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ABSTRACT

DNA replication is central to all extant cellular organ-
isms. There are substantial functional similarities
between the bacterial and the archaeal/eukaryotic
replication machineries, including but not limited to
defined origins, replication bidirectionality, RNA
primers and leading and lagging strand synthesis.
However, several core components of the bacterial
replication machinery are unrelated or only distantly
related to the functionally equivalent components of
the archaeal/eukaryotic replication apparatus. This is
in sharp contrast to the principal proteins involved in
transcription and translation, which are highly con-
served in all divisions of life. We performed detailed
sequence comparisons of the proteins that fulfill
indispensable functions in DNA replication and class-
ified them into four main categories with respect to
the conservation in bacteria and archaea/eukaryotes:
(i) non-homologous, such as replicative polymerases
and primases; (ii) containing homologous domains
but apparently non-orthologous and conceivably
independently recruited to function in replication,
such as the principal replicative helicases or proof-
reading exonucleases; (iii) apparently orthologous
but poorly conserved, such as the sliding clamp
proteins or DNA ligases; (iv) orthologous and highly

conserved, such as clamp-loader ATPases or 5 3’

exonucleases (FLAP nucleases). The universal
conservation of some components of the DNA repli-

cation machinery and enzymes for DNA precursor
biosynthesis but not the principal DNA polymerases

suggests that the last common ancestor (LCA) of all

modern cellular life forms possessed DNA but did

not replicate it the way extant cells do. We propose
that the LCA had a genetic system that contained
both RNA and DNA, with the latter being produced by
reverse transcription. Consequently, the modern-
type system for double-stranded DNA replication
likely evolved independently in the bacterial and
archaeal/eukaryotic lineages.

INTRODUCTION

DNA replication is an essential, central feature of cellular life.
There are many important functional parallels among all
known cellular systems of DNA replication. These common
features can be roughly summarized as follows: (i) replication
is semi-conservative; (ii) replication always initiates at defined
origins with the participation of an origin recognition system;
(iii) replication fork movement is typically bidirectional;
(iv) replication is continuous on the leading strand and discon-
tinuous on the lagging strand; (v) RNA primers are needed to
start DNA replication; (vi) nucleases, polymerases and ligases
replace the RNA primers with DNA and seal the remaining
nicks (1,2). It is therefore surprising that the protein sequences
of several central components of the DNA replication machinery,
above all the principal replicative polymerases, show very little
or no sequence similarity between bacteria and archaea/
eukaryotes (3,4). These observations suggest that some of the
replication system components may not be homologs at all,
whereas others, while homologous, are highly diverged. Thisis
in stark contrast to the highly significant sequence similarity
between the principal components of the transcription machinery,
such as the DNA-dependent RNA polymerase (DdRp) sub-
units and a number of translation apparatus components.

The last 10 years have witnessed significant progress in our
understanding of the relationships between proteins and
domains involved in DNA replication. Significant sequence
similarity between the polymerase-associated proofreading
exonucleases of pro- and eukaryotes was noted in early studies
(5). The recognition of homology between other replication
proteins where sequence similarity was initially hard to detect
has been made possible by structural comparisons. This was
the case for the sliding clamp (6,7), the single-stranded
(ss)DNA-binding proteins (8—-10) and the-83' (flap) endo-
nucleases (11-14). No sequence similarity, however, has been
detected between the principal replicative polymerases,
namely the eubacterial family C (pol Ill) and the archaeal/
eukaryotic family B polymerases, despite intense scrutiny at
the sequence level (15-17) and despite the increasing availability
of polymerase structures, including pol | frdascherichia coli
(18) andThermus aquaticu$13), HIV reverse transcriptase
(19), T7 RNA polymerase (20) and a family B polymerase
from phage RB69 (21). In the same vein, no sequence similarity
could be found between the eubacterial and archaeal/eukaryotic
primases (22).
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Thus, the pattern of sequence conservation and divergencet orthologous proteins that might have independently
displayed by the replication proteins is fundamentally differenbriginated from proteins that had functions other than DNA
from the pattern observed in the translation and transcriptioreplication.
systems. It seems most likely that the core of the translation With these considerations in mind, we attempted an exhaustive
and transcription machinery was established in the last commaomparison of the sequences and structures of bacterial,
ancestor (LCA) of all extant cells and subsequent evolution irarchaeal and eukaryotic proteins known to be directly involved
different divisions of life did not involve dramatic alterations in DNA replication. We classified these proteins into
of the ancient molecular foundation. In contrast, major changesrthologs, non-orthologous homologs and those components
have occurred in the peripheral components, such as transcriptitrat appear to be completely unrelated. On the basis of this
regulators. Conversely, the core replication machinery, includingnalysis, we propose a hypothesis that the LCA possessed a
the main replicative DNA polymerase, primase and the gap-fillingyenetic system that involved both RNA and DNA, with the latter
polymerase, shows no detectable conservation. Several of theing produced by reverse transcription. Consequently, the
peripheral components, however, are clearly homologous anodern-type system for double-stranded (ds)DNA replication
even orthologous. An obvious, though radical, explanation ofmight have evolved independently in the bacterial and
the observed disparity is that the LCA did not have a DNAarchaeal/eukaryotic lineages.
genome and its entire genetic system was RNA based. This
hypothesis, however, does not account for the fact that several
proteins involved in DNA replication as well as enzymes ofB'A‘T'A‘B'A‘SES AND SEQUENCE ANALYSIS
deoxyribonucleotide biosynthesis and the recombinatiofFor all sequence searches, the non-redundant database (NR) at
ATPase RecA are homologous in all extant organisms (23-26)he National Center for Biotechnology Information (NIH,

