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ABSTRACT: The hydrogen bonding interactions between the Klenow fragmeBisoherichia coliDNA
polymerase | with the proofreading exonuclease inactivated lRd the minor groove of DNA were
examined with modified oligodeoxynucleotides in which 3-deazaguanine (3DG) replaced guanine. This
substitution would prevent a hydrogen bond from forming between the polymerase and that one site on
the DNA. If the hydrogen bonding interaction were important, then we should observe a decrease in the
rate of reaction. The steady-state and pre-steady-state kinetics of DNA replication were measured with 10
different oligodeoxynucleotide duplexes in which 3DG was placed at different positions. The largest
decrease in the rate of replication was observed when 3DG replaced guanine ‘atettmsirdus of the

primer. The effect of this substitution on mispair extension and formation was then probed. The G to
3DG substitution at the primer terminus decreasedghédor the extension past G/C, G/A, and G/G base

pairs but not the G/T base pair. The G to 3DG substitution at the primer terminus also decreased the
formation of correct base pairs as well as incorrect base pairs. However, in all but two mispairs, the effect
on correct base pairs was much greater than that of mispairs. These results indicate that the hydrogen
bond between Arg668 and the minor groove of the primer terminus is important in the fidelity of both
formation and extension of mispairs. These experiments support a mechanism in which Arg668 forms a
hydrogen bonding fork between the minor groove of the primer terminus and the ring oxygen of the
deoxyribose moiety of the incoming dNTP to align tHeh§droxyl group with thea-phosphate of the

dNTP. This is one mechanism by which the polymerase can use the geometry of the base pairs to modulate
the rate of formation and extension of mispairs.

The proficiency of DNA polymerases to incorporate the H,O from contact with the DNA, thereby increasind°.
correct dNTP into DNA is a major factor in the successful All three theories involve interactions between the DNA and
replication of DNA. This high fidelity synthesis is ac- polymerase.

complished despite the similarity in energy between correctly  pglymerases can select for the correct base pairs based
and incorrectly paired bases, @). Three mechanisms have oy geometric constraints because the four Wat€@rick
been .prloposed.to explain how polymerasgs can achieve gy55¢ pairs have a similar topograpts). (Although the
selectivity of 1 in 10 000 with differences iAG® of less  general shape of WatseiCrick base pairs are similar, the
than 1 kcal/mol between correct and incorrect base pajirs ( major groove displays differences for each base [#irl(

(1) Polymerases can amplify the energy difference betweenconirast, the minor groove of the DNA may play an important
correct and incorrect base pairs by excluding water from the rgje in this geometrical selection because the position of two
active site 4). (2) By restricting the movement of the DNA, hydrogen bond acceptorsld of purines andd? of pyrim-
polymerases can increase aG° between the correctand  igines) are similar in the four WatserCrick base pairs but
incorrect pase paird). (3).POIymerases can gnhance fidelity gifferent in mispairs T, 8). Crystal structures of DNA

by selecting for base pairs of the WatseDrick geometry _polymerases bound to DNA have shown that there are many
(2, 5). These three mechanisms are not mutually exclusive; jyieractions between the protein and the minor groove of
by providing a check for WatserCrick geometry, the  pna (9-13). Site directed mutagenesis studies have im-
polymergse Wogld have to restrict the entropy of the DNA plicated many of these amino acid residues as being
thereby increasing thAQ betwe_en correct and incorrect important for catalysis and fidelity of DNA replication3—
base pairs. The geometric selection would probably excludels)_ Similarly, the use of purine analogues such as 3-de-
azaadeninel®, 20), 3-deazaguanine (3045(21), 9-methyl-
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Ficure 1. Representation of the hydrogen bonding fork between
Arg668 and guanine at thé-8rminus and the deoxyribose ring
oxygen of the incoming dGTP. This structure is based upon the
ternary crystals of T7 DNA polymerase$2 in which the 2,3-

dideoxyadenosine at the primer terminus was replaced by a

2'-deoxyguanosine using Pymol Ver 0.97 (http://pymol.

McCain et al.
EXPERIMENTAL PROCEDURES

General [3?P]ATP was purchased from Amersham at 6000
Ci/mmol. T, polynucleotide kinase, and the Klenow fragment
of Escherichia colDNA polymerase | with the exonuclease
activity inactivated (KF) were obtained from Promega. The
dNTPs (ultrapure grade) were purchased from GE Health-
care, and the concentrations were determined by UV absor-
bance 28). The oligodeoxynucleotides containing 3DG were
synthesized, purified by PAGE followed by reverse-phase
HPLC, and characterized by enzymatic hydrolysis with
HPLC analysis21, 29). The concentrations of oligodeoxy-
nucleotides were determined from the absorbance at 260 nm,
using the method of Borer3(Q) in which it was assumed
that the spectroscopic properties of 3DG were identical to
G. The primer wag?P-labeled withy-[3?P]JATP in a reaction
catalyzed by T-polynucleotide kinase. The oligomer was
separated from low molecular weight impurities with a spin

sourceforge.net/). The picture was created with Rasmol Ver 2.7 column (Bio Gel P6) and the primer was annealed with a

(http://www.openrasmol.org/). In the T7 DNA polymerase crystal
structure the distance between Arg429 and M8:position of

adenine at the primer terminus is 2.86 A and between Arg429 and

the ring oxygen of the incoming'3-dideoxyguanosine '5
triphosphate is 2.81 A.

X-ray crystallographic studies with the closely related BF,
Tagand T7 DNA polymerases predict a structured minor
groove with hydrogen bonds between the minor groove of

50% excess of the template as previously descril28)l (
3'-,5-Di(O-tert-butyldimethylsilyl)-2-deoxy-3-deazagua-
nosine and 3,5-di(O-tert-butyldimethylsilyl)-2-deoxycy-
tidine were prepared from the nucleosides by standard
methods 81).

Steady-State Kinetic3he polymerase was preincubated
in a solution containing th&P-labeled oligodeoxynucleotide
duplex and buffer. The reaction was initiated by the addition

the DNA and water molecules and amino acid side chains o 3 4| dNTP in water to L DNA-enzyme solution at 37

of KF~ (10—12). These interactions were probed by Morales
and Kool and they found that only at the primer terminus
did the 9-methyl-1H-imidazo[4,5}pyridine to 4-methyl-

°C. The composition of the buffer during the reaction was
50 mM Tris-HCI (pH 8.0), 5 mM MgGJ, 5 mM DTT, 100

ug/mL BSA. The concentration of the primer was 100 nM

benzimidazole substitution result in decreased reaction ratesyng the template was 150 nM. The K€oncentrations varied

(23, 25).
Utilizing oligodeoxynucleotides containing 3DG, we found

from 0.1 to 10 nM so that the reaction could be conveniently

guenched after 5% to 20% of the DNA reacted. The reactions

evidence that Arg668 makes a critical hydrogen bond to the yere quenched by the addition ofu. of 100 mM EDTA

minor groove of the primer terminug®) as well as to the
ring oxygen of the deoxyribose group of the incoming dNTP
(27). Arg668 can play an essential role in catalysis and
fidelity of DNA replication by acting as a fulcrum between
the incoming dNTP and primer terminus. When the terminal
and nascent base pairs have Wats@nick geometries then
Arg668 can form hydrogen bonds to the minor groove of
the primer terminus and the ring oxygen of the incoming
dNTP as illustrated in Figure 1. By these interactions Arg668
can align thea-phosphate of the incoming dNTP with the
3'-hydroxyl such that reaction rapidly occurs. With 3DG at
the primer terminus, the position of Arg668 is altered such
that it cannot correctly align the incoming dNTP and
consequently the rate of reaction dro@§)( In this manu-
script, we further examined the interactions between the KF
minor groove of the DNA to determine whether these
interactions are important in fidelity of DNA replication. In
addition, we found that the interaction with the primer

terminus and the polymerase has a large effect on the fidelity

of both formation and extension of mispairs

1 Abbreviations. 3DG, 3-deazaguanine; 3dDGTRd&oxy-3-de-
azaguanosine 8-triphosphate; BF3acillus stearothermophiliBNA

in 95% formamide, containing 0.025% w/v bromophenol
blue, and 0.025% wi/v xylene cyanol. To determine khe
andKP values, the dNTP concentration was varied from
0to 1 mM. To determine th&°"*, the DNA concentration

was varied from 1 to 100 nM while the dNTP concentration
was held constant at 15(M and the KF concentration at

0.1 nM.

