THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 284, NO. 3, pp. 1732-1740, January 16, 2009
© 2009 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Lesion Bypass of N>-Ethylguanine by Human DNA

Polymerase "

Received for publication, September 19, 2008, and in revised form, October 31,2008 Published, JBC Papers in Press, November 3, 2008, DOI 10.1074/jbc.M807296200

Matthew G. Pence®, Patrick Blans®, Charles N. Zink®, Thomas Hollis*, James C. Fishbein®, and Fred W. Perrino*'

From the *Department of Biochemistry and Center for Structural Biology, Wake Forest University Health Sciences,
Winston-Salem, North Carolina 27157 and the SDepartment of Chemistry and Biochemistry, University of Maryland,

Baltimore County, Baltimore, Maryland 21250

Nucleotide incorporation and extension opposite N*-ethyl-
Gua by DNA polymerase ¢t was measured and structures of the
DNA polymerase t-N>-ethyl-Gua complex with incoming nucle-
otides were solved. Efficiency and fidelity of DNA polymerase ¢
opposite N?-ethyl-Gua was determined by steady state kinetic
analysis with Mg?* or Mn?" as the activating metal. DNA poly-
merase t incorporates dCMP opposite N>-ethyl-Gua and unad-
ducted Gua with similar efficiencies in the presence of Mg>* and
with greater efficiencies in the presence of Mn>*. However, the
fidelity of nucleotide incorporation by DNA polymerase t oppo-
site N-ethyl-Gua and Gua using Mn>" is lower relative to that
using Mg>* indicating a metal-dependent effect. DNA polymer-
ase t extends from the N*-ethyl-Gua:Cyt 3’ terminus more effi-
ciently than from the Gua:Cyt base pair. Together these kinetic
data indicate that the DNA polymerase t catalyzed reaction is
well suited for N>-ethyl-Gua bypass. The structure of DNA po-
lymerase ¢ with N?-ethyl-Gua at the active site reveals the
adducted base in the syn configuration when the correct incom-
ing nucleotide is present. Positioning of the ethyl adduct into
the major groove removes potential steric overlap between the
adducted template base and the incoming dCTP. Comparing
structures of DNA polymerase ¢ complexed with N*-ethyl-Gua
and Gua at the active site suggests movements in the DNA po-
lymerase ¢ polymerase-associated domain to accommodate the
adduct providing direct evidence that DNA polymerase t effi-
ciently replicates past a minor groove DNA adduct by position-
ing the adducted base in the syn configuration.

N?-Ethylguanine (N*-ethyl-Gua) is an acetaldehyde-derived
DNA adduct generated from the reduction of acetaldehyde
with 2'-deoxyguanosine-3’'-monophosphate (1). Humans are
exposed to acetaldehyde from the environment and through
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the formation of acetaldehyde by the oxidation of ethanol (2).
N?-Ethyl-Gua has been detected in the DNA of both alcoholic
and nonalcohol drinkers (2, 3). Ethanol is classified as a human
carcinogen, and acetaldehyde is known to contribute to the
formation of malignant tumors (4). The formation of N*-ethyl-
Gua during the reduction of acetaldehyde could cause ethanol-
related cancers (5).

The ethyl moiety of N*-ethyl-Gua is predicted to project into
the minor groove of duplex DNA. The N*-ethyl-Gua adduct is a
strong block to DNA replication by replicative DNA polymer-
ases in vitro and in cells (6, 7). Structures of bacteriophage DNA
polymerase (pol) RB69, a homolog of human DNA pol ¢, indi-
cate a possible mechanism of N*-ethyl-Gua blocked DNA rep-
lication. The structures reveal a DNA-binding motif that con-
tacts the DNA minor groove and functions as an important
safeguard to replication fidelity (8). The blocking of replicative
DNA pols by N*-ethyl-Gua could arise when the ethyl group,
protruding into the minor groove, disrupts protein:DNA con-
tacts involved in the proposed “checking mechanism” (8).
N?-Ethyl-Gua also has a high mis-coding potential during DNA
replication with the Klenow fragment of Escherichia coli DNA
pol I (9). Mutations caused by N?-ethyl-Gua range from single
base deletions to transversions (10).

The Y family DNA polymerases 1), t, and « replicate through
adducted DNA templates (6, 11-13) and an open, more rigid
active site contributes to lesion bypass (14). The multitude of Y
family DNA pols suggests that a variety of mechanisms might
be utilized by these polymerases during lesion bypass depend-
ent upon the nature of the specific DNA adducts. Structural
data indicate that DNA pol ¢ rotates unadducted template
purines from the anti to syn conformation in ternary complexes
and forms hydrogen bonds between the Hoogsteen edge of the
template base and the Watson-Crick edge of the incoming
nucleotide (15-17). Kinetic studies show that DNA pol ¢ has
increased efficiency and fidelity during nucleotide insertion
opposite template purines (11, 18 —20). Similarly, rotation of
the template base to the syn conformation is observed in the
structure of DNA pol ¢ complexed with the 1,N®-ethenode-
oxyadenosine lesion, allowing correct nucleotide insertion but
not subsequent extension opposite the adduct (21). Rotation of
the purine base at the active site of DNA pol ¢ would allow for
efficient bypass of DNA adducts at the N of Gua by reposition-
ing the adduct into the major groove and removing potential
steric overlap between the lesion and incoming nucleotide.
Thus, DNA pol « could be involved in the bypass of the minor
groove DNA adduct N*-ethyl-Gua.
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The DNA polymerases utilize two divalent metal ions for
activation of catalysis (22—24). The metals play a role in binding
and positioning of the incoming nucleotide and in determining
fidelity during catalysis (24, 25). The Mg>" ion is often used as
the activating metal for DNA polymerization studies in vitro
(24). The Mn*" ion also binds to and activates DNA polymer-
ases but frequently results in decreased fidelity of the replicative
DNA polymerases (26, 27). Recently, the Mn>" ion has been
shown to increase the efficiency and fidelity of nucleotide
incorporation by DNA pol v opposite a template Thy nucleotide
(28).