Edgell and Doolittle (4) delineated three distinct scenarioBethesda, MD) was used. The protein sequence similarity
that could explain the existence of two versions of the replicatiosearches were performed using the gapped BLAST program
machinery without invoking an RNA-only LCA. (i) The bacterial and the PSI-BLAST program (28). The PSI-BLAST program
and archaeal/eukaryotic replicative systems have evolved froaonstructs a position-dependent weight matrix from multiple
the LCA replication apparatus and the main replicativealignments generated from the BLAST hits above a certain
enzymes are actually homologs but, for some reason, hawexpectation value (e-value) and carries out iterative database
diverged rapidly and, in several cases, beyond recognitiorsearches using the information derived from this matrix
(i) The LCA possessed both a bacterial-type and an archaeg8,29). Normally, an e-value of 0.01 is considered an indication
eukaryotic-type DNA replication system (one of these could behat a database hit is statistically significant after regions of low
responsible for repair) and the existence of two radicallyjcompositional complexity that tend to produce artifactually low e-
different systems in extant cells is due to differential gene lossalues in database searches have been masked in the query
in the bacterial and the archaeal/eukaryotic lineagessequence (29,30). Compositionally biased regions in protein
(iii) Either the bacterial or the archaeal/eukaryotic replicationsequences were masked prior to searches using the SEG program
system is the direct descendant of the ancestral replicatiq@81). The taxonomic breakdown of the database hits was pro-
apparatus whereas the other version evolved by recruitment dficed using the Tax_Collector program of the SEALS package
non-homologous proteins accompanied by replacement dB2). The likely orthologs were identified on the basis of con-
ancestral components. sistent inter-genomic best hits as described previously (33,34)

To reach a clearer understanding of the origin(s) of the DNAand derived shared characters (synapomorphies) manifest at
replication system by comparative analysis of the sequencébe level of distinct sequence motifs or features of domain
and structures of their components, additional, systematiarchitectures; the reasoning behind the assignment of orthologs
effort in two directions seems to be necessary: (i) detectinip discussed below for each individual case.
subtle sequence and structural similarities that have escaped

detection previously; (ii) solving the issue of orthologous VOLUTIONARY RELATIONSHIPS BETWEEN

relationships between replication components. The importan
; ACTERIAL AND ARCHAEL/EUKARYOTIC DNA
of the former aspect is underscored by the homologou EPLICATION SYSTEMS

relationship between the bacterial and eukaryotic sliding clam
proteins that was not originally recognized but became apparemableﬂ lists the best database hits from archaea and eukaryotes
when their structures had been determined (7,27). With thior the principal bacterial proteins that are involved in DNA
advent of more powerful methods for sequence analysis, sugkplication and DNA precursor synthesis in bacteria and in
as PSI-BLAST (28), the similarity between the clamp proteinsarchaea/eukaryotes; analogous data for transcription machinery
has become detectable at the sequence level. This suggests tt@inponents are included as a control. Only a minority of the
systematic, careful comparisons of replication proteins mighbacterial DNA replication machinery components show significant
reveal additional subtle but evolutionarily and functionally similarity to archaeal/eukaryotic homologs. Some of the
important similarities. Such findings could shift the balance instrongest hits from bacteria to eukaryotes, such as those to the
our thinking about the evolution of DNA replication towards human NAD-dependent DNA ligase and the pol | homolog
the common origin hypothesis, whereas the absence of detectabilem Drosophila are readily explained by horizontal gene
similarity in spite of a careful comparison might suggesttransfer, most likely from organelles (see also 35). Additional
independent origin for at least some of the components. It isases of likely horizontal transfer, apparently from eukaryotes
critical for any meaningful evolutionary reconstruction toor archaea to bacteria, are seen in a reciprocal analysis of
distinguish orthologs that likely evolved from an ancestraleukaryotic replication machinery components. These include
component of the replication machinery from homologous buthe B family DNA polymerases, which are ubiquitous in
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Table 1.Bacterial, archaeal and eukaryotic homolog&afoli DNA replication machinery componefts

E. coli protein | Best hit in Best hit in | Best hit in Funetion/Comment
Bacteria (- Archaea, eukaryotes
Proteobacteria), e-value” (-organelles),
| e-value” | | L'-v:_llueh B
| . Replication )
| Dnaa 118794 Bs: 6e-94 | - ATPase required for the
| | | | _initiation of replication
| DnaC 2983431 _Aa; - - Accessory AT Pase
| de-04 | _involved in initiation
PriA 3183549 Bs: - - Primosomal DNA
| | le-114 i | | helicase B
| DnaG 464463 Ca; 9¢e-71 | - | - | Primase - |
| DnaB 585057 Bs; 1e-108 | - |- | Main replicative helicase
UvrD 3024353_Bst 20215 & | 1723281 _Sp; Accessory replicative
| le-132 Ge-68 | helicase
Rep 3024353; le-121 1723281_Sp; Accessory replicative
| | | Ze-65 | helicase
Dnakl_PHP 3913509 _Bh; - - Replicative polymerase,
2e-19 predicted phosphatase
i . | | domain
Dnall_pol 3913509_Bb; 0.0 | - Replicative polvmerase,
| | polymerization domain
DnaQ 3322942 _Tp; 2¢-17 | r 3.5 proofreading
exonuclease associated
with the replicative
| | | polymerase |
DnaN 3328470 Ci; de-42 | - Sliding clamp subunit of
| | | DNA polymerase
| DnaZX I 380855 _Bs; 3e-67 | 2621290; Be-18 | 4220511; le-39 | Clamp loader ATPase
HolB | 2105050 _Mt; - - Accessory subunit of the
| de-11 [ | clamp loader
PolA_5'exo | 416913_Bc; le-d48 | - r Gap-filling DNA
| polymerase, 5°-3°

exonuclease domain.
[ | | ) Primer removal
PolA_3'exo 1913934-Cau; E E Gap-filling DNA
Je-22 polymerase, 3°-5°
| proofreading exonuclease
| domain

PolA_pol ?_4(}90‘]35 Rsp: - Gap-filling polymerase,
| | le-110 | | e | polymerization domain
Rnh SE1811 T de-44 . 2677845_Dm; RNAase HI, primer
| 4e-19 removal

eukaryotes and archaea but so far present only ig-fiveteo- whereas accessory polymerase subunits and transcription
bacterial lineage, and ATP-dependent DNA ligases, whicliactors are poorly conserved or show no detectable similarity
show a sporadic presence in certain bacteria (data not showrgt all. Amongst the replicative proteins, the situation is
These cases of apparent horizontal gene transfer apart, tmwerted; the DNA polymerases and primases are not detectably
striking contrast between the replication and transcriptiorsimilar and only some of the accessory subunits, such as
systems, in terms of conservation of the respective componentiamp-loading ATPases, enzymes that participate in replication
(or lack thereof), in bacteria and archaea/eukaryotes is obviolmit are not components of the replication fork, such as topoi-
(Table[ll). Although both the replication system and the transomerase |, and at least some DNA precursor biosynthesis
scription system include proteins that are highly conserveénzymes are highly conserved (Tafjle 1).
between bacteria and archaea/eukaryotes, along with ones thalo solve the central conundrum in the evolution of replication—
show little or no similarity, the breakdown of these systemsommon versus independent origins of the bacterial and
into conserved and distinct components goes along vergrchaeal/eukaryotic systems—it is not enough to show that
different lines. In the transcription machinery, the principalcomponents of the DNA replication machinery are homologous
subunits of the DdRp show high levels of conservationor non-homologous. Replication of dSDNA poses a number of
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Table 1.Continued

