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ABSTRACT APOBEC enzymes are DNA cytosine deaminases that normally serve as
virus restriction factors, but several members, including APOBEC3H, also contribute
to cancer mutagenesis. Despite their importance in multiple fields, little is known
about cellular processes that regulate these DNA mutating enzymes. We show that
APOBEC3H exists in two distinct subcellular compartments, cytoplasm and nucleolus,
and that the structural determinants for each mechanism are genetically separable. First,
native and fluorescently tagged APOBEC3Hs localize to these two compartments in mul-
tiple cell types. Second, a series of genetic, pharmacologic, and cell biological studies
demonstrate active cytoplasmic and nucleolar retention mechanisms, whereas nu-
clear import and export occur through passive diffusion. Third, APOBEC3H cytoplas-
mic retention determinants relocalize APOBEC3A from a passive cell-wide state to
the cytosol and, additionally, endow potent HIV-1 restriction activity. These results
indicate that APOBEC3H has a structural zipcode for subcellular localization and se-
lecting viral substrates for restriction.
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The APOBEC3 (A3) enzymes are comprised of either one (A3A, A3C, and A3H) or two
(A3D, A3F, A3G, and A3B) zinc-coordinating domains that are grouped into three

identified clades based on sequence homology (Z1, Z2, and Z3) (1–3). A3H is unique
among the human A3 loci in that it is the most distantly related and is classified as the
only Z3 domain (1, 4). A3H is also the most naturally variable A3, with at least seven
different haplotypes and four unique splice variants that display differential enzymatic
activity, stability, and subcellular distribution (5–10). The canonical function of the A3s
is to restrict a wide variety of reverse-transcribing retroviruses and retroelements
through both deaminase-dependent and -independent mechanisms (4, 11–14). A3D,
A3F, A3G, and A3H incorporate into nascent HIV-1 particles and exert antiviral activity
by mutating cytosines to uracils in newly synthesized viral cDNA (G-to-A mutation on
the reverse strand) (8, 15–29). Interestingly, several lines of evidence have implicated
A3H, A3B, and A3A as major sources of mutation in several different cancer types,
including cervical, lung, head/neck, and bladder cancers (30–35). APOBEC mutational
signatures are present in over half of all human cancers and often account for the
majority of mutations in primary tumors, and in the case of breast cancer, they can
account for greater than 50% of the mutations in metastatic tumors (36, 37).

Although DNA deamination is the hallmark A3 enzymatic activity, RNA has emerged
as a significant regulator. Not only is RNA binding activity of restrictive A3s critical for

Received 14 July 2018 Returned for
modification 28 July 2018 Accepted 11
September 2018

Accepted manuscript posted online 17
September 2018

Citation Salamango DJ, Becker JT, McCann JL,
Cheng AZ, Demir Ö, Amaro RE, Brown WL,
Shaban NM, Harris RS. 2018. APOBEC3H
subcellular localization determinants define
zipcode for targeting HIV-1 for restriction. Mol
Cell Biol 38:e00356-18. https://doi.org/10.1128/
MCB.00356-18.

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Daniel J. Salamango,
dsalaman@umn.edu, or Reuben S. Harris,
rsh@umn.edu.

RESEARCH ARTICLE

crossm

December 2018 Volume 38 Issue 23 e00356-18 mcb.asm.org 1Molecular and Cellular Biology

https://orcid.org/0000-0002-5483-2684
https://doi.org/10.1128/MCB.00356-18
https://doi.org/10.1128/MCB.00356-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:dsalaman@umn.edu
mailto:rsh@umn.edu
https://crossmark.crossref.org/dialog/?doi=10.1128/MCB.00356-18&domain=pdf&date_stamp=2018-9-17
https://mcb.asm.org


encapsidation into viral particles and subsequent antiviral activity, but at least two
family members, APOBEC1 (38) and A3A (39), exhibit RNA-editing capabilities. Addi-
tionally, RNA binding has also been implicated in maintaining proper subcellular
localization for at least three different A3s: A3F, A3G, and recently A3H (5, 40–47).
Furthermore, interactions between several A3s and cellular proteins can be disrupted
by RNase A treatment, suggesting that RNA plays a pivotal role in regulating A3
activities. This is further evidenced by recent studies requiring RNase A treatment in
order to purify high quantities of recombinant A3H protein from cell lysates (40, 41, 48).

Multiple groups recently succeeded in solving the X-ray crystal structure of A3H and
discovered a surprising RNA-mediated dimerization mechanism (40, 48). In these
structures, two A3H monomers dimerize around a short, 7- to 9-base-pair RNA duplex.
Both the human and macaque A3H dimers were shown to interact extensively with the
RNA strands of the duplex through contacts with loop 1, loop 7, and �-helix 6. Several
separation-of-function mutants were identified within the RNA binding interface that
retained DNA deaminase activity but lost RNA binding and dimerization, cytoplasmic
localization, encapsidation, and anti-HIV activity (5, 40, 41). Curiously, disruption of the
RNA-mediated dimer resulted in strong nuclear enrichment of A3H (5, 6, 30, 40, 41).
Together, these findings further emphasize the importance of RNA in regulating A3
activities.

