Structure of the Dual Enzyme Ire1
Reveals the Basis for Catalysis and
Regulation in Nonconventional RNA Splicing
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SUMMARY

Ire1 is an ancient transmembrane sensor of ER stress
with dual protein kinase and ribonuclease activities.
In response to ER stress, Ire1 catalyzes the splicing
of target MRNAs in a spliceosome-independent man-
ner. We have determined the crystal structure of the
dual catalytic region of Ire1at 2.4 A resolution, reveal-
ing the fusion of a domain, which we term the KEN
domain, to the protein kinase domain. Dimerization
of the kinase domain composes a large catalytic sur-
face on the KEN domain which carries out ribonucle-
ase function. We further show that signal induced
trans-autophosphorylation of the kinase domain per-
mits unfettered binding of nucleotide, which in turn
promotes dimerization to compose the ribonuclease
active site. Comparison of Ire1 to a topologically dis-
parate ribonuclease reveals the convergent evolution
of their catalytic mechanism. These findings provide
a basis for understanding the mechanism of action
of RNaseL and other pseudokinases, which represent
10% of the human kinome.

INTRODUCTION

Endoplasmic reticulum (ER) stress is characterized by the accu-
mulation of toxic misfolded protein aggregates in the ER lumen
(Bernales et al., 2006; Ron and Walter, 2007). Ire1 is an evolution-
arily conserved, ER stress sensor present in all eukaryotes with
both protein kinase and ribonuclease activities (Sidrauski and
Walter, 1997). These activities are critical for the induction of
the Unfolded Protein Response (UPR), a complex set of homeo-
static mechanisms evolved to cope with ER stress in eukaryotes
by promoting protein folding and maturation in the ER (Bernales
et al., 2006; Ron and Walter, 2007).

Ire1 detects elevated unfolded protein levels in the ER and
transmits a signal to the nucleus by splicing mRNAs encoding
master transcriptional regulators of the UPR response—Hac1p

in yeast and Xbp1 in metazoans—independent of the spliceo-
some (Calfon et al., 2002; Lee et al., 2002; Sidrauski and Walter,
1997; Yoshida et al., 2001). Ire1 cleaves a single phosphodiester
bond in each of two RNA hairpins (with nonspecific base-paired
stems and loops of consensus sequence CNCNNGN, where N is
any base)(Gonzalez et al., 1999) to remove an intervening intron
from target transcripts. A second enzyme, the yeast tRNA ligase
RIg1, joins the adjacent exons to generate a mature transcript
(Gonzalez et al., 1999; Sidrauski et al., 1996) (the metazoan ho-
molog of RIg1 has yet to be identified). Removal of the intron in-
troduces a frame shift that yields a functional activator of the
UPR (Calfon et al., 2002; Lee et al., 2002; Mori, 2003; Sidrauski
and Walter, 1997; Yoshida et al., 2001). The mature forms of
Xbp1 and Hac1 execute the UPR transcription program to upre-
gulate the expression of a multitude of gene products including
ER-resident proteins that promote protein folding and matura-
tion and ER-associated proteins involved in protein degradation
(Travers et al., 2000).

Ire1 is atype | transmembrane receptor consisting of an N-ter-
minal ER luminal domain, a transmembrane segment and a cyto-
plasmic region. The cytoplasmic region of Ire1 encompasses
a protein kinase domain followed by a C-terminal extension of
~150 residues. The X-ray crystal structure of the luminal domain
of yeast and human Ire1 have been determined (Credle et al.,
2005; Zhou et al., 2006), shedding light into signal-dependent
dimerization/oligomerization of the receptor. No structural infor-
mation has been forthcoming for the cytoplasmic/enzymatic
portion of the protein. The cytoplasmic region of Ire1 contains
its catalytic activities and is related to the antiviral ribonuclease
RNaselL, which is thought to share a common ribonuclease
mechanism. Unlike Ire1, RNaseL lacks protein kinase activity
and cleaves single-stranded RNA to inhibit protein synthesis in
response to viral stress (Floyd-Smith et al., 1981). While kinase
activity seems expendable in the ribonuclease mechanism of
RNaselL, and by inference that of Ire1, the structural integrity of
the kinase domains of both Ire1 and RNaseL are, paradoxically,
essential for their ribonuclease functions. Incidentally, neither
Ire1 nor RNaseL display sequence similarity to known nucleases.

