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Abstract. Twenty completely sequenced cellular genomes from the three major domains were ana-
lyzed using twice one-way BLAST searches in order to define the set of the most conserved protein-
encoding sequences to characterize the gene complement of the last common ancestor of extant life.
The resulting set is dominated by different putative ATPases, and by molecules involved in gene
expression and RNA metabolism. DEAD-type RNA helicase and enolase genes, which are known to
be part of the RNA degradosome, are as conserved as many transcription and translation genes. This
suggests the early evolution of a control mechanism for gene expression at the RNA level, providing
additional support to the hypothesis that during early cellular evolution RNA molecules played a
more prominent role. Conserved sequences related to biosynthetic pathways include those encoding
putative phosphoribosyl pyrophosphate synthase and thioredoxin, which participate in nucleotide
metabolism. Although the information contained in the available databases corresponds only to a
minor portion of biological diversity, the sequences reported here are likely to be part of an essential
and highly conserved pool of proteins domains common to all organisms.
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1. Introduction

One of the major achievements of molecular cladistics has been the evolutionary
comparison of small subunit ribosomal RNA (rRNA) sequences, which has allowed
the construction of an unrooted tree in which all known organisms can be grouped
in one of three major (apparently) monophyletic cell lineages: the eubacteria, the
archaebacteria, and the eukaryotic nucleocytoplasm, now referred to as new taxo-
nomic categories, i.e., the domains Bacteria, Archaea, and Eucarya, respectively
(Woese et al., 1990). The variations of traits common to these major groups can be
easily explained as the outcome of divergent processes from an ancestral lifeform
that existed prior to the separation of the three major biological domains, i.e., the
last common ancestor (LCA) or cenancestor (Fitch and Upper, 1987). No paleon-
tological remains will bear testimony of its existence, as the search for a fossil of
the cenancestor is bound to prove fruitless. However, insights on its nature can in
principle be deduced from the molecular record.

From a cladistic viewpoint, the LCA is merely an inferred inventory of features
shared among extant organisms, all of which are located at the tip of the branches
of molecular trees. From an evolutionary point of view, however, it is reasonable
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to assume that at some point in time the ancestors of all forms of life must have
been less complex than even the simpler extant cells. However, the conclusion that
the LCA was a progenote, i.e., a hypothetical biological entity in which phenotype
and genotype still had an imprecise, rudimentary linkage relationship (Woese and
Fox, 1977), was disputed some time ago when the analysis of homologous traits
found among some of its descendants suggested that it was not a direct, immediate
descendant of the RNA world, a protocell or any other pre-life progenitor system.
Under the implicit assumption that lateral gene transfer (LGT) had not been a
major driving force in the distribution of homologous traits in the three domains,
it was concluded that the LCA was a complex organism, much like extant bacteria
(Lazcano et al., 1992; Lazcano, 1995).

A decade ago many were convinced that the LCA was very much like extant
prokaryotes, but the inventory of shared traits based on sequence comparisons was
small. It was surmised that the sketchy picture developed with the limited data
bases would be confirmed by completely sequenced cell genomes from the three
primary domains. This has not been the case: the availability of an increasingly
large number of completely sequenced cellular genomes has sparked new debates,
rekindling the discussion on the nature of the ancestral entity (Doolittle, 2000). This
is shown, for instance, in the diversity of names that have been coined to describe
it: progenote (Woese and Fox, 1977), cenancestor (Fitch and Upper, 1987), LUCA,
a term first coined to describe the last universal common ancestor (Philippe and
Forterre, 1999), and then as an acronym for the last universal cellular ancestor
(Forterre, 2002), and LCC, last common community (Line, 2002), among others.
These terms are not truly synonymous, and they reflect the current controversies
on the nature of the universal ancestor and the evolutionary processes that shaped
1t.

1.1. LATERAL GENE TRANSFER AND THE RECONSTRUCTION
OF EARLY CELL EVOLUTION

In the past few years the analysis of an increasingly large number of completely
sequenced cellular genomes has revealed major discrepancies with the topology
of rRNA trees. Very often these differences have been interpreted as evidence of
lateral gene transfer (LGT) events between widely separated species, questioning
the feasibility of the reconstruction and proper understanding of early biological
history (Doolittle, 1999, 2000). There is clear evidence that genomes have a mosaic-
like nature whose components may come from many different phylogenetically
separated donor species (Ochman et al., 2000; Zhaxybayeva and Gogarten, 2004;
Zhaxybayeva et al., 2004). Depending on their different advocates, a wide spectrum
of mix-and-match recombination processes have been described, ranging from the
lateral transfer of few genes via conjugation, transduction or transformation, to cell
fusion events involving organisms from the same or even different domains (Rivera
and Lake, 2004).
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Defining the nature of LCA is one of the central goals of the study of the early
evolution of life on Earth, and several attempts have been made in this direction.
Proper description of the LCA is still an unfinished task, mainly because of the
complexity of the evolutionary process that connect extant organisms with it, the
lack of a full understanding of the major evolutionary events that have taken place
along the history of life on Earth, and the limitations inherent of the methodological
attempts to reconstruct its nature. In this paper, we survey some of the difficulties
encountered in the characterization of the last common ancestor, and summarize
ongoing discussions on its nature. We also attempt a reconstruction of the gene
complement of the LCA based on the conservation of proteins in a database of
twenty completely sequenced cellular genomes from the three major domains,
from which endosymbionts and obligate parasites were excluded.

