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ABSTRACT

Many APOBEC cytidine deaminase members are
known to induce ‘off-target’ cytidine deaminations in
5'TC motifs in genomic DNA that contribute to cancer
evolution. In this report, we characterized APOBEC1,
which is a possible cancer related APOBEC since
APOBEC1 mRNA is highly expressed in certain types
of tumors, such as lung adenocarcinoma. We found a
low level of APOBEC1-induced DNA damage, as mea-
sured by yH2AX foci, in genomic DNA of a lung can-
cer cell line that correlated to its inability to compete
in vitro with replication protein A (RPA) for ssDNA.
This suggests that RPA can act as a defense against
off-target deamination for some APOBEC enzymes.
Overall, the data support the model that the ability of
an APOBEC to compete with RPA can better predict
genomic damage than combined analysis of mRNA
expression levels in tumors and analysis of mutation
signatures.
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INTRODUCTION

The apolipoprotein B mRNA editing enzyme complex-1
(APOBECI) is a cytidine deaminase that catalyzes the con-
version of cytosine to uracil in RNA and single-stranded
(ss)DNA (1,2). APOBECI1 (A1) plays an essential physio-
logical role in lipid metabolism by editing the apolipopro-
tein B (4poB) mRNA in the small intestine (3). By introduc-
ing a stop codon through C to U editing, a lower molecular
weight form of ApoB is produced in the small intestine in
comparison to ApoB translated from the unedited mRNA
in the liver. In humans, APOBECI belongs to the 11 mem-
ber APOBEC family that have capabilities to catalyze C to
U editing in RNA or deaminations of C to U in ssDNA
(4). The roles of the APOBEC-mediated C to U editing or
modification are diverse and include lipid metabolism (A1),
antibody maturation (Activation Induced Cytidine Deam-
inase, AID), an intrinsic immune defense against retro-
viruses (the seven APOBEC3 enzymes (A3A-H, excluding
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E)) and retrotransposons (AID, Al, A3s), muscle develop-
ment (A2), and other unknown functions (A4) (4).

The APOBEC family also has a conserved deaminase
domain structure, but diversity in the number of deami-
nase domains per APOBEC (5). Al, A2, A4, AID, A3A,
A3C and A3H have only one domain (6,7). A3B, A3D,
A3F and A3G have two domains, but only the C-terminal
domain has catalytic activity in human A3s (6,7). Al also
contains an ~40 amino acid (a.a.) C-terminal domain ex-
tension that is not present in any other family members,
except A2, which has no known deaminase activity (8,9).
The C to U deamination in RNA directly edits the RNA
coding sequence and is not permanent; however, in DNA
the deoxyuridine acts as a promutagenic lesion since poly-
merases read this nucleotide as thymidine and has the po-
tential to cause a permanent mutation in the DNA. The
uracil can lead to transition mutations of C/G to T/A
or other transversion mutations, depending on the type of
DNA repair (4). For AID and A3 enzymes, this is used ad-
vantageously in the targeted mutagenesis of antibody genes
to enable evolution of antigen specificity and antibody class
switching or hypermutation of viral genomes to render them
non-functional, respectively (10,11).

For APOBECs that contribute to ‘off-target’ genomic
DNA deaminations, the ssDNA must be accessed during
transcription, replication or dSDNA break repair (12-18).
Late stage tumors show evidence of primarily the lagging
strand of the replication fork acquiring APOBEC-induced
mutations presumably due to the longer time that DNA re-
mains single-stranded and that transformed cells often have
genomic instability as a hallmark, which may mean that
replication forks often become stalled, exposing even more
ssDNA (12-17,19-20). Nonetheless, APOBECs must com-
pete with replication protein A (RPA) that binds and pro-
tects ssDNA from nucleases (21,22). A3B, A3A and A3H
Haplotype I (Hap I) have been shown to efficiently displace
RPA, but it is unknown if this is the primary determinant
for accessing genomic ssDNA (22).

At minimum, an APOBEC must be able to search the ge-
nomic DNA for the deamination motif and this can be done
using a variety of processive scanning mechanisms that are
termed facilitated diffusion (10,23-25). APOBEC enzymes,
like many DNA repair or bacterial restriction enzymes, use
Brownian motion driven diffusion to slide along the phos-
phate backbone, jump in three-dimensional (3D) space or
bind different DNA strands simultaneously in order to re-
main bound to the DNA longer, increasing the search ef-
ficiency, rather than being in bulk solution (10,23-26). The
mechanics of how Al interacts with and deaminates ssDNA
is not known. However, it is known that A1 requires cofac-
tors AICF or Rbm47 to deaminate ApoB mRNA and pos-
sibly other mRNAs, but does not require any for ssDNA
deamination (9,27-31).

Understanding these DNA search strategies helps in un-
derstanding the cost to benefit ratio of these enzymes be-
cause it informs on their potential to carry out ‘on-target’
versus ‘off-target’ mutagenesis. Since APOBEC enzymes
have particular deamination motifs in which they recog-
nize cytosine, e.g. 5'TC, the ‘footprint’ of their activity has
been identified in numerous cancers for AID, A3A, A3B
and A3H Hap I (32). A1 which was believed until recently
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to have a sole role in ApoB mRNA editing, has been shown
to also edit the 3’'UTRs of diverse mRNAs, which appears
to contribute to cellular homeostasis in innate immune
cells (30,33-35). Most recently, A/ mRNA expression has
been detected in Barrett’s esophagus cells, a precursor to
esophageal carcinoma (33). Sequencing of Barrett’s esopha-
gus and esophageal adenocarcinoma genomes and analysis
of A1 mRNA expression in these cells led to the correla-
tive conclusion that expression of Al outside of the normal
site (intestinal epithelial cells) may lead to genome muta-
genesis and this may contribute to cellular transformation
(33). This is similar to what has been documented for Al in
hepatocarcinoma mouse models and A3B in many cancers,
but particularly breast cancer (36,37). Thus, A1 may be an-
other family member that when overexpressed or expressed
in non-normal cell types can cause somatic mutagenesis that
has the potential to cause cell transformation. However, we
are unable to predict the potential of Al ‘off-target’ deam-
ination due to a lack of biochemical information.

When A1 was discovered and studied initially, partially
purified whole cell extracts from Rat intestines were used
in order to maintain the RNA ‘editosome’ complex (38).
Although experiments using cellular extracts enabled char-
acterization of the Al editing complex, there has been a
paucity of data using recombinantly produced Al to study
ssDNA deamination (38-40). As a result, our understand-
ing of the biochemical mechanism of Al catalytic activity
on ssDNA is lacking. Since the association of an APOBEC
with cancer requires multiple lines of evidence such as
matching a deamination motif to genomic mutation data,
biochemical features, nuclear localization, and evidence of
causing DNA damage, it is important to complete the char-
acterization A1 using these criteria (41).

Using a biochemical approach, we determined that Al
cannot compete with RPA for ssDNA as proficiently as
other A3 enzymes, suggesting that RPA can act as a de-
fense against off-target deamination for some APOBEC en-
zymes. Consistent with these data, we found that A1 deami-
nation activity resulted in only a low level of uracil-induced
vyH2AX foci in transformed lung cells. In conjunction with
biochemical analyses, these data provide a model for A1 cat-
alytic activity, which is unique from other APOBEC family
members and involves a catalytically active high molecular
mass molecule. Collectively, the data presented enable us to
propose a simpler method for attributing somatic mutagen-
esis to APOBEC enzymes by using biochemical character-
istics to predict activity in cells.

MATERIALS AND METHODS
Cell culture and generation of stable cell lines

NCI-H1563 and MRC-5 were obtained from ATCC and
cultured in RPMI-1460 supplemented with 10% FBS, 10
mM HEPES, 1 mM sodium pyruvate and Dulbecco’s-
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), respectively. Lentivirus was
generated by co-transfecting with GeneJuice (EMD Milli-
pore), psPAX2, VSV-G and the pLVX-Flag lentiviral vector
containing Al into HEK-293T cells. Media (DMEM con-
taining 10% FBS) was changed after 16 h and viral parti-
cles were harvested 48 h post-transfection. NCI-H1563 and
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MRC-5 were transduced with lentivirus in the presence of
8 wg/ml polybrene for 16 h. Transduced cells were selected
with 1 wg/ml puromycin for a week and maintained with
0.25 pg/ml puromycin.

Immunofluorescence microscopy

NCI-H1563 and MRC-5 cells were treated with 2 pg/ml
doxycycline for 24 or 48 h to induce Al expression and
then fixed with 100% cold methanol for 10 min. Cells
were permeabilized with 100% cold acetone for 1 min and
0.5% Triton X-100 for 10 min. Anti-Flag (1:500, Millipore
Sigma) and anti-phospho-H2AX antibodies (1:200, Mil-
lipore Sigma) in 3% bovine serum albumin in 4x saline
sodium citrate (SSC) buffer were incubated 1 h. Primary an-
tibodies were detected with Alexafluor-594 and Alexafluor-
488-conjugated secondary antibodies (Invitrogen). Nuclei
were stained with DAPI and cells were imaged using the
Zeiss LSM700 system. Data were complied from 364 cells
from three independent experiments.

Protein expression and purification

Recombinant baculovirus production of wild type GST-A1
and GST-AC Al were carried out using the pFast-bacl
transfer vector according to the protocol for the Bac-to-
bac system (Life Technologies). Recombinant GST-A1 bac-
ulovirus were then used to infect Sf9 cells at an MOI of 1.
Infected S79 cells were harvested after 72 h of infection. Cell
lysates were treated with RNase A unless indicated and were
applied onto Bio-Scale Mini Profinity GST Cartridges for
purification using the BioLogic DuoFlow Chromatography
system and subjected to a series of salt washes. GST-A1 was
eluted with 50 mM reduced glutathione and subjected to
thrombin digestion to cleave the GST tag. The A3A, A3G
and A3H Hap VII were purified as previously described
(42-44).

The bacterial expression plasmid pl1d-tRPA was ob-
tained from Marc Wold (University of lowa). This plasmid
contained the three subunits of human RPA. The RPA ex-
pression in and purification from Escherichia coli was car-
ried out as previously described (45).

Nuclease treatment assay

To determine the identity of the nucleic acids in purified
Al, 500 nM of Al was treated/untreated with Proteinase
K (New England Biolabs) for 15 min at room temperature.
The sample was then treated/untreated with RNase A (5
wg/ml, Roche Applied Science) or DNase I (1U/ml, New
England Biolabs) for 15 min at room temperature. An equal
volume of formamide containing 5 mM ethylenediaminete-
traacetic acid (EDTA) was added and resolved on a 16%
(v/v) denaturing polyacrylamide gel. The resolved nucleic
acids were stained with SYBR-GOLD (Invitrogen) and gel
images were obtained using a Chemidoc-MP imaging sys-
tem (Bio-Rad).

In vitro deamination assay

Reactions were conducted with fluorescein labeled DNA
substrates (Tri-Link Biotechnologies) at 37°C in RT buffer

(50 mM Tris, pH 7.5, 40 mM KCI, 10 mM MgCl, and 1 mM
dithiothreitol (DTT)). RNA and ssDNA substrates were
previously reported, unless indicated (22,46-47).

