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ABSTRACT. To investigate the molecular basis for the selective utilization of nucleoside triphosphates
complementary to templating bases, by RB69 DNA polymerase (RB69 pol), we constructed a set of
mutants that we predicted would perturb the “floor” of the nascent base-pairing interface in the enzyme.
We then determined the pre-steady-state kinetic parameters for the incorporation of complementary and
noncomplementary dNTPs by the extorm of RB69 pol and its mutants. We found that the Y567A
mutant had the sam€q andkyo values for incorporation of C versus G as the wild-type erozyme;
however, thek,o/Kq ratio for G versus G incorporation with the Y567A mutant was 10 times higher than
the kpo/Kq efficiency of G versus G incorporation using the exBB69 pol. The reduced level of
discrimination by the Y567A mutant against incorporation of mismatched bases was also seen with the
Y391A mutant. Stopped-flow fluorescence was also employed to monitor rates of putative conformational
changes with the exo RB69 pol and its mutants using a primgemplate complex containing
2-aminopurine. The rates of fluorescence changes were equal to or greater than the rates of the rapid
chemical quench, indicating that we were monitoring a process occurring before or during the phosphoryl
transfer reaction. We have interpreted our results within the context of the crystal structure of the RB69
pol ternary complex [Franklin, M. C., et al. (200Cell 105 657-667].

DNA polymerases represent the central component of aintroduced in or near the nucleotide binding pocket of the
multiprotein replicase responsible for ensuring faithful polymerase. The impaired ability of these altered polymerases
transmission of genetic information from parent to progeny. to discriminate among complementary and noncomplemen-
They do this by catalyzing a nucleotidyl transfer reaction tary bases, in different combinations, should provide clues
that extends each nascent strand of the double-stranded DNAabout how selectivity is achieved. The structural features of
genome. In addition to their role in DNA replication, different DNA polymerases that restrict base selection can be best
members of the extensive DNA polymerase family also understood if crystal structures of the wild-type polymerase,
function in DNA repair and recombinatior2)( complexed with a primertemplate complex (P/f)and an

One of the ongoing, unsolved problems is how DNA incoming dNTP, as well as polymerase mutants, that affect
polymerases manage to replicate their genomes with suchPase discrimination, are determined at high resolution.
precision so that, in most organisms, only one mismatched However, few examples of the desired complexes, especially
base is incorporated for every ®l@ases copied3(5). those with mispaired bases, have been determined by X-ray
Several strategies that allow an organism to achieve thiscrystallography, a notable exception being complexes of Bstl
remarkably low error rate have been identified, each con- DNA pol, @ member of the A family of DNA polymerases
tributing to the overall fidelity of replication. Among these, ]
the most important are base selection, editing by the DNA polymerases from T even bacteriophages such as
polymerase, and base excision repair, a coordinated seried 4 and RB69 belong to the B family and have several highly
of enzymatic reactions that come into play when a non- conserved sequence motifs that are found in all replicative

complementary base is incorporated into a nascent DNA B family DNA polymerases derived from eukaryotd${
strand 6—14). 18). We have been studying structttfeinction relationships

of RB69 pol, because of the abundance of genetic, structural,

Enormous strides have been made in clarifying some N . )
aspects of base selection by DNA polymerases, but there iSand kinetic data that has been obtained for this enzyme and

still much to be learned about mechanisms that allow DNA forlr:tsth%osz rilf‘tlv\\//z’ :(;4 c?ri\lﬁ\asplj)lzm:t:ggé%gv;i?hl)én ex0
polymerases to discriminate among the four dNTP SubStrateS'derivativepopré69 ol ([\)Nhich we call the parental enzyme)
One way of approaching this problem is to determine the P P y

effect on base selection when amino acid substitutions areanOI several of its pol active site mutants, with respect to

1 Abbreviations: 2AP, 2-aminopurine; P/T, primgemplate com-
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Table 1: Oligonucleotides Used To Prepare P/Ts for Kinetic Studies

Primer . a dNTP substrates used
ftemplate Nucleotide Sequence for assays
57 -CCGACCAGCCTTG
13/20GT 37 -GGCTGGTCGGAACGTTTTTT dCTP, dGTP
57 -CCGACCACGGAAC
I3720AC 3 -_geereeTaccTTeaccecce dTTP, dFTP
57 -TCGCAGCCGTCCA
13/204,C 37 -AGCGTCGGCAGGTA,CCCAAA dTTP, dFTP
12/20TA, 57 -TCGCAGCCGTCC dATP,

37 -AGCGTCGGCAGGTA CCCAAA

aThe nucleotide residues in boldface either are complementary to the incoming dNTPs or highlight the position of)2AP (A

