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ABSTRACT: Formation of a noncanonical base pair between dFTP, a dTTP analogue that cannot form H
bonds, and the fluorescent base analogue 2-aminopurine (2AP) was studied in order to discover how the
bacteriophage T4 DNA polymerase selects nucleotides with high accuracy. Changes in 2AP fluorescence
intensity provided a spectroscopic reporter of the nucleotide binding reactions, which were combined
with rapid-quench, pre-steady-state reactions to measure product formation. These studies supported and
extended previous findings that the T4 DNA polymerase binds nucleotides in multiple steps with increasing
selectivity. With 2AP in the template position, initial dTTP binding was rapid but selectygire) (first

step)= 31 uM; Kqdcrp) (first step)~ 3 mM. In studies with dFTP, this step was revealed to have two
components: formation of an initial preinsertion complex in which H bonds between bases in the newly
forming base pair were not essential, which was followed by formation of a final preinsertion complex in
which H bonds assisted. The second nucleotide binding step was characterized by increased discrimination
against dTTP binding opposite template 2AR (second stepy 367 uM, and additional conformational
changes were detected in ternary enzpbB®A—dTTP complexes, as expected for forming closed
complexes. We demonstrate here that the second binding step occurs before formation of the phosphodiester
bond. Thus, the high fidelity of nucleotide insertion by T4 DNA polymerase is accomplished by the
sequential application of selectivity in first forming accurate preinsertion complexes, and then additional
conformational changes are applied that further increase discrimination against incorrect nucleotides.

Many DNA polymerases, including the bacteriophage T4 that are smaller than the correct one out of its binding site”.
and T7 DNA polymerases:scherichia coliDNA poly- Molecules that are too large are excluded, but molecules with
merases | and Ill, and eukaryotic DNA polymerageand a similar shape or are smaller than the correct ligand may
€, rarely incorporate “wrong” nucleotides; the error frequency be bound mistakenly. While this deficiency in discrimination
is only about 10° (reviewed in refl). Further accuracy of = may not be a problem for many enzymes, especially if there
100-fold or more is achieved by exonucleolytic proofreading, are few competing substrate-like molecules present, DNA
which is the ability of DNA polymerases to detect and polymerases must achieve exceptionally high replication
remove misincorporated incorrect nucleotides at the primer fidelity in order to maintain the genetic information. Fur-
terminus before further primer elongatiof, 3). Several thermore, the polymerase active center must accommodate
guestions remain, however, about how DNA polymerases pairings with template €and incoming dGTP (and the
avoid incorporating incorrect nucleotides in the first place. reverse) as well as template A and incoming dTTP (and the
The ability of DNA polymerases to incorporate correct reverse), while discriminating against C-A, G-T, and other
nucleotides is a fundamental aspect of molecular recognition mispairs.
that is shared by all enzymes. Linus Pauling pointed out the H bonds between WatserCrick A-T and G-C base pairs
most critical feature of ligand recognition, which was were once thought to be the critical determinants for
acknowledged by A. Fershd). “a protein must keep ligands  nucleotide selection by all DNA polymerases, but H bonds
may serve this purpose for only certain polymerases such
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tion opposite template 2AP, 36iM, is substantially greater
than theKy for dTTP binding, which is about 34M (15).
Thus, not all of the DNA petDNA—dTTP ternary com-
plexes formed initially go on to form product; additional
discrimination is exerted in a subsequent step(s), either the
post-binding step in which the geometric fit of the newly
forming base pair is examined, the chemistry step, or both
steps.

We report here studies to identify which step or steps that
follow formation of the initial DNA po-DNA—dTTP
complex increase(s) discrimination against incorporation of
dTMP opposite template 2AP. We also probed the role of
H bonds in the nucleotide incorporation reaction catalyzed
by the T4 DNA polymerase by using dFTP, which resembles
dTTP but cannot form H bond§); Studies of binding and

templating,+1 position (A) or in thet2 position (B). The primers
were either extendable and have'&l3 group or are terminated
by a 2,3 -dideoxynucleotide (dd). The structures of dTTP and dFTP
are illustrated (A).

