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ABSTRACT

Hdf1 is the yeast homologue of the mammalian 70 kDa
subunit of Ku-protein, which has DNA end-binding
activity and is involved in DNA double-strand break
repair and V(D)J recombination. To examine whether
Hdfl is involved in illegitimate recombination, we have
measured the rate of deletion mutation caused by
illegitimate recombination on a plasmid in an hdf1
disruptant. The hdfl mutation reduced the rate of
deletion formation by 20-fold, while it did not affect
mitotic and meiotic homologous recombinations
between two heteroalleles or homologous recombina-
tion between direct repeats. Hence Hdf1 participates in
illegitimate recombination, but not in homologous
recombination, in contrast to Rad52, Rad50, Mre11 and
Xrs2, which are involved in both homologous and
illegitimate recombination. The illegitimate recombina-
tion in the hdfl disruptant took place between recom-
bination sites that shared short regions of homology
(1-4 bp), as was observed in the wild-type. Based on
the DNA end-binding activity of Hdfl, we discuss
models in which Hdf1 plays an important role in the late
step of illegitimate recombination.

INTRODUCTION

implying different mechanisms for the two recombination events
and/or different states of DNA molecules in chromosomes and
plasmids.

One of the interesting mammalian factors involved in DNA
double-strand break repair and V(D)J recombination during
rearrangement of immunoglobulin genes is the Ku-protein. The
Ku-protein, which consists of a 70 kDa subunit (Ku70) and an
80 kDa subunit (Ku80), binds to double-stranded DNA ends and
has DNA helicase activity3{5). The Ku-protein is a component
of a DNA-dependent protein kinase (DNA-PK), a serine/threonine
protein kinase whose targets are p53, c-Myc, Sp1, simian virus 40
T-antigen, RNA polymerase Il and Ku-protein itsé¥10). It is
also known that thERCC5 XRCC6andXRCC7mutants, which
lack Ku80, Ku70 and the catalytic subunit of DNA-PK,
respectively, are defective in DNA double-strand break repair and
V(D)J recombinationi(1—19).

In yeast, a Ku-protein homologue, designated Hdf (high affinity
DNA binding factor), was purified by its DNA binding activity
(20). Hdf consists of 70 and 85 kDa subunits and has binding
activity to the end of double-stranded DNA. THBF1 gene,
which codes for the 70 kDa subunit, was cloned and sequenced.
The amino acid sequence of Hdf1 shows a limited but significant
homology with that of mammalian Ku-protein. Hdfl and the
85 kDa subunit form a complex that has DNA end-binding activity.
These properties are the same as that of the mammalian
Ku-protein, but it has not been shown whether Hdf1 functions as

Chromosome rearrangements are often caused by illegitim&e>NA helicase or in an interaction with a catalytic subunit of
recombination, which occurs between non-homologous DNRNA-PK, as was observed for mammalian Ku-protein. Recently,
sequences or very short regions of homology. Whether Radedeet al showed that, though dmwifl single mutant did not
proteins, which are involved in DNA double-strand break repagxhibit any radiation sensitivity, it exhibited additional radiation
and homologous recombination, are also involved in illegitimatgensitivity in arad52 background, indicating that Hdfl is also
recombination was investigated 8accharomyces cerevisiae responsible, at least partially, for repair of DNA damagé (
Schiestlet al. showed that the frequency of illegitimate recom- To determine whether Hdfl, which has DNA end-binding
bination during integration of a DNA fragment was reduced bgctivity, plays a role in recombination, we have examined the
rad50 51, 52 and57 mutations {). We have also indicated that effect of ahdf1 mutation on illegitimate recombination using the
the rate of deletion formation caused by illegitimate recombinglasmid system for quantitative analysis of deletion formation.
tion was reduced byd50 52, mrellandxrs2mutations, but not The rate of illegitimate recombination is shown to be reduced in
by rad51, 54, 55 and 57 mutations #). Somerad mutations thehdfldisruptant. We also show that tidf1 mutation does not
exhibited different effects in integration and deletion analyseaffect mitotic and meiotic homologous recombination. These
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5 3 the wild-typeCAN1andCYH2genes are dominant to thenl

