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Telomere proteins POT1, TRF1 and TRF2 augment
long-patch base excision repair in vitro
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Human telomeres consist of multiple tandem hexameric repeats, each containing a guanine triplet. Guanosine-rich
clusters are highly susceptible to oxidative base damage, necessitating base excision repair (BER). Previous demonstration
of enhanced strand displacement synthesis by the BER component DNA polymerase B in the presence of telomere
protein TRF2 suggests that telomeres employ long-patch (LP) BER. Earlier analyses in vitro showed that efficiency of
BER reactions is reduced in the DNA-histone environment of chromatin. Evidence presented here indicates that BER is
promoted at telomeres. We found that the three proteins that contact telomere DNA, POT1, TRF1 and TRF2, enhance
the rate of individual steps of LP-BER and stimulate the complete reconstituted LP-BER pathway. Thought to protect
telomere DNA from degradation, these proteins still apparently evolved to allow selective access of repair proteins.

Introduction

The human genome experiences constant genotoxic damage
from both normal metabolic byproducts and external environ-
mental factors.! Generation of reactive oxygen species (ROS)
is believed to be the most frequent source of damaging agents
within the cell.? Oxidative damage of bases caused by ROS has
been implicated in aging,*‘ neurodegenerative diseases’ and
cancer.®!? Of the four DNA bases, the unique moiety of gua-
nine makes it the most susceptible to electron abstraction.!!?
Further, guanine becomes especially susceptible to oxidation
when it is found in tandem or in repeat sequences, i.e., GG or
GGG.®" Each human telomere consists of 2-15 kilobases'®
of double-stranded 5-TTA GGG-3' repeats, terminated with
50-500-nts of 3' single-strand, guanine-rich repeat overhang."!
Significantly, recent research has shown that oxidative condi-
tions can cause rapid telomere shortening, known to destabilize
the chromosome.”#

BER is the pathway that removes bases damaged by oxidation.
BER can proceed via two sub-pathways, short- and long-patch
BER (SP-BER and LP-BER, respectively). Initially, specific DNA
glycosylases recognize and excise the damaged base, leaving
an intact sugar-phosphate backbone.?* Apurinic/apyrimidinic
endonuclease 1 (APEI) recognizes the abasic site and cleaves the
sugar-phosphate backbone immediately upstream,?” leaving an
upstream 3" hydroxyl (3'-OH) group and a downstream 5'-deoxy-
ribose-5-phosphate (5'-dRP).?** In SP-BER, DNA polymerase 3
(pol B) uses its lyase activity to remove the 5'-dRP***" and its poly-
merase activity to incorporate the correct nucleotide,?% leaving a

nick that is sealed by DNA ligase IIT (LIGIII).** When the lyase

activity of pol B is abrogated, repair proceeds via LP-BER.35%
Pol B will synthesize into the downstream DNA, displacing the
damaged base into a 2-13 nt flap**¥%° that is cleaved by flap
endonuclease 1 (FENI),* leaving a nick to be sealed by DNA
ligase I (Ligl)."!

The telomere is a unique environment that has evolved six
specialized proteins that coat the repeat DNA, collectively named
the shelterin complex.* The three proteins of interest to our stud-
ies directly bind to telomeric repeats. Telomeric repeat binding
factors 1 and 2 (TRF1 and TRF2) are telomeric double-stranded
DNA (dsDNA) binding proteins.”** Protection of telomeres 1
(POT1) is a telomeric single-stranded DNA (ssDNA) binding
protein.”” The shelterin complex is primarily thought to play
a protective role in the cell through telomerase regulation and
inhibition of inappropriate DNA damage response by making
the telomere terminus invisible to some repair processes.®4
Whereas nucleotide excision repair (NER) and double-strand
break repair (DSBR) were shown to be inhibited by the shel-
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terin components,’*> there is recent evidence for BER activity

in telomeres.”

Earlier, TRF2 was found to interact with and stimulate pol B
polymerase activity.”” It was also observed that loss of OGGL, a
BER glycoslyase that removes oxidized guanines, led to a disrup-
tion in telomere length homeostasis.’**® Further, loss of FEN1
has been shown to result in telomere dysfunction.” These results
suggest both a role for LP-BER in telomeres and a functional
interaction of BER and shelterin proteins.