incorporation of dTTP opposite template 2AP have an
important advantage compared to reactions in which only
noncomplementary nucleotides are provided, such as for the
incorporation of dTMP opposite template G. Although the
including DNA polymeraset and the exonuclease-deficient T4 DNA polymerase discriminates in the incorporation of
forms of the bacteriophage T7 DNA polymerase and the dTMP opposite template 2AP compared to templatel3, (
Klenow fragment, the geometry of the newly forming base 18), binding and incorporation reactions can be done under
pair appears to be the principal determinant because thesere-steady-state, single-turnover conditiorts17). In
DNA polymerases can incorporate shape-correct nucleotidecontrast, multiple-turnover conditions with high concentra-
analogues that cannot form H bond 8). For example, tions of DNA polymerase and the incorrect nucleotide are
dFTP, which resembles dTTP but 2,4-difluoro-5-toluene (F) required for misincorporation experiments since polymerizing
replaces the thymine (T) base (Figure 1A), is incorporated reactions with nucleotides in nonstandard base-pairing situ-
opposite template A but not G, C, or T by these DNA ations are not efficient. In these “forcing” conditions, DNA
polymerases?, 8). Additional factors in nucleotide selection polymerases likely form numerous DNA peDNA—dNTP
have also been proposed, which include hydrophobic interac-ternary complexes before an incorporation event occurs,
tions @) and the ability of DNA polymerases to discriminate which raises the possibility that only rare and perhaps
against wrong nucleotides, as opposed to selecting for theaberrant complexes are capable of incorporating incorrect
“correct” nucleotide %, 10). nucleotides. 2AP, as a pseudonatural template base, provides
Increased fidelity can also be obtained if DNA poly- away to challenge the nucleotide discrimination mechanisms
merases check the accuracy of the bound nucleotide in moreused by the T4 DNA polymerase without overwhelming the
than one stepl(l, 12). Selection may be exerted in an initial process and, thus, provides an opportunity to determine how
binding step to form preinsertion complexes, in a post- DNA polymerases normally select correct nucleotides for
binding step that evaluates the accuracy of the newly forming incorporation. Once the rules for the selection of correct
base pair by an induced-fit mechanism [reviewed by Johnsonnucleotides are learned, this information can be applied to
(13)], and in the chemical step of phosphodiester bond determining how mismatches are formed.
formation (4). Evidence for the sequential application of The new findings reported here provide additional evi-
at least two steps to achieve selectivity in nucleotide dence that the T4 DNA polymerase achieves high fidelity
incorporation was obtained from kinetic studies of the in nucleotide selection by using multiple nucleotide binding
bacteriophage T4 DNA polymerase in which the fluorescent steps, each with increased selectivity for the correct base
base analogue 2-aminopurine (2AP) was the templating basegpair. We reported previously that the initial binding step is
(15). rapid but selective for the correct base and suday, (but
Changes in 2AP fluorescence were used to report on bothstudies with dFTP revealed that the initial binding step has
nucleotide binding and incorporation. A 20-fold increase in at least two components. H bonds between bases in the newly
fluorescence intensity is detected when binary complexes areforming base pair are not required in forming the initial
formed with T4 DNA polymerase and DNA substrates preinsertion complex but assist in formation of the final
labeled with 2AP in the templatingHl) position (Figure preinsertion complex. After formation of preinsertion com-
1A) (16). A large decrease in fluorescence intensity is plexes, a conformational change in the template strand is
detected when dTMP is incorporated opposite template 2AP;detected by 2AP fluorescence. We report here that this
the rate of decrease corresponds to the reported nucleotideonformational change occurs before the chemistry step of
incorporation rate 7). 2AP fluorescence is also quenched phosphodiester bond formation and is most likely connected
when dTTP is bound opposite template 2AP in a2Mg with formation of closed complexes in which several residues
dependent reaction16). The DNA substrate is chain- inthe polymerase active center make tight contacts with the
terminated for the nucleotide binding experiments to prevent newly forming base pair and a sharp bend is produced in
incorporation (Figure 1A). The decrease in 2AP fluorescence the template strand 9, 20). The conformational change was
with increasing dTTP concentration provides a direct assay linked to amino acids that surround the newly forming base
to determine thé&y for nucleotide bindindefore incorpora- pair in closed complexes, because the rate of conformational
tion. These studies revealed that #gefor dTMP incorpora- change was slowed for the mutant L412M-DNA polymerase,
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which has an amino acid substitution for one of the conserved 15000
N 1

residues that forms the base pair binding pocRé}.( vgTTP = 0.095"
VgFTP = 0.003s1

These findings for the T4 DNA polymerase are discussed
with respect to recent structural studies of the T7 RNA
polymerase in which the incoming rNTP is observed to
interact first with the template base in a preinsertion site,
which allows the “fit” of the newly forming base pair to be
sampled prior to formation of the catalytically active closed
conformation 21). We also discuss how mismatches may 6000 - ’ e
be formed when nucleotide binding accuracy is evaluated T T T
in multiple successive steps before phosphodiester bond 0 500 1000 1500

formation. Time (s)
FiIGURE 2: Incorporation of dTMP or dFMP opposite template 2AP
MATERIALS AND METHODS by T4-exo . Preformed enzymeDNA complexes were made by
combining 100 nM DNA substrate (2AP at the fluorescence-

DNA PolymerasesExpression and purification of the reporting+1 position) with 250 nM DNA polymerase in buffer
mutant T4-exo (D112A/E114A) and L412M-exo(D1124/ ~ containing 25 mM HEPES (pH 7.6), 50 mM NaCl, 1 mM DTT.

