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ABSTRACT

A detailed analysis of protein domains involved in DNA
repair was performed by comparing the sequences of
the repair proteins from two well-studied model organ-
isms, the bacterium  Escherichia coli and yeast
Saccharomyces cerevisiae , to the entire sets of protein
sequences encoded in completely sequenced genomes
of bacteria, archaea and eukaryotes. Previously un-
characterized conserved domains involved in repair
were identified, namely four families of nucleases and
a family of eukaryotic repair proteins related to the
proliferating cell nuclear antigen. In addition, a number
of previously undetected occurrences of known con-
served domains were detected; for example, a modified
helix—hairpin—helix nucleic acid-binding domain in
archaeal and eukaryotic RecA homologs. There is a
limited repertoire of conserved domains, primarily
ATPases and nucleases, nucleic acid-binding domains
and adaptor (protein—protein interaction) domains that
comprise the repair machinery in all cells, but very few
of the repair proteins are represented by orthologs
with conserved domain architecture across the three
superkingdoms of life. Both the external environment
of an organism and the internal environment of the cell,
such as the chromatin superstructure in eukaryotes,
seem to have a profound effect on the layout of the
repair systems. Another factor that apparently has
made a major contribution to the composition of the
repair machinery is horizontal gene transfer, particularly
the invasion of eukaryotic genomes by organellar
genes, but also a number of likely transfer events
between bacteria and archaea. Several additional
general trends in the evolution of repair proteins were
noticed; in particular, multiple, independent fusions of
helicase and nuclease domains, and independent
inactivation of enzymatic domains that apparently
retain adaptor or regulatory functions.

INTRODUCTION

The DNA-based information system of most biological replicators
present in the extant world is plagued by the possibility of insult
from mutation. Given the vast number of mutagens present in the
environment throughout the history of life, as well as the intrinsic
error rate of DNA replication, one would imagine a strong
selection for systems capable of safeguarding the genetic
information. Indeed, the genomes of all cellular lifeforms and
several large DNA viruses encode multiple proteins whose
function is to repair the damaged DNA (1). In spite of the critical
need for DNA repair, ‘evolvability’, that is, the ability to generate
a certain level of uncorrected mutations, also seems to be selected
for in the course of evolution. Organisms with an optimal level of
evolvability have the best chance to survive environmental
changes by virtue of stochastic variations in their genome, which
provides the new raw material for natural selection. The complex
interplay between the two opposing forces, namely the need for
fidelity of transmission of genetic information and the need for
evolvability, seem to define the organization of the repair systems.
DNA repair as a whole is a highly complex phenomenon. The
repair mechanisms can be classified into several distinct, if not
completely independent, major pathways that differ with regard
to the level at which the lesions in damaged DNA are reversed or
removed by the repair machinery: (i) direct damage reversal
(DDRY); (ii) base excision repair (BER); (iii) nucleotide excision
repair (NER); (iv) mismatch repair (MMR); and (v) recombinational
repair (RER). The general picture is further complicated by the
existence of specialized, regulated forms of repair, such as the
SOS response in bacteria, and by the intimate connection between
repair, chromatin dynamics and the cell cycle in eukaryotes.
With the recent accumulation of complete genome sequences,
it has become possible to systematically compare the repair
systems of the respective organisms. Preliminary comparisons of
this kind immediately made it clear that the repair machinery
shows considerable variability, in terms of the present and absent
genes, even in relatively close bacteria, sudbsakerichia coli
andHaemophilus influenza@). It was of major interest, therefore,
to perform a systematic comparative analysis of the genes encoding
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proteins involved in repair in the three superkingdoms of life—secondary structure predictions and structural database threading
bacteria, archaea and eukaryotes—and in the main bacteneas performed using the PHD program (18,19). Structural
subdivisions. Here we present the results of such an analysis anddels were manipulated using the Swiss-PDB —viewer program.
discuss several previously undetected conserved domains th&e phyletic distribution of homologous proteins detected by the
were uncovered in the process, as well as functional aRSI-BLAST searches was assessed using the Tax_collector
evolutionary implications of the phyletic distribution of variousprogram of the SEALS package.
repair genes. Throughout this analysis, an attempt was made to identify
DNA repair systems and mechanisms have been describedoithologous genes in different genomes. By definition, orthologs
a comprehensive monograph by Friedberg and co-wafKeas are genes (proteins) related by vertical descent or, in other words,
well as in several more recent, excellent reviews dedicated dlirect evolutionary counterparts in different species. By contrast,
specific aspects of repair (3—10). In this article, we make nparalogs have been defined as homologous genes derived by
attempt to cover the functional aspects of repair in any depttuplication within a specie0,21). This dibotomy does not
Instead, we concentrate on those new facets of our understandinlfy describe the relationships between genes in distantly related
of the relationships between repair proteins and the evolution génomes. Firstly, due to multiple lineage-specific gene duplications
repair systems that have been brought about by the comparatbeeurring subsequent to the radiation of the respective lineages,
analysis of repair systems encoded in completely sequencedhology generally cannot be described as a one-to-one relationship
genomes. Whenever available, review articles are cited, abegtween these individual gen@®). Seondly, it is common in
experimental work is cited only in as much as it is has a direcbmparisons of proteins from phylogenetically distant species
bearing on the conclusions drawn from genome analysis. Evémat the given domain architecture found in one of them has no
with this focused approach, however, the number of relevanbunterpartin the other genome; instead, certain proteins from the
publications is quite substantial, and choices had to be made. Bé&cond genome share a homologous domain(s) with the protein
apologize to those researchers whose important work is not citedquestion but otherwise have different domain organizations.
because of this, or simply by inadvertent but certainly regrettablgpproaches for the identification of likely orthologs in genome
omission. comparisons have been described previo(&%23). Briefly,
proteins or protein families from different genomes were
considered orthologous if they showed the greatest similarity to
each other among all proteins encoded by the two genomes and

Proteins were considered to be involved in DNA repair if on th@ Similar (but not necessarily identical) domain architecture. \We
d to distinguish, as clearly as possible, between apparent

basis of literature searches, they were found to meet one or m I:T | ith similar d ! i d thol
of the following criteria: (i) a role in repair demonstrated by°""0'0gS WIh Similar domain organizations and non-ortnologous

genetic studies on model organisms, sudk.esli and the yeast proteins sharing one or more conserved domains. This distinction
Saccharomyces cerevisiai) a dembnstre{ted role in human aPpears critical for reliable prediction of protein functions and for

repair deficiency syndromes, such as Xeroderma pigmentosuffi€ construction of realistic evolutionary scenarios.

Cockayne syndrome, Bloom’s syndrome, Werner’s syndrome

and allied diseases; (iii) possession of a biochemical activit

compatible with a role in repair and the genetic data. TheONSERVED DOMAINS AND DOMAIN

sequences of repair proteins fréncoliand yeast were subjected ARCHITECTURE IN DNA REPAIR PROTEINS

to detailed analysis with the SEALS package (11) which allows

automated large-scale database searches using the PSI-BLASsEherichia coliand the yeask.cerevisiaeare the two model
program (12) after m&mg compositionally biased regions in the organisms in which DNA repair has been studied in most detail.
guery sequences with the SEG program (13). The PSI-BLASThe identified repair genes from these species were used as the
program uses the sequences retrieved from the database withaais for the comparative analysis of the domain architecture of
certain cut-off similarity level to construct a position-dependentepair proteins and the phyletic distribution of repair systems
weight matrix that is used for further iterations of the searci{Tables 1 and 2). The proteins comprising repair systems, like
resulting in a significantly increased sensitivity and allowing thenany other systems in the cell, appear to be designed according
detection of subtle sequence similarities. During this iterativéo a ‘domain Lego’ principle, that is by shuffling and recombining
search, the random expectation (e) value computed by P3limited repertoire of conserved domai24—26). The nature of
BLAST at the first instance when the given sequence is retrievéide domains is dictated by the activities required for repair,
from the database is a reliable indication of the significance oframely DNA binding, DNA strand cleavage, degradation and
match, provided the low complexity regions in the query arégation, ATP-dependent duplex unwinding, and nucleotide
appropriately masked. By default, each repair protein sequengelymerization. Accordingly, the main players in the repair
from E.coli and yeast was compared to the non-redundant (NRystems are: (i) endo- and exonucleases and glycosidases, (i) DNA
database at the National Center for Biteochnology Informatiohelicases, (iii) ATPases (other than helicases) that are involved in
(NIH, Bethesda) using PSI-BLAST run for three iterationssuch events as strand migration and loading of multiprotein repair
Further, case-by-case dissection of the protein families wasmplexes onto DNA, (iv) DNA ligases, (v) DNA polymerases
performed where needed using PSI-BLAST searches run &md nucleotidyltransferases, (vi) DNA-binding domains and
convergence with the sequences of individual domains as quer{es) adaptors: protein—protein interaction domains that glue
as well as motif searches using the MoST proddath Multiple  together diverse proteins in repair complexes and provide linkage
alignments for the protein families were constructed using the other cellular components, e.g. eukaryotic chromatin. Combined,
—m4 option of PSI-BLAST, the CLUSTALW prograiib) orthe  nucleases and ATPases comprise the absolute majority of known
Gibbs sampling option of the MACAW progrd6,17). Protein  DNA repair proteins (Tables 1 and 2).

APPROACH AND METHODS
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Figure 1 shows the domain architectures of selected groupsagfordination similarly to the deaminase-urease superfamily of
DNA repair proteins. It appears that the combinations of helicas@#M barrels (38). On the basis of this structural model, it can be
and polymerases with nuclease domains that have obvious utiliiyedicted that in the AP endonucleases the deoxyribose of DNA
in repair have been repeatedly invented in evolution as well &spositioned in the active site similarly to the placement of xylose
combination of each of these enzymes with distinct DNA-bindingn the xylose isomerases (Fig. 3). Interestingly, the recently
domains. By contrast, a helicase—polymerase combination is rdtaracterized new group of nucleases involved specifically in the
common, but interestingly, it has been detected in a eukaryotiepair of UV-damaged DNA [mus18/UVDE froheurospora
protein that is involved in DNA cross-link repair and whosg39) andSchizosaccharomycasd theiBacillusortholog YwjD
domain architecture is conserved in eukaryotes (Fig. 1A; 27). (40)] was alsodund to belong to this superfamily of TIM barrel

