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ABSTRACT

Exoribonuclease | from yeast is a 175 kDa protein that
is responsible for the majority of cytoplasmic mRNA
degradation. Alignment of the Xrnlp sequence with
homologs from yeast as well as from higher eukaryotes
suggests that the protein is composed of several
domains: two acidic N-terminal domains which likely
contain the exonuclease, a basic middle domain
and a basic C-terminal domain. Deletion analysis
demonstrated that the C-terminus is dispensable for
most in vivo and in vitro functions but confers a
dominant negative growth inhibition when expressed
at high levels. This growth inhibition is not due to the
exonuclease function of the protein. To identify specific
residues responsible for  invivo function, a screen was
carried out for non-complementing missense mutations.
Fourteen single point mutations were identified that
altered highly conserved amino acids within the first
N-terminal domain of Xrnlp. All of the mutations
reduced exonuclease activity measured  invivo and in
vitro using affinity-purified proteins. The mutants fell
into two phenotypic classes, those that reduced or
abolished exonuclease activity without qualitatively
changing the products of RNA degradation and those
that gave rise to novel degradation intermediates on
certain RNAs.

INTRODUCTION

exonuclease shows little sequence specificity, suggesting that the
enzyme can act on a broad range of substrates. However, certain
RNA structural elements, such as stable hairpins and poly(G)
tracts, inhibit degradation by Xrn1pQ11).

The enzyme hydrolyzes RNA in 4-53' direction yielding
mononucleotidesd], although the initial cleavage product may be
a short oligonucleotidel ). Such a 5exoribonuclease has not been
identified from prokaryotic organisms and sequence alignments
comparing the Xrnlp protein sequence with translated genome
sequences of eubacteria or archaebacteria have not revealed any
apparent homologs. On the other hand, Xrnlp appears to be highly
conserved throughout eukaryotes. Homologs of Xrnlp have been
identified and characterized frddehizosaccharomyces pon(bé),
Drosophila melanogaste(D.Till, B.Linz, J.Seago, J.McClellan,
J.McCarthy and S.F.Newbury, personal communication) and mouse
(14,15) and immuno-cross-reactive proteins have been identified
from additional species.§). A second 5exoribonuclease from
Saccharomyces cerevisjdatlp, shares considerable homology
with Xrnlp and is required for RNA degradation or processing in
the nucleus 17). Ratlp is also conserved throughout eydas
(18,19). Xrnlp and Ratlp are functionally interchangeable exori-
bonucleases, but are normally restricted to andired in the
cytoplasm and nucleus respectively)(

xrnl mutants and the Xrnl protein have been identified using
a variety of genetic and biochemical approachesXaid1has
also been referred to &EM1, SEP1 DST2 RAR5SKI1 and
DST2(4,9,20,21). However, the localization of Xrnlp to the
cytoplasm appears to restrict the possible functions of Xrnlp to

XRN1encodes a 175 kDa exoribonuclease that is responsible fffoplasmic events, primarily RNA degradation. It has also been
the majority of cytoplasmic mRNA turnover in yeast, includingSuggested that Xrn1p is a tubulin binding protéi),(based on

general deadenylation-dependehtréviewed in2) as well as

the hypersensitivity atrnl mutants to the tubulin destabilizing

nonsense-mediated, deadenylation-independent degradtion @rug benomyl 4), the ability of Xrnlp to facilitate tubulin

xrnl deletion mutants are viable, but grow slowly4] and
accumulate decapped deadenylated mRNAS)( Xrnlp also

polymerizationin vitro and a genetic interaction with tubulin
mutants 22). A screen for mutations lethal in combination with

degrades internal transcribed spacer | (ITSI), a product of rRNanxrnl deletion mutation identified mutations$iKl2andSKI3
processing, indicating that its activity is not restricted to mMRNA$23), which suppress expression of poly(ARNAs @4) and

(8). Although highly specific for RNAs containingBOy (9), the

appear to act in d-&xonucleolytic degradation pathwalsy.
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Table 1.Strains used in this study

Strain number genotype plasmid source
AJY458 MATa ade2 ade3 leu2 lys2-801 ura3-52 xrn1A ski2-14 pAJ76 this study
BJ5464 MATo ura3-52 trp1 leu2A1 his34200 pep4::HIS3 prb141.6R can1 (29)
RDKY 1806 MATo ura3-52 trp1 leu2A1 his3A200 pep4::HIS3

prb1A1.6R can1 xrn1A this study
CH1305 MATa ade2 ade3 leu2 lys2-801 ura3-52 (27)
RDKY1977 MATa ade2 ade3 leu2 lys2-801 ura3-52 xm1A (23)

Table 2.Plasmids used in this study

Plasmid Relevant markers Source
pRDK226 Bluescript SKil+ xrn1::LEU2 this study
pRDK240 pUC18 XRN1 this study
pRDK242 2 micron URA3 XAN1 (29)
pRDK246 pUC18 XAN1 this study
pRDK249 2 micron URA3 GAL10::XRN1 (29)
pRDK252 CEN URA3 XRN1 (28)
pRDK287 pUC18 xrn142-397 this study
pRDK288 pUC18 xrn142-1076 this study
pRDK304 2 micron LEU2 GAL::XRN1(HA) this study
pRDK305 CEN LEU2 XRN1(HA) this study
pRDK306 2 micron LEU2 GAL::XRN1 this study
pRDK307 CEN LEU2 XRN1 this study
pRDK316 2 micron URA3 GAL10::XRAN1 this study
pRDK317 2 micron URA3 GAL10 this study
pRDK318 2 micron URA3 XRN1(HA) this study
pAJ76 2 micron URA3 ADE3 SKi2 (17)
pAJ83 CEN LEU2 this study
pAJ95 2 micron LEU2 GAL10::XRN1(HA-HIS6) this study
pAJ152 CEN LEU2 XRN1 this study
pAJ251 2 micron LEU2 GAL10::XRN1(HA-HIS6) this study
pRIPGKH2(3)A1IN1 URAS3 mini-PGK1 (30)

