JOURNAL OF VIROLOGY, Oct. 2007, p. 11322-11331
0022-538X/07/$08.00+0 doi:10.1128/JV1.00162-07

Vol. 81, No. 20

Copyright © 2007, American Society for Microbiology. All Rights Reserved.

The Interaction of APOBEC3G with Human Immunodeficiency Virus
Type 1 Nucleocapsid Inhibits tRNAXY* Annealing to Viral RNAY

Fei Guo,' Shan Cen,'* Meijuan Niu,’ Yiliang Yang,1 Robert J. Gorelick,* and Lawrence Kleiman

1,2,3%

Lady Davis Institute for Medical Research and McGill AIDS Centre, Jewish General Hospital," and Departments of Medicine* and
Microbiology & Immunology,® McGill University, Montreal, Quebec, Canada H3T 1E2, and AIDS Vaccine Program,

Basic Research Program, SAIC-Frederick, Inc., NCI-Frederick, Frederick, Maryland 21702*

Received 24 January 2007/Accepted 21 July 2007

Human immunodeficiency virus type 1 (HIV-1) containing human APOBEC3G (hA3G) has a reduced ability
to produce viral DNA in newly infected cells. At least part of this hA3G-facilitated inhibition is due to a cytidine
deamination-independent reduction in the ability to initiate reverse transcription. HIV-1 nucleocapsid (NCp7)
is required both for the incorporation of hA3G into virions and for the annealing between viral RNA and
tRNA%?*, the primer tRNA for reverse transcription. Herein we present evidence that the interaction of hA3G
with nucleocapsid is required for the inhibition of reverse transcription initiation. A tRNALY® priming complex
was produced in vitro by the NCp7-facilitated annealing of tRNA}** to synthetic viral RNA in the absence or
presence of hA3G. The effect of hA3G on the annealing of tRNAL** to viral RNA and the ability of tRNA%* to
initiate reverse transcription was measured. Our results show the following. (i) Electrophoretic band shift and
primer binding site assays show that hA3G reduces the annealing of tRNAL* 44 and 60%, respectively, but does
not disrupt the annealed complex once formed. (ii) hA3G inhibits tRNAL** priming 70 to 80%. (iii) Inhibition
of tRNALY® priming by hA3G requires an interaction between hA3G and NCp7 during annealing. Thus,
annealing of tRNAL?* is insensitive to hA3G inhibition when facilitated by a zinc finger mutant of NCp7 unable
to interact with hA3G. NCp7-independent annealing of DNA to viral RNA also is insensitive to hA3G
inhibition. These results indicate that hA3G does not sterically block tRNALY* annealing by binding to viral

RNA. Annealing and priming are not affected by another RNA binding protein, QKI-6.

During human immunodeficiency virus type 1 (HIV-1) as-
sembly, tRNA™® (composed primarily of tRNATY and
tRNAZL) is selectively packaged into the virion, and tRNAL
is annealed to the primer binding site (PBS) and sequences
upstream of the PBS in the 5’ region of the viral RNA genome
(for a review, see reference 32). After introduction of the
HIV-1 RNA genome into a newly infected cell, the initiation of
viral DNA synthesis by reverse transcriptase (RT) is primed by
the tRNAL**. The annealing of tRNAZLY® to viral RNA is facil-
itated both by nucleocapsid sequences in Gag (9, 15) and by
mature nucleocapsid NCp7 (13, 33), and it has been reported
that the annealing of tRNA%*® to viral RNA by Gag requires
exposure to mature NCp7 to achieve a configuration required
for optimal initiation of reverse transcription (10). Annealing
of tRNAZL** to viral RNA does not appear to require the zinc
fingers in nucleocapsid, but it does require the basic amino
acids flanking the first zinc finger (9, 13, 22, 33).

In certain cell types, termed nonpermissive, including the
main target cells of HIV-1, T lymphocytes and macrophages,
HIV-1 will replicate efficiently only in the presence of the viral
protein Vif (16, 17, 45). These cells produce the protein human
APOBEC3G (hA3G), the presence of which can inhibit viral
replication (38, 43). Vif can prevent incorporation of hA3G
into viruses (30) by binding to it in the cytoplasm (39) and
targeting it for proteosomal degradation (44, 48). Vif-negative
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HIV-1 produced in nonpermissive cells contains hA3G, and
infection in new cells is accompanied by a strong reduction in
the overall production of new viral DNA (18, 36, 39). Esti-
mates of the reduction in production of minus-strand strong-
stop DNA have varied from 50 to 84% (18, 37, 38, 40), and we
have reported 55 and 95% reductions in the production of
minus-strand strong-stop DNA and late DNA, respectively
(19).

The minus-strand DNA that is made in the presence of
hA3G contains 1 to 2% cytosines mutated to uracil (23, 35, 38,
51). Because hA3G is a cytidine deaminase (38, 47, 51), it has
been suggested that the decreased production in viral DNA
results from the hA3G-facilitated cytidine deamination of viral
DNA, followed by its degradation by enzymes of the DNA
repair system, but evidence for this remains inconclusive (29).
In fact, a number of reports have shown that mutant hA3G
lacking cytidine deaminase activity still has a strong inhibitory
effect on HIV-1 replication (4, 23, 41). We have recently re-
ported that the in vivo inhibition of minus-strand strong-stop
DNA production by hA3G can occur independently of cytidine
deamination, and that the reduction in DNA production is
correlated with a similar reduction in the ability to initiate
reverse transcription (19).

The incorporation of hA3G into HIV-1 requires nucleocap-
sid sequences in Gag (1, 8, 31, 42, 50). This incorporation
appears to require RNA (31, 42, 50) but not specifically viral
genomic RNA. Since both hA3G and nucleocapsid are RNA
binding proteins, it has been proposed either that the nucleo-
capsid domain in Gag interacts with hA3G via an RNA bridge
or that RNA binding to either protein produces conforma-
tional changes allowing the proteins to interact. The former
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hypothesis predicts that Gag and hA3G bind nonspecifically to
cellular RNAs and that Gag, through an RNA bridge, carries
hA3G into the virion. However, the fact that the RNA bridge
hypothesis does not easily explain why the mouse form of A3G
is not incorporated into murine virions but is incorporated into
HIV-1 makes the role of RNA in altering protein conforma-
tion to allow interaction a more attractive hypothesis (12, 49).

