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L-Aspartyl (L-Asp) and L-asparaginyl residues in proteins isomerize or racemize to p,L.-isoaspartyl (b,L-iso-
Asp) or p-aspartyl (p-Asp) residues during protein aging. These atypical aspartyl residues can interfere
with the biological function of the protein and lead to cellular dysfunction. Protein r-isoaspartyl (p-aspar-
tyl) methyltransferase (PIMT) is a repair enzyme that facilitates conversion of L-isoAsp and p-Asp to
L-Asp. PIMT deficient mice exhibit accumulation of L-isoAsp in several tissues and die, on average, 12 days
after birth from progressive epileptic seizures with grand mal and myoclonus features. However, little is
known about the molecular mechanisms by which accumulation of the aberrant residues leads to cellular
abnormalities. In this study, we established PIMT-knockdown cells using a short interfering RNA expres-
sion system and characterized the resultant molecular abnormalities in intracellular signaling pathways.
PIMT-knockdown cells showed significant accumulation of proteins with isomerized residues, compared
to control cells. In the PIMT-knockdown cells, Raf-1, MEK, and ERK, members of the MAPK cascade, were
hyperphosphorylated after EGF stimulation compared to control cells. These results suggest that PIMT

repair of abnormal proteins is necessary to maintain normal MAPK signaling.

© 2008 Elsevier Inc. All rights reserved.

L-Aspartyl residues (L-Asp) and L-asparaginyl residues in
proteins racemize or isomerize to p-aspartyl and p,L-isoaspartyl
residues (p,.-isoAsp) under physiological conditions during the
process of protein aging [1-5]. These posttranslational modifica-
tions may result in a dysfunctional protein, since these modifica-
tions change the conformation of the protein backbone as well as
the number of carbon atoms [6-8]. Protein L-isoaspartyl (p-aspar-
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tyl) methyltransferase (PIMT) facilitates the conversion of these
isomerized aspartyl residues to L-Asp.

PIMT-knockout mice die at an average age of 12 days after birth
from progressive epileptic seizures with grand mal and myoclonus
features [9]. Escherichia coli cells in which the gene encoding PIMT
is disrupted are sensitive to heat shock and oxidative stress [10]. In
addition, overexpression of PIMT in Drosophila melanogaster in-
creases the lifespan of the mutant flies [11]. These studies suggest
that PIMT is able to repair abnormal proteins in vivo in which race-
mized or isomerized Asp residues accumulate during protein aging
or under conditions of cell stress. However, little is known about
the molecular mechanisms by which accumulation of the aberrant
residues leads to pathological abnormalities such as neurogenera-
tive disorders.

PIMT-knockout mice display abnormal arborization of the
dendrites of pyramidal neurons and an increased brain size [9].
Furthermore, splenocytes and CD4" T cells from PIMT-knockout
mice exhibit increased proliferation in response to mitogen and
receptor-mediated stimulation, compared to wild-type mice
[12]. These studies suggest that PIMT deficiency (and the resul-
tant accumulation of deleterious proteins) increases cell prolifer-
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ation by affecting components of signaling pathways. In this
study, we first established several lines of PIMT-knockdown cells
using a short interfering RNA (siRNA) expression system, and
characterized the resultant molecular abnormalities in intracellu-
lar signaling pathways (in particular, the mitogen-activated pro-
tein kinase (MAPK) cascade) in response to epidermal growth
factor (EGF) stimulation.

Materials and methods

Materials. An anti-active MAPK (pTEpY) antibody was obtained from Promega
(Madison, WI, USA). Anti-p44/p42 MAP kinase, anti-phospho-MEK1/2 (Ser217/
221), anti-MEK1/2, and anti-phospho-c-Raf (Ser338) antibodies were obtained from
Cell Signaling Technology (Beverly, MA, USA). Anti c-Raf was obtained from BD Bio-
sciences (San Jose, CA, USA). Anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was obtained from American Research Products (Belmont, MA, USA).
The anti-PIMT-I antibody was raised in rabbits immunized with a synthetic peptide
corresponding to residues Trp??2-Lys?%® of mouse PIMT-I, as described previously
[13,14].

Cell culture. Human embryonic kidney (HEK)-293 cells were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine ser-
um, 100 U/ml penicillin and 100 pg/ml streptomycin at 37 °C in 5% CO,. The cells
were passaged every 7 days.

