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Pre-mRNA splicing takes place in two catalytic steps.
The second step is poorly understood, especially in
mammals. In yeast, the splicing factors, Prps 16, 17,
18 and Slu7 function exclusively in step Il. Here we
report the isolation of cDNAs encoding human Prps
16 and 17 which are 41 and 36% identical to their
yeast counterparts. The Prp16 gene is essential in yeast,
and we show that a chimeric yeast-human Prpl6
protein rescues a yeast Prpl6é knockout strain.
Immunodepletion of hPrpl6 from splicing extracts
specifically blocks step II, and the activity can be fully
restored with recombinant hPrpl6. Moreover, both
hPrps 16 and 17 associate with the spliceosome late in
the splicing pathway. Mutations at the 3 splice site that
specifically block step 1l do not affect the association of
hPrps 16 and 17 with the spliceosome, indicating that
these factors may function at a stage of step Il prior
to recognition of the 3 splice site. Recently, the human
homologs of Prpl8 and Slu7 were identified. The
observation that humans contain homologs of all four
known step Il proteins in yeast indicates that the
mechanism for catalytic step Il is highly conserved.
Keywords catalytic step II/hPrp16/hPrpl7/spliceosome/
splicing factor

Introduction
Pre-mRNA splicingin vitro requires the formation of

pre-mRNA in the E, A or B spliceosomal complexes
which assemble prior to catalytic step | (Reed and
Palandjian, 1997). The conserved proteins in these com-
plexes include three Ul snRNP components, six U2
snRNP proteins, four U5 snRNP proteins and two U4/U6
SnRNP proteins (Laubest al, 1997; Tanget al, 1997;

for reviews, see Kiaer, 1996; Will and Larmann, 1997).
Among the non-snRNP spliceosomal proteins that have
yeast homologs are the E complex components SF1/mBBP
and U2AP5 (Zamoreet al, 1992; Abovichet al., 1994;
Arning et al, 1996; Abovich and Rosbash, 1997).

In contrast to the progress in identifying proteins
required for early stages in spliceosome assembly, com-
paratively little is known about the proteins involved in
catalytic step Il. A general picture that has emerged from
studies in both humans and yeast is that the spliceosome
undergoes substantial remodeling prior to step Il (for
review, see Umen and Guthrie, 1995c). For example, in
humans, 14 new spliceosomal proteins associate with the
C complex prior to step Il (Gozawet al., 1994; for review,
see Umen and Guthrie, 1995c). Moreover, U5 snRNP,
which interacts at the'Splice site prior to step | (Newman
and Norman, 1992; Wyatet al, 1992; Corteset al,
1993; Sontheimer and Steitz, 1993; Newnedral,, 1995;
Teigelkampet al., 1995b; Chiaraet al,, 1996; Reyegt al,,
1996), binds to the '3splice site prior to step Il, where it
is thought to play a key role in’3plice site recognition
for step Il (Umen and Guthrie, 1995a; Chiatzal., 1997).
Finally, both the U5 snRNP protein, &8 (Prp8 in yeast)
and U5 snRNA contact exon sequences adjacent to'the 5
splice site prior to step | and then, prior to step Il, also
contact intron and exon sequences next to theice
site (Sontheimer and Steitz, 1993; Newn&tnal, 1995;
Teigelkampet al, 1995a; Umen and Guthrie, 1995a,b,
1996; O’Keefeet al, 1996; Chiaraet al, 1997; for

series of spliceosomal complexes which assemble in thereviews, see Umen and Guthrie, 1995c; Newman, 1997).
order E, A, B and C. The two catalytic steps of splicing These interactions are thought to align the exons for
take place in the C complex. The spliceosomal complexes ligation during step 1.

and the functions of the five spliceosomal snRNAs (U1,

U2, U4, U5 and U6) are conserved fraBaccharomyces

In order to understand how the spliceosome is remodeled
for step Il and how the active site is formed for this step

cerevisiaeto humans (for reviews, see Rymond and in splicing, it is necessary to identify and characterize

Rosbash, 1992; Mooret al, 1993; Madhani and Guthrie,

individual proteins involved in these processes. Most of

1994). More recently, a number of spliceosomal proteins the progress towards this goal has been made in yeast,
have also been shown to be conserved from yeast towhere four proteins that function exclusively in catalytic
humans. In yeast, genetic screens have identified ~50step Il have been identified (for review, see Umen and

protein-coding genes involved in splicing (for reviews,

see Kianer, 1996; Hodgest al., 1997; Will and Lihrmann,

Guthrie, 1995c). These are Prpl6 (Cowbal, 1987,
Burgesset al,, 1990; Schwer and Guthrie, 1991, 1992a,b),

1997). Likewise, ~50 proteins have been identified on Prpl7 (Vijayraghavaret al, 1989; Jonet al, 1995),

two-dimensional gels of purified human spliceosomes. So Prp18 (Vijayraghavan and Abelson, 1990; Horowitz and
far, about half of these have been identified as componentsAbelson, 1993a,b) and Slu7 (Frank and Guthrie, 1992;
of Ul, U2, U4/U6 and U5 snRNPs (for reviews, see Ansari and Schwer, 1995; Jonetal, 1995). Prp16 and

Kramer, 1996; Reed and Palandjian, 1997; Will and Slu7 are essential for viability in yeast, whereas Prps 17
Ldhrmann, 1997). Most of the human spliceosomal and 18 are not (for review, see Umen and Guthrie, 1995c).
proteins that have counterparts in yeast first associate withAs an approach for identifying mammalian proteins func-
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A hPrp16
MGDTSEDASIHRLEGTDLDCQVGGLICKSKSAASEQHVFEAPAPRPSLLG 50
LDLLASLKRREREEKDDGEDKKKSKVSSYKDWEESKDDQEDAREEGGDQA 100

GONIRKDRHYRSARVETPSHPGGVSEEFWERSRQRERERREHGVYASSKE 150 o O
ERDWKKEKSRDRDYDRKRDRDERDRSRHSSRSERDGGSERSSRRNEPESP 200 B P
RHRPKDAATPSRSTWEEEDSGYGSSRRSQWESPSPTPSYRDSERSHRLST 250 &4
RDRDRSVRGKYSDDTPLPTPSYKYNEWADDRRHLGSTPRLSRGRGRREEG 300 ¥

EEGISFDTEEERQQWEDDORQADRDWYMMDEGYDEFHNPLAYSSEDYVRR 350
REQHLHKQKQKRISAQRRQINEDNERWETNRMLTSGVVHRLEVDEDFEED 400
NAAKVHLMVHNLVPPFLDGRIVFTKQPEPVIPVKDATSDLAIIARKGSQT 450
VRKHREQKERKKAQHKHWELAGTKLGDIMGVKKEEEPDKAVTEDGKVDYR 500 —— 140 kD
TEQKFADHMKRKSEASSEFAKKKSILEQRQYLPIFAVQQELLTIIRDNSL 550
VIVVGETGSGKTTOLTQYLHEDGYTDYGMIGCITOPRRVABMSVAKRVSEE 600
MGGNLGEEVGYATRFEDCTSENTLIKYMTDGILLRESLREADLDHYSAIT 650
LNTDVLFGLLREVVARRSDLKLIVIEATMDAEKFAAFFGNVE 700
IFHIPGRTFPVDILFSKTPQEDYVEAAVKQSLOVHLSGAPGDILIFMPGY 750
EDI EVTS DOIVEHLEELENAPALAVLPIYSQLPSDLOAKIFQOKAPDGVRK 800
AETSLTVDGIMFVIDSGYCKLKVFNPRIGMDALQIYPISQANA B850
NQR :ﬁmﬂ: PGQCFRLYTQSAYKNELLTTTVPEIQRTNLANVVLLLKS 900
LGVODLLQFHFMDPPPEDNMLNSMYQLWILGALDNTGGLTSTGRLMVEFP 950
LDPALSKMLIVSCDMGCSSEILLIVSMLSVPAIFYRPKGREEESDQIREK 1000 1 2
FAVPESDHLTYLNVYLOWKNNNY STIWCNDHF THAKAMRKVREVRAQLKD 1050
IMVQQRMSLASCGTDWDIVRKCICAAYFHOAAKLKGIGEYVNIRTGMPCH 1100
LHPTSSLFGMGYTPDY IVYHELVMTTKEYMQCVTAVDGEWLAELGPMFYS 1150
VKQAGKSRQENRRRAKEEASAMEEEMALAEEQLRARRQEQEKRSPLGSVR 1200