Processivity reactions were carried out using different
deamination motifs as indicated in the results. All deami-
nation motifs within each substrate were always followed
by an adenine, which has been shown to be preferred
by APOBEC enzymes (48,49). Processivity reactions were
carried out under single-hit conditions to ensure a single
enzyme-substrate encounter. A processivity factor can be
calculated under these conditions by comparing the quan-
tified total amount of deaminations occurring at the two
sites on the same ssDNA with a calculated theoretical value
of deaminations assuming they were different deamination
events. A processivity factor greater than 1.0 means the ma-
jority of double deaminations are catalyzed by a single en-
zyme, and therefore x-fold more likely to deaminate proces-
sively. A non-processive enzyme has a processivity factor of
1.0 or more commonly, does not have a visible amount of
deamination at two sites under the single-hit conditions of
the reaction. The reaction is initiated by the addition of ss-
DNA (100 nM) containing two deamination motifs with 50
nM enzyme. The reaction time is varied on each ssDNA to
ensure ~10% substrate usage. The specific activity was cal-
culated under single-hit conditions by determining the pi-
comoles of substrate used per minute for a microgram of
enzyme.

For the time course of Al in comparison with A3A and
A3H Hap VII, 100 nM of R-loop, hairpin, or linear ssDNA
was incubated with 100 nM of enzyme for 2.5-60 min in
order to compare activities. Reactions were initiated by the
addition of the ssDNA substrate.

The intersegmental transfer assay reactions contained in-
creasing concentrations of enzyme and substrate but the
Al:ssDNA ratio was maintained (118 nt ssDNA: 100-500
nM, Al: 50-250 nM). Reactions were initiated by the addi-
tion of the ssDNA substrate.

For cycling assays, 100 nM of APOBEC enzyme was in-
cubated with 0 uM (0x), 1 wM (10x), or 10 uM (100x)
unlabeled ssDNA for 3 min at 21°C. The reaction was initi-
ated with the addition of 100 nM of a labeled 85 nt ssDNA
and proceeded for 10 min.

To determine the ability of Al to deaminate in the pres-
ence of RPA, saturating amounts of RPA (300 nM) were
preincubated with 100 nM of 69 nt ssDNA for 5 min before
the addition of 200 nM of Al or 25-50 nM of A3A, A3H
Hap VII or A3G enzymes.

The deamination reactions were stopped using phe-
nol:chloroform extraction followed by two additional chlo-
roform extractions. The deaminations were detected by
treating the substrates with Uracil DNA Glycosylase (New
England Biolabs) and heating under alkaline conditions.
Depending on the sizes of the ssDNA fragments, they were
resolved on 10, 16 or 20% (v/v) denaturing polyacrylamide
gels. Gel photos were obtained using a Chemidoc-MP imag-
ing system (Bio-Rad) and integrated gel band intensities
were analyzed using ImageQuant (GE Healthcare).

Size exclusion chromatography

To study the oligomerization state of Al, size exclusion
chromatography (SEC) was used by loading 10 pg of pu-



rified A1 onto a Superdex 200 (GE Healthcare) size exclu-
sion column. The running buffer contained 50 mM HEPES
pH 8.0, 200 mM NaCl and 1 mM DTT. A Bio-Rad stan-
dard set was used to generate a standard curve from which
molecular weight and oligomerization states of the enzymes
were determined. Protein fractions eluted from SEC were
resolved on 12% sodium dodecyl sulphate-polyacrylamide
gelelectrophoresis (SDS-PAGE) and detected using anti-
Al (1:500, Millipore Sigma) and IRdye labeled goat anti-
rabbit antibody compatible with the LI-COR /Odyssey sys-
tem. The LI-COR /Odyssey software was used to quantitate
the relative intensities of A1l in each lane.

Steady-state rotational anisotropy

Steady state fluorescence depolarization (rotational
anisotropy) was used to measure the binding affinity of the
enzymes to fluorescein-labeled ssDNA and RNA. Reac-
tions were 70 pl and contained 10 nM fluorescein-labeled
DNA substrate (118 nt) in RT buffer and RNase A treated
or untreated enzyme was titrated into the solution until
saturation. For the RNA, a 20 nt RNA (5 fluorescein-
GUG AUA UAU GUG UAU GAA AG) was used with
previously RNase A treated A1, which was titrated into the
solution until saturation. To measure the binding affinity
of enzymes in the presence of RPA, 10 nM ssDNA was
incubated with saturating amounts of RPA (30 nM) for 5
min before the addition of enzymes. A QuantaMaster QM-
4 spectrofluorometer (Photon Technology International)
with a dual emission channel was used to collect data and
calculate anisotropy. Samples were excited with vertically
polarized light 495 nm (6 nm band pass) and vertical and
horizontal emissions were measured at 520 nm (6 nm band
pass). Apparent dissociation constants (Ky) were obtained
by fitting to a rectangular hyperbola or a sigmoidal curve
using Sigma Plot 11.2 software.

Electrophoretic mobility shift assay

Varying concentrations of Al and A3C enzymes (0.5-1.5
pM) were incubated with 50 nM of a 43 nt fluorescein la-
beled ssDNA (5 fluorescein ~ATT ATT ATT ATT CGA
ATG GAT TTATTT ATT TAT TTA TTT ATT T) in a re-
action mix containing RT buffer with 4% glycerol for 5 min
at 21°C before resolved on a 8% non-denaturing acrylamide
gel at 4°C. Gel images were obtained using a Chemidoc-
MP imaging system (Bio-Rad). The gel was transferred to
a nitrocellulose membrane for immunoblotting, and de-
tected using anti-A1 (1:500, Millipore Sigma) and IRdye
labeled goat anti-rabbit antibody compatible with the LI-
COR/Odyssey system.

Co-immunoprecipitation

293T cells were transfected with GenelJuice (EMD Milli-
pore) at 70% confluency with 1 wg of pcDNA-A1-Flag or
2 g total of pcDNA-A1-Flag and pcDNA-A1-HA. Cells
were harvested and lysed using co-immunoprecipitation
(co-IP) buffer (50 mM Tris-Cl, pH 7.4, 1% Nonidet P-40,
0.1% sodium deoxycholate, 10% glycerol, 150 mM NaCl)
supplemented with EDTA-free protease inhibitor (Roche).
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Clarified supernatants were either treated or untreated with
RNase A (Roche) before incubation with Anti-FLAG®)
M2 Magnetic Beads (Millipore Sigma) at 4°C for 2 h. Resin
was washed and resuspended in Laecmmli buffer in prepa-
ration for SDS-PAGE. Proteins were transferred to nitro-
cellulose membrane and detected with anti-Flag (1:1000,
Millipore Sigma), anti-HA (1:1000, Millipore Sigma), anti-
RPA (1:500, Invitrogen), anti-a-tubulin (1:1000, Millipore
Sigma) and IRdye labeled goat anti-rabbit and anti-mouse
compatible with the LI-COR /Odyssey system.

RESULTS
A1 mRNA is overexpressed in multiple cancer cells

In order to consider if Al would be a candidate for ‘off-
target’ activity, we analyzed The Cancer Genome Atlas for
A1 mRNA expression in a panel of normal (N) and tumor
(T) cells. Al was previously identified in a separate study
to be highly expressed in the transformed cells of Barrett’s
esophagus and esophageal adenocarcinoma genomes (33).
We found that A1 was expressed even in normal esophageal
cells and there was no significant difference in tumor cells
(Figure 1A, ESCA_N and ESCA_T). However, we did ob-
serve an increase in A1 mRNA when comparing normal
and tumor samples for colon (COAD), lung (LUAD), pan-
creatic (PAAD) and rectum (READ) (Figure 1A and B).
Notably Al was not expressed in any normal cells except
those of the gastrointestinal tract, especially the pancreas,
colon, rectum and stomach, consistent with known physio-
logical roles and tissue specific expression of Al (50). The
largest increase in mRNA between normal and tumor cells
was in lung adenocarcinoma (P-value 7.6675 x 10~'2). This
was an interesting finding since already A3B and A3H Hap
I have been implicated in inducing somatic mutagenesis in
lung cancers (51,52). As a result, we determined if Al could
cause DNA damage through deaminase activity in lung
cells.

Expression of Al can induce low levels of yH2AX foci

Although A1 physiologically functions as RNA deaminase,
it has been shown to have DNA mutator activity (53,54).
However, since there are multiple DNA repair pathways to
repair uracil, the question remained whether A1 could cause
enough deaminations on genomic DNA to have a physio-
logical effect. To investigate the amount of DNA damage
that could be induced by A1, we used the lung cancer cell
line NCI-H1563. The qPCR analysis of this cell line showed
A3 B mRNA expression, but not 434, A3H, or Al, relative
to TBP mRNA (data not shown) (52). Thus, we constructed
stable doxycycline (dox) inducible cell lines expressing Al-
Flag (Supplementary Figure S1) to examine the effect of
expression in cancer lung cells by quantifying the amount
vH2AX foci which is a marker of stalled replication forks
and dsDNA breaks (55,56). After 24 h of dox induction or
no induction, the yH2AX foci were manually counted and
results were represented by a histogram with bins of multi-
ples of five for relative comparison (Figure 2A and B). The
NCI-HC1563 cells had more yH2AX foci in the presence
of Al induction than the uninduced cells for the 11 to 15
vyH2AX foci/cell bin (2.4-fold more than uninduced cells)
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Figure 1. Analysis of Al expression in multiple human malignancies. (A)
Al expression was analyzed in 24 different cancer types (T, tumor) and
matching normal (N, normal) tissue controls using data from The Can-
cer Genome Atlas (TCGA) (cancergenome.nih.gov). Abbreviations are de-
fined in Supplementary Table S1. The number of samples analyzed is the
number shown on the x-axis. (B) Presentation of the four cancer types in
which A1 was found to be significantly overexpressed by Mann—Whitney
U test. The P-values are COAD, 0.0049; LUAD, 7.6675 x 10~!2; PAAD,
0.0096; READ, 6.2491 x 1073,

and in the more than 15 yH2AX foci/cell bin (1.3-fold more
than uninduced cells, Figure 2A and B). These increases
are reflected in the lesser amount of yH2AX foci/cell for
A1 expressing cells in the smallest bin (up to five yH2AX
foci/cell). These foci were due to Al deamination activity
since there were less yH2AX foci/cell when NCI-H1563
cells were not transduced to express Al but exposed to dox
(Mock) and transduced to express Al, induced with dox,
but also exposed to the Bacteriophage PBS2 uracil DNA
glycosylase inhibitor protein (UGI), which is an inhibitor
of uracil-DNA glycosylase in bacteria and eukaryotes (In-
duced + UGI, Figure 2A and B). We also induced Al in
NCI-H1563 cells for 48 h, but found no increase in yH2AX
foci from 24 h, suggesting that the effect of A1 was already
saturated after 24 h (Figure 2C and D). Overall, Al could
induce yH2AX foci, but at a low level, with only an at most
2.4-fold increase in y H2AX foci above controls (Figure 2B).

We also investigated formation of yH2AX foci in another
lung cell line, MRC-5, which are normal fetal lung cells
that were transduced to express dox-inducible Al. How-
ever, there was no significant difference between the Mock,
dox induced, or uninduced cells, with 70 to 80% of cells
having up to five yH2AX foci (Supplementary Figure S2).
Nonetheless, A3A expression in U20S cells and A3B ex-
pression in 293T cells were previously reported to induce
pan-nuclear staining of yH2AX foci (36,57). Our experi-
mental system was consistent with these data since we found
that A3A could induce pan-nuclear staining of y H2AX foci
in both NCI-H1563 cells and MRC-5 cells (Supplementary
Figure S3). Altogether, these data indicate that Al can ac-
cess ssDNA in the genome only under some cellular condi-
tions and induces a low level of y H2AX foci. This could be
due to inherent biochemical characteristics of Al, accessi-
bility of DNA, or both.

