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S u m m ar y   i 

S u m m a r y 

C y cli c a d e n osi n e m o n o p h o s p h at e ( c A M P) is o n e of t h e b est st u di e d si g n alli n g m ol e c ul es. I n 

pr o k ar y ot es, t h e m ol e c ul e w as s h o w n t o b e i n v ol v e d i n n u m er o us pr o c ess es, s u c h as m et a b olis m, 

m otilit y, a n d vir ul e n c e. I n t h e G r a m- p o siti v e a cti n o b a ct eri u m C or y n e b a ct eri u m gl ut a mi c u m , c A M P 

s er v es as a n eff e ct or f or t h e gl o b al tr a ns cri pti o n al r e g ul at or Gl x R, a h o m ol o g of Cr p of Es c h eri c hi a 

c oli . E n z y m es r es p o nsi bl e f or t h e s y nt h esis a n d d e gr a d ati o n of c A M P i n C. gl ut a mi c u m  ar e t h e 

m e m br a n e- b o u n d a d e n yl at e c y cl as e C y a B a n d t h e c yt o pl as mi c p h o s p h o di est er as e C p d A, 

r es p e cti v el y. I n t his st u d y, t h e c o ns e q u e n c es of d e cr e as e d i ntr a c ell ul ar c A M P l e v els of a c y a B  

d el eti o n m ut a nt ( ∆ c y a B ) w er e i n v esti g at e d. T h e m ai n o bj e cti v es w er e (i) t o c h ar a ct eri z e t h e 

p h y si ol o gi c al diff er e n c es b et w e e n t h e ∆ c y a B  m ut a nt a n d t h e wil d-t y p e str ai n a n d (ii) t o i n v esti g at e 

t h e eff e cts of a l o w c A M P l e v el o n Gl x R- D N A i nt er a cti o ns i n vi v o. T h e f oll o wi n g r es ults w er e 

o bt ai n e d: 

(i) T h e l a c k of t h e a d e n yl at e c y cl as e C y a B l e d t o a gr o wt h d ef e ct of C.  gl ut a mi c u m w h e n a c et at e w as 

pr es e nt i n t h e m e di u m. T h e a c et at e s e nsiti vit y of t h e ∆ c y a B  m ut a nt c o ul d b e r e v ers e d b y pl as mi d-

b as e d c y a B  e x pr essi o n or s u p pl e m e nt ati o n of t h e m e di u m wit h c A M P, s h o wi n g t h at i n d e e d t h e l o w 

i ntr a c ell ul ar c A M P l e v el i n t h e ∆c y a B  m ut a nt w as t h e r e as o n f or t his a c et at e s e nsiti vit y. T h e a c et at e 

eff e ct w as c o n c e ntr ati o n- a n d p H- d e p e n d e nt, s u g g esti n g a li n k t o t h e u n c o u pli n g a cti vit y of a c et at e. 

I n a gr e e m e nt, t h e ∆c y a B  m ut a nt dis pl a y e d a n i n cr e as e d s e nsiti vit y t o t h e pr ot o n o p h or e c ar b o n yl 

c y a ni d e m - c hl or o p h e n yl h y dr a z o n e ( C C C P). T h e i n cr e as e d u n c o u pl er s e nsiti vit y c orr el at e d wit h a 

l o w er e d m e m br a n e p ot e nti al of a c et at e- gr o w n ∆ c y a B  c ells c o m p ar e d t o wil d-t y p e c ells. 

Tr a ns cri pt o m e a n al ys e s a n d R T- q P C R e x p eri m e nts s h o w e d t h at t h e g e n es e n c o di n g t h e c yt o c hr o m e 

b c 1 -a a 3  s u p er c o m pl e x a n d t h e F1 F O - A T P s y nt h as e, pr e vi o usl y s h o w n t o b e a cti v at e d b y Gl x R, h a d a 

d e cr e as e d e x pr essi o n i n t h e ∆ c y a B  m ut a nt. Si n c e t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x is t h e m aj or 

pr o vi d er of pr ot o n- m oti v e f or c e i n C. gl ut a mi c u m , d e cr e as e d e x pr essi o n of its g e n es i n t h e ∆c y a B 

m ut a nt w as ass u m e d t o b e m ai nl y r es p o nsi bl e f or t h e d efi cits i n e n er g y m et a b olis m a n d t h e hi g h er 

s e nsiti vit y t o u n c o u pl ers. D uri n g c ulti v ati o ns of ∆ c y a B m ut a nt wit h a c et at e, a s u p pr ess or m ut a nt w as 

i d e ntifi e d w hi c h h a d l o st t h e a c et at e s e nsiti vit y. G e n o m e s e q u e n c e a n al y sis r e v e al e d a si n gl e 

m ut ati o n i n t h e s u p pr ess or str ai n c a usi n g t h e a mi n o a ci d e x c h a n g e Al a 1 3 1 T hr i n Gl x R. I ntr o d u cti o n of 

t his p oi nt m ut ati o n i nt o t h e ori gi n al ∆c y a B m ut a nt a b olis h e d t h e gr o wt h d ef e ct o n a c et at e, 

s u p p orti n g t h e i m p ort a n c e of Gl x R f or t h e p h e n ot y p e of t h e ∆ c y a B  m ut a nt a n d f or t h e c o ntr ol of 

e n er g y m et a b olis m. 

(ii) T h e i nfl u e n c e of a l o w er e d c A M P l e v el o n Gl x R- D N A i nt er a cti o n i n vi v o w as st u di e d b y C h A P- S e q 

e x p eri m e nts wit h t h e wil d t y p e a n d ∆ c y a B  m ut a nt gr o w n eit h er o n gl u c o s e or o n gl u c os e pl us 

a c et at e.  A n al ysis of t h e f o ur d at a s et s i d e ntifi e d 2 4 3 Gl x R p e a ks wit h a n e nri c h m e nt f a ct or ( E F) of ≥ 3 

i n at l e ast o n e d at a s et. D e n o v o  m otif s e ar c h i d e ntifi e d t h e c o ns e ns us s e q u e n c e T G T G N8 C A C A i n 2 4 2 

of t h e Gl x R p e a ks. 1 4 1 of t h es e p e a ks w er e als o r e p ort e d i n pr e vi o us st u di es, w h er e as 1 0 2 r e pr es e nt 

n o v el bi n di n g sit e s. R e m ar k a bl y, t h e m aj orit y of t h e 2 4 3 Gl x R bi n di n g sit e s w er e f o u n d t o b e e nri c h e d 

i n all f o ur d at a s et s w h e n usi n g a n E F ≥ 1. 5 as c ut off. T h es e r es ults s h o w t h at t h e str o n gl y di mi ni s h e d 

or c o m pl et el y a bs e nt c A M P l e v el i n t h e Δ c y a B  m ut a nt r e d u c e d Gl x R bi n di n g, p arti c ul arl y i n t h e 

pr es e n c e of a c et at e, b ut di d n ot pr e v e nt it. T his s u g g ests t h at Gl x R bi n di n g t o its t ar g et sit es i n vi v o is 

l ess d e p e n d e nt o n c A M P t h a n Gl x R bi n di n g i n vitr o a n d t h at a d diti o n al, y et u n k n o w n f a ct ors mi g ht b e 

i n v ol v e d i n t h e c o ntr ol of Gl x R- bi n di n g t o D N A wit hi n t h e c ell. 



ii     Z us a m m e nf ass u n g 

Z u s a m m e nf a s s u n g 

Z y klis c h es A d e n o si n m o n o p h o s p h at ( c A M P) ist ei n es d er a m b est e n u nt ers u c ht e n Si g n al m ol e k ül e. I n 

Pr o k ar y o nt e n ist d as M ol e k ül a n z a hlr ei c h e n Pr o z ess e n b et eili gt, z. B. a m St off w e c hs el, a n d er 

M otilit ät u n d a n d er Vir ul e n z. I m Gr a m- p o siti v e n A cti n o b a kt eri u m C or y n e b a ct eri u m gl ut a mi c u m  

di e nt c A M P als Eff e kt or f ür d e n gl o b al e n Tr a ns kri pti o nsr e g ul at or Gl x R, ei n H o m ol o g v o n Cr p a us 

Es c h eri c hi a c oli . Di e f ür S y nt h es e u n d A b b a u v o n c A M P v er a nt w ortli c h e n E n z y m e si n d i n 

C.  gl ut a mi c u m di e m e m br a n g e b u n d e n e A d e n yl atz y kl as e C y a B b z w. di e z yt o pl as m atis c h e 

P h o s p h o di est er as e C p d A. I n di es er St u di e w ur d e n di e F ol g e n ei n es v er mi n d ert e n i ntr a z ell ul är e n 

c A M P- S pi e g els ei n er c y a B -D el eti o ns m ut a nt e ( ∆ c y a B ) u nt ers u c ht. H a u pt zi el e w ar e n (i) di e 

C h ar a kt erisi er u n g d er p h y si ol o gis c h e n U nt ers c hi e d e z wis c h e n d er ∆ c y a B - M ut a nt e u n d d e m Wil dt y p-

St a m m u n d (ii) di e U nt ers u c h u n g d er A us wir k u n g e n ei n es ni e dri g e n c A M P- S pi e g els a uf Gl x R- D N A-

I nt er a kti o n e n i n vi v o. Di e f ol g e n d e n Er g e b niss e w ur d e n er zi elt: 

(i) D as F e hl e n v o n C y a B f ü hrt e z u ei n e m W a c hst u m s d ef e kt i n G e g e n w art v o n A c et at, d er d ur c h 

pl as mi d b asi ert e c y a B - E x pr essi o n o d er S u p pl e m e nti er u n g d es M e di u ms mit c A M P a uf g e h o b e n 

w er d e n k o n nt e. D er A c et at- Eff e kt w ar k o n z e ntr ati o ns- u n d p H- a b h ä n gi g, w as a uf ei n e n 

Z us a m m e n h a n g mit d er E nt k o p pl er a kti vit ät v o n A c et at hi n d e ut et e. I n Ü b er ei nsti m m u n g d a mit b es a ß 

di e ∆ c y a B - M ut a nt e ei n e er h ö ht e S e nsiti vit ät g e g e n ü b er d e m Pr ot o n o p h or C ar b o n yl c y a ni d 

m - C hl or p h e n yl h y dr a z o n ( C C C P) s o wi e b ei W a c hst u m i n G e g e n w art v o n A c et at ei n ni e dri g er es 

M e m br a n p ot e nti al als d er Wil dt y p. Tr a ns kri pt o m- u n d R T- q P C R- A n al ys e n z ei gt e n, d ass di e 

E x pr essi o n d er d ur c h Gl x R a kti vi ert e n G e n e f ür d e n C yt o c hr o m- b c 1 -a a 3 -S u p er k o m pl e x i n d er ∆ c y a B -

M ut a nt e v erri n g ert w ar. D a d er S u p er k o m pl e x d er H a u ptli ef er a nt d er pr ot o n e n- m ot oris c h e n Kr aft i n 

C. gl ut a mi c u m  ist, w ur d e ei n e v erri n g ert e E x pr essi o n s ei n er G e n e als H a u pt urs a c h e f ür di e A c et at- 

u n d E nt k o p pl er- S e nsiti vit ät d er ∆ c y a B -M ut a nt e p ost uli ert. B ei d er K ulti vi er u n g d er ∆ c y a B - M ut a nt e 

mit A c et at w ur d e ei n e S u p pr ess or- M ut a nt e i d e ntifi zi ert, di e di e A c et at- E m pfi n dli c h k eit v erl or e n 

h att e. Di e G e n o ms e q u e n z a n al ys e er g a b ei n e ei n zi g e M ut ati o n i n d e m S u p pr ess orst a m m, di e d e n 

A mi n o s ä ur e a ust a us c h Al a 1 3 1 T hr i n Gl x R v er urs a c ht e. D ur c h Ei nf ü hr u n g di es er P u n kt m ut ati o n i n d as 

G e n o m d er p ar e nt al e n ∆ c y a B - M ut a nt e w ur d e d er W a c h st u m s d ef e kt a uf A c et at wi e d er h er g est ellt, 

w as di e B e d e ut u n g v o n Gl x R f ür d e n P h ä n ot y p d er ∆ c y a B - M ut a nt e u n d di e K o ntr oll e d es 

E n er gi est off w e c hs els b el e gt. 

(ii) D er Ei nfl uss ei n es v erri n g ert e n c A M P- S pi e g els a uf di e Gl x R- D N A-I nt er a kti o n i n vi v o w ur d e d ur c h 

C h A P- S e q- E x p eri m e nt e mit d e m Wil dt y p u n d d er ∆ c y a B - M ut a nt e u nt ers u c ht, di e e nt w e d er a uf 

Gl u k o s e o d er a uf Gl u k o s e pl us A c et at k ulti vi ert w ur d e n. Di e A n al ys e d er vi er D at e ns ät z e er g a b 2 4 3 

Gl x R- P e a ks mit ei n e m A nr ei c h er u n gsf a kt or ( A F) v o n ≥ 3 i n mi n d est e ns ei n e m D at e ns at z. Di e d e n o v o 

M oti v s u c h e i d e ntifi zi ert e di e K o ns e ns uss e q u e n z T G T G N 8 C A C A i n 2 4 2 d er Gl x R- P e a ks. 1 4 1 di es er 

P e a ks w ur d e n a u c h i n fr ü h er e n St u di e n g ef u n d e n, w ä hr e n d 1 0 2 P e a ks n e u e Bi n d u n gsst ell e n 

r e pr äs e nti er e n. B e m er k e ns w ert ist, d ass di e m eist e n d er 2 4 3 Gl x R- Bi n d u n gsst ell e n i n all e n vi er 

D at e ns ät z e n a n g er ei c h ert w ar e n, w e n n ei n A F ≥ 1, 5 als Gr e n z w ert v er w e n d et w ur d e. Di e Er g e b niss e 

z ei g e n, d ass d er st ar k v erri n g ert e o d er v ölli g f e hl e n d e c A M P- S pi e g el i n d er Δ c y a B - M ut a nt e di e Gl x R-

Bi n d u n g, i ns b es o n d er e i n G e g e n w art v o n A c et at, r e d u zi ert e, a b er ni c ht v er hi n d ert e. Di es d e ut et 

d ar a uf hi n, d ass di e Gl x R- Bi n d u n g i n vi v o w e ni g er c A M P- a b h ä n gi g ist als di e Gl x R- Bi n d u n g i n vitr o u n d 

d ass z us ät zli c h e, n o c h u n b e k a n nt e F a kt or e n a n d er K o ntr oll e d er Gl x R- Bi n d u n g a n di e D N A i n n er h al b 

d e r Z ell e b et eili gt s ei n k ö n nt e n. 



A b br e vi ati o ns iii 

A b b r e vi ati o n s 

∆  

A C  

A M P  

A T C C  

A T P  

b p  

B HI  

c A M P  

C C R  
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1  I nt r o d u cti o n 

1. 1 T h e m ol e c ul e 3’, 5’ - c y cli c a d e n o si n e m o n o p h o s p h at e ( c A M P ) 

T h e m ol e c ul e 3’, 5’ - c y cli c a d e n osi n e m o n o p h o s p h at e, k n o w n as c y cli c A M P or c A M P, w as 

si m ult a n e o u sl y dis c o v er e d a n d d es cri b e d b y t w o gr o u p s i n 1 9 5 7. O n e gr o u p w as st u d yi n g 

t h e c h e mi c al al k ali n e d e gr a d ati o n of a d e n osi n e-5’ -tri p h os p h at e ( A T P), w hil e t h e ot h er 

st u di e d t h e r ol e of t h e h or m o n es gl u c a g o n a n d e pi n e p hri n e i n t h e gl u c o n e o g e n esis of t h e 

li v er ( B ert h et et al., 1 9 5 7; C o o k et al., 1 9 5 7; S ut h erl a n d & R all, 1 9 5 8). T h e dis c o v er y a n d 

c h ar a ct eriz ati o n of c A M P w as i m p ort a nt f or r e v e ali n g t h e m e c h a nis m of a cti o n of h or m o n es. 

E arl W. S ut h erl a n d a n d c o- w or k er s s h o w e d t h at i n t h e c o urs e of si g n al tr a n s missi o n vi a 

h or m o n es li k e a dr e n ali n e, c A M P s er v es as a s e c o n d m ess e n g er wit hi n t h e c ell ( B ert h et et al., 

1 9 5 7) . I n 1 9 7 1, t his dis c o v er y w as r e w ar d e d wit h t h e N o b el Pri z e i n P h ysi ol o g y or M e di ci n e. 

T h e h y dr o p hili c m ol e c ul e c A M P is a n a d e ni n e n u cl e oti d e wit h a si n gl e p h os p h at e 

gr o u p li n k e d t o t h e 3’ - a n d 5’ - h y dr o x yl gr o u p s of ri b os e. T h e c y cli c n u cl e oti d e c A M P is 

s y nt h esiz e d fr o m A T P wit h t h e c o n c o mit a nt r el e as e of p yr o p h os p h at e. T h e e n z y m e w hi c h 

c at al ys es t his r e a cti o n is r ef err e d t o as a d e n yl yl c y cl as e or a d e n yl at e c y cl as e ( A C, E C 4. 6. 1. 1) 

( D a n c hi n, 1 9 9 3). T h e d e gr a d ati o n of c A M P is m e di at e d b y a 3', 5'- c y cli c- A M P 

p h os p h o di est er as e ( P D E, E C 3. 4. 1. 5 5), w hi c h c at al ys es t h e h y dr ol yti c cl e a v a g e of t h e 

3’ - p h os p h o e st er b o n d, f or mi n g 5’ - a d e n osi n e m o n o p h os p h at e ( A M P) ( Ri c ht er, 2 0 0 2) 

( Fi g ur e 1). T o d a y, w e k n o w t h at c A M P o c c urs i n all d o m ai n s of lif e, f o u n d i n a ni m als, pl a nt s, 

f u n gi, ar c h a e a, a n d b a ct eri a ( Bl a n c o et al., 2 0 2 0; B ot sf or d & H ar m a n, 1 9 9 2; D' S o u z a & 

H eit m a n, 2 0 0 1; K a m e n et s k y et al., 2 0 0 6). T h e c o ntr ol of t h e i ntr a c ell ul ar c A M P 

c o n c e ntr ati o n is m o stl y d es cri b e d t o b e r e g ul at e d b y t h e a cti vit y of A Cs a n d P D Es, m e a ni n g 

b y t h e a dj u st m e nt of s y nt h esis or d e gr a d ati o n of t h e c y cli c n u cl e oti d e ( M c K ni g ht, 1 9 9 1; 

S ass o n e- C or si, 2 0 1 2). O nl y f or f e w or g a nis ms ( e. g. Es c h eri c hi a c oli ) it h as b e e n d es cri b e d t h at 

t h e c o ntr ol of t h e i ntr a c ell ul ar c A M P l e v els c a n b e m e di at e d t hr o u g h t h e tr a n s p ort of c A M P 

a cr oss t h e m e m br a n e ( G ol d e n b a u m & H all, 1 9 7 9). H o w e v er, a disti n ct c A M P tr a n s p ort er h as 

n ot b e e n d es cri b e d y et.  
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Fi g ur e 1: Bi o s y nt h e si s a n d d e gr a d ati o n of 3', 5'- c A M P . T h e c y cli c n u cl e oti d e c A M P is 
s y nt h esiz e d fr o m 5’ -A T P t hr o u g h c y cli z ati o n at t h e 3’ - O H gr o u p of t h e ri b os e m oi et y. 
E n z y m es t h at c at al ys e t his r e a cti o n u n d er r el e as e of p yr o p h os p h at e ( P P i) ar e c all e d 
a d e n yl at e c y cl as es ( A Cs). T h e c A M P p h os p h o di est er as es ( P D Es) c at al ys e t h e h y dr ol yti c 
cl e a v a g e of t h e 3’ -p h os p h o e st er b o n d a n d t h er e b y d e gr a d e 3’, 5’ -c A M P t o 5’ - A M P. T h e 
m ol e c ul e str u ct ur es w er e g e n er at e d wit h t h e pr o gr a m A C D / C h e m S k et c h. 
 

1. 1. 1  c A M P s y nt h e si zi n g a n d d e gr a di n g e n z y m e s 

As m e nti o n e d a b o v e A Cs ar e e n z y m es t h at c at al ys e t h e s y nt h esis of c A M P fr o m A T P. All A Cs 

d es cri b e d s o f ar ar e gr o u p e d i nt o si x cl ass es b as e d o n t h e si mil arit y of t h eir a mi n o a ci d 

s e q u e n c e ( B âr z u & D a n c hi n, 1 9 9 4; D a n c hi n, 1 9 9 3; D ess a u er et al., 2 0 1 7; Li n d er & S c h ult z, 

2 0 0 3) . Cl ass I A Cs ar e f o u n d i n e nt er o b a ct eri a, s u c h as E. c oli , S al m o n ell a t y p hi m uri u m , or  

Y ersi ni a p estis ( S ai er et al., 1 9 7 5). A Cs of cl ass II ar e f o u n d, e. g., i n t h e Gr a m- n e g ati v e 

B or d et ell a p ert ussis a n d t h e Gr a m- p ositi v e B a cill us a nt hr a cis. T h es e p at h o g e n s s e cr et e t h e 

A Cs, w hi c h t h e n ar e a cti v at e d b y t h e h ost pr ot ei n c al m o d uli n a n d b e c o m e t o xi c f or t h e h ost 

or g a nis m ( Ar u m u g h a m et al., 2 0 1 8; D a uti n et al., 2 0 0 2; W eiss et al., 1 9 8 4). A n A C gr o u p e d 

i nt o cl ass I V w as first i d e ntifi e d i n A er o m o n as h y dr o p hil a ( Sis m eir o et al., 1 9 9 8) a n d l at er als o 

r e p ort e d i n Y. p estis  ( G all a g h er et al., 2 0 0 6). N ot m u c h is k n o w n a b o ut t h e A Cs of cl ass V a n d 

VI wit h o nl y o n e r e pr es e nt ati v e f o u n d i n  Pr e v ot ell a r u mi ni c ol a ( C ott a et al., 1 9 9 8) a n d 
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R hi z o bi u m  etli  ( T éll e z- S os a et al., 2 0 0 2), r e s p e cti v el y. I n c o ntr ast, cl ass III r e pr e s e nt s a v er y 

l ar g e gr o u p wit h t h e str u ct ur all y a n d f u n cti o n all y m o st di v ers e A Cs a n d r e pr e s e nt ati v es i n 

b ot h, e u k ar y ot es a n d pr o k ar y ot es ( B assl er et al., 2 0 1 8). D u e t o t h e di v ers e f or ms of A Cs, 

cl ass III is di vi d e d i nt o f o ur s u b gr o u p s (III a-III d) b as e d o n t h e pri m ar y s e q u e n c e of t h e c y cl as e 

h o m ol o g y d o m ai n ( C H D) wit h it s c at al yti c all y a cti v e sit es ( Li n d er & S c h ultz, 2 0 0 3). A Cs of 

cl ass III c a n b e eit h er c yt os oli c or i nt e gr al m e m br a n e e n z y m es. M a m m ali a n a n d b a ct eri al A Cs 

of cl ass III ar e d es cri b e d t o b e a cti v e as h o m o di m er s ( Li n d er & S c h ultz, 2 0 0 3; Z h a n g et al., 

1 9 9 7) . I n vitr o e n z y m e a cti vit y t est s s h o w e d t h at M n2 +  or M g2 +  i o n s s er v e as c of a ct or i n t h e 

c at al yti c c e ntr es, w hi c h ar e l o c at e d at t h e di m er i nt erf a c e of t h e C H D s ( K as a h ar a et al., 2 0 0 1; 

Li n d er et al., 2 0 0 4; S h e n o y et al., 2 0 0 5). T h e c at al yti c d o m ai n s of A Cs ar e oft e n li n k e d wit h 

r e g ul at or y d o m ai n s, s u c h as a tr a n s m e m br a n e d o m ai n or a H A M P d o m ai n (f o u n d i n histi di n e 

ki n as es, a d e n yl at e c y cl as es, m et h yl a c c e pti n g pr ot ei n s, a n d p h os p h at as es) ( Ar a vi n d & 

P o nti n g, 1 9 9 9; Li n d er & S c h ult z, 2 0 0 3). A H A M P d o m ai n is c o m p os e d of t w o a m p hi p at hi c 

h eli c es c o n n e ct e d b y a s h ort li n k er ( Willi a ms & St e w art, 1 9 9 9); t h e d o m ai n c o n n e ct s t h e 

tr a n s m e m br a n e d o m ai n wit h t h e c at al yti c d o m ai n a n d w as s h o w n t o pl a y a cr u ci al r ol e i n 

t h e si g n al tr a n s d u cti o n of histi di n e ki n as es a n d A Cs ( Kis hii et al., 2 0 0 7; T e ws et al., 2 0 0 5). 

