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Respiratory syncytial (RS) virus is an important human
pathogen that causes lower respiratory tract infection in children. RS virus is a member of the genus Pneumovirus in the
family Paramyxoviridae. Members of this family are nonsegmented, negative-sense, single-stranded RNA viruses. The RS
virus genome contains 10 genes, encoding at least 11 proteins
(6, 7). Three of the RS virus gene products are essential for
RNA replication: the nucleocapsid (N) protein, which encapsidates the viral genome, and the large polymerase protein (L)
and the phosphoprotein (P), which comprise the viral RNAdependent RNA polymerase (RdRp) (13, 32, 36).
In contrast to replication, efficient transcription of RS
mRNAs requires an additional gene product, the M2-1 protein. The M2-1 protein is encoded by the first of two open
reading frames (ORFs) of the M2 gene (5, 8). The second
ORF of the M2 gene encodes the M2-2 protein. The M2-1
protein is a basic phosphoprotein of 194 amino acids that
functions in transcription as a processivity factor and an antiterminator (4, 16). M2-1 colocalizes with the N protein in
cytoplasmic inclusions and interacts with the N protein, as
assayed by coimmunoprecipitation with a monoclonal antibody
(MAb) to M2-1 (12, 15). There is a conserved Cys3His1 motif,
predicted to bind zinc, at the amino terminus of the M2-1
protein, and maintenance of the predicted zinc coordinating
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residues is essential for the function of the protein (15). Mutation of the cysteine or histidine residues of this motif results
in a loss of M2-1 phosphorylation, loss of the M2-1–N interaction, and loss of M2-1 transcriptional activity (15). Although,
it has not been directly demonstrated that this motif in M2-1
binds zinc, it is apparent that maintenance of the motif is
required for activity. The M2-1 protein in RS virus-infected
cells exists in different phosphorylation states, resulting in its
migration as at least two bands by reducing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (15,
23, 30); the slower-migrating species contains the majority of
the phosphorylated form, and the faster-migrating species
lacks significant phosphorylation. The sites of M2-1 phosphorylation were recently reported as threonine 56 and serine 58
(9). The contribution of phosphorylation to the function of
M2-1 has not been investigated.
As with other negative-strand viruses, transcription of RS
viral genes is obligatorily sequential. The RdRp enters at or
near the 3⬘ end of the genome, and genes are transcribed in
order from the 3⬘ to the 5⬘ end of the genome (10). Attenuation occurs at each gene junction, resulting in a gradient of
mRNA synthesis such that genes nearest the 3⬘ end of the
genome are transcribed more abundantly than those near the
5⬘ end (2, 10). The junctions between RS virus genes contain
semiconserved gene end and conserved gene start sequences
separated by nonconserved intergenic sequences of various
lengths (3). The gene end sequence contains the signals for the
RS virus RdRp to polyadenylate and terminate synthesis of the
mRNA (3, 19, 21). However, the efficiency of termination at
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The M2-1 protein of respiratory syncytial (RS) virus is a transcriptional processivity and antitermination
factor. The M2-1 protein has a Cys3His1 zinc binding motif which is essential for function, is phosphorylated,
and has been shown to interact with the RS virus nucleocapsid (N) protein. In the work reported here, we
determined the sites at which the M2-1 protein was phosphorylated and investigated the importance of these
phosphorylated residues for M2-1 function in transcription. By combining protease digestion, matrix-assisted
laser desorption ionization–time of flight mass spectrometry, and site-directed mutagenesis, we identified the
phosphorylated residues as serines 58 and 61, not threonine 56 and serine 58 as previously reported. Serines
58 and 61 and the surrounding amino acids are in a consensus sequence for phosphorylation by casein kinase
I. Consistent with this, we showed that the unphosphorylated M2-1 protein synthesized in Escherichia coli could
be phosphorylated in vitro by casein kinase I. The effect of eliminating phosphorylation by site-specific
mutagenesis of serines 58 and 61 on the function of the M2-1 protein in transcription of RS virus subgenomic
replicons was assayed. The activities of the M2-1 protein phosphorylation mutants in transcriptional antitermination were tested over a range of concentrations and were found to be substantially inhibited at all
concentrations. The data show that phosphorylation is important for the M2-1 protein function in transcription. However, mutation of the M2-1 phosphorylation sites did not interfere with the ability of the M2-1 protein
to interact with the N protein in transfected cells. The interaction of the M2-1 and N proteins in cotransfected
cells was found to be sensitive to RNase A, indicating that the M2-1–N protein interaction was mediated via
RNA. Furthermore, the M2-1 protein was shown to bind monocistronic and polycistronic RS virus mRNAs
during infection.
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MATERIALS AND METHODS
cDNA constructs. The RS virus-specific plasmids pN, pP, pL, pM2ORF1,
pC7S, pF/M2, and pM/SH have been previously described (14–16, 36).
A cDNA designed to express a carboxy-terminal six-histidine-tagged M2-1
protein (pM2-6His) was generated by PCR of pM2ORF1 using a set of three
nested primers to add nucleotides encoding a thrombin cleavage site and a
six-His tag to the 5⬘ end of the genomic M2-1 coding sequence. The KpnI- and
BamHI-digested PCR product was cloned into the respective sites in pGEM3
(Promega) oriented for expression by the T7 promoter. This construct contains
the following 12 amino acids attached to the carboxy terminus of M2-1: LVPRG
SHHHHHH. This construct was tested for its transcriptional activity, phosphorylation state, and ability to interact with the N protein and was found to have
wild-type (wt) activity in all respects.
cDNAs expressing mutant M2-1 proteins (pS58A, pS61A, pT56A, and
pT56AS58A) were generated in a wt pM2ORF1 background using Quikchange
(Stratagene) with complementary mutagenic primers.
A cDNA encoding a glutathione S-transferase (GST)-tagged M2-1 protein
(GST-M2) was generated for expression in Escherichia coli. An M2-1 PCR
product from pM2ORF1 was cloned into the EcoRI- and BamHI-digested
pGEX-1T (Pharmacia-Biotech). This was designed to produce a fusion protein
that contained GST at the amino terminus and the M2-1 protein at the carboxy
terminus, with a thrombin cleavage site between them. Thrombin cleavage of the
fusion protein resulted in the addition of two amino acids, a glycine and a serine,
to the amino terminus of the M2-1 protein.
Nucleotide sequencing of all of the engineered cDNA constructs was performed by the University of Alabama at Birmingham (UAB) Automated DNA
Sequence Core Facility on a Perkin-Elmer Applied Biosystems 377 sequencer.
Cells, virus, and cDNA transfections. HEp-2 cells were grown in minimal
essential medium (Gibco) supplemented with 5% fetal calf serum. Human RS
virus strain A2 or cDNA clones derived from human RS virus strain A2 were

