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ABSTRACT. The molecular mechanism that allows a polymerase to incorporate a nucleotide opposite a
DNA lesion is not well-understood. One way to study this process is to characterize the altered molecular
interactions that occur between the polymerase and a damaged template. Prior studies have determined
the polymerasetemplate dissociation constants and used kinetic analyses and a protease digestion assay
to measure the effect of various DNA adducts positioned in the active site of Klenow fragment (KF).
Here, a mutator polymerase was used in which the tyrosine at position 766 of the KF has been replaced
with a serine. This position is located at the junction of the fingers and palm domain and is thought to be
involved in maintaining the active site geometry. The primer-template was modifiedNséitetyl-2-
aminofluorene (AAF), a well-studied carcinogenic adduct. The mutant polymerase displayed a significant
increase in the rate of incorporation of the correct nucleotide opposite the adduct but was much less
prone to incorporate an incorrect nucleotide relative to the wild-type polymerase. Both the wild-type and
the mutant polymerase bound much more tightly to the AAF-modified primer-template; however, unlike
the wild-type polymerase, the binding strength of the mutant was influenced by the presence of a dNTP.
Moreover, the mutant polymerase was able to undergo a dNTP-induced conformational change when the
AAF adduct was positioned in the active site, while the wild-type enzyme could not. A model is proposed

in which the looser active site of the mutant is able to better accommodate the AAF adduct.

The mechanism used by DNA polymerases to accurately subdomain interacts with both the incoming nucleotide and
incorporate a nucleotide during DNA replication has been the template base it will be paired with, and the thumb
the subject of intense study for the past four decad®s ( subdomain is involved in positioning the duplex DNA and
Kinetics and crystallographic analyses have shown that thishas been shown to have roles in both processivity and
process proceeds through a number of sequential steps tharanslocation (reviewed in re#%—6).
involve at least two different conformations of the DNA The fingers subdomain contains several planer hydropho-
polymeraseZ—4). The conformational rearrangement from bic amino acid residues that participate in the correct
an open binary to a closed ternary complex that is induced positioning of the dNTP when the closed conformation is
by the binding of a dNTP results in a structure in which the formed @, 7, 8). One of the best studied of these residues is
dNTP is paired with the template base and is properly aligned the tyrosine at position 766, which is located at the base of
for the nucleophilic attack by the-Bydroxyl of the primer. the O helix in the fingers subdomain near the junction with
Apparently, polymerases are only able to reach a fully active the palm B, 9). In both the Taq and the Bst polymerase open
catalytic configuration if the nucleotide base can adopt a complexes, this tyrosine side chain is stacked above the
Watson-Crick geometry with the template base, and it is terminal base pair of the primer-template. In the closed
thought that this process provides the much of the selectivity complex, the tyrosine has rotated away from the DNA, and
during nucleotide incorporation. the template base has moved into the position it had occupied

The similarity of the mechanistic details among a variety allowing the formation of the base pair with the incoming
of polymerases is likely the result of the remarkable dNTP @, 10). Studies with DNA polymerase | (Klenow
resemblance of the structures of these enzymes. The generdragment) (KF} have shown that Y766S and Y766A mutants
structure of the polymerase has been compared to that of dhave mutator phenotypesl), and analogous mutations in
human right-hand with three distinct subdomains designatedeukaryotic polymerasgs also lead to higher levels of
as the palm, fingers, and thumb. In this model, the palm mutagenesisl@, 13). It is likely that the reduced fidelity of
subdomain contains highly conserved catalytic residues thatthese mutants is caused by a different active site conforma-
are involved in the phosphoryl transfer reaction, the fingers

1 Abbreviations: AAF, N-acetyl-2-aminofluorene; AF, 2-amino-
fluorene; KF, Klenow fragment; dG-C8-AAR-(2'-deoxyguanosin-
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(23—27). Multidimensional NMR experiments have shown
O that the guanine bearing the C8-AAF adduct rotates from
anti to syn conformation in double-stranded DNA helix with

. the fluorene ring inserted into the helix (base displacement

model, ref28).

In the present study, we report our initial efforts aimed at
understanding how specific amino acid residues in the

N ? polymerase active site affect the interactions with a modified
YN\(/ DNA template. We find that substitution of the tyrosine at
3 \ / NH position 766 of KF with a serine substantially alters the
O- 4< interactions and mechanism of action of the polymerase on
How N NH both unmodified and AAF-modified DNA. Not only does
OH 2 this mutation affect the rate of nucleotide incorporation
dG-C8-AAF opposite the adduct, but it also alters the effect of ANTPs on

FiGure 1. Structure of theN-(deoxyguanosin-8-yl)-2-acetylami- b.Oth the binding to the primer-template and the conforma-
nofluorene adduct (dG-C8-AAF). tional change to the closed ternary complex.