E n z y m e t est s wit h tr u n c at e d A Cs fr o m M y c o b a ct eri u m t u b er c ul osis  s h o w e d t h at t h e 

pr e s e n c e of t h e H A M P d o m ai n h a d eit h er a n i n hi bit or y eff e ct or a hi g hl y sti m ul ati n g eff e ct 

o n t h e A C a cti vit y of t h e pr ot ei n s R v 1 3 1 9 c a n d R v 3 6 4 5, r e s p e cti v el y ( Li n d er et al., 2 0 0 4) .  

P h os p h o di est er as e s ( P D Es), t h e e n z y m es t h at c at al ys e t h e d e gr a d ati o n of c A M P, h a v e 

b e e n gr o u p e d i n t hr e e cl ass es b as e d o n t h eir pri m ar y str u ct ur e s ( Ri c ht er, 2 0 0 2). T h e P D Es i n 

cl ass I h ar b o ur a c o n s er v e d C-t er mi n al c at al yti c d o m ai n wit h t h e m otif H( X) 3 H( X) 2 5 – 3 5 D/ E 

( Ri c ht er, 2 0 0 2). All m a m m ali a n P D Es b el o n g t o t h e cl ass I P D Es a n d h a v e b e e n gr o u p e d i nt o 

1 1 P D E s u bf a mili es wit h pr ef er e n c es f or c A M P, c G M P, or b ot h c y cli c n u cl e oti d es ( C o nti & 

B e a v o, 2 0 0 7; Fr a n cis et al., 2 0 1 1; Fr a n cis et al., 2 0 0 1; O m ori & K ot er a, 2 0 0 7). A s m all n u m b er 

of cl ass I P D Es ar e als o f o u n d i n l o w er e u k ar y ot es s u c h as y e ast or a m o e b a ( S ass et al., 1 9 8 6; 

T h o m as o n et al., 1 9 9 9). P D Es of cl ass II s h ar e t h e c o n s er v e d m otif H( X) H L D H a n d ar e f o u n d i n 

l o w er e u k ar y ot es a n d i n b a ct eri a ( C all a h a n et al., 1 9 9 5). Cl ass III h ar b o urs m ai nl y P D Es fr o m 

b a ct eri a, t h e first o n e b ei n g d es cri b e d i n E.  c oli (I m a m ur a et al., 1 9 9 6). Bi oi nf or m ati c 

a p pr o a c h e s s h o w e d t h at P D Es fr o m cl ass III ar e als o pr e s e nt i n ar c h a e a a n d e u k ar y ot es 

( P o w ell et al., 2 0 1 4). All P D Es h a v e i n c o m m o n t h at t h e y ar e a cti v e as di m er s a n d h a v e t w o 

m et al i o n s i n t h eir c at al yti c c e ntr e ( Ri c ht er, 2 0 0 2) .  
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1. 1. 2  P h y si ol o gi c al f u n cti o n of c A M P i n E. c oli   

I n 1 9 6 5, c A M P i n b a ct eri a w as first i d e ntifi e d i n t h e Gr a m- n e g ati v e E.  c oli  a n d si n c e t h e n 

c A M P a n d it s p h ysi ol o gi c al r ol e w as a n al ys e d i n a v ari et y of ot h er pr o k ar y oti c or g a nis ms 

( B ot sf or d & H ar m a n, 1 9 9 2). I n E.  c oli t h e s y nt h esis of c A M P vi a a n A C h as b e e n i nt e n si v el y 

st u di e d. It w as s h o w n t h at t h e gl u c os e- s p e cifi c p h os p h o e n ol p yr u v at e ( P E P)- d e p e n d e nt s u g ar 

p h os p h otr a n sf er as e s y st e m ( P T S) m o d ul at es A C a cti vit y. I m p ort of gl u c os e i nt o t h e c ell 

t hr o u g h t h e P T S is li n k e d t o t h e d e p h os p h or yl ati o n of t h e s u b str at e- s p e cifi c e n z y m e EII A Gl u  

a n d i n t h e d e p h os p h or yl at e d st at e EII A Gl u d o e s n ot a cti v at e A C a cti vit y, l e a di n g t o a l o w 

c yt o pl as mi c c A M P c o n c e ntr ati o n. W h e n gl u c os e is a b s e nt i n t h e m e di u m, t h e 

p h os p h or yl at e d f or m of EII A Gl u  i n cr e as es a n d t his f or m sti m ul at es t h e a cti vit y of t h e A C, 

c a u si n g a n i n cr e as e of t h e c A M P l e v el ( B ett e n br o c k et al., 2 0 0 7; P ar k et al., 2 0 0 6). T h e 

i n cr e as e d c o n c e ntr ati o n of t h e si g n alli n g m ol e c ul e c A M P, i n t ur n, i nfl u e n c es t h e 

tr a n s cri pti o n of m a n y g e n es, f or e x a m pl e t h os e of t h e l a c o p er o n. T h e r e s p e cti v e g e n e 

pr o d u ct s ar e i n v ol v e d i n t h e tr a n s p ort a n d m et a b olis m of t h e c ar b o n s o ur c e l a ct os e. T h e 

a cti v ati o n of tr a n s cri pti o n of t h e l a c o p er o n is m e di at e d b y a c A M P- d e p e n d e nt tr a n s cri pti o n 

f a ct or, t h e c A M P r e c e pt or pr ot ei n ( C R P). T his m e c h a nis m of c ar b o n c at a b olit e r e pr essi o n 

( C C R) b e c a m e a p ar a di g m of c A M P- m e di at e d si g n alli n g i n b a ct eri a ( G ör k e & St ül k e, 2 0 0 8; 

K ol b et al., 1 9 9 3). A r e c e nt st u d y i n di c at e d t h at i n E. c oli  c A M P si g n alli n g is r e s p o n si bl e f or 

c o or di n ati n g t h e e x pr e ssi o n of c at a b oli c pr ot ei n s wit h t h at of bi os y nt h eti c a n d ri b os o m al 

pr ot ei n s, i n d e p e n d e n c y of t h e m et a b oli c d e m a n d s u n d er diff er e nt e n vir o n m e nt al 

c o n diti o n s ( Y o u et al., 2 0 1 3) .  

C R P of E.  c oli ( C R PE c o ) is t h e m o st i nt e n si v el y i n v esti g at e d tr a n s cri pti o n al r e g ul at or 

wit h c A M P as t h e all o st eri c eff e ct or ( E m m er et al., 1 9 7 0; G oss et et al., 2 0 0 4). Wit h m or e 

t h a n 2 0 0 pr o m ot ers t h at ar e p ut ati v el y u n d er t h e r e g ul at or y c o ntr ol of t h e c A M P- C R P 

c o m pl e x, C R P E c o  is cl assifi e d as a gl o b al r e g ul at or ( G oss et et al., 2 0 0 4; M e n d oz a- V ar g as et al., 

2 0 0 9; R o bis o n et al., 1 9 9 8; Z h e n g et al., 2 0 0 4). It w as s h o w n t h at t h e c A M P- C R P c o m pl e x 

bi n d s t o s p e cifi c sit es wit hi n a pr o m ot er s e q u e n c e of a g e n e a n d a cti v at es or r e pr e ss es t h e 

tr a n s cri pti o n, as a r e s ult of e n h a n c e d or hi n d er e d pr o m ot er r e c o g niti o n b y t h e R N A 

p ol y m er as e ( B ot sf or d & H ar m a n, 1 9 9 2; K ol b et al., 1 9 9 3). C R P E c o  is a cti v e as a h o m o di m er, 

e a c h di m er bi n di n g a c A M P m ol e c ul e. A n al ys es of C R P E c o  cr yst al str u ct ur es i n t h e pr e s e n c e 

a n d a b s e n c e of c A M P r e v e al e d t h at bi n di n g of c A M P l e a d s t o n ot a bl e c h a n g es i n t h e t erti ar y 

str u ct ur e a n d t h e affi nit y t o it s t ar g et D N A is si g nifi c a ntl y i n cr e as e d i n t h e c A M P- C R P 
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c o m pl e x ( P ass n er et al., 2 0 0 0; P o p o v y c h et al., 2 0 0 9; W e b er & St eit z, 1 9 8 7). 

T h e pr e di cti o n, i n w hi c h c as es C R P E c o  t e n d s t o i n cr e as e t h e a cti vit y of a pr o m ot er, 

h e n c e, a ct s as a n a cti v at or, is d es cri b e d i n t h e 3- Cl ass r ul es ( L e e et al., 2 0 1 2). I n t h e Cl ass I 

r ul e C R PE c o  a ct s as a n a cti v at or if it bi n d s u p str e a m of t h e pr o m ot er el e m e nt s - 3 5 a n d - 1 0 

ar o u n d p ositi o n - 6 1. 5 r el ati v e t o t h e tr a n s cri pti o n al st art sit e ( T S S) ( B u s b y & E bri g ht, 1 9 9 7, 

1 9 9 9; Z h e n g et al., 2 0 0 4). E n h a n c e d bi n di n g of R N A p ol y m er as e t o t h e pr o m ot er is 

a c c o m plis h e d t hr o u g h t h e i nt er a cti o n of C R P wit h t h e c ar b o x yl- t er mi n al d o m ai n of t h e         

α -s u b u nit ( α C T D) of R N A p ol y m er as e ( B e n off et al., 2 0 0 2). T h e l a c pr o m ot er is t h e m ost 

pr o mi n e nt e x a m pl e f or a C R P- d e p e n d e nt pr o m ot er of t h e Cl ass I r ul e ( d e Cr o m br u g g h e et 

al., 1 9 8 4; M aj or s, 1 9 7 5). T h e Cl ass II r ul e of C R P E c o  st at es t h at a cti v ati o n of tr a n s cri pti o n is 

p ossi bl e w h e n t h e r e g ul at or bi n d s ar o u n d p ositi o n - 4 1. 5 a n d t h e bi n di n g sit e o v erl a p s wit h 

t h e - 3 5 el e m e nt of t h e pr o m ot er ( S a v er y et al., 1 9 9 8). A C R P - d e p e n d e nt pr o m ot er of t h e 

Cl ass II r ul e is, f or e x a m pl e, t h e g al P 1  pr o m ot er ( Att e y et al., 1 9 9 4). T h e Cl ass III r ul e 

d es cri b es t h at if a pr o m ot or h as t w o or m or e C R P- bi n di n g sit es, t h e pr o m ot er t e n d s t o b e 

a cti v at e d u p o n c A M P- C R P bi n di n g. T h e Cl ass III r ul e is als o v ali d if t h e pr o m ot er h as o n e or 

m o r e C R P bi n di n g sit es a n d o n e or m or e bi n di n g sit es f or a n ot h er pr ot ei n a cti n g as a cti v at or. 

T h e pr o m ot er s of ar a B A D  a n d m aI K  ar e pr o mi n e nt e x a m pl es of s u c h Cl ass III r ul e pr o m ot er s 

( Ri c h et et al., 1 9 9 1; Z h a n g & S c hl eif, 1 9 9 8). 

1. 1. 3  P h y si ol o gi c al f u n cti o n of c A M P i n M y c o b a ct eri u m  s p e ci e s 

I n M.  t u b er c ul osis a n d t h e f ast er gr o wi n g M y c o b a ct eri u m s m e g m atis , c A M P pl a ys a r ol e f or 

t h e p at h o g e ni cit y of t h e c ells ( L o wri e et al., 1 9 7 9). M.  t u b er c ul osis p oss ess es 1 6 diff er e nt A Cs 

a n d t h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n is c o nsi d er e d t o b e 1 0 0-f ol d hi g h er c o m p ar e d t o 

ot h er b a ct eri a, s u c h as E.  c oli ( M c C u e et al., 2 0 0 0; S h e n o y & Vis w es w ari a h, 2 0 0 6). 

M a cr o p h a g es i nf e ct e d wit h M. t u b er c ul osis  s h o w e d a n i n cr e as e of c yt o pl as mi c c A M P l e v els, 

w hi c h t h e n l e d t o a n i nt o xi c ati o n of t h e h ost c ell. T h e m y c o b a ct eri al ori gi n of t h e c A M P w as 

d e m o n str at e d b y M.  t u b er c ul osis c ells t h at w er e pr e-l a b ell e d wit h 1 4 C- gl y c er ol. F urt h er m or e, 

t h e m y c o b a ct eri al A C R v 0 3 8 6 r e s p o n si bl e f or t h e s y nt h esis of t h e m aj orit y of t h e 

r a di ol a b ell e d c A M P w as i d e ntifi e d b y d et e cti n g a si g nifi c a nt dr o p i n c A M P w h e n u si n g a n 

R v 0 3 8 6 d el eti o n str ai n ( A g ar w al et al., 2 0 0 9). T h e s e cr eti o n of c A M P b y M. t u b er c ul osis  a n d 

t h e r e s ulti n g i n cr e as e of t h e c A M P l e v el i n t h e h ost c ell pl a y a n i m p ort a nt r ol e i n t h e 

s u p pr essi o n of t h e h ost d ef e n c e m e c h a nis ms i n si d e of m a cr o p h a g es ( B ai et al., 2 0 1 1; L o wri e 
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et al., 1 9 7 9). I n c o ntr ast t o t h e 1 6 d es cri b e d A Cs, o nl y t w o c A M P- d e gr a di n g e n z y m es ar e 

k n o w n i n M.  t u b er c ul osis ( S h e n o y et al., 2 0 0 5; T h o m s o n et al., 2 0 2 0). A n d alt h o u g h t h e 

b a ct eri u m s e e ms t o r e g ul at e t h e i ntr a c ell ul ar c A M P l e v el t hr o u g h e x cr eti o n of c A M P, n o 

disti n ct c A M P tr a n s p ort er pr ot ei n w as c h ar a ct eriz e d y et.  

A c A M P- d e p e n d e nt l ysi n e a c et yltr a n sf er as e ( K A T mt) ( R v 0 9 9 8) of M.  t u b er c ul osis w as 

d et e ct e d, w hi c h a c et yl at es c at al yti c all y i m p ort a nt l ysi n e r e si d u es of f att y a c yl- C o A 

s y nt h et as es ( F a d D e n z y m es) ( N a m bi et al., 2 0 1 0; N a m bi et al., 2 0 1 3, 2 0 1 9). I n a s e ar c h f or 

f urt h er c A M P- bi n di n g pr ot ei n s i n m y c o b a ct eri a, t h e pr ot ei n Us p ( R v 1 6 3 6) w as i d e ntifi e d i n 

M. t u b er c ul osis as a n a b u n d a nt a n d s p e cifi c c A M P- bi n di n g pr ot ei n ( B a n erj e e et al., 2 0 1 5) . 

Bi n di n g of t h e R v 1 6 3 6 pr ot ei n t o c A M P w as c o nfir m e d b y c A M P a g ar o s e affi nit y 

c hr o m at o gr a p h y a n d v erifi e d b y is ot h er m al titr ati o n c al ori m etr y (I T C). R v 1 6 3 6 b el o n gs t o t h e 

f a mil y of u ni v ers al str e ss pr ot ei n s ( U S P s) a n d c arri e s a U S P d o m ai n. M e m b er s of t h e U S P 

f a mil y w er e d es cri b e d t o b e i n v ol v e d i n str e ss r es p o n s es, b e c a u s e it w as s h o w n t h at t h eir 

s y nt h esis w as i n d u c e d u p o n diff er e nt str e ss c o n diti o n s, s u c h as st ar v ati o n f or c ar b o n or 

p h os p h at e, e ntr y i nt o t h e st ati o n ar y p h as e i n ri c h m e di u m, e x p os ur e t o h e at, or pr e s e n c e of 

u n c o u pl ers i n hi biti n g o xi d ati v e p h os p h or yl ati o n ( V oll m er & B ar k, 2 0 1 8). T h e bi ol o gi c al 

f u n cti o n of t h e c A M P- bi n di n g pr ot ei n R v 1 6 3 6 h as n ot y et b e e n el u ci d at e d. H o w e v er, it w as 

pr o p os e d t h at c A M P- bi n di n g t o U S Ps i n m y c o b a ct eri a is a m e c h a nis m f or r e g ul ati o n of t h e 

i ntr a c ell ul ar ‘fr e e’ c A M P l e v el a n d t h er ef or e a r e g ul ati o n of t h e d o w n str e a m eff e ct s of c A M P 

( B a n erj e e et al., 2 0 15) . I n a n ot h er st u d y, it w as s h o w n t h at R v 1 6 3 6 of M.  t u b er c ul osis is i n 

t h e t o p t w e nt y of t h e m o st a b u n d a nt pr ot ei n s of t h e or g a nis m, w hi c h als o s u p p ort s t h e 

h y p ot h esis t h at R v 1 6 3 6 a ct s as a c A M P r e s er v oir ( S c h u b ert et al., 2 0 1 3) .  

M.  t u b er c ul osis c arri e s a c A M P r e c e pt or pr ot ei n ( C R P) t h at a ct s as a gl o b al 

tr a n s cri pti o n al r e g ul at or wit h it s eff e ct or c A M P ( St a pl et o n et al., 2 0 1 0). T h e f ast er gr o wi n g 

m y c o b a ct eri u m M.  s m e g m atis c o nt ai n s  t w o C R P h o m ol o g u es, t h e m aj or C R P 1 pr ot ei n 

M s m e g _ 6 1 8 9 a n d it s p ar al o g C R P 2 / M s m e g _ 0 5 3 9  ( S h ar m a et al., 2 0 1 4). B ot h tr a n s cri pti o n al 

r e g ul at or s r e c o g niz e t h e s a m e D N A c o n s e n s u s s e q u e n c e, b ut h a v e diff er e nt bi n di n g affi niti es 

f or c A M P ( Kd  3 0  µ M f or M s m e g _ 6 1 8 9 a n d Kd  3 µ M f or M s m e g _ 0 5 3 9) a n d ar e pr o b a bl y a cti v e 

u n d er diff er e nt c o n diti o n s i n r e s p o n s e t o c ar b o n a n d e n er g y s u p pl y ( A u n g et al., 2 0 1 5; 

S h ar m a et al., 2 0 1 4). W hil e M s m e g _ 0 5 3 9 w as s h o w n t o r e g ul at e g e n es i n v ol v e d i n tr a n s p ort 

a n d c at a b olis m of c ar b o h y dr at es, M s m e g _ 6 1 8 9 w as f o u n d t o pl a y a d o mi n a nt r ol e f or t h e 

i n d u cti o n of t h e c y d A B  o p er o n u n d er h y p o xi c c o n diti o n s ( A u n g et al., 2 0 1 4; K o & O h, 2 0 2 0). 
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T h e c y d A B  g e n es e n c o d e f or s u b u nit I a n d II of t h e t er mi n al c yt o c hr o m e b d  o xi d as e, w hi c h 

h as a hi g h affi nit y f or O 2  a n d t h u s it s a cti vit y is i m p ort a nt u n d er o x y g e n-li miti n g c o n diti o n s 

( K a n a et al., 2 0 0 1). 

A p p ar e ntl y, i n m y c o b a ct eri a, c A M P is n ot o nl y i n v ol v e d i n t h e r e g ul ati o n of g e n e 

e x pr e ssi o n vi a c A M P- C R P, b ut als o s er v es as t h e eff e ct or of a c A M P- d e p e n d e nt l ysi n e 

a c et yltr a n sf er as e, bi n d s t o a u ni v ers al str e ss pr ot ei n, a n d is a n i m p ort a nt p art of h ost-

p at h o g e n i nt er a cti o n d u e t o e x p ort of c A M P i nt o h ost c ells ( A g ar w al et al., 2 0 0 9; B a n erj e e et 

al., 2 0 1 5; N a m bi et al., 2 0 1 0; N a m bi et al., 2 0 1 3, 2 0 1 9; S h ar m a et al., 2 0 1 4; St a pl et o n et al., 

2 0 1 0) . T h u s, c A M P i n pr o k ar y ot es n ot o nl y s er v es as a n eff e ct or of tr a n s cri pti o n al r e g ul at ors 

wit h g e n er all y a l ar g e r e g ul o n, b ut als o h as a d diti o n al f u n cti o n s, w hi c h ar e pr o b a bl y o nl y 

i n c o m pl et el y k n o w n. 

1. 2 T h e r ol e of c A M P  i n C o r y n e b a ct e ri u m gl ut a mi c u m 

T h e G r a m- p ositi v e s oil b a ct eri u m C or y n e b a ct eri u m gl ut a mi c u m  w as dis c o v er e d i n a 

s cr e e ni n g f or n at ur al mi cr o bi al gl ut a m at e pr o d u c er s ( Ki n os hit a et al., 1 9 5 7; U d a k a, 1 9 6 0). It 

i s a f a c ult ati v e a n a er o bi c b a ct eri u m wit h a G C- c o nt e nt of 5 3. 8 % a n d b el o n gs t o t h e or d er 

C or y n e b a ct eri al es  wit hi n t h e p h yl u m A cti n o m y c et ot a ( Or e n & G arrit y, 2 0 2 1). T his or d er als o 

c o m pris es t h e i m p ort a nt h u m a n p at h o g e n s C or y n e b a ct eri u m  di p ht h eri a e, M y c o b a ct eri u m 

l e pr a e, a n d M.  t u b er c ul osis ( G a o & G u pt a, 2 0 1 2). T h e a bilit y of C.  gl ut a mi c u m t o s e cr et e 

gl ut a m at e i nt o t h e m e di u m w as t h e st arti n g p oi nt f or t h e d e v el o p m e nt of ‘f er m e nt ati v e’ 

i n d u stri al a mi n o a ci d pr o d u cti o n, w hi c h n o w a d a ys is a billi o n d oll ar b u si n ess ( B e c k er & 

Witt m a n n, 2 0 1 2; W e n dis c h et al., 2 0 1 6). O v er t h e y e ars, C. gl ut a mi c u m  wit h t h e g e n er all y-

r e g ar d e d- a s- s af e ( G R A S) st at u s b e c a m e t h e m ost i m p ort a nt mi cr o or g a nis m f or t h e l ar g e 

s c al e pr o d u cti o n of t h e a mi n o a ci d s L - gl ut a m at e a n d L -l ysi n e ( E g g eli n g & B ott, 2 0 1 5; 

L e u c ht e n b er g er et al., 2 0 0 5). Aft er g e n o m e s e q u e n ci n g of t h e C.  gl ut a mi c u m t y p e str ai n 

A T C C 1 3 0 3 2 b y t w o i n d e p e n d e nt l a b or at ori es (I k e d a & N a k a g a w a, 2 0 0 3; K ali n o ws ki et al., 

2 0 0 3) , r ati o n al str ai n d e v el o p m e nt b y m et a b oli c e n gi n e eri n g, n o v el hi g h-t hr o u g h p ut 

s cr e e ni n g m et h o d s e m pl o yi n g si n gl e- c ell m et a b olit e bi os e n s or s, a n d a d a pti v e l a b or at or y 

e v ol uti o n b e c a m e i m p ort a nt t o ols f or C.  gl ut a mi c u m str ai n d e v el o p m e nt ( Bi n d er et al., 2 0 1 2; 

E g g eli n g et al., 2 0 1 5; I n ui et al., 2 0 0 4; M u st afi et al., 2 0 1 2; S c h e n d zi el or z et al., 2 0 1 4). Si n c e 

2 0 0 3, n u m er o u s C.  gl ut a mi c u m str ai n s w er e cr e at e d f or t h e pr o d u cti o n of v ari o u s a mi n o 
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a ci d s ( St ol z et al., 2 0 0 7; V o gt et al., 2 0 1 4; V o gt et al., 2 0 1 5) a n d ot h er i n d u stri all y r el e v a nt 

c o m p o u n d s s u c h as or g a ni c a ci d s ( Lits a n o v, Br o c k er, et al., 2 0 1 2; Lit s a n o v, K a b u s, et al., 

2 0 1 2; O ki n o, N o b ur y u, et al., 2 0 0 8; O ki n o, S u d a, et al., 2 0 0 8; Wi es c h al k a et al., 2 0 1 3) , 

al c o h ols ( Bl o m b a c h et al., 2 0 1 1; I n ui et al., 2 0 0 4) , c ar ot e n oi d s ( H ei d er et al., 2 0 1 4; H e n k e et 

al., 2 0 1 6) , or p h e n yl pr o p a n oi d s ( K alls c h e u er et al., 2 0 1 6). T h e bi ot e c h n ol o gi c al i m p ort a n c e 

of C.  g l ut a mi c u m a n d its cl os e p h yl o g e n eti c r e l ati o n s hi p t o p at h o g e ni c b a ct eri a f u el t h e 

o n g oi n g i nt er est f or a d e e p er u n d er st a n di n g of its m et a b oli c a n d r e g ul at or y n et w or k.  

