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Human protein arginine methyltransferase PRMT8 has
been recently described as a type I enzyme in brain that is
localized to the plasma membrane by N-terminal myristoyla-
tion. The amino acid sequence of human PRMTS8 is almost
80% identical to human PRMT1, the major protein arginine
methyltransferase activity in mammalian cells. However, the
activity of a recombinant PRMT8 GST fusion protein toward
methyl-accepting substrates is much lower than that ofa GST
fusion of PRMT1. We show here that both His-tagged and
GST fusion species lacking the initial 60 amino acid residues
of PRMTS8 have enhanced enzymatic activity, suggesting that
the N-terminal domain may regulate PRMTS8 activity. This
conclusion is supported by limited proteolysis experiments
showing an increase in the activity of the digested full-length
protein, consistent with the loss of the N-terminal domain. In
contrast, the activity of the N-terminal truncated protein was
slightly diminished by limited proteolysis. Significantly, we
detect automethylation at two sites in the N-terminal
domain, as well as binding sites for SH3 domain-containing
proteins. We suggest that the N-terminal domain may func-
tion as an autoregulator that may be displaced by interaction
with one or more physiological inducers.

Protein arginine methylation is a post-translational modifi-
cation that has a variety of biological roles in the cell (1-5).
These roles include cell signaling (6, 7), transcriptional
activation/mRNA splicing (8 -13), transcriptional repression
(14, 15), nucleocytoplasmic RNA transport (16), and ribosomal
assembly (17, 18).

Methylation of arginine residues in proteins is catalyzed by
four types of protein arginine methyltransferase enzymes
(PRMTs).> Type [, 11, and III enzymes catalyze the transfer of
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methyl groups from S-adenosyl-L-methionine (AdoMet) to the
w-nitrogen of the guanidino group to produce w-N“-mono-
methylarginine (MMA), while type IV enzymes catalyze the
addition of the methyl group to the internal 8-nitrogen of argi-
nine residues (19, 20). Arginine residues are commonly dimeth-
ylated, where type I enzymes add a second methyl group to the
same w-nitrogen atom to produce asymmetric w-N,N-dim-
ethylarginine (ADMA), and type II enzymes catalyze methyla-
tion of the second w-nitrogen of arginine to produce symmetric
-N®N'S-dimethylarginine (SDMA) (19). PRMT enzymes
that display type L activity are mammalian PRMT1 (21), PRMT3
(22), CARM1/PRMT4 (23), PRMT6 (24), and PRMT8 (25),
while PRMT5 has been shown to be a type II enzyme (26).
Evidence has been presented to suggest that FBXO11 may also
atype Il enzyme (27). It is unclear at present what type of meth-
ylation is catalyzed by PRMT7 (28, 29). No mammalian type IV
enzymes have been characterized to date.

We have been interested in the PRMT8 enzyme. The gene
encoding PRMT8 was identified in a search of genomic and
c¢DNA databases (25, 30, 31). The amino acid sequence for
human PRMTS is closest to that of PRMT1 in the protein
arginine methyltransferase family, although it contains a
unique 76-amino acid N-terminal region (25). PRMT1 is the
main type I arginine methyltransferase in mammalian cells
(21), is localized in both the nucleus and cytosol (24, 32), and
functions in multiple cellular processes (1). Because of the
importance of PRMT1 in cellular physiology, we were thus
interested in its close homolog PRMTS8. PRMTS differs,
however, from both PRMT1 and other family members in
that it has a limited tissue distribution and is associated with
the plasma membrane (25). Northern blot analysis of
PRMT1 and PRMTS8 using RNAs from a variety of human
tissues showed PRMT8 expression solely in the brain while
PRMT1 expressed ubiquitously in these tissues (25). In addi-
tion, expressed sequence tag (EST) analysis of human and
mouse PRMT8 revealed that the majority of sequence tags
arose from brain cDNA libraries (25). In mice, in situ hybrid-
ization experiments suggest that the PRMTS8 gene is only
expressed in neurons (33). PRMTS8 localizes to the plasma
membrane via N-terminal myristoylation (25). This irrevers-
ible modification is achieved through the covalent addition
of the 14 carbon saturated fatty acyl chain to the glycine
residue adjacent to the N-terminal initiator methionine res-

3Hlmethionine; GST, glutathione S-transferase; GFP, green fluorescent
protein.
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idue. N-Myristoylation has been shown to be involved in
modifying proteins in signal transduction cascades (34).

In this work, we have examined the catalytic activity of full-
length and N-terminal-truncated forms of PRMTS8 that differ in
their activity. We find that the presence of the N-terminal
region attenuates the activity of PRMTS8 and suggest that the
activity of this enzyme may be regulated by altering the confor-
mation of the protein in this region.

EXPERIMENTAL PROCEDURES

PRMTS8 Expression Vector Construction—For this work, we
prepared a plasmid expressing an N-terminal GST fusion of a
N-terminal-truncated form of human PRMTS, which removes
the first 60 amino acids of full-length PRMT8. The primers
used to generate this fragment were: 5'-TAC GAA TTC AAG
CTG CTG AAC CCA-3" and 5'-AAG GTC GAC CTT AAC
GCA TTT TGT AGT CAT TA-3'. EcoR1 and Sall digestions
were used to clone this fragment into pGex-6P-1. We also pre-
pared plasmids expressing N-terminal His-tagged full-length
and truncated PRMTS8 proteins. We obtained a full-length
cDNA clone of human PRMTS8 (2024 nucleotides) from
Invitrogen (Homo sapiens HMT1 hnRNP methyltransferase-
like 4 (Saccharomyces cerevisiae) mRNA; cDNA clone MGC:
26069; IMAGE:4796524; GenBank™ accession number
BC022458). Purified plasmid DNA was used as a template to
PCR amplify bases 36 —1220 (full-length) and bases 216 -1220
(A1-60 N-terminal truncation) using 20-mer primers. The for-
ward primers contained at the 5’-end four non-coding bases
(5'-CACC) to allow vector construction via Champion pET
Directional TOPO cloning (Invitrogen, pET 100/p-TOPO
Expression kit). PCR products were electrophoresed on a 1%
agarose gel and purified using Quantum Prep Gel Slice kit (Bio-
Rad). The TOPO cloning reaction was performed using 1 ul of
purified PCR product (the full-length or truncated PRMT8
insert), 1 ul of salt solution (1.2 M NaCl, 0.06 M MgCl,), 1 ul of
TOPO vector (20 ng/ul), and 3 ul of water, incubated at room
temperature for 10 min followed by transformation into One
Shot Top10 Escherichia coli cells. Positive clones were screened
by restriction digestion with BamHI enzyme followed by agar-
ose gel electrophoresis. The nucleotide sequence of the coding
region was confirmed by overlapping DNA sequencing of both
strands (Davis Sequencing, Inc., Davis, CA). Positive clones
were transformed into the BL21(DE3) E. coli strain. A full-
length human PRMTS8 construct expressing an N-terminal
GST fusion protein has been previously described (25). This
protein has a Tyr residue at position 45 and a C-terminal exten-
sion of QSTRAAAS.

