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During meiosis, homologous recombination leads to

proper chromosome segregation and generates genetic

diversity in most of the eukaryotic cells [1-3]. Meiotic

recombination is initiated by programmed DNA double-

strand break (DSB) formation by the topoisomerase-like

protein, Spo11, along with its accessory proteins [4-7].

Mre11, Rad50, and Xrs2 (known as MRX; Nbs1 instead of

Xrs2 in mammalian cells) form a heterotrimeric complex

having 3’ to 5’ exonuclease activity and endonuclease

activity, which was characterized from the Mre11 subunit

[8, 9]. Sae2, along with the MRX complex, is involved

in DNA resection processing, which activates Mre11

endonuclease as well as Dna2 and Exo1, which have 5’ to 3’

exonuclease activity and create long-range resections [10].

The exposed 3’ ssDNA tails are coated with replication

protein A (RPA), which binds to the ssDNA prior to

binding of Rad51. RPA-coated ssDNAs are displaced by

Rad51, Rad52, and Rad55/57 in budding yeast [11-14]. In

eukaryotes, two highly conserved recombinases, Rad51

and Dmc1, orthologs to RecA in bacteria, bind to the

ssDNA in an ATP-dependent manner, forming a helical

nucleofilament [15]. These recombinases catalyze homology

search and DNA strand exchange between homologous

chromosomes by repairing the DSBs [16, 17]. Rad51

mediates the identification of homologous sequences,

followed by the exchange of strands in sister chromatids

during mitosis [18]. In meiosis, however, Rad51-mediated

strand exchange is stimulated by Dmc1 or other mediator

proteins [19-22]. Dmc1, a meiosis-specific recombinase,

forms nucleoprotein filaments with the ssDNA and

promotes interhomolog recombination [23]. These active

filaments perform DNA strand exchange in meiotic

prophase I, and Rad51 plays as an accessory factor [19, 24, 25].

Hed1 is specifically expressed during the meiotic cell

cycle [26, 27]. Although deletion of the HED1 gene does not

affect the progression of sporulation, spore viability is

slightly decreased compared with the wild type (WT) [27].

It has been reported in a yeast two-hybrid assay that

Hed1 physically interacts with Rad51 [27]. The Hed1 foci

are almost completely abolished in the absence of Rad51

[27]. In budding yeast, a dmc1Δ hed1Δ mutant has been

demonstrated to have significantly improved spore viability

[27]. However, the rad51Δ dmc1Δ hed1Δ mutant exhibits

defects in spore viability and sporulation [27]. Overproduction
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Homologous recombination occurs between homologous chromosomes and is significantly

involved in programmed double-strand break (DSB) repair. Activation of two recombinases,

Rad51 and Dmc1, is essential for an interhomolog bias during meiosis. Rad51 participates in

both mitotic and meiotic recombination, and its strand exchange activity is regulated by an

inhibitory factor during meiosis. Thus, activities of Rad51 and Dmc1 are coordinated to

promote homolog bias. It has been reported that Hed1, a meiosis-specific protein in budding

yeast, regulates Rad51-dependent recombination activity. Here, we investigated the role of

Hed1 in meiotic recombination by ectopic expression of the protein after pre-meiotic

replication in Saccharomyces cerevisiae. DNA physical analysis revealed that the overexpression

of Hed1 delays the DSB-to-joint molecule (JM) transition and promotes interhomolog JM

formation. The study indicates a possible role of Hed1 in controlling the strand exchange

activity of Rad51 and, eventually, meiotic crossover formation.
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of Rad51 increased the spore viability in dmc1Δ and dmc1Δ

hed1Δ cells. Thus, Hed1 has a negative effect on Rad51

activity in meiotic recombination [27]. 

In the present study, DNA physical analysis was carried

out to understand how Hed1 regulates the meiotic

recombination in the budding yeast Saccharomyces cerevisiae.

