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Abstract
Substituting histone variants for their canoni-
cal counterparts can profoundly alter chromatin
structure, thereby impacting multiple biologi-
cal processes. Here, we investigate the influ-
ence of histone variants from the H2A fam-
ily on excision of uracil (U) by the base exci-
sion repair (BER) enzymes uracil DNA glyco-
sylase (UDG) and single-strand selective mono-
functional uracil DNA glycosylase (SMUG1).
Using a DNA population with globally dis-
tributed U:G bp, enhanced excision is ob-
served in H2A.Z and macroH2A-containing nu-
cleosome core particles (NCPs). The U with
reduced solution accessibility exhibit limited
UDG activity in canonical NCPs but are more
readily excised in variant NCPs, reflecting the
ability of these variants to facilitate excision at
sites that are otherwise poorly repaired. We
also find that U with the largest increase in ex-
cision in variant NCPs are clustered in regions
with differential structural features between the
variants and canonical H2A. Within 35-40 bp
from the DNA terminus in macroH2A NCPs,
the activities of both glycosylases are compa-
rable to that on free duplex. We show that
this high level of activity results from two dis-
tinct species within the macroH2A NCP ensem-
ble: octasomes and hexasomes. These observa-
tions reveal potential functions for H2A vari-
ants in promoting BER and preventing muta-
genesis within the context of chromatin.

Introduction
As cellular DNA is constantly exposed to dam-
aging agents from both endogenous and exoge-
nous sources, DNA repair is vital for maintain-
ing genomic integrity and preventing mutagen-
esis (1 ). Detrimental chemical modification of
nucleobases is repaired via the base excision re-
pair (BER) pathway. A DNA glycosylase en-
zyme initiates BER by recognizing its lesion
substrate and cleaving the glycosidic bond, gen-
erating an abasic site, and the repair event is
completed by downstream BER enzymes (2 , 3 ).
Uracil (U) is one of the most prevalent nucle-

obase lesions in DNA (4 ). It can result from ei-
ther misincorporation of dUMP opposite A dur-
ing replication or spontaneous cytosine deami-
nation, with the latter giving rise to U:G base
pairs (bp). Spontaneous cytosine deamination
is estimated to occur at a rate of 100-500 events
per cell per day (4 ). It was recently reported
that U accumulation in CpG sites arises primar-
ily from cytosine deamination in mice lacking
the two major glycosylases responsible for ex-
cising U from U:G bp (5–7 ), uracil DNA glyco-
sylase (UDG) and single-strand selective mono-
functional uracil DNA glycosylase (SMUG1)
(8 ). If left unrepaired, U:G bp lead to C to T
substitutions, which are the most common mu-
tational signatures in human cancer (9 ). Com-
pared with UDG, SMUG1 excises U opposite
G less efficiently and has been suggested as a
backup for UDG but with broader substrate
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specificity (6 , 10 ). It is known that the high-
est levels of UDG are present during S phase
and that UDG has both mitochondrial and nu-
clear isoforms, while the level of SMUG1 is not
dependent on the cell cycle and is found only
in the nucleus (11 ). These differences suggest
distinct spatiotemporal roles for these two gly-
cosylases.
Tremendous effort has been devoted to defin-

ing glycosylase activity using duplex DNA as
the substrate (i.e., free in solution and with no
DNA binding factors present). However, ge-
nomic DNA in eukaryotes is packaged into chro-
matin, with nucleosome core particles (NCPs)
as the fundamental repeating unit. An NCP
consists of 145-147 bp of duplex DNA wrapped
∼1.7 times around an octameric histone pro-
tein core, which is comprised of two H2A-H2B
dimers and an (H3-H4)2 tetramer. Within an
NCP, there exists a two-fold axis of pseudosym-
metry known as the dyad axis (12 ). The posi-
tion of a nucleobase in an NCP is typically de-
scribed in terms of its translational position, the
displacement from the dyad axis, and its rota-
tional position, the orientation inward towards
the protein or outward towards the solution.
Due to the interaction with histones, DNA in

an NCP is structurally and dynamically con-
strained, posing challenges to DNA-processing
enzymes associated with multiple cellular pro-
cesses including transcription and repair. Nu-
cleobases facing outward are highly solution-
accessible while those facing inward toward the
histones are occluded and virtually solution-
inaccessible. Nevertheless, the transient and
spontaneous unwrapping of nucleosomal DNA
can expose occluded nucleobases near the DNA
entry/exit region (13 , 14 ). Several other mech-
anisms can actively modulate DNA accessibil-
ity in cells, including histone post-translational
modifications (PTMs), chromatin remodeling,
and the incorporation of histone variants into
chromatin.
Histone variants are nonallelic isoforms of

canonical histones that exhibit varied degrees
of divergence in amino acid sequence rela-
tive to their conventional counterparts. Re-
placement of canonical histones with variants
can confer distinct structures and dynamics