Table 2: Pre-Steady-State Kinetic Parameters for Utilization of dCTP and dGTP by the Parental RB69 DNA Polymerase and Its Mutants

dCTP/dG dGTP/dG

enzyme Kg (uM) koot (51 kpolKg (uM™1s7Y) Kq (uM) Kool (S71) Kool Kg (M1 s71)  selectivity?
parental 6%t 16 200+ 13 2.9 (9.5£1.6)x 1¢* 0.1£0.02 1.1x 10°° 2.7x 1P
Y567A 68+ 4 213+ 5 3.1 210+ 32 0.02+ 0.007 9.5x 1075 3.3x 10
Y567F (24+£13)x 1¢® 75431 3.1x 1073 NA®P NAP NA®P NAP
Y391A 980+ 200 155+ 30 0.16 750+ 350 (5.8+1.1)x 10°3 7.7x 1076 2.0x 10¢
Y391F 90+ 4 312+ 4 35 (5.3£2.0)x 16° 0.084+0.02 1.5x 10° 2.3x 10°
T587A 220+ 60 50+ 4 0.23 NA NAP NAP NAP
T587A/Y391A (1.7£0.7)x 10® 54+ 12 3.2x 1072 NA®P NAP NA®P NAP
T587A/Y391F 660+ 180 210+ 22 0.32 NA NAP NAP NAP

2The selectivity for dCTP over dGTP is given by the ratiokgf/Kq for dCTP utilization divided byk,o/Kqy for dGTP utilization.® The kinetic
parameters could not be measured due to either the verytaighlues &10 mM) or the very lowkyo values <0.01 s2).

their ability to incorporate dGMP opposite a templating G following modification. Since there were six His residues
compared to incorporating dCMP opposite a templating G. appended to the C-terminus of the expressed polymerases
We have determined the relevant pre-steady-state kineticmutants, we used a NINTA column for the initial purifica-
parameters using rapid chemical-quench and stopped-flowtion followed by a cleanup step on a Source 30Q column
fluorescence in an attempt to estimate rates of conformational(29). The purity of the RB69 pol mutant preparations was
changes when the parental enzyme and its mutants areestimated by SDSPAGE and the enzyme concentrations
converted from a binary to a ternary complex poised for the determined spectrophotometrically as previously described
phosphoryl transfer reaction. The kinetic parameters for other (30).

mispair_ed bases L_lsing these RB69 pol mutants are being Pre-Steady-State Burst and Single-Tur@oExperiments
determined and will be reported subsequently. Pre-steady-state rapid chemical quench experiments were
performed using the KinTek Quench-Flow Instrument (model
MATERIALS AND METHODS RQF-3, Kintek Corp., University Park, PA). For slower
T4 polynucleotide kinase was obtained from New England reactions, requiring sampling at time intervals 20 s,
Biolabs and -3?P]JATP from Perkin-Elmer Life Sciences aliquots were removed manually and quenched with 0.5 M
Inc. dNTPs and dCTé&S were obtained from Amersham/ EDTA. Unless otherwise noted, all components of the
Pharmacia and electrophoresis reagents from Americanreactions are reported as final concentrations after mixing.
Bioanalytical Corp. 24'-Difluorotoluene deoxynucleoside Burst assays were performed under conditions where the P/T
5'-triphosphate (dFTP) was kindly provided by E. Kool concentration was 3 times greater than that of the enzyme
(Stanford University, Palo Alto, CA). Oligonucleotides and using| mM dCTP, a concentration well above saturation.
(Table 1) were provided by the W. M. Keck Foundation Reactions were carried out at 25 by mixing equal volumes
Biotechnology Resource Laboratory (Yale University). All of 66 mM Tris-HCI (pH 7.5) containing the preincubated
other chemicals were analytical grade. The RB69 pol complex of 2uM 5'-32P-labeled primer-template and 600
derivatives used in this study carry the D222A/D327A double nM RB69 pol (either the parental enzyme or its mutants)
mutation that eliminates'35 exonuclease activity. with 66 mM Tris-HCI (pH 7.5) containing 20 mM MgSO
Construction and Preparation of Mutan®lasmid pCW50 and 2 mM dCTP. The final concentrations weraNl P/T,
harboring cDNA for the exonuclease deficient form of RB69 300 nM enzyme, and 1 mM dCTP. The polymerization
pol (D222A/D327A) was subjected to site-directed mutagen- reaction was quenched with 0.5 M EDTA at defined time
esis to introduce Ala or Phe for the residues listed in Table intervals. Products were analyzed by gel electrophoresis (20%
2 using the PCR-based protocol of the Quikchange site- polyacrylamide-50% urea) and quantified by gel scanning
directed mutagenesis kit (Stratagene). The presence of thausing a phosphorimager (Molecular Dynamics). Single-
desired altered codons and the absence of other spuriousurnover assays were performed in a manner similar to that
changes in the cDNA coding insert were confirmed by DNA described above except thati@ enzyme was used, a
sequencing. Expression and purification of the mutant RB69 concentration 6.7 times higher than the concentration of the
pols were carried out as previously describ2#) fwith the P/T (300 nM). The concentrations of dNTPs were varied to
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determineKy andkyg values. The sequences of the P/T for A
primer extension assays are given in Table 1.

