1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Mol Biol. Author manuscript; available in PMC 2018 June 16.

-, HHS Public Access
«

Published in final edited form as:
J Mol Biol. 2017 June 16; 429(12): 1787-1799. doi:10.1016/j.jmb.2017.04.021.

Family-Wide Comparative Analysis of Cytidine and
Methylcytidine Deamination by Eleven Human APOBEC Proteins

Fumiaki Ito™8, Yang Fu™8, Shen-Chi A. Kao", Hanjing Yang®, and Xiaojiang S. Chen™+#1
*Molecular and Computational Biology Program, Department of Biological Sciences, University of
Southern California, Los Angeles, CA 90089, USA

*Department of Chemistry, University of Southern California, Los Angeles, CA 90089, USA

#Center of Excellence in NanoBiophysics, Norris Comprehensive Cancer Center, University of
Southern California, Los Angeles, CA 90089, USA

Abstract

APOBECs are a family of cytidine deaminases involved in various important biological processes
such as antibody diversification/maturation, restriction of viral infection, and generation of
somatic mutations. Catalytically active APOBEC proteins execute their biological functions
mostly through deaminating cytosine (C) to uracil on SSDNA/RNA. Activation-induced cytidine
deaminase (AID), one of the APOBEC members, was reported to deaminate methylated cytosine
(mC) on DNA and this mC deamination was proposed to be involved in demethylation of mC for
epigenetic regulation. The mC deamination activity is later demonstrated for APOBEC3A (A3A),
and more recently for APOBEC3B (A3B) and APOBEC3H (A3H). Despite extensive studies on
APOBEC proteins, questions regarding whether the rest of APOBEC members have any mC
deaminase activity and what are the relative deaminase activities for each APOBEC member
remain unclear. Here we performed a family-wide analysis of deaminase activities on C and mC
by using purified recombinant proteins for eleven known human APOBEC proteins under similar
conditions. Our comprehensive analyses revealed each APOBEC has unique deaminase activity
and selectivity for mC. A3A and A3H showed distinctively high deaminase activities on C and mC
with relatively high selectivity for mC, whereas six other APOBEC members showed relatively
low deaminase activity and selectivity for mC. Our mutational analysis showed that loop-1 of A3A
is responsible for its high deaminase activity and selectivity for mC. These findings extend our
understanding of APOBEC family proteins that have important roles in diverse biological
functions as well as in genetic mutations.
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Introduction

The human genome encodes eleven members in the APOBEC (“apolipoprotein B mRNA
editing enzyme, catalytic polypeptide-like”) family. APOBEC proteins share a conserved
motif of the cytidine deaminase active site [1, 2], and have a typical 3D-fold composed of
five beta-stranded core surrounded with six helices [3—-12]. The catalytically active
APOBECs induce mutations on sSDNA or RNA by editing cytosine (C) to uracil. APOBEC
proteins play important roles in both acquired and innate immune systems [13-21]. For
example, activation-induced cytidine deaminase (AID) induces somatic hypermutations by
deaminating cytosines in the immunoglobulin locus of the maturing B cells and trigger
antibody class-switch recombination, a critical process for antibody diversification and
maturation for humoral immunity [22-26]. Genetic defects in AID cause Type-2 Hyper-lgM
Syndrome (HIGM2), a disease related to immunodeficiency [27]. APOBEC1 (Apol) edits
the MRNA encoding apolipoprotein B (ApoB) to introduce an early stop codon and produce
a truncated ApoB for lipid transport [28]. The APOBEC family has seven APOBEC3 (A3)
subfamily members (A3A-H) that are involved in controlling intrinsic retroelements in the
genome and restricting external viral infection and replication [14-21]. The viruses currently
known to be restricted by A3 proteins include human immunodeficiency virus (HIV),
hepatitis B virus (HBV), and human papillomavirus (HPV) [13, 29-39]. Unlike other
APOBEC members, APOBEC2 (Apo2) and APOBEC4 (Apo4) appear to exhibit no
deaminase activity or mutagenic activity in yeast and bacteria based mutator assays or /in
vitrotests [3, 40, 41], and their functions remain to be clarified.

