THE JOURNAL OF BIOLOGICAL CHEMISTRY X
© 1993 by The American Society for Biochemistry and Molecular Biology, Inc.

Fidelity of $29 DNA Polymerase

Vol. 268, No. 4, Issue of February 5, pp. 2719-2726, 1993
Printed in U.S.A.

COMPARISON BETWEEN PROTEIN-PRIMED INITIATION AND DNA POLYMERIZATION*

(Received for publication, May 29, 1992)

José A. Esteban}, Margarita Salas§, and Luis Blanco
From the Centro de Biologia Molecular (CSIC-UAM), Universidad Auténoma, Cantoblanco, 28049 Madrid, Spain

$29 DNA polymerase is able to catalyze two different
synthetic reactions: protein-primed initiation and
DNA polymerization. We have studied the fidelity of
¢29 DNA polymerase when carrying out these two
reactions. Global fidelity was dissected into three steps:
insertion discrimination, mismatch elongation, and
proofreading. The insertion discrimination of ¢29
DNA polymerase in DNA polymerization ranged from
10* to 10°. The efficiency of mismatch elongation was
10°-10%-fold lower than that of a properly paired
primer terminus. These factors indicate that DNA po-
lymerization catalyzed by ¢29 DNA polymerase is a
highly accurate process.

Conversely, the insertion fidelity of protein-primed
initiation was quite low, the insertion discrimination
factor being about 10%2. Mismatch elongation discrimi-
nation was also rather low: mismatched terminal pro-
tein (TP) . dNMP complexes were elongated from 2- to
6-fold more slowly than the correct TP.dNMP com-
plex. Even more, the 3’ — 5’ exonuclease activity of
929 DNA polymerase was unable to act on the TP.
dNMP initiation complex, precluding the possibility
that a wrong dANMP covalently linked to TP could be
excised and corrected. Therefore, protein-primed ini-
tiation can be predicted as a quite inaccurate reaction.
The problem of maintaining the sequence at the DNA
ends is discussed in the context of a recently described
model for protein-primed initiation.

DNA replication in vivo has been described as a highly
accurate process, with error frequencies between 107™° and
1072 (1, 2). This faithful genome duplication relies on multi-
ple sequential steps to discriminate against errors, and the
critical role of DNA polymerases in ensuring a precise DNA
synthesis has been clearly established. In this sense, the
number of purified DNA polymerases and in vitro studies
examining their ability for base selection are increasing (3-
12). Despite the fact that in vitro studies probably cannot
mimic precisely the actual in vivo conditions in which DNA
synthesis occurs, it has proven to be a powerful method to
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elucidate the mechanisms responsible for the fine nucleotide
selection exhibited by most DNA polymerases.

Two fidelity mechanisms have been shown to operate dur-
ing DNA polymerization (for a review, see 13): (a) nucleotide
insertion discrimination (DNA polymerases preferentially se-
lect the correct ANTP to catalyze phosphodiester bond for-
mation); (b) exonucleolytic proofreading (the 3’ — 5’ exonu-
clease activity of DNA polymerases excises noncomplemen-
tary nucleotides at the 3’-OH primer terminus more rapidly
than correctly paired nucleotides). The insertion discrimina-
tion step can operate at two levels. First, wrong dNTPs might
be bound with lower affinity than right ones, probably because
of a faster dissociation rate of mispaired dNTPs (3, 4, 7, 11).
Second, the rate of phosphodiester bond catalysis can be
slower for incorrect dNTPs than for correct ones (5, 6, 11).
In addition, intermediate conformational changes of DNA
polymerase can be especially disfavored when a mispaired
dNTP is bound (5, 11). The exonucleolytic proofreading is
probably based on two mechanisms. First, a mispaired 3’-
terminus is intrinsically easier to melt and is, therefore, a
better substrate for exonuclease activity, according to the
“melt and slide” model for exonucleolysis (14). Second, it has
been proven that the addition of the next nucleotide onto a
mismatched 3’-terminus is an inefficient step, increasing the
exposure time of the mispaired end to the exonuclease activity
(5, 11, 15). All of these steps have been analyzed in different
DNA polymerases, and the relative importance of each one is
dependent on the specific DNA polymerase.

In this paper we present the characterization of the fidelity
mechanisms exhibited by bacteriophage $29 DNA polymer-
ase. Two main points justify the relevance of studying the
error discrimination ability of another DNA polymerase.
First, $29 DNA polymerase is able to use two different mol-
ecules as primers to catalyze nucleotide incorporation. During
DNA polymerization, $29 DNA polymerase uses a DNA
primer as donor of free 3’-OH groups, but for the initiation
of replication of the $29 linear genome, the ~-OH group is
provided by a serine residue of the $29 terminal protein (for
review, see 16). These two reactions are thought to share the
same active center (17, 18), but they show clear biochemical
differences (19, 20). Therefore, it is important to elucidate
and compare the fidelity mechanisms exhibited in these two
different reactions, trying to correlate these mechanisms with
the specific characteristics of protein-primed or DNA-primed
nucleotide incorporation. For these correlations it is also
important to bear in mind the possibly different physiological
relevance of error discrimination at the two steps of $29 DNA
replication (initiation of DNA replication and subsequent
DNA polymerization). On the other hand, these studies rep-
resent the first kinetic characterization of a protein-primed
initiation reaction. Therefore, it has been possible to compare
not only the fidelity mechanisms operating in protein-primed
initiation and DNA polymerization but also the kinetic pa-
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rameters of correct nucleotide incorporation in these two
reactions. The fidelity of the initiation reaction was studied
separately in three individual steps: insertion discrimination,
proofreading, and mismatch elongation. In the case of DNA
polymerization, only insertion discrimination and mismatch
elongation were evaluated; the proofreading ability of $29
DNA polymerase has been the subject of a recent publication
(21).

MATERIALS AND METHODS

Nucleotides and Proteins—Ultrapure unlabeled ANTPs were from
Pharmacia LKB Biotechnology; [a-**P]JdNTPs (400 Ci/mmol) and
[v-**P]ATP (3,000 Ci/mmol) were obtained from Amersham Inter-
national Ple. T4 polynucleotide kinase was purchased from New
England Biolabs. Wild-type and exonuclease-deficient (D12AD66A;
22) $29 DNA polymerases were purified essentially as described (23),
with modifications to be published elsewhere. $29 TP' was purified
as described (24).

DNA Templates—TP-DNA complex was obtained as described
(25). Complementary single-stranded oligonucleotides SP1 (5’-GAT-
CACAGTGAGTAC) and SPlc+6 (5-TCTATTGTACTCACTGT-
GATC) were synthesized in a 391 DNA Synthesizer (Applied Biosys-
tems) as described (26), purified by 20% PAGE, ethanol precipitated
and, in the case of SP1, 5’-labeled with [y-*P)ATP and T4 polynu-
cleotide kinase. Further separation by PAGE was necessary to purify
the full-size 5’-labeled oligonucleotide. The specific activity obtained
was 2.5 X 10° cpm/pmol. The primer/template 5’-**P-SP1/SP1lc+6
molecule was obtained by hybridization between SP1 and SP1c+6.