Stopped-Flow Fluorescenc&topped-flow experiments
were performed with an Applied Photophysics stopped-flow
spectrofluorometer (SX.18MV). The excitation wavelength
was 313 nm, and emission was monitored by using a 335
nm cutoff filter. Reactions were performed under single-
turnover conditions in a manner similar to the rapid chemical-
quench assay with final concentrations Qi enzyme, 300
nM P/T, and 8Q«M dTTP or either dATP or dFTP depending p
on the template. The P/T substrates containing 2AP in the ¢
template strand used for monitoring fluorescence changes |
are given in Table 1.

Data AnalysisData from burst assays were fit to the burst
equation [product]= A[l — explont)] + ksi, Where A
represents the amplitude of the burst which provides an
estimate of the concentration of enzyme active sigsis
the observed first-order rate constant for dANTP incorporation, B
andkss is the observed steady-state rate constant.

Data from single-turnover experiments were fit to the
equation for a single exponential. The dissociation constant,
Kg, for dNTP binding to the RB69 pel13/20mer (E-P/T)
complex was calculated by fitting data to the equatign
= (koo S])/(Kg + [S]), whereky, is the maximum rate of
dNTP incorporation, [S] is the concentration of incoming
dNTP, andKy is the dissociation constant for the incoming
dNTP in the E-P/T-dNTP complex.

RESULTS

The main objective of this study was to achieve a better
understanding of how several conserved residues in RB69 . v
pol influence base selection and to determine how replace-g g re 1: Selected active site residues in the ternary complex of
ment of these residues affects the binding affinity and RB69 DNA polymerases. (A) Location of the four residues (yellow)
reaction rate for correctly matched versus mispaired dNTPsthat comprise the “floor” of the nascent base pair platform in the
during primer extension. For this purpose, we constructed aRth‘?]9 %Ipt/eTrna{% fﬁm.p'ex- The(j%"ge also '.’t‘c"tfe? thelpﬁs't"X‘
set of mutant RB69 pols, choosing reSI_dues_ fo_r substitution ?all ir?blue). T¥1V|e A ar?dlrll?:xr)nrgltg?ions arggﬁc())?/\l/sin gra?/n;?u? \Ilcr?ite,
that appeared to be part of the nucleotide binding pocket asyespectively. Parts of the «Ctrace (thin white bars) are also
well as residues that had hydrogen bonding or van der Waalsincluded. Hydrogen bonds are represented by dashed green
interactions with side chains of residues in the active site cylinders. The figure is based on the data of Franklin etHl. (

i i (PDB entry 11G9) except that the most energetically favorable
(). Accordingly, residues Y567, Y391, and T587 were rotamer position of the T587 side chain was used as observed in

replaced with _Ala_ or Phe. We also prepared two double .o binary RB69 potP/T complex 23). (B) Space filling repre-
mutants (combinations of the replacements mentioned abovekentation of the selected active site residues used in this study

to see if base discrimination was further reduced. The showing that Y416 makes van der Waals contacts with the ribose
locations of these residues with respect to the primer Of incoming dTTP and Y391 contacts the ribose of the second
template terminus and the incoming dNTP are shown in template nucleotide G that is base paired with ddC. Y567 is in
Figure 1A. The space filling (CPK) image of this region contact with both base pairs near the center of the minor groove.
(Figure 1B) illustrates the close packing of these residues
stabilized in part by van der Waals interactions. We then
performed rapid chemical quench experiments to determine
Kq andkpe values for incorporation of correct and mispaired

of the productively bound form of the P/T in theP/T
complex was determined from the amplitude of the burst
and found to be 71% for the Y567A mutant. No burst with

dNMPs to evaluate the relative contributions of binding the Y567F mutant suggests that chemistry or steps hefore

affinity and rates of dNMP incorporation to base selectivity. chemistry were rate-limiting (data not shown).
Stopped-flow fluorescence experiments were also carried out Pre-Steady-State Kinetic Parameters for Incorporation of
with 2-aminopurine (2AP) in the template strand to provide Complementary dNMPs by the Parental Enzyme and Its
an independent means of estimating rates of change in theMutants To determine th&y values for incoming dNTPs
environment surrounding the 2AP residues (stacking or and the maximum ratek,) for the nucleotidyl transfer
unstacking with adjacent bases). reaction with the parental enzyme as well as with the Y567A
Burst AssaysBurst experiments showed a biphasic rate and Y567F mutants, we varied dNTP concentrations under
for product formation with the parental enzyme as well as single-turnover conditions. For the correctly matched incom-
with the Y567A mutant, indicating that a step following ing dCTP, the Y567A mutant had the sakKeandk,q values
chemistry was rate-limiting (Figure 2). The concentration as the parental enzyme (Figure 3A and Table 2), whereas
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FiGUurRe 2: Burst assay for the Y567A mutant of RB69 pol. 13/
20GT (2uM) was preincubated with the Y567A mutant (600 nM)
in 66 mM Tris-HCI (pH 7.5) and then mixed with an equal volume
of 2 mM dCTP and 20 mM Mg in 66 mM Tris-HCI (pH 7.5)
from the second syringe to start the reaction. The final concentra-
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but akyq that was nearly the same as that of the parental
enzyme (Table 2).