1. 2. 1 Gl x R –  t h e C R P-li k e pr ot ei n of C. gl ut a mi c u m  

T h e first ti m e c A M P w as m e nti o n e d i n c o n n e cti o n wit h C.  gl ut a mi c u m w as i n a 

p u bli c ati o n t h at i d e ntifi e d a n d c h ar a ct eri z e d a C R P-li k e pr ot ei n ( C g 0 3 5 0) t h at w as n a m e d 

Gl x R d u e t o it s i n v ol v e m e nt i n t h e r e g ul ati o n of t h e g e n es of t h e gl y o x yl at e p at h w a y ( Ki m et 

al., 2 0 0 4). B as e d o n its a mi n o a ci d s e q u e n c e, Gl x R b el o n gs t o t h e C R P- F N R f a mil y of 

tr a n s cri pti o n al r e g ul at ors a n d s h o ws 2 7 % a mi n o a ci d s e q u e n c e i d e ntit y wit h C R P of E.  c oli 

a n d 7 8 % i d e ntit y wit h t h e C R P pr ot ei n ( R v 3 6 7 6) of M.  t u b er c ul osis ( Ki m et al., 2 0 0 4). 

Bi oi nf or m ati c a n al ysis of Gl x R wit h t h e o nli n e t o ol P F A M ( Mistr y et al., 2 0 2 0) s h o w e d t h at 

Gl x R is c o m p os e d of a n N-t er mi n al c N M P- bi n di n g d o m ai n ( P F 0 0 0 2 7) a n d a C-t er mi n al 

H T H _ C R P d o m ai n ( P F 1 3 5 4 5) ( Fi g ur e 2). B esi d es Gl x R, t h e g e n o m e of C.  gl ut a mi c u m 

A T C C 1 3 0 3 2 e n c o d es t w o ot h er pr ot ei n s t h at h a v e o n e or b ot h of t h es e d o m ai n s: C g 1 3 2 7 h as 

a si mil ar d o m ai n c o m p ositi o n as Gl x R, w h er e a s C g 3 2 9 1 o nl y s h ar es t h e H T H _ C R P d o m ai n 

wit h Gl x R ( Fi g ur e 2). T h e f u n cti o n s of C g 1 3 2 7 a n d C g 3 2 9 1 h a v e n ot y et b e e n st u di e d. 

I n 2 0 1 4 t h e cr yst al str u ct ur e s of a p o- Gl x R a n d h ol o- Gl x R (i n c o m pl e x wit h c A M P) 

w er e s ol v e d. T h eir c o m p aris o n r e v e al e d t h at t h e 2 5 k D a pr ot ei n u n d er g o es s m all str u ct ur al 

c h a n g es u p o n c A M P- bi n di n g, r e s ulti n g i n a 1 0 0-f ol d hi g h er D N A- bi n di n g affi nit y ( T o w n s e n d 

et al., 2 0 1 4). T h e cr yst al str u ct ur e of Gl x R i n c o m pl e x wit h c A M P is di s pl a y e d i n Fi g ur e 2 a n d 

s h o ws a h o m o di m er wit h t w o str u ct ur all y i d e nti c al bi n di n g sit es f or c A M P i n t h e c e ntr e of 

t h e li g a n d bi n di n g p o c k et cl os e t o t h e di m er i nt erf a c e. T h e K d  v al u e m e as ur e d f or bi n di n g of 

t h e first c A M P m ol e c ul e w as 1 7 µ M, w h er e a s t h e K d  v al u e f or bi n di n g of t h e s e c o n d c A M P 

m ol e c ul e w as 1 3 0 µ M ( T o w n s e n d et al., 2 0 1 4). T h e D N A- bi n di n g h eli c es ar e l o c at e d i n t h e 

pr o xi mit y of t h e C-t er mi n u s. I n el e ctr o p h or eti c m o bilit y s hift a ss a ys ( E M S As) D N A bi n di n g b y 

Gl x R o nl y o c c urr e d i n t h e pr es e n c e of c A M P ( B uss m a n n et al., 2 0 0 9; J u n g wirt h et al., 2 0 1 3; 

Ki m et al., 2 0 0 4; K o hl et al., 2 0 0 8; K o hl & T a u c h, 2 0 0 9; L et e k et al., 2 0 0 6) .  



I ntr o d u cti o n 9 

Fi g ur e 2: Str u ct ur e of h o m o di m eri c Gl x R i n c o m pl e x wit h c A M P a n d  pr ot ei n d o m ai n s of 
Gl x R a n d it s p ar al o g s. (A ) Ri b b o n di a gr a m of a Gl x R di m er i n c o m pl e x wit h c A M P. T h e t w o 
pr ot ei n c h ai n s ar e d e pi ct e d i n r e d a n d y ell o w, wit h t h e D N A- bi n di n g d o m ai n s i n li g ht er 
s h a d e. E a c h di m er bi n d s o n e c A M P m ol e c ul e i n t h e li g a n d- bi n di n g p o c k et. T h e li g a n d c A M P 
is s h o w n i n a b all- a n d- sti c k r e pr e s e nt ati o n ( m o difi e d aft er T o w n s e n d et al., 2 0 1 4). (B ) Cl os e-
u p of o n e c A M P- bi n di n g sit e i n Gl x R. T h e fi g ur e w as t a k e n fr o m T o w n s e n d et al., 2 0 1 4. 
(C ) Pr ot ei n d o m ai n s of Gl x R a n d t h e r el at e d pr ot ei n s C g 1 3 2 7 a n d C g 3 2 9 1. c N M P- bi n di n g 
d o m ai n s oft e n ar e c o m p os e d of a n ei g ht- str a n d e d, a nti p ar all el b et a- b arr el str u ct ur e a n d 
t hr e e al p h a- h eli c es. T h e H T H _ C R P d o m ai n c o m pris es a D N A- bi n di n g h eli x-t ur n- h eli x ( H T H) 
d o m ai n. 

Gl x R st a n d s f or t h e a b br e vi ati o n gl y o x yl at e p at h w a y r e g ul at or, d u e t o t h e i niti al 

fi n di n g t h at t his pr ot ei n r e pr e ss es tr a n s cri pti o n of t h e g e n e a c e B  e n c o di n g m al at e s y nt h as e, 

a k e y e n z y m e of t h e gl y o x yl at e b y p a ss ( Ki m et al., 2 0 0 4). I n t h e f oll o wi n g y e ars, m or e a n d 

m or e g e n es w er e f o u n d t o b e tr a n s cri pti o n all y r e g ul at e d b y Gl x R, s u c h as g nt P  a n d g nt K  

( L et e k et al., 2 0 0 6), t h e s d h C A B  o p er o n ( B u ss m a n n et al., 2 0 0 9), gl u A B C D  ( P ar k et al., 2 0 1 0), 

glt A  ( v a n O o y e n et al., 2 0 1 1), n ar K G HJI  ( Nis hi m ur a et al., 2 0 1 1), pst S C A B  ( P a n h or st et al., 

2 0 1 1) , at p B , ct a C F , a n d ct a D  ( T o y o d a et al., 2 0 1 1), or a d h A a n d  al d ( S u b h a dr a & L e e, 2 0 1 3). 

T h e u s e of pr o m ot er f u si o n s, q u a ntit ati v e R T- P C R or e n z y m e ass a ys r e v e al e d t h at Gl x R c a n 

f u n cti o n as a n a cti v at or or a r e pr e ss or. A m or e gl o b al a p pr o a c h t o br o a d e n t h e k n o wl e d g e 

a b o ut t h e Gl x R r e g ul o n w as c o n d u ct e d b y  i n sili c o pr e di cti o n of Gl x R bi n di n g sit es i n t h e 

g e n o m e of C.  gl ut a mi c u m A T C C 1 3 0 3 2 ( K o hl & T a u c h, 2 0 0 9). Pr e di cti o ns w er e v erifi e d b y 

s h o wi n g i n vitr o Gl x R- D N A i nt er a cti o n f or 1 3 8 D N A r e gi o n s b y E M S As. T h e Gl x R c o n s e n s u s 

D N A- bi n di n g m otif i d e ntifi e d w as 5’ - T G T G A N N T A N N T C A C A-3’ a n d is v er y si mil ar or i d e nti c al 
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t o t h e c o n s e n s u s m otif s r e p ort e d i n ot h er Gl x R st u di es (J u n g wirt h et al., 2 0 1 3; K o hl et al., 

2 0 0 8; T o y o d a et al., 2 0 1 1) .  

T h e i n vi v o D N A- bi n di n g sit es of Gl x R w er e a n al y s e d b y u si n g C hI P- S e q or C hI P- C hi p. 

W h er e a s 1 0 7 D N A fr a g m e nt s e nri c h e d b y Gl x R w er e i d e ntifi e d b y C hI P- S e q u si n g 

C.  gl ut a mi c u m A T C C 1 3 0 3 2, e v e n 2 0 9 Gl x R- bi n di n g r e gi o n s c o ul d b e i d e ntifi e d b y C hI P- C hi p 

u si n g t h e cl os el y r el at e d str ai n C.  gl ut a mi c u m R (J un g wirt h et al., 2 0 1 3; T o y o d a et al., 2 0 1 1) . 

D u e t o t h e l ar g e r e g ul o n, Gl x R is c h ar a ct eriz e d as a m ast er r e g ul at or, wit h it s r e g ul at or y 

n et w or k i nt er c o n n e cti n g diff er e nt c ell ul ar f u n cti o n s, s u c h as c ar b o n m et a b olis m a n d 

tr a n s p ort, nitr o g e n a n d p h os p h at e m et a b olis m, S O S a n d str e ss r e s p o n s es, r e s pir ati o n, 

s ul p h ur h o m e ost asis, a n d ir o n h o m e ost asis ( K o hl & T a u c h, 2 0 0 9). As Gl x R als o bi n d s 

u p str e a m of g e n es e n c o di n g f or tr a n s cri pti o n al r e g ul at or s, s u c h as r a m A a n d r a m B, t h e 

r e g ul at or y n et w or k of Gl x R g o e s f ar b e y o n d t h e dir e ct r e g ul ati o n of g e n e tr a n s cri pti o n 

(J u n g wirt h et al., 2 0 1 3). I n c as e of r a m A, Gl x R a ct s as a tr a n s cri pti o n al a cti v at or, w h er e a s 

R a m A a n d S u g R f u n cti o n as r e pr e ss ors f or r a m A tr a n s cri pti o n ( T o y o d a et al., 2 0 1 3). A 

pr e di cti o n w as m a d e t h at Gl x R pr o b a bl y c o ul d i nfl u e n c e a b o ut 1 4 % of t h e g e n es i n 

C.  gl ut a mi c u m ( K o hl & T a u c h, 2 0 0 9). A mi ni-r e vi e w s u m m ari zi n g t h e f u n cti o n a n d r e g ul o n s 

of tr a n s cri pti o n f a ct or s fr o m C.  gl ut a mi c u m pr e s e nt e d r e s ult s t h at w er e g ai n e d b y C hI P-

b as e d t e c h n ol o gi e s a n d c o ntri b ut e d t o t h e u n d er st a n di n g of t h e Gl x R r e g ul o n ( T o y o d a & 

I n ui, 2 0 1 6). T h e a ut h ors e m p h asi z e d t h at t h e tr a n s cri pti o n al r e g ul ati o n of o n e g e n e b y 

s e v er al tr a n s cri pti o n f a ct or s i n cr e as es t h e p ossi bilit y of m ulti pl e r e g ul at or y l o o p s i n t h e 

r e g ul at or y n et w or k of C.  gl ut a mi c u m, w hi c h r e q uir e s m or e i nt e n si v e l a b or at or y w or k fi n di n g 

t h e f a ct or s t h at e x pl ai n h o w t h e tr a n s cri pti o n of a disti n ct g e n e is b al a n c e d. 

A hi g h-t hr o u g h p ut a p pr o a c h f or t h e d et er mi n ati o n of t h e i n vi v o r e g ul at or y r ol e of 

t h e tr a ns cri pti o n f a ct or Gl x R w o ul d b e a c o m p ar ati v e g e n e e x pr essi o n a n al ysis wit h D N A 

mi cr o arr a ys or R N A-s e q wit h a m ut a nt l a c ki n g t h e gl x R  ( c g 0 35 0 ) g e n e a n d t h e wil d t y p e. 

H o w e v er, i n C.  gl ut a mi c u m A T C C 1 3 0 3 2 s e v er al att e m pts t o c o n str u ct a gl x R  d el eti o n m ut a nt 

l a c ki n g t h e e ntir e Gl x R c o di n g s e q u e n c e f ail e d ( B u ss m a n n, 2 0 0 9; Ki m et al., 2 0 0 4; L et e k et 

al., 2 0 0 6). T w o gr o u p s s u c c e e d e d t o c o n str u ct gl x R  m ut a nt s t h at l a c k t h e gl x R  r e gi o n 

e n c o di n g t h e c A M P- bi n di n g d o m ai n i n str ai n A T C C 1 3 0 3 2 ( M o o n et al 2 0 0 7; P ar k et al 2 0 1 0) 

or n e arl y t h e c o m pl et e gl x R  g e n e i n str ai n R ( T o y o d a et al., 2 0 0 9). H o w e v er, d u e t o t h e 

s e v er e gr o wt h d ef e ct s of t h es e m ut a nt s, m e a ni n gf ul gl o b al g e n e e x pr essi o n e x p eri m e nts 

c o ul d n ot b e p erf or m e d. As i n vi v o d at a fr o m a gl x R d el eti o n m ut a nt ar e missi n g, t h e 
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r e g ul at or y r ol e of Gl x R f or a p arti c ul ar g e n e is oft e n pr e di ct e d fr o m t h e l o c ati o n of it s 

bi n di n g sit e wit hi n t h e pr o m ot er r e gi o n. 

D N A affi nit y c hr o m at o gr a p h y e x p eri m e nt s wit h t h e gl x R  pr o m ot er r e gi o n s u g g est e d 

t h at gl x R  is it s elf t h e t ar g et of s e v er al tr a ns cri pti o n al r e g ul at or s: T h e tr a n s cri pti o n al 

r e g ul at or Atl R ( C g 0 1 4 6, pr e vi o u sl y k n o w n as S u c R or M tlR), a r e g ul at or of t h e D e o R f a mil y 

i n v ol v e d i n ar a bit ol m et a b olis m ( L asl o et al., 2 0 1 2; P e n g et al., 2 0 1 1) a n d t h e G nt R-f a mil y 

r e g ul at or G nt R 3 ( C g 2 5 4 4) a cti v at e t h e tr a n s cri pti o n of gl x R ( S u b h a dr a et al., 20 1 5) , w h er e a s 

R a m B ( C g 0 4 4 4), a tr a n s cri pti o n al r e g ul at or of t h e M er R f a mil y i n v ol v e d i n a c et at e 

m et a b olis m, r e pr ess es t h e tr a n s cri pti o n of gl x R ( S u b h a dr a et al., 2 0 1 5). F urt h er m or e, gl x R  is 

n e g ati v el y a ut or e g ul at e d, i. e. Gl x R r e pr e ss es tr a n s cri pti o n of it s o w n g e n e (J u n g wirt h et al., 

2 0 0 8; S u b h a dr a et al., 2 0 1 5). Alt h o u g h gl x R  is s u bj e ct t o c o m pl e x tr a n s cri pti o n al r e g ul ati o n, 

it w as r e p ort e d t o b e c o n stit uti v el y e x pr ess e d d uri n g gr o wt h i n mi ni m al m e di u m wit h 

gl u c os e as c ar b o n s o ur c e ( H o n g et al., 2 0 1 4). F urt h er m or e, t h e m R N A l e v el of gl x R  w as 

si mil ar w h e n c ells w er e c ulti v at e d wit h citr at e or a citr at e- gl u c os e mi xt ur e as c ar b o n s o ur c e 

( P ol e n et al., 2 0 0 7). 

A pr ot e o m e st u d y t h at w as s e ar c hi n g f or pr ot ei n s u n d er g oi n g l ysi n e a c et yl ati o n 

a n d/ or l ysi n e s u c ci n yl ati o n i d e ntifi e d t hr e e l ysi n e r e si d u es of Gl x R i n a s u c ci n yl at e d f or m 

( K 5 9, K 1 5 5, a n d K 2 1 2) ( Mi z u n o et al., 2 0 1 6). F urt h er m or e, a n ot h er st u d y s h o w e d t h at t h e 

l ysi n e r e si d u e K 5 7 of Gl x R w a s f o u n d t o b e c o v al e ntl y li n k e d t o t h e s m all pr o k ar y oti c 

u bi q uiti n-li k e pr ot ei n P u p ( K ü b erl et al., 2 0 1 4). As C.  gl ut a mi c u m l a c k s a pr ot e a s o m e, t h e 

p ur p os e of Gl x R p u p yl ati o n is n ot y et k n o w n a n d t h e fr a cti o n s of p u p yl at e d a n d s u c ci n yl at e d 

Gl x R ar e u n k n o w n. H o n g a n d c o- w or k er s r e p ort e d t h at t h e s u btilisi n-li k e s eri n e pr ot e a s e 

S pr A i nt er a ct s wit h Gl x R ( H o n g et al., 2 0 1 4). T h e y s h o w e d t h at Gl x R w as pr ot e ol yti c all y 

cl e a v e d i n t h e pr es e n c e of p urifi e d S pr A, h o w e v er, t his cl e a v a g e w as i n hi bit e d if c A M P w as 

pr e s e nt. All i n all, t h e p h ysi ol o gi c al r ol es of t h e p osttr a n s cri pti o n al m o difi c ati o n s of Gl x R, 

es p e ci all y of p u p yl ati o n a n d s u c ci n yl ati o n, r e m ai n el u si v e a n d s h o ul d b e st u di e d f urt h er, as 

t h e r e s ult s c o ul d c o ntri b ut e t o a d e e p er u n d er st a n di n g of t h e a cti vit y of t h e tr a n s cri pti o n al 

r e g ul ati o n of Gl x R. 

1. 2. 2 C y a B –  t h e A C of C. gl ut a mi c u m 

T h e o nl y e n z y m e k n o w n t o d at e t o b e i n v ol v e d i n t h e s y nt h esis of c A M P i n C.  gl ut a mi c u m is 

t h e m e m br a n e- b o u n d A C C y a B ( C g 0 3 7 5) ( C h a et al., 2 0 2 0, B u ss m a n n 2 0 0 9). C y a B is 
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c o n s er v e d i n C or y n e b a ct eri u m  s p e ci es a n d is a n ort h ol o g of t h e A C R v 3 6 4 5 of M.  t u b er c ul osis 

wit h 4 3 % s e q u e n c e i d e ntit y ( B u ss m a n n, 2 0 0 9; S h e n o y et al., 2 0 0 4). I n t h e i niti al a n n ot ati o n 

of t h e C.  gl ut a mi c u m g e n o m e i n 2 0 0 3 ( K ali n o ws ki et al., 2 0 0 3), a C y a B pr ot ei n c o m p os e d of 

5 4 7 a mi n o a ci d r e si d u es w as pr e di ct e d. T h e C y a B st art c o d o n w as l at er c h a n g e d ( Pf eif er-

S a n c ar et al., 2 0 1 3), l e a di n g t o a pr ot ei n of 5 0 8 a mi n o a ci d r e si d u es. T h e st art c o d o n of t h e 

l att er v ersi o n c orr e s p o n ds t o t h e o n e pr e di ct e d f or t h e C y a B pr ot ei n s of C or y n e b a ct eri u m  

effi ci e ns  a n d C or y n e b a ct eri u m  di p ht h eri a e  ( Fi g ur e 3 A). Bi oi nf or m ati c a n al ysis of t h e C y a B 

a mi n o a ci d s e q u e n c e r e v e als t h at t his c y cl as e c o n sist s of a n N-t er mi n al m e m br a n e-i nt e gr al 

d o m ai n wit h si x tr a n s m e m br a n e h eli c es wit h n o si g n al p e pti d e ( Fi g ur e 3 B) f u s e d t o a 

c yt o pl as mi c H A M P d o m ai n f oll o w e d b y t h e a d e n yl at e c y cl as e c at al yti c d o m ai n ( c y cl as e 

h o m ol o g y d o m ai n, C H D) ( Mistr y et al., 2 0 2 0). 

Fi g ur e 3: Ali g n m e nt of t h e N-t er mi n al r e gi o n s of t h e a d e n yl at e c y cl a s e C y a B a n d it s 
h o m ol o g s a n d pr e di ct e d m e m br a n e t o p ol o g y of C y a B ( C g 0 3 7 5) . (A ) A mi n o a ci d s e q u e n c e 
ali g n m e nt of t h e N-t er mi n al r e gi o n s of C y a B fr o m C. gl ut a mi c u m  A T C C 1 3 0 3 2 as pr e di ct e d b y 
K ali n o ws ki et al., ( 2 0 0 3) a n d b y Pf eif er- S a n c ar et al., ( 2 0 1 3), fr o m C.  gl ut a mi c u m str ai n R 
( C gl _ R), fr o m C.  effi ci e ns ( C ef _ Y S 3 1 4), fr o m C.  di p ht h eri a e  ( C di _ N C T C 1 3 1 2 9), a n d fr o m 
C or y n e b a ct eri u m  a uri m u c os u m  ( C ar _ A T C C 7 0 0 9 7 5). T h e ali g n m e nt w as g e n er at e d wit h 
Cl u st al W ( T h o m p s o n et al., 1 9 9 4) a n d f urt h er pr o c ess e d wit h E S Pri pt 3. 0 ( R o b ert & G o u et, 
2 0 1 4) . (B ) Pr e di cti o n of t h e m e m br a n e t o p ol o g y of C y a B u si n g t h e w e b s er v er T O P C O N S 
(htt p s://t o p c o n s. c br.s u.s e/ )( Tsiri g os et al., 2 0 1 5). All si x pr o gr a ms pr e di ct e d a pr ot ei n wit h 
si x tr a n s m e m br a n e h eli c es. N o si g n al p e pti d e w as d et e ct e d. T h e i n p ut a mi n o a ci d s e q u e n c e 
of C y a B ( C g 0 3 7 5, 5 0 8 a mi n o a ci d r e si d u es) w as t a k e n fr o m Pf eif er- S a n c ar et al., 2 0 1 3. 