Measurement of Nucleotide Insertion Rates Using DNA as
Primer—$29 DNA polymerase was allowed to interact with template/
primer DNA (SP1/SP1c+6) at equilibrium by preincubating for 15
min at 0 °C all of the components of the final reaction except the
metal activator. Then, the incubation mixture was tempered to 30 °C
and the reactions started by adding MgCl; or MnCl,. The final
reaction mixture contained, in 12.5 ul, 50 mM Tris-HCI (pH 7.5), 1
mM dithiothreitol, 4% glycerol, 0.1 mg/ml bovine serum albumin, 1
nM 5’-%P-SP1/SPlc+6, 30 nM exonuclease-deficient ¢29 DNA po-
lymerase, 10 mM MgCl; or 1 mM MnCl,, and various concentrations
of ANTPs. After 2 s at 30 °C, reactions were stopped with EDTA up
to 100 mM. The amount of elongated primers was analyzed by 20%
PAGE, autoradiography, and densitometry. At the highest dATP
(correct nucleotide) concentrations all the primers were elongated in
less than 2 s, preventing an estimation of the nucleotide insertion
rate in linear conditions. In the case of wrong dNTPs, the highest
concentrations produced severe inhibition of nucleotide insertion.
Therefore, these concentrations were discarded to calculate nucleo-
tide insertion rates.

Misinsertion in the Presence of Different Metal Activators Using
DNA as Primer—The reaction mixture was as described in the
previous section but using 25 uM dATP, 3 nM exonuclease-deficient
$29 DNA polymerase and, as metal activators, 10 mm MgCl,, 1 mMm
MnCl,, 2 mM ZnCl,, 1 mM CoCl, or 0.5 mM FeSO,. Incubation was
for 5 min at 30 °C, and reactions were directly quenched with 3 ul of
loading buffer. DNA polymerization products were analyzed by
PAGE, autoradiography, and densitometry.

Measurement of Mismatch Elongation Using DNA as Primer—
Primers with 3’-terminal mismatches were formed in the same reac-
tion mixture as described previously but using 60 nM exonuclease-
deficient ¢29 DNA polymerase and a 100 uM concentration of the
selected wrong nucleotide to be incorporated at the primer terminus.
After 15 min at 30 °C all of the primer molecules were elongated one
position, the desired wrong dNMP being at their 3’-end (not shown).
Mismatch elongation rate was measured by adding various concen-
trations of the next correct nucleotide (dAATP) and further incubating
for different times (depending on the particular mismatch) at 30 °C.
The reactions were stopped by the addition of EDTA to 100 mM.
Mismatch elongation was analyzed by PAGE, autoradiography, and
densitometry.

Measurement of Insertion Rates in Protein-primed Initiation—$29
DNA polymerase was allowed to interact with TP and template (TP-
DNA) by preincubating for 15 min at 0 °C all of the components of
the final reaction except the metal activator. Then, the incubation

! The abbreviations used are: TP, terminal protein; TP-DNA,
terminal protein-¢29 DNA covalent complex; PAGE, polyacrylamide
gel electrophoresis.
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mixture was tempered to 30 °C, and the reactions were started by
adding MgCl, or MnCl,. The final reaction mixture contained, in 25
pl, 50 mM Tris-HCI (pH 7.5), 1 mMm dithiothreitol, 4% glycerol, 0.1
mg/m! bovine serum albumin, 1.5 nM TP-DNA (two origins/mole-
cule), 150 nM TP, 15 nM exonuclease-deficient $29 DNA polymerase,
and 10 mM MgCl, or 1 mM MnCl,. The final dNTP concentration
was varied keeping constant the [a-*?P]dNTP concentration (0.05
uM for dATP or 0.25 uM for wrong ANTPs) and adding different
concentrations of the corresponding unlabeled dNTP. Incubation was
at 30 °C for different times to calculate the reaction velocity, and
reactions were stopped by the addition of EDTA to 10 mM and SDS
to 0.1%. The samples were filtered through Sephadex G-50-spun
columns in the presence of 0.1% SDS, and the excluded volume was
subjected to 10% SDS-PAGE. The TP-dNMP complexes were de-
tected by autoradiography and quantified by densitometry in the
presence of convenient markers. When initiation complexes were
expected to be elongated giving rise to different TP.(dNMP), prod-
ucts, electrophoresis was carried out in 12% SDS-PAGE (360 x 280
X 0.5 mm). In these conditions, the different TP (dANMP), complexes
are resolved.

Misinsertion in the Presence of Different Metal Activators in Pro-
tein-primed Initiation—The reaction mixture was as described in the
preceding section but using 0.1 uM [«-**P]dNTP (1 xCi) and 1 mM
MnCl;, 1 mM FeSOq, 2 mM ZnCl,, 0.5 mM CoCl; or 10 mM MgCl; as
the metal activator. After incubation for 2 min at 30 °C, the reactions
were stopped by the addition of EDTA to 10 mM and SDS to 0.1%
and analyzed as described in the previous section.

Measurement of Mismatch Elongation in Protein-primed Initia-
tion—Mismatched TP-dNMP complexes were formed in the same
reaction mixture as described in the previous section, using 0.25 uM
(2.5 uCi) of the wrong nucleotide to be covalently linked to TP. After
15 min at 30 °C, the elongation rates of these mismatches were
measured by adding various concentrations of dATP (the next correct
nucleotide) and further incubating for 5 min at 30 °C. To avoid the
interference of initiation complexes synthesized in the second incu-
bation, the labeled dNTP was diluted with its corresponding unla-
beled ANTP at 100 uM. The reactions were stopped by the addition
of EDTA to 10 mM and SDS to 0.1% and analyzed as described for
nucleotide insertion rate measurements.

RESULTS

Insertion Fidelity of $¢29 DNA Polymerase during DNA
Polymerization—The ability of $29 DNA polymerase to dis-
criminate between right and wrong nucleotides at the inser-
tion step of DNA polymerization was evaluated using a highly
purified exonuclease-deficient mutant (22) to avoid the inter-
ference of the 3’ — 5’ exonuclease activity. The DNA sub-
strate was a 5’-labeled 15/21-mer (SP1/SP1c+86), which offers
a T as first nucleotide on the template, and the rate of
nucleotide insertion was measured by quantifying the elon-
gation products of the 5-labeled primer (4) (see “Materials
and Methods”). These experiments were carried out using
Mg®* or Mn®* as the metal activator. Mn** has been described
as an efficient activator of the synthetic activities of $29 DNA
polymerase (20) although, in general, Mn**-activated DNA
polymerases are error-prone (6, 27-31). Therefore, it was
interesting to examine the influence of the metal activator on
the insertion fidelity of 29 DNA polymerase.

