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The structural protein Gag is the only viral product required for retrovirus assembly. Purified Gag proteins
or fragments of Gag are able in vitro to spontaneously form particles resembling immature virions, but this
process requires nucleic acid, as well as the nucleocapsid domain of Gag. To examine the role of nucleic acid
in the assembly in vitro, we used a purified, slightly truncated version of the Rous sarcoma virus Gag protein,
�MBD�PR, and DNA oligonucleotides composed of the simple repeating sequence GT. Apparent binding
constants were determined for oligonucleotides of different lengths, and from these values the binding site size
of the protein on the DNA was calculated. The ability of the oligonucleotides to promote assembly in vitro was
assessed with a quantitative assay based on electron microscopy. We found that excess zinc or magnesium ion
inhibited the formation of virus-like particles without interfering with protein-DNA binding, implying that
interaction with nucleic acid is necessary but not sufficient for assembly in vitro. The binding site size of the
�MBD�PR protein, purified in the presence of EDTA to remove zinc ions at the two cysteine-histidine motifs,
was estimated to be 11 nucleotides (nt). This value decreased to 8 nt when the protein was purified in the
presence of low concentrations of zinc ions. The minimum length of DNA oligonucleotide that promoted
efficient assembly in vitro was 22 nt for the zinc-free form of the protein and 16 nt for the zinc-bound form. To
account for this striking 1:2 ratio between binding site size and oligonucleotide length requirement, we propose
a model in which the role of nucleic acid in assembly is to promote formation of a species of Gag dimer, which
itself is a critical intermediate in the polymerizaton of Gag to form the protein shell of the immature virion.

In retroviruses, the structural protein Gag is necessary and
sufficient to direct the assembly, budding, and release of virus-
like particles (VLPs) from the plasma membrane. This assem-
bly process involves multiple steps, including Gag-RNA inter-
action, Gag-Gag interaction, and Gag-membrane interaction.
Late in the budding process, the Gag polyprotein is cleaved by
viral protease (PR) to generate the mature proteins matrix
(MA), capsid (CA), and nucleocapsid (NC), which are ubiq-
uitous in all retroviruses, as well as several small peptides or
proteins specific to the genus. MA lines the inner side of the
viral membrane. CA is the major structural protein that forms
the shell of viral core. In human immunodeficiency virus type
1 (HIV-1), CA dimerizes in vitro, a process that is mediated
through its C-terminal domain (CTD) (21). In contrast, Rous
sarcoma virus (RSV) CA (10, 36), as well as human T-cell
leukemia virus type 1 (35) and equine infectious anemia virus
CA (4), remains as a monomer even at very high protein
concentrations. NC is a highly basic protein that coats the two
strands of genomic RNA, forming a nucleocapsid complex
within the viral core. Retroviral NC proteins have one or two
Cys-His motifs (CCHC) that tightly bind zinc, and virions con-
tain stoichiometric amounts of this metal ion. In solution struc-
tures of NC proteins of HIV-1 (42), Mason-Pfizer monkey
virus (23), mouse mammary tumor virus (37), and murine
leukemia virus (MLV) (17), the CCHC motifs form a “finger”
or “knuckle” surrounding the ion, but the rest of the NC
protein is unstructured. Although the CCHC motifs are dis-

pensable for assembly both in vivo and in vitro, they are critical
for binding specifically to the RNA packaging sequence that
allows the incorporating of the virus genome into the virion (3,
15). From deletion analyses, three short sequences within Gag
have been found to serve important functions during budding.
The M (membrane-binding) sequence is responsible for
plasma membrane targeting and binding. This sequence in-
cludes the basic amino acid residues within the first half of MA
domain, as well as the N-terminal myristate group present in
most of retroviral Gag proteins but not in RSV Gag (40, 48, 50,
58, 61, 70). The L (late) sequence, which is located either
between MA and CA or at the C terminus of Gag, facilitates
the pinching off and release of the budding virions. Deletion of
this sequence results in the accumulation of virus particles on
the plasma membrane, where they appear to remain tethered
by membrane stalks (2, 13, 24, 25, 51, 52, 62, 65, 66). The I
(interaction) sequence, which is poorly defined but appears to
be present in one or two copies in the NC domain, is composed
mainly of basic amino acid residues. Deletion of this sequence
is reported to lead to the formation of particles with abnor-
mally low density, presumably by abolishing RNA binding and
thereby somehow leading to loose packing of the Gag polypro-
tein (5, 12, 16). However, the correlation between basic resi-
dues and particle density was recently challenged, and the
mechanism by which I domains exert their function in assembly
remains controversial (11).

In vitro systems have been developed to study assembly for
several retroviruses, including Mason-Pfizer monkey virus
(38), RSV (8, 9, 31, 68), and HIV-1 (6, 22, 26–29, 45, 60).
Spherical or tubular VLPs form spontaneously in vitro from
purified Gag protein or fragments of Gag. In the RSV system,
morphology is dictated in part by the presence or absence of
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the 25 C-terminal amino acid residues of the p10 domain just
N-terminal to CA (8, 9, 31). In the HIV-1 system, CA itself, or
CA-NC in the presence of RNA, forms conical particles and
tubular particles of different widths (18, 22, 26, 27, 60). How-
ever, in some contexts N-terminal extensions of CA, the pres-
ence of the spacer region (SP1) between CA and NC, or a basic
pH all promote the formation of spherical particles (28, 29,
60). Although Gag proteins missing part of MA form particles
closely resembling immature virions, full-length HIV-1 Gag
assembles into particles of improper size unless an inositol
polyphosphate-containing compound is present (7). Although
under some circumstances the purified mature RSV CA or
HIV-1 CA can form tubular particles by itself, usually the NC
domain, as well as RNA, is required for the efficient assembly
of spherical particles resembling wild-type immature virions
(18, 22, 26, 27, 36, 60, 68). Previous studies showed that the
sequence of the RNA is irrelevant; various species of RNA, as
well as DNA oligonucleotides and a polyanion, are able to
promote efficient assembly in vitro, suggesting that the elec-
trostatic interaction between Gag protein and the nucleic acid
is the driving force for assembly (68). In a model proposed
previously, the role of nucleic acid is to act as a scaffold.
Binding of Gag to RNA via the NC domain would bring the
upstream domains of Gag close together, thus facilitating pro-
tein-protein interactions (8).

