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ABSTRACT. DNA polymerases) ande (pol 6 ande¢) are the two major replicative polymerases in the
budding yeasSaccharomyces cerisiae. The fidelity of pol 6 is influenced by its 3-5' proofreading
exonuclease activity, which corrects misinsertion errors, and by enzyme cofactors. PCNA dscafaator,
called the sliding clamp, which increases the processivity obpgobloenzyme. This study measures the
fidelity of 3'=5" exonuclease-proficient and -deficient goholoenzyme using a synthetic 30mer primer/
100mer template in the presence and absence of PCNA. Although PCNA increageprpokssivity,

the presence of PCNA decreased Qdidelity 2—7-fold. In particular, wild-type pob demonstrated the
following nucleotide substitution efficiencies for mismatches in the absence of PCNG&; @728 x

104 T-G, 1.82x 1074 A-G, <0.01 x 104 In the presence of PCNA these values increased as follows:
G-G, 1.30x 104 T-G, 2.62x 104 A-G, 0.074x 10*. A similar but smaller effect was observed for
exonuclease-deficient pél(i.e., 2-4-fold increase in nucleotide substitution efficiencies in the presence
of PCNA). Thus, the fidelity of wild-type pab in the presence of PCNA is more than 2 orders of magnitude
lower than the fidelity of wild-type po¢ holoenzyme and is comparable to the fidelity of exonuclease-
deficient pole holoenzyme.

Genomic DNA is replicated with high fidelity by DNA S. cereisiae pol € has four subunits (Pol2, Dpb2, Dpb3,
replication enzymes and DNA mismatch repair enzynigs ( and Dpb4). Both DNA polymerase and proofreading exo-
In eukaryotes, replicative DNA polymerasésinde (pol 6 nuclease reside in the largest subunit (PoR}) The POL2
and ¢)! insert correct deoxyribonucleoside triphosphates gene encoding the catalytic subunit is essential for cell
(dNTP) with relatively high accuracy, and misincorporated growth and is required for chromosomal DNA replication
nucleotides are excised by associatéds3 exonucleases. (8, 9). Surprisingly, a deletion of the catalytic polymerase
In the yeastSaccharomyces cersiae three DNA poly- domain of thePOL2 gene pol2-16 is viable (0, 11).
merases (pok, 6, and¢) are required for cell growth,  However, point mutations in the polymerase active site are
chromosomal DNA replication (see r&ffor review), and lethal (11), the pol2-16 allele is temperature-sensitive for
double-strand break repaB)( Pol o has four subunits [Poll  growth and causes severe growth defects even at permissive
(Cdc17), Pol12, Pril, and Pri2] and functions as a DNA temperatures, and the elongation step of DNA replication is
primase for the initiation of Okazaki fragments (see 2ef  significantly retarded, indicating that the DNA polymerase
for review). Pold and pole are required for the leading-  activity of pol € is essential for normal cell growth and
and lagging-strand DNA synthesis. They bind at or near efficient and rapid chromosomal DNA replicatiat?). Thus,
replication origins and move with the replication fork, ( it has been suggested that the remaining DNA polymerase-
5). The precise roles of these two polymerases during DNA (s) may substitute for the function of peif the polymerase
replication have not yet been elucidated. However, severalactive domain was deleted. On the other hand, an inactivated
lines of evidence suggest that lagging-strand DNA synthesis polymerase polypeptide may prevent substitution of remain-
is carried out by pob. and pold (6). ing DNA polymerase(s) at the restrictive temperatur®).(

The pol2-4 allele has a mutation in the-35" exonuclease
" This work was supported in part by Grant-in-Aid for Scientific  active domain, reducing exonuclease activity approximately

Research (A) and for COE Research from the Ministry of Education, _ . __ ; AL
Culture, Sports, Science, and Technology of Japan and Human Frontier]'00 fold; howeverpol2—4 retains wild-type polymerase

