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Abstract. Many eukaryotic nuclear genomes as well Introduction
as mitochondrial plasmids contain genes displaying evi-

dent sequence similarity to those encoding the singlecgnsidering the pivotal role played by the synthesis of
subunit RNA polymerase (ssRNAP) of bacteriophagérna (transcription) in the expression of genetic infor-
T7 and its relatives. We have collected and aligned thesg,+ion knowledge of the origin and evolution of this

sSRNAP sequences and have constructed unrootegcess could provide crucial insights into the origin of
phylogenetic trees that demonstrate the separation Qfg\yar life itself. Transcription is generally carried out
ssRNAPs into three well-defined and nonoverlappmgby complex, multicomponent RNA polymerases

clusters (phage-encoded, nucleus-encoded, and plasmigRnaps) consisting of two highly conserved subunits
encoded). Our analyses indicate that these three subfamsq 4 number of smaller polypeptides (Palenik 1992).

lles of T7-like RNAPs shared a common ancestor; how-yoyever, in bacteriophages related to the coliphage T7,
ever, the order in which the groups diverged cannot be st genes are transcribed by a single-subunit RNA
|r.1fe.rreq.from avallablg data. On the basis of Str“Cturalponmerase (sSRNAP; McAllister 1993), encoded by the
similarities and mutational data, we suggest that the aN3hage genome. This enzyme not only initiates transcrip-

cestral ssSRNAP gene may have arisen via duplicationsn 1yt also functions in elongation and termination dur-

and divergence of a DNA polymerase or reverse tran-mg RNA synthesis. The origin of the sSRNAP is an

scriptase gene. Considering the current phylogenetic di%volutionary enigma, as is its relationship to the mul-
tribution of ssSRNAP sequences, we further suggest thaf;

- isubunit RNAPs, with which it shares no obvious se-
the origin of the ancestral ssSRNAP gene closely paralyence similarity. In fact, SSRNAPs possess short se-
leled in time the introduction of mitochondria into eu-

X . T quence motifs (Delarue et al. 1990) and the “hand-like”
karyotic cells through a eubacterial endosymbiosis.  hree.dimensional structure (Sousa et al. 1993) of the

, . Klenow fragment ofEscherichia coliDNA polymerase
Key words: RNA polymerase — Evolution — Mito- (DNAP) | (Sousa 1996).

chondria — Bacteriophage — Linear plasmid — Phylo-

fic ¢ The mystery surrounding the origin of the ssRNAP
genetic tree

gene deepened with the discovery that the mitochondrial
RNAP (mtRNAP) fromSaccharomyces cerevisiaks-
plays evident sequence similarity to the phage T7 RNAP
o . _ (Masters et al. 1987). To test the premise that other mi-
Abbreviations: RNAP, RNA polymerase; ssRNAP, single-subunit tochondri taini K t iaht harb RNAP
RNA polymerase; mtRNAP, mitochondrial RNA polymerase; DNAP, _OC ondria-con alnl_ng eukaryo E§ mig arbor ss -
DNA polymerase: RT, reverse transcriptase like genes, we designed PCR primers to scan eukaryotic
Correspondence taR. Cedergren; e-mail ceder@medcn.umontreal.cagenomes for T7-like sSRNAP genes. We were able to
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show that such sequences are Widespread within the e986) nutrient agar. Cells were broken with glass beads (Lang et al.
karyotic Iineage (Cermakian et al. 1996). Moreover, thelg77) and pNA was isolated as describgd in Cermakian_et al. (1996).
mitochondria of certain plants and fungi contain IinearPCR experiments and subsequent cloning a_nd sequencing progedures
. . were also performed as described in Cermakian et al. (1996), using the
plasmids that bear RNAP genes strongly resembling thecg primers R-8.1 and R-3.2.
one encoding the T7 ssSRNAP (Kempken et al. 1992; The single-letter code for amino acids is used throughout this dis-
Griffiths 1995). These plasmid-like DNAs are character-cussion and residues are numbered with reference to their position in
ized by double-stranded structure, terminal inverted refhe bacteriophage Tf7 RN(';*P ,Seqtjheni/‘le-ltA:?gnme”ts Of(Cthe Sf?g‘g’;’)’

. e equences were performed using the Multalin program (Corpe .
peats, and open rea_dmg frames speC|fy|ng'b.0th a DNA%e?:ause the ssRFlJ\lAP database consists of aF()jiverse colleftion of se-
and a ssRNAP (Meinhardt et al. 1990; Griffiths 1995)-quences, we first performed separate alignments of the nucleus-
The two polymerases are encoded either on a single plagncoded, plasmid-encoded and phage-encoded enzymes before all se-
mid, as in various fungi (Kempken et al. 1992), Or on quences were assembled into a globally aligned collection. Partial
distinct plasmids, as in the case of the S-1 and S-2 p|ass_equences were added manually to the collection based on the align-

ment of Fig. 1 and that of Cermakian et al. (1996). Phylogenetic trees

mids of maize (Kuzmin et al. 1988) and, presumably, thewere constructed from this alignment using parsimony (PAUP; Swof-

pLm9 and pLm10 plasmids dfeptosphaeria maculans forq 1993) and distance methods (SEQBOOT, PROTDIST, FITCH,
(Lim and Howlett 1994). It has been proposed that mi-NEIGHBOR, and CONSENSE of the PHYLIP package; Felsenstein
tochondrial linear plasmids are evolutionarily related to1993). For all trees, 100 bootstrap resamplings of the data were per-
bacteriophages (Meinhardt et al. 1990: Kempken et apformed. All alignments and trees are available on request from the

. . . uthors.
1992)' Both their proteln-termlnated dOUble-StrandeOa A Monte Carlo analysis of the sequence data was made to verify the

