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ABSTRACT: Despite the nontemplating nature of the abasic site, dAMP is often preferentially inserted
opposite the lesion, a phenomenon commonly referred to as the “A-rule”. We have evaluated the molecular
mechanism accounting for this unique behavior using a thorough kinetic approach to evaluate polymerization
efficiency during translesion DNA replication. Using the bacteriophage T4 DNA polymerase, we have
measured the insertion of a series of modified nucleotides and have demonstrated that increasing the size
of the nucleobase does not correlate with increased insertion efficiency opposite an abasic site. One
analogue, 5-nitroindolyl-2deoxyriboside triphosphate, was unique as it was inserted opposite the lesion
with approximately 1000-fold greater efficiency compared to that for dAMP insertion. Pre-steady-state
kinetic measurements yield ko value of 126 s' and aKy value of 18uM for the insertion of
5-nitroindolyl-2-deoxyriboside triphosphate opposite the abasic site. These values rival those associated
with the enzymatic formation of a natural Watse@rick base pair. These results not only reiterate that
hydrogen bonding is not necessary for nucleotide insertion but also indicate that the base-stacking and/or
desolvation capabilities of the incoming nucleobase may indeed play the predominant role in generating
efficient DNA polymerization. A model accounting for the increase in catalytic efficiency of this unique
nucleobase is provided and invokes s stacking interactions of the aromatic moiety of the incoming
nucleobase with aromatic amino acids present in the polymerase’s active site. Finally, differences in the
rate of 5-nitroindolyl-2-deoxyriboside triphosphate insertion opposite an abasic site are measured between
the bacteriophage T4 DNA polymerase and the Klenow fragment. These kinetic differences are interpreted
with regard to the differences in various structural components between the two enzymes and are consistent
with the proposed model for DNA polymerization.

DNA damage can have devastating effects on the integrity taneously 7) but can also be enhanced by inappropriate
and efficiency of diverse biological processes catalyzed inside modifications to the various functional groups present on
the cell. In this regard, it is widely recognized that the ability purines 8—10) and pyrimidines 11—13). The net effect of
of the DNA polymerase to efficiently replicate damaged this hydrolysis event is that any potential templating infor-
DNA can lead to mutagenesis. This ability is commonly mation originally present in the DNA is lost. These properties
referred to as translesion DNA replication (TR is the make the abasic site the prototypical nontemplating DNA
ultimate cause of various genetic diseases including carcino-lesion and an excellent choice to evaluate its effect on the
genesis1—3). Numerous DNA lesions have been identified efficiency of DNA polymerization.

(reviewed in ref4) and demonstrated to be promutagenic  Despite the nontemplating nature of the abasic site, most
(reviewed in refss and 6). The DNA lesion used in this  DNA polymerases preferentially insert one of the four natural
present study is the abasic site, a commonly formed lesiondNTPs opposite the lesion. For example, the Revl poly-
arising from the hydrolysis of the glycosidic bond between merase in conjunction with pd has been demonstrated to
the C1 of ribose and the N9 of a purine or the N1 of a insert dCMP opposite the abasic site with higher efficiency
pyrimidine. Hydrolysis of the glycosidic bond occurs spon- compared to the other natural nucleotidéd)( Likewise,

the error-prone DNA polymerases, ppland pol:, prefer-

T This research was supported through funding from the Steris entially insert dGMP opposite an abasic sit€5,( 16).
Foundation, the American Cancer Society Cuyahoga Unit (021203A), However, these examples do not represent the norm since

and the American Cancer Society (IRG-91-022-06-IRG) to the Com- PP i Shofidali _
prehensive Cancer Center at Case Western Reserve University an(}he vast majority of high-fidelity DNA polymerases prefer

University Hospitals of Cleveland. entially insert dAAMP opposite the lesiodi1—22), a phe-
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3395; e-mail, ajb15@po.cwru.edu. The mechanistic reason(s) accounting for the A-rule

1 Abbreviations: TLR, translesion DNA replication; TBE, Tris-HCI/ - - . . .
borate/EDTA; EDTA, ethylenediaminetetraacetic acid sodium salt; remains (remain) elusive despite numerous kindfic-2),

dNTP, deoxynucleoside triphosphate; 5-NITP, 5-nitroindolytigoxy- thermodynamic Z3—25), and structural 26—28) studies
nbosg% trlphoiphaée: ?D':PTPH dtlhy%rg%ﬂmldO[‘t]ﬁdléZ]OX?gIn-_g- performed on abasic-containing DNA. Our efforts have
one 2-deoxyriboside triphosphate; , pyrened@oxyriboside ; : i
triphosphateN?>-Me-dG TP, N2-methyl-2-deoxyriboside triphosphate; employ_ed steady-state and trans.len.t kmgtlc analyses to
gp43 exo, an exonuclease-deficient mutant of the bacteriophage T4 determine whether the preferential insertion reflects an

DNA polymerase. enzymatic event associated with enhanced binding affinity
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(Km effect), enhanced catalytic rateky,d, effect), or a an abasic site using the bacteriophage T4 DNA polymerase.
combination of both. Using an exonuclease-deficient mutant The data from a series of steady-state measurements indicate
of the bacteriophage T4 DNA polymerase (gp43 exave that simply increasing the size of a nucleobase does not
demonstrated that the preferential insertion of dAMP is unambiguously increase the rate of DNA polymerization. We
caused by an enhancement in both kinetic parame2&s ( have identified one particular nonnatural deoxynucleotide,
In this case, gp43 exdbinds dATP with a 434-fold higher 5-NITP, that is inserted opposite an abasic site with a 1000-
affinity than the other dNTPs and also shows-a28-fold fold higher catalytic efficiency compared to that for the
enhancement in catalytic rated). Unfortunately, there was insertion of dAMP. This enhancement occurs despite the
not a significant correlation with either enhanced binding similarities in size and shape between 5-NITP and dATP,
affinity or enhanced catalytic rate with the efficiency of suggesting that base-stacking and/or desolvation contributions
insertion of the other three dNTPs. For example, the overall play the predominant role in polymerization efficiency
catalytic efficiency for dGMP insertion opposite the abasic opposite an abasic site. Surprisingly, this enhancement is not
site is greater than that for dTMP insertion. However, while observed using the Klenow fragment frol coli. These
the binding affinity for dGTP is 9-foldhigherthan that for differences suggest that base stacking and/or desolvation may
dTTP, the rate constant for dGMP insertion is actually 2-fold involve specific and unique interactions within the active
slowerthan that measured for dTMP insertion. The lack of site of either DNA polymerase. The kinetic data in conjunc-
a direct correlation between the efficiency of insertion and tion with structural data of various DNA polymerases are
either K, or keat Values is not unique to the bacteriophage interpreted with regard to a model invoking base-stacking
T4 polymerase since similar results have been reported withcontributions from aromatic amino acids lining the active
DNA polymerases isolated frofascherichia coli(17—19) site of the polymerase as well as from intra- and interhelical
and eukaryotes?(Q, 21). base-stacking contributions.

One apparent trend, however, is that the larger purines
are inserted with a higher overall catalytic efficiendyo( MATERIALS AND METHODS

Kg) compared to the smaller pyrimidines. In fact, a correlation ) - -
exists between the measureg/Kq values with the relative Materials. [y-**P]ATP and p-**P]dATP were purchased
conformation of the four nucleosides when placed opposite oM New England Nuclear. Unlabeled dNTPs (ultrapure)
an abasic site26, 27). Specifically, NMR studies indicate were obtained from_ Pharmqua. MQCMQ(OA.C)Z' aﬂd all
that JAMP exists in a thermodynamically favored intrahelical buffer.slwere from Sigma. 0"90,”UC'99t'€‘e$v including .thoise
conformation when placed opposite the lesig, @7). This containing ate_:trahydrofuran moiety mlmlc_klng an abasic site,
favored conformation correlates well with the relatively high Were synthesized by Operon Technologies (Alameda, CA).
kpo/Kgq value for dAMP insertionZ2). A more convincing Single-stranded and duplex DNAs were purified and quanti-
argument is that dCMP and dTMP were found to be fied as described3@). Nonnatural dNTPs_ including 5—l\_lITP,
extrahelical 26, 27), an unfavorable conformation that dDHPTP' ansz-Me-dGTP were obtained from TriLink
coincides with their overall podk./Kg values £2). These ~ BioTechnologies (San Diego, CA). Each nonnatural dNTP
observations led to us to propose that the efficiency of was greater tha_ln 99% pure. All other materlal_s were obt_alned
nucleotide insertion directly reflects the “stacking” capabili- from. commercial sources and_vyere of the highest availahle
ties of the nucleobase®). In this model, we envisioned ~duality. The exonuclease-deficient mutant of gp43 (gp43
exo ; Asp-219 to Ala mutation) was purified and quantified

that once dATP was bound, the polymerase might then X i
overcome the energy barrier associated with insertion easie®s pre_V|oust describedg, 34). The_ Klenow ffagm??‘t of
E. coli DNA polymerase | was purified and quantified as

than the other nucleobases since dAMP appears to be ; .
thermodynamically favored inside the helical structure of Previously describedsg).
duplex DNA. Methods.The assay buffer used in all kinetic studies

