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Adenosine dialdehyde (AdOx) is an indirect methyltransferase inhibitor broadly used
in cell culture to accumulate methyl-accepting proteins in hypomethylated states for
in vitro protein methylation analyses. In this study we included a translation inhibi-
tor, cycloheximide, in the AdOx treatment of HeLa cells. The methyl-accepting pro-
teins disappeared in the double treatment, indicating that they were most likely
newly synthesized in the AdOx incubation period. AdOx treatment could also be used
in combination with in vivo methylation, another technique frequently used to study
protein methylation. AdOx treatment prior to in vivo methylation accumulated
methyl-accepting proteins for the labeling reaction. The continued presence of AdOx
in the in vivo labeling period decreased the methylation of the majority of in vivo
methyl-accepting polypeptides. The level and pattern of the in vivo methylated
polypeptides did not change after a 12-h chase, supporting the notion that the meth-
ylated polypeptide as well as the methyl groups on the modified polypeptides are sta-
ble. On the other hand, methylarginine-specific antibodies detected limited but con-
sistent reduction of the methylarginine-containing proteins in AdOx-treated samples
compared to the untreated ones. Thus, AdOx treatment probably only blocked a small
fraction of stable protein methylation. Overall, it is likely that base-stable methyla-
tion are formed soon after the synthesis of the polypeptide and remain stable after
the modification.

Key words: adenosine dialdehyde, cycloheximide, in vivo methylation, protein meth-
ylation.

Abbreviations: AdOx, adenosine dialdehyde; PRMT, protein arginine methyltransferase; AdoMet, S-adenosylme-
thionine; AdoHcy, S-adenosyl-L-homocystein; CHX, cycloheximide; ALLN, N-acetyl-leu-leu-norleucinal; sDMA,
symmetric dimethylarginine; aDMA, asymmetric dimethylarginin; MMA, monomethylarginine.

Posttranslational modification of proteins can greatly
enrich the diversity of the protein world beyond the com-
bination of twenty amino acids encoded by the direction
of the genetic information. Protein methylation can occur
on various amino acid side chains such as glutamyl and
isoaspartyl residues to form base labile methylesters or
arginine or lysine residues to form chemically base-stable
methylamines (1). It has been demonstrated that the
majority of methyl-accepting sites are occupied in cells
(2). To obtain methyl-accepting proteins with empty
methyl-accepting sites for further studies, general inhibi-
tion of protein methylation can be accomplished by treat-
ing cells with methyltransferase inhibitors. For example,
adenosine dialdehyde (AdOx), an indirect inhibitor that
can be incorporated by cells, has been routinely used.
AdOx inhibits S-adenosyl-L-homocystein hydrolase,
resulting in the accumulation of S-adenosyl-L-homo-
cystein (AdoHcy), a product inhibitor of methyltrans-
ferases that utilize S-adenosyl-L-methionine (AdoMet) as
the methyl group donor (3, 4). In this way, the methyl-

ated state upon the treatment and can later be probed by
in vitro methylation with radioactive [methyl-3H]-AdoMet.

Protein arginine methylation accounts for the majority
of AdOx-accumulated stable protein methylation in rat
pheochromocytoma PC12 cells (5) and human lymphob-
lastoid cells (6, 7). Protein arginine methylation has been
implicated in signal transduction, subcellular localiza-
tion, transcription as well as protein–protein interactions
(8, 9). Unlike reversible modifications, such as phosphor-
ylation of proteins by kinase and reversal of the modifica-
tion by phosphatase, arginine methylation is chemically
stable and irreversible. The reaction is catalyzed by a
group of protein arginine methyltransferases (PRMT)
that can catalyze the transfer of methyl groups from
AdoMet to the side-chain ω-guanido nitrogens of arginine
residues in protein substrates to form of monomethyl-
arginines (MMA) and asymmetric NG,NG-dimethyl-
arginines (aDMA; type I activity) or symmetric NG,N′G-
dimethylarginines (sDMA; type II activity) (10–16). As no
demethylase has been identified, the methyl group stays
on the arginyl residues of the proteins once it is added.