tion, possibly resulting from an alteration in the conversion MATERIALS AND METHODS

from the open io the CIO.S‘Ed form. ) ) Materials.Wild-type and Y766S Klenow fragment (exo-)
Although a great deal is known regarding the mechanism cjones were generously provided by Dr. Catherine Joyce of
of synthesis by a polymerase using a normal DNA template, yaje University. Both WT and Y766S Proteins were over-
very little is known about how a bulky DNA lesion affects expressed and purified as describ@8)(and contained the
this process. An understanding of how a polymerase interactsp4o4A mutation, which eliminates the-8' exonuclease
with this class of DNA damage is particularly important - gctivity. The specific activity of the protein was determined
because of the discovery of the bypass or Y-family poly- 45 described30). Protein concentrations were determined
merases, whose rolg is to carry out DNA synthesis past DNA colorimetrically by the Bradford assal) using Bio-Rad
damage that otherwise blocks replicatid#,(15). There have  |aporatory reagents. T4 polynucleotide kinase was purchased
been a few indirect s_tudles that have_ att_empted to explalnfrom Amersham Pharmacia Biotech. Trypsin and terminal
the effects of bulky lesions on DNA replication by correlating deoxynucleotide transferase came from Boehringer Man-
the structures of these adducts in double-stranded DNA or yeim . Oligonucleotides were obtained from Midland Certi-

at a primer-template junction with the mutagenic event that fieq |nc. dNTPs were purchased from Amersham Pharmacia
a particular structure induces§ 17). We have developed  pijgtech. [-3P]ATP was from ICN Biomedicals.
several methods to study directly the interactions between a

polymerase and a primer-template and have used them to Synthes_is and Purific_a_tion of Oligonu_cleotide,‘!dl oli- .
measure how the presence of bulky adducts in the aCtivegonucleotldes were purified by denaturing polyacrylamide

site affects these interactions. In this regard, we have used agel electrophoresis. S_|te-speC|f!c_aIIy modified 28-me_r tem-
gel retardation assay 8, 19) and a limited trypsin digestion plateg were synthes!zed, punf!ed,’ and character_|zed as
analysis 20) to show that bulky lesions, such as berao[ descnbed_ 18). The primers |ac|_<|ng SOH were (_)btalned
pyrene, 2-aminofluorene (AF), ahtiacetyl-2-aminofluorene by_extensu_)n of correspondln_g oligonucleotides with ddNMPs
(AAF) adducts can be well-accommodated within the active using terminal deoxynucleotide transferase as descriti@d (
site of the polymerase in the open binary complex but that Primer Extension Analysi§?P-labeled 12-mer primer (1
these adducts can interfere with the conformational changenM) was annealed to a 2-fold excess of the AAF-modified
of the polymerase to the closed catalytically active ternary 28mer template (2 nM). The reactions were started with
complex. Presumably, these bulky adducts alter the structuredNTPs (100uM) and 10 nM KF in 50 mM Tris-HCI, pH
and stability of the ternary complex, thus affecting an 7.5, containing 10 mM MgGJ 1 mM dithiothreitol, and 0.05
important step that is crucial in determining the fidelity of mg/mL bovine serum albumin. At the indicated time points
the nucleotide incorporation stef)( after the addition of the polymerase<60 min), 5uL

One of the best studied bulky DNA adduct is one formed aliquots of the reaction mixture were taken, and the reaction
by treatment of cells with the potent model chemical Was stopped by addition to 1@l of gel loading buffer
carcinogen, AAF. Two major adducts result from this Ccontaining 90% formamide and 5 mg/mL bromophenol blue
exposure:  theN-(2-deoxyguanosin-8-yl)-2-acetylamino- and xylene cyanol. The samples were analyzed on a 20%
fluorene adduct (dG-C8-AAF) (Figure 1) and its deacetylated denaturing polyacrylamide gel. Product formation was
derivative, theN-(2'-deoxyguanosin-8-yl)-2-aminofluorene  Mmeasured by phosphoimager analysis and quantified using
adduct (dG-C8-AF). Although the AF adduct has been shown Molecular Dynamics ImageQuant. Total bypass synthesis
to be easily bypassed during in vitro DNA synthesis, the Was determined by dividing the total radlqactlwt)_/ across from
AAF adduct represents a strong block to synthesis by all 2nd extended past the adduct at each time point by the total
replicative polymerases studie®l( 22). These differences ra.1d.|o_act|V|w in each !ane._ F_uII extension was determined by
are thought to be related to the structure that each adductdividing the total radioactivity of the 28-mer product by the
presents to the DNA polymerase. Most spectral, enzymatic, total radioactivity in each lane.
and theoretical studies suggest that the AF structure produces Steady-State KineticSteady-state kinetics using standing-
much less distortion in the DNA helix than the AAF adduct start single nucleotide insertions and extensions were carried
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out similarly to those describe@2). Typical reactions were
carried out in 1Q:L volumes in the presence of 50 mM Tris-
HCI, pH 7.5, 10 mM MgCJ, 1 mM DTT, and 0.05 mg/mL
BSA. 0.1uM primer-templates were annealed by heating to
90° and slow cooling. Reaction mixtures containing 0.601
0.03 units of DNA polymerase were incubated at room
temperature for £12 min. Both polymerase concentrations
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manufacturer’s protocol. At 16 mM dNTP concentration, the
relative levels of cleavage were determined by scanning the
gels and using NIH Image to quantify the intensity of each
band. Each determination is representative of two to three
individual experiments.

RESULTS

and times were varied for each nucleotide examined so that

less than 20% incorporation occurred. The extent of eac
reaction was determined by running quenched reaction
samples (95% formamide, 20 mM EDTA, 0.05% xylene
cylanol, and bromophenol blue) on a 20% denaturing
polyacrylamide gel to separate unreacted primer from inser-
tion products. As described previousBg], relative velocities
were calculated as the extent of the reaction divided by the
reaction time and normalized for the varying enzyme
concentrations used. The Michaelis constaHt,)( and
maximum rate of the reactiorVfay) were obtained from
Hanes-Wolf plots of the kinetic data. Insertior{s) and
extension Fex) frequencies were determined relative to dC:
dG and dA:dT, respectively, according to equations devel-
oped by Mendelman et al.34, 35). The frequency of
insertion and extension are definedras: (Vima/Km)[wrong
pair)/(VmaxfKm)[right pair]. All reactions reported represent

an average of at least three experiments and had standard

deviations less than 20%.

