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ABSTRACT:. A mechanism by which the Klenow fragment of DNA polymerase | monitors the geometry of

the base pairs may involve hydrogen bonds between the polymerase and the minor groove of the nascent
base pair. The involvement of the 3-position of guanine in the template strand was examined by
synthesizing oligodeoxynucleotides containing guanine and 3-deazaguanine and comparing the steady-
state kinetics of the incorporation of all four dNTPs. TWgw/Kn decreased a significant amount (170-

fold) only when dCTP was the co-substrate suggesting that a hydrogen bond exists only when the correct
base pair is being replicated. This approach was also used to examine how the Klenow fragment interacts
with the 3-position of the mutagenic ba®&-methylguanine@®mG). TheVma/Km for the incorporation

of dTTP oppositeOf-methyl-3-deazaguaninddfm3DG) was 1700-fold less than opposi®mG. In
contrast, a small 6-fold increase ¥adKm occurred for the incorporation of dCTP oppos@m3DG

relative toO®mG. This result suggests that the hydrogen bond between the Klenow fragmedtra&d

is more important in the incorporation of dTTP oppo<i#nG and may contribute to the mutagenicity

of O°mG.

Accurate DNA replication during synthesis and repair is was found in site-directed mutagenesis experiments suggest-
essential in maintaining the integrity of the genome. Three ing that Asn 279 of polymeraggwas crucial for replication
processes contribute to the overall fidelity of DNA replica- (8).

tion: the polymerization reaction, proofreading exonuclease The importance of a hydrogen bond to i&position of
activity, and post-replication mismatch repair. The accuracy 3 purine in the template at the nascent base pair was also
in the polymerization step is on the order of 1 error if20  found in experiments using modified nucleotides!- 2
10° base pairs depending on the polymerdge The energy  peoxyxanthosine or'aleoxy-7-deazaxanthosine can form
difference between correct and incorrect base pairs is noty \watsos-Crick base pair with 2,4-diaminopyrimidine.
enough to account for the accuracy in the polymerization However, 2-deoxyxanthosine and '-2leoxy-7-deazaxan-
reaction ). The polymerase may enhance the fidelity of tnosine have a protonated nitrogen at the 3-position, which
replication by checking the geometry of the bases during cannot act as a hydrogen bond acceptor. Polymerases
synthesis §). The single active site can process all four ang the Klenow fragment were unable to incorporate 2,4-

possible WatsonCrick base pairs because they have very diaminopyrimidine triphosphate opposite eitherd2oxy-
similar geometry while mismatches have very different yanthosine or 2deoxy-7-deazaxanthosin&q).

geometry_q, 9. ) Modification of DNA, such as the methylation of the
Interactions between the polymerase and the minor grooveg_nosition of guanine, can lead to mutationsl{13).

of the nascent base pair have been observed in X-raypthough OSmG—cytosine base pairs are more stable than

crystallographic studie$(7). In a ternary crystal structure O’mG—thymine base pairsl@)), thymine is inserted opposite
with polymerasgs, DNA, and ddCTP,hydrogen bonds were - g6 methyiguanine @°mG) more often than cytosine. The

detected between thé-position of guanine in the template o |ative ratio of incorporation of thymine to cytosine opposite
and Arg283 and bgtween th@?-position of .ddCTP and oG depends on the polymerase and the sequete (
Asn279 ). In a binary crystal structure witflaqg DNA dTTP may be a better substrate than dCTP because dTTP
polymerase and blunt-end duplex DNA, hydrogen bonds .on torm a WatsorCrick-like base pair complex witfD-

were observed between tiNS-position of guanine in the 5 4 physiological pHX6). In order for theO*mG—dCTP
template and Arg746 and between @position of cytosine  ¢omhjex to be WatsenCrick-like it must be protonated.6,

and GIn754 7). Arg283 was found to be important in the 17). Thus, at neutral pH, cytosine is inserted oppo€ite

function of polymerasg by site-directed mutagenesis of this G yia a wobble conformation while thymine is incorporated
residue to Lys, Leu, and Al&(9). No evidence, however, o 4 \Watsonr-Crick-like conformation 19).

