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Summary

The REC2 gene of Ustilago maydis encodes a

homologue of the Escherichia coli RecA protein and

was first identified in a screen for UV-sensitive

mutants. The original isolate, rec2-1, was found to

be deficient in repair of DNA damage, genetic

recombination and meiosis. We report here that the

rec2-197 allele, which was constructed by gene

disruption, retains some biological activity and is

partially dominant with respect to REC2. The basis for

the residual activity is probably as a result of

expression of a diffusible product from the rec2-197

allele that augments or interferes with REC2 func-

tions. This product appears to be a polypeptide

expressed from a remnant of the 50 end of the open

reading frame that was not removed in creating the

gene disruption. The mutator activity and disturbed

meiosis of rec2-197 suggest that the Rec2 protein

functions in a process that avoids spontaneous

mutation and insures faithful meiotic chromosome

segregation. A prediction based on the phenotype of

rec2-197 is that Rec2 protein interacts with one or

more other proteins in directing these functions. To

identify interacting proteins we performed a yeast

two-hybrid screen and found Rad51 as a candidate.

Rec2-197 and Rad51 appear to interact to a similar

degree.

Introduction

DNA repair and recombination proficiency require homo-

logous pairing and DNA strand exchange functions. In

prokaryotes this activity is provided by the RecA protein

and, similarly, in eukaryotes it is provided by RecA

homologues, which may be elaborated in multiple forms

(Shinohara and Ogawa, 1999). In Saccharomyces

cerevisiae, four different RecA homologues have been

identified (Kans and Mortimer, 1991; Aboussekhra et al.,

1992; Basile et al., 1992; Bishop et al., 1992; Shinohara

et al., 1992; Lovett, 1994). While structurally related, the

genes are not functionally redundant. Inactivation of any

one of them results in a double-strand-break repair

deficiency (Rattray and Symington, 1995). Multiple

homologues have also been identified in Schizosacchar-

omyces pombe and Homo sapiens, and evidence is also

accumulating in these systems showing that the genes

may function independently in a non-redundant manner

(Thacker, 1999).

Ustilago maydis is an extremely radiation-resistant

fungus that is as evolutionarily distant from S. cerevisiae

and S. pombe as from H. sapiens. Two RecA homologues

have been identified in U. maydis. One is orthologous to

Rad51 and is so named (Ferguson et al., 1997). The other,

encoded by the REC2 gene (Rubin et al., 1994), is much

more divergent and more than twice the size of Rad51.

Both genes are expressed in mitotic cells. There is no

redundancy in their functions as mutation in either results

in loss of DNA repair and recombination proficiency.

Genetic analysis indicates epistatic interaction between

the two genes in certain recombination and repair

functions, but some measure of independent activity in

other functions (Ferguson et al., 1997). Biochemical

analysis indicates that Rec2 catalyses certain homologous

pairing and strand exchange reactions more proficiently

than Rad51 (Bennett and Holloman, 2001), adding to the

speculation that the proteins might be specialized for

separate processes or dedicated to different functions.

Rec2 was first identified by genetic analysis through

isolation of the rec2-1 allele in a screen for DNA repair

mutants (Holliday, 1965). The mutant is extremely

sensitive to UV, ionizing radiation and alkylating agents,

is defective in recombination and is blocked in meiosis

(Holliday, 1967; Fotheringham and Holloman, 1991). The

gene was cloned by complementation (Bauchwitz and

Holloman, 1990) and was found to contain a single

uninterrupted open reading frame (ORF) of 2342 bp, which

is transcribed to yield an unspliced message of 2.7 kb

(Rubin et al., 1994). Using DNA sequence analysis it was

determined that the rec2-1 allele results from a 0.8 kbp
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deletion spanning the 50 end of the gene that removes

promoter elements and the proximal part of the coding

sequence (Rubin et al., 1994). No other rec2 allele was

isolated in screens for DNA repair mutants, but the

rec2-197 allele was created at the time the REC2 gene

was cloned to provide proof that the putative gene isolated

was indeed the structural gene and not a suppressor

(Bauchwitz and Holloman, 1990). The allele was con-

structed using a one-step gene disruption procedure in

which a DNA fragment within the REC2 ORF was removed

and replaced by an antibiotic resistance cassette expres-

sing drug resistance (see Fig. 1). As the sequence deleted

from the REC2 ORF encompassed the region of sequence

similarity with RecA and included the nucleotide binding

P-loop, it was presumed that the rec2-197 allele was a

complete loss-of-function mutation.

However, additional considerations raised the question

whether either allele was a true null. More careful Northern

blot analysis revealed that a truncated message was

present in rec2-1, presumably through enlistment of a

cryptic promoter (Rubin et al., 1994). Inspection of the

rec2-1 DNA sequence on both sides of the deletion

indicated that a novel ORF could be generated through

conjunction of the flanking sequences. This ORF would be

predicted to encode a 613 amino acid Rec2 protein variant

with a novel 19-residue leader sequence derived from

upstream of the deletion in lieu of the N-terminal

187-residue sequence of the wild-type Rec2 protein. As

the deletion would remove the putative nuclear localization

signal but would not impinge upon the region of RecA

homology including the ATP binding loop, it seemed

possible that an active protein might be produced, but

would perhaps be crippled in its function by diminished

nuclear import. Efforts were made using Western blot

analysis to detect a Rec2 variant in rec2-1 using antibodies

raised to recombinant Rec2 protein, but no signal was

detected. Nevertheless, we could not rule out the

possibility that a variant protein was produced below

the level of detection. Furthermore, it became clear in the

studies described below that the rec2-197 allele retained

some biological activity in spite of its deletion of the region

related to RecA and is partially dominant, unlike the rec2-1

allele.

Therefore, we analysed the rec2 locus in more detail,

characterizing additional deletion mutants in an effort to

establish the complete loss-of-function phenotype.

Through our analysis it has become clear that, apart

from DNA repair and recombination, there are unappre-

ciated roles for the REC2 gene in chromosome

segregation and mutation avoidance. These results

establish that REC2 is at the intersection of several

cellular processes that serve to repair and maintain the

integrity of the genome.

Results

Response of rec2-197 to DNA clastogens differs from

rec2-1

rec2-197 (Table 1) was confirmed as sensitive to UV and

was killed with kinetics almost identical to rec2-1 (Fig. 2A).

