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Eukaryotic DNA polymerase (Pol) � replicates chromosomal
DNAand is also involved inDNArepair and genetic recombination.
Motif A in Pol �, containing the sequence DXXXLYPSI, includes a
catalytically essential aspartic acid as well as other conserved resi-
dues of unknown function.Here, we used site-directedmutagenesis
to create all 19 amino acid substitutions for the conserved Leu612 in
Motif A of Saccharomyces cerevisiae Pol �. We show that substitu-
tions at Leu612 differentially affect viability, sensitivity to genotoxic
agents, cell cycle progression, and replication fidelity. The eight via-
ble mutants contained Ile, Val, Thr, Met, Phe, Lys, Asn, or Gly sub-
stitutions. Individual substitutions varied greatly in the nature and
extent of attendant phenotypic deficiencies, exhibiting mutation
rates that ranged from near wild type to a 37-fold increase. The
L612M mutant exhibited a 7-fold elevation of mutation rate but
essentially no detectable effects on other phenotypes monitored;
the L612Tmutant showed a nearly wild typemutation rate together
with marked hypersensitivity to genotoxic agents; and the L612G
and L612N strains exhibited relatively high mutation rates and
severe deficits overall. We compare our results with those for
homologous substitutions in prokaryotic and eukaryoticDNApoly-
merases and discuss the implications of our findings for the role of
Leu612 in replication fidelity.

DNA-dependent DNA polymerases display a common catalytic
mechanism and play a pivotal role in DNA replication, DNA repair, and
genetic recombination (1). Sixteen different DNA polymerases have
been identified in eukaryotic cells and are classified into four families
(families A, B, Y, and X) based on sequence homology and presumed
function (2). The eukaryotic enzymes in family B, comprised of DNA
polymerases �, �, �, and �, are involved in DNA replication and also
function in other DNA synthetic processes (3). One current replication
model suggests that the DNA polymerase �-primase holoenzyme com-
plex initiates de novo synthesis of primers, which are then extended by
DNA polymerases (Pols)3 � and � (4–7). Pols � and � contain multiple
conserved motifs; the N terminus harbors the 3� 3 5� proofreading
exonuclease and polymerase motifs, whereas the functions of the C
terminus have not been established.
Pols � and � synthesize DNAwith high fidelity and are highly proces-

sive upon interaction with proliferating cell nuclear antigen (8–10).
Fidelity is achieved by the sequential, coordinated actions of the polym-

erase and 3�3 5� exonuclease proofreading domains. It has been esti-
mated that Pols � and � incorporate approximately one noncomple-
mentary nucleotide/104–106 nucleotides polymerized and that their
exonuclease domains further enhance accuracy by 2–10-fold (5–7, 11).
Structure-function studies of mutant DNA polymerases have led to
identification of critical residues in conserved motifs A and B in the
polymerase domain that affect fidelity of family A, family B, and family Y
DNA polymerases (12–21). Results from several laboratories demon-
strate that evolutionarily conserved amino acids in motifs A and B that
form the nucleotide-binding pocket can tolerate substitutions (12–21).
Substitution at motif A and B residues in both prokaryotic and eukary-
otic DNA polymerases imparts a wide range of phenotypes, including
reduced activity, compromised fidelity, altered substrate specificity, and
DNA replication defects in vivo (13, 20, 22–24). However, replacement
of any one of a catalytic triad of acidic amino acids, one in motif A and
two in motif C, results in inactivation (25, 26).
In this work, we exploited the evolutionary homology in the catalytic

domains of family A and family B DNA polymerases to create mutants
of Saccharomyces cerevisiae Pol � that increase mutation rates. We and
others have previously shown that mutation at a conserved Ile in motif
A of Escherichia coli DNA polymerase I and Taq DNA polymerase I
alters fidelity (12, 15, 20, 21). Here, we created all 19 replacements for
the homologous residue in yeast Pol � and found that replacements at
this position affect fidelity. We demonstrate that amino acid substitu-
tions at Leu612 in S. cerevisiae motif A differentially affect viability,
mutation rates, cell cycle progression, and sensitivity to genotoxic
agents.

EXPERIMENTAL PROCEDURES

Yeast Strains—Standard recombinant DNA and yeast molecular
genetic techniques, including growth media, were followed (27, 28).
YGL27-3D (MATa leu2 his3 ade2 trp1 lys2 ura3 pol3::KanMX or
pol3::HIS3), a kind gift of Gerard Faye (Institute Curie-Biologie), was the
starting point for construction of strains used in this study (29).
YGL27-3D harbors a lethal partial deletion of the chromosomal POL3
gene; POL3 function is provided by a wild type copy of the gene carried
on the plasmid pGL310, derived from theURA3 plasmid Ycp50-SUP11
(29). The entire chromosomal copy of POL3 in YGL27-3Dwas replaced
with a KanMX cassette to yield YGL27-pol3�.4 Similarly, we replaced
the entire chromosomal copy of POL3 in the strain BY4741 (MATa
his3-1 leu2� met15� ura3�) (ATCC, Manassas, VA) with a KanMX
cassette to yield BY4741-pol3�; POL3 function is provided by a wild
type copy of the gene carried on the plasmid YCplac33 (ATCC), which
contains URA3 selectable marker to obtain plasmid Ycplac33-POL3.

