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Affects Its Function, Nuclear Export, and Intranuclear
Protein Interactions*□S
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Arginine methylation can affect both nucleocytoplas-
mic transport and protein-protein interactions of RNA-
binding proteins. These effects are seen in cells that lack
the yeast hnRNP methyltransferase (HMT1), raising the
question of whether effects on specific proteins are di-
rect or indirect. The presence of multiple arginines in
individual methylated proteins also raises the question
of whether overall methylation or methylation of a sub-
set of arginines affects protein function. We have used
the yeast mRNA-binding protein Npl3 to address these
questions in vivo. Matrix-assisted laser desorption/ioni-
zation Fourier transform mass spectrometry was used
to identify 17 methylated arginines in Npl3 purified
from yeast: whereas 10 Arg-Gly-Gly (RGG) tripeptides
were exclusively dimethylated, variable levels of meth-
ylation were found for 5 RGG and 2 RG motif arginines.
We constructed a set of Npl3 proteins in which subsets of
the RGG arginines were mutated to lysine. Expression
of these mutant proteins as the sole form of Npl3 specif-
ically affected growth of a strain that requires Hmt1.
Although decreased growth generally correlated with
increased numbers of Arg-to-Lys mutations, lysine sub-
stitutions in the N terminus of the RGG domain showed
more severe effects. Npl3 with all 15 RGG arginines mu-
tated to lysine exited the nucleus independent of Hmt1,
indicating a direct effect of methylation on Npl3 trans-
port. These mutations also resulted in a decreased,
methylation-independent interaction of Npl3 with tran-
scription elongation factor Tho2 and inhibited Npl3 self-
association. These results support a model in which ar-
ginine methylation facilitates Npl3 export directly by
weakening contacts with nuclear proteins.

Protein-arginine methylation by type I methyltransferases,
which add one or two methyl groups to one of the guanidino
nitrogens of arginine, has been shown to affect a number of
eukaryotic processes including protein transport, transcrip-
tion, and cell signaling (reviewed in Refs. 1–3). Although many

substrates for arginine methyltransferases are RNA-binding
proteins, to date methylation has been shown to have only
relatively minor effects on the affinity of target proteins for
RNA (4–7). Many studies, however, point to a role for arginine
methylation in modulating protein-protein interactions (re-
viewed in Ref. 2). The observation of both positive and negative
effects of arginine methylation on protein-protein interactions
has led to models for roles of arginine methylation in cell
signaling and transcription, through the modification of his-
tones, RNA-binding proteins, signaling proteins, and proteins
involved in transcription (1, 2, 8).

Over 25 years ago heterogeneous nuclear ribonucleoproteins
(hnRNPs)1 were found to contain the majority of asymmetric
dimethylarginine in HeLa cell nuclei (9). Subsequent studies of
hnRNPs and related messenger RNA (mRNA)-binding proteins
have revealed an intricate and evolving picture of nuclear
mRNA metabolism from transcription to processing to nuclear
export (10). Methylation has been implicated in the movement
of hnRNP proteins across the nuclear envelope. In mammalian
cells, arginine methylation has been linked to nucleocytoplas-
mic distribution of hnRNPA2 (11). In yeast, deletion of the
predominant arginine methyltransferase, termed Hmt1 or
Rmt1, inhibits nuclear export of hnRNP-like proteins (12, 13).
The molecular interactions underlying these effects of arginine
methylation on protein transport, however, remain to be eluci-
dated. The yeast hnRNP-like protein Npl3, a known Hmt1
substrate (14, 15), provides an excellent system for exploring
these mechanisms, because of its extensive arginine-glycine-
rich domain.

Npl3 is a major yeast mRNA-binding protein that shuttles
between the nucleus and the cytoplasm (16, 17). Although it is
predominantly nuclear at steady state, Npl3 has been impli-
cated in processes in both compartments, from linking tran-
scription and mRNA export (18, 19) to acting as a translational
repressor (20). Npl3 contains two central RNA-recognition mo-
tifs (RRMs) and a C-terminal domain rich in arginine (R) and
glycine (G), including 15 RGG tripeptides that are likely tar-
gets for arginine methylation (21). Whereas a number of mu-
tations within the RRMs of Npl3 block mRNA export (22), the
C terminus plays a role in the nucleocytoplasmic transport of
Npl3 (17, 23). The initial discovery of a genetic interaction
between the temperature-sensitive npl3-1 allele and a null
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allele of HMT1 (14), led to experiments showing that Hmt1
facilitates nuclear export of Npl3 (12). In addition, the interac-
tion of Npl3 with two nuclear proteins, Npl3 itself and tran-
scription elongation factor Tho2, is decreased by the presence of
the arginine methyltransferase (19). These interactions, com-
bined with the recruitment of both Npl3 and Hmt1 to actively
transcribed genes (18, 19), suggest that Npl3 and Hmt1 may be
involved in linking transcription and mRNA export.

The export of mRNA from the nucleus is a critical step in
gene expression and increasing evidence points to the coordi-
nation of numerous proteins and complexes to guide a
pre-mRNA from the site of its transcription to the site of trans-
lation. For example, components of the THO complex (Tho2,
Hpr1, Mft1, Thp2), which is implicated in transcription elon-
gation (24), interact with RNA-binding proteins Yra1 and Sub2
in a conserved protein complex named TREX (transcription-
export), which has been linked to mRNA export (25). Like the
TREX components, Npl3 interacts with numerous nuclear pro-
teins. In addition to self-associating and interacting with Tho2
in the absence of methylation, Npl3 isolated from wild-type
cells co-purifies with the nuclear cap binding complex (CBC;
Ref. 26), RNA polymerase II (18), 3�-end processing factor Hrp1
(27), and a number of other proteins involved in mRNA metab-
olism (28). Interestingly, the nuclear export of Hrp1 was re-
cently shown to depend on the methylation of Npl3 (27). With
a plethora of factors influencing mRNA export, a key question
remains: how are intermolecular interactions controlled over
the lifetime of an mRNA, first in the formation of appropriate
mRNP complexes at the site of transcription and then in the
remodeling of these complexes to facilitate mRNA processing
and export.

Initial studies investigating the role of Npl3 arginine meth-
ylation compared cells with wild-type HMT1 to cells either
lacking HMT1 or expressing an inactive enzyme (12, 19, 29).
The intriguing phenotypes seen in such studies and the numer-
ous targets for arginine methylation raise two questions. First,
are the effects of removing the methyltransferase direct,
through eliminating Npl3 methylation, or indirect, through
eliminating methylation of other substrates? Second, given the
presence of an extensive arginine-glycine-rich domain in Npl3,
is overall methylation of the domain or methylation of a subset
of arginines important for protein function? We have used mass
spectrometry, mutagenesis and assays for Npl3 activity, trans-
port, and protein-protein interactions to address these ques-
tions in vivo.

Here we present mass spectrometric evidence for methyla-
tion of all arginines within RGG tripeptides and of two argin-
ines in RG dipeptides, with variable levels of methylation de-
tected for at least five locations. We present evidence that
overall methylation is important for protein function through
the introduction of systematic arginine-to-lysine mutations in
RGG tripeptides followed by tests of Npl3 function in a yeast
strain that requires Hmt1. We also describe experiments that
suggest that arginine methylation has a direct effect on Npl3
export, its self-association and its interaction with Tho2,
through the use of a mutant Npl3 protein with all RGG argin-
ines changed to lysines (Npl3-RK1-15). These data support a
model in which methylation directly affects Npl3 export by
weakening contacts with nuclear proteins.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Yeast strains used in this study are
listed in Table I. All strains were grown and genetic manipulations
performed as previously described (30). YAM505 (npl3� cbp80�) was
obtained by mating YAM159 (cbp80�) and PSY814 (npl3�). The strains
used for mass spectrometric analysis, which express the protein A
(PrA)-Npl3 fusion protein as the sole form of Npl3, were constructed by
transforming the PrA-Npl3 plasmid pPS2389 into npl3� (PSY814) and
npl3�hmt1� (PSY1943), respectively, and selecting for loss of the URA3
maintenance plasmid, resulting in strains YAM569 and YAM570.

