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Abstract
Members of the APOBEC protein family catalyze DNA cytosine deamination and underpin a
variety of immune defenses. For instance, several family members, including APOBEC3B, elicit
strong retrotransposon and retrovirus restriction activities. However, unlike the other proteins,
APOBEC3B is the only family member with steady-state nuclear localization. Here we show that
APOBEC3B nuclear import is an active process requiring at least one amino acid (Val54) within
an N-terminal motif analogous to the nuclear localization determinant of the antibody gene
diversification enzyme AID. Mechanistic conservation with AID is further suggested by
APOBEC3B’s capacity to interact with the same subset of importin proteins. Despite these
mechanistic similarities, enforced APOBEC3B expression cannot substitute for AID-dependent
antibody gene diversification by class switch recombination. Regulatory differences between
APOBEC3B and AID are also visible during cell cycle progression. Our studies suggest that the
present day APOBEC3B enzyme retained the nuclear import mechanism of an ancestral AID
protein during the expansion of the APOBEC3 locus in primates. Our studies also highlight the
likelihood that, after nuclear import, specialized mechanisms exist to guide these enzymes to their
respective physiological substrates and prevent gratuitous chromosomal DNA damage.
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Introduction
Human cells can express up to eleven distinct polynucleotide cytosine deaminases (reviewed
in1,2). AID, APOBEC1, APOBEC3A, APOBEC3B (A3B), APOBEC3C, APOBEC3D,
APOBEC3F, APOBEC3G (A3G), and APOBEC3H have demonstrated DNA deaminase
activity in one or more biochemical or biological assays (reviewed in1). Two other family
members, APOBEC2 and APOBEC4, do not appear to have DNA editing activity3–5.
Genomic cytosine to uracil deamination is potentially dangerous because uracil lesions can
template the insertion of adenines and cause C/G-to-T/A transition mutations and,
depending on DNA repair fidelity, other types of base substitutions, DNA breaks, and
larger-scale chromosome aberrations (reviewed in6–8).

AID is arguably the most ancient family member because all vertebrates use it for adaptive
immunity through antibody gene diversification (reviewed in1,9,10) (Fig. 1a). APOBEC1
appears to have evolved more recently, most likely from the duplication of an ancestral AID
gene prior to the split of species such as birds and lizards from the vertebrate phylogenetic
tree11,12 (Fig. 1a). In most species, the AID and APOBEC1 genes are located adjacent to
one another on the same chromosome. Current models posit that these genes provided the
substrate to root the APOBEC3 locus prior to the radiation of placental mammals, most
likely by another ancestral gene duplication event2,13,14 (Fig. 1a). Thus, despite this
considerable evolutionary gap, their common origin suggests that some present day
APOBEC3 protein activities and/or regulatory programs may still be conserved with those
of AID (in addition to their shared DNA deaminase activity). Indeed we and others have
seen that localization through CRM1 mediated nuclear export is a conserved property of
AID from a variety of different species15–19 (Fig. 1b).

The physiological functions of AID in antibody diversification and APOBEC1 in APOB
mRNA editing necessitate the transport of these enzymes to the nuclear compartment
(reviewed in1,20). Despite <30 kDa protein sizes, which should allow for passive diffusion
through nuclear pores, both enzymes are imported actively21–23. At least for AID, import is
accomplished through a non-canonical nuclear localization signal (NLS) interacting with the
adaptor importins α1, α3, and α5 in concert with the import factor β123. AID import may
also be affected by interactions with other proteins such as GANP and CTNNBL1 (reviewed
in24). Similarly, APOBEC1 binds with at least one other cellular protein, ACF, to enter the
nuclear compartment and access APOB mRNA substrates25–28. However, at steady state,
both AID and APOBEC1 appear cytoplasmic due to a strong C-terminal leucine-rich nuclear
export signal (NES)15,16,29. This NES directs export through the CRM1 pathway, which can
be blocked by incubating cells with leptomycin B (lepB) (Fig. 1b)30.

Curiously, A3B is the only human DNA deaminase family member with an apparent steady-
state nuclear localization31–38. This property is also evident in rhesus macaque A3B38.
Although human A3B has a putative positively charged NLS spanning residues 206–212,
mutagenesis studies showed that these residues are dispensable36. However, individual
domain as well as A3B/G chimera analyses were able to implicate an N-terminal region
spanning residues 1–60 in nuclear import31,36,37.

