y in p a i r w i s e c o m p a r i s o n s ) .
H o w e v e r , in c o m p a r i n g VanS from S. coelicolor a n d S. toyocaensis, it is clear t h a t this h i g h s i m i l a r 
ity b r e a k s d o w n in the 2 6 - 2 7 -residue s t r e t c h b e t w e e n the two p r e d i c t e d t r a n s m e m b r a n e helices,
c o r r e s p o n d i n g to the p u t a t i v e VanS sensor d o m a i n (Fig. 6). It now seems clear t h a t t h e van genes
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o f A . teitbomyceticus are n o t i n d u c i b l e b u t c o n s t i t u t i v e l y a c t i v e , " a n d so it is h a r d t o k n o w i f A .
teichomyceticus VanS b i n d s e f f e c t o r molecule{s). N e v e r t h e l e s s , it is i n t e r e s t i n g t o n o t e t h a t t h e
p u t a t i v e 2 6 - r e s i d u e e x r r a c y t o p l a s m l c sensor d o m a i n o f A. teichomyceticu s VanS differs from t h a t
o f S. toyocaensis at o n l y 4 residues.

W h a t Is the E f f e c t o r L i g a n d R e c o g n i s e d by VanS?
The n a t u r e o f t h e d i r e c t m o l e c u l a r l i g a n d t h a t activates VanS has n o t b e e n d e t e r m i n e d for any

V a n S N a n R signal t r a n s d u c t i o n system . Two d i s t i n c t m o d e l s exist: d i r e c t i n d u c t i o n , in w h i c h
the s e n s o r kinase is a c t i v a t e d by d i r e c t b i n d i n g o f a n t i b i o t i c to t h e s e n s o r d o m a i n a n d i n d i r e c t
i n d u c t i o n , in w h i c h the s e n s o r kinase is a c t i v a t e d by b i n d i n g an i n t e r m e d i a t e in cell wall biosyn 
thesis or d e g r a d a t i o n t h a t a c c u m u l a t e s as a result o f a n t i b i o t i c a c t i o n . These two m o d e l s are n o t
m u t u a l l y exclusively, since a f u r t h e r p o s s i b i l i t y is t h a t the VanS i n d u c e r is the a n t i b i o t i c b o u n d to
a D . A l a - D - A l a - c o n t a i n i n g cell wall p r e c u r s o r , such as l i p i d II. Given t h a t the sensor d o m a i n s o f
VanS p r o t e i n s are n o t h o m o l o g o u s , it is possible or even likely t h a t some VanS p r o t e i n s r e s p o n d
d i r e c t l y to t h e a n t i b i o t i c while o t h e r s r e s p o n d i n d i r e c t l y . A s u m m a r y o f t h e g e n e t i c e v i d e n c e t h a t
addresses this q u e s t i o n is p r e s e n t e d below, b u t it seems unlikely t h a t genetics alone can i d e n t i f y t h e
n a t u r e o f t h e i n d u c e r a n d t h a t b i o c h e m i c a l (in v i t r o r e c o n s t i t u t i o n studies; in vivo c r o s s - l i n k i n g )
or s t r u c t u r a l s t u d i e s will be r e q u i r e d to p r o v i d e a d e f i n i t i v e answer.

I n d u c t i o n in E n t e r o c o c c a l VanA S t r a i n s
Screens for i n d u c e r s o f VanSAhave been e s t a b l i s h e d by c o u p l i n g a p r o m o t e r u n d e r t h e c o n t r o l

o f V a n S / V a n R to s u i t a b l e r e p o r t e r genes, 3 4. 38 by assaying vanX a c t i v i t y in cell extracts." by m o n i 
t o r i n g i n d u c t i o n o f L a c - c o n t a i n i n g p r e c u r s o r s . i? or by l o o k i n g for i n d u c e d v a n c o m y c i n res i s t a n c e
in p r e t r e a t e d c u l t u r e s . 40

,4 1 All t h e s e r e p o r t s agree t h a t VanA s t r a i n s are i n d u c e d by v a n c o m y c i n
a n d t e i c o p l a n i n . H o w e v e r , t h e m o s t i n t e r e s t i n g r e s u l t s f r o m t h e s e p a p e r s c o n c e r n t h e p o t e n t i a l
for n o n g l y c o p e p t i d e cell wall -specific a n t i b i o t i c s to i n d u c e VanS . All r e p o r t s agree t h a t VanA
s t r a i n s are i n d u c i b l e by t h e n o n g l y c o p e p t i d e m o e n o m y c i n A. 36-41 The e x p e r i m e n t s o f B a p t i s t a et
aP9 are p a r t i c u l a r l y c o m p e l l i n g since t h e y assayed i n d u c t i o n o f V a n X e n z y m a t i c a c t i v i t y in cell
e x t r a c t s a n d d i d n o t rely o n m u l t i c o p y p l a s m i d s or r e p o r t e r genes. Since m o e n o m y c i n A is n o t
s t r u c t u r a l l y r e l a t e d to g l y c o p e p t i d e s it seems u n l i k e l y t h a t t h e s e n s o r d o m a i n o f VanS A c o u l d
b i n d b o t h g l y c o p e p t i d e s a n d m o e n o m y c i n d i r e c t l y . The g e n e r a l c o n c l u s i o n has t h e r e f o r e b e e n
t h a t VanSA m u s t be a c t i v a t e d by an i n t e r m e d i a t e in cell wall b i o s y n t h e s i s t h a t a c c u m u l a t e s in
r e s p o n s e to b o t h g l y c o p e p t i d e s a n d m o e n o m y c i n A. Because m o e n o m y c i n A i n h i b i t s t r a n s g l y 
cosylase,42. 43 b o t h g l y c o p e p t i d e s a n d m o e n o m y c i n A are likely to lead to a c c u m u l a t i o n o f l i p i d
II ( a l i p i d - a n c h o r e d cell wall p r e c u r s o r ) o n t h e e x t e r n a l face o f the c y t o p l a s m i c m e m b r a n e a n d
it has b e e n s p e c u l a t e d t h a t l i p i d II m i g h t be t h e d i r e c t e f f e c t o r l i g a n d ofVanSA. 31

I n d u c t i o n i n E n t e r o c o c c a l VanB S t r a i n s
I n d u c t i o n o f V a n B strains has b e e n also been addressed. 3 1,39. 44 In c o n t r a s t to VanA strains, all t h e

n o n g l y c o p e p t i d e s tested, i n c l u d i n g m o c n o m y c i n A, failed to i n d u c e VanSB' Since all VanSB i n d u c e r s
i d e n t i f i e d are s t r u c t u r a l l y r e l a t e d g l y c o p e p t i d e s , the simplest i n t e r p r e t a t i o n o f the data is t h a t VanSB
is likely to be i n d u c e d directly by t h e d r u g itse1£31 VanB strains are sensitive to the l i p i d a t e d a n t i b i o t i c
t e i c o p l a n i n because the VanSBNanR B signal t r a n s d u c t i o n system is n o t i n d u c e d by teicoplaninY,39.44
In f u r t h e r e x p e r i m e n t s , B a p t i s t a et al 31 ,39. 44 isolated t e i c o p l a n i n - r e s i s t a n t m u t a n t s o f V a n B strains,
six o f w h i c h s h o w e d i n d u c t i o n o f t h e van genes by t e i c o p l a n i n ( b u t n o t by the n o n g l y c o p e p t i d e
m o e n o m y c i n A). These six m u t a n t s all carried single a m i n o acid s u b s t i t u t i o n s in the N - t e r m i n a l h a l f
o f V a n S B' H o w to i n t e r p r e t these g a i n - o f - f u n c t i o n m u t a t i o n s is n o t clear. Two were in the p r e d i c t e d
e x r r a c y r o p l a s m i c sensor d o m a i n where they c o u l d p o t e n t i a l l y d i r e c t l y improve i n t e r a c t i o n w i t h
an e x t r a c e l l u l a r ligand, such as t e i c o p l a n in. However, t h e r e m a i n i n g four were in t h e c y t o p l a s m i c
linker d o m a i n t h a t c o n n e c t s the sensor and kinase d o m a i n s . It is possible t h a t wild -type VanSB b i n d s
t e i c o p l a n i n u n p r o d u c t i v e l y and t h a t these four a m i n o acid s u b s t i t u t i o n s affect p r o p a g a t i o n o f the
i n d u c t i o n signal t h r o u g h t h e m e m b r a n e such t h a t signal t r a n s d u c t i o n n o w occurs. However, it
s h o u l d be n o t e d t h a t in the case e x a m i n e d in detail (an A167S s u b s t i t u t i o n in the l i n k e r d o m a i n ) ,
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the s u b s t i t u t i o n c o n f e r r i n g t e i c o p l a n i n i n d u c i b i l i t y also c o n f e r r e d h y p e r - i n d u c i b i l i t y by v a n c o m y c i n .
Again. it is p o s s i b l e t h a t w i l d - t y p e VanSB b i n d s t e i c o p l a n i n u n p r o d u c t i v e l y a n d t h a t t h e A 1 6 7 S
m u t a t i o n makes VanSB h y p e r s e n s i t i v e t o i n d u c e r s . Thus. the t e i c o p l a n i n - i n d u c i b i e VanSB m u t a t i o n s
may be q u a l i t a t i v e a n d involve a c h a n g e in i n d u c t i o n specificity. or t h e y may be q u a n t i t a t i v e a n d
involve an increase in the s e n s i t i v i t y o f the p r o t e i n to inducers.31.39.44

I n d u c t i o n i n A c t i n o m y c e t e Species
I n d u c e r s o f VanS in S. coelicolorwere i d e n t i f i e d using a bioassay. S. coelicolor f e m X n u l l m u t a n t s

are viable o n l y in the p r e s e n c e o f c o m p o u n d s t h a t a c t i v a t e the V a n S / V a n R signal t r a n s d u c t i o n
system. b e c a u s e t h e y rely on e x p r e s s i o n o f V a n K for survival. H u t c h i n g s et al 26 t o o k a d v a n t a g e
o f t h i s a n t i b i o t i c - d e p e n d e n t p h e n o t y p e to c r e a t e a s i m p l e bioassay for i n d u c e r s o f t h e van genes
in S. coelicolor. The s t r u c t u r a l l y closely r e l a t e d g l y c o p e p t i d e a n t i b i o t i c s v a n c o m y c i n . r i s t o c e t i n ,
c h l o r o e r e m o m y c i n a n d A 4 7 9 3 4 all a c t e d as i n d u c e r s o f t h e V a n S / V a n R system. b u t the l i p i d a t e d
g l y c o p e p t i d e t e i c o p l a n i n a n d t h e n o n g l y c o p e p t i d e m o e n o m y c i n A d i d n o t .

To a d d r e s s t h e e f f e c t o r l i g a n d issue f u r t h e r , H u t c h i n g s et al 26 c a r r i e d o u t a " V a n S N a n R swap"
e x p e r i m e n t b e t w e e n t w o g l y c o p e p t i d e - r e s i s t a n t Streptomyces species w i t h d i f f e r i n g s p e c t r a o f
i n d u c e r m o l e c u l e s . t o see i f i n d u c e r s p e c i f i c i t y was d e t e r m i n e d by V a n S / V a n R i t s e l f o r by t h e
h o s t b a c k g r o u n d . In S. coelicolor, t h e van genes are i n d u c e d by b o t h A 4 7 9 3 4 a n d v a n c o m y c i n .
w h i l e in S. toyocaensis, r e s i s t a n c e is i n d u c e d by A 4 7 9 3 4 b u t n o t by v a n c o m y c i n . " I n t r o d u c t i o n
o f t h e S. toyocaensis V a n S / V a n R s i g n a l t r a n s d u c t i o n s y s t e m i n t o an S. coelicolor vanS/vanR n u l l
m u t a n t s w i t c h e d i n d u c e r s p e c i f i c i t y t o t h a t o f S. toyocaensis. T h u s . i n d u c e r s p e c i f i c i t y is d e t e r 
m i n e d by t h e o r i g i n o f V a n S / V a n R . T h e r e are t w o p o t e n t i a l e x p l a n a t i o n s for t h i s o b s e r v a t i o n .
I f Streptomyces VanS is a c t i v a t e d by a c c u m u l a t i o n o f a cell wall i n t e r m e d i a t e , v a n c o m y c i n m u s t
i n d u c e a r a d i c a l l y d i f f e r e n t s p e c t r u m o f cell wall i n t e r m e d i a t e s in S. coelieolor a n d S. toyocaensis,
w h i c h seems u n l i k e l y . The m o r e l i k e l y a l t e r n a t i v e is t h a t Streptomyces VanS is d i r e c t l y a c t i v a t e d
by b i n d i n g a n t i b i o t i c (or p o s s i b l y a n t i b i o t i c b o u n d to D - A l a - D - A l a - c o n t a i n i n g c e l l wall p r e c u r 
sors. s u c h as l i p i d II) a n d t h a t S. toyocaensis VanS i n t e r a c t s p r o d u c t i v e l y w i t h A 4 7 9 3 4 b u t n o t
w i t h v a n c o m y c i n . w h e r e a s S. coelicolor VanS i n t e r a c t s p r o d u c t i v e l y w i t h b o t h a n t i b i o t i c s . This
w o u l d also be c o n s i s t e n t w i t h t h e fact t h a t t h e n o n g l y c o p e p t i d e m o e n o m y c i n is n o t an i n d u c e r
o f VanS in Streptomyces.

W h e t h e r the Streptomyces VanS e f f e c t o r l i g a n d is a cell wall i n t e r m e d i a t e or the a n t i b i o t i c i t s e l f
t h e a b i l i t y to r e s p o n d d i f f e r e n t i a l l y to v a n c o m y c i n a n d A47934 m u s t reside in d i f f e r e n c e s b e t w e e n
the s e n s o r d o m a i n s o f t h e S. toyocaensis a n d S. coelicolor VanS p r o t e i n s . The VanS p r o t e i n s f r o m
these t w o species are very similar. w i t h 65% i d e n t i t y o v e r a l l (Fig. 6). H o w e v e r . as n o t e d above. it
is s t r i k i n g t h a t t h i s h i g h level o f i d e n t i t y b r e a k s d o w n in the 2 6 - 2 7 - r e s i d u e p u t a t i v e s e n s o r d o m a i n
lying b e t w e e n t h e t w o p r e d i c t e d t r a n s m e m b r a n e helices (Fig. 6).

F u n c t i o n a l D i f f e r e n c e s b e t w e e n V a n c o m y c i n and T e i c o p l a n i n
E n t e r o c o c c a l VanA s t r a i n s are r e s i s t a n t to t e i c o p l a n i n , whereas VanB s t r a i n s are sensitive because

t e i o p l a n i n fails t o i n d u c e VanSB' V a n c o m y c i n a n d t e i c o p l a n i n (Fig. 3) differ in t h e s t r u c t u r e o f
t h e a g l y c o n e ( t h e p e p t i d e p a r t o f t h e m o l e c u l e ) . t h e g l y c o s y l a t i o n p a t t e r n a n d in t h e p r e s e n c e o f a
fatty-acid chain a t t a c h e d to t e i c o p l a n i n t h a t is absent in v a n c o m y c i n . T h r o u g h t h e c h e m o - e n z y m a t i c
s y n t h e s i s o f a s p e c t r u m o f v a n c o m y c i n a n d t e i c o p l a n i n d e r i v i a t i v e s , K a h n e a n d c o l l e a g u e s s h o w e d
d e f i n i t i v e l y t h a t t h e key f u n c t i o n a l d i f f e r e n c e b e t w e e n these t w o a n t i b i o t i c s is t h e p r e s e n c e or ab
sence o f t h e l i p i d : r e m o v a l o f t h e l i p i d from t e i c o p l a n i n p r e v e n t s it f r o m k i l l i n g VanB s t r a i n s a n d
a d d i t i o n o f a l i p i d to v a n c o m y c i n makes it an effective a n t i b i o t i c a g a i n s t VanB s r r a l n s . " T a k i n g
t h i s a stage f u r t h e r . using t h e same r a n g e o f v a n c o m y c i n a n d t e i c o p l a n i n derivatives, it has b e e n
s h o w n t h a t it is t h e p r e s e n c e or absence o f t h e l i p i d a n d n o t t h e d i f f e r e n c e s in a g l y c o n e s t r u c t u r e
or g l y c o s y l a t i o n p a t t e r n , t h a t is t h e key d i f f e r e n c e b e t w e e n t h e t w o a n t i b i o t i c s in d e t e r m i n i n g
van g e n e i n d u c e r a c t i v i t y in S. coelicolor (M. O b e r t h u r , H . - ] ' H o n g . C. L e i m k u h l e r , B. F a l c o n e ,
C. Walsh, M. B u t t n e r a n d D. K a h n e u n p u b l i s h e d ) . These o b s e r v a t i o n s raise i n t e r e s t i n g q u e s t i o n s
a b o u t t h e e v o l u t i o n o f t e i c o p l a n i n . P e r h a p s a d d i t i o n o f t h e l i p i d was s e l e c t e d d u r i n g e v o l u t i o n
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o f the p r o d u c i n g organism, A. teicbomyceticus, at least in p a r t because it prevents c o m p e t i n g soil
bacteria like S. coelicolor from sensing the a n t i b i o t i c and g e n e r a t i n g a resistance response.

The lipid m o i e t y can serve to a n c h o r t e i c o p l a n i n in the r n e m b r a n e . f " and advocates o f direct
i n d u c t i o n ofVanSB have p r o p o s e d that m e m b r a n e a n c h o r i n g prevents teicoplanin from i n t e r a c t i n g
p r o d u c t i v e l y w i t h the VanSB sensor d o m a i n . However, it s h o u l d be n o t e d t h a t this lipid moiety is
relatively s h o r t and t h a t t e i c o p l a n i n is water soluble, implying t h a t c a p t u r e o f t e i c o p l a n i n by the
m e m b r a n e would n o t be as complete as for o t h e r molecules carrying longer lipid tails such as, for
example, l i p o p r o t e i n s . A f u r t h e r issue concerns the mode o f action o f these drugs. Both t e i c o p l a n i n
and vancomycin b i n d to D - A l a - D - A l a and i n h i b i t b o t h t r a n s p e p t i d a t i o n and transglycosylation.
However, vancomycin exerts its major effect on t r a n s p e p t i d a t i o n whereas l i p i d a t e d glycopeptides
i n h i b i t transglycoslylation more strongly.43.sO-s2These o b s e r v a t i o n s suggest t h a t the actions o f
vancomycin and t e i c o p l a n i n will lead to the a c c u m u l a t i o n o f somewhat different spectra o f cell
wall i n t e r m e d i a t e s , leaving o p e n the possibility t h a t the enterococcal VanB p h e n o t y p e could be
a c c o u n t e d for t h r o u g h an i n d i r e c t i n d u c t i o n mechanism.

