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7SL RNA promotes the formation of the signal recognition particle that targets secretory and membrane
proteins to the endoplasmic reticulum. 7SL RNA is also selectively packaged by many retroviruses, including
HIV-1. Here, we demonstrate that 7SL RNA is an integral component of the viral ribonucleoprotein (RNP)
complex containing Gag, viral genomic RNA, and tRNA3

Lys. Only the potent anti-HIV-1 cytidine deaminases can
bind to 7SL RNA and target to HIV-1 RNP. A conserved motif in the amino-terminal region of A3G is
important for 7SL RNA interaction. The weak anti-HIV-1 A3C did not interact with 7SL RNA and failed to
target to viral RNPs, despite efficient virion packaging. However, a chimeric construct of A3C plus the
7SL-binding amino terminus of A3G did target to viral RNPs and showed enhanced anti-HIV-1 activity. 7SL
RNA binding is a conserved feature of human anti-HIV-1 cytidine deaminases. Thus, potent anti-HIV-1
cytidine deaminases have evolved to possess a unique RNA-binding ability for precise HIV-1 targeting and viral
inhibition.

APOBEC proteins belong to a family of cytidine deaminases
that edit RNA or DNA (13). APOBEC3G (A3G) (50) and the
related human APOBEC3 are potent inhibitors of human im-
munodeficiency virus type 1 (HIV-1) in the absence of the viral
protein Vif. A major result of the packaging of A3G into
virions is the induction of C-to-U mutations in the minus-
strand viral DNA during reverse transcription (19, 30, 37, 38,
54, 62, 66). Human APOBEC3 proteins have been identified as
broad antiviral factors against HIV-1, simian immunodefi-
ciency viruses (SIV), murine leukemia virus (MuLV), adeno-
associated virus, and hepatitis B virus, as well as endogenous
retroelements (9, 14, 17, 18, 36, 46).

In order to successfully replicate, HIV-1 encodes the Vif
protein, which induces polyubiquitination and degradation of
multiple APOBEC3 molecules (11, 31, 32, 39, 40, 51, 53, 63).
Vif molecules of HIV-1 and SIV are substrate receptor pro-
teins that assemble with Cul5, Elongin B, Elongin C, and Rbx
to form an E3 ubiquitin ligase (63) through a virus-specific BC
box motif (40, 64) and another highly conserved HX2YFXCF
X4�X2A�X7-8CX5H motif (35, 41, 59, 60).

The human cytidine deaminases vary significantly in their
anti-HIV-1 activities. However, the reasons for this variation in
potency are not well understood. Also, the mechanisms gov-
erning the packaging of cytidine deaminases into HIV-1 virions
are as yet poorly defined. In the absence of the Vif protein,
A3G can be packaged into a wide range of retroviruses and
mediates potent antiviral functions in the newly infected target
cells. Encapsidation of A3G into HIV-1 particles is mediated

by the RNA-binding nucleocapsid (NC) domain of the Gag
molecules (2, 6, 7, 15, 34, 43, 49, 57, 65). While some studies
have reported that viral genomic RNA is required for efficient
A3G packaging (28, 55), other studies have found that viral
genomic RNA is dispensable for its packaging (2, 6, 7, 15, 34,
43, 49, 65). A role for cellular RNA in the virion packaging of
A3G has also been proposed, but there is no consensus re-
garding what cellular RNA is involved (3, 57).

In the present study, we examined the specific 7SL RNA
binding of various human cytidine deaminases and found that
only the more potent anti-HIV-1 cytidine deaminases A3G
and, to a lesser extent, A3B and A3F could interact with 7SL
RNA. We also identified a unique motif (RLYYF/YW) in the
amino-terminal region of A3G that mediates this selective
interaction with 7SL RNA. 7SL RNA is an integral component
of the viral RNP complex that contains HIV-1 Gag proteins,
viral genomic RNA, and primer tRNA3

Lys. We have also dem-
onstrated that nonfunctional anti-viral APOBEC proteins lack
the RLYYF/YW motif, interact poorly with 7SL RNA, and are
either packaged poorly into HIV-1 virions or fail to target to
7SL RNA- and HIV-1 genomic-RNA-containing RNPs. Fur-
thermore, the addition of 7SL RNA-binding capacity to the
weakly anti-HIV-1 A3C (in the form of an A3G amino termi-
nus/A3C chimera) was able to convert it to a more potent
anti-HIV-1 protein.