Plasmids used in this study are listed in Table II. Oligonucleotides
used for plasmid construction and sequencing were synthesized at
Integrated DNA Technologies, Inc. and are shown in Table III. Muta-
tions that result in arginine-to-lysine substitutions within RGG tripep-
tides (RK mutations) were introduced by QuikChange mutagenesis
(Stratagene). The seven oligonucleotide primer pairs that targeted RGG
arginines 1–14 introduced two RK substitution mutations while the
final pair (RK15, RK16) mutated the fifteenth RGG arginine. All prim-
ers also introduced silent base pair changes that resulted in restriction
sites for identification of positive clones. The order of primer pairs used
was RK9/10, RK7/8, RK5/6, RK 1/2, RK3a/RK4a, RK11/12, RK13/14,
RK15/16. All mutations were verified after each round of mutagenesis
by sequencing the 3�-end of NPL3 (including the entire RGG coding
region and 3�-untranslated region); the entire NPL3 open reading frame
was sequenced in the final npl3-RK1-15 plasmid, pAM409. The only
additional mutation detected in this region was the insertion of an extra
T in a stretch of 10 T nucleotides in the 3�-untranslated region in
plasmids pAM407-pAM409. Given the identical growth phenotypes con-
ferred by pAM407 and its precursor pAM406, this insertion is likely to
be silent. In addition, removal of the additional T from pAM409 through
subcloning resulted in a plasmid that expressed the same levels of
PrA-Npl3-RK1-15 as pAM409. The GFP-npl3-RK15 plasmid, pAM420,
was constructed by subcloning a 1-kb HindIII fragment from pAM409
into HindIII-digested pPS811.

To introduce the npl3-RK1-15 mutant into the genome of strains

TABLE I
Yeast strains used in this study

Strain Genotype Source

nup49–313 MAT� nup49::TRP1 ade2 ade3 ura3 leu2 his3 � pUN100-nup49ts-LEU2 (62)
PSY865 MAT� hmt1�::HIS3 ade2 ade8 ura3 leu2 his3 lys1 (14)
PSY867 MATa ade2 ade8 ura3 leu2 his3 lys1 (14)
PSY814 MAT� npl3�::HIS3 ade2 ade8 can1 ura3 leu2 his3 lys1 trp1 �YCp50-NPL3–3 (63)
PSY1096 MATa hmt1�::HIS3 nup49::TRP1 ade2 ade8 ura3 leu2 lys � pUN100-nup49ts-LEU2 (12)
PSY1943 MATa npl3�::HIS3 hmt1�::HIS3 ade2 ade8 ura3 leu2 his3 lys1 � YCp50-NPL3–3 (12)
PSY3210 MATa THO2–9xmyc:TRP1 ura3 leu2 his3 lys1 trp1 (19)
PSY3211 MAT� hmt1�::HIS3 THO2–9xmyc:TRP1 ura3 lys1 (19)
YAM159 MATa cbp80�::HIS3 ura3 ade2 ade8 leu2 his3 This study
YAM505 MATa npl3�::HIS3 cbp80�::HIS3 ade2 ade8 ura3 leu2 lys1 trp1�YCp50-NPL3–3 This study
YAM533 MAT� hmt1�::HIS3 NPL3-myc:URA3 ade2 ade8 ura3 leu2 his3 lys1 This study
YAM534 MAT� hmt1�::HIS3 npl3-RK1–15-myc:URA3 ade2 ade8 ura3 leu2 his3 lys1 This study
YAM535 MATa NPL3-myc:URA3 ade2 ade8 ura3 leu2 his3 lys1 This study
YAM536 MATa npl3-RK1–15-myc:URA3 ade2 ade8 ura3 leu2 his3 lys1 This study
YAM537 MATa THO2–9xmyc:TRP1 NPL3:URA3 ura3 leu2 his3 lys1 trp1 This study
YAM538 MATa THO2–9xmyc:TRP1 npl3-RK1–15:URA3 ura3 leu2 his3 lys1 trp1 This study
YAM539 MAT� hmt1�::HIS3 THO2–9xmyc:TRP1 NPL3:URA3 ura3 lys1 This study
YAM540 MAT� hmt1�::HIS3 THO2–9xmyc:TRP1 npl3-RK1–15:URA3 ura3 lys1 This study
YAM569 MAT� npl3�::HIS3 ade2 ade8 can1 ura3 leu2 his3 lys1 trp1 � pPS2389 This study
YAM570 MATa npl3�::HIS3 hmt1�::HIS3 ade2 ade8 ura3 leu2 his3 lys1 � pPS2389 This study
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containing Myc-tagged Tho2, plasmid pAM422 was constructed by li-
gating the 798-bp KpnI-BamHI fragment from pAM420 into KpnI-
BamHI-digested pRS306. This plasmid, containing the last 175 codons
of the NPL3 open reading frame, was linearized by HindIII digestion
and transformed into PSY3210 and PSY3211. Ura� colonies (YAM538
and YAM540) were tested for proper integration by PCR and sequenc-
ing. DNA sequencing was performed either at the University of Maine
at Orono DNA sequencing facility or GeneGateway. Similarly, the
KpnI-BamHI fragment from pPS2389 was subcloned into pRS306 (re-
sulting in pAM421), linearized with HindIII, and integrated into Myc-
tagged THO2 strains to produce wild-type NPL3 control strains
YAM537 and YAM539. Genomic Myc-tagged NPL3 and npl3-RK1-15
strains (YAM533-536) were produced by the same strategy with inte-
grating plasmids pAM423 and pAM424. These plasmids were con-
structed by ligating the 481-bp KpnI-NsiI fragment from pPS2389 or
pAM420 and the �300-bp NsiI-BamHI fragment from pPS430 (which
contains a Myc tag inserted into the PmlI site at the 3�-end of the NPL3
open reading frame; (17)) into KpnI-BamHI-digested pRS306.

Npl3 Purification for Mass Spectrometry—PrA-Npl3 was purified
from HMT1 and hmt1� cells according to published protocols (31). In
brief, spheroplasts were prepared from either wild-type (YAM569) or
hmt1� (YAM570) cells expressing PrA-Npl3, stored at �20 °C over-
night and lysed by Dounce homogenization in the presence of protease
inhibitors (1 mM phenylmethylsulfonyl fluoride and 2.5 �g/ml each of
pepstatin, leupeptin, antipain, and chymostatin). To affinity purify
PrA-Npl3, IgG-Sepharose beads (Amersham Biosciences) were incu-
bated with clarified lysates at 4 °C for 1.5–2 h and, after extensive
washing, Npl3 was eluted using the Tobacco Etch Virus (TEV) protease
or PrA-Npl3 was eluted with acetic acid. Npl3 protein was concentrated

by trichloroacetic acid precipitation (15%, v/v), resolved by SDS-PAGE
and observed by Coomassie Brilliant Blue or zinc staining (Bio-Rad
zinc stain kit).

Proteolytic Digests and MALDI-FTMS Analysis—PrA-Npl3 or Npl3
was excised from gels, destained with 50% methanol, 5% acetic acid
(Coomassie Blue stain) or Bio-Rad zinc destain solution (according to
the manufacturer’s instructions) prior to proteolytic digestion. In-gel
trypsin digests were performed according to the UCSF in-gel digest
procedure2 using 12.5 ng/�l trypsin (Sigma) in 25 mM ammonium car-
bonate. Chymotryptic digests of purified protein (in-gel) or tryptic frag-
ments were performed in 25 mM ammonium carbonate (pH �7.8) or in
100 mM Tris-HCl/10 mM CaCl2 with a 1:20 to 1:200 chymotrypsin
(Sigma) to substrate ratio. Reactions were stopped by boiling digests or
adding formic acid to a final total volume of 5%. Digests were incubated
at 30 °C or 37 °C overnight. After incubation, each digest solution was
removed, and the remaining peptides extracted with 50% acetonitrile,
5% formic acid. Digest solutions and extracts were pooled, lyophilized,
and stored at �20 °C. Some digests were further purified with C18 Zip
Tips® (Millipore).

