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Src homology 3 (SH3) and WW domains are known to
associate with proline-rich motifs within their respec-
tive ligands. Here we demonstrate that the proposed
adapter protein for Src kinases, Sam68, is a ligand
whose proline-rich motifs interact with the SH3 do-
mains of p59fyn and phospholipase Cg-1 as well as with
the WW domains of FBP30 and FBP21. These proline-
rich motifs, in turn, are flanked by RG repeats that
represent targets for the type I protein arginine N-meth-
yltransferase. The asymmetrical dimethylation of argi-
nine residues within these RG repeats dramatically re-
duces the binding of the SH3 domains of p59fyn and
phospholipase Cg-1, but has no effect on their binding to
the WW domain of FBP30. These results suggest that
protein arginine methylation can selectively modulate
certain protein-protein interactions and that mecha-
nisms exist for the irreversible regulation of SH3 do-
main-mediated interactions.

WW1 and SH3 domains are structurally distinct modules
that are functionally alike in that they bind proline-rich motifs
within their corresponding ligands (1). The specificity of their
interaction is mediated by unique sequences that correlate

with binding pockets found on the surface of these domains
(2–4). Expression, phage display, and peptide library screens
have identified the components involved in determining ligand
binding specificity. Subsequent structural analyses of SH3 and
WW domains with respect to binding to their respective ligands
have indicated how this precise interaction is achieved (5–11).
Structural analysis of Src-like SH3 domains complexed with
ligand reveals three points of contact, involving two hydropho-
bic interactions and a salt bridge. Salt bridge formation be-
tween a conserved acidic residue in the SH3 domain and the
favored arginine residue, either N-terminal (class I ligand) or
C-terminal (class II ligand) to the Pro-X-X-Pro motif, plays a
key role in the specificity of this interaction. WW domains also
display specificity in their binding to distinct proline-rich se-
quences. To date, four different WW domain binding motifs
have been characterized, with each core motif binding to a
subset of WW domains to the exclusion of the other motifs.
They are: core I, PPXY (where X signifies any amino acid; binds
to the YAP (Ref. 12) and the Nedd4 WW domains (Refs. 13 and
14)); core II, PPLP (binds to the FBP11 (Refs. 9 and 15) and the
FE65 WW domains (Ref. 16)); core III, a PGM motif, which, in
addition to proline, glycine, and methionine residues, is also
arginine-rich (binds to the FBP21 and FBP30 WW domains
(Ref. 10)); and core IV, phosphoserine- or phosphothreonine-
binding modules (binds to the Nedd4 and Pin1 WW domains
(Ref. 17)).

WW domains and SH3 domains bind very similar or over-
lapping proline-rich motifs, suggesting that proteins harboring
these domains might compete for the same ligands. A number
of common Abl SH3- and FBP11 (formin-binding protein 11)
WW-domain ligands have been identified (9), including the
GSG domain-containing splicing factor SF1 (18). SF1 is an
RNA-binding protein that belongs to the larger family of KH
domain-containing proteins. These include heterogeneous nu-
clear ribonucleoprotein (hnRNP) K and FMRP (fragile X men-
tal retardation protein) and the smaller GSG domain subfamily
including Sam68, GRP33, GLD-1, and Qk1 (19–21). Sam68 is
thought to serve as an adapter protein for Src kinases during
mitosis (22–25) and has recently been identified as a functional
homolog of the HIV-1 Rev protein, thereby implicating it in the
post-transcriptional regulation of gene expression (26).

hnRNP K (the founding member of the KH domain-contain-
ing protein family), like many of the hnRNPs, is post-transla-
tionally methylated on arginine residues (27). This modifica-
tion, in general, is likely to play an important role in RNA
metabolism, signal transduction, and possibly the regulation of
nucleic acid interactions (28–30). It has also been suggested
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that arginine methylation might regulate protein-protein in-
teractions (27, 31). This proposal stems from the fact that the
SH3 domains of Src and Vav interact with hnRNP K (24, 32,
33) and the proline-rich domains responsible for these interac-
tions are adjacent to RGG motifs that might be methylated.

Here we report that the Src kinase adapter protein Sam68,
apart from binding SH3 domains, interacts with the WW do-
mains of FBP30 and the putative spliceosome protein, FBP21.
The proline-rich motifs that mediate these interactions are
flanked by arginine-glycine (RG) repeats, which are reminis-
cent of recognition motifs for the type 1 protein N-methyltrans-
ferase. In what follows, we demonstrate that Sam68 peptides
can be asymmetrically dimethylated on arginine residues. Fur-
thermore, we show that when flanking arginine residues are
methylated, Src-like SH3 domain binding to isolated Sam68
proline-rich motifs is dramatically reduced. By contrast, WW
domain binding to these same Sam68 sequences remains
largely unaffected by arginine methylation. These results iden-
tify a novel mechanism by which protein-protein interactions
can be differentially regulated.