In the current study, we employed biochemical reconstitution
to investigate the interaction of telomere sequences, shelterin pro-
teins and protein components of LP-BER. Our results suggest
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Figure 1. Shelterin proteins physically interact with BER proteins.

Lane 1 indicates a molecular weight marker. Lane 2 contains IgG alone.
Lane 3 contains each BER protein probed by western blot analysis.
Lanes 4-6 contain immunoprecipitates of either POT1, TRF1 or TRF2,
respectively, that were probed by western blot analysis with antibod-
ies against the BER proteins. The specific procedure is included in the

Materials and Methods section.

functional interactions that have evolved to protect telomeric
DNA from the instability of oxidative shortening.

Results

POT1, TRF1 and TRF2 interact with BER components. We
initially screened for interactions between POT1, TRF1, TRF2
and BER components in vitro by employing a binding assay using
purified proteins. We individually incubated the shelterin com-
plex proteins (POT1, TRF1 or TRF2) with each of the LP-BER
proteins (APEL, pol B, FENI and Ligl) in a 1:1 ratio. We then
immunoprecitated the bound complex with an antibody recog-
nizing either POT1, TRF1 or TRF2 and probed for interactions
using western blot analysis and antibodies against APE1L, pol 3,
FENI or Ligl. While FEN1 was found to interact with all three
proteins of the shelterin complex, (Fig. 1, lanes 4-6), APE1 and
Ligl did not show stable interactions with any of the shelterin
components. Additionally, we detected an interaction between
pol B and POT1 (Fig. 1, lane 4). Interactions between TREF2
and pol B and FEN1 were previously reported in references 57
and 60, and confirmed in our assays.

POT1, TRF1 and TRF2 improve APEl cleavage and
binding. The removal of a damaged base by a DNA glyco-
sylase generates an abasic site that is recognized by APEL. In
order to simulate this intermediate in vitro, we designed two
duplex DNA substrates, both containing a central tetrahydro-
furan (THF) residue as the abasic site. One substrate had a
non-telomeric sequence; the other included six telomeric repeat
sequences (5-TTA GGG-3'), three on either side of the THF
residue. TRF1 and TRF2 were expected to bind only the telo-
meric substrate based on their known specificities for telomeric
sequences. POT1 was not expected to interact with either sub-
strate, because they did not contain a single-stranded region.
Cleavage of substrates labeled at the 3" end of the THF strand
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by APE1 created an incised product with distinctive mobility
on a denaturing gel. POT1, TRF1 and TRF2 did not show
any cleavage activity when incubated alone with the substrate
(Fig. 2A and B, lanes 2—4). In the absence of the shelterin com-
ponents, the limiting APE1 concentration showed ~6% cleav-
age activity on both the non-telomeric and telomeric substrates
(Fig. 2A and B, lane 5). The substrates were then incubated
with APE1 and increasing concentrations of POT1, TRF1 or
TREF2 or combinations of these. On the non-telomeric substrate,
APEI1 cleavage was enhanced ~4-fold by POT1 (Fig. 2A, lanes
6-8), ~3-fold by TRF1 (Fig. 2A, lanes 9-11) and -5-fold by
TRF2 (Fig. 2A, lanes 12-14). APEl cleavage on a telomeric
substrate was improved ~4-fold by POT1 (Fig. 2B, lanes 6-8),
~5-fold by TRF1 (Fig. 2B, lanes 9-11) and ~6-fold by TRF2
(Fig. 2B, lanes 12—14). Combinations of the shelterin compo-
nents improved APE1 cleavage (Fig. 2A and B, lanes 15-18);
however, we did not observe an additive effect of stimulation,
even when APE1 was used in sufficiently limiting amounts. This
suggests a maximal stimulation of APEI, beyond which cleavage
cannot be improved (Fig. S1).