and, in turn, specialized functions to variant-
containing NCPs. The H2A family contains
the largest number of variants. Three struc-
tural segments of these H2A variants are essen-
tial for diversifying intra- and inter-nucleosomal
associations (15 , 16 ): the docking domain re-
siding in the C-terminus, the L1 loop, and
the acidic patch. One of the most extensively
studied H2A variants is H2A.Z, which is found
in almost all eukaryotes. Although H2A.Z is
only ∼60% identical to canonical H2A, it is
highly conserved among species (15 ), indicat-
ing its unique and significant function. Indeed,
H2A.Z has been implicated in a multitude of bi-
ological events including transcription, double-
strand break (DSB) repair, nucleotide excision
repair (NER), heterochromatin silencing, chro-
mosome segregation, and progression through
the cell cycle (17–19 ). MacroH2A is another
H2A variant of particular interest. It possesses
an H2A-like histone domain connected via a
lysine-rich linker to a C-terminal macro do-
main. In addition to inactivating X chromo-
somes (20 ) and orchestrating gene expression
(21 , 22 ), macroH2A has been shown to func-
tion in DSB DNA damage response (23 ). Based
on the fact that H2A.Z and macroH2A are in-
volved in other DNA repair pathways, we ques-
tioned whether these two variants play a role in
BER as well.
In this work, we evaluated the global profile

of U excision by UDG and SMUG1 in the con-
text of packaged DNA, using a population of
NCPs that contain U lesions with a wide va-
riety of translational and rotational positions.
By substituting canonical H2A with H2A.Z or
macroH2A, we investigated the impact of these
two H2A variants on the initiation of BER. Fur-
ther, we performed single-turnover kinetics ex-
periments to determine UDG and SMUG1 effi-
ciency on NCPs containing these histone vari-
ants.
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Results and Discussion

Characterization of NCPs with
global C to U substitution

To investigate the global profile of U removal
from canonical NCPs or those containing hi-
stone H2A variants, we prepared NCPs using
“Widom 601” DNA (24 ). This positioning se-
quence possesses high affinity for and binds the
histone octamer in a single orientation (25 ). U
lesions were globally incorporated into the “I
strand” of Widom 601 DNA using chemical syn-
thesis techniques to create U:G bp, mimicking
the natural consequence of cytosine deamina-
tion (the full sequences of all DNA strands used
in this study are shown in supplementary text
and Figure S1). The global incorporation of
U was achieved using a mixture of C/U build-
ing blocks during DNA synthesis with the mo-
lar ratio determined by a Poisson distribution,
ensuring that 95% of the DNA contained at
most one U per strand. Incubating the single-
stranded DNA with UDG confirmed that the
strategy provides a population of DNA where
collectively each C is replaced with U (Figure
S2).
NCPs were reconstituted with DNA contain-

ing global U lesions and histone octamers via
salt gradient dialysis. Since homotypic H2A.Z
NCPs have been determined to be enriched
at active genes in Drosophila (26 ) and to ex-
ist exclusively (rather than heterotypic NCPs)
in Arabidopsis thaliana (27 ), we reconstituted
homotypic H2A.Z and macroH2A containing
NCPs, in which both copies of canonical H2A
were replaced by the variant protein. Simi-
lar to other studies that examined the influ-
ence of macroH2A incorporation on NCPs we
used the histone domain of the variant (28–
31 ). Formation of NCPs and their purity was
evaluated by native PAGE (Figure S3). While
canonical and H2A.Z NCPs migrate as a sin-
gle species, macroH2A NCPs migrate as two
species. A similar observation was reported
previously for macroH2A NCPs (29 ). To de-
termine if these two species arise from differ-
ent translational positioning of the DNA, we
performed a heat-shifting assay where NCPs

were incubated at 37 ◦C or 55 ◦C (Figure S4)
(32 ). No heat-induced redistribution of the
NCP species was observed, indicating that the
two species are thermodynamically stable un-
der the experimental conditions with no inter-
change between the two species. We there-
fore hypothesized that macroH2A NCPs exist
as two distinct populations.
Hydroxyl radical footprinting (HRF) was

then utilized to establish the solution accessi-
bility of U lesions in NCPs. Nucleobases that
face outward are highly susceptible to hydroxyl
radicals, resulting in strand cleavage, while nu-
cleobases that face in toward the histone protein
core are sequestered and protected from cleav-
age. The expected oscillatory pattern of cleav-
age is observed in the HRF profiles for all NCPs
(Figure S5 A and B). To categorize the solution
accessibility of each nucleobase, we first identi-
fied the highest HRF reactivity within a helical
turn of nucleosomal DNA. The ratio of band in-
tensity at each nucleobase position within this
helical turn was then obtained by dividing the
HRF value at a given position by the highest
HRF reactivity. Positions with a ratio greater
than 0.8, ranging between 0.8-0.2, and below
0.2 were assigned as sites that have high, inter-
mediate, and low solution accessibility, respec-
tively. Notably, U lesions are located at diverse
translational positions and with varied levels of
solution accessibility (Figure S5 C), allowing us
to evaluate U removal from NCPs on a global
level.

