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About one-third of the MA protein in Rous sarcoma virus (RSV) is phosphorylated. Previous analyses of this
fraction have suggested that serine residues 68 and 106 are the major sites of phosphorylation. As a follow-up
to that study, we have characterized mutants which have these putative phosphorylation sites changed to
alanine, either separately or together. None of the substitutions (S68A, S106A, or S68/106A) had an effect on
the budding efficiency or infectivity of the virus. Upon examination of the 32P-labeled viral proteins, we found
that the S68A substitution did not affect phosphorylation in vivo at all. In contrast, the S106A substitution
prevented all detectable phosphorylation of MA, suggesting that there is only one major site of phosphorylation
in MA. We also found that the RSV MA protein is phosphorylated on tyrosine, but the amount was low and
detectable only with large numbers of virions and an antibody specific for phosphotyrosine.

Rous sarcoma virus (RSV) is known to contain four phos-
phoproteins: the b subunit of reverse transcriptase (RT), inte-
grase (IN), matrix (MA), and nucleocapsid (NC) proteins (10,
16, 18, 26). The latter two are initially synthesized as a part of
the Gag polyprotein, where they provide functions needed for
the process of budding from the plasma membrane (for a
review, see reference 31). Shortly after a particle is formed,
these proteins (as well as the other products of Gag) are
released from the precursor by action of the viral protease
(PR), allowing the particles to mature and become infectious.

About one-third of the MA protein found within RSV is
phosphorylated (10). This causes MA to migrate as a doublet
during sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), the slower-migrating band being the
phosphorylated species (10). While phosphoamino acid anal-
ysis by Lai demonstrated that a majority of the phosphate is
attached to serine (18), it was not until mapping studies by Leis
et al. that the putative sites of phosphorylation were identified
as serine residues 68 and 106 (20). However, a biological role
for this modification has not been reported.

We have attempted to confirm the putative sites of phos-
phorylation in MA and investigate their role in RSV replica-
tion by constructing mutants which have either one or both
changed to alanine. Unexpectedly, only the serine 106 substi-
tution abolished phosphorylation in the mature MA protein.
Moreover, this phosphorylation was found to be nonessential
for both budding and infectivity. Additionally, a very small
amount of tyrosine phosphorylation was identified on the wild-
type MA protein, leaving open the possibility that other phos-
phorylation events might play a role in virus replication.

MATERIALS AND METHODS

DNAs and cells. The gag gene used for this study is from pATV-8, an infectious
molecular clone of the RSV Prague C genome (27). M13mp19P12, a M13mp19

recombinant containing this gag gene, was used for oligonucleotide-directed
mutagenesis and has been described previously (12). RSV gag alleles were ex-
pressed in COS-1 (simian) cells with pSV.Myr0 (32). To study infectivity, the gag
alleles were cloned either into pBH-RCAN-HiSV (8) for studies in QT6 (quail)
cells or into pJD100 (9) for studies in TEF (turkey embryo fibroblast) cells.
Standard protocols were used for all DNA manipulations (25).

COS-1 cells were grown in Dulbecco’s modified Eagle’s medium (GIBCO
Laboratories) supplemented with 3% fetal bovine serum and 7% calf bovine
serum (Hyclone, Inc.). QT6 cells (kindly provided by Paul Bates, University of
Pennsylvania, Philadelphia, Pa.) were cultured in F10 medium (GIBCO Labo-
ratories) supplemented with 10% tryptose phosphate broth, 5% fetal calf serum,
and 1% chicken serum. TEFs were isolated from fertile eggs (Hudson Farms,
Muskogee, Okla. or Clearview Hatchery, Gratz, Pa.) and propagated in supple-
mented F10 medium as previously described (17).

Construction of mutants. S68A, S106A, and R121L were created by oligonu-
cleotide-directed mutagenesis with a single-stranded, uracil-containing tem-
plate DNA isolated from M13mp19P12 and oligonucleotides for introducing
point mutations at codons 68 (TCG to GCG), 106 (TCG to GCT), or 121 (CGA
to CTA). Mutations were confirmed by DNA sequencing by the dideoxy
method and moved from the replicative form DNA into the pSV.Myr0 plasmid
by transfer of an SstII fragment. pSV.S68/106A was constructed by moving
the XhoI-EcoRV fragment (and the S106 mutation) from pSV.S106A into
pSV.S68A.