EXPERIMENTAL PROCEDURES

Plasmid Constructions—The DNA constructs encoding myc epitope-
tagged Sam68, glutathione S-transferase (GST)-PLCgSH3–1 GST-
fynSH3, and GST-srcSH3 were described previously (15, 23, 34).
GST-WW YAP, WW FBP11, WW FBP21, WW FBP30, B9 U1C, and
Ld10 were described previously (9, 10). The DNA fragments encoding
the Sam68 proline motifs P0, P1P2, P3, P4, and P5 were amplified by
polymerase chain reaction using myc-Sam68f as a DNA template (34).
The DNA were digested with BamHI and EcoRI and subcloned in the
respective sites of pGEX-KG (35). The sequence of the oligonucleotides
are: P0, 59-CGT GGA TCC AAG GAC CCG TCA GGT-39 and 59-GCG
GAA TTC TCA AGC GCC TCC TCT GGG CCC AC-39; P1P2, 59-CGG
GGA TCC CCC GCC ACC CAG CCG CCG-39 and 59-GCG GAA TTC
TCA CGG CTG TGG CTG ACG GGG GC-39; P3, 59-AAC GGA TCC CCT
GAA CCC TCT CGT GGT-39 and 59-GCG GAA TTC TCA AGC TCC TCT
AGG TGG TCC AAC-39; P4, 59-CGT GGA TCC CCA GTG AGA GCT
CCA TCA CC-39 and 59-GCG GAA TTC TCA CCC AGC TGT CCG AGC
TCT TG-39; P5, 59-GCT GGA TCC CAG AGA ATA CCT TTG CCT-39 and
59-GCG GAA TTC TCA TAA TAG CCT TCA TAG CCT TC-39. The
sequence of the oligonucleotides used for the amplification of the
PRMT2 SH3 domain are: 59-CGT GGA TCC GCA ACA TCA GGT GAC
TGT CCC-39 and 59-TAA GAA TTC TTA GAA GTA CTC TTC ATC CTG
CC-39; the DNA were digested with BamHI and EcoRI and subcloned in
the respective sites of pGEX-2TK (Amersham Pharmacia Biotech).

In Vitro Methylation of GST Fusion Proteins—GST-methyltrans-
ferase fusion proteins GST-RMT1 (yeast) and GST-PRMT1 (rat) were
previously described (36). GST-methyltransferase fusion proteins (2 mg)
were incubated for 1 h at 30 °C (GST-RMT1) or 37 °C (GST-PRMT1 and
blank) with 5 mg of the GST proline-rich fusion proteins P0, P1P2, P3,
P4, or P5 in 0.5 mM S-adenosyl-L-[methyl-3H]methionine ([3H]AdoMet,
73 Ci/mmol) (NEN Life Science Products) and 25 mM Tris-HCl at pH 7.4
in a final volume of 30 ml. Reactions were stopped by the addition of an
equal volume of 23 SDS-PAGE sample buffer, followed by heating for 5
min at 100 °C. Samples were then loaded onto a 10% SDS-polyacryl-
amide gel and stained with Coomassie, and the destained gel was
soaked in EN3HANCE (NEN Life Science) according to the manufac-
turer’s instructions and visualized by fluorography (exposure time was
9 h).

Amino Acid Analysis of Methylated P3—GST-Sam68 P3 fusion pro-
tein was methylated as described above, with the exception that the
total AdoMet concentration was raised to 200 mM by the addition of
non-labeled AdoMet, and that the incubation was carried out for 6 h.
The reaction mixture was precipitated in 25% trichloroacetic acid and
then hydrolyzed with 6 N HCl in vacuo (110 °C for 20 h) in a vapor-
phase Waters Pico-Tag apparatus. Hydrolyzed material was resus-
pended in 50 ml of water. Half of this material (25 ml) was mixed with
1 mmol each of NG-monomethylarginine (MMA) and NG,NG-dimethyl-
arginine (asymmetric) (DMA) as standards (both obtained from Sigma).
The mixture was then loaded onto a Beckman AA-15 sulfonated poly-
styrene column (0.9 cm diameter 3 11 cm height) that was pre-equili-
brated with Na1 citrate buffer (0.35 M in Na1, pH 5.27) at 55 °C.
Fractions were collected at approximately 1 ml/min. 3H radioactivity
was detected by adding 200 ml from each fraction to 400 ml of water,

mixing with 5 ml of fluor, and counting in a scintillation counter.
Additional 100-ml samples from each fraction were analyzed for nonra-
dioactive methylated arginine standards by a ninhydrin method as
described previously (37).