In this report, we show that hA3G inhibits both tRNAL*
annealing and initiation of reverse transcription in a simple in
vitro system in which tRNAZL¥* is annealed to viral RNA with
NCp7 in the absence or presence of hA3G. The inhibition
depends on an RNA-facilitated interaction between NCp7 and
hA3G that occurs during the annealing process.

MATERIALS AND METHODS

Protein production. hA3G was produced in baculovirus using the Baculo
expression system and was purified by (NH,),SO, fractionation and immunoaf-
finity chromatography to >95% purity (Diagnostics, Inc.). HIV-1 RT was puri-
fied from bacteria as previously described (24). Recombinant purified wild-type
and mutant NCp7 were prepared as previously described (7, 20), including
purification by reverse-phase high-pressure liquid chromatography after dena-
turing the protein in 8 M guanidine hydrochloride. QKI-6 RNA binding protein
was a gift from Stephane Richard (McGill University).

In vitro annealing of tRNALY* to viral RNA. tRNAL¥ was purified from human
placenta, as previously described (28), using standard chromatography proce-
dures (sequentially, DEAE-Sephadex A-50, reverse-phase chromatography
[RPC-5], and Porex C4) and two-dimensional polyacrylamide gel electrophoresis
(2D PAGE). Synthetic HIV-1 genomic RNA was synthesized as previously
described (24) from the Accl-linearized plasmid HIV-PBS (2) with the MEGA-
script transcription system (Ambion, Inc.). The synthetic genomic RNA comprises
the complete R and US regions, the PBS, the leader, and part of the gag coding
region. For heat annealing, 1 pmol of tRNAL¥* was combined with 1 pmol of
synthetic HIV-1 RNA template in a solution containing 50 mM Tris-HCI (pH
7.5), 60 mM KCl, 3 mM MgCl,, 10 mM dithiothreitol (DTT), and 10 U of
RNasin. The annealing reaction mixture was heated sequentially at 85°C for 5
min, at 50°C for 10 min, and then at 37°C for 15 min. For NCp7-facilitated
annealing, 1 pmol of tRNA%Y® was annealed to 1 pmol of synthetic HIV-1 RNA
template by incubating these reagents at 37°C for 90 min with 30 pmol of NCp7
in a 10-pl reaction mixture containing 50 mM Tris-HCI (pH 7.2), 50 mM KCl, 5
mM MgCl,, 10 mM DTT, and 10 U of RNasin. To study the effect of
APOBEC3G on this annealing, 1 pmol of either purified APOBEC3G or control
bovine serum albumin (BSA), dissolved in 20 mM Tris-HCI (pH 7.5), 0.1 M
NaCl, and 0.01% sarcosyl, was added to the annealing reaction mixtures at the
start. After the annealing, the tRNAY/viral RNA complex was deproteinized
through the addition of 1 pl proteinase K (5 mg/ml) and was incubated at 37°C
for 30 min, followed by phenol-chloroform extraction and alcohol precipitation
of the viral RNA complex.

Measurement of tRNA%Y* or DNA annealing to viral RNA. (i) Electrophoretic
mobility shift assay. tRNALY was 3’ end labeled with [**P]pCp, as previously
described (6). For measuring the annealing of an 18-nucleotide (nt) DNA primer
(5'-GTCCCTGTTCGGGCGCCA-3") that is complementary to the PBS, the
DNA was 5’ end labeled with 3°P using T4 kinase (Invitrogen). After deprotein-
ization of the annealed complex with proteinase K, the free tRNAL® or DNA
oligomer was resolved from primer complexed with viral RNA using one-dimen-
sional (1D) 6% PAGE.

(ii) tRNA%Y® occupation of the PBS. A 21-nt DNA oligomer (5'-GAGTCCT
GCGTCGAGAGAGCT-3") was 5’ end labeled with *?P using T4 kinase and was
annealed to complementary sequences in the tRNALYS/viral RNA complex 25
bases downstream of the PBS. The complex was then incubated at 37°C for 30
min in 20 pl of RT buffer (50 mM Tris-HCI [pH 7.5], 60 mM KCI, 3 mM MgCl,,
and 10 mM DTT) containing 50 ng of purified HIV RT, 10 U of RNasin, 200 pM
deoxynucleoside triphosphates, and reaction products, either full length (226 nt)
or truncated (46 nt, due to occupation of the PBS by tRNAYY® ), were resolved
using 1D 6% PAGE with gels containing 7 M urea.

tRNALYS priming of reverse transcription. tRNALY* annealed to viral genomic
RNA was used to measure the tRNALY® priming in an in vitro reverse transcrip-
tion system, as previously described (19). After the annealing and in preparation
for the tRNALY® priming reaction, the tRNAL*/viral RNA complex was depro-
teinized through the addition of 1 pl proteinase K (5 mg/ml) and was incubated
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at 37°C for 30 min, following which both proteinase K and digested residual
proteins were phenol-chloform extracted and the RNA was ethanol precipitated.
The RNA complex was incubated at 37°C for 15 min in 20 wl of RT buffer (50
mM Tris-HCI [pH 7.5], 60 mM KCl, 3 mM MgCl,, and 10 mM DTT) containing
50 ng of purified HIV RT, 10 U of RNasin, and various deoxynucleoside triphos-
phates. To measure the ability of annealed tRNALYY to be extended by six
deoxyribonucleotides, the RT reaction mixture contained 200 uM dCTP, 200
uM dTTP, 5 pCi of [a-**P]dGTP, and 50 uM ddATP. Reaction products were
resolved using 1D 6% PAGE in gels containing 7 M urea.

