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ABSTRACT

During DNA replication, mutations occur when an
incorrect dNTP is incorporated opposite a carcinogen-
modified nucleotide. We have probed the structures of
the interaction between ~ O8-methylguanine ( OmG) and
cytosine and thymine during replication by kinetic
means in order to examine the structure during the rate
determining step. The kinetics of incorporation of
dCTP and dTTP opposite O°mG and three analogs,
S8-methyl-6-thioguanine,  OS-methyl-1-deazaguanine
and OS-methylhypoxanthine, have been measured
with four polymerases, the Klenow fragment of DNA
polymerase I, the Klenow fragment with the proof-read-
ing exonuclease inactivated, Tag and Tth polymerases.

In the insertion of dTTP opposite  0°mG, a large
decrease in Vipax/Km was observed only upon modifi-
cation of the N1 position. This result is consistent with

a Watson—Crick type configuration. For the incorpor-
ation of dCTP, the Vjjax/Kmn was significantly decreased
only with removal of the exocyclic amino group at the

2 position. The pH dependence of the ratio of incorpor-
ation of dCTP and dTTP was independent of pH at
physiological pH. This result suggests that dCTP is
incorporated via an uncharged complex such as the
wobble configuration.

INTRODUCTION

using analogs 0©%mG in which the Watson—Crick hydrogen
bonding sites have been altered.

Replication of normal nucleotides involves the formation of
Watson—Crick base pairs between the template and the dNTP. The
difference in energy between the correct and incorrect base pairs
in agueous solution is not large enough to account for the fidelity
(2). The polymerase may enhance the free energy differences by
reducing the entropy differences of the correct and incorrect base
pairs (3). In addition, the exclusion of water from the active site
of the protein can increase the difference in energy between the
correct and incorrect base pairs (4). Fidelity is also controlled
further along the replication pathway. After binding of the dNTP
to the template, the polymerase undergoes a conformational
change which can allow the polymerase to provide steric checks
to determine whether the DNA has the Watson—Crick conforma-
tion. If the nascent base pair and the previous 3 bp are of the
Watson—Crick configuration then phosphodiester bond formation
proceeds quickly. If not, then phosphodiester bond formation is
rate limiting (5).

dCTP and dTTP were found to be incorporated oppoSiteG
in vitro (6,7) andn vivo (8—12). In then vitro reactions, the rate
of incorporation opposit®®mG is much less than for the natural
bases and similar to the misincorporation of dTTP opposite G
with the Klenow fragment (7,13). Ptpi®diester bond forma-
tion is rate limiting and differences in the rate of the phosphodi-
ester bond formation can account for the preferential
incorporation of dTTP opposi@®mG (14).

The stability of the base pair betwg®mG and dC or dT does
not directly influence which nucleotide is incorporated. Based on

Carcinogen-modified DNA leads to mutations when the DNAmelting studies, th@®mG-dC complex is more stable than
polymerase incorporates an incorrect ANTP opposite the lesicdB®mG—dT complex (15,16) but dTTP is incorporat@pasite
The identity of the lesion can have an influence on whicld®mG more frequently than dCTP.

nucleotide is incorporated opposite it through hydrogen bonding. The structure of the complexes may explain the preference for
Loveless (1) pposed thab®-alkylguanines can cause mutationsdTTP over dCTP. Potential structures for 9mG—dNTP
because alkylation alters the hydrogen bonding region of guanireamplex during replication can be obtained by examining the
Upon alkylation of the oxygen, the 1 position of guanine istatic structures obtained by NMR and X-ray crystallographic
changed from a hydrogen bond donor to a hydrogen bondchniques. NMR studies of an oligodeoxynucleotide duplex
acceptor. Consequently, specific hydrogen bonding to cytosinelisve shown that th©5mG-dT complex is in the distorted
destroyed and the potential exists for a favorable hydrogefatson—Crick configuration, as illustrated in Figure la. The
bonding complex with thymine. In this manuscript we describenethyl group is oriented in tisgnconfiguration, pointing toward
our investigations into the structure of the hydrogen bondinthe opposite DNA stan@l7,18). Molecular modi&g studies
complex betwee®5mG1 and dCTP and dTTP during replicationhave shown that the methyl group is more stable insyime
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configuration in the nucleoside, but the energy difference is only o

. : X b
(11 kcal/mol. Depending on the environment, the methyl group is CHs N CHy O
able to interconvert between thgnandanti configurationg19). o H’NW/N‘ ~0 H’N\n’N‘dR
The more Watson—Crick-like structure illustrated in Figure 1b, QNfN o R N o
with the methyl group in thanti configuration, has been N AL ¢ i NA o
. : : NTSNTN N N
observed in a crystal of an oligodeoxynucleotide duglé) as DNA b DNA N

well as with protected nucleosides in CB0).

