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CTF4 (CHL15) Mutants Exhibit Defective DNA Metabolism
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We have analyzed the CTF4 (CHL15) gene, earlier identified in two screens for yeast mutants with increased
rates of mitotic loss of chromosome III and artificial circular and linear chromosomes. Analysis of the
segregation properties of circular minichromosomes and chromosome fragments indicated that sister chroma-
tid loss (1:0 segregation) is the predominant mode of chromosome destabilization in ctf4 mutants, though
nondisjunction events (2:0 segregation) also occur at an increased rate. Both inter- and intrachromosomal
mitotic recombination levels are elevated in cf4 mutants, whereas spontaneous mutation to canavanine
resistance was not elevated. A genomic clone of CTF4 was isolated and used to map its physical and genetic
positions on chromosome XVI. Nucleotide sequence analysis of CTF4 revealed a 2.8-kb open reading frame
with a 105-kDa predicted protein sequence. The CTF4 DNA sequence is identical to that of POBI,
characterized as a gene encoding a protein that associates in vitro with DNA polymerase ao At the N-terminal
region of the protein sequence, zinc finger motifs which define potential DNA-binding domains were found. The
C-terminal region of the predicted protein displayed similarity to sequences of regulatory proteins known as the
helix-loop-helix proteins. Data on the effects of a frameshift mutation suggest that the helix-loop-helix domain
is essential for CTF4 function. Analysis of sequences upstream of the CTF4 open reading frame revealed the
presence of a hexamer element, ACGCGT, a sequence associated with many DNA metabolism genes in budding
yeasts. Disruption of the coding sequence of CTF4 did not result in inviability, indicating that the CTF4 gene
is nonessential for mitotic cell division. However, c1f4 mutants exhibit an accumulation of large budded cells
with the nucleus in the neck. ctf4 rad52 double mutants grew very slowly and produced extremely high levels
(50%) of inviable cell division products compared with either single mutant alone, which is consistent with a
role for CTF4 in DNA metabolism.

The eukaryotic chromosome cycle, which includes the
coordination and execution of replication and segregation of
chromosomes within the mitotic cell division cycle, is cur-
rently under intensive study. Saccharomyces cerevisiae is
an excellent organism for the study of the mitotic chromo-
some cycle because of its accessibility to genetic and molec-
ular techniques. All of the cis-acting DNA elements involved
in chromosome replication and segregation, including origins
of replication, telomeres, and centromeres, in yeasts have
been identified (for a review, see references 4, 7, 34, and 55).
In addition, many trans-acting genes important for execution
of the mitotic chromosome cycle in yeasts have been de-
scribed, including genes required for metabolic maintenance
and replication of chromosomal DNA (e.g., polymerase
subunits [2, 16, 29] and enzymes that carry out precursor
synthesis [54]), genes that participate in the organization of
chromatin (e.g., histones [25]), and genes that encode com-
ponents of the segregational machinery (e.g., tubulins [33,
41] and candidate motor proteins [26]).
Our laboratories have recently described collections of

mutants with impaired mitotic chromosome transmission, ctf
and chl mutants (17, 19, 46). ctf mutants (for chromosome
transmission fidelity) have been selected by using a visual
color assay to monitor the inheritance of an artificially
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generated nonessential marker chromosome. chl mutants
(for chromosome loss) have been identified by using the
criteria for chromosome III and circular artificial minichro-
mosome instability. The criteria used for selection of ctfand
chl mutants were expected to define new genes controlling
both chromosome segregation and replication in yeasts. It
has been shown recently that most chl mutations comple-
ment ctf mutations (18), so these two collections appear to
increase the spectrum of potentially new genes. A third
similar collection, the cin mutants (for chromosome instabil-
ity), has also been described (13).
At present, yeast genomic DNAs that complement muta-

tions in eight ctfand five chl strains have been obtained from
clones. One of the genes, CTFI, has been analyzed in more
detail (10). It was shown that CTFI is identical to the
previously identified CHLJ gene (22) and encodes a 99-kDa
predicted protein homologous to the coding region of a
nucleotide excision repair yeast gene, RAD3 (49). Domains
of homology between these two predicted protein sequences
included a helix-turn-helix (HTH) motif and an ATP binding
site. Mutants lacking the CTFI gene product are viable and
display an increased frequency of both chromosome III loss
and nondisjunction and a delay in cell cycle progression in
G2/M.
We present genetic and molecular analyses of the CTF4

gene, which has been identified in both the ctfand chl mutant
sets. CTF4 was isolated independently by Miles and For-
mosa as a gene encoding a DNA polymerase a-binding
protein (POB1 [27]). Both this study and that described by
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TABLE 1. Strains used in this study

S. cerevisiae GeoyeSource or
strain Genotype reference

CL15-1 MAMTaMA Ta leu2-11leu2-27 his4/HIS4 thr4/THR4 ade2 met2 ura3-52 chllS-1 This study
Z4221-3cl MATa/MATa leu2-1/leu2-27 his4/HIS4 thr4/THR4 ade2 met2 ura3-52 J. Roth
YNK34a MATa chllS-1 ade2-101 ura3-52 his3A200 leu2Al + CFIII(CEN3.L.YPH278)URA3 SUPII This study
YNK35a MATa chllS-I ade2-101 ura3-52 trplAl his4 leu2A1 + CFIII(CEN3.L.YPH278)URA3 SUPII This study
YNK36 Diploid derivedfrom YVK34 x YNK35 This study
CL15 MATa leu2-27 ade2 met2 ura3-52 chllS-I 18
CL15a AT4Ta his4 leu2-1 thr4 ade2 met2 ura3-52 chllS-1 18
YNK27b MATa leu2-1 his4 thr4 ade2 met2 ura3-52 This study
YNK28b MATa leu2-27 ade2 met2 ura3-52 This study
YNK29C MA4Ta/AMATa leu2-1/leu2-27 his4/HIS4 thr4/THR4 ade2/ade2 met2/met2 ura3-52/ura3-52 This study
YNK30C AM Ta/MATa leu2-1/leu2-27 his4/HIS4 thr4/THR4 ade2/ade2 meet2met2 ura3-52/ura3-52 chllS-11/hllS-1 This study
YPH98 MATa ura3-52 lys2-801 ade2-101 trplAl leu2Al 46
YPH102 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2A1 46
YPH501 MA4Ta/MATa leu2A1/leu2A1 his3 200/his3A200 trpA63/trpA63 ade2-101/ade2-101 lys2-8011lys2-801 ura3- This study

52/ura3-52
YPH278 MATa ura3-52 lys2-801 ade2-101 his3A200 leu2Al + CFIII(CEN3.L.YPH278)URA3 SUPII 46
YPH926 AMTa ura3-52 lys2-801 ade2-101 his3A200 trplA63 leu2A1 This study
YPH927 MATa ura3-52 lys2-801 ade2-101 his3A200 trplA63 leu2Al This study
YPH928 MATa ura3-52 lys2-801 ade2-101 his3A200 trplA63 leu2A1 ctf4A3::URA3 This study
YPH929 MATa ura3-52 lys2-801 ade2-101 his3A200 trplA63 leu2Al ctf4A3::URA3 This study
YPH930 MAToa/MATa leu2Al11LEU2 his3A2001hisA200 trpA63/trpA63 ade2-101/ade2-101 lys2-801/lys2-801 This study

ura3-52/ura3-52
YPH931 MATaIMATa leu2A1/LEU2 his3A200/his3A200 trpAlltrpA63 ade2-101/ade2-101 lys2-801/lys2-801 ura3-52/ This study

ura3-52 cf4A3::URA31ctf4A3::URA3 + CFVII(RAD2.d.YPH877)TRP1 SUP11
YPH932 MATa/MATa leu2A111eu2A1 his3A2001HIS3 TRPJ/trpAl ade2-101/ade2-101 lys2-801/lys2-801 ura3-52/ 46

ura3-52 ctf4-SO/ctf4-107 + CFVII(RAD2.d.YPH877)TRP1 SUP11
YPH933 MATa/MMATa keu2A1/leu2A1 his3A2001HIS3 TRPJ/trpAl ade2-lOl/ade2-101 lys2-801/lys2-801 ura3-52/ 46