In our protein interaction assays (Fig. 1), there was no detect-
able physical interaction between APE1 and the shelterin compo-
nents. However, because there was improved cleavage by APEI
on both non-telomeric and telomeric substrates in the presence
of POT1, TRF1 and TRF2, we examined the mechanism of this
stimulation using electrophoretic mobility shift assays (EMSA).
Lanes 1-4 of Figure S2A and B show migration of the substrate
alone and POT1, TRF1 and TRF2 each alone with substrate,
respectively. Because high concentrations of TRF1 and TRF2
interacted with both substrates and could mask APE1 binding,
we decreased the concentrations of shelterin components in the
presence of APEL. On the non-telomeric substrate, APE1 binding
was increased ~1.4-fold by POT1 (Fig. S2A, lanes 6-8), ~2-fold
by TRF1 (Fig. S2A, lanes 9-11) and -2 fold by TRF2 (Fig. S2A,
lanes 12-14). APEl binding was improved on the telomeric
substrate ~2-fold by POT1 (Fig. S2B, lanes 6-8), ~2-fold by
TRF1 (Fig. $2B, lanes 9-11) and -2 fold by TREF2 (Fig. S2B,
lanes 12-14). These results suggest a transient interaction
between the shelterin components and APE1, which increased
the local concentration of APE1 on the substrate.

We also tested E. coli single-stranded binding protein, gluta-
thione s-transferase and bovine serum albumin with APE1 and
saw no increase in cleavage, indicating a specific relationship
between APE1 and these shelterin components (data not shown).

POT1, TRF1 and TRF2 increase FEN1 endonuclease activ-
ity on flap substrates. During LP-BER, a 2-13-nt flap is gener-
ated by pol B strand displacement synthesis.*” Moreover, TRF2
stimulates the strand displacement activity of pol . This
prompted us to ask whether pol 8 synthesis and strand displace-
ment activity are also augmented by POT1 and TRF1. Using
a substrate containing a primer annealed to a template, we first
tested the ability of POT1 and TRF1 to increase primer exten-
sion by pol B synthesis. Then, we modified the same substrate
by adding a downstream primer containing a short flap to exam-
ine whether POT1 and TRF1 can stimulate pol 8 strand dis-
placement. While TRF2 stimulated pol B synthesis and strand
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Figure 2. Shelterin proteins stimulate APET endonuclease activity on abasic substrates. (A) APE1 (0.5 fmol/rxn) cleavage on non-telomeric abasic
substrate (D6-T3) in the absence/presence of increasing concentrations of individual shelterin proteins, POT1, TRF1 or TRF2, (0, 10, 50, 100 fmol/rxn)
or combinations of shelterin proteins (100 fmol/rxn per protein). (B) The same reactions on a telomeric abasic substrate (D8-T2). S, starting substrate;
C, APE1 cleaved product. The asterisk indicates the position of the radiolabel on the substrate and on subsequent substrates in later figures. The dot-
ted lines in the substrate illustrations in this and subsequent figures indicate the telomeric regions.

displacement synthesis, as previously reported in reference 57, we
did not observe any effect of TRF1 and POT1 on pol B synthesis
or strand displacement functions (data not shown).

Since strand displacement synthesis by pol 3 generates a flap
during LP-BER, we next examined the ability of the shelterin
components to influence cleavage by FENI. The shortest flap
displaced in the LP-BER pathway is 2-nt; therefore, we created
two 2-nt flap substrates: one consisting of non-telomeric DNA
and the other containing six telomeric repeats (5-TTA GGG-3'),
three on either side of the flap base. LP-BER generates flaps as

long as 13-n¢,*

so we also created two 13-nt flap substrates: one
containing non-telomeric DNA and the other with six telomeric
repeats positioned as illustrated in Figure 3D plus two repeats in
the 13-nt flap.

In the absence of shelterin components, FEN1 cleaved ~2% of
both the non-telomeric and telomeric 2-nt flap substrates (Fig. 3A
and B, lanes 5). FENI cleavage on the non-telomeric, 2-nt flap
substrate was improved ~9-fold by POT1 (Fig. 3A, lanes 6-8),
~6-fold by TRF1 (Fig. 3A, lanes 9-11) and ~17-fold by TRF2
(Fig. 3A, lanes 12-14). FENI cleavage on the telomeric, 2-nt flap
substrate was increased ~17-fold by POT1 (Fig. 3B, lanes 6-8),
~9-fold by TRF1 (Fig. 3B, lanes 9-11) and -21-fold by TRF2
(Fig. 3B, lanes 12-14).