MATERIALS AND METHODS

Plasmid construction. The infectious molecular clone of the Vif mutant
(pNL4-3�Vif) construct and the expression vectors for AID, APOBEC1, and
APOBEC2 were obtained from the AIDS Research Reagents Program, Di-
vision of AIDS, National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health (NIH). Expression vectors for A3A-hemag-
glutinin (HA) and A3C-HA were generously provided by Michael Malim. The
expression vector for A3B-HA was generously provided by Ned Landau and that
for A3Gn/3A by Klaus Strebel. The A3G-HA and A3F-HA expression vectors
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have been described previously (63). The A3G mutant constructs derived
from the A3G-HA expression vector were constructed by the PCR-based
mutagenesis method using the indicated primers: A3GY91A Forward, 5�-T
ATGAGGTCACCTGGGCAATATCCTGGAGTCCC-3�; A3GY91A Reverse, 5�-
GGGACTCCAGGATATTGCCCAGGTGACCTCATA-3�; A3GI92A Forward,
5�-GAGTATGAGGTCACCTGGTACGCATCCTGGAGCCCCTG-3�; A3GI92A
Reverse, 5�-CAGGGGCTCCAGGATGCGTACCAGGTGACCTCATACTC-3�;
A3GS93A Forward, 5�-GAGTATGAGGTCACCTGGTACATAGCCTGGAG
CCCCTGCAC-3; A3GS93A Reverse, 5�-GTGCAGGGGCTCCAGGCTATGT
ACCAGGTGACCTCATACTC-3; A3GW94A Forward, 5�-GGTCACCTGG
TACATATCCGCGAGCCCCTGCACAAAG-3�; A3GW94A Reverse, 5�-CT
TTGTGCAGGGGCTCGCGGATATGTACCAGGTGACC-3�; A3GS95A
Forward, 5�-CACCTGGTACATATCCTGGGCCCCCTGCACAAAGTGTA
C-3�; A3GS95A Reverse, 5�-GTACACTTTGTGCAGGGGGCCCAGGATA
TGTACCAGGTG-3�; A3GR122A Forward, 5�-CCATCTTCGTTGCCGCC
CTCTACTACTTCTGGG-3�; A3GR122A Reverse, 5�-CCCAGAAGTAGT
AGAGGGCGGCAACGAAGATGG-3�; A3GL123A Forward, 5�-CTTCGTTG
CCCGCGCCTACTACTTCTGGGACCC-3�; A3GL123A Reverse, 5�-GGGT
CCCAGAAGTAGTAGGCGCGGGCAACGAAG-3�; A3GY124A Forward, 5�-C
GTTGCCCGCCTCGCCTACTTCTGGGACCCAGA-3�; A3GY124A Reverse,
5�-TCTGGGTCCCAGAAGTAGGCGAGGCGGGCAACG-3�; A3GY125A For-
ward, 5�-GTTGCCCGCCTCTACGCCTTCTGGGACCCAGATT-3�; A3GY125A
Reverse, 5�-AATCTGGGTCCCAGAAGGCGTAGAGGCGGGCAAC-3�;
A3GF126A Forward, 5�-GCCCGCCTCTACTACGCCTGGGACCCAGATTA
C-3�; A3GF126A Reverse, 5�-GTAATCTGGGTCCCAGGCGTAGTAGAGG
CGGGC-3�; A3GF126Y Forward, 5�-GCCCGCCTCTACTACTACTGGGACC
CAGATTAC-3�; A3GF126Y Reverse, 5�-GTAATCTGGGTCCCAGTAGTAG
TAGAGGCGGGC-3�; A3GW127A Forward, 5�-CGCCTCTACTACTTCGCT
GACCCAGATTACCAG-3�; A3GW127A Reverse, 5�-CTGGTAATCTGGGT
CAGCGAAGTAGTAGAGGCG-3�; A3GW127F Forward, 5�-GTTGCCCGCC
TCTACTACTTCTTCGACCCAGATTACCAGGA-3�; A3GW127F Reverse,
5�-TCCTGGTAATCTGGGTCGAAGAAGTAGTAGAGGCGGGCAAC-3�;
A3GW127L Forward, 5�-GTTGCCCGCCTCTACTACTTCCTGGACCCAGA
TTACCAGGA-3�; A3GW127L Reverse, 5�-TCCTGGTAATCTGGGTCCA
GGAAGTAGTAGAGGCGGGCAAC-3�; A3GW127Y Forward, 5�-GTTGC
CCGCCTCTACTACTTCTACGACCCAGATTACCAGGA-3�; A3GW127Y
Reverse, 5�-TCCTGGTAATCTGGGTCGTAGAAGTAGTAGAGGCGGGCAA
C-3�; A3GP129A Forward, 5�-CTCTACTACTTCTGGGACGCAGATTACCAG
GAGGCG-3�; A3GP129A Reverse, 5�-CGCCTCCTGGTAATCTGCGTCCCAG
AAGTAGTAGAG-3�; A3GD130A Forward, 5�-CTACTTCTGGGACCCAGCTT
ACCAGGAGGCGC-3�; A3GD130A Reverse, 5�-GCGCCTCCTGGTAAGCTG
GGTCCCAGAAGTAG-3�; A3GY131A Forward, 5�-CTTCTGGGACCCAGATG
CCCAGGAGGCGCTTC-3�; A3GY131A Reverse, 5�-GAAGCGCCTCCTGGGC
ATCTGGGTCCCAGAAG-3�; A3GQ132A Forward, 5�-TTCTGGGACCCAGAT
TACGCGGAGGCGCTTCGC-3�; A3GQ132A Reverse, 5�-GCGAAGCGCCTCC
GCGTAATCTGGGTCCCAGAA-3�; A3GE133A Forward, 5�-GGACCCAGATT
ACCAGGCGGCGCTTCGCAGC-3�; A3GE133A Reverse, 5�-GCTGCGAAGCG
CCGCCTGGTAATCTGGGTCC-3�; A3GR136A Forward, 5�-CCAGGAGGCGC
TTGCCAGCCTGTGTCAGAAAAGA-3�; A3GR136A Reverse, 5�-TCTTTTCTG
ACACAGGCTGGCAAGCGCCTCCTGG-3�; A3GS137A Forward, 5�-GAGGC
GCTTCGCGCCCTGTGTCAGAAAAGAGACG-3�; A3GS137A Reverse, 5�-CG
TCTCTTTTCTGACACAGGGCGCGAAGCGCCTC-3�; A3GL138A Forward,
5�-GCGCTTCGCAGCGCGTGTCAGAAAAGAGACGGT-3�; and A3GL138A
Reverse, 5�-ACCGTCTCTTTTCTGACACGCGCTGCGAAGCGC-3�.

A3G-N was amplified with the following primers: Forward, 5�-GTACGCTA
GCGCCATGAAGCCTCACTTCAGAAACACAGT-3�, and Reverse, 5�-GTA
CAAGCTTTCACGCGTAATCTGGGACGTCGTAAGGGTATCTGAGAAT
CTCCCCCAGCATG-3�, containing SalI and NotI sites, respectively, and
C-terminal HA tags. The PCR product was cloned into VR1012 to generate
A3G-N-HA. A3G-C was amplified using a SalI site-anchored Forward primer,
5�-GTACGCTAGCGCCATGCACTCGATGGATCCACCCAC-3�; a NotI site-
anchored Reverse primer, 5�-GTACAAGCTTTCACGCGTAATCTGGGACG
TCGTAAGGGTAGTTTTCCTGATTCTGGAGAATGGCC-3�; and a C-termi-
nal HA tag. The PCR product was cloned into VR1012 to generate A3G-C-HA.
A3Gn/3A-HA was amplified with the following primers: Forward 5�-CTCG
AGACCATGAAGCCTCACTTCAGAA-3�, and Reverse, 5�-GAATCCTCA
CGCGTAATCTGGGACGTCGTAAGGGTAGTTTCCCTGATTCTGGAG-
3�, containing XhoI and EcoRI sites, respectively, and C-terminal HA tags, using
A3Gn/3A as a template. The PCR product was cloned into pcDNA3.1 to gen-
erate A3Gn/3A-HA.

Construction of A3Gn/3C-HA. The full-length A3G-N and A3C were ampli-
fied separately with the following primers: A3G-N Forward, 5�-GTACGCTAG
CGCCATGAAGCCTCACTTCAGAAAC-3�; A3G-N Reverse, 5�-TCTGAGA

ATCTCCCCCAGC-3�; A3C Forward, 5�-GGGAGATTCTCAGAATGAATCC
ACAGATCAGAAAC-3�; and A3C Reverse, 5�-GTACAAGCTTTCACGCGT
AATCTGGGACGTCGTAAGGGTACCTCACTGGAGACTCTCC-3�. The
PCR products of A3G-N and A3C were annealed and fused together using an
overlapping method. The sequence-verified, amplified DNA was digested
with NheI/HindIII and then cloned into pcDNA3.1.