Pre-Steady-State Kinetic¥he reaction was initiated by
the addition of 15.L dNTP and MgC} in water to 16.4

uL DNA-enzyme solution at 28C with a KinTek-3 rapid

guench instrument. The composition of the buffer during the
reaction was 50 mM Tris-HCI (pH 8.0), 5 mM Mgg£I5

mM DTT, 100ug/mL BSA. Typically the DNA concentra-
tion was 200 nM and the polymerase concentration was 100
nM. The concentration of dNTPs varied from O to 504.

The reactions were quenched by the addition of 300 mM
EDTA.

Product Analysis by PAGH.he progress of the reaction

was analyzed by denaturing PAGE in 20% acrylamide (19:

1, acrylamideN,N'-methylene bisacrylamidey M urea in
1x TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M
N&EDTA). The size of the gel was 40 33 x 0.4 cm and

polymerase large fragment; BSA, bovine serum albumin; dNTP, 2 was run at 2000 V for 22.5 h. The radioactivity on the gel

deoxyribose nucleotide-®-triphosphate; DTT, dithiothreitol; EDTA,
ethylenediamine tetraacetic acid; KKlenow fragment oE. coliDNA
polymerase |; KF, Klenow fragment ofE. coli DNA polymerase |
with the proofreading exonuclease inactivated; PAGE, polyacrylamide
gel electrophoresisfag Thermus aquaticus

was visualized with a Bio Rad GS 250 Molecular Imager.
The progress of the reaction was quantitated by dividing the
total radioactivity in the product band(s) by the radioactivity

in the product and reactant bands. Multiple product bands
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appeared when the incorrect dNTP was added to the reactionScheme 1: Differences ing's and Hydrogen Bonding
Data Analysis.Data were fitted by nonlinear regression Potential between Guanine and 3-Deazaguanine

using the program Prism version 4 for Windows (GraphPad guanine 3-deazaguanine
Software, San Diego California USA, www.gr.aphpad.com).. K12 O okco2 k33 O ket
Data from the steady-state reactions were fitted to eq 1 in X N ~ N 4
< < ]
vy = KolElo[ANTP]/([dNTP], + K,,) 1) /N NJ\NH2 /N Q/)\NHZ
e H
H Egﬂrdogen H ™ steric

which v is the initial rate k.o is the maximum rate of dNTP
incorporation, E is the KF, andK,, is the Michaelis constant
for either the dNTP or DNA depending on which was varied.
Data from the burst equations were fitted to eq 2, where P

—A __A clash

are in reference to TMS. The temperature was not controlled
and was approximately ZZ. The total nucleoside concen-
tration was 20 mM with various ratios of C to 3DG.
Nucleoside concentrations were determined by mass and
relative nucleotide concentrations were reconfirmed by NMR
integrated peak intensities.

P=A1l—-e")+kd )

is the product formedA is the burst amplitude, which
corresponds to the concentration of the enzyme in the active UV Spectroscopy and Thermal Denaturation Studies.

form, k is the first-order rate for the dNTP incorporation, ; ; .
and ks is the observed steady-state rate constant. When aSampIes (32mL) for thermal denaturation studies contained

' ._an equimolar ratio of 53CAG ACG ACG-3 and 3-CGT
burst was not observed, the data were fit to eq 3, where P ISCGT CTX-3 (X is G or 3DG) in 50 mM cacodylic acid-

— _ okt NaOH (pH 7.0) 1 M NaCl, 1 mM EDTA. The UV spectra
P=Al-¢e") 3)
and absorbance measurements were recorded on a Beckman
the product formedA is the total amount of DNA reacted, ~DU640 UV—vis spectrophotometer equipped with & @25
andk is the first-order rate for the dNTP incorporation. The uL cuvette Peltier temperature controller. Absorbances were
k values for these experiments were fitted to eq 4, where monitored at 260 nm while the temperature was varied,
specifically, following a 10 min incubation period at 2C

k= kyo[dNTPJ/([ANTP]+ Kg) 4) the temperature was ramped°@ per min) up to 85C and
back down to 20°C over a 140 min period. The collected
kool is the maximum rate of dNTP incorporation akff'™™  data were then normalized to the fraction of single-stranded
is the equilibrium dissociation constant for the interaction DNA (f), through the equationf = (A — Aps)/(Ass — Aps),
of dNTP with the polymerase-DNA complex. ThéﬁNA where A is the absorbance of sample at a particular

was determined from eq 5 in which the burst amplitudle (  temperatureAssis the average single-stranded absorbance,
andAps is the average double-stranded absorbance.Tkhe

A= was the temperature at whi€k= 0.5. Eachl,, is the average
[DNAJ, + K2 + [E], — J([DN Al, + K™ + [E])2 — 4[DNA]J[E], of three separate (lexperime.ms. The thermodynamic param-

5 eters were determined by fittinG, versusCr according to

(5) eq 7 by nonlinear regression.
was determined at various DNA concentrations at a constant 1 R  [(C\ A
polymerase concentration ([E]). T = ame ™7 T Are (7)
H 1 Y m
pK, of 2-Deoxy-3-deazaguanin@he [K,'s of 2'-deoxy-

3-deazaguanine were determined spectrophotometrically, byRESULTS

measuring the UV spectra at various pH values. The solutions

were buffered with 50 mM phosphate (pH 1to 2.5, 7t0 8, Use of 3DG To Probe Interactions with 3-Position of

and 11.5 to 13.5), citrate (pH 3 to 6), and glycine (pH14). Guanine We have used the G to 3DG substitution to probe

The Kavalues were determined by fitting absorbance versus functional interactions between the polymerase and the

pH with eq 6, in which Agw, Anign, and A,y are the 3-position of guanine at various positions in the polymerase
binding site. As illustrated in Scheme 1, the carbon for

Anigh — Aow nitrogen substitution eliminates the possibility of a hydrogen

—_— (6) g . g

1+ 1PKaPH bond to the 3-position of guanine while the overall geometry
and Watson-Crick and Hoogsteen hydrogen bonding sites

absorbances at a low, high, and specific pH values at 310remain unchanged. Our premise is that a decrease in rate

Ao = Aow T

and 326 nm. resulting from the G to 3DG substitution is caused by a
Base Pair Formation between Cytosine and 3B{gdro- disruption of a critical interaction between the polymerase
gen bonding betweer ,5'-di(O-tert-butyldimethylsilyl)-2- and the 3-position of guanine. For this premise to be correct,

deoxy-3-deazaguanosine arigb'3di(O-tert-butyldimethylsilyl)- the physical properties of G and 3DG should be very similar,
2'-deoxycytidine 81). in CDCk (99.8% D, Cambridge  except at the 3-position. Therefore we examined several
Isotope Lab., Andover MA) was evaluated Byl NMR physical properties of 3DG including itKgs, the ability
spectroscopy. ThéH NMR spectra were obtained with a of 3DG to hydrogen bond with cytosine, and the thermo-
360 MHz Bruker Model AM 360 Wide Bore NMR. dynamics of 3DG in a DNA duplex.

