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ABSTRACT

APOBEC1 (APO1), a member of AID/APOBEC nu-
cleic acid cytosine deaminase family, can edit
apolipoprotein B mRNA to regulate cholesterol
metabolism. This APO1 RNA editing activity re-
quires a cellular cofactor to achieve tight regula-
tion. However, no cofactors are required for deamina-
tion on DNA by APO1 and other AID/APOBEC mem-
bers, and aberrant deamination on genomic DNA by
AID/APOBEC deaminases has been linked to cancer.
Here, we present the crystal structure of APO1, which
reveals a typical APOBEC deaminase core structure,
plus a unique well-folded C-terminal domain that is
highly hydrophobic. This APO1 C-terminal hydropho-
bic domain (A1HD) interacts to form a stable dimer
mainly through hydrophobic interactions within the
dimer interface to create a four-stranded �-sheet pos-
itively charged surface. Structure-guided mutagene-
sis within this and other regions of APO1 clarified the
importance of the A1HD in directing RNA and cofac-
tor interactions, providing insights into the structural
basis of selectivity on DNA or RNA substrates.

INTRODUCTION

Nucleic acid base editing on DNA or RNA is a versatile
tool that serves a variety of biological roles within living
systems. The APOBEC family of proteins deaminates cy-
tosine (C) residues on DNA or RNA into uracil, result-
ing in a range of biological effects such as antiviral re-
striction (1), immune responses (2) and aberrant mutage-
nesis (3,4). Within human cells, the family is divided into
several subtypes: activation-induced deaminase (AID) that
is a crucial part of the adaptive immune response (5,6);
seven APOBEC3 proteins (A3s) that are crucial part of the
innate immune system (7–10); APOBEC2 that is known

to function in cardiac and skeletal muscle development
(11,12); APOBEC4 whose function is still unknown (13);
and APOBEC1 (APO1) (14,15), the namesake of the family
and original founding member, which was initially discov-
ered for its important role in cholesterol maintenance and
lipid metabolism. Unregulated APO1 deamination activity
or its deamination signature has been associated with can-
cer (16–20).

Despite the diverse biological function of different
APOBEC family members, they all share a highly conserved
core deaminase domain (CDD) structure that is composed
of a five-�-stranded (�1–�5) sheet adjoined by six helices
(h1–h6), with a Zn atom coordinated at the active cen-
ter (21,22). Most proteins within the APOBEC family can
deaminate DNA. Cytosine editing of RNA is less common,
and thus far has only been shown for APO1, A3A and
A3G (15,23–25). Highly specific RNA editing by APO1 was
originally discovered for a single RNA base of apolipopro-
tein B mRNA (APOB) responsible for producing a stop
codon and shorter version of the protein in order to reg-
ulate lipid uptake and the level of low-density lipoproteins
(LDLs) (14). APO1 has been shown relatively recently to
edit other RNA substrates, both within protein-coding se-
quences (26,27) and within 3′ untranslated regions (28,29).
In all cases, it is thought that editing activity is nearly absent
without the presence of at least one RNA binding cofac-
tor as part of the highly regulated 27S editosome complex
(23). The classical A1CF (APOBEC1 complementation fac-
tor) (30) and the newly discovered RBM47 (RNA-binding
protein 47) (31) are the two cofactors identified so far.
A1CF and RBM47 can individually confer editing activity
by APO1 on known RNA substrates and are important for
lipid uptake and regulating LDL levels (32,33). In addition,
A1CF and RBM47 are essential genes (31,32,34,35), and
play a role in RNA processing (splicing and editing), liver
development and kidney function, and cancer (34,36–38).

Like other members of its family, APO1 is also capable of
deamination on single-stranded DNA (ssDNA) (3,39), and
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such deamination activity of APO1 has been linked to can-
cer (16,17,19,20). It is hypothesized that APO1 may have
originally evolved to act primarily on ssDNA, whereas ac-
tivity on RNA may be a more recent acquisition (40,41),
and notably DNA deamination by APO1 requires no other
cofactors for activity. Biochemical evidence suggests that
APO1 can self-dimerize (42), and the dimerization regions
may overlap with those necessary for RNA editing activity
(43,44). However, it is not yet clear how an APO1 dimer
is formed and what functional purpose dimerization may
serve. It is clear that RNA deamination by APO1 under nat-
ural conditions is very tightly regulated by some complex
mechanism, as evidenced by the need for an additional co-
factor and specific sequence/structure requirements of the
RNA substrate (45). However, a recent study found that
when rat APO1 is paired with a Cas protein/guide RNA
complex and used as a site-specific cytidine base editor,
rampant off-target RNA editing is observed even when ex-
pressed in a cell line without detectable expression of the
two known cofactors A1CF and RBM47 (46).

Despite many years of studies investigating RNA and
DNA cytosine deamination by APO1, there are still many
questions remaining with regard to the molecular mecha-
nisms behind its activity and regulation, mainly due to the
lack of high-resolution structural information of APO1. In
order to better understand the structural basis of APO1
activity and function, we have determined a crystal struc-
ture of APO1 that reveals dimerization occurs through its
uniquely folded C-terminal domain. Subsequent structure-
guided mutational and functional studies using direct bio-
chemical and cell-based assays provide new insights into the
molecular basis for APO1 activity on RNA and DNA sub-
strates as well as the functional role of its unique C-terminal
domain. The findings should contribute to the further un-
derstanding of cellular functions of APO1, as well as the
potential application of APO1 in developing base editors
with greatly improved substrate specificity for therapeutic
purposes.

MATERIALS AND METHODS

Generation of a structure model for guiding mutagenesis

A preliminary model for the CDD was first generated
through the SWISS-MODEL web server (47–49) by thread-
ing the sequence of APO1 onto the solved crystal structure
of monomeric human APOBEC3H (50) (PDB ID: 5W45).
This template was chosen by the default search criteria of
the program based on the final model quality. This model
was then used as input into the Topology Broker (51) of
the Rosetta biomolecule modeling suite, for which the CDD
(up to residue P172) was held fixed in space and the C-
terminus was allowed to fold de novo via the ab initio func-
tion of RosettaScripts (52,53). APO1 sequence fragments
of lengths 3 and 9 were generated via the Robetta fragment
server (54). The full script and flags used are available in
Supplementary File S1. Two runs of 1000 structures each
were combined, and the resulting decoys were clustered via
the included Rosetta.cluster software for analysis. The first
run of the lowest energy cluster was used as the template for
designing mutations.

Mutation design and cloning

Mutations were chosen based on a broad-species protein
BLAST by searching the RefSeq database with the hu-
man APOBEC1 amino acid sequence as a search query. At
least 500 homologs were requested with the BLOSUM80
methodology. Weakly conserved hydrophobic residues on
the surface of the modeled APO1 were the principal tar-
get. The initial wild-type (WT) APO1 construct was cloned
into a pMAL-C5X vector. Mutations were made using
Primestar Max (Takara Biosciences) high-fidelity DNA
polymerase, with primer design done via Snapgene Viewer.
MBP–A1CF was generated by purchasing a dsDNA gene
string from Thermo Fisher (GeneArt) that contained the
first 582 residues of A1CF and two phosphoserine ana-
log mutations (S154D, S369D) thought to confer addi-
tional APO1 complementation activity (55), followed by
subsequent replacement of the APO1 gene in the origi-
nal vector via In-Fusion cloning (Takara Biosciences). An
HRV protease site was inserted via mutagenesis into the
linker region between the MBP and A1CF domains in or-
der to allow for removal of the fusion protein, and a stop
codon at the 392 positions of A1CF was later added to
produce A1CF protein containing residues 1–391 exper-
iments within this report. The reporter and editor con-
structs were derived from a previous study (33). All cloning
was done into chemically competent Stellar (Takara Bio-
sciences), TOP10 or DH5� cells. Plasmid mutations were
confirmed with Sanger sequencing (Genewiz) and trans-
formed into either BL21(DE3) or XA90 cells for protein
expression. In some cases, the vectors showed leaky expres-
sion that made cloning difficult. To reduce the leaky ex-
pression before induction, lactose-free non-inducing plates
containing ampicillin were used for selection. All fi-
nal plasmid and primer sequences are available upon
request.

