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DNA replication depends critically upon chromatin structure. Little is known about how the replication
complex overcomes the nucleosome packages in chromatin during DNA replication. To address this question,
we investigate factors that interact in vivo with the principal initiation DNA polymerase, DNA polymerase o
(Pola). The catalytic subunit of budding yeast Polae (Pollp) has been shown to associate in vitro with the
Spt16p-Pob3p complex, a component of the nucleosome reorganization system required for both replication
and transcription, and with a sister chromatid cohesion factor, Ctf4p. Here, we show that an N-terminal region
of Pola (Pollp) that is evolutionarily conserved among different species interacts with Spt16p-Pob3p and Ctf4p
in vivo. A mutation in a glycine residue in this N-terminal region of POLI compromises the ability of Pollp to
associate with Sptl6p and alters the temporal ordered association of Ctf4p with Pollp. The compromised
association between the chromatin-reorganizing factor Spt16p and the initiating DNA polymerase Pollp delays
the Pollp assembling onto and disassembling from the late-replicating origins and causes a slowdown of
S-phase progression. Our results thus suggest that a coordinated temporal and spatial interplay between the
conserved N-terminal region of the Pola protein and factors that are involved in reorganization of nucleosomes

and promoting establishment of sister chromatin cohesion is required to facilitate S-phase progression.

The DNA polymerase a-primase complex is unique among
the eukaryotic replicative DNA polymerases in that it can
initiate de novo DNA synthesis at the replication origin and
also initiates Okazaki fragment synthesis on the lagging strand
throughout S phase (7, 61, 63). Due to this unique property,
mutations in the Pola gene that encodes the catalytic subunit
of the DNA polymerase a-primase complex have significant
effects on many cellular processes. These processes include
repair and recombination in both mitotic and meiotic cells (3,
27, 34, 55), epigenetic regulation of transcriptional silencing
(43), checkpoint activation (8, 13), telomere length homeosta-
sis (1, 2, 10, 11, 12), and mutation avoidance (21, 31, 33, 36).
These findings suggest that proper interactions between Pola
and various cellular proteins during replication are important
for maintaining cells’ genomic integrity.

Several lines of evidence suggest that chromatin structure
plays a critical role in the initiation and progression of S phase
(4, 5, 28, 29, 35). It remains unclear at the molecular level
which cellular factors that modulate chromatin structure are
involved in facilitating initiation and progression of S phase.
Pola (Pollp) of budding yeast has been used as an affinity
matrix to identify Pola (Pollp)-associated cellular proteins in
vitro, and about six potential binding partners have been iden-
tified (42). One of these, the Ctf4p protein, was first identified
in a genetic screen for mutants affecting chromosome trans-
mission fidelity (24, 32). CTF4 is not essential for budding yeast
viability; however, cells lacking CTF4 are hypersensitive to
DNA-damaging agents, such as methyl methanesulfonate, and
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drugs that inhibit S-phase progression, such as hydroxyurea,
and cells with a CTF4 deletion cannot tolerate otherwise non-
lethal mutations in DNA replication factor genes (17). Ctf4p
and Ctf18p are required for sister chromatid cohesion and are
thought to act in association with the replication fork to facil-
itate sister chromatid cohesion (22, 23, 26, 40, 41, 44, 47). The
fission yeast CTF4 homologue is mcll™, which is essential for
fission yeast viability. Fission yeast cells with a mutation in
mcll* are sensitive to DNA damage and exhibit a chromo-
some missegregation phenotype, and these mutations display
synthetic lethality with mutations in the DNA checkpoint
genes rad3 and rad26. Furthermore, overexpression of mcll™
causes an S-phase delay (66).

Another protein that bound to the Pola (Pollp) affinity
matrices was the product of CDC68/SPT16 (hereafter termed
SPT16) (42, 68). SPT16 was previously identified in several
budding yeast genetic screens as an essential factor involved in
regulation of transcription and promotion of the cell cycle (9,
38, 39, 49, 51, 67). In budding yeast, Sptl6p is found in the
nucleus as a stable heterodimer with the product of another
essential gene, POB3 (9, 14, 69, 72). The Sptl6p-Pob3p com-
plex is conserved from yeast to human, with the human homo-
logue being the transcription elongation factor, FACT (45, 46).
Human FACT promotes progression of RNA polymerase II
through nucleosomes in vitro and interacts with nucleosomes
and with histones, supporting a model that suggests that FACT
reorganizes nucleosomes to a form that is less inhibitory to the
passage of RNA polymerases. Mutations in SP776 or POB3 in
budding yeast cause phenotypes that are consistent with the
proposed model. Cells lacking Spt16p-Pob3p function are un-
able to perform initiation and elongation of transcription nor-
mally (38, 49, 67). This finding is thought to be because spt16
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Homo sapiens 465
Rattus 472
Mus musculus 469
Drosophila 487
Xenopus 465
Arabidopsis 484
Oryza 498
schizosaccharomyces 446
Saccharomyces 463
Toxoplasma 605
Holosticha 423
Uroleptus 410
Oxytricha 479

Pollp, Sptlép, AND Ctf4p IN VIVO INTERACTIONS 9569
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PONLKGETFSHVFGTNTSSLELFLMNRKIKGPCWLEV
PONLKGETFSHVFGTNTSSLELFLMNRKIKGPCWLEV
PPDKKYNSIAHIFGATTNALERFLLDRKIKGPCWLQV
PODLKGETFSHVFGTNTSSLELFLLSRKIKGPSWLEL
PEDLKGESFSALLGSHTSALEHFILKRKIMGPCWLKI
PTDLRGQHFHALLGTNNSALELLLIKRKIKGPSWLSI
PTDLTGSSFSHVFGTNTALFEQFVLSRRVMGPCWLKI
PSDLSSDTFYHVFGGNSNIFESFVIQNRIMGPCWLDI
PEDLEGETYSHVFGVGQSLIELLLVKRRIKGPCWLRI
PNNLTGNTFECLFGTNQSMLELFILKRKIKGPCWMT L
PSNLTGNTFECIFGANQSMLELFILKRRIKGPCWMTI
PSTIQGNTFECIFGSTQSMLELFILKRKIRGPCWMTI

FIG. 1. Primary sequence alignment of an N-terminal region of DNA Pola catalytic subunit from various species. Included in this alignment
are polymerases from protists (Toxoplasma gondii, Holosticha, Uroleptus, and Oxytricha), fungi (Saccharomyces cerevisiae and Schizosaccharomyces
pombe), plants (Arabidopsis thaliana and Oryza), an insect (Drosophila), and vertebrates (Xenopus, Mus musculus, Rattus, and Homo sapiens).
Residues shown in shading are a highly conserved amino acid cluster in the region; the three deleted residues in the fission yeast polats13 allele

are underlined and shaded.

or pob3 mutants are unable to reorganize chromatin appropri-
ately (15, 18, 39, 53, 67, 69, 71).