Two double mutants, T587A/Y391A and T587A/Y391F,
were also investigated using complementary incoming
dNTPs. T587A/Y391A exhibited a 25-fold highKg and a
4-fold lower kyo relative to those of the parental enzyme,
while the T587A/Y391F mutant exhibited a 10-fold higher
Kg and an identicak,, compared to those of the parental
enzyme (Figure 3C and Table 2).

Pre-Steady-State Kinetic Parameters for Incorporation of
Noncomplementary dNMPs by the Parental Enzyme and by
the Y567A and Y567F Mutan&fter determining the kinetic
parameters for correct ANMP incorporation, we then exam-
ined the kinetics of dGMP incorporation using a 13/20GTmer
P/T so that dGTP was paired with a templating G. Using
the parental enzyme, the Y567A and Y567F mutants, we
compared thé,/Kq ratio for incorporation of the correctly

tions were 1uM P/T, 300 nM enzyme, 1 mM dCTP, and 10 mM  paired dCMP with thd,,/Kg ratio found for the G versus G
Mg?*. The reactions were quenched at the indicated times and mispair. The parental enzyme had a much higkeand a

analyzed after ureaacrylamide gel electrophoresis by phosphor-
imaging. The solid line represents the best fit to the burst equation
as described in Materials and Methods. The amplitideas 212

+ 9 nM; the burst ratd,, was 185+ 35 s'1, and the steady-state
ratekss was 4.4+ 0.3 s,
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Ficure 3: dCTP and dGTP concentration dependence of the

observed rate constants for primer extension by RB69 pol mutants|.:pha,[e of a nucleoside base analogue, 2,4-difluorotoluene (F),

The pre-steady-state rates were plotted against the dCTP or dGT
concentration and fit to the hyperbolic equationKgrdetermination

as described in Materials and Methods: (A) Y567A, (B) Y391A,
(C) T587A/Y391A, and (D) dGTP vs templating G with the Y567A
mutant. TheKy andkyo values determined from the graphs for the
various mutants are presented in Table 2.

the Y567F mutant showed a dramatic increas&Jrand a
large decrease ik, (Table 2).

To further investigate the role of Y567 in base selection,
two other residues, Y391 and T587, which can potentially
form direct hydrogen bonds with thg-hydroxyl group of
Y567 (1), were replaced with either A or F and the resulting

greatly reducedty, for the incorporation of mispaired dGMP
relative to those of the correctly paired dCMP (Figure 3D
and Table 2). The Y567A mutant had a 50-fold lovker
and a 5-fold loweikyo for incorporation of dGMP versus G
compared to those of the parental enzyme; therefore, the
overall selectivity was 10 times lower for the Y567A mutant
than for the parental enzyme (Table 2). The kinetic param-
eters for dGMP versus G incorporation by the Y567F mutant
could not be determined because of the very lgland/or
the very lowkgor.

Another approach was employed to determine the roles
of hydrogen bonds involving thg-hydroxyl group of Y567
for utilization of the noncomplementary dGTPs. In these
experiments, all hydrogen bonding partners of the Y567
y-hydroxyl group had their side chains replaced with methyl
groups (i.e., the T587A/Y391A double mutant), while the
Y567 y-hydroxyl group itself was removed in the Y567F
mutant. Unfortunately, kinetic parameters for incorporation
of dGMP opposite G could not be determined for the T587A/
Y391A double mutant, since thi€y and ky, values were
beyond the range that could be measured experimentally.

Pre-Steady-State Kinetic Parameters for dFMP Incorpora-
tion by the Parental Enzyme and the Y567A and Y567F
Mutants Since it is apparent that the Y567A mutant can
utilize mispaired bases more efficiently than the parental
enzyme, it was of interest to determine whether a triphos-

which is isosteric with T, would be utilized with the same
efficiency as dTTP. Since the kinetics of dFMP incorporation
has been studied only under steady-state conditions with KF
and T7 DNA pol 82, 33), we decided to determine the pre-
steady-state kinetic parameters for dFMP incorporation with
the parental RB69 pol and with the Y567A mutant. This
allowed us to compare ground state binding affinities and
the maximum rates of phosphoryl transfer with dFTP and
dTTP using the parental and Y567A mutant pols. The results
showed that the parental enzyme and the Y567A mutant had
slightly higherKq values (5-13-fold) and much lower (more
than 100-fold) kyo values for dFMP relative to dTMP

