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Activity of FEN1 Endonuclease on Nucleosome Substrates Is
Dependent upon DNA Sequence but Not Flap Orientation™
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We demonstrated previously that human FEN1 endonu-
clease, an enzyme involved in excising single-stranded DNA
flaps that arise during Okazaki fragment processing and base
excision repair, cleaves model flap substrates assembled into
nucleosomes. Here we explore the effect of flap orientation with
respect to the surface of the histone octamer on nucleosome
structure and FEN1 activity in vitro. We find that orienting the
flap substrate toward the histone octamer does not significantly
alter the rotational orientation of two different nucleosome
positioning sequences on the surface of the histone octamer but
does cause minor perturbation of nucleosome structure. Sur-
prisingly, flaps oriented toward the nucleosome surface are
accessible to FEN1 cleavage in nucleosomes containing the
Xenopus 5S positioning sequence. In contrast, neither flaps ori-
ented toward nor away from the nucleosome surface are cleaved
by the enzyme in nucleosomes containing the high-affinity 601
nucleosome positioning sequence. The data are consistent with
a model in which sequence-dependent motility of DNA on the
nucleosome is a major determinant of FEN1 activity. The impli-
cations of these findings for the activity of FEN1 in vivo are
discussed.

Flap endonuclease 1 (FEN1)? plays critical roles in both DNA
replication and repair. During processing of Okazaki frag-
ments, FEN1 specifically recognizes a 5'-unannealed flap
formed by the displacement synthesis activity of DNA poly-
merase 8. FEN1 binds and cleaves the phosphodiester backbone
at the base of the flap, leaving a ligatable nick (1, 2). The signif-
icant role of FEN1 in DNA synthesis is highlighted by genetic
studies demonstrating that RNase H is not essential for elimi-
nating the RNA initiator (3) and that homozygous deletion of
FENT1 results in a complete inactivation of DNA synthesis in
mouse blastocysts (4).

FENI is also involved in the penultimate step of a long patch
base excision repair pathway where the enzyme removes a flap
containing the damaged base that was generated by DNA
polymerase 3 displacement synthesis. [n vivo studies have
shown that deletion of both copies of the FEN1 gene results in
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hypersensitivity of cells to methylating agents and hydrogen
peroxide (5), and a FENI null mutation has been found to
render Saccharomyces cerevisiae and Schizosaccharomyces
pombe sensitive to UV radiation (2). Further, mice with FEN1
haploinsufficiency show a mild predisposition phenotype
which, in combination with a mutation in the adenomatous
polyposis coli (Apc) gene, leads to rapid tumor progression and
genomic instability. In addition, deletion of both copies of the
FENI1 gene results in early embryonic lethality (6). Finally, blas-
tocysts with both copies of the FEN1 gene deleted and exposed
to y radiation have been observed to undergo extensive apo-
ptosis (4), likely because of the essential role of FENI1 in the
repair of radiation-induced DNA damage in vivo.

A number of in vitro studies have addressed the kinetics and
mechanism of FEN1 activity on DNA substrates. FEN1 specif-
ically recognizes single-stranded flaps emanating from double-
stranded replication and repair intermediates. Cleavage of the
flap has been proposed to require threading of the single-
stranded flap through a clamp-like structure in the protein (7,
8) because FEN1 is unable to cleave flaps containing a region of
double-stranded DNA (9) or flaps tagged with biotin/streptavi-
din (8). A model whereby FEN1 threads the flap strand from its
5’ end is further supported from the crystal structure of Pyro-
coccus furiosus FEN1, which contains a clamp-like structure (7).
FENI1 cleavage occurs primarily one nucleotide past the base of
the 5’ flap structure and involves a one-nucleotide 3’ flap, leav-
ing behind a simple nick that can be converted to a continuous
strand by DNA ligase (10). Cleavage results in the release of
intact 5 flaps, ruling out an exonucleolytic mechanism
whereby the enzyme digests the flap one nucleotide at a time
from the 5'end until it reaches the junction (11).

While the activity of FEN1 on naked DNA substrates has
been thoroughly investigated, much less is known regarding the
details of how FEN1 processes chromatin substrates. Eukary-
otic DNA is present as chromatin and gets replicated in con-
junction with the DNA during S-phase. Indeed, evidence sug-
gests that at least some immature Okazaki fragments are
already associated with histones immediately after passage of
the replication fork (12). Clearly, histone-DNA interactions
pose a challenge for the enzymes involved in replication and
repair. It has been shown that the enzymes involved in nucleo-
tide excision repair, which results in replacement of a 25- to
30-nt stretch of DNA on the damaged strand, require ATP-de-
pendent chromatin remodeling activities to gain access to the
underlying DNA substrate (13, 14). However, base excision
repair targets base damage that causes relatively small distor-
tions in helical structure and results in replacement of only one
(small patch) or two to 11 (large patch) nucleotide regions (15).
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Thus it is possible that the enzymes involved in this pathway do
not always depend upon the ATP-dependent remodeling
machinery to carry out their repair functions. Indeed, studies
indicate that numerous DNA glycosylases and AP endonu-
clease 1 can efficiently process their targets when buried within
nucleosomes (16-21). Likewise, DNA ligase I and FEN1 can
cleave flap substrates assembled into nucleosomes, where a
5-nucleotide non-complementary flap was placed near the
dyad and oriented away from the histone octamer (22, 23).
The robust activity of FEN1 previously detected on nucleo-
some substrates suggests that cleavage occurs without signifi-
cant disruption of histone-DNA interactions (23). However, in
this work, the flap was oriented maximally away from the core
histone surface. In this study, we tested whether rotational ori-
entation or DNA sequence affect FEN1 activity toward flaps in
nucleosomes. We find that human FEN1 can recognize and
efficiently process flaps oriented toward the histone octamer in
nucleosomes reconstituted with the Xenopus 5 S rtDNA nucleo-
some positioning element and that such flaps cause minor
structural perturbations, which may facilitate access of the flap
to FENI1 in these nucleosomes. However, flaps within nucleo-
somes containing the high-affinity 601 DNA sequence were
completely resistant to FEN1 cleavage regardless of orientation.
Thus, our data suggest that flaps within such high-affinity
nucleosome binding sequences will require ATP-dependent
remodeling activity for completion of base excision repair.