ura3-52 ctf4-251ctf4-107 + CFVI1(RAD2.d.YPH877)TRP1 SUP11
YPH934 MATa ura3-52 lys2-801 ade2-101 trplAl leu2Al ctf4-107 his4::pV1OO(URA3) This study
YPH935 AMTa ura3-52 lys2-801 ade2-101 trplAl leu2A1 his4::pV1OO(URA3) This study
YPH936 MATa ura3-52 lys2-801 ade2-101 his3A200 trplA63 leu2A1 radS2A1::URA3 This study
YPH937 MATa ura3-52 lys2-801 ade2-101 trplAl leu2AlI ctf4Al::TRP1 This study
YPH938 MATa ura3-52 lys2-801 ade2-101 his3A200 trplAl leu2Al ctf4Al::TRP1 radS2Al::URA3 This study
YCTF25 MATa ura3-52 lys2-801 ade2-101 leu2Al his3A200 ctf4-25
YCIT41 MA4Ta ura3-52 lys2-801 ade2-101 leu2A1 his3A200 ctf4-41 + CF1I1(CEN3.L.YPH278)URA3 SUPJJ 46
YCTTF43 MATa ura3-52 lys2-801 ade2-101 leu2Al his3A200 ctf4-43 + CFIII(CEN3.L.YPH278)URA3 SUPJJ 46
YCTF46 AMTa ura3-52 lys2-801 ade2-101 leu2A1 his3A200 ctf4-46 + CFIII(CEN3.L.YPH278)URA3 SUPJI 46
YCTF50 AMTa ura3-52 lys2-801 ade2-101 leu2A1 his3A200 ctf4-SO + CFIII(CEN3.L.YPH278)URA3 SUP11 46
YCT1F65 MATa ura3-52 lys2-801 ade2-101 leu2Al1 his3A200 ctf4-65 + CFIII(CEN3.L.YPH278)URA3 SUPJJ 46
YCTF66 MATa ura3-52 lys2-801 ade2-101 leu2Al his3A200 ctf4-66 + CFIII(CEN3.L.YPH278)URA3 SUP11 46
YCT1F107 MA4Ta ura3-52 lys2-801 ade2-101 leu2Al trplAl ctf4-107 + CFVII(RAD2.d.YPH277)URA43 SUP11 46
YCTF154 MA4Ta ura3-52 lys2-801 ade2-101 leu2Al trplAl ctf4-154 + CFVII(RAD2.d.YPH362)URA3 SUP11 46

a These strains, carrying the chromosome fragment CFIII(CEN3.L.YPH278)URA3 SUPII, were generated by standard genetic methods from crosses between
CL15 strains and YPH278.

b Haploid mitotic segregant of Z4221-3cl, which is disomic for chromosome III.
C Isogenic strains YNK29 and YNK30 were obtained by crossing haploid mitotic segregants MATa and MATa of disomic Z4221-3cl and CL15-1, respectively.

Miles and Formosa indicate a critical role for CTF4 in
chromosome transmission and suggest that the CTF4 gene
product is involved in DNA metabolism.

MATERIALS AND METHODS

Strains and media. The yeast strains used in this study are
listed in Table 1. The ctf4-A1::TRPI mutation was con-
structed in vitro as follows. A 2.2-kb ClaI-SphI fragment of
the CTF4 gene (from the Clal site at position +404 to the
SphI site at position +2621) was cloned into pBR325. The
0.3-kb EcoRI fragment (from the EcoRI site at position +671
to the EcoRI site at position +944) was deleted and substi-
tuted with a 1.45-kb EcoRI fragment containing the TRPJ
gene (50), yielding plasmid YIplO. This plasmid was digested
with ClaI and SphI, giving a 3.4-kb fragment containing the
ctf4-Al::TRPI allele and used to replace the wild-type CTF4
gene by one-step gene replacement (39), thus creating

YPH937. The mutant allele has a 273-bp deletion which
corresponds to 91 amino acid residues of the internal region
of the CTF4 predicted protein. This deletion interrupts the
open reading frame at the 223rd codon. The ctf4A3::URA43
mutation was constructed by cutting p37 with MluI and
SphI, blunting the ends with T4 polymerase, and inserting a
1.4-kb SmaI-SmaI fragment containing the URA3 gene (iso-
lated from a subclone of the HindIII-HindIII URA3-contain-
ing fragment in pRS315). This plasmid was digested with
XbaI and used to replace the wild-type CTF4 gene by
one-step gene replacement (39). In ctf4A3::URA3, all but the
last 167 bp of the CTF4 open reading frame have been
deleted.
The following manipulations resulted in an isogenic group

of strains used to study ctf4 radS2 double mutants. Introduc-
tion of the radS2-AlJ::URA3 deletion in YPH927 (CTF4) was
carried out by one-step gene disruption with a 3,141-bp
SphI-SalI fragment of the pDU1 plasmid. (In pDU1, the
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FIG. 1. Assay for intrachromosomal mitotic reciprocal recombination and gene conversion. pVlOO contains 2.8 kb of yeast genomic DNA,

including the promoter region and about 500 bp of coding sequence from his4-260 (a missense mutation indicated by the asterisk). Targeted
integration (labeled "1") of this plasmid (via linearization at the NheI site) results in the introduction of a 3'-truncated copy of the HIS4 locus
(labeled his4-t) and a his4-260 complete gene copy, separated by the URA3-containing plasmid vector. His+ segregants can arise from
reciprocal recombination between the direct repeats (either intrastrand or due to unequal sister chromatid exchange, labeled "2a") or from
gene conversion of the missense allele to the wild type (labeled "2b"). Reciprocal recombination events are distinguished from gene
conversion events by the loss of the URA3 marker.

major part of the RAD52 reading frame between the BstEI
and PstI sites is replaced by the 2,058-bp BclI-BamHI URA3
gene fragment from plasmid pBR325-URA3. The plasmid
was kindly provided by Ed Perkins.) The resulting strain
YPH936 (radS2Al::URA3 CTF4) was crossed to YPH937
(RAD52 ctf4Al::TRP1), the diploid was sporulated, and
tetrads were dissected. A Trp+ Ura+ spore clone (YPH938)
was chosen for further study.
To construct YPH934 [ctf4-107 his4::pVlOO(URA3)],

pVl0O (kindly provided by S. Roeder) was linearized with
NheI and used to transform a red segregant from YCI'F107
(ctf4-107). pVlOO contains a 2.8-kb EcoRI-SalI-SalI frag-
ment of his4-260 (including about 500 bp of the coding
sequence) inserted between the EcoRI and SalI sites of
YIp5. his4-260 contains a missense mutation located -200
bp from the NheI site, which is -230 bp from the 3'-most
SalI site. Independent Ura+ transformants were screened
for a His- phenotype that papillated to His', indicating that
the integrating recombination event indeed occurred in HIS4
DNA between the point mutation (his4-260) and the 3'
truncation, as shown in Fig. 1. This arrangement in the
genome was confirmed by Southern analysis (data not
shown). The isogenic wild-type control was generated simi-
larly, starting with YPH98 (CTF4).

Standard media recipes (43) were used, with exception of
the concentration of supplemental adenine, which was added
at a low concentration to enhance the development of red

pigment by ade2-101 cells (12). Genetic analysis was per-
formed by using standard protocols (43) for mating, diploid
selection, sporulation, and tetrad dissection. Yeast transfor-
mation was performed by the LiCl procedure of Ito et al.
(15).
Chromosome segregation and recombination assays. Quan-

titative measurements of the frequencies of cells derived
from chromosome III loss and recombination (17) and the
frequency of centromeric plasmid loss per generation (37)
were performed as previously described. Genotypes of the
strains characterized are found in Table 1 (Z4221-3cl for
CTF4 and CL15-1 for ctf4-1 [chllS-1]).

Strains YPH930, -931, -932, and -933 have either the genet-
ically marked chromosome fragment CFVII(RAD2.d.YPH362)
URA3 SUP11 (46) or CFVII(RAD2.d.YPH877)TRPI SUP11
(10). The presence of the suppressor tRNA gene SUP11 on
these marker chromosomes makes it possible to visualize the
fragnents' mitotic stability by appearance of red and white
sectors within pink colonies in an ade2-101 (ochre) genetic
background. Half-sector analysis was used to measure rates
of chromosome fragment loss and nondisjunction as de-
scribed previously (12).