E v o l u t i o n o f the van C l u s t e r
An i m p o r t a n t u n a n s w e r e d q u e s t i o n is w h e t h e r there is selective pressure against the evolu

t i o n o f c o n s t i t u t i v e expression o f the van genes. Such pressure m i g h t arise from the relative
t h e r m o d y n a m i c i n s t a b i l i t y o f the D - A l a - D - L a c ester linkage. The D - A l a - D - A l a p e p t i d e b o n d is
more stable t h a n the D - A l a - D - L a c ester linkage and s p o n t a n e o u s hydrolysis o f l a c t a t e from cell
wall p r e c u r s o r s w o u l d yield molecules i n c a p a b l e o f s u p p o r t i n g cell wall c r o s s l i n k i n g (because
the D - A l a - D - L a c or D - A l a - D - A l a b o n d is cleaved d u r i n g t r a n s p e p t i d a t i o n and the energy o f
the b o n d is c o n s e r v e d to form the p e p t i d e c r o s s l i n k w i t h the p e n d a n t p e p t i d e o f an a d j a c e n t
p o l y s a c c h a r i d e c h a i n ; Fig. 1). P o t e n t i a l l y c o n s i s t e n t w i t h this logic, vanS n u l l m u t a n t s o f S.
coelicolor, w h i c h express D - A l a - D - L a c p r e c u r s o r s c o n s t i t u t i v e l y , suffer, for u n k n o w n reasons, a
g r o w t h rate d i s a d v a n t a g e relative t o the wild type expressing D - A l a - D - A l a p r e c u r s o r s ( H o n g ,
H u t c h i n g s and B u t t n e r , u n p u b l i s h e d ) . However, c o n s t i t u t i v e expression o f D - A l a - D - L a c pre
cursors does n o t seem to cause a g r o w t h rate d i s a d v a n t a g e in e n t e r o c o c c i ( M i c h e l A r t h u r , pers.
comm.) and, most i m p o r t a n t l y , members o f the genera Leuconostoc, Lactobacillus and Pediococcus
are all n a t u r a l l y r e s i s t a n t to v a n c o m y c i n because they c o n s t i t u t i v e l y express cell wall p r e c u r s o r s
t e r m i n a t i n g in D-Ala-D-LacY-S6

Finally, it s h o u l d be n o t e d t h a t expression o f vancomycin resistance can b r i n g i n t o play o t h e r
selective pressures t h a t have very i m p o r t a n t clinical c o n s e q u e n c e s . For example, e n t e r o c o c c a l
s t r a i n s expressing v a n c o m y c i n resistance b e c o m e sensitive to t h i r d g e n e r a t i o n c e p h a l o s p o r i n s ,
like c e f t r i a x o n e , because the c e f t r i a x o n e - r e s i s t a n t p e n i c i l l i n - b i n d i n g p r o t e i n (called P B P 5 )
c a n n o t r e c o g n i s e cell wall p r e c u r s o r s t e r m i n a t i n g in D - A l a - D - L a c as s u b s t r a t e s . " Likewise,
the r e c e n t i n t e r g e n e r i c t r a n s f e r o f T n 1 5 4 6 from e n t e r o c o c c i i n t o S. aureus to create VRSA
s t r a i n s has similar i n t e r e s t i n g c o n s e q u e n c e s : VRSA s t r a i n s expressing v a n c o m y c i n resistance
b e c o m e sensitive to Il-lactams, because P B P 2 A ( e n c o d e d by mecA), w h i c h confers Il-lactam
resistance, c a n n o t recognise cell wall p r e c u r s o r s t e r m i n a t i n g in D - A l a - D - L a c as s u b s t r a t e s . "
Thus, while VRSA s t r a i n s are highly r e s i s t a n t to v a n c o m y c i n ( M I C = 512 f.lg/ml) or Il-lactams
such oxacillin ( M I C = 800 u g / r n l ) w h e n a p p l i e d individually, they are very effectively killed
by low c o n c e n t r a t i o n s o f these two d r u g s in c o m b i n a t i o n (for example 40 f.lg/ ml oxacillin w i t h
12 u g / r n l v a n c o m y c i n is lethal).s8,s9

A c k n o w l e d g e m e n t s
We are very grateful to Michel A r t h u r , Daniel Kahne, Chris Walsh, David H o p w o o d and

Flavia Marinelli for helpful discussion, c o m m u n i c a t i o n o f u n p u b l i s h e d data and c o m m e n t s on
the m a n u s c r i p t . The a u t h o r s ' work on vancomycin resistance in Streptomyces was f u n d e d by the
B i o t e c h n o l o g y and Biological Sciences Research C o u n c i l (BBSRC) o f the U n i t e d Kingdom.



Vancomycin Resistance V a n S I V a n R T w o - C o m p o n e n t Systems 211

References
1. Williams D H . Williamson MP. Butcher D W et al, D e t a i l e d binding sites o f the antibiotics vancomycin

and ristocetin A: d e t e r m i n a t i o n o f i n t e r m o l e c u l a r distances in a n t i b i o t i c / s u b s t r a t e complexes by use o f
the t i m e - d e p e n d e n t N O E . J Am Chern Soc 1983; 105:1332-1339.

2. Barna JCJ, Williams D H . The structure and mode of action o f glycopeptide antibiotics o f the vancomycin
group. Annu Rev M i c r o b i o l 1 9 8 4 ; 38:339-57.

3. Bugg T D H , Wright GD, D u t k a - M a l e n S et aI. Molecular basis for vancomycin resistance in Enterococ
cus faecium BM4147: biosynthesis o f a depslpepnde peptidoglycan precursor by vancomycin resistance
p r o t e i n s VanH and VanA. Biochemistry 1991; 3 0 : 1 0 4 0 8 - 1 0 4 1 5 .

4. Healy VL, Lessard IA. Roper DI er aI. Vancomycin resistance in enterococci: r e p r o g r a m m i n g o f the
D-Ala-D-Ala ligases in bacterial peptidoglycan biosynthesis. Chern Bioi 2000; 7 : R I 0 9 - I I 9 .

5. Walsh CT, Fisher SL, Park IS et aI. Bacterial resistance to vancomycin: five genes and one missing
hydrogen bond tell the story. Chern Bioi 1996; 3:21-8.

6. Pootoolal J, Neu J, Wright GD. Glycopeptide antibiotic resistance. Annu Rev Pharmacol Toxicol 2002;
42:381-408.

7. Weigel, LM, Clewell DB, Gill SR et aI. Genetic analysis of a high-level vancomycin-resistant isolate o f
Staphylococcus aureus. Science 2003; 28: I 569-1 571.

8. Pearson, H. 'Superbug' hurdles key drug barrier. Nature 2002; 4 1 8 : 4 6 9 - 4 7 0 .
9. Chang S, Sievert DM, Hageman JC et aI. Infection with vancomycin-resistant Staphylococcus aureus

c o n t a i n i n g the vanA resistance gene. N Engl J Med 2003; 348: 1342-1347.
10. Tenover FC, Weigel LM, Appelbaum PC et al. Vancomycin-resistant Staphylococcus aureus isolate from

a p a t i e n t in Pennsylvania. A n t i m i c r o b Agents C h e m o t h e r 2004; 4 8 : 2 7 5 - 2 8 0 .
11. A r t h u r M, Q u i n t i l i a n i R. Regulation o f VanA- and VanB-type glycopeptide resistance in enterococci.

A n t i m i c r o b Agents C h e m o t h e r 2001; 45:375-81.
12. Reynolds PE, Courvalin P. Vancomycin resistance in enterococci due to synthesis o f precursors terminat

ing in D-alanyl-D-serine. A n t i m i c r o b Agents C h e r n o t h e r 2005; 49:21-5.
13. Billot-Klein D, Blanot D, G u t m a n n L et aI. Association c o n s t a n t s for the b i n d i n g o f vancomycin

and t e i c o p l a n i n to N - a c e t y l - D - a l a n y l - D - a l a n i n e and N - a c e t y l - D - a l a n y l - D - s e r i n e . Biochem J 1994;
3 0 4 : 1 0 2 1 - 1 0 2 2 .

14. Davies J. I n a c t i v a t i o n o f a n t i b i o t i c s and t h e d i s s e m i n a t i o n o f r e s i s t a n c e genes. S c i e n c e 1994;
264:375-382.

IS. P o o t o o l a l J, Thomas MG, Marshall CG er aI. Assembling the glycopeptide antibiotic scaffold: the bio
synthesis o f A47934 from Streptomyces toyocaensis. Proc Natl Acad Sci USA 2002; 9 9 : 8 9 6 2 - 8 9 6 7 .

16. Sosio M, Kloosterman H, Bianchi A et aI. O r g a n i z a t i o n of the t e i c o p l a n i n gene cluster in Actinoplanes
teichomyceticus. Microbiology 2004; 150:95-102.

17. Serina S. Radice F, Maffioli S ct aI. Glycopeptide resistance d e t e r m i n a n t s from the teicoplanin producer
Actinoplanes teichomyceticus. FEMS Microbiol Lett 2004; 240:69-74.

18. B e l t r a m e t t i F, C o n s o l a n d i A, C a r r a n o L et al. Resistance to glycopeptide antibiotics in the teicoplanin
p r o d u c e r is mediated by van-gene h o m o l o g u e expression directing the synthesis o f a modified cell wall
peptidoglycan. A n t i m i c r o b Agents C h e m o t h e r 2007; 5 1 : I I 3 5 - 4 1 .

19. A r t h u r M, D e p a r d i e u F, Cabanie L et aI. R e q u i r e m e n t o f the VanY and VanX D , D - p e p t i d a s e s for
glycopeptide resistance in enterococci. Mol M i c r o b i o l 1 9 9 8 ; 30:819-30.

20. Wright GD, Molinas C, A r t h u r M er aI. C h a r a c t e r i z a t i o n o f Va nY, a D D - c a r b o x y p e p t i d a s e from van
comycin-resistant Enterococcus faecium BM4147. A n t i m i c r o b Agents C h e m o t h e r 1992; 36:1514-8.

21. A r t h u r M, Depardieu F, Molinas C et aI. The vanZ gene o f T n l 5 4 6 &om Enterococcus faecium BM4147
confers resistance to teicoplanin. Gene 1995; 154:87-92.

22. Hong H-J, H u t c h i n g s MI, Neu JM et aI. C h a r a c t e r i s a t i o n o f an inducible vancomycin resistance system
in Streptomyces coelicolor reveals a novel gene (vanK) required for drug resistance. Mol Microbiol 2004;
52: I I 07 - I I 2 1 .

23. Hong H-J. H u t c h i n g s MI, Hill LM et aI. The role o f the novel Fern p r o t e i n YanK in vancomycin
resistance in Streptomyces coelicolor. J Bioi Chern 2005; 2 8 0 : 1 3 0 5 5 - 1 3 0 6 1 .

24. Wright GD. H o l m a n T R . Walsh CT. Purification and c h a r a c t e r i z a t i o n o f VanR and the cytosolic do
main o f VanS: a t w o - c o m p o n e n t regulatory system required for vancomycin resistance in Enterococcus
faecium BM4147. Biochemistry 1993; 32:5057-63.

25. Depardieu F, C o u r v a l i n P, Msadek T. A six amino acid deletion, partially overlapping the VanS. G2
ATP-binding motif, leads to c o n s t i t u t i v e glycopeptide resistance in VanB-type Enterococcus faecium.
Mol M i c r o b i o l 2 0 0 3 ; 5 0 : 1 0 6 9 - 1 0 8 3 .

26. H u t c h i n g s MI, H o n g H-J, B u t t n e r MJ. The vancomycin resistance VanS/VanR t w o - c o m p o n e n t signal
t r a n s d u c t i o n system o f Streptomyces coelicolor. Mol Microbiol 2006; 59:923-935.



212 B a c t e r i a l S i g n a l T r a n s d u c t i o n : N e t w o r k s a n d D r u g Targets

27. H o l m a n T R , Wu Z, Wanner BL et aI. I d e n t i f i c a t i o n o f the D N A - b i n d i n g site for the phosphory
lated VanR p r o t e i n required for vancomycin resistance in Enterococcus faecium Biochemistry 1994;
33:4625-31.

28. Depardieu F, C o u r v a l i n P, Kolb A. Binding sites of VanR. and a 70 RNA polymerase in the vanB van
comycin resistance operon o f Enterococcus faecium BM4524. Mol Microbiol 2005; 57:550-64.

29. A r t h u r M, D e p a r d i e u F, Gerbaud G et aI. The VanS sensor negatively controls VanR-mediated tran
scriptional activation o f glycopeptide resistance genes o f Tn 1546 and related elements in the absence
o f i n d u c t i o n . J Bacteriol 1997; 179:97-106.

30. H a l d i m a n n A, Fisher SL, Daniels LL et aI. T r a n s c r i p t i o n a l regulation of the Enterococcus faecium
BM4147 vancomycin resistance gene cluster by the VanS-VanR t w o - c o m p o n e n t regulatory system in
Escherichia coli K-12. J B a c t e r i o l 1 9 9 7 ; 179:5903-5913.

31. Baptista M, Rodrigues P, Depardieu F et aI. Single-cell analysis of glycopeptide resistance gene expression
in teicoplanin-resisrant mutants o f a VanB-type Enterococcus faecalis. Mol M i c r o b i o l 1 9 9 9 ; 32:17-28.

32. Comenge Y, ~intiliani R Jr, Li L et aI. The CroRS two c o m p o n e n t regulatory system is required for
intrinsic beta-lactam resistance in Enterococcus faecalis. J Bacteriol 2003; 185:7184-92.

33. Mascher T. I n t r a m e m b r a n e - s e n s i n g h i s t i d i n e kinases: a new family of bacterial cell envelope stress sen
sors. FEMS Microbiol Lett 2006; 264:133-144.

34. Ulijasz AT, G r e n a d e r A, Weisblum B. A v a n c o m y c i n - i n d u c i b l e lacZ r e p o r t e r system in Bacillus
subtilis. i n d u c t i o n by antibiotics that i n h i b i t cell wall synthesis and by lysozyme. J Bacteriol 1996;
178:6305-6309.

35. A r t h u r M, Depardieu F, Courvalin P. Regulated interactions between p a r t n e r and n o n p a r t n e r sensors
and response regulators that control glycopeptide resistance gene expression in enterococci. Microbiology
1999; 145:1849-58.

36. Lai M H , Kirsch DR. I n d u c t i o n signals for vancomycin resistance encoded by the vanA gene cluster in
Enterococcus faecium. A n t i m i c r o b Agents C h e m o t h e r 1996; 40:1645-1648.

37. Mani N, Sancheti P, Jiang ZD et aI. Screening systems for d e t e c t i n g i n h i b i t o r s o f cell wall transgly
cosylation in Enterococcus. Cell wall transglycosylation i n h i b i t o r s in Enterococcus. J A n t i b i o t 1998;
51:471-479.

38. Grissom-Arnold J, Alborn WE, Nicas T I et aI. I n d u c t i o n o f VanA vancomycin resistance genes in En
terococcus faecalis: use o f a p r o m o t e r fusion to evaluate glycopeptide and nonglycopeptide i n d u c t i o n
signals. Microbial Drug Resistance 1997; 3:53-64.

39. Baptista M, Depardieu F, Courvalin P et aI. Specificity o f i n d u c t i o n o f glycopeptide resistance genes in
Enterococcus faecalis. A n t i m i c r o b Agents C h e m o t h e r 1996; 40:2291-2295.

40. Allen NE, Hobbs I N . I n d u c t i o n o f vancomycin resistance in Enterococcus faecium by n o n g l y c o p e p t i d e
antibiotics. FEMS Microbiol Lett 1995; 132:107-114.

41. Handwerger S, Kolokathis A. I n d u c t i o n of vancomycin resistance in Enterococcus faecium by i n h i b i t i o n
o f transglycosylation. FEMS Microbiol Lett 1990; 58:167-170.

42. van H e i j e n o o r t J. Formation o f the glycan chains in the synthesis o f bacterial peptidoglycan. Glycobiol
ogy 2001; 11:25R-36R.

43. Chen L, Walker D, Sun B. et aI. Vancomycin analogues active against vanA-resistant strains i n h i b i t
bacterial transglycosylase w i t h o u t binding substrate. Proc Natl Acad Sci USA 2003; 100:5658-5663.

44. Baptista M, Depardieu F, Reynolds P et aI. Mutations leading to increased levels o f resistance to glyco
peptide antibiotics in VanB-type enterococci. Mol M i c r o b i o l 1 9 9 7 ; 25:93-105.

45. Neu JM, Wright GD. I n h i b i t i o n o f s p o r u l a t i o n , glycopeptide a n t i b i o t i c p r o d u c t i o n and resistance
in Streptomyces toyocaensis NRRL 15009 by p r o t e i n kinase i n h i b i t o r s . FEMS Microbiol Lett 2001;
199:15-20.

46. D o n g SD, O b e r t h u r M, Losey H C et aI. The s t r u c t u r a l basis for i n d u c t i o n o f V a n B resistance. J Am
Chern Soc 2002; 124:9064-5.

47. S h a r m a n GJ, Try AC, D a n c e r RJ et al. T h e roles o f d i m e r i z a t i o n and m e m b r a n e a n c h o r i n g in
activity o f g l y c o p e p t i d e a n t i b i o t i c s against v a n c o m y c i n - r e s i s t a n t bacteria. J Am Chern Soc 1997;
1 1 9 : 1 2 0 4 1 - 1 2 0 4 7 .

48. C o o p e r MA, Williams, D H . Binding o f glycopeptide antibiotics to a model o f a vancomycin-resistant
bacterium. Chern Biol 1999; 6:891-899.

49. Beauregard DA, Williams D H , Gwynn M N et aI. Dimerization and membrane anchors in extracellular
targeting o f vancomycin group antibiotics. A n t i m i c r o b Agents C h e m o t h e r 1995; 39:781-785.

SO. Ge M, Chern Z, Onishi H R er aI. Vancomycin derivatives that inhibit peptidoglycan biosynthesis w i t h o u t
binding D-A1a-D-A1a. Science 1999; 284:507-511.

51. Sinha Roy R, Yang P, Kodali S et aI. Direct interaction o f a vancomycin derivative with bacterial enzymes
involved in cell wall biosynthesis. Chern BioI 2001; 8:1095-1106.

52. Kerns, R. D o n g , S.D. Fukuzawa S et aI. The Role o f hydrophobic substiruents in the biological activity
o f glycopeptide antibiotics J Am Chern Soc 2000; 1 2 2 : 1 2 6 0 8 - 1 2 6 0 9 .



Vancomycin Resistance V a n S / V a n R T w o - C o m p o n e n t Systems 213

53. B i l l e t - K l e i n D, G u t m a n n L, Sable S et al. M o d i f i c a t i o n o f p e p t i d o g l y c a n precursors is a c o m m o n
feature o f the low-level v a n c o m y c i n - r e s i s t a n t VANB-type Enterococcus D 3 6 6 and o f the naturally
glycopeptide-resistant species Lactobacillus casei, Pediococcus pentosaceus, L e u c o n o s t o c mesenteroides
and Enterococcus gallinarum. J Bacreriol 1994; 176:2398-405.

54. Biller-Klein D. Legrand R, Schoot B et al. Peptidoglycan structure o f Lactobacillus casei, a species highly
resistant to glycopeptide antibiotics. J B a c t e r i o l l 9 9 7 ; 179:6208-12.

