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ABSTRACT

Escherichia coli ribonucleases (RNases) Hll, IlI, Il, PH
and D have been used to characterise new and known
viral, bacterial, archaeal and eucaryotic sequences
similar to these endo- (HII and Ill) and exoribonucleases
(I, PH and D). Statistical models, hidden Markov
models (HMMs), were created for the RNase HlI, I, Il
PH and D families as well as a double-stranded RNA
binding domain present in RNase lll. Results suggest
that the RNase D family, which includes Werner
syndrome protein and the 100 kDa antigenic component
of the human polymyositis scleroderma (PMSCL)
autoantigen, is a 3 '- 5" exoribonuclease structurally
and functionally related to the 3 '-5" exodeoxyribo-
nuclease domain of DNA polymerases. Polynucleotide
phosphorylases and the RNase PH family, which
includes the 75 kDa PMSCL autoantigen, possess a
common domain suggesting similar structures and
mechanisms of action for these 3 '- 5' phosphorolytic
enzymes. Examination of HMM-generated multiple
sequence alignments for each family suggest amino
acids that may be important for their structure,
substrate binding and/or catalysis.

INTRODUCTION

similar toEscherichia colRNases Hll, Ill, Il, PH and D using the
recently developed statistical modelling method of hidden Markov
models (HMMs) {-10). A double-stranded (ds) RNA binding
domain present in RNase Il is examined also. An HMM of the
type created and used here is a sequence of nodes in which eact
node corresponds to a column in a multiple sequence alignment for
a family of related sequences. The HMM technique allows
identification, modelling and analysis of the core elements of a
family likely to be determinants of the folding, structure and
function of that family. For the RNases examined here, the results
can provide guidance for further experimental and theoretical
work as well as insights into the relationships within and between
the different families.

RNases Hill, Ill (also called RNase C), Il (also called RNase B),
PH and D were selected for study because of their important roles
in many organisms (reviewed4r8,11,12). In particular, they act
on a wide spectrum of substrates and include both endo- (HII and
[1) and exoribonucleases (I, PH and D). RNase HIl degrades the
RNA moiety of RNA-DNA hybrids 13,14). Processing of
ribosomal RNA precursors (pre-rRNAs) and of some mRNAs
requires the ds specific RNase 1lI5]. RNase PH is both a
phosphorolytic nuclease that removes nucleotides following the
CCA terminus of tRNA and a nucleotidyltransferase which adds
nucleotides to the ends of RNA molecules by using nucleoside
diphosphates as substrateé§,{7). RNase Il and polynucleotide
phosphorylase (PNPase) are the two principal nucleases involved

As the details of RNA metabolism have emerged, there has bggrprocessive '3- 5' degradation of single-stranded (ss) mMRNA

a concomitant increase in interest in the enzymes that carry ¢gee, for example, ref8). RNases Il, PH and D are three of at
these events. Although it has been suggested that proteasorteast five 3- 5' nucleases required fof Brocessing of tRNA
multiprotein complexes involved in processing and turnover girecursors (pre-tRNAs),19). A number of these RNases also
cellular proteins, could also be involved in cellular RNA breakdowhave a role in the efficacy of some therapeutic molecules.
and RNA processingdl}, one group of enzymes has long beenAntisense agents such as antisense oligonucleotides and ribozymes
known to be important in such events. Ribonucleases (RNasdi)d to DNA or RNA sequences and block the synthesis of
are enzymes involved in many functions such as RNA processirggllular or viral proteins by interfering with transcription and

stability, turnover and degradation (reviewed, ). For example,

translation (reviewed ir20). Antisense oligonucleotides form

MRNA stability influences gene expression in virtually all organstable duplexes that are substrates for cleavage by RNase H,
isms from bacteria to mammals and thaeralance of a particular which, like RNase HIl, acts on RNA-DNA duplexes. In addition,
mRNA can fluctuate manyfold following a change in the messeng&Nase Il and PNPase appear to be the major nucleases that
RNA (mRNA) half-life without any alteration in transcription degrade hammerhead ribozym2$)(as well as RNA-OUT, a 69

(reviewed ind). Another testament to the generaportance of

nucleotide antisense RNA that regulates Tn10/1S10 transposition

these enzymes is evidence that self-incompatibility in flowering22). Thus, studies of these RNases may yield insights into

plants involves an RNase (reviewedbif).

intracellular degradation of foreign RNAs and subsequent

The focus of this work is identification and characterisation oflevelopment of more stable ribozymes and antisense molecules.
new and known viral, bacterial, archaeal and eucaryotic sequenéasthermore, the five RNase families examined here provide a
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glimpse into the myriad of roles that RNases play in how celRESULTS

row, differentiate and respond to their environment. . _ . N
g P An aim of this study was to train and use HMMs that minimised

