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Abstract

Human APOBEC3G (hA3G) is a member of the APOBEC-1 Related Protein (ARP) family of
cytidine deaminases. hA3G functions as a natural defense against endogenous retrotransposons and
a multitude of retroviruses, most notably human immunodeficiency virus type 1 (HIV-1). Nothing
is known about the cellular function of hA3G, however, upon HIV-1 infection hA3G functions as
an antiviral factor by mutating viral single stranded DNA during reverse transcription. Whereas
homologous deaminases such as APOBEC-1 and AID act on RNA and DNA, respectively, in the
cell nucleus, hA3G mutagenic activity appears to be restricted to the cytoplasm. We demonstrate
that hA3G is not a nucleo-cytoplasmic shuttling protein like APOBEC-1 and AID, but is strongly
retained in the cytoplasm through a mechanism that involves both the N and C-terminal regions of
the protein.
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Introduction

Human APOBEC3G (hA3G) belongs to the APOBEC-1 related protein (ARP) family of
proteins that carry out deamination of cytidine/deoxycytidine in the context of nucleic acids
[1]. The family is characterized by one or two zinc-dependent deaminase domains (ZDD, Fig.
1) that has a conserved amino acid sequence of (C/H)XEx,PCxxC distinct from other zinc-
binding motifs [2].

hA3G is an antiretroviral factor that hypermutates single stranded viral RNA during reverse
transcription [3,4]. HIV-1 accessory protein Vif is able to shuttle hA3G to the proteasomal
degradation pathway in order to counteract hA3G antiviral activity [5,6]. Aside from its
antiviral activity not much is known about the cellular function of hA3G. Therefore, we
analyzed hA3G’s homologies to other ARPs to gain insight into hA3G’s cellular function.
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Apolipoprotein B editing complex-1 (APOBEC-1) and activation-induced cytidine deaminase
(AID) are ARP family members with one ZDD that have well characterized cellular functions.
APOBEC-1 is the catalytic subunit of an editosome that edits apolipoprotein B (apoB) mRNA
at C6666 in liver and intestine of most mammals [7,8,9 ]. The editing event introduces a
premature stop codon resulting in the translation of a shortened apoB 48 protein while unedited
transcripts make apoB 100 [10,11]. AID’s deaminase activity is required for gene conversion,
somatic hypermutation and class switch recombination which are all key mechanisms involved
in diversification of immunoglobulins in B lymphocytes [12,13]. hA3G contains two ZDD
domains, each homologous to APOBEC-1 and AID and we have analyzed the individual halves
of hA3G, along with regions homologous to the nuclear localization signal (NLS) and nuclear
export signal (NES) domains of the other ARP family members [1] to determine whether
nucleo-cytoplasmic trafficking is also a part of hA3G’s function.

There are three main reasons why we analyzed the trafficking capabilities of hA3G. First,
nucleo-cytoplasmic trafficking is crucial for both APOBEC-1 and AID cellular functions,
respectively [14-19]. Trafficking of both deaminases requires a bipartite NLS in the N-
terminus, a C-terminal NES and interaction with chaperone proteins [15-17,20]. Second, hA3G
has an unknown cellular function but it is known to specifically target single stranded DNA
[4]. Therefore, trafficking to the nucleus would suggest hA3G has a specific genomic DNA
target for deaminase activity whereas cytoplasmic restriction suggests that hA3G is kept in the
cytoplasm to prevent genotoxicity. Lastly, hA3G antiviral activity is not entirely dependent on
deaminase activity. Deaminase inactive mutants retain antiviral activity [21,22], and Vif
independent hA3G antiviral activity in resting CD4+ T cells does not cause hypermutations in
the HIV genome [23]. If hA3G does traffic, multiple subcellular localizations could contribute
to deaminase-dependent and deaminase-independent activities.

Materials and Methods

Plasmid constructions

hA3G and hAID cDNAs were produced from oligo(dT)-primed total cellular RNA using avian
myoblastosis virus reverse transcriptase (Promega) from H9 cells, and Raji cells, respectively.
hA3G was subsequently subcloned into a pIRES-P [24] vector with N-terminal 6 His and HA
tags, respectively. hAID, was subcloned into pIRES-P with a C-terminal V5 tag. The N-
terminal and C-terminal deletion clones of hA3G were subcloned from full length hA3G
described above and were separated in the predicted linker region between the two regions of
shared homology [1,2] and a V5 tag was added to the N-terminus of the N-terminal deletion
clone. All NES hA3G mutations were made with site-directed mutagenesis using the
Quikchange system (Stratagene) and sequence verified. The SV40 NLS was inserted into a
unique EcoRYV site between the HA tag and first codon of hA3G for all full length hA3G clones
and the C-terminal deletion or between the /5 tag and the 209t codon of hA3G in the N-
terminal deletion, all clones were sequence verified for proper sequence and directionality.
Design and construction of CMPK and NLS-CMPK have been described previously [17].