Synthesis of Arginine-methylated P3, P4, and Nef Peptides—Methy-
lated and unmethylated peptides were synthesized by the W. M. Keck
Biotechnology Resource Center (New Haven, CT). The 24-residue pep-
tide sequence was biotin-GVSVR*GR*GAAPPPPPVPR*GR*GVGP (R*
5 NG,NG-dimethylarginine (asymmetric)) and was called P3*. The se-
quence of the P4* peptide was biotin-TR*GATVTR*GVPPPPTVR*GA-
PTPR. The sequence of the NEF* was biotin-WVGFPVTPQVPLR*PM-
TYKAA. The unmethylated forms of these peptides were called P3, P4,
and NEF. The authenticity of the peptides was verified using mass
spectroscopy.

Purification and Labeling of Fusion Proteins—GST fusion proteins
were purified as described previously (38). Purified proteins were la-
beled with [g-32P]ATP using heart muscle kinase (Sigma catalog no.
P-2645) (38). Unincorporated nucleotides were removed by purifying
the sample over a Nick column (Amersham Pharmacia Biotech). For all
purposes, 10–50 mg of protein were labeled; the typical specific activity
was ;106 cpm/mg.

Blot Overlay and Pull-down Assay—Protein samples were separated
by SDS-PAGE and transferred onto an Immobilon-P membranes (Mil-
lipore, Bedford, MA) by semidry electroblotting. The blots were blocked
for 1 h at room temperature in TBST containing 1% nonfat dry milk.
Blots were then incubated in binding buffer (TBST containing 1% milk
and 0.5 3 106 cpm of probe/ml) overnight at 4 °C. Filters were washed
in TBST four times, 15 min each, and exposed to film for 10 min. For
blot overlay assays with the probes of biotinylated P3 and P3* peptides,
a modified method, described by Sparks et al. (39), was used. 40 mg of
peptide was precomplexed to 20 ml of streptavidin-horseradish peroxi-
dase for 30 min at 4 °C. Blots were then incubated in binding buffer (10
ml of TBST containing 1% milk and all the precomplexed peptide)
overnight at 4 °C. Filters were washed in TBST four times, 15 min each,
and the horseradish peroxidase signal detected with the ECL kit (Am-
ersham Pharmacia Biotech). Pull-down assays were performed as de-
scribed previously (23).

Binding Assays—The binding assays were performed using a BIA-
core Biosensor 2000® (BIAcore, Piscataway, NJ). The P3 and P3* pep-
tides were immobilized in different flow cells of a streptavidin-coated
BIAcore sensor chip (Sensor Chip SA, catalog no. BR-1000-32). 190
resonance units (RU) of the P3* peptide and 157 RU of the P3 peptide
were bound to the chip. The P3 and P3* flow cells were linked so the
same amount of analyte passed over each peptide. The concentration of
analyte injected was 200 ng/ml (in phosphate-buffered saline) and 60 ml
of analyte were injected in each case, at a flow rate of 10 ml/min. The
arrowhead indicates the time at which injection of the analyte is
stopped. A dissociation curve is observed as the flow of phosphate-
buffered saline continues. Between assays, the chip was regenerated
with 0.1 M NaOH. The integrity of the immobilized peptide, after
multiple treatments with NaOH, was confirmed by starting and finish-
ing each run series with the SH3 domain of Fyn. The RU values for the
first and last Fyn SH3 domain runs were the same.

RESULTS

Sam68 Binds WW Domain—The WW domains of two formin-
binding proteins, FBP11 and FBP21, associate with the
pre-mRNA splicing factor, SF1 (9, 10). SF1 contains an ex-
tended KH domain (18) and, as such, is a member of the GSG
protein family. To investigate whether this association with
WW domain-containing proteins is a unique property of SF1 or
is a general property of GSG proteins, we assessed the ability of
other GSG family members (34), including Sam68, GLD-1,
Qk1, and GRP33, to associate with the WW domains of FBP11,
FBP21, YAP, and FBP30. WW domains derived from these
proteins were expressed as GST fusion proteins and were used
as affinity reagents in “pull-down” assays of cell lysates con-
taining myc epitope-tagged GSG family members. The bound
proteins were separated by SDS-PAGE and analyzed by immu-
noblotting with anti-myc antibodies. The WW domains of
FBP21 and FBP30 bound Sam68 (Fig. 1A, lanes 5 and 6), and
a weak interaction between GRP33 and the WW domain of
FBP21 was also observed (Fig. 1A, lane 23). Sam68 is a known
target for the SH3 domains of p59fyn and Src kinases (22–24,
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33). We next investigated whether endogenous Sam68 bound to
the WW domains of FBP21 and FBP30 with an affinity similar
to that which it binds to the SH3 domain of p59fyn. We found
that this was indeed the case, as comparable levels of cellular
Sam68 were observed in GST pull-down assays using the p59fyn