Xrnlp is the founding member of a class of eukaryoti€27). Benomyl sensitivity was assayed as previously described
exoribonucleases that have no significant homology to othét?7). Benomyl was a gift from DuPont Co. and 5-fluoroorotic
known phosphoryl transfer enzymes. In addition, Xrnlp is acid was purchased from US Biological (Swampscott, MA).
nucleic acid binding protein, but again contains no recognizable
binding motifs. We sought to carry out a mutational analysis gb3smids
XRNL1 to identify mutations that affect specific biochemical
functions of Xrnlp, in order to correlate characterireditro  Plasmids used in this work are listed in Table
functions with differenin vivoactivities. In addition, this analysis ) , ) ) ,
would identify residues critical for these functions and begin tg¢RN1 C-terminal deletions |r|ugalc_eu’:tose-|ndu0|ble vectaro
define new protein motifs. This analysis consisted of a deletidf{€ate PRDK316 the oligonucleotideASCTTAAGTAGCTA-
analysis in which different regions of the gene were deleted afCGACGT, containing stop codons in all three reading frames,
a genetic screen for non-complementing missense mutations. Tap its complementary oligonucleotide were ligated inta& e
mutant screen was carried out inanl ski2double mutant andHindlll sites of pRDK249. A series of nested C-terminal
which provided a tight genetic background to facilitate the&leletions oXRN1in pUC118 (kindly provided by P.Ljungdahl)

identification of mutants. was digested witklindlll and Sst and theXRN1mutant-bearing
fragments were ligated intdindlll and Sst-digested pRDK316.
pRDK317 was derived from pRDK316 by replacing the

MATERIALS AND METHODS XRNZXcontainingXhd—Hindlll fragment with oligonucleotide

Strains and media 5-TCGAGACACCATGGCCACGTGA and its complementary

. . . . . L oligonucleotide.
Strains are listed in Table All transformations irEscherichia 9

coli were done using DHbB Rich yeast extract/peptone/dextroseXRN1 C-terminal deletions in CEN vectoFse oligonucleotide
(YPD) and synthetic complete medium lacking uracil (SClUra 5'-TCGATTCTAGACCCGGGAAGCTTAAGTAGCTAGCT,

or lacking leucine (SCLel and genetic methods were ascontaining restriction sites fotbd andHindlll as well as stop
described6). Low adenine plates were as described elsewhemdons in each reading frame, was annealed to a complementary
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oligonucleotide and ligated into thehd and Sst sites of prepared by replacing theXRNZXcontaining Sst—Hindlll
pRS315, thereby replacing the polylinker of pRS315 an(il336-2239 nt) fragment of pRDK307 with tHheRNIHA
destroying theXxhd and SsiL sites to give pAJ83. To create containing Sst—Hindlll fragment from pRDK318. pAJ152 was
pRDK307 theXbd-HindIll XRNZXcontaining fragment from prepared by fusion PCR to introduce a uni¥bd site at —12 of
pRDK252 ¢8) was ligated into thXbd and Hindlll sites of XRN1in pRDK305. The resulting sequence change, TATAC-
pAJ83. The pUC118-basetRN1C-terminal deletion plasmids GAGTACGGTATG, (underlining shows altered nucleotides and
(above) were digested witHindlll and Sst and ligated into the start codon), was confirmed by sequencing. pAJ251 was
pRDK307, replacing the wild-typ€RN1gene. derived from pAJ95 by digestion witapg and Hindlll,
end-filling and re-ligation, thus eliminating &st site upstream

N-Terminal deletions of XRNIThe Xbad—Hindlll fragment : - :
containing XRN1 from pRDK252 was ligated intXbd and ?gé?ﬂiggﬁ%?@%f{?{g T;SP gzﬁtzf(gﬂ]'\lsl ,Prg;‘tezrred toin
HindllI-digested pUC18 to give pRDK240. Sequences upstream ' ' '

of theXRN1translation start in pRDK240 were replaced to giv :

pRDK246 as follows. The oligonucleotideGGCGGATCCTC- “Genetic methods
GAGACACCATGGGTATTCCAAAATTTTTCAGG, comple- TheXRN1coding sequence from nt 108 to 3894 was replaced by
mentary to the template strand and introduélagHl, Xhd and the LEU2 gene to give the pUC18-based plasmid pRDK226.
Ncd sites at—16, —11 and —2 respectively, and the oligonucleotigRDK226 was digested witdindlll and Avrll and transformed
5'-AAATCATCCAAAATACG, complementary to the non- into BJ5464 to generate thenl:LEU2allele. Correct integrants
template strand oKRN1 at nt 826-842, were used as PCRwere identified by PCR to give RKY1806.

primers to amplify the'send ofXRN1 The resulting product was

digested witlBarrHI andSst and ligated into the respective sites Overexpression of truncated Xrnl proteins

of pRDK240 to give pRDK246. pRDK287, containing the : : .

A2-397 deletion, removed thednd ofXRN1coding sequence ©Vernight cultures grown at 3G in SCUra medium supplem-

P 1190. pRDK 24 . Wit HindlIl. ented with 2% raffinose were diluted in the same medium to
'I[ﬁg] th:?jtc;iteggt p_2 wa56 ;v;rfiglllgeﬁflee% in W?tr;]d Clzfjl- and 1-5% 10’ cells/ml and galactose was added to 2%. The cultures

blunt-ended with S1 nuclease. TNed site at nt 1182 was Vere incubated at 3C for 4-5 h and the cells harvested. Small

blunt-ended with S1 nuclease. The appropriate restriction fragmeGRa€ extracts were prepared as described previodsly (
were ligated together to give the junction sequenc estemn pl_ottmg was perforr_ned as describdd), (using
5-CCATGTTGATG (the start codon is underlined). pRESS, aﬁlnlty—pur|f|ed polyclonal anti-Xrnlp 6) or monoclonal
containing theA2—1076 deletion, removed theehd of thexRN1 ~ L2CAS anti-HA (Berkeley Antibody Co.).

coding sequence from nt 4 to 1593. pRDK246 was digested with . . .