RB69 pol mutants studied by rapid chemical quench incorporation. Thus, the selectivity factor for dTTP versus
techniques. For correct dCMP incorporation, the Y391F dFTP was~1000 with both the parental enzyme and the
mutant had kinetic parameters similar to those of the parentalY567A mutant (Table 3). There was no detectable dFMP
enzyme, while the Y391A mutant had a 14-fold high&r incorporation by the Y567F mutant even with high concen-
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Table 3: Pre-Steady-State Kinetic Parameters for Utilization of dTTP and dFTP by the Parental RB69 DNA Polymerase and the Y567A
Mutant

dTTP dFTP
enzyme Kg (uM) Kool (S71) Kool Kg (uM 1 572) Kg (uM) Kool (S71) Kool Kg (uM 1 s572) selectivity?
parental 51 10 273+ 16 5.4 268+ 27 1.8+ 0.1 6.7x 1073 790
Y567A 33+ 2 301+ 6 9.1 418+ 87 2.7+ 0.3 6.5x 1073 1.4x 1¢°

aThe selectivity for dTTP over dFTP is given by the ratiokpfi/Kq for dTTP utilization divided bykpo/Kq for dFTP utilization.

trations of dFTP (2 mM) and long incubation times (1 h). of fluorescence enhancement for the Y567F mutant with 2AP
Stopped-Flow Fluorescencgo further investigate the role  in then + 1 position was also slow (0.187, followed a

of Y567 in base selection, stopped-flow fluorescence experi- single exponential, and was consistent with results from the

ments were carried out to monitor the rates of change in therapid chemical quench experiments (Figure 4F and Table

environment surrounding the 2AP residues during nucleotide 4).

incorporation with the parental enzyme and with the Y567A  ap attempt was also made to extend the stopped-flow
and Y567F mutants. For this purpose, 2AP was placed atfjyorescence experiments to examine the effect of non-
two different positions in the template strand: as the complementary dNTPs and dFTP on 2AP fluorescence. No
templating base in the position (opposite to the incoming  getectable change in 2AP fluorescence was observed with
dNTP) or at the adjacent positiom + 1) just 3 to the  eijther the parental enzyme or any of the Y567 mutants when
templating base (Table 1). When 2AP was in thgosition, noncomplementary dNTPs were added to the enzyRi&

both the parental enzymé/T complex and the Y567A complex (data not shown). With dFTP, only the parental
P/T complex exhibited biphasic kinetics that best fit a double enzyme exhibited changes in the stopped-flow fluorescence
exponential as shown by the stopped-flow fluorescence datayith a rate of 0.08 st (Table 4). The rate of fluorescence
for dTMP incorporation under single-turnover conditions quenching also fit best to a single exponential and was
(Figure 4A). The rates for the two phases were 176 and 16 consistent with the results of the rapid chemical quench

s 1, respectively, for the parental enzyme (WT) using:80 experiments (0.07-4) shown in Table 4.
dTTP (Table 4) and 254 and 8% respectively, for the

Y567A mutant (Figure 4B). In contrast, the data for the pISCUSSION
Y567F mutant best fit a single exponential with a rate of
0.17 s* (Figure 4C). These stopped-flow fluorescence results Residue Y567 Is hwmlved in Base SelectioriWe have
are generally consistent with the rapid chemical quench attempted to interpret pre-steady-state kinetic parameters for
experiments described above. For example, the rate for theprimer extension with correct (C vs G) and incorrect (G vs
fast phase with the parental enzyme (176, Sable 4) is G) base pairs in terms of structural features of RB69 pol
similar to the rate (15473, Table 4) for dTMP incorporation  and several of its single-site mutants. From our previous
determined by rapid chemical quench experiments. The ratework, we knew that Y567 had a role in base discrimination
of fluorescence quenching for the Y567A mutant (254 s  (34), but it was unclear whether other residues, which
is only 1.5 times greater than that observed for the parentalappeared to interact with Y567 via a hydrogen bonding
enzyme. However, there are some other noticeable differ- network (Figure 1A), were also able to influence base
ences between the behavior of the two enzymes; for exampleselection. To address this issue, we substituted Ala for Tyr
amplitudeA; of the fast phase was much lower (0.1 V for at residue 567, and in separate experiments, we replaced
the Y567A mutant vs 0.3 V for the parental enzyme as shown Y391 and T587 with Ala. We also constructed and tested
in Table 4). Whether these differences are due to the directthe Y391A/T587A and Y391F/T587A double mutants for
effect of the Y567A mutation on the fluorescence of 2AP their ability to incorporate complementary and noncomple-
or to other differences between the two enzymes that mentary dNMPs. The Ala for Tyr replacement at residue
influence the rate of quenching is not known. Stopped-flow 567 had no effect on the pre-steady-state kinetic parameters
fluorescence also revealed a new slower phase exhibited byfor incorporation of dNMPs that were correctly paired with
both the parental enzyme and the Y567A mutant that wastemplating bases. However, since the Y567A mutant was
not observed with rapid chemical quench techniques. This able to utilize dGTP oppogita G more efficiently than the
new, slower phase was not seen with the Y567F mutant. parental enzyme, it is clear that Y567 places constraints on
The rates of change in fluorescence were not dependentbase selection (Table 2). We offer an explanation for this
on the locationif vsn + 1 position) of the 2AP probe with  loss of selectivity based on (i) the crystal structure of the
either the parental enzyme or the Y567A mutant. When 2AP ternary complex of the parental enzyme with a dideoxy P/T
was in then + 1 position, the rates for the parental enzyme and a complementary dNTR)( (ii) the structure of a G5
are 176 s for the fast phase (unchanged from rates with mismatch in a DNA duplex in the absence of any proteins
2AP in then position) and 393! for the slow phase, a slight (35), and (iii) docking of this GG mismatch into the
increase over the rate of 16'found when 2AP was inthe  observed ternary complex using the parental enzyme and the
n position (Figure 4D). The rates for the Y567A mutant with computer-generated structure of the Y567 mutants. In the
2AP in then + 1 position were 26973 for the fast phase  crystal structure of the ternary comple®,(the phenyl ring
(unchanged from that at the position) and 5 st for the of Y567 favors correct versus incorrect Watsa@rick base
slow phase (Figure 4E). This small variation in rate may be pairing for the nascent base pair as the rotamer conformation
due to a difference in the way base stacking of 2AP is of the Y567 side chain is restricted because of a hydrogen
affected in the two sets of experiments. Similarly, the rate bonding network that includes the hydroyx! groups of Y391
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FiIGURE 4: Stopped-flow fluorescence assay for primer extension with the 13@®ar or the 12/20TAner. Measurements and data
analysis were performed as described in Materials and Methods. In general, excess RB69 pol or its mutants were preincubated with 600 nM
13/20A,Cmer or 12/20TAmer in syringe A. Reactions were initiated by mixing the contents of syringe A with an equal volume of the
solution from syringe B that contained 160 dTTP (for the13/20ACmer) or 160uM dATP (for the 12/20TAmer) and 20 mM Még'.