We used two independent assays for protein-nucleic acid
binding, as well as quantitative electron microscopic (EM)
analysis, to study the relationship between protein-nucleic acid
binding and in vitro assembly of an RSV Gag fragment missing
the N-terminal membrane-binding domain and the C-terminal
PR domain. When prepared in the presence of zinc, the Gag
protein has a smaller binding site on DNA oligonucleotides
than the protein prepared in the presence of EDTA. However,
in both cases, the shortest DNA oligonucleotide that supports
efficient assembly is twice the size of the binding site of protein.
This ratio is striking, suggesting a model in which the role of
nucleic acid in assembly is to promote formation of Gag
dimers; these, in turn, are the critical building blocks for po-
lymerization of the Gag shell in the immature virion.

MATERIALS AND METHODS

DNA constructs and protein purification. The plasmid pET3xc-�MBD�PR
was constructed by using common subcloning techniques and propagated in the
DH5� strain of Escherichia coli as described elsewhere (9). E. coli BL21(DE3)/
pLysS cells were grown and induced for protein expression as previously de-
scribed (9).

Protein �MBD�PR was purified by using a method modified from previous
reports (9, 68). The frozen cell pellets were resuspended on ice in buffer A (20
mM Tris [pH 7.5], 0.5 M NaCl, 0.1% Nonidet P-40, 10% glycerol, 1 mM EDTA,
10 mM dithiothreitol [DTT], 1 mM phenylmethylsulfonyl fluoride [PMSF]) at 25
ml/liter of cell culture, and the cells were broken by sonication. Insoluble debris,
ribosomes, and nucleic acids were removed by the addition of 0.3% polyethyl-
eneimine, followed by ultracentrifugation at 45,000 rpm for 3 h by using a 50.2
Ti rotor. Soluble protein was first precipitated with 25% saturated ammonium
sulfate and then resuspended in buffer B (20 mM Tris [pH 7.5], 1 mM EDTA, 10
mM DTT, 1 mM PMSF) plus 0.1 M NaCl at 5 ml/liter of cell culture. Insoluble
material was removed by centrifugation, and the supernatant was applied to a
DEAE-cellulose (DE-52) column. The resin was washed with buffer B plus 0.1 M
NaCl. The flowthrough and wash fractions were pooled and loaded onto a
phosphocellulose (Whatman P11) column. The resin with bound protein was
washed with buffer B plus 0.1 M NaCl and then with buffer B plus 0.3 M NaCl.
Protein was eluted with buffer B plus 0.5 M NaCl and dialyzed against buffer B
plus 0.1 M NaCl overnight at 4°C.

To obtain �MBD�PR protein with bound zinc (�MBD�PR-Zn), a modified
scheme was used to include the divalent metal ion in the purification steps. We
added 50 �M ZnCl2 to each buffer instead of 1 mM EDTA. The final purified
protein was first dialyzed against buffer B plus 0.1 M NaCl and 200 �M ZnCl2
overnight and then dialyzed against buffer B plus 0.1 M NaCl and 20 �M ZnCl2
for 4 h to remove the bulk of the free zinc. Protein aliquots were stored in liquid
nitrogen for no more than 2 months.

Protein concentration was determined by spectrophotometry. The A260/A280

ratio of purified protein was determined to be ca. 0.7, indicating a lack of nucleic
acid contamination. The final protein was ca. 90% pure as judged by Coomassie
blue staining after sodium dodecyl sulfate-polyacrylamide gel electrophoresis.
The protein used in the following binding and assembly experiments was frozen
and thawed only once.

Binding assays. Nitrocellulose filter-binding assays were performed as de-
scribed before (53). In brief, standard reaction mixtures (50 �l) contained buffer
C (20 mM Tris [pH 7.5], 100 mM NaCl, 1 mM DTT), 0.2 to 1 ng of 32P-labeled
DNA oligonucleotide, and various concentrations of purified protein. After 30
min of incubation at room temperature, the reaction mixtures were filtered
through 25-mm presoaked nitrocellulose filters (BA85; Schleicher & Schuell,
Inc.) on a large manifold with gentle suction (ca. 0.5 ml/min per filter). The filters
were then washed three times with 0.5 ml of buffer C and counted for radioac-
tivity. The apparent binding constant (Ka) of the protein is defined as the inverse
of the protein concentration at which 50% of maximal binding occurs. The
binding site size of �MBD�PR and of �MBD�PR-Zn was calculated by pairwise
comparison of the Ka of each protein with DNA oligonucleotides of various
lengths and composed of the simple repeat sequence GT, as described in Results.
This analysis is based on the following assumptions. (i) One protein molecule
bound to the oligonucleotide will cause retention of the complex with 100%
efficiency. (ii) None of the protein dissociates from the complex on the filter
during the wash step. (iii) The intrinsic binding constant (Ki) is the same for all
GTmers that are at least as long as the binding site size. (iv) At the protein
concentration at which half-maximal binding occurs, not more than one protein
molecule is bound to any oligonucleotide. (v) There is only one binding mode,
governed by one Ki, for the protein on any GTmer, and thus the binding is “all
or nothing.”