EXPERIMENTAL PROCEDURES

DNA Substrate Construction—Flap-containing FEN1 sub-
strates were constructed using synthetic DNA sequences,
including the nucleosome positioning elements derived from a
Xenopus borealis somatic-type 5S ribosomal gene (23) and the
601 sequence (24). PAGE-purified oligonucleotides (purchased
from IDT Corp., Coralville, IA) were annealed to form DNA
substrates as described (23). Briefly, for both “flap-in” and “flap-
out” 5 S templates (Fig. 14), a 154-nt bottom strand was pre-
pared by phosphorylating an 80-nt oligo (80-mer) with ATP
and T4 polynucleotide kinase (Promega) and ligating to a 74-nt
oligo (74-mer) after annealing both to a 40-nt splicer (Fig. 1A
and supplemental Fig. S1). The resulting 154-nt product was
gel-purified (23). For the flap-out substrates, a 57-mer was 5’
end-labeled with [y-**P]ATP and polynucleotide kinase as
described (23). The labeled 57-mer was ligated to a 35-mer after
annealing to a 40-nt splint. The resulting 92-mer was PAGE-
purified and annealed with a 66-mer and the 154-nt bottom
strand to generate the double-stranded flap-out substrate. The
final product was purified by native 5% polyacrylamide gel elec-
trophoresis (1X Tris borate-EDTA). The 5 S flap-in substrate
was constructed by ligating the labeled 57-mer with a 41-mer
after annealing to a 40-nt splint (Fig. 14 and supplemental Fig.
S1). The resulting 97-mer was PAGE-purified and annealed
with a 61-mer and the 154-nt bottom strand. The final product
was PAGE-purified as described above (Fig. 14 and supplemen-
tal Fig. S1). A fraction of the flap-out and flap-in naked DNA
substrates were treated with EcoRV to cleave 44 base pairs off
the downstream end to be used as an internal naked DNA con-
trol in the FEN1 reactions with nucleosomes. Substrates pre-
pared for structural probing experiments were 5’ end-labeled
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with [y->*P]ATP and polynucleotide kinase as indicated in the
figure legends.

Flap substrates based on the 601 nucleosome positioning ele-
ment were constructed in a similar manner. A 151-nt bottom
strand was formed by ligating a 70-mer and an 81-mer after
annealing to a 40-nt splint (Fig. 7A and supplemental Fig. S2).
The flap-out substrate was formed by ligating a labeled 39-mer
and a 42-mer followed by annealing with a 76-mer and the
bottom strand 151-mer. The flap-in substrate was in turn con-
structed by ligating the labeled 39-mer with a 48-mer followed
by annealing with a 70-mer and the bottom strand 151-mer. A
fraction of the flap-out and flap-in 601 substrates were treated
with Mspl to construct a shorter naked DNA substrate to be
used as the control in FEN1 reactions.

Nucleosome Reconstitution—The four core histones (Xeno-
pus) were expressed in Escherichia coli and purified as de-
scribed (23). Equimolar amounts of the core histones were
mixed with annealed flap substrates (~2 X 10° cpm) and 5 ug of
calf thymus DNA in 1X TE (10 mm Tris-HCI, pH 8.0, 1 mm
EDTA) containing 2 M NaCl in 200 ul total volume. The nucleo-
somes were reconstituted using salt gradient dialysis and were
purified using sucrose gradient fractionation as described (21).

Hydroxyl Radical Footprinting—For footprinting studies,
substrates radiolabeled at the 5’ ends of the bottom or top
strands were reconstituted and sucrose gradient purified.
Sucrose was removed by spin column microfiltration (Milli-
pore, YM-5 unit) with five 400-ul (1 X TE) washes. Naked DNA
and purified nucleosomes in TE were then treated with
hydroxyl radicals as described (23). The DNA was recovered
by ethanol precipitation and analyzed by 6% denaturing poly-
acrylamide sequencing gel electrophoresis. The gels were dried
and analyzed by phosphorimagery. Alternatively, flap-out and
flap-in nucleosomes were treated with hydroxyl radicals
directly after reconstitution, followed by the separation of
naked DNA and nucleosome components on preparative 0.7%
agarose gels (0.5X Tris borate-EDTA). DNA was isolated from
each band, and cleavage patterns were analyzed on sequencing
gels as described above.

