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Polymerase Reduces Base Discrimination

Hong Zhang), Chanu Rheé,Anna BebeneR,John W. Draké,Jimin Wangt and William Konigsberg#*

Department of Molecular Biophysics and Biochemistry, Yalevehsity, 333 Cedar Street, New kHen, Connecticut 06520,
Institute of Biochemistry and Biophysics, Polish Academy of Science, Pawinskiego 5A, 02-106 Warsaw, Poland, and Laboratory
of Molecular Genetics, National Institute of Eronmental Health Sciences, 111 South Alexandew®ri
Research Triangle Park, North Carolina 27709-2233

Receied October 14, 2005; Resed Manuscript Receéd December 15, 2005

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 noncomplementary 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 #he andKp values for incorporation of correct
dNMPs, but it showed increased incorporation efficienky /o) for mispaired bases relative to the
wild-type enzyme. The incorporation efficiency for mispaired bases by the L561A variant ranged from
1.5x 10°uM~1s1for dCMP opposite templating C to:2 102 uM~1 s~ for JAMP opposite templating

C. Theseo/Kp values are 360-fold greater than those observed with the wild-type enzyme. The effect
of the L561A replacement on the mutation frequeityivo was determined by infectingscherichia

coli harboring a plasmid encoding the L561A variant of RB69 pol with T4 phage bearing a nnlitant
locus, and the rates of reversionsHio™ were scored. The exonuclease-proficient RB69 pol L561A displayed

a weak mutator phenotype. In contrast, no progeny phage were produced after infeEtiaolpfexpressing

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 exomutator activities.

DNA polymerase is the central component of replicases DNA polymerases, as exemplified by members of the Y
that are responsible for faithfully copying DNA. Although family, are less selective toward incoming dNTPs and have
all four dNTPS are potential substrates, replicative DNA lower catalytic efficiencies for correct insertion compared
polymerases are able to limit the incorporation of mismatched with replicative polymerase2{, 22). On the other hand,
bases to about one in a million (for reviews see fiefs8). misincorporation results in reduced primer extension rates,
Although this error frequency is acceptable for phage providing an opportunity for the exonuclease activity of the
replication, it is still far too high to maintain genetic integrity replicative polymerases, or their associated subunits, to
during cell proliferation in more complex organisms. To remove mismatched bases at thede8minus of the primer
increase fidelity, cells have a number of mechanisms for before they become part of the DNA duplef3( 24).
correcting errors, including the ability of the replicative DNA Because the rate of extension beyond a mismatch is also
polymerase itself, or an associated subunit, to excise mis-slower than continued DNA synthesis from a correctly base-
incorporated bases. In addition, there are specialized DNA paired primer-template terminus, the opportunity for error
polymerases that confront DNA damage inflicted by radia- correction by the exo activity of the polymerase or replicase
tion, oxidation, alkylating agents, and so forth, which block is further increased2d).
the progress of replicative polymerasds 9—20). These In the continuing quest to understand the molecular basis

for base discrimination exhibited by replicative DNA poly-

T Supported by National Institutes of Health, Public Health Service merasgs, we have chosen (o study the D-NA polymerase from
Grants GM63276 (to W.K.) and TW006626 (to A.B.). JW.D. was Pacteriophage RB69. RB69 pol, like its closely related
supported by the Intramural Research Program of the NIH, National homologue T4 DNA polymerase, belongs to the B family
Institute of Environmental Health Sciences. and has sequence similarities with many eukaryotic DNA
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1 Abbreviations: RB69 pol, RB69 DNA polymerase; P/T, primer/
template; ddP/T, dideoxy-terminated primer/template; NTA, nickel— pol, are common features shared by many DNA polymerases.

nitrilotriacetic acid; dNTP, deoxy-nucleoside triphosphate; KF, Klenow The catalytic center for the phosphoryl tranSfer_ reaction lies
Fragment. in the palm, the most highly conserved domain among all
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L5611~ Y K560 dTTP Klenow fragment (KF), where similar types of studies have
template A > been carried out35, 36). We have also placed various
' noncomplementary base pairs into the RB69 pol ternary
complex in silico to 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

G568 dYS(S'? Y416 Materials [y-**P]JATP was obtained from Perkin-Elmer

. - . : ) Life Sciences, Inc.; dNTPs were obtained from New England
Ficure 1: Space-filling model of residues in the fingers and palm Biolabs. El h . f A .
domains that are part of the nascent base-pair binding po28et ( lolabs. Electropnoresis reagents were from American
Included are space-filling models of dTTP (gold) pairing with a Bioanalytical Corp. Oligonucleotides were synthesized by

templating A (gray). The structure of an A-form-C mismatch the W. M. Keck Foundation Biotechnology Resource Labo-
(magenta sticks) was taken from PDB code 402B)(The view  ratory at the Yale University Medical School. All other
is along the axis of the PADNA, which is omitted for clarity. 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 th&'3
exonuclease activity of the polymerase.

