ODPPDOLDQ $GHQ\O\O &\FODVHV D 1R
OHPEUDQH SHFHSWRUYV

'LVVHUWDWLRQ
GHU ODWKHPDWLVFK 1DWXUZLVVHQVFKDIWOLFKH
GHU (EHUKDUG .DUOV 8QLYHUVLWIW 7<ELQJHQ
]XU (UODQJXQJ GHV *UDGHV HLQHV
'RNWRUV GHU 1DWXUZLVVHQVFKDIWHQ
'U UHU QDW

YRUJHOHJW YRQ
ODULXV /DQGDX
DXV )UDQNHQEHUJ (GHU

7 ELQJHQ



*HGUXFNW PLW *HQHKPLIJXQJ GHU 0DW K H RDQV)ID/NFXOMDIW/XG A U
(EHUKDUG .DUOV 8QLYHUVLWIW 7ELQJHQ

7DJ GHU P -QGOLFKHQ 4XDOLILNDWLRQ

"HNDQ 3URI 'U 7KLOR 6WHKOH
%YHULFKWHUVWDWWHU LQ 3URI 'U -RDFK
%YHULFKWHUVWDWWHU LQ 3URI 'U '"RURQC



$FNQRZOHGJHPHQWYV

J)LUVW DQG IRUHPRVW |, ZRXOG OLNWXWR M[BWPHWXEHVYOQV¥R!
3URI 'U -RDFKLP ( 6FKXOW] IRU SURQLGLQNV R ARALNV R QVWK
IDVFLQDWLQJ DQG FKDOOHQJLQJ SWKRMWEWH ,KG HHBYCH VDASH @ |
JXLGLQJ PH DQG KHOSLQJ PH QDY LFDUHY WEKUBFAR $G G LRV L\RAQ
DP WKDQNIXO IRU KLV LQYDOXDEOH QLIZARDGYLGEKULQ@G WILW H
VFLHQWLILF VHWEDFNYV

, HIWHQG P\ JUDWLWXGH WR 3URHYDOXRWRQIXPSGERYVWUMD!

$ VSHFLDO WKDQN \RX JRHV WR 3URLIQLIEPLDQW G RQRVI LURX\V
P\ SURMHFW SDUWLFXODUO\ IRU KLKXMXHFRUWWMBX WH E LONDK
DQDO\VLV RI WKH GDWD ZH DFTXLUHG

, DP DOVR GHHSO\ JUDWHIXO WRIRURKLVUFBQGWBDW DXYDWF
LQVLIKWIXO GLVFEFXVVLRQV DQG IRRUSDLYWQJFIPSFDWHKHL Q SSSRAS
JURXS PHHWLQJV ZKLFK SURYLGHG PH ZLWK IXUWKHU JXLG

, ZRXOG OLNH WR WKDQN P\ IRUPHIEEBRDBDRGEXHV $'YXBKB UL
6HWK IRU WKHLU FROODERUDWLRQ ZHKQMR\DEOVBOZDOWNRHD
DSSUHFLDWH WKH SUDFWLFDO ODE WKFXKHQUH XKW DMKXD BADDHX |
GD\ WR GD\ ZRUN

0\ KHDUWIHOW WKDQNV JR WR 0V $QLWIRGBRFAKKOW] PRGVLY W
KHOS ERWK LQ DQG RXW RI WHKH @Q EO HEGF HRR QMK KHUR S R D
HQYLURQPHQW

, ZRXOG OLNH WR H[SUHVV P\ DSSUHFRWKRXMNWRZWNKIH BDFRGE
*URVV JURXSVY HVSHFLDOO\ WKRVH ZRUWL {(RURWKWKH HYKHD
FRRSHUDWLRQ DQG IRU IRVWHULQJ DUBURGXFWLYH ZRUNLQ

$ VSHFLDO QRWH RI JUDWLWXGH JRHVFWRPLY WHD\GWH D VK(H/UH |
KLIJK VFKRRO ZKR LJQLWHG P\ SDV WM QHRHWUI VAR PHQWRAGH
PH WKURXJKRXW P\ SKDUPDF\ VWXGLHYV

, DP GHHSO\ LQGHEWHG WR P\ SDUHQWW | ®H UNRKH KR X\Q ADR Ht
\HDUV IRU DOZD\V EHOLHYLQJ LQ QY R W H QWLWDROX JIXQHGY HRU
FKDOOHQJH , IDFHG , DP DOVR S DWMWMHU X$DQDD \ | RWDKMHHI XL@ R\
VXSSRUW LQ HYHU\ DVSHFW RI P\ OLIH

)LQDOO\ , ZDQW WR WKDQN P\ HPB®ILRQOEG VXSS R W FOUD & HL
FRQVLVWHQWO\ SRVLWLYH DWWLWIXOGH HXH 6 KRBUW® HVPR WK
FKDOOHQJLQJ GD\V



7TDEOH RI FRQWHQWYV
SFEEUHYLDWLRQV « &« «« &KL KKK KK LKL KL L KKK

/ILVW R|I SXEOLFDWLRQ ««& &« &KL LK K LKL LK KL LKL KKK
=XVDPPHQIDVVXQ J &« KKK KK KL KK KL LKL LKL
BX PP DU\« &L K KL LK KL L KK LK KKK
,OQWURGXFWLR Q &« &K QKKK KKK E QL L LKL K
6LIQDO WUDQVGXFWLRQ &« &« &« & &KL LKL LKL LK K
F$303 GHSHQGHQW SDWKZD\««««&«&KCKKK KKK KKK
FGHQVO\O FI\FODVHYV «««««&&KELK KL KKK KK
ODPPDOLDQ DGHQ\O\VO F\FODVHV ««««««LLLL KKK KL
7TUDQVPHPEUDQH GRPDLQVY DV SRWHQWLDO UHFHSWF
2EMHFWLY H « « & &« &« & QLKL LK KKK KKK
SHVXOWYV

SXEOLEDWVYWQRQQFW JO\FHURSKRVSKROLSLGV SRWHQW
*V. DFWLYDWHG DGHQ\O\O F\FODVH DFWLYLW)\ «««««««

SXEOLEPWHMRH) E LQKLELWYV FODVV ,,, DGHQ\O\0O F\FOLC

SXEOLEDWKR@HPEUDQH GRPDLQV RI PDPPDOLDAQ
DGHQGUWHFHOMDR/KHYW BW&«OLSL

2XWORRN DQG GLVFXVVLRQ ««««&®&&EEKKLL KL KKK KKK

SBHIHUHQFHV « &« & &« ««KKLL KKK KKK KL KK KK KKK



$SEEUHYLDWLRQV

$& $GHQ\O\O F\FODVH

P$& PHPEUDQH ERXQG DGHQ\O\O F\FODVH
*3&5 *SURWHLQ FRXSOHG UHFHSWRU

70 7TUDQVPHPEUDQH GRPDLQ

PU

c o Cc Ccc



ILVW RI SXEOLFDWLRQV

SXEOLFDWLRQV

6HWK/BQGDX 6KHYFKHQNR $ 7UDLNRY 6 G6FKXOW] $ (O

BFKXOW] - ( 'LVWLQFW JO\FHURSK.RYSW R VD IHGV DRI
F\FODVH DSRNLOYX@®DU 6LIJQDOOLQJ

KWWSV GRL RUJ M FHOOVLJ

(OVDEEDJQGDX OURVV + B6FKXOW] $ BFKXOW] - (
+HPH E LQKLELWYV FODVV ,,, DGHQ\0\O F\FODVHYV
&HOOXODU VLIJQDOOLQJ

KWWSV GRL RUJ M FHOOVLJ

IDQGDX (OVDEEDJK 6 *URVV + )XFKV $ BFKXOW] $ 6F
7KH PHPEUDQH GRPDLQV RI PDPPDOLDQ MEHSVWROW\FODVH'
(OLIH 9RO

KWWSV GRL RUJ H/LIH

QU

c o Cc Ccc



=XVDPPHQIDVVXQJ

+XPDQH $GHQ\O\OF\FODVHQ $&V VSLHOHMQ BH@H HQWVFKHIL
6LIQDO*EHUWUDJIXQJ |]ZLVFKHQ GHP H{@IUBIGGDXPIUHQ XQC
OROHNXODUH %RWHQVWRIIH ZHUGHQ YR®UHBQRABEEQ IHNRS
GHU =HOOREHUIOIFKH HUNDQQW ZP NWH FLHGEHD BQB 6BUR
DXV GHP H[WUD]JHOOXOIUHQ 5DXP LHGDVM.EVWR SSQADYPD ZH U\
$&YV *EHUWUDJHQ GLH GDUDXIKLQ GHQWHMKXYQGIUHQ %RWHC
$GHQRVLQPRQRSKRVSKDW F$03 HU]JHXJHQ B®03 *EHUPLWW
J\WRVROLVFKH 3URWHLQH XQG O|VWWR HLQH JHOOXOIUH 5H

$&V VLQG SVHXGR KHWHURGLPHUH 3URWHDRQH 7®LH DXV HLC
'RPIQH XQG HLQHU NDWDO\WLVFKHQ ]J\WRVROLVFKHQ 'RPIC
8PZDQGOXQJ YRQ $73 LQ F$03 HUIRO DNWE M BPKQH® L $IQEHLGHL@®
]XVDPPHQNRPPHQ XQG GDV DNWLYH =HQWGMNXB EXOGHABL 'HU
KH[DKHOLNDOHQ 8QWHUHLQKHLWHQ RWZ2DQG 7GHEHVWHKW
SURWHLQVWUXNWXU DXV 2EZRKO HLOQH O)KKREUWDLRIQEB U LY E
GLHQHQ GHXWHQ QHXHUH (UNHQQWQNRFSEOGH)IHODMKI) K QN WAER
KDEHQ N|QQWH 'LH HYROXWLRQIUH . RIQGHWY (GHKHQ WH. J GD §
70 XQG NDWDO\WLVFKHQ 'RPIQHQ YHUEU®GKQJ G QH HU HRIO J
5HIHSWRUGRPIQHQ DXI $& XQG 6XEVWDQ]& QVIRA FBHRIK® GLH
KHPPHQ ZHLVHQ DOOH DXI| HLQH SRWH®@]LHOOH 5H]HSWRUI;

=LHO PHLQHV 3URMHNWY ZDU HV ]X XQMPHWIVXWHKHQ RE GLH
5HIHSWRUIXQNWLRQ LQQHKDEHQ L @GP LHELHXQ BK\IV [ IRHDIRW LA/LF
VWHOOWHQ IHVW GDVV *O\FHURSKR % & KIRNOLIS\LIGWI & LDHX T \H L\D\
QLFKW LVRIRUP VSH]LILVFKH :HLVH LQ 3@ON@IQHREB@PHPEUI
YHUVWIUNHQ 8QVHUH 'DWHQ GHXWHQ GIDUBXGKLGL WGHDNW BC
GLH NDWDO\WLVFKH 'RPIQH ZLUNHQ NpGIQWHRK [hE\DW D KN ZIX:
IHVWIJHVWHOOW GDVV +IP % PHKUHUK DDDVNWWH QH¥RY HLQV
PHQVFKOLFKHQ ,VRIRUPHQ XQVSH]LILVFKOKH®PMKW BARK O (