Structural and biophysical characterization of the luminal do-
main of human and yeast Ire1 supports the notion that Ire1 has
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Scel - -SRIANIPNFEQSL-KNLVVS- - EKILGYGSSGTVVFOGSFQG PVAVKRMLIDFCDIALMEIKLLTESDDHPNV\RYYCSETTDRFLY\ALELCNLNLQDLVESKNVS-
Hsliela - -DDGDEETSVVIVG-KISFCP--KDVLGHGAEGT IVYRGMFDNROVAVKRILPECFSFADREVQLLRESDEHPNV IRYFCTEKDRQFQY IAIELCAATLQEYVEQKDC- -
Mmirela - - DDEDEETRMV IVG-KISFCP--KDVLGHGAEGT IVYKGMFDNRDVAVKR I LPECFSFADREVQLLRESDEHPNV IRYFCTEKDRQFQY |AIELCAATLQEYVEQKD- - -

Rnlrel - -DDEDEETRMV IVG-KISFCP--KDVLGHGAEGT I VYKGMFDNRDVAVKR I LPECFSFADREVQLLRESDEHPNV IRYFCTEKDRQFQY IAIELCAATLQEYVEQKD- - -
Gglrel - -EEGDDDANRVMVG-KISFNP--KDVLGHGAEGT IVYRGTFDNRDVAVKRILPECFSFADREVQLLRESDEHPNVIRYFCTEKDRQFQYIAIELCAATLQEYVEQKA- - -

Xirel --ESEASDADEIRVG-KISFSP--KDVLGHGAGGTCVFRGTFDDRAVAVKRILSESFILADREVQLLRESDEHPNVIRYYCTDSDKLFCYIALELCAATLQEY IKNPE- - -
Dmire! - -DLVDLGNGQVRVG-KISFST--NEVLGKGCEGTFVFKGTFEERFVAVKRLLPECFTFADREVALLRESDAHENVVRYFCTEQDRQFRY |AVELCAATLODYTEGDR- - -
Amire1 - - VPEDMGEGVVKVG-KITFDT--GQVLGKGCEGTFVYRGNFDGRSVAVKRLLPDCFTFADREVALLRESDAHANVVRYFCTEQDRMFRYIALELAEATLODYVAGKY - - -
Celrel - -RKIEIPEGWMAVGSKLMYSP--SDILGTGCEGTVVYRGTFDGREVAVKRVVSEFVKFAHREADLLRESDTHPHVIRYFCMESDSQFRYLALELCIASLNDYVEQKE - - -
Atiel1 - -GLNNSSAEGYRVG-KLFVS---NKEIAKGSNGTVVLEGSYEGRLVAVKRLYVQSHHDVAQKE | LNLMASDKHSNIVRWYGVDQDEHFIYISLELCACSLNDLIYASSAL-
Osirel - -VELPNGLNGRQIG-KLCVY---SKEIGKGSNGTVVFEGSYGGREVAVKRLLRSHNDIASKEIENLIASDQDPNIVRMYGFEQDNDFVYISLERCRCSLADLIQLHSVP -

HSRL - - LKDLHRIYRPMIG-KLKFFIDEKYKIADTSEG-GIYLBFYEKQEVAVKTFCE-GSPRAQREVSCILQSSRENSHLYVTFYGSESHRGHLFVCVTLCEQTIHEACLDVHR- - -

PpRL - - LKDLHRIYRPMIG-KLKFFIDEKYKIADTSEG-GIYLGFYEKQEVAVKTFCE-GSPRARQEVSCLQSSRENSHLVTFYGSESHRGHLFVCVTLCGQTLEACLDVHR- - -

MmRL - - LKSLHSMTRPMIG-KLKIFIHDDYKI AGTSEG-AVYLGIYDNREVAVKVFRE -NSPRGCKEVSCLRDCGDHSNLVAFYGREDDKGCLYVCVSLCEWTLEEFLRLPR- - -

RRL - - LERLHSVSRPMTG-KLKIFMNDDYKIASTSEG-GIYLG!|YDNREVAVKVFCE -NSSRGRKEVSCLRDCGDHSNLLTFYGSEEHKGSLYVOVSLCESTLEKFLNVPR - - -

CRL --LEHLRRIYRPMIG-RLKIFIDDEYKIADTSEG-G|YLGFYEGQEVAVKRFYE-GSAHGQQEVSCLASSRTNSDLVTFYGSESYRDCLYVCLALCEQTLEEYLANHR- - -
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Screl DENLKLQKEYNPISLLRQIASGVAHUHSLK- 11 HRDLKPQNI[EVSTSSRFTADQQTGAENLRILISDFGLCKKLDSGQSSFRTNLNNPSGTSGWRAPELLEESNNLQ - [24
Hslrela - - - -FAHLGLEP ITLLQQTTSGLAHLHSLN- IVHRDLKPHN I LISMPNAHGK - - IKAMISDFGLCKKLAVGRHSFSRR - SGVPGTEGWIAPEMLSEDCKEN- - - -
Mmirela - - - -FAHLGLEPITLLHQTTSGLAHLHSLN- IVHRDLKPHNILLSMPNAHGR --1KAMISDFGLCKKLAVGRHSFSRR - SGVPGTEGW I APEMLSEDCKDN - - - -