In addition to the canonical deamination of cytosine, four APOBEC members, including
AID, and A3A, and more recently A3B, and A3H have been demonstrated to deaminate
methylated cytosine (mC) [42-51]. AID is the first APOBEC shown to deaminate mC to
thymine [42, 43]. Multiple studies suggest that AID activity on mC deamination may be a
part of DNA demethylation pathway in epigenetic regulation for stem cell maintenance and
cell reprogramming [52, 53], even though such role of AID in demethylation of mC in
genomic DNA remains controversial [45, 54]. Nonetheless, subsequent reports over recent
years show that three other APOBECSs, A3A, A3B and A3H deaminate mC to varying
degrees [46-51]. In contrast, another APOBEC protein, A3G, has undetectable mC
deamination activity [46, 47], and it is currently not well defined whether the rest of the
APOBEC members have any mC deamination activity.
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In order to clearly define the activity of mC deamination and to provide a comparative view
of the C and mC deaminase activities for the entire APOBEC family members, we purified
the recombinant proteins of eleven known APOBEC members and examined their
deaminase activities on both C and mC. We found that nine APOBECS are active in
deaminating C, and eight of nine active APOBECs showed detectable mC deaminase
activity under our experimental conditions. The activities of A3A and A3H are distinctively
high in both C and mC deamination, with over 3—4 orders of magnitude higher than the rest
of the APOBEC members under similar assay conditions. When the relative mC deaminase
activity (or mC selectivity factor) was considered, A3A, A3H, and AID have mC selectivity
factor of over 10, with A3A and A3H reaching as high as 29.8 and 53.0, respectively.
Through mutational analysis of A3A, we identified loop-1 region of A3A to be critical for
its high deaminase activity and high mC selectivity. This family-wide study using purified
recombinant proteins provides the first side-by-side comparative deaminase activities on C
and mC. The results would be valuable for future comprehensive understanding of the broad
biological functions of the APOBEC family.

APOBEC Protein expression and purification

We cloned eleven known APOBEC family proteins as codon-optimized genes for £. coli
expression. While A3A was highly soluble when expressed with a short His-tag. However,
the other APOBECs were less soluble or mostly insoluble with the His-tag. Those insoluble
APOBEC proteins became much more soluble when expressed as fusion proteins with either
maltose binding protein (MBP) or glutathione S-transferase (GST), and their MBP- or GST
fusion proteins were purified through corresponding affinity column chromatography (Fig.
1A, 1B). A3H has seven different haplotypes (hap I1-VII) [18, 55, 56], and the representative
hap 11 (referred to as A3H throughout the text) was used in this study. For all APOBEC
members, their inactive mutant proteins with the catalytic center glutamate replaced with
alanine (E to A) were prepared as negative controls for deamination assays (Fig. 1C). SDS-
PAGE analysis showed that the purified proteins of the wild-type APOBECs and their E to A
mutants contained little detectable contaminating proteins (Fig. 1B, 1C). These purified
recombinant APOBEC proteins were used for the following activity assays.

Deaminase activity of purified APOBECs on various DNA motifs

It is known that different APOBEC proteins have specific substrate preferences for certain
tri-nucleotide sequences. To evaluate the deaminase activity of the purified APOBEC
proteins from E. coli, eight different tri-nucleotide sequence motifs (Fig. 1D inset), each
embedded within a 30 nucleotide (nt) sSDNA, were used for the deamination assay. Nine of
eleven APOBEC members had detectable deaminase activity on various tri-nucleotide
motifs, and the results from the eight catalytically active APOBEC members are shown in
Fig. 1D. Note that A3G was excluded from the chart as deaminase activity of A3G was
confirmed by using a substrate containing the known -CCC- motif (data not shown). Each
APOBEC member had distinctive substrate preference for tri-nucleotide sequence, and they
are largely consistent with the previously reported sequence motif preferences, some of
which were identified by analyzing DNA mutations in cell-based assays [4, 47, 49, 50, 57—
62]. As expected, Apo2 and Apo4 had no detectable deaminase activity with the given
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ssDNA substrates, so as the catalytic E to A mutants of all eleven APOBEC members (data
not shown). Based on these results, we chose one preferred tri-nucleotide motif as the
substrate for each APOBEC member, which is as follows: -GCA- for AID, -ACA- for A3D,
-CCC- for A3G, and -TCA- for all the other members (i.e. Apol, A3A, A3B, A3C, A3F,
A3H) for the subsequent evaluation of deamination. Apo2 and Apo4, together with the
catalytic E to A inactive mutants of all APOBEC proteins, were excluded from the following
assays.