Alternative models have been proposed to account for the consisted of 25 mM TrisOAc (pH 7.5), 150 mM KOAc,
efficiency of nucleotide insertion opposite the abasic site @ahd 10 mM 2-mercaptoethanol. All assays, including rapid
lesion @9—31). A particularly interesting model is that duench experiments using the instrument described by
invoking steric constraints and shape complementarity as theJohnson 6), were performed at 23C. Polymerization
predominant forces dictating the efficiency of TLB( 31). reactions were monitored by analysis of the products on 20%
This model is perhaps best illustrated by the work of Matray sequencing gels as described by Mizrahi et al).(Gel
and Kool B1) demonstrating that pyrene nucleoside tri- images were obtained with a Molecular Dynamics phosphor-
phosphate (dPTP), despite the lack of hydrogen-bondingimager. Product formation was quantified by measuring the
potential, was inserted opposite the abasic site with a 100-ratio of *P-labeled extended and nonextended primer. The
fold higher catalytic efficiency compared to dAMP insertion. ratios of product formation are corrected for substrate in the
Molecular modeling studies indicated that the pyrabasic ~ absence of polymerase (zero point). Corrected ratios are then
site mispair is roughly the same size and shape of a naturalmultiplied by the concentration of primer/template used in
dA-dT base pair 1), a result suggesting that the bigger, €ach assay to yield total product. All concentrations are listed
bulkier pyrene moiety could fill the void present at the abasic as final solution concentrations.
site 31). The provocative conclusion from this study was  Comparison of Insertion EfficiencylThe efficiency of
that the efficiency of nucleotide insertion (at least opposite insertion was evaluated by measuring the extent of elongation
an abasic site) is driven by shape complementarity and stericof the 13-mer primer to 14-mer. Experiments were performed
fitting within the defined geometry of duplex DNA3Q). under single turnover conditions, preincubatingM gp43

We have evaluated these two models by monitoring the exo™ with 250 nM 13/2@-mer in the presence of 10 mM
enzymatic insertion of a series of modified dNMPs opposite Mg?". The polymerization reaction was then initiated through
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the addition of a single, fixed concentration of dNTP. In A 5/ _rcgeaceccaToca
general, the concentration of dNTP was maintaine&at 37 _AGCGTCGGCAGETXCCCAAA
levels or 5-10 times theKy of each dNTP 22). Aliquots of

the reaction were quenched at various time points through
the addition of 200 mM EDTA and processed as described

X =A, C, G, T or abasic site

(22). Data obtained for single turnover DNA polymerization a NS ¢ N " ¢ oSN
assays were fit to the equation: <'|' L Z </'|‘ - ' 'i)%
y=Ae "+ C 1)

b rﬁ\ d i f Oy
where A is the burst amplitudek is the first-order rate {’;©/ ° (’N I /)": o II NH
constantt is time, andC is a defined constant. ! j NT T N\

The efficiency of insertion opposite natural template bases ;
was evaluated using pseudo-first-order reaction conditions. 9 ‘
In these experiments, 50 nM gp43 exwas preincubated O R= o o g
with 1000 nM 13/2Q-mer in the presence of 10 mM Ny '°_E_°_E__°_E__°w
The polymerization reaction was then initiated through the : o A"

addition of 10uM dNTP. Aliquots of the reaction were

. ; Ficure 1: (A) DNA substrates used for kinetic analysis. (B)
quenched through the addition of 200 mM EDTA at time Structures of 2deoxynucleoside triphosphates used or referred to

points_ ranging from 510 600 s and processed as previo_uslyin this study are as follows: (a) adenosine, (b) 5-nitroindolyl-2
describedZ2). To define the steady-state rate of nucleotide deoxyriboside, (c) guanosine, (d3-methylguanosine, (e) cytosine,

insertion, data were fit to the following equation for a straight (f) dihydropyrimido[4,5€][1,2]oxazin-7-one 2deoxyriboside (dDHP),
line: and (g) pyrene 2deoxyriboside.

constant,B is the steady-state rate,is time, andC is a

y=mt+Db () defined constant.

wheremis the steady-state rate of dNTP insertibis, time, RESULTS AND DISCUSSION
andb is they-intercept att = 0.

Determination of the Kinetic Rate and Dissociation Severa_l mOdeIS_ have been propo_sed to acc_ount for the
Constants for dNTP Insertion opposite an Abasic $jfel3 preferential mse_rtlon of dAMP opposite an f%bas'c SIte
exo (1000 nM) was incubated with 250 nM DNA in assay 22, 29_3.1)' ".] this report, we have quant|tat|vely evaluated
buffer containing EDTA (1L0@&M) and mixed with variable the contrlbuthn of steric fitting and base stackmg to more
concentrations of 5-NITP (55004M) and 10 mM Mg(OAC). acg:qrately define the molecular parame_ters thgt influence the
The reactions were quenched with 500 mM EDTA at variable efficiency of TLR. We attempted to differentiate between

times (0.005-10 s) and analyzed as described above. Data these two biophysical parameters by measuring the kinetics
for the dependency déy.as a function of dNTP concentra- ©f €nzymatic insertion of a series of modified dNTPs (Figure

tion were fit to the Michaelis Menten equation: 1B) opposite an abasic site, a lesion devoid of hydrogen-
bonding potential. A prediction of the steric-fitting model is
_ that the kinetics of dNMP insertion should be influenced by
Kabs = Kpol ANTPKy + [ANTP] (3) the size of the incoming nucleobase and its ability to fill the
) i ) “void” left at an abasic site 31). Simply put, a larger
where kops is the observed first-order rate constakg is nucleobase should be inserted opposite the lesion faster than

the rate of DNA polymerizatiorKyis the kinetic equilibrium 3 gmajier nucleobase. Alternatively, the efficiency of nucleo-
dissociation constant for dNTP, and dNTP is the concentra- 1ije insertion may be relatively independent of nucleobase

tion of nucleotide substrate. size and be more dependent upon its base-stacking capabili-
Pre-Steady-State Nucleotide Incorporation Assayse ties.

time course in 5-NIMP insertion was examined using 13/  Nucleotide Surey AnalysesWe evaluated the ability of

20a-mer, 13/2@-mer, or 13/2@-mer using a rapid quench  the exonuclease-deficient bacteriophage T4 DNA poly-

instrument employing pseudo-first-order reaction conditions. merase, gp43 exoto insert unmodified and modified ANTPs

A preincubated solution of 75 nM gp43 expolymerase  opposite an abasic site by measuring the rate of primer

and 2000 nM 5labeled DNA (final concentrations) was  elongation, i.e., conversion of 13-mer to 14-mer. To obtain

mixed with an equal volume of a solution containing 10 MM accurate rate constants, experiments were performed under

Mg(OAc), and 25uM 5-NITP (final concentrations) in the  single turnover conditions by preincubating¥ gp43 exo

same reaction buffer. The reaction was then terminated atyith 250 nM 13/2@-mer in the presence of 10 mM My

various times by the addition of 500 mM EDTA. Polymer-  and then initiating the reaction through the addition of a fixed

ization products were analyzed as described above. Data folconcentration of dNTPR. The reactions were quenched

each time course were fit to the following equation defining through the addition of EDTA at times ranging from 5 to

a burstin prOdUCt formation followed by a Steady'state rate: 300 s and then processed as previous]y descriw (
Representative data monitoring nucleotide insertion opposite

y=Ae "+ Bt+C 4) the abasic site is provided in Figure 2. These data demon-

strate that both natural and nonnatural nucleotides can be

where A is the burst amplitudek is the first-order rate  inserted opposite an abasic site. However, qualitative inspec-
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Table 1: Summary of Rate Constants for Nucleoside Triphosphate Incorporation opposite an Abasic Site Catalyzed by §p43 Exo

dNTP surface area @ volume (A3)P Kg concrt Kops (S74) >Kg concnkops (S74)
dATP 255.7 228.7 0.064: 0.008 st 0.13+0.01 st
5-NITP 278.7 260.6 >0.3sd >0.3s1d
dGTP 264.7 235.5 0.0042 0.0005 st 0.01140.002 st
N2-Me-dGTP 283.2 258.9 0.0099 0.0013 s? 0.01140.002 s?
dCTP 235.8 209.3 0.0032 0.0007 st 0.00434- 0.0004 s?
dDHPTP 262.1 245.1 0.0020 0.0004 s? 0.00254 0.0005 st
dPTP 324.9 323.3 ND ND#

a Assays were performed using 1000 nM gp43 &€x@50 nM DNA substrate, 10 mM Mg(OAg) and the following concentrations of
deoxynucleoside triphosphate: 35 or 38@ dATP, 35 or 35QuM 5-NITP, 250 or 250uM dGTP, 250 or 250@:M N?-Me-dGTP, 1000 or 2500
uM dCTP, and 1000 or 2500M dDHPTP.? The relative surface area and volume for each nucleoside tested in this study were calculated using
Spartan '02 software. Although we did not measure the insertion of dPTP opposite an abasic site, the values corresponding to the surface area and
volume of pyrene 2deoxyriboside are provided for comparis6iy and >Kgy concentration refers to the equilibrium binding constants for the
natural dNTPs for insertion opposite an abasic site as previously reported @2nplete turnover is observed after 5 s. Thus, the value of 8.3 s
is the maximum value that can be obtained through manual quenching techniques if one asgyé€2.& s.6ND = not determined.

