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Abstract

Several variants of RB69 DNA polymerase (RB69 pol) with single-site replacements in the
nascent base-pair binding pocket are less discriminating with respect to non-complementary
dNMP incorporation than the wild-type enzyme. To quantify the loss in base selectivity, we
determined the transient-state kinetic parameters for incorporation of correct and all combinations
of incorrect dNMPs by the exonuclease deficient form of one of these RB69 pol variants, L561A,
using rapid chemical quench assays. The L561A variant did not significantly alter the k,,/and Kp
values for incorporation of correct dANMPs, but it showed increased incorporation efficiency (Ajop/
Kp) for mispaired bases relative to the wild type enzyme. The incorporation efficiency for
mispaired bases by the L561A variant ranged from 1.5 x 107> uM~1s™1 for dCMP opposite
templating C to 2 x 1073 uM~1s™1 for JAMP opposite templating C. These kp,/Kp values are 3—
60 fold greater than those observed with the wild type enzyme. The effect of the L561A
replacement on the mutation frequency /n vivo was determined by infecting £. coli, harboring a
plasmid encoding the L561A variant of RB69 pol, with T4 phage bearing a mutant r//locus and
the rates of reversions to r//* were scored. The exonuclease-proficient RB69 pol L561A displayed
a weak mutator phenotype. In contrast, no progeny phage were produced after infection of £. coli,
expressing an exonuclease-deficient RB69 pol L561A, with either mutant or wild type T4 phage.
This dominant-lethal phenotype was attributed to error catastrophe caused by the high rate of
mutation expected from combining the pol L561A and exo™ mutator activities.
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DNA polymerase is the central component of replicases that are responsible for faithfully
copying DNA. Despite the fact that all four dNTPs are potential substrates, replicative DNA
polymerases are able to limit the incorporation of mismatched bases to about one in a
million [for reviews see (1-8)]. Although this error frequency is acceptable for phage
replication, it is still far too high to maintain genetic integrity during cell proliferation in
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more complex organisms. To increase fidelity, cells have a number of mechanisms for
correcting errors, including the ability of the replicative DNA polymerase itself, or an
associated subunit, to excise misincorporated bases. In addition, there are specialized DNA
polymerases that confront DNA damage inflicted by radiation, oxidation, alkylating agents,
etc. which block the progress of replicative polymerases (6, 9-20). These DNA
polymerases, as exemplified by members of the Y family, are less selective toward incoming
dNTPs and have lower catalytic efficiencies for correct insertion compared with replicative
polymerases (21, 22). On the other hand, misincorporation results in reduced primer
extension rates, providing an opportunity for the exonuclease activity of the replicative
polymerases or their associated subunits, to remove mismatched bases at the 3’ primer-
terminus of the primer before they become part of the DNA duplex (23, 24). Because the
rate of extension beyond a mismatch is also slower than continued DNA synthesis from a
correctly base paired primer-template terminus, the opportunity for error correction by the
exo activity of the polymerase or replicase is further increased (24).

In the continuing quest to understand the molecular basis for base discrimination exhibited
by replicative DNA polymerases, we have chosen to study the DNA polymerase from
bacteriophage RB69. RB69 pol, like its closely related homolog T4 DNA polymerase,
belongs to the B family and has sequence similarities with many eukaryotic DNA pols such
as human pol a (25). The crystal structures of the Apo form of the RB69 pol and several
RB69 pol-DNA complexes have been solved (12, 26-29). The palm, fingers and thumb
domains, which are clearly recognizable in RB69 pol, are common features shared by many
DNA polymerases. The catalytic center for the phosphoryl transfer reaction lies in the palm,
the most highly conserved domain among all the polymerases (30). Amino acid residues that
comprise the nascent base-pair binding pocket of RB69 pol in the “closed” conformation
have been identified and are shown in Figure 1 (29). The interactions and putative function
of the side chains of these residues with the incoming dNTPs are as following: (i) Y416
functions as a “sugar gate” to distinguish between the ribose and the deoxyribose moieties
associated with the incoming nucleoside triphosphate (31); (ii) K560 interacts with the non-
bridging a and -y oxygens in the triphosphate moiety of the incoming dNTP (32); (iii) the
hydroxyl group of residue Y567 forms a hydrogen bond with the minor groove edge of the
DNA duplex at the primer-template terminus (29). Replacement of the aromatic side chain
of Y567 with a methyl group (Y567A) reduces base discrimination against mismatched
bases without affecting the rate of incorporation for complementary dNMPs (33, 34). As
part of this nascent base-pair binding pocket, L415, Y416, and Y567 are involved in
hydrophaobic interactions with the minor groove of the nascent base pair. The rear wall of
this binding pocket, which includes residues L561, N564 and S565 as shown in Fig. 3 of
(12), is presumed to reinforce the coplanar arrangement of the nascent base pair (12).
According to the ternary structure of RB69 pol (29), the side chain of L561 is an obvious
protrusion into the nucleotide binding pocket that may clash with a bulge on the major
groove side of a mispair. Even though this steric clash is estimated to cause only about 0.1 to
0.2A of overlap, it may be sufficient to account for the selectivity against purine-purine
mismatches, since these mispairs need more space than is available in the binding pocket.
The amino acid residues cited above define a very tight binding pocket that has evolved to
accommodate Watson-Crick base pairs but leaves little space for water molecules or for
bulges caused by incorrect geometry of non-complementary base pairs.