Here, we investigate the most common stably expressed and active A3H enzyme in
global populations, the 183-amino-acid splice variant of haplotype II (7, 29). Initially, we
sought to further characterize the role of the RNA binding interface in regulating A3H
subcellular localization, but we were surprised by distinct nucleolar and cytoplasmic
localization patterns for both native (untagged) and mCherry (mCh)-tagged enzymes.
Further characterization of these properties identified structural determinants on the
surface of A3H that regulate subcellular localization by genetically separable mecha-
nisms, resulting in active cytoplasmic or nucleolar retention with passive nucleocyto-
plasmic diffusion. Finally, we show that A3H cytoplasmic retention determinants can
relocalize A3A to the cytosol, which endows potent HIV-1 restriction activity. Overall, we
propose a model in which A3H contains overlapping structural zipcodes that regulate
steady-state subcellular localization.

RESULTS
Subcellular distribution of A3H. Previous studies have described A3H localization as

predominantly cytoplasmic (6, 40, 49, 50), so we were surprised when immunofluorescence
experiments using an A3H-specific polyclonal antibody detected two distinct subcellu-
lar pools of native A3H in HeLa cells (cytoplasmic and nuclear) (Fig. 1A, top). To confirm
that this localization pattern was not due to an artifact of the immunofluorescence
procedure, we added an N-terminal mCherry (mCh) fluorescence tag and still observed
dual localization in 293T cells, indicating that this localization pattern is independent of
detection method and cell type (Fig. 1A, bottom). In addition, two C-terminal splice
variants of 182 and 200 residues in length had indistinguishable localization patterns,
demonstrating that shared residues 1 to 182 govern both localization mechanisms (Fig.
1A, top and bottom).

These results suggested that A3H maintains steady-state levels in two distinct
subcellular compartments, which would be unique among the A3s since they typically
exhibit a single localization pattern (46, 51–53). First, we wanted to determine where
A3H localizes within the nucleus. The largest intranuclear organelles are the nucleoli,
which are comprised primarily of actively transcribed ribosomal DNA (rDNA), nascently
synthesized rRNA, and ribosome assembly proteins (54–59). To test for nucleolar
localization, we coexpressed mCh-A3H with enhanced green fluorescent protein-
tagged fibrillarin (FBL-eGFP), a well-studied nucleolar protein (60). As shown in Fig. 1B,
the bulk of the nuclear A3H overlapped with FBL-eGFP in nucleolar structures.

Recently, we and others discovered that A3H forms RNA-mediated homodimers and
that disruption of the dimer results in strong nuclear enrichment (40, 41). Because of
this, we were curious if A3H contains a nuclear localization sequence (NLS), which

Salamango et al. Molecular and Cellular Biology

December 2018 Volume 38 Issue 23 e00356-18 mcb.asm.org 2

https://mcb.asm.org


would also account for the robust nucleolar localization observed in Fig. 1A. To test this
idea, we generated 1�, 2�, and 3� mCh-A3H constructs and expressed them in 293T
cells (Fig. 1B). The maximal size of a protein that can passively diffuse through the
nuclear pore is 60 to 70 kDa (61–63); therefore, the addition of multiple copies of
mCherry would render A3H too big to passively diffuse into the nuclear compartment.
As demonstrated in Fig. 1B, the addition of 2� and 3� mCherry resulted in exclusively
cytoplasmic localization even though FBL-eGFP was observed in nucleolar structures,
suggesting that A3H import occurs through a passive mechanism.

Next, we asked whether A3H is exported actively from the nucleus to maintain
steady-state levels in distinct subcellular compartments. The related family member AID
has been shown to undergo rapid nucleocytoplasmic shuttling, with import dependent
on CTNNBL1 and export on CRM1 (64–66). To determine if A3H also undergoes rapid
nucleocytoplasmic shuttling, we used the CRM1 nuclear export inhibitor leptomycin B
(LepB) (67, 68). As shown in Fig. 1C, treatment of 293T cells with LepB resulted in
nuclear accumulation of AID-mCh over time. However, LepB treatment of cells express-
ing mCh-A3H did not display nuclear enrichment or increased nuclear accumulation,
suggesting that A3H is not rapidly exported from the nucleus through a CRM1-
mediated pathway. Taken together, these results indicated that movement of A3H into
and out of the nuclear compartment is most likely due to passive diffusion followed by
retention.

FIG 1 Evidence for cytoplasmic and nucleolar A3H. (A) Representative images of native A3H and mCherry-tagged (mCh) splice
variants. Scale bar, 10 �m. (B) Representative images of mCh-A3H with 1, 2, or 3 copies of mCherry coexpressed with
fibrillarin-eGFP (FBL-eGFP). Arrows indicate regions of interest (ROI). (C and D) Representative images of a time course
treatment with either leptomycin B (LepB) (40 ng/ml) (C) or actinomycin D (AMD) (0.001 ng/ml) (D). (E) Representative images
of the indicated mCh-A3H constructs coexpressed with FBL-eGFP in HeLa cells. ROI are indicated by arrows. Scale bars in panels
B to E, 5 �m.
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We next used actinomycin D (AMD) to better understand how A3H is retained within
the nucleolus. AMD normally inhibits RNA transcription at low dosages for short
treatment times (69, 70); however, increased dosage or treatment duration causes
redistribution of nucleolar compartments (71–73). We hypothesized that accumulation
of A3H within nucleoli occurs through binding to unknown nucleolar factors and that
dispersion of the nucleolar compartments would result in loss of A3H within the
nucleus. As expected, long-term treatment of 293T cells with AMD resulted in partial
relocalization of FBL-eGFP from nucleolar to nuclear, indicating nucleolar disassembly
(Fig. 1D, compare 0 h versus 16 h FBL-eGFP). Similarly, in support of our idea, AMD
caused A3H to disappear from nucleolar foci and become predominantly cytoplasmic
(Fig. 1D).