Generation of Pol �Mutant Strains—Togenerate amino acid replace-
ments at Leu612 of Pol �, the plasmid YCplac111-POL3 was utilized for
site-directed mutagenesis using a QuikChange kit (Stratagene, San
Diego, CA). YCplac111-POL3 contains the wild type POL3 gene
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(including its native promoter) cloned into the LEU2 plasmid
YCplac111 (ATCC). Nineteen oligonucleotides and their complemen-
tary sequences, each pair encoding a different amino acid at position
612, were used in PCRs with YCplac111-POL3 to generate the desired
mutations. All of the primer sequences are available upon request. The
presence of the predicted mutation at codon 612 and the absence of
additional mutations were established by sequencing the entire pol3
gene, whichwas then excised from the vector by digestionwithHindIII/
EcoRI and cloned into fresh YCplac111 vector digested with the same
enzymes. The resulting haploid mutant strains were used for this work.
Plasmid shuffling, modeled after the procedure of Simon et al. (29), was
used to create Pol �mutant strains. Plasmids harboring pointmutations
at Leu612 were transformed individually into YGL27-pol3� cells by
using an EZ-transformation II kit (ZymoResearch,Orange, CA). Trans-
formed cells were grown on SC-Leu-Ura plates (28) for 2–3 days to
select for both the YCplac111-pol3, (pol3 mutants, LEU2 marker) and
pGL310 (POL3, wild type, URA3 marker) plasmids. Controls included
transformationswithYCPlac 111 (vector alone), wild typePOL3 and the
exonuclease-deficient pol3-01 allele (D321A,E323A) in YCplac111 (29).
The pGL310-POL3 plasmid was shuffled out by streaking 10–20 colo-
nies on SC-Leu (28) plates containing 5-fluoroorotic acid (ZymoRe-
search, Orange, CA; 1 mg/ml). Colonies that grew were re-streaked on
fresh SC-Leu � 5-fluoroorotic acid plates. After 2–3 days, LEU2 plas-
mids were rescued from three independent colonies of each “shuffled-
out strain” and sequenced to verify the predicted mutations. The same
procedures were used to construct pol3mutant derivatives in a BY4741
strain background; the haploid BY4741-pol3 strainswere used for FACS
analysis, because of their facile synchronization with � mating factor
and the inability of YGL27-3D strains to respond to � mating factor.

Quantitation of POL3 mRNA Expression—Two-step real time
reverse transcription-PCR was used to quantitate POL3mRNA expres-
sion. Overnight cultures of each of the strain were diluted to A600 nm �
�0.2, cultured at 30 °C, and harvested at A600 nm � �0.7. Total RNA
was isolated using a hot phenol procedure, and 2 �g of RNA was
digested with RQ1 DNase (Promega, Madison, WI) to hydrolyze con-
taminating genomic DNA. cDNA synthesis and PCR was performed
using a SuperScript III Platinum Two-step qRT-PCR kit with SYBR
Green (Invitrogen) according to the manufacturer’s instructions. Real
time PCR was performed on a DNA Engine Opticon2 instrument and
analyzedwith the supplied software (Bio-Rad). POL3mRNA levels were
quantitated and normalized to the constitutively generatedURA3 tran-
script. Standard curves for both POL3 and URA3 transcript were gen-
erated by plotting the threshold of signal detection against the log of
RNA dilution. The amount of RNA used in each reaction was in the
linear range as observed from the POL3 andURA3 standard curves. The
threshold values C(t) obtained from amplification profiles were first
normalized to the internal standard URA3 and next to the wild type
POL3 level. The entire procedurewas repeatedwith changes in the RNA
amounts used in cDNA synthesis. PCR primers and cycling conditions
are available upon request.

Spontaneous Mutation Rate and Mutation Spectra—Fluctuation
analysis was used to determine forward mutation rates at the CAN1
(arginine permease) locus. The cells were grown overnight in SC-Leu
medium (28), serially diluted, plated on SC complete medium (28), and
incubated for a week or until the colonies reached 2–4mm in diameter.
Nine colonies from each strain were excised from the agar plates, sus-
pended in sterile H2O, and dispersed by vortexing and sonication. The
aliquots were removed to count the total number of cells, and the
remainder was plated on SC-Leu-Arg medium containing canavanine
sulfate (Sigma; 60mg/ml) to select for canavanine-resistant (Canr) cells.

After 2–4 days, the number of Canr colonies was counted, and the
mutation rate was evaluated by using the method of the median of Lea
and Coulson (30). Mutations in independent Canr colonies were veri-
fied by PCR amplification of�1.8 kb ofCAN1 genomicDNAusing high
fidelity Ultra Pfu DNA polymerase (Stratagene, CA), followed by puri-
fication and direct sequencing of the amplified DNA. Sequences of
primers used for PCR and DNA sequencing are available upon request.

Flow Cytometry Analysis—Fresh saturated overnight cultures were
diluted to A600 � �0.3–0.4, cultured at 30 °C for 1 h, and synchronized
by the addition of 10 �g/ml of � mating factor; after 2.5 h, the cells were
microscopically examined for synchrony, washed twice in sterile dis-
tilledwater, and dispersed in prewarmedYPD. 1ml of cells was removed
every 30 min for 300 min, and the cells were spun down and fixed in
100% ethanol. The fixed cells were washed once in 10mMTris-HCl (pH
7.5), 10 mM EDTA suspended in 0.1 ml of 10 mM Tris-HCl (pH 7.5), 10
mM EDTA, 0.1 mg/ml RNase A and incubated overnight at 37 °C. The
cells were digested with proteinase K at a final concentration of 0.1
mg/ml by incubation at 55 °C for 50 min. Thereafter the cells were
pelleted, washed once in 1� phosphate-buffered saline, 1 mM EDTA,
and suspended in 0.1 ml of 1� phosphate-buffered saline, 1 mM EDTA,
100 �g/ml propidium iodide. The stained cells were diluted 10 times in
1� phosphate-buffered saline, 1 mM EDTA, sonicated, and sorted on a
BD Biosciences flow cytometer.