Here we find that A3B actively imports into the nucleus through a non-canonical N-terminal
NLS within the same region as the non-canonical NLS of AID. Additionally, both A3B and
AID interact with adaptor importin proteins. Despite previous work showing that these
enzymes can both inhibit retrotransposon replication31–33,39–41, other aspects of the
regulation and function of A3B and AID have clearly bifurcated. For instance, we show that
A3B and AID localize differently during mitosis. In addition, over-expression of A3B in
primary B cells does not confer an ability to perform class switch recombination, and, unlike

Lackey et al. Page 2

J Mol Biol. Author manuscript; available in PMC 2013 June 22.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



A3B, AID demonstrates little or no ability to restrict HIV-1 replication in single-cycle
infectivity assays. Since A3B appears to have constitutive access to genomic DNA, and it is
actively shuttled to the nuclear compartment, understanding additional levels of A3B
regulation will be important for determining whether in certain circumstances it is able, like
AID, to mutate genomic DNA and contribute to carcinogenesis.

Results
Relationship between A3B and AID

Consistent with a prior report23, we noticed that AID-eGFP has an import delay in
HEK293T cells compared to HeLa cells after lepB treatment (see 15 minutes time-point in
Fig. 1c). Similarly, we noticed less nuclear A3B-eGFP in HEK293T in comparison to HeLa
cells, an average of 60% vs 70% of measurable fluorescent signal, respectively (Fig. 1d).
A3B-eGFP displayed a HeLa-like nuclear concentration in a wide variety of other cell types
(e.g., Fig 1e and additional data not shown). This activity was independent of the epitope tag
and imaging procedure, as similar results were obtained for A3B-HA in fixed cells (Supp
Fig. 1). These observations suggested that HEK293T cells have an import defect and
provided correlative support for the hypothesis that A3B and AID share a common import
mechanism.

A3B is actively imported into the nucleus of plasma membrane-permeabilized cells
The nuclear pore complex (NPC) allows objects smaller than 50 kDa to enter into the
nucleus via passive diffusion, but passage is also influenced strongly by protein shape42,43.
Native A3B is approximately 45.9 kDa, but the GFP tag brings the total mass to
approximately 70 kDa. Since we see A3B-eGFP in the nuclear compartment, we would
predict A3B to enter the nucleus through active import. However, occasionally proteins
larger than 50 kDa are able to enter the nucleus through passive transport43,44. To address
this possibility, we used a permeabilization assay in which the detergent digitonin
permeabilizes the plasma membrane while leaving the nuclear membrane and pores
intact44,45. Then, the original cytoplasm is washed away and the cellular import machinery
can be added back with the addition of any cargos, such as a fluorescently tagged protein of
interest.

Using this assay, we found that full-length A3B-eGFP is imported within 20–30 minutes
into the nuclear compartment, as is the N-terminal half of the protein (A3B NTD-eGFP)
(Fig. 2a, quantified in 2b). In contrast, APOBEC3A-eGFP and eGFP, which are cell-
wide31,46, were only found in nuclei at very low levels (barely distinguishable from non-
fluorescent HeLa lysate) consistent with a passive diffusion mechanism (Fig. 2a, 2b). As a
positive control, fusing the SV40 NLS45,47,48 to APOBEC3A-eGFP allowed the protein to
concentrate in the nucleus (Fig. 2a, 2b). These data demonstrate an active nuclear import
mechanism for A3B-eGFP.

A3B and AID localize differently during the cell cycle
Human cells undergo open mitosis with nuclear envelope breakdown during prophase and
reformation after telophase. We hypothesized that both A3B-mCherry and AID-mCherry
would become cell wide upon breakdown of the nuclear envelope and return to their
respective subcellular locations after telophase. Cell-wide proteins with no regulatory
signals, such as mCherry, have an unaltered distribution throughout the cell cycle. In
comparison, histone2B-eGFP (H2B-eGFP) elicits the expected strong but broad nuclear
localization during G1 and a concentrated chromosomal distribution through mitosis (Fig. 3a
and Supp. Movies 1–2).
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Interestingly, during mitosis, although A3B-mCherry appears to shift as expected to a more
cell-wide localization, it also seems to be excluded from metaphase chromosomes marked
by H2B-eGFP. However, this localization phenotype only persists until ~10 minutes after
telophase when A3B-mCherry rapidly (~20–30 minutes) returns to its characteristic nuclear
localization (Fig. 3b and Supp. Movies 3–4). This rapid re-entry is further consistent with an
active import mechanism. These data also demonstrate that A3B is not becoming trapped
(and retained) with nuclear constituents as the nuclear membrane reforms after mitosis.
AID-mCherry also shifts as expected to a more cell-wide localization at the early stages of
mitosis. However, in contrast to A3B-mCherry, it appears to co-localize with H2B-eGFP
labeled DNA during anaphase and telophase, and it remains concentrated there for ~20
minutes before rapidly shuttling to the cytoplasm (compare 24–32 minute images in Fig. 3c
and Supp. Movies 5–6). These data support the conclusion that A3B is imported actively,
and they also provide new visual evidence for differential regulation of A3B and AID during
the cell cycle.