We have previously reported that the RB69 pol Y567A variant exhibits reduced base
selectivity and enhanced mutagenicity compared to the wild-type RB69 pol (33, 34). Here
we present /n vivoand in vitro data on the consequences of replacing L561 with Ala. We
also discuss the frequency and types of errors that the RB69 pol L561A variant generates /n
vivo. In addition, the kinetic parameters for the wild type enzyme and L561A variant have
been determined /n vitro under single-turnover conditions with matched and all
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combinations of mismatched incoming dNTPs. We compared our results with those found
for the Klenow fragment (KF), where similar types of studies have been carried out (35, 36).
We have also placed various non-complementary base-pairs into the RB69 pol ternary
complex /n silicoto see if the kinetic data from the wild type and the L561A variant
polymerase, with the mispaired bases, could be rationalized by modeling.

EXPERIMENTAL PROCEDURES

Materials

[y-32P]-ATP was obtained from Perkin Elmer Life Sciences Inc.; dNTPs were obtained
from New England Biolabs. Electrophoresis reagents were from American Bioanalytical
Corp. Oligonucleotides were synthesized by the W.M. Keck Foundation Biotechnology
Resource Laboratory at the Yale University Medical School. All other chemicals were
analytical grade. The “parental” RB69 pol and the L561A variant used for the kinetic studies
carry the D222A/D327A double replacement that eliminates the 3’-5" exonuclease activity
of the polymerase.

Construction, Expression and Purification of the L561A variant of RB69 pol

Site-directed mutagenesis to create the L561A variant was carried out using the Stratagene
Quikchange PCR protocol. The cDNA encoding the RB69 pol L561A variant was
sequenced to confirm the identity of the altered codon and to ensure that no other changes
were inadvertently introduced during PCR amplification. This cDNA was then cloned into
the SP72 vector (Promega) for the /n vivo studies and into the pET21b plasmid (Novagen)
for the /n vitro studies. Expression and purification of the RB69 pol L561A variant was
carried out as previously described (32) with the exception that a Ni-NTA affinity column
was used for the initial purification since there were 6 His residues appended at the C-
terminus when it was expressed from the cDNA cloned into the pET 21b vector. The 200
mM imidazole eluate from the Ni-NTA column was pooled after checking for the identity
and purity of the fractions by SDS-PAGE. After removal of most of the imidazole by
dialysis, the polymerase was loaded onto a Source 30Q column and eluted with a linear
gradient of increasing KCI concentration. The eluted fractions were checked for purity by
SDS-PAGE. Fractions containing >98% purity of the RB69 pol L561A variant were pooled
and the concentration was determined by the Bradford assay. The pooled fractions were then
dialyzed against standard polymerase storage buffer (26) and frozen in small aliquots at
—-80°C for future use.

Single-Turnover Experiments

Rapid chemical quench experiments were carried out using the KinTek Quench Flow
Instrument (Model RQF-3, KinTek Corp., University Park, PA). For slower reactions,
requiring sampling at time intervals longer than 20 seconds, aliquots were taken manually,
quenched with 0.2 M EDTA, and subjected to electrophoresis in 20% acrylamide gels with 8
M urea as previously described (37). Single-turnover experiments were performed as
previously described (32). The concentration of the incoming dNTPs were varied to
determine Kpand ko, values. The primer-template sequences used in this work are given in
Table 1.

Data Analysis

Data from single-turnover experiments fit best to the equation for a single exponential. The
apparent dissociation constant, Kp, for dNTP binding to the RB69 pol-P/T complex, was
calculated by fitting data from the ks versus dNTP concentration (see figure 2B as an
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example) to the hyperbolic equation; Kups = (KpofS1/(Kp+[S]), Where /i the maximum
rate of dNMP incorporation.

Mutation Tests in vivo

Reversion tests using T4 r// reporter mutations were performed as described (33). In these
tests, a T4 strain carrying an r// mutation and a double-amber mutation in the DNA pol gene
(gene 4.3) was used to infect an E. coli strain carrying a plasmid that expresses an RB69
gene 43which may be either wild-type or mutant. This system exhibits strong
complementation, and approximately normal mutation rates. The resulting T4 progeny can
be screened for four types of r//* revertants (38): r//131 reverts mainly by +1 (As — Ag);
rliuVv232by =1 (Az — Ap); rllUV256 by base-pair substitutions at a GeC mainly by
transitions; and r//UV375 by both transitions and transversions at three adjacent AeT sites.
Reversion rates () were calculated as p = #In(Mx) where fis the revertant frequency and
is the final population size. Posted reversion rates are medians of 17 stocks for pol* and of
14 stocks for RB69 pol L561A.