Enhanced excision of U from NCPs
containing H2A variants

We next investigated U removal by UDG
and SMUG1 in the context of NCPs.
We used single-turnover conditions where
[glycosylase]�[substrate]. Since UDG and
SMUG1 are able to excise U from duplex DNA
(33 , 34 ), we included this substrate as a pos-
itive control for enzymatic activity (Figure S6
and S7). At each U site the ratio of product
yield (after 60 min-reaction) in NCPs to that
in duplex DNA was plotted versus nucleobase
position. A ratio of 1 indicates that the le-
sion can be excised as efficiently in NCPs as
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Figure 1: Excision of U from NCPs containing global C to U substitution after 60 min-incubation
with glycosylases. (A) U excision initiated by UDG. At each U site the ratio of product yield in
NCPs to that in duplex DNA is plotted versus nucleobase position (canonical NCP: red; H2A.Z
NCP: blue; macroH2A NCP: green). The ratio of 1 is indicated as a dashed line and reflects a case
where U excision from NCPs is as efficient as in duplex DNA. Position of the dyad axis is indicated
by an arrow. (B) U excision initiated by UDG. U sites are re-categorized based on their solution
accessibility. At each U site the ratio of product yield in H2A.Z NCPs (blue dots) or in macroH2A
NCPs (green dots) to that in canonical NCPs is plotted. The ratio over 1 indicates a greater level
of U excision from variant NCPs than canonical NCPs. (C) U excision initiated by SMUG1. At
each U site the ratio of product yield in NCPs to that in duplex DNA is plotted versus nucleobase
position (canonical NCP: red; H2A.Z NCP: blue; macroH2A NCP: green). Error bars represent
the standard error (n=5).
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in duplex DNA. We observed that UDG ac-
tivity in canonical NCPs is largely dominated
by solution accessibility of U (Figure 1A, red
bars). Multiple sites with high solution acces-
sibility, as determined by HRF, exhibit high
UDG activity where ratios exceed 0.6 (sites 22,
23, 44, 55, 63, 94, 95, 106 and 115). In a similar
manner, sites that face toward the histone pro-
tein core have low solution accessibility, and as
expected, display minimal UDG activity with
ratios below 0.2 (sites 16, 17, 27, 46, 61, 69,
81, 91, 92, 110 and 122). The region flanking
the dyad axis, spanning from site 70 to site 92,
is a notable exception to solution accessibil-
ity dictating glycosylase activity; excision of U
by UDG is significantly inhibited regardless of
solution accessibility in this region.
In the macroH2A-containing NCPs, the cor-

relation between solution accessibility of U and
UDG activity is generally retained, with some
exceptions. In Figure 1B, UDG activity in
variant NCPs is compared to that in canon-
ical NCPs; a ratio of or greater than 1 in-
dicates comparable or enhanced U excision in
variant NCPs, respectively. While most highly
solution-accessible U sites still exhibit high
UDG reactivity, 1.5- to 10-times more product
is observed at all sites with low solution accessi-
bility and at 11/18 sites with intermediate solu-
tion accessibility compared to canonical NCPs
(Figure 1B, green dots). Moreover, whereas U
removal is still inhibited in the dyad region rel-
ative to the rest of the sequence, an overall in-
crease in UDG activity is worth noting, espe-
cially at sites 73 and 77 with ratios reaching
0.4 (Figure 1A, green bars). Quite intriguingly,
starting from site 108 and to the last examined
lesion site 129, there is efficient U excision at
all lesion sites in this region, with a remarkable
increase in UDG activity at sites 109, 110 and
122, relative to canonical NCPs.
Similar to the influence exerted by

macroH2A, the incorporation of H2A.Z gives
rise to 2 to 5-times higher UDG activity at
most lesion sites with low solution accessibility
and half of the sites with intermediate solution
accessibility relative to canonical NCPs (sites
25, 27, 35, 46, 65, 109, and 118) (Figure 1B,
blue dots). Additionally, a small but statisti-

cally greater amount of U removal is observed
at most sites in the dyad region of H2A.Z NCPs
(Figure 1A, blue bars). Nevertheless, the strik-
ing enhancement in UDG activity observed for
macroH2A at sites 109, 110, and 122 is not
observed with H2A.Z.
Unlike UDG, SMUG1 activity is substantially

suppressed along the entire sequence in canon-
ical NCPs (Figure 1C, red bars); efficient U
excision by SMUG1 is only detected at site
11, which is moderately exposed to solution
and close to the DNA entry/exit region, and
at site 95, which is highly solution-accessible.
Of particular interest, within macroH2A NCPs
restoration of glycosylase activity is manifested
for SMUG1 as well in the region from site 106 to
129, revealed by the high ratios of product yield
(ranging between 0.45 and 0.85) at all U sites
(Figure 1C, green bars). The incorporation of
H2A.Z, on the other hand, has minimal influ-
ence on U excision and nearly the same level
of repair is observed for canonical and H2A.Z
NCPs (Figure 1C, blue bars).

