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ABSTRACT

Human APOBEC3A (A3A) is a nucleic acid-modifying enzyme that belongs to the cytidine
deaminase family. Canonically, A3A catalyzes the deamination of cytosine into uracil in single-
stranded DNA, an activity that makes A3A both a critical antiviral defense factor and a useful
tool for targeted genome editing. However, off-target mutagenesis by A3A has been readily
detected in both cellular DNA and RNA, which has been shown to promote oncogenesis. Given
the importance of substrate discrimination for the physiological, pathological, and
biotechnological activities of A3A, here we explore the mechanistic basis for its preferential
targeting of DNA over RNA. Using a chimeric substrate containing a target ribocytidine within
an otherwise DNA backbone, we demonstrate that a single hydroxyl at the sugar of the target
base acts as a major selectivity determinant for deamination. To assess the contribution of bases
neighboring the target cytosine, we show that overall RNA deamination is greatly reduced
relative to that of DNA, but can be observed when ideal features are present, such as preferred
sequence context and secondary structure. A strong dependence on idealized substrate features
can also be observed with a mutant of A3A (eA3A, N57G) which has been employed for
genome editing due to altered selectivity for DNA over RNA. Altogether, our work reveals a
relationship between the overall decreased reactivity of A3A and increased substrate selectivity,
and our results hold implications both for characterizing off-target mutagenesis and for

engineering optimized DNA deaminases for base-editing technologies.
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INTRODUCTION

Purposeful enzymatic transformations to nucleic acids play critical roles in a host of
biological processes, but also pose potential risks when mistargeted. The challenge of discerning
between different nucleic acid substrates is particularly important for the AID/APOBEC family
of enzymes, the majority of which canonically catalyze the hydrolytic deamination of cytosine
into uracil within single-stranded DNA (ssDNA).! AID functions to drive antibody maturation
through the mutation of host immunoglobulin genes, while APOBEC3 family members are
antiviral restriction factors mutating retroviral genomes through targeted deamination of
replication intermediates.! Although such targeted DNA deamination is beneficial for immunity,
AID/APOBEC-catalyzed deamination is also a major source of mutation in numerous cancer
types, highlighting the consequences of aberrant or misregulated mutagenesis (Figure 1a).2°

Pro-oncogenic deamination can extend to either DNA or RNA. Pathological DNA
deamination has been a particular area of focus for two human APOBEC3 family members —
APOBEC3A (A3A) and its close relative APOBEC3B (A3B). Many cancer genomes harbor a
clear signature of aberrant A3A or A3B activity, as evidenced by clusters of closely spaced and
strand-coordinated cytosine mutations in TpC contexts, termed kataegis.®® In addition to
shaping global mutational footprints, specific genes can be targeted. An intriguing example is
offered by mutations in succinate dehydrogenase B (SDHB), which are frequently observed in
leukemic T cells.® Matched examination of the transcriptome and genome led to the discovery
that A3A targets SDHB messenger RNA (mRNA) transcripts for deamination, and not the SDHB
gene,*? highlighting how A3A activity on either DNA or RNA can have pathological
consequences.

The question of substrate discrimination has taken on a new importance now that
AID/APOBEC enzymes have also been harnessed for genome editing (Figure 1a). ‘Base
editors’ utilize a catalytically-impaired Cas protein to direct a tethered DNA deaminase to a
specific genomic locus to introduce a targeted single-base mutation.'! Base editors employing
A3A are particularly appealing given their high efficiency; however, unwanted RNA off-target
editing has also been observed.'?*> While an N57G mutation in engineered A3A (eA3A) has
been shown to dampen RNA off-target activity while retaining on-target activity,'4 the
biochemical selectivity of eA3A on DNA versus RNA has not been directly explored.
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Previous studies have shed some light into the potential mechanisms governing A3A’s
substrate specificity. While there is speculation that RNA deamination may be a physiological
role for A3A,¢ the only APOBEC family member for which RNA activity is definitively
established is APOBECL1.1" Nonetheless, most family members have been shown to bind RNA
even tighter than DNA,* adding to the enigma of nucleic acid selectivity. For several family
members, a prominent role for the identity of the target cytidine nucleotide has been revealed.
For AID, the substitution of a single ribocytidine (rC) in an otherwise DNA substrate reduces
deamination at least 500-fold.%® Interestingly, APOBEC1 also shows a marked preference for
DNA,*9 a feature which may reflect its ancestral functions.?® While these studies offer important
precedents, it remains unknown if the target cytidine nucleotide plays a similarly large role in
governing nucleic acid selectivity by A3A.

Further complexity arises from genomic and structural studies that highlight unique aspects
of A3A catalysis that distinguish it from other family members. In addition to the known TpC
preference, secondary structure features have been found to significantly impact substrate
selectivity for A3A (Figure 1b). The solution of a DNA-bound crystal structure of A3A revealed
that SSDNA adopts a U-shaped conformation when bound in a catalytically competent
orientation.?! This observation provides a rationale for results from genomic studies focused on
analyzing mesoscale level (~30 base pair) features that are preferentially targeted by A3A in
genomic DNA (Figure 1b). These sequences are characterized by the following mesoscale
features: the formation of stem-loop structures, the positioning of the cytosine base at the 3° end
of a 3-5 bp loop, and a strong stem.?? Biochemical and transcriptome-wide studies have also
demonstrated similar stem-loop preferences with RNA;?324 however, no study has yet to look at
matched DNA and RNA substrates to assess the relative importance of these features in dictating
selectivity.

In this report, we were motivated to decipher the mechanistic basis for nucleic acid
discrimination by A3A given the enzyme’s role in immunity, cancer biology, and genome
editing. We first characterize the role of the target cytidine in DNA/RNA selectivity, showing
that the presence of a single 2’-hydroxyl group at the sugar of the target nucleotide markedly
decreases reactivity. We then establish the role of neighboring bases and secondary structure as
deterministic features of DNA versus RNA selectivity with both A3A and engineered eA3A.
Overall, our results highlight a tradeoff between efficiency and selectivity, where DNA
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deamination is highly preferred and less selective while RNA deamination is less preferred but
highly selective. Our findings provide new mechanistic insights into A3A mutagenesis and offer

guidance for evaluating alternative A3A variants for biotechnological applications.

