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ABSTRACT

Host cell tRNAs are recruited for use as primers to initiate reverse transcription in retroviruses. Human immunodeficiency virus
type 1 (HIV-1) uses tRNALys3 as the replication primer, whereas Rous sarcoma virus (RSV) uses tRNATrp. The nucleic acid (NA)
chaperone function of the nucleocapsid (NC) domain of HIV-1 Gag is responsible for annealing tRNALys3 to the genomic RNA
(gRNA) primer binding site (PBS). Compared to HIV-1, little is known about the chaperone activity of RSV Gag. In this work,
using purified RSV Gag containing an N-terminal His tag and a deletion of the majority of the protease domain (H6.Gag.3h), gel
shift assays were used to monitor the annealing of tRNATrp to a PBS-containing RSV RNA. Here, we show that similar to HIV-1
Gag lacking the p6 domain (Gag�p6), RSV H6.Gag.3h is a more efficient chaperone on a molar basis than NC; however, in con-
trast to the HIV-1 system, both RSV H6.Gag.3h and NC have comparable annealing rates at protein saturation. The NC domain
of RSV H6.Gag.3h is required for annealing, whereas deletion of the matrix (MA) domain, which stimulates the rate of HIV-1
Gag�p6 annealing, has little effect on RSV H6.Gag.3h chaperone function. Competition assays confirmed that RSV MA binds
inositol phosphates (IPs), but in contrast to HIV-1 Gag�p6, IPs do not stimulate RSV H6.Gag.3h chaperone activity unless the
MA domain is replaced with HIV-1 MA. We conclude that differences in the MA domains are primarily responsible for mecha-
nistic differences in RSV and HIV-1 Gag NA chaperone function.

IMPORTANCE

Mounting evidence suggests that the Gag polyprotein is responsible for annealing primer tRNAs to the PBS to initiate reverse
transcription in retroviruses, but only HIV-1 Gag chaperone activity has been demonstrated in vitro. Understanding RSV Gag’s
NA chaperone function will allow us to determine whether there is a common mechanism among retroviruses. This report
shows for the first time that full-length RSV Gag lacking the protease domain is a highly efficient NA chaperone in vitro, and NC
is required for this activity. In contrast to results obtained for HIV-1 Gag, due to the weak nucleic acid binding affinity of the
RSV MA domain, inositol phosphates do not regulate RSV Gag-facilitated tRNA annealing despite the fact that they bind to MA.
These studies provide insight into the viral regulation of tRNA primer annealing, which is a potential target for antiretroviral
therapy.

Retroviruses encode their genetic material in two single-
stranded genomic RNAs (gRNA), which are packaged into the

virion by a direct interaction with the retroviral Gag protein (1).
The RNA genome contains a region known as the primer binding
site (PBS), which is complementary to the 3= 18 nucleotides (nt) of
a specific host cell tRNA that acts as a primer for reverse transcrip-
tion (2). In human immunodeficiency virus type 1 (HIV-1), the
primer is tRNALys3 (3, 4), and in Rous sarcoma virus (RSV), it is
tRNATrp (5, 6). The retroviral Gag polyprotein is present in im-
mature virions and is made up of three major domains: matrix
(MA), capsid (CA), and nucleocapsid (NC). In the case of RSV,
there are additional sequences, including p2 and p10 between MA
and CA, SP between CA and NC, and protease (PR) at the C
terminus of Gag. In HIV-1, Gag contains the C-terminal p6 do-
main, which is critical for release of viral particles from the plasma
membrane (PM). During virus particle assembly, MA serves as the
membrane-targeting and binding domain (7–9), CA facilitates
Gag multimerization (10–13), and NC binds the � packaging
signal in the viral RNA for encapsidation of the viral genome and
contributes to the formation of Gag-Gag interactions (1, 14–17).

During or just after budding, PR cleaves Gag to form the mature
virion.

Gag facilitates tRNA primer annealing to the PBS for HIV-1
(18) and RSV (19). The NC domain of HIV-1 Gag, also referred to
as NCp7, is required for this activity (20). HIV-1 Gag and NCp7
are chaperones that remodel nucleic acids (NAs) into energetically
more favorable conformations through helix destabilization and
NA aggregation activities to promote annealing (21–26). Al-
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though well known for its role in recruiting Gag to the PM, HIV-1
MA is also able to bind NA with mid- to low-nM affinity in vitro
(20, 27–32). This MA-RNA interaction can be abrogated by phos-
phatidylinositol-(4,5)-bisphosphate [PI(4,5)P2]-containing lipo-
somes (30). It has been proposed that RNA inhibits MA-lipid
interactions and acts as a regulator of Gag-membrane binding
(33). It has also been shown in vitro that the tRNA annealing
function of HIV-1 Gag is modulated by MA domain binding to
inositol hexakisphosphate (IP6) (20), which is a mimic of
PI(4,5)P2 found at the PM (34).