Purification of Full-length and Truncated His-PRMTS8, GST-
PRMTS8, GST-PRMT1I, and GST-GAR—His-tagged full-length
and truncated (A1-60) PRMTS8 was expressed in BL21(DE3)
E. coli cells grown at 37 °C in 2 liters of LB media with 100
pg/ml ampicillin to an optical density at 600 nm of 0.6 and then
induced with 0.4 mm isopropyl-B-p-thiogalactopyranoside for
12 hat 25 °C. Cells were washed twice with phosphate-buffered
saline solution (PBS) containing 137 mm NaCl, 2.7 mm KCl, 1.4
mm KH,PO,, and 4.3 mm NaHPO,, pH 7.4. Protease inhibitor
(100 uMm phenylmethylsulfonyl fluoride from a 1000-fold con-
centrated stock in Me,SO) was added, and cells were resus-
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pended in 8 ml of PBS. Cells were lysed on ice by sonication
using a Sonifier cell disrupter W-350 (Smith-Kline Corp, 50%
duty cycle, setting 4) for seven cycles of 20 s of sonication with
1 min of cooling in between. Lysed cells were centrifuged at
23,000 X gat 4 °C, and the supernatant was applied to a 1.5-ml
column of Ni*" -charged His-binding resin (Novagen His-Bind
purification kit; Madison, WI). Bound His-PRMT8 proteins
were washed with 10 ml of 0.5 M NaCl, 60 mm imidazole, 20 mm
Tris-HCI, pH 7.9, and eluted with 5 ml of 1 M imidazole, 0.5 M
NaCl, 20 mm Tris-HCI, pH 7.9 in 1-ml fractions.

GST-GAR is a fusion protein containing the first 148 amino
acids of human fibrillarin (22). This protein, as well as GST-
PRMT1 (35) and the full-length and truncated forms of GST-
PRMTS8 were expressed in DH5a E. coli cells to make extracts
as described above. Cell lysates were added to 0.5 ml of gluta-
thione-Sepharose 4B beads (GE Healthcare Biosciences AB,
Uppsala, Sweden). Bound proteins were washed three times
with 10 ml of PBS and eluted with 1 ml of 30 mm glutathione, 50
mM Tris-HCI, pH 7.5, and 120 mm NaCl.

In Vitro Methylation of GST-GAR, Myelin Basic Protein, and
Histones H2A and H4 by Recombinant PRMT1 and PRMT8
and SDS-PAGE and Amino Acid Analysis—His- and GST-
tagged PRMTS8 proteins (2 ug of protein) were incubated with
and without 10 ug of methyl-accepting proteins including mye-
lin basic protein (MBP, purified from bovine brain, lyophilized
powder, product M1891, Sigma), GST-GAR, and histones H2A
and H4 (purified from calf thymus, Roche Applied Science).
Incubations were performed in the presence of 0.61 um S-ad-
enosyl-L-[methyl-*H]methionine ([*H]AdoMet, 81.0 Ci/mmol,
dilute HCL: ethanol (9:1), pH 2.0 to 2.5, Amersham Biosciences),
and 100 mM sodium phosphate buffer (pH 7.5) in a final volume
of 60 ul for 1 h at 37 °C.

For amino acid analysis, the reaction mixtures were precipi-
tated with an equal volume of 25% (w/v) trichloroacetic acid
with 20 g of bovine serum albumin as a carrier protein and
allowed to stand at room temperature for 30 min. Precipitated
proteins were centrifuged at 1,000 X g for 30 min at room tem-
perature, and the pellets were washed with acetone at 4 °C and
centrifuged again for 30 min. The pellet was acid hydrolyzed
with 100 ul of 6 M HCl at 110 °C for 20 h in vacuo in a Waters
Pico-Tag Vapor Phase apparatus and dried. The hydrolyzed
sample was resuspended in 50 ul of water and added to 500 wl of
citrate buffer (0.2 M Na™, pH 2.2) along with 1.0 umol each of
unlabeled standards of w-N®-monomethylarginine (acetate
salt, Sigma) (MMA) and o-N€,N°-dimethylarginine (hydro-
chloride, Sigma) (ADMA). The sample was loaded onto a cat-
ion-exchange column previously equilibrated with sodium cit-
rate buffer (0.35 M Na*, pH 5.27) (column resin consisted of
Beckman AA-15 sulfonated polystyrene beads; column length
of 0.9 cm inner diameter X 7 cm column height), and eluted at
1 ml/min at 55 °C. To detect *H radioactivity, 200 ul of each
fraction was mixed with 400 ul of water and 5 ml of fluor (Safety
Solve, Research Products International, Mount Prospect, IL).
Radioactivity was determined using a Beckman LS6500 counter
as an average of three 3-min counting cycles. Unlabeled stand-
ards were detected with a ninhydrin assay using 100 ul of each
fraction (36).
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For SDS-PAGE analysis, methylation reactions were stopped
with the addition of an equal volume of SDS gel sample buffer
(180 mm Tris-HCI, pH 6.8, 4% SDS, 0.1% -mercaptoethanol,
20% glycerol, and 0.002% bromphenol blue), heated at 100 °C
for 3 min, and loaded on a 12.6% acrylamide and 0.43% N,N-
methylene bisacrylamide gel (1.5-mm thick, 10.5-cm resolving
gel, 2-cm stacking gel). Using the Laemmli buffer system, elec-
trophoresis was performed at 35 mA for 4.5 h. The gel was
stained with Coomassie Brilliant Blue R-250 for 1 h and
destained with 10% methanol and 5% acetic acid for 5 h. The
destained gel was prepared for fluorography by incubation in
ENPHANCE (PerkinElmer Life Sciences) for 1 h and washed
with water for 20 min. The gel was dried at 70 °C in vacuo and
exposed to Kodak BIOMAX XAR scientific imaging film at
—80°C.

