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Rad51p is a eukaryotic homolog of RecA, the central
homologous pairing and strand exchange protein in
Escherichia coli Rad54p belongs to the Swi2p/Snf2p
family of DNA-stimulated ATPases. Both proteins are
also important members of the RAD52 group which
controls recombinational DNA damage repair of
double-strand breaks and other DNA lesions inSacch-
aromyces cerevisiaeHere we demonstrate by genetic,
molecular and biochemical criteria that Rad51 and
Rad54 proteins interact. Strikingly, overexpression of
Rad54p can functionally suppress the UV and methyl
methanesulfonate sensitivity caused by a deletion of
the RAD51gene. However, no suppression was observed
for the defects of rad51 cells in the repair of y-
ray-induced DNA damage, mating type switching or
spontaneous hetero-allelic recombination. This sup-
pression is genetically dependent on the presence of
two other members of the recombinational repair
group, RAD55 and RADS57. Our data provide compel-
ling evidence that Rad51 and Rad54 proteins interact
in vivo and that this interaction is functionally import-
ant for recombinational DNA damage repair. As both
proteins are conserved throughout evolution from
yeasts to humans, a similar protein—protein interaction
may be expected in other organisms.

Keywords DNA repairRAD5IRAD54recombination/
S.cerevisiae

Introduction

way (RAD6group) and the recombinational repair pathway
(RAD52group) (see Friedbergt al., 1995).

DNA lesions like double-strand breaks (DSBs) that
affect both strands of a double helix are particularly
damaging. DSBs are the major genotoxic lesions induced
by ionizing radiation, and the widespread use of this
radiation in medical diagnosis and therapy requires a
better understanding of the repair mechanisms for such
lesions. InS.cerevisiagsuch damage is repaired primarily
by homologous recombination using the DNA sequence
residing on the sister chromatid or homolog to restore the
DSB in a way that is intrinsically error free (Resnick,
1976; Szostaketal, 1983). Other pathways of DSB
repair include single-strand annealing and end joining
mechanisms that are intrinsically error prone (reviewed in
Roth and Wilson, 1988; Haber, 1992). These pathways
can be detected irs.cerevisiag(Fishman-Lobellet al,,
1992; Krametret al,, 1994), but may be of greater relative
importance in higher eukaryotes (for review, see Weaver,
1995; Wood, 1996). Mutations in th&®AD52 group
genes result in pleiotropic defects in DNA damage repair
including extreme sensitivity to ionizing radiation or other
DSB-inducing agents and alkylating agents like methyl
methanesulfonate (MMS) as well as sensitivity to UV
irradiation (reviewed in Game, 1993; Friedbeegal,
1995; Shinohara and Ogawa, 1995). Moreover, additional
defects in various aspects of chromosome metabolism
during vegetative growth and during meiosis have been
described for some mutants, although not all genes have
been analyzed systematically for all phenotypes (reviewed
in Kleckneret al,, 1991; Petest al, 1991; Roeder, 1995).

The characterization of thRAD52group genes identi-
fied RAD51 RAD52 and RAD54 as the most important
members based on the severity of the mutant phenotypes
(Game, 1993)RAD51 encodes a protein with sequence
similarity to the central bacterial recombination protein
RecA (Aboussekhraetal, 1992; Basileetal, 1992;
Shinoharaet al, 1992). The protein forms protein—-DNA
filaments indistinguishable from RecA protein—-DNA
filaments (Ogawaet al,, 1993) and promotes homologous

DNA repair is an essential part of the cellular response P&Ilng and strand exchange vitro (Sung, 1994; Sung
to DNA damage. Such damage occurs as a consequencé‘”d Robberson, 1995). R_ad51 and Rad52 proteins interact
of the cellular metabolism or by environmental exposure 2 Shown by genetic (Milne and Weaver, 1993; Schild,
to chemical or physical agents. Accurate repair of DNA 1995), biochemical (Shinohagd al, 1992) and molecular
lesions avoids mutations and thereby ensures survival.(Donovanetal, 1994) experiments. Whereas the RecA
Genetic analysis iSaccharomyces cerevisidas identi- ~ Paradigm (reviewed by West, 1992; Kowalczykowski and
fied mutations in nearly 100 genes, that affect DNA Eggleston, 1994) provides a framework for understanding
damage repair (reviewed in Friedbertal, 1995). Some  the role of Rad51p, the function of Rad52p remains more
of these genes have been assigned to epistasis groups thagysterious. However, the interaction of Rad52p with
reflect an organization into DNA damage repair pathways Rad51p and with Rpa (Firmenieh al, 1995), the eukary-
(reviewed in Haynes and Kunz, 1981; Game, 1983). They otic single-stranded DNA-binding protein, suggests that
include the nucleotide excision repair pathway (NER, Rad52 protein also acts directly on the DNA during
RAD3group), the error prone/post-replication repair path- recombinational repair.
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TheRAD54gene has been cloned (Caldestral., 1983) A
and sequenced (Emeey al,, 1991), and the predicted 898
amino acid Rad54 protein exhibits significant sequence
homology to Swi2p/Snf2p. This homology includes seven
sequence motifs that have been proposed to identify
members of a family of putative DNA helicases ' .
(Gorbalenya and Koonin, 1993). The Snf2p/Swi2p family |UASLexA I
includes 28 eukaryotic and one prokaryotic member (Eisen
etal, 1995). The proteins function in transcriptional
regulation (Snf2p/Swi2p, Motlp, lodestar, brahma) and
various DNA damage repair pathways including NER
(Rad16p), post-replication repair (Rad5p), strand-specific B
repair (Rad26p, ERCC6) and recombinational repair