. . and 0.5 mM EDTA. The addition of 250 nM dTTP (or 250 nM
E114A/L412M) T4 DNA polymerases were described previ- dFTP) and 10 mM Mg resulted in nucleotide incorporation, which

ously 22-24). quenched 2AP fluorescence. The experiments were performed at
DNA Substrates and NucleotideEhe 2AP DNA sub- 20 °C. The data were fit to a single-exponential equation (solid
strates have been describeib,(16) and are illustrated in  lin€) to give the incorporation rate.
Figure 1. The 2AP phosphoramidite was purchased from )
Glen Research. The &erminus of the template strand was V/[(Ka(0bs)Ka) = 1], whereKq(obs) is theKq for dTTP
protected from DNA polymerase binding (to direct enzyme Pinding detected in the presence of dFTP. _
binding to the primer terminus) by a biotin attachment  Determining Rates of Product FormatiodAMP incor-
(biotinTEG-CPG; Glen Research). The primer and template Poration opposite template T with 2AP in tHe2 position
DNAs were annealed in buffer containing HEPES (pH 7.6) (Figure 1B) was determined by a rapid-quench method with
and 50 mM NaCl with a 20% excess of the primer strand to the same experimental conditions used to determine the rate
ensure complete hybridization of the template strand. dFTP Of increase in 2AP fluorescencés). A solution of binary
was synthesized as describéd. ( complexes formed with 400 nM DNA (primer labeled at the
Fluorescence Intensity Experimen@mission data for 2 €nd with*?P), 1uM T4-exo" or L412M-exa’, and buffer
2AP-labeled DNAs and DNA polymerase complexes were [0.5mM DTT, 25 mM HEPES (pH 7.6), 50 mM NaCl, and
obtained with a Photon Technology International scanning -5 MM EDTA] was mixed in the Kintek rapid-quench
spectrofluorometer. Samples were excited at 315 nm, andinStrument with a second solution containing 16 mM MgCl
fluorescence emission was monitored at 368 @2 nm variable concentrations of dATP from 2 to 4004, and
band-pass was used for both the excitation and emissionPUffer. Reactions were quenched with 0.5 M EDTA. All
monochromators. Solutions contained 200 nM 2AP-labeled €XPeriments were performed at 20. Reaction products

DNA, 500 nM DNA polymerase, 25 mM HEPES (pH 7.6), Were separated by PAGE, and the bands were visualized
50 mM NaCl. 1 mM DTT. and 0.5 mM EDTA. Intrinsic  Using the Molecular Dynamics STORM Phosphorimager and

protein fluorescence was subtracted. All experiments were duantitated using ImageQuant software. The nucleotide
preformed at 20C. incorporation rate was determined by fitting the data to the

hyperbolic equatiorkops = Koroauc[dATP/(Kg + [dATP]),
whereKy is the equilibrium dissociation constant for dATP
and Koroduct IS the maximum rate of primer extension. Note
that the initial nucleotide binding is very rapitld), and thus,
this step is not included in calculating the overall rate.

-
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Equilibrium dissociation constant¥(s) for nucleotide
binding opposite template 2AP were determined in reactions
with the above buffer with the addition of 10 mM Mggl
which is essential for nucleotide bindindgg). The DNA
substrates were chain-terminated by incorporation of a
terminal dideoxynucleotide, which allowed nucleotide bind- RESULTS
ing but prevented incorporation. Exonuclease-deficient DNA
polymerases were used to prevent nuclease degradation of T4 DNA Polymerase Incorporates dFMP Opposite Tem-
the DNA substrate. The decrease in 2AP fluorescence plate 2AR Incorporation of dTMP opposite template 2AP
intensity produced as a function of dTTP concentration was by the T4 DNA polymerase is detected by a decrease in 2AP
plotted as an increase in quench. The data were fit to thefluorescence intensity; the decrease in fluorescence intensity
hyperbolic equatiom = [Q][dTTP]/(Ky + [dTTP]), where  corresponds to the rate of nucleotide incorporatiof). (Thus,

q is the observed quench and [Q] is the maximum quench incorporation of dFMP opposite template 2AP is also
observed at saturating dTTP concentration. expected to decrease 2AP fluorescence intensity, and the rate
Ki values were determined in dTTP binding reactions as of decrease will correspond to the incorporation rate. Binary
described above except that dFTP was added at the indicatedomplexes were formed with the exonuclease-deficient

concentrations at the beginning of the titration experiments. D112A/E114A-DNA polymerase (T4-exp and the DNA
Note that dFTP at the highest concentration tested M0 substrate illustrated in Figure 1A. When fluorescent, binary
did not quench the fluorescence of the binary complexes butcomplexes (100 nM) were mixed with 250 nM dTTP and
inhibited the ability of dTTP to form quenched, ternary 10 mM Mg?", 2AP fluorescence intensity decreased at the
complexesKis were determined from the equatiéh = rate of about 0.0978 (Figure 2). Under the same experi-
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Ficure 3: Nucleotide binding assays. Formation of ternary enzy®RA—dNTP complexes with T4-exo(A) and L412M-exo (B) was

measured as a function of dTTP concentration using the chain-terminated DNA substrate illustrated in Figure 1A. 10 raMadgCl
present. dTTP binding quenches 2AP fluorescence in a concentration-dependent @arimardFTP does not at the concentrations tested