We show that although Hed1 does not affect sporulation, it

delays nuclear division. In recombination analysis, we show

that Hed1 is not essential for the formation of DSB. Noticeably,

Hed1 was also found to regulate proper homolog bias. 

In the budding yeast, the endogenous Hed1 protein

is expressed during meiosis, and it regulates meiotic

recombination by down-regulation of the activity of Rad51

in the absence of Dmc1 [27]. Although hed1Δ does not affect

sporulation, spore viability was slightly reduced compared

with WT in the SK1 strain background [27]. To observe the

meiotic prophase roles of Hed1, stain pCUP1-HED1 was

constructed using a PCR-based method, followed by

generation of diploid cells [28]. The endogenous Hed1

promoter was replaced with the CUP1 promoter, enabling

the expression of the protein with an N-terminal 3-

hemagglutinin (HA)-tag in the presence of copper [29, 30].

For synchronization of pre-meiotic culture at the G1 phase,

the cells were grown in supplemented pre-sporulation

(SPS) medium, and were then transferred to sporulation

medium (SPM) to initiate meiosis. The expression of Hed1

protein was induced by the addition of 50 µM CuSO4 to

pCUP1-HED1 culture after 2.5 h of SPM culture (Fig. 1A). 

To analyze whether Hed1 normally progresses meiotic

division, the nuclei were stained with DAPI for observation

under the fluorescence microscope (Figs. 1B and 1C). The

pCUP1-HED1 cells were delayed about 1 h compared with

WT cells. However, addition of copper did not affect the

meiotic nuclear division in the pCUP1-HED1 strains.

Nuclear divisions were initiated after 5 h of SPM culture,

and the strains produced normal four nuclei as shown in

WT (Figs. 1B and 1C). Thus, these results imply that

chromosome segregation was normal in the presence or

absence of Hed1.

As shown in Fig. 1B, suppression of sporulation was not

observed in pCUP1-HED1 cells, regardless of the presence

of copper. A homozygous pCUP1-HED1 diploid strain was

constructed, and genetic analysis was carried out using the

HIS4LEU2 physical assay system [19, 29-37]. 1D gel

Fig. 1. Schematic representation of the experimental design and depiction of nuclear division in the pCUP1-HED1 strains.

(A) Diagrammatic representation of the experimental outline. A single colony was inoculated in 2 ml of YPD liquid medium. For arresting the cells

at G1 phase, the cells were cultured in supplemented pre-sporulation (SPS) medium. Meiosis was initiated in the sporulation medium (SPM). For

overexpression of Hed1 protein, the cultures were induced with 50 µM CuSO4 at 2.5 h. This was followed by the DNA physical analysis of

mutants. (B) The samples were stained with DAPI at every time point, and the number of DAPI foci and meiosis I ± meiosis II (MI ± MII) was

counted. Hed1 expression was delayed in the copper-induced and uninduced pCUP1-HED1 cells by 1 h as compared with the WT. WT: Black;

pCUP1-HED1(-Cu): Green; pCUP1-HED1(+Cu): Orange. (C) Fluorescence microscopy image of 24 h sample stained with DAPI. 



Roles of Hed1 in Yeast Homologous Recombination  407

February 2017⎪Vol. 27⎪No. 2

electrophoresis was applied to analyze the formation of

DSBs and crossovers (COs) between parental chromosomes

at the HIS4LEU2 hotspot on chromosome III (Fig. 2A). To

stabilize the recombination intermediates, DNA samples

were cross-linked using Psoralen on UV light, and total

genomic DNA samples were purified by phenol-guanidine

extraction. DNA samples from each time course were

digested with XhoI, and the resulting fragments were

separated by agarose gel (0.6%) electrophoresis, followed

by Southern blotting experiment using Probe A (Fig. 2A).

