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Abstract

Human APOBECS3H is a single-stranded (ss)DNA deoxycytidine deaminase that inhibits replication of
retroelements and HIV-1 in CD4+ T cells. When aberrantly expressed in lung or breast tissue, APOBEC3H
can contribute to cancer mutagenesis. These different activities are carried out by different haplotypes of
APOBEC3H. Here we studied APOBEC3H haplotype Il, which is able to restrict HIV-1 replication and
retroelements. We determined how the dimerization mechanism, which is mediated by a double-stranded RNA
molecule, influenced interactions with and activity on ssDNA. The data demonstrate that the cellular RNA bound
by APOBEC3H does not completely inhibit enzyme activity, in contrast to other APOBEC family members.
Despite degradation of the cellular RNA, an approximately 12-nt RNA remains bound to the enzyme, even in the
presence of sSDNA. The RNA-mediated dimer is disrupted by mutating W115 on loop 7 or R175 and R176 on
helix 6, but this also disrupts protein stability. In contrast, mutation of Y112 and Y113 on loop 7 also destabilizes
RNA-mediated dimerization but results in a stable enzyme. Mutants unable to bind cellular RNA are unable to
bind RNA oligonucleotides, oligomerize, and deaminate ssDNA in vitro, but ssDNA binding is retained.
Comparison of A3H wild type and Y112A/Y113A by fluorescence polarization, single-molecule optical tweezer,
and atomic force microscopy experiments demonstrates that RNA-mediated dimerization alters the interactions
of A3H with ssDNA and other RNA molecules. Altogether, the biochemical analysis demonstrates that RNA
binding is integral to APOBECSH function.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The APOBEC family of enzymes includes cytidine
deaminases and is important for a variety of cellular
processes [1,2]. The namesake family member,
APOBECH1, deaminates cytidine in various mRNAs,
with its deamination activity on the APOB mRNA
being the best characterized in terms of function [3].
APOBECS3A can also deaminate mRNAs in macro-
phages and monocytes [4]. All the other active
APOBEC enzymes, including APOBEC1 and APO-
BECB3A, deaminate deoxycytidine in single-stranded
(ss)DNA [1,2]. The functions of the APOBEC3
enzymes (A-H, excluding E) are to use cytosine

deamination to inactivate retroviruses and retroele-
ments and destroy inflammation inducing or foreign
DNA [5-8]. This occurs through the formation of uracil,
which has many downstream effects leading to either
mutagenesis or DNA degradation [5-8]. APOBEC3A
is specifically expressed in monocytes and macro-
phages [9,10]. The other APOBECS3 enzymes are
expressed in CD4+ T cells [9,10]. Another family
member, activation-induced cytidine deaminase (AID)
is expressed in B cells and initiates somatic hypermu-
tation and class switch recombination through the
formation of uracils in genomic DNA [11,12].

Despite these essential roles in immunity and
metabolism, the APOBEC family must be tightly
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regulated since aberrant expression in cells where
they are normally expressed or other tissue types can
lead to genomic mutagenesis and cancer progression
[13—-18]. Regulatory mechanisms to protect the
genome from “off-target” APOBEC activity include
cellularlocalization, protein stability, and RNA binding,
the latter of which has been the least well character-
ized [19—-24]. It was discovered in 2003 that in order to
obtain catalytically active GST-AID in vitro, when
purified from SP insect cells, the enzyme had to be
treated with RNase A [23]. The RNase A treatment
resulted in the degradation of cellular RNA that was
bound to AID and inhibiting catalytic activity on ssDNA
[23]. However, GST-AID produced from Escherichia
coli does not require RNase A treatment and AID
activity is not enhanced by RNase A treatment [25].
Nonetheless, for many APOBEC enzymes, degrada-
tion of bound cellular RNA disrupts formation of large
molecular mass ribonucleoprotein complexes and is
required for enzyme activity [24,26,27]. Recent
studies have also suggested that the RNA may be
required to inhibit APOBEC3 activity in human
genomic DNA and promote cytoplasmic localization
[21,22]. Conversely, RNA binding is required for virion
encapsidation of APOBEC3D, APOBECS3F, APO-
BEC3G, and APOBEC3H (haplotypes I, V, and VII),
as a necessary first step for their restriction of the
retrovirus, HIV-1 [28,29]. Although it is not yet known
the applicability to other APOBEC3 family members,
recent crystal structures of APOBEC3H have
shown that a double-stranded (ds)RNA remains
associated with the enzyme in the presence of
RNase A and mediates APOBECS3H dimerization
[21,22,30,31].

APOBECS3H is the most variable APOBEC3 gene
with five major single-nucleotide polymorphisms,
which results in seven major haplotypes [20,32]. Of
the seven, only haplotypes Il, V, and VIl are stable and
active against HIV-1 [20,32]. APOBECS3H haplotypes
[, 1V, and VI are unstable in cells and become rapidly
degraded [20,32]. APOBEC3H haplotype | has an
intermediate phenotype where it has a short half-life in
cells and cannot restrict HIV-1, but is still catalytically
active in cells and in vitro [13,20,32,33]. The stable
haplotypes can restrict the replication of HIV-1 by
becoming virion encapsidated in infected CD4+ T
cells and deaminating cytosines in HIV-1 (=) DNA
when it becomes single-stranded during reverse
transcription [6]. The resulting uracils template the
addition of adenine upon (+) DNA synthesis, resulting
in C/G to T/A mutations that can functionally inactivate
the provirus [6]. This occurs if the APOBEC3 enzymes
can avoid proteasomal degradation induced by HIV-1
Vif, which becomes the substrate receptor of a Cullin 5
E3 ubiquitin ligase complex in infected cells [6].
However, there are also examples where APOBEC3
enzymes do not fully inactivate HIV-1 and
can contribute to viral evolution in the form of
drug resistance or CTL escape [34—40]. Due to the

variability of APOBEC3H in the human population, the
Vif proteins of many HIV-1 strains cannot induce
degradation of APOBEC3H and it can effectively
suppress viral replication or act as an infection barrier,
until viral adaptation occurs [41,42]. In contrast,
APOBEC3H haplotype | has no known beneficial
function, but can deaminate genomic DNA in breast
and lung cancers, leading to increased genetic
diversity of tumors [13]. APOBEC3 enzymes are
zinc coordinating deaminases, and APOBEC3H also
has a unique zinc coordinating domain from the other
APOBEC3 enzymes, based on amino acid sequence
similarity [43].

We sought to characterize the RNA-mediated
dimerization of APOBEC3H to better understand
how it influences the catalytic activity and association
of the enzyme with ssDNA. The APOBEC3 enzymes
have a common structure with a five-stranded B-sheet
core that is surrounded by six a-helices [44—46]. The
dsRNA-mediated dimer is formed in the absence of
protein—protein contacts in the dimer and loop 7 and
helix 6 contact the RNA [21,22,30,31]. For A3G, loop 7
has been shown to mediate dimerization [47,48]. For
all APOBECS3 enzymes, the loop 7 and/or helix 6
structures have been shown to be important for
processivity on and binding to ssDNA, and loop 7 is
required for recognition of the cytosine containing
motif for deamination [44,49-54]. Loop 7 can be
transferred between APOBEC enzymes to directly
transfer motif specificities (5'CC for APOBEC3G and
5'TC for all other APOBEC3s) [50,51]. These motifs
can be further specified, for example, 5TTC for
APOBEC3F and 5'CTC for APOBEC3H, and some
characterizations have found preferences up to a total
9-nt preferred recognition sequence, although all the
enzymes are active on the basic dinucleotide motif of
their preference [24,41,49,55-57].