The strong blocking effect of N*-ethyl-Gua to the replicative
DNA polymerases and its possible role in alcohol-related can-
cers have prompted our studies on bypass of N>-ethyl-Gua by
the Y family DNA pol t. These data provide new insights into
replication bypass of the ethanol-derived N*-ethyl-Gua adduct
with potential carcinogenic consequences. The structures of
DNA pol « complexed with N*-ethyl-Gua containing DNA pro-
vide direct evidence for the initial anti position of the N*-ethyl-
Gua that is subsequently rotated into the syn position upon
binding the correct Cyt nucleotide but not upon binding the
incorrect Thy nucleotide. The N*-ethyl moiety is easily accom-
modated in the major groove binding pocket of DNA pol ¢ by
the specific repositioning of Lys®**® located in a loop of the PAD
domain. The Lys®**® hydrogen bonding to the 5’ phosphate of
the N2-ethyl-Gua template base in the anti orientation reposi-
tions to accommodate the ethyl side chain. This repositioning
of Lys®®® defines the available space for accommodation of rel-
atively small adducts such as the alkyl lesions at the N* position
of Gua for efficient replication past these lesions by DNA pol t.
Furthermore, we show that when Mn>" is the activating diva-
lent metal, DNA pol ¢ bypass of N*-ethyl-Gua occurs with
increased efficiency but reduced fidelity compared with Mg>™",
demonstrating that Mn>* could play an important role in mod-
ulating efficiency and fidelity of lesion bypass of minor groove
purine adducts like N*>-ethyl-Gua by the Y family DNA poly-
merases. Consequences of Mn”" as the activating metal and
flexibility of the DNA pol « PAD domain for efficient bypass of
N?-ethyl-Gua are discussed.

EXPERIMENTAL PROCEDURES

Oligonucleotides—N>-Ethyl-Gua phosphoramidites and
template oligonucleotides were prepared as described previ-
ously (6). Three DNA primer oligonucleotides, 5'-(6-FAM)-
GCTCCGGAACCC-3/, 5'-(6-FAM)-GCTCCGGAACCCTT-3,
and 5'-(6-FAM)-GCTCCGGAACCCTTC-3’, were purchased
from Operon Biotechnologies, Inc. (Huntsville, AL). For crys-
tallization experiments, a self-annealing DNA oligonucleotide
containing the N*-ethyl-Gua adduct and a dideoxy CMP at the
3" end, 5'-TCTXGGGTCCTAGGACCAAC-3" (where X =
N?-ethyl-Gua), was synthesized by Midland Certified Reagents
(Midland, TX) using the supplied N*-ethyl-Gua phosphora-
midites. Synthesis was carried out using cyanoethyl phosphora-
midite chemistry, and protecting groups were removed by
hydrolysis with concentrated ammonium hydroxide (20). The
oligo was purified by reverse phase high performance liquid
chromatography (mass calculated = 5503.7, mass observed =
5504.9).
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Expression and Purification of Human DNA Polymerase —
The recombinant catalytic fragment of human DNA pol ¢
(amino acids 1-420) was made as an maltose-binding protein-
DNA pol « fusion protein with a PreScission Protease cleavage
site seven residues from the DNA pol ¢ N-terminal methionine.
The PreScission Protease recognition sequence and DNA pol ¢
coding sequence were verified by DNA sequencing. The plas-
mid constructs were transformed into E.coli BL21(DE3)
Rosetta 2 cells (Novagen) for overexpression. Cells were grown
to an Agy, = 0.5 at 37 °C and quickly cooled on ice to 17 °C.
After induction with 1 mMm isopropyl B-p-thiogalactopyrano-
side, the cells were allowed to grow for 15 h at 17 °C. Cell
extracts were prepared and the maltose-binding protein-DNA
pol ¢ fusion protein was bound to an amylose resin in buffer
containing 20 mm Tris-HCl (pH 7.5), 1 mm EDTA, and 200 mm
NaCl. The fusion protein was cleaved overnight by on-column
incubation with PreScission Protease at 4 °C. The recovered
DNA pol v was purified to homogeneity using phosphocellulose
chromatography.

Assays—For primer extension assays the DNA primer (12-
mer) was hybridized to the 32-mer DNA template and added
to reactions containing 20 mMm Tris-HCI (pH 7.5), 2 mm di-
thiothreitol, 100 uMm dNTP, 10 nm DNA pol ¢, and the
amount of MgCl, or MnCl, indicated in the figure legends.
Incubations were for 15 min at 37 °C and reactions were
quenched with EtOH. Samples were dried and resuspended in
5 ul of a 95% formamide/dye solution. Extension products were
separated on 23% urea-polyacrylamide gels, and imaged with a
PhosphorImager (Molecular Dynamics) and quantified using
ImageQuant software.