FENI1 Cleavage Reactions—Purified human FEN1 was a kind
gift from Dr. Bob Bambara. Approximately 15 pmol (15,000
cpm) of sucrose gradient-purified nucleosome and truncated
naked DNA substrates were treated with 1 pmol of FENT (1 ul)
and 20 ul of aliquots removed at the times indicated in the
figure legends. Aliquots were treated with 10X stop buffer (120
mm EDTA, 1.2% w/v SDS) and analyzed as described (23). In an
alternative method, 100 fmol of reconstituted nucleosome sub-
strates (without sucrose gradient purification) were treated
with 2 pmol FEN1 for 10 min, 10 ul of stop buffer lacking SDS
was added, and the nucleosome and naked DNA fractions
were separated on preparative 0.7% agarose nucleoprotein
gels (0.5X Tris borate-EDTA). The DNA was isolated from
respective bands, and cleavage was analyzed on a sequencing
gel as described above.

Cross-linking Reactions—H2A A45C/H2B dimers were pre-
pared and subsequently modified with the cross-linking agent,
4-azidophenacyl bromide (APB) as described (25). Nucleo-
somes were reconstituted as described above with modified and
unmodified dimers, irradiated at 365 nm for 40 s, and the cross-
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linked DNA was separated from non-cross-linked on 6% SDS-
polyacrylamide gels (25). DNA purified from the polyacryl-
amide gel was treated with piperidine, precipitated, and loaded
onto 6% denaturing polyacrylamide gel to determine sites of
cross-linking within the DNA.

Exonuclease III Assays—Sucrose gradient-purified flap-out
and flap-in nucleosomes and naked DNA were treated with 1 ul
of ExollI (100 units, New England Biolabs). Aliquots were col-
lected at 2, 5, and 10 min and the reactions stopped by addition
of 1/10th volume of stop buffer (120 mm EDTA, 1.2% w/v SDS).
The DNA was precipitated by standard methods, and cleavage
products were analyzed by sequencing gel electrophoresis as
described above.

RESULTS

In previous work, we demonstrated that human FEN1 can
efficiently cleave a conventional DNA flap substrate when
assembled into a nucleosome and oriented away from the core
histone octamer, based on the preferred rotational positioning
of the DNA sequence (22, 23). To test whether DNA fragments
containing a flap oriented in a direction opposite to the pre-
dicted rotational orientation of the DNA can be assembled into
canonical nucleosomes and, if so, whether such structures are
accessible to FEN1, we constructed DNA templates for nucleo-
some reconstitution based on the well characterized Xenopus
5S nucleosome positioning sequence (26, 27). These contained
a double-flap configuration, with a complementary 1-nt 3’ flap
and a non-complementary 5-nt 5’ flap, likely to be the physio-
logically substrate of FEN1 (10). Although flaps generated dur-
ing replication and repair in vivo would have a sequence com-
plementary to the underlying DNA template, we employed a
non-complementary 5’ flap to prevent formation of alternative
structures (10).

Nucleosomes were reconstituted in which the flap was pre-
dicted to be oriented away (flap-out) or toward (flap-in) the
histone octamer, based on the known rotational preference of 5
S DNA (see Fig. 1A4) (27, 28). Flap-containing nucleosomes
and non-flap controls exhibited similar patterns of migration
through agarose nucleoprotein gels, suggesting that the pres-
ence of the flaps had little or no effect on the overall structure or
integrity of the nucleosome (Fig. 1B). In addition, the fraction of
the radio-labeled DNA fragments assembled into nucleosomes
when reconstituted with an excess of unlabeled competitor
DNA fragments indicates that the histone octamer binds with
similar affinity, regardless of presence of the flap or the pre-
dicted orientation with respect to the histone surface. The
homogeneity of the nucleosomes assembled with flap-out and
flap-in substrates was further examined by running samples on
non-denaturing polyacrylamide gels, which separate nucleo-
somes based on translational position (Fig. 1C). We find that
irrespective of the orientation of the flap, nucleosomes migrate
as distinct bands, indicative of a single or set of closely related
translational position(s). Each reconstituted fraction has some
residual naked DNA that migrates slightly differently, depend-
ing on the orientation of the flap. However, the nucleosomes
exhibit nearly identical electrophoretic migration rates, sug-
gesting very similar conformations and translational positions
regardless of the presence or position of the flap. Finally, both

MAY 20, 2011 +VOLUME 286+-NUMBER 20

FEN1 Cleavage of Nucleosomal Flap Substrates

A
I EcoRV
Flap-out

154 7

-15 0
1
1
apin 754
1
B DNA Con FO FI D fractions
i ... D L4567 89101
Free
S FO
1 2 3 4 -
nuc
C Bot  _Top
FO FI FO FI
Fl
Nuc — Nuc— - nuc
Free_ ' ‘
DNA DNA—

1 2 3 4 5

FIGURE 1. Flap-out and flap-in nucleosome substrates. A, schematic of
DNA oligonucleotides used to assemble the 154-bp flap-out and flap-in sub-
strates. Substrates are based on the Xenopus 5S nucleosome positioning ele-
ment. The length of the ligated oligos used to anneal each template are indi-
cated in jtalics. The location of the flap, the EcoRV cleavage site, and predicted
orientation of the flaps (right) are indicated. B, nucleosomes reconstituted on
control (Con, no flap), flap-out (FO), and flap-in (F/) substrates were run on a
0.7% agarose nucleoprotein gel along with a 154-bp naked DNA control
(DNA). C, flap-out and flap-in substrates labeled on either the top (flap) or
bottom strands were run on a 5% polyacrylamide nucleoprotein gel.
D, nucleosomes reconstituted on flap-out and flap-in templates were sepa-
rated over sucrose gradients, and fractions were analyzed on 0.7% agarose
nucleoprotein gels. Autoradiographs of the dried gels are shown.

flap-in and flap-out nucleosomes sediment at equivalent rates
through sucrose gradients, consistent with the native gel anal-
yses (Fig. 1D).