A major outcome of comparative sequence analysis is tr@nzymes.
delineation of novel conserved domains and prediction of their
functions as well as discovery of new structural and evolutionary _ _ _
connections between previously identified domains. The sequendé’C endonuclease superfamily (Uri domain)
and subsequently structures of the main catalytic domains of . , , .
polymerases, helicases and other ATPases have been charactekb&§ protein is the endonuclease subunit of the bacterial excision

in detail in previous studies, and are readily recognizable due gPair complex that consists of the ABC-type ATPase UvrA and
the conservation of diagnostic motifs (e2g—30). Thus the the helicase UvrB (41,42). Iterative database searches showed that

current analysis did not significantly expand these proteiHVfC cgntained.a Qquin with_ statistically significant similarity
superfamilies. An interesting finding, however, is that severdf <10 at the sixth iteration) to intron-encoded endonucleases and

well-characterized DNA repair proteins contain domains wittseveral uncharacterized bacterial, archaeal and viral proteins (we
statistically significant similarity to helicases but with disruptecdesignated this domain Uri after UVRC and Intron-encoded
functional motifs, which suggests that while retaining the overaffndonucleases). This previously undetected endonuclease family
structure typical of helicases, they do not possess enzymafentains a RYYH] sequence signature, two conserved tyrosines
activity. Examples of such apparent inactivation of helicases #jat typically are separated by 10 residues, and a conserved
repair systems include bacterial RecC and AddB protein§lutamate (Fig. 2B). These conserved polar residues likely
transcription-repair coupling factor (Mfd or TRCF) and eukaryotid@rticipate in catalysis and, indeed, the role of the conserved
ERCCA4 (Fig. 1A). Similar disruption of ATPase motifs probably&rginine in the activity of _the mtron-encoded end_onucleases has
leading to inactivation was observed in the ATPases of the Red)§en demonstrated by site-directed mutagenesis (43phlyh
superfamily and, as reported previously, in the case of the centf@nserved group of small, functionally uncharacterized proteins
domain of UvrA (31) of the ABC superfamilig. 1B). from different bacteria, eukaryotes and viruses belong to this
Nucleases generally tend to be less conserved in evolution tH#Perfamily of nucleases and may have as yet unknown roles in
ATPases or polymerases. Some superfamilies, e.g.'thg 3 repair. Another subfamily of putative nucleases that belongs to
nucleases (32), thé 53/FLAP nuclease superfamily (33), as this family is highly conserved in archaea and contains a
well as the phosphoesterase superfamily that includes sufnterminal metal-binding cluster that may be involved in DNA
nucleases as SbcD and Mrell (34), have been extensiv@f?d"?g- Interestingly, in an _uncharacterlze,d mycobacterial
studied. There are, however, many other groups of nucleases th&t€in, the Uri nuclease domain is fused t6-& 2xonuclease
have not been characterized in comparable detail, and in the colf@gnain homologous to tigesubunits of Pollll (e.¢=.coliDnaQ),
of the present analysis, we have delineated four superfamilies\¥fereas in the archaedfiethanococcus jannaschia UvrC-
nucleases that to our knowledge, have not been recogniZggdonuclease Ill fusion was detected (Fig. 2B).
previously, and identified the likely origin of another major

superfamily. EndoV endonuclease superfamily

The endonuclease \E(coli nfi gene product), which is highly
conserved in eukaryotes, showed subtle but statistically significant
similarity (e < 103 in the second PSI-BLAST iteration) to a
region of UvrC that is located between the Uri domain and the
Bacterial endonuclease 1V is a homolog of eukaryotic apurini€-terminal helix-hairpin—helix (HhH) domain. Multiple alignment
endonucleasé85). Representatives of this family ofenucleases of the EndoV family with the UvrC sequences showed the
were detected in all bacterial, archaeal and eukaryotic speciesnservation of two aspartates and a lysine that may be directly
Unexpectedly, iterative database searches revealed statisticatiyolved in catalysis as well as several potential structural
significant similarity (€1.0~4, iteration 3) between this endonucleaseelements (Fig. 2C). The site-directed mutagenesis results on
family and sugar isomerases (including xylose isomerasedyrC (42) not only confirm the essi#al role of the two
tagatose epimerases and hexulose isomerases) that have the @dserved aspartates but also help delineate the exact role of the
barrel structural fold. The endonucleases and sugar isomeragge nuclease domains of UvrC in NER repair. UvrABC removes
share several conserved motifs, in particular the [DE]X2Fh patch of DNA around a lesion by making two incisions at both
signature as well as four histidines that are conserved in mostsifles of a modified base, hamely 8 habd 15 nt 3(41,42).

the proteins (Fig. 2A). Secondary structure-based threading aWltation of the conserved D399 and D46&iooli UvrC (Fig.
modeling of the AP endonuclease using the xylose isomera2€) abolished the Hcision but did not effect the Bicision (42).
structure (36,37) as the templateicate that they have similar Thus it can be confidently predicted that the EndoV domain
structures, with the conserved histidines distributed in the intericatalyzes the'Sncision, whereas the Uri domain is responsible
of the TIM barrel (Fig. 3) and probably involved in metalfor the 3 incision.

AP endonuclease/ENDO4 superfamily
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Table 1.Escherichia colDNA repair systems: conservation in completely sequenced genomes

Ada

Ogt

MutT

Ded

MutY

RadC
RadA /
Sms

Mfd

UvrtA
UvrB
UviC
UviD
MutL

MutS

MutH

Vsr

XseA/
nec7
XseB
SbeB

Dcm

SbeC

SbeD

Function / Activity

Photolyase

0-6 alkylguanine, O-4 alkylthymine
alkyltransferase; removes alkyl groups
of many types; transcription activator
O-6-methylguanine DNA
methyltransferase

8-0x0-dGTPase

dUTPase

dCTP deaminase

3 ladenine, 3 i
0-2-methylcytosine, O-2-methyl
thymine DNA glycosylase Il

Unknown

8-oxoguanine DNA glycosylase &
AP-lyase, A-G mismatch DNA
glycosylase

Endonuclease I & thymine glycol
DNA glycosylase

Formamidopyrimidine & 8-
oxoguanine DNA glycosylase
Endonuclease VII

Endonuclease [V
Endonuclease V

DNA polymerase [
3-methyladenine DNA glycosylase |

uracil DNA glycosylase
Exodeoxyribonuclease I

Predicted DNA-binding protein

Predicted ATP-dependent protease

transcription repair coupling factor;
helicase

ATPase, DNA binding
Helicase

Nuclease
helicase II; initiates unwinding from a
nick

predicted ATPase

ATPase

Endonuclease

GATC:-specific N-6 adenine
methlytransferase; imparts strand
specificity to mismatch repair.
strand-specific, site specific, GT
mismatch endonuclease; fixes
deamination resulting from Dcm
Exonuclease VII, large subunit

Exonuclease VII, small subunit
Exodeoxyribonuclease I

site-specific C-5 cytosine
methlytransferase; VSP is targeted
toward hotspots created by dem
Specific function unknown (predicted
nucleotidyltranferase)

exonuclease subunit,
predicted ATPase

Exonuclease

Pathway"

DR

DR

DR

DR
DR

DR

DR, BER

DR,
BER(?)

BER,
MMY

BER

BER
BER

BER
BER

BER
BER

BER
BER

BER

VSP
mMM
mMM
VSP
MM
MM
mMM,

mMM

MM, RER

RER

Phylogenetic distribution”
Bacteria® Archaea

PB G+ CB SP
+ + + - +
+ + - - )
+ + - - +
+ + + - +)
+ + - + -
+ + + - +
+ + + ) +
+ - - . -
+ + + + +
+ + + + +
+ + + - -
+ + + - -
+ + - +
+ + - - +
+ + + + -
+ + - - -
+ + - + -
+ + + + +
+ + + -
+ + + -
+ + + + -
+ + + + +
+ + + + +
+ + + + +
+ + + + -
+ + + + -
+ + + + +
+ . . - -
+ + + - +
+ - + - -
+ + - - -
+ + - - -
+ - - - -
+ + + - +
+ + - - +
+ + + + +
+ + + + +

Eukarya

*)

*)

Domains’ Comment
Flavin and 8-hydroxy-5 in- d dent light dly episodic di. among G+,
receptor domain found in B. firmus and Streptomyces but not in

C2C2 Zn finger+AraC family HTH+ methyltransferase

methyltransferase

MutT (Nudix) hydrolase

dUTPase domain distantly related to dCTP deaminase
(E. coli Ded) (151)

Dcd/Dut domain

Glycosidase+HhH

Novel predicted hydrolase domain

Gl id: d ! HhH+ cysteine-rich motif
also seen in the C-terminus of some RecB family
nucleases

Glycosi 1 HhH+ cysteine-rich motif

also seen in at the C-terminus of some RecB family
nucleases

Distinct Glycosidase/endonuclease+HhH+C4 little
finger motif

Distinct Glycosidase/endonuclease+HhH+C4 little
finger motif

Endonuclease of the ENDOIV/AP superfamily
UvrC-like 3’-incision endonuclease domain
RNAaseH-type 5°-3’ exonuclease+3’-5’ exonuclease +
polymerase

Distinct glycosidase domain

Distinct glycosylase domain
Sphingomyelinase-DNAase

HhH+uncharacterized conserved domain
C4 Zn finger-like domain +RecA family ATPase+
Lon-like protease

SFII helicase(disrupted) + SFII helicase

ABC family ATPase+Finger (see Fig. 1B)

SFII helicase+ URBC domain
5’-endonuclease+3’-endonuclease+ HhHH+UVRBC
SFI helicase

HSP90 family ATPase

ABC superfamily ATPase

Sau3-like restriction endonuclease domain
Adenine-specific DNA methylase

A distinct nuclease domain
Uncharacterized domain

3’-5” Exonuclease fold
SAM-dependent methyltransferase

Nucleotidyl transferase+HhH

ABC family ATPase with coiled coils

Calci in-like hohydrolase domain

B. subtilis or Mycobacteria; three copies in
Synechocystis (see text).

Archaeal and eukaryotic homologs have only the
methyliransferase domain; paralog of Ogt

Paralog of Ada without the additional domains

A vast family of pyrophosphohydrolases; some of
the orthologous relationships should be
considered provisional

Among the spirochaetes, found in 7. pallidum
but not B. burgdorferi; also encoded by several
bacteriophages, poxviruses, and herpesviruses
Paralog of Dut. Universal in Archaea but
episodic in bacteria

Family of o helical glycosidases homologous to
endonuclease 1T (Nth, MutY). The Mycobacterial
ortholog has an N-terminal fusion of an Ada-like
C2C2 Zn finger

New family found only in E. coli and
Caulobacter, and in a diverged form in
Mycobacterium among bacteria, but also in
animals and plants (but not in yeast) and in the
polyproteins of plant RNA viruses of the carla-
and trichoviruses groups (L. Aravind and E. V.
Koonin, unpublished observations)

Family of « helical glycosidases/endonucleases
(MutY, nth, and AIkA are paralogs)

Family of a helical glycosidases/endonucleases
(MutY, nth, and AIkA are paralogs)

Paralog of Nei
Paralog of MutM

See text and Fig. 2A
See text and Fig. 2C

The eukaryotic orthologs have a N- terminal SFII
helicase fusion (see text and Fig. 1A)

So far found only in Proteobacteria and
Mycobacteria

Also found in herpesviruses and poxviruses
Homolog of LINE retroposon endonucleases;
universal except Mycoplasma.

E. coli also encodes 3 paralogs of RadC (YkfG,
YfjY and YeeS that lack the HhH domain)

The protease appears to be active in some forms
of the protein and inactive in others. Stand-alone
forms of the protease domain are found in other
proteins.

Fusion with a disrupted uvrB-like helicase in the
N- terminal. Universal in bacteria except
Mycoplasma

Universal in bacterai; among the archaca, found
only in Methanobacterium

Possibly intereacts with UvrC with the common
URBC domain.