the polymerases3(). 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 i i o
1 (29). The interactions and putative function of the side  Construction, Expression, and Purification of the L561A
chains of these residues with the incoming dNTPs are as vVariant of R_BG9 PoIS|te-d|rected mutagene5|s to create the
follows: (i) Y416 functions as a “sugar gate” to distinguish L261A variant was carried out using the Stratagene

between the ribose and the deoxyribose moieties associate@Uikchange PCR protocol. The cDNA encoding the RB69
with the incoming nucleoside triphospha®): (i) K560 pol L561A variant was sequenced to confirm the identity of
interacts with the nonbridging. and y oxygens in the the altered codon and to ensure that no other changes were

triphosphate moiety of the incoming dNTB2{; and (iii) inadvertently introduced during PCR amplification. This

the hydroxyl group of residue Y567 forms a hydrogen bond CPNA was then cloned into the SP72 vector (Promega) for
with the minor groove edge of the DNA duplex at the thein »ivo studies and into the pET21b plasmid (Novagen)
primer—template terminus2@). Replacement of the aromatic for thein vitro studles_. Expression gnd purification qf the
side chain of Y567 with a methyl group (Y567A) reduces RB69 pol L561A variant was carried out as previously
base discrimination against mismatched bases without af-described §2), with the exception that a NiNTA affinity
fecting the rate of incorporation for complementary dNMPs cplumn was used for the initial purification since there were
(33, 34). As part of this nascent base-pair binding pocket, S His residues appended at the C-terminus when it was

L415, Y416, and Y567 are involved in hydrophobic interac- €XPressed from the cDNA cloned into the pET 21b vector.
tions with the minor groove of the nascent base pair. The 1h€ 200 mM imidazole eluate from the NNTA column

rear wall of this binding pocket, which includes residues Was pooled after checking for the identity and purity of the
L561, N564, and S565 as shown in Figure 3 of t&f is fraptmns by SDSPAGE. After removal of most of the
presumed to reinforce the coplanar arrangement of theiMidazole by dialysis, the polymerase was loaded onto a
nascent base pairl?). In accordance with the ternary .SourceISOQ column and gluted with a linear g_rad|ent of
structure of RB69 pol29), the side chain of L561 is an  Increasing KCI concentration. The elute_zd fractlon_s were
obvious protrusion into the nucleotide binding pocket that checked for purity by SDSPAGE. Fractions containing
may clash with a bulge on the major groove side of a mispair. ~ 98% purity of the RBE9 pol L561A variant were pooled,
Even though this steric clash is estimated to cause only abou2nd the concentration was determined by the Bradford assay.
0.1-0.2 A of overlap, it may be sufficient to account for The pooled fractions were then d|aIyze_d against 'standard
the selectivity against purirgourine mismatches, since these POlymerase storage buffe2) and frozen in small aliquots
mispairs need more space than is available in the binding@ ~80°C for future use.
pocket. The amino acid residues cited above define a very Single-Turneer Experiments Rapid chemical quench
tight binding pocket that has evolved to accommodate €xperiments were carried out using the KinTek Quench Flow
Watson-Crick base pairs but leaves little space for water Instrument (Model RQF-3, KinTek Corp., University Park,
molecules or for bulges caused by incorrect geometry of PA). For slower reactions requiring sampling at time intervals
noncomplementary base pairs. longer than 20 s, aliquots were taken manually, quenched
We have previously reported that the RB69 pol Y567A With 0.2 M EDTA, and subjected to electrophoresis in 20%
variant exhibits reduced base selectivity and enhancedacrylamide gels wit 8 M urea as previously describegiry.
mutagenicity compared to the wild-type RB69 p8B(34). Single-turnover experiments were performed as previously
Here, we presenih vivo andin vitro data on the conse- described $2) The concentration of the incoming dNTPs
quences of replacing L561 with Ala. We also discuss the were varied to determinp and ko values. The primer
frequency and types of errors that the RB69 pol L561A template sequences used in this work are given in Table 1.
variant generates in vivo. In addition, the kinetic parameters Data Analysis Data from single-turnover experiments fit
for the wild-type enzyme and the L561A variant have been best to the equation for a single exponential. The apparent
determined in vitro under single-turnover conditions with dissociation constanp, for dNTP binding to the RB69
matched and all combinations of mismatched incoming pol—P/T complex, was calculated by fitting data from the
dNTPs. We compared our results with those found for the kops Versus dNTP concentration (see Figure 2B as an
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Table 1: Sequences of PrimeFemplates Used for Kinetic Studies Table 2: Mutator Activities of RB69 PB$12 Exo" in Reversion

