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Abstract

Background: Exonuclease 1 (EXO1) and Flap endonuclease 1 (FEN1) are members of the RAD2 family of structure-specific
nucleases. Genetic analysis has identified roles for EXO1 and FENT in replication, recombination, DNA repair and
maintenance of telomeres. Telomeres are composed of G-rich repeats that readily form G4 DNA. We recently showed that
human EXO1 and FEN1 exhibit distinct activities on G4 DNA substrates representative of intermediates in immunoglobulin
class switch recombination.

Methodology/Principal Findings: We have now compared activities of these enzymes on telomeric substrates bearing G4
DNA, identifying non-overlapping functions that provide mechanistic insight into the distinct telomeric phenotypes caused
by their deficiencies. We show that hFEN1 but not hEXO1 cleaves substrates bearing telomeric G4 DNA 5’-flaps, consistent
with the requirement for FEN1 in telomeric lagging strand replication. Both hEXO1 and hFEN1 are active on substrates
bearing telomeric G4 DNA tails, resembling uncapped telomeres. Notably, hEXO1 but not hFEN1 is active on transcribed
telomeric G-loops.

Conclusion/Significance: Our results suggest that EXO1 may act at transcription-induced telomeric structures to promote
telomere recombination while FEN1 has a dominant role in lagging strand replication at telomeres. Both enzymes can
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create ssDNA at uncapped telomere ends thereby contributing to recombination.
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Introduction

Exonuclease 1 (EXO1) and Flap endonuclease 1 (FENT1) belong
to the RAD2 family of structure-specific nucleases. They share a
core nuclease domain that is remarkably conserved from yeast to
mammals [1], and display both 5’-3" exonuclease activity and 5’
flap endonuclease activity i wvitro [2,3]. EXOI1 has roles in
mismatch repair and recombination [4]; and FENI functions in
Okazaki fragment maturation, maintenance of simple repeats and
prevention of strand slippage [5]. FENI but not EXO1 is critical in
telomeric lagging strand DNA synthesis [6-8], while both £XO1
and FENI contribute to recombination-dependent telomere
maintenance in yeast and human cells [9-14]. Ablation of Fenl
but not Exo! is lethal in mice [15,16]. S. cerevisiae tolerates ablation
of either Exol or Rad27 (the FENI homolog), but ablation of both
is lethal [17]. Overexpression of Exol will partially rescue some
deficiencies of rad27 strains [18], suggesting that these two factors
share some overlapping functions.

Telomeres in nearly all eukaryotes are composed of G-rich
repeats; in mammals, the telomeric repeat is TTAGGG. G-rich
telomeric repeats readily form G4 DNA, a four-stranded structure
stabilized by G-quartets, planar arrays of four guanines [19,20].
G4 DNA structures are implicated as targets in telomere
maintenance, and helicases that unwind G4 DNA are closely
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associated with telomere stability. These include S. cerevisiae Sgsl
and human WRN and BLM, members of the RecQ) family, which
unwind G4 DNA with 3'-5" polarity, recognizing the G4 structure
through their highly conserved RQC domain [21-25]; and XPD-
family helicases such as S. cerevisiae Srs2, nematode DOG-1 and
mammalian FANC]J and RTELI, which unwind DNA with 5'-3’
polarity [26-29]. Deficiency in RTELI, which is functionally
equivalent to Srs2 [30], results in a telomeric fragility phenotype
similar to that caused by deficiency of BLM [31]. WRN helicase is
essential for efficient replication of telomere lagging strands [32];
and BLM helicase represses telomere fragility [31] and associates
with telomeres in telomerase-deficient cells [33]. FEN1 and EXO1
interact both physically and functionally with WRN and BLM
helicases [34-38], which may promote function in telomere
maintenance.

Like the telomeres, the immunoglobulin (Ig) heavy chain switch
regions are composed of G-rich repeats with considerable potential
to form G4 DNA. The Ig switch regions are targets for class switch
recombination, a process of DNA deletion that enables a B cell to
juxtapose a new constant region to the expressed variable region
[39,40]. EXO1 is necessary for efficient class switch recombination
[41], and we recently showed that human EXO1 (hEXO1) and
human FEN1 (hFENI) exhibit distinct activities on substrates
representing switch recombination intermediates [42]. Ig class
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switch recombination is induced by transcription; and hEXO1 but
not hFEN1 excised characteristic G-loop structures formed by
transcribed switch region substrates [43]. Those experiments
identified a property of EXOT1 that could contribute to its function
not only at the Ig switch regions, but also at other transcribed
genomic domains with potential to form G4 DNA.

Those results prompted us to examine the biochemical activities
of EXO1 and FENI that might contribute to telomere maintenance
or instability, using substrates that recapitulate structures predicted
to form upon telomere replication, uncapping, recombination or
transcription. We show that hFEN1 but not hEXOI cleaves 5 flaps
containing telomeric G4 DNA, or other G4 DNA. This is consistent
with the importance of FEN1 and not EXO1 in telomere lagging
strand replication, but provides a surprising exception to the
documented inactivity of FENT at other structured 5" flaps in vitro
[44,45]. We demonstrate that hEXO1 and hFFENI both exhibit
robust exonucleolytic activity on both strands of substrates with G-
rich 3" telomeric tails, enabling either enzyme to expose a single-
stranded region for recombination, or to participate in removal or
formation of a G-rich tail. We show that hEXO1 but not hFENI
excises G-loops formed at transcribed telomeric repeats, suggesting a
mechanism by which telomeric transcription could promote
recombination to maintain telomere length in the absence of
telomerase. These results define new activities for these enzymes,
and provide mechanistic understanding of how deficiencies in these
enzymes cause distinct telomeric phenotypes.