RnhB 2633978_Bs; 2e-40 | 3551200_Pk: | 3879811_Ce; | RNAase HII, primer |
| Se-12 | 3e-07 removal |
Lig 26329761 Bs; - DNA ligase [
- le-175 _ | | - |
Ssh | 586039 Bs; le-13 - - SsDNA-binding protein ||
TopA 520753_Bs: le-142 | 592234 _Mj; 2827516_Ar Topoisomerase 1, |
de-62 2e-82 B supercoiling relaxation |
| GyrA 80350_Bs: 0.0 3172113_En; DNA gyrase |
[ Se-18 (topoisomerasell). [
| | subunit A [
| GyrB 80348 _Bs; 0.0 F 2129576_At:. | DNA gyrase '
| 3e-38 (topoisomerasell),
| subunit A 1
RecA [154653_Tf, 0.0 2665476_Mm; | 2058711_Bm: | Recombinasc. ATP-
le-07 Ze-11 dependent strand
| annealing
| _ DNA precursor biosynthesis® B
NidE 3261509 Mt 0.0 2648891 _Af: 200765 _Mmu:; : Ribonucleotide reductase
Je-34 Ze-46 | 2, -subunit
NrdF 421244 Mt 1044912_N1: | Ribonucleotide reductase
le-163 | 3e-07 2, [3-subunit
NrdD S09R081_LIL 0.0 2622659_Mth;, |- Anaerobic ribonucleotide
I _Be34 | reductase
ThyA 143741_Bs; le-104 | 026868_Mth; | 1361867_Mmu: = Thymidylate synthasc
o 2e-04 | 8e-78
Transcription o |
RpoB 3328732 Cu 0.0 | 3122768 _Mih: | 3603015_Gr DNA-directed RNA
| le-33 0.0 | polymerase [b-subunit
RpoC 3328731 _Cr; 0.0 3257973 _Ph; 4092885_NI: DNA-directed RNA
| Je-50 le-38 | polymerase [}’ -subunit
RpoA 133395 _Bs: Te-T0 | 3258066_Ph: - DNA-directed RNA
0.004 polymerase «-subunit,
eukaryotic orthologs
detectable in iterative
searches )
Rpol} 2258087 _Sm: - - DNA-directed RNA
_ | 3e-88 | polymerase g-subunit |
NusA 2634032 _Bs; 2e-08 | 139955_Hh; - Transcription
| o be S | antitermination factor
NusB 1709418 _Bs; Je-15 | - - Transeription
L termination factor
NusG 548391_Bs; Se-41 | - | Transcription
L i antitermination factor
GreA 3183527 Bs: 3e-25 Transcription elongation
- factor
Rho 3322527 Tp: 2603826 Mb: Transcription termination

le-141 de-03 tactor, RNA helicase. The
archaeal homologs are H
ATPase subunits; the
simlarity 1o eukiarvotie
vacuolar ATPase subunits

1s detectable in iterative

searches

similar problems in any system and it would not be unexpectedoal of comparative analysis of the replication systems is to
if independently evolving solutions were similar, given thatdistinguish, as best we can, between those components that
ancient protein superfamilies, such as the P-loop ATPaseappear to be orthologous and thus should have descended from
were already available for recruitment in the LCA. Thus thean LCA protein that had the same function and those for which,
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Table 1. Continued

2Analogous data for selected enzymes of DNA precursor biosynthesis and principal proteins involved in
transcription are included for comparison. Data for accessory proteins that are not highly conserved among
bacteria are not shown.

be —n = 10 e-values more significant than 1e — 180 are given as 0; a dash is shown if no significant BLAST hit
has been found for the given lineage (e-value cut-off 0.1). Yellow shading shows proteins with significant hits
only in bacteria and pink shading denotes likely horizontal gene transfers (see text). For each lineage-specific
best hit, the Gene Identification number and the species name abbreviation are givequifex aeolicusAf,
Archaeoglobus fulgidysAt, Arabidopsis thalianaBb, Borrelia burgdorferi Bm, Bombyx mori Bs, Bacillus

subtilis Bsp,Bacillussp., BstBacillus stearothermophily£a, Clostridium acetobutylicupCau,Chloroflexus
auranticus Ce, Caenorhabditis elegansCt, Chlamydia trachomatisDm, Drosophila melanogasterGt,
Guillardia thetg Hh, Halobacterium halobiumLl, Lactococcus lactisMb, Methanosarcina barkeriMm,
Methanococcus maripaludi®mu, Mus musculusMt, Mycobacterium tuberculosi$ith, Methanobacterium
thermoautotrophicupNI, Nosema locustaéNt, Nicotiana tabaccumPh, Pyrococcus horikoshiiPk, Pyrococcus
kodakoraensisRsp,Rhodotermusp.; SmStreptococcus mutarip, Treponema pallidugnt, Thermus thermophilus.