JHVXFKWHQ /LJDQGHQ ZDUHQ RIIHQED $& B MNODYHRI (EHC
RU

c o Cc Ccc



JUHLH XQJHVIWWLIJWH JHWWVIXUHQ XUH GEOMIXYIKD XOQ\GHRUG E
*V., VWLPXOLHUWH $& $SNWLYLWIW LVRIRUPGYSHMRIRBRHER V
XQG ZIKUHQG $UDFKLGRQVIXUHHPRW, VRIRFMPBEQ XQG
$XVWDXVFK GHU 70 'RPIQHQ GHU ,VRIRURHIHQ XGBVVNRQQW!|
5HIHSWRUIXQNWLRQHQ DXVWDXVFKEDU VLG®BUFKHGIHP P XQJ
(QGRFDQQDELQRLG $QDQGDPLG GDV GXAKHBPMW , ZRIRWH HQ
HUIROJUHLFK DX| ,VRIRUP +EHUWUDJBGQGH=XGNRQL@GHGLH \
gOVIXUH YHUORUHQ EHLP $XVWDXVFK GHU 70 'RPIQHQ

=XVDPPHQIDVVHQG KDEHQ ZLU HLQHQ QH X HX® WH RKD ELHAP X V
LKUH 70 'RPIQH LGHQWLIL]JLHUW 'L HH® JOQuED WKLIRKDU G K U E K D) W
EHZHLVW GLH UHJXODWRULVFKH 5ROBDM. W SRVRWILRQL H'UF
PHQVFKOLFKH $&V DQ HLQHP .QRWHQSXQUIVQMRMFWHIQ VFKQ
6LIJQDO*EHUWUDJIJXQJ SKDVLVFKH 6LJQDGUUBEWGEHXINWLRQ

OLSLGYHUPLWWHOWHU 6LJQDOEHUMWDR®QJ WRQLVFKH 6L

Su
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6 XPPDU\

+XPDQ DGHQ\0O\O F\FODVHV $&V SOD\ D FRQWURPO UROH L
HIWUDFHOOXODU WR LQWUDFHOOXODVYV PRPSDHMRIKDQWNG EW
SURWHLQ FRXSOHG UHFHSWRUV *3&5V REQ Q\X B 6 QO WKDV!I
LQWUDFHOOXODU * SURWHLQV 7KHSWRWKERQELM) BRY WRIG \UE
$&YV ZKLFK JHQHUDWH F$03 LQLWLDWLQJ FHOOXODU UHVSF

$&V DUH SVHXGR KHWHURGLPHULF SURWH L Q3 FRFSRRVHG R
FRPSRQHQWYV 7KH FRQYHUVLRQ RI $73 WD WHIB\WREFXUV ZKF
VXEGRPDLQV DVVRFLDWH DQG IRUP D@ PESWLIYMHVLWZAR 7KH ]
KH[DKHOLFDO VXEGRPDLQV 70 DQG 70 DNHODFFRIQWKH IR
SURWHLQ $OWKRXJK WKH UROH FRH PVEKID @ Bl VDIQW KVRKURXQ K WU M/A
VWXGLHV VXJIJHVW DGGLWLRQDO SRYYRBEWRRQBURPSOH]
FRQVHUYDWLRQ RI VLJQDO WUDQVGXBQW®mJ HO PMEQWY FRQQ
UHVSHEFWLYH FDWDO\WLF GRPDLQV WIStV RXFERRYLQY RLD M
$&V DQG WKH UDWKHU VHOHFEWLYH LQKBRELMIVRK E\TOUHUXP |
GRPDLQ DUH LQGLFDWLYH RI SRWHQWLDO UHFHSWRU IXQFW

7KH DLP Rl P\ SURMHFW ZDV WR H[DPLQH KWHW& AW LVRIQHDAO
PHPEUDQH UHFHSWRUV E\ LGHQWLI\LRO G\K\AH. FEQ R FIRFTHY BE .
JO\FHURSKRVSKROLSLGYV HQKDQFH *\D. ¥RQ ALX®RDRWHG \VERH B E N
PDQQHU 7KH GDWD VXJJHVW WKDW JGLFUHHFRBEKRR Q KRIOH FLDG
GLPHU 6LPLODUO\ KHPH % ZDV IRBXE@G,WR&NQ K DEION BLX@IWD €
KXPDQ LVRIRUPV $OWKRXJK WKHVH PR DH L QOWHQDHIE QFRW V)
LGHQWLI\ WKH\ UHYHDOHG QHZ OD\HUV RI $& UHJXODWLRQ

8VLQJ DFLG H[WUDFWV RI ERYLQHQWOWIXO DSWHGE/ | ZW WG B DIWG
DV ROHLF DQG DUDFKLGRQLF DFLG PWLYLWEWQ \D. VDM RKOL
VSHFLILF PDQQHU 20HLF DFLG HQKD QEKISULNRI DWW KLGRQ
DFLG DWWHQXDWHG LVRIRUPV DQGDLQM RIZDBBIRQUIPW K HD QQ
ZH GHPRQVWUDWHG WKDW UHFHSW KW IXDFWVELRQR @ RH MVURD

TU
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E\ WKH HQGRFDQQDELQRLG DQDQGPRLGH ZKLGE& LQAKDLELWYV
VXFFHVVIX0OO\ JUDIWHG RQWR LVRIRUPJ Hi GCAW RR RDGIQF B
YDQLVKHG

,Q FRQFOXVLRQ ZH LGHQWLILHG D QRR® OLBNRCD/QIQIPLRIVS B
PHPEUDQH GRPDLQV DV UHFHSWRUV |R UPIFDDADW D Q FLEGN D WK DV
FUXFLDO MXQFWLRQ EHWZHHQ UDS ISEIMLOFURMW QDQV BUW B/QIG
VORZHU GLUHFW OLSLG PHGLDWH® MQLIQDO WUDQVGXFWLR

uu
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 QWURGXFWLRQ
6LIJIQDO WUDQVGXFWLRQ

&RPPXQLFDWLRQ LV NH\ 7KLV IUHT X HG@QWHUDLPMWHR G K KIRVOHS |
IRU DOO IRUPV RI OLIH ZKHWKHU ZHPDON GRW RXWVH R N XX\RD
HYHQ SURNDU\RWHV 6LQFH DOO FHOOV W ®QFIORMHR® R |
VLIQDOV FRPPXQLFDWLRQ DFURVV WKHVHHVHLEN\D QKMVLV
SURFHVV UHTXLUHV PHPEUDQH HPEHGGHG SURWRLQV VXFK
GHWHFW VLJQDOV IURP WKH FHOO VJQBMOMWQDE ARYYHRQ®PH
WKURXJK WKH ELQGLQJ RI OLJDQGV ILUVW PHVVHQJHUYV

F$03 GHSHQGHQW SDWKZD\

6LQFH ZKHQ 6XWKHUODQG DQG 5D BQFIH IRV VF $DIBYV RUUE H G
XQGHUVWDQGLQJ RI VLIQDO WUDQWG %F@® LRRQHHESDHGHG VL.
GHSHQGHQW VLJQDOLQJ SDWKZD\ FDQ IENWNS?DULHE L\Y Kk
ELQGLQJ RI D ILUVW PHVVHQJHU VXFKHDW KRKHPRRNHNQ HYH XU
*3&5V 7KH\ FRQVWLWXWH WKH ODUJHVW BOURWHRQ W H.REURX
LQ VLJQDO WUDQVGXFWLRQ ZLWK DEBUHRV LPRGLHA\ IR R WKSI
UHFHSWRUV > @ 7KH VKHHU QXPEHU RWHLQWV KD Q@& \F W W
YDVW DUUD\ RI OLJDQGYV WKDW LQWH U DREWDILGWK OB REBW WIRL
ZLGH UDQJH RI SK\WLRORJLFDO HHDHFRWU D Q ¥ P X\G\LIQRIQU FE@HR\
SUHVVXUH UHJXODWLRQ JOXFRVH DQG @VWISYGDRHAWPERB LV E
*LYHQ WKHLU ZLGHVSUHDG LQIOXB®REHW SIODL D SRYRNBW IR
ERWK KHDOWK DQG GLVHDVH ZLWK BERIW WD RIHVSLDS SWIRH
UHFHSWRUV > @

,Q WKH QH[W VWHS WKH VLJQQOG MWKH HQLDQ\GIGOW R IWKKIHDYIV.F
SURWHLQV ZKLFK DUH GLUHFWO\ FRXSRBEBLWWR WKB J3.&BXE
DQG D GLPHU VXEXQLW :KHQ D OLWRHAG'ELRROWHRMROWKH *3
DWWDFKHG WR WKH . VXEXQLW L\L @ M8CD BH @ VIRFLTBW UR @ XK

ERXQG . VXEXQLW IURP WKH GLPBY EFRBRDYWVYDILHXEXRQLR
VU

c o Cc Ccc



VXEIDPLOLHY **1 DQG *> @ ,Q WKH ILQDO VWHS WKH . VXE
VSHFLILF VLWH RQ $&V & ,Q WKH FWVWDRN HVVS$ QWK LI2ZK EQB G L
ELQGLQJ WR & LQKLELWVYV WKHLU DEQWRLM0 3 &AK WAK A Q HLRA
XQLIRUP VHFRQG PHVVHQJHU WKDW W U D QWP{IMDV WK HL BHIOYOD

2QH RI WKH NH\ HIITHFWV RI F$03 LV IDWWY BF®.3Y D2 R1 SL
DFWLYDWHG 3.%$ SKRVSKRU\ODWHV DQKUDIDIWOLWHW B/WKRIWI-
> @ %HVLGHV 3.$ F$03 DOVR LQWHUDF®& V¥ ZQ W K OFQ RGILAFV QX |
DQG H[FKDQJH SURWHLQV DFWLYDWHG E\ F$03 (3%& > @

c o Cc Ccc



$GHQ\O\O F\FODVHYV

$V SUHYLRXVO\ PHQWLRQHG $&V FDWDO\]H ,WKZHRKRGY EHJ VL |
ORJLFDO WR DVVXPH WKDW DOO $&V WKDVH Y GRWPWR R HD DBV
DUH FODVVLILHG LQWR VL[ GLVWLQGVD\D GG DXQAHYO DW KIGRXUH
7R GDWH PRVW UHVHDUFK KDV IRFXV H® IRRD B UG WEH BIXNMIR |
RWKHU FODVVHV DUH SUHGRPLQDQWWRNXD®W QFDVS HFELW W
&ODVV ,,, VWDQGV RXW DV WKH PR\D® G MMHWX/FW X BRDVKONX QUK
LQ QXPEHU DQG WKH PRVW SKDUPDFRORVYKFDRQ@OWILUQKS BI
LQ DQLPDOV > @

&ODVV ,,, LV IXUWKHU VXEGLYLGHG LQWRVRR X UGV XBDROHILY R P\
VLPLODULWLHY LQ WKH VHTXHQFHVS$RI RWKHHLWL AR VRD QM MH. F G
HYROXWLRQDU\ UHODWLRQVKLSV EHWYIHEKGQ W K H7 K X\E FACKDHWALE
PDLQO\ GHDOV ZLWK WXEFODVYV ,,,D $&V

