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ABSTRACT. The Klenow fragment oEscherichia coliDNA polymerase | catalyzes template-directed
synthesis of DNA and uses a separate 8 exonuclease activity to edit misincorporated bases. The
polymerase and exonuclease activities are contained in separate structural domains. In this study, nine
Klenow fragment derivatives containing mutations within the polymerase domain were examined for their
interaction with model primer-template duplexes. The partitioning of the DNA primer terminus between
the polymerase and-35' exonuclease active sites of the mutant proteins was assessed by time-resolved
fluorescence anisotropy, utilizing a dansyl fluorophore attached to the DNA. Mutation of N845 or R668
disrupted favorable interactions between the Klenow fragment and a duplex containing a matched terminal
base pair but had little effect when the terminus was mismatched. Thus, N845 and R668 are required for
recognition of correct terminal base pairs in the DNA substrate. Mutation of N675, R835, R836, or R841
resulted in tighter polymerase site binding of DNA, suggesting that the side chains of these residues
induce strain in the DNA and/or protein backbone. A double mutant (N675A/R841A) showed an even
greater polymerase site partitioning than was displayed by either single mutation, indicating that such
strain is additive. In both groups of mutant proteins, the ability to discriminate between duplexes containing
matched or mismatched base pairs was impaired. In contrast, mutation of K758 or Q849 had no effect on
partitioning relative to wild type, regardless of DNA mismatch character. These results demonstrate that
DNA mismatch recognition is dependent on specific amino acid residues within the polymerase domain
and is not governed solely by thermodynamic differences between correct and mismatched base pairs.
Moreover, this study suggests a mechanism whereby the Klenow fragment is able to recognize polymerase
errors following a misincorporation event, leading to their eventual removal by'th® 8xonuclease
activity.

The 68 kDa Klenow fragment has been widely used as ain determining which site a DNA substrate will primarily
model system in the study of DNA polymerases. It is a DNA- occupy.
dependent DNA polymerase, a proteolytic fragment of the  In the minimal kinetic scheme proposed to account for
larger DNA Pol | fromEscherichia colithat maintains both  polymerase activity, the initial binding event of a DNA
a polymerase active site and ‘a8’ exonuclease active site.  substrate (whera denotes the length of the nascent strand)
The latter activity is used in editing of misincorporated to the polymerase is followed by nucleotide binding, a
nucleotides ). The two active sites are located about 30 A subsequent conformational change of the ternary complex
apart, requiring different binding modes for DNA that to an “active” polymerizing form, the chemical step of
nonetheless share a duplex binding groove. Duplex DNA nucleotide incorporation, another conformational change
binds at the polymerase active site, whereas only single- (presumably back to the inactive form), release of pyrophos-
stranded DNA binds to the exonuclease site, implying that phate, and, finally, release or translocation of DNA
the Klenow fragment is capable of melting the primer substrate Z, 3). If, instead, the substrate binds at the
terminus when carrying out an editing reaction on a duplex exonuclease site, an excision reaction takes place and the
substrate. It is not completely clear what factors are involved most recently incorporated base is removed.
At this time, no structures have been solved for the Klenow
* Supported by NIH Grants GM28550 (to C.M.J.) and GM44060 fragment with DNA bound at the polymerase site, though

(toD.P.M). o cocrystal structures are available for other members of the
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_(4—6)._ The second of the_se is actually a series of structures, 1 e 1. Duplex DNA Sequences
including two conformations of the polymerase that are

: : . ; PTO B-TCGCAGCCXCAAAATG
thoug_ht to correspond to the active and inactive forms in AGCOTCGGCAGTTTTACATATAGCCGAS
the kinetic scheme. Due to the high degree of homology pT1 8- TCGCAGCCGXCAAAATG
between these polymerases, these structures may be used to AGCGTCGGCAGTTTTAATATAGCCGA-5
identify residues in the polymerase site of the Klenow  PT2 5-;gggﬁgggg%ﬁ'ﬁégTATAGcceA 5
fragment that are likely to be in contact with the DNA PT4 B TCGCAGCCOXCAAAATG
substrate. Likewise, insights gleaned from the Klenow AGCGTCGGCAGTEcATATAGCCGA-5'

fragment Shou_ld be more Wlde,ly applicable, certainly to other a X indicates a modified uridine residue with an attached dansyl label.

polymerases in the Pol | family and perhaps even to more 1 position of the dansy! label was optimized in previous experiments

distantly related polymerases that nevertheless share commoBuch that the dansyl experiences different local environments when the

structural features’j. primer terminus is bound at the two active sit&5, (16). Subscripted
Structural data alone often are insufficient to determine bases in the sequence indicate mismatches between the primer and

o - . . . template strands.

the specific functional roles played by amino acid side chains,

so other strategies must be pursued to elucidate the structure

function relationships within the polymerase domain. To this MATERIALS AND METHODS

end, biochemical studies have identified residues that affect Oligonucleotide Synthesis and Labelif@jigonucleotides

various aspects of polymerase function. This includes proteinwere synthesized on an automated DNA synthesizer (Phar-

side chains required for catalysis of the polymerase reactionmacia Gene Assembler Plus) using standaiclanoethyl

(8, 9), side chains whose alteration results in mutator and phosphoramidite chemistry and then purified by reverse-

antimutator phenotypes in exonuclease-deficient polymerasephase HPLC using an acetonitrile/triethylammonium acetate

(10, 11), residues that determine polymerase specificity for eluant system.

ribo versus deoxyribo sugard3), and residues that are Dansyl-labeled oligonucleotides were prepared through the
involved in identifying appropriate incoming nucleotide use of a protected 5-(propylamino)deoxyuridine residue,
substrates and binding therh3( 14). introduced during automated synthesis. The modified residue

