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ABSTRACT

The process of homologous recombination has been
documented in bacterial and eucaryotic organisms.
The Escherichia coli RecAand Saccharomyces cerevi-
siae Rad51 proteins are the archetypal members of two
related families of proteins that play a central role in
this process. Using the PCR process primed by
degenerate oligonucleotides designed to encode
regions of the proteins showing the greatest degree of
identity, we examined DNA from three organisms of a
third phylogenetically divergent group, Archaea, for
sequences encoding proteins similar to RecA and
Rad51. The archaeans examined were a hyperthermo-
philic acidophile,  Sulfolobus sofataricus  (Sso); a
halophile, Haloferax volcanii (Hvo); and a hyperther-
mophilic piezophilic methanogen, Methanococcus
Jannaschii (Mja). The PCR generated DNA was used to
clone a larger genomic DNA fragment containing an
open reading frame (orf), that we refer to as the  radA
gene, for each of the three archaeans. As shown by
amino acid sequence alignments, percent amino acid
identities and phylogenetic analysis, the putative
proteins encoded by all three are related to each other
and to both the RecA and Rad51 families of proteins.
The putative RadA proteins are more similar to the
Rad51 family ( [40% identity at the amino acid level)
than to the RecA family ( [20%). Conserved sequence
motifs, putative tertiary structures and phylogenetic
analysis implied by the alignment are discussed. The

5" ends of mRNA transcripts to the  Sso radA were
mapped. The levels of radA mRNA do not increase
after treatment with UV irradiation as do recA and
RADS51 transcripts in - E.coli and S.cerevisiae . Hence it
is likely that radA in this organism is a constitutively
expressed gene and we discuss possible implications

of the lack of UV-inducibility.

INTRODUCTION

GenBank accession nos U45310-U45312 (incl.)

genetic diversity, gene regulatiod) @nd cell cycle-dependent
events 4). Homologous recombination has been observed in
bacteria, eucaryotes and now in hyperthermophilic archaeans
(D. Grogan, personal communication).

Much effort has been put into understanding the process of
homologous recombination at the molecular level. The central
step in homologous recombination is bringing together the two
interacting DNA molecules, searching for the homology and then
exchanging the DNA strands between them. In the bacterium
Escherichia coliit is believed a single gene product, called RecA,
is responsible for this activity. Knovim vitro activities of RecA
critical for its biological function include making RecA—ssDNA
helical filaments, joint molecule formation between ssDNA and
homologous dsDNA, the ability to promote branch migration and
the ability to hydrolyze ATP (reviewed in2,5,6). recA mutant
strains are extremely deficient in homologous recombination,
sensitive to DNA damaging agents (i.e., UV irradiation) and show
an inability to process regulatory and enzymatic proteins used in
DNA repair and mutagenesis. Currently ©6A genes from
different bacteria have been cloned and sequeiti¢ed(Roca
and Cox, personal communication). Phylogenetic analysis of the
bacterialrecAgenes has been done9).

Putative homologs of RecA from eucaryotes have been
identified based on amino acid sequence simildrily Some of
these proteins isaccharomyces cerevisiaee Rad51, Dmcl,
Rad57 (1) and Rad551(2). The amino acid sequence similarity
for RecA is greatest for Rad51 and Dmc1. Correlations between
RecA and Dmc1l have also been predicted based on amino acid
alignments and the X-ray crystal structure of a fornk.obli
RecA combined with ADP 1@3). Biochemical comparisons
between RecA and Rad51 have been discussed elsewhere
(1,2,5,14). Physiologically, mutants oRAD51 RAD55 and
RAD57also appear to be like bacteratAmutants in that they
are deficient in types of recombinational DNA repair
(11,12,15,16). Mutants of DMC1 are deficient in meiotic
recombination, in forming synaptonemal complexes and in
completing meiotic prophasé)( Recently Rad51 and Dmcl
proteins have been shown to colocalize in the nucleus prior to
meiotic chromosome synapsis/(18). RAD51gene expression
in S.cerevisiadike recA is inducible at the level of transcription