The rates and amplitudes for the fluorescence changes are summarized in Table 4. (A) Incorporation of dTMP into thErha(20y

the parental enzyme. (B) Incorporation of dTMP into the 13/ZDer by the Y567A mutant. (C) Incorporation of dTMP into the 13/

0 10 20 30 40 50 60 70 80 90 100

r by the parental enzyme. (E) Incorporation of dAMP

into the 12/20TAmer by the Y567A mutant. (F) Incorporation of dAMP into the 12/2@er by the Y567F mutant.

Table 4: Summary of Stopped-Flow Fluorescence Assays

fluorescence change

primer/template  2AP position incoming dNTP  enzyme  up/dowAq (V) ki(s™)) A:(V) ke(s™Y) primer extension rate ()°

13/20A.C n dTTP parental { 0.3 176 0.06 16 154

Y567A | 0.1 254 0.02 8 167

Y567F 0.56 0.17 NA NA 0.13
13/20AC n dFTP parental | 0.21 0.08 NA NA 0.07

Y567A nosignal NA NA NA NA 0.15

Y567F nosignal NA NA NA NA NA
12/20TA, n+1 dATP parental 1 0.3 176 0.07 39 102

Y567A t 0.25 269 0.03 5 176

Y567F t 0.44 0.18 NA NA 0.16

2 Precision: Ay, £15%; ki, £20%; A, +£40%; k,, £20%.° Primer extension rates were obtained from chemical quench data and had a precision

of £20%.