Antibodies and cell culture. The following antibodies and sera were used for
this study: anti-p24 monoclonal antibody (MAb) (AIDS Research and Reference
Reagents Program, Division of AIDS, NIAID, National Institutes of Health;
catalog number 1513), goat anti-p7 antiserum, HIV-1-positive serum, mouse
anti-V5 (Invitrogen; catalog number R96025), mouse anti-HA MAb (Covance
[catalog number MMS-101R-1000] and Sigma [catalog number H3663]), and
anti-human ribosomal P antigen antibody (Immunovision; catalog number HP0-
0100). 293T and MAGI cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) (Invitrogen) with 10% fetal bovine serum and penicillin/
streptomycin (D-10 medium) and passaged upon confluence.

Transfections, virus purification, and virus infectivity assay. DNA transfec-
tion was carried out using Lipofectamine 2000 (Invitrogen) as recommended by
the manufacturer. Virus in cell culture supernatants was cleared of cellular
debris by centrifugation at 3,000 rpm for 15 min in a Sorvall RT 6000B centrifuge
and filtration through a 0.22-�m-pore-size membrane (Millipore). The virus
particles were then concentrated by centrifugation through a 20% sucrose cush-
ion by ultracentrifugation at 100,000 � g for 2 h at 4°C in a Sorvall Ultra80
ultracentrifuge. The viral pellets were resuspended in lysis buffer (phosphate-
buffered saline [PBS] containing 1% Triton X-100 and complete protease inhib-
itor cocktail [Roche]). Viral lysates were analyzed by immunoblotting.

Viral infection was determined by MAGI assay as follows. MAGI-CCR-5 cells
were prepared in six-well plates in D-10 medium 1 day before infection; the cells
were at 30 to 40% confluence on the day of infection. The cells were infected by
removing the medium from each well and adding dilutions of virus in a total
volume of 500 �l of complete DMEM with 20 �g of DEAE-dextran per well.
After a 2-h incubation at 37°C in a 5% CO2 incubator, 2 ml of complete DMEM
was added to each well, and the cells were incubated for 48 h under the same
conditions. The supernatants were removed, and 800 �l of fixing solution (1%
formaldehyde, 0.2% glutaraldehyde in PBS) was added. After a 5-min incuba-
tion, the cells were washed twice with PBS. The staining solution (20 �l of 0.2 M
potassium ferrocyanide, 20 �l of 0.2 M potassium ferricyanide, 2 �l of 1 M
MgCl2, and 10 �l of 40-mg/ml 5-bromo-4-chloro-3-indolyl-�-D-galactosidaseac-
topyranoside [X-Gal]) was added. The cells were incubated for 2 h at 37°C in a
non-CO2 incubator. Staining was stopped by removing the staining solution, and
the cells were thoroughly washed twice with PBS. �-Galatosidase activity is under
the control of the HIV-1 long terminal repeat (LTR) promoter, which is trans-
activated in this system; positive blue dots indicate the presence of integrated
virus. The positive blue dots were counted, and viral infectivity was determined
after the amount of input virus was normalized in terms of the p24 antigen
content. All results represent infections done in triplicate.

Immunoblot analysis. Cells were collected 48 h after transfection. Cell and
viral lysates were prepared as previously described (63). The samples were lysed
in 1� loading buffer (0.08 M Tris, pH 6.8, with 2.0% SDS, 10% glycerol, 0.1 M
dithiothreitol, and 0.2% bromophenol blue) and boiled for 5 min, and proteins
were separated by SDS-PAGE. The membranes were probed with various pri-
mary antibodies against the proteins of interest. The secondary antibodies were
alkaline phosphatase-conjugated anti-human, anti-goat, or anti-mouse (Jackson
Immunoresearch, Inc.) antibodies, and staining was carried out with 5-bromo-
4-chloro-3-indolyl phosphate (BCIP) and nitroblue tetrazolium (NBT) solutions
prepared from chemicals obtained from Sigma.

Immunoprecipitation. To identify A3G-binding RNA, A3G and mutants were
transfected into 293T cells. At 48 h after transfection, the cells were harvested
and washed twice with cold PBS and then lysed with lysis buffer (PBS containing
1% Triton X-100, complete protease inhibitor cocktail [Roche], and RNase
inhibitor [New England BioLabs]) at 4°C for 30 min. Cell lysates were clarified
by centrifugation at 10,000 � g for 30 min at 4°C. Anti-HA agarose beads
(Roche; catalog number 190-119) were mixed with the precleared cell lysates and
incubated at 4°C for 3 h on an end-over-end rocker. The reaction mixtures were
then washed six times with cold lysis buffer. Part of each bead pellet was resus-
pended in 1� loading buffer for immunoblotting; another part was resuspended
in 1 ml Trizol (Invitrogen), and RNA was extracted according to the manufac-
turer’s instructions.

To identify APOBEC3-binding RNAs, an A3A-HA, A3B-HA, A3C-HA, A3F-
HA, or A3G-HA expression vector or AID-V5, APOBEC2-V5, or A3G-V5 was
transfected into 293T cells. At 48 h after transfection, cells were harvested and
washed twice with cold PBS and then lysed with lysis buffer (PBS containing 1%
Triton X-100, complete protease inhibitor cocktail, and RNase inhibitor) at 4°C
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for 30 min. Cell lysates were clarified by centrifugation, mixed with anti-HA
agarose beads, incubated, and analyzed by immunoblotting or used for RNA
extraction as described above.

Homology modeling of the N-terminal domain of A3G. Homology modeling of
the N-terminal domain of A3G was carried out using the program Modeler. The
availability of two experimentally determined structures of homologous cytidine
deaminases, the crystal structure of APOBEC2, and the nuclear magnetic reso-
nance (NMR) structure of the C-terminal domain (CTD) of A3G improved the
quality of the modeling. Structure-based sequence alignment of the two models
was carried out in Modeler.