If misincorporation events are detected by any means otherwas then deprotected and labeled with dansyl chloride, as
than the thermodynamic differences between matched anddescribed previously2Q).
mismatched WatsonCrick base pairs, the DNA duplex Fluorescein-labeled oligonucleotides were prepared through
suitability for binding at the polymerase dr-3%' exonuclease  the use of a six-carbon amino linker incorporated at the 5
site must be evaluated prior to nucleotide incorporation. end. The 5aminooligonucleotide was reacted with 5-car-
Presumably, the suitability for each site is related to whether boxyfluorescein succinimidyl ester in a buffer of 0.15 M
the DNA contains a mismatched base pair resulting from a sodium bicarbonate (pH 8.3) and left in the dark overnight.
previous misincorporation event, though whether the evalu- Unreacted dye was removed by gel filtration chromatogra-
ation is based on geometrical constraints or specific interac-phy, and the dye-labeled oligonucleotide was purified by gel
tions, such as hydrogen bonds between duplex and proteinglectrophoresis.
has not been clarified. Since the primer-template binds as a Five oligonucleotide sequences were used for time-
duplex at the polymerase site, whereas the melted primerresolved fluorescence anisotropy measurements (Table 1):
strand alone binds at the exonuclease active site, mismatchea 17-nt dansyl-labeled primer strand and four different 27-
in the duplex could only be identified by interactions with nt unlabeled template strands. The four template strands were
amino acid residues in the polymerase domain. The detailscombined with the primer to produce four duplexes, desig-
of this recognition mechanism remain unknown, however, nated PTO, PT1, PT2, and PT4, where the number refers to
as there are no structures available for DNA polymerasesthe number of terminal mismatches. Duplex DNA samples
bound to DNA substrates containing mismatched base pairs.were annealed by mixing @M primer strand and 3.G6M

In this study, we employ site-directed mutagenesis and template strand in our standard buffer [50 mM Tris (pH 7.5)
time-resolved fluorescence anisotropy to identify amino acid and 3 mM MgC}]. The samples were heated to 80 for
residues within the polymerase domain of the Klenow 10 min and allowed to cool slowly to room temperature. The
fragment that enable the enzyme to discriminate betweenduplex used for exonuclease site binding titrations comprised
DNA duplexes containing correct or mismatched base pairs.the same oligonucleotide sequences as in PT4, with the
Previous studies demonstrated that the fluorescence anisotexception that the primer strand waséhnd labeled with
ropy behavior of a dansyl probe incorporated into the DNA fluorescein and the modified base (denokedn Table 1)
duplex could be used to measure the relative partitioning of was replaced by thymine. The fluorescein-labeled duplex was
that probe between the polymerase and exonuclease domaingrepared by annealing @V primer and template strands as
of the Klenow fragmentl(5). This technique has been applied described above.
to the wild-type Klenow fragment bound to various duplex  Preparation and Purification of Mutant Polymerases.
DNAs, including those with mismatched base pairs and Single amino acid changes in the polymerase domain of the
extrahelical base bulges, and to derivatives of the Klenow Klenow fragment were investigated in an exonuclease-
fragment with mutations in the'35' exonuclease domain  deficient background. Exonuclease activity was abolished by
(16—19). Here we investigate the effect of mutations in the presence of the previously reported D424A mutation (21).
specific protein side chains in the polymerase domain and Construction of plasmids for R841A, N845A, Q849A,
quantify the resulting changes in the equilibrium distribution R668A, N675A, and R835L has been described elsewhere
of duplex DNA substrates, either matched or mismatched, (9, 11), and the plasmid encoding the R836A mutation was
between the separate polymerase dntb3exonuclease sites.  similarly produced. The K758A and N675A/R841A plasmids
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were produced by site-directed mutagenesis of preexistingwhereKp e iS the dissociation constant for DNA bound to

plasmids (D424A and D424A/R841A, respectively), using
slight modifications of the QuikChange SDM kit from

the 3—5' exonuclease site and [DNA] and [KF] are the total
concentrations of DNA and the Klenow fragment, respec-

Stratagene. Proteins were heat-induced in the host strairtively.

CJ376 and were purified as described elsewh2gg (The
naming convention used for mutant derivatives is as fol-

Titration data were fit to egs 2 and 3 using a Marquardt
nonlinear least squares algorithm. The anisotropy values for

lows: the residue number is preceded by the one-letter codethe fluorescein-labeled DNA in the free and bound states

for the wild-type amino acid and followed by the code for
the mutant amino acid.
Circular Dichroism.To determine whether polymerase site

were fixed during fitting {r = 0.09 and'g = 0.35). Likewise,
the ratio of the quantum yields of the free and bound states
was fixed at previously determined valud? € 1.6). As

mutations had deleterious effects on the structure of the some protein preparations contained an inactive fraction
Klenow fragment and to assess the extent of nonfolded incapable of binding DNA, the total protein concentration

protein, the far-UvV CD spectrum was collected for each

in eq 3 was replaced by{KF], where x is the fraction of

mutant protein. Proteins were examined at a concentrationactive protein. Titration data were fit witkp xo and x as

of 2.5uM in the standard binding buffer [50 mM Tris (pH
7.5) and 3 mM Mgd]]. Due to the presence of Tris in the
buffer, data were only collected from 200 to 250 nm.
Exonuclease Site Binding Titration§itrations to probe
the effect of polymerase site mutations on DNA binding at
the 3—5' exonuclease site were performed with a fluorescein

end-labeled DNA duplex substrate containing four consecu-

fitting parameters.
The Gibbs free energy of binding the DNA substrate to
the exonuclease site was calculated according to the equation:

(4)

whereR s the gas constant afds the absolute temperature.

AG®,,=RTInK

exo D,exo

tive mismatched base pairs. Aliquots of protein were added The change in the free energy of exonuclease site binding

to a solution of labeled duplex, and the progress of the

titration was monitored by the resultant steady-state anisot-
ropy value. Fluorescence was excited at 490 nm and moni-

tored at 520 nm on an SLM Aminco 8100 spectrofluorom-

eter. The steady-state anisotropy was determined using the

L-format setupG factor correction, integration time of 1 s,

and 10 replicates per measurement. Standard deviations of

the measurements were typically 0.6@L002. All measure-
ments were performed at 2C.