Limited Trypsin Digestion of Recombinant PRMT8—His-
and GST-tagged PRM T8 full-length and truncated proteins (10
ug of protein) were incubated in a final volume of 50 ul with
0.06 ug of trypsin (TPCK-treated, from bovine pancreas, type
XII, Sigma) and 100 mm sodium phosphate, pH 7.5, for 5, 10, 60,
and 120 min at 37 °C. The reaction was stopped by the addition
of 0.6 pg of soybean trypsin inhibitor (Calbiochem, La Jolla,
CA). Control samples were incubated at 0 °C without trypsin or
with the PRMTS8 protein pretreated for 5 min at 0 "C with 0.6 ug
of soybean trypsin inhibitor before the addition of trypsin. Sam-
ples from each time point containing 5 ug of protein were ana-
lyzed by SDS-PAGE as described above. Separate samples con-
taining 2 pg of digested protein from each time point were
incubated with 10 ug of GST-GAR, 0.61 um [*’H]AdoMet, and
100 mm sodium phosphate buffer (pH 7.5) for 1 h at 37 °C.
Samples were analyzed by SDS-PAGE and fluorography as
described above.

Automethylation of GST-PRMT8—Purified GST-PRMTS8
(20 ng) was incubated with [*’H]AdoMet (0.34 um) and 100 mm
sodium phosphate buffer (pH 7.5) in a final volume of 60 ul for
1 h at 37 °C. The methylation reaction was stopped with the
addition of 60 ul of sample buffer and resolved by SDS-PAGE as
described above. The corresponding GST-PRMTS8 protein
band was gel extracted, acid hydrolyzed, and subjected to
amino acid analysis as described above with the addition of an
additional unlabeled standard of 1 umol of w-N<,N’“-dimeth-
ylarginine (di(p-hydroxyazobenzene-p’-sulfonate) salt, Sigma)
(SDMA).

Analysis of Methylated Peptides by Liquid Chromatogra-
phy Tandem Mass Spectrometry (LC-MSMS)—Full-length
GST-PRMTS8 bands were excised from four lanes of a Coo-
massie-stained SDS gel (200 pg of protein loaded per lane)
and subjected to in-gel trypsin digestion using the fallowing
procedure. Gel slices were diced into 3 mm X 3 mm cubes
and destained by vortexing for 10 min in 225 ul of 25 mm
ammonium bicarbonate pH 8.0 and 225 ul of acetonitrile,
then discarding the supernatant. This procedure was fol-
lowed by a similar treatment with 450 ul of 25 mm ammo-
nium bicarbonate, and the entire destaining process was
repeated twice more. The gel slices were then dried under
vacuum. 250 ul of 10 mMm dithiothreitol was incubated with
the sample for 1 h at 56 °C followed by 1 ml of 55 mm iodoac-
etamide for 1 h at room temperature to reduce and alkylate
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FIGURE 1.Relative in vitro methyltransferase activities of GST-PRMT1 and
GST-PRMT8. GST-PRMT1 and full-length GST-PRMT8 (2 g of protein) were
incubated with 10 g of methyl-accepting substrates GST-GAR and MBP and
0.61 um [*H]AdoMet for 1 h at 37 °C. Methylation species were resolved by
SDS-PAGE (A) and analyzed by fluorography (B) (7-day exposure). Molecular
weight standards were electrophoresed in a parallel lane and included phos-
phorylase a, 97.4 kDa; serum albumin, 66.2 kDa; ovalbumin, 45.0 kDa; car-
bonicanhydrase, 31.0 kDa; soybean trypsin inhibitor, 21.5 kDa; and lysozyme,
14.4 kDa (Bio-Rad).

the free cysteine residues. Reagents were removed by repeat-
ing the destain protocol twice more. The gel slices were again
dried and 4 ug of trypsin (Sequencing grade modified tryp-
sin; Promega, Madison, WI) dissolved in 250 ul of 25 mm
ammonium bicarbonate pH 8.0 was added. After 16 h at
37 °C, peptides were extracted in 500 ul of 50% acetonitrile,
5% formic acid, and 45% 25 mm ammonium bicarbonate at
pH 8.0 with sonication for 5 min. The lyophilized extract was
brought up in 30 ul of water, and three 10-ul injections were
analyzed using LC-MS/MS data-dependent acquisition on a
Thermo LTQ ion trap instrument. A reverse-phase column
(150 mm X 1 mm; Develosil RP-Aqueous-AR[C30] 5 um,
140 A; Phenomenex, Torrance, CA) was equilibrated for 30
min at 50 wl/min with 100% A (A, 0.1% formic acid in water;
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FIGURE 2. Amino acid analysis of in vitro methylation products of His-PRMT8 and His-(A1-60) PRMT8 enzymes. Purified His-(A1-60) PRMT8 (A) or
His-PRMTS (B) (2 ug of protein) were incubated with and without the methyl-accepting protein GST-GAR (10 ug of protein) and [°H]JAdoMet (0.61 um)
for 1 hat37 °C. *H-methylated proteins were precipitated with trichloroacetic acid, acid hydrolyzed with 6 Mm HCl at 110 °C for 20 h, and loaded on a cation
exchange column with unlabeled w-N®-monomethylarginine (w-MMA) and »-N¢ N°-dimethylarginine (ADMA) standards. Standards were detected by
the absorbance at 570 nm after reacting 100 wl of every other fraction with ninhydrin reagent (gray line). *H-radioactivity (black line) was determined by
counting 200 ul of every other fraction diluted with 400 ul of water and 5 ml of scintillation fluor (Safety Solve, Research Products International) three
times for 3 min each. As expected, the elution position of the tritiated methyl arginine derivatives is slightly ahead of the non-isotopically labeled

standards (19, 35).

B, 0.1% formic acid in acetonitrile) prior to sample injection.
A linear gradient was initiated 10 min after sample injection
ramping buffer A to 40% and buffer B to 60% at 70 min; buffer
A to 5% and buffer B to 95% at 80 min; buffer A to 100% at 110
min. The mass spectrometer was operated in information-
dependent acquisition mode. Data were analyzed using a cus-
tom data base containing the GST-PRMTS8 sequence using
SEQUEST and InsPecT algorithms (37). The SEQUEST search
was based on tryptic peptides allowing for two missed cleav-
ages and the possible modifications of mono and dimeth-
ylated arginine residues. The InsPecT algorithm allowed up
to two modified mono and dimethylated arginine residues.
All potential matches were validated by inspection of the b
and y ions.

Transient Transfection and in Vivo Methylation Assay—GFP
constructs were transiently transfected into HeLa cells using
Lipofectamine 2000 (Invitrogen) as described previously (25).

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

Twenty-four hours after transfection, the cells were labeled
using a previously described in vivo methylation assay (38). The
cells were lysed in radioimmune precipitation assay buffer, and
immunoprecipitations were performed with a-GFP antibodies.
Samples were separated on a 10% SDS-PAGE, transferred to a
polyvinylidene difluoride membrane, sprayed with Enhance,
and exposed to film.

