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Abstract

8-0x0-2’-deoxyguanosine (OdG) is a prominent DNA lesion that can direct the incorporation of
dCTP or dATP during replication. As the latter reaction can lead to mutation, the ratio of
dCTP/dATP incorporation can significantly affect the mutagenic potential of OdG. Previous work
with the A-family polymerase BF and seven analogues of OdG identified a major groove amino
acid, Ile716, which likely influences the dCTP/dATP incorporation ratio opposite OdG. To further
probe the importance of this amino acid, dCTP and dATP incorporations opposite the same seven
analogues were tested with two BF mutants, I716M and 1716A. Results from these studies support
the presence of clashing interactions between Ile716 and the C8-oxygen and C2-amine during dCTP
and dATP incorporations, respectively. Crystallographic analysis suggests that residue 716 alters
the conformation of the template base prior to insertion into the active site, thereby affecting
enzymatic efficiency. These results are also consistent with previous work with A-family
polymerases, which indicate they have tight, rigid active sites that are sensitive to template
perturbations.

1. Introduction

8-0x0-2’-deoxyguanosine (OdG) is a potent promutagen that arises when reactive oxygen
species encounter 2’-deoxyguanosine (dG; Scheme 1A).” OdG lesions are commonly formed in
mammalian cells and have been linked to ageing, cancer, and autoimmune diseases.’ Due to steric
and electronic changes in the imidazole ring as compared to dG, OdG can form stable base pairs to
both 2’-deoxycytidine (dC) and 2’-deoxyadenosine (dA).” OdG uses the anti-conformation when
base pairing with dC to form a base pair that is similar to a dG:dC base pair.’ Alternatively, OdG
uses the syn-conformation when base paring with dA to form a structure that is similar to a dT:dA
base pair (Scheme 1B).”

Since OdG:dC and OdG:dA base pairs both mimic natural base pairs and have similar
stabilities,® polymerases often have trouble distinguishing between them. Consequently, a
polymerase may pair a template OdG lesion with either dCTP or dATP. The incorporation of a



dATP opposite OdG can lead to a dG—dT
transversion mutation. Thus, the promutagenic
character of OdG is highly dependent on the
tendency of a given polymerase to pair OdG
with dCTP or dATP.

Previous research has shown that the
dCTP/dATP incorporation ratio varies widely
within and between polymerase families,”/
suggesting that differences in individual
polymerase insertion sites can have a strong
influence over the mutagenic potential of OdG.
To further probe this idea, our lab previously
studied two A-family polymerases that are
largely homologous, but have differing
dCTP/dATP incorporation ratios opposite OdG.
Klenow Fragment from Escherichia coli DNA
polymerase I (KF) that lacks the 3’-exonuclease
site (KF-exo) prefers to insert dCTP opposite
OdG,’? while the large fragment from Bacillus
stearothermophilus polymerase I (BF), which
also lacks a proofreading exonuclease site,
prefers dATP incorporation.’?

In order to tease out subtle active site
interactions that may lead to the different
incorporation preferences of KF-exo and BF,
we tested dCTP and dATP incorporations
opposite nucleotide analogues that differed
from dG or OdG at the C8- and/or C2-
positions.’? These analogues included (i) 8-
chloro-2’-deoxyguanosine (CldG) and 8-
bromo-2’-deoxyguanosine (BrdG), which
contain relatively large atoms off C8 similar to
that of OdG, but otherwise mimic dG, (ii) 9-
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Scheme 1. (A) dG, OdG and the seven analogues used
in this study. (B) When paired to dC, OdG is in the anti-
conformation and when paired to dA, OdG is in the syn-
conformation.

deaza-2’-deoxyguanosine (CdG) and 8-thio-2’-deoxyguanosine (SAG), which contain the N7-

hydrogen used when pairing to dA, but differ from OdG in their steric and electronic properties at
C8, and (iii) 2’-deoxyinosine (dI), 8-0x0-2’-deoxyinosine (Odl), and 8-thio-2’-deoxyinosine (SdI),

which all lack an C2-exocyclic amine, but otherwise mimic dG, OdG, and SdG, respectively

(Scheme 1A).