APOBEC3B and AID depend on the same predicted β2 region for nuclear import
Active nuclear import implies the existence of an NLS that directly or indirectly binds an
importin. AID, APOBEC1, and A3B have putative classical localization signals that have
been shown to be irrelevant for localization (although the putative NLS in AID is more
controversial), implying that the localization determinant for each of these enzymes is non-
classical or indirect15,16,22,23,36,49. Since the initial 60 residues are responsible for the
nuclear localization of A3B36, we mutated residues in this region to those of the related, but
cytoplasmic, A3G protein. However, no single mutational swap affected the localization of
A3B NTD-eGFP (Supp. Fig. 2).

Our second strategy for identifying residues involved in A3B nuclear import was through
comparison with AID. Amino acids 40–53 of AID have been implicated in nuclear import23.
Focusing on the homologous region in A3B, we discovered that the single amino acid
substitution mutant, valine (V) 54 to aspartic acid (D), caused full-length A3B-eGFP to
become cell-wide (Fig. 4a). Mutation of A3B V54 to D also diminished the nuclear import
of full-length A3B-eGFP in the digitonin import assay (Supp. Fig. 3). The homologous
residue in AID, tyrosine 48, when mutated to histidine, modestly decreased the efficiency of
nuclear import (Fig. 4b). This region of AID was predicted to form a β-strand (β2) when
modeled using the recent A3G catalytic domain structure (pdb 3IR2)50–52 (Fig. 4c).
Modeling of A3B using the same methodology predicted a similar β2 region on the external
surface of the protein (Fig. 4c). The residue identified in A3B is consistent with previous
reports on the importance of the N-terminal region for nuclear localization of A3B31,36 and
complements what we know about the localization of AID. We conclude that the same
structured region of AID and A3B, despite differences in primary amino acid sequence, is
involved in nuclear import.

APOBEC3B can interact with the adaptor importins α1, α3 and α5
The classical pathway for nuclear import is driven by adaptor import proteins (reviewed
in42,53–55). These proteins interact with the NLS as well as with karyopherin (importin β1)
and the entire complex crosses through the nuclear pore using a GTP energy gradient.
Because AID has been reported to interact with three of the adaptor importins, we tested
these known interactors for interaction with A3B, with the hypothesis that A3B might have
the same binding preferences. Indeed, pull-down experiments with GST-tagged adaptor
importins indicate that A3B can also interact with importin α1, α3 and α5 (Fig. 5). As
expected based on the localization defect described above, A3B V54D weakened these
interactions (Fig. 5). As previously reported23, wild-type AID bound these same importins,
but we were surprised to find that AID Y48H bound more strongly (Fig. 5). It is possible
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that the differential impact of the single amino acid substitution mutations may relate to
interaction strength, with an optimal intermediate affinity being required for import and
higher or lower affinities compromising this process. Nevertheless, despite this
incongruence, these results show that both AID and A3B can form complexes with adaptor
importins α1, α3 and/or α5.

AID and A3B are functionally divergent for class switch recombination and HIV restriction
Since AID performs its predominant physiological function in the nucleus, we asked
whether A3B could substitute for AID in promoting class switch recombination.
Specifically, we tested whether AID-deficient mouse B cells, which are unable to switch
antibody type, could be supplemented with A3B and convert from IgM to IgG56. In this
assay, only the positive control, catalytically active AID, was able to affect the switch from
IgM to IgG (Fig. 6a). Catalytically inactive AID (T27E), wild-type A3B and catalytically
inactive A3B (E255Q) were all unable to promote isotype switching (Fig. 6a). We conclude
that A3B’s ability to enter the nucleus, even via a similar pathway as AID, does not enable it
to perform class switch recombination.