Results

hFEN1, but Not hEXO1, Cleaves Telomeric 5 G4 Flaps,
Possible Intermediates in Lagging Strand Replication

The canonical activity of FEN1 is endonucleolytic excision of a
5" flap from a duplex substrate, which represents the intermediate
in processing Okazaki fragments during lagging strand replication
[5]. During telomeric lagging strand replication, a 5" flap may
become structured as G4 DNA. A variety of 5’ flap structures have
been shown to inhibit FENT1 activity m wvitro [45]. This raised the
question of whether the presence of G4 DNA at a 5" flap would
affect cleavage by EXO1 or FENI1. To address this, we assayed
cleavage of two duplex substrates bearing 5" flaps, one carrying
telomeric G4 DNA, the other unstructured (Fig. 1A). hFENI
displayed robust flap endonuclease activity on the substrate
bearing a 5" telomeric G4 DNA flap (70% cleavage at 4.5 nM
enzyme), while hEXO1 was inactive on this substrate (Fig. 1B, C,
left). Both enzymes were active on the substrate bearing an
unstructured 5" flap, although hFEN1 was somewhat more active
than hEXOIl. hFEN1 activity at a 5 G4 DNA flap was
comparable to its activity on an unstructured 5’ flap (Fig. 1B, C,
right). Thus, unlike other structures, 5° G4 DNA does not inhibit
hFENI flap endonuclease activity; but 5 G4 DNA does inhibit
hEXO1 flap endonuclease activity.

3’ G4 Telomeric Tails Inhibit Flap Cleavage by hEXO1 but
Not hFEN1

The novel activity of FENT at a 5" G4 DNA flap prompted us to
test activities of hEXO1 or hFENI at unstructured 5" flaps on
substrates bearing either a 3’ telomeric G4 DNA tail or an
unstructured tail (Fig. 2A). hEXO1 exhibited essentially no flap
endonucleolytic activity and very modest exonucleolytic activity on
the G4 DNA substrate (Fig. 2B, C, left). This was somewhat
surprising, because hEXOI1 typically exhibits both endonuclease and
exonuclease activities at 5" flaps [42,46]. Thus, a 3’ tail may inhibit
activity of hEXOL1 at a 5" flap. In contrast, hFENI exhibited very
robust flap endonuclease activity on the substrate with a G4 DNA
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Figure 1. hFEN1, but not hEXO1, cleaves 5’ telomeric G4 DNA.
(A) Diagram of substrates bearing a G4 or unstructured 5’ flaps. Lengths
of oligonucleotides, flaps and duplex regions are indicated; asterisks
denotes 5’ end-label. (B) Products of digestion of 5’ flap substrates
shown in Panel A by hEXO1 (0, 1.2, 2.4 and 3.6 nM) and hFEN1 (0, 4.5,
9.0 and 18 nM). Arrows indicate undigested (60 nt or 36 nt) 5'-labeled
DNA substrate, products of flap endonuclease digestion, and 1 nt
product of exonuclease digestion. Heterogenous flap cleavage products
like those evident here are characteristic of hFEN1 activity [65]. (C)
Quantitation of flap cleavage activity of hEXO1 (0, 1.2, 2.4 and 3.6 nM;
diamonds) and hFENT (0, 4.5, 9 and 18 nM; squares) on substrates
shown in Panel A.

doi:10.1371/journal.pone.0008908.g001

tail (more than 80% of this substrate cleaved at 4.5 nM hFENI;
Fig. 2B, C, left). hFEN1 was somewhat less active on the substrate
with an unstructured 3’ tail (60% cleavage at 4.5 nM hFENT;
Fig. 2B, C, right), but was comparably active on this substrate as on
a substrate carrying no tail (Figs. 1C and 2C). These results show
that a 3’ tail can inhibit hEXO1, but not hFENT; and suggest that a
3" G4 DNA tail may even stimulate hFENT.

Nontelomeric and Telomeric 5’ or 3’ G4 DNA Flaps
Comparably Affect hEXO1 and hFEN1 Flap Endonuclease
Activities

The results in Figs. 1 show that telomeric G4 DNA inhibits the
flap endonuclease activity of hEXO1 but not hFENI. To ask if this
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Figure 2. A 3’ G4 DNA tail inhibits flap endonuclease activity
of hEXO1 but not hFEN1. (A) Diagram of substrates bearing a 5’
flap and 3’ telomeric G4 DNA or polyA tails. Lengths of oligonucle-
otides, flaps, duplex regions and 3’ tails are indicated; asterisks
denote 5’ end-label. (B) Products of digestion of substrates shown in
Panel A by hEXO1 (0, 1.2, 2.4 and 3.6 nM) and hFEN1 (0, 4.5, 9.0 and
18 nM). Arrows indicate 60 nt 5’-labeled DNA substrate, 16 nt flap
cleavage product, and 1 nt exonucleolytic cleavage product. (C)
Quantitation of flap cleavage activity of hEXO1 (0, 0.6, 1.2 and 2.4 nM;
diamonds) and hFEN1 (0, 4.5, 9 and 18 nM; squares) on substrates
shown in Panel A.

doi:10.1371/journal.pone.0008908.g002

1s specific for telomeric sequences, we assayed substrates of similar
structures but bearing G4 DNA of identical length but formed
from the synthetic, nontelomeric sequence, CCTGGGCTAGG-
GATCGGGACCGGG, within the 5'-flap or 3’ tail (Fig. 3A).
hFEN1 was very active on both substrates, and hEXOI1 was
mactive (Fig. 3B, Q). Thus, the effect of G4 structures on the flap
endonuclease activities of these enzymes is general, and not
specific to telomeric G4 DNA.