The kinetic studies were carried out in conditions in which
each DNA polymerase molecule catalyzed a single base inser-
tion onto a previously bound template/primer molecule.
These conditions were achieved by preincubating a 30-fold
molar excess of $29 DNA polymerase over template/primer
and starting the reaction by the addition of the metal-chelated
dNTP (see “Materials and Methods”). This approach allows
a direct estimation of the true nucleotide incorporation rate,
avoiding other possible rate-limiting steps such as DNA as-
sociation or dissociation.

The dANTP insertion rates were measured at different
dNTP concentrations and analyzed by linear regression. The
initial slope in a plot of rate versus dNTP concentration
defines the apparent second-order rate constant k../Kn. (in-
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TABLE I
Insertion efficiencies and discrimination factors in Mg**- and Mn**-activated DNA polymerization
Insertion rates were measured at different ANTP concentrations within a linear range, and analyzed as described under “Materials and
Methods” to obtain insertion efficiencies (k../K.) and discrimination factors (f).

Mg** Mn2*
Discriminatior; Discrimination
kcat/Kom factors keu/ K factors
S—l }lM_‘ S—) “M_l
T:dAMP* 6.8+ 1.9° 1 15.1 £5.1 1
T:dCMP (1.5 £ 0.3) x 10°* 4.5 x 10* (6.2 +1.8) X 10’j1 2.5 x 10*
T:dGMP (39 +0.7) x 107 1.8 X 10° (1.0 £ 0.4) x 107° 1.5 X 10*
T:dTMP (2.8 £ 0.4) X 107 2.5 % 10° (3.8+0.3)x 107* 4.0 X 10*

2 T:dNMP stands for the insertion of a dNMP residue opposite T on the template, using SP1/SP1c + 6 as primer/template.
® The errors of the mean were calculated by standard statistical methods with a confidence interval of 90%. Only the errors of the insertion

efficiencies are indicated, for simplicity.

sertion efficiency). The results obtained with the right
(dATP) and wrong (dCTP, dGTP, and dTTP) nucleotides
using Mg?* or Mn?* as the metal activator are shown in Table
L. Individual estimations of k.. and K, for the correct nucleo-
tide were not possible because of its fast insertion rate (the
minimal reaction time, 2 s, was too long to measure the
maximal velocity of correct nucleotide insertion accurately).
In the case of wrong nucleotides, the hyperbolic behavior of
insertion rate as a function of ANTP concentration over-
lapped with the inhibition observed at high dNTP concentra-
tions, precluding an accurate estimation of k., and K. Never-
theless, it is important to point out that fidelity values can be
obtained from the ratio of the insertion efficiencies for right
versus wrong nucleotides (f = (Rea/Kn)r/(Rea/Km)w). As
shown in Table I, the discrimination values obtained with
Mg?* as the metal activator ranged from 4.5 x 10* (T:dCMP
mispair)? to 2.5 X 10° (T:dTMP mispair). Mn**, in general,
reduced the insertion fidelity of $29 DNA polymerase, but
the extent of this reduction was dependent on the individual
mispair; the formation efficiency of T:dGMP and T:dTMP
mispairs was increased 10- and 100-fold, respectively, whereas
the misinsertion efficiency of the T:dCMP mispair was not
altered significantly.

The insertion fidelity of ¢29 DNA polymerase was quali-
tatively evaluated in the presence of other metal ions known
to support its polymerization activity (20). In this assay we
examined the elongation of the 15/21-mer (SP1/SPlc+6)
with dATP (see “Materials and Methods”). The correct in-
corporation of two dAMP residues is expected, and further
elongation of the primer would imply the formation of an
A:dAMP mispair (Fig. 1A). This approach allows a direct
comparison between the efficiency of correct versus wrong
nucleotide insertion. As shown in Fig. 1B, all of the metal
activators tested, except Zn**, reduced the fidelity of ¢$29
DNA polymerase. This result, together with the previous
kinetic study (Table I), shows that the insertion fidelity of
¢29 DNA polymerase is markedly affected by the metal ion
used as activator.

Elongation Efficiency of Mismatched DNA Primer Ter-
mini—Another important fidelity mechanism for 3 — 5’
exonuclease-containing DNA polymerases is the competition
between mismatch extension and exonucleolytic excision. A
slow rate of mismatch elongation will stall DNA polymerase
after misincorporation, increasing the time for proofreading
to act. In the absence of proofreading, an inefficient extension
of mismatched primers would eventually lead to DNA disso-
ciation and abortion of DNA synthesis after misinsertion. In

2 The first symbol (N) stands for the nucleotide present on the
template; the second symbol (ANMP) represents the nucleotide in-
serted at the primer terminus, opposite N.

the case of ¢$29 DNA polymerase, its strong 3’ — 5’ exonu-
clease activity has been shown to act as a proofreading activity
(21).

The 15/21-mer primer/template was elongated by the ad-
dition of one nucleotide forming the three possible mis-
matches (T:dCMP, T:dGMP, and T:dTMP). Then, the mis-
match extension efficiency (k../K.) of these three mis-
matches was estimated measuring the extension rate at
different dATP concentrations (dATP is the next correct
nucleotide), using Mg?* or Mn** as the metal activator (Fig.
2a) (see “Materials and Methods”). These experiments were
carried out with a 60-fold molar excess of the exonuclease-
deficient ¢$29 DNA polymerase mutant over mismatched
primers. In these conditions DNA binding is saturated, and
the elongation rate reflects the nucleotide insertion rate. On
the other hand, it has been observed in other systems that
inefficient mismatch extension is mainly because of a slow
nucleotide insertion rather than a low affinity for mismatched
primers (32).

The extension efficiency of the three mismatches, as well
as the elongation discrimination factors, defined by the ratio
of these mismatch extension efficiencies versus the extension
efficiency of a properly paired DNA primer (unextended 15/
21 primer/template), are shown in Table II. Using Mg** as
the metal activator, the discrimination factor for elongating
T:dGMP and T:dTMP mismatches was 2.7 X 10° and 4.2 X
10, respectively. These factors are comparable to other values
reported in different systems (5, 11, 15). However, the elon-
gation efficiency of the T:dCMP mispair was surprisingly
high (only 8-fold lower than the extension efficiency of the
correctly paired primer terminus). This efficiency was so high
that it does not seem to reflect the actual mismatch elonga-
tion. In fact, taking into account the nucleotide composition
of the template strand, we think that the most plausible
explanation for this result would be a misalignment event, as
depicted in Fig. 2b. The mismatched 3’-terminal dCMP resi-
due might pair with the previous G in the template, dislocating
the primer strand. In this conformation, the 3’-primer ter-
minus would be properly paired and could be efficiently elon-
gated. Misalignment-mediated mutagenesis has been de-
scribed in other systems (for a review, see 33). Using Mn** as
the metal activator, the elongation efficiencies of T:dGMP
and T:dTMP mismatches increased 100- and 10-fold, respec-
tively (see Table II). However, the T:dCMP mismatch was
elongated much more inefficiently than in the presence of
Mg**. According to the previous interpretation, this slow
mismatch elongation would indicate that in the presence of
Mn** the misaligned conformation is disfavored with respect
to the extended mismatched conformation (in fact, Mn** has
been described as stabilizing mismatched duplexes (34)). In
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this sense, the measured efficiency would reflect the actual
mismatch elongation efficiency.