U

XU

c o Cc Ccc



eukaryotic
Illd ACs

prokaryotic
llic ACs

diguanylate
cyclases
eukaryotic
Illc ACs
RNA eukaryotic
polymer- soluble
ases Illb ACs
eukaryloiic prokaryotic
guany e llib ACs
cyclases
eukaryotic .
membrane- prokaryotic
bound Illa ACs
llla ACs

U

JLIXUHYROXWLRQDU\ UHODWLRQVKLS EHWZHHQDWNKH ,FDWDC
$&V

'RWWHG OLQHV UHPRWH KRPRORJb6RR & VOK QU \& URMCL\Q L IRDC
PDMRU VXEJURXSV /LQH WKLFNQHVV LQGWHFWHXWV K5 ZY MWK\ IQV
EUDQFK IURP > @

POU
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$00 FODVV ,,, $&V VKDUH D FRPPRQ UHTGIHUHWRQE\H FRWP G L P
DFWLYH ,Q EDFWHULD WKLV RFFXUNHMKUR XRKL &R ©R\GLEFDHOU
GRPDLQV FRPH WRJHWKHU ,Q HXNDU\RWHM RZERZBYHD $&V |
SVHXGRKHWHURGLPHU LQ ZKLFK WZR ERRB G HRNKW Q UV IGHR R
SURWHLQ > @ 7KH FDWDO\WLF PHFKDRHW RIDWEWMKI ZROW R
FKDUDFWHUL]JHG DQG FRQILUPHG W K UFRDXJ K DRRG & XWUDX\W WK Q D
VWXGLHV > @ 7KUHH SDLUV Rl UHVLBXYNK O UFHR ® YN b QMRLD
$73 WZR DVSDUWDWH UHVLGXHV WWDW ERRURIGRBINR WD GQY
0J ZKLFK IDFLOLWDWHYV D QXFOHRBYHOL FJ LD LQRIX S WD
. SKRVSKRU\O JURXS RI $73 $Q DUJLQHQHO® &/\U W E DO DJH. QH
UHVXOWLQJ WUDQVLWLRQ VWDWH SIDLMIWEA DDV OD VAL DG D
GLVWLQJXLVKLQJ $73 IURP *73 DV VXEVWUDWHYV > @

Heterodimer, 1 catalytic center Homodimer, 2 catalytic centers

JLIXUH 'LPHULF VWUXFWXUH RI| OFOHD ¥ D W,D O\GWHF\ G \RP B LKV
&\FODVH KRPRORJ\ GLPHUV IRUP KHWHURGLBH®RW ZLWK RQH
KRPRGLPHUV ZLWK WZR FDWDO\WLF FHKRWB KB WX JUIRXK SD ®@H
GLYDOHQW FDWLRQ 7KH WUDQVLWQRBQWKWDWZAR VAHINELO LF]R
FRRUGLQDWLQJ DVSDUWDWH UHVLGXHDWDA\WUR YARMILQ\ V
JLIXUH DGDSWHG IURP > @

PPU
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ODPPDOLDQ DGHQ\O\O F\FODVHYV

$&V FDWDO\]H WKH FRQYHUVLRQ RI $73 L QWHD FHALR Y K URK J k
KXPDQ JHQRPH HQFRGHV QLQH PHPEUDQH EROXEGE $¥RIRU
:KLOH WKH RYHUDOO VWUXFWXUH Rl PHPEUDDFFURRX QG $&V
LVRIRUPV WKH\ YDU\ LQ VHTXHQFHHXG® KH/QH WGt P@ U 7 K HB\
DUH FRPSRVHG RI D 70 GRPDLQ ZK L FKFERQ WINQW RH REZFD Q |
VXEGRPDLQV 7KHVH DUH FRQQHFWHGVWR DIRG FAWRKRBKF \
DUH IXUWKHU GLYLGHG LQWR IRXU VKEGRPOULKV &KH & E &
FDWDO\WLF VLWH LV IRUPHG E\ WKH VIR FDOWII\WHF WK ¥IGG
QHFHVVDU\ IRU $73 ELQGLQJ D QG WWDEAL® I XQ 1 QUKW KMUM\@ €
SURFHVV

7KH WUDQVLWLRQ VWDWH LV |IXUWORMUL RKQN\D EH OW KH3J BPADW QR
PDQJDQHVH ZLWK PDJQHVLXP EHLQJ WKW RWUL NAKQWOEHK\VLROF
PDQJDQHVH DFWV DV D PRUH SRWHQW FRIDFWRU > @

7KH YDULRXV P$& LVRIRUPV DUH JURXSHWGLPQ®WRUIIRXIUHKNOLDY/
PHPEUDQH GRPDLQV > @ *URXS , LV IRRD@EG BUWKS LVRIRU
DQG JURXS ,,, E\ DQG DQG QURXSRBRERPQVLVWYV RI R

PQU
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outside

JLIXUH  &U\R (0 VWUXFWXUH RI ERYLRG H)Z IIRAR PROLPFP D O VDI
$& VWUXFWXUHV UHVROXWLRQ DSSUR[LPDWHO\ c

'"HSLFWHG VWUXFWXUDO $& HOHPHQWYV 7&HW UPIY RHRAPDUMQ
LQFOXGLQJ WKH F\FODVH WUDQVG XKL Q& HO& MH VW E GGR-P\DALY
RI WKH WZR FDWDO\WLF GRPDLQV & & PRGLILHG DIWHU >

PRU

c o cCc cCcc



7TUDQVPHPEUDQH GRPDLQV DV SRWHQWLDO UHFHSWRUYV

,Q ZKHQ .UXSLQVNL HW DO SYFQGVKHTXW® FAHI IRJVDAD R
F\FODVH $& TXHVWLRQV DURVH UHJDUBELWQWHWKH UROH RI
WUDQVPHPEUDQH 70 GRPDLQ VXJJHVW IMXIVMWDP B HR\E WHLH
DQFKRULQJ IXQFWLRQ ,Q WKHLU EXERPWRBWLIR®G WIKTBW QWHIH
GRPDLQ PLJKW IXQFWLRQ DV DQ LR@ FXWRIDH G RRSWYUDQYV SF
D SRWHQWLDO UROH DV D YROWDON NG Q QREL P H@L RIMWD RQF
WKRXJK QRQH Rl WKHVH LGHDV KDYH EHHQ FRQILUPHG WR

+RZHYHU ZKHQ 7DQJ *LOPDQ GHPRQVRWDNROG QVKIHQBUHD W
VHQVLWLYH VROXEOH $& E\ GLUHFWO\ $& QDQQJSWKH F\WRV|
HIITHFWLYHO\ RPLWWLQJ WKH HQWWUHMDA0OG Q P DYLLGI Z LWK O M/G W
GRPDLQ GLG QRW LQIOXHQFH HQ]\PH DFWE®HMRDQRGH 2 BV DR
DQFKRULQJ > @

2Q WKH RWKHU KDQG ELRLQIRUPDW LLFF U QYW GLIHWL BB Y & LWH YL+
70 GRPDLQV DFURVYV DOO QLQH KXPDQU$EDLBSRNMULEO HSBEHG W
IXQFWLRQ DQG GLIIHUHQW UHJXODWRDKFK HFRDRUWR PV RU OL
5SHPDUNDEO\ WKHVH 70 GRPDLQV H[KL BV \LFRQRWUHI VB WERIQ
VSDQQLQJ RYHU ELOOLRQ \HDUWHUH@ V,HUWKHG7DVGRPDL
PHPEUDQH DQFKRUV ZK\ ZRXOG VXFK D RKQJIJXKHGNILVWHIRU VR
ORQJ"

Q %HOW] HW DO GHVFULEHG D BXPPWHQVAERRSWHNHOW R
IURPLEULR KRIYIB\LDQG WKH P\FREDFWHULDO FODVV ,,,D $&
UHSUHVHQWY RQH KDOI RI WKH VWUXFW X0 RP KX®PDQ FRMG
D FF\WRVROLF FDWDO\WLF GRPDLQ LBHVDGWRIWUWD WKLY AR
D KRPRGLPHU FRPSDUDEOH WR WKH SVHKRRBEWEBVURGLPHUL

@ 7KH OLSRSKLOGLF RRPBRXQGULGHFDQ RQH DOVR NQRZ
$XWR,QGXFHU DFWV DV D OLJDQG IRHU&TWRQ RKA W H D WVH. G
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GHSHQGHQWO\ LQFUHDVHG F$03 SURGYXHAWRR QVKWX JDOHF RVRMLI
FDQ DIIHFW WKH FDWDO\WLF GRPDLQ > @

7R IDFLOLWDWH VLJQDO WUDQVGX\D\VOL\RQ FEBWE B HQVW RHWADD
HOHPHQW LV HVVHQWLDO ,Q LHG DLRIDGHNNVHW DO QVGHXE WU |
&7( LQ YDULRXV FODVV ,,,D E $&V IQWWKGIWNRKISSWERW LR R
WKH 70 GRPDLQV> @

JROORZLQJ WKH IXQFWLRQDO FKDUD FWHKLLA B WD R QHRVKWHKW E
HQJLQHHUHG D FKLPHUD RI &TV6 DQG P B PPDR KBHQDKH O UFSQ
70 GRPDLQV RI $& ZLWK WKH 70 GRP DU @ KRLP&TAG Z HO WKRRX J |
GLUHFWO\ UHJXODWHG E\ &KROHUDH ¥DWR,QIGIXEHWHG *V. VV
$GGLWLRQDOO\ WKH\ IRXQG WKDWXCDLE MO WXPLHGKE R P B/RIG
DFWLYDWLRQ LQ YDULRXV $& LVRIRUP\E DMLE UFHRGN\FLHD §& D F
PHPEUDQHY > @ %DVHG RQ WKHVH UHWX\OIWH W RIBHBOURISHRS
UHJXODWLRQ YLD LWV 70 GRPDLQV ILJXUH

Basal States

* Ligand

+Gsa

conformationally inactive inactive active
stabilized

inactive state

conformationally
stabilized
active state

JLIXUH  +\SRWKHWLFDO WKUHH VWRWH PRGHO RI $& UHJX(
7KH PRGHO VKRZV WKUHH EDVDO VWD MAK RU RVRG) GIARLFH S |
HTXLOLEULXP $ DQG % UHSUHVHQSWHYBOWVYDIQVIIDMHNH 2K
DQG % GLIIHU LQ FRQIRUPDWLRQ WGEPOLQV RYIVW EH QDD C
WKH F\WRVROLF VLGH OHDGV WR DF WR®HRVWDWIHR QRO IOW VW
SRWHQWLDO OLJDQG ELQGLQJ B @ R\ R IRRDKHLR & D Q G \ OH\DIEE/
LQDFWLYH VWDWH OHIW ILIXUH IURP > @
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7KH IRUWKFRPLQJ HOXFLGDWLRQ RI $8VWWWRIXRZWKNUH\VS R\WMIOG
OLJDQG ELQGLQJ VLWHV FDQ EH IRXQG WX UHVGRIPOXPNQ &&\
LVRIRUPV DQG WKH P\FREDFWHU LVDODFE& 60 X O W HFDH D
WKH 70 GLPHUV LQWHUIDFH WK DWVU W\HN/P IERQUH SSRRANHHQQMAL IDODO ¢
VPDOO PROHFXOHV LRQV SHSWLGHV RU OLSLGV > @
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2EMHFWLYH

