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ABSTRACT

Alkyladenine DNA glycosylase (AAG) is the only known human glycosylase capable of excising alkylated
purines from DNA, including the highly mutagenic 1,N°-ethenoadenine (¢A) lesion. Here we examine AAG’s ability
to excise €¢A from a nucleosome core particle (NCP), which is the primary repeating unit of DNA packaging in
eukaryotes. Using chemical synthesis techniques, we assembled a global population of NCPs in which A is replaced
with €A. While each NCP contains no more than one €A lesion, the total population contains €A in 49 distinct
geometric positions. Using this global gA-containing NCP system, we obtained kinetic parameters of AAG
throughout the NCP architecture. We observed monophasic reaction kinetics across the NCP, but varying amounts
of AAG excision. AAG activity is correlated with solution accessibility and local histone architecture. Notably, we
identified some highly solution-accessible lesions that are not repaired well, and an increase in repair within the
region of asymmetric unwrapping of the nucleosomal DNA end. These observations support iz vivo work and provide

molecular-level insight into the relationship between repair and NCP architecture.



Despite its being the code of life, DNA has a physiochemical composition that makes it susceptible to
modification and decomposition by endogenous and exogenous sources.' Failure to rectify these modifications can
result in mutagenic consequences such as cancer.” The repair of nucleobase lesions can be accomplished with the
base excision repair (BER) pathway. BER is initiated by a glycosylase enzyme specialized for removing a particular
lesion(s).® Most glycosylases use a base-flipping mechanism to extrude the lesion from the helix and catalyze N-
glycosidic bond cleavage, resulting in an abasic site.* Interestingly, alkyladenine DNA glycosylase (AAG) is the only
known human glycosylase that removes alkylated nucleobases, including 3-methyladenine, 7-methylguanine, and
1,NS-ethenoadenine (¢A).” Specifically, €A can be generated by environmental exposure to vinyl chloride, or by attack

of endogenous lipid peroxidation products (Figure 1A).° The current study focuses on the removal of €A by AAG.

Many prior studies characterized glycosylase activity using short oligonucleotide duplex substrates.
However, eukaryotic DNA is highly packaged, presenting a more complicated environment for repair in vivo. The
primary repeating unit of chromatin is the nucleosome core particle (NCP) (Figure 1B) with 75-90% of genomic
DNA packaged as such.” NCPs consist of 145-147 bp of DNA wrapped in ~1.7 left-handed superhelical turns around
an octameric core of histone proteins.® The histone core contains two copies of each histone, H2A, H2B, H3, and H4,
with two-fold rotational symmetry about a dyad axis. As a consequence of wrapping around the histone core, the
DNA becomes structurally distorted and locally stretched.” The presence of the histones also means that there are
regions of DNA that are sterically blocked while other regions are physically more accessible to DNA-binding

proteins. '

The geometric position of a nucleobase in an NCP can be described in two ways: the rotational position and
the translational position. Rotational positioning of a nucleobase refers to its helical orientation; i.e. if the lesion is
facing outward toward solution, or inward toward the histone core. Translational positioning refers to the location of
the nucleobase relative to the dyad axis. It has been shown that nucleobases located toward the ends of the DNA have
increased solution accessibility compared with those near the dyad region due to transient and spontaneous DNA

unwrapping.'®!!

Previous studies have shown that geometric positioning of a lesion and local histone environment can

modulate glycosylase activity on an NCP.'?> Most of these previous studies created NCPs containing a site-specific
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Figure 1. Representations of lesions, NCP, and DNA sequence. (A) An A:T bp and mutagenic €A:T bp. (B)
Representation of an NCP. (C) The 145 bp Widom 601 duplex. Locations of A in sequence are highlighted in the I
strand (green) and J strand (blue). Base pairs are numbered starting from the 5’-end of the I strand, with the J strand
nucleobase indicated by a negative.

lesion. To obtain information about activity in other NCP regions, additional site-specific lesion-containing NCPs
were created with the lesion in a different geometric position. These initial experiments showed that each local histone
environment had varying effects on glycosylase activity beyond solution accessibility. Because every nucleobase in
an NCP inherently has a unique microenvironment, no lesion location can be used as a representative of repair in a
packaged DNA context. Furthermore, although studies using site-specific lesions in NCPs are informative, it would
be time-consuming and impractical to study DNA repair across the entirety of the nuanced NCP architecture

containing 145-147 bp in this manner.