1dmer Y site especially when compared to their unmodified counter-
S *° - parts. In the case ofN?*-Me-dGTP, alkylation at the N2

13-mer | S .‘ position of guanine increases its size as well as hydrophobic-
_ . ity (39). Although N>-Me-dGMP is inserted opposite an
1 2 3 456 7 89 abasic site by gp43 exdFigure 2, lane 6), its efficiency is

FIGURE 2: Insertion of various nucleoside triphosphates opposite Not enhanced when compared to that for the insertion of
an abasic site. DNA synthesis was monitored using a fixed amountdAMP (Figure 2, lane 2). In fact, th&ys of 0.011 s*
of gp43 exo (1000 nM), 13/20SP-mer DNA substrate (250 nM), measured at high levels 62-Me-dGTP is at least 10-fold

and variable concentrations of nucleoside triphosphate. The reactio ;
was quenched with 200 mM EDTA, and product formation was "Slower than the rate constant of 0.13 sneasured using

analyzed by denaturing gel electrophoresis and quantified by Saturating concentrations of dATP (Table 1). Perhaps a more
phosphorimaging. Lanes 1, 4, and 7 represent zero time points,appropriate comparison, however, is made by measuring the
i.e., DNA substrate in the absence of added dNTP. Lanes 2 and 3insertion ofN?>-Me-dGTP with its natural counterpart, dGTP.

:gggii?ictelgleagtg?e{tzigns Olf_a?;%:,wS ?iﬁ-(lj—PtS ?Qgreiseﬂﬂth%'i\lngepr’tion ofAt lower levels of nucleotide, the rate constant of 0.099 s
) . 2_Me- i ionisi -
250M dGTP and 25Q:M N2-Me-dGTP, respectively, after 300 for N>-Me-dGMP insertion is indeed 2-fold faster than that

s. Lanes 8 and 9 represent the insertion of 1080 dCTP and of 0.045 s* measured for dGMP insertion (Table 1). This
1000uM dDHPTP, respectively, after 300 s. Note the difference result suggests that steric fitting does indeed influence
in mobility of product DNA containing dDHPTP. nucleotide insertion opposite an abasic site. However,
identical rate constants are obtained when the concentration
tion of the data indicates that the relative size of the of each nucleotide is increased. Although not directly tested,
nucleotide does not provide a useful predictor for insertion this result suggests that the improved catalytic efficiency for
efficiency. Rather, the base—stacking Capabilities of the N2-Me-dGMP insertion is ||ke|y caused through an enhance-
nucleobase appear to play a more predominant role inment in binding rather than through a kinetic step associated

polymerization efficiency. with phosphoryl transfer.
This conclusion was quantitatively addressed by comparing

the rate constants for insertion. The positive control dem-
onstrates that dAMP is inserted with relatively high efficiency
opposite at abasic site (Figure 2, lane 2). At high concentra-
tions of dATP, the observed first-order rate constédpi
of 0.13 & 0.01 s* reported here (Table 1) is essentially
identical to that of 0.1578 previously measured under similar
reaction conditions22). Although dAMP is preferentially
inserted opposite an abasic site, it should be reemphasize
that thekys value for insertion opposite an abasic site is
reduced ca. 1000-fold compared to that for insertion opposite
T, the normal template bas@Z 33, 38).

A prediction of the steric fit model is that the relatively
larger size ofN?>-Me-dGTP and dDHPTP (Figure 1 and Table
1) would enhance their rate of insertion opposite the abasic

We next characterized the insertion of ADHPTP opposite
the abasic lesion. dDHPTP is a constrained, tautomeric form
of cytosine in which addition of an oxime group between
the exocyclic amine and C5 of cytosine locks the nucleobase
into a keto-imine tautomeric form 40) (Figure 1B). We
hypothesized that while this modification is distal from the
functional groups typically associated with Watsa@rick

ase pairing, the overall increase in size may enhance the

fficiency of insertion. Surprisingly, dDHPMP is poorly
inserted opposite the abasic site (Figure 2, lane 9). In fact,
at high nucleotide concentrations, the rate for dDHPMP
insertion is approximately 2-fold slower than that for dACMP
insertion (compare 0.0025 versus 0.0043 sThis decrease
does not appear to reflect a suboptimal interaction of
dDHPTP with gp43 exosince the DNA polymerase rapidly
inserts dDHPMP opposite a template G or A (A. J. Berdis,

2 To facilitate direct comparison between the insertion kinetics of a unpublished data). Furthermore, gp43 ekan easily extend
modified versus natural dNTP, the concentrations of both were . | .
maintained at or above the reportkd concentration for the natural beyond. either a C,IDHPMB or ,dD_HPMPA base pair (A.
dNTP @2). In this analysis, th&q for the modified dNTP is assumed ~ J. Berdis, unpublished data), indicating that the nonplanar
to be similar to that of the natural dNTP. Concentrations of dCTP or ethoxy portion of the analogue does not adversely affect
dDHPTP were maintained at either 1000 ¥4Kq concentration) or  jnaractions with either the polymerase or nucleic acid. The
2500uM (10 x Kg concentration) while concentrations of dGTP or . . - .
N2-Me-dGTP were maintained at either 258Ky concentration) or ~ data describing the insertion of dDHPMP gf-Me-dGMP
2500uM (10 x K4 concentration). opposite an abasic site collectively argue that increasing the
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600 Ty Scheme 1: Minimal Kinetic Mechanism for the
500 F A ] Bacteriophage T4 DNA Polymerése
o E 3
g 4ooE ] dNTP
3 30 3 3 E:DNA E:DNA,:dNTP
; 200 3 @ T i ©)
c 100} E E':DNA,:dNTP
& v E
0 02 04 06 08 1 1.2
. E + DNA
Time (Seconds) * " @
T — \\@ PP, @E':DNA,.H:PPi
300 3 Pl
5 250 E E:DNAnﬂ@ E:DNAn+1:PPi/
v E ndividual steps along the pathway for polymerization are
5200 aIndividual long the pathway for DNA pol
~ 150 E numbered and identified as follows: step 1 represents E binding to
= 100 E DNA, step 2 represents binding of dNTP to thedBIA complex, step
£ 50 E 3 represents the conformational change preceding phosphoryl transfer,

0 L step 4 represents the phosphoryl-transfer step, step 5 represents the

0 5 10 15 20 25 30 35 conformational change following phosphoryl transfer, step 6 represents
Time (seconds) the release of RPand step 7 represents E dissociation from product

FIGURE 3: Pre-steady state time courses for the insertion of 5-NIMP DNA. Abbreviations: E= gp43 exo, DNA, = DNA substrate, E=

(A) or dAMP (B) opposite an abasic site. Assays were performed conformational change in gp43 exdPR = inorganic phosphate, and

mixing a preincubated solution of 75 nM gp43 exand 2000 nM DNA;+1 = DNA product (DNA extended by one nucleobase).