STKIYTPGRKEQGEPMAPRRTPARFGL 1227 A A
D Q«\ ’:g'a

C hPrp17 S

MSAATAALAASYGSGSGSESDSDSESSRCPLPAADSLMHLTESPSSKPSL 50 Q(\ <

AVAVDSAPEVAVEEDLETGVHLDPAVKEVQYNPTYETMFAPEFGFENFFR 100
TOOMAAPRNMLSGYAEPAHINDFMFEQORRTFATYGYALDPSLDNHQVSA 150
KYIGSVEEAEKNQGLTVFETGOKKTEKRKKFKENDASNIDGFLGFWAKYV 200
DEKDVAKPSEEEQKELDEITAKRQKKGKQEEEKPGEEKTILHVKEMYDYQ 250
GRSYLHIPQDVGVNLRSTMPPEKCYLPKKQIHVWSGHTKGVSAVRLFPLS 300
GHLLLSCSMDCKIKLWEVYGERRCLRTFIGHSKAVRDICFNTAGTQFLSA 350
AYDRYLEKLWDTETGQCISRFTNRKVPYCVKFNPDEDKQNLFVAGMSDEKI 400
VQWDIRSGEIVQEYDRHLGAVNTIVFVDENRRFVSTSDDESLRVWEWDIF 450
VDFKY IAEPSMHSMPAVTLSPNGEKWLACQSMDNQILIFGAQNRFRLNKKK 500
IFKGHMVAGYACQVDFSPDMSYVISGDGNGELNIWDWETTELY SRFRAHD 550
KVCIGAVWHPHETSKVITCGWDGLIKLWD 579

= -66 kD

12

Fig. 1. Characterization of hPrp16 and hPrp17 cDNA&) Predicted amino acid sequence of hPrp16. The 3703 bp cDNA sequence of the hPrp16
gene has been deposited in DDBJ/EMBL/GenBank under accession No. AF038391. The N-terminal REDS residues are in bold, conserved motifs
identical to the DEAH box protein family are boxed, and the NTP-binding fold is underlifBdC@-migration ofin vitro translated (IVT) hPrp16

and hPrp16 detected in nuclear extract by hPrp16 antibody.|ved nuclear extract was mixed with (il of [3°S]methionine-labeled IVT-hPrp16,
separated by SDS—PAGE and then proteins were immobilized on a membrane. The membrane was probed with hPrp16 antibodies and bands were
detected using a horseradish perioxidase-conjugated secondary antibody and enhanced chemiluminescence (ECL) (lane 2) followed by detection of
the 35S-labeled protein by autoradiography (lane 1). Note that the IVT-hPrp16 is below the level of detection of the antibody (data not shown).

(C) Predicted amino acid sequence of hPrpl17. The 1979 bp cDNA sequence of the hPrpl7 gene has been deposited in DDBJ/EMBL/GenBank under
accession N0.AF038392. Seven conserved WD repeats (&HzWWD) identified by the PROSITE Program are in bolB) (Co-migration of IVT-

hPrpl17 and hPrpl7 detected in nuclear extract by hPrpl17 antibodies. Samples were analyzed as in (B). The IVT-hPrpl7 is below the level of
detection of the antibody (data not shown).

tionally important for step Il, we sought to identify human hPrp17 cDNA encodes a 579 amino acid protein with a
homologs of these yeast step Il proteins. Recently, the calculated mol. wt of 66 kDa and an isoelectric point of 6.89
human homologs of Prp18 and Slu7 were identified and (Figure 1C). To characterize the proteins encoded by these
shown to function in step Il in humans (Horowitz and cDNAs, we raised rabbit polyclonal antibodies to GST
Krainer, 1997; K.Chua and R.Reed, in preparation). We fusions of each protein (see Materials and methods). One
report here the identification of the human homologs of main band of 140 kDa is detected by hPrp16 antibodies on
Prps 16 and 17. Our data indicate that these proteins area Western blot of nuclear extract (Figure 1B, lane 2). This
both structurally and functionally conserved with their band co-migrates with thia vitro translated (IVT) protein
yeast homologs. produced from the hPrpl6 cDNA (Figure 1B, lane 1).
Similarly, one main band of ~66 kDa, which co-migrates
with IVT-hPrpl7, is detected by hPrp17 antibodies in nuc-
lear extract (Figure 1D). These observations, together with
Characterization of hPrp16 and hPrp17 cDNAs the fact that there is a consensus Kozak sequence (Kozak,
The probable human homologs of yeast Prpl6 (Burgess1986) upstream of the designated initiator methionine in the
et al, 1990) and Prpl17 (M.Company and J.Abelson, per- hPrp16 and 17 cDNAs, indicate that these cDNAs encode
sonal communication) were identified by a BLAST search full-length proteins.

ofthe GenBank database, and full-length cDNA cloneswere As shown in Figure 1A, hPrpl6 contains an NTP-
isolated using PCR strategies (see Materials and methods)binding motif (underlined) and six RNA helicase motifs
The human clones are designated hPrp16 and hPrpl17. Théboxed) that are present in yeast Prpl6 and all other
open reading frame (ORF) of the hPrp16 cDNA predicts a members of the DEAH box family of putative RNA
protein of 1227 amino acids with an expected mol. wt of helicases (for review, see Wassarman and Steitz, 1991;
140.5 kDa and an isoelectric point of 6.35 (Figure 1A). The Schmid and Linder, 1992). These motifs are strikingly

Results
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A,

Human homologs of Prp16 and Prp17

Prp16/Prp16

1 DTSEDASHHRLEGTDLDCQVGGLICKSKSAASEQ PAPRPSLIGLBIASIKRREREEKDDGEDKKKSKV DWEESKDDQK hPrpl6
1 YEHSGREERg -~~~ =~=========———————-—- KDIYELTSKE- -#TPQRI LT OKLAQKPNTNL2QF - - - - IS~ -~ - - - - - -~ Prplé
91  DAEEEGGDQAGQNIRKDRHYRSERVETPEHPGGVSHIFWERSRORERERREHGVYASEKEHIDWKKEKSRDRDYDRKRERBERDRSRHSS hPrpl6
50  mmmmmmmmmm——mmmmeoemoo M LTKLSENNPIIFNIL3LLKNKSE3--~----~ TGP{KIAPSINKRKKFKIQ DNE- - -~~~ Prplé
181 RSERDGGSERSS p RPKDAATPSRSTWEEEDSGYGSSRRSQWE PS-YRDSHYSHRESTRDRDRSVRGKFEDDTPLET hPrplé
104 —------mm-mooo L QK= == mmm oo mmmmmmmmmmmmmmm— oo RTLFK- - R IDKKAKQ- - - - Li{ -OpE P S Prplé
270 [ESYKYNEWADDRRHLESTPRLSRGRGRREEGHEGISFDTEEERQQWEDDQROARRIINMMEEGiDEF - AYSSEDYVRRREQHLHKQ hPrpl6
144 JgN------ SEQQTQNEHAETKDYEPTSEVVA3- -~ - == ============== IEMDNEDDMGNLV PRI SELPlIE- — === - ==~ - - Prplé
359 KQKRISAQRECKINEENERWEINRMLTSG 2 VDED§ EEDNEAKVHLMVHNLYPPFLDGRIVFTKQPEHY IFVKDATSDLAT IRR hPrpl6
196 --AKLLPVIgNIIDNEDALRNYVOLYPIPLKQEMIWI PPILSKFLENKVPTSIIIGSISETSSQVSALSM-YNFFRNPISEF SANGK Prplé
449  QTjRKHE EQKBRKKAQHKHWELAGRKLEDIME VKKEEEPDKAVTE YRTESFARHMKRKSEASSHFAKKISILEQ-RQYBE AV hPrplé
283  KL{ALRf§ INMEHIQQSRDNTTVL EVLEELENNN-----~--- KDKSNQYICOED------~ TALPTPS{DDIKHTKEQ®VRRC Prplé
538 QQ b1 1 RIeNEP AW GETGSGKTTQ 2 T-| e Tlele TOPRRVAANSVAKRVE] GG! e Th L hPrplé
356 RSQMASSIEN QV&VIIGETGSGKTTO 2 D39S T\ TOPRRVAAMSVAKRY Qv s 2CHK Prpl6
625 I TDGILLR! R 8TIS DEAHERSLNT! € LLREVVEVAI SR B A1 IDF PR edNIAI DIL hPrplé
446 1Y TDGILLREGLIARIbiL. D JiDEAHERSLNTDMLIS 3388 ASARRINDLKLIpS IS ARKFE Fle Fi I PGRTFPV[oy S B393R
715 FSKTEOHYFYENN K8 SLOVER SG- - APgNRBIgY reeaas Vi SE QI BHL - - - - - - - - - - EELENAPALA HEDLO hPrpl6
536  YTSNZVORMYFIN SEAVKIZMANDCS S(caialaguTie@oivnga TLQIBKFLQVYSKKFGTANFIREINDIET 3 Prplé
793  KAPDGVECH VISR D B O QRSGRAGRT[e Poe QSAYENELLTTR hPrplé
626 DLHGTKIRYTMIEWSNENGNIRT S| 3 ABORSGRAGRTIA PGHE EDTFYEDMYLQY} Prplé
EENAY PETORTN Ag -QrfiL 5 PEEED I STER! IVSCDI 31 hPrpl6
AV PETORTNLIEN TDEMS SKIJILQTFIESE FIi TS PL{ELQYA] B SKR LB DM Prpl6
972 FYRPKERI 07] VP, ¥ ITT I EVRARIK] RMSLAF hPrplé
806 {0}V F YR PKIS IO} ERARS FI F S. VQYSSL DI LTMLKS@KIPV Prplé
1062 CETRIDRH AAYFRIINSLKEIG T PC S| b4 I M 3G 3L PMFfiSV hPrpl6
896  S[EKMIINI SGFAZ (VNI TEL L) SV S D! S| I B VDig 3Y[eGLLYYDI Prplé6
1152 [EQAGKSRQENRRRAKESASAMEEEMALAEEQL QEQEKREPLGSVRSPEKIYTPGREER----------- GEPUANERRTPARGL hPrplé
986 RIKNDQEATTTGLFGERHYEHTLDKVEDDIDINI)RICKD] IQEL DNSNKE KTKXQNILNGKENS& 3FKRRKH3-F Prplé
B hPrp17/Prp17