In vitro studies have demonstrated that RSV NC, also referred
to as NCp12, has NA chaperone activity comparable to that of
HIV-1 NC (35); however, little is known about the NA chaperone
activity of the RSV Gag polyprotein. The goal of this work was
to characterize the NA chaperone activity of RSV Gag by mon-
itoring protein-facilitated annealing of tRNATrp to the PBS
in vitro. To this end, we compared the annealing activity of
highly purified recombinant RSV Gag lacking most of the PR
domain (H6.Gag.3h), deletion mutants (H6.�NC�SP and
H6.�MA.3h), and the purified NCp12 and MA domains. We
found that RSV H6.Gag.3h is an effective NA chaperone pro-
tein. Both the chaperone function and the RNA binding affinity
were strongly dependent on NC and are largely independent of
MA, which bound NA only weakly. In contrast to HIV-1, RSV
Gag-facilitated RNA annealing was not stimulated by IP6;
however, when RSV MA was replaced with the HIV-1 MA do-
main, annealing was stimulated in the presence of IP6. Taken
together, these results suggest that mechanistic differences be-
tween RSV and HIV-1 Gag NA binding and tRNA annealing
activity can be attributed to the MA domain.

MATERIALS AND METHODS
Preparation of proteins and nucleic acids. All recombinant proteins
were expressed and purified from Escherichia coli. Purified RSV NC was a
gift from Robert J. Gorelick (AIDS and Cancer Virus Program, Leidos
Biomedical Research, Inc., Frederick National Laboratory for Cancer Re-
search). The H6.Gag.3h construct, derived from the Prague C strain of
RSV (36, 37), contains an N-terminal His tag, a V314A substitution, and 7
amino acids of the PR sequence and was purified as previously described
(38). The plasmid encoding HIV-1 Gag�p6 was a gift from Alan Rein
(HIV Drug Resistance Program, Center for Cancer Research, National
Cancer Institute). HIV-1 Gag�p6 was prepared using established meth-
ods (39). RSV H6.MA was prepared as described previously (38), and the
N-terminal His tag was cleaved using tobacco etch virus protease (40)
during the dialysis step prior to gel filtration chromatography. The plas-
mid encoding His-tagged HIV-1 MA (HIV-1 H6.MA) in a pET16B vector
was a gift from Louis M. Mansky (University of Minnesota) and was
purified using an established protocol (41), with additional steps of poly-
ethylenimine precipitation followed by ammonium sulfate precipitation
to remove NAs.

PCR-based mutagenesis was used to obtain RSV H6.Gag.3h trunca-
tions H6.�NC�SP and H6.�MA.Gag.3h using the plasmid encoding
H6.Gag.3h as a template (38). H6.Gag.�NC�SP was prepared using a
modification of the RSV H6.MA purification protocol (38). Briefly, pro-
tein expression was induced using 1 mM isopropyl �-D-1-thiogalactopy-
ranoside (IPTG) at 37°C for 4 h; protein pellets were resuspended in
binding buffer (50 mM sodium phosphate, pH 8, 300 mM NaCl, 10 mM
imidazole, 3 mM �-mercaptoethanol [�ME]), sonicated, and loaded onto
a His-Select nickel column (Sigma-Aldrich). Proteins were eluted with
binding buffer containing increasing amounts of imidazole (10 mM to
100 mM). Fractions containing H6.Gag.�NC�SP were combined and
dialyzed into 2� buffer A (20 mM sodium phosphate, 3 mM potassium
phosphate, pH 8, 6 mM KCl, 280 mM NaCl). After dialysis, the protein

was further purified on a Superdex 200 gel filtration column (GE Health-
care) in 2� buffer A. Fractions containing pure H6.Gag.�NC�SP were
pooled, concentrated, and diluted to 1� buffer A with 80% glycerol prior
to storage at �20°C.

RSV H6.�MA.Gag.3h expression was induced using 1 mM IPTG at
37°C for 4 h, and the protein was purified as described for H6.Gag.3h (38)
with the following two additional steps to solubilize the protein. First,
following centrifugation of the lysed cells, the pellet containing protein
was resuspended in denaturing buffer (8 M urea, 500 mM NaCl, 25 mM
Tris-HCl, pH 8, 10% glycerol, 1 mM �ME, and 1 �M ZnCl2) using a
homogenizer and then loaded onto a His-Select nickel column. Second,
H6.�MA.Gag.3h was renatured on the column with five sequential
washes of refolding buffer (500 mM NaCl, 25 mM Tris-HCl, pH 8, 10 mM
imidazole, 5% glycerol, 1 mM �ME, and 1 �M ZnCl2) containing de-
creasing amounts of urea (8 M, 6 M, 4 M, 2 M, and 1 M). Following
elution from the nickel resin using imidazole, the preparation followed
the protocol previously established for RSV H6.Gag.3h (38).

