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ABSTRACT. Frameshift mutagenesis occurs through the misalignment of primer and template strands during
DNA synthesis and involves DNA intermediates that contain one or more extrahelical bases in either
strand of the DNA substrate. To investigate whether these DNA structures are recognized by the
proofreading apparatus of DNA polymerases, time-resolved fluorescence spectroscopy was used to examine
the interaction between the Klenow fragment of DNA polymerase | and synthetic DNA prieraplates
containing extrahelical bases at defined positions within the template strand. A dansyl probe attached to
the DNA was used to measure the fractional occupancies of the polymerase-&h@dnuclease sites

of the enzyme for DNA substrates with and without the extrahelical bases. The presence of an extrahelical
base at the first position from the primet t&rminus increased the level of partitioning of the DNA
substrates into the’'35' exonuclease site by-37-fold, relative to the perfectly base-paired primer
template, depending on the identity of the extrahelical base. The ability of different extrahelical bases to
promote partitioning of DNA into the'3-5" exonuclease site decreased in the following order> @&

~ T > C. The results of partitioning measurements for DNA substrates containing a bulged adenine base
at different positions within the template showed that an extrahelical base is recognized up to five bases
from the primer 3terminus. The largest effects were observed for the extrahelical base at the third or
fourth positions from the primer terminus, which increased the level of partitioning of DNA into the
3'—5' exonuclease site by 8- and 18-fold, respectively, relative to that of the perfectly base-paired substrate.
Steady-state fluorescence measurements of analogous ptengplates containing 2-aminopurine (AP)

at the primer 3terminus indicate that extrahelical bases increase the degree of terminus unwinding,
especially when close to the terminus. In addition, steady-state kinetic measurements of removal of AP
from the primefr-templates indicate that the exonucleolytic cleavage activity of Klenow fragment is
correlated with the increased level of partitioning of bulged DNA substrates td#% 8xonuclease site
relative to that of properly base-paired DNA. The results of this study indicate that misalignment of
primer and template strands to generate an extrahelical base strongly promotes transfer of a DNA substrate
to the 3—5' exonuclease site, suggesting that the premutational intermediates in frameshift mutagenesis
are subject to proofreading by the polymerase.

In addition to base substitution errors, genetic information ~ To understand the mechanisms of frameshift fidelity, it is
can also be corrupted by the addition or deletion of important to investigate the interactions between DNA
nucleotides during DNA replicatiori(2). These frameshift  polymerases and misaligned priméemplate structures. The
errors arise via misalignment of the primer and template Klenow fragment of DNA polymerase | is one of the most
strands during polymerization by DNA polymerases and structurally well characterized members of the DNA poly-
occur preferentially in homopolymeric and other repetitive merase family, making it a useful model system for
sequences3( 4). Frameshift error rates are lower for DNA  strycture-function studies of a DNA replication enzyme
polymerases having an associated$ exonuclease activity,  (reviewed in ref5). Proofreading by Klenow fragment is
indicating that the misaligned DNA intermediates can be gccomplished in a'3-5' exonuclease site that is separated
gorrgcted by exonucleolytic proofreadir!g. However, Very from the polymerase site by 280 A (6, 7). We have
little is known about how the polymerase is able to recognize yreviously reported a sensitive solution spectroscopic tech-
and correct these misaligned DNA structures. nique, based on the fluorescence anisotropy decay of a dansyl
probe attached to DNA, that can be used to analyze the
T Supported by a grant from the National Institutes of Health partitioning of a DNA substrate between the two active sites

(GM44060 to D.P.M.). of the enzyme§, 9). This technique was used previously to
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and 3—5' exonuclease site®,(10). In addition, the same  Chart 1: Sequences of Primefemplated

approach was used to evaluate the energetic contributions;7+7-mer 5.TCGCAGCCGX CCAAGGG-3'

of individual amino acid residues to the binding of DNA 3-AGCGTCGGCAGGTTCCCATATAGCCGA-5'
substrates to the 35" exonuclease site of Klenow fragment

(11). 174/28(1T)-mer 5-TCGCAGCCGX CCAAGG G-3

The misaligned DNA intermediates in frameshift mu- 3-AGCGTCOGCAGGTTCE, LATATAGCCG A3

tagenesis contain one or more extrahelical bases in either
the primer or template strands, and these may provide
features for recognition by the proofreading apparatus of
DNA polymerases. To test this hypothesis, the time-resolved
fluorescence anisotropy technique is used here to examine
the interaction between Klenow fragment and bulged primer ~ 1728(1G)-mer T O S ATAGCCGA.S:
templates containing a defined extrahelical base at various o

positions within the template strand. The results demonstrate

that the presence of an extrahelical base near'ttexr@inus 17428 (1A)-mer
of the primer-template can significantly increase the oc-

