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3',5'-Cyclic Adenosine Monophosphate (cAMP) as a Signal and a Regulatory Compound in Bacterial
Cells. Chun, Se-Jin, Yeong-Jae Seok', and Kyu-Ho Lee*. Department of Environmental Science, Hankuk
University of Foreign Studies, 'Laboratory of Macromolecular Interactions, School of Biological Science, Seoul
National University — 3',5'-cyclic adenosine monophosphate (cAMP) is an important molecule, which mediates
diverse cellular processes. For example, it is involved in regulation of sugar uptake/catabolism, DNA replica-
tion, cell division, and motility in various bacterial species. In addition, cAMP is one of the critical regulators
for syntheses of virulence factors in many pathogenic bacteria. It is believed that cAMP acts as a signal for
environmental changes as well as a regulatory factor for gene expressions. Therefore, intracellular concentra-
tion of cAMP is finely modulated by according to its rates of synthesis (by adenylate cyclase), excretion, and
degradation (by cAMP phosphodiesterase). In the present review, we discuss the bacterial physiological char-
acteristics governed by cAMP and the molecular mechanisms for gene regulation by cAMP. Furthermore, the
effect of cAMP on phosphotransferase system is addressed.
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3'.5'-Cyclic adenosine monophosphate(cAMP; Fig. 1)&=
AN EL] AE B ope} AAAEIA F7e] Wzl o}
T AETA o goll #H=s T8 AT W A8
Al, 53] AAAE] -+ 2F72 dAzA gleir AA
<l g3 3l 4% = ZAEAYh 1965\ Makman
3} Sutherland”} A (Escherichia coli)2-ZHE] cAMPE
FAsL cAMP I ZADMAQ cAMP  receptor
protein(CRP) £41& &lgt o]F, cAMP7} CRPS} 53}
o] cAMP-CRP complex® 343} ] complex’} o318 7}
Al 'S o|8ate] o[ Slehs vkt IS A =
B JAAT = Aer deA v o]# st A o] F,
cAMP-CRP complexi= &HA2x%19] o] 31214 o] 9ol = vl -
el AlEe] AAARE 2Usked), ok dairiAl o
Bal AR P B A BS Whe,
global regulator®. Q1A= glct.

cAMP-CRP complex 2| &4

CRPe]| 2J3t frxdzke] Al BAEE fJeirle Ho= A
7kA12] A - A A AEe] promoter A4, RNA poly-
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merase(RNAP), CRP(323= CAP [catabolite gene activator
protein]) - &] EANE Q= F}, E coliol A o]FA =4
B AR SR 1500 o) EAlsle Hles Bud
4. E coli®] CRP 2. % 2097H2] amino acid
residues® A F =9, amino (N)-terminal domain(1-133
amino acid residues)ol] ¥ cAMP binding site”} )3},
carboxyl (C)-terminal domain(139-209 amino acid residues)
< helix-turn-helix DNA binding motifs- ¥&s}1 giv}. +
domains A}o], & 134-138 amino acid residues: ©]23F F
domaing A3 A71= A 743 93E FoH17).

A= JellA CRPE homodimer2A ¢F 47 kDa®] =72
Z25h=1], ©]¥38} dimerizationdll= Z} CRP w]2le] N-
terminal domain *|%¥°] E3}}. N-terminal domainel] $
#)&F cAMP binding sitesol] ¥+ £AF2] cAMP7} Adtar &
bl ol aflosteric W37} $0kE o] anti-conformation ZE)
2 A3E oS, helix-turn-helix motit’} 3% DNA =] <o)
ZAg3I}6]. CRP dimer7} syn-conformation e Z &5}
= A9 I C-terminal domainse] A8k A9 g AF
cAMP binding sites 2.t} cAMPol| W& W& 23125 7t
= cAMP binding site2A] HT-E 3},

CRP2] C-terminal domaine] <141& 4 gl= DNAS]
consensus 471A4 Q-2 5-AANTGTGAN2TAN2TCACANTT-
3'9] 22 base-pair(bp)E A& HATFFE(2-fold symmetry)S
7FX, CRP2} complexE ©]F=H DNA7} ¢ 80° A 3
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Fig. 1. Chemical structure of 3',5'-cyclic adenosine monophos-
phate (cAMP).