The previously described RSV/HIV-1 chimera H32R (42) (Fig. 1B)
was cloned into pET-28TEV (43) using standard PCR methods. The gene
encoding chimera H132R (Fig. 1B) was synthesized and inserted into
pET15B (Novagen) by Genewiz, Inc. (South Plainfield, NJ). This con-
struct encodes an N-terminal His tag followed by HIV-1 MA and then
p2 through the C terminus of H6.Gag.3h. The H6.H32R.3h and
H6.H132R.3h chimeras were purified essentially as described for
H6.Gag.3h, except that proteins were induced using 1 mM IPTG at 37°C
for 4 h. Following elution from the nickel resin, fractions containing pro-
tein were further purified on a Superdex 200 column (GE Healthcare) run
in 28 mM Tris-HCl, pH 7.5, 1 �M ZnCl2, 1 mM �ME, and 0.5 mM NaCl.
All protein concentrations were determined from the absorbance at
280 nm using the following molar extinction coefficients: 72,880 M�1

cm�1 (H6.H32R.3h), 17,022 M�1 cm�1 (HIV-1 H6.MA), 63,090 M�1

cm�1 (HIV-1 Gag�p6), 65,890 M�1 cm�1 (RSV H6.Gag.3h), 44,920
M�1 cm�1 (RSV H6.�MA.Gag.3h), 8430 M�1 cm�1 (RSV NCp12),
57,660 M�1 cm�1 (RSV H6.Gag.�NC�SP), 21,095 M�1 cm�1 (RSV
MA), 5,690 M�1 cm�1 (HIV-1 NCp7), and 59,275 M�1 cm�1

(H6.H132R.3h).
All RNA constructs were in vitro transcribed from digested plasmids or

synthetic DNA oligonucleotides using T7 RNA polymerase and previ-
ously established methods (44). The RSV RNA 60-mer construct was
derived from nt 1300 to 1360 of the RSV RC.V8 (45) genome, with nt 1300
changed from T to G to promote transcription (Fig. 1A). DNA oligonu-
cleotides encoding the T7 polymerase promoter followed by the RSV 60-
mer sequence were purchased from IDT (5=-TGCAGTAATACGACTCA
CTATAGGGATGGACGCTTGGGGAGTCCAACTCCAGACATTATAG
CGGCAGCCACTCGCGACCCC-3= and 5=-GGGGTCGCGAGTGGCTG
CCGCTATAACTGTCTGGAGTTGGACTCCCCAAGCGTCCATCCCT
ATAGTGAGTCGTATTACTGCA-3=). The DNA was amplified by PCR
and ligated into BamHI and EcoRI sites of pUC19 (New England Bio-
Labs). Bovine tRNATrp was in vitro transcribed from pJL122 (a gift from
Paul Schimmel, The Scripps Research Institute). Unmodified bovine
[32P]tRNATrp used in gel-shift annealing assays was internally labeled us-
ing [�-32P]GTP during in vitro transcription (44). The 180-nt RNA con-
struct containing the RSV PBS (Fig. 1A) was in vitro transcribed using
Sau3AI-digested plasmid pGEM.RSVLTR/MA (46), encoding sequences
derived from the 5=-untranslated region (UTR) of the RSV genome. The
RSV PBS 180-mer contains 21 nt of pGEM.RSVLTR/MA followed by nt 1
to 159 of the RC.V8 sequence. RNA concentrations were determined by
measuring the absorbance at 260 nm and the following molar extinction
coefficients: 134.9 � 104 M�1 cm�1 (RSV PBS), 60.4 � 104 M�1 cm�1

(tRNATrp), and 51.5 � 104 M�1 cm�1 (RSV 60-mer).
Annealing assays. Gel-shift RNA annealing assays were performed

using previously established methods (20), except that annealing assays
contained 50 mM HEPES, pH 7.4, 5 mM dithiothreitol, 1 mM MgCl2, 50
mM NaCl, 10 nM bovine tRNATrp spiked with trace amounts of
[32P]tRNATrp, and 25 nM RSV PBS. In assays testing the effect of IPs, 5
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�M IP6 was also included. Single-time-point titration assays were in-
cubated at room temperature for 30 min using protein concentrations
ranging from 0 to 4.5 �M. Time course kinetic assays were carried out
at room temperature using a single protein concentration between 0.5

and 3.0 �M. Aliquots were removed at the indicated time points, and
annealing data were fit to single-exponential curves using the follow-
ing equation: A(t) 	 A
 � �Ae�kt, where t is time in min, A(t) is percent
tRNATrp annealed as a function of time, A
 is the equilibrium final per-

FIG 1 (A) Predicted secondary structures of unmodified bovine tRNATrp, RSV PBS, and RSV 60-mer. The circled nucleotides differ between bovine (U16, U47)
and chicken tRNATrp (C16, C47). The PBS-containing structure shown is derived from positions 56 to 130 of the RSV genome, which is part of the 180-mer PBS
construct used in this work (see Materials and Methods). Shown in red and blue are two sets of complementary sequences that base pair during tRNA primer
annealing as described previously (6). The RSV 60-mer construct is derived from nt 1300 to 1360 of the RSV genome, with nt 1300 changed from T to G to
facilitate in vitro transcription. (B) WT RSV and HIV-1 Gag constructs and variants used in this work. All RSV Gag variants are derived from the previously
described genomic sequence of pRC.V8 (45). All HIV-1 Gag variants are derived from HIV-1 isolate BH10. Amino acid residue numbers are shown above
constructs. In chimeras, the color indicates whether the domain is from RSV (red, green, blue, and black) or HIV-1 Gag (orange). H6.H32R.3h is a previously
described chimera in which the first 10 amino acids of RSV MA are replaced with the first 32 amino acids of HIV-1 MA (42). H6.H132R.3h consists of the entire
HIV-1 MA domain fused to RSV �MA.3h. The amino acids flanking the junction region of each chimera are shown explicitly below each construct. In the core
of H6.H132R.3h, an extra D residue is present at the junction (black).
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centage of tRNATrp annealed, �A is the change in percentage of tRNATrp

annealed, and k is the annealing rate. The scaled annealing rate, k=, was
obtained by multiplying k by the final fraction of tRNATrp annealed.