Gel Retardation Assa¥quilibrium dissociation constants
(Kg) for the polymeraseprimer-template complexes were
determined as described§). Increasing amounts of KF
(typically 0—200 nM) were incubated witl#?P-labeled
primer-templates (550 pM) for 30 min at room temperature
in 50 mM Tris-HCI, pH 7.5, containing 10 mM Mggl1
mM dithiothreitol, 0.05 mg/mL bovine serum albumin, 4%
glycerol, and 0.4 mM dNTP (if present). The reaction
mixtures were analyzed on a native 7% polyacrylamide gel
preequilibrated with 36 mM Tris borate buffer, pH 8.3.
Quantification was performed using Molecular Dynamics
Phosphorimager and ImageQuant. The amount of pretein

h Primer Extensions using the AAF-Modified Templafes.

a first step to determine the effect of the replacement of
tyrosine with serine at position 766 of KF on the replication
of AAF-modified DNA, DNA synthesis was carried out
using the primer-template shown in Figure 2. Using wild-
type KF, most of the DNA synthesis on this template was
stalled at a position one nucleotide before the AAF adduct
in the template. Over the 60 min time course, no more than
20% of the synthesis occurred across from the adduct or
extended past the adduct position (Figure 2A,B). With the
Y766S mutant polymerase, synthesis was also blocked one
nucleotide before the adduct position, but in this case a much
higher percentage of synthesis was able to occur across from
the adduct (Figure 2A): after 60 min, approximately 40%
of the product extended to the position across from the AAF
adduct (Figure 2B). Interestingly, a much smaller percentage
f full extension occurred, using this mutant (Figure 2C),
whereas the wild-type KF was able to give 6% full extension,
and the mutant only produced about 1%. Thus, while the
mutant was better able to incorporate across from the adduct,
it was less able to extend from this structure.

Single Nucleotide Incorporation Kinetic¥o more fully
explore the differences between the wild-type and the Y766S
polymerases, a single nucleotide steady-state kinetic analysis
was carried out using the templates shown at the top of Table
1. Using the unmodified primer-template, both the wild-type
KF and the Y766S mutant had a strong preference for the
incorporation of dC across from the template dG, with the
Vma{Km for Y766S about 1/3 that of the wild-type KF.

Thus, theFiys for the incorporation of dG, dA, and dT

DNA complex formed at equilibrium was calculated as the across from a dG was 3.6, 12, and 72 times greater,
difference in the band intensities of the initial primer- respectively, for the mutant than was found for wild-type
templates without polymerase addition and unbound primer- KF (Table 1), although the differences in the absolute values
templates. To determiné,, the fraction of the DNA bound  Of Vima/Kp, for the two polymerases for the incorporation of
to the protein was plotted against the initial protein concen- the incorrect nucleotides were smaller (Table 1). Prior studies
trations, and the data was analyzed using Ultrafit (Biosoft, compared the steady-state rate of misinsertion of dTTP by
Cambridge, UK) by fitting to the equation for single-site this mutant across from an unmodified d&/). Both this
ligand binding. Each determination represents the averagestudy and the data shown in Table 1 indicate that the mutant
of at least three independent experiments. enzyme is able to incorporate dTTP across from a dG about
Tryptic Digestion of KF Bound to Unmodified and AAF- 50-fold faster.
Modified Primer-TemplatesThe polymeraseDNA com- When these experiments were repeated with the AAF-
plexes were formed in 50 mM Tris-HCI, pH 7.5, containing modified primer-templates, thé,./Kn, for the incorporation
10 mM MgCk and 1 mM dithiothreitol. The binding was of dC across from the modified G was 16 times greater for
carried out at room temperature for 15 min in a 4R the mutant polymerase (Table 1), confirming the enhanced
reaction containing 0.&@M annealed primer-template, 0.3 ability of Y766S to incorporate a nucleotide opposite the
uM KF (exo-), and 6-16 mM dNTP. Two microliters of  adduct as shown in Figure 2. Interestingly, the reduced ability
trypsin solution in water (15 ug/mL final) was added to each of the mutant to discriminate between the correct and the
reaction mixture, and the digestion was terminated after 6 sincorrect nucleotide that was observed in the case of the
by addition of 6uL of SDS sample buffer containing 0.125 unmodified template was not observed using an AAF-
M Tris-HCI, pH 6.8, 6% SDS, 30% glycerol, and Z@/mL modified template. Although the absolute rate of misincor-
bromophenol blue. The samples were loaded on a 10% SDSporation by the mutant is equal to or higher than that
gel, and the electrophoresis was performed according toobserved for the wild-type polymerase (comp&g./Km
standard procedur&6). Gels were fixed and stained using values in Table 1), th&.s is lower for the Y766S mutant
the Silver Stain Plus Kit (BIO-RAD) according to the for the incorporation of each of the incorrect nucleotides.
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Ficure 2: (A) Running-start primer extension analysis of AAF-modified primer-templates. 12-mer primer was annealed to the 28-mer
template, containing an adduct at the position indicated. For both WT and Y766S Klenow fragments (exo-) all four dNTPs were added, and
the reaction was terminated after the period of time indicated under each lane. (B) The insertion and extension products were quantified as
explained in Materials and Methods and were plotted as a function of time.