DNA structure (Meinhardt et al. 1990) and B-type nyj hypothesis of randomness in the distance scores (Manly 1991).
DNAPs (Braithwaite and Ito 1993) are features sharedbne hundred sets of 16 random sequences of the same amino acid
with several bacteriophages, includi@g and PRD1 content and length at tH& cerevisiassRNAP sequence shown in Fig.
(Saas 1988 Blanco and Salas 1996). Alhough phagel 17 ST, s S0 S e e e 0 g 10
$29 and PRD1 diverge greatly from each other (ACker_egories distance modelg”' included in this program?. Thegstatistics cho-
mann and DuBow 1987), phylogenies based on DNAPsey, (g test the null hypothesis wetg,.,, the maximum of distances
sequences show a close relationship between them am@tween elements in each set of 16 sequences, and the gdifishe
linear plasmid DNAPs (Kempken et al. 1992; Rohe et al.distance matriX dadmin). The first parameter measures the worst
1992)_ In both of these phages, the terminal protein gengossible_ case in a distance matrix‘ and t_he seqond the deg‘ree of inho-
is located just upstream of the DNAP gene (Yoshikawamogenelty among the sequences in a single distance matrix.
and Ito 1982; Grahn et al. 1994), whereas in the case of
linear plasmids, it has been suggested that this role iE2 . :
assumed by the amino-terminal domain of the plasmid- esults and Discussion
encoded DNAP, consistent with the view that linear plas-
mids may be remnants of an ancestral bacteriophage. Alignments and Phylogenies of sSRNAP Sequences
The existence of two RNAP families (single- and
multisubunit) raises fundamental questions about the oriThe sequences used in this study (Table 1) include those
gin of transcription. In particular, we would like to know employed previously (Kempken et al. 1992) as well as
whether the two families share a common history, andhe nucleus-encoded mitochondrial sSRNAP sequences
which (if either) was responsible for transcription at the from Neurospora crassg§Chen et al. 1996)Chenopo-
early stages in the evolution of this process. A furtherdium album (Weihe et al. 1997), andrabidopsis
issue relevant to the ssRNAPs is whether the apparerhaliana (Acc. No. Y09432), the linear plasmid se-
similarity of these gene sequences from diverse genetiquences fromGelasinosporasp. (Griffiths 1995) and
sources (eukaryotic nuclei, mitochondrial plasmids, andClaviceps purpureatrain T5 (Oeser et al. 1993), and the
bacteriophage genomes) belies a true evolutionary relabacteriophage sequences frdffebsiella phage K11
tionship. Here we address these questions through phybietz et al. 1990) an&almonellaphage SP6 (Kotani et
logenetic analysis of trees constructed from an alignmenal. 1987). To these we have added all partial sequences
of the ssRNAP sequences and discuss these and othereviously published by our group (Cermakian et al.
data on ssRNAPs with a view to considering how this1996) as well as the new Rhizophydium sequence re-
critical protein family may have originated and subse-ported here.
guently evolved and how the known phylogenetic distri- The most conserved blocks in the alignment (Fig. 1)
bution of ssSRNAP genes can be rationalized. are similar to the regions delineated by Masters et al.
(1987) and Chan et al. (1991), with the exception that we
have eliminated the N-terminal region from the align-
Methods ment because it is not well conserved in our more ex-
tensive data set. We also use an additional block (F) from
Rhizophydiunsp. #136, an unnamed representative of the Chytridialesthe carboxy-terminal region of the protein sequence.

(chytridiomycete fungi), was isolated from garden soil by Dr. J. Long-  One of the most striking aspects of the alignment is
core, University of Maine. Sporangia were grown on PmTG (Barr the considerable length variation in the N-terminal re-
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gion of the sequence, which suggests that this regiomot as high as in Fig. 2, most likely because the se-
could be involved in species-specific processes (lkedauences are shorter. Finally, this topology indicates that
and Richardson 1987; lkeda et al. 1993). This lengtithe plasmid-encoded and nucleus-encoded ssRNAPs
variation accounts for most of the overall length varia- (both of which are found in eukaryotic cells) do not share
tion of sSSRNAP sequences (Fig. 1). On the other handa recent common ancestor, although rapid sequence di-
the higher degree of conservation in the C-terminal revergence among the plasmid-borne genes makes it im-
gion together with experimental data supports the ided@ossible to rule out other, less parsimonious conclusions.
that this portion of the protein is involved in general

RNAP functions such as template binding and nucleotidere|ationships Among ssRNAPs

polymerization (Sousa 1996). Another obvious feature of

this alignment is the existence of three distinct classes of Ne clear separation of ssSRNAP sequences into three
sSRNAPs. This might have been anticipated from the fac¢lUSters raises the question of whether they actually form
that we had aligned each group separately prior to ger@" homol_ogous family, or instead represent three distinct
erating the global alignment of Fig. 1; however, intra- OI’Ig.InS.WIth subsequent convergent evqlu'uon. C_Iosg ex-
group similarities are markedly stronger than would be@Mination of the sequences and the alignment in Fig. 1
expected from such an alignment bias. For example, th8ighlights several important aspects of the SSRNAP se-
penultimate amino acid (882 in T7 RNAP) is F in all duénce database. In concert with tertiary structure con-

phage and nuclear sequences, but not in the plasmi(:<i;_ider<';\tions, these sequence features strongly support the

borne polymerases. Only bacteriophage sequences ha 8nc|u3|0n that the three ssRNAP classes are derived
om a common ancestral sequence.

L at position 637, and only the nuclear sequences have The prototype of this family, the bacteriophage T7

at pcr)]5||t|on 735.3' derived f he ali fRNAP, has been extensively studied to identify amino
Phylogenetic trees were derived from the alignment of . . . ) .

. . . . : acid residues important for catalysis. Comparison of the
Fig. 1 and the different phylogenetic treeing t(EChmquesthree—dimensional structure of the T7 ssRNAP (Sousa et
gave al_mogt 'de”t'c?" r_esults. One such phylogeny . 1993) with those of other RNAPs (Sousa 1996) and
shown in Fig. 2. As indicated by low bootstrap values,

) o ) examination of polymerase alignments (Delarue et al.
the branching or.der yv|th|n the pl.asm|d-porne RNAP 1990) have directed structure/function studies to several
gene representatives is poorly defined; this may reflec

| L and f ional ; his ol highly conserved amino acids. Among these, D537 and
ooser structural and functional constraints on this classpgy 5 4re jnvolved in the binding of two divalent metal

This observation is underscored as well by the presencg s 4t the active site and are, therefore, essential for