“Mom” allele and “Dad” allele chromosomes were

detected at 5.9 and 4.3 kb, respectively, at the HIS4LEU2

locus (Fig. 2A). COs were detected at 5.6 and 4.6 kb. DSB

signals from Mom and Dad were observed at 3.3 and 3 kb

by 1D gel analysis (Figs. 2A and 2B). In pCUP1-HED1 cells,

when CuSO4 was absent, DSBs appeared at 2.5 h after the

induction of meiosis and they were gradually repaired to

form recombinants from 4 h (Figs. 2B and 2C). COs

appeared at 5 h and were present until the termination of

meiosis (Figs. 2B and 2C). When CuSO4 was present in

meiotic cultures of pCUP1-HED1 cells, early DSB formation

was observed. However, DSBs gradually progressed in

comparison with the cells grown in the absence of CuSO4.

The expression of Hed1 during meiosis led to approximately

14% increase in the CO formation (Fig. 2C). 

In all the experiments, the kinetics of DSB repair was

Fig. 2. DNA analysis of WT and pCUP1-HED1 strains by 1D gel electrophoresis. 

(A) HIS4LEU2 hot spot is located on chromosome III. The construct had two different structures that contain sites for DSBs, a selection marker, the

enzyme sites (BamHI, NgoMIV), probe A, and XhoI sites in Saccharomyces cerevisiae. Digestion with XhoI resulted in distinct fragments. Mom: mom

species; Dad: dad species; COs: crossover species; DSBs: double-strand breaks. (B) 1D gel analysis showing all the WT and pCUP1-HED1 strains

grown in the presence and absence of CuSO4. The samples were collected at different time points (0, 2.5, 3.5, 4, 5, 6, 7, 8, 10, and 24 h). (C)

Quantification of the COs and DSBs at each time point.
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observed at the HIS4LEU2 hotspot that is flanked by XhoI

restriction enzyme sites on chromosome III [19, 29-37].

Both DSBs and COs bands can be detected by Southern blot

analysis in 1D gel. Psoralen-UV crosslinks DNA and

stabilizes the recombination intermediates, single-end

invasions (SEIs) and double Holliday junctions (dHJs), also

known as joint molecules (JMs) [19, 29-37]. Genomic

DNA was digested with XhoI and the DNA fragments

were analyzed by 0.8% agarose gel electrophoresis, followed

by Southern blotting using Probe A (Figs. 3A and 3B).

The structure of JMs was further analyzed by 2D gel

electrophoresis, wherein the fragments were separated by

different mobility based on their shape and molecular

weight (Fig. 3B) [19, 29-37]. Mom-Mom, Mom-Dad, and

Dad-Dad dHJs were detected at 11.8, 10.2, and 8.6 kb,

respectively, at the HIS4LEU2 hot spot, and SEI signals

were detected at 9.2, 8.9, 7.6, and 7.3 kb by 2D gel analysis

(Fig. 3B). To determine whether Hed1 affects the progression

of homologous recombination after DSBs formation, Hed1

expression was induced with CuSO4 and formation of JMs

was observed by 2D gel electrophoresis (Figs. 3B and 3C).

2D gel electrophoresis enables clear visualization of JMs

[19, 29-37]. Consistent with previous studies, a strong

homolog bias was observed in WT cells (Fig. 3C) [19, 37].

Fig. 3. 2D gel analysis of the WT and pCUP1-HED1 strains. 

(A) Structure of single-end invasion (SEI) and double Holliday junction (dHJ). (B) Representative image of native/native 2D gels in the WT strain.

The image shows three spots for dHJs and two arcs for SEIs, which appear on the DNA. Blue line: IH-dHJs; Red line: IS-dHJs; Black line: SEIs. (C)

2D gel images of WT and pCUP1-HED1 strains in the presence and absence of copper. 
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Interestingly, higher levels of IS-dHJs were observed in the

pCUP1-HED1 strain after 2.5 h than in WT. After addition

of CuSO4, the level of IS-dHJs was decreased in pCUP1-

HED1 cultures since 3.5 h. Subsequently, the formation of

IH-dHJs was initiated in pCUP1-HED1 in the presence or

absence of CuSO4. Thereafter, a gradual reduction in JMs

occurred, followed by a complete disappearance at 10 h in

WT and pCUP1-HED1 cells.