RESULTS

Eight Replacements for S. cerevisiae Pol � Leu612 Yielded Viable
Mutants—To assess the function of Leu612 inmotif A of S. cerevisiae Pol
�, we used site-directedmutagenesis to create all 19 amino acid replace-
ments. Sequence and structural conservation of motif A residues in
family A and family B DNA polymerases of particular interest for this
work are illustrated in Fig. 1 (A andB). Amodel of the active site of RB69
DNA polymerase, a family B member, that shows Leu415, the residue
homologous to Leu612 in yeast Pol �, is illustrated in Fig. 1C.
Of the 19 replacements for Leu612 in yeast Pol �, we found that eight

yielded viable haploid mutant strains: Ile, Val, Thr, Phe, Met, Lys, Asn,
andGly. Themutant strains formed colonies at 25, 30, and 37 °Conboth
rich (YPD) and minimal (SC-Leu) media; however, for L612G and
L612N, colony formation and mid-log phase growth in rich and mini-
mal media were slower when compared with wild type and other
mutant strains. All of the other strains exhibited a doubling time at
mid-log phase similar to that of wild type cells in YPDmedium at 30 °C
(data not shown).

Leu612 Mutants Displayed Differential Hypersensitivity to Hydroxy-
urea and MMS—The essentiality of Pol � for DNA replication implies
that substitutions for Leu612 might confer hypersensitivity to genotoxic
agents.We therefore grew themutants on YPD containing hydroxyurea
(HU), an inhibitor of ribonucleotide reductase that diminishes dNTP
pools and thereby causes replication forks to stall (31). For reference, we
included the exonuclease-minus, proofreading-deficient mutant
pol3-01 (D321A,E323A) (29, 32). As shown in Fig. 2, most of the Leu612

mutants exhibited reduced growth relative to that of the wild type strain
on YPD containing 50 mM HU. The variation in sensitivity was wide,
with L612M being minimally affected, if at all, and L612T, L612G, and
L612N being severely inhibited. The relative sensitivity was as follows:
Leu612, pol3-01, L612M � L612I, L612V, L612F � L612K, L612G,
L612T, L612N. The greater inhibition of L612I relative to L612M was
clearly evident at 75mMHU,where L612Iwas inviable, and both L612M
and pol3-01 grewweakly (data not shown).We conclude that themajor-
ity of the viable Leu612 mutants are hypersensitive to HU and infer that
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Leu612 in wild type Pol � supports the ability to carry out DNA synthetic
processes in the presence of reduced dNTP concentrations.
To assess the effects of replacement of Leu612 on sensitivity to alky-

lation, we exposed the mutants to the methylating agent MMS. MMS
introduces diverse methyl adducts in DNA and also causes replication
forks to stall (33, 34). Most of the eight Leu612 mutants showed reduced
viability relative to the wild type strain when grown on YPD containing
0.025% MMS (Fig. 2). The relative hypersensitivity of the mutants was
similar to that observed for HU: L612, L612M, L612I, L612V � L612F,
pol3-01 � L612K � L612G, L612T, L612N. As in the case of HU,MMS
hypersensitivity varied greatly, from slight if any (L612M, L612I, and
L612V) to severe (L612G, L612T, and L612N). The reduced MMS

resistance inmany of themutantsmay be indicative of a deficit in one or
more of the processes in which S. cerevisiae Pol � participates, e.g. rep-
lication, base excision repair of methylation damage, and/or recombi-
nation (4, 35, 36).
In contrast to the results for MMS, the Leu612 mutants showed wild

type growth following UV irradiation at doses up to 100 J/m2, with the
exception of L612N (Fig. 2). Other Pol � mutants as well do not display
hypersensitivity to UV, a finding that has been ascribed to the function
of other DNA polymerases, such as Pol � or Pol �, in repair or tolerance
of UV damage (35, 37, 38). However, the exceptional L612N mutant
may be so severely impaired that redundant functions cannot fully com-
pensate, thus unmasking a contribution of Pol � to UV survival.

Leu612Mutant Strains Exhibited Varying Cell Cycle Defects andMor-
phologic Anomalies—Based on the role of Pol � in replication and the
HU andMMS hypersensitivity described above, we looked for evidence
of anomalous cell cycle progression in the Leu612 mutants. As shown in
the FACS analyses in Fig. 3, substitutions at Leu612 produced cell cycle
defects of differing kinds and degree. Also, as summarized in Fig. 4A,
mid-log cultures of some mutant strains contained cells with aberrant
morphology. Representative morphologic anomalies in the mutant cul-
tures, together with representative wild type cells, ascertained by phase
contrast microscopy and nuclear staining of at least 600 cells for each
strain, are depicted in Fig. 4B.We describe the less affectedmutants first
and proceed to the most anomalous. The L612I, L612V, L612G, and
pol3-01 mutants appeared to initiate DNA synthesis somewhat more
slowly than the wild type strain after release from �-factor arrest, as
judged by an excess of cells with 1 N DNA content at 30 min (Fig. 3). A
similar delay has been observed previously for another pol3-01 strain
(39). In addition, the L612V mutant accumulated a disproportionately