Effect of pH on deaminase activity of catalytically active APOBECs

Previous reports suggest that different APOBEC proteins may have different optimum pH
for their optimal deamination [63]. Therefore, the deamination activities of the nine
catalytically active APOBECs were tested at several pH conditions (pH 5.5, 6.5, 7.5, and
8.5) by using their respective preferred tri-nucleotide motifs described above. The results
showed that, while these APOBEC proteins all displayed certain detectable activity between
pH 5.5-8.5, they had distinctive optimal pH (Fig. 2). For example, AID showed activity
between pH 6.5 to 8.5, with its maximum activity at pH 7.5 (Fig. 2A). Apol was most active
at both pH 6.5 and pH 7.5 (Fig. 2B). A3A, A3B and A3C all showed highest activity at pH
5.5 among pH conditions tested (Fig. 2C, D, E). Additional activity assay at pH 4.5 and 4.0
for A3B revealed little activity at pH 4.5, and no detectable activity at pH 4.0 (data not
shown), thus no further assay was carried out at these pH conditions for A3A and A3C.
A3D, A3F and A3G, and A3H showed increased activity at pH 6.5 and 7.5 (Fig. 2F, G, H, I).
Based on these results, the pH conditions that yielded the highest activity of C deamination
for each APOBEC were used in the following assays. In particular, pH 7.5 was used for
AID; pH 6.5 for Apol, A3D, A3F, A3G, and A3H; pH 5.5 for A3A, A3B, and A3C.

mC deamination and the relative activities of mC/C deamination by different
APOBECs

By using the optimal substrate motifs and pH conditions determined above, we first
performed mC deamination assays for nine catalytically active APOBEC members. The raw
gel imaging showed that A3A and A3H had particularly high activity, compared to the other
APOBEC members (Supplementary Fig. S1), which is consistent with previous studies [46—
50]. On the other hand, relatively weak deamination activity on mC was detected for six
other APOBEC members (i.e. AID, Apol, A3B, A3C, A3F, A3G) when high protein
concentrations were used (Supplementary Fig. S1). A3D was the only member that did not
show consistently measurable activity for mC under our experimental conditions.

For a quantitative comparison of the deaminase activities on mC and C of different
APOBEC members, dose response deaminase assays were performed, where deamination
product formation was plotted against enzyme concentration (nM product/uM enzyme) as
previously described [50, 51]. The specific activity was calculated from the initial range
where product formation is linearly dependent on enzyme concentration for each APOBEC
member (Fig. 3, Table 1). Again, except for A3D that did not show measurable mC
deaminase activity, the other eight APOBECSs showed the dose responsive mC deaminase
activity (Fig. 3A-I). Our mC deamination activity of A3G contradicts a previous study that
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reported no activity on mC [47]. This difference may be the result of different experimental
conditions, such as the type of the fusion proteins used in the study and/or the range of
protein concentrations tested.

We next compared the selectivity for mC among APOBEC members by using mC selectivity
factor [mC/C specific activity x 100] as previously defined (Table 1) [49, 50]. The mC
selectivity factor for the second most active A3H is 53.0 (Table 1), which is over 3-fold
higher than 15.7 for A3A that showed the highest activity on C and mC (Table 1). The mC
selectivity factor of AID, which has been previously linked to epigenetic regulation through
mC demethylation [52, 53, 64, 65], is 10.9 (Table 1). The mC selectivity factors for the rest
of the APOBEC members with detectable mC deamination activity are all less than 10
(Table 1). Interestingly, A3C has the lowest mC selectivity factor of 1.7 despite the fact that
it has the third highest C deamination activity of 1,830 nM product/uM enzyme (Table 1).
Taken together, each active APOBEC protein has distinctive specificity for mC. Given the
fact that mC deamination activity and mC selectivity for A3A and A3H are much higher
than those of AID, it raises an intriguing question whether A3A and A3H would be able to
deaminate mC on the genomic DNA when these proteins gain access to the nucleus.