Construction of siRNA expression plasmids. The H1 promoter was amplified by
PCR using the following primers: Hlpro-F, 5-GGATCCGAGTGGTCTCATACA
GAACTTATAAGATTCCCAAATCCAAAGACATTTCAC-3’; and H1pro-R, 5-GTTTCTGT
AAAGTGCAAATACCACTAAAGGGTCTTGTGTATCGCTGTACGTTTATAA-3'. These prim-
ers are complementary to each other at the underlined sequences and act as tem-
plates for one another. The H1 promoter was subcloned into pcDNA3.1(+)
(Invitrogen, Carsbad, CA, USA) between EcoRI and BamHI and the CMV promoter
was deleted from pcDNA3.1(+) by restriction enzyme digestion with Nhel and BglII,
followed by blunt ending with Klenow fragment and self-ligation. Hairpin-type siR-
NA-expression sequences were chemically synthesized and subcloned into H1pro/
pcDNA3.1(+) between the BamHI and HindlIII sites after annealing and phosphory-
lation with T4 kinase. Hairpin-type siRNA-expression sequences were as follows:
hPIMT si-1 F, 5'-GATCCCATGGAATCATCAAGACAGATTCAAGAGATCTGTCTTGATGAT
TCCATTTTTTTGGAAA-3'; hPIMT si-1 R, 3'-GGTACCTTAGTAGTTCTGTCTAAGTTCTC
TAGACAGAACTACTAAGGTAAAAAAACCTTITCGA-5'; hPIMT si-3 F, 5-GATCCC
GTGATGCTGGCTACAGACCTTCAAGAGAGGTCTGTAGCCAGCATCACTTTTTTGGAAA-3;
hPIMT si-3 R, 3'-GGCACTACGACCGATGTCTGGAAGTTCTCTCCAGACATCGGTCGTAGT
GAAAAAAACCTTITCGA-5'; control-si F, 5'-GATCCCAATGACATAGACATGGCAATT
CAAGAGATTGCCATGTCTATGTCATTTTTTTTGGAAA-3'; control-si R, 3'-GGTTACTG
TATCTGTACCGTTAAGTTCTCTAACGGTACAGATACAGTAAAAAAACCTTITCGA-5'. These
sequences were designed to generate BamHI and HindIIl cohesive ends at the 5’
and 3’ ends (underlined sites) when each F and R pair were annealed. The control
siRNA is a randomized sequence.

Stable transfection of siRNA expression plasmids. Plasmid DNA was transfected
into subconfluent HEK-293 cells using the TransIT-293 transfection reagent (Mirus
Bio Corp.) according to the manufacturer’s instructions. Stable transfectants were
selected by culturing in medium containing 1 mg/mL G418 (Promega) for 2-4
weeks.

Northern blotting. Total RNA (20 ug), extracted from HEK-293 cells using Isogen
(Nippon Gene, Tokyo, Japan), was separated on 1% agarose gels containing 18% form-
aldehyde, blotted with 10x SSC onto a nylon membrane (Schleicher & Schuell), and
hybridized to a digoxigenin (DIG)-labeled RNA probe recognizing PIMT. Hybridiza-
tion was performed at 68 °C overnight with DIG Easy Hyb Granules (Roche Applied
Science, Mannheim, Germany). Signals were detected using chemiluminescent
detection with CDP-Star (Roche Applied Science).

Cloning, expression and purification of recombinant human PIMT. The human PIMT
coding sequence was amplified from HEK-293 cDNA by RT-PCR and subcloned into
PRSET-B (Invitrogen) between the BamHI and EcoRI sites. The primers used were:
hPIMT-BamHI—F, 5-TAAGGATCCGATGGCCTGGAAATCCGGC-3’; hPIMT-EcoRI-R,
3'-TGGTCCAGGTGGAAGTGAGAATTCGAA-5'. These sequences were designed to
generate BamHI and EcoRI restriction sites at the 5" and 3’ ends (underlined sites),
respectively. E. coli BL21(DE3)pLysS transformed with the plasmid was cultured
overnight with 0.01 mM isopropyl-p-p-thiogalactoside and solubilized using the
Bug Buster Protein Extraction Reagent (Novagen, Madison, WI, USA). The His-tagged
recombinant PIMT was purified by affinity chromatography using His GraviTrap (GE
Healthcare, Buckinghamshire, UK). The protein fraction was eluted with buffer con-
taining 200 mM imidazole and dialyzed at 4 °C for 6 h against 20 mM potassium
phosphate, pH 7.5, 10% glycerol, and 5 mM 2-mercaptoethanol. The specific activity
of the purified PIMT was 11 nmol/min/mg protein using the delta sleep-inducing
peptide as the methyl acceptor.