Generation of Protein Microarrays, Peptide Synthesis, and
Labeling—The generation of protein microarrays and the label-
ing of peptide probes has been described previously (39). The
peptide (Biotin-STEVNSPPSQPPQPVVPAKPVQ) was synthe-
sized by the W.M. Keck Center (New Haven, CT).

GST Pull-down Experiments—HeLa cells were transfected
with the GFP-PRMT8(G>A) construct. This construct ex-
presses a form of PRMTS that cannot be myristoylated and is
thus not membrane bound. HeLa cells were lysed in 0.5 ml of
mild lysis buffer (150 mm NaCl, 5 mm EDTA, 1% Triton X-100,
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FIGURE 3.Recombinant PRMT8 fusion proteins methylate GST-GAR, mye-
lin basic protein, and histones H2A and H4 in vitro. Recombinant PRMT8
and (A1-60) PRMT8 proteins (2 g of protein) were incubated alone or with
GST-GAR (10 ug of protein), MBP (10 g of protein), and histones H2A and H4
(10 ug of protein) in the presence of [*HJAdoMet (0.61 um) at 37 °C for 1 h.
Methylation reactions were stopped with the addition of 2X sample buffer
and methylated products were resolved by SDS-PAGE as described under
“Experimental Procedures.” The Coomassie Blue-stained gels are shown in
the upper panels (A), and the fluorographs are shown in the lower panels (B).
Molecular weight standards were electrophoresed in the left hand lane (mw)
as in Fig. 1. The GST-PRMT8 and GST-(A1-60) PRMT8 fluorograph was
exposed for 5 days while the His-PRMT8 and His-(A1-60) PRMT8 fluorograph
was exposed for 1 day.

10 mm Tris/HCI, pH 7.5). 15 ug of GST fusion protein bound to
beads was incubated with HeLa cell extracts (10-cm plate) for
2.5 hat 4 °C. After five washes with lysis buffer, the beads were
boiled in loading buffer and separated by SDS/PAGE and trans-
ferred onto polyvinylidene difluoride membranes.

RESULTS AND DISCUSSION

GST-PRMT8 Has a Much Lower Enzymatic Activity than
GST-PRMTI—The amino acid sequence of PRMTS8 is 83%
identical to that of PRMT1 over 325 residues of its 347 residue
total length (25). We were surprised, however, to find that the
full-length N-terminal GST fusion of PRMT8 had much lower
activity than the N-terminal GST fusion of PRMT1 when either
GST-GAR (22) or myelin basic protein were used as methyl-
accepting substrates (Fig. 1).

N-terminal Truncated Polypeptide of PRMT8 Displays
Enhanced Enzymatic Activity in Vitro—The major difference in
the sequence of PRMT1 and PRMT8 occurs at the N terminus
where a unique additional sequence of about 65 residues is
present on PRMTS8 (25). We thus prepared both GST fusion
and His-tagged constructs of PRMT8 with and without its
N-terminal 60 amino acid residues. The truncated PRMT8 pro-
teins would then closely match the sequence of PRMT1 (25).
We could then compare the activity of GST- and His-tagged
species with and without the unique N-terminal domain of
PRMTS.
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methyltransferase activity in vitro. Trypsin digestion of GST-PRMT8 and
GST-(A1-60) PRMTS proteins (5 ug) at 37 °Cfor 5,10, 60, or 120 min. The 0, NT
and 0, T time points indicate no trypsin (NT) digestion and trypsin (T) diges-
tion after 5 min of incubation with soybean trypsin inhibitor. Digested GST-
PRMT8 and GST-(A1-60) PRMT8 proteins were resolved by SDS-PAGE.
Digested GST-PRMT8 and GST-(A1-60) PRMT8 (2 ug of protein) were incu-
bated with 10 ug of GST-GAR and [*H]JAdoMet (0.61 um) at 37°C for 1 h,
followed by analysis of methylated products by SDS-PAGE and fluorography
(1 day exposure).
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FIGURE 5. Activation of PRMT8 activity by limited trypsin digestion of the
full-length but not the N-terminal-truncated species. Trypsin digestion of
His-tagged PRMT8 and His-(A1-60) PRMT8 proteins (5 ng) at 37 °C for 5, 10,
60, or 120 min. Digestion was terminated with the addition of soybean trypsin
inhibitor as described under “Experimental Procedures.” Controls were per-
formed without trypsin or 37 °C incubation (0, NT), and with trypsin without
incubation (0, T). Digested recombinant PRMT8 and (A1-60) PRMT8 proteins
were resolved by SDS-PAGE. Digested His-PRMT8 and His-(A1-60) PRMT8 (2
g of protein) were incubated with 10 g of GST-GAR and [?H]AdoMet (0.61
um) at 37 °Cfor 1 h, followed by analysis of methylated products by SDS-PAGE
and fluorography (4-h exposure). Molecular weight standards were electro-
phoresed in the left hand lane (mw) as in Fig. 1.

We first measured methyltransferase activity of the PRMT8
constructs toward the GST-GAR methyl-accepting substrate
using amino acid analysis after incubation with [*H]AdoMet.
We compared the activity of the full-length PRMTS8 His-tagged
fusion protein with the comparable (A1-60) PRMT8 species.
We found that the formation of both [PH]MMA and
[PH]ADMA derivatives were more than 10-fold increased when
the truncated construct was used compared with the full-length
form (Fig. 2). Control experiments in the absence of the GST-
GAR substrate revealed only trace amounts of radiolabeled
MMA and ADMA. These results suggest that the presence of
the unique N-terminal domain of PRMTS can inhibit its cata-
lytic activity.