Assumption i above is standard in this type of assay and is likely to hold for
large proteins, although it may not hold for very small proteins such as NC itself
(53). Assumption ii also is standard. Assumption iii might be in error by a factor
of two, since possibly the NC domain could bind differently to the sequence
GTGT. . . than to the sequence TGTG. . . . For both assumptions ii and iii, the
conclusions that we draw are unlikely to be affected because they are based on
comparisons. Assumption iv should hold for oligonucleotides that are less than
twice the binding site size, since no matter how the first protein binds there will
not be enough room for a second protein. However, for larger DNAs, e.g., GT50,
some of the DNA molecules retained on the filter will have more than one bound
protein. (The complications in an analysis of the protein-DNA binding for
nonspecific interactions, in which there are overlapping binding sites, are dis-
cussed in reference 19.) In our experiments, the Ka for GT50 estimated by the
protein concentration at half-maximal binding underestimates the real Ka by ca.
23%, which would cause the binding site size to be underestimated by less than
1 nt. Assumption v is a simplification for two reasons. First, published evidence
suggests that under some conditions the NC domain can become more compact
and thus have a smaller binding site size (34). Second, it seems likely that the NC
domain also could bind to a shorter stretch of nucleotides than the calculated
binding site size, e.g., 7 nt instead of 8 nt, but with a lower affinity. Unless the
affinity for such a putative smaller binding site is of a magnitude similar to that
of a full binding site, our treatment of NC-oligonucleotide binding is likely to
remain a good approximation.

For gel mobility shift assays, in a typical reaction (10 �l) various amounts of
purified protein were mixed with 0.2 to 1 ng of 32P-labeled DNA oligonucleotide
and buffer C. The mixtures were incubated at room temperature for 30 min, after
which 2 �l of 50% glycerol was added to each reaction. The mixtures were then
separated on a 10% polyacrylamide gel in TA buffer (40 mM Tris-acetate, 20 �M
ZnCl2). The gel was subsequently dried and exposed to film. The RSV and
HIV-1 NC proteins used in this assay were generously provided by Robert
Gorelick (64).

Transmission EM. A direct dilution method was used for in vitro assembly as
described previously (68). In brief, protein (typically 5 mg/ml) in buffer B plus 0.1
M NaCl was first diluted with 4 volumes of buffer D (50 mM morpholineethane-
sulfonic acid [pH 6.0], 0.1 M NaCl), followed by the addition of DNA oligonu-
cleotide (10% [wt/wt] ratio of nucleic acid to protein). Assembly reactions were
incubated at room temperature for 30 min or at 4°C for 24 h. Particles formed
under these conditions were negatively stained with 2% uranyl acetate (pH 5) on
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Formvar-carbon coated grids. To estimate the assembly efficiency under defined
conditions, the total number of particles was counted from five EM micrographs,
each from an independent assembly reaction.

RESULTS

Analysis of protein-oligonucleotide interaction. To be trac-
table for in vitro assembly, Gag proteins must be soluble under
the buffer conditions used. The largest soluble fragment of
RSV Gag as purified from E. coli is a protein missing the
N-terminal 84-amino-acid membrane-binding domain, as well
as the 123-amino-acid protease domain. We have been using
this protein, �MBD�PR, as a model for full-length Gag (Fig.
1A) (9, 68). �MBD�PR assembles into spherical VLPs in the
presence of a nucleic acid. The VLPs closely resemble imma-
ture virions in size and morphology. Diverse RNAs, double-
stranded DNA, and single-stranded DNA oligonucleotides as
short as 22 nt all promote assembly efficiently. While at least a
portion of the NC domain is required for assembly both in
vitro and in vivo, the CCHC motifs that bind Zn2� ions are not
required. In previous work, �MBD�PR was purified in the
presence of 1 mM EDTA, which results in the ejection of zinc.
We have modified the purification scheme to include 50 �M
ZnCl2, as well as fresh DTT, at every purification step to
prevent the loss of the divalent cation. The resulting protein,
called �MBD�PR-Zn, was used in the experiments described
below in parallel with protein prepared with EDTA
(�MBD�PR).

In order to probe the role of nucleic acid binding in particle
assembly, we used a set of defined DNA oligonucleotides com-
posed of the dinucleotide repeat GT (GTmers). Both binding
constant and assembly efficiency were measured. It had been
shown previously that HIV-1 NC binds to runs of GT repeats
much more tightly than to other sequences in single-stranded
DNA, but it is unknown whether RSV NC has a similar pref-
erence (20). We first determined the binding constants of the
two forms of �MBD�PR by means of the classic nitrocellulose
filter assay. In this assay protein is retained quantitatively on
the nitrocellulose, while naked DNA flows through. If as little
as one protein molecule is bound to a DNA molecule, the
complex remains on the filter.

If the protein in the assay is in large molar excess over the
radioactively labeled DNA, the apparent binding constant (Ka)
is equal to the inverse of protein concentration required for
retention of half of the total radioactive oligonucleotide on the
filter. This condition is met in our experiments, since the molar
ratio of protein to DNA was more than 1,000. Longer oligo-