Fig. 1. rec2 alleles and predicted gene product structures.
A. Genomic sequences are shown schematically for the rec2 alleles
with open reading frames indicated by the black boxes. The
boundaries of the wild-type REC2 mRNA are drawn approximately to
scale in relation to the restriction map, as determined by S1 mapping.
The drug resistance cassette containing the hygromycin
phosphotransferase gene (HPH ) is indicated by the open box. The
directions of transcription are indicated by arrows. Restriction sites are
abbreviated as follows: M, Mse I; H, HindIII; V, Eco RV; R, EcoRI.
B. Protein sequences and predicted chimeric proteins formed by the
fusions of sequences in the HPH cassette are shown schematically
with the residues encoded by the REC2 open reading frame indicated
by the black boxes. The small open box on the left in Rec2-1 is a
stretch of 19 residues brought into frame by conjunction of the DNA
sequences flanking the deletion underlying the rec2-1 allele. Diagonal
hatches schematically indicate the additional sequences completing
the open reading frame in the fusions with the HPH cassette. The
predicted sequences of the chimeric Rec2-197 and Rec2-198 proteins
shown schematically have the following strings of amino acids fused to
the 174 N-terminal residues of Rec2: Rec2-197,
STNSQSSIVNVNHEYFTQLASRRFGGIQ; Rec2–198,
SSGGRCESCATKRESTRAGRNQKKPPPRCQVDKSTH
LFQVQIGKSKIRARSAIRNGNRVTEVAKSSXKWKKN
VVTTSEFCKLQKKNLGTDEX.
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As the damage produced in DNA by UV irradiation with

254 nm light is limited mainly to cyclobutane pyrimidine

dimers and pyrimidine–pyrimidone (6–4) lesions (Fried-

berg et al., 1995), we were interested in comparing the

response of rec2-197 and rec2-1 with other types of

clastogenic agents to learn if there was any difference in

the damage-processing pathways (Sancar, 1996). We

measured survival after treatment using the alkylating

agent methyl methanesulphonate (MMS), which produces

DNA strand breaks following excision of alkylated bases

(Singer and Kusmierek, 1982), and bleomycin, a free

radical-generating agent that induces both single-strand

and double-strand DNA breaks by reactive oxygen

through Fenton reaction chemistry (Takeshita et al.,

1978). Survival kinetics of rec2-197 and rec2-1 were

similar when treated with MMS (Fig. 2B). However, their

sensitivities to bleomycin were markedly different; rec2-1

was extremely sensitive while rec2-197 was resistant at a

level almost approaching a wild-type control (Fig. 2C).

These results suggest that Rec2 could function in different

pathways for repair of DNA damage depending on the type

of damage, but that its role in each pathway might not

necessarily be equivalent.

Rec2-197 has elevated spontaneous mutator activity

In S. cerevisiae, inactivation of the recombinational repair

pathway by mutation in RAD51 or RAD52 results in an

elevated spontaneous mutator activity (Morrison and

Hastings, 1979; Prakash et al., 1980; Malone and

Esposito, 1981). Presumably, lesions arising in DNA that

are normally processed by recombinational repair are

shunted into an error-prone repair pathway in the absence

of recombination. Similarly, we have noted a very modest

elevation in spontaneous mutation rate in both the U.

maydis rad51-1 and rec2-1 mutants, easily quantified by

measuring forward mutation to drug resistance using any

one of a number of metabolic inhibitors or antibiotics. We

utilized the drug, nourseothricin, a streptothricin-related

polyamine antibiotic that interferes with translation via

direct binding to ribosomes (Haupt et al., 1978; Cundliffe,

1989). Measuring spontaneous mutation by forward

resistance to this compound is convenient as backgrounds

are clean and identification of resistant mutants is

unambiguous.

As determined by fluctuation analysis, the rate of

mutation to nourseothricin resistance (NstR) was

1.25�1028 per cell per generation in the wild type

(Table 2). In rec2-1 the rate was elevated almost 10-fold,

but in rec2-197 it was higher by more than two orders of

magnitude. As rec2-197 expresses resistance to hygro-

mycin, we were concerned that the NstR phenotype was

artefactual and was simply a consequence of overlapping

resistance to hygromycin. Therefore, as a control we

measured mutation to NstR in the rad51-1 mutant, which

was created by the same gene disruption procedure used

to generate rec2-197, i.e. by replacing a fragment within

the ORF with the identical HPH (for hygromycin

phosphotransferase) cassette expressing hygromycin

resistance. In this case, the mutation rate was also

elevated over the wild type, but only to the modest 10-fold

extent observed in rec2-1. Therefore, it appears that

resistance to hygromycin does not concomitantly confer,

overlap or cross-feed resistance to nourseothricin.

To learn whether the mutator activity was indeed

associated with the rec2-197 allele and not as a result of

some other adventitious, unrelated mutation introduced at

the time the gene disruption was constructed, we

measured mutator activity in rec2-198, an allele identical

to rec2-197 except with the HPH cassette expressing

Table 1. Ustilago maydis strains.

rec2 allele genotypea

Haploids
UCM5 REC2 ade1-1 leu1-1 a2b2
UCM54 rec2-1 rec2-1 pan1-1 nar1-1 a1b1
UCM156 rec2-198 rec2-198::HPH ade1-1 leu1-1 a2b2
UCM164 rec2-197 rec2-197::HPH ade1-1 leu1-1 a2b2
UCM342 REC2 rad51-1::HPH ade1-1 leu1-1 a2b2
UCM350 REC2 pan1-1 nar1-6 a1b1
UCM482 rec2-53 rec2-53::HPH pan1-1 nar1-6 a1b1
UCM513 rec2-197 rec2–197::HPH pan1-1 nar1-6 a1b1

Diploids
UCM33 REC2/REC2 ade1-1/1pan1-1/1nar1-1/1met1-2/1
UCM110 rec2-1/rec2-1 rec2-1/rec2-1 pan1-1/1nic1-1/1ade1-1/1met1-2/1ino1-4/ino1-5
UCM147 REC2/rec2-1 rec2-1/1ade1-1/1leu1-1/1pan1-1/1nar1-1/1
UCM479 REC2/rec2-197 rec2-197::HPH/1ade1-1/1leu1-1/1pan1-1/1nar1-6/1
UCM480 rec2-1/rec2-197 rec2-197::HPH/rec2-1 ade1-1/1leu1-1/1pan1-1/1nar1-1/1
UCM515 rec2-197/rec2-197 rec2-197::HPH/rec2-197::HPH ade1-1/1leu1-1/1pan1-1/1nar1-1/1

a. Terminology for disruptions is indicated by the :: for insertion of the HPH gene cassette.

Dominant negative rec2 mutant 1417
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resistance to hygromycin inserted the opposite orientation

(Fig. 1). As in rec2-197, the spontaneous mutation rate to

NstR in rec2-198 was correspondingly high (Table 2).

These results indicate that the elevated NstR mutator

phenotype of rec2-197 is a particular property of the

disrupted gene structure.

As an additional control to test the generality of the

mutator effects noted, we measured mutation to 5-fluoro-

orotic acid resistance (5-FOAR). This drug is an analogue

of orotic acid, a precursor in the biosynthetic pathway

leading to uracil. It inhibits the growth of wild-type cells and

permits the growth of cells with a mutation in the gene for

orotidine monophosphate decarboxylase or orotidine

monophosphate pyrophosphatase (Boeke et al., 1984).

Thus, it has a different pharmacological basis of action

compared with nourseothricin. In haploids, rates of

5-FOAR followed the same general pattern as with NstR,

although they were not as extremely elevated in rec2-197

Fig. 2. Survival of rec2 mutants after treatment with DNA clastogens.
A. Logarithmic cell cultures were serially diluted and plated on YEPS medium and then irradiated with UV light.
B. Or cell cultures were held in 0.02% MMS for the indicated times, then plated.
C. and D. Or cell cultures were plated on medium containing the indicated amounts of bleomycin.