We studied APOBECSH haplotype Il (referred to as
A3H) and derived mutants that were purified from SR
insect cells to determine how a dsRNA-mediated
dimer influenced interactions with and activity on
ssDNA. We identify extended residues on loop 7 that
stabilize RNA binding and affect oligomerization on
RNA and DNA oligonucleotides. We also show that in
contrast to A3G [24], bound cellular RNA in wild type
(WT) A3H does not completely inhibit enzyme activity,
although the RNA does alter ssDNA binding kinetics
and affinity. However, degradation of cellular RNA with
RNase A leaves an approximately 12-nt protected
RNA that can remain bound in the presence of ssSDNA.
Mutants unable to bind cellular RNA and oligomerize
have a loss of enzyme activity and protein stability.
These data support a model in which the RNA-
mediated dimer of A3H is integral for enzyme function.
If ABH uniquely uses this dimerization mechanism, the
data may also explain why A3H is less stable than
other APOBECS3 enzymes since it relies on a
noncovalently linked counterpart for structure and
function.
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Results

RNA bound to A3H is protected from RNase A
degradation and mediates oligomerization

Similar to other APOBEC3 enzymes, we found
that ABH WT purifies bound to nucleic acids (Fig. 1a,
WT) [47,48]. The nucleic acid was identified to be
RNA after comparison of treatments of the enzyme
preparation with RNase A and DNase | (Fig. 1b).
Consistent with A3H crystal structures, we found
that there was a small RNA bound to the A3H that
could not be fully degraded without proteinase K
treatment of the protein preparation, indicating
that A3H protects the RNA from nuclease treatment
(Fig. 1b). Crystal structures that resulted from A3H
produced from E. coli recovered a 9-nt RNA
[22,30,31], and we find that A3H from Sf insect
cells is bound to a slightly larger, approximately 12-
nt RNA (Fig. 1b).

To biochemically investigate A3H dimerization and
its relationship with RNA, we made mutants on loop 7
(W115A) and helix 6 (R175E/R176E) according to
published structures [21,22,30,31] and an additional
loop 7 mutant (Fig. 1c, Y112A/Y113A) that was
predicted to be involved in A3H tetramerization on
ssDNA through biochemical analysis [49]. We exam-
ined the ASH mutants for their ability to bind cellular
nucleic acids. The loop 7 mutant that was previously
characterized to mediate A3H tetramerization
(Y112A/Y113A) retained the ability to bind the RNA
molecule [49], although the nuclease protection
appeared to be compromised since the RNA mole-
cules after RNase A treatment were almost complete-
ly degraded (Fig. 1a—-b). This suggests that the
Y112A/Y113A mutant did not bind the dsRNA in the
same conformation as ASH WT. Importantly, the A3H
Y112A/Y113A mutant was still stable and could be
cleaved from the GST tag. However, when the
residues W115 and R175/R176, which according to
crystal structures more directly interact with the RNA
were mutated (Fig. 1¢)[22,30,31], the A3H expression
levels decreased and the GST tag needed to be
retained for protein stability, consistent with the
findings of Matsuoka et al. [31] (data not shown).
The GST-tagged W115A and R175E/R176E mutants
did not bind any nucleic acids during purification
(Fig. 1a). This was unlikely due to the GST tag since
A3H WT also bound RNA when the GST tag was not
cleaved (Fig. 1a). Rather, these data were in
agreement with A3H dimerization being mediated by
residues on loop 7 and helix 6 and through an RNA
molecule (Fig. 1c¢) [22,30]. However, the GST-tagged
A3H Y112A/Y113A was not able to retain binding to
RNA in contrast to the untagged enzyme (Fig. 1a).
These data and the almost complete lack of ability to
protect the RNA from RNase A treatment suggest that
extended residues on loop 7, which were shown to

form an aromatic cage to stabilize unpaired RNA
bases, can also disrupt dsRNA-mediated dimerization
(Fig. 1b—c) [30,31].

To confirm the relationship between RNA binding of
A3H and oligomerization, we used size exclusion
chromatography (SEC). To directly compare SEC
profiles, we used GST-tagged A3H for all experi-
ments, which has an expected molecular mass of
48 kDa. We have previously shown that GST cannot
dimerize when fused to A3H [49]. Based on the
standard curve and consistent with previous data,
GST-A3H WT forms a dimer [21,22,30,49] (Fig. 1d—e,
and peak fractions 23-24 have an apparent molecular
mass of 102—96 kDa). Previous SEC data that used
100 pg (44 uM) of the A3H Y112A/Y113A mutant
found that ASH Y112A/Y113A was a dimer [49]. In our
SEC experiments, we used only 10 pg (1.5 pM)
enzyme to maintain an equal amount of enzyme to
the A3H mutants that expressed 10-fold (W115A) to
20-fold (R175E/R176E) less than A3H WT. Using
these lower enzyme amounts, we found that GST-
A3H Y112A/Y113A was a monomer (Fig. 1f, apparent
molecular mass of 44 kDa), consistent with a com-
promised ability to bind RNA with or withouta GST tag
(Fig. 1a-b). The GST-W115A and GST-R175E/
R176E mutants were also monomeric, consistent
with previous analyses (Fig. 1g—h) [21,22,30]. Alto-
gether, these data demonstrate that both helix 6 and
loop 7 are involved in A3H's RNA-mediated
dimerization.

RNA-mediated oligomerization required for A3H
catalytic activity

We tested if the A3H purified from S@ cells and
bound to cellular RNA was catalytically active on
ssDNA. We used an 85-nt fluorescein-labeled ssDNA
substrate that contained two deamination sites that
were 30 ntapart (Fig. 2a, sketch). The two deamination
sites were used to avoid potential differences in specific
activities of A3H across the length of an ssDNA
confounding the results. The ssDNA was incubated
with an excess amount of A3H for 40 min (ssDNA/A3H
ratio of 1:8). After stopping the reaction, the deamina-
tions were visualized through PAGE using a standard
Uracil DNA glycosylase-based assay. We found that
the GST-A3H bound to RNA (-RNase A) was
catalytically active, but that the catalytic activity was
approximately 4-fold less than the catalytic activity of
A3H treated with RNase A when the enzyme activity
was in the linear range (Fig. 2a-b). This 4-fold
difference in ASH WT activity occurred when the
RNase A was added directly to the deamination
reaction (Fig. 2a—b) or the ABH WT was purified in
the presence of RNase A (data not shown). A3H that
has been treated with RNase A has previously been
characterized to be a processive enzyme that is able to
deaminate multiple cytosines in a single enzyme—
substrate encounter [49]. Processive deaminations are



4894 APOBECS3H dimerization impacts DNA and RNA binding

v
o S
N N
(a) F o F (b) WT  Y112A/Y113A
N Q¥ i
«vyx ,\'\@\ QA - - - + - - - + ProteinaseK
& é\'&'&eﬁé&’é\g‘ ot - 4+ - 4 - + - + RNaseA
BN W clicalic M 4 . . . & . DNasel
60 = 60
e
40 |~ 40 i
30 |= 30 i
20 |= 20
15 S slef X A K
10 [= 10 |-
(d) (e)
7 =
2 s | 670kDa f_;zs GST-WT
E | *-. 158 kDa 22
55 "~ 44kDa 25
8 Y 2 B e O
§4 - \_1]1"38 %10 ,..1/' LY
. o 2 T
g3 1.4 kDa g5, A
2 | £ o |
18 20 22 24 26 28 30 32 20 22 24 26 28 30
Fraction Fraction

Fraction 17 181920212223 24 2526 27 28 29 30

" (9)

£ 25 { GST- Pe & 25 {GST-W115A
> i '
2 20 | Y112A/Y113A 20 -
£ 15 2 15 r 3
£ £
2 e / b
© 5 / \\
g10 J £10 ¥ \
25 2 s 5 4
g o / g ot

22 24 26 28 30 22 24 26 28 30

Fraction Fraction
o “‘Vm"l i B R
( )Fraclion 22 23 24 25 26 27 28 29 30 Fraction 22 23 24 25 26 27 28 29 30

£
& 251GST-R175E/R176E
B 20 AT
K f/ \\
E 15 R
® / Y
g 10 ‘/
[ 7
'% 5 .
8 7| o
€ o!