AAA Hol AAEHEe] Fgoll Wb} ubeei6]. 12t
FE cAMP-CRP complex7} $jollA 35 consensus 47
Mot Agrsl= e ol ¢l9)x gl Ar|Mde] ook
g 23N T EENE &5 BAE L ol

CRP a2 A Z W) cAMP sl whet Al 717 3wl
2 H2AeE|, cAMP7F 2" 27 slollAe apo-CRP2E
A, cAMP7} uM =2 £318 dolli= N-terminal domain
o) cAMP7} &3 CRP2:cAMP2 complex®4], 18]l
mM 552 ZA8 9§ cAMPell Hal w2 AHHS e
C-terminal domain®| = cAMP7} ZA ¥ CRP2:cAMP4
complex®4] ZA) &t e}17, 33]. ©] FA CRP2:cAMP2
complex’} 7V BAE & 2AAEA I3E 9 &
HA 9o} cAMPol| w1g CRP A3} 442 jonic
strengthel] 2]&H o] 2 oA oIFE Fxe] B =3} =
7| wel 2t 4 e

cAMP-CRP complext RNAPSIE b3l Ao o
A 9):d], E coli®] RNAPE a2BBp'oel: 3 5719
subunits® 2 FAE 450 kDa®] ¥R1FE 7P Adieh =
Ao}, o] F 37 kDa®] o subunit 2H-E-31= FA1AL
promoter 5.5} upstream X|-& ¢lAlsle] A = 3l 7]
o] glct. w3t 2}119] dimerization, pp'c F-E-} AAZ AR
83 8 AarzAate) 28sh=d] el F8 H3S 3t
= N-terminal domain(aNTD; 8-235 amino acid residues)
283 oNTD Eohs 93t 4 3Fg Holx C-terminal
domain(alCTD; 249-329 amino acid residues)E Z+=c}.
2 Zw, CRPY C-terminal domain ¥-%-(158-Thr7} 41l
activating region 1 [AR1])}2 RNAP®] aCTD®} HF-&-3},
CRP2] N-terminal domain $-3-(19-His, 101-Lys 52 %3}
= AR2)2 RNAP2] oNTD$} k83l RNAP2] &84
ol MAFS Fi=v}. =3 CRPY AR3 A ¥-2 RNAPY| o
subunite} AFZAHGER Feleh & Q-

cAMP-CRP Complex 2] =F7|& -
Positive Regulation
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Fig. 2. Three classes of the promoters activated by cAMP-CRP
complex. Each class of the promoter is distinguished by the loca-
tion of CRP-binding site (modified from 55). (A) Class ] CRP-
dependent promoter; The lac P1 promoter. The -10 and -35 regions
are sites for RNA polymerase (RNAP) composed of a2Bp's.
Among subunits, o subunits are shown with two domains, aNTD
and aCTD. The center of CRP binding site is located at -61.5 rel-
ative to the transcription initiation site. The downstream subunit of
CRP homodimer is shown to interact with the oCTD. (B) Class II
CRP-dependent promoter; The gal P1 promoter. The center of
CRP binding site is located at -41.5 relative to the transcription
start site. The downstream subunit of CRP homodimer interacts
with the aCTD, and the upstteam subunit of CRP homodimer
binds to both the aNTD and the o subunit. (C) Class Il CRP-
dependent_promoter; The araBAD promoter. The center of CRP
binding site is located at the further upstream, about ~90 relative to
the transcription initiation site. The class 111 promoter requires a
secondary regulator protein (AraC) for its maximal induction. Reg-
ulation at the class 111 promoters (usually) involves DNA loop for-
mation (the detailed explanation in the text).