FIG. 1. Filter-binding analysis. (A) Diagrammatic representation
of proteins. The rectangle at the top represents the RSV Gag protein,
with vertical lines marking the sites of proteolytic cleavages during
maturation. The �MBD�PR protein is missing the N-terminal mem-
brane-binding domain, as well as the C-terminal protease domain. �,
lysine or arginine residue; CCHC, the conserved zinc-binding motif. (B
to D) Representative nitrocellulose filter-binding data for �MBD�PR
(B and C) and �MBD�PR-Zn (D) with a series of GT oligonucleo-
tides. The total length of each DNA is given by the number following
GT. The apparent binding constant (Ka) is defined as the inverse of
protein concentration that allows 50% of the radioactively labeled
oligonucleotide to be retained on the nitrocellulose filter. At least four
independent binding assays were performed, some with lower concen-
trations of protein to expand the curves for the larger DNAs.
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nucleotides have a higher Ka than shorter oligonucleotides
because fewer binding events are required for one-half of the
counts to be retained. For a synthetic DNA with a simple
repeating sequence, in this case the dinucleotide GT, the in-
trinsic binding constant (Ki) governing interaction of the pro-
tein with the DNA does not depend on DNA length (as long as
the DNA is larger than the binding site size), since the protein
always sees the same sequence. As a consequence, in a set of
GT oligonucleotides, differences in Ka are due entirely to dif-
ferences in length. Systematic analysis of these differences can
yield estimates both of Ki and of the binding site size of the
protein. In simplified form, Ka � N � Ki, where N is the number
of binding sites on the DNA. N is a function of length of the
oligonucleotide, L, and the size of the binding site size, S, as
given by the formula: N � L � S � 1. For example, for S � 10
and L � 20, there would be 11 different overlapping binding
sites. Since Ki is constant, Ka can be measured, L is known, and
S is assumed to be a constant property of the protein, any
pairwise comparison between the Ka measured for two oligo-
nucleotides will yield an estimate for S. Thus, Ki � Ka �/N� �
Ka �/N�. Several of the assumptions and approximations on
which this treatment is based are presented in Materials and
Methods (19).

Role of zinc in binding site size of �MBD�PR. Five GT
oligonucleotides were tested in the nitrocellulose filter-binding
assay at 100 mM NaCl. Four of these were able to be retained
by �MBD�PR on the filter, while one was not (Fig. 1B). GT50,
GT22, GT16, and GT12 were bound by the protein, and as
expected on a theoretical basis, Ka decreased with decreasing
DNA size (Table 1). No GT8 binding was detectable under the
standard condition for in vitro assembly (1 mg of protein/ml).
By using pairwise comparisons of the Ka measured for each of
the four oligonucleotides, we deduced that the binding site size
of �MBD�PR is ca. 9 to 13 nt (Table 2). This value is consis-

tent with the observation that GT8 failed to bind to
�MBD�PR even when the protein concentration was as high
as 20 �M (	1 mg/ml) (Fig. 1B). To refine the measurements of
binding site size, we carried out a second set of binding exper-
iments with three small GTmers that differed in length by only
2 nt: GT12, GT10, and GT8 (Fig. 1C). While �MBD�PR
protein bound to GT12 as shown previously, no binding was
detected for GT8 and GT10 with a protein concentration as
high as 1 mg/ml. Based on this assay the binding site size for
�MBD�PR on GTmers thus appears to be approximately 11
to 12 nt, a finding consistent with the value obtained by pair-
wise comparisons of Ka. We also performed less-rigorous filter-
binding assays to estimate the Ka for three DNA oligonucleo-
tides made up of the repeat sequence AC: AC50, AC22, and
AC12 (data not shown). Pairwise comparison of the resulting
binding constants implies a binding site size of ca. 11 to 16 nt,
suggesting that the binding site size is an intrinsic property of
the NC domain, independent of the DNA sequence.

The binding site size on GTmers determined as described
above for �MBD�PR without Zn2� is consistent with a pre-
vious report, in which the molar ratio of �MBD�PR to nucleic
acid was determined for particles assembled in vitro, from the
A260/A280 ratio after dissolution of the particles in sodium
dodecyl sulfate (68). The conclusion that this ratio reflects the
binding site size of the protein is indirect, being based on the
assumption that in the particles all protein molecules contact
nucleic acid in the same way and cover the entire nucleic acid
used in assembly. However, all published calculations of the
binding site size of retroviral NC proteins are in the range of 5
to 8 nt, smaller than the value we estimate here for �MBD�PR
(20, 32, 56, 57, 67). We envisioned two possible explanations
for this discrepancy. First, the larger binding site size could be
an intrinsic property of the Gag precursor, reflecting a funda-
mental difference between a Gag protein containing an NC
domain and a mature NC protein. Second, the binding of the
CCHC motifs to Zn2� might play a role in binding site size.

In order to differentiate between these two possible expla-
nations, we performed gel mobility shift assays to compare the
ability of three proteins prepared in the presence of ZnCl2,
�MBD�PR-Zn, RSV NC, and HIV-1 NC, to bind to a GT8
oligonucleotide in the presence or absence of 5 mM EDTA
(Fig. 2). RSV and HIV-1 NC had been purified by using high-
pressure liquid chromatography and were resuspended in
buffer containing ZnCl2, conditions known to allow stoichio-
metric binding of the metal ion to the protein (64). In the
absence of protein, the 32P-labeled GT8 probe migrated as a
single band in a 10% polyacrylamide gel (Fig. 2, lanes 1).
Consistent with findings of previous reports, both RSV and
HIV-1 NC were able to bind to this labeled DNA and form
stable complexes, which were retained in the well (Fig. 2A,
lanes 6 and 7; Fig. 2B, lanes 2 and 3 and lanes 6 and 7). The
lack of migration out of the well may be accounted for by the
small size of the oligonucleotide, since most or all of its neg-
ative charges would be expected to be neutralized by the
charged residues on NC. In contrast to the filter-binding results
described above for �MBD�PR in absence of Zn, the
�MBD�PR-Zn protein was able to immobilize GT8 in the
wells in the absence of EDTA (Fig. 2A, lanes 2 and 3). How-
ever, in the presence of EDTA, presumably resulting in ejec-

TABLE 1. Compilation of apparent binding constantsa

GTmer
�MBD�PR �MBD�PR-Zn

Ka (M�1) n Ka (M�1) n

GT50 (7.4–9.1) 
 106 5 ND
GT22 (1.1–1.2) 
 106 5 (2.6–2.9) 
 106 4
GT16 (2.9–3.2) 
 105 4 ND
GT12 (6.6–6.9) 
 104 4 (8.2–9.8) 
 105 4
GT10 — ND
GT8 — (1.5–1.7) 
 105 4

a The range of values from independent experiments is shown. n is the number
of experiments. ND, not determined; —, no binding observed.