For mass spectrometric analysis, dried peptides were diluted in 0.1%
trifluoroacetic acid, 50% acetonitrile and loaded onto a MALDI probe tip
with an equal volume of 2,5-dihydroxybenzoic acid (DHB) matrix (1 M in
50% acetonitrile, 0.05% trifluoroacetic acid) or 3-hydroxypicolinic acid
(HPA) matrix (0.5 M in 50% acetonitrile, 0.1% trifluoroacetic acid). Some
DHB matrix solutions also contained 0.5 M fructose or fucose. Samples

2 UCSF Mass Spectrometry Facility (2004) UCSF in-gel digest pro-
cedure. URL: donatello.ucsf.edu/ingel.html (accessed 7/27/2004).

TABLE II
Plasmids used in this study

Plasmid Features Source

pAM399 CEN LEU pNop-PrA-npl3-RK7–10 AmpR This study
pAM400 CEN LEU pNop-PrA-npl3-RK5–10 AmpR This study
pAM402 CEN LEU pNop-PrA-npl3-RK1–2,5–10 AmpR This study
pAM404 CEN LEU pNop-PrA-npl3-RK5–12 AmpR This study
pAM405 CEN LEU pNop-PrA-npl3-RK1–10 AmpR This study
pAM406 CEN LEU pNop-PrA-npl3-RK5–14 AmpR This study
pAM407 CEN LEU pNop-PrA-npl3-RK1–12 AmpR This study
pAM408 CEN LEU pNop-PrA-npl3-RK1–14 AmpR This study
pAM409 CEN LEU pNop-PrA-npl3-RK1–15 AmpR This study
pAM420 2� URA3 pGal GFP-npl3-RK1–15 AmpR This study
pAM421 URA3 NPL3 integrating AmpR This study
pAM422 URA3 npl3-RK1–15 integrating AmpR This study
pAM423 URA3 NPL3-myc integrating AmpR This study
pAM424 URA3 npl3-RK1–15-myc integrating AmpR This study
pAM431 CEN LEU pNop-PrA-npl3-RK1–6 AmpR This study
pNOPPATA CEN LEU pNop-PrA AmpR vector (36)
pPS430 CEN LEU pGal NPL3-myc (17)
pPS811 2� URA3 pGal GFP-NPL3 AmpR (22)
pPS2389 CEN LEU pNop-PrA-NPL3 AmpR (19)
pRS306 URA3 AmpR vector (32)

TABLE III
Oligonucleotides used in this study

Introduced(�) or deleted (�) restriction sites are underlined and boldface indicating nucleotide differences from wild-type NPL3.

Oligo Sequence (5�-3�) Site/mutation

AM215 ATAGGGCGAATTGGAGCTCC
AM216 CCTGCCCGTATGTTGAAGAGG
RK1 CCAATCAGAAGATCTAATAAAGGTGGCTTCAGAGGTAAAGGCGGCTTCAGAGG BglII(�)/R284K, R290K
RK2 CCTCTGAAGCCGCCTTTACCTCTGAAGCCACCTTTATTAGATCTTCTGATTGG BglII(�)/R284K, R290K
RK3a GGTAAAGGCGGCTTCAAAGGCGGCTTTAAAGGTGGCTTTAAAGG DraI (�)/R294K, R298K
RK4a CCTTTAAAGCCACCTTTAAAGCCGCCTTTGAAGCCGCCTTTACC DraI (�)/R294K, R298K
RK5 CAGAGGTGGCTTTAAAGGCGGTTTCTCCAAAGGCGGCTTCGG DraI (�)/R302K, R307K
RK6 CCGAAGCCGCCTTTGGAGAAACCGCCTTTAAAGCCACCTCTG DraI (�)/R302K, R307K
RK7 CGGTGGCCCCAAAGGTGGATTTGGCGGTCCGAAAGGTGGTTACGG RsrII (�)/R314K, R321K
RK8 CCGTAACCACCTTTCGGACCGCCAAATCCACCTTTGGGGCCACCG RsrII (�)/R314K, R321K
RK9 CGGTGGCTATTCGAAAGGTGGCTACGGTGGCTACTCCAAAGGCGGATATGG BstBI(�)/R329K, R337K
RK10 CCATATCCGCCTTTGGAGTAGCCACCGTAGCCACCTTTCGAATAGCCACCG BstBI(�)/R329K, R337K
RK11 CGGATATGGTGGTTCGAAAGGTGGTTACGATAGTCCTAAAGGTGGTTACG BstBI(�)/R344K, R351K
RK12 CGTAACCACCTTTAGGACTATCGTAACCACCTTTCGAACCACCATATCCG BstBI(�)/R344K, R351K
RK13 GGTTACGATAGTCCAAAAGGTGGTTATTCGAAAGGTGGCTATGGTGG BstBI(�)/R358K, R363K
RK14 CCACCATAGCCACCTTTCGAATAACCACCTTTTGGACTATCGTAACC BstBI(�)/R358K, R363K
RK15 GTAGCTACGGTGGTTCGAAAGGTGGTTATGATGG BstBI(�)/R384K
RK16 CCATCATAACCACCTTTCGAACCACCGTAGCTAC BstBI(�)/R384K
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were analyzed using a HiResMALDI Fourier transform mass spectrom-
eter (IonSpec, Lake Forest, CA) with a Cryomagnetics (Oak Ridge, TN)
4.7 Tesla actively shielded superconducting magnet using conditions
that have been described previously (33). Samples were calibrated by
internal calibration techniques using polypropylene glycol 725 and 2000
(Sigma Aldrich), using a modified version (33) of the internal calibration
on adjacent samples (InCAS) technique (34).

The high resolution and internal calibration techniques permitted
analysis of peptide methylation using single or multiple shifts of
14.01565 (monomethylation) or 28.03130 (dimethylation) mass units
with respect to peaks in the spectrum of the unmethylated digested
protein, or with respect to predicted peptide masses. The unique loss of
dimethylamine (45.05785 Da) provided confirmation for an asymmetri-
cally dimethylated arginine residue. The matrix HPA reduced metasta-
ble decay, and samples were analyzed using both matrices. Data were
analyzed using peptide masses predicted using Protein Prospector MS-
Digest (35), with exact mass calculations made using the IonSpec soft-
ware and Microsoft Excel.

Functional Analysis of Mutant Npl3 Proteins—npl3� (PSY814) and
npl3�cbp80� (YAM505) strains were transformed with the indicated
PrA-Npl3 plasmids or with the pNOPPATA PrA vector plasmid. Trans-
formants were grown overnight in Leu- medium and then cells col-
lected, washed, counted, and a 10-fold serial dilution series was pre-
pared from 106 cells/4 �l to 101 cells/4 �l. Dilutions were plated (4 �l) on
Leu-Ura- plates to confirm viable cell numbers and on Leu- plates
containing FOA to determine Npl3 function.

Fluorescence Microscopy—Nuclear export assays were performed as
described by Lee et al. (1996). Protein localization was determined by
fluorescence microscopy (Olympus BX51, GFP filter), and images were
captured with a Magnafire digital camera and software (Olympus). The
same exposure times were used for all samples.