hEXO1 and hFEN1 Excise from a Nick on a Strand Bearing

a 3’-G4 DNA Telomeric Tail

Both EXOI1 and FENI can excise from nicks in blunt-ended
duplex substrates [42,47], but whether a G4 DNA tail affects
excision has not been tested. To do so, we assayed activities of
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Figure 3. hFEN1, but not hEXO1, cleaves 5' nontelomeric G4
DNA flaps and 5’ flaps adjacent to 3’ nontelomeric G4 DNA
tails. (A) Diagram of substrates bearing 5" or 3’ nontelomeric G4 DNA
tails. Lengths of oligonucleotides, flaps, duplex regions and 3’ tails are
indicated; asterisk denotes 5’ end-label. (B) Products of digestion of
substrates shown in Panel A by hEXO1 (0, 1.2, 2.4 and 3.6 nM) and
hFEN1 (4.5, 9.0 and 18.0 nM). Arrows indicate 60 nt undigested 5'-
labeled DNA substrates, products of flap endonuclease digestion, and
1 nt product of exonuclease digestion. (C) Quantitation of flap cleavage
activity of hEXO1 (0, 0.6, 1.2 and 2.4 nM; diamonds) and hFEN1 (0, 4.5,
and 9.0 nM; squares) on substrates shown in Panel A.
doi:10.1371/journal.pone.0008908.g003

these two enzymes on a nicked DNA duplex bearing a 24 nt 3’
(TTAGGG), tail (Fig. 4A), mimicking a structure that may form
vivo at an uncapped telomeric end. The 3’ tail spontaneously forms
mtramolecular G4 DNA in our standard assay conditions (Fig. 1A).
Both a duplex bearing a 3'-polyA tail and a blunt duplex were
included as controls, in order to discriminate between the effects of
the G4 structure and a disordered tail. hEXO1 was active on a
substrate bearing a G4 tail, but comparably active on a substrate
bearing a 3'-polyA tail and slightly more active on a control blunt-
ended duplex (Fig. 4B, C). hFEN1 was equally active on all three
substrates (Fig. 4D, E). Thus, both enzymes can initiate at a nick to
degrade the G-rich strand of DNA carrying a telomeric overhang.
This activity could expose the C-rich strand for recombination,
but also has the potential to destabilize the telomere by removing
the G-rich tail.
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Figure 4. hEXO1 and hFEN1 excise from a nick on a strand bearing a 3’ telomeric tail. (A) Diagram of duplex substrates bearing an internal
nick adjacent to a 5’ end-labeled 3’-G4 DNA (TTAGGG), tail, 3’ poly(A),, tail, or blunt end. The length of the labeled oligonucleotide is indicated;
asterisks, end-label. (B) Products of digestion of each substrate by hEXO1 (0, 0.6, 1.2 and 2.4 nM). Arrows indicate 42 or 18 nt undigested 5’-lableled
DNA substrate and 1 nt excision product. (C) Quantitation of hEXO1 excision of blunt-ended duplex substrates (squares), substrates bearing 3’ G4
DNA overhangs (diamonds) and substrates bearing poly(A),, tails (triangles). (D) Products of digestion by hFEN1 (0, 4.5, 9.0 and 18 nM). Notations as
in panel B. (E) Quantitation of hFEN1 excision of blunt-ended duplex substrates (squares), substrates bearing 3’ G4 DNA overhangs (diamonds) and

substrates bearing polyA tails (triangles).
doi:10.1371/journal.pone.0008908.g004

A Telomeric Tail, but Not a polyA Tail, Stimulates hEXO1
and hFEN1 Excision on the Opposite Strand

We then compared the ability of hEXO1 or hFEN1 to create
single-stranded regions on DNA duplex substrates on the strand
opposite a telomeric tail. Substrates were internally labeled by 3'-
filling to enable assays of 5'-3" exonucleolytic digestion initiating
opposite the structured end (Fig. 5A). hEXO1 proved to be
considerably more active on the substrate bearing a 3’ telomeric
tail than on the substrates bearing a polyA tail or a blunt end
(Fig. 5B, upper), while hFEN1 displayed robust exonucleolytic
activity on the substrate bearing a 3’ telomeric tail, but little
activity on the other substrates (Fig. 5B, lower). The activities of
hEXOI! and hFENI1 on the substrate bearing a 3’ telomeric tail
were comparable: 50% of the substrate was digested by
approximately 3 nM enzyme. Thus, a G4 DNA telomeric tail,
but not a polyA tail or blunt end, can stimulate 5’-3" excision by
either hEXO1 or hFEN1 on the opposite strand.

We also compared digestion of these same substrates initiated by
hEXO1 and hFENI at an internal nick (Fig. 5C). hEXO1 was
most active on the blunt duplex substrate, but less active on the

@ PLoS ONE | www.plosone.org

substrates bearing polyA tail or telomeric tail (Fig. 5D, upper). A
telomeric tail appeared to inhibit excision from a nick on the
opposite strand on duplex DNA, even though separated from the
nick by 26 base pairs. hFEN1 was less active than hEXOT1 on these
substrates, but was approximately twice as active on the substrate
bearing the telomeric tail than on the blunt-ended or polyA-tailed
substrate (Fig. 5D, lower).