SH3 domain or the FBP21 or FBP30 WW domains (Fig. 1B).
These interactions are likely to occur through one or more of six
distinctive proline-rich regions that occur within Sam68 (Fig.
1C). Inspection of the primary amino acid sequence of Sam68
revealed no PPLP or PPPY motifs, which is consistent with the
fact that the WW domains of YAP and FBP11 that interact
with these motifs do not associate with Sam68 (Fig. 1, A and B).

WW Domains Bind Proline-rich Sequences That Are Flanked
by RG Repeats—Sam68 is reported to contain five proline-rich
motifs (P1–P5) (23), and closer inspection reveals another motif
in the N terminus of the molecule (P0). The amino acids sur-
rounding these motifs are shown in Fig. 1C. To test the binding
specificity of these Sam68 motifs, individual proline-rich se-
quences were linked as fusion proteins to GST and tested in a
“blot overlay” assay for their ability to interact with the WW
domains of FBP11, FBP21, and FBP30. Equal amounts of
purified recombinant GST proteins containing Sam68 P0 to P5
and the known WW domain ligands SmB9, U1C, and Ld10 (10)
were separated by SDS-PAGE and stained with Coomassie.
Duplicate gels were transferred onto a polyvinylidene difluo-
ride membrane and incubated with the indicated 32P-labeled
GST-WW domain (Fig. 1D). Blot overlay assays revealed that
Sam68 proline-rich motifs P3 (RGRGAAPPPPPVPRGRG) and
P4 (RGVPPPPTVRG) are the major binding sites for these WW
domains of FBP21 and FBP30 (Fig. 1D). We noticed that both
of these proline-rich motifs were flanked by multiple RG (argi-
nine and glycine) repeats (Fig. 1C), dimers that are favored
sites for dimethylation (40). In addition, human Sam68 ex-
pressed in Sf9 cells has been shown to contain asymmetric
NG,NG-dimethylarginine residues (41). These findings
prompted us to further investigate the nature of Sam68
methylation.

Sam68 Is Arginine-methylated by PRMT1 in Vitro—Using
the yeast RMT1 and the mammalian PRMT1 protein arginine
N-methyltransferases, we asked whether the arginine residues
within the Sam68 proline-rich motifs were potential sites of
methylation in vitro. The GST fusion proteins, containing the
sequences depicted in Fig. 1C, were incubated with recombi-
nant enzyme in the presence of the methyl donor S-adenosyl-
L-[methyl-3H]methionine. The analysis of the methylation re-
actions by SDS-gel electrophoresis revealed that P0, P3, and
P4, all of which contain RG repeats, are methylated by both
yeast and mammalian recombinant protein arginine N-meth-

ies. The migration of the molecular mass markers is shown on the left
in kDa. B, endogenous Sam68 associates with the WW domains of
FBP21 and FBP30. Untransfected HeLa cells were lysed, and the cell
lysates were incubated with beads containing GST alone or GST fusion
proteins containing the WW domains of YAP, FBP11, FBP21, FBP30, or
the SH3 domain of p59fyn as indicated. After multiple washes, the
bound proteins were separated by SDS-PAGE and analyzed by immu-
noblotting with anti-Sam68 antibodies. The migration of Sam68 is
indicated with an arrow. C, the amino acid sequences from Sam68 that
were appended to GST resulting in GST-P0, -P1P2, -P3, -P4, and -P5
are shown. The proline-rich motifs are underlined, and the arginine-
glycine (RG) repeats are shown in bold letters. D, determination of the
relative affinities of the Sam68 proline motifs for the WW domains of
FBP11, FBP21, and FBP30. GST alone or GST fusion proteins contain-
ing Sam68 P0, -P1P2, -P3, -P4, or -P5, as well as recognized ligands of
FBP WW domain including GST-SmB9, -U1C, and -Ld10 were sepa-
rated by SDS-PAGE, transferred to nitrocellulose, and either stained
with Coomassie to visualize equal loading of the GST fusion proteins or
incubated with 32P labeled WW domain of FBP11, FBP21, or FBP30 in
overlay assays. The binding of the WW domains to the GST fusion
proteins was visualized by autoradiography.