(O); however, dFTP at 50X) and 150uM ('¥) reduced the ability of dTTP to quench 2AP fluorescence. Equilibrium dissociation constants

(Kgs) for dTTP binding were determined by fitting the data (solid line) to the hyperbolic equatofQ][dTTP]/(K4 + [dTTP]), where

g is the observed fluorescence quench at various dTTP concentrations and [Q] is the maximum fluorescence quench observed at saturating
dTTP.K;s for dFTP were determined in dTTP binding reactions with either 50 opMAFTP; dFTP was a competitive inhibitor of dTTP

binding as demonstrated by the LineweavBurk plots (insets)Ky values for dTTP binding an#; values for dFTP for T4-exoand
L412M-exo are given below the quench curves.

mental conditions, except that dFTP replaced dTTP, fluo- bound, because dFMP is incorporated and, thus, must be
rescence intensity decreased at a 30-fold slower rate (0.003ound at some point in the nucleotide incorporation pathway
s1) (Figure 2). The slower rate of dFMP incorporation (Figure 2). We tested the possibility that dFTP is bound but
parallels previous studies in which several DNA polymerases that this binding does not produce quenched complexes by
were observed to incorporate dFMP with accuracy opposite assaying dFTP as an inhibitor of dTTP binding. The addition
template A, but with reduced efficiency compared to dTMP of 150uM dFTP to dTTP titration experiments significantly
(7). Thus, we have extended these studies to the incorporatiordecreased the ability of dTTP to quench 2AP fluorescence
of dFMP opposite template 2AP. (Figure 3A) by a competitive mechanisi, = 68 + 5 uM
Formation of DNA po-DNA—dNTP Ternary Complexes (Figure 3A, inset). The ability of dFTP to strongly inhibit
with dTTP and dFTP One possible explanation for the dTTP binding is noteworthy because dCTP and rUTP are
slower incorporation rate for dFMP compared to dTMP is Not strong competitive inhibitors of dTTP binding (data not
that T4 DNA polymerase discriminates against dFTP during Shown) or for dTMP incorporationlf).
one or more nucleotide binding steps. To test this proposal, Nucleotide binding experiments were repeated with the
nucleotide binding assays were performed as for incorpora-exonuclease-deficient D112A/E114A/L412M-DNA poly-
tion, but the primer end was chain-terminated to prevent merase (L412M-ex0, which has a Leu to Met substitution
extension (Figure 1A). Since dTTP binding in the presence in the motif A sequence in the polymerase active center. The
of Mg?" quenches 2AP fluorescence as observed for L412M-DNA polymerase was identified by genetic selection
incorporation 15, 16), the Ky for dTTP binding opposite  as a mutant DNA polymerase with reduced ability to initiate
template 2AP by T4-exocan be determined from the quench the proofreading pathway2§). As observed for T4-exq
curve (Figure 3A) and is 3% 4 uM. A similar K4 for dTTP the addition of dFTP did not decrease the fluorescence
binding, 34+ 3 uM, was obtained with a different DNA intensity of L412M-exo binary complexes (Figure 3B), but
substrate that was terminated by a dd&)( We have also  dFTP was a strong competitive inhibitor of dTTP binding,
observed similar values for a variety of A T- and G+ Ki = 36 £ 5 uM (Figure 3B). Although theKy for dTTP
C-rich DNA substrates (unpublished data). Thus, these and theK; for dFTP were lower for L412M-exothan for

experiments further support the conclusion that kaefor T4-exo, theK; to Kq ratios for both DNA polymerases were
dTTP binding opposite template 2AP is an order of magni- nearly the same, 2:12.2 (Figure 3), which indicates similar
tude less than thi&q for incorporation of dTMP 15). dTTP/dFTP discrimination by both DNA polymerases.

In experiments similar to the dTTP binding experiments  Conformational Changes in the Template Strand during
except with dFTP, no decrease in fluorescence intensity wasthe Nucleotide Incorporation ReactiokVe have detected
detected with dFTP at concentrations up to 18d, a conformational changes in the template strand during the
concentration that produced80% quench with dTTP  nucleotide incorporation reaction catalyzed by the T4 DNA
(Figure 3A). The inability of dFTP to drive formation of polymerase that are reported by changes in 2AP fluorescence
quenched ternary complexes does not mean that dFTP is no{16). In reactions in which 2AP is placed initially in the2
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position in the template strand (Figure 1B), an increase in A 150 4
fluorescence intensity is detected when the primer is extended
to place 2AP in ther1 (fluorescence-reporting) position. In 120 1
reactions with T4-exo, fluorescence intensity increases with
rates of about 31478 for incorporation of dAMP opposite
template T 16) and about 3187 for incorporation of dTMP
opposite template A15). There are at least three possible
steps in the nucleotide incorporation pathway in which this

90 -

T4-exo

kobs (s1)

60 A Kg=17.2+£1.9uM

30 Kproduct = 164.1 £ 5.4 571

conformational change reported by 2AP fluorescence could 0 T . . T

occur: (1) nucleotide binding to form preinsertion com- 0 50 d/:‘T)g (1';;3 200
ul

plexes, (2) a conformational change to form closed com-

plexes that occurs after initial nucleotide binding but before B
formation of the phosphodiester bond, or (3) a conformational

change that occurs after the chemistry step.