In vitro detection of the NCp7-hA3G interaction. Equimolar amounts of NCp7
and APOBEC3G were mixed for 2 h at 4°C in NET-gelatin buffer (50 mM
Tris-HCI [pH 7.5], 150 mM NaCl, 0.1% NP-40, and 0.25% gelatin). APOBEC3G
was then immunoprecipitated from the mixture by incubation with anti-
APOBEC3G rabbit antiserum (NIH AIDS Research and Reference Reagent
Program) at 4°C overnight. Protein A-Sepharose CL-4B beads (Amersham Phar-
macia Biotech) were added to the antibody-containing samples, and the samples
were incubated for a further 1 h at 4°C to allow the beads to bind to the
antibody-antigen complexes. The beads were washed three times with NET-
gelatin buffer containing 1% Triton X-100, and the bound proteins were heated
in gel loading buffer and resolved by 1D sodium dodecyl sulfate (SDS)-PAGE.
For the RNase A treatment, 100 png of RNase A was added separately to both
NCp7 and APOBEC3G before mixing the two, or 200 ug of RNase A was added
to the reaction mixture after a 2-h incubation at 4°C and then was incubated at
37°C for 15 min.

Western blot analysis. Protein samples were separated by SDS-15% PAGE,
followed by blotting onto nitrocellulose membranes (Gelman Science). Western
blots were probed with either rabbit anti-APOBEC3G (1:5,000 dilution) (NIH
AIDS Research and Reference Reagent Program) or goat anti-NCp7 (1:5,000
dilution; goat no. 77) (a gift from Louis Henderson from the AIDS Vaccine
Program). Horseradish peroxidase-conjugated secondary antibodies used were
either anti-rabbit immunoglobulin (1:5,000 dilution) (Amersham Pharmacia Bio-
tech) or anti-goat immunoglobulin (1:5,000 dilution) (Rockland Immunochemi-
cals). Protein bands were detected by enhanced chemiluminescence (Perkin-
Elmer Life Science, Inc). Bands in Western blots were quantitated using ImageJ
1.35s public domain software (NIH).

RESULTS

Inhibition of tRNALY® priming of reverse transcription by
hA3G. Synthetic viral genomic RNA (1 pmol), tRNA* iso-
lated from human placenta (1 pmol), and different amounts of
wild-type NCp7 were mixed together as described in Materials
and Methods. The resulting tRNA%**/viral RNA complex, with
NCp7 or deproteinized, was then used as a source of primer
tRNAZL¥/template viral RNA in an in vitro reverse transcrip-
tion system containing HIV-1 RT and deoxynucleotides. The
first six deoxynucleotides added to the 3’ terminus of tRNAL®
during the initiation of reverse transcription are in the order
5'CTGCTAZ'. Figure 1A shows the radioactive tRNALY® ex-
tended by 6 bases in the presence of dCTP, dTTP, 5 nCi of
[«-**P]dGTP, and ddATP and resolved by 1D PAGE. There is
also a slower-moving tRNA extension product that may rep-
resent misincorporation at position 6 rather than ddATP,
which will result in ddATP being incorporated at a later posi-
tion in the DNA. Lanes a to ¢ represent reactions in which
increased concentrations of NCp7 were used to anneal the
tRNAZL* to the viral genome. In addition, lanes a to ¢ repre-
sent reverse transcription reaction mixes that still contain the
NCp7 used for annealing. Lanes d and e also represent an-
nealing reactions using increased concentrations of NCp7, but
in this case, the primer/template RNA complex used had been
deproteinized prior to use in the RT system using, sequentially,
protease K, phenol-chloroform extraction, and then alcohol
precipitation of the RNA. These data show that annealing is
increased with increased amounts of NCp7 used and that the
presence of NCp7 in the RT reaction mix results in much less
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A tRNA(pmol)

1 1 1 1 1
VRNA(pmol) 1 1 1 1 1
NCp7(pmol) 0 30 45 30 45
Protease K - - - + +
+6 —» ‘ . .
NCp7 —» — -

a b ¢ d e

B
tRNA(pmol) 1 1 1 1
VRNA(pmol) 1 1 1 1
NCp7(pmol) 30 30 30 30
hA3G(pmol) 1 1
BSA(pmol) 1 1
Protease K - - + o+
B ..
hA3G —» _—
NCp7 —p ' -
a b ¢ d
C

tRNAEmol) 1 1 1 1 1 1

VRNA(pmol) 1 1 1 1 1 1
NCp7(pmol) 0 30 30 30 30 30
hA3G(pmol) 1 1
BSA(pmol) 1 1

QKI-6(pmol) 1

16S rRNA(pmol) 1 1

«— BBBEE
a b ¢ d e f
relative priming 0.01 1.00 1.07 1.05 0.21 0.28

FIG. 1. Inhibition of NCp7-facilitated tRNALY* priming of reverse
transcription by hA3G. Synthetic viral genomic RNA and purified
human placental tRNAL were incubated with NCp7 as described in
Materials and Methods. The resulting tRNA%Y/viral RNA (VRNA)
complex (annealed complex), either with the NCp7 used for annealing
or deproteinized, was then used as a source of primer tRNAL/tem-
plate viral genomic RNA in an in vitro reverse transcription system
containing HIV-1 RT and deoxynucleotides. (A) The upper portion
shows 1D PAGE patterns of tRNALY extended by 6 bases in the
presence of dCTP, dTTP, 5 uCi of [a-**P][dGTP, and ddATP, as
described in Materials and Methods. Lanes a to ¢, tRNALD® priming
carried out in the presence of the NCp7 used for the annealing; d and
e, tRNAL priming carried out using deproteinized tRNAL¥/viral
RNA annealed complex. The lower portion shows Western blots of
end reactions probed with anti-NCp7. (B) The upper portion shows 1D
PAGE patterns of tRNAL* extended by 6 bases. The effect of hA3G
upon tRNALY priming is shown. During formation of the annealed
complex, either hA3G or BSA was added. Lanes a and b, tRNA%"
priming carried out using an annealed complex not deproteinized; ¢
and d, tRNALY® priming carried out using a deproteinized annealed
complex. The middle and lower portions show Western blots of end
reactions probed with either anti-hA3G or anti-NCp7. (C) 1D PAGE
patterns of tRNALY extended by 6 bases. The specificity of hA3G
inhibition of tRNA%* priming is shown. Annealing reaction mixtures
contained either BSA (lanes a and b), the RNA binding protein QKI-6
(lane c), 16S rRNA (lanes d and f), or hA3G (lanes e and f). tRNALY
priming was carried out using deproteinized annealed complexes.
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tRNAZLY® priming. We have previously reported that the
effect of NCp7 on the tRNAY*/viral RNA annealing con-
figuration is retained even after NCp7 is removed (10), and
one can thus see the increase in priming with increased
amounts of NCp7, whether NCp7 is left in the reaction
mixture (lanes b and c¢) or not (lanes d and e).