METHODS the numbers of false positives and false negatives. Amaaikt
o 000 different proteins, sequences that were not part of their
Escherichia colRNases HIl, ll, Il, PH and D were used as queryrespective training set had log-odds scores <15.0 whereas training

sequences in database searches performed with the BLAST s4ié¢ sequences had scores >31.0 (RNase Hll), >25.0 (RNase lI),
of programs £3) run with default parameters and a merged»27 2 (ds RNA binding domain), >60.4 (RNase Il), >26.6 (RNase
non-redundant collection of sequences derived from PIR, SwissPm@) and >21.1 (RNase D). For all six families, inspection of the
and translated GenBank. Database sequences were considerggh\-generated alignments and examination of the log-odds
exhibit a statistically significant similarity to the query if the scores suggested there were no false positives amongst sequence
smallest sum probabilit’(N) < 0.05, P(N) being the lowest wjth log-odds scores >21.1 and that such sequences could be
probability ascribed to any set of high scoring segment pairs fefassified as being members of the family being modelled.
each database sequence. Partial sequences, fragments @d@ever, it cannot be assumed that there are no false negatives
expressed sequence tags (ESTs) identified by these BLA@mongst sequences with log-odds scores <15.0. There may be
database searches were retained but not employed for HMidmote homologues that have diverged to a degree that the current
training and database discrimination experiments. HMMs wengmms may be too specific (overfit the data) and thus unable to

trained for proteins belonging to the RNase HiI, Ill, Il, PH and Dyjassify them as belonging to a particular family. Further genera-
families as well as a ds RNA binding domain present in RNasgation of the HMMs is required to detect such distant family
[l by the procedure outlined below. members.

An HMM was created using the SAM (Sequence Alignment HmM-generated multiple alignments of members of the six
and Modeling Software System) suité,2) running on a families examined are shown in Figuie$ which were produced
MASPAR MP-2204WItha DEC Alpha 3000/300X frontend atusing ALSCRIPT 30) 8§ denotes new members of a fam||y
the University of California Santa Cruz (UCSC). In an HMM, usqgentified here and partial sequences retained from BLAST
of a match state indicates that a sequence has a residue in §a3frches but not employed for HMM training. Existing members
column whereas using a delete state denotes that the sequesiGe RNase 1115,31,32), ds RNA binding domair8@,34) and
does not. Insert states allow sequences to have additional residagfase I 8540) families have been described elsewhere.
between columns and represent regions of the sequence that@igsequent discussions will focus on new family members.
not part of the core elements of the family being modelled. Tgyariant positions are defined as those residues conserved across
improve the ability of the HMM to generalise, to fit sequences nq{|| the sequences in an alignment and whose locations are marked
employed for training, Dirichlet mixture prior2%26) were  py filled triangles. Amino acids conserved in the majority of
employed. Free Insertion Modules (FIMs) were utilised to allovsequences are highlighted and columns that are predominantly
the HMM to model a region or motif within a larger sequencenydrophobic boxed. Columns containing ‘.’ correspond to insert

Multiple models were trained and the best used for further studiegates and numbers indicate the lengths of insertions in sequences
Any sequence can be compared to a model by calculating thethat position (if present).

likelihood that the sequence was generated by that model. Takingjthough all six families have at least one or more yeast

the negative (natural) logarithm of this likelihood gives the NU—(Saccharomycesarevisiaea and human member, only the RNase
score. For sequences of equal length, the NLL scores measutfifamily has an archaeal member. It is possible that the current
how ‘far’ they are from the model and can be used to selegtjite of proteins predicted to occur in the complete genome of the
sequences from the same family. To assess the specificity ag@haeorMethanococcugannaschii(41) contains no homologues
sensitivity of an HMM, it can be used in database discriminatiofyy the five other families. However, it may be that members of
experiments to distinguish between sequences that belong to these families have diverged to an extent in this archaeon that the
family used to train it from those that do not. The programmeyrrent HMMs are too specific and thus unable to detect these
hmmscore was used to evaluate how much better a sequencerfiifiote homologues. Another explantion may be that open
a model than some underlying background distribution or nufeading frames that are family members have not been identified

model (NULL) and to assess the significance of the resultajkt and thus would not have appeared in the databases that were
score. Database searching using the HMM involves computifgarched using the HMMs.

log-odds (NLL-NULL) @7,28) scores for all sequences in a

non-redundant protein database obtained from the Ri}lahd ISCUSSION

updated weekly at UCSC. Taking into account the number (9

sequences in this databas®i1 000 different proteins in late Figure 1 shows new eucaryotic RNase HIl family members
1996) and an expected number of false positives of 0.01,(geast, 12:Sc_N2369, 13:Sp_C4G902; worm, 14:Ce_T13H52;
significant log-odds score is 22.6. Scores higher than this valmeammals, 15:Mm_ESTSs, 16:Hs_EST). Since RNase HIl acts on
denote fewer expected false positives. A database search ViRISA—DNA duplexes, they may be involved in DNA replication
performed and based upon examination of the log-odds scom@swell as being candidates for mediating the effect of antisense
and an HMM-generated alignment, new family members wereligonucleotides.

identified, added to the training set and the HMM retrained. This Figure2 shows new RNase Il family members from bacteria
cycle of ‘search, align and retrain’ was repeated until no ne{dO:My_ ORF, 12:Si_ORF) and eucarya (yeast, 16:Sp_C8A4.08C;
sequences were identified in databases up to December 19@6rm, 17:Ce_K12H4.8, 20:Ce_F26E4.b; mammals 21:Mm_EST,
This final HMM was utilised to generate a multiple sequenc@2:Hs ESTs). A S.cerevisiae RNase Il (RNase RNTL;
alignment of the final training set and the partial sequences retainB8tSc_RNT1) cleaves pre-rRNA at a U3 snoRNP- dependent site
from the initial BLAST searches. (15) suggesting that some of the other eucaryotic sequences may
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Figure 1. An HMM-generated multiple sequence alignment for RNase HIl family members from bacteria [1-10], an archaeon [11] antPed&drgaffc RNHII
E.coli RNase HII (RNH2_ECOLI); 2:St_ RNH} Salmonella typhimuriunRNase HII (RNH2_SALTY); 3:Hi_RNHIIHaemophilus influenza&Nase Hll
(RNH2_HAEIN); 4:Vc_RNHIH Vibrio choleraeRNase HIl (VCU30472); 5:Cc_RNHBaulobacter crescenti®@Nase HIl (S76857); 6:Pg_RNHiIPorphyromonas
gingivalis RNase HIl (PGPGAAGEN); 7:Mc_RNH} Mycoplasma capricoluniRNase HIl (S46901); 8:Mt_RNHIMycobacterium tuberculosiRNase Hill
(MTCY274); 9:Mg_RNHII Magnetospirillumsp. RNase HIl (MGNMAGA); 10:S._RNHIISynechocystisp. PCC6803 RNase HIl (D90899); 11:Mj_RNHII
M.jannaschii RNase HIl (MJU67470); 12:Sc_N23698.cerevisiaeORF N2369 (S53908); 13:Sp_C4G90ZspombeORF SPAC4G9.02 (SPAC4GY);
14:Ce_T13H52& .elegan®ORF T13H5.2 (CET13H5); 15:Mm_ESTs#1us musculug€STs (W71720, W76969); 16:Hs_ESTBomo sapien&ST (W05602).