The minor groove interactions that favor the formation of

T This work was funded by NIH Grant CA 53625 and by Cancer \n/atson-Crick irs m I involv in th
Centor Grant CA 17613, atson-Crick base pairs may also be olved e

® Abstract published irAdvance ACS Abstract€ctober 1, 1997. _preferentlgl Incorporatlon of thymlne Opposﬁm_G. The

1 Abbreviations: BSA, bovine serum albumin; ddCTR32dideoxy- incorporation of thymine opposi@®*mG, however, is as slow
cytidine B-triphosphate; 3-deazaguanine, 3DG; DTT, dithiothreitol; as the misincorporation of thymine opposite guanih®).(
dNTP, 2-deoxynucleotide Striphosphate; Kf (exa), Klenow fragment  gyan though the dTTPOSmMG complex is more Watsen
with the exonuclease proofreading activity inactivat&imG, OS- . . 6 . .
methylguanine:0°fm3DG; O°-methyl-3-deazaguanine, PAGE, poly- Crick-like than the dCTPO°mG complex, it is still a poor

acrylamide gel electrophoresi§ag Thermus aquatucus substrate for the Klenow fragmerit9). The dTTP-O°mG
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complex may be as distorted from ideal Wats@rick
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templates were synthesized in which X was G, 3008,

geometry, and interaction between the polymerase and themG, andO®m3DG. The sequences were chosen to alternate

3-position of O®mG may not exist.

To examine the importance of a hydrogen bond from the
polymerase to the 3-position of guanine @finG, oligode-
oxynucleotides containing guanin@®mG, 3-deazaguanine
(3DG), and O8-methyl-3-deazaguanineOfm3DG) were

the nucleotides but to keep a higher CG content so that the
template-primer would stay annealed at a reasonable tem-
perature and that the primer would anneal to the template in
the correct position. The concentrations of oligodeoxynucle-
otides were determined from the absorbance at 260 nm, using

synthesized. The steady-state kinetics of the incorporationane of 115 mM* cm™ for the primer and 172 mM cm™*

of the four native dNTPs were measured.

EXPERIMENTAL PROCEDURES

General. [3°P]ATP was purchased from Amersham at
6000 Ci/mmol. T polynucleotide kinase and the Klenow
fragment ofEscherichia coliDNA polymerase | with the
proofreading exonuclease inactivated (Kf (eXowere
obtained from USB. The dNTPs (ultrapure grade) were

for the template Z5). The primer was®*P-labeled with
[y-*2P]ATP in a reaction catalyzed by,Tpolynucleotide
kinase. The oligomer was separated from low molecular
weight impurities with a spin column (Bio-Gel P6), and the
primer was annealed with a 10% excess of the template as
previously described2@).

Reaction with DNA PolymeraseThe polymerase was
added to a solution containing tHé&P-labeled oligodeoxy-