Figure 1B shows the effect of adding hA3G during anneal-
ing. tRNALY® was first annealed to viral RNA with NCp7 in the
absence or presence of hA3G, with BSA present when hA3G
was absent. The annealed complex was used in the reverse
transcription reaction in the presence of these proteins (lanes
a and b) or was first deproteinized before use in the reverse
transcription reaction (lanes ¢ and d). In either case, the prior
presence of hA3G during annealing can be seen to inhibit
tRNAZLY* priming. However, the initiation of reverse transcrip-
tion is much stronger when a deproteinized primer/template is
used.

In Fig. 1C, we show that while hA3G inhibits tRNA%Y* prim-
ing (lane f), the presence of another RNA binding protein,
QKI-6 (34) (lane c), has no effect on tRNAL*® priming, making
it less likely that hA3G inhibits tRNALY* priming by sterically
blocking the tRNAS**-viral RNA interaction. The presence of
a nonspecific RNA such as bacterial 16S rRNA also had no
inhibitory effect upon tRNAL® priming (lane d), nor did its
presence prevent the inhibition of tRNALY® priming by hA3G
(lanes e and f), suggesting that nonspecific RNA will not se-
quester hA3G and prevent its inhibition of tRNAL* priming.

The hA3G-induced inhibition of tRNALY* priming is associ-
ated with an inhibition of tRNA%** annealing to viral RNA.
tRNAZLY annealing to viral RNA was measured in two ways.
One way measures the ability of tRNALY® , 3’ end labeled with
32P, to bind to synthetic viral genomic RNA, as facilitated by
NCp7. The free tRNAL is separated from the tRNASY*/viral
RNA complex by electrophoresis. This electrophoretic band
shift assay is shown in Fig. 2A. Lane 1 shows the mobility of
free tRNALY® | while the remaining lanes (2 to 7) represent
reactions in which viral RNA is also present and show both
free tRNAL® and the shifted band representing the tRNALY/
viral RNA complex. These lanes represent annealing reaction
mixtures in which additional components have been added,
such as BSA (lanes 1 and 2) 16S rRNA (lanes 4 and 6), the
RNA binding protein QKI-6 (34) (lane 3), and hA3G (lanes 5
and 6). The ratio of annealed tRNAJ"® to free tRNAS is
shown below each lane and indicates that only hA3G inhibits
annealing, and it does so by approximately 50%. As was shown
for inhibition of tRNA%*® priming, the inhibition of tRNAL*
annealing by hA3G appears to be specific, i.e., the RNA bind-
ing protein QKI-6 does not inhibit annealing by sterically
blocking the tRNAL**-viral RNA interaction (lane 3). 16S
rRNA alone does not inhibit annealing (lane 4), nor does it
lessen the ability of hA3G to inhibit annealing (lane 6). There
is a small amount of tRNAL* (11%) that is annealed to viral
RNA even in the absence of NCp7 (lane 7). It is not clear if this
tRNAXY® can initiate reverse transcription, since no tRNA%
priming was detected in the absence of NCp7 in the annealing
reaction (Fig. 1A and C, lanes a).

In Fig. 2B, the same experimental strategy was used, but the
tRNAL* primer was replaced with an 18-nt DNA primer
complementary to the PBS and was 5’ end labeled with *?P. It
can be seen that hA3G (as well as 16S rRNA and the QKI-6
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tRNA(pmol) 1 1 1 1 1 1 1
VRNA(pmol) - 11 1 1 1 1
NCp7(pmol) 30 30 30 30 30 30 O
hA3G(pmol) 1 1
BSA(pmol) 1 1 1
QKI-6(pmol) 1
16S rRNA(pmol) 1 1
annealed —p e e -

Free — I S e e
A"“f;';:ﬁ:‘;e 0.01 1.00 1.05 1.07 0.56 0.48 0.11

B

DNA(pmol) 11 1 1 1 1 1
VRNA(pmol) -1 1 1 1 1 1
NCp7(pmol) 30 30 30 30 30 30 O
hA3G(pmol) 1 1
BSA(pmol) 1 1 1
QKI-6(pmol) 1
16S rRNA(pmol) 1 1
annealed —»

e

Annealed/Free
DNA 0.01 1.00 1.03 0.97 0.99 1.02 0.96

PBS Occupancy (%) 1 40
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tRNA(pmol) -1 1 1 1 1 1
VRNA(pmol) 11 1 1 1 1 1
NCp7(pmol) 30 30 30 30 30 30 O
hA3G(pmol) 1 1
BSA(pmol) 1 1 1
QKI-6(pmol) 1
16S rRNA(pmol) 1 1
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46nt —» LR B F O

47 44 16 20 6

FIG. 2. Inhibition of NCp7-facilitated tRNAL** annealing to viral RNA by hA3G. (A and B) Radioactive tRNA%® (A) or a radioactive 18-nt
DNA sequence (B) was annealed to synthetic viral RNA (VRNA), as facilitated by NCp7. The annealing reaction mixtures also contained either
BSA, QKI-6, 16S rRNA, or hA3G. Free tRNAL or the DNA oligomer was separated from annealed complexes electrophoretically. The ratios
of free tRNALY or DNA to viral RNA are listed below each lane. (C) Illustration showing the strategy used to measure the percentage of the PBSs
occupied with tRNALY® after tRNALY is annealed to synthetic viral RNA using NCp7. A 5'-3?P-end-labeled DNA primer annealed downstream
of the PBS in viral RNA was extended with reverse transcription. The full-length extension product is 226 nt, while a truncated product, the
extension of which is blocked by the presence of tRNAY on the PBS, is 46 nt. (D) Separation of the full-length and truncated extension products
by 1D PAGE. The NCp7-facilitated annealing of tRNA%** to viral RNA occurred in the presence of either BSA, QKI-6, 16S rRNA, or hA3G. The
percentages of PBSs occupied by tRNALY are listed at the bottom of each lane, and they were determined by multiplying the ratio of truncated

product to full-length product by 100.