Genetic evidence has also implicated the Sptl6p-Pob3p
complex in chromosome replication (42, 68, 69). Mutations in
either SPT16 or POB3 display genetic interactions with muta-
tions in poll and dna2 and with mutations in c#f4 and ctf18 (17,
52, 68, 69). Further, binding of Spt16p-Pob3p to a Pola (Pollp)
affinity matrix was enhanced when extracts lacked Ctf4p, sug-
gesting that Spt16p-Pob3p and Ctf4p compete with one an-
other for binding to Pola (Pollp) (68). Together, these bio-
chemical and genetic results suggest that the reorganization of
nucleosomes promoted by Spt16p-Pob3p is important for both
DNA and RNA polymerases acting in replication and tran-
scription (15).

Pola is a member of the B-family (a-like) polymerases. Pola
proteins from yeast to humans all contain six highly conserved
domains (25, 30, 64). Evidence from mutagenesis and struc-
tural analyses has indicated that these six highly conserved
domains of Pola are involved in binding the deoxynucleoside
triphosphate and the DNA primer-template substrate as well
as in binding the metal ion required for polymerase catalytic
activity (20, 62, 63). Aside from these catalytic domains, there
is a region toward the N terminus of the protein that is highly
conserved among Pola homologues from various phyla (Fig.
1). Previous genetic studies of fission yeast pola™ and budding
yeast POLI have shown that mutations in this conserved N-
terminal region induce genomic instability manifested in the
following ways: (i) a mutator phenotype leading to high fre-
quencies of microsatellite instability, point mutations, single-
base frameshifts, and deletions of sequences flanked by short
direct repeats (21, 36); (ii) elevated frequencies of chromo-
some loss (21); and (iii) compromised telomere homeostasis,
compromised physical association with the telomerase catalytic
subunit (Trtl), and a reduced telomere position effect (11).
These findings suggest that this conserved N-terminal region of
Pola (Pollp) is involved in interacting with various cellular
factors and that the interaction is important for maintenance
of genomic stability.

To further explore which cellular proteins that interact with
this N-terminal conserved region may have an effect on S-

phase progression, we generated a panel of poll mutants har-
boring mutations in a cluster of highly conserved residues in
this N-terminal region. We show in this study that Sptl6p-

Pob3p and Ctf4p both interact with this conserved N-terminal

region of Pola (Pollp). Mutation in glycine*** in this cluster of

residues compromises the interaction between Pola (Pollp)
and Sptl16p-Pob3p, dramatically alters the temporal ordered
interaction between Pola (Pollp) and Ctfdp, and causes a
delay in assembling Pola (Pollp) onto and disassembling it
from late-replicating origins, resulting in a slowdown of S-
phase progression. Our results thus reveal that robust DNA
replication requires a coordinated temporal and spatial inter-
play between the replication machinery and factors that reor-
ganize nucleosomes and promote establishment of sister chro-
matin cohesion.

MATERIALS AND METHODS

Yeast strains and methods. Yeast strains used in this study are listed in Table
1. Pollp-TAP, Sptl6p-13Xmyc and Sptlép-cyan fluorescent protein (CFP),
Ctf4p-3XHA, and Rad53p-13Xmyc in their corresponding strains were ex-
pressed from their endogenous promoters at their respective chromosomal loci.
Expression of these tagged genes did not cause growth defect. Strains used for
a-factor arrest experiments contained the barl A mutation, which was introduced
by replacing the endogenous BARI gene with URA3 followed by removing URA3
by 5-fluoroorotic acid selection. a-Factor arrest was performed by incubating
each culture at 25°C for 3 h with 100 ng of pheromone/ml (US Biologicals) and
then releasing the cells to fresh yeast extract-peptone-dextrose (YPD) medium at
22°C.

Mutations in the N-terminal region of poll were constructed by plasmid
shuffling with DFBCUp/3d, a segregant from diploid DFBPI transformed with
the plasmid Cup91 (19). DFBCUp/3d has a deletion of POLI at the chromo-
somal locus and is sustained by the plasmid Cup91, which contains URA3 and the
full-length POL1 gene expressed from its endogenous promoter. DFBCUp/3d
was transformed with two DNA fragments; one contains a 462-bp PCR fragment
spanning nucleotides 1189 to 1651 of the POLI open reading frame and carrying
a poll mutation generated by site-directed mutagenesis. The other is a plasmid,
pRS315-POLI (with LEU2), digested with BspEI to create a gap. In order to
create the BspEI site in plasmid pRS315-POLI, a mutation in POLI was first
introduced at nucleotide position 1041 to abolish the endogenous BspET site, and
then mutations at position 1311 and at positions 1521 and 1524 were introduced
to create two BspEI sites. Ura* Leu™ transformants were placed on 5-fluoroo-
rotic acid to select cells that lose Cup91 and contain the insertion of a mutated
fragment in the gapped POLI plasmid which complements the chromosomal
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TABLE 1. Yeast strains