>
LEU2 and lacZ

(Rad54p). Biochemical analysis of Snf2p/Swi2p (reviewed 11l : £l _

in Peterson and Tamkun, 1995) failed to demonstrate LexA-fusion Activator-fusion  B-gal. act.

helicase activity for the protein but identified a DNA- Rad54(1-898) Rad51(1-400) 124.8 + 24.1

stimulated ATPase activity. Therefore, it is likely that Rad54(1-356) Rad51(1-400) 183+ 29

Rad54p also acts directly on DNA, constituting, together Rad54(291-898) Rad51(1-400) 46+ 27

with Rad51 and Rad52 proteins, a central component, Rad54(1-898) Rad54(1-898) 3.1+ 25
control Rad51(1-400) 9.0+ 21

critical for recombinational repair.
Recently, an astounding evolutionary conservation of
the NER pathway between yeasts and humans has beeffrig. 1. Interaction between Rad54 and Rad51 proteins in the two-

: : i : . hybrid system. &) The Rad51-activator fusion (Rad51-ACT) is
established, makm@.cerewsmean attractive model SYS recruited to the promoter by interaction with the LexA—Rad54 fusion

tem for this repair system (reviewed in Hoeijmakers, o activate transcription of theEU2 andlacZ reporter genes, both
1993). A similar situation might be true for the recombina- present in the host (Gyurist al, 1993). 8) The activator fusion
tional repairRAD52group, although the studies in higher Saggi(l—4go) ‘inc?decti by DJGtQ&D5Il—?)QO)t90nt6{itT]S qullxength
i i al P and activates transcription in comboination wi EexXA—

?hualialgfg)zsl?;egg:];?rve%eIirr:gn(i(c))?tpli? tﬁo?\lgiagzll;?&ﬁeezrs Rad54(1-898) encoded by pEG2B2D541-898) containing full-

. . ! length Rad54p. Rad54(1-356) encoded by pEGRBB541-356) is a
(Shinoharaet al, 1993; reviewed in Heyer, 1994), and LexA fusion containing the first 356 amino acids of Rad54p. In
homologs in Archaea have been identified recently Rad54(291-898) encoded by pEG2R2D54291-898) the C-terminal
(Sandler etal, 1996). Moreover, genes with limited 20% g:zil”% SBC;dS of gaéi%@ "J\'gg&;ggltoig'é%/* T?e_ aC?VﬁOf fltlﬁion

H ra H a — encode — contains tull-len
sequence homology t&ADS2 have been |d_ent|f|ed in Rad54p.Trypanosoma brui/:epi bruceirofilin fused to LexA servedgas
higher eukaryotes (Bezzuboetal, 1993; Bendixeret al,, a negative control3-Galactosidase activity was determined three times
1994; Muris etal, 1994). The third component of the in two independent transformants and the mean is expressed in Miller
putative core machinery in recombinational repair, units* standard deviation.
Rad54p, is also conserved in structure and function, as
the human homologhHR54 has been demonstrated S.cerevisiae(Figure 1). The Rad51-activator construct
as the first mammalian recombinational repair gene to activates transcription in combination with LexA-
complement a deletion in the correspondiBgerevisiae Rad54(1-898) but not with LexA fused to a negative
gene (Kanaaet al,, 1996). control protein Trypanosoma brucei bruceiofilin) or to
Here we show that th&.cerevisiadRad51 and Rad54 the C-terminal 607 amino acids of Rad54p [Rad54(291—

proteins interact in the two-hybrid system and that an 898)]. Some activation was detected using a LexA fusion
in vivo complex containing both proteins can be demon- to the first 356 amino acids of Rad54p [Rad54(1-356)],
strated biochemically by co-immunoprecipitation. Genetic with a value significantly different from the others as the
experiments provide compelling evidence that this protein— standard deviations did not overlap. No evidence for
protein interaction is significant in recombinational DNA Rad54p—Rad54p interaction was found in this system.
damage repair. Most importantly, overexpression of Both fusion constructs that showed interaction, pEG202-
Rad54p suppressed DNA damage repair-related pheno-RAD541-898) and pJG4-RAD511-400), are biologic-
types caused by a deletion in tRAD51gene. It appears, ally active as they complemented the MMS-sensitive
therefore, that this protein—protein interaction is important phenotype of the respective deletion mutation®RikD54
for the molecular mechanism of recombinational repair. RAd51

Protein complexes containing Rad51 and Rad54

protein exist in vivo

Radb51p and Rad54p interact in the two-hybrid To corroborate this interaction, we demonstrated that
system complexes containing Rad51 and Rad54 proteins exist in
Recombinational repair is likely to be mediated by a S.cerevisiaeells. For this purpose, we used anti-Rad54p
multi-protein complex. Identifying the subunits of such a antibodies in immunoprecipitation experiments and
complex and their mutual interactions will be of great showed that the two proteins can be co-precipitated
importance in understanding the molecular mechanism of (Figure 2A, lanes 4). In a control strain lacking Rad54
this process. Using the two-hybrid system (Fields and protein, no Rad51p was precipitated (Rad51p was tagged
Song, 1989; Gyuriet al, 1993), we have identified an with the HA epitope, lanes 5), showing that the HA-
interaction between the Rad54 and Rad51 proteins of Rad51p is not simply precipitating under the experimental

Results
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Fig. 2. Rad54 and Rad51 proteins form a compiexivo. (A) Immunoprecipitation of lysates fror@.cerevisiaexpressing Rad54p and HA-Rad51p

using anti-Rad54 antibodies. Precipitates were split in half, proteins were separated by SDS—-PAGE and analyzed by immunoblotting with either anti-
Rad54 antibodies (left) or anti-HA antibodies (rightp) (mmunoprecipitation of lysates @.cerevisia@xpressing Rad54p and HA-Rad51p using

anti-HA antibodies. Four-fifths of the precipitate was analyzed using the anti-Rad54 antibodies (left), one-fifth of the precipitate was analyzed using
anti-HA antibodies (right) as in (A). Lanes 1-3, immunoprecipitations without first antibody; lanes 4-6, immunoprecipitation containing first

antibody; lanes 7-9, direct immunoblot analysis of protein extractgufilih (A), 5 pug in (B)]. Lanes 1, 4 and 7, protein extract from strain