RNA binding protein) has no effect on the DNA annealing.
One reason for this may be the fact that while NCp7 is required
for tRNASY® annealing, it is not required for DNA annealing
(lane 7). Since hA3G binds to both DNA and RNA (47), this
suggests that hA3G may affect tRNAL*® annealing by binding
to NCp7 and inhibiting its annealing function. This premise
will be further investigated later in this paper.

While the electrophoretic band shift assay gives the relative
degree of tRNAXY annealing in the presence and absence of
hA3G, we also have measured the fraction of PBSs occupied
by tRNAL® in the presence and absence of hA3G (Fig. 2C and
D). The illustration in Fig. 2C shows the experimental strategy
of the PBS occupancy assay, previously used by Beerens’ and
Berkhout’s group (3). A ¥2P-5'-end-labeled DNA oligomer is

annealed to sequences downstream of the PBS, using a syn-
thetic viral RNA containing RU5 and leader sequences. The
DNA primer is extended in an in vitro reverse transcription
reaction to give a full-length product of 226 bases. If tRNAL
is annealed to the PBS, it will block this extension and result in
a shorter 46-base product. The 1D PAGE resolution of the RT
extension products is shown in Fig. 2D, and the percentage of
PBSs occupied by tRNASY is listed below the lanes. During
extension of the DNA primer, there appears to be a series of
pauses in reverse transcription, including one at the 46-base-
long product, so that even with no tRNAL** present, 1% of the
PBS appears to be occupied (lane 1). In the absence of NCp7
in the annealing reaction (lane 7), approximately 6% of the
PBS is occupied, supporting the conclusion from the data
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A

tRNAPmol) 1 1 1 1 1 1 1 1 1 1
VRNAmol) 1 1 1 1 1 1 1 1 1 1
NCp7(pmol) 30 30 30 30 30 30

Heat anneal + o+ o+ o+
hA3G(pmol) 1 1 1 1 1
BSA(pmol) 1 1 1 1

Protease K + o+ + + o+ 4+ - -+ o+

+s—>..i-iaqnn-

rel. tRNALYS3 priming

a b c d e f g h

FIG. 3. Effect of the order of addition of reactants upon tRNA%**
priming. (A) The radioactive tRNA%* extended 6 bases by reverse
transcription and resolved by 1D PAGE. (B) The quantitation of the
gels shown in panel A, using the major middle band. Lanes a, c, e, g,
and i represent reverse transcription reactions using annealed com-
plexes (tRNAL annealed to viral RNA [VRNA]) exposed to BSA
during their formation, while lanes b, d, f, h, and j represent reverse
transcription reactions using annealed complexes exposed to hA3G
during their formation. In all cases, after reverse transcription the
reaction products were deproteinized, alcohol precipitated, and re-
solved by 1D PAGE. Lanes: a and b, annealed complexes formed in
the presence of BSA (a) or hA3G (b), deproteinized, and used in the
reverse transcription reaction; ¢ and d, annealed complex formed,
deproteinized, and used in the reverse transcription reaction in the
presence of either BSA (c) or hA3G (d); e and f, annealed complex
formed, deproteinized, and exposed to either BSA (e) or hA3G (f) for
90 min (the annealed complex was then deproteinized and used in the
reverse transcription reaction); g and h, tRNALY* heat annealed to viral
RNA and then exposed to either BSA (g) or hA3G (h) for 90 min and
used in reverse transcription reactions; i and j, tRNA%® heat annealed
to viral RNA and then exposed to either BSA (i) or hA3G (j) for 90
min, deproteinized, and used in the reverse transcription reaction.

shown in Fig. 2A that a small amount of tRNAZXY® is annealed
to viral RNA even in the absence of NCp7. When annealing is
carried out in the presence of either BSA (lane 2), the RNA
binding protein QKI-6 (lane 3), or 16S rRNA (lane 4), PBS
occupancy reached levels of 40, 47, and 44%, respectively. PBS
occupancy is reduced by hA3G to 16% (lane 5) and 20% (lane
6) when annealing is carried out in the presence of both 16S
rRNA and hA3G.

In summary, the data shown in Fig. 2 demonstrate that the
hA3G-induced decrease in tRNAL® priming shown in Fig. 1 is
largely a result of the inhibition of the annealing of tRNAL** to
the viral RNA and that this inhibition is not produced by
another RNA binding protein, QKI-6, and the hA3G-induced
inhibition is not affected by the presence of a nonspecific RNA
such as 16S rRNA.

Effect of the order of addition of reactants on tRNA%Y* priming.
Figure 3A shows the radioactive tRNAZLY* extended by 6 bases
and resolved by 1D PAGE, while Fig. 3B represents the quan-
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titation of these gels using the major middle band and shows
the tRNAZL priming relative (rel.) to that obtained in the
absence of hA3G. Lanes a, ¢, e, g, and i represent RT reactions
using annealing complexes not exposed to hA3G during their
formation (but exposed to a similar concentration of BSA),
while lanes b, d, f, h, and j represent RT reactions using
annealing complexes exposed to hA3G during their formation.
In the RT reactions represented in lanes a and b, tRNAS** was
annealed to viral RNA with NCp7 for 90 min in the presence
of either BSA (a) or hA3G (b). The reaction mixtures were
then deproteinized with protease K and phenol-chloroform,
and after ethanol precipitation the viral RNA pellet was re-
suspended and used in the RT priming reaction. It can be seen
that exposure of the annealing reaction to hA3G resulted in an
80% inhibition of tRNAS** priming. In lanes ¢ and d, NCp7-
facilitated annealing was done in the absence of hA3G, and,
following deproteinization and ethanol precipitation, the RT
reaction was run either in the absence (c) or presence (d) of
hA3G. It can be seen that there is a 40% inhibition of tRNAL*
priming under these conditions. However, based on the results
shown in lanes e and f, it is likely that this inhibition of
tRNAZ>® priming is not the result of inhibiting tRNAL* an-
nealing but rather affects a later step in tRNAZL® priming.
Thus, in lanes e and f, the annealing complex is treated simi-
larly to that in lanes c and d, but after a 90-min exposure of the
tRNAS*/viral RNA complex to hA3G, another deproteiniza-
tion and ethanol precipitation step occurs to remove hA3G
before running the RT reaction. This results in only 10% in-
hibition and indicates that, once annealing of tRNAY** to the
viral RNA is finished, exposure of the annealed complex to
hA3G does not affect tRNAS*® priming. The results obtained
for paired lanes c and d as well as e and f are also obtained if
heat is used instead of NCp7 to anneal tRNAZL** to viral RNA.
Lanes g and h show that if hA3G is absent during annealing but
present during the RT reaction, there is a 25% inhibition of
priming, while if hA3G is removed before running the reaction
(lanes i and j) there is very little inhibition of tRNAXY* priming.