be important in pre-rRNA processingchizosaccharomyces domain found in a variety of otherwise unrelated proteins such as
pombeand Caenorhabditiseleganseach have two RNase Il transcription factors and kinasegH46). A subfamily of the ds
members suggesting involvement in processing different pre-rRNRNA binding domain is present in an array of tissue types and has
sites or other RNAs. Three positions in RNase |ll have beesshorter than averagd—{31 loop suggesting a common substrate
mutated 81,42,43). The first, an invariant Gly (glycine) important (52:XI_4F1.1, 53:XI_4F1.2, 54:Hs NF90.1, 55:Hs_NF90.2,
for activity in two different sequences, occurs in a highly conserveab:Mm_SPNR.1, 57:Mm_SPNR.2, 58:Rn_RED1.1, 59:Rn_
octapeptide that contains three of the four invariant residues. RED1.2). Given the known functions of these members, this
second occurs at a variable position. The third is a conservesljbstrate could be important in transcription and be a candidate
functionally important Glu (glutamic acid) present in all RNasdor adenosine to inosine RNA editing.
[l members apart from a bacterium (4:Bs_RNIII) where itis Lys Figure4 shows new RNase Il family members from bacteria
(lysine). In E.coli RNase lll, a E-K,A mutation uncouples (3:Tf ORF, 17:S. ZAM) and eucarya (yeast 11:Sc ORF,
substrate binding from cleavage so that it is unclear whether thé:Sc_MSU1; malaria parasite 18:Pf EST; mammal 19:Hs_ESTSs).
Bacillussubtilissequence that has a naturally occuring Lys at thihese are candidates fdr-3%' nucleases involved in processive
position behaves in a similar manner. RNA degradation and since some of the other yeast members are
Figure3 shows new ds RNA binding domain family membersessential for cell division, they may be important for control of
from bacteria (9:My_ORF, 10:Cr_ORF, 11:Si_ORF), virusesnitosis.
(68:Va_E3; 33:RcNS34 34:RsNS34 and eucarya (yeast Figure5showsthat RNase PH sequences comprise a complete
15:Sp_C8A4.08C35:Sc RM03 worm 16:Ce_K12H4.8, 19:Ce_ domain that is also present in PNPase from bacteria (11:Ec_PNPase,
F26E4.b, 46:Ce _F55A44.1, 47:Ce_F55A44.2, 71.Ce_ZK63222:PI_PNPase, 13:Hi_PNPase, 14:Bs_PNPase, 15:S._PNPase
72:Ce_ORF.1, 73:Ce_ORF.2, 74:Ce_T07D43.1, 75:Ce_T07D4327:Sa_GPS) and eucarya (16:So_PNPase). A number of eucaryotic
76:Ce_T22A3.f, mammals 20:Hs_ESTs, 67:MMENR). The sequences also possess this domain and are thus members of th
underlined sequences are known RNA binding proteins. AlthougRNase PH family (yeast 9:Sc_YG87, 18:Sc_YGRO095C,
Parameciuncthlorella virus 1 genome contains a protein that i20:Sc ORF2315, 21:Sp YAXE, 23:Sc _D99541; worm
a member of both this and the RNase IIl family (12:Pc_A464Rt9:Ce_C14A45, 24:Ce_F37C1213; plant 26:Zm_EST; mammals
13:Pc_A464R in Fig2), the new viral members lack a catalytic 22:Hs_ORF, 25:Hs_PMSC75, 27:Mm_ESTs, 28:Hs_ESTSs).
RNase lll-like domain suggesting that this activity may reside isince both RNase PH and PNPase are53 phosphorolytic
a different protein in variola virus and the rotaviruses. A newucleases, the presence of a common domain suggests that the
eucaryotic member may be a link between transcription and RNiay have a similar structure and/or mechanism of action. PNPase
metabolism: 71:Ce_ZK6322 also contains a copy of the forkias been shown to be involved ih &lenylation-mediated
head-associated (FHA) domain, a putative nuclear signallindegradation of mRNA4(7). A multiprotein complex mediating
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1 10 20 30 40 50 70
1:Ec_RNIII .. .51 NRL.QRK YTRINHQ. E o Q[ BIR. BASSKH. [ LEFLGD s vy VIlANA HREERVD DSRM AT
2:StRNIII 51 NRL. QRK YT[@ANHQ. E a Qffy BlR - BAsskH. [ LEFLGD s FvIEANA srREFrVv D Dimis R Mo P
3:HRNIII 3LDRL. ERKIYR[@ANDI . A[MEK Qf BlR - BaaTan. | LEFLGD ANF TINAE A HaoFJRCN EMS RMIJA T
4:Bs_RNIIl 19FKEF. QERLSVHIJONE. K B A Bls . QY vNEHTH] LEFLGDIYvL [l RN PKY[JAMS D[MT K A A
5:Cb_RNIII .3LNKL. MER[MEJHQ[NNL . E K1 1Y BIC - EjsGADN. LEFLGDRVL N IEE3 aorRrldaAR D[Ms R VA S
6:Rc_RNIII .6LSAF. MDRIMHRIATTP. E V RN Bls QL csAaTs | [NENNIRANG L S MAE A HADGRAS QWA PRENA
7:M_RNII 4RQPL. LDAIMVDLPD- . E S L L GIR. BIYAYENS NN A VNG L TINT D A HRHDRS D[NA K [HEIA S
8:Mg_RNIIl 22KNLD. [ FPNNWERFEK. A HAS NE1EDVSES. Y LEFLGD DFVVAKK ELYRKYN LMTRTKI E
9:Mc_RNIli C21 KNF. FEKYNIKINDQ. Q KERYMIRIN - Y ANERS Y LEFLGD WQMYVSKF FHYSKL G E[MT R Ss
10:My_ORF .. 2LQSL. FKRMNI KPKNI . N[MY | NINEEIS Y ANEH6 M LEFLGD NFLMANY RKN- QDN | MT KKEIA Q
11:Cr_ORF . .3TNAI . SKIIT KYDREIKNT. Q NE/NEEP . BvLskDpsY [T A AN L VI lS EMBGEEN | FRIVD T NIMAKKKTA
12:Si"ORF 19KQYH. VFI KERQYYLE. AIMTHNSYANE. HNLSYT. Y mg [EiA| MAKE[RSL Y LSFIJDKN ELIT N[WIRYS K
13:Pc_A464R 53VEYL2MPI ILDFSYYKT. AESYN[QL V.- - .- EGEAT. Y E GD NG F | [MARY DNFIJGKD F s RIMEYT K
14:3.2RNIIl 10LKAL.LRR LTDNTP3NMVOL/NEEEIA. FJASPEQ1Y AR A MVIRL ASAEV KHYIJaTs EMS A A |
15:5._RNIlib _1NHPD. FPPI[g----DP. QM| ELNUREER . BIYCNEHS5 Y (AN VMG F VVGRI ERY[QHF T E[MT RIMS Q
16:9p_CBA4.08C 1082SSYIl . EET! YSKNK.K HLFLMMSQQSV LEFLGD DY||IVQY KKYIdNAT EMTDYKSF
17.CeKi2H48 1554 FTQL . EEKI [MYRIMKER. AYIMVoINFIMEIA - Y1 NNR4 Y LEFLGDVLPREY 1l EDSRQY S V[ET D[EIES A
18:Sc_RNT1 205QDLA. LRARVFI HKST. | KDKVYMSGS. EMI NAH. 1 LEFLGD NSVMTLI NKFRDYS QNS T MM N
19:5p_PAC1 139EKLK. EQVEMHI SRAY. ELYPNQSNPN. ELLD! H. [N LEFELGD NLFTTRI sKFldamp S WS « YA K
20:Ce_F26E4.b 830FHAL. EERME QFNNI . R AKIJFERR- NI PNND5 L EfNL GD QLI VSDF RRFEY HAEEdnMls L T S
‘Mm_EST ... FETF. EKKI NYR[@KNK. AY]RL Ql¥F A BIYHYN- - - - o . L. L
22:Hs_ESTs e e AHDE. D LE P. NEPGRD. Y QENNEIGENEGIs MMQV SVAEY KRYREID wHERSIQMT E MEXI A
JAVAVAY VAVAV ¥
RNaselli signature: [DEJRLEFLGDJSA]
é 1:Ec_RNIIl, G->D loss of activity
19:8c_PAC1, G->D,S loss of activity