FIG. 1. Sam68 associates with the WW domains of FBP21 and
FBP30. A, Sam68, but not other GSG proteins, including GLD-1, Qk1,
and GRP33, associate with the WW domains of FBP21 and FBP30.
HeLa cells transfected with myc-tagged Sam68, GLD-1, Qk1, and
GRP33 were analyzed by GST pull-down assays using GST alone, and
GST fusion proteins containing the WW domains of YAP, FBP11,
FBP21, and FBP30 covalently coupled to beads. An aliquot of the total
cell lysates (TCL) as well as the bound proteins were analyzed by
SDS-PAGE and visualized by immunoblotting with anti-myc antibod-
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yltransferases, whereas P1P2- and P5-containing fusion pro-
teins are not methylated (Fig. 2A, lower panel). For the P0 and
P3 methyl acceptors, we found that the RMT1 and PRMT1
enzymes were both very effective; however, PRMT1 was less
effective in methylating the P4-containing fusion protein (Fig.
2A, lanes 11 and 12). In addition, we determined by amino acid
analysis of these in vitro reaction products that the P0, P3, and
P4 reactions are predominantly NG,NG-[methyl-3H]dimethyl-
arginine (asymmetric) with smaller amounts of NG-[methyl-
3H]monomethylarginine present (Fig. 2B and data not shown).

Arginine Methylation Affects SH3 but Not WW Domain Bind-
ing—The proximity of RG repeats to proline-rich motifs sug-
gests that protein-protein interactions between Sam68 and
SH3 or WW domain-containing proteins may be regulated by
arginine methylation. To test this hypothesis, we concentrated
on the P3 proline-rich domain. The P3 motif binds the SH3
domains of p59fyn and PLCg (23) as well as the WW domains of
FBP21 and FBP30 (Fig. 1), and is a good substrate for the type
I protein arginine N-methyltransferase (Fig. 2). In addition,
structure-function studies carried out by Weng et al. (7) have
shown that Asp-99 of the Src SH3 domain (which forms a salt
bridge with an arginine residue flanking the Pro-X-X-Pro motif
of the P3 motif) is important for binding specificity. This study
identified the P3 motif of Sam68 as an arginine-containing
Asp-99-dependent binding site (7) and, therefore, a candidate
for the hypothesized methylation-regulated interaction.

To test the possibility noted above, gel overlay assays were
performed with probes of biotinylated P3 peptides, which were
synthesized either with all the arginine residues asymmetri-
cally dimethylated (P3*) or unmethylated (P3). Streptavidin-
horseradish peroxidase was used as the secondary reagent to
detect binding of the peptides to a panel of WW domains
(FBP11, FBP21, and FBP30) and SH3 domains (PLCg, p59fyn,
and the Vav C-terminal SH3), which were separated by SDS-
PAGE (Fig. 3A). Each lane contained the same amount of GST
fusion protein (data not shown). The unmethylated Sam68 P3
peptide bound the SH3 domains of PLCg and p59fyn, consistent
with previous studies (23). Moreover, the P3 peptide bound the
WW domains of FBP30 and FBP21 with a preference for the
WW domain of FBP30. The Sam68 P3 peptide did not bind the
C-terminal SH3 domain of Vav, the FBP11 WW domains, or
GST alone, which served as negative controls (Fig. 3A). By
comparison, the arginine-methylated peptide (P3*) did not bind
the SH3 domain of PLCg and bound the SH3 domain of p59fyn

with reduced affinity, whereas the binding of P3 to FBP30 WW
domain remained unaffected by arginine methylation (the
FBP21 WW domain may be slightly sensitive to the methyla-
tion status of the P3 ligand). These results indicate that the
modification of arginine residues by methylation can interfere
with the binding of a proline-rich ligand to the SH3 domains of
PLCg and p59fyn. Analysis of the Sam68 P4 proline-rich motif
yielded similar results, with arginine methylation not having
an affect on FBP30 WW domain binding, but inhibiting Fyn
SH3 domain binding (Fig. 3A).

To determine if these findings would hold true under native
conditions, we made use of surface plasmon resonance as meas-
ured on a BIAcore 2000 Biosensor®. Biotinylated P3 and P3*
peptides were immobilized to the surface of different flow cells
of a streptavidin-coated sensor chip, thus allowing the same
sample to flow over both peptides. Both peptides are thereby
exposed to identical concentrations of each fusion protein con-
taining either an SH3 or a WW domain. The binding profiles of
these interactions (Fig. 3B) correspond well with the specificity
results obtained using a blot overlay approach (Fig. 3A). The
most dramatic effect is seen with the SH3 domain of PLCg,
which demonstrates little or no interaction with the methyl-

ated P3* peptide. The binding of P3 to the p59fyn SH3 domain
was also affected by arginine methylation, but to a lesser extent
than that observed with the SH3 domain of PLCg. The capacity
of the FBP30 WW domain to bind the P3 peptide is not affected
by arginine methylation, thus demonstrating the integrity of