Inhibition of tRNAL** priming is dependent upon the
amount of hA3G used and can be rescued with increasing
amounts of NCp7. The results so far indicate that hA3G inhi-
bition of tRNAZL*® priming is occurring at the annealing stage.
In lanes e to h in Fig. 4A, we see that the hA3G-facilitated
inhibition of tRNAZL* priming is directly proportional to the
amount of hA3G used. Lanes a to d show that tRNAS® prim-
ing is not affected by increasing concentrations of BSA. On the
other hand, the use of increasing amounts of NCp7 (Fig. 4B,
lanes e to h) can overcome the inhibitory effect of hA3G on
tRNAZLY* priming. Increasing doses of NCp7 also will increase
annealing in the absence of hA3G (lanes a to d), but because
of the high level of initial annealing, the differences are much
smaller. These data indicate that hA3G may prevent NCp7
from facilitating annealing by binding to NCp7. The alternative
interpretation, that NCp7 prevents hA3G from binding to
RNA and thereby sterically blocking annealing, seems less
likely, since hA3G is unable to block NCp7-independent DNA
annealing to viral RNA, as shown in Fig. 2B. Furthermore, the
next set of experiments shows that the annealing of tRNALY® by
an NCp7 variant unable to bind to hA3G is insensitive to
hA3G inhibition.
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FIG. 4. Inhibition of tRNAL priming is dependent upon the
amount of hA3G used and can be rescued with increasing amounts of
NCp?7. The effect of increasing concentrations of hA3G (A) or NCp7
(B) upon the ability of the annealed complex to initiate reverse tran-
scription is shown. (A) The upper portion shows 1D PAGE patterns of
tRNAL® extended by 6 bases. The nucleocapsid concentration used for
annealing was held constant. Lanes a to d, increasing concentrations of
BSA; lanes e to h, increasing concentrations of hA3G. The middle and
lower portions show Western blots of end reactions probed with either
anti-hA3G or anti-NCp7. (B) The upper portion shows 1D PAGE
patterns of tRNAL¥ extended by 6 bases. Lanes a to f represent
increasing amounts of NCp7 used for annealing. Lanes a to d, anneal-
ing reaction mixture exposed to BSA; lanes e to h, annealing reaction
mixture exposed to hA3G. The middle and lower portions show West-
ern blots of end reactions probed with either anti-hA3G or anti-NCp7.
vRNA, viral RNA.

hA3G-facilitated inhibition of tRNAY** priming requires an
hA3G-NCp7 interaction. Figure 5SA shows the sequence of
wild-type and mutant nucleocapsid proteins used in the next
experiments. Mutants b and ¢ have the five basic amino acids
changed to either alanines or glycines, respectively. Mutant d
has the three cysteines in each zinc finger changed to alanines,
while mutant e has had the aromatic amino acids F16 and W37
in the first and second zinc fingers, respectively, replaced with
alanines. Mutant f has had the four basic amino acids in the
linker region between the two zinc fingers changed to alanines.

For Fig. 5B, wild-type and mutant NCp7s were incubated
with hA3G, and their ability to be coimmunoprecipitated with
anti-hA3G was detected on Western blots probed with anti-
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NCp7. It can be seen that the main NCp7 species interacting
with hA3G are the wild type and mutant e, although a very
small amount of interaction can be detected with NCp7 mutant
f. It has been suggested that this interaction is facilitated by
RNA (31, 42, 50), which is consistent with the fact that three of
the four noninteracting NCp7 mutants have lost basic amino
acid sequences in the leader (b and c) or linker (f) region. For
the experiments shown in Fig. 5C, RNase A was added to
hA3G and wild-type NCp7 either before (lane b) or after (lane
c¢) their mixing. Western blots of the coimmunoprecipitates
show that the exposure to RNase A severely reduces the in-
teraction between hA3G and NCp7 (lane b) and that RNA is
required to maintain this interaction (lane c).

We next measured tRNAS*® priming from tRNAL*® an-
nealed to viral RNA with wild-type or mutant NCp7 in the
presence or absence of hA3G. The electrophoretic results are
shown in Fig. 6A. Lanes a to f and lanes a’ to f’ represent the
wild-type and mutant NCp7 species (shown in Fig. 5A) used to
anneal tRNASY to viral RNA in the absence (a to f) or pres-
ence (a’ to f') of hA3G. The major band in each lane is
quantitated in Fig. 6B and C. Figure 6B quantitates the
tRNAZ>® priming from complexes produced in the absence of
hA3G by the different NCp7 mutants relative to that of wild-
type NCp7. It has previously been reported that the basic
amino acids flanking the first zinc finger are most important for
the tRNALY annealing function of NCp7, with the zinc fingers
playing a much smaller role (9, 13, 33). This can be seen in Fig.
6B, where NCp7 mutants missing the N-terminal basic amino
acids (mutants shown in lanes b and c) or the linker basic
amino acids (f) show tRNAS* priming reduced to 10 or 20%,
respectively, of that obtained with wild-type NCp7. NCp7 mu-
tant d, with extensive mutations in both zinc fingers (AAHA/
AAHA), does appear to have somewhat less ability to anneal
tRNAJY® to viral RNA, since this annealed complex produces
70% of the tRNAS"® priming produced from the annealed
complex formed using wild-type NCp7.