of several unusual amino acids at a number of pOSition%atalysis (Osumi-Davis et al. 1992; Woody et al. 1996).
that are otherwise highly conserved among sSRNAP serqqiques K631 and H811 are implicated in phosphodi-
quences. The overall topology is robust with the thre€ggter hond formation, and the latter residue appears to be
treeing methods: the phage-encoded, nucleus-encodegolved in nucleotide binding as well (Osumi-Davis et
and plasmid-encoded sequences form three well-sepgg 1992). In light of these data, it is significant that these
rated phylogenetic clusters, confirming what had beensignature residues are found in all sequences compiled in
observed in the course of tree building and in analyzing:ig_ 1. Only in the RNAP encoded by the kalilo plasmid
the alignment. Even in the case where there is a nucleugf N. intermediahas D812 been substituted (by E). Al-
encoded and a plasmid-encoded sequenceNi.erassa  though this is a conservative change, the fact that RNAP
the two sequences branch separately, each being akin ggtivity is decreased 3,400-fold in a D812E mutant of T7
sequences encoded by the same type of genome. ~ RNAP (Bonner et al. 1992) suggests either that the ka-
To examine the effect of adding a number of branchesilo-encoded enzyme is not expressed or that it has low
to the nuclear clade, phylogenetic trees were then gerRNAP activity. In this case, expression of the sSSRNAP
erated from an alignment that included the eight partialyene has been demonstrated (Vickery and Griffiths
RNAP sequences obtained by PCR amplification (Cer-1993).
makian et al. 1996) as well as a new sequence from the Another mutation, Y639P, is located at a highly con-
chytridiomycete fungu&hizophydiunsp. #136 (Fig. 3). served site in these RNAPs (Delarue et al. 1990) and
The use of PCR to generate these gene sequences limidssturbs the dNTP/rNTP discrimination of the enzyme
this particular analysis to the amplified region. One of (Sousa and Padilla 1995), whereas a S641A mutation
the trees derived from this abbreviated alignment is predirects T7 RNAP to use dNTPs instead of rNTPs
sented in Fig. 4. Although the SP6 sequence is no{Kostyuk et al. 1995). The double mutant Y639F/S641A
grouped with those from the other phages, the monoe€an use both sets of nucleoside triphosphates (Kostyuk et
phyly of phage sequences is evident when a longer seal. 1995). Residue Y639 is present in all sSSRNAPSs,
guence alignment is used in the phylogenetic analysisvhereas S641 occurs exclusively in the phage enzymes;
(see Fig. 2). The plasmid-encoded sequences are monbewever, another hydroxy amino acid (T) is found at the
phyletic, as are the nucleus-encoded ones; for thesadjacent position in all of the available mtRNAP se-
branches, the bootstrap values, although satisfactory, amuences (Fig. 1; Cermakian et al. 1996).
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308 A 340 414 B 450
7 (307) YEDVY-MPEVYKAINIAQNTAWKINKKVLAVANV (73) IWFPYNMDWRGRVYA-VSM-FNPQGNDMTKGLL-TLAKGK (19)
T3 (308) YEDVY-MPEVYKAVNLAQNTAWKINKKVLAVVNE (73) IWFPYNMDWRGRVYA-VPM-FNPQGNDMTKGLL-TLAKGK (19)
K11 (330) YADVH-MPEVYKAVNLAQNTPWKVNKKVLAVVNE (73) IWFPYNMDWRGRVYA-VSM-FNPQGNDMTKGSL-TLAKGK (19)
sP6 (280) LTQKQ-MPKVYKAINALQNTQWQINKDVLAVIEE (90) IYFVYAMDSRSRVYVQSST-LSPQSNDLGKALL-RFTEGR (20)
S. cerevisiae (713) SDNGD-IDRVYDGLNVLGRTPWTVNRKVFDVVSQ (71) LYFPHNLDFRGRAYP-LSPHFNHLGNDMSRGLL-IFWHGK (19)
N. crassa (668) IARGD-MDQVFKGLDVLGKTGWKINSPVFKVMLD (71) FYFPHNVDFRGRAYP-IPPYLNHMGADHVRGLM-LFAKGK (19)
A. thaliana (444) TPKEQ-LEPVYEALDTLGNTKWKINKKVLSLVDR (70) FYYPHNVDFRGRAYP-IHPYLNHLGSDLCRGIL-EFCEGK (21)
C. album (456) ARDNN-LCTVFEALDTLGNTKWRVNKKVLSIIDR (70) FYYPHNLDFRGRAYP-MHPHLNHLGSDLCRGIL-EFAEGR (21)
N. intermedia (p) (279) RHKIAITDKLYNVINKLNAFKFKINGDLLSYLON (34) FYLNVNIDWRGRIYT-QSFYLDYQGSELSLALINLFEGKK (22)
N. crassa (p) (345) KIPYTINLKLLDFITRDEFINRDKKDNVIIYKHI (47) FYMTVFIDWRGRFYT-SSCALNIQGGELARSLL-LFKEGQ (19)
Gelasinospora (p) (279) SHKIAISDKLYSVINKLNAFKFKINADLLSYLON (34) FYLNVNIDWRGRIYT-QSFYLGYQGSELSLALINLFEGQK (22)
A. bitorquis (p) (289) RDHTEASEMLYSSINYLNSIKFKINKAMLNFILA (55) FYLPVYVDFRGRVYP-LSNYISYQGGDLARSLI-LFADTK (29)
Z. mays (p) (480) HIDRERSQPVLSAVKKLQRQPYRINKLVYDFIQK (75) IYFPIFLDFRGRNYR-HGPF-HFHERDLVRSLI-IFDESD (33)
C. purpurea Kl (p) (352) SRIQE-KNIIYESINKMMATAFQINKKLLKYLLE (60) LYFPLKLDHRGRLYP-ITAYFHYQSSELAKALL-LFAIPD (24)
C. purpurea TS5 (p) (360) STILE-NNVIYESINNMMSTSFKINSVLLRYLVE (60) LYFPLRLDHRGRLYP-VTAYFHYQSCELAKALL-LFAVPD (24)
P. anserina (p) (380) TQILH-FNQIFDLVNNLSSIGYKINTDVLDFIEL (58) FFIPVNADFRGRVYC-TPEYLNYQSTDLAKSLL-LFSKEG (22)
A Ak AN ~ AkxAkkk * AN A kA *
470 c 499 508 D
T7 VDKVPFPERI-KFIEENHENI-MACAKSPLEN (8) PFCFLAFCFE----YA---GVQHHGL-S--YNCSLPLAFDGSCSGIQHFS
T3 VDKVPFPERI-AFIEKHVDDI-LACAKDPINN (8) PFCFLAFCFE----YA---GVTHHGL-S--YNCSLPLAFDGSCSGIQHFS
K11 VDKVPFPERI-KFIEENEGNI-LASAADPLNN (8) PFCFLAFCFE----YA---GVKHHGL-N--YNCSLPLAFDGSCSGIQHFS