22 24 26 28 30
Fraction

Fraction 22 23 24 25 26 27 28 29 30

Fig. 1. A3H dimerization is mediated by RNA. (a) Purified A3H was denatured in formamide buffer, and samples were
resolved by urea denaturing PAGE. The gel was stained with SYBR Gold to detect nucleic acids. The ABH WT, GST-WT,
and Y112A/Y113A purify with associated nucleic acids, but the GST-Y112A/Y113A, GST-W115A, and GST-R175E/
R176E do not. Samples in panel A were also resolved by SDS-PAGE and Commassie stained to detect proteins
(Supplementary Fig. S1A). (b) The nucleic acids that purify with the A3H WT and Y112A/Y113A are RNA, and the A3H
protects the RNA from full degradation, leaving an approximately 12-nt bound RNA. Samples in panel B were also
resolved by SDS-PAGE and Commassie stained to detect proteins and confirm Proteinase K degradation of the proteins
(Supplementary Fig. S1B). (c) The human A3H haplotype Il dimer (wheat) is mediated by a dsRNA (orange). There are no
protein—protein contacts in the dimer. The RNA makes key contacts with helix 6 amino acids R175 and R176 and loop 7
amino acid W115 (magenta). These amino acids and Y112 and Y113 (red) were mutated to study A3H dimerization. The
catalytic center contains Zn=* (blue). The structure is from PDB entry 6BBO [22]. (d) The oligomerization state of A3H was
calculated from a standard calibration curve. SEC profile for 10 pg of ABH GST-WT (e), ASH GST-Y112A/Y113A (f), A3H
GST-W115A (g), and A3H GST-R175E/R176E (h) from a 10-mL Superdex 200 column. Due to the GST tag (26.9 kDa)
fused to the A3H (21.5 kDa), the monomer fraction had an apparent molecular mass of ~48 kDa and the dimer fraction had
an apparent molecular mass of 96 kDa. GST-A3H formed dimers. The ASH GST-Y112A/Y113A, A3H GST-W115A, and

A3H GST-R175E/R176E were monomeric. (a—b and e-h) Representative images are shown from two independent
experiments.


Image of Fig. 1

APOBECS3H dimerization impacts DNA and RNA binding

4895

5" c—3&
17 nt 30 nt 36 nt
(a)
& GST-WT

S
évo- RNase A + RNase A
O 10 20 40 10 20 40

(b)

3

min

N —— — — — ]

1 =

o — — — —

———-—J

«85nt -):;?Nase A
<«—67 nt

«— 48 nt

Deamination (%)

<«—30 nt

Deamination (%) 15 24 55 61 83 92
S.D. 1 0 18 2 1 4

(c)

GST-WT GST-

30 40
Time (min)

» Y112A/Y113A

Mo — — - .- e @<« 35 nt
<+«— 67 nt
<«—48 nt

O e—— <«— 30 nt
Deamination (%) 13 52 91 97
S.D. 1 22 3 1
(d)
GST- GST-
W115A R175E/R176E
N )
& &

+ RNase A ogm' Q\AVA'

<+ 85nt
- <+ 67 nt

<+—48 nt

<+« 30nt

Fig. 2. Deamination of ssDNA by GST-A3H. Deamination activity was tested on an 85-nt ssDNA with two 5'CTC
deamination motifs separated by 30 nt. (a—b) ASH WT can deaminate ssDNA in the presence and absence of bound
cellular RNA. (c-d) Monomeric A3H mutants have disrupted ssDNA deaminase activity. Using different MgCl,
concentrations that were found to enhance GST-A3H WT activity, the deamination activity of A3H mutants was tested in
the presence of RNase A. (c—d) The A3H GST-Y112A/, GST-W115A, and GST-R175E/R176E were not active on ssDNA.
A representative image is shown from three independent experiments. The SD was calculated from three independent
experiments and is shown below the gel or, for panel B, is represented by error bars. Some error bars in panel B are

obscured by the symbol.

measured under single-hit conditions (< 15% substrate
usage) to ensure that each ssDNA substrate was acted
upon by only one enzyme during the course of the
reaction [58]. Under these conditions, a processivity
factor is calculated as the ratio of the processive
deaminations occurring during the experiment, that is,
deamination of both 5'CTC moitifs in a single enzyme—
substrate encounter, in comparison to the calculated
theoretical number of deaminations that would occur
independently at both 5'CTC motifs if the enzyme were
non-processive (see Materials and Methods) [24]. The
A3H that was not treated with RNase A had a
processivity factor of 4.6 + 0.3 (Fig. 2a, 10 min, 15%
deamination, —RNase A), which is comparable to
the processivity of A3H in the presence of RNase A

(Fig. 2c, processivity factor 6.4 + 0.6, 13% deamina-
tion, + RNase A).

The Y112A/Y113A A3H has previously been shown
to not be active on ssDNA [49,52]. To ensure that these
results were not buffer specific, we tested the GST-
Y112A/Y113A activity alongside A3H WT in a range of
MgCl, concentrations, since different MgCl, concen-
trations can influence the interaction with and activity on
ssDNA of other APOBECS3 enzymes, such as A3G
[59]. Although titration of the MgCl, from 0 to 10 mM
enhances WT GST-A3H activity, there was no
observed activity for GST-Y112A/Y113A, consistent
with previous results [49,52] (Fig. 2c). We also found
that in a range of MgCl, concentrations the GST-
tagged mutants W115A and R175E/R176E were not
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Fig. 3. A3HWT and mutants have different abilities to bind RNA and ssDNA. The apparent Ky of A3H enzymes froma 118-nt
ssDNA was analyzed by steady-state rotational anisotropy. (a) The WT (circles, 707 + 29 nM, Hill coefficient of 1.5) and
Y112A/Y113A (triangles, 121 + 43 nM) bind the ssDNA with different affinities and cause a different change in anisotropy,
which is shown alone for ASH WT (b) for comparison to the Y112A/Y113A mutant (a). The GST-W115A (c; 235 + 30 nM) and
GST-R175E/R176E (D; 1201 + 466 nM) mutants bind the ssDNA but induce a smaller change in anisotropy than the Y112A/
Y113A mutant, similar to A3H WT. (e—f) The apparent Ky of ABH enzymes from a 91-nt Alu RNA was analyzed by steady-state
rotational anisotropy for (e—f) WT (circles, 2016 + 883 nM, Hill coefficient 1.5), Y112A/Y113A (triangles, 207 + 60 nM, Hill
coefficient 1.5), GST-W115A (upside down triangles), and GST-R175E/R176E (squares). The mutants GST-W115A and GST-
R175E/R176E did not bind the RNA. (f) The Y112A/Y113A binds the Alu RNA with a higher affinity than ABH WT and is shown
alone for comparison to panel (a). Error bars represent the SD from three independent experiments.

active (Fig. 2d). Altogether, the data demonstrate that
deamination activity of A3H requires dimerization
through an RNA molecule, but not degradation of
bound RNA.