The loss of A3H from nucleoli following AMD treatment suggested that A3H may be
actively retained in nucleolar compartments. Since nucleoli are comprised primarily of
a dense concentration of rRNA and recent evidence suggests that a majority of A3H
activities are mediated by RNA-based interactions, we reasoned that A3H is retained in
nucleoli through interactions with rRNA. To test this, we examined the localization
patterns of previously reported separation-of-function mutants that maintain potent
DNA deamination activity but lose RNA binding and dimerization activities (5, 40). As
shown in Fig. 1E, wild-type A3H and three separation-of-function mutants (W115A,
RR175,6EE, and W115A/RR175,6EE) showed similar levels of nucleolar accumulation. We
were surprised by these results because they suggested that nucleolar retention of A3H
is not due to RNA binding activity but rather that A3H may be targeted specifically to
this compartment by a yet-unknown nucleolar factor.

A3H loop 1 is required but not sufficient for nucleolar localization. We next
predicted that nucleolar retention of A3H would be due to specific cis-acting residues.
Analysis of the A3H protein sequence using a prediction algorithm based on known
nucleolar retention sequences (74, 75) suggested that a nucleolar targeting sequence
may exist within loop 1, which encompasses a stretch of positively charged arginine
and lysine residues (Fig. 2A). While no strict consensus motif has been defined for
nucleolar targeting, numerous proteins have been characterized as having targeting
sequences comprised of stretches of basic amino acids (76, 77). To determine if these
residues have a role in nucleolar targeting, we changed each basic residue within loop
1 to glutamate and assessed the effect on localization. As quantified in Fig. 2B and
depicted in representative images in Fig. 2C, single-amino-acid substitutions at posi-
tions K16, R17, R18, R20, and R21 significantly attenuated nucleolar localization com-
pared to that for wild-type A3H and FBL-eGFP controls, while substitutions at positions
R10, R26, and K27 had little effect. Additionally, several of these mutants (K16E, R18E,
R26E, and K27E) have been reported to have potent DNA deamination activity and
antiviral activity against HIV-1, and therefore, loss of nucleolar accumulation is not due
to protein stability or misfolding (references 40 and 41 and data not shown). Further-
more, replacing all positive residues from position 16 to 21 with either alanine or
glutamate resulted in abrogated nucleolar localization when expressed in 293T, U2OS,
or HeLa cells (Fig. 2D). Taken together, these data indicated that loop 1 could be acting
as a nucleolar targeting sequence.

To determine if loop 1 is sufficient to drive nucleolar accumulation of a related
single-domain enzyme, we exchanged loop 1 from A3H with loop 1 from A3A, which
exhibits cell-wide localization when overexpressed (53) or cytoplasmic localization at
endogenous expression levels (78). Importantly, the crystal structure of A3A has been
determined (79–81) which allows for structure-guided analysis between A3A and A3H
(40, 41) (structural overlay in Fig. 3A). Additionally, A3A is known to have very potent
deaminase activity, and because of this, all initial studies using A3A as a molecular
scaffolding were done with the catalytically inactive E72A mutant to avoid cytotoxicity
(31, 82–84). As expected, overexpressed mCh-A3A displayed cell-wide localization;
however, exchanging loop 1 from A3H had no discernible effect on localization when
expressed in 293T, U2OS, or HeLa cells (Fig. 3B).
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Chimeras exchanging loop 1 and either loop 7 or �-helix 6 relocalize A3A to
the nucleus through an active import mechanism. Since A3H and A3A are single-
domain enzymes with nearly identical cores, we constructed additional chimeras to ask
what surface residues are required to endow A3A with A3H properties. We first tested
other components of the RNA binding interface because our work implicated loop 1 in
nucleolar retention (see above) and structural studies showed select loop 1 residues
together with loop 7 or �-helix 6 residues combining to bind duplex RNA (40, 41, 48).
We therefore generated A3A chimeras that exchanged loop 7 or �-helix 6 alone or in
combination with loop 1 and assessed localization (structural overlay in Fig. 4A and C).
Neither loop 7 nor �-helix 6 alone had any effect on A3A localization (similar to
exchange of loop 1 alone). However, when exchanged in combination with A3H loop
1, either loop 7 or �-helix 6 residues were sufficient to relocalize A3A to the nucleus in
all cell lines tested (A3AA3H-L1/L7 and A3AA3H-L1/H6 in Fig. 4B and D).