Homologous recombination is a process whereby two duplex&sresponse to DNA damaged).
of DNA interact to either exchange or rearrange segments of theiRad51-like proteins have been found in the genomes of other
DNA. Cells use this process for DNA repdif2], generation of eucaryotesSchizosaccharomycpembe(fission yeast)1(9-21),
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Homo sapienghuman) 20), Mus musculugmouse) 20,22), RTA (Hvo)where W=AorT,S=GorC,R=GorA,andY =
Gallus gallus (chicken) £3), Xenopus laevi{South African CorT.
clawed frog) [24) GenBank D38488rosophila melanogaster ~ An MJ Research thermocycler PTC-150 was used for PCR. The
(fruit fly) (25), Neurospora crassa26) and Lycopersicon reaction mixture contained 30 total. DNA (500pg) was mixed
esculentunftomato) (GenBank U22441). Dmc1-like proteins havewith 250 pmol of each redundant primer mix. An aliquot ofill0
been found itH.sapienghuman) (GenBank D64108),musculus  of the Buffer ‘C’ from the Invitrogen PCR Optimizer Kit (Cat#
(mouse) (GenBank D64100andida albicanga fungus) (Gen- K1220-01) was used ¥5buffer solution containing 300 mM
Bank U39808) andilium longiflorum(lily) (27,28). Tris—HCI, 75 mM (NH)>SQy, 12.5 mM MgGC) at pH 8.5). Two

Genes for synaptase proteins like RecA and Rad51 have not yeits of Taq polymerase purchased from Perkin Elmer was added.
been isolated from the third organismal domain, Archaea. It is @he samples were initially heated td @4for 5 min. Then the fl
interest, therefore, to see if organisms from this domain have swafi2.5 mM solution of the dNTPs was added to final concentration
genes and, if so, whether the protein they encode more resemioie8.25 mM. Finally, a layer of mineral oil was added. Then the
the RecA or the Rad51 family. Since phylogenetic trees based usamples were heated af@4for 1 min before the temperature was
aminoacyl-tRNA synthetas2%), H"-ATPase 80) and elongation reduced to 37C for 2 min. After this the temperature was increased
factors genes3(l) show that the Archaea and Eucarya share a moata rate of 9/10 s to a final temperature of’Q2 The samples were
recent common ancestor than they do with bacteria, it would ligen incubated at 72 for 2 min. This cycle was repeated an
predicted that archaeal RecA-like proteins should more closedylditional two times. The reaction was then cycled for 30 times
resemble the eucaryal Rad51 proteins than the RecA bactetlaough 94C for 2 min; 43C for 2 min; 72C for 2 min, where
proteins. We found putativecAandRAD51homologues in three the temperatures were reached as quickly as possible. Lastly the
archaeans and we tested one of these genes for UV inducibilityeactions were incubated at?for 10 min before storage @

PCR fragments were first cloned so that they could be analyzed

MATERIALS AND METHODS by DNA sequencing and then were used for a probe in Southern
blot experiments. The PCR reaction mixture was electrophoresed
in a 2% agarose gel and a band of the appropriate size was excisec
One E.coli strain was used in this work, namely RH5The  The DNA was extracted from the gel using Qiaex Gel Extraction
genotype isupE44AlacU169(d80 lacZAM15) hsdR17 recAl  Kit (Cat# 20020). This DNA was cloned using SureClone Kit
endAl gyrA96 thi-1 relASulfolobussolfataricusP2, obtained (Pharmacia). This mixture was used to transform dE#ls to
from D. Grogan, was cultured in medium similar to the type usedmpR. After genomic fragments were identified by Southern Blot
to growSulfolobus acidocaldariou82) with the exception that analysisHindllI-Sadl (Ss9, EcaRV (Mja) andKpnl-Sph (Hvo)
0.2% sucrose was used instead of 0.2% xylose. Tryptone (0.2feigments were cloned into pUC118 using standard methods.
was used as the nitrogen source. Standing overnight cultures )
grown at 75C were used to innoculate larger cultures. CultureBNA isolation
for DNA and RNA isolation were grown at %5 with mild
aeration provided by shaking in a rotating water bath.

Archaean strains and bacterial strains

Cells were grown as described above to agdeff 0.25-0.35.
Cells were centrifuged and resuspended ¥nnfinimal salts
buffer [(in g/l distilled water): KSQs, 3.0; NabPQ,, 0.5;
MgSQOy7H,0, 0.3; CaCl2H,0, 0.1 and the pH adjusted to 3.5
Sulfolobus solfataricusells were grown as described above to amvith HoSQy] (32). If the cultures were to be irradiated, this was
ODggo of 1.0. Cells oMethanococcus janaschiiere the generous done at 0.5 J/&fs for 20 s. The cultures were then centrifuged and
gift of D. Clark. Cells of each species were pelleted and resuspendesuspended in growth medium and incubated’& #sth mild

in 1/10 vol 10 mM Tris—HCI pH 8, 1 mM EDTA, 100 mM NaCl. aeration for the appropriate time before extraction. Total RNA
1/10 vol of a 10% solution of sodium lauryl sarcosine was addedas extracted from 10 ml of culture using the Qiagen RNEasy
Then an equal volume of phenol—chloroform-isoamyl alcohdlotal RNA Kit (Cat# T4103).