Analysis of Protein-Protein Interactions—Protein interaction studies
were performed essentially as described previously (19). To test Npl3-
Tho2 interactions, cells expressing Tho2-Myc were lysed in PBSM (137
mM NaCl, 1.76 mM KH2PO4, 5.4 mM Na2HPO4, 5.7 mM KCl, 2.5 mM

MgCl2, 0.1% Triton X-100, pH 7.2) with protease inhibitors (as de-
scribed in Npl3 purification). Tho2-Myc and associated proteins were
purified from lysates using agarose-conjugated anti-Myc antiserum (A-
14; Santa Cruz, sc-789) and eluted in Laemmli sample buffer. For Npl3
self-association studies, cells expressing PrA-Npl3, and Npl3-Myc were
lysed with glass beads in PrA lysis buffer (150 mM KCl, 5 mM MgCl2, 20
mM Tris-HCl, pH 8.0, 0.5% Triton X-100) supplemented with protease
inhibitors. Lysates were normalized to 6 mg/ml total protein and incu-
bated with 40 �l of IgG Sepharose beads (Amersham Biosciences). After
incubation and extensive washing, PrA-Npl3 and associated proteins
were eluted with 3 M MgCl2 (in 50 mM Tris-HCl, pH 7.4, 0.05% Triton
X-100), precipitated using 10% trifluoroacetic acid with 10 �g of insulin

as carrier,3 and resuspended in Laemmli sample buffer. Following
SDS-PAGE and transfer to nitrocellulose by standard methods, immu-
noblots were probed with a polyclonal anti-Npl3 antiserum (1:5000) (37)
or a polyclonal Myc antiserum (Santa Cruz Biotechnology, sc-789;
1:1000–1:2000), which allows visualization of PrA-Npl3 as well as Myc-
tagged proteins. All proteins were visualized by enhanced chemilumi-
nescence (Amersham Biosciences).

RESULTS

Identification of Methylated Arginines in Npl3—To investi-
gate the molecular effects of arginine methylation on Npl3
function in vivo, it was necessary to identify those residues that
are modified. Methylated and unmethylated Npl3 proteins
were purified from HMT1 (YAM569) and hmt1� (YAM570)
lysates, respectively, and analyzed following electrophoretic
separation and in-gel protease digestion by MALDI-FTMS.
FTMS is a high-resolution mass spectrometric technique that
provides excellent mass accuracy (38).

Enzymatic digestions were performed with trypsin and chy-
motrypsin to increase sequence coverage. The most relevant
mass spectral data for peptides from the C-terminal region of
methylated Npl3 are reported in Tables IV and V. Complete
peak analysis and representative mass spectra for Npl3 iso-
lated from HMT1 and hmt1� cells can be found as supplemen-
tal data (JBC online). The data include peaks resulting from
the loss of dimethylamine (DMA) from asymmetrically di-
methylated arginine residues (39–41) and cleavages at aspar-
tate residues (Asp-Xxx cleavage) (42, 43), which result from gas
phase metastable decay on vacuum MALDI-FTMS instruments
(33). Sequence coverage for the full methylated protein (74%) is
summarized in Fig. 1, and details regarding the C-terminal
RGG-rich region are described below.

The data shown in Tables IV and V and summarized in Fig.
1 provide direct evidence for dimethylation of 12 of 15 argin-
ines in RGG tripeptides and indirect evidence for dimethyla-
tion of the other RGG motif arginines. In addition, these data
provide evidence for variable levels of methylation for argin-

3 Coachman, K., Warfield, L., and Hahn, S. (2002) trichloroacetic acid
protein precipitation. URL:www.fhcrc.org/labs/hahn/methods/biochem_
meth/tca_ppt.html (accessed 3/25/2005).

TABLE IV
Summary of peptide masses detected in the in-gel tryptic digest of Npl3 using MALDI-FTMS

The peptide peaks attributed to the sequence where modifications were detected are shown; complete peak list is available as Supplementary
Data. DHB was used as the MALDI matrix unless otherwise noted. Monoisotopic masses, �M�H�� or fragment, are shown. Dimethylated arginines
are shown in bold and underlined; monomethylarginines are underlined; modifications that cannot be localized to one residue are in italics.

Observed mass Predicted mass Error Residue numbers Peptide sequence No. CH3 Notesa

Da Da ppm

905.4843 905.4840 0.4 258–264 (R)LNNIEFR 0
860.4863 860.4836 3.1 265–272 (R)GSVITVER 0
693.4055 693.4042 1.8 275–280 (D)NPPPIR 0 3
821.4419 821.4377 5.1 282–288 (R)SNRGGFR 2 5
776.3902 776.3798 0.7 282–388 (R)SNRGGFR 2 1,5

1351.7370 1351.7342 2.1 282–293 (R)SNRGGFRGRGGF 6
1306.6805 1306.6763 3.2 282–293 (R)SNRGGFRGRGGF 6 1
2687.4612 2687.4654 �1.6 282–305 (R)SNRGGFRGRGGFRGGFRGGFRGGF 12 2
2642.4166 2642.4076 3.4 282–305 (R)SNRGGFRGRGGFRGGFRGGFRGGF 12 1
2041.1485 2041.1467 0.9 285–302 (R)GGFRGRGGFRGGFRGGFR 10 2
1996.0838 1996.0889 �2.5 285–302 (R)GGFRGRGGFRGGFRGGFR 10 1
1354.7502 1354.7491 0.8 291–302 (R)GGFRGGFRGGFR 6
1309.6925 1309.6912 1.0 291–302 (R)GGFRGGFRGGFR 6 1
2157.0778 2157.0737 1.9 308–329 (R)GGFGGPRGGFGGPRGGYGGYSR 6
2112.0145 2112.0158 �0.6 308–329 (R)GGFGGPRGGFGGPRGGYGGYSR 6 1
844.3974 844.3948 3.1 322–329,330–337 (R)GGYGGYSR 2
359.2031 359.2037 �1.8 349–351,356–358 (D)SPR 0
589.3096 589.3093 0.6 373–377,394–398 (D)YGPPR 0 3

1085.4672 1085.4647 2.4 378–388 (R)GSYGGSRGGYD 2 4
329.1929 329.1932 �0.9 388–391 (D)GPR 0 3

a Notes: 1, peptide with loss of NH(CH3)2 (DMA); 2, HPA, not DHB, used as matrix; 3, cleavage C-terminal to aspartate; 4, cleavage C-terminal
to aspartate with loss of H2O; 5, one dimethylated residue at either Arg284or Arg288.
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ines in both RGG and RG contexts. There was no evidence for
methylation of other arginine residues within or outside the
RGG domain of Npl3 isolated from wild-type cells. The lack of
evidence for methylarginine residues in Npl3 isolated from
hmt1� cells (see Supplemental Data) also suggests that nei-
ther of the other two known Saccharomyces cerevisiae protein

arginine methyltransferases, Hsl7 (44) and Rmt2 (45),
methylates Npl3 in vivo.

Asymmetrical dimethylation of arginines Arg284 through
Arg329 is strongly supported by the detection of 14 peptides,
with associated losses of DMA, in the tryptic and chymotryptic
digests (Tables IV and V). Two of the detected peptides show

FIG. 1. Location of methylarginine residues in Npl3. The amino acid sequence of Npl3 is shown. Residues detected in tryptic or chymotryptic
peptides of methylated Npl3 are underlined once, and those detected in both digests are underlined twice. Dimethylarginine residues are marked
with a filled circle; residues that are seen to be dimethylated with additional evidence for possible monomethylation or lack of methylation are
marked with open circles.