Table 1: Kinetic Parameters for Insertion by Wild-Type and Y766S Klenow Fragfments
dNTP

5’-GACGAAAACGACGGCCACTTAT /
3’-CTGCTTTTGCTGCCGGTGAATAXTAGTG

WT Y766S
Vma>/Km Vma/Km Fins (Y766S)/

dNTP: (% min~ M1 Féins (% mint uM-Y) Fins Fins (WT)
dCTP:dG 22.6 1 6.6 1 1
dGTP:dG 3.0x 102 1.3x 1073 3.1x 1072 4.7x 1073 3.6
dATP:dG 1.3x 1072 5.8x 10 45x 1072 6.8x 1073 12
dTTP:dG 8.2x 1078 3.6x 10 1.7x 107 2.6x 1072 72
dCTP:dG-AAF 4.4x 1072 1 7.3x 101 1 1
dGTP:dG-AAF 3.5x 104 8.0x 103 43x 104 59x 104 0.074
dATP:dG-AAF 6.9x 1073 16x 101 6.7x 1073 9.2x 1073 0.058
dTTP:dG-AAF 1.6x 1072 3.6 x 1072 4.7x 1078 6.4x 1078 0.18

aKinetics of insertion were determined as described under Materials and Methods using the primer-template shown above. All values represent
the mean of at least three experiments and have standard deviaflofs. ® X = unmodified or AAF-modified guaniné.Frequencies of nucleotide
insertion were determined using the equatioR= (Vmad Km)[wrong pair)/(Vma{Km)[right pair = dC:dX].

Thus, compared with the wild-type polymerase, the Y766S the Vya/Kn for the wild-type polymerase using an AAF-
mutant discriminates more efficiently against the misincor- modified template was about 66 times larger than for the
poration of dG, dA, and dT across from the AAF-modified Y766S mutant, confirming the implications of Figure 2.
base by approximately 14, 17, and six times, respectively. Binding of KF and Y766S to Unmodified and AAF-
Single Nucleotide Extension Kinetid$e primer extension  Modified Primer-Template§ he role of the tyrosine residue
analysis shown in Figure 2 suggested that the Y766S mutantat position 766 has been proposed to play a role in the
was less able to extend from the primer that terminated acrosggeometric selection of correct nucleotide substrafe®),
from the AAF-modified guanine. To further examine this This residue is located at the junction of the fingers and palm
result, a single nucleotide extension analysis was carried outdomain and clearly moves as a result of the conformational
using the primer-template shown in Table 2. In this case, change. It has been suggested that this residue might be
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Table 2: Kinetic Parameters for Extension by Wild-Type and As with wild-type KF, the stability of the complex between
Y766S Klenow Fragments the Y766S mutant and an unmodified primer-template is

substantially enhanced in the presence of the correctly paired
nucleotide, dCTP (Table 3), and is reduced in the presence
of an incorrect dNTP. It is interesting that the increase in

stability for the mutant is greater, and the decrease in stability

dATP

5’-GACGAAAACGACGGCCACTTATC /
3’-CTGCTTTTGCTGCCGGTGAATAXTAGTG

wild-type Vima}Km Y766SVmalKm is less than that observed with wild-type KF. This enhanced

XP (% min~t uM™) (% min™ uM™) stability by the Y766S mutant in the presence of an incorrect
dG 11.9 2.5 nucleotide is consistent with the kinetic data shown in Table
dG-AAF 29x 10" 4.4x10° 1 and may be related to the lower fidelity of this mutant

aKinetics of extension were determined as described under Materials polymerase.
and Methoﬁs using t?e plrimer-themplate shown abo:j/er.] All valutdes The binding of wild-type KF to an AAF-modified primer-
present he mesn of a et Unee experiments and have Stancarfempiate has previously been studied, and the presence of
this adduct in the active site was shown to lead to a more
] o ) ~_ stable complex18). Moreover, it was found that the presence
responsible for guiding the template base into the active site of any dNTP had no effect on the binding strength (Table
during DNA translocation during the conversion to the closed 3) (18), presumably because the AAF adduct is interfering
CompleX 68) One method that has been used to Study this W|th the po'ymerase ConformationaJ Chan@)( In the
conformational change is to measure the dissociation con-agphsence of a ANTP, the Y766S mutant also binds more tightly
stants Kg¢s) in the absence or presence of dNTPs. A to the AAF-modified primer-template than it does in the
significant decrease in th&y upon the addition of the  comparable unmodified case (Table 3). However, unlike what
correctly pairing dNTP is taken as evidence of the conversion js found with the wild-type KF, the presence of the correctly
of the complex from the open binary to the closed ternary paired dCTP leads to a substantial increase in the stability
form (18). of the complex. In addition, the presence of each of the other
The Kgs for the wild-type KF and the Y766S mutant dNTPs also leads to a more stable complex, a result that
polymerase were determined using the gel retardation methodnay be related to the decreased fidelity of this enzyme.
previously used to measure the stability of the complexes Relative Ability of Y766S to Undergo a Conformational
formed between the primer-template and either HIV-1 reverse Change.One method that has been used to confirm the
transcriptase or KF1@, 39, 40) using either unmodified or  conversion of the polymerase complex to a closed structure,
adducted templates. In the present study, Khe for the as predicted by th&y measurements, is a limited tryptic
binding of KF to 2,3-dideoxy-terminated primer templates digestion analysis in the absence or presence of each of the
were measured in the absence or presence of each of théour dNTPs 41). Trypsin cleavage of KF produces as the
four nucleotide bases using either the unmodified or the major product a fragment with a molecular mass of ap-
AAF-modified template shown in Table 1. Consistent with proximately 64 kDa (Figure 3). This cleavage position maps
previous results, the addition of the correctly paired nucle- to a location situated in or near the polymerase active site
otide resulted in an approximate 10-fold increase in the (41). In the presence of the next correct dNTP, proteolysis
binding strength between the wild-type KF and an unmodi- at this site is inhibited, indicative of a conformational change
fied primer-template (Table 3). This enhanced binding presumably to the closed ternary complex (Figure 3, lane
provides evidence for the formation of the closed ternary 5). Moreover, in the case of the wild-type KF, proteolysis is
complex. Moreover, the addition of an incorrect nucleotide not inhibited in the presence of dTTP (Figure 3A), dATP,
resulted in a decrease in the stability of the complex (Table or dGTP (Table 4)41).
3), which we have interpreted as an attempt by the poly- Repeating these experiments with the Y766S mutant
merase to form a closed complex that results in a steric clashshowed that the presence of dCTP also induced the confor-
within the active site thus leading to a loss of stability of mational change that inhibited trypsin cleavage (Figure 3,
the complex 19). Alternatively, the decrease in stability of lane 11). Interestingly, the presence of dTTP also resulted
the closed complex could be attributed to a failure of the in a reduction in the ability of trypsin to cleave at this site,
incorrect nucleotide to make the proper interactions within although this reduction was much less than that observed
the polymerase active site that are normally formed when when the next correct nucleotide, dCTP, was present (cf.
the correct nucleotide is present. Figure 3, lanes 11 and 14, Table 4). The presence of dATP