SP6 WDKKTFDVRVSNVLDEEFQDMCRDIAADPLTF (8) PYEFLAWCFE----YAQYLDLVDEGR-ADEFRTHLPVHODGSCSGIQHYS
S. cerevisiae FDKLPLKDRV-AFTESHLQDI-KDSAEKSLTG (9) PWQALATCFE---LNE---VMKMDNPEE--FISHQPVHODGTCNGLQHYA
N. crassa FDKASLQERQ-DFADENIENI-RDSVNNPLNG (9) PWQCLATCFE---LAA---ALELEDPTK--YVSHLPIHQDGTCNGLQHYA
A. thaliana VDKLAYEDRI-AFTESHLEDI-FDSSDRPLEG (9) PFQCLAACIN---LSE---ALRSPFPEA--AISHIPIHQDGSCNGLQHYA
C. album VDKLSYEGRV-AFTENRLDDV-FDSADRPLEG (9) PFQCLAACIN---LTD---ALRSSSPED--YLSHIPIHODGSCNGLQHYA
N. intermedia (p) FSKKSFQDRF-NWVVENLDNI-IAMDKEFILK (3) PTLFAAFCLTMRKLKE---NPDYPVFN--------PIFLDATCSGVQHFA
crassa (p) LDKRSKEERL-DWVEQNLHKI-IDIDNYEIWR (4) PLLFLACALELKGYNE---DPNFISHL--------PILMDATCNGLQHLS
Gelasmospora (p) FSKKSFQDRF-NWVVENLDNI-IAMDKDFILK (3) PTLFAAFCLTMRKLKE---NPDHPVEN-------~PIFLDATCSGVQHFA
bitorquis (p) LTKVDGIIK--EYLESNEISN-TKYIEDN-ID (4) PFQFISI-MYAKLLSI---SNPKANISN-------PILFDASCSGIQHIA
z. mays (p) REALEFIYN--K-IEDMQSKP-TFFEKDIFVD (6) PFQYISSCISLKTYAD---TKDLSVLRY------ TPVFQDASASAYQIMS
C. purpurea K1 (p) LDKKSYDKRL-QWVDANWENI-INYRNNVLLE (4) KFMFLAYCLEIERLNQ---FLNDDSIEN--FKTYLPLQLDGTCNGFQHIV
C. purpurea T5 (p) LDKKSYDKRL-QWVNENWANI-IDYKNNILLE (4) KFLFLSYCIEMVRLNQ---FFNDDSIQS--FQTYLPLOLDGTCNGFQHIA
P. anserina (p) LDKLSANDRI -KWVDKNLNNI-KNYRNGKLIK (4) KFLFLAFCTEYNRYLN---CLDNHDVSW--FDTYLPIQMDATCNGEQHLS
Ak * ~A A ~ Ak K * A *AAKk Kk kK
D 574 619 E 656 676 F
7 AMLRDEVGGRAVNLLP-----~ SETVQDIYGIV (44) QWLAHGVTRSVTKRSVMTLAYGSKEFGFRQQVLEDTIQ (19) YMAKLIWES
T3 AMLRDEVGGRAVNLLP------ SETVQDIYGIV (44) QWLAYGVTRSVTKRSVMTLAYGSKEFGFRQQVLDDTIQ (19) YMAKLIWDA
K1l AMLRDSIGGRAVNLLP------ SDTVQDIYKIV (44) QWLQYGVTRKVTKRSVMTLAYGSKESLVRQQVLEDTIQ (19) YMAKLIWDA
sP6 AMLRDEVGAKAVNLKP---~--SDAPQDIYGAV (37) AWDSIGITRSLTKKPVMTLPYGSTRLTCRESVIDYIVD (14) HPFEDDRQD
S. cerevisiae ALGGDVEGATQVNLVP------SDKPQDVYAHV (19) KILKDKITRKVVKQTVMTNVYGVT-YVGATFQIAKQLS (19) YLTKHVFSA
N. crassa ALGGDTWGAQQVNLVP------ GDRPADVYSAV (19) KAMHGKITRKVVKQTVMTNVYGVT-YVGARKQVLKQIE (19) YVTQHIFRA
A. thaliana ALGRDKLGADAVNLVT-~~--~ GEKPADVYTEI (25) KLMLDQVDRKLVKQTVMTSVYGVT-YSGARDQIKKRLK (16) YAAKITLKA
C. album ALGRDKLGAEAVNLVA------GGKPADVYSGI (25) KLLLNQVDRKLVKQTVMTSVYGVT-YIGVRDQIKRRLK (16) YAAKTTMTA
N. intermedia (p) AMLLDLELGKYVNLINS--~-- GESVNDFYSQL (19) KFSDISLNRSLLKKVIMTKSYNVTTYGITEQLKSKLEK (18) VPTKNGDFV
N. crassa (p) AMVNDFVLAEKVNLLKST---ENDNPRDLYSEV (18) NLERINVERCLVKRGLMTITYGATERGIYDQIVSKFFQ (15) DSDIAPKDV
Gelasinospora (p) AMLLDLELGKYVNLINS----- GESVNDFYSQL (19) KFSDISLNRSLLKKVIMTKSYNVTTYGITEQLKSKLEK (18) VPTKNGKFV
A. bitorquis (p) ALTLEKELASNVNLYTDSSNPKEDYPQDFYTYA (14) ELRDIKLNRKIIKRSVMTIPYNISMAGIGEHLMEHFTV (13) SATISSKDV
Z. mays (p) YFLLDIDYGIHTNLLKKT-NTDGRYIRDIYEFM (32) AKIVSIFDRNVVKKMFMPMMYGKTDYTLKKDVEDL--- (0) LKGKSDSEG
C. purpurea Kl (p) LLSNEVKLYSQLNLDG---KSKNQDPSDFYSFM (25) RLINLGLSRANIKQAIMTKPYNAKDFTVAKYIIETLLI (18) YKVNETMTN
C. purpurea TS5 (p) LLSNEVRLYEKLNLDG---KPKSQDPSDFYTFM (25) RLINLGLSRANIKHAIMTKPYNAKDFTVTEYIIDTMLI (18) YKVNDTMTN
P. anserina (p) LLSLDSNLSKELNLSE---STWDDVPKDFYTFL (27) RLINMKIIREIIKKGIMTIPYNVSNFSLINYIREGFEL (7) YIYKNEPSI
~ Ak ok *  x ~ Ak A K Ak ok *
F 708 723 G 736 737 H 748 766 I
7 --VSVTVVAAVEAMNWLKSAAKLLAA (14) CAVHWVTPDGFPVW (0) QEYKKPIQTRLN (17) DSEIDAHKQESGIAPNFVHSQ
T3 --VSVTVVAAVEAMNWLKSAAKLLAA (14) CAVHWTTPDGFPVW (0) QEYRKPLQKRLD (17) DSGIDAHKQESGIAPNFVHSQ
K11 ~-VTVTVVAAVEAMNWLKSAAKLLAA (14) CATIHWVTPDGFPVW (0) QEYRKQNQARLK (17) DSEIDAHKQESGIAPNFVHSQ
SP6 YLTPGAAYNYMTALIWPSISEVVKAP (18) EGLMYTLPTGFILE (0) QKIMATEMLRVR (14) TDIVDEAAMMGAAAPNFVHGH
S. cerevisiae -~IRELFHSAHLIQDWLGESAKRISK (20) SSVIWTTPLGLPIV (0) QPYREESKKQVE (13) VNPVNARRQKAGLPPNFIHSL
N. crassa --MSTMFKGAHDIQNWLGEIGGRVCR (50) STIIWTTPLRMPVV (0) QPYRKHGTKTVS (13) SDPVNRRKQLQAFPPNFIHSL
A. thaliana --LEEMFEAARATKSWEGDCAKIIAS  (2) NAVCWTTPLGLPVV (0) QPYRKPGRHLVK (11) TDKVMARRQMTAFAPNFIHSL
C. album --LEEMFEAARSIMGWLGDCAKIIAS (2) QPARWSTPLGLPVV (0) QPYRNHGRRLVK (11) TDKVMAKRQRTAFPPNFVHSL
N. intermedia (p) --V-LDTFEVETLASIINDNIFNQFP (20) IPLSWSTPDGLELT (0) QRYNLSKVKKLT (15) VNEKDSRREVQATIPNIIHSL
N. crassa (p) --V-FTQKNILLLSKIIYNSLFKIHP (20) LPVNWVTPYGLVIQ (0) QKYNKFTKYNET (16) TTSISKQKQIQAFIPNFVHSM
Gelasinospora (p) --V-LDTFEVETLASIINDNIFNQFP (20) IPISCSTPDGLELT (0) QRYNLSKVQKLT (15) VSDKDSRREVPAIIPNIIHSL
A. bitorquis (p) --Y-LDYSKYGQLCKIIYFVLTKELP (20) IPITWVTPSGLKIK (1) TNIKFKPQ-KVK (15) TDSLDVLSTKRSFMPNFIHSL
Z. mays (p) --I-NLISKHISTYWKVNFGKMKDLM (20) TPY-WVTLQTYKRR (1) RVKMKIQYETTK (16) LNDNDIRKSSTSTFANFIHQK
C. purpurea K1 (p) --V-ACFRDIYLLAKCINEILFLNYP (20) LPITWSLPTGLEVH (0) QQYMRSKLKKTK (15) KIKMDKVKQQIALMPNLIHSL
C. purpurea T5 (p) --V-ACYKDIYLLSRCINEILFLNYP (20) LPIVWNLPSGLQVH (0) QKYMESLTTKTR (15) KENINKSKQSIALSPNLIHSL
P. anserina (p) --R-LKSLDFTVLGKGLRKVLHEKFH (20) TPIIWTLPTGLVVR (0) QSYMIRDEVRIK (15) KTQFNNSKQITAFMPNLVHSL
A ~ A Kk *  * il *  * A ek A kok