FIG. 2. Sam68 is arginine-methylated in vitro by PRMT1 and
RMT1. A, methylation of Sam68 proline motifs in vitro. Recombinant
yeast RMT1 and mammalian PRMT1 methyl-arginine transferases
were incubated with Sam68 proline motifs in vitro in the presence of
[3H]AdoMet. The proteins were separated by SDS-PAGE, the gel
stained with Coomassie (upper panel), and the methylated proteins
visualized by fluorography (lower panel). The molecular mass markers
are shown on the left in kDa. The positions of the methyltransferase and
the potential methyl acceptors are shown. B, identification of the 3H-
methylated arginine residues in substrate P3, determined by amino
acid analysis. The GST fusion protein containing proline motif P3 of
Sam68 was methylated in vitro with PRMT1 and hydrolyzed with 6 N

HCl. The presence of MMA and DMA (closed diamonds) was observed
by fractionating the hydrolyzed amino acids on a sulfonated polystyrene
column using unlabeled MMA and DMA as standards (open diamonds).
Similar results were seen when motif P0 and P4 were used as methyl
acceptors (data not shown).
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the P3* peptide. These BIAcore results further demonstrate
that arginine methylation inhibits a subset of SH3 domain
interactions.

The p59fyn SH3 domain is sensitive to the arginine methyl-
ation of both the P3 and the P4 sequence (Fig. 3A). These
peptides, however, contain multiple arginine residues. To de-
termine if a single arginine methylation event is sufficient to
disrupt an SH3 domain interaction and to better understand,
at the molecular level, how arginine methylation might prevent
the binding of proline-rich peptides to SH3 domains, we turned
to the p59fyn-Nef interaction. The crystal structure of the p59fyn

with the HIV-1 Nef protein has been determined (42), and Nef
contains one arginine residue within its SH3 domain interact-
ing motif. To test whether the methylation of this single argi-
nine residue had any affect on p59fyn SH3 domain binding, we
performed gel overlay assays, as described above, with probes
of biotinylated Nef peptides, which were synthesized either
with the arginine residue asymmetrically dimethylated (NEF*)
or unmethylated (NEF). A panel of SH3 domains (PLCg, p59fyn,
Src, p85, and PRMT2) were separated by SDS-PAGE (Fig. 3C).
Each lane contained the same amount of GST fusion protein.
The unmethylated Nef peptide bound the SH3 domains of
p59fyn and p85. This binding is abrogated by arginine methyl-
ation, thus allowing us to speculate (see under “Discussion”
and see Fig. 4) as to the possible mechanisms by which this
modification can regulate protein-protein interactions.

DISCUSSION

Methylation of Sam68—We have shown that Sam68 is argi-
nine-methylated in vitro in the vicinity of its proline-rich motifs
using peptides and GST fusion proteins (P0, P3, and P4) (Fig.
2A). It appears that the P0 and P3 motifs are much better
substrates for methylation in vitro than are those of P4. Three
out of the seven RG repeats that flank the Sam68 P3 proline-
rich motif contain glycine residues at the n-1 position from
arginine; P4 has 4 RG repeats preceded by either valine or
threonine (Fig. 1C). A glycine residue at the n-1 position from
arginine has been shown to be highly conserved among sub-
strates tested for arginine methylation (40, 43–45). This may
account for the difference in methylation between P3 and P4
(Fig. 2A). Surprisingly, bands reflecting methylated proteins
corresponding to P0 appear similar in relative intensity to
those of P3, even though both RG repeats in P0 are preceded by
proline rather than glycine residues at n-1 positions. This find-
ing suggests that, although many known arginine methyltrans-
ferase substrates fit the consensus (F/G)GGRGG(G/F) (30, 45),
such a consensus may not accurately depict the enzyme sub-
strate preference and may erroneously constrain the search for
other potential substrates. Indeed, a search of protein data
bases using overlapping motifs for Src-like SH3 domains and
recognition motifs for type I protein arginine N-methyltrans-
ferase (like those found in Sam68) revealed a number of pro-
teins that might be methylated and, therefore, regulate the
binding of SH3 domains as discussed below. These proteins
include hnRNP K and the Wiskott-Aldrich syndrome protein,
both of which are SH3 domain ligands (32, 33, 46).