Density and step gradient analyses. For sucrose density gradient centrifuga-
tion, purified viruses were lysed in STE buffer (10 mM Tris-HCl [pH 7.4] con-
taining 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, and RNase inhibitor
[New England BioLabs]) at 37°C for 30 min and then loaded onto a linear 20%
to 70% (wt/vol) sucrose gradient and centrifuged at 100,000 � g for 16 h using
a Beckman SW-41 rotor. Twelve fractions were collected from the top of each
gradient, and viral proteins were analyzed by immunoblotting. Samples (100 �l)
from each fraction were added to 1 ml Trizol, and RNA was extracted according
to the manufacturer’s instructions; the samples were also analyzed for viral
genomic RNA, tRNA3

Lys, and 7SL RNA.
For step sucrose gradient analysis, purified virus was dissolved in PBS buffer,

exposed briefly to 0.1% Triton X-100, and loaded onto a step sucrose gradient as
previously described (57). Three fractions, one containing soluble proteins (F1),
a buffer fraction (F2), and the virus-core containing fraction (F3), were har-
vested. The individual gradient fractions were then subjected to immunoblot
analysis.

Quantitative real-time PCR (qRT-PCR). RNA samples were derived from
fractions of viral gradient or immunoprecipitated samples and treated with
DNase by incubation in 10 �l of diethyl pyrocarbonate (DEPC)-treated water
with 1� RQ1 RNase-Free DNase Buffer, l �l RQ1 RNase-Free DNase (Pro-
mega), and 4 U RNase inhibitor (New England BioLabs) for 30 min at 37°C. The
DNase was inactivated by the addition of 1 �l of RQ1 DNase Stop Solution and
incubated at 65°C for 10 min. RNA was reverse transcribed using random
primers and the Multiscribe reverse transcriptase from the High Capacity cDNA
Archive Kit (Applied Biosystems) according to the manufacturer’s instructions.
The cDNA was either undiluted or serially diluted in DEPC-treated water before
being input into the real-time reaction mixture to ensure that amplification was
within the linear range of detection.

The ABI 7000 sequence detection system (Applied Biosystems) was used for
real-time PCR amplifications. All primers were synthesized by Invitrogen, and
fluorescence-tagged probes were synthesized by Applied Biosystems. Agarose gel
analysis was used to verify that each primer pair produced single amplicons, and
the identities of the PCR products were verified by cloning and sequencing.
qRT-PCR was performed using either TaqMan fluorescent probes or the SYBR
green method.

For the TaqMan method, each 20-�l reaction mixture contained 1 �l of each
forward and reverse specific primer (10 �M), 1 �l of fluorescent TaqMan probes
(5 �M), 10 �l of 2� Universal TaqMan PCR Master Mix, 4 �l of RNase-free
water, and 3 �l of template cDNA. The reactions were carried out under the
following conditions: 50°C for 2 min, 95°C for 10 min, 40 cycles of 95°C for 15 s,
and 60°C for 1 min. The target sequences were amplified using the following
primer pairs and probes: 7SL RNA, forward, 5�-ATCGGGTGTCCGCACT
AAG-3�, reverse, 5�-CACCCCTCCTTAGGCAACCT-3�, and probe, 5�-6-
carboxyfluorescein (FAM)-CATCAATATGGTGACCTCC-6-carboxytetra-
methylrhodamine (TAMRA)-3�; HIV RNA, forward, 5�-TGTGTGCCCGTCT
GTTGTGT-3�, reverse, 5�-GAGTCCTGCGTCGAGAGAGC-3�, and probe 5�-
FAM-CAGTGGCGCCCGAACAGGGA-TAMRA-3�.

For the SYBR green method, each 20 �l of reaction mixture contained 1 �l of
each forward and reverse specific primer (10 �M), 10 �l of 2� SYBR green PCR
Master Mix, 5 �l of RNase-free water, and 3 �l of template cDNA. The reactions
were performed under the following conditions: 50°C for 2 min, 95°C for 10 min,
40 cycles of 95°C for 15 s, and 60°C for 1 min, followed by a dissociation protocol.
Single peaks in the melting curve analysis indicated specific amplicons. The
target sequences amplified by the SYBR green method used the following primer
pairs: tRNA3

Lys, forward, 5�-GCCCGGATAGCTCAGTCG-3�, and reverse, 5�-
TGGCGCCCGAACAGG-3�; GAPDH (glyceraldehyde-3-phosphate dehydro-
genase), forward, 5�-GCAAATTCCATGGCACCGT-3�, and reverse, 5�-TCGC
CCCACTTGATTTTGG-3� .

The copy numbers of the target cDNA in the qRT-PCR assay were determined
by using a standard curve of 10-fold serial dilutions of nonlinearized plasmid
DNA containing the target sequence (ranging from 5 or 10 copies to 5 � 106 or
10 � 106 copies). Absolute RNA copy numbers were calculated by using stan-
dard dilution curves of plasmids containing the target sequence. If the template

cDNA was diluted before being added to the reaction mixture, the copy number
of the target transcript was adjusted by the dilution factor.

RESULTS

Characterization of 7SL RNA-binding residues in A3G.
A3G selectively interacts with 7SL RNA, which has been sug-
gested to play a role in the packaging of the deaminase into
HIV-1 virions (57). In the present study, the N-terminal region
of A3G was modeled on the basis of the crystal structure
(48) of APOBEC2 (Fig. 1A). Similar structure for the N-
terminal region of A3G was achieved using the recently
determined structure of the A3G C-terminal region (8, 21)
as a model (Fig. 1B).

The cytidine deaminases that target free cytidine or cytosine
are present as either dimers or tetramers. The dimer interfaces
of these enzymes are formed by the helices that contain the
zinc coordination residues, and the compact structure of these
cytidine deaminases prevents the zinc coordination residues
from participating in interactions with large substrates, such as
RNA or DNA. The subunits of another APOBEC, APOBEC2,
interact with distinct interfaces formed by �-sheet 2 (48). Con-
sequently, helices 2 and 3 in APOBEC2, which contain the zinc
coordination residues, protrude from the surface of the dimer
rather than being buried at the subunit interface. This struc-
tural feature may explain why AID/APOBEC proteins can
bind long polynucleotide substrates. Also, unlike the structure
of the free nucleotide cytidine deaminases, the crystal structure
of APOBEC2 has revealed the presence of a unique loop
sequence and an additional �-helix 4 after �-sheet 4 that are in
close proximity to the zinc coordination site (48). Similarly,
the crystal structure of a tRNA-adenosine deaminase (TadA)
complexed with an RNA substrate has revealed a loop se-
quence following �-strand 4 that binds oligoribonucleotides
directly (33). A similar loop seems to be conserved among
AID/APOBEC cytidine deaminases and has been proposed to
mediate their interaction with RNA/DNA (12).