and T587 (Figure 1A). Since the aromatic ring of Y567 forms space that can be occupied on the minor groove side of the
part of the nascent base pair binding pocket, it limits the nascent base pait), By removal of the phenolic side chain
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Template : ANTP exocyclic amino group of G would sterically clash with its
2 : own nonbridgingo-phosphate oxygen in the triphosphate
tail of the incoming dGTP (as indicated by the arc with the
double-headed arrow in Figure 5). Also, the templating G
would deviate substantially from its expected position. If
dGTP adopts the anti conformation, then both the templating
G (syn) and the incoming G (anti) would be close to the
positions expected for a nascent base pair (Figure 5). In the
absence of both the enzyme and incoming dGTP, the G
nucleotide at the templating position would most likely adopt
the anti conformation for maximal stacking interactions
FiGurRe 5: Modeling of the conformational forms of-G mispairs within the DNA duplex. Therefore, upon the formation of a
based on the duplex DNA structure determined by Skelly et al. ternary complex with the enzyme and incoming dGTP, the
(39). In this model, the templating G and the incoming dGTP in o m5jating G has to flip from the usual anti to the syn
the anti and syn conformations are colored brown. The syn . N .
templating G and the anti incoming G are colored yellow. Four conformation. The flipping would seldom occur were it not
atoms of each of these-G conformers were superimposed onto for the polymerase being able to trap and incorporate the
the dTTPA pair. Two of the atoms of the @ conformers were G-G mispair, albeit with low efficiencylkgo/Kg = 1 x 107°
from the glycosidic bond, and the other two atoms were from the uM~1s7%). The efficiency of dGMP incorporation is mark-
base that connects to the glycosidic bond. edly improved when Y567 is replaced with Allg/Ka =
in the Y567A mutant, the polymerase is able to better 9.5 x 10°° uM~1 s71) in which more space is available in
accommodate the noncanonical base pairing of G versus Gthe polymerase binding pocket for flipping to occur (Table
as evidenced by a 50-fold increase in the ground state binding2). The difference between the parental enzyme and the
affinity of the mutant relative to that of the parental enzyme Y567A mutant in their ability to incorporate a-G mispair
(Table 2). Since this Y to A replacement does not interfere can be attributed to the 50-fold decreaseKinfor dGTP
with the geometry of the correctly paired dCTP, it was versus a templating G exhibited by the Y567A mutant
reassuring that neither the affinity nor the incorporation rate compared to the parental enzyme. Note that lth for
of the correct dNTP was affected (Table 2). It seems incorporating dGMP opposite G with the Y567A mutant is
reasonable therefore to propose that Y567, when restrictedonly 5 times less than that of the parental enzyme, indicating
in its rotamer conformation, provides a steric gate for thatthere is a slightly less favorable geometry for the nascent
checking WatsonrCrick base pairing. Unlike Y416, which  base pair with respect to the primer terminus when the
is parallel to the ribose ring of the incoming dNTP, the Y567A mutant is compared to the parental enzyme. Never-
phenyl ring of Y567 is perpendicular to both the templating theless, since thig, for the G versus G pair is so drastically
base and to Y416 (Figure 1A,B). Moreover, the torsion angle reduced for both the parental enzyme and the Y567A mutant,
of the Y567 @—Cp bond is 145, which is its least favorable it would suggest that the geometry of theGenascent base
conformation as it lies midway between two other preferred pair, with respect to the attacking-@H, must be markedly
rotamer positions. This unfavorable conformation is main- perturbed. This notion is clearly consistent with the modeling
tained via a hydrogen bonding network because there are(Figure 5). A plausible reason for th& difference is that
few nonpolar interactions between Y567, Y416, and other there is more space in the nucleotide binding pocket with
residues in RB69 pol. the Y567A mutant, making it easier for the templating base
There is, however, an additional issue that has to beto flip from the anti to the syn configuration. The rigidly
considered in interpreting the results, namely, the conforma- positioned Y567 in the parental enzyme presents a barrier
tion of the incoming dGTP versus the templating G. On the to flipping which is then manifested in the highéy
basis of the crystal structure of oligonucleotide duplexes exhibited by the parental enzyme for theGmispair. To
containing GG base pairs35), it seems that one G residue summarize, it would appear that Y567 is optimally positioned
has to adopt the syn conformation while the other is required to check for correct WatserCrick base pairing since it
to be in the anti conformation. In the attempt to model a establishes a geometrical constraint in the nucleotide binding
G-G mispair into the RB69 pol ternary structure, it becomes pocket (Figure 6).
clear that only when the templating G is in the anti and the A remaining problem is how to account for the dramati-
incoming G in the syn conformation can dGMP be incor- cally weakened ability of the Y567F mutant to extend a
porated into the primer strand. This is illustrated in Figure 5 primer even with a dNTP that is complementary to the
in which four atoms of the two different conformations of templating base. This result was unexpected because, with
the templating G and the mispaired dGTP are superimposedthe y-hydroxyl group absent in the Y567F mutant, the side
onto four atoms of a templating A and an incoming dTTP. chain of residue Y567 is free to assume a more favorable
The four atoms chosen include two from the glycosidic bond rotamer conformation which it presumably does to relax the
and two from bases that are connected to the glycosidic strain. Surprisingly, in the modeled structure of the Y567F
bonds. Only when these four atoms are superimposed cammutant ternary complex with a ddP/T and a complementary
they-phosphate (as well as the remainder of the triphosphatedNTP (structure not shown in this paper), the ddP/T is
tail) be positioned so that they correspond to the samedisplaced from the position that it normally occupies in the
location occupied by dTTP (when paired with A) in the parental enzyme. This displacement also distorts the nucle-
ternary structurel). Modeling demonstrates that dGTP can otide binding pocket, dramatically reducing the affinity of
be correctly positioned only if it adopts the anti and not the the incoming dNTP. Even when a correct, nascent base pair
syn conformation. If it were in the syn conformation, the is formed, the position of the incoming dNTP relative to the
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position of this residue in the ternary complex suggests a
more direct role for T587 in orienting the nascent base pair
for attack by the 30H of the primer terminus (Figures 1A
and 6). The observation that the T587A mutant redkggs
by 4-fold is consistent with this notion and with the extent
of kool reduction which is the same for the T587A/Y391A
double mutant. Since the is restored to wild-type levels
in the T587A/Y391F double mutant, this suggests that the
phenyl ring of Y391 provides a key interaction dictating the
side chain rotamer position of T587. It is interesting to note
that in the Y391F mutant, there is no reduction in the reaction
rate relative to the parental enzyme for incorporation of
A complementary and noncomplementary dNMPs even though