FIGURE 1. Motif A structure in family A and fam-
ily B DNA polymerases and modeled active site.
A, amino acid sequence alignment of motif A resi-
dues. Leu612 in S. cerevisiae Pol �, which was ana-
lyzed here, and its homologs, are boxed. B, struc-
tural alignment of motifs A, B, and C in family A and
family B DNA polymerases, illustrating strict con-
servation. The C� backbone is shown. The star
highlights the conserved aliphatic residue corre-
sponding to Leu612 in S. cerevisiae Pol �. Coordi-
nates of crystal structures were obtained from Pro-
tein Data Bank (www.rcsb.org) and manipulated in
SwissPDB viewer v3.5 software (www.expasy.ch).
Motifs A, B, and C of the polymerase active sites
were superimposed, and root mean square devia-
tions were calculated using the tools available in
the software. The family A polymerases shown are:
the Klenow fragments of DNA polymerase I from E.
coli (Protein data base code 1KFD, black) and Ther-
mus aquaticus (KlenTaq, Protein data base code
3KTQ, blue); T7 (bacteriophage T7, Protein data
base code 1T7P, green); and Bst (Bacillus stearo-
thermophilus, Protein data base code 1XWL,
brown). The family B DNA polymerases shown are:
RB69 (bacteriophage RB69, Protein data base code
1IG9, red); Tgo (Thermococcus gorgonarius, Protein
data base code 1TGO, purple); D.Tok (Desulfurococ-
cust tok, Protein data base code 1QQC, yellow); and
KOD (Pyrococcus kodakaraensis, Protein data base
code 1GCX, cyan), root mean square deviation
ranges from 0.5 to 1.5 Å. C, polymerase active site
in a ternary complex (Protein data base code 1IG9)
of the family B RB69 DNA polymerase with an oli-
gonucleotide primer-template and dTTP (54, 55).
Leu415 (the homolog of Leu612 in S. cerevisiae Pol �)
is shown in ball-and-stick form, and is in close
proximity to the sugar and �-phosphate of the
incoming dTTP. The figure is labeled as follows:
green A, motif A; tan B, motif B; blue C, motif C; sil-
ver-gray P, primer strand; blue-gray T, template
strand. Dark gray balls depict divalent calcium
ions.

FIGURE 2. Sensitivity of Leu612 mutants to genotoxic agents. Overnight cultures of
YGL27-derived haploid strains were dispersed by sonication, and cell number was
counted. The cells were serially diluted 10-fold in a 96-well microtiter plate, starting with
1 � 107 cells/ml, and spotted on YPD plates by using a 48-prong (prong replicator capa-
ble of transferring 48 samples) replicator. Incubation was at 30 °C for 2–3 days. The plates
contained either no additions (control), 0.025% MMS, or 50 mM HU; UV-irradiated plates
(100 J/m2) were incubated in the dark.
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large fraction of cells withDNA content intermediate between 1 and 2 N

at 30 and 90min, suggestive of prolonged S phase. The L612T strain also
showed this latter pattern. The L612M strain exhibited minimal devia-

tion from wild type profiles, apart from a possible excess of cells with a
DNA content intermediate between 1 and 2 N at 30 min, suggestive of
slow S phase progression. The L612K strain also displayed minimal
deviation in FACS analysis, although the unsynchronized culture con-
tained an elevated fraction of cells with 2 N DNA content, and an appar-
ently elevated proportion of cells with 2 N DNA content was not syn-
chronized in G1 by �-factor.
The L612G mutant was conspicuously anomalous. We observed an

excess of cells with 1 N DNA content, as well as a DNA content inter-
mediate between 1 and 2 N, through the initial 90 min after release from
arrest.We infer that there is a delay in the onset of DNA synthesis in the
L612Gmutant and slow traverse of the first S phase following arrest. By
120min after release, the profile in the L612Gmutant resembled that in
the wild type strain at 90 min, most of the cells in both cultures having
reached 2 N DNA content. After 120 min, progression in the L612G
mutant paralleled that seen in the wild type strain after 90 min. Mor-
phologic analysis of a mid-logarithmic phase culture (Fig. 4) showed a
high proportion of aberrant cells, including an approximately 4-fold
excess of large budded dumbbell-shaped cells with divided or undivided
nuclei at or near the bud neck, suggestive of G2/M arrest.
The L612N mutant showed the most severe cell cycle defects. An

unsynchronized culture, as well as cultures examined at �90 min after
release from arrest, accumulated a large population of cells with 2N
DNA content, suggestive of G2/M arrest (compare 2 N peak at 90 min
with 210 min in Fig. 3). Consistent with this inference, an 8-fold excess
of cells in a mid-log phase culture (40% versus 5% for wild type) were
dumbbell-shaped with undivided nuclei at or near the bud neck (Fig. 4).
Additionally, the 30-min FACS profile was suggestive of prolonged S
phase (Fig. 3).
The apparent prolongation of S phase and/or presence of a large

fraction of cells with G2/M arrest phenotype in some of the mutants is
suggestive of activation of DNA damage-induced checkpoint arrest. To
support this interpretation, we confirmed that the Leu612 mutants are
proficient in checkpoint activation. To establish this proficiency, we
used a sensitive checkpoint activation reporter inwhich the promoter of
the damage-inducibleRNR3 gene is fused to the E. coli lacZ gene encod-
ing �-galactosidase (40). As shown in Fig. 5, the mutants expressed

FIGURE 3. Cell cycle progression of Leu612 mutants. Cultures of BY4741-derived hap-
loid strains at A600 nm � �1.8 –2.6 were freshly diluted to A600 nm � �0.3– 0.4 in YPD and
synchronized by the addition of 10 �g/ml of � mating factor. After 2.5 h, the cells were
examined microscopically for synchrony, pelleted, washed twice with sterile distilled
water, and incubated in prewarmed YPD. The aliquots were removed at 30-min intervals,
and cells were spun down and fixed in 100% ethanol. Fixed cells were processed as
mentioned under “Experimental Procedures” and sorted by utilizing a BD Biosciences
fluorescence-activated flow cytometer, and the cell cycle profiles were analyzed using
the program Flowjo (Ashland, OR).