Ncd or Bglll. The resulting recessed-@nds were filled in, the Northem blot analysis and nucleic acid substrates

linearized plasmids digested witBpé and the appropriate Total yeast RNA was prepared and analyzed by northern blotting
restriction fragments were ligated together to give the junctiogy |TS1 and CYH2 as described previously’)( Additional
sequence'SCCATGGATCTT (the start codon is underlined).  oligonucleotide probes were specific for the pre-CYH2 intron
(5-CTGGACATTTTATCGAAACAAAAGAAACGTGG) and
ggnt'éﬁ#nz GALlf) XRN1 (pRDK306)The GALLOXRNE — fo oy (B-CGATAGTAATATTTATATATTTATATTTTT-
gBanHI-Hindlll fragment from pRDK249249) was g .
ligated into the corresponding sites in YEp351. AAAATATTTA). The substrate forin vitro exoribonuclease
assays, corresponding to the61 nt of pre-CYH2 mRNA, was
2u LEU2 GAL10 XRN1-HA (pRDK304¥RN1contains seven prepared byin vitro transcription using a T7 Ribomax kit
EcdRlI sites, five of which are in the same reading frame. Théromega) in the presence af$2P]CTP. Specific activity of the
oligonucleotide 5AATTACCCATACGACGTCCCAGACTA- substrate was typically 80-100 c.p.m./pmol nucleotide. The
CGCTAGC, encoding the hemagglutinin (HA) epitope andemplate was prepared by PCR of the endogenous @ebét
containingAatll andNhd restriction sites, and its complementary gene using the primers§6GCGGATCCTAATACGACTCACTA-
strand, 5AATTGCTAGCGTAGTCTGGGACGTCGTATGGGT, TAGAACAATCATCCAACTAATC, containing the T7 promoter
were annealed and ligated into linearized pRDK28pgartially  and transcription start site fGlYH2 and 5>AAGCCGTCTCAAC-
digested withEcdRl. The ligation mix was transformed into AGTGAGATGGTA. The 5triphosphate was hydrolyzed to
E.coli and DNA prepared in batch from all transformants. Th&'-monophosphate using tobacco acid pyrophosphatase (Epicentre)
batch-prepared DNA was then transformed into RDKY180@&s described elsewhefie) and the RNA was purified by phenol
(xrn1:LEU2). Transformants were screened for HA expressioextraction and ethanol precipitation. PH[DNA was prepared
and complementation of the growth defectmflA. Six isolates as described previousIg1).
were identified and all contained an oligonucleotide insertion in
theEcdRl site at nt 3894 oKRN1, giving pRDK318. HAXRN1  Single-strand DNA exonuclease assay
containing theSst-Hindlll fragment of pRDK318 was ligated . . .
; ; ; ; Reactions contained 33 mM Tris, pH 8.5, 13 mM Mg88ug/ml
into the corresponding sites of pPRDK306 to give pRDK304. BSA. 1.8 mM dithiothreitol, heat-denatured TIHDNA
2uLEU2 GAL10 XRN1(HA-HIS6) (pAJ99)he oligonucleotide (22 000 c.p.m.) and crude cell extract (0.34#1in a 30 pl
5'-CTAGGCATCATCATCATCATCATA, encoding six histidines, volume. After incubation at 3@ for 20 min, the reactions were
and a complementary oligonucleotide were annealed and ligatshpped on ice by addition of 10 20 mM EDTA containing
into the Nhd site previously introduced intXRN1 by the 1 mg/mlheat-denatured calf thymus DNA followed by4D M
HA-containing oligonucleotide in pRDK304. This plasmid trichloroacetic acid. The mixture was incubated on ice for 10 min
expresses Xrnlp containing both HA andHES. pRDK305 was and centrifuged for 10 min and fiDsupernatant were analyzed
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by liquid scintillation counting. Net activity was determined byThe extracts were clarified by centrifugation at 15 @& 10 min
subtracting the activity measured in a mock reaction. The limit @t 4°C. For immunoprecipitation, 1Qf total protein (typically

detection in this assay was 10% of wild-type activity. 10 pl extract) were diluted into 5001 IP buffer (20 mM Tris,
pH 7.5, 500 mM NaCl, 1% NP40, 0.1 mg/ml BSA, 1 mM EDTA,
Screen for non-complementingrnl missense mutations 1 mM PMSF, 1uM pepstatin A and UM leupeptin) on ice. A

. , ) _ limiting amount of 12CA5 antibody (0.03t) was added and
PCR was used to generate mutations in four contiguous regiopg samples were incubated on ice for 1 h. Subsequenglyol5
of XRN1 PCR reactions contained 100 ng plasmid templatg gjyrry of protein A-agarose beads (Gibco) was added and the
DNA, 10 pmol each primer, 5 mM Mg£;10.2 mM nucleotides  samples rocked gently at@ for 30 min. The beads were
and 2 U Taq DNA polymerase (Promega) in apb@olume.  centrifuged, washed three times with PBIP buffer and assayed
Denaturation at 94C for 2.5 min was followed by 12 cycles of jmmegiately. Western blotting showed that under these conditions

0.5 min denaturation at 9¢, 1 min annealing at 4& and 1 min  he amount of Xr1p immunoprecipitated was proportional to the
extension at 72C per 1 kb DNA. Ten independent PCR reactionymount of 12CAS5 antibody added (data not shown).