1 Fsaar GS ESDSESE RCPLPAADSLsEL SPSSKPSLAVAVDSAPEVAVKEDWETGVHLDJAVKEVQYNPTYETMFA hPrpl7
1 §G----- VDG DTSEOEDLNFIREGKE -~ ——-—--~~ RN -~ -~ == === — === GNMHEDTSYE3SSNNIH--~===-~~~ Prpl7
91 PEFGPENPFRTQQOMAAPRNMLSGYAEPAHINDFMFEQQRRTATYGYALDPSLDNHQVSAKYIGSVEEAEKNQGLTVFETGQKKTEKRKE hPrpl?
46 -------------em-mm———me—e—oooooooooo KRKSHT -~ == —==—=-=--=———-— oo KSELKRjZRj} Prpl7
181 FKENBASNIDGF: AKYVDEKBVAKPS LDEMTAKRQKKGKQEHIKPG-| KTILHgE IDYQGR HI)3 ¥STM hPrpl?7
62 TRKQg--------| GSWSSSDZETSQAS] DQDYFVHALAEDNLDSEQIE SHFYGIUS EKD)'(e]e}3 YPi3 EER Prpl7
270 PPE THVW. T SAVRLFEL SCSMC EV)4GE. 3 TY3 I AVRDIQINTAGT! R . hPrpl7
144 ISF IRNY IPEET TR LKFY5K' I B GGNsH' I@DEFHDY PIKALRBPTEDCQ SSFIRNSVISI Prpl?7
360 CISRFTNRKV YQKFNEDEDKQNLE V. DKEIVOWR IR SB- - - SREGAVNTIVFVDENR s 3 hPrpl7
234 JLHLNST)3ADMESRjFTNPHE - | NSE{LH VS2NQG SSILALKYFPDGSKIES| TVRIQR Prpl?
447 DFRYHAEPS AVTLSENGKWLACREUN Ol L IfGAQNRFRLNK ISR RET ACQ SFVIREBGNGKINI[JS hPrpl?
322 N P SDTA 3FLNVH3ZSONYFCASSURI RMY SJ§ SLKPKYKRHPRGESFIES GISL SGRY ICEIEB SKSRUFT|)S Prpl7
537 TKY SRFAHDKV GAE- PISETSKV gy KL hPrpl7
412 SRLNNTHT PGNK PHT QU DI Qo e QUM C yaYeD) Prpl7

C WD repeats

REPEAT 1
N 290 300 310
hPrpl?7 WSGHTKGVSAVRLFPLSGHLLLSCSMDCKIKLWE
.:GH..G.:A::::P :GHL:LS : D .IK:W:
Prpl7 PGHPEGTTALKFLPKTGHLILSGGNDHTIKIWD
; 160 170 180
330 340 350
hPrpl7 FIGHSKAVRDICFNTAGTQFLSAAYDRYLKLWD
F GH:K:::.: s FLS:::DR :K:WD
Prpl7 FQOGHNKPIKALRFTEDCQSFLSSSFDRSVKIWD
210 220 230
REPEAT 3
370 380 390 400
hPrpl7 RFTNRKVPYCVKFNPDEDKQNLFVAGMSDKKIVQWD
R: ...P V. P .:.: :.G:8: . KI::.D
Prpl7 RLHLNSTPADVESRP--TNPHEFIVGLSNSKILHYD
250 260 270
REPEAT 4
420 430 440
hPrpl7 YDRﬂLGAVNTIVFVDENRR;VSTSDDKSLRV%E ) . ) )
Prpl7 Bilbaasy ifrippbasioiSiSiBhesBilE Fig. 2. (A andB) Amino 'c_lCld alignment of yeast and human Prp16
REPEAT 5 220 300 310 320 and Prp17 homologs. Alignments were done by the Clustal method
REPEAT 5 270 : : : .
hPrpl7  PSMHSMPAVTLSONGKWLACOSMBNOILIFGAGY (DNASTAR Inc). Identical residues are shown in white on black. An
Prpl7 thonEnEr MBSO T cARNE FysEéLED alignment of hPrp16 with yeast Prps 2, 22 ar_ld 43 was done by the
REPEAT & 340 350 360 same method (data not shown). The overall identity to hPrp16 for
REPEAT 6 o 5 S o - y h
hprpl? FKQEMVAG:}AgQVDFSPDQSQVISGDGN(S;%ENI@ _these_ pr_otems is 37, 33 and 34%, r_espectlv_ely, and the C-terminal
EKGH AGY: . Y pi:l LW identity is 47, 48 and 36%, respectivel)(Alignment of the seven
Prpl7? FKGHSSAGYGISLTFSGDGRYICSGDSKSRLFTWD
REPEAT 7 380 390 400 410 WD repeats (GH-%;_35WD) conserved between hPrpl7 and Prpl7
550 560 570 i i —| i i
weepts  sguBtboras-wEiEor it e indicated, and similar eidues are shown by dbts. GH and WD
.22 I..V WHP:ETSKVI .G .G I : D
Prpl?7 KIPGNKPIE%XDWHPQETEEXICSGAAGK%%VCQ ! ues are showl y ots. a

residues are underlined.
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conserved in hPrpl16/Prpl6 and in the three DEAH box
splicing factors, Prps 2, 22 and 43 (Burgetsal., 1990;
Chen and Lin, 1990; Compamst al, 1991; Onoet al,
1994; Arenas and Abelson, 1997). All of the motifs
indicated in the boxes are identical among these different
proteins (Figure 1A and data not shown). The overall
identity between hPrpl6 and Prpl6 is 41%, and hPrpl6

is more related to yeast Prp16 than to the other members

of the DEAH box family (Figure 2A and legend). The
C-terminal 400 amino acids of hPrpl6 are also highly
conserved in Prpl6 (identity 51%) and the other members
of the DEAH box splicing factor family, implying a
generally important function for this domain (Figure 2A
and legend). hPrp16 diverges from its yeast counterpart
in the N-terminus, where hPrpl6 contains a region rich
in the amino acids arginine, glutamate, aspartate and
serine. These residues (REDS) account for 54% of the
amino acids extending from 59 to 400 (shown in bold,
Figure 1A). The N-terminus of hPrp16 is also enriched in
TP and SP dipeptides which, like RS dipeptides, are
potential phosphorylation sites. A likel@aenorhabditis
eleganshomolog of Prp16, which is 55% identical to
hPrpl6, is also present in the database (DDBJ/EMBL/
GenBank accession No. P34498).