FIGURE 4. Cellular and nuclear morphology of Leu612 mutants. Aliquots of mid-logarithmic phase cultures of YGL27-derived haploid strains (A600 � �0.7–1.2) were used to
examine cellular morphology by phase contrast (differential interference contrast) microscopy. For nuclear morphology, cells were fixed in 70% ethanol and stained with Vectashield
mounting medium (Vector Laboratory) containing 4�,6�-diamidino-2-phenylindole (DAPI). The images were acquired at 63� magnification using a Qimaging Retiga EX digital camera
mounted on a Nikon Eclipse E600 microscope. At least 600 cells of each mutant strain were examined in each of two independent experiments. A, the proportions of cells observed
in mutant strains are indicated, ascertained by examination of no fewer than 600 cells/strain in each of two independent experiments. The average of both experiments is tabulated.
Unbudded cells are in the G1 phase. Budded cells are in the S phase or the normal G2/M phase. Abnormal cells are large budded, dumbbell-shaped cells with an undivided or divided
nucleus, indicative of G2/M phase (predominant fraction) and post-M phase arrest, respectively. Other cells are comprised of abnormally large budded, unequal sized mother-
daughter cells, multiple-budded cells, and elongated cells. B, differential interference microscopy (DIC) images of representative anomalous cells in mutant cultures and images of the
same DAPI-stained cells are shown.
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�-galactosidase when challenged with MMS, at essentially the same
level as the wild type strain.

Substitutions for Leu612 Generated a Mutator Phenotype—Replace-
ment of residues homologous to Leu612 in motif A in DNA polymerases
from families A, B, and Y can alter fidelity (12, 14, 15, 20–22, 41, 42).
Depending upon the polymerase and allele, either an increase or
decrease in mutation rate and/or altered mutation frequency in vitro
and/or in vivo have been observed. To ascertainwhether replacement of
Leu612 in our yeast Pol � mutants generates mutator and/or anti-muta-
tor phenotypes, wemeasured forwardmutation rates at theCAN1 (argi-
nine permease) locus in the eight viable strains. As summarized in Table
1, we observed a continuum of mutation rates from near wild type
(L612I, L612V, and L612T) to 37-fold elevated (L612N). The largest
elevations were obtained for L612K (13-fold), L612G (17-fold), and
L612N (37-fold), the increase for L612N being similar to that seen for
the pol3-01 mutant lacking exonucleolytic proofreading (29-fold) (29,
32, 43). The increase for L612M (7-fold) is in accord with the 3.5-fold
elevation recently reported (44). Interestingly, the increase in mutation
rate was not strictly correlated with other phenotypic deficiencies. For
example, the L612M mutant exhibited an increased mutation rate
together with slight, if any, sensitivity to HU andMMS. Conversely, the
L612T mutant showed little if any elevation of mutation rate together
with marked hypersensitivity to HU and MMS. To ensure that the
Leu612 substitution strains were not exhibiting mutator phenotypes

because of altered expression of Pol �, we quantitated the mRNA levels
of Pol � in all of our strains and normalized them to wild type strain. Pol
� mRNA levels were determined by quantitative reverse transcription-
PCR using purified total RNA obtained from each of the strains during
exponential growth. The fold change in RNA levels in the strains that
displayed the most profound phenotypic defects, L612K (13-fold),
L612G (17-fold), and L612N (37-fold), was increased 2.5-, 1.5-, and
2.8-fold, respectively. In contrast, the level in the reference exonuclease
deficient strain, pol3-01, was reduced 1.7-fold comparedwith that of the
wild type. Furthermore, the expression levels in strains that did not
significantly affect mutation rates, L612I, L612V, L612F, and L612M,
were �1.1, �3.5, �1.3, and �1.6-fold compared with that of the wild
type, respectively. Our analysis suggests that each different substitution
for Leu612 elicits unique phenotypic defects, and these defects do not
correlate with small changes in the Pol � mRNA expression levels or
changes in mutation rates.
To examine the nature of themutations arising in the Leu612 variants,

we sequenced the 1.8-kb CAN1 gene in independent canavanine-resis-
tant (Canr) clones. As summarized in Table 2 and consistent with pre-
vious reports (37, 39, 45), the most frequent mutations in the wild type
strain were single-base substitutions, with transitions outnumbering
transversions. The remaining mutations were insertions or deletions. A
notable feature of the wild type spectrum was the presence of mononu-
cleotide runs of at least three As or Ts immediately 5� or 3� of the
mutation in 52% (12 of 23) of theCanr clones. An apparent propensity of
wild type strains for mutations at mononucleotide runs has been
observed by others (37, 39, 45). The mutation spectra observed for the
five Leu612 mutant strains with the highest mutation rates did not differ
substantially from the wild type spectrum (Fisher’s exact test) base sub-
stitutions representing the majority of sequence changes. The L612K
spectrum, however, is statistically distinct (Fisher’s exact test, p � 0.01)
from the rest in including more transversions than transitions; in fact,
28% of allmutations (5 of 18)wereT3A transversions (46). The L612K
spectrum also contained the largest proportion of insertions/deletions.

