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Adenylyl cyclase (AC) catalyzes the formation of cyclic AMP (cAMP) from ATP. The cAMP produced
by AC serves as a secondary messenger in a variety of signal transduction pathways, and controls
various cellular functions in many organisms. ACs can be grouped into six classes based on their pri-
mary amino acid sequences. Eukaryotes and mycobacteria contain only members of class III AC. The
catalytic cyclase domains of class III AC are active as dimers: mammalian ACs, which are composed
of a single polypeptide with two catalytic cyclase domains, form the active site as a result of intra-
molecular dimerization of the catalytic cyclase domains. In contrast, mycobacterial ACs function as ho-
modimers, since their polypeptides contain a single catalytic cyclase domain. Six amino acids are re-
quired for the catalytic activity of class IIl AC - two aspartate residues, a lysine-aspartate pair and
an arginine—asparagine pair. 16 ACs belonging to the class III were identified in Mycobacterium tuber—
culosis H37Rv, and their characteristics are reviewed.
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of EAste ACEL IAAEA L= ACS @A 1
2127 15238k class = #72 HH35,36].

AA7HA mycobacteria® AC FARE Mycobacterium
aviumo A 1270, M. lepraeN A 470, M. marinumel| A 314,
M. smegmatis| A 1070, M. tuberculosisol A 16717} 8F&] A
tH3p] B FHe AdgE ¥3EE mycobacteriadl A gt
A¥ = ACH i3] Aw7hA] Bag g3 2o AAH
cAMPS} A8 te] <5 W9 s AL 7139 #A
g3l oE Aol

Adenylyl cyclase &

ACE Zv) =9 (catalytic domain)®] 12725 vlE o

2 HIA F 67) classZ B/F7F H 93 AR T2 classol
&3t AC telle @i 12729 FAM o] flth Class

Mo $aht ACE DEAES AH 42 A94%
w ol 4 ) QubA el Jee] ACo] L, 1RIA] 5 class
o &3kt ACE Qo] Mol T HET.

Class |

ACZE Ago = ¥HH class I AC (enterobacterial AC)
+ Escherichia coli, Salmonella typhimurium, Erwinia chrys-
anthemi, Proteus mirabilis, Yersinia pestis 53 42 At
Aeromonas hydrophila, Haemophilus influenzae, Pasteurella mul-
tocida, Vibrio cholerae| X 7= TH6). o] &2 A=
9 A (catabolite repression)tt B4 (virulence) Bd 3} &
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ol Fol 3 7). 2L F E colie] ACE opv] =it Zuj
Zrjelo], FHEAwtctel= 24 = ¢l (regulatory domain) 2
2 7AYo e 48 97 kDagl monomer HE|E &
ATk £ coll] AC= cyad 7l Q19 o] gl glu-
cose’} 1125w B4 3E ) Class I ACS 339 2+ oF4
7HA B A1 A 9 kTH 6,311,

Class Il

Class I ACE Bacillus anthracis®} Bordetella pertussisS}
Wgtel A o RE B 5= 85 A (exotoxin) 24 7]5&
th521,28]. o] EA7} SFAES Eo7HAl =W, &F
calmodulin®l ]3] &4 3}]¢f, cAMPE A eHA &
STAEY] AsAdE 27 wekro] Aol fHnt
AC9] calmodulin-Z3g =91 ACS| SAJF-9lo] 7] de] 4
3l AS Welste 75 dh Calmodulin®] calm-
odulin-Z3g =ZEwldle]l AgetA HW Aol mek
(conformation)o] ¥ ale] G917} 718 e] Ao Af= <}
A 727} BA 3T Pseudomonas aeruginosa A & class 11
o &sl= AC7T B s =d[42], o] ACE &4 AH(activator) =
A calmodulint Al A 2] Al EAd| EAsh= the &
& AMgetttar A Q28]
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Class Il ACe] ¥