Ability to bind cellular RNA dictates ability
to bind RNA oligonucleotides, but not DNA
oligonucleotides

To determine if there was a relationship between
enzyme activity and ssDNA binding and to further
understand the relationship of ASH with RNA, we

quantitatively analyzed A3H binding to ssDNA and
RNA. We used fluorescence polarization to measure
the rotational anisotropy and determine an apparent
dissociation constant (Ky). Rotational anisotropy is a
measurement of the apparent change in rotation speed
of a fluorescently labeled molecule due to a change in
shape and/or molar mass of the molecule upon binding
an unlabeled partner [60]. We fluorescently labeled
ssDNA and RNA and titrated A3H into the binding
reaction. The binding of the fluorescently labeled RNA
or ssDNA to A3H will result in a change in rotation
speed (anisotropy) until the fluorescently labeled RNA
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or ssDNA is saturated with ASH. Usually upon a
fluorescently labeled molecule interacting with a
binding partner, the increase in size of the complex
causes the rotation speed to decrease, which results in
an increase in rotational anisotropy [60]. From these
measurements, an apparent Ky can be calculated.

Using A3H that had been treated with RNase A
during purification to remove any cellular RNA not
protected by dimerization, we determined the apparent
Ky values of WT and mutant A3H for a 118-nt linear
ssDNA. We used the ASH Y112A/Y113A, which was a
monomer in solution and could be cleaved from the
GST tag (Fig. 1), as a tool to interpret the effect of RNA-
mediated dimerization on the nucleic acid binding
properties of ABH WT. The ABH WT bound the ssDNA
cooperatively, but with 6-fold less affinity than the
A3H Y112A/Y113A (Fig. 3a and Table 1, WT Kj of
707 = 29 nM, Hill coefficient of 1.5, Y112A/Y113A K4
of 121 + 43 nM). The A3H Y112A/Y113A bound the
ssDNA non-cooperatively, as determined by regres-
sion analysis. Notably, we observed that the change in
anisotropy for the A3H Y112A/Y113A mutant was 4-
fold higher than the ASH WT, suggesting that more
molecules of the ABH Y112A/Y113A mutant were able
to bind ssDNA than A3H WT (Fig. 3a—b). The higher-
affinity binding of the ASH Y112A/Y113A mutant
suggests that the weaker binding to the dsRNA enables
more residues to contact and stabilize binding to
ssDNA, suggesting that the ASH-bound RNA interferes
with the ssDNA interaction. Since the ASBH WT, but not
the ASH Y112A/Y113A, bound DNA cooperatively, the
data suggest either that ABH WT dimers can promote
the binding of other A3H dimers on ssDNA or that each
A3H subunit of the dimer cooperates to enhance
binding. The RNA binding-deficient mutants GST-
W115A and GST-R175E/R176E could both bind
ssDNA. The binding of ASH W115A to ssDNA was
comparable to the ASH Y112A/Y113A mutant in that
there was no cooperativity, and the apparent Ky
was only 2-fold higher than that of A3H Y112A/
Y113A (Fig. 3c and Table 1, Ky of 235 + 30 nM).
This is consistent with Ito et al. [21], who found the A3H
W115A mutant-bound ssDNA with higher affinity than
A3H WT. The binding of GST-R175E/R176E was of
lower affinity, but still non-cooperative (Fig. 3d and
Table 1, Ky of 1201 + 466 nM).

Table 1. Apparent dissociation constants (Ky) of ASH WT
and mutants for ssDNA and RNA

Ky
A3H ssDNA (nM) RNA (nM)
WT 707 + 29 (1.5)? 2016 + 883 (1.5)
Y112A/Y113A 121 + 43 207 = 60 (1.5)
GST-W115A 235 + 30 No binding detected

GST-R175E/R176E 1201 + 446 No binding detected

@ Hill Coefficient for cooperative binding.

We used a 91-nt Alu RNA to test A3H binding affinity
for RNA since this retrotransposon RNA is bound by
A3H and other APOBECS3 enzymes [27,61-64]. The
A3H WT could bind the Alu RNA with an apparent Ky
of 2016 + 883 nM (Fig. 3e and Table 1). This binding
was cooperative with a Hill coefficient of 1.5. Although
the A3H Y112A/Y113A mutant also bound the Alu
RNA cooperatively, it bound with an approximately
10-fold higher affinity (Fig. 3e—f and Table 1, apparent
Ky of 207 = 60 nM, Hill coefficient of 1.5). The two
A3H mutants with no cellular RNA binding ability (Fig.
1a) were unable to bind the Alu RNA in vitro (Fig. 3e
and Table 1, GST-W115A and GST-R175E/R176E).
Since the main RNA binding residues, W115, R175,
and R176, were still present, we reasoned that the
A3H Y112A/Y113A was still able to bind and
oligomerize on longer RNAs, but perhaps with a
different conformation than ASH WT since the Y112A/
Y113A had an impaired ability to protect the cellular
RNA from RNase A treatment (Fig. 1a—b). The
increased affinity of ASH Y112A/Y113A for RNA
compared to ASH WT may be due to the small RNA
being outcompeted by the Alu RNA for A3H Y112A/
Y113A, whereas for ASBH WT, the Alu RNA needs to
bind in addition to the dsRNA-mediating dimerization.
Altogether, the binding data suggest that the determi-
nants for RNA and DNA binding were different for ASH
and that RNA-mediated dimerization influenced the
interaction of ASH WT with ssDNA and Alu RNA.

RNA-mediated oligomerization of A3H inhibits
saturated binding of ssDNA

To understand how the bound dsRNA-mediating
dimerization influences the ability of ASH WT to bind
ssDNA, we used optical tweezers to isolate a single
ssDNA template and observe its interactions with A3H
(see Materials and Methods). The A3H used for these
experiments was treated with RNase A during
purification. The physical characteristics of ssDNA
can be well described by the freely jointed chain (FJC)
polymer model [65], with a contour length (end to end
length without bending or elastic stretching) of
0.56 nm/nt, a persistence length (length over which
the ssDNA appears approximately straight) of
0.75 nm, and a stretch modulus (elasticity of the
ssDNA) of 600 pN (Fig. 4a). The very short persistence
length (about the size of 1.5 nt) indicates the ssDNA
backbone is very flexible and easily bends in the
absence of applied force. When incubated with 1 uM
A3H WT while held at a constant force of 30 pN, the
ssDNA elongates by ~0.015 nm/nt over the timescale
of 100 s (Fig. 4b). By comparing the force extension
curve of the ABH WT-bound ssDNA with bare ssDNA,
we observed that significantly less force is required to
stretch to a given extension, consistent with an
increased persistence length induced by A3H WT,
which we confirm by fitting the FJC model to our data.
The persistence length of the ssDNA doubles to
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Fig. 4. A3H alters physical properties of ssDNA upon binding. (a) The binding of ASH WT (blue) or Y112A/Y113A (red)
greatly increases the persistence length of ssSDNA (green). Symbols are experimental data, and lines are fits of the wormlike
chain (dsDNA) or FJC model. (b) The extended length of ssDNA increases while held at a constant tension of 30 pN while
incubated with 1 yM A3H as shown by two sample curves. Once the free protein is removed from the sample, some bound
A3H dissociates resulting in a partial reversal of the extension change. (c) The measured persistence length of ssDNA is
greatly increased both after incubating with 1 yM A3H for 5 min (+) and after allowing bound protein to dissociate for 5 min in
the absence of free protein (-). (d) ssDNA forms hairpins and loops in the absence of applied force, resulting in a shorter
apparent length when stretched to high force (solid line) versus when relaxed to low force (open symbols). For bare ssDNA
(green), hairpins are completely removed above ~15 pN of applied force, but bound ASH WT (blue) or Y112A/Y113A (red)
stabilizes these structures requiring higher forces and longer times to break apart. Both the abilities to locally straighten ssDNA
and stabilize loop formation are enhanced for A3H Y112A/Y113A as compared to A3H WT.