The first possibility, formation of preinsertion complexes, s
is ruled out by previous experimentsg). When T4 DNA g 607/ La12mexo
polymerase forms complexes with DNA labeled at th2 < Ky=8%13uM
position with 2AP (Figure 1B), only a small increase in 307 kproduot= 117744451
fluorescence intensity is detected in contrast to the large
increase observed for complexes formed with DNA labeled 0 y " ' "

at the+1 position with 2AP (Figure 1A). A similar small 0 50 100150 200
increase is detected for complexes formed with chain- dATP (M)
terminated DNA substrates with 2AP in the2 position, FiGURe 4: Determination of the rate of product formation by T4-

; ; exo (A) and L412M-exo (B). Rates for product formation for
and no further increase is observed when the CorreCtincorporation of dAMP opposite template T were determined in

nucleotide is bound1f). Thus, the conformational change  rapig-quench, stopped-flow studies as described in Materials and
that increases fluorescence intensity for 2AP in th2 Methods.

position must occur after the initial nucleotide binding step. o _ )

To determine if the conformational change happens beforesubsfutunon in the polymerase active center, but the chemistry
or after formation of the phosphodiester bond, product "ate is apparently not affected.
formation was measured in rapid-quench, stopped-flow
experiments with the same DNA substrate that was used inDISCUSSlOI\I
the fluorescence stopped-flow studies (Figure 1B) except that Three steps in the nucleotide incorporation pathway have
the 8 end of the primer was labeled witfP so that primer ~ been proposed to be important for ensuring high-fidelity
elongation could be detected by gel electrophoresis asnucleotide incorporation 1q, 12): (1) formation of a
described in Materials and Methods. For T4-exproduct preinsertion complex (for example, formation of complexes
was formed at the rate of about 164 ¢Figure 4A), which Il and lll, Scheme 1), (2) a post-binding conformational
is clearly slower than the 314 Srate measured for the change that evaluates the accuracy of the base pair (formation
increase in 2AP fluorescence. Thus, the conformational of closed complexes, complex IV, Scheme 1), and (3) the
change that produces 2AP fluorescence occurs before formachemical step of phosphodiester bond formation (chemistry

tion of the phosphodiester bond. step, Scheme 1). DNA polymerases may also apply two or
The pre-steady-state rate for the conformational changemore steps sequentially to filter out incorrect nucleotides,
detected by the increase in 2AP fluorescence is calledcy and in this case each of the three steps may be considered a

to indicate that the increase in fluorescence intensity is due checkpoint 12). Most of the experimental evidence to date,
to a conformational change that reduces 2AP basse however, suggests that accuracy in nucleotide binding is
interactions in the template strand (Table 1). The product achieved primarily by evaluation of the “geometric fit” of
formation rate is a composite of all of the microscopic rate the newly forming base pair in closed complexes. This view
constants (forward and reverse) for each step in the nucle-is exemplified by structural studies of ternary complexes of
otide incorporation pathway beginning with the binary the T7 DNA polymerase in which several protein contacts
complex (Scheme 1). Since binding the correct nucleotide are made to the newly forming base pair that seem to allow
to form the quenched ternary complex is rapkb)( the formation only of correct base paird9). There is also

chemistry rate can be calculated from the equatidfobict evidence that the chemistry step can exert fideli#; [also
= 1/Kunstack+ L/Kehem Which yields akenemrate of about 345 note review by Joyce and Benkovi2g)]. In contrast, there
s1 (Table 1). are only a few experiments that demonstrate that DNA

Additional evidence in support of this pathway is provided polymerases bind nucleotides in apparent open complexes
by primer-extension reactions with L412M-exdProduct with selectivity (L5, 27) and that DNA polymerases can
formation is slower for this mutant enzyme than detected achieve increased discrimination by employing multiple steps
for T4-exo, about 117118 s (Figure 4B), but the (15). Studies reported here for the T4 DNA polymerase
conformational change that reduces 2AP bds&se interac-  provide additional evidence for multiple checkpoints in
tions is also slower, about 177'515). The calculatednem nucleotide selection.
rate, however, is about 345%sas observed for T4-exo Formation of Nucleotide Preinsertion Complexes: Selec-
(Table 1). Thus, the conformational change detected by thetive Nucleotide Binding to an Apparent Open Complex
increase in 2AP fluorescence is compromised by the L412M previous experiments, dTTP binding to fluorescent DNA
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Table 1: Kinetic Parameters for Nucleotide Incorporation Catalyzed by T4-amd L412M-exo DNA Polymerases