Protein expression and purification

Generally, 4 l of LB–ampicillin media were inoculated with
starter culture and grown at 37◦C until log phase; induc-
tion of protein expression was done with 100 �M final con-
centration of IPTG overnight at 16◦C. Cells were lysed us-
ing a shear force fluid homogenizer (Microfluidics, Inc.)
in a lysis buffer containing 20 mM HEPES, pH 7.5, 500
mM NaCl and 0.5 mM TCEP, with additional 100 �g/ml
of RNAse A (Qiagen) added. Centrifuged cell lysates were
passed over 10 ml of amylose affinity resin and washed
once with lysis buffer, once with high-salt buffer (20 mM
HEPES, pH 7.5, 1 M NaCl, 0.5 mM TCEP) and again with
lysis buffer. Lysis buffer with 40 mM maltose was used to
elute the MBP fusion proteins, and the protein was con-
centrated using centrifugal spin concentrators (Millipore).
Concentrated MBP–APO1 proteins were further purified
by size exclusion chromatography (SEC) in lysis buffer to
purify the different oligomeric species. For MBP–A1CF fu-
sion, the concentrated protein was first cleaved overnight
with HRV protease at 4◦C and then diluted at least 10-fold
into CEX buffer A (10 mM PIPES, pH 6.5, 50 mM NaCl).
Cation-exchange chromatography was performed to sepa-
rate A1CF from cleaved MBP on a 6-ml Resource S col-
umn (GE) using a gradient from buffer A to CEX buffer B
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(10 mM PIPES, pH 6.5, 500 mM NaCl). Another SEC run
was performed to further purify A1CF in a storage buffer
containing 20 mM HEPES, pH 7.5, 250 mM NaCl and 0.5
mM TCEP. For more precise measurement of molecular
weights (MWs), multi-angle light scattering (MALS) was
performed.

X-ray data collection and structural determination

Crystals of MBP–APO1 mXT construct were grown from
a stock protein solution at 15 mg/ml within the Natrix #26
condition at 18◦C. An ideal buffer condition was optimized
to a final solution of 0.2 M potassium chloride, 0.2 M mag-
nesium acetate tetrahydrate, 0.05 M sodium cacodylate, pH
6.0, and 8.5% PEG 8000. Crystals first appeared within 4 h,
with a maximum size achieved after 6–7 days. Cryoprotec-
tant was in a solution of 0.22 M potassium chloride, 0.22
M magnesium acetate, 0.05 M sodium cacodylate, pH 6.0,
9.3% PEG 8000, 20% maltose and 0.5 mM TCEP. The in-
cluded 20% maltose acted as the cryoprotectant. Data were
collected at an oscillation of 1◦ for 180◦ total at an opti-
mized wavelength of 1.28345 Å. Detector distance was 472
mm, with each frame collected for 1 s. Resulting diffraction
data were indexed and scaled to 3.5 Å within the P21212
space group via HKL2000 (56).

An initial attempt of molecular replacement (MR) was
performed in Phaser within the Phenix software suite (57)
by searching for the MBP group separately first (PDB ID:
1ANF) (58) with a truncated form of APO2 (2NYT) (21)
used for the core APOBEC domain. We eventually suc-
ceeded in using one MBP molecule as the search model
to obtain a final MR solution containing eight molecules
of MBP–APO2 in one asymmetric unit (ASU). The initial
phases from the MR model were then improved by com-
bining with the phases obtained from the zinc anomalous
signal. Iterative model building and refinement were per-
formed using Phenix.refine and COOT (59) to reach the fi-
nal model with good statistics that are on par with the struc-
tures at a similar resolution range in the database (Table 1).

Rifampicin resistance mutagenesis assay

pMAL vectors encoding MBP fusions of each of the
tested mutants were transformed into a ung− variant of
NR9404 Escherichia coli cells, and the cells were grown
on non-inducing minimal media plate overnight. Individ-
ual colonies were picked and grown in 5 ml cultures of LB
media in the presence of 1 mM IPTG and 100 �g/ml car-
benicillin overnight for at least 20 h, and the OD600 was
measured and normalized to a value of ∼1.50. One hun-
dred microliters of cells were then plated on either an LB
plate containing 100 �g/ml rifampicin or an antibiotic-free
equivalent after diluting the cells by 107-fold. Plates were in-
cubated at 37◦C for 20 h before cells were counted. For sta-
tistical tests, data were assessed for outliers using the ROUT
nonlinear regression-based methodology at a 1% Q value,
which resulted in the removal of no more than two outliers
per assessment. The cleaned dataset was then analyzed us-
ing ANOVA with a Tukey post-test to assess the significance
of different results.

Table 1. Data collection and refinement statistics of APO1

Space group P21212
Cell dimensions

a, b, c (Å) 177.72, 179.21, 210.51
α, β, γ (◦) 90.0, 90.0, 90.0

Molecules/ASU 8
Resolution (Å) 50–3.50 (3.56–3.50)a

Rmerge 0.192 (0.938)
I/σ I 5.22 (1.15)
Completeness (%) 99.20 (98.10)
Redundancy 4.9 (3.7)
Refinement
Rwork/Rfree 27.62/29.80
No. of atoms 37 624
Protein 37 254
Ligand/ion 370
B-factors
Protein 136.54
Ligand/ion 142.5
rms deviations

Bond lengths (Å) 0.004
Bond angles (◦) 0.893

aHighest resolution shell is shown in parentheses.

DNA deamination reactions

All DNA reactions were completed using an abasic hy-
drolysis technique (4,50) on a 50-nt 5′ FAM-labeled sub-
strate with the sequence ATTAT TATTA TTCAA ATTTA
TTTAT TTATT TATGG TGTTT GGTGT GGTTG. Ten-
microliter deamination reactions were completed in a buffer
containing 20 mM HEPES, pH 7.5, 50 mM final of NaCl, 5
mM DTT, 1 mg/ml of RNAse A and 300 nM FAM-labeled
substrate at 37◦C for 1 h, followed by a protein denatura-
tion step at 95◦C for 10 min and addition of 2.5 U of uracil
DNA glycosylase (NEB) with incubation at 37◦C for an-
other hour to remove any uracil bases. At least 150 mM final
of NaOH was added with incubation at 95◦C for 10 min to
induce hydrolysis of the abasic sites, and the resulting reac-
tion mixture was run on a 20% acrylamide urea denaturing
gel. The final gels were imaged with a GE Typhoon fluores-
cence scanner, and the percent editing of the sum of both
bands was calculated for each lane. Protein concentrations
used are listed, and when completed in triplicate, were done
at 7 �M protein concentration for 1 h.