Rniel - - - -FAHLGLEP ITLLHQTTSGLAHLHSLN- IVHRDLKPHNILLSMPNAHGR - - IKAMISDFGLCKKLAVGRHSFSRR - SGVPGTEGW | APEMLSEDCKEN- - - -
Gglrel - ---FSHHGLQP IALLQQTTSGLAYLHSLS- IVHRDLKPHNILISMPNAHGK - -VKAMISDFGLCKKLAVGRHSFSRR - SGVPGTEGW I APEMLSEDCKEN- - - -

Xirel - ---FHRSGLDSVTLLHQTMSGLAHLHSLN- IVHRDLKPCNILISYPSAHGK --VRALISDFGLCKKLSVGRNSFSLR-SGIPGTEGWIAPEVLRDRPKQN- - - -
Dmire! - -SLELQNHIDVWQVLSQAASGLSHLHSLD- IVHRDIKPQNVILISLPDAKGK --VRVMISDFGLCKKLNFGKTSFSRR - SGVTGTDGW | APEMMRSQRTVR - [20
Amirel - - - - - DKKKISAKS|LRQATSGLAHLHLLD- IVHRD IKPHNVLLSTPGPRGE --VRAMISDFGLCKKLQLGRVSFSRR - SGYTGTDGW I APEMLNGNRT - - - - - -
Celrel - - -VQQNVTIALRDIMKQATDGLAHLHASK- | VHRDMKPQNVIL | TMASQRGE - -MRAVISDFGLCKRVQPGKNS I SRG[2]SGLAGTDGW I APEVL ISAST- - - - - -
Aftirel-1 - [28] - NGHPSPVLLKLMRDIVAGLVHLHD IG- | VHRDLKPQNVIL | VKNSS - --LCAKLSDMGISKRLPADTSALTRN[2GLGSGSSGWQAPEQLRNERQ - - - - - -

1

Oslrel -[15] -DGLPSAQLLKLMRDVVAGIVHLHSLG- HRDLKPQNVLISKEGP - --LRAKLSDMGI|SKRLQEDMTSVSHH - GTGFGSSGWQAPEQLRHGRQ- - - - - -
HsRL GEDVENEEDEFARNVLSSI|FKAVQELHLSCGYTHQDLQFQN
PPRL GEGVENEEDEFARNVLSSI|IFKAVQELHLSCGYTHQDLQPQN

I KAAHLADFDKS | KWAG
I
MmRL EEPVENGEDKFAHSILLSIFEGVQKLHLH-GYSHQDLQPQN !
I
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KAAHLADFDKS | EWAG
KAVRLADFDQS | RWMG
KAVRLADFDES | QWMR
NAVCLADFDKS | KWTG