FA binding assays. Fluorescence anisotropy (FA) was used to deter-
mine the binding affinity of Gag and Gag variants for NA as described
previously (20). RSV 60-mer RNA was labeled with fluorescein-5-isothio-
cyanate (FITC) at the 3= end (3=-FITC-RSV 60) using established proto-
cols (47). The concentration and labeling efficiency were determined by
measuring the absorbance at 260 nm and 495 nm and using the following
molar extinction coefficients: ε495 	 8.5 � 104 M�1 cm�1 (fluorescein)
and ε260 	 51.5 � 104 M�1 cm�1 (RSV 60-mer). FA assays were per-
formed in 20 mM Tris-HCl, pH 7.9, 1 mM MgCl2, and 50 mM monova-
lent ions using 3=-FITC-RSV 60. Final RNA concentrations used were
generally 10- to 100-fold below the determined dissociation constant (Kd)
value: 20 nM RNA was used for RSV MA, 5.0 nM RNA was used for
RSV H6.Gag.3h, RSV H6.Gag.�NC�SP, RSV H6.�MA.Gag.3h, and
HIV-1 H6.MA, and 1.5 nM RNA was used for HIV-1 Gag�p6,
H6.H132R.Gag.3h, and H6.H32R.Gag.3h. Binding affinities were deter-
mined by fitting FA data to a 1:1 binding model as described previously
(35). Due to aggregation, the dissociation constant of HIV-1 H6.MA was
calculated by measuring fluorescence intensity rather than FA, as previ-
ously described (20). FA competition assays using IP6 were performed
essentially as previously described (20). In these assays, RSV MA (20 �M)
or RSV H6.Gag.3h (400 nM) was prebound with 20 nM or 1.5 nM 3=-
FITC-RSV 60, respectively. Following a 30-min incubation at room tem-
perature, increasing concentrations of IP6 were added and incubated with
the protein/RNA complexes for an additional 30 min prior to FA mea-
surements. All fluorescence measurements were performed on a Spectra-
Max M5 plate reader (Molecular Devices, Sunnyvale, CA).

RESULTS
The annealing activities of RSV Gag and NC are salt dependent
and equivalent under saturating conditions. All RSV Gag vari-
ants used in this work are derived from Prague C strain pRC.V8
(45). H6.Gag.3h contains only the first seven amino acids of the
protease domain (38, 48), and previous work demonstrated that
the Gag.3h protein forms virus-like particles efficiently in COS-1
cells (48). To begin to characterize the NA chaperone activity of
RSV H6.Gag.3h (here referred to as RSV Gag), single-time-point
gel-shift tRNA annealing assays were performed using in vitro-
transcribed bovine tRNATrp, which differs from chicken tRNATrp

in only two nucleotides (Fig. 1A, C16U in the D loop and C47U in
the variable loop) and a 180-nt RNA construct derived from the
PBS region of the RSV gRNA (RSV PBS) (Fig. 1A).

RSV Gag mediated the annealing of tRNATrp to the RSV PBS
(Fig. 2). At 50 mM NaCl, the extent of annealed product observed
at a given protein concentration was significantly greater for Gag
than for RSV NCp12. Moreover, in the case of Gag, the maximum
extent of annealing (�50%) was observed at 1 �M protein,
whereas for NCp12, 10% annealing was achieved at 1 �M and only
35% annealing was observed at 4.5 �M protein. RSV Gag- and
NCp12-facilitated tRNA annealing were both inhibited at higher
concentrations of NaCl. The annealing activities of RSV Gag and
NCp12 were reduced when NaCl was increased from 50 mM to
150 mM by 50% and 80%, respectively (Fig. 2A).

Time course assays next were performed at 0.5, 1.0, 2.0, and 3.0
�M protein concentrations to compare the annealing rates of RSV
Gag and NCp12 below and at protein saturation (Table 1). At 0.5 �M
protein, RSV Gag and NC demonstrate a similar annealing rate, but
in the presence of Gag, an �3-fold greater total percent tRNA an-
nealed was observed. At protein concentrations approaching satura-
tion (1 and 2 �M), Gag and NCp12 displayed more similar annealing
rates and total percentages of tRNA annealed. At protein saturation
(3 �M), both proteins resulted in �65% total tRNA annealed and
exhibited very similar scaled annealing rates of 0.13 min�1 (Gag) and
0.16 min�1 (NCp12) (Fig. 2B and Table 1).

NA chaperone activity of RSV Gag is dependent on NC but
not on MA. It was recently reported that the differences in HIV-1

FIG 2 (A) Single-time-point (30 min) gel-shift annealing assays comparing
RSV H6.Gag.3h and NCp12 in the presence of the indicated concentration of
NaCl. (B) Annealing time course assays for RSV H6.Gag.3h and NCp12 using
3 �M protein in 50 mM NaCl. The curves are single-exponential fits to the
averages from three or more trials with standard deviations indicated.