To do the reciprocal experiment, we asked whether AID has the capacity to restrict HIV-1.
AID has been previously tested for the capacity to restrict HIV57,58, but not in a dose-
response study in which expression levels range. In comparison to A3B and A3G, which
strongly restrict Vif-deficient HIV-1 in single-cycle infection assays, AID showed little
activity despite having the capacity to package into viral particles (Fig. 6b & c). At low
expression levels the catalytic glutamate of A3G (E259) was required, consistent with prior
work59,60 (reviewed in61), whereas the analogous residue in A3B (E255) was only partly
required (consistent with the latter enzyme having two active sites62). We also found that
AID was a poor LINE1 (L1) inhibitor in comparison to A3B (Supp. Fig. 4). We conclude
that AID does not possess a strong capacity to restrict Vif-deficient HIV-1 or L1, but note
that this does not exclude it from possible roles in restricting the replication of other types of
retroelement substrates, as suggested previously40,63,64.

One prior report indicated that HIV-1 infection, and specifically expression of the viral
protein Vif, caused re-localization of several APOBEC3 proteins, including A3B65. In a
reconstruction experiment, we infected A3B- or A3G-mCherry expressing cells with
replication competent HIVLAI (Nef replaced by eGFP). No changes in localization were
observed for mCherry, A3G-mCherry, or A3B-mCherry in HIV-1 infected (GFP-positive)
cells (Fig. 6d and data not shown). Thus, HIV-1 does not appear to grossly alter the
localization phenotypes described here, and we cannot readily explain why our studies
diverge from the prior report that tried to address this question.

Discussion
AID is a well-studied enzyme with important functions in the adaptive immune response.
A3B has not been as extensively studied because it is specific to primates (there are no exact
homologs of any specific APOBEC3 in mice2), and it is more difficult to work with (it is
lethal to E. coli33). To address the hypothesis that A3B and AID are regulated in the same
way, we confirmed that A3B is generally nuclear, and we extended present knowledge by
showing that A3B is actively imported into the nucleus through a predicted β2 region and
that it has the capacity to interact with importins a1, a3, and a5. Why A3B is targeted
specifically and constitutively to the nucleus is an avenue of current research.

While human AID mutations result in severe immune deficiencies 66–68, A3B is deleted in
certain global populations with no obvious phenotypes (e.g., ~93% of Polynesians harbor
homozygous A3B deletion alleles69). It is not surprising to find that A3B was unable to
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perform class switch recombination in AID deficient murine B cells. However, this was
somewhat disappointing because we could envisage that forced expression of A3B in B cells
might have resulted in some lesions in the antibody locus that allow for class switch
recombination. The inability of A3B to perform class switch recombination echoes the
failure of APOBEC1 to perform class switch recombination in AID-deficient B cells70,71

and it is unlikely that any family member, apart from AID itself, will have this capability.

We also found evidence for differential regulation of A3B and AID during the cell cycle.
While A3B does not associate with H2B-labeled DNA during mitosis (particularly in late
telophase), AID is cell-wide during division and appears to concentrate transiently with
H2B-labeled DNA shortly after telophase and before being re-exported. We propose that
A3B and AID interact with different proteins during mitosis. Several interactors of
AID23,72–75 and A3B76,77 have been reported and one or more these proteins may contribute
to the new localization phenotypes described here (Fig. 3 and Supp. Movies 1–6). In
conclusion, our studies have demonstrated several similarities between A3B and AID with
respect to nuclear import, but they have also highlighted several differences in regulation
and function. Understanding the regulation of A3B, including its subcellular localization, is
important for knowing how the cell regulates A3B’s cytosine deaminase activity - either for
its benefit or detriment.