On the non-telomeric and telomeric 13-nt flap substrates in the
absence of shelterin components, FEN1 cleaved ~2% and ~5%,
respectively (Fig. 3C and D, lanes 5). FENI1 cleavage on the non-
telomeric, 13-nt flap substrate was improved ~6-fold by POT1
(Fig. 3C, lanes 6-8), ~4-fold by TRF1 (Fig. 3C, lanes 9-11) and
~8-fold by TRF2 (Fig. 3C, lanes 12-14). FEN1 cleavage on the
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telomeric, 13-nt flap substrate was increased ~5-fold by POT1
(Fig. 3D, lanes 6-8), ~4-fold by TRF1 (Fig. 3D, lanes 9-11) and
~7-fold by TRF2 (Fig. 3D, lanes 12—14, and S4).

Since FEN1 physically interacted with all three proteins in
the shelterin complex (Fig. 1), we asked whether the interactions
influence FEN1 binding of the flap substrates. Using EMSA, we
analyzed the DNA substrate binding efficiency of FEN1 in the
presence of POT1, TRFI and TRF2. On the non-telomeric sub-
strate, FEN1 binding was increased ~2-fold by POT1 (Fig. S4A,
lanes 4-6), ~4-fold by TRF1 (Fig. S4A, lanes 11-13) and
~3-fold by TRF2 (Fig. S4A, lanes 18-20). FEN1 binding was
improved on the telomeric substrate ~2-fold by POT1 (Fig. S4B,
lanes 4-6), ~4-fold by TRF1 (Fig. S4B, lanes 11-13) and ~3-fold
by TRE2 (Fig. S4B, lanes 18-20).

Unlike with APEI, there was a more apparent additive effect
on FENI stimulation, with more than one of the shelterin pro-
teins on all four substrates as observed in lanes Figure 3A-D,
lanes 15—18. However, as with APE1, there was a threshold of
stimulation by the shelterin proteins, even though the low con-
centration FEN1 would have allowed detection of very high fold
stimulation (Fig. S3).

We also tested E. coli single-stranded binding protein, glu-
tathione s-transferase and bovine serum albumin with FEN1
and saw no increase in cleavage, indicating a specific relation-
ship between FENI and these shelterin components (data not
shown).

POT1, TRFI and TRF2 improve Ligl binding and ligation.
We next tested the effect of shelterin proteins on ligation, the
final step in LP-BER. We designed two substrates with a central
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Figure 3. Shelterin proteins stimulate FEN1 activity on flap substrates. (A) FEN1 (0.5 fmol/rxn) cleavage on a 2-nt non-telomeric flap substrate
(U1-D1-T1) in the absence/presence of increasing concentrations of individual shelterin proteins, POT1, TRF1 or TRF2, (0, 10, 50, 100 fmol/rxn) or combi-
nations of shelterin proteins (100 fmol/rxn per protein). The same reactions were preformed on (B) a 2-nt telomeric flap substrate (U4-D3-T4), (C) a 13-nt
non-telomeric flap substrate (U1:D2:T1) and (D) a 13-nt telomeric flap substrate (U4:D4-T4). S, starting substrate; C, cleaved product.

nick: one consisted of duplex non-telomeric DNA; the other con-
tained two telomeric repeats on the upstream side of the nick
and four telomeric repeats downstream of the nick. The nick was
located near the center of each substrate.

In the absence of shelterin components, limited Ligl sealed
~1% of both the non-telomeric and telomeric nicked substrates
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(Fig. 4A and B, lanes 5). Ligation of the non-telomeric nicked
substrate was improved ~3-fold by POT1 (Fig. 4A, lanes 6-8),
~5-fold by TRF1 (Fig. 4A, lanes 9-11) and -6-fold by TRF2
(Fig. 4A, lanes 12-14). Ligation on the telomeric nicked sub-
strate was increased ~3-fold by POT1 (Fig. 4B, lanes 6-8),
~8-fold by TRF1 (Fig. 4B, lanes 9-11), and ~8-fold by TRF2
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Figure 4. Shelterin proteins stimulate Ligl ligase activity on nicked substrates. (A) Ligl (0.5 fmol/rxn) activity on non-telomeric nicked substrate
(U2-D5-T3) in the absence/presence of increasing concentrations of individual shelterin proteins, POT1, TRF1 or TRF2, (0, 10, 50, 100 fmol/rxn) and
combinations of shelterin proteins (100 fmol/rxn per protein). (B) The same reactions on a telomeric nicked substrate (U3:D7-T2). S, starting substrate;

(Fig. 4B, lanes 12-14). Although there was a small additive effect
on Ligl stimulation with more than one of the shelterin proteins;
as observed in Figure 4A and B, lanes 1518, there was an upper
limit of stimulation observed, as seen with APE1 and FENI1
(Fig. S5).