55. Handwerger S. Pucci MJ, Volk KJ et al. Vancomycin-resistant Leuconostoc mesenteroides and Lactoba
cillus casei synthesize cytoplasmic peptidoglycan precursors that t e r m i n a t e in lactate. J Bacteriol 1994;
176:260-4.

56. Nicas T I , Cole CT. Preston DA et al. Activity o f glycopeptides against vancomycin-resistant Gram-pos
itive bacteria. A n t i m i c r o b Agents C h e m o t h e r 1989; 3 3 : 1 4 7 7 - 8 l .

57. G u t m a n n L. al-Obeid S. Billot-Klein D ct al. Synergy and resistance to synergy between fl-Iaetam an
tibiotics and glycopeptides against glycopeptide-resistant strains o f Enterococcus faecium. A n t i m i c r o b
Agents C h e m o t h e r 1994; 38:824-9.

58. Severin A, Wu SW; Tabei K et al. P e n i c i l l i n - b i n d i n g p r o t e i n 2 is essential for expression o f high-level
vancomycin resistance and cell wall synthesis in vancomycin-resistant Staphylococcus aureus carrying
the enterococcal vanA gene complex. A n t i m i c r o b Agents C h e m o t h e r 2004; 4 8 : 4 5 6 6 - 7 3 .

59. Severin A. Tabei K. Tenover F et al. High level oxacillin and vancomycin resistance and altered cell
wall c o m p o s i t i o n in Staphylococcus aureus carrying the staphylococcal mecA and the enrerococcal vanA
gene complex. J BioI Chem 2004; 2 7 9 : 3 3 9 8 - 3 4 0 7 .



C H A P T E R 15

Tearing Down the Wall:
Peptidoglycan Metabolism and the WaIK/WaIR
(YycG/YycF) Essential Two-Component System
Sarah D u b r a c a n d T a r e k M s a d e k *

A b s t r a c t

I n o r d e r to survive, b a c t e r i a have d e v e l o p e d a variety o f h i g h l y s o p h i s t i c a t e d a n d sensitive signal
t r a n s d u c t i o n p a t h w a y s w i t h w h i c h t h e y a d a p t t h e i r g e n e t i c e x p r e s s i o n to m e e t the challenges
o f t h e i r e v e r - c h a n g i n g s u r r o u n d i n g s . These m e c h a n i s m s e n a b l e b a c t e r i a l cells to c o m m u n i c a t e

w i t h t h e i r e n v i r o n m e n t , t h e i r h o s t s a n d each o t h e r , a l l o w i n g t h e m a d o p t specific responses, o r
develop s p e c i a l i s e d s t r u c t u r e s such as biofilms or spores to e n s u r e survival, c o l o n i z a t i o n o f t h e i r
e c o l o g i c a l n i c h e s a n d d i s s e m i n a t i o n . As h i g h l i g h t e d in this b o o k , t h e s o - c a l l e d t w o - c o m p o n e n t
systems ( T C S s ) are o n e o f the m o s t w i d e s p r e a d a n d efficient strategies used for this p u r p o s e , where
signal a c q u i s i t i o n involves a u t o p h o s p h o r y l a t i o n o f a sensor h i s t i d i n e kinase a n d t r a n s d u c t i o n takes
place w h e n t h e kinase p h o s p h o r y l a r e s its c o g n a t e r e s p o n s e r e g u l a t o r p r o t e i n , l e a d i n g in t u r n to
specific a l t e r a t i o n o f gene expression.

In t h e i r simplest form, T C S s elegantly c o m b i n e sensing, t r a n s d u c i n g and t r a n s c r i p t i o n activation
m o d u l e s w i t h i n t w o p r o t e i n s , effectively c o u p l i n g e x t e r n a l signals to g e n e t i c a d a p t a t i o n . The h i g h
degree o f c o n s e r v a t i o n a m o n g T C S p h o s p h o t r a n s f e r d o m a i n s , t h e i r u b i q u i t o u s n a t u r e and t h e
fact t h a t several are e s s e n t i a l for cell v i a b i l i t y has made t h e m an a t t r a c t i v e t a r g e t for novel classes o f
a n t i m i c r o b i a l c o m p o u n d s . The W a l K / W a l R (aka YycG/YycF) t w o - c o m p o n e n t system, o r i g i n a l l y
i d e n t i f i e d in Bacillus subtilis, is very h i g h l y c o n s e r v e d a n d specific to low G + C G r a m - p o s i t i v e
b a c t e r i a , i n c l u d i n g several p a t h o g e n s such as Staphylococcus aureus. W h i l e this system is essential
for cell viability, b o t h t h e n a t u r e o f its r e g u l o n a n d its p h y s i o l o g i c a l role had r e m a i n e d m o s t l y un
c h a r a c t e r i z e d . A n u m b e r o f r e c e n t s t u d i e s have n o w unveiled a c o n s e r v e d f u n c t i o n for this system
in d i f f e r e n t b a c t e r i a , d e f i n i n g this signal t r a n s d u c t i o n p a t h w a y as a m a s t e r r e g u l a t o r y system for
cell wall m e t a b o l i s m , w h i c h we have a c c o r d i n g l y r e n a m e d W a l K / W a l R . This review will focus on
the cellular f u n c t i o n o f t h e W a l K / W a l R T C S in d i f f e r e n t b a c t e r i a l species a n d the a t t r a c t i v e t a r g e t
it c o n s t i t u t e s for novel classes o f a n t i m i c r o b i a l c o m p o u n d s .

I n t r o d u c t i o n
B a c t e r i a l survival in t h e e n v i r o n m e n t is as d e l i c a t e a b a l a n c i n g act as s w o r d p l a y on a t i g h t r o p e ,

w h e r e t h e s l i g h t e s t m i s s t e p is fatal. G e n e e x p r e s s i o n m u s t t h e r e f o r e be swifi:ly a n d a c c u r a t e l y
f i n e - t u n e d , w i t h each d e t r i m e n t a l e n v i r o n m e n t a l t h r u s t i n s t a n t l y m e t by a successful b a c t e r i a l
parry. The u n c a n n y a d a p t a b i l i t y d i s p l a y e d by m i c r o o r g a n i s m s relies o n t h e i r e x p e r t s w o r d s m a n 
ship, w h e r e feints and r i p o s t e s are r e p l a c e d by h i g h l y efficient signal t r a n s d u c t i o n p a t h w a y s t h a t
can rapidly be b r o u g h t i n t o play at t h e a p p r o p r i a t e time, a l l o w i n g t h e m to w e a t h e r a b r o a d r a n g e
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M i c r o b i o l o g y , Institut Pasteur, 25, Rue Du Dr. Roux 75724 Paris Cedex 15, France.
Email: t m s a d e k s p a s t e u r . f r

BacterialSignal Transduction: Networks and Drug Targets, e d i t e d by R y u t a r o U t s u m i .
© 2 0 0 8 L a n d e s Bioscience a n d S p r i n g e r S c i e n c e + Business M e d i a .



Tearing D o w n the W a l l 215

o f i n h o s p i t a b l e c o n d i t i o n s . As reviewed in this b o o k , t w o - c o m p o n e n t systems ( T C S ) are t h e m o s t
w i d e s p r e a d o f these e x t r e m e l y s o p h i s t i c a t e d s i g n a l i n g m e c h a n i s m s , t r a n s d u c i n g e x t e r n a l signals
across t h e cell m e m b r a n e to effect specific changes in g e n e t i c e x p r e s s i o n o r b a c t e r i a l behavior. This
o c c u r s w h e n t h e first c o m p o n e n t , a h i s t i d i n e kinase, usually m e m b r a n e - b o u n d , receives a signal
f r o m t h e e x t e r n a l m i l i e u t h r o u g h its v a r i a b l e i n p u t d o m a i n . The signal is t h e n t r a n s d u c e d to t h e
c o n s e r v e d h i s t i d i n e kinase d o m a i n , l e a d i n g , t h r o u g h i n t e r a c t i o n o f t w o m o n o m e r s w i t h ATP, to
a u t o p h o s p h o r y l a t i o n o f t h e kinase o n a h i s t i d i n e residue. 1 The p h o s p h a t e m o i e t y is s u b s e q u e n t l y
t r a n s f e r r e d to an i n v a r i a n t a s p a r t a t e residue in t h e c o n s e r v e d receiver d o m a i n o f the s e c o n d p r o t e i n ,
t h e r e s p o n s e r e g u l a t o r . This e n t a i l s c o n f o r m a t i o n a l c h a n g e s t h a t allow its variable o u t p u t d o m a i n ,
usually i n v o l v e d in D N A - b i n d i n g a n d t r a n s c r i p t i o n a c t i v a t i o n , to b e c o m e active, a c c o r d i n g l y
m o d i f y i n g gene e x p r e s s i o n in r e s p o n s e to a specific signal. 2

As a rule, these s i g n a l i n g p a t h w a y s are t h u s t y p i c a l l y g e a r e d t o w a r d s a d a p t a t i o n , w i t h few be
ing i n v o l v e d in cell viability. The rare e x c e p t i o n s w h e r e a T C S has b e e n r e p o r t e d to be e s s e n t i a l
i n c l u d e t h e extensively s t u d i e d C c k A / C t r A , D i v J / D i v K a n d C e n K / C e n R systems o f Caulobacter
crescentus, involved in cell division, m o r p h o l o g i c a l d i f f e r e n t i a t i o n a n d D N A r e p l i c a t i o n . v ' as well as
t h e M t r B / M t r A T C S o f Mycobacterium tuberculosis w h i c h c o n t r o l s t h e e x p r e s s i o n o f t h e e s s e n t i a l
r e p l i c a t i o n gene dnaA.5.6 By far t h e m o s t widely d i s t r i b u t e d e s s e n t i a l T C S , u b i q u i t o u s a m o n g low
G + C% G r a m - p o s i t i v e b a c t e r i a a n d specific to t h e F i r m i c u t e s p h y l u m , is t h e W a l K / w a l R system,
(aka YycG/YycF), the o n l y essential T C S d e s c r i b e d in this clade. O r i g i n a l l y i d e n t i f i e d in Bacillus
subtilis,7·8 t h i s system has since b e e n extensively s t u d i e d a n d d e s c r i b e d as e s s e n t i a l in several closely
r e l a t e d p a t h o g e n s (Staphylococcus aureus, Streptococcus pneumoniae, S. mutans, S. pyogenes), w h e r e
it has b e e n r e f e r r e d to u n d e r v a r i o u s d e s i g n a t i o n s (YycG/YycF, V i c K / V i c R , MicA/MicB).9.15
I n i t i a l a t t e m p t s to i n a c t i v a t e t h e walRK locus in Listeria monocytogenes, Enterococcus faecalis a n d
Staphylococcus epidermidis were u n s u c c e s s f u l , s u g g e s t i n g t h a t it is also e s s e n t i a l in these b a c t e r i a
a l t h o u g h this was n o t f o r m a l l y d e m o n s t r a e e d . w "

W h i l e t h e f u n c t i o n o f t h i s T C S had r e m a i n e d o b s c u r e for the p a s t ten years, a n u m b e r o f
r e c e n t r e p o r t s have n o w revealed a key role for this system in cell wall metabolism.1O.19.22 In an ef
f o r t to s t a n d a r d i z e t h e n o m e n c l a t u r e for t h i s system in d i f f e r e n t b a c t e r i a a n d b e t t e r reflect its t r u e
f u n c t i o n , we have r e c e n t l y p r o p o s e d t h a t it be h e n c e f o r t h r e f e r r e d to as WalK ( h i s t i d i n e kinase)
a n d W a l R ( r e s p o n s e r e g u l a t o r ).19.23 This review will focus o n t h e p h y s i o l o g i c a l role o f t h e W a l K R
system a n d t h e p o t e n t i a l it h o l d s as a t a r g e t for d e s i g n i n g new types o f a n t i b i o t i c s .

w a l R K O p e r o n S t r u c t u r e
G e n e s e n c o d i n g the W a l K R T C S are l o c a t e d w i t h i n an o p e r o n e n c o m p a s s i n g b e t w e e n 3 t o

6 c i s t r o n s a m o n g the Bacilli class o f F i r m i c u t e s , w i t h t h r e e types o f s t r u c t u r a l o r g a n i z a t i o n (see
Fig. 1). W i t h i n t h e Bacillale order, t h e Bacillaceae a n d L i s t e r i a c e a e families have a 6 - g e n e o p e r o n
(waIR, waIK,yycH,yyc1,yye],yycK), w h e r e a s o n l y five are f o u n d in S t a p h y l o c o c c a c e a e , w h e r e t h e
last gene,yyc/(, e n c o d i n g an H t r A - l i k e p r o t e a s e , is m i s s i n g (Fig. 1). A m o n g L a c t o b a c i l l a l e s , t h e
E n t e r o c o c c a c e a e a n d L a c t o b a c i l l a c e a e families also have this c o n s e r v e d five-gene o p e r o n , w h e r e a s
S t r e p t o c o c c a c e a e ( S t r e p t o c o c c i , L a c t o c o c c i ) have a f u r t h e r r e d u c e d 3 - g e n e o p e r o n (waIR, walK
a n d yye]) w i t h the yycH a n d yyc1 genes m i s s i n g f r o m t h e g e n o m e (Fig. 1). I n t e r e s t i n g l y , t h e o n l y
o t h e r b a c t e r i u m w i t h a W a l K R o r t h o l o g is Clostridium thermocellum, u n i q u e a m o n g F i r m i c u t e s
o f t h e C l o s t r i d i a class. B o t h yycH a n d yyc1 are m i s s i n g f r o m t h e C. thermocellum g e n o m e a n d
t h e r e is no p r o x i m a l yye] gene, w i t h t h e closest o r t h o l o g l o c a t e d i n s t e a d five genes d o w n s t r e a m
f r o m t h e walR a n d walK genes, f u r t h e r e m p h a s i z i n g t h e u n i q u e a r c h i t e c t u r e o f t h e locus in this
b a c t e r i u m (Fig. 1).

A p a r t f r o m t h e i r o r t h o l o g s , YycH a n d Y y d share no s i m i l a r i t i e s w i t h o t h e r k n o w n p r o t e i n s .
D e l e t i o n o f yycH or yycIled to o v e r e x p r e s s i o n o f a W a l K R - d e p e n d e n t gene inB. subtilis, s u g g e s t i n g
t h a t t h e e n c o d e d p r o t e i n s negatively r e g u l a t e t h e a c t i v i t y o f this T C S a n d also a f f e c t e d g r o w t h a n d
cell wall integrity.24.25 YycH a n d Y y d are l o c a l i z e d o u t s i d e t h e cell, a n c h o r e d to t h e m e m b r a n e by
an N - t e r m i n a l t r a n s m e m b r a n e d o m a i n a n d b a c t e r i a l t w o - h y b r i d assays i n d i c a t e t h a t t h e y f o r m
a t e r n a r y c o m p l e x t o g e t h e r w i t h the WalK kinase. 2 4.25 T a k e n t o g e t h e r , these results suggest t h a t
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Figure 1. G e n e t i c map of the walRK o p e r o n d i s p l a y i n g the f o u r types of s t r u c t u r a l o r g a n i z a t i o n
f o u n d in l o w GC% Gram p o s i t i v e bacteria. M a j o r bacterial species for each t y p e of o r g a n i z a 
t i o n are i n d i c a t e d on the right.

YycH a n d YycI i n t e r a c t w i t h W a l K to n e g a t i v e l y c o n t r o l its activity, t h r o u g h t h e i r t r a n s m e m b r a n e
or e x t r a c e l l u l a r d o m a i n s . A l t h o u g h t h e y share n o s i g n i f i c a n t a m i n o acid s e q u e n c e s i m i l a r i t i e s , t h e
c r y s t a l s t r u c t u r e s o f Y y c H a n d YycI have very closely r e l a t e d s t r u c t u r a l d o m a i n s w i t h a c o m m o n
fold, s u g g e s t i n g t h e y o r i g i n a t e d from a s h a r e d a n c e s t o r a n d have since d i v e r g e d significantly.26.27

E x c e p t for t h e so far u n i q u e case o f C. thermocellum, yye] is always c o t r a n s c r i b e d w i t h walR a n d
walK, c o n s t i t u t i n g t h e m i n i m a l walRK o p e r o n p r e s e n t in S t r e p t o c o c c a c e a e . A l t h o u g h its f u n c t i o n
is u n k n o w n , H i d d e n M a r k o v M o d e l ( H M M ) p r e d i c t i o n s i n d i c a t e t h a t Yyc] has a d o m a i n s h a r e d
w i t h t h e m e r a l l o - d - l a c t a m a s e s u p e r f a m i l y , c o n t a i n i n g a p r e d i c t e d H x H x D H zinc or i r o n - b i n d i n g
site, s u g g e s t i n g a p o t e n t i a l role for t h i s p r o t e i n in cell wall m e r a b o l i s m . f - "

I n a c t i v a t i o n o f yye] in B. subtilis or Streptococcus pneumoniae d i d n o t lead t o any s i g n i f i c a n t
p h e n o t y p e u n d e r l a b o r a t o r y g r o w t h c o n d i t i o n s , a p a r t from a m o d i f i c a t i o n o f c o l o n y m o r p h o l o g y
in Bacillusp·5.3o In S. mutans, i n a c t i v a t i o n o f yye] (aka vicX) s h o w e d a m o r e p r o n o u n c e d effect.
C o m p a r e d t o t h e w i l d t y p e i s o g e n i c s t r a i n , t h e m u t a n t s h o w e d a slight increase in d o u b l i n g - t i m e ,
an i n c r e a s e in b i o f i l m f o r m a t i o n , d r a s t i c a l l y c o m p r o m i s e d n a t u r a l c o m p e t e n c e a n d a large decrease
in o x i d a t i v e stress t o l e r a n c e . " P h e n o t y p e s o f a S. mutans or S. pneumoniae walK m u t a n t also
i n c l u d e d effects o n g e n e t i c c o m p e t e n c e d e v e l o p m e n t a n d b i o f i l m f o r m a t i o n , s t r o n g l y s u g g e s t i n g
t h a t Yyc] also p a r t i c i p a t e s in t h e W a l K R signal t r a n s d u c t i o n pathway.13.14.30 In c o n t r a s t , S. aureus
cells lackingyye] d i d n o t display any d i s t i n g u i s h i n g p h e n o t y p e s a n d cell m o r p h o l o g y a n d o x i d a t i v e
stress r e s i s t a n c e were n o t a f f e c t e d (0. P o u p e l a n d S. D u b r a c , u n p u b l i s h e d r e s u l t s ) .