Z22 1} o] }6, 17]. Class T promoters= HAFA] 2}
(transcription initiation) 17]& 7]&£2% -93, -83, -72, &
X .62 upstream | F-Ho CRP binding sites 2=t
Y FAQ] 2= lacP7} 9EHl, cAMP-CRP complex’} lac
FARY AR A e BRE] -61.5 AH A A 2
zjo] 80° o)A} 3R EEA CRP ARI F-Fof -35 B
.10 Aol AgtEe} 9J RNAPY oCTDS} A4 AlZzakg-
g 4= )7 " H(Fig. 2A). LactoseZ} £A]Al, cAMP-CRP
complex?} lacZ¥42) XS FAZAIFIZL lacOo Y&t Lacl
o] A3} & EolA "} ubA lactose’} $& o, cAMP-
CRP complext= Laclell 213 A& 71471 A2
Ad-E it

Class il CRP-Dependent Promoter

Class I promoter= AAFERALol| QlojA] & A=k} 3}
oJgle] CRPE B o2 & 3k 3] CRP binding siteRhs-
S 7gobe= "ol A= Class 1 promoter®} 221}, cAMP-



CRP complex”} promoter 42} RNAP binding site®} 733
A Aok EAo] 9l 20].

galPlo] Class 112] W& AH<el doldh. E coliof A
galactose®] ©|-8-2 galK, gall, galE FFARALE] 234
ZA = =1 ] 52 galactose-1-phosphate S A3 A 7] &=
kinase &4~ol 2|8} galactose phosphorylation, galactose-1-
phosphate® UDPE A3l &4l 23 galactose
transfer, 12|31 1 A3} A ¥ UDP-galactoseS UDP-
glucoseZ. A ZIA|7]= Aol )3 epimerizatione] 2R A
Hel ukgoll ofsf o] Feixlv}. oA 3JAdE UDP-glucose
= Embden-Meyerhof pathways E3lo] oLX|U o2 o] &
e} =38 UDP-galactosel R ES] A4 TAAEQ
lipopolysacchride®] B2Ql A7 2A] o 857] % g}

Galactose operon®] H&#-2 GalRe|eR= 2Axje) o3 &
A 31 cAMP-CRP complexell ti3}ed 22t 24 ukg-3}
7 719l promotersel] 2J3ll defdrt. =, gal promoter 1
(PG1¥& ¢cAMP-CRP complexel] 2] o] Z7}H = ub
™, gal promoter 2(PG2y= cAMP-CRP complex®] <33FS
¥kz} ok=t}{7]. Glucose’} )8} galactose”} £} 8}A]
AS e} 7ol cAMP FEIF W2 27 PG2el| 9
gl AL 2 A3E- s, glucoseE AT 3}l galactose
7} g dj o} o] cAMP 57} 2 FAeME cAMP-
CRP complex?] 24-& vk= PGlo] F2 o] &%t}l PGIE
HE AALEE A9, cAMP-CRP complex: -41.5 X 90
Zgksle], RNAP2] aCTDE I upstream X| el Z3}gIe}
(Fig. 2B). welr] o] 7% CRP dimer®] 7} subunite vh&
HILo]l RNAP2} wH83lA "}, =, upstream X]¥<€] CRP
¥ ARI HE-& F3lo] RNAPY oCTDS} AR 43243}
a1, downstream A]%J¢] CRP:= AR2 % AR3 H#E-& &3}
o] RNAP2] oNTD ¥ o factore} ¥h-e-s7 =i},