determined by UV absorbanc2(). The oligonucleotides
containing O°mG and O°m3DG were synthesized and
characterized similarly to that previously describ2tl, (22).
3-Deaza2'-deoxy-N-phenoxyacetylguanineThe exocy-
clic amino group of 3-deaza-2leoxyguanosine2(l) was
protected with the phenoxyacetyl group via the transient
protection method23). 'H NMR (DMSO-ds) 6 11.4 (1H,
br s, NH), 10.25 (1H, s, NH), 8.32 (1H, s, 8-deazaguanyl),
7.35 (2H, t, 2,6-phenyl), 7.05 (4H, m, 3,4,5-phenyl and
3-deazaguanyl), 6.16 (1H, t, 1-deoxyribosyl), 4.75 (2H, s,
O-CH,-CO), 4.35 (1H, m, 3-deoxyribosyl), 3.86 (1H, m,
4-deoxyribosyl), 3.51 (2H, d/d/d, 5-deoxyribosyl), 2.56 (1H,
m, 2-deoxyribosyl), 2.33 (1H, m, 2-deoxyribosyl).
3-Deaza-2deoxy-50-(4,4-dimethoxytrityl)-N-phenoxy-
acetylguanine. The N2-protected nucleoside was tritylated
at the 5-position with 4,4-dimethoxytrityl chloride as
described 24). *H NMR (CDCl) 6 7.81 (1H, s, 8-deaza-
guanyl), 7.2-6.6 (19H, m, trityl, phenyl, and 3-deazaguanyl),
6.09 (1H, t, 1-deoxyribosyl), 4.62 (2H, s, CH,—CO), 4.50
(1H, m, 3-deoxyribosyl), 4.10 (1H, m, 4-deoxyribosyl), 3.60
(6H, s, methoxy), 3.17 (2H, m, 5-deoxyribosyl), 2.56 (1H,
m, 2-deoxyribosyl), 2.45 (1H, m, 2-deoxyribosyl).
3'-O-[(2-Cyanoethyl)-N,N-diisopropylphosphoramidyl]-3-
deaza-2-deoxy-5-0O-(4,4-dimethoxytrityl)-N-phenoxy-
acetylguanine.3-Deaza-2deoxy-5-(4,4 -dimethoxytrityl)-
N2-phenoxyacetylguanine (140 mg, 0.2 mmol) was reacted
with 56 uL of 2-cyanoethylN,N-diisopropyl chlorophos-
phoramidite (0.25 mmol) and 74L of N,N-diisopropylN-
ethylamine (0.4 mmol) in 6 mL of methylene chloride at
room temperature for 20 min. The reaction mixture was
washed with 5% NaHCg dried over NaSQ,, and applied
to silica column which was eluted with 5% methanol, 1%
triethylamine in chloroform. The product was isolated in
80% vyield. IH NMR (CDCl) 6 7.86 (1H, d, 8-deazaguanyl),
7.4—6.7 (19H, m, trityl, phenyl, and 3-deazaguanyl), 6.11
(1H, m, 1-deoxyribosyl), 4.72 (2H, s,-ACH,—CO), 4.62
(1H, m, 3-deoxyribosyl), 4.22 (1H, m, 4-deoxyribosyl), 3.72
(6H, s, methoxy), 3.6 (4H, m, CH(Gj2 and OCHCH,CN),
3.35 (2H, m, 5-deoxyribosyl), 2.5 (4H, m, 2-deoxyribosyl
and OCHCH,CN), 1.2-1.07 (12H, m, methyl). The as-
signments were made by comparison with starting material
and through decoupling and COSY experiments.

The oligodeoxynucleotides, synthesized by standard solid
phase phosphoramidite chemistry, include the primer and the
template strands of the sequences described in Table 1. The

of 100 mM Tris-HCI, 10 mM MgCJ, 10 mM DTT, 200ug/

mL BSA, pH 8.0. The reaction was initiated by the addition
of 3uL of dNTP in water to uL of DNA —enzyme solution

at 37°C. The composition of the buffer during the reaction
was 50 mM Tris-HCI, 5 mM MgGl, 5 mM DTT, 100ug/

mL BSA. The concentration of the primer was 106 nM and
the template was 117 nM. The polymerase concentrations
varied from 0.01 to 5 units/mL. The concentration of ANTPs
varied from 0 to 1 mM. The reactions were quenched by
the addition of GuL of 100 mM EDTA in 95% formamide.
The progress of the reaction was analyzed by denaturing
PAGE in 20% acrylamide (19:1, acrylamitielN'-methylene
bisacrylamide)7 M urea in Ix TBE buffer (0.089 M Tris,
0.089 M boric acid, 0.002 M N&DTA). The size of the

gel was 40x 33 x 0.4 cm and was run at 2500 V for-2.5

h. The radioactivity on the gel was determined with a Bio-
Rad GS 250 Molecular Imager.

RESULTS

The interaction between the Klenow fragment of DNA
polymerase | ofE. coli and the 3-position of guanine and
0O%mG during replication was examined using analogs of the
base in which the nitrogen at the 3-position was replaced by
carbon. This modification eliminates the possibility of a
hydrogen bond with that position. If a hydrogen bond was
important then the rate of reaction with the deazaguanine
will be much less than the native substrate.

The kinetics of the insertion of dATP, dCTP, dGTP, and
dTTP opposite the G, 3D@*MG, andO®m3DG catalyzed
by Kf (exo™) were followed by PAGE. Initial rates were
determined in reactions in which the extent of reaction was
less than 20% complete. The kinetics, in all cases except in
the incorporation of dCTP opposite 3DG, were found to be
consistent with simple MichaekaVienten kinetics illustrated
by eq 1 and 2, in which S is the dNTP, E is the polymerase,
DNA,, is the substrate oligodeoxynucleotide, and DNA
is the oligodeoxynucleotide product. The kinetic parameters
were determined by fitting the data to eqn 2 with the
nonlinear least-squares curve-fitting routine in SigmaPlot.