A rescue

227
ws [T REDS T T DEAmbec T — 1 -
T o s -y
hPmp16AC
251 iZZ?
£ “ +
10

hPp16aN

Chi

crimeraac I
prot6/1208 [

1
Prp16 | |

DEAH box |

Chimera 8

hPrp16 Prp16

hPrp16

The closest relative to hPrpl7 in the database is yeastFig. 3. Complementation of yeast Prp16 knockout strain with a

Prpl7, with the identity being 36% (Figure 2B). Yeast
Prpl7 is identical to Cdc40, a protein that plays a role in
DNA replication (Vaismaret al,, 1995). How the functions

of Prp17 and Cdc40 are related is not known. Homology
between hPrpl7 and Prpl7 is the strongest in the
C-terminal two-thirds of the proteins (41% identity, 67%
similarity), which contains seven potential WD repeats
(Seshadriet al,, 1996) (shown in bold in Figure 1C and
aligned in Figure 2C). WD repeats are found in a wide
variety of proteins and are ~40 amino acids long, beginning
with a conserved GH and terminating with a conserved
WD (Neeret al,, 1994). These repeats function in protein—
protein interactions (see Discussion).

Complementation of a yeast Prp16 knockout strain
Four DEAH box splicing factors are highly related to one
another (Prps 2, 16, 22 and 43) (Burgegsal, 1990;
Chen and Lin, 1990; Companrst al, 1991; Onoet al,
1994; Arenas and Abelson, 1997; Gekal, 1997). To
determine whether the hPrp16 cDNA that we have isolated
is the functional homolog of yeast Prpl6, we attempted
to complement a yeast Prpl6 knockout strain (kindly
provided by C.Guthrie) using plasmid shuffling (Sikorski
and Boeke, 1987) (see Materials and methods). The
constructs that were used for the complementation are
shown in Figure 3A. As expected, the wild-type yeast
strain grows on plates containing selective media [5-fluoro-

human-yeast chimeric gend\)(Schematic representation of Prp16
and hPrp16 derivatives used for transformation into the yeast Prp16
knockout strain. The yeast and human Prpl6 are denoted by light or
dark shading, respectively. The REDS and DEAH domains are
indicated. The numbers indicate the amino acid positions in each
construct. The constructs that rescu€) ©r do not rescue (-) the

Prp16 knockout are indicatedB) Growth comparison on a 5-FOA
plate of yeast cells transformed with Prp16, vector alone, hPrp16 and
the chimera.

(Prp16/1-298) were non-functional in the assay
(Figure 3A).

The observation that the chimeric construct of hPrpl6,
which contains 80% of the hPrp16 gene, complements the
yeast Prp16 knockout indicates that our hPrp16 cDNA is
the likely functional homolog of yeast Prp16. Additional
studies supporting this conclusion are presented below
(Figures 4-6). Our data also indicate that the N-terminus
of yeast Prpl6 contains a domain essential for function
in yeast, and that the N-terminus of hPrp16, which contains
the REDS-rich region, cannot provide this function. In
addition, amino acids 911-1227 of hPrpl16, which are
highly conserved in DEAH box splicing factors (Figure
2A and data not shown), are essential for complementation,
indicating that this region contains an important func-

tional domain.

hPrp16 and hPrp17 join the spliceosome late in the
splicing pathway

orotic acid (5-FOA)] as does the yeast Prpl6 knockout To obtain further evidence that hPrps 16 and 17 are
strain transformed with yeast Prpl6 (Figure 3B). In splicing factors, we asked whether these proteins are
contrast, the vector alone, full-length hPrp16 and C- or present in purified human spliceosomes. A splicing time
N-terminal deletions of hPrpl6 do not rescue the yeast course was carried out, and spliceosomal complexes from
Prp16 knockout (Figure 3A and B). Significantly, however, each time point were isolated (Figure 4). At the 10 min
a chimeric construct containing the N-terminus of yeast time point, only unspliced pre-mRNA is detected (Figure
Prpl6 (amino acids 1-298) fused to the remainder of 4A). The splicing intermediates and products are first
hPrp16 (251-1227) does rescue the knockout (Figure 3A detected at 25 min and increase in abundance at 40 and
and B). A chimera lacking the C-terminus (Chim&@) 60 min (Figure 4A). Western analysis of spliceosomal
or a construct containing the yeast N-terminus alone complexes isolated at each of these times shows that the
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Human homologs of Prp16 and Prp17

A 10' 25' 40' 60

- e e |ariat-exon
< lariat

> w*.mam
-
’ -exoni

— e wmm === -SAP 130

== m - -hP16

% == ®W e hPrpi6

R’ "-hl’rpw
o .

1 2 3 4
- = -hPrp17

Fig. 5. Association of hPrpl6 or hPrpl17 with the spliceosome

precedes recognition of the 8plice site during step Il

(A) Schematics of AdML and mutant derivatives. The BPS-AG

distance for wild-type (WT) and GG-GG is 23 nucleotides. In pyJ and

RanA, py20 refers to the length of the pyrimidine tract which is
123 4 isogenic with WT. Py(29) is a 29 nucleotide insertion of pyrimidines.
Ran(29) is an insertion of 29 nucleotides of random sequence (Chiara
et al, 1997). B) The indicated®?P-labeled pre-mRNAs were
incubated under splicing conditions for 40 min, and then total RNA
was fractionated on a 15% denaturing polyacrylamide gel. Splicing
intermediates and products are indicateti YWestern assay of the
purified complexes assembled on the pre-mRNA substrates indicated.
The blot was probed with hPrp16 and hPrpl17 antibodies, and the
positions of hPrps 16 and 17 are indicated.

Fig. 4. hPrp16 and hPrp17 associate with the spliceosome late in the
splicing pathway. &) AdML pre-mRNA (1.92ug) containing biotin

was incubated under splicing conditions (2.4 ml reaction) for the times
indicated. Complexes were fractionated by gel filtration. Total RNA
from the complexes was prepared and separated on a 15% denaturing
polyacrylamide gel. The bands corresponding to pre-mRNA,
intermediates and products are indicated. (B—D) Gel filtration-isolated
complexes in (A) were affinity-purified by binding to avidin—agarose.
Western analysis of total protein isolated from the purified complexes
was then carried out. The same Western blot was probed with a rabbit . . . .
polyclonal antibody to the U2 snRNP protein SAP 18), (to hPrp16 the exact point at which hPrpl6 is destabilized because

(C) or to hPrp17 D). Note that the 10 min time point is underloaded.  the complexes at any given time point are heterogeneous.

On_ long exposures, no hPrp16 or hPrpl7 was detected at this time However, if the release occurs at the same stage as in

point (data not shown). yeast, then it would occur concomitant with step Il (Schwer
and Guthrie, 1991).

U2 snRNP protein, SAP 130, is present at all of the time A similar time course experiment was performed using

points (Figure 4B). This result is consistent with previous different pre-mRNA substrates-tropomyosin and Fushi

work showing that U2 snRNP first binds stably to the tarazu (ftz). Again, both hPrps 16 and 17 associated

spliceosome in the A complex and remains bound through- with these spliceosomes late in the splicing pathway,

out spliceosome assembly (for review, seériea, 1996). concomitant with the catalytic steps (data not shown).

In contrast, hPrpl6 and hPrpl7 join the spliceosome The observation that both hPrpl6 and hPrpl7 join the

late in the splicing pathway and concomitant with the spliceosome late in the splicing pathway suggests that

transesterification reactions (Figure 4C and D). Interest- these proteins, like their yeast counterparts, function in

ingly, less hPrpl16 is detected at 60 min than at 25 and 40 catalytic step Il of the splicing reaction.

min, whereas hPrpl7 is present at about the same levels

at all three time points. We conclude that both hPrpl6 Association of Prps 16 and 17 with the

and 17 associate with the spliceosome concomitant with the spliceosome precedes functional recognition of the

catalytic steps. However, hPrp16 appears to be destabilized3’ splice site for step Il

from the spliceosome late in the splicing pathway whereas Previous studies showed that the presence of pyrimidines

hPrp17 remains tightly bound. It is difficult to determine next to the AG at the ‘3splice site plays a critical role in
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Fig. 6. hPrp16 is required for catalytic step Il of the splicing reaction.
(A) A Western blot probed with hPrp16 antibodies showing normal
nuclear extract (lane 1) and the same extract depleted with pre-
immune serum&PI) (lane 2) or with hPrp16 antibodieAl{Prp16)

(lane 3). The position of hPrp16 is indicate®) (Coomassie blue

staining of the recombinant hPrp16 protein from baculovirugg2f

the protein was loaded) which was used for complementation. rhPrp16
migrates slightly larger than hPrp16 because of the His @apT{me
course of pre-mRNA splicing in extracts mock depleted using pre-
immune seraZPl) or hPrp16 depleted with hPrp16 sefshPrpl6).