The loop region of A3G is highly exposed on the surface
(Fig. 1). To characterize the residues that are critical for 7SL
RNA binding, A3G mutants containing individual amino acid
substitutions in the loop region and the downstream �-helix
region were first generated and characterized (Fig. 1C and 2C).
The interaction of these A3G mutants with 7SL RNA was
compared to that of the parental A3G by using coimmunopre-
cipitation analysis as previously described (57). Mutation of
amino acids in the loop region affected the binding of 7SL
RNA to various degrees after adjustment to the immunopre-
cipitated protein levels (Fig. 1D). Mutation of R122 and Y124
in A3G reduced its 7SL RNA binding more profoundly than
did mutation of L123 and Y125 (Fig. 1D). F126 was also
found to contribute to 7SL RNA binding (Fig. 1D). All these
A3G mutants maintained substantial abilities to bind cellu-
lar mRNA and GAPDH (Fig. 1D). Consistent with our previ-
ous observations (57), W127 was also important for 7SL RNA
binding by A3G (Fig. 1F). The results for various amino acid
substitutions at the hydrophobic residue W127 (Fig. 1E) indi-
cated that substitution of F or Y for W was better tolerated
than a change to A or L (Fig. 1F), suggesting that an aromatic
residue at this position is favored for 7SL RNA binding. The
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RLYYFW motif has been reported to be important for A3G
virion packaging and anti-HIV-1 function (5, 24).

In contrast to the results for the loop region, amino acid
substitutions in the �-helix 4 region (P129 to L138) of A3G
(Fig. 2A) had little effect on the A3G-7SL RNA interaction
(Fig. 2B). AID/APOBEC cytidine deaminases also contain an
SWS motif, which is predicted to be located in close proximity
to the zinc coordination site (Fig. 1A). To determine whether
the SWS motif might also be involved in 7SL RNA binding, we
generated A3G mutants containing individual amino acid sub-
stitutions in the SWS motif (Fig. 2C). Most of the Ala substi-
tutions in the SWS motif (I92 to S95) did not significantly affect
the interaction with 7SL RNA (Fig. 2D). However, A3GY91A
showed a significantly reduced ability to interact with 7SL
RNA compared to the parental A3G (Fig. 2D). Unlike

A3GW127A, which maintained the ability to interact with
mRNAs, A3GY91A was also unable to bind mRNAs (data not
shown). It is not clear whether Y91 of A3G directly partici-
pates in RNA binding or is important for protein folding.
Unlike W127, which is exposed on the surface, Y91 is pre-
dicted to be buried within the A3G molecule (67). Thus, of the
three unique features of AID/APOBEC cytidine deaminases
(the SWS motif, the loop sequence after �-sheet 4, and �-helix
4), the loop sequence appears to be the most important for 7SL
RNA binding. This loop region (RLYYFW) is expected to be
exposed on the surface of A3G (Fig. 1). This finding is reminis-
cent of the reported interaction of TadA with target RNA, in
which the loop sequences following �-strand 4 make direct con-
tact with oligoribonucleotides (33). Whether the loop region of
A3G directly binds RNA remains to be determined (5, 23).

FIG. 1. Characterization of 7SL RNA-binding residues in A3G. (A) The N-terminal region of A3G, modeled on the crystal structure of
APOBEC2. Zinc-coordinating residues H65, C97, and C100 are shown in red and E67 in light blue. The loop region, RLYYFW, is shown in dark
blue; helix 4 in orange; and amino acids Y91 to S95 (SWS motif) of A3G in green. (B) Very similar models resulted from using the A3G CTD
structure as the template, especially for the homologous region, where the motif RLYYFW is located, which imparts confidence in the homology
modeling. (C) A3G single-amino-acid substitution mutants created in the loop region. (D) Effects of single-amino-acid substitutions within the loop
region of A3G on the interaction with 7SL RNA. 293T cells were transfected with the A3G-HA or A3G mutant expression vector, and cell lysates
from the transfected cells were immunoprecipitated with anti-HA antibody-conjugated agarose and analyzed by immunoblotting using an anti-HA
antibody. RNAs were extracted from the coprecipitated samples and analyzed by qRT-PCR using primers specific for 7SL RNA. The level of
binding of 7SL RNA to wild-type A3G was set to 100. Nonspecific binding of 7SL RNA from 293T cells to the immunoprecipitation system was
also assessed. The error bars indicate standard deviations. (E) The various A3G127 mutants constructed. (F) Interaction of various A3G127
mutants with 7SL RNA, analyzed as described in the legend to panel D.
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7SL RNA binding maps to the amino-terminal cytidine
deamination domain of A3G. The RLYYFW motif, which is
important for the interaction of A3G with 7SL RNA, is present
only in the amino-terminal cytidine deamination domain (N-
CDD) of A3G, suggesting that the carboxyl-terminal CDD
(C-CDD) is not important for RNA binding. This observation
is also consistent with the idea that the N-CDD of A3G me-
diates RNA binding (25, 43, 57) and virion packaging (7, 24,
34, 57, 67) and the C-CDD of A3G mediates DNA deamina-
tion (29, 43, 44). To test this hypothesis, we generated A3G
N-CDD and C-CDD expression vectors (Fig. 3A) and then
compared the interaction of the N-terminal fragment, the C-
terminal fragment, and the full-length A3G with 7SL RNA.
Amino acids 1 to 194 of A3G maintained �50% or more of the
7SL RNA-binding activity seen for the full-length A3G (Fig.
3B). In contrast, amino acids 195 to 384 of A3G showed a
reduction of at least 100-fold in their 7SL RNA-binding activity
compared to the full-length A3G (Fig. 3B). Collectively, these
data indicate that the N-CDD of A3G mediates the binding of
A3G to 7SL RNA.

The 7SL RNA-binding and virion-packaging efficiencies of
the various human AID/APOBEC cytidine deaminases are
widely divergent. Since a wide range of AID/APOBEC pro-
teins are known to bind RNAs (26, 42), we aligned and com-
pared the amino acid sequences of the loop structures from
various human AID/APOBEC proteins (Fig. 4A). The loop
sequences (RLYYYW) of A3B and A3F were very similar to
that of A3G (RLYYFW) (Fig. 4A). Like A3G and A3F, A3B
also interacted with 7SL RNA (Fig. 4B). The 7SL binding
efficiencies of A3B and A3F were approximately 4- to 10-fold
lower than that of A3G. The residue before Trp is a Tyr in A3B

and A3F and a Phe in A3G (Fig. 4A). However, the F126Y
mutant of A3G did not show a significantly different level of
interaction with 7SL RNA than the parental A3G (Fig. 2D).
These results suggest that additional amino acid differences
between A3G and A3B/A3F, located elsewhere in the mole-
cule, may contribute to the differences in their 7SL RNA-

FIG. 2. Helix 4 and the SWS motif are not required for 7SL RNA interaction. (A) Illustration of the A3G mutants constructed. (B) Interaction
of wild-type and mutant A3G-HA with 7SL, analyzed as described in the legend to Fig. 1D. The error bars indicate standard deviations. (C) A3G
single-amino-acid substitution mutants created in the SWS motif. (D) Effects of single-amino-acid substitution mutants in A3G SWS motif on the
interaction with 7SL, analyzed as described in the legend to Fig. 1D.