DISCUSSION

In this work, we used site-specific mutagenesis and plasmid shuffling
to create all 19 replacements for the highly conserved Leu612 in motif A
of S. cerevisiae Pol � (Fig. 1). Our rationale was based on the essential
roles of Pol � in DNA synthetic processes in eukaryotic cells and on the
importance of residues homologous to Leu612 for replication fidelity of
other DNA polymerases. Eight of the 19 replacements for Leu612 sup-
ported growth, including the conservative substitutions Ile, Val, and
Met, as well as the nonpolar aromatic Phe. These hydrophobic residues
occur naturally at the homologous position in other DNA polymerases
(Fig. 1) and/or are tolerated as single substitutions in E. coli Pol I, Taq

TABLE 1
Forward mutation rates at CAN1 in strains with an amino acid substitution at Leu612 in conserved motif A of DNA polymerase �
Spontaneous mutation rates were measured by fluctuation analysis using the method of the median as described under �Experimental Procedures.� Two independent
experiments were performed. Fold elevation indicates the average of the two experiments listed relative to the average for the wild type Leu612. The pol3-01 strain contains
the exonuclease proofreading-deficient Pol � allele D321A,E323A (32).

Strain
Rate/cell division (� 10�7)

Experiment 1 Experiment 2 Mean (95% CI) Fold elevation
Leu612 1.5 2.4 2.0 (1–3) 1
L612I 2.0 4.7 3.4 (1–6) 2
L612V 2.7 3.3 3.0 (2–4) 2
L612T 3.6 3.7 3.7 (3–4) 2
L612F 5.6 8.4 7.0 (4–10) 4
L612M 11 18 15 (8–21) 7
L612K 19 32 26 (13–38) 13
L612G 45 20 33 (8–57) 17
L612N 46 100 73 (20–126) 37
pol3-01 50 62 56 (44–68) 29

FIGURE 5. Activation of the DNA damage-inducible checkpoint reporter RNR3. The
ability of the Leu612 mutants to activate a DNA damage-inducible checkpoint leading to
G2/M arrest was determined by using the reporter plasmid pZZ13. The plasmid, contain-
ing the promoter of the damage-inducible RNR3 gene fused to E. coli lacZ (RNR3-LacZ)
was transformed into YGL27-derived mutant cells. Cultures of all strains were diluted to
A600 � 0.2– 0.25, incubated at 30 °C with and without 0.012% MMS for 5 h. Triplicate
samples of MMS-treated and untreated control cells were assayed for �-galactosidase
activity by monitoring hydrolysis of o-nitrophenyl-�-galactopyranoside (40).
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Pol I, and/or yeast Pol � (12, 14, 15, 20, 41). The nonconservative sub-
stitutions Thr and Lys, and to a lesser extent Asn, have also been found
among single replacements tolerated in Pol I, whereas Gly has not been
observed (12, 14, 15, 20, 41).

Allele Dependence of Phenotype among Leu612 Mutants—We exam-
ined the sensitivity of the viable mutant strains to genotoxic substances,
cell cycle progression and cellular morphology, and forward mutation
rate and spectra at the CAN1 locus. Our data suggest that none of the
viable mutant alleles is phenotypically silent, highlighting the impor-
tance of Leu612 for Pol � function. Given their location at the polymerase
active site (Fig. 1), the mutant amino acids may affect catalytic effi-
ciency, base selection fidelity, processivity, and other crucial properties
of the mutant polymerases. We observed a wide range in the severity of
phenotypic defects, the more conservative replacements being less del-
eterious overall. However, there was not a strict association of specific
defects among the individual mutants; this allele-dependent dissection
of phenotypic deficits suggests that the mechanism(s) underlying any
particular defect may differ among the mutants. We observed small
fluctuations in the total mRNA levels and found no direct correlation
between mRNA expression and phenotypic defects among the strains.
For example, the strains L612K, L612G, and L612N that displayed ele-
vatedmutation rates and other phenotypic defects expressed a 2–3-fold
higher mRNA level compared with the wild type, whereas the reference
strain pol3-01, which also exhibited a high mutation rate, displayed a
2-fold lower level compared with the wild type. A similar variation was
observed in strains that exhibited only minimal alterations in mutation
rates.
Each viable replacement for Leu612 appeared to yield a unique com-

bination of functional deficits. The Ile, Val, and Thr substitutions had
little, if any, effect on the mutation rate (Table 1). Ile and Val were
relatively innocuous overall, although both mutants showed a delay
entering S phase after release from �-factor arrest (Fig. 3), and a partic-
ularly large fraction of L612I cells had aberrant morphology for reasons
that are not apparent (Fig. 4). In contrast, Thr conferred marked hyper-
sensitivity to HU andMMS (Fig. 2), together with slow S phase traverse
in the first and second cycles after � factor arrest, possibly indicative of
a defect in replication and/or repair of methylation damage. The Phe

substitution conferred intermediate levels of deficiency overall, includ-
ing a 4-fold elevation of mutation rate (Table 1), and we observed pre-
dominantly base substitution errors.
The L612M replacement is of particular interest, conferring a 7-fold

elevation of mutation rate (Table 1), with minimal effect on the other
properties examined. Apparently, the modestly error-prone L612M
polymerase supports nearly normal replication. This is the case even
when cells are grown in the presence of HU, which requires DNA syn-
thesis at low dNTP concentrations, orMMS,which requires concurrent
Pol �-mediated replication and base excision repair (35). Based on the
relative replication proficiency and the predominance of base substitu-
tions in themutation spectrum (86%; Table 2), we hypothesized that the
L612M mutator phenotype may reflect mainly errors made by the
polymerase, rather than secondary mutagenic processes induced by
defective replication. The recent work of Li et al. (44), which was pub-
lished as we completed this manuscript, sheds light on the function of
the L612M polymerase. These authors also observed a mutator pheno-
type; the rate of forward mutation at CAN1 was elevated 3.5-fold, con-
sistent with our results. Li et al. further ascertained that mutation rates
were increased in the absence of core mismatch repair proteins. The
dependence ofmutation rate onmismatch repair, which corrects errors
that escape proofreading, suggests that the L612M mutator phenotype
may in fact reflect errors made by the mutant polymerase. The L612M
mutant also exhibited evidence of compromised replication, namely
inviability in the absence of theRAD27 flap endonuclease that processes
Okazaki fragments, and hypersensitivity to phosphonoacetic acid, a rep-
lication inhibitor that may act as a pyrophosphate analog. Therefore, it
is also possible that replication defects in the L612Mmutantmay induce
secondarymutagenic processes that contribute to the observedmutator
phenotype.
The Leu612 Lys, Gly and Asn replacements produced the most defec-