Effect of pH on selectivity between mC and C

We tested if different pH affects mC selectivity factor for AID, A3A, A3B, and A3H which
displayed relatively high deaminase activity or high mC selectivity. The specific activities
obtained at pH 5.5, 6.5 and 7.5 revealed that different pH conditions yielded different mC
selectivity factors (Table 2). The mC selectivity factor of AID had the highest value of 10.9
at pH 7.5, which decreases to 5.3 at pH 6.5, and to undetectable level at pH 5.5. The lowered
mC selectivity factor of AID at pH 6.5 is due to both the increased C deamination as well as
the decreased mC deamination activity. Similarly, A3H showed pH dependence for mC
selectivity factor, varying between 33.7-53.0 within pH 5.5-7.5, with the highest mC
selectivity factor observed at pH 6.5 (Table 2). Interestingly, A3A showed the highest mC
selectivity factor of 29.8 at pH 5.5, which is almost 2-fold higher that the 15.7 at pH 6.5. In
this case, the increased mC selectivity factor at pH 5.5 is mainly because of the increased
mC deaminase activity, as there is little change in C deaminase activity under these two pH
conditions (Table 2). The physiological significance for A3A and A3H to have strong
deamination activity at lower pH is unclear. Nonetheless, A3A from several different
mammalian species were shown to deaminate both mC and C residues [66], and A3A is
proposed to play a role in DNA catabolism [66, 67]. One possibility for A3A to function at
lower pH could help to clear out foreign junk DNA that may end up in lysosomes with
acidic environment.

Identification of A3A regions important for the deaminase activity and mC

selectivity

A3A and A3H showed the highest deaminase activities on both C and mC as well as mC

selectivity factors among the APOBEC family members. Even though C deaminase activity
of A3A is about one order of magnitude higher than that of A3H, mC deaminase activity of
A3A and A3H are similar level (Table 2), making A3H to have higher mC selectivity factor.
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Given the relatively high sequence homology among APOBEC family members, an
intriguing question is which region(s)/sequences of these APOBECs are important for
determining the efficiency of deaminase activity and mC selectivity. In order to address this
question, we focused on A3A by mutating different regions of its sequence to examine their
effects on the general deaminase activity and the mC selectivity.

A previous study on the active A3BBCD2 domain has shown that the residues around its a1/
loop-1 play important roles in determining the overall deaminase activity and the mC
selectivity [49]. Mutating certain loop-1 residues of A3BCD2 generate mutants that gained
about 100 times in the deaminase activity on C and mC, and increased the mC selectivity
factor by about 8 times [49]. Here in order to identify which region(s) of A3A is important
for its high deaminase activity and relatively high mC selectivity, three different regions of
A3A were replaced with the corresponding sequences from its close homolog A3BCD2
(Fig. 4A, 4B), and C and mC deaminase activity of the three region mutants, R1, R2, and
R3, were examined (Fig 4C—F, Supplementary Fig. S2). Among three region mutants, only
R1 mutant of A3A showed both reduced deaminase activity and mC selectivity (Fig. 4C—F,
Table 3). The reduction of C and mC deaminase activity were about 85-fold and 200-fold,
respectively, lowering the mC selectivity factor to 4.8 (Table 3). On the other hand, R2
showed relatively minor effects, with about 10-fold reduction for both C- and mC-
deamination activity, and thus maintaining a similar mC selectivity factor of 13.5. R3 had no
obvious effects on the deaminase activity and the mC selectivity (Table 3). These results
clearly indicate that, among the three regions showing sequence variability between A3A
and A3BCD2, region 1 of A3A (al/loop-1) is critical for its high deaminase activity and
high mC selectivity.