2. Material and Methods

To avoid biases in the backtrack characterization of the LCA due to secondary
gene losses, a sample of complete proteomes from the three domains of life
from non-endosymbiotic or non parasitic species was downloaded from the Kyoto
Encyclopedia of Genes and Genomes KEGG data base (ftp://ftp.genome.ad.jp/pub/
kegg/) (Kanehisa et al., 2000). The following species were analized: Bacteria,
Bacillus subtilis, Streptococcus pneumoniae, Thermoanaerobacter tengcongen-
sis (Firmicutes), Escherichia coli K-12 (Proteobacteria), Fusobacterium nuclea-
tum (Fusobacteria), Synechocystis sp. (Cyanobacteria), Aquifex aeolicus (Aquifi-
cae), Deinococcus radiodurans (Deinococcus-Thermus); Archaea, Archaeoglobus
fulgidus, Methanococcus jannaschii, Halobacterium sp., Thermoplasma aci-
dophilum, Pyrococcus horikoshii (Euryarchaeota), Aeropyrum pernix, Sulfolobus
solfataricus, Pyrobaculum aerophilum (Crenarchaeota); and Eucarya, Caenorhab-
ditis elegans (Animalia), Saccharomyces cerevisiae, Schizosaccharomyces pombe
(Fungi), Arabidopsis thaliana (Plantae).

In order to construct the set of the most conserved set of proteins common to
these proteomes, a one-way BLAST search strategy was performed using BLAST
algorithm (Altschul, et al., 1997) as summarized in Figure 1. The efficacy of this
analysis depends on the ability of each BLAST search to find all homologs of the
query sequence. Although this methodology may miss homologs common to all
three lineages, it has the advantage of constructing a census of only the most con-
served sequences, or of the most conserved domains in proteins. The order in which
these genomes were first analyzed by one way BLAST search was as follows: A. ae-
olicus, A. fulgidus, A. pernix, A. thaliana, B. subtilis, C. elegans, D. radiodurans, E.
coli, F. nucleatum, Halobacterium sp., M. jannaschii, P. aerophilum, P. horikoshii,
S. cerevisiae, S. pneumoniae, S. pombe, S. solfataricus, Synechocystis sp., T. aci-
dophilum, T. Tengcongensis. A second one way BLAST search was then performed
in opposite direction. Only one false negative sequence was identified, b1740, that
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Figure 1. The one way BLAST search, (a) a given sequence (white circle) is considered as highly
conserved if it has at least one homolog (gray circles) in all genomes (Gj,) in our dataset. Divergent
homologous sequences (black circles) may be mismatched or remain unidentified. Sequences detected
as highly conserved (HC) by the BLAST search (e-value <0.0001), are represented by gray circles,
are not used as query sequences in additional searches once they have been identified as HC; (b)
in some cases, a previously undetected homolog will be matched again with the same family of
homologous sequences. To avoid this kind of redundancy, visual inspection was performed to merge
all the corresponding sequences in one single family; (c) due to protein domain fusions, in some
cases false HC protein families will be constructed. A Pfam protein domain analysis was performed
in E. coli, M. jannaschii and S. cerevisiae to identify them and eliminate the false HC family from
the final dataset; and (d) simple BLAST searches are likely to miss some homologous sequences. In
order to make a more comprehensive search, it would be necessary to use more sensitive methods
like profile-based algorithms or three-dimensional structure comparisons, which are not feasible for
the time being. As described in the text, to construct the database reported here, steps (a), (b) and (c)
were applied.

corresponds to a NAD synthetase (glutamine-hydrolysing). Since domains are the
structural and evolutionary units of proteins, we have extracted the highly conserved
sequences from E. coli, M. jannaschii and S. cerevisiae, which are among the most
well-studied organisms, and identified the protein domains conserved between
each group of homologous sequences using the Pfam database (Bateman et al.,
2004) (http://www.sanger.ac.uk/Software/Pfam/). This allowed the identification
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of multidomain proteins while avoiding the problem of false positives. To avoid
the difficulties with sequences that can be classified under multiple categories,
such as enolase (i.e., sugar metabolism or as a component of the degradosome),
Table I follows, only in part, the cellular functional classes described by KEGG,
with emphasis on a broad-scale description of sequences that interact with RNA.

3. Results

Because our interest is centered on the construction of a census of the most con-
served proteins, only the genomes of E. coli, S. cerevisiae and M. jannaschii were
analyzed in detail. The sequences in the resulting set have been classified according
to functional categories which we have modified from those used in KEGG to avoid
diluting sequences involved in RNA metabolism among other categories (Table I).
There are 283 highly conserved proteins from S. cerevisiae, 245 from E. coli, and
145 from M. jannaschii. This set represents the most conserved sequences common
to all genomes studied here. As shown in Table I, the list of highly conserved molec-
ular traits includes sequences related to informational process like transcription and
translation and several kinds of metabolic enzymes.

Asexpected from previous studies, different groups of genes involved in different
RNAs (Klenk et al., 1993) and translation (Olsen and Woese, 1997; Koonin, 2003;
Harris et al., 2003) exhibit a high level of conservation, while the only replication-
related conserved ORFs are the bacterial clamp-loading protein complex (Edgell
and Doolittle, 1997) (dnaX, b0470), and its archaeal/eukaryotic homologs (replica-
tion factor-C, MJ 1422, MJ0884, YJR068W, YNL290W, YOL094C), which belongs
to the AAA (ATPases Associated with diverse cellular Activities) family (Table I).

As shown in Table I, the set of sequences compiled using the methodology
outlined here is overwhelmingly dominated by (a) molecules related to translation,
RNA synthesis (i.e, transcription), translation and degradation; and (b) proteins
with ATP-binding and hydrolyzing activities which can be grouped in relatively
few discrete sets (ABC transporter subunits, RNA DEAD helicases, AAA-type
ATPases, and HIT superfamily of nucleotide-binding proteins). Given the ubiquity
and diversity of these different proteins with ATPase activity, it is perhaps not
surprising that the sequences encoding the hydrophilic subunits of F-type ATP
synthases and their homologs in the three domains are also highly conserved.