FF181079-2 ad51A) transformed with pPGARADS4 (labeled )RAD54 and pJG4-3RAD51 (labeled ]RADSY); lanes 2, 5 and 8, protein extract

from strain FF18973r&d54A) transformed with pJG4-RAD51 (labeled [RAD5Y); lanes 3, 6 and 9, protein extract from strain FF181079-2

(rad51A) transformed with pPGARADS54(labeled ]RAD54. Arrows indicate the positions of the proteins; Ighc denotes immunoglobulin heavy
chain.

conditions. In strains lacking HA-Rad51 and Rad51 pro- Correspondingly, Rad54p—Rad51p-containing com-
teins, Rad54p was precipitated (lane 6 left), but no signal plexes were also identified after precipitation of the

was detected with the anti-HA antibody (lane 6 right). Rad51 protein partner (Figure 2B, lanes 4). The control
Omitting the anti-Rad54p antibody in the precipitation experiments demonstrated again the specificity of the
(lanes 1-3) and analyzing extracts of the strains used (lanes antibodies used and the specificity of the interaction.
7-9) by immunoblotting demonstrated the specificity of Omitting the anti-HA antibody in the precipitation (lanes

the antibodies used. The biological significance of the 1-3) and analyzing extracts of the strains used (lanes
occasional appearance of lower molecular weight forms 7-9) demonstrated the specificity of the antibodies in

of Rad54p and HA-Rad51p visible in lanes 4 and 6-9 is precipitation and immunoblotting. The specificity of the
unclear. They probably constitute proteolytic degradation Rad51p—Rad54p association (Figure 2, lanes 4) is demon-

products. strated by the control experiments in lanes 5 and 6,
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Fig. 3. The Rad51p—Rad54p complex is stable. Immunoprecipitation of
lysates from strain FF181079-2afi51A) transformed with
pGALRAD54and pJG4-RRAD51expressing Rad54 and HA-Rad51
proteins using anti-Rad54 antibodies. Precipitates were separated by rad514/ pGalrad54-K341R
SDS-PAGE and analyzed by immunoblotting with anti-HA antibodies. rads514/ pGal

Lanes 1-4, washes with buffer containing 0.2% Triton X-100;
lanes 5-8, washes with buffer containing 1% Triton X-100; lane 9, -001 0 20 40 60 80 100
direct immunoblot analysis of g of protein extract. Lanes 1 and 5, 2

washes with buffer containing 50 mM NaCl; lanes 2 and 6, 100 mM UV [J/ m?]

NaCl; lanes 3 and 7, 150 mM NaCl; and lanes 4 and 8, 200 mM i ] ) o
NaCl. Fig. 4. Rad54p overexpression partially suppresses the UV sensitivity

of rad51A. UV survival curve of strain WDHY1036ré4d51A/rad51A)
transformed with pPGARAD51(®), pGaRAD54([]), pGatad54-
. . . L. K341R (M) or pGal vector {) and of strain WDHY669 (wild-type)
showing that Rad54p is not simply precipitating under the with pGal vector Q) after plating on medium containing galactose.

experimental conditions. The amount of HA-Rad51 protein Shown are averages of experiments from four independent
was consistently lower in the absence of Rad54p (Comparetransformants. Standard deviations between WDHY108651A)

; : : : transformed with pG&AD51and WDHY669 (wild-type) transformed
Figure 2A and B, lanes 7 and 8 ”ght’ and in Figure 2B, with pGal as well as between WDHY103fa@51A) transformed with

lanes 4 and 5 right), suggesting a possible stabilization of hGa| and pGahds4-K341Rwere overlapping, all other standard
HA-Rad51p by the complex formation with Rad54p. deviations were not overlapping.

In the co-immunoprecipitation experiments, the proteins
were overexpressed resulting for Rad54p in a 50- to 100-
fold increased protein level compared with the level Tablel. Negative effect of Rad54p and Rad51p co-overexpression on
originating from the chromosom&AD54gene (B.Clever ~ Wild-type S.cerevisiae

10 wt/ pGal
rad514/ pGalRADS 1

-

rad514/ pGalRAD54

Survival [%]

o
-

and W.-D.Heyer, unpublished result). The use of the tag \yphyss9 + plasmids Survival (%) at:
precluded the determination of how much HA-Rad51p
was overproduced in comparison with native Rad51p. 0.005% MMS  0.01% MMS

However, co-precipitation of HA-Rad51p with Rad54p

did not require such elevated levels of Rad54p, as HA- Eg:mEEi;ADSI g;of éo 1ggf ?5
Rad51p could also be co-precipitated from extracts of a pcaraps4vEp13 100+ 12 94+ 16
strain containing only the normal chromosomal copy of pGaRAD54YEp13RAD51 49+ 13 32+ 10