7KH HYROXWLRQDU\ FRQVHUYDWLRQG XK BHBWRE DM R WIKJ
DELOLW\ WR WUDQVIHU UHFHSWRU SURBHBQYWHRVS$RV T WKWHX P
FRPSRXQGV LQ VHUXP WKDW DIIHFW KROBE& FIKP AHWEY DXQG G
WKH LGHQWLILEFDWLRQ RI SR WKHECRXLUB OV & IUMXFWGX B DQGDL.QD OAV
VXJIJHVW DQ RUSKDQ UHFHSWRU IXGEWLRQWRYNVKHMV7W RS R P
LGHQWLI\ SK\WLRORJLFDO OLJD®QGWGGRPKRLY B REGUGHLI N B DWW
HQJ\PHYV DFWLYLW\ 7KH UHVHDUFK THEOWZRQJZMH W R H/DNULC
IREXVHG RQ WKLV PDLQ REMHFWLYHN RUWKKRX\WCEEHIQN MVQ &/H\
GDWD )URP WKH RXWVHW LW ZDV XD\G RWVRRGHW K D& RWX ML
DQDO\]LQJ GLIIHUHQW VWDUWLQJIHRDWRPISIROWH QWY E LEXHD WD
ELRDVVD\ JXLGHG LGHQWLILFDWLRQ Rl SRWHQWLDO OLJDQ

1DWXUDOO\ VRPH IROORZ XS TXHWWRLROQFQMHURVH DORQJVLG

D :KDW ZRXOG EH D VXLWDEOH VWDUWLQJ PDWHULDO

E ,1 OLJDQGY DUH IRXQG DUH WKH\ HIFOXVLYHO\ LQKL
F 'R WKH OLJDQGYV ELQG LQ DQ LVRIRUP VSHFLILF PDQ
G 'R WKH\ GLUHFWO\ UHJXODWH $&VG RUR "8 MK+ UHJXC
H 'R SRWHQWLDO OLJDQGV UHQXYODMRH F$03 IRUPDWLRC
I 'R WKH\ UHJXODWH F$03 IRUPDWLRQ LQ PDPPDOLDQ
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SHVXOWY DQG GLVFXVVLRQ
SXEOLFDWLRQ

6HWK/BQGDX O6KHYFKHQNR $ 7UDLNRY 6 G6FKXOW] $

6FKXOW] - ( 'LVWLQFW JO\FHWRSK RDVBKIRCOL8 HGV
DGHQ\O\O F\FOBWIO OXWDLY L WIJQDOOLQJ
KWWSV GRL RUJ M FHOOVLJ

SRVLWLRQ LQ OLVW RI DXWKRUVLUVMRDXWWKRXWHGEG/ K BXDOO'

SHUVRQDO FRQWULEXWLRQV

'HVLJQHG FDUULHG RXW DQG DQD ®\WDGUHSHHVRBD QWG |
ILIXUHV DQG LQ SDUWLIREPDRXWFHLSW WKH PD

'HVLIJQHG FDUULHG RXW DQG DQDOPFHGWA) B MH WILCPEHHIHANY |
DQG ILIJXUH $OVR FRQWULEXWHXWBGHDWD IRU VXSSOHP

ODLQWDLQHG FHOO FXOWXUH DQG KDUYHVWHG PHPEUD
SHYLVHG DQG HGLWHG WKH PDQXVBVNLSW WRIJHWKHU ZL

(VWLPDWHG FRQWULEXWLRQ
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cyclase activity

Anubha Seth "2, Marius Landau ™", Andrej Shevchenko ©, Sofia Traikov“, Anita Schultz B
Sherif Elsabbagh b Joachim E. Schultz ™
‘Maxthdc Institut fir Biologie, T\J:vcal, Germany

isches Institut der Uni i WWLGM}'
 fir molekule Iibiologic und Genetik, Dresden, Germany

¢ Max-Planck-Ir

ARTICLEINFO ABSTRACT

Keywords: Nine mammalian adenylyl cyclases (AC) are pseudoheterodimers with two hexahelical b |

Adenylyl cyclase which are isoform-specifically conserved. Previously we proposed that these membrane domains are orphan
Membrane anchor receptors  (https://doi.org/10.7554/eLife.13098;  https://doi.org/10.1016/j.cellsig.2020.109538).  Lipids
mr ipide extracted from fetal bovine serum at pH 1 inhibited several mAC activities. Guided by a lipidomic analysis we
Phosphatidic acd tested glycerophosphohplds as po{en(nl ligands. Contrary to expectations we surprisingly discovered that 1-
Cyclic AMP 1-2-d idic acid (SDPA) p d Gsa-activated activity of human AC isoform

3 seven fold. The specxﬁcu:y of fatty acyl esters at glycerol posmons 1 :md 2 was rather stringent. 1-Stearoyl-2-

idylserine and 1 yl-2-d hatidylethanolamine significantly
potentiated several Gw—acuvated mAC isoforms ro different extents. SDPA appears not interact with forskolin
activation of AC isoform 3. SDPA enhanced Gsa-activated AC activities in membranes from mouse brain cortex.
The action of SDPA was reversible. Unexpectedly SDPA did not affect cAMP generation in HEK293 cells stim-

1, PGE; and adk

ulated by i
suggesting an inu

role. In

virtually excluding a role as an extracellular ligand and, instead,
ywedxscweredanew li of i llular AC lation by

hemically defined gly

24
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1. Introduction

cAMP is a universal regulator of numerous cellular processes
[7,32,36,38]. Its bxo*ynt.hesns is via adenylyl cyclases. This report deals
with the nine b bound pseudoh dimeric ACs
(mACs; reviewed in [2,7,24,32]. Currently, a du'ect regulation of mACs
does not exist. The accepted regulation is indirect and includes (i) the
extracellular activation of G-p in-coupled r (ii) intracellul
release of the Gsut subunit from a trimeric G-protein and, (iii), as a last
step mAC activation by the free a-subunit [7,30]. Secondarily,
calmodulin, Ca®* ions, Gpy and phosphorylation are cytosolic effectors.
In contrast, we recently have assigned a direct regulatory role mediated
by the membrane domains of mACs acting as receptors [3,34]. In this
proposal, the mAC receptors are comprised of the two hexahelical

domains each connected to a cytosolic catalytic domain, C1 and C2, via
highly conserved cyclase transducing elements [7,34,46]. These trans-
ducing elements, also termed helical domains, are perfectly suited to
mediate signal transduction between membrane anchors and the cata-
lytic dimer as shown by the cryo-EM structure of AC9 holoenzyme [27].
The proposal for a receptor function is based on: (i) the evolutionary
conservation of the membrane anchors in an isoform-specific manner for
>0.5 billion years [2], (i) on highly conserved cyclase-transducing-
elements [46], and (iii) on catalytic domains conserved from cyano-
bacteria to mammals [2,16,18,34], (iv) on a most recent cryo-EM
structure of the mycobacterial cyclase Cya at 3.6A resolution in which
a potential intramembrane binding pocket for lipophilic compounds was
identified (Metha et al. 2022; https://doi.org/10.1101/2021.12.01.470

738).

Abbreviations: mAC, b Jelimited adenylyl cyclase; GPL, glyceropk

holipid; SDPA, 1 yl-2-d h 1-phosphatidic acid.
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Recently we reported ligand-mediated inhibition of a Gsa-activated
mAC2 in a chimera in which the AC b d ins were replaced
by the hexahelical quorum-sensing receptor CqsS from Vibrio sp. th:n has
a known lipophilic ligand, cholera-auto-inducer-1 [3,22,34]. In an
initial approach to identify ligands for the mAC receptors we used fetal
bovine serum (FBS) which had been shown to contain mhxb)tory com-
ponents [34]. Eliminating peptides or protei ible li we
fractionated lipids by extraction with chloroform/met.h:mol at dlfferent
pH values [4]. Expecting to isolate inhibitory components we report the
most surprising discovery that 1-stearoyl-2-d h yl-phosph
tidic acid (SDPA) potentiated Gsu-activated mAC3 acuvtty up to 7-
fold. The actions of SDPA resemble, to a limited extent, those of the
plant diterpene forskolin [7]. The data establish a new layer of direct
mAC regulation and emphasize the importance of glycerophospholipids
(GPLs) in regulation of intracellular cAMP generation.

2. Materials and methods
2.1. Reagents and materials

The genes of the human AC isoforms 1-9 cloned into the expression
plasmid pcDNA3.1+/C-(K)-DYK were purchased from GenScript and
contained a C-terminal flag-tag. Creatine kinase was purchased from
Sigma, restriction enzymes from New England Biolabs or Roche Mo-
lecular. All chemicals were from Avanti Lipids and Sigma-Merck.
_ENREF_24The constitutively active GstQ227L point mutant was
expressed and purified as described earlier [8,10,11]. Forskolin was a
gift from Hoechst, Frankfurt, Germany. Human serum (catalog # 4522
from human male AB plasma) and fetal bovine serum were from Gibco,
Life Technologies, Darmstadt, Germany (catalog #: 10270; lot number:
42Q8269K).

2.2. Plasmid construction and protein expression

ACIC1_ACIIC2 was generated in pQE60 with Ncol/HindIll re-
strictions sites according to Tang et al. [39]. The construct boundaries
were: MRGSHg-HA-hAC1-Clyposs raaa-AAAGGMPPAAAGGM  -hAC2-
C2Rrg22.510901- HEK293 cells were maintained in Dulbecco’s modified
Eagle's medium (DMEM) containing 10% fetal bovine serum at 37 °C
with 5% CO2. Transfection of HEK293 cells with single mAC plasmids
was with PolyJet (SignaGen, Frederick, MD, USA). Permanent cell lines
were generated by selection for 7 days with G418 (600 pg/mL) and
maintained with 300 pg/mL G418 [1,6,37].Clonal selection was
omitted. For membrane preparation cells were tyrpsinized and collected
by centrifugation (3000 x g, 5 min). Cells were lysed and homogenized
in 20 mM HEPES, pH 7.5, 1 mM EDTA, 2 mM MgClz, 1 mM DTT, and one
tablet of cOmplete, EDTA-free (for 50 mL), 250 mM sucrose by 20
strokes in a potter homogenizer. Debris was removed by centrifugation
for 5 min at 1000 xg, membranes were then collected by centrifugation
at 100,000 xg for 60 min at 0°C, resuspended and stored at —80 °C in 20
mM MOPS, pH 7.5, 0.5 mM EDTA, 2 mM MgClo. Expression was checked
by Western blotting.

Membrane preparation from mouse brain cortex was according to

33,34]. For each preparation three cerebral cortices were dissected and
homogenized in 4.5 mL cold 48 mM Tris-HC, pH 7.4, 12 mM MgCl 2,
and 0.1 mM EGTA with a Polytron hand disperser (Kinematica AG,
Switzerland). The homogenate was centrifuged for 15 min at 12,000 g at
4 °C and the pellet was washed once with 5 mL 1 mM potassium bi-
carb The final suspension in 2 mL 1 mM KHCO;3; was stored in
aliquots at —80 °C.