A c c or di n g t o t h es e pr e di cti o n s, C y a B i n t h e di m eri c st at e c o nt ai n s 1 2 tr a n s m e m br a n e 

h eli c es. T his n u m b er is oft e n f o u n d i n s e c o n d ar y tr a n s p ort er s ( H e n d er s o n, 1 9 9 3); h o w e v er, a 

tr a n s p ort f u n cti o n of t h e A Cs h as n ot b e e n r e c o g ni z e d u p t o n o w. F urt h er m or e, it is p ossi bl e 

t h at t h e tr a n s m e m br a n e d o m ai n of C y a B s er v es as a s e n s or f or a n e xtr a c ell ul ar or 

https://topcons.cbr.su.se/
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m e m br a n e- ass o ci at e d sti m ul u s. W hil e m e m br a n e- b o u n d m a m m ali a n A Cs ar e k n o w n t o b e 

a cti v at e d b y G- pr ot ei n s as a r e s p o n s e t o e xtr a c ell ul ar h or m o n e si g n als ( Li n d er & S c h ult z, 

2 0 0 3) , a sti m ul u s f or b a ct eri al m e m br a n e- b o u n d A Cs h as y et t o b e dis c o v er e d. C ulti v ati o ns 

of C.  gl ut a mi c u m ∆ c y a B  wit h pl as mi d- b as e d e x pr essi o n of c y a B  s h o w e d t h at o nl y pl as mi ds 

c o di n g t h e e ntir e C y a B pr ot ei n or a n N-t er mi n al tr u n c at e d v ari a nt wit h a r e si d u al 1 3 a a 

tr a n s m e m br a n e d o m ai n f oll o w e d b y t h e H A M P d o m ai n a n d t h e c at al yti c d o m ai n w er e a bl e 

t o a br o g at e t h e gr o wt h d ef e ct of t h e ∆c y a B  m ut a nt i n t h e pr es e n c e of a c et at e ( K at c h ar a v a, 

2 0 1 5) . I nt er esti n gl y, a pl as mi d- b as e d e x pr e ssi o n of c y a B  c o di n g f or a C y a B v ari a nt w hi c h is 

n ot l o c at e d i n t h e m e m br a n e ( o nl y H A M P d o m ai n a n d c at al yti c d o m ai n) w as n ot a bl e t o 

a b olis h t h e gr o wt h d ef e ct.  

Alt h o u g h C y a B a p p e ars t o b e t h e o nl y A C i n C.  gl ut a mi c u m, t h e p h e n ot y p e of a c y a B  

d el eti o n m ut a nt diff er s str o n gl y fr o m t h at of t h e gl x R  m ut a nt s d es cri b e d a b o v e. W h er e a s 

t h e l att er m ut a nt s s h o w e d s e v er e gr o wt h d ef e ct s, gr o wt h of c y a B - d efi ci e nt m ut a nt s w as 

f o u n d t o b e c o m p ar a bl e t o t h e p ar e nt al str ai n w h e n c ulti v at e d i n mi ni m al m e di u m wit h 

c ar b o n s o ur c es s u c h as gl u c os e, gl u c o n at e, or p yr u v at e ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0) . 

O nl y w h e n c ulti v at e d i n t h e pr e s e n c e of a c et at e as c ar b o n s o ur c e, t h e c y a B - d efi ci e nt 

m ut a nt s s h o w e d a li g ht or s e v er e gr o wt h d ef e c t ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0). T h e 

r e as o n s f or t his p h e n ot y p e w er e st u di e d i n t h e c o urs e of t his d o ct or al t h esis.  

1. 2. 3 C p d A –  t h e P D E of C. gl ut a mi c u m  

I n C. gl ut a mi c u m  a P D E c o n v erti n g c A M P t o A M P w as d es cri b e d o nl y r e c e ntl y ( S c h ult e et al., 

2 0 1 7). T his P D E, n a m e d C p d A ( C g 2 7 6 1), s h o w e d o nl y 1 5- 1 9 % a mi n o a ci d s e q u e n c e i d e ntit y 

t o ot h er k n o w n P D Es fr o m b a ct eri a of cl ass II, b ut c o nt ai n e d a s e q u e n c e m otif t h at is v er y 

si mil ar t o t h e o n e r e p ort e d t o b e c h ar a ct eristi c of cl ass II P D Es ( Ri c ht er 2 0 0 2). I n 2 0 2 0 t his 

C p d A t o g et h er wit h a n e wl y d es cri b e d P D E ( R v 1 3 3 9) of M.  t u b er c ul osis a n d t h e P D E Yf hI of 

B a cill us s u btilis  w as pr o p os e d t o b e cl assifi e d i n a n e w P D E gr o u p c all e d ‘at y pi c al cl ass II 

P D Es ’ ( T h o m s o n et al., 2 0 2 2). T his at y pi c al cl ass II P D Es h a v e a si g n at ur e m et al- bi n di n g m otif 

( T/ S) H X H X D H i n c o m m o n, w h er e X is li k el y t o b e a h y dr o p h o bi c or s m all r e si d u e ( T h o m s o n et 

al., 2 0 2 2). C h ar a ct eriz ati o n of t h e p urifi e d c or y n e b a ct eri al C p d A r e v e al e d a K m
a p p  v al u e of 2. 5

± 0. 3 m M f or c A M P a n d a V m a x
a p p

 of 3 3. 6 ± 4. 3 µ m ol mi n 1  m g 1 . T h e Km
a p p  is m or e t h a n 3 0-f ol d

hi g h er  c o m p ar e d t o t h e cl ass II P D Es of Vi bri o fis c h eri  ( 7 3 µ M) ( C all a h a n et al., 1 9 9 5) or of 

M y x o c o c c us x a nt h us  ( 1 2 µ M) ( Ki m ur a et al., 2 0 1 1), b ut 4-f ol d l o w er t h a n t h e P D E of 
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Art hr o b a ct er s p. C G M C C  3 5 8 4 ( 6. 8 2  m M) (S c h ult e et al., 2 0 1 7; Z h e n g et al., 2 0 1 3) . T h e 

V m a x
a p p  v al u e of C p d A ( 3 3. 6 ± 4. 3  µ m ol mi n 1  m g 1 ) is 1 1 2 -f ol d l o w er c o m p ar e d t o t h e Vm a x

a p p  of

V.  fis c h eri ( 3. 7 m m ol  mi n 1  m g 1 ) b ut al m ost 5 0 0-f ol d hi g h er t h a n t h e Vm a x
a p p  of M.  x a nt h us

( 6 7. 5 n m o l mi n 1  m g 1 ) ( C all a h a n et al., 1 9 9 5; Ki m ur a et al., 2 0 1 1).  

A c p d A  d el eti o n m ut a nt of C.  gl ut a mi c u m s h o w e d s e v er e gr o wt h d ef e ct s a n d r e d u c e d 

gr o wt h r at es o n all c ar b o n s o ur c es t est e d, s u c h as gl u c os e, gl u c o n at e, a c et at e, citr at e, or a n 

et h a n ol- gl u c os e mi xt ur e ( S c h ult e et al., 2 0 1 7). D et er mi n ati o n of t h e i ntr a c ell ul ar c A M P l e v el 

r e v e al e d a 2-f ol d hi g h er c A M P l e v el i n t h e ∆c p d A  m ut a nt c o m p ar e d t o t h e p ar e nt al str ai n 

( 5 0 p m ol/ m g pr ot ei n a n d 2 7 p m ol/ m g pr ot ei n, r es p e cti v el y) ( S c h ult e et al., 2 0 1 7). T his r e s ult 

i n di c at es t h at C p d A of C.  gl ut a mi c u m  is a p h os p h o di est er as e wit h a n i m p ort a nt r ol e i n t h e 

c o ntr ol of t h e c ell ul ar c A M P l e v el. I n a gr e e m e nt, tr a n s cri pt o m e a n al ysis c o m p ari n g t h e 

∆ c p d A  m ut a nt t o t h e p ar e nt al C.  gl ut a mi c u m str ai n i d e ntifi e d 2 4 7 g e n es wit h a m or e t h a n 

2- f ol d alt er e d m R N A l e v el i n t h e ∆c p d A  m ut a nt. T h es e alt er e d g e n e e x pr e ssi o n s pr o b a bl y 

r e s ult fr o m a n alt er e d a cti vit y of t h e tr a n s cri pti o n al r e g ul at or Gl x R d u e t o t h e hi g h er 

i ntr a c ell ul ar c A M P l e v el. I n d e e d, m a n y Gl x R-r e g ul at e d g e n es s h o w e d alt er e d e x pr e ssi o n 

l e v els i n t h e ∆c p d A  m ut a nt, i n cl u di n g g e n es i n v ol v e d i n c ar b o n s o ur c e tr a n s p ort a n d 

m et a b olis m, w hi c h c o ul d e x pl ai n t h e gr o wt h d ef e ct s of t h e ∆ c p d A  m ut a nt. F or e x a m pl e, t h e 

∆ c p d A  m ut a nt s h o w e d m or e t h a n 3-f ol d r e d u c e d m R N A l e v els of g e n es i n v ol v e d i n t h e 

u pt a k e of gl u c os e, s u cr os e, a n d citr at e ( pt s G , pt sI , pt s S , t ct A a n d t ct B) a n d i n t h e m et a b olis m 

of a c et at e, gl u c o n at e, L -l a ct at e, a n d et h a n ol (pt a , a c k A , g nt K , ll d D, a d h A  a n d al d ). A n 

i m p ort a nt fi n di n g b y S c h ult e et al. w as t h at c p d A  e x pr e ssi o n is tr a n s cri pti o n all y a cti v at e d b y 

Gl x R. A m o d el s h o ws t h at a n i ntr a c ell ul ar i n cr e as e of c A M P s h o ul d l e a d t o hi g h er n u m b ers of 

c A M P- Gl x R c o m pl e x es a n d t h u s a tr a n s cri pti o n al a cti v ati o n of t h e c p d A  e x pr e ssi o n ( Fi g ur e 4). 

T h u s, as a c o n s e q u e n c e t h e l e v el of C p d A s h o ul d i n cr e as e, w hi c h t h e n s h o ul d l e a d t o a 

l o w eri n g of t h e c ell ul ar c A M P l e v el d u e t o t h e hi g h er d e gr a d ati o n r at e of c A M P b y C p d A. T his 

f e e d b a c k l o o p is pr o b a bl y cr u ci al f or t h e r e g ul ati o n of t h e c ell ul ar c A M P l e v el as t h e 2-f ol d 

i n cr e as e i n t h e l e v el w as s h o w n t o l e a d t o s e v er e gr o wt h d ef e ct s. F urt h er a cti v e 

p h os p h o di est er as es b esi d es C p d A h a v e n ot y et b e e n d es cri b e d i n C.  gl ut a mi c u m. 
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Fi g ur e 4: Pr e di cti o n of a n e g ati v e f e e d b a c k l o o p f or m e d vi a tr a n s cri pti o n al a cti v ati o n of 
c d p A  e x pr e s si o n b y t h e c A M P- Gl x R c o m pl e x (t a k e n fr o m S c h ult e et al., 2 0 1 7). Aft er 
a cti v ati o n of t h e a d e n yl at e c y cl as e ( C y a B) b y a n u n k n o w n sti m ul u s, t h e c A M P l e v el 
i n cr e as es. T h e i n cr e as e d c A M P c o n c e ntr ati o n l e a d s t o m or e c A M P- Gl x R c o m pl e x es, w hi c h 
a cti v at e t h e e x pr essi o n of c p d A  g e n e e n c o di n g a c A M P p h os p h o di est er as e. El e v at e d C p d A 
a cti vit y t h u s l o w ers t h e i ntr a c ell ul ar c A M P l e v el a n d r es et s t h e s yst e m. 

1. 2. 4 c A M P l e v el s i n C. gl ut a mi c u m  

T h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n i n C.  gl ut a mi c u m h as b e e n m e a s ur e d b y s e v er al 

diff er e nt gr o u p s u si n g diff er e nt str ai n s a n d c ulti v ati o n c o n diti o n s. T h e first m e a s ur e m e nt 

w as r e p ort e d i n t h e st u d y i n w hi c h Gl x R w as d es cri b e d f or t h e first ti m e ( Ki m et al., 2 0 0 4) . 

T h e c A M P c o n c e ntr ati o n w as r e p ort e d t o b e hi g h i n t h e e arl y e x p o n e nti al p h as e a n d l o w 

w h e n t h e c ells r e a c h e d t h e st ati o n ar y p h as e i n a m e di u m wit h gl u c os e as c ar b o n s o ur c e. T his 

fi n di n g i n di c at e d t h at t h e c A M P c o n c e ntr ati o n w as hi g h w h e n t h e gl u c os e c o n c e ntr ati o n w as 

hi g h, i n c o ntr ast t o t h e sit u ati o n i n  E.  c oli, w h er e t h e c A M P c o n c e ntr ati o n is l o w i n t h e 

pr e s e n c e of gl u c os e. S e v er al l at er st u di es s h o w e d t h at t h e i ntr a c ell ul ar c A M P l e v el of 

C.  gl ut a mi c u m is hi g h er d uri n g gr o wt h o n gl u c os e t h a n d uri n g gr o wt h o n a c et at e ( T a bl e 1). 

A d diti o n al st u di es d et er mi n e d t h e i ntr a c ell ul ar c A M P l e v el i n c ells gr o w n wit h citr at e or a 

gl u c os e- a c et at e mi xt ur e, s h o wi n g t h at t h e c A M P l e v els o n t h es e s u b str at es w er e hi g h er t h a n 

t h os e o n gl u c os e al o n e ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0; P ol e n et al., 2 0 0 7; S c h ult e et al., 

2 0 1 7) . T h e r e s ult s of t h es e c A M P m e a s ur e m e nts w er e pr e s e nt e d i n diff er e nt u nit s, w hi c h 

hi n d er a dir e ct c o m p aris o n. T h er ef or e, i n T a bl e 1 t h e c A M P c o n c e ntr ati o ns gi v e n i n diff er e nt 

st u di es w er e c o n v ert e d i nt o c yt o pl as mi c c o n c e ntr ati o n s. T h e r a n g e of t h e r e p ort e d c A M P 

c o n c e ntr ati o n s i n C.  gl ut a mi c u m w as v er y br o a d a n d v ari e d fr o m ~ 1 µ M t o 7. 6 m M. E x c e pt 
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f or o n e st u d y ( Ki m et al. 2 0 0 4), t h e c A M P c o n c e ntr ati o n w as t y pi c all y f o u n d t o b e i n t h e l o w 

µ M r a n g e. As e x p e ct e d, t h e c A M P c o n c e ntr ati o n w as l o w er i n m ut a nt s l a c ki n g a f u n cti o n al 

A C a n d hi g h er i n t h e m ut a nt l a c ki n g C p d A ( e. g. W T 3 0 ± 1 2 p m ol/ m g pr ot ei n, ∆ c y a B  1 8 ± 

2 p m ol/ m g pr ot ei n a n d ∆ c p d A  5 0 ± 1 2 p m ol/ m g pr ot ei n, r e s p e cti v el y) ( B u ss m a n n, 2 0 0 9; 

S c h ult e et al., 2 0 1 7). 

T h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n of C.  gl ut a mi c u m is c o ntr oll e d b y t h e r at es of 

s y nt h esis a n d d e gr a d ati o n, as s h o w n b y t h e l o w er c A M P l e v el of t h e ∆ c y a B m ut a nt s 

( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0) a n d t h e hi g h er c A M P l e v els i n t h e ∆ c p d A  m ut a nt ( S c h ult e 

et al., 2 0 1 7). Tr a n s p ort ers c at al ysi n g c A M P e x p ort or i m p ort h a v e n ot b e e n i d e ntifi e d. T o 

b ett er u n d er st a n d h o w t h e l e v els of i ntr a c ell ul ar c A M P i n C.  gl ut a mi c u m ar e c o ntr oll e d, o n e 

h as t o st u d y t h e r e g ul ati o n a n d t h e a cti vit y of t h e A C a n d t h e P D E. 

1. 3 Ai m s of t hi s d o ct o r al t h e si s 

I n t h e c o urs e of st u di es o n c A M P- d e p e n d e nt r e g ul ati o n i n C. gl ut a mi c u m , o nl y o n e g e n e f or 

th e c A M P s y nt h esis w as i d e ntifi e d ( c y a B , c g 0 37 5 ) ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0). ∆c y a B 

m ut a nt s s h o w e d c o m p ar a bl e gr o wt h t o t h e wil d t y p e wit h gl u c os e, b ut i m p air e d gr o wt h 

wit h a c et at e. T h e r e as o n f or t h e n e g ati v e eff e ct of a c et at e o n gr o wt h of t h e Δ c y a B  m ut a nt is 

u n k n o w n a n d o n e ai m of t his t h esis w as t o fi n d a n e x pl a n ati o n f or t his p h e n ot y p e. T his p art 

i n v ol v e d a d et ail e d c h ar a ct eri z ati o n of t h e C.  gl ut a mi c u m str ai n l a c ki n g C y a B, w hi c h s h o ul d 

h el p t o el a b or at e a t h e or y w h y a C.  gl ut a mi c u m str ai n wit h a l o w or e v e n a b s e nt i ntr a c ell ul ar 

c A M P l e v el s h o ws a hi g h er s e n siti vit y t o w ar d s t h e w e a k a ci d a c et at e c o m p ar e d t o t h e wil d 

t y p e str ai n. T h e s e c o n d p art of t his t h esis ai m e d at a n i n vi v o a n al ysis of Gl x R- D N A bi n di n g i n 

th e wil d t y p e c o m p ar e d t o t h e Δ c y a B  m ut a nt u n d er diff er e nt c ar b o n s o ur c e c o n diti o n s. B y 

t his a p pr o a c h, t h e eff e ct s of l o w i ntr a c ell ul ar c A M P l e v els i n t h e Δ c y a B  m ut a nt s h o ul d b e 

el u ci d at e d, s h e d di n g li g ht o n t h e r el e v a n c e of c A M P f or D N A- bi n di n g b y Gl x R i n vi v o. D es pit e 

th e f a ct t h at n u m er o u s pr e vi o u s st u di es i n v esti g at e d t h e r e g ul at or y h u b of Gl x R, m a n y o p e n 

q u esti o n s r e m ai n wit h r es p e ct t o p h ysi ol o gi c al r ol e of Gl x R a n d t h e i m p a ct of c A M P. St u di es 

wit h str ai n s t h at h ar b o ur a hi g h or l o w c A M P l e v el s h o ul d pr o vi d e n e w i n si g ht s i nt o t his 

t o pi c.  
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T a bl e 1: I ntr a c ell ul ar c A M P l e v el s of diff er e nt C.  gl ut a mi c u m str ai n s m e a s ur e d i n diff er e nt 
st u di e s.  T h e v al u es i n µ M w er e c al c ul at e d fr o m t h e p m ol/ m g pr ot ei n v al u es. All c A M P 
c o n c e ntr ati o n s w er e m e as ur e d wit h t h e c o m p etit i v e E LI S A i m m u n o a ss a y ( Bi otr a k ™ c A M P 
e n z y m e i m m u n o a ss a y ( EI A) s yst e m, C yti v a, U S A f or m erl y p art of G E H e alt h c ar e). 

a : I ntr a c ell ul ar c A M P c o n c e ntr ati o ns h a v e b e e n c al c ul at e d fr o m t h e p m ol/ m g pr ot ei n v al u es u n d er t h e ass u m pti o n t h at 
pr ot ei n r e pr e s e nts 5 0 % of t h e c ell dr y w ei g ht ( C D W) a n d ass u mi n g a c ell v ol u m e of 1. 4 4 µl/ m g C D W ( d a L uz et al., 2 0 1 7). 
b : e x p: c o n c e ntr ati o n m e as ur e d f or c ells i n t h e e x p o n e nti al gr o wt h p h a s e; st at: c o n c e ntr ati o n m e as ur e d f or c ells i n t h e 
st ati o n ar y p h a s e. 
c : I ntr a c ell ul ar c o n c e ntr ati o ns h a v e b e e n c al c ul at e d u n d er t h e as s u m pti o n t h at O D6 0 0  of 1 r e pr es e nts 0. 2 5 m g C D W/ ml 
( K a b us et al., 2 0 0 7).
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2  R e s ult s 

T h e m ai n t o pi c of t his t h esis w as t h e i n v esti g ati o n of t h e m ol e c ul ar b asis of t h e a c et at e 

s e n siti vit y of a n a d e n yl at e c y cl as e-l a c ki n g m ut a nt of C.  gl ut a mi c u m a n d t h e i m p a ct of a 

l o w er e d or e v e n a b s e nt c A M P l e v el o n i n vi v o- D N A- bi n di n g of t h e gl o b al tr a n s cri pti o n al 

r eg ul at or Gl x R. T h e r e s ult s of t h e first p art h a v e b e e n p u blis h e d i n t h e p e er-r e vi e w j o ur n al 

Fr o nti er s i n Mi cr o bi ol o g y. T h e r es ult s of t h e s e c o n d p art h a v e b e e n s u m m ariz e d i n a 

m a n u s cri pt t o b e s u b mitt e d s o o n.  

I n t h e p u bli c ati o n ‘ M ol e c ul ar b asis of gr o wt h i n hi biti o n b y a c et at e of a n a d e n yl at e c y cl as e-

d efi ci e nt m ut a nt of C or y n e b a ct eri u m gl ut a mi c u m ’ t h e m ai n r e as o n f or t he o b s er v e d gr o wt h 

d ef e ct of t h e c y a B  d el eti o n str ai n i n t h e pr e s e n c e of a c et at e is d es cri b e d. T h e i n hi bit or y 

eff e ct of a c et at e w as s h o w n t o b e c o n c e ntr ati o n- d e p e n d e nt a n d str o n g er w h e n c ulti v at e d i n 

m e di u m wit h l o w er e xt er n al p H v al u es. T h es e r e s ult s i n di c at e t h at t h e n e g ati v e eff e ct of 

a c et at e o n t h e ∆ c y a B  m ut a nt is r el at e d t o t h e u n c o u pl er-li k e b e h a vi o ur of a c et at e. I n t h e 

pr ot o n at e d f or m t h e w e a k a ci d diff u s es t hr o u g h t h e li pi d bil a y er of C. gl ut a mi c u m  i nt o t h e 

c ell, w h er e it diss o ci at es wit h r el e a s e of a pr ot o n. W hil e t o a c ert ai n a m o u nt t his is n ot 

pr o bl e m ati c f or t h e wil d-t y p e str ai n, t h e c y a B  d el eti o n str ai n w as s h o w n t o b e m or e 

s e n siti v e t o w ar d s s u c h u n c o u pl er-li k e b e h a vi o ur. St u di es wit h C C C P c o nfir m e d t h at t h e c y a B  

m ut a nt w as m or e s e n siti v e t o w ar d s u n c o u pl ers c o m p ar e d t o t h e wil d-t y p e str ai n. As a 

p ossi bl e e x pl a n ati o n, t h e r e d u c e d e x pr e ssi o n of t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x a n d 

t h e F1 F O -A T P s y nt h as e i n t h e ∆ c y a B  m ut a nt w as pr o p os e d. T h e g e n es e n c o di n g t h es e m ai n 

pl a y ers of e n er g y m et a b olis m i n C.  gl ut a mi c u m w er e pr e vi o u sl y s h o w n t o b e a cti v at e d b y 

Gl x R. T h e l o w or a b s e nt c A M P l e v el of t h e ∆ c y a B  m ut a nt c a u s es a r e d u cti o n of a cti v e Gl x R 

a n d t h u s of t h e e x pr essi o n of g e n es t h at ar e a cti v at e d b y t h e c A M P- Gl x R pr ot ei n. 

A d diti o n all y, it w as s h o w n t h at u p o n d el eti o n of c y a B , n o i ntr a c ell ul ar c A M P w as d et e ct e d 

vi a L C- M S / M S. E v e n i n t h e d o u bl e d el eti o n m ut a nt C.  gl ut a mi c u m ∆ c y a B ∆ c p d A ( n o 

f u n cti o n al a d e n yl at e c y cl as e a n d n o p h os p h o di est er as e c at al ysi n g c A M P d e gr a d ati o n), n o 

c A M P c o ul d b e d et e ct e d vi a L C- M S / M S. T h es e d at a s u g g est t h at d et e cti o n of c A M P vi a E LI S A 

i n e xtr a ct s of C.  gl ut a mi c u m Δ c y a B  is pr o b a bl y a n art ef a ct a n d t h at t h er e is pr e s u m a bl y no 

s e c o n d a cti v e a d e n yl at e c y cl as e pr e s e nt i n t his or g a nis m. Fi n all y, a s u p pr ess or m ut a nt of t h e 

c y a B  d el eti o n str ai n w as is ol at e d, w hi c h h a d l ost t h e a c et at e s e n siti vit y a n d w as s h o w n t o 

c arr y a si n gl e a mi n o a ci d e x c h a n g e i n Gl x R. T h e d es cri b e d r e s ult s p oi nt o ut t h at c A M P a n d 
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Gl x R pl a y a n i m p ort a nt r ol e i n t h e e n er g y m et a b olis m of C.  gl ut a mi c u m, w hi c h m a y b e u s ef ul 

als o f or str ai n e n gi n e eri n g of t his i n d u stri al w or k h or s e. 