used in all experiments. RS virus infections of HEp-2 cells were carried out at a
multiplicity of infection (MOI) of 10. Virus was allowed to adsorb for 1.5 h, and
then minimal essential medium with 2% fetal calf serum was added. Plasmids
encoding RS virus proteins or subgenomic replicons were transfected with Lipofectin into HEp-2 cells previously infected with vTF7-3 or MVA-T7 as described previously (14, 15).
M2-6His expression and MALDI-TOF analysis. The M2-1 protein with a
six-His tag (M2-6His) was expressed from vTF7-3-infected (MOI ⫽ 5) HEp-2
cells transfected with 14 g of pM2-6His in 100-mm-diameter dishes. Cells were
harvested 18 h posttransfection (p.t.) by freeze-thaw in native binding buffer (20
mM sodium phosphate, 500 mM sodium chloride, 10 mM imidazole, pH 7.8).
The clarified lysate from one 100-mm-diameter dish was incubated with 30 l of
nickel-nitriloacetic acid (NiNTA) beads (Qiagen) for 30 min and then washed
three times with native wash buffer (20 mM sodium phosphate, 500 mM sodium
chloride, 20 mM imidazole, pH 6.0). The NiNTA beads were boiled in denaturing sample buffer, and the partially purified protein was separated by electrophoresis on an SDS–11% polyacrylamide gel. The bands corresponding to the
M2-6His protein were excised from the gel, and the gel slice containing M2-6His
was destained (25 mM ammonium bicarbonate, 50% acetonitrile), dried, and
then cleaved with trypsin, Lys C, or cyanogen bromide (CNBr; Roche). The
trypsin used in these experiments contained chymotrypsin activity, as it consistently cleaved M2-1 at amino acid 83. Trypsin and Lys C digestions were performed in 25 mM ammonium bicarbonate. Peptides were extracted three times
(50% acetonitrile, 10% formic acid), dried, dissolved in extraction buffer, and
diluted 1:10 in ␣cyano-4-hydroxycinnamic acid (Sigma). CNBr cleavage of M2-1
protein and extraction of peptides were performed in 50% formic acid followed
by dilution in sinapinac acid (Sigma). The resultant peptides from the digestions
were analyzed by matrix-assisted laser desorption ionization–time of flight mass
spectrometry (MALDI-TOF MS) performed by the UAB Comprehensive Cancer Center Mass Spectrometry Shared Facility on a Voyager Elite MALDI-TOF
spectrometer (PerSeptive Biosystems) in linear mode. A portion of the cleaved
sample was treated with 1 U of calf intestinal phosphatase (CIP; Pharmacia
Biotech) for 30 min at 37°C and analyzed. Uncleaved protein was prepared and
extracted as for trypsin and Lys C digestions, except the protein was diluted in
sinapinac acid as the matrix.
The phosphorylated 53-to-83 peptide was recovered from the protease digestion using an immobilized metal affinity chromatography tip (NEST Group). The
negative charge of the phosphates allowed binding to the positively charged
column. The column was stripped (50 mM EDTA, 1 M NaCl) and charged with
100 mM ferric chloride in 0.1 M acetic acid. The peptides were eluted with 0.1%
ammonium acetate (pH 9.5). The eluted peptide was digested with carboxypeptidase Y using the Sequazyme C-Peptide Sequencing Kit (PerSeptive Biosystems) according to the manufacturer’s instructions. The resultant fragments were
analyzed by MALDI-TOF MS as described above to confirm the identity of the
fragment.
Protein labeling and immunoprecipitation. Expression of the wt or mutant
M2-1 protein without histidine tags was assayed by transfecting 5 g of the
appropriate plasmid, using Lipofectin, into vTF7-3-infected HEp-2 cells in 60mm-diameter dishes. Analysis of N protein interaction with M2-1 protein was
performed by transfecting 5 g of pN alone or with 5 g of M2-1-encoding
plasmid into vTF7-3-infected HEp-2 cells. RS virus-infected or transfected cells,
following incubation at 37°C for 20 or 17 h, respectively, were treated with either
cysteine- and methionine-deficient or phosphate-deficient medium for 30 min.
The infected or transfected cells were labeled for 3 h using 66 Ci of [35S]methionine and [35S]cysteine (Trans 35S label; ICN) per ml or 100 Ci of inorganic
[33P]phosphate (ICN) per ml. Cytoplasmic extracts were prepared as described
previously (28).
Immunoprecipitations were performed using an anti-M2-1 monoclonal antibody (MAb), ICI3, and protein G-Sepharose (Pharmacia-Biotech). To reduce
nonspecific background, the lysates were precleared with a vaccinia virus polyclonal antibody (indicated in the figure legends). RNase A (Sigma), proteinase K
(Sigma), DNase RQI (Promega), and protein phosphatase lambda (-PPase;