‘The complex evolution patterns of enzymes of DNA precursor biosynthesis are beyond the scope of this work;
we present the data for only two types of key enzymes, to emphasize their conservation in bacteria, archaea and
eukaryotes.

whether they are homologous or not, independent origin isf pol Ill and pol IV have not been determined and therefore it
more likely. Proving independent origin is hard, if at all possible.cannot be ruled out that they have the ‘palm-and-fingers’ structure
The case, however, is strongly supported if, for example, asimilar to that seen in other DNA polymerases, including the
archaeal/eukaryotic protein with a central role in replication idacteriophage RB69 polymerase (21), which represents the
most closely related not to its bacterial functional counterpart budrchaeal/eukaryotic family B. However, counterparts to the
to a protein family that performs functions outside replication. conserved motifs that appear to be shared by the eukaryotic
The lack of detectable sequence similarity does not automaticalnd archaeal DNA polymerases, reverse transcriptases and
mean that the respective proteins are not homologs; there arRNA-dependent RNA polymerases (RdRps) (16) are not
examples of very subtle relationships between bacterial andetectable in pol Il and pol IV. This makes a specific evol-
archaeal/eukaryotic proteins that nevertheless appear to indicatgonary affinity between the bacterial and archaeal/eukaryotic
homology or even orthology (see for example 36). ConverselPNA polymerase subunits involved in chain elongation during
even highly significant sequence similarity, such as thaDNA replication most unlikely.
observed between the clamp-loader ATPases, is not necessarily 8oth types of replicative DNA polymerases possess two
guarantee of orthology. additional enzymatic domains that also may function as separate
With these considerations in mind, we performed a moresubunits, namely a 3'5' exonuclease and a predicted phos-
detailed, case-by-case analysis of the bacterial, archaeal aptoesterase (Fig. 1). The exonuclease domains are related but
eukaryotic proteins involved in DNA replication. Figure 1 may not be orthologous, as discussed below. In contrast, the
summarizes the domain arrangements seen in the protefihosphoesterase domains/subunits belong to two distinct
components of the bacterial, archaeal and eukaryotic DNA&nzyme superfamilies, namely the PHP superfamily in bacteria
replication machineries and the relationships between them. lnd the calcineurin-type superfamily of metal-dependent phos-
Tableﬂz, replicative proteins are classified into four principalphoesterases in archaea and eukaryotes, which show no indication

categories that are discussed below. of a homologous relationship (39).

_ _ DNA primases present a case where an independent origin of
Unrelated components in the bacterial and archaeal/ the bacterial and archaeal/eukaryotic enzymes appears to be
eukaryotic DNA replication machineries supported by positive evidence as well as a lack of detectable

This category consists of only four domains but, strikingly,sequence similarity. The catalytic domain of bacterial primases
these include all three functional types of DNA polymeraseshows a subtle but statistically significant sequence similarity
required for replication, namely the DNA polymerase involvedto the DNA-nicking-rejoining domains of type I, type Il and

in elongation, the primase that is responsible for primetype VI topoisomerases and a distinct group of nucleases; all
synthesis and hence the initiation of DNA replication, and théhese proteins are predicted to contain the conserved Toprim
DNA polymerase involved in gap-filling upon primer removal. domain (22). Despite a careful search, we were unable to detect
Not only database searches but also direct comparisons fail &y similarity to the Toprim domain in the sequences of
show any sequence similarity between the nucleotide polyeukaryotic primases. The fact that bacterial primases show an
merization domain of bacterial DNA polymerase Il (pol Ill) apparent structural and evolutionary relationship not with their
a-subunit and the functionally analogous domain of thearchaeal/eukaryotic functional counterparts but with enzymes
archaeal and eukaryotic family B DNA polymerases (or anythat have significantly different, even if mechanistically
other proteins). The same is true of the second archaeal DNlated, functions seems to effectively rule out an origin of the
polymerase (pol V), whose large subunit, with the exceptioriwo types of extant primases from an ancestral primase.

of a Zn-ribbon domain, appears to be unrelated to either bacterialFinally, the bacterial gap-filling DNA polymerase (pol 1)

or eukaryotic polymerases (37,38). The 3-dimensional structuregppears to be unrelated (or, at best, extremely distantly
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related), with the exception of the-35' exonuclease domain, to helicase superfamily I, which includes a variety of DNA and
to any other DNA polymerases, whereas eukaryotes utiliz&NA helicases, such as, for example, bacterial UvrD, that are
family B DNA polymerases for both elongation and gap-filling involved in repair functions and may also perform accessory
(Fig. L and TabIﬁZ). roles in replication. Some of the highly conserved eukaryotic
homologs of helicase A are RNA helicases, such as the NAM7/
Homologous but not orthologous components of the DNA  jpE1 proteins from fungi and animals, that are required for the
replication apparatus in bacteria and archaea/eukaryotes processing of nonsense MRNAS (44,45), and yeast SEN1, that
Several important components of the DNA replication machinerys involved in the endonucleolytic cleavage of introns from
in bacteria and archaea/eukaryotes, while homologous, agecursor tRNAs (46). Another group of highly conserved
strong candidates for independent recruitment for a role imrchaeal and eukaryotic DNA helicases involved in replication,
replication. The example of the principal replicative helicaseshe MCM proteins, belongs to the AAA+ superfamily of P-loop
is the most straightforward one. All helicases appear to b&TPases (42,47). In addition to the MCM helicases and the
ultimately homologous as members of the P-loop NTPase folbacterial helicase RuvB, involved in repair, this superfamily
(40-42). This generic relationship apart, however, the bacteriahcludes a variety of ATPases with broadly defined chaperone-
replicative helicase DnaB and the helicases involved idike functions, e.g. subunits of ATP-dependent proteases. In
eukaryotic replication, such as the DNA polymerasassociated contrast, DnaB is a member of a distinct family that is specifically
helicase A from yeast (ORF YKLO17c) (43), belong to differentrelated to the RecA family, to the exclusion of other groups of
divisions of the P-loop NTPase fold. Yeast helicase A belong&TPases (TabIE| 2; D.D.Leipe, L.Aravind and E.V.Koonin,
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Figure 1. (Opposite and above) Domain organization of the principal proteins involved in DNA replication in bacteria and archaea/eukaryotes. Prgieas are re
sented as horizontal lines and regions of sequence similarity between eubacterial and archaeal/eukaryotic proteins are indicated by etb@ngkEsmatric
shapes. Domains (proteins) considered orthologous are shown with the same label and color (e.g. Fen nuclease domain). Each sequence geideoiifiedtejn

name, organism name and the GenBank identifier (in parentheses). Domains that contain substitutions in (predicted) catalytic residuesglydesiequedi

ceived to be inactive are shown framed by broken lines. The identity of the archaeal/eukaryotic replication fork helicase is uncertain andlémedigtine two

likely candidates, MCM and YKB?7. Dlig, DNA ligase domain; pol, DNA polymerase catalytic domain; S5, domain similar to C-terminal domain of ribosomal
protein S5 (63); SF1, superfamily 1 helicase; HSP90/mutL, domain found in the mutL ATPase (64); HhH, helix—hairpin—helix DNA-binding motif (d5); BR
BRCA1 C-terminus (66); Fen, flap nuclease domains (11,67); poiiipol Il &, RFC1, RFC2, clamp-loader subunits; Pri, primase; Toprim, topoisomgnasase
catalytic domain (22); 3' Exo, 3'5' proofreading exonuclease domain/protein. Sequence conservation in the zinc-binding domain in pol il is compatible with the forma-
tion of two distinct finger structures, a 29 residue Cys4 finger or a 32 residue His1/Cys3 finger (68). Organisms are designated Asdelitiaiss Aquifex aeolicusA.