T h e m a n u s cri pt ‘ C o m p aris o n of i n vi v o Gl x R bi n di n g i n C or y n e b a ct eri u m gl ut a mi c u m  

A T C C 1 3 0 3 2 a n d t h e a d e n yl at e c y cl as e d el eti o n m ut a nt Δ c y a B  u si n g C h A P-S e q‘ d es cri b es t h e 

i n v esti g ati o n of a g e n o m e- wi d e t ar g et pr ofili n g of Gl x R i n t h e C.  gl ut a mi c u m wil d-t y p e str ai n 

a n d i n t h e a d e n yl at e c y cl as e- d efi ci e nt m ut a nt ( ∆ c y a B ). T h e m et h o d of c h oi c e f or t his 

pr ot ei n- D N A i nt er a cti o n a n al ysis w as t h e s o c all e d C h A P- S e q m et h o d ( c h r o m ati n affi nit y 

p urifi c ati o n c o m bi n e d wit h D N A s e q u e n ci n g). T h e r e s ult s of f o ur d at a s et s ( W T Gl x R- T S  ( gl c), 

∆ c y a B Gl x R- T S  ( gl c), W TGl x R- T S  ( gl c-a c), ∆ c y a B Gl x R- T S  ( gl c- a c) i d e ntifi e d 2 4 3 Gl x R p e a ks w h e n a c ut-

off of t h e e nri c h m e nt f a ct or ( E F) ≥ 3 w as u s e d. 1 0 2 of t h es e p e a ks r e pr es e nt e d n o v el Gl x R 

bi n di n g sit es n ot r e p ort e d i n pr e vi o u s st u di es. M a n y Gl x R bi n di n g r e gi o n s w er e f o u n d t o b e 

l o c at e d i ntr a g e ni c all y or i n a r el ati v el y l ar g e dist a n c e ( > 7 0 0 b p) u p str e a m of t h e n e xt 

tr a n s cri pti o n al st art sit e ( T S S). F urt h er m or e, as m a n y Gl x R bi n di n g sit es w er e f o u n d 

u p str e a m of n o n- c o di n g pr ot ei n s (s u c h as as R N A, s R N A or t R N A), Gl x R a p p e ars t o pl a y a 

m or e i m p ort a nt r ol e i n t h e r e g ul ati o n of n o n- pr ot ei n c o di n g g e n eti c el e m e nt s t h a n 

pr e vi o u sl y a nti ci p at e d. T h e pr es e n c e of a c et at e i n t h e m e di u m r e d u c e d Gl x R bi n di n g, 

p arti c ul arl y i n t h e ∆ c y a B  m ut a nt. T h e c o m p aris o n of t h e Gl x R- D N A i nt er a cti o n of t h e wil d 

t y p e a n d t h e ∆c y a B  m ut a nt s h o w e d t h at f or m ost D N A r e gi o n s Gl x R c a n a p p ar e ntl y bi n d t o 

D N A e v e n wit h o ut t h e pr e s e n c e of t h e eff e ct or c A M P, e x pl ai ni n g w h y t h e p h e n ot y p e of 

∆ c y a B  is v er y m o d er at e c o m p ar e d t o t h e dr asti c gr o wt h d ef e ct of r e p ort e d ∆gl x R  m ut a nt s. 

T h e o b s er v ati o n t h at D N A- bi n di n g of Gl x R i n vi v o, a p p ar e ntl y o c c urs als o i n t h e a b s e n c e of 

c A M P, r ais es t h e q u esti o n if ot h er, y et u n k n o w n f a ct or s, ar e i n v ol v e d i n r e g ul ati n g i n vi v o 

Gl x R- D N A bi n di n g. 
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2. 1 M ol e c ul a r b a si s of g r o wt h i n hi biti o n b y a c et at e of a n a d e n yl at e 

c y cl a s e- d efi ci e nt m ut a nt of C o r y n e b a ct e ri u m gl ut a mi c u m 

N at ali e W olf 1 , Mi c h a el B u s s m a n n1 , A bi g ail K o c h- K o erf g e s1 , Ni n o K at c h ar a v a1 , J uli a 

S c h ult e 1 , Ti n o P ol e n1 , J o h a n n e s H artl2 , J uli a A. V or h olt2 , M ei k e B a u m g art1  a n d Mi c h a el 

B ott 1 *  

1 I B G- 1: Bi ot e c h n ol o g y, I nstit ut e of Bi o- a n d G e o s ci e n c es, F ors c h u n gsz e ntr u m J üli c h, J üli c h, 
G er m a n y 

2 I n stit ut e of Mi cr o bi ol o g y, E T H Z üri c h, Z üri c h, S wit z erl a n d 

* C orr e s p o n di n g a ut h or

P u blis h e d i n  Fr o nti ers i n Mi cr o bi ol o g y, 1 1 F e br u ar y 2 0 2 0 ( d oi: 1 0. 3 3 8 9/f mi c b. 2 0 2 0. 0 0 0 8 7) 

A ut h or‘ s c o ntri b uti o n s:  

N W c o n str u ct e d m ut a nts a n d pl as mi d s a n d p erf or m e d all e x p eri m e nt al w or k e x c e pt t h e o n e 

s p e cifi e d b el o w f or ot h er a ut h or s. M B u c o n str u ct e d t h e ∆ c y a B  m ut a nt a n d t h e pl as mi d 

p K 1 9 m o bs a c B -∆ c y a B a n d p erf or m e d t h e gr o wt h e x p eri m e nt s h o w e d i n Fi g. 2. A K K 

p erf or m e d t h e a n al ysis of gl u c os e a n d or g a ni c a ci d s. N K a n d J S p erf or m e d t h e gr o wt h 

e x p eri m e nt s wit h t h e pr ot o n o p h or e C C C P a n d t h e d et er mi n ati o n of t h e m e m br a n e 

p ot e nti al. T P s u p er vis e d g e n o m e r e s e q u e n ci n g a n d a n al ys e d t h e r es ulti n g d at a. J H a n d J A V 

p erf or m e d L C- M S/ M S m e a s ur e m e nt s f or c A M P d et er mi n ati o n. M B a c o a c h e d t h e 

e x p eri m e nt al w or k a n d s u p p ort e d t h e d esi g n of t h e st u d y. All a ut h or s c o ntri b ut e d t o t h e 

i nt er pr et ati o n of t h e d at a. N W wr ot e t h e first dr aft of t h e m a n u s cri pt a n d pr e p ar e d t h e 

fi g ur e s a n d t a bl es. M B o d esi g n e d t h e st u d y, s u p er vis e d t h e e x p eri m e nt al w or k, a n d wr ot e 

t h e fi n al v ersi o n of t h e m a n u s cri pt. 

O v er all c o ntri b uti o n N W: 6 5 %  

A K K: A bi g ail K o c h- K o erf g es, J A V: J uli a A n n e V or h olt- Z a m b elli, J H: J o h a n n es H artl, J S: J uli a 

S c h ult e, M B a: M ei k e B a u m g art, M B o: Mi c h a el B ott, M B u: Mi c h a el B u ss m a n n, N K: Ni n o 

K at c h ar a v a, N W: N at ali e W olf, T P: Ti n o P ol e n 
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2. 2 S u p pl e m e nt a r y m at e ri al s ‘ M ol e c ul a r b a si s of g r o wt h i n hi biti o n 

b y a c et at e of a n a d e n yl at e c y cl a s e- d efi ci e nt m ut a nt of 
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2. 3 C o m p a ri s o n of i n vi v o Gl x R bi n di n g i n C o r y n e b a ct e ri u m 

gl ut a mi c u m  A T C C 1 3 0 3 2 a n d t h e a d e n yl at e c y cl a s e d el eti o n 

m ut a nt Δ c y a B  u si n g C h A P- S e q 

N at ali e W olf 1 , L u k a s L e h m a n n1 , A n dr ei Fili p c h y k1 , Ti n o P ol e n 1 , Mi c h a el B u s s m a n n1 , M ei k e 

B a u m g art 1  a n d Mi c h a el B ott1 *  

1 I B G- 1: Bi ot e c h n ol o g y, I nstit ut e of Bi o- a n d G e o s ci e n c es, F ors c h u n gsz e ntr u m J üli c h, J üli c h, 
G er m a n y 

* C orr e s p o n di n g a ut h or

T o b e s u b mitt e d 

A ut h or‘ s c o ntri b uti o n s:  

N W c o n str u ct e d m ut a nts, pl as mi d s a n d p erf or m e d all e x p eri m e nt al w or k e x c e pt t h e o n e 

s p e cifi e d b el o w f or ot h er a ut h or s. L L c o n str u ct e d t h e str ai n C.  gl ut a mi c u m::gl x R -T S, 

c ulti v at e d a n d g e n er at e d o n e of t h e ni n e  C h A P- S e q s a m pl es. M B u p erf or m e d t h e mi cr o arr a y 

e x p eri m e nt. T P s u p er vis e d t h e bi oi nf or m ati cs of t h e mi cr o arr a y a n al ysis a n d t h e first 

e v al u ati o n of t h e C h A P- S e q r es ult s. A F n or m aliz e d t h e d at a of t h e f o ur C h A P- S e q s a m pl e 

c o n diti o n s a n d p erf or m e d c o m p aris o n s of p e a k h ei g ht s a n d g e n er at e d t h e dr aft v ersi o n of 

Fi g.  1. N W wr ot e t h e first dr aft of t h e m a n u s cri pt a n d pr e p ar e d t h e fi g ur es a n d t a bl es if n ot 

m e nti o n e d ot h er wis e. M B a c o a c h e d t h e e x p eri m e nt al w or k a n d s u p p ort e d t h e d esi g n of t his 

st u d y. M B o d esi g n e d t h e st u d y, s u p er vis e d t h e e x p eri m e nt al w or k a n d w as r e s p o n si bl e f or 

t h e fi n al v ersi o n of t h e m a n u s cri pt.  

O v er all c o ntri b uti o n N W: 8 0 % 

A F: A n dr ei Fili p c h y k, L L: L u k as L e h m a n n, M B a: M ei k e B a u m g art, M B o: Mi c h a el B ott, 

M B u: Mi c h a el B u ss m a n n, N W: N at ali e W olf, T P: Ti n o P ol e n 
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2 . 4 S u p pl e m e nt a r y m at e ri al s ‘ C o m p a ri s o n of i n vi v o Gl x R bi n di n g i n 

C o r y n e b a ct e ri u m gl ut a mi c u m  A T C C 1 3 0 3 2 a n d t h e a d e n yl at e 

c y cl a s e d el eti o n m ut a nt Δ c y a B  u si n g C h A P-S e q’  
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3  Di s c u s si o n 

I n or d er t o s ur vi v e i n a c h a n gi n g e n vir o n m e nt, or g a nis ms h a v e t o s e n s e t h e c h a n gi n g 

c o n diti o n s a n d r e a ct i n a n a p pr o pri at e w a y. O n t h e m ol e c ul ar l e v el, c o m pl e x si g n alli n g 

n et w or ks e xist f or t his p ur p os e. Si g n al tr a n s d u cti o n at t h e c ell ul ar l e v el oft e n i n v ol v es s m all 

m ol e c ul es t h at a ct as s e c o n d m ess e n g ers t o tr a n s d u c e e xt er n al sti m uli t o o n e or m or e 

eff e ct or s i n t h e c ell. S u c h s e c o n d m ess e n g ers ar e f or e x a m pl e c y cli c n u cl e oti d es, ( p) p p G p p, 

or C a 2 + ( C as h el, 1 9 7 5; E n d o, 2 0 0 6; V al e nti ni & Fill o u x, 2 0 1 6). T h e c y cli c n u cl e oti d e c A M P is a 

u bi q uit o u s m ol e c ul e a n d pl a ys a c e ntr al r ol e i n n u m er o u s si g n alli n g pr o c ess es t hr o u g h o ut all 

ki n g d o m s of lif e ( G a n c e d o, 2 0 1 3). I n m a m m ali a n c ells, f or e x a m pl e, c A M P a cti v at es pr ot ei n 

ki n as es l e a di n g t o t h e p h os p h or yl ati o n of s e v er al diff er e nt pr ot ei n s i n v ol v e d i n di v ers e 

c ell ul ar m e c h a nis ms, s u c h as i o n tr a n s p ort or tr a n s cri pti o n al r e g ul ati o n ( K o p p er u d et al., 

2 0 0 3) . I n pl a nt s, c A M P w as f o u n d t o b e i n v ol v e d i n s e n si n g a n d r e s p o n di n g t o bi oti c a n d 

a bi oti c e n vir o n m e nt al str e ss es ( G e hri n g, 2 0 1 0; J h a et al., 2 0 1 6; M a at h uis & S a n d ers, 2 0 0 1) . 

I n pr o k ar y ot es, c A M P w as first f o u n d t o pl a y a n i m p ort a nt r ol e i n c ar b o n c at a b olit e 

r e pr e ssi o n ( B ot sf or d & H ar m a n, 1 9 9 2) a n d l at er als o i n vir ul e n c e a n d p at h o g e n esis of h u m a n 

p at h o g e ni c b a ct eri a a n d i n bi ofil m f or m ati o n ( Li u et al., 2 0 2 0; M c D o n o u g h & R o dri g u e z, 

2 0 1 1) . T h e c A M P r e c e pt or pr ot ei n ( C R P), first d es cri b e d i n E. c oli , is a tr a n s cri pti o n al 

r e g ul at or t h at is a bl e t o a cti v at e or r e pr e ss t h e tr a n s cri pti o n of v ari o u s g e n e t ar g et s. C R P 

h o m ol o gs ar e f o u n d i n v ari o u s ot h er b a ct eri al g e n er a, s u c h as M y c o b a ct eri u m , 

Ps e u d o m o n as, Vi bri o  or C or y n e b a ct eri u m  a n d t h e pl asti cit y of t his s yst e m e m p h asi z es t h e 

a d a pt ati o n t o t h e i n di vi d u al n e e d s of t h e r e s p e cti v e or g a nis m ( Ar c e- R o drí g u ez et al., 2 0 1 2; 

S k or u p s ki & T a yl or, 1 9 9 7; St a pl et o n et al., 2 0 1 0). 

T h e ai m of t his t h esis w as t o b ett er u n d er st a n d t h e c A M P si g n alli n g n et w or k i n 

C or y n e b a ct eri u m gl ut a mi c u m, a m o d el or g a nis m f or A cti n o b a ct eri a a n d i n i n d u stri al 

bi ot e c h n ol o g y. T h er ef or e, t h e t h esis is f o c u s e d o n t w o as p e ct s: t h e c h ar a ct eri z ati o n of a n 

a d e n yl at e c y cl as e- d efi ci e nt C.  gl ut a mi c u m str ai n, a n d t h e i n v esti g ati o n of t h e c o n s e q u e n c es 

of a l o w i ntr a c ell ul ar c A M P l e v el f or t h e tr a n s cri pti o n al a cti vit y of t h e gl o b al r e g ul at or Gl x R. 
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3. 1 T h e r ol e of C y a B a cti vit y i n C. gl ut a mi c u m 

F o ur y e ars aft er t h e d et e cti o n of i ntr a c ell ul ar c A M P i n C. gl ut a mi c u m , t w o gr o u p s r e p ort e d 

th e i d e ntifi c ati o n of a m e m br a n e- b o u n d a d e n yl at e c y cl as e, n a m e d C y a B, a n e n z y m e t h at 

c at al ys es t h e s y nt h esis of c A M P ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0; Ki m et al., 2 0 0 4). Str ai n s 

wit h a p artl y or e ntir el y d el et e d c y a B  g e n e s h o w e d a si g nifi c a nt dr o p i n t h e c o n c e ntr ati o n of 

i ntr a c ell ul ar c A M P ( C h a et al., 2 0 1 0; T o y o d a et al., 2 0 1 1; W olf et al., 2 0 2 0). M or e o v er, t h e 

Δ c y a B  m ut a nt s h a d a str o n g gr o wt h d ef e ct i n mi ni m al m e di u m wit h a c et at e or gl u c os e pl u s 

a c et at e as c ar b o n s o ur c e, b ut n ot wit h gl u c os e or et h a n ol ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0; 

W olf et al., 2 0 2 0). As t h e gr o wt h d ef e ct i n t h e pr e s e n c e of a c et at e c o ul d b e r e v ert e d b y t h e 

a d diti o n of c A M P t o t h e m e di u m, t h e eff e ct w as s h o w n t o b e s p e cifi c f or t h e d el eti o n of 

c y a B  ( B u ss m a n n, 2 0 0 9; W olf et al., 2 0 2 0). T h e r e as o n f or t h e gr o wt h d ef e ct r e m ai n e d 

u n k n o w n a n d t h e t h e or y t h at it w as d u e t o i n hi biti o n of a c et at e u pt a k e b y t h e tr a n s p ort er 

M ct C ( C g 0 9 5 3) c o ul d b e dis pr o v e d b y t h e f a ct t h at a c et at e u pt a k e i n a m ct C  d el eti o n m ut a nt 

b y p assi v e diff u si o n a cr oss t h e m e m br a n e w as s uffi ci e nt t o m ai nt ai n wil d t y p e-li k e gr o wt h 

(J ol k v er et al., 2 0 0 9). T h e u pt a k e of a c et at e w as als o s h o w n t o b e tr a n s p ort er-i n d e p e n d e nt 

i n ot h er mi cr o or g a nis ms, s u c h as E.  c oli a n d S a c c h ar o m y c es c er e visi a e ( Li n d a hl et al., 2 0 1 7; 

Orr et al., 2 0 1 8) .  

T h e ‘ a c et at e eff e ct’ of t h e Δ c y a B  m ut a nt w as t h e n h y p ot h esi z e d t o b e d u e t o a hi g h er 

s e n siti vit y t o w ar d s a c et at e c o m p ar e d t o t h e wil d-t y p e str ai n ( W olf et al., 2 0 2 0). At hi g h er 

c o n c e ntr ati o n s, a c et at e is k n o w n t o h a v e u n c o u pl er-li k e b e h a vi o ur c a u si n g a n et i m p ort of 

pr ot o n s, w hi c h aff e ct s t h e pr ot o n- m oti v e f or c e ( P M F) ( A x e & B ail e y, 1 9 9 5). A str o n g 

i n ci d e n c e f or t h e ass m u pti o n t h at t h e gr o wt h- d ef e ct of t h e Δ c y a B  m ut a nt w as c a u s e d b y t h e 

u n c o u pli n g f u n cti o n of a c et at e w as t h e fi n di n g t h at t h e a c et at e s e n siti vit y w as 

c o n c e ntr ati o n- a n d p H - d e p e n d e nt. T h e m ol e c ul ar b asis f or t h e hi g h er u n c o u pl er s e n siti vit y 

of t h e Δ c y a B  m ut a nt w as e x pl ai n e d b y r e d u c e d e x pr e ssi o n of t h e g e n es e n c o di n g t h e 

c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x a n d t h e F1 F O - A T P s y nt h as e, as s h o w n i n tr a n s cri pt o m e 

arr a y r e s ult s a n d R T - q P C R ( W olf et al., 2 0 2 0). Str o n g s u p p ort f or t his e x pl a n ati o n c o m es fr o m 

t h e f a ct t h at m ut a nt s l a c ki n g a f u n cti o n al c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x ar e u n a bl e t o 

gr o w wit h a c et at e as s ol e c ar b o n s o ur c e ( W olf et al. 2 0 2 0). Fi g ur e 5 ill u str at es t h e f e at ur es 

d es cri b e d a b o v e.  
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Fi g ur e 5 : M o d el of t h e pr ot o n cir c uit i n t h e pr e s e n c e of a c et at e i n t h e C.  gl ut a mi c u m W T 
(A ) a n d t h e ∆ c y a B  m ut a nt (B ). I n t his m o d el a c et at e a ct s as a n u n c o u pl er (r e d arr o w) a n d 
dist ur b s t h e pr ot o n cir c uit ( bl u e li n es) of t h e r e s pir at or y c h ai n ( p ur pl e) a n d t h e A T P s y nt h as e 
( gr e e n). I n t h e wil d-t y p e str ai n ( W T), t h e c A M P- Gl x R c o m pl e x (r e d) a cti v at e s t h e 
tr a n s cri pti o n of t h e g e n es e n c o di n g t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x a n d t h e F1 F O - A T P 
s y nt h as e. I n t h e pr es e n c e of a c et at e, t h e c a p a bilit y of g e n er ati n g p mf is dist ur b e d, b ut n ot 
str o n g e n o u g h t o c a u s e a gr o wt h d ef e ct. I n t h e ∆ c y a B  m ut a nt, t h e r e d u c e d or e v e n a b s e nt 
c A M P l e v el c a u s es a l o w er e d e x pr e ssi o n of t h e g e n es f or t h e c yt o c hr o m e b c 1 -a a 3  
s u p er c o m pl e x, l e a di n g t o a r e d u c e d c a p a cit y t o b uil d u p p mf a n d t o c o u nt er a ct t h e 
u n c o u pli n g a cti vit y of a c et at e. A d diti o n all y, t h e gr o wt h d ef e ct of t h e ∆ c y a B  m ut a nt o n 
a c et at e is c a u s e d b y t h e r e d u c e d A T P s y nt h esis vi a o xi d ati v e p h os p h or yl ati o n d u e t o r e d u c e d 
s y nt h esis of t h e F 1 F O - A T P s y nt h as e. 

A  c y a B  str ai n tr a n sf or m e d wit h fl u or e s c e n c e r e p ort er s c arr yi n g n ati v e pr o m ot er s of 

g e n es of t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x (ct a C , c t a E, or ct a D ) i n fr o nt of a g e n e 

e n c o di n g a fl u or es c e nt pr ot ei n ( m V e n u s) r e v e al e d l o w er fl u or es c e n c e a n d t h u s l o w er 

pr o m ot er a cti vit y c o m p ar e d t o t h e wil d t y p e w h e n c ulti v at e d i n mi ni m al m e di u m wit h 

a c et at e ( Fi g ur e 6). T h e r e d u cti o n of pr o m ot er a cti vit y c a n b e e x pl ai n e d b y a r e d u c e d 

a cti v ati o n of tr a n s cri pti o n b y Gl x R d u e t h e a b s e n c e of c A M P i n t h e ∆ c y a B  m ut a nt. 
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Fi g ur e 6: S p e cifi c fl u or e s c e n c e of C.  gl ut a mi c u m wil d t y p e ( W T) a n d t h e ∆ c y a B m ut a nt  
c arr yi n g fl u or e s c e n c e r e p ort er s wit h t h e n ati v e pr o m ot er of ct a C  (A ), ct a E  (B ), or ct a D  (C ). 
T h e first pr e c ult ur e w as i n o c ul at e d i n B HI m e di u m a n d t h e s e c o n d pr e c ult ur e w as gr o w n i n 
C G XII m e di u m wit h 2 % gl u c os e. T h e c ells w er e w as h e d wit h s ali n e ( 0. 9 % ( w/ v) N a Cl) a n d 
u s e d t o i n o c ul at e t h e m ai n c ult ur e s i n 8 0 0 µl C G XII mi ni m al m e di u m wit h 1 0 0 m M p ot assi u m 
a c et at e as s ol e c ar b o n s o ur c es t o a n O D 6 0 0  of 1. C ulti v ati o n w as p erf or m e d i n t h e Bi o L e ct or 
at 3 0 ° C a n d 1 2 0 0 r p m. Gr o wt h w as m o nit or e d as s c att er e d li g ht at 6 2 0 n m a n d fl u or es c e n c e 
w as m o nit or e d wit h a n e Y F P filt er ( e x. 5 0 8  n m/ e m. 5 3 2 n m). T h e r e s ult s of t hr e e bi ol o gi c al 
r e pli c at es wit h st a n d ar d d e vi ati o n s ar e s h o w n. 