E-DNA,+ S=E-DNA,—S—E-DNA,,; (1)

_ Vmax[S]o

0" Kpn+ ISk @)
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The v, vs [S), plot for the incorporation of dCTP opposite
3DG was not a simple hyperbolic plot (Figure 1). At low
concentrations the plot appeared hyperbolic, but the initial
rate continued to rise as the dCTP concentration increased.
There appeared to be high and |8 reactions with dCTP.
The data were fit to both eq 2 and 3. Analysis of the data
with eq 2 gave &/nax of 18 + 2 pmol/min/unit polymerase
and aKn, of 110+ 40uM. The kinetic parameters from eq
3 are presented in Table 1. Figure 1 presents the data with Oo 200 400 600 800 ‘ 1000
the theoretical curve for eq 2 and 3. The curve derived from [dCTP] uM

eq 3 f'ts_ the_ data much better than eq 2'_ . Ficure 1: Initial rate of insertion of dCTP opposite templates
The kinetic parameters for all the reactions are shown in containing 3DG. The concentration of Kf (exowas 1 unit/mL,

Table 1. dCTP was incorporated opposite guanine aboutand DNA was 106 nM. Each point is an average of53

16 000 times more frequently than the other nucleotides determinations, and the error bars represent the standard deviations.

mainly due to a decrease€, parameter. This result is The lines represent the theoretical curves calculated from the

consistent with that previously found for the Klenow experimental points fitted to eq 2(—) and eq-3)(

fragment (9, 26. When 3DG replaced guanine in the  415ng the palm and in between the thumb and finger domains.

template, theVma/Kn for the incorporation of dCTP de-  \yhen the substrates bind to the polymerase, the thumb
creased about 170-fold. The substitution of 3DG for G did yomain closes down over the DNA and dNTB). (

not significantly affect the rate of incorporation for the other  Tha Klenow fragment 29), Taq polymerase 7), and

nucleotides. . _ . polymerase3 (6) have an arginine residue on the thumb
In the incorporation of dCTP opposite 3DG, as indicated yomain which interacts with thi-position of guanine in
by Figure 1, both high and loK, reactions were observed.  {he template at the nascent base pair. Since all four Watson
The low K reaction had &/max 10-fold less than that of ik base pairs have a similar geometry, this hydrogen bond
dCTP opposite G, while the higkin reaction had &/max  may also exist between the Arg and the 3-position of adenine
equal to theéVmax of the insertion of dCTP opposite G. The g the?-positions of cytosine and thymine. The formation
high Km was approximately equal to that of the other .t ne hydrogen bond between the Arg and the minor groove
nucleotides opposite G and 3DG. The léw was 10-fold of the DNA may be a general mechanism by which the

greater than the incorporation of dCTP opposite G. polymerase checks the geometry of the newly forming base
Replacing G with 3DG did not significantly affect the pair.
binding of the DNA to the polymerase. TH€.""* was The hydrogen bond between this arginine residue and the
obtained by reaction of Kf (exq with dCTP (S0uM) in 3-position of guanine may be crucial in the conformational
the presence of-850 nM oligodeoxynucleotide duplex. As  change in which the thumb domain closes down over the
illustrated in Figure 2, th&.°"* did not change when the  pNA ~ The movement of the thumb domain may be the rate-
i DNA i i i L. . N

G was replaced with 3DG. Then>"* with guanine inthe  |imiting conformational change observed in pre-steady-state
DNAis 10+ 4 nM, while that for 3DG is 16= 4 nM. These  jnetics (see Figure 3)1( 31, 33. When the arginine is
values are not very different for the 5 nkb of the DNA replaced by alanine, mutant polymer#sgR283A), 9-base/

found in pre-steady-state ex_peﬁrimerﬁs?)( 11-base double-stranded DNA duplex and ddTTP crystallize
In the incorporation opposi®°mG, theVima/Km of dTTP in an open conformation in which the thumb domain is
was four times larger than that of dCTP. dATP and dGTP positioned as in the unbound proteiB).( This mutant

were incorporated at least 10 times slower than dCTP. The polymerases is less active than the wild-typ&,(9) and has
relative rate of the incorporation opposite®mG was a lower fidelity 33).