were carried out simultaneously and were combined after PCR

was complete. Region |, nominally from nt 1 to 293BN1 was ; : e oy
amplified with primers 3196 (SF'TGGGATTTTAAATGCC) Eﬁgr;ggraun?iﬁis ssay of immunoprecipitated wild-type
and 3205 (SAGTTTATTTTCTAAAGG) using pAJ152 as the
template. The resulting PCR product (corresponding to nt —151 Tde protein A beads containing the bound Xrnlp—antibody
573) was co-transformed with pAJ152 digested Withl (nt —12)  complex were washed once in exonuclease buffer (20 mM Tris,
andSst (nt 293) into AJY458 and plated on SCtdaw Ade  pH 8.5, 75 mM NaCl, 5 mM MgG] 0.1 mg/ml BSA, 0.2 mM
plates. Region Il, from nt 293 to 1335, was amplified similarlyDTT) and the beads were resuspended ju B&ction mix, 20 mM
using primers 2462 (BAACACAGATTCCTGAG) and 2463 Tris—HCI, pH 8.5, 75 mM Nag] 5 mM MgCph, 0.1 mM BSA,
(5-CCAATTCTTTTTGTCC). The resulting PCR product was0.2 mM DTT and 5000 c.p.m34P]pre-CYH2 RNA. Reactions
digested wittSst andBsni, ligated intoSst andBsmi-digested ~ were incubated for 10 min at 30 and then stopped on ice with
pAJ152 and transformed irEocoli. A DNA library was prepared addition of 10ul 1 mg/ml single-stranded DNA, 20 mM EDTA
from the combined transformants and the library DNA wasnd 66pl 0.6 M trichloroacetic acid. After 10 min on ice, the
transformed into AJY458 and plated on SCtiew Ade plates. samples were centrifuged for 10 min &C4and 80ul of the
Region lIl, nt 1335-2239, was amplified similarly, using PCRsupernatant were removed for liquid scintillation counting. Net
primers 3213 (5CAGGAAAAATTATCGCC) and 2836 activity was determined by subtracting the activity measured in
(5'-TTTAAATGCCTCTTGG). The resulting product was digesteda mock reaction, containing an immunoprecipitate from an
with Bsnml and Spe and ligated intoBsm and Spé-digested  extract lacking HA-tagged Xrnlp. Activities were normalized to
pAJ152. Region IV, nominally from nt 2239 to 3612, wasthe amount of Xrnlp that was immunoprecipitated.

amplified with primers 3216 (BACACAATCATTGTGTCG)

and 3254 (5GAAAGAGGCATCAAGCC). The PCR product RESULTS

was co-transformed with pAJ152 digested vBibe (nt 2239) ) , )

and Bell (nt 3612) into AJY458. Non-complementin¢RN1 Sequence alignment of Xrn1p with related proteins suggests that
mutants were identified as non-sectoring colonies and arose df'§ Protein is composed of distinct domains (Fiy. The
frequency of 2% for region | and 4% for regions |1, 1l and IV. N-terminus, cgnserved among a'II family members, is acidic and
To eliminate nonsense mutants, 50 region | mutants, 173 regi6Atains two highly conserved regions. Previous work demonstrated
Il mutants, 109 region Il mutants and 96 region IV mutants wer@ V8 protease-sensitive site at amino acid 3, uggesting
screened by western blotting for expression of Xrn1p containir@at the two cpnserved_amdm blocks are separate domains. Since
the HA epitope located in the C-terminus of the protein. Thi€nly these acidic domains are found in both the Rat1p and Xrn1lp
yielded 10 missense mutations in region I, six in region II, one ipt0-families, they likely contain the exonuclease (see below). A
region Il and one in region IV. Region | and Il mutants c:ontainin%’:Iddle basic domain is common to the Xrnlp sub-family.
multiple mutations were sub-cloned to identify single amino aciffrotease digestion of Xrnlp under native conditions identified a
changes responsible for the non-complementing phenotype. Teeeond V8-sensitive site at amino acid 710, a chymotrypsin-
region Il and IV mutants each contained multiple changes arrgnsitive site at position 723 anq atrypsin-sensitive site at position
were analyzed without sub-cloning. All mutam1 genes were 730 28), demonstrating accessibility at the boundary of the acidic

sub-cloned to a galactose-inducible expression vector to facilita2@d basic domains. The basic extreme C-terminus of Xrnlp is
affinity purification forin vitro analysis. unique to this protein and is sensitive to proteolysis. Initial

purification of Xrnlp yielded a proteolyzed protein lacking the
extreme C-terminus. This truncated protein retained exonuclease
activity (29; unpublished data), implying that the C-terminus is
Cell cultures of BJ5464 bearingi lasmids with galactose- a distinct domain dispensable for exonuclease activity.
induciblexrnl mutants were grown in 25 ml SClreeontaining A series of deletion mutants ofRN1was constructed to
2% raffinose to a density of 156 107 cells/ml. For controls, identify functional domains of Xrnlp. These deletion mutants
cultures of BJ5464 containing wild-type HA-tagg€BN1on  were expressed from single copy vectors for complementation
pAJ251 or the empty vector, YEp351, were prepared. Galactoassaysn vivo or from high copy vectors under control of the
was added to 2% final concentration and the cells were incubatgdlactose-inducibl&AL10 promoter forin vitro analysisxrnl

for 6 h before harvesting and storage at*&8®mall scale extracts null mutants display a significant growth defet This growth
were prepared by glass bead disruption inB@D mM Tris—HCI,  defect was complemented by mutant proteins containing small
pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT and 1 mM PMSF. deletions from the C-terminus, mutanfsl493-1528 and

Immunoprecipitation of epitope-tagged Xrnlp
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| acidic (pl 5.6) B basic (pl 9.4) |

~1230
protease sensitivity

29% identity 35% identity 16% identity
| Il 11 |

common to Xrnip and Ratip families common to Xrnip unique to Xrnip

Figure 1.General structure of Xrnlp based on amino acid sequence alignment and protease sensitivity. Conserved domains a, mantd, amihde to Xrnlp,
are shaded. Percent identity for domains a and b is the percent of amino residues that are invariant among six proggidRatfryl fions.cerevisiag4,37), Exoll

and Dhp1 frons.pombg13,18) and mXRN1p and Dhm1 from mouse (14,19). The percent identity for domain c reflects identity only among the Xarily,sub-f
Xrnlp, Dhpl and mXRN1p. Open arrowheads indicate sites of protease cleavage under native conditions (28). Numbersamiieatettigoosition C-terminal

of cleavage. The cleavage at amino acid 1230 is approximate, based on comparisons of the relative mobilities of the proteiyaeditruncation proteins on
SDS—polyacrylamide gels.

a Complement high expression exonuclease
growth defect growth inhlbition activity (%)
wT + +++ 100
A1493-1528 + + 4+ 4+ 65
A1392-1528 + + 61
A1206-1528 - + <10
A1036-1528 - - <10
A949-1528 - - <10
A921-1528 - - <10
4811-1528 - - <10
A756-1528 - - <10
A646-1528 - - <10
A525-1528 - - <10
A533-1076 —— - ND <10
A2-397 L] - ++ <10
A2-1076 R - ++ <10
f T T T T | T LI | T ﬁﬁ_ﬁ_
500 amino aclds 1000 1500