Asreported by others (Mushegian and Koonin, 1996; Koonin, 2003; Harris et al.,
2003) the resulting repertoire includes few isolated sequences from incompletely
represented basic biological processes, such as energy metabolism, nucleotide and
amino acid biosynthetic pathways, transcription, translation, and folding of pro-
teins, as well as some sequences related to replication, repair, and cellular trans-
port. As discussed below, this pattern of primary sequence conservation can be
explained by manifold processes that include polyphyletic losses, the metabolic
idiosyncrasies of diverse species, and different rates of molecular evolution.
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TABLE 1

List of highly conserved genes in E. coli, M. jannaschii and S. cerevisiae genomes. Sequences involved
in nucleotide-, sugar-, or nucleic acid metabolism are located in the shaded part of the table. Conserved
Pfam domains in the three genomes are shown. Sequences with the same domain organization and
function are underlined. Sequences are grouped according to single functional categories

Description Pfam domain E. coli M. jannaschii S. cerevisiae
Transcription i
RNA polymerase fi ANA_pol Apb2_1;  D3ge7 1040, MI1041 YOR151C, YOR207C, YPROI10C

ANA_pol_Rpb2 2, -

RNA pol Apt2 % | |

ANA_poi_Apb2_6; | :

; ANA_pol Rpb2 7
FINA polymerase B’ ANA _pol Rpb1_1;  300B3 MI1042, MI1043 YDL140C, YOR116C, YORIIW
: ANA_pol Apbl 2,
ANA_pol Rpbt.3: | ;
ANA_pol Rpbt 4;
: FINA_pol Apb1 5 5
[Franatation
inoacyl-tRNA atRNA-synt_1c; mwm b1878, W13?7 MI0237, M.I1415 YOLO3IW, YGL24EW, YOR168W,
ciass! MANA-synt_te C H33B4, b2114, b0642, MI1263, MI0D4T, MU1007, YDR341C, YHROG1C, YDR26EW,
. Arg ANA_synt N: m b4258, b0526 MI0633 YOLOG7C, YGR264C, YGRITIC,

1 - id; YPLO4OC, YBLOTBC, YGRO94W,

MNAsy 1D.C; i YLRA382C, YPL1BOW, YNL247W
Mmmﬁmnm;d; EExm'm.m 713, b0B30, Mw MJ1108, MJ16SE, YFLO22C, YPROAZW, YLROGOW,

i . MJ1 i

2 1866, b4128, b0BI3, MI1OTT, MI0G64, MI1238, YHRO19C, YLLO18C, YCRO24C,

E 1 20194, H2607, 2890, MI0228, MJ11B7, MJ1000  YPL104W, YDRO23W, YHROT1IW,

1 4 'M!&!i. bi718, besm YKL194C, YOR33I5C, YNLD4OW,

HGTP_anticodon; : : YDRO37W, YNLO73W, 3

; : YiLO78W, YHROZ0W, YPRO3C

DHHAL ; :

TrB N p3ies Mi0148 YNL2G2W, YLR175W

GTP_EFTY; 53340, b3339, b3980, MJ1048, MJ0324, MUD4DS, YDRIBSW, YOR133W, YBR118W,

GTP_EFTU_D2; 4375, b2669, bIBT1, MJ0262, MJ1261, MJO325  YPROBOW, YLROBEC, YJL102W,

; bmss.msoo b2751 YOR187W, YNL163C, YKL173W,
5 YDR172W, YKR08AC, Y| ,
'YALO3SW, YOLO23W, YERO25W
Peptidase_M24 m::emm:r.mm.m %MQ.MYEHWBG.
Acetyttransf_t mm mwtaw
b1448, b4012

: _yeiO_yrdC bage2 m YGL16OW

51 H3164, b0S11 ?UJ! 17 YJROOTW, YMA220C

‘Ribosomal_S5; 533083, b0169, ba314, MJIO4TS, MI0OS2, MI0461, YGL123W, YBR25SIW, YLRO4BW,

- Ribosomal_S6_C; b3206, ba341, b3306, MIO100, MI1047, MJD470, YGR214W, YHLOOAW, YNL178W,

Ribosomal_S2; 13230, b3321, bA207, MJO195, MI0322, MIO191, YPLOBIW, YBR189W, YNL137C,

KH.2; b3342, 53208, b3316 MI1046, MU018O, MUDTBO  YHR148W, YJR123W, YJL180C,

Fibosomal_53_C; YLR367TW, YMR143W,

84; YBR146W, YHLO1EW, YJL191W,

‘Ribosomal_S7; YCRO31C, YNAQ3EC. YGRT18W,

Fibosomal_! YPR132W YDR450W, YMLOZ26C,

‘Ribosomal_59; YNLOB1C, YOLO40C, YNROITC

‘Hibosomal_$10;

Ribosomal_S11;

FRibosomal_S12;

Ribosomal_S13; :

Fiibosomal_$19 :
ribosomal proleins Ribogomal_L1, D3984, b3317, b3305, MIOS10, MIO179, MJO176, YGLI3EW, YPL220W, YELOS0C,
Kiarge subunif) « Fiibosomal_t.2; 13963, b3308, b3310 MJ0471, MJ04B9, MID4SE  YFROS1C-A, YILO18W, YGR220C,