A1l has a preference to deaminate linear ssDNA

To understand why Al is only weakly effective in deaminat-
ing genomic DNA, a biochemical analysis was conducted
using a Sf9 cell system where we produced recombinant
baculovirus that would express GST-A1. GST-A1 was pu-
rified in the presence of RNase A and the GST tag was
subsequently cleaved. We also used for comparison A3A
and A3H Hap VII that were purified in a similar manner
(42,43). A3H Hap VIl is a proxy for A3H Hap I. The A3H
Hap VII differs only by a G105R polymorphism and is not
rapidly ubiquitinated and degraded in cells, in contrast to
A3H Hap I (58,59). APOBECsS access genomic DNA dur-
ing times when it is transiently single-stranded. This can oc-
cur in R-loops, hairpin structures, or during DNA replica-
tion. To test the type of substrate preferred by Al, we deter-
mined the deamination rate on ssDNA within an R-loop,
a hairpin, and a linear ssDNA in a time course assay. We
used a STCA motif since this is the motif mutated most
in APOBEC-associated cancers. Although the Al recogni-
tion sequence in RNA is YAAC, on ssDNA it has been
reported as a 5"TC motif based on sequencing DNA from
mutator assays (60,61). Al, A3A and A3H Hap VII all ex-
hibited similar activity on linear ssDNA as more than 50%
of the substrate was deaminated by 30 min (Figure 3A and
Supplementary Figure S4). On the R-loop, Al and A3A
had very low activity (<5%) whereas A3H Hap VII had
slightly higher activity (14%) (Figure 3B and Supplemen-
tary Figure S4). Al only had about 15% activity on the
hairpin whereas A3A exhibited deamination activity simi-
lar to linear ssDNA and A3H Hap VII was inactive (Figure
3C and Supplementary Figure S4). These data are consis-
tent with a bioinformatics study that concluded A3A pref-
erentially deaminated hairpins that form in genomic DNA
(47). Altogether, the data suggests that A1 prefers linear ss-
DNA, which would limit its ability to deaminate structured
ssDNA substrates and suggests that this is one limiting fac-
tor in its activity. In particular, RPA can bind linear ssDNA,
which may also block APOBEC activity. To address these
questions in more depth, we first characterized the active
form of Al and characterized how APOBECI finds and
deaminates cytosines on linear ssDNA.
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Figure 2. Effect of Al expression on yH2AX foci. Cancerous lung cell line NCI-H1563 with or without stable doxycycline (dox) inducible A1-Flag was
subjected to different conditions before staining with Flag and yH2AX antibodies. Nuclei were stained with DAPI. The NCI-H1563 were not transduced
to express Al and exposed to dox (Mock), transduced to express Al and exposed to dox and uracil DNA glycosylase inhibitor (Induced+UGI), transduced
to express Al and not exposed to dox (Uninduced), and transduced to express Al and exposed to dox (Induced). These conditions were carried out after
(A and B) 24 h and (C and D) 48 h. (B and D) Histogram shows the numbers of foci/cell in bins of 1-5 (5), 6-10 (10), 11-15 (15) and 16 or more (More).
The experiment was independently repeated in triplicate. Representative images are shown.

A1 purifies from cells with bound RNA

Since A1l is known to be both cytoplasmic and nuclear, it is
conceivable that A1 would bind cellular RNA in the cyto-
plasm as do most other APOBEC family members (48,62—
63). This RNA stays bound to the APOBECs during purifi-
cation from Sf9 cells and usually inhibits activity, necessi-
tating RNase A treatment to ‘activate” APOBEC enzymes
(48,62). Enzymes that bind cellular RNA, like A3B, have
been found to be less active in cells than enzymes that do
not bind cellular RNA, like A3A (64). Alternatively, A3H
has uniquely been identified to require this cellular RNA
to mediate dimerization and enzyme stability (65-69). For
A3H, the protein protects a part of the bound cellular RNA
and it cannot be completely degraded enzymatically unless
A3H is degraded with Proteinase K (68). First, to test if Al
purified bound to RNA, it was either not treated or treated
with RNase A or DNase I before running on a denatur-
ing gel and staining with SYBR Gold nucleic acid stain

(Figure 4A). The gel showed that A1 was similar to other
APOBEC enzymes and purified with RNA molecules (Fig-
ure 4A, compare RNase A — and + lanes). RNase A diges-
tion completely removed the nucleic acids and DNase I di-
gestion did not, demonstrating that Al purifies bound to
RNA, but not DNA (Figure 4A, compare RNase A + and
DNase I + lanes). A1 did not protect the RNA from degra-
dation and did not require Proteinase K digestion to com-
pletely degrade the RNA, indicating that the RNA is not
part of the Al structure, in contrast to A3H, but similar to
other A3s (Figure 4A). We next determined if this bound
RNA would inhibit A1 deamination activity.

A1 prefers to deaminate 5’ TC motifs and is partially inhibited
by bound cellular RNA

To ensure we were testing Al on a substrate where maxi-
mum activity could be achieved, we sought to further define
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Figure 3. Deamination activity of Al on different ssDNA containing sub-
strates. Al deamination activity during a time course deamination assay
for (A) linear ssDNA, (B) R-loop and (C) hairpin substrates. A3A and
A3H Hap VII were included for comparison. Error bars represent the stan-
dard deviation from three independent experiments. Corresponding repre-
sentative gels are shown in Supplementary Figure S4.

the 5TC motif preferred by Al. We used an 85 nt ssDNA
with two identical deamination motifs with an internal fluo-
rescein label and conducted an in vitro deamination assay in
the presence of RNase A. We used two motifs on the ssDNA
since the location of the motif on oligonucleotide substrates
can affect the specific activity of some A3 enzymes (48).
The specific activity was highest on the 5CTC and 5TTC
motifs, although the SATC and 5GTC motifs were deam-
inated only 2-fold less (Figure 4B). The SAAC, SACC and
5'CCC motifs had no detectable deamination. These data
demonstrate that the preferred A1 deamination motifs are
the same as A3A, A3B, and A3H Hap I that have been im-
plicated in somatic mutagenesis (36,49,51). Due to the over-
lapping deamination preferences, the data emphasizes that

identification of Al mRNA in tumors alone cannot be used
to identify whether A1l has a role in somatic mutagenesis.
Further, based on Al binding to RNA, we investigated if
the RNA inhibited Al activity, which would make it less
active than other APOBECs, e.g. A3A, that does not bind
RNA in cells (70).

To test if Al could deaminate ssDNA in the presence
of cellular RNA, we used a 118 nt ssDNA substrate with
two 5'TTC motifs separated by 63 nt and containing an in-
ternal fluorescein label (Figure 4C). A1 was active in the
presence of RNA, although there was a 2-fold decrease
in the specific activity with bound RNA (Figure 4C, S.A.,
pmol/pg/min). This data demonstrates that Al is unique
among the APOBEC family members since it is the only
member that does not require RNA for dimerization or sta-
bility (65-69), but can still bind it and remain active (48,62—
63). Bound RNA causes near complete inhibition of the ac-
tivity of other APOBEC enzymes purified from eukaryotic
cells (48,64).

An essential component of the specific activity of DNA
modification enzymes, including APOBEC family mem-
bers, is their ability to bind and scan the nontarget ssDNA
in search of deamination motifs. The processivity, termed
facilitated diffusion, does not require an energy source and
is based on Brownian motion driven diffusion that is facil-
itated by the electrostatic interactions of the enzyme and
DNA phosphate backbone (10,23-25). We found that Al
has a processivity factor (P.F.) of 4.7 in the absence (+R Nase
A) or 5.0 in the presence (-RNase A) of cellular RNA (Fig-
ure 4C), meaning it is at least 4.7-fold more likely to make a
processive deamination, than a nonprocessive one (Figure
4C). This processivity is similar to A3G and A3H Hap VII
(Supplementary Figure S5).

Cellular RNA bound to A1 effects ssDNA binding

To investigate why A1 had a 2-fold decrease in specific activ-
ity when bound to cellular RNA, we used fluorescence po-
larization to measure the rotational anisotropy of the 118 nt
deamination substrate used in Figure 4C for a range of Al
concentrations. Using this range of Al concentrations, we
determined the apparent dissociation constant (Ky) for Al
from ssDNA in the presence (Figure 5A) or absence (Fig-
ure 5B) of cellular RNA. The cellular RNA was removed by
treatment with 100 pg/ml of RNase A during the purifica-
tion process and was checked before anisotropy as in Figure
4A to ensure complete degradation. A1 was able to bind ss-
DNA similarly in the presence and absence of cellular RNA
with a Ky of 351 nM (Figure 5A) or 343 nM (Figure 5B).
However, in the presence of cellular RNA, the regression
analysis of the binding curve best fit a sigmoidal relation-
ship, with a Hill coefficient of 1.4 (Figure SA). This indi-
cates Al cooperativity upon binding ssDNA. In contrast,
when the cellular RNA was removed, the binding relation-
ship was noticeably changed simply by visual inspection and
best fit by least squares regression analysis to a noncooper-
ative rectangular hyperbola (Figure SA and B). These data
suggest that Al has interactions with other A1 molecules
on ssDNA that are facilitated by the bound RNA (Fig-
ure 5SA and B), but that this decreases the specific activity
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Al using the Uracil DNA Glycosylase (UDG) assay (sketch, left). Deamination of an 85 nt ssDNA with deaminated cytosines spaced 30 nt apart and an
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(Figure 4C). The conformation of the Al, but not the sta-
bility of A1 on ssDNA, as measured by the steady state Ky,
was affected by the bound RNA. In the absence of cellular
RNA, Al binds an RNA oligonucleotide with an affinity
similar to ssDNA (Figure 5C, K4 of 418 nM) and the bind-
ing is cooperative (Hill coefficient of 1.2). Altogether, the

data demonstrate that RNA bound to Al, cither cellular
RNA or oligonucleotide RNA facilitates cooperative bind-
ing to nucleic acids. The cooperative binding of A1 when
RNA is present correlates with a decrease in specific activ-
ity, suggesting that RNA may influence the activity of Al in
cells.
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Al forms a large molecular weight oligomer in the absence of
cellular RNA

Another factor that may influence APOBEC enzyme activ-
ity is the oligomerization state (71,72). To characterize the
oligomerization state of Al, we used SEC. A1 has a molec-
ular weight (MW) of 28 kDa and previous co-IP data indi-
cated it formed an oligomer, but of unknown size (73,74).