(25:24:1) was added. The mixture was vortexed and then centri- )

fuged to separate the phases. The agueous phase was removed#igment of protein sequences

extracted two more times. The DNA was precipitated by addingy| e protein sequences were aligned using PILEUP from the

1/10 vol 3 M sodium acetate pH 7 and 2 1/2 vol of ethanol. AfleE G gyite of programs. A comparison region was defined as the
centrifugation, the DNA pellet was washed once with 70% ethanqlinimal amino acid sequence which all the proteins had in

centrifuged and the pellet resuspended in water. This was t mon and was called mCor for minimal common overlap
treated with RNase, re-extracted with the phenol-chloroform,gion The percent identities in mCor were then calculated using
solution and precipitated with ethanol and 3 M sodium acetate. TH& \umber of amino acids in the mCor region as the denominator

final pel;et was \1ve;shed Wilth 70% ethanol and resusEended INWaIEE each protein. Adjustments were made at the boundaries of
DNA from Haloferax volcannstrain WFD11 was the generous gaps in the sequences as described in the Results.

gift of M. Dyall-Smith.

DNA isolation

Protein nomenclature

PCR pri ti loni . . , S
CR primers, reactions and cloning Seven different proteins will be compared in this paper: two RecA

PCR primers (5» 3) used were: GGWCCWGARTCWTCWGG- proteins fronE.coliandBacillus subtilis Rad51 and Dmc1 from
WAARAC and ACWGARTCWACWACWATWAC §s9, ACW-  S.cerevisia@nd the three new proteins from the archaeans. In the
GAATTTTTTGGWGAATTTGGWTCWGGRAA and CTRAA- course of describing this work, all will be referred to as RecA-like
WGTWCCYTCWGTRTCWATRTA Mja), and ATCACSGARS- proteins. The three archaean proteins and the yeast Rad51 anc
TSTTCGGSGARTT and SCGGAASGTSCCYTCSGTGTCGAT-Dmc1 will also be referred to as Rad51-like proteins.
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Gene nomenclature and U45312 Hlvo). An open reading frame analysis of the
sequences in all six potential open reading frames was carried out
(data not shown). WitBsq Hvo andMja, only one orf is seen
which encodes putative proteins similar to RecA and Rad51. We
call that orf thaadA gene. In the sequences fr@soandMja,
RESULTS no other orf that could encode a protein >10 kDa overlaps the
Choice of archaeans radA gene in either direction and register. In the sequence,
however, a sizeable orf in the direction opposite to thietdsk
Genomes from three different types of archaeans were screenedifas seen. Whether or not this overlapping gene is expressed anc
RecA or RAD5ike genes. Two major groups éfrchaea  whether or not overlapping orfs are common in the genome of
Crenarchaeotaand Euryarchaeota have been defined by 16S H.volcaniiremain to be determined.
rRNA phylogenies. Th€renarchaeotaconsist mainly of hyper- ~ We assumed that the first ATG in the open reading frame with
thermophiles. One of thesB,solfataricusis a sulfur-oxidizing the homology t&RAD51to be the start codon of theelAgene. In
acidophilic hyperthermophilic aerob84f. The Euryarchaeota the SsoandHvo radA sequences the next ATG codon is >200 nt
consist mainly of two groups, the methanogens and the halophilétant (data not shown). Using this codon would eliminate regions
Methanococcus jannaschiand H.volcanii are respectively similar toDMC1andRAD51 In theMja sequence, however, there
members of these two groupsafryarchaeotd35,36). Methano-  was a cluster of three ATG coddrk00 nt distant from the first
coccus jannaschiivas isolated from a submarine hydrothermalFig. 1). Using any one of those would have made the length of the
vent 37). Itis a piezophilic, hyperthermophitivethanogen which  three archaean genes more similar. Because the sequence aroun
grows 5-fold faster at 750 atm of pressure than at 8 atnf @t 86the most downstream ATG has an adequate RBS (see below), we
(38). Itis also a strict anaerolir} and may have some halophilic chose to translate the orf beginning with this ATG for our analysis.
tendencies given its habitétaloferax volcanigrows aerobically
in media containing 20% NaCl at temperatures ranging from 28 ¢9eneral features of archaeal gene expression
56°C (39). A survey of GenBank reveals that genes isolated from