FIG 2 A predicted nucleolar targeting sequence in loop 1 is required for nucleolar localization. (A) Alignment of A3H, A3A, and A3B C-terminal domain amino
acid sequences flanking loop 1 (dashed line). The predicted nucleolar localization sequence of A3H is indicated by the solid line. (B) Quantification of nucleolar
fluorescence intensity of the indicated A3H constructs (n � 50 nucleoli). The dashed lines highlight �SEM from wild-type quantification. ns, no significance;
***, P � 0.001 by the unpaired Student t test. (C and D) Representative images of the indicated mCh-A3H constructs coexpressed with FBL-eGFP. ROI are
indicated by arrows. Basic-to-Ala/Glu refers to amino acids K16 to R21 replaced by either alanine or glutamate. All scale bars, 5 �m.
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It was odd that these A3A chimeras displayed such a strong nuclear localization
phenotype given that neither wild-type A3A nor A3H displays this localization pattern
normally. We wondered if these chimeras were being actively imported into the nuclear
compartment through the putative nucleolar targeting motif in loop 1. Canonical
nuclear import sequences are comprised of clusters of positively charged residues (85,
86), much like the composition of A3H loop 1, and there have been several examples
of nuclear/nucleolar import sequences that have overlapping import functions (87–89).
To test this idea, we generated A3A wild-type, A3AA3H-L1/L7, and A3AA3H-L1/H6 constructs
with a 3� mCherry tag and assessed localization. As we would expect, 3� mCh-A3A
displayed nuclear exclusion (fully cytoplasmic); however, both the A3AA3H-L1/L7 and
A3AA3H-L1/H6 chimeras displayed strong nuclear localization even in the presence of 3�

mCherry (Fig. 4E). To confirm that the relocalization of A3A chimeras shown in Fig. 4
was due to the presence of A3H loop 1 and not, for instance, due to the loss of protein
determinants involved in regulating A3A localization, we tested the exchange of A3B

FIG 3 A3H loop 1 is not sufficient for redistribution of A3A to the nucleolus. (A) Structural overlay of A3H
(PDB 6B0B) and A3A (PBD 4XXO), highlighting the positioning of loop 1. (B) Representative images of
A3H loop 1 swapped into mCh-A3A. Scale bar, 5 �m.
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C-terminal domain (CTD) loop 1 alone or in combination with loop 7 or �-helix 6 from
A3H (a sequence alignment is depicted in Fig. 2A). As shown in Fig. 4F, when A3B CTD
loop 1 was exchanged in combination with either loop 7 or �-helix 6 from A3H, the A3A
chimeras failed to relocalize to the nuclear compartment in all cell lines tested (293T
and HeLa cells also display cell-wide localization [data not shown]), further indicating
that A3H loop 1 functions as a nuclear import/nucleolar retention sequence under
certain conditions.

Loop 3 in combination with the RNA binding interface governs A3H nucleolar
localization. While relocalization of the A3A chimeras to the nucleus was interesting,
it still did not explain what protein components are required for A3H nucleolar
retention. The results in Fig. 1 and 4 suggested that components of the RNA binding
interface may have overlapping functions as localization determinants, since partial
reconstitution of the RNA binding interface in A3A could initiate active nuclear import.

FIG 4 Loop 1 of A3H in combination with either loop 7 or �-helix 6 can relocalize A3A to the nucleus through an active
import mechanism. (A and C) Structural representation of A3H overlaid with A3A to highlight the orientations of loop 1,
�-helix 6, and loop 7 within the RNA binding interface. (B and D) Representative images of cells expressing the indicated
mCh-A3A construct. Scale bars, 5 �m. (E) Representative images of the indicated construct with either 1� or 3� mCherry.
(F) Representative images of A3A chimeras with loop 1 exchanged from either A3H or A3B alone or in combination with
A3H loop 7 or �-helix 6. Scale bars, 10 �m.
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Therefore, we wondered whether exchanging the entire A3H RNA binding interface in A3A
would result in an A3H-like nucleolus/cytoplasm localization pattern. We exchanged these
components in A3A (referred to as A3AA3H-RNA) and still only observed nuclear localization,
demonstrating that additional residues outside the RNA binding interface contribute to
both A3H nucleolar and cytoplasmic retention mechanisms (Fig. 5C).

To gain further insight as to what these protein components might be, we examined
the structures of A3H and A3A, looking for regions outside the RNA binding interface
that are significantly different (the sequence alignment is shown in Fig. 5A, and the
structural overlay is shown in Fig. 5B). One obvious region is loop 3, which is comprised
of three consecutive lysine residues in A3H and is 10 residues longer with no concen-
trated positive charge in A3A. Because of this, we wondered if A3A loop 3 was sterically
hindering relocalization of the chimeras tested for Fig. 4. As shown in Fig. 5C, exchang-
ing loop 3 alone had no effect on A3A localization; however, exchanging loop 3 along
with the RNA binding surface from A3H resulted in strong nucleolar accumulation (Fig.
5C). Additionally, A3H nucleolar accumulation was compromised in all cell lines tested
by exchanging loop 3 with A3A loop 3 (Fig. 5D), and replacement of individual A3H
loop 3 residues K50, K51, and K52 by glutamate also caused nucleolar accumulation to
be strongly reduced (Fig. 5E and F). Taken together, these data identified loop 3 as part
of the nucleolar localization mechanism and indicate that several cis elements on the
surface of A3H, such as loop 1, loop7, and �-helix 6, work cohesively to promote
nucleolar localization.