In the presence of cellular RNA, the Al eluted in fractions
18-20, which corresponded to a large oligomer of 670 kDa
(Figure 6A). This type of large MW is similar to other A3s
that purify with bound RNA. However, when the RNA was
degraded, either immediately before SEC (data not shown)
or during purification (Figure 6B), the SEC still showed elu-
tion in a peak in fractions 18-20. There was a small, but
observable peak at fraction 22, which is consistent with a
hexamer MW of 158 kDa (Figure 6B). However, the major
form of Al appeared to be a ~20-mer complex or greater.
That A1 forms a large MW oligomer in the absence of cel-
lular RNA is another unique feature from other APOBEC
family members. We also verified oligomerization in cells
using a co-IP by co-transfecting A1-HA and Al-Flag. Al-
Flag was able to immunoprecipitate AI-HA both in the
presence and absence of RNase A, consistent with the SEC
data (Figure 6C). Using a historical A1 AC mutant, that
was supposed to disrupt Al oligomerization, we attempted
to characterize the activity of a monomer of Al, but we
found that the A1 AC mutant was still an oligomer and had
no catalytic activity (Supplementary Figures S7 and 8). No-
tably, a tetramer of A3B was found to inhibit deamination
on a moving transcription bubble, suggesting that a large
A1l oligomer on ssDNA may be hindered in access to cer-
tain ssDNA sites (22).

To determine if this form of Al in solution also bound
to ssDNA, we performed an electrophoretic mobility shift
assay (EMSA). In order to observe a single species of Al
on ssDNA, using rotational anisotropy we found that a 40
nt ssDNA was the shortest length that A1 would bind (data
not shown). Then, we incubated an increasing amount of
A1l with a 43 nt ssDNA and resolved complexes on a nonde-
naturing acrylamide gel (Figure 6D). The shift of the DNA
was into the wells. This was in contrast to A3C that is a
22 kDa monomer in solution and on ssDNA that created a
well resolved single shift in the middle of the gel (Figure 6D)
(72,75). Immunoblotting confirmed that the DNA in the
wells was bound by A1 (Figure 6E). Considering the A3C
monomer shift as a size marker, the data demonstrate that
Al binds to the ssDNA as a high molecular weight oligomer
and that this is the active form of A1 on ssDNA.

A1 processivity involves sliding, jumping and intersegmental
transfer

Another way to measure access to ssDNA is through pro-
cessivity. By separating the 5TTC motifs by different dis-
tances, features of the processive movement can be inferred.
Figure 4C showed that A1 was processive on an ssDNA
substrate separated by 63 nt in the presence or absence of
RNA. These large distances are indicative of the ability to
jump, which is a microdissociation from the ssDNA and
a reassociation at another distal location in 3D space, but
without entering the bulk solution (7,25). Thus, a jump
is still considered a single enzyme-substrate encounter. To
confirm that the processivity is due to jumping we annealed
a complementary DNA molecule between the two cytosine
motifs. Al cannot bind to this dsDNA so it has to jump
over the obstacle to undergo a processive deamination. Pro-
cessivity was tested using Al that had been purified away
from cellular RNA. The processivity was not affected by
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Figure 6. Oligomerization of Al. SEC profiles of 10 ng (A) RNase A untreated Al and (B) RNase A treated Al from a 10 ml Superdex 200 column was
used to calculate the oligomerization state of the enzyme from a standard calibration curve (Supplementary Figure S6). Relevant molecular weights of the
standards (650, 158 and 44 kDa) are shown on the graphs. (C) co-IP of A1-HA with Al-Flag. The A1-HA with Al-Flag were transfected in combination
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antibodies against Flag, HA and a-tubulin. (D) Electrophoretic mobility shift assay of Al or A3C bound to a 43 nt ssDNA. (E) Immunoblotting showed

that high molecular mass Al bound to ssDNA is retained in the well.

the dsDNA (compare Figures 4C and 7A, P.F.) indicating
that Al can jump efficiently. Usually jumping tested in this
manner can show a decrease in processivity if the enzyme
tries to slide over the dSDNA and then instead dissociates
and diffuses into the bulk solution (46). Since there was no
decrease in processivity, the data suggested that A1 does not
have a strong sliding motion. Since sliding occurs by Brow-
nian motion driven bi-directional diffusion and without an
energy source, the enzyme movements are <20 nt (23,76).
We examined sliding by decreasing the distance between the
two cytosine motifs to 30, 14 and 5 nt (Figure 7B-D). We
observed that the processivity factor did not decrease when

the two cytosine motifs were 30 nt apart, which is still in the
range of jumping, but there was a decrease when the two
cytosine motifs were 14 nt apart (Figure 7A-C). However,
more striking was the complete loss of processivity when
the two cytosine motifs were 5 nt apart (Figure 7D, no 5'C
& 3'C band). Altogether, the data show that Al can jump
and slide, but sliding is not as efficient as jumping (Figure
7B-D).

Since Al forms an oligomer, it has multiple possible
DNA binding sites and could undergo intersegmental trans-
fer. This type of movement is a processive cycling mode
where the enzyme can be processive, but also transfer to
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Figure 7. Al predominantly uses long range processive mechanisms. Each substrate contains in internal fluorescein label to detect all possible deaminations
(see sketch above gels). (A) Deamination of a 118 nt ssDNA, as in Figure 4C, but with a 30 nt complementary DNA annealed between the deamination
motifs. (B) Deamination of an 85 nt ssDNA with deaminated cytosines spaced 30 nt apart, as described in Figure 4B. (C) Deamination of a 69 nt ssDNA
with deaminated cytosines spaced 14 nt apart. Single deaminations of the 5'C and 3'C are detected as the appearance of 51 and 32 nt fragments, respectively;
double deamination of both residues results in a 14 nt fragment. (D) Deamination of a 60 nt ssDNA with deaminated cytosines spaced 5 nt apart. Single
deaminations of the 5'C and 3/C are detected as the appearance of 42 and 23 nt fragments, respectively; double deamination of both residues results in a
5 nt fragment. (A-D) The measurements of processivity factor (P.F.) and standard deviation (S.D.) from three independent experiments are shown below
each gel. (E) Intersegmental transfer ability was determined by keeping the Al:ssDNA ratio constant but increasing the total reaction components. The
measurements of processivity factor (P.F.) and standard deviation (S.D.), and the reaction rate (%/min) from three independent experiments are as shown
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The labeled ssDNA had two deamination motifs separated by 30 nt for Al (5TTC), A3A (5TTC) or A3G (5'CCC). Error bars represent the standard
deviation from three independent experiments. Corresponding representative gels are shown in Supplementary Figure S9.

other DNA molecules in the solution by entering the bulk
solution through a doubly-bound state (22,77). The enzyme
is always bound to ssDNA on either the same or different
DNA strand. The efficiency of the reaction increases as the
enzyme and substrate are increased due to increased acces-
sibility to different ssDNA strands. This can also be accom-
panied by an apparent decrease in processivity where more
deaminations occur between two different ssDNAs rather
than on the same ssDNA. When we tested this for Al, we

observed an ~2.4-fold decrease in processivity and 1.3-fold
increase in reaction rate with increasing enzyme and sub-
strate consistent with Al being able to undergo interseg-
mental transfer (Figure 7E). To determine the efficiency of
Al to search through multiple competing ssDNA strands,
we tested cycling in another experiment where enzymes are
prebound to an unlabeled ssDNA and then a lesser amount
of labeled ssDNA is added, and the deamination quanti-
fied. When there is a 10x excess of unlabeled ssDNA, Al



had no decrease in the apparent deamination ability, mean-
ing that it can dissociate from the unlabeled ssDNA to find
and deaminate a labeled ssDNA. However, at a 100 x excess
of unlabeled ssDNA, the deamination decreases to ~40%
of the level it was in the absence of any unlabeled ssDNA
(Figure 7F and Supplementary Figure S9). This result was
found in both the presence and absence of RNase A, in-
dicating that cellular RNA does not influence Al cycling
on ssDNA (Figure 7F and Supplementary Figure S9). In
comparison, A3A, a nonprocessive enzyme that cycles fre-
quently shows no decrease in deamination even with 100x
excess unlabeled ssDNA and A3G that is the most proces-
sive APOBEC with a long half-life on ssDNA (78) shows
a step-wise decrease in deamination as more unlabeled ss-
DNA is added to the reaction (Figure 7F and Supplemen-
tary Figure S9). Thus, in comparison to other APOBEC:s,
A1l has an intermediate level of cycling between DNA sub-
strates.

A1l has a large decrease in deamination activity on ssDNA
saturated with RPA

The ability of an APOBEC to cycle is important when con-
sidering competitive interactions on ssDNA, such as those
that would have to occur if Al was involved in somatic mu-
tagenesis. In this scenario, the APOBECs need to access ss-
DNA during dsDNA break repair, replication or transcrip-
tion where there are other protective single-stranded bind-
ing proteins present, such as RPA. Thus, we determined if
the intermediate level of Al cycling was sufficient to com-
pete with RPA for ssDNA. To test this, we saturated a 69 nt
fluorescein labeled DNA with RPA (Supplementary Figure
S10) and incubated it with an APOBEC enzyme to achieve
no more than 15% substrate usage. We used a high level of
salt in the reaction to ensure that the reaction conditions
did not enable a more stable association of proteins with
ssDNA due to a lack of electrostatic competition. From
these data, a specific activity was calculated and compared
to specific activity on the ssDNA in the absence of RPA. In
the absence of RPA, Al and A3A had similar specific ac-
tivities (Figure 8A, 1.4 and 1.6 pmol/wg/min, respectively)
and A3H Hap VII and A3G had slightly higher and simi-
lar specific activities (Figure 8A, 2.6 and 3.1 pmol/pg/min,
respectively). Although A3A is often cited as the most ac-
tive APOBEC deaminase in vitro, this may be because it is
the only A3 that is produced in soluble form from E. coli
cells, the main recombinant system used (79). The A3s stud-
ied here were all produced in a eukaryotic Sf9/baculovirus
expression system. However, most importantly, the specific
activity of A3A is sensitive to the salt conditions, since it is
a nonprocessive enzyme with a high off rate from ssDNA
(43,80). We confirmed this by examining deaminase activi-
ties in low salt (40 mM KCl) and high salt (40 mM KCl and
10 mM MgCl,). We observed that A3A and A3G had an
~2-fold higher specific activity in the low salt buffer whereas
A1l and A3H Hap VII had an ~2-fold higher specific activ-
ity in the high salt buffer (Supplementary Figure S11). The
similarity of A3G to A3A in response to salt was expected
since although A3G has a non-catalytic N-terminal domain
that binds tightly to ssDNA resulting in its long half-life
and processivity on substrates, it also has a nonprocessive
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C-terminal domain that has a high off rate from ssDNA
and can bind ssDNA independently of the N-terminal do-
main (44,71). Thus, A3G is a tight binding enzyme with a
salt sensitive catalytic site.

Al was able to deaminate the ssDNA substrate in the
presence of RPA, but had a 7.4-fold decrease in specific ac-
tivity (Figure 8A and Supplementary Figure S5), consistent
with cycling being a determinant in the ability to displace
RPA from ssDNA (22). This was 2-fold less of a decrease
than was quantified for A3G in the presence of RPA, an
enzyme that does not cycle off of ssDNA substrates often
due to a tight binding N-terminal domain (44,71,78) (Fig-
ure 8A and Supplementary Figure S5). For A3A or A3H
Hap VII (a stabilized proxy for A3H Hap I) that were pre-
viously shown to compete with RPA (22), there was a 1.4- or
3.2-fold decrease in specific activity in the presence of RPA,
respectively (Figure 8 A and Supplementary Figure S5). Al-
together, these results were consistent with the cycling data
using increasing amounts of unlabeled ssDNA and showed
that A1l had an intermediate ability to compete with RPA
(Figures 7F and 8A). Despite this, the processivity factor
of Al remained the same whereas both A3H Hap VII and
A3G processivity factors decreased in the presence of RPA
(Supplementary Figure S5). This suggests that if Al can get
access to ssDNA, the processivity is dominant, but that it
is less able to access the ssDNA overall as evidenced by the
lower specific activity and ssDNA binding in the presence
of RPA (Figure 8A and Supplementary Figure S5).