Our work with these seven dG/OdG analogues
indicated that both KF-exo and BF are sensitive to
groups that extend outside the cognate Watson—Crick
(W—C) base pair shape. This finding is consistent with
previous work that showed A-family polymerases have
tight, rigid active sites that are sensitive to steric
perturbations.’” /6 The inverted dCTP/dATP
incorporation ratios opposite OdG between the two
polymerases appeared to derive from the different
extents of this sensitivity. BF is much less tolerant of
changes at C8 during dCTP incorporation, leading to a
preference for ATP incorporation opposite OdG. Using
available crystal structures, we modeled OdG:dCTP and
OdG:dATP in the insertion site of BF, and found a
potential clash in the major groove between Ile716 and
the C8-oxygen and C2-amine during dCTP and dATP
incorporation, respectively (Figure 1). In KF-exo, the
corresponding amino acid is Met768. The straight and

Figure 1. PDB 1LVS5 modelled with (A)
OdG:dCTP (from PDB 1U47) or (B) OdG:dATP
(from PDB 1U49) in the insertion site using Coot
Version 0.6.1, and displayed using PyMOL. Ile716
is in salmon and the dotted spheres represent the
Van der Waal radii of the 8-oxoguanine base. The
rest of the DNA duplex is hidden for ease of

viewing.

more flexible chain of Met’” /% as opposed to the

branched chain of Ile may help explain why BF is more
sensitive to perturbations at C8 than KF-exo during dCTP incorporation.

To further test for clashing with 1le716 and its effect on incorporations opposite OdG, we
expressed and purified WT BF and two BF mutants, [716M and 1716A. The methionine mutant
alters BF to be more like KF-exo, which prefers dCTP incorporation opposite OdG, while the
alanine mutant removes the potentially clashing side chain altogether. By testing dCTP and dATP
incorporations opposite dG, OdG, and the seven analogues with each mutant BF, we hoped to gain
additional insight into the importance of Ile716 to OdG mutagenicity.

2. Materials and Methods
2.1 Polymerase Mutation, Expression, and Purification

The gene sequence encoding residues 297-876 of DNA polymerase I from Bacillus
stearothermophilus'® was synthesized and cloned into pET21a immediately behind the Ndel site
and its start codon (Genscript, Piscataway, New Jersey). The mutations of isoleucine 716 to
methionine (I716M) or alanine (I716A) were generated by site-directed mutagenesis (Genscript).
The expression plasmids were transformed into BL21(DE3)pLysS Escherichia coli cells and grown
to log phase. Protein expression was induced with isopropyl B-D-1-thiogalactopyranoside when the
culture absorbance at 600 nanometers reached ~0.6. Culture was shaken for 4 hours at 37°C, then
harvested by pelleting in a centrifuge. The bacteria were frozen at -20°C overnight, thawed, then
lysed with B-PER detergent (Thermo Fisher Scientific, Waltham, Massachusetts), lysozyme
(Hampton Research, Aliso Viejo, California) and Pierce Universal Nuclease for Cell Lysis (Thermo



Fisher Scientific) according to manufacturer’s instructions. Cell lysates were heated to 65°C for 10
minutes to denature some of the cellular proteins, then separated by centrifugation at 15,000 x g for
5 minutes at 4°C (This step was omitted for [716A BF due to thermal instability). Purification of BF
proteins via ion exchange chromatography and heparin sulfate affinity chromatography was
performed as previously described.’

2.2 Oligonucleotide Synthesis and Purification

Template oligonucleotides were 5’-d(TCACXCTGCTGTCGG)-3’, where X is dG, BrdG, CIdG,
CdG, OdG, SdG, dI, OdI or SdI, and primer oligonucleotides were 5’-d(CCGACAGCAG)-3’.
Unmodified oligonucleotides were purchased from IDT DNA, while those containing OdG and
BrdG were purchased from Midland Inc. Oligonucleotides containing CdG,?’ SdG.?’ C1dG,* OdI,’#
23 and SdI’* were synthesized and characterized as previously described. All oligonucleotides were
purified by 20% denaturing PAGE and HPLC as previously described.’?

2.3 Radiolabeling of Primers

Primers were radiolabeled using Optikinase (USB) and y-*?P-ATP (MP Biomedical) and
purified using mini Quick Spin Oligo Columns (Roche) for a final concentration of 4 pM.