Fig. 1.
Blocks of conserved sequence are delineated, withtingber of amino

Alignment of complete ssRNAP amino acid sequences. protein, except irZ. maysRNAP, where there is an additional residue

at the endY). Numbers at the topf each block refer to positions in the
acidsin the more variable regions between each block givepairen- phage T7 RNAP sequence. Residues discussed in the text are set in
thesesSequences from linear plasmids are indicated Ip) b€side the  bold. Gaps are denoted lWasheq-). Residues identical and similar in
name of the organism. The number of amino acids upstream of blocknore than 80% of the sequences are indicated under the alignment by
A'in sequences from. bitorquis, Z. mayandC. purpureaplasmidsis a * and a ", respectively. The total number of amino acids in each
tentative. In all casedlock Lrepresents the 17 last amino acids of the sequence is given after block L.
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I 794 804 J 818 819 K 837 867 L 883  Total
7 DGSHLRKT (9) IESFALIHDSFGTIP (0) ADAANLFKAVRETMVDTYE (29) KGNLNLRDILESDFAFA 883
T3 DGSHLRMT (9) IESFALIHDSFGTIP (0) ADAGKLFKAVRETMVITYE (29) KGNLNLQDILKSDFAFA 884
K11l DGSHLRMT  (9) IDSFALIHDSSGTIP (0) ADAGNLFKAVRETMVKTYE (29) KGDLNLRDILESDFAFA 906
SP6 DASHLILT (8) VTSIAVIHDSFGTHA (0) DNTLTLRVALKGQMVAMYI (26) QGEFDLNEIMDSEYVFA 874
S. cerevisiae DASHMLLS (7) GLDFASVHDSYWTHA (0) SDIDTMNVVLREQFIKLHE (120) KGDFDVTVLRNSQYFFS 1351
N. crassa DASHMILS (7) GLTFAAVHDSFWTHA (0) SDIDSMNAVLRDAFIRIHS (201) KGDFDVRSLKDSTYFFS 1422
A. thaliana DGSHMMMT (7) GLSFAGVHDSFWTHA (0) CDVDVMNTILREKFVELYE (25) RGDFDLRKVLESTYFFN 976
C. album DGSHMMMT (7) GMNFAGVHDSYWTHA (0) CDVDKMNQILREKFVELYE (25) RGDFDLREVLESPYFFN 988
N. intermedia (p) DASHLTMI  (4) DSYILPIHECFGTHP (0) NDMYKLAEQVRECFILLYS (51) GELNVEDIRDMGKYMIS 811
N. crassa (p) DGSNIVLL (9) KINFASIHDCFATHA (0) NDTAWLSWYVKQSFIRIYS (56) KDNKIYKEILHSEYFIN 896
Gelasinospora (p) DAAHLPML (4) DSYILPIHDCFGTHP (0) NDMFKLAEQVRECFILLYS (51) GELNVEDIRDMGKYMIS 811
A. bitorquis (p) DA-SNVHL (8) NLPVYTVHDCFASTA (4) KLEK-LV---KNAFINIYF (80) NINEFVKGILNSKYFIG 874
Z. mays (p) DAFTAIQL (11) SIPIYAVHDNFITMP (15) RMGHPLIIINKFLFDHILI (125) GTQADSLDKGEDDYCIH 1159
C. purpurea K1 (p) DAASLIML (11) VVNFYSVHDCYGVTA (0) KYIDLLISQLRAVYIELYS (55) HIRKAYEELAKANMFIK 936
C. purpurea T5 (p) DAASLILL (11) PVNFYGVHDCYGVTA (0) KFIDLLISHLRAVYIELYS (56) LVHKAYEELSKANMFIK 945
P. anserina (p) DAASLTLL (10) VKNIYTIHDCFAVPA (0) NKMECLISLLKLTYIKLYS (53) PSDFDFNVLKKSSYILN 948
*a A A Ak A A PP ~ N
Fig. 1. Continued.
Table 1. RNA polymerase sequences used in this study
Organism name Gene name Gene source Reference Acc. No.
Bacteriophage T7 Gene 1 Phage genome Moffat et al. 1984 M38308
Bacteriophage T3 Gene 1 Phage genome McGraw et al. 1985 X02981
Bacteriophage K11 Gene 1 Phage genome Dietz et al. 1990 X53238
Bacteriophage SP6 Gene 1 Phage genome Kotani et al. 1987 Y00105
Saccharomyces cerevisiae RPO41 Nuclear genome Masters et al. 1987 M17539
Neurospora crassa cyt-5 Nuclear genome Chen et al. 1996 L25087
Chenopodium album — Nuclear genome Weihe et al. 1997 Y08067
Arabidopsis thaliana — Nuclear genome Unpublished Y09432
Triticum aestivum — Nuclear genome Cermakian et al. 1996 u34402
Oryza sativa — Nuclear genome Cermakian et al. 1996 U34283
Pycnococcus provasolii — Nuclear genome Cermakian et al. 1996 U34286
Acanthamoeba castellanii — Nuclear genome Cermakian et al. 1996 U34405
Isochrysissp. Tahiti — Nuclear genome Cermakian et al. 1996 u34284
Thraustochytrium aureum — Nuclear genome Cermakian et al. 1996 u34285
Cryptomonasphi — Nuclear genome Cermakian et al. 1996 U34404
Tetrahymena pyriformis — Nuclear genome Cermakian et al. 1996 U34406
Naegleria fowleri — Nuclear genome Cermakian et al. 1996 U34403
Rhizophydiunsp. — Nuclear genome this study AF000226
Neurospora intermedia ORF-1 Plasmid kalilo Chan et al. 1991 X52106
Neurospora crassa ORF-1 Plasmid maranhar Court and Bertrand 1992 X55361
Gelasinosporasp. ORF-1 Plasmid kalilo Griffiths 1995 L40494
Agaricus bitorquis ORF2 Plasmid pEM Robison et al. 1991 X63075
Levings and Sederoff 1983
Zea mays ORF1 Plasmid S-2 Kuzmin et al. 1988 J01426
Claviceps purpurea ORF2 Plasmid pC1K1 Oeser and Tudzynski 1989 X15648
Claviceps purpurea ORF2 Plasmid pC1T5 Oeser et al. 1993 X68490
Podospora anserina ORF2 Plasmid pAL2-1 Hermanns and Osiewacz 1992 X60707