Sulfolobusand M.jannaschiiare AT-rich (>60% AT) while the Itis thought that promoters of archaea and eucarya are similar to
genes fronH.volcaniiare GC-rich (>60% GC). each other in that they bind transcriptional and regulatory factors

prior to binding RNA polymerase for transcriptional initiation
(412). In the bacteria promoters bind directly to RNA polymerase
which contains a component needed for promotor recognition
Initially we synthesized degenerate oligonucleotide PCR primers (¢2). A consensus sequence for archaeal promoters has been
encode two highly conserved regions of the Rad51, Dmc1 and Regfached through the characterization of promoters from several
proteins. These correspond to codons 66-73 (GPESSGKT) apkcies. This sequenc&TBC T T A T/A A-3, is centered 26 bp
codons 140-146 (VIVVDSV) dt.coli RecA protein. These two upstream of the transcriptional start site and is called BoxA
regions are thought to interact with ATEB@0). The GPESSGKT (42,43). Interestingly, it is the same AT-rich sequence in all
sequence is the Walker ‘A" motif and is thought to form thearchaean species regardless of their overall GC content. It has
phosphate binding hole. The VIVVDSV sequence is the Walker ‘Bdeen shown that a purine-rich region just upstream of Box A may
motif and is thought to interact with an Rigion via a water also be critical for function of some promotef€)( Archaeal
molecule. The selection of bases for the third position of the codamanscription usually initiates with a puriné2). Archaeal

in the first set of primers was adjusted for an AT-rich organism tiwanslational initiation is thought to require ribosomal binding
detect aecA or RAD5tlike gene inS.solfataricugSsg. After the  sites like that of bacterid4,45).

sequence of the putative gene fi®s which we calledadA, was

determined, highly conserved regions among the Rad51, Dmcl amgstream region of theS.solfataricus radAgene: identification
SsoRadA proteins which were not conserved inEoe RecA  of transcriptional start sites by primer extension analysis

protein could be seen. These sequences were chosen as the basis for ) . o

PCR primers to screen the other two archaean genomes. In each £8§dentative start codon for tBeo rad/Agene is shown in Figure

the pairs of primers were adjusted for the GC content of tHe_ Th|s was the first ATQ in the orf whose putative protein is
organism—M.jannaschii (AT-rich) or H.volcanii (GC-richy—by similar to Rad51 protein. Several nonsense codons block
appropriate selection of bases in the third position of each coddi@nslation from upstream ATG codons. The sequence of
Both upstream (+) primers of these pairs are similar to those usedéeleotides at the &nd of the5so16S rRNA was used to screen
screening th&sogenome; they encompassed part of the Walker ‘A0r & complementary upstream sequence. Such a sequence wa
motif as well as upstream sequences. The amino acid sequence (fi@pfified as a potential ribosome binding site (E)g.This six

to design both downstream (=) primers was YIDTEGTFR. Thigucl_eotlde sequence;6GTGAT-3, is centered 9 nt upstream of
amino acid sequence was preseRAD5], DMC1 andSso rada  the first ATG in the orf.

Based on the alignment of Statyal, the corresponding region in ~ TWO putative promoters have been located at —52 and —73 nt

RecA protein is FIDAEHALD and is thought to be important forupstream of the start codon by their similarity to the BoxA
catalysis {3,40). consensus sequence (Aiy.Each also is located downstream of

a purine-rich region. We calculated that potential transcriptional
start sites would be found at —24 and —48 respectively by counting
26 bp downstream from the middle of the Box A sequence and
The DNA sequences for the thresdA genes andB00 bp then identifying the nearest purine.

upstream and downstream of the gene have been deposited M/e tested whether or not initiation of transcription occtirred
GenBank with accession numbers U453€)( U45311Mja)  vivofrom either of these two presumptive promoters by looking

TherecAlike genes in the Archaeans were catieth This was not
intended to indicate any homology to thdA gene of.coli (33).