New England Biolabs) treatments were performed on the immunoprecipitated
protein (indicated in the figure legends). Treatment of the M2-1–N interaction
with these reagents was followed by two washes with wash buffer (150 mM NaCl,
10 mM Tris HCl, 1% NP-40, 0.5% deoxycholate, 0.1% SDS). The immunoprecipitated proteins were analyzed by electrophoresis on an SDS–11% polyacrylamide gel and detected by autoradiography. The percent M2-1–N interaction was
determined by densitometric analysis of an autoradiogram. The background of
the N-only lane was subtracted from each of the cotransfected lanes. Then, a
ratio of N to M2-1 was calculated for each lane and compared to the wt M2-1–N
interaction by dividing each by the wt ratio, which set the wt interaction to 100%.
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the various RS virus gene junctions differs (14). The conserved
gene start sequence signals initiation of a new mRNA (20). In
order to initiate synthesis of the new mRNA, the RdRp must
first terminate synthesis of the upstream message (17, 21).
The M2-1 protein functions as both a transcriptional processivity factor and an antiterminator (4, 16). The M2-1 processivity function prevents intragenic termination, allowing the
synthesis of full-length mRNAs (11), and the antitermination
function causes the RdRp to ignore the semiconserved gene
end sequence (14, 16), resulting in the synthesis of polycistronic RNAs observed in infection. The relative contributions
of processivity and antitermination to the function of M2-1
have not been clearly discriminated. Both of these features of
M2-1 may be necessary to allow deeper access of the RS virus
RdRp on the genomic template, which is potentially important, given that pneumovirus genomes are longer and contain
more genes than those of most paramyxovirus members. In
addition, the various RS virus genes respond differently to the
M2-1 protein (11, 14). This differential sensitivity may represent a mechanism by which the virus further regulates the
expression of certain gene products.
In the work reported here, we first determined the number
and location of phosphorylated residues in the M2-1 protein,
and our results show that serines 58 and 61 are phosphorylated, in contrast to a previous report (9). We next examined
the effect of eliminating phosphorylation, by site-specific mutagenesis of individual sites or sites in combination, on the
function of the M2-1 protein as a transcriptional antiterminator and on its interaction with the N protein. Our data show
that phosphorylation is important for the M2-1 protein function in transcription. Further, we show that the M2-1 protein
binds viral mRNAs in infected cells and that the interaction of
the M2-1 and N proteins in transfected cells is mediated by
RNA.
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RESULTS
Mapping of phosphorylated residues. Initially, mutagenesis
was performed to determine the site(s) of phosphorylation of
the M2-1 protein. Several sites were chosen for mutagenesis
based on similarity with consensus protein kinase C (PKC) and
CKII phosphorylation motifs. The potential residues (serines 2
and 108 and threonines 69, 181, 193, and 194) were individually
changed to alanine. None of these mutants displayed any
change in phosphorylation state (R. Hardy, unpublished data).
Since the mutagenesis of potential consensus sites had not
revealed the phosphorylation sites, we sought instead to map
regions of the M2-1 protein that were phosphorylated by combining protease digestion with MALDI-TOF MS analysis. This
technique allows the detection of posttranslational modifications, such as phosphorylation, based on an increase in the
mass of the modified fragment (25). Each single phosphorylation event should result in an 80-Da increase in the mass of a
peptide. A six-histidine-tagged M2-1 protein, M2-6His, was
expressed in HEp-2 cells from pM2-6His, partially purified,
and separated by SDS-PAGE, and bands corresponding to the
M2-6His protein were excised; cleaved with trypsin, Lys C, or
CNBr; and analyzed by MALDI-TOF. The CNBr cleavages
were performed on only the slower-migrating species of M26His (the phosphorylated form), whereas the protease digestions were performed on a gel slice containing both species of
the protein. The cleavage reactions were analyzed for fragments with the expected mass for unphosphorylated and phosphorylated fragments. CNBr cleavage of the phosphorylated
(slower-migrating) form of M2-6His resulted in fragments cor-