Class Il CRP-Dependent Promoter

Class Il promoter= A} A1 31S- $)3he] ope] 24
chilzle] E2R)E a2 P Aotk &, A7) 9& AAe
A multiple CRPS] At52k8<)| o]s] 2, == CRP
o] 29} ¥r}xql A3} CRP] AFEah-gol 2fs)A]
A=), A2 arg FAAS] Do) AXE F e,
ara operon araBAD B araCelF= F ¥I3Fo 2 AALE =
FARFez FAE glvt o] F araC FAAAES A}
X19) C-terminal domain®l helix-turn-helix motifs- zt g}
©or homodimer AEIEA] £ operon W] o Feddt
t}h grad $AAF AFE-2 L-arabinoseE o] -£-3}=H] gloiA
"r]o] Z7PAHEQ) L-ribulose® A3 7|9, araB AR}
AFE-2. L-ribuloseZ- L-ribulose-5-phosphate®., 223 araD
32 AFEL  L-ribulose-5-phosphateE  L-xylulose-5-
phosphate® A} 71 e},

ara operone araC -FAAL] AALE HNAB= Pe
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promoter®} araBAD HA A HAME A B Ppap
promoter ¥ 7FA1E Z+3L 31t} F promoterse AraCell <
3 2A& W=d] arabinose’t AT dlol= AraCr}
araBAD FAA}2] AALE /NAIAIZ]H, arabinose?} $1-&
ol AraC¥ ez} Wssle] & 7H2] promoterE JAIA|
ZIt}. Ppap promoterS 7]5-22, cAMP-CRP:= -90 A%l
74385} AraC dimer: -274(ara02 region), CRP upstream
2] ¥ (araO1), =X -40(aral region) #| 9ol ZgH3o}(Fig.
2C). PBAD promoter®] A=A 2 2H4-31= arabinose’}
S-S ol AraC A o] ara02¢} araldl] AjE}F F F
A ] AraC sHi) A 7o A3 atgol 2f3te] DNA loop
(repression loopy’} 3A1=e] PBADS] ®hale] A=}, 1
21} cAMP-CRP complex?} araO29} aral Ale] x| ol $]
28t -90 Aol ZAgsAl =H, CRPoY| 213 DNA bending
23 ol&te] repression loop?] HAS AAIFA =
araBADS] o] A2tE= Bsl 2472 Helvh

cAMP-CRP Complex 2| Z=&7[% -
Negative Regulation

cAMP-CRP complex:= %38t thokst fazke} wad-g o
AR odelA ol 2 e BEst 7ol A 3714
o2 o] B 4 9t

AR ZE cya A2} 22o] RNAP-binding site?} 7
AAE 20 ~+10 F-Fell cAMP-CRP complex”} 2 s}o]
2% A 2 & RNAPE Hbslsh= ukalo| glom] EAZ= op
A Le] A $-o| A9} 7Eo] CRP-cAMP complex?] Z o]
antisense RNA S B3I 22A o frAake] 3
g AN 7= A Bkl e] vt A f3 o2
CRP7} activator®} corepressor®A FAJol 7158 Al
9, deo +AA}2] EA-o] 1 Y FEAH <lo]v}. cAMP-CRP
coraplex= deoP2 promoterd] -26 ~-53 Ako] e} -80~-106
Alolell Al deoP22] BAS FAAZIT. Ty deoP2
o] Wy JAE YA T cAMP-CRPS £415 22 = 3}
=4, o] repressorgl CytRo] ZA S Hol7] s+
CytR A o] deoP29] F F-o 2¥= cAMP-CRP
complexs}e] AF2hg-o] HI=A] Q37| wjio|.

cAMP-CRP Complex 0ff 2|5l =HEl= ESE

cAMP-CRPE= W94 Al toxin B toxin Felel=}e)
AAH15,52,57] & minicell AAHS 24 8}, ammonium
3ol 2gE 540 AR F S AIHH43]
cAMPE DNA EA1#2] DnaA Az} 3= o=z A3
ste] oriCEHE GAA FAI7E ARtEE S 2T
] DNA E-A| ¢} M EFEGe) Alxk 24 (coupling of DNA
replication and cell division)ol] Feddle}[18, 21].
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cAMP-deficient Vibrio cholerae(cya mutant)el] o
Yokota and Kquhara—gl Ay A3z cAMPY H77) A X
W Aol a3, "ol Bo|Hql AMxe 3 FA
o= "33l )3 glucose A3} sucrose, trehalose,
fructose, maltose, mannose 2] W&E ¢|sled I Q3|
A& & 4 AATH57)