This difference in activity between the full-length and trun-
cated His-tagged PRMT8 species was also seen when in vitro
methylation reactions were performed with [’H]AdoMet with
various methyl-accepting substrates, including GST-GAR, calf
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FIGURE 6. Kinetic properties of PRMT GST fusion proteins with GST-GAR as a methyl-accepting sub-
strate and with AdoMet as a methyl-donor. Left panel, the initial velocity with the indicated concentra-
tion of GST-GAR was measured for GST-PRMT1 (upper left panel), and GST-(A1-60) PRMT8 (lower left panel),
and GST-PRMTS (lower left panel). GST-GAR at the indicated concentration was mixed with 0.5 ug of each
enzyme and 0.34 um [*H]AdoMet in 100 mm sodium phosphate buffer (pH 7.5) in a final volume of 60 wl.
Reactions were allowed to proceed at 37 °C for 10 min for all samples except for those with GST-PRMT8
incubation, which was done for 60 min. Methylation reactions were stopped with the addition of SDS
sample buffer and fractionated by SDS-PAGE as described under “Experimental Procedures” except that
following destaining, the GST-GAR polypeptides were excised from the gel with a razor blade, cut into
3-mm slices, and dissolved by incubating in 1.5 ml of 30% hydrogen peroxide at 68 °C for 16 h. Samples
were counted after the addition of 10 ml of Safety Solve scintillation mixture. Values are given as the
average of duplicate samples after the subtraction of a small background in the absence of GST-GAR
substrate, using a specific activity of 89,650 cpom/pmol. The solid lines depict theoretical curves for K,,
values and V,,,, values of 1.5 ug/ml and 77 pmol/min/mg protein for GST-PRMT1, 0.53 ng/ml and 5.3
pmol/min/mg protein for GST-(A1-60) PRMT8, and 1.3 ug/ml and 0.16 pmol/min/mg protein for GST-
PRMTS8. Right panel, initial velocities were measured as described above with saturating GST-GAR at 16.6
wg/ml and with the indicated concentrations of AdoMet, prepared by mixing 0.34 um [*H]AdoMet with
unlabeled material. The solid lines depict theoretical curves for K,,, values and V,,, values of 0.35 um and
115 pmol/min/mg protein for GST-PRMT1, 0.3 um and 18 pmol/min/mg protein for GST-(A1-60) PRMTS,
and 2.1 um and 1.7 pmol/min/mg protein for GST-PRMTS.

UM AdoMet

to the full-length enzyme is lost (Fig.
4, left panel). Under the same diges-
tion conditions, we found that the
recombinant (A1-60) truncated
form of PRMT8 was relatively stable
to mild trypsin digestion (Fig. 4,
left panel). The digested full-
length and truncated GST-tagged
PRMTS proteins were then used
to methylate GST-GAR with
[PH]AdoMet. Methylation prod-
ucts were analyzed by SDS-PAGE
and fluorography (Fig. 4, right
panel). We found little or no activity
of the control digested full-length
PRMTS8 samples (absence of trypsin
or pretreatment with soybean tryp-
sin inhibitor). However, at 5 min of
digestion, activity was detected that
increased over the next 55 min of
digestion (Fig. 4, right panel). Inter-
estingly, digestion of the (A1-60)-
truncated form resulted in actually a
decrease in activity from the control
samples to samples digested for 5 or
10 min and little activity was found
in samples digested for 60 min or
more. These results suggest that the
N-terminal domain of full-length
PRMTS is susceptible to cleavage
with trypsin under native condi-
tions and that such cleavage can
enhance the catalytic activity of the
protein.

To verify that trypsin cleavage
leads to activation of the full-length
PRMT8 enzyme, the mild trypsin
digestion experiment was repeated
with the full-length and truncated
His-tagged PRMT8 proteins (Fig.

thymus histones H2A and H4, and myelin basic protein. Here,
the radiolabeled polypeptides were analyzed by SDS-PAGE
(Fig. 3, right panels). We also repeated the experiment using the
full-length and truncated GST-PRMTS8 enzymes (Fig. 3, left
panel). For all of these substrates, the recombinant truncated
PRMTS fusion proteins had increased activity in comparison to
the full-length proteins, although the difference was much
larger with the GST fusion proteins than the His-tagged
proteins.

Increased Methyltransferase Activity upon Limited Trypsin
Cleavage of the Full-length PRMTS8 Protein—Because the trun-
cated forms of the recombinant PRMT8 enzyme are highly
active, we decided to try to induce the enzymatic activity of the
recombinant full-length forms with tryptic cleavage under
native conditions. Full-length and (A1-60)-truncated GST-
tagged PRMTS proteins were subjected to such limited prote-
olysis, and the digestion products were analyzed by SDS-PAGE.
After 5 min of digestion, the predominant band corresponding

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

5). Here, digestion of the full-length species resulted in the loss
of the intact polypeptide, while the truncated form was much
more stable (Fig. 5, left panel). The trypsin-digested products of
the full-length and recombinant (A1-60) truncated His-tagged
PRMTS proteins were then used in the methylation assay with
GST-GAR and analyzed by SDS-PAGE and fluorography (Fig.
5, right panel). In these experiments, we detected an increase
in methyltransferase activity of the full-length form upon
digestion, although a significant amount of activity was
observed in the undigested controls. This activity increased
with increasing exposure to trypsin over 60 min. The recom-
binant truncated His-PRMT8 enzyme showed little signifi-
cant change in methyltransferase activity with exposure to
trypsin cleavage.

These results suggest that limited trypsin digestion can
remove the N-terminal extension of PRMT8 and thus alleviate
its normal inhibition of its activity in vitro, and that once
cleaved, the enzyme can increase its activity to levels that may
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versus 2.1 uMm), and most impor-
tantly, a large increase in the maxi-
mal velocity (18 pmol/min/mg ver-
sus 1.7 pmol/min/mg). Thus, it
appears that the activation that
occurs when the N-terminal
domain of PRMT8 is removed is
largely based on an increased bind-
ing affinity for AdoMet and an

GFP-PRMT6
PRMT8 - GFP

Fluorograph increase in the catalytic rate con-
stant. It is of interest to note that
under physiological levels of
AdoMet (~20 wM in mammalian

a-GFP

brain; Ref. 40), all of these enzymes
would be expected to be saturated
with the methyl donor and that the
rate differences would result largely
from changes in the catalytic rate
constant.

Automethylation of PRMT8—In a
previous study we had observed
automethylation of PRMT6 (24). To
investigate whether PRMTS8 or
other PRMTs also have the ability to

FIGURE 7. Automethylation of GST-PRMT8. A, 1 ug of each GST-PRMT fusion protein was incubated with
[®*H]AdoMet (0.34 um) and 100 mm sodium phosphate buffer, pH 7.5 in a final volume of 30 wl for one h at
37 °C. Reactions were separated on a 10% SDS-PAGE, transferred to a polyvinylidene difluoride mem-
brane, sprayed with Enhance™ (PerkinElmer Life Sciences) and exposed to film overnight (upper panel).
The same membrane was the stained with Ponceau-S to demonstrate roughly equal loading of the GST-
PRMT fusion proteins (lower panel). GST fusion proteins were produced and purified as previously
described (24, 28). B, purified GST-PRMT8 (20 ug) was incubated with [*H]JAdoMet (0.34 um) and 100 mm
sodium phosphate buffer, pH 7.5 in a final volume of 60 ul for 1 h at 37 °C. The methylation reaction
stopped with the addition of equal volume of sample buffer and the polypeptides resolved by SDS-PAGE.
The automethylated band of >*H-methylated GST-PRMT8 was extracted, acid hydrolyzed, and fractionated
by high-resolution cation exchange chromatography with unlabeled standards of ®-MMA, SDMA, and
ADMA as described under “Experimental Procedures” and the legend to Fig. 2. C, different plates of HelLa
cells were transiently transfected with GFP-PABP1, GFP-PRMT5, GFP-PRMT6, and PRMT8L-GFP. Methyl-
ated proteins were labeled and analyzed as described under “Experimental Procedures.” Immunoprecipi-
tations (IP) were performed with aGFP antibodies. The *H-labeled proteins were exposed for visualized by
fluorography (upper panel), and the same membrane was immunoblotted with aGFP antibodies (lower
panel). GFP-PABP1 is a known CARM1 substrate and serves as a positive control.