FIG. 1. MALDI-TOF analysis of M2-6His digestion products. (A)
Representative trypsin digestion of M2-6His, identifying phosphorylated peptides. M2-6His was transfected into vTF7-3-infected HEp-2
cells. After partial purification with NiNTA beads, the M2-1 protein
was separated by electrophoresis on an SDS–11% polyacrylamide gel,
stained, excised from the gel, destained, dried, and cleaved with trypsin. The resultant peptides were analyzed by MALDI-TOF in linear
mode (top). A duplicate sample was treated with CIP (1 U) for 30 min
at 30°C and analyzed (bottom). In the bottom graph, a mass calibration
standard (mass standard) was added to the reaction prior to analysis.
(B) Potential phosphorylation sites between amino acids 53 and 68 of
the M2-1 protein. Mutagenesis was performed on the residues that are
underlined and in boldface.

responding to amino acids 100 to 206 and 51 to 206. The
100-to-206 fragment was the expected mass for the unphosphorylated fragment, which indicated that the carboxy-terminal half of the M2-1 protein was not phosphorylated. The
fragment corresponding to amino acids 51 to 206 was observed
as the expected mass plus approximately 160 Da, indicating
that the M2-1 protein was phosphorylated at two locations
between amino acids 51 and 100 (data not shown).
Trypsin and Lys C digestions were performed on M2-6His to
further narrow the location of the phosphorylation sites. Representative data for M2-6His cleaved with trypsin are shown in
Fig. 1A. Two sets of fragments were observed, one peptide
corresponding to amino acids 53 to 83 and one peptide corresponding to amino acids 53 to 92, each of which was phosphorylated zero, one, or two times (Fig. 1A, top, and Table 1).
Treatment with CIP prior to analysis by MALDI-TOF resulted
in the disappearance of the fragments increased in mass by 80
and 160 Da, confirming that the increased mass was due to
phosphorylation of the 53-to-83 and 53-to-92 peptides (Fig.
1A, bottom). A summary of the phosphorylated fragments,
observed with Lys C or trypsin cleavage, is shown in Table 1.
All of the phosphorylated fragments shown in Table 1 were
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GST-M2 protein purification and in vitro phosphorylation. pGST-M2 encoding the cDNA for expression of the GST-M2 fusion protein was transformed into
BL21-DE3 cells. Cultures were grown in Luria broth to an optical density of 0.6
and then induced with isopropyl ␤-D-thiogalactoside at a final concentration of
0.1 mM for 2 h. The cells were lysed by sonication in phosphate-buffered saline
(PBS; 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 7.3).
The extract was incubated with glutathione-Sepharose 4B beads (PharmaciaBiotech) and washed with PBS in the presence of 20 g of phenylmethlysulfonyl
fluoride/ml, and M2-1 was freed from the column by thrombin cleavage (50
U/ml; Pharmacia Biotech) in PBS for 2 h. The eluted protein was analyzed for
purity by SDS-PAGE followed by staining with GelCode Blue (Pierce).
The ability of the M2-1 protein to be phosphorylated by casein kinase I (CKI;
New England Biolabs) was assayed by incubation in the presence of CKI (60 U)
and [␥-33P]ATP (0.6 Ci; NEN) followed by electrophoresis on an SDS–11%
polyacrylamide gel, staining with GelCode Blue, and autoradiography.
RNA synthesis. RNA synthesis was analyzed in either RS virus-infected HEp-2
cells or MVA-T7-infected HEp-2 cells transfected with plasmids expressing subgenomic replicons. HEp-2 cells infected with RS virus in 100-mm-diameter
dishes were incubated at 37°C for 20 h. Before being labeled, infected cells were
pretreated with actinomycin D (Act D; 10 g/ml; Sigma) for 30 min. RS virusinfected cells were labeled for 5.5 h with 100 Ci of inorganic [33P]phosphate per
ml in the presence of Act D. Transfections with subgenomic replicons were
performed as previously described (14), except that the following amounts of
plasmids were used: 4 g of pF/M2 or pM/SH, 1.5 g of pN, 0.75 g of pP, 0.25
g of pL, and various amounts of M2-1-encoding plasmid. Cytoplasmic extracts
were prepared from the infected and transfected cells (28), and RNAs were
phenol extracted, ethanol precipitated, separated on a 1.75% agarose–6 M urea
gel (34), and detected by fluorography as previously described (24). Quantitation
of the RNAs was performed as previously described (14).
Viral RNA coimmunoprecipitations were performed as described in “Protein
labeling and immunoprecipitation” above, with MAbs to M2-1 (ICI3; a gift of G.
Toms) and N and F proteins (MAb 15 and MAb 19; gifts of G. Taylor). The
inorganic [33P]phosphate-labeled RNAs were released from the coimmunoprecipitation reaction mixture by boiling it in NTE (100 mM NaCl, 1 mM EDTA, 10
mM Tris) with 0.5% SDS. RNAs were analyzed by phenol extraction, ethanol
precipitation, and separation on agarose-urea gels.
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TABLE 1. Characteristics of phosphorylated fragments
observed with Lys C or trypsin cleavage
Protease

Peptide

Trypsin

53–83
53–92

Lys C

53–80
53–92

Mass
differenceb

Inferred no.
of phosphorylations

Sensitivity to
phosphatase
treatmentc

3,287.65 (0.08)
3,368.36 (0.79)
3,448.30 (0.73)
4,230.47 (0.77)
4,309.47 (0.21)
4,389.42 (0.24)
2,910.23 (1.01)
2,990.06 (0.84)
3,070.06 (0.84)
4,230.84 (1.14)
4,311.95 (2.27)
4,391.35 (1.69)

0
80.71
160.65
0
79.0
158.95
0
79.83
159.83
0
81.11
160.51

0
1
2
0
1
2
0
1
2
0
1
2

⫺
⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫹
⫺
⫹
⫹

a
Numbers in parentheses represent the differences between the expected and
observed masses. Masses are in daltons.
b
Mass differences equal to the observed mass of the phosphorylated peptide
minus the observed mass of the unphosphorylated peptide. Masses are in daltons.
c
⫹, peak disappeared upon phosphatase treatment; ⫺, no change in mass
upon phosphatase treatment.

sensitive to phosphatase treatment. No phosphorylated fragments were observed elsewhere in the M2-1 protein. Amino
acids 1 to 28 of M2-6His were not observed among any of the
proteolytic fragments from any of the digests, making it difficult to rule out the possibility that M2-1 was not phosphorylated in that region, but subsequent mutagenesis showed that
the phosphorylation sites resided elsewhere.
The identity of the peptide containing residues 53 to 83 was
confirmed by isolation of the phosphorylated peptide on an
immobilized metal affinity column followed by carboxypeptidase cleavage and MALDI-TOF analysis. Carboxypeptidase
cleavage resulted in a series of fragments corresponding to
amino acids 53 to 68, 71, 72, 73, 76, 77, 78, or 82. Each of these
fragments was the expected mass plus approximately 160 Da,
indicating that the two phosphorylated residues were not located C terminally of the arginine at position 68 (data not
shown), narrowing the two phosphorylation sites to amino acids 53 to 68.
Identification of phosphorylation sites. To further investigate the sites of phosphorylation in the M2-1 protein, sitedirected mutagenesis was performed on residues that could act
as potential phosphate acceptors between amino acids 53 and
68, as shown in Fig. 1B. Serines 58 and 61 which were in a
consensus sequence for phosphorylation by CKI, and threonine 56, which was in a consensus sequence for phosphorylation by CKII, were individually changed to alanine (S58A,
S61A, and T56A) by site-specific mutagenesis of pM2-ORF1.
In addition, a double mutant was made in which threonine 56
and serine 58 were both changed to alanine (T56A S58A).
These plasmids were individually transfected into vTF7-3-infected HEp-2 cells. The cells from duplicate transfections were
labeled with [35S]methionine and [35S]cysteine or with inorganic [33P]phosphate. The labeled proteins were immunoprecipitated with an anti-M2-1 MAb, ICI3, which has been shown
to recognize the different phosphoforms of M2-1 (15). Analysis
by SDS-PAGE showed that wt M2-1 migrated as two bands,
differentiated by their phosphorylation states (15). The slowermigrating form was predominant, and labeling with 33P indi-