I n t h e str ai n S C+ , t h e n ati v e pr o m ot ers of ct a C , ct a E , a n d ct a D  h a v e b e e n r e pl a c e d b y t h e 

c o n stit uti v e t uf pr o m ot er ( Pl at z e n, 2 0 1 3) a n d t h er ef or e t h eir tr a n s cri pti o n is i n d e p e n d e nt of 

t h e c A M P- Gl x R c o m pl e x. H o w e v er, t h e i n hi bit or y eff e ct of a c et at e w as als o o b s er v e d i n t h e 

S C +  ∆ c y a B  str ai n ( Fi g ur e 7). A p ossi bl e e x pl a n ati o n f or t his r es ult w as o bt ai n e d b y t h e C h A P-

S e q r e s ult s of t his w or k, i n w hi c h cti P  ( c g 2 6 9 9) w as i d e ntifi e d as a n a d diti o n al Gl x R t ar g et 
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g e n e. Cti P is a l ar g e tr a n s m e m br a n e pr ot ei n t h at w as r e c e ntl y s h o w n t o b e i n v ol v e d i n 

c o p p er tr a n s p ort a n d i n s erti o n i nt o c yt o c hr o m e a a 3  o xi d as e ( M or o s o v et al., 2 0 1 8). T h e Gl x R 

bi n di n g sit e is l o c at e d 1 0 8 b p u p str e a m of t h e T S S of cti P  a n d t h er ef or e tr a n s cri pti o n of cti P  

is pr o b a bl y a cti v at e d b y Gl x R. I n s uffi ci e nt e x pr e ssi o n of cti P  i n t h e S C+  ∆ c y a B  str ai n c o ul d b e 

r e s p o n si bl e f or t h e still o b s er v e d i n hi biti o n b y a c et at e, if o nl y i n s uffi ci e nt a m o u nt s of 

f u n cti o n al c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x c a n b e f or m e d. I n a d diti o n, a l o w er e x pr e ssi o n 

of t h e A T P s y nt h as e c o ul d als o c o ntri b ut e t o t h e i n hi biti o n of t h e S C +  ∆ c y a B  str ai n b y 

a c et at e, i n p arti c ul ar w h e n a c et at e s er v es as s ol e c ar b o n s o ur c e, w hi c h d o e s n ot all o w n et 

A T P s y nt h esis vi a s u b str at e l e v el p h os p h or yl ati o n.  

Fi g ur e 7: Gr o wt h of C.  gl ut a mi c u m wil d t y p e ( W T), t h e ∆ c y a B  m ut a nt, str ai n S C+ , a n d t h e 
S C + ∆ c y a B  str ai n. C ells w er e c ulti v at e d i n C G XII m e di u m wit h 1 0 0 m M p ot assi u m a c et at e (A ) 
or a gl u c os e- a c et at e mi xt ur e, e a c h 1 0 0 m M ( B ). T h e r e s ult s of t hr e e bi ol o gi c al r e pli c at es wit h 
st a n d ar d d e vi ati o n s ar e s h o w n.  T h e first pr e c ult ur e w as i n o c ul at e d i n B HI m e di u m a n d t h e 
s e c o n d pr e c ult ur e w as gr o w n i n C G XII m e di u m wit h 2 % gl u c os e. T h e c ells w er e w as h e d wit h 
s ali n e ( 0. 9 % ( w/ v) N a Cl) a n d u s e d t o i n o c ul at e t h e m ai n c ult ur e s i n 8 0 0 µl C G XII mi ni m al 
m e di u m wit h t h e i n di c at e d c ar b o n s o ur c es t o a n O D 6 0 0  of 1. C ulti v ati o n w as p erf or m e d i n a 
Bi o L e ct or at 3 0 ° C a n d 1 2 0 0 r p m a n d gr o wt h w as m o nit or e d as s c att er e d li g ht at 6 2 0 n m. 

3. 1. 1 F urt h er eff e ct s c o ntri b uti n g t o t h e ‘ a c et at e eff e ct’ of t h e ∆ c y a B  m ut a nt 

T h e u n c o u pl er-li k e b e h a vi o ur of a c et at e i n c o m bi n ati o n wit h t h e l o w er tr a n s cri pti o n a n d 

a cti vit y of t h e r es pir at or y c h ai n a n d A T P s y nt h as e i n t h e c y a B  d el eti o n str ai n is b eli e v e d t o b e 

t h e m ai n r e as o n f or t h e i n hi biti o n of gr o wt h. H o w e v er, f urt h er eff e ct s c a n c o ntri b ut e t o t h e 

eff e ct of t h e a c et at e s e nsiti vit y of t h e c y a B m ut a nt. It c a n b e e x cl u d e d t h at t h e c h a n g e of t h e 

e xtr a c ell ul ar p H d uri n g c ulti v ati o n wit h a c et at e is r e s p o n si bl e f or t h e i n hi bit e d gr o wt h, as t h e 

i niti al p H of 7 w as t h e s a m e as t h e p H at t h e e n d of e x p eri m e nts ( d at a n ot s h o w n). 

F urt h er m or e, gr o wt h e x p eri m e nt s i n mi ni m al m e di u m wit h gl u c os e as s ol e c ar b o n s o ur c e 

a n d wit h diff er e nt i niti al p H v al u es ( p H 6- 7) s h o w e d t h at t h e gr o wt h of t h e c y a B  d el eti o n 

str ai n w as c o m p ar a bl e, s u g g esti n g t h at t h e a b s e n c e of C y a B di d n ot l e a d t o pr o bl e ms i n t h e 
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p H h o m e ost asis p er s e  ( W olf et al., 2 0 2 0). O nl y t h e c o m bi n ati o n of p H 6 a n d t h e pr e s e n c e of 

a c et at e i n t h e m e di u m i n cr e as e d t h e gr o wt h i n hi biti o n of t h e ∆ c y a B  m ut a nt c o m p ar e d t o t h e 

gr o wt h at p H 7 ( W olf et al., 2 0 2 0). T his c o ul d b e e x pl ai n e d d u e t o t h e f a ct t h at w e a k a ci d s 

s u c h as a c eti c a ci d a ct as a pr ot o n tr a n sl o c at or m or e eff e cti v el y if t h e p H of t h e m e di u m is 

cl os er t o it s p K a  ( a c eti c a ci d p Ka  4. 7 6). S o t h e a c et at e eff e ct w as d es cri b e d as p H- d e p e n d e nt. 

Gr o wt h of t h e c y a B  d el eti o n str ai n w as t est e d wit h ot h er s alt s s u c h as citr at e a n d L -l a ct at e. 

O nl y sli g htl y i m p air e d gr o wt h of t h e c y a B  d el eti o n str ai n w as o b s er v e d w h e n c ulti v at e d wit h 

citr at e ( 1 0 0 m M) or L -l a ct at e ( 1 0 0 m M) as c ar b o n s o ur c e ( Fi g ur e 8). T h e gr o wt h diff er e n c es 

of W T a n d t h e c y a B  d el eti o n str ai n wit h citr at e a n d l a ct at e as c ar b o n s o ur c es is a f urt h er 

p h e n ot y pi c al c h ar a ct eris ati o n of t h e c y a B  d el eti o n str ai n. H o w e v er, t h e gr o wt h diff er e n c es 

ar e m or e li k el y d u e t o r e d u c e d Gl x R a cti vit y i n t h e ∆ c y a B  m ut a nt a n d ar e n ot a p H- eff e ct.  

Fi g ur e 8: Gr o wt h of C.  gl ut a mi c u m W T a n d t h e ∆ c y a B  m ut a nt i n C G XII mi ni m al m e di u m 
wit h 1 0 0 m M citr at e  (A ) or 1 0 0 m M L -l a ct at e (B ). T h e first pr e c ult ur e w as i n o c ul at e d i n B HI 
m e di u m a n d t h e s e c o n d pr e c ult ur e w as p erf or m e d i n C G XII m e di u m wit h 2 % ( w/ v) gl u c os e. 
T h e c ells w er e w as h e d wit h s ali n e ( 0. 9 % ( w/ v) N a Cl) a n d u s e d t o i n o c ul at e t h e m ai n c ult ur e s 
i n 8 0 0 µl C G XII mi ni m al m e di u m wit h t h e i n di c at e d c ar b o n s o ur c es t o a n O D6 0 0  of 1. Gr o wt h 
w as m o nit or e d as s c att er e d li g ht at 6 2 0 n m i n a Bi o L e ct or at 3 0 ° C a n d 1 2 0 0 r p m. M e a n 
v al u es a n d st a n d ar d d e vi ati o n s of t hr e e bi ol o gi c al r e pli c at es ar e s h o w n. 

As Gl x R is a gl o b al r e g ul at or, o n e c a n n ot e x cl u d e f urt h er tr a n s cri pti o n al c h a n g es of 

g e n es t o b e i n v ol v e d i n t h e hi g h er s e n siti vit y t o w ar d s a c et at e a n d t h e str o n g s e n siti vit y 

t o w ar d s t h e pr ot o n o p h or e C C C P. D u e t o t h e a b s e n c e of c A M P i n t h e ∆ c y a B  m ut a nt, g e n es 

t h at w o ul d n or m all y b e a cti v at e d b y t h e c AM P - Gl x R c o m pl e x oft e n s h o w e d a l o w er 

tr a n s cri pti o n c o m p ar e d t o t h e g e n es i n t h e wil d-t y p e str ai n ( W olf et al., 2 0 2 0). As alr e a d y 

m e nti o n e d, a l o w er tr a ns cri pti o n of t h e n e wl y i d e ntifi e d Gl x R t ar g et g e n e cti P , a g e n e c o di n g 

f or a tr a n s m e m br a n e pr ot ei n i n v ol v e d i n c o p p er tr a n s p ort a n d i n s erti o n i nt o c yt o c hr o m e a a 3  
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o xi d as e ( M or o s o v et al., 2 0 1 8) pr o b a bl y c o ntri b ut es t o t h e e n h a n c e d s e n siti vit y of t h e ∆ c y a B  

m ut a nt t o w ar d s u n c o u pl er s. 

M or e o v er, c h a n g es i n c ell e n v el o p e of C.  gl ut a mi c u m ∆ c y a B  c o m p ar e d t o t h e wil d-

t y p e str ai n c o ul d als o f a v o ur t h e hi g h er u n c o u pl er- s e n siti vit y. R e c e nt st u di es o n t h e r ol e of 

c A M P i n M y c o b a ct eri u m  r e v e al e d t h at d e cr e a s e d i ntr a c ell ul ar c A M P l e v el l e d t o a 

p ert ur b ati o n of t h e p e pti d o gl y c a n bi os y nt h esis t h at pr o b a bl y r e s ult e d t o i n cr e as e d c ell 

e n v el o p e p er m e a bilit y ( T h o m s o n et al., 2 0 2 2). T h e hi g h er c ell e n v el o p e p er m e a bilit y w as 

s u p p os e d t o b e t h e r e as o n f or a hi g h er s u s c e pti bilit y t o w ar d s a nti mi cr o bi als t ar g eti n g t h e 

c ell w all s y nt h esis ( e. g. et h a m b ut ol or v a n c o m y ci n).  

I n t h e y e ast S.  c er e visi a e it w as s h o w n t h at c h a n g es i n t h e m e m br a n e li pi d pr ofil e 

i n cr e as e d t h e a c eti c- a ci d t ol er a n c e ( G u o et al., 2 0 1 8; Z h e n g et al., 2 0 1 3). F or e x a m pl e, t h e 

a c eti c a ci d-t ol er a nt S. c er e visi a e  YJ S 3 2 9 E L O 1 ( c arr yi n g a pl as mi d , o v e r e x pr e ssi n g a f att y a ci d 

d es at ur as e) s h o w e d 1 7. 6 % hi g h er l e v els of ol ei c a ci d s  ( C 1 8: 1 n-9) a n d a n i m pr o v e d t ol er a n c e 

t o a c eti c a ci d c o m p ar e d t o t h e p ar e nt al str ai n YJ S 3 2 9 (G u o et al., 2 0 1 8; Z h e n g et al., 2 0 1 3) . 

T h e i n cr e as e d a m o u nt of u n s at ur at e d f att y a ci d s i n t h e pl as m a m e m br a n e pr o b a bl y l e d t o a 

r e d u cti o n of t h e diff u si o n r at e of a c eti c a ci d, w hi c h is i n y e ast criti c al b e c a u s e t h e w e a k a ci d 

w as s h o w n t o e nt er t h e c ell m ai nl y i n a tr a n s p ort er -i n d e p e n d e nt w a y b y p assi v e diff u si o n 

t hr o u g h t h e m e m br a n e li pi d bil a y er ( Li n d a hl et al., 2 0 1 7). 

Pr e vi o us st u di es s h o w e d t h at t h e C.  gl ut a mi c u m wil d-t y p e str ai n is m o d er at el y al k ali-

t ol er a nt a n d is a bl e t o m ai nt ai n a q uit e st a bl e i ntr a c ell ul ar p H ar o u n d p H 7. 5 w h e n c ulti v at e d 

at e xt er n al p H v al u es b et w e e n 6. 0 a n d 9. 0 ( B arri us o-I gl esi as et al., 2 0 0 8; F oll m a n n et al., 

2 0 0 9) . T o s ust ai n a p h ysi ol o gi c al i ntr a c ell ul ar p H v al u e, C.  gl ut a mi c u m h as diff er e nt c ell ul ar 

m e c h a nis ms t o r esist e xt er n al a ci di c or al k ali n e p H str ess. Si g m a f a ct ors w er e s h o w n t o pl a y 

a cr u ci al r ol e u n d er p H str ess c o n diti o ns i n C.  gl ut a mi c u m ( B arri us o-I gl esi as et al., 2 0 1 3; 

J a k o b et al., 2 0 0 7). F or e x a m pl e si g B  ( c g 2 1 0 2), w hi c h is r el at e d t o t h e g e n er al str ess 

r es p o ns e, w as u pr e g ul at e d u n d er a ci di c str ess c o n diti o ns a n d t h er ef or e t his si g m a f a ct or 

pr o b a bl y c o ntri b ut es t o t h e m ai nt e n a n c e of p H h o m e ost asis (J a k o b et al., 2 0 0 7). 

E x p eri m e nts wit h b a ct eri a s u c h as B. s u btilis  a n d List eri a m o n o c yt o g e n es s h o w e d t h at  t h e 

a bs e n c e of a f u n cti o n al si g B  g e n e l e d t o hi g h er s e nsiti vit y t o w ar ds a ci di c p H ( H e c k er & 

V öl k er, 2 0 0 1; Wi e d m a n n et al., 1 9 9 8). I n C.  gl ut a mi c u m, t h e si g m a f a ct or H ( Si g H, C g 0 8 7 6) is 

i m p ort a nt i n t h e r es p o ns e t o h e at s h o c k a n d o xi d ati v e str ess ( Ki m et al., 2 0 0 5) a n d l at er 

e x p eri m e nts  s u g g est e d  t h at  Si g H  w as  i n v ol v e d  i n  t h e  tr a ns cri pti o n al  c o ntr ol  of t h e F 1 F 0 -
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A T P a s e o p er o n at al k ali n e p H of 9 ( B arri u s o-I gl esi as et al., 2 0 1 3). N ot o nl y str e ss r e s p o n s es, 

b ut s e v er al c ell ul ar pr o c ess es ar e i n v ol v e d i n s ust ai ni n g i ntr a c ell ul ar p H h o m e o st asis. F or 

e x a m pl e, a c o n n e cti o n b et w e e n p H r e s p o n s es, o xi d ati v e str e ss, ir o n h o m e ost asis, a n d 

m et hi o ni n e s y nt h esis w as s u g g est e d ( F oll m a n n et al., 2 0 0 9). F urt h er m or e, a li n k b et w e e n 

s ul p h ur assi mil ati o n a n d t h e r e pr e ssi o n of o xi d ati v e str ess i n t h e m ai nt e n a n c e of p H 

h o m e o st asis w as r e p ort e d ( X u et al., 2 0 1 9). It w as st at e d t h at t h e r e pr e ssi o n of g e n es 

i n v ol v e d i n s ul p h ur m et a b olis m b y t h e tr a n s cri pti o n al r e g ul at or M c b R l e a d t o a r e d u cti o n of 

L - c yst ei n e a c c u m ul ati o n, w hi c h t ur n e d o ut t o b e a d v a nt a g e o u s u n d er a ci di c a ci d str e ss 

c o n diti o n s ( X u et al., 2 0 1 9). If t h e b a ct eri u m is n ot a bl e t o r e a ct pr o p erl y t o c h a n gi n g p H 

c o n diti o n s, a c h a n g e of t h e c yt o pl as mi c p H b y o n e u nit c a n l e a d t o c h a n g es n ot o nl y i n t h e 

P M F, b ut als o i n t h e a cti vit y a n d st a bilit y of e n z y m es, i n tr a n s cri pti o n or tr a n sl ati o n, i n 

s ol u bilit y of tr a c e el e m e nt s, or i n t h e str u ct ur e of n u cl ei c a ci d s ( F oll m a n n et al., 2 0 0 9; 

Kr ul wi c h et al., 2 0 1 1; Ols o n, 1 9 9 3). T h e a bilit y t o m ai nt ai n a p h ysi ol o gi c al i nt er n al p H c o ul d 

b e i m p air e d i n t h e c y a B  d el eti o n str ai n, w hi c h c o ul d c o ntri b ut e t o t h e a c et at e eff e ct.  

T h es e eff e ct s c o ul d a d d t o t h e eff e ct t h at t h e ∆ c y a B  m ut a nt h as alr e a d y a n i m p air e d 

e n er g y m et a b olis m d u e t o l o w er e x pr e ssi o n of t h e r e s pir at or y c h ai n g e n es a n d t h e g e n es 

c o di n g f or t h e F 1 F 0  A T P s y nt h as e as s h o w n i n T o y o d a et al., 2 0 1 1 a n d i n W olf et al., 2 0 2 0. I n 

or d er t o pr o v e w h et h er t h e p H h o m e o st asis is l ess effi ci e nt i n ∆ c y a B  m ut a nt o n e c o ul d 

c o m p ar e t h e i ntr a c ell ul ar p H ( p H i) of t h e wil d-t y p e str ai n a n d t h e ∆c y a B m ut a nt w h e n 

c ulti v at e d wit h a c et at e as c ar b o n s o ur c e. S u c h m e a s ur e m e nt s w er e alr e a d y s u c c essf ull y 

p erf or m e d b y st ai ni n g t h e c ells wit h p H- s e n siti v e fl u or o c hr o m es a n d c o m p aris o n of t h e c ell 

fl u or es c e n c e b y a fl o w c yt o m et er ( L e y v al et al., 1 9 9 7). N o w a d a ys, p Hi c a n b e m o nit or e d 

o nli n e wit hi n diff er e nt C.  gl ut a mi c u m str ai n s w h e n t h e y c arr y a pl as mi d e n c o di n g a p H 

s e n siti v e v ari a nt of G F P, c all e d p Hl o uri n ( Kirs c h, 2 0 1 4; Mi es e n b ö c k et al., 1 9 9 8). A diff er e n c e 

i n t h e p Hi b et w e e n t h e C.  gl ut a mi c u m wil d t y p e a n d t h e c y a B  d el eti o n str ai n c a n n ot b e 

e x cl u d e d. H o w e v er, d es pit e m a n y p ossi bl e r e as o n s f or a n i m p air e d p H h o m e o st asis ( e. g. 

m alf u n cti o n of tr a n s p ort er s or r e g ul at or y pr ot ei ns), t h es e s h o ul d c o ntri b ut e o nl y t o a l ess er 

e xt e nt t o t h e a c et at e s e n siti vit y i n t h e ∆ c y a B  m ut a nt. Still, a f u n cti o n al r e s pir at or y c h ai n is 

o b vi o u sl y t h e m ost i m p ort a nt f a ct or t h at c o ntri b ut es t o t h e p H r e g ul ati o n i n a ci di c 

e n vir o n m e nts i n C.  gl ut a mi c u m. All s e c o n d ar y a cti v e tr a n s p ort er s, s u c h as Mr p 1, r e q uir e t h e 

pr ot o n m oti v e f or c e ( p mf) e st a blis h e d b y t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x t o b e a cti v e. 

I n t h e C.  gl ut a mi c u m D O O R str ai n t h at is a b s e nt of t er mi n al o xi d as es ( K o c h- K o erf g es et al., 
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2 0 1 3) , it w as s h o w n t h at t h e p H h o m e ost asis w as dist ur b e d c o m p ar e d t o t h e wil d t y p e 

str ai n, es p e ci all y w h e n t h e e xt er n al p H dr o p s b el o w p H 7 ( ∆ p H 0. 5 1 a n d 1. 0 9 at p H 6, 

r e s p e cti v el y). E x p eri m e nt s wit h E.  c oli s h o w e d t h at t h e dir e ct i n v ol v e m e nt of t er mi n al 

o xi d as es a n d o xi d ati v e p h os p h or yl ati o n pl a ys a cr u ci al r ol e i n t h e p H h o m e o st asis. A ci d 

str e ss l e d t o a n u pr e g ul ati o n of t h e pr ot o n- p u m pi n g c o m p o n e nt s of t h e r es pir at or y c h ai n i n 

E.  c oli ( C ott er et al., 1 9 9 0; M a ur er et al., 2 0 0 5; Sl o n c z e ws ki et al., 2 0 0 9; S u n et al., 2 0 1 2). 

T h es e e x p eri m e nt s u n d erli n e t h at t h e c yt o c hr o m e b c 1 -a a 3  s u p er c o m pl e x is t h e m o st 

i m p ort a nt f a ct or f or t h e a d a pt ati o n of C.  gl ut a mi c u m t o a ci di c c o n diti o n s, b e c a u s e it e n s ur e s 

t h at pr ot o n s ar e p u m p e d o ut of t h e c ell. 

3. 1. 2 C y a B a s t h e m ai n a d e n yl at e c y cl a s e i n C.  gl ut a mi c u m 

B e c a u s e a r e si d u al i ntr a c ell ul ar c A M P c o n c e ntr ati o n w as still d et e ct e d i n A C- d efi ci e nt 

m ut a nt s of C.  gl ut a mi c u m ( B u ss m a n n, 2 0 0 9; C h a et al., 2 0 1 0; T o y o d a et al., 2 0 1 1), t h e 

e xist e n c e of a s e c o n d A C w as e x p e ct e d. H o w e v er, bi oi nf or m ati c a n al ys es u si n g a pr ot ei n-

pr ot ei n b asi c l o c al ali g n m e nt s e ar c h t o ol ( B L A S T P) di d n ot r e v e al hit s f or a n ot h er A C b esi d es 

C y a B ( C g 0 3 7 5) i n C.  gl ut a mi c u m. A d o m ai n- e n h a n c e d l o o k u p ti m e a c c el er at e d bl ast ( D E L T A-

B L A S T) ( B or at y n et al., 2 0 1 2) wit h t h e a mi n o a ci d s e q u e n c e of t h e r e pr e s e nt ati v e A C of 

cl ass I V ( A C 2 or C y a B A er of A er o m o n as h y dr o p hil a ) ( Sis m eir o et al., 1 9 9 8) a n d a pr ot e o m e 

d at a b as e of C.  gl ut a mi c u m A T C C 1 3 0 3 2 as a r ef er e n c e, r e s ult e d i n o n e hit ( T a bl e 2).  

T a bl e 2: R e s ult s of D E L T A- B L A S T ( B or at y n et al., 2 0 1 2).  D E L T A- B L A S T of t h e a mi n o a ci d 
s e q u e n c e of A C 2 ( als o d es cri b e d as C y a B A er, ; U ni Pr ot N o. O 6 9 1 9 9/ C Y A B _ A E R H Y) of 
A er o m o n as h y dr o p hil a  as q u er y s e q u e n c e a n d a d at a b as e c o m prisi n g n o n-r e d u n d a nt pr ot ei n 
s e q u e n c es of C.  gl ut a mi c u m A T C C 1 3 0 3 2 as t h e s e ar c h s et. 
Pr ot ei n N a m e  P er c e nt 

I d e ntit y 
Q u er y C o v er  M a x S c or e  T ot al S c or e  E -v al u e  

C gl 2 2 3 1 * 1  1 6. 8 6 %  7 4 %  7 4. 3  7 4. 3  9 e -1 7  

*
1
: T h e g e n e e n c o di n g f or C gl 2 2 3 1 ( A c c e ssi o n: B A B 9 9 6 2 4. 1) h as t h e s a m e c o di n g s e q u e n c e a s c g 2 4 5 0 i n t h e 

g e n o m e of C.  gl ut a mi c u m A T C C 1 3 0 3 2 ( B X 9 2 7 1 4 7) s e q u e n c e d b y K ali n o ws ki et al., 2 0 0 3. 