1.40 + 0.09 nm, while the contour length slightly
decreases to 0.551 + 0.003 nm/nt (Fig. 3c, WT+).
These data indicate that upon ASH WT saturated
binding to the ssSDNA, the ssDNA becomes just 2%
shorter, when completely extended, but twice as rigid.
Once the free protein is removed from the sample, the
extended length of the ssDNA while held at 30 pN
decreases relatively quickly, on the timescale of ~10 s,
but not back to its original length, indicating that some
A3H remains bound to the ssDNA on a longer
timescale (Fig. 4b). Similarly, the FJC fit of the force
extension curves of ssDNA with residual bound A3H in
protein-free buffer returns a persistence length be-
tween that of bare ssDNA and A3H saturated ssDNA
(Fig. 4c, WT -). This semi-irreversible binding has been
previously observed in similar experiments with A3G
and has been associated with the formation of larger
oligomers [66]. We repeated this experiment with the
A3H Y112A/Y113A mutant and found qualitatively

similar results, consistent with rotational anisotropy
data (Fig. 3). Binding of 1 yM A3H Y112A/Y113A
triples the ssDNA persistence lengthto 2.48 + 0.18 nm
and causes a larger reduction in contour length to
0.537 + 0.002 nm/nt, indicating an enhanced ability of
A3H Y112A/Y113A to stiffen the ssDNA compared to
A3H WT (Fig. 4c—d). These data are consistent with the
A3H Y112A/Y113A more stably interacting with ssDNA
than ABH WT (Fig. 3a). Although less than A3H WT, the
A3H Y112A/Y113A was able to stay associated with
the ssDNA in protein-free buffer (Fig. 4c, Y112A/
Y113A-). This supports the conclusion that A3H
Y112A/Y113A oligomers can form at high local
concentration, consistent with previous data [49].
Interestingly, ABH WT and Y112A/Y113A bound to
the ssDNA stabilizes the formation of ssSDNA hairpins
and loops that naturally form in the absence of
extending force. The presence of loops and hairpins
can be detected by comparing the force extension
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curves of ssDNA obtained by increasing its extension
starting at zero force and by decreasing its extension
starting at a high force (Fig. 4d). The hairpins and loops
formed at zero force result in shorter apparent
extensions in the former curve. For bare ssDNA,
these loops and hairpins are removed entirely when
forces above ~ 15 pN are applied and the two extension
curves overlap (Fig. 4d, green). With A3H WT bound,
the shortening effect is more pronounced and persists
to higher forces (Fig. 4d, blue). Large sudden drops in
force or increases in extension indicate large protein
mediated loops are suddenly pulled apart. For ASH
Y112A/Y113A, this effect is enhanced as nearly all
excess ssDNA length has been stabilized into hairpins/
loops and the applied force increases immediately
when the ssDNA is extended (Fig. 4d, red). Even when
applying the very high force of 60 pN, ~100 s is
required to remove all ssSDNA secondary structures
stabilized by A3H Y112A/Y113A. These data suggest
that ASH Y112A/Y113A can bind and stabilize double-
stranded structures in DNA, suggesting an ability to
remodel the DNA. Although A3H WT also has this
property, the effect is less pronounced.

A3H WT oligomerization primarily occurs on
ssDNA

To determine the reason for these different dynamics
on ssDNA, we examined the ASBH WT and Y112A/
Y113A using atomic force microscopy (AFM). The A3H
used for these experiments was treated with RNase A
during purification. AFM can be used to generate
topographic images of molecules deposited on a
surface and is commonly used for examining the
oligomerization states of proteins [47,59,66-68]. We
reasoned that the differences in the dynamics of
ssDNA binding would relate to the different oligomer-
ization states of these proteins (Figs. 3 and 4). First,
A3H WT alone was imaged to determine the size of a
dimer deposited on the mica surface (see Materials and
Methods). We determined the size of a dimer
(stoichiometry of 2) and normalized all other conditions
relative to this value (Fig. 5a). Next, we examined the
oligomerization states on the ssDNA that was used for
the fluorescence polarization experiments. To prepare
ssDNA bound A3H, we mixed A3H with a 10-fold
excess of the ssDNA. The reaction was set up in this
manner to ensure distribution of individual A3H
molecules on different nucleic acid molecules, such
that there would be only single molecules of A3H per
ssDNA, unless there were pre-existing oligomers in
solution or there was a cooperative binding relationship
with ssDNA. In contrast to the ABH WT alone, which
had a strong peak as a dimer (Fig. 5a, ~43%, oligomer
stoichiometry of 2), the peak of the WT bound to ssDNA
was much more disperse (Fig. 5a—b). Only ~ 12% of the
particles were in the main dimer peak (Fig. 5a, oligomer
stoichiometry of 2). The remaining particles were much
larger, reaching sizes that were 10-fold more than the

main peak. Since the A3BH WT-bound ssDNA cooper-
atively, the larger peaks likely represented larger
oligomeric forms induced by cooperative binding of
ssDNA (Fig. 5a). However, the ABH WT had a much
more defined peak particle size when binding to the Alu
RNA (Fig. 5a, c). These data indicated that the RNA-
mediated dimer of ABH WT decreased the ability to
further oligomerize on RNA, in comparison to ssDNA.
The decreased ability of ABH WT to oligomerize on
RNA but not ssDNA suggests that the RNA may be
displaced upon binding to ssDNA or that the different
binding domains for RNA and DNA affect
oligomerization.

To investigate further the relationship between A3H
dimerization and nucleic acid binding, we also deter-
mined the oligomerization state of ASBH Y112A/Y113A
using AFM. The A3H Y112A/Y113A mutant had two
peaks on ssDNA, each accounting for ~28% of the
particles, and had stoichiometric values of 1 to 2,
consistent with impaired RNA binding and dimerization
and non-cooperative interaction with ssDNA (Fig. 5d—
e). However, that ASH Y112A/Y113A could still form
some dimers was in agreement with partial ability to
retain cellular RNA binding, the single-molecule optical
tweezer experiments, and previous results showing
that SEC with A3H Y112A/Y113A at high concentration
results in a dimeric form (Figs. 1 and 4) [49]. We also
examined using AFM how the A3H Y112A/Y113A
boundto Alu RNA. In contrast to the ssDNA binding, the
AFM particle sizes for ABH Y112A/Y113A bound to Alu
RNA were 2- to 4-fold larger than ASH Y112A/Y113A
bound to ssDNA and had a wide peak, indicating that
this mutant could oligomerize on RNA (Fig. 5d, f).
These data are consistent with diminished, but not
completely abrogated binding to cellular RNA (Fig. 1a—
b) and the ability to cooperatively bind Alu RNA in vitro
(Fig. 3e—f). These data support the model that the RNA
and ssDNA binding sites on A3H are different.

To examine further if the RNA and DNA could both
remain bound to A3H, we tested if ABH could bind the
short dsRNA-mediating dimerization and a DNA
oligonucleotide at the same time. To visualize whether
this occurred, we incubated A3H with increasing
amounts of a 118-nt ssDNA and then treated the
A3H-DNA complex with RNase A. If the DNA binding
displaced the RNA, then the RNA would be sensitive to
degradation by RNase A. However, we found that
increasing amounts of DNA had no effect on the
amount of the RNA bound to the ASH WT or the A3H
Y112A/Y113A mutant, although the mutant bound less
RNA overall (Fig. 5g). These results further support the
interpretation that A3H has different binding sites for
RNA and DNA.