Results from our protein binding assays (Fig. 1) showed no
physical interaction between Ligl and the shelterin components.
However, since we observed improved joining by Ligl on both
non-telomeric and telomeric nicked substrates with POTI,
TRF1 and TRF2, we examined the mechanism of this stimula-
tion using EMSA analysis. Because high concentrations of TRF1
and TRF2 interacted with the telomeric nick substrate and could
mask Ligl binding, we decreased the concentrations of shelterin
components, so that Ligl binding could be evaluated. On the
non-telomeric substrate, Ligl binding was increased ~1.3-fold by
POT]1 (Fig. S6A, lanes 4-6), ~2-fold by TRF1 (Fig. S6A, lanes
11-13) and ~2-fold by TRF2 (Fig. S6A, lanes 18-20). Ligl bind-
ing was improved on the telomeric substrate ~1.4-fold by POT1
(Fig. S6B, lanes 4-6), ~2-fold by TRF1 (Fig. S6B, lanes 11-13)
and ~1.3-fold by TRF2 (Fig. S6B, lanes 18-20).

We also tested E. coli single-stranded binding protein, gluta-
thione s-transferase and bovine serum albumin with Ligl and saw
no increase in cleavage, indicating a specific relationship between
Ligl and these shelterin components (data not shown).

Reconstitution of LP-BER with POT1, TRF1 and TRF2
in vitro. The uniqueness of the telomere environment and its
specific binding proteins suggests that repair functions have
evolved to be integrated with telomere DNA and proteins. In
order to better understand repair at the telomeres, we reconsti-
tuted LP-BER using essential proteins plus the three shelterin
components. The substrates used for these studies are the same
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as those used for the APE1 cleavage and binding assays (Figs. 2
and S2).

Upon addition of APEL, in lanes 2 of Figure 5A and B, nearly
95% cleavage at the abasic site was observed by the appearance
of an APE1 cleaved product (A). The uncleaved substrate was
presumably oligos that did not contain THF reside when syn-
thesized. Because the substrate is labeled on the 3" end of the
G-rich strand, there was no change in product appearance in
lane 3 (Fig. 5A and B) upon inclusion of pol 3. This is expected,
because pol B extends from the 3'-OH created by APEl and
displaces into the downstream DNA. Lanes 4 of Figure 5A
and B show that addition of FENI resulted in short cleavage
products (C). This verifies that pol B displaced the downstream
DNA, creating various length flaps that became substrates for
FENI. The final LP-BER component, Ligl, when added, gener-
ated repaired product (R) as seen in lanes 5 of Figure 5A and B.
We observed ~24% and ~13% repair of the non-telomeric and
telomeric substrates, respectively (Fig. 5A and B). Inclusion of
POTI1, TRFI or TRF2 significantly increased the amount of
repaired product. Specifically, generation of the final ligation
product of the non-telomeric substrate was improved ~2-fold by
POT]1 (Fig. 5A, lane 6), ~2-fold by TRF1 (Fig. 5A, lane 7) and
~2-fold by TRF2 (Fig. 5A, lane 8). Generation of the final liga-
tion product of the telomeric substrate was improved ~2-fold by
POT1 (Fig. 5B, lane 6), ~-3-fold by TRF1 (Fig. 5B, lane 7) and
~3-fold by TRF2 (Fig. 5B, lane 8).

Stimulation by the full complement of shelterin proteins
slightly exceeded the highest values obtained with individual
telomere proteins, indicating a maximum degree of stimulation
as seen earlier measurements with individual LP-BER compo-
nents. The concentrations of FEN1 and Ligl were limited to best
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Figure 5. Shelterin proteins improve LP-BER in vitro. (A) LP-BER reconstituted with a non-telomeric abasic substrate (D6-T3) in the absence/presence
of individual shelterin proteins, POT1, TRF1 or TRF2, (100 fmol/rxn) and in combinations. Lanes 1-5 are reactions with substrate alone, APE1 alone