See text and Fig. 2B,C

Universal in bacteria

ATPase of the HSP90-gyrase family

2 distinct subfamilies in bacteria and several in

the eukaryotes. Among the archaea, only in
hanob ium and Py

So far detected only in E. coli

Among Archaea, only in M. jannaschii

Nostoc is the only known Cyanobacterium with
this domain so far.

No ble relationship with other
and very limited distribution

A highly divergent version of the domain so far
detected only in E. coli and H. influenzae

Paralog of UmuC. Among archaea, so far only in
Sulfolobus

Nearly universal but missing in Mycoplasmas, H.
influenzae, H. pylori; in spite of the
prepond of the coiled-coil
orthology could be shown through distinct
signature motifs
In spite of the large number of superfamily

hol i ips between
repair enzymes are apparent; missing in
Mycoplasmas, H. influenzae, H. pylori.
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RecA recombinase; ssDNA-dependent RER, + + + + + RecA/Sms family ATPase Eukaryotic and archaeal proteins contain in
ATPase, activator of LexA SOS addition an N-terminal HhH-like domain (see
autoproteolysis text and Fig. 1B)

RecB Helicase/exonuclease RER + ) + +) +) SFI helicase + nuclease domain (see text and Fig. 1A, Among G+, only Mycobacterium has a true

2D) ortholog; B. subtilis has a paralog (AddA).
Archaea and eukaryotes have only distantly
related helicases and nucleases.

RecC Helicase/exonuclease RER + ) + Disrupted SFI helicase with intact C- terminal 2 Among G+, only Mycobacterium has a true

motifs. ortholog; B. subtilis has a distant paralog
(AddB)
RecD Helicase/exonuclease RER + +) + ) Helicase. Needed for maximal activity of the recBCD
nuclease, though not an active helicase. Among
G+, only Mycob. has a true orthol
among archaea, only M. jannaschii has a highly
similar homolog

RecF predicted ATPase; required for RER + + + () ) ABC superfamily ATPase with coiled coil regions.
resumption of DNA replication at
disrupted replication forks

RecG Holliday junction-specific DNA RER + + + +) ) HhH + SFII Helicase Orthologs in all bacteria except Mycoplasma
helicase; branch migration inducer

RecJ Nuclease RER + + + + - DHH domain nuclease Orthologs in all bacteria except Mycoplasma (95)

RecN predicted ATPase RER + ) o+ +) ) ABC superfamily ATPase with coiled coil regions.

RecO “anti-ssb factor”; stabilization of RER + + - - - Conserved N-terminal domain but variable C- terminal
RecA filaments; ATP-independent, domains; a C-terminal Zn finger in B. subtitlis
RecA-like strand assimilation activity

RecQ helicase; suppressor of illegitimate RER + + + +) + Helicase+HRD domain See text and Fig. 1A
recombination

RecR required for resumption of DNA RER + + + HhH+C4 finger+Toprim(inactive) 2 paralogs in G+ (RecR and RecM)

pli at disrupted rep i
forks

RusA endonuclease /Holliday junction RER + HhH motif Detected only in E. coli, B. subtilis, Aquifex, and

(YbeP) resolvase bacteriophages; horizontal transfer likely

RuvA Holliday junction resolvase RER + + + HhH is the only detectable motif Universal in bacteria

RuvB Hotliday junction resolvase; ATPase RER + + + AAA family ATPase Universal in bacteria
subunit of a helicase,

RuvC Holliday junction resolvase; RER + + + RNAaseH:-llike nuclease
endonuclease

RecE exonuclease VII RER - C-terminal RecB-like nuclease domain.

RecT annealing protein RER + Unique domain So far detected only in E. coli, B. subtilis, and

phage SPP1

DinG predicted helicase; SOS inducer SOS + ) H @ +) SFIL, Snf/Swi Helicase, in G+ fused with 3'-5' Archaea and eukaryotes have only distantly

exonuclease related Snf/Swi helicases

LexA p ¢ P S0s + + HTH+ signal peptidase type B- meander domain The protease domain is related to the signal

i and to other prots B meander
proteins

PolB DNA polymerase I SOs + + Family B polymerase Among bacteria, found only in E coli; possible

gene transfer from a bacteriophage.

UmuC in conjunction with umuD and recA, SOs + + ) ) Nucleotidyl transferase+HhH Among archaea, so far found only in Sulfolobus,
facilitates translesion DNA synthesis Some of the eukaryotic paralogs also contain

BRCT and HhH domains (Fig. 1C).

UmuD in conjunction with umuC and recA, SOs # # @ HTH4+ signal peptidase type B- meander domain A paralog of LexA so far found only in
facilitates translesion DNA synthesis; Enterobacteria
autoprotease

DnaE polymerase subunit of the DNA MP + 4+ PHP(predicted phosph Pol catalytic DNA polymerase Il a subunit. Universal in
polymerase III holoenzyme domain+HhH bacterial, 2-3 members in G+ (33)

DnaQ 3.5’ exonuclease subunit of the DNA ~ MP + + + + + 3°-5” Exonuclease Fused to the DNA polymerase [1l a subunit
polymerase 1II holoenzyme (DnaE) in G+. Among the Archaea, only in

Archaeoglobus.

DnlJ DNA ligase MP + + + + NAD dependent ligase+HhH+BRCT Universal, with conserved domain architecture,

in bacteria

Ssb Single-strand binding protein MP + + + + - + OB-fold-like domain Mitochondrial protein in eukaryotes

3DR, damage reversal; BER, base excision repair; NER, nucleotide excision repair; MM, mismatch repair; mMM, methylation:deperateh repair;
MMY, mutY-dependent mismatch repair; VSP, very short patch mismatch repair; RER, recombinational repair; MP, multiple pathways.
bEvolutionary relationships were defined with respect tcElueli proteins.

+indicates the presence of an apparent ortholog with partially, if not completely, conserved domain architecturegireatipaestentative of the given lineage
(additional details of the distribution are given in the Comments column); (+) indicates the presence of a non-orthololpay$ymicadly with a significantly
different domain architecture, but with at least one homologous domain with highly significant sequence similarity; — theliabtsnce of homologs. In
some cases, there was a degree of arbitrariness in assigning the ‘(+)’ or the ‘-’ status. For example, in the broaliiestisarses and ATPases are represented
by homologs, even if very distant ones, in all lineages. However, in order to emphasize the distinction between spegifgesedaleelationships, the (+)
status was assigned only in cases when a representative of the particular family, to whiclk Zgliv&fiPase belongs, was detected in the specific lineage.
CPB, proteobacteria; G+, Gram-positive bacteria; CB, cyanobacteria; SP, spirochaetes.

dThe ‘domains’ here are defined operationally as conserved parts of proteins that have the potential to exchange andlappedeperdently. They frequently but
not necessarily correspond to actual structural domains. The domains are indicated according to their linear ordeimnrstégguermte, from N- to C-terminus.

protein fromMycobacterium tuberculosiAll the (predicted)
nucleases of this superfamily contain the strikingly conserved
signature ERKXSD as well as an additional conserved aspartate;
The human ERCC4 protein and its yeast ortholog RAD1 arthe conserved negatively-charged residues are likely to function
endonucleases involved in NER4). Our analysis revealed in metal ion coordination and as nucleophiles in catalysis
orthologs of this enzyme in archaea but not in bacteridFig. 2D). Most of the repair proteins containing this type of
Additionally, a second paralog of ERCC4 was detected in thauclease have a distinct domain organization, with an N-terminal
genomes ofS.cerevisiaeand Schizosaccharomyces pomdmad  superfamily 2 helicase domain, followed by the nuclease domain
may belong to a novel eukaryotic repair pathway. The onlgnd the C-terminal DNA-binding HhH domai@5) (Fig. 1A).
detectable bacterial member of this family is an uncharacterizddhe remarkable feature of this protein family is that in archaea,

RAD1/ERCC4 endonuclease superfamily and its
inactivated derivatives
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Table 2.Yeast DNA repair systems: conservation in completely sequenced genomes

Organisms”
Gene" Function / Activity Pathway Ce Hs Arc Bac Domains Comments
RAD?3 epistasis
group
RADI Single-strand DNA endonuclease; NER, + + + *) Disrupted SFII helicase+ nuclease See text and Figs. 1A and 2E
Cuts at duplex/3’ single-strand RER (ERCC4 family)+HhH
junctions
RADIO Single-strand DNA endonuclease NER, + + - Disrupted nuclease (ERCC4 family)+  The yeast protein lacks the C-
subunit (RAD1-RAD10 complex) RER HhH terminal HhH domains found in the
orthologs from other species
including S. pombe
RAD2 Single-strand DNA endonuclease/5’- NER + + + + 5’-3 exonuclease+HhH Some of the eukaryotic members
3’ exonuclease; cleaves at duplex / 5' contain large non-globular inserts. In
single-strand junctions bacteria, the orthologous domain is
fused to DNA polymerase L.
RAD3 5°’-3’ DNA and DNA-RNA helicase; NER + + ) +) SFII helicase DEAH family, SFII helicase
Pol II basal transcription factor
RAD4 Possibly involved in repair- NER + No known domains detectable XP-C ortholog. Yeast also has a
transcription coupling and in the paralogous gene which is conserved
repair-cell cycle connection; exact in S. pombe
role unknown
RAD7 Involved in NER as a complex with NER + - - Leucine-rich repeats Leucine rich repeat protein.
RADI16
RADI16 DNA helicase NER + + ) ) SNF/SWI helicase+RING finger All eukaryotic orthologs have a
(insert between SF2 motifs 4 and 5) RING finger
RAD14 Damage-specific DNA-binding NER + + - C2C2 Zn finger + H2C2 finger-like
protein motif
RAD23 Provides connection between NER NER + + - Ubiquitin+uncharacterized conserved
and ubiquitin-dependent proteasome domain
pathways
RAD25 (SSL2, 3’-5" DNA helicase; Pol II basal NER + - (€] + Uncharacterized conserved Superfamily II helicase with a
Uvs12) transcription protein domain+SFII helicase specific conserved N- terminal
domain
SSL1 TFIIH 44 kD subunit NER + + von Willebrand factor A domain + Zn  Homolog of the proteasomal subunit
finger. 85(152, and L. Aravind, unpublished
observations)
TFB1 TFIIH 62 kD subunit NER + + - - Novel repetitive motif
CDC9 DNA Ligase NER + + (+) - ATP-dependent ligase + BRCT Archaeal and bacterial ATP-
. dependent ligases lack the BRCT
domain
MMS19 Transcription/repair protein NER + Leucine-rich repeats
apparently acting through interaction
with TFIIH
SNM1 (PSO2) Protein required for DNA cross-link NER + + +) ) Metallo B-lactamase
repair; predicted nuclease
RADG epistasis
group
RAD5(REV2) Helicase TLR® + + +) +) SNF/SWI helicase+RING finger Domain architecture analogous to