Science Program Research Grants (RG039/2000-M) to A.S. activity (13). Yeastpol2-4 cells have ar~22-fold increase
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Pol o from S. cereisiae has three subunits, Pol3 (Cdc2), Fraction
Hys2 (Pol31), and Pol32, which are homologues of fission 54 5556 57 58 59 60 6162 63
yeastSchizosaccharomyces ponel3, Cdcl, and Cdc27, KDa
respectively {7—19). Pol from S. pombdas one additional 200 =
subunit, Cmt1 19). Pol 6 only carries out processive DNA e
synthesis in the presence of PCNA (sliding clamp) and 116 = = &= == == &= = bt e = — —¢— P013
replication factor C (RFC; clamp loader2@). The DNA 97 =
polymerase and proofreading exonuclease activities of pol 66 = —=——" - Hys2 (Pol31)
o reside in the largest subunit, PoIB3( 21). ThePOL3gene = --— Ppl32
encoding the catalytic subunit is essential for cell growth
and is required for chromosomal DNA replicatidz?( 23). 3] -

The mutanpol3-01has a mutation in the' 35 exonuclease

active site which elevates the spontaneous mutation rate 100- 21 =

fold (14). This is a larger increase than in the case of a pol 14 =

€ mutantpol2-4(22-fold). Howeverpol3-01may completely Ficure 1: Purification of pold HE from S. cereisiae CB001 cells.

lack 3—5' exonuclease activity2d). Furthermorepol3-01 FfaCtiOﬂg eluted from a Mono Q (HR5/5) column were analyzed
is a synthetic lethal withiad27 (fenl), suggesting that the by 4—20% SDS-polyacrylamide gel electrophoresis, and proteins

3 5 | tivity of pod. bl le in th were visualized by silver staining. Arrows indicate the Pol3, Hys2,
exonuciease activity or pod plays a role In the g4 po|32 subunits. Duplicate fractions were analyzed by Western

maturation of Okazaki fragment24, 25). blot, and the indicated species were reacted with the appropriate
To date, extensive biochemical and genetic studies haverabbit antibodies (rel8 and our unpublished results). Fractions
been carried out on pdl and pole. However, their fidelity ~ 0062 Were pooled and used for this study.

|r<]aaasg Sg; k:jeeevréks)t:géeg Z%TEQ?ZZ”EY]Z?& i(s)éfym ﬁ’lnata ?sd \,Cé)rl;;eeg#(e:gcéseTstv% 'er é?é%l I%VTST fggCATg:ggggﬁchTTTA
useful for evaluating polymerase kinetics and fideli2g)( i ]

In particular, kinetic parameters can be measured at a specificﬁggé‘g?gﬁr@g é‘g_ré “a“ng%ngé—??fgﬁggggfﬁg
site on the primer/template DNA with a limited pool of

dNTPs, so that rates of misinsertion can be determined forATTCCTACCCATATG'S' .

specific DNA mispairs. Goodman and collaborators used this ENzymes and Accessory Protewiild-type pold holoen-
assay to show th&. pombepol 8, which had a weak editing ~ 2YMe (HE), which consists of Pol3, Hys2 (Pol31), and Pol32,
3'—5 exonuclease activity, has an unexpectedly low fidelity Was purified from yeast strai§. cereisiae CB001 MATa
(27) unlike a prokaryotic DNA replicaséEscherichia coli ~ 1€u2 trpl ura3 prb pep4::URAs described previousig®),
DNA polymerase Ill holoenzyme. In a previous studyy, and its purity is shown in Figure 1. The-35" exonuclease-
we determined the nucleotide substitution efficiency of wild- deficient pold holoenzyme, which also consists of three
type and mutans. cereisiae pol ¢ using the same kinetic ~ Subunits, was purified from CG379ATa ade5-1 his7-2
assay and established that pohas higher fidelity thars. ~ 1€u2-3 -112 trp1-289 ura3-5p carrying thepol3-01 and
pombepol . To complete our comprehensive studies of Apep4::URA3mutations. The purification method was the
eukaryotic DNA replicases from the same organism, this S@me as for wild-type pad HE, except for the addition of
study examines the fidelity of 35 exonuclease-proficient ~ Single-stranded DNAcellulose (Sigma) chromatography to

or -deficient pold holoenzyme purified fronS. cereisiae remove contaminating’53" exonuclease activity. When
in the presence and absence of PCNA using the same kineti@n@lyzingS. cereisiae pol 6-associated 3-5' exonuclease
assay. activity using 3-end3?P-labeled 30mer oligonucleotide, we
noticed a contaminating phosphatase activity in both the wild-
EXPERIMENTAL PROCEDURES type and the 3-5' exonuclease-deficient mutant pol

