

















11.19, which exhibit distinct alterations of enzyme
properties.

In radiometric primer extension studies we found
that both mutants exhibit an increased propensity
for incorporating a nucleotide opposite an abasic
site. Single nucleotide incorporation and pre-
steady-state kinetic measurements (Fig. 2, 3; Table
1) disclose that dCMP and dGMP are most
preferentially incorporated opposite the abasic site
by all enzymes albeit with varied efficiencies. The
incorporation efficiency of dCMP by 5P20 was
53-fold increased and 14-fold increased for
dGMP. 1L19 showed a 5-fold increase in
incorporating efficiency of dCMP and 3-fold for
dGMP compared to the wt DNA polymerase B.
Although abasic sites are considered being non-
instructive, in vitro and in vivo studies of the
abasic site or the stabilized tetrahydrofuran
analogue F have shown that adenine, and to a
lesser extent guanine, is most frequently
incorporated opposite the lesion by DNA
polymerases from family A and B and has been
termed “A-rule”. 44 However, it has been
shown that DNA polymerases § use different,
sequence depending mechanisms that might
compete with the A-rule when bypassing abasic
sites.'” The preferred incorporation of dCMP and
dGMP of all enzymes studied here indicates that
the enzymes loop out the abasic site and use a
mechanism in which nucleotides downstream to
the abasic site are used as templates as reported
before.*”*® This incorporation signature suggests
that the enzyme uses the dG moiety two positions
downstream of the abasic site as template
preferentially in this sequence context. Both DNA
polymerase B variants have four mutations. The
substitution Phe99Leu exists in common to both
variants. The 20-fold decrease in K, exhibited by
the mutants represents a increase in DNA binding
affinity. The tighter binding to primer template
complex might increase the ability of the mutant
enzymes to promote bypass of the lesion. Testing
all possible mutation combinations of the
respective mutant showed that the substitution
Glu232Lys is sufficient for the developing of the
new properties in SP20. Val269Met potentiates
this effect whereas Ser2Gly and Phe99Leu show
no significant influence (Fig. 6 B). Glu232 is
located in the palm domain and Val269 belongs to
the so called “hydrophobic hinge” of the palm-
thumb interface. * Val269 is not part of the active
site of DNA polymerase B and has no direct

~ the polymerase fidelity has been elucidate

contact with either the primer template duplex or
incoming dNTP."”” Both relevant mutations in
5P20 are located near the amino acids which get in
contact to nucleobases or the phosphate backbone
by hydrogen bonds. The exchange of Glu at
position 232 with Lys, an anionic amino acid
against a cationic one, leads to a significant
alteration in the side chain. The positive charge
could interact with the anionic sugar-phosphate-
backbone of the template thereby increasing the
affinity for the DNA substrate and stabilizing
conformations that are required for nucleotide
incorporation opposite an aberrant template site
such as an abasic lesion. Indeed our structural
studies indicate a water-mediated hydrogen
bonding network of Lys232 with a phosphate
moiety in the template strand. Thus, an increase of
the electrostatic interaction with the DNA could be
one of the reasons for the increased bypass activity
of 5P20. The relevance of positively charged
amino acid on lesion bypass has been recently
discussed. Patel et al. isolated a variant of Tagq
DNA polymerase, Ile614Lys, -which exhibited
higher lesion bypass ability than the wt.*°
Furthermore, Glockner et al. found a mutant of
KlenTag DNA polymerase containing an exchange
of methionine to lysine which showed a higher
activity in bypassing DNA damages as well.”’
Both mutants carry mutations of an apolar amino
acid to a lysine near the template strand or the
active site. Interestingly, the presence of a large
positively charged DNA-binding surface has been
discussed recently to promote DNA lesion bypass
by human DNA polymerase n, an enzyme that is
able to perform translesion synthesis.”