Transcribed Telomere Repeats Are Excised by hEXO1 but
Not hFEN1

Telomeric repeats are transcribed i vivo, and the G-rich strand is
the non-template strand [48,49]. Transcription of telomeres and
other G-rich sequences produces characteristic structures, called G-
loops, which contain a stable RNA/DNA hybrid on the C-rich
template strand, and G4 DNA interspersed with single-stranded
regions on the G-rich nontemplate strand [43,50]. We tested activity
of hEXO1 and hFEN1 on G-loops formed by transcribed telomeric
sequences formed in the pTELN plasmid, which bears 800 bp of
TTAGGG human telomeric repeat downstream of a T'7 promoter
(Fig. 6A). pTELN was transcribed, free transcript removed by
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Figure 5. A telomeric tail stimulates hEXO1 and hFEN1 excision on the opposite strand. (A) Diagram of duplex substrates for assay of
excision opposite a G4 DNA (TTAGGG), tail, a polyA,, tail, or a blunt end. Sizes of 3’-labeled oligonucleotides are indicated; asterisks, end-label. (B)
Quantitation of hEXOT1 (0, 0.6, 1.2 and 2.4 nM, above) or hFENT (0, 4.5, 9.0 and 18 nM, below) excision of substrates diagrammed in panel A. G4 DNA
tails, triangles; 3" poly(A),4 tails, squares and blunt ends, circles. (C) Diagram of duplex substrates for assay of excision at a nick on the strand opposite
a G4 DNA (TTAGGG), tail, a 3'-poly(A),4 tail, or a blunt end, and 3’ end-labeled on the nicked strand distal to the tail. Sizes of 3'-labeled
oligonucleotides are indicated; asterisks, end-label. (D) Quantitation of hEXO1 (0, 0.6, 1.2 and 2.4 nM, above) or hFEN1 (0, 4.5, 9.0 and 18 nM, below)

excision of substrates diagrammed in panel C. Notations as in panel B.
doi:10.1371/journal.pone.0008908.9005

RNaseA treatment, and DNA nicked. We then compared digestion
by hEXO1 and hFENI of substrates that had been transcribed and
nicked substrates, transcribed but not nicked, nicked but not
transcribed, and the supercoiled template DNA. Digestion was
quantitated by monitoring loss of one of the Pvull sites that occurs
as a consequence of excision from the nick, and which results in
production of a 3.8 kb Pvull fragment. hEXO1 proved to be quite
active on the transcribed, nicked telomeric substrates: approximately
80% of the substrate was excised by 2.4 nM hEXOI1 (Fig. 6B,
upper; Fig. 6C), comparable to hEXOI activity at transcribed Ig
switch regions [42]. hEXOT1 was also somewhat active on the nicked
substrate, consistent with its documented activity on nicked DNA in
mismatch repair. hEXO1 was not active either on the supercoiled
template, or on transcribed, unnicked DNA. In contrast, hFENI
showed no activity on any of the substrates (Fig. 6B lower; Fig. 6C).
These results identify EXOT1 as a candidate activity for resection of
DNA at transcribed telomeres.

Discussion

We have shown that hEXO1 and hFEN1 exhibit both shared
and distinct biochemical activities on telomeric substrates. These
activities correlate with the roles of EXO1 and FENI1 in telomere
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maintenance, as determined by genetic analysis, and thus provide
mechanistic insight into the distinct telomeric phenotypes caused
by deficiencies in these enzymes. Notably, distinct activities of each
enzyme depended upon a G4 structure, supporting the importance
of G4 DNA recognition in telomere maintenance.

FEN1 May Process G4 Structures Formed during Lagging

Strand Replication

hFENT1 but not hEXO1 displayed robust endonuclease activity
on substrates bearing telomeric or nontelomeric 5" G4 DNA flaps,
representing intermediates in lagging strand replication. This
contrasts with the comparable activities of these enzymes at
unstructured 5" flaps [42]. hFENI1 activity on these structures
constitutes an exception to the documented inhibition of FENI i
vitro by other 5'-structures, such as ds DNA and hairpins formed
by triplet repeats [44,45]. Moreover, while either a G4 DNA tail
or unstructured tail inhibited endonucleolytic cleavage by hEXO1,
the 5" flap endonuclease activity of hFEN1 was not impaired by
proximity of a 3’ tail.

G4 DNA structures may create blocks to replication at
telomeres [31]. The ability of FEN1 but not EXO1 to cleave a
flap containing G4 DNA would then explain both the instability of
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EXO1/FENT at Telomeric G4 DNA

A p,
> (rr
&Je Taex
G
G,
— — —>
Transcribe RNaseA Nick Excise,
Pwvull cleave,
Analyze products
B
Transcribed + + - -
Nicked + - + -
hEXO1 0 —— —— ——1] "]
el <+ 38kb
R -— ¢ w4 2 5Kkb
——— 4 25 kb
C
100 100
80 ® 80
5 transcribed c
260 | and nicked 260 -
3 ‘S
i 40 & 40
2 A 2
nicked 7/ |
20 7 20 nicked
0 0 =
0 1.2 24 3.6 0 4.5 9 13.5 18
hEXO1 (nM) hFEN1 (nM)

Figure 6. Transcribed telomere repeats are excised by hEXO1 but not hFEN1. (A) pTELN telomeric substrates. T7 promoter (P;); 800 human
(TTAGGG) telomeric repeat (dark fill); RNA transcript (dashed line); and Pvull cleavage sites (Pv; arrows) are indicated. (B) Products of Pvull digests of
PTELN substrates, which had been transcribed or nicked, as indicated, following digestion with hEXO1 (above, 0.6, 1.2, 2.4 and 4.8 nM) or hFEN1
(below, 0. 4.5, 9 and 18 nM). Fragments were phosphor-imaged and quantitated following transfer and indirect labeling with a probe to the T7
promoter. Arrows denote the 3.8 kb full-length plasmid, and the 2.5 kb Pvull product. (C) Quantitation of products of excision of transcribed, nicked
PTELN (diamonds), transcribed, pTELN (squares), nicked pTELN (triangles) and supercoiled pTELN (open circles) by 0, 1.2, 2.4 and 3.6 nM hEXO1 (left)
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doi:10.1371/journal.pone.0008908.g006

telomeric lagging strands that occurs in the absence of FEN1, and
the inability of Exol overexpression to rescue this instability in S.
cerevisiae [6-8]. In human cells, telomere lagging strand instability
is observed in the absence of FEN1 [8], and also in the absence of
the RecQ family helicase, WRN [32]. WRN has robust G4 DNA
unwinding activity [23], and interacts with and stimulates FEN1
[34,51,52]. Like most RecQ family helicases, WRN contains a