the N-terminal domain contains intact conserved superfamily I& present as a stand-alone version in several bacterial, archaeal,
helicase motifs and is predicted to be an active helicase, whereakaryotic and phage proteins, and also is fused to other
in eukaryotes, this domain appears to be inactivated, as indicatgerfamily | helicases such as yeast DNA helicase 2 and its
by the disruption of the helicase motifs (Fig. 2D). The archaeawnrthologs from other eukaryotes, in which itis located N-terminal
Archaeoglobus fulgiduand African swine fever virus encode to the helicase domain, in contrast to its location in RecB and
smaller proteins that seem to consist only of the nuclease doma&iddA (Fig. 1A). This putative nuclease domain was also detected
and the HhH domain (Fig. 1A). in the C-terminal part of RecE, another repair nuclease from
Further iterative database searches using the nuclease-HEHoli. On the basis of these observations, we propose that this
portion of the ERCC4 family proteins as the query detected rovel nuclease domain tends to function in conjunction with
relationship with another family of eukaryotic repair proteins thasuperfamily | helicases and has been fused to them independently,
includes human ERCCL1 and its homologs in other eukaryotes more than one occasion. Multiple alignment of this nuclease
such as yeast RAD10 (Fig. 1A). The sequences of these protefamily shows the presence of [GV]hhD and [DE]hK (h indicates
are similar to that of RAD1 at a statistically significant level (€€ 10 a hydrophobic residue) signatures and a conserved tyrosine near
in the third iteration) but contain substitutions of some of théhe C-terminus (Fig. 2E). Given the strict conservation of this
predicted catalytic residues, in particular the ERKx2SD motiftyrosine, it may be involved in the formation of a covalent
indicating that their nuclease domain is probably inactive (daiatermediate with the cleaved DNA strand as shown for several
not shown). Notably, yeast RAD1 functions as a stable completasses of enzymes that catalyze DNA cleavage, such as Flp
with RAD10 (46). recombinases, topoisomerases and enzymes involved in rolling
circle replication(49-52).

The RecB nuclease domain family

. . . DNA-BINDING DOMAINS
The C-terminal portion of the RecB.¢oli) and AddA Bacillus
subtilis subunits is required for the nuclease activity of theAll components of the DNA repair machinery must be delivered
recBCD and AddABC complexes, respectivigly,48). Sequence to the sites of their action on DNA—some bind DNA directly,
analysis performed using PSI-BLAST showed that this domaiwhereas others rely on protein—protein interactions. Many repair
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RAD6

RAD9
RADI8

RADH(SRS2)

REV1

REV3

REV7

RAD30
PSO4(PRP19)
RADS?2 epistasis
group

RADS0

RADS1
RADS52

RADS3(SPK1)
RADS54

RADSS

RADS7
RAD24

MREI11

RADS9

XRS2

RADI17

MEC3
MMS21
REC114

REC102
REC103(Ski8)

RER104
RNC1
SPOI11

MECI1

DDC-1

Other repair
proteins
0OGG1

NTG1

NTG2

PIF1
RAD26

KEMI1(RARS)
RAD27

DIN-7
EXO-1

PHR1

Ubiquitin conjugating enzyme,
connects repair with protein
degradation; forms DNA-binding
heterodimers with RAD18

DNA damage checkpoint component
Forms DNA-binding heterodimers
with RAD6

DNA helicase involved in the RAD1-
dependent NER pathway

DNA polymerase { subunit, predicted
template-independent nucleotidyl
transferase

DNA polymerase { elongation subunit

DNA polymerase { subunit
Novel rad6/18 dependent pathway
component

Connection between mRNA
processing and repair

Proteins of this group are primarily
involved in the recombinational repair
of double-strand breaks

Chromatin modifying ATPase

ATPase

Forms a complex involved in strand
exchange with RADSS and RADS57
Protein Ser/Thr kinase

Helicase involved in strand exchange
in conjunction with RADS1

ATPase

ATPase

ATPase; DNA damage checkpoint
component interacting with RAD17
and MEC3

3"-5" exonucl and endc
as a complex with RADS0, involved
non-homologous joining of DNA ends
Involved in double-strand break
repair, function unknown

Involved in double-strand break repair
as a complex with RAD50 and
MREIl1

DNAase; DNA damage checkpoint
component interacting with RAD24
and MEC3

DNA damage checkpoint component
interacting with RAD17 and RAD24
Function unknown

Function unknown

Function unknown

Function unknown; predicted adaptor
Function unknown

Claimed to be a nuclease (133)

Double-strand break introducing
endonuclease

DNA dependent protein kinase; DNA
damage checkpoint component;
phosphorylates DDC1

Checkpoint sensor

8-oxoguanine DNA glycosylase

8-oxoguanine DNA glycosylase

8-oxoguanine DNA glycosylase

5-3helicase involved in
mitochondrial repair

Helicase involved in transcription-
repair coupling

5’->3’ Nuclease

single-strand DNA endonuclease/5’-3’
exonuclease

5'->3' Nuclease

5'->3' Nuclease

Photolyase

RER,
TLR, and
novel
pathways
RER
TLR
NER,
RER
TLR
TLR
TLR
Novel
pathway

RER

RER

RER

RER

RER
RER

RER

RER

RER

RER
RER
RER
RER
RER
RER

RER

RER

DR, BER

DR, BER

DR, BER

DR

+)

)

+)
)

+)

)
(+)

+ o+

+)

)

+

)
)

(+)

+)

(]

+)
#)

+)
)

+)

)

+
(€]

)

[C]
)

(insert between SF2 motifs 4 and 5)
Ubiquitin conjugating enzyme

2 C-terminal BRCT domains

RING finger+additional, finger-like
conserved motif

SF1 helicase.

Nucleotidy! transferase+ HhH+BRCT
Superfamily B DNA polymerase +
unique Cys-rich domain

Horma domain
Nucleotidyl transferase

‘WDA40 repeats

ABC superfamily ATPase+ large,
inserted coiled coil domains
Modified HhH+RecA-type ATPase
Uncharacterized conserved domain

FHA+Ser/Thr kinase+FHA
SNF/SWI type SF2 helicase

Modified HhH+RecA-type ATPase

Modified HhH+RecA-type ATPase
RF-C type AAA superfamily ATPase

Nuclease of the calcineurin-like fold

Uncharacterized conserved domain

Divergent FHA domain + coiled coil.

PCNA fold domain

Zn-coordinating Cys-His cluster
Coiled-coil

No identifiable structural features
WD40 repeats

No identifiable structural features
divergent S1 domain + SAM-
dependent methyltransferase
Divergent Toprim domain (100)

Lipid kinase superfamily domain

glycosidase domain+HhH

glycosidase domain+HhH

glycosidase domain+HhH

SF1 helicase
SNF/SWI type SF2 helicase

Novel nuclease domain
5°-3 exonuclease+HhH

5’-3 exonuclease+HhH
5’-3 exonuclease+HhH

Flavin and 8-hydroxy-5-deazaflavin-
dependent light receptor domain

RADI6 and other eukaryotic SNF/

So far no orthologs detectable
Genuine orthologs seen only in other
fungi.

Prokaryotic homologs, such as DinP,
lack the BRCT domain but have HhH
motifs.

A distant paralog of REV1

See text and Fig. 1B
Paralog of RAD59

See text and Fig. 1B
See text and Fig. 1B

Paralog of RADS2

See text and Fig. 2F

No identifiable structural features

No detectable homologs
No detectable homologs
Ortholog in S. pombe

The archaeal orthologs are subunits
of Topoisomerase VI.

Distantly related to Rad-9 from §
pombe.

Family of a helical glycosidases
homologous to endonuclease IT1
Family of a helical glycosidases
homologous to endonuclease III;
close paralog of NTG2 and distant
paralog of OGG1

Family of a helical glycosidases
homologous to endonuclease III;
close paralog of NTG1 and distant
paralog of OGG1

In bacteria, the orthologous domain
is fused to DNA polymerase I.
In bacteria, the orthologous domain
is fused to DNA polymerase I.

aCe,C.elegansHs, H.sapiensArc, archaea; Bac, bacteria

. See also footnotes to TaBl&R, trans-lesion repair.
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Figure 1. (Above and oppositepomain architectures of selected repair protefsHelicases and nucleaseB) ATPases;¢) BRCT domain-containing proteins.
The figure is approximately to scale. Crossed symbols indicate domains with disrupted functional motifs. ERCC1 contaiestnisgavated nuclease domain,
whereas Mfd and ERCC4 contain inactivated helicase domains; ERCC4 also contains disrupted HhH motifs. SF1/2 stand fty b@perfarhielicases,
respectively; pol, DNA polymerase | catalytic domain; URI, UvrC, intron nuclease domain; UVRBC, a possible adaptor dochaiyn GkeBeand UvrC; ENDOV,

a nuclease domain found in endonuclease V and UVRC; FCL, Fe cluster; HhH, helix—hairpin—helix nucleic acid-binding domidimmiidifitd HhH domain;
HRD, a predicted nucleic acid binding domain found in some recQ family helicases; RqC, RecQ C-terminal (domain); C2f@@€tlijtleoredicted small,
metal-binding DNA binding module; PHD, a distinct type of Zn finger; ANK, ankyrin repeat; OB, oligonucleotide-binding domeaim;i®lease; BRCT, BRCAL
C-terminal (domain); FHA, forkhead homology-associated (domain); S/T kinase, serine/threonine kinase. The different siegeseadomains indicate the
different nuclease (super)families described in the text and Figure 2. In (B) the NusA protein (a transcription factdratbinimepair) is shown to illustrate the
conservation of the modified HhH domain that is also found in eukaryotic and archaeal RecA orthologs; NusA contains ragdéioradid-binding domains,
namely KH and S1. Other designations are directly on the figures. Double slash (//) shows that a middle portion wasométkdde proteins. The proteins are
identified by their gene names or names from the SWISS-PROT database, and the source species is indicated after aheisgedias.abbreviations are:
Af, Afulgidus Aqg, A.aeolicus Ce, C.elegans Dm, Drosophila melanogastgiEc, E.coli; Hs, Homo sapiensMj, M.jannaschij Mta, M.thermoautotrophicum
Mtu, M.tuberculosisPh, P.horikoshij Sc,S.cerevisiae

proteins that interact with DNA contain distinct, compacteukaryotic members of the RadA/RecA family and the UmuC/
DNA-binding domains that combine with different enzymatic olREV1 superfamily (Fig. 1A and B; data not shown). In each case,
adaptor domains (Fig. 1A—C). Typically, DNA-binding domainsthe amino acid patterns typical of HhH domains are modified and
show much less sequence conservation than enzymes andndh easily recognizable, but show a relationship to similarly
many cases, recognition of these domains requires carefubdified HhH domains seen at the C-terminus of the RNA-binding
application of sensitive computer methods. Particularly strikingrotein NusA from certain bacteria (eEjcoli andChlamydig.