Galactose
b WT A2-1076

vector

A940-1528

A1493-1528

41392-1528

Figure 2. Analysis ofXRN1deletion mutantsaj Solid bars represent protein
sequence remaining in the deletion mutants. Complementation of growth was
scored in strain RDKY1806 containing tkem1 alleles expressed from the
single copy vector pRDK307. +, wild-type growth; —, growth likexari null
mutant. High expression growth inhibition indicates inhibition of growth when
expressed from a galactose-inducible promoter on a high copy vector. +++,
strong growth inhibition; —, lack of growth inhibition; ND, not determined.
Exonuclease activity was measured in crude extracts on ssDNA and was
adjusted to account for the concentration of Xrnlp in the extracts. <10%
indicates below the detection limit in this assd). $trains were BJ5464
containingXRN1(WT) expressed from a galactose-inducible promoter on the
high copy vector pRDK316; empty vector pRDK317; the indicated.
mutants replacing théRN1gene in pRDK316. SCLelplates containing 2%
glucose or 2% galactose were incubated &4€3@r 3 or 5 days respectively.

Glucose

A1392-1528, but not by mutant proteins containing largeproteins tested that complemented the inviability ofrad ski2
deletions from the C-terminus nor by proteins containinglouble mutant (data not shown). All mutant proteins were present
deletions of the N-terminus or internal sequences of the protedt similar high levels in total protein extracts (data not shown),
(Fig. 2 and data not shown). Consistent with this result, the twsuggesting that the lack of complementation was not a consequence
mutant1493-1528 and1392-1528 were also the only mutantof altered expression or protein stability.
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A to amino acids 1-1203. Nineteen non-complemeningl
ﬁ\d‘#“ é‘&gﬂ?’e .l.i’@\g‘“q' missense mutants were identified based on their inability to
— complement arxrnl ski2 double mutant. Seventeen of the

mutants were within regions | (nt 1-293) and Il (nt 294—1335). Of
O 0 O & & & these, seven contained two nucleotide changes and one containec
S LSS three nucleotide changes. Only two of the mutants containing

multiple nucleotide changes resulted in second amino acid
changes, E176G F29L and E178G Q401L. These two mutants
were sub-cloned to separate the mutations. The single mutations

é‘% &S Q;(‘ g E176G and E178G both conferred a null phenotype, whereas
Can F29L and Q401L showed no obvious phenotype. Of the 17 region
-_ | and Il mutants, three were represented twice, giving 14 different

single amino acid changes of highly conserved residues mapping
Figure 3. Assay for complementation afnl ski2by xrnl mutants. Strain from amino acid 37 to 201 (Figdand4 and Table3). Two
o vesors o ot o masrevere oo 2ddiional mutants, referred o as II-17, from region I
gor?lgteegontaining 5-f|u%r00rot?c acid. Growth on this plate require’; loss of the(nt 13_36_2239)’ and _IV—74’_ from region IV (nt 22.40_3512)’
SKI2URA3plasmid and indicates complementatiomxmwfL ski2 contained multiple amino acid changes between amino acids 592

and1197 and these mutants were analyzed without sub-cloning.

Mutant Q97R showed a low level of complementationrof.

ski2 (Fig 3), consistent with having the highest level of
The extreme C-terminus of Xrnlp confers a dominant exoribonuclease activity among the mutants (T&pléMutant
negative phenotype G87D showed very weak complementation (F3y.but no
measurable exonuclease actiwityivo (Figs5 and6) orin vitro
Table 3). Further characterization of this mutant is required to

derstand how it provides complementing activity. It is possible

that the mutant protein acts by efficiently sequestering substrates
Swithout degradation. When tiken1 point mutants were tested for
their ability to complement the synthetic lethality>ohl ski3
Youble mutants, results similar to those shown in Figurere

Full-length wild-type Xrnlp inhibited cell growth when over-
expressed from a high copy plasmid under the control of
galactose-inducible promoter (Fi@b). The xrnl deletion
mutants were tested for this growth inhibition phenotyp
Overexpression of the mutanfl493-1528, lacking only the
C-terminal 36 amino acids, conferred strong growth inhibitio
similar to the wild-type. Slightly larger deletiors] 392—-1528, : :

Wiich s  finctorl exonucease, ABB0B-1526, which Chiand, (032 1 shou) suggesting trat the exonuciease
lacks exonuclease activity, displayed modest growth inhibition.
Larger deletions from the C-terminus restored growth similar toraple 3.
that of cells containing the empty vector, indicating a lack of — : : :
growth inhibition (Fig-2b and data not shown). The N-terminal 2min° 2cid change number of mroatve fet | (Rlalive net
deletiongA\2—-397 and\1-1076 showed moderate growth inhibition, aee actviy ase activity

intermediate between that observed for the wild-type and mutaf{37D 1 0.03 <10
A1392-1528. These results indicate that the C-terminal domaifjy (- : oo e
that is unique to Xrnlp confers dominant negative growthDseG 1 0.02 <10
inhibition when overexpressed. This activity is primarily located 5% ! s <1
within amino acids 1392-1492, although amino acids from 103@g7e 1 004 14
to 1391 contribute a modest level of growth inhibition. Theg%?e 1 8-813 1 (1)
conserved N-terminus of Xrnlp, which I|I<_er contains the g176¢ 2 <001 210
exonuclease, is not necessary for the growth inhibition phenotype178b 2 0.16 12
Thus, these data suggest that growth inhibition is independent @‘Zgﬁﬁ f N<8~01 ﬂg
nuclease function (see below). C201R 1 0.03 <10

The xrn1 deletion mutant proteins were overexpressed andll\l/-% ((ﬁ?ggégggl) 1 <0.01 <10
assayedn vitro for exonuclease activity. We took advantage of Y1043F. 51197P) 1 <0.01 <10

the fact that Xrnlp demonstrates exonuclease activity on
single-stranded DNA as well as RNA to avoid contaminating. = _ _
exoribonucleases in the crude extracts. Consistent with e aAcnwty is expre_ss_ed_ relanveT to that (_)f wild-type HA-tagged Xrnlp, after
complementation results, C-terminal deletions up to amino aci§®""ecting for activity in reactions lacking HA-tagged Xm1p.