Time-resolved fluorescence anisotropy data show that a
substrate containing four consecutive mismatches was boun
predominantly £80%) at the exonuclease site (see below). b
For this reason, steady-state titration data were fit to a single-

site binding model, where DNA bound only at the exonu-
clease site. For this model, the steady-state anisotropy of
mixture of DNA and protein can be expressed as in the
equation:

BAREY Qs
= rF(fFQF T fBQB) - rB(fFQF T fBQB) )

wherer is the observed anisotropys is the steady-state
anisotropy of the free DNAQEk is the quantum yield of the
fluorescent probe in the free DNA, affidis the equilibrium
fraction of free DNA in the mixturerg, Qg, andfg are the
corresponding quantities for the bound DNA.

Using the equalityfr + fg = 1 and introducing the ratio
R = Qg/Qr, €q 1 may be written in the form of the equation:

_(Rg —rp)fg +r¢
- R-Dfg+1

()

In both egs 1 and 2, the equilibrium fraction of bound DNA
is given by the formula in the equation:

fB = {(KD,exo + [DNA] + [KF]) -

V(Ko o+ [DNA] + [KF])? — 4[DNAJ[KF] }/(2[DNA])
®3)

a

resulting from a mutation of the protein was calculated from
the equation:

Kp exdMmutant)
Kp exdWild type)

exo

AAG® RTIn

(5)

Time-Resaled Fluorescence Anisotropyrhe fractional
occupancies by a DNA substrate of the polymerase &nd 3

5 exonuclease active sites of the Klenow fragment can be
easured using the distinguishable fluorescence anisotropy
ecay behavior exhibited by a dansyl-labeled DNA substrate
ound at each of the two active sitel(16).

Fluorescence decay curves were measured by the time-
correlated single-photon counting method. The fluorescence
of the dansyl probe was excited at 318 nm by vertically
polarized, frequency-doubled output from a cavity-dumped,
mode-locked, synchronously pumped DCM dye laser (Co-
herent 702). The resulting emission was measured at 530
nm at right angles to the excitation. Horizontally and
vertically polarized emissions were measured, with the
emission polarizer alternating every 30 s, and a polarization
scrambler was placed in the emission beam at the input of
the monochromator to eliminate polarization bias of the
grating. The fluorescence transmitted by the monochromator
was detected by a microchannel plate photomultiplier
(Hamamatsu R2809). Decays were recorded in 512 channels
using a time increment of 88 ps per channel. All measure-
ments were performed at 2C. To ensure that data were
collected only for samples in which the DNA substrate was
completely bound by protein, measurements were made with
increasing protein concentrations until there was no differ-
ence between subsequent data sets.

The time-dependent fluorescence anisotropy was calculated
from the verticaly and horizontally polarized components
of the emission[(t) and I(t), respectively], according to
the equation:

) = 1,(®) — 1)

“h0 2.0 ©)
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Anisotropy decays were globally analyzed with a two- where AAG®, and AAG®,. are given by egs 5 and 9,
state model of exposed and buried dansyl probes, corre-respectively.
sponding to DNA primer-template bound at the polymerase
and exonuclease sites, respectively. The details of the modeRESULTS
and the data fitting procedure have been described in previous

studies 16, 19, 23). The quality of the two-state model fit Mutant Derwatives of the Klenow Fragmenriiline mutant

was assessed from the value of the gloBigbarameter and derivatives of the Klenow fragment were examined. These
the localv2 values for each data set 9 contained mutations in amino acid side chains located within
X ) - .. the polymerase domain: R668, N675, K758, R835, R836,
In the analysis, the spectroscopic parameters descnblngR841 N845. and 0849. The wild-tvoe residues were replaced
each probe environment are globally linked across all data  N845, and Q849. type re ep
sets, while the fraction of buried dansyl probes (denatgd by ala_mne. (or, in one case,.le_ucme) in orde_r to (_allmlna}te
is locally optimized for each data set. The fraction of exposed potentially |m%ortant§|d? chain mterac(t ons. E}ght smg;le site
! . : -~ mutations and one dual site mutant (N675A/R841A) were
probes(x;) is then obtained for each data set from the equality examined. Structural data for DNA polymerases homologous

Xp + Xe = 1. ) . .
Due to the discrepancy between the probe fluorescenceto the Klenow fragment show the side chains corresponding

lifetime and the rotational correlation time for tumbling of to R668, N675, R841, N845, and Q849 in proximity to the

the DNA/protein complex, the latter was poorly determined, duplex DNA substrate at the polymerase site§, 24), as

resulting in poor fits of some curves to a globally determined Llilus'r[gatreigtérll F'gsui,:% nle?j’ t\:)v?rlllti rlzgtgv?/i tﬁntﬂeRs?r?BIer?sI?rgL gs q
value of 57 ns. Better fits were obtained when the tumbling ¢ R B RIS TS e aleo implicated
time was allowed to be a local variable, determined pate. P

. . A the R668, R841, and N845 side chains in interactions with
separately for each anisotropy curve. This modification of ’ ' ; ; .
thepprevigusly described cur\%-fitting protocdf had no substrates at the polymerase active site and the N845 side

- : : : chain in fidelity @, 9, 11). The K758 side chain makes no
significant impact on the fraction of buried probes recovered . .
from a given anisotropy decay. contacts with the primer or template strands of the DNA

Calculation of Free Energy ChangeShe equilibrium substrate (Figure 1, and therefore serves as a control.

constant describing partitioning of DNA between the po- !N @ddition to the polymerase domain mutations, the
lymerase site and the exonuclease sig, was computed Klenow fragment derivatives in this study also contained the
as in the equation: 3—5 exonuclease-deficient D424A mutation to prevent
degradation of the DNA substrates during fluorescence

[exonuclease complex] X, measurements. For simplicity, each protein is described by