Materials and Methods
Constructs

Several constructs used in this paper have been reported previously including A3B-eGFP,
N-terminal A3B-eGFP, AID-eGFP, zebrafish AID-eGFP, and MLV AID viral
constructs 36,38,40,78. The pmCherry vectors used for time-lapse microscopy and the HIV
localization experiment are direct derivatives of these constructs. The eGFP-tagged
histone2B construct was a gift from J. Mueller. The GST-tagged importin α1, α3 and α5
constructs were gifts from J. Di Noia lab23. The HIVLAI nef::eGFP construct was a gift from
M. Stevenson. The A3A NLS construct was made with an NLS encoding primer set that
annealed to create a BsrGI site. This double-stranded oligo was inserted into the BsrGI site
at the 3′ end the GFP gene of A3A-GFP (Fwd 5′-
GTACAAGGATCCAAAAAAGAAGAGAAAGGTAGATCCAAAAAAGAAGAGAAAG
GTA GATCCAAAAAAGAAGAGAAAGGTACT-3′ and Rev 5′-
GTACAGTACCTTTCTCTTCTTTTTTGGATCTACCTTTCTCTTCTTTTTTGGATCTAC
CTT TCTCTTCTTTTTTGGATCCTT-3′). Site-directed mutagenesis was used to create
Y48H in AID and V54D in A3B. (A3B V54D Fwd 5′-
TGGGACACAGGGGACTTTCGAGGCCAG-3′ and Rev 5′-
CTGGCCTCGAAAGTCCCCTGTGTCCCA-3′) (AID Y48H Fwd 5′-
CTGGACTTTGGTCATCTTCGCAATAAG-3′ and Rev 5′-
CTTATTGCGAAGATGACCAAAGTCCAG-3′). The A3B transducing virus was inserted
into the AID MLV transducing virus backbone containing an IRES GFP and MLV long
terminal repeats, but because A3B restricts production of its own virus, its coding sequence
was disrupted with an inverted β-globin intron just before the second catalytic site (Fwd 5′-
NNNNGTCGACATGAATCCACAGATCAGAA-3′ and Rev 5′-
CCTTCTTCTCTTTCCTACAGgacccaggtgccattgtcc -3′, Fwd 5′-
CTGTAGGAAAGAGAAGAA-3′, Rev 5′-
GCCCATGTGCTGGTCCATCAGGTGAGTTTGGGGACCCTTG-3′ and Fwd 5′-
GGGCTTTCTATGCAACGAGGCTAAGAATCTTCTCTG -3′, Rev 5′-
NNNNACGCGTCTACTTGTACAGCTCGTCCAT-3′). The catalytic mutant was made by
site directed mutagenesis (Fwd 5′-GCCGCCATGCGCAGCTGCGCTTC-3′, Rev 5′-
GAAGCGCAGCTGCGCATGGCGGC-3′).
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Cell culture
All cells except the MCF10A cell-line were grown in DMEM (Invitrogen) supplemented
with 10% fetal bovine serum (HyClone). MCF10A cells were grown in MEBM base media
with 100 ng/mL cholera toxin and MEGM additives except for gentamicin (Lonza). HeLa,
HEK293T and MCF10A cells were obtained from the ATCC. U2OS cells were a kind gift
from J. Mueller and the JSQ3 and TR146 lines were a gift from M. Herzberg.

Live cell fluorescence microscopy experiments
Microscopy experiments were performed as described36 with minor modifications.
Approximately 20,000 cells of HeLa, HEK293T, U2OS, TR146, JSQ3 or MCF10A cells
were plated on LabTek chambered cover glasses (Nunc), grown for 24 hours, transfected
(Trans-IT LT1; Mirus) with 200 ng of DNA and incubated overnight. For live cell imaging,
cells were incubated with clear DMEM containing 0.1% Hoechst dye to stain the nuclei and
10 mM HEPES, pH7.4 and kept at 37 degrees Celsius. Time lapse microscopy for cell cycle
imaging was set up to take pictures at one-minute intervals using sealed chambered cover
glasses with normal growth media. For nuclear import analysis of AID, AID-eGFP
expressing live cells were treated with lepB (40 ng/ml) and followed over time78.
Quantification of cells for lepB was performed by fixing the cells at the indicated time-
points in 4% paraformaldehyde in PBS for 20 minutes before treating with 0.1% Hoechst
dye in PBS. A DeltaVision deconvolution microscope (Applied Precision) at 60× or 40×
magnification was used to collect all the images, and deconvolution was performed using
DeltaVision softWoRx software (Applied Precision).

Quantification of imaging
Images were quantified for comparison with CellProfiler (Broad Institute)79,80. To quantify
the nuclear localization of A3B-eGFP in HEK293T and HeLa cells, A3B-eGFP and A3B
V54D-eGFP in HeLa cells, and AID-eGFP and AID Y48H-eGFP in HeLa cells, pipelines
were set-up in CellProfiler to identify the nuclear compartment (based on Hoescht staining)
and the cell, based on the GFP fluorescence. The intensity was measured in the defined
nuclear and cellular compartments and the nuclear intensity divided by the total intensity.
Data for analysis was collected from CellProfiler and assembled and statistics calculated
with Prism 5.0 (GraphPad Software, Inc). The student t-test was used to calculate p-values
where indicated. To quantify the import of eGFP tagged lysate into digitonin permeabilized
cells we used CellProfiler to identify the nuclear compartment (based on Hoescht staining)
and measured the intensity of fluorescence in the nucleus for each construct. This direct
measurement was graphed with Prism 5.0 (GraphPad Software, Inc) and the Mann-Whitney
test used to calculate statistics for A3B-eGFP and A3B V54D-eGFP.