1392 displayed high levels of exonuclease (60% of wild-type;

Fig. 2), whereas larger deletions lacked detectable activity.

Northern blot analysis ofxrnl mutants

Non-complementing missense mutations iIKRN1 . .
on-complementing missense mutations I Northern blotting was done on total RNA isolated freml

The deletion mutant analysis did not reveal the location of theutant strains containing tlxen1 point mutants expressed from
exonuclease domain of Xrnlp. Consequently, point mutations wesingle copy vectors. Blots were probed for ITS1, CYH2 and
generated and screened for non-complementing missense mutatiomsi-PGK1. ITS1 is a product of rRNA processing that is rapidly
(see Materials and Methods). PCR was used to make randat@graded in wild-type cells by Xrn1$)( As seen in Figurs, all
mutations within four contiguous regions of the gene correspondiraf the mutants tested displayed stabilization of ITisYivo,
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Xrnlp 1 S —— e — EFDNLY LDMNE I 1#HRICpyH =)
SpExeIl 1 eIt e R LCS QO LTENDR g~ == = m— m m e e HujCpyE s
Dhm2 1 AR Y IEERMYC LS EVR I o= = o o o o EFDNLYLDMNG IpdH[«CIHHPL
Ratlp 1 R-IVD ILP EINPNeRERDHNLY LDMNGI HPL#HB
Dhpl 1 PTEELPDETEIER IR NP NANESDHNLY LDMNG I HPCSHP*BR—
Dhml 1 KPE-EC KIP LSNP NN EFDHLY LDMNG TReHP CpyH P2l oy

'
Xrnlp 51 T I- oo
SpExoIl 51 B\ D P 0 : F
Dhm2 51 FERE) . (AERE DK IE#IT ————
Ratlp 68 My D P oo |3 BRI IENEAREEIMR
Dhpl 70 Q) IEVI P 00 A
Dhm1l 69 = ALir P oo
Xrnlp 117 ---3H EG——-- D SHE]
EpExoll 117 ---RHERDFE-—--= D
Dhm2 117 =--- T TE—---AH D
Ratlp 137 QRE IMDDAVE T Wi,
Dhpl 139 EAEQQEIPHMDENAT S W
Dhml 138 EILA FLIJPEE-TI]| D

+

Xrnlp 180 CFEENE
SpExoII 179 |SELEYhITFKRS D
Dhm2 I LK IMEF IRSEAAAP VWP NTRHCLYGLDADLIMLG L SHEEHFSLLREEVV
Ratlp LK T MEF IRS QY ALIP 1Y) ﬁYGLDnDLIﬁLGLﬁTHEPHFLREFV-‘ AQ
Dhpl 209 I\IHE"IRSQ § ibLDADLIMLGLhTHEPHF LRE[EViE]s]
Dhml 207

Figure 4. Homology alignment and positions of amino acid changes identifiedimutants. The top three lines of alignment are the Xrn1p sub-family: Exoll, from
S.pombeDhm2, from mouse. The lower three lines are the Rat1p sub-family: DhpX foombgDhm1 from mouse. Arrows indicate residues affecting exonuclease
activity that were altered krn1point mutants. Asterisks represent residues that could be changed in Xrn1p (F29L) or Ratlp (M36T) without affectingtivitjease a
The open circle indicates the position of the amino acid change (P9OL)mik&ds allele.

a?Q ST & % ‘@@ 2 b indicating that all were defective for exonuclease activity. The
il ol Ao degree of stabilization and the nature of the ITS1 signal varied
ITS1- among the mutants. Whereas most mutants stabilized intact ITS1,
w . some of the mutants, e.g. Q97E and E178D, showed broadening
of the ITS1 band to lower molecular weight, suggesting partial
degradation.
preCYH2- | ue ERL LR Analysis of pre-CYH2 RNA also demonstrated defects in
CYH2- M vivo degradation, but in addition revealed novel degradation
intermediates. CYH2 pre-mRNA is inefficiently spliced in yeast and
the pre-mRNA is rapidly degraded in the cytoplasm by Xrnlp after
decapping by the deadenylation-independent nonsense-mediated
Figure 5.Northern blot analysis @f vivosubstrates of Xrn1p. Ten micrograms  decay pathway3). Again, varying degrees of stabilization of
of total RNA were separated on a'1.2% agarose—_f(_)rmaldehyde gel, transfe_rrzre_CYHz were observed. However, some of the mutants,
e e T o o2 SweMhotably N37D, HALR, QV7E, QV7R and EL78D, gave rise to new
pAJ152 and were grown in SCLeull-17 and IV-74 contain multiple amino ~ bands corresponding to CYH2 pre-mRNROO nt shorter than
acid changes (see Table 3). full length. These new species represented RNAs that had been
only partially degraded from thé-8nds and were not due to
altered processing from théénd, since they contained poly(A)
tails which could be removed by RNase H digestion in the
presence of oligo(dT) without altering the relative position of the

.gﬁ:é% @?ﬁ‘g&%‘ﬂ“* @G’ :c'u@- pre-CYH2 to the degradation intermediates (data not shown).

& & Pre-CYH2 RNA was also analyzed with an intron-specific probe

PreCYH2 — | S et pg gy e on s oo g gy po 7 S0 00 77 0 (Fig. 6). Simultaneously, these RNAs were probed with a

Mini-PGIKT — | S8 i (1 b o gt ‘. mini-PGK1-specific probe. Both of these RNAs are degraded by
nonsense-mediated decay. In both cases, discrete degradatior

intermediates were observed. Interestingly, amino acid substitution
of H41 and E178 gave rise to different phenotypes dependent on the
Figure 6. Northern blot analysis of nonsense codon-containing mRNAs. amino acid substitution. Conservative C hanges that maintained
Conditions were as described in Figure 5 except that the strains used here al arge (H41R. and E]?78D) resulted in mutants that ShOWQd
contained the mini-PGK1 allele on pRIPGKHZ{3)N1 (30) and strains were egradation intermediates, whereas the non-conservative
grown in SCLetUrar. The blot was probed simultaneously with an intron-specific changes H41D and E178G resulted in a complete blockage of

probe for pre-CYH2 and with a probe specific for mini-PGK1. degradation, indicated by stabilization of the full-length RNAs.
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Figure 7. Benomyl hypersensitivity ofrn1 exonuclease mutants. Cultures of
strain RDKY1977, containing the indicatedhl alleles on the single copy
vector pAJ152, were spotted onto YPD plates containing O qugl®l
benomyl. Plates were incubated at GCfor 2 days.