2.4 Steady State Insertion Experiments

Solutions containing Tris-HCI, MgCl,, DTT, BSA, template, and primer were heated at 90°C
for three minutes before slow cooling to room temperature. BF was then added so that the final
concentrations in the solution were 100 mM Tris-HCI pH 8, 10 mM MgCl,, 2 mM DTT, 5 pg/ml
BSA, 0.2 uM template, 0.2 uM 3?P-radiolabeled primer, and 0.4 nM WT BF, 0.2 nM BF 1716M or
20 nM BF I716A in 10% glycerol. 5 pl of the above solution was incubated at 37°C for 5 minutes
and then added to 5 puL of a 2x ANTP solution (that had also been incubated at 37°C for 5 minutes)
containing 20 mM NaCl and the appropriate ANTP concentration. After the appropriate time,
reactions were stopped with 20 uL of a solution containing 95% formamide, 20 mM EDTA, and
0.0025% each of bromophenol blue and xylene cyanol.

Product oligonucleotides were separated from starting oligonucleotides using 20% denaturing
PAGE. The resulting gel was dried, exposed to a storage phosphor screen (Amersham) overnight,
and visualized using a Storm 860 Phosphorimager (Amersham). Steady state kinetic experiments
were run so that < 20% of the reaction had progressed, and included seven different ANTP
concentrations. Reagent and product bands were quantified using ImageQuant 8.0. Individual
Michaelis-Menten curves were generated with Kaleidagraph 4.5 or SigmaPlot 9.0 using values
obtained from the averaging of three experiments. kcar and K + standard deviation were obtained
from the average of at least three Michaelis-Menten experiments. Overall activity was provided by
the specificity constant (kea/Km) and overall error was determined by propagation of the individual
errors for kear and K.



2.5 Crystallization and Structure Determination

Concentrated BF I716M was mixed with annealed double-stranded DNA containing OdG in a
5’-overhang (template strand 5’-d(ATC[OdG]GCGTGATCG)-3’ and primer strand 5°-
d(CGATCACGC)-3’) at a final concentration of 0.11 mM BF and 0.22 mM DNA. The complex
was crystallized by hanging drop vapor diffusion with a well solution of 44% ammonium sulfate,
0.1 M 2-(N-morpholino)ethanesulfonic acid pH 6.0, 10 mM magnesium sulfate, and 1% 2-methyl-
2,4-pentanediol. A crystal was soaked in the well solution plus 21% sucrose to cryoprotect prior to
freezing in liquid nitrogen. X-ray diffraction data were collected using a Rigaku MicroMax-007HF
copper rotating anode generator and a Dectris Eiger R 4M detector. Phases were determined by
molecular replacement using Phaser?” and Protein Data Bank file 1L3S.pdb? as a model. The
structure was adjusted and refined using Coot?% and Refmac5.?”

3. Results and Discussion

The efficiencies of dCTP and dATP Table 1. Kinetic parameters for steady state incorporations of
incorporations opposite dG, OdG, and the dCTP or dATP with WT BF.
seven OdG analogues were quantified for 5 ' *dCCGACAGCAG dNTP  _ 5'*dCCGACAGCAG
3'dGGCTGTCGTC CACT 3"'dGGCTGTCGTC CACT
WT, 1716M, and I716A BF polymerases BF
using single-nucleotide insertion CANTP ke K dNTP kea/Kom dCTP/
. s .-ha a sl -1 b
. t d steadv state kineti (min™) (UM) (min”' pM™) dATP
experiments and steady state Kineties dG:dCTP 120£30 | 043+0.09 270+ 80
28 OV .
(Tables 1 and 2).”° Oligonucleotide CIdG:dCTP 330 £50 490 + 30 0.67+0.11
templates (15 nucleotides long) were BrdG:dCTP 160 + 50 620 + 160 026+0.10
paired with 5’-radiolabeled primers (10 CdG:dCTP 430490 69+ 10 62%16
. . . 238
nucleotides long) so that the incoming CdG:dATP 360+ 100 170 + 20 22407
dNTP was added to the primer opposite a 0dG:dCTP 327 370+ 50 0.085+0.019
0.17
template dG, OdG, or one of the 0dG:dATP 38+ 11 77+ 26 049 +0.22
analogues. Based on previous work with SdG:dCTP 55+1.0 370+ 50 00150003 | '
BF,’# qualitative results with the two SdG:dATP 1344 280£80 | 0.046+0.018
mutant BF polymerases (Supplementary dI:dCTP 14£5 00570013 | 240%100
data Figure S1), and the known stability of OdL-dcTP 260%50 600 % 120 043+0.12 0.20
. OdI:dATP 490 £70 220 + 30 22404
0dG:dC and OdG:dA base pairs, only
) . SdI:dCTP 18+4 140 £ 30 0.13 +0.04
dCTP and dATP incorporations were 027
) SAL:dATP 4547 94+17 048 +0.11
quantlﬁed' Furthermore’ dATP a. Average + standard deviations calculated from three or more experiments. b.
incorporations were not quantiﬁed dCTP/dATP = (Kea/Km)dcTe/(Keat/Km)daTp.

opposite dG, CldG, BrdG and dI. These four reactions were all quite inefficient (Supplementary
data Figure S1) and all four nucleotides lack a N7-hydrogen; thus, the resulting base pairs would not
mimic OdG:dATP, limiting their relevance.