cupancy of the '3-5' exonuclease site, suggesting that a DNA

substrate will be transferred from the polymerase site to the
exonuclease site following a misalignment event. Moreover, 17*/282A)mer e e G TAGCCGALS
these effects are shown to depend on the nature of the W*

extrahelical base and its position within the DNA substrate.
Steady-state fluorescence measurements of analogous-primer 17x28A)-mer
templates containing the fluorescent base 2-aminopurine (AP)
at the primer 3terminus are used to assess the effects of
extrahelical bases on terminus unwinding and the kinetics
of exonucleolytic cleavage of DNA. The results of this study
provide insights into the physical mechanisms that enable
DNA polymerases to recognize and correct frameshift errors
during DNA replication.

17#/28(1C)-mer

w

“TCGCAGCCGXCCAAGG G-3'
-AGCGTCGGCAGGTTCC\:)CATATAGCCGA-S'

b

w2

w

“TCGCAGCCGXCCAAGG G-3'
'—AGCGTCGGCAGGTTCC\A/:ATATAGCCGA-S'

w

w

w

“TCGCAGCCGXCCAA GGG-3'
'-AGCGTCGGCAGGTT\APCCATATAGCCGA—S'

w

17%/28(4A)-mer

w

“TCGCAGCCGXCCA AGGG-3'
‘-AGCGTCGGCAGGT\A/TCCCATATAGCCGA-S'

w

17%/28(5A)-mer 5-TCGCAGCCGXCC AAGGG-3'
'-AGCGTCGGCAGG\A/TTCCCATATAGCCGA-S'

w

MATERIALS AND METHODS 17AP/27-mer

w

“-TCGCAGCCGTCCAAGG(aP-3'
-AGCGTCGGCAGGTTCCTATATAGCCGA-S'

o2

Materials Oligonucleotides were synthesized on a Phar-
macia Gene Assembler Plus using standéscyanoethyl 17AF/28 (14)-mer
phosphoramidite chemistry and purified by reverse-phase
HPLC. Oligonucleotide sequences are shown in Chart 1.
Oligonucleotides labeled internally with a dansyl probe were
prepared using a derivatizable uridine analogue as described
previously (2). To prepare oligonucleotides with AP at the a X denotes a deoxyuridine residue, modified at the C5 position with
3 terminus, a DMT-protected 2-aminopurine was synthesized an amino propyl substituent conjugated to dansyl chlo#dedenotes
as described previouslyi® and attached to a controlled- ~2-aminopurine.
pore glass solid support4). Unless otherwise noted, DNA
duplexes were formed by mixing the primer oligonucleotide
(17* or 17AP) with the appropriate template oligonucleotide
in a small molar excess (10%), heating the resulting solution ,
to 80 °C, and then allowing it to cool slowly to room fo.r time-resolved fluqrescence measurements were prepared
temperature. The exonuclease-deficient D424A mutant of the With 10 #M DNA (primer strand) and 1&M enzyme.
Klenow fragment of DNA polymerase | was prepared as ~ Steady-State Fluorescence SpectroscBmady-state emis-
described previouslyls). Wild-type Klenow fragment was ~ sion spectra of primertemplates containing AP were
purchased from Stratagene. obtained from 330 to 450 nm on an SLM 8100 spectrofluo-

Formation of DNA-Protein ComplexesDNA—protein rimetgr (Spectr_onic Instruments_) by exciting at 310 nm.
complexes were formed by adding D424A Klenow fragment Solutions contained 16M 17AP primer and 3@M template
to the dansyl-labeled primetemplates in a buffer of 50 mM  Strands in 50 mM Tris-HCI (pH 7.5) and 3 mM MgGio
Tris-HCI (pH 7.5) containing 3 mM MgGl To establish the ~ ensure the absence of free 17AP strands.
appropriate conditions for complex formation, DNA sub-  Steady-State Exonuclease Clage AssaysThe exonu-
strates (+10uM) were titrated with increasing amounts of clease activity of wild-type Klenow fragment was assayed
Klenow fragment while the steady-state fluorescence inten- on DNA substrates containing AP at the primét&minus
sity and anisotropy were being monitored after each addition. (Chart 1). Solutions contained /M 17AP primer and 1.1
Protein was added until there was no further change in theuM template oligonucleotides in a buffer of 50 mM Tris-
steady-state fluorescence parameters. Titrations were carriedHCl (pH 7.5) containing 3 mM MgGl The solutions were
out for bulged DNA substrates and the corresponding incubated at 20C in a quartz cuvette held in the sample
substrate with proper base pairing. In all cases, the titration chamber of the SLM8100 spectrofluorimeter. Reactions were