TABLE V
Summary of peptide masses detected in the in-gel chymotryptic digest of Npl3 using MALDI-FTMS

The peptide peaks attributed to the sequence where modifications were detected are shown; complete peak list available as Supplementary Data.
DHB was used as the MALDI matrix unless otherwise noted. Monoisotopic masses, �M�H�� or fragment, are shown. Dimethylated arginines are
shown in bold and underlined; monomethylarginines are underlined; modifications that cannot be localized to one residue are in italics; s indicates
the phosphorylated serine. When more than one level of methylation was detected, the masses and number of methyl groups for the most intense
peak are shown and the number of methyl groups for other peaks are shown in parentheses (see Supplementary Mass Spectral Data).

Observed
mass

Predicted
mass Error Residue

numbers Peptide sequence No.
CH3

Notesa

Da Da ppm

842.4724 842.4730 �0.8 264–271 (F)RGSVITVE 0 4
705.4163 705.4155 �1.1 288–293 (F)RGRGGF 4 1
464.2628 464.2616 2.6 294–297 (F)RGGF 2

298–301
302–305

551.2926 551.2936 �1.8 306–310 (F)SRGGF 2
1207.6325 1207.6331 0.5 306–317 (F)SRGGFGGPRGGF 4 1

675.3573 675.3573 0.03 311–317 (F)GGPRGGF 2
1347.6949 1347.6916 �2.4 311–324 (F)GGPRGGFGGPRGGY 4 1

691.3516 691.3522 �0.01 318–324 (F)GGPRGGY 2
968.4571 968.4585 1.4 318–327 (F)GGPRGGYGGY 2

1121.5021 1121.5011 �0.9 325–335 (Y)GGYSRGGYGGY 2 2
844.3950 844.3948 �0.2 325–332 (Y)GGYSRGGY 2

328–335 (Y)SRGGYGGY
333–340 (Y)GGYSRGGY

567.2871 567.2885 �2.5 328–332 (Y)SRGGY 2
336–340
362–366

681.3291 681.3315 3.5 341–347 (Y)GGSRGGY 2 (0)
381–387

1385.6252 1385.6193 �4.3 341–354 (Y)GGSRGGYDSPRGGY 0 (1,2) 2, 5
1483.6533 1483.6561 1.9 348–361 (Y)DSPRGGYDSPRGGY 0 (1,2) 2
778.3490 778.3478 �1.4 341–348 (Y)GGSRGGYD 2 (0,1) 4; isobaric with unmethylated 367–373

381–388
733.3265 733.3264 �0.2 348–354 (Y)DSPRGGY 0 (0,2) 6

355–361
664.3412 664.341 0.2 349–354 (D)SPRGGY 2 (0,1) 3

356–361
1326.620 1326.6185 �1.2 362–373 (Y)SRGGYGGPRNDY 2 2

597.2740 597.2440 �0.1 367–372 (Y)GGPRND 0 4
1492.6943 1492.6928 �1.0 367–380 (Y)GGPRNDYGPPRGSY 0 Isobaric with 333–347 with 3 CH3
1506.7137 1506.7084 �3.5 367–380 (Y)GGPRNDYGPPRGSY 1 Isobaric with 333–347 with 4 CH3
1520.7291 1520.7241 �3.3 367–380 (Y)GGPRNDYGPPRGSY 2
924.4563 924.4574 1.2 373–380 (D)YGPPRGSY 2 (0,1) 3

2198.0075 2198.0001 �2.9 381–401 (Y)GGSRGGYDGPRGDYGPPRDAY 2 (0,1)
1535.6877 1535.6874 �0.2 388–401 (Y)DGPRGDYGPPRDAY 0 2
1677.8293 1677.8293 �0.02 402–414 (Y)RTRDAPRERsPTR 0 2
1579.8520 1579.8524 �0.2 402–414 (Y)RTRDAPRERsPTR 0 2, 7

a Notes: 1, peptide with loss of NH(CH3)2 (DMA); 2, HPA, not DHB,used as matrix; 3, cleavage C-terminal to aspartate; 4, cleavage C-terminal
to aspartate with loss of H2O; 5, modification cannot be localized to one residue; 6, peptide with loss of H2O; 7, peptide with loss of H3PO4.
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masses indicating cleavage C-terminal to phenylalanine (Table
IV). Although trypsin has stringent specificity for arginine and
lysine residues (46), the low mass measurement errors indicate
that these peaks are correctly assigned. We also detected a
peak at m/z 821.44 in the tryptic digest, with a DMA loss at m/z
776.39. These peaks likely specify a peptide sequence with only
one arginine residue, Arg284 or Arg288, which is dimethylated.
In contrast with evidence for this single peptide with one un-
methylated arginine, four Arg284/Arg288 peptides in the tryptic
and chymotryptic digests showed evidence for dimethylation of
both residues. In summary, we have strong support for eight
consecutive RGG motif arginines (Arg290-Arg329) that are ex-
clusively dimethylated (no evidence for mono- or nonmethyla-
tion). Additionally, residues Arg284 and Arg288 are dimethyl-
ated, with the detection of one peptide providing evidence for
nonmethylation of either Arg284 or Arg288.

Peaks from the chymotryptic, not tryptic, digest provided the
most informative peptide peaks for arginines beginning with
Arg344 and extending through to the C terminus of the se-
quence (Table V). Our data provide strong evidence for the
methylation state of arginines beginning at Arg363 and pro-
ceeding through to the C terminus. Dimethylation of arginine
Arg363 is supported by the detection of a peptide at m/z 1326.62.
The site of dimethylation is localized to Arg363 by the detection
m/z 597.24, which is found as a nonmethylated peak. The data
support non-, mono-, and dimethylation of arginine Arg377,
which is located in an RG motif. The most intense peaks, which
correspond to the nonmethylated product, appear at m/z
1492.69 and 896.43. Mono- and dimethylation are indicated by
lower intensity peaks at m/z 1506.71 and 1520.73. While the
m/z 1506.71 peak is not unique (isobaric with the chymotryptic
peptide for residues 333–347), the m/z 1520.73 peak and m/z
910.44 and 924.46 fragments uniquely support mono- and di-
methylation at this residue. Additionally, associated with the
m/z 1506.71 and 1520.73 peaks are losses of H2O and NH3 that
parallel those observed for m/z 1492.69 when it was detected in
the nonmethylated Npl3 digest (see Supplemental Data), re-
flecting losses from aspartate and asparagines residues. Col-
lectively, these data support our conclusion that Arg377 is pres-
ent in unmethylated, monomethylated, and dimethylated
forms. The intensities of the unmethylated peptides peaks (m/z
1492.69 and 896.43) suggest that the RG motif Arg377 is found
largely in an unmethylated state.

The most intense peak attributed to the RGG motif arginine
Arg384, m/z 2198.00, reflects dimethylation of this residue; how-
ever, we also detect lower abundance peaks showing that this
residue also appears in a mono- and nonmethylated state (Ta-
bles IV and V, and Supplemental Data). The data also provide
strong support for our conclusion that the seven remaining
arginine residues at the C terminus of the protein are unmod-
ified (Tables IV and V), including an additional RG and two
RXR arginines. Whereas methylated RXR motifs were found in
poly(A)-binding protein II (47), none of the arginines in the
three RXR motifs is methylated in Npl3. We also detect phos-
phorylation of the C terminus serine residue, in agreement
with previous findings (48, 49).