TABLE 1 RSV H6.Gag.3h- and NCp12-facilitated annealing of tRNATrp

to RSV PBSa

Protein (concn, �M) kb (min�1)
tRNATrp annealedc

(%) k=d (min�1)

NCp12 (0.5) 0.11 � 0.05 15 � 4 0.02
NCp12 (1.0) 0.09 � 0.01 50 � 15 0.05
NCp12 (2.0) 0.15 � 0.04 74 � 19 0.11
NCp12 (3.0) 0.25 � 0.07 63 � 15 0.16
H6.Gag.3h (0.5) 0.08 � 0.04 49 � 22 0.04
H6.Gag.3h (1.0) 0.16 � 0.07 70 � 17 0.11
H6.Gag.3h (2.0) 0.18 � 0.05 73 � 12 0.13
H6.Gag.3h (3.0) 0.19 � 0.07 66 � 10 0.13
a All experiments were performed in 50 mM HEPES, pH 7.4, 5 mM dithiothreitol, 1
mM MgCl2, and 50 mM NaCl using 10 nM bovine tRNATrp and 25 nM RSV PBS. All
reported values represent the averages from three or more trials with standard
deviations reported.
b k is the annealing rate constant obtained from single-exponential fits of time course
annealing assays.
c The overall amount of tRNATrp annealed after 30 min at room temperature.
d k= is the scaled annealing rate obtained by multiplying k by the final fraction of
tRNATrp annealed.
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Gag�p6 and NCp7 NA chaperone activities are due to properties
of the MA domain, which inhibits Gag-facilitated RNA annealing
in vitro (20). To gain further insights into the contributions of
NCp12 and MA to RSV Gag’s NA chaperone function, purified
H6.Gag.3h truncation mutants and the MA domain were tested
for annealing activity using gel-shift RNA annealing assays
(Fig. 3A). For the H6.Gag.�NC�SP (here called �NC�SP) and
MA proteins, no substantial annealing was observed at concen-
trations of up to 4.5 �M, suggesting that NCp12 is critical for
RSV Gag chaperone activity (Fig. 3A). This finding is consistent
with previous work demonstrating that NCp7 is required for
HIV-1 Gag-facilitated tRNA annealing (20). RSV H6.�MA.3h (here
referred to as �MA) exhibited chaperone activity similar to that of
3 �M Gag (Table 1), with a scaled annealing rate of 0.15 min�1

and 62% � 8% tRNA annealed (Fig. 3B). Thus, MA does not
inhibit annealing of RSV Gag, in contrast to the inhibitory effect of
HIV-1 MA on the chaperone activity of HIV-1 Gag�p6 (20).

RSV Gag NA chaperone activity is not stimulated by IP6. In
HIV-1, IP6 stimulates the NA chaperone activity of Gag by bind-
ing the inhibitory MA domain and displacing it from NA (20). We
hypothesized that because the RSV MA domain does not inhibit
annealing of Gag, IP6 binding was unlikely to stimulate RSV Gag
NA chaperone activity. To test this hypothesis, Gag-facilitated sin-
gle-time-point gel-shift RNA annealing assays were performed in
the absence and presence of 5 �M IP6 (Fig. 4). As expected, tRNA
annealing by HIV-1 Gag�p6 (here referred to as HIV-1 Gag) was
stimulated by 15%, and the scaled annealing rate increased 4-fold

in the presence of IP6 (Fig. 4A). In contrast, RSV Gag showed a
20% decrease in tRNA annealing and no change in annealing rate
in the presence of IP6 (Fig. 4B and Table 2). We attribute this
decrease in percent tRNA annealed to inhibition of the interaction
of NCp12 and RNA by high concentrations of IP6, as we observed
this effect only at IP6 concentrations of 
5 �M (data not shown).
Importantly, the lack of IP6-dependent stimulation in tRNA an-
nealing by RSV Gag was observed under a variety of conditions,
including kinetic annealing assays performed at a range of con-
centrations of RSV Gag (0.5 to 3.0 �M) and using kinetic and
single-time-point assays at 1 to 200 �M IP6 and 250 to 700 �M
PI(4,5)P2 (data not shown).

To determine whether the HIV-1 MA domain would confer
IP6-dependent stimulation of annealing to RSV Gag, we tested
the effect of IP6 on the NA chaperone function of RSV/HIV-1
Gag chimeras H6.H32R.3h and H6.H132R.3h (referred to as
H32R and H132R, respectively) which contain either the mem-
brane binding domain (MBD) of HIV-1 MA (H32R) or the
entire HIV-1 MA domain (H132R) (Fig. 1B). Chimera H32R
annealed �70% of the tRNA with a reduced rate of annealing;
however, there was no significant difference in the annealing
rate in the absence or presence of IP6 (Fig. 4C and Table 2). The
overall reduction in the annealing rate might be due to inter-
ference of the chimeric MA domain with the chaperone func-
tion of NC or a global change in conformation of the chimeric
protein. Therefore, the HIV-1 MA MBD alone was not suffi-
cient to trigger IP6-dependent stimulation of tRNA annealing.
In contrast, chimera H132R exhibited a 20% stimulation of
tRNA annealing (Fig. 4D) and a 4-fold stimulation in annealing
rate in the presence of IP6 (Table 2). Taken together, these
results show that the complete HIV-1 MA domain is required
to confer IP6-dependent stimulation of annealing on RSV Gag,
suggesting that residues outside the HIV-1 MBD are needed for
this effect.