DNA Synthesis in vivo

Modeling

RESULTS

The measurements were performed as described (33) except that the cells were grown in LB
medium instead of M9SB medium to achieve vigorous growth. [3H] thymidine at 5 pCi/ml
and specific activity 2 mCi/mmol was used. The endogenous content of thymine and/or
thymidine in LB medium was low and, was negligible in these experiments.

Modeling of mismatches into the ternary RB69 pol complex (29) has been carried out using
two approaches: (i) superimposition of the four atoms that define the two glycosidic bonds
of the base pairs and; (ii) superimposition of the four atoms that define the glycosidic bond
of the dNTP and the two atoms immediately next to N1 or N9 of the glycosidic bond that
defines its base plane. In the second approach, the sugar and triphosphate group of the
incoming dNTP are fixed so that their positions are identical to dTTP observed in the ternary
structure of RB69 pol (29). However, in several instances the opposing nucleotide residue
deviated by more than 15° from the base plane (see discussion), causing it to sterically clash
with residues in the nucleotide binding pocket of the polymerase. We will address both types
of modeling in an attempt to elucidate the structural basis for fidelity.

The primary aim of this study was to evaluate the contribution of L561, a conserved residue
in the nucleotide binding pocket of RB69 pol, to base selection. We also wanted to
determine the effect of changing L561 to Ala on the generation of mutations in T4 phage
DNA synthesized /in vivo. To initiate this work we replaced L561 with Ala in an
exonuclease-deficient derivative of RB69 DNA pol and determined &),/ and Kp values for
the L561A variant with correctly matched and all combinations of mismatched bases under
single-turnover conditions. To obtain data on mutator activities, we tested the plasmid borne
L561A constructs /n vivo after infecting the plasmid bearing £. coli cells with T4 phage and
estimated the reversion rates of T4 r// mutations. These experiments were done with both
the exo™ and exo™ forms of the L561A variant to assess the relative contributions of the
L561A replacement alone, and in combination with mutations that eliminate the exo
activity, to the observed mutation frequency.
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Characterization of L561A Constructs in vivo

The results of reversion tests using T4 r// mutations are described in Table 2. RB69
polL561A exo* is, at most, a very weak mutator for single-base additions in the /131 test
and is a weak mutator for single-base deletions in the r//UV232test. The enzyme variant is
also a weak mutator in two tests for base-pair substitutions. An important constraint applies
to these results: the mutabilities of particular sites may vary by several orders of magnitude
and also depends on the DNA polymerase.

In contrast to RB69 pol-261A exo*, none of several RB69 pol-561A exo~ constructs
supported the growth of T4 phage whose own DNA polymerase gene (gene 43was disabled
by a pair of early amber mutations (Table 3). In addition, even wild-type T4 phage
replicated poorly when the host cells expressed RB69 pol-561A exo~. Similar results were
obtained with parallel constructs in which the RB69 exo activity was disabled by either a
double D222A/D327A, or a single D222A substitution. When the single D222A substitution
in the exo domain was reconverted to D222, T4 phage could again grow in cells expressing
RB69 pol-561A exo* data not shown).

Previously, two mechanisms have been described for such dominant lethality. In one, the
RB69 pol variant is catalytically insufficient but is produced in quantities sufficient to
translationally suppress the T4 pol from the infecting T4 phage (33, 39, 40). In the other, the
RB69 pol variant produces a mutator effect so great that almost no progeny remain free of
lethal mutations (error catastrophe or mutational meltdown) (33). Little DNA synthesis
occurs with suppressed translation of gp43 mRNA, whereas abundant DNA synthesis can
occur in the presence of hypermutation. We therefore measured DNA synthesis in infected
cells at a time when host DNA synthesis had ceased completely (Table 3). As reported
previously (33), the double D222A/D327A exo-domain replacement in the pol* exo~
construct had only a small impact on DNA synthesis. The single pol-domain replacement,
L561A, also barely affected the level of DNA synthesis. Constructs with replacements in
both the pol and exo domains had a moderate impact on DNA synthesis, reducing it by
about half (Table 3). This effect is similar to that observed with the RB69 pol Y567A exo~
construct, in which relative DNA synthesis was reduced to 0.6 (33). Independent evidence
implicated lethal hypermutation in the inability of the polY987A exo™ construct to support T4
phage replication: the mutation rate in the double-mutator mutant was increased roughly
2400-fold, implying a genomic rate of about 7 mutations per chromosome replication (33).
In contrast, the catalytically defective polY267F exo™ construct, which is also unable to
support T4 phage replication, was able to support only 0.06 percent of normal DNA
replication, a value similar to the 0.04 percent reported previously (33). We therefore
suspect that the inability of the Pol-261A exo~ construct to support phage growth reflects
lethal hypermutation. Although the average mutator factor of the pol-561A exo* construct in
reversion tests is only about 3-fold (Table 2), the combination of this factor with the very
strong exo™ mutator factor, about 500-fold (33), may be enough to produce lethal
hypermutation.