In vivo methylation has frequently been employed to
metabolically methylate proteins in cells. In this
approach, the direct methyl group donor AdoMet cannot
enter cells, so its precursor [methyl-3H]-methionine is
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generally used as the source of radioactive methyl
groups. To prevent the incorporation of methyl groups
into proteins by translation but not posttranslational
modification, in vivo methylation has to be conducted in
the presence of protein synthesis inhibitors (17). This
technique has been widely used in different cell types to
evaluate the protein methylation under different treat-
ments or conditions (18). Specific in vivo methylation of
certain proteins such as Sam 68 can also be demon-
strated directly by their labeling during the in vivo meth-
ylation period (19, 20).

HeLa cells have been used for hnRNP protein methyla-
tion studies (17) and other investigations related to pro-
tein methylation (20). In this study we evaluated the
effect of methylation inhibitor AdOx on both the in vitro
and in vivo protein methylation in HeLa cells.

MATERIALS AND METHODS

Cell Culture and Treatment—HeLa cells (ATCC CCL-
2) were grown in MEM medium (GIBCO) supplemented
with 10% fetal bovine serum (GIBCO) at 37°C in a 5%
CO2 incubator. Treatment of cells with AdOx for various
time periods was performed as indicated. The cells were
harvested and washed with phosphate-buffered saline,
resuspended in buffer A (phosphate-buffered saline with
5% glycerol, 1 mM sodium EGTA, 1 mM dithiothreitol,
0.5% Triton X-100 and Complete protease inhibitor cock-
tail [Roche]). Adenosine dialdehyde (AdOx, Sigma) was
added to the medium at the indicated final concentration.
Cycloheximide (CHX, Sigma) and N-acetyl-leu-leu-nor-
leucinal (ALLN, Sigma) were added to the culture
medium at the final concentration of 100 µg/ml and 15
µM respectively.

Extract Preparation and Methyltransferase Assay—
HeLa cell extracts (20 µg of proteins) were incubated
with 4 µCi of [methyl-3H]-AdoMet (60 Ci/mmol, Amer-
sham) in a total volume of 20 µl in buffer B (50 mM
sodium phosphate, pH 7.5). After incubation at 37°C for
60 min, the reaction was terminated by the addition of
one third of the volume of 3× SDS sample buffer, and the
samples were subjected to SDS-PAGE (12.5% acryla-
mide) as described by Laemmli (21). The polyacrylamide
gels were stained with Coomassie Brilliant blue,
destained, and treated with EN3HANCE (Du Pont NEN).
Subsequently, the gels were dried and exposed to X-ray
film (Kodak, MS) at –75°C for 3 d. Recombinant rat GST-
PRMT1 and mouse fibrillarin protein were prepared as
described (7, 22).

Western Blotting—Equal amounts of protein (30 µg)
were separated by 12.5% SDS-PAGE and subsequently
transferred to nitrocellulose membranes (Gelman Sci-
ence). The membranes were blocked in 5% skimmed dry
milk in TTBS (10 mM Tris-HCl, pH = 7.5; 100 mM NaCl;
0.1% tween 20) for 30 min, incubated with primary
antibodies (1:200 dilution for 7E6 antibody from Abcam;
1:550 dilution for SYM10, 1:900 dilution for SYM11 and
1:900 dilution for ASYM24 from Upstate) for 1 h, washed
three times in TTBS, then incubated with secondary
antibody (anti-mouse or rabbit IgG horse radish peroxi-
dase conjugate from Sigma) for 1 h. Chemiluminescent
detection was performed using the Supersignal kit
according to the manufacturer’s instructions (Pierce).

In Vivo Methylation—HeLa cells grown to near conflu-
ency were treated with AdOx for the indicated times.
Cycloheximide (100 µg/ml) and chloramphenicol (40 µg/
ml) were added 30 min prior to the labeling. For in vivo
methylation, the medium was replaced with DMEM
medium without methionine (GIBCO), 10% FBS
(GIBCO, dialyzed), [methyl-3H] methionine (10 µCi/ml)
and translation inhibitors for the indicated labeling time.
The cells were then collected, lysed by SDS-PAGE sample
buffer and analyzed by SDS-PAGE and fluorography.