fulgidus Archaeoglobus fulgidysB. subtilis Bacillus subtilis E. coli, Escherichia coli Metja, Methanococcus jannaschiMetth, Methanobacterium thermoau-
totrophicum Human,Homo sapiensyeast,Saccharomyces cerevisigghage RB69vaccinia virus

unpublished observations). Thus, the principal replicativeecognition complex subunits, e.g. ORC1) and their archaeal
helicase seems to be an irrefutable case of independent drawingh@fmologs all belong to the AAA+ superfamily of P-loop
enzymes from the pool of P-loop ATPases for a central function idTPases (42). Within this superfamily, however, DnaA does
DNA replication. not cluster with its functional counterparts from eukaryotes or

The case of the origin recognition and licensing ATPases iarchaea, suggesting that there is no orthologous relationship
more complicated in that the protein that performs this function irbetween the bacterial and archaeal/eukaryotic origin recognition
bacteria (DnaA), its functional analogs in eukaryotes (the origiRTPases (Tablﬁ 2).
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Table 2. Relationships between the principal components of the DNA replication machinery in bacteria and archaea/eukaryotes

subunit primase

Function Archaeal/ Bacterial protein Best archaeal or Comment
Eukaryotic (E. coli) eukaryotic
protein (-organelles) hits
for the E. coli
protein; e-value
(PSI-BLAST
iteration)”
Apparently unrelated p t
Main replicative B family Pollll (DnaE_pol) | None
polymerase, polymerases
polymerization
domain
Main replicative Calcineurin-type Predicted PHP 2496191_M;j; The archaeal homologs are
polymerase, superfamily superfamily 2e-04 (1) uncharacterized proteins predicted
predicted phosphatase phosphatase to possess phosphatase activity.
phosphatase (DnaE_PHP) Yeast histidinol phosphatase is a
domain (subunit) member of the PHP superfamily;
the similarity between this protein
and the PHP domain of Pollll is
detectable in searches started with
other members of the superfamily
(39).
Gap-filling DNA DNA polymerase € | DNA polymerase I | See Table 1 There is no archaeal homologs of
polymerase, ort (PolA_pol) bacterial Poll. The eukaryotic
polymerization protein containing the Poll domain
domain fused with a helicase is involved in
repair rather than replication (35);
the gene coding for this enzyme is a
likely horizontal transfer from
bacteria (organelles)
DNA primase DNA polymerase DnaG-type 3258129_Ph; Given the presence of the orthologs
a-associated, 2- primase 1e-04(1) of the two eukaryotic primase

subunits, archaeal DnaG homologs
are implicated in repair (22). The
genes for these proteins might have
been horizontally transferred from
bacteria. The closest eukaryotic
similarity is the Toprim domain of
topoisomerases which is not
detectable with bacterial primases
as starting points (22).

Distantly related, non-orthologous components

ATPase involved ORC1; MCM DnaA 2492505_Mj; The closest homologs of DnaA
in initiation proteins? 3e-05 (2) detected by PSI-BLAST analysis
are eukaryotic CDC48 ATPases
that are associated with
endoplasmic reticulum and are
involved in cell cycle control, and
their archaeal ortholog
Replicative Helicase A DnaB 1142660_Pc The function of eukaryotic DnaB
helicase (YKB7_YEAST), (DnaB ortholog); orthologs is not known; this gene is
MCM proteins? 6e-07 (1), missing in yeast and accordingly, is
3107925_Hs not an essential part of the
(RecA/RadA replication system. Origin by

An even more complex relationship is seen between th®Nases but also a variety of RNases (48). Phylogenetic tree
3'-5' proofreading exonucleases of bacterial and archaeadhalyses do not show enough resolution to meaningfully
eukaryotic replicative polymerases. In bacteria they exisaddress the issue of the monophyly of the proofreading exo-
either separately as theesubunit of pol 11l or are inserted into nucleases to the exclusion of other nucleases in this super-
the PHP domain of one of the multiptesubunits of pol Il in  family (data not shown). The sequence similarity between the
the Gram-positive lineage anthermotoga(Fig. 1). In the exonuclease domains of bacterial pol Il and archaeal/eukaryotic
archaea and eukaryotes, the.§' exonuclease is always fused polymerases is low (two to four iterations of PSI-BLAST are
to the DNA polymerase catalytic domain. Both bacterial andequired to detect it). Bacterial pol Ill proofreading enzymes
archaeal/eukaryotic proofreading exonucleases belong to tlshow the greatest similarity to a group of eukaryotic poly(A)-
large superfamily of 34 5' exonucleases that includes not only processing enzymes. The-35' exonuclease domains fused to
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family ATPase);
8e-07 (1)

horizontal transfer from bacteria
(organelles) is likely. The
relationship with the RecA family
is consistently detectable and
suggests an origin of DnaB from
RecA (D. D. Leipe, L. Aravind and
E. V. Koonin, unpublished
observations; also see text).

ssDNA-binding
protein

RPA protein
(multiple OB-fold
domains)

Ssb (OB-fold
domain)

None

The similarity is apparent at the
structural level but is not readily
demonstrable at the sequence level
(sce text)

Main replicative
DNA polymerase,
3’-5’-exonuclease
domain

3’-5’-exonuclease
domain of Family
B DNA
polymerases

3’-5’-ex0 domain
of pollll

4007761_Sp;
4e-07(1)

The closest eukaryotic homolog
appears to be an Rnase involved in
splicing. However, an orthologous
relationship between exonuclease
domains of polymerases cannot be
ruled out despite low similarity (see
text).