5'-labeled DNA with an equal volume of a solution containing 10

mM Mg(OAc), and 20uM 5-NITP or 300uM dATP in the same  quenching techniques), experiments were performed using

reaction buffer (final concentrations). The reaction was then g ranig quench instrument to monitor the kinetics of insertion

terminated at various times by the addition of 500 mM EDTA at ) : . .
the times demarcated on the graphs. The solid line for 5-NIMP under pseudo-first-order reaction conditions as previously

insertion opposite an abasic site was obtained by fitting the data to described 22). Under these reaction conditions, the time
the kinetic model described in Scheme 1 in which the rate constantcourse in primer extension is biphasic (Figure 3A; see also

for the initial production of DNA., (step 3) was maintained at  Scheme 1) and is characterized by a rapid initial burst in

126 s'1 while that for enzyme dissociation (step 7) was maintained ;
at 7 s. The solid line for the time course in dAMP insertion elongation followed by a second, slower phase. In contrast,

opposite an abasic site was obtained using identical analysis excepfn€ ime course for the insertion of dAMP opposite the abasic
that the rate constant for the initial production of DNA(step 3) lesion is linear and devoid of a burst in product formation
was maintained at 0.15°5 For insertion of dAMP opposite an  (Figure 3B). The biphasic behavior for 5-NIMP insertion is

abasic site, a value for enzyme dissociation cannot be accuratelynear|y identical to that typically observed during “correct”
ggtnesrtr;;rtl%? S'Téeéhe time course is linear and limited by the rate p\ A holymerization such as the insertion of JAMP opposite
' ' T (22, 33, 38). The amplitude of the burst phase represents
size of the nucleobase does not unambiguously enhance théhe first insertion event catalyzed by the DNA polymerase
efficiency of TLR catalyzed by gp43. and is likely limited by the conformational change preceding
We next tested the efficiency of 5-NIMP insertion. phosphoryl transfer while the second, slower phase is
Although 5-NITP has a slightly larger surface area and attributed to the release of enzyme from extended DNA.
volume compared to dATP (Table 1), the analogue is unique The time course was fit to the equation for a single
since it is more hydrophobic and is proposed to have strongerexponential followed by a steady-state phase (eq 4). This
“base-stacking” capabilities than natural dNTPPisdeed,  analysis provides a burst amplitude of 06 nM, a value
5-NITP is inserted opposite an abasic site with an extremely equivalent to the concentration of enzyme used in the
high degree of efficiency by gp43 exdFigure 2, lane 3).  experiment (75 nM). In addition, the rate constant for the
The apparent rate constant-e0.3 s for 5-NIMP insertion ~ burst phasekoyg is 27.7+ 7.3 s while akea value of 7.1
is at least 5-fold faster than that of 0.066 sising dATP at ~ + 0.1 s'* (obtained by dividing the steady-state rate by the
an identical concentration (Table 1). The large rate enhance-burst amplitude) is measured. It is interesting to note that
ment is not predicted with the steric-fitting model since the thek.value of 7.1 stis nearly 3.5-fold faster than the value
size of the 5-Ndabasic site is significantly smaller compared 0f ~2 s™* measured for precise DNA synthesB3( 38).
to that of the pyren@basic site pair (Figure 1B and Table Values for the burst amplitudéens andkea:are provided in
1) (31). Furthermore, 5-NITP does not simply behave as a Table 2.
dATP anologue since the rate for insertion opposite an abasic Single turnover conditions were then employed to ac-
site is substantially greater than insertion opposite a naturalcurately measure the kinetic dissociation constagtas well

nucleobase such as T (vide supra). the maximal polymerization raté&g, for 5-NIMP insertion
Transient Kinetic Measurements of 5-NIMP Insertion
opposite an Abasic Sit&ince the rate of 5-NIMP insertion 4 The biphasic time course is consistent with data obtained measuring

was relatively fastKyps greater than 0.37$ through manual correct insertion of a natural dNMP opposite its complementary partner
(33, 38). Under normal replication conditions, it has been established

that the burst phase is limited by the conformational change while the

3 The base-stacking properties of 5-nitroindole are based primarily steady-state phase is limited by release of polymerase from extended
upon the demonstration that the introduction of 5-nitroindole into duplex DNA. We note that the biphasic time course measured using 5-NIMP
DNA increases the thermostability of the DNA despite the lack of insertion is consistent with this interpretation but is not proof. Other
hydrogen-bonding capabilities of the nonnatural nucleosidi#). ( approaches such as isotope trapping and/or spectroscopic measurement
Likewise, 5-nitroindole is substantially more hydrophobic than natural of the conformational change and product release steps are needed to
nucleobases such as adenine and guarige ( truly validate this conclusion.
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Table 2: Summary of Pre-Steady-State Kinetic Rate Constants
Measured for 5-NIMP Insertion opposite an Abasic Site or Natural
Nucleobas#

DNA amplitude steady-state
substrate (nM) Kobs (S71) rate (nM/s) Keat (S71)
13/20p-mer 70+ 6 27.7+£7.2 502+ 10 7.1+0.1
13/20,-mer 69+ 14 0.57+0.15 13.5+1.6 0.20+0.01
13/2Q-mer ND? NA¢ 9.3+£05 0.12£0.01
13/20;--mer  ND NA 3.5+ 0.03 0.047+ 0.008
13/2G-mer 67+ 6 0.48+0.11 2.3+ 0.3 0.034+ 0.004

a Assays were performed using 75 nM gp43 exB000 nM DNA
substrate, and 26M 5-NITP in the presence of 10 mM Mg(OAc)
bND = not detected® NA = not applicable.
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Table 3: Summary of Kinetic Rate and Equilibrium Constants for
the Incorporation of 5-NITP Catalyzed by gp43 Exo

DNA
substrate Kool (S71) Kq (uM) Kool Ka (M~Ys™%)
13/2Qpmer 126+ 6 18+3 7.00x 108
(—4.0 kcal/moly  (—0.4 kcal/mol) (4.4 kcal/mol)

(—0.14 kcal/moly (+0.35 kcal/mol) {0.21 kcal/mol)

13/2Q-mer 4.4+ 0.1 23+ 2 1.91x 1P
(+1.85 kcal/moly (+0.47 kcal/mol) {+2.32 kcal/mol)
13/2Q-mer 0.13+ 0.02 36+ 19 3.61x 1C°
(+3.94 kcal/mol)  {0.76 kcal/mol) 4.7 kcal/mol)
13/2Q;-mer  0.12+ 0.01 10+ 5 1.20x 10¢
(+3.98 kcal/mol) (0 kcal/mol) +3.98 kcal/mol)
13/2G-mer 0.9+ 0.1 9.0+ 0.8 1.91x 10°

(+2.80 kcal/mol) 0.07 kcal/mol) {2.73 kcal/mol)

a Assays were performed using 1000 nM gp43 €50 nM DNA
substrate, and variable concentrations of 5-NITP in the presence of 10
mM Mg(OAc),. ® AAG* values were calculated using the equation
AAG* = RTIn K, whereR = 1.9872 cal/mott K=%, T = 298 K, and
K is the ratio of respective kinetic equilibrium or rate constants, i.e.,
ks-nite/kaate. IN this instance, the values df were determined
comparing the rate and kinetic equilibrium constants for the enzyme-
catalyzed insertion of 5-NIMP versus dAMP opposite an abasic site.
¢ AAG* values represent the comparison for insertion of 5-NIMP
opposite the natural nucleobase versus insertion of the correct ANMP
opposite its corresponding Watse@rick base pair partner. Ky of
100 st and aKgy of 10 uM as measured for the insertion of dATP
opposite T 83, 38) were used for all other natural Watse@rick base
pairs.

lower than that measured for dATP (compare 18 versus 35
uM, respectively). Instead, there is nearly a 1000-fold
enhancement in the polymerization rate constant for 5-NIMP
insertion compared to that for JAAMP (126 versus 0.15 s

FiGURe 4: Dependency of 5-NITP concentration on the apparent respectively). Surprisingly, thie./Kq value of 7x 106 M1
burst rate constant as measured under single turnover conditionss-1 for the enzymatic formation of a 5-Mibasic site pair is

(A) gp43 exo (1000 nM) and 5labeled 13/20SP-mer (250 nM)
were preincubated, mixed with increasing concentrations ¢f'Mg

nearly identical for an AT base pair [LOM 1 s (33, 39)].

5-NITP to initiate the reaction, and quenched with 500 mM EDTA The incredible efficiency of 5-NIMP insertion opposite the

at variable times (0.0650.25 s). The incorporation of 5-NITP was

abasic site again reemphasizes that hydrogen bonds need not

analyzed by denaturing gel electrophoresis. 5-NITP concentrationsentirely account for efficient DNA polymerizatiod 8, 44).

were 5uM (O), 10uM (O), 20 uM (@), 40 uM (2), and 75uM

Direct comparison of thek,./Ky values measured for

(v). The solid lines represent the fit of the data to a single . .
exponential. (B) The observed rate constants for 5-NIMP insertion 9-NITP and dATP provided in Table 3 allows us to

(®) were plotted against 5-NITP concentration and fit to the quantitatively evaluate the change in relative free energy
Michaelis—Menten equation to determine values corresponding to (AAG*) associated with the overall enhancement in nucleo-

Ka andkpol. tide insertion. AAG* values were calculated using the

opposite the abasic site. Maintaining enzyme in molar excessequation: AAG* = RTIn K, whereR = 1.9872 cal mot*
versus DNA substrate alleviates complications arising from K™, T = 298 K, andK is the ratio of respective kinetic
any kinetic step after phosphoryl transfer and allows for the equilibrium or rate constants, i.é&-nire/kaare. This analysis
measurement of the kinetic steps reflecting initial ground- reveals that most of the favorable change in free energy is
state binding of dNTP, the conformational change prior to achieved presumably during the conformational change step

chemistry, and/or the chemistry step itself.