Primer/template Sequences* dNTP used for assays Tests
13/20CA 5’ —CCGACCACGGAAC dATP, dCTP . i
37 —GGCIT\GGI';GCCQ?GCAAAAAA rll tester  mutations reversion ratg: x 10°
mutation scored Pol  PolS61A  Pol-S614/Polt P
13/20CG 5’ —CCGACCACGGAAC dGTP, dTTP
3’ —GGCTGGTGCCTTGCGGTTTT 131 +1 9.0 11 1.2 0.041
uvz232 -1 1.0 4.4 4.5 0.0003
13/20GA S o CAARARA dATP, dGTP Uv256 G-C—A-T 64 17 2.6 0.0002
uv37s  A-T—any 1.6 6.6 4.3 0.0002
5’ —CCGACCACGGAAC
13/20G¢ 3’ —GGCTGGTGCCTTGGCCCCCC dCTP, dTTP 2The P values were determined from two-tailed MaWhitney
S CCGACCACGGAAC tests. Adding the numbers in the fifth column and dividing them by 4
13/20AC 37 —GGCTGETGCCTTGACCCCCT dATP, dCTP gives the average mutator factor of 3.2.
5’ —CCGACCACGGAAC
13/20AG 3’ —GGCTGGTGCCTTGAGGTTTT dGTP, dTTP RESULTS
R 5’ —CCGACCACGGAAC . . .
13/20TC 3’ —GGCTGGTGCCTTGTCCCCCC dATP, dCTP The primary aim of this study was to evaluate the
5 _CCGACCACGGAAC contribution of L561, a conserved residue in the nucleotide
13/201G 3" —GGCTGGTGCCTTGTGGTTTT dGTP, dTTP binding pocket of RB69 pol, to base selection. We also
* The templating bases are in boldface. wanted to determine the effect of changing L561 to Ala on
the generation of mutations in T4 phage DNA synthesized
example) to the hyperbolic equatiokyys = (Koo S]/(Kp + in vivo. To initiate this work, we replaced L561 with Ala in

[S]), whereky is the maximum rate of INMP incorporation. ~ an exonuclease-deficient derivative of RB69 DNA pol and
Mutation Tests in \lio. Reversion tests using TAl determined k, andKp values for the L561A variant with
reporter mutations were pérformed as descriB& (n these correctly matched and all combinations of mismatched bases

tests, a T4 strain carrying ah mutation and a double-amber under single-turnover conditions. To obtain data on mutator
muta,tion in the DNA pol gene (gert8) was used to infect activities, we tested the plasmid-borne L561A constructs in

an Escherichia colistrain carrying a plasmid that expresses ¥'XO ?]fter mfegtlng che tplgsmd-beanri_ﬁ. coll tcells \le;rh4
an RB69 gend3which may be either wild-type or mutant. phage and estimate € reversion rates ofr

This system exhibits strong complementation and ap- mutations. These experiments were done with both the exo
proximately normal mutation rates. The resulting T4 progeny iggtr?égti?r:;nso?f tthhee ::2212 Vt%rl?géé?ngifejﬁj rt:;e raerll%t'viﬁ
can be screened for four typesrtif revertants38): rl1131 S ) ; place e
reverts mainly by-1 (As — Ae); rIUV232 by —1 (As — combination with mutations that eliminate the exo activity,

. . o . to the observed mutation frequency.
Ay); rllUV256 by base-pair substitutions at a@ mainly o S
by transitions: andllUV375 by both transitions and trans- Characterization of L561A Constructs in2di The results

versions at three adjacentRsites. Reversion rateg)(were _Orf g(lavzrs%ogeéesgspetfflng OJ—.m rtnutatltons are desli:nbetd tm
calculated ag = f/In(Nu) wheref is the revertant frequency fa: ?n .I b P q ditie):1 'Ii ?herrlcgsly ?v;erynvc\j/eia mvl\JlaEr
andN is the final population size. Posted reversion rates are or single-base additions est and 1s a wea

medians of 17 stocks for poland of 14 stocks for RB69 mutator for single-base deletions in tH8JV232 test. The
pol L561A enzyme variant is also a weak mutator in two tests for base-

o pair substitutions. An important constraint applies to these
DNA Synthesis in Vo. The measurements were performed yagyits: the mutabilities of particular sites may vary by

as described33), except that the cells were grown in LB geyeral orders of magnitude and also depend on the DNA
medium instead of M9SB medium to achieve vigorous polymerase.

groyvth. BH]Thymidine at 5uCi/mL and specific activity 2 _ In contrast to RB69 pbi6lA exat, none of several RB69
mCi/mmol was u_sed. The gndogenous content of th_y_mlne pol-561A exa~ constructs supported the growth of T4 phage
and/or thymidine in LB medium was low and was negligible \;n0se own DNA polymerase gene (ged® was disabled
in these experiments. by a pair of early amber mutations (Table 3). In addition,
Modeling Modeling of mismatches into the ternary RB69 even wild-type T4 phage replicated poorly when the host
pol complex R9) has been carried out using two ap- cells expressed RB69 péi*A exo . Similar results were
proaches: (i) superimposition of the four atoms that define obtained with parallel constructs in which the RB69 exo
the two glycosidic bonds of the base pairs and (ii) super- activity was disabled by either a double D222A/D327A or
imposition of the four atoms that define the glycosidic bond a single D222A substitution. When the single D222A
of the dNTP and the two atoms immediately next to N1 or substitution in the exo domain was reconverted to D222, T4
N9 of the glycosidic bond that defines its base plane. In the phage could again grow in cells expressing RB63-54l
second approach, the sugar and triphosphate group of theexo™ (data not shown).
incoming dNTP are fixed so that their positions are identical ~ Previously, two mechanisms have been described for such
to dTTP observed in the ternary structure of RB69 [28) dominant lethality. In one, the RB69 pol variant is catalyti-
However, in several instances, the opposing nucleotide cally insufficient but is produced in quantities sufficient to
residue deviated by more than®lfsom the base plane (see translationally suppress the T4 pol from the infecting T4
Discussion), causing it to sterically clash with residues in phage 83, 39, 40). In the other, the RB69 pol variant
the nucleotide binding pocket of the polymerase. We will produces a mutator effect so great that almost no progeny
address both types of modeling in an attempt to elucidate remains free of lethal mutations (error catastrophe or
the structural basis for fidelity. mutational meltdown)33). Little DNA synthesis occurs with
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Table 3: T4 Growth and DNA Synthesis Supported by RB69 Pol variant were reduced by roughly 50% relative to that of the