Table 3: Dissociation Constant&d) for Complexes of Wild-Type and Y766S Klenow Fragments with Unmodified and AAF-Modified
Primer-Template’s

Kg (nM)

complex - dCTP dTTP dATP dGTP
wild-type
unmodified 1.0£04 0.07+ 0.03 3.7£15 8.9+ 3.3 22.0+11
AAF-modified 0.17+£0.08 0.36£0.12 0.24+ 0.15 0.3+ 0.1 0.154+ 0.06
Y766S
unmodified 2413 0.1+ 0.04 1.8+:0.7 7.9+ 2.0 27+1.2
AAF-modified 0.16+ 0.04 0.02+ 0.009 0.0 0.03 0.04+ 0.02 0.08+ 0.05

a Dissociation constants were determined using the gel-retardation assay as described under Materials and Methods using template-primer shown
in Table 1.
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Ficure 3: Tryptic digestion of WT and Y766S KF bound to the 22/28-mer primer-template in the presence of increasing concentrations
of nucleotides. KF or Y766S (0.3 mM) was incubated with the primer-template (0.6 mM) and increasing dNTPS(hH1) as indicated.

The conformation of the resulting complex was probed by limited tryptic digestion as described in Materials and Methods. Panel A, WT
(dCTP, dTTP); panel B, Y766S (dCTP, dTTP).

5-GACGAAAACGACGGCCACTTAT-H
3-CTGCTTTTG CTGCCGGTGAATA(?TAG TG
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FiGure 4: Tryptic digestion of WT and Y766S KF bound to AAF-modified 22/28-mer primer-templates in the presence of increasing
concentrations of the next correct nucleotide, dNTP. KF (0.3 mM) was incubated with the primer-template (0.6 mM) and increasing dCTP
(1.5-16 mM) as indicated. The conformation of the resulting complex was probed by limited tryptic digestion as described in Materials
and Methods. Panel A, WT; panel B, Y766S.

inhibition for both the wild-type and the Y766S mutant in
the presence of each of the four dNTPs is shown in Table 4,
which indicates that there are intermediate inhibition levels

Table 4: Relative Levels of Trypsin Cleavége
polymerase template dCTP  dTTP  dATP  dGTP

wild-type  unmodified  0.10  0.96 1.0 093 for each of the noncomplementary dNTPs.
Y7665 unmodifed  0.20 045 092  0.87

wild-type  AAF 091 097 11 0.93

Y7665 AAF 016 031 042 043  DISCUSSION

®Relative levels of inhibition were determined as described in  The selection of a properly paired nucleotide by a DNA
Materials and Methods by quantifying the polyacrylamide gels that were polymerase is achieved through a multistep process in which
run using the template-primer shown in Table 1. Cleavage in the absence; . 7. . S
of dNTP was set to 1.0 for each experiment, and the levels of cleavage 2INding to a dNTP induces a conversion in the structure of
were determined relative to this value. the polymerase from an open to closed form. This confor-