TABLE 2. Binding site size of �MBD�PR proteina

GTmer
Binding site size (nt) with GTmer

GT50 GT22 GT16 GT12

GT50
GT22 9
GT16 12 13
GT12 11 11 10

a The binding site size of the zinc-free form of �MBD�PR was calculated by
pairwise comparisons of the apparent binding constant (Ka) of protein and four
GTmers of the indicated lengths.
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tion of the zinc ions, the binding between GT8 and all three
proteins was abolished (Fig. 2, lanes 4 and 5 and lanes 8 and 9).

We draw the following conclusions from these results. First,
the binding site sizes of both the Gag precursor and the mature
NC protein that contain functional zinc fingers are 8 nt or
smaller. However, after the removal of zinc, the proteins adopt
a more extended conformation, resulting in a larger binding
site size. For RSV �MBD�PR, this binding site size is ca. 11 to
12 nt. Second, little difference in binding site size or binding
affinity can be detected between the Gag precursor and the
mature NC protein by this assay. Thus, the NC domain as part
of the much larger Gag precursor acts in a way that is similar
to that of the mature NC. Third, as inferred from the mobility
shift assays in Fig. 2B (lanes 2 and 3 and lanes 6 and 7), HIV-1
NC binds to GT8 much more tightly than RSV NC does. Since
previous reports suggested a similar binding constant for both
proteins interacting with poly(rA), the higher affinity of HIV-1

NC for GT8 could be due to a difference in sequence prefer-
ence (32, 56, 67).

To determine the binding constant of �MBD�PR-Zn and
GT oligonucleotides, we measured Ka values for three small
GTmers by means of nitrocellulose filter binding (Table 1).
The zinc-bound form of the protein retained GT8 on the filter,
confirming the results from the gel mobility shift assays (Fig.
1D). From pairwise comparisons of the Ka of the protein with
three GT oligonucleotides, the binding site size of
�MBD�PR-Zn was estimated to be ca. 8 nt (Table 3), a
finding consistent with the results previously reported for ret-
roviral NC proteins (32, 56, 57, 67). If we assume that the
binding site sizes of �MBD�PR and �MBD�PR-Zn are 12
and 8 nt, respectively, the intrinsic binding constants for the
two forms of the protein would be similar, approximately 0.7 

105 to 1.7 
 105 M�1, a value that also is consistent with the
binding constant previously reported for various retroviral NC
proteins at 100 mM NaCl (32, 67). More recent data obtained
by using plasmon resonance (Biacore) technology suggest a
much higher intrinsic binding constant for HIV to GT se-
quences, with a value of as high as 107 to 108 M�1 (20). One
possible explanation for this apparent discrepancy is that RSV
NC might not have the same specificity on GT sequence as
HIV-1 NC does, as also suggested by the gel mobility shift
assays described above (Fig. 2B).

Dependence of assembly on oligonucleotide size. We ana-
lyzed the role of oligonucleotide length in assembly by testing
the ability of several GTmers to support the formation of VLPs
by �MBD�PR or by �MBD�PR-Zn. Particles assembled un-
der standard conditions were counted under EM after negative
staining. At least five independent experiments were carried
out, each with a parallel assembly reaction containing GT50
(for �MBD�PR) or GT22 (for �MBD�PR-Zn) as an internal
control, and the data were normalized to this control. The
results showed that for both proteins no VLPs whatsoever
formed with GT8 (Fig. 3). Since �MBD�PR-Zn is able to bind
to GT8, the absence of particles implies that binding itself is
not sufficient for assembly in vitro. For larger oligonucleotides,
both proteins showed a cutoff in DNA length, below which few
assembled particles were detected. For �MBD�PR this cutoff
was ca. 20 to 22 nt (Fig. 3A). GT22 was almost as efficient at
promoting assembly as the much larger GT50, which was itself
similar to total E. coli RNA (data not shown). However, GT20
and GT18 were much less efficient, showing only 23 and 15%
as many VLPs as GT22 after 30 min, respectively. The zinc-
bound form of the protein, �MBD�PR-Zn, showed a slightly
different profile of assembly efficiency with GTmers, with a
sharper cutoff in size. Maximal efficiency was achieved with

FIG. 2. Gel mobility shift analysis. Three zinc-bound proteins—
�MBD�PR-Zn, RSV NC, and HIV-1 NC–-were mixed with a 32P-
labeled GT8 probe in the absence or presence of 5 mM EDTA. The
binding reactions were incubated at room temperature for 30 min
before electrophoresis was performed on a polyacrylamide gel. The
concentrations of protein and the location of free and protein-bound
GT8 are indicated. neg, no protein added.

TABLE 3. Binding site size of �MBD�PR-Zn proteina

GTmer
Binding site size (nt) with:

GT22 GT12 GT8

GT22
GT12 7.4
GT8 8.0 8.2

a The binding site size of the zinc-bound form of �MBD�PR was calculated by
pairwise comparisons of the apparent binding constant (Ka) of protein and three
GTmers of the indicated lengths.
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oligonucleotides at least 16 nt in length, while shorter oligo-
nucleotides supported assembly poorly (Fig. 3B).