AdML pre-mRNA was incubated under standard splicing conditions
usingAPI nuclear extract (lanes 1-3) AhPrpl16 extract (lanes 4-6).

For lanes 7-9, rhPrp16 was added to ff#rpl6 extract. The

reactions were incubated for the times indicated. (D and E) Splicing of
B-globin (D) or ftz (E) pre-mRNAs inAPI extract (lane 1)AhPrp16
extract (lane 2) oAhPrp16 extract containing rhPrp16 (lane 3).
-globin and ftz splicing products were separated on 9 or 12%
denaturing polyacrylamide gels, respectively. Splicing intermediates
and products are indicated.

catalytic step Il in mammals (Chiarat al, 1997). In

in Figure 5A. GG-GG pre-mRNA contains GG substitu-
tions of the AG at the 3splice site and the AG six
nucleotides downstream. Catalytic step Il is completely
blocked with this pre-mRNA (Figure 5B, lane 2) (Chiara
et al, 1997). PyJ is the same as wild-type except for the
insertion of 29 pyrimidines downstream of the normal
pyrimidine tract. The BPS—AG distance is increased from
23 nucleotides in wild-type to 49 nucleotides in pyJ. This
long BPS-AG distance results in an inefficient catalytic
step Il (Chiaraet al, 1997) (Figure 5B, lane 3). Finally,
RanA contains random sequences adjacent to the AG at
the 3 splice site, and catalytic step Il is abolished (Chiara
et al, 1997) (Figure 5B, lane 4).

As shown in Figure 5C, hPrp16 and hPrpl7 are detected
in complexes assembled on all of these pre-mRNAs (hote
that we could not establish whether the differences in the
levels of these proteins are significant due to the differences
in splicing kinetics of each pre-mRNA and the inherent
variability in the complexes). The observation that both
hPrp16 and hPrpl7 are present in spliceosomes assembled
on GG-GG pre-mRNA and RanA pre-mRNA, both of
which cannot undergo step Il, indicates that these proteins
associate with the spliceosome prior to catalytic step Il
Moreover, a specific BPS—AG sequence and distance are
not required for the binding of hPrps 16 and 17 to the
spliceosome. The AG itself is also not required for their
binding. Thus, all three of these mutations impair catalytic
step Il at a stage that is subsequent to the binding of
hPrpl16 and hPrpl7 to the spliceosome.

hPrp16 is essential for catalytic step Il in humans

To determine directly whether hPrps 16 and 17 are required
for splicing, we attempted to immunodeplete each protein
from nuclear extracts (Figure 6A). Only 50% of the
hPrpl6 was depleted under normal splicing conditions,
and little effect on splicing was observed with these
extracts (data not shown). However, when the salt concen-
tration of the nuclear extract was raised to 750 mM,
hPrp16 was depleted efficiently (Figure 6A, lane 3). No
hPrpl6 was depleted with pre-immune sera (Figure 6A,
lane 2), and no co-depletion of hPrpl7 was detected
(data not shown). Although hPrp17 antibodies specifically
immunoprecipitate IVT-hPrpl7 from reticulocyte lysates,
we were not able to find conditions for immunodepleting
this protein from splicing extracts (data not shown).

To determine whether splicing is affected in the hPrpl16-
depleted extracts, AAML pre-mRNA was incubated under
normal splicing conditions in hPrp16-depleteshPrpl16)
extracts or extracts mock-depleted with pre-immune sera
(API). A splicing time course using these extracts is shown
in Figure 6C. The kinetics and efficiency of catalytic step
| are the same iAPI andAhPrp16 extracts (e.g. compare
25 min time points, lanes 1 and 4). In contrast, catalytic
step Il is severely impaired iAhPrpl6 extracts, relative
to API extracts (Figure 6C, compare lanes 2 and 3 with 5
and 6). The low levels of step Il activity in thishPrpl16

addition, the distance between the branch point sequencesxtract are most probably due to the incomplete depletion

(BPS) and AG also plays an important role in step Il
(Chiaraet al,, 1997). To determine whether either of these

of hPrp16 (Figure 6A, and data not shown). To determine
whether the step Il activity depleted frodPrp16 extracts

parameters affects the association of hPrps 16 and 17 withcan be reconstituted, we produced histidine-tagged recom-
the spliceosome, complexes were assembled on mutanbinant hPrp16 in baculovirus (rhPrpl6, see Materials and
pre-mRNAs and Western analyses were performed (Figuremethods, Figure 6B) and added it fhPrpl16 extracts

5). The structures of the AML pre-mRNAs are shown
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min (Figure 6C, lanes 7-9). Step | was unaffected by the
addition of rhPrpl6 (e.g. compare lanes 4 and 7). In
contrast, step Il was fully reconstituted by rhPrp16 (com-

pare lanes 2 and 3 with 8 and 9). A  ArmesnPpe

To determine whether hPrpl6 is a general step Il 0 10 25 50 100 200 (ng)
splicing factor, immunodepletion/add-back studies were S e S o riat-x0n
performed using different pre-mRNA substrates. For both W - {ariat
B-globin (Figure 6D) and (ftz) (Figure 6E) pre-mRNAsS, &
step Il was severely impaired by depletion of hPrp16 and [Boo PP ”
was restored by addition of rhPrp16. As shown in Figure mw@mnm
7A, the restoration of step Il by rhPrp16 is also dose j
dependent. Quantitation reveals a linear increase in activity W e e - e -MANA

with increasing rhPrpl6, and maximal activity was
obtained at 100 ng (Figure 7A and data not shown).
Together, these studies indicate that hPrp16 is a general
splicing factor essential for catalytic step II.

To investigate the kinetics of step Il when hPrp16 is
added toAhPrpl6 spliceosomes, ADML pre-mRNA was
incubated for 40 min iMhPrpl16 extracts to accumulate B % AhPp16, 40' AhPmp18, 40"
the splicing intermediates (Figure 7B, lane 2), and then g % bifier MPp16
40' 40

A e - — -axon 1

rhPrp16 or buffer alone was added, and incubation was "5 15 30" 5 15 30"
continued for 5, 15 or 30 min (Figure 7B, lanes 3-

8). With buffer alone, the intermediates continued to -:arri‘::-exon
accumulate (Figure 7B, lanes 3-5). When rhPrpl6 was -
added, a low level of step Il products appeared by 5 min

of incubation and accumulated to much higher levels by -pre-mANA

30 min (Figure 7B, lanes 6-8). Quantitation of the data
(Figure 7C) shows that the intermediates are converted
into products after addition of hPrp16. Thus, we conclude
that theAhPrp16 spliceosome is a functional intermediate
in the splicing pathway. As yet, we have not found suitable
conditions for detecting theAhPrpl6 spliceosome on
native gels or for purifying this complex. 1 @ om % B 6 7T I8
To obtain additional evidence that the complementation
of AhPrp16 extracts is due to rhPrp16 (and not a contamin- C
ant in the preparation), we asked whether rhPrpl6 is - N
incorporated into functional spliceosomes. To do this, _
rhPrpl6 was added #hPrpl16 extracts, and spliceosomes o _
were assembled for 10 or 40 min on biotinylated AdML
pre-mRNA (Figure 8). Complexes were then isolated by
gel filtration and affinity-purified by binding to avidin—
agarose. Western analysis of the complexes was performed
using an antibody against the histidine tag in rhPrp16. As
shown in Figure 8A, this antibody efficiently detects i
purified rhPrpl16 alone (lane 3). Significantly, rhPrpl6 is
detected in the 40 min spliceosomal complex, but not in
the 10 min complex (compare lanes 1 and 2). (Note that St o Te——T
it was not possible to affinity-purify the spliceosome by L5 15" 307, 5° 15 30,
binding to nickel resin, indicating that the His tag is not AhPrp16 4hPrp16 +
exposed in the native spliceosome.) The same blot was LU
reprobed with antibodies to the U2 snRNP protein, SAP Fig 7. (a) Reconstitution of splicing activity ishPrp16 extracts by
130, which is present throughout spliceosome assemblyrhPrp16 is dose dependent. AdML pre-mRNA was incubated under
(Figure 88)_ This protein is detected in both the 10 and splicing conditions iMAPI extract (lane 1) oAhPrp16 extract (lane 2).
40 min complexes. Together, these data show that rhPrp1g/iPrp16 was added at ;losrtiﬁag% 100 or Zf)e%gt?ér:e(lsgfgg\ée% o
is indeed _mqorporated Into ,the spl'lqeoso.m.e. Furthermore, Splicipng was carried out for 40 min.pSpIic?ng intermediates and
the association of rhPrp16 is specific as it is only detected progucts are indicatedBj AJML pre-mRNA was spliced it\P!I
in the 40 min spliceosome, consistent with the observation extract (lane 1) oAhPrp16 extract (lanes 2-8). Splicing was carried