With these considerations in mind, we recently designed a global system for simultaneous study of multiple
lesion positions, and therefore probing of multiple NCP microenvironments, to describe glycosylase activity across
an NCP." Global lesion-containing DNA is prepared by chemical synthesis using a building block mixture of the
lesion of interest and the unmodified nucleobase that maximizes the number of strands containing 0 or 1 lesion

throughout the sequence. Reconstitution of NCPs using global lesion-containing duplex and histone octamer yields



a population of NCPs with the lesion positioned in a variety of well-defined translational and rotational positions.
Here, we utilize the global system to substitute €A for A in either the I or J strand of the Widom 601 NCP'* to study
excision by AAG in a total of 49 distinct geometric positions (Figure 1C, Scheme S1, Figure S1). Whereas our
previous work qualitatively described repair of 8-o0x0-7,8-dihydroguanine lesions in NCPs, our current work elevates

the global system to provide kinetic parameters to describe €A excision by AAG in duplex controls and NCPs.

We first measured €A excision by AAG as a function of time in a 145 bp global duplex control (DUP) (Figure
2A and Figure S2A). DUP was assembled with one e€A-containing 145 mer annealed to the undamaged
complementary strand (Scheme S2). Due to the small amount of each lesion-containing substrate relative to the total
DNA population, we defined the amount of excised product observed after 180 min as the maximal product
accumulation at a given lesion site. We chose an 180 min time course based on previous experiments and AAG’s

slow activity,>!

and confirmed that AAG retains full activity over the 180 min (Figure S3). Therefore, product
accumulation at time ¢ is represented as a ratio relative to product accumulation at 180 min (DUP/DUP;5) (Figure
S4). Monophasic fits of reaction progress at each lesion site in DUP (Figure 2B, closed symbols) determined the
observed rate (kobs) of AAG excision at the 49 €A positions in DUP, which ranges from 0.030-0.091 min™ (Table

S1). These kqbs values are comparable to previous reports for site-specific €A lesions in both short oligonucleotide

duplexes™'” and 145 bp duplex.'®

We next prepared global gA-containing NCP populations to examine AAG activity in packaged DNA
(Figure S5). We previously reported'*'®!” extensive control experiments to determine strategies that minimize, to
the greatest extent possible, unincorporated DNA in NCP preparations. Only NCP preparations with <5% DUP are
used in experiments. Product accumulation in the NCP was determined at time ¢ as a ratio relative to maximal product
accumulation, NCP/DUP5 (Figure 2A,C; Figure S2). Unlike AAG excision from DUP, not all €A lesions in NCPs
were fully excised by 180 min; 30/49 sites had less than 30% excision (Figure S6). Suppressed activity relative to
DUP indicates that the presence of the histone octamer interferes with AAG activity. We verified that all DNA
containing €A lesions formed NCPs and there was no bias in NCP formation based on the geometric position of the

lesion (Figure S7); therefore, a lack of excision from NCPs is due to a lack of AAG activity.
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Figure 2. Single-turnover kinetic time course experiments of €A excision by AAG. (A) Representative PAGE gels
showing €A excision on the J strand of DUP (left) and NCP (right). DNA samples only treated with NaOH (-E lanes)
show incidental damage from experimental conditions and sample workup. Two internal references, a 23 mer (*) and
92 mer (**), used for quantitation are indicated. Four separate gels are shown, indicated by the spaces between the
images, with each gel cropped for alignment. The top two panels are aligned to show DUP and NCP data for positions
-8 to -76. The bottom two panels are aligned to show data for positions -85 to -135. (B) Selected kinetic fits showing
examples of low (site -87), medium (site -128), and high (position -133) amounts of €A excision on DUP (closed
symbols) and NCPs (open symbols). (C) Quantitation of €A excision over time on the J strand in NCPs. Error bars
are calculated standard errors (n= 3-10). Analogous data for the I strand in NCPs is shown in Figure S2.



We next obtained kobs describing AAG excision of €A from the global NCPs. As observed for DUP, excision
of €A across NCPs displayed monophasic behavior (Figure 2B, open symbol). In addition, kobs values across NCPs
are comparable to those observed in DUP and to those obtained for a site-specific lesion in an NCP (Table S1).'°
However, different from results observed with DUP, significantly suppressed excision efficiency is observed at 30/49
sites. The monophasic behavior of AAG in DUP and NCP, paired with the varying amounts of €A excision in NCPs,
suggests that there are subpopulations of NCPs that are conformationally competent for AAG activity while others
are not. The NCP population that is unrepaired by AAG is not due to the DNA substrates being chemically
incompetent. Instead, the population is not repaired due to a structural impediment and/or conformation derived from
the histone octamer which renders the lesion inaccessible to AAG activity. In the cell, repair of these lesions might
require chromatin remodelers and/or additional factors. Previous kinetic characterizations of human glycosylases
OGG1 and UNG2 acting on site-specific lesion NCP systems revealed multiphasic kinetics (=2 phases) for removal
of lesions in some positions, which was attributed to conformation changes in the NCP.'™'® Considering AAG’s
slower rate of glycosylase activity compared with OGG1 and UNG2, the monophasic behavior observed across the
NCP suggests that analogous conformational changes cannot be resolved on this timescale.