Typically, 64 transients were accumulated over 5400 Hz Base Pair Formation between Cytosine and 3[PGtential
using a 90 pulse ad a 2 srelaxation delay. Chemical shifts hydrogen bond interactions between 3DG and C were
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Table 1: Thermodynamic Parameters for the Thermal Denaturation taining G or 3DG in the center of-8nd of one strand (Figure

of Guanine or 3-Deazaguanine in the Center 'eEBd of a DNA S2A). TheTy values were determined by the mean of six
Duplex experiments. Incorporation of 3DG in the center of the duplex
5% CG TCXTCTY -¥ decreased th&,, more than when placed at thet@rminus.
3-GC AGCAGACSS The thermodynamic parameters listed in Table 1 were
AH° AS® AG° at 298 K determined by fittingT, versusCr according to eq 7 with
X Y (kcal/mol)  (cal/(motK)) (kcal/mol) nonlinear regression (Figure S2B). The duplex was desta-
G G —87+7 —2704+ 20 —6.1+05 bilized by 2.5 kcal/mol when 3DG was placed at the center
3G G —72+11 —230=+ 50 -35+0.1 but only by 1 kcal/mol when placed at thet8rminus. These
G DG —82+£8 —260+ 25 —5.04+05 results indicate that 3DG destabilizes the DNA helix.

pK, of 2-Deoxy-3-deazaguaning&he UV spectrum of 2
investigated usingH NMR spectroscopy. NMR experiments  deoxy-3-deazaguanine is dependent on pH (Figure S3A). As
in nonagueous solvents have shown that adenine pairs withthe pH is lowered from 7 to 1, the maxima at 269 and 299
uracil and guanosine with cytidin@2). Except for a weak  shift to 282 and 315 nm. This change produce¥agf 3.3
self-interaction with guanosine, no other hydrogen bonding when fitted to a sigmoidal equation (Figure S3B). As the
interactions were found3@). In other experiments, it was pH is changed from 7 to 14, the maxima at 269 and 299 nm
found thatO8-methylguanine forms hydrogen bonds with are converted a single maximum at 277 nm. This change is
thymine but only with cytosine when protonate&B). These dependent on alfy of 11.5 when fitted to a sigmoidal
two experiments suggest that random hydrogen bonds aresquation. By comparison with guanine, we assigned ke p
not observed by this technique and that only a complex held of 3.3 to the N7 position and thekp of 11.5 to the N1-
together by at least two hydrogen bonds is observed. Theposition. Thus, 3DG is neutral at physiological pH, but is
3'- and 3-hydroxy groups of 2deoxy-3-deazaguanosine and more basic than guanine, which hak,s of 1.2 and 9.2
2'-deoxycytidine were protected with thert-butyldimeth- (39).
ylsilyl moieties to make the'2deoxynucleosides soluble in The increased bascity may result in weaker hydrogen
CDCl; (31). The spectra were measured at various ratios of bonds with the opposite cytosine because hydrogen bonds
3DG to C at a constant total nucleoside concentration of 20 are stronger when theKg's of the participants are similar
mM. The chemical shifts of thBl1 andN2-protons of 3DG (35, 36). Since the K, of the N3 of deoxycytidine is 4.1
increased as the mole fraction of cytidine was increased (34), the change of thely, on guanine from 9.234) to 11.5
(Supplementary data Figure S1A and B). Similarly, as the should decrease the strength of the hydrogen bond between
amount of 3DG was increased, the chemical shift ofte the bases. As a result, this effect may be in part the reason
proton of cytidine increased (Figure S1C). The increases in 3DG is a slightly poorer substrate than G. However, despite
chemical shifts are consistent with the formation of hydrogen the increased basicity of 3DG, it remains neutral at physi-
bonds. Thus, our results strongly suggest that 3DG forms ological pH and should be able to participate in Watson
Watson-Crick base pair with cytosine in CD&IConse- Crick hydrogen bonding with cytosine.
quently, it should be formed in DNA as well. Kinetics of Incorporation of a Single Base Paifhe

UV Thermal Denaturation Studie¥he stability of 3DG catalytic importance of interactions between the polymerase
in DNA was evaluated by thermal denaturation studies of and the minor groove of DNA was investigated by comparing
oligodeoxynucleotide duplexes (illustrated in Table 1) con- the rates of incorporation of a single nucleotide with G or

Scheme 2: Oligodeoxynucleotides Used in This Study To Examine the Minor Groove Interactions in the Active Site
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5-GCACCGCAGACGCA -3 5-GCACCGCAGACGCAG -3'

PO 3 ceTeaceTcTGCGTCGTCAGCGTCEs 19X 3 CGTGGCGTCTGCGTCXTCAGCGTCH
p1x) S-GCACCGCAGACGCAX 3 14x) S-GCACCGCAGACGCAGC 3
3.CGTGGCGTCTGCGTCGTCAGCGTC-5 3.CGTGGCGTCTGCGTCXTCAGCGTC-5
p2x) S-GCACCGCAGACGCAXC 3 1px) S-GCACCGCAGACGCAGCA 3
3.CGTGGCGTCTGCGTCGTCAGCGTC-5 3.CGTGGCGTCTGCGTCXTCAGCGTC-5
pax) S-GCACCGCAGACGCAXCA 3 1y S-GCACCGCAGACGCAGCAG
3.CGTGGCGTCTGCGTCGTCAGCGTC-S 3.CGTGGCGTCTGCGTCXTCAGCGTC-
pax) S-GCACCGCAGACGCAXCAG 3 p4x) S-GCACCGCAGACGCAGCAGT 3
3.CGTGGCGTCTGCGTCGTCAGCGTC-S 3.CGTGGCGTCTGCGTCXTCAGCGTCH
psx) S-GCACCGCAGACGCAXCAGT 3 1gx) S-GCACCGCAGACGCAGCAGTC 3

3-CGTGGCGTCTGCGTCGTCAGCGTC-% 3-CGTGGCGTCTGCGTCXTCAGCGTC-%
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Table 2: Kinetic Parameters for the Incorporation of a Single dNTP into an Oligodeoxynucleotide Duplex with G or 3DG at Different