1418 M. Kojic, C. W. Thompson and W. K. Holloman
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and rec2-198. As the two drugs have different molecular

targets it is not surprising that the rates of resistance were

different. The very high levels of NstR compared with

5-FOAR could be as a result of a greater number of targets

and, possibly, an amplification effect resulting from

increased misreading of message (Haupt et al., 1978;

Cundliffe, 1989). Resistance to 5-FOA is recessive (Boeke

et al., 1984) and in REC2 homozygous diploids was at a

rate lower than the sensitivity of detection by our assay

(, 10210 per cell per generation). We note, however, that

in the heteroallelic diploid rec2-1/rec2-197 and the

homozygous diploid rec2-197/rec2-197, 5-FOA-resistant

mutants were formed at a rate within the detectable range,

1� 1029 per cell per generation. This is probably several

orders of magnitude higher than in the REC2 homozygous

diploid, which might reasonably be guessed as <10213 to

10214 per cell per generation, the product of the mutation

rate (1� 1029) times an estimated mitotic recombination

rate (<1024 to 1025) (Esposito and Bruschi, 1993).

Meiotic chromosome segregation is disturbed by rec2-197

Intending to establish a firmer relationship between the

strong mutator activity and DNA repair deficiency, we

performed crosses with rec2-197 and wild-type tester

strains to determine whether these traits were indeed

linked. We also intended to obtain rec2-197 in the opposite

mating-type background so that homozygous crosses

could be performed. However, it became immediately

clear in test crosses that meiosis was disturbed. In a

control (Table 3, Cross 1) the rec2-1 allele segregated 1:1

when the MMS sensitivity of meiotic progeny was

monitored. However, in the rec2-197 cross (Table 3,

Cross 2), there was a strong bias towards recovery of only

MMSR progeny and a high frequency of appearance of

MMSR HygR segregants, an illegitimate class. These

observations indicate that the rec2-197 allele did not

segregate independently and imply that, in the majority of

progeny, the rec2 locus was heterozygous. This finding

Table 3. Segregation during meiosis.

Cross 1 UCM5�UCM54 (MMSR�MMSS) REC2� rec2-1

n¼ 102 MMSR MMSS

Expected 51 51
Observed 49 53

Cross 2 UCM350�UCM164 (MMSR HygS�MMSS HygR) REC2� rec2-197

n¼ 148 MMSR HygS MMSS HygR MMSR HygR

Expected 74 74 0
Observed 64 9 75

Table 2. Spontaneous forward mutation rates.a

Strain

Nourseothricin resistance 5-fluoroorotic acid resistance

Rate�1028 Fold increase Rate� 1029 Fold increase

Haploids
REC2 1.3 ^ 0.1 1.0 4.5 ^ 0.7 1.0
rec2-1 11.3 ^ 2.6 9.4 28.7 ^ 7.6 6.4
rec2-197 195 ^ 25 198 58.2 ^ 20 13
rec2-198 290 ^ 30 232 180 ^ 30 40
rec2-53 16.5 ^ 6.5 13.2 23.0 ^ 2.5 5.1
rad51-1 7.0 ^ 3.6 11.4 29.7 ^ 9.5 6.6

Diploids
REC2/REC2 1.6 ^ 1.1 1.0 , 0.1 1.0
rec2-1/rec2-1 14.0 ^ 3.0 8.8 NDb –
REC2/rec2-1 2.7 ^ 0.9 1.7 ND –
REC2/rec2-197 91.5 ^ 34 57 ND –
rec2-1/rec2-197 1105 ^ 475 690 1.0 . 10
rec2-197/rec2-197 4500 ^ 500 2800 0.8 . 10

a. Results of at least two independent determinations are presented.
b. ND, not determined

Dominant negative rec2 mutant 1419
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suggested that rec2-197 causes a chromosome segre-

gation defect.

To measure the generality of this effect, we plated

meiotic progeny on non-selective medium containing

charcoal. Typically, this black medium can be used in a

quick test to identify diploids that are easily seen as

mycelial colonies which appear white and fuzzy (Banuett

and Herskowitz, 1989), while haploids look smooth and

translucent (Fig. 3A). In a control cross with rec2-1 mated

to the wild-type tester strain, 0.51% of the colonies

appeared positive in this fuzz reaction indicating that

haploids issued normally from this cross. However, in the

rec2-197 cross, 38.5% of the isolated progeny were fuzz

positive (Fig. 3B). Strictly speaking, the fuzz reaction is not

a true test for diploidy, but is positive when the b mating

type loci are present as a pair of heteroalleles (Kronstad

and Leong, 1989). Thus, it does not measure the global

chromosomal state of ploidy, but it is probable that the

fuzz-positive progeny were at least disomic for the

chromosome containing the b locus. Among the non-fuzz

progeny, 67% were of the illegitimate MMSR HygR class,

indicating heterozygosity at the rec2 locus. These results

reinforce the notion that chromosome segregation in

rec2-197 crosses is abnormal and the appearance of true

haploids among the progeny is rare.

As a final method to assess the influence of rec2-197 on

the fidelity of chromosome segregation, we scored

prototrophs among the meiotic progeny from the hetero-

zygous cross UCM350�UCM164 (Table 3, Cross 2) as a

simple measure for assortment of auxotrophic markers.

As there were four segregating auxotrophic markers in

the cross, pan1, nar1, ade1 and leu1, the frequency of

prototrophy above that predicted for randomly segregating

markers, 0.54 or 6.2%, could be taken as a measure of

chromosome missegregation. However, as ade1-1 and

leu1-1 are loosely linked (Holliday, 1961), the fraction of

prototrophs among the progeny would be expected to be

between 0.54 and 0.53, or between 6.2% and 12.5%. In the

control mating with rec2-1 (UCM5�UCM54, Table 3,

Cross 1), we found 13% of prototrophs among the meiotic

progeny, a frequency close to that expected. But from

the heterozygous cross with rec2-197, the frequency of

prototrophs was 60%. Thus, approximately half the meiotic

progeny were heterozygous for auxotrophic markers

according to this method. In conclusion, it appears that

in heterozygous crosses with the rec2-197 allele there is a

global disturbance in chromosome segregation with

aneuploids probably representing the majority of meiotic

products.

Teliospores homozygous for rec2-197 fail to germinate

Teliospores form as end-products of a differentiation

process following the systemic spread of the infectious

dikaryotic hyphae through maize plants (Banuett and

Herskowitz, 1996). In U. maydis, little information is

available about the timing of meiosis with respect to

teliospore development, but it is known that teliospores

germinate at late prophase I (O’Donnell and McLaughlin,

1984). By inference, this event would place the initiation of

recombination at a temporal point earlier in the teliospore

maturation process and would suggest that teliospores are

arrested in meiosis I. In crosses homozygous for rec2-1,

production of teliospores appears normal. However, these

teliospores fail to germinate and, thus, do not give rise to

haploid meiotic products (Holliday, 1967). This abortive

meiosis is presumably as a result of failure in repairing the

DNA strand breaks initiating recombination and concomi-

tant activation of a DNA-damage checkpoint (Grushcow

et al., 1999) barring completion of meiosis I. As noted

above, in crosses heterozygous for REC2 and rec2-197,

we observed that teliospore production and germination

appeared normal, but that chromosome segregation was

aberrant. However, similar to the case with rec2-1

homozygous crosses, teliospores were formed but no

Fig. 3. Fuzz reaction in meiotic progeny. Teliospores were obtained
from gall tissue of plants infected with diploids constructed by mating
the indicated strains. After isolation, teliospores were treated with
ether and germinated on YEPS. When microcolonies became visible
to the eye after incubation for 24 h, plates were scraped, colonies
resuspended in water and dispersed to single cells by vigorous
vortexing, then spread for isolation onto plates containing charcoal
medium. Plates were incubated at room temperature under
fluorescent lights for 3 days.
A. Positive fuzz reaction of meiotic products from the indicated
crosses is evident by the white colonies.
B. The yields of fuzz-positive meiotic products from the indicated
matings are indicated quantitatively.
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germination was observed in rec2-1/rec2-197 heterozygous

crosses or rec2-197 homozygous crosses.