The dramatic effect of size on assembly efficiency is not due
to a binding defect for shorter DNAs, is not sequence specific,
and is not kinetic in nature. The Ka of shorter oligonucleotides
decreased gradually, as predicted from the assumption that Ki

is constant (Table 1). When AC22 and AC20 were used to
promote assembly with �MBD�PR, a similar difference was
observed as for GT22 compared with GT20 (data now shown).
To determine whether there is interplay between oligonucleo-
tide length and assembly kinetics, the assembly reactions were
incubated for 24 h at 4°C (instead of the usual 30 min at 22°C)
with �MBD�PR and the same set of GTmers (Fig. 3A). Again,
GT22 promoted assembly as efficiently as GT50. The relative
assembly efficiency of GT20 increased compared with the 30-

min reactions but only to ca. 40% of that for GT22. The longer
incubation did not change the results for DNAs shorter than 20
nt.

It is provocative that the minimum size of DNA oligonucle-
otides that allows efficient assembly (22 or 16 nt) corresponds
to two binding sites (11 or 8 nt) for both �MBD�PR and
�MBD�PR-Zn proteins. From these observations we hypoth-
esize that the essential role of nucleic acid in assembly is to
promote formation of Gag dimers. According to this model,
the binding of two Gag molecules to a nucleic acid brings the
upstream CA domains in close proximity, thus facilitating the
formation of dimers via CA-CA contacts (Fig. 5). Oligonucle-
otides not long enough to allow binding of at least two protein
molecules cannot promote dimer formation. Gag dimers thus
are envisioned as the fundamental building blocks for assem-
bly, and dimer-dimer interaction results in the polymerization
of Gag into the spherical shell of the VLP, and by extension in
vivo, the shell of the immature budding virion.

Inhibitory effect of excess magnesium and zinc ions on as-
sembly. For most Gag proteins it is known that high ionic
strength prevents in vitro assembly, presumably by blocking the
stable binding of the NC domain to nucleic acid. In the process
of further optimizing the RSV in vitro assembly system, we
found that pH and the presence of some divalent cations can
compromise particle formation without interfering with nu-
cleic acid binding. At between pH 6 and 8 there was no dif-
ference in protein-oligonucleotide binding, but the assembly
efficiency, as well as the integrity of the VLPs, was greatly
reduced at the higher pH values (68; also data not shown).
Surprisingly, Zn2� and Mg2� also had profound effects on
assembly without affecting binding. ZnCl2 in the several hun-
dred micromolar concentration range inhibited the in vitro
formation of VLPs by �MBD�PR-Zn in the presence of
GT22, as evidenced by lower numbers of VLPs counted on EM
grids (data not shown). Similar inhibition has been observed
for in vitro assembly in the HIV-1 system (I. Gross, unpub-
lished data). However, the binding between �MBD�PR-Zn
and GT22 was not affected; essentially the same binding con-
stants were determined without extra zinc or with 200 �M
ZnCl2 in the reaction (data not shown). In contrast to in vitro
assembly of �MBD�PR-Zn protein, assembly of �MBD�PR
was not inhibited by zinc (data not shown), implying that the
inhibitory effect is mediated by functional zinc finger motifs.
Presumably, once the Zn2� has been removed from the pro-
tein by EDTA, the binding motif undergoes irreversible oxi-
dative changes preventing Zn2� binding.

Magnesium ions also inhibited assembly in vitro (Fig. 4). In
the In the filter-binding assay, we detected no difference in the
intrinsic binding constant Ki of �MBD�PR or �MBD�PR-Zn
to GT22, in the presence or absence of several millimolar
MgCl2, even though the apparent binding constant Ka differed
somewhat due to the difference in binding site size (Fig. 4A
and B). On the other hand, MgCl2 had a distinct effect on
formation of VLPs. In the case of �MBD�PR, assembly effi-
ciency decreased dramatically with increasing magnesium con-
centrations, with very few particles being observed at 5 mM
MgCl2, a concentration that is within the physiological range
(Fig. 4C). In contrast, Mg2� did not affect the assembly of
�MBD�PR-Zn, with similar numbers of VLPs being observed.
We speculate that inhibition by Mg2� leads to incorrect folding

FIG. 3. EM analysis of assembly efficiency. Different GT oligonu-
cleotides were used to support assembly in vitro with �MBD�PR
protein (A) or �MBD�PR-Zn (B). VLPs were counted on the EM
grids after incubation of the assembly reaction at room temperature
for 30 min (white bars) or at 4°C for 24 h (hatched bars). The number
of VLPs was normalized to the number of particles when either GT50
or GT22 was used to promote assembly. The averages from at least five
independent assembly reactions are shown. Error bars indicate the
range of VLP number observed.
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of a part of the polypeptide, presumably encompassing the
CCHC motifs in NC or nearby sequences. Correctly prebound
Zn2� could mask this effect.

DISCUSSION

The results presented in this work show a correlation be-
tween the in vitro assembly efficiency of an RSV Gag protein
on DNA oligonucleotides of different lengths and the binding
site size of the protein on the DNA. The oligonucleotides all
were made of the repeating sequence (GT)n, so that the se-
quence recognized by the protein is identical. In two indepen-
dent assays �MBD�PR, a slightly truncated and soluble ver-
sion of RSV Gag, had a binding site size of 8 or 11 nt in the
presence or absence of Zn2� bound to the Cys-His motifs of
the NC domain, respectively. In a quantitative EM assay, the
smallest oligonucleotide that could support efficient assembly
was twice the size of the binding site, i.e., 16 or 22 nt, respec-
tively. Under certain conditions the presence of either excess
Zn2� or Mg2� inhibited assembly without altering the binding
constant, implying that interaction with nucleic acid is neces-
sary but not sufficient for the formation of VLPs in vitro. Based
on the 1:2 ratio of binding site size to oligonucleotide size
needed for efficient assembly, we propose a model in which the
role of nucleic acid in assembly is to promote formation of Gag
dimers, which themselves are crucial intermediates in assem-
bly.