Ribosomal_L2_C; YNLOBTW, YGL147C, YDR237TW,

Fibosomal_L8; YGAOBSC, YPH102C, YKL170W,

Ribosomal_L11_N; 'YBLOBTC, YER117TW

Fibosomal L11; :

‘Ribogomal_LS5;

Fibosomal_L5_C;

14

(Continued on next page)
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TABLE I
(Continued)
Description Pfam domain E. coli M. jannaschii S. cerevisiae
DHO_dh D945, b2147" m YKL216W
Pribosyftran m mwwﬁ YMLIOBW, YMR271C
OTCace_N; mmm mm YAL130C, Y.HLOBEW
OTCace 132870"
CPSase_sm_chaln; m b3360, b2507, :wm MI0238, MJ1575, YJL130C, YOR30OW, YKL211C,
GATase 21263 MI1131 YMR217W
Iﬂ.lﬁlﬂ YOLOGIW
IMPDH (1rst. hall);  p2508 MII616, YARQTIW, YHAZI16W, YMLOSEC
B8, CBS; MIDB53, MJ0100, M.I1225
{MPDH (2nd. halfy MI0822, MI0392, MIOBES,
MI1404, MJOS56 |
Lyase_1 i?_'l_ﬁ.. L3960, b1611. m MJOT91 YLAJSOW, YPL2g2wW
b4139 :
sferGATase_2; b2312 M&ggg YMR300G
%‘; L&l&. bigs4 M YALO38W, YOR347C
and Pyr_redox 0888, b0G0S, bO1 16, mm MJ0SS1 YHR106W, YDR353W, YFLO1BC,
13500, b0304, bAYE2, - YPLOGIW, YPLO17C, YJR137C
b33‘55 b2711, &?B@
iucosamine— ‘GATase 2; m b3371* m MI1116 YKL104C, YMROBSW, YMROS4W
phosphate aminotransferase SIS; Si
isomerizing) [EC:2.6.1.16] 4 |
atal dependent hydrol idohydro_1 mm" Mita%0 YIR027C
superfamily [EC:3.5.--]
DP-gal 4 p mzag,bwe b2041, m_t,wmﬁ YBRO19C
EC:6.1,3.2] and others baras
etyltra 50 NTP_tansferase;  b2039, b3789, b1236, wnm MI1334 YDLOSSC, YDR211W
ity [EC:2.7.7.- ‘Hexapep 2042, b3730, b3430 !
ical Hamip_fike $H2954" Mm YJRO6BC™
. atase [EC:3.6.1.15]
enolase (EC:4.2.1.11] Enolase_N; L2779 Mnmnmea“ YGH254W, YHR174W, YMR323W,
Enolase_C YOR3I93W, YPL281C
iycerate kinase  PGK bag2e m YCRO1ZW
PGM_PMM_; $2048, b06SB, 3176 MI1100, MIO399 YMR2768W, YMR105C, YKL1ZTW
PGM_PMM_LI '
PGM_PMM_IIL; : ;
PGM_PMM_IV :
ugar transferases Glycos_transt_1 52044, b3631 MJ1607, MJ1178, MJ109, YPLI75W
MJ1069
sugar lransferases Glycos_transt_2 2254, b2351, 0363, MJI1222, MI0S44 YPL227C, YPR183W
1022, b3615 i :
leotide-binding p HIT b1103** MJosas" YDL125C, YDR305C
[phosphoglycerate 2-Hacid_dn; 02913, b1380, b3553, MJ1018 YEROB1W, YILO74C, YOR388C,
Kehydrogenase 2-Hacid_dh_C; 2320, 61033 ¥NL274C, YGL185C, YPL113C
EC:1.1.1.95) ACT
AD synthetase [EC6.3.1.5,NAD_synthase 1740 Mnssz YHRO74W
.3.5.1) : ] ¢
flavoprotein enzymes Flavoprorern h3639 MJI0913 YKLOBBW, YKRO72C, YORD54C
PP sy [EC:2.5.1.-] Preny b0174 MJI1372 ¥YMR101C, YBR002C
tryptophan synthase PALP D1261, 3117, b2421, MJ1037, MJ1465 YGLOZ6C, YCLO64C, YKL218C,
{(B-chain) [EC:4.2.1.20] ! D3772, b2871, b2414 YGR155W, YEROBEW, YGRO12W
tryptophan synthase Trp_syntA b1260 MI1038 YGLO26C
la-chain) [EC:4.2.1.20] : i
histidinol-phosphate ‘Aminotran_1_2 2021, b2379, bOB00, MJ0IS5, MIOOOT, MJ1391, YIL116W, YJLOBOW, YDR111C,
pminotransferase i 12290, b1439, b1622, MJI0DES4, MJ1479 YLROBIC
EC:2.6.1.9] ! 14340 i
olyprenyl synthetase polyprenyl_synt b0421, b3187 wosso YJIL167TW, YPLOSOC, YBROO3W
EC:2.5.11] : :
robable glyoxylase Il ‘Lactamase_B H0927*", b0212 MJOBBE"" YDR272W
EC:3.1.2.6) : : i
robable peroxiredoxin AhpC-TSA D005, b2480 MJO736 YILO1OW, YBLOS4C, YMLO2BW,
EC:1.6.4.-] : L YDR453C