Gap-filling DNA
polymerase,
3’-5’-exo domain

3’-5’-exo domain
of Family B DNA
polymerases

3’-5’-ex0 domain
of poll

1723221_Sp;
3e-07 (2)

The closest eukaryotic homolog
appears to be an RNase involved in
splicing. However, an orthologous
relationship between exonuclease
domains of polymerases cannot be
ruled out despite low similarity (see
text).

Apparently orthologous but distantly related c

ts

ligase

ligase

for likely
horizontal transfer)

Sliding clamp Proliferating cell Pollll B-subunit 2499443 _Mj;
subunit of DNA nuclear antigen (DnaN) 1e-04(1)
polymerase (PCNA) and its
archaeal orthologs
DNA ligase ATP-dependent NAD-dependent None (see Table | | The similarity between NAD-

dependent and ATP-dependent
ligases is detectable in PSI-BLAST
searches started with the latter (36).
The C-terminal BRCT domain that
is conserved in a variety of
eukaryotic proteins (66) was not
used for the search.

5°-3” exonuclease
(flap nuclease)

Flap nuclease
(FEN1, Rad2)

5’-3’-exo domain
of Poll

1490870_X1;
1e-06 (1); see also
Tablel

Orthologous, highly ved comp ts
Clamp-loader Replication factor | Pollll ZX-subunit | See Tablel
ATPase C
Topoisomerase Topoisomerase Topoisomerase 1 See Tablel
/111 /111 (swivelase)
RNAase HII See Tablel
Recombinase RadA RecA See Tablel

20nly hits appearing in iterative but not in single-pass searches are included; the highly significant hits seen in single-
pass searches are given in Tafg"e 1. The other designations are as iElTabIeHbmdssapiertij, Methanococcus
jannaschij Pc,Plasmodium chabadiPh,Pyrococcus horikoshiiSp, Schizosaccharomyces pomB& Xenopus laevis

bacterial pol | and to helicases, such as the vertebrate Werneucleases are all descendents of an ancestral proofreading
syndrome protein, are also significantly similar to this group,enzyme or have been independently recruited for this task from
which suggests that these domains were recruited for differemtihe general pool of exonucleases.

functions on multiple occasions. Given the high level of diver- The ssDNA-binding proteins represent another case of
gence and the abundance of RNases in theb3exonuclease homologous domains that apparently have been independently
superfamily, it is not certain whether the extant proofreadingecruited to perform a similar function in the archaeal/eukaryotic
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and bacterial lineages. Both bacterial and archaeal/eukaryot@ikaryotic proteins involved in recombination (e.g. yeast
ssDNA-binding proteins contain the ancient, widespreadspoll) but is only distantly related to bacterial and eukaryotic
nucleic acid-binding domains of the OB-fold (49). A detailedtopoisomerase Il (53). This suggests that the lack of a distinct
sequence comparison showed that the eukaryotic sSDNA-bindiraychaeal topoisomerase Il ortholog might be alternatively
protein that contains three OB-fold domains and its archaeaxplained by extreme divergence.
counterpart containing five OB-fold domains (the RPA proteins _ , ) )
are most closely related to the subclass of OB-folds typified byYPothesis: a mixed, RNA/DNA genetic system in the LCA
those in the lysyl- and aspartyl-tRNA synthetases (L.AravindAs discussed above, the DNA replication machinery in bacteria,
unpublished observations). Similar OB-folds are also found ircompared to that of archaea/eukaryotes, is built from a patch-
bacterial pol llla-subunits, the small subunit of the archaealwork of orthologous (but sometimes highly diverged) proteins,
DNA polymerases (N-terminal to the phosphoesterasgroteins that are homologous but apparently have been
domain) and some bacterial and archaeal nucleases. Thus theéependently recruited for replication and a core of poly-
archaeal/eukaryotic ssDNA-binding proteins belong to anerases that seem to be unrelated (Tjaple 2 and Fig. 1).
distinct family of OB-folds that includes both RNA-and DNA-  How can this mixture of ancestral and independently
binding members. In contrast, sequence comparisons show thaiquired features of the DNA replication systems be accounted
bacterial ssDNA-binding proteins form a separate family offor? Three principal models can be envisioned for the replication
OB-folds with distinct structural features, such as unusuallyf the genome of the LCA. (i) The LCA had an RNA genome
long B-strands (9,50). that was replicated by RdRp. (i) The LCA already had a DNA
Ortholo ts of the bacterial and archaeal/ genome, like modern-day cells, that was replicated by DNA-
gous components ol thé bacterial and archaea directed DNA polymerases (DdDp). (iii) The genome of the
eukaryotic replication machineries LCA had an RNA component and a DNA component, with the
A considerable subset of the proteins that comprise the replicatidDNA being transcribed into RNA and RNA being reverse tran-
machinery appears to be represented by orthologs in all extastribed into DNA. Given the orthology and high conservation
organisms. In only two cases, however, namely those of RNass#f the core components of the eubacterial and archaeal/eukaryotic
HIl and topoisomerase IA, do these protein show obvious, higkranscription machinery, as well as the orthologous relation-
conservation at the sequence level (Table 1). ships between at least some enzymes of DNA precursor
The bacterial and archaeal/eukaryotic clamp-loader ATPasdsosynthesis, several components of the replication machinery
show a moderate but statistically significant similarity to eachitself and the RecA/RadA recombinase, the first possibility
other (Table IL). There are, however, considerable differenceseems unrealistic. The LCA must have been able to synthesize
in the domain architectures of the bacterial and eukaryotiand make use of DNA. The second model must somehow
clamp-loaders, such as the presence of BRCT domains &xplain the lack of orthology and, in several cases, any detectable
eukaryotic but not bacterial clamp-loaders and, conversely, tHeomologous relationship whatsoever between key components
presence of a zinc-finger in bacterial but not eukaryotic oneef the DNA replication apparatus in bacteria compared to
(Fig. 1). Nevertheless, the presence of unique sequence sigrachaea/eukaryotes. As already mentioned, such explanations
tures, such as the SRC motif (42,51), suggests that the ATPaguld involve one or more of the three main themes: (i) the prin-
domains of the clamp-loaders are orthologous. cipal components of the DNA replication are in fact orthologous
Other proteins and domains, namely archaeal/eukaryotin all forms of life but have diverged beyond recognition;
FEN1/RAD2 nucleases and bacterial-3' exonuclease (ii) there has been non-orthologous displacement of some but
domains of polymerase |, the replication sliding clampsnot other components of the DNA replication machinery in one
(PCNA) and DNA ligases (the NAD-dependent ligase in bacteri@f the divisions of life (e.g. bacteria); (iii) the LCA possessed
and the ATP-dependent ligase in eukaryotes), show very lowwvo (partially) independent DNA replication systems that have
sequence conservation but, nevertheless, appear to been eliminated in a lineage-specific fashion during subsequent
orthologs (Tabl¢|2 and Fig. 1). Until recently, the homologousevolution.
relationships between these components of the replication The complexity of the eukaryotic chromatin in the form of
machinery remained undetected. However, detailed sequeniieear chromosomes, larger genome size and higher order
comparisons as well as structural superposition for the slidingackaging does impose new problems on any DNA handling
clamps and the ligases (36,52; see also above) indicated thatsgstem (54). Such changes are visible in the basic repair
each of these cases, the bacterial and archaeal/eukaryotic proteémzymes (35) and transcription machinery of the eukaryotes
are homologous. Moreover, apparent horizontal gene transfeasd, in principle, might account for the rapid divergence of the
apart, the bacterial proteins in each of these cases are maeplication systems. However, archaea have single circular
similar to their functional counterparts from archaea/eukaryoteshromosomes and genome size in the same range as bacteria
than to any other archaeal or eukaryotic proteins (Tpble 2hut their replication machinery is orthologous to the eukaryotic
These observations suggest that orthologous relationships exisie (with some important distinctions, such as the presence of
for each of these proteins, in spite of the high level of divergencea unique DNA polymerase) and dissimilar from the bacterial
Finally, some replication proteins, such as RNase H1 andne, as discussed above. Thus the distinction between the
topoisomerase Il, are highly conserved in bacteria and eukaryotbacterial and the archaeal/eukaryotic replication systems does
but are missing from the Archaea. This distribution might benot seem to correlate with the major changes in chromatin
indicative of a horizontal transfer from bacteria to eukaryotesstructure and genome organization which separate eukaryotes
although it cannot be ruled out that these proteins were presentfrom both bacteria and archaea. The advent of the eukaryotic
the LCA and have been lost in the archaeal lineage. Furthermorehromatin organization is associated with the recruitment of
archaeal topoisomerase VI appears to be orthologous tdditional subunits to the replication complexes but not with
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Figure 2. A hypothetical scenario for the evolution of the genetic systei.Ancient RNA-based systemB) Mixed RNA/DNA system postulated for the LCA.