Analysis of diploids indicates dominant negative

interactions with rec2-197

Certain features of the rec2-197 phenotype were revealed

in the heterozygous situation. Spontaneous mutator

activity to NstR of the rec2-197/REC2 heterozygous diploid

was elevated about 60-fold higher than in the REC2

homozygous diploid (Table 2). This indicates that rec2-197

exerts a dominant negative effect in the presence of the

wild-type allele. In the rec2-197/rec2-1 heteroallelic diploid

and the rec2-197/rec2-197 homozygous diploid the rate

was 10–40 fold higher still. Thus, the activity in the

heterozygous situation with respect to REC2 is only

partially dominant compared with the situation in which no

REC2 gene product is present. Attenuation of bleomycin

sensitivity was also evident in the rec2-197/rec2-1 and

rec2-197/rec2-197 diploids compared with the rec2-1

homozygous diploid, although not to the extent as

observed with the rec2-197 allele in the haploid (Fig. 2D).

This might be as a result of some diploid-specific effect in

which the overall threshold of resistance to bleomycin was

lowered because all diploids tested, including the REC2

homozygote, were found to be more sensitive to

bleomycin than haploids. In any event, the dominant

interactions suggest that a diffusible product is probably

made from the rec2-197 allele and this product interferes

with certain functions promoted by REC2.

Chimaeric Rec2 fusion proteins are created by disruption

of REC2

The weight of the evidence demonstrating significant

phenotypic differences between rec2-197 and rec2-1 in

DNA repair proficiency, mutator activity and meiotic

chromosome segregation made it clear that rec2-197

was not devoid of genetic activity as was assumed earlier.

Given the nature of the rec2-197 gene structure, a

probable basis for the apparent genetic activity is that the

allele manifests through expression of an interacting

domain present on the N-terminal peptide fragment from

the remnant REC2 ORF upstream of HPH, the hygromycin

resistance gene cassette. The deletion created to

generate rec2-197 leaves enough coding sequence at

the 50 end of the REC2 ORF to encode a polypeptide of

174 N-terminal amino acids of Rec2. This region includes

the putative nuclear localization motif and a run of acidic

residues. As the reading frame is incomplete, we

determined the DNA sequence across the site of the

junction at which the disruption was formed to define

the boundary of the ORF and establish the structure of

the translational fusion. Sequence analysis of the 1.6 kbp

HindIII–Eco RI fragment spanning the junction (Fig. 1)

indicated that an additional 28 amino acids were added

before a stop codon was brought into frame, but no

sequence motifs that might provide insight into function

were present.

We considered whether the rec2-197 phenotype was a

specific consequence of this particular chimaeric fusion or

perhaps the more general condition resulting from

expression of a fusion polypeptide containing the 174

N-terminal residues. The latter possibility seemed more

probable in view of the elevated mutator activity

associated with the rec2-198 allele noted above

(Table 2), and in light of the similarity of rec2-198 to

rec2-197 in resistance to bleomycin and sensitivity to MMS

(Fig. 2). As mentioned above, rec2-198 was constructed in

the identical way to rec2-197 but with the HPH cassette in

the opposite orientation. This construction leaves the

coding information for the 174 N-terminal Rec2 residues

intact but brings into register an altogether different

sequence from the complementary strand of the HPH

cassette to complete the ORF (Fig. 1). The DNA sequence

of this junction region indicated that rec2-198 could

encode a chimaeric Rec2 fusion protein with a heter-

ologous tail of 92 amino acids. BLAST analysis indicated

that there was no similarity between the 28- and

92-residue polypeptide tails or any recognizable con-

served domain present in either polypeptide sequence, as

determined by RPS (reverse position-specific) BLAST.

Thus, the virtually identical phenotypes of rec2-197 and

rec2-198 appear to result from expression of the 174

N-terminal Rec2 residues in fusion with an apparently

random C-terminal sequence and not from a specific

chimaeric protein created by completing the ORF with a

particular heterologous sequence.

rec2 deletion lacking the N-terminal sequence and

nucleotide binding P-loop

As it was uncertain whether the rec2-1 allele retained

some biological activity, we constructed a new deletion

designed to represent a true null allele. Ideally, we had

wanted to remove the entire REC2 ORF, but this proved to

be problematical using the traditional one-step gene

disruption procedure owing to a paucity of appropriate

restriction enzyme sites at the 30 end of the ORF and

the close presence of an adjacent essential gene. We

have attempted alternative knockout procedures such as

polymerase chain reaction (PCR)-mediated disruption

techniques reported to be effective in yeasts (e.g. Baudin

et al., 1993; Kaur et al., 1997), but unfortunately have not

yet been successful adapting such methods in U. maydis.

Therefore, we used the traditional one-step disruption

procedure to make a large deletion, removing a segment

of the upstream untranslated region containing putative

Dominant negative rec2 mutant 1421
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promoter elements identified previously (Rubin et al.,

1994) and approximately half the ORF encompassing the

translational start site, the sequence encoding N-terminal

protein region present in rec2-197 and the region of

homology with RecA protein, including the Walker A box

known to be essential for recombination and repair

proficiency (Rubin et al., 1994). The construction of the

deletion was accomplished by replacing a sequence

spanning these elements with the HPH cassette expres-

sing HygR (Fig. 1). The resulting allele, rec2-53, was very

sensitive to killing by MMS and bleomycin (Fig. 2C),

displayed only a slightly elevated mutation rate to NstR

(Table 2) and appeared normal in meiotic chromosome

segregation in a heterozygous cross with REC2, as

determined by the fuzz assay (Fig. 3B). In these regards,

the phenotypes of rec2-53 and rec2-1 were virtually

identical, leading us to conclude that rec2-1 is probably a

null allele.

Yeast two-hybrid analysis suggests rec2-197 encodes a

protein interacting domain

As the dominant negative phenotype of rec2-197 was

suggestive of interaction between Rec2 and an additional

partner or partners, we initiated efforts to identify putative

interactors by yeast two-hybrid screening. Our strategy

was to express the Rec2-197 polypeptide as a fusion with

the Gal4 DNA-binding domain to capture interacting

proteins. Unfortunately, this fusion by itself had a low

level of transactivator activity that was significant enough

to interfere with the planned screen and, as such, was

considered impracticable. Alternatively, the full-length

Rec2 protein fused to the Gal4 DNA-binding domain had

an acceptably low level of transactivator activity. There-

fore, we decided to express the full-length Rec2 protein

as bait, capture potential interactors and test promising

candidates with the Rec2-197 fusion. A level of trans-

activation higher than the basal level exhibited by

expression of Rec2-197 alone could then be interpreted

as an indication of a specific interaction.