Constructs parental enzyme. The relative efficiencies shown in the last
T4 T4 relative column of Table 4 are close to 1, except for the-oN pair
43amam 43+ DNA which is 0.4. This strongly suggests that the L561A variant
RB69 pol growth growth synthesis is only slightly less efficient than the parental enzyme for
pol* exo’ T + 1.0 correct nucleotide incorporation.
pol* exo + + 0.9 Kinetic Parameters for Incorporation of Mispaired dNMPs
pol> " exc* + + 0.8 by the Parental Enzyme and by the L561A Variataving
38:“’61’* gﬁgozm - i 8:;" evaluated the transient-state kinetic parameters for the correct
polY67F exgt _ + 0.06 base-pair combinations, we then estimafgdindk, values

aExo~ carries both of the exo-inactivating D222A and D327A for the 12 different .Combmat.lons of mispaired base_s. A
mutations. Phage growth was estimated by spot tests as desaiped ( SUmmary of the data is shown in Table 4. The general picture
Relative DNA synthesis was normalized #iJthymidine incorporation that emerges is that the L561A variant incorporates mispaired
between 22 and 37 min after infection with #8am The value of 1.0 bases with much greater efficiency than the parental enzyme
for RBG9 pol” exa™ represents 3.2« 10° dpm *H per 10 infected  \yith kyo/Kp, ratios for the L561A variant versus the parental
cells. enzyme ranging from-3- to 60-fold. An example of how

the kinetic parameters were determined for a mismatch is
suppressed translation of gp43 mRNA, whereas abundantshown in Figure 2, where dGTP is the incoming nucleoside
DNA synthesis can occur in the presence of hypermutation. triphosphate and A is the templating base. Increasing
We therefore measured DNA synthesis in infected cells at a concentrations of dGTP were used, and the rates of product
time when host DNA synthesis had ceased completely (Tableformation were plotted as a function of time (Figure 2A).
3). As reported previously3@), the double D222A/D327A  The observed rate constants,{) were then plotted versus
exo-domain replacement in the paxo™ construct had only ~ dGTP concentration to obtain th& andky, values (Figure
a small impact on DNA synthesis. The single pol-domain 2B). We note that when thip values are greater than 2
replacement, L561A, also barely affected the level of DNA mM, as observed with d€A, dC—C, and dG-T mispairs,
synthesis. Constructs with replacements in both the pol andthey represent the best approximation from extrapolation of
exo domains had a moderate impact on DNA synthesis, k,psversus dNTP concentration. Whenever the maximum rate
reducing it by about half (Table 3). This effect is similar to  of product formation was not reached at the highest dNTP
that observed with the RB69 péf’” exo construct, in concentration, the apparei€, could only be roughly
which relative DNA synthesis was reduced to 03B)( estimated. At dNTP concentrations exceeding 5 mM, there
Independent evidence implicated lethal hypermutation in the was also an apparent inhibition of the pol reaction. In these
inability of the pol*®"* exo™ construct to support T4 phage cases, the reportekhy values are only approximate, their
replication: the mutation rate in the double-mutator mutant precision depending on the affinity of the incoming dNTP
was increased roughly 2400-fold, implying a genomic rate for the enzyme-P/T complex.
of about seven mutations per chromosome replicat8ah ( Itis clear from the data in Table 4 that the parental enzyme
In contrast, the catalytically defective f&i'"exo construct,  has dramatically decreased incorporation efficiency for
which is also unable to support T4 phage replication, was mismatched incoming nucleotides. The-€C pair has the
able to support only 0.06% of normal DNA replication, a |owest value (3.6« 107 uM~1s71). The overall selectivity

value similar to the 0.04% reported previousBB). We of the parental enzyme comes from the strong discrimination
therefore suspect that the inability of the P& exo” against all mispaired bases as demonstrated by the striking
construct to support phage growth reflects lethal hypermu- difference in ky/Kp values, with 227 uM~* st for
tation. Although the average mutator factor of the-gféf complementary base pairs and=4010~7 uM~* st for