RAD54(data not shown).
To assess the stability of the Rad51p—Rad54p inter- aComplete MMS survival curves were performed for six independent
ti £ d . initati . transformants with plating on medium containing galactose. The table
f”lc lon, . we  per Qrme c'o-lmmun_o'preupl ations US_'”Q shows averages standard deviations for the relevant data points, the
increasingly specific washing conditions. Immunoprecipi- rest of the data are not shown. Survival without MMS was set as
tations were done exactly as for Figure 2, and precipitates 100%.
were washed subsequently four times in buffer with o _ _ o
increasing concentrations of NaCl and Triton X-100 before the recombinational repair pathway (reviewed in Friedberg
immunoblot analysis. As shown in Figure 3, under the etal, 1995; see also Figure 6). .
most stringent conditions tested (200 mM NaCl/1% Triton ~ Furthermore, in the absence of MMS, i.e. under normal
X-100), essentially no loss of signal for the co-precipitating growth conditions, co-overexpression of both proteins
HA-Rad51 protein was detected afterimmunoblot analysis. significantly reduced the cell survival in wild-type diploid
These conditions are more Stringent tharvivo. There- cells (See Table | for StralnS). This can be demonstrated
fore, the stability of the protein—protein interaction is by determining the ratio of the colony-forming units

consistent with thén vivo existence of a Rad51p—Rad54p (C.f.u.) on galactose-containing medium (overexpression
complex. condition) to the c.f.u. on glucose (non-overexpressing

condition). Whereas in double vector control (pGal/

, . YEp13) and single overexpressors (pRati54YEpl3,
Co-overexpr e_ss:onffof Ra_d581 and Rad54 proteins pGal/lYEp1RAD5) no negative effect on galactose was
causes negative effects in S.cerevisiae observed, in cells co-overexpressing both Rad51 and

Genetic experiments gave evidence for the biological Rag54 proteins survival on galactose was reduced signi-
relevance of the Rad51p—Rad54p interaction. Overexpres-ﬁcam|y ?o 0.50+ 0.15. g g

sion of neither Rad54 nor Rad51 proteins alone resulted

in negative effects irS.cerevisiagTable I), whereas co-  Overexpression of Rad54p suppresses some, but
overexpression of both proteins led to a synthetic pheno- not all DNA damage repair defects caused by a

type of 3-fold reduced survival in the presence of MMS. deletion in the RAD51 gene

Mutations in all RAD52 group genes led to sensitivity Overexpression of the Swi2p/Snf2p homolog Rad54p in
against MMS which induces DNA damage repaired by cells lacking the RecA homolog Rad51p surprisingly led
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100 - RAD5 1/ pGal strain/ plasmid 0 20 40 60 80 100 120
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S rad554 rad574/ pGalRAD55-RADS7 ——
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% 1 :Gzlmdﬂ_mun rads14 rads5a rad5 74l pGal | fj
rads14 rad55a rad574l pGalRADS4 | |
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Survival [%]
0.1 T T T T .
0 02 04 06 08 ' Fig. 6. Suppression by Rad54p overexpression depend3AID55and
) 7 Survival of strains wild-type) transformed witl
MMS [%] x 100 RADS57 Survival of strains FF18733 (wild formed with
pGal vector, FF181079-24d51A) transformed with either pGal vector
Fig. 5. Genetic interaction betweeRAD51and RAD54 or pGaRAD54 WDHY 1188 fad55A rad57A) transformed with either
Overexpression of Rad54 protein suppresses the MMS sensitivity of ~ PGal, pGaRAD54 or pGaRAD55-RAD57and WDHY960 (ad51A
rad51A. Survival of strain FF181079-24d51A) transformed with rad55A rad57) transformed with pGal or pGRIAD54after plating on
either pGal vector®), pGaRADS54([) or pGatad54-K341R(A) and plates containing glucose and 0.005% MMS. Complete MMS survival
strain FF18733 (wild-type) transformed with pGal vectdr) (after curves (0, 0.001, 0.0025, 0.005 and 0.01% MMS) were performed for

plating on medium containing glucose and various concentrations of ~ 2-5 independent transformants. The figure shows averaggandard
MMS. Shown are the averages of 4-5 independent determinations. At deviations for one data point, the rest of the data are not shown to

0.01% MMS, the standard deviations for FF18107&i61A) ease the presentation. Survival without MMS was set as 100%.
transformed with pGal vector contrdll) and pGalad54-K341R(A) Absolute values between the experiment shown here and that shown in
were overlapping as were the standard deviations between FF18733  Figure 5 cannot be compared as different batches of MMS were used
(wild-type) transformed with pGal vecto( and FF181079-2 for both experiments.

(rad51A) transformed with pG&AD54 All other standard deviations
were not overlapping. Thead51A mutation in strain FF181079-2

could be complemented by a plasmid-boR&D51gene. were not suppressed by overexpression of Rad54p (data
not shown).

) . The expression levels of wild-type and mutant Rad54
to the suppression of DNA damage repair phenotypes proteins in cells grown in glucose- and galactose-con-
caused by thead5IA mutation (Figures 4—6)rad51A taining medium were determined by immunoblot analysis
causes hypersensitivity against UV irradiation (reviewed (gata not shown). The pGRAD54 and the pGakd54-
by Friedbergetal, 1995; see Figure 4). This phenotype K341R vectors resulted in ~10-fold overexpression of
was partially suppressed by Rad54 protein overexpression proteins in glucose and 50- to 100-fold overexpression in
At 100 J/nt, survival of arad51A strain is reduced ~1400-  gajactose. This analysis therefore established that the loss
fold compared with wild-type. Overexpression of Rad54p of suppression activity withad54-K341Rwas due to non-
in arad51A cell restored survival 90-fold. This survival  functional protein, as stable rad54-K341Rp was detectable.
is below that of wild-type cells (16-fold), which is a
statistically significant difference. _ The suppression of rad51A by high Rad54p levels