Kinetic parameters for incorporation of correct dANMPs under single-turnover conditions
by the parental enzyme and by the L561A variant

The use of synthetic oligonucleotides with defined sequences, shown in Table 1, made it
possible to study the insertion kinetics of a single nucleotide (either correct or incorrect)
opposite a given templating base. Before testing the capability of the RB69 pol L561A
variant to incorporate mispaired dNMPs, we first determined the kj,/and Kp values for the
complementary base pairs, for instance dT-A and dG-C pairs (where dT and dG are the
incoming dNTPs and A and C are the templating bases, respectively). These values were
then compared to those obtained for the same nascent base pairs by using the parental
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enzyme, as shown in Table 4. The Kpvalues were in the same range (17-70 uM) for both
the parental RB69 pol and the L561A variant. On the other hand, the &,/ values for the
L561A variant were reduced by roughly 50% relative to that of the parental enzyme. The
relative efficiencies shown in the last column of Table 4 are close to one, except for the dT-
A pair which is 0.4. This strongly suggests that the L561A variant is only slightly less
efficient than the parental enzyme for correct nucleotide incorporation.

Kinetic parameters for incorporation of mispaired dNMPs by the parental enzyme and by
the L561A variant

Having evaluated the transient-state kinetic parameters for the correct base-pair
combinations, we then estimated Kpand &, values for the 12 different combinations of
mispaired bases. A summary of the data is shown in Table 4. The general picture that
emerges is that the L561A variant incorporates mispaired bases with much greater efficiency
than the parental enzyme with &j,,/K)p ratios for the L561A variant versus the parental
enzyme ranging from ~3 to 60 fold. An example of how the kinetic parameters were
determined for a mismatch is shown in Fig. 2, where dGTP is the incoming nucleoside
triphosphate and A is the templating base. Increasing concentrations of dGTP were used and
the rates of product formation were plotted as a function of time (Fig. 2A). The observed
rate constants (kpps) Were then plotted versus dGTP concentration to obtain the Kpand Ay,
values (Fig. 2B). It should be noted that when the Kp values are greater than 2 mM, as
observed with dC-A, dC-C and dC-T mispairs, they represent the best approximation from
extrapolation of k,psversus dNTP concentration. Whenever the maximum rate of product
formation was not reached at the highest dNTP concentration, the apparent K could only
be roughly estimated. At dNTP concentrations exceeding 5 mM, there was also an apparent
inhibition of the pol reaction. In these cases, the reported &y, values are only approximate,
their precision depending on the affinity of the incoming dNTP for the enzyme-P/T
complex.

It is clear from the data in Table 4 that the parental enzyme has dramatically decreased
incorporation efficiency for mismatched incoming nucleotides. The dC-C pair has the lowest
value (3.6 x 107 pM~1s71). The overall selectivity of the parental enzyme comes from the
strong discrimination against all mispaired bases as demonstrated by the striking difference
in Kyoy/Kp values, with 2-7 pM~1 sec™® for complementary base pairs and 1074-107
uM~1s~1 for mismatched base pairs. By contrast, the L561A variant appears to have reduced
selectivity for all mispairs compared to the parental enzyme. The highest Kp values for the
L561A variant during misincorporation were observed when dCTP was the incoming
nucleotide. For instance, in the case of dC-C, the Kpwas about 2 mM and for dC-T, the Kp
was about 1.5 mM. On the other hand, the dT-G mispair had the lowest K (28 uM), similar
to the value for complementary base pairs. With respect to ks, the dA-C and the dT-C
mispairs had the highest values (0.8 s71), whereas the dG-A mispair had the lowest value
(0.01 s71). The dC-T and dG-T mispairs happened to have similar Kpols but the Kp for dG-T
was significantly lower than that for dC-T, which accounts for the difference in efficiencies
between these two sets of mispaired bases. Moreover the L561A variant has different Ao/
and Kp values when the incoming and the templating bases are switched (i.e. dC-A versus
dA-C). Compared to the parental enzyme, the increase in misincorporation efficiencies by
the L561A variant for these two mispairs are 46-fold for dA-C pair and 3-fold for the dC-A
pair (last column of Table 4). Replacement of the side chain of L561 with a methyl group
affects base selection differently depending on the position and identities of the base pairs.
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DISCUSSION

Mutations produced in vivo by RB69 pol L561A

In previous studies we reported the consequences of replacing Y567, a residue forming part
of the nucleotide binding pocket, with Ala and Phe (34). When we extended this study to the
L561A variant, we found that, in the exo* background, the RB69 pol L561A derivative was
a weak mutator in all the tests described in the Results section. As noted above, the
mutabilities of different sites in the target DNA may vary by several orders of magnitude
and the variation is dependent on the polymerase. Thus, mutator factors determined by
reversion tests /n7 vivo are unlikely to correspond precisely to what would be predicted from
kinetic parameters determined /n vitro. An alternative explanation of the smaller mutator
factors seen with the exo* form of the L561A variant /in vivo than with the exo™ L561A
variant /n vitro might be that the L561A replacement enhances partitioning of the DNA from
the pol to the exo site, adding an antimutator component to the insertion-mutator component
of fidelity.