Our results for arginine residues Arg337, Arg344, Arg351, and
Arg358 are less definitive. Dimethylation of Arg337 is supported
by the exclusive detection of m/z 844.40, not m/z 816.36, in both
the tryptic and chymotryptic digests; however, for both digests
this mass reflects a redundant region of the sequence and does
not uniquely specify the methylation state of Arg337. Although
indirect, we find no evidence to disprove the conclusion that
this residue is dimethylated. For arginines Arg344, Arg351, and
Arg358 we find a significant number of peaks that suggest lower
and variable levels of methylation associated with these three

arginines. Two longer peptides, m/z 1385.62 (for Arg344/Arg351)
and m/z 1483.65 (for Arg344/Arg351) (Table V) are detected as
unmodified. In addition they are found as mono- or dimethyl-
ated peptides that appear at m/z 1399.63 and 1413.65 (for
Arg344/Arg351) and m/z 1497.67 and 1511.69 (for Arg351/358)
(Supplemental Data). A number of lower mass peaks, attrib-
uted to shorter peptides containing one arginine residue, also
show variable levels of methylation. These include the di-
methylated versions at m/z 681.33 and 778.35 (for Arg344/
Arg384) and 664.34 (for Arg351/Arg358) (Table V), as well as
peaks including m/z 733.33 (Arg351/Arg358) that show zero or
one methyl group addition (Table V and Supplemental Data).
The peak at m/z 359.20 (Arg351/Arg358) from the tryptic digest
(Table IV) was found exclusively as the unmethylated version.
Because of the repetitive nature of sequences in this region and
isobaric masses, we cannot distinguish contributions from each
residue (Arg344/Arg351/Arg358). We conclude that Arg344,
Arg351, and Arg358 are present in variable methylation states
with evidence to suggest that di-, mono-, and unmethylated
versions of these residues may be present, and use indirect
evidence to support dimethylation of Arg337.

In summary, the mass spectral data reveal direct evidence
for dimethylation of 12–15 arginines in RGG tripeptides, and
indirect support for dimethylation of an additional residue
(Arg337), as summarized in Fig. 1. Evidence was found suggest-
ing variable levels of methylation for two RG dipeptides. In one
case (Arg377), lower abundance mono- and dimethylated peaks
were localized to this residue. In the second case, dimethylation
was present for all but one detected peptide, and for that
instance Arg288 (RG) could not be distinguished from Arg284 as
the unmodified residue. While nine consecutive N-terminal
RGG motif arginines were found to be exclusively dimethyl-
ated, we found evidence for variable levels of methylation as-
sociated with four C-terminal RGG motif arginines (Arg344,
Arg351, Arg358, and Arg384). For Arg344, Arg351, and Arg358 we
were unable to localize the level of methylation to a specific
residue because of redundant sequence masses. Additionally,
there was no evidence of methylation of arginines outside the
RGG domain.

Effect of Arginine-to-Lysine Mutations on Npl3 Function in
Vivo—The presence of 15 RGG tripeptides within Npl3 raises
the question of whether specific arginines or their methylation
are important for Npl3 function or whether overall methylation
of Npl3 plays a key role. With the identification of numerous
methylated arginines in the C terminus of Npl3, we decided to
mutate all the arginines within RGG contexts to lysines to test
the effect of methylation on Npl3 function. The conservative
Arg-to-Lys (RK) mutation retains the positive charge of the
residue (Fig. 2A) while removing its ability to be targeted by
the arginine methyltransferase (50). Arginines within RGG
peptides have been numbered 1-15 from the N terminus to
simplify mutant nomenclature (Fig. 2B). We created a set of 20
Npl3 mutants by adding two RK mutations at each round of
mutagenesis (Fig. 2B). Mutations were introduced into a plas-
mid that expresses a functional protein A (PrA)-Npl3 fusion
protein (pPS2389) to facilitate subsequent protein-protein in-
teraction analysis (19).

RK mutants could impact protein function either due to the
need for arginine at a certain position or to the importance of
methylation of that residue. To distinguish between these two
effects, we tested Npl3-RK mutants for function in two differ-
ent strain backgrounds. Although most strains lacking HMT1
are viable, a strain in which the 80 kDa cap-binding protein
gene (CBP80) has been deleted requires the arginine methyl-
transferase for growth (12). In addition, a cold-sensitive hmt1
allele identified in the cbp80� background showed a specific
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defect in Npl3 methylation (29). These genetic and biochemical
findings suggest a complementary role for Npl3 methylation
and Cbp80 in these strains. Therefore, if Npl3 methylation is
important in strains lacking Cbp80, Npl3-RK mutants, which
should not be methylated, would be predicted to support
growth of an npl3� strain but show poorer rescue of an npl3�
cbp80� strain.

Fig. 3 shows the growth of the npl3� mutant (PSY814) ex-
pressing each of the Npl3-RK mutants. The Npl3 protein with
all 15 arginines within RGG peptides mutated to lysines (RK1-
15) is able to support growth of npl3� at 30 °C to the same
extent as wild-type Npl3, with only a slight growth defect at
20 °C and 37 °C. Thus the RK mutants are still functional. The
deletion of HMT1 does not affect the growth of strains express-
ing either wild-type PrA-Npl3 or PrA-Npl3-RK1-15 (data not
shown), as expected. In contrast, the expression of PrA-
Npl3-RK mutant proteins in the npl3�cbp80� strain (YAM505)
has a significant effect on growth (Fig. 4). This effect is signif-
icantly more pronounced at low and high temperature (Fig. 4).
Therefore in a background in which HMT1 is essential, the
substitution of multiple lysines for arginines at methylation
sites results in a significant loss of Npl3 function.

Although mutating two neighboring or a single RGG argi-
nine (RK1–2, RK3–4, RK5–6, RK7–8, RK9–10, RK11–12,
RK13–14, and RK15) showed no effect on Npl3 protein function
as assessed by growth of npl3�cbp80� cells (data not shown),
increasing the number of RK mutations increased the severity
of the phenotype (Fig. 4). This result suggests that cumulative
methylation of Npl3 is important for protein function. When
mutations in the first and second RGG arginines were added to
Npl3-RK5-10, however, there was a more severe effect on
growth than when either mutations in arginines 11–12 or
11–14 were added (Fig. 4, 20 °C, 37 °C). This result suggests
the relative increased importance of the N-terminal RGG
arginines, particularly at low temperature where the effect is
most pronounced. Indeed, while PrA-Npl3-RK1–6 supports
equivalent growth to PrA-Npl3-RK5–14 at 37 °C, PrA-Npl3-
RK1–6 grows significantly more poorly at 20 °C (data not
shown). Therefore, although the total number of arginines that
can be methylated is important for Npl3 function, it appears
that the N-terminal RGG arginines may play a specific role.

Arginine-to-Lysine Mutations Result in Methylation-indepen-
dent Export of Npl3—Because the arginine methyltransferase
facilitates the export of Npl3 (12), we wished to use the Npl3-
RK1-15 mutant to test whether the Hmt1 effect on export was
direct, because of methylation of Npl3, or indirect, through the
methylation of another protein. To examine export we used an
established assay in which the import of GFP-Npl3 is blocked
by shifting a strain with a mutation in a nuclear pore protein

FIG. 3. Npl3 with all RGG arginines mutated to lysines is func-
tional. npl3��NPL3 URA3 cells (PSY814) were transformed with PrA
plasmids containing wild-type (WT) NPL3, mutant forms of npl3, or no
NPL3 (PrA vector). Serial 10-fold dilutions of cells were plated on
Ura-Leu- media, to demonstrate equal cell numbers, and FOA medium,
to test for mutant Npl3 function at the indicated temperature.

FIG. 2. Arginine-to-lysine substitution mutations in Npl3. A, structural comparison of arginine, asymmetric dimethylarginine and lysine.
The peptide backbone is denoted by �C�. B, schematic diagram of the 20 mutant Npl3 proteins. Residue numbers for the arginines mutated within
RGG tripeptides are shown above the simplified numbering system. K denotes the arginines that have been changed to lysines in each mutant
protein (e.g. the top line represents mutant Npl3-RK1–2 and the bottom line, mutant Npl3-RK1-15).
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(nup49-313) to high temperature, allowing the export of
GFP-Npl3, a predominantly nuclear shutting protein, to be
detected by increased cytoplasmic fluorescence (22). This relo-
calization of wild-type GFP-Npl3 is inhibited by the deletion of
HMT1 (12).