This suppression effect is dependent on active Rad54 js genetically dependent on both RAD55 and
protein, as thead54-K341Rmutation abolishes the sup- RAD57
pression activity of Rad54p (Figure 4). This mutation To characterize further the suppression of tiael51A
affects the central lysine residue in the putative ATP- MMS-hypersensitive phenotype by Rad54p overexpres-
binding fold (Walker A-box) of the Rad54 protein and sjon, we analyzed the genetic requirements for this effect.
abolishes function. Thead54-K341Rallele did not com- The suppression was dependent on both BwD55
plement the MMS phenotype of @d54A mutant as @  and RAD57genes, which encode proteins with sequence
centromere-plasmid borne copy or transplaced in the similarity to Rad51 and RecA proteins (reviewed in
genome (J.Schmuckli-Maurer and W.-D.Heyer, unpub- Heyer, 1994).
lished data). Mutations inRAD55and/orRAD57exhibit overlapping

Moreover, Rad54p overexpression also suppressed thephenotypes which are less severe than thoseadbl,
MMS hypersensitivity inrad51A cells (Figure 5). At rad52or rad54 mutants (compare in Figurerfd51A with
0.01% MMS, survival of therad51A strain is reduced  rad55A rad57A). This is especially the case at 30°C, the
84-fold compared with wild-type. High Rad54p levels temperature used here, as deletion®RiD550r RAD57
improves this 70-fold, to a survival only 1.2-fold below exhibit an unusual, cold-sensitive phenotype (Lovett and
wild-type, which is not statistically significant. As for UV Mortimer, 1987). The triple mutantr4d51A rad55A
survival, the suppression was dependent on active Rad54prad57A) exhibits exactly the same MMS sensitivity as the
as therad54-K341Rallele did not exhibit this suppression  rad51A single mutant (see Figure 6). Overexpression of
effect (Figure 5). Rad54p inrad51A cells again showed the suppression

The defects ofad51A cells iny-ray survival, spontan-  (see Figure 6 and legend) already seen in Figure 5. Over-
eous and UV-induced mitotic recombination (intragenic expression of Rad54p in the triple mutaraq51A rad5A
recombination his7-1xhis7-2, and repair of the HO  rad57A; Figure 6) or in either double mutantafd51A
endonuclease-mediated DSB during mating type switching rad57A, rad51A rad5%)\; data not shown) did not have
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any effect on the MMS sensitivity of the cells. Based on prokaryotic counterpart RecA protein, is probably active
this quantitative difference, we conclude that the Rad54p in the central step of recombinational repair, i.e. search
suppression effect depends BAD55andRAD5S7 If this for homology and homologous pairing. Rad51p is a DNA-
effect were independent of Rad55 and Rad57 proteins,dependent ATPase that forms nucleoprotein filaments
the survival in the triple mutant strain overexpressing active in homology search vitro (Ogawaet al, 1993;
Rad54p should have been equal to the survival of the Sung, 1994; Sung and Robberson, 1995). Rad54p has no
rad55A rad57A double mutant strain, which is clearly not  prokaryotic counterpart to serve as a paradigm. However,
the case (see Figure 6). To exclude a possible negativeinformation is available about two otheB.cerevisiae
effect of Rad54p overexpression in rad58A rad57A members of the Swi2p/Snf2p family. Swi2p/Snf2p itself
background, we tested this possibility and no negative is a DNA-stimulated ATPase that acts in a high molecular
effect was detected (see Figure 6). weight complex involved in overcoming the general
Therad55A rad57A mutations could be complemented  repressive effect of chromatin on transcription (reviewed
to wild-type level by a plasmid expressing both proteins in Peterson and Tamkun, 1995). Motlp, another family
(Figure 6). Overexpression of Rad54p did not suppress member, is also a DNA-stimulated ATPase that is capable
the MMS sensitivity ofrad55 rad57 or rad55 rad57 of removing TATA-binding protein (TBP) from DNA,
mutants under the conditions analyzed (25 or 30°C, thereby resulting in global repression of RNA polymerase

glucose or galactose; data not shown). Il transcription (Aubleet al, 1994). Despite some superfi-
cial similarities between Rad51p, Swi2p/Snf2p and Mot1p
Discussion being DNA-dependent/stimulated ATPases, Rad51p is dif-
. L ferent from the other proteins (see Kowalczykowski and
Rad51 and Rad54 proteins form a complex in vivo Eggleston, 1994; Shinohara and Ogawa, 1995). Therefore,

Recombinational repair of DSBs and other lesions to jt\yas surprising to find that high Rad54p levels suppress
DNA in S.cerevisiads controlled by the evolutionarily  -grtain DNA damage repair defects of a deletion in the
conservedRADS2 group of genes. Rad51 and Rad54 papsigene. Suppression was found for the MMS and
proteins perform crucial functions in this process (reviewed |, sensitivity but not for they-ray sensitivity, the spon-

by Game, 1993). Here we provide strong evidence that {anequs and UV-induced mitotic recombination defects,
Rad51 and Rad54 proteins interanvivo (Figures 1-3). 54 the mating type switching defect caused by a deletion
The interaction measured in the two-hybrid system is o, RADS1gene. These results point to a heterogeneity
specific and requires a distinct region of Rad54p. Rad54 ;. 1o genetic requirements within tHRAD52 pathway

protein is organized grossly in two regions, an N-terminal : : :
region (amino acids 1-326) called Rad54A and a C- goénzltﬁf: reennéptgﬁﬁss. of DNA damage repair and different

terminal region (amino acids 327-898) called Rad54B The Rad54p-mediated suppression of certain DNA

Rad54B includes the region of sequence homology to thed :
X : - : . amage repair-related phenotypes cause@dglA could
Swi2p/Snf2p family and the putative DNA helicase motifs eithergbe %irect, by gartial ¥Snctional repsljacement of