Fluctuation analysis. Fluctuation analysis was used to
determine the rates of rare events in two assays. In the first,
rates of intrastrand reciprocal exchange and gene conversion
at the his4::pVlOO(URA3) loci in YPH934 and YPH935 were
measured. Ten independent test colonies were removed

I
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from YPD on agar plugs and suspended in 1 ml of sterile
H20. Appropriate dilutions were plated on YPD (to deter-
mine the number of viable cells) and minimal media lacking
histidine (to determine the number of His' cells per test
colony). Uracil prototrophy or auxotrophy of these His+
cells was determined by replica plating. Rates were calcu-
lated separately from the median frequencies of His' Ura-
(reciprocal exchange) and His' Ura+ (gene conversion) cells
by using the method of the median (20). Rates of spontane-
ous mutation to canavanine resistance were similarly mea-
sured, but with six to nine test colonies per genotype.

Cloning of the CTF4 gene. CTF4 was cloned from a library
(46a) of 10- to 12-kb fragments of yeast genomic DNA
inserted into pBR322-based LEU2 CEN4 ARS1 shuttle vec-
tor pSB32 (49a). Putative CTF4-containing clones were
identified by screening Leu+ transformants of YNK36
(ctf4-1 leu2Al) for complementation of the sectoring pheno-
type. These occurred at a frequency of 1 in 3,000 transfor-
mants. Plasmids were rescued in Escherichia coli by trans-
formation of yeast genomic DNA preparations. To subclone
the gene within the cloned DNA segments, the smallest of
the five genomic clones obtained, F12, was partially digested
with Sau3A and 3- to 5-kb fractions were agarose gel purified
and shotgun cloned into the BamHI site of pBLUESCRIPT-
based CEN6 LEU2 ARSH4 shuttle vector pRS315 (45).
CTF4-complementing subclones were identified by the abil-
ity to complement the sectoring phenotype of the ctf4-1
mutant. Deletion and insertion mutageneses on the smallest
of these pRS315-based CTF4 subclones (p37) were per-
formed by using complete or partial digestion of the plasmid
with various restriction enzymes and subsequent ligation
with T4 DNA ligase.

Proof that the cloned DNA corresponds to the CTF4 locus
was obtained as follows. The CTF4 gene was marked with
LEU2 by integrative transformation of a wild-type strain
(YNK27) with a LEU2 CTF4 YIp plasmid (pRS305 contain-
ing the 4-kb XbaI fragment of p37) that had been linearized
within the CTF4 sequence at the MluI site. The resulting
transformants did not exhibit a sectoring phenotype. A
diploid was constructed by mating one of the transformants
with YNK35 (ctf4-1) and subsequently sporulated for tetrad
analysis. Of the 50 chromosome fragment-containing spores
in 25 four-spored tetrads, all were either Leu+ Chl+ or Leu-
Chl- (Chl- indicates mitotic instability of the chromosome
fragment and of chromosome III). These data indicated that
the genomic fragment complementing the ctf4-1 mutation
corresponds to the CTF4 gene.

Physical and genetic map positions. A physical mapping
method (9) was used to map the position of CTF4 on
chromosome XVI. A 3.0-kb HindlIl fragment (overlapping
the MSS18 gene and the promoter region of CTF4) was
cloned in both orientations into the chromosome fragmenta-
tion vectors YCF3 and YCF4 (9). These constructs were
linearized to reveal free ends in CTF4 sequences and the
telomere-adjacent Y' sequences and used to transform yeast
strain YPH49. Depending on the orientation of the CTF4-
containing fragment in the vectors, stably maintained chro-
mosome fragments were generated either with all sequences
proximal to CTF4 (acentric vector) or with all sequences
distal to CTF4 (centric vector). The sizes of these chromo-
some fragments were determined by orthogonal-field-alter-
nation gel electrophoretic analysis (5).
The CTF4 gene was placed on the phage map of the yeast

genome constructed by Riles and Olson (38a) by using a
400-bp restriction fragment from CTF4 (from the MluI site

upstream of the open reading frame to the ClaI site within
the gene) labeled with 32P by random priming (8).
DNA sequencing. DNA sequencing was performed by the

chain termination method (40). For sequencing of the CTF4
gene, DNA fragments of the p37 plasmid were subcloned
into M13mp18 and M13mp19 and sets of deletions were
generated with exonuclease III and Sl. Single-stranded M13
DNA was sequenced with the Sequenase kit (Pharmacia
LKB Biotechnology) under conditions recommended by the
manufacturer.

Cell cycle distribution. Yeast cells in the logarithmic
growth phase were fixed, treated with RNase A, and stained
with propidium iodide essentially as described in reference
14. These samples were subjected to flow cytometry with a
Coulter EPICS 752 flow cytometer. Similarly prepared sam-
ples were scored for bud size and nuclear morphology by
epifluorescence with a rhodamine filter set. The positively
scored class was defined as very large budded cells (in which
the diameter of the smaller spheroid >0.75 x the diameter of
the larger spheroid) that had a single chromosomal mass
protruding into the mother-bud neck.

Nucleotide sequence accession number. The GenBank/
EMBL accession number for the primary nucleotide se-
quence of CTF4 is M94769.

RESULTS

CHLIS, CTF4, and POBI are identical. Two lines of
evidence support the idea that CHL1S, CTF4, and POB1 are
identical. The first comes from complementation tests be-
tween mutant strains from the chl and ctf collections. Most
ctf mutants (though initially isolated for chromosome frag-
ment sectoring) also exhibit a diploid bimating phenotype
(46). Since this phenotype of chllS-1 in CL15-1 (from the chl
collection) and a panel of representative ctf mutants (.1
allele per ctf complementation group) was recessive, this
property was used to determine complementation in hetero-
zygotes. In this assay, chllS-1 failed to complement a
recessive bimating defect in six independently derived ctf4
mutant strains (YCIJF25, YC1TF43, YCTF50, YCT'65,
YCTF66, and YCTF154). Furthermore, the chromosome
fragment sectoring phenotype of all nine ctf4 mutant strains
(YCJ7F46, YC1TF41, YCT1F107, and those listed above) was
fully complemented in transformants containing a CENARS
plasmid (p37) carrying a 4.5-kb restriction fragment that was
isolated by complementation of the chllS-1 mutation (de-
scribed below). Thus, ctf4 mutants fail to complement the
mutation chlJS-1, and both are complemented by the same
genomic segment.

In all, there were 10 mutagenesis-induced alleles of ctf4
recovered in the chl and ctf collections. These exhibit a large
range of severity in chromosome missegregation. Qualitative
scoring of the chromosome fragment sectoring phenotypes
(as described in reference 46) can be used to classify mutants
as rarely sectoring (YCT'F107), moderately sectoring
(YCITF41 and YCT1F154), or frequently sectoring (YCTF25,
YCTF43, YCTF46, YCTF50, YCTF65, YCTF66, and
YPH931). In addition, YCTF25 and YCT1F154 exhibit mark-
edly decreased viability at 37°C (46), as does the heteroallelic
diploid derived from crossing these strains (data not shown).

In the course of this work, we found that the same genetic
locus has been studied as POBJ (see below and reference
27). For simplicity in nomenclature, all three study groups
have agreed to use the same name, and we will from now on
refer to this locus as CTF4. We therefore substitute the name
ctf4-1 for the mutant allele previously described as chllS-1.
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TABLE 2. Meiotic segregation of YCp41 minichromosome
in hybridsa

No. (%) of tetrads with minichromosome
marker (LEU2+) segregationb

Hybrid
2+:2- or 1+:3- 4+:0- or

YNK28C x GRF18 22 (88) 3 (12)
(wild type x wild
type)

CL15C x GRF18 (ctf4- 23 (85) 4 (15)
1 x wild type)

CL3C x GRF18 (chl3-1 13 (24) 42 (76)
x wild type)

CL3 x GRF18C (chl3-1 16 (80) 4 (20)
x wild type)

a To estimate the number of minichromosomes in chl or ctf mutant cells,
diploids were induced to sporulate immediately after they had been obtained,
with no propagation or subcloning (17).

b Only tetrads containing minichromosomes were counted.
c Parent transformed with the minichromosome YCp41.