Insertion Fidelity of $29 DNA Polymerase during Protein-
primed Initiation—The fact that protein-primed initiation is
a DNA-instructed reaction, as has been demonstrated recently
(35), offers the possibility of quantifying the fidelity of this
reaction and of elucidating the mechanisms responsible for
nucleotide selection when a protein is used as primer.

The kinetic characterization of the insertion fidelity during
protein-primed initiation was carried out using the natural
TP-DNA as template (which offers a T as first template
nucleotide), TP as primer, and an exonuclease-deficient ¢29
DNA polymerase mutant (see “Materials and Methods”). In
this reaction, it was especially relevant to compare the inser-
tion discrimination obtained with Mg** and with Mn?** be-
cause Mn** is a much better activator of the initiation reaction
than Mg®* (20). The interference of other possible rate-lim-
iting steps as TP-DNA polymerase complex formation or

A B
5' c Mg Mn" 2 co'Fe”
GTTATCT
Correct 2 dATP T
incorporation |¥ %_ - ,.
5' can o) -
GITATCT = - 2'
M.‘uincoxpotationl/- dATe IG|C Lot
5" caaR *53
GTTATCT
Mismatch | dATP
extension
5 caafa
GTTATCT

Fi1G. 1. Misinsertion in the presence of different metal ions.
Panel A, diagram showing successive correct incorporation, misincor-
poration, and mismatch elongation using dATP as the only nucleo-
tide. Panel B, electrophoretic analysis of SP1/SP1c+6 primer exten-
sion using 25 uM dATP and different metal ions as activators (see
“Materials and Methods”). The asterisk at the 5’-end of the primer
strand stands for **P labeling.

a
dATP
5'-GATCACAGTGAGTACNA
CTAGTGTCACTCATGTTATCT

5“GATCACAGTGAGTACN
CTAGTGTCACTCATGTTATCT

b dATP
5-GATCACAGTGAGTAC S-GATCACAGTGAGTACA
CTAGTGTCACTCATGTTATCT CTAGTGTCACTCATGTTATCT
Fi1G. 2. Diagram of the strategy used to measure the rate of
mismatch elongation. Panel a, true mismatch elongation. Panel b,
primer misalignment leading to elongation of a correctly paired (but
dislocated) primer terminus.
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origin positioning was avoided by preincubating a 10-fold
molar excess of TP over ¢p29 DNA polymerase; this TP-DNA
polymerase complex was incubated in a 5-fold molar excess
over template origins, and the reaction was started by the
addition of the metal-chelated dNTP. The reaction time was
short enough to ensure that most of the origins were not used
(see “Materials and Methods”). Under these conditions, meas-
uring the insertion rate at different ANTP concentrations and
by standard double-reciprocal plot analysis, it was possible to
estimate the K,, and k.. for correct (dATP) and incorrect
(dCTP, dGTP, and dTTP) nucleotides (Table III). In the
presence of Mn?*, the discrimination factors obtained ranged
from 1.1 X 10? (T:dGMP) to 1.3 x 10° (T:dCMP). It can be
also observed that the kinetic parameter mainly responsible
for this insertion fidelity is K,,. The K,, ratio of wrong nucle-
otides versus dATP varied between 82 (dGTP) and 235
(dCTP), whereas the k., for dATP was only 1.4 or 5.4 times
greater than the k.. for dGTP or dCTP, respectively. The
misinsertion reactions in the presence of Mg®* were so weak
that only the misinsertion efficiency (k.../K,) is indicated. In
fact, the reaction obtained with dCTP was so low that this
parameter could not be accurately estimated. The fidelity
factors that could be determined in the presence of Mg** were
quite similar to those obtained in the presence of Mn**.

The insertion discrimination of ¢29 DNA polymerase in
protein-primed initiation was also examined qualitatively in
the presence of other metal ions known to activate the initi-
ation reaction (20). As shown in Fig. 3, the initiation reaction
obtained with dATP was always higher than the one obtained
with the other (wrong) dNTPs, and there was no apparent
stimulation of misincorporation using different metal activa-
tors. Therefore, the insertion fidelity of the initiation reaction
does not seem to be severely affected by the metal ion used
as activator.

Editing on the TP-dNMP Complex—The ability of ¢29
DNA polymerase to catalyze DNA polymerization as well as
protein-primed initiation using the same active site (17, 18)
led to the proposal that TP is structurally equivalent to the
double-stranded portion of a template/primer DNA molecule
(36). This model poses the question of whether the TP-dNMP
complex could be a substrate for the 3 — 5’ exonuclease
activity of 29 DNA polymerase. First, the sensitivity to the
exonucleolytic activity of the phosphodiester bond between
Ser?” in TP and dAMP (the first 5’-nucleotide of the TP-
DNA) could be different from the standard internucleotidic
phosphodiester bond. Second, although perhaps formally
analogous, TP and a template/primer DNA molecule could
exhibit structural differences, especially concerning the melt

TABLE II
Elongation efficiencies and discrimination factors in Mg**- and Mn**-activated DNA polymerization
Elongation rates were measured at different dATP concentrations and analyzed as described for Table I. Elongation efficiencies (kat/Kn)

and discrimination factors are shown.

Mf* Mn?*
Discrimination Discrimination

kear/Kn factors kea/Kn factors

s um? s7hum™!
G:dCMP*® 6.8 +1.9° 1 15.1 £5.1 1
T:dCMP* 0.8 +0.2 8.1 (5.4+1.1) x10™* 2.8 X 10*
T:dGMP (2.5 +0.6) X 107° 2.7 10° (7.3 £0.4) X 107 2.1 X 10°
T:dTMP (1.6 +1.1) x 10°° 4.2 X 10° (7.3 £5.7) X 10™° 2.1 X 10°

?G:dCMP stands for the elongation of the SP1/SP1c¢ + 6 primer/template with dATP. This DNA molecule has a G:C pair at its primer

terminus, C being on the primer strand.
®The errors of the mean were calculated as in Table 1.

¢ Mismatches were preformed by adding one wrong nucleotide onto the SP1/SP1c + 6 primer terminus, opposite T on the template. Hence,
T:dNMP stands for the elongation of these preformed primer termini (N being on the primer strand) with dATP (see Fig. 2a).
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TaBLE III
Kinetic constants and discrimination factors in Mg**- and Mn**-activated protein-primed insertion

Insertion rates were measured at different dNTP concentrations and analyzed as described under “Materials and Methods” to obtain
kinetic constants (K,, and k.., insertion efficiencies (k../K,), and discrimination factors.