RNA in vitro transcription

Recombinant T7 RNA polymerase (McLAB) was used
to generate a 55-nt APOB-derived RNA substrate
for additional biochemistry. ssDNA oligos were or-
dered and annealed together that contained the T7
promoter and desired final APOB RNA sequence of
GGAUAUAUGAUACAAUUUGAUCAGUAUAUUAA
AGAUAGUUAUGAUUUACAUGAUU. Reactions were
10–15 ml in a buffer of 40 mM Tris–HCl, pH 7.9, 6 mM
MgCl2, 20 mM DTT, 2 mM spermidine, 500 �M dNTPs,
1 U/�l T7 RNA polymerase and 0.2 U/�l RNAseOUT
(Thermo Fisher), and allowed to react overnight at 37◦C.
Resulting RNA was concentrated by ethanol precipitation
followed by purification using TRIzol (Thermo Fisher)
with the standard technique.
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RNA deamination: in vitro poisoned primer extension

An assay for RNA deamination was adapted for use with re-
combinant proteins from the poisoned primer extension de-
sign previously proposed (60). Purified recombinant MBP–
APO1 and A1CF (residues 1–391) were combined at a 1:1
ratio and allowed to react on the in vitro transcribed APOB
RNA described earlier. The reaction buffer consisted of 20
mM HEPES, pH 7.5, 50 mM NaCl, 5 mM DTT, 1 U/�l
of RNAseOUT (Thermo Fisher) and 1 �M RNA. Ten-
microliter reactions were allowed to incubate at 37◦C for 1
h followed by the addition of 1.2 �M final of a 5′-FAM-
labeled primer that binds downstream of the editing site
with the sequence 5′-AAT CAT GTA AAT CAT AAC
TAT CTT TAA TAT ACT GA-3′ and a denaturation step
of 95◦C for 10 min and subsequent step down to room
temperature that stops the reaction, denatures the RNA
strand and allows the primer to anneal. A reverse transcrip-
tion buffer was then added that results in a final concentra-
tion of 2.5 U/�l Protoscript II (NEB), 1× manufacturer-
recommended reverse transcription buffer, 5 mM DTT, 250
�M dTTP, dCTP and dATP, and 250 mM ddGTP (Tri-link
Bio), and 0.1 U/�l of RNAseOUT (Thermo Fisher). After
reverse transcription, the resulting products were run on a
20% acrylamide urea denaturing gel similar to DNA deam-
ination.

DNA and RNA binding assay by EMSA

Electrophoresis mobility shift assay (EMSA) was used to
estimate nucleic acid binding by APO1 mutants. All EMSA
gels were run on 8% acrylamide TBE native gels. The listed
protein concentrations were allowed to incubate with 50
nM of either ssDNA or the APOB RNA in the presence
of 20 mM HEPES, pH 7.5, 5 mM DTT, 10% glycerol, 50
mM NaCl and, if RNA, 0.4 U of RNAse inhibitor. The
same FAM-labeled ssDNA substrate and the FAM-labeled
APOB RNA used for deamination were used for this bind-
ing assay. Samples were incubated on ice for 10 min prior
to running EMSA at 4◦C in 1% TBE. Resulting quantifi-
cation was done by determining the ratio of remaining un-
shifted DNA to the blank for each protein concentration
and plotting the resulting amount of shifted DNA to the
concentrations used. Nonlinear regression based on a modi-
fied Hill saturation curve (61) was determined using Graph-
Pad Prism 8 based on three replicate experiments in order
to determine 95% confidence intervals for the Kd estimates.

RNA deamination: fluorescence localization

Fluorescence localization assays were performed as previ-
ously described (33). Briefly, the reporter and editor con-
structs were co-transfected into HEK 293T cells using X-
TREME gene 9 transfection reagent (Sigma) using a 10:1
mass ratio excess of editor to reporter plasmid. Cells were
allowed to express for 48 h, and then stained with a 5 �g/ml
solution of Hoechst 33342 solution to demarcate the nuclei.
Cells were imaged in an imaging buffer of 140 mM NaCl, 2.5
mM KCl, 1.8 mM CaCl2, 1.0 mM MgCl2, 20 mM HEPES,
pH 7.4, and 5 mM glucose. Visualization of fluorescence
was done on a Zeiss LSM-700 inverted confocal microscope

using a 40× water immersion objective with a laser inten-
sity of 15–20% and gain set to around 500 units. Excitation
wavelengths for Hoechst 33342, eGFP and mCherry were
set to 405, 488 and 555 nm, respectively; emission band-
pass filters were set to 400–480, 490–555 and 555–700 nm.
Images were captured as multichannel 16-bit grayscale in-
tensity images 1012 × 1012 pixels across using two-line av-
eraging and pixel dwell time of 0.8 �s. Resulting fluores-
cence images were quantified using the LSMtoolbox plugin
of FIJI (62) by comparing the average eGFP intensity value
of the observed nucleic region to the cytosolic region of in-
dividual cells, for a total of 42 cells for each trial. These val-
ues were then analyzed with Prism 8.1 using ANOVA and a
Bonferroni post-test with adjustment for multiple compar-
isons. Resulting P-values were reported as *P < 0.05, **P
< 0.01, ***P < 0.001 and ****P < 0.0001.

Immunoprecipitation and western blots

For visualization of the resulting protein expression, west-
ern blots were performed by first incubating with a mouse
monoclonal IgG1 anti-FLAG antibody for APO1 (Sigma),
mouse monoclonal IgG1 anti-HA antibody for A1CF or
mouse monoclonal IgG2a anti-�-Tubulin antibody (Gene-
tex) as a loading control. The secondary antibody used
was a cy3-labeled ECL plex goat anti-mouse IgG (GE
Healthcare). All antibodies were diluted 1:3000 into PBST
+ 5% milk for usage. Co-immunoprecipitation on RNase A
(100 �g/ml) treated cell lysates expressing only the tested
APO1/A1CF co-expression vectors was completed using
a classic magnetic bead co-IP kit (Pierce) as per manufac-
turer’s instructions, using the anti-FLAG antibody as the
pull-down target. The subsequent pull-down samples were
then stained with the same western antibodies as described.

RESULTS

Engineering a soluble APO1 protein for structural determi-
nation

Recombinant WT MBP–APO1 purified as a soluble aggre-
gate, which is similar to what was previously reported for an
E. coli expression system (39), although literature also re-
ports the detection of a dimeric species when using in vitro
translation from rabbit reticulocyte lysate (42). Full-length
human APO1 contains 236 residues, with the N-terminal
residues 15–187 being the CDD that bears high sequence
homology to other APOBECs, and the C-terminal residues
188–236 after the CDD being unique to APO1. This unique
C-terminal domain contains a high number of hydrophobic
residues and has been shown to be necessary for both dimer-
ization and RNA editing (43). Because of its hydrophobic
nature, this C-terminal APO1 hydrophobic domain is re-
ferred to as A1HD hereafter. The major hurdle for the struc-
tural determination of APO1 over the past is the strong
tendency of its protein to form aggregates, which may be
due to the high number of hydrophobic residues in the C-
terminal region that are mostly (but not exclusively) located
within the A1HD domain. Initial attempts to mutate the
hydrophobic residues of the A1HD were unsuccessful in
generating well-behaved APO1 protein. We then performed
computational modeling (see the ‘Materials and Methods’
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section) to produce a model for predicting surface-exposed
hydrophobic residues for mutation. Comparing this com-
puter model (Figure 1A) with a broad sequence alignment
across 100 mammalian APO1 proteins, we systematically
mutated less conserved hydrophobic residues that were pre-
dicted to be on the surface in an attempt to improve solubil-
ity of the enzyme while maintaining the structural integrity.

All mutant constructs were expressed as MBP fusion pro-
teins, and six of these mutants (M46A, R48S, I80T, L173A,
W199A and F205A) showed increased solubility compared
to the WT, with the locations of these residues in these six
constructs mapped on the structure model and the linear
sequence shown in Figure 1A and B. Combining these six
mutations into a single construct, mSOL, significantly in-
creased protein solubility compared to the individual mu-
tants. This combined mSOL protein was purified as a clean,
homogeneous peak species with an MW consistent with
dimeric APO1 by SEC (Figure 1C, and Supplementary Fig-
ure S1A and B). The solubility of the mSOL mutant was fur-
ther improved by adding a W121A mutation and deletion
of residues 1–14 (N�14) of APO1 to decrease the flexibility
of the linker region between MBP and APO1 (Supplemen-
tary Figure S1C), which is referred to here as mXT. Finally,
the mXT construct was given the catalytically dead muta-
tion E63A to generate an inactive APO1 construct mXTi
for crystallization studies (Figure 1B).