Strain Genotype ?gfli:rr?:enger
DFBP1 MATa/MATo POLI/poll A ura3-52/ura3-52 leu2/leu2 48
DFBCUp/3d MATa pollAl ura3-52 leu2™ [Cup91] 19
DFS4/5a MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 poll-1 19
PGY210 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 21
PGY300 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 poll-17 21
7YJ100 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 barl poll::POLI-TAP-TRP1 This study
ZYJ200 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 barl poll::poll-1-TAP-TRPI This study
7YJ101 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 poll::POLI1-TAP-TRPI rad53::RAD53-13MYC-KAN This study
7YJ201 MATa ura3 trpl-1 pep4::HIS3 prb1::LEU?2 poll:poll-1-TAP-TRPI rad53::RAD53-13MYC-KAN This study
7ZYJ110 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 barl poll::POLI-TAP-TRP1 This study

spt16::SPT16-13MYC-KAN ctf4::CTF4-3HA-URA3
7YJ210 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 barl poll:poll-1-TAP-TRPI This study
spt16::SPT16-13MYC-KAN ctf4::CTF4-3HA-URA3
7YJ120 MATa ura3 trpl-1 pep4::HIS3 prb1::LEU2 barl poll::POLI-TAP-TRPI spt16::SPT16-CFP-KAN This study
7YJ220 MATa ura3 trpl-1 pep4::HIS3 prbl::LEU2 barl poll::poll-1-TAP-TRPI spt16::SPT16-CFP-KAN This study
SKY48/pLacGUS MATa ura3 trpl his3 6lexAop-LEU23clop-LYS2 pLacGUS(ura3) Invitrogen

deletion of the POL1 gene. Recovery of the pRS315-polI plasmids and sequence
analysis were then performed to confirm the expected mutation.

Flow cytometry analysis. Cells (107) grown in YPD medium were harvested
and fixed with 70% ethanol overnight. After being washed with 1 ml of 50 mM
Tris-HCl (pH 7.5), cells were resuspended in 0.5 ml of Tris-HCI (pH 7.5)
containing 1-mg of RNaseA/ml, incubated at 37°C for 2 h, and then further
treated with 1 pl of 20-mg/ml proteinase K at 55°C for 1 h. Cells were then
washed, resuspended in phosphate-buffered saline buffer with 50 wg of pro-
pidium iodide/ml, and analyzed in a Beckman Coulter fluorescence-activated cell
sorter (FACS).

Chromatin immunoprecipitation. Three hundred-milliliter cultures at 2.5 X
107 cells/ml were synchronized by using 100 ng of a-factor/ml for 3 h at 25°C and
released into YPD medium at 22°C. Cells (5 X 10%) were removed for analysis
at 10-min intervals. Chromatin immunoprecipitation (CHIP) was performed
essentially as described previously (6), with minor modifications. TAP-tagged
Pollp from POLI and the poll-1 mutant were immunoprecipitated with rabbit
immunoglobulin G (IgG)-agarose beads (Sigma). The following sequences are
those of the primers used for PCR: ARS1-1, 5'-GGTGAAATGGTAAAAGT
CAACCCCCTGCG-3"; ARSI1-2, 5'-GCTGGTGGACTGACGCCAGAAAAT
GTT-3'; ARS305-1, 5'-CTCCGTTTTTAGCCCCCCGTG-3'; ARS305-2, 5'-
GATTGAGGCCACAGCAAGACCG-3'; ARS501-1, 5'-CTTTTTTAATGAA
GATGACATTGCTCC-3';  ARS501-2, 5'-GATGATGATGAGGAGCTC-
CAATC-3"; ARS603-1, 5'-CTCTTTCCCAGATGATATCTAGATGG-3'; and
ARS603-2, 5'-CGAGGCTAAATTAGAATTTTTGAAGTC-3". PCR products
in the 200-to-400-bp size range were then separated on 2% agarose gels and
detected by ethidium bromide staining.

Suppressor screen. A yeast genomic library in YEp24 was transformed into
strain DFS4/5a, which carries a poll-1 mutation (19); cells were then plated onto
selective medium at 34°C, which is restrictive for DFS4/5a growth. After several
rounds of testing for growth at 34°C, plasmids were rescued from positive trans-
formants, retransformed back to DFS4/5a to confirm the linkage, and sequenced.

Two-hybrid analysis. Two-hybrid analysis was carried out by using the Invitro-
gen Hybrid hunter system. The N-terminal fragments of POLI and polI-1, from
Met! to Lys®’, were amplified by PCR and inserted into the bait vector
pHybLex/Zeo, while the full-length SPT16, CTF4, and POB3 genes were indi-
vidually cloned into prey vector pYESTrp2. The constructed bait plasmids and
prey plasmids were transformed pairwise into strain SKY48/pLacGUS selected
on yeast minimal defined medium plates containing 200 wg of Zeocin/ml but not
tryptophan. The selected transformants were then grown on galactose medium to
induce the expression of the B-galactosidase activity and selected for leucine
prototrophy. pHybLex/Zeo-Fos2, pYESTrp-Jun, and pYESTrp-RalGDS were
used as positive and negative controls for this analysis.

Immunoprecipitation and immunoblotting. Logarithmically growing cells (3 X
10% in 20 ml of YPD medium) were harvested, washed with phosphate-buffered
saline buffer, and resuspended into 600 wl of prechilled cell extraction buffer (6
mM Na,HPO,, 4 mM NaH,PO,, 1% NP-40, 200 mM NaCl, 2 mM EDTA, 50
mM NaF, 4-pg/ml leupeptin, 0.1 mM Na;VO,, complete protease inhibitors
[Roche]). Cells were lysed with 500 i of glass beads (425 to 600 wm; Sigma) by
vortexing using a FASTPREP machine (ThermoSavant) for 40 s three times and

then centrifuged at 15,000 X g for 20 min. The supernatant was then incubated
with 50-ul rabbit IgG-agarose beads on a rotating platform at 4°C for 2 h to
immunoprecipitate the TAP-tagged Pollp. The immunoprecipitates were col-
lected by centrifugation, washed three times with 1 ml of wash buffer (10 mM
Tris-HCI [pH 8.0], 200 mM NaCl, 0.5% NP-40), and boiled in 100 ul of sodium
dodecyl sulfate sample buffer, and proteins were then fractionated on 7% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis gels. Proteins were trans-
ferred to a polyvinylidene difluoride membrane (Bio-Rad) and detected with
rabbit IgG (Sigma) for TAP-tagged Pollp or with anti-myc monoclonal antibody
(9E10) or anti-green fluorescent protein (anti-GFP; Roche) and antihemagglu-
tinin (anti-HA) monoclonal antibody (12CAS5) for coprecipitation of Sptl16p-
13Xmyc or Spt16p-CFP and Ctf4p-3XHA, respectively.