methylate themselves we performed
an in vitro methylation assay incu-
bating a set of GST-PRMTs with
[PH]AdoMet with no additional
methyl-accepting substrate. Radio-
labeled GST-PRMT proteins were
analyzed by SDS-PAGE. Using this
assay we find that PRMT6 is
strongly methylated as expected
(Fig. 7, panel A). In addition, the
full-length form, but not the (Al-
60)-truncated form, of PRMTS is
also strongly methylated, suggesting

e

approach those of the PRMT1 enzyme that lacks the N-termi-
nal domain of PRMTS.

Kinetic Analyses of PRMT Enzymes—To ask whether the
activation of the truncated form of GST-PRMT8 resulted from
a change in the K, or the V. of the enzyme for its substrates,
we developed a quantitative kinetic assay for PRMT enzymes
using [*H]AdoMet as a methyl donor. We measured the radio-
labeled GST-GAR product separated on SDS-PAGE as
described in the legend of Fig. 6. For each enzyme preparation,
we determined initial velocity conditions where the formation
of product was proportional to both the amount of enzyme
used and the time of incubation. We first tested this method
with the well-characterized GST-PRMT1 enzyme and found
that both AdoMet and the GST-GAR methyl-accepting sub-
strate were recognized with high affinity (K, values of 0.35 um
and 1.5 pg/ml, respectively). We then compared the activities
of the full-length GST-PRMTS8 and the truncated GST-(A1-
60) PRMTS8 enzymes (Fig. 6). We found that the truncated
enzyme had a marginally increased affinity for GST-GAR, a
significantly increased affinity for AdoMet (K, value of 0.3 um

36450 JOURNAL OF BIOLOGICAL CHEMISTRY

that automethylation is occurring at
its N-terminal domain. We confirmed the automethylation of
the full-length form of PRMT8 by amino acid analysis that
showed the presence of radiolabeled ADMA and MMA (Fig. 7,
panel B). PRMT1 and PRMT4 also display a weak degree of
automethylation (Fig. 7, panel A).

To determine if automethylation of PRMT8 is taking place in
a cellular context, we performed an in vivo methylation assay
where HelLa cells were transiently transfected with four differ-
ent GFP fusion proteins (PABP1, PRMT5, PRMT6, and
PRMTS8L), and methylated proteins were labeled with tritiated
methionine in the presence of cycloheximide (Fig. 7, panel C).
GFP-PABP1 is a known CARMI1 substrate and serves as a pos-
itive control. GFP-PRMT5 is not labeled is this assay and serves
as a negative control. Both PRMT6 and PRMTS8 are labeled,
indicating that these two PRMTs are automethylated in vivo as
well as in vitro.

The sites of PRMT8 automethylation were then localized by
mass spectrometric analyses of GST-PRMT8 purified by SDS-
PAGE (Fig. 8). MS/MS sequencing of tryptic peptides revealed
the presence of dimethylarginine at positions 108 and 182 of the
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FIGURE 8. Sites of automethylation of GST-PRMT8 determined by mass
spectrometry. GST-PRMT8 expressed in E. coli was purified by affinity chro-
matography followed by SDS-PAGE. The full-length GST-PRMT8 fusion
polypeptide was digested with trypsin and the resulting peptides fraction-
ated by reverse-phase HPLC and sequenced by MS/MS analysis using a
Thermo LTQ ion trap instrument as described under “Experimental Proce-
dures.” A, observed methylated peptides. The b and y ions found are depicted
using bracket indicators. The MS/MS spectra of the methylated peptides with
the indicated b and y ions highlighted are shown under supplemental mate-
rials. B, local sequence surrounding each of the methylarginine residues is
shown.

GST protein and position 73 of the PRMTS protein (Fig. 84).
These residues appear to be asymmetrically dimethylated
because we find characteristic ions with a neutral loss of 45
daltons from the loss of dimethylamine, confirming the results
of amino acid analysis (Fig. 7B) (41). Additionally, we find a site
of monomethylarginine at position 58 of PRMT8 (Fig. 84).
With the exception of the GST site at position 182, we also
detected each of these peptides in the unmodified form, sug-
gesting that the automethylation reaction is generally incom-
plete. In Fig. 8B, we show that there appears to be no common
sequence elements adjacent to the methylated sites. We suspect
that the methylation of each of these residues reflects their
proximity to the PRMTS8 active site. At this point, it is unclear
whether the same polypeptide is responsible for its own meth-
ylation or whether adjoining catalytic chains in a complex are
involved.

It is not known at present what the effect of the automethy-
lation reactions are on the activity of PRMTS8. However, it is
significant that the PRMT8 automethylation sites are localized

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

A. MGMKHSSRCLLLRRKMAENAAE

PR-domain |
STEVNSPPSQPPQPVVPAKPVQ

PR-domain Il
CVHHVSTQPSCPGRGKMSKLLN - 66

B. SH3 Domains

GST-PRMT2

GST-P85
GST-Src

-
=]
o
£
X
n

ST
GST-Abl
GST-Fyn
GST-Pley

150 =
75,

50 -
aGFP

37 =
25 ™

21 =

50 - ] .
37 = Ponceau S

p _
25 ~ RS :

GST
GST-Abl
GST-P85
GST-PRMT?2
GST-Src

B .
PR-domain |
0 0 0 o 0o offll

FIGURE 9. Proline-rich sequences in the N-terminal tail of PRMT8 mediate
SH3 domain interactions. A, N-terminal portion of PRMT8 harbors two pro-
line-rich tracts, PR-domain | and PR-domain Il. B, pull-down experiment was
performed using a set of six GST-SH3 domains. Lysates from Hela cell that
express PRMT8-GFP were subjected to this pull-down analysis and immuno-
blotted with aGFP (upper panel). The same membrane was the stained with
Ponceau S to demonstrate roughly equal amounts of GST-SH3 domain usage
in the pull-downs (lower panel). Some of these recombinant proteins have the
tendency to degrade, and we have marked the full-length proteins with a
black spot. C, collection of six GST-SH3 domains and GST itself was arrayed on
a nitrocellulose slide. The array was probed with a Cy3-labeled peptide rep-
resenting PR-domain I. The array was subsequently probed with an aGST
antibody and detected with afluorescein isothiocyanate-conjugated second-
ary antibody to establish roughly equal loading.

in and near the N-terminal domain. The ability of PRMT8 to
methylate its own N terminus points toward a possible mecha-
nism for autoregulation. Clearly, if the N terminus folds back
into is own active site, then subsequent substrate recognition
may be impaired.