Cell culture and transfections

HeLa cells obtained from ATCC (Manassas, VA) were maintained in DMEM containing 10%
(v/v) fetal bovine serum plus penicillin/streptomycin/fungizone (Cellgro), and non-essential
amino acids (Invitrogen) and were transfected using Lipofectamine 2000 according to the
manufacture’s protocol (Invitrogen). Leptomycin B (Calbiochem) was added for 4 h at 20 ng/
mL 20 h after transfections.
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Immunocytochemistry

Results

24 h after HeLa cells were transiently transfected in 6 well clusters they were fixed for 15 min
at room temperature with 2% paraformaldehyde in PBS. Fixed cells were permeabilized with
40 ug/mL digitonin (Sigma) in PBS and immunolabeled for 1 h at room temperature with anti-
HA (Convance) 1:500 or anti-V5 (Invitrogen) 1:500 in PBS containing 1% BSA, followed by
incubation for 1 h at room temperature with FITC conjugated goat anti-mouse 1gG antibody
(Organon Teknika-Cappel) 1:500 in PBS containing 1% BSA. Cells were maintained at 4 °C
in Vectashield mounting medium with DAPI (Vector) and were imaged by a QICIM-IR fast
12 bit mono chrome camera and Q capture software (Q-Imaging) through a 40X Olympus
objective with an Olympus X 70 inverted fluorescence microscope and label specific chrome
filters.

hA3G does not traffic between the nucleus and cytoplasm

Both APOBEC-1 and AID require a bipartite NLS within the first 35 amino acids (a.a.) and
cytoplasmic chaperones to traffic to the nucleus [14,17,20]. BLAST analysis of both
APOBEC-1 and AID revealed that a bipartite NLS is conserved among nine and eight
mammalian species for APOBEC-1 and AID, respectively. However, inspection of hA3G
showed it lacks key basic amino acids associated with an NLS (Fig. 1). Immunocytochemistry
(ICC) suggested that hA3G was localized only in the cytoplasm (Fig. 2B). This distribution
has been described previously [25,26], but could arise from a trafficking equilibrium that favors
the cytoplasm. The nuclear export inhibitor leptomycin B (LMB) is useful for trapping CRM1-
dependent trafficking proteins in the cell nucleus and has been used to demonstrate nuclear
accumulation of AID in B cells [15,20] and APOBEC-1 in heterokaryons [16]. Therefore, we
used AID as a positive control for LMB treatment in our cell system. Although LMB treatment
resulted in nuclear accumulation of AID (Fig. 2A) LMB was unable to trap hA3G in the nucleus
(Fig. 2B). These data suggest that hA3G does not undergo CRM1-dependent nuclear pore
export. Since sequence homolog analysis revealed that hA3G does not contain a canonical
bipartite NLS as seen in AID, we added a strong NLS (PKKKRKY) from the SV40 large T
antigen [27] to hA3G’s N-terminus to determine whether hA3G could be imported to the
nucleus. NLS-hA3G remained unable to localize to the nucleus with or without LMB (Fig.
2C). CMPK is frequently used as a nonspecific 'cargo’ protein in demonstrating NLS function
as it is an established cytoplasmic resident control (Fig. 3A). Consistent with prior reports
[17,27,28], CMPK trafficked to the nucleus when coupled to the S\V40 NLS (Fig. 3B). These
findings demonstrate that hA3G does not, and cannot be made to import to the nucleus and
suggested that it may be actively retained in the cytoplasm.