(RE;Z%Z etae:]la ;LP?SVS\/)S (;/:I]Terseiaziﬁlzggf i’: Lseni%eﬁlgﬁl OfI(())I’ Rad51p by Rad54p, or indirect, involving other proteins.
to Radp54 proteins fromyothger organisrr?s (Kanasal ay Recently, the crystal structure of the PcrA protein from
1996; Muriset al, 1996). The data from the two-hybrid Bacillus stearothermophilusas been solved (Subramanya

system suggest that the Rad54A part may be involved in etal, 1996()1' PcrA proﬁein (ijsgl DNA he[I)icNaAsehvxllith seven q
the Rad51p interaction, whereas no indication for an S€qUénce domains sharéd by many elicases an

involvement of the Rad54B part has been obtained in this 0ther DNA-dependent or stimulated ATPases including
system. The B-part fusion was found to be as abundant R2d54p (see Gorbalenya and Koonin, 1993). Surprisingly,
as the full-length fusion protein in the cell (data not the ATP-binding domain of this DNA helicase was struc-
shown). Unrelated two-hybrid experiments also suggestedtura"Y highly similar to that of thé=scherichia coliRecA

that the Rad54B fusion is stabie vivo (H.Interthal and ~ Proteéin (Story and Steitz, 1992; Stostal, 1992), as
W.-D.Heyer, unpublished results). As no other protein in Pointed out by Subramang al. (1996). As Rad51 protein
S.cerevisiashares significant homology with the Rad54A forms nucleoprotein filaments equivalent to RecA-DNA
part, it is unlikely that the interaction with Rad51p is filaments (Ogaweetal, 1993) and has an amino acid
fortuitous. This might have been argued had the interaction S€quence that can be modeled into the RecA crystal
involved the Rad54B part, as seveSaterevisiagroteins ~ Structure (Storyetal, 1993), partial functional replace-
share significant homology with Rad54p in this region. ment of Rad51p by Rad54p cannot be dismissed. Such an
Moreover, using a Rad54p fragment encompassing theinterpretation would predict that this eff_ect is autonomous,
first 114 amino acidsin vitro interaction with purified  1.e. independent of other genes. Testing this hypothesis,
Rad51p was observed (A.Shinohara, personal communica-We found that the suppression by high Rad54p levels was
tion). Therefore, the Rad51p-specific interaction appearsdependent on Rad55 and Rad57 proteins. Therefore, the

to be mediated by the N-terminal region of Rad54p. suppression is not achieved by functional replacement but
rather by an indirect route involving other proteins. The

Functional interaction between Rad51 and Rad54 inability of Rad51p overexpression to suppress a deletion

proteins in the RAD54 gene (data not shown) is consistent with

The genetic experiments reported here (Figures 4-6;this interpretation. InterestinghlRAD54has been isolated
Table 1) provide compelling evidence that the Rad51p— as a high copy suppressor of the meiotic arrest and
Rad54p interaction is functionally significant for the spore inviability phenotypes of@mclmutant (D.Bishop,
mechanism of recombinational repair. Rad51p, like its personal communication). Dmclp is é&hothrerisiae
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protein with homology toE.coli RecA that specifically
functions during meiosis (Bishogt al., 1992).

The role of Rad55 and Rad57 proteins
Functional suppression of ead51A mutation by high

levels of Rad54p involves both Rad55 and Rad57 proteins.
They are also members of the recombinational repair

group (reviewed in Friedbergt al, 1995; Shinohara and

Ogawa, 1995) and exhibit overlapping mutant phenotypes

which are less severe than those raid51, rad52 or

rad54mutants. Rad55p (Lovett, 1994) and Rad57p (Kaus
and Mortimer, 1991) share certain sequence similarity
with E.coli RecA and Rad51p (reviewed in Heyer, 1994;

Rad51p-Rad54p interaction

a functional framework which has been interpreted as
evidence for a ‘putative recombinosome’ including hetero-
trimeric Rpa, Rad51, Rad52, Rad54, Rad55 and Rad57
proteins (Haysetal, 1995; this study). It is unclear
presently whether these proteins are assembled in one
complex or in different sub-complexes. The existence

of different sub-complexes may be indicated by the
heterogeneity in the genetic requirement found in the
suppressiad = phenotypes by Rad54p overexpres-
sion. In addition, these individual interactions might not
necessarily all occur simultaneously. The existence of a
large ‘repairosome’ in NER (Svejstrugtal, 1995)
recently has been questioned (@uatled 996). The

Shinohara and Ogawa, 1995). Both proteins have beenindividual interactions discussed above, and in particular
shown to interact (Haysetal, 1995; Johnson and the interaction between Rad51 and Rad54 proteins, might
Symington, 1995), consistent with our result of their be relevant at several steps during recombinational repair.
mutual requirement for the Rad54p-mediated suppression The biochemical data and the RecA paradigm strongly
effect. In addition, Rad55p and Rad51p interact (Hays suggest a role for the Rad51p—DNA filament in homology

etal, 1995; Johnson and Symington, 1995). Overexpres- search and pairing, a central step in this process. Rad54p
sion of Rad51p can partially suppress DNA damage repair might be involved in the assembly of such a filament as
phenotypes of mutations in tiRAD55andRAD57genes an assembly factor or molecular matchmaker (see Sancar
(Hays et al, 1995; Johnson and Symington, 1995), but and Hearst, 1993). Alternatively or in addition, Rad54p
Rad54p overexpression does not. Our data are the first may have an active role during Rad51p-mediated homo-
evidence that Rad55 and Rad57 proteins correspondinglylogy search as an accessory protein similar to gp41 helicase

are involved in suppression ofrad51 mutation, at least in phage T4 recombination (Salinas and Kodadek, 1995).
under conditions of high Rad54p levels. The molecular It has been suggested that Rad54p (and Rad51, Rad55,
details of these complex interactions between four recomb- Rad57 proteins) are accessory proteins needed to gain
inational repair proteins remain to be determind. Rad55 access to otherwise inaccessible regions of the chromo-

and Rad57 proteins may serve as accessory factors to the

Rad51p-DNA filament during homology search, providing
functions similar to, and partially redundant with, Rad51p
during recombinational repair. Alternatively, these data
might be interpreted to mean that deletionRAD5S55and/

or RAD57affects MMS sensitivity independently cfd51
However, such an interpretation is not consistent with the
fact that therad51 mutation is epistatic to thead55 and/

or rad57 mutation, as the singlead51 mutation has the
same MMS sensitivity as thead51 rad55 rad57triple
mutant (Figure 6) or thead51 rad55and rad51 rad57
double mutants (data not shown).