RESULTS AND DISCUSSION
Target nucleotide as a major selectivity determinant for deamination

RNA and DNA are distinguished by a single 2’-(R)-hydroxyl group (2’-OH) present on the
ribosyl sugar of each nucleotide in RNA but not in DNA (Figure 1b). Enzymes that
differentially act on DNA versus RNA have been shown to be influenced by the existence of the
2’-OH in different manners. For example, the base excision repair enzyme uracil DNA
glycosylase (UDG) uses a steric exclusion mechanism to target DNA over RNA, and a similar
‘steric gate’ is employed by DNA polymerases.?>?® By contrast, a 2°-OH can alter favored
nucleotide conformations which can influence selectivity independent of direct steric
interactions. Differential sugar pucker dictated by the 2’-OH governs selectivity with RNA
ligase, a mechanism that has also been shown to also apply to AID and APOBEC1.1%%7

We posited that for A3A, in a manner akin to its AID/APOBEC relatives, the 2°-OH of the
target cytidine itself might play a prominent role in substrate discrimination. In order to isolate
this feature, we designed a 35 bp DNA substrate (S35-dC) and its associated product (S35-dU),
along with matched chimeric versions that contained a single ribocytidine (rC) or ribouridine
(S35-rC and S35-rU) within the otherwise DNA backbone. The base (*C) was embedded in an
ATT*CAAAT sequence context, which includes the preferred TpC context for A3A and could
newly introduce a cleavage site for the restriction enzyme Swal upon successful deamination
(Figure 2a). We first validated that upon duplexing, S35-rU could be cleaved as efficiently as
S35-dU by Swal, offering a facile means to track deamination. We next reacted the S35-dC or
S35-rC substrate with serial dilutions of A3A, duplexed, and analyzed for product formation by
quantification of the cleavage product (Figure 2b). Our in vitro assay revealed that the simple
addition of a single 2°-OH reduced A3A efficiency by 110-fold (Figure 2b-c), indicating that the
identity of the target nucleotide itself contributes substantially to substrate selectivity.

The reduction in deamination efficiency upon the addition of a single hydroxyl to a DNA
oligonucleotide is particularly notable given that the structure of DNA-bound A3A suggests that
a 2’-OH could be accommodated without major steric conflicts (Supplementary Figure 1).%

This result suggests the possibility that the influence of the 2°-OH on sugar pucker, rather than
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on sterics, could alter the efficiency of deamination. Notably, the impact of the 2°-OH on A3A
activity is closer to the level of discrimination observed with APOBEC1 (100-fold) rather than
AID (500-fold), an observation consistent with the detection of higher levels of edited RNA via
A3A, but not by AID.1928:29

Sequence context and secondary structure impact nucleic acid selectivity

While our initial results suggest that the role of the target base is a consistent feature of
nucleic acid selectivity across the AID/APOBEC family, A3A is specifically distinguished from
other family members by the prominent impact of mesoscale features in selective deamination of
DNA.22 We therefore hypothesized that secondary structure and sequence context might
similarly affect A3A’s selective deamination of DNA versus RNA.

To test this hypothesis, we moved from the chimeric substrates containing a single rC to
more complex sequence-matched substrates composed entirely of DNA or RNA. To this end, we
designed a long 720-mer substrate containing cytosines in diverse sequence contexts and
potential secondary structure elements (Supplementary Figure 2a-b), including the SDHB
hotspot which has been implicated in RNA editing.'° Importantly, the substrate was designed
lacking Cs in the 5’-end and Gs in the 3’°-end of the sequence to allow unbiased amplification of
the sequence by either PCR or RT-PCR after reaction with A3A. The resulting amplicons could
then be examined for deamination at specific sites by analyzing changes in restriction enzyme
digestion contexts, or across the whole amplicon by next-generation sequencing (NGS) (Figure
3a). Specifically, detection of deamination at the SDHB target loop was possible using the
restriction endonuclease Clal. The intact (non-deaminated) site is in a 5’-ATCGAT-3’ context
that can be cleaved by Clal, while the deaminated product is not, offering a facile quantitative
means to track deamination at this site (Supplementary Figure 3a). Using the matched 720-mer
sequences, we performed deamination with serial 10-fold dilutions of A3A (6 UM to 6 pM) and
analyzed for resistance to Clal cleavage. For the ssDNA substrate, with 0.6 nM A3A, the
majority of the substrate was deaminated at the SDHB site (Figure 3b). By contrast, comparable
deamination was observed in the RNA substrate only at higher concentrations of A3A. We
quantified deamination across replicates to determine the ECso, here defined as the amount of
enzyme necessary to deaminate half the substrate at this site. This analysis determined that
deamination at the SDHB site was 94-fold less efficient in RNA than in DNA (Figure 3b). Thus,

even for this robust RNA deamination target, DNA deamination efficiency is substantially
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higher. We extended this analysis to a second restriction enzyme-responsive site within the
amplicon, where consecutive deamination events at a 5’-TCCAAA site, converting it to 5°-
TTTAAA, could be detected via digestion with Dral (Supplementary Figure 3a). The
preference for DNA deamination was further evident at this site, as consecutive deamination in
sSDNA was nearly complete with >6 nM A3A, while it was not detected on RNA even with
maximal A3A (6 uM) (Supplementary Figure 3b).