Overall structure of APO1

Crystals of MBP–APO1 mXTi were obtained, and its struc-
ture was determined to the resolution of 3.5 Å in a space
group of P21212 with eight molecules per ASU (Table
1 and Supplementary Figure S2A). The structure of an in-
dividual subunit reveals that the N-terminal APO1 deami-
nase domain (residues 15–187) has the typical core fold of
an APOBEC deaminase domain (21,22), and its C-terminal
domain extension has a novel fold that is unique to APO1
(Figure 2A). The APO1 CDD structure is highly conserved
with those of other APOBEC structures determined so
far, as exemplified by a root-mean-square deviation of 1.01
Å for its superimposition with the structure of AID (63)
(Supplementary Figure S2B). In the crystal packing of the
MBP–APO1 fusion, there are only two direct contacts be-
tween APO1 molecules (Supplementary Figure S2A), one
of which is minor contact with a buried area of only ∼451.2
Å2 with mostly hydrophilic interactions. The other contact
interface is much larger, with a buried surface area of 1526.5
Å2 that consists of mostly hydrophobic interactions medi-
ated by the C-terminal A1HD (Figure 2A and B). The rela-
tively large buried hydrophobic interface area of 1526.5 Å2

is indicative of a true biological interaction (64,65) and is
consistent with the stable dimer observed in solution.

Structure of the C-terminal A1HD region

The A1HD is composed of a �-hairpin (�6 and �7) and
three small helices (h7, h8, h9). Within an APO1 molecule,
the A1HD uses its �-hairpin and h7 and h8 to form hy-
drophobic interactions with its own CDD, positioning its
�-hairpin across the top side of the Zn active center and in
close proximity to loops 1 and 7 of the CDD (Figure 2A).

The well-structured A1HD and its packing with the CDD
effectively shields many of the hydrophobic residues on the
core domain side as well as the A1HD side. Overlapping
the crystal and the modeled structures reveals that the pre-
diction of the 3D fold of A1HD and its interactions with
the CDD differed, even though the CDDs are quite sim-
ilar (Supplementary Figure S2C). The overall fold of the
A1HD has no close match to any other folds in the struc-
ture database, although it somewhat resembles an �–� plait
domain within the list of CATH domain definitions (66).

Dimerization interactions mediated by the A1HD

The A1HD mediates dimerization of APO1 primarily
through the pairing of the two �-hairpins via �7 of the
two monomers, forming a four-stranded �-sheet connect-
ing the two subunits. The interior face of this �-sheet inter-
acts extensively with helices h6 and h8 of A1HD through
hydrophobic residues to create a hydrophobic core between
the two APO1 subunits (Figure 2C). There are additional
intermolecular interactions between h9 from one subunit
with the N-terminal h1/loop 1 region and h7/h8 with the
�-hairpin of the other subunit (Figure 2D), as well as the
hydrogen bonds formed between the two anti-parallel �-
strands at the interface. The structure reveals what was pre-
viously proposed to be a leucine zipper motif on h6 for
dimerization of APO1 (15,42) instead forms intramolecu-
lar hydrophobic packing interactions with the A1HD of the
same monomer.

Two early models for APO1 structure and dimerization
had previously been proposed based on the crystal struc-
tures of free cytidine deaminases from E. coli (ecCDA)
(67) and yeast (CDD1) (68). These modeling studies of
APO1 precede the publication of the first crystal struc-
ture of an APOBEC protein revealing the characteristic
fold of APOBEC core deaminase features (21), and the re-
ported models and the dimerization modes are very differ-
ent from the crystal structure shown here (Supplementary
Figure S2D). However, many of the previous mutational
studies to investigate the dimerization of APO1 can now
be explained based on the crystal structure. Mutations of
hydrophobic residues near the C-terminus such as L135F,
F156L and L189F (67) were shown to disrupt dimeriza-
tion likely through disrupting folding and destabilization
of the structure, as these are inward-facing buried residues.
Additional mutations of hydrophobic residues around this
region, such as L182A and I185A, were found to disrupt
RNA editing activity (43), which likely is due to the dis-
ruption of the internal hydrophobic packing between the
A1HD and its CDD. Furthermore, it was also reported that
C-terminal truncations of this A1HD disrupted dimeriza-
tion (43), consistent with the role of A1HD in mediating the
dimerization interface as observed in this structure (Figure
2B).

The dimeric structure of APO1 reveals a large positively
charged surface spanning across the two paired �-hairpins
of A1HDs and branching out to the two active centers near
the N-termini (Figure 2E). Mutations of residues within
this positively charged patch, such as R16, R17, R33 and
K34, showed a significant impact on both RNA binding
and editing (43,46,67,69), and this region was also shown
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Figure 1. Engineering a soluble homogeneous species of MBP–APO1. (A) Computational modeling was used to guide mutagenesis to generate soluble
APO1 for structural studies. The resulting model predicted a typical structure of the APOBEC CDD for the N-terminal residues 15–187 ending with helix
6 (h6) and a well-folded C-terminal domain containing a �-hairpin and three additional small helical domains. (B) Depiction of the mutations necessary
to create a homogeneous species of APO1, with the predicted secondary structure elements shown to scale above the bar. The first well-behaved construct
(mSOL) appeared dimeric in solution on SEC as shown in (C). The construct mXTi was built on mSOL with three additional mutations: W121A, deleting
14 residues of the N-terminus (N�14), and a catalytically inactive E63A mutation, which improved overall stability and yielded quality crystals. This mXTi
construct is referred to as mXT when the catalytic residue E63 is not mutated. The locations of the mutated residues in mXTi on the structural model
are indicated in (A). (C) SEC assay showing A280 traces for WT MBP–APO1 and the mSOL construct. The mSOL protein (red line) showed four peaks,
with peak 1 being in the void volume and an adjacent small shoulder peak 2 containing aggregated multimeric MBP–APO1 proteins, peak 3 having an
apparent MW of ∼135 kDa consistent with a dimeric MBP–APO1 (see Supplementary Figure S5C for MALS result) and peak 4 containing cleaved MBP.
WT APO1 (blue line) showed a void volume peak containing aggregated MBP–APO1, and a peak containing degraded MBP. Inset: SDS-PAGE analysis
of the proteins from the four elution peaks of mSOL.

to function as a biological nuclear localization signal (69).
A C-terminal deletion of the A1HD to residue 196, which
removes most of the �-hairpin structure motif and much
of this positively charged surface, showed a major reduc-
tion in RNA editing activity (43). We further deleted the C-
terminus to residue 188 (C�48) and found this deletion mu-
tant showed diminished deaminase activity on both RNA
and DNA (Supplementary Figure S3A), suggesting that
the C-terminal A1HD plays a role in regulating APO1 ac-
tivity on RNA and DNA deamination, possibly by pre-
venting nonspecific aggregation resulted from the extra-
hydrophobic residues at the C-terminal h6 of the CDD.

The crystallized APO1 is active on DNA but inactive on RNA
deamination

Because the crystalized APO1 construct contains several
mutations (Figure 1A and B), we wanted to assess whether
the construct was still catalytically active after restoring
the catalytic residue E63A in mXTi back to glutamate. A
rifampicin resistance mutagenesis assay showed that the
MBP-mXT construct showed no significant change in activ-
ity compared to WT, whereas both had significantly higher

activity than the catalytically inactive mutant E63A (Figure
3A) as determined by ANOVA with Tukey post-test for mul-
tiple comparisons. Specifically, the mXT construct showed
a median of 88 RifR/109 viable cells, while the WT APO1
showed a median of 63 RifR/109 viable cells. These obser-
vations were also consistent with a previously reported mu-
tagenicity of ∼50 RifR/109 viable cells for untagged human
APO1, which is notably far less than the mutagenicity of
APO1 from other mammals such as rat and rabbit (3,70).
These results indicated that the mXT construct is still able
to deaminate DNA in the bacterial rifampicin resistance as-
say.