Our previous study suggested that Hed1 might affect

homolog bias (Fig. 3C) [19]. This aspect was investigated in

detail using 2D gel electrophoresis (Fig. 4). The presence of

JMs (IH-SEIs and IH-dHJs) was observed in the WT cells

(Fig. 4A). All JMs were also present in pCUP1-HED1 cells,

grown in the absence of CuSO4. However, the levels of IH-

dHJs were reduced and those of IS-dHJs were increased ~

4-fold as compared with WT (Fig. 4B). However, IS-dHJs

were strongly reduced after the induction of Hed1 at 2.5 h.

This result suggests that Hed1 could be involved in the

regulation of homolog bias. The appearance of JMs was

delayed by ~1 h in the presence of CuSO4 as compared with

the untreated cells (Fig. 4B). A previous study has reported

that the IH-dHJ:IS-dHJ ratio in the WT and hed1Δ mutant

cells were 5:1 and 2:1, respectively [19]. In the pCUP1-

HED1 cells grown in the absence of CuSO4 (pCUP1-HED1 (-

Cu)), the level of IS-dHJs was about 0.67%. Moreover, the

level of IH-dHJs was reduced to ~0.9%. The ratio of IH:IS

dHJs in these cells decreased from 5:1 to 1.1:1 (Fig. 4C). In

pCUP1-HED1 (+Cu) cells, the maximum level of IS-dHJs

was reduced to 50% compared with those of pCUP1-HED1

(-Cu) cells. Furthermore, the ratio of IH:IS dHJs was 3.5:1

(Fig. 4C). The  pick of dHJs was delayed 1 h, and the SEI

lifespan was delayed in pCUP1-HED1 (+Cu) (Figs. 4A and

4B). These observations suggest that appropriate

expression of Hed1 protein might be required to regulate

Fig. 4. Regulation of joint molecules (JM) formation by Hed1 in pCUP1-HED1 strains.

(A) Representative image of 2D gel at different time points in WT and pCUP1-HED1 cells grown with and without CuSO4. The images are the same

as Fig. 3C. (B) Quantification of the JMs (single-end invasions (SEIs) and double Holliday junctions (dHJs)). Blue line: IH-dHJs; Red line: IS-dHJs;

Black dotted line: total dHJs; Black line: SEIs. (C) Ratios of IH/IS-dHJs in WT and pCUP1-HED1 strains grown with and without CuSO4 at 3.5, 4,

and 5 h (n = 3). Black line: WT; Green line: (-)CuSO4, Orange line: (+)CuSO4.
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the lifespan of SEIs and dHJs. 

Meiotic recombination is initiated by generation of a

programmed DSB during prophase I. Subsequently, the

DSBs mediate strand search and exchange to form nascent

D-loop and JMs (SEIs and dHJs), followed by onset of

recombination. The course of recombination involves the

formation of D-loop and JMs (SEIs/dHJs). In this study, we

demonstrated that the presence of Hed1 regulates the level of

interhomolog CO formation. The expression of Hed1

promotes proper formation of IH-JMs. Thus, Hed1 could

act as a negative regulator for the strand exchange activity

mediated by Rad51 during meiosis. 

Acknowledgments

This work was supported by the Chung-Ang University

Graduate Research Scholarship in 2015 and by a National

Research Foundation of Korea (NRF) grant funded by the

Korean government (MSIP) (No. 2014R1A2A1A11051584).

References 

1. Roeder GS. 1997. Meiotic chromosomes: it takes two to

tango. Genes Dev. 11: 2600-2621.