In Fig. 6C, we have compared the sensitivity to hA3G of
tRNAZLY* priming from annealed complexes produced by each
type of NCp7. The levels of hA3G inhibition of tRNALY* prim-
ing from each type of annealing complex compared to that of
tRNAZLY* priming in the absence of hA3G are as follows: lane
a, 70%; lane b, 3%; lane ¢, 5%; lane d, 8%; lane e, 55%; and
lane f, 20%. Of particular interest are the NCp7 species that
are mutated in the zinc fingers (d and e). These produce
complexes with tRNAL® priming approximately 70% and 80%
as active as complexes produced from wild-type NCp7 (Fig.
6B) but show very different sensitivities to inhibition by hA3G.
Mutant d has all three cysteines in each zinc finger mutated to
alanines, and it produces annealing complexes relatively insen-
sitive (8%) to hA3G inhibition, while mutant e, for which
phenylalanine and tryptophan in the first and second zinc fin-
gers, respectively, were replaced with alanines, shows a 55%
inhibition of tRNAZL** priming. Figure 5B showed that NCp7
mutant d does not bind to hA3G, while NCp7 e mutant does.
There is thus a direct correlation between the ability of hA3G
to inhibit tRNAL* priming and its ability to bind to NCp7.
These data therefore indicate that the inhibition of tRNA%Y®
priming is not due to the blocking of tRNAL** annealing to
viral RNA by hA3G bound to these RNA species but to the
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FIG. 5. Interaction between NCp7 and hA3G. (A) Sequences of wild-type and mutant nucleocapsids are shown. Sequences: a, wild type; b and
¢, the N-terminal five basic amino acids replaced with either alanine (b) or glycine (c); d, the three cysteines in each zinc finger replaced with
alanines; e, F16 and W37 in the first and second zinc fingers, respectively, replaced with alanines; f, four basic amino acids in the linker region
between the two zinc fingers replaced with alanine. (B) For the experiment shown in the upper portion, wild-type or mutant NCp7 was incubated
with hA3G, and its ability to be coimmunoprecipitated with anti-hA3G was detected by Western blots (WB) probed with anti-NCp7. The middle
and lower portions show Western blots of input reactions probed with either anti-NCp7 or anti-hA3G. (C) Role of RNA in the interaction between
wild-type NCp7 and hA3G. The upper portion shows coimmunoprecipitation experiments that were performed similarly to those shown in panel
B, except that for lanes b and ¢, RNase A was added to hA3G and wild-type NCp7 before (b) or after (c) their mixing. The middle and lower
portions show Western blots of input reactions probed with either anti-NCp7 or anti-hA3G. IP, immunoprecipitation.

inhibition of NCp7-facilitated annealing through the binding of
hA3G to NCp7.

DISCUSSION

We have previously reported that when Vif-negative HIV-1
containing hA3G infects cells, there is a 55% reduction in the
production of minus-strand strong-stop DNA compared to that

obtained with virions lacking hA3G, and that this reduction is
correlated with a similar reduction in the ability of tRNAL* to
initiate reverse transcription (19). To more clearly understand
how hA3G inhibits tRNAL** priming, we have studied this phe-
nomenon in an in vitro reverse transcription system in which the
primer tRNALY/viral RNA template complex is produced by the
NCp7-facilitated annealing of purified human tRNAZL* to syn-
thetic viral RNA in the presence or absence of hA3G. Our results



VoL. 81, 2007

A

tRNA(pmol) 1 1 1 1 1 1 1 1 1 1 1 1
vVRNA(pmol) 1 1 1 1 1 1
hA3G(pmol)
BSA(pmol) 1 1 1 1 1 1
NCp7§pmoI; 30 30 30 30 30 30 30 30 30 30 30 30

+e—>.‘ .“..‘..“

a b c¢c d e f a b c¢ d e

1.00]
0.80] |
0.60] |

0.40
0.20
0.00

rel. tRNAYYS3 priming

rel. tRNAYYS® priming

a a b b’ cc d o e e fr

FIG. 6. hA3G-facilitated inhibition of tRNAL* priming requires an
interaction between hA3G and NCp7. (A) 1D PAGE of tRNAS*
extended by 6 bases in an in vitro reverse transcription system, de-
scribed in the legend to Fig. 1. Lanes a to f and lanes a’ to f" represent
the wild-type and mutant NCp7 species (shown in Fig. 5A) used to
anneal tRNAYY to viral RNA in the absence (a to f) or presence (a’ to
') of hA3G. (B and C) The major band in each lane was quantitated
by phosphorimaging. (B) tRNA%** priming in the absence of hA3G
relative (rel.) to tRNALY priming from the annealed complex pro-
duced with wild-type NCp7. (C) Comparison of tRNA%Y* priming pro-
duced from each type of annealed complex in the presence of hA3G to
that in its absence. VRNA, viral RNA.

show that hA3G inhibits tRNAS** priming 70 to 80% compared
to the level of priming in the absence of hA3G. hA3G must be
present during the annealing process, as we have shown that
hA3G will not disrupt the annealed complex once it is formed.
Data shown in Fig. 2 indicate that a significant part of this
reduction in the initiation of reverse transcription (i.e.,
tRNAZL priming) is due to an inhibition of annealing of
tRNAZLY to the viral RNA. The hA3G-facilitated reduction
in tRNAJ"® annealing to viral RNA measured either by the
electrophoretic band shift assay or by the PBS occupancy assay
was 44 or 60%, respectively, somewhat less than the 70 to 80%
decrease in tRNAZS*® priming. This difference between the in-
hibition of annealing and priming could be due to the fact that
the tRNAS® that is annealed to viral RNA is not annealed
correctly for optimum initiation of reverse transcription. For
example, we have shown that in protease-negative virions, the
tRNAZLY annealed by Gag has a reduced ability to initiate RT
compared to that of an equal amount of tRNAS** annealed in
protease-positive virions that contain mature NCp7 (10).
Annealing of tRNAS* to viral RNA is facilitated by nucleo-
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capsid sequences, which can increase the rate of annealing in
vitro up to fivefold (21). Both the mature NCp7 and these
sequences in the precursor Gag protein will facilitate annealing
(10). HIV-1 nucleocapsid has two zinc fingers. The basic amino
acids flanking the N-terminal zinc finger are required for
tRNAZLY* annealing, but the two zinc fingers are not (9, 13, 22,
33). There are two known roles of NCp7 in the annealing
process (21). There is a melting of a 4-bp helix predicted to be
at the 5’ region of the PBS (25), which may be facilitated by the
zinc fingers, and there is the nucleation step that brings
tRNAL>® and the PBS sequences together, which is probably
facilitated primarily by the basic amino acids. A lack of effect
upon the rate of annealing by mutations in the zinc fingers is
explained by the fact that while the mutant NCp7 is a weaker
duplex destabilizer, it is a better duplex-nucleating agent, and
the two phenomena may cancel each other out (21). NCp7
appears to have a minimal effect on tRNAL® structure, and
annealing of the 4-base single-stranded region at the 3’ termi-
nus of the tRNALY to the 5’ end of the PBS may result in an
unzipping of other annealing regions in the tRNAL* (22).