preparations (see Figure 2). However, this activity did not

Materials Ultrapure deoxyribonucleoside triphosphates remove any phosphate residues from the 30mer primer
were purchased from Amersham Biosciences. T4 polynucle-annealed to the 100mer template polynucleotide used in this
otide kinase was purchased from Takara Bio Ine3%P]- study and did not interfere our analyses of §didelity (data
ATP (111 TBg/mmol) was purchased from Perkin-EImer not shown). Yeast RFC and RPA were purified fr@n
Life Sciences. Polyacryamide gel electrophoresis-purified cerevisiae CB001 as described previouslg§ 28), while
30mer and 100mer DNAs were purchased from Sigma- yeast PCNA was purified fror. coli cells expressing yeast
Genosys Japan. PCNA as described previousl2). The purity of these

Template/Primer DNAThe template/primer DNA was a  proteins was more than 90% as shown in Figure 3.
synthetic 100mer template annealed to a complementary Assay for 3-5 Exonuclease Actity of Pol 6 HE from
30mer primer. The primer is complementary to the DNA S. cereisiae Thirty nanomolar 5end 3?P-labeled 30mer
sequence in the middle of the template, forming a template/ oligonucleotide was incubated at 3G with 0.2 unit of pol
primer with a 35-nucleotide ssDNA overhang on both the 6 in a 20uL reaction [50 mM Tris-HCI (pH 7.5), 5 mM
5'- and 3-sides (6, 26, 27). The B-end of the primer was  MgCl,, 2 mM dithiothreitol, 25 ug/mL bovine serum
labeled with p-32P]ATP using T4 polynucleotide kinase at albumin] in either the presence or absence of 200 ng of
30 °C for 30 min. DNA strands were annealed at a molar PCNA. One unit of pob HE supports the incorporation of
ratio of 1 primer to 2.4 templates by heating to 95 and 1 nmol of dTMP for 30 min under these conditions. The
gradually cooling to room temperature. The concentration reaction was terminated by addition of A0 of formamide
of annealed DNA was 190 nM (primer termini). The DNA loading dye [80% (w/v) deionized formamide, 10 mM EDTA
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FicurRe 2: 3—5' exonuclease activity of wild-type anbl3-01pol
0 HE. Thirty nanomolar 5end3?P-labeled 30mer oligonucleotide
substrate was incubated at 30 with 0.2 unit of wild-type pold

Biochemistry, Vol. 42, No. 48, 20034209

reaction buffer [50 mM Tris-HCI (pH 7.5), 5 mM Mggl2

mM dithiothreitol, 1 mM ATP, and 2&xg/mL bovine serum
albumin]. PCNA (400 ng) was added to the reaction with
the template/primer DNA and the running start dATP as
indicated. Pob HE (0.2 unit) was incubated in the reaction
mix for 1 min followed by addition of ANTP and incubation
of 2.5 min. Control reactions used the running-start dATP
mix but no dNTP; in this case, misincorporation of dA
opposite the target G should not occur. (Misincorporation
was detected in reactions with-3' exonuclease-deficient
pol 0 HE, with or without PCNA.) Reactions were terminated
with 10 uL of formamide loading dye, placed on ice, and
heated to 96C. Aliquots (1.5uL) were separated on a 12%
denaturing polyacrylamide gel containing 8 M urea for 3.5
h at 1500 V. The gel was exposed to a BAS imaging plate
(Fuji Film) for several different times (between 5 and 20 h),
and the data were analyzed using Image Reader software
(Fuji Film). Integrated polyacrylamide gel band intensities
were measured using Image Gauge software (Fuji Film). The
nucleotide incorporation efficiency opposite the target site
was calculated frontt*/I1—1, wherebyl+* is the integrated
band intensity of primers extended to the target site and
beyond (positions T, H 1, T + 2, etc.) andly—; is the
integrated band intensity of primers extended up to the target

HE for 0 (a), 15 (b), 30 (c), 60 (d), and 120 s (e) or with 0.2 unit Site (position T— 1) (27). The relative incorporation rate,

of pol3-01pol 6 HE for 0 (a), 30 (b), 60 (c), 120 (d), and 240 s

I+¥/I1-1, was plotted vs the dNTP substrate concentration.