Relocalization of A3A to the cytoplasm endows potent HIV-1 restriction activ-
ity. Closer examination of the A3A and A3H crystal structures led to the identification
of both the RNA binding interface and loop 3 as determinants involved in regulating
nucleolar localization of A3H. However, these chimeric constructs still failed to recapit-
ulate A3H cytoplasmic localization even though we had reconstituted the full RNA
binding interface. To better understand the cytoplasmic retention mechanism, we
assessed the localization patterns of A3H homologs (A3Z3s) from related species. We
tested mCherry-tagged rhesus macaque, cow, pig, sheep, and cat A3Z3 domains and
confirmed cytoplasmic localization and, in some instances, also nucleolar accumulation,
consistent with previous reports (references 6, 90, and 91 and data not shown). With
this in mind, we compared amino acid sequences from these related A3Z3s to human
A3H and A3AA3H-RNA�L3 to identify amino acid residues that were conserved among
A3Z3s but differed from those in the A3AA3H-RNA�L3 chimera. We reasoned that
excluding these residues from our search would reveal additional determinants in-
volved in cytoplasmic retention that were not apparent in the cocrystal structure of
A3H in complex with duplexed RNA (40, 41, 48). As shown in Fig. 6A, several regions
were identified as potential candidates: �-helix 1, a four-amino-acid “insertion” at the
end of �2, loop 9, and a WG “insertion” at the top of �-helix 3. We exchanged various
combinations of these regions using the A3AA3H-RNA�L3 chimera as a scaffold and
observed no discernible differences in localization patterns (data not shown). However,
when we exchanged �-helix 1 in combination with loop 9 and the deletion of the “WG”
sequence at the top of �-helix 3, the A3A chimera displayed a dual-localization pattern
similar to that of wild-type A3H in all cell lines tested (Fig. 6B).

Since the cytoplasmic retention of A3H has been linked to RNA binding, dimeriza-
tion, and antiviral activity, we were curious about whether the A3A chimera that
exhibited wild-type A3H-like localization could also restrict HIV-1. We tested the A3A
chimeras that displayed either nucleolar/cytoplasmic localization or nuclear/nucleolar
localization for their ability to restrict Vif-deficient HIV-1 particles. Vif is a well-
characterized HIV-1 accessory gene product that counteracts the restrictive potential of
the A3s by targeting these enzymes for proteasomal degradation in virus-producing
cells (92). Because of this, we performed viral infectivity assays with Vif-deficient HIV-1
proviral plasmids to accurately assess antiviral activity of the A3A/H chimeras. As shown
in Fig. 6C, the A3A chimera that displayed nucleolar/cytoplasmic localization could
restrict HIV-1 particles in a dose-dependent manner, while the nucleolar/nuclear chi-
mera failed to restrict virus at all concentrations tested (similar infectivity results were
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FIG 5 Loop 3 of A3H contributes to nucleolar retention along with the RNA binding interface. (A) Alignment of wild-type A3H, A3A, and an
A3AA3H-RNA chimera (A3AA3H-RNA has loop 1, loop 7, and �-helix 6 exchanged from A3H) amino acid sequences that highlight loop 3 (boxed
sequence). (B) Structural representation of A3H overlaid with A3A to highlight the proximity of loop 3 to loop 1. (C to E) Representative images
of the indicated A3A and A3H constructs. ROI are indicated by arrows. (F) Quantification of nucleolar fluorescence intensity of the indicated
A3H constructs (n � 50 nucleoli). The dashed lines highlight �SEM from wild-type quantification. ns, no significance; ***, P � 0.001 by the
unpaired Student t test. All scale bars, 5 �m.
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observed for untagged wild-type and mutant constructs [data not shown]). Addition-
ally, the A3A chimera that displayed an A3H-like localization pattern and robust
antiviral activity was observed at higher levels in viral particles than were wild-type and
nuclear/nucleolar A3A proteins. This is the first instance in which the virus-targeting

FIG 6 Relocalization of A3A to the cytoplasm confers antiviral activity against Vif-deficient HIV-1. (A)
Amino acid alignment of A3H and the A3AA3H-RNA�L3 chimera. Asterisks indicate amino acids in
analogous A3Z3s that have similar biophysical properties. Dashed boxes indicate ROI. (B) Representative
images of the indicated mCh-A3 chimeric proteins. Scale bar, 10 �m. (C) Top, Vif-deficient HIV-1
restriction assay with the indicated A3 constructs (“�” indicates that �-helix 1, loop 9, and the RNA
binding interface are exchanged along with the indicated regions). A representative image of each enzyme
is shown above the corresponding viral infectivity results. Bottom, immunoblots demonstrating expression
of each construct in the cell lysate and the ability of the A3 protein to package into Vif-deficient HIV-1
particles. The asterisk indicates a nonspecific band in the viral particle blot. Scale bar, 5 �m.

Salamango et al. Molecular and Cellular Biology

December 2018 Volume 38 Issue 23 e00356-18 mcb.asm.org 10

https://mcb.asm.org


mechanism from one A3 enzyme has been transferred fully to a normally nonrestrictive
A3 enzyme.

DISCUSSION

Human A3H is unique among the A3 family members because it has the most
natural variation across global populations, and it is the only single-domain enzyme to
display potent antiviral activity against HIV-1. Here, testing an extensive panel of A3
chimeras and amino acid substitutions in a variety of cell lines revealed that A3H is
actively retained in two subcellular compartments, cytoplasm and nucleolus, by over-
lapping but genetically separable mechanisms. Moreover, the engraftment of cytoplas-
mic retention determinants from A3H into A3A proved sufficient to change A3A’s
“zipcode” to relocalize it from a cell-wide state to the cytosol predominantly and to
endow it with antiviral activity against HIV-1. Although these studies provide multiple
mechanistic insights and will help guide future work, it should be noted that a
necessary requirement was A3 overexpression in model cell lines. Additional technol-
ogies and studies will be needed to extend these results to endogenous A3H in primary
cell types.