hA3G's leucine-rich regions are not functional nuclear export signals

Along with an N-terminal NLS, both APOBEC-1 and AID have C-terminal leucine-rich,
nuclear export signal (NES) domains (Fig. 1). In fact, for APOBEC-1 the NES is able to
override an N-terminal SV40 NLS, resulting in a cytoplasmic localization of the protein [16,
17]. BLAST analysis of both APOBEC-1 and AID revealed that the C-terminal NES is
conserved among nine and eight mammalian species for APOBEC-1 and AID, respectively.
Analysis of hA3G sequence shows two leucine-rich regions located within the N- and C-
terminal halves of hA3G conserved among ten mammalian species. These sequences are
homologous to those of APOBEC-1 and AID with the important difference that sequences of
hA3G both are lacking the last leucine in the consensus NES (Fig. 1). Given that only 36% of
the experimentally verified leucine-rich NES sequences contain the consensus sequence [29],
we set out to demonstrate whether the NES-like regions of hA3G were functional. Three
leucines were mutated to alanines in both halves of hA3G or in each half separately and
evaluated for their effect on the cellular distribution of hA3G with or without the S\V40 NLS.
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ICC revealed that regardless of the point mutations, hA3G mutants localized to the cytoplasm
(Fig. 3C—H). Thus, despite the need for a functional leucine-rich NES for cytoplasmic
localization of APOBEC-1 and AID [15-17,19,20], the leucine-rich motifs were not
determining factors in retaining hA3G in the cytoplasm.

hA3G half molecules are retained in the cytoplasm

The nuclear pore restricts simple diffusion of proteins into the nucleus to those less than 60
kDa. hA3G (384 a.a.) APOBEC-1 (229 a.a.) and AID (198 a.a.) are each predicted to form
higher order multimers [2,23,30-32] whose aggregate size may prohibit passive entry into the
nucleus. We investigated whether size contributed to hA3G cytoplasmic retention. To this end,
hA3G half molecules were designed based on the structure of the yeast cytidine deaminase and
RNA editing enzyme, CDD1 [2] and APOBEC3 secondary structure predictions [1]. N- and
C-terminal halves of hA3G were separated at the predicted linker region between the two
homologous zinc deaminase domains to produce a C-terminal deletion of hA3G containing
a.a. 1-208 and a N-terminal deletion of hA3G containing a.a. 209-384. ICC revealed that each
of the hA3G halves localized to the cytoplasm irrespective of an N-terminal SV40 NLS or the
nuclear export inhibitor LMB (Fig. 4). The data suggested that there is sufficient information
in either half of hA3G to confer cytoplasmic retention.

Discussion

We have shown that hA3G is strongly retained in the cytoplasm and does not undergo nucleo-
cytoplasmic trafficking like its paralogs APOBEC-1 and AID. Moreover, hA3G’s cytoplasmic
retention was not mediated by the NES-like, leucine-rich regions homologous to those
identified in APOBEC-1and AID [15-17,19,20]. hA3G contains an N-terminal and C-terminal
cytidine deaminase domain and both halves of hA3G contain sufficient information to confer
cytoplasmic retention. Consistent with the predicted evolutionary origin of hA3G as a tandem
duplication of a primordial ARP [1,2,33], perhaps like APOBEC-1 and AID, which each harbor
a single ZDD motif per polypeptide chain [30,31], each half of hA3G is capable of
multimerization thereby excluding it from the nucleus.

However, cytoplasmic retention in the presence of an SV40 NLS suggests more than
multimerization kept hA3G in the cytoplasm. In fact, ARP family members APOBEC3A
(containing one ZDD) and APOBEC3B (containing two ZDDs) have a predominantly nuclear
localization [34,35], while the most comparable paralog to hA3G, APOBEC3F (containing
two ZDDs), is strictly cytoplasmic [35]. Inspection of the protein sequences of APOBEC3A,
3B, and 3F reveal no obvious NLS, although APOBEC3B, unlike hA3G, does contain the last
leucine in its N-terminal leucine-rich region giving it a consensus NES, suggesting that
APOBEC3B might be a trafficking protein like APOBEC-1 and AID. APOBEC3 paralogs
therefore are distributed in the cell through yet-to-be discovered domains and/or through
interactions with RNA or protein chaperones.

The focus of our future research will be to determine whether novel domains, protein-protein/
RNA interactions, or post-translational modifications in both halves of the molecule are
responsible for the strong cytoplasmic retention of hA3G. Recent reports show hA3G in mMRNA
processing bodies, polysomes and stress granules where hA3G has only been shown to interact
with proteins through an RNA intermediate [35,36]. Moreover, hA3G forms a RNA-dependent
higher order complex with reduced antiviral activity in activated T cells [23] and a more active
low molecular mass complex in macrophages and resting T cells [37,38] suggesting that the
interaction between hA3G and RNA is closely linked to its antiviral potency [23,37,38] and
could be involved in the cytoplasmic retention of hA3G.
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Both APOBEC-1 and AID are tightly regulated in the cell but overexpression in cells that do
not express appropriate amounts of regulatory cofactors leads to a loss of substrate specificity
that can result in tumorigenesis [39-43]. A recent report showed that retroviral infection of
pre-B cells in bone marrow triggers expression of AID leading to DNA damage that marks the
virus infected cell for destruction by NK cells [44]. Since hA3G has been specifically shown
to deaminate single stranded DNA but not RNA [4], hA3G localization to the cytoplasm
restricts the deaminase from entering the nucleus keeping it away from genomic DNA.
APOBEC-1 and AID both function in the nucleus and must traffic to be active in their respective
cell types. hA3G has an as-of-yet undiscovered cellular role but its antiviral activity is clearly
restricted to the cytoplasm where its high level of expression can be achieved without the risk
of genotoxicity.
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human APOBEC3G (hA3G)