(Continued on next page)
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TABLE I
(Continued)
Description Pfam domain E. coli M. jannaschii S. cerevisiae
hellcases DEAD; 10787, b3162, 1343, MJI0G6O, MJIT401, MI1574, YJL138C, YKROSGW, YDRO21W,
Halicass_C 13780, b2576, b3822, MI0204, MJO383, MJ1124  YPL119C, YOR204W, YGLO78C,
1653 YNL112W, YDL160C, YLLOOBW,
2 YHROB5C, YOLOS4W, YHR169W,
YJLO3IW, YDR243C, YORO46C,
YBR237W, YMR290C, YGL171W,
YFLOO2C, YDLO31W, YDR194C,
YLR276C, YBR1 3 "
YGLOB4C, YNRO3BW, YDR291W,
i YGL251C, YER172C, YMR190C,
— e YORIIIW:= e oo
TP synthesis (afpA, aipB) ATP-synt_ab_N; D3734, b3732, b1941 MJ0217. MI0216 YBLOGOW, YJR121W, YDLIBSW,
ATP-synt_ab; YBR127C
ATP-synt ab_C

lication, recombination:

nd ir factors

IATPase family proteins

\clamp-loading, ¥ T subunits)

AAA

0470, b3178, b0892,

MJ1422, MJ0B84, MJ1156,

MJ1176, MJ1494

YJROGBW, YNL29OW, YOLO94C,
YMRO89C, YERO17C, YDL126C,
YBROBOC, YPRO24W, YGR270W,
YPR173C, YKL145W, YGLO48C,
'YOR259C, YDLOOTW, YOR117W,
YDR394W, YLR397C, YNL329C,
YLLO34C, YKL197C, YGRO28W,
YPLO74W, YERO47C, YDR375C,
YBR186W

ribonuclease Hil

RNase_HIl

20183

YNLOT2W

endonuclease Il

IDNA topoisomerase | and Il

HhH-GPD (1rst, half);
HHH;

HhH-GPD (2nd. half);
Toprim;
Topoisom_bac

11633, 62961

1274, b1763

0135
MJ1434, M6 13

MJ1652, MJ1512

YALO15C, YOLO43C

YLA234W

IABC transporters

:ABC_tran

b0448, b1290, b1291,
1496, b1682, b1709,
1756, b2201, b3479,
4058, b4096, bOOGS,
0127, b0151, b0199,
0262, b0366, b0449, |
b0490, b0495, b0588, |
b0B52, bOTED, bO794
D0809, b0820, b0829, |
0855, b0864, b0879,

b0ass, bDEBT, b0914,
b0933, b0949, b1117,
1126, b1246, b1247,
1318, b1441, b1483,
01484, b1513, b1858, |
51900, b1917, b2129, |
12149, b2180, b2306, |
b2422, b2547, b2677, |
b3201, b3271, b3352, |
D3450, b3454, b3455, |
13463, b3480, b3486, |
13540, b3541, b3SET, .
3725, b3749, b4035, |
b4087, b4097, b41086, |

MJ1023, MJ1088, MJ1242,

MJ1267, MJ1367, MJ1508,

MJ1572, MJ1662

YKR104W, YLLO15W, YNROTOW,
'YORO11W, YOR328W, YPLOSBC,
YPL147W, YCR011C, YDRO91C,
YFRODOW, YGR281W, YHLO35C,
YKL209C, YLLO48C, YLR188W,
YLR249W, YMR301C, YNLO14W,
YOLO75C, YOR153W, YPL226W,
YPL2TOW

[Protein management
ksignal recognition particle
protein

chaperonin Cpné0

SRPS4_N;
SRP54;
SRP_SPB
Cpne0_TCP1

04228, b4287, b4391

b2610, b3d64

b4a143

MJO101, MI0291

?YPFIQQ§Q, YDR292C

¥LR259C, YJROBAW, YIL111W,
¥DL143W, YIL142W, YDR188W,
VJLO14W, YDR212W, YJLOOBC

*Different groups of homologous are joined in a single functional category.
**Hypothetical ORF.
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4. Discussion

The methodological approach developed here is straightforward: we searched for
sequences present in all genomes analyzed that have changed slowly enough to be
still recognizable using the one-way BLAST strategy described above. Because a
simple BLAST search may not find all possible homologs of a given sequence, the
results shown here represent a first approximation of the gene complement of the
LCA as described from the standpoint of S. cerevisiae, E. coli and M. jannaschii,
three species that have been selected because of the considerable information that
exists on their biology. A more complete census of highly conserved traits would
require a detailed analysis of each set of homologous proteins using more sensitive
approaches like profile-based methods and, eventually, information derived from
tertiary structure databases.

Reconstructions of gene complements of distant ancestors are mere statistical
approximations of biological past, since their accuracy depends on manifold factors
including the possible biases in the construction of genome databases, the levels of
horizontal gene transfer, the significant variations in substitution rates of different
proteins, and the degree of secondary looses, as well as methodological caveats.
As argued here, in spite of these limitations the available data provides significant
insights into (a) the existence of an ancient RNA/protein world; (b) the biological
complexity of the LCA; and (c) and evidence pertaining to the chemical nature of
the cenancestral genome (i.e, RNA or DNA).

4.1. THE HIGH PROPORTION OF CENANCESTRAL RNA-RELATED ORFS
SUGGEST THE PRIOR-EXISTENCE OF AN RNA/PROTEIN WORLD

In order to avoid the bias introduced by secondary gene losses (Becerra ef al., 1997),
we have not included in our analysis genomes from obligate parasites or endosym-
biotic organisms, which would lead to an underestimation of the number of genes
inherited from the LCA. As demonstrated by other analyses, proteins that interact
with RNA in one way or other are among the most highly conserved sequences
(Delaye and Lazcano, 2000; Anantharaman et al., 2002). This is shown in Figure 2,
where more than 80% of the conserved domains correspond to proteins that interact
directly with RNA (such as ribosomal proteins, DEAD-type helicases, aminoacyl
tRNA synthetases, and elongation factors, among others), or take part in RNA and
nucleotide biosyntheses, including the DNA-dependent RNA polymerase 8 and g’
subunits, dimethyladenosine transferase, adenyl-succinate lyases, dihydroorotate
oxidase, and ribose-phosphate pyrophosphokinase, among many others (Table I).
This percentage includes sugar metabolism-related sequences (see below).
Nonetheless, few metabolic genes are part of the conserved ORF prod-
uct set. These include many sugar metabolism-related sequences, such as the
enolase-encoding genes noted above, as well as homologs of thioredoxin (trxB,
mj1536), phosphoribosyl-pyrophosphate synthase (prs, b1207), and UDP-galactose
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Protein
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(4)

Transcription
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Metabolism
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(33)

Translation (44)

DEAD
helicases (2)

ATP synthesis
(3) ABC
transporters (1)

Figure 2. Prevalence of highly conserved sequences and protein domains related to RNA metabolism
in the dataset estimated here.