Kinetics of U excision by UDG and
SMUG1 from H2A variant NCPs

To further understand the effect of H2A vari-
ants on U removal from NCPs, we performed
kinetic experiments on substrates containing a
single C to U substitution. Site 110 was se-
lected for the lesion position since it is a site
where both UDG and SMUG1 exhibit a dras-
tic difference in reactivity in canonical versus
H2A variant NCPs. Moreover, site 110 is in
close proximity to the L1-L1′ interface of the
two H2A-H2B dimers. Distinct structural prop-
erties of the L1-L1′ interface has been proposed
in macroH2A and H2A.Z NCPs to confer spe-
cialized biological functions (16 ). The experi-
ment was performed under single-turnover con-
ditions, and the observed rate (kobs) reflects the
slowest step up to and including cleavage of the
glycosidic bond (35 ).
Consistent with earlier reports, UDG excises

U from 145 bp duplex DNA with a kobs of 21
min-1 (Figure 2, Figure S8, Table 1) (34 , 36 ).
In contrast, UDG activity is diminished in
canonical and H2A.Z NCPs, as evidenced by
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a maximum of 8% and 16% product yield, re-
spectively. As site 110 exhibits low solution
accessibility, this decrease in UDG reactivity
in NCP is not surprising and is likely caused
by steric obstruction by the protein core. In
macroH2A NCPs, however, remarkable restora-
tion of UDG activity is observed with the prod-
uct yield increasing to 66%. It is notable that
product yields observed in this site-specific ki-
netics study agree with those obtained for site
110 using the global U-containing NCPs (Figure
1A), validating the feasibility of the approach in
which U removal in NCPs can be assessed both
globally and quantitatively.
Interestingly, UDG exhibits two kinetic

phases for all NCP substrates. While prod-
uct formation for the slow phase is 150- to
500-times slower than in duplex DNA, rates of
the fast phase are comparable to kobs for duplex
DNA, suggesting a population that is nearly as
accessible as duplex. Nevertheless, since the
fast phase accounts for a very small fraction of
product in canonical and H2A.Z NCPs (∼3%),
it is possible that the fast phase results from
a small amount of duplex DNA rather than
from authentic NCP substrates. However, this
cannot be applicable for macroH2A NCPs, as
a majority of the product (71%) in macroH2A
NCPs is obtained in the fast phase, indicat-
ing a distinct population that is amenable to
processing by UDG.
Compared to UDG, SMUG1 excises U from

duplex DNA at a much slower rate (kobs = 0.55
min-1) and is significantly impaired with less
than 5% product formation observed for canon-
ical and H2A.Z NCPs. With macroH2A NCPs,
a product yield of nearly 60% is observed, most
of which is contributed by the fast phase (kobs

= 0.38 min-1).

MacroH2A NCPs are a mixture of
octasomes and hexasomes

We next addressed the question of why UDG
and SMUG1 activities are restored in a de-
fined region of macroH2A NCPs, sites 108-129.
Since two distinct species were observed by na-
tive PAGE, we performed HRF reactions on
these two species separately to investigate their

Figure 2: Single-turnover kinetics time courses
of UDG and SMUG1 acting on duplex DNA
and NCPs containing a single C to U substi-
tution at site 110. Glycosylase reactions were
conducted using 20 nM duplex DNA (black) or
NCPs (canonical NCP: red; H2A.Z NCP: blue;
macroH2A NCP: green) and 640 nM UDG or
SMUG1. Lines are the best fit to the appropri-
ate single- or double-exponential growth mod-
els. Error bars represent the standard error
(n=3).

architecture (Figure 3 and Figure S9). For
the faster-migrating species, which co-migrates
with canonical NCPs, the oscillatory pattern
of cleavage is observed along the entire length
of DNA. In contrast, starting from site 115 to
site 140, the slower-migrating species exhibits
high susceptibility towards hydroxyl radicals ir-
respective of the rotational orientation relative
to histones, indicating much weaker interaction
or loss of contact between the DNA and the pro-
tein core. Importantly, this region is where we
observed restoration of UDG and SMUG1 ac-
tivity. The slower-migrating species possesses a
less compact conformation, in which only ∼115
bp of DNA is tightly associated with the his-
tone core. Notably, this observation is consis-
tent with earlier studies of a hexasome, which
lacks one copy of H2A-H2B dimer and wraps
only 112 bp of DNA (37 , 38 ). Furthermore,
we note that the macroH2A-H2B dimer is pref-
erentially depleted in the area that is near the
3′ end of the I strand in the hexasomes, since
this is the only region where we observed over-
all increased susceptibility of nucleosomal DNA
towards hydroxyl radicals.
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Table 1: Kinetic parameters for U excision at site 110 by UDG and SMUG1 from duplex DNA and
NCPs.

