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ABSTRACT: The effects of bases flanking single bulky lesions derived from the binding of a k&@nzo[
pyrene 7,8-diol 9,10-epoxide derivativeH}-7R,8S,9S 10R sterecisomer) tdl>-guanine (G*) on translesion
bypass catalyzed by the Y-family polymerase p¢hDinB1) were examined in vitro. The lesions were
positioned near the middle of six different 43-mér.5XG*Y... sequences (X, ¥= C, T, or G, with all

other bases remaining fixed). The complementary dCTP is preferentially inserted opposite G* in all of
the sequences; however, the proportions of other dNTPs inserted varies as a function of X and Y. The
dCTP insertion efficiencie$ins = (VmadKm)ins, are smaller in the XG*Y than in XGY sequences by factors

of ~50—-90 (GG*T and GG*C) or 500625000 (TG*G and CG*G). Remarkably, in XG*Y sequences,

fins varies by as much as 3 orders of magnitude, being smallest with G flanking the lesions 6sittes 3

and highest with G flanking the adducts on thesisle. One-step primer extension efficiencies just beyond
the lesions f¢x) are generally smaller thafs and also depend on base sequence. However, reasonably
efficient translesion bypass of the )-trans-[BP]-N2-dG adducts is observed in all sequences in running-
start experiments with full, or nearly full, primer extension being observed under conditions of [ANTP]
> Km. The key features here are the relatively robust values of the kinetic paraigigtsat are either
diminished to a moderate extent or even enhanced in the presence ef)thrar{s[BP]-N2-dG adducts.

In contrast to the small effects of the lesions \dm the apparenK, values are orders of magnitude
greater in XG*Y than in the unmodified XGY sequences. Thus the bypass)eféns[BP]-N2-dG adducts

under conditions when [dNTP¥ K, is quite inefficient. These considerations may be of importance in
vivo where [dNTP]< Kp, and the translesion bypass of the){trans[BP]-N>-dG by pol« may be
significantly less efficient than in vitro at higher dNTP concentrations. The base sequence-dependent
features of translesion bypass are discussed in terms of the possible conformations of the adducts and the
known structural features of bypass polymerases.

The recently discovered polymerase pol (1-3) is bulky lesion that can be bypassed by pois the adduct
encoded by the humaBinBl gene and belongs to the derived from the binding odinti-BPDE ((+)-7,8-dihydroxy-
Y-family of DNA polymerases 4). The Y-family poly- anti-9,10-epoxy-7,8,9,10-tetrahydroberglpyrene), a potent
merases are characterized by their low-fidelity replication mutagen derived from the metabolic activation of the
of normal DNA @, 5, 6) and by their ability to bypass a  ubiquitous environmental pollutant benafgyrene, to DNA
variety of DNA lesions in vitroHuman pol is a distributive (8, 11—13). The diol epoxidenti-BPDE reacts preferentially
enzyme that lacks a proofreading= exonucleolytic activity with the exocyclic amino group of guanine in DNA to form
(6, 7). Purified human pok bypasses &xo-7,8-dihydrode-  covalent [BP]N*-dG adducts14). It is well-established that
oxyguanine 8), 1 N°>-ethenodeoxyadenosing)(and abasic  such adducts (Figure 1), site-specifically incorporated into
sites (L, 8); however, the bypass of abasic sites depends ongligonucleotide template strands, are strong blocks to DNA
the sequence context-Ho the lesion {, 3, 5, 8). Pol« is synthesis catalyzed by high fidelity replicative polymerases
unable to bypass either cisplatin addudts3) or thymine jn vitro (15—20). Site-specific mutagenesis experiments in

dimers (, 8). On the other hand, this polymerase can bypass celjular systems indicate that the mutagenic properties of
bulky lesions such as those derived from the reactions of

N-acetyl 2-aminofluorene with®&dG (1, 3, 8, 10). Another
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108 (+)-trans-anti-[BP]-N*-dG
FicUrRe 1. Structure of the)-trans-anti[BP]-N2-dG adduct (G*).
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Scheme 1: 43-mer Template and Primer Strands Used in
the Human pok-catalyzed Primer Extension Experiments
and Translesion Synthesis Past [B¥G Adducts (G*) in
XG*Y Sequence’s

ZTGTGCGATAGACCGGTCTAGGCG-5'(**P)
5’-GACTACGTACTGTCACAXG*YACACGCTATCTGGCCAGATCCGC-3
40 30 25 20 10 1
2 The length of the primer strand corresponds to the standing-start,
single dCTP insertion experiments (Z: base complementary to Y in
the template strands).

[BP]-N2-dG lesions are functions of the cell system in which PYPass [BPIN*dG adducts§, 11, 13, 30) thus allowing for
the mutations are expressed, as well as the adduct stereo?tUd'eS of base sequence effects on translesion synthesis. It

chemistry, and the base sequence contEktZ1—29). The
most frequently observed mutations are-GI' transversions
both in vitro and in vivo 17, 20—23, 26, 28, 29), but G—

A and G— C base substitution are also observeg«27).
Translesion synthesis past [BRf-dG adducts catalyzed
by pol « (8, 11, 13, 30) and a truncated analogue of this
polymerase, paot AC (12), have been observed. Unlike some
of the replicative polymerases, polnot only bypasses the
[BP]-N2-dG lesions with surprising efficiency but also

is shown that the insertion of dCTP opposite the lesion is
dominant in all sequence contexts studied, although in
different proportions relative to the efficiencies of insertion
of the other three '2deoxyribonucleotide triphosphates
(dNTP). The kinetic parameters of insertion opposite the
lesion and extension beyond the lesion are remarkably
dependent on base sequence context. We show that the
simple exchange of one flanking base with another can alter
the efficiencies of single base insertion opposite the lesion

incorporates predominantly the correct dCTP opposite the PY @ much as23 orders of magnitude. Large enhancements

adduct. Ogi et al. have shown that pebeficient, mutant

in efficiencies of translesion bypass are observed with G

mouse embryonic stem (ES) cells are highly sensitive to both @djacent to the adduct on thé-dide, while substantially

lethality and mutagenesis induced byaB} and thus
concluded that pat plays an important role in suppressing
mutations associated with DNA lesions derived frona]B[
in wild-type cells 81).

