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ABSTRACT. UV light causes the formation of thymine dimers that can be misreplicated to induce mutagenesis
and carcinogenesis. This report describes the use of a series of non-natural indolyl nucleotides in probing
the ability of the high-fidelity bacteriophage T4 DNA polymerase to replicate this class of DNA lesion.
Kinetic data reveal that indolyl analogues containing largsectron surface areas are incorporated opposite

the thymine dimer almost as effectively as an abasic site, a noninstructional lesion. However, there are
notable differences in the kinetic parameters for each DNA lesion that indicate distinct mechanisms for
their replication. For example, the rate constants for incorporation opposite a thymine dimer are considerably
slower than those measured opposite an abasic site. In addition, the magnitude of these rate constants
depends equally upon contributions frarvelectron density and the overall size of the analogue. In contrast,
binding of a nucleotide opposite a thymine dimer is directly correlated with the ovesddictron surface

area of the incoming dXTP. In addition to defining the kinetics of polymerization, we also provide the
first reported characterization of the enzymatic removal of natural and non-natural nucleotides paired
opposite a thymine dimer through exonuclease degradation or pyrophosphorolysis activity. Surprisingly,
the exonuclease activity of the bacteriophage enzyme is activated by a thymine dimer but not by an
abasic site. This dichotomy suggests that the polymerase can “sense” bulky lesions to partition the damaged
DNA into the exonuclease domain. The data for both nucleotide incorporation and excision are used to
propose models accounting for polymerase “switching” during translesion DNA synthesis.

The ability of DNA polymerases to bypass various DNA the mechanism of nucleotide incorporation opposite and
lesions is considered to be a promutagenic event that canbeyond a thymine dimer. Although it has been demonstrated
lead to carcinogenesig)( One clear example of the causal that DNA polymerases can incorporate dNTPs opposite UV-
link between the misreplication of damaged DNA and induced DNA lesions{—9), there are few reports providing
carcinogenesis is the development of skin cancer (revieweddetailed kinetic analyses of this activity. One exception,
in ref 2). The primary causative agent of skin cancer is solar however, is the bacteriophage T7 DNA polymerase that has
UV light that catalyzes the formation of dipyrimidine been extensively evaluated through kinetic and structural
photoproducts such as cyclobutane pyrimidine dimers andstudies {3—15). This high-fidelity DNA polymerase is
pyrimidine 6-4 pyrimidone photoproducts (reviewed in ref proposed to replicate a thymine dimer as a noninstructional
3). Although these lesions are repaired by several distinct |esjon, i.e., an abasic site, as opposed to a misinstructional
DNA repair pathways4—6), they are also inappropriately |esion (L3). This conclusion was based upon comparative
replicated by various DNA polymerase3—<9). Indeed,  nucleotide selectivity studies demonstrating that the T7 DNA
insufficient repair followed by errors in replication produces polymerase preferentially incorporates pyrene triphosphate
characteristic mutations in dipyrimidine sequences that (dPTP} versus dATP opposite either DNA lesioh3 14).
represent initiating events in canc&0(-12). For example, At the molecular level, this result is intriguing since the
squamous cell carcinoma involves mutations in the pS3 genestryctures of these lesions differ significantly (Figure 1A).
(10), while basal cell carcinomal() and melanomal@) Regardless, this model was supported by structural evidence

involve mutations in the PATCHED gene and the p16 gene, of the T7 exo DNA polymerase bound at a thymine dimer
respectively. In each of these examples, the signature of the
genetic mutation is consistent with the misreplication of UV-  Abbroviad y — nclh /
i i Abbreviations: dPTP, pyrene triphosphate; TBE, Tris-H orate
mduceq DNA IeSIOnS_' . EDTA, EDTA; ethylenediaminetetraacetate, sodium salt; dNTP, deoxy-

The intuitive relationship between DNA damage and nycleoside triphosphate; dXTP, non-natural deoxynucleoside triphos-
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A 5’ -Tcocaccceerce ﬁj:\(& e tvvmine Dimer in(_:orporation of yarious 5-_modi_fied indolyl nucl_eotides
3 -AGCGTCGGCCAGGT=TCCAAA OJ\? i(L° iyt (Figure 1B) opposite a thymine dimer. These studies reveal
A that gp43 replicates thymine dimers and abasic sites via
similar yet distinct mechanisms. This is best exemplified by
S AT cpcccanA Hh]:} hyoyemetS- | _the differe_nces in th_e kinetic parameters me_asured for Fhe
% 0 incorporation of various non-natural nucleotides opposite
either DNA lesion. In addition, this report evaluates the
5 - TCGCAGCCGETCE \Eﬁ " Thymine mgchani;ms for prqofrgading natura! and nop-natgral nucle-
3’ -AGCGTCGGCCAGGTCCCAAA W&M m otides paired opposite either DNA lesion. Distinct differences
are observed using non-natural nucleotides such as 5-PhIMP
B " which can be excised via exonuclease and pyrophosphoro-
N N . N, NO lytic activity when placed opposite an abasic site but not
<’N L J <:© <’;© @ <’N:© when placed opposite a thymine dimer. The collective data
b d:n, N N P set is used to develop a comprehensive model highlighting

the similarities and differences in the replication of a

(j©0 ‘ @ nontemplating lesion versus a bulky miscoding DNA adduct.
i/ 4
o ec

MATERIALS AND METHODS

gz’ N

1
R 5.CHITP dR 5-CEITP R 5-PhITP

0

R 5-NaplTP dR 5-AnITP

OOO Materials [y-3?P]JATP was purchased from M. P. Bio-
Medicals (Irvine, CA). Ultrapure, unlabeled dNTPs were
obtained from Pharmacia. Magnesium acetate and Trizma
base were obtained from Sigma. Urea, acrylamide, and
bisacrylamide were from Aldrich. The oligonucleotide
dR = o_',?_o_'.:_o_'.!_o . containing acis,syn thymine dimer was synthesized by
) ) _'Ql TriLink Biotechnologies (San Diego, CA). All other oligo-
Ficure 1: (A) Structures of 2deoxynucleoside triphosphates used nucleotides, including those containing a tetrahydrofuran
or mentioned in this study. For cor¥venience, dR .2; usgd to represent_rl_nmety mlmlcklng an abasic site, were synthesized by Operon
the deoxyribose triphosphate portion of the nucleotides. (B) Defined | €chnologies (Alameda, CA). Single-stranded and duplex
DNA substrates used for kinetic analysis. X in the template strand DNA were purified and quantified as described previously
denotes a thymine dimer, a thymine, or a tetrahydrofuran moiety (20). All other materials were obtained from commercial
designed to functionally mimic an abasic site. sources and were of the highest available quality. Wild-type
gp43 and the exonuclease-deficient mutant of gp43 (Asp-
; 219 to Ala mutation) were purified and quantified as