A recent study implicated the RNA binding and dimerization activities of A3H in
cytoplasmic retention (40). We expected to find the same mechanism for nucleolar
retention; however, we directly tested this idea and found that three RNA binding/
dimerization-defective A3H mutants still accumulated to levels comparable to that of
the wild-type enzyme (Fig. 1E). When we further probed the nucleolar localization
mechanism of A3H, we found that single-amino-acid substitutions in loop 1 or loop 3
significantly decreased nucleolar accumulation (Fig. 2 and 5D and E). Interestingly,
when we asked which A3H surface residues are necessary to relocalize A3A from
cell-wide to nucleolar localization, we discovered that loop 3 in combination with the
RNA binding surface is required to relocalize A3A to nucleolar compartments (Fig. 4B
and D and 5C and data not shown). Taken together, these results suggest that some
determinants involved in the cytoplasmic retention/RNA binding mechanism are also
involved in mediating nucleolar localization, resulting in partly overlapping structural
zipcodes. Additionally, we demonstrate that nucleocytoplasmic shuttling of A3H occurs
through a passive mechanism with active retention. This conclusion is similar to that of
a previous study by Li and Emerman where the nuclear enrichment of A3H hap I was
shown to occur through a passive mechanism and the cytoplasmic localization of A3H
hap II through an active retention mechanism (6).

However, if our model of partially overlapping determinants were correct, one might
expect loop 3 to be included as part of the RNA binding surface. Cocrystal structures
between A3H and the duplex RNA resolve only 7 to 9 bp, which is too short to assess
potential interactions between RNA and loop 3 residues. To overcome this lack of
information, computational modeling was used to establish the lowest-energy confor-
mation of an extended RNA chain to determine if loop 3 could contribute to the overall
RNA binding mechanism. As shown in Fig. 7A, these computational studies suggested
that the negatively charged phosphate backbone of the RNA will interact with the
positively charged residues in loop 3 (50KKK52). Based on this model, the RNA chain
would extend past the enzymatic active site and interact directly with loop 3, which is
likely to sterically inhibit single-stranded DNA binding and deamination. This is con-
sistent with observations that recombinant A3H lacks detectable enzymatic activity if
purified without RNase A (40). Importantly, this model indicated that loop 3 has a dual
role in mediating both cytoplasmic and nucleolar localization, which is supported by
our reciprocal chimera data in Fig. 5C and D, as well as by the single-amino-acid
substitutions shown in Fig. 5E and F.

Although our results in Fig. 1E indicated that nucleolar localization is independent
of RNA binding activity, additional data, including computational modeling, nucleolar
A3A/H chimeras, and the A3H/A loop 3 chimera and loop 3 single-amino-acid substi-
tutions, raised the possibility that A3H forms two distinct types of ribonucleoprotein
(RNP) complexes to regulate subcellular localization (model in Fig. 7B). Nascently
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translated A3H is directed down one of two paths. In one instance, select loop 1
residues together with loop 7 or �-helix 6 residues combine to bind duplex RNA and
heterodimerize in the cytoplasm (RNP1). In the other, monomeric A3H diffuses into the
nuclear compartment and is actively retained in the nucleolus through a second RNP
complex requiring select residues in loop 1 and loop 3 and potentially residues in loop
7 or �-helix 6 (RNP2). Homeostasis is maintained by remodeling of cytoplasmic RNAs to
release the dimer or through cell cycle progression which dissolves nucleoli to release
monomers (Fig. 7B). This model explains why nucleolar accumulation of A3A requires
that the entire A3H RNA binding surface be exchanged in combination with loop 3 (Fig.
3 to 5), why mutations in the previously described RNA binding domain have no effect
on nucleolar localization, and why substitutions in loops 1 and 3 do not disrupt
cytoplasmic retention. This model also raises the interesting possibility of A3H regula-
tion by a specific RNA(s) in each subcellular compartment.

An A3A/H chimera analysis enabled us to define the A3H cytoplasmic retention mech-
anism, and it indicated that �-helix 1, loop 9, and the “WG” sequence at the top of �-helix
3 are important (Fig. 6B and 7A). As determined by A3H crystal structures, �-helix 1 and
loop 9 are in close proximity to each other and may act as a type of “molecular clasp” that
stabilizes the RNA binding interface and locks the surface into the correct orientation for
dimerization. Likewise, the “WG” sequence at the top of �-helix 3 is adjacent to loop 3 and
may be involved with stabilizing the predicted loop 3/RNA backbone interaction (Fig. 7A).
Interestingly, when A3A was modified to display an A3H-like localization pattern (Fig. 6B),
it also gained the ability to package into and restrict the infectivity of Vif-deficient HIV-1
particles in a dose-dependent manner (Fig. 6C).