exo’ construct in reversion tests is only about 3-fold (Table mismatched base pairs. By contrast, the L561A variant
2 footnote), the combination of this factor with the very appears to have reduced selectivity for all mispairs compared
strong exo mutator factor, about 500-fold3g), may be  to the parental enzyme. The high&stvalues for the L561A
enough to produce lethal hypermutation. variant during misincorporation were observed when dCTP
Kinetic Parameters for Incorporation of Correct ANMPs was the incoming nucleotide. For instance, in the case of
under Single-Turnger Conditions by the Parental Enzyme dC—C, theKp was about 2 mM, and for d€T, theKp was
and by the L561A VarianThe use of synthetic oligonucle- about 1.5 mM. On the other hand, the-6& mispair had
otides with defined sequences, shown in Table 1, made itthe lowestKp (28 uM), similar to the value for complemen-
possible to study the insertion kinetics of a single nucleotide tary base pairs. With respect kg, values, the dA-C and
(either correct or incorrect) opposite a given templating base. the dT-C mispairs had the highest values (0.8 swhereas
Before testing the capability of the RB69 pol L561A variant the dG-A mispair had the lowest value (0.0L%. The
to incorporate mispaired dNMPs, we first determinedkfe dC—T and dG-T mispairs happened to have simila,
andKp values for the complementary base pairs, for instance values, but the&lp for dG—T was significantly lower than
dT—A and dG-C pairs (where dT and dG are the incoming that for dC-T, which accounts for the difference in efficien-
dNTPs and A and C are the templating bases, respectively).cies between these two sets of mispaired bases. Moreover,
These values were then compared to those obtained for thehe L561A variant has differeri,, andKp values when the
same nascent base pairs by using the parental enzyme, amcoming and the templating bases are switched (i.e;AC
shown in Table 4. Th&p values were in the same range versus dA-C). Compared to the parental enzyme, the
(17—70uM) for both the parental RB69 pol and the L561A increase in misincorporation efficiencies by the L561A
variant. On the other hand, thg, values for the L561A  variant for these two mispairs are 46-fold for the-6l& pair
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Table 4: Transient Kinetic Parameters for dNMP Incorporation by the Parental RB69 Pol and the L561A2Variant

dNTP Ko Kool Koo Kp

vs N WT L561A wiv WT L561A viw WT L561A viw
dA-T 50 30 1.67 220 108 0.49 4.4 3.6 0.8
dC-G 69 50 1.38 200 101 0.5 2.9 2.0 0.7
dG-C 26 17 1.53 167 89 0.53 6.4 5.1 0.8
dT—A 42 51 0.82 240 115 0.48 5.7 2.3 0.4
dA—A 811 155 5.23 0.013 0.03 2.3 1:610°° 25x 10 15.6
dA—-C 1800 368 4.89 0.08 0.75 9.4 4.4x 10°° 2.0x 1073 455
dA—-G 909 310 2.93 0.004 0.03 7.5 431076 8.4x 10° 19.5
dC-A 4500 537 8.38 0.77 0.26 0.3 1.7x 104 4.8x 104 2.8
dC-C 3363 2010 1.67 0.001 0.03 30 361077 1.5x 10°° 41.6
dC-T 2085 1467 1.42 0.013 0.14 11 621076 9.5x 10°° 15.3
dG—A 784 228 3.44 0.003 0.01 3 410°© 4.8x 10°° 11.7
dG-G 761 161 4.73 0.011 0.11 10 1:510°° 6.8x 104 45.3
dG-T 725 251 2.89 0.041 0.18 4.4 5x710°5 7.2x 104 12.6
dT—-C 1715 507 3.38 0.09 0.8 8.9 53105 1.6x 1073 29.8
dT-G 1986 28 70.93 0.14 0.05 0.36 70105 1.8x 1073 25.7
dT-T 1391 205 6.79 0.015 0.13 8.7 14110°° 6.3x 104 57.6

aIn the first column, dA, dC, dG, and dT are incoming dNTPs. A, C, G, and T are templating bases denoted in the table heatipgalads.
are inuM, ky values are in g, and kyo/Kp ratios are expressed adl1~! s71. The last column on the right is the catalytic efficiency ratios
(Kool Kp)v/ (Koo/Kp)w between the L561A variant (v) and the wild-type (w). It can also be calculated by the product of two {egVv) (fourth
column) andky(v/w) (seventh column). Italics and bold face within the table are discussed and emphasized in the text. Standard deviation (SD)
for the Kp values weret15% for Kp values below 100 and varied frof20 to +30% for Kp values between 100 and 1500. Ky values above
1500, the SD was40%. SD forky values weret15%.

0012 prorr T would be predicted from kinetic parameters determiimed

= vitro. An alternative explanation of the smaller mutator
; factors seen with the exdorm of the L561A varianin vivo
than with the exo L561A variantin 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 insertior-mutator component of fidelity.

When the L561A was in the exdackground, 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 catastropB®. (
We suggest that “error catastrophe” is also responsible for

001 F

‘w0008 F

&
< 0.006
o

[14mer] (nM}

0.004

0.002 3

0_...|...|.,,|,,,|III 0 FENENI N AT RN AN AR A A
0 760 1520 2280 3040 3800 0 500 1000 1500 2000

time (s) [dGTP] (uM)
FIGURE 2: Determination oKp andky, 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

uM) and 13/20mer (400 nM) were preincubated and then mixed - . .
rapidly with an equal volume of dGTP in Tris-HCI buffer, pH 7.5, the dominant-lethal effect found with the L561A variant.