15) in which the lesion li ide the helical str r _ ) .
(15 ch the lesion lies outside the helical structure o previously described2(l, 22). The non-natural nucleotides

g,[\éA to create a cavity that functionally resembles an abasic useq in this study were synthesized and purified as described
These observations lead us to question if similar mecha-Previously (7-19). ) o )
nisms are employed by other high-fidelity DNA polymerases ~ Enzyme Assay$he assay buffer used in all kinetic studies
during the replication of this and other bulky DNA lesions. consisted of 25 mM Tris-OAc (pH 7.5), 150 mM KOAc,
As such, we performed a thorough kinetic analysis comparing @nd 10 mM 2-mercaptoethanol. All assays were performed
the ability of the bacteriophage T4 DNA polymerase (gp43) at 25 °C. Polymerization reactions were monitored by
to incorporate various natural and non-natural nucleotides analysis of the products on 20% sequencing g2g. Gel
opposite a thymine dimer versus an abasic site. We previ-images were obtained with a Packard Phosphorimager using
ously demonstrated that non-natural analogues containingOpPtiQuant supplied by the manufacturer. Product formation
significantz-electron surface areas such as 5-NITP, 5-PhITP, was quantified by measuring the ratio®#-labeled extended
and 5-NapITP (Figure 1B) are incorporated000-fold more to nonextended primer. The ratios of product formation are
efficiently than analogues such as 5-AITP and 5-CHITP corrected for substrate in the absence of polymerase (zero
(Figure 1B) that have substantially smatteelectron surface ~ Point). Corrected ratios are then multiplied by the concentra-
areas {6—19). These results are consistent with a model in tion of the primet-template motif used in each assay to yield
which the overall catalytic efficiency of nucleotide incor- total produ_ct. All concentrations are listed as final solution
poration is directed by the base stacking capabilities of the concentrations.
incoming nucleotide. In this model, the binding affinity of Determination of the Kinetic Rate and Dissociation
the incoming nucleotide is linked with its shape and Constants for Incorporation of dXTP opposite a Thymine
hydrophobicity, while the rate constant for incorporation of Dimer. In most cases, a rapid quench instrument (KinTek
these non-natural nucleotides is solely dependent on theCorp., Clarence, PA) was used to monitor the time courses
presence ofr-electron density. for incorporation of a nucleotide opposite a thymine dimer.
These results prompted us to test the following hypoth- Experiments were performed in which 250 nM 13/28
esis: if gp43 processes a thymine dimer as a transient “abasianer and variable concentrations of a nucleotide analogue
site”, then analogues such as 5-NITP, 5-PhITP, and 5-NaplTP(5—500 M) were preincubated in assay buffer and mixed
are expected to be incorporated opposite either lesion withwith 1 uM gp43 exo and 10 mM Mg(OAc). The reactions
nearly identical kinetic parameters. This report outlines the were quenched with 500 mM EDTA at variable times
structure-activity relationships derived from monitoring the (0.005-10 s) and analyzed as described above. Data obtained
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for single-turnover DNA polymerization assays were fit to
eq 1.
y=Al-e")+C (1)
whereA is the burst amplitudé is the observed rate constant
(kobg for formation of an initial productt is time, andC is
a defined constant. Data for the dependendigfon dXTP
concentration were fit to the Michaetidventen equation (eq
2) to provide values corresponding kg, and Kp.
Kops = Koo IXTP]/(Kp, + [dXTP]) 2)
wherekgqys is the observed rate constant of the reactlgp,
is the maximal polymerization rate constafi, is the kinetic
dissociation constant for dXTP, and dXTP is the concentra-
tion of the non-natural nucleotide substrate.
Acid versus EDTA as the Quenching AgebBiNA (13/
20r=r, 250 nM) was incubated witKp concentrations of a
non-natural nucleotide and 10 mM Mg(OAcThe reaction

was then initiated with kM gp43 exo and quenched with
either 500 mM EDTA o1 M HCI at time intervals ranging
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Ficure 2: Comparing the efficiency of insertion for non-natural
and natural nucleoside triphosphates opposite a thymine dirrer (T
T) vs an abasic site (SP). Assays were performed as described in
the text.

PyrophosphorolysidDNA (14A/20r-mer, 14A/2Q—-mer,
or 14A/20s-mer, 500 nM) was first incubated with 50 nM
gp43 exo and 10 mM Mg(OAc). The reaction was then
initiated with 20 mM PPand quenched with 500 mM EDTA
at time intervals (5300 s). The quenched samples were

from 0.1 to 10 s using a rapid quench instrument as describedprocessed as described above, and product formation was

above. After the reaction had been quencheti Wi HCI,
100uL of a phenol/choloroform/isoamyl alcohol mixture was
added to extract the DNA polymerase, and the pH of the
aqueous phase was neutralized by addition-80 uL of a

1 M Tris/3 M NaOH mixture. Product formation was
analyzed and quantified as described above.

Idle Turnawer Measurement®ONA (13/20—r-mer or 13/
20s-mer, 250 nM) was first preincubated wik, concentra-
tions of 5-PhITP (4Q«M) in the presence of 30M dCTP.
Due to the nature of the DNA substrate (Figure 1A), insertion
of dCMP opposite G at position 13 in the template maintains
a usable primertemplate motif for the insertion of the non-
natural nucleotide opposite the thymine dimer lesion (position
14). In all cases, the reaction was initiated by the addition
of 1 uM gp43 exd. Reactions were quenched with 500 mM
EDTA at time frames ranging from 5 to 600 s. The quenched

analyzed using protocols similar to that used to monitor the
exonuclease activity of gp4239).

The pyrophosphorolytic activity of gp43 using 5-PhITP
as the non-natural nucleotide was performed using a modified
procedure. 13/2Qr-mer or 13/2@=mer (500 nM) was
incubated with 50 nM gp43 ex¢ 10 mM Mg(OAc), and
10 uM 5-PhITP. In this case, the polymerase was allowed
to enzymatically incorporate 5-PhITP opposite the DNA
lesion to create the 14-mer. After20 min (the time required
to achieve>90% conversion of 13-mer to 14-mer), pyro-
phosphorolysis was initiated with 20 mM PFhe reaction
was quenched through the addition of 500 mM EDTA at
time intervals (5300 s) and the mixture processed as
described above.

samples were processed, and product formation was analyzed

as described previousIRg).

Exonuclease Degradation of Unmodified and Damaged
DNA. Exonuclease reactions were performed under single-
turnover reaction conditions in which 250 nM DNA was
preincubated with 10 mM Mg(OAg)in assay buffer, and
the reaction was initiated by adding«M gp43 exd. These
studies include monitoring of the enzymatic hydrolysis of
the following DNA substrates: 14A/20r-mer, 14A/2QF
mer, 13/20—r-mer, 13/2@=mer, and 13/28mer. In all cases,

a rapid quench instrument was used to quench the reaction
using 500 mM EDTA at time intervals ranging from 0.003
to 2 s. Degradation products were analyzed as describe

above, and data points were plotted as initial substrate (13-

mer) remaining as a function of time. Data for each time
course were fit to eq 3 defining a first-order decay in initial
substrate concentration.
_ paakt
y=Ae "+C 3)
whereA is the amplitude of the burst phagds the observed

rate constant for product formation, af@dis the end point
of the reaction.