Table 2. Kinetic parameters for steady state incorporations of dCTP or dATP with I716M and 1716A BF.

5' *dCCGACAGCAG dnTP 5' *dCCGACAGCAG
3'dGGCTGTCGTC CACT BE 3'dGGCTGTCGTC CACT
1716M BF I716A BF

I T s S e o e D

dG:dCTP 200 + 50 0.016 + 0.004 12000 + 4000 54+12 0.69+0.15 78+24
CldG:dCTP 3100 + 700 330+ 70 95+238 57+17 350+ 70 0.16 +0.06
BrdG:dCTP 2100 + 500 410 + 100 53+1.8 85+13 300+ 120 0.28 +0.12

CdG:dCTP 700 + 100 1.1£02 650 + 160 3249 2649 12405

CdG:dATP 1300 + 100 12+3 110 + 30 > 331 75+10 0.44 +0.06 27
0dG:dCTP 2600 + 40 210 +40 13+2 15+3 180 + 30 0.083 + 0.022

0dG:dATP 830+ 60 80 +17 10+2 H 2.9+04 110+ 10 0.026 + 0.004 32
SdG:dCTP 150 + 20 260 + 60 0.57+0.14 15+04 180 + 10 0.0083 +0.0023
SdG:dATP 170 +30 73411 24405 024 0.51+0.05 120 + 10 0.0043 + 0.0006 o

dI:dCTP 91+6 0.0063 +0.0014 15000 + 3000 3.9+0.8 0.94 +0.30 42416

OdL:dCTP 3700 + 500 200 + 40 19+5 8.0+1.8 460 + 120 0.017 = 0.006

OdL:dATP 700 + 70 40+08 170 + 40 o 83+2.1 190 + 20 0.044 + 0.004 039

SAL:dCTP 140 + 20 310+30 0.46 +0.10 14402 280 + 60 0.0050 +0.0013 0.94

SAL:dATP 470 +70 30+5 17+4 027 0.90 £ 0.09 170 + 30 0.0053 +0.0011

a. Average =+ standard deviations calculated from three or more experiments. b. dCTP/dATP = (kea/Km)actp/(Kea/Kim)aate.

3.1 Structure and activity of the BF mutants

Interestingly, as compared to WT BF,
reactions with I[716M BF were ~40-fold
more efficient overall, while the reactions
with [716A BF were ~30-fold less efficient
overall (Tables 1 and 2). The former result
is in line with our previous work with KF-
exo and BF;# the Met containing KF-exo
was also overall more efficient than the Ile

containing BF. Additionally, the lower

efficiency of [716A BF is correlated with its

tendency to denature during a 65°C

incubation during purification, suggesting
that the alanine mutation destabilizes the
polymerase structure.

Figure 2. Crystal structure

o AMPRARCY

of [716M BF in complex with DNA.
(A) The 2Fo-F¢ electron density map at 1.2c is displayed over the
model in green sticks. Strong electron density for the DNA
template strand ends at guanine 5 (Gua). (B) The O-O1 loop of
1716M BF (green) adopts a similar conformation to a BF-blunt-
ended DNA complex (1L3V; magenta), not a complex containing a
template adenosine (1L3S; grey). The preinsertion site is outlined
by ared dotted oval.

O Helix

To further examine the high efficiency
of I716M BF relative to WT BF, we solved the X-ray crystal structure of [716M BF-DNA[OdG]
complex to 2.2A resolution (Supplementary data Table S1). The overall structure of the enzyme-