mational rearrangement is thought to serve as a method for
or dGTP did not result in a significant inhibition of trypsin  the polymerase to ensure the geometric shape of the template
cleavage (Table 4). Note that with the Y766S mutant, the base and incoming nucleotide substrate fit into the poly-
Vina/Km in the presence of dTTP is 17 1071 (Table 1), a merase active site, thereby promoting highly accurate DNA
value significantly higher than that observed for the wild- Synthesis42). Consistent with this hypothesis are structural
type KF in the presence of dTTP (8:2 1073). studies of DNA polymerases that illustrate a stable confor-
Prior studies have shown that the placement of an AAF mational transition that is induced upon binding of the
adduct on the template G in the polymerase active site properly paired nucleotide (reviewed in refsand6).
completely inhibits this conformational change for the wild- For the Pol A polymerase family, this structural rearrange-
type KF @0). This result is shown in Figure 4 (left panel), ment results in a sizable movement of the O-helix in the
where the presence of dCTP (or any other nucleotide (Tablefingers domain to generate a binding pocket that encompasses
4)) had no significant effect on the ability of trypsin to cleave the incoming dNTP and the complementary template base.
the wild-type polymerase. However, when this experiment Intimate contacts between the minor groove edge of the
was repeated with the Y766S mutant (Figure 4, right panel), template base as well as the base, sugar, and phosphates of
the addition of dCTP resulted in a clear inhibition of trypsin the incoming dNTP form the surface of the binding pocket.
cleavage, suggesting that this mutant can undergo theAmino acid substitutions that either modify the binding
conversion to a closed ternary complex even in the presencepocket geometry or the movements needed to initiate
of an AAF adduct in the active site. The extent of cleavage catalysis have been shown to have a compromised fidelity
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(1). For example, polymerases with substitutions at the template. Using a gel-shift analysis, we have previously
tyrosine at position 766 in KF, an integral part of the O-helix shown that the presence of a correctly paired dNTP produces
that has previously been shown to be important in preservingenhanced binding between the polymerase and the primer
the active site geometry within the base-pair binding pocket, template, while a mispair leads to a reduction in binding
have been shown to have reduced fidelity, (37, 43). The strength {8). In addition, when the template is modified with
structural information generated from the homologous Tag an AAF adduct at the next position for incorporation, not
polymerase indicates that during the transition from the openonly does the wild-type polymerase bind more tightly as
to closed complex, the O-helix of the fingers domain rotates compared with an unmodified template, but the binding
toward the active site causing this tyrosine to move from a strength is also independent of the presence of a dNBP (
stacked position on top of the terminal template base pair to These results vary greatly from those observed for the Y766S
a position in front of the incoming nucleotidé4). mutant. First, mispairs on unmodified primer-templates led
In this study, we have measured DNA synthesis and to more stable complexes as compared to those found for
polymerase-template interactions using a KF mutant in which the wild-type enzyme. This is especially true in the case of
the tyrosine at position 766 has been replaced by a serinea dG-dG mispair, which has k4 of 22 nM with the wild-
Both running-start primer extensions and single nucleotide type KF and 2.7 nM with the mutant. The implication of
insertion kinetics show that this mutant polymerase is able these data is that the additional room in the active site can
to insert the correct nucleotide faster than the wild-type accommodate the mispair better than the wild-type poly-
enzyme at template positions modified with an AAF adduct. merase, resulting in a smaller steric clash and a more stable
Also, theVna/Knm for insertion ¢ a C across from an AAF-  complex. Second, using the AAF-modified template,khe
modified G was 16 times greater for the mutant than the for binding to the primer-template in the absence of dNTP
wild-type polymerase. Consistent with previous reports are approximately the same for the mutant and wild-type
showing substitutions of either serine or alanine for the enzymes, suggesting that the interactions with the primer-
tyrosine at this position resulted in polymerases with mutator template in the open binary conformation are similar for these
phenotypes X1, 37); we found that the Y766S mutant two proteins. However, unlike that observed for the wild-
displayed a decreased discrimination for the incorporation type KF, the mutant displays a significant enhancement of
of a correct versus an incorrect nucleotide with an unmodified binding strength upon the addition of a dNTP, suggesting
template. In agreement with these data, a prior steady-statdhat the mutant is capable of forming a stable closed complex
analysis of the Y766S mutant also indicated that the Y766S while the wild-type enzyme cannot. Unlike what is observed
mutant displayed a decreased fidelity on undamaged tem-using unmodified templates, this enhanced binding not only
plates B87). Interestingly, in the present study this trend was occurs when a correctly paired nucleotide is added but also
reversed for incorporation across from an AAF-modified dG when each of the other nucleotides are present. It is possible
in which the mutant polymerase showed enhanced discrimi-that the presumably looser active site present in the mutant
nation for dC. polymerase is better able to accommodate the mispair leading
The differences between the mutant and the wild-type to the formation of the stable ternary complex. It is unclear
polymerases are consistent with a model in which the alteredwhy this enhanced binding is only observed with the
fit that occurs in the active site of this mutant causes a modified template.
different alignment for the pairing of the nascent base pair, Using a tryptic digestion analysis, we have been able to
thereby leading to higher levels of misincorporation. Sub- detect a conformational change in KF upon the addition of
stitution of a smaller serine for the tyrosine also leads to a a properly paired dNTP that we have interpreted to indicate
more flexible active site that can presumably accommodatethe formation of the closed ternary compledl). As
the bulky AAF adduct and allow for faster incorporation predicted by the stability of thi, for the binding of wild-
across fron a G bearing this lesion. It is not clear why type KF to AAF-modified primer-templates upon the addition
discrimination fo a C isbetter for this mutant as compared of dNTPs, this trypsin digestion analysis was unable to detect
with the wild-type polymerase, but it is possible that the a conformational change when dNTPs were adda). (
adduct is positioned in such a way that it reduces the size ofHowever, with the Y766S mutant a conformational change
the active site leading to a tighter fit and a more stringent was observed not only when the correctly paired nucleotide

requirement for proper base pairing. was added but also when each of the other dNTPs was
Others have shown that the Y766S mutant is inefficient present. Because the 766 tyrosine residue is at the base of
at extension from a mispaired primer termini§, 37). This, the O-helix, others have predicted that this position might