To investigate the reason for the decrease in specific ac-
tivity, we used ssDNA saturated with RPA (Supplementary
Figure S10) in a binding experiment to determine how much
RPA changes the apparent K4 of the APOBECs. We com-
pared Al and A3H Hap VII since they were most similar
in regards to cycling ability, specific activity in the pres-
ence of RPA, and they are both processive single domain
APOBEC:s that oligomerize (22) (Figure 7). A3A is a sin-
gle domain APOBEC but does not form stable oligomers
(43,80). The binding data showed that RPA caused a 9-
fold increase in the apparent Ky of Al, but only a 3-fold
increase in the apparent K4 of A3H Hap VII (Figure 8B
and C). These differences in the apparent Ky are consistent
with the 7.4- and 3.2-fold decreases in specific activity of Al
and A3H Hap VII, respectively (Figure 8A), demonstrat-
ing a direct relationship between ssDNA access and activity.
Since the data suggest that RPA prevents Al from access-
ing DNA, we also performed a co-IP to determine if this
is mediated through protein-protein or protein-DNA inter-
actions between RPA and Al. We found that RPA did not
co-immunoprecipitate with Al-Flag that A1 does not af-
fect the expression of RPA in NCI-H1563 cells, indicating
that there is not a protein-protein or signaling interaction
that would enable RPA or Al to influence each other (Fig-
ure 8D and Supplementary Figure S12). Instead, these data
support that a direct competition of Al for RPA saturated
ssDNA effects A1l activity and DNA binding.

DISCUSSION

Studies indicating the potential for A1 to be a genomic mu-
tator have used mutation of reporter constructs, nRNA ex-
pression and sequence context of mutations in tumors (33).
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Figure 8. Al cannot effectively compete with RPA to deaminate ssDNA. (A) The ability of Al and A3 enzymes to compete with saturating amounts of
RPA (Supplementary Figure S10) was determined by preincubating ssDNA with RPA (1:3) for 5 min before the addition of 50 nM (without RPA) or 200
nM (with RPA) of Al or 25-50 nM of A3A, A3H Hap VII or A3G enzymes. Fold change in specific activity of - RPA in comparison to + RPA is shown on
graph. Error bars represent the standard deviation from three independent experiments. Corresponding representative gels are shown in Supplementary
Figure S5. (B and C) The apparent Ky in the presence and absence of RPA on a 118 nt ssDNA was analyzed by steady-state rotational anisotropy for (B)
Al and (C) A3H Hap VII. (D) Co-IP experiment using Al-Flag to determine if RPA was interacting with A1. No RPA was coimmunoprecipitated. The
immunoprecipitation was immunoblotted with antibodies against Flag and RPA32 in the absence or presence of DNase I and the presence of RNase A.
Cell lysates were blotted for antibodies against Flag, RPA32 and a-tubulin. The cross-reacting immunoglobulin heavy chain (HC) and light chain (LC) are

labeled.

However, there are no previous studies examining how A1l
accesses single-stranded genomic DNA or measuring Al-
induced DNA damage. Despite Al being the first mem-
ber of the APOBEC family to be discovered, and the fam-
ily’s namesake, it has not been fully characterized biochem-
ically. Many of the previous studies have relied on in vitro
transcription/translation systems and tagged protein and
co-IPs for biochemical characterization (73,74). Here we
provide analysis of A1 mutagenic potential using cell-based
experiments and biochemical analysis and find that Al is
an unlikely candidate to contribute to somatic mutagene-
sis in the presence of RPA. Altogether, this study provides
a framework to test APOBEC enzymes for somatic hyper-
mutation potential, links the ability to displace RPA with
deamination activity, and for the first time, provides a bio-
chemical characterization of Al.

A3s have been shown to preferentially deaminate the
lagging strand during DNA replication due to the greater
abundance of ssDNA during its discontinuous synthesis or
ssDNA generated during double-stranded DNA break re-

pair (15-16,81-82). However, this ssDNA is normally not
easily accessible as it is protected by RPA and A3s must be
able to facilitate the dissociation of RPA in order to access
their substrate (83,84). Previous studies from our lab have
demonstrated that A3 enzymes that cycle on and off ssDNA
frequently can compete with RPA in vitro for access to ss-
DNA (22). In this study, we were able to take advantage of
the different abilities of A1 (low), A3A (high) and A3H Hap
VII (medium) to cycle on and off ssDNA and compete with
RPA and directly study the effect on A3 activity (Figures 7F
and 8A—-C). Using data from in vitro biochemical assays, we
were able to establish a cause and effect relationship. Since
Al is a processive enzyme, unlike A3A, we used another
processive enzyme, A3H Hap VII (an A3H Hap I proxy) to
compare the abilities to compete with RPA (Figure 8A-C
and Supplementary Figure S5). Importantly, we found that
using ssDNA saturated with RPA, the decrease in specific
activity of Al and A3H Hap VII in the presence of RPA,
correlated with the decrease in ssDNA binding ability (Fig-
ure 8B and C). Altogether, these data make a direct link be-
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Figure 9. Model of APOBEC activity during normal and stressed DNA
replication. (A) During DNA replication where there is sufficient RPA,
there is little to no ssDNA exposed due to RPA binding and protecting
ssDNA. Under these conditions, APOBEC enzymes need to compete with
RPA for ssDNA by actively displacing RPA. This influences the functional
specific activity of each APOBEC. A3A and A3H are better at displac-
ing RPA than Al and show higher cytosine deamination activity (large
arrow and C—U) in vitro and/or in cells than APOBECI1 (small arrow
and C— U). (B) Although there is normally 6- to 10-fold excess RPA than
needed during normal DNA replication and temporary replication stress,
RPA exhaustion can occur under sustained replication stress, such as in
cancer cells. Conditions that cause RPA exhaustion can be checkpoint in-
activation, depleted nucleotides and fork stalling due to DNA damage (90).
Under these conditions, the large number of replication forks that accumu-
late ssDNA in the absence of active replication will have insufficient RPA
for full protection. During RPA exhaustion, it is conceivable that A1 may
be able to access ssDNA with a similar efficiency as A3A and A3H Hap
I although the biochemical characteristics of A1, such as large oligomeric
state and lesser ability to cycle in the presence of excess ssDNA may still
limit its somatic mutation activity (medium arrow and C— U).

tween the ability of an enzyme to displace RPA (binding
ability) and specific activity (deamination activity), which
correlates strongly with the lesser ability of Al to damage
cellular DNA (Figure 2, yH2AX foci). Although we cannot
directly relate these findings to conditions in the cell, several
studies have identified key physiological activities of either
RPA or APOBEC:s by using biochemistry and support that
our results can be used reliably to interpret APOBEC activ-
ity in cells (46,85). Since our in vitro data correlate well with
the low ability of A1 to induce y H2AX foci, overall the data
support the conclusion that even though 47 mRNA is high
in lung cancer (Figure 1), it is unlikely to make as much of
an impact as cancers expressing A3A, A3B, or A3H Hap
I (Figure 9A). However, evidence suggests that APOBEC-
induced cancer evolution is more likely to occur than im-
mune recognition of the cancer when only one APOBEC
is expressed (52,86-88). Thus, we cannot exclude that Al
could simply have a slower effect on the genetic diversity of
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a cancer, if it is solely expressed, which may occur depend-
ing on the specific tumor conditions. This is supported by a
cell-based study with A1, which was done in DT40 cells and
used a GFP reporter that could be inactivated by A1 deam-
inations. However, it took 2 weeks to observe an effect and
only an average of 0.71% of cells (range of 0.5% to 7.7% of
cells) acquired an inactivating GFP mutation (33). In addi-
tion, another similar study demonstrated that A1 was un-
able to induce somatic hypermutation or class switching in
murine B lymphocytes and fibroblasts (89). Thus, these data
are in agreement with ours in that the activity of A1 on ge-
nomic DNA is low. This is in contrast with mutator studies
performed in E. coli in which higher frequencies of muta-
tions can be observed and suggest that A1l activity in E.coli
is not representative of mammalian cells (53-54,89).

Additionally, what is not considered in any study to date
is the impact of RPA exhaustion. RPA is estimated to be
present at a 6- to 10-fold excess than what is needed to pro-
tect ssDNA during replication (90). This excess RPA is suf-
ficient to deal with random perturbations of DNA replica-
tion where there are isolated events of polymerase stalling.
However, if there are mutations in checkpoint inhibitors,
replication inhibitors, e.g. DNA damage, or depleted nu-
cleotide pools, then the RPA amount in cells reaches a
threshold where it cannot bind and protect all the ssDNA
(90). This state of RPA exhaustion leaves ssDNA exposed
and in the presence of APOBEC enzymes would presum-
ably allow excessive deamination events to occur. This may
enable A1 to induce a similar amount of damage as A3A
or A3H Hap I since the competition with RPA would be
lessened (Figure 9B). However, the impact of the APOBEC-
induced mutations depends on their number and at high lev-
els can cause cell death by causing replication catastrophe
or by inducing synthetically lethal mutations (91). Alterna-
tively, high numbers of mutations can also induce neoepi-
topes that increase immune recognition (87). These effects
of APOBEC:s are consistent with chemotherapeutic agents
that try to induce such catastrophes in cells and may be the
reason why APOBEC-induced mutations that are recovered
from cancer genomes occur episodically (88,90). With sus-
tained deamination activity in the presence of RPA exhaus-
tion, the cell is unlikely to survive. The impact of Al and
other A3s under the conditions of RPA exhaustion warrant
further study.

For A1 specifically, it is also important to consider that
in addition to the lesser ability of A1 to compete with RPA,
the enzyme has other biochemical characteristics that de-
crease the genomic mutation potential. These factors are
important to consider with respect to somatic mutation po-
tential of Al in the presence of RPA exhaustion. Al has
a preference to deaminate linear ssDNA (Figure 3). Al is
unable to deaminate within R-loops and has minimal activ-
ity on hairpin DNA (Figure 3). Thus, the type of ssDNA
available for Al to deaminate is less than A3A, which is
proficient on both ssDNA and hairpin DNA or A3H Hap
VII that is proficient on ssDNA and R-loop DNA (Fig-
ure 3). Al is also inhibited 2-fold by bound cellular RNA
and has a large oligomeric state that may occlude it from
structured ssDNA regions (Figures 4C and 6). The inhibi-
tion by cellular RNA was recently found to completely in-
hibit A3B activity in breast epithelial cells, in contrast to
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A3A that does not bind RNA (64). Thus, Al specific ac-
tivity, although similar to A3A in vitro would be decreased
by at least 2-fold in cells due to the presence of RNA (Fig-
ures 4C and 8A). Lastly, the oligomeric state of Al is larger
than any APOBEC characterized to date. The tetramer of
A3B was shown to inhibit its activity in R-loops and a lack
of R-loop activity was also found for Al (Figure 3B) (22).
There may also be other consequences of a large oligomer
in cells, such as being unable to deaminate closely spaced
cytosines, resulting in dispersed deamination events or an
inefficient search of the DNA to find cytosines for deami-
nation (Figure 7D). Considered with the lower ability of Al
to compete with RPA, the data support the conclusion that
both inherent biochemical characteristics of A1 and RPA
decrease the ability of Al to induce genomic DNA damage
(Figure 9B).