The translesion bypass activity of poin vitro has been
studied only in the case dfans[BP]-N°-dG adducts in a
5-...CG*C... sequence contexs,(12). Effects of flanking

lower efficiencies are observed when the G is positioned on
the 3-side. Possible mechanisms of these and other base
sequence effects are discussed.

MATERIALS AND METHODS

Chemicals and Enzymeall chemicals were analytical
grade. §-32P] ATP (3000 ci/mmol) was purchased from

bases on the efficiencies and fidelities of replication have Perkin-Elmer Life Sciences, Inc. (Boston, MA). T7 DNA

been noted in site-specific mutagenesis experiments with (
trans[BP]-N?>-dG adducts in vitroX7, 19, 20, 32—34) and
invivo (17, 22, 23, 25—27, 29). However, with one exception

polymerase (Sequenase version 2.0) was purchased from
Amersham Biosciences, Inc. (Piscataway, NJ). The dNTPs
were purchased from New England Biolabs, Inc. (Beverly,

(20), these studies were not explicitly designed to uniquely MA). Pol « was prepared as describeg] 8). The concentra-

probe the effects of different bases flanking the [BPJdG

tion of the stock solution of pot was 15 ngiL and that of

adducts while all other bases in the sequence remainedT7 polymerase was 13 unitdl..

unchanged. Overall, the effects of base sequence context on Oligonucleotides11-mer oligonucleotides with a central
mutagenesis associated with such bulky lesions are presentlyriple base motif CACAXGYACAC (X, Y=C, T, or G)

not well-understood. Loechler and co-workers proposed thatwere synthesized by standard phosphoramidite methods on

different [BP]-N?-dG adduct conformations can give rise to

a Biosearch Cyclone automated DNA synthesizer (Milligen-

different base substitution mutations and that these confor-Biosearch Corp., San Rafael, CA) and were purified and
mations depend strongly on the bases flanking the adductsdesalted by standard HPLC protoco#l). The synthesis,
(35—40). A limited number of observations indicate that the purification, and characterization of the site-specifically

conformational characteristics of [BRE-dG adducts are
indeed dependent on the bases flanking the lesibhs43)

modified 11-mer oligonucleotides CACAXG*YACAC with
single @)-trans[BP]-N2-dG lesions have been fully de-

and thus could affect the efficiencies and specificities of scribed elsewherelb, 46). The compositions of the modified

translesion bypass3%, 37).

and unmodified 11-mer sequences were verified by mass

In this work, we systematically investigated the effects of spectrometry using a Bruker Daltonics OmniFlex MALDI

substituting the bases C, T, or G one at a time, flanking the TOF MS system. The site-specifically modified oligodeoxy-
(+)-trans[BP]-N?-dG adducts, on translesion bypass em- nucleotides were ligated to a 13-mer and a 19-mer to form
ploying 43-mer template strands in which all other bases 43-mer template strands (Scheme 1) as previously described
remained unchanged. Some of the same sequences wer€0). The ligated 43-mer template strands were purified on
employed previously in studies of translesion bypass em-a 20% polyacrylamide gel wit 7 M urea, visualized by
ploying the exonuclease-free Klenow fragment, KF-, a ethidium bromide staining, and eluted, and the ethidium
classical replicative polymerase fragment fr&scherichia bromide was extracted from the aqueous fraction with
coli pol I. The extent of lesion bypass was generally limited butanol. The ligated oligonucleotide was further purified and
except in sequence contexts that allowed for the formation desalted by three successive ethanol precipitations. The
of slipped frameshift intermediates that yielded primer quality of the sample was rechecked by gel electrophoresis
extension products with various deletior®). Here, polx (the BP-modified oligonucleotide migrates somewhat slower
was selected as the polymerase because it is known to readilfhan the unmodified one), and fluorescence and UV absorp-
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tion spectroscopy were employed to further verify that the (-1) (-1) (0)
BP residue was intactq). FTGTG.5" € ZTGTG.. 5"

5 ZTGTG...-5'

Running-Start DNA Replication as a Function of Time o CAXGYACAC.. 3+ CAXGTVACAC.. 3 CAXGTYACAC...
The 43-mer unmodified or modified templates with single & © *U
(+)-trans[BP]-N2-dG lesions were annealed withyd2P- S 8 9
ATP labeled 22-mer primer at a 1.5:1 ratio. The primer | " e
extension reactions were performed in a A0 reaction poy
solution containing 25 mM KEPO;, (pH 7.0), 5 mM MgC}, :
5 mM dithiothreitol, 20Qug/mL bovine serum albumin, 10%
glycerol, 100 uM of dNTPs, 2.5 nM primer/template
complex, and 3.75 ng of pal (~38 fmol or 3.8 nM). This
amount of polymerase was selected because it afforded &
comparison of primer extension activity using both BPDE-
modified and unmodified templates under identical solution
conditions. The reaction was allowed to proceed afG0
for selected times before being terminated withl7of stop
solution (20 mM EDTA, 95% formamide, 0.05% bromophe- o]
nol blue, and 0.05% xylene cyanol). This particular temper-
ature was selected to monitor the activity of the polymerase
under conditions used earlier by the Z. Wang gro@p ( . f—]
Because purified pat is unstable under ambient conditions, ‘ - . . . .
samples of the polymerase were divided into small aliquots
and stored at-80°C. Each aliquot was used only once. Thus,
the polymerase samples exhibited the same activities iNpgugre 2: Mobilities of primer/template complexes in native 12%
different experiments since all samples were thawed only polyacrylamide gels.
once before the experiments were performed.