containing 20 mM MgC] to start the reaction. The reaction was The Kinetic Behaior of the RB69 Pol L561A VarianThe
e T T o e oy &t o SIIeNcY of the LSG1A varian eltive (0 wid-type (WT)
Were 20, 100, 200, 500 and 100D1. respectively. The solid lines  fOr incorporating correct dNMPs varied between 0.4 and 0.8.
represent the best fit of the data to a single exponential. (B) The These values resulted from the slightly higher binding affinity
dGTP concentration dependencekgf; fit a rectangular hyperbola  and the 50% lowek, values exhibited by the L561A variant
and was used foKp and ky, determination as described in compared to WT for complementary dNTPs (Table 4). These
Experimental Procedures. 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
Koot @and @ much higheKp for complementary dNTPs than
wild-type KF (35, 36). There are a number of mechanisms
that might account for how discrimination against incorrect
Mutations Produced in Wb by RB69 Pol L561AlIn dNTPs could be achieved during evolution. Beard et (
previous studies, we reported the consequences of replacindiave observed a high degree of correlation between fidelity
Y567, a residue forming part of the nucleotide binding and catalytic efficiency for correct dNTPs for all naturally
pocket, with Ala and Phe3@). When we extended this study existing DNA polymerasesthe higher the efficiency, the
to the L561A variant, we found that, in the exbackground, higher the fidelity. However, the catalytic efficiency for
the RB69 pol L561A derivative was a weak mutator in all incorporation of incorrect dANMPs or, more precisely, the
the tests described in Results. As noted above, the mutabili-catalyticinefficiency plays only a small role in contributing
ties of different sites in the target DNA may vary by several to fidelity across the landscape of different classes of DNA
orders of magnitude, and the variation is dependent on thepolymerases. Through evolution, DNA polymerases may
polymerase. Thus, mutator factors determined by reversionhave already achieved the lowest possible cataliyted-
tests in vivo are unlikely to correspond precisely to what ficiencyfor incorrect dNTPs, while continually improving

and 3-fold for the d€-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.

DISCUSSION
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catalytic efficiency for correct dNTPs. In accordance with T 0.5 ci—cr
this hypothesis, one might expect that each active site residuepairs
contributes to improving the catalytic efficiency for correct

Distances for the Correct and Mismatched Base

base pair distance

dNTPs, and any point mutation would decrease it. This (primer—template) A) ref
appears to be the case for KB 36) and for many other AT 103 29
DNA polymerases. However, our data on the L561A variant A—C 10.4 47
presented here, as well as our earlier results on Y567A, do G-G 11.2 45
not support this idea, since the replacement of the side chains '_’?:G 122;-3; 33

of Y567 and L561 with methyl groups fail to reduce the

; i i i ; aThis distance is 11.1 A in the DNA duplex as reported by42f
catalytic efficiency for insertion of the correct dNTPs. bcThe distances of AC and G-G mispairspwere takgn from Zrystal

Our data on RB69 pol L561A show that one of the structures of DNA duplexes in the absence of protéifhis distance
functional roles of L561 is to suppress misinsertion by is 10.7 A in the DNA duplex as reported by 8. ¢ This distance is
lowering the catalytic efficiency for mispairs. This suggests 11-2 A in the DNA duplex as reported by r4®.
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 Kp of up to 71-fold and
increases irky,, of up to 30-fold relative to the parental
enzyme. An exception to the higkp values observed for
the mispairs with the L561A variant is the G mispair,
which has &p similar to the correct dEG pair, implying
that the geometry of the 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 reduce
kool (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, ar
reversed. The catalytic efficiency exhibited by the L561A
variant increased 46-fold for the dAC pair and 3-fold for

and draw inferences about structural determinants of base
selectivity.

Computer Modeling of Mismatches in the Ternary Com-
plex of RB69 Pol Mismatched bases have characteristic
distances between the two ‘Cdtoms of paired nucleotides
and angles between the two glycosidic bondg).(While
the C1—C1 distances of purinepyrimidine mismatches are
generally similar to the distances observed in Watg0rick
base pairs (Table 5), the ability of the polymerases to select
correct base pairs against purifgyrimidine mispairs relies
d partially on the depth of the minor groove, which is in contact

with the side chain of Y56734, 43). On the other hand, the
C1—C1 distance for purinepurine mismatches is much
greater than that for WatseiCrick base pairs (Table 5). The
€ kinetic behavior of the polymerases is also affected by the
width of the base pair in the nascent base-pair binding pocket.
. .. RB69 pol makes use of theoChackbone of P361 and 1362
the dC-A palr_co_mpared to the pafer.“a' enzyme. This is for this purpose. These structural features cannot be easily
due to the variation |.rkpo| values relative to those of the altered by mutagenesis. In the case of pyrimigipgrimidine
parental enzyme. This change, compared to the wild-type nismaiches, the C£C1' distance is much shorter than that
koo, differs by 31-fold between dAC and dC-A pairs ot \yatson-Crick base pairs (Table 5). Polymerases might
(Table 4, column 7). In fact, only the ¢&A and the dF-G not bind these base pairs tightly enough at the active site to
mismatches have further reduck, ratios in comparison  gjjo\ for polymerization. Due to small size of this type of
to the parental enzyme. The differenceki ratios may  mismatch, the DNA polymerase may not desolvate the active
imply somewhat different transition states which are beyond e efficiently for catalysis to occur at a significant rate. If
our capability of modeling. Similar position-dependent o ymerases keep the templating base in the correct orienta-
observations have been reported for the Klenow Fragmentijon for reaction, the incoming dNTP will be out of alignment
(35, 36). Our results with the L561A variant are consistent for efficient phosphoryl transfer. The modeling of the three
with the accepted notion that active-site geometry is involved types of mispairs into the ternary complex of RB69 DNA
variant to structural features of the enzynf/T complexes, iy the EP/T-dNTP complex. An attempt was made to
one needs to examine structures of catalytically competentdetermine the structures of all the possible mismatches in
complexes with mispairs, either available from crystal Bst pol I, an A family DNA polymerasetd). However, none
structures or derived from computation and modeling. To of these structures represent a catalytically competent
date, no ternary complexes of any DNA polymerases with complex, which is what we need to rationalize our transient-
mispairs in the insertion site have been reported, probably state kinetic data. Among them, the-G, T-G, T-T, C—T,
because these incorrect nascent base pairs are metastable as-G, and G-G mismatches were captured in the post-
the incorrect dNTPs have higko values for incorporation  insertion state; the AA, C—C, and G-A primer—template
(Table 4, column 2). While our data on RB69 pol variants mismatches in the preinsertion state; and theCT A—C,
have identified several mismatched base pairs that could beand C-A mismatches were disordered4j. Nevertheless,
used for capturing the desired complexes in crystal form, the structures of these mispaired bases in duplex DNA
we have to rely on computational modeling of mismatched provided the coordinates for modeling these mismatches into
bases into the catalytically competent ternary complex of the ternary RB69 pol complex.