Figure 8. Growth inhibition from overexpression #RN1does not require
Some transcript-specific differences were observed. Fo?|>|<0|nUC|ea§e aCtiVitfrBSICOL]{'t:fez gcfgsein_fdﬁé}gé C?Q::g::::rg ézethgﬁdco
H H H eles unaer con -Inauci |
e’?"]‘.mp'e' mutant C201Y displayed W|Id-type_: de_gradatlo_n 01alasmid pAJ251, were patcr?ed onto SCt plates (I:)ontaining 2% glucoge or >
mini-PGK1 mRNA but accumulated degradation intermediateso, gajactose and incubated at @or 3 days.
of CYH2 pre-mRNA.

The degradation intermediates resulted from mutant Xrnlp ) o ]
processing, since they were not seen in the absence of er@ﬁpbyed much lower relative DNase activity compared with
(Figs5b and6). Also, accumulation of these intermediates was ndRNase activity. It is not clear at present what accounts for this
observed when the mutant protein N37D or E178D was oveflifference, but it may be due to differences in binding deoxyribose
expressed in a wild-type strain, indicating that wild-type Xrn1p cagompared with ribose. The correlation of RNase and DNase
degrade these RNAs in the presence of mutant Xmip (data @étivities suggests that these activities are both manifest by the
shown). This suggests that the mutant proteins do not remain tigh#i¢me active site.
bound to the substrate, impeding degradation by wild-type protein.

Taken together, the novel degradation intermediates appear to resuitl nuclease-deficient mutants do not complement the
from mutant Xrn1p being blocked either by proteins bound to theenomyl-hypersensitive phenotype atrnl null mutants

transcript or by secondary structure in the transcript. Benomyl destabilizes microtubules and mutants that display

_ o microtubule defects often confer hypersensitivity to benomyl
In vitro exonuclease activities (32). Such hypersensitivity okrnl mutants has led to the

The mutant and wild-type Xrnlp proteins were overexpresse/dgestion that Xrnlp may interact directly with tubuti?) (We
and purified from crude extracts of wild-type yeast by immunotested the variousn1 point mutants for their ability to complement

precipitation, taking advantage of the HA epitope in theithe benomyl sensitivity of ann1 null mutant. There was a general

C-terminus. All mutant and wild-type proteins were expressed SP"elation between the severity of the exonuclease defect and
similar levels, suggesting that all proteins had similar stabiligff@pility to complement benomyl hypersensitivity. Mutants that

The immunoprecipitated proteins were then assayed for exoribgcked detectable exonuclease activity, e.9. E178G and H41D, were
nuclease activity without further purification. For these assay&! [€ast as sensitive asxanl null mutant, whereas Q97R, which
the substrate was #mvitro synthesized transcript correspondingdisplayed 60% of wild-type exonuclease activity and partially
to the first 261 nt of the'®nd of CYH2 pre-mRNA. Xm1p restored growth to arml ski2double mutant, partially restored
concentration in the assays was controlled by titrating the Xrn4§ld-type sensitivity to benomy! (Fig).

proteins with limiting amounts of anti-HA antibody. Under these o )

conditions, the amount of Xrn1p in the assays was proportiongrowth inhibition from overexpression of Xrn1p does not

to the amount of anti-HA used for immunoprecipitation (data nd#epend on exonuclease

shown). Results of these assays are shown in Jabl@in vitro  The dominant negative phenotype that results from overexpression
activity closely paralleled the vivo activity observed on ITS1, of the C-terminus of Xmilp was also observed for all of the
pre-CYH2 and mini-PGK1. These assays were remarkably fregissense mutants (Fi§). Thus, growth inhibition is not due to

of contaminating exoribonucleases and the level of detection WaSerexpression of the nuclease activity of Xr1p, but rather some

<2% of wild-type Xr1p activity. , other as yet unidentified function of the protein.
The mutant proteins were also assayed for single-strand DNA

exonuclease activity. This assay was done with crude extra¢gi$scUsSsION

without immunopurification. Under these conditions, overexpressed

Xrnlp accounts forB0% of the total exonuclease activity in theseXrnlp is the founding member of a family of eukaryotic
extracts. As seen in Tat#ieall mutant proteins displayed reducedexoribonucleases. It is the major activity in the cytoplasm of yeast
DNA exonuclease activity that in general corresponded to thresponsible for mMRNA degradation and is also responsible for the
decrease in exoribonuclease activity, suggesting that theskmination of rRNA processing fragments and improperly
activities reside in the same active site. One exception, Q97R0cessed mMRNAs subject to nonsense-mediated decay. In yeast,
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a second but essentidtéxoribonuclease, encoded BAT1 is  Point mutations identify residues critical for exonuclease
found in the nucleusl{). These two enzymes are functionally function
interchangeable, although normally restricted to the cytoplasm

and nucleus respectivelyq). Homologs of Xrnlp and Ratlp . . . .