The data presented here and recent works (40, 48, 93) have linked A3H cytoplasmic
retention and RNA binding to antiviral activity against HIV-1. This implies an intimate
connection between subcellular localization and virus restriction and raises the ques-
tion of nucleolar A3H function. Based on known biochemical activities of A3H (30, 41,
94), this enzyme may edit viral DNA cytosines or methylated cytosines as part of a
nuclear virus restriction mechanism. Indeed, many different viral proteins are known to
travel through the nucleoli from diverse viral families such as Herpesviridae, Coronaviri-
dae, and Flaviviridae (95–101). An additional problem, however, is that most of these
potential viral substrates have RNA-based genomes. Thus, we speculate that the larger
active-site cavity of A3H required for methyl-cytosine editing may also be able to
accommodate RNA cytosine bases and edit RNA cytosines to uracils and, therefore, that
A3H may act as a guardian of the nucleolus, protecting this compartment from viruses
that partially, or fully, require nucleolar translocation.

FIG 7 Computational modeling predicts that the duplexed RNA phosphate backbone interacts with loop 3 of A3H. (A) Structural
model of the A3H/RNA cocrystal structure with 5 uracil nucleobases computationally added onto on the RNA chain that extends
toward the enzymatic active site (additional residues are colored orange). Loop 1 and loop 3 are highlighted in blue. (B) Predicted
model of how A3H maintains steady-state localization in two distinct subcellular compartments. RNP, ribonucleotide protein complex.
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MATERIALS AND METHODS
Cell lines, culture conditions, and inhibitor treatments. 293T cells were maintained in Dulbecco

modified Eagle medium (DMEM) (HyClone, South Logan, UT) supplemented with 10% fetal bovine serum
(FBS) (Gibco, Gaithersburg, MD) and 0.5% penicillin-streptomycin (50 units). HeLa cells were maintained
in RPMI (HyClone) supplemented with 10% FBS (Gibco) and 0.5% penicillin-streptomycin (50 units). U2OS
cells were maintained in McCoy’s 5A medium (HyClone) supplemented with 10% FBS and 0.5%
penicillin-streptomycin (50 units). 293T, HeLa, and U2OS cells were transfected with TransIT LTI (Mirus,
Madison, WI) according to the manufacture’s protocol. For inhibitor treatments, the indicated chemical
was added to the culture medium for the indicated length of time and imaged. Leptomycin B (Sigma, St.
Louis, MO) was used at a final concentration of 40 ng/ml, and actinomycin D (Sigma) was used at 0.001
ng/ml.

Plasmids and cloning. All mCh-A3 expression plasmids used in this study were cloned into a pQCXIH
retroviral expression vector. Point mutants were generated by PCR amplification using Phusion high-
fidelity DNA polymerase (NEB, Ipswich, MA) and overlapping PCR to introduce the indicated mutation.
A similar approach was taken to generate chimeric A3A/A3H constructs, except that the indicated A3s
were used as individual templates and then overlapping PCR was used to combine the two amplicons.
All mCh-A3 mutant amplicons were cloned in using AgeI and BsiWI restriction sites. The fibrillarin-eGFP
was cloned into a pcDNA 4/TO construct using HindIII and NotI restriction sites.

Immunofluorescence. Approximately 25,000 HeLa cells were plated on acid-washed and polylysine-
treated 22- by 22- by 1.5-mm coverslips (12-541-B; Fisherbrand, Minneapolis, MN) in a 6-well plate and
after 24 h were transfected with 500 ng of the indicated A3 plasmids, 1.5 �l TransIT-LT1 (2304; Mirus),
and 100 �l serum-free RPMI 1640 (Corning, Corning, NY). After 48 h, medium was removed and coverslips
were washed with phosphate-buffered saline (PBS), fixed in 4% methanol-free formaldehyde (28906;
Thermo Scientific) for 15 min, and rinsed 3 times for 5 min each in PBS with gentle rocking. Cells were
permeabilized with 0.2% Triton X-100 in PBS for 10 min, washed three time for 5 min each in PBS, and
then incubated in blocking buffer (0.0028 M KH2PO4, 0.0072 M K2HPO4, 5% goat serum [Gibco], 5%
glycerol, 1% cold water fish gelatin [Sigma-Aldrich], 0.04% sodium azide, pH 7.2) for 1 h. Cells were
washed in PBS and then incubated in rabbit anti-A3H primary antibody (NBP1-91682; Novus, Littleton,
CO) at 1:200 diluted in blocking buffer overnight at 4°C. Cells were washed three times for 5 min each
with PBS and then incubated in goat anti-rabbit secondary antibody–fluorescein isothiocyanate (FITC)
(111095144; Jackson Laboratories, Bar Harbor, ME) at 1:1,000 dilution in blocking buffer for 1 h at room
temperature. Coverslips were mounted on precleaned slides (Gold Seal Rite-On) using one drop (10 to
15 �l) of mounting medium (prepared by dissolving 1 g n-propyl gallate [Sigma] in 30 ml glycerol
overnight, adding 0.35 ml 0.1 M KH2PO4, adjusting the pH to 8 to 8.5 with K2HPO4, and adding water to
obtain a final volume of 50 ml). Slides were imaged on a Nikon inverted Ti-E deconvolution microscope
and analyzed using NiS Elements including deconvolution of images.