Our estimates of the binding site size of RSV Gag and NC
proteins on GTmers are congruent with published values for
the binding site sizes of other retroviral NC proteins on ho-
mopolymeric RNAs. Fluorescence-quenching measurements
for MLV NC and RSV NC originally indicated that that pro-
tein covers approximately 6 to 8 nt (32). Later, HIV-1 and SIV
NC were shown to have similar binding site sizes (56, 57, 67).
In the presence of EDTA, the binding site size of HIV-1 NC
was reported to increase from 6 to 9 nt, paralleling our obser-
vation with �MBD�PR (56). Such an increase might be antic-
ipated from unraveling of the zinc fingers, which would cause
the protein to become more extended. Not all reports on
binding site sizes of retroviral NC proteins or NC domains are
consistent, however. Two studies on larger versions of NC
reported larger binding site sizes. In one case the authors
inferred the existence of two types of protein-nucleic acid com-
plexes formed under low-salt conditions with an HIV-1 NC
extended by 16 amino acids at the C terminus (NC71) (33, 34).
The binding site sizes were 8 and 14 nt, respectively. Proteo-
lytic truncation of the C-terminal 14 amino acids from NC71
removed the binding site size heterogeneity, with the smaller
binding site being the only one observed. In the only report of
the binding site size of a full-length Gag precursor, MLV Gag
appeared to cover up to 20 nt in a fluorescence-quenching
assay (32). However, that protein had been purified under
denaturing conditions, and thus the data may not be biologi-
cally relevant.

One might expect that the binding of �MBD�PR to long

FIG. 4. Effect of magnesium on binding and assembly. (A and B)
Nitrocellulose filter-binding analysis with �MBD�PR (A) or

�MBD�PR-Zn (B) with GT22 at various MgCl2 concentrations.
(C) EM analysis of assembly efficiency with �MBD�PR (open bars) or
�MBD�PR-Zn (hatched bars) at various MgCl2 concentrations.
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oligonucleotides should exhibit cooperativity. That is, if there
are protein-protein interactions in a complex, then binding of
a free protein molecule to a complex of one protein with a
DNA should be favored over binding of the free protein to a
free DNA molecule. Our filter-binding assays gave no evidence
for such cooperativity. First, binding to large oligonucleotides
able to hold more than one protein molecule was not tighter
than the binding to oligonucleotides able to hold only one
protein, once the number of binding sites was taken into ac-
count (Tables 2 and 3). Second, the rise in the percent oligo-
nucleotide retained on the filter as a function of protein con-
centration was approximately linear and not sigmoidal as
expected for a cooperative reaction. The limited accuracy of
this type of measurement cannot exclude a low level of coop-
erativity, but overall the data suggest that protein-protein in-
teractions must be weak.

We previously suggested a scaffold model to explain the role
of nucleic acid in assembly in vitro. Nucleic acid was envisioned
to serve as a binding platform, concentrating Gag molecules in
space and thereby promoting intrinsically weak protein-protein
interactions between the CA domains or other parts of Gag
(8). The idea that nucleic acid plays an essential role in assem-
bly is consistent with recent observations in vivo, in which a
variety of RNA species was found to be incorporated into
MLV virions in the absence of a genomic packaging sequence
(47). However, the notion that nucleic acid serves only to
concentrate Gag molecules does not adequately explain how
DNA oligonucleotides and small RNAs can support assembly
in vitro as efficiently as much longer RNAs such as retroviral
genomes. A variation of the scaffold model (called “bridging”)
that might provide such an explanation is based on the obser-
vation that under some conditions HIV-1 NC can form ternary
complexes (A. Rein and R. Fisher, unpublished data). If one
NC domain could bind simultaneously to the ends of two
oligonucleotides, it might be able to link many short nucleic
acid molecules together to form a chain, which would be func-
tionally like a single long strand. Were bridging to play a
paramount role in assembly in vitro, the smallest assembly-
competent oligonucleotide should be ca. 8 nt in length, long
enough to accommodate two half sites for the NC domain of
Gag. Our results with �MBD�PR in the presence of Zn2�

clearly are not consistent with this expectation, since no assem-
bly occurred in the presence of GT8, even though binding was
readily detectable at protein concentrations typically used in
assembly reactions. These findings and observations on the
inhibition of assembly by some divalent cations underscore the

conclusion that protein-nucleic acid interaction, while neces-
sary, is not sufficient for assembly.

We propose a new model to explain how the interaction of
Gag with nucleic acid in general, and with short DNA oligo-
nucleotides in particular, leads to assembly in vitro (Fig. 5). In
this model the function of nucleic acid is to promote the for-
mation of Gag dimers, which themselves are the immediate
building blocks for assembly. For the dimerization step to
occur, the oligonucleotide must be long enough to accommo-
date two Gag molecules simultaneously. For �MBD�PR in
presence of Zn2�, this size is 16 nt. We envision that Gag
dimerization is accompanied by conformational changes that
facilitate dimer-dimer interactions, ultimately leading to poly-
merization of the dimers into a spherical shell. To explain the
inefficient assembly observed with oligonucleotides smaller
than two binding sites but larger than one (10 to 14 nt for
�MBD�PR in the presence of Zn2�), we speculate that the
NC domain can adopt a conformation that allows it to bind to
a smaller site, presumably with lower affinity. This speculation
is based on the known flexibility of the NC polypeptide, which
might allow it become more compact, as suggested previously
for a C-terminally extended version of HIV-1 NC (34). Such an
alternative conformation and binding mode would give fewer
contacts with the nucleic acid backbone and be less energeti-
cally favorable.