DNA complex is nearly identical to the WT BF-DNA complex (1L3S.pdb)?’ and the electron
density for Met716 is clearly seen in the 2Fo-Fc map (Figure 2A). Interestingly, instead of fitting
neatly into a hydrophobic pocket like Ile716 in WT BF (grey in Figure 2B), the Met side chain in
I716M BF (green in Figure 2B) sticks directly into a gap between the O and O1 helices. This gap
(red oval in Figure 2B) has been labeled the “preinsertion site”? based on structural data with WT
BF that indicated the template base (grey adenine in Figure 2B) can occupy this site as it awaits
interaction with the incoming nucleotide. The occlusion of the preinsertion site by Met716 in [716M
BF coincides with the absence of electron density beyond the OdG phosphorus atom and through
the rest of the template overhang, indicating that these nucleotides are unconstrained and can adopt
multiple conformations. In addition, the backbone of the loop between the O and O1 helices in the
I716M BF structure is indistinguishable from a
WT BF-DNA complex without a template
overhang (1L3V.pdb; magenta in Figure 2B),%’ 1000

mdCTP

suggesting that the conformations of the 100 RO

template overhang and the O-O1 loop are
correlated. Based on these structural data, the
increased activity of [716M BF as compared to

WT BF
i 0.1
0.01 '
preinsertion site occupancy prior to catalysis. 0001 ‘ ‘

10

Keat/Kry (minuM-)

WT BF may be in part due to a difference in

In WT BF, it appears the template base dG CldG BrdG CdG 0dG SdG dI Odl Sdi
outcompetes Ile716 and enters the preinsertion 1716M BF

site, while in I716M BEF, it is possible the 100000 macte
template base skips over the Met716-filled 10000 =T

5
8

preinsertion site and readily enters the

=
Q
o

insertion site (active site), thereby improving
catalysis.

3.2 dCTP incorporations 1 | I I I I I ‘ ]

. . . dG CldG BrdG CdG 0OdG SdG dI Odl Sdi
When looking at the efficiencies of dCTP

incorporations opposite dG, OdG, and the 1716A BF

100

Keat/Kpy (MinpM-?)
]

mdCTP

analogues with the three BF polymerases, naaTe

many similar trends are observed (Figure 3).
Analogous to our previous work with BF,?

dCTP incorporation efficiencies were reduced '

opposite all analogues that contained a large 01 7

atom off C8, though the extent of the reduction 0001 ' I
varied. For example, dCTP incorporation 0.0001 ;

dG CldG BrdG CdG 0OdG SdG dI Odl SdI

10

Keat/ K (mintpm-t)
o

o
o
=

efficiencies opposite CldG and BrdG as

. Figure 3. Graphical representations, with a logarithmic y-
compared to dG were reduced more with WT axis, of the specificity constants (kca./Kim) determined with
and 1716M BF (between 400- and 2300-fold) WT, 1617M, and I716A BF as shown in Tables 1 and 2.
than with I[716A BF (between 30- and 50-




fold). These results suggest that during dCTP incorporation, WT and I716M BF are more sensitive
than I716A BF to imidazole ring perturbations and provide additional evidence for a destabilizing
interaction between Ile716 and a large atom off C8 (Figure 1A).

The efficiencies of dCTP incorporations were also reduced opposite CdG, OdG and SdG as
compared to dG; these reaction efficiencies were most reduced for WT BF (43-, 3100-, and 18,000-
fold, respectively), overall less reduced for I716M BF (19-, 1000-, and 21,000-fold, respectively)
and least reduced for [716A BF (6-, 90-, and 900-fold, respectively). Thus, once again, the [716A
BF mutant was the most tolerant to large atoms off the C8-position of a template base and provides
further evidence that A-family polymerases like BF have tight, rigid active sites that are sensitive to
changes from the cognate base pair shape.’” The data are also consistent with WT BF being the
most sensitive to the electronic changes in the imidazole ring that come with the presence of an N7-
hydrogen as found in OdG. Despite containing similarly sized or smaller atoms off C8, dCTP was
often incorporated less efficiently opposite OdG (and SAG) as compared to CldG and BrdG, though
the difference was most pronounced with WT BF.

3.3 dATP incorporations

During dATP incorporation, when OdG is in the syn-conformation, the C8-position is in the
minor groove and lies in close contact with a conserved Tyr714.7>%? Similar to our previous results
with BF, dATP incorporations were most efficient opposite CdG and increasingly less efficient
opposite OdG and SdG as the C8-atom grows larger. Interestingly, the efficiency reductions were
similar for all three enzymes, likely due to the similar minor grooves of the three enzymes.