(5 fmol/rxn), APE1 plus pol B (10 fmol/rxn), APE1, pol 3 plus FEN1 (1 fmol/rxn), APE1, pol B, FEN1 plus Ligl (0.5 fmol/rxn), respectively. Lanes 6-8 are the
minimal LP-BER components plus the addition of POT1, TRF1 and TRF2 (100 fmol/rxn), respectively. Lanes 9-12 are the minimal LP-BER components
plus shelterin proteins in combination (100 fmol/rxn each). (B) The same reconstitutions with a telomeric abasic substrate (D8:T2). S, starting substrate;

display the stimulation of the total repair pathway. When con-
centrations of FENI or Ligl were optimized in the absence of
shelterin components, nearly complete repair was observed.

Discussion

We show that telomere-specific proteins, POT1, TRF1 and
TREF2 stimulate the binding and enzymatic activities of the
LP-BER proteins APE1, FEN1 and Ligl both individually and
when they act together in reconstituted LP-BER using a telo-
meric substrate. Because telomeres contain a high concentration
of guanine repeat sequences, they are more susceptible to oxida-
tive damage than the rest of the genome. The oxidative damage
product 8-oxo-guanine (8-oxo-G) is the most abundant base
lesion detected at the telomeres,®' indicating that BER must be a
frequently required repair pathway. Previous work showed that
oxidative damage causes disruption of TRF1 and TRF2 bind-
ing, leading to depletion of the shelterin components from the
telomeres.*” In addition to maintaining the optimal concentra-
tion of the shelterin components at the telomeres, the benefit
of minimizing oxidative base damage in telomeres is the pre-
vention of early cell senescence or apoptosis caused by telomere
dysfunction. Therefore, we propose that telomere-specific pro-
teins POT1, TRF1 and TRF2 have evolved to enhance BER at
telomeres.
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Muftuoglu et al. found that pol  and FENI both interacted
with the telomere-specific protein TRF2. Association with pol 3
is further supported by the previous observation that TRF2 colo-
calized with the polymerase outside of the telomeric regions.*
This suggests a physical connection between telomere- and BER-
specific proteins. We further asked whether the other telomeric
DNA binding proteins interact with the BER pathway, demon-
strating that POT1 binds both FENT and pol 3, and TRF1 binds
FENI. Considering that all three telomeric proteins bind FENT1,
it is reasonable to assume that they aid the nuclease in access-
ing telomeric DNA to find flap intermediates of LP-BER. This
concept is consistent with structural evidence for coordinated
protein function in BER found by Parikh et al.®* and Mol et al.*¢
Their results suggest that BER works through a systematic rec-
ognition of enzyme complexes formed at each step of LP-BER,
presumably diminishing the probability that intermediates could
generate further DNA damaging events. Wilson and Kunkel®
referred to this stepwise mechanism as “passing the baton” from
APE] cleavage to pol B lyase and DNA synthesis to ligation dur-
ing SP-BER. Prasad et al.,® however, showed that if FENI is
involved, as in LP-BER, it must be recruited to the enzymatic
complex. Our results suggest that one mechanism is by binding
shelterin proteins.

These results contrast with analyses of repair protein accessi-
bility to DNA in reconstituted chromatin, where the nucleosome
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acts as a barrier to the repair proteins, unlike the shelterin com-
ponents. DNA glycosylase, pol B, FENI and Ligl were all less
efficient catalytically when tested on a reconstituted mono-
nucleosome.”” Moreover, the extent of inhibition of activity
depended on both the position of the substrate structure along
the histone core and the orientation of the helix with respect to
the histones. This behavior is consistent with physical occlusion
of the substrate site requiring enzyme activity. Since chromatin
hosts BER, additional mechanisms must partially or completely
reverse the occlusion during the repair process. Our reconsti-
tutions with telomere proteins show no evidence of occlusion.
Moreover, the protein-coated damaged DNA is not simply invis-
ible to the repair complex. Instead, the binding and stimulation
properties of the telomeric proteins suggest that BER complexes
are specifically recruited to telomeres, and that their repair func-
tions are promoted. The evolution of these mechanisms suggests
that efficient BER in telomeres is important for long-term species
survival.