is the case of the nucleic acid-binding HhH module that appea8tatistically significant similarity to classical HhH domains, in
to be the most common DNA-binding domain in repair systemgarticular those in the DNA ligases, can be demonstrated for these
but has been identified only recently by a combination oflomains only in iterative database searches. A completely
experimental and computer analy@$s,53). In the course of the different type of a DNA-binding domain is represented by
present study, we identified previously undetected, distinéton-binding cysteine cluste(§3) that are conserved in a subset
versions of the HhH domain in three families of repair proteingf the RecB nuclease family and the endonuclease Il family
namely the ERCC4 nuclease/helicase family, the archaeal a(feigs 1A and 2E).
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Figure 2.(Above and opposite). Multiple sequence alignment of previously undetected and expanded domain families of repaik pAReinslqnuclease/ENDO4
superfamily; B) Uri domain endonuclease familX EndoV endonuclease familfpY RAD1/ERCC4 endonuclease superfamil); RecB nuclease domain family;
(F) PCNA family. The alignments were constructed on the basis of the PSI-BLAST results using the ClustalW program. Thenlefckalesthe protein names
from the SWISS-PROT database or gene names, and the Gene Identification (Gl) numbers (after the underscore). The Sptors @tgbeSFV, African Swine
Fever Virus; BPML5M.leprae bacteriophage 5; BPT4, bacteriophage T4; CHIV, Chilo Iridiscent virus; NPV, Nuclear Polyhedrosis virus; RB&ecium
bursaria Chlorella virus; Aa,A.aeolicus Aae, Alcaligenes eutrophtisAf, A.fulgidus Amac, Allomyces macrogynusit, Arabidopsis thalianaBb, Borrelia
burgdorferi Bs,B.subtilis Ce,C.elegansCelo,Chlorogonium elongatunCeug,Chlamydomonas eugamet@m, D.melanogasterHs, H.sapiensCt, Chlamydia
trachomatis Ec, E.coli; Hi, H.influenzae Hp, Helicobacter pylori LI, Lactococcus lactisMj, M.jannaschij Mge, Mycoplasma genitaliumMhy, Mycoplasma
hyorhinis Mpn, Mycoplasma pneumoniaévta, M.thermoautotrophicumnMtu, M.tuberculosis Mpn, Mycoplasma pneumoniaéNc, Neurospora crassa
Ngo, Neisseria gonorrhoeaePa, Podospora anserinaPf, Pyrococcus furiosysPh, P.horikoshij Pv, Phaseolus vulgaris Rsph, Rhodopseudomonas
spheroidesSag,Streptococcus agalactiaBc,S.cerevisiagSp,S.pombeSs,Synechocystisp.; StStreptococcus thermophitugp, T.pallidum Um, Ustilago maydis

Vf, Vicia faba In each panel, a consensus derived using the indicated percentage cut-off is shown, and the respective alignmenthighlightedrthrough
differential coloring; b indicates a ‘big’ residue (E,K,R,I,L,M,FY,W}; indicates hydrophobic residues (A,C,FI,L,M,V,W,¥§,indicates small residues
(A,C,S,T,.D,N,V,G,P), u indicates ‘tiny’ residues (G,ASindicates polar residues (D,E,H,K,N,Q,R,S,T), c indicates charged residues (K,R,D,E,H), and ‘' indicates
negatively charged residues (D,E). The conserved charged residues that may be directly involved in enzymatic catatysiscHoy esterisks. The distances from
the aligned regions to the protein termini and the distances between the conserved blocks, where more variable regitted, \sesaraficated by numbers. In (F), the
secondary structure elements derived from the crystal structure of PCNA are shown underneath the alignment; E indicktesiextaatien §-strand), and H indicates
a-helix.
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Some conserved domains in repair proteins are implicated inThe list of adaptor domains involved in repair and its
DNA binding even in the absence of direct experimentahteraction with cell cycle checkpoints is growing. The FHA
characterization for any representative, primarily on the basis (forkhead homology associated) domain has been detected in a
their predicted compact structure, small size and absence \@friety of proteins with diverse functions, including protein
conserved polar residues that could be involved in a catalytignases implicated in DNA damage respoKg#) and Xrs2
activity. An example of such predicted nucleic aCid-bindingNhich participates in the repair of double strand bré&g The
domain awaiting experimental corroboration is the HRD domaifecent demonstration that the FHA domain of the RAD53 kinase
found in a subset of the RecQ family helicasgs, e.g. human WemeRseracts with the phosphorylated form of the BRCT protein
and Bloom’s syndrome gene products, and in RNags4p RADJ (63) ndicates that FHA is a repair-checkpoint adaptor that
may recognize phosphorylated proteins, perhaps even specifi-
cally phosphorylated BRCT domains. This possibility is of
particular interest given the independent evolution of proteins
combining the FHA and BRCT domains on at least two occasions
(Fig. 1C).

The components of the repair machinery typically function in the The recently described HORMA domain that has been detected
form of macromolecular complexes that consist of multiplejy the yeast REV7 protein involved in translesion DNA synthesis
diverse subunits. Therefore, in addition to DNA-binding doand in proteins that participate in the spindle assembly checkpoint
mains, adaptor domains, that is domains that mediate proteigny synaptonemal complex formation in meiosis, such as MAD2
protein interactions between the components of repair complexgsy HOP1, is an example of an adaptor with a more limited

as well as between repair proteins and other cellular componenigs iy, ition which, however, may have a critical role in linking
have a prominent role in repair. Adaptor domains are particular, ¥.\pair with the cell cycle (64)

important in eukaryotes where repair is intimately connected to

the dynamics of chromatin-associated protein complexes andA‘ protein With versatile adaptor functions s the pr olifer ating
their alteration linked to the progression of the cell cycle, b €ll nucleus antigen (PCNA) that originally has been identified as

prokaryotic adaptors also seem to exist. An example of likel e sliding clamp that is required to increase the eukaryotic DNA

bacterial adaptors is the domain shared by the UvrB (C-termin plymerase processivi$s). More ecently, it has been shown

domain) and UvrC proteins and implicated in the formation of th'at PCNA is required for NER and MMR and interacts with a
complex between these proteins (Fig. 1A; 55). variety of repair proteins (65,66). In the course of the present

Arguably, the most important adaptor domain involved irdnalysis, we showed that PCNA is homologous to a group of
eukaryotic repair is the BRCT (BRcal C-terminal) domain tharoteins involved in repair and DNA damage checkpoints that
has been detected in a vast variety of proteins involved in rep&iflude yeast RAD17S.pombeRadl and Husl, REC1 from
and cell cycle checkpoint regulation and may provide the criticd¥stilagg and their mammalian orthologs (Fig. 2F). The similarity
connections between these proces@®8,57; see also the between PCNA and the repair proteins is subtle but statistically
discussion below). The BRCT domain occurs on its own isignificant; for example, a PSI-BLAST search initiated with the
multiple copies as in yeast RAD9 or combines with a variety afequence of thiglethanobacterium autotrophicuRCNA ortholog
enzymatic and DNA-binding domains as in terminal nucleotidytetrieved thes.pombdRadl sequence with an e-value of 0.003 on
transferases (TdT), REV1 and DNA ligases. In those instancése second iteration, with the rest of the homologous repair
where the function of the BRCT domain has been determingsfoteins detected on the subsequent iterations. The alignment
experimentally, BRCT domains of different repair proteins, sucBpans the entire length of PCNA, and the observed conserved
as DNA ligases Ill, XRCC1, poly(ADP-ribose) polymerasemotifs are compatible with the PCNA 3D structure (Fig. 2F),
(PARP) and BRCAL, appear to mediate specific protein—prote&pporting the notion that these proteins have the PCNA fold
|nteract|ons(.58—60), Whlch pJMde_s for the formation of protein (67). Two of these proteinsamely theUstilago REC1 and the
complexes involved both in repair and in cell cycle checkpoint$, ;man ortholog of Rad1, have been shown to possess nuclease

Examination of the protein sequences that have becomgir (68,69). PCNA isighly conserved amidst the eukaryotes
available subsequent to the previous analyses of the BRG[ j ig homologous to the bacterial DNA pol BIsubunits

domain revealed several interesting new occurrences (Fig. 1 7,70). None of these wellslied proteins has been shown to
Specifically, and unexpectedly, we found that an uncharacteriz s’sess any nuclease activity, suggesting that this property may

plant protein not only is highly similar to mammalian BRCA1 an ; . . ) :
S ; . . . . have been secondarily derived in the Rad1 subfamily of the family
BARD1 but also mimics their unique domain organization | f PCNA-related proteins. It seems possible, on the other hand,

terms of the relative location of the BRCT and RING domain$ > :
(Fig. 1C). The plant counterpart, however, contains an addition gardless of the nuclease activty, that at least some of hese proteins
ind DNA and play a role in the assembly of repair-specific

domain, namely a PHD finger, which suggests DNA binding: _
Furthermore, we showed that the trypanosomal protein witfPmplexes. The yeast RAD24 and the Rad17 proteinStpombe

similarity to the BRCT domain that was suspected to be a falgéhich function in the same checkpoint with yeast RAD17 and
positive (12) @ntains a bona fide copy of the domain, thusS-PombeRadl and husl, respectively (71), aenblogs of the
expanding the BRCT domain distribution outside the crowi§lamp loader ATPases involved in replication and may facilitate the
group of the eukaryotes. Another novel domain architecture wégfmation of such complexes in an ATP-dependent fashion. The
observed in a protein frod.tuberculosighat combines 835  determinants of protein—protein interactions in PCNA have been
exonuclease domain with a C-terminal BRCT domain (Fig. 1C)napped to loop6,72) that are not highly conserved in the repair
This is the first combination of a BRCT domain with anproteins which suggests that the actual partners of these proteins may
enzymatic domain other than DNA ligase in a bacterium. be different from those of PCNA.