The penultimate amino acid, F882, is important for of these sequences, suggesting as an alternative conver-
rNTP binding (Patra et al. 1992; Sousa et al. 1993) andjent evolution to a common structure and functionality.
is present in phage and nucleus-encoded polymerasétowever, as can be seen in Fig. 1, sequence similarity
(Fig. 1); however, it is replaced by another large hydro-extends well beyond these few catalytic motifs, and rela-
phobic amino acid (I or L) in all plasmid sequences.tively large blocks of conserved sequence can be delin-
Other positions that are characteristic of plasmid-en-eated in the alignment. Moreover, these blocks appear in
coded genes again raise the possibility that these geral the sequences in the same linear order.
products might have little or no activity, although com-  In order to support the homology of the sequences in
pensatory changes in other regions of the molecule couldur alignment, we performed a Monte Carlo analysis on
be operating in these cases. Moreover, at this stage, ethese data. We calculated the basic statistics of the Monte
iting of MRNA to generate a required amino acid residueCarlo randomization for each of the two parameters de-
cannot be ruled out. scribed in Methods. Our results reject the null hypothesis

If it was the case that only those amino acids impor-of randomness. The, .. value of the distance matrix for
tant for activity are conserved among the sSRNAP sessRNAP sequences (7.7) is 10 standard deviatiGgp (
guences, we might question the homology or monophylyffrom the mean determined on the random sequences
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in our alignment share common ancestry, modular evo-
nuclear lution still can be invoked and is even likely in some
sequences cases. For instance, fungal nuclear sequences (8om
o cerevisiaeandN. crassa are much longer than the oth-
ers, mainly due to a N-terminal extension and an inser-
tion between blocks K and L. In fact, the three-
ed"“\* dimensional structure of the T7 RNAP suggests that
.‘“\e““ these two regions are outside of the polymerase core
iy (Sousa et al. 1993; Sousa 1996).

phage
sequences

Gelasinospora sp.
(kalilo)

mitochondrial
linear plasmid
sequences

N,
crassa(",aranha Origin of the Ancestral ssSRNAP Gene
r)
6’%,9 Major questions in the evolution of the ssRNAPs are:
% What type of cell or genetic system could have given
by % rise to their genes and how might this origin explain
2 their present-day distribution pattern? Because the phy-
4 logenetic and structural data support a unique origin for
- ssRNAPs, it is useful to consider possible evolutionary
scenarios.
Fig. 2. Maximum parsimony phylogenetic tree derived from the In addition to the several sequence motifs discussed
alignment of Fig. 1. The bootstramlues(100 resamplings) are indi- above (Delarue et al. 1990), the T7 RNAP possesses an
cated on the branches. Branches with bootstrap values lower than Sftriguingly high structural similarity to the Klenow frag-
were coIIapged: The three groups of ssSRNAP sequences discussed Fﬂent of DNAP | (Sousa 1996; Sousa et al. 1993)_ Many
the text are indicated. secondary structure elements are in the same order in the
sequence and can readily be aligned at the level of ter-
(108.8, with aS; of 10.2) and none of the individual tiary structure. Sequence motifs found in sSRNAPs and
maxima is smaller than the., ., of real sequences. This DNAPs do not exist in multisubunit RNAPs (Delarue et
dhax IS even significantly smaller than the meandyf,,  al. 1990). Moreover, as previously noted, single amino-
in random sequence matrices (14.9, witgzof 1.0). On  acid changes are able to lower the ability of the sSSRNAP
the other hand, the radius of the matrix of sSSRNAP se-of T7 phage to discriminate between rNTPs and dNTPs
guences (7.6) is less than that of any of the randomizedSousa and Padilla 1995) and can even change the sub-
sequences matrices and significantly smaller than theistrate specificity from rNTPs to dNTPs (Kostyuk et al.
mean (93.8, with &; of 10.3). These significant results 1995). More recently, Gao et al. (1997) have shown that
show that similarity in the ssSRNAP alignment is well mutation of a single residue in a reverse transcriptase
above the noise level. (RT) results in a variant enzyme now capable of acting
Even though these results support common ancestrgis an RNAP. These observations strongly suggest that
of the sSRNAP sequences, the possibility remains, howssRNAPs and DNAP I-like enzymes are homologous,
ever, that they originated through a type of modular evo4.e., that they arose by divergent evolution, in spite of the
lution (Li 1997). This possibility could be discounted if fact that homology is not clearly evident at the level of
parts of the alignment of Fig. 1 showed topological con-primary sequence similarity, which is limited to the few
gruency upon phylogenetic analysis. We thus divided thenstances of sequence conservation within the catalytic
sequence alignment into four parts of approximatelypocket.
equal length (blockA+B,C+D,E+F, G+H+ 1|+ What can be said about the timing of the origin of the
J + K + L) andconstructed phylogenetic trees from the ancestral sSRNAP gene? To date, no member of this
four subsets, using parsimony and distance methods. Afamily has been found in any of the available complete
subsets yielded the same overall topology as in Figs. prokaryotic genomic sequences (four eubacterial and one
and 4, with three well-defined clusters. The only devia-archaeal species; Fleischmann et al. 1995; Fraser et al.
tion from congruency is the SP6 sequence, which did nol995; Bult et al. 1996; Kaneko et al. 1996; Blattner et al.
group with the T7/T3/K11l clade in&hC + Dand E+ F 1997), nor has such a sequence emerged from the ex-
phylogenies (with distance method, but not parsimony)tensive database of partial eubacterial and archaeal ge-
similar to its behavior in Fig. 4. nome sequences. Moreover, it is not clear what purpose
Thus, there is little doubt that these three classes od sSRNAP would have served even in the last common
ssRNAP gene originated from a common ancestral seancestor (cenancestor) of the three domains of life, con-
guence. However, because the phylogenetic trees are usidering that the transcription system in this entity almost
rooted, the order of this divergence cannot be inferreccertainly utilized a multicomponent RNAP (Klenk and
from the available data. On another hand, even if blockdoolittle 1994). Among many prokaryotic viruses stud-

(N
C. purpurea (pCIK1)
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‘

Rhizophydium sp.
S. cerevisiae
T7

Rhizophydium sp.
S. cerevisiae
T7

Rhizophydium sp.
S. cerevisiae
T7

753
Fig. 3. Partial ssRNAP sequence obtained from the chyridiomyceteunder the alignmentefer to positions in the phage T7 RNAP sequence.
fungus, Rhizophydiunmsp. #136. The protein sequence was deducedThree putative small introns were inferred, based on conservation of
from the sequence of a PCR-amplified DNA product obtained usingreading frame, optimization of sequence alignment, and identification
RhizophydiunDNA, as described in the text. The sequence is alignedof GU-AG intron boundaries. The positions of these introns are denoted
with that of the corresponding region iBaccharomyces cerevisiae by arrows with the accompanying numbers indicating intron size in
mtRNAP and bacteriophage T7 RNAP, and identical and similar aminobp. The Rhizophydiunsequence has been deposited in the GenBank
acids are highlighedvhite on black and greyrespectivelyNumbers  database of NCBI (Acc. No. AF000226).