Fluorescence microscopy experiments. Approximately 10,000 293T, 6,000 HeLa, or 6,000 U2OS
cells were plated into a 96-well CellBIND microplate (Corning) and allowed to adhere overnight. The next
day, cells were transfected with 50 ng of the indicated mCh-A3 construct and 50 ng of FBL-eGFP, as
indicated in appropriate figure panels, and imaged at 48 h posttransfection. For experiments without
FBL-eGFP, 50 to 100 ng of the indicated mCh-A3 construct was transfected into the indicated cell lines
and imaged 48 h later. For DAPI (4=,6=-diamidino-2-phenylindole) treatment, NucBlue live cell stain
(Invitrogen) was added at the appropriate concentration to the culture medium, incubated at 37°C for
30 min, and then imaged. Images were collected at a magnification of �40 using an EVOS FL color
microscope (Thermo Fisher) or using a Nikon inverted Ti-E deconvolution microscope. Localization
patterns for all mutant constructs and chemical treatments (i.e., each experimental condition) were
examined from at least three independent fields of view and across three separate transfection
experiments. At least 90% of the cells imaged for each experimental condition showed the same
localization pattern, and one of these representative images was selected for presentation. Totals of at
least 30 to 50 cells per mutant construct and at least 20 to 30 cells for each chemical treatment were
analyzed. All images containing mCherry-tagged constructs have been pseudocolored with magenta
instead of red to accommodate readers who may be affected by colorblindness.

Molecular modeling. The coordinates of chains A, B, and C (which correspond to an A3H monomer
and the two chains of the double-stranded RNA bound to it) in the A3H crystal structure PDB 6B0B were
used for this study. In this structure, chain C corresponds to the RNA chain that is longer than the other
chain of the double-stranded RNA and extends into the active site as a single RNA strand. Residue E52
was computationally mutated back to a lysine residue using MOE software (102). The coordinates of two
RNA nucleotides (with a UU sequence) from chain C were saved as a template. This 2-nucleotide template
was used to add one U nucleotide at the 5= end of chain C by superimposing the 3= nucleotide of the
template onto the 5= nucleotide of chain C. A3H bound to this extended RNA was then entirely
minimized in MOE. Repetitively extending the RNA chain C by 1 nucleotide and minimizing, we obtained
an A3H model with 5 more U nucleotides at the 5= end of RNA chain C.

Viral infectivity. Approximately 250,000 293T cells were plated into a 12-well culture plate and
allowed to adhere overnight. The next day, cells were transfected with 100 ng of an HIV-1 vif-, vpr-, vpu-,
env-, and nef-deficient eGFP reporter virus (where nef has been replaced with cytomegalovirus [CMV]-
eGFP), 150 ng of a vesicular stomatitis virus (VSV) G expression construct, and increasing amounts of the
indicated mCh-A3 expression constructs or an empty-vector control (25 to 100 ng in 25-ng increments).
The medium was harvested at 48 h posttransfection and frozen for at least 8 h at �80°C, and then 100
�l of the viral medium was used to transduce 250,000 fresh 293T cells. After 48 h, eGFP-positive cells
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were analyzed using flow cytometry, and the percentage of infected cells was normalized to the
empty-vector control.

Immunoblot analysis. Cells transfected from the viral infectivity experiments described above were
detached from plates using PBS-EDTA, collected into 1.5-ml Eppendorf tubes, and centrifuged at 500 �
g for 10 min. Cell pellets were resuspended in 100 �l radioimmunoprecipitation assay (RIPA) buffer (10
mM Tris-Cl [pH 8.0], 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS,
and 140 mM NaCl), and 10% of the total cell lysate samples was combined with 2.5� SDS-PAGE loading
buffer. Viral samples were pelleted through a 20% sucrose cushion for 2 h at 20,000 � g at 4°C. Residual
medium and sucrose were aspirated from the pellet, and samples were resuspended in 2.5� SDS-PAGE
loading buffer. Samples were separated on a 4 to 20% gradient SDS-PAGE gel and transferred to
polyvinylidene difluoride (PVDF)-FL membranes (Millipore). The membranes were blocked in blocking
solution (5% milk plus PBS supplemented with 0.1% Tween20) and then incubated with primary antibody
diluted in blocking solution. Secondary antibodies were diluted in blocking solution plus 0.01% SDS.
Membranes were imaged with a Li-Cor Odyssey instrument or film. Primary antibodies used in these
experiments were anti-mCherry (ab167453; Abcam), anti-HSP90 (610418; BD Transduction Laboratories),
and anti-p24 (183.H12.5C; NIH Reagent Program). Secondary antibodies used were anti-rabbit IRdye
800CW-conjugated (827-08365; Li-Cor), anti-mouse Alexa Fluor 680-conjugated (A-21057; Molecular
Probes), anti-rabbit horseradish peroxidase (HRP)-conjugated (7074P2; Cell Signaling), and anti-mouse
HRP-conjugated (7076P2; Cell Signaling) antibodies.

Statistical analysis. Prism 6.0 (GraphPad) was used for statistical analysis. Quantitative data were
represented as mean � standard error of the mean (SEM). Statistical significance was determined by an
unpaired Student t test. Nucleolar fluorescence intensity was determined by subtracting background
fluorescence intensity from mCh-A3H fluorescence intensity within defined nucleolar compartments. The
nucleolar compartments were defined by coexpression of FBL-eGFP with the indicated mCh-A3H
mutants.
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