(€). The samples were denatured and separated on a 12% denaturinghjs graph is a rectangular hyperbola whose slope in the

polyacrylamide gel containy8 M urea fo 3 h at1500 V. The gel

was exposed to a BAS imaging plate (Fuji Film) as described in

initial linear region is the appareina./Km. ApparentK,

Experimental Procedures. The bottom band seen after incubation@Nd relativeVima were computed using a least-squares fit to

with enzyme could be the product liberated by contaminated 5

a rectangular hyperbola. The relatiVR,x is equal to the

3" exonuclease activity, since it was seen from the beginning of maximum value ofl+¥/It_; (27). When misincorporation

the incubation.

(pH 8.0), 1 mg/mL xylene cyanol, and 1 mg/mL bromophe-

nol blue], placed on ice, and heated to°@ Two microliter

aliquots were separated on a 12% denaturing polyacrylamid

gel containig 8 M urea fo 3 h at1500 V. The gel was

exposed to a BAS imaging plate (Fuji Film), and the data

were analyzed using Image Reader software (Fuji Film).
Analysis of Enzyme Kinetics and Fidelit% gel-based

activity assay was used to determine the kinetics of incor-

€,

opposite the target site is relatively inefficient, a plot gt

I+-1 vs dNTP concentration has little or no curvature, and
the apparenVna/Km values are computed using a least-
squares fit to a straight line. The misincorporation efficiency,
fine, Which is the inverse of the fidelity, is given by the ratio

shown in eq 1, where the subscripts W and R refer to
incorporation of incorrect or correct nucleotide, respectively.

fine = fidelity ™ = (Via/Kehw/(Vinad Kede - (1)

poration of each of the four ANTPs opposite a target template

base 27). The template/primer DNA (5 nM) and a running-

start dATP mix (50uM) were mixed together in 2pL of

A 1 2 3 B
kDa
200 —
116 —

66 -

42 -

17 =

End of extension —=

Other Materials and Method®©ther materials and meth-
ods were described previously, (16, 18).

1254567 1234567 1234567
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RFC +
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ATP + + +

Ficure 3: Effects of PCNA, RFC, and RPA on DNA synthesis 8ycereisiae pol 6 HE on a 30mer primer/100mer template. (A) RFC
(0.5u0), RPA (1ug), and PCNA (1ug) were analyzed by SDSPAGE, and the gel was stained with Coomassie brilliant blue as described
before {7). (B) Primer extension reactions were run with pdHE, four dNTPs, and the indicated proteins and ATP on a 30/100mer DNA.
Six lanes in each group represent reaction products of seven time pbihs (@), 15 s (2), 30 s (3), 1 min (4), 2 min (5), 3 min (6), and

4 min (7). Final concentrations in the reactions (20 were template/primer DNA (10 nM), pal HE (0.2 unit), and dNTPs (each 0.5
mM) and the accessory proteins and ATP were as follows: ATP (1.0 mM), RF@dadL), PCNA (90 nM), and RPA (320 nM).
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RESULTS A daTp dNTP
30mer primer 3 owp——— TTGGT v
S. cereisiae pol 0 is one of the major replicative DNA 100mer template 3 AACCATTTTGCTGTCTGTAC s

polymerases in budding yeast (see 2efor review). The . ~ .
purified enzyme (holoenzyme, HE) has three subunits, Pol3,B wild, -PCNA wild, +PCNA

Pol31 (Hys2), and Pol32, and catalyzes highly processive dC aG 4T dA 4C 4G aT dA
DNA synthesis orpX174 single-stranded DNA primed with ] )

a short oligonucleotide in the presence of PCNA, RFC, and =1 A A S =1 = ]
replication protein A (RPA) (reR0 and our unpublished —Ct
results).

Pol 6 HE was purified to near homogeneity from wild-
type (Figure 1) angol3-01yeast cells (data not shown), — — ;
and 3—5' exonuclease was measured usihgrid*2P-labeled e — T
30mer primer in the presence and absence of PCNA (Figure
2). PCNA is a sliding clamp, which tethers pbHE to the
end of DNA primer during polymerization and editing. Wild-
type pold HE degraded the 30mer oligonucleotide from the
3'-end efficiently in the presence and absence of PCNA.