E. colPM= 31714 AeljollA A off 3714 Alel X
o w2 cAMP7} AAE =], o]of we} 50 o379 oA
Ql whiiAe] fFxgc) o] F ¥ WA EE} A=l
o] 9lew, dF= nitrater} fumarate 55 A FHF A}
LA 2 AMSER=Y a8 Aolr, R Al Ao Eo
Al A 2zl ‘glucose (o} Y] ‘cAMPS}H carboa
catabolite repression’ 3 Fx)el W7E A & Tl
et #8714 AdejelAMY B4 S A 713 3
&3 Al 71X9] 2288, 2 oxyC, fir, IR narlX 4
AA L BdlA o] FAZIT. o] FolAM Far 71T A=
kst 7)1%%& A=, o] DAL oAl G
Mol TAsI dlAabe 2, 3217327} CRPS} wi-¢- H-AFEh
Aoz walzom, Fned] 332 s &4} cAMP-CRP
complexdl] M= S W=}, of| 2A] L-asparaginase
11 $-4212] promoter X|%el] $1=I8F FNR-binding E7144
2 CRP-binding consensus 37|14 43} AH5AlS Hol, &=
g o] kY] -2 fir AR W] ¥ ol crpst
cya §AAAL Wole|| oM & o3-S WhSo] B gl u} 9]
o}H23].

cAMP-CRP Complex 0| 2|5 ZHE= FHA

cAMP-CRP complex: & o|-2(ferric) uptake regulator$l
Sfur[11], flagellum Aol Fed3= fladBSt flaD(3, 28],
cytolytic hemolysing TH=3= vwhBA4[2, 919 8-S 843}
AlZ1e}. Maltose operon?] HALEAAE I s= mall
Z A}, mannose phosphotransfer systemS SFEX manXYZ,
pisG, nag, bgl 5 ¥ FAAL] LHFE cAMP-CRP
complexell ]3] FE==vh el gloh27, 39, 40, 41].
secB A} AHEE d&He] AP A S A EkE B34
#H 44531= chaperone2Z =z Qlvt. viA]el glucose”}
ZA)8bH SecBY A o] JA|HE=H, o] secB T3
cAMP-CRP complex’} G4l Q40]7] wjFolT}(51].

9] glellA 7]5% vlel o] cAMP-CRP complexel] <
8 24 e AAE Sl cAMP-CRP ©522 24
W] Boie g8 50 238x = 248712 34 2}
43le] 1 Aol AAEE A g dEA e 4l
Z 59, oln]2xAk(histidine) ©]-8-& 48t hur operon W3-
cAMP-CRP complex”} Ntr 2-component system@} &7 &
A} 36]. otrlAl Bl U @A Ao B madet
ivB A Re] 2EH-& cAMP-CRP complexel] 2] A}z

A o]9]J| % translational control& X33t Balzlel A4S
wheth13, 14, 16, 29].

Glutamine synthetaseS 9= gln operon Y o}u|=Ak
F5ol Feddt= argT AR promotor F-Foll A=
cAMP-CRP complex AgF-H} FARE 7| de] Exjs}
B AR gz ot ofF o 75 A QA deh4s,
53]. heFst AMlTFe] genome sequence project’} hBEHA
B} 92 F572 cAMP-CRP binding consensus 97|44
£ 7= open-reading frame©] T EH I glow, DNA
microarray 5o |43t AT A7 A= w2 EA
9] cAMP-CRP binding 97|A49] #7-& 7153212 A9
o|e}.

cAMP 9| g3} 2af .
cAMP-CRP complex 0ff 2|8} =&

Adenylate Cyclase(Cya)