that native hPrpl6 is present only in late spliceosomal out for 40 min followed by addition of buffer alone or rhPrp16, and
complexes (Figure 4). incubation was continued for 5 (lanes 3 and 6), 15 (lanes 4 and 7) or
30 min (lanes 5 and 8). Splicing intermediates and products are
. . indicated. C) Quantitation of the data shown in (B) (lanes 3-8) by
Discussion phosphorimager analysis. Each of the RNA species was normalized
. . . against the total counts at the start of the chase. Pre-mRNA is shown
Until recently, very little was known about the proteins iy white, intermediates in stippled boxes, and products in black. The

involved in catalytic step Il of the splicing reaction. time points are indicated.

RNA (relative
molar amount)
1
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However, this picture has begun to change dramatically step Il in both humans and yeast. In yeast, Prps 16, 17,
through a combination of genetic and biochemical studies 18 and Slu7 all interact genetically with U5 snRNP (Frank
in yeast and mammals. The known or putative step et al, 1992). However, none of these proteins are actual
Il proteins in humans that have yeast counterparts areU5 snRNP components, except Prpl8, which is weakly
summarized in Table I. So far, four step Il proteins, Prps associated (Horowitz and Abelson, 1993a,b; for review,
16, 17 and 18 and Slu7, have been identified in yeast (for see Umen and Guthrie, 1995c). In humans, Prpl8 is not
review, see Umen and Guthrie, 1995c). We now report associated with U5 snRNP (Horowitz and Krainer, 1997),

the identification of human homologs of Prps 16 and 17.

and it is not yet known whether hSlu7, hPrp16 and hPrp17

The human homologs of Prpl8 and Slu7 have also are U5 snRNP components (Table I).

been identified (Horowitz and Krainer, 1997; K.Chua and

In addition to the proteins that function exclusively in

R.Reed, in preparation). All four of these proteins are step Il, some proteins may have roles in both catalytic

known or are likely (hPrp17) to function exclusively in

o
g
Qﬁ%
(S

— B -rhPrp16

A

10° 40

SAP 130 -8 ——

1 2 3

Fig. 8. Recombinant hPrp16 is present in purified reconstituted
spliceosomal complexesA] Biotinylated AML pre-mRNA was
incubated for 10 or 40 min idhPrpl6 extracts containing rhPrp16.
Splicing reactions were fractionated by gel filtration, and spliceosomal
complexes were affinity-purified by binding to avidin—agarose. A
Western blot of the purified complexes was probed with antibodies to
the His tag on rhPrp16. rhPrp16 alone (p%) was loaded in lane 3.

(B) The same blot was reprobed with antibodies to the U2 snRNP
protein, SAP 130.

steps. One clear example of this is the U5 snRNP protein,
Prp8, which was first identified as an essential factor for
spliceosome assembly (Whittaketral, 1990; Brown and
Beggs, 1992) and then was found, in both genetic and
UV cross-linking studies, to function in recognition of the
3’ splice site for catalytic step Il (Teigelkamet al,
1995a,b; Umen and Guthrie, 1995a,b, 1996). Likewise,
the human homolog of Prp8, &%, as well as two other
U5 snRNP proteins (U8° and U519, UV cross-link to
the 3 splice site prior to step Il (Chiarat al,, 1997; Liu

et al, 1997). In addition, antibody inhibition studies
suggest a role for U3%in step 1l (Fabrizioet al, 1997).
Essential yeast homologs of Y8 and U36(Snu114 and
Prp28, respectively) have also been identified recently
(Strauss and Guthrie, 1991, 1994; Fabrieioal, 1997,
Teigelkampet al, 1997). These proteins have not yet
been tested for a function in step Il. Thus, although many
gaps remain to be filled, all of the data point to a high
level of conservation in the factors involved in step Il and
a key role for U5 snRNP in step Il in both yeast and
humans (Table I).

hPrp16 is an essential step Il protein in humans

Our data indicate that hPrpl6 is both structurally and
functionally conserved. Prpl6 is a member of the DEAH
box family of splicing factors (Burgesst al,, 1990). This
family, which includes Prps 2, 22 and 43, is characterized
by the presence of several motifs found in the prototypic
family member, elFd, an ATP-dependent RNA helicase
(for review, see Umen and Guthrie, 1995c). Prps 2 and
16 are indeed ATPases, but helicase activity for these
proteins has yet to be reported (Schwer and Guthrie, 1991;
Kim and Lin, 1996). hPrp16 resembles yeast Prp16 (41%
identity) more closely than any of the other DEAH family

Table I. Known or putative human step Il proteins that are conserved in yeast

Human Yeast Conserved Step Il activity U5 snRNP U5 snRNP interaction (yeast)
structural domains component (human)
hPrp16 Prpl6 DEAH box motifs '3s xlink, ATPase, induces ND synthetic lethal
protection of 3 ss (Y)
hPrp17 Prpl7 WD motifs ND synthetic lethal
hPrp18 Prp18 none identified no synthetic lethal and weakly associated
hSlu7 Slu7 Zn knuckle ‘3ss xlink (Y) ND synthetic lethal
5220 Prp8 none identified "3ss xlink (Y,H) yes associated
yst00a Prp28 DEAD box motifs 3ss xlink (H) yes genetic interaction
us16 Snull4 G domain "3ss xlink (H) yes ND

The structural domains that are conserved between corresponding yeast and human proteins are indicated. Step Il activity indicates the main function
identified for each protein related specifically to step Il. Cross-linking to thepBce site in the spliceosome prior to step Il is designated &s 3

xlink. Y and H indicate that the activity has been shown in yeast or humans, respectively. ND: not determined. See text for references.

ays51% previously was named U (Bennettet al, 1992; Chiaraet al., 1997) but we will now refer to it as U8° described in Teigelkamgt al.