80 90 100 110 140
1:Ec_RNIII LMRGNT LIJREF. EMGECL R[NGP. LKSEIG. . FRRESI TV SDI QTVEKLI LNWYQT
2:SURNIII LMRGNT LEJREF. DMGECL R{MGP . LKSIJG. . FRRESI TV SNI QTVEQL| LNWYKT
3H_RNIII LMREPT LIYRQF. EMGDYMS[NGS . LKNIG. . FRRESI C Vv QJL AVTTQVI RNWYQQ
4:Bs_RNill | MCEPS LINHEL . SFGDL VL[MGK. EMTIHG. . RKRPAL vV F QL EPVESFLKVYVFP
5:Cb_RNIIl MMINGD E MSTKL. GLNEYL QEGV. OKSIG. . KRRRSI AL A[JLETCRRCVLNWYGE
6:Rc_RNIII LMRKET VIJRD! . DMGAVL KMGR. SEEMMSIYG. - RRKDAL A M A[JFEVARALVLRLWAA
7:MURNII VENT QA VINRRL3GMGVHVL[MGR. ANTIIG. . ADKSSI G M HIIMEKAREVI LRLFGP
a:Mg_RNIlII |T scE;EN I GMEL. KMGDFVKMSN. [JAELT- - . . - --ENT VL MIEIMK KATEFVEKYI FE
OMc RNl TWMIREG- — - - - - - - - . - — - - - - - - - e - - b
10:My_ORF AMcvVaAs YSAEI.NKQYILGK.RKRI..YN~YS[ A F M LEJYLQVKKTFHYl VVP
11:Cr_ORF LtMCcGTK IMas| . NMGIUFI I MSD. SRS ClIG. . AKNSNN AL Yy M GIJL KAAKDFI FLFWKN
12:5i ORF | MREGT LVRHM.NWAPFLLGK.IKTéG, YEKNRI 1Y | YA [RY LIJEDVVRTFEI NNTLI R
13:Pc_A464R  FS GKF ILRM. GIMHNYVI MHQ. KGL YRIEIW. . NTNPRI Vv F MIENY M LIl NAAKQFFMTTLAK
14:5. RNI LMsDORT WGELY. GEMMORFLWI TP. AVLADK- . . NGRVSL s F MG A MY ViDL SLI RPWLSEHLL
15:5._RNIlib LMNaNQ LIMRFL. HLAPE| RMSQ. SLARDDG. . QSSPS! vV F LA RIEJL TAVEDFI QELFVP
16:5p_C8A4.08C YMIC N K S ITGFVL. NMIHKY| QHES. AAMCDAI 231 DSPKF T L MCHY: ¢ SEEIFSLQSLQFVLPLFL
17:Ce_Ki2H48 LNINNT | LEBVKF. EFQKHFI AMC. PGLYHMI 361 EVPKA | F NG A @Y SEIRNLDTTWQVI FHMM
18:Sc_RNT1 LS NEQ WSI MY. NFHEKLKTINF3DEINSNFQ. . NGKLKL V F | GER DPRNNLPK| RKWLRKL
19:Sp_PAC1 FMGNES FIMRLY. GFDKTLVMSY. SAEKDQL. . RKSQKV TF MG AR GQEETAFQWVSRLLQP
20:.Ce_F26E4b LIMASNQT VCDDL. GFTEFVI KAP3PHELKL--..--KDK- LV | GAIR Rl EHCRAFI RIVFCP
2UMM_EST - - - - - e o - - - . - R P e e e e . o L oo