: e : : . The screen employed for identifying point mutants required that
have been |dent|f|e_d from_ higher _eukaryotes, Ir]CIUdm%uch mutants npot)(/:omplement%m% gkiZdoubIe mute?nt. All
‘I]D.'\r/lnf(l:zr;;)hgasetﬁ(rj (SD I':I' I&’eWEGLmZ’ eri&ﬁglél %%’mrﬁ]dmggiilk)mé nl mutations identified in this screen reduced or abolished
rﬁ ouse { 4{9) h owé\}er no r?gmpol oas of these proteins h av’g{etectable exonuclease activity, suggesting that synthetic lethality
been iden’tifiea from ro'ka otic cellsg P with aski2 mutation £3) is due specifically to a lack of Xrnlp

P ry ' ﬁxonuclease activity. This was not a foregone conclusion. Xrnlp

exﬁ%nulc?essng agswgl(ljgs()lr?l?;eﬁ:ﬁcligrgﬁq dri)r:mgc?tisvi ttig‘:t (;3:;[‘3”% also an RNA binding protein and defects in RNA binding could
g ’ ¢ nceivably be lethal in combination withski2 mutation. In

they share no obvious sequence motifs with other classes O dition, Ski2p suppresses translation of poly(AARNA

proteins. In addition, Xrnlp has been implicated in addition 5433) SKi2p mav be necessarv to confer specificity of
cellular processes, including interaction with tubuli)( Thus, _ ribc’)so)r.nes foFr) pon)(/A) MRNA or b{/ acting in a gegradgltion
it is of interest to identify the structural motifs of these prOte'n?)athway that degrades such mRNA. The requirement for
responsible for their biochemical properties and to |den.t| uclease activity for complementation ofski2 mutation is
mutations within these motifs that eliminate specific biochemic onsistent with the finding th&KI2is necessary for 4 BIRNA
functions to correlate these functions with observed phemtyp‘?fegradation pathway§). In this model, residual 8legradation
Th's family of proteins can be _al_lgned ba$ed on primary aminBq yrolled by Ski2p is essential in the absence of the major 5
acid sequence, reveahng an acm!lq N-terminal half of the prote gradation pathway, which requires Xrn1p. This screen did not
com_posed of two d_omaln_s of str_lklng_ homolpgy common to aﬁ entify mutations in other regions of the protein or shed light on
family members (Figl). Since this acidic region of the protein oher fnctions of Xm1p. To identify other functions of Xrm1p,
is the only portion common to this family of exonucleases, {q are currently screening additional mutants that are synthetically

likely contains the exonuclease. C-terminal to this, the Xrn1p angdin; with arxrnl null mutant for complementation by am1
Rat1p sub-families diverge in amino acid sequence. However, tag 1 clease-deficient mutant.

sub—familic_es each contain basic domains and thus may havel—he Xrnlp family of proteins does not contain amino acid
conservation at a gross structural level. The extreme C-termindgqyences that are readily identifiable as exonuclease or RNA
of Xr1p, again basic, is unique to this protein. The appareginging motifs. However, all single point mutants identified in
arrangement of these proteins into domains based on sequefifg screen reduced or abolished detectable nuclease activity and
alignments is reflected in the susceptibility of Xrm1p to proteolysigere |ocalized to the highly conserved N-terminal domain of
under native conditions. Protease cleavage of Xmlp for amingn1p. At least some of these residues are likely within the active
acid sequencing using several different proteases yleldeq cleav_ggg of the exonuclease. Like many nucleases, Xm1lp requires
at amino acid 501, between the two blocks of amino aciyig2+ for activity. Structural and biochemical studies of other
conservation within the N-terminal acid half.of the protein angh,cleases have shown that such divalent cations are typically
after amino acids 710, 723 and 730, suggesting that the boundgpbrdinated by carboxylate34-36). In Xr1p, several invariant
between the highly conserved acidic N-terminus and the followingarhoxylate residues, D86, E176 and E178, appeared to be
basic domain is readily accessible to proteas8s I addition,  essential for function. Replacement of E178 with aspartate, a
the extreme C-terminus, unique to Xrn1p, is highly susceptible inservative change that maintains a carboxylate moiety, reduced
proteolysis during purificatior2g). the nuclease activity but did not eliminate it, whereas the more
Surprisingly, although the protein appears to be a lineafrastic change to a glycine eliminated detectable activity
assemblage of domains, deletion of any portion of the homologogdRogether. Possibly E178 coordinates a metal ion and replacing
domains rendered the protein completely inadtivdvoandin ~ E178 with aspartate leads to a less favorable coordination.
vitro, even though subsequent point mutation analysis suggesihilarly, H41 is important for nuclease function. Changing H41
that the N-terminus contains the exonuclease. Thus, this analygisarginine maintains the charge and results in a protein with
failed to localize the exonuclease domain of the protein. We deduced activity, whereas the more drastic change to aspartate
not yet understand why this protein is not amenable to deletionsliminates detectable activity.
but it may reflect changes in the overall net charge of the proteinDuring the course of this work, then1-10temperature-sensitive
when portions of an acidic or basic domain are deleted. mutation @3) was identified as P9OL. This mutation disrupts
Deletions of the extreme C-terminus do not affect imogvo  exonuclease activity at non-permissive temperature (A.Johnson,
functions, but the C-terminus does confer growth inhibition wheanpublished results) and lies within a highly conserved block of
the protein is overexpressed. This growth inhibition dependesimino acids. In addition, changing F29 in Xrnlp or changing
primarily on amino acids 1392-1492 and was observed fo36 in Ratlp had no significant affect on enzyme activity
constructs containing large N-terminal deletions. However, higfA.Johnson, unpublished results). Thus, some changes of highly
expression growth inhibition was observed for exonucleaseonserved residues do not significantly affect function, suggesting
deficient point mutants, demonstrating that it was not due to thkat the mutations identified in this screen were particularly
overexpression of the exonuclease activity. It is possible that tletical for nuclease activity.
C-terminus interacts with other essential cellular components,All mutants were defective to varying degrees for exonuclease
titrating them to below critical levels. Two-hybrid analysis withactivity measuredn vivo by northern blot analysis of several
the C-terminal domain should identify such factors. different RNAs and byn vitro assays. In general, tlwe vivo
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activities correlated with thia vitro activities. In addition, there deletions prepared for sequence analysis, S.Peltz for providing
was a good correlation between the amount of residual exonucleatssmid DNA and DuPont for kindly providing benomyl. This work
activity and the ability to complementam1 ski2double mutant. was supported in part by NIH fellowship grant GM13594 to A.J.,
Furthermore, mutations that affected the exoribonuclease activigiH grant GM53655 to A.J. and NIH grant GM29383 to R.K.

of Xrnlp also affected in a similar fashion its activity on

single-stranded DNA, suggesting that these two activities affEFERENCES
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