2.3. Adenylyl cyclase assay

AC activities were determined in a volume of 10 pl using 1 mM ATP,
2 mM MgCl,, 3 mM creatine phosphate, 60 pg/mL creatine kinase, 50
mM MOPS, pH 7.5. Ca®*, usually p at low pM

rations, was

(5}
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Table 1
Lipid extraction of FBS with chloroform/methanol.

9 Gea activated Adenylyl Cyclase Activity

PH 14 pH6 PH1
hacl 99 £5 915 251
hac2 176 £ 8 158 £ 4 149+ 9
hac3 183 + 40 175 £ 41 311
hACS 98+7 123+]12 507
hACS 91+4 89£2 57+4
hac7 1490 £ 6 131 £ 4 79+6
hacs 192+11 1937 115+ 4
hAC9 20] +22 251 £12 140+ 12
2 mL FBS were i with chl m hanol (1:2) ling to [4]. The

organic phase was evaporated, and the residue was dissolved in 35 pl DMSO.
Adenylyl cyclases were activated by 600 nM Gsa and 33 nl of the DMSO extracts
were added. Basal AC activities were in the order of the table: 0.11, 0.43, 0.02,
0.4, 0.16, 0.02, 0.33, and 0.04 nmol cAMP-mg '-min ', respectively. 600 nM
Gsa-activated activities were 0.49, 1.31, 0.36, 2.23, 0.71, 0.25, 3.16 and 1.67
nmol cAMP-mg ":min . n = 4-12.

not complexed by EGTA. The cAMP assay kit from Cisbio (Codolet,
France) was used according to the supplier’s instructions. For each assay
a cAMP dard curve was blished [34]. Lipids were dissolved in
100% ethanol or DMSO at high concentrations and acutely diluted in 20
mM MOPS pH 7.5 at concentrations, which limited organic solvent in
the assay at maximally 19. Up to 2% neither ethanol nor DMSO had any
effect on AC activity.

2.4. Lipidomic analysis

Lipids were extracted from MonoQ purified aqueous fractions by
methyl-tert-butyl ether/methanol as described [21] after adjusting their
pH to 1.0 and 6.0, respectively. The collected extracts were dried under
vacuum, and re-dissolved in 500 pl of water/acetonitrile 1:1 (v/v).
Lipids were analyzed by LC-MS/MS on a Xevo G2-S QTof (Waters) mass
spectrometer interfaced to Agilent 1200 liquid chromatograph. Lipids
were separated on a Cortecs C18 2.7 pm beads; 2.1 mm ID x 100 mm
(Waters) using a mobile phase gradient: solvent A: 50% aqueous
acetonitrile; solvent B: 25% of itrile in isop 1; both A and B
contained 0.1% formic acid (v/v) and 10 mM ammonium formate. The
linear gradient was delivered with flow rate of 300 pl /min in 0 min to
12 min from 20% to 100% B; from 12 min to 17 min maintained at 100%
B, and from 17 min to 25 min at 20% B. Mass spectra were acquired
within the range of m/z 50 to m/z 1200 at the mass resolution of 20,000
(FWHM). The chr gram was hed ag web-accessible
XCMS compound database at https://xcmsonline.scripps.edu/landin
g_page.php?pgcontent=mainPage. Lipids were quantified using
Skyline 21.1.0.278 software using synthetic lipid standards [42] spiked
into the analyzed fractions prior lipid extraction.

2.5. Data analysis and statistical analysis
All incubations were in duplicates or tripli For easier presen-
tation, data were normalized to respective controls and S.E.M values are
indicated. Data analysis was with GraphPad prism 8.1.2 using a two-
tailed t-test.

3. Results
3.1. Lipids as possible mAC effectors

In exploratory experiments, we extracted lipids from FBS with
chloroform/methanol at pH 1, pH 6, and pH 14 [4]. After evaporation of
solvent the solid residues were dissolved in DMSO and tested against
human mAC isoforms 1, 2, 3, 5, 6, 7, 8, and 9 in membrane preparations
from HEK293 cells transfected with the respective ACs (Table 1). The

QouU



c o cCc cCcc

A Sethetal

600 -

% AC3 activity
8
o
1

200~

100

acid (pm)

h R WS S

Fig. 1. 1-Stearoyl-2-d acid ion-
dependently potentiates mAC3 acuvated by 600 nM Gsu (filled circles). 100%
Gsa-activated mAC3 activity corresponded to 707 + 187 pmoles
cAMPemg 'emin . Basal mAC3 activity is not significantly affected by SDPA
(open circles; 100% basal activity corresponds to 34 pmoles
cAMPemg 'emin'). Triangles: Effect of SDPA on the CI-C2 soluble AC
construct activated by 600 nM Gsa (Basal activity was 12 pmol
cAMPemg 'emin '. 600 nM Gsax activated activity was 150 pmol
cAMPemg 'emin ' corresponding to 100%). Insert: Activity of the mycobac-
terial AC Rv1625c¢ is unaffected by SDPA (activity was 23 nmoles
cAMPemg 'emin '). Data were normalized to respective 100% activities.
Significances in a two-tailed t-test: *: p < 0.05; **: p < 0.01 compared to 100%
activity. For clarity, not all significances are marked. N = 4-6; error bars denote
S.E.M.’s.

pH 1 extract inhibited Gsa-activated AC 1, 2, 5, 6, and 7 to different
extents. The pH 6 and pH 14 extracts appeared to enhance Gsa-activated
AC isoforms 2, 3, 8, and 9 (Table 1).

We then carried out a lipidomic analysis with the pH 1 and the pH 6
fractions [21,42]. Based on previous data we expected ligands which
inhibit Gsa-activated mAC activities [34]. Therefore, we concentrated
on lipids present in the pH 1 fraction. Apart from several. Based on
previous data we expected potential ligands which inhibit Gsa-activated
mAC activities and concentrated on lipids present in the pH 1 fraction
[34]. Apart from several minor constituents from different lipid classes
the major constituents in the acidic fraction were phosphatidic acids,

phatidylcholine, phosphatidylethanolamine and phosphatidylser-
ines (see Appendix Flg 1 and 2) Next, we examined the effect of
commercially available bulk lipids on Gstt-activated mACs. Egg phos-
phatidic acids significantly stimulated, whereas other bulk lipids such as
egg and liver phosphatidylcholine, brain gangliosides, sulfatides and
cerebrosides had no significant effects.

The lipidomic analysis showed that highly unsaturated fatty acids
such as arachidonic acid and docosah ic acid are prominent acyl
substituents in phosphatidic acids (Appendix Fig. 2). These acyl residues
are only minor components in the tested egg or liver phosphatidic acids.
Therefore, we d ially available synthetic GPLs contain-
ing polyunsaturated fatty acids as acyl substituents. The general struc-
ture of glycerophospholipids is shown below (see Appendix Table 1 fora
complete list of lipids examined in this study).

o o
1 3 1]
Rl\)l\o/\;\/\o, IP‘OX
O H OH
R, /Y
[o}
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W +SDPA 0.5uM
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O +SDPA 3uM
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Fig. 2. SDPA increases the affinity of mAC3 for Gsa. The EC,, concentration for
Gsa in the absence of SDPA was 518 nM and in the presence it was 336 + 29 nM
(p < 002 n = 56) Basal AC3 activity was 27 + 21 pmoles
cAMPemg 'emin'; 1000 nM Gsa increased mAC3 activity to 791 + 128
pmoles cAMPemg 'emin ). Significances: *: p < 0.05; **: p < 0.01 compared
to corresponding activities without SDPA. n = 5-6; error bars denote S.EM.
Often error bars did not exceed the symbol size.

Basic structure of glycerophospholipids: Rjand R, are fatty acyl
residues esterified at glycerol positions 1 and 2; X can be a proton H™ as
in phosphatidic acid, choline (phosphatidylcholine), serine (phosphati-
dylserine), glycerol (phosphatidylglycerol), or ethanolamine
(phosphatidylethanolamine).

The assays used membranes containing human mAC isoforms
expressed in HEK293 cells. The mACs were activated by 600 nM of a
constitutively active Gsat (Q227L, here termed Gsa) because we expected
to characterize an inhibitory input [11 34] Most surprisingly, we
discovered that 1 yl-2-d h phatidic acid (SDPA)
potentiated mAC3 up to 7-fold above t.he l6—fold activation already
exerted by 600 nM Gsa alone (Fig. 1). The EC5 of SDPA was 0.9 pM. In
the absence of Gsat 10 pM SDPA had no significant effect (Fig. 1). As far
as the synergism between Gsa-activated mAC3 is concerned, the effect of
SDPA was reminiscent of the known cooperativity between forskolin
and Gsa activated mACs [7].

Does the action of SDPA require a membrane-anchored AC holoen-
zyme or is the activity of a Gsa-activated C1/C2 catalytic dimer poten-
tiated as well? We produced a soluble active AC construct connecting the
catalytic C1 domain of mAC1 and the C2 domain of mAC2 by a flexible
linker [39] [39]. The construct was expressed in E. coli and purified via
its Hisg-tag. It was activated 12-fold by Gsa (from 12 to 150 pmol
cAMPemg~'emin~"). SDPA up to 10 uM did not affect basal activity and
failed to significantly enhance Gsut-activated activity of the chimera. We
tentatively conclude that the SDPA action requires membrane anchoring
of mACs.

We investigated whether SDPA affects the activity of a Gsa-insensi-
tive membrane-bound bacterial AC. We used the mycobacterial AC
Rv1625¢, a ic progenitor of lian mACs, which has a
hexahelical membrane domain and is active as a dimer [12] [12]. The
activity of the Rv1625¢ holoenzyme was unaffected by SDPA (Fig. 1
insert). The particular intrinsic properties of the mammalian membrane
domains in conjunction with Gsu-activation may be required to confer
SDPA sensitivity.

Next, we examined which kinetic parameters are affected by SDPA.
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Fig. 3. Specificity of fatty acyl esters in phosphatidic acids for potentiation of
Gsa-activated mAC3. 600 nM Gsa-activated activity (100%) was 446 pmol
cAMPemg 'emin ' (basal mAC3 activity was 15.2 pmol cAMPemg 'emin ).
Abbreviations: SAPA, l-steamyl-"-amchndonoyl phosphatidic acid; PDPA, 1-

Imitoyl-2-d h phatidic acid; PAPA, l pal.lmxoyl 2-aradn
donoyl phosphnudlc acnd DDPA di-d h acid;
DAPA, di-arachidonoyl-phosphatidic acid. The ECs, concenmnons were 4.8,
1.3, and 1.4 pM, for SAPA, PDPA, and DDPA, respectively (differences not
significant; n = 3). Error bars denote S.E.M. For comparison, a curve presenting
SDPA is included.