@ PLoS ONE | www.plosone.org

high affinity G4 DNA binding domain, the RQC domain [53],
which could promote FENI recognition of G4 DNA i vivo.
Alternatively, FEN1 may itself specifically recognize G4 structures,
a possibility supported both by the robust activity of hFENT on 5’
flaps containing G4 DNA, and by the ability of a G4 3’ tail, but
not a polyA tail or blunt end, to stimulate hFEN1 exonucleolytic
activity.
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FEN1 and EXO1 Activities at Telomeric G4 DNA Tails

Both hEXO1 and hFENT1 were able to excise substrates bearing
3" telomeric tails, which resemble uncapped telomeres. This
activity could expose the C-rich strand for recombination, or
remove the G-rich tail and thereby destabilize the telomere.
Stabilization of telomeres that occurs upon ablation of Exol in
telomerase-deficient mice [54] may be one manifestation of this
activity.

hFENT and hEXO1 were also very active at the 5’ end of the
strand opposite a telomeric tail, where hFENT1 in particular was
stimulated by G4 DNA. In vivo, excision from this end could lead
to an increase in the length of a 3’ telomeric tail, at the expense of
duplex DNA. The roles of FEN1 and EXOI in telomerase-
deficient cells have been ascribed to functions in recombination,
including exposing single-stranded DNA or resolving structures
produced by branch migration. Our results identify another
possible function, in exposing G-rich regions for 3’ tail formation.

Telomere Transcription May Enable EXO1 to Create
Substrates for Recombination

In vivo, telomeres are transcribed from promoters in subtelo-
meric regions [49,55]. Transcription of G-rich telomeric sequenc-
es results in formation of characteristic G-loop structures, which
contain a stable RNA/DNA hybrid on the C-rich template strand
and G4 DNA interspersed with single-stranded regions on the G-
rich strand [43]. hEXO1 (but not hFEN1) excised telomeric G-
loops, in a reaction that parallels excision of G-loops formed
within transcribed Ig switch regions [42]. While the function of
telomeric transcription is not yet understood, it has been shown to
be more active in cells that lack telomerase and depend upon
recombination for telomere maintenance [56]. Our results suggest
that one function of telomere transcription may be to promote
formation of recombinogenic structures that are substrates for
EXOI. Because telomere transcription initiates in subtelomeric
regions, promoter-proximal sequences will be enriched among
these substrates, conferring the potential to transfer long regions of
sequence to the recipient telomere.

G4 DNA as a Target of FEN1 and EXO1

The results documented here show that both FEN1 and EXO1
must be included on the growing list of critical DNA maintenance
and repair factors that are active at G4 DNA. This list also
includes BLM, WRN, Sgsl and related RecQ family helicases
[21,22,24,32,57,58]; and XPD-family helicases such as FANC],
RTELIL, DOG-1 and Srs2 [26-29]. hFEN1 and hEXO1 activities
were stimulated by both telomeric and nontelomeric sequences, so
both enzymes could act upon G4 DNA that formed outside the
telomeric regions. This may explain why G-rich ribosomal DNA
repeats [59] and the G-rich minisatellites CEB1 and MS32 [60,61]
are unstable in S. cerevisiae rad27 strains which lack the FENI
homolog. The evidence that robust activity of hFEN1 was evident
on structures on which hEXO1 exhibited limited or no activity
suggests that EXO1 might not be able to compensate for FENI to
maintain stability of genomic regions with high potential for G4
DNA formation.

The G4 DNA signature motif, and consequently potential for
G4 DNA formation, is unevenly distributed and also selected in
the human genome, characterizing not just specialized domains
like the telomeres, ribosomal DNA and Ig switch regions, but also
promoters and specific functional classes of genes [62-64]. The
ability of G4 structures to stimulate FEN1 and EXO1 not only
identifies these enzymes as key to stability of regions bearing the
G4 motif, but also raises the further possibility that the G4 motif
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may confer special localized properties in replication or recom-
bination.

Materials and Methods

DNA Substrates

Oligonucleotides were 5’ end-labeled with Y**P-dATP using T4
polynucleotide kinase (NEB) or 3’-labeled by filling with Exo™
Klenow polymerase (NEB); and free nucleotides removed using a
G50 spin column (GE). Synthetic oligonucleotide substrates
(below) were generated by heating oligonucleotides at equimolar
concentrations at 90°C in TE containing 40 mM KCI (which
promotes G4 DNA formation), followed by slow cooling and
overnight incubation at room temperature. Annealed substrates
were resolved on an 8% nondenaturing polyacrylamide gel
containing 10 mM KCI, eluted, and stored in TE containing
10 mM KCIl Formation of G4 structures was confirmed by
analysis of labeled substrates on native gels containing 10 mM
KCl, where more than 90% of the label migrated with retarded
mobility, diagnostic of G4 DNA (Figure S1).