Chromosome instability in ctf4 mutants is due to both
chromosome loss and nondisjunction. The hypothesis that
chromosome instability in ctf4 mutants is due to both chro-
mosome loss and nondisjunction was confirmed in two
assays. In one, the copy number of the circular minichro-
mosome YCp41 (6) in ctf4-1 mutant cells was determined by
observing its segregation in tetrads after it was mated to
wild-type cells. First, the mitotic instability of YCp41 mini-
chromosomes was assessed by measuring the frequency of
minichromosome-lacking cells in selectively grown cultures
as previously described (37). The measured frequencies for
CTF4 (YNK29) and ctf4-1 (YNK30) strains were 2.0 x 10-2
and 1.5 x 10-1, respectively, indicating a 7.5-fold increase in
minichromosome loss in the mutant. If the minichromosome
instability were due to an elevated level of mitotic nondis-
junction (2:0 segregation of the minichromosome), an in-
crease in average copy number in the ctf4-1 cell population
would result. Mitotic accumulation in haploid mutants can
be revealed by mass mating to wild-type cells and tetrad
analysis of the hybrid cells. If the hybrid population received
on average more than one copy of the minichromosome from
the mutant, 4+:0- and 3+:1- plasmid marker segregation
will be predominant. If the hybrid received one copy of the
minichromosome from the mutant, minichromosome marker
segregation in the tetrads will be predominantly 2+:2- and
1+:3-. Data on the meiotic segregation of a LEU2-marked
centromeric plasmid, YCp41 in the CL15 x GRF18 hybrid,
are shown in Table 2. More than 80% of the tetrads showed
2+:2- and 1+:3- LEU2+ marker segregation. In contrast,
in tetrads derived from a different hybrid, CL3 x GRF18
having received the minichromosome from a mutant causing
minichromosome nondisjunction (17), minichromosome
marker segregation was predominantly 4+:0 and 3+:1-. By
this assay there is little or no mitotic accumulation of circular
minichromosomes in ctf4-1 mutants.
We have also characterized the chromosome instability

phenotype in the ctf4-1 mutant by using a chromosome
fragment, an independently segregating nonessential disomic
chromosome (46). The chromosome fragment has a cen-
tromere-linked colony color marker, SUPJJ (12), allowing
visual scoring of chromosome loss or gain. The tight cen-
tromere linkage of SUPJJ and the chromosome fragment
centromere ensures that the loss of the SUP11 marker
indicates the loss of the chromosome and will not be due to

TABLE 3. Chromosome fragment half-sector analysis:
chromosome loss versus nondisjunction

Strain Relevant No. 1:0 2:0genotype segregation' segregation'

YPH930 CTF4ICTF4 29,800 0.04 0.01
YPH931 ctf4A3/ctf4A3 438 13.2 2.3
YPH279b CTF41CTF4 29,046 0.03 0.03
YPH932 ctf4-501ctf4-107 702 8.8 2.1
YPH933 ctf4-25ctf4-107 798 10 1.7

a Events per generation (102).
b As previously determined (10).

segregation after mitotic recombination. Nondisjunction (2:0
segregation) and loss (1:0 segregation) of the chromosome
fragment are revealed by the color phenotype of colony
sectors. Missegregation events occurring in the first division
of colony growth result in white/red (2:0) or pink/red (1:0)
half-sectored colonies and provide a quantitative measure-
ment of the rates of nondisjunction and loss. Half-sector
analysis of chromosome fragment segregation in two het-
eroallelic mutagenesis-induced diploids (YPH932 and
YPH933) and a deletion mutant (in YPH931, described in
Materials and Methods and below) is shown in Table 3.
Because the chromosome fragment short arms differed
slightly in structure, appropriate isogenic controls are shown
for each (the fragments in YPH930 and YPH931 were
marked with TRPI; and those in YPH932, YPH933, and
YPH279 were marked with URA3). The data indicate that
the rate increase for 1:0 events in all three mutant diploids is
-300-fold, whereas that for the 2:0 events is -50- to
230-fold. Thus, the predominant chromosome missegrega-
tion phenotype is 1:0, but both types of events occur more
frequently. This suggests that chromosome destabilization
occurs both by sister chromatid loss (1:0 segregation) and
nondisjunction (2:0 segregation) in ctf4 mutants.

Mitotic recombination rates are elevated in caf4 mutants.
The relative contributions of mitotic recombination and
chromosome loss were determined by characterizing the
missegregation of chromosome III markers in a disome
(MA Tahis4 thr4/MATaHIS4 THR4). The culture frequencies
of cells resulting from recombination (His- Thr+ and His'
Thr-) and of cells resulting from chromosome loss (His-
Thr- cells that mate as MA4Tt) were elevated in the ctf4-1
mutant 280- and 115-fold, respectively. (The recombination
frequency for YNK29 [CTF4] was 8.9 x 10-', while that for
YNK30 [ctf4-1] was 250 x 10' [19]; the missegregation
frequency for YNK29 was 5.2 x 10-', while that for YNK30
was 600 x 10-5 [19]). Thus, both mitotic recombination
between homologs and chromosome loss are increased in
ctf4 mutants.
The relative rates of intrachromosomal reciprocal recom-

bination and gene conversion at HIS4 were measured by
fluctuation analysis of strains containing the test construct
depicted in Fig. 1. In this assay, reciprocal recombination
events that restore a His' phenotype (intrastrand or unequal
sister chromatid exchange) will result in the loss of the
URA3 marker. In contrast, gene conversion events (or
simple back mutations) will generate His+ Ura+ segregants.
The rate of reciprocal recombination at HIS4 was observed
to increase 4.6-fold, whereas the gene conversion rate re-
mained within 2-fold that of the wild type. (The reciprocal
rate for YPH935 [CTF4] was 6.7 x 10-5, while that for
YPH934 [ctf4-107] was 31 x 10-5; the gene conversion rate
for YPH935 was 7.5 x 10-5, while that for YPH934 was 12
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x 10'.) In our experience, multiple determinations of rates
by fluctuation analysis vary within a twofold range; thus, we
believe that the gene conversion rate is not significantly
altered.
To summarize, the data indicate that both interchromo-

somal recombination (between homologs) and intrachromo-
somal recombination (between direct repeats) are elevated in
ctf4 mutants.

Spontaneous mutagenesis rates are not elevated in cf4
mutants. The identity of CTF4 and POBI (by DNA se-
quence; see below) raised the possibility that ctf4 mutants
might exhibit defects in DNA replication or repair that would
result in decreased fidelity of that process. Measurement of
the rate of spontaneous mutation to canavanine resistance
provides a simple method for monitoring the fidelity of
replication. Five mutant haploid strains (YCITF25, YCTF43,
YCIF107, YCTF154, and YPH928) were assayed by fluctu-
ation analysis and compared with isogenic control strains
(YPH98, YPH102, and YPH926). All mutated to canavanine
resistance at rates within twofold those of the wild type (-3
x 10-6), indicating that the fidelity with which chromosomal
DNA is replicated in ctf4 mutants is equivalent to that in the
wild type.

Cloning of the CTF4 gene. Plasmids containing the CTF4
gene were identified by visual screening for complementa-
tion of the sectoring phenotype of a ctf4-1Ictf4-1 leu2A1/
leu2AJ mutant. Strain YNK36 was transformed with plasmid
DNA containing a yeast genomic library of 10- to 12-kb
fragments inserted into anARSJ CEN4 LEU2-based vector.
Leu+ transformants giving rise to homogeneously pink (non-
sectoring) colonies were candidates for yeast cells contain-
ing a genomic clone of CTF4. Plasmid DNA was recovered
in Escherichia coli from five independent transformants.
Restriction fragment analysis indicated that all five plasmids
contained overlapping but not identical inserts. All five
recovered plasmids rescued the ctf4-1 sectoring phenotype,
minichromosome instability, and chromosome III loss upon
retransformation and therefore contained a ctf4-1 comple-
menting genomic segment. The smallest of five clones con-
tained a 10-kb genomic insert, and the plasmid containing
this fragment (F12) was used for subsequent analysis. The
location of CTF4 was further defined by constructing a
library of 3- to 5-kb fragments generated by partial Sau3A
digestion of F12 in the multipurpose vector pRS315 (CEN6
ARSH4 LEU2). Plasmid p37 contained a 4.5-kb insert and
fully complemented the ctf4-1 mutant phenotypes. Various
subclones of this insert (p37/1 to p37/) were constructed and
tested for complementing activity (Fig. 2). p37/4 exhibited
only partial complementation of ctf4-1; obtained transfor-
mants exhibited an intermediate sectoring phenotype, and
the mitotic stability of plasmid p37/4 in the transformants
was intermediate (70%) compared with its stability in the
wild-type strain (90%) and in mutant ctf4-1 (50%). Proof that
the cloned genomic fragment corresponded to the CTF4 gene
was obtained by integration of a LEU2 marker and subse-
quent linkage analysis (see Materials and Methods).