QTRSFEAHXSRLYV. HENESLRMGK. [MEAEMSEA. . RERDS L MeB WENNF WXL MMX Q[ADAVAXF- - - - - - -

22:Hs_ESTs Mg

A\ 1:Ec_RNIll, G->E increased requirement for Mg2+ ions ﬁ 1:Ec_RNIll, E->K,A uncouples substrate binding from cleavage
19:Sc_PAC1, essential for function

Figure 2. An HMM-generated multiple sequence alignment for RNase Il family members from bacteria [1-12, 14 and 15], a virus [t8hanfléd22]. The
location of the PROSITE RNase Il signature (RIBONUCLEASE_Il) and the pattern itself are indicated. Mutations in 1:Ec2RIS)Ia@d 19:Sp_PAC1 (31) are
shown. 1:Ec_RNIIIE.coli RNase Il (RNC_ECOLI); 2:St_RNIIB.typhimuriumRNase Il (STU48415); 3:Hi_RNIIH.influenzaeRNase Il (RNC_HAEIN);
4:Bs_RNIII B.subtilis RNase Ill (BACORF1G); 5:Cb_RNIlICoxiella burnetii RNase Il (COXRER); 6:Rc_RNIlIRhodobacter capsulatuRNase Il
(RCLEPRNCG); 7:Mt_RNIIIM.tuberculosisRNase Il (MTCY338); 8:Mg_RNIIMycoplasma genitaliurRNase Il (RNC_MYCGE); 9:Mc_RNIIMycoplasma
capricolumRNase Il (MC235); 10:My_ORFBlycoplasmdike organism ORF (obtained by translation of the nucleic acid sequence in a different reading frame to
that in MOU15224); 11:Cr_ORR8owdria ruminantiun©ORF (obtained by translation of the nucleic acid sequence in a different reading frame to that in CRPCS20);
12:Si_ ORF§Spiroplasma citriORF orfb (SCU28972); 13:Pc_A464Paramecium bursariahlorella virus 1 ORF A464R similar to RNase Il (PBU42580);
14:S._RNIlI Synechocystisp. RNase Il (SYCSLRB); 15:S._RNIIBynechocystisp. PCC6803 RNase Il (D90914); 16:Sp_C8A4.08&pombeénypothetical
helicase C8A4.08C (YAH8_SCHPO); 17:Ce_K12H4@&leganshypothetical helicase K12H4.8 (YM68_CAEEL); 18:Sc_RNS3terevisiacRNase RNT1
(SCU27016); 19:Sp_PACS.pombeRNase PAC1 (PAC1_SCHPO); 20:Ce_F26E4hElegansORF F26E4.b (CEF26E4); 21:Mm_EST#1.musculusEST
(W54380); 22:Hs_ESTd8H.sapien€ESTs (HSA64D051, HSA52B011).