RESULTS AND DISCUSSION

The series of natural and non-natural nucleotides illustrated
in Figure 1B were used to probe for similarities or differences
in the ability of gp43 exo to replicate a thymine dimer
versus an abasic site. In either case, single-turnover condi-
tions were used in which M gp43 exo was added last to
a preincubated solution of 5M dXTP and 500 nM DNA

13/20—r-mer or 13/2@--mer). Results comparing incorpo-
ation of a nucleotide opposite either DNA lesion are

O,orovided in Figure 2 and reveal significant differences in

the efficiency of translesion DNA synthesis. For example,
although IndTP, 5-FITP, and 5-AITP are readily incorporated
opposite an abasic site, they are not efficiently incorporated
opposite the thymine dimer. The most striking difference,
however, is that dATP and 5-NITP are poorly incorporated
opposite the thymine dimer. This is noteworthy since dATP
and 5-NITP are efficiently incorporated opposite an abasic
site (Figure 2), and this result recapitulates previously
reported datal, 24). It should also be noted that of the

four natural nucleotides, only dATP exhibited any incorpora-
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tion opposite the thymine dimer (data not showhjowever,
even at the highest tested concentration of dATP (1 mM),
the measured rate constant of 0.007is ~21-fold slower
than the reporteds,, value of 0.15 s' measured for
incorporation of dATP opposite an abasic si@4)( In
general, the difference in nucleotide utilization suggests that
gp43 exo replicates a thymine dimer via a mechanism
different from that reported for an abasic sifé6{19) and
thus does not strictly obey the “A-rule” of translesion DNA
synthesis.

There are, however, instances in which gp43-extilizes
certain non-natural nucleotides with comparable efficiencies
regardless of DNA lesion. As illustrated in Figure 2, indolyl
analogues containing largeelectron surface areas such as
5-CEITP, 5-PhITP, and 5-NapITP are incorporated opposite
the thymine dimer almost as effectively as an abasic site.
As such, there is an apparent dichotomy in nucleotide
utilization that cannot be rationalized solely by these qualita-
tive data. The underlying reasons for these differences in
nucleotide utilization were thoroughly investigated using a
guantitative kinetic approach described below.

Kinetic Parameters for Incorporation Opposite a Thymine
Dimer. Ko andk,o values were measured for the subset of
non-natural nucleotides incorporated opposite the thymine
dimer. All experiments were performed using single-turnover
conditions as previously describeth. Representative data
provided in Figure 3A show the time courses in incorporation
of 5-NapITP opposite the thymine dimer. All time courses
were fit to the equation for a single-exponential process to
definekyps the rate constant for product formation. As shown
in Figure 3B, the plot okypsversus 5-NaplTP concentration
is hyperbolic, and a fit of the data to the Michaelidenten
equation yields &, value of 6.4+ 0.5 s* and aKp value
of 13+ 3 uM. Identical analyses were performed with other
non-natural nucleotides, and the correspondingKp, and
koo/Kp values are summarized in Table 1.

Inspection of Table 1 clearly indicates that analogues such
as 5-CEITP, 5 PhITP, and 5-NapITP are preferentially
incorporated opposite a thymine dimer. The catalytic ef-
ficiency (k,o/Kp) for these analogues is between 2 and 4
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Ficure 3: (A) Dependency of the apparent burst rate constant on
the concentration 5-NapITP as measured under single-turnover
conditions. Assays were performed usingell gp43 exo, 250

nM 13/20 SP, 10 mM Mg(OAg) and 5-NapITP at variable
concentrations: 5@), 10 @), 25 (v), 50 (+), and 100uM (a).

The solid lines represent the fit of the data to a single exponential.
(B) The observed rate constants for incorporat@hwere plotted
against 5-NapITP concentration and fit to the Michaehenten
equation to determine values correspondindgoand kyqr.

in binding affinities of these analogues that are dependent
upon the nature of the lesion. For incorporation opposite an
abasic site, theKp values of 5-CEITP, 5-PhITP, and
5-NapITP are essentially identical at15 uM (17—19).
During replication of a thymine dimer, however, these values
vary significantly and appear to be linked with the overall
m-electron surface area of the incoming dXTP. Of these three
analogues, 5-NapITP has the highest binding affirity £

orders of magnitude greater than that for smaller analogues13 M) which coincides with its larger-electron surface

such as 5-AITP and 5-FITP that lack extensivelectron
density. It is striking that the overall catalytic efficiency
increases as the-electron surface area increases. In general,

area (273 A). In contrast, the smaller-electron surface area
of 5-CEITP (180.7 &) arguably causes a weaker binding
affinity as manifest in the 10-fold highé{p value of 120

this variation reflects alterations in binding affinity rather xM. These differences are interesting since a correlation

than perturbations in the polymerization rate constant since
the ko values for 5-CEITP, 5-PhITP, and 5-NapITP are
nearly identical at~4—6 s'. The mechanistic significance
of these observations is discussed below.

The favorable incorporation of analogues containing large

between binding affinity andg-electron surface area is not
observed during incorporation opposite an abasic site.
Differences are also detected with respect tdderalues

which are again dependent upon the nature of the lesion.

Kool Values measured with abasic site-containing DNA vary

m-electron surface areas suggests that the thymine dimer carfrom 25 to 50 s?, while they remain essentially invariant

be processed as a noninstructional lesion since similar dataduring incorporation opposite a thymine dimer. The most
were obtained for their incorporation opposite an abasic site dramatic effect, however, is that the rate constants for
(17—19). However, the notable variations in kinetic param- incorporation are considerably slower opposite the thymine
eters indicate that the misreplication of each lesion occurs dimer. The magnitude for this effect is largest with 5-PhITP
via a distinct mechanism. One clear example is the differencein which thek for an abasic site is 12-fold faster than with
the thymine dimer (53 and 4.4 respectively).

2 Incorporation of dATP opposite a thymine dimer occurs exclusively Perhaps the most unique kinetic behavior is again evident
2nd 5.6 of the lesion does 6ceur. but oy at GATP concenratons o o se, Cpauate the kinetic parameters for 5-NfTFhe
gpeatefrt]hgnol mM. However, the amount gf product formed at the Kp of 3.9/’LM measured opposite the thymine dimer is °.”'y

2-fold higher than the value of 8Vl measured for an abasic

5-end of the lesion is minimal and represent2% of complete ” )
turnover. site (16). Thus, the presence of-electron density on the
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Table 1: Summary of Kinetic Rate and Equilibrium Constants Measured for the Insertion of dATP and 5-Substituted rimylyBiboside
Triphosphates opposite a Thymine Dimer and an Abasi¢ Site

thymine dimer abasic site
Ko (uM) Kool (57%) Koo/ Kp (M~ s71) Ko (uM) Kool (57%) Koo/ Kp (M~ s7%)
dATP NDP 0.007+ 0.002 <20 35+5 0.15+ 0.01 4606
5-NITP 39+ 19 0.042+ 0.006 1100 183 126+ 6 7000000
5-FITP ND 0.030+ 0.004 <60 152+ 41 0.30+ 0.03 2000
5-CHITP ND? 0.059+ 0.004 <120 6.2+ 1.3 0.46+ 0.003 74200
5-CEITP 119+ 31 4.4+ 05 36980 4.6£1.0 251+ 15 5460000
5-PhITP 36+ 13 4.4+ 0.43 122000 143 53+ 4 3800000
5-NapITP 13+3 6.4+ 0.5 492300 10.3 45 271+ 15 2631100
5-AnITP 31+ 19 1.6+ 05 51600 2H7 5.3+ 0.4 200000

aThe kinetic parameterk,o, Kp, andky./Ko were obtained under single-turnover reaction conditions using 500 nM gp43 2%0 nM 13/
20r—r-mer, and 10 mM Mg" at varying concentrations of non-natural nucleotide triphosphate (from 5 t@/@00° Not determined® kops values
measured at the highest nucleotide concentration that was tested6601 mM). ¢ Accurate values could not be determined since the lack of
saturation kinetics prohibited the determination of tkyg andKp values. Thus, the reported catalytic efficiencies reflect upper estimates based
upon the rate constanks,y) measured using 500M dXTP divided by the highest nucleotide concentration that was testedy®B)0° Values
taken from ref24. f Values taken from rel6. ¢ Values taken from rel7. " Values taken from rel9. ' Values taken from rel8.