The last gene o f t h e o p e r o n , yycK (aka y y x A in B. subtilis}, a p p e a r s t o be specific t o Bacillaceae
a n d L i s t e r i a c e a e . It e n c o d e s a serine p r o t e a s e closely r e l a t e d to H t r A (35% i d e n t i t y w i t h H t r A o f
E. coli).32 H M M d o m a i n p r e d i c t i o n suggests t h a t YycK is a n c h o r e d in the b a c t e r i a l m e m b r a n e
by a s i n g l e N - t e r m i n a l t r a n s m e m b r a n e s e g m e n t , f o l l o w e d by t r y p s i n - l i k e c a t a l y t i c a n d P D Z
p r o t e i n - p r o t e i n i n t e r a c t i o n d o m a i n s , w h i c h are c o m m o n to all H t r A family m e m b e r s . " H t r A
p r o t e a s e s are i n v o l v e d in p r o t e o l y s i s o f a b n o r m a l p r o t e i n s a n d have been s h o w n t o be r e q u i r e d for
r e s i s t a n c e to o x i d a t i v e a n d h e a t stress.P In Listeria monocytogenes, YycK ( L m o 0 2 9 2 ) was s h o w n
to be i n v o l v e d in stress r e s p o n s e a n d p a t h o g e n e s i s in a m u r i n e i n f e c t i o n m o d e l . 34

The W a l K H i s t i d i n e K i n a s e
W a l K is a m e m b r a n e - l i n k e d kinase, w i t h a c o n s e r v e d C - t e r m i n a l c y t o p l a s m i c h i s t i d i n e kinase

region, i n c l u d i n g A T P b i n d i n g a n d p h o s p h o a c c e p t o r d o m a i n s (Fig. 2). S e q u e n c e similarities i n d i c a t e
t h a t WalK p h o s p h o r y l a t i o n occurs on c o n s e r v e d residue H 3 8 7 (all a m i n o acid sequence c o o r d i n a t e s
are t h o s e o f the p r o t o t y p i c a l B . subtilis p r o t e i n s ) , a l t h o u g h the a m i n o t e r m i n a l d o m a i n o f the WalK
h i s t i d i n e kinase displays c o n s i d e r a b l e v a r i a t i o n a m o n g species (45% s e q u e n c e i d e n t i t y on average
over the first 3 0 0 a m i n o acids). A PAS ( P E R - A R N T - S I M ) sensor d o m a i n is also p r e s e n t in the
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Figure 2 . D o m a i n a r c h i t e c t u r e of the WalK histidine kinase and its cognate WalR regulator.
Coordinates for each domain are i n d i c a t e d based on the WalK and WalR proteins of Bacillus
subtilis. The graphical representation is derived from data from the SMART web interface at
http ://smart . e m b l - h e i d e l b e r g . d e

c y t o p l a s m i c p a r t o f the p r o t e i n . PAS d o m a i n s have been described as s t r u c t u r e s t h a t a d o p t typical
a/~ folds and are involved in sensing signals such as oxygen, light , redox p o t e n t i a l or the presence
o f specific ligands . " A l t h o u g h i n f r e q u e n t , these d o m a i n s are found in all k i n g d o m s o f life. It is in
tere sting to n o t e t h a t in S. a u r eu s the only two p r o t e i n s w i t h PAS d o m a i n s are the P h o R and WalK
hi s t i d i n e kinases, whereas in S. p n e u m o n i a e WalK is the only p r o t e i n c o n t a i n i n g a PAS d o m a i n . "
The role o f this d o m a i n in WalK is still n o t clear, but in S. p n e u m o n i a e it has been r e p o r t e d to be
necessar y for repression o f c o m p e t e n c e d e v e l o p m e n t b y W a l K R u n d e r rnicroaerobiosis , 13 a l t h o u g h
it is n o t r e q u i r e d for a u r o p h o s p h o r ylaeion o f the c y t o p l a s m i c WalK kinase d o m a i n in vi tr o ."

Several members o f the h i s t i d i n e p r o t e i n kinase family are also k n o w n to act as p h o s p h o p r o t e i n
p h o spharase s, catal yzing the d e p h o s p h o r y l a t i o n o f the a ssociated response r e g u l a t o r . R e g u l a t i o n
by e n v i r o n m e n t a l signals ma y t h e r e f o r e take place by varying e i t h e r the kinase or the p h o s p h a t a s e
activity o f the sensor. A c c u m u l a t i o n o f the p h o s p h o r ylated form o f the response r e g u l a t o r is thus
the en d result o f a series o f reversible e n z y m a t i c r e a c t i o n s : a u t o p h o s p h o r y l a t i o n o f the kinase,
a u r o p h o s p h a t a s e a c t i v i t y o f the kinase, p h o s p h o t r a n s f e r to the r e g u l a t o r , b a c k t r a n s f e r to the
kinase, a u t o p h o s p h a t a s e a c t i v i t y o f the r e g u l a t o r a n d p h o s p h o p r o t e i n p h o s p h a t a s e a c t i v i t y o f
the kinase t o w a r d s the r e g u l a t o r . The time -scale response o f the signal t r a n s d u c t i o n system can
t h u s be m o d u l a t e d t h r o u g h the c o m b i n e d k i n a s e / p h o s p h a t a s e activities o f the h i s t i d i n e kinases
c o n t r o l l i n g the a m o u n t o f the p h o s p h o r y l a t e d form o f the response r e g u l a t o r p r e s e n t in the cell in
response t o e n v i r o n m e n t a l signals. In many cases, r e g u l a t i o n occurs essentially t h r o u g h the c o n t r o l
o f the p h o s p h a t a s e a c t i v i t y o f the kinase , such as the V a n S / V a n R system ." Pho sphatase activity
is p a r t i c u l a r l y critical in the case o f response r e g u l a t o r s whose p h o s p h o r ylated form is highly
stable , t o ensure that the p r o t e i n is not p e r m a n e n t l y a c t i v a t e d . It is thus i n t e r e s t i n g t o n o t e t h a t a
s t r u c t u r e - and m a t h e m a t i c a l m o d e l i n g - b a s e d c o m p a r a t i v e anal ysis o f T C S s led to the p r e d i c t i o n
that YycG s h o u l d act as a so-called b i f u n c t i o n a l sensor , i.e., one e n d o w e d w i t h b o t h kinase and
p h o s p h a t a s e activities, " a l t h o u g h this has ye t to be d e m o n s t r a t e d .

The c y t o p l a s m i c d o m a i n s o f WalK from B . subtilis, S. aureus a n d S. p n e u m o n i a e have been
p u r i f i e d , s h o w n to be a u r o p h o s p h o r ylated and to p h o s p h o r y l a t e t h e i r c o g n a t e response r e g u l a t o r s
i n vitro . 1O • 13 ,40 In a d d i t i o n , n o n c o g n a t e p h o s p h o t r a n s f e r was s h o w n b e t w e e n the W a l K R systems o f
S. a u r e u s a n d S. p n e u m o n i a e , u n d e r l i n i n g how closely related the syst e m s are b e t w e e n species even
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t h o u g h the p r i m a r y s t r u c t u r e s o f the kinases are n o t highly c o n s e r v e d (45% a m i n o acid s e q u e n c e
i d e n t i t y b e t w e e n WalK o f S. aureus and S. pneumoniaei."

D e s p i t e the presence o f c o n s e r v e d d o m a i n s , t h e r e are clear s t r u c t u r a l differences a m o n g WalK
o r t h o l o g s , namely the n u m b e r o f t r a n s m e m b r a n e d o m a i n s and the presence a n d l e n g t h o f the
e x t r a - c y t o p l a s m i c loop. M o s t WalK o r t h o l o g s c o n t a i n a large e x t r a - c y t o p l a s m i c loop, 142 to 154
a m i n o acids long, flanked by two t r a n s m e m b r a n e d o m a i n s . O n e e x c e p t i o n is r e p r e s e n t e d by WalK
o f Lactococcus lactis, where the l o o p is only 4 a m i n o acids l o n g . " F u r t h e r m o r e , WalK o r t h o l o g s in
S t r e p t o c o c c i lack an e x t r a c e l l u l a r loop a n d c o n t a i n a single t r a n s m e m b r a n e d o m a i n , w i t h only 4
to 12 a m i n o acids p r o t r u d i n g o u r s i d e the c y t o p l a s m . "

The e x t r a - c y t o p l a s m i c l o o p is k n o w n to p l a y a crucial role in d e t e c t i n g the e x t e r n a l s t i m u l u s
in several h i s t i d i n e kinases, while the t r a n s m e m b r a n e d o m a i n s f u n c t i o n as an a n c h o r to the
c y t o p l a s m i c m e m b r a n e , b u t can also be involved in signal p e r c e p t i o n . " S t r u c t u r a l differences
a m o n g WalK o r t h o l o g s are thus likely to reflect a variety o f signaling m e c h a n i s m s : WalK m i g h t
sense d i f f e r e n t signals in various organisms, a c c o r d i n g to t h e i r specific m e t a b o l i s m , p h y s i o l o g y
and ecological niche.

The W a l R R e s p o n s e R e g u l a t o r
WalR is a typical response r e g u l a t o r with an N - t e r m i n a l receiver d o m a i n and a C - t e r m i n a l D N A

b i n d i n g d o m a i n (Fig. 2). The receiver d o m a i n has the i n v a r i a n t active site residues, i n c l u d i n g a
c o n s e r v e d a s p a r t a t e residue ( D 5 4 ) , w h i c h is the likely p h o s p h o r y l a t i o n site (Fig. 3 ) . 7 l n c o n t r a s t
to the lower c o n s e r v a t i o n o b s e r v e d for WalK, the WalR p r i m a r y s t r u c t u r e is very highly c o n s e r v e d
(more t h a n 70% a m i n o acid s e q u e n c e i d e n t i t y w i t h WalR o f B. subtilis on average, w i t h 60 to 70%
i d e n t i t y for S t r e p t o c o c c i o r t h o l o g s ) (see Fig. 3).

As is typical for T C S response r e g u l a t o r s , the s t r u c t u r a l o r g a n i z a t i o n o f WalR is b i p a r t i t e .
The N - t e r m i n a l p a r t ( p o s i t i o n s 3 to 113, Figs. 2,3) is involved in signal r e c e p t i o n from the kinase,
whereas the C - t e r m i n a l d o m a i n ( p o s i t i o n s 153 to 229, Figs. 2,3) is responsible for D N A - b i n d i n g
a n d a c t i v a t i o n o f gene t r a n s c r i p t i o n . WalR belongs to the O m p R / P h o B s u b f a m i l y o f response
r e g u l a t o r s a n d as such c o n t a i n s a c h a r a c t e r i s t i c winged h e l i x - t u r n - h e l i x D N A - b i n d i n g d o m a i n . 43

,44

Response r e g u l a t o r s o f the O m p R / P h o B s u b f a m i l y c o n t r o l t r a n s c r i p t i o n by b i n d i n g as dimers t o

d i r e c t l y r e p e a t e d D N A sequences. The crystal s t r u c t u r e o f the P h o B - D N A complex reveals t h a t
the two alpha helices are in c o n t a c t w i t h D N A (the first, a s t r u c t u r a l helix, for p o s i t i o n i n g in the
major groove o f the D N A helix a n d the second, the D N A r e c o g n i t i o n helix, involved in specific
b i n d i n g to the t a r g e t site) whereas the alpha l o o p s e p a r a t i n g the two helices is r e s p o n s i b l e for
i n t e r a c t i o n s o f P h o B a n d O m p R w i t h the sigma and alpha s u b u n i t s o f R N A polymerase, respec
tively.4s.47 The crystal s t r u c t u r e o f the C - t e r m i n a l d o m a i n o f W a l R from Enterococcus faecalis has
been solved r e c e n t l y , " suggesting a role for the two helices in c o n t a c t i n g D N A a n d the alpha l o o p
in i n t e r a c t i o n s w i t h R N A p o l y m e r a s e (see Fig. 3) and i n d i c a t i n g t h a t the a l p h a - l o o p is similar to
t h a t o f P h o B b u t differs from t h a t o f O m p R . The l o o p following the h e l i x - t u m - h e l i x m o t i f on the
o t h e r h a n d is more closely r e l a t e d to t h a t o f O m p R t h a n PhoB. 48

A M a t t e r o f Life and D e a t h : To Be or N o t to Be E s s e n t i a l
As m e n t i o n e d above, the W a l K R T C S has been shown or is t h o u g h t to be essential in several

bacteria i n c l u d i n g B . subtilis, S. aureus.E. faecalis,L. monoeytogenes and S. pneumoniae.7· 12
,16.

1 7 W h i l e

it has been clearly shown that b o t h the WalK kinase and the WalR r e g u l a t o r are essential in B. subtilis
a n d S. aureus, the s i t u a t i o n differs in S. pneumoniae since the r e g u l a t o r is essential but n o t the ki
nase. 8. 9 ,11 A l t h o u g h walK o f S. pneumoniae can be d i s r u p t e d , the g r o w t h rate o f the r e s u l t i n g s t r a i n
was lowered to a b o u t 30% o f t h a t o f the p a r e n t a l s t r a i n . " Likewise, g r o w t h o f a walK i n a c t i v a t i o n
m u t a n t o f Lactococcus lactis was r e p o r t e d to be i m p a i r e d , w i t h cells displaying c l u m p i n g . " R e c e n t
in vitro data have shown that acetyl p h o s p h a t e is a p h o s p h o r y l group d o n o r for S. p n e u m o n i a e
Wa1R. 49 Acetyl p h o s p h a t e is an i m p o r t a n t signaling molecule in many bacteria and its capacity to
p h o s p h o r y l a t e WalR could partly a c c o u n t for the fact that the cognate WalK h i s t i d i n e kinase is n o t
essential in S. p n e u m o n i a e . However, i n t e r a c t i o n s b e t w e e n WalR and n o n c o g n a t e h i s t i d i n e kinases
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in S. pneumoniae c a n n o t be r u l e d o u t since it has been shown t h a t it can be p h o s p h o r y l a t e d by the
h e t e r o l o g o u s VanS h i s t i d i n e kinase from Enterococcus jaecalis in v i t r o . " In B. subtilis, the walK gene
can only be i n a c t i v a t e d when the strain contains a p o i n t m u t a t i o n in walR, leading to a c o n s t i t u t i v e l y
active form o f the response r e g u l a t o r ( W a l R D 5 4 H ) . 7 Interestingly, purified WalR o f B. subtilis or S.
aureus could n o t be p h o s p h o r y l a t e d using r a d i o l a b e l e d acetyl p h o s p h a t e (S. D u b r a c , u n p u b l i s h e d
results). It is also w o r t h n o t i n g t h a t the W a l K R system is one o f the rare examples where physiologi
cally relevant in vivo crosstalk has been d e m o n s t r a t e d , since it has been shown to i n t e r a c t w i t h the
P h o P R system in B. subtilis, where the P h o R kinase is able to p h o s p h o r y l a t e the n o n c o g n a t e WalR
response r e g u l a t o r u p o n p h o s p h a t e l i m i t a t i o n . so

In S. pyogenes ( g r o u p A Streptococcus), an i n s e r t i o n a l m u t a n t o f walR was r e p o r t e d to be viable,
w i t h no major g r o w t h defect in rich m e d i u m except a h i g h e r rate o f m o r t a l i t y in s t a t i o n a r y p h a s e . "
W h i l e the a u t h o r s showed t h a t the s t r a i n c a r r y i n g the i n s e r t i o n a l walR m u t a t i o n did n o t p r o d u c t
the WalR r e g u l a t o r , they failed to o b t a i n a walR d e l e t i o n m u t a n t . In S. mutans, two c o n t r a d i c t o r y
r e p o r t s have a p p e a r e d r e g a r d i n g the essential n a t u r e o f W a l R . In 2004, Lee et al c l a i m e d they had
i n a c t i v a t e d walR, w h i c h was e r r o n e o u s l y referred to as cook:" A later p a p e r p u b l i s h e d in 2 0 0 5 by
S e n a d h e e r a et al r e p o r t e d t h a t i n a c t i v a t i o n o f walR in S. mutans was l e t h a l . " These c o n f l i c t i n g
r e p o r t s do n o t allow one to firmly c o n c l u d e t h a t the W a l K R T C S is n o t essential in S. pyogenes
or S. mutans. To date, the only o r g a n i s m in w h i c h the WalR r e g u l a t o r has been r e p o r t e d n o t to
be essential is Lactococcus lactis, where an i n a c t i v a t i o n m u t a n t o f the gene was d e s c r i b e d several
years a g o . "

There is an i n t e r e s t i n g c o r r e l a t i o n b e t w e e n the type o f walKR o p e r o n o r g a n i z a t i o n a n d the
features o f the WalK h i s t i d i n e kinases. B a c t e r i a l species t h a t e n c o d e YycH a n d YycI o r t h o l o g s
have an essential WalK kinase, w i t h two t r a n s m e m b r a n e d o m a i n s flanking an e x t r a - c y t o p l a s m i c
loop, while in species t h a t lack these two p r o t e i n s the WalK kinase is n o t essential a n d has a single
t r a n s m e m b r a n e d o m a i n . " The e x c e p t i o n again is Lactococcus lactis, w h i c h lacks the yycH a n d yycI
genes b u t e n c o d e s a WalK kinase w i t h two t r a n s m e m b r a n e d o m a i n s . H o w e v e r in this species
b o t h WalR a n d WalK are r e p o r t e d to be d i s p e n s a b l e a n d the e x t r a c y t o p l a s m i c l o o p o f the kinase
is u n u s u a l l y s h o r t , c o n t a i n i n g only 4 a m i n o acids, as m e n t i o n e d a b o v e . "

G l o b a l A n a l y s e s o f W a l K R - R e g u l a t e d G e n e s Reveal a Major Role
in C e l l W a l l H o m e o s t a s i s

Bacillus subtilis cell m o r p h o l o g y is a l t e r e d u n d e r c o n d i t i o n s o f d e p l e t i o n or o v e r p r o d u c t i o n
o f the WalR r e g u l a t o r , l e a d i n g respectively to very long cells or m i n i cells," This allowed the first
i d e n t i f i c a t i o n o f a W a l K R - r e g u l a t e d gene, the f t s A Z o p e r o n involved in cell division, t h o u g h the
system only c o n t r o l s expression from a s e c o n d a r y n o n - e s s e n t i a l p r o m o t e r . Y " Expression p r o f i l i n g
e x p e r i m e n t s carried o u t in Bacillus subtilis using e i t h e r a h y b r i d r e g u l a t o r a p p r o a c h involving a
c h i m e r i c P h o P ' - ' W a l R p r o t e i n or a walRKinducible s t r a i n u n d e r c o n d i t i o n s o f W a l K R d e p l e t i o n
allowed i d e n t i f i c a t i o n o f several o t h e r W a l K R - d e p e n d e n t genes. Several appear to be involved in
cell wall m e t a b o l i s m , namely yocH, e n c o d i n g a p o t e n t i a l autolysin, lytE a n d yvcE, e n c o d i n g two
e n d o p e p t i d a s e - l i k e autolysins involved in cell wall synthesis a n d t u r n over respectively, the tagAB
a n d tagDEF o p e r o n s , involved in teichoic acid b i o s y n t h e s i s a n d yjeA, e n c o d i n g a p u t a t i v e p e p t i 
d o g l y c a n deacetylase (see Table 1 ).20,40,SO The p u r i f i e d WalR r e g u l a t o r was s h o w n to b i n d d i r e c t l y
to the p r o m o t e r regions o f these genes, i n d i c a t i n g t h a t WalR activates or represses expression o f
these genes directly.20,40,\0