All mutations (S68A, S106A, S68/106A, and R121L) were moved from the
pSV.Myr0 plasmids into pBH-RCAN-HiSV and pJD100 by first transferring
their SacI-EcoRI fragments into pSV.G1P (4). This intermediate step allowed
subsequent transfer of the mutations into the RSV genome with the same
upstream SacI site and the unique downstream HpaI site obtained from
pSV.G1P.

To avoid inadvertent mutations that may arise during the mutagenesis and
cloning steps, multiple independent clones of each mutant were sequenced and
characterized in transfection experiments to be sure they exhibited the same
phenotype.

Transfection and labeling of mammalian cells. COS-1 cells were transfected
by the DEAE-dextran-chloroquine method as described previously (2, 32, 33).
Plasmid DNAs were digested with XbaI and ligated at a concentration of 25
mg/ml prior to transfection. This step removes the bacterial plasmid sequence
and joins the 39 end of gag to the simian virus 40 polyadenylation signal for
high-level expression.

Two days posttransfection, COS-1 cells were metabolically labeled with L-
[35S]methionine for 2.5 h (50 mCi, .1,000 Ci/mmol), as previously described (2,
32, 33). The cells and growth medium were collected and mixed with lysis buffer
containing protease inhibitors. Gag proteins were collected from the samples by
immunoprecipitation with a rabbit antiserum against whole RSV (30) by meth-
ods previously described (2, 32, 33).

SDS-PAGE. Proteins were separated by electrophoresis in SDS–12% poly-
acrylamide gels, as described before (2, 32, 33). Gels were fixed in a solution of
5% methanol and 7% acetic acid, and radiolabeled proteins were detected by
autoradiography with Kodak X-Omat AR5 film at 280°C.

Relative amounts of Gag proteins in medium and cell lysate samples were
measured by laser scanning densitometry of fluorograms. The budding efficiency
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of each mutant was calculated by dividing the amount of Gag protein present in
the medium sample by the total amount of Gag protein found in both medium
and lysate samples.

Transfection and infection of avian cells. Recombinants of pBH-RCAN-HiSV
and pJD100 carrying the mutant gag alleles were initially tested for infectivity by
a qualitative method in which persistent expression of viral proteins is assayed
(21). Because transfected DNA exists transiently, only those mutants that can
integrate their proviral genomes (and therefore are infectious) will continue to
express viral proteins after several passages. DNA clones that are noninfectious
will not spread throughout the culture, and expression of their viral proteins will
be only transient. For these experiments, duplicate plates of avian (QT6) cells
were transfected by the calcium phosphate method (5, 6). One plate was used to
monitor the transfection efficiency by measuring the level of Pr76gag expression
immediately following the 18-h transfection period. The cells in the second plate
were passaged (1:5) into two plates 2 days posttransfection and then every 3rd
day thereafter. Forty-eight hours after each passage, infectivity was assessed by
measuring expression of Pr76gag. This was accomplished by labeling with L-
[35S]methionine (100 mCi, .1,000 Ci/mmol) for 2 h, collecting the labeled Gag
proteins from cell lysates by immunoprecipitation with polyclonal anti-RSV
serum, and separating them by SDS-PAGE, as described above.

Focus assays. Focus assays were performed with the pJD100 recombinants, as
previously described (29). Briefly, freshly harvested virions were normalized by
RT activity (4, 9) and used to infect 60-mm plates of uninfected TEF cells for 2 h.
Immediately following infection, the plates were washed four times before the
addition of 5 ml of a soft agar overlay (29). Cultures were fed every 3 days with
fresh media until foci were clearly visible and easily countable (14 to 21 days).