The activity on DNA and RNA deamination was also
assessed using purified recombinant proteins in vitro. Even
though mXT protein can be purified as a stable dimer
in addition to the aggregated species (Supplementary Fig-
ure S1C), WT APO1 protein cannot be separated as sta-
ble dimer form and only aggregated species can be ob-
tained (Figure 1C). For comparison with the aggregated
WT APO1, the aggregated mXT species, as well as the
dimeric mXT, was purified for deamination assays. Results
showed that the aggregated mXT showed obvious DNA
deamination activity at ∼50% of WT activity (Figure 3B
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Figure 2. The crystal structure of APO1 reveals a well-folded C-terminal domain and a dimer formation mediated by the unique APO1 C-terminal domain
(A1HD). (A) APO1 monomer structure, showing the arrangement of the core APOBEC deaminase domain (residues 15–187, in light blue) and its unique
C-terminal A1HD (in cyan). The �-hairpin of A1HD located right after h6 of the core structure folds back toward the Zn active center and interacts with
h6 and loops 1 and 7 of the core structure. (B) The structure of an APO1 homodimer. The dimerization is mediated through quite extensive interactions
between the C-terminal A1HDs, including the paring of �7 of the two �-hairpins to form a four-stranded �-sheet, and hydrophobic packing between the
two A1HD. (C) A view of the area with hydrophobic packing interactions between two A1HDs at the dimer interface. The interior face of both �-strands
is very hydrophobic, as are the inward faces of helices 6, 8 and 9. (D) A view of the area with hydrogen bonding interactions on the outer edge of the
dimerization interface near h8 and h9 interacting with the �7 and loop 1 regions of the opposite monomer. (E) Surface electrostatics generated by the
APBS plugin of PYMOL 2.3 shows the �-sheet and overall protein surface is positively charged (blue coloration), forming a contiguous positively charged
surface linking the N-termini at R15 and the active centers via the C-termini of each monomer.

and C). Interestingly, dimeric mXT showed a DNA deam-
inase activity of ∼10% of the aggregated mXT, and only
∼5% of WT activity (Figure 3C). By comparison, both
the aggregated and dimeric mXT in the presence of puri-
fied A1CF cofactor protein (Supplementary Figure S3B)
showed no RNA deaminase activity on a 55-nt APOB RNA
substrate above the background level, while the aggregated
WT APO1 showed robust RNA deaminase activity in this
in vitro primer extension assay (Figure 3B and D). These
in vitro assays showed that the mXT construct is active in
DNA deamination, but inactive in RNA deamination.

To examine whether the altered activity on DNA and
RNA deamination by the purified mXT construct was re-
lated to changes in substrate binding, the same 50-nt ss-
DNA and 55-nt structured APOB RNA substrates used for
deamination assays were assessed for binding to the puri-
fied APO1 proteins using EMSA (Figure 3E and Supple-
mentary Figure S4). For DNA binding, the dimeric and ag-
gregated forms of mXT showed slightly stronger binding
than WT (left-hand side in Figure 3E), despite both forms
having much reduced DNA deaminase activity (Figure 3C).
For RNA binding, even though APOB RNA deamination
by APO1 requires a cofactor (such as A1CF), WT APO1
alone showed obvious binding to APOB RNA (right half
in Figure 3E), with a Kd value of ∼0.23 �M. The two forms
of the mXT mutant, despite having lost deaminase activ-

ity on APOB RNA (Figure 3D), can also bind this RNA,
with the dimeric mXT showing even stronger binding (0.14
�M) than WT, while the aggregated mXT showed weaker
binding (0.46 �M) (Figure 3E). These results indicate that
neither the reduced DNA deaminase activity nor loss of
RNA deamination for the mXT mutant can be correlated
to the reduction of binding affinity for the DNA or RNA
substrate. It was thus possible that mutation of one or more
of the mutated residues in the mXT APO1 construct may re-
sult in change of certain critical type of interactions with the
ssDNA or RNA substrate, leading to the reduction of DNA
deamination activity, or loss of activity on RNA deamina-
tion.

Residues of APO1 loop 7 important for deamination

To further understand why the crystallized APO1 construct
mXT was able to deaminate ssDNA but showed almost no
activity on RNA, we generated constructs containing each
of the six mutations in mXT to see whether any of the in-
dividual mutations preferentially affected RNA deamina-
tion. Two such mutant proteins purified as MBP–APO1 dis-
played a near-complete loss of RNA deaminase activity in
the in vitro assay: mutants W121A and N�14 (N-terminal
truncation of 14 residues) (Figure 4A). For the construct
N�14, the exact reason for the loss of RNA deaminase ac-
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Figure 3. The crystallized form of APO1 has activity on ssDNA but not RNA. (A) Rifampicin resistance mutagenicity assay of MBP fusions for APO1
WT, an E63A inactive mutant and the crystallized mXT form of APO1. Both WT and mXT showed statistically equivalent levels of increased rifampicin
resistance induction compared to the inactive control, as determined by ANOVA with Tukey post-test after ROUT outlier adjustment. (B) Example of gel
analysis of in vitro ssDNA (top) and APOB RNA deamination (bottom) assays comparing the activities of the aggregated WT MBP–APO1 protein with
the aggregated and dimeric forms of the mXT mutant protein. The top panel shows that both forms of mXT protein had an obvious reduction of DNA
deaminase activity compared with WT APO1, with the dimeric mXT showing a more dramatic effect than the aggregated form. NC is a negative control.
The bottom panel shows RNA deaminase assay using poison primer assay (PPA). In this PPA, poisoned primer extension uses dideoxyguanosine to halt
the reverse transcription (RT) extension if there is a cytosine still (unedited in the figure), but will extend past the edited U to give a longer product at the
top of the gel. (C) Quantification of 3× ssDNA deaminase activity assays [see panel (B), top] at the highest concentration tested; the aggregated mXT had
∼50% of the activity of WT on DNA, whereas the dimeric mXT had ∼5% of WT activity. (D) Quantification of 3× RNA deaminase activity assays [see
panel (B), bottom] at the highest concentration tested. Neither form of mXT had any level of RNA editing greater than the background. RNA deamination
experiments were done in the presence of A1CF. Error bars represent the standard deviation across three independent experiments. (E) Results of ssDNA
and APOB RNA binding assay using EMSA. The results showed that, for ssDNA binding, both the dimeric and aggregated mXT proteins had a slightly
stronger binding affinity than WT APO1 (left). For APOB RNA binding, however, only the dimeric mXT showed stronger binding, and the aggregated
mXT showed weaker binding than WT. The plot shows the mean Kd value from three independent experiments with error bars marking 95% confidence
intervals for each sample. Corresponding EMSA gels are provided in Supplementary Figure S7.