Turning back to the major groove, during dATP incorporation, the C2-amine (instead of a C8-
atom) lies in close proximity to the polymerase and can clash with Ile716 (Figure 1B). Previous
results with our analogues are consistent with such a clash; removal of the C2-amine from OdG and
SdG (to form OdI and SdI, respectively) lead to increased dATP incorporation efficiencies.’? In the
studies herein, efficiency increases between Odl/SdI as compared to OdG/SdG were observed with
both WT and I716M BF (increases of 5-16 fold), but not with I[716A BF (increases of less than 2-
fold). This difference is most easily explained by the mutation of [le716 to Ala already eliminating
any clash between Ile716 and the C2-amine so that removal of the C2-amine does not lead to
additional activity. However, it is of note that the similar activity opposite OdG/SdG and OdI/SdIl
with 1716A is due to particularly poor dATP incorporation opposite OdI and SdI instead of
increased efficiency opposite OdG and SdG, which was previously observed during similar
experiments with the Y-family polymerase, Dpo4 (where the C2-amine clashes with Arg332).%

3.4 dCTP/dATP incorporation ratios

Finally, in this study, WT BF had a roughly 6-fold preference for dATP incorporation opposite
OdG, similar to previous studies that have shown a 9- and 4.5- fold preference.’* / For both the BF
mutants, there was an increased preference for dCTP incorporation opposite OdG. 1716M showed a
similar dCTP/dATP incorporation ratio, and 1716A showed a roughly 3-fold preference for dCTP
incorporation. Based on the results previously discussed, it appears these differences are primarily
due to lesser tolerance of WT and 1716M BF for electronic changes in the imidazole ring and large



atoms off C8 during dCTP incorporation. Thus, it seems that during these reactions, the mutation of
Ile716 to alanine may open or loosen the normally rigid active site of this A-family polymerase,
increasing the tolerance for variations in the major grove of the template nucleotide.

4. Conclusions

In summary, this work builds on previous work with OdG and BF and provides additional
evidence that Ile716 plays an important role during OdG replication, increasing the mutagenic
potential of OdG, but also limiting the efficiency of both dCTP and dATP incorporations opposite
this common DNA lesion. It also supports the wider theory that A-family polymerases have
constrained active sites that conform to the shape of Watson-Crick base pairs, making them
sensitive to steric variations. Furthermore, 11e716 plays an important role during undamaged DNA
replication by creating the preinsertion site pocket into which the template base slots prior to
encountering the incoming nucleotide. Thus, DNA synthesis efficiency can be tuned positively or
negatively by mutating Ile716. Finally, this research also supports previous work that indicates
individual amino acids can play an important role in effecting OdG mutagenesis, replication
fidelity, and polymerase efficiency.?/7

Conflict of Interest

The authors have no conflict of interest.

Acknowledgements

This work was supported by the University of Richmond, Research Corporation, and the NSF-
RUI (CHE1305548) program. M.L.H. is a Henry Dreyfus Teacher-Scholar. We thank F. Musayev
(Virginia Commonwealth University) for assistance with diffraction data collection.

Appendix A. Supplementary data

Supplementary material related to this article can be found in the online version.

References

[1] Kasai, H., and Nishimura, S. (1991) Formation of 8-Hydroxydeoxyguanosine in DNA by
Oxygen Radicals and its Biological Significance, In Oxidative Stress: Oxidants and
Antioxidants (Sies, H., Ed.), pp 99-116, Academic Press, San Diego.

[2] Ames, B., Shigenaga, M., and Hagen, T. (1993) Oxidants, antioxidants, and the degenerative
diseases of aging, Proc. Natl. Acad. Sci. U.S.A. 90, 7915-7922.

[3] Floyd, R. (1990) The role of 8-hydroxyguanine in carcinogenesis., Carcinogenesis 11, 1447-
1450.

[4] Loft, S., and Poulsen, H. E. (1996) Cancer risk and oxidative DNA damage in man, J. Mol. Med.
74,297-312.

[5] Gannett, P., and Sura, T. (1993) Base pairing of 8-oxoguanosine and 8-0x0-2'-deoxyguanosine
with 2'-deoxyadenosine, 2'-deoxycytosine, 2'-deoxyguanosine, and thymidine, Chem. Res.
Toxicol. 6, 690-700.



[6] Oda, Y., Uesugi, S., Ikehara, M., Nishimura, S., Kawase, Y., [shikawa, H., Inoue, H., and
Ohtsuka, E. (1991) NMR studies of a DNA containing 8-hydroxydeoxyguanosine, Nucl.
Acids Res. 19, 1407-1412.