Analysis of phosphorylation. For examining serine phosphorylation, 100-mm
plates of TEFs infected with recombinants of pJD100 bearing the wild-type
(myr0) or mutant Prague C gag alleles were metabolically labeled with [32P]ortho-
phosphate (1 mCi) in 5 ml of phosphate-free Dulbecco’s modified Eagle’s me-
dium for 24 h. The media were collected, and loose cells were removed by
centrifugation, and then the viral particles were allowed to mature at 37°C for
24 h. The mature virions were passed through a syringe-tip filter (45 mm),
pelleted through a 25% sucrose cushion, and dissolved in loading buffer. The
viral proteins were separated by SDS-PAGE and transferred to nitrocellulose by
electroblotting, and 32P-labeled proteins were visualized by autoradiography. To
visualize all the viral proteins, the blots were probed with antiserum against RSV,
and the resulting antigen-antibody complexes were detected by enhanced chemi-
luminescence (Amersham) as previously described (1).

For detection of tyrosine phosphorylation, 300 mg of sucrose-purified Prague
C RSV was disrupted in gel loading buffer, subjected to SDS-PAGE, and trans-
ferred to nitrocellulose. Phosphotyrosine-containing proteins were detected with
PY20, a monoclonal antibody that is specific for phosphotyrosine (Transduction
Labs).

RESULTS

Previous data have suggested that RSV MA is phosphory-
lated on the hydroxyl groups of serines 68 and 106. To inves-
tigate the importance of this modification in RSV replication,
we constructed mutants in which either one or both of these
residues are changed to alanine (Fig. 1), an amino acid that
differs from serine in lacking the hydroxyl group. To examine

the effects of these substitutions on particle production, the
corresponding gag alleles were introduced into pSV.Myr0, a
previously described plasmid that permits expression and bud-
ding of the wild-type Gag protein in mammalian cells (32).
Budding efficiencies were compared to the parental construct
and a mutant, Myr0.dMA4, which is defective for budding (21).
All three serine mutants exhibited budding efficiencies which
were similar to that of the wild type (Fig. 2). While the effi-
ciencies varied slightly from experiment to experiment, they
were typically 5 to 20% less than that of the control. Such
minor differences indicate that serine phosphorylation is not
important for particle release.

To determine whether phosphorylation is essential for in-
fectivity, the mutations were cloned into pBH.RCAN, a plas-
mid which carries an infectious proviral genome and an hygro-
mycin resistance gene in lieu of the Src-coding sequence
normally present in RSV. The infectivity of these recombinants
was tested in quail (QT6) cells. All the mutants appeared to be
infectious, as indicated by both the spread of hygromycin re-
sistance throughout transfected cultures and the ability of the
mutants to maintain viral protein expression weeks after trans-
fection (data not shown).

The infectivity of the MA mutants was also assessed with
pJD100, a plasmid which retains the v-src oncogene within the
proviral genome (9). Each recombinant was transfected into
duplicate plates of QT6 cells. One set of plates was used to
monitor transient Gag expression, confirming that all of the
transfections had been successful (Fig. 3, transient panel).
The cells in the remaining plates were split (1:5) into two
fresh plates 48 h posttransfection and every 3rd day there-
after. Attempts were made to immunoprecipitate Gag proteins
from [35S]methionine-labeled cells 48 h after each passage.
By the third passage, expression from the negative control

FIG. 1. RSV MA sequence. Serine residues previously reported as the sites
of phosphorylation are denoted by circles. Positions of tyrosine residues are
highlighted with boxes. Numbers refer to the positions of individual residues with
respect to the amino terminus of MA.

FIG. 2. Expression and release of serine mutants. COS-1 cells were meta-
bolically labeled for 2.5 h with [35S]methionine 48 h after transfection with the
indicated mutants. Gag proteins were immunoprecipitated from cell and medium
lysates with polyclonal anti-RSV serum, resolved by SDS-PAGE, and visualized
by fluorography. Positions of molecular size markers are indicated on the right.
The positions of the full-length Gag protein (Pr76gag) and those of its mature
cleavage products are indicated on the left. The heterogeneous MA proteins are
marked by larger brackets. Myr0 and dMA4 are wild-type and negative controls,
respectively.
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(pRC.dMA10 [21]) had been lost, but expression of all of the
serine mutants continued (Fig. 3, passage 3).