The reaction mixtures were then heated to°@for 5 and K, were estimated from the best nonlinear regression

min, followed by chilling in ice water, and subjected to 20% fit of the Michaelis-Menten equation

denaturing polyacrylamide gel electrophoresis, followed by

guantitative analysis using a Storm 840 phosphorimager and V= (Vimax X [ANTP])/(K;, + [dNTP]) 1)
the Storm ImageQuant software (Amersham).

Standing-Start dNTP Insertion Fidelity Assaje 43-mer ~ USing SigmaPlot software. The insertion and extension
BPDE-modified templates were annealed with3aP-ATP  efficiencies were calculated from the expressign(or fe.)
labeled 24-mer primer at a template/primer ratio of 1.5:1. = (VmalKm) and are the averages of three independent
The terminal 3base of this primer extended up to the eXxperiments. Because it is difficult to prepare patith an
template base flanking the adduct on the upstreaside. activity of 100%, the exact specific activity of the enzyme
The mutational specificity assay using human polvas in our preparations cannot be specified. Therefore, the
carried out under the same reaction conditions as the running-alculated values of the specific rate param&tgr= Vima/
start replication experiment, except that the dNTP concentra-[Eol, Where E is the total enzyme concentration, are relative
tion was 200uM. or apparent values.

Determination of W and K, Values.The steady-state RESULTS
kinetics of single dNTP insertion opposite theé)ftrans
[BP]-N2-dG adduct, or extension one base beyond the lesion Gel Electrophoretic Properties of Primer/Template Com-
by human pok, were determined using the basic methodol- plexes During the course of checking for proper primer/
ogy described previousIyg) with slight modifications 20). template complex formation by native polyacrylamide gel
Briefly, the assays were performed in a 4Q reaction electrophoresis techniques, it was noted that the primer/
solution containing 25 fmol (2.5 nM) of a primed DNA template complexes exhibited unusual base sequence-de-
template, 3.75 ng of purified pal (~3.8 nM), and variable  pendent electrophoretic mobilities (Figure 2). With primer
concentrations of dCTP for insertion or, in the case of strands extending up to théBase flanking lesion Y, termed
extension, of a single dNTP (complementary to X in the (—1) complexes (an example is shown in Scheme 1), the
43mer ...XG*Y...sequence). These concentrations were se-electrophoretic mobilities depend remarkably on the base
lected to compare the efficiencies, under identical conditions, sequence context. The mobilities are unusually slow in the
of primer extension using modified and unmodified tem- case of the CG*C and TG*T templates, intermediate in the
plates. After incubating at 30C for selected times under case of the CG*G and TG*G templates, and fastest in the
standard DNA polymerase assay conditions, the reactionscase of the GG*C and GG*T 43-mer templates in thd
were terminated, and the reaction products were separatedcomplexes (lanes46, respectively). Results for the TG*T,
by electrophoresis on a 20% denaturing polyacrylamide gel. TG*G, and GG*T (1) primer/template complexes are
The percentage of primers extended was estimated from thedepicted in Figure S7, Supporting Information. These effects
phosphorimager densitometry scans and were repeated threare not observed in the case of the analogous unmodified
times. The observed rate of reactiof) (vas then plotted as  primer/template{1) complexes (lanes-13). In the case of
a function of dNTP concentration, and the paramet&rs the (0) complexes (the'-base at the primer terminus is

w GGC
= CG*C
= GG*C
-+ CG*C
« CG*G
° GG*C
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'
|
i
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4 dNTP
<— GTGCGATAGACCGGTCTAGGCG-5'
5'-GACTACGTACTGTCACAXG*YACACGCTATCTGGCCAGATCCGC-3'

Unmodified (+)-trans-anti-|BP}-N-dG
CGC CG*C CG*G GG*C
pperL W s i Y i is
- 2 - -n - -2 —— -1
18 1015 30 6090 ERTRTE T IERTRCEN] 15 1015 30 66 Min
Unmodified (H)-trans-anti-|BP]-N-dG
TGT TG*T TG*G GG*T
- q-ﬂﬂl-!—- 43 e e e - A3 il 43 o o
" == [erse————y = o]
- - " - - S bt e - 12

15 10 15 30 60 %0 1 510 15 30 60 I 5 1015 3 &0 1 5 10 15 30 60 Min

FicurE 3: Running-start primer extension reaction experiments catalyzed by humawopgt)-trans[BP]-N?-dG modified DNA templates

XG*Y as a function of reaction time. The first two lanes on the left contain 22-mer primer and 43-mer marker sequences. Some typical
experiments for the unmodified CGC and TGT sequences are also shown for comparison. The experimental conditions were identical in all
experiments (see text).

positioned opposite G*), the electrophoretic mobilities of all unmodified template as reported earlizr§). However, upon
complexes with modified guanines (lanes-9) closely extending the reaction time to 30 or 60 min, full 43-mer
resemble those of the unmodified (0) complexes (data notextension products are formed as observed by Ohashi et al.
shown) and those of the unmodified 1) complexes (lanes  at higher enzyme concentratiors.(