RnRL EEPMEKGEDKFALSVLLSIFKGVQKLHMH-GYSHQNLQPPN
CRL REVVENEEDSFARNVLSSVFKAVEELHVRCGYTHQDLQPRN
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Screl TKRRLTRSIDIFSMGCVFYY | LSKGKHPFG-DKYSRESNI IRGIFSLDEMKCLHDRSLIAEATDEI SQMIDHDPLKRPTAMKVL RHPLFWPKSKKLE-FLLKVSDRLEIEN
Hslrela - - - -PTYTVDIFSAGCVFYYVVSEGSHPFG-KSLQRQANILLGACSLDCLHPE- -KHEDVIARELIEKMIAMDPQKRPSANDVLKHPFFWSLEKQLQ-FFQDVSDRIEKES
Mmiretla - - - -PTYTVDIFSAGCVFYYVISEGNHPFG-KSLQRAQANILLGACNLDCFHSD--KHEDVIARELIEKMIAMDPQQRPSAKHVLKHPFFWSLEKQLQ-FFQDVSDRIEKEA
Rnlret - - - -PTYTVDIFSAGCVFYYVISEGNHPFG-KSLQRQANILLGACSLDCFHSD- -KHEDVIARELIEKMIAMDPQQRPSAKHVLKHPFFWSLEKQLQ-FFQDVSDRIEKES
Gglrel - ---PTYTVDIFSAGCVFYYVVSEGSHPFG-KSLQRQANILLGAYSLEFLDAG- -RHEDIVARDLIEQMINMDPQKRPSASCVLKHPFFWSLEKQLQCLFQDVYSDRIEKEA
Xirel ----PTAAVDIFSAGCVFYYVLSKGQHPFG-DNLRRQSNILSGSYSLPKLADD- - THENVVARHLVEMMINSDPLLRPSSQNVL | HPFFWTPAKRLQ-FFQDVSDRIEKEP
Dmirel FNYLQTTAVDIFSLGCVYYYVLSGGHHAFG-DNLKRQANILSHEYNLAKLRPE-[4 DSRILAEQLISDMIHKDPQSRPPARCIGNHPLFWDEPKMLS-FLQDVSDRVEKLQ
Amirel - - - - - TCAVDIFSLGCVFYYVLSNGKHPFG-DPLRRQANILCGENDLTALHDE -[4] DKIELALILIKAMIANNPSERPPVMAVHDHP | FWEPAKILG-FFQDVSDRVEKEE
Celrel - - - - - SYPVDIFSLGCIFYYVLTSGTHPFG-KSLHRQANIVNGEYTLNKLADL - - -DDWSLADDLISSMLNVEPLHRLTADAVLNHPFFWTSEKRLA-YFSDVSDRVEKEE
Aflrel-1 - - - - - TRAVDLFSLGCVLFFCMTGGKHPYG-DNYERDVNVLNDQKDLFLIESL - --PEAVHLLTGLLNPDPNLRPRAQDVMHHPLFWNSDMRLS - FLRDASDRVELEN
Oslrel - - - - - TRAIDLFSLGCLIFYCITKGKHPFG-EYYERDMKI INNQFDLFIVDHI - --PEAVHLISQLLDPDPEKRPTAVYVMHHPFFWSPELCLS-FLRDTSDRIEKTS
HsRL - -DPQEVKRDLEDLBRLVLYVVKKGS ISFEDLKAQSNEEVVQ -EETKDLIHRLFHPGEHVRDCLSDLLGHPFFWTWESRYR-TLRNVGNESDIKT
PPRL - -DPQEVKRDLEDLBRLVLYVVKKGS ISFEELKAQSNEEVVQ ~EETKDLIHRLFHPGEHVRDCLSDLLGHPFFWTWESRYR-TLRNVGSESDIK
MmRL - -ESQMVRRDLEDLGRLVLYVVMKGE IPFETLKTQNDEVLLT -EETKDLIHCLFSPGENVKNCLVDLLGHPFFWTWENRYR-TLRNVGNESDIKV
RRL - -ESQTVQRDLEDLGRLVLYVVNKGEIPFETLKGQNDEELLT -EETKDLVHCLFSPGENVKNCLMDLLGHPFFWTWENRYR-TLRDVGNESDIKV
CRL --ETQEIRKBLEALGLLVLYVVKKGEVPFVTLKTQSHEKIIQ-------LSPD------ EETRDLIYHLFNPGDNVLEHLSGLLGHPFFWSWENRYR-TLRDVGNESDIKQ
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Sclre1 -RDPPSALLMKFDAGSDFVIP-SGDWTVKFDKTFMDINLERY - - - - - - KVHSSKLMDLLRALRNKYHHFMDLPEDIAELMGP\!PDGF\’DVFTKRFPNLL\GVYM\VKENLS
Hsitela - - - LDGP I VKQLERGGRAVVK- - MDWRENI TDPLQTDLRKF - - - - - - RT¥KGGSVRDLLRAMRNKKHHYRDLPEEVRETLGTLPDDFVCYFTSREPHLLAHTYRAMELCSH
Mmireta ---LDGPIVRQLERGGRAVVK- -MDWRENITVPLQTIDLRKF - - - - - - JTYKGGSVRDLLRAMRNKKHHYRELPAEVQETLGSIPDDFVRYFTSRFPHLLSHTYQAMELCRH
Role1 - - - LDGP IVRQLERGGRAVVK- -MDWRENITVPLQTDLRKF - - - - - - ¥KGGSVRDLLRAMRNKRHHYRELPVEVQETLGSIPDDFVRYFTSRFPHLLSHTYRAMELCRH
Gglret - - - LDGP I VKQLERGGREVVK- - MDWREHI TVPLQTDLRKF - - - - - - JSYKGGSVRDLLRAMRNKKHHYRELPLEVQETLGS IPDDFVCYFTARFPHLLLHTYHAMRICCQ
Xiel - - -VESPIVVALESDARPVVR- - VNWRLHISVPLQTDLRKF - - - - - - RISYRGNSVRDLLRAMRNKKHHYHELPPDVRETLGS IPDEFVSYFTSREPHLLLHTYQAMKKGSP
Dmirel - - - FHAEPLKSLEKNGR | VVL - -DDWNVHLDPMITODLRKY - - - - - - RIGYMGASVRDLLRALRNKKHHYHELPAAAQKMLGC I PHEFTNYWVDRFPQL I SHAYHAFSICSN
Amirel - - -TSSPALLALEFECNRVVQ--GDWRLLIDVEVATDLRKY - - - - - - AISYRGESVRDLLRALRNKKHHYRELTPQAQESLGY IPDKFTEYWLSRFEPSLLSHVWCAMQTFRN
Celrel - - -DNSPVVRRIETDARIVVC- - GGWREKICDALKEDLRKF - - - - - - RITYKSFSVRDLLRAMRNKKHHYRELSQDVRQSLGD IPDQFLHYFTSREPRLLLHVYKATEYCSG
Atire1-1 -REEGSQLLAALESTAAVTLN- -GRWDEKLDSIFLDONIGRY - - - - - - RIRYKFDS IRDLLRY I RNKLNHYRELPEELQELLGSYPEGFERYFSSRFPKLLIQVYTVLFDYCN
Oslre1 ----ETDLIDALEGINVEAFG- - KNWGEKLDAALLADMGRY - - - - - - RIKYSFESTRDLLRL IRNKSGHYRELPKDLKELLGSLPEGFVQYFSSRFPKLL I KVYEVMSEHCK
HsRL -RKSESEILRLLOQPGPSEHSKSFDKWTTKINECVMKKMNKFYE - KRGMFYQN-TVGDLLKF IRNLGEHID- - -EEKHKKMKLKI GDPSLYFQKTFPDLVIYVYTKLQONTEY
PpRL -RKPESEILKLLQPGPSEHSKSFDKWMTKINECVMKIKMNTFYR -KNGMNFYQN-TVGDLLKF IRNLGEHID- - -EEKHKKMKLKI GDPSRYFQKTFPDLVIYVYTKLQONTEY
MmRL -RKCKSDLLRLLQHQTLEPPRSFDQWTSKIDKNVMDIEMNHFYEKRKKNPYQD-TVGDLLKFIRNIGEHIN---EEKKRGMKEILGDPSRYFQETFPDLVIYIYKKLKETEY
RnRL -RNNKSKLLKLLQPQTHAPSRSFDRWTSKIDKRVMSIDMNGFYK - - SRKIGYRD-TVGDLLKFIRNIGEHIN---EEKNRQMKEILGDPSRYFQETFPDLVIYIYKKLKETEF
CRL -RLRNSRIVQLLQLENSECSRTFAQWTSKIDKYVMTIVMNKFYE - KKRNMFYED-TPSDLLKFIRNLGEHIN---EDKNKKMRL I I EEPSRYLOQMKFEPDLVIYVYKKLQNTEY
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Sclre1 DDQILREFLYS
Hsirela -ERLFQPYYFHEPPEPQPPVTPDAL
Mmireta -ERLFQTYYWHEPTEPQPPVIPYAL
Rnire1 -ERLFQTYYWHEPTEAQPPGIPDAL . . . . .
FQHYYQQDSAEKS | AGDAY * Kinase domain dimer interface residues