For mAC3, the enzymatic reaction rates + SDPA were linear with
respect to protein concentration and time up to 30 min. The Km for
substrate ATP (0.1 mM) was unaffected. The most striking effect of SDPA
was the increase in Vmax (from 4 to 8 nmol cANﬂ?-mg"-mi.n_l).
Concentration-response curves for Gsat in the presence of different SDPA
concentrations showed that the affinity of mAC3 for Gsat was signifi-
cantly increased (Fig. 2). Most likely, Gstt and SDPA act at distinct sites
of the protein and potentiation by SDPA is due to concerted structural
interactions, 1 of the cooperativity between Gsit and forskolin

71

3.2. Specificity of 1- and 2-acyl substituents in phosphatidic acid

Phosphatidic acid is the simplest GPL consisting of a glycerol back-
bone to which two fatty acids and phosphoric acid are esterified. At
physiological pH it carries about 1.5 negative charges. Generally, at
positions 1 and 2 of glycerol a variety of fatty acyl residues haves been
identified. We ined the bioch I specificity of the fatty acyl

bsti in phosphatidic acid (Fig. 3).

10opM 1 Ste:u'oyl 2-arachidonoyl-phosphatidic acid (SAPA) poten-
tiated Gs-activated mAC3 about 5-fold (ECso = 4.8 pM; Fig. 3).
Exchanging the stearic acid at position 1 by a palmitic acid, i.e. 1-palmi-

toyl-2-docosah yl-phosphatidic acid (PDPA) reduced activity by
about 50% compared to SDPA (ECgo = 1.3 pM). Strikingly, the corre-
di 1-palmitoyl-2-arachidonoyl-phosphatidic acid (PAPA) lost

about 70% of acuwty compared to SDPA (Fig. 3), highlighting the
structural contribution of the 1-fatty acyl substituent to biochemical

activity. The importance of the substituent at position 1 was further
hasized when 1, 2-di-d h yl-phosphatidic acid
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0.01; ***: p < 0.001; n = 3-9.

effect using 1, 2-di-arachidonoyl-phosphatidic acid (DAPA; Fig. 3).
Expectedly then, 1-stearoyl-2-linoleoyl-phosphatidic acid was inactive
(not shown). The data show a remarkable positional specificity for the 1-
and 2-acyl substituents of the glycerol backbone and indicate a specific
and concerted interaction between the fatty acyl esters. The specificity
of fatty acyl-substitution also strongly indicated that SDPA is not acting
in its property as a general membrane GPL because other phosphatidic
acids should be equally suitable as membrane lipids. Further, the
peculiar biochemical properties of SDPA in its relation with AC isoforms
suggest that the negative charges of phosphatidic acid are not sufficient
to determine specificity, but that the lipid substitutions on position 1- as
well as 2- probably are equally important.

3.3. Head group specificity of glycerophospholipids

The next question is whether 1-stearoyl-2-docosahexaenoyl-GPLs
with different head groups might affect Gsa-activated mAC3. First, we
replaced the phosphate head group in SDPA by phosphoserine gener-
ating SDPS. This greatly reduced potentiation of Gsa-activated mAC3
activity (2.8-fold potentiation; Fig. 4). A concentration-response curve
of SDPS with mAC3 showed that the EC5g concentration was similar to
that of SDPA (1.2 vs 0.9 pM; n = 6-9; n.s.), but its efficacy is significantly
lower suggesting that identical binding sites are involved.

We further wused 1-stearoyl-2-d h yl-ethanol
(SDPE), 1-stearoyl- 2-doco..ahexaenoyl-phosphaudylglycerol (SDPG)
and 1 yl-2-d yl-phosphatidylcholine (SDPC; Fig. 4).

In this order, eﬁicacy to enhance the Gsa-actwated mAC3 declined, with
SDPC having no significant effect (Fig. 4). The surprising specificity of
the 1- and 2-fatty acyl-substituents of the glycerol backbone was
emphasized once again when we used 1-stearoyl-2-arachidonoyl-phos-
phatidyl-ethanolamine (SAPE) and 1-stearoyl-2-arachidonoyl-phospha-
tidylcholine. In both instances biochemical activity was lost (not
shown). Consequently, we did not further probe GPLs with differing
fatty acyl combinations at the glycerol 1- and 2-positions because, as
demonstrated, changes in acyl substitutions resulted in considerable
reduction or loss of biological activity (see Fig. 3).

3.4. Effect of glycerophospholipids on Gsa-activated adenylyl cyclase

(DDPA). The efficiency was reduced by 80% p ed to SDPA (Fig. 3).
The ECsp for DDPA was 1.4 M. Even more drastic was the absence of an

/)

So far, we examined only the mAC3 isoform that showed a
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Fig. 5. Effect of 10 yM of glycerophospholipids on various mAC isoforms activated by 600 nM Gsa. Basal activities and Gsa-activated activities are listed in Appendix
Table 2). Error bars denote S.E.M. Significances: *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001 compared to Gsx-activated activity (set at 100%). n = 3-9.

particularly high synergism between Gs and SDPA. Does SDPA equally
potentiate the Gsat-activated activities of the other mAC isoforms? More
generally, do GPLs display an mAC isoform specificity in the regulation
of intracellular cAMP biosynthesis? We expressed the nine human mAC
isoforms in HEK293 and, first, tested how SDPA affected the Gsa-acti-
vated activities (Fig. 5).

Under identical experimental conditions 10 pM SDPA significantly
potentiated mAC7 (2.4-fold), mAC9 (2.1-fold) and mACS activities (1.5-
fold). Concentration-response curves were carried for mACs 1, 2, 6, 7
and 9 (Appendix Fig. 3). The EC5p concentrations of SDPA for mAC6, 7
and 9 were 0.7 pM, i.e. not significantly different from suggesting equal
binding affinities. The other Gsu-activated mAC isoforms were not
significantly affected (Fig. 5 and Appendix Fig. 3). In summary, the data
demonstrated that the mAC isoform specificity of SDPA was not abso-
lutely stringent. The data then pose the question whether other GPLs
may exert similar effects on mAC activities or display a different panel of
isoform specificity. This was investigated using four more stearoyl-2-
docosahexaenoyl-GPLs (Fig. 5). 10 pM SDPS potentiated mAC3 and
mAC9. Smaller, yet significant effects were measured with mACs 7, 8, 5,
and 6 (Fig. 5). 10 pM SDPE significantly potentiated Gsa-activated mAC
isoforms 9, 3, 7, 5, and 4 (in this order). 10 pM SDPG significantly
enhanced only mAC3 activity (Fig. 5). Compared to the seven-fold effect
of SDPA on mAC3 these effects were small, yet, in mammalian biology
such enhancements in mAC activity may well have profound physio-
logical consequences. Up to 20 pM SDPC which is a major constituent of
the outer leaflet of membranes had no effect on any mAC isoform (not
shown). Taken together, the data then demonstrate the capacity of
chemically defined GPLs to enhance or potentiate the activation of Gsu-
activated mACs. We can virtually exclude coincidental and unspecific
effects of the amphiphilic phospholipids b mAC isoforms were
affected differentially. The results strongly suggest that a defined
conformational space must exist at mACs that allows specific in-
teractions with GPLs. Presently, the molecular details of the binding
mode remain unknown.

3.5. Relationship between SDPA and forskolin

SDPA failed to activate basal mAC3 activity and only potentiates
Gsa-activated mAC3 activity (Fig. 1). The plant diterpene forskolin
stimulates basal as well as Gsa-activated mAC activities [7,41,44], i.e.
the effects of SDPA and forskolin are only partly similar. Forskolin
stimulates mACs expressed in Sf9 cells to rather different extents and
with discrepant potencies, e.g. the ECso concentrations for AC1 (0.7 pM)
and AC2 (8.7 pM) differ >12-fold [25]. We established forskolin
concentration-response curves for all mAC isoforms expressed in
HEK293 cells under identical experimental conditions using Mg>* as
divalent cation, a comprehensive study which is lacking so far
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Fig. 6. 1 yl-2-d hy yl-phosphatidic acid (SDPA) concentration-

dependently potentiates Gsux activated adenylyl cyclase activity in brain cortical
membranes from mouse. (A) 600 nM Gsa was used to activate mACs in cortical
membranes (solid circles: 100% Gsa-activated activity is 7.9 + 1.9 nmol
cAMPemg 'emin '); open circles: basal activity (in absence of Gsa) is 0.3 +
0.2 nmol cAMPemg 'emin"'. n = 6. (B) Reversibility of SDPA action. Cortical
brain membranes were incubated for 15 min without (I) and with (II) 10 pM
SDPA. Membranes were then collected by centrifugation, and re-assayed +600
nM Gsa and 10 pM SDPA. Error bars denote S.EM., *: p < 0.05; **: p < 0.01 (n
= 6).

(Appendix Fig. 4).

Stimulations at 1 mM forskolin were between 3-fold for mAC1 and
remarkable 42-fold for mAC3. The ECsp concentrations ranged from 2
UM (mAC1) to 512 pM forskolin (mAC7; Appendix Fig. 4). We also
observed forskolin activation of mAC9 although the current consensus
regarding this isoform is that it is forskolin insensitive. The latter
conclusion is based on experiments with mAC9 expressed in insect Sf9
cells using Mn®* as a cation [7]. Another report described a 2.3-fold
forskolin activation of mAC9 when expressed in CMT cells [26], in
line with our data (6-fold activation; appendix Fig. 4). We examined
potential interactions between forskolin and SDPA using mAC3 acti-
vated by 600 nM Gsa. Up to 10 pM, SDPA did not significantly affect
forskolin stimulation. We reason that the absence of interactions or
cooperativity between forskolin and SDPA suggests that both agents
affect mAC regions which exclude mutual cooperative interactions.
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Nevertheless, considering the structural dissimilarity of forskolin and
SDPA and the obvious lack of a molecular fit an identical binding site for
both lipophilic agents is rather unlikely. On the other hand, both agents
do interact with distantly binding Gstt in a cooperative manner.

3.6. SDPA enhances Gsa-stimulated cAMP formation in mouse brain
cortical membranes

Above we tested GPLs with individual mAC isoforms. Next, we asked
whether SDPA would potentiate mAC activity in membranes isolated
from mouse brain. In mouse brain cortex all mAC isoforms except for
mAC4 are expressed [20,31]. We expected to measure at least some
potentiation of the Gsa-activated AC activity by SDPA. The basal AC
activity in cortical membranes of 0.3 nmoles cAMP-mg~'-min~! was
unaffected by 10 pM SDPA (Fig. 6A). 600 nM Gsut stimulated AC activity
20-fold (7.9 nmoles cAW~mg'l-min'l) and this was further enhanced
1.7-fold by 10 pM SDPA (13.4 nmoles cAMP-mg™"-min~'). An SDPA
concentration-response curve yielded an ECgy of 1.2 pM, i.e. similar to
those established in HEK293-expressed mAC isoforms (Fig. 6A; compare
to Fig. 1 and Appendix Fig. 3). This demonstrated that the SDPA effect
on mAC activities was not due to peculiar membrane properties of the
HEK293 cells and supported the suggestion that the effects of GPLs may
be of physiologically important.