MRNA degradation ifE.coli and including at least PNPase hasnuclease domain is a region not present in the DNA proofreading
been proposed 8). Since RNase PH can catalyse the phosphor@nzymes. Given the nucleolar location of the 100 kDa PMSCL
lytic cleavage of poly(A)X6), it may be a part of this processing autoantigen (9:Hs PMSC100), the particle of which it is a
complex and thus involved in coordinated control of mRNAcomponent may be involved in pre-rRNA processing. Werner
degradation. Given that this RNase PH domain is present insgndrome is a rare autosomal recessive disorder that mimics some
variety of both bacterial and eucaryotic proteins, control obf the characteristics of many age-related features (revieve€dl in
MRNA degradation in these two kingdoms may be similar. Ofhe Werner syndrome protein (WRN) contains a recQ class
particular interest is the human protein 25:Hs_PMSCT75, one belicase domain suggesting possible involvement in nucleotide
two antigenically unrelated proteins recognised by sera fromxcision repair and transcriptioBl). The RNase D domain in
patients suffering from the polymyositis/scleroderma overlapVRN suggests that it could act upon RNA also and possibly have
syndrome (PMSCL) and which is defined by idiopathic chroni@ role in processing heterogeneous nuclear RNA. How and whether
inflammation in skeletal muscle (revieweddi#). These 75 and the helicase and' 35 exoribonuclease domains interact and
100 kDa autoantigens, part of a particle localised in the granuldreir role(s) in aging remain to be determined.
component of the nucleolus, belong to the RNase PH and DThe RNase D family not only possesses the three motifs
familes, respectively, suggesting that aberrant RNA processiebaracteristic of the DNA proofreading enzymes) (Exo I, Exo
may be a factor in PMSCL. The role(s) of the other human RNaleand Exo Il in Fig.6), but also shares a number of conserved
PH members in this and other disorders remains to be seen. residues outside these motifs. Since the three-dimensional structure
Figure6 shows new RNase D family members from bacteriaf the 3— 5 exodeoxyribonuclease domain Bfcoli Klenow
(3:MI_U1764U, 4:Dn_ORFQ, 5:S._sll0320). These RNase Dragment is known, the RNase D family is predicted to possess a
sequences comprise a complete domain that is also presensimilar structure. The structure of the Klenow fragment
eucaryotic proteins (yeast 6:Sp_SPAC1F301, 7:Sc_UNC733; worfid:Ec_DPOL1 in Fig.6) resembles closely the corresponding
8:Ce_Cl14A44, 10:Ce_ZK10988, 11:.Ce ZK10983; mammalgegion inthe T4 DNA polymerase despite limited sequence identify
9:Hs PMSC100, 12:Hs WRN). This RNase D domain is itself53). In both cases, the side chains of four negatively charged
similar to the proofreading 3 5' nuclease domain found in many residues that serve as ligands for the two metal ions required for
DNA polymerases (14:Ec_ DPOL1-23:C31_ORF are selectechtalysis are located in geometrically equivalent positions. These
sequences from this family). Following this putative exoribo-charged residues correspond to four of the five invariant residues in
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c_RNIII
pienESTs
—26:Hs_TRBMR.8apiens
piens

Tl husculusserine/threonine protein kinase TIK (A40813);

piensNF90, the 90 kDa subunit of cyclosporin A- and FK506-sensitive nuclear

SPNR.1-57:Mm_SRNR@sculuspermatid Spnr localised to cytoplasmic microtubles (MMSPNR);

; 20:Hs_ESH8a

[1-11, 13 and 1A ving:68—70] and

52:XI_4F1.1-53:XI_4FX3daevis ds
VACCC); 71:Ce_ZBB8RIPHMORF

(60) and 38:Dm_STAU.3 (61). 1:E
s_TRBP1.1

64:Hs_DRADA.1-66:Hs_DRABKs3|

; 12:Pc_A464Rbursariachlorella virus 1 ORF A464R similar to RNase

Comparative examination of all the families indicates that each

F26E4hgeganORF F26E4.b (CEF26E4)
binding protein A (S27945); 24:H

); 36:Dm_STAU.1-40:Dm_STAMdSophila melanogastenaternal effect protein

RNIIIBynechocystisp.PCC6803 RNase Il (D90914); 15:Sp_C8A4.0&_8ombe

-strands in the structures of 1:Ec_RNIII

; 19:Ce

RNPA.Zenopus laevisds RNA

; 27:Ms_TIK.1-28:Ms

3_YEAST

K12HEZ 8fganhypothetical helicase K12H4.8 (YM68_CAEEL); 17:Sc_RNH.¢erevisialkNase

70:Vc_E3 vaccinia virus strain Copenhagen E3L (VEO3

55:Hs_NF30.2a

18:Sp_PAC3L.pombe&rNase PAC1 (PAC1_SCHPO)

21:XI_RNPA.1-23:XI

MLE2melanogastemaleless (MLE) required for increased transcription of X-linked genes in males

ORR28legan©RF (S42378); 74:Ce_T07D43.18—75:Ce_T07D4E& 2§egan©RF T07D4.3 (CETO7D4);

protein L3 (RMO!
ganORF T22A3.f (CET22A3).

staufen (STAU_DROME); 41:Ce_F55A45.1-45:Ce_F55A85etiegan©RF F55A4.5 similar to staufen (CELF55A4); 46:Ce_F55A44.18-47:Ce_F55A44Rgans

ORF F55A4.4 (CELF55A4);

gicusds RNA adenosine deaminase (DRADA) (RNU18942);

DRADA (HSU10439); 67:Mm_TENR&1.musculusspermatid RNA binding protein Tenr (MMTENR); 68:Va_E38§ variola virus protein E3L (VEO3_VARV);

69:Vv_E3 vaccinia virus strain WR E3L

(VEO3_VACCV);

gicusbrain ds RNA-specific editase (RED1) (RNU43534); 60:Hs_SENapiensson protein (SON_HUMAN);
72:Ce_ORF.18-73:Ce

MLE.1-49:Dm

piensis RNA-activated protein kinase p68 (KP68_HUMAN); 31:Rn_IF2A.1-32:Rn_|FRAtRiIs norvegicumitiation factor 2x
T-cells (B54857); 56:Mm

(S50216); 33:Rc_NS348§ porcine rotavirus non-structural RNA-binding protein 34 (NS34) (VN34_ROTPC); 34:Rs_NS348 bovin@&@sadv{kid34_ROTBS);

35:Sc_RMO03%.cerevisiaenitochondrial ribosomal
48:Dm

_ECOLI); 2:St_RNIIS.typhimuriumRNase 1l (STU48415); 3:Hi_RNIIH.influenzaeRNase Il (RNC_HAEIN); 4:Bs_RNIIB.subtilis
61:Rn_DRADA.1-63:Rn_DRADA.3R.norve

generated multiple sequence alignment of ds RNA-binding domain family members from bacteria
responsive (TAR) RNA-binding protein (A38430)

13:S._RNIIBynechocystisp.RNase Il (SYCSLRB); 14:S.