A%

“TCGCAGCCGTCCAAGG (AP-3'
'-AGCGTCGGCAGGTTCC\A/TATATAGCCGA-S'

w

“TCGCAGCCGTCCA AGG@AP)-3'
'-AGCGTCGGCAGGT\A/TCCTATATAGCCGA-S‘

17AP/28(4A)-mer

w

profiles displayed a linear increase of intensity or anisotropy
with an end point corresponding to equimolar amounts of
DNA and enzyme. Accordingly, all DNAprotein complexes
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initiated by adding Klenow fragment directly to the cuvette, wherer, aie, N, andx. are the fluorescence lifetimes, decay

and the emission intensity of AP at 365 nm was subsequentlyamplitudes, number of decay components, and ground-state

monitored & 1 s intervals (excitation at 310 nm). Initial mole fraction of the exposed dansyl probes, respectively. The

cleavage rates were calculated from the slope of the linearcorresponding parameters for the buried probes are denoted

portion of the fluorescence increase versus time. Relative with a subscript b. An analagous expression was used to

cleavage rates were calculated from the ratio of the slopesrepresent the fractional contribution of the buried probes,

obtained for a bulged DNA substrate and the correspondingfy(t).

properly base-paired substrate. The intrinsic anisotropy decay function for each probe
Time-Resaled Fluorescence Spectroscopjuorescence  population was represented as a sum of contributions from

decay measurements were performed using the time-cor-local rotation of the dansyl probe and overall rotation of the

related single-photon counting setup described in detail DNA—protein complex, as shown in eq 4 for the exposed

elsewhere §). Samples were measured in quartz cuvettes probes:

and excited at 318 nm using the vertically polarized output

from a frequency-doubled synchronously mode-locked DCM rt) = Bre€XpCtgyg) + freeXp(-tidy)  (4)

dye laser (Coherent 702). The dansyl emission was monitored . .

at 535 nm using a monochromator (JY H-10) and a where 1. and ¢1. are the anisotropy amplitude and decay

microchannel plate photomultiplier (Hamamatsu R2809U- time for local rotation of the expo_sed probgs_, respectively,
01). Time-resolved emission profiles were acquired using 21d/2e and¢z¢ are the corresponding quantities for overall

standard time-correlated single-photon counting electronics UMPIing. A similar expression was used to represent the

(Ortec and Tennelec). Decays were recorded in 512 channeldiMme-dependent anisotropy of the buried dansyl probes. The

of a multichannel analyzer (Ortec Norland 5510) using a formalism presented here does not allow for convolution
sampling time of 88 ps per channel. For measurement of effects, but these were considered to be negligible in light

fluorescence anisotropy decay, a polarizer in the emission©f the narrow width of the instrument response function (45

path was alternated between vertical and horizontal directionsp;S fwhm) relative to the time scale of the motions involved
every 30 s, and the decays collected with each polarizer(—1 ns).

setting were accumulated in separate memory segments of The frag;ions OL e>f<posgd anfd buried_ dansyl lprobes,
the multichannel analyzer. Movement of the polarizer and corresponding to the fractions of DNA primetemplates

data accumulation in the multichannel analyzer were under 20und at the polymerase of-3%' exonuclease sites, respec-

computer control. All measurements were performed at 20 tiVely, were obtained by globally fitting multiple anisotropy
°C. Time-resolved emission data were transferred to a Sundata sets to the two-state model. The fluorescence lifetimes

Sparc LX workstation for analysis. and decay amplitudes for each population were fixed at

Data Analysis The time-dependent fluorescence anisot- Values recovered from a global analysis of Klenow frag-

ropy, r(t), was calculated directly from polarized components ment.—17/27—mer 'com_plexes reported_ previous$). (Th_e
of the time-resolved fluorescence: rotational correlation times were also fixed at the previously

determined values, while the anisotropy amplitudes were

1L,(0) — 1,(0) globally linked and optimized across all data sets. The
rt) = I = (1) fraction of buried probesxf) was optimized for each data
1,(® + 215(1) set during the global analysis. The anisotropy data were

assigned appropriate weighting factors according to the
wherel | (t) andl(t) are intensity decays measured with the values ofl(t) andl(t) at each time point1). The quality
emission polarizer oriented parallel or perpendicular to the of the fits was judged by the reducg@value for each data
excitation polarization, respectively. The time-resolved an- set. The equilibrium constant for partitioning of DNA from
isotropy data were fitted to an expression allowing for two the polymerase site to thé-3' exonuclease sitépe, Was
states of the dansyl probe, either solvent-exposed or buried calculated from the fitted fractions of buried probes according
corresponding to binding of the primef &rminus in the to eq 5:
polymerase active site or theé-%' exonuclease site of
Klenow fragment, respectivel\8(9, 11). Accordingly, the K = %o 5)
observed time-dependent fluorescence anisotropy was rep- Pe 1 —x,
resented by a sum of contributions from the exposed state,
re(t), and the buried statey(t): RESULTS