The OmG-dC base pair has been found to exist in three
different conformations. NMR studies of a duplex have detectefligyre 1. Possible0mG:T base pair configurationsa)(NMR solution
the wobble structure illustrated in Figure(24,22). An X-ray  structure (21,22)h) X-ray crystal structure (15), solution structure of protected
crystallographic study of an oligodeoxynucleotide duplex withnucleosides in CDGI(20).
netropsin bound to the minor groove four@PaG-dC base pair

to be a wobble structure (Fig. 2a) and a se€@mdG—dC base y

pair to be in a bifurcated structure with split hydrogen bonds, as a cHy b cH. A
illustrated in Figure 2(23). The more Wats—Crick-like o N X SN ouH” W./\
protonated structure illustrated in Figure 2c has been observed in N:]\)\\Nw“H m NN INANar
a crystal structure (24) and with protected nucleosides in £DCI <’N | Jo ) R <’N | P
(20). Méeting studies over a pH range suggest that at low pH the pya ¥ Y o o NN
O%mG—dC structure is protonated as in Figure 2c but is neutral at H H
physiological pH15).
We probed the structure of the complex between the incoming H H
dNTP andO®mG by examining this reaction with analogs of “H/Nﬁ/\ d HNNAX
O%mG in which the hydrogen bonding region is chemically CHan g + “‘.N' N CHang N' N
changed. This interaction was also examined by determining the NN N‘\\H \(f)r R e \g/ R
pH dependence of the insertion of dCTP and dTTP. ¢l Py o ¢l e
NS N N)\N‘
DNA Y DNA 0

MATERIALS AND METHODS

Chemicals
. ) Figure 2.PossibleD®mG:C base pair configurationa) K-ray crystal structure
[32P]JATP was purchased from Amersham (Arlington Heights,(23), NMR solution structure (17,18))(X-ray crystal structure (23)cXX-ray

IL) at 6000 Ci/mmol. T4 polynucleotide kinase, Taq DNA crystalstructure (24), solution structure of protected nucleosides i CZOg|
polymerase, Tth DNA polymerase, the Klenow fragment of(d) Proposed base pair configuration betw€ém1DG and dC.
Escherichia coliDNA polymerase | and the Klenow fragment

with the proof-reading exonuclease inactivated [Kf(gxaere . -

obtained from US Biochemicals (Cleveland, OH). The dNTPgTS late: gggl(ég#gg;(ég#);CTAGTS

were purchased from Pharmacia (Uppsala, Sweden) as uItrapH,r«igN 5 CGACGTCGACGTN-3

grade and the concentrations were checked by absort2&)ce

Reaction with DNA polymerase
Synthesis of oligodeoxynucleotides poy

) ) . ) . The polymerase was added to a solution containtig-tabeled
The oligonucleotides were synthesized and characterized similgjiigodeoxynucleotide duplex and the buffer was adjusted to the
ly to as previously describ¢#6,27). The byodeoxynucleotides fing| conditions of 100 mM buffer, 10 mM Mg&110 mM DTT,
synthesized include the primer and the template strands of thgg,g/ml BSA. The reaction was initiated by addition gfil3
sequences described below. The primers were synthesizedgiQTp in water to 3u DNA/enzyme solution at 3T. The
which N was either C or T The templates were synthesized gymposition of the buffer during the reaction was 50 mM buffer,
which X was G,0°mG, mG, O°m1DG or O°mH. The 5 mM MgCh, 5 mM DTT, 100ug/ml BSA. The reactions were
oligodeoxynucleotides were purified by a combination of aniogy,enched by addition of 100 mM EDTA in 95% formamide.
exchange and reverse phase HPLC (27). Thigsuof the = The progress of the reaction was analyzed by denaturing PAGE
oligodeoxynucleotides were determined to be >98% by PAG 2004 acrylamide (19:1, acrylami¢&N'-methylene bisacryla-
with the 3-[32P]Oy-labeled oligodeoxynucleotides. The sequencegide), 7 M urea in 4 TBE buffer (0.089 M Tris, 0.089 M boric
were chosen to alternate the nucleotides but to keep a higher g&q,'0.002 M NgEDTA). The size of the gel was 4033 x 0.4
content, so that the template—primer complex would staym and was run at 2500 V for 2-2.5 h. The radioactivity on the
annealed at a reasonable temperature and that the primer w was determined with an Ambis Radioanalytic Imaging
anneal to the template in the correct position. The concentratioB§stem or a BioRad GS 250 Molecular Imager.