T h e 1 9 1 a a l o n g A C 2 of A.  h y dr o p hil a s h o w e d s e q u e n c e si mil ariti es wit hi n t h e  first 2 4 0 a a of 

t h e pr ot ei n C g 2 4 5 0 of C.  gl ut a mi c u m. C g 2 4 5 0 is a n u n c h ar a ct eri z e d pr ot ei n t h at is pr e di ct e d 

t o b e p ut ati v e p yri d o xi n e bi os y nt h esis e n z y m e ( C or y n e R e g N et 6. 0) ( P a uli n g et al., 2 0 1 2). It 

c o nt ai n s a C Y T H d o m ai n a n d a C H A D d o m ai n ( P F 0 1 9 2 8/I P R 0 2 3 5 7 7 a n d P F 0 5 2 3 5/I P R 0 0 7 8 9 9 , 

r e s p e cti v el y). T h e C H A D pr ot ei n d o m ai n st a n d s f or ‘c o n s er v e d histi di n e α - h eli c al do m ai n’ 

a n d is f o u n d i n all ki n g d o m s of lif e a n d p ut ati v el y i n v ol v e d i n bi n di n g of i n or g a ni c 
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p ol y p h os p h at es ( L or e n z o- Ort s et al., 2 0 1 9). T h e C Y T H d o m ai n is a c at al yti c d o m ai n t h at is 

n a m e d aft er t h e first k n o w n m e m b er s, t h e A C C y a B of A.  h y dr o p hil a a n d t hi a mi n e 

tri p h os p h at as e of m a m m ali a n c ells ( B ett e n d orff & Wi n s, 2 0 1 3). B ot h e n z y m es h a v e i n 

c o m m o n t h at t h e y n e e d tri p h os p h or yl at e d s u bstr at es a n d r e q uir e at l e a st o n e di v al e nt 

m et al c ati o n f or t h e c at al yti c r e a cti o n ( B ett e n d orff & Wi n s, 2 0 1 3). T h e A C 2 ( C y a B A er ) of 

A.  h y dr o p hil a w as first d es cri b e d i n 1 9 9 8 a n d w as u ntil 2 0 0 6 t h e o nl y b a ct eri al A C m e m b er of 

t h e cl ass I V A C ( S mit h et al., 2 0 0 6). A c A M P- s y nt h esizi n g a cti vit y w as o nl y s h o w n u n d er i n 

vitr o  c o n diti o n s, r e v e ali n g e xtr a or di n ar y bi o c h e mi c al c h ar a ct eristi cs, wit h a n o pti m al a cti vit y 

at 6 5 ° C a n d a p H of 9. 5 ( Sis m eir o et al., 1 9 9 8). U n d er p h ysi ol o gi c al c o n diti o n s t h e g e n e 

c o di n g f or t h e A C 2 w as n ot e x pr e ss e d i n A.  h y dr o p hil a a n d s o f ar n o c ulti v ati o n c o n diti o n s 

w er e f o u n d t h at l e d t o tr a n s cri pti o n of t h e A C 2 g e n e ( Sis m eir o et al., 1 9 9 8). T h e pr e s e n c e of 

a C Y T H d o m ai n i n t h e pr ot ei n C g 2 4 5 0 of C.  gl ut a mi c u m s u g g est s t h at t his c o ul d b e a s e c o n d 

A C. Pr e vi o u s st u di es i n o ur l a b b y J uli a S c h ult e s h o w e d t h at it w as e a sil y p ossi bl e t o o bt ai n a 

c g 2 4 5 0 d el eti o n m ut a nt a n d als o a d o u bl e m ut a nt l a c ki n g b ot h c y a B  a n d t h e c g 2 4 5 0 g e n e. 

T h e d o u bl e d el eti o n m ut a nt ∆ c g 2 4 5 0 ∆ c y a B  h a d c o m p ar a bl e gr o wt h c ur v es wit h t h e ∆ c y a B 

m ut a nt w h e n c ulti v at e d i n m e di u m c o nt ai ni n g a c et at e as c ar b o n s o ur c e ( d at a n ot s h o w n). 

Als o, t h e ∆ c g 2 4 5 0 str ai n s h o w e d n o gr o wt h d ef e ct i n mi ni m al m e di u m t h at c o nt ai n e d 

a c et at e, w hi c h ar g u es a g ai n st t h e ass u m pti o n t h at c g 2 4 5 0  e n c o d es a s e c o n d f u n cti o n al A C i n 

C. gl ut a mi c u m ( d at a n ot s h o w n). W h et h er C g 2 4 5 0 c at al ys es c A M P s y nt h esis i n vitr o, w as n ot 

t est e d y et.  
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3. 2 I nt r a c ell ul a r c A M P c o n c e nt r ati o n of C.  gl ut a mi c u m c o m p a r e d t o 

ot h e r b a ct e ri a 

I ntr a c ell ul ar c A M P l e v els ar e c o ntr oll e d b y t h e r at e of s y nt h esis b y a d e n yl at e c y cl as es, t h e 

r at e of d e gr a d ati o n b y p h os p h o di est er as es, a n d p ossi bl y b y e x p ort of c A M P. B e c a u s e of t h e 

v ari o u s w a ys of r e g ul ati o n, i ntr a c ell ul ar c A M P l e v els ar e hi g hl y v ari a bl e i n diff er e nt b a ct eri al 

s p e ci es. W h er e as M.  t u b er c ul osis a n d M.  s m e g m atis ar e c o n si d er e d t o b e s p e ci es wit h a hi g h 

i ntr a c ell ul ar c A M P c o n c e ntr ati o n, h ar b o uri n g u p t o 4 m M c A M P ( D a ss et al., 2 0 0 8; P a d h & 

V e n kit as u br a m a ni a n, 1 9 7 6), E.  c oli is c o n si d er e d as a b a ct eri u m wit h a m o d er at e c A M P l e v el 

of a b o ut 3 5- 4 0  µ M ( B e n n ett et al., 2 0 0 9; N otl e y- M c R o b b et al., 1 9 9 7) a n d Ps e u d o m o n as 

p uti d a   h as a c A M P c o n c e ntr ati o n ar o u n d 0. 0 7- 0. 1 2 µ M ( m e as ur e d b y c A M P 

r a di oi m m u n o ass a y), w h er e a s n o c A M P c o ul d b e d et e ct e d a p pl yi n g H P L C m et h o d s ( Ar c e-

R o drí g u ez et al., 2 0 1 2; Ar c e- R o drí g u e z et al., 2 0 2 1; P hilli p s & M ulfi n g er, 1 9 8 1). W h e n 

c o m p ari n g t h e i ntr a c ell ul ar c A M P l e v els of t h e m e nti o n e d b a ct eri a wit h t h os e r e p ort e d f or 

C.  gl ut a mi c u m, o n e w o ul d c o n si d er C.  gl ut a mi c u m as a s p e ci es wit h a l o w c A M P l e v el. 

T a bl e 3 gi v e s a n o v er vi e w of t h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n s a n d t h e bi n di n g affi niti es 

of C R P-li k e pr ot ei n s t o c A M P. I n all e arli er m e nti o n e d b a ct eri a, c A M P is a p art of a si g n alli n g 

p at h w a y t h at i n v ol v es bi n di n g of a C R P-li k e pr ot ei n w hi c h h ar b o urs a c A M P- bi n di n g d o m ai n. 

A n d si mil ar t o t h e diff er e nt i ntr a c ell ul ar c A M P c o n c e ntr ati o n s, t h e c A M P- bi n di n g affi niti es 

f or t h e r e s p e cti v e C R P-li k e pr ot ei n s ar e diff er e nt ( Ar c e- R o drí g u e z et al., 2 0 1 2; R e n et al., 

1 9 9 0; St a pl et o n et al., 2 0 1 0; T o w n s e n d et al., 2 0 1 4). 
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T a bl e 3: C o m p ari s o n of c A M P c o n c e ntr ati o n s a n d t h e pr o p erti e s of C R P-li k e pr ot ei n s a n d 
c A M P p h o s p h o di e st er a s e s i n P. p uti d a, C. gl ut a mi c u m , E.  c oli, a n d M.  t u b er c ul o si s. 

S p e ci e s  P. p uti d a  C. gl ut a mi c u m  E. c oli  M. t u b er c ul o si s  

C yt o pl a s mi c  

c A M P 

c o n c e ntr ati o n  

L o w  

( 0. 0 7 µ M - 0. 1 2 µM

or b el o w d et e cti o n 

li mit) ( Ar c e-

R o drí g u e z e t al., 

2 0 2 1; Mil a n esi o e t 

al., 2 0 1 1; P hilli ps & 

M ulfi n g er, 1 9 8 1)  

L o w 

( ~ 1 µ M) 

( W olf et al., 

2 0 2 0)  

M o d er at e  

( 3 5 µ M -4 0  µ M)  

( B e n n ett et al., 

2 0 0 9; N otl e y -

M c R o b b et al., 

1 9 9 7)  

Hi g h  

( u p t o 4 m M )  

( B ai et al., 2 0 0 9; 

P a d h & 

V e n kit as u br a m a ni a n, 

1 9 7 6)  

C R P -li k e 

pr ot ei n : 

K d  f or c A M P 

C R P ( P P 0 4 2 4):  

2 3  n M – 4 5  n M 

( Ar c e-R o drí g u e z et 

al., 2 0 1 2; Ar c e -

R o drí g u e z et al., 

2 0 2 1)  

Gl x R ( C g 0 3 5 0) : 

K d 1 : 1 7 µ M,  

K d 2 : 1 3 0 µ M 

( T o w ns e n d et 

al., 2 0 1 4)  

C R P ( E C K 3 3 4 5) :  

1 9  µ M – 3 9  µ M  

( R e n et al., 

1 9 9 0; T a k a h as hi 

et al., 1 9 8 0)  

Cr p ( R v 3 6 7 6) : 

1 7 0  µ M ( St a pl et o n et 

al., 2 0 1 0)  

C mr ( R v 1 6 7 5 c) : n. d. 

( G a z di k et al., 2 0 0 9; 

M c C u e et al., 2 0 0 0)  

P h o s p h o di -

e st e r a s e 

( P D E): 

K m  f or c A M P 

P D E ( P P 4 9 1 7 ): 

n. d.  

C p d A ( C g 2 7 6 1)  

K m : 2. 5 m M  

( S c h ult e et al., 

2 0 1 7)  

C p d A 

( E C K 3 0 3 2): 

5 0 0  µ M  

(I m a m ur a et al., 

1 9 9 6)  

C p d A ( R v 0 8 0 5) : 

2 0 0  µ M  

( S h e n o y et al., 2 0 0 5) 

R v 1 3 3 9 : n. d. 

( T h o m s o n et al., 

2 0 2 2)  

T h e hi g h est bi n di n g affi nit y of a C R P-li k e pr ot ei n t o c A M P s h o ws t h e C R P pr ot ei n of 

P.  p uti d a. T his c orr el at es wit h t h e f a ct t h at t his or g a nis m h as a v er y l o w i ntr a c ell ul ar c A M P 

c o n c e ntr ati o n. W h e n c o m p ari n g t h e c A M P- bi n di n g affi niti es of t h e C R P-li k e pr ot ei n s of 

M.  t u b er c ul osis, E.  c oli a n d P.  p uti d a it s e e ms as if t h er e is a li n k b et w e e n bi n di n g affi niti es 

a n d t h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n. C.  gl ut a mi c u m w o ul d b e c o n si d er e d t o b e a n 

or g a nis m wit h a l o w i ntr a c ell ul ar c A M P l e v el, b ut t h e c A M P- bi n di n g affi nit y of Gl x R s e e ms 

r at h er l o w c o m p ar e d t o t h e i ntr a c ell ul ar c A M P c o n c e ntr ati o n. I n vi v o Gl x R bi n di n g st u di es 

p e rfor m e d i n t his w or k s h o w e d t h at Gl x R bi n di n g t o D N A c a n o c c ur i n d e p e n d e nt of c A M P 

a n d t h at i n m o st c as es t h e pr e s e n c e of c A M P o nl y e n h a n c e d t h e affi nit y t o D N A bi n di n g 

r e gi o n s. O n t h e ot h er h a n d a hi g h i ntr a c ell ul ar c A M P l e v el s e e ms t o b e d etri m e nt al f or 

C.  gl ut a mi c u m as s e e n i n t h e m ut a nt l a c ki n g t h e p h os p h o di est er as e C p d A ( S c h ult e et al., 

2 0 1 7) . T h e pr e s e n c e a n d a cti vit y of t h e C p d A pl a ys a k e y r ol e i n t h e r e g ul ati o n of t h e 

i ntr a c ell ul ar c A M P l e v el. T his is s ur prisi n g c o n si d eri n g t h at t h e i n vitr o ass a ys wit h p urifi e d 

C p d A s h o w e d a r el ati v el y hi g h K m f or c A M P ( 2. 5 m M), f ar a b o v e t h e m e as ur e d c yt o pl as mi c 

c o n c e ntr ati o n s ( ~ 1 µ M).  
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It is n oti c e a bl e t h at n ot o nl y t h e c A M P l e v els b et w e e n diff er e nt s p e ci es c a n v ar y, b ut 

als o t h e l e v el wit hi n t h e s a m e str ai n c a n b e dr asti c all y diff er e nt ( T a bl e 1). Lit er at ur e 

r ef er e n c es pr o vi d e d at a of diff er e nt i ntr a c ell ul ar c A M P l e v els of t h e s a m e str ai n, f or e x a m pl e 

d u e t o diff er e nt c ulti v ati o n c o n diti o n s ( B ai et al., 2 0 0 9; Ki m et al., 2 0 0 4). T h e v ari ati o n of t h e 

c A M P c o n c e ntr ati o n i n c ells of a p arti c ul ar s p e ci es c a n b e d u e t o diff er e n c es i n t h e a n al yti c al 

m et h o d s u s e d t o d et er mi n e t h e c A M P c o n c e ntr ati o n s. H o w e v er, m a n y ot h er f a ct or s c a n als o 

h a v e a n i nfl u e n c e o n t h e i ntr a c ell ul ar c A M P l e v el, s u c h as str e ss c o n diti o n s or c ar b o n 

s o ur c es. 

3. 3 T h e r ol e of c A M P f o r t h e i n vi v o a cti vit y of Gl x R 

I n 2 0 0 4 t h e pr ot ei n Gl x R ( C g 0 3 5 0) w as i d e ntifi e d as a C R P-li k e tr a n s cri pti o n al r e g ul at or wit h 

c A M P- a n d D N A- bi n di n g pr o p erti es ( Ki m et al., 2 0 0 4; T o w n s e n d et al., 2 0 1 4) . As a n a p pr o a c h 

t o d et er mi n e t h e r ol e of i ntr a c ell ul ar c A M P f or t h e i n vi v o a cti vit y of Gl x R, tr a n s cri pt o m e a n d 

C h A P- S e q st u di es wit h t h e wil d t y p e a n d a n a d e n yl at e c y cl as e d el eti o n str ai n w er e 

p erf or m e d. Pr e vi o u s st u di es ass u m e d t h at Gl x R o nl y bi n d s D N A w h e n c A M P is pr e s e nt, a s 

s h o w n b y i n vitr o t est s, s u c h as el e ctr o p h or eti c m o bilit y s hift ass a ys ( E M S As) ( B u ss m a n n et 

al., 2 0 0 9; J u n g wirt h et al., 2 0 1 3; K o hl et al., 2 0 0 8). First st u di es of t h e i n vi v o Gl x R bi n di n g 

a cti vit y als o i n t h e g e n o m e b a c k gr o u n d of a c y a B  d el eti o n m ut a nt of str ai n R s h o w e d t h at 

Gl x R di d still bi n d t o D N A ( T o y o d a et al., 2 0 1 1). It w as ass u m e d t h at t h e r e as o n f or t h at 

r e s ult w as r e si d u al c A M P t h at w as still m e a s ur e d i n t h e c y a B  m ut a nt. H o w e v er, i n t h e C h A P-

S e q ass a ys t h at w er e p erf or m e d d uri n g t his w or k, it w as s h o w n t h at i n vi v o Gl x R bi n d s i n a 

Δ c y a B  m ut a nt i n w hi c h c A M P w as u n d er t h e d et e cti o n li mit of a n L C-M S / M S m et h o d ( W olf 

et al., 2 0 2 0). T his s u g g est s t h at Gl x R c a n bi n d t o m a n y D N A r e gi o n s als o i n t h e a b s e n c e of it s 

p h ysi ol o gi c al eff e ct or c A M P. I n t h e Δ c y a B  m ut a nt t h e bi n di n g of Gl x R t o D N A w as r e d u c e d 

p arti c ul arl y i n t h e pr e s e n c e of a c et at e. T h u s Gl x R bi n di n g i n vi v o is pr o b a bl y l ess d e p e n d e nt 

o n  c A M P t h a n Gl x R bi n di n g i n vitr o a n d a d diti o n al, y et u n k n o w n f a ct or s mi g ht b e i n v ol v e d i n 

t h e c o ntr ol of Gl x R bi n di n g t o D N A wit hi n t h e c ell. 

3. 3. 1 F urt h er C R P-li k e pr ot ei n s i n C. gl ut a mi c u m  

As alr e a d y m e nti o n e d i n t h e i ntr o d u cti o n of t his w or k, C.  gl ut a mi c u m e n c o d es t w o 

a d diti o n al pr ot ei n s s h ari n g pr ot ei n d o m ai n s wit h Gl x R ( Fi g ur e 2 C). T h e pr ot ei n C g 1 3 2 7 is 
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c o m p os e d of t h e s a m e pr ot ei n d o m ai n s as Gl x R, w h er e a s t h e pr ot ei n C g 3 2 9 1 l a c ks t h e 

c N M P- bi n di n g d o m ai n b ut c arri es t h e H T H _ C R P d o m ai n t h at is f o u n d i n C R P-li k e pr ot ei ns 

( Fi g ur e 2 C). T h er ef or e, t h es e pr ot ei n s, es p e ci all y C g 1 3 2 7 mi g ht h a v e f u n cti o n s r el at e d t o 

Gl x R. T o fi n d o ut m or e a b o ut t h e r ol e of C g 1 3 2 7 i n C. gl ut a mi c u m , t h e c orr e s p o n di n g g e n e 

c g 1 3 2 7 w as s u c c essf ull y d el et e d a n d first gr o wt h e x p eri m e nts of t h e Δ c g 1 3 2 7 m ut a nt i n 

c o m p aris o n wit h t h e W T w er e p erf or m e d i n mi ni m al m e di u m c o nt ai ni n g gl u c os e, gl u c o n at e, 

a c et at e, citr at e, or et h a n ol as c ar b o n s o ur c es ( Fi g ur e 9 A - E).  

 

Fi g ur e 9: Gr o wt h b e h a vi o ur of C.  gl ut a mi c u m wil d t y p e ( W T) a n d a ∆ c g 1 3 2 7 m ut a nt o n 
diff er e nt c ar b o n s o ur c e s.  T h e str ai n s w er e c ulti v at e d i n C G XII mi ni m al m e di u m c o nt ai ni n g 
1 0 0  m M gl u c os e (A ), 1 0 0 m M gl u c o n at e (B ), 1 0 0 m M a c et at e (C ), 5 0 m M citr at e 
s u p pl e m e nt e d wit h 5 m M C a Cl 2  (D ) or 2 0 0 m M et h a n ol s u p pl e m e nt e d wit h 5 m M gl u c os e 
(E ). T h e fir st pr e c ult ur e w as i n o c ul at e d i n B HI m e di u m a n d t h e s e c o n d pr e c ult ur e w as gr o w n 
i n C G XII m e di u m wit h 2 % gl u c os e. T h e c ells w er e w as h e d wit h s ali n e ( 0. 9 % ( w/ v) N a Cl) a n d 
u s e d t o i n o c ul at e t h e m ai n c ult ur e s i n 8 0 0 µl C G XII mi ni m al m e di u m wit h t h e i n di c at e d 
c a r b o n s o ur c es t o a n O D 6 0 0  of 1. Gr o wt h w as m o nit or e d as s c att er e d li g ht at 6 2 0 n m i n a 
Bi o L e ct or at 3 0 ° C a n d 1 2 0 0 r p m. M e a n v al u es a n d st a n d ar d d e vi ati o n s of t hr e e bi ol o gi c al 
r e pli c at es ar e s h o w n. 
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N o diff er e n c es i n gr o wt h b e h a vi o ur w er e o b s er v e d o n t h e t est e d c ar b o n s o ur c es e x c e pt 

d uri n g c ulti v ati o n wit h et h a n ol ( Fi g ur e 9 E), w h er e t h e i niti al gr o wt h ki n eti cs w as 

c o m p ar a bl e, b ut t h e ∆ c g 1 3 2 7 m ut a nt di d n ot r e a c h t h e s a m e fi n al b a c ks c att er as t h e W T 

c o ntr ol. T his s u g g est s t h at C g 1 3 2 7 is f u n cti o n al i n C.  gl ut a mi c u m a n d dir e ctl y or i n dir e ctl y 

i nv ol v e d i n et h a n ol m et a b olis m. F urt h er e x p eri m e nt s, s u c h as a n al ysis of D N A- pr ot ei n 

i nt er a cti o n s ( e. g. b y fl u or e s c e n c e a nis otr o p y), c A M P- bi n di n g st u di es wit h p urifi e d C g 1 3 2 7 as 

w ell as C h A P- S e q a n d mi cr o arr a y e x p eri m e nt s s h o ul d b e p erf or m e d t o c h ar a ct eri z e t h e 

bi o c h e mi c al pr o p erti es, t ar g et g e n es, a n d p h ysi ol o gi c al f u n cti o n s of C g 1 3 2 7. 

S p e ci es p h yl o g e n eti c all y r el at e d t o C or y n e b a ct eri u m , s u c h as M.  s m e g m atis, h a v e 

t w o a cti v e C R P-li k e pr ot ei n s ( Ms m e g _ 0 5 3 9 a n d M s m e g _ 6 1 8 9; 7 8. 4 8 % i d e ntit y a n d 9 9 % 

q u er y c o v er u si n g B L A S T P), w hi c h w er e s h o w n r e c o g ni z e t h e s a m e c o n s e n s u s s e q u e n c e, b ut 

p oss ess disti n ct r e g ul o ns wit h a s m all s et of o v erl a p pi n g g e n es, s u c h as t h e s u c ci n at e 

d e h y dr o g e n as e o p er o n s d h 1  ( A u n g et al., 2 0 1 5). E M S As wit h t h e t w o p urifi e d Cr p pr ot ei n s 

s h o w e d t h at M s m e g _ 0 5 3 9 b o u n d t o t h e pr o m ot er D N A of t h e s u c ci n at e d e h y dr o g e n as e 

o p er o n i n a c A M P-i n d e p e n d e nt w a y. B L A S T P ali g n m e nt r e s ult s of Gl x R wit h M s m e g _ 0 5 3 9 

a n d M s m e g _ 6 1 8 9 s h o w e d 7 0. 5 9 % a n d 8 0. 3 6 % i d e ntit y wit h 9 7 % a n d 9 8 % q u er y c o v er, 

r e s p e cti v el y. O n t h e ot h er h a n d, t h e r e s ult s f or B L A S T P ali g n m e nt of C g 1 3 2 7 wit h 

M s m e g _ 0 5 3 9 a n d M s m e g _ 6 1 8 9 h a d a l o w i d e ntit y ( 2 3. 6 5 % a n d 2 5. 8 7 %, r e s p e cti v el y) a n d a 

l o w er q u er y c o v er ( b ot h 8 0 %).  