_ Partitioning of Bulged Primer Templates between Poly-

r(t) = feOrh) + T (Ory(t) @) merase and '3-5' Exonuclease Site#\ series of dansyl-

i o labeled 17*/28-mer primertemplate oligonucleotides were
where the fractional contribution of exposed probes 10 the gegjgned to examine the effects of unpaired extrahelical bases
fluorescence anisotropy at timgfe(t), is given by upon the binding of DNA substrates to Klenow fragment

(Chart 1). Bulged DNA substrates were formed by introduc-

e ing an extra unpaired base into the template strand of an
Xezaie exp(-t/r;) otherwise perfectly base-paired 17*/27-mer prirmplate.
f(t) = - (3) Such structures would give rise to deletion mutations during
e No DNA synthesis. The identity of the extra base and its position
XeZaie exp(-t/tyy) + XbZaib exp(—t/zy,) within the template oligonucleotide were both varied. The
= i= primer strand (17*) was labeled with a dansyl probe attached
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FicURE 1: Effects of different extrahelical bases on the interaction FIGURE 2: Recognition of extrahelical bases at different positions
between Klenow fragment and bulged DNA substrates. Shown arewithin the DNA substrate. Fluorescence anisotropy decays of
fluorescence anisotropy decay profiles of dansyl-labeled 17+/28- dansyl-labeled primeftemplates bound to D424A Klenow frag-
mer primer-templates bound to D424A Klenow fragment. The ment are shown. The primetemplates contain an extrahelical
primer—templates contain different extrahelical template bases at adenine base at increasing distances from the primer@inus,

the first position from the primer’'3erminus, as indicated. Data  as indicated. Data for the properly base-paired substrate are also
for the corresponding primettemplate with proper base pairing shown for comparison. The solid lines are from a global fit to a
(17*/27-mer) are also shown for comparison. See Chart 1 for two-state model, as discussed in the text.

complete DNA sequences. The fitted curves (solid lines) are from

a global fit to a two-state model. See the text for details. of a DNA substrate bound to Klenow fragment. The
anisotropy decays are markedly different from that observed
to a uridine residue located seven bases from tierBinus. for the properly base-paired primetemplate, indicating that