For the kinetic assays, the site-specific insertion procedure
of Boosalis et al. (29) was used. DNA primers (14-mer for
insertion and 15-mer for extension) were hybridized to the
32-mer DNA templates and added to reactions containing 20
mM Tris-HCI (pH 7.5), 2 mwm dithiothreitol, 2 mm MgCl, or
0.075 mm MnCl,, 50 nm primer-template, and 0.625 nm DNA
pol ¢ (Mg>"-activated reactions), or 0.2 nMm DNA pol ¢
(Mn?"-activated reactions). The amounts of DNA pol ¢ in
reactions yielded ~20% extended product maximally. Incu-
bations were for 10 min at 37 °C and reactions were pro-
cessed as described above. All extended product bands were
used to determine kinetic parameters (K, and k_,, values) by
non-linear regression using SigmaPlot 8.02 software (SPSS
Science, Inc.). Relative insertion frequencies were calculated
as 1/[(Keat/ Kz, correc)! (Keat/ Ky incorrecd) |-

Crystallization of Human DNA Pol +—The purified catalytic
fragment of DNA pol « was dialyzed into 20 mm NaPO, mono-
basic, 1 mm EDTA, 1 mum dithiothreitol, and 150 mm NaCl and
concentrated to ~11 mg/ml. The DNA pol ¢ was mixed at a
1:1.2 molar ratio with the N*-ethyl-Gua containing DNA oligo-
nucleotide. To study ternary complexes, MgCl, and dCTP (or
dTTP) were added to final concentrations of 10 and 20 mm,
respectively. Crystals grew from solutions described by Nair et
al. (16) containing 0.2—0.4 m (NH,),SO,, 12.5-15% PEG 5000
monomethyl ether, and 0.1 m MES (pH 6.5). Crystal trays were
kept at 4 °C and diffraction quality crystals appeared in 1-3
days. The crystals belonged to space group P6,22 and had cell
dimensions of = b = 98.53 A, ¢ = 202.35 A for dCTP con-
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taining crystals, and @ = b = 98.64 A, ¢ = 202.23 A for dTTP
containing crystals, and a = 8 = 90°, y = 120°. For data collec-
tion crystals were step soaked for 5 min in mother liquor solu-
tions containing 0-25% glycerol and flash frozen in liquid
nitrogen.

Structure Determination and Refinement—X-ray diffraction
data were collected using CuKa radiation from an in-house
MicroMax 007 generator on a Saturn 92 CCD detector
(Rigaku). The data were indexed, integrated, and scaled using
d*TREX (30), and phases were calculated using molecular
replacement. Molecular replacement with Phaser (31) gener-
ated a unique solution using DNA pol ¢ (Protein Data Bank code
2ALZ) minus DNA as a search model. Electron density maps
calculated to 2.5 A (dCTP) and 2.9 A (dTTP) showed clear
density around the N*-ethyl-Gua lesion. The dCTP ternary
structure showed good electron density for the incoming nucle-
otide. Electron density for incoming dTTP could not be seen
except for the y phosphate, which was included in the model.
Models were built in COOT (32) and refined in REFMAC5
using translesion systhesis refinement (33, 34). The refined
model converged to an R, = 23.2% and Ry, = 28.6% for the
dCTP-containing complexand R, = 23.6% and Ry, = 28.2%
for the dTTP-containing complex. Ramachandran plots for the
refined models show good stereochemistry, with 87.4 (dCTP-
containing) and 88.6% (dTTP-containing) of residues in the
favored regions and 0.0 (dCTP-containing) and 0.0% (dTTP-
containing) in the disallowed regions. Figures were prepared
using PyMol (35).

RESULTS

Primer Extension Reactions—DNA polymerase v catalyzes
bypass of the N*-ethyl-Gua adduct using Mg>* or Mn" as the
activating divalent metal ion. DNA polymerases can utilize var-
ious activating divalent metals (22-25, 28) and recent evidence
indicates that both Mg®" and Mn”" are potent activators of
DNA pol t with perhaps Mn>* being the preferred metal ion for
activation (28). The DNA pol ¢ catalyzed bypass of N*-ethyl-
Gua was tested using Mg>" or Mn”" as the activating metal
(Fig. 1). A 12-mer DNA primer was annealed to 32-mer DNA
templates with the primer 3’ terminus positioned three nucle-
otides from the target N*-ethyl-Gua or Gua (Fig. 1A). Upon
incubation of the primer-template with DNA pol ¢ the 12-mer
primer is extended to generate products 13 to 19 nucleotides in
length and no full-length 25-nucleotide products are observed
(Fig. 1, B and C). These data are consistent with the previously
described poor primer extension properties of DNA pol ¢,
which exhibits especially low efficiency when copying template
pyrimidines like those positioned 5’ to the target site in this
template design (18, 36, 37). Primer extension reactions per-
formed in the presence of increased concentrations of MgCl,
(Fig. 1B) or MnCl, (Fig. 1C) show that DNA pol v exhibits con-
siderable sensitivity to the divalent ion concentration as indi-
cated by the observed products. The maximum level of primer
extension was detected using either DNA template at 2 mm
MgCl, (Fig. 1B) and 0.075 mm MnCl, (Fig. 1C). Higher concen-
trations of MgCl, and MnCl, reduce DNA pol t-catalyzed
extension (Fig. 1, Band C, see also Ref. 28). These data indicate
that DNA pol t-catalyzed primer extension using the N*-ethyl-
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FIGURE 1. Extension opposite N*>-ethyl-Gua or Gua by DNA Pol ¢ in the
presence of MgCl, or MnCl,. Primer extension assays were carried out as
described under “Experimental Procedures.” The annealed primer (12-mer)
and templates containing either N*>-ethyl-Gua or Gua (A) were incubated with
10 nm DNA pol « and increasing concentrations of MgCl, (B) or MnCl, (C).
Maximal primer extension was observed at 2 mm MgCl, and 0.075 mm MnCl,.
In single nucleotide extension reactions with only dTTP or dCTP using the
14-mer primer, the 15-mer product of dTMP insertion migrates to the position
of the upper band and the 15-mer product of dCMP insertion migrates to the
position of the lower band (data not shown).