The hydrophobic hinge, where the second relevant
mutation in 5P20 (Val269Met) is located, is lined
on the inside with hydrophobic residues Leul94,
[1e260, Phe272 and Tyr296 and on the outside
with residues Ile174, Thr196, Tyr265 and Val269.
All these amino acids build up stabilizing
hydrophobic interaction®® The roles of some
amino acids in this region were determined by
Sweasy and colleagues. By studying position 260
the influence of the hydrophobic nature of the
amino acid on the activity and fidelity of the
enzyme could be outlined. > It was further
postulated that position 265 is involved in the
conformational change when the enzyme switches
to the closed conformation. Furthermore the

aforementioned relevance of hydrophobicity on
d. 54,55,56
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Together with Tyr271 and Asp276, Phe272 form
the dNTP binding pocket of DNA polymerase 8.*
This residue seems to be critical for maintaining
fidelity during the binding of the dNTP.” Inside
DNA polymerase family X, to which DNA
polymerase f belongs, the residues building the
nucleotide binding pocket are highly conserved.
Equivalent to position 269 exclusively non-polar
amino acids are present at the respective sites,
mostly leucine. However, DNA polymerase 3
harbours a valine residue at the respective
position. The mutation Val269Met in 5P20
induces a significant change of the constitution of
the side chain whereas the polarity remains the
same. While the iso-propyl side chain in valine
imposes considerable steric strain near the amino
acid backbone the methionine side chain is more
flexible in this regard. It might be that the gain in
flexibility by the Val269Met mutation influences
the switch form open to closed conformation in
which the region of the “hydrophobic hinge” is
involved in thereby favouring nucleotide
incorporation opposite aberrant template sides.

In mutant 1L19 the substitution Thr2331le appears
to be sufficient for the increased nucleotide
incorporation opposite abasic sites. Structural data
indicates that Thr233 builds up hydrogen bonds to
the DNA backbone via the hydroxyl functionality
in the amino acid side chain.® By substituting
polar threonine by nonpolar and aliphatic
isoleucine the hydrogen bond can no longer be
formed. How this loss of hydrogen bond forming
capability  translates into more efficient
incorporation efficiency opposite an abasic site is
unclear.

In summary, out of a library of more than 11,000
entities of random human DNA polymerase [
mutants we have identified two variants that have
increased ability to incorporate a nucleotide
opposite an abasic site and have reduced fidelity.
This study provides insights into the impact of
amino acids residues that are involved in proper
function of DNA polymerases. We identified
residues that are remote from the active site and
have significant impact on the activity, fidelity,
and incorporation propensity opposite abasic sites
of the enyzme. These findings support the model
of adaptive mutations. This model postulates that
the inherent plasticity of the DNA polymerase
allows for mutations changing the substrate scope
of the enzyme without compromising the general
activity of the enzyme. Thereby, beneficial factors

could be provided that allow for adapting to
changes in the environment. Additionally, the
knowledge of effects of amino acid impact on
abasic site bypass and fidelity might provide
insights into the role of tumor-associated mutants
found in DNA polymerase f.
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FIGURE LEGENDS

Fig. 1. Running start primer extension studies comparing wt human DNA polymerase 3 and
mutants 1L19 and 5P20. A, Structures of an abasic site (AP) and the abasic site analogue F. B, Partial
primer template sequence used in primer extension experiment. C, Primer extension assay under
running start conditions. Side by side comparison of DNA synthesis using a canonical template (N =
dGMP, G) and abasic site containing template (N = F) were conducted. All experiments were
conducted employing the same condition using 500 nM of the respective enzyme and 150 nM of
primer template complex.

Fig. 2. Primer extension studies comparing wt human DNA polymerase § and mutants 1L19 and
5P20. A, Partial primer template sequence used in primer extension experiment. B, PAGE analysis of
single nucleotide incorporation opposite the abasic site. The reactions have been executed either with
all four dNTP (N) or one of the four single nucleotides (dATP=A; dCTP=C; dGTP=G, dTTP=T) at
200 pM and equal concentrations of enzyme and primer template complex (200 nM). Primer template
sequences are indicated in the figure.. C, same as in B employing an enzyme concentration of 2 uM
and 200 nM primer template complex. D, Quantified primer extension depicted in B and C by the
respective enzyme using the indicated dNTP,

Fig. 3. Kinetics of nucleotide incorporation by wt (m) and the 11.19 (A) and 5P20 (V) mutant
enzymes employing different primer template complexes, respectively. The graphs show the
dependence of the pre-steady state rates on the nucleotide concentration. The ko, values were plotted
versus the nucleotide concentration. A, Incorporation of dCMP opposite template G. B, Mismatch
formation by incorporation of dTMP opposite template G. C, Incorporation of dCMP opposite abasic
site analogue F in the template. D, Incorporation of dCMP opposite F in the template.