To profile substrate discrimination more rigorously, we next quantified deamination via
NGS, analyzing a total of 146 cytosines across the amplicon using 250 bp paired-end reads.
Notably, our assay was robust across sites, and replicates showed the expected increase in
deamination with a 10-fold change in enzyme:substrate ratio (Supplementary Figure 3c-d).
Given our interest in determinants of preferred sequences within DNA or RNA, we initially
selected enzyme:substrate ratios that showed partial overall deamination. For SSDNA substrates
reacted with 0.06 nM A3A, average editing across all cytosine bases was 12% (Figure 3c,
Supplementary Table). Deamination could be readily detected across most other sites, with
89% of cytosines deaminated above background levels (>0.7%). The most deaminated site in
sSDNA substrates, with 51% editing, was a cytosine at position 236, located in a predicted 3-
nucleotide stem-loop within a TpC motif (Figure 3d, Supplementary Figure 2b). This
correlates with a selectivity factor, defined as deamination at the most preferred site over average
editing of sites throughout the substrate, of 4.3 (51% at site 236/12% overall all sites). Moreover,
we observed that 100% of Cs in a 5°-TC context and 100% of Cs in a 5’-CC context were
deaminated above background, along with detectable levels of deamination in the majority of 5°-
RC sequence contexts (5°-AC, 71%; 5°-GC, 79%) (Figure 3e-f). While many of the highly
targeted sites were predicted to occur in the loop of a stem-loop, we also noted several sites
where the target cytosine is at the most proximal part of a stem adjacent to a loop on the 3’-side
(Supplementary Figure 2c). This result suggests that dynamics at the end of a stem can impact
A3A accessibility, a feature that has not been specifically detected before.

We then analogously examined the deamination of RNA reacted with 60 nM A3A, which is
1000-fold more enzyme than initially characterized with the sSDNA substrate. We observed that
the average editing at sites in RNA was 2.6% (Figure 3c). Thus, while the restriction analysis at
a known RNA hotspot (SDHB) suggested that RNA deamination was ~100-fold less efficient
than DNA, when integrating over all sites, deamination was ~4000-fold less efficient on the
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matched RNA and DNA sequences. Interestingly, the cytosine that was most highly targeted in
the RNA substrate differed from that of DNA. Rather than position 236, the preferred target in
RNA was position 161, the SDHB target site, with 67% deamination and a selectivity factor of
26 (Figure 3d). The change in preferred target in DNA versus RNA is particularly intriguing in
the context of prior work looking at the genome- and transcriptome-wide preferences suggesting
that a 3-nucleotide loop is optimal for DNA substrates, while a 4-nucleotide loop (as in the
SDHB site) is optimal for RNA substrates.?>?* Our results demonstrate that these alternative
preferences, initially suggested by cell-based analysis, can be also detected in vitro with matched
ssDNA and RNA substrates, and therefore likely reflect the intrinsic selectivity of A3A.

In striking contrast to the DNA substrate, in which deamination could be detected at most
sites, only 50% of cytosines were deaminated above background levels (>0.7%) in RNA,
suggesting that RNA deamination is more specific (Figure 3c). Examining the sequence context
preferences offers further support for altered selectivity in RNA versus DNA. We detected
deamination above background in the majority of Cs in a 5’-TC or 5°-CC contexts, with
deamination nearly undetectable in 5’-RC sequence contexts. To determine whether the
increased impact of sequence context on deamination efficiency was consistent across different
enzyme:substrate conditions, we repeated the amplicon sequencing analysis using varying A3A
concentrations. Using these conditions, the difference between optimal and less-optimal
substrates was greater for RNA than for DNA (Figure 3f, Supplementary Figure 3e-f). The
existence of few highly edited sites in RNA and many more moderately deaminated sites in
DNA supports the conclusion that RNA deamination occurs with low proficiency, but higher
selectivity.

Taken together, our results indicate that A3A activity on ssDNA is generally efficient and
broad, while its activity on RNA is greatly reduced and yet more selective across the 720-mer.
Our analysis of the chimeric S35-rC substrate indicates that the target base itself drives a part of
the nucleic acid selectivity (110-fold), but the rest of the RNA backbone also contributes
considerably, explaining the overall ~4000-fold discrimination against RNA. Notably, RNA
deamination requires ideal features — sequence context and secondary structure — that reflect
selectivity, while DNA deamination shows a preference for similar features, but to a much lower
extent. These observations also carry practical implications for efforts focused on understanding

the activity of A3A in cancer mutagenesis or off-target base-editing activity. Specifically, rather
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than requiring transcriptome-wide analysis, our studies support the concept of focused analysis
on highly edited RNA substrates such as the SDHB target as a more efficient approach to
profiling A3A activity.?* Furthermore, given A3A’s patterns of selectivity for DNA versus RNA,
off-target DNA activity and off-target RNA activity requires looking at distinct target genes or

transcripts.

Engineering A3A perturbs the balance of ssSDNA and RNA editing

The use of DNA deaminases in concert with CRISPR/Cas proteins for targeted base editing
has placed new emphasis on nucleic acid selectivity. Recent efforts have focused on mutating the
deaminase to reduce undesirable RNA off-target mutagenesis.}*° A base editor containing A3A
with an N57G mutation (eA3A) was initially selected to increase the precision of cytosine
editing in the targeting window but was also observed to significantly limit off-target RNA
deamination.'#> While eA3A appears promising in a base editor context, no direct biochemical
study of the isolated eA3A domain acting on DNA or RNA has been reported. Given our
observations of selectivity with the wild-type (WT) A3A, we hypothesized that enzymatic
alterations that shift selectivity for DNA versus RNA might come with associated tradeoffs in
specificity. As such, we sought to investigate substrate discrimination by eA3A using our
matched 720-mer ssDNA and RNA assay (Figure 3a).

As with our examination of WT A3A, we first investigated deamination events at the SDHB
hotspot via restriction enzyme digestions of amplicons generated from RNA and ssDNA
substrates upon reaction with eA3A. Digestion of ssSDNA-derived amplicons with Clal showed
only a ~5-fold increase in ECso relative to WT A3A indicating that sSSDNA editing was robust at
the SDHB site (Figure 4a). By contrast, RNA editing was detectable, but only reaching 32% at
the highest concentration evaluated (15 uM), suggesting a more dramatic reduction in RNA
editing relative to the reduction observed with WT A3A. A similar pattern was observed when
analyzing the Dral cleavage site. The consecutive deamination at this site could only be detected
with the DNA substrate and the ECso increased 55-times relative to WT A3A (Supplementary
Figure 4a).