, S , there is a missing hydrogen bond.
Ficure 6: Modeling of the GG mispair (yellow) vs the AT pair . L
(cyan) in the RB69 pol ternary complex. We assume that tf@& G In view of the reduced level of base discrimination
mispair in the polymerase adopts the same structure as without itexhibited by the Y567A mutant, we wondered if this mutant

(modeled in Figure 5). Only the anti conformation of dGTP is \would also be more efficient in its ability to incorporate

possible and depicted here, because in the syn conformation itSdFMP the isosteric analogue of dTMP, as compared to a
base runs into the-phosphate oxygen and its templating nucleotide ’ '

on the opposite strand is substantially displaced from the observedN@Ncomplementary base such as dGMP. This is an extension
location shown in Figure 5. of the question about how the loss of steric constraints in

the binding pocket, which partially encloses the templating

3'-OH of the primer is perturbed which would result in @ pase and incoming dNTP, affects base selectidi). (
severe misalignment between the attackif@8i groupand  Comparison of the parental and Y567A mutant indicates only
the a-phosphorus atom of the incoming dNTP. The distortion minor differences between them in their ability to utilize
of the nucleotide binding pocket and the suboptimal geometry gFTP. The main difference is in the pre-steady-state kinetic
of the reactants in the active site can readily rationalize the parameters, the Y567A mutant having a slightly higker
failure of the Y567F mutant to catalyze the phosphoryl andk,, than the parental enzyme for this substrate. The two
transfer reaction. A critical test of this rationalization will Opposing values de and kpol effectiveiy offset each other
come from the crystal structure of this_ mutant compl_exed so that the selectivity is only slightly greater Z-fold) for
with a P/T and a dNTP, work that is being performed in C. the Y567A mutant versus the parental enzyme. dFTP has
Kisker's lab at the State University of New York, Stony peen used in steady-state assays as a probe for the relative
Brook, NY (personal communicatipn importance of geometry versus Watse@rick hydrogen

The hydrogen bonding network that is crucial for restrict- ponding @4). It was shown by Morales and Kod%) to be
ing the Y567 rotamer conformation includes Y391 and ncorporated more efficiently than mispaired dNTPs but had
potentially also T587 (Figure 1A). By examining the hjgherK,, values and loweke values than dTTP with both
environment of they-hydroxyl group of Y567 in the apo-  KF and T7 DNA pol. While the studies of Kool and his
RB69 pol structureX8), we have identified a well-defined  ¢olleagues have demonstrated the importance of shape, which
hydrogen bond that could be formed with Y391 and another incjudes the combined volume of the templating base and
potential hydrogen bond with T587 that may explain why the incoming dTTP analogue, they did not underestimate the
the latter residue is also conserved. Currently, the side chainggntripution of Watsos Crick hydrogen bonding in base
of T587 adopts its second most favorable rotamer conforma- giscrimination 83, 37). Their work did show, however, that
tion, in which its G/2 is within 3.2 A of they-hydroxyl of a5 Jong as geometrical constraints were satisfied, hydrogen
Y567. If the most favored rotamer conformation is modeled, bonding was not an absolute requirement for primer exten-
Oy2 of T587 will be occupied by @1 and a hydrogen bond  sjon with this base analogud3). There have not been any
will 'be formed with Y567 (Figure 1A). Modeling also  reports, to our knowledge, in which dFTP or other dNTP
suggests that such a choice is clearly possible in the apo-ispsteres have been used to obtain pre-steady-state kinetic
RB69 pol structure, but not in the ternary complex. Each of parameters for DNA polymerases. Our results extend the
the single mutants, T587A and Y391A, partially removes concept of Morales and Koo38, 37), showing that the
the rotational constraints on the side chain of Y567. principal effect of the absence of Watse@rick hydrogen
Inte-re.stingly, the T587A mutant affects not Oniy the.diS' bonding is Od(poly presumabiy due to impaired aiignment of
sociation constantKg, for the complementary incoming  ihe active site residues with the substrates. We cannot tell
dNTP but also theke. The double mutant TS87A/Y391A 4t present whether the reduction lgy is due to a slower
has an effect similar to that of the Y567F mutant except that rate of conformational change or chemistry. Future studies,
thekyoi is not reduced as dramatically. The two changes cited yhich will include pre-steady-state burst experiments with
above disrupt the hydrogen bonding network so that the sidegrTp, should allow us to determine if there is a change in

chain of Y567 is freed from its fixed rotamer position (Figure e rate-limiting step with this isostere compared to the
1A) and has the potential to rotate like Y567F. Whether the gjtyation with a complementary dNTP.

side chain of T587 actually rotates during the reaction cycle,

as proposed for D621 and D4136], remains to be seen. ACKNOWLEDGMENT
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