The WalR r e g u l a t o r s o f B. subtilis a n d S. aureus are highly similar, s h a r i n g 75% a m i n o acid
s e q u e n c e i d e n t i t y , p a r t i c u l a r l y in the w i n g e d h e l i x - t u r n - h e l i x D N A - b i n d i n g d o m a i n s w i t h 30
i d e n t i c a l a m i n o acids o u t o f 3 1 (Fig. 3 a n d next s e c t i o n ) . This allowed the i d e n t i f i c a t i o n o f several
p o t e n t i a l W a l K R - r e g u l a t e d genes in S. aureus by g e n o m e m i n i n g , using the previously e s t a b l i s h e d
consensus WalR r e c o g n i t i o n s e q u e n c e ( S ' - T G T W A H - N s-TGTWAH-3').1O A m o n g these, tran
s c r i p t i o n a l analysis showed t h a t W a l K R activates the expression o f nine cell wall m e t a b o l i s m genes,
e n c o d i n g the two major S. aureus autolysins (AtlA a n d LytM), two p r o t e i n s with a transglycosylase
d o m a i n (isaA and SceD) and five p r o t e i n s w i t h a C H A P amidase d o m a i n (SsaA, SA0620, SA2097,
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S A 2 3 5 3 , SA071O) (see Table 1) .19 I s a A a n d SceD have b o t h been s h o w n to have a u t o l y t i c activiry,"
WalR o f S. aureus was s h o w n to b i n d d i r e c t l y to the p r o m o t e r regions o f ssarl, isaA a n d lytM. 1O

In a g r e e m e n t w i t h its m a j o r role in c o n t r o l l i n g p e p t i d o g l y c a n m e t a b o l i s m , a r e d u c e d rate o f cell
wall b i o s y n t h e s i s a n d t u r n o v e r was m e a s u r e d in W a l K R - d e p l e t e d cells. "

As s h o w n for B. subtilis a n d S. aureus , t h e W a l K R T C S also regulates cell wall m e t a b o l i s m in
S. p n e u m o n i a e a n d S. mutans. T r a n s c r i p t o m e analyses in S.pneumoniae unveiled W a l K R - m e d i a t e d
a c t i v a t i o n o f two genes e n c o d i n g cell wall hydrolases: pcsB a n d lytB, as well as several genes e n c o d i n g
p r o t e i n s w i t h LysM cell wall b i n d i n g d o m a i n s ." D e p l e t i o n for e i t h e r W a l K R or PcsB in S. pneu
moniaewas s h o w n to cause d e f e c t s in cell m o r p h o l o g y and m u r e i n synthesis. 2 1,22 Th e pcsB gene has
b e e n s h o w n to be essential in S. pneumoniae and c o n s t i t u t i v e expression o f pcsB can suppress t h e
W a l K R r e q u i r e m e n t for viability. 21This is the o n l y i n s t a n c e so far where e s s e n t i a l i t y o f the W a l K R
T C S can be assigned to r e g u l a t i o n o f a single essential gene. In S. m u t a n s , the W a l K R system has
b e e n s h o w n to be involved in c o n t r o l l i n g expression o f the attA gene, as well as autolysis. "

W h i l e t h e m a j o r role o f t h e W a l K R T C S is clearly l i n k e d to t h e r e g u l a t i o n o f cell wall m e t a b o 
lism , expression p r o f i l i n g studies in B. subtilis a n d S . pneumoniae have also shown a role in r e g u l a t i n g
f a t t y acid m e t a b o l i s m . In S. pneumoniae expression o f a c l u s t e r o f 12 genes involved in f a t t y acid
b i o s y n t h e s i s was s i g n i f i c a n t l y a l t e r e d by W a l K R levels in the cell, r e s u l t i n g in i n c r e a s e d f a t t y acid
chain l e n g t h s a n d in lower cell m e m b r a n e f l u i d i t y (Table 1).54 However, this effect is likely i n d i r e c t
since the S .pneumoniae W a l R r e g u l a t o r does n o t b i n d to thefabR p r o m o t e r r e g i o n . " I n B . subtilis,
e x p r e s s i o n o f t h e des gene e n c o d i n g f a t t y acid d e s a t u r a s e a p p e a r e d to be i n d i r e c t l y r e p r e s s e d by
WalKR.20 E x p r e s s i o n o f t h e des gene is i n d u c e d in response to r e d u c e d cell m e m b r a n e f l u i d i t y via
the D e s K R T C S . 5S U p - r e g u l a t i o n o f des u p o n d e p l e t i o n for W a l K R c o u l d i n d i c a t e m e m b r a n e f a t t y
acid p e r t u r b a t i o n , w h i c h c o u l d be caused by m i s r e g u l a t i o n o f cell m e m b r a n e m e t a b o l i s m .

Several t r a n s c r i p t o m e analyses have s h o w n t h a t many S. pneumoniae s t r e s s - i n d u c e d genes are
a c t i v a t e d in a W a l K R d e p l e t e d s t r a i n , p r o b a b l y r e f l e c t i n g t h e cell stres s this causes." In S. mutans
the system has also b e e n r e p o r t e d t o be involved in resistance t o oxidative stress, in a g r e e m e n t w i t h
t h e p r e s e n c e o f a PAS d o m a i n in WalK. 53. 56 It is i n t e r e s t i n g to n o t e t h a t except in S. p n e u m o n i a e ,
where e s s e n t i a l i t y o f t h e W a l K R T C S i s l i n k e d to expression o f the essential pcsB gene , n o n e o f t h e
genes i d e n t i f i e d as r e g u l a t e d by the W a l K R T C S in B. subtiiis o r S. aureus a p p e a r to be r e q u i r e d
for cell viability. This suggests t h a t the essential n a t u r e o f this system w o u l d be m u l t i f a c t o r i a l in
these cases, i n v o l v i n g expression o f several genes, n o n e o f w h i c h are essential o n t h e i r own .

w a l R K O p e r o n E x p r e s s i o n
In B. subtilis a p o l y c i s t r o n i c t r a n s c r i p t c o v e r i n g the six genes o f t h e o p e r o n (waIRKyycHIjK), as

well as a s h o r t e r t r a n s c r i p t c o r r e s p o n d i n g to walR, were d e t e c t e d d u r i n g early e x p o n e n t i a l g r o w t h
p h a s e , s u g g e s t i n g t h a t walRK o p e r o n t r a n s c r i p t i o n is driven by a typical i f - t y p e p r o m o t e r ? In
Bacillus subtilis, a l t h o u g h yycK was s h o w n to be c o t r a n s c r i b e d w i t h the walRKyycHIj genes, it is
also t r a n s c r i b e d i n d e p e n d e n t l y d u r i n g s p o r u l a t i o n from a likely oG - d e p e n d e n t p r o m o t e r , suggesting
it may p l a y a role in this d e v e l o p m e n t a l process, a l t h o u g h i n a c t i v a t i o n o f yycK d i d n o t affect spore
formation?·8 T r a n s c r i p t i o n a l l a c Z fusions w i t h t h e walRK p r o m o t e r r e g i o n s h o w e d e x p r e s s i o n
d u r i n g early e x p o n e n t i a l phase a n d a rapid s h u t o f f at t h e t r a n s i t i o n phase ," a l t h o u g h W e s t e r n
b l o t analyses i n d i c a t e t h a t WalK levels do n o t vary t h r o u g h o u t t h e g r o w t h curve in B. subtilis. 24

•
so

L o w e r e d walRK t r a n s c r i p t i o n does n o t c o r r e s p o n d to d i m i n i s h e d WalK p r o t e i n levels, m o s t likely
due to slower cell d i v i s i o n u p o n e n t r y i n t o s t a t i o n a r y phase, a l l o w i n g a c c u m u l a t i o n o f t h e p r o t e i n
w i t h i n the cells. H o w e v e r , the expression p a t t e r n o f several W a l K R d e p e n d e n t genes m i r r o r s t h a t
o f the walRK o p e r o n , s u g g e s t i n g the system is o n l y active a n d r e q u i r e d d u r i n g e x p o n e n t i a l g r o w t h .
I n d e e d , in B . subtilis expression o f several m e m b e r s o f the W a l K R r e g u l o n occurs m a i n l y d u r i n g
the e x p o n e n t i a l g r o w t h phase and i s s h u t o f f as cells e n t e r s t a t i o n a r y phase, includingyocH,ykvT,
the tagDA d i v e r g o n as well as the y d j M and yvcE genes. 20

•
40 This is also the case in Staphylococcus

aureus where t h e expression profiles o f the W a l K R d e p e n d e n t isaA a n d lytM genes follow t h e
same p a t t e r n as well, again sugge s t i n g t h a t the W a l K R system m i g h t also be inactive d u r i n g t h e
s t a t i o n a r y g r o w t h phase. IO ·1 9.5 7.5 8 In S. mutans, walR expression was r e p o r t e d to be i n d u c e d in the
p r e s e n c e o f x y l i r o l / "
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L i t t l e is k n o w n a b o u t walRK o p e r o n t r a n s c r i p t i o n r e g u l a t i o n . In B. subtilis, in v i t r o p r o t e i n I
D N A i n t e r a c t i o n assays have s h o w n t h a t W a l R does n o t b i n d to its o w n p r o m o t e r r e g i o n , w h i c h
does n o t c o n t a i n a p o t e n t i a l W a l R b i n d i n g site (S. D u b r a c , u n p u b l i s h e d d a t a ) a n d e x p r e s s i o n o f
t h e walRK o p e r o n is n o t r e g u l a t e d by W a l K R levels in t h e cell," In S. pneumoniae, t w o s t u d i e s
based on t r a n s c r i p t o m e d a t a led to c o n t r a d i c t o r y c o n c l u s i o n s a b o u t a u t o r e g u l a t i o n . v - " yet in v i t r o
gel m o b i l i t y shift assays failed to d e t e c t any i n t e r a c t i o n s b e t w e e n p u r i f i e d W a l R o f S. pneumoniae
a n d the u p s t r e a m r e g i o n o f t h e walRK o p e r o n 49 s t r o n g l y s u g g e s t i n g t h a t t h e W a l K R system does
n o t r e g u l a t e its own e x p r e s s i o n .

D N A S e q u e n c e Targeted by the W a l R R e g u l a t o r
As m e n t i o n e d earlier, t h e W a l R r e g u l a t o r b e l o n g s to t h e O m p R / P h o B s u b f a m i l y o f r e s p o n s e

r e g u l a t o r s t h a t are classified by t h e i r w i n g e d h e l i x - t u r n - h e l i x D N A - b i n d i n g d o m a i n s . 4 3. 44 R e s p o n s e
r e g u l a t o r s o f this s u b f a m i l y c o n t r o l gene t r a n s c r i p t i o n by b i n d i n g as d i m e r s to d i r e c t l y r e p e a t e d
D N A sequences.t" In v i t r o i n t e r a c t i o n s u s i n g D N a s e I f o o t p r i n t i n g b e t w e e n t h e p u r i f i e d B . subtilis
W a l R r e g u l a t o r a n d t h e p r o m o t e r regions o f two m e m b e r s o f t h e W a l K R r e g u l o n , f t s A Z a n d
yocH, a l l o w e d t h e i d e n t i f i c a t i o n o f a c o n s e r v e d d i r e c t l y r e p e a t e d h e x a n u c l e o t i d e D N A s e q u e n c e
t a r g e t e d by t h e W a l R r e g u l a t o r : S ' - T G T W A H - N s-TGTWAH-3'.1O·4O This s e q u e n c e has b e e n
f o u n d in t h e u p s t r e a m regions o f all W a l K R - r e g u l a t e d genes in B. subtilis a n d S. aureus a n d a
d e r i v e d c o n s e n s u s a l b e i t s l i g h t l y m o d i f i e d has also b e e n d e f i n e d for W a l K R - r e g u l a t e d genes in
S. pneumoniae ( S ' - T G T N A N - N S - N G T N A N A - 3').10.40.49 S i t e - d i r e c t e d m u t a g e n e s i s o f t h e W a l R
t a r g e t s e q u e n c e f o l l o w e d by in vitro b i n d i n g assays a n d in vivo t r a n s c r i p t i o n a l s t u d i e s c o n f i r m t h e
role o f t h i s D N A s e q u e n c e in W a l K R - m e d i a t e d r e g u l a t i o n w i t h some e x c e p t i o n s , especially in
S. pneumoniae where it a p p e a r s t h a t some genes p r e c e d e d by t h i s s e q u e n c e are n o t r e g u l a t e d by
t h e W a l K R T C S a n d some W a l K R - r e g u l a t e d genes do n o t have t h i s s e q u e n c e in t h e i r u p s t r e a m
region.10.4M9 W h i l e the W a l R t a r g e t s e q u e n c e needs to be d e f i n e d m o r e precisely, t h e c h a r a c t e r i z e d
d i r e c t r e p e a t c o n s e n s u s s e q u e n c e has a l r e a d y p r o v e n to be i n v a l u a b l e as a g e n o m e - m i n i n g t o o l to
i d e n t i f y W a l K R - r e g u l a t e d genes.'?

P h e n o t y p e s A s s o c i a t e d w i t h a D e f e c t in W a l K R A c t i v i t y
M a n y W a l K R a s s o c i a t e d p h e n o t y p e s have b e e n d e s c r i b e d since this T C S was first i d e n t i f i e d ,

b u t the i n c r e a s e d i n t e r e s t this system has received over t h e last few years has revealed t h e m o l e c u l a r
basis for m o s t o f these p h e n o t y p e s .

As m e n t i o n e d above, since t h e W a l K R T C S is essential to b a c t e r i a l survival, p h e n o t y p e s associ
a t e d w i t h a W a l K R d e f e c t are usually s t u d i e d by c o m p a r i n g c o n d i t i o n s w h e r e e i t h e r t h e expression
o f the system is m o d u l a t e d by an i n d u c i b l e p r o m o t e r or the a c t i v i t y o f t h e system is c o n t r o l l e d by a
thermosensitive m u t a t i o n o f the WalR r e g u l a t o r or, in the case o f s t r e p t o c o c c a l species, by i n a c t i v a t i n g
the walK gene e n c o d i n g the sensor p r o t e i n . I n B . subtilis as well as in S. pneumoniae, W a l K R d e p l e t i o n
leads to a b n o r m a l cell m o r p h o l o g y , i.e., large e m p t y cells, that has been correlated to a b e r r a n t bacterial
division.7·8.21.22 In B. subtilis W a l K R - d e p e n d e n t u p - r e g u l a t i o n o f f t s A Z expression is t h o u g h t to be
responsible for minicell f o r m a t i o n when the system is overexpressed," b u t in S. pneumoniae expression
o f the f t s A Z o r t h o l o g does n o t a p p e a r to be r e g u l a t e d by W a l K R . Instead, W a l K R - r e l a t e d deficiency
o f b a c t e r i a l d i v i s i o n is l i n k e d to expression o f pcsE, e n c o d i n g a cell wall a m i d a s e involved in the
d y n a m i c s o f cell wall m e t a b o l i s m , a c r u c i a l event d u r i n g cell s e p t a t i o n . " Several W a l K R - a s s o c i a t e d
p h e n o t y p e s can be c o r r e l a t e d to r e g u l a t i o n o f cell wall m e t a b o l i s m genes, w h i c h n o w a p p e a r s to be
the m a i n f u n c t i o n c o n t r o l l e d by t h e W a l K R system (see Table I ) . In B. subtilis, it has recently been
s h o w n t h a t cell walls e x t r a c t e d from W a l K R d e p l e t e d cells h a d a m u c h lower a u t o d i g e s t i v e c a p a c i t y
t h a n those e x t r a c t e d from W a l K R replete cells." Likewise, S. aureus W a l K R d e p l e t e d cells display
increased resistance to T r i t o n X - I 00 i n d u c e d lysis. 1 9 W a l K R - d e p e n d e n t activation o f a u t o l y t i c activi
ties is d i r e c t l y c o r r e l a t e d to t r a n s c r i p t i o n a l r e g u l a t i o n o f genes i n v o l v e d in cell wall d e g r a d a t i o n . Y "
Several r e c e n t r e p o m describe t h e i m p a c t o f t h e W a l K R T C S on a n t i b i o t i c resistance. The first
walR c o n d i t i o n a l m u t a n t i s o l a t e d in S. aureus was r e p o r t e d to be m o r e s u s c e p t i b l e to m a c r o l i d e s
a n d lincosamides,? This h y p e r s e n s i t i v e p h e n o t y p e was reversed by o v e r e x p r e s s i o n o f the ssaA gene,
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w h i c h has been s h o w n to be a c t i v a t e d by the W a l K R system. 10 .1 9,60 However, t h e link b e t w e e n the
ssaA gene , w h i c h e n c o d e s a p r o t e i n w i t h a C H A P - t y p e a m i d a s e d o m a i n , suggesting a role in cell
wall d e g r a d a t i o n a n d resistance t o m a c r o l i d e s a n d l i n c o s a m i d e s is still n o t clear.

It has also b e e n r e p o n e d t h a t the W a l K R system c o u l d be i n v o l v e d in r e s i s t a n c e to d a p t o m y c i n ,
a l i p o p e p t i d e a n t i b i o t i c , since d a p t o m y c i n S. a u r e u s r e s i s t a n t s t r a i n s , e i t h e r s e l e c t e d in v i t r o or
c l i n i c a l isolates, were s h o w n t o have m u t a t i o n s in t h e walK gene .61 C o n s i d e r i n g the the m a j o r role
o f W a l K R in c o n t r o l l i n g cell wall m e t a b o l i s m . an i m p a c t o n v a n c o m y c i n r e s i s t a n c e in S. aureus
c o u l d be p r e d i c t e d . T w o r e c e n t p u b l i c a t i o n s r e p o r t a l i n k b e t w e e n the W a l K R system a n d v a n c o 
mycin i n t e r m e d i a t e r e s i s t a n c e ( V I S A strainsj . J t h a s b e e n s h o w n t h a t in a V I S A clinical isolate,
an i n s e r t i o n in the p r o m o t e r o f the walKR o p e r o n r e s u l t e d in u p - r e g u l a t i o n o f its t r a n s c r i p t i o n
( t h r o u g h g e n e r a t i o n o f an h y b r i d p r o m o t e r w h i c h is m u c h m o r e efficient than t h e n a t u r a l walKR
p r o m o t e r ). 62 W h o l e - g e n o m e s e q u e n c i n g o f S. aureus isogenic clinical isolates w i t h i n c r e a s i n g M I Cs
o f v a n c o m y c i n a l l o w e d the i d e n t i f i c a t i o n o f a m u t a t i o n in t h e yycH gene ,63whose p r o d u c t has b e e n
s h o w n t o d o w n r e g u l a t e t h e a c t i v i t y o f the W a l K R sysrem.P These d a t a i n d i c a t e t h a t c h a n g e s in
W a l K R a c t i v i t y levels ( e i t h e r by r e g u l a t i o n o f its synthesis or by p o s t t r a n s l a t i o n a l m o d u l a t i o n o f
its a c t i v i t y ) c o u l d be d i r e c t l y c o r r e l a t e d to the level o f v a n c o m y c i n s u s c e p t i b i l i t y , p r o b a b l y t h r o u g h
r e g u l a t i o n o f cell wall m e t a b o l i s m .