RESULTS

The Translation Inhibitor Cycloheximide Block AdOx-
Accumulated Methyl-Accepting Proteins—We first incu-
bated HeLa cells with various concentrations of AdOx for
different time periods to determine the best treatment
time and dose of AdOx. Total cell extract was prepared,
and in vitro methylation was performed to examine the
level of methyl-accepting proteins accumulated upon the
treatment. As shown in Fig. 1a, when no AdOx was
present in the cell culture, a few methyl-accepting

Fig. 1. Treatment of HeLa cells with AdOx and cyclohex-
imide. (a) HeLa cell extracts were prepared from cells grown in the
presence of 0, 10, 20 or 40 µM AdOx for 24 and 48 h. Accumulation
of methyl-accepting proteins in HeLa cells was evaluated by in vitro
methylation reaction as described in “MATERIALS AND METHODS.” (b)
HeLa cell extracts were prepared from cells incubated in the pres-
ence of both 20 µM AdOx and 0.08 µg/ml of cycloheximide or only
either one for 1, 3 or 6 h. In vitro methylation of the extracts with-
out the addition of exogenous substrate was performed as
described. (c) Methylation of the extracts was performed with
recombinant mouse fibrillarin (1 µg) as the exogenous methyl-
accepting substrate. The molecular mass standards are indicated
on the left in kilodaltons.
J. Biochem.
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polypeptides were modified only to a limited level, dem-
onstrating that normally the methyl-accepting sites were
mostly occupied. Addition of AdOx clearly enhanced the
methylation signals of the methyl-accepting polypeptides
that can be detected without AdOx treatment. AdOx con-
centration of 20 µM for 24 h was enough to reach the
maximum accumulation of methyl-accepting proteins in
cells.

The origin of the hypomethylated proteins accumu-
lated upon AdOx treatment was further studied. HeLa
cells were incubated with a translation inhibitor,
cycloheximide (CHX), at the same time as the AdOx
treatment. Since cells appeared to die upon double treat-
ment for 12 h, we performed the experiments for periods
of 1, 3 and 6 h. As shown in Fig. 1b, the AdOx treatment
can accumulate methyl-accepting proteins in short inter-
vals of 3 and 6 h. However, the presence of CHX com-
pletely blocked the accumulation of methyl-accepting
proteins by AdOx treatment at 3 and 6 h. Cycloheximide
treatment did not effect the type I arginine methyltrans-
ferase activity in HeLa cells as assayed by the addition of
an exogenous methyl-accepting protein, fibrillarin (Fig.
1c). Thus the disappearance of methyl-accepting proteins
by CHX treatment is probably due not to reduced protein
methyltransferase activity in the extract but to the block-
age of new protein synthesis. The results indicated that
the methyl-accepting proteins accumulated for in vitro
methylation by AdOx treatment are most likely to be
newly synthesized during the incubation period.

Effects of AdOx Treatment on In Vivo Methylation—In
vivo protein methylation in mammalian cells with
[methyl-3H] methionine has been used to evaluate the
protein methylation under native conditions (17, 18). To
prevent the incorporation of radioactive methyl groups
into proteins by translation but not posttranslational
modification, protein synthesis inhibitors have to be

included throughout the in vivo methylation period. Var-
ious methyl-accepting proteins were detected in earlier
studies, which somehow seems not to agree with our
results in Fig. 1b suggesting that methyl-accepting sites
are on newly synthesized proteins. We performed in vivo
methylation in HeLa cells following the protocol of Liu et
al. (17) and as reported previously, detected many labeled
polypeptides (Fig. 2). We then treated the cells with
AdOx prior to the in vivo methylation. Except for few
polypeptides, the pattern of the signals of AdOx-pre-
treated cells was basically the same as that of the
untreated ones. However, addition of AdOx for 24 h
before in vivo methylation clearly increased the labeling
of polypeptides of molecular mass between 40 to 100 kDa.
No new protein synthesis was detected under the in vivo
methylation conditions as monitored by incubation with
35S-Met (data not shown). The methyl groups were proba-
bly present on the unmodified proteins newly synthe-
sized before the in vivo methylation period in the pres-
ence of CHX.