Next, we evaluated the relationship between AAG activity and solution accessibility of each €A lesion. We
performed hydroxyl radical footprinting (HRF) to characterize solution accessibility of nucleobases in global NCPs
(Figure 3, shaded gray area; Figure S8). ¢A positions with high (HIGH), medium (MID), and low (LOW) solution
accessibilities were grouped based on the ratios of accessibility to the maximal accessibility within a helical turn of
the HRF profile (Table S2). Overall, we found the extent of €A excision from NCPs by AAG is highly correlated
with solution accessibility, similar to our previous observations of the global repair profiles of OGG1" and UDG"
on NCPs. About half of the HIGH positions, i.e. sites 42, 64, -103, -104, 105, -114, had maximal €A excision (90-
100%). Conversely, minimal amounts of product were observed at most LOW positions, with no greater than 20%
€A excision. MID positions had low to moderate €A excision, ranging from 10-60%. The broader range of €A excision
observed at MID positions is likely due to varied NCP microenvironments. For example, MID positions with less
than 20% €A excision are located near histone tails; sites -34, -37, -47, -111 are closest to the base of an H2A tail,

17,20

and position 119 is similarly near an H2B tail. Indeed, other glycosylases'”*” and BER enzymes®' have shown variable



amounts of inhibition due to histone tails. The proximity of histone tails to certain positions may interfere with AAG

in similar ways to reduce activity.

We also used DNase I footprinting as a complementary approach to HRF to characterize the solution
accessibility of nucleobases using an enzymatic probe of similar size to that of AAG (molecular weight of DNase I
is 29 kDa versus 26 kDa for AAG) (Figure S9, S10). The local maxima of accessibility within a helical turn are

consistent with those observed by HRF (Figure S11).

The overall correlation between glycosylase activity and solution accessibility observed in these in vitro
chromatin experiments is consistent with in vivo observations. A study in yeast mapped alkylation damage and its
subsequent repair by the yeast homolog of AAG across the genome;** the examination of 10,000 strongly-positioned
NCPs in the genome revealed decreased repair at less solution-accessible sites. Another recent study reported that

somatic mutational rates in ~3,500 human tumors are enriched in sequences packaged by NCPs.? Further,

64 105 123
101 7 S B [ R e 1.0
0.8 1 10.8

3 2

=]

20.6 96,97 : tos 2
a ) 68 119 065y

5 M2 T 3

Q 04y I 58:60 1048

= 40 : :

Bo2 19 2829 44 | 48 1 89,90 1029
& T il f1 ] ) £
Z 5
c ﬂ -56,-57 - 1 S
602 i -45,-47 1.76 11 T0.2 ‘J’>
‘B - A 74 Tan|
"G 04 34737 107 0.4 §
i 0.6 s 0.6 =

61 - ) 1065

< -85:-88 116 12811 =

0871 : 0.8
L T R T Yt i 1.0

-30,-31 -103,-104 -114 126 13
-133-13

Base Position

Figure 3. Relationship between AAG activity on and solution accessibility of €A positions in the NCP. The amount
of AAG excision after 180 min is shown as bars at each €A position along the I strand (green) and J strand (blue).
Error bars represent the standard error (n = 3-10). The HRF profile characterizes relative reactivity as a function of
base position and is depicted as gray area in the background.

a subset of tumor types had a relative increase in mutation rates where minor grooves faced the histone core,

specifically attributed to decreased repair at less-accessible positions.
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A reduction of AAG activity within chromatin may lead to this imbalance in DNA damage and repair that
could cause mutagenicity and genetic instability described in vivo.**** Indeed, DNA packaged in an NCP has been
shown to be as susceptible to alkylating agents as unpackaged DNA.*® We have observed in this work that AAG can
remove €A lesions from HIGH positions, but has minimal activity on LOW positions. These results suggest that eA
repair by AAG at LOW positions in vivo may require additional nuclear factors, such as histone variants, histone

post-translational modifications, and/or chromatin remodelers to increase access to LOW-positioned lesions.***’

Interestingly, these experiments with global €A lesion NCPs reveal exceptions to the correlation between
solution accessibility and AAG activity. Specifically, there are instances of HIGH positions that are inefficiently
excised by AAG. The first such position is -74, located near the dyad axis, where only 20% eA excision was observed.
The dyad region has been shown to have different characteristics from the rest of the NCP, including less DNA-
histone dynamics,'' a straighter conformation, and being underwound,’ any of which may contribute to suppressed
AAG activity. Consistent with previous studies with restriction enzymes,' there is also an overall decrease in DNase

131619 and others '®?%?? have found that repair of lesions

I cleavage within the dyad region (Figure S11). Indeed, we
in the ~20 bp of DNA centered at the dyad region is suppressed relative to other regions of the NCP. In vivo

observations have also shown these patterns of decreased BER within the dyad region of strongly-positioned NCPs.?