Mg“ Mn?*
Discrimination Discrimination
Kn Rear Reat/ K factors Kn Fea kea/Kn factors
uM gt s um? uM R s um™!
TP.dAMP:T* 5.3 3.9x 107" (7.4+0.3) X 107° 1 02 15x10° (7.5+15)x107° 1
TP.dCMP:T ND* ND ND ND 471 28107 (59+0.4)x10°° 1.3 x 10°
TP.dGMP:T  ND ND (21+£0.3) X 1077 3.5 x 10 165 11x107° (6.7+0.4) %107 1.1 x 10°
TP.dTMP:T ND ND (2.5 +0.5) x 1077 3.0 X 10? 20.1 62x10"* (3.1%+0.6) X107 2.4 X 10*

¢TP.dNMP:T stands for the covalent linking of a ANMP residue onto the terminal protein primer, opposite T on the ¢29 DNA template.

®The errors of the mean were calculated as in Table I.
¢ND, not determined.

A C G T
G
an0 By 4
Fe’ -
Co20 E—3
Mgzo —

FiG. 3. Protein-primed misinsertion in the presence of dif-
ferent metal ions. Electrophoretic analysis of protein-primed ini-
tiation showing the TP-[**P]JdNMP band obtained with each of the
four [a-**-P]dNTPs and different metal ions as activators (see “Ma-
terials and Methods”). The intensity of the TP-[**P]JdAMP band
reflects the activation efficiency of each metal at its optimal concen-
tration (20).

and slide model for exonucleolytic editing (14).

The ability of ¢29 DNA polymerase to excise the first
nucleotide covalently linked to TP was examined comparing
the initiation reaction at low dATP concentration (0.25 uM)
using the wild-type $29 DNA polymerase and the exonucle-
ase-deficient mutant. If the TP-dAMP complex is susceptible
to exonucleolytic degradation, wild-type $29 DNA polymerase
is expected to excise the AAMP residue covalently linked to
TP, yielding a lower amount of TP-dAMP complexes than
the exonuclease-deficient mutant, and releasing dAAMP. This
experiment was carried out in the absence of template (36) to
ensure that only one dAMP residue is inserted on TP. This
caution is necessary because TP-DNA has three consecutive
Ts at its 3’ ends, allowing potential incorporation of several
dAMP residues on TP. As shown in Fig. 4A, the amount of
TP.dAMP complexes formed by wild-type polymerase or the
exonuclease-deficient mutant was quite similar. In addition,
no [*P]dAMP was released by the wild-type enzyme (Fig.
4B). This result strongly suggests that there is no exonucleo-
lytic activity on the TP-dAMP complex. As controls, the
results obtained with TP-DNA as template are shown in Fig.
4, C and D. The incorporation of AAMP on TP catalyzed by
the wild-type enzyme was much lower than with the exonu-
clease-deficient mutant (Fig. 4C), and most of the input [«**-
P]dATP was turned over to [*P]dAMP after 1 h (Fig. 4D).
Therefore, in the presence of TP-DNA as template, dAAMP
incorporation proceeds further from initiation, producing
elongated products susceptible to exonucleolytic degradation
(in fact, the TP-dAMP band obtained with the exonuclease-
deficient mutant (Fig. 4C) appeared slightly shifted up in

A C
TAMP =+ el — =D v e ..
Lmin 6 20 60 3001000 6 20 60 300 1000 Lmin 6 60 6 60
WT EXO” wT EXO™

B D
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-0 0000600000 . _§. 00
Lmin 6 20 60 300 1000 6 20 60 300 1000 Lmin 6 60 6 60
wT EXO" wT EXO”

FiGc. 4. Comparison between protein-primed initiation cat-
alyzed by wild-type (WT) and exonuclease-deficient (EXO0")
mutant $29 DNA polymerases. Panel A, time course of TP-dAMP
formation. Reactions were carried out and analyzed as described for
Fig. 3 but omitting template, using 65 nM either exonuclease-deficient
or wild-type ¢29 DNA polymerase (as indicated) and 1 mM Mn** as
the metal activator. Reaction times are indicated. The position of the
TP-[**P]dAMP band is indicated. Panel B, samples of the assay
shown in panel A were subjected to polyethyleneimine-cellulose thin-
layer chromatography for AAMP turnover analysis. The position
expected for [**P]dAMP as well as the chromatographic origin are
indicated. Panel C, TP-dAMP formation in the presence of TP-DNA
as template. Reactions were carried out for the indicated times using
Mn?* as the metal activator; analysis was as described for Fig. 3.
Panel D, dAMP turnover analysis of the samples shown in panel C.

lower exposures, suggesting that several AAMP residues were
covalently linked to TP). To evaluate which is the first
elongated product that can be substrate for the exonuclease
activity of 29 DNA polymerase, dAAMP incorporation on TP
catalyzed by wild-type polymerase and the exonuclease-defi-
cient mutant was compared at different dATP concentrations
(Fig. 5A). This experiment was also carried out with an
incorrect nucleotide (dTTP) to test the validity of these
results when a wrong TP-dNMP complex is formed (Fig. 5B).
Reactions were analyzed by SDS-PAGE allowing the separa-
tion of the different TP-(dNMP), complexes (see “Materials
and Methods”). In these conditions, if the 3’ — 5" exonuclease
activity of ¢$29 DNA polymerase is able to excise the ANMP
residue at the 3’-end of a TP-(dANMP), complex, the band
corresponding to the TP-(dNMP),_, complex is expected to
accumulate, taking the exonuclease-deficient mutant as ref-
erence. As shown in Fig. 5A, the reaction obtained with the
wild-type $29 DNA polymerase mostly corresponds to the
TP-dAMP complex, even at the highest dATP concentration
tested (1 uM). On the other hand, the appearance of the
subsequent elongated products (TP-(dAMP),, TP-(dAMP),,

..) is fairly evident with the exonuclease-deficient mutant
from the lowest dATP concentration tested (0.05 uM) (Fig.
5A). These results strongly suggest that the first elongated
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A. Correct B. Incorrect

WT WT
TP-dAMP— W ——— TP-ATMP—— N
[dATPL,pM 005 01 02 05 1 [dTTP, pM 1 5 20 100 500
EXO~ EXO~

s :

LESAME=>: TP-ATMP— M
[dATP,uM 005 01 02 05 1 [dTTP,pM 1 5 20 100 500

FiGc. 5. Nucleotide requirements for the formation of the
TP-dNMP initiation complex and the first elongated prod-
ucts. Panel A, comparison between protein-primed initiation and
elongation catalyzed by wild-type (WT) $29 DNA polymerase or the
exonuclease-deficient (EXO~) mutant. Reactions were carried out
and analyzed as described for Fig. 3, using Mn?* as the metal activator
and different concentrations of dATP, as indicated. The position of
the TP [**P]dAMP band is shown with an arrow. Panel B, compari-
son between protein-primed misinsertion catalyzed by wild-type or
exonuclease-deficient 29 DNA polymerase. Reactions were carried
out and analyzed as described for Fig. 3, using Mn** as the metal
activator and different concentrations of dT'TP, as indicated. The
position of the TP [**P]dTMP band is shown with an arrow.

product susceptible of exonucleolytic degradation is just the
TP-(dAMP), complex. The TP-(dAMP), complex obtained
with the exonuclease-deficient mutant (Fig. 54) is probably
mediated by primer slippage on the 3’-TTT sequence of the
template. As shown in Fig. 5B, there was no elongated product
when the initiation reaction was carried out with a wrong
nucleotide (its appearance would imply the elongation of the
initial mismatch inserting again a wrong nucleotide), but the
similar amount of initiation reaction obtained at different
dTTP concentrations, using either the wild-type protein or
the exonuclease-deficient mutant, indicates that there is no
exonuclease activity on the TP.-dNMP initiation complex,
not even when it does not match with the 3’-end of the
template.