We performed two-hybrid screening using a cDNA

library prepared from DNA-damaged induced cells.

Approximately 2�106 independent co-transformants

containing both bait and prey plasmids were screened,

yielding 184 colonies with robust and reproducible growth

when tested on medium selective for interaction. Interactor

plasmids were rescued from 108 individual isolates and

the DNA sequence was determined from 46 of these. Of

known DNA repair genes, we identified RAD51, which had

been previously cloned and determined by genetic

analysis to interact in an epistatic fashion with REC2 in

repair of DNA damage induced by ionizing radiation and

chemical alkylation (Ferguson et al., 1997). As we had

previously characterized RAD51 in some detail geneti-

cally, we decided it would be an informative candidate to

investigate for interactions with rec2-197. Therefore, we

performed quantifiable measurements of b-galactosidase

in extracts of yeast strains co-transformed with plasmids

containing Rad51 fused to the Gal4-transactivator domain

and Rec2 or Rec2-197 fused to the Gal4-DNA binding

domain (Table 4). Assays indicated that interaction

between Rad51 and the Rec2-197 protein was as strong

as with the full-length Rec2 protein. These results further

support the genetic evidence that a specific protein-

interaction domain is present within the N-terminal Rec2

sequence encoded by the rec2-197 allele.

Discussion

In this study, we have established through several lines of

investigation that there is some residual biological activity

associated with the rec2-197 allele, a deletion created by

replacing 0.8 kbp of the REC2 ORF with a 2.0 kbp cassette

expressing antibiotic resistance. Evidence supporting this

conclusion includes the resistance of rec2-197 to killing by

bleomycin, the high spontaneous mutator activity associ-

ated with the allele and the aberrant meiosis observed in

genetic crosses. The dominant features of the rec2-197

allele in disturbing meiotic chromosome segregation,

elevating spontaneous mutation and attenuating bleo-

mycin sensitivity in the heterozygous diploid suggest a

diffusible factor is expressed that interferes with the

normal processes governed by REC2. The probable

identity of this factor is a chimaeric polypeptide composed

of the N-terminal 174 residues of Rec2 protein and a

C-terminal run of from 28 to 92 amino acids of apparently

random sequence.

The Rec2 protein is a polypeptide of 781 amino acids

with an internal stretch of about 50 residues encom-

passing the nucleotide-binding P-loop highly similar in

Table 4. Yeast two-hybrid analysis of Rad51 interaction.

DNA binding domain – – Rec2 Rec2-197 Rec2 Rec2-197 p53
Activation domain – Rad51 – – Rad51 Rad51 T antigen
Specific activitya 0.9 ^ 0.05 0.9 ^ 0.2 1.5 ^ 0.2 6.8 ^ 3.4 26 ^ 5.4 33 ^ 3.2 66 ^ 12

a. b-galactosidase activity, nmol hydrolysed min21 per 107 cells. Values represent the means of five to eight separate determinations on individual
co-transformants. Fusions with p53 and SV40 T antigen were included as a positive control.
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sequence to a corresponding region in RecA and Rad51

protein family members. The N-terminal sequence of 174

amino acids that remains in the rec2-197 allele shares no

significant sequence similarity with any other sequence in

the databases. However, it does contain a nuclear

localization sequence motif and an acidic stretch in

which 11 of 12 residues are aspartate. The rec2-1 allele is

missing the coding information for this N-terminal stretch

plus only an additional 13 residues. The phenotypic

differences between rec2-1 and rec2-197 appear to reflect

the consequence of expressing the protein domain

contained in this short polypeptide stretch.

The pleiotrophic nature of the rec2-197 phenotype

probably represents manifestations of aberrant REC2

gene function in several pathways dedicated to the repair,

transmission and maintenance of genome stability. These

pathways appear to intersect at a junction with REC2,

providing an important role in governing how DNA lesions

are channelled. Processing could depend on the nature of

the lesion and the operational capacity of the pathways

available. A simple model to account for the residual

activity and dominant negative features of rec2-197 holds

that Rec2 protein has different functional domains,

including one contained in the N-terminal remnant

present in rec2-197, and that its role in recombinational

repair can be directed by additional protein partners

interacting through the different domains. In certain

instances, interaction of a partner protein with the

N-terminal Rec2 domain alone might be sufficient to

enable a recombinational repair event or else disable

the event through a negative interaction. In other

instances, Rec2 might be envisioned to act sequentially

with a partner in a pathway but independent of any

intermolecular interaction.

In light of the current findings with the yeast two-hybrid

system and in view of the previous genetic analysis

(Ferguson et al., 1997), it appears that Rad51 is an

interacting partner of Rec2. Such a scenario as that

outlined above featuring interaction of Rec2 with Rad51 as

a partner might account for the differential sensitivities

to DNA clastogens. Rec2 and Rad51 are both required

for survival after cellular DNA has received heavy

damage from radiation or reactive chemicals, and

epistasis analysis (Ferguson et al., 1997) indicates

that the genes function in a common pathway in

repairing damage. One could imagine that repair takes

place by a mechanism in which Rec2 and Rad51 act in

procession during the channelling of DNA lesions

through a pathway dedicated to survival. In the case

of repairing UV-induced photoproducts or damage

resulting from chemical alkylation, repair requires

Rad51 and Rec2 acting independently. But in the

case of bleomycin damage that results from free radical

damage, requirements for repair can be satisfied by

Rad51 alone as long as there is a residual Rec2

domain to interact with and possibly activate Rad51.

A similar mechanism, but with opposite effect, could

explain the observed meiotic chromosome segregation

defect. Faithful segregation of homologues at meiosis I is

dependent on recombination (Baker and Carpenter, 1972;

Malone and Esposito, 1981). In S. cerevisiae, meiosis-

specific double-strand DNA breaks generated by the

action of Spo11 are processed by Rad51 and Dmc1 to

yield strand exchange intermediates (Shinohara and

Ogawa, 1999). Cross-overs associated with reciprocal

exchange of chromosome arms are needed for faithful

segregation of homologues (Kleckner, 1996; Roeder,

1997). Even minor disturbances in the level of crossing

over can have massive effects on chromosome disjunc-

tion. For instance, in msh4 or msh5 crossing over is

reduced only about twofold, but chromosome non-

disjunction is greatly elevated (Ross-Macdonald and

Roeder, 1994; Hollingsworth et al., 1995). In mutants

with more substantial effects on recombination, such as

rad51 or dmc1, meiosis is not completed owing to

activation of a meiotic cell cycle checkpoint induced by

failure to repair double-strand DNA breaks (Grushcow

et al., 1999). Similarly, in U. maydis teliospores are formed

in the rec2-1 mutant but these do not complete meiosis

to yield haploid products because they are deficient in

recombination (Holliday, 1967). In the case of the

rec2-197 heterozygous cross, the high frequency of

aneuploidy among the meiotic progeny probably

indicates that crossing over can proceed to some

extent through the action of Rec2 produced from the

wild-type allele, but is partially disabled by interference

from the Rec2-197 polypeptide. Rad51 could well be an

interacting partner poisoned by the domain present in the

Rec2-197 protein.