(7) the polymerase domain mutation only. Accordingly, the
D424A control is referred to as wild type, and N675A refers

wherex, andx. are the fractions of buried and exposed dansyl to the double mutation D424A/N675A. It should also be
%o Xe P Y! noted that the “double” mutant (N675A/R841A) is more

g(r;t;@s recovered from analysis of the fluorescence an'SOtmpyproperly a triple mutant that contains the additional D424A

P¢ [polymerase complex] X,

. e ' . mutation.
The Gibbs free energy of partitioning is defined in the . . .
equation: gy ot p g CD spectra were obtained for each single mutant protein
' and compared with the spectrum of the wild-type protein as
AG®,.= —RTINK, (8) a check for gross misfolding. In all cases, CD spectra of the

mutant proteins were identical in shape to that of the wild-

The change in the free energy of partitioning due to a ftyPe protein, indicating similar global folds (data not shown).
mutation of the protein is calculated as in the equation: Exonuclease Site Binding Titrationddutant Klenow
fragment derivatives were first assayed for their ability to
bind DNA at the 3-5 exonuclease site. Although the
9) mutated side chains are located within the polymerase
domain, some are within the part of the DNA binding site

The free energy of partitioning can also be expressed as athat is common to both polymerase and exonuclease binding

difference in the Gibbs free energy of binding the DNA modes_ (Figure 1A). Accordingly, it was impofta”t to
substrate at the polymerase sitéG°,, or exonuclease site, determine whether the effects of the chosen mutations could

AG®xo as in the equation: also alter the exonuclease mode of binding. Such effects
o ' would complicate the analysis of what are intended to be

Kpd(mutant)

AAG® .= —RTIn|————
pe Kodwild type)

AG® .= AG’.,— AG° (10) polymerase site mutations.
Exonuclease site binding titrations were carried out with
which can be rearranged to give a fluorescein 5end labeled primer-template duplex contain-
ing four consecutive base mismatches at therl of the
AG® 5= AG%o— AG® ¢ (11) primer strand. Measurements of active site partitioning

(presented below) indicate that this substrate binds predomi-
The effect of a mutation on the energetics of polymerase nantly (=80%) at the exonuclease site in all Klenow fragment
site binding of DNA was assessed in terms AAG®p, derivatives. The relatively high quantum yield of fluorescein
calculated according to the equation: facilitated measurements at low DNA concentrations, neces-
sary to determine the equilibrium dissociation constants for
AAGopm: JAVANC AAGope (12) the various DNA/protein complexes.
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FIGURE 2: Exonuclease site binding titrations. Titrations were
performed with quadruply mismatched DNA to ensure complete
exonuclease site binding. The solid circles are experimental points
for the wild-type Klenow fragment. The smooth line is a best-fit
curve. Fits were generated with the program SigmaPlot, based on
the difference in anisotropy exhibited by a fluorescein-labeled DNA
substrate when free or bound at the exonuclease site (eqs 2 and 3
in Materials and Methods).

Table 2: Effect of Mutations on Exonuclease Site Binding of DNA

Kp value for AAG°exo
protein exonuclease site (n¥) (kJ molt)P
wild type 31.5+ 3.7
R668A 31.0+£ 14 —0.04+0.3
N845A 227+ 15 —0.80+0.33
N675A 245+ 0.7 —0.61+0.29
R835L 32+ 1 0.04+0.3
R836A 27+£5 —0.38+ 0.53
R841A 23+ 3 —0.77+0.43
Ficure 1: Comparison of polymerase complex structures with  N675A/R841A 33.0:1.4 0.114+0.014
DNA duplex substrates bound at the-3' exonuclease (editing) K758A 29.0+1.4 —0.20+0.31
and polymerase sites. The exonuclease complex (A) corresponds Q849A 27+ 6 —0.38+£0.61

to a Klenow fragment editing comple24; PDB file 1KLN). The
polymerase complex (B) is a binary complex of the large fragment ,,
of B. stearothermophilu@sf DNA polymerase with DNA4; PDB

file 2BDP). This structure was chosen because the complex was
formed simply by mixing the DNA primer-template and the
polymerase, as were the complexes in our study. Nevertheless,

comparison of th@stpolymerase complex with the binary complex 2. The Kpexo Value obtained for the wild-type Klenow
of Klentaq and DNA, formed by loss of the nucleotide from a fragment is 33 nM. The corresponding values for the mutant
ternary complexg), and also with the ternary complexes of Klentaq proteins (Table 2) are similar. Consequently, tAG e,

and T7 DNA polymerase5( 6) reveals very similar positioning of . . .

the DNA dugle;(/ in alld?gu)r cases. Bo¥h panelg show S?m”ar values for the mutant protelns are small in magmt.ude (T.ablle
orientations, viewed from above the polymerase domain cleft, with 2). These results confirm that the chosen mutations within
the primer and template DNA strands in light and dark shades of the polymerase domain do not significantly perturb binding
gold, respectively. The carboxylate side chains at the polymerasegf DNA to the exonuclease site.

active sites of both polymerases, and the3 exonuclease active Partitioning of Dansyl-Labeled DNA Substrates between
site of the Klenow fragment, are shown in black (B&tpolymerase g . .
does not have'35' exonuclease activity). In the Klenow fragment Polymerase and '35 Exonuclease Siteslime-resolved
editing complex (A), the eight side chains mutated in this work fluorescence anisotropy decay experiments were performed
are shown. In th@stpolymerase complex (B), seven of the residues to measure the equilibrium distribution of dansyl-labeled

the same color scheme as in (A). The single exception is Arg835, _. . . .
which is not well conserved i(n )the Pol Igfamily; t[k)me equiva?ent sites for each mutant protein. The four different 17-nt primer/