RESULTS

Mutations in the conserved N-terminal region of Pola
(Pollp) induce genomic instability and affect S-phase progres-
sion. In the conserved N-terminal region of the Pola (Pollp)
protein, there is a cluster of five amino acids, 493-GPCWL-
497, that are highly conserved among different species (Fig. 1).
Studies of budding yeast have identified a poll mutant, the
poll-1 mutant, which exhibits instability of the microsatellite
(GT),, tract, point mutations, deletion of sequences flanked by
short direct repeats, and an increased rate of chromosome loss
(21). The polI-1 mutant contains a single missense mutation of
Gly*” to Arg in the above cluster of five amino acids in the
conserved N-terminal region of the POLI gene (48). Further-
more, a mutation of Gly*** to Glu in poll has been previously
identified as a hyperrecombination mutant, 4pr3 (3).

Studies of thermosensitive poloa mutants in fission yeast have
identified the polats13 mutant, exhibiting a mutator phenotype
characterized as base substitution and deletion of sequences
flanked by short direct repeats (36). This fission yeast mutant
carries a deletion of amino acid residues 470-LSR-472 of the
Pola protein (8) (Fig. 1), adjacent to the GPCWL region. In
the polats13 mutant, telomere homeostasis is deregulated, and
silencing at telomeric loci is reduced (11). Moreover, mutant
Polats13 protein has a significantly reduced ability to associate
with the telomerase catalytic subunit (Trt1). These results sug-
gest that deletions of the three residues within the N-terminal
region of the Pola protein in the fission yeast polats13 mutant
induce telomeric complex instability (11). These budding yeast
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FIG. 2. Mutations of Gly*** in the conserved GPCWL motif in POL1 induce thermosensitivity in growth and cell cycle delay. (Left panel) Strain
DFB (MATa pollA ura3-52 leu2) carrying plasmid pRS315-POLI or its mutant derivatives were grown on synthetic medium lacking leucine in
5-fold serial dilutions and incubated at 25, 30, and 34°C. (Right panel) Flow cytometry analyses of po/l mutants containing mutations in the
GPCWL motif. Each asynchronous strain was cultured exponentially at 25°C and then shifted to 30°C for 4 h.

and fission yeast results strongly suggest that this conserved
N-terminal noncatalytic region of Pola (Pollp) interacts with
various cellular proteins and that the interactions are essential
for maintaining genomic stability.

To test the biological function of the highly conserved clus-
ter of residues in this N-terminal region, we constructed 21
strains with poll mutations targeting the conserved GPCWL
motif. Bight poll mutants harbor mutations of Gly**, to Arg,
Glu, Asn, Thr, His, Pro, Met, or Ala; six mutant strains contain
mutations of Pro***, to Ala, Gly, His, Thr, Asp, or Asn; one
mutant strain has a mutation of Cys**® to Tyr; four mutant
strains harbor mutations of Trp**®, to Leu, Gly, His, or Ala;
and two mutant strains have mutations of Leu**’, to Arg or
Ser. We tested the viability of these mutants at 25, 30, and 34°C
to see if the strains are thermosensitive (Fig. 2A). The DNA
content profiles of asynchronous cultures of these mutants
were analyzed by flow cytometry at 30°C (Fig. 2B). Interest-
ingly, poll mutants harboring a mutation in Gly*** to Arg, Glu,
Asn, Thr, Pro, His, or Ala all exhibited different extents of
thermosensitivity at 30 and 34°C, whereas the poll mutant with
the Gly***>-to-Met mutation was not thermosensitive at either
of these temperatures (Fig. 2A). poll mutants containing the
mutations in Pro***, with the exception of the mutant harbor-
ing the mutation Pro*** to Asp, were not significantly thermo-
sensitive at 34°C. Similarly, poll mutants with mutations in
Lys**, Trp*?°, or Leu*®” were not overtly thermosensitive (Fig.
2A). The flow cytometry profiles of these mutants correlate
with the mutants’ thermosensitivities, showing that strains with
mutations of Gly**® to Arg, Glu, Asn, Thr, or Pro exhibited an
increased population of S/G, cells, while the poll mutant with

a mutation of Gly**® to Met exhibited a wild-type-like cell cycle

profile at 30°C (Fig. 2B). Notably, a mutation of Gly*** to Met
does not affect either the viability or the cell cycle progression
of the poll mutant, whereas mutants harboring a mutation with
similar charge or comparably sized residues, such as Leu, Ile,
or Val, exhibit severe growth defects even at 25°C (Fig. 2 and
data not shown). Moreover, these mutant Pollp proteins were
all expressed in cells at a comparable, if not identical, level as
in cells with wild-type Pollp (data not shown). These findings
suggest that the phenotypes of those poll mutants containing a
mutation of Gly**® to Arg, Glu, Asn, Thr, or Pro are not due
to gross protein structure alterations, protein degradation, or
defect in expression caused by the charge or size changes of the
mutant residues. More likely is that they are caused by pertur-
bation of protein-protein interactions of mutant Pollp with
other cellular factors. These mutational analyses confirm that
residue Gly**® has an important role in cell growth and cell
cycle progression.

The poll-1(G493R) mutation (48) has been extensively char-
acterized for its effect on cells’ genomic stability (21). We
therefore used the poll-I mutant as a representative Gly***
mutation to investigate the biological effect of mutations in
Gly493.

Overexpression of SPT16 and overexpression of CTF4 have
opposite effects on the poll-1 phenotype. To investigate which
cellular factors interact with this highly conserved cluster of
residues in the N-terminal region, we performed a suppressor
screen of the poll-1 mutant with a YEp24 plasmid-based high-
copy-number genomic library at 34°C. Five positive suppres-
sors were identified after several rounds of verification. Among
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poll-1
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FIG. 3. Overexpression of SPT16 and overexpression of CTF4 have opposite effects on the poll-1 mutant phenotype. (A) Overexpression of
SPT16 suppresses the thermosensitivity of the poll-1 mutant. Suppressor screening with a YEp24 base genomic library reveals that three clones
can rescue temperature sensitivity of the poll-1 mutant, clones 52 and 55 contain full-length POLI, and clone 59 contains full-length SPT16.
(B) Overexpression of CTF4 exacerbates the thermosensitivity phenotype of the poll-1 mutant. Suppression of the poll-1 mutant by SPT16 is allele
specific. Overexpression of either SPT16 or CTF4 does not suppress the thermosensitivity of the poll-17 mutant, which contains a mutation of