The infectivity of each of the MA mutants was quantified in
focus assays. Virus particles were obtained from transfected
QT6 cells, the relative concentrations were measured by RT
activity, and equal amounts were placed on uninfected TEF
cells. Dense foci were scored 14 to 21 days later. As summa-
rized in Table 1, neither the S68A nor the S106A mutation
alone had detectable effects on infectivity, while the infectivity
of virus harboring both mutations was reduced to only about
half that of the wild type.

Before we could conclude that RSV infectivity is indepen-
dent of serine phosphorylation of MA, it was necessary to
assess the phosphorylation state of the mutants. This was ac-
complished by labeling infected TEFs with H3

32PO4 as de-
scribed in Materials and Methods. Labeled virus was pelleted
through a 25% sucrose cushion and then dissolved in sample
buffer. Viral proteins were separated by SDS-PAGE and sub-
sequently transferred to nitrocellulose by electroblotting. Vi-
sualization of 32P-labeled proteins by autoradiography showed

that the wild-type virus contains two major phosphoproteins of
19 and 12 kDa, consistent with the sizes of MA and NC,
respectively (Fig. 4B, lane 1, bands marked PP1 and PP4). Two
additional phosphoproteins were detected which together ac-
counted for less than 20% of the incorporated label (Fig. 4B,
lane 1, bands marked PP2 and PP3). The migration of one of
these (PP2) is consistent with a degradation product of MA
which lacks the final four amino acids (23). We suspect that
PP3 is also a breakdown product of MA, since substitutions
that block phosphorylation of MA also prevent detection of
this phosphoprotein (see below). The origin of PP5 is not clear.
It migrates faster than the other known viral phosphoproteins
during SDS-PAGE, and its intensity varied in repeats of this
experiment. While this band appears to comigrate with PR
under the SDS-PAGE conditions used here and those used by
Lai, clearly it is not PR (18).

With regard to the mutants, the S68A substitution appeared
to have little if any effect on the phosphoprotein profile, while
the S106A substitution abolished almost all of the detectable
phosphorylation (Fig. 4B, lanes 2 and 3). The absence of 32P-
labeled proteins for S106A was not due to a sample loading
error, because immunoblot analysis of the same nitrocellulose
filter revealed that all the lanes contained approximately the
same amount of protein (Fig. 4A, lanes 1 to 4). Furthermore,
the S106A sample contained a single MA species which comi-
grated with the lower band of the wild-type MA doublet, the
position of the unphosphorylated form of MA (10). These
results demonstrate that the major site of phosphorylation
within RSV MA is serine 106 and allow us to conclude that
serine phosphorylation is not important for infectivity.

We were surprised to find that the S106A mutation seems to
prevent almost all of the phosphorylation of the 12-kDa pro-
tein (PP4), previously reported to be NC. This finding could
indicate that MA phosphorylation is a prerequisite for phos-
phorylation of NC, possibly through recruitment of a specific
kinase or cofactor which is required for NC phosphorylation.
However, it seemed possible that the 12-kDa phosphoprotein
was not NC but was actually a comigrating breakdown product

FIG. 3. Qualitative analysis of infectivity. Each indicated clone was used to
transfect duplicate plates of QT6 cells. One plate from each set was metabolically
labeled for 2 h with [35S]methionine immediately following transfection, and the
Gag proteins were collected by immunoprecipitation (Transient). The remaining
plate of cells was passaged 2 days posttransfection and every 3rd day thereafter.
On the 3rd day of the third passage, the cells were metabolically labeled with
[35S]methionine, and again the Gag proteins were collected by immunoprecipi-
tation (Pass 3). Proteins were separated by SDS-PAGE and visualized by fluo-
rography. Only the region of the gel containing the Gag precursors is shown.
RC.V8 and RC.MA10 are wild-type and negative controls, respectively. S106A.1
and S106A.2 are independent clones containing the same mutation.