1-3). These results indicate that the local structures at the | the case of the BPDE-modified templates, translesion
single stranetdouble strand junctions in{1) complexes are  pypass is observed in all cases although the polymerase
different in each of the complexes and that these give rise pauses in the vicinity of the adducts in a sequence-dependent
to various extents of local bending or loci of flexibility. Itis  manner (Figure 3). At the dNTP concentrations used in these
evident that the structures of the primer/template junctions rynning-start experiments (100M of each dNTP), the
with (+)-trans[BP]-N*-dG adducts at the single strand  |esjons in the CG*C and TG*T sequence contexts are easily
double strand junctions are remarkably dependent on thepypassed, although the polymerase pauses briefly at template
bases flanking the lesions in—() but not in the (0)  position 24, just before the adduct. In the case of the TG*T
complexes. The mobilities are determined by the positions sequence, it also stalls briefly at position 25 with tHe 3

of the flanking G and T or C bases and are independent of terminal base of the primer opposite the lesion. In all other
the nature of the pyrimidines. The striking sequence depen-sequences, stalling is more pronounced at positions 24, except
dence of these effects (Figure 2) is a novel observation, in the GG*C sequence that exhibits a prominent stall site
although anomalously slow electrophoretic mobilities with when the primer strand extends to position 25. Given
(+)-trans[BP]-N*-dG lesions at the junctions have been sufficient reaction time, full-length extension products (43-
observed with other primer/template complexes but only in mers) are observed in all modified sequences, except in the

...CG*C... sequence contex#d 50). case of the GG*C and GG*T sequences. In the latter two
Running-Start Primer Extension on Unmodified and sequences, 42-mers are dominant.
BPDE-Modified TemplatesA survey of primer extension Sequence Dependence of Fidelity of Nucleotide Insertion

patterns catalyzed by poat is shown in Figure 3. The  Opposite the Lesiorsing T7 (Sequenase version 2.0) as a
template/primer and enzyme concentrations were selectedrepresentative A-family polymerase, adenine is preferentially
to allow direct comparisons of translesion bypass betweenincorporated opposite therj-trans[BP]-N?>-dG adducts in
modified and unmodified DNA templates. The primer 3 all six sequence contexts studied here (Supporting Informa-
terminus extends up to template position 22 counted from tion, Figure S1), as observed in other experiments with
the 3-end, three nucleotides upstream from the lesion at purified polymerases16—20). These results indicate that
position 25 (Scheme 1). In the case of the unmodified the sequences selected for study here are not unusual with
sequences, as illustrated here with the CGC and TGT respect to their response to a classical, replicative A-family
sequences (Figure 3), poteadily extends the primer strand polymerase. The results of typical single dNTP insertion
almost to the end of the template after a 15 min incubation experiments opposite the-J-trans[BP]-N?-dG adduct flanked
time under our experimental conditions. Primer extension by different bases catalyzed by pobre depicted in Figure
stalls one or two nucleotides prior to thé-énd of the 4. While dCTP insertion exceeds the incorporation of any
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incorporation opposite the lesion, while a guanine replacing
a C or T on the 3side diminishedis.

To further understand the effects of the flanking bases, it
is of interest to separately examine the values\6fafins
and Km)ins: The individual values oWy are depicted in
the upper panels of Figures 7 and 8, respectively. The major
sequence-dependent effects on dNTP insertion opposite the
(+)-trans[BP]-N?-dG adducts are illustrated by the dNTP
concentration-dependence plots for the CG*C, CG*G, and
GG*C sequences shown in Figure 5. Analogous sequence
effects are observed in the case of the TG*T, TG*G, and
GG*T sequences (Table 1 and Figure S6 in Supporting
Information). The major sequence-dependent effects can be
summarized as follows:

Ficure 4: Single dNTP incorporation selectivity opposite the
adduct (G*) catalyzed by human pelas a function of different
template bases flanking the-)-trans[BP]-N>-dG adducts in the

(1) The dCTP concentrations needed to approach saturating
values of the insertion rate¥ifs = (Vmax)ins) are more than

43-mer XG*Y template sequences.

20 times greater in the case of the CG*G and TG*G
sequences than in the other four sequences. With G on the

of the other three dNTPs in all of the sequences studied 3'-side of the |esion, tth values are unfavorable and-2

(Figure 4), as well as in another CG*C sequence context orders of magnitude larger than in the GG*C, GG*T, CG*C,
investigated12), the relative proportions of different dANTPs  and TG*T sequences (Figure 8 and Table 1).

incorporated do depend on the bases flanking G*. In contrast

(2) The rates of dCTP insertion opposite the lesion and

to polx, dCTP is the least efficiently inserted dNTP opposite the (/a9ins Values are highest when theffanking base is

the lesions in the case of T7 polymerase (Figure S1, G (Figures 5 and 7, respectively), regardless of the 3
Supporting Information); primer extension beyond the lesion flanking base (C or T).

is almost completely blocke®{) as observed by other33).

Kinetics of Single Nucleotide Incorporation Opposite G*

Catalyzed by pat. The kinetic parameteign.xandKn, were

(3) Only minor differences are observed Whfyins When
asingle T or C is interchanged in the TG*T and CG*C, and
GG*T and GG*C sequences. However, when thédnking

compared for all six of the BPDE-modified and unmodified T in TG*G is replaced by a C, theVfayins is a factor of
sequences for dCTP insertion opposite the lesion and~10smallerin CG*G. Relatively small variationsli, are
extension by one dNTP opposite the base flanking G* on observed when one pyrimidine is replaced by the other in
the B-side. Examples of typical single-dNTP insertion all sequences (Figure 8). .

experiments are depicted in Figure 5. These standing-start EXtension Kinetics by a Single Nucleotide Beyond the
experiments were designed to ensure that less than 20% of-€sion.For each of the six sequences, the dNTP used was

the initial primer strands were extendetB(52). The rate

complementary to the flanking template base X in the XG*Y

of primer extension was plotted as a function of the dNTP Sedquences (Figures—@, lower panels). The variations in

concentrations (Figure 5), and the paramet®s.Jins and

Km were extracted from the best fits to the data points of the
Michaelis—Menten equation (eq 1). The results are provided the f
in numerical form in Tables 1 and 2 and in the form of bar

graphs in Figures-68. The calculated values &f;;are also
shown in the tables.