Gua and Gua DNA templates is similar and that the maximum
extension is achieved at a ~26-fold lower concentration of
Mn>" ion compared with Mg>™".

Insertion of the correct dCMP and incorrect dTMP opposite
Gua and N*-ethyl-Gua by DNA pol ¢ is detected using either
Mg®" or Mn®>" as the activating metal. The 15-nucleotide
products are detected as a doublet band corresponding to the
correct incorporation of two dTMP nucleotides opposite the
template adenines to generate the 14-nucleotide products and
subsequent incorporation of dCMP or dTMP opposite the tar-
get Gua and N*-ethyl-Gua by DNA pol ¢ (Fig. 1, B and C). The
product band corresponding to dCMP insertion opposite tem-
plate Gua, but not template N*-ethyl-Gua, was detected at the
higher MgCl, concentrations tested suggesting that DNA pol ¢
extends the N*-ethyl-Gua:Cyt base pair more efficiently than
the normal Gua:Cyt base pair when Mg>" is the activating
metal ion (Fig. 1B, compare lanes 7 and 8 to 15 and 16). The
presence of the 15-nucleotide product band corresponding to
insertion of dTMP opposite the target Gua and N*-ethyl-Gua in
the most active primer extension reactions indicates that DNA
pol v extends more efficiently from the correctly base paired
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TABLE 1
Nucleotide insertion opposite Gua and N?-ethyl-Gua by DNA pol ¢

DNA Pol v Bypass of N*-Ethyl-Gua

K, and k_,, values were determined by quantifying gel band intensities using ImageQuant, and non-linear regression analysis of product versus [ANTP] curves, using

SigmaPlot 8.0.2.
Metal ion dNTP K, Kot k. /K, Relative insertion frequency”
M min~t min~ ! pm~!
At template N-ethyl-Gua
0.075 mm Mn>*
Cyt 0.10 = 0.012 425 £ 15 4.3 X 10° 1
Thy 0.030 = 0.014 225 £ 25 7.5 X 10° 1/0.6
2 mm Mg**
Cyt 36 3 74 £ 12 2.1 X 10° 1
Thy 650 = 180 115+ 18 1.8 X 107" 1/12
At template Gua
0.075 mm Mn*™*
Cyt 0.15 = 0.020 700 * 40 4.7 X 10° 1
Thy 0.085 * 0.020 200 £ 15 24 X 10° 1/2
2 mm Mg**
Cyt 49 * 4 112 £ 18 2.3 X 10° 1
Thy 220 £ 60 50+ 6 23 X% 107" 1/10

“ Relative insertion frequency is calculated as 1/([k . /K,,,, correct]/[k . /K,,, incorrect]).

TABLE 2

Extension from Gua:Cyt, Gua:Thy, and N*-ethyl-Gua:Cyt, N>-ethyl-Gua:Thy base pairs by DNA pol ¢

K, and k_,, values were determined by quantifying gel band intensities using ImageQuant, and non-linear regression analysis of product versus [dNTP] curves, using
SigmaPlot 8.0.2.
Metal ion Base pair K, Ko koK, Relative extension frequency”
M min~t min”p.M’l
At template N*-ethyl-Gua
0.075 mm Mn*>"
N?-Et-Gua:Cyt” 0.10 * 0.012 210+ 7 2.1 X 10° 1
N?%-Et-Gua:Thy 0.30 = 0.027 1.0 £ 0.02 3.3 X 10° 1/640
2 mm Mg**
N*-Et-Gua:Cyt 40*1 90 * 4 2.3 X 10° 1
N?%-Et-Gua:Thy 160 * 40 0.31 = 0.03 1.9 X 1073 1/1180
At template Gua
0.075 mm Mn>*
Gua:Cyt 0.25 = 0.045 220 £ 10 8.8 X 10? 1
Gua:Thy 1.1*+0.09 1.3 = 0.04 1.2 X 10° 1/730
2 mm Mg>*
Gua:Cyt 200 £ 30 110+ 8 55X 107" 1
Gua:Thy 170 = 30 0.18 = 0.013 1.1 X103 1/500

“ Relative extension frequency is calculated as 1/([k /K, correct]/[k.,/K,,, incorrect]).

? Et, ethyl.

Gua:Cyt and N*-ethyl-Gua:Cyt 3’ termini relative to extension
from the mispaired Gua:Thy and N*-ethyl-Gua:Thy termini
(Fig. 1, Band C). The triplet band corresponding to the 16-nu-
cleotide position indicates additional heterogeneity in the oli-
gonucleotide product 3’ terminal sequence likely resulting
from the low level of nucleotide discrimination by DNA pol ¢
during nucleotide incorporation opposite template cytosines
(37).

Efficiency and Fidelity of N°-Ethyl-Gua Bypass by DNA Pol .—
A steady state kinetic assay was used to more precisely quan-
tify the efficiency and fidelity of DNA pol ¢ bypass of N*-eth-
yl-Gua compared with Gua in the presence of MgCl, or
MnCl,. Nucleotide insertion reactions were performed in
the presence of increased concentrations of dCTP or dTTP
using primed templates with the 3’ terminus positioned one
nucleotide before the N*-ethyl-Gua or Gua. Extension reac-
tions were performed in the presence of increased concen-
trations of the next correct nucleotide dGTP using primed
templates with the 3’ Cyt or Thy positioned opposite the
N?-ethyl-Gua or Gua. These data were quantified and the
summary presented in Tables 1 and 2.