Although the majority of APOBEC enzymes cannot
deaminate RNA, their interactions with RNA have impor-
tant functions. A3H is unique in that dimerization is medi-
ated through a dsSRNA molecule and mutations that disrupt
RNA binding not only affect stability but also enzyme ac-
tivity (65-69). In contrast, the other A3s, i.e., A3G and A3F
can interact with RNA through formation of high molecu-
lar mass ribonucleoprotein particles, which inhibits deami-
nase activity (48,63). Degradation of the RNA can restore
activity. However, for A1, only a 2-fold decrease in specific
activity was observed for Al despite being purified bound
to an abundance of cellular RNA (Figure 4C). Additionally,
unlike A3H, A1 did not protect the RNA from degradation
(Figure 4A). A1l had similar binding affinities for ssDNA
and RNA, suggesting that A1 can non-selectively bind both
RNA and ssDNA while in search for its deamination mo-
tifs (Figure 5). It has been suggested that Al had evolved
from a ssDNA deaminase to edit RNA (9), which would
require binding and scanning of both RNA and ssDNA.
Altogether, the data suggest that although RNA binding of
A1 decreases the specific activity, it is likely not a regula-
tory mechanism to prevent genomic DNA deamination as
has been suggested for A3H, concomitant with its essential
role as an RNA deaminase.

The biochemical analysis of Al has revealed unique fea-
tures in comparison to other APOBEC enzymes. Namely,
we found that A1 formed a high molecular mass in the ab-
sence of cellular RNA indicating that Al oligomers rely on
protein—protein interactions and are uniquely not ribonu-
cleoprotein complexes (Figure 6). This coincides with pre-
vious studies using transfected 293T cell lysates and in vitro
transcribed/translated protein subjected to SEC analysis
that have also found that Al forms high molecular mass
complexes (74,92). Both studies lacked an explanation as to
why there was a large molecular mass but instead suggested
it was due to protein aggregation, which is unlikely as no
precipitate was observed. In our studies, the high molecular
mass Al was highly soluble and stable in solution. Addi-
tionally, A1 analytical ultracentrifugation studies have de-
termined sedimentation coefficients that indicate when Al
is sequestered with co-factor A1CF and ApoB mRNA it
forms a 60S complex in the cytoplasm whereas Al forms
a smaller 27S editing complex within the nucleus, but the
full components of these complexes are not known (39,93).
A1 mRNA editing activity is restricted to the nucleus even

though cofactors are localized to both the nucleus and cy-
toplasm (94). These data suggest that the large oligomeric
complex may be a regulatory mechanism to prevent Al
RNA deamination in the cytoplasm. Since RNA editing re-
quires cofactors, the A1 homo-oligomer may block these
interactions. However, it is not known how the Al large
molecular weight oligomer could potentially be disassem-
bled. On ssDNA, the data support that Al acts as a large
oligomer since we found that ssDNA binding did not break
up the large complex (Figure 6D and E). However, this high
molecular mass complex likely contributed to less A1 activ-
ity in cells, in addition to other factors such as decreased
activity in the presence of RNA and RPA (Figures 4C and
8A).

The large Al oligomer may have also served an ances-
tral function. Al is known to have appeared early in evo-
lution, as far back as the anole lizard, in which Al is a
DNA, but not RNA cytidine deaminase (9). The DNA
deaminase activity of Al had a physiological function for
restricting retrotransposons (92,95). Thus, perhaps the mul-
tiple binding sites increases the avidity of Al for retrotrans-
poson mRNA, enabling Al to better restrict transposition
at the reverse transcriptase/cDNA step where Al could
physically inhibit the reverse transcriptase or Al catalyzed
uracils would induce DNA repair mediated degradation
of the retrotransposon ¢cDNA (96,97). Importantly, this
A1l oligomeric complex is independent of the C-terminal
domain that was previously thought to be important for
dimerization (Supplementary Figure S7) (73). Although the
RNA-independent high molecular weight oligomer of Al
is unique in the APOBEC family, there are other known
proteins that require a large oligomer to be active. One
example is Hermes, a DNA transposase from the house
fly (Musca domestica), that forms an octamer in cells even
though in vitro activity can be obtained with a dimer form
(98). The octomer (a tetramer of dimers) is proposed to in-
crease the avidity for transposon ends within a mass of non-
transposon DNA.

In conclusion, despite Al having features suggesting its
role as a potential genomic mutator, such as activity on
5'TC motifs and mRNA expression in multiple tumor cells
(Figures 1 and 4B), its activity is largely abrogated by RPA
(Figure 8A—C). This is consistent with cell-based analysis
of yH2AX foci induced by Al (Figure 2). Since the abil-
ity to bind ssDNA saturated with RPA would require RPA
displacement (85) and Al and A3H Hap VII deaminase
activity correlated directly with this ability (Figure 8A-C),
our data provide a robust measure of somatic mutation po-
tential. That A1 has many distinct features regarding ss-
DNA deamination in comparison to other APOBEC fam-
ily members suggests different original functions, although
A1 shares the ability to restrict retrotransposons with other
family members (92). Altogether, the data support a model
in which the processive mechanisms of an APOBEC deter-
mines whether it can displace RPA and this correlates with
their ability to induce somatic mutagenesis. Thus, it is not
the availability of ssDNA in cancer cells per se that enable
higher levels of APOBEC-induced ssDNA damage since
there would also be more RPA accumulation, but rather the
active process of the APOBEC to displace RPA that deter-
mines somatic mutagenesis potential.



SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank Milaid Granadillo Rodriguez for assis-
tance with lentivirus production used to generate stable cell
lines.

FUNDING

Canadian Institutes of Health Research [PJT-159560]; Nat-
ural Sciences and Engineering Research Council of Canada,
Discovery Grant [RGPIN-2016-04113 to L.C.]. The open
access publication charge for this paper has been waived by
Oxford University Press — NAR Editorial Board members
are entitled to one free paper per year in recognition of their
work on behalf of the journal.

Conflict of interest statement. None declared.

REFERENCES

1

10.

11.

12.

13.

14.

. Hodges,P.E., Navaratnam,N., Greeve,J.C. and Scott,J. (1991)

Site-specific creation of uridine from cytidine in apolipoprotein B
mRNA editing. Nucleic Acids Res., 19, 1197-1201.

. Barnes,C. and Smith,H.C. (1993) Apolipoprotein B mRNA editing in

vitro is a zinc-dependent process. Biochem. Biophys. Res. Commun.,
197, 1410-1414.

. Bostrom,K., Lauer,S.J., Poksay,K.S., Garcia,Z., Taylor,J.M. and

Innerarity, T.L. (1989) Apolipoprotein B48 RNA editing in chimeric
apolipoprotein EB mRNA. J. Biol. Chem., 264, 15701-15708.

. Swanton,C., McGranahan,N., Starrett,G.J. and Harris,R.S. (2015)

APOBEC enzymes: mutagenic fuel for cancer evolution and
heterogeneity. Cancer Discov., S, 704-712.

. Silvas,T.V. and Schiffer,C.A. (2019) APOBEC3s: DNA-editing

human cytidine deaminases. Protein Sci., 28, 1552-1566.

. LaRue,R.S., Jonsson,S.R., Silverstein,K.A., Lajoie,M., Bertrand,D.,

El-Mabrouk,N., Hotzel,I., Andresdottir,V., Smith, T.P. and
Harris,R.S. (2008) The artiodactyl APOBEC3 innate immune
repertoire shows evidence for a multi-functional domain organization
that existed in the ancestor of placental mammals. BMC Mol. Biol.,
9, 104.

. Adolph,M.B., Love,R.P. and Chelico,L. (2018) Biochemical basis of

APOBEC3 deoxycytidine deaminase activity on diverse DNA
substrates. ACS Infect. Dis., 4, 224-238.

. Conticello,S.G. (2008) The AID/APOBEC family of nucleic acid

mutators. Genome Biol., 9, 229.

. Severi,F., Chicca,A. and Conticello,S.G. (2011) Analysis of reptilian

APOBECI suggests that RNA editing may not be its ancestral
function. Mol. Biol. Evol., 28, 1125-1129.

Feng,Y., Baig, T.T., Love,R.P. and Chelico,L. (2014) Suppression of
APOBEC3-mediated restriction of HIV-1 by Vif. Front. Microbiol., 5,
450.

Daniel,J.A. and Nussenzweig,A. (2013) The AID-induced DNA
damage response in chromatin. Mol. Cell, 50, 309-321.

Hoopes,J.1., Cortez,L.M., Mertz, T.M., Malc,E.P., Mieczkowski,P.A.
and Roberts,S.A. (2016) APOBEC3A and APOBEC3B preferentially
deaminate the lagging strand template during DNA replication. Cell
Rep., 14, 1273-1282.

Kazanov,M.D., Roberts,S.A., Polak,P., Stamatoyannopoulos.J.,
Klimczak,L.J., Gordenin,D.A. and Sunyaev,S.R. (2015)
APOBEC-induced cancer mutations are uniquely enriched in
early-replicating, gene-dense, and active chromatin regions. Cell Rep.,
13, 1103-1109.

Kanu,N., Cerone,M.A., Goh,G., Zalmas,L.P., Bartkova,l.,
Dietzen,M., McGranahan,N., Rogers,R., Law,E.K., Gromova,l.

et al. (2016) DNA replication stress mediates APOBEC3 family
mutagenesis in breast cancer. Genome Biol., 17, 185.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Nucleic Acids Research, 2021, Vol. 49, No. 1 337

Haradhvala,N.J., Polak,P., Stojanov,P., Covington,K.R., Shinbrot.E.,
Hess,J.M., Rheinbay,E., Kim,J., Maruvka,Y.E., Braunstein,L.Z. et al.
(2016) Mutational strand asymmetries in cancer genomes reveal
mechanisms of DNA damage and repair. Cell, 164, 538-549.
Seplyarskiy,V.B., Soldatov,R.A., Popadin,K.Y., Antonarakis,S.E.,
Bazykin,G.A. and Nikolaev,S.I. (2016) APOBEC-induced mutations
in human cancers are strongly enriched on the lagging DNA strand
during replication. Genome Res., 26, 174-182.

Serebrenik,A.A., Starrett,G.J., Leenen,S., Jarvis, M.C., Shaban,N.M.,
Salamango,D.J., Nilsen,H., Brown,W.L. and Harris,R.S. (2019) The
deaminase APOBEC3B triggers the death of cells lacking uracil DNA
glycosylase. Proc. Natl. Acad. Sci. U.S.A., 116, 22158-22163.

. Sakofsky,C.J., Saini,N., Klimczak,L.J., Chan,K., Malc,E.P,,

Mieczkowski,P.A., Burkholder,A.B., Fargo,D. and Gordenin,D.A.
(2019) Repair of multiple simultaneous double-strand breaks causes
bursts of genome-wide clustered hypermutation. PLoS Biol., 17,
€3000464.

Gaillard,H., Garcia-Muse, T. and Aguilera,A. (2015) Replication
stress and cancer. Nat. Rev. Cancer, 15, 276-289.

Techer,H., Koundrioukoff,S., Nicolas,A. and Debatisse,M. (2017)
The impact of replication stress on replication dynamics and DNA
damage in vertebrate cells. Nat. Rev. Genet., 18, 535-550.