We further characterized the structure of the 154-bp flap-in
and flap-out nucleosomes using hydroxyl radical cleavage.
Hydroxyl radical footprinting provides high-resolution infor-
mation regarding the interaction of the DNA backbone with
the core histone octamer surface and thus should report on any
change in the rotational positioning of the DNA or alteration of
nucleosome structure caused by the differing flap orientations.
Flap-containing nucleosomes in which the bottom and top
strands were individually radio-labeled at their 5’ ends were
sucrose gradient-purified (Fig. 1D) and subjected to hydroxyl
radical cleavage after removal of the sucrose. We find that
patterns for the bottom strands from the flap-out and flap-in
nucleosomes were nearly identical (Fig. 24). Although the
naked templates exhibited a fairly even cleavage profile
throughout (Fig. 24, lanes 3 and 5), the reconstituted templates
exhibited the characteristic wave-like pattern (lanes 7 and 9)
because of the alternate association of the phosphodiester
backbone of the DNA helix with the surface of the core histone
octamer (27, 28). Similar results were obtained when the top
strands were radio-labeled at the 5" end of the flap strand (Fig.
2B). Note that the patterns for flap-out and flap-in constructs
are offset by 6 bp on these gels because of the different lengths
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FIGURE 2. Hydroxyl radical cleavage analysis of flap-out and flap-in 5S nucleosomes. Flap-out (FO) and flap-in (F/) naked DNA and reconstituted nucleo-
somes were subjected to hydroxyl radical cleavage and the products analyzed by sequencing gel electrophoresis and phosphorimagery. A, cleavage pattern
of the bottom strand of flap-out and flap-in substrates. The location of the label in each 154-bp substrate is indicated by the asterisk in the schematic at the top.
Lane 1, G-rxn marker. Lanes 2-5 show naked FO (lanes 2 and 3) and Fl (lanes 4 and 5) substrates either mock-treated (lanes 2 and 4) or digested with hydroxyl
radicals (lanes 3 and 5), as indicated. Lanes 6 -9 show nucleosomes containing FO (lanes 6 and 7) or Fl (lanes 8 and 9) substrates either mock-treated (lanes 6 and
8) or digested with hydroxyl radicals (lanes 7 and 9), as indicated. Numbers and arrows indicate positions of cleavage peaks from nucleosome dyad at position
0. The positions of the flaps and dyad axis are indicated beside the gel. B, cleavage pattern of the top (flap) strand. As in A, except that the label is located at the
5’ end of the top strand (see schematics at top). Single arrows within the gel correspond to those shown on side but are displaced because of the gel slant and

indicate peaks in cleavage as in A. Note that Fl peaks are shifted 5 bp further up on the gel because of the location of the flap.

of these constructs (see Fig. 2B, top). These results indicate that
the orientation of the flap did not alter the general rotational
positioning of the DNA with respect to the histone octamer. An
identical result was obtained when nucleosomes were first sub-
jected to hydroxyl radical cleavage and then separated from any
non-nucleosomal components on a preparative agarose gel
before sequencing gel analysis (data not shown).

Interestingly, however, close inspection of the hydroxyl rad-
ical cleavage patterns reveals subtle differences between the
flap-in and flap-out nucleosome. On the “bottom” strand,
the flap-in substrate exhibits more cleavage in regions where
the DNA backbone is presumably in contact with the histone
proteins compared with the flap-out substrate, especially in
regions close to the flap (Fig. 24, small vertical lines). These
differences can also be observed in scans of lanes 7 and 9 in Fig.
2A (supplemental Fig. S34). This may be due to DNA exhibiting
greater motility within the flap-in nucleosomes compared with
the flap-out nucleosomes. Likewise, when the radioactive label
is placed at the 5" end of the top (flap) strand, a similar effect is
observed (Fig. 2B, top and supplemental Fig. S3B), again sug-
gesting that accommodation of the flap oriented toward the
histone octamer increases conformational homogeneity or
motility of the DNA on the histone surface. These results sug-
gest that although on average the rotational orientation of the
DNA is maintained in the presence of the inward-facing flap,
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the presence of this flap does cause some increased motility or
conformational excursions of the DNA on the histone surface.