The nuclear export of GFP-Npl3-RK1-15 in the nup49-313
mutant with or without HMT1 is compared with that of wild-
type GFP-Npl3 in Fig. 5. Like GFP-Npl3, GFP-Npl3-RK1-15 is
predominantly nuclear in wild-type and hmt1� cells at 25 °C.
The cytoplasmic GFP-Npl3-RK1-15 signal at high temperature
in nup49-313 cells indicates that methylarginine residues in
Npl3 are not required for its export (Fig. 5A). However, some
cytoplasmic GFP-Npl3-RK1-15 is also seen at the non-permis-
sive temperature in nup49-313 lacking the methyltransferase
(Fig. 5B), demonstrating that methylation of other proteins is
not required for Npl3 export. These results concur with re-
cently published data from Xu and Henry (27). Therefore, the
methylation-independent export of GFP-Npl3-RK1-15 supports
a model in which either methylation of arginine residues or
substitution with lysine weakens a nuclear complex, facilitat-
ing Npl3 export.

Methylation-independent Interaction of Npl3-RK1-15 with
Tho2—Our results suggest that Npl3 should interact with nu-

clear molecules and that these interactions should be decreased
by methylation. We have previously identified two molecular
partners of Npl3 with these characteristics: the transcription
elongation factor Tho2 and Npl3 itself (19). To test whether the
Tho2 interaction is affected by the Npl3-RK1-15 mutations,
this mutant was integrated into HMT1 and hmt1� strains
expressing Myc-tagged Tho2. Following immunoprecipitation
of Tho2-Myc from these strains and strains expressing wild-
type Npl3, copurifying Npl3 was detected with a polyclonal
Npl3 antiserum (Fig. 6). While wild-type Npl3 copurifies with
Tho2-Myc from hmt1� strains (lane 1), the Npl3-RK1-15 mu-
tant protein shows a reduced interaction with Tho2-Myc (lane
2). This reduced interaction is not caused by differential recog-
nition by the Npl3 antiserum, which was raised against a
truncated Npl3 lacking the RGG domain (37), nor is the mutant
protein expressed at lower levels than the wild-type protein
(Fig. 6, lysate). In addition, the Tho2-Myc interaction with
wild-type Npl3 is not detected in HMT1 cells whereas the
reduced interaction with Npl3-RK1-15 is still observed (lanes 3
and 4). These results support the possibility that lysine, like
dimethylarginine, loosens a nuclear Npl3 complex that con-
tains Tho2-Myc, which could facilitate export even in the pres-
ence of the arginine methyltransferase.

RK1-15 Mutations Block Npl3-Npl3 Interactions—To test the
effect of the Npl3-RK1-15 mutation on Npl3 self-association,
Myc-tagged forms of the wild-type and mutant NPL3 genes
were integrated into hmt1� and HMT1 strains and the result-
ing strains transformed with the PrA-Npl3 plasmids. IgG-
Sepharose was then used to isolate PrA-Npl3 and associated
proteins and PrA-Npl3 and Npl3-Myc were detected with a
polyclonal Myc antiserum. When the RK1-15 mutations are
present in both forms of Npl3, no Npl3-Npl3 interaction is

FIG. 4. Arginine-to-lysine mutations in NPL3 are deleterious
in the absence of the 80 kDa cap-binding protein. A strain lacking
the 80-kDa cap-binding protein gene, YAM505 (npl3�cbp80��NPL3
URA3), was transformed with PrA plasmids containing mutant forms of
npl3 and positive (WT) and negative (PrA vector) controls. The function
of mutant Npl3 proteins was tested by a plasmid shuffle assay as
described in the legend for Fig. 3.

FIG. 5. Methylation-independent nuclear export of Npl3-RK1-
15. A, expression of GFP-Npl3 or GFP-Npl3-RK1-15 in the nup49-313
strain was induced for 2 h and then repressed for 2 h at 25 °C. To block
Npl3 nuclear import, half of each culture was shifted to 36 °C for 5 h,
and protein localization was detected by direct fluorescence microscopy.
B, nuclear export of wild-type and mutant fusion proteins in a strain
lacking the arginine methyltransferase (nup49-313 hmt1�; PSY1096)
was tested as in A.
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detected even in the absence of the methyltransferase (Fig. 7,
lane 2), demonstrating the critical role of arginines in Npl3
self-association. Introducing the RK mutations into PrA-Npl3
results in a reduced interaction with wild-type Npl3-Myc in the
hmt1� strain (lane 4), suggesting that unmethylated arginines
in each monomer make important contacts for self-association.
Although the interaction in the reverse orientation, between
Myc-tagged Npl3-RK1-15 and PrA-Npl3 (lane 3), is not seen,
the C-terminal placement of the Myc tag may further disrupt
an interaction that involves the C terminus of the mutant
protein. These data therefore suggest that Npl3 self-association
and interaction with Tho2 reflect dynamic nuclear complexes
that are influenced by Npl3 methylation.

DISCUSSION

Npl3 is a particularly interesting model to explore the effects
of arginine methylation on protein function because of its ex-
tensive arginine-glycine-rich domain, which has 15 RGG, 3 RG,
and 2 RXR peptides (Fig. 1). This long C-terminal domain
allowed us to address the question whether overall methylation
or methylation of a subset of arginines influenced protein func-
tion. Using mass spectrometry, we identified 16 arginine resi-
dues that are dimethylated in vivo, and one additional arginine
that is likely to be dimethylated. Whereas evidence pointed to
variable levels of methylation for two RG dipeptides and at
least three RGG tripeptides, the vast majority of dimethylargi-
nine in Npl3 is found in the RGG context (Fig. 1). Mutating
these residues to lysine affected general Npl3 function only in
a strain background that requires the methyltransferase.
Whereas increasing the total number of lysine substitutions
generally increased the severity of the growth phenotype, mu-
tations in the four RGG tripeptides at the N terminus of the
domain had a greater influence on Npl3 function than mutat-
ing RGGs more C-terminal (Fig. 4), suggesting a specific role
for these residues.

The seven N-terminal RGG arginines are followed by pheny-
lalanine (F) residues, including tandem RGGF repeats from
Arg290–Arg302 (RGG2–5), with an average of two residues be-
tween RGG tripeptides (Fig. 1). The next seven RGGs are all
followed by tyrosine residues, with an average spacing of four
residues between RGG tripeptides. Although the three-dimen-
sional structure of Npl3 has not been determined, these results
suggest that the influence of arginine methylation or lysine
substitution on Npl3 structure and activity may be greater at
the N terminus of this domain where the arginines are more
closely spaced in the primary structure.

Lysine substitutions are commonly used both to determine
sites of arginine methylation and to probe the functional sig-
nificance of methylarginine residues within a protein (27, 51–

54). This choice is based on 1) both lysine and arginine being
long chain amino acids with a positive charge at physiological
pH and 2) lysine not being a target for protein-arginine meth-
yltransferases (50). Although methylation should not alter the
positive charge of arginine, asymmetric dimethylation in-
creases the hydrophobicity of the residue, is likely to have
steric effects on inter- or intramolecular contacts and may also
influence hydrogen bonding (2, 6, 55). Whereas lysine main-
tains a positive charge and should not incur the same steric
effects that occur upon arginine methylation, this substitution
could still decrease arginine-specific contacts of the protein.
The challenge of using RK mutations to distinguish between
direct and indirect effects of arginine methylation on protein
function is to try to separate effects of loss of arginine function
from loss of methylation of the arginine in question.