PRMT8 Is Bound by SH3 Domains—To investigate whether
the N-terminal region of PRMT8 may harbor unique protein
motifs, a Scansite search was performed (42). We identified
two proline-rich sequences that are predicted to bind SH3
domains, and have designated them PR-domain I and PR-do-
main II (Fig. 94). To experimentally determine whether
PRMT8 bound SH3 domain-containing proteins, we per-
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forms of human PRMT8 and sug-
gest a model for its regulation in
cells. We propose that the N-termi-
nal domain may structurally inhibit
the activity of the catalytic core
domain, resulting in a full-length
species with low activity. We have
shown that the activity can be
enhanced by either the removal of
the N-terminal domain in the
recombinant (A1-60) truncated
forms or by limited proteolytic
digestion. Recently, it has been sug-
gested that N-terminal sequences
can also affect the activity and the
substrate specificity of PRMT1 (44).

The human PRMTS protein con-

Proline -
Recombinant Proteolytic et tains an N-terminal myristoyl mod-
Short Form mdm o Intact Cell ification (25) that is not found in our
Binding of 2 recombinant proteins expressed in
More Active More Active 5H3td_omain— More Active ¢ E. coli. We suggest that the myris-
;?gt:i':;?g N-myristoyl toyl residue may participate in the

FIGURE 10. Model for the N-terminal regulation of PRMT8 activity. A less-active full-length PRMT8 contains
either an N-terminal myristoylation group at Gly-2 or a His or GST tag (top center). Activation occurs when the
N-terminal domain is removed by either (A1-60) truncation in His or GST tag protein (bottom left) or proteolysis
(bottom center). In cells, we suggest that activation may occur by displacement of the N-terminal domain,
perhaps by ligand binding or proteolysis (bottom right). The position of the proline-rich motifs that bind SH3
domain-containing proteins (Fig. 9) are indicated within the N-terminal domains. It is unclear at this point
which full-length PRMT8 form binds the SH3 domain-containing proteins, although it seems most reasonable
that the binding occurs when the N-terminal domain is displaced. It is also unclear how the binding of proteins

to the proline-rich regions will affect PRMT8 activity.

formed a GST pull-down experiment with a set of six differ-
ent GST-SH3 domains. HeLa cells were transfected with
PRMTS8-GFP and cell lysates were incubated with bacterially
expressed GST-SH3 fusion proteins prebound to glutathi-
one-Sepharose 4B beads. PRMT8-GFP pulled down by the
fusion proteins was detected by Western blot analysis (Fig.
9B). We detected strong binding of PRMT8-GEFP to the SH3
domains of Fyn and PRMT2, weak binding to the SH3
domains of Plcy and p85, and no binding to Src or Abl. To
establish whether the proline-rich domains of PRMTS8 are
sufficient for binding to these SH3 domains, we synthesized
a biotinylated peptide that harbored PR-domain I of PRMT8
(Fig. 9A4). This peptide was Cy3-labeled and used to probe a
SH3 domain microarray, using an approach that we recently
developed (39, 43). We found that this proline-rich peptide
binds strongly to the SH3 domains of both p85 and PRMT2
(Fig. 9C). It is intriguing that the SH3 domain of PRMT?2, a
member of the protein arginine methyltransferase family
that has no known enzymatic activity (1), binds strongly both
to PRMT8 and to the proline rich peptide. Finally, we asked
whether GST-SH3 domains could alter the methyltrans-
ferase activity of GST-PRMTS in an in vitro assay. However,
we found no changes with any of the six GST-SH3 domains
(data not shown). It is possible that the other domains of
these proteins, or additional binding partners, may be nec-
essary for regulatory activity.

Model of PRMTS8 Activity—In Fig. 10, we summarize our
findings on the methyltransferase activity of recombinant

36452 JOURNAL OF BIOLOGICAL CHEMISTRY

role of the N-terminal domain in
limiting the activity of the enzyme.
We speculate that binding of one or
more physiological ligands may be
able to displace the N-terminal
domain from the catalytic domain
and alleviate the inhibition of
enzyme activity. N-terminal myris-
toylation has been previously shown to act in a regulatory fash-
ion in the autoinhibition of the c-Abl kinase (45).

Acknowledgments—We thank Tina Miranda for help in the early
cloning stages of this work and Alexsandra Espejo for the protein
microarray work. We thank Drs. Julian Whitelegge and Kym Faull of
the UCLA Pasarow Mass Spectrometry Laboratory for their continu-
ing help and advice with these studies.

REFERENCES

1. Bedford, M. T., and Richard, S. (2005) Mol. Cell 18, 263-272

2. Fackelmayer, F. O. (2005) Trends Biochem. Sci. 30, 667—671

3. Pahlich, S., Zakaryan, R. P., and Gehring, H. (2006) Biochim. Biophys. Acta
1764, 1890-1903

4. Krause, C. D, Yang, Z. H,, Kim, Y. S,, Lee, ]. H., Cook, J. R, and Pestka, S.
(2007) Pharmacol. Ther. 113, 50— 87

5. Bachand, F. (2007) Eukaryot. Cell 6, 839 —898

6. Bedford, M. T., Frankel, A., Yaffe, M. B., Clarke, S., Leder, P., and Richard,
S. (2000) J. Biol. Chem. 275, 16030 -16036

7. Inamitsu, M., Itoh, S., Hellman, U, ten Dijke, P., and Kato, M. (2006) FEBS
Lett. 580, 6603— 6611

8. Yadav, N, Lee, J., Kim, J., Shen, J., Hu, M. C., Aldaz, C. M., and Bedford,
M. T. (2003) Proc. Natl. Acad. Sci. 100, 6464 — 6468

9. Covic, M., Hassa, P. O., Saccani, S., Buerki, C., Meier, N. I., Lombardi, C.,
Imhof, R., Bedford, M. T., Natoli, G., and Hottiger, M. O. (2005) EMBO ].
24, 85-96

10. Cheng, D., Cote, J., Shaaban, S., and Bedford, M. T. (2007) Mol. Cell 25,
71-83
11. Krones-Herzig, A., Mesaros, A., Metzger, D., Ziegler, A., Lemke, U., Brun-

ing, J. C., and Herzig, S. (2006) J. Biol. Chem. 281, 3025-3029

VOLUME 282-NUMBER 50+ DECEMBER 14, 2007

8002 ‘v’z Arenuer uo ‘qr ‘pawolg Buied asinoT-y1oN e B1oogl-Mmmm Wwoly papeojumod


http://www.jbc.org

The Journal of Biological Chemis

e

12.