FIG. 3. 7SL RNA-binding maps to the amino-terminal cytidine
deamination domain of A3G. (A) The truncated A3G constructs used
in this study. (B) Interaction of A3G-HA, A3G-N-HA, and A3G-
C-HA with 7SL RNA, analyzed as described in the legend to Fig. 1D.
The error bars indicate standard deviations.
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binding efficiencies. A Trp residue that is conserved in these
three 7SL RNA-binding cytidine deaminases (A3B, A3F, and
A3G) is missing from the other human cytidine deaminases
(A3A, A3C, AID, APOBEC1, and APOBEC2) (Fig. 4A). The
loop sequences of these five other cytidine deaminases are also
highly divergent from the RLYYF/YW sequence (Fig. 4A).
Although A3C, APOBEC1, and AID are known to interact
with RNAs, these proteins interacted more poorly with 7SL
RNA than did A3G (Fig. 4B). We did not detect any interac-
tion between A3A or APOBEC2 and 7SL RNA (Fig. 4B).

We then compared the virion packaging of A3A and
APOBEC2 to that of A3G. Decreasing expression levels of A3G
and A3A were achieved by using decreasing amount of expres-
sion vectors during the transfection of 293T cells. Clearly,
virion packaging of A3A was less efficient than that of A3G

(Fig. 4C). When A3G was expressed in transfected 293T cells
at a level similar to that of endogenous A3G in H9 CD4	 T
cells, efficient packaging of A3G could still be detected (Fig.
4C, lane 6). At the same time, almost no A3A packaging could
be detected (Fig. 4C, lane 3). We estimated that the A3A-
packaging efficiency was at least 10- to 20-fold lower than that
of A3G at lower intracellular levels. Similarly, the virion pack-
aging of APOBEC2 was also 10- to 20-fold less efficient than
that of A3G (Fig. 4D). Thus, 7SL RNA-binding-defective
APOBEC2 and A3A are not packaged efficiently into HIV-1
virions. Our data also indicate that when A3A is overexpressed
(Fig. 4C, lane 1), it can be detected in HIV-1 virions, possibly
as a result of weak interactions with some viral components or
diffusion into the assembling particles. HIV-1 virion-associated
A3A molecules are largely excluded from viral cores (1, 16),

FIG. 4. Divergent loop sequences and 7SL RNA-binding abilities of human AID/APOBEC cytidine deaminases. (A) Alignment of the amino
acid sequences of the loop structure and helix 4 from various human AID/APOBEC proteins. (B) Interaction of various human AID/APOBEC
proteins with 7SL RNA, analyzed as described in the legend to Fig. 1D. The error bars indicate standard deviations. (C) Virion packaging of A3A
was less efficient than that of A3G. HIV-1 Vif virions were generated by transfecting 293T cells in T25 flasks with NL4-3�Vif (4 �g) plus 4-fold
serial dilutions of A3G-HA or A3A-HA. Cell and viral lysates were harvested from each sample and analyzed by immunoblotting at 48 h
posttransfection. A3G-HA and A3A-HA proteins were detected with the anti-HA antibody and viral Gag proteins with an anti-p24 antibody.
(D) Virion packaging of APOBEC2 was less efficient than that of A3G. HIV-1 Vif virions were generated by transfecting 293T cells with
NL4-3�Vif (4 �g) plus 4-fold serial dilutions of A3G-V5 or APOPEC2-V5. Cell and viral lysates were harvested from each sample and analyzed
by immunoblotting at 48 h posttransfection. A3G-V5 and APOPCE2-V5 proteins were detected with anti-V5 antibody and viral Gag proteins with
anti-p24 antibody. (E and F) Virion packaging of A3C (E), AID, or APOBEC1 (F) was analyzed as described for panel C.

12908 ZHANG ET AL. J. VIROL.



suggesting a more random nature of this A3A packaging.
Unlike A3A and APOBEC2, A3C (Fig. 4E) and AID and
APOBEC1 (Fig. 4F) could be packaged efficiently into
HIV-1 virions.

Fusion of the N-CDD of A3G with A3A (Fig. 5A) allowed
the fusion protein A3Gn/3A to interact with 7SL RNA (Fig.
5B) and to be packaged more efficiently than was A3A alone
(Fig. 5C). The efficient packaging of A3Gn/3A into HIV-1
virions is consistent with a previous report (1, 16).

Association with 7SL RNA mediates the targeting of an-
tiviral cytidine deaminases to viral genomic-RNA-contain-
ing RNP complexes. Although A3C does not interact with 7SL
RNA, it is also packaged efficiently into HIV-1 virions, sug-
gesting that it uses a packaging mechanism different from that
of A3G and A3F (29, 58, 61). While A3C has been detected in
HIV-1 virions, it has only weak antiviral activity compared to
A3G (29, 61). This lack of antiviral activity of A3A could be
attributed to its inefficient packaging (Fig. 4C) and lack of
association with viral core structures. However, we found that

virion-packaged A3C was largely associated with HIV-1 core
structures (Fig. 6A). A3C is a weak antiviral factor and induced
much less cytidine deamination in HIV-1 DNA than did A3G
(61). A3C in HIV-1 virions has intrinsic deaminase activity (61)
and is as efficient as A3G in inducing mutations in Escherichia
coli DNA (20). Since the more potent antiviral cytidine deami-
nase A3G interacted with 7SL RNA and A3C did not, we
speculated that the binding of cytidine deaminases to 7SL
RNA may target them to the viral genomic-RNA-containing
RNP complexes within the viral core structures. An association
with viral genomic-RNA-containing complexes during uncoat-
ing and/or partial core disassembly would in turn allow more
efficient cytidine deamination of newly synthesized viral single-
stranded DNA (ssDNA) during reverse transcription.