However, the DNA substrate was degraded slightly less C wt, -PCNA
efficiently in the presence of PCNA, suggesting that PCNA *
may stabilize the enzyme in polymerization mode and
slightly inhibit the exonuclease activity. On the other hand, _; " " " dada
3'—5' exonuclease activity was not detected pnl3-01 3 f K,= 0.726 uM ) T
exonuclease-deficient p@l HE after incubation with the '

DNA substrate for 4 min (Figure 2) or 10 min (data not y f dA:dG
shown), although a contaminated phosphatase activity could T e e wow W e s
be detected in both the wild-type and the mutant &iE dCTP, uM dNTP, mM
preparations (see the bottom bands in the figure). However, wt, +PCNA

this activity was not detected whehé&nd3?P-labeled 30mer - -

primer annealed to the 100mer template polynucleotide was o : : - dT:dG
used (data not shown). Thus, we concluded that it would be 7
a single-stranded oligonucleotide-specific phosphatase ancs;
it would not disturb our analyses of polHE fidelity. Kpy=0.570 uM

Fidelity of Wild-Type Pob HE with and without PCNA o i
In earlier work, the fidelity ofS. cereisiae pol ¢ HE (16), e B B S s WL
S. pombepol 6 HE in the presence of RFC, PCNA, and dCTP, uM dNTP, mM
Escherichia coliSSB @7), andE. colipol Ill and the effects  Ficure 4: Fidelity of wild-type pold HE with and without PCNA.
of 8, y processivity and proofreading subunit26) were (A) Structure of the 30mer primer/100mer template DNA used in
characterized using a 30mer primer/100mer template. It wasthis study. (B) Primer extension reactions with wild-type p¢iE
shown thaiS. pombepol & HE copies the synthetic 100mer were carried out in the absence or presence of PCNA and analyzed

| . letely distributi in th as described in Experimental Procedures. The incorporation of
DNA template in a completely distributive manner in the  gcpvp opposite G and the three misincorporation reactions were

absence of PCNAZ7). However,S. cereisiae pol 6 HE run under multiple hit conditions [90% primers used (correction
does not require PCNA, RFC, and RPA for DNA synthesis factor for exonuclease-proficient enzyme, 1.70); see Appendix in
on a short DNA substrate, such as a 30mer primer/lOOmerref 27] to detect a significant misincorporation of ANTPs. The dNTP

- - - concentrations were 0.1, 0.2, 0.5, 1, 2, 5, andil¥Dfor dCTP and
template used in the previous studi&§, (26, 27). Therefore, 0.1, 0.2, 0.5, 1, and 2 mM for dTTP, dGTP. and dATP. (C) Gel

it is possible to examine the fidelity of wild-type and pand intensities in (B) were measured, and their raitir_; was
exonuclease-deficient pod HE using the same DNA  plotted versus dNTP concentration. The misincorporation efficiency
substrate without RFC and RPA. A time course showing finc Was computed using eq 1 (see Experimental Procedures).
extension of &P-labeled primer is arranged in three groups

of lanes to test the effects of PCNA on poHE processivity can load onto the short DNA by itself and stabilize the pol
(Figure 3). Pold HE copied the synthetic 100mer DNA ¢ HE primer/template DNA complex. Threading of PCNA
template in a processive manner in the absence of PCNAonto linear DNA in the absence of RFC has been reported
(Figure 3). A slight stimulation in pob HE processivity previously forS. cereisiae PCNA (29). Thus, base substitu-
occurred in the presence of PCNA (Figure-32CNA). A tion fidelity of wild-type pol 6 HE was measured in the
similar stimulation of pold HE processivity could be absence or in the presence of PCNA in this study (Figure
observed in the presence of yeast PCNA, RFC, RPA, and4). When the reaction was initiated in the presence of dATP,
ATP (Figure 3,+PCNA, RFC, RPA, and ATP). However, the enzyme incorporated four residues of A opposite four
if we used oligo(dT)y/poly(dA)seo (1:20) primer/template as  template T residues up to the template target G (template
a primer/template, pod HE DNA synthesis activity was  DNA sequence is shown in Figure 4A). When dCTP was
stimulated 5-7-fold by addition of PCNA (data not shown). added to a reaction lacking PCNA, pbHE incorporated a
These observations that PCNA stimulated p&lE synthesis C opposite the target G. When dCTP was added to a reaction
in the absence of RFC suggest that the processivity clampwith PCNA, pold HE also extended the primer beyond the
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Table 1: Fidelity of Pold HE from S. cereisiae A pol3-01,-PCNA pol3-01, +PCNA
base pair V, K VimalKi fi 5 z

parr. Tmx i - Polga’l - £dC dG dT dA £ dc 4G dT dA

ild-Ty , = s

dcdc 421 0726  5.80 =1 A §_-_-
dedG 0089 212 422 104 0.728x 1074 (1) St
dT-dG 0.234 163 144 104  1.82x 10°4(1) — anm =5t
dA-dG  <0.0L >2000  <0.05x 10 <0.01x 10*(1) e e e s - e s S s (T