Positions
Keal K Kool Kg'e Koo Kg TP ¢

substrate X dNTP template (stumM1 (s (uM) (stuM1
PO dGTP C 2.6t 0.50 3104+ 80 10+£5 31+ 17
PO d3DGTP C 0.2% 0.07 50+ 20 20+ 10 25+15
P1 G dCTP G 0.9 0.20 155+ 20 22+7 7+2
P1 3DG dCTP G 0.003% 0.003 0.38+ 0.08 30+ 11 0.013+ 0.005
P2 G dATP T 0.83: 0.33 590+ 140 10+ 2 59+ 18
P2 3DG dATP T 0.1A 0.05 350+ 20 3.3+ 0.6 106+ 20
P3 G dGTP C 0.6%0.12 440+ 20 8+2 55+ 14
P3 3DG dGTP C 0.8& 0.13 360+ 20 9+ 2 40+ 9
P4 G dTTP A 0.55+ 0.15 400+ 100 10+ 3 40+ 16
P4 3DG dTTP A 1.8:0.5 200+ 20 15+ 3 13+ 3
P5 G dCTP G d 520+ 70 26+ 10 20+ 8
P5 3DG dCTP G d 600+ 140 17+ 11 35+ 24
TO G dCTP G 0.9 0.20 155+ 20 22+7 7+2
TO 3DG dCTP 3DG 0.4%0.23 106+ 12 20+ 9 53+25
Tl G dATP T 0.83+ 0.33 590+ 140 10+ 2 59+ 18
T1 3DG dATP T 2.5+0.8 200+ 20 10+ 1 20+ 3
T2 G dGTP C 0.63£ 0.12 4404+ 20 8+2 55+ 14
T2 3DG dGTP C 0.28 0.05 63+ 5 3+1 21+ 7
T3 G dTTP A 0.55+ 0.15 400+ 100 10+ 3 40+ 16
T3 3DG dTTP A 0.25+ 0.10 130+ 30 15+£5 8+4
T4 G dCTP G 1.8:0.5 520+ 70 26+ 10 20+ 8
T4 3DG dCTP G 1.5:0.3 900+ 160 50+ 20 18+ 7
T5 G dATP T 0.98+ 0.25 330+ 30 16+ 4 21+5
T5 3DG dATP T 0.922+ 0.23 136+ 20 3£2 45+ 30

aSee Scheme 1 for sequences of oligodeoxynucleotides. The kinetic parameters were determined from the fitting of eqs 1 and 4. The errors are
the standard errors from the nonlinear regression. Typically, seven to ten concentrations of dNTP were used to obtain thésgavakdsut
by the addition of the dNTP to a premixed solution containing buffer, DNA, and polymerase. The final buffer conditions were 50 mM Tris-HCI
(pH 8.0), 5 MM MgC}, 5 mM DTT, and 10Qug/mL BSA at 37°C. The concentration of the primer was 100 nM, and that of template was 150
nM. The KF- concentrations varied from 0.01 to 10 nM. Thg andKy, values were determined from eq 1 from at least seven concentrations of
dNTP that were determined in triplicateCarried out by the addition of the dNTP to a premixed solution containing buffer, DNA, and polymerase.
The buffer during the reaction was 50 mM Tris-HCI (pH 8.0), 5 mM MgGImM DTT, and 10Qug/mL BSA at 25°C. The concentration of the
DNA (200 nM) was in excess over the polymerase (100 nM). The burst rate congtardq determined from time courses with at least 10 time

points in duplicatek,o and KSNTP were determined with eq 4 with at least seven concentrations of dNNBt determined.

3DG at different positions in the binding pocket, as illustrated Scheme 3: Minimal Kinetic Scheme for Replication of DNA
in Scheme 2. The steady-state kinetic analyses were carriedy the Klenow Fragment of DNA Polymerase | Bf coli
out with 10- to 1000-fold excess of the DNA (100 nM) over dNTP conformational

e ey change
the polymerase '(0.1 to .10 nM). The initial r'ates were based £+ DNA, EDNA, g_ EDNA,NTP == [E-DNA,-dNTP]*
upon a single time point. The concentration of Kwas 1 2 osshocest
varied to have initial rate time points between 1 and 30 min. ransiocaton bond formation
Thekca[Km yalues for the mt_:orporatlon_ qf the correct dNTP E+DNAwi == E-DNApi == EDNA.PPi == [E-DNAn,1-PPi]
into the oligodeoxynucleotides containing G ranged from e reimatonof

0.55 to 2.6 st uM™* as reported in Table 2. PPi

The pre-steady-state analyses were initiated by the mixing o ) .
of a buffered polymerase DNA solution to the dNTP and ~ that was primarily due to an increase k. Under pre-
MgCl, in H,O. When the DNA was in excess over the Steady-state conditions, the incorporation of d3DGTP fol-
polymerase, the incorporation of the correct dNTP exhibited lowed burst kinetics as illustrated in Figure 2A. The burst
a burst of product formation that was followed by a slower amplitude was not affected by the G to 3DG substitution
increase in product formation. The burst was due to the @nd was approximately equal to the polymerase concentra-
formation of product from the preformed polymera@NA tion. As illustrated in Figure 2B, thk,, decreased 6-fold
complex. The rate-limiting step of this phase had been (310 to 50 s%) while theK{"™ increased 2-fold (10 to 20
determined to be the conformational change preceding«M) to produce a 14-fold decrease kpo/Kg.
phosphodiester bond formation in step 4 in Schem&73-( G to 3DG Substitution at the Template PositiorQ).
39). The subsequent slower increase in product formation Substitution of 3DG for G aff0 produced only a 2-fold
was limited by the dissociation of the polymerase from the decrease irkea/lKm. Under pre-steady-state conditions, in-
DNA. The kg varied from 155 to 590 ¢ and thngNTF’ corporation of dCTP opposite G as well as 3DG followed
varied from 8 to 2uM (Table 2). burst kinetics. The G to 3DG substitution did not greatly

G to 3DG Substitution on Incoming dNTRQ). The affect the kinetic parameteris,, decreased from 155 to 106
importance of hydrogen bonds from the polymerase to the s* while K{N'® decreased from 29 to 20M. In these
minor groove of the dNTP was evaluated by comparing the reactions, the burst amplitude is the concentration of E-PNA
incorporation of dGTP and d3DGTP opposite C usikily that is in the correct conformation to bind and then react
The steady-state kinetics showed that d3DGTP was incor-with the dNTP. Dissociation constants of DNA to poly-

porated opposite C with a 10-fold lowkg/Kn than dGTP,  merases K;"*) have been determined by measuring the
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A Table 3: Effect of G to 3DG Substitution of the Binding of DNA
150 to Polymerase

= substrate G 3DG

3 100 TO(X)? 1.5+ 05 1.6+ 05

2 T1(X)2 1.94 0.9 10+ 4

2 T2(X)? 5+4.0 4+1

S 5 P1(XP 1.5+ 0.8 6.5+ 1.5
P2(X) 1.940.9 0.9+ 0.4
P3(X} 544 3.9+ 0.9

akOM* (nM) was determined by analyzing the burst amplitude of
the reaction between 20 nM KFand seven to ten concentrations of
sec DNA with eq 5. The burst amplitudes were determined from eq 2 with
at least 12 time point$.KS™ (nM) was determined by analyzing the
first-order rate constants of the reaction between 25 nM DNA and seven

concentrations of KFwith eq 5.

0.00 0.05 0.10 0.15 0.20

A 100-

80

60

40-

product nM

[dNTP] uM
FiGure 2: Incorporation of dGTPH) and d3DGTP®) opposite 06 T o 20 a0
C with a KF~ concentration of 25 nM and a PO(G) concentration sec

of 100 nM. Panel A shows the time course of incorporation of dNTP
opposite C fitted to burst eq 2. Panel B show the plok eBrsus
[dNTP]. The solid line shows the best-fit of the data to eq 4.