Class Il ACE A5 ES A3 AUNE,

S zheth R o] classe ACE CHDE ¥9}3
Loz o]FojA QtH2326]. o d mH e |
ACE AN AY, Az0A, 28]aL 8k9] Aedd #A=
o] AzHGe] 75E 7ML A

IfgFoleE F 7Y ACT & B2 AC (membrane-
bound AC)9t AEZ AC (soluble AC), &43c}(Fig.
DI82039]. ®HA% AC 6709] a-helix® 74% =53 =v
91 (transmembrane domain) 27112} 2702 CHDZ T4 & o] 9
o dd e e 249 G2 7)1 ik 9719 isoform &
LA TH26,29]. ol e g Feje] wAR ACE A+ W ofY
2} MESEQ Caenorfiabditis elegans®t %2 Drosophila mel-
anogaster, AR E-2 Dictyostelium discoideum 5| A= HA
Hr}. g polypeptide W<l + 7§¢] CHD7} intramolecular di-
merizations &3l 3 79 EA4FAE A Sd(Fig. 2). 2
FolA dAE = AEH ACE ofv e F 7l9] CHDE
¥3tetal 9loy MR Boe ArtgAd oA =del
(autoinhibitory domain)©.2 98- 3th(Fig. D[11]. G2 ¢
ACS} vF37HA 2 intramolecular dimerizationS %38 3 7l

Mammalian
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Fig. 1. Domain composition of class III adenylyl cyclases in
mammals and mycobacteria. Abbreviations are as fol-
lows: CHD, cyclase homology domain; afH, af-hydro-
lase; ATPase, AAA+ type ATPase; HTH, helix-turn-helix
DNA binding domain; H, HAMP-domain; TM, trans-
membrane domain composed of a-helices.

M. tubercuiosis AC

Rv1318c,Rv1319c, Rvi320c,
Rv2435c, Rv3645

(A)

®)

Homodimeric catalvtic domain (mycobacterial AC)

Fig. 2. Schematic structure of the catalytic domain of the class
1T adenylyl cyclase. (A) The mammalian AC consists of
a single polypeptide with two different CHDs (cyclase
homology domain: C1 and C2). Heterodimerization of
the two CHDs forms the catalytic domain possessing one
active site (ATP-binding site). (B) The polypeptide com-
prising the mycobacterial AC contains a single CHD.
Homodimerization of two identical CHDs of each poly-
peptide in a head to tail orientation leads to the for—
mation of the catalytic domain with two active sites. The
amino acid residues, which are well conserved among
the class III ACs and important for their catalytic activ-
ities, are given in the schematic diagrams.



o] &R-9E ATk AlEA ACS e ACY At
DARER Paramecium® A1 Chioroflexus aurantiacus®)
genome®] &7 3-tH19].

Saccharomyces cerevisiac?| A 7AH ACE 7 gk gt
Ne] CHDE 7HA L opv] ol i= Ras A% =HQlE 744
i 9)e GTPSF AHe Ras wrl o] o3 g4 shelti{17,18].
Ras 2% EH|<13} CHD Aol 14709] leucine-rich &=m|Q]
3} protein phosphatase 2c2] Zm| =913} fAFg ZHQlo]
{1t CHD7} p01ypept1de0ﬂ gk 7fnko] EAst7] wiel
G595 8] AsiA = 7 71l polypeptide®] dimeri-
zation®] ¥ ojufof s}H17]. GTPE cGMP$} pyrophosphate®
A 8kA1 7= guanylyl cyclase?] TFZ2% class II AC9} f-ALs}
il frARSE CHDE 28shal lso] B Al

Mycobacteria®l] A 2A %= ACE 5 class IIo] &322
CHDZ polypeptidedl] & /S 7135 (Fig. 1). WebA my-
cobacteria®l Al ®71 5= ACE homodimer®| 42+ 72E 714
w7 7o) CHD7} 2o F /)] sda 795 FAsH
HAh(Fig. 2)[35,361.