Thr'% to Ile.

the five suppressor plasmids, four contained the full-length
POL]1 and one contained the full-length SPT16 (Fig. 3A). The
finding that overexpression of SPT16 can suppress the thermo-
sensitive growth of the poll-1 mutant at 34°C suggests that the
mutant Pollp has a defective association with Spt16p.
Previous in vitro studies have shown that both Spt16p and
Ctf4p bind to a Pollp affinity matrix and that deletion of CTF4
from the yeast genome enhances the amount of Spt16p bound
to the matrix (42, 68). These in vitro results have suggested that
association of Ctf4p and Sptl6p with Pollp may be mutually
competitive (68). These in vitro results led us to compare the
effects of overexpression of the SPT16 or CTF4 gene on the
poll-1 phenotype. SPT16 and CTF4 were independently placed
under the control of the Gall promoter. Overexpression of
SPTI16 suppressed the thermosensitive growth of the poll-I
mutant at 32°C and partially suppressed poll-1 mutant growth
at 34°C (Fig. 3B). In contrast, CTF4 overexpression exacer-
bated the thermosensitivity of the pol-1 mutant (Fig. 3B). The
poll-1 mutant with an overexpressed CTF4 had lower viability
than the poll-1 mutant transformed with the Gall vector or the
poll-1 mutant with an overexpressed SPTI16 at 25°C. The
poll-1 mutant overexpressing CTF4 was clearly thermosensi-
tive at 30°C, severely thermosensitive at 32°C, and not viable at
34°C (Fig. 3B). It has been shown in a previous study that an
increased expression of SPTI6 decreases viability of strains
with mutations in the catalytic domains of POLI (68). These

results suggest that a critical balance of the interplay between
Sptl6p, Ctfdp, and Pola (Pollp) is essential for cell growth.

To test whether the suppression of the poll-1 mutant by
SPTI16 is allele specific, we overexpressed SPT16 or CTF4
driven by the Gall promoter in another poll mutant strain, the
poll-17 mutant, which contains a mutation of Thr'** to Ile
buried in the most conserved domains of B-family (a-like)
polymerases (25, 62). Overexpression of SPT16 did not sup-
press the thermosensitivity of the pol1-17 mutant at 30, 32, and
34°C. This result indicates that the suppression of the poll-1
mutant by the overexpression of SPT16 is specific for the poll-1
allele (Fig. 3B, lower panel), whereas overexpression of CTF4
seems to be detrimental to both the poll-1 and the poll-17
mutants (Fig. 3B).

These experiments suggest that the in vivo association of
Sptl6p with Pollp is through a specific interaction of the con-
served N-terminal region of Pollp. The Gly**? residue in this
conserved N-terminal region of Pollp plays a critical role in
the association. The finding that overexpression of CTF4 fur-
ther exacerbates the thermosensitivity of the poll-I mutant
suggests that an appropriate level of Sptl6p and Ctfdp to
associate with the N-terminal region of Pollp in a coordinated
and orderly manner has an effect on cell viability.

Physical interaction between Pollp and Sptl6p is compro-
mised in poll-1 mutants. To further ascertain that the interplay
of Sptl6p and Ctf4p with Pollp is defective in poll-1 mutants,
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we performed a two-hybrid assay. The N-terminal region of
Pollp from the wild type and the poll-I mutant from residues
1 to 550 were independently constructed as bait constructs
(Fig. 4A). Full-length SPT16, POB3, and CTF4 genes were
independently inserted into the prey vector, pYESTrp. Inter-
actions between the N-terminal region of wild-type or mutant
Pollp expressed from the bait vector with Sptl6p or Ctf4p
from the prey vector will induce the expression of two reporter
genes, LEU2 and LacZ, so that such strains can be identified as
leucine prototrophs and by expression of B-galactosidase ac-
tivity. The N-terminal region of wild-type Pollp was able to
interact with Sptl6p as well as Ctf4p, as indicated by the
production of leucine prototrophs and positive B-galactosidase
activity (Fig. 4B and C). This interaction was disrupted by the
Gly**-to-Arg mutation, which yielded neither leucine pro-
totrophs nor B-galactosidase activity in parallel tests. These
results indicate that the mutant Pollp in the poll-I mutant has
a compromised interaction with Sptl6p (Fig. 4B and C). The
interaction of the N-terminal region of Pollp with Pob3p,
although yielding leucine prototrophic growth, did not induce
B-galactosidase activity, suggesting that the interaction of the
N-terminal region of Pollp and Pob3 is weak or indirect, prob-
ably through Spt16p.

With the expression of CTF4 as prey, the N-terminal regions
of Pollp from either POLI or mutant poll-1 were able to yield
leucine prototrophs and to induce high levels of B-galactosi-
dase activity (Fig. 4B and C). Results of these two-hybrid
assays indicate that the highly conserved N-terminal region of
Pollp is able to physically interact with the chromatin reorga-
nization factor Spt16p and with the sister chromatin cohesion
factor Ctf4p in vivo. A mutation of Gly** to Arg in this con-
served N-terminal region of Pollp perturbs its ability to inter-

act with Spt16p but not its interaction with Ctf4p. The binding
sites for these two proteins on Pollp are therefore likely to be
overlapping but not identical.