Selective Regulation of Protein-Protein Interactions by Argi-
nine Methylation—Phosphorylation events within the domain
itself (47) or adjacent to a PXXP motif (48) have been shown to
play a role in the regulation of SH3 domain binding. Arginine
methylation is apparently an irreversible modification, unlike
protein phosphorylation (30). If this is the case, then this per-
manent modification provides a fixed switch, which could re-
lieve competitive pressure or prevent protein-protein interac-
tions altogether by increasing the complexity of motifs that
harbor critical arginine residues. Our data indicate that the
interplay between a subset of proline-rich motifs and the Src-

FIG. 3. Arginine methylation of the Sam68 P3 and P4 peptides
prevents SH3 domain binding but has no effect on WW domain
binding. A, Arginine methylation of peptides, corresponding to Sam68
proline-rich P3 and P4 motifs, reduces their affinity for SH3 domains.
GST alone or GST fusion proteins containing the SH3 domain of
PLCg-1, p59fyn, and the C-terminal SH3 domain of Vav were separated
by SDS-PAGE. Duplicate filters were probed with either a biotinylated
unmethylated P3 or P4 peptide or a peptide where the arginines have
been replaced with asymmetrically dimethylated arginines (P3* and
P4*). The presence of the bound peptides was visualized using strepta-
vidin-horseradish peroxidase, followed by chemiluminescence. B, com-
parison of the binding profiles of WW and SH3 domains to the P3
peptide in its unmethylated (P3) or an arginine-methylated (P3*) state.
BIAcore technology was used to assess the binding of GST-fused WW
domains (FBP30, FBP21, and FBP11) and SH3 domains (PLCg, Fyn,
Vav) to P3 and P3* peptides. The peptides were immobilized in different
flow cells of a streptavidin-coated BIAcore sensor chip. The arrowhead
indicates the time at which injection of the analyte is stopped. Between
assays, the chip was regenerated with 0.1 M NaOH (dotted line). Inter-
action between ligand and analyte is indicated by an increase in RU
value. Time is measured in seconds. The amount of analyte injected in
each case was 200 ng/ml. C, methylation of a single arginine residue
within the Nef proline-rich motif prevents associate with the SH3
domains of p85 and p59fyn. GST fusion proteins containing the SH3
domain of Src, PRMT2, p85, p59fyn, and PLCg-1 were separated by
SDS-PAGE. Duplicate filters were probed with either a biotinylated
unmethylated Nef peptide (NEF) or a peptide where the arginines have
been replaced with asymmetrically dimethylated arginines (NEF*). A
third gel was Coomassie-stained as a loading control. The presence of
the bound peptides was visualized using streptavidin-horseradish per-
oxidase, followed by chemiluminescence.
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like SH3 domains might be influenced by arginine methylation.
The SH3 domain module has apparently not extensively

evolved as a component of proteins with nuclear functions, but
rather is mainly found in cytoplasmic signaling and cytoskel-
etal proteins. A noteworthy exception includes c-Abl, where its
SH3 domain does not require the presence of arginine residues
in its ligands (8, 50). WW domains, on the other hand, are
commonly found in nuclear proteins associated with splicing
and transcriptional co-activation. These spliceosome-associ-
ated proteins include PRP40, FBP11, FBP21, and CA150 (10,
51–53), and the transcription activators are YAP and Npw38
(54, 55). Sam68 is predominantly nuclear but is thought to
shuttle between the cytoplasm and the nucleus (56, 57). The
fact that two Sam68 proline-rich sites (P3 and P4) bind both
WW domains and SH3 domains supports the hypothesis that
some SH3 and WW domains might compete for similar binding
sites (9). Although the function of Sam68 is only suspected, it
does become tyrosine-phosphorylated during mitosis and asso-
ciates with several SH3 and SH2 domain-containing proteins
(22–24, 33). Sam68 also binds RNA as a multimer, and this
binding is regulated by tyrosine phosphorylation (34, 58).
These observations suggest that Sam68 might function as an
adapter protein for Src kinase in the cytoplasm or during
mitosis (23, 25). The RNA binding function and the association
with WW domains are probably nuclear functions of Sam68.
Thus, the methylation of Sam68 may be a mechanism by which
its cytoplasmic functions are switched to predominantly nu-
clear functions by preventing the interaction with cytoplasmic
SH3 domain-containing proteins.

A Mechanism for Inhibition of SH3 Binding by Arginine
Methylation—The exact mechanism by which asymmetric ar-
ginine dimethylation inhibits the binding of Pro-Arg-rich
polypeptides to SH3 domains (but not to WW domains) is
unknown. One possible explanation, however, emerges from
analysis of the x-ray and NMR structures of several SH3 do-
mains and their ligands (Fig. 4). A large subset of SH3 domains
show specificity for an Arg residue located either 2–3 residues
N-terminal (so-called class I ligands) or 1–2 residues C-termi-
nal (so-called class II ligands) to the consensus PXXP binding
motif (6, 8, 59). In either binding orientation, the ligand’s
arginine guanidino group makes a key salt bridge with a con-
served Asp or Glu residue in the SH3 domain, equivalent to
Asp-99 in the Src-SH3 domain (7, 42). The aliphatic portion of
the Arg side chain packs along the back side of a conserved Trp
residue (Trp-118 in Src), which forms a critical component of
one proline binding site.