Protein-protein interactions in recombinational

repair: possible roles for Rad54p

Specific protein—protein interactions are important in
numerous DNA metabolic processes, including DNA rep-
lication (reviewed in Kornberg and Baker, 1992), mismatch
repair (reviewed in Kolodner, 1996), transcription (see
Struhl, 1995), NER (reviewed in Wood, 1996) and recomb-
ination in E.coli (reviewed in Kowalczykowskiet al,,
1994) and phage T4 (reviewed in Kowalczykowski and
Eggleston, 1994). Therefore, it is not surprising to find
that protein—protein interactions play a significant role
during recombinational repair in eukaryotes. Identifying
the protein partners interacting in a putative recombina-
tional repair complex or complexes and understanding
their mutual interactions will give important insights
into the mechanism of this process. Multiple individual
interactions between recombinational repair proteins
(Rad51p-Rad52p, Shinoharatal, 1992; Rad51p-—
Rad55p, Rad55p—Rad57p, Hastsal, 1995; Johnson and
Symington, 1995; Rad52p—Rpalp, Firmengttal, 1995;

some (Sugbalara995), possibly in a way similar
to the role of Swi2p/Snf2p in overcoming transcriptional
repression by chromatin (reviewed by Peterson and
Tamkun, 1995). Finally, Rad54p could act in the turnover
of the Rad51 protein—~DNA filament in analogy to the
action of Motlp during RNA polymerase Il transcription
(see Aettdd, 1994). This would allow assembly of
the crucial Rad51p filament at the site of DNA damage,
which under conditions of limiting Rad51p concentration
might result in severe mutant phenotypes fad54 A
similar speculation might explain the suppression of
rad51A by high levels of Rad54p through an increased
turnover of Rad55 and Rad57 proteins.

Materials and methods

Strains, media and growth conditions

The S.cerevisiastrains used in this study are listed in Table Il. Standard
media and standard growth conditions were as described (Shetragn
1982; Bdler et al,, 1994). MMS was added to solid medium cooled to
50°C before pouring, and plates were used within 1 day.Sherevisiae
strains were transformed using the lithium acetate method modified
according to Schiestl and Gietz (1989).

Plasmid constructions and DNA methods
Plasmids were constructed by standard methods. For the LexA fusions:
pEG202RAD541-898) contains theNcd (Klenow resected)Sal
RAD54fragment of pWDH251 (Kanaaat al,, 1996) inEcaRl (Klenow
fill in)—Sal-digested pEG202 (Gyurist al., 1993); pEG20RAD541—
356) derives from pEG20RAD541-898) by Apd-Sal digestion,
Klenow fill-in and religation; pEG20RAD54291-898) is theRcd
(Klenow fill-in)—-Sal RAD54 fragment of pEG20RAD541-898) in
EcaRl (Klenow fill-in)—Sal-digested pEG202.

Activator fusions: pJG4-RAD5X1-400) contains aicadRl (partial
cleavage)Sal RADS51 fragment of pEG20RADS51 in EcaRl-Xhd-
digested pJG4-5 (Gyurist al,, 1993); pEG20RAD51was constructed

for additional references see above; Rad51p-Rad54p, thisyy inserting the Stu-Dral RADS51 fragment of YEp13-RAD51-23

study) have been identified i8.cerevisiaeThey provide

(Calderonet al, 1983) in theSma site of pEG202; pJG4-RAD541—
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Table Il. Saccharomyces cerevisiagains

Strain Genotype

EGY48& a trpl ura3-52 his3 LEU2::pLexAop6-LEU2

FF18978 aleu2-3,-112 trp1-289 ura3-52 his7-2 lysl-1

FF18733 a leu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 rads4 EU2

FF181079-2 aleu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 radblra3

WDHY669 ala leu2-3,-112/leu2-3,-112 trp1-289/ura3-52/ura3-52 his7-1/his7-2 lys1-t/+/lys2-1
WDHY911 a leu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 rad6lra3 rad55A::kanMX

WDHY913 aleu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 radbira3 rad57A::kanMX

WDHY960 a leu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 radblra3 rad5%A::kanMX rad52::kanMX
WDHY1036 ala leu2-3,-112/leu2-3,-112 trp1-289/trp1-289 ura3-52/ura3-52 his7-1/his7-2 lys1-4Mlys2-1 rad5N::ura3/rad51A::kanMX
WDHY1188 a leu2-3,-112 trp1-289 ura3-52 his7-2 lys1-1 rad6%kanMX rad52::kanMX

aGyuris et al. (1993).
PFrom F.Fabre, Institut Curie, Paris.

Strains where no reference is given were constructed for this study. All WDHY strains used here are isogenic derivates obtained by transformation

of the FF strains kindly supplied by Dr Fabre.