The temporal ordered association between Pollp and
Ctf4p is altered in the poll-1 mutant. Finding that a muta-
tion of Gly**® to Arg in the poll-1 mutant’s Pollp compro-
mises the association with Sptl6p but not the association
with Ctf4p by the two-hybrid assay (Fig. 4B and C) led us to
investigate the temporal order of the interplay of these three
proteins in synchronous cells. Cells were synchronized by
a-factor arrest for 3 h at 25°C and then released to grow at
22°C. Cell samples were removed every 10 min after the
a-factor release to monitor the S-phase progression by flow
cytometry (Fig. 5A). Pollp was immunoprecipitated from
each cell sample, and the Pollp immunoprecipitates were
analyzed for coprecipitation of Spt16p and Ctf4p (Fig. 5B).
The flow cytometry analysis indicated that the po/l-1 mutant
had an approximately 10-min delay in entering into and
progression through S phase compared to wild-type cells
(Fig. 5A). After release from the a-factor arrest, Pollp was
present throughout the S phase in wild-type cells with POL1
as well as in polI-1 mutant cells (Fig. 5B, upper panels). The
coprecipitation of the myc-tagged Sptl6p and TAP-tagged
Pollp was probed by anti-myc monoclonal antibody (9E10).
The rabbit IgG-agarose used for immunoprecipitation of the
TAP-tagged Pollp has a moderate cross-reactivity with the
myc epitope tag, thus showing a background protein band in
the cell extract with myc-tagged Sptl6p from cells that do
not contain TAP-tagged Pollp (Fig. 6B, control lane of the
middle panels). However, in POLI cells, Spt16p levels above
the background band were detectable in the Pollp immu-
noprecipitates 10 min after a-factor release. The level of
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synchronized in G, with a-factor and then released into YPD medium at 22°C. Cell samples were removed at the indicated times for FACS analysis
and immunoprecipitation. (A) Flow cytometry profiles of cells at indicated times. (B) Immunoprecipitations of POL1-TAP were performed from
cell extracts of the wild type and the pol-1 mutant with rabbit IgG-agarose at the indicated times (in minutes). Coprecipitation of Spt16p-13Xmyc
and Ctf4p-3XHA with Pollp-TAP were detected with anti-myc and anti-HA antibodies, respectively. Control lanes, Western blot immunopre-
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Spt16p coprecipitating with Pollp increased from 70 min to
110 min after a-factor release in late S phase to G, phase.
Consistent with the finding that a mutation of Gly**? to Arg
in Pollp of the poll-1 mutant compromised the ability of the

mutant Pollp to associate with Sptl6p (Fig. 4B and C),
lower levels of Sptl6p were found to coprecipitate with
mutant Pollp from the poll-1 mutant (Fig. 5B, middle pan-
els). Furthermore, coprecipitation of Sptl6p with the mu-
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tant Pollp seemed to have a slight delay in poll-1 mutants
compared to cells with wild-type Pollp (Fig. 5B, middle
panels). To ensure that the observed lower levels of Spt16p
coprecipitating with Poll in the poll-I mutant were not due
to an artifact of cross-reactivity of anti-myc antibody (9E10)
with rabbit IgG-agarose, we constructed a strain containing
TAP-tagged POLI and poll-1 with CFP-tagged SPTI6 to
confirm the results. Cells were synchronized by a-factor, and
TAP-tagged wild-type and mutant Pollp proteins were im-
munoprecipitated from each cell sample every 10 min. As
shown in Fig. 5B, Pollp from either the wild type or the
poll-1 mutant was presented throughout S phase (Fig. 5C).
Anti-GFP antibody did not exhibit any cross-reactivity with
the rabbit IgG-agarose used for precipitation of TAP-tagged
Pollp (Fig. 5C, control lane). Similar to the results shown in
Fig. 5B, coprecipitation of Spt16p with Pollp was detectable
10 min after a-factor release, and increased levels of Spt16p
coprecipitated with Pollp were found as cells approached
late S phase and G, (Fig. 5C, middle panel). Consistent with
the finding that mutation in poll-1 compromised the asso-
ciation between Sptl6p and Pollp (Fig. 4B and C), lower
levels of Sptl6p were found to coprecipitate with mutant
Pollp when equal amounts of proteins were analyzed (Fig.
50).

Coprecipitation of Ctf4p and wild-type Pollp was detected
10 min after release from a-factor arrest in POLI cells (Fig.
5B, lower panels). A progressive increase of Ctf4p coprecipi-
tated with wild-type Pollp was observed from 40 to 60 min
after a-factor release. After 70 min, when cells entered into
late S phase or G,, the coprecipitation of Ctf4p and Pollp in
POL]1 cells gradually diminished. These results indicate that
the association of Ctf4p with Pollp is cell cycle regulated (Fig.
6B, lower panels). Interestingly, in the poll-1 mutant, no de-
tectable Ctf4p was coprecipitated with the mutant Pollp until
40 min after release from a-factor arrest. Furthermore, the
coprecipitation of Ctf4p and mutant Pollp from the poll-1
mutant was detected at a constant level throughout S phase to
G, (from 50 to 110 min after a-factor release). Hence, the
temporal order of interaction between Ctf4p and mutant Pollp
is severely perturbed in the poll-1 mutant.

Since the mutation of Gly*® to Arg of Pollp compromises
only the association with Spt16p and not Ctf4p, these results
indicate that a perturbed association of Pollp with the chro-
matin reorganization factors, Spt16p-Pob3p, may have a pro-
found effect on the cell cycle-regulated interaction between
Pollp and the sister chromatin cohesion factor Ctf4p.

The assembly and disassembly of complexes that contain
Pollp at late-replicating autonomously replicating sequence
(ARS) elements are delayed in the poll-1 mutant. To investi-
gate whether a compromised association of Spt16p with Pollp
in the poll-1 mutant could have an effect on the initiation and
progression of S phase, we first analyzed the flow cytometry
profile of the poll-1 mutant at 22, 25, 30, and 34°C (Fig. 6A).
Surprisingly, even at the permissive temperature of 22°C, the
poll-1 mutant exhibited an increased population of S/G, cells,
and this result was more apparent as temperatures progres-
sively increased.

To further analyze how the compromised interaction of
Spt16p with Pollp in the poll-1 mutant could cause a delay in
S-phase progression, we analyzed the kinetics of Pollp assem-
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bling onto early-replicating origin at ARS1 and ARS305 and
compared it to that of the late-replicating origin at ARS501
and ARS603 by a CHIP assay of the wild type and the poll-1
mutant. Strains carrying POLI and poll-1 were synchronized
by a-factor arrest and release into a permissive temperature of
22°C. CHIP assays were performed as described previously (6)
with minor modification, as described in Materials and Meth-
ods. With equal amounts of input of early-replicating origins
ARS1 and ARS305, wild-type Pollp assembled onto both of
the early-firing ARSs 30 min after release from a-factor arrest
and disassembled from the early-replicating ARSs after 70 min
(Fig. 6B). Pollp of the poll-1 mutant assembled onto the early
ARSs with kinetics similar to those of wild-type Pollp 30 min
after release from a-factor arrest. Seventy minutes after re-
lease from a-factor arrest, a majority of the mutant Pollp
disassembled from the early-firing ARSs, similar to wild-type
Pollp (Fig. 6B). Analysis of the assembling Pollp onto the
late-replicating ARSs indicated that the wild-type Pollp began
to assemble onto ARS501 and ARS603 40 min after release
from a-factor arrest and disassembled from the late-replicating
ARSs after 90 min, when cells completed S phase (Fig. 6B). In
striking contrast, mutant Pollp in the pol-1 mutant assembled
onto the late-replicating ARSs 60 min after release from a-fac-
tor arrest. While wild-type cells exhibited a peak of Pollp
assembly at 60 min after release from a-factor arrest, the
assembly of replication complex containing mutant Pollp onto
late ARS in the poll-1 mutant peaked at 70 min after a-factor
release, showing a 10-min delay. Moreover, mutant Pollp per-
sistently associated with ARS501 and ARS603 up to 120 min
after release from a-factor arrest without disassembling the
mutant initiation complex from the late-replicating origins
(Fig. 6B).