The values of the insertion efficienciés = (Vma{Km)ins
opposite the BPDE-modified guanine residue &*(+)-

fexx @s a function of the flanking bases are much less
pronounced than in the casefaf. The largest decrease in
ext Values, by a factor of about 10, is observed in the
case of the TG*T and TG*G sequences when thiahking

Tin TG*T is replaced by a'3flanking G. With a G flanking

the adducts on the'side, thefey values are 2650 times
smaller than thé,s values (Figure 6, Table 1). However, in
the other sequences, except in CG*G, the insertion and
extension efficiencies are similar in magnitude. In the CG*G

trans[BP]-N?-dG are depicted in Figure 6, upper panel. The sequencefey is ~10 times larger thafys.
data are presented in terms of a semilogarithmic scale Comparisons of Ma and K, for BPDE-Modified and

because of the surprisingly large variations infihesalues.

Unmodified Sequencedn the case of the unmodified

The values 01_‘ this parameter can be roughly grouped_ into sequences, XGY, the Michaeli#/enten parameters/adins
three categories: (1) the largest values (sequences With 5 and )i for catalysis by pok at position 25 of the template
flanking Gs), (2) intermediate values (pyrimidines on both strand are fairly independent of the flanking bases X and Y,

sides), and (3) smallest values (sequences wiffaBking

Gs). Remarkable variations in tlig values over a range of

with the exception of the unmodified TGT sequence, which
exhibits a 3-fold greater value df,s than the other five

nearly 3 orders of magnitude are observed when the positionssequences (Figures S2, upper panels, and Table 2).

of two bases are interchanged between theabd the 3
side of the lesion G* (compare, for example, thevalues

Relatively minor variations are observed in the valuek,of
= (Vma/Km)ext @s a function of base sequence context (Table

for GG*C and CG*G). Smaller but still substantial effects 2 and Figure S2 in Supporting Information). An unusually
are observed when only one base is interchanged. Forhigh value is observed only in the case of the TGT sequence.
example, when a'dlanking C is replacedya G (compare These results indicate that the sequence effects reported
CG*C vs CG*G), thefins value decreases by a factor of nearly here are attributable to the lesions rather than to intrinsic
200. In summary, a guanine flanking the adduct G* on the sequence contexts associated with the unmodified sequences.
5'-side instead oa C or a Tsignificantly increases dCTP ~ Comparisons of theMnayins Values for the unmodified and
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dCTP
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Ficure 5: Dependence of rate of reaction on dCTP concentration catalyzed hyfpothe XG*Y sequences for insertion of the dCTP
opposite G* under identical reaction conditions.

BPDE-modified sequences measured under identical experi-are observed when either pyrimidine flanking the lesion is
mental conditions (Tables 1 and 2) reveal that the differencesreplaced by guanine. In the following, we consider the

are small relative to the observed differences in #g)ifs efficiencies of translesion bypass in terms of DNA adduct
values. The differences iV{ayext between all six modified conformations and structures of polymerases and discuss
and unmodified sequences are all within factors-af5—-4. possible interpretations of the observed effects of the bases

However, the Km)ext Values are 25 orders of magnitude  flanking the lesions. Finally, we discuss the bypass charac-
larger in the modified than in the unmodified sequences. The teristics of polx in terms of the observed blocking effects
presence of a flanking T on either side of G*, especially on of the [BP]N\N?-dG adducts.
the 3-side, is correlated with particularly higK)ex: values. Structural ConsiderationsRecent determinations of the
crystal structures of several bypass polymerases with and
DISCUSSION without substrates5@3—55) are beginning to provide insights
Impact of ¢+)-trans-[BP]-N>-dG Adducts on Translesion into possible mechanisms of translesion bypas§). (In
Bypass The efficiencies of translesion bypass are signifi- particular, the crystal structure of a ternary complex of a
cantly reduced by the presence of the)-{trans[BP]-N?- primertemplate with a dNTP at the active site of the
dG adducts. Depending on the sequence context, the insertiofpolymerase Dpo4, a DinB homologue from the archeal
efficiency of dCTP opposite the lesioks, is 2—4 orders of aerobic thermophileSulfolobus solfataricu$2, provides
magnitude smaller in the case of the BPDE-modified than useful insights into the structural characteristics of this
in the case of the unmodified primer/template complexes with member of the Y-family polymeraseSs).
the same sequence contexts. The lesions also have an adverseThe catalytic core subdomain of Dpo4 resembles the
impact on the extension efficiencies sirfggis 2—5 orders structure of classical A-family polymerases with right-handed
of magnitude smaller in the modified than in unmodified palm, thumb, and finger motifs. However, in A-family
templates (Tables 1 and 2). The largest base sequence effecizolymerases, the two bulky O and O1 helices in the finger
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Table 1: Efficiencies of Base Incorporation Opposite the-{rans-antiN?-dG Lesions and Base Extension beyond this Lesion in the Different
XG*Y Sequences Catalyzed by Human pol