Moving from site-specific analyses to the broader amplicon, we next analyzed eA3A
deamination by NGS. While the most targeted sSDNA site was still the stem-loop at position
236, we detected an overall pattern that appeared distinct from that observed with WT A3A. The
overall ssDNA deamination was only 1.0% at 0.06 nM eA3A (Figure 4b), and 8.5% at 0.6 nM
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eA3A (Supplementary Figure 4b). Given the observed 12% deamination of sSDNA with 0.06
nM WT A3A, this result suggests that sSSDNA deamination is decreased ~12-fold overall.
Strikingly, however, editing at the position 236 hotspot is not reduced proportionally to others,
showing deamination at 42% and yielding a selectivity factor of 42, a marked increase relative to
the selectivity factor of 4.5 observed with WT A3A. Under higher enzyme:substrate ratios, the
overall deamination across sites increases, but the preferred status for the 236 position remains
notable and stands in contrast to WT A3A. Thus, the mutation introduced in eA3A has a small
impact on activity at preferred sites but makes the enzyme far more selective when acting on
SSDNA.

We next characterized RNA deamination across the amplicon using 6 pM eA3A. Here, we
observed 14% editing at position 161, the SDHB hotspot, which was the only site deaminated
>2.1% (Figure 4b). Notably, the change in hotspot targeting from position 236 in SSDNA to
position 161 in RNA was consistent between WT A3A and eA3A, highlighting that selectivity
factors differ between nucleic acid targets. However, while we observed 67% deamination of the
SDHB site with 60 nM WT A3A, the 14% deamination observed with 6 UM eA3A leads us to
estimate that, even at this preferred hotspot, RNA deamination is ~500-fold slower with eA3A
relative to A3A. Since the preferred ssDNA hotspot at position 236 was deaminated nearly as
efficiently by eA3A as with WT A3A, we conclude that the N57G mutation in eA3A enhances
enzyme selectivity for both the nucleic acid target (DNA over RNA) and for mesoscale features
that dictate preferred substrates.

Our results suggest that targeted active site manipulation with eA3A leads to modest
decreased overall DNA reactivity (~12-fold), and that this altered activity manifests with a
narrowed substrate scope for ssSDNA (increased selectivity) and an even further narrowing of
substrate tolerance for RNA. Remarkably, in the context of base editors, eA3A has been shown
to target genomic loci with an efficiency that rivals that of WT A3A-containing base editors.'* It
is likely that tethering of the DNA deaminase near the genomic target generated by Cas9 binding
may permit even disfavored DNA targets to be deaminated effectively, while minimizing off-
target activity on RNA.
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CONCLUSIONS

The purposeful deamination of DNA by A3A serves roles in retroviral restriction and in
targeted genome editing. However, the nature of sSSDNA engagement by the enzyme offers RNA
as a possible alternative target that can result in unwanted pathological mutations. In this study,
we have probed the mechanistic basis for A3A’s nucleic acid selectivity. From the nucleic acid
angle, we show that the target cytidine plays a key role in selectivity, as the addition of a single
2’-OH at the target nucleotide’s sugar leads to a ~100-fold discrimination against RNA.
Zooming out to both sequence context and secondary structure — which have been shown to play
roles in DNA targeting — we demonstrate that these mesoscale features are more critical for RNA
selectivity. RNA deamination is observed almost exclusively at sites with preferred sequence
context and secondary structure, while DNA deamination can be observed when these features
are non-ideal as well. The tradeoff between activity and specificity extends from nucleic acid
determinants to those of the enzyme, as an active site mutation that lowers global deamination
activity led to a disproportionate loss of RNA reactivity. Our conclusion that the preferred target
in DNA can differ from that in RNA offers important insights for the design of optimal reporter
substrates for tracking A3A’s specific activity on DNA or RNA, or its global activity in cells.
These insights also highlight the fact that optimization of A3A activity to enhance DNA
selectivity or even engineer RNA selectivity may be possible,'43! but would be anticipated to

come at a cost in the breadth of activity.
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MATERIALS AND METHODS

A3A and eA3A expression. The A3A expression construct (Addgene #109231) has been
previously described and can be used to purify A3A as a fusion protein (MBP-A3A-His) that can
be further processed to generate the isolated A3A domain.®?* For eA3A (A3A-N57G), the
N57G mutation was introduced via Q5 site directed mutagenesis (New England Biolabs, NEB).
Bacterial expression of A3A and eA3A constructs has been previously described in detail.*3
Purified MBP-A3A-His, MBP-eA3A-His or isolated A3A were dialyzed overnight in 50 mM
Tris-Cl (pH 7.5), 50 mM NaCl, 10% glycerol, 0.5 mM DTT and 0.01% Tween-20 and the
concentrations of proteins were determined using a BSA standard curve.

Swal-based deaminase activity on sSDNA and chimeric substrates. 5’-fluorescein (FAM)
fluorescently labelled substrate S35-dC or a matched substrate with a single target ribocytosine
in an otherwise DNA backbone (S35-rC) were synthesized by Integrated DNA Technologies
(IDT), along with the associated product controls (S35-dU and S35-rU). 100 uM oligonucleotide
was treated with 6-fold dilutions of untagged-A3A (from 1 uM to 4 pM) in optimal A3A
reaction conditions (final, 20 mM succinic acid:NaH2PQOa:glycine (SPG) buffer pH 5.5, 0.1%
Tween-20). The reaction was allowed to proceed for 30 min at 37 °C and then terminated (95 °C,
10 min). 200 nM of the complementary strand was then added and annealed. Swal (NEB) was
added, and digestion carried out overnight at room temperature. Formamide loading buffer was
added and samples were heat denatured (95 °C, 20 min), and then run on a 20% denaturing
TBE/urea polyacrylamide gel at 50 °C. Gels were imaged using FAM filters on a Typhoon
imager (GE Healthcare). Area quantification tool in ImageJ was used for quantitative analysis.