Elongation Efficiency of Mismatched Initiation Complexes—
After verifying that the initiation complex cannot be proof-
read and that the insertion fidelity of the initiation reaction
is rather low (10%-10% see Table III), mismatch elongation
appeared as a crucial step for error avoidance in the protein-
primed initiation reaction.

The mismatch elongation efficiency of $29 DNA polymer-
ase when the mismatched nucleotide is directly bound to TP
was measured in a pulse-chase experiment (see “Materials
and Methods”). During the pulse, separate initiation reactions
were carried out with each of the three different wrong nucle-
otides (a-*?P-labeled) to obtain the three possible mismatched
TP.dNMP initiation complexes. Then, the elongation rate of
these complexes was followed at different dATP concentra-
tions (the next correct nucleotide). These studies were carried
out using Mn** as the metal activator because of the low
reaction that can be obtained with Mg?*. As shown in Table
IV, no elongation of the TP-dCMP:T mismatch was observed
at the highest dATP concentration tested. This fact can be a
result of a very low elongation rate of this mismatch and/or
dissociation of the complex from the replication origin. In the
other two cases, a high rate of mismatch elongation was
observed, and most of the complexes were elongated, indicat-
ing that elongation was faster than dissociation. Mismatch
elongation efficiencies were compared with the elongation
efficiency of the correctly paired TP-dAMP:T complex (cal-
culated from a continuous initiation/elongation reaction), and
the corresponding discrimination factors were calculated
(Table IV). These factors (2.3 and 6.3 for TP-dGMP:T and
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TABLE IV
Elongation efficiencies and discrimination factors of TP-dNMP
complexes
Elongation rates were measured at different dATP concentrations
as described under “Materials and Methods” and analyzed as de-
scribed for Tables I and II. Elongation efficiencies (k.../K.) and
discrimination factors are shown.

Discrimination
keat/Km

factors
s™! “M—l
TP.dAMP:T* (8.9 £1.9) x 1073 1
TP.dCMP:T ND* ND
TP.dGMP:T (3.8+22) %107 2.3
TP.dTMP:T (1.4 £0.9) x 107° 6.3

¢ TP.dNMP:T stands for the elongation of a preformed initiation
complex (ANMP being covalently bound to the terminal protein)
opposite T on the template. These elongations were carried out with
dATP.

® The errors of the mean were calculated as in Table 1.

¢ ND, no elongation was observed at the highest dATP concentra-
tion tested (400 uM).

TP-dTMP:T, respectively) show that the elongation effi-
ciency of a correctly matched initiation complex is not much
higher than the efficiency of mismatched ones.

DISCUSSION

In this work we have evaluated the fidelity parameters
governing the error discrimination ability exhibited by $29
DNA polymerase during both DNA polymerization and pro-
tein-primed initiation.

Insertion Discrimination—The first direct conclusion that
can be drawn from these studies is that 29 DNA polymerase
is able to catalyze DNA polymerization with high accuracy,
comparable to that of other reported DNA polymerases (4-6,
11). With Mg**, the error frequency (the inverse of the inser-
tion discrimination factor; see (4)) of $29 DNA polymerase
ranged from 2.2 X 107° (T:dCMP misinsertion) to 4 X 107°
(T:dTMP misinsertion); the T:dGMP misinsertion showed
an intermediate frequency (5 X 107°). Using Mn?* as the
metal activator, $29 DNA polymerase showed a slight increase
in the insertion efficiency of the correct nucleotide (from 6.8
to 15.1 s'uM™'), whereas, in general, there was a strong
increase of misinsertion efficiencies. The ability of Mn** to
increase misinsertion efficiency without altering significantly
the insertion efficiency of correct nucleotides is obviously one
of the reasons for the error proneness of Mn**-activated DNA
polymerases. In this study it was not possible to know if Mn?*
increased the affinity for wrong nucleotides or accelerated the
mismatch catalytic rate.

Similar kinetic studies were also carried out for the protein-
primed initiation reaction, obtaining independent K, and kea
estimations for correct and incorrect ANTPs, using Mn** as
the metal activator. When comparing the insertion discrimi-
nation values of DNA polymerization and protein-primed
initiation, at least three conclusions can be drawn. First, the
insertion of the correct nucleotide (dATP) is much more
efficient in DNA polymerization than in the initiation reac-
tion. Protein-primed initiation was 10° or 2 X 10° times less
efficient than DNA polymerization when the metal activator
was Mg®* or Mn?*, respectively. Specific steps of the protein-
primed reaction such as TP-DNA polymerase complex for-
mation or origin recognition cannot be invoked to justify this
difference, as these steps were not rate-limiting in the assay
conditions. Therefore, the poor efficiency of the initiation
reaction is reflecting the actual low efficiency of nucleotide
insertion. Second, the insertion fidelity of protein-primed
initiation is quite low, with a discrimination factor of 107
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whereas it varied from 10* to 10° in DNA polymerization. The
insertion discrimination of the Mn?*-activated protein-
primed initiation by $29 DNA polymerase is mainly a “K
discrimination,” K., being about 140-fold lower for the correct
dNTP than for the incorrect ones. On the other hand, the
catalytic rate of the four dNTPs was rather similar (twice
faster for JATP than for the other dNTPs, on average). Third,
Mn?** did not decrease the insertion fidelity of the initiation
reaction, in contrast with the result obtained for DNA polym-
erization. Mn?* produced a 100-fold increase of misinsertion
efficiency in protein-primed initiation (quite comparable to
the result obtained in DNA polymerization). However, Mn**
stimulated the insertion of the correct nucleotide to a similar
extent, keeping the error frequency at the same level (about
4 X 107%). The increased efficiency of dATP insertion in the
presence of Mn?* with respect to Mg?* is mainly a result of
an increase in the affinity for this nucleotide (a 25-fold
increase in affinity versus a 4-fold increase in velocity; see
also Ref. 20).