Digitonin permeabilization import assays
Digitonin permeabilization has been previously described45 and modified as below. HeLa
cells were plated onto 30 window slides at 50–150 cells/window and allowed to settle
overnight (#63434-02; Electron Microscopy Sciences). The slides were incubated for five
minutes on ice, washed five minutes in cold transport buffer (20 mM HEPES, pH 7.3, 110
mM potassium acetate, 2 mM magnesium acetate), and then permeabilized in 70 ug/mL
digitonin (EMD Chemicals, Inc) in transport buffer for five minutes. The digitonin solution
was removed by washing with cold transport buffer then the import mixture was applied
individually to each window. To make the lysates ~2.5 million HeLa cells were transfected
with 5 ug of DNA (TransIT LT1; Mirus) and allowed to express protein for 48 hours before
harvesting in 100 uL of transport buffer with protease inhibitors (Complete Protease
Inhibitor Cocktail Tablets; Roche). To check for protein expression in the lysates, samples
were run on acrylimide gels (BioRad), then transferred to PVDF membranes. After blocking
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for 1 hour (3% casein in PBS with 0.1% Tween), mouse anti-GFP (JL-8, BD Clontech 632
381) was used at a 1:2000 dilution. The membranes were incubated overnight 4 degrees C.
The membranes were washed four times with PBS Tween before incubating with 1:5000
goat anti-mouse HRP (BioRad) secondary for 1 hour at room temperature. The total import
mixture contained cell lysate, 0.5 mM GTP and 1 mM ATP. Each set of lysates was done in
triplicate. The import mixture incubated on the slides for 20 minutes at room temperature
and was washed away with cold transport buffer. The cells were fixed for 20 minutes with
4% paraformaldehyde on ice, washed with PBS, incubated for five minutes with PBS
containing 0.1% Hoechst dye to stain the nuclei, and a coverslip was mounted with a 50%
glycerol:PBS solution. A DeltaVision deconvolution microscope (Applied Precision) at 40×
magnification was used to collect the images, using the same shutter exposure (1 second) for
GFP fluorescence.

Protein modeling and alignments
The homology modeling server Swiss Model (http://swissmodel.expasy.org/) was used to
generate structures of A3B and AID based off the crystal structure of the C-terminal domain
of APOBEC3G (3IR2 Chain A)50–52. For A3B the QMEAN4 score was 0.52 and for AID
the QMEAN4 score was 0.57 (range from 0–1, higher numbers characterize more accurate
models)81. Models were loaded into the molecular visualization program, VMD82, and the
selected residues highlighted. The chosen views were rendered for display. For alignment
A3B sequence NCBI NP_004891.3, A3G sequence NCBI NP_068594.1, A3F sequence
NCBI NP_660341.2 and AID sequence NCBI NP_065712.1 were used in a ClustalW
alignment.

GST pulldown experiments
GST alone and GST-tagged importin α1, α3 and α523 were grown in BL21DE3 E. coli to
OD600 0.6, induced with Isopropyl β-D-1-thiogalactopyranoside (IPTG) at 0.4 mM and
expressed at 14 degrees for 16 hours. The cell pellet was resuspended in GST lysis buffer
(25 mM HEPES pH 7.4, 10% glycerol, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 1
mM MgCl2, 1 mM ZnCl2) with protease inhibitors. The suspension was sonicated (Misonix
XL-2000) three times for 2 minutes total (15 second pulses) with rests on ice. Debris was
pelleted from the solution at 14,000 rpm and the supernatent was incubated with glutathione
beads (Glutathione Sepharose 4 fast flow; GE Healthcare) overnight. The beads were
washed four times with GST lysis buffer. HEK293T cells were transfected with 5 ug of
DNA (Trans-IT LT1; Mirus) and allowed to express the GFP tagged proteins for 48 hours.
These cells were harvested, lyzed and the insoluble fraction pelleted by centrifugation.
Lysates were added to the glutathione beads and incubated overnight. The beads were
washed six times with lysis buffer and the bound proteins eluted by boiling with SDS
loading dye. Samples were run on acrylimide gels (BioRad), then transferred to PVDF
membranes. After blocking for 1 hour (3% casein in PBS with 0.1% Tween), mouse anti-
GFP (JL-8, BD Clontech 632 381) was used at a 1:2000 dilution. The membranes were
incubated overnight 4 degrees C. The membranes were washed four times with PBS Tween
before incubating with 1:5000 goat anti-mouse HRP (BioRad) secondary for 1 hour at room
temperature. The blots were developed with chemiluminescent reagents A and B and film
(Denville HyGlo A and B, HyBlot).