These CHIP assay results are consistent with the flow cy-
tometry profile of the poll-I mutant shown at 22°C (Fig. 6B),
indicating that an overt delay of mutant Pollp assembly onto
and disassembly from the late-replicating ARSs correlates with
a slowdown of late S-phase progression.

Perturbation in S phase should induce activation of replica-
tion checkpoint kinase Rad53p to stabilize the replication fork
and prevent the replication fork progression from the early-
replicating ARSs and the firing of the late-replicating ARSs
(37, 58). To test whether the delay of mutant Pollp assembling
onto and disassembling from the late-replicating ARSs in the
poll-1 mutant is due to activation of the replication checkpoint
kinase Rad53p, we constructed myc-tagged RADS3 into the
POL1 and poll-1 strains. At 22°C, Rad53p kinase was not
activated in either the POLI or the poll-1 strains, since no
phosphorylation of Rad53p, shown as slow mobility protein,
was detected by gel analysis (Fig. 6C). To ensure that the
replication checkpoint is intact in both the POLI and poll-1
strains, cells with POL I and polI-1 were treated with hydroxyu-
rea to induce Rad53p kinase activation. Phosphorylation of
Rad53p, shown as a slow mobility protein species, was ob-
served, indicating that the replication checkpoint is intact in
both the wild type and the polI-1 mutant that were used for the
CHIP assay (Fig. 6C). These results indicate that the pertur-
bation of Pollp assembling onto and disassembling from the
late-replicating ARSs in the poll-I mutant is not caused by the
activation of replication checkpoint kinase Rad53p to delay the
cell cycle transition.
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DISCUSSION

In this study, we described an interplay between a nucleo-
some reorganization factor, Sptl6p, a sister chromatid cohe-
sion factor, Ctf4, and the Pola (Pollp) protein in the replica-
tion complex. Our data suggest that the interplay between
these three proteins plays a role in facilitating chromosome
replication. We demonstrate here that a glycine residue,
Gly**, in a conserved N-terminal noncatalytic region of Pola
(Pollp) is involved in the interplay. A mutation of Gly*** to
Arg results in a reduced ability of the mutant Pollp to associ-
ate with Sptl6p and an alteration of the cell cycle-regulated
association and dissociation between the mutant Pollp with
Ctfdp. The compromised interplay of these three proteins also
causes a delay of the replication complex in assembling onto
and disassembling from the late-replicating origins, resulting in
a delay of S-phase progression, particularly in the late S-phase
progression. These findings led us to propose that during nor-
mal and robust S-phase progression, cells require a coordi-
nated temporal orderly interplay between Sptl6p, Ctf4p, and
an N-terminal noncatalytic region of Pola (Pollp) in the rep-
lication complex. We discuss how the interplay of these three
proteins is required to facilitate S-phase progression and how
a compromised interplay could enhance genomic instability in
cells.

How might the association of Spt16p with Pollp affect S-
phase progression? Nucleosome position has been shown to
have a positive as well as a negative impact on replication and
transcription of genomic DNA (4, 5, 35, 54, 69, 70). Nucleo-
some position over cis-acting DNA elements correlates with
loss of origin function in yeast (54, 60), and chromatin remod-
eling affects the simian virus 40 origin-dependent DNA repli-
cation in vitro (5). These studies imply that nucleosome occu-
pancy may prevent cis-acting elements from interacting with
initiation factors for replication and suggest that nucleosome
position exerts a negative effect on initiation of replication.
The positioning of a nucleosome has also been shown to have
a positive effect on replication (35, 69). Origin recognition
complex (ORC) has been shown to be a primary determinant
of the nucleosome positioning at replication origins in vivo and
in vitro. Alteration of the ORC-dependent nucleosomal pat-
terns in ARSI has a significant negative effect on replication
initiation. These results suggest that ORC-dependent nucleo-
some positioning may facilitate prereplication complex forma-
tion (35). Together, these studies indicate that nucleosome
positioning could have a dual role in replication.

Studies of budding yeast have suggested that the high-mo-
bility group protein Nhp6 binds to nucleosomes and that the
Nhp6-nucleosome complex recruits Spt16p-Pob3p to modify
the nucleosome structure during transcription and replication
(16). In vitro, Spt16p-Pob3p binds to Pollp affinity matrix (42,
68). SPT16 has a strong genetic interaction with replication
genes POL1 and DNA2, which is a gene encoding a nuclease
and helicase essential for Okazaki fragment maturation (17).
These studies suggest that nucleosome modification might
have a positive role in replication. In this study, we show at the
molecular level that Spt16p associates with a highly conserved
N-terminal noncatalytic region of Pollp in vivo (Fig. 4 and 5).
This result suggests that the association of Spt16p with Pola
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(Pollp) has a physiological role in promoting reorganization of
nucleosome structures during initiation of replication.