° ] mid-like DNAs in the mitochondria of certain plants and
£33 § & fungi
222 § ungt. i
‘?% %, 9 ?né g § & & nuclear Taken at face value, the available data do not support
R 4, 22\ < Q*"" o sequences the view that the ssSRNAP gene originated early in evo-
0, . . . .
“hyvon, lutionary history, although the data do not rigorously
N crassy exclude this view, either. A relatively late origin is more
orevisid - consistent with the known, phylogenetically limited dis-
tribution of sSSRNAP sequences; conversely, an early ori-
dsa\“”“‘O\ gin better explains the extent of sequence divergence
N,ante'"‘e among the three classes of sSRNAP gene and between
phage Gelasinospora sp. these and DNAP genes. An early origin scenario (prior to
sequences (halle the separation of the three domains of lf |
 Cras, . paration of the three domains of life, or even early
a""ara,,,, in eubacterial evolution) would demand numerous in-
S o9 s, ) dependent losses of an ssSRNAP gene from prokaryotic
;:f T E‘:,__ \ °’9%/ genomes (assuming vertical descent of the nucleus-
? E 3 "a;}_ S, encoded gene from a homolog in a cenancestral ge-
H LY Y nome) and/or the sequestration of this gene in a quasi-
h-] * . . . . . .
& 9 z 2 independent infectious entity, such as a bacterial virus,
f < , which as far as we know displays only a very narrow host
mitochondrial linear range. At present, there is little we can say with confi-
plasmid sequences o
dence about the timing of the appearance of the ancestral

Fig. 4. Maximum parsimony phylogenetic tree generated as in Fig. 2,ssRNAP gene and whether this origin occurred in a cel-

but using an alignment of partial protein sequences, corresponding lar or virus-like genome.
the region shown in Fig. 3. Branches with bootstrap values lower than

50 were collapsed. Thl. fowleri sequence used in the alignment is

shorter than the other sequences (31 fewer amino acids; see Cermakiigbssible Scenarios for the Origin of the Mitochondrial

et al. 1996). RNA Polymerase

Given the expectation that the proto-mitochondrial,
ied to date, only four (phages T3, T7, K11, and SP6) areendosymbiont genome should have encoded a multicom-
known to encode a ssRNAP; moreover, the host organponent,a,B’-type enzyme, as the chloroplast genome
isms for these phage€( coli, Klebsiella, Salmonel)a still does (Bogorad 1991; Reith 1995), it is rather sur-
are all relatively closely related members of the sameprising that a nucleus-encoded ssRNAP serves as the
subgroup ofy-Proteobacteria. Otherwise, ssSRNAP se-mitochondrial transcription enzyme. In this regard, it is
guences are limited in occurrence to the eukaryotimotable that the mitochondrial transcription factor re-
nucleus (where they encode the mtRNAP) and to plasquired by yeast mitochondria for accurate initiation of
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transcription has some sequence similarities with bacte-
rial o factors (Jang and Jaehning 1991). However, of
greater significance is the fact that four eubacteria-like
rpo genes have recently been discovered (Lang et al.
1997) in the mtDNA ofReclinomonas americar{&lavin

and Nerad 1993), an early diverging mitochondria-
containing relative of certain amitochondriate eukaryotes
(retortamonads) (O’Kelly 1993; Brugerolle and Mignot
1990). This finding in particular lends credence to the
view that the mitochondrial transcription system initially
employed a eubacteria-like, multisubunit RNAP but that
this mtDNA-encoded system was subsequently lost upon

recruitment of a nucleus-encoded ssRNAP to act as the

MtRNAP. This replacement must have occurred early in
the evolution of the eukaryotic lineage because a T7-like
RNAP gene has been identified Maegleria fowleri
(Cermakian et al. 1996), one of the earliest diverging of
mitochondria-containing eukaryotes (Cavalier-Smith
1993). A very recent study provides evidence for the
existence of a phage-like sSRNAP in chloroplastéiat-
bidopsis thaliana whose chloroplast genome still en-
codes a bacterial-like RNAP (Hedtke et al. 1997). Such

data suggest that partial replacement of the latter type of

RNAP by a ssRNAP has also taken place in chloroplasts.
In considering the evolutionary source of the nucleus-

encoded ssRNAP gene, several scenarios can be enter-

tained.

1. An ssRNAP gene was already present in the nuclear

genome of the eukaryotic cell that served as host foi3.

the mitochondrial endosymbiosighe origin of the
eukaryotic genome is currently controversial
(Doolittle 1996), with scenarios ranging from direct
descent from a common ancestor with the Archaea
(Keeling and Doolittle 1995) to a fusion of two pro-
karyotic cells, one a gram-negative eubacterium and
the other an archaeon (Gupta and Golding 1996). In
either case, as noted above, there is currently no evi-
dence of an ssRNAP homolog in either eubacterial or

archaeal genomes, and our attempts to amplify such a

gene by PCR from the DNA of early diverging eu-
karyotes (including amitochondriate ones) have so far
been unsuccessful. Although there are many technical
reasons why PCR amplification might fail in particu-

lar instances, the available data do suggest that an

ssRNAP gene was introduced into the eukaryotic
nuclear genome at some early stage in the evolution
of this lineage, subsequent to the acquisition of mito-
chondria.

2. An ssRNAP gene was present in the DNA of the eu-
bacterial endosymbiont that contributed the mito-
chondrial genome and was subsequently transferred
to the nucleusThere is abundant evidence that mito-
chondria originated from the rickettsial subdivision of
the a-Proteobacteria (see Gray and Spencer 1996),
and mitochondrion-to-nucleus gene transfer is a well-

established feature of eukaryotic cell evolution (Gray
1992). Transfer during a cryptic endosymbiosis, such
as that suggested (Henze et al. 1995) for the cytosolic
glyceraldehyde-3-phosphate dehydrogenase of some
protists, is also a possibility. Relatively little is known
about the rickettsial group o&-Proteobacteria and
their genomes, but the arguments outlined in 1, above,
can also be advanced here against the idea that an
ssRNAP gene was selectively present in the genome
of the protomitochondrial endosymbiont. In previous
work (Cermakian et al. 1996), we were unable to
amplify an ssRNAP sequence from several
proteobacterial DNAS, including those Bickettsia,
Ehrlichia, and Agrobacterium More significant per-
haps is that in sequenced mtDNAs, including 11 com-
plete protist mtDNA sequences recently determined
by the Organelle Genome Megasequencing Program
(see http://megasun.bch.umontreal.ca/ogmp/
projects.html), there is no evidence of remnants of a
protomitochondrial ssRNAP gene that might have
served as the source of the nucleus-encoded mtRNAP
gene. Although ssRNAP sequences have been identi-
fied in some fungal mtDNAs (Robison and Horgen
1996; Robison et al. 1997), these are clearly related to
plasmid-encoded, not nucleus-encoded, ssSRNAP se-
quences. Their presence in mtDNA is best rational-
ized as the result of incorporation of mitochondrial
plasmid-like DNA sequences into mtDNA via a re-
combination event.
An ssRNAP gene was contributed by a bacterial virus
that accompanied the protomitochondrial endosymbi-
ont. It has previously been suggested that a T7-like
phage may have brought the ssRNAP gene into the
eukaryotic host cell, perhaps by virtue of being pres-
ent within the a-proteobacterial endosymbiont that
contributed the mitochondrial genome (Gray 1989;
Schinkel and Tabak 1989). One could imagine that a
phage genome might have served as a convenient vec-
tor for transfer of the ssRNAP gene to the nucleus.
Arguing against this scenario is the fact that whereas
T7-like phages are known to infect a select group of
Proteobacteria (enterobacteria or otheProteobac-
teria such aPseudomonas putidand Caulobacter
crescentusHausmann 1988), they are not known to
be present in rickettsial-type-Proteobacteria. A re-
lationship with phage T7 has been suggested for the
cyanobacterial virus LPP-1 on morphological and
biochemical grounds (Sherman and Haselkorn 1970),
raising the possibility that the range of T7 like phage
hosts is in fact broader than currently supposed. How-
ever, at the moment there are no compelling molecu-
lar data showing that an ssRNAP is encoded by the
genome of LPP-1 or any other member of the Podovi-
ridae (the morphological group that includes phage
T7), outside of T7 and its close relatives.