I m p a c t o f the W a l K R System on V i r u l e n c e
A l i n k b e t w e e n e x p r e s s i o n o f genes e n c o d i n g v i r u l e n c e f a c t o r s a n d t h e W a l K R T C S has b e e n

e s t a b l i s h e d in b o t h S. a u r e u s a n d S. p n e u m o n i a e . M o s t o f t h e available d a t a c o n c e r n i n g t h e i m p a c t
o f W a l K R on h o s t i n f e c t i o n a n d v i r u l e n c e c o n c e r n s t h e s t r e p t o c o c c a l species in w h i c h t h e kinase
o f t h e system is n o t e s s e n t i a l a n d walK m u t a n t s can be easily u s e d to test v i r u l e n c e . W h i l e t h e d a t a
c o n c e r n i n g S. pneumoniae are the m o s t a b u n d a n t , c o n t r a d i c t o r y results have been p u b l i s h e d , p e r 
haps r e f l e c t i n g d i f f e r e n c e s in t h e i n f e c t i o n m o d e l a n d the S. pneumoniae capsule s e r o t y p e t e s t e d . In
an R6 s t r a i n b a c k g r o u n d , i n a c t i v a t i o n o f walKhas no effect o n v i r u l e n c e b o t h after i n t r a p e r i t o n e a l
c h a l l e n g e a n d m u r i n e r e s p i r a t o r y t r a c t i n f e c t i o n m o d e l , yet an i n t r a n a s a l c h a l l e n g e o f mice w i t h
a walK m u t a n t o f t w o o t h e r s e r o t y p e s (2 a n d 6B) was a s y m p t o m a t i c a n d led to lower r e c o v e r y
o f C F U s from lungs a n d b l o o d c o m p a r e d to the p a r e n t a l s t r a i n s . l l .30.64 At the m o l e c u l a r level, it
was s h o w n t h a t W a l K R c o n t r o l l e d t r a n s c r i p t i o n o f genes p l a y i n g a m a j o r role in S. p n e u m o n i a e
v i r u l e n c e : pspA a n d piaBCDA. respectively e n c o d i n g a surface v i r u l e n c e f a c t o r i n v o l v e d in t h e
evasion o f c o m p l e m e n t d u r i n g i n f e c t i o n a n d an A B C t r a n s p o r t e r i n v o l v e d in i r o n u p t a k e a n d
r e q u i r e d for full v i r u l e n c e . 21 .4 9 .5 4 .6 S -6 7 T h i s r e g u l a t i o n may in p a r t explain the d e c r e a s e d v i r u l e n c e
o f a walK m u t a n t s t r a i n , b u t m o r e w o r k r e m a i n s to be d o n e to clarify the i m p a c t o f the W a l K R
system in S. p n e u m o n i a e v i r u l e n c e .

In g r o u p A Streptococcus, a walR m u t a n t has been s h o w n to be i m p a i r e d in its c a p a c i t y to g r o w
in h u m a n b l o o d a n d to kill mice after s u b c u t a n e o u s i n f e c t i o n . IS M o l e c u l a r m e c h a n i s m s r e s p o n s i b l e
for t h i s effect on v i r u l e n c e have yet to be d e t e r m i n e d .

S. mutans is t h e m a j o r a g e n t i n v o l v e d in d e n t a l caries, p r o d u c i n g s u c r o s e - m e t a b o l i z i n g en
zymes t h a t are c r i t i c a l in c a r i o g e n e s i s . These e n z y m e s i n c l u d e t h r e e g l u c o s y l t r a n s f e r a s e s ( e n c o d e d
by gtfBCD) a n d o n e f r u c t o s y l t r a n s f e r a s e ( e n c o d e d by ftj) t h a t catalyze the cleavage o f sucrose to
s y n t h e s i z e g l u c a n a n d f r u c t a n p o l y m e r s w h i c h are b o t h i n v o l v e d in S. mutans v i r u l e n c e as t h e y
p r o m o t e its c a p a c i t y t o a t t a c h to t h e t o o t h surtace. 68 It has been s h o w n t h a t e x p r e s s i o n ofgtfBCD,
.ftf a n d gbpB, e n c o d i n g a g l u c a n b i n d i n g p r o t e i n , are u p r e g u l a t e d by the W a l K R system a n d this
has been c o r r e l a t e d to a p o s i t i v e c o n t r o l o f S. mutans s u c r o s e - m e d i a t e d a d h e r e n c e by W a l K R . 14

B i o f i l m f o r m a t i o n by S. mutans r e q u i r e s WalK a n d e x p r e s s i o n o f a t i A , e n c o d i n g an a u t o l y s i n , was
also s h o w n to be W a l K R dependenr .lv"

Similarly, in S. aureus, it has been s h o w n t h a t the W a l K R syst e m p r o m o t e s b i o f i l m f o r m a 
t i o n , an i m p o r t a n t f a c t o r i n f l u e n c i n g i n f e c t i o n p r o p a g a t i o n . " A d d i t i o n a l l y , t r a n s c r i p t i o n a l
W a l K R - d e p e n d e n t a c t i v a t i o n has been s h o w n for t w o genes p o t e n t i a l l y i n v o l v e d in S. a u r e u s viru
lence (S. D u b r a c , u n p u b l i s h e d results ) . T h e s e genes e n c o d e S d r D , a s i a l o p r o r e l n - b i n d i n g p r o t e i n and
EbpS , an e l a s t i n - b i n d i n g p r o t e i n a n d are t h o u g h t to act t h r o u g h i n t e r a c t i o n s w i t h the e x t r a c e l l u l a r
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h o s t m a t r i x suggesting t h a t the W a l K R T C S c o u l d be d i r e c t l y involved in S. aureus p a r h o g e n e s i s . "
F u r t h e r m o r e , a S. aureus isaA seeD m u t a n t is a t t e n u a t e d for v i r u l e n c e , while SceD is essential for
nasal c o l o n i z a t i o n in c o t t o n rats. 52 B o t h o f these genes are c o n t r o l l e d by W a l K R , p r o v i d i n g f u r t h e r
evidence for an i m p o r t a n t role o f this system in c o n t r o l l i n g v i r u l e n c e o f S. aureusl"

W h i l e m o r e w o r k is r e q u i r e d in o r d e r to e l u c i d a t e the i m p a c t o f the W a l K R system in vivo, the
available d a t a s t r o n g l y suggest t h a t f i n e - t u n i n g o f W a l K R a c t i v i t y d u r i n g the course o f i n f e c t i o n
c o u l d be crucial for b a c t e r i a l p r o p a g a t i o n a n d p e r s i s t e n c e in the h o s t .

The WalKR TCS as a Target for A n t i m i c r o b i a l T h e r a p y :
A Bacterial Achille's Heel?

The e m e r g e n c e o f m u l t i p l e d r u g - r e s i s t a n t b a c t e r i a l i n f e c t i o n s is an e s c a l a t i n g p r o b l e m facing
p u b l i c h e a l t h . U n t i l recently, a n t i m i c r o b i a l m o l e c u l e s t a r g e t e d relatively few b a c t e r i a l cellular
f u n c t i o n s , i n c l u d i n g cell wall i n t e g r i t y o r nucleic acid a n d p r o t e i n synthesis. As a c o n s e q u e n c e ,
a c q u i r e d resistance to one a n t i b i o t i c often leads to a m u l t i - r e s i s t a n c e p a t t e r n . Given the u r g e n t
n e e d to find novel a n t i b i o t i c targets, the W a l K R T C S has a p p e a r e d as a p r o m i s i n g c a n d i d a t e since
it is essential for b a c t e r i a l survival, very well c o n s e r v e d a n d specific to low G + C% G r a m - p o s i t i v e
b a c t e r i a , many o f w h i c h are k n o w n to develop wide d r u g - r e s i s t a n c e p a t t e r n s . I n h i b i t o r s d i r e c t e d
a g a i n s t W a l K R w o u l d be e x p e c t e d to have a b a c t e r i c i d a l effect a n d to be active a g a i n s t a b r o a d
range o f m a j o r G r a m - p o s i t i v e p a t h o g e n s . A s t u d y p u b l i s h e d in 2001 r e p o r t s the use o f i m i d a z o l e
a n d z e r u m b o n e derivatives as efficient i n h i b i t o r s o f B. subtilis WalK a u t o p h o s p h o r y l a t i o n in vitro,
as well as g r o w t h i n h i b i t i o n o f B. subtilis by these c o m p o u n d s / " But this s t u d y did n o t conclusively
d e m o n s t r a t e a d i r e c t r e l a t i o n s h i p b e t w e e n cell d e a t h a n d W a l K R i n h i b i t i o n r a t h e r t h a n some o t h e r
u n c h a r a c t e r i z e d a n d n o n s p e c i f i c m o l e c u l a r effect. Such n o n s p e c i f i c effects have been p a r t i c u l a r l y
well d e s c r i b e d for i m i d a z o l e derivatives t h a t cause d i s r u p t i o n o f c y t o p l a s m i c m e m b r a n e s o f b a c t e 
rial a n d m a m m a l i a n cells,"

A m o r e p r o m i s i n g s t u d y based o n s t r u c t u r e - b a s e d v i r t u a l s c r e e n i n g (SBVS) o f c h e m i c a l mol
ecules p o t e n t i a l l y t a r g e t i n g the kinase a c t i v i t y o f the WalK kinase o f S. epidermidis was recently
p u b l i s h e d . " A m o n g the t e s t e d d r u g s the a u t h o r s f o u n d t h a t several are active e i t h e r on p l a n k t o n i c
c u l t u r e s o r biofilrns o f S. epidermidis b u t also a g a i n s t o t h e r b a c t e r i a such as S. aureus, S. pyogenes
a n d S. mutans. Since these drugs appear to be inactive a g a i n s t m a m m a l i a n e r y t h r o c y t e s , they are
c o n s i d e r e d as lead c o m p o u n d s for developing new reagents against staphylococcal infections. W h i l e
the two p r e c e d i n g r e p o r t s relied o n the selection o f molecules t h a t i n h i b i t WalK a u t o p h o s p h o r y l a 
t i o n , a n o t h e r d r u g discovery system has b e e n d e v e l o p e d , t a r g e t i n g the d i m e r i z a t i o n o f the WalK
kinase, a step essential for its activity. This e l e g a n t s t r a t e g y used a fusion b e t w e e n WalK a n d the
D N A b i n d i n g d o m a i n o f I c l R , a n E . coli dimeric repressor a n d e g j p as a r e p o r t e r gene, allowing h i g h
t h r o u g h p u t s c r e e n i n g o f molecules t a r g e t i n g d i m e r i z a t i o n o f the h y b r i d p r o t e i n . " U n f o r t u n a t e l y ,
this system d i d n o t allow the c h a r a c t e r i z a t i o n o f p r o m i s i n g new c h e m i c a l c o m p o u n d s , p r o b a b l y
because the s c r e e n i n g was d o n e r a n d o m l y w i t h a l i b r a r y n o t well a d a p t e d for this p u r p o s e . But the
c o m b i n a t i o n o f the use o f this system w i t h p r e v i o u s s t r u c t u r e - b a s e d p r e d i c t i o n s " c o u l d be very
efficient in i d e n t i f y i n g new t h e r a p e u t i c molecules.

As m e n t i o n e d above, u n t i l now, the W a l K R a c t i v a t i n g signal has n o t been c h a r a c t e r i z e d a n d
this t o p i c is the s u b j e c t o f i n t e n s e scrutiny. B e y o n d the i m p o r t a n c e o f c h a r a c t e r i z i n g this signal to
u n d e r s t a n d why the W a l K R system is so vital for cell viability, t h e c h e m i c a l s t r u c t u r e o f the signal
will likely p r o v i d e i n d i c a t i o n s a b o u t t h e type o f m o l e c u l e s t h a t c o u l d specifically b i n d the recep
t o r d o m a i n o f the WalK kinase w i t h o u t a c t i v a t i n g its a u t o p h o s p h o r y l a t i o n . A n o t h e r u n e x p l o r e d
p o s s i b i l i t y w o u l d c o n s i s t in f i n d i n g m o l e c u l e s able to c o n s t i t u t i v e l y activate this i n d u c i b l e system,
w h i c h c o u l d also lead to a g r o w t h defect d u r i n g h o s t i n f e c t i o n . It is clear t h a t the c o m i n g years
will c o n t i n u e to witness g r o w i n g i n t e r e s t in this f a s c i n a t i n g system.

A c k n o w l e d g e m e n t s
W o r k in the a u t h o r s ' l a b o r a t o r y was s u p p o r t e d by research funds from the European C o m m i s s i o n

( G r a n t s B A C E L L H e a l t h , L S H G - C T - 2 0 0 4 - S 0 3 4 6 8 , S t a p h D y n a m i c s , L H S M - C T - 2 0 0 6 - 0 1 9 0 6 4



2 2 6 B a c t e r i a l S i g n a l Transduction: N e t w o r k s a n d D r u g Targets

and BaSysBio, L S H G - C T - 2 0 0 6 - 0 3 7 4 6 9 ) , the C e n t r e N a t i o n a l de la Recherche Scientifique
( C N R S URA 2172) and the I n s t i t u t Pasteur ( G r a n d Programme H o r i z o n t a l N " 9).

R e f e r e n c e s
1. Inouye M, D u t r a R, eds. H i s t i d i n e kinases in signal t r a n s d u c t i o n . San Diego: Academic Press; 2003.
2. Hoch JA, Silhavy TJ. T w o - c o m p o n e n t signal t r a n s d u c t i o n . Washington, D C : ASM Press; 1995.
3. Ausmees N, Jacobs-Wagner e . Spatial and temporal control o f differentiation and cell cycle progression

in C a u l o b a c t e r crescentus. Annu Rev M i c r o b i o l 2 0 0 3 ; 57:225-247.
4. Skerker JM, Prasol MS, Perchuk BS et al. T w o - c o m p o n e n t signal t r a n s d u c t i o n pathways regulating

growth and cell cycle progression in a bacterium: a system-level analysis. PLoS BioI 2005; 3:e334.
5. Z a h r t T C , Deretic V. An essential t w o - c o m p o n e n t signal t r a n s d u c t i o n system in Mycobacterium tuber

culosis. J Bacteriol 2000; 182:3832-3838.
6. Fol M, C h a u h a n A, Nair NK et al. M o d u l a t i o n o f Mycobacterium tuberculosis p r o l i f e r a t i o n by MtrA,

an essential t w o - c o m p o n e n t response regulator. Mol Microbiol 2006; 60:643-657.
7. Fukuchi K, Kasahara Y, Asai K et al. The essential t w o - c o m p o n e n t r e g u l a t o r y system e n c o d e d by

yycF and yycG modulates expression o f the ftsAZ operon in Bacillus subtilis, Microbiology 2000;
146:1573-1583.

8. Fabret C, Hoch JA. A t w o - c o m p o n e n t signal transduction system essential for growth o f Bacillus subtilis:
implications for anti-infective therapy. J Bacteriol 1998; 180:6375-6383.

9. M a r t i n PK, Li T, Sun D et al. Role in cell p e r m e a b i l i t y of an essential t w o - c o m p o n e n t system in
Staphylococcus aureus. J Bacteriol 1999; 181 :3666-3673.

10. D u b r a c S, Msadek T. Identification o f genes c o n t r o l l e d by the essential YycGlYycF t w o - c o m p o n e n t
system o f Staphylococcus aureus. J Bacteriol 2004; 186: 1175-1181.

11. Throup JP, Koretke KK, Bryant AP et al. A genomic analysis o f t w o - c o m p o n e n t signal t r a n s d u c t i o n in
Streptococcus pneumoniae. Mol Microbiol 2000; 35:566-576.

12. Lange R, Wagner C, de Saizieu A et al. D o m a i n organization and molecular characterization o f 13
t w o - c o m p o n e n t systems identified by genome sequencing o f Streptococcus pneumoniae. Gene 1999;
237:223-234.

13. Echenique JR, Trombe M e . Competence repression under oxygen limitation through the t w o - c o m p o n e n t
MicAB signal-transducing system in Streptococcus pneumoniae and involvement of the PAS domain o f
MicB. J Bacteriol 2001; 183:4599-4608.

14. Senadheera MD, Guggenheim B, Spatafora GA et al. A VicRK signal t r a n s d u c t i o n system in Strep
tococcus mutans affects g r f B C D , gbpB and ftf expression, biofilm formation and genetic competence
development. J B a c t e r i o l 2 0 0 5 ; 187:4064-4076.

15. Liu M, Hanks TS, Zhang J et al. Defects in ex vivo and in vivo growth and sensitivity to osmotic stress
o f group A Streptococcus caused by i n t e r r u p t i o n o f response regulator gene vicR. Microbiology 2006;
152:967-978.

16. Kallipolitis BH, Ingmer H. Listeria monocytogenes response regulators i m p o r t a n t for stress tolerance
and pathogenesis. FEMS Microbiol Lett 2001; 204:111-115.

17. H a n c o c k LE, Perego M. Systematic inactivation and p h e n o t y p i c characterization o f t w o - c o m p o n e n t
signal t r a n s d u c t i o n systems of Enterococcus faecalis V583. J Bacteriol 2004; 186:7951-7958.

18. Qin Z, Zhang J, XU B et al. Structure-based discovery of i n h i b i t o r s o f the YycG histidine kinase: new
chemical leads to combat Staphylococcus epidermidis infections. BMC Microbiol 2006; 6:96.

19. D u b r a c S, Boneca IG, Poupel 0 et al. New insights into the WaIK/WalR (YycGlYycF) essential signal
t r a n s d u c t i o n pathway reveal a major role in c o n t r o l l i n g cell wall metabolism and biofilm formation in
Staphylococcus aureus. J Bacteriol 2007; 189:8257-8269.

20. Bisicchia P, Noone D, Lioliou E et al. The essential YycFG t w o - c o m p o n e n t system controls cell wall
metabolism in Bacillus subtilis. Mol M i c r o b i o l 2 0 0 7 ; 65:180-200.

21. Ng WL, Robertson GT, Kazmierczak KM et al. C o n s t i t u t i v e expression o f PcsB suppresses the require
ment for the essential VicR (YycF) response regulator in Streptococcus p n e u m o n i a e R6. Mol Microbiol
2003; 50: 1647-1663.

22. Ng WL, Kazmierczak KM, W i n k l e r ME. Defective cell wall synthesis in Streptococcus p n e u m o n i a e R6
depleted for the essential PcsB putative murein hydrolase or the VicR (YycF) response regulator. Mol
M i c r o b i o l 2 0 0 4 ; 53:1161-1175.

23. Dubrac S, Bisicehia P, Devine K et al. A m a t t e r o f life and death: cell wall homeostasis and the WaIKR
(YycGF) regulon. ( S u b m i t t e d for p u b l i c a t i o n ) 2008;

24. Szurmant H, Nelson K, Kim EJ et al. YycH regulates the activity of the essential YycFG t w o - c o m p o n e n t
system in Bacillus subtilis, J Bacteriol 2005; 187:5419-5426.