Two pieces of evidence indicate that the inhibition of
tRNAZL* annealing to viral RNA by hA3G depends upon the
ability of hA3G to interact with NCp7, and that this inhibition
is not the result of a competition between hA3G and NCp7 for
the annealing region. The replacement of three cysteines in
each zinc finger of nucleocapsid with alanine (mutant d in Fig.
5A) still results in relatively strong tRNAS*® priming (Fig. 6A
and B), but the mutant NCp7 does not interact with hA3G
(Fig. 5B) and tRNAZX*® priming is insensitive to hA3G (Fig.
6C). These data indicate that the intactness of one or both zinc
fingers in nucleocapsid is required for interaction with hA3G
and for the ability of hA3G to inhibit annealing. The other data
suggesting that the hA3G-NCp7 interaction is responsible for
inhibiting tRNAL** annealing are shown in Fig. 2B, which
demonstrates that the nucleocapsid-independent annealing of
a DNA primer to viral RNA is not inhibited by hA3G. Al-
though hA3G binds to both RNA and DNA (26, 27), both of
these experiments show that hA3G does not sterically inhibit
tRNAZL* annealing to viral RNA by competitively binding to
viral RNA, since wild-type hA3G is present in both experi-
ments.

The mechanism of binding of NCp7 to hA3G is not fully
known. The hA3G-NCp7 interaction is RNA dependent, i.e., it
is disrupted if the reaction solution containing NCp7 and
hA3G is exposed to RNase A (Fig. 5C). The hA3G-NCp7
interaction probably also requires an ability of NCp7 to inter-
act with RNA, since replacement of basic amino acids in the
sequences flanking the first zinc finger of NCp7 (mutants b, c,
and f in Fig. 3A) disrupts the hA3G-NCp7 interaction (Fig.
5B) and also disrupts the ability of NCp7 to facilitate tRNAL*®
annealing to viral RNA (Fig. 6A and B). Since RNA cannot be
detected in the purified NCp7 used here (R. J. Gorelick, un-
published data), the RNA involved is likely associated with the
purified hA3G used. The nature of the RNA associated with
hA3G is being investigated, and both Alu RNA (11) and 7SL
RNA, a component of the host signal recognition particle
(X.-F. Yu, personal communication), have been found to be
associated with hA3G. It is not known, however, if the RNA
serves as a bridge between NCp7 and hA3G or if RNA bound
to hA3G more directly facilitates its binding with NCp7. This
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latter phenomenon could result from an RNA-induced con-
formational change in hA3G that allows it to bind directly to
NCp7. This might first involve an initial binding of hA3G-
associated RNA with the basic amino acids flanking the first
zinc finger in NCp7, which would then facilitate a direct pro-
tein interaction between hA3G sequences and the NCp7 zinc
fingers required for this interaction.

It has been reported that HIV-1 produced from peripheral
blood mononuclear cells has approximately 7 = 4 molecules of
hA3G/virion (46), while estimates of NCp7 molecules/virion
have ranged from 1,400 (52) to 5,000 (5). Thus, the hA3G:
NCp7 molar ratio in virions may be 0.001 to 0.005, while the in
vitro system used here requires an hA3G:NCp7 molar ratio of
0.03, i.e., an hA3G:NCp7 ratio approximately 10 times greater
than that found in the viruses produced from peripheral blood
mononuclear cells. There are several possible explanations for
this. First, we have found that the amount of hA3G required to
inhibit tRNAL** annealing in virions produced from normally
permissive 293T cells transfected with hA3G is 10 times
greater than that required for virions produced from the nat-
urally nonpermissive H9 cells (19), and we suggest that other
unknown factors may be present in the naturally nonpermissive
cells to allow more efficient inhibition of tRNAZLY* priming by
hA3G. Any such unknown factors are not present in our in
vitro reaction. Second, we may also consider the fact that the
viral assembly stage at which tRNAL* is annealed to viral
RNA is not known. The select packaging of tRNAL into
viruses may reflect an earlier assembly stage at which tRNAZL*
is concentrated around a Gag/GagPol/viral RNA complex and
in which annealing occurs. In fact, HIV-1 assembly stages of
progressively increasing size have been detected (14). Work
has also been reported that defines a tRNAS*® packaging/
annealing complex consisting of Gag, GagPol, lysyl-tRNA syn-
thetase, tRNA™, and viral RNA (32), and this complex could
represent an early assembly intermediate. It is, in fact, the
nucleocapsid sequence in Gag, rather than mature NCp7, that
probably is involved in the initial annealing of tRNAL** (10).
Therefore, in considering the inhibitory effect of hA3G on
nucleocapsid-facilitated annealing of tRNAL*® to viral RNA,
we might look at earlier assembly complexes with fewer Gag
molecules than those found in the mature virion and also look
for Gag molecules involved in annealing that might be distin-
guished from those that are not. Such molecules might be
distinguished by their binding to GagPol, which is required for
tRNAZL annealing (10), by specific viral RNA sequences to
which Gag nucleocapsid binds, such as the PBS or even the
nearby W RNA packaging sequence, or by the binding of Gag
to lysyl-tRNA synthetase (32).
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