4-epimerase (galE, b0759) genes. Very likely, the evolutionary conservation of the
trxB and prsA genes is best understood in terms of the key roles they play in
nucleotide biosynthesis. The role of UDP-galactose 4-epimerase in complex car-
bohydrate synthesis via the interconversion of the galactosyl and glucosyl groups is
well-known. Although the uniqueness of the enzyme mechanism has been acknowl-
edged, it is possible that the conservation of UDP-galactose 4-epimerase is due to
an undescribed participation in other basic processes, as in the case of enolase.
ATP-dependent RNA helicases are universally-distributed, highly conserved
proteins which participate in a variety of cellular functions involving the unwinding
and rearrangement of RNA molecules, including translation initiation, RNA splic-
ing, ribosome assembly, mRNA nucleocytoplasmic transport, and degradosome-
mediated mRNA decay (Schmid and Linder, 1992). The degradosome is a mul-
tienzymatic complex involved in mRNA processing and breakdown, that in-
cludes polynucleotide phosphorylase (which shares an RNA-binding domain with
RNAse E), polyphosphate kinase (PPK), ATP-dependent DEAD/H-type RNA he-
licase (RhIB), and enolase, a glycolytic enzyme that catalyzes the conversion of
2-phosphoglycerate to phosphoenolpyruvate and water (Blum et al., 1997). Reports
showing that PPK is not essential for E. coli survival and may be a later evolution-
ary addition involved in degradosome regulation (Blum et al., 1997) are consistent
with the absence of the corresponding gene from the set of highly similar ORFs.
Although RNA hydrolysis is an exergonic process, degradosome-mediated
mRNA turnover plays a key role as a regulatory mechanism for gene expression
in both prokaryotes and eukaryotes (Blum et al., 1997). A possible explanation
for the conservation of DEAD-type RNA helicases may lie in their role in protein
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biosynthesis and in mRNA degradation. This possibility is supported by the phy-
logenetic relatedness of the RhlB and DeaD sequences (Schmid and Linder, 1992)
and by the surprising conservation of the eno-like sequences. If this interpretation
is correct, then it could be argued that degradosome-mediated mRNA turnover is an
ancient control mechanism at RNA level that was established prior to the divergence
of the three primary kingdoms. Together with other lines of evidence, including the
observation that the most highly conserved gene clusters in several (eu)bacterial
genomes are regulated at RNA-level (Siefert ez al., 1997), the results reported here
are fully consistent with the hypothesis that during early stages of cell evolution
RNA molecules played a more conspicuous role in cellular processes.

4.2. THE LCA, A PROGENOTE OR A BACTERIAL-LIKE CENANCESTOR?

Our ability to reconstruct the gene complement of the LCA depends in part on the
levels of lateral gene transfer during early cell evolution, as well as on the degree of
differential gene losses across cellular lineages (Becerra et al., 1997). If 1ateral gene
transfer was rampant during early evolution, then there is a risk of overestimating
the number of genes of the LCA. The opposite outcome can be expected if, on the
other hand, differential losses have been much more common in evolution.

Analysis of an increasingly large number of genes and genomes has revealed
major discrepancies with the topology of rRNA trees. As summarized by Brown
(2003), very often these differences have been interpreted as evidence of LGT
events between different species, questioning the feasibility of the reconstruction
and proper understanding of early biological history (Doolittle, 1999). There is
evidence that genomes have a mosaic-like nature whose components come from
a wide variety of sources (Ochman et al., 2000). However, not all sequences are
equally prone to such phenomenon, nor has the evolution of all prokaryotic species
been equally affected by LGT (Zhaxybayeva et al., 2004). Most transfers take
place between closely related species, and interdomain LGT events are quite rare.
Accordingly, if the species that carries the ancestral sequence was not the organismal
ancestor itself, then very likely was its close relative (Zhaxybayeva and Gogarten,
2004).

Driven in part by the impact of lateral gene acquisition as revealed by the discrep-
ancies of different gene phylogenies with the rRNA tree, Woese (1998) proposed
that the LCA was not a single organism, but rather a highly diverse population of
metabolically complementary, cellular progenotes endowed with multiple, small
linear chromosome-like genomes that benefited from massive multidirectional hor-
izontal transfer events. According to this idea, which is reminiscent of a similar
hypothesis proposed independently by Kandler (1994), the essential features of
translation and the development of metabolic pathways took place before the ear-
liest branching event, but what led to the three domains was not a single ancestral
lineage, but a rapidly differentiating community of genetic entities. This commu-
nal ancestor occupied as a whole the node located at the bottom of the universal
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tree, in which the decrease of sequence exchange and increasing genetic isolation
eventually lead to the observed tripartite division of the biosphere.