side chain in theBst polymerase is Val783, whose side chain is 2/-Nt template duplexes used in these experiments, shown
oriented differently from the Arg side chain in the Klenow fragment. in Table 1, contained 0, 1, 2, or 4 consecutive base
For clarity, 27 residues at the tip of the thumb of Betpolymerase ~ mismatches. This set of primer-templates was used to assess
are not shown. This figure was created using SPOZH. ( whether the protein mutations caused different effects on
partitioning depending on whether the DNA contained
Binding titrations were performed by titrating a fixed matched or mismatched base pairs. In the wild-type polym-
concentration (6 or 20 nM) of fluorescein-labeled DNA with erase, duplexes containing increasing numbers of mismatches
a given Klenow fragment mutant derivative (Figure 2). With partition increasingly to the exonuclease sit6)(In addition,
inclusion of the weighting factor for protein concentration data obtained with quadruply mismatched DNA served to
(see Materials and Methods), all curves were fit satisfactorily. define the fluorescence properties of the exonuclease-bound
An example of the quality of the fits may be seen in Figure subpopulation of dansyl probes, necessary to obtain accurate

aUncertainty values shown are the standard deviation of at least
0 separate titrations for each protefrChange in the Gibbs free
energy of exonuclease site binding of DNA resulting from the protein
mutation (calculated from eq 5).
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A set of time-resolved anisotropy decays, containing

A 03 duplicate data sets for each DNA substrate/protein complex,
0.25 - was fitted globally to a two-state model of exposed and
' buried dansyl probes as described in Materials and Methods.
' The fit was excellent, as judged by the global redugéd
2 021 value of 1.2 as well as by the individual reducgdvalues
e . (less than 1.4 for all decays). Since the spectroscopic
E 0.15 7} parameters describing each population were constrained to
E be the same for each data set, the success of the fit indicates
0.1 1 that the characteristics of the exposed and buried probe
environments were preserved across the wild-type and all
0.05 - mutant proteins. Previous time-resolved fluorescence ani-
sotropy studies of Klenow fragment/DNA complexes have
0 T T T 1 established that the exposed and buried dansyl probes

0 10 20 30 40 correspond to distinct subpopulations of bound DNA mol-
ecules with their primer termini positioned in the polymerase
site or the 3-5' exonuclease site, respectively5( 16.
Accordingly, the fraction of exposed dansyl probes recovered

time (ns)

B 031 from the global analysis is equal to the fraction of DNA
bound to the polymerase site at equilibrium.
0.25 7 The fractional occupancies of the polymerase site in each
of the DNA/protein complexes are presented graphically in
- 0.21 Figure 4. The mutant proteins can be divided into three
2 groups, depending on whether they decrease, increase, or
g 0.15 4 "\ have no effect on the polymerase site occupancy relative to
g the wild-type Klenow fragment. The first two groups also
® 01 - differ from wild type with respect to their interactions with
DNA duplexes containing mismatched base pairs. Each
0.05 - group of mutants is discussed separately below.
The first group of mutant proteins, comprising R668A and
0 : : : : N845A, exhibits decreased polymerase site partitioning of

correctly base-paired DNA relative to wild type but shows
0 10 20 30 40 no difference from wild type when the substrate contains a
time (ns) single mismatch at the primer terminus (Figure 4A). In

Ficure 3: Time-resolved fluorescence anisotropy decays of dansyl- contrast to the wild-type protein, the R668A and N845A
labeled DNAs bound to Klenow fragment derivatives. (A) Wild- mutants are unable to discriminate between duplexes con-

type Klenow fragment complexes with primer-templates PT0, PT1, taining a matched or mismatched terminus. These observa-
PT2, and PT4 (purple, blue, green, and red, respectively). The diptions indicate that R668 and N845 provide energetically
and rise shape, seen particularly in the complexes with one andfavorable interactions with the duplex that are specific for a
two mismatch DNAs, indicates a partitioning of the dansyl probe correct terminal base pair. When four consecutive mis-

between two distinct environments. (B) Klenow fragment with the tched b - t the DNA i domi 1
N845A polymerase site mutation. Time-resolved decays of PT0, Matched base pairs are present, the IS predominantly

PT1, and PT2 essentially overlay, and the decay associated withbound at the exonuclease site for both proteins in this group.
four-mismatch-containing DNA (PT4) lies above. In both (A) and In contrast, proteins in the second group (N675A, R835L,
(B), the solid fit lines were generated from the known fluorescence Rg36A, R841A, and the N675A/R841A double mutant)

behaviors of the two populations, the globally fitted anisotropy B : o .
parameters associated with the two populations, and the fraCtionexhlblt increased polymerase site partitioning relative to the

of DNA bound at the exonuclease site, as recovered from the fit. Wild-type protein for all DNA substrates tested. Results are
While reported occupancy values in later figures are the averageshown in Figure 4B. Notably, the difference in partitioning
of multiple measurements, the decays and fits portrayed hererelative to the wild-type protein is most pronounced for DNA
correspond to a single measurement of a given enzyme/DNA ¢y plexes containing one or two mismatched base pairs. It is
complex. also evident that the double mutation N675A/R841A has a
greater effect on polymerase site occupancy than either single
estimates of the partitioning distribution for the entire data mutation. Overall, these mutant proteins do not discriminate
set. between DNAs containing 0, 1, or 2 mismatches; unlike the
Fluorescence anisotropy decays for each duplex bound tofirst group, however, the DNA binds mostly at the polym-
the wild-type polymerase are shown in Figure 3A. A erase site. Regardless, in each case a DNA duplex containing
corresponding set of decays for a variant containing an four terminal mispairs is again bound primarily at the
N845A mutation in the polymerase domain is shown in exonuclease site, as seen for the wild-type polymerase and
Figure 3B. From these two proteins alone, it is clear that the first group of polymerase site mutants.
the anisotropy decay for a given DNA/protein complex is  The third panel of Figure 4 shows two polymerase mutants
distinct and that substrate partitioning is sensitive to the (Q849A and K758A) that exhibit pseudo-wild-type behavior.
nature of both the DNA substrate and the mutated amino The removal of the K758 side chain yields no significant
acid residue. change in partitioning behavior for DNA substrates with any
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A 1o Table 3: AAG®,o Valueg for Klenow Fragment Derivatives
£ 08 i
%, pol site no. of mismatches
2 06 mutation 0 1 2
5 04 , R668A 1.7+ 05 -0.2+0.6 0.5+ 0.7
g | dhpe N845A 14+£08  -09+08  —23+04
92y Ressn N675A -1.24+0.9 -1.9+05 —2.1+0.3
o l R835L —23+1.4 —3.6+£0.8 —46+£05
e R836A -1.2408  -17+10  -3.0+1.1
B R841A —2.6+0.6 —3.6+£0.6 —45+£05
2 og N675A/R841A  —6.8+2.5 —5.3+£0.7 —5.0+0.9
@ K758A -0.1£0.6 0.2+ 0.6 —0.4+£0.4
8 06 Q849A 0.01+ 0.7 0.09+ 0.7 0.4+ 0.8
£ —@— Wild-type .
S g4 |~ N6T5A a8 AAG®po values are calculated from eq 12 and are expressed in
£ |~ R836A kJ/mol.
3 —¥— R841A
w 0.2 |—¢— Re3sL
—@— R841A/N675A . . . .
0.0 * ! (obtained for a duplex with four mismatches). This should
c 1o be a reasonable approximation because the primer terminal
2 o8 T Wdtype sequence is the same in all duplexes, and it is this portion
= —v- Q849A of the DNA substrate that binds at the exonuclease site as a
o 08 single strand. The uncertainties in thAG°pq values listed
5 04 in Table 3 reflect the propagated error from both the dansyl
° partitioning measurements and the DNA binding titrations.
C 0.2
DISCUSSION