Physical and genetic map positions of CTF4. The CTF4
gene was assigned to chromosome XVI by hybridization to
chromosome-sized DNA separated by pulsed-field gel elec-
trophoresis (10). To determine the physical position of CTF4
on chromosome XVI, we used a mapping procedure that
splits the chromosome at the site of a cloned DNA segment
into proximal and distal chromosome fragments (9). By using
this procedure to map the CTF4-containing DNA, two stably
maintained chromosome XVI fragments were generated,
and the sizes of these chromosome fragments were deter-

mined by analysis of orthogonal-field-alternation gel electro-
phoresis gels. The lengths of the chromosome fragments
indicated that CTF4 was 830 kb from one end of chromo-
some XVI and 175 kb from the other end (summarized in
Fig. 3). This is consistent with the meiotic map position of
CTF4 between KAR3 and TEF1 (see below). We concluded
that CTF4 is localized on the right arm of chromosome XVI
175 kb from the telomere. Furthermore, the direction of
transcription of CTF4 relative to the centromere may be
determined from the orientation of CTF4 within the fragmen-
tation vectors. CTF4 is transcribed on chromosome XVI in
the direction away from the centromere.
The CTF4 gene was also mapped by hybridization to a

gridded minimal "mapping contig" of bacteriophage X
clones on nitrocellulose filters (kindly provided by Linda
Riles and Maynard Olson). The CTF4 probe identified X
clone 5100, placing the gene on a 190-kb contig located at the
right end of chromosome XVI. Clone 5100 lies 150 kb from
the most telomeric segment on the contig, which is consis-
tent with the chromosome fragmentation data.

Tetrad analyses were previously carried out to determine
the position of the CTF4 gene with respect to other mapped
loci on chromosome XVI (18). Despite considerable variabil-
ity of the results, it was clear that the CTF4 gene is located
between TEFI and K4R3 (at 21- and 9-centimorgan dis-
tances, respectively). Finally, analysis of the sequence cen-
tromere proximal to the promoter region of CTF4 revealed
an 804-bp open reading frame which is identical to the
MSS18 gene (42). Our data therefore map the position of the
MSS18 gene, which had not been determined previously.

Sequence analysis of the CTF4 gene. The 4.5-kb fragment of
the p37 plasmid was sequenced by the Sanger dideoxy
method (40). The sequence contains two open reading
frames, ORF1 (804 bp) and ORF2 (2,781 bp). ORF1 is
identical to the previously described MSS18 gene (42).
Deletion mapping (p37/3; Fig. 2) excluded the possibility that
ORF1 was responsible for complementation of the ctf4-1
mutation. We concluded that ORF2 corresponded to the
CTF4 gene. The nucleotide sequence of the CTF4 gene is
presented in Fig. 4; the sequence encodes a predicted
protein containing 927 amino acid residues with a molecular
mass of 105 kDa. The predicted primary sequence of the
CTF4 gene product was compared with both the GenBank
and EMBL data bases by using the FASTP algorithm (36).
No significant homologies were detected.

Analysis of the region 5' to the CTF4 ORF revealed the
presence of a so-called MluI motif (ACGCGT) at position
-122, present as a degenerate tandem repeat (ACGCG
ACGCGT). The MluI motif is found upstream of many yeast
genes important for DNA metabolism (see Discussion). Only
379 bp separate the stop codon of the MSS18 gene and the
initiation codon of the CTF4 gene. Thus, the maximum
length of the CTF4 promoter is not more than 379 bp.
One of the most interesting properties of the coding region

of CTF4 is a region similar to a helix-loop-helix (HLH) motif,
a structure involved in protein-protein interaction (Fig. 5).
This motif has been described for a number of protein factors
involved in development, cell growth, and transformation
(31, 52). The HLH region is present at the C terminus of the
CTF4 protein (amino acid residues 848 to 898). Proteins with
the HLH motif often also contain DNA-binding domains.
We therefore searched the CTF4 amino acid sequence for
the presence of potential DNA-binding regions. The N
terminus of the CTF4 protein had three regions which might
form zinc finger structures (28, 51): in positions 101 to 131
(Cys-X2-His-X23-His-X2-His), positions 226 to 248 (Cys-X5-
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FIG. 2. Complementation analysis of subclones from the 4.5-kb genomic fragment of the p37 plasmid containing the CTF4 gene. The
restriction map of the fragment in the p37 plasmid complementing the ctf4-1 mutation is shown. The bars beneath represent the different
fragments that were subcloned into the pRS315 plasmid and tested for the presence of a functional CTF4 gene by the ability to complement
the sectoring phenotype of the ctf4-1 mutant. + indicates complementation of the ctf4-1 mutation. The 3.4-kb insert in p37/3 was the smallest
complementing clone thus defined. Abbreviations: E, EcoRI; C, ClaI; H, HindIII; M, MluI; P, PstI; S, SphI; K, KpnI; X, XbaI (not all XbaI
sites are indicated). X* corresponds to the XbaI site in the polylinker of the pRS315 plasmid.

Cys-X1O-His-X4-Cys), and positions 450 to 462 (His-X2-His-
X5-His-X2-His). The last region is similar to the structure
found in single-stranded DNA-binding protein (48). The
second region is reminiscent of the structures participating in
recognizing the nucleotide sequences of double-stranded
DNA and RNA (28). In addition, we also found 11 regions
meeting the predicted requirements for coding the HTH
structure (44), a protein motif commonly observed to func-
tion in sequence-specific DNA site recognition. The poten-
tial HTH positions are positions 73 to 95, 95 to 117, 126 to
148, 137 to 159, 262 to 284, 318 to 340, 320 to 342, 450 to 472,
669 to 691, 851 to 873, and 866 to 888.
Another interesting feature of the CTF4 gene product is

the presence of clusters of negatively charged amino acids in
positions 112 to 126 (-8), 175 to 224 (-14), 376 to 408 (-11),
428 to 441 (-9), 799 to 826 (-11), and 836 to 854 (-6). It is
known that such regions can be used for activation of

transcription (24, 47). In addition to acidic regions, the CTF4
protein contains clusters of positively charged residues at
positions 317 to 326 (+4), 423 to 425 (+4), and 648 to 653
(+4). It is interesting that the first region overlaps with two
regions, answering the requirements for the formation of the
HTH supersecondary structure in positions 318 to 340 and
320 to 342.
The C-terminal region of the CTF4 gene product carrying

the HLH domain is essential for its function. Taking into
account the important role of the HLH structure in eukary-
otic regulatory proteins, we have analyzed the consequence
of a mutation that deletes this structure from the CTF4
protein. The predicted a-helix 2 of the HLH is located at the
most C-terminal amino acid residues of the CTF4 protein
(Fig. 5). A unique SphI site is located in the middle of the
predicted loop between the two predicted helices. A 4-bp
deletion was introduced at the SphI site in plasmid p37. The

p37
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C. A contig clones: = 5100+
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FIG. 3. Genetic and physical map positions of CTF4. (A) Meiotic
mapping data for the CTF4 gene came from several hybrids (18). In
most cases, integrated copies of either LEU2 or URA3 were used.
The existence of the additional DNA fragments may have affected
recombination distance, especially within a small region. (B) Chro-
mosome fragmentation at CTF4 yielded proximal and distal frag-
ments of the indicated sizes. (C) Hybridization of a CTF4 probe to
the genomic mapping contig of Riles and Olson resulted in one

positive grid position (5100). The two nearest neighbor grid positions
were negative.