I W ig® a® andcyh2 mutations, a deletion mutation which simultaneously

£ = L inactivates th€ AN1landCYH2genes on the plasmid makes the

g | transformant resistant to both canavanine (Can) and cycloheximide

L, (Cyh). Our previous work showed that there were deletion

E & 1" mutations by illegitimate recombination on plasmids obtained

B 0®g® from the CaRt CyIR cells @). The rate of deletion mutation was

= { P ® determined by fluctuation analysi&s(27).

z "E Mitotic and meiotic homologous recombinations between two

5 = 107 his1 heteroalleles were measured before and after shifting from
DHEEID  YTa44 YPA medium (1% yeast extract, 2% polypeptone, 2% potassium
(HOF) {aft) acetate) to sporulation medium (1% potassium acetate, 0.02%

Figure 1.The rate of illegitimate recombination intaifl mutant. Recombina- A - - " -
tion rate was determined by fluctuation analysis and the data were analysed fiwice in sterile distilled water and resuspended in 2 ml sporulation
the method of the median (26,27). The average rates of plasmid del&bns
are as followsHDF1 strain, 8.5« 108 + 1.3x 10-8/cell/division cyclehdfl
mutant, 4.4<x 109+ 1.0 x 10-%cell/division cycle. The result for tH¢DF1
strain is from our previous work (2).

raffinose). Cells were grown in liquid YPA medium to a
concentration ofll x 10/ cells/ml. Then the cells were washed

medium. The cells were grown with shaking and plated onto SD
and SD minus histidine plates at 24 h after the shift to sporulation
medium.

The rate of recombination between direct repeats on the
YCpD2 plasmid was determined using fluctuation analysis
results indicate that Hdf1 is involved in illegitimate recombina{26,27). YCpD2 carries a negative selection markerGhéi2
tion, but not in homologous recombination. gene, flanked by th€AN1gene repeats on the YCp plasmid,
which has three positive selection maker,uWRA3 TRP1and
LEU2genes. YCpD2 is an intermediary product in the course of
construction of YCpL2, which was described in a previous report
(2). The haploistyh2strain, which carries YCpD2, is sensitive to
o . ) _cycloheximide. When a deletion between ®&N1 repeats
Escherichia coli recAtrain DH10B was used for rescue of plasmichccurs, the cell becomes resistant to cycloheximide. The rate of
DNA isolated fromS.cerevisiag2?). The yeast strains used are deletion can be measured by plating YCpD2 transformants onto
listed in Tablel. The hdfl mutants were constructed by the Sp medium containing cycloheximide (@@/ml).
one-step gene replacement method usBadaHindlll fragment
containindhdfL:LEU2 of the plasmid pGEM4ZS-H/LE2(,23).

MR93-28C and MR966 were kindly supplied by A. SugindRESULTS

(Osaka University). MR93-28C, MR966 and their derivatives . o
bear the same genetic background as SK-1 and sporulate rapfgffect of the hdfl mutation on illegitimate
and efficiently to produce dyad sporég,25). reCombination

MATERIALS AND METHODS

Bacterial and yeast strains

To investigate the effect of mutation of thiDF1 gene on
illegitimate recombination, thédfl disruptant YT444 was
constructed from DH6.61D, @anl cyhZmutant, and YCpL2,

Table 1.Yeast strains used in this work

Strai Genot S S : )
ran enoype ouree which is a YCp plasmid carrying t@AN1, CYH2andURA3
DH6.61D  MATatrpl his3 leu2 ura3 canl cyh2  J. W. Szostak genes (see Materials and Methods), was introduced into the
YT101 As DHB6.61D, except with rad52: TRP1 Y. Tsukamoto (2) YT44_14 cell§. The Uratransformants grown in I|q_u[d SD minus
V444 As DH6.61D, except with hdfL-LEU2  This study uracil med|um were plated on SD plates containing canavanine
' ' and cycloheximide. It was found that cells resistant to both
YT461 As MR93-28C, except with hdf1:LEU2 This study cell/division cycle in thédfldisruptant (Figl). The rate in the
) 0 : ; . ;

MR966 MATa trpl-286 leu2-3,112 ura3-52 his1-7 M. A. Resnick (25) hdfldlsrugg)tant Wa§5 % of the rate in the I§Og€l’HtDFl strain .