We demonstrate here that Sptl6p associates with Pollp
throughout the cell cycle. However, a higher level of Spt16p
associating with Pollp was observed 80 to 100 min after release
from a-factor arrest during late S phase to G, (Fig. 5B and C).
High-resolution structural analysis of yeast chromatin has
shown that heterochromatins at specific loci are maintained in
a unique nucleosomal configuration (50, 65). Late-firing rep-
lication origins often localize in the heterochromatin regions.
For replisome to progress through the heterochromatin re-
gions would require substantial nucleosome modification and
chromatin reorganization. The Pollp of the po/l-1 mutant has
a reduced ability to associate with Spt16p (Fig. 4 and 5B and
O). It is possible that pol1-1 mutant cells, having lower levels of
Spt16p associated with Pollp, may not have sufficient ability to
reorganize and modify the nucleosomes packaged in the het-
erochromatin region. This result may cause a compromised
reorganization of the heterochromatin region in the late-firing
origins, resulting in a delay in assembling replication complex
onto the late-firing ARS (Fig. 6B). The finding that assembly of
mutant Pollp onto early-replication origins has kinetics similar
to wild-type Pollp (Fig. 6B) supports the premise that reorga-
nization of nucleosome positioning in the late origin hetero-
chromatin may require some appropriate levels of Spt16p as-
sociating with Pollp in the replication complex. Therefore, a
compromised association between Sptl6p and Pollp in the
poll-1 mutant has a particularly negative impact on the chro-
matin configuration in the late origins, causing a perturbed
timing in assembly and/or disassembly of the replication com-
plex onto the late origin, resulting in a delay of S-phase pro-
gression. Our results thus support the notion that the reorga-
nization of nucleosome position in the heterochromatin region
has a positive role in replication.

Although the exact physiological role of Ctf4p in cohesion is
not yet clear, the deletion of CTF4 in yeast causes some non-
lethal defects in sister chromatid cohesion and a spindle as-
sembly checkpoint MAD2-dependent preanaphase delay (23,
32, 41, 57). A recent study has shown that CTF4, CTFS, and a
helicase, CHL1, are all required for efficient sister chromatid
cohesion in active cycling mitotic cells (47). That the overex-
pression of Ctf4p and Sptl6p have opposite effects on the
poll-1 phenotype (Fig. 3B) supports the notion that the bind-
ing of Ctf4p and Sptl6p to Pollp is competitive and perhaps
mutually exclusive (68). Ctf4p interacts with Pollp in vivo by
two-hybrid assay (Fig. 4) and coprecipitation (Fig. 5B), indi-
cating the requirement of a tight coupling of replication and
cohesion during S phase. Ctf4p in mutant poll-1 cells exhibits
a dramatic change in its temporal orderly association and dis-
sociation with mutant Pollp (Fig. 5B). It is not clear whether a
compromised nucleosome position in poll-I would have an
impact on coupling the sister chromatid cohesion establish-
ment with initiation of replication and the timing of sister
chromatin cohesion separation. Given the competitive nature
of the binding of Spt16p and Ctf4p to Pollp in vitro (68) and
the opposite effects of overexpression of these two proteins on
the poll-1 phenotype (Fig. 3B), it is possible that a compro-
mised association between Spt16p and Pollp might have an
influence on the temporal order of association and dissociation
between Ctf4p and Pollp. Moreover, sister chromatid cohe-
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sion is closely connected with spindle integrity and spindle
assembly checkpoint (56); this might also contribute to a delay
of the cell cycle progression seen in late S phase and G,.

Together, our results demonstrate that an orderly temporal
coordinated interplay of chromatin reorganization factors, sis-
ter chromatin cohesion establishment factor, and Pollp in the
replication machinery is required for facilitating normal and
robust S-phase progression.

How might a compromised association of Spt16p with Pollp
enhance genomic instability in cells? Previous studies have
shown that a mutation of Gly**® to Glu induces a hyperrecom-
bination phenotype (3) and that a mutation of Gly**® to Arg
induces chromosome loss, microsatellite (GT),-tract instabil-
ity, and a mutator phenotype of base substitution and deletion
of genomic sequences (21). A deletion of three residues adja-
cent to Gly**? in the fission yeast Pola mutant also induces a
similar dramatic mutator phenotype (36) and has a significant
effect on the maintenance of telomere length homeostasis and
telomeric complex stability (11). These budding yeast and fis-
sion yeast results indicate that the proper interaction of cellu-
lar proteins with the conserved N-terminal noncatalytic region
of Pola (Pollp) is important for maintaining genomic stability.

Here, we show that a mutation of Gly*>* to Arg in the
conserved N-terminal region of Pola (Pollp) affects its ability
to interact with Spt16p. As discussed above, suboptimum levels
of chromatin modification factors associating with Pola
(Pollp) in the replication complex may not be sufficient to
properly reorganize the chromatin structure, especially in the
heterochromatin regions, such as the telomere regions. This
effect could manifest as a decrease of the telomere position
effect, cause inappropriate coordination of the G/C-strand syn-
thesis, and destabilize the coupling between the lagging-strand
replication complex and telomeric complex seen in the fission
yeast polats]3 mutant (11).

Our previous studies have shown that among all of the rep-
lication mutators analyzed, the fission yeast polats]3 mutant
and the budding yeast poll-I mutant, both containing muta-
tions in the conserved N-terminal region of the pola™ (POLI)
gene, exhibit a much more severe mutator phenotype than
those pola (poll) mutants harboring a mutation outside of the
conserved N-terminal region (21, 36). A compromised chro-
matin reorganization due to suboptimal levels of Spt16p asso-
ciating with Pollp in the replication complex could give rise to
potentially mutagenic chromatin structures, leading to chro-
mosome loss and microsatellite tract instability found in the
poll-1 mutant (21), and a more severe mutator phenotype seen
in the fission yeast polats13 and budding yeast poll-1 mutants
(21, 30).

CTF4 was first identified by a genetic screen for mutations
affecting chromosome transmission fidelity (32). A specific
replisome configuration is thought to be required for recruiting
cohesion complexes and establishing cohesion (59). A compro-
mised association between Pollp and Spt16p could induce a
perturbation in the replisome configuration, resulting in an
aberrant cohesion establishment and the potential of having
mutagenic chromatin structure. Together, our results from
previous studies and this study indicate that an inappropriate
association of chromatin reorganization factor Sptl6p with
Pollp could have a profound effect on the overall chromo-
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somal status during replication, which could enhance the po-
tential of genomic instability.

Results of this study indicate that a compromised association
between replication machinery and factors involved in chro-
matin reorganization could have broad implications for chro-
mosome replication. Our results in this study underscore the
importance of having appropriate levels of nucleosome modi-
fication factors associating with Pola in the initiation complex
to modulate the chromatin in proper condition for robust rep-
lication.
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