tivity is unclear, even though it was suggested from a prior
report that deleting the N-terminal 15 and 30 residues of
APO1 diminished A1CF cofactor binding (69). As for mu-
tant W121A, the mutated residue W121 is located on APO1
loop 7, one of the three active site loops (loops 1, 3 and 7)
known to interact with substrates in APOBEC proteins (71–
76). W121 is mostly conserved among APO1 across species
and can be a His or Glu in some mammals (Figure 4B). The
loop 7 of A3H is shown to interact with RNA (71,72,74).
While not acting as a substrate, the RNA in the A3H co-
crystal structures interacts with several residues of loop 7.
Overlaying the crystal structure of A3H to APO1 shows
that W121 of APO1 is analogous to Y113 of A3H in 3D
space (Figure 4D), where Y113 interacts with a ribose 2′-
hydroxyl of the bound RNA. W121 of APO1 and the other
three types of residues (Y121, H121 and Q121; Figure 4B)
seen at this position across the mammalian APO1 homologs
are all capable of forming similar hydrogen bonds as Y113
of A3H and may serve a comparable role in mediating RNA

substrate recognition over DNA. On the other hand, APO1
residue F120 next to W121 is also very conserved and can be
a Tyr (Y120) in other organisms (Figure 4B). Recent struc-
ture studies have revealed a Tyr (Y) residue at the equiv-
alent position of APO1 F120 on loop 7 of A3A (75,76),
A3BCD2 (75) and A3GCD2 (77); all form critical aromatic
pi-stacking interactions with the target C for deamination
(Figure 4C). As such, unlike W121, F120 in APO1 may be
critical for pi-stacking with the target C for deamination on
both ssDNA and RNA substrates, and mutating F120 on
loop 7 is expected to abolish C deamination on both sub-
strates.

The role of W121 on APO1 loop 7 in substrate selection

To further investigate the relative importance of F120 and
W121 in APO1 deamination of DNA and RNA, the sin-
gle point mutations F120A, W121A, W121H and W121Q
on loop 7 were generated to examine their DNA and RNA
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Figure 4. W121 on loop 7 is critical for RNA editing but not DNA deamination by APO1. (A) RNA deamination of APO1 mutants that contain each
of the six mutations from the mXT construct using the primer extension assay. MBP–APO1 fusion proteins were purified and used for the assay for all
mutants. NC denotes a negative control without APO1. The mB mutant represents the M46A, R48A and I80T mutation combination; error bars represent
the standard deviation calculated from three individual deamination trials. (B) Sequence alignment of several mammalian APO1 suggests that F120 is
highly conserved as either an aromatic phenylalanine or tyrosine, but W121 is less conserved and can be a glutamine or histidine at this location. (C)
Structural superimposition of APO1 with several other known APOBEC–ssDNA structures. F120 of APO1 (in light green) aligns in 3D space with Y130
of A3A (PDB ID: 5KEG, in purple) and Y315 of A3G (PDB ID: 6BUX, in tan), which have both been observed to form pi-stacking interactions with the
targeted cytosine in the active center. (D) A structural superimposition of APO1 (in light green) with A3H (PDB ID: 5Z98, shown in red) shows that APO1
W121 aligns well with A3H Y113, a residue that interacts with the 2′-hydroxyl of the ribose moiety of the RNA in the A3H–RNA complex structure. (E)
Result of DNA and RNA deaminase activities of the mutations W121A, W121H and W121Q. W121A had ∼60% of the activity on ssDNA but showed
a near-complete abolishment of activity on APOB RNA. W121H and W121Q both showed activity on ssDNA and RNA. F120A abolished activity on
both ssDNA and RNA substrates. (F) A rifampicin resistance mutagenesis assay in bacterial cells confirms that F120A is catalytically inactive, whereas
the W121A, W121Q and W121H mutants showed a similar level of restoration of rifampicin resistance as WT.

deamination in vitro. The result showed that F120A had
near-complete abolishment of deaminase activity for both
RNA and DNA substrates, while W121A only showed
near-complete abolishment of activity on RNA but re-
tained ∼60% of WT activity for deamination on DNA
(Figure 4E). Nonetheless, unlike the W121A mutation,
W121H and W121Q both displayed RNA deaminase activ-
ity, with ∼75% and ∼70% of WT activity, respectively (Fig-
ure 4D). Interestingly, both W121H and W121Q showed
even stronger DNA deamination activity compared to WT
(Figure 4E). A subsequent RifR assay in bacterial cells ver-
ified that F120A behaved the same as the catalytically dead
E63A mutant (Figure 4F), whereas W121A, W121H and
W121Q all displayed DNA deamination activity compara-
ble to WT (Figure 4F); this effect is consistent with what
was observed between WT and the mXT construct in the
RifR assay (Figure 3A).

DNA and RNA binding assays showed that the four
mutants (F120A, W121A, W121H and W121Q) had esti-
mated Kd values between 0.39 and 0.75 �M (Supplemen-
tary Figure S4) and did not show an obvious correlation
between the Kd value changes and the deaminase activity
levels observed for these mutants. These results suggest that,
although F120 and W121 on loop 7 play a role in interacting
with both RNA and ssDNA substrates, residue 121 appears

to be critical in differentiating RNA versus ssDNA sub-
strates for deamination, possibly through interacting with
and positioning RNA in a certain orientation, or by coor-
dinating with a cofactor (such as A1CF or RBM47) to in-
teract with RNA in a specific fashion needed for deamina-
tion. A more mechanistic understanding of the role of W121
in RNA deamination may require a co-crystal structure of
APO1/cofactor binding to substrate RNA in the future.

APO1 dimerization and its role in RNA editing activity

While the dimer form of APO1 is consistent with the prior
biochemistry evidence (15,42–44), there is a possibility that
mutations of the crystallized construct may promote the
dimer formation. The mapped locations of the eight mu-
tations on the dimer structure (Supplementary Figure S5A)
indicate that only L173A is buried inside the dimer inter-
face, with other residues exposed to solvent. The L173A
mutation is located right at the apex within the dimer in-
terface on h6, where four helices meet (Figure 5A). The
two small alanine residues at position 173 are ∼7 Å apart
in the dimer structure. This dimer structure predicts that
the 7 Å distance can fit two WT leucine residues well at
173 position (L173; Supplementary Figure S5B) buried in-
side the dimer interface (Figure 5A). On the contrary, if
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Figure 5. L173Q mutation of APO1 disrupts homodimerization but not activity on RNA. (A) Close-up view of APO1 structure at the dimer interface,
showing that there is ∼6.6 Å distance between the C� atoms of each A173 of a dimerized pair. This distance would be able to fit two leucine residues at
position 173 within the dimer interface but is not sufficient to fit the larger polar residue glutamine without causing steric hindrance and disrupting the
dimer interactions. (B) SEC assay profile showing that an L173Q mutation on the dimeric MBP–APO1 mSOL construct resulted in shifting the dimeric
elution peak position of L173A to a position with smaller apparent MW consistent with a monomeric form. Subsequent MALS confirmed that the L173Q
mutant is monomeric with an MW of 67 kDa (see Supplementary Figure S5C). (C) RNA deamination comparing WT MBP–APO1 with the mSOL
construct carrying L173A, L173 (mutated back to L as in the WT) or the monomer mutant L173Q. All show comparable levels of RNA editing in the
presence of A1CF. (D) WT and monomeric mSOL L173Q were assayed for RNA editing activity with and without the presence of A1CF. Both WT and
the L173Q construct showed comparable RNA editing activity in the presence of A1CF and no activity in the absence of A1CF. NC denotes a no-APO1
negative control in panels (C) and (D).

position 173 is replaced with a larger polar residue glu-
tamine (Q173), the structure predicts clash between two
Q173 residues at the dimer interface and disruption of the
dimer into monomer form. To verify this structural predic-
tion about the effect of residue 173 on dimerization, we pu-
rified APO1 mutant proteins with position 173 being Leu
(173L, WT), Glu (173Q) or Ala (173A) in the context of
mXT and analyzed their oligomeric status using SEC and
MALS (Figure 5B and Supplementary Figure S5C). The
result showed that, while the mXT construct (with 173A)
was a stable clean dimer with an apparent MW of 138 kDa
(calculated MW to be 134 kDa for a dimer), the mXT-
173Q construct showed a clean monomeric form with an
apparent MW of 66 kDa (Figure 5B and Supplementary
Figure S5C), consistent with the prediction that this muta-
tion can disrupt the dimerization interface. There is a tiny
dimer peak (∼1–2%) for mXT-173Q. The mXT-173L con-
struct also yielded a protein that formed a dimer peak sim-
ilar to that of the 173A mutant, although this mXT-173L
construct was far more prone to aggregation. These results,
taken together, confirm the dimeric interface observed in
the crystal structure mediates stable dimer formation and
that substitution of the residue 173 within the interface by a

larger polar residue (173Q) is sufficient to disrupt the dimer
into a monomer.