25. Szurmant H, Mohan MA, Imus PM et al. YycH and YycI interact to regulate the essential YycFG
t w o - c o m p o n e n t system in Bacillus subtilis. J Bacteriol 2007; 189:3280-3289.



T e a r i n g D o w n the W a l l 2 2 7

26. Szurmant H. Zhao H, Mohan MA et al. The crystal structure o f Y y c H involved in the regulation of the
essential YycFG t w o - c o m p o n e n t system in Bacillus subtilis reveals a novel t e r t i a r y structure. Protein Sci
2006; 15:929-934.

27. Sanrelli E. Liddingron RC, Mohan MA et al. The crystal structure of Bacillus subtilis YycI reveals a
common fold for two members of an unusual class o f sensor histidine kinase regulatory proteins. J
Bacteriol 2007; 189:3290-3295.

28. Daiyasu H. Osaka K, Ishino Y et al. Expansion of the zinc metallo-hydrolase family of the beta-lacramase
fold. FEBS Lett 2001; 503:1-6.

29. Ng WL. Winkler ME. Singular structures and operon organizations of essential t w o - c o m p o n e n t systems
in species of Streptococcus. Microbiology 2004; 150:3096-3098.

30. Wagner C. Saizieu Ad A, Schonfeld HJ et al. Genetic analysis and functional characterization of the
Streptococcus pneumoniae vic operon. Infect Immun 2002; 70:6121-6128.

31. Senadheera MD, Lee AW, Hung DC et al. The Streptococcus mutans vicX Gene Product Modulates
g t f B / C Expression, Biofilm Formation, Genetic Competence and Oxidative Stress Tolerance. J Bacteriol
2007; 189:1451-1458.

32. Noone D, Howell A, Collery R et al. YkdA and YvtA, HtrA-like serine proteases in Bacillus subrilis,
engage in negative autoregulation and reciprocal cross-regulation of ykdA and yvtA gene expression. J
Bacteriol 2001; 183:654-663.

33. Clausen T, Southan C, Ehrmann M. The H t r A family of proteases: implications for protein composition
and cell fate. Mol Cell 2002; 10:443-455.

34. Stack H M . Sleator RD, Bowers M et al. Role for H t r A in stress i n d u c t i o n and virulence p o t e n t i a l in
Listeria monocytogenes. Appl Environ M i c r o b i o l 2 0 0 5 ; 71:4241-4247.

35. Taylor BL, Zhulin IB. PAS domains: internal sensors of oxygen, redox p o t e n t i a l and light. Microbiol
Mol Bioi Rev 1999; 63:479-506.

36. U l r i c h LE, Z h u l i n IB. MiST: a microbial signal t r a n s d u c t i o n database. Nucleic Acids Res 2007;
3 5 : D 3 8 6 - 3 9 0 .

37. Clausen VA, Bae W, Throup J et al. Biochemical characterization of the first essential t w o - c o m p o n e n t
signal t r a n s d u c t i o n system from Staphylococcus aureus and Streptococcus pneumoniae. J Mol Microbiol
Biotechnol 2003; 5:252-260.

38. Depardieu F, Courvalin P, Msadek T. A six amino acid deletion, partially overlapping the VanSB G2
ATP-binding motif, leads to constitutive glycopeptide resistance in VanB-type Enterococcus faecium.
Mol M i c r o b i o l 2 0 0 3 ; 50:1069-1083.

39. Alves R, Savageau MA. Comparative analysis of p r o t o t y p e t w o - c o m p o n e n t systems with either bifunc
tional or m o n o f u n c t i o n a l sensors: differences in molecular structure and physiological function. Mol
M i c r o b i o l 2 0 0 3 ; 48:25-51.

40. Howell A, Dubrac S, Andersen KK et al. Genes controlled by the essential Y y c G / Y y c F t w o - c o m p o n e n t
system of Bacillus subtilis revealed t h r o u g h a novel hybrid regulator approach. Mol Microbiol 2003;
49: 1639-1655.

41. O'Connell-Morherway M, van Sinderen D, Morel-Deville F et al. Six putative two-component regulatory
systems isolated from Lactococcus lactis subsp. cremoris MG1363. Microbiology 2000; 146:935-947.

42. Mascher T, HeImann JD. Unden G. Stimulus perception in bacterial signal-transducing histidine kinases.
Microbiol Mol BioI Rev 2006; 70:910-938.

43. Mizuno T, Tanaka 1. Structure of the D N A - b i n d i n g domain of the OmpR family of response regulators.
Molecular Microbiology 1997; 24:665-667.

44. M a r t i n e z - H a c k e r t E, Stock AM. Structural relationships in the O m p R family of winged-helix transcrip
tion factors. J Mol BioI 1997; 269:301-312.

45. M a r t i n e z - H a c k e r t E, Stock AM. The D N A - b i n d i n g domain of OmpR: crystal structures o f a winged
helix transcription factor. Structure 1997; 5:109-124.

46. Blanco AG, Sola M, Gomis-Ruth FX et al. Tandem DNA recognition by PhoB, a t w o - c o m p o n e n t signal
transduction transcriptional activator. Structure 2002; 10:701-713.

47. Makino K, Amemura M, Kawamoto T et al. DNA binding of PhoB and its i n t e r a c t i o n with RNA
polymerase. J Mol BioI 1996; 259:15-26.

48. Trinh C H . Liu Y, Phillips SE et al. Structure of the response regulator VicR D N A - b i n d i n g domain.
Acta Crystallogr D Biol Crystallogr 2007; 63:266-269.

49. Ng WL, Tsui H C , Winkler ME. Regulation of the pspA virulence factor and essential pcsB murein
biosynthetic genes by the p h o s p h o r y l a t e d VicR (YycF) response regulator in Streptococcus pneumoniae.
J Bacteriol 2005; 187:7444-7459.

50. Howell A, Dubrac S, Noone D er al. Interactions between the YycFG and PhoPR t w o - c o m p o n e n t
systems in Bacillus subtilis: the PhoR kinase phosphorylates the noncognate YycF response regulator
upon phosphate limitation. Mol M i c r o b i o l 2 0 0 6 ; 59:1199-1215.



228 B a c t e r i a l S i g n a l T r a n s d u c t i o n : N e t w o r k s a n d D r u g Targets

51. Lee SF, Delaney GD, Elkhareeb M. A t w o - c o m p o n e n t covRS regulatory system regulates expression
o f fructosyltransferase and a novel extracellular c a r b o h y d r a t e in Streptococcus mutans. Infect Immun
2004; 7 2 : 3 9 6 8 - 3 9 7 3 .

52. S t a p l e t o n MR, H o r s b u r g h MJ, Hayhurst EJ et al. C h a r a c t e r i z a t i o n o f IsaA and SceD, two putative lytic
transglycosylases of Staphylococcus aureus. J Bacteriol 2007; 1 8 9 : 7 3 1 6 - 7 3 2 5 .

53. Ahn S], Burne RA. Effects o f oxygen on biofilm formation and the A d A autolysin o f Streptococcus
mutans, J B a c t e r i o l 2 0 0 7 ; 1 8 9 : 6 2 9 3 - 6 3 0 2 .

54. M o h e d a n o ML, Overweg K, de la Fuente A et al. Evidence that the essential response r e g u l a t o r YycF in
Streptococcus p n e u m o n i a e modulates expression o f fatry acid biosynthesis genes and alters membrane
c o m p o s i t i o n . J B a c t e r i o l 2 0 0 5 ; 1 8 7 : 2 3 5 7 - 2 3 6 7 .

55. Aguilar PS, Hernandez-Arriaga AM, Cybulski LE er aI. Molecular basis of thermosensing: a two-component
signal t r a n s d u c t i o n t h e r m o m e t e r in Bacillus subtilis. E M B O J 2001; 20:1681-1691.

56. Deng D M , Liu MJ, ten Cate JM er al. The VicRK system o f Streptococcus mutans responds to oxidative
stress. J D e n t Res 2007; 8 6 : 6 0 6 - 6 1 0 .

57. Ramadurai L, Jayaswal RK. Molecular cloning, sequencing and expression of lytM, a unique autolytic
gene o f Staphylococcus aureus. J Bacteriol 1997; 1 7 9 : 3 6 2 5 - 3 6 3 1 .

58. Sakata N, Mukai T. P r o d u c t i o n profile o f the soluble lytic transglycosylase homologue in Staphylococcus
aureus during bacterial p r o l i f e r a t i o n . FEMS I m m u n o l Med M i c r o b i o 1 2 0 0 7 ; 4 9 : 2 8 8 - 2 9 5 .

59. Shemesh M, Tarn A, Feldman M ec al. Differential expression profiles o f Streptococcus mutans frf, grf
and vicR genes in the presence o f dietary c a r b o h y d r a t e s at early and late e x p o n e n t i a l growth phases.
C a r b o h y d r Res 2006; 3 4 1 : 2 0 9 0 - 2 0 9 7 .

60. M a r t i n PK, Bao Y, Boyer E er al. Novel locus required for expression of high-level macrolide-lincosamide
s t r e p t o g r a m i n B resistance in Staphylococcus aureus. J Bacteriol 2002; 184:5810-5813.

61. Friedman L, Alder JD, Silverman JA. Genetic changes that correlate with reduced s u s c e p t i b i l i t y to
d a p t o m y c i n in Staphylococcus aureus. A n t i m i c r o b Agents C h e m o t h e r 2006; 5 0 : 2 1 3 7 - 2 1 4 5 .

62. Jansen A, Turck M, Szekat C et aI. Role of insertion elements and yycFG in the development o f decreased
susceptibility to vancomycin in Staphylococcus aureus. Int J Med M i c r o b i o l 2 0 0 7 ; 2 9 7 : 2 0 5 - 2 1 5 .

63. Mwangi MM, Wu SW; Z h o u Y et al. Tracking the in vivo evolution o f m u l t i d r u g resistance in Staphy
lococcus aureus by whole-genome sequencing. Proc Natl Acad Sci USA 2007; 1 0 4 : 9 4 5 1 - 9 4 5 6 .

64. Kadioglu A, Echenique J, Manco S er al. The MicAB t w o - c o m p o n e n t signaling system is involved in
virulence of Streptococcus p n e u m o n i a e . Infect Immun 2003; 7 1 : 6 6 7 6 - 6 6 7 9 .

65. Brown JS, Gilliland SM, H o l d e n DW. A Streptococcus p n e u m o n i a e p a t h o g e n i c i t y island encoding an
ABC t r a n s p o r t e r involved in iron uptake and virulence. Mol Microbiol 2001; 4 0 : 5 7 2 - 5 8 5 .

66. Ren B, M c C r o r y MA, Pass C et al. The virulence function of Streptococcus p n e u m o n i a e surface p r o t e i n
A involves i n h i b i t i o n o f c o m p l e m e n t activation and i m p a i r m e n t o f c o m p l e m e n t r e c e p t o r - m e d i a t e d
p r o t e c t i o n . J Immunol 2004; 1 7 3 : 7 5 0 6 - 7 5 1 2 .

67. Ren B, Szalai AJ, H o l l i n g s h e a d SK et al. Effects o f PspA and antibodies to PspA on activation and
d e p o s i t i o n o f c o m p l e m e n t on the p n e u m o c o c c a l surface. Infect Immun 2004; 7 2 : 1 1 4 - 1 2 2 .

68. M u n r o C, Michalek SM, Macrina FL. C a r i o g e n i c i t y o f Streptococcus mutans V403 glucosyltransferase
and frucrosyltransferase m u t a n t s c o n s t r u c t e d by allelic exchange. Infect Immun 1991; 5 9 : 2 3 1 6 - 2 3 2 3 .

69. Yamamoto K, Kitayama T, Minagawa S et aI. A n t i b a c t e r i a l agents that i n h i b i t h i s t i d i n e p r o t e i n kinase
YycG o f Bacillus subtilis. Biosci B i o t e c h n o l Biochem 2001; 6 5 : 2 3 0 6 - 2 3 1 0 .

70. H i l l i a r d JJ, G o l d s c h m i d t RM, Licata L et al. Multiple mechanisms of action for i n h i b i t o r s o f histi
dine p r o t e i n kinases from bacterial t w o - c o m p o n e n t systems. A n t i m i c r o b Agents C h e m o t h e r 1999;
4 3 : 1 6 9 3 - 1 6 9 9 .

71. Furuta E, Yamamoto K, Tatebe D et al. Targeting p r o t e i n h o m o d i m e r i z a t i o n : a novel drug discovery
system. FEBS Lett 2005; 5 7 9 : 2 0 6 5 - 2 0 7 0 .

72. Thompson JD, Higgins DG, Gibson T]. CLUSTAL W: improving the sensitivity o f progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice.
Nucleic Acids Res 1994; 2 2 : 4 6 7 3 - 4 6 8 0 .



C H A P T E R 16

Inhibitors Targeting Two-Component
Signal Transduction
T a k a f u m i W a t a n a b e , A r i o O k a d a , Y a s u h i r o G o t o h a n d R y u t a r o U t s u m i "

A b s t r a c t

}\J wo -co m p o n e n t signal t r a n s d u c t i o n syst e m ( T C S ) is an a t t r a c t i v e target for a n t i b a c t e r i a l
agents. In this c h a p t e r , we review the T C S i n h i b i t o r s developed d u r i n g the past decade and
. n t r o d u c e novel d r u g discovery systems to isolate t h e i n h i b i t o r s o f the YycG/YycF system,

an essential T C S for b a c t e r i a l growth, in an e f f o r t to develop a new class o f a n t i b a c t e r i a l agents.

I n t r o d u c t i o n
In b a c t e r ia, signal t r a n s d u c t i o n in response to a wide variety o f e n v i r o n m e n t a l s t i m u l i is me

d i a t e d by pairs o f p r o t e i n s t h a t c o m m u n icate w i t h each o t h e r t h r o u g h a t w o - c o m p o n e n t signal
t r a n s d u c t i o n system ( T C S , Fig. 1) involving p r o t e i n p h o s p h o r y l a t i o n . T C S consi sts o f a h i s t i d i n e
kina se ( H K ) a n d a response r e g u l a t o r (RR), wh ich play global role s in b a c t e r i a l g r o w t h as well
as drug-res istance , virulence, biofilm f o r m a t i o n , q u o r u m sensing and r e g u l a t i o n o f r e c e p t o r s o f
p l a n t h o r m o n e s such as e t h y l e n e a n d c y t o k i n i n e . ' In p a r t i c u l a r , T C S s are a t t r acti ve as targets for
ant imicrobials for the following reasons : i) A l t h o u g h many H K and RR genes are c o d e d on the
b a c t e r i a l genome, few are f o u n d in low er e u k a r y o t e s . For example , only one H K a n d two RRs are
pre sent in the c o m p l e t e g e n o m e sequence o f Saccharomy ces cere uisiae a n d n o n e has been f o u n d
from m a m m a l i a n genomes . 1 h e H K / R R signal t r a n s d u c t i o n system is d i s t i n ct from s e r i n e / t h r e o 
n ine and tyro sine p h o s p h o r ylation i n h i g h e r euk aryotes . ii) H K s and RRs po ssess a h i g h degree
o f h o m o l o g y a r o u n d t h e i r active sites . H K s are c h a r a c t e r i z e d by a c o n s e r v e d C - t e r m i n a l catalytic
d o m a i n c o n t a i n i n g a h i s t i d i n e residue , w h i c h is the si t e o f a u t o p h o s p h o r y l a t i o n and the N , G 1, F
and G2 boxes, w hi ch p r e s u m a b l y form a n u c l e o t i d e - b i n d i n g surface . P RRs c o n t a i n a c o n s e r v e d
N - t e r m i n a l d o m a i n t h a t i n c l u d e s the a s p a r t a t e residue t h a t is pho s p h o r y l ated , a pair o f a s p a r t a t e
residues p r e c e d i n g this site and a lysine residue , all o f which c o n t r ibute to the acidic p o c k e t for the
p h o s p h o r y l a t i o n site, " Such a h i g h degre e o f s t r u ct ur al h o m o l o g y in the catalytic d o m a i n o f H K s
and in the receiver d o m a i n o f R R s su g ge st t h a t m u l t i p l e T C S s w i t h i n a single b a c t e r i u m c o u l d be
i n h i b i t e d s i m u l t a n e o u s l y by a single i n h i b i t o r , thereby l o w e r i n g the f r e q u e n c y o f the a p p e a r a n c e
o f d r u g - r e s i s t a n c e strains. iii) Some T C S s are essential for b a c t e r i a l viability (Table 1) such as
C c k A / C t r A in Caulobacter crescentus ( C h a p t e r 8), M t r B / M t r A in Mycobacterium tuberculosis?
H P 166/HP 165 in Helicobacter pylon "' and YycG/YycF in Bacillus subtilis? Enterococcus ftecalis, 6

Streptococcus pneumoniae 7 • 8 a n d Staphylococcu s aureus? YycG/YycF is c o n s i d e r e d a novel t a r g e t for
a n t i b a c t e r ial agents against m u l t i d r u g - r e s i s t a n r bacteria, i n c l u d i n g m e t h i c i l l i n - r e s i s t a n t S. aureus
( M R S A ) and v a n c o m y c i n - r e s i s t a n t E . f t e calis ( V R E ) ( C h a p t e r 15).

' C orresponding Author: Ryutaro Utsum i - D e p artment of Bioscien ce , Graduate School
o f Agriculture, Kinki University, 3 3 2 7 -204 Nakamachi, Nara 6 31 -8505 , Japan.
Email : utsumi @nara .kindaLac.jp

Bacterial Signal Tran sduction: Networksand Drug Targets, e d i t e d by Ryutaro U t s u m i .
©2 0 0 8 Landes Bioscience and Springer Science+ Business Med ia.
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Figure 1. TCS for d r u g d i s c o v e r y . ~ i n d i c a t e s the d r u g - t a r g e t sites.

H e r e , we p r e s e n t an o v e r v i e w o f t h e i n h i b i t o r s o f H K a n d i n t r o d u c e n o v e l d r u g d i s c o v e r y
systems to i s o l a t e t h e i n h i b i t o r s o f t h e Y y c G l Y y c F system, an e s s e n t i a l T C S for b a c t e r i a l g r o w t h ,
in an a t t e m p t t o d e v e l o p a n e w class o f a n t i b a c t e r i a l a g e n t s .

