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Abstract

DNA polymerase 6 (Pol 0) is a multifunctional enzyme. It is nonessential in normal cells, but its
upregulation in cancer cells correlates with cellular resistance to oxidative damage and poor
prognosis. Pol 6 possesses polymerase activity and poorly characterized lyase activity. We
examined the Pol © lyase activity on various abasic sites and determined that the enzyme is
inactivated upon attempted removal of the oxidized abasic site commonly associated with C4’-
oxidation (pC4-AP). Covalent modification of Pol 6 by the DNA lesion enabled determination of
the primary nucleophile (Lys;3g3) responsible for Schiff base formation in the lyase reaction.
Unlike some other base excision repair polymerases, Pol © uses a single active site for polymerase
and lyase activity. Mutation of Lysysgs significantly reduces both enzyme activities but not DNA
binding. Demonstration that Lysysgs is required for polymerase and lyase activities indicates that
this residue is an Achilles heel for Pol 6 and suggests a path forward for designing inhibitors of
this attractive anticancer target.

Graphical Abstract

Of the 17 DNA polymerases so far identified in humans, 11 are involved in DNA repair and
damage response. Five of these repair polymerases, as well as the mitochondrial DNA
polymerase (Pol y) possess lyase activity (Scheme 1A). Lyase activity is frequently
associated with excising the remnant (dRP) resulting from abasic site (AP) incision by
apurinic endonuclease 1 (Apel) during base excision repair (BER).28 AP and oxidized
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variants, C4-AP and DOB are DNA lesions commonly produced as a result of oxidative
damage by y-radiolysis and chemotherapeutics, including bleomycin.®-13 pC4-AP produced
from C4-AP by Apel, and DOB, are possible lyase substrates. However, pC4-AP and DOB
irreversibly inhibit DNA polymerase § (Pol B), the primary enzyme responsible for excising
dRP (Scheme 1B, C).1415 The oxidized abasic sites also inactivate DNA polymerase A (Pol
), a back-up of Pol B.16 DNA polymerase 6 (Pol6) promotes resistance to bleomycin and
ionizing radiation, suggesting that the interaction of Pol © with these lesions may be
clinically relevant.1”18 Pol @ is a nonessential enzyme in healthy cells, but homologous
recombination-deficient cancers, including many ovarian cancers, are hyper-dependent upon
Pol6 expression.1920 |nterestingly, Pol © expression is upregulated in breast, lung, and
ovarian cancers, and this correlates with poor prognosis.2 Consequently, Pol 6 is an
attractive target for synthetic lethal therapy in BRCA-deficient cancers, along with other
cancers containing DNA repair defects. Pol © functions in translesion synthesis and double
strand break repair in human cells, and has also been implicated in BER.17:2223 |_ike Pol B,
Pol 6 possesses lyase activity, although little is known about this process.® We wish to report
details on Pol 6 lyase activity that increases our understanding of this enzymatic process.
The experiments also provide insight into whether Pol 6 lyase activity is relevant to the
enzyme’s ability to enhance cellular resistance to oxidative damage, its validation as an
anticancer target, and direction for inhibitor design

The ability of the 98 kDa Pol © fragment to excise pC4-AP or DOB was compared to its
reactivity with a comparable DNA substrate containing dRP. Under single turnover
conditions pC4-AP (kops = 0.93 + 0.11 min~1) was excised the most rapidly of the 3
substrates, but DOB (kgps = 0.32 % 0.01 min~1) was removed approximately twice as fast as
dRP (kgps = 0.17 + 0.02 min~1) (Figure S1). The dRP excision rate constant by Pol © is
comparable to a previous report and is also similar to those reported for two other
polymerases (Rev1 and Pol 1) but ~1,000-fold slower than Pol .715:24.25 More
significantly, under multiple turnover conditions (Figure 1A), it appeared that pC4-AP
excision ceased following 3—4 turnovers. Additional evidence that pC4-AP inactivates Pol 6
was obtained by carrying the reaction out under multiple turnover conditions in which
additional aliquots of enzyme were periodically added (Figure 1B). A burst of activity (3—4
turnovers) was observed after the addition of each aliquot, followed by cessation of
conversion, consistent with inactivation of Pol 6.