All three shelterin proteins stimulated the nuclease activ-
ity of FEN1. A more refined view of the results is informative.
POT]1 exhibited greater stimulation on the 2-nt telomeric flap
compared with the non-telomeric analog, suggesting that POT1
has transient binding capacity to this structure, and that binding
improves stimulation (Fig. 3). However, binding of POT1 to a
13-nt flap was less stimulatory to FENI, suggesting that the sys-
tem has evolved to work on short flaps. In fact, comparing overall
stimulation from 2-nt flap cleavage to 13-nt flap cleavage, FENI
was promoted most by shelterin proteins when the flap was short,
implying that the system disfavors formation and processing of
long flaps. This conclusion is further supported by the observa-
tion that Dna2 nuclease/helicase, which can activate replication
protein A-coated flaps for cleavage by FEN1 in Okazaki fragment
processing, is ineffective with POT1-coated flaps (unpublished
observations). Because telomeric sequences are highly repeti-
tive, they could be subject to sequence disruptions from poly-
merase slippage by pol B.%® Avoidance of long-flap intermediates
may suppress this effect. TRF1 and TRF2 stimulation of FENI
is also enhanced on a telomeric substrate compared with a non-
telomeric substrate. TRF1 and TRF2 interact with and bend the
telomeric dsDNA,**7° a possible mechanism to make the flap
base more accessible to FENT.

We observed moderate stimulation of APE1 cleavage and Ligl
joining by POT1, TRF1 and TRF2, even though we could detect
no physical interaction with the telomere proteins. This resembles
the action of APEI, which improves OGGI glycosylase activ-
ity without apparent physical interaction.”'”® POT1 indirectly
interacts with dsDNA within the shelterin complex (reviewed
in ref. 42). We speculate that POT1 transiently interacts with
APEI1 and Ligl, facilitating a long-lived structural conformation
change that leads to an increase in the biological efficiency of
BER. Native gel electrophoresis experiments indicate that POT1
stabilizes the interaction of APE1 and Ligl for their respective
substrates (Figs. S2 and S6).

APEI1 binding to an abasic site is critical for prevention of
subsequent damage, leading to abortive intermediates.” Further
oxidation or reduction of the 5-dRP moiety formed by APE1 or
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damage induction not only inhibits lyase activity of pol  but
also forms DNA/protein cross-links (DPC) with pol B.23%35747>
Once bound, APEI kinks and surrounds the AP strand and
cleaves the sugar-phosphate backbone. APEl then facilitates
loading of pol B. POT1 may only weakly interact with APE1, so
that it does not disrupt the complex interaction APE1 must have
with its substrate. Because POT1 physically interacts with pol B,
it may help APE1 direct pol B to its substrate. Similarly, POT1
may have evolved to avoid interference with the Ligl mechanism,
which involves encircling the nick site.

TRF1 and TRF2 stimulate APEl and Ligl preferentially
on telomeric substrates (Fig. 2B, S1B, 4B and S5B). Although
TRF1 and TRF2 lose binding capacity if a guanine is con-
verted to an abasic site,*” they may act from an adjacent site.
Alternatively, shelterin components may recruit APEI and Ligl
indirectly, by exposing damage sites and allowing access for the
repair enzymes.

While the shelterin proteins stimulate BER on both telomeric
and non-telomeric substrates, the localization of shelterin to telo-
meres is consistent with the conclusion that it exerts its effects
on DNA repair in the telomere environment. Our results show
stimulation of LP-BER. In stark contrast, Rochette and Brash®
showed that the inhibition of NER in telomeres led to higher
incidence of cyclobutane pyrimidine dimers. Furthermore,
TREF2 inhibits the XPF-ERCCI1 endonuclease in vivo, which is
required for NER.”*”7 The types of damage NER repairs are rec-
ognized by distortion of helical structure caused by the presence
of bulky adducts or unnatural covalent bonds. TRF2 also inter-
acts with and inhibits the ATM kinase to suppress DNA double-
strand break repair at ends of telomeres.”® Furthermore, Fink
et al. discovered that targeting of a key NHE] protein, Ku80, in
the absence of apparent DNA damage, contributes to telomere
dysfunction through TRF2 abstraction from the telomere.”” A
reasonable set of conclusions is that base damage is a very preva-
lent lesion in telomeres and NER substrates, and double-strand
breaks are less common.

Although telomeres are non-coding DNA, their integrity is
vital to cell health. However, their triplet guanine-containing
repeat sequence makes them particularly susceptible to danger-
ous shortening after oxidative damage. Our results indicate that
they have evolved a way to promote efficient repair of this dam-
age by recruitment of LP-BER proteins.