Support for Gag dimerization as a critical step in assembly
comes from the properties of chimeric Gag molecules in which
the NC domain is replaced by a leucine zipper (LZ), a protein
dimerization motif also called a coiled-coil domain. Two
groups have shown in the HIV-1 system that in transfected
cells expressing Gag-LZ proteins lacking the NC domain, bud-
ding occurs almost as efficiently as for wild-type Gag (2, 69).
While these reports did not address the morphology of the
resulting particles, we have shown recently that similar RSV
Gag-LZ chimeric proteins lacking NC, when expressed in a
baculovirus-insect cell system, form regular budding structures
and VLPs (M. Johnson and V. M. Vogt, unpublished results).
The particles are either spherical, resembling immature viri-
ons, or tubular, resembling some Gag mutants, with the mor-
phology depending on how the LZ is juxtaposed to the CA
domain. These results imply that dimer formation mediated by
an LZ can drive morphologically similar assembly in vivo.

It remains unknown what Gag-Gag interactions underlie the
formation of Gag dimers or the further polymerization of
dimers into the shell of 	1,500 Gag molecules that comprise
an immature virion (59). Mature HIV-1 CA, which like all CA

FIG. 5. Dimerization model. Only the CA and NC domains of Gag are shown. Upon binding to a nucleic acid, two adjacent Gag protein
molecules undergo a conformational change. The resulting dimer has a newly exposed surface that mediates dimer-dimer interaction. The Gag
dimers are used as building blocks for assembly of the virus particle.
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proteins is composed of two domains, readily forms dimers in
solution, with a Kd of 10 to 30 �M (21). The dimer interface is
in the CTD and includes part of the highly conserved major
homology region. By extrapolation it is sometimes assumed
that all retroviral CA proteins form dimers in a fashion anal-
ogous to that in HIV-1 CA, but this assumption may not be
warranted. RSV CA remains monomeric in solution even at
concentrations approaching 1 mM (10, 36). Similarly, the CA
proteins of equine infectious anemia virus and of human T-cell
leukemia virus type 1 do not show obvious dimerization in
solution (4, 35). Protein-protein contacts in CA crystals may
provide clues to the nature of Gag multimerization, but the
clues are difficult to decipher since these contacts are different
for different species of CA. The most enlightening paradigm
for Gag multimerization is derived from the cryo-EM recon-
struction of tubes assembled in vitro with HIV-1 CA (43). In
this structure, which represents the mature core of the virus,
planar hexagonal rings of CA are held together by contacts
between the N-terminal domains (NTDs) at the surface of the
tube. At the same time each CA molecule is linked to a mol-
ecule in an adjoining hexagonal ring by interactions between
the CTDs, which project inward from the surface of the tube.
What may be similar hexagonal rings also have been observed
in MLV as well as RSV CA proteins polymerized as two-
dimensional arrays on lipid layers (44a, 73, 74). It is unclear to
what extent these structures apply to the immature Gag shell,
but at the least they provide a conceptual framework for pic-
turing Gag multimerization. In this framework both the NTD
and the CTD of CA provide contacts that help hold the spher-
ical particle together.

For RSV assembly in vitro, we speculate that NC binding to
nucleic acid first promotes an interaction between CTDs of CA
and/or the 12-amino-acid spacer (SP) separating CA from NC
and that polymerization of Gag dimers then occurs by inter-
action of the NTDs. We envision the dimer formation to be
accompanied by a conformational change that helps lock the
dimer together. The SP region may be the locus of such a
conformational change, since both in RSV Gag and in the
analgous portion of HIV-1 Gag (called SP1 or p2), the amino
acid sequence is critically important for assembly. Deletions or
mutations in SP lead to grossly aberrant budding structures in
vivo, and deletion of HIV-1 SP1 changes the morphology of in
vitro assembled particles from spheres to tubes (1, 14, 29, 39,
41). The SP1 sequence in HIV-1 is predicted to form an alpha
helix, but as a C-terminal extension of the RSV or HIV-1 CTD
it has been found to be unstructured (36, 63). Other portions
of Gag also are likely to provide protein-protein interactions in
vivo. For example, HIV-1 MA can form trimers, both as crys-
tals and in solution (30, 46). However, in RSV �MBD�PR the
N-terminal membrane-binding domain of MA is missing, and
most of the remaining amino acid residues in MA and the
adjoining p2 and p10 domains are dispensable for spherical
particle assembly in vitro. Hence, at least in RSV, interprotein
contacts in vitro may be restricted to the CA, SP, and NC
domains.

The hypothesis that Gag dimer formation is critical for as-
sembly needs to be supported by direct evidence for the exis-
tence of dimeric species of Gag. In vitro assembly carried out
under published condition shows no evidence of such species
(data not shown), which we interpret to mean that dimers are

transient intermediates that are rapidly incorporated into the
growing particle. More dilute conditions might allow the visu-
alization of dimers. Formation of HIV-1 particles in a trans-
lationally programmed crude extract is reported to be accom-
panied by assembly intermediates, but the nature of these
intermediates remains to be clarified (44). Dynamic light scat-
tering has been used successfully to identify many assembly
features of hepatitis B virus and cowpea chlorotic virus and
thus may prove a useful tool for studying retrovirus assembly in
vitro (71, 72). A paradigm for the role of protein dimers as
dynamic assembly intermediates is provided by alphaviruses.
The NC protein of Sindbis virus is similar to retroviral Gag
protein in that it assembles spontaneously into viral cores in
vitro in the presence of nucleic acid. Sindbis virus NC protein
is monomeric in solution but dimeric in the virus crystal struc-
ture. During the in vitro assembly reaction dimers can be
trapped by chemical cross-linking, and purified cross-linked
dimers are readily incorporated into the assembled core in the
presence of wild-type protein (54, 55). Similar techniques may
help elucidate the role of dimerization in retrovirus assembly.
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