This position is particularly sensitive to the mode of binding the polymerase can recognize extrahelical bases located
to the polymerase8( 9). Bulges were introduced into the upstream from the primer’ 3erminus. It is also apparent
template strand, rather than into the primer strand, to that the extrahelical adenine base has a different effect at
minimize any direct effect of the unpaired bases on the dansyleach position within the DNA substrate.
probe. Indeed, all the dansyl-labeled primtgmplates The anisotropy decay profiles for the entire set of DNA
exhibited similar fluorescence intensity and anisotropy decays protein complexes (including all the dansyl-labeled primer
when free in solution, with an average fluorescence lifetime templates shown in Chart 1) were globally analyzed using a
of 4 ns and a rotational correlation time of 10 ns (hot shown). two-state model of exposed and buried dansyl probes (eqs
The time-resolved fluorescence anisotropy decay of a 2—4). For these fits, the intrinsic donor lifetimes and decay
dansyl probe can be used to monitor simultaneously the amplitudes were fixed at the values established in a previous
binding of labeled DNA substrates to the polymerase site analysis of 17*/27-mers bound to Klenow fragme®it The
and 3—5' exonuclease site of Klenow fragme®; 0). The following values were usedri;e = 1.01 ns,72 = 4.13 ns,
precise shape of the decay profile is strongly dependent uponrze = 11.9 ns,aye = 0.30, aze = 0.67, 03¢ = 0.03, 71 =
the relative fractions of the two bound forms. Accordingly, 3.06 ns,zz, = 18.4 ns,ay, = 0.70, andoy, = 0.30. The
fluorescence anisotropy decays were recorded for the bulgedanisotropy decay times were also fixed at previously
17*/28-mer substrates bound to D424A Klenow fragment determined valuespie = ¢1p = 1.24 NS,ppe = ¢pop = 57.2
and compared with the corresponding decay for the properly ns), whereas the corresponding amplitudes were globally
base-paired 17*/27-mer substrate. The exonuclease-deficienbptimized across all decays. The resulting valyés €
D424A mutant Klenow fragment was used to ensure that 0.115, 5, = 0.093, 31, = 0.023, andB,, = 0.222) are in
the DNA substrates were not degraded during the course ofclose accord with previous result8)( During the global
the fluorescence decay measurements. The lack of exonufitting, the fractions of buried dansyl probes were optimized
clease activity in the D424A mutant is due to the loss of a for each decay. Typical fitted curves are shown by the solid
catalytically essential magnesium ioh7}, but the enzyme lines in Figures 1 and 2. Satisfactory fits were obtained in
appears to have little or no defect in its ability to bind DNA almost all cases (reduced values are given in Table 1),
substrates at the-35' exonuclease sitel(). indicating that the anisotropy decays for the bulged substrates
Figure 1 illustrates the effects of extrahelical purine can be represented in terms of two states of the dansyl probe,
(guanine) and pyrimidine (thymine) bases at the first position with the same fluorescence lifetime and rotational properties
from the primer 3terminus. It is evident that the anisotropy observed previously for the binding of regular duplexes to
decay profiles for the bulged substrates are quite different Klenow fragment. Thus, the exposed and buried dansyl
from that for the properly base-paired substrate, reflecting probes can be associated with DNA substrates bound to the
the influence of the extrahelical bases on binding to the polymerase site or the-35' exonuclease site, respectively,
polymerase. Moreover, it is apparent that the anisotropy as established previous|9,(11).
decays are sensitive to the nature of the extrahelical base in The partitioning constanke, describing the distribution
these bulged DNA substrates. of DNA between the polymerase and-3' exonuclease sites
Figure 2 illustrates the effects of an embedded extrahelicalwas calculated from the fraction of buried dansyl probes
adenine base at different positions within the template strandrecovered from the global analysis (eq 5). The partitioning
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Table 1: Partitioning of DNA between Polymerase and3 -
Exonuclease Sités 2 061 a: A-bulge at pos. 1
] 5 B 5 - b: A-bulge at pos. 4
Substrate Terminal sequence? x Kpe _e 054 ¢: no bulge
17%/27-mer XCCAAGGG-3' 1.6 0.034 &8
AGGTTCCC > 04+
2
174128 (1T)-mer XCCAAGG G-3' 1.4 0.173 o 037
AGGTTCC, [ £
S 027
17*/28 (1C)-mer XCCAAGG G-3 1.4 0.121 ‘D )
AGGTTCCVC g 011
w
TR AGGTICO, £ e o O330 séo 3;0 350 4%0 4::50 450
AGGTTCC F
% Wavelength (nm)
17128 (1A)- XCCAAGG G-3 1.2 0.179 o ) )
- AGGTTCC, £ FiGure 3: Fluorescence emission spectra of 2-aminopurine (AP).
A Spectra are shown for primetemplates containing AP at the
174728 (2A)-mer XCCAAG GG 1.3 0.105 primer 3 terminus. (a) 17AP/28(1A)-mer, with an extrahelical
AGGTTCy £C adenine base at the first position from the primeteBminus. (b)
A 17AP/28(4A)-mer, with an extrahelical adenine base at the fourth
174728 (3A)-mer XCCAA GGG 2.1 0.398 position from the terminus. (c) 17AP/27-mer, properly base-paired
AGGTT, fcC primer—template. See Chart 1 for complete base sequences. Spectra
were recorded at 20C by exciting at 310 nm. Solutions contain
17+28 (44)-mer XCCA AGGGH 1.6 L.60 10uM 17AP and 3QM template oligonucleotides. Other solution
AGGT, fFreee conditions are given in Materials and Methods.
17*/28(5A) XCC AAGGG-3 19 0.133 ) X ) .
- AGG, ITCCC Effects of Extrahelical Bases on Unwinding of the Primer
A/

: _ _ 3 Terminus The introduction of extrahelical bases into the
. aA”'SOtrOpﬁ.fd‘?Cé‘ys were 9.'°ba|”yd fitted to eq 2, Using the 4DNA substrates may promote unwinding and fraying of the
uorescence lifetime and rotational decay parameters determine . . . . T

previously ©). ® The bases near the primer@rminus are showrX primer 3 terminus. To examine this possibility, stgady—§tate

denotes the position of a dansyl-labeled uridine residue. See Chart 1fluorescence measurements were performed using primer

for complete DNA sequence$Local reducedy® value from global templates containing AP at the primer t&8rminus (Chart
fitting of thefaDn’il?tk:opy decayI to eq QE?fgilzl.;bnum colnstant for 1). The fluorescence of AP is strongly quenched upon
partitioning o etween polymerase a ' exonuclease sites. : : H :

Errors inKye are approximatelyt15%. incorporation of the base into duplex DNA. Acco@ngly,
AP can be used to probe the extent of base pairing at a
specific site in duplex DNAX8—20). In particular, structural

constants for the bulged 17*/28—m§rs and the properly base‘changes that disrupt base pairing are manifested as an

paired 17%/27-mer are presented in Table 1. In general, thejycrease in the emission of AP. Figure 3 illustrates the steady-