of oligodeoxynucleotides were determined from the absorbance
at 260 nm, using = 115/mM/cm for the primer and 172/mM/cm
for the template (28). The primer wa®P-labeled with
[y-32PJATP and T4 polynucleotide kinase. The oligomer was he incorporation of dCTP and dTTP opposit©&nG, mG,
separated from low molecular weight impurities with a spir0®m1DG andd8mH was carried out using 50 mM Tris—HClI, pH
column (BioGel P6; Sigma, St Louis, MO) and the primer wa8.0, as buffer. The concentration of primer was 190 nM for
annealed with a 10% excess of the template as described (27)eaction with the Klenow fragments and 200 nM for the reactions

Insertion opposite guanine 08mG and analogs
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with Tag and Tth DNA polymerases. The polymerase concentra-
tions were 0.45 U/ml Kf(exo, 0.23 U/ml for Kf(exd) and 18.8
U/ml for Tag and Tth DNA polymerases. These concentrations of
polymerases were employed to obtain 3—20% yield of product in
1-10 min incubations. The activity of Taq and Tth DNA
polymerases are calculated af C0and are less active at°%7.

The concentration of dCTP and dTTP varied from 0 to 1 mM.

Extension pastO®mG-C and OmG-T base pairs

The extension reactions were performed as described above using
primer 13C and primer 13T annealed to the template with
Kf(exo) at 0.45 U/ml. The initial rate of incorporation of dGTP
over a range of concentrations was determined.

Figure 3. Analogs 0f08mG. @) O®mG; (b) SP-methyl-6-thioguaninemG);
() OB-methyl-1-deazaguanineOfm1DG); () Of-methylhypoxanthine
(OPmH).

pH dependency for incorporation opposite0fmG

The pH of the buffer was adjusted by addition of HCI while the
ionic strength was kept at a constant by addition of NaCl. The
final buffer concentration was 50 mM buffer—HCI, 5 mM MgCl
5 mM DTT, 100ug/ml BSA, with an ionic strength of 65 mM.

o’CH3 b S,CHa
NI\kN Nf*\N
Al ¢ .
<€“ NJ\NHz I\ N)\NHZ
R

|
s%mG

0mG
c
O/CH3 d O,CH3
NTNTNH, N
R R
0%m1DG 0%mH

The buffers used were MES, pH 5-6.5, HEPES, pH 6.5-8.0, atitk carbon-bound proton would also sterically interfere with any
TAPS, pH 8.0-9.5. Kf(ex9 was incubated with buffer and DNA proton that had been in a hydrogen bond with the nitrogen. This
at 37°C for at least 10 min prior to initiation of the reaction. Tointeraction would significantly distort th&@®mG—dNTP com-
measure competition between dCTP and dTTP, the DNA amglex. A hydrogen bond donor is removed WiEimH. The

polymerase were incubated with| 2@ dTTP and 12M dTTP.

Incorporation of 2'-deoxyuridine and

5-methyl-2-deoxycytidine

strength of the interactions with the 2-carbonyl on the dNTP
would be reduced. However, there are no steric interactions that
prevent the structure of t@mH-dNTP complex being similar

to theOBmG—dNTP complex. In incorporation of dCTP opposite
guanine, removal of the amino group reduced the rate of reaction
(10-fold (35).

The initial rate of incorporation of dUTP and d5mCTP opposite The rates of replication 0®®mG and these analogs were
O8mG was carried out as described for incorporation ofdTTP arubtermined for four p0|ymerases, the Klenow fragment,

dCTP.