The DNA pol vinserts the correct dCMP or incorrect - TMP
nucleotide at high efficiency in the presence of Mn>". The effi-
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ciency (k_,/K,,) of dCMP insertion by DNA pol ¢ opposite
N?-ethyl-Gua in the presence of Mn”" is ~2,000-fold higher
than that measured in the presence of Mg>", and there is a
similar high efficiency for dCMP insertion opposite Gua in the
presence of Mn®" compared with Mg>". The dramatically
higher efficiency measured in the presence of Mn>" can be
attributed to a ~340-fold lower K, value and a ~6-fold higher
k... value during correct nucleotide incorporation for both
DNA templates (Table 1). The efficiency of incorrect dTMP
insertion by DNA pol « opposite N*-ethyl-Gua in the presence
of Mn?" is ~42,000-fold higher than that in the presence of
Mg>" and ~10,000-fold higher opposite Gua using Mn** com-
pared with Mg>*. Similar to that observed during correct
nucleotide insertion, the higher efficiency for incorrect nucle-
otide insertion measured in the presence of Mn>" is mostly
attributable to a much lower K, value for the nucleotide using
both DNA templates. These data suggest that DNA pol ¢ binds
correct and incorrect incoming nucleotides with greater affin-
ity and catalyzes nucleotide addition more rapidly in the Mn** -
activated reaction compared with the Mg " -activated reaction.

The DNA pol vexhibits higher fidelity of nucleotide insertion
opposite N*-ethyl-Gua and Gua when activated with Mg>"
compared with Mn>"". Relative insertion frequencies calculated
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FIGURE 2. The structures of DNA pol vN?-ethyl-Gua Complexes with incoming dCTP or dTTP. A, the
structure of DNA pol « containing N*-ethyl-Gua and incoming dCTP shows the N*-ethyl-Gua base rotated into
the syn configuration. B, the structure of DNA pol ¢ containing N*-ethyl-Gua and incoming dTTP shows the
N?-ethyl-Gua base in the anti configuration and the N?>-adduct protruding into the minor groove. C, electron
density around the N*-ethyl adduct and incoming dCTP. D, electron density around the N*-ethyl adduct and

the y phosphate of the incoming dTTP.

for incorrect dTMP opposite N*-ethyl-Gua and Gua in the
presence of Mg>" are lower compared with those measured
using Mn>" indicating an increased level of fidelity in the pres-
ence of Mg®>*. Of particular note is the 20-fold higher level of
nucleotide discrimination observed opposite N*-ethyl-Gua in
the presence of Mg>* compared with Mn?* indicating a metal-
dependent increase in the level of nucleotide discrimination
opposite the adducted N*-ethyl-Gua by DNA pol t. These data
are similar to previous observations that Mn>" causes a
decreased fidelity in the replicative DNA polymerases (26, 27,
38, 39).

The DNA pol ¢ extends 3’ termini positioned opposite the
N?-ethyl-Gua with higher efficiency in the presence of Mn*"
compared with Mg>*. The k_,/K,,, values for extension from
the N*-ethyl-Gua:Cyt and Gua:Cyt base pairs indicate a ~1300-
fold higher extension efficiency in the presence of Mn>" com-
pared with Mg>* (Table 2). The increased efficiency of exten-
sion using Mn>" with either the adducted or unadducted DNA
template is attributable to a ~600-fold lower K,, value for
dGMP incorporation and a ~2.2-fold higher k_,, value (Table
2). Extension from the mispaired N*-ethyl-Gua:Thy base pair
and from the Gua:Thy base pair is ~1400-fold more efficient in
the presence of Mn>* compared with Mg?" (Table 2). Interest-
ingly, the efficiency of extension from a 3’ terminus positioned
opposite the N?-ethyl-Gua is ~3-fold higher than extension
from a 3’ terminus opposite Gua using either Mg®" or Mn>"
(Table 2).

The relative extension frequencies indicate that DNA pol ¢
distinguishes the correctly paired N*-ethyl-Gua:Cyt from the
incorrectly paired N*-ethyl-Gua:Thy better in the presence of
Mg>" compared with Mn>". The calculated relative extension
frequency from 3’ termini opposite N*-ethyl-Gua in the pres-
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ence of Mg®" is ~2-fold lower than
that determined in the presence of
Mn?" (Table 2). The relative exten-
sion frequencies from 3’ termini
positioned opposite the unadducted
Gua using Mg>" is similar to that
using Mn”* indicating that this
apparent metal-dependent effect is
not detected during extension from
3’ termini positioned opposite Gua.