To identify the specific residues around region 1 (a1/loop-1) that are important for the high
deaminase activity and mC selectivity of A3A, we mutated a subset of residues around
region 1 to generate A3A mutants R1-1 (H16D/117T/S20F), R1-2 (replacing 2°GIG27 with
DPLVLR), and R1-3 (H29R/K30Q) (Fig. 4A, Supplementary Fig. S2). The activity assay
showed that mutant R1-1 had no significant change in deaminase activity on both C and mC
(Fig 4G, Table 3). Interestingly, mutant R1-2 showed a ~42-fold reduction in C deamination,
and a more pronounced 87-fold reduction in mC deamination, lowering the mC selectivity
factor to 6.1 (Fig 4H, Table 3). Similarly, mutant R1-3 displayed a 28-fold reduction for C
deamination, and a more pronounced 76-fold reduction for mC deamination, reducing mC
selectivity factor to 4.7 (Fig 41, Table 3). These results indicate that the residues mutated in
both R1-2 and R1-3, but not in R1-1, are important for the high deaminase activity and mC
selectivity of A3A. The effects of the mutated residues in R1-2 and R1-3 on deaminase
activity appear to be additive, because the reduction of the deaminase activity of mutants
R1-2 and R1-3 was less severe than that of mutant R1 that contains the mutations in both
R1-2 and R1-3 (Fig. 4A, Table 3). The loss of function effect observed here for A3A by
replacing residues on loop-1 corroborates well with a prior report that suggested a similar
important role of the loop-1 of A3BCD2 through a gain of function effect [49].
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ssDNA binding and motif specificity of R1 mutant of A3A

To address the question whether the decreased deaminase activity and mC selectivity of
A3A loop-1 mutant R1 could be caused by altered ssDNA substrate binding, we measured
the ssDNA binding affinity by rotational anisotropy with 30 nt FAM-labeled ssDNA
containing 5”-TCA or 5'-TmCA. The changes in rotational anisotropy with increasing
concentrations of proteins were fitted to a simple one-site specific binding model (Fig. 5A-
D). The wt A3A showed a similar affinity for both C and mC ssDNA substrates with K4 of
0.525 uM and 0.392 uM, respectively (Fig. 5A, 5B). R1 mutant showed about 3—4 fold
lower affinity for C and mC substrates with K4 of 1.59 uM and 1.71 uM, respectively (Fig.
Fig 5C, 5D). These results suggest that such reduction of DNA binding affinity may provide
partial explanation for the significant decrease of the overall deaminase activity (85-fold
decrease in C deamination and the 200-fold decrease in mC deamination). Other factors,
such as the orientation of target C and mC at the active center pocket, may also affect the
deaminase activity and the mC selectivity of the R1 mutant.

To ascertain that the reduced deaminase activity and selectivity for mC of region 1 mutants
are not the result of altered sequence motif specificity, we examined the deaminase activity
of the wild type and R1 mutant with a set of 30 nt FAM-labeled ssSDNA substrates
containing motifs of 5'-NCA and 5'-TCN, as well as 5"-NmCA and 5’-TmCN, where N is
any of the four nucleotides (Fig. 5E-L). Overall, R1 mutant showed the same sequence
motif preference as the wt A3A for both normal C and mC containing substrates (Fig. 51-L).
These results indicate that the decreased overall deaminase activity and the reduced mC
selectivity factor observed for the R1 mutant of A3A are not due to altered sequence motif
preference.

In summary, APOBEC cytidine deaminases play important roles in immunity and other
biological processes including genomic mC modification and potential epigenetic regulation.
However, their aberrant deamination can also generate malignant mutations leading to
cancer [59, 60, 68-73]. Even though the eleven known APOBEC members are
evolutionarily conserved and share the same core structure, their deamination activities on C
and mC and resulting specificity for mC are different. Here we performed family-wide
comparative activity assays on C and mC deamination using purified APOBEC proteins.
Our results showed that nine APOBECs (except for Apo2, Apo4) had strong to readily
detectible deaminase activity on C. Four of these nine members (A3A, A3H, A3B, A3C)
showed strong to readily detectable mC deaminase activity, and another four (AID, Apol,
A3F, A3G) showed weak mC deaminase activity, with A3D having no detectible mC
deaminase activity. Notably, A3A and A3H had robust deaminase activity on C and mC, and
also high mC selectivity factor. On the other hand, A3C showed the third highest C
deaminase activity, but had the lowest mC selectivity factor. By mutating different regions of
A3A, we show that loop-1 residues next to the active center contribute critically to the
observed high deaminase activity and high mC selectivity factor. This study provides the
first direct comparison of the deaminase activity on C and mC of eleven known APOBEC
family members. A caveat is that the activity data are obtained from /n vitro studies using
purified proteins from £. coli. While the activities may reflect the intrinsic properties of the
APOBECs /n vitro, the /n vivo situation may vary due to potential post-translational
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modification, co-factor binding, and subcellular localization. However, this report on the
family-wide comparison of the activity and mC selectivity would be valuable for further
understanding of the various biological functions of different APOBEC family members.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Comparative study of the in vitro activities on cytidine (C) and methylcytidine
(mC) deamination of the APOBEC protein family.