The effect of rec2-197 on spontaneous mutation is

probably a reflection of an overlap between recombina-

tional repair and error-prone repair processes. While

recombination is traditionally regarded as being a high-

fidelity process, it has been recognized for a number of

years that mitotic recombination is associated with

elevated mutation (Esposito and Bruschi, 1993). In

S. cerevisiae, repair of double-strand DNA breaks during

mitosis is associated with elevated mutation in the vicinity

of the break (Strathern et al., 1995). The RAD52 epistasis

group of genes is needed for recombinational repair of the

break, and the trans lesion bypass gene REV3, which

encodes a subunit of an error-prone DNA polymerase, is

required for the observed induced mutation (Holbeck and

Strathern, 1997). The elevated spontaneous mutation we

observe associated with the rec2-197 allele probably

reflects a disturbance in the interaction between the

REC2-recombinational repair pathway and the lesion

bypass machinery. Lesions arising during mitotic growth,

Dominant negative rec2 mutant 1423
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such as those that might be associated with DNA

replication fork collapse or regression, could be

channelled through a recombinational pathway that

utilizes the error-prone polymerase system for completing

repair. Direct interaction between the Rec2-197 domain

and a component of the polymerase holoenzyme, as

envisioned in the model above, or an alteration in the level

or nature of the lesions feeding into the trans lesion system

by disabling the recombination repair machinery could

result in the elevated mutation level.

We conclude that the N-terminal region of Rec2

contains an interactive domain that harnesses the

recombinational activity of the protein to several biological

pathways. The interactive nature of this domain suggests

an explanation for the genesis of the unusual UV-induced

mutation responsible for the rec2-1 allele. Namely,

removal of the entire coding sequence for that domain

has fewer deleterious biological consequences than a

mutation that would lead to expression of an intact protein,

but with the potential for dominant negative interactions.

We hope to define the Rec2-directed pathways in more

detail using the rec2-197 allele as a tool to probe some of

the novel interacting genes identified in the two-hybrid

screen.

Experimental procedures

Plasmids

pCM158 has a 9.5 kbp genomic DNA fragment containing the
REC2 gene inserted into the Bam HI site of the shuttle vector
pCM54 (Bauchwitz and Holloman, 1990). pCM166 is a
derivative of pBluescript II (Stratagene) with a 5.0 kbp Ssp I–
Bam HI fragment containing the REC2 gene from pCM158
inserted into the Eco RI site after blunting the ends. pCM197
and pCM198 were prepared by inserting a 2.0 kbp cassette
containing HPH, an hsp70-hygromycin phosphotransferase
gene fusion expressing HygR derived from pHL1 (Wang et al.,
1988), in place of the 0.8 kbp Eco RV fragment of pCM166.
The orientation of the HPH gene in pCM197 is in the opposite
direction to REC2 and in pCM198 is in the same direction to
REC2. pCM610 is a derivative of pUC19 with a 2.0 kbp
Eco RI–Sma I fragment containing a carboxin resistance
gene derived from pAHB5 (Bottin et al., 1996). pCM709 is a
derivative of pCM610 with a 9.0 kbp fragment containing the
REC2 gene from pCM158. pCM808 is a derivative of pCM709
with the 2.0 kbp HPH cassette inserted in place of the 1.5 kbp
sequence of two contiguous HindIII fragments overlapping the
50 end of the REC2 open reading frame (ORF). The REC2
ORF was moved as a 2.4 kbp Nde I–Bam HI fragment derived
from pCM349 (Kmiec et al., 1994) into pACT2 (Clontech
Laboratories) to form pCM596, and into pAS2-1 (Clontech
Laboratories) to form pCM597. This latter construction fuses
the entire REC2 ORF with the GAL4 DNA binding domain
forming the bait plasmid in the yeast two-hybrid screen. For
domain mapping of Rec2-197 by two-hybrid analysis, the
rec2-197 allele was introduced into the bait plasmid pAS2-1.
This was performed in two steps. Initially, the 2.4 kbp Nde I–

Bam HI sequence containing the REC2 ORF in pCM596 was
excised in a 2.4 kbp Bgl II fragment (thus preserving the Nde I
and Bam HI sites) and inserted into the Bam HI site of pUC19
to yield pCM706. The 1.4 kbp Msc I–Mlu I fragment was
removed from within the REC2 sequence of pCM706 and
replaced with a 2.6 kbp Msc I–Mlu I fragment spanning the
sequence of the rec2-197 allele disrupted by the HPH gene
from pCM197 to yield pCM856. The rec2-197 allele was then
moved from pCM856 as a 3.6 kbp Nde I–Bam HI fragment
into pAS2-1, fusing the allele in frame with the GAL4 binding
domain to form pCM860. Plasmid pCM580, which is a
pBluescript II SK1 derivative containing the RAD51 gene on a
1.1 kbp DNA fragment (Ferguson et al., 1997), was used as a
template for modifying the gene using a polymerase chain
reaction (PCR) procedure to introduce an Nde I site at the start
of the ORF. The RAD51 gene was then excised as a 1.1 kbp
Nde I–Xma I fragment and inserted into pACT2 to form an
in frame fusion with the GAL4 activator domain, yielding
pCM598.

U. maydis strains and methods

Preparation of media and procedures for diploid construction,
meiotic analyses, gene disruptions and other manipulations
were carried out as described previously (Holliday, 1974;
Fotheringham and Holloman, 1989; 1990; Kojic and Hollo-
man, 2000). Genotypes and rec2 alleles of strains used in this
study are listed in Table 1. Haploid strain UCM164 was
constructed by one-step disruption using plasmid pCM197 as
described previously (Bauchwitz and Holloman, 1990), such
that the REC2 allele in UCM5 was replaced by rec2-197.
UCM156 containing the rec2-198 allele was constructed in the
same way using pCM198. UCM342 contains the rad51-1
allele constructed by one-step gene disruption as described
previously (Ferguson et al., 1997). UCM482 contains the
rec2-53 allele and was constructed by one-step gene
disruption of UCM350 using pCM808 by selecting for HygR

transformants and screening among these for carboxin
sensitivity. UCM513 contains the rec2-197 allele and was
constructed in a similar way to UCM164, but by disrupting the
REC2 gene in UCM350, a host strain of different mating type.
Diploid strain UCM147 (REC2/rec2-1) was constructed by
mating UCM5 (REC2 ade1-1 leu1-1 a1b1) with UCM54
(rec2-1 pan1-1 a2b2). Diploid strains UCM479 (REC2/
rec2-197 ), UCM480 (rec2-1/rec2-197 ) and UCM515
(rec2-197/rec2-197 ) were constructed by mating UCM164
with UCM350, UCM54 and UCM513 respectively. ade, ino,
leu, met, nic, pan, nar, a and b refer to requirements for
adenine, inositol, leucine, methionine, nicotinic acid, panto-
thenic acid, inability to utilize nitrate and mating type loci
respectively.