Adaptor domains
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REPAIR PROTEINS CONSERVED IN ALL THREE
SUPERKINGDOMS OF LIFE

There seem to be no known repair proteins with an identical
domain arrangement conserved in bacteria, archaea and eukaryotes
There are, however, a few highly conserved proteins with limited
variations of domain architecture, of which the only one encoded
in all genomes sequenced so far and apparently truly universal, is
the RecA/RadA recombinase, which plays a central role in DNA
recombination and REF'3,74). \Wile RecA(RadA) appears to
have been vertically transmitted throughout the history of life, its
evolution has been accompanied by notable variations on the
main theme, the most important being the fusion with a modified
HhH domain that is shared by archaea and eukaryotes (Fig. 1B,
and above). The presence of an additional domain predicted to
bind single-stranded DNA in the archaeal and eukaryotic RadA
proteins suggests differences in the mode of their interaction with
' / DNA, compared to bacterial RecA proteins. Duplications of the
\ RecA ATPase domain accompanied by domain accretion and
divergence seem to have occurred independently in different
phylogenetic lineages (Fig. 1B). An apparent early series of
events in bacterial evolution produced shesgene coding for a
protein involved in radioresistan¢é5,76) and containing a RecA
domain flanked by a C2C2 Zn finger domain and a predicted
Figure 3. A structural model oE.coli endonuclease IV built using the xylose ~ S€rne protease domain that may be inactivated in some species
isomerase structure as a template. The structural manipulations were dor(§ig. 1B; 77). In archaea, additional intramolecular duplications
using the SWISSPDBviewer program. Using the multiple alignment shown ingnd fusions of the RecA fami|y ATPase domains are observed,

Figure 1A, a composite target sequence of the AP endonuclease wagnq jn some of these proteins, the conserved motifs in the ATPase
constructed, with the xylose isomerase structure (PDB coded 8XIA) serving as

a template. The alignment of this composite sequence with 8XIA was furthedOmain are dlsrupted, suggesting Its inactivation (Flg: 1B); some
adjusted so that the energy of the target was globally minimized using &f these proteins may have been recruited for roles in processes
Sippl-like field. The resulting refined alignment was submitted as a PROMODII other than repair.
J'Obviti)”:eéhﬁ] %%di'ngfﬁuggiﬁeioﬂg‘f SXZOC?’”ZCS’S; ngDlysfz arﬁgleeiﬁet‘;sﬁe Another universally conserved domain that is found, however, in
)%?E)se isomerase. The strands are colored red){ the heliceys gold, the conserv%lgnmcantly dlﬁere_m structural and functional contexts in baCte”,a’
aspartate orange, the conserved histidines (labeled H1-H5 from the N- to th@N One hand, and in archaea and eukaryotes, on the other hand, is th
C-terminus) green. FLAP nuclease (78-80). In archaea and eukaryotes, these nuclease
(e.g. yeast RAD2 and RAD27) cleave recombination and repair
intermediates containing overlappingflaps at sites of nicks;
they also possess3 exonuclease activity that may be involved
PHYLETIC DISTRIBUTION AND EVOLUTION OF in the hydrolysis of these flag8,79). The bacterial tholog of
REPAIR SYSTEMS the FLAP endonucleases is the. N—termm&#,;’ngonucleqse
domain of DNA polymerase | (Fig. 1A) that is involved in the
The biochemical studies on repair systems have been mostly limitexicision of damaged single-stranded DNA fragments at nick sites
to a few model species, suchEasoli, the yeast.cerevisiacand  (81). In two goups of bacteria, namelyycoplasmandAquifex
humans. Therefore, analysis of the distribution of orthologs of repdiie 3—-3 exonuclease domain is encoded by a separate gene. Both
proteins from these organisms in different phylogenetic lineages rmblymerase-associated and stand-alone bacterial exonucleases
only provides the material for evolutionary scenarios but effectivelghare the HhH domain, emphasizing the orthologous relationship
amounts to the reconstruction of the repair systems in poonlyith the archaeal and eukaryotic FLAP nucleases. lIterative
studied organisms. Evidently, the completeness and precisionsgfarches identify several novel members of this family in
such a reconstruction depends both on the quality of analysis agukaryotes and bacteria (elDrosophila Asteroid), some of
on the level of conservation of the repair mechanisms between tivhich may be as yet unknown repair proteins. This example
organisms in question and one of the model species. clearly illustrates the distinct evolutionary histories of the repair
The most striking aspect of the phyletic distribution of repaisystems in the three superkingdoms, even when well conserved,
systems that becomes apparent through the comparison usfiversal domains are involved.
complete protein sets from distant species is that while theSeveral other repair proteins, though not ubiquitous, are found
repertoire of principal domains involved in repair, such as severa most representatives of all three superkingdoms (Table 1). The
distinct types of helicases and nucleases, is to a large extembst striking example of this kind are the SMC-like ATPases and
conserved in all cells, the number of orthologous or even clearllje associated nucleases. These ATPases (typified IE/dbie
functionally equivalent repair proteins that are shared by all thebcC protein) belong to the ABC superfamily but have an inserted
three superkingdoms is very small. By contrast, there is a mutdrge coiled-coil domain between the P-loop and thé"Mnding
greater number of repair proteins that are conserved in one or twmtif that together comprise the ATP-binding site. They are seen
superkingdoms (Tables 1 and 2). in almost all complete genomes (Table 1), and in eukaryotes, are
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involved in ATP-dependent, large-scale modifications of thelepends primarily on two proteins containing ATPase domains of
chromatin structure (82,83). The SMike ATPases form different structures, namely MufR0,91) and MutS (28), both of
complexes with the equally common nucleases of the calcineuriwhich are highly conserved among bacteria, though missing in
like phophoesterase superfamily, such as bacterial SbcD-likelycoplasma Only the MutS family proteins are seen in the
proteins and eukaryotic Mre11-like proteins (84—86). It seems likelgrchaedvl.thermoautotrophicunfwith an additional HhH domain)
that this ATPase-nuclease pair was vertically inherited in all lifandPyrococcus horikoshirhis finding is of particular interest as
forms with a loss in a few lineages. these are so far the only genomes in which a gene for MutS is not
Other conserved repair proteins found in all three superkingdonesgcompanied by a MutL gene, suggesting the possibility of
with a varying degree of representation among specific lineagdganctional uncoupling between these MMR system components.
include photolyaselirB gene product ii.coli), endonuclease  Phylogenetic analysis of the MutS protein sequences shows
[l (nth and mutY}, exonuclease Ill xthA), 8-oxo-dGTPase thata gene duplication resulting in two distinct forms of MutS had
(mutT) and the UmuC protein superfamily. Each of theseccurred very early in bacterial evolution (data not shown). This
enzymes is involved in a basic repair function (1 and referencgs supported, in particular, by the presence of both forms in
therein), but their activities are, in principle, dispensable as eachigdicteria from several major lineages, suchAgsifex aeolicus
them is missing in some of the bacterial or archaeal species wigfsubtilisand SynechocystisThere is a major expansion of genes
small genomes (Table 1). encoding MutL and MutS homologs in eukaryotes, with at least five
or six members found in each eukaryotic genome. This expansion

REPAIR PROTEINS AND PATHWAYS CONFINED TO apparently involves functional diversification, in particular between
ONLY ONE OR TWO OF THE SUPERKINGDOMS nuclear and mitochondrial DNA repair. In the course of this analysis,

we observed that one of the families of eukaryotic MutS homologs
The protein families discussed in the previous section represd@MBP1) contains an additional domain (BMB domain in Fig. 1A),
the relatively small number of cases when homologous domaiéich is also found in eukaryotic chromatin-associated proteins,
arranged in similar, if not identical, combinations appear téuch as BS69 and BR140 (L.Aravind, unpublished), and may link
perform similar functions in repair in all three superkingdoms. Bjhe eukaryotic MMR system with the chromatin. The most likely
contrast, most of the repair systems have more limited phylet&eenario for the evolution of the MMR system involves gene transfer
distribution, which in some instances may suggest plausibfeom mitochondria to the eukaryotic nuclear genome, with sub-
scenarios for their evolution. sequent multiple duplications. This scheme is compatible with the
role of some of the eukaryotic MutL and MutS homologs in
mitochondrial repai(92) andwith the topology of phylogenetic
trees (data not shown).

Several repair systems are essentially unique to bacteria but som@legitimate recombination in bacteria and eukaryotes is
of these additionally are seen in eukaryotes, to the exclusion of thigppressed by the RecQ helicase family members, which
archaea (Table 1), which may suggest horizontal gene transfergigcordingly appear to play a major role in the maintenance of
most cases probably from the mitochondrial genome to tHéromosomal integrity (93,94). There are tvighty conserved
eukaryotic nuclear genome. The UvrABC excisionase, togeth&ecQ paralogs, which differ by the presence or absence of the
with the UvrD helicase that is functionally coupled to it, are thgoutative DNA-binding HRD domai(b4); one or both paiags
principal components of NER in bacte#§ and are encoded in may be present in the same genome amidst different bacterial
all bacterial genomes sequenced to date, including the mininléleages. Multiple orthologs of both of these RecQ-like helicases
genomes oMycoplasma Outside the bacteria, however, thisare detectable in eukaryotes but not in archaea. Remarkably, two
system has been detected in only one archaeon, nisteislgno-  human gene that are mutated in hereditary diseases associatec
bacterium thermoautotrophicunMethanobacterium thermo- Wwith repair defects, namely Bloom’s and Werner's syndromes
autotrophicumhas a complete operon including theA Band  (95,96), encode HRD domaimiataining helicases of the RecQ
C genes, and UvrD encoded elsewhere in the genome, whitamily (Fig. 1A). The evolutionary history of the RecQ family of
strongly suggests horizontal transfer from bacteria. The domaliglicases appears be analogous to that of the MMR system and
architecture of all three excisionase subunits is conservguiobably included horizontal gene transfer from mitochondria to
throughout bacteria, but the presence of the Uri and Endotie eukaryotic nuclear genome.
nuclease domains in other contexts (Fig. 1A) suggests that thes&he only repair protein that is conserved in most bacteria and
nucleases had been repeatedly recruited for distinct functior@pparently all archaea, to the exclusion of eukaryotes, is the RecJ
which may include other repair systems. 5-3 exonuclease, which belongs to the recently identified
The second widespread bacterial repair system is tHBHH’ superfamily of phosphohydrolas€d7). The eukafotic
RuvAB(C) complex, which is the Holliday junction resolvase andnembers of this superfamily (e.g. thepsophilaPrune protein)
the key component of bacterial REBY,88). Interetingly, RuvC,  are only distantly related to RecJ and do not seem to be involved
the endonuclease subunit, is not detectablyicoplasmaand in repair. RecJ has been implicated both in RER and in the
spirochaetes, suggesting that a distinct nuclease may have bpest-incision removal of 'Sleoxyribose phosphate in BER
recruited in these bacteria for the participation in Holliday98,99) but it appears that the common fiamcof this nuclease
junction resolution. As in the case of the UvrABCD system, eachnderlying its notable conservation in bacteria and archaea
of the Ruv proteins contains well known ancient conservetemains to be identified.
domains (Table 1) but orthologs of these proteins so far have beedditional, specifically bacterial repair pathways rely on
detected only in bacteria. distinct members of the ABC superfamily of ATPases, such as
A different phylogenetic pattern was observed among thRecN and RecF, helicases, e.g. RecG (100) audssory,
components of the base MMR systdB189). This system single-stranded DNA-binding proteins, such as RecO and RecR

Repair systems of bacterial origin
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(101). The eolution of RecR is of particular interest as itis a cleaNER system is built up of a number of distinct helicases and
case of recruitment of an enzymatic domain, namely the recentiyicleases. The helicases include ERCC2 (Xp-D) (111), ERCC3
identified common catalytic domain of DNA primases andXp-B) (112) and RCC6 (Cs-B) (113). The ERCC2 helicase is
topoisomerases (Toprim domaihp2), for a non-enzymatic conserved in all eukaryotes sampled so far and shows a distant but
function. apparently orthologous relationship with the DinG helicase (114)

Bacteria have evolved a unique regulatory system, whickeen in several bacteria and the archadg@mnnaschij suggesting
allows them to produce a complex response to DNA damage. This ancient involvement in repair. However, beyond the general
system depends on the DNA-binding transcription regulators LexKelicase role, the members of this family appear to have undergone
(103) and UmuD (104)antaining a C-terminal signal peptidase-functional differentiation following independent duplication in
like domain, which catalyzes RecA-dependent autoproteolysis dffferent phylogenetic lineages. For example, the eukaryotic
these proteins, thus activating the DNA-binding domain. LexA i€HL1 helicase, a member of the ERCC2 family, has a role in
a general transcriptional regulator of repair functions; LexAnaintaining the chromatin integrity (115).
orthologs are limited in their distribution to several bacterial The ERCC3 helicase family shows an unusual phyletic
lineages. The theme of the association of proteolysis with repadfistribution—in addition to its conservation in eukaryotes, it is
however, appears to be more general. The bacteria-specific reggo present in the archaedifulgidus the bacteriélycobacterium
ATPase Sms consists of three domains (Fig. 1B), one of whichligorae(116) andlreponema pallidupAfrican swine fever virus
a protease domain of the Lon superfamily of serine proteasead some bacteriophages, suggesting multiple horizontal gene
(predicted to be active in some bacteria but apparently inactivatgénsfer events. Given the lack of orthologs of other members of
in others). The function of this protease in repair, whichhe eukaryotic-type NER complex in bacteria and archaea, it is
conceivably may involve an as yet uncharacterized cleavage @flikely that these scattered ERCC3 orthologs share functional
specific proteins with a regulatory effect, remains to be clarifiedjetails with the eukaryotic enzyme.