Exonuclease III (ExollI) progressively degrades one strand of
double-stranded DNA in a 3’ to 5’ fashion, with progress
restricted by histone-DNA interactions at the edge of the
nucleosome core region (29). We therefore used ExollI to ana-
lyze the translational alignment of the upstream and down-
stream edges of the histone octamers within flap nucleosomes.
Although naked DNA is completely digested by Exolll, there is
a significant portion of both the flap-in and flap-out nucleo-
some substrates remaining after 10 min of digestion (Fig. 3 and
results not shown). Comparison of ExollI digestion profiles of
nucleosomes reconstituted with the flap-in and flap-out sub-
strates reveals subtle differences, despite the fact that the dou-
ble-stranded DNA sequence is identical in both nucleosomes.
For example, digestion of flap-out nucleosomes results in
pauses in digestion corresponding to the downstream edge of
the core region, at +78, +70, +69, and +59 (label on the top
strand) and at the upstream edge at —63, —53, and —44 (label
on the bottom strand). However, with the flap-in nucleosomes,
the pause at +70 on the top strand is lost, whereas a new pause
at +48 is evident. Likewise, pauses on the bottom strand occur
at —73, —63, and —54. These data are consistent with a slight
difference in conformation or stability of DNA association at
the nucleosome edges between the flap-out and flap-in sub-
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strates, wherein the top strand is more weakly protected at the
downstream edge, consistent with the hydroxyl radical foot-
printing pattern. Moreover, the cleavage pattern suggests that
the edge of the flap-in nucleosome is shifted slightly further
upstream compared with that in the flap-out nucleosome.
The 154-bp templates used above provide only a few bp of
dsDNA beyond that encompassed by the 147-bp nucleosome
core region, which greatly restricts the choice of translational
positions (25). To further investigate whether orientation of the
flap can affect nucleosome translational position, we prepared
templates that were extended ~60 bp on the downstream edge
of the 154-bp template to provide more opportunity for alter-
native translational positions, including positions in which the
flaps would be located outside of the nucleosome core region.
In addition, the extension of the templates increases the ability
to resolve alternative translational positions on non-denaturing
polyacrylamide gels. Flap-in and flap-out 215-bp templates
were prepared containing a radio label at the 5" end of the top
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FIGURE 3. Exolll analysis of flap-out and flap-in 154-bp 5 S nucleosome
substrates. Nucleosomes were purified and digested with Exolll as described
in the text, and cleavage products were analyzed by sequencing gels and
phosphorimagery. Shown are lanes corresponding to undigested and
digested samples for each 3’ end of the flap-out (FO, top) and flap-in (FI,
bottom) substrates. Numbers indicate the distance from the expected nucleo-
some dyad fixed at position 0.
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strand oligonucleotide (Fig. 44). Analysis on translational gels
revealed that nucleosomes on either template adopt closely
related translational positions, with three apparent positions
resolved for the flap-out nucleosomes and two for the flap-in
nucleosomes (Fig. 4B, lanes 3 and 4). We then performed
restriction enzyme cleavage analysis to further characterize
translational positioning. Cleavage of these nucleosomes with
BamHI, which cuts the top strand at —63, 15 bp from the
upstream end of the template, resulted in loss of the topmost
bands in each sample (top two in the flap-out and one in the
flap-in), whereas the most rapidly migrating bands were
retained (Fig. 4B, lanes 5 and 6). (Note that the 15-bp radio-
labeled cleavage product runs off the gel in this experiment.)
This indicates that the translational positions corresponding to
the fastest-migrating band in each sample include the BamH1
site, whereas the top bands correspond to positions down-
stream of this site. Cleavage with BbvI, which cuts the 5 S DNA
at position —20, resulted in a loss of intensity in the topmost
band for both the flap-out and flap-in nucleosomes, indicating
that the middle band in the flap-out sample represents a trans-
lational position in which the upstream edge of the nucleosome
core region is somewhere between the BamHI site at site —63
and the BbvI site at —23 (Fig. 4B, lanes 7 and 8). As expected, all
translational positions are resistant to Rsal digestion, which
cuts at +35 (Fig. 4B, lanes 11 and 12). These results are consist-
ent with previous work (25, 30) showing nucleosomes on the
215-bp 5 S template adopt approximately two upstream trans-
lational positions at the 5’ end of the (non-flap) parent 5 S DNA
fragment, with upstream edges at —75 and —65, and a down-
stream position with the upstream edge located approximately
at —20 (see Fig. 4A). Therefore, the flaps do not drastically alter
the distribution of translational positions observed on the
215-bp template, with only subtle differences detected between
the flap-out and flap-in positions near the upstream edge, con-
sistent with the ExollIl digestion results.

Interestingly, we note that incubation of the flap-in nucleo-
somes with Bbvl did not result in efficient cleavage of the DNA,
despite the loss in nucleosome bands on the gel (Fig. 4B, lane 8).
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FIGURE 4. Translational positions on 216-bp 5 S flap-out and flap-in nucleosomes. Nucleosomes were reconstituted on 215-bp templates as described in
the text, and translational positions were analyzed on 5% native polyacrylamide gels. A, schematic of flap-out (FO) and flap-in (FI) nucleosome templates and
translational positions of nucleosome cores as determined by restriction enzyme digestion analysis in B. B, restriction enzyme digestion analysis of FO and FI
nucleosomes. Lane 1, naked DNA; lane 2, template reconstituted with H3/H4 tetramer only; lanes 3 and 4, 9and 70, FO and Fl nucleosomes, respectively; lanes
5-8and 77 and 12, FO and Fl nucleosomes digested with Bam H1, Bbvl, or Rsal, as indicated. Filled arrowheads indicate the nucleosome translational positions
in undigested nucleosomes, the open arrowhead indicates the position of tetramer-DNA complex, and the brackets indicate subnucleosomal complexes.

MAY 20, 2011 +VOLUME 286+-NUMBER 20

JOURNAL OF BIOLOGICAL CHEMISTRY 17525



FEN1 Cleavage of Nucleosomal Flap Substrates

This is most likely a result of the close apposition of the flap at
—15 (top strand) and the BbvI cleavage site, which cuts the
DNA backbone at positions —21/20 and —18/17 on the top and
bottom strands, respectively. Surprisingly, despite the lack of
cleavage, incubation of the flap-in nucleosomes with BbvIl
resulted in the loss of H2A/H2B dimers from the slowest
migrating translational position to produce tetramer com-
plexes (Fig. 4B, compare lanes 2, 4, and 8). Trial incubations
with BbvI buffer alone show that the restriction enzyme is
required for the displacement of the dimer from the nucleo-
somes (results not shown). These results suggest that the DNA
binding activity of Bbvl displaced H2A/H2B from the flap-in
but not the flap-out nucleosomes, signifying that the H2A/H2B
dimers are perhaps bound less tightly in a fraction of the flap-in
nucleosomes.