tive mutants overall, conferring the highest mutation rates (Table 1)
together with markedly reduced growth in the presence of HU and
MMS (Fig. 2). Growth of the L612N mutant was impaired even in the
absence of exogenous agents (e.g. Fig. 2 and data not shown). Each of the
three mutants showed anomalies in cell cycle distribution and/or mor-
phology that are indicative of slow S phase progression and/or arrest at

TABLE 2
Mutational spectra at the CAN1 locus in DNA polymerase � Leu612 mutant strains
The mutational spectra were determined by DNA sequencing of PCR-amplified CAN1 genomic DNA from independent Canr clones.

Errors Leu612 L612F L612M L612K L612N L612G
Total 23a 20 21b 18 27 (14) 20c

Base substitutions 17 (74%) 14 (70%) 18 (86%) 13 (65%) 25 (93%) 19 (95%)
Transitions
A3 G 1 1
C3 T 1 14 (1)d
G3 A 6 2 11 2 12
T3 C 5 7 5 3 1
Total 11 9 16 5 17 (4) 13

Transversions
A3 C 1
A3 T 2 1 1
C3 A 1 3 2 1 2
C3 G 1 1
G3 C 1 1 1
G3 T 1 2
T3 A 1 5 5 1
T3 G 1
Total 6 5 2 8 8 (8) 6

Deletions 4 (17%) 6 (30%) 1 (5%) 7 (35%) 2 (7%) 1 (5%)
Insertions 2 (9%) 0 2 (10%) 0 0 (0) 0

a Two Canr wild type clones had two independent mutations.
b Two Canr L612 M clones had two independent mutations.
c One Canr L612G clone had two independent mutations.
d 14 independent Canr clones carried an identical mutation, perhaps because of a jackpot event.
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G2/M phase (Figs. 3 and 4). For example, asynchronous cultures of the
L612K contained an excess of cells with 2 N DNA content, indicative of
G2/M arrest. The L612G mutant was delayed entering the S phase fol-
lowing release from �-factor arrest, was slow to traverse S phase in the
first cycle and accumulated an increased proportion of large budded,
dumbbell-shaped cells that are characteristic of G2/M arrest. The
L612N mutant exhibited a slow S phase and multiple, pronounced
defects predominantly indicative of G2/M arrest, including an 8-fold
excess of large budded, dumbbell-shaped cells. Detection of G2/M
arrested cells (Fig. 4) presumably reflects activation of a DNA damage-
induced checkpoint pathways(s) triggered by endogenousDNAdamage
(47, 48). This damage could be polymerase errors per se, e.g. mispaired
primer termini that are not efficiently proofread and lead to frequent
replication fork stalling (49). The inviability of the L612K, L612G, and
L612N mutants in combination with the exonuclease-minus pol3-01
allele (data not shown) supports this interpretation. Alternatively, or in
addition, the damage could be defects in newly synthesizedDNAarising
from reduced catalytic efficiency or altered processivity, perhaps result-
ing in uncoupling of lagging strand from leading strand synthesis.
Whatever the nature of the damage, the poor viability in HU andMMS,
and accumulation of cells with G2/M checkpoint arrested morphology
suggests perturbations at replication forks.
In budding yeast, replication forks play a critical role as both activa-

tors and primary effectors of an S phase checkpoint pathway(s), and the
activated checkpoint pathway(s) in turn leads to stabilization of stalled
forks by retarding newDNA synthesis and arresting cells at G2/Mphase
(33, 50, 51). Finally, the mutation spectra we observed for the Lys, Gly,
and Asn replacements further highlights the allele dependence of phe-
notypes conferred by Leu612 substitutions. Although all three spectra
were dominated by base substitution errors, the L612K spectrum con-
tained a notably high proportion of transversions and the largest frac-
tion of deletion events observed. Interestingly, we have observed that
PCR-generated mutant libraries created utilizing the Taq Pol I mutant
I614K (homologous to the yeast L612K mutant) contained �20% of
clones with deletion events, whereas wild type Taq Pol I produced no
deletion events (data not shown). Therefore the nonconservative sub-
stitutions at the Leu612 position in Pol � confer strong cell cycle pheno-
types during S phase progression and lead to G2/M phase arrest.

We utilized the pol3-01mutant throughout this work to compare the
effects of proofeading exonuclease deficiencywith the effects of replace-
ment at Leu612 in the polymerase active site. The mutation rate of the
pol3-01 mutant was elevated �30-fold (Table 1), and the mutation
spectrum suggests that pol3-01 cells accumulate base substitution
errors, consistent with previous observations (32, 39, 43). Despite the
increased mutation rate, the pol3-01mutant exhibited a nearly normal
phenotype in other respects. HU and UV sensitivity were like wild type,
and MMS sensitivity was moderately increased (Fig. 2). As previously
observed, the pol3-01 cells exhibited only subtle cell cycle defects, i.e. a
slight delay in entry into the S phase after release from � factor arrest
(39), similar to that seen for L612I, L612V, L612T, L612M, L612G, and
L612N cells. A further increase in abnormal cellular morphologies was
not observed at mid-logarithmic phase. Taking the pol3-01 phenotype
as a reference, we conclude that an elevated mutation rate per se is not
sufficient to account for the broad range of phenotypes observed among
the Leu612 alleles. We propose that replacement of Leu612 may result in
additional replication defects and concomitant DNA damage that
causes perturbation at replication forks.