A Z Y ol x]=4 <l adenosine triphosphate(ATP)Z5-E
cAMPE- A7) EAQ) adenylate cyclase= cya A}
2 FE whEeiAed], 1 o ¥ LS AAA f oA
] Aol M Zb 2Rk o] F opa®] ZIARE cAMP-
CRP complexol] 2]dte] A ¥ T}H24, 32]. Roy S[46]0 &
3y cAMP7} B2 252 AT o g promotor
activityZ} 99l A= ZAgviar g

cyad= A 712] promotersE 7FA1=d) 71 7323t promoter
el cyaP2¢l¥= CRP binding site’} £A]38}7, DNasel
footprinting 2% cya promoter2] -20 ~+11 H-2ol| cAMP-
CRP complex’} Ag3R= 7ol #HHTH4]. Cya T4
A2 dubHel AUG codon?} o UUG codon®-E. -]
A1ZFEY[47], in vivooll A translations 83 o|A] gl
Hyse] gt} E colid] 7%, °F 4,000 HA7He] FAA 5
°F 30 3719 - Abake] Leuell %3l UUGE: start
codong AREECET geix UTH[30]. E. colit] cyad] UUG
A2} codons GUG 2 AUGE. ¥ 3A17) vh& cya mRNA
2} translation £€% AT m viro AFAH, UUG
codon®] 73} B]FE A] translatione] ZFt 29 2 el R 27}
SFd (441,

cAMP Phosphodiesterase (Cpd)

E. coli®l A= 3',5-cAMP phosphodiesterase”} cAMPE-
ZRpEEhed, o] EAE IRk opdd FHAE 19961
of A5 IS 19]. CpdA THA-L o 31 kDao|H,
adenylate cyclase®] 73--$} Z¢] UUG start codons 7}%]
™, FeCl2: CpdA ©HAle] 4848 F7IA71v

cpdA AR HEel] gt A7 HAZER] AFg A
o|x]gt, o] A} HA| cAMP-CRPell ]3] AR 7o
2} o)Al l(S.-M. Kim and K.-H. Lee, unpublished data).



cpdA FAAE multiple copy® FoiF AE] cAMP Fx
= FAA 3] 2, lactose, galactose, ¥ maltose
o] Bol Aaokct. ob&¥] cpdd A o3t A E )
CAMP FXE8] ¥ MEzEda JAH ZA) Alztdx
FS- vlAh £ coli 0198} MFL2X Heamophilus sp.
A cpdd FAAY FRE ATENE ¥, LM EAA
2] CpdA 3 iAo whsirie o3 F5a AR ¢lvt
et A L] Aol o] Bavt v go] 9F
o, g7t d#iAl Cpdd class 13 2 FEHTHS]
Class ol &3} Cpde & 250270708 ofnjxeAbo = 74
H conserved domain® E+fdl=rl, o] domainel:= 2749
B2EE Hisg ¥33F 12 amino acid residues(HD[L/I/V/M/
F/YJXHX[A/GIX2NX[L/A/V/ME/Y])S) SE3F 4] (signa-
tre pattemy® B}, Class Tl &3 A 3719 His
< el sl vl 2l 97149 (HXHLDH{LA
VMIX[G/STLA/V/M/ANLA/V/MIZXS[A/P)S Zhe=ct,

MEL cAMP 5%

MEW cAMPE] gxof whebr] ZAI3Hd cAMP-CRP
complex®] FE9} AETH whgo] B2A ehdo{19].
B 59, oy ¥ orp TR S lTER oA
= o8 7153t lactose, maltose, glycerol 5 B2 645
£ o] 43A] Esledl, 11 e o3t B2 E VA RA
AMEE ¢ e olSHEAYL HAEA] o] Wit o=
cya, crp BAH A WA E3he i AR A
Z U cAMPY] oke] o} A& ow, olejd dAte
catabolic repressiono} 2l ¥ F o2 A gl oo}l 2]
‘cCAMP$} carbon catabolite repression’ & 3.