An additional consideration is that T7 and its rela-
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tives are virulent phages, whose multiplication leadsencoded, plasmid-encoded, and nucleus-encoded)
to destruction of the eubacterial host cell. This makessharing a common ancestor; however, the order of di-
it unlikely that a eubacterial endosymbiont harboringvergence of these clades, and therefore their specific
such a phage could have persisted for the length ofelationships to one another, cannot be ascertained at
time required to effect its evolutionary conversion to present. The nuclear sSRNAP (gene encoding the mito-
a mitochondrion. In this regard, it would seem that achondrial RNAP in most eukaryotes) is clearly of mono-
temperate phage accompanying the protomitochonphyletic origin and appears to have arisen early in the
drial endosymbiont would be a much more likely evolution of the eukaryotic cell, coincident with or
source of a nucleus-encoded mtRNAP gene than ghortly after the mitochondrial endosymbiosis. It is pos-
virulent phage, and it is entirely possible that such ansiple to propose scenarios in which the source of the
ent|ty exists within thex-Proteobacteria. Fina”y, al- MtRNAP gene was either a T?_“ke phage or a p|asmid_
though the nucleus-encoded and phage-encodegke DNA, but the data are not strongly supportive
SSRNAPs clearly derive from a common ancestor, oulsf ejther of these possibilities. It is equally possible
data provide no support for the view that these tWohat ejther the phage-encoded or the plasmid-encoded
groups arespecificallyrelated to the exclusion of the ssrRNAP gene, or both, are derived in evolution from the
plasmid-encoded sequences. __nuclear gene: Current data are simply not able to distin-
4. An ssSRNAP gene was contributed by a plasmid-likg ish the directionality of possible gene transfers. It does
agent that accompanied the protomitochondrial endo-g, o, unlikely that an ssSRNAP gene was already present
symbiontIf mitochondrial linear plasmids are indeed in the host nuclear genome prior to the mitochondrial
of bacteriophage ancestry (see Introduction), itis posg, 465umbiosis or that it was introduced into the eukary-

sible that suc_h an e”?"y’ rathe_r than a phage PET S&tic cell via the genome of a eubacteria-like endosymbi-
was present in the mitochondrial endosymbiont, an

that a plasmid ssRNAP gene was the direct precursor

. Current data on phylogenetic distribution are also not
of the nuclear gene. The plasmid-borne sSRNAP gen%trongly supportive of the idea that the ssSRNAP gene is

could have been transferred to the nucleus along Wm?he remnant of a primitive t e tem that
many other mitochondrial genes. Known mitochon- primitive transcription system that pre-
drial plasmids are stably maintained within the or- dated and was the evolu'gonary precursor of the multi-
ganelle, with no obvious effect on mitochondrial cpmponent RNAPs used in the transcription of eubactej
function, and such long-term maintenance would pre-”al’ archaeal, and eulfaryotlc nuclear genomes. Rather', it
sumably have favored plasmid-to-nucleus gene trans\gvould_appear that th'? gene emer_g_ed rela_tlvely Iate_ n
fer during the early stages of the mitochondrial er]do_eV(_)Iutlt_)n, around the_ t_|r_ne of the origin of mitochondria.
symbiosis. However, as in the case of phage-encode-(lj-h's raises the possibility thgt _the origin of the nucleus-
sSRNAP sequences, the phylogenetic evidence doe@coded MtRNAP and the origin pf the ssRNAP gene per
not support aspecificcommon ancestry of plasmid- se may be tempprally related: i.e., that the postulated
encoded and nucleus-encoded ssRNAP genes. Morduplication and divergence of a DNAP or RT gene may
over, mitochondrial plasmids that contain an ssRNAPhaYe occurred either in the proto—mnochondnql genome
gene have so far been identified only in certain an-(with §ubsequent transfer to the nucleus) or in the eu-
giosperms and fungi. This limited phylogenetic dis- karyotic nuclear genome, perhaps after transfer of an
tribution, coupled with evidence of horizontal transfer initially mtDNA-encoded DNAP or RT gene to the nu-
in some cases, makes it difficult to argue that mito-cleus. Subsequent horizontal transfer events might have
chondrial linear plasmids represent a transitional formed to incorporation of a copy of the nuclear ssRNAP
in the acquisition of an sSRNAP gene by the nucleardene into a select group of bacteriophage genomes (those
genome, although it is entirely possible that a differ- of T7 and its relatives) and/or into linear mitochondrial
ent plasmid-like DNA element, not directly related to plasmid-like DNAs, with subsequent sequence diver-
contemporary mitochondrial plasmids, brought angence (which would have had to have been both rapid
ssRNAP gene into eukaryotes. and extensive) of the three classes of ssRNAP. In this
regard, it is worth emphasizing that genes encoding
single-subunit DNAPs are much more widely distributed
Summary and Future Prospects among both bacteriophage and plasmid DNAs than are
ssRNAP genes. In addition, DNAP genes of this type
From the existing data, we can draw a number of infer-have now been found in several protist mitochondrial
ences about the origin and evolutionary relationships ofjenomes (see http://megasun.bch.umontreal.ca/ogmp/
known ssRNAP sequences. We suggest that the mogirojects.html), and reverse transcriptases are commonly
likely origin of the sSRNAP gene was via duplication and encoded by mitochondrial group Il introns and some fun-
divergence of a DNAP or reverse transcriptase genegal mitochondrial plasmids (Xiong and Eickbush 1990).
Phylogenetic and structural analysis supports the exisFurther exploration of a possible evolutionary link be-
tence of three distinct classes of ssRNAP (phagetween RNAP and DNAP and/or RT genes would seem
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worthwhile, as would further study of thogeProteo- possible evolutionary significance. In: Roberts DM, Sharp P, Al-
bacterial Species (especially minimally derived. free- derson G, Collins M (eds) Evolution of microbial life. Cambridge

L . . University Press, Cambridge, UK, pp 1-21
living ones) that tree closest to mitochondria. Felsenstein J (1993) PHYLIP: phylogeny inference package, version

3.5c¢. University of Washington, Seattle, WA
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