The results above are consistent with the idea that accom-
modation of the flap structure in the flap-in nucleosomes
causes some destabilization of histone-DNA interactions near
the edge of the nucleosome, perhaps involving the association
of the H2A/H2B dimers. To further probe possible changes in
the nucleosome structure, we carried out histone — DNA
cross-linking studies using an H2A site specifically modified
with the photoactivatable cross-linking reagent APB (see
“Experimental Procedures”). Nucleosomes were prepared with
H2A A45C-APB, and cross-linking in 154-bp flap-out and
flap-in templates was analyzed by base elimination and dena-
turing polyacrylamide gel electrophoresis, as described previ-
ously (25, 31). Flap-out and flap-in nucleosomes reconstituted
with the modified histone showed no apparent difference in the
migration pattern on agarose gels (not shown), suggesting that
the modification did not affect the composition or integrity of
the nucleosomes. Upon UV irradiation, ~ 30% of the total radi-
o-labeled DNA in the APB-modified nucleosomes migrated as
cross-linked DNA-protein complexes (Fig. 54). After isolation
of DNA and base elimination, comparison of bands dependent
on both UV irradiation and APB modification reveals a distinct
cross-linking pattern in the flap-out and flap-in nucleosomes
(Fig. 5B). Specifically, two major cross-links were observed in
the flap-out nucleosome sample, at positions +30 and +40 (Fig.
5B, lane 6), consistent with nucleosome dyads located at —3
and —13 (25). However, these cross-links were somewhat
diminished in intensity in the flap-in nucleosomes, and new
bands were observed shifted further up the gel, including a
rather robust cross-linking at position +25 (Fig. 5B, lane 7).
This pattern of cross-linking suggests that the flap-in nucleo-
somes are equilibrating with an upstream position or are subtly
altered in structure (such as altered H2A/H2B binding) because
of the accommodation of the flap within the nucleosome, con-
sistent with enzymatic mapping results.

We next examined whether human FEN1 could catalyze
cleavage of the 5-nt flap within the flap-in nucleosomes. We
previously showed that FEN1 readily cleaves the flap-out
nucleosomes when the flap was positioned near the nucleo-
some dyad. Consistent with the previous observation, FEN1
cleaved almost 50% of the flap-out nucleosomes during the
course of the incubation, whereas the naked substrate in the
reaction was nearly completely cleaved by FEN1 (Fig. 6B, lanes
1-4). Importantly, FEN1 also cleaved the flap-in nucleosome
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FIGURE 5. Site-directed protein-DNA cross-linking within flap-out and
flap-in nucleosomes. Nucleosomes were reconstituted on flap-out (FO)
and flap-in (Fl) templates with H2A A45C-APB, and cross-linking was ana-
lyzed as described in the text. A, efficiency of cross-linking. Flap-out
nucleosomes containing H2A A45C were irradiated with UV light for 40 s,
and cross-linking was analyzed by SDS-PAGE. Lane 1 shows a naked DNA
control. B, cross-link mapping in FO and Fl nucleosomes. Nucleosomes
were mock-treated (lanes 2 and 3), treated with UV only (lanes 4 and 5), or
both APB-modified and UV-irradiated (lanes 6 and 7). Lane 1 shows a G-re-
action marker. Positions of cross links are indicated with filled arrows. Lines
and open arrows indicate positions of nucleosome dyads corresponding
to specific cross-links according to the known cross-linking pattern of H2A
A45C-APB (31). Gray and black arrows indicate the location of flaps in FO
and Fl nucleosomes, respectively. The open arrow in oval indicates the
predicted location of the dyad in the 5 S nucleosome.

substrates with an efficiency similar to that of the flap-out sub-
strate (Fig. 6B, lanes 5—8), indicating that FEN1 can access the
flaps in both nucleosomal substrates irrespective of the rota-
tional orientation.

Although the above FENI1 reactions were performed on
sucrose gradient-purified nucleosomes, there was a possibility
that some naked DNA was generated in our nucleosomal sam-
ples during the dialysis to remove sucrose. To eliminate this
possibility, we treated the samples with EcoRV before subject-
ing the nucleosomes to FEN1 digestion. Treatment with ECoORV
truncates any naked DNA present in the sample, whereas bona
fide nucleosomes remain intact because of protection of the
DNA by the histone octamer. Indeed, a small portion of the
flap-in and flap-out nucleosomes are cleaved by EcoRV,
whereas the vast majority of the nucleosome substrate is resis-
tant to cleavage (Fig. 6C, lanes 6 and 9). Importantly, incubation
of flap-in and flap-out nucleosomes with both EcoRV and FEN1
still resulted in the appearance of characteristic 98- and 93-nt
FENI1 cleavage products, supporting that FEN1 can access flaps
within bona fide flap-out and flap-in nucleosomes (Fig. 6C,
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FIGURE 6. FEN1 cleaves both flap-out and flap-in substrates assembled into nucleosomes. A, schematics of the flap-out (FO) and flap-in (F/) nucleosomes
and naked DNA substrates. Numbers in italics indicate the length of oligos. B, comparison of FEN1 cleavage of nucleosome and naked DNA substrates incubated
in the same reaction. Lanes 1-4 and 5-8 show flap-out and flap-in substrates, respectively. Flap-out and flap-in nucleosome substrates and products are 99/93
nt and 104/98 nt, respectively. Substrates and products are 49/43 nt and 54/48 nt for the naked DNA flap-out and flap-in constructs, respectively. C, cleavage
of nucleosome and naked DNA substrates in the presence of the restriction enzyme EcoRV. The restriction enzyme was added first to the sample to cleave any
non-nucleosomal substrate present and then followed by FEN1 addition. The nucleosomes were incubated with both enzymes for an additional 10 min. Lanes
1-4, naked (nucleosome-length) DNA; lanes 5-10, nucleosomes. Flap-out and flap-in substrates are as indicated. Note EcoRV cleavage of the full-length flap-in
and flap-out substrates generates products of 55 and 50 nt, respectively, whereas FEN1 cleavage of these products results in shorter bands on the gel (brackets).
D, FEN1 cleaved gel isolated nucleosomes. Nucleosomes and naked DNA were incubated in the presence or absence of FEN1 as indicated and then isolated on
preparative native agarose gels. DNA was isolated from each band and analyzed on the sequencing gel, as indicated. Lanes 1-4 and 5-8 show flap-in and
flap-out samples, respectively.