Synthesis of 720-mer ssDNA substrates. To generate SSDNA, a 720-bp gBlock gene fragment
(IDT) was used as a template (Supplementary Figure 2a) and amplified with Taqg polymerase
(NEB) using a linear-after-the-exponential(LATE)-PCR reaction protocol, which employs excess
forward primer relative to a phosphorylated reverse primer.32 The reactions were purified
(NucleoSpin, Fisher) and then treated with A exonuclease for 1 h at 37 °C to degrade the
phosphorylated strand, followed by heat inactivation (90 °C, 10 min). The products were then

run on a 2% agarose gel and the ssSDNA was recovered by using Gel DNA Recovery Kit
(Zymoclean). The ssDNA was further purified by ethanol precipitation, and its concentration was
measured using a Qubit® fluorometer (ThermoFisher). For one replicate, ssDNA was obtained as
a megamer oligonucleotide (IDT) and further purified by ethanol precipitation.

Synthesis of 720-mer RNA substrates. Using the 720-bp gene block (IDT) dsDNA as a
template, RNA was generated via in vitro transcription using TranscriptAid Enzyme Mix
(ThermoFisher) under recommended conditions and incubated for two hours at 37 °C. The RNA
was then purified via phenol-chloroform extraction and ethanol precipitation. The sample was
resuspended in nuclease-free water and further treated with Mspl, Xbal, and Acll restriction
enzymes (NEB) to digest any remaining DNA template. After a 1 h incubation at 37 °C, the
RNA Clean and Concentrator-5 kit (Zymo Research) was used to purify the RNA. To further
ensure complete removal of template DNA, the RNA was treated with DNase | (Ambion) for 30
min at 37 °C. Purification was repeated (RNA Clean and Concentrator-5), and the concentration
of purified RNA was measured using a Qubit® fluorometer. Secondary structure of several
mesoscale regions in the 720-mer are predicted via the “Predict a Secondary Structure Web
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Server” (https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predictl/Predictl.html), and
the structures with the lowest free energy prediction are provided in Supplementary Figure 2c.

Qualitative deaminase activity of 720-mer using restriction enzyme-based method. 10 ng of
either the 720-mer ssSDNA or RNA substrate were reacted with varied concentrations of MBP-
A3A-His or MBP-eA3A-His in 20 mM SPG (pH 5.5) with 0.1% Tween-20 in a 10 pL total
volume. 10U RNase inhibitor was added to the reaction mixtures of the RNA samples only.
After 30 min at 37 °C, the reaction was terminated by denaturation at 95 °C for 10 min. RNA
samples were reverse transcribed using M-MuLV Reverse Transcriptase (NEB) for 1 h at 42 °C,
followed by heat inactivation (Supplementary Figure 2b). 2 L from both ssDNA and reverse-
transcribed RNA samples were used to template PCR amplification using Taq polymerase
(NEB). The resulting amplicons were treated with either Clal or Dral (NEB) for 1 h at 37 °C for
position-specific analysis. Samples were then run on either a 1% TAE or 1.5% TBE agarose gel,
which were imaged on a Typhoon imager (GE Healthcare).

Sequencing Data Analysis. Amplicons from the 720-mer assay were purified via the QlAquick
PCR Purification kit (Qiagen). Concentrations were measured using a Qubit® fluorometer
(ThermoFisher) and then sequenced by Amplicon-EZ Next Generation Sequencing (Genewiz).
Read qualities were evaluated by FastQC v0.11.9
(http://www.bioinformatics.babraham.ac.uk/projects/fastgc/). Low-quality sequence (Phred
quality score <28) and adapters were trimmed via Trim Galore v0.6.5
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) prior to analysis with
CRISPRess02.34 Sequencing analysis of amplicons generated from ssDNA processed in parallel
but without any A3A were used to compute the background level of deamination in cytosine
bases (estimated at 0.7%). The data shown represent the mean deamination at each position,
averages from at two independent experiments. Results from individual amplicons are provided
in Supplementary Table. Selectivity factor, a measure of deamination at a specific site relative
to the average deamination across the 720mer, is calculated as shown below:

% deamination at specific site

Selectivity factor = —
vf % average deamination across the substrate

ACKNOWLEDGMENTS

K.N.B. was supported by an individual fellowship from the National Science Foundation. This
work was supported by the National Institutes of Health R01-GM138908 (to R.M.K.).


https://rna.urmc.rochester.edu/RNAstructureWeb/Servers/Predict1/Predict1.html
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

REFERENCES

[N

. Siriwardena, S. U.; Chen, K.; Bhagwat, A. S. Functions and Malfunctions of Mammalian
DNA-Cytosine Deaminases. Chem. Rev. 2016, 116, 12688-12710.

N

. Landry, S.; Narvaiza, |.; Linfesty, D. C.; Weitzman, M. D. APOBEC3A can activate the DNA
damage response and cause cell-cycle arrest. EMBO Rep. 2011, 12, 444-450.

w

. Roberts, S. A.; Lawrence, M. S.; Klimczak, L. J.; Grimm, S. A.; Fargo, D.; Stojanov, P.;
Kiezun, A.; Kryukov, G. V.; Carter, S. L.; Saksena, G.; Harris, S.; Shah, R. R.; Resnick, M.
A.; Getz, G.; Gordenin, D. A. An APOBEC cytidine deaminase mutagenesis pattern is
widespread in human cancers. Nat. Genet. 2013, 45, 970-976.

4. Burns, M. B.; Temiz, N. A.; Harris, R. S. Evidence for APOBEC3B mutagenesis in multiple
human cancers. Nature genetics 2013, 45, 977-983.

o1

. 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.; Yee, D.; Temiz, N. A.; Donohue, D.
E.; McDougle, R. M.; Brown, W. L.; Law, E. K.; Harris, R. S. APOBEC3B is an enzymatic
source of mutation in breast cancer. Nature 2013, 494, 366-370.

6. Lada, A. G.; Dhar, A.; Boissy, R. J.; Hirano, M.; Rubel, A. A.; Rogozin, I. B.; Pavlov, Y. I.
AID/APOBEC cytosine deaminase induces genome-wide kataegis. Biol. Direct 2012, 7, 47.