The Mutator Phenotype in Leu612 Mutants—Replication fidelity is
altered by replacement of residues homologous to Leu612 in several
other DNA polymerases. Our laboratory has previously found that spe-

FIGURE 6. Molecular models of RB69 DNA polymerase mutants homologous to S.
cerevisiae Pol � Leu612 mutants. Coordinates of the open and closed structures of the
family B RB69 gp43 DNA polymerase were obtained from the Protein Data Bank (codes
1IH7 and 1IG9, respectively). Mutations at Leu415, the residue homologous to yeast Pol �
Leu612 (Fig. 1, A and B) were modeled with tools available in the suite of programs in the
Molecular Operating Environment (www.chemcomp.com). Coordinates for residues
with atoms within 12 Å of the mutated residue, including the nucleotides, were energy-
minimized using Engh and Huber structural parameters and standard procedures avail-
able in the Molecular Operatiyng Environment package. The figures were generated
using MOLSCRIPT and Raster3Dv2.0.
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cific substitutions for the homologous Ile residue in E. coli Pol I andTaq
Pol I, members of the A family of DNA polymerases, yield mutator
mutants (12, 15). For example, the I709Fmutant of E. coli Pol I increases
mutation frequency in vitro and in vivo while maintaining wild type
catalytic efficiency (12). Among family B DNA polymerases, the L415M
substitution in phage T4 DNA polymerase creates a mutator mutant
that exhibits wild type polymerase activity, increased processivity, and
reduced exonuclease activity; available evidence indicates that the
L415M polymerase cannot efficiently initiate transfer of DNA from the
polymerase active site to the exonuclease active site, effectively reducing
proofreading. The L415I substitution in T4 DNA polymerase generates
an anti-mutator (21), whereas the L612Imutant of yeast Pol � appears to
have near wild type fidelity (Table 1). In this case, the effects of a specific
replacement differ widely, indicative of interactions of the Ile substitu-
tion with other, polymerase-specific determinants of fidelity. In S. cer-
evisiae Pol �, the Phe, Met, Trp, and Val substitutions for the homolo-
gous Leu868 create mutators of varying strength, and the human L865F
polymerase is also a mutator (20). In the more distantly related family Y
translesion DNA polymerases, replacement of the homologous Phe34

with Leu affects the accuracy of DNA synthesis as well (20). This brief
survey indicates that wild type Leu612 in yeast Pol � shares an important
function in fidelity with homologous residues over a broad evolutionary
spectrum. The Pol �mutants with differingmutagenic potential that we
have created will be of particular value for ascertaining the mechanisms
by which Leu612 contributes to wild type replication and repair in a
genetically facile eukaryotic model system.
Wild type DNA polymerase fidelity is conferred by active site geom-

etry that accommodates a complementary Watson-Crick base pair but
excludes incorrect pairs (52, 53). Proofreading of misincorporated
nucleotides at the exonuclease active site contributes further to fidelity,
and transit of the newly formed primer terminus between the polymer-
ase and exonuclease domains is a crucial process affecting accuracy. The
increased mutation rate caused by replacement of Leu612 in yeast Pol �

could reflect reduced discrimination against incorrect nucleotides at the
polymerase active site. To assess this possibility, we modeled the amino
acid substitutions into the active site of the family B RB69 DNA polym-
erase, in which Leu415 is homologous to yeast Pol � Leu612 (54, 55). The
wild type RB69 polymerase and the L415M, L415G, and L415Nmutant
polymerases are illustrated in Fig. 6. Both the open conformation and a
closed, ternary complex with an oligonucleotide primer template and
incoming dNTP are shown for each. In the wild type ternary complex,
the side chain of Leu415 is in close proximity to the sugar and �-phos-
phate of the incoming dNTP and forms part of a hydrophobic region
that includes Leu412, Tyr416, and Tyr567. With the exception of the
L415G polymerase, close study of the models revealed no obvious
changes in active site geometry that might account for reduced fidelity.
(The caveat, of course, is that available crystal structures may not cap-
ture conformations in which the mutations would be predicted to alter
nucleotide discrimination.) In the case of the L415G polymerase, the
absence of a side chain creates increased space and perhaps greater
flexibility that might allow enhanced accommodation of incorrect
nucleotides. We favor a model whereby the mutator phenotypes we
observedmay reflect, at least in part, inability of the Leu612 replacements
to mediate proper partitioning between the polymerase and exonucle-
ase active sites. This mechanism appears to contribute to the increased
mutation rate of the T4 L415M polymerase (21).
In summary, we have created and analyzed a series of yeast Pol �

mutants by substitution of different amino acids for Leu612. Yeast
expressing the mutant alleles exhibit diverse phenotypes that may dif-
ferentially reflect the roles of Pol � in various DNA synthetic processes.

An analysis of DNA synthesized in vivo by themutant polymerases may
help to delineate the roles of Pol � in leading and lagging strand replica-
tion and in different DNA repair pathways. In addition, generation of
mice harboring the mutant alleles should yield further information on
the role of a mutator phenotype in the generation of tumors (56, 57).
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