insertion/ adduct sequence Vimax Km VmadKm Keaf
extension XG*Y base pairing (fmol/min) (um) (fmol min~t uM™1) x 10 (min™Y) x 1C°
insertion CG*C G*dCTP 0.258- 0.011 5.07+ 1.78 49.7+ 19.5 6.59
CG*G G*dCTP 0.140t 0.015 5104+ 154 0.270+ 0.110 3.68
GG*C G*dCTP 4.38+ 0.52 22.8+5.9 192+ 73 115
TG*T G*dCTP 0.420+ 0.050 19.2+ 6.0 21.9+9.4 111
TG*G G*.dCTP 1.35+ 0.30 734+ 294 1.84+1.14 35.5
GG*T G*.dCTP 3.85+£ 0.24 15.0+£ 2.3 258+ 55 101
extension CG*C C:dGTP 0.926 0.050 113+ 10 8.13+ 1.14 24.2
CG*G C:dGTP 0.53@: 0.170 150+ 72 3.55+ 2.85 13.9
GG*C G:dCTP 0.22@+ 0.010 22.4+ 3.0 9.66+ 1.92 5.79
TG*T T:dATP 1.3440.29 101+ 36 13.2+ 7.5 35.3
TG*G T:dATP 0.7104+ 0.040 623+ 73 1.14+ 0.20 18.7
GG*T G:dCTP 0.97Gt 0.020 207+ 25 4.68+ 0.66 25.5

arentkea: values are calculated 1roiVina o 0 is the total enzyme concentration.
a Apparentkey val Iculated froNma’[Eq]. [Eq] is the total enzy trat

Table 2: Efficiencies of Base Incorporation Opposite G and Base Extension beyond This Base in the Different Unmodified XGY Sequences
Catalyzed by Human Pal

insertion/ adduct sequence Vinax Km Vinaxl Km Keaf®
extension XGY base pairing (fmol/min) (uM) x 10° (fmol min~t uM~1%} (min™) x 10°
insertion CGC G:dCTP 1.3:0.11 74.44+13.7 17.5+ 4.7 34.5
CGG G:dCTP 2.2#0.83 332t 174 6.80+ 0.61 59.7
GGC G:dCTP 1.65£ 0.14 98.9+17.1 16.7+ 4.3 434
TGT G:dCTP 1.3H 0.07 26.8+4.3 48.7+ 10.5 34.5
TGG G:dCTP 2.24-0.75 247+ 130 9.10+ 7.80 58.9
GGT G:dCTP 1.69 0.06 126+ 8 13.5+1.3 44.5
extension CGC C:dGTP 1.5#0.34 128+ 35 12.3+6.1 41.3
CGG C.dGTP 2.130.30 90.9£ 17.6 23579 56.1
GGC G:dCTP 1.16:0.23 1314 48 8.82+ 4.90 30.5
TGT T.dATP 2.26+ 0.04 0.69+ 0.30 3260+ 1240 59.5
TGG T.dATP 0.172+ 0.003 5.78: 0.51 29.8+ 3.2 453
GGT G:dCTP 0.388t 0.026 9.83+ 1.90 39.4+ 0.3 10.2

a Apparentks values are calculated frovina/[Eqg]. [E¢] is the total enzyme concentration.
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06* G(; C,G &G (}(; &(3‘ Ficure 7: Dependence on the bases flanking the lesion G* of the

steady-state value oVfayins (Upper panel) andMnayex: (Iower
Ficure 6: Dependence on the bases flanking the lesion G* of the panel).
steady-state dCTP insertion efficien€ys = (Vma’Km)inss OPpOSIite
the modified guanine lesion site G* (upper panel). Efficiefigy accessible to the solvent. If the catalytic pocket in human

= (Vma/Km)ex for primer extension by a single dNTP complemen- pol « is also relatively unconstrained, a sterically less
tary to the template base X (lower panel). hindered active site may facilitate interconversion between
[BP]-N?-dG adduct conformations that block bypass to
region are in contact with the replicating base pair thus conformations that are favorable for dCTP insertion opposite
limiting accessibility to the aqueous environment. In Dpo4, G*(13, 40). In that case, a greater adduct conformational
on the other hand, the finger region is considerably smaller, flexibility at the active site of pok may enhance the catalytic
and the replicating base pair is less restrained by local rate constants, (proportional toVmay), of dNTP incorpora-
interactions with amino acid residues and is thus more tion opposite G*. We note that the parametér{)ins is not
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10° ﬂfi"_‘é_l_(‘_]_(_ - the lesions is observed when guanines are substituted for
§'-..CACAXG*YACAC... the pyrimidines. We consider some of the possible flanking

10 base sequence effects that can account for these observations,

. = as well as for the larger effects of sequence context on the
10 " Km rather than on th&pa, values.
100 . . Adverse Effects of'3Flanking Gs on dCTP Insertioi.he