Enzyme Substrate kobs/min (%product)1
Fast phase Slow phase

UDG duplex DNA 21.0 ± 0.4 (99%)
canonical NCP 6.5 ± 2.4 (3.6%) 0.14 ± 0.04 (4.8%)
H2A.Z NCP 16 ± 4 (3.4%) 0.037 ± 0.004 (13%)
macroH2A NCP 6.7 ± 0.5 (47%) 0.10 ± 0.02 (19%)

SMUG1 duplex DNA 0.55 ± 0.02 (97%)
canonical NCP 1.4 ± 0.5 (2.0%) 0.059 ± 0.026 (2.6%)
H2A.Z NCP 0.23 ± 0.05 (2.8%)
macroH2A NCP 0.38 ± 0.07 (38%) 0.061 ± 0.038 (19%)

1 Error represents standard deviation from fitting by weighted nonlinear
least-squares regression.

To confirm a portion of macroH2A NCPs
forms hexasomes, we treated the NCPs with
micrococcal nuclease (MNase), which preferen-
tially digests DNA that is not closely associated
with the histone core. For canonical NCPs,
two distinct DNA fragments, a 128 mer and
a 132 mer, were observed at high MNase con-
centration (Figure 4), indicating that 13-17 bp
of DNA were digested at the 3′ end of the I
strand, likely due to the transient unwrapping
of DNA in the entry-exit region. Additionally,
cleavage at sites 95, 106, and 126 was observed
as these sites are highly solution-accessible. In
comparison, while macroH2A NCPs are simi-
larly accessible to MNase at sites 95, 106, 126,
128 and 132, the cleavage at sites 102, 103, and
110 is unique to macroH2A NCPs. Notably,
the 110 mer is detected for macroH2A NCPs
even at low MNase concentration, indicating a
weak interaction between the histone core and
the 35 bp of DNA at the 3′ end of the I strand.
Presence of the 102 mer and 103 mer in the
digested macroH2A NCPs may result from the
transient interactions of nucleosomal DNA close
to the DNA entry-exit region in hexasomes.
These findings, in accord with the HRF results,
strongly suggest that the macroH2A NCPs in
our experiments contain two species: octasomes
and hexasomes.

MacroH2A octasomes and hexas-
omes both exhibit increased acces-
sibility to UDG and SMUG1

The activities of UDG and SMUG1 on individ-
ual macroH2A hexasome and octasome species
were next examined. After incubation with
UDG or SMUG1, macroH2A NCPs contain-
ing a U at site 110 were subjected to native
PAGE for separating octasomes from hexas-
omes (Figure 5A). Given the strong product in-
hibition of SMUG1, a new band appeared con-
comitantly with disappearance of the hexasome
band, likely the SMUG1-bound hexasome com-
plex. The level of U excision from each species
was then analyzed by denaturing PAGE (Fig-
ure 5B and 5C). We found that both the hexa-
some and the octasome species of macroH2A
NCPs exhibit increased accessibility to UDG
and SMUG1 relative to canonical NCPs. More-
over, while 40% and 20% product formation are
observed in macroH2A octasomes with UDG
and SMUG1, respectively, 80% product forma-
tion is observed in hexasomes with both glyco-
sylases, revealing that the hexasomes are more
amenable to processing by these glycosylases
than the octasomes.
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Figure 3: Hydroxyl radical footprinting of DNA in canonical and H2A variant NCPs. Band in-
tensity at each nucleobase position on the denaturing PAGE gel (Figure S9B) was quantified and
normalized, illustrating the varying solution accessibility along the sequence in each NCP sample
(canonical NCP: red; H2A.Z NCP: blue; macroH2A hexasome: green; macroH2A octasome: gray).
Position of the dyad axis is indicated by an arrow. Representative sites with high, intermediate
(inter.) and low solution accessibility are shown.

Figure 4: Micrococcal Nuclease (MNase) diges-
tion of canonical and macroH2A NCPs. Canon-
ical and macroH2A NCPs were treated with 1
unit (lanes 2 and 6), 4 units (lanes 3 and 7)
and 20 units (lanes 4 and 8) of MNase. The
negative controls in which no MNase was added
are shown in lanes 1 and 5. The digestion re-
sults were resolved by denaturing PAGE. Lane
9 is a size ladder created by performing the
Maxam-Gilbert sequencing reaction (A+G) on
the Widom 601 J strand. Cleavage sites that
are observed exclusively in macroH2A NCPs
are indicated by arrows.