DNA repair proficiency

Cultures were grown to cell densities of <2� 107 ml21,
washed in water then spread on solid medium. Plates were
irradiated under a 30 watt germicidal lamp delivering a fluence
of 0.67 J m22 s21. For determining sensitivity to methyl
methanesulphonate (MMS), washed cells were resuspended
at 1� 108 per ml in 0.02% MMS. After incubation at room
temperature for appropriate lengths of time, aliquots were

1424 M. Kojic, C. W. Thompson and W. K. Holloman
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removed, brought to 1% in sodium thiosulphate, diluted and
plated (Ferguson et al., 1997). For determining sensitivity to
bleomycin, cells were diluted and spread on plates containing
bleomycin at the appropriate concentrations. Plates were
used within 3 days after pouring. In all cases, survival was
assessed by counting colonies visible to the eye after
incubating plates for 5 days at 308C.

Mutator activity

Mutation rates were determined by fluctuation analysis using
the method of the median (Lea and Coulson, 1949). Nine
independent cultures of each strain to be tested were started
by inoculating 2 ml of YEPS medium with an entire isolated
colony. After approximately 20 generations of expansion,
cultures were spread onto YEPS plates containing nourseo-
thricin (30mg ml21) or 5-fluroorotic acid (1 mg ml21) plus uracil
(25mg ml21). Resistant colonies were determined after
incubation of the plates for 5 days. Cell densities were
determined by counting viable colonies after appropriate
dilution onto non-selective medium. Nourseothricin (clonNAT)
was obtained from the Hans-Knöll Institut für Naturstoff-
Forschung and 5-fluoroorotic acid (5-FOA) was from U.S.
Biologicals.

Yeast two-hybrid analysis

A U. maydis cDNA library for two-hybrid screening was
prepared from RNA extracted from DNA-damaged induced
cells. Exponentially growing cells were harvested 4 h after
addition of 0.02% MMS to the culture. Total RNA was
extracted and enriched for the polyA1 fraction by chroma-
tography on oligo(dT) cellulose. The cDNA library was
constructed as described (Gubler and Hoffman, 1983). After
introduction of Eco RI linkers, the library was inserted into
plasmid pGAD10 (Clontech Laboratories). The library was
composed of approximately 2.5� 106 individual inserts in the
range of 0.3–4 kbp with an average size of 1.2 kbp. Screening
(Chien et al., 1991) was performed after lithium acetate-
mediated co-transformation of the Rec2-bait plasmid pCM597
and the pGAD10 library into Saccharomyces cerevisiae strain
PJ69-4A (MATa trp1-901 leu2-3, 112 ura3-52 his3-200 gal4D
gal80D LYS2::GAL1-HIS3 GAL2-ADE2 met2::GAL7-lacZ )
(James et al., 1996), according to Clontech Laboratories
yeast protocols handbook PT3024-1. Co-transformants were
selected on synthetic drop-out medium lacking tryptophan
and leucine, and interactor candidates were selected on
synthetic medium lacking adenine. For quantitative measure-
ment of interactions between Rec2 and Rad51, extracts were
prepared from cells fractured by freezing in liquid nitrogen.
Cell cultures were grown under selective conditions as
above for co-transformation when testing controls. As there
appeared to be strong selection pressure against the
Rad51-containing plasmid, measurements for interaction
with Rad51 was performed with cells cultured under selection
for interaction. b-galactosidase activity was assayed using
o-nitrophenyl-b-D-galactopyranoside (ONPG) according to
the Clontech protocols and is expressed in units per 107 cells
in which one unit represents the hydrolysis of 1 nmol of ONPG
min21 at 378C.

Acknowledgements

We thank Dr Lorraine Symington for comments on the
manuscript. This work was supported in part by grant
GM42482 from the National Institutes of Health. The
Department of Microbiology and Immunology gratefully
acknowledges support from the William Randolph Hearst
Foundation

References

Aboussekhra, A., Chanet, R., Adjiri, A., and Fabre, F. (1992)
Semidominant suppressors of Srs2 helicase mutations of
Saccharomyces cerevisiae map in the RAD51 gene, whose
sequence predicts a protein with similarities to procaryotic
RecA proteins. Mol Cell Biol 12: 3224–3234.

Baker, B.S., and Carpenter, A.T. (1972) Genetic analysis of
sex chromosomal meiotic mutants in Drosophilia melano-
gaster. Genetics 71: 255–286.

Banuett, F., and Herskowitz, I. (1989) Different a alleles of
Ustilago maydis are necessary for maintenance of
filamentous growth but not for meiosis. Proc Natl Acad
Sci USA 86: 5878–5882.

Banuett, F., and Herskowitz, I. (1996) Discrete developmental
stages during teliospore formation in the corn smut fungus,
Ustilago maydis. Development 122: 2965–2976.

Basile, G., Aker, M., and Mortimer, R.K. (1992) Nucleotide
sequence and transcriptional regulation of the yeast
recombinational repair gene Rad51. Mol Cell Biol 12:
3235–3246.

Bauchwitz, R., and Holloman, W.K. (1990) Isolation of the
REC2 gene controlling recombination in Ustilago maydis.
Gene 96: 285–288.

Baudin, A., Ozier-Kalogeropoulos, O., Denouel, A., Lacroute,
F., and Cullin, C. (1993) A simple and efficient method for
direct gene deletion in Saccharomyces cerevisiae. Nucl
Acids Res 21: 3329–3330.

Bennett, R.L., and Holloman, W.K. (2001) A RecA homolog in
Ustilago maydis that is distinct and evolutionarily distant
from Rad51 actively promotes DNA pairing reactions in the
absence of auxiliary factors. Biochemistry 40: 2942–2953.

Bishop, D.K., Park, D., Xu, L., and 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.

Boeke, J.D., LaCroute, F., and Fink, G.R. (1984) A positive
selection for mutants lacking orotidine-50-phosphate dec-
arboxylase activity in yeast: 5-fluoro-orotic acid resistance.
Mol Gen Genet 197: 345–346.

Bottin, A., Kamper, J., and Kahmann, R. (1996) Isolation of a
carbon source-regulated gene from Ustilago maydis. Mol
Gen Genet 253: 342–352.

Chien, C.T., Bartel, P.L., Sternglanz, R., and Fields, S. (1991)
The two-hybrid system: a method to identify and clone
genes for proteins that interact with a protein of interest.
Proc Natl Acad Sci USA 88: 9578–9582.

Cundliffe, E. (1989) How antibiotic producing organisms avoid
suicide. Annu Rev Microbiol 43: 207–233.

Esposito, M.S., and Bruschi, C.V. (1993) Diploid yeast cells
yield homozygous spontaneous mutations. Curr Genet 23:
430–434.

Dominant negative rec2 mutant 1425

Q 2001 Blackwell Science Ltd, Molecular Microbiology, 40, 1415–1426

 13652958, 2001, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1046/j.1365-2958.2001.02490.x by IN

A
SP/H

IN
A

R
I - SE

R
B

IA
, W

iley O
nline L

ibrary on [29/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Ferguson, D.O., Rice, M.C., Rendi, M.H., Kotani, H., Kmiec,
E.B., and Holloman, W.K. (1997) Interaction between
Ustilago maydis REC2 and RAD51 genes in DNA repair
and mitotic recombination. Genetics 145: 243–251.