(C) Modern-type dsDNA-based syster)(A scheme of transition between the three postulated main stages in the evolution of replication. Early cells might have
had an RNA genome that was replicated by RdRps (A). Conceivably, at an early stage of DNA usage, only ssDNA was generated from the RNA genomedral function
the form of a RNA-DNA hybrid, while cells were still missing the capability to synthesize dsDNA. This hypothetical stage is not pictured here. Mieeftr®

LCA has an RNA and a DNA component where DNA is transcribed into RNA and RNA is reverse transcribed into first ssDNA, then dsDNA (B). Circular DNA
molecules, if present at this stage, could have necessitated the involvement of DNA ligases and topoisomerase. Modern cells replicate the DWith Beiiipee

(C). DNAis in red, RNA in green. Protein names are enclosed in rectangles: green, RNA polymerases; red, DNA polymerases; blue-gray, accessaity,protei
clamp-loader; DdDp, DNA-dependent DNA polymerase; RdDp, RNA-dependent DNA polymerase; fen, flap endonuclease; LCA, last common ancesi@aofiBacte
Archaea/Eukaryota; lig, DNA ligase; RdRp, RNA-dependent RNA polymerase; rh2, RNase Hll; RT, reverse transcriptase; scl, sliding clampitpbisgredrase. The

yellow letters A—C in (D) refer to the stage of replication evolution depicted in the panel with the corresponding letter.