0.0

0 1 2 4

Many of the amino acid side chains within the polymerase
Number of mismatches

domain of the Klenow fragment are highly conserved across

Ficure 4: DNA partitioning behavior of mutant and wild-type  pacterial DNA polymerases, pointing to their important roles

polymerases. (A) Mutants that disrupt recognition of matched base ; ; ;
pairs. (B) Mutants that improve polymerase site binding of duplex n °'f‘e or mqre a.s.peCt.S of pqumerase fant.lon.' Previous
DNA. (C) Pseudo-wild-type mutants. Fractional polymerase site Studies have identified side chains involved in binding duplex

occupancies as shown are calculated from an averagevalues DNA substrates at the polymerase active $jei( selection
(fraction of exposed dansyl probes, corresponding to the fraction and binding of appropriate nucleotide substrate3 (4),
of DNA bound to the polymerase site) from multiple measurements 5nd in catalysis of the nucleotidyl transfer reacti@ 9).

of the decay of a given DNA substrate/KF derivative complex. Data : . . A
for the wild-type Klenow fragment are shown for comparison in ~nother potential role of polymerase site side chains is in
all cases. Error bars are standard deviations of two or more identification of mismatched DNA base pairs resulting from

experimental values. In some cases, the error bars are smaller thatbase misincorporation events. To ensure high replication
the symbols used to represent experimental data points. fidelity, a mismatched terminus must be recognized at the

polymerase site and then transferred to the exonuclease site
number of mismatches, consistent with structural data for removal of the misincorporated base. In this study, we
showing that this side chain does not interact with the DNA have identified six polymerase domain mutations that
primer-template in either the polymerase or exonuclease compromise the ability of the Klenow fragment to discrimi-
modes of binding4-6, 25). Interestingly, removal of the  nate between DNA substrates that contain matched or
Q849 side chain also has little effect on binding of any of mismatched base pairs. Four of the mutated side chains
the primer-templates, even though this side chain appear§R668, N675, R841, and N845) are invariant in 50 bacterial
to make a direct DNA contact in the cocrystal structures of polymerases, and another (R836) is well conserved as a
homologous DNA polymerases bound to DNA substrates positive charge (R or K3.

(4-6). . A duplex DNA substrate bound to the Klenow fragment
To assess the energetic consequences of changes iRaturally partitions between the separate polymerase’and 3
polymerase site occupancfAG°po values were calculated 5 exonuclease sites. In the wild-type enzyme, this partition-
for each mutant protein according to eq 12 in the Materials jng s sensitive to the presence of mismatched base pairs

and Methods section. Under this definitiadhAG°po quanti- - within the DNA (16, 17). Mutations within the polymerase
fies the change in the Gibbs free energy of binding DNA at gomain also affect the partitioning behavior, as shown in
the polymerase site resulting from a mutation to the protein. thjs study. In principle, a change in partitioning could be
A positive AAG®yq value indicates that a mutation destabi- dye to alterations in DNA binding at either the polymerase
lizes binding of the DNA substrate at the polymerase site, or exonuclease sites. However, the results of the exonuclease
whereas a negative value indicates that a mutation has &sjte binding titrations indicate that none of the mutations
stabilizing effect on polymerase site binding. Generally, the sjgnificantly affect binding of DNA to the exonuclease site
AAG®p, values depend on the position of the protein (Taple 2). The crystal structure of an editing complex of the

mutation(s) and the type of DNA substrate used (Table 3). Klenow fragment with duplex DNAZS) reveals that six of
In calculating theAAG®p, values in Table 3, it was

assumed that thAAGe, term in eq 12 is the same for all 1 . .