898) contains th&AD54 Ec®I fragment of pEG20RAD54in EcaRlI-
digested pJG4-5.

pGal vector is pWDH181 described previously (Bashkiretal,
1995), and YEp13 is described in Broaehal. (1979). pGaRAD51was
constructed by ligating th8tu—Dral 1.4 kb RAD51fragment of YEp13-
RAD5123 (Calderoret al,, 1983) into pWDH129 (Holleet al, 1995)
cut with EcaRl andNhd after fill-in with Klenow. p?DH251 expresses
a His(6)-tagged Rad54 protein using the pT7-7 system (Tabor and
Richardson, 1985). Th&hd-EcdRl RAD54 fragment of pGd&RAD54
was cloned in th&Xhd—EcoRI-digested pTrcHisC (Invitrogen) to resultin
pWDH202. TheNcd (partial, Klenow fill-in)}-EcaRI fragment encoding
His(6)-Rad54 of pWDH202 was cloned kdd (Klenow fill-in)—EcaRI-
digested pT7-7 to result in pWDH251. p@#D55-RAD57lso derives
from pWDH181, placingRADS55 and RAD57 individually under the
control of the Gal promoter in a head-to-head fashion (J.King and W.-
D.Heyer, unpublished; details to be published elsewhere).

The rad54-K341Rallele was generated by site-directed mutagenesis
using the oligonucleotide '8 CTG GGT AGG ACA TTG C-3
otherwise pGahd54-K341Ris identical to pGaRAD54 Therad51A::-
kanMX rad5%A::kanMX andrad57A::kanMX alleles were generated by
PCR product-mediated transformation as described (V&aeh, 1994),
deleting the entire open reading frame.

Genetic and physiological methods

The two-hybrid system inS.cerevisiaestrain EGY48 was used as
described previously (Gyurist al, 1993). Quantitativé-galactosidase
assays were performed as described (Harshenah, 1988). The LexA

plasmids encoded functional Rad51 and Rad54 proteins as they comple-
mented deletion mutations in the respective genes. Five hours after
addition of galactose (2% w/v), cells were harvested, washed, resus-
pended in lysis buffer (20 mM HEPES pH 7.4, 100 MM KOAc, 2 mM
MgOAc) and frozen in liquid NFifty OD units of frozen cells were
thawed on ice, resuspended in 300of lysis buffer containing 2 mM
phenylmethylsulfonyl fluoride (PMSF), and extracted usingurf.45
glass beads. Three hundrgd of extract were mixed with 500l of IP
buffer (50 mM Tris—HCI pH 7.5, 0.2 % Triton X-100, 50 mM NacCl)
containing 0.5 mg/ml bovine serum albumin (BSA), to which either 0
or g of anti-Rad54 antibodies or 0 or |5y of anti-HA antibodies
(12CA5, Boehringer Mannheim) were added. After overnight rocking at
4°C, 10l of protein G-Sepharose FF (Pharmacia) slurry previously
washed in IP buffer were added and incubated for 1 h. Immunoprecipitates
were washed twice witih &GO buffer containing BSA and twice
in IP buffer before the beads were resuspendedxnLaemmli buffer.
Proteins were separated by SDS—-PAGE. Immunoblot detection was by
ECL (Amersham). Additional co-immunoprecipitation experiments using
cells not overexpressing Rad54p were done exactly as above but using
4 mg of whole cell extract. Purification of the recombinant His(6)-Rad54
protein fromE.coli cells transformed with pWDH251, production of
polyclonal antisera in rabbits and immunoaffinity purification of antibod-
ies were done essentially as described (Santos-Rbab 1996) and
will be described fully elsewhere (B.Clever, J.Schmuckli-Maurer and
W.-D.Heyer, in preparation).

activator fusions did not appreciably induce reporter gene expression by Acknowledgements

themselves. They exhibited activity in the repression assay, demonstrating
that the respective LexA fusion proteins were synthesized, transported

to the nucleus and active in binding the LexA operator.
To establish MMS survival curves, transformants were grown

We are grateful to C.Naula for the profilin control plasmid, to R.Brent
for generously providing the two-hybrid system, to D.Bishop and
A.Shinohara for communicating results prior to publication, to P.Linder

in minimal medium selective for the presence of the plasmids to stationary for the HO plasmid, and all members of the Bern recombination groups

phase, diluted in kD, and aliquots were plated on medium lacking
leucine and/or uracil with glucose or galactose (2% w/v) as carbon
source and the indicated concentration of MMS. UV survival curves
were performed at fluencies of 0—100 3/om plates containing galactose.
Colonies were counted after 6 days of incubation at 3§°Ray survival
curves were performed at 0-200 Gray irradiating the cells in solution
using al3’Cs source and plating appropriate dilutions on plates containing
glucose and galactose.

Recombination rates between this7-1andhis7-2hetero-alleles were
determined by fluctuation tests using the method of the median (Lea
and Coulson, 1949). For measurement of UV-induced recombination,
cells were irradiated with 25 JAnRepair of the HO endonuclease-
mediated DSB at th®AT locus was monitored as survival after inducing
the HO gene controlled by th6&AL1-10promoter and determining the
number of colonies on medium containing glucose and galactose.

Protein methods

For co-immunoprecipitation experiments, strain FF181079-2 transformed
with plasmid pGaRAD54 (labeled [RAD54in Figure 2) and pJG4-5-
RAD51 (labeled ,RADS51 in Figure 2) as well as strain FF18973
transformed with either plasmid were grown in medium selecting for
the presence of the plasmids containing raffinose (2% w/v). Both
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Note added in proof

After submission of the final version of this manuscript the paper by
H.Jiang, Y.Xie, P.Houston, K.Stemke-Hall, U.H.Mortensen, R.Rothstein
and T.Kodadek (1996) Direct association between the yeast RadS1 and
RadS4 recombination proteind. Biol. Chem. 271, 33181-33186,
appeared describing also the interaction between RadS1 and RadS4
proteins mediated by the N-terminus of RadS4p.
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