Materials and Methods

Substrates. All synthetic oligonucleotides were purchased from
Integrated DNA Technologies. Radioactive nucleotides [a-**P]
dCTP and [y-**P] ATP were purchased from Perkin Elmer Life
Sciences. Klenow fragment of E. coli DNA polymerase I (KF)
and T4 polynucleotide kinase (PNK) for 3' and 5' labeling,
respectively, were purchased from Roche Applied Science. All
remaining reagents were purchased from the best commercially
available products.

Purified proteins. Human FENI was purified as described
in reference 80. Human APEI was purified as described in refer-
ence 81. Human pol B was purified as described in reference 82.
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Human Ligl was generously provided by Dr. Jeffrey Hayes and
purified as described in reference 83. Recombinant human gluta-
tione s-transferase-tagged POT1 and histidine-tagged TRF1 and
TRF2 were purified as described in references 62, 84 and 85.

Oligonucleotides. All experimental substrates are listed in
Table S1. A “U” in the nucleotide sequence represents a tetra-
hydrofuran (THF) residue. Labels were incorporated at the 5'
end of the DNA primer by incubation with PNK and [y-**P]
ATP. Labels at the 3' end were added by first annealing 20 pmol
of primer to 50 pmol of template containing a 5' guanine-over-
hang. The annealed complex was incubated with the KF and
[a-*?P] dCTP. Urea-PAGE was used to purify labeled primers.
Experimental substrates were created by combining primers
in annealing buffer containing 10 mM TRIS-HCI (pH 8.0),
50 mM NaCl and 1 mM DTT, heated to 95°C for 5 min. and
slowly cooled to room temp. Substrates were annealed in a 1:2:4
ratio (labeled primer:template:upstream primer). Substrates con-
taining an internal THF residue were annealed in a 1:2 ratio
(labeled primer:template).

Enzyme assays. To analyze how POT1, TRF1 and TRF2
affected APE1, FENI and Ligl, 20 pl reaction mixtures con-
taining the indicated enzyme quantities and 5 fmol of P radio-
labeled DNA substrate were performed at 37°C and sampled
for analysis at 10 min unless otherwise noted. Reactions were
stopped by addition of 2X termination dye [90% formamide
(v/v), 10 mM EDTA, 0.1% bromophenol blue and 0.1% xylene
cyanole]. Unless stated otherwise, the reaction buffer contained
50 mM TRIS-HCI (pH 8.0), 2 mM DTT, 30 mM NaCl,
0.1 mg/ml bovine serum albumin (BSA), 5% glycerol, 8 mM
MgCl, and 2 mM ATP. All results are from at least three inde-
pendent experiments.

Electrophoretic mobility gel shift assay (EMSA). To analyze
APE1, FENI and Ligl binding with POT1, TRFI and TREF2,
20 pl reaction mixtures containing the indicated quantities of
enzymes and 5 fmol of *P-radiolabeled DNA substrate were

incubated at 37°C for 10 min. unless indicated otherwise. All
results are from at least three independent experiments.

Gel analysis. After electrophoresis, gels were dried, exposed
on a phosphor screen and scanned using a Phosphorlmager
(GE Healthcare). Scanned images were analyzed using
ImageQuant Version 5.0.

Binding assay. Protein interactions were analyzed by incubat-
ing 1 ng of purified proteins of interest (in a 1:1 ratio) in coupling
buffer (25 mM HEPES (pH 7.5), 100 mM NaCl, 1 mM EDTA,
1 mM DTT and 10% glycerol) for 1 h at 4°C. Concurrently,
protein agarose A was incubated with antibody for the bait pro-
tein for 1 h at 4°C. The protein/coupling buffer mixture was
washed and added to the protein agarose A/antibody slurry then
incubated overnight in a rotator at 4°C. The mixture was spun
down, washed, and the supernatant was removed. The slurry
was incubated with 20 ul SDS/reduction solution for 5 min at
94°C. The supernatant was removed, and protein was separated
by SDS-PAGE (7-14%). Analysis was performed using standard
western blotting procedure with antibody to prey protein and
HRP-linked 2° antibody. All results are from at least three inde-
pendent experiments.
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