Class switch recombination assays
Both the class switch recombination assay and the AID deficient mice used to generate the B
cells have been previously described56,78. All experiments followed the guidelines set forth
by the University of Minnesota Animal Care and Use Committee. Briefly, B cells were
purified from the mouse spleen using magnetic sorting (Miltenyi Biotech) and cultured in
RPMI supplemented with 10% FBS, 50 ng/mL IL-4 and 50 ug/mL LPS. After 48 hours the
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cells were infected with GFP, AID, A3B and point mutant viruses, resuspended in fresh
media and cultured for 4 days. Conversion of IgM to IgG was measured by flow cytometry
(FACSCanto II, BD Biosciences) after staining with anti-IgG1-PE (BD Biosciences).

HIV single-cycle experiments
The single-cycle HIV assay and specific antibodies used for analysis have been described38

with the only modification being the use of HeLa cells. Briefly, either HEK293T or HeLa
cells were transfected with 1 ug of the HIV 1IIIB A200C proviral construct and 0, 25, 50 or
100 ng of HA tagged APOBEC3 construct. Twice as much AID-HA (50, 100, 200 ng) was
required for similar expression levels. The supernatents from the transfected cells were
added to the reporter cell line, CEM GFP, and these cells were subsequently analyzed by
flow cytometry to quantify viral titers. Cell and viral particle lysates were prepared and
immunoblotted as previously reported38.

HIV Infection and fluorescent microscopy studies
HeLa cells transfected with mCherry, A3G-mCherry and A3B-mCherry were seeded into 6
well plates on coverslips and allowed to adhere overnight. HIVLAI nef::eGFP was added to
half the samples and both treated and untreated cells were fixed with 4% PFA for 20
minutes in PBS at 0, 24 and 48 hours time-points. The nuclei were stained with Hoescht dye
(0.1% in PBS). The coverslips were mounted in 50% glycerol in PBS and imaged on a
DeltaVision deconvolution microscope (Applied Precision) at 40× magnification.
Deconvolution was performed using DeltaVision softWoRx software (Applied Precision).

Supplemental Methods
Immunofluorescence experiments

Approximately 20,000 cells of HeLa, HEK293T, U2OS, TR146, JSQ3 or MCF10A cells
were plated on LabTek chambered cover glasses (Nunc) and transfected with A3B-HA and
incubated overnight. Cells were washed with PBS, then fixed with 4% paraformaldehyde in
PBS for 20 minutes at room temperature. Cells were washed with PBS, incubated in
blocking buffer for 1 hour (1% BSA, 1% goat serum and 0.2% Triton-X 100 in PBS) then
stained with 1:200 mouse anti-HA 11 (Covance MMS-101P) overnight. Cells were washed
with PBS five times then incubated with 1:200 goat anti-mouse FITC (Jackson 115095146)
for 1 hour. After washing four times cells were incubated in PBS containing 0.1% Hoechst
dye to stain the nuclei. A DeltaVision deconvolution microscope (Applied Precision) at 60×
magnification was used to collect the images, and deconvolution was performed using
DeltaVision softWoRx software (Applied Precision).

LINE1 studies
L1 assays were carried as previous described33. Briefly, a LINE1 construct containing eGFP
with an inverted intron was transfected into HEK293T cells along with HA-tagged
constructs of interest. All constructs were tested in triplicate. After 48 hours the cells were
tested for eGFP expression by flow cytometry and then selected with 0.8 ug/mL of
puromycin. Flow cytometry was performed at the indicated time-points. Western blots were
performed from pooled cell lysates collected at 48 hours and probed with anti-HA and anti-
tubulin antibodies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Glossary The abbreviations used are

AID activation induced cytosine deaminase

APOBEC apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like

A3 APOBEC3

A3B APOBEC3B

A3G APOBEC3G

CTD C-terminal domain

eGFP enhanced green fluorescent protein

D aspartic acid

H2B histone 2B

HIV-1 human immunodeficiency virus, type 1

kDa kilodalton

lepB leptomycin B

L1 LINE1, long interspersed elements

NTD N-terminal domain

NES nuclear export signal

NLS nuclear localization signal

mRNA messenger RNA

V val, valine
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Highlights

APOBEC3B is imported actively into the nucleus.