RB69 pol. These candidates include, for example, L561A The Structural Basis for Discrimination of Purire
using ddP/T having a templating G and an incoming dTTP, Pyrimidine Mismatches by the Parental Enzyifiee selec-
which would be expected to have a l¢dy (Table 4). When tion against the d€EA mismatch by the parental enzyme is
the crystal structure of such a complex has been determineddue to its low binding affinity for the dEA mispair in
one can extrapolate the results to the wild-type RB69 pol the ground state. In fact, this mismatch has the higKkegst
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AMTTP
antiG/synG
synG/antiG

Y391
TE P - A/dTTP
—— antiG/synG
A/dTTP i
e synG/antiG
C/dA

Ficure 4: Modeling the dG-G mismatch into the ternary RB69
FIGURE 3: Structural basis for discrimination against purine  pol structure 29). The G-G mismatch was taken from ré6 (PDB

pyrimidine mismatches. Modeling of the dAC (cyan) and dEA accession number 1D80) and imported into the ternary RB69 pol
(magenta) mismatches into the ternary RB69 pol struc28ewas structure by superposition of four atoms of two glycosidic bonds
carried out using four atoms defining two glycosidic bonds, because With either primer G in syn conformation (magenta) or template G
all purine—pyrimidine mismatches have nearly the same-11' in syn conformation (cyan). Panels A and B are two orthogonal

distance as the correct Watse@rick base pairs. Note that, in all ~ views of the model.
modeling figures, the primer strand and dNTP are on the right, ] ]
and template strand and templating base are on the left. Theproperly aligned for the transfer reaction. As we have

incoming dNTPs are indicated with d (as in dA), whereas templating demonstrated, the Ala for Leu substitution reduces discrimi-
base are shown as C in the 8& mismatch. Panels Aand B are  nation against non-WatserCrick base pairs, but the loss
two orthogonal views of the model. e . . . . .
of selectivity varies considerably depending on the mispair.
(4500 uM), which is more than 100-fold greater than that We are aware of the observed syn conformation of the primer
observed for WatsonCrick base pairs (Table 4). Modeling  3'-terminal G in the G-G primer-template mismatch at the
(Figure 3) shows that the d€A mismatch would not fit the post-insertion site of Bst pol 144); nevertheless, we
binding pocket very well, mainly because of a steric clash previously modeled the anti conformation of the incoming
with the Y416 side chain, which could explain the observed dGTP at the insertion site of RB69 pol. We note that, at the
high Kp value. For the dA-C mispair, the alignment of the  post-insertion site, the base pair is not subject to the same
o-phosphate and'3H of the primer deviated from the geometric restrictions as the nascent base pair and the
optimal position, and as a result, the rate of catalysis was observed structure at the post-insertion site may not represent
dramatically decreased. This implies a different transition the conformational state that is relevant to the structure of
state that is beyond the capability of our modeling. The the catalytically competent ternary complex.
L561A replacement created a slightly larger binding pocket, ~ When the nascent base pair, in the syn conformation with
allowing mismatched base pairs to fit better. In fact, ke the G-G mismatch 45), is imported into the polymerase
value of the L561A variant for the d€A mispair decreased  active site by superposition of the terminal G in the primer
8.4-fold compared to that of the parental enzyme. On the strand, the base clashes with one of the nonbridging oxygens
other hand, reorientation of the dAC mispair led to a 5-fold  in the triphosphate tail of the incoming dGTP. This requires
decrease irfKp and a 9-fold increase ik, for the L561A that the templating nucleotide residue be in the syn confor-
variant, giving a 45-fold increase in misincorporation ef- mation. When the templating G adopts the syn conformation,
ficiency relative to the parental enzyme. it has few stacking interactions with bases in the remaining
The Structural Basis for the Loss of Selgityifor Purine— duplex. Therefore, it might involve flipping the templating
Purine Mismatches by the L561A VariaResidue L561is G from its favorable anti, to a syn conformation to allow
located in a cluster of amino acids in the nascent base-pairthe mispaired dGTP to be incorporated. This flipping may
binding pocket of RB69 pol29) and forms part of the  not occur frequently in solution in the absence of the
nonpolar region that restricts access of water to the reactantgpolymerase. When the DNA is in a complex with the
during phosphoryl transfer. It places steric constraints on the polymerase, flipping is restricted by the presence of bulky
type of base pairs that can occupy the nucleotide binding residues at the active sit@4). We have argued that the
pocket while still allowing the 30H of the terminal primer incoming dGTP should be in the anti conformation when
and thea-phosphorus atom of the incoming dNTP to be its ribosyl moiety is superimposed onto that of the ribosyl
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A/dTTP
cidT