dramatic changes to the core components. This makes a majufrthe replication apparatus, particularly if such displacements
acceleration of evolution a highly unlikely explanation for thewere to occur one at a time. Simultaneous displacement of
disparity between the replication systems of bacteria anthultiple components, in contrast, would effectively amount to
archaea/eukaryotes. a takeover by an independently evolved replication system
Non-orthologous gene displacement, i.e. recruitment of geneghich would mean two origins rather than one for the DNA
from outside the replication machinery, offers an alternative wayeplication machinery.
to account for the lack of sequence similarity between replication The third option, namely the differential loss of one of the
machinery proteins. For some of the replication proteins, &wo DNA replication systems inherited from the LCA (one of
possible source for such recruitment exists, e.g. topoisomerasiaem originally responsible for repair), is perhaps most difficult to
for bacterial-type DNA primases or AAA+ ATPases with refute. However, in addition to being based on the unlikely
chaperone functions for ATPases involved in replicationassumption that the replication system of the LCA was con-
(DnaA or ORC1). It is hard to imagine, however, what couldsiderably more complex than modern ones, this hypothesis
be the selective advantage of the displacement of key componemtiso runs into problems with non-orthologous displacement
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mentioned above, in this case with regard to the DNA repaiused for gene-specific transcription, but rather as a ‘replicative
machinery. Indeed, comparative analysis of the proteinenzyme’ (Fig. 2).
involved in DNA repair reveals an extreme diversity of the An important feature of the discussed model (as probably in
repair systems in bacteria and archaea/eukaryotes (35). any RNA genome model) is that the genome of the LCA
As an alternative to all these explanations, we hypothesizeonsisted of multiple segments, simply because very long
that the modern-type systems for dsDNA replication evolvedRNA molecules are unstable. A further attractive possibility is
independently in bacteria and in the archaeal/eukaryotic lineagthat circular DNA intermediates could have been formed in the
In the proposed model, the LCA did not have a replicating_CA via mechanisms similar to those involved in the formation of
DNA genome and instead maintained a mixed RNA/DNAcircular proviruses in extant retroviruses and/or the virion
genome that had the following basic properties (Fig. 2)dsDNA of hepadnaviruses and caulimoviruses (55). The
(i) genomic RNA was reverse-transcribed into a RNA/DNAformation and subsequent transcription of such circular
heteroduplex by a reverse transcriptase; (ii) the RNA moiety ofisDNA elements could have required the function of DNA
the RNA/DNA duplex was digested by a nuclease; (iii) theligase and topoisomerase |, respectively, thus justifying their
remaining ssDNA served as the template for the synthesis oflikely presence in the LCA. Furthermore, the size of these
dsDNA molecule (this step can be catalyzed by the sameeplicons could increase via recombination, leading to an
reverse transcriptase as step 1); (iv) RNA was transcribed byiacreasing demand for the sliding clamp, the clamp-loader and
DdRp from the DNA genome (this step is the evolutionarythe topoisomerase and mounting pressure for the ‘invention’ of
forerunner of modern-day transcription). a true DNA replication system. A hint that recombination
This model explains the universal conservation of the corenight have been actively occurring at this stage is the ubiquity
transcription machinery, the enzymes for DNA precursor bioand substantial conservation of RecA/RadA (the principal
synthesis and those components of the extant replicatiorecombination ATPase) in all extant life forms (35). The
machinery that are orthologous and highly conserved in alpresence of replicons of substantial size (~30 kb) at this point
forms of life, namely RNase HIl and FEN1-like 53' exo- in evolution is suggested by the conservation in bacteria and
nuclease. The role of the other universal components of tharchaea of the ribosomal protein super-operon, which encodes
replication machinery, such as the sliding clamp, the clampsome of the most highly conserved proteins in all life forms,
loader, the ligase and topoisomerase |, is less obvious and thegmely the ribosomal proteins and RNA polymerase subunits
do not seem to be required for the postulated mixed geneti60,61). In all likelihood, this super-operon has been inherited
system to function. It is conceivable, however, that a slidingrom the LCA. Thus the first, ‘provirus-like’ DNA molecules
clamp and a clamp-loader functioned in the LCA to increaseould have been the precursors of bacterial-size circular
the processivity of reverse transcription. dsDNA replicons, probably the ancestral form for all modern-
This model assumes a central function for a reverséype DNA genomes. This could happen, however, only after an
transcriptase in the replication cycle of the LCA. Moreover efficient DNA replication system came to be—according to
the hypothetical cycle that we have inferred by comparing the@ur hypothesis, independently in bacteria and in archaea-like
cellular DNA replication machinery components strikingly ancestors of modern archaea and eukaryotes.
resembles those of retroid viruses, particularly caulimoviruses The outlined model of a mixed (hybrid) RNA/DNA genome
and hepadnaviruses (55). The similarities between the retrghould be conceived of as an intermediate stage between a pure
viral replication system and that of a hypothetical ancienRNA genome and the current, DNA-based genetic system.
cellular organism have been considered by Wintersberger arditially, autonomous (non-DNA-dependent) RdRp-mediated
Wintersberger (56). It is conceivable that present-day retroi®RNA replication might also have persisted (Fig. 2). Once RNA
viruses are descendants of ancient genetic elements thaplication has ceased, a true hybrid genome (rather than a dual
escaped during the reverse transcription stage of cellulayenome) has evolved in which RNA depends on DNA for its
replication. The existence of an astonishing variety of reverseeplication and DNA depends on RNA. Though cumbersome
transcribing genetic elements, both RNA- and DNA-based, ifirom today’s (cells) point of view, in the absence of true DNA
modern-day eukaryotes and bacteria is not incompatible witheplication capabilities, this hybrid RNA/DNA genome seems
this idea. On the other hand, except for eukaryotic telomerasés be the only way that a cell can benefit from the higher stability
(57) and eubacterial multicopy ssDNA-related enzymes (58)f DNA and its amenability to repair.
reverse transcriptases are rarely encoded by cellular genomesThe portrait of the LCA emerging from this model has
It appears that reverse transcriptase cannot be tolerated fatures that are similar to those proposed by other theories of
DNA replication-competent cells. Once DdDps have evolvedearly evolution, as well as unique ones. The model seems to be
selection would favor elimination of the reverse transcriptioncompatible with the notion of asynchronous ‘crystallization’ of
pathway to prevent the ‘backward’ propagation of damage talifferent cellular systems recently discussed by Woese (62). In
RNA into DNA. the postulated LCA with a mixed genetic system, the trans-
A notable aspect of the conservation pattern of the trankation system is expected to be largely similar to the extant one
scription machinery components supports this reversand so are the principal aspects of transcription. Also, this
transcription-based model. While the principal RNA poly-organism should encode significant metabolic capabilities,
merase subunits are highly conserved in the three domains bfcluding those for the synthesis of amino acids and ribo- and
life, the subunits that are required for gene-specific transcriptiordeoxynucleotides. In contrast, the replication system as we
such as thes-factors in bacteria and TFIIB/TBP in archaea/know it today is non-existent and the genome organization
eukaryotes, show no relationship beyond the generic nucleitself is not ‘crystallized’. This creates potential for rapid
acid binding helix-turn—helix domain (Taljle 1; 59). This suggestgvolution via recombination and re-assortment of genome
that in the LCA, the RNA polymerase might not have beensegments.



The hypothesis of an independent evolution of DNA replication29
offers a parsimonious explanation for the strange assortment &P
apparently unrelated, homologous but not orthologous ang1
orthologous components in the DNA replication machinerie
of bacteria and archaea/eukaryotes. Admittedly, this scenarig,
cannot completely invalidate the competing hypothesis of an
origin of the DNA replication machinery in the LCA followed

by as yet unknown (but clearly dramatic) evolutionary events34.
causing the observed dissimilarity. We may never know the3>:

final answer. It is conceivable, however, that sequencing o
genomes from very early branchings of life, such as Korarchaeot
and determination of key protein structures that are still
unresolved, such as the bacterial pol dHsubunit, the large

subunits of the DdRp and the unique archaeal DNA poly-

merase, might shift the balance toward one or the other of thes®-

competing hypotheses. Z‘S-
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