Therefore, the three main characteristics of protein-primed
initiation which differentiate it from DNA polymerization at
the insertion level are: poor efficiency of nucleotide insertion,
low discrimination factor, and independence of this value
from the metal used as activator. As discussed below, these
properties are self-consistent and induce us to think of pro-
tein-primed initiation as a mechanistically unfavored reac-
tion.

¢29 DNA polymerase has been shown to share significant
amino acid homology with the Klenow fragment of Esche-
richia coli DNA polymerase I (37). Based on this homology
and on site-directed mutagenesis studies (22, 37), $29 DNA
polymerase has been proposed to show a structural arrange-
ment similar to the one observed for Klenow (38). In this
model, the polymerase active site is located within a binding
cleft for duplex DNA, in which the template/primer structure
would be held. The two synthetic reactions carried out by $29
DNA polymerase (DNA polymerization and protein-primed
initiation) are proposed to share the same active site, and
therefore, the two different primer molecules used in these
reactions (DNA template/primer and TP) would have to be
accommodated in the proposed binding cleft of the $29 DNA
polymerase. In this sense, the $29 TP has been proposed to
be structurally analogous to the double-stranded portion of a
template/primer molecule (36). However, the interaction be-
tween TP and $29 DNA polymerase might distort to some
extent its polymerization active site. In addition, in the initi-
ation reaction, primer (TP) and template are not covalently
linked, as in DNA polymerization (considering the double-
stranded region of template/primer as the real primer). These
different properties of TP compared with DNA template/
primer are likely diminishing the stabilization of the incoming

Fic. 6. Comparative model for
protein-primed initiation and elon-
gation on both wild-type and mu- l
tated templates. Panel A, initiation
and elongation on a normal template
(adapted from Ref. 35). Panel B, initia-
tion and elongation on a template mu- 3
tated at its 3’-terminal nucleotide. Panel
C, initiation and elongation on a tem-
plate mutated at its second position.
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nucleotide, reducing its insertion efficiency. This distortion
would also explain the low fidelity exhibited in this reaction.
A less precise interaction with template will mask, to some
extent, the differences between correct and incorrect pairing.
In other systems, Mn?* has been shown to increase the DNA
polymerase affinity for improperly paired molecules, as wrong
dNTPs or ANTP analogs (28, 39). The structural reason for
this behavior is not yet clearly understood, but in some way
Mn?* improves the matching of such molecules with the DNA
polymerase-DNA complex. In protein-primed initiation, even
the right dNTP is probably not efficiently paired with tem-
plate, allowing Mn>* to increase the affinity for this nucleo-
tide. The same effect would occur for wrong nucleotides, and
therefore, the error frequency of this reaction is not increased
in the presence of Mn?*.

Exonucleolytic Proofreading—Following misinsertion, a
DNA polymerase can prevent fixation of the error by excising
the mismatched nucleotide, and obviously, the longer the
mismatched 3’-terminus remains unextended the more likely
it will be eliminated. We have clearly shown that $29 DNA
polymerase extends mismatched primer termini much slower
than correctly paired primers (2 X 10° times in the presence
of Mg?*, on average, excluding the special T:dCMP mis-
match). The strong 3’ — 5’ exonuclease activity of $29 DNA
polymerase is likely able to take advantage of this mismatch
elongation discrimination to increase the global fidelity of
DNA polymerization. Mn?*, in general, decreased these dis-
crimination factors, and again, this fact is presumably reflect-
ing its ability to improve the fitness of a mismatched primer
terminus into the primer binding site of $29 DNA polymerase.
It was not possible to measure the mismatch elongation rates
of Mg®*-activated protein-primed initiation; but, at least with
Mn?*, mismatch elongation efficiencies were only moderately
lower than the elongation efficiency of a properly paired
initiation complex. This poor discrimination factor is consist-
ent with the interpretation discussed previously. The same
distortion that would mask the differences between the incom-
ing correct or incorrect nucleotides probably persists after
covalently linking TP and ANMP. If this is true, the differ-
ences between matched or mismatched TP-dNMP complexes
would be also diminished. The fact that this distortion is still
present after catalyzing the initiation reaction is suggested by
the low elongation efficiency of a correctly paired initiation
complex (8.9 X 1072 s™* uM™'). This efficiency is about 2,000-
fold lower than the elongation efficiency of a correctly paired
DNA primer terminus, despite the fact that the elongation of
an initiation complex implies the formation of a standard
internucleotidic bond. Another factor that would justify the
poor elongation of initiation complexes is the absence of a
stabilizing DNA duplex region upstream from the primer
terminus, which could not be perfectly mimicked by TP.

"‘:FGTCAT ------

3 3
e AAARGT A====~== CCAGTAm=====
= GTTCAT-===~~ TGTCAT~===~~
3 3
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On the other hand, we have shown that the 3’ — 5’
exonuclease activity of $29 DNA polymerase cannot take
advantage of this poor mismatch elongation discrimination
because of the insensitivity of initiation complexes (mispaired
or not) to this exonuclease activity. Assuming that the exon-
ucleolytic proofreading model proposed for Klenow (14) is
also valid for ¢$29 DNA polymerase, the inability of its exo-
nuclease activity to excise the nucleotide covalently bound to
TP can simply reflect the impossibility of this nucleotide to
reach the exonuclease active site because of steric hindrance
imposed by TP. It is also possible that the phosphodiester
bond linking TP and the first ANMP would be chemically
resistant to the exonuclease activity of 29 DNA polymerase.
On the other hand, the bond linking the first and second
nucleotides was susceptible to the exonuclease action. In the
absence of structural information, we do not know if this
result indicates a close vicinity between the exonuclease and
the polymerization active sites or the ability of TP to place
this second nucleotide into the exonuclease active site, mim-
icking DNA primer melting and sliding.