Discussion

A3H is unique in the APOBECS family of enzymes.
Human A3H has the highest number of SNPs
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Fig. 5. Oligomerization states of ASH on ssDNA and Alu RNA. (a—f) AFM imaging was done in the presence of 5 mM
MgCl,. (a—c) The oligomeric state of ASH WT alone (WT) and bound to ssDNA (WT + ssDNA) or Alu RNA (WT + Alu
RNA) demonstrated that oligomerization predominantly occurred on ssDNA. (d—f) A3H Y112A/Y113A bound to ssDNA
(Y112A/Y113A + ssDNA) or Alu RNA (Y112A/Y113A + Alu RNA) demonstrated that oligomerization predominantly
occurred on Alu RNA. Volume distributions of A3BH were converted to stoichiometries based on analysis of dimeric ASH
WT (WT). Stoichiometries were plotted against percentage of total proteins. The total proteins counted were as follows:
WT, 337; WT + ssDNA, 111; Y112A/Y113A + ssDNA, 625; WT + Alu RNA, 331; Y112A/Y113A + Alu RNA 1004.
Representative AFM images of ABH WT and Y112A/Y113A are shown for ssDNA (b, e) and Alu RNA (c, f). Images are
500 x 500 nm with a height scale of 3 nm. (g) The ASH WT or Y112A/Y113A was incubated with increasing amounts of a
118-nt ssDNA and treated with RNase A. The presence of ssDNA did not enable degradation of the bound RNA, which
would occur if DNA binding caused release of the RNA by A3H. These data suggest that ASH can bind both short RNAs
and ssDNA simultaneously. A representative image is shown from three independent experiments.

compared to other human A3s [20,32]. Recently, this
was shown to be the case in pig-tailed macaques as
well [30]. A3H is also the only single-domain A3 that is
able to strongly restrict HIV-1 [69]. Due to these
different SNPs and resulting haplotypes, A3H is also
the only A3 enzyme that has a positive role in
suppressing HIV and negative role in contributing to

cancer mutagenesis [1,13,20]. Other A3s involved in
cancer mutagenesis, A3B and possibly A3A, do not
become encapsidated in HIV-1 virions from CD4+ T
cells and restrict HIV-1[1]. The A3H haplotype |, which
is not active against HIV-1, can contribute to
mutagenesis in breast and lung cancer [13]. ASH
haplotype | is also localized to the nucleus, in contrast
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to other HIV-1 restrictive haplotypes that are in the
cytoplasm (haplotypes Il, V, and VII) [26,70].

Recently, four publications have identified another
unique feature of A3H. A3H dimerizes through
interactions with a dsRNA molecule and in the absence
of protein—protein contacts [21,22,30,31]. Despite this
important finding, the data resulting from these
publications were not in agreement on several issues
regarding A3H activity. Namely, some reports found
that the loop 7 W115 residue was most important for
mediating dimerization [21,30,31], whereas another
report found that loop 7 W115 and helix 6 R175/R176
were involved [22]. There was also disagreement on
whether the bound RNA was an allosteric inhibitor of
deamination [22] or direct inhibitor of deamination [21],
or did not inhibit deamination of DNA [30] and whether
monomers of A3H were active [21,22]. Finally, these
data based on crystallographic analyses were in
disagreement with a previous publication from our
laboratory that proposed that loop 7 residues Y112 and
Y113 mediated tetramerization of A3H [49]. To
reconcile the differences, we undertook a biochemical
analysis of ABH haplotype Il produced from S insect
cells.

RNA-mediated dimerization of A3H involves
loop 7 and helix 6 and is required for catalytic
activity

In collective agreement with crystallographic stud-
ies, we found that both loop 7 W115 and helix 6 R175/
R176 were involved in the RNA-mediated dimeriza-
tion of A3H. However, that an RNA molecule is
required for A3H stability and activity was not a
consistent observation in recent studies. One study
using A3H in 293T cell lysates found that monomeric
helix 6 mutants were more active than A3H WT,
despite lower cellular expression [22]. This is probable
since the monomer would enable more free units of
A3H to interact and deaminate ssDNA, despite the
decreased stability. In agreement with our study,
Matsuoka et al. [31] found that mutation of ABH amino
acids that interacted directly with the dsRNA resulted
in loss of protein stability and proteasomal degrada-
tion in cells. Another study also found that a stabilized
A3H mutant (m1) with a W115A mutation was active
[21]. We observed no activity from the W115A or
R175E/R176E monomer forms of A3H, although they
were able to bind ssDNA (Fig. 3c—d). With the A3H
from 293T cell lysates, the mutants may be stable
enough in lysates to demonstrate activity [21,22], but
perhaps not stable enough to maintain activity
throughout our purification (Fig. 2). We additionally
found that mutation of loop 7 Y112/Y113 residues
resulted in partial disruption of cellular RNA binding
(Fig. 1), but A3H stability was retained, thereby
enabling the Y112A/Y113A mutant to be used as a
tool to study the effects of RNA-mediated dimerization
on A3H activity and nucleic acid binding.

Importantly, although the A3H Y112A/Y113A,
W115A, and R175E/R176E mutants still maintained
an interaction with DNA, they were not catalytically
active (Fig. 2). The ASH W115A and Y112A/Y113A
mutants even bound the ssDNA with a 3-fold higher
affinity than ABH WT (Fig. 3a, c¢). These data support
that interaction of ssDNA with loop 7, when a dsRNA
is not bound, enables higher-affinity interaction with
ssDNA. The A3H R175E/R176E mutant-bound
ssDNA ~2-fold less than A3H WT, suggesting that
helix 6 is required for high-affinity ssSDNA binding in the
presence or absence of a dsRNA (Fig. 3d). Overall,
the RNA-mediated dimerization appeared to be not
only essential for stability, but also for enzyme activity.
The A3H WT was active when bound to the cellular
RNA and in the absence of any RNase A treatment.
Degradation of the RNA molecules to the approxi-
mately 12-nt protected RNA only increased enzyme
activity 4-fold, consistent with data from Bohn et al.
[30] (Fig. 2a). Altogether, the data demonstrate that for
A3H WT, the dsRNA binding site is different from the
DNA binding site, consistent with ABH WT being able
to bind RNA and DNA at the same time (Fig. 5g). For
A3H WT, there is still an outstanding question of how
substrate recognition is achieved since loop 7 is also
required for motif recognition on substrate ssDNA
[50,51]. Due to the close association of both RNA and
DNA with loop 7, there may be some shifting of the
RNA to bind helix 6 in the presence of DNA, but this
remains to be shown experimentally.