Kpe values for the bulged substrates are larger than those forgate fluorescence emission properties of AP in both properly

the correct substrate, showing that the extrahelical basesoase-paired and bulged primeemplates. These DNA

promote transfer of DNA to the'35' exonuclease site. The  gypstrates are analagous to those used for the partitioning
presence of an extrahelical template base at the first positioneasurements except that the dansyl probe is absent (the
from the primer 3 terminus increases the partitioning mqgified uridine residue is replaced by thymidine) and the
constanF by a factor of-38 relative to that of the properly guanine base at the primet @rminus is replaced by AP
base-paired substrate (Table l).Thege effect; are comparabl&he corresponding template base is changed to thymine
to _those obsgrved prewpusly for a single mlsmat(_:_hed baseyyhich is complementary to AP; see Chart 1). The excitation
pair at the primer 3terminus @). Moreover, the ability of  maximum for AP is at 310 nm (not shown), and the emission
different extrahelical bases to promote partitioning of DNA peak is at 365 nm for each primetemplate. The emission
into the 3—5' exonuclease site can be ranked in the following intensity is significantly higher in the primetemplates

order: G> A~ T > C (Table 1). Note thatin the case of ¢ontaining an extrahelical adenine base than in the properly
the bulged substrate with an extra cytosine in the template, pase-paired primertemplate, indicating that AP is less
the extrahelical base in principle can also be located at thequenched due to basease interactions19, 20). These
second and third positions upstream from the primer 3 regyts reveal that the 8rminal AP base is less well paired
terminus. Thus, the results for this substrate may also reflectiy the pulged primertemplates, although they do not
the variable position of the extrahelical base. indicate the actual degree of terminus unwinding. However,
The results in Table 1 indicate that an extrahelical base ison the basis of the relative emission intensities of AP, it is
also recognized up to five bases from the primeefninus. evident that the base pairing is disrupted to a lesser extent
Moreover, the precise effect of an embedded extrahelical basevhen the extrahelical base is at the fourth rather than first
on partitioning is strongly dependent upon its position within position from the primer '3terminus (Figure 3). Taken
the DNA. The largest effects are observed for the extrahelical together, these results indicate that the introduction of
adenine base at the third or fourth positions from the primer extrahelical bases into the DNA primetemplates increases
3 terminus, which increase the partitioning constant by 12- the degree of terminus unwinding and that the effect is
and 47-fold, respectively, relative to that of the properly base- greatest when the extrahelical base is close to the primer
paired substrate. terminus.
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1.1 presence of a single extrahelical template base at the first
a: A-bulge at pos. 4 position from the primer '3terminus (corresponding to a

| |b: no bulge deletion mutation) caused a-8-fold increase in the level

of partitioning of DNA into the 3-5 exonuclease site,
depending on the nature of the extrahelical base. These
effects are comparable to those previously observed for single
mismatches at the primef &rminus ).

In principle, this increase in partitioning of DNA from
the polymerase site to thé-35' exonuclease site could reflect
two different situations. First, an extrahelical base might
increase the intrinsic affinity of DNA for the exonuclease
site without changing the affinity for the polymerase site.

06 ; ; Alternatively, the extrahelical base might interfere with DNA
0 100 200 300 L . ) . -
Time (s) binding at the polymerase site Wlthout affe(_:tln_g the aﬁfln_lty
) - _ of the DNA for the exonuclease site. The intrinsic affinity
Ficure 4: Time courses for excision of AP from primetemplates

with and without extrahelical bases. (a) 17AP/28(4A)-mer, with of the exon_uclease site for a QUpIex DNA substr at(? IS
an extrahelical adenine base at the fourth position from the primer COrrelated with the thermodynamics of terminus unwinding,

3 terminus. (b) 17AP/27-mer, properly base-paired primer because the primer 8rminus binds to the exonuclease site
template. The fluorescence emission intensity of AP at 365 nmis as a single-stranded en@2-24). Consistent with this,
shown for reactions initiated by addition of wild-type Klenow f,0rescence measurements employing the fluorescent base

fragment to a solution of the specified primdemplate at 20C. . A .
Final concentrations are 1M DNA (primer strand) and 0.29 2-aminopurine indicate that an extrahelical template base

#M enzyme. Other solution conditions are given in Materials and a@djacent to the primer' 3erminus does disrupt base pairing
Methods. and increase the degree of terminus unwinding. This