incorporation of dAMP opposite template T dTTP binding and incorporation of dTMP opposite template 2AP
DNA polymerase  2AP fluorescence assay rapid quench assay dTTP binding dTMP incorporatiof
T4-exo Kunstack= 314+ 18551 Kprogque= 164.1+ 5.4 st Koina= very rapid Kprodue= 165+ 5571
Kg=16+ 3uM Kg=17.2+ 1.9uM Kg=31+4uM Kq= 367+ 36uM
hem= 345 st
L412M-exo Kunstac= 177+ 551 Koroduet= 117+ 4.4 st Kg=17+3uM Kg= 252+ 15uM
Ka=11=% 1uM Keg=8+1.3uM
Kehem= 345 st

aThe rates for base unstacking in the template strandkasddetermined by the 2AP fluorescence assay, are from previous stlijdsy.
b The rates for product formation were determined under the same conditions as the 2AP fluorescence assays and are derived from the data presented
in Figure 4.¢ The data for binding reactions with template 2AP and dTTP are from Figure 3. The rate of dTTP binding was determined in stopped-
flow studies (5). @ The kinetic parameters for dTMP incorporation opposite template 2AP are frofbref

Scheme 1: Nucleotide Incorporation Pathway Catalyzed by Initial nucleotide binding by the T7 RNA polymerase is

the T4 DNA Polymerase observed in an open complex that resembles complex Il
dNTP (Figure 5). The incoming nucleotide is in position to allow
E-DNA, Lo-rapia [E‘DNA,dNTP] =22¢ - [E.DNAn.dNTp]* the accuracy of the base, sugar, and phosphates to be

I il I examined. Note that the templating base in #feposition

in the template strand is not stacked with neighboring bases

(21). If the +1 base were 2AP, this complex would be

[E-DNA _dNT‘;i’sed predicted to be fluorescent because there are no nearby bases
n in position to quench 2AP fluorescence by babase

314 ¢"

v : X o X
interactions. We propose that a similar complex is formed
345 s . with dFTP bound opposite template 2AP. dFTP binding does
chemistry not change 2AP fluorescence, but this complex is not
E-DNA ... PPi detected with dTTP because dTTP binding drives formation
n+1
v of quenched complexes that may resemble complex Il

aComplexes Il and IIl are preinsertion complexes that are formed (Figure 5). The quench in 2AP fluorescence is due to base
very rapidly in the presence of the correct nucleotide. If 2AP is the stacking interactions with the base in th& position; Mg?*
templating base, complex Il is fluorescent, but 2AP fluorescence is jons are illustrated for complex Il since Mgis required

guenched in complex lll, which indicates conformational changes T
between complexes Il and lll. The preinsertion complexes are likely to form quenched complexes@). Note that Mg" ions are

open complexes that facilitate rapid nucleotide binding. Further Proposed to act in regulating the trans_ition between closed
conformational changes are required to produce complex IV, a closedand open states as well as the chemical reac8) put

complex, which is formed before the chemistry step of phosphodiester metal ions may also be necessary for formation of the
bond formation. partially closed complex lIl.

Thus, we propose that bound nucleotides are first “sampled”
pol—-DNA complexes with 2AP in the template position in an open complex that resembles complex Il that is
produced a rapid drop in fluorescence intensity within the observed for the T7 RNA polymerase€1f and then
dead time of the stopped-flow instrumeat). Rapid dTTP scrutinized again by a subsequent conformational change that
binding was also demonstrated for the Klenow fragment in produces a partially closed complex Ill (Figure 5), which is
similar experiments7). Because the fluorescence changes still relevantly open compared to the closed complexes
were rapid, dTTP binding appears to bind to a complex in discussed below. Alternatively, complexes Il and Ill may
an open conformation in which nucleotides have ready be in rapid equilibrium and complex Ill is trapped by dTTP
access. Although binding was rapid, dCTP was not bound, binding, but not dFTP binding. We favor the first model
which indicates selectivity in forming the ternary complex because of the T7 RNA polymerase structural studies and
(15). because of experiments in which we determined fluorescence

In studies reported here with dFTP and template 2AP, the lifetimes for T4 DNA polymerase complexes formed as a
initial nucleotide binding step was found to have two function of dTTP concentratior2@). When T4-exo forms
components. While dTTP binding in the presence oPMg complexes with DNA labeled in the templating position with
guenches 2AP fluorescence in a concentration-dependenfAP (Figure 1A), four types of complexes with different
manner, dFTP does not at the highest concentration testedfluorescence lifetimes are detected. Interestingly, the ampli-
150 uM (Figure 3). Yet, dFTP is bound since dFTP is a tude of one of the more fluorescent species, fluorescence
strong, competitive inhibitor of dTTP binding that produces lifetime of 8.3 ns, initially increased as the concentration of
guenched, ternary complexes (Figure 3). Thus, there mustdTTP increased and then declined at higher dTTP concentra-
be ternary complexes formed with dFTP that do not quench tions. We proposed that complexes identified by the 8.3 ns
2AP fluorescence, but formation of these dFTP complexes lifetime are preinsertion complexes. While low concentra-
interferes with formation of quenched complexes with dTTP. tions of dTTP favor formation of complexes with a lifetime
We propose the following model for nucleotide binding by of 8.3 ns that may resemble complex Il (Figure 5), higher
the T4 DNA polymerase (Figure 5), which is adapted from concentrations of dTTP drive formation of much less
structural studies of the T7 RNA polymerasy) fluorescent complexes, characterized by a fluorescence
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OPEN/Pre-insertion Complex (ll) Partially Closed Insertion Complex (lll)
primer template

insertion site

-

Closed Complex (IV)