5-d(TAATGG CTAACG CTT XCC GTAATG CAG TCT)
3-d(ATT ACC GAT TGC GAA AGG CAT TAC GTC AGA)

1 X =pC4-AP
2 X=DOB

5'-d(TAATGG CTAACG CAA XAC GTAATG CAG TCT)
3-d(ATT ACC GAT TGC GTT_ ATG CAT TAC GTC AGA)

3 X=dRP

Of the DNA polymerases (Pol B, Pol A) that are inactivated by oxidized abasic sites (DOB,
pC4-AP), Pol 6 is the first polymerase that is inactivated by just one. The effect of pC4-AP
on the enzyme provided an opportunity to identify the source of its lyase activity. The

location of Pol 6 lyase activity was localized to a 24 kDa region of the polymerase domain,
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but the specific lysine responsible for Schiff base formation was unknown.® Pol 6 was
subjected to trypsin digestion following incubation with excess 1. A single modified peptide
(Figure 2A), whose mass (z = 3) corresponded to 4 (Figure 2B), was identified by LC-
MS/MS. The peptide encompasses amino acids 2380-2396 in Pol 6 (observed mass =
1948.9606 Da, calculated mass = 1948.9540 Da), and contains two tyrosine residues in
addition to a more nucleophilic, internal lysine (Lys»3s3). Fragmentation of 4 (Figure S2) is
consistent with Lys,3g3 modification.

HoN-Q2350QA KosgsQl CYG 1Y GMG AKpgeg

=0

5'-d(AGC TGC AGG TCC TA)
3-d(TCG ACG TCC AGG ATT TAC GTA CAC TCC GGA)
5

5-d(TAATGG CTAACG CTT XCC GTAATG CAG TCT)
3'-d(ATT ACC GAT TGC GAA AGG CAT TAC GTC AGA)-FI

(Pro 0
6 X=
O.rM

The X-ray co-crystal structure of Pol 6 with DNA and ddGTP reveals that Lys)3g3
complexes the incoming nucleotide triphosphate within the polymerase active site (Figure
3).26 Formation of 4 suggests that unlike Pol B and Pol A, at least one amino acid in Pol 6 is
involved in polymerase and lyase reactions.*2” The function of Lys,3g3 Was investigated
further by mutating it to alanine (K2383A) and arginine (K2383R) (Table 1). The K, for dA
incorporation in 5 by K2383A is more than 50-times higher than wild type Pol 6 and A is
reduced >100-fold. The polymerase activity (Acat/ Km) of K2383R, which retains positive
charge for possible dNTP binding, is ~10-fold greater than the alanine mutant but is still
more than 3,000-times less active than wild type enzyme (Figure S3). However, DNA
binding, as measured via fluorescence anisotropy on 6 (Figure 4, Figure S4), is unaffected
by either mutation.

The K2383A and K2383R mutants also exhibit significantly decreased lyase activity on dRP
(Figure 4, Figure S5). dRP excision is reduced by 90% when Lysy3g3 is replaced by alanine,
whereas K2383R retains ~20% of the wild type enzyme’s lyase activity. A previous study
showed that the polymerase and lyase activities of Pol © reside in a common domain.5
Mutation of Asposag and Glupssq eliminated polymerase activity but not lyase activity,
suggesting that the two are independent of one another.® However, mutation of Lysy3g3 to
alanine (K2383A) or arginine (K2383R) reveals that the two activities share a common
residue.

Based on the observation of residual lyase activity in the K2383A and K2383R mutants, we
considered whether other lysine residues were involved in the lyase reaction. DNA-protein
cross-links (DPCs) were detected when mixtures of K2383A or K2383R and 3 were
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incubated in the presence of NaBH, (Figure S6). The observation of DPCs in experiments
with mutant proteins could indicate that an additional nucleophile(s) was present in the
enzyme, or that Lys,3g3 may not even be the primary nucleophile responsible for Schiff base
formation. For instance, Pol B utilizes a backup residue, proposed to be Lysgg, for this
function when the primary nucleophile, Lys7» is removed.27:30 Alternatively, there is also
precedent for the NaBH,4 experiments providing misleading information regarding
nucleophilic lysine residues in repair enzymes.3!

To further investigate the proposed function of Lysy3g3 as the major nucleophile, additional
Pol © mutants were prepared. A crystal structure for Pol © bound to a BER substrate is
unavailable, so the crystal structure of Pol 6 in a ternary complex with a primer-template and
incoming ddGTP (PDB: 4X0Q) was utilized to identify potential alternative nucleophiles.26
Using the phosphate coordinated to Lysy3g3 as a point of reference, we determined that
Lysss75 and Lysos77 were the only nucleophilic residues within the active site within 10 A.
Mutation of these two residues in addition to Lysy3gs (K2383A/K2575A/K2577A) reduced
lyase activity to 3% of the wild type and reduced Schiff base trapping by 80% (Figure 4,
Figure S3). This suggests that Lysys7sand Lysys77 may compensate for lyase activity in the
absence of Lysy3gs; however, binding of 6 by the triple mutant was ~4-fold weaker than wild
type Pol 6, indicating that other factors may contribute to this observation. Despite the
possible role for Lys)s7s or Lysos77 in lyase activity, neither residue is the primary
nucleophile as the double mutant (K2575A/K2577A) showed only 50% reduction in lyase
activity while binding 6 as strongly as wild type Pol© (Figure 4). Interestingly, Schiff base
trapping was increased more than two-fold for the K2575A/K2577A mutant (Figure S6),
suggesting a possible role for one or both of these residues in a step following Schiff base
formation, perhaps in deprotonation of the C2"-position.