Class I AC9] =nl 7]1=}k
Aol A AFgEo] class 1T ACY EAF-H= F A9
CHD7} A& wrjalako & (head to tail orientation) 2o
vt A A (interface)ol FA4E . Ef-FolA 2ds = AC
o A ¥ & Tl A (polypeptide)ol F 71<] CHD7} EAj8lH
F 7€) CHD9| opu]=At o] a4 27 wfiol CHD
7} heterodimer 24 A F-9& JA et} (Fig. 2A). o] 4
7149 ATP7L Ajfste @479+ & 77t aé*é?lq
[623.26]. S, cerevisiaeSt mycobacteria®l Al WA %= ACE o
WA g 7) o] CHDYF EAlstE e &45-91&5 48] 9
M= F 719 polypeptide”} dimerizationo] € ool ahct
(Fig. 2B). ©] A%-¥ % 709 CHD7} = A 4o F 79
A F-7F FA A H35]. Class ol &3l ACE 459
& PAste CHD7F vl 3k 28 7H4 L 9031, &Y
3t Zf 7128 7FA AR CHDY opv] At A d o] apolof uf
2 4709 subgroupl® Y=THclass Mla-class IId)[23].
o] classdll &3k ACY A H-9ol= dutx oz 6719
A% ofn| :eqk A7|7F BEE 0] gltH2326]. Fvjel Z 8 gH
T4l 2(Mg” EE Mn®)¥} Ageh= aspartate-aspartate 2
7V8(M. tuberculosis®] Rv1625col 4] Asp-2313} Asp-274), 7]
A2 ATPH A st 71450l s Foste {}7]%(]% tu-
berculosis®] Rv1625c9l 4] Lys-2702F Asp-339), 18] ¥H-3- &
o ATP9] ribose®| 3“-hydroxyl group®] a-phosphate= SN2
HSo2 FANA cAMPE A E u Hold Al (transition
state)d] &S A 3}A] 7] = asparagine-arginine A7
tuberculosis®] Rv1625col A Asn-3463F Arg-350)0] EZEIC%
A 6719] ofml Ak 7)ol sjd3tt. Class I ACS] 49
I5AQ 4022 ATPY 37119 Q1A 9F Adtsle] <

R8s
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3}A171™ ribose] 3'-hydroxyl groupS a-phosphated] ¢ |
AE AL 55 Ao|dAS AN 7|E arginined
ATP9 a-phosphate group«] SRS T3, as-
paragine< ribose?| conformations ¥H&o] dojd 4= %
5 sAIT 248 T E AoRE FHE ACY o
A M E S multiple alignmentE ©]-§3to] w)ws] 2w &4
F-9]oll BEE Q= 6709 1Y) Toll gl Adee
F 09| aspartate 7] FFA o7 WEF ] k. Holdt
AE FAEA7)= arginine tH-E2] ACOA BE5 0] 3l
i, ACY HA A& zted F8% 4TS o] W EHS
o} 7] Aol & Hojshe 27Age] Mol Als Holt o
£ 59 M tuberculosis H37Rv®] Rv1318c, Rv1319c, Rv1320c,
Rv1358, Rv36469 A+ aspartate”’} threonine® & 2] 3+ ¢
AL, Rv03863F Rv2488col A+ asparaginel.= HEX O &
Z|gheof QIth35]. g 7 A 5ol = AV T lysine
L 9 (+)A8HE Y& asparagine?} glutamineS.E HEH 07
A ghe]o] 9l 9% ITH35L

Class IV, Class V, Class VI

Class Iol &3h= ACE 7HA= A Avdrophila®} Y, pestisoll =

class ol &3 ACoh= opv| At A o] frabido] gle B o
2 AC7H 2 A=, ] 3 class IVE Wz 2739t}
o] 5L =2 LX(65C)9 %<& pH 22 (pH 95l A she
A 5lek A "é 1:% YL g r/H38] Y. pestisoll £ class

4 Fx27F A E o] EaxArH13].

HEEEY foA wAHE 7 Ads sl
Prevotella ruminicola D31dV A E. col®) cyaA mutantE com-
plementationdh= A7} WA AT} o] FHAte] a2
cAMPE Aital= s o] gl en Ae7kA 43X ACY
O}U]“*} M3} A S 2 A olA class VE TR