Vv

product nM

0 I 100 260 I 300
[dCTP] (uM)

0.00 001 002 003 1.0 3.5 Ficure 4: DNA replication withP1(X) andTO(X). A. Time course
time (s) for the incorporation of dCTP opposite dG with 3DG at the primer
terminus P1(3DG). The concentration of KFwas 100 nM and
301 DNA was 200 nM. The concentration of dCTP was€)(25 (a),
50 (@), 100 @), 300 (¢v) uM. The lines are the nonlinear least-
1 squares fit of the data to eq 2. B. Plotlgfsvs dCTP withP1(G)
I andTO(G) (m), TO(3DG) (a) andP1(3DG) (®). The solid lines
$ are the best fit to eq 4.

e
b 0
_4

N
o
1

concentrations. The burst amplitudes were plotted against
DNA

the DNA concentration and thk;"" values were deter-
mined by fitting the burst amplitudes to the DNA concentra-
tion with eq 5 (Figure 3B). We found that the binding to the
DNA was unaffected by the G to 3DG substitution Tl
(Table 3).

G to 3DG Substitution at the Primer TerminuBl
FIGURE 3: Determination oKZ"* for TO(3DG). A. Time course  Incorporation of 3DG at the primer terminus decreased the

of i(;l(:lor-p;orf(t)i?n)oz%?T)Ps%Ezgl;/l) O%pggge:;Dcl\;AV_‘l’%Qszgé‘)MTﬁF kea/Km approximately 300-fold through a decreasekig.
an s A), v), , an n . e . . o

lines are the data fitted to eq 2. B. Plot of the burst amplitude versus | 1€ Pre-steady-state time courses did not exhibit burst
DNA concentration forTO(G) (M) and TO(3DG) (®). The solid kinetics but were consistent with first-order kinetics (eq 3)

burst amplitude nM
=
1

0 T T T 1
0 50 100 150 200

[DNA] nM

lines are the best-fit of the data to eq 5. as illustrated in Figure 4A. With a polymerase concentration
of 50 nM and a DNA concentration of 100 nM, the average
burst amplitude at different concentrations of DNAQY. amplitude for the extension past 3DG was #310 nM,

Figure 3 shows the increasing burst amplitudes of the indicating that approximately 83% of the DNA reacted. The
incorporation of dCTP intd0(3DG) with increasing DNA rate of reaction was dependent on dCTP concentration; the
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Ficure 5: K{V*with guanine or 3-deazaguanine at primer termi- < 107 :
nus. A. Plot of the burst amplitude versus DNA concentration for > 107 3
P1(G)with a KF~ concentration of 12.5 nM and dCTP concentra- s ]
tion of 150uM. B. Plot of kyns Versus polymerase concentration @ 1074 E
with 50 nM DNA and 15QuM dCTP. The solid lines are the best 10-54 L
fit of the data to eq 5 in whictA is the burst amplitude (A) or 1
first-order rate constant (B). e u

) o ) Ficure 7: Influence of the minor groove primer terminus on
comparison betweeR1(G) and P1(3DG) is illustrated in mispair extensions. A. Oligodeoxynucleotides used in these reac-

Figure 4B. The burst or first-order rate constants were fitted tiO?S indWhiC%Xd:' Gt h(EI)EOlr 3DG (lt)-l'l'FPe regctions Vtvherleo (C)arlgleg':
: dNTP out as described in the Experimental Procedures wi n

to eq _4 to obtainkgs and Ky Value_‘s. The rate of and 25 nM DNA. B. The relativé, are plotted for the various

extension past 3DG was reduced approximately 400-fold duegpstrates. The downward direction indicates thatkiigis less

to a decreasekl,o. (from 155 to 0.38 ') without affecting  than that for standard reaction in which=X G and N= C.

the K{N™ which increased only slightly from 22 to 30M.

The reduction irky can potentially be due to decreased T5(X) were determined as described above and it was found
binding of P1(3DG) to the polymerase. TthDNA for P1- that only minimal differences existed between the G and 3DG
(G) was determined by fitting the burst amplitude to eq 5. Substrates. Figure 6 shows a summary of the effect that the
As illustrated in Figure 5A’ the(gNA was approximate'y G to 3DG substitution had de0| at the various pOSItIOI’]S N
1.5 nM. This method, however, cannot be used to determinethe binding site. The largest decrease was observed at the
the K2V for P1(3DG)because this reaction did not exhibit Primer terminus (P1) in which a 400-fold reductionkg

d .
burst kinetics, but exhibited first-order kinetics. We therefore Was observed. The next largest rate reduction was observed

examined the binding of enzyme to substrate in the reverse@l the incoming dNTP (P0), in which the G t%Nf’PDG
manner by measuring the rate of reactiorPd{3DG)with substitution decreased,, 6-fold and increasedK,
various concentrations of KEThe results, plotted in Figure ~ 2-fold. Small decreases ko and increases i (less
5B, illustrate that the rate of incorporation initially increased than 10-fold) were observed with the G to 3DG substitution
and then leveled off as the [KFincreased. The rate constant at all other positions.

for the extension past 3DG was dependent on polymerase The binding of the DNA to the polymerase was examined
concentration when [Kf < [DNA]. But when [KF] > with TO(X), T1(X), T2(X), P2(X), andP3(X) as described
[DNA], kobs Was independent of [KH. The kons Was fitted above forP1(G) and the results are presented in Table 3.

to eq 5, with A as théps to obtain &KV of 6.5 nM. This ~ TheKg"* varied the greatest at T1, in which the G to 3DG

value was increased 4-fold from 1.5 nM obtained vith-  substitution increased thg]"* 5-fold from 1.9 nM to 10
(G). The maximalkyo value obtained in these experiments nM. In all other positions the difference iK;™* varied
of 0.4 s is approximately equal to thik,, of 0.38 s* minimally.

obtained from the experiment in which the dNTP concentra-  Mispair Extension Since KF extends mispairs more
tion was varied (Figure 4). These results indicate that the G slowly than correct base pairs, we examined whether the
to 3DG substitution at the primer terminus does not ap- hydrogen bond between Arg668 and the N3-guanine at the
preciably affect the binding of the substrate to enzyme and primer terminus is important in the ability of the polymerase
therefore reduction ik, is not a result of decreased binding to select against extension of mispairs. To this end, we
of P1(3DG)to KF. reacted KF with the oligodeoxynucleotides presented in
Summary of Minor Groge Interactions.The ky, and Figure 7A in which G and 3DG at the primer terminus were
KSNTP values for the substratd32(X)-P5(X) and T1(X)- paired against all four bases. In these reactions we incubated
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Table 4: Kinetic Parameters for the Extension of X/N Base Pairs

5-GCACCGCAGACGCAX -3
3-CGTGGCGTCTGCGTNGTCAGCGTC-%
Kool KgNTP

N X (s («M)
A G 0.052+ 0.008 16+ 9
A 3DG 0.00020+ 0.00005 16+ 7
C G 55+ 7 6+3
C 3DG 0.22+0.01 76+ 19
G G 0.46+ 0.09 20+ 14
G 3DG 0.00057 0.00003 34+ 9
T G 0.3940.09 1074+ 56
T 3DG 0.22+ 0.05 79+ 40

@ The reactions were initiated by the addition of the dCTP and MgCl
to a premixed solution containing buffer, DNA, and polymerase. The
buffer during the reaction was 50 mM Tris-HCI (pH 8.0), 5 mM MgClI
5 mM DTT, and 10Qug/mL BSA at 25°C. The concentration of the
KF~ (100 nM) was in excess over the DNA (25 nM). The first-order

rate constants were determined from time courses with at least five

time points in duplicatekso and KN were determined with eq 4
with at least seven concentrations of dNTP.