cated that this form was phosphorylated (Fig. 2A, lanes 3 and
4). Treatment of wt M2-1 with -PPase resulted in a change in
mobility to the faster-migrating form and loss of 33P incorporation (Fig. 2A, lanes 13 and 14), confirming that the observed
change in mobility and inorganic [33P]phosphate incorporation
were due to phosphorylation. In contrast to wt M2-1, the S58A
mutant migrated predominantly as the faster form with a loss
of the majority of the 33P incorporation, indicating a lack of
phosphorylation (Fig. 2A, lanes 7 and 8). The S61A mutant
resulted in a change in the distribution of the two bands, which
correlated with a decrease in the phosphorylated form (Fig.
2A, lanes 5 and 6). The double mutant, T56A S58A, had the
same phenotype as the S58A single mutant (Fig. 2A, lanes 9
and 10). The T56A mutant was wt in its phosphorylation pattern (Fig. 2A, lanes 11 and 12), which indicated that threonine
56 was not one of the phosphorylated residues. A large amount
of a 33P-labeled material coimmunoprecipitated with M2-1 and
the mutant M2-1 proteins, as indicated by the labeled material
migrating at the top of each 33P-labeled lane (Fig. 2A). The
identification of this material is discussed below.
As mentioned previously, analysis of the amino acid sequence surrounding the phosphorylated residues indicated
that serine 58 was a potential site for phosphorylation by CKI.
The consensus sequence for CKI phosphorylation is an acidic
residue followed by any two or three amino acids and then the
phosphorylatable serine or threonine. The acidic residue can
be an aspartic acid, glutamic acid, phosphoserine, or phosphothreonine (29). Phosphorylation at serine 58 provided a phosphoserine at that position and created a potential CKI phosphoacceptor site at serine 61. Thus, CKI phosphorylation at
serine 61 is predicted to be dependent upon prior phosphorylation of serine 58, explaining the lack of phosphorylation of
the S58A single mutant.
To test whether CKI could phosphorylate the M2-1 protein,
an unphosphorylated M2-1 was produced in E. coli as a
GST-M2 fusion. Thrombin cleavage of GST-M2, while it was
bound on the column, allowed elution of M2-1 and retention
of GST. Incubation of the purified M2-1 with CKI and
[␥-33P]ATP resulted in a change in migration to a slowermigrating species, which incorporated 33P (Fig. 2C). Additionally, MALDI-TOF analysis of the bacterially expressed M2-1
protein after incubation with CKI indicated that the increase in
mass was consistent with two phosphorylation events. Trypsin
cleavage followed by MALDI-TOF analysis located the phosphorylation sites in the bacterially expressed M2-1, which had
been incubated with CKI, to amino acids 53 to 92, which
overlapped with the CKI sites predicted by sequence analysis
(data not shown). Neither CKII nor PKC, which were also
tested, phosphorylated M2-1 (Hardy, unpublished).
Effect of phosphorylation mutants on antitermination. The
M2-1 protein has been characterized as a transcription factor
that increases processivity and decreases termination within
genes and at the semiconserved gene end termination sequences, resulting in increased production of full-length monocistronic and dicistronic mRNAs (14, 16). The significance of
phosphorylation of the M2-1 protein in transcription has not
been investigated. The effect of phosphorylation on M2-1 function as an antiterminator was assayed using a dicistronic subgenomic replicon, pF/M2, which contained the F/M2 gene
junction in its authentic upstream and downstream sequence
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context (14). The F/M2 replicon was chosen because of the
sensitivity of the F/M2 gene junction to the action of the M2-1
protein (14). Previous work has shown that RS virus genes
respond differently to the presence of M2-1 (14). Some genes,
such as the SH gene, terminate efficiently in the absence or
presence of M2-1, while others terminate inefficiently in the
presence of M2-1. In the F/M2 replicon, there is a 15-fold
increase in the percentage of full-length bicistronic readthrough products in the presence of M2-1 (14). The mRNA
products transcribed by the F/M2 replicon have been described
previously and are shown schematically in Fig. 3A (14). Transcription from this replicon results in the synthesis of two
discrete mRNAs: mRNA1, produced from the upstream gene,
and mRNA2, produced from the downstream gene. Three
RNA products, resulting from the failure of the polymerase to
terminate at the gene ends, thereby generating polycistronic or
readthrough RNAs, are produced in increased amounts in the
presence of M2-1. Readthrough (r/t) A is produced by the
failure to terminate at the end of mRNA2. R/t B results from
the failure to terminate at the F/M2 gene junction. R/t C is
produced by the failure to terminate at both the F/M2 gene
junction and the mRNA2 gene end. A stop codon was introduced into the M2 coding sequence in the F/M2 replicon to
ensure that the replicon did not produce a truncated M2-1
protein, which could potentially obscure the effects of the
phosphorylation mutants. MVA-infected HEp-2 cells were
transfected with pN, pP, pL, pF/M2, and increasing amounts of

wt or mutant M2-1 plasmids. The effect of the M2-1 protein on
transcriptional antitermination was measured by calculating
the percentage of readthrough products, using molar amounts
of the RNAs obtained from densitometry (14). The amounts of
RNA corresponding to r/t B, r/t C, and mRNA1 that were
determined by densitometric analysis were normalized to the
uridine content of each. The percent readthrough that occurred was calculated by dividing the amount of RNAs that
initiated at the first gene start but failed to terminate at the first
gene end (r/t B and r/t C) by the total amount of RNA that
initiated at the first gene start (mRNA1, r/t B, and r/t C). The
following equation was used: percent readthrough ⫽ 100 ⫻ (r/t
B ⫹ r/t C)/(mRNA1 ⫹ r/t B ⫹ r/t C) (14). In the absence of
M2-1, low levels of readthrough products, only about 6%, were
observed (Fig. 3B, lane 1, and C). In the presence of wt M2-1,
the levels of polycistronic readthrough RNA (r/t A, r/t B, and
r/t C) increased significantly (Fig. 3B, lanes 2, 3, and 4). This
occurred even at low levels of input plasmid (Fig. 3B, compare
lanes 1 and 2, r/t B and r/t C). As reported previously, M2-1
protein rapidly reaches maximal transcriptional antitermination activity at input plasmid levels between 0.1 and 0.3 g (16,
17). The S58A, S61A, and T56A S58A mutants all displayed
reduced ability as antiterminators at low levels of input plasmid
(Fig. 3B, lanes 5, 8, and 11, and C). At higher levels of input
plasmid, they regained some activity, suggesting the mutants
were less efficient but not completely impaired in activity (Fig.
3B, lanes 7, 10, and 13, and C). The activity of the S58A, S61A,
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FIG. 2. Expression of M2-1 protein phosphorylation mutants. (A) Analysis of mutant proteins. HEp-2 cells, infected with vTF7-3, were either
mock transfected or transfected with 5 g of plasmids expressing M2-1 or the indicated phosphorylation mutants (S58A, S61A, T56A, or T56A
S58A). The cells were labeled with either [35S]methionine and [35S]cysteine (35S) or inorganic [33P]phosphate (33P) for 3 h at 17 h p.t. Cytoplasmic
extracts were prepared and precleared. Then proteins were immunoprecipitated with MAb ICI3, separated by SDS-PAGE, and subjected to
autoradiography. After immunoprecipitation, the samples in lanes 13 and 14 were treated with 200 U of -PPase for 30 min at 30°C. The bracket
indicates the position of the 33P-labeled coimmunoprecipitated material. (B) RS virus proteins. RS virus-infected (RS inf.) HEp-2 cells, harvested
24 h post infection, were prepared and immunoprecipitated as described for panel A, except the lysate was not precleared. (C) In vitro CKI
phosphorylation of M2-1 protein. M2-1 protein produced in E. coli was incubated with CKI and [␥-33P]ATP for 30 min at 37°C. The protein was
separated by SDS-PAGE on an 11% polyacrylamide gel and Coomassie stained (left) or subjected to autoradiography (right).
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and T56A S58A mutants remained below that of the wt at all
three input plasmid levels. The S61A mutant, which was not as
impaired as the S58A and T56A S58A mutants, reached
readthrough levels of about 55% (Fig. 3C). The T56A S58A
double mutant was reproducibly the least efficient antiterminator. This inefficiency was not due to the mutation at threo-