RSV NCp12 is required for high-affinity binding to NA. We
hypothesize that HIV-1 and RSV Gag NA chaperone activities
differ due to differences in MA-NA binding affinities. Thus, FA
was used to determine the relative binding affinities of RSV and
HIV-1 Gag variants to a nonspecific RNA. For these studies, we
chose to use a 60-mer RNA derived from the RSV Gag coding
sequence, which is predicted by m-fold to possess both single-
stranded and double-stranded regions (Fig. 1A). For HIV-1 MA,
NA binding resulted in a significant decrease in fluorescence in-
tensity, making the dissociation constant (Kd) derived from FA
less accurate. Therefore, in this case the binding affinity was de-
termined from the fluorescence intensity, as previously described
(20).

HIV-1 Gag�p6 (Kd, �3 nM) bound to the 60-mer RNA with at
least 100-fold higher affinity than HIV-1 MA (Kd, 354 nM) (Table
3). Binding affinities of RSV Gag and �MA for NA were similar
(Kd, �70 nM) to each other, although both bound the 60-mer
RNA with at least 20-fold weaker affinity than HIV-1 Gag�p6.
Interestingly, RSV Gag derivative �NC�SP and RSV MA bound
with low affinity to the RSV 60-mer (Kd of �10 �M and 17 �M,
respectively) (Fig. 5A and B and Table 3). A previous study of the
NA binding properties of RSV MA estimated a Kd in the range of
�10�3 M, which is even weaker than our data indicated (49).
Additionally, the RSV/HIV-1 Gag chimera H32R bound with �3-
fold higher affinity (Kd, �20 nM) (Fig. 5E) than RSV Gag but
more weakly than HIV-1 Gag (Table 3), demonstrating that the

FIG 3 (A) Single-time-point (30 min) gel-shift annealing assays comparing
RSV H6.Gag.3h, H6.Gag�NC�SP, and MA. (B) Annealing time course assays
comparing H6.Gag.3h and H6.�MA.3h using 3 �M protein. The curves are
single-exponential fits to the averages from three or more trials with standard
deviations indicated.
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HIV-1 MBD alone is unable to increase the binding affinity of RSV
Gag to the level of HIV-1 Gag. In contrast, H132R, which contains
the entire HIV-1 MA domain, exhibited a Kd of �3 nM for bind-
ing to RSV 60-mer RNA, a value equivalent to the upper limit
measured for binding by HIV-1 Gag�p6. In summary, the appar-
ent Kd values decrease in this order: RSV MA � �NC�SP 


HIV-1 MA 
 RSV Gag � RSV �MA 
 H32R 
 H132R � HIV-1

Gag. These results, together with the similar binding affinities pre-
viously determined for HIV-1 NCp7 and RSV NCp12 (35), sug-
gest the ability of HIV-1 Gag to bind NA more tightly than RSV
Gag is due to the substantial increase in NA binding affinity of
HIV-1 MA relative to RSV MA.

IP6 binds RSV MA and disrupts the MA-NA interaction. The
annealing activity of RSV Gag was not stimulated by IP6 unless
the entire MA domain was replaced by HIV-1 MA. To deter-
mine whether RSV MA itself could bind IP6, FA competition
assays were performed. RSV Gag or RSV MA was prebound to
3=-FITC-RSV 60. We observed that IP6 began to compete with
the 3=-FITC-RSV 60-mer for binding to MA at 6 �M, and

FIG 4 Annealing time course assays for HIV-1 Gag�p6 (A), RSV H6.Gag.3h (B), H6.H32R.3h (C), and H6.H132R.3h (D) using 0.8 �M protein in the absence
or presence of 5 �M IP6. The curves are single-exponential fits to the averages from three or more trials with standard deviations indicated.

TABLE 2 RSV H6.Gag.3h-, HIV-1 Gag�p6-, and RSV/HIV-1 chimera-
facilitated annealing of tRNATrp to RSV PBSa

Protein (concn, �M) IP6 kb (min�1)
tRNATrp

annealedc (%) k=d (min�1)

HIV-1 Gag�p6 � 0.08 � 0.03 52 � 15 0.04
HIV-1 Gag�p6 � 0.26 � 0.05 67 � 12 0.17
RSV H6.Gag.3h � 0.35 � 0.14 92 � 8 0.32
RSV H6.Gag.3h � 0.37 � 0.17 71 � 6 0.26
H6.H32R.3h � 0.11 � 0.04 73 � 15 0.08
H6.H32R.3h � 0.14 � 0.05 73 � 3 0.10
H6.H132R.3h � 0.18 � 0.02 56 � 7 0.10
H6.H132R.3h � 0.59 � 0.06 76 � 12 0.44
a All experiments were performed in 50 mM HEPES, pH 7.4, 5 mM dithiothreitol, 1
mM MgCl2, and 50 mM NaCl using 10 nM bovine tRNATrp, 25 nM RSV PBS, and 800
nM Gag in the absence or presence of 5 �M IP6. All reported values represent the
averages from three or more trials with standard deviations reported.
b k is the annealing rate constant obtained from single-exponential fits of time course
annealing assays.
c The overall amount of tRNATrp annealed after 30 min at room temperature.
d k= is the scaled annealing rate obtained by multiplying k by the final fraction of
tRNATrp annealed.