2. Kleckner N, Zhang L, Weiner B, Zickler D. 2011. Meiotic

chromosome dynamics. In Rippe K (ed.). Genome Organization

and Function in the Cell Nucleus, Ch. 19. WileyVCH, Weinheim

Germany.

3. Zickler D, Kleckner N. 1999. Meiotic chromosomes: integrating

structure and function. Annu. Rev. Genet. 33: 603-754. 

4. Arora C, Kee K, Maleki S, Keeney S. 2004. Antiviral protein

Ski8 is a direct partner of Spo11 in meiotic DNA break

formation, independent of its cytoplasmic role in RNA

metabolism. Mol. Cell 13: 549-559.

5. Kee K, Protacio RU, Arora C, Keeney S. 2004. Spatial

organization and dynamics of the association of Rec102 and

Rec104 with meiotic chromosomes. EMBO J. 23: 1815-1824.

6. Keeney S. 2001. Mechanism and control of meiotic

recombination initiation. Curr. Top. Dev. Biol. 52: 1-53.

7. Prieler S, Penkner A, Borde V, Klein F. 2005. The control of

Spo11’s interaction with meiotic recombination hotspots.

Genes Dev. 19: 255-269.

8. Paull TT, Gellert M. The 3’ to 5’ exonuclease activity of

Mre11 facilitates repair of DNA double-strand breaks. Mol.

Cell 1: 969-979.

9. Usui T, Ohta T, Oshiumi H, Tomizawa J, Ogawa H, Ogawa

T. 1998. Complex formation and functional versatility of

Mre11 of budding yeast in recombination. Cell 95: 705-716.

10. Cannavo E, Cejka P. 2014. Sae2 promotes dsDNA

endonuclease activity within Mre11-Rad50-Xrs2 to resect

DNA breaks. Nature 514: 122-125.

11. Gasior SL, Wong AK, Kora Y, Shinohara A, Bishop DK.

1998. Rad52 associates with RPA and functions with Rad55

and Rad57 to assemble meiotic recombination complexes.

Genes Dev. 12: 2208-2221.

12. Hays SL, Firmenich AA, Berg P. 1995. Complex formation

in yeast double-strand break repair: participation of Rad51,

Rad52, Rad55, and Rad57 proteins. Proc. Natl. Acad. Sci.

USA 92: 6925-6929.

13. Sugiyama T, Zaitseva EM, Kowalczykowski SC. 1997. A

single-stranded DNA-binding protein is needed for efficient

presynaptic complex formation by the Saccharomyces cerevisiae

Rad51 protein. J. Biol. Chem. 272: 7940-7945. 

14. Sung P. 1997. Function of yeast Rad52 protein as a mediator

between replication protein A and the Rad51 recombinase.

J. Biol. Chem. 272: 28194-28197.

15. Hong EL, Shinohara A, Bishop DK. 2001. Saccharomyces

cerevisiae Dmc1 protein promotes renaturation of single-strand

DNA (ssDNA) and assimilation of ssDNA into homologous

super-coiled duplex DNA. J. Biol. Chem. 276: 41906-41912.

16. Bishop DK. 1994. RecA homologs Dmc1 and Rad51 interact

to form multiple nuclear complexes prior to meiotic

chromosome synapsis. Cell 79: 1081-1092.

17. Shinohara A, Ogawa H, Ogawa T. 1992. Rad51 protein

involved in repair and recombination in S. cerevisiae is a

RecA-like protein. Cell 69: 457-470.

18. Krejci L, Altmannova V, Spirek M, Zhao X. 2012. Homologous

recombination and its regulation. Nucleic Acids Res. 40: 5795-

5818.

19. Hong S, Sung Y, Yu M, Lee M, Kleckner N, Kim KP. 2013.

The logic and mechanism of homologous recombination

partner choice. Mol. Cell 51: 440-453.

20. Jiang H, Xie Y, Houston P, Stemke-Hale K, Mortensen UH,

Rothstein R, Kodadek T. 1996. Direct association between

the yeast Rad51 and Rad54 recombination proteins. J. Biol.