Substrates bearing a 5’ telomeric or nontelomeric G4 flap
were generated by annealing either 5'-labeled 5'-(TTAGGG),AT-
CATGGCTTGCGATACTTTCCCCGTCTAGTCGCTA-3' or
5'- CCTGGGCTAGGGATCGGGACCGGGATCATGGCTT-
GCGATACTTTCCCCGTCTAGTCGCTA-3" respectively, to
5'-TAGCGACTAGACGGGGAAAGCCGAATTTCTAGAAT-
CGAAAGCTTGCTAGCAATTCGGCGA-3" and 5-TCGCC-
GAATTGCTAGCAAGCTTTCGATTCTAGAAATTCGG-3'.
Substrates bearing a 3’ unstructured flap were generated by
annealing the latter two oligonucleotides to 5’ end-labeled 5'-
ATCATGGCTTGCGATACTTTCCCCGTCTAGTCGCTA-3'.
Substrates bearing a 3" G4 telomeric, polyA or nontelomeric tail
were generated by annealing the latter two oligonucleotides to
5"-ATCATGGCTTGCGATACTTTCCCCGTCTAGTCGCT-
A(TTAGGG)4-3", 5-ATCATGGCTTGCGATACTTTCCCC-
GTCTAGTCGCTA(A)4-3" or 5'-ATCATGGCTTGCGATA-
CTTTCCCCGTCTAGTCGCTACCTGGGCTAGGGATCG-
GGACCGGG-3', respectively.

Blunt-ended substrates bearing an internal nick were generated
by annealing 5'-GTAGAGGATCTAAAAGACTT-3" and 5’
end-labeled 5'-CGTCCGAAAGTTGCTGAACT-3" to 5'-
AGTTCAGCAACTTTCGGACGAAGTCTTTTAGATCCTC-
TAC-3'. Substrates bearing an internal nick on the same strand
as a telomeric or polyA tail were generated by annealing 5'-
TAGCGACTAGACGGGGAAAGTATCGCAAGCCATGAT-3’
to 5'- ATCATGGCTTGCGATACT-3" and 5’ end-labeled 5'-
TTCCCCGTCTAGTCGCTA(TTAGGG)4-3" or 5 -TTCCCC-
GTCTAGTCGCT(A)94-3", respectively.

Substrates for assaying excision from the 5" end opposite a 3’
telomeric or polyA tail or blunt end were generated by annealing 5'-
GAGGTCACTCCAGTGAATTCGAG-3" to 5'-GGAAAGTCA-
CGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGAC-
CTC(TTAGGG),-3', 5-GGAAAGTCACGACCTAGACACTG-
CGAGCTCGAATTCACTGGAGTGACCTC(A)4-3", or 5'-GG-
AAAGTCACGACCTAGACACTGCGAGCTCGAATTCACT-
GGAGTGACCTC-3', respectively; 3'-labeling by filling with
0-?P-dCTP and 0.33 mM cold dTTP; and annealing 5'-GC-
AGTGTCTAGGTCGTGACTTT-3".

Substrates for assaying excision from a nick on the strand opposite a
3’ telomeric tail, polyA tail or blunt end were generated by annealing
5-GCAGTGTCTAGGTCGTGACTTT-3" to 5'-GGAAAGTCA-
CGACCTAGACACTGCGAGCTCGAATTCACTGGAGTGACC-
TC(TTAGGG)-3', 5'-GGAAAGTCACGACCTAGACACTGCG-
AGCTCGAATTCACTGGAGTGACCTC(A)p4-3", or 5'-GGAA-
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AGTCACGACCTAGACACTGCGAGCTCGAATTCACTGGAG-
TGACCTC-3', respectively; labeling the 3’ end with o-**P-dCTP; and
annealing 5'-GAGGTCACTCCAGTGAATTCGAG-3'.

Plasmid substrate pTELN consists of 800 bp of telomere repeat
cloned into the Xbal and BamHI sites of pBluescript (KS+),
downstream of the T7 promoter [43]. Quikchange mutagenesis
(Stratagene) generated an Nb.BbvC1 nickase site 131 bp upstream
of the promoter and 101 bp from one of two Pvull sites. Pvull
cleavage of intact 3.8 kb pTelN produces two fragments, 2.5 kb
and 1.3 kb in length. Exonucleolytic digestion from the 5'-nick
destroys the promoter-proximal Pvull site, so the fraction of 3.8 kb
molecules produced upon Pvull digestion provides a measure of
exonucleolytic activity [42].

Enzymes and Enzyme Assays

hEXO1 was expressed from a baculovirus vector in sf9 insect
cells and purified as described [42], and hFENI was obtained
commercially (Trevigen). Activity assays were carried out in 20 pl
containing indicated amounts of enzyme and 5 nM DNA
substrate; in 30 mM HEPES, pH 7.6, 40 mM KCI, 8 mM
MgCly, 0.1 mg/ml BSA and 1 mM DTT for hEXOI, in
manufacturer’s buffer supplemented with 40 mM KCI to maintain
stability of G4 structures. Products of digestion of labeled synthetic
oligonucleotides were denatured by heating at 95°C for 10 min in
0.5 volume of 95% formamide/20 mM EDTA at pH 8.0, and a
5 ul aliquot resolved by denaturing gel electrophoresis on 8 M
urea, 12% or 20% (for exonuclease assays) polyacrylamide gels.
Products of digestion of plasmid substrates were resolved by native
agarose gel electrophoresis and quantified by indirect end-labeling
after transfer to a nylon membrane and hybridization to a labeled
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Supporting Information

Figure S1 Structure formation by substrates. (A) Substrates
diagrammed on left were analyzed by electrophoresis on a native
gel containing 10 mM KCI. Substrates were 3" end-labeled either
opposite the tail or at the nick; asterisk denotes end-label.
Retarded mobility on a native gel containing 10 mM KCI is
diagnostic of G4 DNA formation by substrates b and e (arrow). (B)
Substrates diagrammed on left (asterisk denotes 5'-end-label) were
gel purified, and structure formation confirmed by electrophoresis
on a native gel containing 10 mM KCI. Substrates bearing an
unstructured 5'-flap (a) migrated more rapidly than substrates
containing telomeric G4 DNA 5" flap (b) or 3’ tail (c). These
substrates (indicated by arrows) were used for subsequent assays.
Found at: doi:10.1371/journal.pone.0008908.s001 (0.12 MB
PDF)

Acknowledgments

We thank members of the Maizels laboratory for thoughtful discussions.