Mapping of U sites in H2A.Z and
macroH2A NCP models

In order to investigate the impact of structural
alterations in macroH2A and H2A.Z NCPs on
U excision, we categorized U sites depending on
the degree of increase in UDG or SMUG1 ac-
tivity (more than 30% increase, 30 to 10%, less
than 10%) and mapped them onto a macroH2A
or H2A.Z NCP model. In the macroH2A oc-
tasome model, we note that U sites with the
most dramatic increase in UDG activity clus-
ter in three regions (Figure 6A). One region is
near the docking domain at the C-terminus of
macroH2A, and the other two regions are near
the N-terminus of macroH2A and the L1-L1′ in-
terface of the two macroH2A-H2B dimers. A
similar clustering pattern of U sites was ob-
served for H2A.Z octasomes (Figure S10).
Since macroH2A NCPs are a mixture of oc-

tasomes and hexasomes, we also created a
macroH2A hexasome model by removing the
macroH2A-H2B dimer that associates with nu-
cleosomal DNA at the 3′ end of I strand from
the octasome (Figure 6B). Earlier work demon-
strated that the theoretical small-angle X-ray
scattering (SAXS) curves of a canonical hexas-
ome model constructed in this way are in good
agreement with the experimental SAXS curves
of the hexasomes (37 ). It is noticeable that
in the macroH2A hexasome model, the region
of DNA from ∼site 108 to the DNA terminus,
where U sites with the largest increase in ex-
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Figure 5: Differential accessibilities of U at site
110 in canonical and macroH2A NCP species
to UDG and SMUG1. (A) Native PAGE analy-
sis following the incubation of macroH2A NCPs
with UDG and SMUG1. Lane 1 is a du-
plex DNA control. Lane 2 shows macroH2A
NCPs in the absence of a glycosylase. UDG
and SMUG1 treated macroH2A NCPs are
shown in lanes 4 and 5, respectively; boxed
bands represent the hexasomes (hex), octa-
somes (oct), and SMUG1-hexasome complex
species (comp), and were individually excised
and eluted for analysis in panel B. (B) Denatur-
ing PAGE analysis of U excision in macroH2A
hexasomes and octasomes. Lane 1 is a size
marker containing a 145 mer (substrate) and
110 mer (product). Lanes 2 to 6 show the
composition of each resulting eluent from the
excised bands in panel A. (C) Quantitation of
the denaturing PAGE gel in panel B. Fraction
product with UDG or SMUG1 is shown as black
and gray bars, respectively. Data for macroH2A
hexasomes with SMUG1 is the weighted mean
of fraction product of eluent in lanes 4 and 6 in
panel B. Data for canonical NCPs is the frac-
tion product at 60-min time point in Figure 2.
Error bars represent the standard error (n=3).

cision by UDG and SMUG1 are clustered, has
minimal association with the histone core.

Figure 6: Model of a macroH2A (A) octasome
and (B) hexasome with global C to U substi-
tution. U sites are colored according to the
level of increase in UDG or SMUG1 activity in
macroH2A NCPs relative to canonical NCPs: 0
- 10% (blue), 10 - 30% (orange), and 30% and
more (pink). All orange and pink sites were
determined to have a p value less than 0.05 in
comparison to canonical NCPs. MacroH2A is
shown in green, and other histones in gray. The
5′ and 3′ ends of U-containing strand (I strand)
are indicated. In the zoomed in views, canoni-
cal H2A (yellow) and macroH2A (green) are su-
perimposed (other histones and the J strand are
not included for simplification). The docking
domain, L1-L1′ interface and the N-terminus of
H2A/macroH2A are indicated.

Discussion

In this work, we utilized a quantitative plat-
form for evaluating the global profile of UDG
and SMUG1 repair in NCPs. In agreement with
earlier work, we found that U excision by UDG
from canonical NCPs is correlated with solution
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accessibility of U (39–41 ), but substantially di-
minished in the dyad region (42 , 43 ). Indeed,
a similar pattern of suppressed glycosylase ac-
tivity in the dyad region has been reported for
removal of 8-oxo-7,8-dihydroguanine (8-oxoG)
(36 ) and 7-methyl-guanine (44 ) from NCPs via
the BER pathway. This result is consistent with
recent observations in cells of accumulation of
oxidative and alkylation damage and high mu-
tation frequency around the dyad axis region
(44 , 45 ). Such inhibition of enzymatic activ-
ity, observed with restriction enzymes as well
(46 , 47 ), may be due to the unusual helical pe-
riodicity of nuclesomal DNA in the dyad region
(48 , 49 ), and the extremely low frequency of
exposing nucleobases via transient unwrapping
near the dyad axis (50 ).
Different observations, though, have been

made in other global assessments of U exci-
sion from NCPs. We attribute these differences
to the varied experimental conditions and the
complexity of NCP substrates, which derives
from the sequence context, base pair compo-
sition and source of histone proteins that differ
in the level of PTMs. Ye and co-workers re-
ported that, for U:A bp in Widom 601 DNA,
it is predominately local DNA structure that
determines U excision under multiple-turnover
conditions, with rotational orientation playing
a minor role at several sites (51 ). Also using
U:A bp, Nilsen et al. observed excision of U
to be only marginally reduced in NCPs assem-
bled with 5S rDNA and chicken erythrocyte hi-
stones relative to duplex DNA, irrespective of
rotational orientation (52 ).
Compared with UDG, we observed that re-

pair initiated by SMUG1 in canonical NCPs
is mostly abolished. A co-crystal structure of
SMUG1 and duplex DNA shows an invasive in-
teraction that may not be possible in NCPs
(53 ). Structural constraints of nucleosomal
DNA and obstruction imposed by histone pro-
teins add other layers of difficulty for SMUG1
to process U lesions.
Due to the hindrance of canonical histones to