AL R cAMPS] 37} HEL] o4} el et
= F 7 Bdo] ohEst 7ol AAEH A WA 2
cAMP7} AlZ Bhe 2 ks, WEe) A xe A Es) v
2o ]8T 4 o oluiA] el v} 2= Rojuh
F i o] 9sbd cAMP Hilel] sl F oA &
2(Cya ¥ Cpd)®} Aol Mx2] o] Alefel] ohe} 24
HAohe Aok &, ¥ ozl Adlel A adenosine
diphosphate(ADP)®] °¥o] 371314 ADP: Cpd®| A7k
2 2p 43l cAMPE W] HaEHA] REEF s, v
cAMPE 431 Cya®l BMoll= A8kS vlalds Flo]
c}. o] BloXE inorganic orthophosphate(Piy7} Cyas 843
AlF713L, Cpdell Heljrle g E g4 EAE Vet 2
TEGEH1

¢AMP 2} Carbon Catabolite Repression
E. coliZ glucose®} lactose”} EAjell 28 x|l A
26

2 ;u\]gi% af, of HF-& glucose’t Ea03 dioll= lactose
E o]43lA] ¢kerl, glucose’} oF A|F o] AAte] HE F
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lactoses o]8 Vs3] dh EAE FxdE loe operond] ¥
#Ho] ARl=EA FAL- A el diauxic growth HAE B
e}, ole} o] AAbwirloA Rl BEE AAAHE o) 3
A8 eA9E o] 85 ohE whagle] o] 8o Jag fH
e LAE HAAT e dubge #4E carbon
catabolite repression®] 2} &v}. Dawes and Sutherland[10]
off ®jsbd, E. colit gluconate > glucose > fructose > maltose
> lactose > galactose > glycerol > succinate®} 203 9F <=4
o] &2 § 49 ghAsle] o8& ARG

o218} carbon catabolite repression® AHE 4 9l 7]
ez ool VIRE £ 4 e, ol £ ‘glucose &
e}l B35, 50). Inducer exclusion®} inducer expulsion
< glucose’t EA40E o inducer (glucose ©12}9] whE A
Ay AE R Bolrke AE Ha(Fig 3A), ME -

A

LacY j—jactose

glucose

no addition
..r' + glucose + CAMP

.t glucose
. o7

4 v
gucow 77— Permanent repression

B-golactosidase

Transient repression

aptical density

Fig. 3. Mechanisms to explain the phenemenon of the ‘glucose
effect’. {A) Inducer exclusion, When growing in the presence of
glucose, glucose is preferentially trassported into the cytoplasm
via phosphorylation reaction by EIIBC, which has been phospho-
rylated by EHHA-P. Thus, unphosphorylated EIIA accumulates and
it subsequently inhibits lactose transport by interacting with lac-
tose permease (LacY) (modified from 31). (B) Permanent or tran-
sient repression. Addition of glucose to bacterial cells growing on
alternative carbon sources such as lactose results in a dramatic ces-
sation of B-galactosidase synthesis (transieat repression), followed
by a partial resumption of B-galactosidase synthesis (permanent
repression). Addition of cAMP, however, overcomes repression by
glucose (modified from Moat et al., 2002). Therefore, this phe-
nomenon is not caused by a catabolite of glucose.
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of EAldte ol EY WES FAAIIE Aolth. =t
permanent repressions} transient repression< 0| A &< A
ZilR)ol glucosed F7FshA Alsl= A7|7F = )7L
o AA & ehig] o] 8 F4o] Wk AzhEe) HHE
ofnlgtct(Fig. 3B). F0|EAIE o|el8k permanent repression
3} transient repression FAFS cAMPE- wijR|ol] A7)3F 73-$-
O Z3) geiN =R, ol#fdt A leiA%E cAMP-CRP
complex’} JgHIar ®leyzle}(4, 25). E. coli ¥ oplet &
2 A A HFY ANE lac, gal, mal, ara, ta, dsd,
gly, 2830 hur operon®} W& = 7+ operond] Eo| A Q)
inducer(%, 27+ lactose, galactose, maltose, arabinose,
tryptophan, D-serine, glycerol, 2|3 histidine) % cAMP-
CRP complex®] EA1E Ha 2 3o}

o] vl E colidf ¥ cAMPSE AT gl = catabolite
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2 A= AR} shale] Exjsle] e AAS o
AAXZ| 222 catabolite repression BA | 7)eddh A LE
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ox cAMPSF= AFEF)E catabolite control protein(CepA)
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°) 2AAEA 9&-E 5] A Au|YZoA Hoje=
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2E mAE] ‘glucose EE Kol A2 opr) o
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£ Ak WS ES Bl dARRE Kl
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Phosphotransferase System (PTS)