large unfavorableK)ins Values, by factors of~50—100,
A mere observed in CG*G or TG*G sequences (relative to CG*C
CZTGTG..-5 .
5"..CACAXG*YACAC... or TG*T sequences) (Figure 8, upper panel) are correlated
10° with the presence of'3lanking Gs. Thus, a much higher
dNTP concentration is required to achieve saturation of the
10° rate of reaction in the CG*G and TG*G than in the other
sequences (Figure 5). Because of the complexities and
multiple steps involved in the steady-state polymerase-
10" . . catalyzed primer extension, the measured app#ignalues
C;C- g& GO G‘& G”G C;O (Figure 5) may not be the same as either the true Michaelis
(G < & © < Menten parameter nor the dissociation conskandefining
Ficure 8: Dependence on the bases flanking the lesion G* of the the dissociation of the dNTP from the ternary dNAIPNA—
steady-state value oKf)ins (Uupper panel) andK(y)ex (lower panel). polymerase complexe§Z, 59). In addition, the apparett,,
may also depend on the efficiencies of formation of the
reduced as much in the case of poby the presence of  pinary DNA—polymerase complexes and thus on the DNA
(+)-trans[BP]-N*-dG adducts (Tables 1 and 2) as it is in  polymerase complex dissociation constég{(60). Therefore,
the case of the A-family polymerase KF:6). This differ- alternative interpretations of the base sequence dependence
ence may result from the lower extent of crowding in the of the apparenK,, values are possible. One hypothesis is
active site of p0|K than in the active site of an A—famlly that the apparerin, values reflect a base seqguence depen_
polymerase. dence ofKp. Another is that the magnitude &f, may be
Conformations of-{)-trans-[BP]-N-dG Adducts in Primer/  related to the residence time of a dNTP (or to the relative
Template Complexe$he differences in the electrophoretic  stabilities of the catalytically productive ternary complexes)
mobilities indicate that the flanking bases have remarkable in a ternary complex in a productive conformation for
effects on the electrophoretic mobilities, and therefore, on nucleotide incorporation at the active site of the polymerase
the adduct conformations in the-{) but not in the (0) (59). Both of these properties may in turn depend on the
complexes (Figures 2 and S7). These differences are at-differences in the conformations of the) primer-templates
tributed to base sequence effects on the adduct conformationsis suggested by their electrophoretic mobilities (Figures 1
at the single stranddouble strand junctions. The solution and S7). Detailed studies of these effects are presently under
structures of ¢)-trans[BP]-N2-dG lesions in 1) and (0) investigation in our laboratory.
complexes in ...CG*C... sequence contexts have been The high values oK, in the CG*G and TG*G sequences
examined by NMR methods in the absence of protei’s ( indicate that the properties of the G*G dinucleotide step are
58). In the (—1) complex, the hydrophobic BP residue of different from those of the other sequences studied. The
the (+)-trans[BP]-N?-dG lesion is stacked plane-to-plane dynamic characteristics of different dinucleotide steps are
with the 3-terminal guanine residue of the primer strand, likely to be anisotropic because they depend on the repulsive
while the glycosidic angle of the modified guanine is in a and attractive interactions between the two stacked base pairs
syn rather than in the usual anti conformatid&v)( This in the dinucleotide step modé1). These interactions govern
conformation is associated with the unusually slow electro- the different structural parameters that determine the most
phoretic mobility in the 1) complex with the CG*C (Figure ~ probable relative orientations of these two base pairs.
2), as observed in another, similar ...CG*C... sequence asConformational maps suggest that the energetically preferred
well (50). However, in the (0) complex, the BP residue is conformations of the dinucleotide steps are quite different
positioned in a minor groove-like orientation pointing into in the case of the'5GC, GT, and GG step$l). The GG
the B-direction of the modified strand with the glycosidic dinucleotide step has long been considered to be rather rigid
angle of the modified guanine residue in the anti domain (62, 63). This rigidity may lower the local conformational
and the G*:C base pair in a Watse@rick base pair flexibilities at the lesion sites, thus hindering the adoption
alignment 68). The electrophoretic mobilities of the modified  of favorable intermediate DNApolymerase and/or dNFHP
and unmodified (0) complexes are similar (Figure 2), DNA—polymerase conformations, thus giving rise to low
suggesting that the lesions do not significantly perturb the relative efficiencies of translesion bypass in CG*G and
overall conformations of the primer/template complexes, in TG*G sequences.
contrast to the lesions in the-{) complexes. Since the A second mechanism might account for the adverse effects
conformations of the «)-trans[BP]-N>-dG lesions are  of 3'-flanking guanines and the large enhancement of the
known to depend on local base sequence context in double{Kn)ins in CG*G as compared to CG*C sequenceés)(
stranded DNA 42), it is not surprising that such effects Goodman et al. suggested that base-base stacking interactions
should manifest themselves at or near single-strand/double-of the incoming dNTP with the base at thet8rminus of
strand junctions in solution (Figures 2 and S7) and also the primer strand favor the binding of the incoming nucle-
manifest themselves in terms of the translesion bypassotide. These basebase stacking interactions are favored
kinetics. The major impact of the different bases flanking when the 3terminal primer basesia G rather than a C

"

2

Insertion K

(uM)

m

Extension K




2464 Biochemistry, Vol. 42, No. 8, 2003

(corresponding to the CG*C or CG*G sequences, respec-
tively).

Effects of 5Flanking Gs on dCTP Insertion KineticEhe
rates of dCTP incorporation and the magnitudesvatfins

Huang et al.

« (Figure 3) is primarily due to the rather small impact of
the (+)-trans[BP]-N?-dG lesions on the MichaelisMenten
parameteMmaxas shown by a comparison of thig.x values
for BPDE-modified and unmodified sequences in all se-

are markedly sequence-dependent (Figures 5 and 7, respeauences (Tables 1 and 2, and réfs and 30)). Only the

tively). The largest change iVgagins iS Observed when either
the B-flanking C or T is replaced by a G. Thu$/(ayins IS
greater by factors 0of10 or 18 in GG*T and GG*C than in
the TG*T and CG*C sequences, respectively. When the
incoming dNTP is not complementary to the next template
base to be replicated but is complementary to its 5
neighboring base, the incoming nucleotide may pair with this