FHA o] ACY #AHE 67 kDal.Z 7|4 At &

01]/\1—1; 1%9-E E‘lo:]%_ ACo E]’[ ]

Class V& vb7IA 2 AC 5427} A&H E coliE o4
611 ACEAS E coldll F-31= %Xd_x} cya OF A2t

1 Rhizobium etlPl A H7A3H 4= AATHA0L. cyaC 5444 A
ol &AZl ACHHA= A S WERA %ot class VI
2 A2 E2FA ol FAS F- AR} Mesorhizobium loti,
Sinorhizobium meliloti. Agrobacterium tumefaciens 5o/ 221
HAA R, A Bk 75 ob4 B A A kot

l

Mycobacterial adenylyl cyclase

Mycobacteriun®:2) M. marinunel A 317N, M aviumel A 12
N, M leprae A 4N, M. smegmatisoV A 1070, M. tuberculosis
H37RvelA 167]¢] AC frdA7F S1E ATH35]. 2 F-A ol A
= Q17 A A8E A oI+ M tuberculosis H3TRvOl A 71

25=E 82—
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HE 16719 ACe tiste] dTd A

i

UE Aot

Rv1625¢

rvi62oc TRl o8l 1Y ¥ = ACE M. tuberculosis®l
A 7P \A T 5] Brej g om o] ACS] =]l FAS
FHE A CHD7E, obv] =g et = 6709] a-helix® T4
H g ToQle] &A%t} o= 6709 a-helix® TAE
279 B} mrjelst o7)e] CHD & 7hA%= T4l o2
g ACY] wHEF29) Fdsithal B 5 QIth(Fig. 1). Rvl62ac
& IHF AX AT ACEA 7158 & & glte d+4
7 2 E] 9 rH14,15,301.

Rv12642} Rv1647

Rv1264E 7H&4 e gho] CHD shubaks ¥343 o
B £ (Fig. 1), =& mycobacteria®l A= ]g]r ks ortho—
logueE°] &4 3t} Rv12649] ofu] = dehe 217} =
oz #Agaui22]. 5, opvwudyd & 101 o] A
AC9| &7 o] 30000 ?7}?}0] HEE AT 9
284 o] dEkA =, holoenzyme AElY W AHA <l pH
6.0014 7HE & G4 o] vEton, AR ofn]mEtho]
AAE ACE pH 55780 MHolA A =2 240 v
Ebwtth 18] 3 Rv12649] 32k F-29] # 3 EAWoe] A
ZRH olnjitete] 24 =l & 1084 a-helix (a
N10 switch)7} pHel| ¥F8-3}4] conformation®] ¥ 3}ste] AC
o go] ZAHo] AtEATHAL]

Rv1647& Rv1264¢t A wdlel 7% A
Rv12649h= Hri 2 47 pH W9l oM 2 549
el on | detergent® A 317 HW G480 F
o] HAHAT Wl F& o & M= g
) A = ATH32].

mim
N
)

Rv1900c

Rv1900ce] ofn] w=deto] = <F 30079 ofm|wato g A

% aB-hydrolase =W & Egs=H(Fig. 1), o] Z=HA
AAA o7 e BA48 71EEH O}Oﬂ‘?} RV19OOC«]
33 FER2HE o] ACE homodimer?] 43125 714 A|
w2l gAAES F & vl V]Eg sho] Bt S,
homodimerization®] 23] 2712] CHDY] interfaceo] T+
A 2709 BAEY 5 ol 55 ]lh’]' ATP7} A3 of
o] AAH ATH3TL Rvl900ct= AC EA 9] oF 20% H &9
guanylyl cyclase 2= 7HAaL 9l 01 e I L i}i”i
© 2 CHD9| homodimerization®] 2]} A H-9|7} WHE-0]A]
= AC9 CHD9 heterodimerizationdl] ]3] &A% 147} ia=s
AR E ACY FUGEAR AZdH)