presumably, is due to the altered geometry of the active sitebe involved in the mechanism that leads to the conforma-
that results in a structure that is a poor substrate for tional change that occurs when the closed complex forms
incorporation of the next nucleotide. Although insertion (5, 9). Although the mutant enzyme behaved similarly to
across from the AAF adduct was faster for the mutant relative the wild-type polymerase in both the absence of nucleotide
to the wild-type polymerase, extension was significantly and when the correctly paired nucleotide is added, unlike
slower once a nucleotide was positioned opposite the AAF- what is observed using the wild-type, the mutant gave partial
modified dG. It is possible that this difference is also due to trypsin cleavage for a T:G mispair. Moreover, using AAF-
the altered geometry of the active site and that this structuremodified templates gave partial cleavage for each of the
may resemble the distortion created by a mispair at the nucleotides with the Y766S mutant, while the wild-type
primer-terminus. polymerase was not resistant to cleavage under the same

In addition to differences in the rates of nucleotide conditions. Taken together, these data support the model that
incorporation and extension, the mutant polymerase alsothe tyrosine at this position plays a role in the conformational
displayed differences in the interactions with the primer- change to the close complex.



Mutant Polymerase Accommodates Bulky DNA Adduct

The fact that additional room in the active site of 13
polymerase | resulting from the Y766S mutation seems to
allow accommodation of a bulky lesion during DNA

synthesis may have implications regarding the mechanism

14

by which bypass polymerases are able to incorporate 15.

nucleotides at template positions containing these types of
adducts. This recently discovered class of polymerases, also
referred to as Y-family polymerases, have been shown to 7
traverse a variety of lesions in DNA that are blocks to
synthesis by other polymerases. For example ypisl able

to efficiently replicate past a UV-induced thymine dimer with
a similar fidelity as with undamaged templaté®,(46). It

can also use templates containing a variety of distorting DNA 20.

lesions, including an AAF adduc#{—50). Structural and

kinetic studies indicate a similar shape and mechanism for 21.He ) _ -
22. Shibutani, S., Naomi, S., and Grollman, A. P. (19B®chemistry

synthesis by these polymerases; the major difference from
replicative polymerases is that they have a more open active 53
site and are lacking the O and O1 helices in the fingers

domain 61, 52). It has been suggested that the small fingers 24.

and thumb domains displayed by the Y-family polymerases

may allow relaxed geometric constraints on base pairing that
can better accommodate distorting lesiosid) (It is interest-

ing that, similar to the results presented here using the Y776S
polymerase | mutant, many Y-family polymerases also have

reduced fidelity as compared with replicative polymerases

25

on undamaged templates but enhanced accuracy on damagegg.

templates 47, 48, 54, 55). Likewise, some Y-family poly-
merases are also less efficient at extending on a primer-
template once a nucleotide is added across from the damage
(47, 56). It is possible that the similarity of the properties of

mechanism of DNA replication on damaged DNA.

33.

ACKNOWLEDGMENT

We would like to thank Dr. Catherine Joyce of Yale
University for providing the WT and mutant KF clones, Dr.
Leonid Dzantiev for the construction and purification of the
AAF-modified templates, and the NCI Chemical Carcinogen
Reference Standard Repository for providing lracetoxy-
2-acetylaminofluorene.

REFERENCES

1. Kunkel, T. A., and Bebenek, K. (2008nnu. Re. Biochem. 69

497—-529.
. Johnson, K. A. (1993Annu. Re. Biochem. 62685-713.

. Li, Y., Korolev, S., and Waksman, G. (1998BMBO J. 17 7514~
25.

. Doublie, S., Sawaya, M. R., and Ellenberger, T. (199@)icture
7, R31-5.

.Joyce, C. M., and Steitz, T. A. (1994nnu. Re. Biochem. 63
777-822.

. Steitz, T. A. (1999)). Biol. Chem. 27417395-8.

. Li, Y., Mitaxov, V., and Waksman, G. (199%®roc. Natl. Acad.
Sci. U.S.A. 969491-6.

. Suzuki, M., Yoshida, S., Adman, E. T., Blank, A., and Loeb, L.
A. (2000)J. Biol. Chem. 27532728-35.

. Joyce, C. M., and Steitz, T. A. (1995)Bacteriol. 1776321-9.

. Kiefer, J. R., Mao, C., Braman, J. C., and Beese, L. S. (1998)
Nature 391 304-7.

Bell, J. B., Eckert, K. A., Joyce, C. M., and Kunkel, T. A. (1997)

J. Biol. Chem. 2727345-51.

Opresko, P. L., Sweasy, J. B., and Eckert, K. A. (1998)
Biochemistry 372111-9.

11.

12.

18.

26.

30.
the bypass polymerases and the Y766S polymerase | mutant 31,

studied here may have implications regarding the molecular 32.

34.

37.
38.
39.
40.
41.
42.

43.

44,

Biochemistry, Vol. 42, No. 13, 2003833

. Washington, S. L., Yoon, M. S., Chagovetz, A. M., Li, S. X.,
Clairmont, C. A., Preston, B. D., Eckert, K. A., and Sweasy, J.
B. (1997)Proc. Natl. Acad. Sci. U.S.A. 94321-6.

. Goodman, M. F., and Tippin, B. (200Qurr. Opin. Genet. De.

10, 162-8.

Bebenek, K., and Kunkel, T. A. (2002ell Mol. Life Sci. 59

54—-17.