Coupling of transcription and repair appears to confer a definite The ERCC6 helicase belongs to the ancient SWI/SNF family
selective advantage as it enables the organism to repair functiofi@lt is conserved in bacteria and eukaryotes. In eukaryotes,
genes as they are expressed and thus escape the immediate eff@gi@ver, this family has undergone a striking expansion, with 17
of deleterious mutations resulting in non-functional proteins. Thigaralogous members in yeast (117), many of which are involved
coupling seems to have evolved independently in bacteria andiin repair. Bacterial helicases of the HepA family, which are
eukaryotes. The bacterial version is dependent on the superfamiithologous to the ERCC6 family (118), may be involved in
Il helicase Mfd/TRCF (105,106) that is conserved in severakpair and specifically in the repair-transcription coupling (119),
bacterial lineages and contains a second, apparently inactivatgg this family is represented by only one or two members in each
helicase domain whose function could be the recruitment of othggcterial genome when present. Thus it is obvious that the
repair proteins (Fig. 1A and Table 1). _ SWI/SNF family has attained its current functional differentiation

Several other repair pathways are restricted to just a few grougsly after the origin of the eukaryotes. This must have been an
of bacteria (Table 1); a thoroughly studied example is thearly event in eukaryotic evolution since for a number of these
RecBCD helicase—exonuclease complex, which is the centrigblicases, orthologous relationships can be traced in yeast, plants
component of RER. In some cases, recruitment of a repaihd animals. In some of these orthologous sets, such as RAD5
enzyme in a subset of bacteria from rather unexpected SOur¢@90) and RAD16 (121), anigue domain organization, with a
seems likely. Thus the dcm and dam methyl@@8) appear to  RING finger inserted into the helicase domain, between the
have been recruited from restriction system methylases of phagglicase motifs 5 and 6 (Fig. 1A), is conserved throughout the
origin. Similarly, the MutH endonuclease involved in MMR andgkarya. This domain architecture probably had evolved early in
so far found only irE.coli andH.influenzaeprobably has been eykaryotic evolution as a device for tethering the helicase to

derived from a restriction endonuclease related to G:08. chromatin.
The nuclease components of the NER system also are highly
Repair systems of archaeal and eukaryotic origin conserved, and as noted above, ERCC4 is seen in archaea as well

fused to an apparently active N-terminal helicase domain. The
The NER system, transcription-repair coupling components arather nucleases in this pathway, such as Xp-G, Rad2 and Rad27,
the vast repertoire of regulatory proteins distinguish the eukaryotite members of the universally-conserved FLAP/FEN family
repair systems from bacterial ones. While the NER systefi122). Another NER component is the UV-damaged DNA-
includes components that individually trace back to the commdpinding protein (UV-DDB) which partially complements the
ancestor of the archaea and eukaryotes, the transcription-repéit-E defect (123). UV-DDB is a member of a family that has two
coupling mechanism and the regulatory apparatus seem to be taakglitional paralogs conserved in eukaryotes, one of which is a
eukaryotic inventions that probably have evolved in response t@mponent of the polyA cleavage specificity factor (CPSF-A)
the diversification of the eukaryotic chromatin structure and ce([Table 2). In this context it is interesting to note that another repair
cycle control. Even within the eukaryotes, while the corgrotein SNM1, which is involved in UV cross-link repair in yeast
machinery appears to be conserved throughout, there are sev€tal), is homlogous to other CPSF subunits that contain a
notable, lineage-specific modifications of the regulatory systenmetallof3-lactamase domaifi25).

The understanding of the core eukaryotic repair systems haslhe regulation of repair and its connection with cell cycle
largely been derived from the RAD complementation groups inheckpoints are the most dramatic distinguishing features of the
yeast (109) and the Xeroderma pignesum complementation eukaryotic repair system that have undergone considerable
groups in humans (D) (Table 2). The interston of the results  evolution after the divergence of the eukaryotes from the other
produced by these principal lines of research delineates tkaperkingdoms of life. The proteins providing for these features
conserved central components of eukaryotic NER. The eukaryotigpically have no orthologs in bacteria or archaea, even though
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some of the adaptor domains are conserved. The understanding shown). In a similar conundrum, the yeast RAD6—RAD18

of the likely structural basis of the repair-checkpoint coupling haseterodimer involved in the post-replicative bypass of UV lesions

been significantly advanced through the discovery of a singleas been reported to possess not only the ubiquitin-conjugating

domain—the BRCT domain that appears to be the most commantivity (intrinsic in RAD6) but also a DNA-dependent ATPase

adaptor in the eukaryotic repair machinery. The yeast genonaetivity (137). Not only, however, does neither of the two proteins

encodes 10 BRCT-containing prote{{3§’), and the number of involved show any resemblance of known ATPases, but there seems

these proteins encoded in the genomes of multicellular eukaryoteshe no unaccounted for globular domain to accommodate such an

is expected to be even greater. As discussed above, certain distamtivity. Further experimental studies are indispensable to solve

domain architectures of BRCT-containing proteins are highlshese contradictions.

conserved in evolution. Generally, however, domain shuffling

seems to be the predominant trend in the evolution of th€onE GENERAL TRENDS IN THE EVOLUTION OF

BRCT-containing proteins. Thus, of the 10 yeast BRCT-containing epa|R SYSTEMS

proteins, only three, namely the DNA ligase, DNA polymerase

subunit 2 (DPB11) and the REV1 nucleotidyltransferase, arghe evolutionary analysis of the repair machinery reveals some

represented by orthologs with a conserved domain arrangemengineral features that may reflect the selection forces behind the

Caenorhabditis elegan€onverselyC.elegansencodes a number evolution of the repair system. The most striking aspect of the

of BRCT-containing proteins with unique domain architectures. phyletic distribution of repair system is the near lack of universal
The BRCT domain thus far has not been detected in archaea botnponents. There seem to be at least three primary evolutionary

is invariably present at the C-terminus of bacterial DNA ligasesorces that shape the repair systems.

This phyletic distribution suggests that similarly to several other

components of the repair system (e.g. MMR components), tbﬁ—|E PRESSURES OF EXTERNAL AND INTERNAL

BRCT domain most likely had invaded the eukaryotic genomi% VIRONMENTS

by gene transfer from bacteria and had subsequently underg 'g

a dramatic expansion in the eukaryotes. The detection of a BRGhe environment and evolutionary history have profoundly

domain protein in trypanosomes indicates that the proposegfected the evolution of repair systems. Bacterial pathogens not
horizontal gene transfer event dates to a very early stage in iy have small genomes, which may ease the requirement for
evolution of eukaryotes. _ _ sophisticated repair systems, but also thrive in environments

There are other proteins with very diverse functions that appeghere evolvability appears to be advantageous and selected for.
to connect the eukaryotic repair systems with chromatinvore specifically, rapid evolution of variant antigens through
Typically, such proteins contain eukaryote-specific adaptofeplication errors and extensive recombination appears to be
domains, such as the RING fingéi26) in some of the SWI ritical for the survival of these organisms. In these systems, the
family helicases and other proteins like RAD18, the WDAQelective pressure to evade the host immune system may
repeats in CS-A (127), and ubitiu and duplicated ubiquitin - counterbalance the deleterious effect of ‘weak’, error-prone
hydrolase domains in Xp-C/RadZIQS) The S|g_nal trans_m|SS|on repair_ As a consequence, the genome&|ﬂfop|asmaHe|ico_
from damaged DNA to the checkpoint machinery relies upon gacter Borrelia andTreponemdack many of the repair components
phosphorylation cascade that includes FHA domain-containingresent in such free-living bacteria $gnechocystis.coli or
kinases, such as SA129) and DUN1 (130), and the ATM B subtilis(Table 1). Even among these pathogens, however, there
kinases(131) of the ipid kinase superfamily. Finally, several are considerable differences in the repertoires of the repair
eukaryotic proteins regulate the repair machinery at the level ghzymes as demonstrated by a detailed comparison of the
transcription; the best characterized representatives of this grogprrelia and Treponemagenomes (G.Subramanian, L.Aravind
are p53 and retinoblastoma (RiB2). These gulators appear and E.V.Koonin, unpublished observations). SpecificBityrelia
to have evolved in specific groups of eukaryotes, namelhat shows particularly prominent antigenic varia@88) and
multicellular forms, and represent cases where a difiinch  therefore could be expected to undergo selection for evolvability
fold has been recruited for DNA binding (p$833) or where cell  seems to have lost several genes coding for enzymes of RER that
cycle regulatory elements, such as the helical cyclin box domaiase seen iffreponemaThis illustrates the dramatic effect of the
have been recruited for protein—protein interactions important ipecific lifestyle on the repair systems even among relatively
the regulation of repair (RIf)134). close bacterial species.