(8.5x 10%/cell/division cycle). The result indicates that Hdf1 is
YT471 As MR966, except with hdfl::LEU2 This study involved in iIIegitimate recombination
YT511 Diploid of MR93-28C and MR966 This study To analyse deletion mutations formed inhttiL disruptant, the
Y521 Diploid of YT461 and YTA71 This study recombinant plasmids rescued from five €aytR colonies of

the disruptant were analysed by PCR as described previgusly (
Four out of the five plasmids were found to have various sizes of
deletions, but one of them, 1HX2, was indistinguishable from the
parental plasmid YCpL2 by 0.7% agarose gel electrophoresis
Determination of the rate of illegitimate recombination andFig.2A). When 1HX2 was again introduced into taml cyh2
structural analysis of recombinants were carried out as descritsthin YT444, the transformant was resistant to both canavanine
previously ). Briefly, YCpL2, which carries two negative and cycloheximide and, therefore, 1HX2 may have point
selection markers, tli@AN1landCYH2genes, and three positive mutations or small rearrangements in bothGA&l1andCYH2
selection markers, théRA3 TRP1landLEUZ2 genes, on a YCp genes. The nucleotide sequences of the recombination junctions
plasmid was introduced into a haplo&hl cyhZtrain. Because of the four deletion plasmids were determined and those of the

Recombination assay
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Figure 2. Structure and junction sequences of the recombinant plasmids rescued ffo@yacells of thendfl mutant. A) Structure of recombinant plasmids.
Sequences present in the plasmids are represented by a line. The numbers indicate the length of the detefirsit€hsetweeRS1landCEN3on YCpL2,

whose length is 13807 bp, is defined as position 1. Restriction sites shdzaaRiréR), Hindlll (H), Kpnl (K), EcaRV (V) andDral (D). (B) Junction sequences

of recombinant plasmids. The top sequence represents the parental sequence corresponding to the left side of the junction, the middle sequence represents the ¢
of the recombinant and the bottom sequence represents the parental sequence corresponding to the right side of the junction. The site of the junction is repre
by a box. Homologous sequences around a junction are represented by bold letters. The orientation 6£E3Ni#ois Jeft to right. Numbers represent the map
coordinates of the YCpL2 sequence.

parental recombination sites were estimated. There were shiftect of the hdfl mutation on homologous

regions of homology (1-4 bp) between the parental recombinaticecombination

sites of the deletion mutation formed in tw#l disruptant (Fig.

2B). This result was comparable with those obtained from thgy observe the effect of tHedfl mutation on homologous
wild-type strain (see als@). From sequence analysis of therecombination during both mitosis and meiosis, we measured
recombination junctions in the present and previous works, thgcombination frequency between two heteroalleles atistie
sequences of the parental recombination sites iuiffielisruptant  |ocus. The frequency of mitotic recombination intttéd diploid

were indistinguishable from those in the wild-type strain. was comparable with that in the wild-type strain (Tabieh). A
similar result was obtained for recombination during meiosis
Table 2. Frequency of mitotic and meiotic homologous recombination (Table2, 24 h). Sporulation efficiency of the wild-type and the
betweerhis1-1andhis1-7 hdfldiploids was nearly 90% at 24 h after the shift to sporulation
medium. We also measured UV-induced homologous recombina-
Strain Culture  Frequency of Hiscells  Fold tion between twhis1heteroalleles. When the cells plated on SD

minus histidine were irradiated by UV (20 J)nthe frequency

on 24h induction of His* recombinants was increased B0 times in thehdfl
YT511 HDFVHDFL) 1 25x10° 24x103 96 diploids, an elevated frequency that was comparable with that in
2 2.7x105 3.7x103 140 the wild-type strain (data not shown).
3 14x105 32x103 230 _Itis known that the factors involved in homologous recombina-
5 . tion bet\_Neen direct repeats are different from those involved in
4 85x10> 3.1x10% 89 recombination between two heteroallel&s)(We have con-
5 1.6x10° 2.7x103 170 structed a plasmid system for detecting homologous recombina-
YT521 (hdfYhdfL) 1 3.2x105 3.7x103 120 tion between direct repeats. A plasmid YCpD2, which carries the
5 3 CYH2gene betwee@AN1gene repeats on aYCp plasmid, was
2 0.6x10™ 21x10= 350 introduced into haploidyh2strains (Fig3A). The transformants
3 1.3x105 25x103 190 were sensitive to cycloheximide. When a deletion mutation is
4 1.8x 105 1.4x103 78 formed by homologous recombination between @®&N1
s 3 repeats, the cell will become resistant to cycloheximide. The rate
5 3.9x105 4.0x10% 100