(1997) because the two proteins are the same (Berhett, 1992).
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members. In addition, we show that a chimeric protein the WD motifs in Prp17/hPrpl17 may function in protein—
consisting of the C-terminal 977 amino acids of hPrpl6 protein interactions (Neest al, 1994; Wallet al, 1995;
and the N-terminal 298 amino acids of yeast Prp16 can Lambrightet al, 1996; Sondelet al, 1996). Consistent
rescue a yeast Prpl6 knockout strain. Due to the high with the observation that the WD repeats are conserved
similarity between Prpl6 and the other DEAH family between Prpl7 and hPrpl7, the repeats in Prpl7 are
members, this rescue alone does not demonstrate thaessential for function in yeast (Seshaetial., 1996).
hPrp16 is the Prp16 homolog. However, this conclusion  Studies in yeast showed that Prp16 and Prpl7 interact
is supported by the observation that hPrp16 is essentialgenetically and function at the same stage during step |l
for step I, like its yeast counterpart, whereas the other (Joneset al, 1995; Umen and Guthrie, 1995b; Seshadri
DEAH box splicing proteins are not. Another functional et al, 1996). These observations suggest that Prps 16 and
similarity between hPrp16 and Prp16 is that both proteins 17 may physically interact. However, we have not obtained
associate with spliceosome late in the splicing pathway evidence for an interaction between the human counter-
(Schwer and Guthrie, 1991; this study). In addition, hPrp16 parts. hPrp16 and hPrpl7 antibodies specifically immuno-
is destabilized from the splicesome late in the splicing precipitate the correspondirig vitro translated proteins
pathway, which is most likely related to the ATP-dependent (data not shown). However, these proteins do not interact
release of Prpl6 from the yeast splicesome (Schwerin co-immunoprecipitation, GST pull-down or far Western
and Guthrie, 1992a,b). Finally, hPrpl6, like its yeast assays (data not shown).
counterpart, associates with spliceosomes assembled on In addition to the structural similarity between hPrp17
pre-mRNAs containing an AG to GG mutation at the 3 and Prpl7, functional similarities between the proteins
splice site, a mutation that blocks catalytic step Il (Umen support the conclusion that they are functional homologs.
and Guthrie, 1995b; this study). Together, these data Although we were unable to immunodeplete hPrpl7 from
provide compelling evidence that hPrpl16 is the functional nuclear extracts to demonstrate directly its role in step Il,
homolog of Prpl6. we have shown that hPrpl7 is present in the spliceosome
hPrp16, unlike Prp16, contains a 340 amino acid domain and joins it late in the splicing pathway. These observations
highly enriched in the residues, REDS. Rescue of the are consistent with the step Il role of Prpl7 in yeast. Our
yeast Prpl6 knockout strain with hPrpl6 required the data also show that hPrpl7 is present in spliceosomes
replacement of this domain with the yeast N-terminus. assembled on pre-mRNAs containing mutations that block
Thus, the REDS domain probably plays a role specific to or impair step Il. Moreover, hPrpl16 joins the spliceosome
metazoans and the N-terminus of Prp16 contains a domainat about the same time as hPrpl7 and is present in
essential for function in yeast. A REDS domain similar the step llI-blocked spliceosomes. These results parallel
to that in hPrpl16 is found in the N-terminus of another functional studies in yeast showing that Prps 16 and 17
human homolog of a DEAH box family member, Prp22, act at a similar stage of step Il (Jonetsal, 1995; Umen
which is required for the release of spliced mRNA from and Guthrie, 1995b). Thus, together, the data support the
the spliceosome (Comparmy al., 1991; Oncet al,, 1994; conclusion that hPrpl7 is a step Il protein in humans and
Ohno and Shimura, 1996). This domain in hPrp22 interacts is the functional homolog of yeast Prp17.
with members of the SR family of splicing factors and In yeast, Prpl6 and 17 can be immunodepleted from
also functions as a nuclear localization signal (@hal., extracts under splicing conditions (Schwer and Guthrie,
1994; Ohno and Shimura, 1996). The observation that 1991; Jone®t al, 1995). In constrast, immunodepletion
hPrpl16 contains a REDS domain suggests that it alsoof hPrpl6 requires high salt, and we were unable to
interacts with SR proteins, and that SR proteins may haveimmunodeplete hPrpl7 even in high salt. Thus, it is

a role in catalytic step II. possibile that the human proteins are present in a complex.
Further work is necessary to test this possibility and to

Evidence that hPrp17 is a step Il protein in explain the differences between the yeast and human data.

humans Other known or putative step Il proteins that have been

hPrpl7 is 36% identical to yeast Prpl7, and the highestidentified in humans include U%® (Lauberet al., 1996),
level of conservation is in the carboxy-terminus which PSF (Pattonet al, 1993; Gozaniet al, 1994), Urp
contains seven WD motifs (Seshadet al, 1996; (Tronchereet al, 1997), AG® (Chiaraet al, 1996) and
M.Company and J.Abelson, unpublished; this study). p70 (Wu and Green, 1997). &% is a human DEAD
These motifs are present in a number of proteins involved box family member that has an essential yeast homolog
in RNA processing, signal transduction, DNA replication, (Snu246/Brr2/Slt22) (Laubeet al, 1996; Noble and
cytoskeletal assembly and cell cycle control (for review, Guthrie, 1996; Xuet al,, 1996). Interestingly, the ATPase
see Neert al, 1994). Recently, the crystal structure of activity of the yeast homolog is stimulated by U2 and U6
the prototypic WD family member, th@ subunit of a snRNAs, and the protein plays a role in association of U5
heterotrimeric G protein, was solved (Wait al, 1995; snRNP with the spliceosome (>at al., 1996). Moreover,
Lambrightet al,, 1996; Sondelet al., 1996). This protein  antibodies to U inhibit catalytic step Il in humans
contains seven WD repeats and forms a seven-bladed(Lauber et al, 1996). Thus, together, these data are
B-propeller structure. Seven WD repeats are also presentconsistent with a role for U2—U5 snRNP interactions in
in the polyadenylation factor CstF (Takagaki and Manley, step Il (see below). PSF and Urp do not have apparent
1992) and the splicing factor, Prp4, and its human homolog yeast homologs, and it is not yet known whether these
(Banroques and Abelson, 1989; Bjoret al, 1989; factors are general step Il splicing factors. Consistent with
Dalrympleet al, 1989; Lauberet al, 1997). These WD  a general role for PSF, it recently was detected in purified
domains and Prp17/hPRP17 presumably fold into a seven-U4/U5/U6 snRNP (Teigelkamet al., 1997). Urp contains
bladedB-propeller structure and, like other WD proteins, an RS domain and interacts with U2%&Fand other RS
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domain-containing proteins, such as SR proteins In yeast, the competition results argue against such a
(Tronchereet al, 1997). Thus, it is possible that Urp has model. Our studies of hPrps 16 and 17, together with the
a uniquely metazoan role in step Il because it interacts recent studies on hPrps 18 and hSlu7 (Horowitz and
with an RS-type domain, such as that found in hPrpl16. Krainer, 1997; K.Chua and R.Reed, in preparation), indi-
AG"and p70 both cross-link to the AG prior to step I, cate that step |l factors in yeast are conserved in humans.
and their biochemical characteristics suggest that they areGiven these results, it is highly likely that the mechanism
the same protein (Chiarat al, 1996; Wu and Green, for step Il is also conserved, and the apparent distinctions
1997). Cloning of these proteins is necessary to addressbetween yeast and humans suggested bycteacting
this issue and determine whether they are functional stepsequence studies may reflect only subtle differences, rather
Il proteins. than fundamentally different mechanisms. Thus, studies
in both organisms should expedite our understanding
Remodeling the spliceosome for catalytic step Il of the basic mechanism for the second catalytic step
Previous studies have identified several parameters thatof splicing.
are important for the second catalytic step of splicing in
humans. These include the AG dinucleotide at tHe 3
splice site, the distance between the branch site and
AG, and the presence of a pyrimidine tract immediately /solation of hPrp16 and hPrp17 cDNAs
upstream of the ‘3splice site (Reed, 1989; Smittt al, The BLAST program was used to search the DDBJ/EMBL/GenBank
1989, 1993; Chiarat al, 1997)_ Prior to catalytic step Il database for sequences that resemble the yeast Prp16 sequence (Burgess

. : t al, 1990). A human cDNA isolated from a male bone marrow
US snRNP proteins span the distance between the BPS ancxweloblast KG-1 cDNA library (DDBJ/EMBL/GenBank accession No.

the AG, replacing U2AF which binds early in spliceosome  pggg77) was identified as the most similar to yeast Prp16. Oligonucleot-

Materials and methods

assembly (Chiarat al, 1997). Thus, it is possible that ides were designed that encompassed the ORF and were used to isolate

the BPS-AG sequence constraint is due to U5 snRNP an hPrpl6 cDNA by PCR of HelLa cell cDNA. (The 3703 bp cDNA

recognizing the pyrimidine tract for step Il. The distance

constraint may be due to U2 snRNP bound at the branch

site, positioning U5 snRNP on the region between the

sequence of the hPrpl6 gene has been deposited in DDBJ/EMBL/
GenBank under accession No. AF038391.) The Prp17 sequence (kindly
provided by M.Company and J.Abelson) was used to perform a BLAST
search of the database which identified two short expressed sequence

BPS and AG. In this study, we have shown that the BPS— tags (ESTs, DDBJ/EMBL/GenBank accession Nos AA057404 and
AG sequence and distance have no effect on the associatioff19190). To isolate the 'Send of the hPrpl7 cDNA, a primer was

of hPrps 16 and 17 with the spliceosome. In yeast, Prp16

cross-links to the 3splice site and then is replaced by

designed to the EST clone AA057404 isolated from a colonic epithelial
cell cDNA library (obtained from Genome Systems Inc). This gene-
specific primer (5GGCTGCACTGAGGAACTGTGTTCC-3 and a

Prp8 and Slu7 (Umen and Guthrie, 1995b). Prp16 also nested gene-specific primer (6TTCTCAGACAGCGCCGTTCTCC-
induces an alteration in the spliceosome that results in 3) were used for SRACE with Marathon RACE-ready cDNA (Clon-

protection of the 3 splice site from nuclease activity

(Schwer and Guthrie, 1992a,b). Thus, putting these yeast

tech). The full-length clone, which contains the 579 amino acid ORF
followed by a poly(A) signal, was generated by fusing tHeRACE
product to the EST clone AA057404. (The 1979 bp cDNA sequence of

and human data together, it is possible that hPrp16/Prpl6the hPrp17 gene has been deposited in DDBJ/EMBL/GenBank under

and hPrpl7/Prpl7 function in the remodeling of the
spliceosome that results in recruitment of U5 snRNP to
the 3 splice site. Significantly, Prp17, Slu7 and Prp8 are
synthetically lethal with mutations in U2 snRNA (Xu
et al, 1996). This may be explained by the proposed role
for U2 snRNP in positioning U5 snRNP at thé $plice
site for step Il (Chiaraet al, 1997).