lanes 5 and 7). We further confirmed the above result by using  octamer. These nucleosomes were sucrose gradient-purified
an alternate method whereby reconstituted nucleosomes were  and subjected to hydroxyl radical cleavage. Both the flap-in and
subjected to FEN1 digestion, after which the nucleosome and  flap-out 601 nucleosomes exhibited identical hydroxyl radical
DNA fractions were isolated by preparative agarose gel electro-  cleavage patterns, indicating that the rotational setting of the
phoresis. Analysis of cleavage in these samples indicates that DNA was not altered by the orientation of the flap (Fig. 7C).
FENI can indeed cleave a flap in 5 S nucleosomal substrates  This is especially evident in a comparison of the cleavage pat-
irrespective of orientation (Fig. 6C, lanes I and 5). tern in the vicinity of the flaps.

The above data indicate that any steric clash resulting from Incubation of the naked 601 substrates with FEN1 resulted in
accommodation of a flap designed to be oriented toward the quantitative cleavage of the flap (Fig. 7D, lanes 1-4). In con-
histone surface is insufficient to completely override the inher-  trast, no cleavage was observed with the nucleosomes reconsti-
ent propensity of the 5 S sequence to adopt a dominant rota-  tuted with either the flap-out or flap-in substrates (Fig. 7D,
tional orientation on the nucleosomes surface. However, our lanes 5-10). To ensure enzyme activity, we repeated the assay
solution structural analyses indicate that there are subtle struc-  with a naked DNA control added directly to the nucleosome
tural differences between the flap-in and flap-out nucleosomes  samples. Importantly, whereas the naked DNA was nearly com-
that likely contribute to accessibility of the flap observed in the pletely cleaved by FEN1, the nucleosome-bound substrates
FENI1 cleavage assays. It is possible that such structural pertur-  were completely resistant to FEN1 digestion (Fig. 7E).
bations in the flap-in nucleosome may be sequence-specific and
that nucleosomes formed with a higher-affinity positioning ele- DISCUSSION
ment would be less likely to equilibrate to flap-accessible struc- FENI1 is likely to encounter flap substrates buried within
tures. To test this, we reconstituted nucleosomes using the 601  nucleosomes in vivo. Although the sequence dependence of
nucleosome positioning sequence identified by Lowary and processes that generate flaps is not well characterized, it is likely
Widom (24), known to have a ~100-fold higher affinity for the that flaps will not always occur in register with the natural
histone octamer compared with the 5 S DNA sequence. Based nucleosome positioning preference of the underlying DNA
on previous determinations of the rotational orientation of the sequence. Thus, we have investigated the effect of rotational
601 sequence on the nucleosome surface, we designed flap-out  positioning of the flap with respect to the histone octamer. We
and flap-in substrates, both containing a 3’ 1-nt flap and 5' show that the ability of FEN1 to recognize and cleave flap sub-
non-complementary 5-nt flap located close to the dyad, as in  strates in chromatin is not dependent upon rotational orienta-
the case of 5 S DNA substrates (Fig. 74). tion of the flap on the nucleosome surface, implying that if flap