8:Mg_RNIII M.genitaliumRNase Il (RNC_MYCGE); 9:My_ORFBlycoplasmdike organism ORF (translation of MOU15224); 10:Cr_ORF§
CAEEL);

R82247);
-binding protein 4F.1 (XLUO7155); 54:Hs_NF90.1-

transcription factor of activated

RNase Ill (BACORF1G); 5:Cb_RNIIC.burnetiiRNase Ill (COXRER); 6:Rc_RNIIR.capsulatuNase |l (RCLEPRNCG); 7:Mt_RNIIM.tuberculosisRNase
ZK632.2 (YOT2

111 (MTCY338);
(A40025); 50:Hs_RNHA.1-51:Hs_RNHA.Pl.sapiensRNA helicase A homologous to MLE (RNHA_HUMAN);

C.ruminantiumOREF (translation of CRPCS20); 11:Si_ ORF&itri ORFB (SCU28972)

eucarya [all other sequences]. Cylinders and arrows denatettbkces and®
1l (PBU42580);

E.coli RNase Il (RNC
hypothetical helicase C8A4.08C (YAH8_SCHPO); 16:Ce

RNT1 (SCU27016);

(W60364,
58:Rn_RED1.1-59:Rn_RED1.R.norve

Figure 3.An HMM
trans-activation-|
29:Hs_P68.1-30:Hs_P68Rsa
76:Ce_T22A3.f&.ele

RNA
exodeoxyribonuclease. Thus, mutations at the invariant positiopsssesses at least one invariant Asp and/or Glu, amino acids

the RNase D family, whilst the fifth corresponds to catalyticallythat affect 3- 5' nuclease activity in DNA proofreading enzymes
active tyrosine (Tyr). This suggests that-a 8’ exoribonuclease has (reviewed in54) may have a similar effect on the RNase D family.

a mechanism of action and active site structure similar to. &'3
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parahaemolyticuvacB (VACB

HAEIN); 3:Tf_ORFE Thiobacillus ferrooxidanORF (S23260);
c_SSBcerevisiaeell ¢

Figure 4. An HMM-generated multiple sequence alignment for RNase Il family members from bacteria [1-9 and 17] and eucarya [10-1%], T®aifatation

of the PROSITE RNase Il signature (RIBONUCLEASE_Il) and the pattern itself are indicated. 1:EE.BdNiRNase Il (RNB_ECOLI); 2:Hi_RNIH.influenzae
(CELF48ES8); 15:Nc_CYT4Neurospora crassenitochondrial RNA-splicing regulatory protein phosphatase CYT-4 (A38227); 16:Sc_MS\dd@visiad1SU1

essential for mitochondrial biogenesis (MSU1_YEAST); 17:S.
inhibitor acetazolamide (S46946); 18:Pf_E$Tasmodium falciparurEST (N97483); 19:Hs_EST$&8.sapienESTs (HSA63B121, W38990, HSA54A071).

10:Sp_DIS35.pombenitotic control protein dis3 (DIS3_SCHPO); 11:Sc_OFF&erevisia®©RF YOL021c

(HIU32767); 6:Vp_VACBE Vibrio
virulence genes on the large plasmid (VACB_SHIFL);

RNase Il (RNB
hydrolysis in a number of RNases. For example, RNasd BH ( essential for RNase HI catalytic activitygj. Escherichia coli

implicated in metal complex-promoted phosphodiester bonidn-binding site containing a Glu that ligates the metal ion is
and S.cerevisiagpacl RNase (RNase Il familyp%) require

divalent metal ions for activity. A single magnesium &g

similar to dis3 (CEC04G2); 13:S
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20:Sc_ORF2315

21:Sp_YAXE

19:Ce_C14A45
26:Zm_EST
27:Mm_ESTs
28:Hs_ESTs

HEELRNPH

piens75 kDa
;27:Mm_ESTF98.musculu&STs

gansORF C14A4.5 (CEC14A4);

25:Hs_PMSC#8a

15:S._ PNPaS&echocystisp. PCC6803 PNPase
26:ZiZeShayRNase PH EST (T18324)

MYCLE); 6:Mt_RNPM.tuberculosisiRNase PH (MTCY130);

gansORF F37C12.13 (CELF37C12);

(AA000401, W14321): 28:Hs_ESTEH.sapienESTs (W58718, HSPD03858).

e F37C1213&le

(YSCD9954); 24:C

(SCCHRIVLA); 21:Sp_YAXES.pomb®©RF YAXE (YAXE_SCHPO); 22:Hs_ORHRH.sapienfORF (HUMORFA10);
polymyositis/scleroderma overlap syndrome (PMSCL) autoantigen (JH0446);

, (PNP_HAEIN); 14:Bs_PNPad$$§ubtilis PNPase (BSU29668);
(D90899); 16:So_PNPas&pinacia olerace®NPase (SOU52048); 17:Sa_GF&ptomyces antibioticgmanosine pentaphosphate synthetase which has shown