\‘

. 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.; Boyault, S.; Burkhardt, B.; Butler,
A. P.; Caldas, C.; Davies, H. R.; Desmedt, C.; Eils, R.; Eyfjord, J. E.; Foekens, J. A,;
Greaves, M.; Hosoda, F.; Hutter, B.; llicic, T.; Imbeaud, S.; Imielinski, M.; Jager, N.; Jones,
D. T.; Jones, D.; Knappskog, S.; Kool, M.; Lakhani, S. R.; Lopez-Otin, C.; Martin, S.;
Munshi, N. C.; Nakamura, H.; Northcott, P. A.; Pajic, M.; Papaemmanuil, E.; Paradiso, A.;
Pearson, J. V.; Puente, X. S.; Raine, K.; Ramakrishna, M.; Richardson, A. L.; Richter, J.;
Rosenstiel, P.; Schlesner, M.; Schumacher, T. N.; Span, P. N.; Teague, J. W.; Totoki, Y.;
Tutt, A. N.; Valdes-Mas, R.; van Buuren, M. M.; van 't Veer, L.; Vincent-Salomon, A.;
Waddell, N.; Yates, L. R.; Australian Pancreatic Cancer Genome Initiative; ICGC Breast
Cancer Consortium; ICGC MMML-Seq Consortium; ICGC PedBrain; Zucman-Rossi, J.;
Futreal, P. A.; McDermott, U.; Lichter, P.; Meyerson, M.; Grimmond, S. M.; Siebert, R.;
Campo, E.; Shibata, T.; Pfister, S. M.; Campbell, P. J.; Stratton, M. R. Signatures of
mutational processes in human cancer. Nature 2013, 500, 415-421.

8. Taylor, B. J.; Nik-Zainal, S.; Wu, Y. L.; Stebbings, L. A.; Raine, K.; Campbell, P. J.; Rada,
C.; Stratton, M. R.; Neuberger, M. S. DNA deaminases induce break-associated mutation
showers with implication of APOBEC3B and 3A in breast cancer kataegis. Elife 2013, 2,
e00534.


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

9. Baysal, B. E. A Recurrent Stop-Codon Mutation in Succinate Dehydrogenase Subunit B Gene
in Normal Peripheral Blood and Childhood T-Cell Acute Leukemia. PLOS ONE 2007, 2,
e436.

10. Sharma, S.; Patnaik, S. K.; Taggart, R. T.; Kannisto, E. D.; Enriquez, S. M.; Gollnick, P.;
Baysal, B. E. APOBEC3A cytidine deaminase induces RNA editing in monocytes and
macrophages. Nat. Commun. 2015, 6, 6881.

11. Komor, A. C.; Kim, Y. B.; Packer, M. S.; Zuris, J. A.; Liu, D. R. Programmable editing of a
target base in genomic DNA without double-stranded DNA cleavage. Nature 2016, 533,
420-424.

12. Grunewald, J.; Zhou, R.; Garcia, S. P.; lyer, S.; Lareau, C. A.; Aryee, M. J.; Joung, J. K.
Transcriptome-wide off-target RNA editing induced by CRISPR-guided DNA base editors.
Nature 2019, 569, 433-437.

13. Zong, Y.; Song, Q.; Li, C.; Jin, S.; Zhang, D.; Wang, Y.; Qiu, J. L.; Gao, C. Efficient C-to-T
base editing in plants using a fusion of nCas9 and human APOBEC3A. Nat. Biotechnol.
2018.

14. Gehrke, J. M.; Cervantes, O.; Clement, M. K.; Wu, Y.; Zeng, J.; Bauer, D. E.; Pinello, L.;
Joung, J. K. THIS An APOBEC3A-Cas9 base editor with minimized bystander and off-
target activities. Nat. Biotechnol. 2018, 36, 977-982.

15. Grunewald, J.; Zhou, R.; lyer, S.; Lareau, C. A.; Garcia, S. P.; Aryee, M. J.; Joung, J. K.
CRISPR DNA base editors with reduced RNA off-target and self-editing activities. Nat.
Biotechnol. 20109.

16. Algassim, E. Y.; Sharma, S.; Khan, A. N. M. N. H.; Emmons, T. R.; Cortes Gomez, E.;
Alahmari, A.; Singel, K. L.; Mark, J.; Davidson, B. A.; Robert McGray, A. J.; Liu, Q.;
Lichty, B. D.; Moysich, K. B.; Wang, J.; Odunsi, K.; Segal, B. H.; Baysal, B. E. RNA
editing enzyme APOBEC3A promotes pro-inflammatory M1 macrophage polarization.
Commun. Biol. 2021, 4, 102-x.

17. Conticello, S. G. The AID/APOBEC family of nucleic acid mutators. Genome Biol. 2008, 9,
229.

18. Smith, H. C. RNA binding to APOBEC deaminases; Not simply a substrate for C to U
editing. RNA Biol. 2017, 14, 1153-1165.

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

20. Severi, F.; Chicca, A.; Conticello, S. G. Analysis of reptilian APOBEC1 suggests that RNA
editing may not be its ancestral function. Mol. Biol. Evol. 2011, 28, 1125-1129.


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

21. Shi, K.; Carpenter, M. A.; Banerjee, S.; Shaban, N. M.; Kurahashi, K.; Salamango, D. J.;
McCann, J. L.; Starrett, G. J.; Duffy, J. VV.; Demir, O.; Amaro, R. E.; Harki, D. A.; Harris,
R. S.; Aihara, H. Structural basis for targeted DNA cytosine deamination and mutagenesis
by APOBEC3A and APOBEC3B. Nat. Struct. Mol. Biol. 2017, 24, 131-1309.

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

23. Sharma, S.; Baysal, B. E. Stem-loop structure preference for site-specific RNA editing by
APOBEC3A and APOBEC3G. PeerJ 2017, 5, e4136.

24. Jalili, P.; Bowen, D.; Langenbucher, A.; Park, S.; Aguirre, K.; Corcoran, R. B.; Fleischman,
A. G.; Lawrence, M. S.; Zou, L.; Buisson, R. Quantification of ongoing APOBEC3A
activity in tumor cells by monitoring RNA editing at hotspots. Nature Communications
2020, 11, 2971.