. ) observation suggests that bulged DNA substrates with
Steady-State Exonuclease Glage Actiity. The increased  extrahelical bases close to the primét@minus partition
partitioning of DNA substrates into theé-35' exonuclease i fayor of the exonuclease site because of the annealing
site resulting from the introduction of extrahelical bases may gtate of the substrate. In addition, unfavorable steric interac-
also be reflected in an enhanced rate of DNA cleavage tjons at the polymerase site might make an additional
activity. To test this possibility, the steady-state kinetics of contribution to the increased level of partitioning observed
removal of AP from the primer'3erminus of various DNA {or these bulged DNA substrates relative to that of properly
substrates were measured by monitoring the increase inpase-paired DNA. In fact, extrahelical purine bases were
fluorescence emission as AP was exciséd).(Figure 4  found to be generally more effective in promoting partition-
depicts the fluorescence time courses obtained after addItIOI"Iing of DNA into the 3—5' exonuclease site than extrahelical
of wild-type Klenow fragment to a solution of 17AP/28- pyrimidines (Table 1), which may reflect greater steric
(4A)-mer (curve a) or 17AP/27-mer (curve b). The former jnterference within the polymerase domain owing to the
substrate contains an extrahelical adenine base at the fourﬂparger size of the purines.
position from the primer '3terminus, which is observed to We also examined DNA substrates in which the extrahe-
have the greatest effect on partitioning betwe_en polymerasejjcg template base was more distant from the primer 3
and 3—5 exonuclease sites (Table 1), while the latter orminys; to test whether the polymerase could recognize
substrate is properly base-paired. Reaction mixtures containedympedded extrahelical bases within a region of correct base
approximately 0.2&M Klenow fragment and 1.aM DNA pairing. Such structures potentially can be formed by
(primer strand) and are the result of multiple turnovers of primer—template slippage in a homopolymeric run of two
substrate to product. It is evident that the steady-state rat€y, more bases. In fact, extrahelical bases located up to five
of cleavage of AP is substantially faster in the bulged pases from the primer &rminus strongly promote partition-
primer—template. Apparent cleavage rates were estlmateding of the DNA substrates into thé-35' exonuclease site
from the slopes of the initial linear portion of the fluorescence (Table 1). Interestingly, extrahelical bases at the third and
time traces. On the basis of the ratio of these initial rates, it 5rth positions from the primer &rminus increase the level
is found that AP is excised from the bulge_d substrate 4.2- partitioning to the exonuclease site to a much greater
fold faster than from the correctly base-paired substrate.  ytent than equivalent extrahelical bases immediately adja-
DISCUSSION cent to the_terminus. The Iargg effects cau_sed by bulges at
these positions cannot be attributed to an increased degree
This study was undertaken to test the hypothesis thatof fraying of the primer terminus because the AP fluores-
extrahelical bases within a DNA substrate provide recogni- cence data indicate that the degree of terminus unwinding
tion features for the proofreading machinery of DNA is actually smaller than that for an extrahelical base adjacent
polymerases. Such recognition would form the basis for to the primer terminus (Figure 3). This suggests that the
exonucleolytic proofreading of the misaligned premutational embedded extrahelical bases exert their effect on partitioning
DNA intermediates that arise by primetemplate slippage  primarily by interfering with the binding of the DNA
in repetitive DNA sequences. Indeed, the results presentedsubstrates to the polymerase domain of the enzyme. Such a
here demonstrate that the presence of an extrahelical basenechanism would result in weaker overall binding of the
within a DNA primer-template does have a pronounced bulged DNAs to the enzyme. Unfortunately, it is not possible
effect on how the DNA partitions between the polymerase to measure the dissociation constants for binding of any of
and 3—5' exonuclease sites of a DNA polymerase. The the DNA substrates to Klenow fragment because of the
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limited sensitivity of the dansyl probe, which does not permit of binding (buried probes) because of the localized melting
the use of DNA concentrations below:M. The dissociation and strand separation that occur around the prinier 3
constant for the binding of duplex DNA to Klenow fragment terminus when DNA primettemplates bind to the'35'
is in the low nanomolar rang%), necessitating the use of exonuclease site. Previous studies indicate that 3 or 4 bp of
much lower DNA concentrations for binding measurements. duplex DNA at the 3terminus are melted out during binding
Accordingly, we cannot directly address the question of to the 3—5 exonuclease sit€—24). Thus, a bulge within
whether the embedded extrahelical bases actually interferethis region of the primertemplate should not alter the mode
with the binding of DNA substrates to the polymerase of binding at the exonuclease site. Moreover, on the basis
domain. However, this is the most likely explanation given of the good fits obtained, it appears that an extrahelical base
that the observed effects cannot be accounted for in termsat the first or second positions from the primét&minus
of an increased level of fraying of the primer terminus. does not appreciably alter the mode of binding of the
Moreover, the possibility that extrahelical bases located up primer—templates to the polymerase site either (exposed
to five bases from the primer terminus can interfere with probes).
binding of DNA to the polymerase site is consistent with However, in the case of an extrahelical template base
previous chemical footprinting and fluorescence spectro- located at the third, fourth, and fifth positions from the primer