primarily dependent on th¥max parameter. Whed’mG We have investigated the interaction between Arg841 of
was replaced byO’m3DG, the Vima/Km for dTTP was  kf (exo) and the 3-position of guanine using 3DG, an
decreased 1400-fold due to a decreas¥in. The Vimal analog of G in which the nitrogen, at the 3-position is
Km for the mcorporatl.on of dCTP actually rose by a factor replaced by CH. The nitrogen can act as a hydrogen bond
of 6. The decrease in thénax of S00-fold was countered  5cceptor from arginine, but the CH group cannot participate
by a 2900-fold decrease iKm. The VimalKn for the in a hydrogen bond. Thé,./K, for the reaction with dCTP
incorporation of dATP dropped 10-fold due to a decrease in gecreased 170-fold when the nitrogen at the 3-position was
Vinax.  The Vima/Kn for the insertion of dGTP increased (gpjaced by carbon. This substitution did not influence the
5-fold. rate of formation of mismatches to a significant extent (0
5-fold decreases). These results are consistent with those
DISCUSSION obtained with wild-type polymerag®and the R283A mutant
The overall structures of polymerases, which have been(33). Compared to wild-type, correct incorporations cata-
crystallized, are similar@, 7, 28-30). The structure has lyzed by the R283A mutant were decreased-2600 fold,
been described as a hand with palm, finger, and thumb while mispair formation was also decreased, but to a lesser
domains 28). Conserved carboxylate containing amino extent (2-200-fold). In particular with guanine in the
acids, which bind to the essential divalent metal cations, aretemplate, incorporation of dCTP was decreased 224-fold,
located on the palm domain. DNA binds to the enzyme dTTP 12-fold, dGTP 2-fold, and dATP 2-fol38). In the

=y
o

(3]

(pmol/min/unit polymerase)

VD
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Table 1. Kinetic Parameters for the Insertion of ANTP Opposite Analogs of G@anine

Template 3-GCA GCT GCA GCT XCT AGT -§
Primer 5~CGT CGA CGT CGA -3
dNTP T
substrate
kinetic
template  parameter dATP dcTp dGTP dTTP
guanine Vmax 0.42+ 0.03 22+ 1 7+1 8.0+ 0.7
Km 118+ 42 0.014+ 0.003 68+ 4 T7+£22
VinalKm 0.00464+ 0.0004 16006t 320 0.104+ 0.004 0.10+ 0.02
3DG Vmax 0.394+0.03 2.4+ 0.3 21+ 2 3.0+£0.2 3.3+ 0.2
Km 85+ 42 0.25+ 0.08 400+ 90 150+ 25 89+ 19
VinalKm 0.0046+ 0.0010 9.6+ 3.1 0.053+ 0.012 0.020t 0.002 0.037: 0.006
OmG Viax 14+0.2 31+ 2 1.3+0.2 96+ 2
Km 74+ 24 104+ 14 45+ 9 86+ 12
VinalKm 0.019+ 0.003 0.3+ 0.03 0.027+ 0.003 1.1+01
0°m3DG Viax 0.14+0.01 0.060+ 0.003 2.1+ 0.1 0.098+ 0.014
Km 53+ 13 0.036+ 0.012 24+ 7 124+ 49
VialKm 0.0026+ 0.0005 1.7+ 05 0.087+ 0.016 0.00079: 0.00021

@ Reaction was carried out in 50 mM Tris-HCI, 5 mM MgCh mM DTT, 0.1 mg/mL BSA, pH 8.0. The concentration of the primer was 106
nM. The concentration of the template was 117 nM. The concentration of the polymerase was different for eackedibid®e pair as described
in the text. The error is the standard erfdf.he units aréV/max (pmol/min/unit polymeraseXm (uM), VmadKm (min~! (unit polymerasedL) ™).

35 fore eliminating this hydrogen bond may decrease the rate
of the conformational change.

Alternatively, elimination of this hydrogen bond may
decrease th¥mna/Kn by slowing down a different step and
thereby making that step rate limiting. Two steps which may
be affected are the formation of the phosphodiester bond and
the subsequent relaxation of the conformation (see Figure
3). Phosphodiester bond formation is rate limiting in the
creation of mispairs 34), while the relaxation of the
conformation is the rate-determining step in the incorporation
of dCTP and dTTP opposite®mG (35).