Rationale and design of PCR primers

Identification of the radA genes
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Sequences of 5 upsiream regions of the three archaean radd  genes

-86 =71 -&0 -a0 -40 =30 -z0 -1a +1
> n
Eso radd aggar ggtarkbtaag gogogdagy atdastataa assttagaaa gbagaggbat ththotagta taagtgactld GTSATaatag A
12 pl

Bl -6 -5 -40 =30 =20 =10 +1
Hvg radd goopacs acgbcteccg CRCECagQTtr catottgobg thaacgaggg Lttabgaggg tatAGGoGRa acgackbgogt A
-150 140 -1ig -120 -110 -l06 -%0
Mia rada cbbgaaac akactgtagt tatasaccas aatcfbigtg tagtcoaaka tgacaatbkga bgbATGataa cottoalata
-84 -70 -6l -50 -40 -30 -20 =10 +1

Ltkctbtgg caakateatc tatbtacctec caatttatbce akatathaac aattacaaat CCATGCCLAT GGTGACaata A

Figure 1.Sequences shown are the upstream regionsm@idAgenes frons.solfataricugSsg, H.volcanii(Hvo) andM.jannaschiiMja). The A in the putative ATG

start codon of eaatadA gene is designated +1. Three other potential start coddja radA are shown captitalized and in bold print. Potential ribosome binding
sites are in capital letters and normal print. The putative promoter sequences are shown by underlining potential BoxA sequences and italicizing the upstream |
rich regions. In the case 8fsolfataricus5 ends of mMRNA have been mapped (see text) and are indicated by bold face lower case letters. The number of asteris
(*) above the line is indicative of the abundance of the RNA. The consensus for the BoxA sequefiGTsTbA T/A A-3 (42,43) and the'2nd region of the

16S rRNA that is thought to be functionally similar to ther®l of the 16S rRNA gene frdincoli of the three archaeans &@sp3-ACUCCACUAGG... (52)Hvo
3-UCCUCCACUAGG... (53) antflja 3-CCUCCACUAG... (GenBank MVORR16SY).

for 5 ends of MRNASs that were complementary todaé gene AT .
of S.solfataricusThe results in Figur2 (summarized in Fidl) ! g -
show 5 ends at positions —24, —26 and —45. The bands at —24 and =
—45 show much greater intensities than the one at —26. The two
extension products corresponding to —24 and —45 show a purine
at the terminal position. The Bnd of two major extension
products that end at —24 and —45 are both 28 nt downstream of the .
two putative BoxA sequences at —52 and —73 respectively. We 3
therefore tentatively conclude that the two primer extension
products at —23 and —45 identify nucleotides where transcrip-
tional initiation occurs. Either of these two transcription initiation
points would provide transcripts that contain the RBS and have
the first ATG codon on the mRNA as the putative start codon. The
other primer extension product of lower intensity terminating at
position —26 may represent an alternative start site for the BoxA B & 0% 30 60 00
sequence centered at —52 nt or a breakdown product of transcripts
initiating at —45 nt.

_.'.-.ii"-ilil'-.

Taee ity manubes aler UY srradintbon

. Figure 2. Primer extension analysis of mMRNA isolated fr8msofataricus
Upstream region of theHvo radAgene RNA was isolated from UV-irradiated cells as a function of time after irradiation

Using the same criteria and reasoning described f@stheadA f};ggesaﬁ:'2?30'211'\4Zﬁ%ﬂ%ﬁﬂ?ﬂfg&ﬁgmﬁﬁg&vﬁ gaer';ﬂfﬁg ;;On"; this RNA
gene, we identified a potential ATG start codon forthe radA  reverse transcriptase. The same primer was used to generate the DNA
gene (Fig.l). Using the 3end of the cognate 16S rRNA as a sequencing ladders shown in the columns labelled A, T, G and C' &hé 5
visual probe, we identified a complementary sequence‘?f the extension products are shown in Figure 1. Methods are given in (54).
5'-AGGcGG-3, centered 14 nt upstream of the ATG as a putative

RBS. There are at least two sequences that have similarity to Box

A. They are located at —27 and —56. The —27 Box A sequenceu'
downstream of a purine-rich region and the —56 sequence is no
The —27 Box A sequence, although having a better match to thiee assignment of the start codon forltj@ radAis complicated

Box A consensus sequence than the —56 sequence and havingyathe fact that there are four ATG codons in the 100 nt upstream
upstream purine-rich region, may not be thevivo radA  region of the orf whose putative protein is similar to Rad51 protein.
promoter because transcripts from this promoter would moStcanning 5-15 nt upstream of each ATG reveals that only one, the
likely initiate transcription in between the putative RB start fourth (at 1 nt in Fig.1), has a potential RBS sequence
codon. We hypothesize, therefore, that the —56 Box A sequerBeTGGTGA-3 centered 10 nt upstream of the potential start
or another sequence further upstream may constitute the taagon. A potential promoter sequence has been identified at
promoter forHvo radA. —123 nt (Figl). This sequence TTTATA is an exact match to the