When the L561A was in the exo™ background, it exhibited dominant lethality, a result
consistent with what we had observed previously with the Y567A variant in the exo™
background which we attributed to error catastrophe (33). We suggest that “error
catastrophe” is also responsible for the dominant-lethal effect found with the L561A variant.

The kinetic behavior of the RB69 pol L561A variant

The efficiency of the L561A variant relative to WT for incorporating correct dMNPs varied
between 0.4 and 0.8. These values resulted from the slightly higher binding affinity and the
50% lower ko values exhibited by the L561A variant compared to WT for complementary
dNTPs (Table 4). These unexpected results are similar to what we reported for the Y567A
variant (exo—) of RB69 DNA pol (34). However, it differs from what has been observed for
other DNA polymerase variants. For example a KF variant bearing a single mutation in the
active site had a significantly lower &y, and a much higher Kp for complementary dNTPs
than wild-type KF (35, 36). There are a number of mechanisms that might account for how
discrimination against incorrect dNTPs could be achieved during evolution. Beard et al. (41)
have observed a high degree of correlation between fidelity and catalytic efficiency for
correct dNTPs for all naturally existing DNA polymerases - the higher the efficiency, the
higher the fidelity. However, the catalytic efficiency for incorporation of incorrect ANMPs
or, more precisely, the catalytic /nefficiency, plays only a small role in contributing to
fidelity across the landscape of different classes of DNA polymerases. Through evolution,
DNA polymerases may have already achieved the lowest possible catalytic inefficiency for
incorrect dNTPs, while continually improving catalytic efficiency for correct dNTPs.
According to this hypothesis, one might expect that each active site residue contributes to
improving the catalytic efficiency for correct ANTPs, and any point mutation would decrease
it. This appears to be the case for KF (35, 36) and for many other DNA polymerases.
However, our data on the L561A variant presented here, as well as our earlier results on
Y567A, do not support this idea since the replacement of the side chains of Y567 and L561
with methyl groups fail to reduce the catalytic efficiency for insertion of the correct dNTPs.

Our data on RB69 pol L561A show that one of the functional roles of L561 is to suppress
misinsertion by lowering the catalytic efficiency for mispairs. This suggests that the side
chain of L561 may interact with the incoming nucleotides. Among all 12 mispairs tested, the
effect of the L561A replacement on transient-state kinetic parameters is also reflected by
decreases in Kp of up to 71-fold and increase in &,/ 0f up to 30-fold relative to the parental
enzyme. An exception to the high Kp values observed for the mispairs with the L561A
variant is the dT-G mispair, which has a K similar to the correct dC-G pair implying that
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the geometry of dT-G mispair does not interfere with ground state binding but does perturb
the alignment of the a-phosphorus atom of the incoming dTTP and the 3’ OH of the primer-
terminus resulting in a greatly reduced &,/ (Table 4). Moreover, mispairs involving the
same bases exhibit quite different kinetic parameters when the positions, either as the
incoming dNTP or the templating base are reversed. The catalytic efficiency exhibited by
the L561A variant increased 46-fold for the dA-C pair and 3-fold for the dC-A pair
compared to the parental enzyme. This is due to the variation in &,/ values relative to those
of the parental enzyme. This change, compared to the wild type &, differs by 31-fold
between dA-C and dC-A pairs (Table 4, column 7). In fact only the dC-A and the dT-G
mismatches have further reduced &, ratios in comparison to the parental enzyme. The
difference in &y, ratios may imply somewhat different transition states which are beyond
our capability of modeling. Similar position dependent observations have been reported for
the Klenow Fragment (35, 36). Our results with the L561A variant are consistent with the
accepted notion that active-site geometry is involved in base selection. In order to relate our
kinetic results with the L561A variant to structural features of the enzyme-P/T complexes,
one needs to examine structures of catalytically competent complexes with mispairs,
available either from crystal structures or derived from computation and modeling. To date
no ternary complexes of any DNA polymerases with mispairs in the insertion site have been
reported probably because these incorrect nascent base pairs are meta-stable as the incorrect
dNTPs have high Kpvalues for incorporation (Table 4 column 2). While our data on RB69
pol variants have identified several mismatched base pairs that could be used for capturing
the desired complexes in crystal form, we have to rely on computational modeling of
mismatched bases into the catalytically competent ternary complex of RB69 pol. These
candidates include, for example, L561A using ddP/T having a templating G and an
incoming dTTP, which would be expected to have a low K (Table 4). When the crystal
structure of such a complex has been determined, one can extrapolate the results to the wild-
type RB69 pol and draw inferences about structural determinants of base selectivity.