[7] McAuley-Hecht, K., Leonard, G., Gibson, N., Thomson, J., Watson, W., Hunter, W., and
Brown, T. (1994) Crystal structure of a DNA duplex containing 8-hydroxydeoxyguanine-
adenine base pairs, Biochemistry 33, 10266-10270.

[8] Plum, G., Grollman, A., Johnson, F., and Breslauer, K. (1995) Influence of the Oxidatively
Damaged Adduct 8-Oxodeoxyguanosine on the Conformation, Energetics, and
Thermodynamic Stability of a DNA Duplex, Biochemistry 34, 16148-16160.

[9] Shibutani, S., Takeshita, M., and Grollman, A. P. (1991) Insertion of Specific Bases During
DNA Synthesis Past the Oxidation Damaged Base 8-OxodG., Nature 349, 431-434.

[10] Irimia, A., Eoff, R. L., Guengerich, F. P., and Egli, M. (2009) Structural and Functional
Elucidation of the Mechanism Promoting Error-prone Synthesis by Human DNA
Polymerase kappa Opposite the 7,8-Dihydro-8-oxo-2 '-deoxyguanosine Adduct, J. Biol.
Chem. 284, 22467-22480.

[11] Freisinger, E., Grollman, A. P., Miller, H., and Kisker, C. (2004) Lesion (in)tolerance reveals
insights into DNA replication fidelity, EMBO J. 23, 1494-1505.

[12] Lowe, L. G., and Guengerich, F. P. (1996) Steady-state and pre-steady-state kinetic analysis of
dNTP insertion opposite 8-0xo0-7,8-dihydroguanine by Escherichia coli polymerases I exo(-)
and II exo(-), Biochemistry 35, 9840-9849.

[13] Hsu, G. W., Ober, M., Carell, T., and Beese, L. S. (2004) Error-prone replication of oxidatively
damaged DNA by a high-fidelity DNA polymerase, Nature 431, 217-221.

[14] Hamm, M. L., Crowley, K. A., Ghio, M., Del Giorno, L., Gustafson, M. A., Kindler, K. E.,
Ligon, C. W., Lindell, M. A. M., McFadden, E. J., Siekavizza-Robles, C., and Summers, M.
R. (2011) Importance of the C2, N7, and C8 Positions to the Mutagenic Potential of 8-Oxo-2
'-deoxyguanosine with Two A Family Polymerases, Biochemistry 50, 10713-10723.

[15] Kool, E. T. (2002) Active site tightness and substrate fit in DNA replication, Annu. Rev. of
Biochem. 71, 191-219.

[16] Sintim, H. O., and Kool, E. T. (2006) Remarkable sensitivity to DNA base shape in the DNA
polymerase active site, Angew. Chem. Int. Ed. 45, 1974-1979.

[17] Gellman, S. H. (1991) On The Role of Methionine Residues in the Sequence-Independent
Recognition of Nonpolar Protein Surfaces, Biochemistry 30, 6633-6636.

[18] Siivari, K., Zhang, M. J., Palmer, A. G., and Vogel, H. J. (1995) NMR Studies of the
Methionine Methyl-Groups in Calmodulin, FEBS Lett. 366, 104-108.

[19] Kiefer, J. R., Mao, C., Hansen, C. J., Basehore, S. L., Hogrefe, H. H., Braman, J. C., and
Beese, L. S. (1997) Crystal structure of a thermostable Bacillus DNA polymerase I large
fragment at 2.1 angstrom resolution, Structure 5, 95-108.

[20] Hamm, M. L., Parker, A. J., Steele, T. W. E., Carman, J. L., and Parish, C. A. (2010)
Oligonucleotide Incorporation and Base Pair Stability of 9-Deaza-2 '-deoxyguanosine, an
Analogue of 8-Oxo0-2 '-deoxyguanosine, J. Org. Chem. 75, 5661-5669.

[21] Hamm, M., Cholera, R., Hoey, C., and Gill, T. (2004) Oligonucleotide incorporation of 8-thio-
2'-deoxyguanosine., Org. Lett. 6, 3817-3820.

[22] Hamm, M. L., Rajguru, S., Downs, A. M., and Cholera, R. (2005) Base pair stability of 8-
chloro- and 8-iodo-2'-deoxyguanosine opposite 2'-deoxycytidine: Implications regarding the
bioactivity of 8-oxo-2'-deoxyguanosine., J. Am. Chem. Soc. 127, 12220-12221.