Next, we asked whether SDPA acts directly via a membrane-receptor
domain of hAC3 or is a cytosolic effector. We used HEK293 cells trans-
fected with hAC3. 2.5 pM isoproterenol increased cAMP levels from 0.06
to 0.24 pmol/1 0 cells within 45 min (6-fold). 10 BM SDPA did not affect
isoproterenol stimulation. Addition of SDPA did not enhance intracel-
lular cAMP generation (see Appendix Table 3). These unequivocal data
virtually excluded that SDPA acted via extracellular binding sites (re-
ceptors) or via an efficient and rapid uptake system. In fact, although
SDPA is a GPL, it is unlikely that it can pass into intact cells. First, the
negatively charged headgroup of SDPA is dissociated at the pH of in-
cubations. Second, SDPA might slide into the outer leaflet of the mem-
brane, but it would require a flippase for incorporation into the inner
leaflet and potential release into the cytosol. Considering the negative
surface charge of the inner leaflet due to the predominance of phos-
phatidylserine we consider this as unlikely. Third, we did not observe
significant incorporation of SDPA into brain cortical membranes (see
below). Thus, the data tentatively suggest a cytosolic site for the action
of GPLs.

3.7. Is SDPA a ligand?

GPLs are common building blocks of cell membranes. Major con-
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4. Discussion

Our results were contrary to the hypothesis at the outset because we
expected to find an mAC inhibitory input. Most surprisingly we identi-
fied SDPA and other GPLs as positive effectors of mAC activities. Obvi-
ously, we have discovered a new system of intracellular mAC regulation.
At this state our findings open more questions than can be answered
with this initial report.

We used non-clonal HEK293 cells permanently transfected with
mACs. HEK293 cells express considerable endogenous AC3 and 6 ac-
tivities [37]. These endogenous mAC activities appear to be negligible in
this context. First, upon transfection of mAC isoforms we observed very
different basal AC activities virtually excluding that ‘contaminating’
endogenous AC activities affected our results (see Appendix Table 2 fora
list of basal activities in transfected HEK293 cells). Second, we tested
HEK293 cells in which mACs 3 and 6 were knocked out [37]. Upon
mACS3 transfection SDPA similarly potentiated Gsa-activated mAC3 ac-
tivity. Because these engineered cells proliferated rather slowly they
were not used routinely.

Dlacylglycemls and PA are lipid second messengers that regulate

gical and pathological p e.g. phosphatidic acids were
reported to effect ion channel regulation and SDPA to act on the sero-
tonin transporter in the brain [19,29,35]. So far, the specificity of fatty
acyl residues and head groups in these lipids was not explored. Here, we
observed a striking exclusivity of fatty-acyl esters at positions 1- and 2-
of the glycerol backbone supporting a specific effector-mAC interaction.
Usually, fatty acyl substitutions are regulated because they impart spe-
cific biophysical and biochemical properties [14]. We demonstrated that
the combined fatty acyl ligands 1-stearoyl-2-docosahexaenoyl are more
or less exclusive for the actions of SDPA. Even seemingly minor changes
caused substantial changes in activity and efficacy, e.g., a change from
stearoyl to palmitoyl at glycerol position 1 (Fig. 3). This argues for a
specific steric interaction between the flexible stearoyl- and docosa-
hexaenoyl carbon-chains. Acyl chain substitutions might then impair
specific protein-ligand interactions, e.g. by a shrinkage of the binding
surface. Apparently, such interactions are substantially diminished
when only one of the two acyl residues is altered. Notably, di-
d h yl- and di-arachidonoyl-phosphatidic acids (DDPA and
DAPA) had mostly lost the capability to promote AC3 activity (Fig. 3). A
particularly interesting point is the preference for 2-docosahexaenoyl
acylation in the GPLs. Docosahexaenoic acid is an essential omega-3
fatty acid that cannot be synthesized at adequate quantities in infants
or seniors [28]. Therefore it is widely sold as a nutraceutical and should
be included into a bal d diet. Di h ic acid is particularly
abundant in membrane lipids in the retina (about 60% of all lipids
contain docosahexnenoxc acid), testes, brain, heart and skeletal muscle

[14]. A sodium-dep ymporter for uptake of this fatty acid,

stituents of the inner leaflet are phosphatidylserines and phosphatidyl-
ethanolamines, whereas the outer leaflet contains predominantly
phosphatidylcholine and sphingomyelin. In many tissues docosahexae-
noic acid is a major substituent in membrane GPLs [14]. Phosphatidic
acids are indispensable, yet minor membrane components [17]. The
SDPA potentiation of Gsa-activated mAC3 could be due to a lack of
SDPA. Added SDPA might be incorporated into the membrane close to
mACs resulting in a reordering of mAC domains. Alternatively, SDPA
may transiently bind to the cyclase. Under these latter circumstances the
SDPA effect should be reversible. We attempted to dissect these possi-
bilities. We incubated brain cortical membranes for 15 min at 37 °C with
10 uM SDPA. The membranes were then collected at 100,000 g and

kaged as a lysophosphatidic acid, has been characterized and its
structure was elucidated by cryo-EM [5,23,43]. Docosahexaenoic acid is
needed for normal brain development and cognitive functions, a role in
depression, aging and Alzheimer's disease is discussed [9,13,14,23,45].
So far, mACs have not yet been noticed in metabolic disturbances caused
by a lack of docosahexaenoic acid. The data presented here provides
evidence that docosah ic acid is involved in stimulating the cAMP
generating system.

Examination of head group specificity displayed different patterns of
mAC susceptibility and activity (Fig. 5). Notably, mAC isoforms 1 and 2
were not significantly affected by any of the GPLs assayed. This may be
due to a general insensitivity for GPLs or that we did not identify the

washed once. The b were ptible to Gsu stimulation and
potentiation by SDPA like naive membranes (Fig. 6B). Furthermore, the
supernatant of a 50 pM SDPA preincubation potentiated the Gsa acti-
vation in naive membranes, i.e., SDPA was not significantly incorpo-
rated into the membrane preparation. This supports the notion that
SDPA, and most likely other GPLs, serve as intracellular effectors for
mACs.

itable bioactive GPLs. We did not examine the specificity of acyl
substitution at the glycerol backbone in SDPS, SDPE, SDPG and SDPC
because of the specificity of the stearic/docosahexaenoic acid couple in
SDPA. We tested 1-stearoyl-2-arachidonoyl-phosphatidyl choline and
the corresponding phosphatidyl-ethanolamine. Biological activity was
absent with mACs 3, 5, 7, and 9, bolstering the assertion that fatty acyl
specificity is stringent in these GPLs as well. Presently we cannot
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erated second substrate-binding site [12,40], and glycerophospholipids, here
proposed to enter and bind at the b anchor- and

towards the catalytic dimer.

cAMP

completely exclude that GPLs acylated by different couples of acid
substituents at the 1- and 2-positions might possess equal or better
effector properties. In view of the large variety of GPLs this cannot be
tested with a reasonable effort. Currently, we consider such a possibility
as remote. We do not know how GPLs mechanistically potentiate AC
activity in a synergistic interaction together with Gsu. The tentative
scheme in Fig. 7 is intended to illustrate an approximation of potential
interaction sites in relation to Gsu and forskolin. The precise nature of
such interactions requires structural details (in progress).

Another question which is not answered in this study concerns the
intracellular origin of GPLs, how their biosynthesis and release is
regulated and tied into the cAMP regulatory system. Despite being water
insoluble, an efficient traffic of phospholipids in cells exists, e.g. be-
tween locations of uptake and biosynthesis, to and from low-density-,
high-density- and very low density lipoproteins, and the diversity of
membrane-encl rganelles such as mitoch -ndn'\ 1 endo-
plasmic reticulum, end: ly and the membrane
itself. Thus, lipid trafficking is a continuous cellular process connected to
diverse signaling systems [14,35]. Part of the biosynthetic pathways for
phosphntidic acid is the hydrolysis of GPLs with choline, ethanolamine
or serine as head, ps by phospholipase D which g phosph
tidic acids [15]. Chem.\cally, GPLs are excellently sulted to serve as mAC
effectors because termination of SDPA ignaling is easily lished
by phospholip C. The rel between SDPA and forskohn is
debatable. The agents do not cooper:mvely interact at mAC proteins.
Certainly, the structural changes caused by either agent promote the
interactions between AC and Gsa. Yet this is no proof that such changes
are identical or even similar.

A critical observation was the potentiation by SDPA of Gsa-activated
mAC activity in mouse brain cortical membranes. mAC3 has been re-
ported to be abundantly expressed in brain [20,31]. The efficacy of
SDPA was comparable to that determined in mAC3-HEK293 mem-
branes. This demonstrated that the effect of GPLs observed in HEK293
expressed AC isoforms is of physiological significance. Our approach has
then discovered intracellul s, which in conjunction with the
established canonical GPCR/G*u-mgulahon of mACs add a new
dimension of mAC regulation. Currently, we cannot exclude the possi-
bility that other GPLs exist which have an inhibitory input. Actually,
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thermodynamic consndemhons would argue in favor of such a possx-
bility. Whether this is realized as a biological I an
open possibility. Presently, many important questions remain unan-
swered, such as how are intracellular GPL levels regulated, which of the
intracellular GPLs have access to the membrane delimited ACs, are GPL

rations p ly or acutely adjusted in a cell, e.g., by stress,
diet, diurnal, or seasonal effects or by peculiar disease states? In other
word, are we dealing with a long-term regulation of the Gsa-sensitivity
of the cAMP generating system or with coordinated short term signaling
events? Answering these medically relevant questions remains a
formidable challenge in the future.
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UHVSHFWLYH WULPHWK\OVLO\O GHULYDWLYHV

wWQUu
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,Q DGGLWLRQ WR WKH FKLPHULF SURWG LID FK$LP HU B H. @ QKR F
WUDQVPHPEUDQH GRPDLQ RI P$& LV IXVHBSWR MBH F\WRVF

7KH H[SUHVVLRQ ZDV FRQILUPHG YLPH® BHQ IGBRUBYFH
)XFKV 03, 7+ELQJHQ )LJXUH *\/. FRQFHQWYDWQIRGQ WHKDS
WKLV FKLPHUD ZDV QR ORQJHU UHJXYODWHGO HYK MEKBW ED B (

WLPHV KLJKHU WKDQ WKDW RI P$&Q DM JWKH VD P'b H RVQRF W/
RXWFRPH , GHFLGHG QRW WR SXUVXHLXUWKHU UHVHDUFK

J)LIXUH "HWHFWLRGQPeRP S W QG P3IRireuP$& FDowW
FKLPHUDYV

SURWHLQV ZHUH GHWHFWHG E\ LQ JHM® OCOXKRQAMFWOQNH YWD
DFFRUGLQJ WR > @

WRU
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JLIXUH *V. FRQFHQWUDWLRQ UHVSROQB P$&YHV IRU P$&

%DVDO DFWLYLWLHV RI P$& DQG PBROZRPHQ DQG Q
UHVSHFWLYHBUH(& DQG Q0 UHVSHFWLYHC\OLFDWEWHF]
WSUuU
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$GGLWLRQDOO\ ZH GHVLJQHG DQG Qi ©U HWK/HH GV D DFQKVLAPHHRJEDU I
GRPDLQ RI P$& ZLWK WKH F\WRVROLF GRAPIWHRNVPR® ZP¥&
DIJDLQ FRQILUPHG WKURXJK LQ JHO | OXRRILHOAF IF Q BIF H QLW X DKV
UHVSRQVH FXUYHV VKRZHG WKDW WK HVOVALW XOIDMHRE BAK LV @F
*\V., ZDV DWWHQXDWHG FRPSDUDEOH WRVPRBXO DWW H®REW\DV\
UHPDLQHG XQDIIHFWHG E\ DQDQGDPLGHVRIYH G 0 W) LEIRKQFHH Q \
7KHVH ILQGLQJV XQGHUPLQH WKH P NPEUDXRG BBIWHS W R
WKH DQDQGDPLGH UHFHSWRU SURSHURD @AY WR&PE& VEMD/QWF
DQRWKHU DQDQGDPLGH LQVHQVLWLYH LVRIRUP WRR