Table 2: Summary of Kinetic Rate and Equilibrium Constants Measured for the Incorporation of dJATP and 5-Substituted
Indolyl-2'-deoxyriboside Triphosphates opposite a Thymine Dimer or Thymine

thymine dimer thymine
Ko (uM) Koot (1) kool Kp (M~ s71) Ko (uM) Koot (S72) koo/Kp (M1 572)
dATP NDP 0.007+ 0.002¢ <20 10+ 05 100+ 10 10000000
5-NITP 39+ 19 0.042+ 0.006 1100 91 0.9+0.1 100000
5-FITP ND 0.030+ 0.004° <60 141+ 32 0.040+ 0.003 2900
5-CHITP ND 0.059+ 0.004 <12¢ 25+ 10 0.018+ 0.005 720
5-CEITP 119+ 31 4.4+ 0.5 36980 63t 12 0.076+ 0.005 1120
5-PhITP 36+ 13 4.4+04 122000 257 0.16+ 0.01 6400
5-NapITP 13+3 6.4+ 0.5 492300 16:8 221+ 04 135600
5-AnITP 31+ 19 1.6+ 0.5 51600 29 15 0.53+0.11 18600

aThe kinetic parameteri,o, Kp, andky./Kp were obtained under single-turnover reaction conditions using 500 nM gp43 2%0 nM 13/
20r—r-mer, and 10 mM M§" at varying concentrations of non-natural nucleotide triphosphate (from 10 taMD® Not determined® kops values
measured at the highest nucleotide concentration that was tested6601 mM). ¢ Accurate values could not be determined since the lack of
saturation kinetics prohibited the determination of tkug andKp values. Thus, the reported catalytic efficiencies reflect upper estimates based
upon the rate constanks,y) measured using 500M dXTP divided by the highest nucleotide concentration that was testedy®)0¢ Values
taken from ref20. f Values taken from rel6. 9 Values taken from rel7. " Values taken from rel9. ' Values taken from rel8.

incoming nucleotide appears to influence binding affinity.
In contrast, thek,o value of 0.042 st measured using the
thymine dimer is 3000-fold lower than the value of 126 s
measured for an abasic sité6f. This difference suggests uM opposite a thymine dimer is identical to that of 21
that the presence of-electron density alone is insufficient measured opposite an abasic sit8)( Furthermore, thég
to facilitate the conformational change that limits nucleotide value of 1.6 s for incorporation opposite a thymine dimer
incorporation. In fact, it appears that tlig, values for is only 3-fold slower than the value of 5.3'geported using
incorporation opposite the thymine dimer depend equally an abasic sitel). While these data are consistent with the
upon contributions from both the-electron density and the  aforementioned hypothesis, it should be noted that 5-AnITP
overall size of the analogue. The latter half of this finding is also displays unique kinetic parameters for insertion opposite
reminscent of the shape-complementarity model originally templating nucleobases. Specifically, tkg of 29 uM for
proposed by Kool and co-workers (reviewed in P&j. incorporation opposite thyminel @) is identical to that of

31 uM for incorporation opposite a thymine dimer. Likewise,

% Initial data reported in Figure 2 indicated that 5-NITP is poorly thekyo 0f 0.5 57 is only 3-fold slower than the value of 1.6

incorporated opposite a thymine dimer. However, this low efficiency S * measured for incorporation opposite a thymine dimer
partially reflects the reaction conditions employed in this experiment, (18).

i.e., low dXTP concentration and a short reaction time of 10 s. In fact, . . . S .
increasing the concentration of 5-NITP and monitoring the reaction at | hese kinetic data raised the possibility that a thymine

time frames encompassing 4600 s resulted in a dose- and time- dimer may simply be replicated as a templating nucleobase
dependent increase in the level of product formation (Supporting rather than as an abasic site. This was evaluated by

Information). From these experimentsiKa of 39 + 19 uM and akpq : PR
value of 0.042+ 0.006 s* were measured. Similar experiments were comparing the kinetic parameters for these non-natural

performed using other analogues such as 5-FITP and 5-CH-ITP. In Nucleotides opposite a thymine dimer versus an unmodified
both cases, the rate and amount of primer elongation increased withthymine (Table 2). Indeed, certain analogues lacking large

the concentration of nucleotide. However, saturation kinetics were not z-electron surface areas (5-NITP, 5-FITP, and 5-CH-ITP)
observed even at the maximal concentration (@RI tested for either

non-natural nucleotide. Hence, the lack of saturation prevented accurate2® incorporated far more efficiently opposite T than the
measurements d6o andKp values. cross-linked DNA adduct. However, other analogues such

Of all of the non-natural nucleotides tested in this study,
only 5-AnITP displays nearly identical kinetic parameters
regardless of DNA lesion. For example, tg value of 31
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A

Ficure 4: (A) Proposed model for the enzymatic incorporation of non-natural nucleotides. The first represents the binding of dNTP to the
polymerase-DNA complex Kp). After nucleotide binding, the polymerase undergoes a conformational chipagehat is required to

place the triphosphate moiety in the proximity of 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. The final stage of the catalytic cycle is phosphoryl
transfer step that is required for elongation of the primer strigh]. Panels B-E provide computer-generated models for DNA containing

an abasic site (B and C) or a thymine dimer (D and E). All models were constructed using Spartan '04. (B) Computer-generated model for
the structure of DNA containing an abasic site. (C) 5-Phenylindoledeoxyribose monophosphate paired opposite an abasic site in which the
non-natural nucleobase is placed in an intrahelical conformation. (D) Computer-generated model for the structure of DNA containing a
thymine dimer. (E) 5-Phenylindoledeoxyribose monophosphate paired opposite a thymine dimer in which the non-natural nucleobase is
placed in an intrahelical conformation.