Eight of nine C-deaminase active APOBECSs show deaminase activity on mC.

The top three APOBECSs with the highest C-deamination activity is in the
order of A3A, A3H, and A3C.

The top three APOBECs with the highest mC-deamination activity is in the
order of A3A, A3H, and A3B.

The top three APOBECs with the highest mC selectivity factor is in the order
of A3H, A3A, and AID. The lowest mC selectivity factor is observed in A3C.

Residues on loop 1 of A3A contribute critically to the high deaminase activity
and high mC selectivity.
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Figure 1. Protein purification and deaminase activity on various tri-nucleotide motifs of eleven
APOBEC members

(A) Schematic representation of the constructs for the eleven members of APOBEC family
containing one or two Zn-coordinating conserved catalytic motifs (dark blue box) used in
this study. The N-terminal fusion tags (His, GST, or MBP) for each purified APOBEC are
indicated. (B, C) SDS-PAGE analyses of the purified proteins for the eleven wild-type (wt)
(B) and catalytically inactive E to A active site mutants (C) of APOBECs with N-terminal
affinity tags. APOBEC proteins were purified from the soluble fraction of £. coli cell lysate
in lysis buffer (20 mM Tris-HCI, pH 8.0, 250 mM NaCl, and 2 mM DTT) by affinity column
chromatography as previously described [50]. (D) Deaminase activity of the purified wt
APOBECs on 8 different tri-nucleotide substrate motifs. The motifs include NCA and TCN,
where N is any of the four nucleotides, as well as a CCC motif. The proteins not shown on
the chart are Apo2 and Apo4 that had no detectible activity and A3G that has been shown to
deaminate CCC as a preferred motif in our previous publications [4, 74]. Deaminase assay
was performed as previously described [49, 50, 62]. Briefly, APOBECs were incubated with
600 nM 5" 6FAM-labeled ssDNA (30 nt) in deamination buffer (25 mM HEPES, pH 6.5,
100 mM NaCl, 0.1% Triton X-100, 1 mM DTT, and 0.1 pg/ml RNase A) at 37°C for 2
hours. The reactions were terminated by heat inactivation at 90°C for 5 min. The
deamination product uracil bases were subsequently cleaved by incubating with UDG (2
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units, NEB) for 1 hr at 37°C The abasic sites were then hydrolyzed with 0.1 M NaOH at
90°C for 10 min. Deamination products were analyzed on 20% denaturing PAGE gels, and
quantified with Molecular Imager FX Pro Plus System/Quantity One® analysis software
(Bio-Rad). The activity shown for each APOBEC on the chart was normalized by dividing
the activity on each motif by the maximum activity among the eight substrates (the most
preferred motif).
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Figure 2. The pH effect on deaminase activity
The deaminase activity assay of the purified APOBECs were performed at pH 5.5, 6.5, 7.5,

and 8.5. 30 nt ssDNA containing the preferred tri-nucleotide motifs for the respective
APOBEC members were used. The tri-nucleotide motifs used for each protein, and the
positions of the 30 nt substrates and the 16 or 17 nt products are indicated next to each gel
image. The deaminase assay was performed as described in Fig. 1D.
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Figure 3. Dose dependent activity for C and mC deamination of APOBECs
The deaminated products were plotted as a function of increasing concentrations of