APOBEC3B and AID can interact with several adaptor importin proteins.

APOBEC3B cannot substitute for AID in antibody gene diversification.

Despite some similarities, APOBEC3B and AID have distinct biological functions.
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Figure 1. Relationships between AID and A3B
(a) Phylogenetic tree depicting the APOBEC loci in the indicated species. The split between
fish and birds (~300 million years ago) and the divergence of the original placental mammal
(~100 million years ago) are shown11,12,14. (b) Representative images of HeLa cells
transfected with human or zebrafish AID-eGFP and treated with lepB or ethanol as a vehicle
control. (c) Representative images of HEK293T or HeLa cells expressing human AID-eGFP
after treatment for the indicated times with lepB. (d) Representative images of HEK293T or
HeLa cells expressing A3B-eGFP (quantified below; mean and SD shown for >20
individual cell measurements). (e) Representative images of A3B-eGFP expressed in the
buccal tumor epithelial line TR146, the squamous cell carcinoma line JSQ3, the breast
epithelial line MCF10A, and the osteosarcoma line U2OS.
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Figure 2. A3B is actively imported into the nucleus
(a) Representative images of digitonin treated HeLa cells incubated with lysates containing
GFP, A3B-eGFP, A3B NTD-eGFP, A3A-eGFP, or A3A NLS-eGFP. White arrows
highlight instances of active nuclear import. (b) Quantification of the results from (a) using
the same exposure for all conditions (FITC=1 second; n≥30 cells were examined and the
mean nuclear fluorescent intensity is indicated for each condition). The inset is an anti-GFP
immunoblot of representative cell lysates with asterisks indicating the correct bands.
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Figure 3. A3B and AID localize differently during the mitosis
Representative image frames of (a) mCherry, (b) A3B-mCherry, and (c) AID-mCherry
localization during HeLa cell cycle progression from late telophase of mitosis to early
interphase. H2B-eGFP images of the same cells are shown below each time series. The
white arrows at 0 min highlight informative cells, and the arrows at other time-points
indicate significant localization events discussed in the text.
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Figure 4. Single amino acid changes within the β2 region affects nuclear localization of A3B and
AID
(a) Representative images of A3B-eGFP and A3B V54D-eGFP in HeLa cells. The adjacent
dot plot reports quantification of the nuclear to total fluorescent signal (n≥25 cells were
analyzed for each condition with mean and SD shown). (b) Representative images of AID-
eGFP and AID Y48H-eGFP in HeLa cells taken 3 hrs after ethanol or lepB treatment. The
adjacent dot plot reports quantification of the nuclear to total fluorescent signal (n≥50 cells
were analyzed for each condition with mean and SD shown). Model ribbon structures of
AID and A3B NTD depicted adjacent to the actual structure of A3G C-terminal domain
(CTD). The β2 region and key amino acids in AID and A3B are labeled in red and circled;
the side chains of zinc-coordinating residues are illustrated in green.
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Figure 5. Both AID and A3B interact with members of the adaptor importin family
Immunoblots of input HEK293T protein lysates (bottom panel) and pulldown results for
eGFP, AID-eGFP, AID Y48H-eGFP, A3B-eGFP and A3B V54D-eGFP with the indicated
GST-importin substrates (top panels).
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Figure 6. A3B does not perform class switch recombination and AID does not restrict HIV-1
(a) Flow cytometry quantification of the isotype switch to IgG in AID-deficient murine B
cells expressing AID, A3B or non-functional mutants (mean and SD are shown for duplicate
samples). (b) Infectivity of HIV-1 produced in HeLa cells expressing HA tagged
APOBEC3G (A3G), A3B, AID and their catalytic mutants. High levels of restriction
correspond to lower levels of fluorescence in a reporter CEM-GFP cell line and a decrease
in infectious virus. Asterisks indicate that twice as much DNA was required for adequate
expression of AID (0, 50, 100 and 200 ng). (c) Immunoblots of viral particle proteins (top)
or cell lysate proteins (bottom) probed for anti-HA (APOBEC/AID expression), anti-p24 for
a virus loading control, or anti-tubulin for a cellular loading control. (d) Representative
images of mCherry, A3B-mCherry or AID-mCherry in HeLa cells 24 hrs after infection
with replication competent HIV-1LAI nef::eGFP. Cells expressing the protein of interest
infected with HIV are indicated by white arrows.
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