16. Seo, K. Y., Jelinsky, S. A., and Loechler, E. L. (200@)tat.

Res. 463215-46.
. Perlow, R. A., and Broyde, S. (2002) Mol. Biol. 322 291—
300.
Dzantiev, L., and Romano, L. J. (1990)Biol. Chem. 2743279~
84.

19. Alekseyev, Y. O., Dzantiev, L., and Romano, L. J. (2001)

Biochemistry 402282-90.

Dzantiev, L., and Romano, L. J. (20@pchemistry 395139~
45.

Heflich, R. H., and Neft, R. E. (199Mjutat. Res. 31873—114.

37, 12034-41.

. Belguise-Valladier, P., and Fuchs, R. P. P. (19ibchemistry
30, 1009%-100.

Hingerty, B. E., and Broyde, S. (198&)Biomol. Struct. Dyn. 4
365-72.

. Singer, B., and Grunberger, D. (198¥olecular Biology of
Mutagens and CarcinogeiPlenum Press, New York.

van Houte, L. P. A,, Bokma, J. T., Lutgerink, J. T., Westra, J. G.,
Retel, J., and van Grondelle, R. (198Zarcinogenesis 8759

66.

27.van Houte, L. P. A., Westra, J. G., Retel, J., van Grondelle, R.,

and Blok, J. (1988 arcinogenesis 91222-6.

O’Handley, S. F., Sanford, D. G., Xu, R., Lester, C. C., Hingerty,
B. E., Broyde, S., and Krugh, T. R. (1998jochemistry 32
2481-97.

29. Joyce, C. M., and Derbyshire, V. (19949gthods EnzymoR62

3—13.

Setlow, P. (1974Methods EnzymoR9, 3—12.

Bradford, M. M. (1976Anal. Biochem72, 248-54.

Shibutani, S., and Grollman, A. P. (199B)Biol. Chem. 268

11703-10.

Alekseyev, Y. O., and Romano, L. J. (20@pchemistry 39

10431-8.

Mendelman, L. V., Boosalis, M. S., Petruska, J., and Goodman,

M. F. (1989)J. Biol. Chem. 26414415-23.

. Mendelman, L. V., Petruska, J., and Goodman, M. F. (1990)
Biol. Chem. 2652338-46.

. Ausubel, F. M. (1992Bhort Protocols in Molecular Biology

Greene Publishing Associates and John Wiley & Sons, New York.

Carroll, S. S., Cowart, M., and Benkovic, S. J. (198ibchemistry

30, 804-13.

Doublie, S., Sawaya, M. R., and Ellenberger, T. (19598)ct.
Fold Des. 7 R31-5.

Tong, W., Lu, C. D., Sharma, S. K., Matsuura, S., So, A. G., and

Scott, W. A. (1997)Biochemistry 365749-57.

Arrigo, C. J., Singh, K., and Modak, M. J. (20QR)Biol. Chem.

277, 1653-61.

Dzantiev, L., and Romano, L. J. (200Bjpochemistry 39356—

61.

Goodman, M. F. (199Broc. Natl. Acad. Sci. U.S.A. 920493~

5.

Minnick, D. T., Bebenek, K., Osheroff, W. P., Turner, R. M., Jr.,

Astatke, M., Liu, L., Kunkel, T. A., and Joyce, C. M. (1999)

Biol. Chem. 274306 775.

Li, Y., Kong, Y., Korolev, S., and Waksman, G. (199)ptein

Sci. 7, 1116-23.

.Johnson, R. E., Prakash, S., and Prakash, L. (198@hce 283
1001—4.

. Masutani, C., Kusumoto, R., Yamada, A., Dohmae, N., Yokoi,
M., Yuasa, M., Araki, M., lwai, S., Takio, K., and Hanaoka, F.
(1999) Nature 399 700—-4.

. Yuan, F., Zhang, Y., Rajpal, D. K., Wu, X., Guo, D., Wang, M.,
Taylor, J. S., and Wang, Z. (2000) Biol. Chem. 2758233-9.

. Masutani, C., Kusumoto, R., lwai, S., and Hanaoka, F. (2000)
EMBO J. 19 3100-9.

. Haracska, L., Prakash, S., and Prakash, L. (20aD) Cell Biol.

20, 8001-7.



3834 Biochemistry, Vol. 42, No. 13, 2003 Lone and Romano

50. Zhang, Y., Yuan, F., Wu, X., Rechkoblit, O., Taylor, J. S.,  54. Washington, M. T., Johnson, R. E., Prakash, S., and Prakash, L.
Geacintov, N. E., and Wang, Z. (200Bucleic Acids Res. 28 (1999)J. Biol. Chem. 27436835-8.
4717-24. 55. Matsuda, T., Bebenek, K., Masutani, C., Hanaoka, F., and Kunkel,
51. Trincao, J., Johnson, R. E., Escalante, C. R., Prakash, S., Prakash, T, A (2000)Nature 404 1011-3.

L., and Aggarwal, A. K. (2001Mol. Cell 8 417-26. : :
52. Silvian, L. F., Toth, E. A., Pham, P., Goodman, M. F., and 56.Zhang, ¥., Wu, X., Guo, D., Rechkoblit, O., Geacintov, N. E.,

Ellenberger, T. (2001Nat. Struct. Bial 8, 984-9. and Wang, Z. (2002)/utat. Res. 51023-35.
53. Ellenberger, T., and Silvian, L. F. (200Mat. Struct. Biol. 8
827-8. BI1027297T