Nucleosomes reconstituted with the flap-containing 601-  structures are prematurely assembled into histone-DNA com-
based substrates exhibited similar migration through agarose plexes during replication or are inadvertently trapped in
and acrylamide nucleoprotein gels (Fig. 7B and not shown). The  nucleosomes during DNA repair, the penultimate step of these
absence of naked DNA in the reconstituted fractions is indica-  processes can still proceed with reasonable efficiency (23). Cou-
tive of the higher affinity of the 601 sequence for the histone pled with our prior demonstration that human DNA ligase I can
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FIGURE 7. Flaps in 601 nucleosomes are refractory to FEN1, regardless of orientation. A, schematic of DNA oligonucleotides used to assemble the 601
151-bp flap-out (FO) and flap-in (F/) substrates. The length of the ligated oligos used to anneal each template are indicated in italics. The location of the flaps
and the Mspl cleavage site are indicated. B, translational gel analysis of 601 nucleosomes reconstituted with flap-out (lanes 2 and 4), flap-in (lanes 3 and 5), and
control (no flap, lane 6) DNA fragments. Naked DNA is shown in lane 1. C, flap-containing 601 nucleosomes exhibit expected rotational orientation. FO and FI
601 nucleosomes were either mock-treated (lanes 1 and 3) or treated with hydroxyl radicals, and the cleavage patterns were analyzed by sequencing gel
electrophoresis. The position of radioactive labels is on the 151-nt bottom strands, as indicated by the asterisk in A. The predicted location of the nucleosome
dyadisindicated by the filled arrow. D, FEN1 cleavage of 601 DNA (lanes 1-4) and nucleosomes (lanes 5-10). Fland FO substrates were incubated in the absence
(lanes 1, 3, 5, and 8) or presence (lanes 2, 4, 6, and 9) of FEN1 for 15 min. The samples in lanes 7 and 10 were incubated with FEN1 for 30 min. Cleavage was
analyzed on 6% sequencing gels as described above. The full-length substrate and cleaved product are 86 and 81 nt, respectively. £, cleavage of 601 Fland FO
nucleosomes and naked DNA substrates incubated in the same reaction. Naked 601 Fl and FO DNA was truncated by cleavage with Mspl (see A), mixed with
an equivalent amount of Fl and FO 601 nucleosomes, and then incubated together with FEN1 in the same reaction. Lanes 1 and 6 show undigested samples,
whereas lanes 2-5 and 7-10 show samples digested with FEN1 for the times indicated above the gel. The positions of uncleaved nucleosome DNA and

uncleaved and cleaved naked DNA are indicated.

seal nicks buried in nucleosomes (22), our data suggest that
Okazaki fragment processing or DNA repair can be completed
in nucleosome substrates as long as DNA synthesis associated
with these processes is completed.

We previously showed that flap cleavage within the 5 S
nucleosome occurs at rates only a few-fold slower than naked
DNA, suggesting that histone-DNA interactions are not signif-
icantly disrupted to accommodate the enzyme (23). Because we
measured similar rates between flap-out and flap-in substrates,
it is likely that the enzyme can access both substrates in an
equivalent manner. It is possible that access to the flap requires
equilibration to a similar “exposed” structure for both flap-in
and flap-out nucleosomes, with similar conformational distor-
tion required in both cases. X-ray crystallographic and nuclease
digestion studies (32-34) indicate that nucleosomes are
dynamic macromolecular assemblies. Moreover, nucleosomal
DNA can access states in which the inner superhelical face of
the DNA is exposed to allow binding of pyrrole-imidazole poly-
amides (34). Importantly, the binding of such drugs results in
significant yet localized structural distortion in the DNA adja-
cent to the binding sites. Moreover, twist defects appear to be
readily accommodated within nucleosomes (32, 35). Thus,
intrinsic conformational flexibility within nucleosomes most
likely facilitates access of the flap by FEN1 irrespective of its
rotational orientation in the 5 S rDNA.

Our data suggest that the inward-facing flap structure can be
easily accommodated within the nucleosome. Hydroxyl foot-
printing experiments of the flap-in nucleosomal substrates
confirmed that the base of the flap is indeed oriented toward the
histone octamer in these nucleosomes. However, we find no
change in the efficiency of reconstitution of flap-in versus flap-
out templates in the presence of a large excess of competitor
DNA, indicating a similar overall affinity of each template for
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the histone octamer. Moreover, nucleosomes reconstituted
with both templates exhibit a similar distribution of transla-
tional positions and no gross change in rotational orientation of
the DNA on the histone surface. On the other hand, subtle
differences in protection from ExollI digestion, directed cross-
linking, and protection from hydroxyl radicals are observed
between flap-in and flap-out nucleosomes and indicate local-
ized perturbations. This may lead to increases in conforma-
tional plasticity or motility of the DNA on the nucleosome sur-
face, allowing FEN1 to recognize and cleave the flap regardless
of rotational orientation. Interestingly, restriction enzyme
accessibility assays indicate that flap orientation has no effect
on the probability of DNA unwrapping from the edge of the
nucleosome core region (unpublished results), suggesting that
cleavage requires a similar distortion of both flap-in and flap-
out structures.

Interestingly, we find that in the case of 601 nucleosomes,
neither the “out” nor “in” orientations are accessible to the
FENI1. The 601 nucleosome positioning element binds the core
histone octamer 50 -100-fold times more tightly than the 5 S
DNA fragment used in these studies and >200 times more
tightly than an average DNA sequence (24). It is likely that,
given the extremely high binding affinity, conformational
excursions or equilibrations necessary for FEN1 activity found
in the 5 S nucleosome do not occur with significant frequency
in the 601 nucleosome substrates. Indeed, this reduced confor-
mational motility is evident in the hydroxyl radical footprinting
pattern (Fig. 7C), whereas clear differences are observed
between flap-out and flap-in substrates reconstituted with the 5
S template (Fig. 2). This idea is supported by recent work dem-
onstrating that such high-affinity sequences can act as a barrier
to transcriptional elongation because of increased stability
of histone-DNA interactions (36). Given that high-affinity
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nucleosome-binding sequences occur relatively rarely in vivo
(37), we assume that the bulk of nucleosomes will behave more
like the 5 S nucleosome and that only rare sequences will be
refractory to FEN1 activity upon nucleosome formation. A sim-
ilar dependence may be the basis for the observation that DNA
polymerase (3 exhibited activity in nucleosomal substrates
reconstituted using 5 S IDNA, whereas complete inhibition of
this enzyme activity on nucleosomes reconstituted with a high-
er-affinity sequence (19). It will be interesting in future work to
test other factors within the base excision repair pathway on
nucleosome substrates of varying composition.
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