L . . The DNA polymerase sequence alignments on which
duplexes (containing-62 mismatches) and is equal to the  these ~ conclusions are based are available at http:
value obtained from the exonuclease site binding titrations //pantheon.yale.edwktjoyce/align.html.
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the side chains examined here (R668, K758, R836, R841,Table 3) are entirely consistent with a minor groove hydrogen
N845, and Q849) are not in proximity to the DNA substrate bond.
(Figure 1A) and, therefore, would not be expected to perturb  In the cocrystal structures, the side chain equivalent to
exonuclease site binding. Interestingly, two side chains (N675 Q849 makes a direct minor groove hydrogen bond to the
and R835) do appear to interact with the DNA substrate, template base opposite the primer terminus. Thus, Q849
through contacts with phosphate groups in the primer or might also be expected to provide favorable binding energy
template strands. Apparently, these interactions contributefor a matched DNA duplex at the polymerase site. In fact,
little or no binding energy for a DNA substrate bound at the our results for the Q849A mutant indicate that the energetic
exonuclease site. contribution of this side chain is negligible (Table 3). More
In view of the above discussion, it is evident that the strikingly, despite the apparent similarity of the roles of Q849
mutations examined here primarily affect the binding of DNA and R668, mutation of Q849 did not impair discrimination
substrates at the polymerase site. N6G°;, values (Table between a matched and mismatched substrate (Figure 4C).
3) measure the effect of the mutations on the thermodynamicThese results are consistent with kinetic studies with primer-
stability of the polymerase site DNA/protein complex. These templates containing chemically modified bas2g(which
values therefore reflect the energetic contributions to DNA showed that extension of a DNA substrate by the Klenow
binding of individual protein side chains within the polym- fragment required a hydrogen bond acceptor at the primer
erase domain. Itis desirable to interpret these data in relationterminus but that an acceptor on the corresponding template
to a crystal structure of the complex. Unfortunately, a crystal base was less important. These results suggest that minor
structure of the Klenow fragment with duplex DNA at the groove hydrogen bond contacts to the primer-terminal base
polymerase site has not been solved. The high-resolutionare energetically more important than contacts to the op-
structure of the large fragment of thBst polymerase with posing template base. The different energetic contributions
duplex DNA at the polymerase sité) (provides an appropri-  of R668 and Q849 have been directly quantified in the
ate model, however, because this fragment is analogous tagresent study (Table 3).
the Klenow fragment and there is a very high degree of Our results for the N845A mutant protein, together with
sequence homology between the two proteins. Bs¢ structural data from homologous polymerases, suggest that
polymerase cocrystal was obtained by crystallizing the N845 functions in a manner different from R668, even
enzyme with duplex DNA in the absence of nucleotide though both side chains are involved in recognition of
substrates and should therefore correspond to the binarymatched terminal base pairs. The cocrystal structures show
complex of the Klenow fragment and duplex DNA used in that the homologue of N845 does not interact directly with
our solution experiments. The positioning of the DNA duplex the terminal base pair but instead forms a hydrogen bond
in this structure (Figure 1B) is also very similar to that seen with the sugar ring of the template nucleotide at this position
in complexes of Klentag polymerase or T7 DNA polymerase (5, 6). If the DNA backbone became mispositioned by a
with DNA (5, 6). mispair, this interaction would be lost. Thus N845 may
Recognition of Correct Base Pair©ur results indicate  recognize a matched terminal base pair by an indirect
that R668 and N845 function in recognition of matched mechanism that depends on the proper geometry of the DNA
Watson-Crick base pairs at the primer terminus of a duplex backbone.
DNA substrate bound at the polymerase active site. Mutation At this time, it is difficult to test this prediction, as no
of either residue disrupts polymerase site binding when the structures of polymerases with mismatched DNA substrates
duplex terminus is matched but not when it is mismatched have currently been solved. However, our results do indicate
(Figure 4A and Table 3), indicating that the side chains of that the favorable energetic contribution of N845 is lost when
these residues provide favorable binding interactions that arethe DNA terminus is mismatched. In fact, the contribution
specific for a matched terminal base pair. Structural indica- of N845 is slightly destabilizing when a single mismatch is
tions of favorable interactions between the DNA substrate present (Table 3), although the effect may not be significant
and the side chains of R668 and N845 are evident in thein view of the uncertainty in thAAG°®,q value. However,
cocrystal structures mentioned above. the unfavorable binding energy is magnified when two
In these structures, the homologue of R668 makes a directmismatches are present at the DNA terminus. Presumably,
hydrogen bond contact with the minor groove edge of the the structural distortion of the DNA backbone resulting from
primer-terminal based(-6). Hydrogen bond acceptors inthe the mismatches causes a steric clash with N845. Thus, in
minor groove (N3 of purines, O2 of pyrimidines) are in addition to recognizing a matched terminal base pair, N845
similar geometric positions in the four correct base pairs but may also discriminate against mismatches at the DNA
are differently positioned in mismatched base p&#8,(and terminus.
this geometric specificity has been invoked as one means An additional role for the N845 side chain is suggested
by which mismatched base pairs could be differentiated from by the crystal structure of the ternary complex of T7 DNA
matched base pairs. The minor groove hydrogen bond wouldpolymerase, duplex DNA, and nucleotide substrate, where
explain why R668 provides favorable binding energy when the side chain of N845 makes a water-mediated minor groove
the primer terminus is correctly base paired. Therefore, either hydrogen bond with the nucleotide, as well as the previously
a mismatched terminus or mutation of the R668 side chain mentioned hydrogen bond with the sugar ring of the template
would be expected to disrupt this favorable interaction. base opposite the primer terminug.(While probably not
Accordingly, either modification should produce a similar relevant to our binary system, this interaction is consistent
change in polymerase site occupancy. Moreover, the presencevith previous work showing that the N845A mutation yields
of both modifications should not produce an effect beyond an increase in th&,,(dNTP) relative to wild-type polymerase
that of either one alone. Thus, our results (Figure 4A and and a mutator phenotype in fidelity assa@s 11).
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Side Chains That Interact Unfarably with DNA.The involved. Nonetheless, our results strongly suggest that these
group of mutants comprising N675A, R835L, R836A, and residues make direct contacts to the DNA substrate.