Sites -30, 96, and 97 are also HIGH positions that are inefficiently excised by AAG, but they are located
outside of the inhibitory dyad region. Additionally, all three positions are adjacent to sites where €A is more readily
excised. For instance, AAG excised 40% of €A at position -30, but nearly quantitative conversion to product was
observed at position -31. These two positions are potentially influenced by the unstructured tails of nearby H2B
and/or H2A (Figure S12A). Additionally, these two positions are close to superhelical location (SHL) 5, a location
in nucleosomal DNA known for stretching and disrupted base stacking.'** Specifically, the local differences in the
dinucleotide step parameters of twist, roll, and slide between the consecutive positions could preferentially prevent
AAG excision at position -30. Additionally, DNase I activity in this region was not as robust as in other helical turns
on this strand (Figure S11), which might suggest a local NCP structural feature that inhibits general enzymatic
activity. Similarly, AAG excised 50% of €A at position 96, while only removing 20% €A at position 97. Reduced

€A excision here may be due to the nearby H2B and/or H4 tail (Figure S12B). Alternatively, DNA stretching is also



known to occur nearby between SHL +1 to +2 to result in severe kinking, and could be a direct result of the very
different roll parameters observed between positions 96 and 97,'**" and thereby inhibit AAG activity here. It is also
of note that both the HRF profile and DNase I activity in this region were high (Figure S11) and could indicate the
local NCP architecture is specifically inhibiting AAG activity. Generally across the sequence, the very extreme

dinucleotide step parameters of twist, roll, and slide analyzed in 601 NCP structures,'**°

such as the low degree roll
at SHL + 4.5 (i.e. around positions 28 or 119), or minor groove-inward pressure point positions, do not appear to
influence AAG activity beyond the associated lower-solution accessibility. All other consecutive run €A positions
observed, such as 28 and 29; 58 through 60; 89 and 90; -56 and -57; -85 through -88; and -103 and -104, have €A
excision correlated with relative solution accessibility as expected. The differential €A excision by AAG in the
described positions emphasizes the effects of subtle, local NCP microenvironments unique to each nucleobase
position and highlights the complexities that DNA packaging into an NCP presents for a glycosylase. Instances of
decreased AAG activity in HIGH positions create an imbalance between damage and repair that can contribute to
mutagenic signatures,” and describe potential hotspots in the packaged genome for persistent alkylation damage due
to a deficiency in repair.

The ends of DNA in NCPs have been shown to spontaneously and transiently unwrap to allow for increased

access to nucleobases.'' Furthermore, NCPs asymmetrically unwrap in vivo®' and in vitro,>*

meaning that one end
is more dynamic than the other. In our global eA NCPs, we observed increased AAG activity at the end known to
unwrap preferentially in the 601 NCP.**** From base pair 123 to the DNA end, there is increased repair regardless of
solution accessibility (Figure 3). Specifically, at least 60% excision of ¢A was observed at LOW positions, where
similar solution-accessible positions elsewhere in the NCP, like positions 28, 29, -45, 48, 59, -67, -88, had at most
30% excision. MID positions on this end, such as 123, 126, -135, showed at least 80% €A excision, while MID
positions on the other end, such as 19, -24, -34, had at most 20%. These results are consistent with in vivo observations
of higher levels of repair asymmetric to the dyad.*

In summary, we determined the repair profile and various kinetic parameters in global DUP and NCPs to
observe €A excision by AAG activity at 49 distinct geometric positions. AAG activity across the DUP had maximal

amounts of excision, but varying amounts of activity across the NCP architecture. We show that the presence of the

histone octamer, and therefore the packaging of DNA into chromatin, modulates repair by AAG. Although AAG’s
9



monophasic kinetic behavior remained consistent across the NCP, we observed interesting relationships between the
amounts of €A excision and NCP architecture. More specifically, we observed a general correlation between AAG
activity and solution accessibility in the NCPs. However, we observed a few exceptions to this correlation, including
HIGH positions with low repair likely due to distinct NCP microenvironments that suppress AAG activity, and
increased €A removal at the DNA end that asymmetrically unwraps. Our kinetic characterizations of AAG excision
of €A in global NCPs have revealed interesting microenvironments that inhibit repair that could not be appreciated
previously in site-specific lesion NCPs. Future studies using this global NCP system could provide a more

comprehensive understanding of the nuanced relationships between NCP architecture and DNA repair in cells.
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MATERIALS AND METHODS

Detailed methods are described in the Supporting Information.
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