Physiological Implications of Protein-primed Initiation In-
accuracy—After examining the three discrimination steps
presented in this work (insertion, mismatch elongation, and
exonucleolytic proofreading), protein-primed initiation can be
predicted as a quite inaccurate DNA-instructed reaction:
wrong nucleotides are easily inserted, they cannot be proof-
read, and their elongation is rather efficient. From these
results, a high mutational rate on the first position of ¢29
DNA is likely to be expected. However, $29 and other related
phages, as ¢15, PZA, PZE, Nf, M2, B103, or GA-1, have
inverted terminal repeats which, in addition, are homologous
between them (16). Therefore, the terminal sequences of these
related phages are especially conserved. It can be argued that
in the in vitro system used (TP, 29 DNA polymerase, and
TP-DNA) some factor(s) enhancing the fidelity of the initi-
ation reaction has/have been lost. Although this possibility
cannot be ruled out, we favor the possibility that the recently
described special mechanism for ¢29 protein-primed initiation
and elongation (35) can be responsible for maintaining the
genetic information of the very terminal nucleotide. It has
been reported that the initiation reaction actually takes place
opposite the second position from the 3’-end of the TP-DNA
template (Fig. 64). After initiation, transition to elongation
would be mediated by a “sliding-back” mechanism, producing
the translocation of the TP-dAMP complex to pair with the
terminal T residue on the template. Then, the elongation of
the initiation complex would be produced using again the
second 3’-T residue as template (Fig. 6A). Misincorporation
during the initiation reaction would produce templates whose
first and second terminal nucleotides are different. These
molecules will serve as normal templates for protein-primed
initiation, but after the sliding back of the TP.dAMP complex
to allow elongation, a mismatch will be produced with the
terminal 3’-nucleotide on the template (Fig. 6B). Part of
these TP-dAMP complexes could dissociate from template
before elongation, diminishing the efficiency of these mole-
cules as templates and therefore acting as a nonexonucleolytic
proofreading. If the initiation complex is finally elongated,
the second 3’-nucleotide of the template would be used again,
restoring the two-nucleotides terminal repetition at the end
of the molecule (Fig. 6B). Therefore, despite the fact that the
first replication event is especially inaccurate, these errors
would not be fixed. According to this model, errors will be
counterselected because of a less efficient elongation after
sliding back, or forgotten if elongation succeeds, because the
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3’-terminal nucleotide is never used as template. In this sense,
it is also important to note that a mutation at the second
position of the template would be much more dangerous. After
sliding back, again a mispaired TP-dNMP will be produced
on the first position of the template (Fig. 6C), but if this
complex is elongated, the mutation will be fixed and imposed
to the first position. Even more, these double mutants will
behave as efficient templates both for initiation and elonga-
tion because the first and second nucleotides would be again
identical (35). In this sense, the importance of having exon-
ucleolytic proofreading on the second insertion event is clearly
reinforced, to avoid the formation of templates with the
second position mutated.

Thus, it could be considered that the strategy proposed for
the replication of TP-containing linear genomes has mini-
mized the potentially deleterious effect of the unfaithful ini-
tiation event. The low accuracy of protein-primed initiation
would be because of special mechanistic and structural prop-
erties of the initiation reaction which differentiate it from
DNA polymerization.

REFERENCES

. Riccheti, M., and Buc, H. (1990) EMBO J. 9, 1583-1593
. Eckert, K. A and Kunkel, T. A. (1990) Nucleic Acids Res. 18, 3739-3744
; Mattlla,P Korpela P. M., Tenkanen, T., and Pitkanen, K. (1991) Nucleic
Acids Res. 19, 4967-4973
10. Mgkis, H., Mo, J.-Y., and Sekiguchi, M. (1991) J. Biol. Chem. 266, 5055~
061

11. Wong, L, Patel, S. S., and Johnson, K. A. (1991) Biochemistry 30, 526-537

12. Yu, H., and Goodman, M. F. (1992) J. Biol. Chem. 267, 10888-10896

13. Echols H., and Goodman, M. F. (1991) Annu. Rev. Biochem. 60, 477-511

14. Joyce, C. M and Steitz, T. A, (1987) Trends Biochem. Sci. 12, 288-292

15. Mendelman,I V., Petruska, J., and Goodman, M. F. (1990) J. Biol. Chem.
265, 2338-2346

16. Salas, M. (1991) Annu. Rev. Biochem. 60, 3

17. Bernad A., Lazaro, J. M., Salas, M., and Blanco L. (1990) Proc. Natl.
Acad. Sei. U.S. A. 87, 4610~4614

18. Blasco, M. A., Blanco, L., Parés, E., Salas, M., and Bernad, A. (1990)
Nucleic Acids Res. 18, 4763-4770

19. Bernad, A., Zaballos, A Salas, M., and Blanco, L. (1987) EMBO J. 6,
4219- 4225

20. Es:tieban J. A., Bernad, A., Salas, M., and Blanco, L. (1992) Biochemistry

1, 350-359

21. Garmendm C., Bernad, A., Esteban, J. A., Blanco, L., and Salas, M. (1992)
J. Biol. Chem 267, 2594 2599

22. Bernad, A., Blanco, L. Lazaro, J. M., Martin, G., and Salas, M. (1989) Cell

1. Drake, J. W. (1969) Nature 221, 1132-1133

2. Cox, E. C. (1976) Annu. Rev. Genet. 10, 135-156

3. Clayton, L. K., Goodman, M. F., Branscomb, E. W., and Galas, D. J. (1979)

. Biol. Chem. 254, 1902-1912

4. Boosalis, M. S., Petruska, J., and Goodman, M. F. (1987) J. Biol. Chem.
262, 14689-14696

5. Kuchta, R. D., Benkovic, P., and Benkovic, S. J. (1988) Biochemistry 27,
6716-6725

6. El- Dglryssw S., So, A. G., and Downey, K. M. (1988) Biochemistry 27,

5

7

8

9

59, 219-228
23. Blanco L., and Salas, M. (1984) Proc. Natl. Acad. Sci. U. S. A. 81, 5325-
5329

24, Zaballos, A., and Salas, M. (1989) Nucleic Acids Res. 17, 10353-10366

25. Penalva, M. A, and Salas, M. (1982) Proc. Natl. Acad. Sci. U.S.A. 79,
5522-5529

26. Strauss, F. C., Lobon J. A., Siu, G., and Hood, L. E. (1986) Anal. Biochem.
154, 353-3

27: Hlbner Us; and Alberts, B. M. (1980) Nature 285, 300-304

28. Goodman M. F., Keener, S., Guidotti, S., and Branscomb, E. W. (1983) J.
Biol. Chem. 258 34693475

29. El-Deiry, W. S, Downey,K M., and So, A. G. (1984) Proc. Natl. Acad. Sci.

U.S A 81, 7378-7382

30. Beckman R. A., Mildvan, A. S., and Loeb, L. A. (1985) Biochemistry 24,

5810-5817

31. Eger, B. T., Kuchta, R. D., Carroll, S. S., Benkovic, P. A., Dahlberg, M. E.,
Joyce, C. M., and Benkovxc S.J. (1991) Biochemistry 30 1441-1448

32. Creighton, S., Huang, M. M., Cai, H., Arnheim, N,, and Goodman, M. F.
(1892) J. Biol. Chem. 2617, '2633-2639

33. Kunkel, T. A. (1990) Bmchemzstrv 29, 8003-8010

34. Murray,M J., and Flessel, P. (1976) Biochim. Blophys Acta 425 256-261

35. Méndez, J., Blanco L., Esteban o Al Bemad, ., and Salas, M. (1992)
Proc. Natl. Acad. Sci. U. S. A. 89 9579-9583

36. Blanco, L., Bernad, A., Esteban, J. A., and Salas, M. (1992) J. Biol. Chem.
267, 1925-1230

37. Blanco, L., Bernad, A., Blasco, M. A., and Salas, M. (1991) Gene (Amst.)

100, 27-38
., and Steitz, T. A. (1985)

38. Ollis, D. L., Brick, P., Hamlin, R., Xuong, N. G
Nature 313, 762-766

39. Tab(;)';GS and Rlchardson C. C. (1989) Proc. Natl. Acad. Sci. U. S. A. 86,

4 4080

0008