As in the first conformational change, the hydrogen bond
between Arg841 and the 3-position of guanine may be critical
5 1 for the thumb domain to open up. Consequently, elimination
of this hydrogen bond may decrease the rate of this step. If
the rate decreases to be slower than the first conformational
0 10 20 30 40 50 60 change then th®¥ma/Kn will decrease.

[DNA] nM In phosphodiester bond formation, the hydrogen bond
FiGure 2: Initial rate for the incorporation of dCTP opposite G between Arg841 and the 3-position of guanine is not directly
(@) and 3DG W) at various DNA concentrations. The concentration jnvolved. However, this interaction may play a role in

of Kf (exo™) was 1 unit/mL, and dCTP was 3MM. Each pointis  5ccelerating the reaction even though it is not in the catalytic
an average of 3 determinations, and the error bars represent the . The hvd bond o he DNA d
standard deviations. The lines represent the theoretical curvesS!te- e hydrogen bond may position the an

calculated from the experimental points fitted to eq 2. consequently the dNTP to be in optimal position for reaction
to occur. If an enzyme binds to the transition state more
present experiments with Kf (ex} replacing guanine with  tightly than the substrate, the rate of the reaction will be
3-deazaguanine produced very similar changes in rate. Theincreased 36). Thus, the energy of the hydrogen bond
incorporation of dCTP was decreased 170-fold, dTTP 3-fold, between Arg841 and the 3-position of guanine would not
dGTP 5-fold, and dATP no change in rate. increase the affinity of the substrate but would be used to

The disruption of the hydrogen bond between Arg841 and accelerate the reaction.

the 3-position of guanine can decreasg,/Km by slowing In spite of the decreased rates of incorporation of C
the rate-determining step. The rate-determining step of theopposite 3DG, dCTP still is the best base pair partner for
incorporation of the correct dNTP is the conformational 3DG. TheVma/Km for the incorporation of dCTP opposite
change prior to the formation of the phosphodiester bond 3DG is 260-fold larger than that for dTTP. The interaction
(31). This conformational change has been suggested to bebetween the 3-position of guanine and the Klenow fragment
the thumb domain closing down over the DNA and dNTP. is important to catalysis and fidelity. But since removal of
Since Arg841 is in the thumb domain, the hydrogen bond this hydrogen bond does not eliminate the preference of
between Arg841 and the DNA may play a crucial role in dCTP, there must be other interactions which also contribute
the movement of the thumb domain over the DNA. There- to the preference of G for dCTP.

30

25

20

v, (pmol/min/unit polymerase)

0 T T T T T
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E+DNA,=——E-DNA, DNA binds to polymerase
E-DNA,, + NTP =—— E-DNA,,-dNTP dNTP binds to polymerase

E -DNA,,-dNTP =— [E -DNA,-dNTP]* conformational change

[E -DNA-dNTP]* =— [E -DNA4,-PP;]* phosphodiester bond formation
[E -DNA,{,-PP;]* =—=E -DNA,,.1-PP; relaxation of conformation

E -DNA,,;,-PP; E -DNA4; release of pyrophosphate

Ficure 3: Kinetic scheme for the incorporation of a single nucleotide by the Klenow fragment (34).
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Ficure 4: Proposed hydrogen bonding schemes during replication:—alG3 P; b, G-dTTP; ¢,0°*mG—dTTP; andO®mG—dCTP.

The Vimad!Kn, for mispair formation is decreased less than between Arg841 and the 3-position of guanine is involved
5-fold when 3DG is substituted for G. This reduction in in the conformational change, then we may not observe a
rate is much less than the 170-fold decrease in the incorpora-decrease®¥ma/{Km. If the rate of the conformational change
tion of dCTP. This result suggests that either the hydrogen is decreased, we would not observe a decreadénidKm
bond between Arg841 and the 3-position of guanine does unless the rate of conformational change becomes less than
not form during mispair incorporation or the hydrogen bond the rate of phosphodiester bond formation.