Rv0386

Rv0386> CHD ol AAA+ATPase =<7} helix-

turn-helix DNA 2 of U] vdE 7= Hofgl
HFig. 1). o] ACE AC &4 ©]9]| guanylyl cyclase A&
ZFA AL QlE} 71 o] Rv03869] A H-9ldl= 7] A 5ol 4
S $-4 38} lysine-aspartate Z+71% thAl glutamine-aspar-
agine Z7]%o] EA 5=, o] ojn]-AtEo] GTPE 7|4 &
A1 0148}7] Wil t}. Glutamine-asparagine #7]%-8
9] lysine-aspartate {71222 %231 guanylyl cyclase &
Aol Abgbg ol #2ETH10,25]. Rv0386< helix-turn-helix
DNA 23 =wdle] ool % el AlxH e Eojgle
o7 wEH a1 Adlqto] Al X (macrophage)o] 244G Al

gk =l

of hAAIZ o] cAMPY 555 ZA F7HA7]1% ACE +F
A Rv0386 A2 A Bl A Adlare] HAA e
A28 Jo 72l

Rv1120c

Rv1120cE 164719] ofv]ieAbqto @ o] Fo] A class III AC
% CHDWS Zh= 7H AowA dedk Jejo] th(Fig. 1). ©f
A= frameshift @7l ¢J3) pseudogene® Bl & EA) &
o Wb M avium TN1049) A4 Rv1120c®} orthologue$!
Mall20 fr3 A S vhE o &2 Rvl120c9] Ashshs 3 a4
4 54& 458 5 Atk Mall20 f394F A2 Mn”
ATP EA 3ol a9l gAdo] Bt EH579 AC 494
A2 2 47 P-site 3F3HE(2'-deoxy-3'-AMPS} 2’ 5-di-
deoxy-3'-ATP)ol g|X= aih8Ado] JAH = ddo] &2

= QA TH341.

Rv1318c, Rv1319¢c, Rv1320c, Rv2435c, Rv3645

Rv1318¢, Rv1319c, Rv1320c, Rv2435¢ 28] 3l Rv3645 -4
A} AHe2 FE A o 2 HAMP (histidine kinase, adenylyl cy—-
clases, methyl-accepting chemotaxis protein and posphatase)
Tl 7HA AL foke 54 o] AthFig. DI3B). oF 50749
obr]:Abo 2 LA E HAMP =H|9le UntAog uhgy) &
w2l 3} g3} T 9l(effector domain)Ate] 9l linkere] &
gt 2Hg st mrelo A Q1A g o s E g3} el
Adshs 9a& ) o5 o/ 9] Al opnl it A E S
opr| i eke] HAMP %=w Q13 2Hgst w|Qlel] H]s) CHDel
A 7V = A S Bol=d), o= ZHhe] AC] AlEelA]
Wol Aolghs vEhdit}, A2 HAMP =2l Rv3645
$4& 741715 W Rvl319c9] 42 o AA A
: o} A uk HAMP7} 24 Z=d¢l o 2] ojw 7] ACY] &4
2AFEAN e FAA 715 obH WaAA Wkt
241 R

1301'
rlj mﬁ?i

v1318c, Rv1319¢c, Rv1320c 28] 3 Rv36459] 7%+ 7]
E0] A& F-oJ k= lysine-aspartate XW]WOI lysine-threo-
nmeii A3k o] ¢l om[35], Rv1319ce] 79 579 Al
XA EA5= ACY vhR7HAZ bicarbonate ©]&(HCO3)
of ofsl &Ao] F7Hgho]l HalH <]

ﬁﬁm[o_\lﬁ



Rv2212

Rv12649} 43%9] A& Hol= Rv2212+ o|n| Ky

AC % Fof& 7k 718 g ATPe| fa Aghe e v,
HE:&}'Z]HJ—}\\J'S O] ‘]X]-A 7]110]] EHE]— 2§J.Eﬂ_9_ 07]_/\];4