Author Contributions

Conceived and designed the experiments: AV NM. Performed the
experiments: AV. Analyzed the data: AV NM. Contributed reagents/
materials/analysis tools: AV NM. Wrote the paper: AV NM.

17. Tishkoff DX, Amin NS, Viars CS, Arden KC, Kolodner RD (1998)
Identification of a human gene encoding a homologue of Saccharomyces cerevisiae
EXOI, an exonuclease implicated in mismatch repair and recombination.
Cancer Res 58: 5027-5031.

18. Sun X, Thrower D, Qiu J, Wu P, Zheng L, et al. (2003) Complementary
functions of the Saccharomyces cerevisiae Rad2 family nucleases in Okazaki fragment
maturation, mutation avoidance, and chromosome stability. DNA Repair 2:
925-940.

19. Maizels N (2006) Dynamic roles for G4 DNA in the biology of eukaryotic cells.
Nat Struct Mol Biol 13: 1055-1059.

20. Phan AT, Kuryavyi V, Patel DJ (2006) DNA architecture: from G to Z. Curr
Opin Struct Biol 16: 288-298.

21. Sun H, Karow JK, Hickson ID, Maizels N (1998) The Bloom’s syndrome
helicase unwinds G4 DNA. J Biol Chem 273: 27587-27592.

22. Sun H, Bennett RJ, Maizels N (1999) The Saccharomyces cerevisiae Sgs1 helicase
efficiently unwinds G-G paired DNAs. Nucleic Acids Res 27: 1978-1984.

23. Mohaghegh P, Karow JK, Brosh RM Jr, Bohr VA, Hickson ID (2001) The
Bloom’s and Werner’s syndrome proteins are DNA structure-specific helicases.
Nucleic Acids Res 29: 2843-2849.

24. Huber MD, Lee DC, Maizels N (2002) G4 DNA unwinding by BLM and Sgs1p:
substrate specificity and substrate-specific inhibition. Nucleic Acids Res 30:
3954-3961.

25. Lee JY, Kozak M, Martin JD, Pennock E, Johnson FB (2007) Evidence that a
RecQ helicase slows senescence by resolving recombining telomeres. PLoS Biol
5: el60.

26. Ding H, Schertzer M, Wu X, Gertsenstein M, Selig S, et al. (2004) Regulation of
murine telomere length by Rfel: an essential gene encoding a helicase-like
protein. Cell 117: 873-886.

27. Wu Y, Shin-ya K, Brosh RM Jr (2008) FANC]J helicase defective in Fanconia
anemia and breast cancer unwinds G-quadruplex DNA to defend genomic
stability. Mol Cell Biol 28: 4116-4128.

28. London TB, Barber LJ, Mosedale G, Kelly GP, Balasubramanian S, et al. (2008)
FANC] is a structure-specific DNA helicase associated with the maintenance of
genomic G/C tracts. ] Biol Chem 283: 36132-36139.

29. Kruisselbrink E, Guryev V, Brouwer K, Pontier DB, Cuppen E, et al. (2008)
Mutagenic capacity of endogenous G4 DNA underlies genome instability in
FANC]J-defective C. elegans. Curr Biol 18: 900-905.

30. Barber L], Youds JL, Ward JD, Mcllwraith MJ, O’Neil NJ, et al. (2008) RTELI
maintains genomic stability by suppressing homologous recombination. Cell

135: 261-271.

January 2010 | Volume 5 | Issue 1 | 8908



31.

32.

36.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

Sfeir A, Kosiyatrakul ST, Hockemeyer D, MacRae SL, Karlseder J, et al. (2009)
Mammalian telomeres resemble fragile sites and require TRF1 for efficient
replication. Cell 138: 90-103.

Crabbe L, Verdun RE, Haggblom CI, Karlseder J (2004) Defective telomere
lagging strand synthesis in cells lacking WRN helicase activity. Science 306:
1951-1953.

. Dejardin J, Kingston RE (2009) Purification of proteins associated with specific

genomic loci. Cell 136: 175-186.

. Brosh RM Jr, von Kobbe C, Sommers JA, Karmakar P, Opresko PL, et al.

(2001) Werner syndrome protein interacts with human flap endonuclease 1 and
stimulates its cleavage activity. EMBO J 20: 5791-5801.

Sharma S, Sommers JA, Driscoll HC, Uzdilla L, Wilson TM, et al. (2003) The
exonucleolytic and endonucleolytic cleavage activities of human exonuclease 1
are stimulated by an interaction with the carboxyl-terminal region of the Werner
syndrome protein. J Biol Chem 278: 23487-23496.

Wang W, Bambara RA (2005) Human Bloom protein stimulates flap
endonuclease 1 activity by resolving DNA secondary structure. J Biol Chem
280: 5391-5399.

. Gravel S, Chapman JR, Magill C, Jackson SP (2008) DNA helicases Sgs1 and

BLM promote DNA double-strand break resection. Genes Dev 22: 2767-2772.
Nimonkar AV, Ozsoy AZ, Genschel J, Modrich P, Kowalczykowski SC (2008)
Human exonuclease 1 and BLM helicase interact to resect DNA and initiate
DNA repair. Proc Natl Acad Sci U S A 105: 16906-16911.

Maizels N (2005) Immunoglobulin gene diversification. Annu Rev Genet 39:
23-46.

Perlot T, Li G, Alt FW (2008) Antisense transcripts from immunoglobulin heavy-
chain locus V(D)J and switch regions. Proc Natl Acad Sci U S A 105:
3843-3848.