Studies of thecis-acting sequences required for step Il

accession No. AF038392.)

hPrp16 immunodepletion and reconstitution

The hPrp16 N-terminus (amino acids 1-554) or C-terminus (amino acids
948-1227) were fused with GST in the vector pGEX2TK (Pharmacia)
and expressed ifescherichia coli Rabbit polyclonal antibodies were
raised against the mixture of the N- and C-terminal fusion proteins.
hPrp17 antibodies were raised against the N-terminal domain of hPrp17
(amino acids 1-223) expressedHncoli as a GST fusion protein. For
immunodepletions of hPrp16, protein A-Sepharose CL-4B (Pharmacia)

have suggested that there could be significant differenceswas coupled with the hPrp16 serum at the ratio of 1 vol. of beads to

in the mechanism for catalytic step Il in yeast versus
mammals (for review, see Umen and Guthrie, 1995c¢). In
both organisms, the first AG downstream of the branch
site usually functions as thé 8plice site, and pyrimidines
adjacent to the ‘3 splice site are important for this
recognition (Reed, 1989; Smitt al,, 1989; Patterson and
Guthrie, 1991). In yeast, a downstreamsplice site can
compete with an upstream’ 3plice site in artificial

4 vols of sera and rotated at 4°C overnight. After extensive washing,
the beads were added to nuclear extract containing 750 mM KCI at a
ratio of 1 vol. of beads to 4 vols of extract. The mixture was rotated for
1.5 h at 4°C. The supernatant was transferred to a new tube, and the
procedure was repeated twice more. The depleted extract was dialyzed
against 20 mM HEPES, pH 7.9, 100 mM KCI, 20% glycerol, 0.2 mM
EDTA, 0.2 mM phenylmethylsulfonyl fluoride (PMSF) and 0.5 mM
dithiothreitol (DTT). Recombinant His-tagged hPrpl6 was produced
using the Bac-to-Bac baculovirus expression system (Gibco/BRL). After
48 h of infection with the recombinant baculovirus, Sf9 cells were

constructs (Patterson and Guthrie, 1991). This competition harvested and lysed in 50 mM HEPES, pH 7.9, 10 mM 2-mercapto-

occurs when the downstream AG is preceded by pyrimid-

ines and the upstream AG by purines. In contrast, in

mammals, there are no examples in which a downstream

AG can compete with an upstream AG (when the AG is

ethanol, 1 mM PMSF and 1% Triton X-100 at 4°C. The expressed
protein was present in inclusion bodies which, after washing, yielded a
highly pure preparation of hPrp16 (see Figure 6). The inclusion bodies
were solubilized in 6 M urea, and then the protein was renatured
by dialysis into 50 mM HEPES, pH 7.9, 100 mM KCI, 10 mM

located at a minimal distance from the branch site). The p-mercaptoethanol, 1 mM PMSF. Except where indicated, 50 ng of

first AG is also selected in tans splicing assay for step
Il (Anderson and Moore, 1997). This strict use of the first
AG in humans has led to the proposal that the AG is

rhPrp16 were added to 78 of hPrpl6-depleted extracts in a 26
reaction to reconstitute splicing activity.

Complementation of Prp16 knockout

selected by a scanning or threading type of mechanismthe haploid yeast strain YTdL19 (kindly provided by C.Guthrie) contains

(Smith et al, 1989, 1993; Anderson and Moore, 1997).
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gene is carried on a plasmid containing th@A3marker gene (Burgess Chiara,M., Gozani,O., Bennett,M., Champion-Arnaud,P., Palandjian,L.

et al, 1990; Schwer and Guthrie, 1991). The full-length hPrp16 cDNA and Reed,R. (1996) Identification of proteins that interact with exon

or the indicated derivatives were cloned downstream of the yeast sequences, splice sites, and the branchpoint sequence during each stage
glyceraldehyde-3-phosphate dehydrogenase promoter in them?2 of spliceosome assembMol. Cell. Biol,, 16, 3317—-3326.

plasmid pG1l (containing &RP marker gene). pG1-Prpl6 and the Chiara,M.D., Palandjian,L., Feld Kmger,R. and Reed,R. (1997) Evidence
indicated hPrpl6 constructs were transformed into the YTdL19 strain  that U5 snRNP recognizes thé 8plice site for catalytic step Il in

and selected at 30°C in medium lacking tryptophan. Expression of mammalsEMBO J, 16, 4746—-4759.

hPrp16 genes was verified by Western blotting. Colonies were then Company,M., Arenas,J. and Abelson,J. (1991) Requirement of the RNA
patched on 5-FOA plates to select for cells lacking the URA3 plasmid. helicase-like protein PRP22 for release of messenger RNA from
Those constructs that allow growth are able to rescue the yeast Prpl6 spliceosomedNature 349, 487—493.

knockout. Cortes,J.J., Sontheimer,E.J., Seiwert,S.D. and Steitz,J.A. (1993) Mutations
in the conserved loop of human U5 snRNA generate use of novel cryptic
Analysis of spliceosomal complexes 5’ splice sitein vivo. EMBO J,12, 5181-5189.

Wild-type AdML is encoded by pAdML (Michaud and Reed, 1993), Couto,J.R., Tamm,J., Parker,R. and Guthrie,C. (1987yahsacting
and the plasmids encoding GG-GG, PyJ and RanA pre-mRNAs were Suppressor restores splicing of a yeast intron with a branch point
described in Chiar@t al. (1997). Fushi tarazu (ftz) pre-mRNA was mutation.Genes Dey1, 445-455.
described in Rio (1988) and-tropomyosin pre-mRNA was described ~ Dalrymple,M.A., Petersen-Bjorn,S., Friesen,J.D. and Beggs,J.D. (1989)
in Smith and Nadal-Ginard (1989). pAdML and tropomyosin were  The product of the PRP4 gene $fcerevisiashows homology to beta
linearized withBanHlI, and ftz was linearized witihd. AdML and ftz subunits of G protein<Cell, 58, 811-812.
DNAs were transcribed with T7 RNA polymerase and tropomyosin was Fabrizio,P., Laggerbauer,B., Lauber,J., Lane,W.S. ahedbann,R. (1997)
transcribed with SP6. The spliceosomal complexes were assembled by An evolutionarily conserved U5 snRNP-specific protein is a GTP-
incubating 1.92ug of 32P-labeled biotinylated pre-mRNAs in a 2.4 ml binding factor closely related to the ribosomal translocase EMMBO
reaction for the times indicated. Complexes were isolated by gel filtration _ J-, 16, 4092-4106. _ .
followed by avidin affinity chromatography, and then RNA or protein Frank,D. and Guthrie,C. (1992) An essential splicing factor, SLU7,
were analyzed as described (Reed, 1990; Bermiedt, 1992). Purified mediates 3splice site choice in yeastenes Dey6, 2112-2124.
spliceosomal complexes containing rhPrp16 were assembled by incubat-Frank,D., Patterson,B. and Guthrie,C. (1992) Synthetic lethal mutations
ing biotinylated AdML pre-mRNA in hPrp16-depleted extract containing ~ Suggest interactions between US small nuclear RNA and four proteins
4.8 ug of thrplG per 2.4 ml of Sp"cing reaction. requlred forthe SeCOnd-Step of sphcnhgpl. Cell. Biol., 12,5197-5205.
Gee,S., Krauss,S.W., Miller,E., Aoyagi,K., Arenas,J. and Conboy,J.G.
(1997) Cloning of MDEAH9, a putative RNA helicase and mammalian
homologue ofSaccharomyces cerevisiaglicing factor prp43Proc.
ACknOWIEdgementS Natl Acad. Sci. US04, 11803-11807.
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