Computer Modeling of Mismatches in the Ternary Complex of RB69 pol

Mismatched bases have characteristic distances between the two C1” atoms of paired
nucleotides and angles between the two glycosidic bonds (42). While the C1°-C1” distances
of purine-pyrimidine mismatches are generally similar to the distances observed in Watson-
Crick base pairs (Table 5), the ability of the polymerases to select correct base pairs against
purine-pyrimidine mispairs relies partially on the depth of the minor groove, which is in
contact with the side chain of Y567 (34, 43). On the other hand, the C1’-C1” distance for
purine-purine mismatches is much greater than that for Watson-Crick base pairs (Table 5).
The kinetic behavior of the polymerases are also affected by the width of the base pair in the
nascent base-pair binding pocket. RB69 pol makes use of the Ca backbone of P361 and
1362 for this purpose. These structural features cannot be easily altered by mutagenesis. In
the case of pyrimidine-pyrimidine mismatches, the C1'-C1' distance is much shorter than
that of Watson-Crick base pairs (Table 5). Polymerases might not bind these base pairs
tightly enough at the active site to allow for polymerization. Due to small size of this type of
mismatch, the DNA polymerase may not desolvate the active site efficiently for catalysis to
occur at a significant rate. If polymerases keep the templating base in the correct orientation
for reaction, the incoming dNTP will be out of alignment for efficient phosphoryl transfer.
The modeling of the three types of mispairs into the ternary complex of RB69 DNA
polymerase requires high-resolution structures of mispairs in the EsP/TedNTP complex. An
attempt was made to determine the structures of all the possible mismatches in Bst pol I, an
A family DNA polymerase (44). However, none of these structures represents a catalytically
competent complex, which is what we need to rationalize our transient-state kinetic data.
Among them, the G-T, T-G, T-T, C-T, A-G, and G-G mismatches were captured in the post-
insertion state, the A-A, C-C, G-A primer-template mismatches in the pre-insertion state,
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and the T-C, A-C, C-A mismatches were disordered (44). Nevertheless the structures of
these mispaired bases in duplex DNA provided the coordinates for modeling these
mismatches into the ternary RB69 pol complex.

The structural basis for discrimination of purine-pyrimidine mismatches by the parental

enzyme

The selection against the dC-A mismatch by the parental enzyme is due to its low binding
affinity for the dC-A mispair in the ground state. In fact, this mismatch has the highest Kp
(4500 uM), which is more than 100 fold greater than that observed for Watson-Crick base
pairs (Table 4). Modeling (Fig. 3A, 3B) shows that the dC-A mismatch would not fit the
binding pocket very well mainly because of a steric clash with the Y416 side chain which
could explain the observed high Kp value. For the dA-C mispair, the alignment of the a
phosphate and 3’ OH of the primer deviated from the optimal position and, as a result, the
rate of catalysis was dramatically decreased. This implies a different transition state that is
beyond the capability of our modeling. The L561A replacement created a slightly larger
binding pocket, allowing mismatched base pairs to fit better. In fact, the K value of the
L561A variant for the dC-A mispair decreased 8.4 fold compared to that of the parental
enzyme. On the other hand, re-orientation of dA-C mispair led to 5-fold decrease in Kpand
9-fold increase in kj,, for the LS61A variant, giving a 45-fold increase in misincorporation
efficiency relative to the parental enzyme.

The structural basis for the loss of selectivity for purine-purine mismatches by the L561A

variant

Residue L561 is located in a cluster of amino acids in the nascent base-pair binding pocket
of RB69 pol (29) and forms part of the non-polar region that restricts access of water to the
reactants during phosphoryl transfer. It places steric constraints on the type of base pairs that
can occupy the nucleotide binding pocket while still allowing the 3’ OH of the terminal
primer and the a-phosphorous atom of the incoming dNTP to be properly aligned for the
transfer reaction. As we have demonstrated, the Ala for Leu substitution reduces
discrimination against non-Watson-Crick base pairs, but the loss of selectivity varies
considerably depending on the mispair. We are aware of the observed syn conformation of
the primer 3’-terminal G in the G-G primer-template mismatch at the post-insertion site of
Bst pol | (44), nevertheless we previously modeled the ant/ conformation of the incoming
dGTP at the insertion site of RB69 pol. It should be noted that at the post-insertion site, the
base pair is not subject to the same geometric restrictions as the nascent base pair and the
observed structure at the post-insertion site may not represent the conformational state that is
relevant to the structure of the catalytically competent ternary complex.