$§CCU33324); 8:Pa_RNPHseudomonas aeruginoBNase PH (PAU38241); 9:Sc_YG8%&erevisia®RF YG87 (YG87_YEAST);
to be a PNPase (62) (SAU19858); 18:Sc_YGR09SC&revisiacORF YGR095c (SCYGRO095C); 19:Ce_C14A488ele

ganfkNase PH (CEB0564); 11:Ec_PNPake®liPNPase (PNP_ECOLI); 12:Pl_PNPaB&®torhabdus luminesceRdlPase (PNP_PHOLU);

13:Hi_PNPase&.influenzaePNPase

23:Sc_D995418.cerevisiaORF D9954.1

E.coliRNase PH (RNPH_ECOLI); 2:St_RNBHS.typhimuriumRNase PH (RNPH_SALTY); 3:Bs_RNPBisubtilisRNase PH (RNPH_BACSU); 4:Hi_RNPH
10:Ce_RNPHC.ele

Figure 5. An HMM-generated multiple sequence alignment of RNase PH family members from bacteria [1-8 and 11-15] and eucaryad928&p &
H.influenzaecRNase PH (RNPH_HAEIN); 5:MI_RNPMycobacterium lepraBNase PH (RNPH

20:Sc_ORF23158.cerevisia®RF 2315

7:Cc_RNPHC.crescentu
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Figure 6. An HMM-generated multiple sequence alignment for the RNase D family. Cylinders and arrows deadielites ang-strands in the structure of

14:Ec_DPOL1
6:Sp_SPAC1F3018.pombeéORF SPAC1F3.01 (SPAC1F3); 7:Sc_UNC738erevisiadRF UNC733 (SCU43491); 8:Ce_C14A48%legansORF C14A4.4

similar to PMSCL autoantigen (CEC14A4); 9:Hs_PMSC16D8apiens100 kDa PMSCL autoantigen (PMSC_HUMAN); 10:Ce_ZK109888legansORF

OL_BPSP

quence 12 from

; 17:X_G12531238 se

polymerase | (DPO1_ECOLI); 15:Rl_DPOLThizobium

interact with key phosphate groups and/or bases in the substrate.

); 23:C31_ORFS§ RFe8E ORF11 (S38923).

L_BPML5

polymerase | (DPO1_HAEIN); 14:Ec_DPOLEcoli DNA
leguminosarunDNA polymerase | (S43892); 16:S._DPOL%@nechocystisp. PCC6803 DNA polymerase | (SYCSLRG)

ycobacteriophage L5 DNA polymerase (DPO

patent US 5466591 (1253123); 18:X_G12531198 sequence 4 from patent US 5466591 (1253119); 19:TpTrepotdda pallidunDNA polymerase |

(TPU57757); 20:T5_DPOLS§ bacteriophage T5 DNA polymerase (DPOL_BPTS5); 21:SP01_DPOLS§ bacteriophage SP01 DNA polymerase (|

ZK1098.8 (YO68_CAEEL); 11:Ce_ZK1098%8elegan©RF ZK1098.3 (YO63_CAEEL); 12:Hs_WRN§sapiendVerner syndrome protein (WRN) (HUMDRY;
22:ML5_DPOL§ M

13:Hi_DPOL18H.influenzaeDNA
be metal ion ligands important for catalytic activity and/orbe structurally important whereas invariant Leu and Val residues

necessary for stabilising local RNA conformation. In the RNasi the first two of the aforementioned RNases may participate in
HIl and PH families, invariant Lys, Arg and serine (Ser) maysubstrate recognition. By analogy with the RNase D family, the

RNase H%8). Thus, invariant negatively charged residues couldhvariant Gly and Pro in the RNase HlI, Ill and Il families could

residues of which at least three are involved iFMagnding in
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invariant Tyr in RNase Il may be an active site residue tha0 Barton,G. (1993protein Engng6, 37—40.

substrate binding site may be a means to regulate these RNa°S49§

interacts with the scissile phosphate of the mRNA substratg! Rotondo,G., Gillespie,M. and Frendewey,D. (1986). Gen. Genet247,

. X . * | 698-708.
Although invariant and other conserved residues are scattergd  ish . LiY. LuZ. FurutaM. RockD.L. and Van Etten.d. (1996)

throughout thg primary sequences of the families, foIding of the Virology, 223 303-317.
RNases may juxtapose them to form a metal ion-containing actige St. Johnston,D., Brown,N., Gall,J. and Jantsch,M. (1982) Natl. Acad.
site. Finally, reversible phosphorylation of residues situated in the Sci- USA89, 10979-10983.

atignol,A., Buckler,C. and Jeang,K. (1988)I. Cell. Biol, 13,
193-2202.

and the pathways in which they act. Thus, phosphorylation @§ zjiao,R., Camelo,L. and Arraiano,C. (1988). Microbiol. 8, 43-51.
such Ser, Thr and Tyr residues could lower affinity for RNA byse Tobe,T., Sasakawa,C., Okada,N., Honma,Y. and Yoshikawa,M. (1992)

increasing electrostatic repulsion between the phosphate backbone J. Bacteriol, 174 6359-6367.
and the phosphorylated amino acid. 3
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Note added in proof

Sequence 7:Sc_UNC733 in Figéres identical to Rrp6p which
is essential for efficient 5.8S rRNAehd processing ). Rrp6p,

25:Hs PMSC75 and bacterial RNase Ds have been suggested tc

function as 3- 5' exoribonucleases that trim theeBd of specific

RNA structures to within 3 or 4 nucleotides of a stable base-paired

stem £9).