RESULTS AND DISCUSSION

Incorporation of dCTP and dTTP opposite analogs of

0%mG

Interactions in the hydrogen bonding region betw@®nG and
dCTP and dTTP were explored using the analog®%hG

Kf(exo), Taq and Tth polymerase. The kinetics of insertion of
dCTP or dTTP opposite the lesion and extension past the lesion
were followed by PAGE, which separates the starting material
and the products. The kinetics was found to be consistent with
simple Michaelis—Menten kinetics illustrated by equatibaad

2, in which Sis the dNTPE is the polymerase, DNAis the
substrate oligodeoxynucleotide and DONA is the oligo-
deoxynucleotide product. The kinetic parameters were deter-
mined by fitting the data to equati@with the non-linear least
squares curve fitting routine in SigmaPlot. Data for Kf(gxo

illustrated in Figure 3. If a site was important for the reaction thega|y7ed reactions along with the calculated lines are illustrated
alteration of that site should decrease the rate of reaction. /WFigure 4. The kinetic parameters are presented in Tables 1—4

assumption is that these changes are minor compared WiRqy compared in Figure 5.

methylation and that the DNA—polymerase complex treats the
O%mG analogs asO®mG. Nucleotide analogs have been
employed to examine internucleotide interacti(#®), protein—
DNA interactionq30,31) and the mechanism of DNAlymer-

ase (32). Suligutions in O°mG can result in a suboptimal
interaction due to steric hindrance and disruption of a hydrogen

E-DNA, + SSS E-DNA,-S— E-DNA,,;,

Vo = Vimax [ /([0 + Km)

bond. Sulfur is larger than oxygen and less electronegative. ThusThe relative incorporation of dC to dT opposite guanine ranged

if a NTP was in a hydrogen bond with th@@sition 0fO°mG

from 3100 for Tth DNA polymerase to 21 000 for Tag DNA

then changing oxygen to sulfur would push the dNTP furthgoolymerase. The relativVéya/Km for incorporation of dC/dT
away due to a steric effect and it would be bound less tightly dweas 5-fold higher for Kf(exg than Kf(exd). This difference

to a weaker hydrogen bond. Substitution of sulfur in the 6 positiomas largely due to a loweéd, for incorporation of dCTP by
of guanine has been found to decrease the rate of incorporatiorkéfexo). In all cases, preferential incorporation of dC over dT
dCTP by 60% (33,34). The rggement of N with CH results in was primarily due to a loweK,, for dCTP. This result is
the loss of a hydrogen bond acceptod®m1DG. Furthermore, consistent with that previously observed with Kf(&x(86).
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Table 1.Incorporation of dCTP and dTTP opposite guanine analogs by Klenow{exo

Template dCTP dTTP

Vmaxb ch Vma)JKmd Vmaxb ch Vma)JKmd
G 22+1 0.014+ 0.003 1600+ 320 8.0+ 0.7 77+22 0.10+ 0.02
omG 312 104+ 14 0.29+ 0.03 96+ 2 86+ 12 1.1+ 0.1
$mG 16+ 1 140+ 30 0.12+ 0.02 170+ 10 190+ 40 0.89+ 0.11
0%m1DG 18+ 2 120+ 20 0.15+ 0.02 0.86+ 0.06 36@a 50 0.0024+ 0.0002
O°mH 83+1.1 270+ 80 0.031+ 0.005 88+8 110+ 30 0.84+ 0.15

a0 mM Tris—HCI, 5 mM MgCJ, 5 mM DTT, 10Qug/ml BSA, 190 nM primer, 210 nM template, 0.45 U/ml Kf(g@x@7°C. [dNTP] varied from 0 to 500M. The

errors are standard errors.
bnmol/min/U polymerase.
CuM.

dper min/(U polymerase/ml).