@stream region of theMja radA gene
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Box A sequence and has a purine-rich sequence immediatélitylogenetic analysis of the RecA-like proteins
upstream. A potential transcriptional start site would be at =101 nt

and allow the fourth ATG codon to be the site for translationdfrom the topology of the tree for 16S rRNA, we expect that the
initiation. RadA proteins fromHvo and Mja, both from the kingdom

Euryarchaeotashould be more similar to each other thaBgo
RadA protein from the kingdonGrenarchaeotd35). This was
Transcriptional initiation from the Sso radApromoters tested for the alignment in Figul8@nd for two variants by using
is not inducible by UV-irradiation the PROTPARS program of Phylip Suite 3.57. For the mCor plus
N- and C-terminal sequences, or for the mCor sequences from
Transcriptional initiation of theecA and RADS1 genes is which ambiguously aligned amino acids were eliminated as
inducible by UV irradiation6). This regulation is mediated in suggested by Eiser7)( we found an unrooted tree which
a negative fashion by the LexA proteinfiecAand in a positive  corresponds to the 16S rRNA tree (figure not shown). When we
fashion for the(RAD51gene by an upstream promoter enhancejised the mCor regions containing the ambiguously aligned amino
sequence 16,46). Since archaeal transcriptional regulation isacids, we found an unrooted tree in wHitfo andMja are not
thought to resemble eucaryal more closely than bacterigiouped in a clade like the 16S rRNA tree (figure not shown).
transcriptional regulation, the regions upstream of the three
putative promoters were scanned for the presence of a conserved
sequence that could be regulatory in function. No obviougISCUSSION
sequence was found. Nonetheless, since UV-inducible gene
expression has been demonstrated by induction of the lytic cy¢kghly conserved structural motifs from the aligned
of an integrated SSV1 DNA phageSiilfolobusshibatae(47),  Sequence
the inducibility ofradA gene transcription by UV irradiation for ) )
S.solfataricusvas tested. An increase in the basal level of primekn€ occurrence adAgenes whose putative proteins resemble
extension products analyzed above after treatment with UV ligit€CA, RadS1 and Dmcl proteins in representatives of both
would be indicative of an increase in the amount of NRNA. Using’own archaean kingdoms implies that these organisms may
alevel of UV irradiation that gave 50% survival$oacidcaulda- Carry out recombination by mechanisms similar to those of
rius (data not shown), the results shown in Figureveal that bacteria and eucaryotgs._Thg putative proteins e_ncoded by these
treatment with UV irradiation produced no or very little increasg2dA genes are more similar in sequence to predicted Rad51 and
in the amount of primer extension product seen. We tentativeFI?/”_‘C_1 proteins than they are to the two bacterial RecA proteins.
conclude that the gene expression ofdldé gene of5.solfatari- his is consistent with the information accumulated from a wide

cus unlike RAD51 or recA does nhot increase at the level of variety of protein and RNA sequences. It establishes that in DNA
transcription after UV irradiation. metabolism, RNA metabolism and protein synthesis, archaeans