The Structure of DNA Pol v with
N?-Ethyl-Gua in the Active Site—
The DNA pol ¢ bypasses N*-ethyl-
Gua by rotating the adducted Gua
base into the syn conformation. The
crystal structure of N’-ethyl-Gua
positioned in the active site of DNA
pol ¢ was solved revealing the
N?-ethyl-Gua in the syn conforma-
tion when the correct incoming
dCTP nucleotide was present and in
the anti configuration in the pres-
ence of the incorrect dTTP nucleo-
tide (Fig. 2, Table 3). These data pro-
vide direct structural evidence that
DNA pol ¢ bypasses the N*-ethyl-
Gua adduct by rotating the adducted Gua to position the
N?-ethyl adduct into the major groove. The crystal structures of
DNA pol v:N*-ethyl-Gua ternary complexes in the presence of
dCTP (Fig. 24) or dTTP (Fig. 2B) were solved to 2.5- and 2.9-A
resolution, respectively. The data show clear electron density
for the ethyl adduct in both complexes (Fig. 2, C and D) as well
as clear electron density for incoming dCTP (Fig. 2C). Data
collected from crystals grown in the presence of dTTP lack
electron density for the incoming nucleotide except around the
v phosphate (Fig. 2D). Electron density around the N*-ethyl-
Gua adduct in the presence of incorrect dTTP shows that the
template adducted base is in the anti configuration. Thus, our
data show that N*-ethyl-Gua is in the syn configuration when
paired with the correct dCTP and in the anti configuration
when no paired nucleotide is detected. These data parallel the
results of Nair ez al. (17) who describe the incoming nucleotide
as imposing a syn conformation on unadducted templates and
extends the relevance of their observation to the N*-ethyl-Gua
adducted DNA template.

The rotation of N*-ethyl-Gua into the syn conformation and
consequent positioning of the N*-ethyl moiety into the major
groove disrupts contact between a DNA pol ¢ residue in the
PAD domain and the DNA backbone. The two DNA pol -N*-
ethyl-Gua complexes generated here were superimposed with
the two DNA pol *Gua complexes determined by Nair et al.
(PDB accession codes 2ALZ and 2FLP (16, 17)) to compare the
structures (Fig. 3). As expected, the overall structures are very
similar and align with root mean square deviation values of
0.499 A (structures of DNA pol ¢ with N*-ethyl-Gua or Gua
(2ALZ) in the syn configuration) and 0.466 A (structures of
N?-ethyl-Gua and Gua (2FLP) in the anti configuration). These
analyses indicate that residues 306—311, which constitute a
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TABLE 3
Collection and refinement statistics

DNA Pol v Bypass of N*-Ethyl-Gua

Data collection

DNA pol uN?-ethyl-Gua with dCTP

DNA pol uN>-ethyl-Gua with dTTP

Resolution (4)* 2.2 (2.28-2.2) 2.9 (3.0-2.9)
No. of measured reflections 529,938 368,190
No. of unique reflections 19,625 13,417
Completeness (%) 98.9 (90.6) 100 (100)
Redundancy 17.7 (11.7) 27.4 (26.3)
Riperge (%)° 12.2 (40) 14.4 (32.3)
Mean I/o 13 (5.1) 11.8 (4.0)
Refinement .

Resolution range (A) 15-2.5 15-2.9

Reflections 19,625 12,753

Ryt (%)° 232 23.8

e (%) ) 28.6 282

Root mean square deviation bond lengths (A) 0.019 0.010

Root mean square deviation bond angles (°) 1.8 1.5

Mean B-factor (A?)

Protein 34.5 14.9

DNA 35.8 15.0

H,O 329 139

“Values for outermost shells are given in parentheses.

’ Rierge = 2|1 = (D|/SI, where I is the integrated intensity of a given reflection.
Repyst = S|P observed] — [Feateutatedll/ 2 Fopserveal-

@ Riee Was calculated using 5% random data omitted from the refinement.

loop in the PAD domain, move to accommodate the ethyl
adduct when the N*-ethyl-Gua is in the syn conformation in the
active site. Detailed views of the DNA pol ¢ active sites in com-
plex with N*-ethyl-Gua or Gua are shown in Fig. 4. The pres-
ence of the ethyl group at the N” position of the N*-ethyl-Gua,
coupled with rotation to the syn conformation, resultsina ~9 A
shift in the position of the Lys®**® side chain as indicated by the

different positions of Lys®*°® in the presence of syn N*-ethyl-Gua

compared with syn Gua (Fig. 4A4). This repositioning of Lys>°? is
not observed when the N?-ethyl-Gua or Gua base is in the anti
conformation (Fig. 4B). Thus, the Lys®**® side chain hydrogen
bonds with the 5" phosphate of the unadducted Gua in the anti
or syn configuration and with the N*-ethyl-Gua in the anti but

not the syn configuration.

DISCUSSION

The Y family DNA polymerases bypass adducted DNA that
would otherwise impede the completion of genomic replication
by the replicative DNA polymerases. The Y family DNA poly-
merase responsible for translesion synthesis is reflected in the
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FIGURE 3. Superposition of DNA pol . complexes with anti and syn configurations of N*-ethyl-Gua and
Gua. A, comparisons of the PAD domain in DNA pol « with N*-ethyl-Gua (green) or Gua (PDB code 2ALZ,
magenta) rotated into the syn configuration demonstrate the change in position of the backbone atoms of the
PAD loop. B, the repositioning of the loop is not observed when comparing structures of DNA pol ¢ with
N?-ethyl-Gua (blue) or Gua (PDB code 2FLP, yellow) rotated into the anti configuration.