as 5-CEITP, 5-PhITP, and 5-NapITP that contain large site or a templating thymine. Instead, the data argue that the
m-electron surface areas exhibit an opposite trend as theybulky lesion is replicated as a “hybrid” containing features
are incorporated more effectively opposite a thymine dimer common to both the nontemplating lesion and thymine. To
compared to thymine. In these latter instances, the increaseaxplain such a phenomenon, we use the model illustrated in
efficiency is caused by fastég, values rather than by an  Figure 4A to propose a unified mechanism for replicating
enhancement in binding affinity. unmodified and damaged DNA. In the case of normal DNA
These differences are significant as they suggest that gp43eplication, we propose that the templating nucleobase is
does not replicate the thymine dimer strictly as an abasic oriented in an extrahelical position that creates a transient
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“void” mimicking an abasic site 19). This hypothesis is 250 T
based upon kinetic evidence using our non-natural nucle- - " ]
otides (6—19) and structural models of various DNA 200 3 3
polymerases bound to nucleic ac6(-28). Our kinetic data 150 E 3
indicate that large, bulky non-natural nucleotides can easily F ]
fill the void produced by this transient intermediate. In fact, =100 | =
the low Kp values measured for their insertion opposite a £ F ]
true abasic site provide further evidence of this mechanism. = 50 J E
As seen in panels B and C of Figure 4, the non-natural Y I T T T T
nucleobase of 5-PhITP can fill the void at an abasic site and 1 2 3 4 5 6
is stabilized byr— electron interactions with the penulti- Time (seconds)

mate _base. pair. - . Ficure 5: Time courses for the incorporation of 5-PhITP opposite
Unlike binding affinity, howeverky values are highly  a thymine dimer using EDTAM) or HCI (O) as the quenching

dependent upon the presence of a templating nucleobasereagent. gp43 exo(1 uM) and 3-labeled 13/2@--mer (250 nM)

When a normal templating base is present, khgevalues were preincubated, mixed with 10 mM Ktgand 30uM 5-PhITP

: _ : 1~clO initiate the reaction, and quenched with either 500 mM EDTA
are slow since the shear bulk of large non-natural nucleotldesoIr 1 M HCI at variable times (0.055 s). After the reaction had

hinders the facile.repqsitioning of the Femplating nuc!eobase been quenched with HCI, 108 of a phenol/chloroform/isoamyl
from an extrahelical into an intrahelical conformation. In  alcohol mixture was added to extract the polymerase, and the pH
contrast, thely,, values at an abasic site are significantly of the aqueous phase was neutralized with the additicn bM

faster since the lack of a templating nucleobase circumventsTris/3 M NaOH mixture. Product formation was analyzed by

PP denaturing gel electrophoresis followed by phosphorimaging analy-
the need for repositioning. Furthermore, the rate of the sis. An amplitude of 211 6 M and akys of 2.51 + 0.25 s

conformational change step is dependent upon the presencgere obtained using EDTA as the quench, while an amplitude of
of m-electron density]9) and is consistent with the favorable 220 + 9 nM and aky,s of 0.99 + 0.15 s were obtained using

stacking interactions of the non-natural nucleobase within HCI as the quenching agent.
the void of the abasic site (Figure 4C).

The dynamics of replication of a thymine dimer are to achieve base pairing interactions. These possibilities await
consistent with this model, especially if one considers that the results of our ongoing structural studies of various non-
this lesion contains physical features common to both a hatural nucleotides paired opposite damaged and nondam-
templating base and a nontemplating abasic site. In thisaged DNA.
model, the 3T of the lesion exists predominantly, but not Rate-Limiting Step for Replication of a Thymine Dimer.
entirely, in an extrahelical position while thé-5 of the To further compare and contrast the mechanism of translesion
lesion remains in an intrahelical position. As shown in Figure DNA synthesis, a series of experiments were performed to
4D, the extrahelical positioning of the'-¥ creates an  evaluate the rate-limiting step during replication opposite a
intermediate resembling an abasic site. However, the covalenthymine dimer. Previous studies using denaturing versus
bond between the intrahelicalb and the extrahelical' 3T nondenaturing quenching systems demonstrated that the
hinders the overall mobility of the lesion such that the rate conformational change preceding phosphoryl transfer is rate-
constant for the prerequisite conformational change steplimiting for the incorporation of non-natural nucleotides
preceding phosphoryl transfer is significantly slower com- opposite an abasic sit&é&, 19, 24). A similar approach was
pared to that for a true abasic site. used here to monitor time courses in nucleotide incorporation

These models also indicate that the unique shape of theusing EDTA (nondenaturing quench) versus HCI (denaturing
thymine dimer influences ground-state binding. For example, agent). Any observed differences in the amount and/or rate
the large bulky analogue, 5-CHITP, is most likely sterically constants in product formation using these agents can provide
hindered from binding in a proper orientation, and this is information regarding the existence of various enzyme forms,
reflected in its poor binding affinityKp > 500 uM). In including EDNA, E-DNA-dXTP, and EDNA-dXTP, that
contrast, analogues containing large, flat aromatic systemsaccumulate before the phosphoryl transfer stef(EA -
(5-PhITP and 5-NaplITP) can interact more stably within the PR).

smaller void caused by the'-¥ (Figure 4E). Therefore, Initial experiments focused on the incorporation of 5-Phl-
binding affinity increases as the stacking interactions betweenTP opposite the thymine dimérTime courses generated
the incoming nucleotide and DNA become optimal. usingKp concentrations of 5-PhITP (40M) are provided

We note that the aforementioned model has not beenin Figure 5 and reveal that the amplitude in product formation
proven and that other models may exist to explain the is independent of quenching agent (210 nM using either HCI
observed differences in nucleotide utilization. A potential or EDTA). The identity in burst amplitudes indicates that
argument against our proposed model is the assumption thaphosphoryl transfer is not rate-limiting for incorporation of
the substituent group at the C5 position of the indole ring is 5-PhITP opposite the lesion. However, the difference in rate
directed toward the opposing strand such that stackingconstants with EDTA and HCI (2.5 and 1!srespectively)
interactions occur with the penultimate bases on both theindicates that incorporation opposite the thymine dimer is
primer and template strands. An alternative model is one in limited by the conformational change preceding phosphoryl
which these non-natural nucleotides exist in $lgaconfor- transfer. A similar conclusion was made after the incorpora-
mation such that the C5 position of the indole ring is directed tion of 5-PhITP opposite an abasic site was monitofef). (
away from the opposing strand. Another possibility is that

the indole reSidU_e simply intercalates betW_een the penulti- 4 similar experiments could not be performed using dATP since this
mate and templating base as opposed to acting as a surrogateatural nucleotide is poorly incorporated opposite the thymine dimer.
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A 500 — 1 HCI is reduced 40% compared to that with EDTA (Figure
4005 ] 6C). Furthermore, the rate constant using HCI is 3.5-fold
3 » ] slower than measured with EDTA (0.018 and 0.063, s

Esoof ° 3 respectively). The reduced rate constant and 40% lower
% 200 . ] amplitude indicate that the conformational change and the
5 : E phosphoryl transfer step contribute equally to limiting the

100

E overall rate constant for incorporation.
3 These results are again interpreted with respect to the

(1) S T I T A AN |

0 20 a0 60 80 100 120 140 160 models provided in Figure 4. We propose that the confor-
Time (seconds) mational change step represents structural reorganization of
R the incoming nucleotide with the primetemplate. During
: ] translesion DNA synthesis, it is easy to envision that the
R — ° ; non-natural nucleotide can fill the void at either an abasic
S 300 f"’ 3 site or a thymine dimer and is properly oriented for
g ] phosphoryl transfer. This is not the case during incorporation
T 003 E opposite a templating nucleobase since both the conforma-
100k ] tional change and phosphoryl transfer steps are rate-limiting
] for the insertion of bulky analogues such as 5-CHITP. It is
T e — mo;t likely that t_his bulky nucleob_ase ham_pers the reposi-
Time (seconds) tioning of the primertemplate which also influences the
C 500 e rate of the phosphoryl transfer step.
: ] Exonuclease Proofreading Actly at a Thymine Dimer.
_ Aok E The bacteriophage T4 polymerase possesses a vigorous
£ 300f E exonuclease activity2Q) that plays a significant role in
E' : ] maintaining fidelity 9). Previous work demonstrated that
£ 200p E gp43 removes dAMP paired opposite an abasic si8®-
T 100k ° ° E fold faster than when dAMP is properly paired with thymine
Ho % ] (23). The faster rate constant was proposed to reflect an
00' : '2'0' : '4'0' : '6'0' : '8'0' : '1:)6 : '1'2(‘. 0 increase in exonuclease activity caused by distortion of the

primer—template through inappropriate hydrogen bond-

Fioure6: Time courses for the incorporation of 5-CH-ITP opposite ing and stacking interactions at an abasic site. This mech-
IGURE 6: -CH- f . L .