=it
[ ——— hﬂnﬂ--ﬂ-\;t

Wild-Type Pold, +PCNA
dc-dG 3.84 0.570 6.74

dGdG 0.320 365 8.7% 104 1.30x 1074(1.78)
dT-dG 0.536 246 21.& 104  2.62x 1074(1.44)
dA-dG 0.072 2000 0.36 1074  0.074x 1074 (>7.4) B pol3-01, -PCNA

Pol 6 from pol3-01, —PCNA ‘ .
dcdG 581 0210 276 TG
dGdG 1.74 368 472104 1.68x 104(1) - L
dT-dG 3.24 243 13% 10°* 4.83x 1074(1) £ 5 labdl
dA-dG 1.45 904 16.c 104 0.572x 1074 (1) N3 K= 0.21 M Wk = T

Pol d from pol3-01, +PCNA | - -
dcdG  4.94 0.327 15.1 | it dadf
dGdG 1.16 127 92.%10%  6.13x 1074(3.65) B e W w
dT-dG 1.15 127 90.6 104  9.83x 1074(2.03) dCTP, uM dNTP, mM
dA-dG 0.332 561 5.9% 10%  1.07x 1074(1.87)

pol3-01, +PCNA

target G; faint bands were detected at the next template C | . : ‘H — T
and at the T five nucleotides from the target G. Primer was . aw N GG
also degraded to the first upstream template G with increasing < . K= 0.33 M o [/ dTdG
frequency at higher concentrations of dCTP. When dGTP * = 4A:dG
was added to a reaction lacking PCNA, a faint band was { e
detected at the template T three nucleotides from the target o S | ) M S
G at higher concentrations of dGTP. This reaction product dCTP, uM dNTP, mM

was more abundant in reactions with PCNA and also pgugres: Fidelity of pol3-01pol & HE with and without PCNA.
increased at higher concentrations of dGTP. When dTTP was(A) Primer extension reactions with-35' exonuclease-deficient
added to reactions lacking PCNA, a faint band was detectedpol3-01pol 6 HE were carried out in the presence or absence of

at the target G. In the presence of PCNA, faint bands were PCNA_tasG defjctr:]bet% in Figure 4. Tr;_e incorpt)_oration of dC'V”;
. . pposite G and the three misincorporation reactions were run under
also detected beyond the target G at higher Cor]Cemrat'onsr.inuItiple hit conditions [70% primers used (correction factor for

of dTTP. dTTP was also incorporated opposite downstream exonuclease-deficient enzyme, 1.75); see Appendix i@TefThe

template nucleotides C and T. In reactions with dGTP, pol dNTP concentrations were 0.1, 0.2, 0.5, 1, 2, 5, anc:MDfor

0 HE shortened a fraction of the primer by one nucleotide. dCTP and 0.1, 0.2, 0.5, 1, and 2 mM for dTTP, dGTP, and dATP.

in all reacions with each dNTP, pOIHE generated DNA % Siow Tclaies ispirperaion n e prsercs of T, Such

fragments shorter th‘fm _the primer DNA (compare a 9(?””0' o0 HE. (BF; Gel band intensities in (A) were measured, ar)llg thpeir

lane). These results indicate that-3' exonuclease activity  ratio I12/17_; was plotted versus dNTP concentration as in Figure

of pol 6 HE acts as a proofreading exonuclease during DNA 4cC.

synthesis. Previous studies showed thatgdE possesses

an efficient 3—5' exonuclease that removes misincorporated (16). Thus, these results are consistent with the observation

nucleotides during in vitro DNA synthesid§). Thus, the that the fidelity ofS. cereisiae pol € HE is considerably

above results suggest that the poB'—5' exonuclease is  higher than the fidelity ofS. cereisiae or S. pombepol 6

less efficient than pot 3 —5 exonuclease during in vitro  HE (27).