structural and catalytic properties
of the DNA polymerase and the spe-
cific DNA lesion (14). Human DNA
pol v is unique among the DNA po-
lymerases in synthesizing DNA
using Hoogsteen base pairing rather
than conventional Watson-Crick
base pairing (15-17, 19, 21, 40). This
DNA polymerase catalytic feature is
particularly relevant to the replica-
tion of DNA adducts positioned at
the exocyclic N* of Gua (6, 11, 20,
41-43). Our studies show that DNA
pol tinserts the correct dCTP oppo-
site the N”-ethyl-Gua adduct with
the same efficiency as opposite Gua.
These findings are consistent with
previous results demonstrating
DNA pol ¢ catalyzed incorporation
opposite N*-isopropyl-Gua and the N*-adducts y-HOPdGua
and reduced y-HOPdGua (20, 41, 42). Furthermore, our data
indicate that DNA pol ¢ extends from the N*-ethyl-Gua:Cyt 3’
terminus with higher efficiency compared with the Gua:Cyt 3’
terminus supporting previous findings from Choi and
Guengerich (11). Together these data indicate that DNA pol ¢
bypasses N*-ethyl-Gua by incorporation of the correct dCTP
followed by increased extension efficiency from the N*-ethyl-
Gua:Cyt 3’ terminus. Thus, there is accumulating evidence that
DNA pol ¢ exhibits increased extension efficiencies from
adducted 3’ termini as has also been shown from N*-methyl-
and N*-isobutyl-Gua adducts and from the reduced y-HOPd-
Gua (13, 42).

Our structural data provide evidence that DNA pol ¢ utilizes
a Hoogsteen base pairing mechanism for efficient nucleotide
incorporation during bypass of N*>-ethyl-Gua. The structural
analysis shows that N*-ethyl-Gua adopts a syn configuration in
the active site of DNA pol ¢ in the presence of incoming dCTP.
Rotation of template purines to the syn configuration has been
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Lys309

dCTP
NethylGua or Gua

Asp306

Phe308

Lys310

Lys309
NethylGua or Gua

FIGURE 4. Repositioning of Lys3°° in the structure of DNA pol ¢ with
N2-ethyl-Gua in the syn configuration. A, the Lys*° side chain in DNA pol ¢

in complex with N-ethyl-Gua (green) in the syn configuration shifts ~9 A

relative to the position of Lys>°® in DNA pol « complexed with syn Gua (PDB

code 2ALZ, magenta). B, with N*-ethyl-Gua in the anti conformation (blue)
Lys>°° remains in a similar position relative to the Lys*°® in the DNA pol «:Gua
complex (PDB code 2FLP, yellow).

shown in structures of DNA pol « complexed with template Gua
or Ade, as well as 1,N®-etheno-Ade (15-17, 21). These struc-
tural data support Hoogsteen base pairing as the mechanism
utilized by DNA pol « when incorporating nucleotides opposite
adducted or unadducted purines. The ability of DNA pol ¢ to
rotate Gua into the syn configuration allows bypass of the
minor groove adduct N*-ethyl-Gua. Rotation of the template
base repositions the N*-ethyl-Gua adduct into the major groove
where there is less steric overlap between the lesion and incom-
ing nucleotide and the residues at the active site. This unique
ability of DNA pol ¢ to utilize Hoogsteen base pairing for effi-
cient nucleotide incorporation opposite adducted template
purines makes it a likely candidate DNA polymerase for bypass
of minor groove adducts at the N* of Gua or adducts that
disrupt normal Watson-Crick base pairing during DNA
replication.

The DNA pol ¢ is not the only Y family DNA polymerase,
however, able to efficiently bypass N>-ethyl-Gua. Kinetic anal-
yses using human DNA pols 1 and k have shown that these
DNA polymerases will efficiently bypass N*-ethyl-Gua (6, 11).
Structures of yeast DNA pol n and human DNA pol k in com-
plex with DNA show that the template base is in the anti con-
figuration during nucleotide incorporation (44, 45). These
kinetic and structural data suggest that DNA pols 1 and « uti-
lize a Watson-Crick base pairing mechanism during bypass of
N?-ethyl-Gua. A normal Watson-Crick base pair, however,
cannot form between N’-ethyl-Gua and incoming dCTP
because of steric clash with the ethyl moiety and the O* atom of
Cyt. It is possible that a wobble base pair with hydrogen bonds
between the N' and O° of N*>-ethyl-Gua and the O* and N° of
the incoming dCTP could form that would avoid steric overlap
with the N*-ethyl adduct during dCTP incorporation. A com-
parison of the Y family DNA polymerase structures in complex
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FIGURE 5. A N*-ethyl-Gua:Cyt wobble base in the active site of Y family
DNA polymerases t, k, and 7. A, GIn®>® in DNA pol ¢ tightly coordinates the
template base and sterically clashes with N*-ethyl-Gua when forming a wob-
ble base pair with the incoming dCTP. B, DNA pol « lacks a corresponding
residue to GIn>® and accommodates the wobble base pair geometry. C, yeast
DNA pol 1 has a GIn®* that corresponds to GIn®? in DNA pol ¢ but the more
open active site accommodates the N*-ethyl-Gua:Cyt wobble base pair.

with DNA shows that yeast DNA pol n (PDB 2R8J) and human
DNA pol k (PDB 20H2) are able to accommodate wobble base
pair geometry in their active sites, but human DNA pol ¢ is not
(Fig. 5). The DNA pol v active site more tightly coordinates the
template base compared with DNA pols 1 and . Nair et al. (16,
17) have pointed out that this tight coordination, which short-
ens the C1'-C1’ distance between the sugars of the template
nucleotide and incoming dNTP, forces the rotation of the tem-
plate base into the syn conformation. In the active site of DNA
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pol ¢, GIn®? lies adjacent to the N® of N*-ethyl-Gua stabilizing
the alignment of the template base and incoming dCTP. Mod-
eling an N-ethyl-Gua:Cyt wobble base pair into the active site
of DNA pol vreveals a ~20° rotation of the ethyl adduct toward
GIn®® causing steric overlap between the lesion and GIn>® (Fig.
5A). The active site of DNA pol k lacks a corresponding residue
to GIn®® leaving the DNA minor groove free of protein contacts
and able to accommodate the N*-ethyl-Gua:Cyt wobble base
pair (Fig. 5B). In yeast DNA pol m, GIn®® structurally aligns with
the GIn®® residue of DNA pol ¢ but does not coordinate the
template base as tightly. The DNA pol 1 active site is able to
accommodate the N*-ethyl-Gua:Cyt wobble base pair (Fig. 5C).
These observations demonstrate how different Y family DNA
polymerases could facilitate bypass of the N*-ethyl-Gua adduct
with or without rotation of the adducted base into the syn
configuration.