of deletion mutation can be measured by plating YCpD2
Five independent cultures of each strain were synchronously sporulated tzgngfo.rmamS on SD plates contalnl_ng CyCIOheXImlde' Structural
described in Materials and Methods. Before and after 24 h in sporulatioﬂr|aIySIS of the_ recomblnant_plasmlds_ rescued fronft @9hs .
medium, cells were plated to determine the frequency 6fdeits. The average  'evealed that five out of the five plasmids rescued had a deletion
fold inductions of His recombinants for each set of five cultures were 150 forof theCYH2-CAN1segment. It was found that Cybells of the
YT511 and 170 for YT521. hdf1 disruptant appeared at the rate of 9.00-%cell/division
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(B) coding joint formation during V(D)J recombination
(12-14,17,18). Ku-protein might mediate a common reaction
during double-strand break repair and V(D)J recombination
| because it is known that Ku-protein has strong binding activity to
| the ends of double-stranded DNA produced by double-strand
| - breaks and the hairpin structure produced by Ragl and Rag2
oo during V(D)J recombination4(3944). It is thought that
[ Ku-protein might be involved in DNA end-protection in both
| processes. Inxrs6 mutants, which lack the Ku80 subunit, the
frequencies of both RS and coding joints were reduced during
V(D)J recombination. RS junctions contain various sizes of
deletion inxrs6 mutants, while most RS were joined precisely
without loss of nucleotides in the wild-type strdi)( Another
Figure 3. The rate of homologous recombination between direct repeats ormodel is that Ku-protein might be involved in regulating a cell
Fepeats of hEANL gene. B) The rate of plasmid ddeton bemeen drect O/ Checkpoint mediated by DNA-PK in double-strand break
regeats on plasmid E\J(CpI'DZ. The rate of h?)mologous recombination betweef€PaI’ and V(D)‘_] recombmaqu). Based on the present “?S“'ts
direct repeats was determined by fluctuation analysis as a determination of t&Nd these considerations, we constructed models in which Hdfl
rate of illegitimate recombination (26,27). The average rates of plasmid deletioplays a role in the illegitimate recombination process in yeast
+ SD are as followsdDF1 strain, 1.9« 104+ 0.5x 10-4cell/division cycle; (Fig. 4).
hdfLmutant, 9.0<107°+ 0.7 10-9/cell/division cycle. The first model is that the yeast Ku-protein homologue binds
to the ends of DNA double-strand break to protect them from
cycle, which was comparable with that in the wild-type straii€9radation by DNA exonuclease until DNA end-joining (Fig.
(])_/91 x 10‘4/ceII/divisioFr)1 Cycle) (FIg3B), while the ?la?[e of A) The fact that_Ku-_proteln is known to bind to the en_ds of DNA
deletion was reduced by 10-fold inrad52 mutant (2.1x might support this first model. The second model is that two

10-5/cell/division cycle). These results indicate that Hdf1 is nofU-Protein homologues, which bind to the ends of DNA
involved in mitotic and meiotic homologous recombinatiorpOUble'Stra”d breaks, associate with each other to form a tetramer

between two heteroalleles or homologous recombination bgoMPOsed of two Ku70 and two Kus0 (F4§). Formation of the
tween direct repeats. tetramer has been reported previous/46). As a consequence
The present result that Hdfl participates in iIIegitimaté’f tetramer formation, the _ends of the_DNA c_louble?sfcrz_ind break
recombination, but not in homologous recombination, may/ould be assembled and it may help in efficient rejoining of the
suggest that it has a role in double-strand break repair A ends, as shown in FiguaB. The third model is that the
end-joining activity. We examined the sensitivity of tigil ~ Ku-protein homologue unwinds DNA from the ends to expose
disruptant to methyl methanesulfonate (MMS) and UV irradiSingle-stranded DNA tails (FigC). DNA end-joining may be
ation and found that it had essentially the same sensitivity as f@moted by interaction between these single-stranded tails. The
wild-type strain (data not shown). Sieteal.(21) also indicated fourth model is that the Ku-protein homologue, whlch blnds_ tothe
that anhdfl mutant does not exhibit sensitivity to MMS and€nds of DNA double-strand breaks, may associate with the
ionizing radiation. Therefore Hdf1 may play a minor role, if anycatalytic subunit of DNA-PK and DNA-PK may activate a factor

in double-strand break repair mediated by end-joining activity.Which is involved in DNA end-joining or regulate expression of
them (Fig4D). The fact that Ku70 and Ku80 are components of