DNA synthesis; however, the pab and pol e 3'—5 Fidelity of Proofreading Exonuclease-Deficient RaHE.

exonucleases degrade a single-stranded oligonucleotide wittBase substitution fidelity of exonuclease-deficient 9ME

similar efficiency (Figure 2 and ref6). was also measured in the absence or presence of PCNA as
The data shown in Figure 4B was used to estimate the described above for wild-type pdl HE (Figure 5). During

nucleotide misincorporation efficiencyi,¢) of pol 6 HE in
the absence of PCNA as follows:*G, 0.728x 1074 T-G,
1.82 x 104 A-G, <0.01 x 104 fic of pol 6 HE in the
presence of PCNA was estimated as follows:GG1.30 x
104 T-G, 2.62x 104 A-G, 0.074x 10 (Figure 4C,

preincubation in the presence of dATP, the enzyme incor-
porated four A residues opposite four template T residues
up to the template target G. At high concentrations of dATP,
a band was detected at the target G in the absence and
presence of PCNA. When dCTP was added to a reaction

and Table 1). Thus, nucleotide misincorporation increaseslacking PCNA, the mutant pob HE incorporated a C
severalfold in the presence of PCNA. In addition, nucleotide opposite the target G. In addition, faint bands were detected
misincorporation in the presence and absence of PCNA isat the next template nucleotides C and T [these products were

almost 2 orders of magnitude higher for ppHE than for
pol e HE [i.e., pole HE fi,¢ is 0.047x 10* for G-G, 0.015

x 1074 for T-G, and 0.0015x 10~* for A-G mismatches
(16)]. Furthermore, po¢ HE also efficiently degrades DNA

not produced by wild-type pa} HE (Figure 4B)]. When a

high concentration of dCTP was added to a reaction with
PCNA, the enzyme incorporated dCTP or dATP to the C
residue at least five nucleotides beyond the target G.

synthesis products containing misincorporated dGTP or dTTP Incorporation at the template nucleotide C next to the target
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G could be nontemplate extension of the primer, becausepol é HE is significantly lower than the fidelity of pad HE

3—5" exonuclease-deficient DNA polymerases tend to
catalyze this reaction at the end of duplex DNAQ)

However, this reaction is not observed for an exonuclease-

proficient enzyme, because of its proofreadirig3 exo-

(i.e., comparable to the fidelity &. pombepol 6 HE) and
that the pob 3'—5' exonuclease removes errors inefficiently
from a template/primer during in vitro DNA synthesis (Figure
4B). Therefore, this study supports the conclusion that the

nuclease. When a high concentration of dGTP was added tointrinsic fidelity of pol 6 HE is low and that this is due
a reaction lacking PCNA, faint bands were detected at the primarily to the inherent fidelity of its DNA synthesis activity
target G and at the template T three nucleotides from the but only to a small extent on its-35" exonuclease activity.

target G, but the latter species migrated more slowly than
the correct product of the same size (Figures 4B and 5A).
This may be due to misincorporation of dGTP at the template
T (mutant pold HE) instead of dATP (wild-type pad HE).

Addition of PCNA enhanced synthesis of this product as well

Previous studies showed that the fidelitySfcereisiae
pol ¢ HE was enhanced by its'-35' exonuclease 1).
Especially for GG and TG mismatches, the nucleotide
misincorporation efficiency was approximately 100-fold
higher for the 3-5' exonuclease-deficient enzyme than for

as a product terminating at the template T nine nucleotidesthe wild-type enzyme. Thus, nucleotide misincorporation

from the target G. When dTTP was added to a reaction
without PCNA, incorporation at the target G was much
higher than in reactions only with dATP. Similar results were
observed in the presence of PCNA (Figure 5A).

The nucleotide misincorporation efficiency jpbl3-01pol
0 HE in the absence of PCNA was estimated as follows:
G-G, 1.68x 104 T-G, 4.83x 104 A-G, 0.572x 104
In the presence of PCNAi,c was estimated as follows: -G
G, 6.13x 104 T-G, 9.83x 104 A-G, 1.07x 10 “(Figure
5B and Table 1) Thusfi,c of pol3-01 pol 6 increased
severalfold in the presence of PCNA for all mismatches

efficiency was similar for exonuclease-deficient poHE
and wild-type pold HE (Table 1). The nucleotide misin-
corporation efficiency of exonuclease-deficient P¢E was
approximately 10-fold higher than of wild-type p&HE in

the presence of PCNA (Table 1). By comparison, gblE

is an extremely accurate DNA polymerase with an efficient
3'—5' proofreading exonuclease. The fidelity of poHE is
low, and the contribution of the'35' exonuclease activity
to its fidelity is relatively small. If pold synthesizes DNA
with low fidelity in vivo in the presence of PCNA, it is
possible that other enzymes might correct misincorporation

examined (Table 1). These results suggest that nucleotidertors introduced by pad HE.