scopic studies indicating that the polymerase domain of 3' terminus, the fits to the original two-state model are not
Klenow fragment makes contact with-8 bp of duplex DNA quite as good (Table 1). This probably reflects a change in
(8, 26, 27). the polymerase mode of binding, rather than in the exonu-
The findings reported here complement previous studies clease mode, because the extrahelical bases at these positions
of the effects of mismatches and unusual DNA sequencesare still expected to be melted out when the primer
on the interactions between Klenow fragment and duplex templates bind to the'35 exonuclease site. Nonetheless,
DNA (9, 10. Using the time-resolved fluorescence anisot- the perturbations induced by the extrahelical base may be
ropy technique, it was observed that mismatches at the primerrelatively small, given that the fits to the two-state model
3 terminus promoted transfer of DNA to thé-&' exonu- still provide a reasonable representation of the anisotropy
clease site, consistent with a terminus that is more easily decays observed for the DNA substrates with bulges at the
melted Q). Interestingly, internal mismatches located up to internal positions (Figure 2 and Table 1). Subtle changes in
4 bp from the primer terminus were found to be more the polymerase mode of binding for these particular sub-
effective in promoting transfer of DNA to the'3% strates are probably a reflection of the difficulty of accom-
exonuclease site than equivalent mismatches at the primemodating the extrahelical bases within the polymerase
terminus itself 9), suggesting that the mismatches interfered domain of the enzyme, which is also manifested in the
with the binding of duplex DNA to the polymerase domain correspondind<pe values (Table 1).
of the enzyme. These results are analogous to the present The most important observation from this study is that
data about the effect of embedded extrahelical bases,extrahelical bases within a DNA primetemplate cause the
although the effects observed here for extrahelical bases aDNA to partition in favor of the 3-5' exonuclease site. Thus,
the third and fourth positions from the primer t&rminus misalignment of primer and template strands and the
are larger than those observed for internal mismatches at thesubsequent formation of an extrahelical base will promote
same positions9). A recent study has shown that the transfer of the DNA into the exonuclease domain of the
presence of an A-tract sequence element at the primerpolymerase. The exonuclease domain could assist in the
terminus can also favor binding of a duplex DNA substrate correction of these premutational intermediates by exonucle-
to the 3—5 exonuclease site, despite the absence of olytic cleavage of the DNA. Consistent with this, we
mismatches within the DNA1(Q). This effect was ascribed observed an increased rate in DNA cleavage activity for a
to an unusual structure adopted by the A-tract which was bulged DNA substrate (containing an extrahelical adenine
disruptive to binding of the duplex DNA to the polymerase at the fourth position from the primer terminus) relative to
site. The results of these studies, together with the presenta properly base-paired substrate (Figure 4). The presence of
data on bulged DNA substrates, suggest that the localthe extrahelical base causes a 4.2-fold enhancement of the
structure of the primertemplate duplex can exert a signifi- steady-state rate of cleavage of thet@&minal AP base,
cant influence on the partitioning of DNA between the which is correlated with the higher level of partitioning to
polymerase and'35' exonuclease sites. the exonuclease site relative to that of properly base-paired
A potential problem in the interpretation of the experiments DNA (Table 1), although the change in the cleavage rate is
described here is that the presence of an extrahelical baseuantitatively smaller than the change in the partitioning
might alter the mode of binding of a DNA substrate to the constant. The rate of exonuclease cleavage observed under
polymerase site or to thé-35' exonuclease site, which could multiple-turnover conditions reflects a number of kinetic
alter the resulting probe environments. If so, it would not processes, including translocation of DNA from the poly-
be possible to fit the anisotropy decays using the fluorescencemerase site to the' 35 exonuclease site, local melting and
lifetime and rotational parameters previously established for unwinding of the primer terminus, hydrolysis of the scissile
the exposed and buried dansyl probes. However, the anisotphosphodiester bond, and release of the mononucleotide
ropy decays obtained for primetemplates containing an  product into solution. Accordingly, it is not possible to predict
extrahelical template base at the first or second positions froma priori the relationship between the equilibrium constant
the primer 3terminus yielded excellent fits, indicating that  for partitioning of a DNA substrate between the polymerase
the two probe environments are not significantly different and 3—5' exonuclease sites and the corresponding steady-
from those observed for binding of regular duplexes to state rate of exonucleolytic cleavage. In addition, the primer
Klenow fragment. This is expected for the exonuclease modetemplates used for the partitioning and cleavage measure-
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ments are not identical (Chart 1), which also complicates a 11.
direct comparison of the partitioning constant and the
exonucleolytic cleavage rate. Nonetheless, these results 12-
establish a link between the exonuclease cleavage activity
and the higher level of partitioning of bulged primer
templates relative to those of properly base-paired DNA.
Thus, preferential partitioning of misaligned DNA primer
templates into the'3-5' exonuclease domain represents an
important step in the proofreading mechanism and frameshift
fidelity of DNA polymerases.
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