H K I n h i b i t o r s l O
-
12

The first s y n t h e t i c T C S i n h i b i t o r s were r e p o r t e d in a s e a r c h for c o m p o u n d s t h a t m o d u l a t e t h e
A l g R 2 / A l g R l , r e g u l a t i n g t h e p r o d u c t i o n o f a l g i n a t e , a v i r u l e n c e f a c t o r o f Pseudomonas aeruginosa
e x p r e s s e d in t h e l u n g s o f cystic fibrosis p a t i e n t s d u r i n g I n f e c t i o n . " I s o t h i a z o l o n e a n d i r n i d a z o l i u m
salt i n h i b i t e d a { g - D p r o m o t e r a c t i v a t i o n l i n k e d t o axylE r e p o r t e r gene in a w h o l e cell assay e m p l o y -

Table 1. Essential Tes f o r c e l l g r o w t h 6 , 3 1. 3 6 ·

TCS*
S t r a i n s G e n o m e Size (Mb) HK RR Essential TeS

C a u l o b a c t e r crescentus CB15

M y c o b a c t e r i u m t u b e r c u l o s i s H37Rv
H e l i c o b a c t e r p y l o r i 26695

Bacillus s u b t i l i s 168
Enterococcus faecalis V583
S t r e p t o c o c c u s p n e u m o n i a e R6
S t a p h y l o c o c c u s aureus M u 5 0

4.0
4.4
1.7
4.2
3.2
2.0
2.9

34
15
4
37
17
13
17

44
15
7
34
18
14
17

C c k A - C t r A
M t r B - M t r A
HP165-HP166
YycG-YycF
YycG-YycF
YycG-YycF
YycG-YycF

* N u m b e r of TCSs on chromosomal DNA.
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ing a P. aeruginosa s t r a i n (I C so , 1-2 I-tM). N e i t h e r c o m p o u n d i n h i b i t e d P. aeruginosa cell g r o w t h .
I s o t h i a z o l o n e s (Fig. 2A) h a d a significant effect on the a u t o p h o s p h o r y l a t i o n o f AlgR2 ( H K ) above
a t h r e s h o l d c o n c e n t r a t i o n o f 2 I-tM, b u t they d i d n o t i n h i b i t the b i n d i n g o f A l g R I (RR) to the
algD p r o m o t e r . O n the o t h e r h a n d , i m i d a z o l i u m salt a n d analogue (Fig. 2B) i n h i b i t e d the kinase
activities o f C h e A , N R I I and KinA. A series o f t h e s t r u c t u r a l l y r e l a t e d i m i d a z o l e c o m p o u n d s
were also r e p o n e d as i n h i b i t o r s o f f o u r H K s , i.e., EnvZ, P h o Q , BvgS a n d EvgS. 14 In this case, the
p r o t o t y p i c a l members o f the series i n h i b i t e d the g r o w t h o f bacteria i n c l u d i n g o x a c i l l i n - r e s i s t a n t
S. aureus, p e n i c i l l i n - r e s i s t a n t S. pneumoniae and VRE at M I C o f O . 3 9 - 3 . 1 2 I - t g / m l

Recently, G i l m o u r et al" i d e n t i f i e d a novel t h i e n o p y r i d i n e ( T E P ) c o m p o u n d (Fig. 2 C ) in a
h i g h - t h r o u g h p u t screen o f c o m p o u n d libraries. In this screen, a c o u p l e d assay c o n t a i n i n g the H p k A
( H K ) a n d D r r A (RR) o f Thermotoga maritima was used. T E P i n h i b i t s H p k A ( I C so , 5.5 I-tM)
c o m p e t i t i v e l y w i t h respect to ATP b u t does n o t c o m p a r a b l y i n h i b i t m a m m a l i a n s e r i n e / t h r e o n i n e
kinases and does n o t i n h i b i t the g r o w t h o f b a c t e r i a l or m a m m a l i a n cells. T E P c o u l d serve as a
s t a r t i n g c o m p o u n d for a new class o f H K i n h i b i t o r s w i t h a n t i b a c t e r i a l activity.

Previous w o r k r e p o r t e d five c h e m o t y p e s (cyclohexene, closantel, b e n z i m i d a z o l e , t r i t y l and
b i s p h e n o l ) (Fig. 2D, E, F, G a n d H ) t h a t possess i n h i b i t o r y activity against K i n A (an H K w i t h an
I C so value r a n g i n g from 2-20 I-tM) a n d t h a t result in a n t i b a c t e r i a l activity against gram-positive
bacteria (MI C, 2l-tg/ml ).16.17 These c o m p o u n d s also had an appreciable effect on the cell m e m b r a n e
i n t e g r i t y or caused hemolysis o f e q u i n e e r y t h r o c y t e s . "

A m i c r o b i a l e x t r a c t s c r e e n i n g p r o g r a m t o i d e n t i f y i n h i b i t o r s o f H K had also been p e r f o r m e d
a n d the s t r e p t o p y r r o l e s (Fig. 21) were isolated. These i n h i b i t e d N R I I , a H K w i t h an I C so of20!-tM,
a n d e x h i b i t e d a n t i m i c r o b i a l activity against a wide range o f b a c t e r i a and fungi ( M I C s , 0 . 7 8 - 1 2 . 5
ug/rnl)."

W h i l e these c o m p o u n d s i n h i b i t e d b o t h b a c t e r i a l g r o w t h a n d H K , no absolute p r o o f has been
p r e s e n t e d s h o w i n g t h a t g r o w t h i n h i b i t i o n was the d i r e c t c o n s e q u e n c e o f H K i n h i b i t i o n . Since
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t h e y are i n h i b i t o r s a g a i n s t n o n - e s s e n t i a l H K s , i n c l u d i n g K i n A , AlgR2, VanS, C h e A , N R I I , Env Z,
P h o Q , BvgS a n d EvgS, it has n o t b e e n e s t a b l i s h e d w h e t h e r t h e i n h i b i t i o n o f H K a c c o u n t s for the
b a c t e r i c i d a l activity.

O n t h e o t h e r h a n d , i n h i b i t o r s t a r g e t i n g YycG ( H K ) , e s s e n t i a l for t h e g r o w t h o f B. subtilis,
were i n v e s t i g a t e d to find i m i d a z o l e derivatives (Fig. 4A, N H I 2 5 ) w i t h I C so o f 6 . 6 - 4 0 J,tM a n d t h e
z e r u m b o n e derivative N H 0 8 9 1. 19.20 I m i d a z o l e derivatives h a d a n t i b a c t e r i a l activity in d r u g - r e s i s t a n t
S. aureus, E.faecalis a n d S. pneumoniae as well as B. subtilis w i t h M I C s o f 0 . 3 9 - 6 . 2 5 u g / m l . T h e s e
results s h o w a g o o d c o r r e l a t i o n b e t w e e n t h e g r o w t h i n h i b i t i o n o f g r a m - p o s i t i v e b a c t e r i a a n d t h e
i n h i b i t i o n o f Y y c G , i n d i c a t i n g t h a t the b a c t e r i a l signal t r a n s d u c t i o n Y y c G N y c F is a p r o m i s i n g
t a r g e t for a n t i b a c t e r i a l agents. S •

12 In the f o l l o w i n g s e c t i o n , we p r e s e n t novel d r u g d i s c o v e r y systems
( d i f f e r e n t i a l g r o w t h assay a n d h o m o d i m e r i z a t i o n assay) by w h i c h the i n h i b i t o r s t a r g e t i n g Y y c G /
YycF are selectively s c r e e n e d w i t h n a t u r a l p r o d u c t s a n d a s y n t h e t i c c o m p o u n d l i b r a r y to d e v e l o p
a new class o f a n t i b a c t e r i a l agents.

I n h i b i t o r s T a r g e t i n g an E s s e n t i a l T C S , YycG/YycF

D i f f e r e n t i a l G r o w t h A ssay l , 2 2

H y p e r s e n s i t i v e s t r a i n s have b e e n used for t h e d i s c o v e r y o f new d r u g s t a r g e t i n g specific cellular
pathways.23.2 4 1 h e specific hypersensitivities displayed by t e m p e r a t u r e - sensitive (ts) m u t a n t s i n d i c a t e
t h a t use o f these m u t a n t s in whole cell s c r e e n i n g p r o v i d e s a r a p i d m e t h o d to develop t a r g e t - s p e c i f i c
screens for the i d e n t i f i c a t i o n o f novel c o m p o u n d s .

By a d i f f e r e n t i a l g r o w t h assay u s i n g a t e m p e r a t u r e - s e n s i t i v e yycE m u t a n t ( C N M 2 0 0 0 ) o f B.
subtilis, w h i c h is s u p e r s e n s i t i v e to i n h i b i t o r s o f H K , 2 ! i n h i b i t o r s o f Y y c G were i s o l a t e d by screen
ing samples o f a c e t o n e extracts from 4 0 0 0 m i c r o b e s . A t o t a l o f 11 samples s h o w e d g r e a t e r activ
ity a g a i n s t C N M 2 0 0 0 t h a n a g a i n s t s t r a i n 168 (wild t y p e ) . Seven o f t h o s e samples s i g n i f i c a n t l y
i n h i b i t e d the a u t o p h o s p h o r y l a t i o n a c t i v i t y o f Y y c G . S t a r t i n g w i t h t h e most p o t e n t e x t r a c t f r o m

B. s u b t i l i s 168 B. s u b t i l i s C N M 2 0 0 0

Figure 3. D i f f e r e n t i a l g r o w t h assay using HK i n h i b i t o r aranorosinol B. One m i c r o l i t e r of
aranorosinol B at six c o n c e n t r a t i o n s ( J!g/J! I) was spotted on trypticase soy agar plates con
t a i n i n g 168 and C N M 2 0 0 0 : 10 (1), 5(2), 2 . 5 ( 3 ) , 1 . 2 5 ( 4 ) , 0 . 6 2 5 (5) and 0.313 (6). Reproduced
w i t h permission from Watanabe T, H a s h i m o t o Y, Yamamoto K, et al. C h a r a c t e r i z a t i o n of
I n h i b i t o r s of the Essential H i s t i d i n e Kinase, YycG in Bacillus subtilis and S t a p h y l o c o c c u s
aureus. J A n t i b i o t 2003 (56):1045-1052.
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Figure 4. I n h i b i t o r s of YycG.

T h i a z o l i d i n o n e

the m i c r o b e W F I 4 0 1 9 6 , i d e n t i f i e d as Gymnascella dankaliensis (Pseudoarachniotus roseus), an
active c o m p o u n d was p u r i f i e d t h a t was more p o t e n t against C N M 2 0 0 0 t h a n against s t r a i n 168
(Fig. 3). This c o m p o u n d was i d e n t i f i e d as a r a n o r o s i n o l B (Fig. 4B).22The p u r i f i e d a r a n o r o s i n o l
B i n h i b i t e d a u t o p h o s p h o r y l a t i o n o f Y y c G from b o t h B. subtilis and S. aureus as well as 13 o t h e r
H K s from Escherichia coli (1C SQ ' 7 0 - 7 0 0 ItM). A r a n o r o s i n o l B d i d n o t show a n t i b a c t e r i a l activity
against gram-negative b a c t e r i a i n c l u d i n g E. coli and P. aeruginosa, while M l Cs against B. subtilis
and S. aureus were 31.25 and 15.62 u g / m l , respectively.

H o m o d i m e r i z a t i o n Assa:fI,25
C y t o p l a s m i c or t r u n c a t e d forms o f H K s have been k n o w n to dimerize in vitro. 26 S o l u t i o n state

N M R 2
7 i n d e e d revealed d i m e r i z a t i o n o f the h o m o d i m e r i c core d o m a i n in EnvZ ( H K ) , w h i c h be

longs to the same Pho subfamily o f H K s as YycG. D i m e r i z a t i o n o f Y y c G is c o n s i d e r e d an essential
step in the a u t o p h o s p h o r y l a t i o n o f this e n z y m e . " To s t u d y the f u n c t i o n o f Y y c F in the essential
process, we c h a r a c t e r i z e d a YycF ( H 2 1 5 P ) m u t a t i o n t h a t caused t e m p e r a t u r e - s e n s i t i v e g r o w t h in
B. subtilis. 28 The response r e g u l a t o r s YycF a n d YycF ( H 2 1 5 P ) were analyzed using circular d i c h r o 
ism spectroscopy, whose Tm values were 56.0 and 45.9°C, respectively, suggesting t h a t t h e p r o t e i n
s t r u c t u r e o f Y y c F ( H 2 1 5 P ) is significantly sensitive t o an increase in t e m p e r a t u r e . F u r t h e r m o r e ,
using the gel m o b i l i t y shift assay a n d D N a s e 1 f o o t p r i n t i n g , we i n v e s t i g a t e d the YycF ( H 2 1 5 P )
b i n d i n g t o the YycF box o f the f t s A Z o p e r o n o f B. subtilis. The r e p l a c e m e n t o f the h i s t i d i n e 215
w i t h p r o l i n e r e s u l t e d in a decrease o f the D N A - b i n d i n g ability ofYycF in vitro. In vivo, u s i n g E .
coli t w o - h y b r i d and h o m o d i m e r i z a t i o n assays, it was clarified that H 2 1 5 o f Y y c F plays a crucial
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role in h o m o d i m e r i z a t i o n o f the p r o t e i n . " Thus, the essential genes involved in the g r o w t h o f B.
subtilis appear to be r e g u l a t e d by the h o m o d i m e r i z a t i o n ofYycF. These results suggest t h a t YycG
a n d YycF d i m e r i z a t i o n is an excellent t a r g e t for the discovery o f novel a n t i b i o t i c s . To i d e n t i f y such
drugs, we have d e v e l o p e d a h i g h - t h r o u g h p u t genetic system for t a r g e t i n g the h o m o d i m e r i z a t i o n
o f H K a n d RR, w h i c h are based on the d i m e r i z a t i o n p r o p e r t i e s o f the IclR repressor o f E. coli,
using G F P as the r e p o r t e r gene (Fig. 5).

To i d e n t i f y the i n h i b i t o r s against YycG a n d YycF, we screened a chemical l i b r a r y using E. coli
c u l t u r e s , J M 109 / p F I 0 2 8 a n d J M 1 0 9 / pFIO 14, respectively. T h r o u g h this s c r e e n i n g process, we
i d e n t i f i e d two c o m p o u n d s n a m e d 1-8-15 (Fig. 4 C )25 and D 8 9 7 (to be s u b m i t t e d ) t h a t significantly
i n c r e a s e d the f l u o r e s c e n t i n t e n s i t y o f J M 109 / p F I 0 2 8 a n d J M 1 0 9 / pFIO14, respectively. 1-8-15
i n d e e d i n h i b i t e d a u t o p h o s p h o r y l a t i o n o f Y y c G w i t h an I C 50 o f 7 6 . 5 I-tM a n d also significantly
i n h i b i t e d the g r o w t h o f M R S A a n d VRE w i t h M I C s at 25 a n d 50 u g / r n l , respectively. D 8 9 7
did n o t affect t h e a u t o p h o s p h o r y l a t i o n o f Y y c G b u t d i d i n h i b i t the g r o w t h o f MRS A a n d V R E
w i t h M I Cs o f 100 I-tg! ml as well as the D N A b i n d i n g ofYycF to t h e p r o m o t e r s o f tagA a n d yocH
in B. subtilis (to be s u b m i t t e d ) . W h e n a r a n o r o s i n o l B, w h i c h was i s o l a t e d using the d i f f e r e n t i a l
g r o w t h assay,was a d d e d in the c u l t u r e o f l M 1 0 9 / p F I 0 2 8 , no increase in fluorescent i n t e n s i t y was
o b s e r v e d . " 1-8-15 a c t e d on YycG in a d i f f e r e n t m a n n e r from t h a t o f a r a n o r o s i n o l B a n d e x e r t e d its
b a c t e r i c i d a l a c t i v i t y by i n h i b i t i n g the a u t o p h o s p h o r y l a t i o n ofYycG. C o n s e q u e n t l y , by using b o t h
a d i f f e r e n t i a l g r o w t h assay and a h i g h - t h r o u g h p u t genetic system, it is possible to isolate various
types o f T C S i n h i b i t o r s w i t h d i f f e r e n t modes o f a c t i o n (Fig. 6).

S t r u c t u r e - B a s e d V i r t u a l S c r e e n i n g
Using s t r u c t u r e - b a s e d v i r t u a l s c r e e n i n g from a small m o l e c u l a r l e a d - c o m p o u n d library, the

i n h i b i t o r s ( t h i a z o l i d i n o n e derivatives, Fig. 4 D , 4E) o f Y y c G o f Staphylococcus epidermidis were
d i s c o v e r e d w i t h IC 50 o f 6 . 5 - 2 9 I-tM.29 They displayed b a c t e r i c i d a l effects on biofilrn cells o f S.
epidermidis, i n d i c a t i n g t h a t they can serve as p o t e n t i a l agents a g a i n s t S. epidermidis b i o f i l m s . "

- HD dom ain : YycG or YycF

............---............--
le I R p r o m o h u EGFP
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Figure 5. H o m o d i m e r i z a t i o n assay system ( H D system).
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Figure 6. A new class of a n t i b a c t e r i a l a g e n t s a g a i n s t YycGlYycF.

I m p o r t a n t l y , t h e s e c o m p o u n d s d i d n o t affect t h e s t a b i l i t y o f m a m m a l i a n cells o r h e m o l y t i c ac
tivities. The s t r u c t u r e - b a s e d d r u g d i s c o v e r y system can also be used in d e v e l o p i n g p o t e n t i a l T C S
i n h i b i t o r s .
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102
Environmental adaptation 2
EnvZ 1 3 , 1 4 , 2 4 - 2 6 , 5 6 , 5 7 , 6 8 , 8 7 , 9 2 , 1 4 2 ,
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184
Gly-Gly 180
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195,197
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L

L e u c i n e z i p p e r ( L Z ) 1 6 7 , 1 6 8 , 1 7 1
Linker-kinase-receiver fragment

(LKR) 163, 167, 168
Localization 97, 123, 126-128
LonD 118,119
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Multidrug efflux pump 3
Multidrug resistance 3
Mutacin 184, 185
Myxococcusxanthus 1 1 1 , 1 1 2 , 1 1 6 - 1 2 0

N

Network 1 - 3 , 5 , 7 , 1 4 , 1 7 , 4 0 , 4 5 , 4 9 , 5 0 ,
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1 9 4 , 1 9 7 , 2 3 1 , 2 3 2
Pho~PhoP 1 , 2 , 4 , 5 , 7 - 9 , 1 1 - 1 8 , 1 9 4 , 1 9 7
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1 9 1 , 1 9 3 , 1 9 4

Pilus assembly 8 9 , 9 1 , 9 4 , 1 9 3
Pkn14 1 1 1 , 1 1 6 - 1 1 8 , 1 2 0
Pkn8 111, 116-118, 120
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1 9 4 , 1 9 6 , 1 9 7
RcsC 4 , 5 , 1 5 , 4 2 , 4 8 , 7 1 , 9 9 - 1 0 2 , 1 9 2 , 1 9 4 ,
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113,115, 116, 118, 181,215
Signal transduction 1 , 2 , 4 , 5 , 7 , 2 2 , 2 4 , 2 8 ,

3 5 , 3 6 , 4 9 , 5 9 , 6 5 , 6 7 , 6 8 , 7 0 , 7 1 , 8 0 , 8 1 ,
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Two-component signal transduction

( T C S T ) 1 , 8 0 , 8 7 , 1 2 2 , 1 3 8 , 1 7 2 , 1 7 8 ,
1 8 1 , 1 8 5 , 1 9 1 , 1 9 5 , 2 0 6 , 2 2 9
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