a thymine dimer (A), an abasic site (B), or thymine (C) using EDTA anism qu to thg follqwmg hypothesis: if b.Oth DNA lesions
(®) or HCI (O) as the quenching agent. Assays were performed as &r€ functionally identical, i.e., both are noninstructional, then
described in the legend of Figure 5 and the text. The following the kinetics of mispair excision at a thymine dimer should
valugs were obtained for incorporation opposite a thymine_ dimer: pe indistinguishable from that of an abasic site. This
amplitude= 360 + 10 nM andkops = 0.060+ 0.009 s* using hypothesis was evaluated by comparing the kinetics by which

EDTA, and amplitude= 360 + 15 nM andk,,s = 0.031+ 0.003 . . .
s 1 using HCI. The following values were obtained for incorporation gp43 exa excises natural and non-natural nucleotides paired

opposite an abasic site: amplituge400+ 10 nM andkyps = 2.5 opposite a thymine dimer, an abasic site, or a templating
+ 0.3 st using EDTA, and amplitude= 360+ 20 nM andkops = thymine.

2.6+ 0.3 s using HCI. The following values were obtained for (a) Remeal of Natural NucleotidesReactions monitoring
D e e penly  the enzymatic hydiolysis of dAMP paired opposit the 3
nM andkeps = 0.018+ 0.008 s using HCI. end of a thymme dimer or an aba_gc smaT were peﬁormed by
employing single-turnover conditions in a rapid quench
Therefore, the conformational change preceding phosphorylinstrument as described previousB3J. The time courses
transfer still remains the rate-limiting step regardless of for excision of dAMP from either lesion are superimposable
differences in the kinetic parameters measured for incorpora-and best defined as a single-exponential decay (Supporting
tion of 5-PhITP opposite either lesion. Information). Although the measured rate constants are
To further evaluate this mechanism, we next monitored identical, they are-10-fold faster than the rate constant for
the incorporation of 5-CHITP opposite a thymine dimer, an excising dAMP paired opposite thymine (data not shown).
abasic site, and thymine using the different quenching agentsThe faster rate constants are likely caused by distortion of
As shown in Figure 6A, the amplitude for incorporation of the primer-template junction induced by either lesion and
5-CHITP opposite the thymine dimer is independent of suggest that the thymine dimer does indeed resemble an
guenching agent. However, the rate constant measured usingbasic site. We propose that mispairs formed at either DNA
EDTA is 2-fold faster than that using HCI (0.06 and 0.03 lesion enhance the enzyme’s ability to partition the mis-
s 1, respectively). The difference in rate constants again aligned primer from the polymerase active site into its
indicates that the conformational change preceding phos-exonuclease domain.
phoryl transfer is the rate-limiting step. To provide further evidence of DNA partitioning, we
Identical experiments performed by monitoring incorpora- attempted to measure the idle turnover activity of the
tion of 5-CHITP opposite the abasic site (Figure 6B) show polymerase. Idle turnover is a process in which the poly-
identical burst amplitudes and rate constants in product merase incorporates a dNTP and then excises the inserted
formation. In marked contrast, the amplitude of product dNMP in the absence of the next required nucleotide
formation for incorporation of 5-CHITP opposite T using triphosphate30). Unfortunately, attempts to monitor the idle

Time (seconds)
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Time (seconds) FicUrRe 8: Comparison of idle turnover kinetics for insertion of

Ficure 7: Primer degradation of DNA containing a thymine dimer 5-PhITP opposite an abasic site vs a thymine dimer. gp43 ko
(®), an abasic siteX), or thymine (). All experiments were uM) was added last to a solution containing 250 nMéebeled
performed by mixing a preincubated solution ofi1 gp43 exd 13/20p-mer (O) or 13/20—r-mer @), 10 mM Mg?*, and 40uM

and 10 mM Mg@* with 250 nM B-labeled DNA and 10 mM Mg 5-PhITP. Reactions were terminated by the addition of 500 mM
(final concentrations) and terminating the reaction at various times EDTA at time intervals ranging from 50 to 600 s. Nucleotide
by the addition of 350 mM EDTA. Each time course represents an incorporation and excision were analyzed by denaturing gel
average of two independent determinations. Time courses were fitelectrophoresis.

to the equation for single-exponential decays Ae '+ C, where

Adis the burst amplitudek is the observed rate constant for product polymerase cannot incorporate opposite the lesion which
formation, andC is the end point of the reaction. The rate constant causes degradation of the 14-mer via exonuclease activity.

for the degradation of 13/20-mer is 2.0+ 0.1 s1. The rate . ; ; ;
constants for the degradation of 13{2@er and 13/2&-mer are _Idle turnover of 5-PhITP at a thymine dimer is markedly
0.74+ 0.09 and 0.82t 0.07 s?, respectively. different as the steady-state phase for 14-mer accumulation

is significantly longer than that measured opposite an abasic

site. The accumulation of 14-mer reflects the inability of gp43
turnover of dATP at the thymine dimer were futile since to excise the non-natural nucleotide when it is paired opposite
gp43 poorly incorporates this natural nucleotide opposite the the thymine dimer. The difference in degradation is arguably
lesion (vide supra). As an alternative, we directly measured caused by the ability of the non-natural nucleotide to stack
the rate constant for excision of JAMP from the penultimate into a dead-end complex at a thymine dimer but not at an
base pair relative to the DNA lesion using 13/20er, 13/ abasic site. The models illustrated in panels C and E of Figure
20se-mer, and 13/2f-mer as substrates. Time courses 4 are again useful in providing insight into the dichotomy
provided in Figure 7 reveal that the exonuclease activity of in exonuclease activity. At an abasic site (Figure 4C), the
gp43 is 3-fold faster with DNA containing a thymine dimer 5-phenylindole moiety stacks very well in an intrahelical
compared to DNA containing an abasic site or an unmodified conformation and conforms satisfactorily to the overall shape
thymine. The increased exonuclease activity suggests tha@nd size of a natural WatseiCrick base pair 17). Thus,
gp43 “senses” the bulky DNA lesion and facilitates partition- the enzyme excises the non-natural nucleotide at a rate
ing of the DNA from the polymerase site into the exonuclease constant comparable to that of excision of dAMP opposite
active site at a higher frequengey. T (23). Figure 4E also shows that 5-phenylindole can stack