A3H interacts differently with ssDNA and Alu
RNA

In comparison to the Y112A/Y113A A3H, the RNA-
mediated dimerization of A3H WT resulted in a lower-
affinity interaction with ssDNA and RNA, and incom-
plete saturation of bound ssDNA (Figs. 3 and 4).
Despite these results, AFM analysis of ASH WT on
ssDNA showed extensive oligomerization, in contrast
to A3H Y112A/Y113A that formed primarily mono-
mers and dimers (Fig. 5). The data with ASH WT and
Y112A/Y113A are similar to data obtained with A3G
WT and loop 7 mutant F126A/W127A where oligo-
merization of ASG WT prevented saturated binding to
ssDNA [66]. For A3G, the oligomers had a decreased
mobility once bound to ssDNA, resulting in less ability
to accommodate additional A3G molecules, in com-
parison to monomeric A3G F126A/W127A [66]. This
also resulted in a higher-affinity interaction of the
monomeric mutant with ssDNA than A3G WT [66,71].
With A3G, however, the oligomerization was due to
protein—protein contacts [47]. For A3H, not only is the
dimer mediated by dsRNA [21,22,30,31], but A3H can
undergo intersegmental transfer on ssDNA, which
means that it can move from one ssDNA segment to
another through a doubly bound state [49]. As a result,
the AFM data showing A3H forms large oligomers on
ssDNA could be due to inter-strand ssDNA binding,
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rather than intra-strand ssDNA binding mediated by
protein—protein interactions. Although this may be
occurring for some molecules, the data with A3H
Y112A/Y113A support an additional model where
loop 7 Y112/Y113 residues mediated tetramerization
of A3H since the Y112A/Y113A A3H bound to ssDNA
forms a discrete peak with primarily monomers and
dimers (Fig. 5). These data are consistent with a
previous study showing that loop 7 Y112/Y113
residues mediated A3H tetramerization [49]. The
dynamic analysis of these oligomerization states
using single-molecule optical tweezers was in agree-
ment with the AFM and rotational anisotropy mea-
surements and showed that the ASH WT was less
able to alter the ssDNA persistence and contour
lengths than the ASH Y112A/Y113A (Fig. 4). Although
both could form dimers or oligomers at high local
concentration, the A3H Y112A/Y113A was more able
to alter the ssDNA structure and dynamics, even
stabilizing DNA hairpins (Fig. 4). Collectively, these
data support the model that the enhanced number of
individual molecules of A3H Y112A/Y113A that can
interact with ssDNA enables it to have more of an
effect on ssDNA kinetics than ASH WT (Figs. 4 and 5).

Despite ASH WT also having a lower affinity binding
with Alu RNA in comparison with the ASH Y112A/
Y113A, we did not find that WT and ASH Y112A/Y113A
had the same properties when bound to Alu RNA and
ssDNA (Fig. 5). Rather, the RNA-mediated dimeriza-
tion of ASH seemed to have an effect on binding the Alu
RNA, perhaps due to competitive interactions for the
RNA binding site. The A3H WT was not able to form
large oligomers on RNA, suggesting that there are
fewer protein—protein interactions or less ability to form
inter-strand associations, in support of the RNA and
DNA binding sites on A3H being different (Fig. 5). In
contrast, the Y112A/Y113A formed large oligomers on
the Alu RNA, suggesting that in the absence of a high-
affinity interaction with the dsRNA-mediating dimeriza-
tion, nonspecific interactions with RNA were able to
occur that enabled dimerization and oligomerization
(Fig. 5).

In cells, the RNA bound to A3H has been shown to
be advantageous because it contributes to A3H
cytoplasmic localization and ability to be virion
encapsidated in an HIV-1 infected cell [21,22,30].
Since nuclear forms of A3H (haplotype I) can induce
DNA damage through formation of uracils, the
cytoplasmic localization provides a protective function
for genomic stability [13,21,22]. However, further
studies need to be done on how A3H selects RNAs
for binding. For instance, we found that although the
RNA-mediating dimerization does not inhibit A3H
deamination activity, A3H WT is less able to bind and
oligomerize on Alu RNA than the ASH Y112A/Y113A
mutant, suggesting that there is competitive binding of
RNA to ASH WT (Figs. 3 and 5). This is despite
oligomerization on RNA being favorable for HIV-1
encapsidation and restriction [26].

Conclusions

Overall, the biochemical analysis of ABH WT and
mutants demonstrates that both loop 7 and helix 6
mutants can independently disrupt the dsRNA-
dependent dimerization of A3H. Importantly, A3H
requires this dsRNA-mediated dimer for enzymatic
activity on, but not binding to, ssSDNA. Nonetheless,
the RNA-mediated dimer comes at an expense to
A3H nucleic acid binding affinity and ability to alter the
structure of ssDNA, the latter of which may be
beneficial when deaminating HIV-1 (=) DNA that has
significant secondary structure. However, the lesser
ability of A3H to stably bind ssDNA may be
compensated for in the HIV-1 virion where the high
concentration of components and small volume in the
capsid may facilitate sSDNA interactions that result in
deamination-dependent and -independent restriction
of HIV-1 [22,52]. For A3H haplotypes that have “off-
target” deaminase activity that results in genomic
mutagenesis, the lesser ability of A3H to stably bind
and alter the structure of ssDNA may be crucial to
genomic integrity. Altogether, these data increase our
understanding of how the dsRNA-mediated dimeriza-
tion of A3H effects deamination of and interaction with
ssDNA.

Materials and Methods

Cloning and site-directed mutagenesis

A3H haplotype Il was made by site-directed muta-
genesis (QuickChange site-directed mutagenesis pro-
tocol; Agilent Technologies) using A3H haplotype |
(NCBI accession number BC069023) as a template
and is referred to as the WT. The GST-A3H WT was
cloned into pFAST-bac1 vector (Life Technologies)
using EcoRI and Notl restriction sites. ABH mutants
(Y112A/Y113A, W115A, R175E/R176E) were made
using the WT construct as a template. Specifically, A3H
Y112A/Y113A was made using the forward primer 5’
ATC TTC GCC TCC CGC CTG GCC GCT CAC TGG
TGC AAG CCC CAG and the reverse primer 5 CTG
GGGCTTGCACCAGTGAGCGGCCAGGCGGGA
GGC GAA GAT, A3H W115A was made using the
forward primer 5’ GCC TCC CGC CTG TAC TAC CAC
GCT TGC AAG CCC CAG CAG and the reverse
primer 5 CTG CTG GGG CTT GCA AGC GTG GTA
GTA CAG GCG GGA GGC, and R175E/R176E was
made using the forward primer 5 CAG TCG AGC CAT
AAA GGA AGA GCT TGA CAG GAT AAA G and the
reverse primer 5' CTT TAT CCT GTC AAG CTC TTC
CTT TAT GGC TCG ACT G. For producing RNA
in vitro, the 91-nt Alu sequence derived from 7SL RNA
[72] was cloned into pSP72 vector (Promega) using
Xhol and Hindlll sites, and the RNA was produced by
SP6 RNA polymerase-directed in vitro transcription
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(Ambion) with a fluorescein RNA labeling NTP mix
containing Fluorescein-12-UTP (Merck). All construct-
ed plasmids were verified by DNA sequencing. Primers
were obtained from Integrated DNA Technologies.

Protein expression and purification

The pFAST-bac1 vectors were used to produce
recombinant baculovirus according to the protocol for
the Bac-to-Bac system (Life Technologies). Recom-
binant GST-A3H WT baculovirus was used to infect
Sf9 cells at a multiplicity of infection of 10, and cells
were harvested after 72 h. GST-tagged Y112A/
Y113A, W115A, and R175E/R176E were produced
by using the recombinant GST-A3H baculovirus to
infect Sf9 cells at a multiplicity of infection of 5, 1, and
10, respectively, and cells were harvested after 72 h,
except for GST-R175E/R176E, which was harvested
after 48 h. Cells lysates were treated with 100 pg/mL
of RNase A (Qiagen), unless indicated otherwise.
Lysates were cleared by centrifugation and then
incubated with Glutathione—Sepharose 4B resin (GE
Healthcare) at 4 °C overnight and subjected to a
series of salt washes (0.25-1 M NaCl) as described
previously [47]. For ABH WT and Y112A/Y113A, on-
column cleavage from the GST tag with Thrombin (GE
Healthcare) was performed at 21 °C for 18 h in
thrombin digestion buffer [20 mM Hepes (pH 7.5),
150 mM NaCl, 10% glycerol, and 2 mM DTT]. Due to
low expression of ABH W115A and R175E/R176E,
enzymes were eluted with the GST tag in elution
buffer [100 mM Tris (pH 8.8), 150 mM NaCl, 10%
glycerol, and 50 mM reduced glutathione]. GST-A3H
WT and GST-A3H Y112A/Y113A were also produced
in parallel with GST-ASH W115A and GST-A3H
R175E/R176E for comparative analysis. Eluted
GST-A3H was further purified using a UNO Q1 cation
exchange chromatography column (Bio-Rad). The
enzymes were loaded onto the column in a low-salt
running buffer [50 mM Tris (pH 8.0), 50 mM NacCl,
10% glycerol, and 2 mM DTT] and eluted using a salt
gradient. GST-A3H proteins were eluted from the
column at ~300 mM NaCl. Proteins were assessed to
be 90% pure by SDS-PAGE (Supplementary Fig. S2).