113 6 100 173 182 257 291 371 380
1 I | 384
NLS? ZDD NES? ZDD NES?

bipartite NLS homologies
hAPOBEC-1 153N IEPWEFDVFYDPRELINN-34

hAID 84F-LYQFKNV-RWAKGIdU-25
hA3G 114iMYRDTFSYNFYNRPILS|3{-30
consensus B(30£5)x(10-15)B(2)
NES homologies
hAPOBEC-1 173 YA-I#EI#-182
hAID 189 D T-1#Gi#-198
hA3G-NT 185 I EI!RH-195
hA3G-CT 371-8SG IIFON-380

consensus Lx(2,3)[LIVFM]x(2,3)Lx[LI]

Fig. 1.

A diagram depicting the two zinc-dependent deaminase (ZDD) domains of human
APOBEC3G (hA3G) and the regions homologous to the bipartite NLS and NES regions of
hAPOBEC-1 and hAID. The sequence homologies of the bipartite NLS are shown in the boxed
regions in hAPOBEC-1 and hAID. The underlined region in hA3G, demonstrates that a
bipartite NLS is not conserved in hA3G. The NES homologies show three conserved leucines
(boxed) and one leucine not conserved (underlined) in both the N-terminal (hA3G-NT) and C-
terminal (hA3G-CT) regions of hA3G corresponding to critical leucines that make up the NES
regions of hAPOBEC-1 and hAID, respectively (the human sequences are representative of
the respective regions of APOBEC-1, AID and A3G in a multitude of mammalian species).
The consensus NLS and NES are indicated below the respective homologies where x means
any amino acid and B means basic amino acids lysine and arginine.
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Fig. 2.

hA3G does not traffic to the nucleus. (A) Cellular distribution of AID. C-terminal V5 tagged
hAID transfected into HeLa cells localized to the cytoplasm (—LMB). Upon treatment with 20
ng/mL of LMB for 4 h (+LMB) hAID localized to the nucleus. (B) N-terminal HA tagged
hA3G transfected into HelLa cells localized in the cytoplasm with and without LMB treatment
(+/— LMB) and (C) NLS-hA3G with a SV40 NLS added to the N-terminus remained
cytoplasmic with and without LMB treatment (+/— LMB). The upper and lower panels for A—
C are two representative fields of the same treatment group. DAPI staining indicates the
position of the cell nuclei in each panel.
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Fig. 3.

The two NES-like leucine-rich domains in hA3G are nonfunctional. (A) Chicken muscle
pyruvate kinase (CMPK) transfected into HeLa cells localized to the cytoplasm. (B) SV40 NLS
added to the N-terminus of CMPK enables trafficking to the nucleus. hA3G with three leucine
to alanine mutations (boxed in hA3G-NT and hA3G-CT from Fig. 1) in either the N or C-
termini (C and E, respectively) or in both regions (G) localized in the cytoplasm when
transfected into HeLa cells. An N-terminal SV40 NLS added to the hA3G mutants in C, E, and
G, (D, F and H, respectively) were also localized in the cytoplasm when transfected into HeLa
cells. The side-by-side panels for A—H are two representative fields of the same treatment
group. DAPI staining indicates the position of the cell nuclei in each panel.
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Fig. 4.

Both halves of hA3G are responsible for cytoplasmic retention. Constructs were designed that
split hA3G in the predicted linker region between the two homologous halves of the protein.
The C-terminal deletion hA3G mutant, a.a. 1-208 (A), N-terminal deletion hA3G mutant, a.a.
209-384 (C) and each mutant with an N-terminal SV40 NLS (B and D, respectively) localized
to the cytoplasm when transfected into HeLa cells with or without (+/—) LMB treatment. The
upper and lower panels for A-D are two representative fields of the same treatment group.
DAPI staining indicates the position of the cell nuclei in each panel. The dashed lines indicate
the missing portions of the deletion mutants.
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