DNA (25 nM) with an excess of KF(100 nM) with varying

concentrations of dCTP. The first-order rate constants
obtained from the time course experiments (eq 1) were

plotted against [dCTP] to obtaky, andK{N"" according to
eq 2. The parameters are reported in Table 4.
The changes ity relative to the extension of the G/C

McCain et al.

L dNTP
5-GCA CCG CAG ACG CAX
3-CGT GGC GTC TGC GTC YTC AGC GTC-5'

dATP dCTP dGTP dTTP dATP dCTP dGTP dTTP

10°4 10°
1014 1014
81024 L 31024
s 109 L 5 102
2 104 - 2 104
© 1044 - 10
104+ 104
1071 Y=A 107 Y=C
dATP dCTP dGTP dTTP dATP dCTP dGTP dTTP
10°4 10°4
1014 1014
51024 L 51024
j:, 102 L 3 10°
§ 104 - £ 1044
2 104+ - 10
104 1044
107 Y=G 1074 Y=T
G mm3DG
Ficure 8: Influence of the minor groove primer terminus on

mispair formation. A. Oligodeoxynucleotides used in these reactions
in which X = G (d) or 3DG @®). The reactions were carried out
as described in the Experimental Procedures with 100 nM KF
and 25 nM DNA. The bar graph shows tkg, relative to that with

X = G and the correct base pair incorporation. Panel B shows the
data with Y= A, panel C with Y= C, panel D with Y= G, and
panel E with Y=T.

the reactions proceeded to approximately 60% completion

base pair are shown in Figure 7B. The clear bars show theover the 60 min incubation period. This result may be a

parameters for X= G. As is illustrated by the downward
bars with N= A, G and T, the extension past mispairs was

consequence of the denaturation and inactivation of the
polymerase over the incubation period or the formation of

slower than extension of the correct (G/C) base pair. The an inactive polymerase-DNA complex. The parameters are

decreases iky/K{''" of approximately 1000 were prima-

rily due to decreases iqy, in conjunction with 2.5 to 6-fold
increases ifK{"'". The black bars show the changesin
due to the G to 3DG substitution at the primer terminus.
The four pairs of bars show the effect of the G to 3DG
substitution on the extension reaction. For=NA, C, and

G, the G to 3DG substitution caused a decreasdnIn
contrast, with N= T, the G to 3DG substitution did not
result in a reduceét,, (Figure 7B). Additionally, the G to
3DG substitution induced a 10-fold increaseifl'"" only

reported in Table 5 and the relatikg, values are plotted in
Figure 8. The open bars represent the reldtjewith X =
G while the black bars represent the relatiyg with X =
3DG. The data show that KFncorporated the correct ANTP
with approximately 30,000-fold more efficiently than the
incorrect dNTP. The selectivity is primarily due to a
decreasedk,,, although theK{N™ is also increased ap-
proximately 10-fold for mispair formation.

With A as the template base and=XG, mispair formation
was 16 000- to 48 000-fold less efficient primarily due to a

in the extension past the correct G/C base pair (Table 4).decrease il (Table 5). The G to 3DG-substitution induced

The substitution did not affeck"'™" for extension past

a 1300-fold decrease ipo With the correct dTTP but only

mispairs. Thus, the hydrogen bond to the N3-position of & 10- to 30-fold decrease during mispair formation=¥A,

guanine at the primer terminus occurs and is important during Figure 8B). TheKj

dINTP\was not affected by the substitution.

the extension past G/C, G/A, and G/G mispairs but not G/T These results suggest that the Arg668-N3-guanine hydrogen
mispairs. These results also lead to the conclusion that thebond occurs during correct base pair formation but is less
loss of the minor groove hydrogen bond may be a mechanismstrong or not present during mispair formation.

by which KF~ selects against extension of the G/T mispair.
Fidelity of Mispair Formation The influence of the

With C as the template base (Figure 8C), the selectivity
against mispair formation was based almost entirely on

hydrogen bond between Arg668 and the 3-position of differences irk,. The G to 3DG substitution induced a 300-

dNTP

guanine at the primer terminus was examined with the fold decrease irk, with a 3.5-fold increase ik~ for

oligodeoxynucleotides in Figure 8A. The DNA duplexes are

the same except for the primer terminus, which is G or 3DG,

dGTP while the G to 3DG substitution did not affect the
rate of mis-incorporation of dCTP. Incorporation of dATP

and the template base, which is A, C, G, or T. In these and dTTP opposite C exhibited substrate inhibition; at ANTP

reactions we incubated DNA (25 nM) with an excess of KF
(100 nM) with varying concentrations of dNTP. The first-

concentrations over 50M, the rate of reaction decreased.
Thus, in Table 5 and Figure 8C, thHg, number is the

order rate constants obtained from the time course experi-maximal first-order rate constant obtained in the reaction.

ments (eq 1) were plotted against [dCTP] to obtgigmand
K™ according to eq 4. With 3DG at the primer terminus,

Thus, the trueky and K{''F values may be higher than
those used in Table 5 and Figure 8C. Therefore, the G to

the reaction went to 80 to 90% completion when the correct 3DG substitution do not result in a decreaseg for the

base pair was formed. However, with the incorrect dNTP,

incorporation of dATP and dTTP opposite C. These results
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Table 5. Kinetic Parameters for the Formation of Mispairs with G
or 3DG at the Primer Terminés

5-GCACCGCAGACGCAX -3
3-CGTGGCGTCTGCGTCYTCAGCGTC-5

Kool KgNTP
dNTP Y X (s (M)
dATP A G 0.45+ 0.05 2704+ 80
dATP A 3DG 0.037+ 0.016 126+ 209
dCTP A G 0.11+0.01 196+ 67
dCTP A 3DG 0.014+ 0.001 200+ 4
dGTP A G 0.16+ 0.04 2304+ 100
dGTP A 3DG 0.0055t 0.001 30+ 20
dTTP A G 113+ 10 4+ 1
dTTP A 3DG 0.086+ 0.021 16+ 14
dATP C G 0.015+ 0.006 22+ 3
dATP C 3DG 0.02+ 0.005 40+ 17
dCTP C G 0.015+ 0.002 310+ 82
dCTP C 3DG 0.03@: 0.008 210+ 120
dGTP C G 135+ 4 21+ 2
dGTP C 3DG 0.45k 0.02 76+ 19
dTTP C G 0.022+ 0.002 42+ 11
dTTP C 3DG 0.02t 0.01 40+ 15
dATP G G 0.308+ 0.00123 537
dATP G 3DG 0.000015- 0.000004 6 27
dCTP G G 55+ 7 6+ 3
dCTP G 3DG 0.22:0.01 76+ 9
dGTP G G 0.056t 0.004 45+ 10
dGTP G 3DG 0.0033 0.0002 5.0+ 0.7
dTTP G G 0.034+ 0.005 99+ 40
dTTP G 3DG 0.00008&: 0.000008 11G: 60
dATP T G 191+ 18 54+ 1.4
dATP T 3DG 1.5+ 0.2 76+ 13
dCTP T G 0.043t 0.001 1504+ 120
dCTP T 3DG 0.00& 0.006 250+ 180
dGTP T G 0.86+ 0.02 2404+ 93
dGTP T 3DG 0.03t 0.01 330+ 160
dTTP T G 0.012+ 0.002 100+ 41
dTTP T 3DG 0.033+ 0.005 100+ 50