Table 2.Incorporation of dCTP and dTTP opposite guanine analogs by Kleno®Iexo

Template dCTP dTTP

Vmaxb ch Vma)/Kmd Vmaxb ch Vma%Kmd
G 28+ 4 0.042+ 0.008 670+ 80 12+1 56+ 5 0.21+0.01
05mG 110+ 20 100+ 30 1.0+ 0.2 170t 20 97+ 26 1.8+0.3
MG 130+ 20 230+ 60 0.57+ 0.08 140t 20 110+ 20 1.3+0.2
05m1DG 30+5 280+ 90 0.10+ 0.02 1.9+0.2 20@ 60 0.010+ 0.003
O8mH 49+ 0.9 70+ 50 0.07+£ 0.04 140+ 10 94+ 25 1.5+0.3

350 mM Tris—HCI, 5 mM MgClJ, 5 mM DTT, 100ug/ml BSA, 190 nM primer, 210 nM template, 0.45 U/ml Kf(8x@7°C. [dNTP] varied from 0 to 500M. The

errors are standard errors.
bnmol/min/U polymerase.
CuM.

dper min/(U polymerase/ml).

Table 3.Incorporation of dCTP and dTTP opposite guanine analogs by Tag DNA polyferase

Template dCTP dTTP

Vmaxb ch Vma)( Kmd Vmaxb ch Vma)( Kmd
G 2.3+0.3 0.99+ 0.33 2.3£0.6 0.021+ 0.003 190+ 60 (1.1+0.2)x 104
omG 0.17+0.01 280+ 30 (6.6:0.4) x 104 0.51+ 0.05 73+ 25 (70 20)x 1074
$mG 0.130.02 170+ 0.02 (2.0£0.3)x 104  0.25+0.02 290+ 30 (8.5£0.5)x 104
0%m1DG 0.15+ 0.02 150+ 50 (9.8+£2.0)x 104  0.004+ 0.001 29@ 220 (0.14+ 0.05)x 104
O8mH 0.011+ 0.002 110+ 60 (0.95+0.37)x 104 0.92+0.08 390+ 50 (24+1)x 104

a0 mM Tris—HCI, 5 mM MgCJ, 5 mM DTT, 100ug/ml BSA, 200 nM primer, 220 nM template, 18.8 U/ml Tag DNA polymeras&; JANTP] varied from 0 to

500uM. The errors are standard errors.
bnmol/min/U polymerase.

CuM.

dper min/(U polymerase/ml).

Table 4.Incorporation of dCTP and dTTP opposite guanine analogs by Tth DNA polyferase

Template dCTP dTTP

Vmaxb ch Vma)JKmd Vmaxb ch Vma)( Kmd
G 0.046+ 0.007 0.022+ 0.009 2.1+ 0.6 0.027% 0.011 380+ 220 (0.7£0.2)x 104
omG 0.18+ 0.02 290+ 30 (6.3 0.3)x 104 0.53+ 0.03 86+ 12 (36+ 4)x 104
MG 0.13+0.02 420¢ 140 (2.9 0.4)x 104 0.32+0.030 230 40 (14 1) x 104
0%m1DG 0.13+ 0.01 190+ 50 (6.8 1.0)x 104 0.007+ 0.002 83 37 (0.08+ 0.01)x 104
O8mH 0.026+ 0.006 460+ 190 (0.56:0.09)x 104 1.0+0.1 310+ 70 (33+x4)x 104

30 mM Tris—HCI, 5 mM MgClJ, 5 mM DTT, 100ug/ml BSA, 200 nM primer, 220 nM template, 18.8 U/ml Tth DNA polymeraseC3[@{INTP] varied from 0 to

500uM. The errors are standard errors.
bnmol/min/U polymerase.

CuM.

dper min/(U polymerase/ml).
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Figure 4. Initial rate of insertion ofs) dCTP andlf) dTTP opposite templates containi@dmG @), O°m1DG (a), O°mH (M) andS’mG (). Each point is an
average of three to five determinations and the error bars represent the standard deviations. The lines represenatte/feebaditccurves calculated from the
experimental points.

Incorporation of dCTP opposi@mG was much slower than substrate. Replacement of the nitrogen at the 1 positofnoG
opposite G. The difference Wma/Km was primarily due to an would prevent dTTP from approaching due to steric interactions
increase irKm,. This result is also consistent with that previouslybetween the proton at the 1 positiorG§fm1DG and the imino
observed with Kf(ext) (36). Qnversely, theVmadKm for  proton of dTTP. If, however, replication occurred via the structure
incorporation of dTTP opposi@mG was 10-fold higher than  in Figure 1a, then we would not pred2¥m1DG to be a poorer
opposite G. This increase was due to a change Wiihigor the  gypstrate thet©®mG, because the orientation of the methoxy
Klenow fragments and both thé,ax andKy, parameters for Taq group already prevents dTTP from approach®@nG and
and Tth DNA polymerases. 5 . forming an additional hydrogen bond wiEfm1DG.