When the nascent base pair, in the syn conformation with the G-G mismatch (45), is
imported into the polymerase active site by superposition of the terminal G in the primer
strand, the base clashes with one of the non-bridging oxygens in the triphosphate tail of the
incoming dGTP. This requires that the templating nucleotide residue be in the syn
conformation. When the templating G adopts the syn conformation, it has few stacking
interactions with bases in the remaining duplex. Therefore, it might involve flipping the
templating G from its favorable anti, to a syn conformation in order to allow the mispaired
dGTP to be incorporated. This flipping may not occur frequently in solution in the absence
of the polymerase. When the DNA is in a complex with the polymerase, flipping is restricted
by the presence of bulky residues at the active site (34). We have argued that the incoming
dGTP should be in the anti conformation when its ribosyl moiety is superimposed onto that
of the ribosyl moiety of the complementary dTTP in the RB69 pol ternary complex (34). In
this modeling the templating G also approaches the side chain of L561 (Fig. 4A, 4B). Its
close proximity to L561 explains why selectivity against the dG-G mismatch is substantially
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reduced when the side chain of L561 is changed to a methyl group in the L561A variant. In
addition to the dG-G mispair, another purine-purine mismatch, dA-G, was also examined by
computer modeling. With the four atoms defining the two glyosidic bonds of the mispair
superimposed onto that of the correct dT-A pair in the ternary complex of RB69 pol, the
triphosphate tail of the incoming dATP deviated from the optimal position for catalysis, (as
shown in magenta in Figure 5A, 5B). Knowing that the alignment of dATP and templating
G was adversely affected when they were modeled into the active site of the parental
enzyme, the decrease in kp,, value for this mispair was not unexpected. On the other hand,
when the incoming dATP was overlaid onto the dTTP in the ternary complex, using the four
atoms defining the sugar and the base of the incoming dNTP only, the templating base G
was forced into a position that clashes with the L561 residue (as shown in cyan in Fig. 5A,
5B). This constraint has been relaxed to a certain extent by removing the bulky side chain of
L561 as indicated by the higher misincorporation efficiency exhibited by the L561A variant.

The structural basis of selectivity against the pyrimidine-pyrimidine mismatches

With pyrimidine-pyrimidine mismatches, their C1’-C1” distances can be much closer than
those of the Watson-Crick base pairs (Table 5). In this case, the outcome of modeling
depends on the method of superposition between mismatches and the Watson-Crick dT-A
base pairs in RB69 pol. Using the first method that superimposes four atoms defining two
glycosidic bonds of the base pair, the dT-C mismatch sits at the mid-point between the side
chains of L561 and Y567. Using the second method that superimposes four atoms defining
the base and glycosidic bond of dTTP, the templating nucleotide is displaced substantially
due to the non-coplanarity of the mismatch (Fig. 6A, B). In the observed C-T (and also A-G)
mismatch at the active site of Bst pol | (44), the base plane was puckered by about 17
degrees. This base puckering may be specific to a given polymerase with the nascent base
pair in the post-insertion site. One would not expect such a puckering geometry in the
middle of DNA duplex or at the nascent base pair of a catalytically competent ternary
complex. While ignoring puckering, the sugar and base of the templating nucleotide are
displaced much more towards the incoming nucleotides (Fig. 6A, B), which substantially
reduces contacts between the polymerase and the base. Although these attempts at modeling
provide a number of possibilities for how L561 can select against the small size of
pyrimidine-pyrimidine mismatches, the precise structural basis for this discrimination is not
readily apparent. Solvation of the pyrimidine-pyrimidine mismatches may be involved as
previously observed in Bst pol | (44) where there is an ordered water molecule between the
mismatch and the phenolic side chain corresponding to Y567 of RB69 pol. Thus selection is
mediated by a network of hydrogen bonds with the solvent. With numerous water molecules
near the active site, the dielectric constant will increase in comparison to the situation where
there is normal Watson-Crick base pairing, hence the presence of solvent near the active site
would be expected to lower the catalytic efficiency.

Multiple sources of selectivity in RB69 DNA polymerase

Different mismatches have different structural features. DNA polymerases have evolved to
exclude them in replication. Some mismatches have shallow minor grooves (for example,
dA-C and dC-A), and others have protrusions in the major grooves (for example, dG-G).
Discrimination against mismatches may involve many side chains near the nascent base pair
and may involve both minor and major grooves.

In summary, the L561A variant generally exhibits an increase in /ncorrect dNTP binding
affinity and insertion rate relative to the parental enzyme for mispaired dNTPs. A plausible
explanation is that L561 discriminates sterically against mismatches in the nascent base-pair
binding pocket by modulating the equilibrium among the open, intermediate and closed
forms of the fingers subdomain. As a consequence, the more perturbing the mismatch, the
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lower the chances that the nascent base-pair binding pocket will be closed thus reducing the
probability that the essential, neighboring K560 residue will interact with the triphosphate of
the incoming dNTP (32). This would be expected to reduce the rate of misinsertion. Alanine
substitution for L561 increases the chance for the fingers to close in the presence of a
mismatched incoming dNTP so that K560 is more likely to participate in catalysis. Further
studies using stopped-flow fluorescence will provide more insight into the way
conformational changes influence base selectivity.
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Space-filling model of residues in the fingers and palm domains that are part of the nascent

base-pair binding pocket (29). Included are space-filling models of dTTP (gold) pairing with
atemplating A (grey). The structure of an A-form A-C mismatch (magenta sticks) was taken
from PDB code 402D (46). The view is along the axis of the P/T-DNA, which is omitted for

clarity.
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Figure 2.