DNA repair machinery, histone variants pro-
vide a strategy to facilitate DNA repair and
maintain genomic stability (54 ). For instance,
there is extensive evidence for the involvement

of H2A.X, and the phosphorylated version γ-
H2A.X, in response to DSB (55 , 56 ). Fur-
thermore, the deposition of H2A.Z has been
reported for remodeling chromatin architecture
and recruiting machinery for DSB repair (57 ),
as well as for NER (19 ). MacroH2A is also
found at DSB sites and cells lacking macroH2A
exhibit increased radiosensitivity (23 ). How-
ever, little is known about the potential roles
of histone variants in BER. To our knowl-
edge, one of the only two reports of histone
variants in BER showed increased sensitiv-
ity of cells to methyl methanesulfonate treat-
ment after macroH2A depletion (23 ), implying
macroH2A functioning in the repair of methy-
lated nucleobases via BER. The other one used
H2A.Bbd in studies of human oxoguanine gly-
cosylase 1 (OGG1). The authors observed mini-
mal excision of 8-oxoG that was positioned near
the dyad axis in both canonical and H2A.Bbd
NCPs (58 ).
Upon replacing canonical H2A with

macroH2A or H2A.Z in our experiments, we
observed globally enhanced reactivity of UDG
in NCPs, particularly at sites with reduced
solution accessibility. Of interest, in both
macroH2A and H2A.Z NCPs, sites with the
largest increase in UDG efficiency are clus-
tered and are near the docking domain, the N-
terminus, and the L1 loops of the two variants.
As the docking domain of the H2A variants
exhibit extensive interactions with αN and α2
of H3 (Figure 6A), which associate with DNA
at the DNA entry/exit region and at the dyad
axis respectively, it is likely that sequence di-
vergence in the docking domain of H2A variants
strategically modulates DNA dynamics and ac-
cessibility in these regions (16 ). This effect,
indeed, is also manifested in the enhanced U
excision by SMUG1 in H2A.Z NCPs at the
DNA entry/exit region (sites 9-11). The dock-
ing domain of H2A.Z adopts fewer hydrogen
bonds with H3, leading to the destabilization
of local structure. The L1 loops, being the only
interface between the two H2A-H2B dimers,
has been suggested to play a critical role in
regulating DNA-histone binding (59 ) and the
dynamics and energetics of macroH2A and
H2A.Z NCPs (28 , 60 ). Consequently, struc-
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tural rearrangement of the L1 loops in variant
NCPs could contribute to the clustering of U
sites with the largest increase in UDG activity
around the L1-L1′ interface. Based on a recent
study of H2A variants in Arabidopsis thaliana
(27 ), and together with previous molecular
simulations (59 ), the impact of the distinct
docking domain and L1 loops of H2A variants
can alter not only the structure and dynamics
of individual NCP, but also inter-nucleosomal
interactions. Therefore, incorporating H2A
variants may be profoundly influential on the
accessibility of chromatin fibers. It is also of
note that due to the strong association between
the Widom 601 sequence and the histone core,
our observations may reflect an underestimate
of the extent to which U can be repaired in
other sequences; the ability of macroH2A and
H2A.Z to facilitate BER may be even more dra-
matic than the significant effect we observed.
Another intriguing finding is the restoration

of SMUG1 activity at all lesion sites in a defined
region of macroH2A NCPs, where high UDG ef-
ficiency is also observed. We attribute this re-
covery in glycosylase activity to weaker or com-
plete loss of DNA-histone interactions in this re-
gion, revealed by both HRF and MNase treat-
ment. Several scenarios can result in weaker
DNA-histone interplay and a less compact NCP
structure, one of which is the formation of end-
positioned NCPs that includes macroH2A (61 ).
However, formation of the end-positioned NCPs
with Widom 601 sequence requires the assis-
tance of chromatin remodelers (61 ). Alterna-
tively, as there has been growing evidence for
preferential unwrapping of DNA from the 3′-
end of the I strand in Widom 601 canonical
NCP (62–64 ), asymmetric unwrapping can be
another possibility. Nevertheless, rates of lesion
site exposure induced by unwrapping alone are
too low to account for observed rates of U exci-
sion at site 110 (50 , 65 ). Therefore, it is mostly
likely that the formation of macroH2A hexas-
omes contributes to the restoration of glycosy-
lase activity in the region 35-40 bp from the 3′-
end of the I strand, and this contribution could
be amplified by synergistic asymmetric unwrap-
ping occurring within the hexasomes.
In fact, it has been reported that hexasomes