Mertz, T.M., Harcy,V. and Roberts,S.A. (2017) Risks at the DNA
replication fork: effects upon carcinogenesis and tumor heterogeneity.
Genes, 8, 46.

Adolph,M.B., Love,R.P., Feng,Y. and Chelico,L. (2017) Enzyme
cycling contributes to efficient induction of genome mutagenesis by
the cytidine deaminase APOBEC3B. Nucleic Acids Res., 45,
11925-11940.

Berg,0.G., Winter,R.B. and von Hippel,P.H. (1981) Diffusion-driven
mechanisms of protein translocation on nucleic acids. 1. Models and
theory. Biochemistry, 20, 6929-6948.

von Hippel,PH. and Berg,O.G. (1989) Facilitated target location in
biological systems. J. Biol. Chem., 264, 675-678.

Halford,S.E. and Marko,J.F. (2004) How do site-specific
DNA-binding proteins find their targets? Nucleic Acids Res., 32,
3040-3052.

Schonhoft,J.D. and Stivers,J.T. (2013) DNA translocation by human
uracil DNA glycosylase: the case of single-stranded DNA and
clustered uracils. Biochemistry, 52, 2536-2544.

Fossat,N., Tourle,K., Radziewic,T., Barratt,K., Liebhold,D.,
Studdert,J.B., Power,M., Jones,V., Loebel,D.A. and Tam,P.P. (2014) C
to U RNA editing mediated by APOBEC] requires RNA-binding
protein RBM47. EMBO Rep., 15, 903-910.

Blanc,V., Xie,Y., Kennedy,S., Riordan,J.D., Rubin,D.C.,
Madison,B.B., Mills,J.C., Nadeau,J.H. and Davidson,N.O. (2019)
Apobecl complementation factor (A1CF) and RBM47 interact in
tissue-specific regulation of C to U RNA editing in mouse intestine
and liver. RNA, 25, 70-81.

Chester,A., Weinreb, V., Carter,C.W. Jr and Navaratnam,N. (2004)
Optimization of apolipoprotein B mRNA editing by APOBEC1
apoenzyme and the role of its auxiliary factor, ACF. RNA, 10,
1399-1411.

Rosenberg,B.R., Hamilton,C.E., Mwangi,M.M., Dewell,S. and
Papavasiliou,F.N. (2011) Transcriptome-wide sequencing reveals
numerous APOBEC1 mRNA-editing targets in transcript 3’ UTRs.
Nat. Struct. Mol. Biol., 18, 230-236.

Nabel,C.S., Lee,J.W., Wang,L.C. and Kohli,R.M. (2013) Nucleic acid
determinants for selective deamination of DNA over RNA by
activation-induced deaminase. Proc. Natl. Acad. Sci. U.S.A., 110,
14225-14230.

Alexandrov,L.B., Nik-Zainal,S., Wedge,D.C., Aparicio,S.A.,
Behjati,S., Biankin,A.V., Bignell, G.R., Bolli,N., Borg,A.,
Borresen-Dale,A.L. et al. (2013) Signatures of mutational processes
in human cancer. Nature, 500, 415-421.

Saraconi,G., Severi,F., Sala,C., Mattiuz,G. and Conticello,S.G. (2014)
The RNA editing enzyme APOBEC] induces somatic mutations and
a compatible mutational signature is present in esophageal
adenocarcinomas. Genome Biol., 15, 417.

Valdmanis,P.N., Roy-Chaudhuri,B., Kim,H.K., Sayles,L.C.,
Zheng,Y., Chuang,C.H., Caswell,D.R., Chu,K., Zhang,Y.,
Winslow,M.M. et al. (2015) Upregulation of the microRNA cluster at
the DIk1-Dio3 locus in lung adenocarcinoma. Oncogene, 34, 94-103.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa1201#supplementary-data

338 Nucleic Acids Research, 2021, Vol. 49, No. 1

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

Rayon-Estrada,V., Harjanto,D., Hamilton,C.E., Berchiche,Y.A.,
Gantman,E.C., Sakmar, T.P.,, Bulloch,K., Gagnidze,K., Harroch,S.,
McEwen,B.S. ez al. (2017) Epitranscriptomic profiling across cell
types reveals associations between APOBEC1-mediated RNA
editing, gene expression outcomes, and cellular function. Proc. Natl.
Acad. Sci. US. A., 114, 13296-13301.

Burns,M.B., Lackey,L., Carpenter,M.A., Rathore,A., Land,A.M.,
Leonard,B., Refsland,E.W., Kotandeniya,D., Tretyakova,N.,
Nikas,J.B. ez al. (2013) APOBEC3B is an enzymatic source of
mutation in breast cancer. Nature, 494, 366-370.

Yamanaka,S., Balestra,M.E., Ferrell,L.D., Fan,J., Arnold,K.S.,
Taylor,S., Taylor,J.M. and Innerarity, T.L. (1995) Apolipoprotein B
mRNA-editing protein induces hepatocellular carcinoma and
dysplasia in transgenic animals. Proc. Natl. Acad. Sci. U.S.A., 92,
8483-8487.

Smith,H.C., Kuo,S.R., Backus,J.W., Harris,S.G., Sparks,C.E. and
Sparks,J.D. (1991) In vitro apolipoprotein B mRNA editing:
identification of a 278 editing complex. Proc. Natl. Acad. Sci. U.S. A.,
88, 1489-1493.

Sowden,M.P., Ballatori,N., Jensen,K.L., Reed,LL.H. and Smith,H.C.
(2002) The editosome for cytidine to uridine mRNA editing has a
native complexity of 27S: identification of intracellular domains
containing active and inactive editing factors. J. Cell Sci., 115,
1027-1039.

Wolfe,A.D., Arnold,D.B. and Chen,X.S. (2019) Comparison of RNA
editing activity of APOBEC1-A1CF and APOBECI-RBM47
complexes reconstituted in HEK293T cells. J. Mol. Biol., 431,
1506-1517.

Shi,K., Carpenter,M.A., Banerjee,S., Shaban,N.M., Kurahashi,K.,
Salamango,D.J., McCann,J.L., Starrett,G.J., Duffy,J. V., Demir,O.

et al. (2017) Structural basis for targeted DNA cytosine deamination
and mutagenesis by APOBEC3A and APOBEC3B. Nat. Struct. Mol.
Biol., 24, 131-139.

Feng,Y., Love,R.P, Ara,A., Baig, T.T., Adolph,M.B. and Chelico,L.
(2015) Natural polymorphisms and oligomerization of human
APOBEC3H contribute to single-stranded DNA scanning ability. J.
Biol. Chem., 290, 27188-27203.

Love,R.P., Xu,H. and Chelico,L. (2012) Biochemical analysis of
hypermutation by the deoxycytidine deaminase APOBEC3A. J. Biol.
Chem., 287, 30812-30822.

Chelico,L., Prochnow,C., Erie,D.A., Chen,X.S. and Goodman,M.F.
(2010) Structural model for deoxycytidine deamination mechanisms
of the HIV-1 inactivation enzyme APOBEC3G. J. Biol. Chem., 285,
16195-16205.

Binz,S.K., Dickson,A.M., Haring,S.J. and Wold,M.S. (2006)
Functional assays for replication protein A (RPA). Methods
Enzymol., 409, 11-38.

Ara,A., Love,R.P. and Chelico,L. (2014) Different mutagenic
potential of HIV-1 restriction factors APOBEC3G and APOBEC3F
is determined by distinct single-stranded DNA scanning mechanisms.
PLoS Pathog., 10, €1004024.

Buisson,R., Langenbucher,A., Bowen,D., Kwan,E.E., Benes,C.H.,
Zou,L. and Lawrence,M.S. (2019) Passenger hotspot mutations in
cancer driven by APOBEC3A and mesoscale genomic features.
Science, 364, eaaw2872.

Chelico,L., Pham,P.,, Calabrese,P. and Goodman,M.F. (2006)
APOBEC3G DNA deaminase acts processively 3’ — 5" on
single-stranded DNA. Nat. Struct. Mol. Biol., 13, 392-399.
Chan,K., Roberts,S.A., Klimczak,L.J., Sterling,J.F., Saini,N.,
Malc,E.P., Kim,J., Kwiatkowski,D.J., Fargo,D.C., Mieczkowski,P.A.
et al. (2015) An APOBEC3A hypermutation signature is
distinguishable from the signature of background mutagenesis by
APOBECS3B in human cancers. Nat. Genet., 47, 1067-1072.
Chan,L., Chang,B.H., Nakamuta,M., Li, W.H. and Smith,L.C. (1997)
Apobec-1 and apolipoprotein B mRNA editing. Biochim. Biophys.
Acta, 1345, 11-26.

Starrett,G.J., Luengas,E.M., McCann,J.L., Ebrahimi,D., Temiz,N.A.,
Love,R.P, Feng,Y., Adolph,M.B., Chelico,L., Law,E.K. et al. (2016)
The DNA cytosine deaminase APOBEC3H haplotype I likely
contributes to breast and lung cancer mutagenesis. Nat. Commun., 7,
12918.

Hix,M.A., Wong,L., Flath,B., Chelico,L. and Cisneros,G.A. (2020)
Single-nucleotide polymorphism of the DNA cytosine deaminase

53.

54.

55.

56.

57.

58.

59.

60.

6l1.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

APOBEC3H haplotype I leads to enzyme destabilization and
correlates with lung cancer. NAR Cancer, 2, zcaa023.

Harris,R.S., Petersen-Mahrt,S.K. and Neuberger,M.S. (2002) RNA
editing enzyme APOBEC] and some of its homologs can act as DNA
mutators. Mol. Cell, 10, 1247-1253.

Saraconi,G., Severi,F., Sala,C., Mattiuz,G. and Conticello,S.G. (2014)
The RNA editing enzyme APOBECI induces somatic mutations and
a compatible mutational signature is present in esophageal
adenocarcinomas. Genome Biol., 15, 417.

Rogakou,E.P, Pilch,D.R., Orr,A.H., Ivanova,V.S. and Bonner,W.M.
(1998) DNA double-stranded breaks induce histone H2ZAX
phosphorylation on serine 139. J. Biol. Chem., 273, 5858-5868.
Ward,I.M. and Chen,J. (2001) Histone H2AX is phosphorylated in
an ATR-dependent manner in response to replicational stress. J. Biol.
Chem., 276, 47759-47762.

Green,A.M., Landry,S., Budagyan,K., Avgousti,D.C., Shalhout.,S.,
Bhagwat,A.S. and Weitzman,M.D. (2016) APOBEC3A damages the
cellular genome during DNA replication. Cell Cycle, 15, 998-1008.
Chesarino,N.M. and Emerman,M. (2020) Polymorphisms in human
APOBEC3H differentially regulate ubiquitination and antiviral
activity. Viruses, 12, 378.

Wang,X., Abudu,A., Son,S., Dang,Y., Venta,PJ. and Zheng,Y.H.
(2011) Analysis of human APOBEC3H haplotypes and anti-human
immunodeficiency virus type | activity. J Virol., 85, 3142-3152.
Espinosa,R. 3rd, Funahashi,T., Hadjiagapiou,C., Le Beau,M.M. and
Davidson,N.O. (1994) Assignment of the gene encoding the human
apolipoprotein B mRNA editing enzyme (APOBECI) to
chromosome 12p13.1. Genomics, 24, 414-415.