(—4.0 kcal/mol) rather than in ground-state binding of the

Figure 4A displays the dependence on the rate of hucleotide {-0.4 kcal/mol).

enzymatic incorporation on the concentration of 5-NITP. All

Kinetics of 5-NIMP Insertion opposite Natural Nucleo-

time courses are best defined as a single exponential procesbasesThe efficiency of 5-NIMP insertion opposite the four

and were fit to eq 1 to definke,,s the rate constant of product
formation. The plot ofk,ps versus 5-NITP concentration is
hyperbolic (Figure 4B). A fit of the data to the Michaelis
Menten equation yields k. value of 126+ 6 s, a Ky
value of 18+ 3 uM, and akyo/Kq value of 7x 1P M~1s™?
(Table 3). The overall catalytic efficiency for inserting

natural bases was next measured to evaluate the contribution
of hydrogen-bonding potential as well as steric fitting toward
catalysis. It was predicted that 5-NIMP should be preferen-
tially inserted opposite T and C since it mimics the relative
size and shape of a purine. The kinetic parameters obtained
using single turnover reaction conditions (Table 3) provide

5-NIMP opposite an abasic site is 1600-fold higher than that evidence that this prediction is not entirely accurate. While
for dJAMP insertion opposite the same lesion (compare 4.3 the high catalytic efficiency for 5-NIMP insertion opposite

x 10 with 7 x 10f M~ s71) (22). The increase in catalytic

T is expected, the high efficiency for insertion opposite A

efficiency is not caused by an enhancement in binding is counterintuitive since this forms a purtperine-like base

affinity for 5-NITP since theKy for 5-NITP is only 2-fold

pair that should be unfavorable. In contrast, the overall
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catalytic efficiency for insertion opposite C is surprisingly of the analogue opposite the abasic sitekss of 0.57 +
low and is not predicted by the steric fit model. In fact, the 0.15 s and akgy of 0.20 4 0.01 s* were measured for
low efficiency for insertion opposite C is nearly identical to insertion opposite A while &ps of 0.484 0.15 s and a
that for the insertion of 5-NIMP opposite G, a base pair that ke, of 0.034 £ 0.005 s! were measured for insertion
is predicted to be unfavorable. The inability to directly opposite T. The lowkys Values reflect the utilization of
correlate the kinetic efficiency of insertion with the shape subsaturating concentrations of 5-NITP in each experiment.
and/or geometry of the base pair detracts from the importancelt is interesting to note that, in both cases, Kagvalues of
of steric fitting during nucleotide insertion catalyzed by gp43 0.20 s* and 0.034 s! are much slower than thg, of ~2
exo . Surprisingly, the differences in catalytic efficiency are s * measured during proper DNA replication, i.e., formation
not caused by dramatic alterations in ground-state binding of a natural WatsonCrick base pair 33, 38). A possible
since theKy for 5-NITP remains relatively independent of explanation for these slowég, values is that the release of
nucleobase composition. Instead, the kinetic parameter thatenzyme from product DNA (DNA.) is influenced by the
varies more significantly is the,, value. These data nature of the formed nonnatural base pair. Alternatively, these
collectively indicate that 5-NITP is “universal” with regard decreases may reflect the accumulation of a nonproductive
to ground-state binding but not universal with respect to ternary complex composed of gp&BNA+1-5-NITP. These
mediating the potential conformational change in the enzyme nonproductive complexes may indeed exist since 5-NITP
nucleic acid complex necessary for catalysis. appears to bind indiscriminately opposite natural template
The AAG* values associated with insertion of 5-NIMP  bases (Table 3) and is an effective chain terminator of DNA
opposite any of the four natural bases provide unique insight synthesis catalyzed by gp43 ex@. J. Berdis, unpublished
into the dynamics of base pair formation (Table 3). The data).
AAG¥ values are increased By2.3 to+4.7 kcal/mol relative The linear time courses observed for 5-NIMP insertion
to the enzymatic formation of an-A base pair. In all cases, opposite C or G (Supporting Information, Figure 2) directly
the change in free energy is dominated by the conformational contrast the biphasic time courses observed for the insertion
change or phosphoryl-transfer step rather than simple opposite A and T. The lack of a defined burst suggests that
perturbations in ground-state binding. The differences in free phosphoryl transfer or the conformational change preceding
energy could actually reflect steric hindrance by the bulkier phosphoryl transfer is completely rate-limiting for enzyme
nitro moiety during insertion opposite natural bases. While turnover. Fits of the data to eq 2 providied; values of 0.047
this mechanism undoubtedly accounts for some of the & 0.008 s and 0.12+ 0.01 s, respectively. Collectively,
decrease in efficiency, it cannot account for its entirety for these data indicate that the rate-limiting step for polymerase
two reasons. First, 5-NITP is a purine analogue that is not turnover using 5-NITP is dependent upon the “pairing”
preferentially inserted opposite the pyrimidines, T and C, as partner for 5-nitroindole.
predicted by steric fit. Second, removal of the nitro moiety = Comparison between DNA Polymeras&se steric fit
actually reduces the rate of insertion opposite any of the four model postulates that constraints in the size and geometry
natural nucleobases (Xuemei Zhang, Irene Lee, and A. J.of the formed base pair play the predominant role in dictating
Berdis, unpublished data), a result inconsistent with simple the efficiency of nucleotide insertion. Accordingly, this model
steric hindrance induced by the nitro moiety. predicts that the formation of a base pair is guided by its
What Is the Rate-Limiting Step for Enzymatic Insertion of potential thermodynamic stability rather than through kinetic
5-NIMP opposite Natural Nucleobase§me courses in control imposed by the enzyme. This infers that the kinetics
5-NIMP insertion opposite any of the four natural bases were of nucleotide insertion should be directly linked to the
generated under pseudo-first-order conditions to further sequence/structure of the nucleic acid and be relatively
evaluate the dynamics of insertion. This analysis was insensitive to the DNA polymerase used to catalyze its
essential since thieq values of 1 and 48 measured under  insertion. Comparing the efficiency of 5-NIMP insertion
single turnover conditions for insertion opposite T and A, opposite an abasic site using the same DNA substrate but
respectively, are similar in magnitude to the rate constant employing different DNA polymerases tested this model. In
typically measured for polymerase dissociation from product these experiments, steady-state rates of nucleotide incorpora-
DNA (33, 38). The similarities in rate constants made it tion were measured using either 100 nM gp43ego 100
impossible to identify if product release or a kinetic step nM Klenow fragment, 1000 nM 13/28mer, 10 mM Mg,
preceding product release is rate-limiting for enzyme turn- and a fixed concentration of deoxynucleoside triphosphate
over. Biphasic time courses are observed for 5-NIMP (100uM). As summarized in Table 4, it is apparent that both
insertion opposite T or A (Supporting Information, Figure gp43 exo and the Klenow fragment display similar trends
1) and clearly indicate that a step after phosphoryl transfer in catalytic efficiency for natural dNMP insertion opposite
is rate-limiting for enzyme turnover. On the basis of the the abasic site, i.e., d& dG > dC, dT. While these data
similarities in the time courses obtained during correct dANMP are consistent with previously published resultg (L8, 30),
insertion @2, 33, 38), we presume the fast phase of initial closer inspection of the data provides two striking observa-
product formation most likely represents the conformational tions. First, the Klenow fragment inserts dAMP opposite an
change preceding phosphoryl transfer. However, we note thatabasic site with an approximately 10-fold faster rate than
this step may indeed be phosphoryl transfer. Regardless, eackoes gp43 exa Perhaps more surprising, however, is the
time course was fit to eq 4 to provide values corresponding relatively slow rate by which the Klenow fragment inserts
to the burst amplitudek,,s andke (Table 2). Nearly identical ~ 5-NIMP opposite an abasic lesion. In fact, the insertion of
burst amplitudes of 69 and 67 nM were obtained for 5-NIMP 5-NIMP is at least 4-fold slower as compared to the insertion
insertion opposite A and T, respectively. These values areof dAMP. These data directly contrast that obtained with
consistent with the burst amplitude measured for insertion gp43 exo in which 5-NIMP is inserted 20-fold faster under
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Table 4: Comparison of Rates for Nucleoside Triphosphate cas_e_z, the enhanced rate_ of 5-NIMP insertion would be
Incorporation opposite an Abasic Site Catalyzed by Bacteriophage facilitated by these entropic factors.