deletion was confirmed by sequence analysis, and the plas-
mid was called p37-A10. The deletion causes a shift of the
open reading frame at the point of the mutation. A new

predicted gene product of CTF4 is shortened by 40 amino
acid residues, and the last 15 amino acids residues are

absolutely different because of a shift of the open reading
frame. The mutation introduced into the CTF4 gene com-

pletely excludes the formation of HLH domain because the
C-terminal amino acid residues are not capable of forming an

a-helix.
Mutant plasmid p37-A10 was tested for the ability to

complement the ctf4-1 mutation. The ctf4-1 strain (YNK34)
transformed by plasmid p37-A10 exhibited a sectoring phe-
notype and unstable maintenance of a centromeric plasmid
indistinguishable from the strain transformed by vector
alone. We conclude that the HLH domain within the C-ter-
minal region of the CTF4 gene product is essential for CTF4
function.
The CTF4 gene product is not essential for cell viability. In

order to investigate the role of the CTF4 gene product in
mitotic growth, we constructed a deletion mutation
ctf4-A3::URA3, leaving only 147 bp at the 3' end of the gene.

ctf4-A3::URA3 was introduced into the diploid strain
YPH501 by one-step gene replacement (39). Replacement of
one copy of CTF4 by the mutant allele ctf4-A3::URA3 was

confirmed by blot hybridization (data not shown). Four
independently derived diploids heterozygous for the CTF4
deletion were sporulated, and tetrad analysis was per-

formed. In virtually all of the tetrads examined all four
spores gave rise to growing colonies, indicating that the
deletion of the CTF4 gene does not result in the loss of cell
viability.

Deletion of the RAD52 gene leads to poor growth of the

c#f4-A mutant. Given the potential role of CTF4 in DNA
metabolism, it was interesting to check the possibility of
interaction between CTF4 and RAD52 in the chromosome
cycle. To assess the possible lethal effect of combining ctf4
and rad52 mutations, a ctf4-A1: :HIS3/CTF4 radS2Al::
URA3IRADS2 doubly heterozygous diploid was sporulated
and tetrads were dissected. Spore viability was normal,
indicating that the ctf4 radS2 double null mutant was viable.
However, the double mutant (Ura+ His') spore clones grew
very poorly compared with the wild type or either single
mutant alone.

Single division pedigree analysis was performed to deter-
mine the effects of the ctf4 and radS2 mutations on cell
viability. Four near-isogenic strains (CTF4 RADS2, CTF4
rad52, ct4 RAD52, and ctf4 radS2) were analyzed for the
cell viability of mother-daughter pairs following cell division
(Table 4). Single cells were micromanipulated to defined
positions on agar plates and incubated for 2 to 4 h at 30°C,
and mother-daughter pairs were physically separated follow-
ing the first cell division and allowed to form colonies for 2
days at 30°C. In wild-type cells, 5 of 109 cell divisions scored
(5%) resulted in an inviable mother or daughter cell product;
none resulted in two inviable products. A similar high
frequency of viability was observed with the radS2 mutant.
In the ctf4 mutant, 16% of the cell divisions resulted in one,
and 5% resulted in two, inviable cell product(s). Thus, 14%
of the cell division products are inviable in the ctf4 mutant,
compared with 1 to 2% for the wild type or the radS2 mutant.
In the ctf4 radS2 double mutant, the effect of ctf4 on cell
viability was significantly enhanced. Thirty-two percent of
the cell divisions resulted in one, and 32% of cell divisions
resulted in two, inviable cell product(s), corresponding to a
total value of 49% inviability following cell division. We
conclude that the RAD52 gene product is important for cell
viability in a ctf4 mutant background.

c#f4 mutants exhibit G2/M accumulation. Asynchronous
cultures of ctf4-A1::TRPJ and CTF4 haploid strains were
examined for cell cycle distribution by using flow cytometry
and cell morphology. The flow cytometry profiles clearly
demonstrate an accumulation of cells with 2 N DNA content
in the ctf4 mutant (Fig. 6). The ctf4 mutant also exhibited a
marked accumulation of large budded cells with a single
chromosomal mass protruding into the neck (Fig. 6). Quan-
titation of this phenotype showed that: 1 in 300 (0.3%) of
CTF4 cells (in YPH927) and 87 of 313 (22%) of ctf4 cells (in
YPH937) exhibited the scored morphology. These results
are in agreement with similar observations by Miles and
Formosa (27), who performed similar analyses in a different
laboratory yeast background.

DISCUSSION

The CTF4 (CHL1S) gene was identified in separate muta-
geneses (17, 46) designed to identify genes involved in
mitotic chromosome transmission. Miles and Formosa (27)
describe cloning and characterization of the POB1 gene,
which is identical to CTF4. The POBJ gene was cloned by
the criterion of encoding a protein which binds to yeast DNA
polymerase a in vitro. This observation and the analysis of
phenotypes associated with mutations in this gene, taken
together, support the conclusion that the protein encoded by
CTF4 functions in DNA metabolism. The fact that CTF4 is
not essential for mitotic growth indicates that this gene
product either performs a redundant essential function
(which can also be performed by another gene product or
which can be bypassed in a parallel pathway) or is required
for the fidelity of a process in DNA metabolism such as DNA
synthesis, recombination, or repair.

Mutations in CTF4 lead to chromosome destabilization in
mitosis. The increase in frequency of chromosome loss was
observed for linear chromosomes (including natural chromo-
some III and chromosome fragments derived from chromo-
somes III and VII) as well as for circular artificial minichro-
mosomes. The analysis of segregation of circular artificial
minichromosome YCp41 and chromosome fragments showed
that the loss of these structures in mitotic divisions is not
accompanied by their accumulation in a part of the cell
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TA ATC ATC CTC TTC ATG TAC TAC TTA TGT CCA ATT TGA -337