misincorporation efficiency increases with increasing pro-
cessivity and shows that the nucleotide misincorporation
efficiency is higher fopol3-01than for wild-type pold HE.

Vma{Km Was also compared f@ol3-01land wild-type pol
0 HE. For correct nucleotide incorporation (dCTP) in the
absence of PCNAYma/Km Was 27.6 forpol3-01and 5.80
for the wild-type enzyme (Table 1). In the presence of PCNA,
VmadKm for dCTP incorporation was 15.1 f@ol3-01and
6.74 for the wild-type enzyme. As discussed above, nucle-
otide misincorporation efficiency is higher for-@, GG,
and TG for pol3-01than for wild-type pold HE (Table 1).
However, because thé,./Km of exonuclease-deficient pol
0 for C-G was 2.24-fold higher than for the wild-type
enzyme, it was calculated that the@&@ T-G, and AG
misincorporation efficiencies of theol3-01pol 6 HE were
approximately 10-, 8-, and 30-fold higher than for wild-type
pol 6 HE, respectively (Table 1).

DISCUSSION

Pol ¢ is one of the major eukaryotic replicative poly-
merases, and it was expected that its fidelity would be high
(1). Goodman and collaboratord) showed that the fidelity
of S. pombepol & HE is 1-2 orders of magnitude lower
than the fidelity ofE. coli pol Il (26). The fidelity of an
another eukaryotic replicative DNA polymerase pols
comparable to that oE. coli pol Il (16) and, therefore,
higher than the fidelity ofS. pombepol 6 HE. This study
measures the fidelity of wild-type and exonuclease-deficient
S. cereisiae pol 0 HE and enables us to directly compare
its fidelity to that of the other major replicative polymerase
in S. cereisiag, pol ¢ HE. Wild-type S. cereisiae pol ¢
HE has 3—5' exonuclease activity whereas the activity of
S. pombepol 6 HE was inefficient, suggesting tha.
cerevisiae pol 6 HE might have a higher fidelity 47).
However, this study shows that the fidelity 8f cereisiae

Previous studies examined the spontaneous mutator phe-
notypes of exonuclease-deficigndl3-01pol 6 andpol2-4
pol € (14). The pol3-01 mutation elevated the spontaneous
mutation rate by approximately 100-fold, and thel2-4
mutation elevated the spontaneous mutation rate by ap-
proximately 10-fold (assessed WRA3forward mutation
and his7-2 reversion assays). However, in vitro results
demonstrate that the fidelity of exonuclease-deficientdol
HE was reduced approximately 10-fold and the fidelity of
exonuclease-deficient pelHE was reduced approximately
100-fold (this study and ref6). This discrepancy suggests
that the in vivo spontaneous mutation ratepof3-01and
pol2-4 strains are determined by another factor (or factors)
in addition to the proofreading activity of the DNA poly-
merase. For example, misincorporation errors by53
exonuclease-deficient pat HE might be corrected by
mismatch repair, such that fewer misincorporation errors
persist in vivo than in vitroHowever, inpol3-01yeast strain,
the situation might be more complicated. The low fidelity
of wild-type pold HE might be rescued by mismatch repair
activities, but the even lower fidelity of exonuclease-deficient
pol 6 may cause enough mutations to exceed the capacity
of mismatch repair. Also, pod HE and pola primase
participate in lagging-strand synthed® &nd pola primase
lacks intrinsic 3—5' exonuclease; thus, misincorporation
errors introduced by pat primase may be corrected in vivo
by pol 6 HE, exol, and/or mismatch repair activitiexby.
Therefore, it is possible that inactivation of pol3'—5
exonuclease may severely reduce the fidelity of lagging-
strand DNA synthesis, and the spontaneous mutation rate in
pol3-01might reflect the misincorporation rate of ppHE
and pola primase.
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