We next examined the role of dimerization in RNA edit-
ing by comparing RNA deamination in the presence of
these same mutations (L173L, L173A or L173Q), on the
mSOL construct (Supplementary Figure S1A). Both the
dimeric L173A and monomeric L173Q construct showed
deaminase activity comparable to WT in the presence of
A1CF cofactor (Figure 5C), suggesting that APO1 dimer-
ization per se is not needed for deamination activity on
APOB RNA. One caveat is that the activity of L173Q could
come from the residual dimer, even though such possibility
is low as only the fractions centered around the monomeric
peak were used for the activity assay. This result is con-
sistent with a recent report where GFP fused to the C-
terminus (APO1–GFP) but not to the N-terminus (GFP–
APO1) significantly lowered dimerization, and this APO1–
GFP fusion defective in dimerization is still active (44). To
test whether APO1 dimerization is potentially a mechanism
for inhibiting its unregulated RNA editing in the absence of
the cofactor A1CF, we tested the activity of the monomer
L173Q mutant on APOB RNA with and without the pres-
ence of A1CF (Figure 5D). This monomer mutant L173Q
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showed RNA deaminase activity only in the presence of
A1CF, similar to the WT control, suggesting that preven-
tion of rampant RNA editing in the absence of a cofactor is
not the biological function of APO1 dimerization. Interest-
ingly, it was reported that residues 173–182 on h6 function
as a nuclear export signal (NES) (69). Residues 173–182
are essentially hydrophobic and mostly masked by the C-
terminal A1HD domain of the same molecule in the dimer
form. Thus, for this NES sequence to mediate nuclear ex-
port of APO1, conformational changes of the dimer form
will be needed to expose this hydrophobic 12-amino acid
NES, which could be achieved by interacting with its cofac-
tor and/or RNA to alter the conformation of A1HD.

Assessing APO1 activity with a cell-based RNA editing assay

To validate the RNA deamination activity seen with the
in vitro poisoned primer extension and further character-
ize the RNA editing activity of APO1 mutations in a cel-
lular environment, we used an in-cell fluorescence assay to
detect and quantify RNA editing activity as previously de-
scribed (33). This fluorescence assay can detect editing of
a fraction of mRNA molecules of a reporter protein by
visualizing/quantifying the fluorescent shift into the nu-
cleus from the cytosol. This is achieved by inserting the tar-
geted RNA sequence between eGFP and MAPKK NES
(Supplementary Figure S6A), which will express eGFP sig-
nals only in the cytosol, leaving the nucleus free of fluores-
cent signals. Editing of the targeted C to U on the mRNA
creates an early stop codon before the NES, resulting in a
quantifiable shift of eGFP fluorescence from the cytosol to
the nucleus (Figure 6A), which can be used as a sensitive re-
porter for RNA editing by APO1/cofactor expressed from
an editor construct in a cellular environment. The RNA re-
gion used here for this cell-based assay is a 27-nt segment of
human APOB RNA that has been shown to be specifically
edited by APO1 when paired with A1CF (or RBM47) in
previous reports (33,45,78). The editor construct expresses
APO1, A1CF and mCherry from the same open reading
frame of a single mRNA, but a 2A peptide (79,80) is in-
serted between each protein to allow the generation of indi-
vidual proteins during translation (Supplementary Figure
S6A). This design enables the visualization of mCherry ex-
pression encoded by the very 3′-end of the mRNA as a reli-
able indicator for the expression of the upstream APO1 and
A1CF within the same cell, allowing for easy normalization
across a high number of quantified cells, resulting in a ro-
bust and reproducible measurement for RNA editing in a
cellular environment.

Among the six APO1 constructs tested for RNA edit-
ing in this cell-based fluorescence shift assay, mutants mB
(M46A–R48S–I80T), W199A and F205A all had RNA
editing activities comparable to WT (Figure 6B), consis-
tent with the result obtained using in vitro primer exten-
sion (Figure 4A). However, W121A was significantly re-
duced compared to WT (Figure 6B), implying this mutation
may not be a complete knockout of activity on RNA as ob-
served with in vitro primer extension (Figure 4A). L173A
also showed lower activity than WT, unlike the comparable
activity seen with primer extension (Figure 4A). The dif-
ferences in the RNA editing activities observed for W121A

and L173A may reflect the differences between the two as-
say systems. While we do not have a good understanding
for these differences, the cell-based fluorescence assay ap-
pears to have a much higher dynamic range in detectable
editing on each of the many cells measured in each inde-
pendent study and may be sensitive enough to detect weak
activity fluctuations that are not seen with primer extension.

Effects of positively charged surface mutations on RNA edit-
ing

The APO1 molecular surface is very basic and contains a
continuous patch of positively charged and polar residues
(Figure 6C, left), starting from the N-terminal (labeled
N) residues R15/R16/R17 to the C-terminal (labeled C)
area around R207/H214 of the A1HD (Figure 6C, right).
Dimerization via A1HD connects and widens the posi-
tively charged surface (Figure 2E). It has previously been
shown that mutations of some of these positively charged
residues, such as R33A, K34A or at least two of the residues
R15/R16/R17, can dramatically reduce RNA editing ac-
tivity and disrupt binding to A1CF (46,67,69). To further
understand the potential role of this extensive positively
charged surface, selected charged/polar residues within this
surface area (Figure 6C, right) were mutated to alanine and
assessed for RNA editing activity using the cell-based fluo-
rescence localization assay described above. The previously
tested mutations F120A and L173Q were also included as
inactive and fully active control mutants.

The RNA editing result showed that mutants R30A and
R197A, like the inactive control F120A mutant and the
mCherry only negative control, showed no RNA editing ac-
tivity (Figure 6D, and Supplementary Figure S6B and C).
The western blot analysis of APO1 and A1CF protein ex-
pression in cells showed that the mutant R30A had no de-
tectable APO1 protein, and R197A had a truncated form
of APO1 with essentially no detectable A1CF (Figure 6D).
Because mCherry expression is a reliable marker for ex-
pression of upstream APO1 and A1CF in the editor con-
struct (Supplementary Figure S6A), mCherry fluorescence
for these samples (Supplementary Figure S6B) suggests
that the R30A and R197A APO1 mutants were expressed,
but post-translational destabilization or degradation may
have occurred for these mutant proteins. Therefore, the ab-
sence of R30A protein or degradation of R197A protein
may explain the lack of observed editing activity for these
two mutants. Five other mutants, K56A, R198A, Q200A,
R207A and H214A, showed significantly reduced RNA
editing when compared to WT APO1 (Figure 6D), and
H214A had the strongest effect. For comparison, the mu-
tation Q169A that was purposely picked from outside the
positively charged surface, together with dimer disrupting
monomer mutant L173Q, showed full WT editing activ-
ity. These mutational results, together with the previously
reported mutational studies (46,67,69), suggest that these
positive/polar residues on the positively charged surface of
APO1 play an important role in mediating RNA editing.