Detection of isoaspartate residues in HEK-293 cells by SDS-PAGE and [H]fluo-
rography. HEK-293 cell lysates were prepared by incubating cell pellets on ice
for 60 min in lysis buffer containing PBS, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 0.1% SDS, and protease inhibitors (Roche Applied Science), followed by
passage through a 20-gauge needle. Insoluble material and nuclei were removed

by centrifugation at 10,000g and 4 °C for 10 min, and the lysates were stored at
—80°C until use. Protein concentration in the lysate was determined by the
method of Bradford. Methylation of proteins in the HEK-293 cell lysate was car-
ried out at 37 °C for 10 min, in a reaction mixture containing 100 mM sodium
phosphate, pH 6.8, 1mM EGTA, 0.004% sodium azide, 0.16% Triton X-100,
14 uM purified PIMT, and 1.8 uM [*H]methyl-SAM (3.15 TBq/mmol, PerkinElmer).
Reactions were terminated by addition of 3x SDS-PAGE sample buffer (pH 6.8).
After heating at 50 °C for 5 min, samples were subjected to SDS-PAGE on Novex
NuPAGE 4-12% gradient gels using MES running buffer (Invitrogen). Electropho-
resis was carried out at 100V at 4 °C to minimize methyl ester hydrolysis. Gels
were stained with Coomassie Brilliant Blue, and subjected to fluorography using
the Amplify Fluorographic Reagent (GE Healthcare). The intensity of each band
was quantified using NIH Image software Ver.1.63.

EGF stimulation. HEK-293 cells were plated at 9 x 10° cells/well in six-well
plates and grown in culture medium for 27 h at 37 °C. EGF (1 pg/ml, Sigma, St. Louis,
MO, USA) was added to the medium and the cells were further incubated at 37 °C
for the indicated times. Incubations were stopped by the addition of ice cold PBS.

Western blotting. Whole cell lysates were prepared by incubating cultured
cells in 2% SDS at 100 °C for 10 min. Protein concentration in the lysates was
determined by the Lowry method. The proteins in the cell lysates were then
separated on polyacrylamide gels ranging from 8% to 12.5%, depending on the
proteins to be analyzed. After electrophoresis, the proteins were electrotrans-
ferred to a PVDF membrane. Antibody-antigen complexes were detected by en-
hanced chemiluminescence (ECL, GE Healthcare) and visualized by exposure to
X-ray film (Lumi-Film Chemiluminescent Detection Film, Roche). After chemilu-
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Fig. 1. Expression levels of PIMT in PIMT-knockdown HEK-293 cells. (A) Expression
level of PIMT mRNA in each cell line was determined by Northern blotting with a
DIG-labeled RNA probe for human PIMT (upper panel). The abundance of 28S and
18S rRNA is shown as a loading control (ethidium bromide staining, lower panel).
Each lane contains 20 pg of total RNA. 293/si-1-2 and 293/si-1-16 are indepen-
dently isolated clones. (B) Expression levels of PIMT protein in each cell line were
analyzed by Western blotting with anti-PIMT-1. As a loading control, levels of gl-
yceraldehyde-3-phosphate dehydrogenase (GAPDH) were also determined. Each
lane contains 30 pg of protein.
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minescent detection, the membrane was stripped and reprobed with the indi-
cated antibodies under the same conditions. The intensity of each band was
quantified as described above.

Results
Isolation of PIMT-knockdown cells

To investigate the physiological role of PIMT, we generated
cell lines with reduced levels of endogenous PIMT using siRNA.
We selected two sites in the hPIMT gene as targeting sequences
for construction of PIMT-short-hairpin RNA plasmids: +130 to
+151 (si-1) and +162 to +183 (si-3). As a negative control, we
designed a scrambled sequence (control-si), which consisted of
the same nucleotides as si-1, but in randomized order. Hairpin-
type siRNA expression plasmids were constructed using the
mammalian expression vector pcDNA3.1(+) as described in Mate-
rials and methods. These siRNA expression plasmids (si-1 and