nine 56, as the T56A single mutant, whose phosphorylation
was not affected (Fig. 2A, lanes 11 and 12), showed an RNA
synthesis pattern identical to that of the wt protein (Fig. 3B,
lanes 14 to 16). To test whether the results were specific to the
F/M2 gene junction, assays were carried out with a replicon
containing the M/SH gene junction, pM/SH (14), and a similar
loss of transcriptional activity was observed (data not shown).
M2-1 interaction with RNA. As indicated in the discussion of
Fig. 2A, a large amount of 33P-labeled material, which migrated diffusely at the top of the gel, was coimmunoprecipitated with M2-1 protein or its phosphorylation mutants (Fig.
2A and Fig. 4A, lanes 2, 4, and 5). This represented a significant interaction, as it was not present in the immunoprecipitated mock-transfected lane (Fig. 4A, lane 1). To determine
the nature of the coimmunoprecipitated component, the sam-
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FIG. 3. Effect of M2-1 protein phosphorylation mutations on transcription. (A) Diagram of F/M2 replicon containing the authentic
F/M2 gene junction and the expected products of transcription. (B)
MVA-T7-infected HEp-2 cells were transfected with pF/M2, pN, pP,
pL, and increasing amounts of M2-1 wt or mutant plasmids (0.15 to 0.6
g), pT56A, pS58A, pS61A, or pT56AS58A. The cells were labeled for
5.5 h at 17 h p.t. with [3H]uridine in the presence of Act D. The
purified RNAs were visualized by separation on an agarose-urea gel
followed by fluorography. (C) Quantitation of percent readthrough
products at each amount of input plasmid. Percent readthrough was
determined by densitometric analysis and conversion to molar
amounts of RNA based upon [3H]uridine incorporation. Rep, replication; le, leader; tr, trailer; ig, intergenic; AAAn, polyadenylate.
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FIG. 4. RNA is coimmunoprecipitated with the M2-1 protein. (A)
HEp-2 cells infected with vTF7-3 were either mock transfected or
transfected with 5 g of pM2-ORF1 or plasmids expressing mutant
M2-1 proteins. The cells were labeled for 3 h at 17 h p.t. with inorganic
[33P]phosphate. Immunoprecipitations were performed using MAb
ICI3. The immunoprecipitated proteins were analyzed by SDS-PAGE
on an 11% polyacrylamide gel followed by autoradiography. (B) Digestion of 33P-labeled component. Transfected (lane 3, mock; lanes 4
to 7, 5 g of pM2-ORF1) and infected (lanes 1 and 2) cells were
prepared as for panel A, except 5 g of proteinase K (Prot K), 5 g of
RNase A, or 1 U of DNase RQI was added after immunoprecipitation
as indicated, followed by incubation for 30 min at 37°C.

ples were treated with DNase RQI, proteinase K, RNase A, or
-PPase prior to PAGE. Digestion with -PPase, proteinase K,
and DNase RQI did not affect the material coimmunoprecipitated by an M2-1-specific MAb (Fig. 2A, lane 14, and 4B, lanes
5 and 6). However, digestion with RNase A following immunoprecipitation resulted in the disappearance of this material
(Fig. 4B, lane 7), suggesting the coimmunoprecipitated material was RNA. The 33P-labeled material was also coimmunoprecipitated with M2-1 in the context of an RS virus infection,
as well as in the transfections shown, where it was again susceptible to RNase A digestion (Fig. 4B, lanes 1 and 2). These
results suggest that the M2-1 protein was interacting with
RNA, which was coimmunoprecipitated with the M2-1 protein.
A previously characterized mutant, C7S, which contains a
cysteine-to-serine change in one of the proposed zinc binding
residues, was unable to coimmunoprecipitate RNA (Fig. 4A,
lane 3). Previous work has shown that this mutant has lost its
ability to function in transcription (15), indicating the need for
maintenance of the zinc binding domain for function. It is also
not efficiently phosphorylated, which we have attributed to
improper folding due to disruption of the Cys3His1 motif, and
as a result, very little 33P-labeled protein was present in the
33
P-labeled sample (Fig. 4A, lane 3) (15). However, duplicate
samples labeled with [35S]methionine and [35S]cysteine showed
that levels of the C7S protein were similar to those in wt M2-1,
providing evidence that the lack of an interaction with RNA
was due to the disruption of the Cys3His1 motif and not to a
lack of C7S protein (data not shown).