are closer relatives of the eucaryotes than they are of bacteria.
In our analysis the similarity of proteins depends upon the way
Alignment of the putative RadA proteins with RecA they are aligned. We chose the alignment produced by the
and Rad51 proteins PILEUP program but we actually used two other methods to align
the seven proteins in Figul83eOne was the CLUSTAL3 program.
Alignment of the three predicted RadA proteins figolfataricus ~ The second was agreement with the alignment recently proposed
M.jannaschiiandH.volcaniiwith the Rad51 and Dmc1 proteins by Roca and Cox (personal communication) supplemented by an
from S.cerevisiaeand the RecA proteins frori.coli and alignment of part of thBsoRadA sequence supplied by A. Roca
B.subtilusis shown in Figures. Inspection of the alignment (personal communication). Both of the alignments so produced,
reveals a minimal region in which all the sequences overlap. \Wewever, failed to satisfy our two criteria for assessing the validity
call this the mCor. Two subgroups are evident based on whetlodr an alignment: preservation of the continuity of putative
or not the proteins have an N- or a C-terminal extension from tilsecondary structure elements and consistency with a phylogenetic
mCor region. The first subgroup consists of the RecA proteinslationship mimicking that of 16S RNAs (data not shown).
from the two bacteria. These two proteins have C-terminal endso andf secondary structure elements have been proposed for
that extend beyond the mCor. The second subgroup consists offft® RecA protein based on its X-ray crystal structure of an
three archaean proteins and the two yeast proteins. These confdiP—protein complex 40,48). These are indicated on the
N-terminal extensions beyond the mCor. Analysis of the spacakignment of proteins in Figurg (40,48). Only two of those
introduced by the computer program to align the seven sequenetmmentsq helices C and D) are interrupted by gaps inserted by
also shows this grouping among the seven proteins (see beloRILEUP to optimize the alignment. These two helices are on the
Percent amino acid identities between the mCor regions of pagstside of the molecule in the region of the protein involved with
of proteins were calculated and used as one measure AJTP hydrolysis 40,48). In the alignment produced by the two
relatedness between the seven proteins (data not shown). Bhiger methods, up to eight of the secondary structure elements
mCors of the RecA proteins are 65% identical and the mCorswEre interrupted by gaps. In these alignments we moved amino
the yeast proteins are 49% identical. The mCors of the threeids at the boundaries of the gaps to restore continuity to the
archaean proteins range from 42 to 49% identical with each otheecondary structural elements one by one. After each move a
With the mCors of the yeast proteins, the archaean proteins ramiylogenetic tree based on the resulting alignment was drawn by
from 37 to 46% identical and with the mCors of the bacteridROTPARS. In neither case were we able to restore continuity to
proteins, they range from 16 to 20% identical. We conclude thall but two elements without altering the tree from one that
the archaean proteins are more closely related to the proteins froratched the 16S RNA tree to one that did not match. Consequently,
eucaryotes than they are to the proteins from bacteria. we chose the PILEUP alignment to present.
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2
BT o
B T < v JMENEVEQKRMIKTINDLE, LGISQTVINKLI EACYSSTLETLA
BT = T N MAFTIDLEST.R. (O PATADKLVESSYTS YOO TA
Mjz RadA MODLTOLE . GVGPTTAEXLEZAGYTOFMKTA
o T 1T MEV TGS L DSDTARNI LEVDELLN G IKASDLOXLESGE IYTVIN VL
Fee Radbl: MSVREQHISESQLOYCNGSLMSTV PADLSOSVY OGHCGNGSS ED T ZA THE SO DGEGLOEGAEAMICENENEAY DFALLCSFVPTER T OVNG T THATIVK ST RESCT HTAFAVA
|==mCor——m= ol 1A Bax |
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Figure 3. Alignment of the primary sequence of two bacterial RecA proteins, three archaean RadA proteins and two proteins (Dmcl and Rad51) from the y«
S.cerevisiagall of which are predicted from their corresponding DNA sequences. The alignment was produced by the program PILEUP of the GCG suite. The vert
lines above th&co RecA sequence mark the boundaries of the mCor and secondary structural elereentRdeA as taken from Stost al. (13). Secondary
structural elements are lettered and numbered as followsoa#elx A, b0 =3 strand 0, etc. Dots indicate the absence of amino acids. The numbers at the end of
the top line refer to the last amino acid position in that line fdE¢iodRecA protein.

Phylogenetic predictions of the alignment Methanococcugenus sincélja RadA has nine amino acids in

i , , this region not contained by the other two archaean sequences.
There are nine places in the alignment where there are gaps of ¥/ mid-parts of three other methanogema genes have also
or more amino acids in some of the sequencesAFighese are pean sequenced to test this prediction and the data show that
potential signature sequences. For example, the.re are two pl on 3 is a signature sequence for two olfiethanococcus
(numbered 2 and 4 in Fig) where the two bacterial sequencesgpecies but not forMethanosarcinapecies (unpublished data).
lack amino acids contained by the other five sequences. There are
anothe_r two places (numbered 7 gnd 9 in Rjgwhere the %t]ructural predictions of the alignment
bacterial sequences have amino acids not possessed by the other
five. Thus, there are potentially four sequence regions whidlVe have explored the possibility that the alignment shown in
serve to distinguish a bacterial sequence from that of an archaeatail in Figure8 and diagrammatically in Figudemight reveal
or eucaryote. Scrutiny of the 63 other bacterial RecA proteistructural features of the Rad51-like proteins. One way to
sequences listed by Roca and Cox (personal communication) aweluate this possibility is to mark the three dimensional structure
Eisen {7) show that all are similar ttcoRecA andBsuRecAin  proposed for the crystalline form BEo RecA complexed with
these four locations. There are two regions (numbered 1 and 8ADP (40,48) with differences in primary structure shown in the
Fig. 4) which may serve to distinguish archaean from eucaryosignment. We have done this in two ways in FiguFgrst, there
sequences. Two places (humbered 5 and 6 id)FSgem to mark are three regions of the primary structurécobd RecA that are
sequences that may serve to distinguish halophilic from othshown as missing from the Rad51-like proteins in Figieexl
archaean sequences. We have sequenced the mid-paradfthe 4. These ‘missing’ amino acids are shown in red in Figure
genes from two other halophile specditalpobacterium halobium Secondly, there are four regions where the Rad51-like proteins
andHaloarcula hispanicaand find sequences very similar to thatare shown in Figure3and4 to have more amino acids in their
of H.volcanii(unpublished data). Finally, region 3 (in Fgmay  primary structure thaBcoRecA. These are marked by highlight-
serve as a signature for methanogen sequences or for thgthe amino acid on each side of the gagcoRecA primary
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Figure 4. Diagrammatic representation of the alignment shown in Figure 3.
Rectangles represent the amino acid sequences. White areas indicate t
absence of amino acids and correspond to the dots in Figure 3. Below thg
rectangles each region of discontinuity is numbered with the exception of
number 3. In this case the two gaps in$8eandHvo RadA sequences are
considered to be a single region.