To investigate whether the reduced RNA editing of
these mutations was due to reduced APO1–A1CF binding,
co-immunoprecipitation was performed using the FLAG-
tagged APO1 that is co-expressed with A1CF in HEK 293T
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Figure 6. RNA editing activity of various mutants of APO1, as shown by a cell-based fluorescence re-localization assay. (A) Confocal microscopy images
showing the cell-based RNA editing assay by measuring fluorescence localization in 293T cells expressing an eGFP reporter and APO1/A1CF editor (see
Supplementary Figure S6A and B). Unmodified eGFP is uniformly distributed throughout the cytosol and nucleus (left). The eGFP–NES reporter without
RNA editing is localized only in the cytosol (middle); RNA editing by the co-expressed APO1/A1CF editor generates a stop codon before the NES in
the mRNA encoding eGFP–NES so that the resulting eGFP localizes to the nucleus (right). (B) Cell-based RNA editing assay of four mutants derived
from the original mXT construct. The mB construct, W199A and F205A showed no change in RNA editing compared to WT. L173A and W121A both
showed significantly reduced RNA editing compared with WT. Significance is shown relative to WT (****P < 0.0001; ns denotes P > 0.05) as calculated
by ANOVA assessment and Bonferroni post-test. Additional comparisons are shown in Supplementary Figure S6C. NC is a negative control where only
mCherry was expressed. (C) Location of mutations made across the loop 1 and A1HD regions of APO1 within the positively charged surface (left). (D)
Cell-based RNA editing assay of the mutants within the positively charged surface area. The L173Q monomer mutant showed WT level activity, whereas
R30A, F120A and R197A all showed complete abolishment of activity. The bottom panel is a western blot for each mutant. R30A had no detectable
protein, and R197A had protein bands that appear degraded. (E) Co-immunoprecipitation of A1CF with some of the FLAG–APO1 mutants from this
study using anti-FLAG antibody from cell lysates suggests none of the mutations dramatically affected A1CF binding.

cells. The result showed that, except for L173A, which had
slightly reduced A1CF binding, all other tested mutants
had WT levels of A1CF binding, including the F120A and
W121A (Figure 6E). This result suggests that the reduced
RNA editing activity for these APO1 mutants is not corre-
lated with the reduction of A1CF binding.

DISCUSSION

Here, we have described the crystal structure of APO1 and
its structure-based functional characterization. The APO1
structure reveals an N-terminal CDD that is similar to the
canonical APOBEC deaminase domain and an extra well-
structured C-terminal A1HD domain with a unique fold
(Figure 2A). The A1HD interacts extensively with its coun-
terpart from another APO1 monomer through hydropho-
bic packing to form a stable dimer via 2-fold rotational sym-
metry (Figure 2B), which can be disrupted by a steric point
mutation at the interface. The surface of this paired dimer
creates a four-stranded �-plane between the two A1HDs
that connect the highly positively charged surface of the two
subunits (Figure 2E).

The crystallized APO1 mutant had deaminase activity on
DNA but not on the APOB-derived RNA that is known to
be specifically deaminated by WT APO1 (Figure 3A–D).

W121A was identified as the key mutation that greatly im-
paired deaminase activity on RNA but not on DNA (Fig-
ure 4A). W121 of APO1 is on loop 7, a region known to
be involved in substrate specificity in other APOBECs (71–
75). The observed differential effect of W121A on RNA ver-
sus DNA deaminase activity suggests that residue 121 may
perform a role in selectively targeting RNA substrates for
deamination. Interestingly, mutants W121Q and W121H
did not abolish RNA deamination (Figure 4E), suggest-
ing that the function of this residue possibly involves the
formation of a hydrogen bond (Figure 4D), which can
be fulfilled by not only tryptophan (W121), but also glu-
tamine (W121Q) or histidine (W121H), but not alanine as
in W121A. We noticed that, while no RNA deamination
was detectable for W121A mutant in the primer extension
assay in vitro, low-level activity was detected when using a
more sensitive cell-based reporter assay (Figure 6B). This
suggests that there may be a continuum effect in determin-
ing substrate specificity.

In addition to loop 7, residues on loop 1 and the N-
terminus of APO1 also have previously been shown to have
an effect on RNA deamination activity (46,67,69), and these
residues are located on the positively charged surface run-
ning from the N-terminus to the C-terminal A1HD (Figures
2E and 6C). Using the cell-based RNA editing assay, we
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show here that additional mutations within this positively
charged region on the A1HD (R198A, Q200A and R207A)
showed a significant reduction of RNA deaminase activity.
While a co-crystal structure of APO1 with RNA and its co-
factor (A1CF or RBM47) is needed to fully clarify these
issues, the results described here provide important insights
on how APO1 may use specific charged residues on the N-
terminus as well as on the C-terminal A1HD to enable its
activity on RNA substrates.

Our structure and mutational data reveal how APO1
forms a stable dimer complex mediated by the two C-
terminal A1HDs, which is consistent with multiple previous
biochemical and functional studies that suggested dimer
formation (15,42–44). However, the functional purpose of
dimerization inside cells remains unclear. One possible role
may be related to regulating protein aggregation/solubility:
h6 of the core structure and the A1HD are largely hy-
drophobic, with multiple hydrophobic residues that are
packed inside buried areas as well as surface exposed to sol-
vent, and dimerization through hydrophobic interactions
effectively shields most of these surface-exposed hydropho-
bic residues to effectively reduce random aggregation. The
C-terminal A1HD was shown here as well as by others (43)
to be critical for RNA deamination. We also show that
a monomeric mutant L173Q completely disrupted APO1
dimerization yet still had WT-level RNA deaminase activ-
ity. This clearly indicates that dimerization is not required
for RNA editing, and a recent cellular study shown in a
bioRxiv manuscript corroborates this conclusion (44).

Given the importance of the C-terminal A1HD in possi-
bly interacting with an RNA substrate directly, it is possi-
ble that dimerization and binding to a cofactor (A1CF or
RBM47) during RNA editing are mutually exclusive events.
A previous model proposed for the mechanism of RNA
editing by APO1 and its cofactor A1CF is that APO1 co-
factor recognizes a targeted RNA through specific struc-
tural features of the RNA and then melts the structured
RNA to present an unfolded RNA region to APO1 active
site for deamination (45). The detailed molecular interac-
tion between APO1, A1CF and RNA will require future
structural and functional investigations, and it remains to
be seen whether the large multimeric species seen in vitro is
relevant to the high molecular mass APO1 editosomes ob-
served inside cells (81). It is worth noting that both APO1
cofactors A1CF and RBM47 have sequence and biochemi-
cal features that bear a close resemblance to the large fam-
ily of proteins commonly found within the biologically rel-
evant phase-separated aggregates inside cells (82). Thus, it
is intriguing to posit that the aggregation in the presence
of APO1 cofactors seen in vitro and inside cells may play
a role in regulating activity, storage or subcellular localiza-
tion of APO1 editosomes in a similar manner as the phase-
separated aggregates reported for many other systems.

In summary, we have determined the crystal structure
of APO1 that reveals a canonical deaminase core struc-
ture and an extra C-terminal A1HD domain fold unique to
APO1. The structure shows how APO1 dimerizes through
its A1HD domain through hydrophobic interactions. The
stable dimer formation can be disrupted by mutating the
interface, but dimerization does not appear to be required
for APO1 cofactor binding or deamination on RNA or
DNA substrates. The results from the subsequent structure-

guided mutational and functional studies using biochemical
and cell-based assays provide new insights into the deami-
nase activity on both RNA and ssDNA substrates and the
importance of this C-terminal domain in regulating these
enzymatic functions. There are still many interesting ques-
tions with regard to how APO1 interacts with its cofactors
and recognizes specific target RNA for deamination and
other potential biological functions of APO1. The results
reported here provide a strong structural foundation for ad-
dressing these questions in the future.
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