FIG. 5. Analysis of coimmunoprecipitated RNA from an RSV infection. HEp-2 cells in 100-mm-diameter dishes were infected with RS
virus (MOI ⫽ 10). The cells were labeled in the presence of Act D at
17 h postinfection for 5 h with inorganic [33P]phosphate. Cytoplasmic
extracts were prepared, and lysates were either immunoprecipitated
with MAbs to the M2-1, N, or F protein or analyzed for total RNA.
RNAs were released from the immunoprecipitation mixture by boiling
it in NTE. Immunoprecipitated and total RS virus RNAs were purified
by phenol extraction and ethanol precipitation, followed by separation
on an agarose-urea gel and fluorography. The locations of the various
RS virus monocistronic and polycistronic RNAs are indicated on the
left. ⫹, present; ⫺, absent.
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The above-mentioned coimmunoprecipitation experiments
(Fig. 4) were performed under conditions where all the RNAs
in the transfected or infected cells were labeled. We next examined the ability of the M2-1 protein to interact with RS virus
RNAs in infected cells in the presence of Act D, which limits
labeling to RNAs produced by the RS virus RdRp. HEp-2 cells
were infected with RS virus, and RNAs were labeled with
inorganic [33P]phosphate. The cytoplasmic extracts were immunoprecipitated with MAbs to RS virus M2-1, N, or F protein, and the coimmunoprecipitated RNAs were extracted and
analyzed by agarose-urea gel electrophoresis adjacent to total
cytoplasmic RNA from an RS virus infection. The anti-M2-1
MAb, ICI3, predominately coimmunoprecipitated RNAs that
comigrated with RS virus monocistronic and polycistronic
mRNAs (Fig. 5, compare lanes 2 and 3). Upon longer exposure
of the film, a genomic band was also detected (data not
shown). As controls, MAbs to RS virus N protein or F protein,
MAb 15 and MAb 19, respectively, were used to immunopre-
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cipitate duplicate samples. RS virus genomic RNA was primarily coimmunoprecipitated by the anti-N MAb, as expected,
since the genome is encapsidated with N protein (Fig. 5, lane
5) (36). The anti-F MAb did not immunoprecipitate any detectable RNA (Fig. 5, lane 7). In addition, immunoprecipitation of lysate from uninfected cells showed no detectable
RNAs (Fig. 5, lanes 4, 6, and 8). In similar experiments where
Act D was omitted so both cellular and viral RNAs were
labeled, RS viral RNAs were still coimmunoprecipitated, although it was clear that cellular RNAs, in particular rRNAs,
were also coimmunoprecipitated (data not shown). These results indicated that during RS virus infection, M2-1 protein can
associate with RS virus mRNA in an interaction strong enough
to withstand the multiple manipulations and washings associated with the immunoprecipitation procedure. It could be argued that M2-1 interacts with RNA through interaction with
another viral protein; however, the coimmunoprecipitation experiment from transfected cells (Fig. 4) and a recently published report (9) both showed that M2-1 interacted with RNA
in the absence of the other viral proteins. However, it is possible that other viral proteins play a role in determining the
specificity of the interaction of M2-1 with RNA.
M2-1 interaction with N protein. Previous work has shown
that M2-1 interacts with the N protein in cotransfected cells
(12, 15). To assay whether phosphorylation was necessary for
the interaction, the phosphorylation mutants were tested for
the ability to interact with the N protein. Plasmids expressing
the M2-1 protein or the M2-1 phosphorylation mutants and N
protein were cotransfected into HEp-2 cells, which were labeled with [35S]methionine and [35S]cysteine. The lysates were
immunoprecipitated with the anti-M2-1 MAb, ICI3. In the
presence of wt M2-1 protein, a significant amount of N protein
was coimmunoprecipitated (Fig. 6). The previously characterized C7S mutant is unable to interact with N and thus coimmunoprecipitated very little N protein, as expected (Fig. 6).
The two phosphorylation mutants, S58A and S61A, coimmu-