3. 3. 2 c A M P- Gl x R s y st e m i m p ort a nt f or e n er g y m et a b oli s m i n C. gl ut a mi c u m  

I n t his w or k, f or t h e first ti m e s u p pr e ss or m ut a nt s of C. gl ut a mi c u m  ∆ c y a B  w er e is ol at e d t h at 

n o l o n g er s h o w e d t h e gr o wt h i n hi biti o n b y a c et at e. T h e s u p pr ess or m ut a nt s w er e o bt ai n e d 

b y a n at l e a st 8 0 h c ulti v ati o n of a Δ c y a B  m ut a nt i n mi ni m al m e di u m wit h a n i niti al a c et at e 

c o n c e ntr ati o n of 1 5 0 m M as o nl y c ar b o n s o ur c e ( W olf et al., 2 0 2 0). O n e s u p pr e ss or m ut a nt 

s h o w e d cl e ar e vi d e n c e f or t h e c orr el ati o n of a c et at e s e n siti vit y a n d Gl x R r e g ul ati o n: 

∆ c y a B _s u p 1 h a d o nl y o n e p oi nt m ut ati o n i n gl x R , w hi c h i n di c at e d t h at t h e a c et at e s e n siti vit y 

of t h e p ar e nt al Δ c y a B  str ai n is d u e t o a m alf u n cti o n of Gl x R- d e p e n d e nt r e g ul ati o n at l o w 

i ntr a c ell ul ar c A M P l e v els i n t h e pr e s e n c e of a c et at e. T his s u p pr ess or m ut a nt e x pr e ss e d t h e 

tr a n s cri pti o n al r e g ul at or Gl x R wit h a n a mi n o a ci d e x c h a n g e Al a 1 3 1 T hr. A mi n o a ci d r esi d u e 

1 3 1 is l o c at e d wit hi n t h e c e ntr al al p h a h eli x 5, w hi c h is i n v ol v e d i n c A M P- bi n di n g ( T o w n s e n d 

et al. 2 0 1 4). W h e n t his a mi n o a ci d e x c h a n g e w as i ntr o d u c e d i nt o t h e ori gi n al Δ c y a B  m ut a nt, 
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it a b olis h e d t h e a c et at e s e n siti vit y of t his str ai n, c o nfir mi n g t h at t his si n gl e a mi n o a ci d 

e x c h a n g e w as r e s p o n si bl e f or p h e n ot y p e of t h e s u p pr ess or m ut a nt. First e x p eri m e nt s wit h 

t h e Gl x RAl a 1 3 1 T hr  v ari a nt r e v e al e d t h at i n vitr o D N A- bi n di n g w as still d e p e n d e nt o n c A M P 

( Wolf et al., 2 0 2 0). F urt h er e x p eri m e nts ar e n e e d e d t o el u ci d at e w h y t h e c ell b e n efit s fr o m 

t his m ut ati o n w h e n t h e i ntr a c ell ul ar c A M P l e v el is l o w. 

 

3. 3. 3 Cl o s er l o o k at s u p pr e s s or m ut a nt s C. gl ut a mi c u m  ∆ c y a B  _ s u p 2 a n d ∆ c y a B  _ s u p 3 

T h e s u p pr e ss or str ai n Δ c y a B _s u p 3 s h o w e d t h e s a m e Al a 1 3 1 T hr m ut ati o n i n t h e c o di n g 

r e gi o n of gl x R  as str ai n Δ c y a B _s u p 1,  b ut c arri e d als o a n a d diti o n al sil e nt m ut ati o n i n t h e r pi 

g e n e ( c g 2 6 5 8) e n c o di n g ri b os e 5- p h os p h at e is o m er as e. T h e m ut ati o n is a c h a n g e fr o m C t o A 

( 3 1 8 b p) i n t h e o p e n r e a di n g fr a m e of r pi, l e a di n g t o a c h a n g e of t h e b as e tri pl et G G C t o G G A 

c o di n g f or t h e a mi n o a ci d gl y ci n e at a mi n o a ci d p ositi o n 1 0 6. T a bl es of t h e c o d o n u s a g e 

fr e q u e n c y s h o w t h at t h e tri pl et G G A is l ess f a v o ur e d t h a n t h e tri pl et G G C ( 1 5. 2 % a n d 3 4. 1 %, 

r e s p e cti v el y) ( htt p s:// w w w. k a z u s a. or.j p/ c o d o n/) i n C.  gl ut a mi c u m. It r e m ai n s u n cl e ar if t h e 

r pi m u t ati o n i n t h e s u p pr e ss or str ai n Δc y a B _s u p 3 h as a d diti o n al b e n efit s b esi d e t h e gl x R -

Al a 1 3 1 T hr m ut ati o n.  

A n ot h er s u p pr e ss or m ut a nt, str ai n Δ c y a B _s u p 2, di d n ot s h o w a n y m ut ati o n i n t h e gl x R  

c o di n g r e gi o n, b ut i n st e a d i n t w o i nt er g e ni c r e gi o n s. O n e p oi nt m ut ati o n w as l o c at e d i n t h e 

i nt er g e ni c r e gi o n of s er C  ( c g 0 9 4 8) a n d glt A  ( c g 0 9 4 9) a n d s e c o n d o n e i n t h e i nt er g e ni c r e gi o n 

of g pt ( c g 1 6 5 9) a n d c g 1 6 6 0. T h e tr a n s cri pti o n of glt A  is k n o w n t o b e r e pr e ss e d b y Gl x R ( v a n 

O o y e n et al., 2 0 1 1) . H o w e v er, t h e m ut ati o n i n t h e i nt er g e ni c r e gi o n of s er C  a n d glt A  is n ot 

l o c at e d wit hi n t h e Gl x R bi n di n g m otif ( Fi g ur e 1 0).   
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Fi g ur e 1 0: S c h e m ati c o v er vi e w of t h e g e n o mi c r e gi o n wit h t h e si n gl e n u cl e oti d e 
p ol y m or p hi s m ( S N P) i n t h e C.  gl ut a mi c u m ∆ c y a B _ s u p 2 s u p pr e s s or m ut a nt.  T h e m ut ati o n is 
l o c at e d i n t h e i nt er g e ni c r e gi o n of s er C a n d glt A . T h e m ut ati o n is l o c at e d u p str e a m of a n 
s R N A ( c g b _ 0 9 4 8 6). Bi n di n g sit es of t h e tr a n s cri pti o n al r e g ul at or s R a m B, Gl x R, a n d R a m A ar e 
hi g hli g ht e d. I nf or m ati o n o n s R N As a n d tr a n s cri pti o n al st art sit es ( T S S) w er e t a k e n fr o m 
M e nt z et al., 2 0 1 3 a n d Pf eif er- S a n c ar et al., 2 0 1 3. 

H o w e v er, w h e n h a vi n g a cl os er l o o k at t h e l o c ati o n of t h e m ut ati o n i n t h e i nt er g e ni c r e gi o n 

of s er C a n d glt A , o n e c a n s e e t h at t h e m ut ati o n is b et w e e n t h e s R N A c g b _ 0 9 4 8 3 a n d cl os el y 

l o c at e d u p str e a m of a n ot h er s R N A, c g b _ 0 9 4 8 6. S o f ar, t h e bi ol o gi c al f u n cti o n s of t h es e t w o 

s R N As ar e n ot k n o w n, b ut t h e m ut ati o n c o ul d i nfl u e n c e t h e tr a n s cri pti o n of a n s R N A. I n 

g e n er al, s R N As ar e oft e n l o c at e d wit hi n i nt er g e ni c r e gi o n s a n d c a n r e g ul at e tr a n s cri pti o n or 

tr a n sl ati o n of t h eir t ar g et g e n es or c a n alt er a pr ot ei n a cti vit y u p o n bi n di n g ( G e or g & H ess, 

2 0 1 1; St or z et al., 2 0 1 1). 

T h e s e c o n d m ut ati o n i n t h e Δ c y a B _s u p 2 s u p pr e ss or str ai n w as l o c at e d i n t h e i nt er g e ni c 

r e gi o n of g pt  a n d c g 1 6 6 0 a n d c o ul d l e a d t o a n alt er e d g e n e tr a n s cri pti o n. T h e g e n es g pt  a n d 

c g 1 6 6 0 w er e n ot d es cri b e d as Gl x R t ar g et s s o f ar a n d ot h er tr a n s cri pti o n al r e g ul at ors 

i n v ol v e d i n t h e e x pr essi o n of t h es e g e n es ar e n ot k n o w n y et. Tr a n s cri pt o m e d at a s h o w e d 

t h at i n t h e Δc y a B  m ut a nt, t h e e x pr e ssi o n of g pt  w as l o w er c o m p ar e d t o t h e wil d t y p e ( m R N A 

r ati o Δc y a B / W T 0. 5 6, p- v al u e 0. 0 4 5), w h er e a s e x pr e ssi o n of c g 1 6 6 0 w as si g nifi c a ntl y hi g h er 

i n t h e Δc y a B  m ut a nt c o m p ar e d t o t h e wil d t y p e ( m R N A r ati o 3. 1 6, p- v al u e 0. 0 0 6 8) w h e n 

c ulti v at e d i n mi ni m al m e di a wit h a gl u c os e- a c et at e mi xt ur e ( B u ss m a n n, 2 0 0 9; W olf et al., 

2 0 2 0) . T his s h o ws t h at t h e l a c k of t h e a d e n yl at e c y cl as e h as a n i nfl u e n c e o n t h e tr a n s cri pti o n 

of g pt  a n d c g 1 6 6 0. It w o ul d b e i nt er esti n g t o k n o w if t h e s u p pr ess or m ut a nt Δc y a B _s u p 2 h as 

a wil d t y p e-li k e tr a n s cri pti o n of g pt  a n d c g 1 6 6 0, w hi c h w o ul d s u g g est t h at G pt a n d/ or 



1 0 6   Dis c ussi o n 

C g 1 6 6 0 pl a y a r ol e i n t h e t ol er a n c e t o hi g h a c et at e c o n c e ntr ati o n s. G pt is a n n ot at e d as a 

p uri n e p h os p h ori b os yltr a n sf er as e ( P R T) ( K ali n o ws ki et al., 2 0 0 3). I n g e n er al, p uri n e P R T s ar e 

d es cri b e d t o c at al ys e t h e r e v ersi bl e tr a n sf er of a p h os p h ori b os yl gr o u p fr o m 

p h os p h ori b os yl p yr o p h os p h at e ( P R P P) t o a p uri n e b as e ( a d e ni n e, g u a ni n e, h y p o x a nt hi n e, or 

x a nt hi n e) ( Cr ai g III & E a ki n, 2 0 0 0) . Bi oi nf or m ati c a n al ysis of C g 1 6 6 0 s u g g est s t h at it mi g ht 

f u n cti o n as a m a n g a n es e ( M n2 + ) effl u x p u m p b el o n gi n g t o t h e M nt P f a mil y 

( P F 0 2 6 5 9/I P R 0 0 3 8 1 0) ( W at er s et al., 2 0 1 1). I n s o m e b a ct eri a M n2 +  is i m p ort a nt f or t h e 

pr ot e cti o n a g ai n st o xi d ati v e str e ss ( A nj e m et al., 2 0 0 9). It is p ossi bl e t h at alr e a d y o n e of t h e 

m ut ati o n s f o u n d i n t h e s u p pr e ss or str ai n Δ c y a B _s u p 2 is s uffi ci e nt t o r e s c u e t h e a c et at e 

eff e ct. T o cl arif y t his p oi nt, t h e m ut ati o n s h a v e t o b e i ntr o d u c e d s e p ar at el y a n d t o g et h er i n 

t h e Δc y a B  m ut a nt a n d t est e d. F urt h er m or e, t h e eff e ct s of t h es e m ut ati o n s o n t h e e x pr e ssi o n 

of t h e n ei g h b o uri n g g e n es n e e d t o b e a n al ys e d.  

T h e s u p pr e ss or str ai n Δ c y a B _s u p 2 s h o ws t h at t h er e is a n alt er n ati v e w a y b esi d e t h e 

d es cri b e d gl x R  m ut ati o n t o o v er c o m e t h e ‘ a c et at e s e n siti vit y’ a n d t h u s t h e l a c k of c A M P i n 

t h e C.  gl ut a mi c u m Δ c y a B  str ai n. It w o ul d b e i nt er esti n g t o t est if t h e m ut ati o n s i n 

C.  gl ut a mi c u m l e a d t o a n i m pr o v e d a c et at e t ol er a n c e. T his a bilit y c o ul d b e i nt er e sti n g f or 

bi ot e c h n ol o gi c al a p pli c ati o n s i n w hi c h str ai n s i n f er m e nt ati o n pr o c ess es ar e c o nfr o nt e d wit h 

hi g h a c et at e c o n c e ntr ati o n s.  

 

3. 4 U ni v e r s al st r e s s p r ot ei n a s p ut ati v e c A M P bi n di n g p r ot ei n 

R e c e ntl y, a u ni v ers al str ess pr ot ei n ( Us p) of M.  t u b er c ul osis a n d M.  s m e g m atis w as d es cri b e d 

t o b e a c A M P- bi n di n g pr ot ei n ( R v 1 6 3 6 a n d M S M E G _ 3 8 1 1, r e s p e cti v el y) ( B a n erj e e et al., 

2 0 1 5). T h es e pr ot ei n s d o n ot h a v e a cl assi c al c y cli c n u cl e oti d e- bi n di n g d o m ai n, b ut t h e 

bi n di n g of Us p t o c A M P i n M.  s m e g m atis w as c o nfir m e d b y c A M P affi nit y c hr o m at o gr a p h y 

a n d v erifi e d b y is ot h er m al titr ati o n c al ori m etr y (I T C) ( B a n erj e e et al., 2 0 1 5). Pr ot ei n s t h at 

b el o n g t o t h e Us p pr ot ei n f a mil y w er e d es cri b e d t o b e i n v ol v e d i n str e ss r es p o n s es b e c a u s e 

t h eir s y nt h esis w as i n d u c e d u p o n diff er e nt str ess c o n diti o n s, s u c h as st ar v ati o n f or gl u c os e 

or p h os p h at e, t h e e ntr y i nt o t h e st ati o n ar y p h as e i n ri c h m e di u m, e x p os ur e t o h e at, or i n t h e 

pr e s e n c e of u n c o u pl ers ( N ystr o m & N ei d h ar dt, 1 9 9 2). T h e bi ol o gi c al f u n cti o n of c A M P-

bi n di n g t o Us p i n m y c o b a ct eri a w as d es cri b e d t o b e a n a d diti o n al r e g ul ati o n of t h e 

i ntr a c ell ul ar ‘fr e e’ c A M P l e v el a n d t h er ef or e a r e g ul ati o n of t h e d o w n str e a m eff e ct s of 

c A M P. I n a n ot h er p u bli c ati o n, it w as s h o w n t h at R v 1 6 3 6 of M.  t u b er c ul osis is i n t h e t o p 
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t w e nt y of t h e m o st a b u n d a nt pr ot ei n s of t h e or g a nis m, w hi c h s u p p ort s t h e h y p ot h esis t h at 

t his pr ot ei n a ct s as a c A M P r es er v oir ( S c h u b ert et al., 2 0 1 3).  

T o fi n d o ut if C.  gl ut a mi c u m h ar b o urs ort h ol o g u es of R v 1 6 3 6 a n d M S M E G _ 3 8 1 1, a 

B L A S T P s e ar c h ( St at es a n d Gis h 1 9 9 4) w as p erf or m e d a n d r e v e al e d t h at t h e C.  gl ut a mi c u m 

g e n o m e h ar b o urs fi v e pr ot ei n s t h at b el o n g t o t h e Us p f a mil y ( Fi g ur e 1 1). 

Fi g ur e 1 1 : Pr ot ei n s of C.  gl ut a mi c u m t h at ar e c arr yi n g at l e a st o n e U s p ( u ni v er s al str e ss 
pr ot ei n) d o m ai n ( Pf a m: P F 0 0 5 8 2 ( El- G e b ali et al., 2 0 1 8); I nt er Pr o I P R 0 1 4 7 2 9 ( M ul d er & 
A p w eil er, 2 0 0 8 )).  

C g 1 5 5 1 ( Us p A 1) s h o w e d t h e hi g h est s e q u e n c e i d e ntit y ( 4 4- 5 0 %) t o M S M E G _ 3 8 1 1 of 

M.  s m e g m atis a n d R v 1 6 3 6 of  M.  t u b er c ul osis ( T a bl e 4). 

T a bl e 4: R e s ult s of B L A S T P ali g n m e nt ( Alt s c h ul et al., 1 9 9 0)  of t w o s e q u e n c e s u si n g U s p 
( M S M E G _ 3 8 1 1) of M.  s m e g m ati s a s r ef er e n c e pr ot ei n a n d d e pi ct e d pr ot ei n s e q u e n c e 
( C g 1 5 5 1, C g 1 5 9 5, C g 3 1 9 5, C g 3 2 5 5 or C g 3 3 1 6) as s u bj e ct s e q u e n c e. 

Pr ot ei n n a m e  P er c e nt 
i d e ntit y 

Q u er y 
c o v er  

M a x s c or e  T ot al s c or e E -v al u e  

C g 1 5 5 1/ Us p A 1  5 1. 7 5 %  9 7 %  1 0 5  1 0 5  3 e -3 4  

C g 1 5 9 5/  Us p A 2  2 8. 4 0 %  9 7 %  3 5  3 5  8 e -0 8  

C g 3 1 5 9/ - 2 4. 3 1 %  9 5 %  3 0. 8  3 0. 8  2 e -0 6  

C g 3 2 5 5/ Us p A 3  2 7. 8 1 %  9 7 %  3 6. 2  7 0. 8  9 e -0 8  

C g 3 3 1 6/ - 2 9. 7 3 %  3 0 %  4 1. 2  4 1. 2  0. 0 1 3  

T h er ef or e, C g 1 5 5 1 of C.  gl ut a mi c u m w as f urt h er a n al ys e d i n t his w or k. A cr yst al str u ct ur e of 

M S M E G _ 3 8 1 1 wit h b o u n d c A M P ( P D B: 5 a h w) r e v e al e d t h e a mi n o a ci d r e si d u es t h at ar e 

m o st i m p ort a nt f or bi n di n g of c A M P, n a m el y Gl y 1 0, Al a 4 0, a n d Gl y 1 1 4 ( B a n erj e e et al., 

2 0 1 5). T h es e r esi d u es ar e c o n s er v e d i n C g 1 5 5 1 ( Fi g ur e 1 2) , as w ell as t h e A T P- bi n di n g m otif 

( G X2 G X 9 G( S/ T)) t h at is f o u n d i n s o m e Us p f a mil y pr ot ei n s ( M b a h, 2 0 1 4; S o u s a & M c K a y, 

2 0 0 1) . If R v 1 6 3 6 a n d M S M E G _ 3 8 1 1 s er v e as c A M P r e s er v oirs i n m y c o b a ct eri a, t his c o ul d als o 

b e tr u e f or C.  gl ut a mi c u m. Si mil ar t o t h e sit u ati o n i n m y c o b a ct eri a, c g 1 5 5 1 is hi g hl y 
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e x pr e ss e d (t o p 5 0 pr ot ei n s) o n t h e tr a n s cri pti o n al l e v el ( p ers o n al c o m m u ni c ati o n J ör n 

K ali n o ws ki, Bi el ef el d, G er m a n y) a n d t h e pr ot ei n w as f o u n d t o b e hi g hl y a b u n d a nt o n 2 D g els 

( S c h aff er et al., 2 0 0 1). 

 

Fi g ur e 1 2 : Cl u st al W ali g n m e nt of M S M E G _ 3 8 1 1, R v 1 6 3 6 a n d C g 1 5 5 1 ( U s p A 1).  T h e a mi n o 
a ci d s e q u e n c e of M S M E G _ 3 8 1 1 w as u s e d as t h e q u er y. I d e nti c al a mi n o a ci d s of t h e t hr e e 
pr ot ei n s ar e hi g hli g ht e d i n r e d. R e d n u m b er s m ar k e d wit h a n ast eris k d esi g n at e a mi n o a ci d s 
( Gl y 1 0, Al a 4 0, a n d Gl y 1 1 4) i m p ort a nt f or c A M P bi n di n g a c c or di n g t o B a n erj e e et al., 2 0 1 5. 
Gr e e n hi g hli g ht e d ar e t h e c o n s er v e d a mi n o a ci d s of t h e m otif G X 2 G X 9 G( S/ T), a n A T P- bi n di n g 
d o m ai n f o u n d i n U S P s ( M b a h, 2 0 1 4; S o u s a & M c K a y, 2 0 0 1). T h e ali g n m e nt w as p erf or m e d 
wit h Cl u st al W ( T h o m p s o n et al., 1 9 9 4) a n d f urt h er pr o c ess e d wit h Es pri pt ( R o b ert & G o u et, 
2 0 1 4) .  

I T C e x p eri m e nt s wit h p urifi e d C g 1 5 5 1 c o ul d b e us e d t o d et er mi n e if t h e pr ot ei n bi n d s c A M P. 

I n m y c o b a ct eri a, t h e affi nit y of Us p f or c A M P ( Kd  ~ 3  µ M) w as m or e t h a n 5 0 ti m es hi g h er 

c o m p ar e d t o t h e affi nit y of C R P f or c A M P ( K d ~ 1 7 0 µ M), w hi c h is als o a hi nt f or t h e p ossi bl e 

r ol e of Us p A as a c A M P r e s er v oir ( B a n erj e e et al., 2 0 1 5; St a pl et o n et al., 2 0 1 0). Pr e vi o u s 

a n al ysis of us p A  m ut a nts of E.  c oli s h o w e d a gr o wt h r at e si mil ar t o t h e p ar e nt al str ai n, b ut 

t h e gr o wt h w as d el a y e d, n o m att er i n w hi c h m e di u m t h e m ut a nt w as gr o w n ( N ystr o m & 

N ei d h ar dt, 1 9 9 3). I n t his w or k, a C.  gl ut a mi c u m ∆ c g 1 5 5 1 d el eti o n m ut a nt w as g e n er at e d t o 

fi n d o ut if t h e l a c k of t his g e n e h as li k e wis e a n i nfl u e n c e o n t h e c ell vit alit y. T h e c ulti v ati o n s 

i n d e e d r e v e al e d t h at t h e ∆ c g 1 5 5 1 m ut a nt h as a pr ol o n g e d l a g p h as e ( ar o u n d 3 h i n B HI a n d 

5 h i n mi ni m al m e di a) c o m p ar e d t o t h e wil d t y p e ( Fi g ur e 1 3). M or e o v er, t h e ∆ c g 1 5 5 1 m ut a nt  

h a d a l o w er fi n al b a c ks c att er w h e n c ulti v at e d i n C G XII mi ni m al m e di u m wit h gl u c os e. 
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Fi g ur e 1 3: Gr o wt h b e h a vi o ur of C.  gl ut a mi c u m w il d t y p e ( W T) a n d a ∆ c g 1 5 5 1 m ut a nt o n 
diff er e nt c ar b o n s o ur c e s . T h e first pr e c ult ur e w as i n o c ul at e d i n B HI m e di u m a n d t h e s e c o n d 
pr e c ult ur e w as p erf or m e d i n B HI ( A ) i n C G XII m e di u m wit h 5 0 m M gl u c os e (B ) or wit h 
1 5 0  m M a c et at e (C ) as c ar b o n s o ur c e. T h e c ells w er e w as h e d wit h s ali n e ( 0. 9 % ( w/ v) N a Cl) 
a n d u s e d t o i n o c ul at e t h e m ai n c ult ur es i n 8 0 0 µl C G XII mi ni m al m e di u m t o a n O D 6 0 0  of 1. 
Gr o wt h w as m o nit or e d as s c att er e d li g ht at 6 2 0 n m i n a Bi o L e ct or at 3 0° C a n d 1 2 0 0 r p m. 
M e a n v al u es a n d st a n d ar d d e vi ati o n of t hr e e bi ol o gi c al r e pli c at es ar e s h o w n. 

A h y p ot h esis f or e x pl ai ni n g t h e pr ol o n g e d l a g p h as e is t h at t h e a b s e n c e of C g 1 5 5 1 c o ul d l e a d 

t o a n el e v at e d c A M P l e v el, w hi c h w o ul d c a u s e i n cr e as e d D N A- bi n di n g of Gl x R. As r e p ort e d 

pr e vi o u sl y, a C.  gl ut a mi c u m Δ c p d A  str ai n wit h a 2-f ol d hi g h er i ntr a c ell ul ar c A M P l e v el 

c o m p ar e d t o t h e wil d t y p e h a d gr o wt h d ef e ct s o n all t est e d c ar b o n s o ur c es ( S c h ult e et al., 

2 0 1 7) . F urt h er e x p eri m e nt s ar e r e q uir e d t o t est t his i d e a a n d t h e f u n cti o n of C g 1 5 5 1 i n 

c A M P h o m e o st asis i n C.  gl ut a mi c u m.  
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