We suggest a different scenario. The LCA was of course not alone: company
must have been kept by its siblings, a population of entities similar to it that ex-
isted throughout the same period. They may have not survived, but some of their
genes did if they became integrated via lateral transfer into the LCA genome. The
cenancestor is one of the last evolutionary outcomes of a tree trunk of unknown
length, during which the history of a long but not necessarily slow (Lazcano and
Miller, 1994) series of ancestral events including lateral gene transfer, gene losses,
and duplications probably played a significant role in the accretion of complex
genomes (Lazcano et al., 1992; Castresana, 2001; Snel ef al., 2002).

The gene complement of the LCA can also be considered a mosaic in that not all
universally distributed genes are of equal antiquity. For instance, the evidence sug-
gesting that DNA evolved after RNA and proteins (Lazcano et al., 1988; Freeland
et al., 1999) implies that the translational machinery is older than ribonucleotide
reductases or DNA polymerases. However, the extraordinary similarity of the basic
traits shared by all extant cells suggest that they must have been integrated by the
time of the LCA.

The genetic entities that formed the communal ancestor proposed by Woese
(1998) may have been extremely diverse, but an indication of their ultimate mono-
phyletic origin from a sole progenitor is provided by universally distributed features
such as the genetic code and the basic features of the gene expression machinery.
Did this hypothetical communal progenote ancestor diverged sharply into the three
domains soon after the appearance of the code and the establishment of translation?
Not necessarily. The origin of the mutant sequences ancestral to those found in all
extant species, and the divergence of the Bacteria, Archaea, and Eucarya were not
synchronous events, i.e., the separation of the primary domains took place later,
perhaps even much later, than the appearance of the genetic components of their
last common ancestor. Moreover, by definition, the node located at the bottom of
the cladogram is the root of a phylogenetic tree, and corresponds to the common
ancestor of the group under study. But names may be misleading. What we have
been calling the root of the universal tree is in fact the tip of its trunk: inventories of
LCA genes include sequences that originated in different pre-cenancestral epochs
(Delaye and Lazcano, 2000; Becerra-Bracho et al., 2000; Anantharaman et al.,
2002). As noted by Fox et al. (1982), a major phylogenetic issue is the relationship
between the timing of the transition from the age of progenotes and the branching
order between the three cell domains. The gene complement of the LCA described
here corresponds to a cellular entity that evolved after the age of progenote had
come to an end, but prior to the divergence of the Archaea, Bacteria and Eucarya.

It is currently difficult to propose a unifying hypothesis. However, the scheme
outlined here is supported by gene content trees, which exhibit a broad-level agree-
ment with rRNA-based phylogenies (Fitz-Gibbon and House, 1999; Snel et al.,
1999; Tekaia, et al., 1999). Such trees are not cladograms but phenogrames, i.e.,
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they are merely hierarchical representations of similarities and differences in gene
content, where the presence or absence of a sequence is counted as a character.
Since different lineages evolve at different rates, such overall similarity may be an
equivocal indicator of genealogical relationships. Nevertheless, these trees are con-
sistent with rRNA phylogenies, and do not support the hypothesis of massive LGT
between distant species. The robustness exhibited by these different methodologies
indicates that although LGT has played an important role in cellular evolution, it has
not obliterated the early history of life (Glansdorff, 2000), and that the role of reticu-
late evolution in defining the LCA as a progenote swarm may have been overstated.

4.3. THE LCA, A DNA OR A RNA GENOME?

Since all extant cells are endowed with DNA genomes, the most parsimonious
conclusion is that this genetic polymer was already present in the cenancestral pop-
ulation. Woese (1983, 1987) has suggested otherwise, arguing for a progenote-like
universal ancestor endowed with a rapidly evolving genome formed by disaggre-
gated, small-sized RNA molecules. This possibility appeared to be supported by
the findings of Mushegian and Koonin (1996), who argued that the absence of eu-
caryal or archaeal homologs of key components of DNA replication and nucleotide
biosynthesis in the minimal gene set which resulted from the comparison of the
Haemophilus influenzae and Mycoplasma genitalium genomes suggested that the
cenancestor had used RNA as genetic polymer. Such conclusion is weakened by the
limited data set analyzed, which consisted of only two parasitic bacterial genomes
that have undergone extensive polyphyletic gene losses (Becerra et al., 1997). In
a subsequent publication, however, Koonin and his collaborators analyzed a large
set of primases, replicative polymerases, and other proteins involved in DNA repli-
cation, and suggested an alternative scheme with a hybrid RNA/DNA cenances-
tral genetic system whose complex replication cycle involved reverse transcription
(Leipe et al., 1999).

The idea that RNA preceded DNA as cellular genetic material has been pro-
posed independently by many authors (see, for instance, Oparin, 1961; Rich, 1962;
Haldane, 1965; Reanney, 1979). However, it is likely that double-stranded DNA
genomes had become firmly established prior to the divergence of the three primary
domains. The major arguments supporting this possibility are:

(a) insharp contrast with other energetically favorable biochemical reactions (such
as phosphodiester backbone hydrolysis or the transfer of amino groups), the
direct removal of the oxygen from the 2'-C ribonucleotide pentose ring to
form the corresponding deoxy-equivalents is a thermodynamically much less-
favored reaction, considerably reducing the likelihood of multiple, independent
origins of biological ribonucleotide reduction;

(b) demonstration of the monophyletic origin of ribonucleotide reductases (RNR)
is greatly complicated by their highly divergent primary sequences and the
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different mechanisms by which they generate the substrate 3’-radical species
required for the removal of the 2’-OH group. However, sequence analysis and
biochemical characterization of archaebacterial RNRs have shown their simi-
larities with their eubacterial and eukaryotic counterparts, suggesting that the
most distributed enzymes are of monophyletic origin (Tauer et al., 1996; Riera
et al., 1997; Freeland et al., 1999); and

(c) sequence similarities shared by many ancient, large proteins found in all three
domains suggest that considerable fidelity existed in the operative genetic sys-
tem of their common ancestor, but such fidelity is unlikely to be found in
RNA-based genetic systems (Lazcano et al., 1992).