ACEA S ML, B8 Tharmobifida®t Nocardiz?) X =
oj9} Al ACE Q3P st= FHA7F & o] AU

Rv0891c

Rv0R91ci= & 71 CHDZ A ¥ w3k e 2 (Fig. 1),
helix-turn-helix DNA 23 =m|91S 714+ Rv0336, Rv2488¢
1231 Rv1358% CHD ol A 60770% A% FAM = 71
th. o] AMdZHE] Rv089lce 15 ACS} A Agletd &
7@}% 7}21 40§ oﬂ)\]—’o‘]— 2= [35]

cAMP2| mycobacteria0iA{2| ot

Mycobacteria®l A1 9] cAMP9] 93e ¢4 AdS Jo7)
= Aed oz, AAMA (M tuberculosis)©] SFHE H 98t

A S, &5 A 9] phagocytosis 2HEol 3] 4] ¥

1 phagosometol] W& ®t}. 45+ phagosome 2] ¥
s Fol7] g8l g w712 A Hed|, 1 F
37} lysosome-phagosome fusions E 4 Utk o] AL Iy-
sosome®| phagosome¥} A33HA W lysosome W9 7+
B8] &4 H'ATPased| 938l phagosome W& Alqto] A3}
v 28-S wett) o] $4E 913l phagosome el A lyso-
some®} fusionr 7] 9&S 3} phagosomal actin®] % H
Aol @745 +=d], cAMP+ phagosomal actin ZH A4S
AAAlgtekal &l QleH16]. wekA phagosome W] cAMP
F57} #o}A " phagosome-lysosome fusionS & A 5}o] uf
AANE e A AEES FFTI16). HE LT
M. smegmatis®] 745 At A A 2ol o) T2 = 434]3F
olule] Folig]= 54 o] AH3L. o] Wl M microti G
A Ao s H dAAE e cAMPY &7 ZA F
7FsbH, cAMP7} lysosome-phagosome fusion ZF4-2 &A%k
thar AR o M bovisst M leprae®] 73§l = At &5
HAAE W2 So7Fd AA o2 A U ¢] cAMPE
o] Z7ketka ¢ A TH27.

o] A% cAMPT NeAY Ao Fa3 8 r7A H3
< 7] "ol cAMP7E Ao Ade FER FAHE
72 9 A %23}t Phosphodiesterase (PDE):= ¢ = AMP
2 7bpaslE A7IEA AE Ul cAMPE RS S =
A&}l mycobacteria®l 4] PDEE Q7Y sl f-4A2E M
tuberculosis H3TRvS] Rv0805 §- A2}, M. avium®] Mb028
AR} 2183 M leprace] ML2210 §-3127F 2ef 4] 9low, M
smegmatisE E3Fe ThE mycobacteria®l| & ©}2] PDE ##
27} el 5 A ¢kokt). o] PDE 9]¢ cAMPY A% )7 9]
Eu) 5o o2 723l 98 mycobacteria Al E W] cAMP
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Fgel 24 2 FE vk ARAS G EH33]
< M tuberculosis®] NAAEZS] 7+ Aol o) A3

el cAMPE] F% F7h= Rv03%6 ACel &3 Aoz i

Rom, tAAE e cAMP §%9] F7H= protein kinase

A

l

=)

A

.ol

(P KA)*CAMP response element binding protein (CREB)
E 3 proinflammatory cytokine?! tumor
necrosis factor*a (TNF-0)¢] 45 S7M7 0] 8 H At
[2]. tf2y A3z o8k TNF-a2] ‘I‘H]T: # 249 caseous ne-
crosisg et wud 24Q "WAA 29} Aeld SobF
(granuloma)?] F4 & FEste] A8 %5 oA A&
ES T/ weba] Adgel o3t A Yol A9
cAMPO| S7h= Ad Y] %5 WilA 9 BEES ST
A Fr}

i

Al 2

of = FA i stal Ay abA| St AdH| )l of s ¢
T
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