J)LIXUH $QDQGDPLGH DWWHQXDWHYV P$& EXW QRW P$&

%DVDO DQG Q0 *V. VWLPXODWHG DBPWGYLWLHV ZI$&H :
“ DQG “ $& DQG “ “ DQGPROHPAR
$& UHVSHFWLYHO\ ¥DOXNQODXWHB ,&DQG —0 IRU P$&

P$& UHVSHFWLYHO\ (UURU EDUV DUH QRW VKRZQ IRU FO

WTU
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2XWORRN DQG GLVFXVVLRQ

1RW VR PDQ\ \HDUV DJR WKH 70 GRPDL®@ PRPIHPEWRBDW GLVPL\
DOQFKRU ZLWKRXW IXUWKHU IXQFWLBQG %ILRIFEHRALADW LVF D& C
WKH ODVW FRXSOH RI \HDUV LQGLFERWHH WKQRY WEH @0 \G\RR
UHFHSWRUV 2Q WKH VHDUFK IRU SRMWMIBSQW KBV LY/L JDH) 6V PFU |
DFURVV VRPH YHU\ LQWHUHVWLQJ ILQGLQJV

2QH PDMRU RSHQ TXHVWLRQ LV GHD®IRU \ZS MK M K H RAL \P\$ &.C
DFWLYLW\ )RU DOO RWKHU L VR UDWRN Z HK LG HQAML ZIHHUGH M R AR
RQ WKH H[WUDFWLRQ RI OLSLGV IURFQERY IGDHVO X.GQUGD WD S\HH
XQLGHQWLILHG FRPSRXQGV H[WUDFWBGHDIWVSWL P RQBWSRU\ |
RQ P$& )XUWKHU WKH UHFHQWO\ SXEO L VIKHGEL FDWH {0 W K/
WKHUH LV D FDYLW\ LQ WKH 70 GRPOL QKM WKIIN L RWRHUG DER\H
70 KHOL[ DQG WKH ORRS EHWZHHQ\7QMJD W LX¥KIOAKF K\D |$ DHIGV
WKHUHIRUH D SRWHQWLDO ELQGE @LYDQGIVIRU @ RVKML PBOAF
ZLWK WKH SURPLVLQJ EXW SUHO LS4 Q DHWMRDW ¥ LRR QN & B e+
LV EHVW VWXGLHG IRU LWV UROH U W& H/ BUIMDI WL FZ KU K CLDN
DOVR LQ WKH KHDUW VSHFLILFEKGOHLRYWKH[SUGRDWRQ RO §
LQFUHDVHG KHDUW UDWH > @ KHKDWWWIWLNVE X KVR\D YV WD D )
PDWHULDO IRU OLJDQG ILQGLQJ PLJKW EH ZRUWKZKLOH

$QRWKHU DVSHFW RI WKH UHJXODWHR®L%LQRMK & LADHE R/PD LI
\HW LV LI WKH GLYDOHQW FDWLRW K LDNDQEH RUIVURIII K P DRULWR
ZHOO NQRZQ WKDWRQH SRWHQW F RE MDF WRUWKKDQGOJ LW LV
VROYHG ZKDW H[DFWO\ FDXVHV WKLV @K HHEB\QERQIY WX
3UHOLPLQDU\ GDWD VXJJHVW WKDWQNKH UHIOXBIWER @R Y WK
GRPDLQ LV DW OHDVW JLYHQ IRW &K H G-H PHEFMD RHf RO HEP DFW
LQFXEDWHG ZOWWHRG RUHWDRRW IXUWKHU HQKDQFHG E\ ROH
LQKLELWLQJ HIIHFW Rl DUDFKLGIRQQR U FLIGHE QG ® @D ® GFOKPOLG

WKH FDWLRQV 7KLV LV VRPHWKLQWW&DXWJYWHKHE&Y WR EH LQ
wuu
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7KH ELRFKHPLFDO GDWD WKDW ZH UNQHUD RAIG\ RAYKHIHU BAHKIH (O
XQGHUVWDQGLQJ KRZ $&V DUH SUHFLWIBDQD VHGWUXWW & UD ON
VWXGLHVY FRXOG EH XVHIXO WR 1 GHREGWHW WKW SIRVVWHQMNQAGD
WKH ELQGLQJ SRENHW LV LGHQWRXKLOHGS VEHRIGQXBSUW R MW IVIH b W
PRUH SRWHQW OLJDQGV 7KH IDWW\ FWGEQ WLKIDOV AH DI G\H V
QRW EH WKH PRVW SRWHQW OLJDHPEW RO & FSWHH VI3 @ WO L FWOXL:
FDQQRW EH H[FOXGHG 3UHGLFWLR@YWXEDH\HGEGRX® GLWKRBREBF
GUXJV ZLWK LQFUHDVHG SRWHQF\ DQG RU HIILFDF\

$QRWKHU TXHVWLRQ LV ZKHUH WKHVH)RUSRIK LLOWL E\O NIIRIE&
WKDW WKH RQHV ZLWK HWKDQRODPDLHIRRER MLUWH K\BQ K OAH
SKRVSKROLSDVH ' UHVXOWLQJ LQ SKRVSKDWLGLF DFLGV >
&RQFHQWUDWLRQV RI KHPH E LQ BOR RG] ®RBIWHX IMWRO L @RIZH
VWURQJO\ XSRQ KHPRO\VLYVY LQGXFHGOE S DWHIRARJIVHYVQNVN
PDODULD DWWDFNV EXW DOVR DIWHUGWHD@W ¥VLRQ2RI|I SDF]
:KLOH VROXWH VLIQDOLQJ LV VWOGIOHGL V¥ QQMH/YVH YCHRO\Q KDE S |
TXHVWLRQ RI KRZ WKH IUHH IDWW\ GREOCVQOORHWKMW /&0 1 W R
VRPHWKLQJ WKDW DW WKLV SRLYWUEZHHEDY®KRBRW DUHHZ HVW W
DFWXDOO\ ELQG WR VR FDOOHG |UHH IPRWMWCOD FEEG W KFRH/S \B R
*3&5V EXW WKH DXWKRUV DOVR FDQ@QRBRW HH®OWKE@ KR 2 WK H

,Q SXEOLFEWISRQV $&V DW WKH FURVVLQJ RI BQGHIEQ\G LWRG W
SKDVLF VLJQDOLQJ YLD WKH *3&5 *V. S\DRADKZFDVYW DOVRH ZNKKODWNV L
FROQVWDQWO\ PRQLWRUHG E\ WKH P$&V'PLRIG ILL\U DWW RKH QD O
VHQVRU V\VWHP IRU WKH QXWULWLRDDQYWW B/AWHD VEXRQW K LV

(WAYAV,
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7KH VHFRQG LPSRUWDQW ILQGLQ,],CHWKH EBGG D ® ISWE Q LED\
JURXQG VWDWHVY RQH *V. UHVSRQVLYH VWINWID\UB Gl RIXH MV

7KH OLJDQGV WKHQ PLJKW PKRQWM WW B VA XNV R WVEKH XRPWIKIHR
H[DPSOH P$& ZKLFK VHHPV WR IDYRU WHKN *KLX\WHE8 WS8R QW
RSSRVLQJ VWDWH E\ ROHLF DFLG XM HPKI) RB\SRY LDFNV PY DKM
FDVH IRU P$& $UDFKLGRQLF DFLG RUSRWD QERPIMG MW KIHQK L E
HTXLOLEULXP WR WKH *V. XQUH V SRHG/ MYKH VRRIBMID 18.R) VIH Gt
E\ 6HWK HW DO D OLWWOH E LD OEW W HMKIMP 8iH QHIDIGG Y GEH.I) G
GRPDLQ RI $&V DQG WKHQ UHJXODWHGWKHFWIOAFW) RU KDV Z D\
GHFUHDVLQJ DFWLYLW\ VRPHKRZ FRBEDQBE GHHWR LK HVKHHC
SHGDOV RI WKH SLDQR LV FKDQJIVRX QY& H ZPMH WEHWSRQE R Y L
LGHQWLI\ ZKDW FKDQJHG XQWLO \QXRXW FDW HS WHWVL® & RKD-
DUH OLNH WKH SHGDOV WKH NH\V QWS WHWHIG W WK F\N W
SXVKLQJ WKH SHGDOV DUH WKH OLQD Q/&W N®OIGV WKHS ULHNIHHQW
ELQGLQJ

J)LIXUH 7ZR VWDWH PRGHO PRGLILHG DIWHU > @

W W U
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$Q LOQWULIXLQJ DVSHFW RI WKLV GHMHADURK LV WKH LQWHU
JO\FHURSKRVSKROLSLGV IDWW\ DFL®W WQBFHQE MEKDR QDEL
HQGRFDQQDELQRLGY DUH DOUHDG\ HHFRBRQNV]BHG DV@OLJIDQG
*O\FHURSKRVSKROLSLGY DUH GHVFULEHG QVYHWDVUHVIK®UY R GU
WKHUHIRUH OLJDQGYV 7ZR SRWHQWVY\I)WEBWIKVZ B\WURFIQD @G
WKUHH VXEVWDQFH FODVVHV $QDQGDPLODHKED® MLLAVBHIUGE F
DQG HWKDQRODPLQH RU WKURRBUIK MKLIE EQRODINGRZQ RI
SKRVSKDWLG\OHWKDQRODPLQH D PHPEEADQRXV JO\FHURSK|
SKRVSKRGLHVWHUDVH GLUHFWO\ ZUWRKWQWKIONY ACHIPAE WKQHH B
VXEVWDQFHYVY FDQ EH IRUPHG LQW RDMWDF&&RWHKIEKD D WM HR\Q [P KJ
FRQWUROOHG E\ D FRPSOH[ VIVWHP RI VE@®RWKHOLKF DQG GHJ
FRPSRXQGV

'LWKRXW DQ\ GRXEW WKH UHV X0 W\F SIUH\QHQWVHIHG ZKHRUHH D U H
PHFKDQLVP RI $& UHJXODWLRQ YLD LWV 70UGRWPDG QWR BXMD @
PH DW RQH RI WKH ILUVW GD\V LQ WRKGHOO®O DB VZIRRIGQ Y FIDHHQFW
EXW DOVR UDLVHV PDQ\ PRUH WKDW DAKL Y RWWXK\W RE D M HWH
7KHUH DUH VR PDQ\ RSHQ TXHVWLRQWR WRIDWWHIH PRUH WKTE

W XU
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'LVFODLPHU $, VIVWHPV

, XWLOL]JHG 2SHQ$,MV &KDW*37 ODQHXDXHCLRVGHRO WR H PR
FRQILUP WKDW WKH $, ZDV XVHG H[FORVLY HUPIRWLWRRLR US &
SUHVHQWHG LQ WKLV WKHVLYV ZDV REWDLQHG WKURXJK &KL

XQU
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