DNA-PK might be consistent with this fourth model. In
DISCUSSION conclusion, the third model is most likely because there are short
The present study shows that Hdf1 is involved in the formatioi€gions of homology at most recombination juncti@p$7/(48).
of deletions caused by illegitimate recombination. Howevei he fact that mammalian Ku-protein has DNA helicase activity
Hdfl is not involved in mitotic and meiotic homologousmight also support this third model, although it has not been
recombination between two heteroalleles or homologous recoshown whether yeast Hdf1 also has DNA helicase activity.
bination between direct repeats and a mutant is not sensitive tdt should be noted that the sensitivity of the ybdft mutant
UV irradiation or MMS treatment. In a previous paper, wdo UV radiation, MMS and ionizing radiation was essentially the
showed that Rad52, Rad50, Mrell and Xrs2 participate #ame as that of the wild-type (this stu#li), while mammalian
illegitimate recombinatior?j. Rad52 is known to be involved in XRCC5andXRCC6mutants, which are defective in Ku80 and
both mitotic and meiotic homologous recombination and in DNAu70, are severely sensitive to ionizing radiation. This may
double-strand break repa#0-34). Rad50, Mrell and Xrs2 are suggest that, in yeast, mitotic homologous recombination may
involved in meiotic homologous recombination, though they dplay a major role in double-strand break repair, while Hdf-
not participate in mitotic homologous recombinati®®35-38).  dependent illegitimate recombination may play a minor role in it.
All these proteins but Hdfl are involved in both illegitimateln fact, thendfl mutation exhibits additional sensitivity to MMS
recombination and homologous recombination, with the Hdfand ionizing radiation in ead52 background, which confers a
protein having a unique function specifically involved indefect in double-strand break repdf)( In S.cerevisiagit is
illegitimate recombination in yeast. thought that mitotic homologous recombination takes part in
Hdf1 is the 70 kDa subunit of the yeast Ku-protein homologuenost double-strand break repair. Haploid cells in thetase are
Hdf, which consists of 70 and 85 kDa subunits and has DNparticularly sensitive to ionizing radiation, indicating that a
end-binding activityZ0). In mammalian cells, the Ku-protein is homologous DNA molecule is required in the repair of double-
known to play roles in double-strand break repair and both RS astland breaks4Q). Haber and co-workers also showed that HO
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Figure 4. Models for the role of Hdf1 in illegitimate recombinatiak) {n the end-prote

ction model, the Ku-protein protects DNA ends from DNA exonuclease attack.

(B) In the end-assemblage model, the two Ku-proteins associate with each other and promote rejoining of DB)Aretits ugwinding model, the Ku-protein

unwinds DNA ends to expose single-stranded DNA tails and promotes rejoining

of DNA ends in a short homology-dependeB} inahaddn@tion model, the

Ku-protein bound to broken DNA ends associates with a catalytic subunit of DNA-PK (DNA-PKcs) and the DNA-PK activates the factor which is involved in DN,

end-joining. DSB represents a double-strand break.

endonuclease-induced double-strand breaks are effectively repairédlijima,S., Teraoka,H., Date,T. and Tsukada,K. (1&3#) J. Biochem

by homologous recombination using a physical assay of recom;
bination intermediates5(). On the other hand, in mammalian
cells, illegitimate recombination plays the most important role ing
double-strand break repair. A linear DNA fragment transfected i
mammmalian cells is effectively rejoined by illegitimate recom-
bination 61,52). Crude extract from mammalian cells also®!
contains strong DNA end-joining activity that does not require g
long homology during the joining reactidig]. In gene targeting,
most DNA molecules are integrated by illegitimate recombinal3
tion in mammalian cells5@). These results suggest that, in
S.cerevisiagchomologous recombination plays a major role i
double-strand break repair, while, in mammalian cells, illegit-
imate recombination, in which Ku-protein may play a criticals
role, takes the major role in repair. Hence, the different effects a
radiation sensitivity between tl&cerevisiacddfl mutant and
mammaliarKkRCCSandXRCCamutants may reflect a difference (g
in the major repair pathways between yeast and mammals. 19
Further genetic and biochemical studies on the role of Hdf1 in
illegitimate recombination will help to clarify the mechanisms of
double-strand break repair and V(D)J recombination. 20
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