GTG TAA AAT CAC AGG TAC AAG GCT TAT CCA TAT TCG TAT ATA TCT TCA -289

TAA TOT TTC ATA ATT GCT TCA GAA AAT TAT TCA AAA CGT CTT GTG ATA -241

TTC ATT AGG TGA AAT COT ACT TTG CCT GAT ACT TGA AAG AAT CTC ACC -193

TGG AGA ATG GGT GTT TTC ACT AAM ATT CGT TAA TTT CCA CTA ATG ATT -145
Klux motif

AAT TGT TAA CTG TTT AA2. CG MAAT AAA GTT TCC TGA ATA CGC -97

CAA CAT ATG GGA ACA TAT AGA TTA AAT TAA TAA GAA AGC TTG GGA AAA -49

ATA ATT GAG AAG GGC AAG AAG TGA CGT AAA TAT ACT AGA CGT ACT ATT -1

ATG GTT TCA GTT ATA GAC AAG CTT GTT TTT GAC TTT GGT GGG AAA ACT 48
N V S V I D K L V F D F G G X T 16

CTG GTC TCT CTC GCA CCA GAT AAT AAT ACT TTG TGT GTA GCC AAT AAA 96
L V S L A P D N N T L C V A N K 32

AAT GGC TTA ACC AAG ATT CTG AAG ACA AAT AAC CCA GAA GAA GAG CCA 144
N G L T K I L K T N N P E E E P 48

GAG ACT TTA GAT TCT TCC AAA TTG TC TCN TCT ATA AAA TGC TAT TCA 192
E T L D S S K L V S S I K C Y S 64

AAC TCG CAC TTT CTG ATG ACT ACA ATG CAA GGT GAT GCT CTT AGG TAT 240
N S H F L N T T N Q G D A L R Y 80

AAC ATC GAT TCT AGT CAA GAA GAA TTA TTG GCT AGA Tr? GCT TTA CCC 288
N I D S S Q E E L L A R F A L P 96

CTA CGT GAC TGC TGT GTT ATT CAT TCA GGT AAA ATG GCC GTA TTT GAA 336
L R D C f V I V S 0 X N A V F K 112

GGA GAC GAC TTA GAA CTA ATC CTT TTG GAA TTG GAC GAT GAA ACA CAC 384
G D D L E L I L L E L D D E T V 128

AAA AAA CAT GCC ATT AAA ATC GAT GAA CAA GTT TCT CAA ATT TCT TAC 432
K K 4 A I K I D E Q V S Q I S Y 144

AAT TCA CAG ATG AAT ATT TTA GCA GTT TCA ATG ATA AAT GGT AAG GTA 480
N S Q N N I L A V S N I N G K V 160

CAA ATT TTT TCT CTG ACA TCT ACT ATT CCA AAC AAA GTT CAT GAG TTA 528
Q I F S L T S T I P N K V H E L 176

AAT OAT TAC ATA GTG 0CC AAT TCA TAT GAT GAT ACA CAC AGA GAT AAG 576
N D Y I V A N S Y D D T H R D K 192

ATA CTC TCG AAT ATG ATG OAT GAT ATA GAT AAA GAC AAT GAT AAT GAC 624
I L S N N N D D I D K D N D N D 208

CTG AGT GAA ACG GCT GAT CCA GAT GAG AAC AAT GTA GCT GAT CCA GAA 672
L S E T A D P D E N N V A D P E 224

TTC TGT OCT GCT AAT AGA ATT TGC ACG AGA GTG GCT TGG CAT CCG AAG 720
F A A N R I s T R VA V P X240

GOT CTG CAT TTT GCG CTA CCA TGT GCA GAT GAT ACA GTA AAA ATA TTC 768
G L V L P g A D D T V K I F 256

TCT ATA AAG GGA TAT TCC CTA CAA AAG ACG TTG TCC ACA AAT CTC TCA 816
S I K G Y S L Q K T L S T N L S 272

TCA ACA AAG GCT CAT TTC ATT GAT TTG CAA TTT GAC CCG TTA CGT GGA 864
S T K A H F I D L Q F D P L R G 288

ACT TAC ATT 0CG GCA OTA GAT TTA AAT AAT AAG TTA ACG GTA TGG AAT 912
T Y I A A V D L N N K L T V W N 304

TGG GAA ACT TCC GAG ATC CAC TAC ACC AGG GAA TTC AAA AGA AAA ATT 960
N E T S E I H Y T R E F K R K I 320

ACT AAT ATT 0CC TGO AAA ATC CAA GCG GAC TCA AAA ACT CTA GAC CTT 1008
T N I A N K I Q A D S K T L D L 336

GTT TTA GGT ACC TGG TCC GGT ACT ATA 0CC ATT GTC CAA AAT TTG GCA 1056
V L G T W S 0 S I A I V Q N L A 352

GAG TCC GTA GTA TCT AAT ATA CCT GAC CAA TCT GTT GCT GAA TCT TCA 1104
E S V V S N I P D Q S V A E S S 368

ACT AAA CAT GGG CTT TTT GTA GAC TCC GAA TCT GAC TTG GAA AAC TTA 1152
T K H G L F V D S E S D L E N L 384

GAG NGA AAT GAT GAT ATA AAC AMA AGC GAT AAG CTA TTT TCA GAT ATT 1200
E G N D D I N K S D K L F S D I 400

ACT CAA GAM GC0 AAT GCC GAA GAT GTG TTC ACT CAA ACA CAC GAC GGC 1248
T Q E A N A E D V F T Q T H D G 416

CCC ACT GGA TTA AGT GAA AAG AGA AM TAC AAC TTC GAA GAT GAA GAA 1296
P S G L S E K R K Y N F E D E E 432

1297 GAC TTT AT? GAT OAT GAC GAT GCT OCT GGT TAT ATT AGT GGC AAA AAA 1344
433 D F I D D D A G Y I S G X X 448

1345
449

1393
465

1441
481

1489
497

1537
513

1585
529

1633
545

1681
561

1729
577

1777
593

1825
609

1873
625

1921
641

1969
657

2017
673

2065
689

2113
705

2161
721

2209
737

2257
753

2305
769

2353
785

2401
801

2449
817

2497
833

2545
849

2593
865

2641
881

2689
897

2737
913

2785

2833

2881
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CCA CAT AAT GAA CAT TCT TAT TCG AGA GTA CAC AAG ACT CAT TCG TTT 1392
P S Y S R V V T S F464

CCA ATC ACT TTG GCA AAC ACA GGA AAA TTT CGT TAT ATG CCT TTT TCT 1440
P I S L A N T G K F R Y N P F S 480

CCA GCG GGA ACA CCT TTT GGC TTT ACT GAC AGG CGT TAT TTN ACA ATG 1488
P A G T P F G F T D R R Y L T N 496

AAT GAA GTG GGC TAC GTA TCT ACT GTC AAG AAT AGT GAG CAA TAC AGC 1536
N E V G Y V S T V X N S E Q Y S 512

ATA ACT GTC TCT TTT TTT GAT GTT GGA CGT TTT AGA GAA TAC CAT TTC 1584
I T V S F F D V G R F R E Y H F 528

GAG GAC TTA TTT GGC TAC GAT TTA TGC TTC CTA AAT GAA AAA GGC ACT 1632
E D L F G Y D L C F L N E K G T 544

TTA TTT GGC CAA TCC AAA ACT GGG CAG ATA CAA TAT AGG CCA CAC GAT 1680
L F G Q S K T G Q I Q Y R P H D 560

AGC ATA CAT TCA AAC TGG ACC AAG ATT ATT CCT TNG CAA GCT GGT GAG 1728
S I H S N W T X I I P L Q A G E 576

AGA ATA ACA AGT GTG GCA GCC ACC CCG GTT CGC TTT ATT TTT GGT ACA 1776
R I T S V A A T P V R F I F G T 592

TCA TTA GGC TAT TTC AGA AGT TTC ATT CAA TTC GGG GTT CCA TTT GCT 1824
S L G Y F R S F I Q F G V P F A 608

GTT GAA AAG ACA TCC CCA ATT GTA GCG CTT ACT GCT CAG AAT TAT AGG 1872
V E K T S P I V A L T A Q N Y R 624

GTT TTT TCA GTA CAT TAT TCG CAG TTT CAT GGC CTT TCA TAC TCT TTA 1920
V F S V H Y S Q F H G L S Y S L 640

TCT GAA TTG GGT ACT TCT AGT AAA AGG TAC TAT AAA AGA GAG TGT CCA 1968
S E L G T S S K R Y Y K R E C P 656

CTT CCA ATG AGT TTA CCA AAC ATT AAT TCT GAT ATG AAA AAA GAC GCA 2016
L P N S L P N I N S D N K K D A 672

AAT CTT GAC TAC TAC AAT TTT AAT CCG ATG GGC ATC AAA AGT TTG TTC 2064
N L D Y Y N F N P N G I K S L F 688

TTT TCA AGC TAC GGA GAT CCA TGC ATT TTT GGG TCC GAC AAC ACG CTT 2112
F S S Y G D P C I F G S D N T L 704

CTA TTG TTA TCA AAG TGG AGA TCA CCA GAA GAA ACT AAA TGG CTC CCT 2150
L L L S K W R S P E E S K W L P 720

ATT CTA GAT AGC AAC ATG GMA ATA TGG AAG ATG TCA GGA GGG AMG GAA 2208
I L D S N N E I N K N S G G K E 736

ACG ACA GAT ATA CAT GTC TGG CCC TTG GCT TTG GCG TAT GAC ACA TTG 2256
T T D I H V W P L A L A Y D T L 752

AAT TGT ATC TTA GTT AAG GGC AAG CAT ATA TGG CCC GAG TTT CCC CT? 2304
N C I L V K G K H I W P E F P L 768

CCG TTG CCA TCC GAA ATG GAG ATT AGA ATG CCA GTA TTT GTT AAG AGT 2352
P L P S E N E I R N P V F V K S 784

AAA TTA CTA GAG GAA AAC AAA GCT ATA TTA AAT AAA AAG AAC GAA ATT 2400
K L L E E N K A I L N K K N E I 800

GGA GCT GAC ACC GAA GCG GAA GAA GGG GAA GAA GAC AAA GAA ATA CAG 2448
G A D T E A E E G E E D K E I Q 816

ATT CCT GTT TCT ATG GCG GCG GAA GAA GAG TAT CTG CGC AGC AMG GTT 2496
I P V S N A A E Z E Y L R S K V 832

TTG TCA AAG CTG TTG ACA GAT ACA CTC GAA AAT GAC GGT GAA ATG TAC 2544
L S K L L T D T L E N D G E N X 848

GGC AAC GAA AAT GAG GTA TTG GCA GCA TTN AAC GGT GCA TAT GAT aaG 2592
2 N Z I £ V L a A L N 2 a X 2 K 864

SphI
GCT TTG TTA CGT TTA TTT GCG TCT TCC TCA GAC CAA AAT GTT GAA 2640
A L L B L I A i a 9 ai a Q2 yV o80
AAG GCT CTT TCG CTT GCT CAT GAA TTA AAA CAA GAT AGA GCA CTT ACT 2688
E a L I L A EZ L K Q R B a L T 896
GCA GCC GTT AAG ATA TCA GMA AGA GCT GAG CTG CCC TCT CTC 0TT AAA 2736
A A Y E I I K A A Z L P S L V K 912