TABLE 3 Apparent dissociation constants of RSV and HIV-1 Gag for
3=-FITC-RSV 60 determined by FAa

Protein Kd
a (nM)

RSV H6.Gag.3h 66 � 25
RSV H6.�MA.3h 71 � 18
RSV MA 17,000 � 5,000
RSV H6.�NC�SP 
10,000
HIV-1 Gag�p6b �3
HIV-1 H6.MA 354 � 78
H6.H32R.3h 22 � 9
H6.H132R.3hb �3
a All experiments were performed using 1.5–20 nM 3=-FITC-RSV 60, 20 mM Tris-HCl,
pH 7.9, 1 mM MgCl2, and 50 mM monovalent ions.
b The detection limit of the FA binding assay allowed only an upper limit for the Kd to
be determined.
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complete displacement of RNA was observed at 135 �M IP6
(Fig. 6). In contrast, RSV Gag remained bound to 3=-FITC-RSV
60 even at the highest concentrations of IP6, with no detectable
competition observed. This result suggests that the MA protein
binds IP6, and this binding event is strong enough to displace
NA; however, the 3=-FITC-RSV 60 was not displaced from RSV
Gag due to the strong affinity of the NC domain for NA. To rule
out any effect of the His tag, IP6 competition assays were also

performed with RSV Gag�PR, a construct that lacks the N-ter-
minal His tag and the complete protease domain, and similar
results were obtained (data not shown).

DISCUSSION

In this work, we demonstrated that the RSV Gag polyprotein is an
effective NA chaperone and that NCp12 is required for this activ-
ity, consistent with previous studies performed with HIV-1

FIG 5 Fluorescence measurements to monitor binding of 3=-FITC-RSV 60 to RSV and HIV-1 Gag variants. (A) FA binding assays for RSV Gag variants. (B)
Binding of RSV MA performed at higher protein concentrations. The inset shows the same data plotted on a linear rather than log 10 scale. FA binding assays were
performed with HIV-1 Gag�p6 (C), HIV-1 H6.MA (D), and RSV/HIV-1 Gag chimeras (E and F). The FA data for RSV Gag variants, HIV-1 Gag�p6, and the
chimeras were fit to 1:1 binding curves as described previously (35). The fluorescence intensity change of HIV-1 H6.MA was fit as previously described (20). All
graphs represent the averages from three or more trials with standard deviations indicated.
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Gag�p6 (20). Whereas RSV Gag was a much better NA chaperone
on a molar basis than NCp12, at protein saturation, RSV Gag and
NCp12 had comparable NA chaperone activities. The observation
that at lower protein concentrations the extent of tRNA annealing
facilitated by Gag is greater than the extent of annealing facilitated
by NCp12 is an indication that other domains of Gag contribute to
NA chaperone activity. Although the NC domain is the primary
NA interaction domain for both proteins, the Gag polyprotein is
able to multimerize due to the CA domain (13, 50), and it is pos-
sible that these intermolecular interactions lead to an increase in
the total percentage of tRNA annealed at low protein concentra-
tions. This result differs from observations in the HIV-1 system,
where at protein saturation Gag�p6-facilitated tRNALys,3 anneal-
ing is 11-fold slower than NCp7-facilitated annealing (20). In ad-
dition, whereas HIV-1 MA inhibits the NA chaperone function of
HIV-1 Gag�p6, the presence of the RSV MA domain had no sig-
nificant effect on the activity of RSV Gag in vitro annealing. An-
nealing activities of RSV Gag or chimera H32R were not stimu-
lated by IP6; however, IP-dependent stimulation was observed
when using HIV-1 Gag�p6 or the chimera H132R, in which the
RSV MA domain was replaced with the entire HIV-1 MA se-
quence. Furthermore, RSV MA binds NA very weakly; therefore,
RSV Gag and �MA share equivalent binding affinities for RNA.

We observed that the tRNA annealing activities of RSV Gag
and NCp12 both were highly sensitive to monovalent ions in the
range of 50 to 150 mM. This finding differs from those for HIV-1,
for which reports have shown that NC is salt sensitive (51–53), but
Gag-facilitated annealing is much less sensitive to salt in this range
(20, 54). Experiments demonstrating that aggregation of NA by
RSV NCp12 is abrogated by increasing concentrations of NaCl are
consistent with our observation that the NA chaperone activity of
NCp12 was salt dependent (55).