Chem. 271: 33181-33186.

21. Sehorn MG, Sung P. 2004. Meiotic recombination: an affair

of two recombinases. Cell Cycle 3: 1375-1377.

22. Sung P. 1994. Catalysis of ATP-dependent homologous

DNA pairing and strand exchange by yeast Rad51 protein.

Science 265: 1241-1243.

23. Bishop DK, Park D, Xu L, Kleckner N. 1992. DMC1: a

meiosis-specific yeast homolog of E. coli recA required for

recombination, synaptonemal complex formation, and cell

cycle progression. Cell 69: 439-456.

24. Bishop DK, Zickler D. 2004. Early decision; meiotic crossover

interference prior to stable strand exchange and synapsis.

Cell 117: 9-15.

25. Sasanuma H, Tawaramoto MS, Lao JP, Hosaka H, Sanda E,

Suzuki M, et al. 2013. A new protein complex promoting the

assembly of Rad51 filaments. Nat. Commun. 4: 1676.

26. Busygina V, Sehorn MG, Shi IY, Tsubouchi H, Roeder GS,

Sung P. 2008. Hed1 regulates Rad51-mediated recombination

via a novel mechanism. Genes Dev. 22: 786-795.



Roles of Hed1 in Yeast Homologous Recombination  411

February 2017⎪Vol. 27⎪No. 2

27. Tsubouchi H, Roeder GS. 2006. Budding yeast Hed1 down-

regulates the mitotic recombination machinery when

meiotic recombination is impaired. Genes Dev. 20: 1766-1775.

28. Janke C, Magiera MM, Rathfelder N, Taxis C, Reber S,

Maekawa H, et al. 2004. A versatile toolbox for PCR-based

tagging of yeast genes: new fluorescent proteins, more markers

and promoter substitution cassettes. Yeast 21: 947-962.

29. Hong S, Kim KP. 2013. Shu1 promotes homolog bias of

meiotic recombination in Saccharomyces cerevisiae. Mol. Cells

36: 446-454.

30. Lee MS, Yoon SW, Kim KP. 2015. Mitotic cohesin subunit

Mcd1 regulates the progression of meiotic recombination in

budding yeast. J. Microbiol. Biotechnol. 25: 598-605.

31. Kim KP, Weiner BM, Zhang L, Jordan A, Dekker J, Kleckner N.

2010. Sister cohesion and structural axis components

mediate homolog bias of meiotic recombination. Cell 143:

924-937.

32. Schwacha A, Kleckner N. 1994. Identification of joint

molecules that form frequently between homologs but

rarely between sister chromatids during yeast meiosis. Cell

76: 51-63.

33. Cho HR, Kong YJ, Hong SG, Kim KP. 2016. Hop2 and Sae3

are required for Dmc1-mediated double-strand break repair

via homolog bias during meiosis. Mol. Cells 39: 550-556.

34. Hong S, Choi EH, Kim KP. 2015. Ycs4 is required for

efficient double-strand break formation and homologous

recombination during meiosis. J. Microbiol. Biotechnol. 25:

1026-1035.

35. Lee MS, Yu M, Kim KY, Park GH, Kim KP. 2015. Functional

validation of rare human genetic variants involved in

homologous recombination using Saccharomyces cerevisiae.

PLoS One 10: e0124152.

36. Yoon SW, Lee MS, Xaver M, Zhang L, Hong SG, Kong YJ, et

al. 2016. Meiotic prophase roles of Rec8 in crossover

recombination and chromosome structure. Nucleic Acids Res.

44: 9296-9314.

37. Lao JP, Cloud V, Huang CC, Grubb J, Thacker D, Lee CY, et

al. 2013. Meiotic crossover control by concerted action of

Rad51-Dmc1 in homolog template bias and robust homeostatic

regulation. PLoS Genet. 9: e1003978.