FIG. 4. In vivo phosphorylation. Infected TEFs were labeled with 32P for
24 h. Virus was pelleted through a 25% sucrose cushion and dissolved in sample
buffer. Viral proteins were separated by SDS–12% PAGE and then transferred
to nitrocellulose. (A) Immunoblot with anti-RSV serum. (B) Autoradiograph of
the same blot. The positions of Gag cleavage products and molecular size
markers are indicated on the left and right, respectively. Phosphoproteins de-
tected in this experiment are labeled PP1 to PP5 and INp (predicted to be
phosphorylated IN based on apparent size).

TABLE 1. Quantitative analysis of infectivity

Virus
No. of foci/mla % Infectivity

(mean 6 SD)b
Exp 1 Exp 2 Exp 3

JD.MyrO 3.6 3 103 2.7 3 102 1.4 3 102 100
JD.S68A 3.8 3 103 6.1 3 102 1.1 3 102 136 6 36
JD.S106A 3.2 3 103 3.0 3 102 1.0 3 102 90 6 9
JD.S68/106A 1.6 3 103 1.9 3 102 0.4 3 102 48 6 10
Mock 0 0 0 0

a Experiments 1, 2, and 3 indicate results from three independent experiments.
b Average percentage of infectivity normalized to wild type.
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of phosphorylated MA previously referred to as p19f (23, 28).
To explore this possibility, mutants which produce either a
faster- or a slower-migrating MA protein (RC.DMA6 [21] and
RC.R121L, respectively) were labeled with H3

32PO4 and ana-
lyzed as described above. For both of these mutants, the al-
tered migration of a portion of the 12-kDa phosphoprotein
matched that of the mutant MA species (Fig. 5), indicating that
the 12-kDa phosphoprotein is actually a mixture of phosphor-
ylated p19f and NC proteins. Since serine phosphorylation is
not important for infectivity, we did not explore this any fur-
ther.

Given the lack of an apparent role for serine phosphoryla-
tion, we wondered whether other minor sites of phosphoryla-
tion (such as the tyrosine phosphorylation found in human
immunodeficiency virus [HIV] MA [14, 15]) might also exist in
RSV MA. To explore this possibility, we probed blots of pu-
rified RSV with an antibody that recognizes phosphotyrosine
in a manner that is insensitive to the adjacent amino acids.
Three viral proteins were detected (Fig. 6, lanes 3). These
proteins correspond to the positions of the MA-p2 cleavage
intermediate, serine-phosphorylated MA, and MA lacking
phosphoserine. Of the three tyrosines contained within the
MA sequence (Fig. 1, residues 15, 46, and 155), Y46 is most
likely the site recognized by a protein tyrosine kinase, based on
its surrounding sequences which have characteristics of known
tyrosine phosphorylation sites (24). The lack of detectable
phosphotyrosine on the smaller species of MA (including p19f,
which consists of a mixture of two species corresponding to
residues 1 to 123 and 1 to 129 [23]) suggests either that these
are derived from MA species lacking phosphotyrosine or that
Y155 is actually the site of modification. Further experimen-
tation will be required to determine which residue(s) is mod-
ified.

DISCUSSION

The experiments described in this study identify serine 106
as the major site of phosphorylation within RSV MA and are
in agreement with recent electronic spray mass spectroscopy
measurements of MA, indicating that the phosphorylated form
of MA contains only one phosphate molecule (23). While it
appears that serine 68 is not a major site of phosphorylation,
methods employed in this study are not sensitive enough to

determine whether a small amount of phosphate (3% or less,
as determined by laser scanning densitometry) is attached to
this residue. Likewise, we cannot address the possibility that
serine 68 may be phosphorylated in a transient manner, since
labeling was performed only under steady-state conditions.
However, since phosphorylation of either site is nonessential
for virus replication, this issue seems to be of little significance.
Furthermore, infectivity of the serine mutants was observed in
two different cell types (TEF and QT6) and thus does not
appear to have a cell-type dependent function. Nevertheless,
we cannot eliminate the possibility that this region plays some
important role in nature (i.e., in chickens).