E—

chemistry
34551

Ficure 5: lllustrations of potential T4 DNA polymerase preinsertion and closed complexes. Complexes I, Ill, and IV correspond to the
same complexes in Scheme 1. Structural data for preinsertion complexes for T4 DNA polymerase or other DNA polymerases are not
available; however, the structures indicated for preinsertion complexes Il and Il are consistent with the 2AP fluorescence data, and complex
Il resembles the T7 RNA polymerase preinsertion compkR.(Complex IV resembles closed complexes observed for several DNA
polymerases.

lifetime of 0.8 ns, that may resemble complex Il (Figure ternary complexes as observed for ternary complexes formed
5). with dTTP (complex Ill, Figure 5) or any subsequent step.
The Role of H Bonds in Formation of Preinsertion Note that the inability to detect quenched, ternary complexes
ComplexesT4 DNA polymerase displays little discrimina- with dFTP does not mean that these complexes are not
tion against dFTP in the initial binding step as demonstrated formed but only that if they are formed, the level is below
by the ability of dFTP to strongly inhibit dTTP binding detection. dFTP concentratiord50xM could not be tested
(Figure 3). Thus, H bonds between bases in the newly because of limited availability of the nucleotide analogue.
forming base pair are not essential in forming preinsertion Formation of Closed Complexes: Increased Nucleotide
complexes. The lack of H bonding capability, however, is Discrimination.While formation of complex Ill (Figure 5)
not the only difference between dFTP and dTTP. The F baseis rapid, a slower conformational change is detected before
lacks a hydration shell and is effectively smaller than the the chemistry step of phosphodiester bond formation. In
standard bases. Thus, dFTP may be accepted as a pairingeactions in which 2AP is initially in the-2 position (Figure
partner with 2AP, and is able to exclude dTTP binding, if 1B), primer extension produces an increase in fluorescence
the absence of a hydration shell means that its smaller sizeintensity at the rate of about 314'g16). In parallel reactions
can be accommodated within the constraints of the prein- except that product formation was measured (Figure 4),
sertion site. This reasoning can explain why dFMP is product was formed at the rate of about 164 @able 1),
incorporated opposite template F as the F-F base pair iswhich indicates that the chemistry step follows the confor-
smaller than WatsonCrick base pairs with standard bases mational change. We propose that the rate of increase in 2AP
(7). Thus, experiments with new base analogues are requiredluorescence at about 314 !s(Table 1) is measuring
to determine if dFTP is a strong inhibitor of dTTP binding conformational changes that are associated with formation
because of the similar shapes of the T and F bases or if anyof closed complexes that may resemble complex IV in Figure
nucleotide analogue with a small base is accepted. 5. This proposal is consistent with structural studies of DNA
H bonds are also not essential for subsequent steps becauggolymerase closed complexes that show base unstacking in
dFMP is incorporated opposite template 2AP, but the the template strand similar to complex ¥ 20).
incorporation rate for dFMP is 30-fold slower than the rate It is important to note that besides the large differences in
for dTMP incorporation (Figure 2). This discrimination may the rate of formation of complex Il compared to complex
stem from the reduced ability of dFTP to form quenched, IV, there are also significant differences in structure. While
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incorporation of a nucleotide produces an increase in 2AP phate 80), two incorporation steps may be required for 2AP

fluorescence for 2AP at the2 position, which occurs before
formation of the phosphodiester bond, nucleotide binding

mutagenesis: (1) incorporation of the 2AP nucleotide
opposite template T, but the 2AP-T base pair is subject to

does not16). Thus, the conformational changes that produce proofreading 81), and (2) misincorporation of dCMP op-

base unstacking at the2 position must occur after formation
of the preinsertion complex (complex Il in Figure 5) but
before the chemistry step. This point is illustrated in Figure

posite template 2AP, in which severe discrimination is
expected as reported here and the 2AP-C base pair is also
subject to proofreading3(). Thus, it is difficult to imagine

5 by indicating base stacking interactions between the basehow any 2AP-C mismatches are formed and persist unless

at the+2 position and the neighboring3 base for complex
11, but not for complex IV.