To analyze the association of A3C with viral RNP complexes
inside the cores, we disrupted the viral cores by means of a
brief treatment with nonionic detergent (Fig. 6B). Viral RNP
complexes from released mature HIV-1 virions were then
resolved by sucrose density gradient centrifugation. HIV-1
genomic RNA- and primer tRNA3

Lys-containing viral RNP
complexes were detected in sucrose gradient fractions 9 to 12
(Fig. 6B). CAp24 and A3C were largely separated from the
viral RNP complexes (Fig. 6B). We found that 7SL RNA
molecules were also associated with the viral RNPs (Fig. 6C).
The copy number for 7SL RNA in the viral RNP complexes
was about two to three times that of the viral genomic RNA
(Fig. 6C). Assuming two copies of viral genomic RNA per viral
particle, we estimated that 4 to 6 copies of the 7SL RNA
molecules are associated with each viral RNP containing two
copies of viral genomic RNA. The viral RNP complexes also
contain uncleaved Pr55Gag and NCp7 (Fig. 6C).

Addition of a 7SL RNA-binding domain enhances A3C an-
tiviral activity. In contrast to A3C, the potent antiviral cytidine
deaminases A3G (Fig. 7A) and A3F (data not shown) were
found to be mainly associated with the viral RNP complexes.
These two potent antiviral cytidine deaminases were able to
target HIV-1 viral RNPs by binding to 7SL RNA. Since A3C is
associated with HIV-1 cores but still lacks potent antiviral
activity, we hypothesized that the addition of 7SL RNA-bind-
ing ability to A3C might enhance its antiviral activity. Since the
N-terminal domain of A3G is able to bind 7SL RNA (Fig. 3B),
we generated an expression vector contained amino acids 1 to
194 of A3G fused to A3C (A3Gn/3C) (Fig. 7B). This chimeric
protein was expressed in virus-producing cells and was pack-
aged into HIV-1 virions (Fig. 7C). Compared to A3C,
A3Gn/3C showed enhanced antiviral activity against HIV-1 Vif
(Fig. 7D). Also, unlike A3C, A3Gn/3C was largely associated
with viral RNP complexes (Fig. 7E). Thus, addition of a 7SL
RNA-binding domain converted A3C to a more potent anti-
HIV-1 cytidine deaminase by allowing it to be targeted to viral
RNPs.

DISCUSSION

Human AID/APOBEC cytidine deaminases have an intrin-
sic ability to interact with RNAs (26, 42, 43, 45, 57). However,
we have now demonstrated that only the more potent anti-
HIV-1 cytidine deaminases, such as A3G and, to a lesser ex-
tent, A3B and A3F, are able to interact with 7SL RNA (Fig.
4B). Compared to A3G, the other known RNA-binding cyti-

FIG. 5. (A) Illustration of the A3A-A3G fusion construct. The
N-terminal region of A3G (amino acids 1 to 194) was fused with A3A
(amino acids 13 to 199). (B) Interaction of A3G-HA or A3Gn/3A-HA
with 7SL RNA, analyzed as described in the legend to Fig. 1D. The
error bars indicate standard deviations. (C) Fusion of the N terminus
of A3G to A3A enhances A3A packaging. HIV-1�Vif virions were
generated by transfecting 293T cells in T25 flasks with NL4-3�Vif (4
�g) plus 4-fold serial dilutions of A3A or A3Gn/3A. Cell lysates and
viral lysates were harvested from each sample and analyzed by immu-
noblotting at 48 h posttransfection. A3A-HA and A3Gn/3A-HA pro-
teins were detected with the anti-HA antibody, and viral Gag proteins
were detected with the anti-p24 antibody.
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dine deaminases, A3C, AID, and APOBEC1, interacted
poorly with 7SL RNA. The non-anti-HIV-1 cytidine deami-
nases A3A and APOBEC2 did not interact with 7SL RNA
(Fig. 4B) and were packaged into HIV-1 virions at a much
lower efficiency than was A3G (Fig. 4C and D). 7SL RNA is
preferentially packaged into HIV-1 virions over many other
cellular RNAs (22, 27, 47, 56), and it is also one of the more
abundant cellular RNAs in HIV-1 virions (47, 57). Although
A3G could bind various cellular RNAs, 7SL RNA is preferen-
tially recognized by A3G. Thus, we have proposed the binding
of A3G to 7SL RNA as a plausible mechanism for its efficient
packaging into virions (56, 57). Consistent with this argument,
we have observed that overexpression of the 7SL RNA-binding
protein SRP19 inhibits 7SL RNA and A3G packaging into
HIV-1 virions (57). SRP19 inhibits A3G packaging more effi-
ciently when A3G expression is controlled at a level similar to
that observed in CD4	 T cells (57). Since A3G could bind
RNAs in addition to 7SL RNA (4, 10, 43, 57), high levels of
A3G expression may result in 7SL RNA-independent virion
packaging of A3G (3). However, overexpression of A3G could
also lead to increased A3G packaging outside the viral cores
(52).

An association with 7SL RNA may not be the sole mecha-
nism for packaging cytidine deaminases into HIV-1 virions.

APOBEC1, AID, and A3C did not interact efficiently with 7SL
RNA but were still packaged into HIV-1 virions (Fig. 4).
Unlike A3G, A3C is packaged into HIV-1 particles through
an NC-independent, 7SL RNA-independent mechanism
(58). Virion-packaged A3C showed only weak antiviral activity
and induced a low level of cytidine deamination in HIV-1
DNA. We found that A3C molecules are associated with viral
cores. Thus, an association with viral core structures is appar-
ently not sufficient to mediate robust antiviral activity by cyti-
dine deaminases. On the other hand, an association with viral
RNP complexes inside viral cores predicts the potency of the
anti-HIV-1 activity displayed by these proteins. We observed
that although A3C was associated with viral cores, it was
largely separated from the viral RNP complexes containing
viral genomic RNA and primer tRNA3

Lys (Fig. 6C). In con-
trast, the potent antiviral cytidine deaminases A3G (Fig. 7A)
and A3F (data not shown) were tightly associated with viral
RNP complexes inside viral cores (Fig. 7A). We found that the
7SL RNA molecules were also associated with viral genomic
RNA and other RNP components inside the viral core struc-
tures (Fig. 6D). Addition of the amino-terminal region of
A3G, which contains a 7SL RNA-binding domain to A3C,
allowed the fusion protein to associate with viral RNPs and
enhanced its anti-HIV-1 function (Fig. 7). An interesting fu-

FIG. 6. Association of 7SL RNA with viral genomic-RNA-containing RNP complexes. (A) Association of A3C molecules with viral cores.
NL4-3 Vif was cotransfected with the A3C expression vector. At 48 h posttransfection, virus supernatants were collected and analyzed on stepwise
sucrose gradients. Three fractions were harvested and analyzed by immunoblotting with an HIV-positive human serum to detect CAp24 and
Pr55Gag, anti-Map17 and anti-NCp7, or with anti-HA to detect A3C-HA. (B) A3C is not associated with the viral RNP complexes containing viral
genomic RNA and primer tRNA3