To determine whether a site d’mG is important for — tpe model in Figure 1b also predicts a hydrogen bond between

incorporation of either dCTP or dTTP, we should examine thﬁ1e @ position of dTTP and the exocyclic amino groupéinG

change in rate betwe@PmG and the analogs in the template.\\ o A6 i replaced b@fmH, this hydrogen bond cannot
The differences in kinetic parameters are summarized in Figure

- 6 6 ituti -
5. The largest change in rate was observed in incorporation %)f'St' In contrast to th@.mG 100*miDG SUbSt'tUt'on’. the_re IS
dTTP whenOPm1DG replacedd®mG. The four polymerases N Stefic interaction which prevents the complexes in Figure 1la

exhibited a 500- to 900-fold decreas&/ifg,/Km, due primarily ©F P from forming. This hydrogen bond is important in
to a decrease Mmax Substitution of the oxygen with sulfur or incorporation of dCTP opposite guanine. Removal of the amino
removal of the amino group at the 2 position resulted in a <10-foRfOUP reduces the rate of reactiatO-fold (35). Therefore, a
decrease iWmayKm in incorporation of dTTP. decrease in rate W_ould be expected if this |nterapt|0n is critical.

The results wittO®m1DG in the template implicate the N1 Removal of the amino group froBPmG, however, did not resuit
position ofO®mG as having a critical interaction in incorporationin significantly decreased rates of incorporation of dTTP. In
of dTTP. These results are more consistent with the structuregantrast to incorporation of dCTP opposite guarfBte), this
Figure 1b than with that in Figure 1a. If replication occurred vidnydrogen bond is not important in incorporation of dTTP
the structure in Figure 1b, thed®m1DG would be a poor oppositeOSmG.

Table 5. Extension pasD®mG—-C andO®mG-T base paifs

Template C T

Vmaxb Km® Vmax( Kmd Vmaxb Km® Vmax( Kmd
0o5mG 61+7 58+ 15 1.05+0.13 65+ 3 24+ 3 27+0.2
IBIMG 51+ 7 49+ 18 1.06+ 0.26 82+ 4 21+3 3.9+ 04
06m1DG 332 52+ 9 0.64+ 0.08 10+ 4 54+ 4 0.19+ 0.01
O6mH 70+ 6 117+ 18 0.59+ 0.05 102+ 8 24+ 4 4.2+0.5

350 mM Tris—HCI, 5 mM MgClJ, 5 mM DTT, 100ug/ml BSA, 190 nM primer, 210 nM template, 0.45 U/ml Kf(8x@7°C. [dGTP] varied from 0 to 300M. The
errors are standard errors.

bnmol/min/U polymerase.

CuM.

dper min/(U polymerase/ml).
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has a more Watson—Crick-like geometry, but has one less
hydrogen bond. If an analog @®mG does not bind to the
incoming dNTP as doe®®mG, then analysis of the resulting
changes in rate would be very difficult.

The 10-fold decrease in rate observed for substitution ofthe N
position is consistent with the three structures illustrated in Figure
2a—c. The exocyclic amino group@$mG has different roles in
incorporation of dACTP and dTTP. Removal of this group does not
affect the rate of incorporation of dTTP, but reduces the rate of
incorporation of dCTP 10-fold. Polymerases have been shown to
interact with minor groove sites in the DNA and the incoming
dNTP (37-39). Perhaps theinor groove interactions differ
d%pending on whether dCTP or dTTP is incorporated opposite
O°mG.

o°'m1DG

O°mH
o°'m1DG

s®'mG
O°m1DG
O°mH
s’mG
s°mG
o°’m1DG
O%mH
s°mG
Loraauel o s praml 1”1‘4‘1L.u| 1 1ti) OB"H

0.01

Relative V,
(=]
=N

0.0001

URALLL
T

Extension pastO®mG-C and O°mG-T base pairs

01 L The extension pasD®mG-C andOPmG-T base pairs was
examined using the template and primer 13C and 13T. The
primers were annealed to the four templates and the initial rate of
incorporation of dGTP determined. The kinetic analysis was
C consistent with simple Michaelis—Menten kinetics as illustrated
0.0001 by equationd and2. The parameters obtained are shown in
Table 5. Small changes in rate constants are observed. The larges
rate decrease was found in extension pagdthel DG-thymine
base pair, in a result similar to that found in the insertion reactions.
These results are consistent with Figure 1b in extension past
O%mG—dT base pairs.