(b) Remeal of Non-Natural Nucleotideddle turnover within the void created by the thymine dimer. However, the

experiments measured the proofreading capability of gp43 shape of the 5-phenylindotéymine dimer mispair does not
with non-natural nucleotides paired opposite the thymine accurately mimic the overall shape and size of a natural base
dimer$ This activity was quantified as previously described pair. At face value, one would predict that this distortion
(23) using a modified gel electrophoresis protocol monitoring Would cause the polymerase to degrade the mispair very
the amount of extension (13-mer to 14-mer) and subsequengfficiently. Indeed, we demonstrated earlier that gp43 easily
excision (14-mer to 13-mer) of the DNA as a function of €Xcises dAMP when paired opposite a thymine dimer due
time. Figure 8 provides representative time courses compar-to the distortion of the primertemplate. However, the
ing idle turnover of 5-PhITP opposite either DNA lesion. inability to excise 5-PhIMP argues against a model invoking
At an abasic site, the primer is rapidly elongated to form simple distortion of the primertemplate. We hypothesize
14-mer. This burst is followed by a short steady-state phasethat the proximity of the ST of the lesion to the phenyl
of product accumulation that defines the kinetics of idle moiety of the non-natural nucleotide induces aberrant stack-
turnover. During the process of nucleotide incorporation and ing interactions that can inhibit the vigorous proofreading
excision, the concentration of 5-PhITP decreases until it capabilities of gp43. Further investigations are currently
becomes lower than th&p value. At this point, the  underway to validate this potential model.

Remaal of Nucleotidesvia PyrophosphorolysisPyro-

5 Additional support for this mechanism comes from experiments phosphoronS|s, the r(.a\{ersal of DNA polymerlzatpn, IS an
monitoring product formation under different preincubation conditions Important enzyme activity that can remove nucleotides from
(Supporting Information). Briefly, the rate constant in product formation nonextendable primers in the absence of exonuclease proof-
is 3-fold slower when gp43 is preincubated with 13i26mer than  reading activity 81). Reverse transcriptases and other viral

when gp43 is preincubated with nucleotide or added last to initiate the - -
reaction. This phenomenon is unique to the presence of the thymine polymerases use pyrophosphorolysis to remove various

dimer as identical time courses in product formation are obtained using Chain-terminating nucleotide analogues from their genomic
unmodified or abasic site-containing DNA regardless of preincubation material (reviewed in ref32). This activity is typically

conditions (data not shown and r24). : associated with the development of drug resistance to
Idle turnover measurements can be performed with non-natural

nucleotides such as 5-PhITP as its catalytic efficiency for incorporation Nucleoside analogues such as AZT and @835). In this
is high (>10° M1 s™1) for an abasic site or thymine dimer. report, we quantified the pyrophosphorolytic activity of gp43
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FiGurRe 9: Pyrophosphorolysis activity of gp43 exon unmodified

or damaged DNA templates. (A) Time courses for the excision of
dAMP paired opposite T&), dAMP paired opposite an abasic site
(O), dAMP paired opposite a thymine dimex), 5-PhIMP paired
opposite an abasic sit®), and 5-PhIMP paired opposite a thymine
dimer (v). Each time course represents an average of two
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provided in panels C and E of Figure 4. At an abasic site,
the 5-phenylindole moiety stacks well opposite the lesion
and mimics the overall shape and size of a natural Watson
Crick base pair 7). Thus, gp43 binds this mispair in the
polymerase active site and is poised for elongation. However,
in the absence of the next correct dNTP, the polymerase
catalyzes pyrophosphorolysis when supplied with RiBte
that the rate of removal of 5-PhIMP opposite an abasic site
is ~8-fold slower than that measured for the pyrophospho-
rolysis of dATP paired opposite T (Figure 9B). The differ-
ence in rates could reflect the enhanced stability of the
mispair through base stacking interactions of 5-PhIMP or
the presence of an altered conformation that is not optimal
for pyrophosphorolysis. Regardless, it is clear that the non-
natural nucleotide is processed more effectively when paired
opposite an abasic site compared to a thymine dimer.
ConclusionsUV radiation causes a variety of covalently
modified DNA lesions, the most prevalent form of which is
the cis,synthymine dimer (reviewed in red). The hydrogen
bonding groups required for base pair recognition are not
altered at a thymine dimer, and this predicts that the adduct
should be replicated as a miscoding lesion. However, thymine
dimers also induce deformations in the helical structure of
DNA (36) that create a cavity resembling an abasic site, a
noninstructional DNA lesion. In this report, we used our

independent determinations. (B) Comparison of the rates of Series of non-natural nucleotides to demonstrate that the high-
pyrophosphorolysis for excision of a nucleotide opposite unmodified fidelity bacteriophage T4 DNA polymerase does indeed
or damaged DNA templates. Rates were determined from the "”earreplicate the bulky lesion like an abasic site. Analogues
phase of the time courses provided in panel A. containing larger-electron surface areas are incorporated
opposite either lesiorr 1000-fold more efficiently than those
analogues devoid of-electron density. One striking example

is that the catalytic efficiency for incorporation of 5-PhITP
opposite a thymine dimer is6000-fold higher than that for
the incorporation of dATP. Similar results were obtained with
the bacteriophage T7 DNA polymerase using dPTP as the
non-natural nucleotide1@). However, the selectivity for
incorporation of dPTP versus dATP opposite the thymine
dimer is minimal since the reported value ofL5 (13) is
significantly lower that that of~6000 measured here using
5-PhITP and the T4 DNA polymerase. Regardless, it appears
that both high-fidelity DNA polymerases use similar mech-
anisms to replicate a thymine dimer.

to evaluate its potential role in excising natural and non-
natural nucleotides paired opposite normal or damaged
templating nucleobases. Assays monitoring the excision of
dAMP were performed under pseudo-first-order reaction
conditions using 500 nM DNA, 50 nM gp43 exoand 20

mM pyrophosphate (RPAs shown in Figure 9A, gp43 exo
efficiently removes dAMP paired opposite T through pyro-
phosphorolysis and recapitulates data previously reported by
Capson et al.20). This datum infers that the normal primer
template motif is in a proper conformation that allows gp43
to bind it in the polymerization active site. Although the
enzyme is poised for elongation, the absence of the next
correct dNTP allows the enzyme to use B®a substrate to There are, however, notable differences in the kinetic

reverse the polymer!zatlo.n .rea?ct|on. parameters for these non-natural nucleotides that provide
~ Pyrophosphorolysis activity is not observed when dATP evidence that gp43 does not replicate a thymine dimer
is paired opposite either an abasic site or a thymine dimer identically as an abasic site. Figure 10 provides comparative
(Figure 9A). This result is intriguing since both mispairs  strycture-activity relationships for the incorporation of
activate the exonuclease activity of gp43 (vide supra). The several non-natural nucleotides opposite a thymine dimer
dichotomy in activity likely reflects the inability of gp43to  yersus an abasic site. During incorporation opposite an abasic
properly bind these mispairs in the polymerization active site. site, it is clear that each of these nucleotide analogues can
We argue that the enzyme partitions these mispairs into thestack within the void present at the lesion. We argue that
exonuclease active site of gp43 and would be consistent withthese stacking interactions account for the relatively equal
the_ enhanceo_l exonuclease activity of gp43 W_hen dAMP is K values of these analogues at an abasic &#e-19). For
paired opposite the'd of the thymine dimer (vide supra). jnsertion opposite an abasic site, binding affinity is inde-
Partitioning of the mispair into the exonuclease active site pendent ofr-electron density. Therefore, the lower catalytic
would also explain the reluctance of the polymerase to extendefficiency for 5-CHITP compared to those for 5-CEITP,
beyond the mispair by incorporating opposite tHeTf  5.ph|TP, and 5-NITP results from a loky, value caused
the thymine dimer. by the diminishedr-electron surface area of 5-CHITP. As
With this in mind, it is fascinating that 5-phenylindole can before, we argue that-electron surface area plays the
be removed by pyrophosphorolysis when placed opposite anpreeminent role in enhancing the rate of the conformational
abasic site but not when it is paired opposite a thymine dimer. change step preceding phosphoryl transfes—19). As
These results have again been interpreted with the modelsmplied within the model provided in Figure 10, the