The relative binding affinities reported here are generally con-
sistent with predictions of binding based on calculated isoelectric
points (pI; Scripps protein calculator). The pI values of RSV
NCp12 and HIV-1 NCp7 (BH10) are the same, with a calculated
value of 10.02. However, the pI values for Gag differ, with values of
8.51 and 9.25 calculated for RSV H6.Gag.3h and HIV-1 Gag�p6,
respectively. The less basic character of RSV H6.Gag.3h relative to
HIV-1 Gag�p6 is reflected in our FA studies showing that RSV
Gag exhibits at least 22-fold weaker binding to NA than HIV-1
Gag. The different binding capabilities of the Gag proteins likely

are due to the different pI values of the MA domains, which are 7.7
(RSV) and 9.2 (HIV-1). The lower overall net positive charge of
RSV MA is also consistent with our observation that RSV MA has
a very weak binding affinity for RNA relative to HIV-1 H6.MA
(Table 3). Interestingly, the pI of the human T-cell leukemia virus
type 2 (HTLV-2) MA protein (9.51) is even higher than that of
HIV-1 MA, and we recently showed that, similar to bovine leuke-
mia virus MA (56), this deltaretroviral MA protein binds RNA
oligonucleotides derived from HTLV-2 gRNA with even higher
affinity (�70 nM at 50 mM NaCl) than HTLV-2 NC (57). Thus,
retroviruses appear to possess a wide spectrum of MA-NA binding
capabilities, which may have evolved due to distinct mechanisms
of action during virus assembly and/or postentry.

In contrast to HIV-1, where it is widely accepted that Gag is
localized to the PM, at least in part, via an interaction between MA
and PI(4,5)P2 (30, 34, 58, 59), the mechanism by which RSV Gag
is targeted to the PM is controversial, as both PI(4,5)P2-dependent
and -independent modes of PM localization have been suggested.
Early reports showed that RSV MA interacts with negatively
charged lipids in the PM due to electrostatic interactions, which is
magnified by Gag oligomerization during virus assembly (60, 61).
However, more recent studies reported conflicting results regard-
ing whether PI(4,5)P2 is required for PM localization of RSV Gag.
One report concluded that PM localization of RSV Gag does
not require PI(4,5)P2 in chicken fibroblasts based on the find-
ing that membrane localization of RSV Gag-GFP and release of
virus-like particles were unaffected by expression of inositol
polyphosphate 5-phosphatase type IV, which reduces intracellular
levels of PI(4,5)P2 and phosphatidylinositol-(3,4,5)-triphosphate
[PI(3,4,5)P3] (12). However, a subsequent study showed that re-
duction of intracellular levels of PI(4,5)P2 and PI(3,4,5)P3 pre-
vents PM localization of RSV Gag and results in a 40% reduction
in viral budding efficiency in quail fibroblasts (62). Supporting the
importance of PI(4,5)P2 in RSV Gag membrane localization,
Akira Ono and coworkers found that an HIV-1 Gag construct
with RSV MA substituted for HIV-1 MA and a leucine zipper in
place of the NC domain binds to PI(4,5)P2-containing liposomes
in vitro (Akira Ono, personal communication). In this RSV/HIV
chimeric Gag protein, the contribution of NC to liposome binding
was negated by the zipper domain, allowing RSV MA sensitivity to
PI(4,5)P2 binding to be measured independently. Whether the
putative role of PI(4,5)P2 in PM binding by RSV Gag represents a
general requirement for charge-mediated interactions between
acidic phospholipids in the PM with basic regions of Gag or
whether there is indeed a specific binding pocket for PI(4,5)P2

remains uncertain.
IP6 has been proposed to stimulate HIV-1 Gag chaperone ac-

tivity by displacing the MA domain from bound NA, presumably
allowing more effective NA binding and enhanced chaperone
function of the NC domain (20). The failure of IP6 to stimulate
RSV Gag chaperone function likely is due to the weak binding of
the MA domain to NA rather than to lack of MA-IP interaction
based on our finding that IP6 competes with RNA for binding to
MA. Thus, similar to other retroviral MA domains (20, 56, 57),
RSV MA is capable of binding IPs, but unlike the case in HIV-1,
this binding does not stimulate chaperone function because MA is
so weakly bound to NA in the first place. Furthermore, finding
that the RSV Gag-NA interaction was not disrupted by IP6 in vitro
suggests that Gag is so tightly bound to NA via the NC domain that
IP6 is not an effective competitor.

FIG 6 FA measurements to monitor competition of IP6 with 3=-FITC-RNA
60 for binding to RSV H6.Gag.3h and RSV MA. Graphs represent the averages
from three or more trials with standard deviations indicated.
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Exactly when in the retroviral life cycle and where in the cell
tRNA primer annealing occurs are open questions. In HIV-1 and
RSV, PR-negative virus particles have a significant amount of an-
nealed tRNA, suggesting that tRNA annealing occurs prior to vi-
rus maturation (18, 19). It was proposed that for HIV-1, the in-
teraction between MA and RNA inhibits premature tRNA primer
annealing by Gag prior to MA-PI(4,5)P2 interaction and assembly
(20). In RSV, the Gag protein undergoes nuclear localization due
to the nuclear localization signals in the MA and NC domains and
a CRM1-dependent nuclear export signal in the p10 domain (63,
64). RSV Gag may have evolved to develop effective IP-indepen-
dent NA chaperone activity because of the local environment in
which primer annealing occurs. Whether tRNA annealing to the
PBS occurs in the nucleus is unknown, and future studies will
address this question.
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