Fig. 4. DNA binding affinity of the wt, 5P20 and 1L19 for DNA with undamaged (P23+T33G)
and damaged (P23+T33F) primer template complex. A and B, Nondenaturating PAGE analysis of
binding to undamaged primer template complex by the wt enzyme (A) and mutant 5P20 (B),
respectively. The mixtures contained 0.1 nM primer template complex and varying enzyme
concentrations (0.125 nM to 5 uM) and were incubated for 10 min at 20 °C. C to E, The graphs show
the fractions of primer template complexes bound to the respective enzyme depending on the enzyme
concentrations (nM) for wt (C), mutant 1119 (D), and mutant 5P20 (E), respectively. F, Determined
Kaq (nM) values for binding to the undamaged and damaged primer template complexes by the
respective enzyme.

Fig. 5. Measuring the specific enzyme activity of wt human DNA polymerase [ (m) and mutants
1L19 (A) and 5P20 (V). A, Amount of incorporated dNTPs depending on the amount of enzyme. B,
Depiction of the specific activity of wt human DNA polymerase B and mutants 1L19 and 5P20.

Fig. 6. Analyses of all combinations of mutations deriving from 11.19 and 5P20. Running start
primer extension studies using the 16 possible mutations of 11.19 (A) and 5P20 (B) in comparison to
the wt enzyme as indicated on the right site of the figure. Primer template sequences are identical as in
figure 1 A. Side by side comparison of DNA synthesis along undamaged template (indicated with G
along the bottom of the gel image) and abasic site containing template indicated with F were
conducted. Respective mutations as well as combination of mutations are indicated at the right side.
All experiments were conducted employing the same condition and enzyme concentration.

Fig. 7. Crystal structure of SP20 mutant bound to DNA duplex. A, Overview of the mutated sites.
B, Detailed depiction of mutated residue Lys232. The interaction of Lys232 with the phosphate moiety
of thymidine 3 (bold) in the templating strand via an H,O molecule is highlighted. Lys232 is shown
with the omit map (6=2.5), HO and DNA are shown in model density (2mFo-DFc). Omit maps were
created using simulated annealing. C, Outer lining of the hinge region containing mutation
Val269Met. Shown is a superposition with the wild-type enzyme (PDB ID 9ICW, yellow) complexed
to the same dsDNA. Molecular graphics were made using PyMol.
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TABLES

TABLE [: Kinetic data of nucleotide incorporation

Templat:dNTP Kpat () Ky (uM) Ko/ Ky (M7
Wi G:dCTP 2.09 +0.30 173 + 72 12055
G: dTTP 0.01* 334 + 66 27
1L19 G:dCTP 1.04 +0.07 62.5+13.6 16677
G:dTTP 0.06* 417 +48 146
P20 G:dCTP 3.27 +0.07 122+1.6 267621
G:dTTP 0.39 +0.01 126 + 11 3122
Wi F:dCTP 0.42x 10° +0.09x 107 302 + 192 1
F:dGTP 0.36 x10%+0.02 x 10° 161 +29 2
1L19 F:dCTP 3.04x 102+ 0.03x 107 468 + 102 6
F:dGTP 0.79x 10> +0.04 x 107 124 + 23 6
P20 F:dCTP 40.4x10°+329x 102 546 + 91 74
F:dGTP 145x10%+2.31x 1073 461 + 163 31

* the derivations in multiple experiments were below significance
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TABLE 2. Crystallographic data and refinement statistic of 5P20 6bp
Crystallographic data and refinement statistics

PDB Code 30GU

Data collection
a 175.5 A
b 56.79 A
c 4761 A

47,67 (1.96)-

Ain * 1.85 A( )
Rineas” * 6.5% (107.1%)
Completeness * 98.7% (92.4%)
<I/o>* 16.13 (1.43)
Wilson B 33.04 A?

No. of observed reflections* 257039 (28089)
No. of unique reflections* 41386 (6158)

Wavelength 1.000 A
Refinement
Root mean square deviations
Bond lengths 0.003 A
Bond angles 0.7°
Ruor* 19.7% (31.8%)
Reee * 23.3% (34.5%)
Average B-Factor
Protein 40.2 A?
DNA 36.5 A®
Solvent 48.9 A®
Ramachandran
Favored 97.8%
Allowed 1.9%
Outlier 0.3%

*For derivation and usage of R e, see”
b Ryorc=1 OOXZHFObsl'l Fcalcl I/ZFobs~

¢ Rfree for a subset of about 5% withheld from
refinement

*Values in parentheses correspond to the highest resolution shell
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Figure 2
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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