APOBECs (panels A-I) assayed with substrates containing a target C (red line) or target mC
(blue line). The slope of each plot in the linear range is calculated as deaminase activity (nM
product/uM enzyme) and listed at the top of each chart. Dose response assays on C/mC were
performed as previously described [49, 50, 62]. Briefly, various concentrations of APOBECs
at their respective linear range were incubated with 600 nM 5” 6FAM-labeled ssDNA (30
nt) containing a target C/mC in deamination buffer (25 mM buffer at the indicated pH, 100
mM NacCl, 0.1% Triton X-100, 1 mM DTT, and 0.1 pg/ml RNase A) at 37°C for 2 hours.
The reactions were terminated by heat inactivation at 90°C for 5 min. The bases of the
deamination products uracil or thymine were subsequently cleaved by incubating with UDG
(2 units, NEB) at 37°C for 1 hour or with TDG (2 units) and 3-fold excess amount of the
complementary ssDNA at 42°C for 12 hours, respectively. The abasic sites were then
hydrolyzed with 0.1 M NaOH at 90°C for 10 min. S.D. was estimated from data collected in
three independent experiments.
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Figure 4. Identification of A3A regions important for deaminase activity and mcC selectivity
(A) Sequence alignment of A3A and A3B CD2. The three regions (Region 1-3) of A3A that

show sequence differences with A3B CD2 are mutated to the amino acids of A3B CD2 to
generate mutants R1, R2 and R3. (B) The three mutated regions (with distinct colors) are
mapped onto A3A structure (5SWW) [75], in which the active center Zn and its
coordinating histidine and cysteines are shown as a sphere and sticks, respectively. Only
region 1 (loop-1 region) is next to the Zn-active center. Region 2 is on the opposite end of
the active center, and region 3 is on loop 10 that is also far away from the active center. (C—
1) Dose dependent activity assay for C and mC deamination for wt A3A and the six A3A
mutants (R1, R2, R3, R1-1, R1-2, R1-3) shown in panel-A. Dose response deaminase assays
were performed as described in Fig. 3 legends. S.D. was estimated from data collected in
three independent experiments.
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Figure 5. Comparison of the substrate binding affinity and substrate motif specificity of wt and
R1 mutant of A3A

(A-D) Substrate sSDNA binding of wt and R1 mutant. Binding of proteins to FAM-labeled
30-nt ssDNA containing —TCA- or -TmCA- motif was measured by rotational anisotropy.
Binding mixtures contained 50 nM ssDNA and various concentrations of proteins. The plots
of changes in anisotropy were fitted by one-site specific binding model. (E-H) Deaminase
activity of wt A3A for C (E, F) and mC (G, H) on different DNA sequence motifs.
Deamination reaction mixture contains 10 nM A3A and 600 nM substrates that contain the
listed tri-nucleotide motifs. (I-L) Deaminase activity of R1 mutant of A3A for C (I, J) and
mC (K, L) on different DNA sequence motifs. Reaction mixture contains 100 nM R1 mutant
and 600 nM substrates that contain the listed tri-nucleotide motifs. These results demonstrate
that the substrate motif specificity of R1 mutant is similar to that of wt A3A, both of which
show a strong preference for TCA/G or TmMCAJ/G. S.D. was estimated from data collected in
three independent experiments.
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Table 3

Deaminase activity on C and mC of wt and mutant A3As.

Page 22

Enzyme

C deaminase activity (nM prod/uM enz)

mC deaminase activity (nM prod/uM

mC selectivity factor (mC/C) x
100

enz)
wit 266,000 + 6,000 33,900 + 400 12.7
R1 3,180 + 150 153+3 4.8
R2 25,500 + 600 3,440 £ 70 135
A3A | R3 322,000 + 79,000 42,300 + 1,100 13.1
R1-1 352,000 + 14,000 42,200 + 800 12.0
R1-2 6,400 + 480 391+19 6.1
R1-3 9,430 + 350 444 £ 7 4.7

Note: Deaminase activity for C and mC was calculated from the initial linear range of dose dependent product formation for each A3A variant
(Fig. 4C-I). S.D. was estimated from data collected in three independent deaminase assay experiments. The mC selectivity factor was calculated as
mC/C activity x 100.
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