structure shown in Figur@&and4. We will comment briefly on
features of the resulting molecular model in Figuand then
evaluate briefly the validity of this technique.

One of the main features of the model is the red color given {
the C-terminal region indicating its absence in the Rad51-lik
proteins. The C-terminal region of the bacterial RecA protein
inhibits their binding to dsDNAG649) and is a region of
interfilament interactio@®). Since the yeast Rad51 protein lacks
the C-terminal domain and binds to dsDNA better BaoRecA
protein (L4,50), we predict that the archaean proteins will do the
same. Furthermore we SUQ.geSt that the N-terminal domain of tpl re 5.A space filling model of the atoms of theoRecA protein as defined
yeast and archaean proteins takes the place of the C-termiggne crystal structure (48) is shown. This figure was drawn using Midasplus
domain in interfilament interactions. Fig@also shows the loop  v2.0 software. The two parts of the figure show two faces of the RecA protein
region between the sixth and sevdhsitrands to be missing from that are rotated about the vertical axis°180m one another. The numbering
the Rad51-like proteins (region 9in F@]dS) A second major system is that of thEcoRecA protein. In_/{\), the parts of the RecA protein not
feature of the model in FiguBa is that the region between the in the primary structure of the Rad51-like proteins are shown in red_. They are,

- A : ! inclusive of amino acids 152—155, 228-239 and 271 to 328 (note: this is the last
sixth and seventfi strands is physically close to the C-terminal amino acid visible in the crystal structurefmo RecA). These correspond to
region suggesting that its absence may be functionally correlategjions 4, 7 and the C-terminal region respectively of Figure®), lth¢ amino

to the absence of the C-terminal region. acids present in the Rad51-like proteins and not in the RecA structure are

: i : ilustrated by highlighting the two amino acids bordering the gaps iBdbe
The four regions where the Rad51-like proteins have moréecAsequencein Figure 3. The bordering amino acids are: magenta 84—85, blue

amino acids thaBcoRecA (numbered 36 in Fig) lie between 102 103, green 110-111 and yellow 137-138. These correspond to regions 3,
amino acids that are on the surface of Hu® RecCA—-ADP 4, 5 and 6 respectively of Figure 4.
structure (Fig5B). This region is predicted to lie on the outside
of the helicalEco RecA-DNA filament 40,48). Thus, this is a
region where extra amino acids might be added withodbe alignment between RecA and Rad51-like proteins shown in
interfering with contacts with DNA and without altering theFigure 3 is a different matter because we know of three other
secondary structural core of the protein. These extra amino acalgnments that have been proposedfmRecA andSceRad51
might be involved in interactions between Rad51-like proteingroteins (0,13) (Roca and Cox, personal communication).
and other proteins(). Ignoring the N- and C-terminal regions, we find that the four
The analysis shown in Figure assumes that RecA and alignments agree with each other in six regions consisting of 105
Rad51-like proteins are homologues with similar tertiary stru@mino acids (data not shown). These are the unambiguously
tures and that the alignment shown in FigBrhas physical aligned amino acids which Esiéf) fecommends for phylogenetic
validity. The X-ray crystal structure of a Rad51-like proteinanalysis. All of the numbered regions in Figdike outside of
remains to be determined, but there seems no present reasotinége consensus regions. We trust our alignment because it
guestion the assumption of similar tertiary structure. Validity ofonsiders the archaeal RadA proteins, which show twice the
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