Determination of Kpand Ajp,, values for the incorporation of the dG-A mispair by the
L561A variant under single turnover conditions. (A) For a given dGTP concentration,
L561A variant (2 pM) and 13/20mer (400 nM) were preincubated and then mixed rapidly
with an equal volume of dGTP in Tris-HCI buffer, pH 7.5 containing 20 mM MgCl, to start
the reaction. The reaction was quenched at several time points and was analyzed by gel
electrophoresis. The dGTP concentrations (from the bottom to the top) were 20 uM, 100
UM, 200 pM, 500 pM and 1000 pM, respectively. The solid lines represent the best fit of the
data to a single exponential. (B) The dGTP concentration dependence of &, fit a
rectangular hyperbola and was used for Kp and &, determination as described in
Experimental Procedures.
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3B

Figure 3.

Structural basis for discrimination against purine-pyrimidine mismatches. Modeling of the
dA-C (cyan) and dC-A (magenta) mismatches into the ternary RB69 pol structure (29) was
carried out using four atoms defining two glycosidic bonds, because all purine-pyrimidine
mismatches have nearly the same C1’-C1’ distance as the correct Watson-Crick base pairs.
Note that in all modeling figures, the primer strand and dNTP are on the right, and template
strand and templating base are on the left. The incoming dNTPs are indicated with d (as in
dA), whereas templating base are shown as C in the dA-C mismatch. 3A and 3B are two
orthogonal views of the model.
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Figure 4.

Modeling the G-G mismatch into the ternary RB69 pol structure (29). The G-G mismatch
was taken from (45) (PDB accession number 1D80) and imported into the ternary RB69 pol
structure by superposition of four atoms of two glycosidic bonds with either primer G in syn
conformation (magenta) or template G in syn conformation (cyan). 4A and 4B re two
orthogonal views of the model.
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5B

Figure 5.

Modeling the A-G mismatch into the ternary RB69 pol complex (29). The mismatch was
taken from (44) (PDB accession number 1NKOQ) and imported into the ternary RB69 pol
structure by superposition of four atoms that define either the two glycosidic bonds
(magenta) or the primer glycosidic bond plus its plane (cyan). 5A and 5B are two orthogonal
views of the model.
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Figure 6.

Modeling the dTTP mismatch into the ternary RB69 pol structure (29). The dTTP-C
mismatch was taken from (44) (PDB accession number 1NJZ) and imported into the ternary
RB69 pol structure by superposition of four atoms of two glycosidic bonds (cyan) and of all
the common dTTP atoms (magenta). The displacement of the templating C (magenta) as
modeled could not occur due to stacking interactions with the product DNA duplex. 6A and
6B are two orthogonal views of the model.
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Table 1

Sequences of Primer-Templates Used for Kinetic Studies

Primer/template | gequences”

dNTP used for assays

13/20CA 5
3’
13/20CG 5’
3
13/20GA 5’
3’
5’
13/20GC 3’
5
13/20AC 3’
5’
13/20AG 3’
5’
13/20TC 3
5’
13/20TG 3

—CCGACCACGGAAC
—GGCTGGTGCCTTGCAAAAAA

—CCGACCACGGAAC
—GGECTGGTGCCTTGCGEITTT

—CCGACCACGGAAC
—GCCTGGTGCCTTGGAAAAAA

—CCGACCACGGAAC
—GGCTGGTGCCTTGECCCCCC

—CCGACCACGGAAC
—GGCTGGTGCCTTGACCCCCC

—CCGACCACGGAAC
—GGCTGGTGCCTTGAGGTTTT

—CCGACCACGGAAC
—GGECTGGTGCCTTGIccceec

—CCGACCACGGAAC
—GCCTGGTGCCTTGIGGTTTT

dATP, dCTP

dGTP, dTTP

dATP, dGTP

dCTP, dTTP

dATP, dCTP

dGTP, dTTP

dATP, dCTP

dGTP, dTTP

*
The templating bases are in boldface.
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Table 3
T4 Growth and DNA Synthesis Supported by RB69 pol Constructs

RB69 pol T4 43amam T4 43" Relative DNA
growth growth synthesis
pol* exo* + + 1.0
pol* exo™ + + 0.9
pol-561A exo* + + 0.8
pol-5614 exo~ - + 0.4
POILS6IA gyoD222A - + 05
polY567F exo* - + 0.06

Exo™ carries both of the exo-inactivating D222A and D327A mutations.
Phage growth was estimated by spot tests as described (40).

Relative DNA synthesis was normalized to [3H] thymidine incorporation between 22 and 37 min after infection with T4 43am. The value of 1.0 for
RB69 polt exa* represents 3.2 x 105 dpm 3H per 107 infected cells.
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Table 5

C1’-C1’ Distances for the Correct and Mismatched Base Pairs

Base Pair Distance (A) | Reference
(primer—template)
A-T 1034 (29)
A-C 1040 (47)
G-G 112°€ (45)
A-G 123d (44)
T-C g7¢€ (44)

(a)This distance is 11.1 A in the DNA duplex as reported by (42).

b,c . L . .
b0 The distances of A—C and G-G mispairs were taken from crystal structures of DNA duplexes in the absence of protein.

(ayThis distance is 10.7 A in the DNA duplex as reported by (48).

(E)This distance is 11.2 A in the DNA duplex as reported by (49).
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