Several polymerases also possess the ability to excise dRP via Schiff base formation and
may participate in BER. The X-family polymerases Pol  and Pol A contain an 8-kDa lyase
domain, separate from the polymerase domain, where dRP excision is conducted.*27:32 Four
additional polymerases, Pol 6, Pol 1, Revl, and the mitochondrial polymerase Pol -y, possess
lyase activity, yet they lack a similar 8-kDa lyase domain.6-8:24 Unlike Pol B and Pol A, the
major catalytic nucleophile is unknown for each of these polymerases. Inactivation of Pol 6
by pC4-AP served two purposes. Firstly, it suggests that Pol 8 induced cellular resistance to
bleomyecin is not due to the enzyme assisting in excision of C4-AP in addition to its
established role in double-strand break repair.1” Moreover, inactivation of the enzyme
enabled us to determine that Lys,3g3 is the major nucleophile for Pol 8 lyase activity.
Importantly, this residue is also essential for efficient polymerase activity, consistent with the
crystal structure of Pol 8, where Lys,3g3 coordinates the -y-phosphate of the incoming dNTP.
26 This is the first demonstration that a single residue functions in both lyase and polymerase
activities for any BER polymerase. A previous study on Pol 1 showed that mutation of a
single residue, Lys,g7, reduced both polymerase and lyase activity.28 However, this residue
was proposed to be important for DNA binding?8 as opposed to a direct role in lyase and
polymerase activities, as demonstrated for Lys,3g3 of Pol ©. Oligonucleotide substrates
containing lesions (e.g. DOB, pC4-AP) capable of inactivating the lyases may be generally
useful tools for identifying the key nucleophilic residues in such enzymes.
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In addition, identification of Lys,3g3 as the residue responsible for Schiff base formation
may have ramifications beyond its fundamental biochemical significance. DNA repair
enzymes are active anticancer targets.33-38 Pol 6 is especially interesting in this regard
because it is nonessential for healthy cells but provides therapeutic resistance in cancer cells.
The potential of Pol 6 as an anticancer target was recently compared to poly(ADP-ribose)
polymerase, a target that has attracted a great amount of attention, resulting in clinically
successful inhibitors.19:3940 Determination that modification of Lysy3gs inactivates Pol &
suggests this residue represents an Achilles heel of the enzyme, the modification of which
eviscerates its polymerase and lyase functions. The identification of a single nucleophilic
residue within the active site of Pol 8 suggests that a previously reported approach used for
identifying Pol B inhibitors will be useful against this enzyme.36
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Pol © inactivation by pC4-AP. (A.) dRP, DOB, and pC4-AP excision (100 nM) by Pol 6 (2.5
nM). (B.) Repeated loss of Pol 6 lyase activity following addition (5 nM) to pC4-AP (100
nM). Timing of additional Pol 6 aliquots indicated by arrows.
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Figure 2.
Modified peptide (4) detected in tryptic digest of Pol 8 (1 uM) incubated with pC4-AP (1,

10 uM). (A.) Observed spectrum (z= 3) (B.) Calculated spectrum (z= 3)
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LyS)383 L

Figure 3.
Pol 6 structure showing Lysy3g3 and other potential nitrogen nucleophiles. (PDB: 4X0Q)
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Figure 4.
DNA binding (Kp) and lyase activity (kops) of wild type Pol 6 and various Lys mutants.

*Double = K2575A/K2577A, **Triple = K2383A/K2575A/K2577A. Kp values are the ave.
+ std. dev. of 3 experiments utilizing different samples, and were determined using 6 via
fluorescence anisotropy. kops are the ave. + std. dev. of at least 2 experiments determined
using 3, each consisting of 3 replicates.
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Scheme 1.
Base excision repair.
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Table 1

Polymerase activity of wild type Pol 6 and mutants.?

Pol @ variant | Ku, (UM)P | keae (Min )P | Koat/Kim (HMemin)
wt2 5+1 65+ 12 136
K2383A | 1004+37 | 05+01 48x10™
K2383R 31124 1402 43x1073

a, . .. . L
Kinetics of dA incorporation in 5 were measured.

b . - .
Data are the ave. * std. dev. of 2 experiments each consisting of 3 replicates.
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