T4 gp43 Exo or the Klenow Fragment dE. coli DNA Polymerase However, questions remain as to how 5-NITP is transferred
12 from the hydrophilic environment of bulk solvent into the
gp43 exo Klenow fragment hydrophobic environment of the DNA. Specifically, what
dNTP rate (nM/s) rate (nM/s) role does the DNA polymerase play in mediating this
dATP 9.4 >100 transfer? Several enzymatic steps including nucleotide bind-
dcTp 0.12 0.19 ing, conformational changes, and phosphoryl transfer could
g?TTF',D g:gg é:gg potent_ially affect nucleobase transfer. To gain more insight
5.NITP ~200 24 into this process, we have attempted to correlate the kinetic

»y , behavior of 5-NIMP insertion with the known structures of
ssays were performed using 100 nM gp43 exar 100 nM . .
Klenow fragment, 1000 nM 13/28mer, 10 mM Mg(OAc), and 100 Various DNA polymerases. While no structures have been
uM dNTP or 100uM 5-NITP. solved for full-length gp43 from bacteriophage T4, there exist
several structures of the homologue from the related organ-
identical reaction conditions. The slower rate of 5-NIMP ism, bacteriophage RB6%2—54). The DNA polymerases
insertion by the Klenow fragment may be caused by potential from T4 and RB69 possess60% sequence identitys),
perturbations in ground-state binding, phosphoryl transfer, and both enzymes are similar in function and presumably
or any conformational changes flanking phosphoryl transfer. tertiary structure since either enzyme can substitute for the
We are currently performing rigorous, quantitative analyses other to perform in vivo replicationsg).
to more accurately evaluate these issues. Regardless, the large The overall structure of gp43 is similar to that of other
differences in rates indicate that the efficiency of insertion DNA polymerases as it contains the hallmark “fingers”,
is not mediated solely by thermodynamic stability of the “thumb”, and “palm” subdomains (reviewed in r&7). The
formed nucleobase pairs or nucleic acid composition. Al- most conserved structural region in all DNA polymerases
though these DNA polymerases share similarities in the characterized to date is the palm subdomain which contains
overall kinetic mechanism, there probably exist subtle the three conserved carboxylic acids involved in the chem-
differences in the dynamics of the various kinetic steps istry of phosphoryl transfer5g). The thumb domain pre-
associated with efficient DNA polymerization. An intriguing dominantly interacts with the duplex DNA while the fingers
possibility is that steric fit plays a large role in polymerization domain contains most of the amino acids that interact with
efficiency catalyzed by the Klenow fragment but plays a the incoming dNTP%4). A point that will be discussed later
minor role during catalysis by gp43. Indeed, a recent report is the fact that the fingers and thumb domains of gp43 differ
by Chiaramonte et al.46) demonstrates that the Klenow from those of other well-characterized DNA polymerases
fragment inserts dAMP opposite an abasic site with a higher including the Klenow fragment fronk. coli (58, 59) and
efficiency than 5-NIMP. These authors conclude from these the bacteriophage T7 DNA polymerasé0( 61). Close
and other results that the efficiency of DNA polymerization inspection of the active site of gp43 reveals two other regions
may be mediated by virtue of a negative selection mechanismcontaining conserved residues of distinct chemical function.
rather than by steric fit45). There is accumulating evidence These include a cluster of positively charged amino acids
that different DNA polymerases appear to invoke different (K560, R482, and K486) and a cluster of aromatic residues
catalytic strategies such as steric fit, base stacking, and(Y416, Y567, and Y39%)f (52—54). The role of these
negative selection to facilitate efficient ANMP insertids-( clusters in DNA polymerization is implicated through
48). postulated movements in the domains of gp43. These
A New Model for Polymerization Efficiency during Nucleo- movements were generated through comparison of the
tide Insertion?It is well established that the double-helical structures of gp43 in the apoenzyme fors2)( in complex
nature of duplex DNA is stabilized by both enthalpic and with DNA (the “editing” complex) §3), and in complex with
entropic contributions 49—51). The negatively charged a dideoxy-terminated DNA and complementary dNTP (the
phosphate backbone of DNA provides an enthalpic stabilizing “polymerization” complex) $4). We argue that the cluster
force while the hydrophobic interior of the helix provides of aromatic amino acids plays an important role in providing
entropic stabilization through nucleobase stacking as well entropic stabilization during dNTP binding as well as in
as through desolvation. While the nucleobases on oppositedNMP insertion into DNA. Existing structural data suggest
strands are paired with their corresponding partner throughthat the incoming dNTP binds to the open conformation of
hydrogen-bonding interactions, most of the stability of the the polymerase at the fingers subdoméid)( The binding
helix is proposed to result from the slightly out of plane of the correct ANTP to the polymerasBNA complex then
stacking of the nucleobases on “top” of each other. Indeed, induces a rotation of the fingers subdomain that possibly
several DNA structures provide evidence that the helical twist reflects the conformational change step that is observed
of the DNA requires that the stacked nucleobases be offsetkinetically 38, 52, 54). The dynamics of this rotation appear
(51), a conformation that allows a nucleobase to be in direct critical for catalysis since this motion also moves the cluster
s—m contact with its 3and 3 neighbors. In fact, the distance  of positively charged amino acids, K560, R482, and K486,
separating the planes of the nucleobase3ds A, a distance
corresponding to the thickness of theelectrons in an 5 Molecular modeling studies indicate that the 5-nitro group of
aromatic ring. In this regard, itis easy to envision that the 5-nitroindole is not zwitterioinic as commonly denoted but instead adds

; ; i to the conjugatedr-electron system of the indole ring.
aromatic nature and conjugateeklectron system of 5-nitro 5391, Y416, and Y567 in gp43 from bacteriophage RB69 are

indole would substantially add to its thermodynamic stabi- equivalent to F388, Y413, and Y564 in gp43 from bacteriophage T4
lization inside the helical confines of duplex DNA. In this (58).
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closer to the active site where they interact predominantly observation directly contrasts that of the movements detected
with the triphosphate groups of the incoming dNTP as in gp43 and implies that the Klenow fragment does not have
opposed to the functional groups on the nucleobases. Thisa preorganized dNTP binding site as does gB#8. (It is
rotation creates the “closed” conformation that presumably tempting to speculate that the measurable differences in the
aids to orient the ‘3hydroxyl of the primer for an in-line  rate of 5-NIMP insertion between the two enzymes reflect
attack on thex-phosphorus atom of the bound dNTBY. alterations associated with the conformational change step.
In the structure of gp43, there is a lack of any observable Further experimentation is clearly required to evaluate this
electrostatic or hydrogen-bonding interactions with the hypothesis.
formation of the nascent base paf4). This observation The data from our kinetic studies in conjunction with the
was originally proposed to reflect the size constraints of a structural information allows us to propose the model
correct versus incorrect base paid). Although some of summarized in Figure 5. In this model, the DNA polymerase
the kinetic data presented here are consistent with this sterids bound to the DNA containing an abasic site and is poised
fit mechanism, we propose an alternative model in which for polymerization. In this binary complex, there exists a
the binding of the incoming dNTP is mediated by the “nonspecific” dNTP binding pocket lined with aromatic
favorabler—a interactions of the aromatic nucleoside with  amino acids such as Y416 and Y56&4). We propose that
the cluster of aromatic residues including Y416, Y567, and these aromatic moieties provide a hydrophobic environment
Y391 lining the active site. Y567 is one of the most highly for initial 7—z stacking interactions with the aromatic moiety
conserved residues in the fingers subdomain of all DNA of an incoming nucleotide (step A). The significance of this
polymerases 62). This tyrosine is positioned near the interaction is to provide an entropic trap which stabilizes
catalytic site of the polymerase at the end of helix P of the the binding of the incoming dNTP with the polymerase
fingers domain and is proposed to “sense” the geometry of DNA complex. The importance of the proposed entropic trap
the newly formed base pai62). This amino acid plays an  becomes obvious when one considers the necessity for
important role in dNTP discrimination since substitution with desolvation of the incoming nucleobase as well as the
smaller amino acids reduces the overall fidelity of gpd@ ( requirement for transfer of the nucleobase into the helix.
61). Y416 is another highly conserved amino adi)(that Binding of dNTP is then followed by the movement of the
appears to be primarily involved in dNTP/rNTP discrimina- fingers subdomain, i.e., the conformational change preceding
tion (65). While the hydroxyl group is proposed to provide phosphoryl transfer, which places the triphosphate moiety
a “steric gate” preventing the insertion of rNTPs, closer in close proximity with the positively charged amino acids
inspection reveals that portions of the incoming dNTP also such as K560 and R482 (step B). Concomitant with the
stack on top of the phenyl ring of Y4164). This stacking movement of the triphosphate moiety is the “flipping” or
feature may contribute to entropic stabilization of binding base-stacking step in which the nucleobase portion of the
the correct base pair. incoming dNTP is transferred from the hydrophobic environ-
Three other tyrosine residues, Y619, Y626, and Y708, are ment of the tyrosine-lined binding site into the hydrophobic
within 14 A of the primer/template junction and could also environment of the interior of the duplex DNA (step B). The
participate int—s stacking interactions with DNA and/or  placement of the nucleobase from one hydrophobic environ-
the incoming dNTP. In fact, it is quite intriguing that Y619 ment into another is likely to be energetically favorable and
and Y626 in gp43 can be accurately aligned with Y181 and could provide the driving force for polymerization as well
Y188 in HIV-RT (66) since these residues in HIV-RT form  as be involved in the maintenance of fidelity. The movements
part of the binding site for hydrophobic and aromatic associated with this conformational change also act to

nonnucleoside inhibitors such as nevirapir@/)( It is polarize theo-phosphate group for nucleophilic attack by
unknown if nonnucleoside inhibitors such as nevirapine also the 3-hydroxyl of the primer, a step required for phosphoryl
inhibit gp43. transfer and elongation of the primer strand (step C).