Gglre1 -ERL

Klirel -ERQFQTYYHWVLSS

Dmire1 -EPIFKPYYSAGYLFTRPWYFDA - 311 5 N . 2
Amirel - EPTLROYYHADYTFAI ISEGESLQ [50] * KEN domain dimer interface residues

Celre1 -EAVFKRYYSD
Atlre1-1 NEEFFFKYSKTTVF
el OEEARSKNFLOSSA v Putative Nuclease active site residues
HsRL RKHFPQTHSPNKPQCDGAGGASGLASPGC
PPRL RKHFPQTHSPNKPQCDGAGGASVLASPGC
MmRL RKHFPQPPPRLSVPEAVGPGGIQS
RnRL RKHFPQPPPSLSVPEAAGPGGVQS
CRL RKHFPKIHNPNKDXLFVEHLE

Figure 1. Sequence Conservation in the Dual-Catalytic Core of Ire1

Structure-based sequence alignment of the protein kinase domain and KEN (Kinase Extension Nuclease) domain of Ire1 sequences from S. cerevisiae (yeast),
H. sapiens (human), M. musculus (mouse), R. norvegicus (rat), G. gallus (chicken), X. laevis (frog), D. melanogaster (fruitfly), A. mellifera (honey bee), C. elegans
(nematode), A. thaliana (mouse-ear cress), and O. sativa (rice); and RNase L sequences from H. sapiens (human), P. pygmaeus (orangutan), M. musculus (mouse),
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