Harris,R.S., Bishop,K.N., Sheehy,A.M., Craig, H.M.,
Petersen-Mahrt,S.K., Watt,I.N., Neuberger,M.S. and Malim,M.H.
(2003) DNA deamination mediates innate immunity to retroviral
infection. Cell, 113, 803-809.

Bransteitter,R., Pham,P., Scharff, M.D. and Goodman,M.F. (2003)
Activation-induced cytidine deaminase deaminates deoxycytidine on
single-stranded DNA but requires the action of RNase. Proc. Natl.
Acad. Sci. US.A., 100, 4102-4107.

Wichroski,M.J., Robb,G.B. and Rana,T.M. (2006) Human retroviral
host restriction factors APOBEC3G and APOBEC3F localize to
mRNA processing bodies. PLoS Pathog., 2, e41.

Cortez,L.M., Brown,A.L., Dennis,M.A., Collins,C.D., Brown,A.J.,
Mitchell,D., Mertz, T.M. and Roberts,S.A. (2019) APOBEC3A is a
prominent cytidine deaminase in breast cancer. PLos Genet., 15,
¢1008545.

Shaban,N.M., Shi,K., Lauer,K.V., Carpenter,M.A., Richards,C.M.,
Salamango,D., Wang,J., Lopresti, M.W., Banerjee,S., Levin-Klein,R.
et al. (2018) The antiviral and cancer genomic DNA deaminase
APOBEC3H is regulated by an RNA-mediated dimerization
mechanism. Mol. Cell, 69, 75-86.

Matsuoka,T., Nagae,T., Ode,H., Awazu,H., Kurosawa,T.,
Hamano,A., Matsuoka,K., Hachiya,A., Imahashi,M., Yokomaku.Y.
et al. (2018) Structural basis of chimpanzee APOBEC3H
dimerization stabilized by double-stranded RNA. Nucleic Acids Res.,
46, 10368-10379.

Ito,F., Yang,H., Xiao,X., Li,S.X., Wolfe,A., Zirkle,B., Arutiunian,V.
and Chen,X.S. (2018) Understanding the structure, multimerization,
subcellular localization and mC selectivity of a genomic mutator and
Anti-HIV factor APOBEC3H. Sci. Rep., 8, 3763.

Feng,Y., Wong,L., Morse,M., Rouzina,l., Williams,M.C. and
Chelico,L. (2018) RNA-Mediated dimerization of the human
deoxycytidine deaminase APOBEC3H influences enzyme activity and
interaction with nucleic acids. J. Mol. Biol., 430, 4891-4907.

Bohn,J A., Thummar,K., York,A., Raymond,A., Brown,W.C.,
Bieniasz,P.D., Hatziioannou,T. and Smith,J.L. (2017) APOBEC3H
structure reveals an unusual mechanism of interaction with duplex
RNA. Nat. Commun., 8, 1021.

Li,J., Chen,Y., Li,M., Carpenter,M.A., McDougle,R.M.,
Luengas,E.M., Macdonald,PJ., Harris,R.S. and Mueller,J.D. (2014)
APOBEC3 multimerization correlates with HIV-1 packaging and
restriction activity in living cells. J. Mol. Biol., 426, 1296-1307.
Morse,M., Naufer, M.N., Feng,Y., Chelico,L., Rouzina,l. and
Williams,M.C. (2019) HIV restriction factor APOBEC3G binds in
multiple steps and conformations to search and deaminate
single-stranded DNA. Elife, 8, ¢52649.



72.

73.

74.

75.

76.

71

78.

79.

80.

81.

82.

83.

84.

85.

Adolph,M.B., Ara,A., Feng,Y., Wittkopp,C.J., Emerman,M.,
Fraser,J.S. and Chelico,L. (2017) Cytidine deaminase efficiency of the
lentiviral viral restriction factor APOBEC3C correlates with
dimerization. Nucleic Acids Res., 45, 3378-3394.

Teng,B.B., Ochsner,S., Zhang,Q., Soman,K.V., Lau,P.P. and Chan,L.
(1999) Mutational analysis of apolipoprotein B mRNA editing
enzyme (APOBEC]1). structure-function relationships of RNA
editing and dimerization. J. Lipid Res., 40, 623-635.

Lau,PP., Zhu,H.J., Baldini,A., Charnsangavej,C. and Chan,L. (1994)
Dimeric structure of a human apolipoprotein B mRNA editing
protein and cloning and chromosomal localization of its gene. Proc.
Natl. Acad. Sci. US.A., 91, 8522-8526.

Wittkopp,C.J., Adolph,M.B., Wu,L.1., Chelico,L. and Emerman,M.
(2016) A single nucleotide polymorphism in human APOBEC3C
enhances restriction of lentiviruses. PLoS Pathog., 12, ¢1005865.
Stanford,N.P., Szczelkun,M.D., Marko,J.F. and Halford,S.E. (2000)
One- and three-dimensional pathways for proteins to reach specific
DNA sites. EMBO J., 19, 6546-6557.

. Lieberman,B.A. and Nordeen,S.K. (1997) DNA intersegment

transfer, how steroid receptors search for a target site. J. Biol. Chem.,
272, 1061-1068.

Chelico,L., Sacho,E.J., Erie,D.A. and Goodman,M.F. (2008) A
model for oligomeric regulation of APOBEC3G cytosine
deaminase-dependent restriction of HIV. J Biol. Chem., 283,
13780-13791.

Ito,F., Fu,Y., Kao,S.A., Yang,H. and Chen,X.S. (2017) Family-wide
comparative analysis of cytidine and methylcytidine deamination by
eleven human APOBEC proteins. J. Mol. Biol., 429, 1787-1799.
Bohn,M.F,, Shandilya,S.M., Silvas, T.V., Nalivaika,E.A., Kouno,T.,
Kelch,B.A., Ryder,S.P., Kurt-Yilmaz,N., Somasundaran,M. and
Schiffer,C.A. (2015) The ssDNA mutator APOBEC3A is regulated
by cooperative dimerization. Structure, 23, 903-911.

Hoopes,J.1., Cortez,L.M., Mertz, T.M., Malc,E.P., Mieczkowski,P.A.
and Roberts,S.A. (2016) APOBEC3A and APOBEC3B preferentially
deaminate the lagging strand template during DNA replication. Cell
Rep., 14, 1273-1282.

Bhagwat,A.S., Hao,W., Townes,J.P., Lee,H., Tang,H. and Foster,P.L.
(2016) Strand-biased cytosine deamination at the replication fork
causes cytosine to thymine mutations in Escherichia coli. Proc. Natl.
Acad. Sci. US.A., 113, 2176-2181.

Lada,A.G., Waisertreiger,1.S., Grabow,C.E., Prakash,A.,
Borgstahl,G.E., Rogozin,I.B. and Pavlov,Y.I. (2011) Replication
protein A (RPA) hampers the processive action of APOBEC3G
cytosine deaminase on single-stranded DNA. PLoS One, 6, €24848.
Zou,Y., Liu,Y., Wu,X. and Shell,S.M. (2006) Functions of human
replication protein A (RPA): from DNA replication to DNA damage
and stress responses. J. Cell. Physiol., 208, 267-273.

Gibb,B., Ye,L.F., Gergoudis,S.C., Kwon, Y., Niu,H., Sung.P. and
Greene,E.C. (2014) Concentration-dependent exchange of replication
protein A on single-stranded DNA revealed by single-molecule
imaging. PLoS One, 9, ¢87922.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Nucleic Acids Research, 2021, Vol. 49, No. 1 339

Harris,R.S., Serebrenik,A.A., Argyris,P., Jarvis, M.C., Brown,W.L.,
Bazzaro,M., Vogel,R.1., Erickson,B.K., Lee,S.H., Goergen,K.M.

et al. (2020) The DNA cytosine deaminase APOBEC3B is a
molecular determinant of platinum responsiveness in clear cell
ovarian cancer. Clin. Cancer Res., 26, 3397-3407.

Driscoll,C.B., Schuelke,M.R., Kottke, T., Thompson,J.M.,
Wongthida,P., Tonne,J.M., Huff,A.L., Miller,A., Shim,K.G.,
Molan,A. et al. (2020) APOBEC3B-mediated corruption of the
tumor cell immunopeptidome induces heteroclitic neoepitopes for
cancer immunotherapy. Nat. Commun., 11, 790.

Petljak,M., Alexandrov,L.B., Brammeld.J.S., Price,S., Wedge,D.C.,
Grossmann,S., Dawson,K.J., Ju,Y.S., Iorio,F., Tubio,JM.C. et al.
(2019) Characterizing mutational signatures in human cancer cell
lines reveals episodic APOBEC mutagenesis. Cell, 176, 1282-1294.
Eto,T., Kinoshita,K., Yoshikawa,K., Muramatsu,M. and Honjo,T.
(2003) RNA-editing cytidine deaminase Apobec-1 is unable to induce
somatic hypermutation in mammalian cells. Proc. Natl. Acad. Sci.
U.S.A., 100, 12895-12898.

Toledo,L., Neelsen,K.J. and Lukas,J. (2017) Replication catastrophe:
When a checkpoint fails because of exhaustion. Mol. Cell, 66,

735-749.
Burns,M.B., Leonard,B. and Harris,R.S. (2015) APOBEC3B:

pathological consequences of an innate immune DNA mutator.
Biomed. J., 38, 102-110.

Ikeda,T., Abd El Galil,K.H., Tokunaga,K., Maeda,K., Sata,T.,
Sakaguchi,N., Heidmann, T. and Koito,A. (2011) Intrinsic restriction
activity by apolipoprotein B mRNA editing enzyme APOBECI1
against the mobility of autonomous retrotransposons. Nucleic Acids
Res., 39, 5538-5554.

Harris,S.G., Sabio,I., Mayer,E., Steinberg, M.F., Backus,J.W.,
Sparks,J.D., Sparks,C.E. and Smith,H.C. (1993) Extract-specific
heterogeneity in high-order complexes containing apolipoprotein B
mRNA editing activity and RNA-binding proteins. J. Biol. Chem.,
268, 7382-7392.

Yang,Y., Sowden,M.P. and Smith,H.C. (2000) Induction of cytidine
to uridine editing on cytoplasmic apolipoprotein B mRNA by
overexpressing APOBEC-1. J. Biol. Chem., 275, 22663-22669.
Koito,A. and Ikeda,T. (2011) Intrinsic restriction activity by
AID/APOBEC family of enzymes against the mobility of
retroelements. Mob. Genet. Elements, 1, 197-202.

Richardson,S.R., Narvaiza,l., Planegger,R.A., Weitzman,M.D. and
Moran,J.V. (2014) APOBEC3A deaminates transiently exposed
single-strand DNA during LINE-1 retrotransposition. Elife, 3,
€02008.

Feng,Y., Goubran,M.H., Follack,T.B. and Chelico,L. (2017)
Deamination-independent restriction of LINE-1 retrotransposition
by APOBEC3H. Sci. Rep., 7, 10881.

Hickman,A.B., Ewis,H.E., Li,X., Knapp,J.A., Laver,T., Doss,A.L.,
Tolun,G., Steven,A.C., Grishaev,A., Bax,A. et al. (2014) Structural
basis of hAT transposon end recognition by Hermes, an octameric
DNA transposase from Musca domestica. Cell, 158, 353-367.