We have demonstrated that, despite the use of identical An alternative mechanism initially suggested by an
reaction conditions, the Klenow fragment inserts 5-NIMP anonymous reviewer of this paper is that the high catalytic
opposite an abasic site at a 4-fold slower rate compared toefficiency for 5-NIMP insertion opposite an abasic site
gp43 exo. We propose that the kinetic differences reflect reflects an enhanced effect on desolvation rather than base
subtle structural differences between the two enzymes. stacking. The role of desolvation is perhaps best exemplified
Indeed, a recent report highlights the differences in kinetic by first examining correct nucleotide insertion prior to
behavior between gp43 from RB69 and the Klenow fragment discussing translesion DNA synthesis. During correct DNA
with the observed differences in the structures of dNTP replication, proper base pairs are formed within the helix of
binding sites §8). Specifically, Li et al. 66) proposed that  the DNA. Prior to their formation, however, there is a
binding of the incoming dNTP is mediated first by the fingers significant entropic penalty since the functional groups of
domain interacting with the triphosphate groups of the the incoming dNTP must be desolvated. After desolvation,
incoming dNTP. Following this initial binding, there is a the incoming dNMP is stabilized within the helix of the
conformational change in which the fingers rotate toward duplex by enthalpic contributions, i.e., the formation of
the palm subdomain to place the incoming dNTP in the active hydrogen-bonding interactions with the template base, as well
site of the polymerase. It should be noted that the Klenow as by other entropic factors including base stacking. The
fragment has several aromatic amino acids including Y766 abasic site, however, provides a unique situation as the
and F762 that are equivalent to those present in gp43 frominability to form hydrogen bonds places additional energetic
phage T4 and RB6%6@). However, these aromatic amino demands on catalysis since the contribution from enthalpic
acids move significantly during the transition from the open stabilization is greatly diminished. Therefore, the ability of
to the closed conformation in the Klenow fragmes@)( This a natural nucleobase such as dAMP to exist opposite the



402 Biochemistry, Vol. 43, No. 2, 2004 Reineks and Berdis

= Y391
NH;
N“:,N HO

Ho Y416

N,

e A
R

HN™ TN

Ficure 5: Proposed model for the enzymatic insertion of 5-NIMP insertion opposite an abasic site. Step A represents the binding of dNTP
into the putative nonspecific binding pocket lined with aromatic amino acids. Step B represents the conformational change preceding
phosphoryl transfer required to place the triphosphate moiety in close proximity with the positively charged amino acids as well as to stack
the nucleobase portion of the incoming dNTP into the hydrophobic environment of the interior of the duplex DNA. Step C represents the
phosphoryl-transfer step required for elongation of the primer strand. For convenience, nucleic acid is colored white, amino acids in the
DNA polymerase’s active site are colored yellow and labeled according to the numbering system of gp43 from bacteriophage RB69, and
5-NITP is colored red.

abasic site becomes much more dependent on the change iaffinity (Kq = 18 uM). Collectively, these values indicate
free energy associated with desolvation. Indeed, the slowthat the catalytic efficiency for the formation of a 5-ilbasic
kinetics of dNMP insertion could reflect this unfavorable site is nearly identical to that for a correct R base pair
condition. In contrast, 5-NIMP is inserted more effectively (compare 0.7x 10" with 10’ M~ s7%) (33, 38). In fact,
because the analogue is already highly desolvated. In fact,5-NIMP is inserted opposite an abasic site with at least 10-
the calculated oil-to-water partition coefficient for 5-nitro- fold greater efficiency compared to dPTP, the molecule
indole is+2.46 while that for adenine and guanine are07 reported to be the “specific partner” for an abasic s&® (
and —1.36, respectively4?2). As such, the nucleobase may Again, this enhancement during translesion DNA replication
be stabilized within the interior of DNA because the energetic occurs despite the smaller size of 5-NI compared to that of
penalty from desolvation is considerably less. We are pyrene, suggesting that base stacking and/or desolvation may
currently evaluating the proposed role of desolvation during play the predominant role in polymerization efficiency as

DNA polymerization by performing a structur@ctivity well as fidelity.
relationship analysis on various 5-substituted indole deoxy-  The overall catalytic efficiency for 5-NIMP insertion
riboside triphosphates. opposite natural nucleobases is reduced between 1 and 3

ConclusionsWe have quantitatively evaluated the con- orders of magnitude when compared to insertion opposite
tribution of base stacking and steric fit as two interrelated an abasic site. Thi€q for 5-NITP is nearly identical whether
biophysical parameters that can account for nucleotide or not a template nucleobase is present. These data have two
insertion opposite an abasic site. Data obtained with gp43important ramifications for polymerization catalyzed by
exo indicate that the relative size of the incoming nucleo- gp43. The first point is that ground-state binding does not
base plays a minor role in mediating efficient insertion. appear to play a large role in nucleotide discrimination.
Instead, we demonstrate that 5-NITP, a novel nucleobaselnstead, the conformational change step preceding phosphoryl
with enhanced base-stacking and hydrophobic characteristicdransfer is most likely the parameter affected by the nature
compared to natural dNTPs, is inserted opposite an abasicof the formed base pair. The second and perhaps more
site with a 1000-fold greater overall catalytic efficiency intriguing ramification is the potential for a “nonspecific”
compared to dATP. During translesion DNA synthesis, binding site for an incoming dNTP that takes advantage of
5-NIMP is inserted with a fadt,q value of 126 s* and binds w—a stacking interactions between the aromatic rings of the
to the polymeraseDNA complex with relatively high incoming dNTP and amino acids. It will be of great interest
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to evaluate if these phenomena are observed with other DNA 25.

polymerases or if they are unique to the phage enzyme.
A critical examination of the known structures of gp43
from bacteriophage RB6%2—54) has provided a reasonable
mechanistic explanation to account for the preferential
insertion of 5-NIMP opposite the abasic site. A model is
proposed invoking stabilization of the incoming nucleotide
by m—m stacking interactions of the aromatic moiety of the

incoming nucleobase with several aromatic amino acids that

line the polymerase’s active site. An enzyme-mediated

conformational change is proposed to move the triphosphate

moiety of the nucleotide into close proximity of positively
charged amino acids (enthalpic stabilization) while the

aromatic nucleobase is transferred into the aromatic environ-

ment of the interior of the duplex DNA (entropic stabiliza-
tion).

SUPPORTING INFORMATION AVAILABLE

Two figures showing pre-steady-state time courses com-

paring 5-NIMP insertion opposite template T or A and time
courses comparing 5-NIMP insertion using 13/2% 13/
20s. This material is available free of charge via the Internet
at http://pubs.acs.org.

REFERENCES

11.
12.

13.
14.

15.
16.
17.

18.
19.

20.

21.

22

24.

. Loeb, L. A., Springgate, C. F., and Battula, N. (1908ncer

Res. 342311-2321.

. Knudson, A. G. (1996). Cancer Res. Clin. Oncol. 12235—

140.

. Schar, P. (2001¢ell 104 329-332.
. Mol, C. D., Parikh, S. S., Putnam, C. D, Lo, T. P., and Tainer, J.

A. (1999) Annu. Re. Biophys. Biomol. Struct. 2801-128.

. Lawley, P. D., and Philips, D. H. (1998)utat. Res. 35513—40.
. Sanderson, B. J. S., and Shield, A. J. (1996jat. Res. 35541—

57.

. Lindahl, T. (1993)Nature 362 709-715.
. Lawley, P. D., Lethbridge, J. H., Edwards, P. A., and Shooter, K.

V. (1969)J. Mol. Biol. 39 181-198.

. Pegg, A. E., and Byers, T. L. (199FASEB J. 62302-2310.
. Povirk, L. F., and Shuker, D. E. (199%utat. Res. 318205—

226.