aThe reactions were initiated by the addition of the dNTP and MgCl
to a premixed solution containing buffer, DNA, and polymerase. The
buffer during the reaction was 50 mM Tris-HCI (pH 8.0), 5 mM MgCl
5 mM DTT, and 10Qug/mL BSA at 25°C. The concentration of the
KF~ (100 nM) was in excess over the DNA (25 nM). The first-order
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Ficure 9: Decrease in fidelity due to the G to 3DG substitution at
the primer terminus with oligodeoxynucleotides described in Figure
8. A. Plot of selectivity for G and 3DG at primer terminus. The
lines are the geometric means, which for G is 32 000 and 3DG is
81. S = (koo/KGNTP )eorrecy(lc, /K TFymispair B, Discrimination
against specific mispair formation. Th¥-axis represents the
selectivity of the reaction with G divided by the selectivity of the
reaction with 3DG at the primer terminus.

the misincorporation reactions. These results suggest that the
Arg668-N3-guanine hydrogen bond occurs during correct
incorporation of dATP but not during mispair formation.

The G to 3DG substitution decreases tkg for the
formation of the correct base pairs as well as most incorrect
base pairs. However, the decreasekin due to the G to
3DG substitution is less for mispair formation than for correct
base pair formation. As a consequence, the fidelity of
replication is less with 3DG at the primer terminus than with
G.

The selectivity against mispair formation with G and 3DG
at the primer terminus for the oligodeoxynucleotides in
Figure 8 is shown in Figure 9A. The average selectivity with
G at the primer terminus is 30 000. The selectivity against
mispair formation with 3DG at the primer terminus ranges
from 6 to 19 000. However only two of the values are
1000, and the selectivity has a geometric mean of 80. The
reduction of selectivity from 30 000 to 80 due to the G to

rate constants were determined from time courses with at least five 3DG substitution suggests that the hydrogen bond between

time points in duplicateky and KN were determined with eq 4
with at least seven concentrations of dNTP.

Arg668 and the N3-position of the primer terminal guanine
contributes significantly to the fidelity of the polymerase.
Figure 9B shows that the effect of the G to 3DG substitution

suggest that the Arg668-N3-guanine hydrogen bond occurson the selectivity is dependent on the identity of the mis-

during correct base pair formation but not during mispair
formation opposite C.

With G as the template base, misincorporation was 4400
75 000 less efficient that correct base pair formation primarily
through a decrease igo that was enhanced by a 10-fold
increase inKJ"™" (Figure 8D). The G to 3DG-induced
decrease ik, was observed with the correct dCTP (430-
fold) as well as with dATP (20 000-fold) and dTTP (425-
fold). However, the G to 3DG substitution reduced kg
only 17-fold while the K{N™ decreased 10-fold for the

incorporation. The incorporation of dATP opposite G is the
differs from the other 11 mispairs in that the G to 3DG
substitution enhances the selectivity of the reaction.

DISCUSSION

Use of 3DG To Probe Interactions with 3-Position of
Guanine.The differences between guanine and 3DG do not
prevent 3DG from being a substrate for DNA polymerases.
Our present kinetic studies with KFas well of those with
polymerasey (41) have shown that 3DG can replace G at

misincorporation of dGTP. These results suggest that theseveral sites in the binding pocket with less than a 10-fold
Arg668-N3-guanine hydrogen bond occurs during correct decrease in rate. With polymeragethe largest decrease in

incorporation of dCTP as well as mis-incorporation of dATP
and dTTP but not during mis-incorporation of dGTP.

With T as the template base, incorporation of dATP was
10 000- to 300 000-fold favored over misincorporation by
an increasedk, coupled with a 20- to 50-fold increase in
KS™P (Figure 8E). The G to 3DG substitution produced a
130-fold decrease ik, and a 14-fold increase 65" for

rate (116-fold) occurs when 3dDGTP replaced dGTP as the
incoming dNTP, while with KF the largest decrease in rate
occurred with 3DG at the primer terminus. The high catalytic
efficiency of P1(3DG) as a substrate for polymerase
suggests that the inefficiency BfL(3DG) as a substrate for
KF~ is not due to its inherent unsuitability as a substrate
but due to specific interactions between K&nd the minor

the incorporation of dTTP. These changes were reduced forgroove of the primer terminus.
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Scheme 4: Potential G/C and G/T Interactions with Arg668
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Interactions between E. coli DNA Polymerase | and the Scheme 5: Potental G/A Interactions with KF

Minor Groove of DNA Crystal structures of BFTagand Ho N—y Ho =
T7 DNA polymerases10—12), which are closely related a VA Wooob ¢~H'N7/§\N\
proteins to KF, leads to the prediction that there are o N\ \\N//N
hydrogen bonds between GIn849 and T1, Arg668 and P1. N AL SN N A W e

In addition, the crystal structures of each protein show other < /N N H
interactions between other amino acid residues and the minor N N E'H N y E

groove of DNA indicating that there may be hydrogen bonds
from KF to other minor groove positions. The importance
of Arg668 and GIn849 in catalysis have been supported by \yith P1(3DG). Consequently reduction in eithks or ks is
the reduced activities of the R668A and Q849A mutahts ( responsible for the reduced rate of reaction.
42). Moreover, Arg668 plays a role in maintaining fidelity Fidelity of Mispair ExtensionOne mechanism by which
of DNA replication while GIn849 does no#8). The use of  olymerases replicate DNA with high fidelity is by prefer-
adenine analogues, 9-methy-imidazo[(4,5)b]pyridine entially extending WatsonCrick base pairs more efficiently
and 4-methylbenzimidazole, to map the binding site of KF  than mispairs. The slower extension of a mispair would allow
indicated that the polymerase makes a functional contact with 4 proofreading exonuclease activity to excise the incorrect
the _rr_1inor groove of the primerterminus but not to the other pase pair. Our results in Figure 7 show that the hydrogen
positions @2, 23). The observations that disruption of pong between Arg668 and the N3-position of guanine exists
hydrogen bonds predicted by X-ray crystallography do not g js important during the rate-limiting step of the extension
always affect the rate of reaction has led to labeling of the past the G/C base pair as well as the G/A and G/G mispairs
hydrogen bonds as structural (identified by crystallography) pyt not the G/T mispair. The loss of a selectivity to prevent
or functional (identified by kinetics)25, 41). extension of G/T mispair is consistent with the results that
We examined interactions between the polymerase and thegrggsa is not as good as wild-type in preventing the
DNA by using the more conservative guanine to 3DG gxtension of G/T mispairs1@) The formation of this
substitution (Scheme 1). We found that changing G to 3DG hydrogen bond, or actually the lack of this hydrogen bond
at the P1 position reduced theo./K§"™" approximately  in the mispair, may be the mechanism by which i€elects
400-fold while substitutions at the other positions generally against the extension of the G/T mispair.
decreased the rate less than 12-fold. Our results are consistent BF Crysta|s are cata|ytica||y active and correct base pairs
with the results of Morales and Koo2Z, 23). From these  as well as mispairs can be formed by these crystals. The
data, we conclude that there is a functional hydrogen bond G/T mismatch, obtained by extension of the DNA in the
between Arg668 and P1 position and if a hydrogen bond presence of M# and dGTP, was found bound to the
was made to the T1 or any other positions, they do not impactpolymerase at the post-insertion site, which corresponds to
the transition state of the rate-limiting Step of the reaction. the P1/T1 position in our termino|ogy_ In the binary Comp|eX'
Mechanism by which Arg66&rimer Terminus-Minor the protein adopts an open conformation in which the newly
Groove Interaction Influences Rat&he reduction in rate  jncorporated guanine is in a conformation similar to that of
of reaction with 3DG at P1 may be due to the decreased 3 cognate base at that position. Consequently, compared with
rate of one or more steps in the reaction pathway. Since athe complex with the G/C base pair (Scheme 4a), the
burst was not observed with 3DG at P1, the rate-Iimiting positions of the 3hydroxy| and the hydrogen bond between
step may be substrate bindirig Or k;), the conformational  Arg and the N3-position of the guanine are the same, while
change Ks) or phosphodiester bond formatioku) It is the position of the template base is significantly distorted,
unlikely that the rate of substrate blndlng would be rate positioned toward the DNA maior groove (Scheme 4‘(@(
|Im|t|ng since the rates of KFblndlng to unmodified DNA If this were the structure during phosphodiester bond
and dNTP are diffusion controlled37, 44). However,  formation we would expect the G to 3DG substitution to
reduced binding of the DNA may alter the concentration of decrease the rate of reaction. Our results are more consistent
the DNA-KF~ complex that would react with the dNTP to  with a structure such as Scheme 4c in which the hydrogen
produce a burst. We found that the G to 3DG substitution at hond between Arg668 and the base is broken. The movement
any position in the DNA only slightly affected tHe]""™" or of guanine toward the minor groove could disrupt the
the K}V, And thus, the binding affinity of the DNA or  hydrogen bond to Arg668, either by preventing the bond
dNTP is not the cause of the decreased rate of replicationfrom forming or altering its location.