The rotation of adducted purines from the anti to syn con-
figuration is necessary but not always sufficient for bypass of
minor groove adducts by DNA pol t. The structural data show
that DNA pol ¢ bypasses N*-ethyl-Gua by a rotation of the
adducted base and a repositioning of the lesion into the major
groove. The ethyl moiety is accommodated in the major groove
by changes in the positions of residues in a loop of the DNA pol
t PAD domain. Specifically, the potential for Lys*°® to hydrogen
bond with the DNA backbone is disrupted. The flexibility of the
PAD domain allows accommodation of the ethyl moiety of
N?-ethyl-Gua, but may not accommodate adducts as large or
larger than N>-methyl(2-naphthyl)-Gua. Steady state kinetic
data indicate that the efficiency of DNA pol ¢ during bypass of
N?-alkyl-Gua adducts is decreased at both the incorporation
and extension steps when adduct size is increased (11). Assum-
ing the adducted base is rotated into the syn configuration it is
possible that the mobility of the PAD domain would limit the
ability of DNA pol ¢ to accommodate larger adducts. Large
DNA adducts could disrupt additional contacts between DNA
pol ¢ and the major groove. These observations may explain the
lower efficiency of DNA pol ¢ incorporation and extension
measured during bypass of HNE-dGua or N’-Naph-Gua,
N?-Anth-Gua, and N*>-BP-Gua adducts (11, 43).

Steady state kinetic experiments comparing the efficiency of
DNA pol ¢ in the presence of Mg>" or Mn>" reveal that nucle-
otide insertion and extension catalyzed by DNA pol v is dramat-
ically activated at low Mn>* concentrations. Our data show
that maximal activation of DNA pol « opposite Gua or N*-ethyl-
Gua is achieved at concentrations of 0.075 mm Mn>* and
higher, similar to what is observed when DNA pol ¢ copies
unadducted DNA templates (28). Furthermore, in the simulta-
neous presence of Mg®* and Mn?" the activity of DNA pol ¢
during correct nucleotide insertion is intermediate of that
observed in the presence of each metal individually and it has
been suggested that DNA pol ¢ might preferentially use Mn**
even in the presence of excess Mg>" (28). The effects of Mn>"
on the fidelity of DNA pol ¢ vary between increased fidelity
opposite template Thy to decreased fidelity opposite other
unadducted and adducted DNA templates. Our data demon-
strate a metal dependent increase in nucleotide discrimination
opposite N*-ethyl-Gua in the presence of Mg>". Thus, these
observations suggest that the preferential use of Mn>* as an
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activating metal might reduce the fidelity of lesion bypass by
DNA pol ¢ in exchange for increased catalytic efficiency.

The concentration range required for maximum activity of
DNA pol ¢ using Mn?>" is broader than that relative to Mg>"
where maximal activity is observed over a more narrow range of
metal ion concentrations. DNA pol ¢ reaches a maximum activ-
ity at 2 mm Mg>™, which decreases at higher Mg>™ ion concen-
trations. Current estimates indicate that total Mg®" concentra-
tion in the cell ranges between 14 and 20 mm and free Mg® " in
the cytosol between 0.5 and 0.7 mMm (46). The nucleus, mito-
chondrion, and endoplasmic reticulum are important cellular
compartments for Mg>" accumulation and Mg>" levels are
maintained within these cellular compartments by a sensitive
regulatory system (46). It is possible that the level of Mg>"
maintained in the nucleus is at an optimal range for the highest
activity of DNA pol ¢, however, the narrow range of Mg>" con-
centrations that result in maximal DNA pol ¢ activation would
limit the efficiency of DNA pol ¢ catalyzed polymerization. The
concentration of Mn>" in the cell is much lower than Mg>* and
is thought to be around 10 uM (47). Interestingly, there have
been several recently identified Mn>" transporters from both
eukaryotes and prokaryotes that are capable of transporting
Mn?" into the cell to bring the concentration to =300 um. This
influx of Mn®" is in response to increased levels of reactive
oxygen species (48). Thus, the broad range of Mn>" concentra-
tions that allow maximal DNA pol ¢ activity are present in the
cell under damaging conditions where the higher efficiency of
DNA pol v opposite DNA lesions would be beneficial. DNA pol
vutilizes low levels of Mn®" to achieve increased activity during
bypass of other DNA adducts besides N*-ethyl-Gua, including a
thymine-thymine dimer, an abasic site, a (6-4)TT photoprod-
uct, and a benzo[a]pyrene diol epoxide-deoxy adenine lesion
(28). Importantly, we have shown that other Y family DNA
polymerases, including DNA pol k, also have increased activa-
tion in the presence of low concentrations of Mn**.?> Thus,
Mn?*" activation of Y family DNA polymerases may be relevant
during translesion synthesis where changes in Mg>* and Mn>™"
concentrations under different cellular conditions could con-
tribute to the regulation of Y family DNA polymerase activity
during DNA replication.
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