AAA ATT AAT AAT ATA AGG GMA OCT AGA TAT GAA CAG CAA TTG AAA TMA 2784
K I N N I R E A R Y E Q Q L K * 928

AAA AAT GTA AAA TAT ATA TAC GCA AGA GAC AAT TAT TTN ATA CCT 0TT 2832

CAT TTG TTC AAA TCA TCG TNC AAA ATG CTC CCA CAT Taa CAT ATA Tm? 2880

CTT TGA ATG CGA CGA TM TAA AGA 0TT AcN TTG AAC ATG ATC CAC TAG 2928

2929 TTCTAG ATC 2938

FIG. 4. Nucleotide sequence of CTF4. The predicted amino acid sequence, in single-letter code, is given below the nucleotide sequence.

Numbers above and below each line indicate nucleotide and amino acid residues, respectively. The putative regulatory sequence ACGCGT
at nucleotide -122 is underlined, as is the amino acid sequence at residues 848 to 899 which corresponds to the HLH motif. Asterisks indicate
the positions of putative zinc fingers.

population. Therefore, chromosome destabilization is caused bination has been described for several DNA metabolism
predominantly by the loss of sister chromatids rather than by mutants in yeasts, including defects in DNA ligase and DNA
nondisjunction. It has been proposed that this mode of polymerase (11).
chromosome destabilization is consistent with the presence An interesting characteristic of the CTF4 gene is the
of a defect in DNA metabolism (11, 35). The observed presence of an MluI motif (degenerate repeat ACGCGT) in
increase in the frequency of mitotic recombination events the promoter region, 122 bp upstream of the translational
also supports this conclusion. An increase in mitotic recom- initiation codon. MluI motifs have been found in the pro-
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Helix 1

1234567890123456

Loop Helix 2

123456789012345676

E47 Human VRDINEAFRELGRMCQ----MHLK---SDKAQTKLLILQQAVQVILGLEQQ
Myo D Mouse LSKVNEAFETLKRCTS-----SNP-----NQRLPKVEILRNAIRYIEGLQAL
L myc Human RNDLRSRFLALRDQVP----TLAS----CSKAPKVVILSKALEYLQALVGA
CBF1 Yeast RENINTAINVLSDLLP------------VRESSKAAILARAAEYIQKLKET

I III
consensus L K IL A L

CTF4 Yeast YGNENEVLAALNGAYDKALLRLFASACSDQNEVKALSLAHELKQDRALTAA

FIG. 5. Sequence comparison of the HLH motif between CTF4
and other known HLH sequences. The CTF4 HLH motif is com-
pared with the HLH sequences of E47 (52), MyoD (31), L-myc (21),
and yeast CBFI (3).

moter regions of many genes involved in DNA metabolism in
yeasts. To date, more than 20 genes of this group have been
identified, including the DNA polymerase I, II, and III genes
(2, 16, 29); the DNA ligase gene (54); and other genes
controlling DNA replication or the synthesis of nucleotide
precursors (54). The expression of these genes appears to be
coordinately regulated, occurring near the boundary be-
tween the G1 and S phases (23). The presence of the MluI
motif in the promoter region of the CTF4 gene suggests that
this gene is a member of a family of genes involved in DNA
metabolism. It is unknown whether the CTF4 gene is ex-
pressed near the G1-S boundary, as are several other genes
containing the MluI motif. If CTF4 gene expression is
regulated during the cell cycle via the AMluI motif, this
condition apparently is not necessary for CTF4 function.
Deletion of the promoter region of this gene including the
MluI motif does not destroy the ability of plasmid p37/4 to
complement the ctf4-1 mutation.

Results of double mutant studies are also consistent with a
role for the CTF4 gene product in DNA metabolism. We
observed that in a ctf4 radS2 double null mutant, the modest
cell inviability phenotype caused by the ctf4-1 mutation
alone was markedly enhanced by the presence of the radS2
mutation. Mutations in the RADS2 gene are characterized by

TABLE 4. Viability and one-generation pedigree analysis

No. of No. (%)mother.o with No. (%) Inviability
Strain Relevant mother- mother with both (%) per cellgenotype daughter or cells division

de daughter dead productdissected dead

YPH927 CTF4 RAD52 109 5 (5) 0 2
YPH936 CTF4 radS2 76 2 (3) 0 1
YPH937 ctf4RADS2 37 6 (16) 2 (5) 14
YPH938 ctf4 radS2 37 12 (32) 12 (32) 49

a pleiotropic phenotype including an increased frequency of
spontaneous mutagenesis, suppression of homologous re-
combination, and defects in DNA double-strand break repair
(30, 38). It is possible that the ctf4-1 mutation leads to the
accumulation of double-stranded breaks and/or other chro-
mosomal lesions not reparable in radS2 mutants. The mor-
phology of CTF4-deleted cells suggests that this mutant
experiences difficulty progressing from S phase into mitosis,
similar to known DNA metabolism mutants. It is interesting,
however, that the observed G2 accumulation in ctf4-defec-
tive cells is not affected in a ctf4 rad9 double mutant (27).
These data suggest that if chromosomal lesions are accumu-
lating in a ctf4 mutant, they are different from those induced
in cdc9 (DNA ligase) mutants or by X irradiation which are
recognized by the RAD9-dependent mechanism of cell cycle
arrest (53).

Analysis of the nucleotide sequence of the CTF4 gene
revealed the presence of a 2.8-kb open reading frame encod-
ing a 105 kDa predicted protein. In the N-terminal region of
the CTF4 gene product, three potential zinc finger DNA-
binding domains were found. Analysis of the amino acid
sequence of the CTF4 gene product revealed 11 regions as
potential HTH DNA-recognizing structures (44). Two of

CTF4 ctf4AJ

I__JII A-J- -; ** * I _0WF--I-r-----|- E--r ----r--r T---t I -T -- -----------T' T----7---r--r-TYt
FIG. 6. Cell cycle characteristics of ctf4 mutants. Logarithmicaly growing cultures of YPH927 (CTF4) and YPH937 (ct4M-A) were

examined for bud morphology (upper panels) and for DNA content by fluorescent staining (lower panels). Arrowheads indicate the
accumulated morphology scored in ctf4 mutants.
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them (at positions 318 to 340 and 320 to 342) overlap with a

cluster of positively charged residues (at positions 317 to
326). An understanding of the functional role(s) of these
domains will require further study. The C-terminal region of
the CTF4 gene product bears homology to the HLH motif
recently found in several regulatory proteins, one of which is
a yeast protein (3, 31, 32, 52). Apparently, this HLH domain
is essential for the function of the CTF4 protein because a

small deletion that removes the helix-2 region inactivates the
gene product. Since HLH domains have been shown to
mediate the formation of protein-protein complexes, the
CTF4 gene product may function in the cell as a homodimer
or in heterodimeric association with other proteins having an

HLH structure. By analogy to other proteins of the HLH
family, the CTF4 gene product can be one of the regulators
of the replicative cell machinery.

In summary, the molecular genetic analysis of the CTF4
gene provides strong support for an important function in
DNA metabolism. This locus has been identified on the basis
of its requirement for chromosome stability in mitosis (pre-
sented here) and also as the gene encoding a protein that
associates with DNA polymerase a in vitro (POB1 [27]). The
upstream MluI motif, the presence of potential Zn finger
motifs and the HLH domain in the predicted polypeptide,
the predominant chromosome loss (1:0) missegregation phe-
notype, and elevated mitotic recombination rates in mutants
are all consistent with the hypothesis that the function of this
gene product is important for the maintenance of chromo-
somal DNA. Further, the markedly elevated lethality ob-
served with ctf4 radS2 double mutants implies that the lack
of the CTF4 gene product leads to the accumulation of
lesions not compatible with mitotic viability in the absence
of RADS2.
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