Additional information about conformational changes
involved in forming closed complexes was revealed by
studies of L412M-exo. On the basis of structural studies
of the T4-like RB69 DNA polymerase closed compl&0),

there are additional factors that facilitate formation and/or
stabilization of mismatches. One likely factor is the sur-
rounding DNA sequence, which may create “hot spots” for
formation of mismatches(). Another possibility is that base

modifications may promote formation of 2AP mismatches.
Bacteriophage T4 uses the hydroxymethylcytosine (HMC)

residue L412 is one of the conserved amino acids that form nucleotide instead of dCTP, which may promote increased

the nucleotide-binding pocket that surrounds the newly

formation of HMC-2AP mismatches if the HMC nucleotide

forming base pair. Because the base unstacking rate for 2APis accepted more readily than dCTP as a base-pairing partner

at the+2 position is slower in reactions with L412M-exo
than in reactions with T4-exo(Table 1), a methionine

of 2AP. The probability of incorporating the HMC nucleotide
opposite template 2AP in vivo is estimated to be large, about

substitution for L412 alters interactions between amino acids 2% per round of replication3@). The HMC nucleotide,

within the polymerase active center that affect DNA poly-

however, is not essential for 2AP mutagenesis since 2AP is

merase-induced conformational changes in the templatemutagenic in bacteria, which lack the HMC nucleotide, but

strand. The L412M substitution also affects nucleotide
binding. TheKq for dTMP incorporation opposite template
2AP is less for L412M-exo (252 uM) compared to T4-
exo (367 uM), and theKqy for dTTP binding opposite
template 2AP is also less for L412M-ex(7 uM) compared

to T4-exo (31uM) (Figure 3, Table 1). Thus, residue L412
plays a role in determining nucleotide selectivity in forming

5-methylcytosines are hot spots for 2AP mutagene3s (
Another consideration is that local differences in pH may
affect formation of 2AP-C mismatches by increasing H
bonds; two H bonds have been detected for protonated
2AP-C mismatches3@). Thus, an important future line of
experimentation is to design new 2AP DNA substrates that
recapitulate 2AP mutation hot spots observed in vivo to

preinsertion and closed complexes as well as the transitiondetermine what factor(s) facilitate(s) formation of 2AP

from the open to closed conformations.
Does the Chemistry Step Exert Further Discrimination?

mismatches.
Summary.The accuracy of nucleotide selection by T4

We have no evidence that further nucleotide discrimination pNA polymerase is achieved by at least two nucleotide

is applied in the chemistry step. THg for dAMP incorpora-

binding steps: (1) formation of preinsertion complexes,

tion opposite template T is the same measured by thewhich may be composed of two components, where the

fluorescence and rapid quench assays, 16 anduM7
respectively (Table 1), which indicates that no additional

accuracy of the incoming nucleotide is first evaluated
(complexes Il and 11l Scheme 1, Figure 5), and (2) formation

discrimination was applied at the chemistry step. Differences of closed complexes in which the geometry of the newly
were also not detected for the overall rates of product forming base pair is further examined (complex IV, Scheme

formation by T4-exo for incorporation of dAMP opposite
template T, about 164-% (Table 1, Figure 4), and for
incorporation of dTMP opposite template 2AP, about 165
s! (15). These studies, however, do not rule out the

1, Figure 5). Only bound nucleotides that pass both steps
are substrates for phosphodiester bond formation. Not all
DNA polymerases may use the sieve process to filter out
incorrect nucleotides, but highly accurate DNA polymerases,

possibility that the chemistry step may play a role for aberrant such as the T4 DNA polymerase, achieve high fidelity in

mismatches.
How Are Mismatches Formed® demonstrated here, in
order for T4 DNA polymerase to misincorporate a nucleotide,

the wrong nucleotide must escape detection first during

formation of preinsertion complexes, which may have two

nucleotide selection by using multiple binding steps with each
successive step having increased stringency.

Joyce and Benkovic stated in a recent revié#) (that
“Further understanding of the mechanism underlying poly-
merase fidelity would be helped immensely by a more

components, and then formation of closed complexes. dCTPyeaileq structural characterization of the species on the

is efficiently excluded from binding opposite template 2AP
in the formation of preinsertion complexes. dCTP, unlike
dFTP, is not an effective competitor of dTTP binding. Thus,
under normal physiological conditions in the presence of all
four dNTPs, dCTP is not expected to be readily bound or, if
bound, to be incorporated opposite template 2AP.
Yet, 2AP is mutagenic in phage T4 infections andgn

coli. AT to GC and GC to AT transitions are increased, which

misincorporation reaction pathway. However, the probable
instability of many of these complexes may handicap

crystallographic approaches.” The spectroscopic studies
reported here with 2AP as the template base provide a
method to study the dynamics of nucleotide incorporation

in solution with both pseudocorrect pairings with dTTP and

mismatches with other nucleotides.

suggests that 2AP-C base pairs are formed in vivo and areacKNOWLEDGMENT

formed more readily than A-C base pairs. Furthermore,

because 2AP pairs with C more frequently as the template We thank Robert Campbell for helpful comments on the
base rather than as the incoming deoxynucleoside triphos-manuscript.
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