Aol F& 337 #slAE phosphoenolpyruvate
(PEP)-dependent PTSE ¢]83)=t] PTS: th¥-5-9] tdof] F
EH o2 A5 enzyme I(EN3} histidine phosphocarrier
protein(HPr), 28] Z+ ZFoll 5 o] & 2l (sugar-specific)
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ol EINICB® complex® FA =% El, HPr, 181
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AR, 2213 ENCB#:= prsG(1,433 bp) ARkl 35
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EHCER= 2709) domain®® A% ENCBEM ghiAle 50.7
kDa Z7] 32 dub4 22 glycose o] &l = methyl-o-D-
glucoside, 5-thio-D-glucoside, L-sorboses ¢14]5}m,
mannose$} 2-deoxyglucoses}= <Fzhe] 2328 vepdic),

Catabolite Repression - cAMP 2} PTS 2] 2tA|

Catabolite repressiondll 9le}A} cAMP-CRP complex2]
Aeg AHE 4 e 7130 2A CRP A} et
9 & (phosphotransferase system [PTS])}¢] Atazk8-028 A
k= 7] sit(Fig. 4). &, CRPE A2 WA F 7}
2| e = Sk, PTS 84=7} & A% CRP7} PTS
w3 ASAL o5 ] complex7} Cyall &3t o]
240 ST ARl 7ol uletA] of 2o
ME cAMPZ} A 2] AR A ke glucose T #HA)
o] A} ofe} with = o] &3 4= gli= F]Ae] vl oA}
Z2A3A] o= 79, CRPE PTS Tl S whiials) 4
FatAl ke=m 2, Cya®l B4 =Y} 1€ 4 oleh w
2 cAMP7E AAIEAT XS cAMPE CRP2F complexE
o] Fal YAt promoterel] RNAPY| Z3hg Ex1A)1A, of2 o
AFEA (alternate metaboliteys o83 4= 9JA| 3}H7]. 22
v} o] 7dE AR Syl AL ol

Ao A 71EH cAMP F A 7) =)ol gk 714 o] 9]
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Fig. 4. A hypothetical model for catabolite regulation of carbohydrate metabolism. This hypothesis is to explain the observation of the
basal level of cAMP in the presence of favorable sugars such as glucose (modified from 7). CRP interacts with a PTS protein, when PTS
activity is high. This complex then interacts with Cya, which results in inactivation of adenylate cyclase (A). In contrary, Cya exists as an
active form to accumulate cAMP, when PTS activity is low. Then cAMP-CRP complex binds to promoters to induce expression of the

genes responsible for utilization of alternative carbon sources (B).
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Fig. 5. Phosphotransferase system (PTS) to uptake sugars and regulate cAMP synthesis. Phosphate is serially transferred from phos-
phoenolpyruvate (PEP) to HPr via EI. Then the phosphoryl group of HPr is targeted to either EIIAS®, Ellman, or EIlmtl. to transport glu-
cose, mannose, or mannitol, respectively. The phosphorylated EITA® delivers phosphoryi group to the EIIBCS"Y, which results in uptake of
glucose-6-phosphate. In the absence of the PTS sugars, PTS proteins mainly exist as their phosphorylated forms. The phospho-EITAZ" inter-
acts with and activates adenylate cyclase to increase the intracellular level of cAMP which is necessary to turn on transcription of genes

involved in uptake and utilization of non-PTS carbon sources [37].
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