The ability of lysine to substitute for arginine in the C-
terminal domain of Npl3 is supported by the robust growth of
npl3� strains expressing the Npl3-RK1-15 mutant protein and
the steady-state nuclear localization of this protein (Figs. 3 and
5). Xu and Henry have also used an elegant cloning strategy to
construct an Npl3 mutant with all RGG arginines mutated to
lysine (Npl3(KGG)) by introducing similar missense mutations
and four fewer silent mutations (27). They detected steady-
state nuclear localization of Npl3(KGG) and reported that this
protein was functional and was not methylated in vivo (27). In
their experiments, Npl3(KGG) expressed from a plasmid res-
cued the synthetic lethality of an npl3-1 hmt1� strain, and we
have also found that Npl3-RK1-15 supports growth of an
npl3�hmt1� strain (data not shown). These results were ex-
pected given the non-essential nature of HMT1 and the viabil-
ity of the npl3� strain expressing Npl3-RK1-15. Because the
arginine methyltransferase gene is not essential, these results
do not address whether arginine methylation of Npl3 in par-
ticular has functional consequences for cell growth.

When a set of Npl3-RK mutant proteins is expressed in a
strain lacking the 80-kDa cap-binding protein, however, mutant
proteins with increased numbers of lysine substitutions show a
more severe growth defect (Fig. 4). Because the cbp80� back-
ground requires HMT1 for viability, these results suggest that
methylation of Npl3 in particular is important in this back-
ground. Whereas the cbp80� strain that expresses Npl3-RK1-15
grows slowly at 30 °C (Fig. 4), the deletion of HMT1 in the
cbp80� background is lethal (12). This result could either reflect
the importance of methylation of Arg288 and Arg377, which are
variably methylated in vivo and were not mutated in Npl3-RK1-
15, or methylation of another protein in the cbp80� strain. Al-
ternatively, the greater severity of the hmt1 deletion may be
explained by lysine exerting an intermediate effect, falling func-
tionally between unmethylated and methylated arginine.

The importance of the Hmt1 arginine methyltransferase for
the export of its mRNA-binding substrates Npl3, Hrp1, and
Nab2 (12, 13) suggests a role for this post-translational modi-
fication in the process of directing export or remodeling nuclear
complexes to facilitate export. Deletion analysis of Nab2 (56)
and the identification of Npl3 protein-protein interactions that
are decreased by methylation (19) pointed to the second model.
Whereas Npl3 phosphorylation at a C-terminal serine plays a
role in nuclear import by promoting dissociation from mRNA
and binding to the Mtr10 import receptor (48, 49), in vitro data
also suggest that Hmt1 has an indirect effect on Npl3 binding
to Mtr10 (48). The identification of specific sites of methylation
in Npl3 has now allowed us to test whether methylation effects
on Npl3 export are direct or indirect.

Although the RGG domain of Npl3 is necessary for nuclear
import (17, 23), the nuclear localization of GFP-Npl3-RK1-15 in
nup49-313 strains at 25 °C (Fig. 5) indicates that these muta-

FIG. 6. Methylation-independent interaction of Npl3-RK1-15
with transcription elongation factor Tho2. HMT1 and hmt1� cells
expressing Myc-tagged Tho2 and either wild-type (WT) or RK1-15 (RK)
Npl3 proteins from their endogenous loci were lysed, lysates were
normalized for total protein and Tho2-associated proteins isolated with
anti-Myc agarose beads. Bound proteins were eluted in Laemmli buffer
and analyzed by anti-Myc and anti-Npl3 immunoblotting. Npl3 protein
levels in lysates are also shown.
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tions do not have a severe effect on Npl3 import into the
nucleus. The Npl3-RK1-15 mutant protein also can exit the
nucleus even in the absence of the methyltransferase, as also
seen for Npl3(KGG) by Xu and Henry (27). This result suggests
that, whereas methylation may block specific nuclear contacts
made by arginine in Npl3, the lysine substitutions may pro-
mote export in this assay through their inability to mediate
nuclear protein-protein interactions. Whereas RK mutations in
Npl3 directly affect Npl3 export, similar mutations in the three
RGG tripeptides in Hrp1 do not influence its export (27). In-
triguingly, the expression of the Npl3(KGG) mutant protein
facilitated the export of Hrp1 in the absence of Hmt1, suggest-
ing that the methylation of Npl3 is important for the export of
an interacting protein (27).

Npl3 copurifies with Hrp1 and the nuclear cap-binding com-
plex, but these interactions are not influenced by the presence
of Hmt1 (19, 26, 27). In contrast, interactions of Npl3 with Tho2
and Npl3 are affected either by the presence of the methyl-
transferase (19) or by the presence of RK mutations within
Npl3 (Figs. 6 and 7), arguing for a direct effect of Npl3 meth-
ylation on nuclear protein complex formation. The Npl3 self-
association is more severely affected by RK mutations than the
Npl3-Tho2 interaction. This difference may be because of the
C-terminal Myc tag used in self-association studies (see “Re-
sults”). Alternatively, different contacts may be involved in the
two interactions, a likely possibility given the RNase sensitiv-
ity of the Npl3-Tho2 interaction and RNase resistance of self-
association (19). Xu and Henry found that whereas HMT1
deletion did not affect UV-cross-linking of Npl3 to bulk poly(A)
RNA in vivo, more Npl3(KGG) than wild-type Npl3 copurified
with poly(A) RNA after cross-linking (27). Therefore, even
though the RK mutations may decrease protein-protein inter-
actions that are important for the copurification of Tho2 with
Npl3, the Tho2-Npl3-RK1-15 interaction may still be detected
because of increased binding of the mutant Npl3 to pre-mRNA.
In combination these data support a model in which arginine
methylation of Npl3 specifically modulates mRNP formation by
loosening contacts with nuclear proteins, thereby facilitating
export. The synthetic lethality of npl3-1 and cbp80� with
hmt1� may reflect the combination of decreased binding of
export-facilitating proteins to mRNA with stronger interac-
tions of Npl3 with a specifically nuclear complex.

Chromatin immunoprecipitation experiments have also re-
vealed interesting binding patterns for proteins involved in
mRNA metabolism. Whereas Hmt1 and Npl3 are present at the
promoter and toward the 5�-ends of highly transcribed genes (18,
19), polyadenylation factors bind preferentially to the 3�-end (57).
TREX components are cross-linked to coding regions but binding
is much lower at the promoter or downstream of polyadenylation

signals (18, 25, 57). In addition, recent work has shown that
mutations in Npl3 enhance transcription termination, pointing
to a role for Npl3 in antagonizing mRNA 3�-end formation (58).
Taken together, these results support a model in which a series
of proteins associates with DNA and likely nascent mRNA at the
site of transcription, with Npl3 associating near the beginning of
transcription, followed by TREX components and then poly-
adenylation factors. By decreasing association with Tho2 and
potentially other TREX proteins, methylation of Npl3 near the
5�-end of actively transcribed genes may help remodel mRNPs
and thus facilitate export.

The discovery of protein-arginine deiminases (PADs) that
can convert methylarginines to citrulline within histones (59,
60), raises the tantalizing possibility that arginine methylation
may be reversible. Non-histone substrates of both type I and
type II methyltransferases can also be targets for deimination
(54, 61), but in vitro data suggest that arginine dimethylation
inhibits deimination (60, 61). We did not detect citrulline res-
idues within Npl3 by mass spectrometry and S. cerevisiae has
no obvious PAD homolog. Therefore, whereas we cannot rule
out the possibility that Npl3 deimination may allow increased
nuclear interactions, Npl3 methylation is likely to have a more
long term effect on the balance between transcriptional and
export complexes.

Numerous type I arginine methyltransferase substrates are
involved in mRNA transcription and export, from histones to
transcription factors to hnRNPs. Therefore the various effects
seen in hmt1� cells, from synthetic lethal interactions to al-
tered mRNA binding profiles to protein export defects, likely
reflect altered methylation of proteins in addition to Npl3.
Nab2, Yra1, and Tho2, for example, are all targets for in vivo
methylation (13, 19). The identification and mutagenesis of
target arginines within these and other proteins will greatly
enhance our understanding of mRNP complex formation as
well as the coupling of transcription, processing, and export.
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