Obviously, the present discussion provides only a rough sketch ofConversely, the free-living organisms, for which highly
the comparative aspects of the eukaryotic repair system and by efficient repair is a must, tend to recruit additional repair enzymes.
means accounts for its entire complexity, particularly with respect @xamples of such recruits include DNA polymerase E.icoli
the connections with transcription and the cell cycle. There is a39), DNA mlymerases of the X-family in some bacteria, as
doubt that only some of the components providing these connectiomsll as a host of novel predicted repair enzymes in the
have been identified to date and, furthermore, the results of oMycobacteria (116) (Table 1; Fig. 1A). Furthermore, the
analysis point out uncertainties with regard to the actual functions fsee-living organisms that are subject to rapid changes in the
some important eukaryotic repair proteins (Table 2). For examplenvironment have an added layer of complexity in the form of the
the product of the yeast RNC1 gene has been reported to be a DNasgilation of repair at the transcription level by specialized
essential for most recombination eve(is35,136). However, regulators, such as LexA and UmuD, that in turn are rapidly
comparative sequence analysis clearly indicates that the RN@dtivated by damaged DNA. Free-living organisms with larger
protein consists of a SAM-dependent methyltransferase domain agghomes seem to generate the necessary genomic variation anc
an Sl-like RNA-binding domain, suggesting an RNA methylassustain evolvability via error-prone repair mechanisms, such as
activity and leaving no room for a nuclease domain (Table 2; datiZe UmuC system in bacteria (104) and apparently thegmus
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system based on REV3 and REV1 in yeast, which providativersity. As discussed above, many of the eukaryotic repair
error-prone translesion repair (140). A clear-cut case showing tpeoteins clearly can be traced to bacterial and archaeal roots.
role of the external environment in the evolution of repair enzyméhose shared with the archaea (Table 2) may come directly from
is the photolyase that requires visible light and is involved primarilihe ancestor of the nuclear genome. By contrast, those repair
in the direct repair of pyrimidine photodimers (141); this enzyme iproteins that are shared by eukaryotes and bacteria to the
invariably missing in species that are not likely to face light, such @&xclusion of the archaea, may have entered the eukaryotic lineage
pathogenic bacteria and the hyperthermophilic archaea. It tisrough horizontal transfer from the organellar (mitochondrial or
particularly striking that the photosynthetic cyanobacteriunthloroplast) genomes (Tables 1 and 2). Examples of this
Synechocystisfor which light exposure is evidently maximal, phenomenon include the RecQ family helicases, the MMR
encodes three distinct versions of the photolyase. system and the BRCT domain. Routes of bacterial gene influx
The internal environment within the cell is also critical for theother than the mitochondria—nuclear transfer cannot be ruled out,
evolution of the repair systems as becomes clear from the naturepafticularly when very early stages of eukaryotic evolution are
changes seen in eukaryotes compared to the prokaryotes. Eukaryotessidered. Genomic data from other eukaryotes, particularly
have histones with basic tails complexed with the DNA and a highearly branching ones, such as for exar@dsmodiummay help
order chromatin structure that is significantly more complicated than understanding the process more clearly. In each of these cases
its prokaryotic counterpar§42). The evolution of these structuresthe invasion of the eukaryotic lineage seems to have been
placed additional barriers to the repair enzymes interacting with tfiellowed by extensive duplication leading to the expansion of
damaged DNA and led to the concomitant evolution of specifieach of these families in eukaryotes. This must have been driven
structural elements that provide the connection between the redajrthe existence of new niches in the internal environment of the
machinery and the chromatin, such as the adaptor domains discussgkhryotic cell (see above), in which these proteins could acquire
above. Furthermore, the tight coupling of the repair machinery withew, though related to the original ones, functions. A clear case
transcription (7) seen in eukaryotes appears to have co-ewdtlhied of horizontal acquisition of a repair system by an archaeon from
the components of eukaryotic chromatin and cell cycle regulatioa.bacterial source is the UvrABCD systeriMiethanobacterium
Such central components of this coupling as Rb and the cyclins thidte RAD25/Ercc3 helicase family may represent a much less
as subunits of TFIIH, participate in both repair and transcriptioftequent case of the opposite direction of horizontal transfer. The
could have evolved from TFIIB-like proteins, which also have thdomain conservation and phylogenetic tree analysis suggest
cyclin fold (134), and given their conservation in archaea ankorizontal transfer from the eukaryotes to certain bacterial
eukaryotes, should have been already present in their commgpecies, such ddycobacterium lepra@nd Treponema pallidum
ancestor. It is further imaginable that the cyclins originally involvedhe potential participation of transposable elements in the evolution
in the transcription-repair coupling could have been recruited faf certain repair proteins, such as the xthA/AP endonucleases, is
their present role in cell cycle control, given the requirement for thaaised by their relationships with the retroelememtoaucleases
recognition of damaged DNA prior to the commencement of thEl50).

S-phase and the progression of cell division. On many occasions, horizontal gene transfer events are
The rise of multicellularity may have mounted pressure fodifficult to distinguish from lineage-specific gene loss. In fact,
further developments in the coupling of repair and transcription. Thhis dilemma arises each time when an episodic distribution of a
need to have tissue-specific genes transcriptionally activated in thene or a whole system is observed. The RecBCD exonuclease
presence of damaged DNA may have provided the selectii®a good example of such a situation (see above). It appears likely
pressure for the evolution of multiple mechanisms linking the twithat the actual history of any particular repair system should have
processes. This could have been the driving force behind thecluded both horizontal gene transfer and differential gene loss.
evolution of such proteins as BRCAL, which participates in repairhe difficulties in deciphering the exact scenario notwithstanding, it
in conjunction with RAD51 (the recA ortholoff)43) and is also a is clear that the evolution of repair systems is a dramatic

part of the transcriptional machinery through its association witmanifestation of the genome plasticity. Conceivably, horizontal
RNA polymerase Il (144,145). While BRCALl-like proteins aregene transfer and lineage-specific gene loss could have been more
seen in both plants and animals and thus seem to have an anagiantpant in the history of repair than in other cases, such as for
origin, the transcription factor p53 is seen so far only in thexample the evolution of the translation apparatus (though see
coelomate animals. Three paralogs of this family are representedlivl,152), kcause while repair as such is essential for any
mammals where there is evidence for a central role of p53 in repaiiganism, many of the specific repair systems can be inactivated
(146). In addion to its function in transcription, p53 also directly without an immediate lethal effect (1).

associates with repair proteins, such as the recA honfaldgsand

the xth-like Ap endonuclease ref148), and isrivolved in cell .
cycle arrest in response to DNA daméfjé9). This is a striking PREADAPTATION: WHICH REPAIR SYSTEMS HAVE

example of an entirely novel protein that may have evolved in on'?EEN INHERITED FROM THE CENANCESTOR?

a subset of multicellular organisms, in response to the selectiEj/

- L . idently, the present layout of the repair systems in the three
pressures for the coordination of transcription, repair and cell cyc Y P y b y

uperkingdoms of life depends to a considerable extent on what
had been inherited by each of them from their last common
HORIZONTAL GENE TRANSFER AND DIFFERENTIAL ancestor (the cenancestor). The comparison between bacteria,
GENE LOSS archaea and eukaryotes discussed above may help in at least partially
defining this common heritage. All interpretations in this area are
Another major but hitherto under-appreciated aspect of theecessarily speculative. Nevertheless, the most parsimonious
evolution of the repair systems seems to be the role of lateral geg@ution, considering all the data from complete genomes, is that
transfer and genomic chimerism in the generation of thethe cenancestor at least encoded a RecA-like recombinase, a few
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helicases and nucleases of the conserved superfamilies, and ABONCLUSIONS

superfamily ATPases of the SbcC/SMC2 family. This leads to a

reasonably confident estimate of approximately 10 types of rep&#omparative analysis of DNA repair systems, made possible by
protein domains in the cenancestor. The evolution of thée availability of multiple complete genome sequences, suggests
conserved repair pathways by vertical descent, however, appeargemarkably complex picture of evolution, contingent on the
to be largely restricted to each single superkingdom of life. Thigxternal and internal environment and replete with domain
pattern is reminiscent of the profound differences in the corghuffling, horizontal gene transfer, and lineage-specific gene loss
replicative enzymes, such as the DNA polymerases, ligases a#¥ENts. Repair systems rely on a limited set of conserved domains
replicative helicases and ATPases, in the archaeal/eukaryotic &i¢ the number of universal repair proteins with domain
bacterial lineages and is in sharp contrast with the universalchitectures that are at least partially conserved across the three
conservation of the translation machinery. As discussed previougigmains of life is very small, and there is no orthology at the level
these observations put together may suggest that the cenance@t@ystems and pathways. By contrast, a much greater level of
had an RNA genome (153). If so, how does onewtcfor the ~ conservation is observed within each of the three superkingdoms
about 10 universal families of repair proteins? The gener&f life. The dramatic complexity of the eukaryotic repair system
explanation is that they already had functions in an RNA-based terms of the number of components can be traced to the
ancestral cel—most of these conserved families of nucleases dAtimate connections with chromatin dynamics and cell cycle
helicases have members with RNA substrates. It is notable in tig@ntrol. The repair mechanisms in archaea have not been
regard that the most common nucleic acid-binding module igharacterized in detail. Comparative analysis readily identifies a
repair proteins, HhH, is represented by both RNA-binding andumber of candidate repair proteins but is inadequate in terms of
DNA-binding versions. It is of further interest that the versiorfeconstructing entire pathways. While it seems fairly safe to infer
found in eukaryotic and archaeal orthologs of RecA shows tHBe layout of the repair systems of poorly characterized bacteria
closest similarity to the RNA-hinding version in the NusA proteirPn the basis of orthologous relationships between their genes and
(see above). This raises the possibility of direct recruitment dhose from well-characterized model organisms (primé&ityl),

RNA interacting proteins for roles in DNA replication and repairunderstanding the archaeal systems still requires the critical body
This might have happened on multiple occasions in evolution-0f experimental data. Similarly, a lot remains to be learnt about
like, for example, in the Werner’s syndrome protein that contairi§€ details of the relationships between repair, chromatin and cell
a RecQ helicase inserted into an RNase D-like domain (Fig. 1A9ycle in eukaryotes. It is our hope that the present analysis of the
The XP-E and SNM1 proteins and their homologs involved ifielationships between repair domains and proteins, particularly
polyA processing (see above) provide additional notablée description of previously undetected domains, will help in the

examples of a connection between repair and RNA metabolisfigtional design of experiments to further our understanding of this
essential cellular function.
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While this manuscript was being processed for publication,
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MutL protein [Ban,C. and Yang,W. (1998&Il, 95, 541-552] and
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Morera,S., Bates,P.A., Whitehead,P.C., Coffer,A.l., Hainbucher,K.,
Nash,R.A., Sternberg,M.J., Lindahl,T. and Freemont,P.S. (1998)
EMBO J, 17, 6404—6411]. The MutL structure was found to be
highly similar to those of the ATPase domain of DNA gyrase and
HSP90, which confirms the earlier predictions; the ATPase
activity of MutL has been demonstrated experimentally. The
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family ATPases fromSynechocystissp., which contains a
duplication of the ATPase domain, has been shown to participate
in the generation of circadian oscillation in this cyanobacterium
[Ishiura,M., Kutsuna,S., Aoki,S., lwasaki,H., Andersson,C.R.,
Tanabe,A., Golden,S.S., Johnson,C.H. and Kondo,T. (1998)
Science281, 1519-1523]. This is in agreement with the notion
of likely non-repair functions of some ATPases of the RecA
family and suggests that the highly conserved archaeal orthologs
of this cyanobacterial protein also might be involved in signal
transduction rather than in repair. A detailed phylogenetic
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support a very early duplication of MutS, with subsequent
functional diversification of the duplicates [Eisen,J.A. (1998)
Nucleic Acids Res26, 4291-4300]. Analysis of the genome of
the hyperthermophilic bacteriunaeolicugevealed a number of
likely horizontal transfers from archaea; these include a consider-
able set of proteins implicated in repair, such as a RecA-type
ATPase, two distinct DNA ligases and several nucleases [Ara-
vind,L., Tatusov,R.L., Wolf,Y.I., Walker,D.R. and Koonin,E.V.
(1998) Trends Genetl4, 442—-444].