si-3) were transfected into HEK-293 cells, and stably transfected
cells were isolated by G418 selection. To confirm the effects of
the siRNA expression plasmids on the PIMT expression levels in
these isolated cells, we performed Northern blot analysis using
a DIG-labeled probe against human PIMT mRNA. As shown in
Fig. 1A, three clones, 293/si-1-2, 293/si-1-16, and 293/si-3-4
showed significant decreases in PIMT mRNA levels compared to
wild-type HEK-293 cells. We also isolated control cell lines which
were stably transfected with a CMV promoter-eliminated
pcDNA3.1(+) empty vector (293/Neo) or a sequence-randomized
siRNA expression plasmid (293/control-si). These control cells ex-
pressed levels of PIMT mRNA comparable to wild-type cells
(Fig. 1A). In Fig. 1B, protein levels of PIMT were examined by
Western blot analysis using an anti-PIMT-1 antibody. In agree-
ment with the Northern blot analysis, the PIMT protein levels
of the transfectants 293/si-1-2, 293/si-1-16, and 293/si-3-4 were
markedly reduced compared to wild-type and control HEK-293
cells.
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Fig. 2. Accumulation of isomerized or racemized proteins in PIMT-knockdown HEK-293 cells. Total cell lysates (40 pg protein) from each line of HEK-293 cells were incubated
with recombinant human PIMT and [*H]methyl-SAM to methylate isomerized or racemized aspartyl residues, as described in Materials and methods. Subsequently,
methylated proteins were subjected to SDS-PAGE and fluorography. (A) Coomassie brilliant blue stained gel. No differences in protein composition between cell lines were
apparent, and similar amounts of protein were present in each lane. (B) Proteins methylated by PIMT were visualized by fluorography. (C) Band intensities in the upper area of
the fluorogram (B: *) were measured in each lane, using NIH Image, and normalized by the intensity of the band in the Coomassie brilliant blue-stained gel (A). The band
intensity of each cell line is presented relative to the 293/Neo intensities. (D) The intensities of the protein bands A-D in the fluorogram (B) were measured in each lane using
NIH Image, and normalized to the intensity of the corresponding band in the Coomassie brilliant blue-stained gel (A).



S. Kosugi et al./Biochemical and Biophysical Research Communications 371 (2008) 22-27 25

Accumulation of racemized or isomerized proteins in PIMT-knockdown
cells

We next investigated whether racemized or isomerized pro-
teins accumulated in PIMT-knockdown cells (Fig. 2A-D). Cell
lysates prepared from PIMT-knockdown cells or control cells
were incubated with recombinant PIMT (rPIMT) in the pres-
ence of [*H]methyl-SAM. Subsequently, the proteins were sep-
arated by SDS-PAGE to detect [*H]methyl groups incorporated
into the proteins by the rPIMT-catalyzed reaction using
fluorography (Fig. 2). Densitometric analysis showed that the
incorporation of [*H]methyl groups into total protein was
approximately twofold higher in the PIMT-knockdown cells,
293/si-1-2, 293/si-1-16, and 293/si-3-4, than in the control
cells, 293/Neo and 293/control-si (Fig. 2C). Further quantitation
of several major bands demonstrated that the intensities of
bands A, B, C, and D in these PIMT-knockdown cells displayed
approximately 3.0-, 1.7-, 1.7-, and 2.4-fold increases, respec-
tively, compared to those of control cells (293/Neo) (Fig. 2D).
These results indicate that silencing of PIMT expression results
in the accumulation of proteins with racemized or isomerized
residues in HEK-293 cells
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Hyperactivation of EGF-induced signaling in PIMT-knockdown cells

We subsequently investigated the effect of PIMT suppression on
the MAP kinase cascade, which is involved in regulation of cell
growth and differentiation. PIMT-knockdown cells and control
cells were stimulated with 1 pg/mL EGF for 0, 5, 10, or 30 min at
37 °C and the amount of activated ERK1/2 was then detected by
Western blot analysis using an anti-pTEpY motif antibody, fol-
lowed by quantitation of band intensities. Fig. 3A and B show that
EGF induced the transient phosphorylation of ERK1/2 with peak
phosphorylation at 5 to 10 min after stimulation in both control
(293/Neo and 293/control-si) and PIMT-knockdown (293/si-1-16)
cells. In the PIMT-knockdown cells, however, the ERK1/2 phos-
phorylation was markedly enhanced compared to control cells.
Quantitation of total ERK levels relative to those of GAPDH demon-
strated that the total ERK levels did not change during the course of
the experiment (data not shown).