is not involved in the rate-determining step. The methylation of the 6-position of guanine is mutagenic,
The hydrogen bonding configurations of guanine mispairs as thymine is incorporated opposite it more often than
(GA, GT, and GG) are distorted from Watse@rick cytosine. The preference for the incorporation of thymine

geometry §, 37-39). The altered geometry may prevent may be because it can form a more Wats@mick-like

the hydrogen bond between Arg841 and the 3-position of structure in the active site of the polymerase w@fmG

guanine from forming. If it does not form then we would than does cytosinel8). The ability of Kf (exo’) to form a

not expect to see a decreaséVin/Kn when G is replaced  hydrogen bond between Arg841 and the 3-positiorO&f

by 3DG. mG when dTTP is bound but not when dCTP is bound may
Alternatively, there may be a hydrogen bond between also contribute to the preference ©fmG to incorporate

Arg841 and the 3-position of guanine during the incorpora- thymine. To investigate the potential hydrogen bond be-

tion of A, T, or G, but we did not detect a decreas&/in,/ tween Kf (exo) and the 3-position 00°mG, we compared

Km because the effect is in a step which is not rate limiting. the steady-state kinetics @mG andO°m3DG.

The rate-determining step in the generation of mispairs is  The rate of incorporation of thymine oppos®mG was

phosphodiester bond formatioB4). If the hydrogen bond  reduced 14 000-fold when the nitrogen at the 3-position of
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0O%mG was replaced by carbon. This is a much greater effect
than that observed for the incorporation of cytosine opposite

guanine and 3DG (170-fold). As in the case for the

incorporation of cytosine opposite 3DG, the large decrease

in the rate of incorporation opposi@m1DG suggests that
a hydrogen bond occurs between the 3-positiorD&hG
and the polymerase during the incorporation of thymine.
The rate-determining step for the incorporation of dCTP
and dTTP opposit®®mG is the relaxation of the conforma-
tion after phosphodiester bond formatid@5). The prefer-
ential incorporation of T occurs due to an larger rate of
phosphodiester formation with dTTP than with dCTP as co-
substrate35). From steady-state kinetics we cannot deter-
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10. Lutz, M. J., Held, H. A., Hottinger, M., Hscher, U., and
Benner, S. A. (1996Nucleic Acids Res. 24.308-1313.
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12. Loveless, A. (1969Nature 223 206—207.
13. Swann, P. F. (199Mutat. Res. 23381—-94.

14. Gaffney, B. L., and Jones, R. A. (198B)ochemistry 28
5881-5889.

mine which step is affected by the change in substrate. The 15. Georgiadis, P., Smith, C. A., and Swann, P. F. (1€xcer

rate-limiting relaxation of conformation may be decreased,

Res. 51 5843-5850.

or another step may be affected to a greater extent such that 16. Leonard, G. A., Thomson, J., Watson, W. P., and Brown, T.

it becomes rate limiting.

However, comparison of the 14 000-fold rate reduction
observed withO®mG—dTTP versus the 170-fold rate reduc-
tion observed with GdCTP may indicate that the hydrogen
bond between Arg841 and the 3-position of guanin®br
mG is important in the relaxation of conformation. If the
substitution of the 3-position of G an@®®mG both decrease
the relaxation of conformation to a similar extent, then the
0O°mG reaction would exhibit a larger decreaseVifu/Km.
With OP'mG—dTTP, a 14 000-fold decrease in this step would
directly manifest itself in th&/n./Kn. With G—dCTP, only

the decrease in rate after the step becomes rate limiting would

become apparent in thén/Kn.

The results with dCTP are more complicated than with
dTTP. In the incorporation of cytosine oppos®mG, the
Vma{Km increased 6-fold upon substitution of the 3-position.
This small change inVma/Km would suggest that the
3-position of O°’mG was not involved in a hydrogen bond
during replication. However, the lack of a changevifu/

Km was the result of a 500-fold decreasevipx offset by a
2900-fold decrease K. Perhaps, an intermediate is
stabilized such that thi€, is lowered and the catalytic steps
are slower.

In summary, the reduction iWma/Kn due to the incor-

poration of dCTP opposite 3DG with respect to G suggests
that a hydrogen bond exists between the Klenow fragment
and the 3-position of guanine as illustrated in Figure 4a. This

interaction may be important in the ability of the polymerase
to discriminate between WatseCrick base pairs and

mismatches (Figure 4b). The relative kinetic parameters also

suggest that this interaction exists in the incorporation of
dTTP (Figure 4c) and not dCTP opposi®mG (Figure 4d)
and may be a basis for the mutagenicity@mG.
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