13.

14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

27.

28.

DECEMBER 14, 2007 < VOLUME 282 +NUMBER 50

Regulation of PRMT8 Activity by Its N-terminal Domain

El Messaoudi, S., Fabbrizio, E., Rodriguez, C., Chuchana, P., Fauquier, L.,
Cheng, D., Theillet, C., Vandel, L., Bedford, M. T., and Sardet, C. (2007)
Proc. Natl. Acad. Sci. U. S. A. 103, 13351-13356

Naeem, H., Cheng, D., Zhao, Q., Underhill, C., Tini, M., Bedford, M. T,
and Torchia, J. (2007) Mol. Cell. Biol. 27, 120-134

Fabbrizio, E., El Messaoudi, S., Polanowska, J., Paul, C., Cook, J., Lee, ]. H.,
Negre, V., Rousset, M., Pestka, S., Le Cam, A., and Sardet, C. (2002) EMBO
Rep. 3, 641-645

Araya, N, Hiraga, H., Kako, K., Arao, Y., Kato, S., and Fukamizu, A. (2005)
Biochem. Biophys. Res. Comm. 329, 653—660

Yun, C.Y., and Fu, X. D. (2000) /. Cell Biol. 150, 707-718

Bachard, F., and Silver, P. A. (2004) EMBO J. 23, 2641-2650

Swiercz, R., Person, M. D., and Bedford, M. T. (2005) Biochem. ]. 386,
85-91

Gary, J., and Clarke, S. (1998) Prog. Nucleic Acids Res. Mol. Biol. 61,
65-131

Zobel-Thropp, P., Gary, J., and Clarke, S. (1998) J. Biol. Chem. 273,
29283-29286

Tang, J., Frankel, A., Cook, R. ], Kim, S., Paik, W. K., Williams, K. R,,
Clarke, S., and Herschman, H. R. (2000) /. Biol. Chem. 275, 7723-7730
Tang, J., Gary, ]. D., Clarke, S., and Herschman, H. R. (1998) J. Biol. Chem.
273, 16935-16945

Chen, D., Ma, H., Hong, H., Koh, S. S., Huang, S. M., Schurter, B. T,
Aswad, D. W, and Stallcup, M. R. (1999) Science 284, 2174-2177
Frankel, A., Yadav, N,, Lee, J., Branscombe, T., Clarke, S., and Bedford,
M. T. (2002) J. Biol. Chem. 277, 3537—3543

Lee, ]., Sayegh, J., Daniel, J., Clarke, S., and Bedford, M. T. (2005) /. Biol.
Chem. 280, 32890 -32896

Branscombe, T. L., Frankel, A., Lee, ]. H., Cook, ]. R., Yang, Z. H., Pestka, S.,
and Clarke, S. (2001) J. Biol. Chem. 276, 32971-32976

Cook, J. R, Lee, J. H., Yang, Z. H., Krause, C. D., Herth, N., Hoffmann, R.,
and Pestka, S. (2006) Biochem. Biophys. Res. Commun. 342, 472—481
Miranda, T. B., Miranda, M., Frankel, A., and Clarke, S. (2004) /. Biol.

29.

30.
31.
32.
33.

34.

35.

36.
37.

38.
39.

40.
41.

42.

43.

44,

45.

Chem. 279, 22902-22907

Lee, J. H., Cook, J. R,, Yang, Z. H., Mirochnitchenko, O., Gunderson, S. I,
Felix, A. M., Herth, N., Hoffmann, R., and Pestka, S. (2005) J. Biol. Chem.
280, 3656 —3664

Zhang, X., and Cheng, X. (2003) Structure (Camb.) 11, 509 -520

Hung, C. M., and Li, C. (2004) Gene (Amst.) 340, 179-187

Hermann, F., Lee, J., Bedford, M. T., and Fackelmayer, F. O. (2005) /. Biol.
Chem. 280, 38005-38010

Taneda, T., Miyata, S., Kousaka, A., Inoue, K., Koyama, Y., Mori, Y., and
Tohyama, M. (2007) Brain Res. 1155, 1-9

Rowe, D. C., McGettrick, A. F., Latz, E., Monks, B. G., Gay, N. ],
Yamamoto, M., Akira, S., O'Neill, L. A, Fitzgerald, K. A., and Golenbock,
D. T. (2007) Proc. Natl. Acad. Sci. U. S. A. 103, 6299 — 6304

Lin, W.]., Gary, ]. D,, Yang, M. C,, Clarke, S., and Herschman, H. R. (1996)
J. Biol. Chem. 271, 15034 —15044

Niewmierzycka, A., and Clarke, S. (1999) J. Biol. Chem. 274, 814 — 824
Tanner, S., Shu, H, Frank, A., Wang, L.-C., Zandi, E., Mumby, M., Pe-
vzner, P. A, and Bafna, V. (2005) Anal. Chem. 15, 4626 — 4629

Liu, Q., and Dreyfuss, G. (1995) Mol. Cell. Biol. 15, 28002808

Espejo, A., Cote, J., Bednarek, A., Richard, S., and Bedford, M. T. (2002)
Biochem. J. 367, 697—702

Farrar, C., and Clarke, S. (2002) J. Biol. Chem. 277, 27856 —27863
Gehrig, P. M., Hunziker, P. E., Zahariev, S., and Pongor, S. (2004) J. Am.
Soc. Mass Spectrom. 15, 142—149

Yaffe, M. B., Leparc, G. G, Lai, J., Obata, T., Volinia, S., and Cantley, L. C.
(2001) Nature Biotechnol. 19, 348 —353

Kim, J., Daniel, J., Espejo, A., Lake, A., Krishna, M., Xia, L., Zhang, Y., and
Bedford, M. T. (2006) EMBO Reports 7, 397—-403

Goulet, I., Gauvin, G., Boisvenue, S., and Coté, J. (2007) J. Biol. Chem. 282,
33009 -33021

Nagar, B., Hantschel, O., Seeliger, M., Davies, ]. M., Weiss, W. L, Superti-
Furga, G., and Kuriyan, J. (2006) Mol. Cell 21, 787-798

JOURNAL OF BIOLOGICAL CHEMISTRY 36453

8002 ‘v’z Arenuer uo ‘qr ‘pawolg Buied asinoT-y1oN e B1oogl-Mmmm Wwoly papeojumod


http://www.jbc.org