pp12 proteins. The fact that the S106A mutation reduces the
phosphorylation of NC is consistent with phosphorylation of
MA being a prerequisite for phosphorylation of NC. The
mechanism by which this would occur is unclear, but it is
possible that modification of MA induces a conformational
change in Gag which then allows NC to be recognized by a
kinase. Alternatively, phosphorylation of serine 106 may be
necessary for the recruitment of factors which directly or indi-
rectly promote NC phosphorylation. Regardless of the mech-
anism, the need for such a regulatory event is not clear. Al-
though previous studies indicate that the dephosphorylation of
NC results in a conformational change and a 100-fold decrease
in affinity for RNA (11, 19), the phosphorylation of NC, like
that of MA, can be prevented without affecting infectivity (12),
suggesting that if the phosphorylation of either protein is im-
portant, it is not rate limiting. It is possible that the phosphor-
ylation of both proteins is fortuitous—the result of Gag pro-
teins assembling into virus particles in the vicinity of a host of
protein kinases on the plasma membrane.

Why are only a third of the RSV MA molecules phosphor-
ylated? When MA protein from RSV particles is subjected to
SDS-PAGE, it migrates as a doublet, with the upper band
containing the phosphorylated species. Assuming that this
band contains only phosphorylated MA and that the lower
band contains only unphosphorylated MA, it has been esti-
mated that approximately one-third of the MA found in the
virion is phosphorylated (10). With the same assumptions, MA
molecules associated with the cell appear to be phosphorylated
at levels similar to that found within the virion, suggesting that

FIG. 5. Analysis of pp12 species. 32P-labeled virions produced from infected
TEFs were pelleted through a 25% sucrose cushion. Following suspension in
sample buffer, the viral proteins were separated by SDS–12% PAGE and trans-
ferred to nitrocellulose. (A) Immunoblot with anti-RSV serum. (B) Autoradio-
graph of the same blot. R121L and DMA6 contain mutations which cause
MA-related proteins to migrate either slower or faster, respectively, during
electrophoresis. The locations of the wild-type and slower-migrating forms of
p19f are indicated on the left side of panel A.

FIG. 6. Detection of tyrosine-phosphorylated MA. (A) Proteins from sucrose
gradient-purified RSV were separated by SDS–12% PAGE, transferred to ni-
trocellulose, and probed with an antiphosphotyrosine antibody and visualized by
enhanced chemiluminescence. (B) Later, the same blot was stripped of antibod-
ies and reprobed with anti-RSV serum. Lanes: 1, Src-transformed Rat-1 cell
extract (positive control); 2, Rat-1 cell extract (negative control); 3, RSV.
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phosphorylation occurs either before or during particle forma-
tion. Therefore, at least three possible mechanisms can ac-
count for this partial modification. (i) The responsible kinase is
present in limited quantities or is sequestered in a cellular
location that some Gag molecules bypass. (ii) Gag molecules
form multimers before phosphorylation occurs, thereby limit-
ing access to the internal molecules. (iii) All Gag molecules
may be equally capable of being phosphorylated, but compe-
tition between kinases and phosphatases determines what por-
tion of the Gag molecules are phosphorylated (7).

Minor sites of phosphorylation. While the experiments pre-
sented here show that serine phosphorylation is not needed for
infectivity of RSV, they do not rule out the possibility that
other minor sites of phosphorylation are essential. Recent
studies of the HIV MA protein have suggested that such minor
modifications are important. Specifically, the phosphorylation
of a small fraction of MA molecules (1% percent) on the
C-terminal tyrosine enables them to shift from being mem-
brane associated to being bound to IN within the core of the
virion (14, 15). Once this core is released into a cell, the
phosphorylated MA molecules appear to be able to direct the
complex to the nucleus via its nuclear localization sequence
prior to integration, a feature which may be required by HIV
to infect nondividing cells in some cases (3, 13). As demon-
strated here, a minor population of RSV MA also contains
phosphotyrosine. While the role of this modification, if any, is
unknown at this time, clearly it cannot be the same as in HIV,
since RSV does not infect nondividing cells. Nevertheless, re-
cently published work suggests that the MA protein of RSV
plays a role of some sort during the establishment phase of the
replication cycle (22). Efforts to elucidate this function are
currently in progress.
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