[23] Oka, N., and Greenberg, M. M. (2005) The effect of the 2-amino group of 7,8-dihydro-8-oxo-2
'-deoxyguanosine on translesion synthesis and duplex stability, Nucleic Acids Res. 33, 1637-
1643.

10



[24] McCoy, A. J., Grosse-Kunstleve, R. W., Adams, P. D., Winn, M. D., Storoni, L. C., and Read,
R. J. (2007) Phaser crystallographic software, J. Appl. Crystallogr. 40, 658-674.

[25] Johnson, S. J., Taylor, J. S., and Beese, L. S. (2003) Processive DNA synthesis observed in a
polymerase crystal suggests a mechanism for the prevention of frameshift mutations, Proc.
Natl. Acad. Sci. U. S. A. 100, 3895-3900.

[26] Emsley, P., Lohkamp, B., Scott, W. G., and Cowtan, K. (2010) Features and development of
Coot, Acta Crystallographica Section D-Biological Crystallography 66, 486-501.

[27] Murshudov, G. N., Skubak, P., Lebedev, A. A., Pannu, N. S., Steiner, R. A., Nicholls, R. A.,
Winn, M. D., Long, F., and Vagin, A. A. (2011) REFMACS for the refinement of
macromolecular crystal structures, Acta Crystallographica Section D-Biological
Crystallography 67, 355-367.

[28] Joyce, C. M. (2010) Techniques used to study the DNA polymerase reaction pathway,
Biochim. Biophys. Acta 1804, 1032-1040.

[29] Carroll, S. S., Cowart, M., and Benkovic, S. J. (1991) A Mutant of DNA-Polymerase-I
(Klenow Fragment) with Reduced Fidelity, Biochemistry 30, 804-813.

[30] Hamm, M. L., Crowley, K. A., Ghio, M., Lindell, M. A. M., McFadden, E. J., Silberg, J. S. L.,
and Weaver, A. M. (2012) Biochemical Investigations into the Mutagenic Potential of 8-
Ox0-2’-deoxyguanosine using Nucleotide Analogues, Chem. Res. Toxicol. 25, 2577-2588.

[31] Carroll, S. S., Cowart, M., and Benkovic, S. J. (1991) A mutant of DNA polymerase I (Klenow
fragment) with reduced fidelity, Biochemistry 30, 804-813.

[32] Donigan, K. A., McLenigan, M. P., Yang, W., Goodman, M. F., and Woodgate, R. (2014) The
Steric Gate of DNA Polymerase iota Regulates Ribonucleotide Incorporation and
Deoxyribonucleotide Fidelity, Journal of Biological Chemistry 289, 9136-9145.

[33] Katafuchi, A., Sassa, A., Niimi, N., Graz, P., Fujimoto, H., Masutani, C., Hanaoka, F., Ohta,
T., and Nohmi, T. (2009) Critical amino acids in human DNA polymerases 1 and k involved
in erroneous incorporation of oxidized nucleotides, Nucleic Acids Research 38, 859-867.

[34] Miller, H., Prasad, R., Wilson, S. H., Johnson, F., and Grollman, A. P. (2000) 8-OxodGTP
incorporation by DNA polymerase beta is modified by active-site residue Asn279,
Biochemistry 39, 1029-1033.

[35] Shah, A. M., Conn, D. A., Li, S. X., Capaldi, A., Jager, J., and Sweasy, J. B. (2001) A DNA
polymerase beta mutator mutant with reduced nucleotide discrimination and increased
protein stability, Biochemistry 40, 11372-11381.

[36] Su, Y., Patra, A., Harp, J. M., Egli, M., and Guengerich, F. P. (2015) Roles of Residues Arg-61
and GIn-38 of Human DNA Polymerase in Bypass of Deoxyguanosine and 7,8-Dihydro-8-
oxo-2-deoxyguanosine, Journal of Biological Chemistry 290, 15921-15933.

[37] Eoff, R. L., Irimia, A., Angel, K. C., Egli, M., and Guengerich, P. (2007) Hydrogen bonding of
7,8-dihydro-8-oxodeoxyguanosine with a charged residue in the little finger domain
determines miscoding events in Sulfolobus solfataricus DNA polymerase Dpo4, J. Biol.
Chem. 282, 19831-19843.

11



	The Importance of Ile716 toward the Mutagenicity of 8-Oxo-2’-deoxyguanosine with Bacillus Fragment DNA Polymerase
	Recommended Citation
	Authors

	Microsoft Word - BF mutants DNA repair final revised EWu.docx