Relative K,

001 +

Loannl 0o eannl 4o

0.1

Relative V, . /K

pH dependency of the incorporation of dCTP and
dTTP opposite O°mG

The possibility of a protonat€@PmG-dCTP complex was tested
Kf Kff Tag Tth by examining the pH dependence of incorporation of dCTP and
oL 5. Relative kineti ers for insertion of dCTP and dTTP . dTTP opposited®mG. TheOSmG-dCTP complex can be most
Igure 5. Relalive KInetic parameters for insertion o an opposite\\atson—Crick-like when it is protonated (Fig. 2c). In duplex
°m mG, 0°m1DG andd®mH lyz Kf Kf(exo"), Taq an ) L
%h S,\’liﬁp(ﬁ)’moqeraseg ?hfvaluegif‘r{h:ib%m a(ﬁgl\j/'maﬁmop)éraﬁe?e?s DNA at neutral pH a_wobble conflgqra}tlon is more abundant tha_n
for insertion of dCTP and dTTP oppos§émG, 0°m1DG andOSmH were the protonated species. At more acidic pH the protonated species
divided by the corresponding value f0fmG. becomes more abundafis). If insetion of dCTP opposite
O%mG occurs via the protonated species then the relative rate of
In insertion of dCTP, alteration of the®@nd 1 positions of incorporation of dCTP should increase at lower pH values. This
O%mG produced small changes in Wga/Knm, values. Removal hypothesis was examined by measuring the relative rates of
of the exocyclic amino group at the 2 position resulted in a largencorporation of dCTP and dTTP over a pH range.
[110-fold, decrease Mmax¥Km. These results do not allow us to The competition between incorporation of dCTP and dTTP
come to a conclusion as to which structure occurs in the active sites measured with both dCTP and dTTP present in the reaction
of the polymerase during replication. solution. A solution containing 12(M dCTP and 2M dTTP
The small decreases associated with substitution of $he @as added to DNA and polymerase. The rates of incorporation of
position are consistent with the structures in Figure 2b and c¢ bowth dCTP and dTTP were at a maximum at pH 8.3 and decreased
not a. Substitution of sulfur in the 6 position of guanine has beers the pH was raised or lowered. At pH values <6 the rate of
found to decrease the rate of incorporation of dCTP by 60%&action is very slow. These reactions could be detected only with
(33,34), reslts similar to those in the present experimentsextended incubation times and higher polymerase concentrations.
However, we hesitate to use <10-fold changes in rate to predithe reaction was quenched and analyzed by PAGE. The products,
structuresS’mG may subtly differ fron®8mG in properties not  13mers containing either C or T on thee8d, migrate differently
associated with binding to dCTP but which may decrease the rate PAGE and the formation of each was quantified. The relative
of reaction. incorporation divided by the substrate concentrations is equal to
The lack of a large decrease Waa/Km associated with the Vma/Km ratios (40) Fgure 6 Shows MmaxKm)9CTH
substitution of the N1 position does not allow us to discriminaté/ma/Km)d1 TP plotted against pH for Kf(exy Taq and Tth
between the structures in Figure 2a, b or c. Irrespective of th¥NA polymerases.
structure of the@@®mG-dCTP complex, dCTP may be incorpo- All of the enzymes exhibit pH-independeMya/Km)dCTH
rated opposit®®m1DG by the structure in Figure 2d. ComparedVma/Km)9TTP at high pH values. As the pH becomes more
with Figure 2c, Figure 2d contains one less hydrogen bond, batidic, #/ma/Km)*CTH(VmaxKm)dTTP increases. For Tth DNA
is unprotonated. In comparison with Figure 2a and b, Figure Zublymerases the increase begins below pH 7, for Taq polymerase