Huang, J.-C., Hsu, D. S., Kazantsev, A., and Sancar, A. (1994)
Proc. Natl. Acad. Sci. U.S.A. 912213-12217.

loannidou, E., Lialiaris, T., Mourelatos, D., and Dozi-Vassiliades,
J. (1989)Mol. Mutagen 146—12.

Kow, Y. W. (2002)Free Radical Biol. Med. 33886—-893.

Nelson, J. R., Lawrence, C. W., and Hinkle, D. C. (1996gnce
272 1646-1649.

Masutani, C., Kusumoto, R., Iwai, S., and Hanaoka, F. (2000)
EMBO J. 19 3100-3109.

Zhang, Y., Yuan, F., Wu, X., Taylor, J. S., and Wang, Z. (2001)
Nucleic Acids Res. 2928-935.

Schaaper, R. M., Kunkel, T. A., and Loeb, L. A. (1983)pc.
Natl. Acad. Sci. U.S.A. 8@187—491.

Boiteux, S., and Laval, J. (198Bjochemistry 216746-6751.
Efrati, E., Tocco, G., Eritja, R., Wilson, S. H., and Goodman, M.
F. (1997)J. Biol. Chem. 2722559-2569.

Mozzherin, D. J., Shibutani, S., Tan, C.-K., Downey, K. M., and
Fisher, P. A. (1997lProc. Natl. Acad. Sci. U.S.A. 94126-6131.
Avkin, S., Adar, S., Blander, G., and Livneh, Z. (2002pc. Natl.
Acad. Sci. U.S.A. 98B764-3769.

. Berdis, A. J. (2001Biochemistry 407180-7191.
23.

Vesnaver, G., Change, C. N., Eisenberg, M., Grollman, A. P., and
Breslauer, K. J. (1989%roc. Natl. Acad. Sci. U.S.A. 88614
3618.

Gelfand, C. A., Plum, G. E., Grollman, A. P., Johnson, F., and
Breslauer, K. J. (1998Biochemistry 377321-7327.

26.

27.

N

29.

30.

31.
32.

w

34.

35.

36.
37.

39.

40.

41.

42.

43.

45,

46.

48.

49.

50.

58.

59.

60.

8.

3.

Biochemistry, Vol. 43, No. 2, 2004403

Sagi, J., Guliaev, A. B., and Singer, B. (20@ipchemistry 40
3859-3868.

Cuniasse, P., Sowers, L. C., Eritja, R., Kaplan, B., Goodman, M.
F., Cognet, J. A. H., LeBret, M., Guschlbauer, W., and Fazakerley,
G. V. (1987)Nucleic Acids Res. 18003-8022.

Cuniasse, P., Fazakerley, G. V., Guschlbauer, W., Kaplan, B. E.,
and Sowers, L. C. (1987). Mol. Biol. 213 303-314.

Hoehn, S. T., Turner, C. J., and Stubbe, J. (20049leic Acids
Res. 163413-3423.

Goodman, M. F., Ceighton, S., Bloom, L. B., and Petruska, J.
(1993) Crit. Rev. Biochem. Mol. Biol. 2883—126.

Kool, E. T. (2001)Annu. Re. Biophys. Biomol. Struct. 30
1-22.

Matray, T. J., and Kool, E. T. (199%ature 399 704—709.
Kuchta, R. D., Benkovic, P. A., and Benkovic, S. J. (1988)
Biochemistry 276716-6725.

Frey, M. W., Nossal, N. G., Capson, T. L., and Benkovic, S. J.
(1993) Proc. Natl. Acad. Sci. U.S.A. 92579-2583.

Rush, J., and Konigsberg, W. H. (1983¢pr. Biochem. 19329—

340.

Joyce, C. M., and Derbyshire, V. (1998gthods Enzymol. 262
3-13.

Johnson, K. A. (1995)lethods Enzymol. 2488—61.

Mizrahi, V., Benkovic, P. A., and Benkovic, S. J. (19&8pc.
Natl. Acad. Sci. U.S.A. 8%769-5773.

. Capson, T. L., Peliska, J. A., Kaboord, B. F., Frey, M. W., Lively,

C., Dahlberg, M., and Benkovic, S. J. (199Rjpochemistry 31
10984-10994.

Caldwell, J. W., and Kollman, P. A. (198%)Biomol. Struct. Dyn.
3, 57—66.

Lin, P. K. T., and Brown, D. M. (1989)ucleic Acids Res. 17
10383.

Loakes, D., and Brown, D. M. (1994ucleic Acids Res. 22
4039-4043.

Guckian, K. M., Schweitzer, B. A., Ren, R. X.-F., Sheils, C. J.,
Tahmassebi, D. C., and Kool, E. T. (200D) Am. Chem. Soc.
122 2213-2222.

Moran, S., Ren, R. X., and Kool, E. T. (199oc. Natl. Acad.
Sci. U.S.A. 9410506-10511.

. McMinn, D. L., Ogawa, A. K., Wu, Y. O., Shultz, P. G., and

Romesberg, F. E. (1999). Am. Chem. Soc. 12111585
11586.

Chiaramonte, M., Moore, C. L., Kincaid, K., and Kuchta, R. D.
(2003) Biochemistry 4210472-10481.

Minnick, D. T., Liu, L., Grindley, N. D., Kunkel, T. A., and Joyce,
C. M. (2002)Proc. Natl. Acad. Sci. U.S.A. 99194-1199.

. Morales, J. C., and Kool, E. T. (2000) Am. Chem. Soc. 122

1001-1007.

Matsuda, S., Henry, A. A., Schultz, P. G., and Romesberg, F. E.
(2003)J. Am. Chem. Soc. 125134-6139.

Searle, M. S., and Williams, D. H. (199R)cleic Acids Res. 11
2051-2056.

Pyshnyi, D. V., Pyshnaya, |., Levina, A., Goldberg, E., Zarytova,
V., Knorre, D., and Ivanova, E. (2007) Biomol. Struct. Dyn.

19, 555-570.

. Wang, W., Wan, W., Zhou, H. H., Niu, S., and Li, A. D. (2003)

J. Am. Chem. Soc. 125248-5249.

. Wang, J., Sattar, A. K., Wang, C. C., Karam, J. D., Konigsberg,

W. H., and Steitz, T. A. (1997Cell 89 1087-1099.

. Shamoo, Y., and Steitz, T. A. (199Ggll 99 155-166.
. Franklin, M. C., Wang, J., and Steitz, T. A. (20@¢gIl 105 657—

667.

. Karam, J. D., and Konigsberg, W. H. (200®@)pg. Nucleic Acid

Res. Mol. Biol. 6465—96.

.Wang, C.-C., Yeh, L. S., and Karam, J. D. (1995Biol. Chem.

270, 26558-26564.

. Brautigam, C. A. and Steitz, T. A. (1998)rr. Opin. Struct. Biol.

8, 54—63.

Beese, L. S., Derbyshire, V., and Steitz, T. A. (1998Eence 260
352-355.

Beese, L. S., Friedman, J. M., and Steitz, T. A. (1#8¢hemistry
32, 14095-14101.

Doublie, S., Tabor, S., Long, A. M., Richardson, C. C., and
Ellenberger, T. (1998Nature 391 251—-258.



404 Biochemistry, Vol. 43, No. 2, 2004 Reineks and Berdis

61. Doublie, S., and Ellenberger, T. (1998)irr. Opin. Struct. Biol. 66. Spicer, E. K., Rush, J., Fung, C., Reha-Krantz, L. J., Karam, J.
8, 704—712. D., and Konigsberg, W. H. (1988). Biol. Chem. 2637478~
62. Braithewaite, D. K., and Ito, J. (199R)cleic Acids Res. 2787 7486.
802. 67. Smerdon, S. J., Jager, J., Wang, J., Kohlstaedt, L. A., Chirino, A.
63. Bebenek, A., Dressman, H. K., Carver, G. T., Ng, S., Petrov, V., J., Friedman, J. M., Rice, P. A., and Steitz, T. A. (1994)c.
Yang, G., _Konigsberg, W. H., Karam, J. D., and Drake, J. W. Natl. Acad. Sci. U.S.A. 98B911-3915.
(2001)J. Biol. Chem. 27610387-10397. 68. Yang, G., Franklin, M., Li, J., Lin, T.-C., and Konigsberg, W.
64. Bebenek, A., Carver, G. T., Dressman, H. K., Kadyrov, F. A., (2002) Biochemistry 412526-2534.
Haseman, J. K., Petrov, V., Konigsberg, W. H., Karam, J. D., 69.Li Y. K Y.. Korol s d Wak: G. (19 tei
and Drake, J. W. (2002penetics 1621003-1018. o e paorelev, 8. and Waksman, G. (1958pteln

65. Gardner, A. F., and Jack, W. E. (1999)cleic Acids Res. 27
2545-2553. BI1034948S