Lys. 293T cells were transfected with NL4-3�Vif and the A3C-HA expression vector. Purified virions were treated
with nonionic detergent (1% Triton X-100) to disrupt the viral cores. Viral lysates were separated on a linear 20 to 70% (wt/vol) sucrose gradient;
12 fractions were collected from the top of each gradient, and A3C-HA and CAp24 were analyzed by immunoblotting. RNAs were extracted from
each fraction and analyzed for the presence of viral genomic RNA and tRNA3

Lys. (C) 7SL RNA molecules are associated with viral genomic RNA
and other RNP components inside the viral core structure. Fractions 9 to 12 containing peak viral genomic RNAs were analyzed by qRT-PCR to
detect 7SL RNA and by immunoblotting to detect NCp7 and Pr55Gag. The error bars indicate standard deviations.
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ture question is whether A3G recognizes a complex structure
containing viral genomic RNA, 7SL RNA, and NC proteins.

The association of cytidine deaminases with viral genomic
RNA and primer tRNA3

Lys complexes may provide access to
the newly synthesized viral DNA substrate during reverse tran-
scription, resulting in more efficient deamination of the HIV-1
DNA. We have now demonstrated for the first time that 7SL
RNA, as well as primer tRNA3

Lys, is strongly associated with
viral genomic RNA inside viral cores. We have also detected
NCp7 and almost all the virion-associated uncleaved Gag pre-
cursor molecules in these viral RNP complexes. The role of
7SL RNA, which is present at two to three times the level of
viral genomic RNA in these complexes, remains to be defined.
However, it is reasonable to postulate a role for this RNA in
mediating the precise targeting of cytidine deaminases to the
viral reverse transcription complex for efficient viral DNA
deamination.

It has been proposed that reverse transcription and the deg-
radation of A3G-associated RNA during virus infection are
required for maximal activation of the deaminase and its an-
tiviral activity (52). The association of 7SL RNA-binding A3G

with viral reverse transcription complexes may also increase
the likelihood that A3G-associated RNA will be targeted for
degradation by viral RNase H and subsequent enzyme activa-
tion. It is interesting that reverse transcription of 7SL RNA has
been observed in HIV-1 virions and virus-infected cells (56).
Thus, human cytidine deaminases can be separated into three
groups. (i) A3A and APOBEC2 do not interact with 7SL RNA
and are packaged poorly into HIV-1 virions; the few A3A mole-
cules that are packaged into HIV-1 virions are mainly found
outside the core structures. (ii) A3C, AID, and APOBEC1 are
RNA-binding proteins; however, they do not interact with 7SL
RNA and are packaged into HIV-1 virions through 7SL RNA-
independent mechanisms. These three deaminases show
poor anti-HIV-1 activity despite the fact that A3C molecules
are largely associated with the viral cores. A3C cannot be
targeted efficiently to the viral genomic-RNA- and primer
tRNA3

Lys-containing complexes and only inefficiently induce
the deamination of newly synthesized viral DNA. We have
further demonstrated the importance of the interaction with
7SL RNA by demonstrating that A3C targeting to viral RNPs
and anti-HIV-1 function can be enhanced by fusing it to a 7SL

FIG. 7. Addition of a 7SL RNA-binding domain from A3G enhances the antiviral activity of A3C. (A) A3G is associated with the viral RNP.
293T cells were transfected with NL4-3�Vif and the A3G-HA expression vector. Viral lysates were separated, and RNA was extracted as in Fig.
5C. (B) Construction of an A3Gn/3C chimera. A3G-N and A3C were amplified, and the PCR products of A3G-N and A3C were annealed and
fused using the overlapping method. (C) The A3Gn/3C chimera associates with the viral RNP as analyzed in Fig. 5C. (D) Chimeric A3Gn/3C is
packaged into HIV-1 virions. The error bars indicate standard deviations. (E). A3Gn/3C exhibits increased antiviral activity against HIV-1
compared to parental A3C. Virus infectivity in the absence of A3C or A3Gn/3C was set to 100%. A3C molecules are largely associated with the
viral cores but not viral RNPs. A3C cannot be targeted efficiently to the viral genomic-RNA- and primer tRNA3

Lys-containing complexes and only
inefficiently induces the deamination of newly synthesized viral DNA. (3) The potent anti-HIV-1 cytidine deaminases A3G and A3F interact with
7SL RNA and are packaged efficiently into HIV-1 virions. Their association with 7SL RNA could promote their antiviral cytidine deaminase
activity by strong association with viral reverse transcription complexes for efficient DNA substrate recognition and deamination.

VOL. 84, 2010 ASSOCIATION OF APOBEC3G WITH 7SL RNA AND HIV-1 RNP 12911



RNA-binding domain from A3G (Fig. 7). (iii) The potent
anti-HIV-1 cytidine deaminases A3G and A3F interact with
7SL RNA and are packaged efficiently into HIV-1 virions.
Their association with 7SL RNA could promote their antiviral
cytidine deaminase activities by (a) mediating efficient virion
packaging and (b) delivering them to viral reverse transcription
complexes for efficient DNA substrate recognition and viral
DNA deamination.

7SL RNA-binding maps to the amino-terminal CDD of
A3G. Our data indicate that amino acids 1 to 194 of A3G
maintained more than 50% of the 7SL RNA-binding ability of
the full-length A3G, but residues 195 to 384 showed no appre-
ciable interaction with 7SL RNA. It remains to be determined
whether other regions in addition to the RLYYFW motif also
contribute to its binding to 7SL RNA. The AID/APOBEC
proteins contain a unique SWS motif, which is also located
close to the zinc coordination domain. However, we have now
observed that this SWS motif is largely dispensable for 7SL
RNA binding (Fig. 2). Although A3G binding to 7SL RNA was
disrupted in the Y91A mutant (Fig. 2), it is not clear whether
Y91 directly participates in 7SL RNA binding, since it has been
argued that this residue is somewhat buried in the molecule.
The AID/APOBEC-unique �-helix 4, which is important for
the A3G-Vif interaction, was also dispensable for A3G-7SL
RNA binding. In A3G, the N-CDD of A3G contains more
positively charged amino acids than does the C-CDD. The
potential contribution of these positively charged amino acids
in the N-CDD of A3G to 7SL RNA binding still needs to be
evaluated. An identification of the structural mechanisms that
govern A3G and target RNA recognition will increase our
understanding of the functions of these (and perhaps other)
cytidine deaminases and may contribute to the development of
more potent anti-HIV inhibitors.
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