Size exclusion chromatography

The oligomerization states of GST-A3H (WT, Y112A/
Y113A, W115A, and R175E/R176E) were determined
by SEC using 10 pg of purified protein. The column
(0.5 cm diameter and 16 cm height) was prepared by
pouring a 10-mL Superdex 200 (GE Healthcare) resin
bed. The running buffer contained 20 mM Tris (pH 8.0),
300 mM NaCl, 10% glycerol, and 5 mM DTT. A gel
filtration standard (Bio-Rad) was used to generate a
calibration curve from which the apparent molecular
mass of eluted proteins were determined. The column
was run using a Bio-Rad BioLogic DuoFlow; however,
due to the low amount of protein applied, the

chromatograms from the 10 mL Superdex 200 column
were constructed by analyzing the integrated gel band
intensities of the protein in each fraction after resolution
by SDS-PAGE. The gels for each panel were resolved,
stained with Oriole fluorescent gel stain, and scanned
in parallel.

Nuclease treatment assay

To examine the nature of the nucleic acids presentin
purified A3H, the same amount of A3H (3.5 pg for WT,
GST-WT, Y112A/Y113A, GST-Y112A/Y113A, GST-
W115A, GST-R165E/R176E) was or was not treated
with Proteinase K (New England Biolabs) for 15 min at
room temperature followed by heat inactivation for
10 min at 95 °C. Then the sample was or was not
treated with RNase A (Roche Applied Science) or
DNase | (New England Biolabs) for 15 min at room
temperature. For RNase A treatments in the presence
of a 118-nt ssDNA oligonucleotide, 3.5 ug (10 pM)
A3H was incubated with 10, 50, or 100 uM DNA for
3 min at room temperature before RNase A treatment.
The 118-nt ssDNA oligonucleotide has been previous-
ly described [49]. At the end of the reactions, samples
were mixed with an equal volume of formamide
containing 5 mM EDTA and resolved on a 20% (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 system (Bio-Rad).

In vitro deamination assay

The 85-nt ssDNA substrate had the following
sequence: 5" AAA GTG AAA GTG ATA CTC AAA
TTT AAA AGT dT-Fluorescein AGA TAG AAG GTG
ATA CTC AAA TAT GAA AGT TAG TAA GAT GTG
TAA GTA TGT TAA. The ssDNA substrate (100 nM),
which contained two A3H deamination motifs (5'CTC,
with the underlined C being deaminated), was
incubated with 800 nM of A3H (WT, GST-WT,
Y112A/Y113A, GST-Y112A/Y113A, GST-W115A,
and GST-R175E/R176E) for 40 min at 37 °C in buffer
that contained 50 mM Tris (pH 7.5), 40 mM KCI, 0—
10 mM MgCl,, and 2 mM DTT. A3H catalyzed
deaminations were detected by treating the ssDNA
with Uracil DNA Glycosylase (New England Biolabs)
and heating under alkaline conditions before resolving
the Fluorescein dT-labeled ssDNA on a 16% (v/v)
denaturing polyacrylamide gel. For reactions under
single-hit conditions (<15% substrate usage), a
processivity factor was determined by dividing the
quantified total amount of deaminations occurring at
both sites on the same ssDNA by a calculated
theoretical value of deaminations that would occur at
both sites if the deamination events were uncorrelated
(not processive) [24]. A processivity factor of 1 means
that the enzyme is not processive and that the
deamination events were uncorrelated. Gel images
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were obtained using a Chemidoc-MP imaging system
(Bio-Rad) and integrated gel band intensities were
analyzed using ImageQuant (GE Healthcare).

Steady-state fluorescence polarization

The apparent Ky values of A3H, Y112A/Y113A,
GST-W115A, and GST-R175E/R176E for fluorescein-
labeled ssDNA (118 nt) or Alu RNA were determined
using steady-state fluorescence polarization to mea-
sure rotational anisotropy. Reactions (50 pL) were
conducted in deamination buffer [50 mM Tris (pH 7.5),
40 mM KCI, 10 mM MgCl,, and 2 mM DTT] and
contained 50 nM fluorescein-labeled DNA or RNA and
increasing amounts of A3H. A QuantaMaster QM-4
spectrofluorometer (Photon Technology International)
with a dual-emission channel was used to collect data
and calculate anisotropy. Measurements were per-
formed at 21 °C. Samples were excited with vertically
polarized light at 495 nm (6-nm band pass) and vertical
and horizontal emissions were measured at 520 nm
(6 nm band pass). The Ky was obtained by fitting to a
rectangular hyperbola or sigmoidal curve equation
using SigmaPlot 11.2 software.

Optical tweezers

An 8.1-kbp dsDNA with biotin- and digoxigenin-
labeled ends was constructed as previously de-
scribed [73]. The DNA is tethered between an anti-
digoxigenin-coated bead attached to a micropipette
tip moved by a piezo electric stage and a strepta-
vidin-coated bead held in a stationary dual beam
optical trap. By moving the piezo electric stage to
extend the DNA while measuring the deflection of
the trap laser, which measures the force exerted on
the DNA by the trap, the force extension curve of the
DNA was obtained. The DNA was incubated with T7
DNA polymerase and held at a tension of 50 pN to
trigger exonuclease activity, removing one stand
from the free 3’ end. The remaining ssDNA was
incubated with 1 yM A3H in buffer [10 mM Hepes,
50 mM Na (pH 7.5)] while held at a constant force of
30 pN for 5 min. The protein was then removed from
the sample by clean buffer to allow bound protein to
dissociate for 5 min. The change in ssDNA exten-
sion was measured during both the incubation and
dissociation process, and force extension curves
were measured for the ssDNA before incubation,
after incubation, and after dissociation.

Atomic force microscopy

AFM measurements were carried out at ambient
conditions on a Model 4500 AFM instrument (Agilent
Technologies, Chandler, AZ) operating in intermittent
contact mode. A conical silicon cantilever (Applied
NanoScience, Tempe, AZ) with a force constant of
approximately 50 N/m, resonant frequency of approx-

imately 170 kHz, and a with a curvature radius of
<10 nm was used for AFM measurements. All
measurements were taken with the ratio of the set-
point oscillation amplitude to free air oscillation
amplitude of 0.85—0.90 and resonant amplitude in the
range of 5-10 V. In addition, all measurements were
performed at ambient conditions with the instrument
mounted in a vibration isolation system. The scan rate
was 0.5-1.0 Hz (512 pixels per line) for all images.
Protein solutions [25 mM Tris (pH 7.5), 5 mM MgCls,
1 mM DTT] were prepared as described previously
[47]. Briefly, 10 pL of protein or protein/nucleotide was
dropped onto freshly cleaved mica, incubated 20-60 s,
rinsed 3-5 times with ddH>0, and gentlé/ blown dry with
nitrogen. The net Z-axis volumes (nm*) for the protein
and protein/nucleotide complexes were determined
using the Particle and Pore Analysis module in
Scanning Probe Image Processor (SPIP) soft-
wareV5.1.6 (Image Metrology A/S, Horsholm,
Denmark).
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