4496 Biochemistry, Vol. 46, No. 15, 2007 Devadoss et al.

<D & G

K,olKp = < 120 MH1s-t K,o/Kp = 36,980 s KoK = 122,000 M1s Ko = 1,100 M-1s1

KoKy = 74,200 Wt1s1 KoKy = 5,460,000 M1s1  Kyo/Kp = 3,800,000 MHs" Ko /K, = 7,000,000 MH1s!

- - - - -

Ficure 10: Proposed structureactivity relationships for the enzymatic incorporation of various non-natural nucleotides opposite a thymine
dimer vs an abasic site. All models were constructed using Spartan '04 and are designed to illustrate the influezieetian surface

area, shape, and size on the overall catalytic efficiency for incorporation opposite either DNA lesion. Please refer to text for further details
and discussion.

Jx\_:

m-electron surface areas of 5-CEITP, 5-PhITP, and 5-NITP likely reflects the enzyme’s ability to partition the misaligned
are also important for stacking interactions with the penul- primer from the polymerase active site into its exonuclease
timate base pair. domain. Similarities are also observed in the pyrophospho-
These theoretical models can also be used to explain therolysis activity of gp43. The enzyme does not process dATP
differences in kinetic behavior at the thymine dimer. The when the natural nucleotide is paired opposite either an abasic
catalytic efficiency for incorporation opposite the thymine sijte or a thymine dimer. The lack of pyrophosphorolysis at
dimer is similar to that for an abasic site as both are linked these naturally occurring mispairs suggests that the primer
with the overallz-electron surface area of the incoming template is partitioned away from the polymerization domain.
nucleotide. However, the rate constants for the conforma- The ability to partition DNA away from the polymerization
tional change step at a thymine dimer are considerably slowergomain and into the exonuclease active site could contribute
compared to those for an abasic site. We interpret thesetg the lack of extension beyond either class of mispair.

differences to reflect the influence of steric hindrance . . . L

imposed by the bulky lesion. In the case of 5-CHITP, it is In this respect, both thymine dimers and abasic sites are
" - ; ' considered to be strong replication blocks that lead to arrests

clear that the shear bulk of the incoming nucleotide preventsin DNA synthesis 87—39). Their ability to inhibit high-

optimal interactions with the bulky thymine dimer. In fidelity DNA pol . dt flect steri
addition, the effect of steric hindrance diminishes as the shapeI elity DNA polymerases 'S propos:a o refiect -steric
onstraints imposed by the “tightness” of the active site of

of the 5-substituent group becomes more planar as the degre@ . . A
of z-electron density increases (compare 5-CEITP vs 5-Phi- this family of high-fidelity DNA polymerasesi(). The data
TP opposite the thymine dimer). One exception is 5-NITP prow_ded here are consistent with this mechamsm as geo-
as it is poorly incorporated opposite the thymine dimer. Metrical constraints imposed by covalent linkage of two
Although 5-NITP is relatively planar, the model provided adjacent thymines prohibit the lesion from properly fitting
in Figure 10 indicates that it preferentially interacts with the Within the polymerase’s active site. From a biological
5-end of the thymine dimer as opposed to stacking within Perspective, the inability of high-fidelity polymerases to
the void caused by the thymine dimer. This difference may €fficiently incorporate dNTPs opposite either DNA lesion
account for the poor incorporation of 5-NITP opposite the IS undoubtedly an important step in preventing translesion
bulky lesion. Collectively, these analyses indicate that Synthesis. However, we propose that the capacity of the DNA
biophysical parameters influencing binding affinity and the Polymerase to partition mispairs away from its polymeriza-
rate of the conformational change step are differentially tion domain has equally important ramifications on the
influenced by the dynamic features of the DNA lesion. biological outcome of translesion DNA replication. In
Despite differences in polymerization activity, we provide prokaryotes and eukaryotes, DNA replication blocks induced
evidence that each lesion is processed similarly with respectby diverse DNA lesions can be rescued through the action
to exonuclease proofreading and pyrophosphorolysis. Theof various error-prone DNA polymerasekl(-46). Relevant
kinetics for excision of dAMP from either DNA lesion are examples include pok and Dpo4 which are error-prone
identical and significantly faster than the excision of JAMP polymerases possessing “loose” active sifek 47) that can
paired opposite an unmodified thymine. This enhancementbypass thymine dimergi{, 48). Paradoxically, the activity
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of error-prone polymerases at damaged DNA ultimately
allows the cell to maintain genomic fidelity. However, to
perform their biological tasks, these error-prone polymerases
must first gain access to the lesion by displacing the high-
fidelity DNA polymerase that initially encounters it during

chromosomal replication. There are several models explain- -

ing how high- and low-fidelity DNA polymerases can
“switch” places with each other at a DNA lesiofA%-52).
Although these models differ with respect to the involvement
of other proteins and/or post-translational modifications, it
is clear that the high-fidelity polymerases must first stall at
the DNA lesion and provide a signal to initiate these
processes. We propose that signaling is achieved via the
exonuclease and/or idle turnover activity of the DNA
polymerase when it encounters a DNA lesion. Idle turnover,
the futile cycle of nucleotide incorporation and excision,
prevents the stable insertion of a ANMP opposite a template
lesion and inhibits mispair elongation. Another important
ramification is that the process may allow the DNA poly-
merase to remain “stalled” in the vicinity of the DNA lesion.
In the bacteriophage T4 system, polymerase stalling may
provide a direct link between replication and DNA recom-
bination that is essential for the prevention of DNA damage
(53). Similar mechanisms may exist in eukaryotes with
respect to physically coupling the proteins involved in
recombination with those at a stalled replication fosk)(

The presence of error-prone DNA polymerases in eukaryotic
systems likely provides an additional level of complexity
toward the processing of damaged DNA. However, it is easy
to envision that exonuclease proofreading and idle turnover
may provide an essential link with these different classes of
DNA polymerases. Evaluating the dynamics of this process
will prove to be interesting to examine with regard to
prevention of DNA damage through recombination and/or
translesion DNA synthesis.

SUPPORTING INFORMATION AVAILABLE

Time courses and MichaetidMenten plot for the incor-
poration of 5-NITP opposite a thymine dimer, time courses
for the enzymatic hydrolysis of JAMP from DNA containing
an abasic site or a thymine dimer, and time courses for
incorporation of 5-PhITP opposite a thymine dimer under
different preincubation conditions. This material is available
free of charge via the Internet at http://pubs.acs.org.
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