While accepting a DNA component in the LCA genome, Leipe et al., (1999)
have underlined the highly divergent character of the main components of the
(eu)bacterial replication machinery when compared with their archaeal/eukaryotic
counterpart. Although it is possible to recognize the evolutionary relatedness of var-
ious orthologous DNA informational proteins (i.e., ATP-dependent clamp loader
proteins, topoisomerases, gyrases, and 5°-3’ exonucleases) across the entire phy-
logenetic spectrum, comparative proteome analysis has shown that (eu)bacterial
replicative polymerases and primases lack homologues in the two other primary
kingdoms. As argued by Leipe et al. (1999) these observations can be explained
by assuming a dual, independent origin of the DNA replication machineries of the
Bacteria, on the one hand, and of the Archaea/Eucaryal on the other.

We think this is unlikely. Nucleic acid replication enzymatic machinery re-
quires, at the very least, a replicase, a primase, and a helicase (Forterre, 1999),
which are currently described as non-orthologues between the bacterial and the
archaea/eukaryotic branches. Given the central role that is assigned to nucleic acid
replication in mainstream definitions of life (Koshland, 2002), the lack of con-
servation and polyphyly of several of its key enzymatic components is somewhat
surprising. However, we believe that there may be an explanation for the evolution
of the DNA replication machinery simpler that the one advocated by Leipe ef al.,
(1999). Our hypothesis implies that this progenitor DNA polymerase was originally
involved in the replication of the LCA genome, until its (eu)bacterial descendants
underwent a non-orthologous displacement by the ancestor of the Escherichia coli
replicative DNA pol III (DNA pol C) and its homologs. Based on the conserva-
tion and versatily of functions of the palm domain of DNA polymerase II and its
homologs, we suggest that the Archaeal-Eucaryal replication machinery is in fact
older than the current Bacterial one.

5. Conclusions and Outlook

The variations of traits common to extant species can be easily explained as the
outcome of divergent processes from an ancestral life form that existed prior to the
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separation of the three major biological domains, i.e., the last common ancestor
(LCA) or cenancestor. However, if the term “universal distribution” is restricted
to its most obvious sense, i.e., that of traits found in all completely sequenced
genomes, then quite unexpectedly the resulting repertoire is formed by relatively
few features and by incompletely represented biochemical processes (Tatusov et
al., 1997; Tekaia et al., 1999; Brown et al., 2001; Delaye et al., 2002). Quite
surprisingly, some of the most likely a priori candidates for strict universality, such
as those sequences involved in DNA replication, have also turned out to be not
only poorly preserved but also, in some cases, of polyphyletic origin (Edgell and
Doolittle, 1997; Olsen and Woese, 1997; Bohlke et al., 2000).

The traits described here as inherited from the LCA represent only those se-
quences that can be identified at the primary structure level. Because it is known that
tertiary structure level is more conserved across evolutionary distances, attempts
to reconstruct the LCA gene complement using a fold-recognition algorithm may
enhance the census of such cenancestral molecular traits. For instance, the lack
of detection of the complete set of sequences encoding F-type ATPases does not
indicate these multimeric enzymes were absent in the LCA (Gogarten and Taiz,
1992; Castresana et al., 1994), but should be interpreted instead as an indication of
the different rates of evolution of the sequences and the limits of the methodologies
described here. Nonetheless, the fact that are no major inconsistencies between the
data presented here and those reported by other authors who have used different
methodologies (Delaye and Lazcano, 2000; Anantharaman et al., 2002; Harris et
al., 2003; Koonin, 2003; Delaye et al., 2004) underlines the robustness of our own
results.

The dataset reported in Table I includes (a) genes that have undergone lateral
transfer and (b) sequences that although highly conserved, have originated in dif-
ferent evolutionary epochs. However, the over-representation of highly conserved
sequences related to RNA metabolism, i.e., ORFs whose products synthesize, de-
grade, or interact with polyribonucleotides (Table I), is best understood in terms of
an early evolutionary period during which RNA played a more prominent role in bi-
ological processes, i.e., an RNA/protein world. Degradasome components (DEAD
helicase and enolase) are as highly conserved as molecules involved in RNA biosyn-
thesis. It can also be argued that the conservation of enolase and DEAD-type RNA
helicases discussed here constitutes additional evidence of the early development
of gene expression control mechanisms at the RNA level. These conclusions, how-
ever, do not imply that the cenancestor was endowed with an RNA genome, nor
support the possibility of an RNA-based origin of life. Indeed, the conservation
of genes involved in ribonucleotide reduction such as #rxB, combined with other
independent lines of evidence, argues for the presence of a DNA genome in the
LCA.

The analysis of the dataset reported here is consistent with a prokaryotic root of
universal phylogenies, and indicates that the cenancestor was much more complex
that expected for a progenote. There is no contradiction between this conclusion
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and the relatively few metabolic genes that are conserved. In fact, most of them syn-
thesize or interact with ribonucleotides or sugar compounds. Conserved sequences
related to metabolic pathways include homologs of phosphoribosyl pyrophosphate
synthase and thioredoxin, among others, which are involved in nucleotide biosyn-
thesis. Although the information contained in the available databases corresponds
only to a minor portion of biological diversity, the sequences reported here are
likely to be part of an essential and highly conserved pool of proteins common to
all organisms.
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