0.01

Lrvaund 11y

0.0001
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Vinad Ke) T 1 (VoK) T

pH pH pH

Figure 6. Relative rates of incorporation of dCTP and dTTP opp&$iteG. The reaction was performed in 50 mM buffer—HCI, 5 mM Mg&imM DTT, 10Qug/ml
BSA, with an ionic strength of 65 mM containingi @@ dTTP and 12M dCTP. The relativ®/ya/Km equals (13mer with C/13mer with T)/([dTTP}/[dCTP]). The
error bars are the standard deviations. The lines represent the theoretical sigmoid curves calculated from the expatignental poi

below pH 6.5 and for Kf(exd (VmaxKm)3CTH(VmaxKm)dTTP  reaction. Addition of a methyl group to dCTP increased the rate
does not increase until the pH drops below 5.5. 2-fold due to a drop in th,, parameter. Therefore, increased
The pH-independent and pH-dependeMn4(/Kmn)9CTH  hydrophobicity of the methyl group did not significantly
(VmaxKm)dTTP regions are consistent with two structures forinfluence whether dCTP or dTTP was incorporated opposite
incorporation of dCTP opposi8®mG. In the pH-independent OSmG.
regions near physiological pH incorporation of dCTP would
occur via a neutral complex such as that in Figure 2a or b. At moreble 6. Influence of the 5-methyl group on the insertion of dNTPs opposite
acidic pH values dCTP o0°mG can be protonated and O°mGa
replication can occur via the structure in Figure 2c.
The neutral dCTR®mG structures (Fig. 2a and b) are more dNTP Vima Km® Vima/Km®
distorted from the ideal Watson—Crick geometry than thedcTtp 34+6 76+ 17 0.45+ 0.12
OmG—dTTP complex in Figure 1b. This may contribute to
preferential incorporation of dTTP oppos®€mG. However, at
acidic pH values th@®mG-dCTP complex becomes protonated, 4UTP 150+ 19 88+ 26 17205
adopts a more Watson—Crick-like geometry and dCTP becomesTp 120+ 7 71+11 1.7+0.3
a better substrate than dTTP.
The increase in \'ﬁna%Km)dCTP/(VmaJKm)dTTP occurs at 0 mM Tris—HCI, 5 mM MgGJ, 5 mM DTT, 100ug/ml BSA, 190 nM primer,
different pH values for each polymerase. The increase for Ta¢C "M template, 0.23 U/mi Kf(exp 37°C. [dNTP] varied from O to 400M.
DNA polymerase begins at pH 6.5, at pH 6.0 for Tth DNA"e errors are standard errors.
. nmol/min/U polymerase.
polymerase and at pH 5 for Kf(ejo These differences may M
reflect the relative hydrophobicities of each active site. The mo
hydrophobic the active site, the lower thg pf the dCTPO®mG
complex would become.

d5mCTP 4Qt 5 45+ 20 0.89+ 0.22

er min/(U polymerase/ml).

CONCLUSION

Influence of the 5-methyl group in thymine and cytosine \é\gemhgvgu%agm[')nﬁg trr;%llig:?gﬁlgrnhgeltj\gge; c;ﬁ;z;n:dﬁd'lgP and
Neither dCTP nor dTTP is a good substrate for replicatioR@ve indicated that incorporation of dTTP occurs via the
correct and incorrect base pairs, dCTP and dTTP are relativélgPendency of incorporation of dCTP/dTTP suggests that dCTP
equal substrates for pairing withmG. The dCTP:dTTP IS incorporated opposit®mG via an uncharged wobble
incorporation ratio changes with experimental variables such ggucture as illustrated in Figure 2a or b. The protonated Watson—
nucleotide sequenc@l). A difference beteen cytosine and Crick-like structure in Figure 2c is a better substrate, but at
thymidine is the methyl group at the 5 position of the pyrimidinePhysiological pH values t@mG-dCTP complex is unprotonated.
The additional hydrophobic surface of the methyl group may
enhance stacking ability of the nucleoside onto the primer straftiCKNOWLEDGEMENTS
This factor may make dTTP a better substrate than dCTP for ttfﬁis work was funded on NIH grant CA 53625 and a seed grant
polymerase. We tested this hypothesis by measuring the relatj
rates of incorporation of dTTP, dUTP, dCTP and d5mCTF‘;¥8m cancer center support grant CA 17613.
opposite0fmG.
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