Arg668 Arge68



Minor Groove and Fidelity of Mispair Formation and Extension Biochemistry, Vol. 44, No. 15, 200%657

Scheme 6: Potential G/G Interactions with KF
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Our kinetic results indicate the presence of a hydrogen decrease&,q to a much lesser degree than during correct
bond during the extension of G/A mispairs. The presence of base pair formation. These results indicate that the hydrogen
the hydrogen bond would require the guanine on the primer bond between Arg668 and the minor groove of the primer
terminus to be in the anti conformation. Potential G/A terminus is not present, not as strong, or not as important
complexes illustrated in Scheme 5 have been observed induring mispair formation as during correct base pair forma-
oligodeoxynucleotides#—50). The structure in Scheme 5a tion.
has the template dA to be in the syn conformation with  Our studies are consistent with a mechanism in which the
Hoogsteen hydrogen bonding wit he G on the primer strand newly forming mispair distorts the minor groove hydrogen
(48—50). In Scheme 5b, the adenine on the template is in bonding complex such that at least primer terminus branch
the anti conformation and would cause the distance betweenof the Arg668 fork is lost. It is not known whether the
the deoxyribose moieties to lengthe#6( 47). A purine/ hydrogen bond between Arg668 and the incoming dNTP is
purine mismatch in which one nucleotide is in the syn and retained during mispair formation. If the Arg668 hydrogen
the other in the anti conformation allows the mismatch to bond fork between the primer terminus and the incoming
form a complex in which the helical width is much closer dNTP is formed, it is not along the reaction pathway but
to a Watson-Crick base pair than is observed in the anti- would be a nonproductive complex.
anti structures. The BF crystals catalyzed the formation of  The importance of the Arg668 fork, however, is dependent
the G/A base pair, but the DNA strands separated and theon the identity of the mispair. In the most extreme case, the
hydrogen bond complex between the dA and dG was not G to 3DG substitution actually reduces the incorporation of
observed 45). Neither of these complexes in Scheme 5 JATP opposite G to a greater extent than dCTP opposite G.
appears to be optimal for DNA replication. Despite the This result suggests that the Arg668 hydrogen bonding fork
presence of the minor groove hydrogen bond, there are manyis operating in the formation of the A/G base pair. The
other differences between these structures and the classigeduced rate of incorporation of dATP opposite G must be
Watson-Crick structure that the polymerase may use to slow due to other mechanisms.
the extension of the G/A mispair.

Our kinetic results also indicate the presence of a hydrogenCONCLUSIONS
bond during the extension of G/G mispairs. Scheme 6a and
b show potential G/G-Arg669 complexes with base pairs that
have been observed in oligodeoxynucleotidég).( The
presence of a hydrogen bond between the primer guanin
and Arg668 requires the guanine at the primer terminus to
be in the anti conformation. Both structures have the template
G in the syn conformation with slightly different hydrogen
bonding structures. The structure of the G/G complex foun
in the crystallography experiments with BF is that in Scheme
6c¢ in which the primer G is in the syn conformation while
the template G is in the anti conformation. The difference
between our result and the crystallography experimets (
may indicate that the G/G mispair is formed with the
incoming dNTP in the syn orientation and the template in
the anti conformation, but that extension occurs with the
primer G in the anti conformation and the template G in the
syn conformation.

Fidelity of Mispair Formation.During correct base pair
formation, the hydrogen bond between one imino group of
Arg668 and the primer terminus positions the other imino
group of Arg668 to align the deoxyribose of the incoming
dNTP such that thex-phosphate can react with thé- 3
hydroxyl of the primer (Figure 1). The G to 3DG substitution
at the primer terminus reduces the rate of replication becauseSUPPORTING INEORMATION AVAILABLE
the primer terminus-Arg668 hydrogen bond is broken and
therefore Arg668 is not in position to align the incoming Three figures describing (1) chemical shifts for the protons
dNTP. During mispair formation, the G to 3DG substitution bound to theN1 and N2-positions of 3DG and thé&4-

DNA polymerases catalyzed phosphodiester bond forma-
tion proceeds through a nucleophilic substitution reaction that
e|oroceeds through a pentacoordinateghosphate transition
state. For this reaction to proceed rapidly tHeh@droxyl
nucleophile must be in-line with ther-phosphate and
pyrophosphate leaving group. Arg668 can play an essential
d role in catalysis and fidelity of DNA replication by acting
as a fulcrum between the incoming dNTP and primer
terminus. When the terminal and nascent base pairs have
Watson-Crick geometries then Arg668 can form hydrogen
bonds to the minor groove of the primer terminus and the
ring oxygen of the incoming dNTP as illustrated in Figure
1. By these interactions Arg668 can align thghosphate
of the incoming dNTP with the'dhydroxyl such that reaction
rapidly occurs. However with some mispairs at the terminal
base pair or the newly forming base pair, the hydrogen
bonding fork either does not form or it forms but misdirects
the incoming dNTP into a sub-optimal and less reactive
position. Mispair formation or extension would use other
more energetic pathways that do not involve hydrogen bonds
between Arg668 and the minor groove of the primer
terminus.
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position of cytosine at various ratios of 3DG and C, (2) UV
spectroscopy of the thermal denaturation of oligodeoxy-

nucleotide duplexes containing 3DG, and (3) pH dependence

on the UV spectrum of 3DG. This material is available free
of charge via the Internet at http://pubs.acs.org.
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