The structure of the Fyn SH3 domain with the interacting
portion of the HIV-1 Nef protein is shown in Fig. 4A (42).

Dimethylation on one of the two potential v-nitrogen acceptor
sites on the Nef ligand’s Arg residue (panel B) results in colli-
sion with the SH3 interacting surface. Accommodating these
bulky methyl groups would require movement of the conserved
Trp residue with partial obliteration of the proline-binding
pocket. In contrast, dimethylation of the other v-nitrogen ac-
ceptor site on the Arg residue (panel C) sterically interferes
with the Arg-Asp salt bridge. Consequently, either modification
would impair SH3-ligand binding for these subsets of SH3
domains. It is also conceivable that dimethylation increases the
energetic or entropic barrier for the ligand to adopt a left-
handed polyproline II helix upon SH3 binding, since many
ligands are structurally disordered prior to binding (42, 60). A
similar model explaining why identical methylation events do
not inhibit WW-domain binding awaits the structures of WW
domain complexes with Pro/Arg-rich ligands.

The Role of Arginine Methylation—Five protein arginine
methyltransferases have been identified in mammalian cells:
PRMT1, PRMT2 (HRMT1L1), PRMT3, CARM1, and JBP1 (61–
65). The arginine methyltransferase CARM1 associates with
the p160 family of nuclear hormone receptor coactivators; this
association enhances transcriptional activation by nuclear re-
ceptors (61). Methylation has been implicated in cellular sig-
naling by Pollack et al. (63), who have shown that the Jak-
binding protein 1 can act as a protein methyltransferase.

Immunolocalization studies have demonstrated that endog-
enous PRMT1 is predominantly nuclear and PRMT3 is cyto-
plasmic (65). In the nucleus the major population of arginine-
methylated proteins are the hnRNPs. hnRNPs are a collection
of about 20 nuclear proteins that bind pre-mRNA while it is in
the nucleus and account for about 65% of the total NG,NG-
dimethylarginine found in the nucleus (27, 66). The promi-
nence of this modification in the hnRNP population points to its
functional importance (12% of hnRNP arginine residues are
methylated; Ref. 66). Indeed, Shen et al. (29) recently provided
evidence that arginine methylation may directly or indirectly
facilitate the export of some hnRNP proteins in a nuclear
export assay, possibly through the prevention of cleavage by
trypsin and other proteolytic enzymes (67–71). Therefore, it is
conceivable that unmethylated proteins exported from the nu-
cleus are subject to proteolysis within the cytoplasm. Another
role for arginine methylation might involve mediating protein-
RNA interactions (72–74). It has been shown that recombinant
hnRNP A1 proteins missing their RGG boxes are incapable of
binding to single-stranded RNA or promoting alternative splic-
ing (74). However, methylation of the RGG box of Hrp1p, a
yeast hnRNP, does not alter either its affinity or specificity for
RNA ligands (49).

FIG. 4. A model for arginine methylation inhibition of SH3 domain binding. A, structure of the Fyn SH3 domain bound to a portion of
the HIV-1 Nef ligand. Coordinates are from the Fyn-Nef complex (Protein Data Bank accession code 1AVZ; Ref. 42). The molecular surface of the
Fyn SH3 domain is shown in mesh representation, and the interacting portion of Nef (sequence 71TPQVPLRP78) is shown with prolines colored
purple and other atoms colored red. B, asymmetric methylation of one of the two acceptor nitrogens on the Arg guanidino group is shown with the
methyl groups colored green. In this position, there is collision between the methyl groups and the SH3 surface, which can be accommodated only
by partially obliterating the adjacent proline binding pocket. C, asymmetric methylation of the alternative nitrogen on the Arg guanidino group.
This would sterically impair the key salt bridge formed between this nitrogen and a conserved acidic residue within the subset of SH3 domains
that bind Arg-containing proline sequences. (Figure was constructed using Grasp; see Ref. 75).
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We have demonstrated a place for arginine methylation in
the control of a particular class of protein-protein interaction. It
is possible that proteins that coat pre-mRNA and accompany it
out of the nucleus require the “pleiotropic” protection that
arginine methylation provides in combating both proteolytic
cleavage and the retention by cytoplasmic SH3 domain-con-
taining proteins, thus allowing shuttling proteins a safe trip
back into the nucleus.
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