Bardwell PD, Woo CJ, Wei K, Li Z, Martin A, et al. (2004) Altered somatic
hypermutation and reduced class-switch recombination in exonuclease 1-mutant
mice. Nat Immunol 5: 224-229.

Vallur AC, Maizels N (2008) Activities of human exonuclease 1 that promote
cleavage of transcribed immunoglobulin switch regions. Proc Natl Acad Sci U S A
105: 16508-16512.

Duquette ML, Handa P, Vincent JA, Taylor AF, Maizels N (2004) Intracellular
transcription of G-rich DNAs induces formation of G-loops, novel structures
containing G4 DNA. Genes Dev 18: 1618-1629.

Barnes CJ, Wahl AF, Shen B, Park MS, Bambara RA (1996) Mechanism of
tracking and cleavage of adduct-damaged DNA substrates by the mammalian
5'- to 3"-exonuclease/endonuclease RAD2 homologue 1 or flap endonuclease 1.

J Biol Chem 271: 29624-29631.

. Henricksen LA, Tom S, Liu Y, Bambara RA (2000) Inhibition of flap

endonuclease 1 by flap secondary structure and relevance to repeat sequence
expansion. ] Biol Chem 275: 16420-16427.

Lee BI, Wilson DM 3rd (1999) The RAD2 domain of human exonuclease 1
exhibits 5" to 3" exonuclease and flap structure-specific endonuclease activities.
J Biol Chem 274: 37763-37769.

Friedrich-Heineken E, Henneke G, Ferrari E, Hubscher U (2003) The
acetylatable lysines of human FENI are important for endo- and exonuclease
activities. J Mol Biol 328: 73-84.

Azzalin CM, Reichenbach P, Khoriauli L, Giulotto E, Lingner J (2007)
Telomeric repeat containing RNA and RNA surveillance factors at mammalian
chromosome ends. Science 318: 798-801.

@ PLoS ONE | www.plosone.org

49.

50.

51.

52.

53.

54.

60.

61.

62.

63.

- Ng 1,

EXO1/FEN1 at Telomeric G4 DNA

Schoeftner S, Blasco MA (2008) Developmentally regulated transcription of
mammalian telomeres by DNA-dependent RNA polymerase II. Nat Cell Biol
10: 228-236.

Duquette ML, Huber MD, Maizels N (2007) G-rich proto-oncogenes are
targeted for genomic instability in B-cell lymphomas. Cancer Res 67:
2586-2594.

Sharma S, Otterlei M, Sommers JA, Driscoll HC, Dianov GL, et al. (2004)
WRN helicase and FEN-1 form a complex upon replication arrest and together
process branchmigrating DNA structures associated with the replication fork.
Mol Biol Cell 15: 734-750.

Sharma S, Sommers JA, Wu L, Bohr VA, Hickson ID, et al. (2004) Stimulation
of flap endonuclease-1 by the Bloom’s syndrome protein. J Biol Chem 279:
9847-9856.

Huber MD, Duquette ML, Shiels JC, Maizels N (2006) A conserved G4 DNA
binding domain in RecQ) family helicases. J Mol Biol 358: 1071-1080.
Schaetzlein S, Kodandaramireddy NR, Ju Z, Lechel A, Stepczynska A, et al.
(2007) Exonuclease-1 deletion impairs DNA damage signaling and prolongs
lifespan of telomere-dysfunctional mice. Cell 130: 863-877.

. Luke B, Lingner J (2009) TERRA: telomeric repeat-containing RNA. EMBO J

28: 2503-2510.

oropley JE, Pickett HA, Reddel RR, Suter CM (2009) Telomerase
activity is associated with an increase in DNA methylation at the proximal
subtelomere and a reduction in telomeric transcription. Nucleic Acids Res 37:
1152-1159.

. Fry M, Loeb LA (1999) Human Werner syndrome DNA helicase unwinds

tetrahelical structures of the fragile X syndrome repeat sequence d(CGG)n. J Biol
Chem 274: 12797-12802.

. Huang P, Pryde FE, Lester D, Maddison RL, Borts RH, et al. (2001) Sgsl is

required for telomere elongation in the absence of telomerase. Curr Biol 11:
125-129.

Guo Z, Qian L, Liu R, Dai H, Zhou M, et al. (2008) Nucleolar localization and
dynamic roles of flap endonuclease 1 in ribosomal DNA replication and damage
repair. Mol Cell Biol 28: 4310-4319.

Lopes J, Debrauwere H, Buard J, Nicolas A (2002) Instability of the human
minisatellite CEB1 in 7ad274 and dna2-1 replication-deficient yeast cells.
EMBO J 21: 3201-3211.

Maleki S, Cederberg H, Rannug U (2002) The human minisatellites MSI,
MS32, MS205 and CEBI integrated into the yeast genome exhibit different
degrees of mitotic instability but are all stabilised by RAD27. Curr Genet 41:
333-341.

Huppert JL, Balasubramanian S (2005) Prevalence of quadruplexes in the
human genome. Nucleic Acids Res 33: 2908-2916.

Eddy J, Maizels N (2008) Conserved elements with potential to form
polymorphic G-quadruplex structures in the first intron of human genes.

Nucleic Acids Res 36: 1321-1333.

. Eddy J, Maizels N (2006) Gene function correlates with potential for G4 DNA

formation in the human genome. Nucleic Acids Res 34: 3887-3896.

. Frank G, Qiu J, Zheng L, Shen B (2001) Stimulation of eukaryotic flap

endonuclease-1 activities by proliferating cell nuclear antigen (PCNA) is
independent of its in vitro interaction via a consensus PCNA binding region.

J Biol Chem 276: 36295-36302.

January 2010 | Volume 5 | Issue 1 | 8908