Fotheringham, S., and Holloman, W.K. (1989) Cloning and
disruption of Ustilago maydis genes. Mol Cell Biol 9:
4052–4055.

Fotheringham, S., and Holloman, W.K. (1990) Pathways of
transformation in Ustilago maydis determined by DNA
conformation. Genetics 124: 833–843.

Fotheringham, S., and Holloman, W.K. (1991) Extrachromo-
somal recombination is deranged in the rec2 mutant of
Ustilago maydis. Genetics 129: 1052–1060.

Friedberg, E.C., Walker, G.C., and Siede, W. (1995) DNA
Repair and Mutagenesis. Washington: American Society
for Microbiology Press.

Grushcow, J.M., Holzen, T.M., Park, K.J., Weinert, T.,
Lichten, M., and Bishop, D.K. (1999) Saccharomyces
cerevisiae checkpoint genes MEC1, RAD17 and RAD24
are required for normal meiotic recombination partner
choice. Genetics 153: 607–620.

Gubler, U., and Hoffman, B.J. (1983) A simple and very
efficient method for generating cDNA libraries. Gene 235:
263–269.

Haupt, I., Hubener, R., and Thrum, H. (1978) Streptothricin F,
an inhibitor of protein synthesis with miscoding activity.
J Antibiot 31: 1137–1142.

Holbeck, S.L., and Strathern, J.N. (1997) A role for REV3
in mutagenesis during double-strand break repair in
Saccharomyces cerevisiae. Genetics 147: 1017–1024.

Holliday, R. (1961) Induced mitotic crossing-over in Ustilago
maydis. Genet Res 2: 231–248.

Holliday, R. (1965) Radiation sensitive mutants of Ustilago
maydis. Mutat Res 2: 557–559.

Holliday, R. (1967) Altered recombination frequencies in
radiation sensitive strains of Ustilago. Mutat Res 4:
275–288.

Holliday, R. (1974) The genetics of Ustilago maydis. In
Handbook of Genetics. King, R.C. (ed.). New York: Plenum,
pp. 575–595.

Hollingsworth, N.M., Ponte, L., and Halsey, C. (1995) MSH5,
a novel MutS homolog, facilitates meiotic reciprocal
recombination between homologs in Saccharomyces
cerevisiae but not mismatch repair. Genes Dev 9:
1728–1739.

James, P., Halladay, J., and Craig, E.A. (1996) Genomic
libraries and a host strain designed for highly efficient two-
hybrid selection in yeast. Genetics 144: 1425–1436.

Kans, J.A., and Mortimer, R.K. (1991) Nucleotide sequence of
the RAD57 gene of Saccharomyces cerevisiae. Gene 105:
139–140.

Kaur, R., Ingavale, S.S., and Bachhawat, A.K. (1997) PCR-
mediated direct gene disruption in Schizosaccharomyces
pombe. Nucl Acids Res 25: 1080–1081.

Kleckner, N. (1996) Meiosis: how could it work? Proc Natl
Acad Sci USA 93: 8167–8174.

Kmiec, E.B., Cole, A., and Holloman, W.K. (1994) The REC2
gene encodes the homologous pairing protein of Ustilago
maydis. Mol Cell Biol 14: 7163–7172.

Kojic, M., and Holloman, W.K. (2000) Shuttle vectors for

genetic manipulations in Ustilago maydis. Can J Microbiol

46: 333–338.

Kronstad, J.W., and Leong, S.A. (1989) Isolation of two alleles

of the b locus of Ustilago maydis. Proc Natl Acad Sci USA

86: 978–982.

Lea, D.E., and Coulson, C.A. (1949) The distribution of the

numbers of mutants in bacterial populations. J Genet 49:

264–285.

Lovett, S.T. (1994) Sequence of the RAD55 gene of

Saccharomyces cerevisiae: similarity of RAD55 to prokar-

yotic RecA and other RecA-like proteins. Gene 142:

103–106.

Malone, R.E., and Esposito, R.E. (1981) Recombinationless

meiosis in Saccharomyces cerevisiae. Mol Cell Biol 1:

891–901.

Morrison, D.P., and Hastings, P.J. (1979) Characterization of

the mutator mutation mut5-1. Mol Gen Genet 175: 57–65.

O’Donnell, K.L., and McLaughlin, D.J. (1984) Ultrastructure of

meiosis in Ustilago maydis. Mycologia 76: 468–485.

Prakash, S., Prakash, L., Burke, W., and Montelone, B.

(1980) Effects of the RAD52 gene on recombination in

Saccharomyces cerevisiae. Genetics 94: 31–50.

Rattray, A.J., and Symington, L.S. (1995) Multiple pathways

for homologous recombination in Saccharomyces cerevi-

siae. Genetics 139: 45–56.

Roeder, G.S. (1997) Meiotic chromosomes: it takes two to

tango. Genes Dev 11: 2600–2621.

Ross-Macdonald, P., and Roeder, G.S. (1994) Mutation of a

meiosis-specific MutS homolog decreases crossing over

but not mismatch repair. Cell 79: 1069–1080.

Rubin, B.P., Ferguson, D.O., and Holloman, W.K. (1994)

Structure of REC2, a recombinational repair gene of

Ustilago maydis, and its function in homologous recombi-

nation between plasmid and chromosomal sequences. Mol

Cell Biol 14: 6287–6296.

Sancar, A. (1996) DNA excision repair. Annu Rev Biochem

65: 43–81.

Shinohara, A., and Ogawa, T. (1999) Rad51/RecA protein

families and the associated proteins in eukaryotes. Mutat

Res 435: 13–21.

Shinohara, A., Ogawa, H., and Ogawa, T. (1992) Rad51

protein involved in repair and recombination in S. cerevisiae

is a RecA-like protein. Cell 69: 457–470.

Singer, B., and Kusmierek, J.T. (1982) Chemical mutagen-

esis. Annu Rev Biochem 51: 655–693.

Strathern, J.N., Shafer, B.K., and McGill, C.B. (1995) DNA

synthesis errors associated with double-strand-break

repair. Genetics 140: 965–972.

Takeshita, M., Grollman, A.P., Ohtsubo, E., and Ohtsubo, H.

(1978) Interaction of bleomycin with DNA. Proc Natl Acad

Sci USA 75: 5983–5987.

Thacker, J. (1999) A surfeit of RAD51-like genes? Trends

Genet 15: 166–168.

Wang, J., Holden, D.W., and Leong, S.A. (1988) Gene

transfer system for the phytopathogenic fungus Ustilago

maydis. Proc Natl Acad Sci USA 85: 865–869.

1426 M. Kojic, C. W. Thompson and W. K. Holloman

Q 2001 Blackwell Science Ltd, Molecular Microbiology, 40, 1415–1426

 13652958, 2001, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1046/j.1365-2958.2001.02490.x by IN

A
SP/H

IN
A

R
I - SE

R
B

IA
, W

iley O
nline L

ibrary on [29/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