can concomitantly form with octasomes dur-
ing canonical NCP reconstitution (66 ), and
a macroH2A hexasome species was proposed
to have been observed (29 ). Intriguingly, we
note that the macroH2A hexasomes appear to
lack exclusively one copy of the macroH2A-H2B
dimer at the 3′-end of the I strand, where the
asymmetrical unwrapping of nucleosomal DNA
in Widom 601 canonical NCPs is thermody-
namically favored (62 , 63 , 67 ). Previous bio-
chemical experiments indicate that macroH2A
octamers are less sensitive to the decreased salt
concentration and undergo a peculiar dissocia-
tion pathway during reconstitution (29 ). The
distinct property of macroH2A octamers makes
it possible that an incompletely dissociated
species, the hexamers, are deposited onto DNA,
and the more flexible 5′-end of the I strand
preferentially binds with the hexamers. Alter-
natively, as the formation of canonical hexas-
omes in vitro is reported to be guided by asym-
metric unwrapping (64 ), macroH2A octasomes
may have a higher probability than canonical
octasomes to release a macroH2A-H2B dimer
at the 3′-end of the I strand during reconstitu-
tion. Given its distinct structure and dynamics,
canonical hexasomes have emerged as an inter-
mediate for modulating chromatin architecture
and DNA accessibility during replication, tran-
scription, and DNA repair (68–73 ). Notably,
the finding of histone chaperone FACT, which
promotes the RNA polymerase II-dependent
H2A-H2B dimer eviction (74 ), to co-localize
with OGG1 at damage sites may imply the in-
volvement of the hexasomes in BER (42 ).
In our kinetic experiments, we observed

biphasic kinetics in most NCPs with UDG
and SMUG1. The biphasic kinetics have been
reported previously for other glycosylases on
NCPs (34 , 51 , 75 ). Interestingly, kobs of the
fast phase observed with NCPs is compara-
ble to that of duplex DNA, indicating a sub-
strate population that is nearly as accessible
as duplex. Although the small amount of U
excision (∼3%) in the fast phase may derive
from duplex DNA, native PAGE demonstrates
that NCP samples remain intact after UDG and
SMUG1 reactions (data not shown). Further-
more, single molecule FRET studies revealed
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the existence of an open state of NCPs, pop-
ulated 0.2-3% under physiological conditions
(76 ), that may possess more accessible DNA
and explain the fast phase observed with canon-
ical and H2A.Z NCPs. In contrast, ∼50% and
40% of U excision were obtained in the fast
phase with UDG and SMUG1, respectively, in
macroH2A NCPs. We attribute this increase
mostly to the dramatically enhanced DNA ac-
cessibility caused by the macroH2A hexasomes.
U excision in the slow phase of NCPs, on the

other hand, is∼200-times and∼10-times slower
with UDG and SMUG1, respectively, than in
duplex DNA, suggesting a population of NCPs
that is comparatively refractory to processing
by the glycosylases. We note that while rates
of the fast phase in NCPs are dramatically dif-
ferent for UDG and SMUG1, rates of the slow
phase are relatively similar, perhaps suggest-
ing that the NCP population accounting for the
slow phase undergoes a rate-limiting structural
alteration(s) to expose the lesion site or adopt a
conformation permissive for repair. In compar-
ison, NCPs in the fast phase may have the same
rate-limiting step as duplex DNA since their
rates are comparable under single-turnover con-
ditions, and the rate-limiting step is determined
by mechanisms unique to UDG and SMUG1,
rather than by NCP conformational change(s).
Although exchanging canonical H2A with

macroH2A or H2A.Z can modulate the struc-
ture and dynamics of NCPs and enhance the
efficiency of BER, coupling the incorporation of
histone variants with other cellular factors, such
as chromatin remodelers and/or histone PTMs,
could provide additional and more versatile
strategies for regulating DNA accessibility and
maintaining genomic integrity. Indeed, H2A.Z
sumoylation has been suggested to play a role in
DSB repair (77 ), and acetylated H3.3/H2A.Z
hybrid nucleosomes are known to be enriched
at the transcription start sites of active genes
(78 , 79 ). Moreover, the C-terminal macro
domain of macroH2A is capable of interact-
ing with histone deactylases (28 ) and binding
nicotinamide adenine dinucleotide metabolites
(80 , 81 ), implying its diverse role in biological
events. Taken together, given the complexity of
chromatin, elaborate mechanisms have evolved

to balance DNA accessibility and genome sta-
bility for a multitude of biological processes,
such as replication, transcription, and repair.
Our study demonstrates the enhancement of U
excision in NCPs containing the H2A variants
H2A.Z and macroH2A. Further studies with ad-
ditional cellular factors will reveal the extent to
which they modulate the influence of histone
variants on BER.

Materials and Methods
Detailed methods are described in the Support-
ing Information.

Supporting information
DNA sequences, Figure S1-S10, and materials
and methods.
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