ERKs are activated through phosphorylation by the upstream
kinase MEK. To determine whether hyperphosphorylation of ERKs
in the PIMT-knockdown cells was caused by increased activation of
MEK, we examined the activated levels of MEK after EGF stimula-
tion. In both control and PIMT-knockdown cells, transient phos-
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Fig. 3. EGF-stimulated Raf-1, MEK-1/2, and ERK-1/2 activation is increased in PIMT-knockdown cells. (A) HEK-293 cells (293/Neo, 293/control-si, and 293/si-1-16) were
stimulated with 1 pg/mL EGF for 0, 5, 10, or 30 min, and the cell lysates were immunoblotted with the indicated antibodies. Each lane contains 15 pg of total cell lysate.
Similar results were obtained in three separate experiments. (B-D) Phosphorylation levels of ERK-1/2 (B), MEK-1/2 (C) and Raf-1 (D). The intensities of phosphorylated ERK-1/
2 (pERK), MEK-1/2 (pMEK) and Raf-1 (pRaf-1) were quantified using NIH Image. The total (phosphorylated and unphosphorylated) level of each protein was also measured,

and a ratio (phosphorylated level/total level) was calculated.
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phorylation of MEK was observed with the highest levels at 5-
10 min after stimulation, and hyperphosphorylation of MEK was
demonstrated in the PIMT-knockdown cells (Fig. 3A and C). Since
MEK is activated by Raf-1, we next examined Raf-1 activation after
EGF stimulation. Since phosphorylation of Raf-1 at Ser338 is essen-
tial for its activation by Ras as well as its recruitment to the plasma
membrane [15], we used an antibody against Ser338 phosphory-
lated Raf-1 to detect activated Raf-1. As shown in Fig. 3A and D,
Raf-1 was quickly phosphorylated, within 5-10 min, and remained
phosphorylated up to 30 min after EGF stimulation both in control
and PIMT-knockdown cells. The phosphorylation levels of Raf-1 in
the PIMT-knockdown cells were consistently higher for up to
30 min after EGF stimulation, compared with levels in control cells.
Similar results were obtained with the other PIMT-knockdown
cells, 293/si-1-2 and 293/si-3-4 (data not shown). These lines of
evidence suggest that repair of abnormal protein(s) by PIMT is nec-
essary to maintain normal MAPK signaling.

Discussion

Immunoblot analysis in this study revealed that upon EGF stim-
ulation, Raf-1, MEK-1/2 and ERK-1/2, components of the MAPK cas-
cade, were phosphorylated to significantly higher levels in PIMT-
knockdown cells than in control cells (Fig. 3). The MAPK cascade
has been reported to play important roles in the regulation of den-
dritic arborization of neurons in the brain [16]. Thus, abnormal
dendritic arborization in pyramidal neurons, a major phenotype
of the PIMT-knockout mice [9], may result from hyperactivation
of the MAPK cascade in the knockout mice.

The mechanism by which hyperactivation of the MAPK cascade
occurs in PIMT-knockdown cells upon EGF stimulation remains to
be clarified. One possibility is that the function of the Raf kinase
inhibitory protein (RKIP), also known as phosphatidylethanol-
amine binding protein, is disrupted by racemization or isomeriza-
tion. Recently, RKIP was identified as one protein in the tissues of
PIMT-knockout mice, in which accumulation of isomerized aspar-
tyl residue(s) was detected by a proteomic analysis [17]. RKIP reg-
ulates EGF-stimulated Raf-1 activation by binding to the Raf-1
kinase domain and inhibiting Raf-1 phosphorylation [18,19]. Bind-
ing of RKIP to Raf-1 may decrease as racemized or isomerized
residues accumulate, leading to EGF-stimulated hyperphosphory-
lation of Raf-1 in the PIMT-knockdown cells.

Alternatively, protein phosphatase activity may be reduced by
racemization or isomerization. Increased phosphorylation of vari-
ous signaling proteins has been observed in PIMT-knockout mice
compared to wild-type mice [12,20]. Most protein phosphatases
have broad substrate specificity [21], and one phosphatase can
usually dephosphorylate a number of different substrates. There-
fore, a reasonable hypothesis is that a protein phosphatase dys-
function may result in the hyperphosphorylation of many
signaling proteins that are components of different signaling cas-
cades. Clinical manifestations of the PIMT-knockout mice are sim-
ilar to those of patients with Lafora’s disease, which is caused by
dysfunction of laforin, a dual-specificity phosphatase. [9]. Thus,
the PIMT deficiency may also disrupt the function of a phosphatase
such as laforin and cause progressive myoclonus epilepsy of the
Lafora type.

Protein racemization or isomerization may also facilitate pro-
tein aggregation: isomerization of the B-amyloid peptide enhances
its aggregation [22,23], and tau protein is a major target for deam-
idation/isomerization in vivo [24,25]. In the human eye, lenses con-
taining cataracts show higher levels of aA-crystalline racemization
and isomerization than lenses from young subjects [26-28]. There-
fore, further clarification of the molecular mechanism by which
PIMT deficiency results in cellular malfunctions would certainly

contribute to the understanding not only of epileptic seizures,
but also age-related disorders such as the Alzheimer’s disease
and cataract formation.
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