25. Brown, J. A.; Suo, Z. Unlocking the sugar "steric gate™ of DNA polymerases. Biochemistry
2011, 50, 1135-1142.

26. Pearl, L. H. Structure and function in the uracil-DNA glycosylase superfamily. Mutat. Res.
2000, 460, 165-181.

27. Nandakumar, J.; Shuman, S.; Lima, C. D. RNA ligase structures reveal the basis for RNA
specificity and conformational changes that drive ligation forward. Cell 2006, 127, 71-84.

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

29. Fritz, E. L.; Rosenberg, B. R.; Lay, K.; Mihailovic, A.; Tuschl, T.; Papavasiliou, F. N. A
comprehensive analysis of the effects of the deaminase AID on the transcriptome and
methylome of activated B cells. Nat. Immunol. 2013, 14, 749-755.

30. Zhou, C.; Sun, Y.; Yan, R.; Liu, Y.; Zuo, E.; Gu, C.; Han, L.; Wei, Y.; Hu, X.; Zeng, R.; Ll,
Y.; Zhou, H.; Guo, F.; Yang, H. Off-target RNA mutation induced by DNA base editing and
its elimination by mutagenesis. Nature 2019, 571, 275-278.

31. Abudayyeh, O. O.; Gootenberg, J. S.; Franklin, B.; Koob, J.; Kellner, M. J.; Ladha, A;
Joung, J.; Kirchgatterer, P.; Cox, D. B. T.; Zhang, F. A cytosine deaminase for
programmable single-base RNA editing. Science 2019, 365, 382-386.

32. Schutsky, E. K.; Nabel, C. S.; Davis, A. K. F.; DeNizio, J. E.; Kohli, R. M. APOBEC3A
efficiently deaminates methylated, but not TET-oxidized, cytosine bases in DNA. Nucleic
Acids Res. 2017, 45, 7655-7665.


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

33. Wang, T.; Luo, M.; Berrios, K. N.; Schutsky, E. K.; Wu, H.; Kohli, R. M. Bisulfite-Free
Sequencing of 5-Hydroxymethylcytosine with APOBEC-Coupled Epigenetic Sequencing
(ACE-Seq). Methods Mol. Biol. 2021, 2198, 349-367.

34. Clement, K.; Rees, H.; Canver, M. C.; Gehrke, J. M.; Farouni, R.; Hsu, J. Y.; Cole, M. A;;
Liu, D. R.; Joung, J. K.; Bauer, D. E.; Pinello, L. CRISPRess02 provides accurate and rapid
genome editing sequence analysis. Nat. Biotechnol. 2019, 37, 224-226.


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 1

Purposeful

Aberrant

Harnessed

Retroviral restriction 0
Oncogenesis .

Precise
genome editing

Mesoscale Features

Sequence Preference

ooy

Position of 5-TC F';S"%" F'Jsinon

Motif in the Loop

Hairpin Loop
Length

Stem Strength

Nucleotide Conformation
dC rC
5—0 c 3—0, §
6} 5=0-Z0
320{3/ 7N OH/
C(2')-endo (south)  C(3')-endo (north)


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 2
a NH2 b c Substrate EC,, (nM)
N §35-dC 081+ 0.1
| - -
s on o Substrate -X 2 $35-dC 2 $35-1C 2 S3C 89 411
0 o $35-dC  -H ﬁ (“m; 100
o x \l S35-1C -OH +A3A (nM) +A3A (nM) c 80
0:p-0° S
O. 9 =
, DNA 3 , é § § é .g 60 110-fold
5‘-TGAGGAATGAAGTTGATT‘QAAATGTGATGAGGTGA—3 S S o s E
not z z z z o 40
intact 8
O—ATT"CAAAT— Swal O—ATT"CAAAT— ¥ I _l S 20
A3A —TAAGTTTA— —TAAGTTTA— i e ,
O—ATTUAAAT— Swal O—ATTU P mn—’t " t‘ - -——
—TAAGTTTA— —TAAG eod 103 102 107 100 10' 102 103 104

[A3A] (nM)


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 3
a b
RNA
720mer Whol No No 100 —
ole . i
Amplicon digest Clal digest Clal B 80 —|
A3A (nM A3A (M) B
A3A NGS . S SR
C T/U éEEEEEEE?’ §§§§§§EE§ £ ]
Specific Site = = = 2§40 Substrate  EC,, (nM)
Examination ] .~ 8 201
'~ - ° i -e-ssDNA 0.16 [0.10 - 0.26]
ssDNA PCR T Chal - ” ° +«RNA 15 [9-27]
Resistant - - - 0—
or or =" = -
AL e |
RNA RT and PCR c CIeCalelage » .
10 10" 10' 10% 105
[A3A] (nM)
100 d 100 ssDNA
_ T .
80 - ‘ ssDNA 0.06 nM A3A Mean overall deamination ~ 12% T/ \0236 f 80
] Selectivity factor: 4.3 #of Csedited 130 out of 147 v (L £ 60+
60— 236 (51%) Mean deamination of Cs edited ~ 13% e g 40
c 40— ¢ S 20
£ 2 il Ll L J S
e T AT A A AP VTR A 2 40
E - a HT el I ‘ T . | A,
& 20— Y \ 161
= 407 t—d =
< s0— RNA 60 nM A3A Mean overall deamination ~ 2.6% J—A 5
4 161 (67%) #of Cs edited 73 out of 147 A £
80— Selectivity factor: 26 Mean deamination of Cs edited ~ 4.7% PN 3
100 T T T T T T T T T T LS, &
1 51 101 151 201 251 401 451 501 551 601
PSR SDHB Position
Position in 720mer
f
ssDNA 0.6 nM A3A ssDNA  0.06 nM A3A RNA 6000 nM A3A RNA 60 nM A3A
5.GC —288foe o 5-GC 5-GC 5-GC
5-CC PR Y 5.cC—{ofimrme 5-cC 5-CC
5-AC ° ° 5'-AC ° 5'-AC 5-AC
5.TC ) oo.* 5-TC # ° 5-UC @ o0 © o ) 5-UC @ o e o
Frrr 1 rr1rri F~rrrrrr 1t F~rrrrrr 1t Frrr 1 rr1rri
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100