R841A actually improve binding of DNA at the polymerase  \ismatch Discrimination and Polymerase FideliGlearly,
site relative to wild type (Figure 4B). The side chains of the polymerase domain of the Klenow fragment is not
these residues might therefore be involved in distorting the gptimized for binding duplex DNA, as mutations of N675,
duplex DNA substrate, making binding at the polymerase Rg35, R836, and R841 all lead to tighter binding. What is
site less favorable. Alternatively, the negative energetic the role of these residues in p0|ymerase function? One
contribution to substrate binding at the polymerase site might possibility is that the unfavorable binding energy contributed
reflect an unfavorable orientation of the side chain itself: a by these residues is required to optimize the chemistry of
distortion of the protein structure upon DNA binding. In  nycleotide incorporation. Alternatively, these residues may
either case, it would appear that the removal of the side chaingistort the duplex DNA substrate in order to discriminate
results in a lesser distortion of the DNA substrate or of the between matched and mismatched base pairs_ This role is
p_rotgin itself and, therefore, more favorable polymerase site strongly suggested by our results, which indicate that
binding. mutations in these residues compromise the ability of the
Notably, the unfavorable binding energy associated with enzyme to discriminate matched from mismatched terminal
each residue is significantly larger when the duplex contains base pairs. The structural distortion could position the critical
one or, especially, two terminal mismatches (Table 3). This regions of the duplex in proper juxtaposition relative to
could indicate that the mismatches induce additional strain specificity-determining side chains of the enzyme. Discrimi-
in the protein, perhaps through steric clashes, or that thenation between matched and mismatched base pairs could
mispaired duplexes are less able to accommodate thethen occur through hydrogen bond contacts in the minor
conformational distortion imposed by the protein. Regardless groove of the duplex. The distortion of the DNA duplex may
of the mechanism used, these residues appear to discriminatalso bring the binding affinity of the polymerase site into a
against mismatched base pairs in the DNA substrate. range where the partitioning of the primer terminus between

Interestingly, our results for the N675A/R841A double the polymerase and exonuclease sites is most sensitive to
mutant derivative indicate that the unfavorable energetic the presence of mismatches. If binding to the polymerase
contributions of N675 and R841 sum in an additive fashion Site is too tight, then a mismatch will have little effect on
(Table 3). Thus, while the contribution of individual residues now much DNA partitions into the exonuclease site. Thus,
is relatively small, the total strain energy stored in the DNA @ tight binding polymerase site would be deleterious for
and/or protein backbone is much larger. proofreading of misincorporation errors.

The notion that significant strain is exerted on the duplex  Following a misincorporation event at the polymerase site,
in the polymerase active site is supported by structural data.the primer terminus must be transferred to the exonuclease
Crystal structures of various polymerases show that DNA Site for removal of the mismatched base. In principle, the
bound to the polymerase domain exhibits an S-shaped “kink” decision to edit could occur immediately after misincorpo-
and that, close to the active site, the structure of the DNA is fation or after the primer terminus has translocated to a
distorted from B- to A-form %, 6, 24, 28). In fact, in the ~ “Preaddition” position in the polymerase active site, in
Bst Klentag, and T7 polymerases, the residue homologous'eadiness for the next cycle of nucleotide binding and
to N675 interacts with the template strand at the position incorporation. Structural studies of a catalytically act3s
where the DNA switches from B-form to A-form geometry; polymerase/DNA cocrystal indicated that, following nucleo-
thus, N675 may be responsible, in part, for imposing this tide incorporation, the primer terminus occupies the same
conformational distortion in the DNA, consistent with the Preaddition” position as in a binary enzyme/DNA complex
unfavorable DNA binding energy contributed by this residue. (4). This observation suggests that translocation occurs

Such a role may exp|ain the h|gh sequence conservation Ofl’apld|y after nucleotide incorporation. Hence, the decision
N675 within the Pol | family. to edit is probably made from a complex that resembles the

The side chains of R835, R836, and R841 appear to beblnaryd_enlzymgéDNﬁ .comdplexf.uzer? n Ou& expe_rlments.f
positioned to interact with the single-stranded portion of the chor Ingly, Sid€ chains | entified here as e_termlnan_t_s 0
template. Cocrystal structures of homologous DNA polym- mlsmgtch discrimination may play a key role in the editing
erases bound to DNA substrates show that the template stran&’ec's'on'
is sharply bent just beyond the primer terminGs®). The
side chains of R835, R836, and R841 may help to enforce
this distortion, accounting for the unfavorable energetic  This study has demonstrated the utility of time-resolved
contribution to DNA blndlng. In faCt,. R841 interacts with fluorescence anisotropy in probing a portion of the po|ym_
the phosphate backbone at the point where the templategrase reaction cycle previously difficult to study: the decision
strand is sharply bent, and in ternary complexes containing step following nucleotide incorporation but preceding further
both DNA and nucleotide substrates, this residue also polymerization or excision. Several residues within the
interacts with a flipped template bass 6). polymerase domain have been identified as affecting the

Unfortunately, none of the available crystal structures identification of matched versus mismatched base pairs
provide information on the interactions that R835 and R836 within the DNA substrate. Hence, this recognition is not
make with the DNA substrate. The homologues of these solely dependent on the thermodynamic differences between
residues are further away from the primer terminus (Figure matched and mismatched base pairs. The side chains of R668
1B), but none of the available structures show a sufficient and N845 appear to provide favorable interactions with a
number of unpaired template bases to discern the interactiongorrectly paired DNA terminus, thereby stabilizing the

CONCLUSIONS
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binding of the DNA substrate at the polymerase site. In

contrast, the side chains of N675, R835, R836, and R841
appear to discriminate against the binding of a mispaired 10.
primer terminus to the polymerase active site. Through the
combined effect of these residues, a correctly base-paired 11-
substrate will be retained at the polymerase active site, while

a mismatched duplex is more likely to be rejected from the

effect may be seen with the N675A/R841A double mutant,
which results in significantly greater polymerase site parti-
tioning than is produced by either mutation alone. Thus, the
residues identified in this study are likely to play important
roles in the proofreading mechanism of the Klenow fragment.
While the proximity of these side chains to DNA substrates

bound at the polymerase site is clearly apparent from the
crystal structures, the structural data do not provide informa-

tion

on the energetic contributions of protein side chains,

which can be either favorable or unfavorable. Moreover, the
function of the side chains in mismatch recognition and
discrimination could not be inferred from the structural data.
Our analysis of the DNA patrtitioning equilibrium in the wild-

type and mutant proteins, therefore, provides complementary

information on the workings of a polymerase that would not

have been available from crystal structures or biochemical

studies alone.
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