downstream base rather than mispairing with the mismatched

template base. This type of mechanism, called a dNTP-
stabilized misalignment mechanism, was observed by Good-
man and co-workers for primer extension catalyzed by pol
p (64), by Kobayashi et al. in the case of tbéenB1 bypass
polymerase pol 1V §5), and by Kokoska et al. in the case
of Dpo4 (66). Such sequence-dependent frameshift interme-
diates probably account for thel deletions that have been
observed when pot bypasses apurinic site8)( A similar

mechanism appears to be operative in the case of our GG*C

and GG*T sequences in which the dCTP pairs with the G
flanking the modified guanine G* on thé-Side. The dCTP
can pair with G* (), as well as the next downstream G by
a slipped frameshift misaligned mechanisit):(

dCTP
1 ZTGTG
5'-....CACAGG*YACAC....-3’ @
dCTP
l ZTGTG
5'-...CACAG YACAC....
G*
T
C—ZTGTG
5’-...CACAG YACAC....
G*
1
C-ZTGTG
5’-....CACAGG*YACAC....

3 i)

3 am

-3 aw)

Continuation of primer extension fronill() results in a
—1 deletion, while full primer extension can occur if the
correct alignmently) of the template/primer strands occurs
after incorporation of dCTP. The differences in the length
of the full extension products (Figure 3) are consistent with
the sequence effect hypothesis based on mechani3nts (
(IV). After extensive incubation times, full and prominent

CG*G sequence is characterized by a significantly smaller
value of Vmains (More than a factor of~10 smaller in the
modified than in the unmodified CGG sequence). On the
other hand, th&,, values are~2—5 orders of magnitude
less favorable for both insertion and extension in the modified
XG*Y sequences than in the unmodified ones, thus account-
ing for the small values dff,s and fex:.

The impact onVmax catalyzed by an A-family polymerase
is quite different. The bypass of the samg){rans{BP]-
N?-dG adducts has been compared in another modified and
unmodified ...CGC... sequence but catalyzed by the poly-
merase KF- fronEscherichia coliPol | (16). Thefi,s values
were ~5—6 orders of magnitude smaller in the BPDE-
modified than in the identical unmodified sequenc&§).(
In particular, the ¥Ymayins Values were~100-1000 times
smaller in the case of catalysis by KF-, depending on the
dNTP being incorporated opposite the){trans[BP]-N?-
dG lesions. In contrast, in the case of the bypass of the same
adducts by pol, the effects of the lesions oW are
relatively small (Table 1). Translesion bypass ¢){rans-
[BP]-N2-dG in the same TG*T and CG*C sequences studied
here but catalyzed by KF- was reported 20) Significant
bypass £5%) was observed only if slipped frameshift
intermediates could occur that led to primer extension
products with deletions of up to six contiguous bases.
Furthermore, dATP was preferentially inserted opposite G*
by KF- as in the case of T7 (Supporting Information). The
effects of the largeK,, values on the overall rates of
translesion synthesis can be mitigated by increasing the dNTP
concentrations (eq 1). The overall reaction kinetics are
dictated more bWnaxthan byK,, when [dNTP]> K, thus
accounting for the relatively effective bypass of the){
trans[BP]-N>-dG adducts shown in Figure 3 despite the
unfavorable large values df,. In these experiments the
dNTP concentration was 1QtM, which is larger than the
Km in most of the insertion experiments, although not in the
extension experiments (Figure 7). In mammalian cells, the
dNTP concentrations are in the range~a6—20 uM (67),
and theK, values associated with the adducts may thus play
a more determining role and thus diminish translesion bypass.

43-mer primer extension bands are observed in the case of ConclusionsThe kinetic parameters associated with the
the CG*C, TG*T, TG*G, and CG*G sequences (Figure 3). bypass of {)-trans[BP]-N?-dG lesions catalyzed by pel
However, in the case of the GG*C sequence, only a are markedly affected by the flanking bases. The effects of
prominent 42-mer band is observed, which is consistent with more distant bases probably also play an important role and
the —1 deletion mechanism of primer extension from the should be investigated once the effects of the flanking bases
slipped frameshift intermediatél(). In the case of the GG*T  are better understood. While the effects of the adducts on
sequence, the most prominent band observed is also a 42catalytic rate constants.,, associated with pok are
mer, but the presence of a weak 43-mer band suggests thatelatively minor, the flanking bases can exert dramatically
primer extension from intermediatéV) can also occur, unfavorable effects on the dependence of these reaction rates
although with a lower probability than from intermediate on the dNTP concentrations (i.e., on the appakentalues).
(1. The enhanced mutation efficiencies in vivo when These results are interpreted in terms of the following: (1)
2-aminofluorene-dG adducts are flanked by Gs on the 5 conformational flexibilities of the BPDE-modified guanine
side 66) may also be due to a dNTP misalignment residues in the presumably relatively open active site of the
mechanism. polymerase binding pockets, and (2) the probability of
Impact of the Lesions on the Michaelidlenten Param-  formation of ternary dNTPDNA—polymerase complexes
eters.The relatively efficient lesion bypass catalyzed by pol with dNTP conformations favorable for primer extension.



Base Sequence Effects on DNA Replication

SUPPORTING INFORMATION AVAILABLE

Bar plots offins = (VimalKm)ins: fext = (VmadlKm)exts Vimax
K., andkefor the unmodified XGY sequences. Experiments
depicting the fidelities of dNTP incorporation catalyzed by

the replicative, A-family polymerase T7 (Sequenase version
2.0) in standing-start experiments. Experimental data depict-

ing

the gel electrophoretic mobilities of different primer/

template complexes for TG*T, GG*T, and TG*G template

sequences, analogous to those depicted in Figure 2. This
material is available free of charge via the Internet at http:// 31.

pubs.acs.org.
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