% Deamination

% Deamination

% Deamination

% Deamination


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure 4

Clal
Resistant
[ Clal

|
Cleavage |

RNA

Clal
Resistant

C Clal
Cleavage

No eA3A

Y ERe it |

Substrate EC,, (nM)

= ssDNA  0.72[0.39-1.34]
-+ RNA N/A

BB et |
10 10" 10" 10% 10°

[eA3A] (nM)

b

% Deamination

100
80—
60—
40 —
20
0

ssDNA 0.06 nM eA3A|

Mean overall deamination 1.0%
# of Cs edited 51 out of 147

Selectivity factor: 42 \1ean deamination of Cs edited  2.5%

236 (42%)

20
40
60—
80—

\
161 (14%)
Selectivity factor: 35

RNA 6000 nM eA3A

Mean overall deamination  0.44%
# of Cs edited 12 out of 147
Mean deamination of Cs edited 2.1%

100
y

I I I I I I I I I I
51 101 151 201 251 401 451 501 551 601

Position in 720mer


https://doi.org/10.1101/2021.11.26.470160
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.26.470160; this version posted November 27, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

FIGURE LEGENDS

Figure 1. A3A mutagenesis and substrate selectivity features. (a) Schematic representation of
the purposeful biological functions, pathological implications, and harnessed biotechnological
applications of A3A-mediated deamination. Depicted on the left is the co-crystal structure (PDB:
5SWW) of A3A (blue) and ssDNA (black). (b) Schematic representation of the SSDNA-A3A
complex with key features highlighted. The substrate is shown as a stem-loop corresponding to
preferred substrate conformation. Conformation differences of the target nucleotide, sequence
context preference, and mesoscale features are annotated.

Figure 2. The addition of a single 2°-OH in the target cytosine decreases deamination
efficiency. (a) Top — Chimeric substrate design. Target cytosine is either not modified (dC) or
modified to have a 2°-OH substitution (rC) and embedded in an otherwise DNA backbone,
resulting in S35-dC and S35-rC oligonucleotides, respectively. Bottom — Sequence of
oligonucleotides and Swal assay diagram. 5’-FAM-labelled S35-dC and S35-rC oligonucleotides
have the target cytosine embedded in a TTXCAAA sequence context. After reaction with A3A,
the oligonucleotides are duplexed to a complementary strand and digested with Swal. Swal
cleaves the deaminated product but does not cleave the non-deaminated substrate. (b) A3A
titration. Oligonucleotides (100 uM) are reacted with 6-fold dilutions of A3A (from 1 uM to 4
pM from left to right) for 30 min at 37 °C. Imaging of the fluorescent oligonucleotides in a
representative denaturing polyacrylamide gel is shown. For each substrate, the leftmost lane
includes a product control, and the rightmost lane includes a substrate control not treated with
A3A. (c) Percent deamination is plotted for S35-dC (purple) and S35-rC (teal) as a function of
A3A concentration and normalized to product controls. Data represent at least three independent
replicates with mean and standard deviation plotted. Product formation was fit to determine the
ECso, the enzyme concentration required to convert half of the substrate under the assay
conditions.

Figure 3. A3A activity on long, single-stranded substrates with matched sequences. (a)
720mer assay diagram. Sequence-matched ssSDNA and RNA substrates were reacted with A3A.
The samples were amplified by PCR (ssDNA) or RT-PCR (RNA). Amplified products were then
subjected to site-specific examination via the use of restriction enzymes, such as Clal, or to
whole amplicon Next-Generation Sequencing (NGS). Clal cleaves non-deaminated substrates
but not the deaminated products. (b) Left — Representative gels of A3A titration. 10 ng of SSDNA
and RNA substrates were reacted with 10-fold dilutions of A3A (6 uM to 6 pM, left to right) for
30 min at 37 °C. Following amplification, amplicons were digested with Clal and imaged on a
1.5% agarose gel. Right — Quantification of percent deamination at the SDHB site for sSDNA
(purple) and RNA (teal) as a function of A3A concentration. Data represent four independent
replicates with mean and standard deviation plotted. Product formation was fit to determine the
ECso. (c) Base resolution map showing percent deamination vs. the position of cytosines across
the 720mer as per NGS analysis. sSDNA data from reaction with 0.06 nM A3A is shown in
purple above the axis, while data from RNA reacted with 60 nM A3A is shown in teal below the
axis. The middle 134 bp are not included in the analysis due to the limitations of paired-end
sequencing. Data represent the mean deamination at each position from two independent
experiments with results from individual amplicons provided in Supplementary Table. The
most heavily deaminated cytosine for each substrate is labelled with its position in the 720mer,
selectivity factor, and percent editing. (d) Schematic representation of the stem-loop structures of
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the most heavily deaminated cytosine for each substrate. Top — cytosine at position 236 in
ssDNA. Bottom — SDHB site; cytosine at position 161 in RNA. (e) Sequence logos of editing
sites for ssDNA and RNA samples after correcting for background editing levels. Position 0
represents the target C. (f) Jitter plots showing percent deamination for substrates reacted with
different concentrations of A3A, separated by sequence context, highlighting the higher
proficiency and lower specificity for deamination of sSSDNA versus RNA.

Figure 4. eA3A activity on long, single-stranded substrates with matched sequences. (a) Left
— 10 ng of ssDNA or RNA substrates were reacted with eA3A (left to right, 15 uM and then 10-
fold dilutions from 6 puM to 60 pM) for 30 min at 37 °C. Following PCR or RT-PCR, the
amplicons were digested with Clal, with representative gel images shown. Right — Quantification
of percent deamination as a function of A3A concentration for sSDNA (purple) or RNA (green).
Data represent mean and standard deviation from four independent replicates. (b) Base resolution
map showing percent deamination vs. the position of cytosines across the 720mer as per NGS
analysis. sSDNA data from reaction with 0.06 nM eA3A is shown in purple above the axis,
while data from RNA reacted with 6 uM eA3A is shown in green below the axis. Data represent
the mean deamination at each position from two independent experiments with results from
individual amplicons provided in Supplementary Table, and the most heavily deaminated
cytosine for each substrate labelled with its position, selectivity factor, and percent editing.
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