noprecipitated levels of N similar to that coimmunoprecipitated by wt M2-1 (Fig. 6). In addition, treatment of the immunoprecipitated material with -PPase did not affect the ability
of M2-1 to coimmunoprecipitate N (Fig. 6). These results
suggest that phosphorylation of the M2-1 protein was not necessary for interaction with the N protein. It was suggested
previously that the M2-1–N interaction may be mediated via
another component because of a lack of interaction when the
proteins were synthesized in vitro using rabbit reticulocyte
lysate (12). Since the results of the previous experiments indicated that M2-1 interacts with RNA, we tested whether RNA
could mediate the M2-1–N interaction. Treatment of the M21–N protein interaction with RNase A followed by washing
reduced the amount of coimmunoprecipitated N to background levels (5% of the wt interaction) (Fig. 6). These data
indicated that the interaction between M2-1 and N in cotransfected cells was mediated via RNA. Thus, the experiments
assessing the ability of the M2-1 phosphorylation mutants to
interact with the N protein may instead be an indirect reflection of their ability to interact with RNA.
DISCUSSION
We examined the sites of phosphorylation and the role that
phosphorylation plays in the function of the M2-1 protein in
transcription and interaction with viral RNA. The M2-1 protein was found by proteolytic digestion and site-directed mutagenesis to be phosphorylated at serine 58 and serine 61.
Serines 58 and 61 lie in the consensus sequence for phosphorylation by CKI and are conserved in human, bovine, and ovine
RS virus and in turkey rhinotracheitis virus (1, 8, 26, 29, 35, 37).
The conservation of these residues suggests a functional role
for M2-1 phosphorylation. Phosphorylation of serine 58 creates a new CKI site at serine 61. The disruption of serine 58
should prevent phosphorylation at serine 61, which would result in the loss of both phosphorylation sites, which is consis-
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FIG. 6. M2-1 protein–N protein interaction is unaffected by phosphorylation but is sensitive to RNase A digestion. HEp-2 cells infected with
vTF7-3 were transfected with 5 g of the indicated plasmid(s). The cells were labeled 17 h p.t. for 3 h with [35S]methionine and [35S]cysteine and
immunoprecipitated with ICI3. RNase A (5 g) and -PPase (200 U) were added as indicated, and samples were incubated at 37 or 30°C,
respectively, for 30 min. Control samples for the RNase A and PPase reactions were treated identically to the digested samples, except that the
RNase A and PPase were omitted. The treated and control samples were washed to remove any released protein and analyzed by electrophoresis
on an 11% polyacrylamide gel. The percent M2-1–N interaction normalized to the wt interaction was quantified by densitometric analysis of
autoradiograms for each sample.
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is necessary and is under way to determine if the processivity
activity of M2-1 is also affected by phosphorylation.
The ability of M2-1 to coimmunoprecipitate RNA from
transfected cells led to the discoveries that during infection
M2-1 can associate with RS virus mRNAs and that the previously observed interaction between the M2-1 and N proteins in
cotransfected cells was mediated via RNA. The results from
the M2-1–N interaction experiment indicated that the M2-1
and N proteins were interacting by binding to the same RNA
(Fig. 6), yet immunoprecipitation from RS virus-infected cells
with the N MAb showed that the N protein interacted with
genomic RNA, as expected for the nucleocapsid protein (Fig.
5, lane 5), while the M2-1 MAb predominately coimmunoprecipitated mRNA (Fig. 5, lane 3). The analysis of the M2-1–N
interaction (Fig. 6) was performed in transfected cells and not
in the context of an RS virus infection, and it is likely that the
M2-1 and N proteins, like many other RNA binding proteins,
were binding RNAs promiscuously in the absence of their
natural substrates, possibly by binding the mRNAs produced
from the M2-1- and N-encoding plasmids, as they were the
only RS virus RNAs present in the cells.
In separate work, Cuesta et al. also recently reported that
M2-1 is an RNA binding protein (9). They concluded that the
M2-1 protein bound specifically to the antigenomic leader sequence of the RS virus RNA and nonspecifically to “long”
RNAs. Our results show that during RS virus infection, M2-1
interacts predominately with viral mRNAs, which do not contain the leader sequence. Clearly, further work is necessary to
analyze the specificity of RNA binding by M2-1 and to determine whether other viral proteins are involved in determining
the specificity of M2-1 interaction with RNA.
The observation that the M2-1 protein interacts with RNA is
consistent with the fact that many proteins that function in
transcription and contain zinc binding motifs also bind nucleic
acids. M2-1 protein contains a Cys3His1 zinc binding motif
at its amino terminus. The best-described member of the
Cys3His1 class of zinc fingers is tristetraprolin (TTP), an RNA
binding protein whose function, like that of M2-1, is dependent
upon the integrity of its Cys3His1 motif. Mutation of a single
zinc-coordinating residue in TTP results in a loss of RNA
binding (22). It is interesting that the C7S mutant, which is
defective in antitermination (15), is also defective in RNA
binding, as assayed by immunoprecipitation (Fig. 4A, lane 3).
In conclusion, we have demonstrated that M2-1 is phosphorylated at serines 58 and 61. Phosphorylation is required for the
efficient transcriptional function of M2-1, as mutation of
serines 58 and 61 results in a severe decrease of antitermination activity. We have also shown that M2-1 is associated with
viral monocistronic and polycistronic mRNA during RS virus
infection. Maintenance of the Cys3His1 motif, but not phosphorylation, is required for interaction with RNA. In addition,
the interaction between the M2-1 and N proteins is mediated
via RNA.
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tent with our results. Based on sequence analysis, mutation at
serine 61 would be expected to affect phosphorylation at only
that site and not at serine 58, explaining why the S61A mutant
retains 33P incorporation. The above observations are consistent with our results. In addition, bacterially expressed M2-1
protein was shown to be phosphorylated twice by CKI on a
fragment corresponding to amino acids 53 to 92, which contains the phosphorylation sites determined by site-directed mutagenesis, serine 58 and serine 61. A recent report concluded
that threonine 56 and serine 58 were the main phosphorylation
sites in M2-1 (9). These workers analyzed M2-1 phosphorylation in the context of a double mutant in which threonine 56
and serine 58 were both changed to alanine (9). The protein
also contained an internal deletion between amino acids 110
and 166. This mutant lost 98% of its phosphorylation compared to the parent protein. The result observed from the
double mutant can be attributed solely to the mutation at
serine 58, because of its ability to affect the potential phosphorylation of serine 61. As shown in the results of this paper,
the T56A single mutant is unaltered in its phosphorylation
state compared to the wt protein, and this mutation has no
effect on M2-1 function. Therefore, threonine 56 does not
substantially contribute to the phosphorylation of M2-1 or to
its function. Our results show that serines 58 and 61 are the
major phosphorylation sites. It should be noted that M2-1 may
contain an additional minor phosphorylation site, as the S58A
and T56A S58A mutants both show very low levels of 33P
incorporation.
Mutation of the phosphorylated residues, serines 58 and 61,
to alanine resulted in a decrease in the efficiency of M2-1
protein transcriptional antitermination activity, as assayed by
the effect on transcription of a subgenomic replicon containing
the F/M2 gene junction. Increasing the level of input mutant
M2-1-encoding plasmids allowed a low level of increase in
transcriptional antitermination activity, but never to a level
equivalent to that seen with wt M2-1 protein, suggesting the
mutant proteins are inefficient antiterminators. The defect in
antitermination does not appear to be due to an inability to
bind RNA, as the phosphorylation mutants coimmunoprecipitated RNA as well as the wt protein. Rather, the defect may be
in RNA binding specificity or in the ability to function once
bound to RNA. It is interesting that during an RS virus infection, the unphosphorylated form of M2-1 is the predominant
form of the protein. This differs from conditions under which
M2-1 is transfected by itself, where the phosphorylated form is
predominant, an observation that may suggest that control
over the extent of M2-1 phosphorylation exists during infection. Previous analyses have indicated that the presence of
other RS virus proteins, such as the P protein, affect the level
of M2-1 phosphorylation (Hardy, unpublished) (9). There are
numerous examples of prokaryotic and eukaryotic transcription factors that use phosphorylation as a means to positively
or negatively control activity (18, 31). In addition, the M2-1
protein is not the only RS virus protein whose function is tied
to phosphorylation, as phosphorylation of the RS virus P protein increases its efficiency in transcription and replication (27,
33). However, it remains to be determined whether M2-1 function during RS virus infection is regulated by phosphorylation
or whether the different phosphoforms of M2-1 have additional functions as yet undetermined. In addition, further work
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