A/dTTP
G/dA
G/dA

A/dTTP

Y31 L Tse7 C/dT
A/dTTP c/dT
G/dA
G/dA

Ficure 6: Modeling the dTTP-C mismatch into the ternary RB69
FiGUrRe 5. Modeling the dA-G mismatch into the ternary RB69  pol structure 29). The dTTP-C mismatch was taken from rd#
pol complex R9). The mismatch was taken from ré# (PDB (PDB accession number 1NJZ) and imported into the ternary RB69
accession number 1NKO0) and imported into the ternary RB69 pol pol structure by superposition of four atoms of two glycosidic bonds
structure by superposition of four atoms that define either the two (cyan) and of all the common dTTP atoms (magenta). The
glycosidic bonds (magenta) or the primer glycosidic bond plus its displacement of the templating C (magenta) as modeled could not
plane (cyan). Panels A and B are two orthogonal views of the occur due to stacking interactions with the product DNA duplex.
model. Panels A and B are two orthogonal views of the model.

moiety of the complementary dTTP in the RB69 pol ternary the outcome of modeling depends on the method of
complex @4). In this modeling, the templating G also superposition between mismatches and the Waiick
approaches the side chain of L561 (Figure 4). Its close dT—A base pairs in RB69 pol. When the first method that
proximity to L561 explains why selectivity against the-dG superimposes four atoms defining two glycosidic bonds of
mismatch is substantially reduced when the side chain of the base pair is used, the €T mismatch sits at the midpoint
L561 is changed to a methyl group in the L561A variant. In - between the side chains of L561 and Y567. When the second
addition to the dGG mispair, another purinepurine method that superimposes four atoms defining the base and
mismatch, dA-G, was also examined by computer modeling. glycosidic bond of dTTP is used, the templating nucleotide
With the four atoms defining the two glyosidic bonds of the is displaced substantially due to the noncoplanarity of the
mispair superimposed onto that of the correctdVTpair in mismatch (Figure 6). In the observed-T (and also A-G)

the ternary complex of RB69 pol, the triphosphate tail of mismatch at the active site of Bst pol44), the base plane
the incoming dATP deviated from the optimal position for was puckered by about 17This base puckering may be
catalysis, (as shown in magenta in Figure 5). Since we knew specific to a given polymerase with the nascent base pair in
that the alignment of dATP and templating G was adversely the post-insertion site. One would not expect such a
affected when they were modeled into the active site of the puckering geometry in the middle of the DNA duplex or at
parental enzyme, the decreasekin value for this mispair  the nascent base pair of a catalytically competent ternary
was not unexpected. On the other hand, when the incomingcomplex. While ignoring puckering, the sugar and base of
dATP was overlaid onto the dTTP in the ternary complex, the templating nucleotide are displaced much more toward
using the four atoms defining the sugar and the base of thethe incoming nucleotides (Figure 6), which substantially
incoming dNTP only, the templating base G was forced into reduces contacts between the polymerase and the base.
a position that clashes with the L561 residue (as shown in Although these attempts at modeling provide a number of
cyan in Figure 5). This constraint has been relaxed to a possibilities for how L561 can select against the small size
certain extent by removing the bulky side chain of L561 as of pyrimidine—pyrimidine mismatches, the precise structural
indicated by the higher misincorporation efficiency exhibited hasis for this discrimination is not readily apparent. Solvation

by the L561A variant. of the pyrimidine-pyrimidine mismatches may be involved
The Structural Basis of Seledty against the Pyrimidine as previously observed in Bst pol 44) where there is an
Pyrimidine Mismatcheswith pyrimidine—pyrimidine mis- ordered water molecule between the mismatch and the

matches, their C+C1' distances can be much closer than phenolic side chain corresponding to Y567 of RB69 pol.
those of the WatsonCrick base pairs (Table 5). In this case, Thus, selection is mediated by a network of hydrogen bonds
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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 Watsd@rick base
pairing; hence, the presence of solvent near the active site
would be expected to lower the catalytic efficiency.
Multiple Sources of Seleetty in RB69 DNA Polymerase
Different mismatches have different structural features. DNA

polymerases have evolved to exclude them in replication. 14,

Some mismatches have shallow minor grooves (for example,
dA—C and dC-A) and others have protrusions in the major
grooves (for example, d&G). Discrimination against mis-
matches may involve many side chains near the nascent base; g
pair and may involve both minor and major grooves.

In summary, the L561A variant generally exhibits an
increase inncorrectdNTP 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 conse-
quence, the more perturbing the mismatch, the 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 20.

increases the chance for the fingers to close in the presence
of a mismatched incoming dNTP so that K560 is more likely 5q
to participate in catalysis. Further studies using stopped-flow
fluorescence will provide more insight into the way confor-
mational changes influence base selectivity.
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