In addition, when AdOx was present in the labeling
medium after the 24-h pretreatment, the elevated in vivo
methylation pattern appeared to be suppressed back to a
low level. When the in vivo labeling was followed by a 12-
h chase in the non-radioactive medium, the majority of
the in vivo labeled polypeptides were of similar level,
indicating that the modified proteins were rather stable.
Similar results were obtained from the 12-h chase exper-
iments of no AdOx treatment or AdOx-pretreatment/
labeling samples (data not shown).

The Level of Methylarginine-Containing Proteins in
AdOx-Treated or Untreated Cell Extracts Detected by
Methylarginine-Specific Antibodies—AdOx can accumu-
late proteins in hypomethylated states for in vivo and in
vitro methylation. Nevertheless, the fraction of the
AdOx-affected polypeptides in the whole methyl-modified
protein is unknown. Protein arginine methylation
accounts for the majority of AdOx-stable protein methyl-
ation in rat pheochromocytoma PC12 cells (5) and human
lymphoblastoid cells (6, 7). We also found that the major
methyl-accepting substrates accumulated by AdOx treat-
ment can be recognized by the predominant protein
arginine methyltransferase PRMT1 and are likely to be
modified to form methylarginines (data not shown). We
thus determined the level of total methylarginine-con-
taining proteins in the extracts by Western blot analysis.
Methylarginine-specific antibodies SYM 10, SYM11 and
ASYM24 are rabbit polyclonal antibodies against alter-
native RG sequences containing symmetric dimethyl-
arginine (sDMA), SmD3 RG sequences containing sDMA,
and alternative RG sequences containing asymmetric
dimethylarginine (aDMA) in all the arginyl positions,
respectively (23). Another antibody, 7E6, is specific for
monomethylarginine (MMA) and aDMA (24). As shown
in Fig. 3, reduced recognition of certain specific polypep-
tides by SYM10, SYM11, ASYM24 was observed for the
AdOx-treated cell extracts. For SYM10 recognition, the
intensity of the strongest 30-kDa signal was the same in
both samples, while most of the signals above 36 kDa
were reduced in the AdOx-treated sample (Fig. 3a). For
SYM11, except for the highest signal above 113 kDa,
most of the signals were slightly stronger in the
untreated sample (Fig. 3b). The polypeptides with molec-

Fig. 2. In vivo methylation of HeLa cells treated with AdOx.
In vivo methylation was performed as described in “MATERIALS AND
METHODS.” HeLa cells were in vivo labeled either by pretreatment
with AdOx for 24 h, or by incubation in the labeling medium con-
taining AdOx. Cells were also chased for 12 h in non-radioactive
medium after in vivo labeling. Cell lysates were collected, separated
by SDS-PAGE, and the in vivo methylated proteins were detected
by fluorography.
Vol. 136, No. 3, 2004
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ular mass of 80, 28 and 16 kDa are probably the previ-
ously identified p80 coilin, SmB and SmD3, respectively
(25). As for AYM24, generally the signals appeared to be
slightly reduced in the AdOx-treated samples, probably
including Sam68 at the molecular mass of 68 kDa (20).
However, no difference was detected between the AdOx-
treated and untreated cell extracts using the 7E6 methy-
larginine-specific antibodies (Fig. 3d). Whether this anti-
body might cross-react with certain other epitopes, thus
masking minor differences in the level of methyl-
arginines, needs more investigation.

Treatment of HeLa Cells with a Proteosome Inhibitor
ALLN Does Not Affect AdOx-Mediated Accumulation of
Hypomethylated Proteins—The in vivo labeled proteins
appeared to be rather stable in our 12-h chase period. We
then investigated whether the normally methylated pro-
teins might be degraded rapidly when rendered unmeth-
ylated by AdOx-treatment. N-acetyl-leu-leu-norleucinal
(ALLN) is an inhibitor that blocks proteolytic activity of
both type I calpain and the 26 S proteosome. We treated
the cells with ALLN to evaluate the effect of protein deg-
radation on the accumulation of methyl-accepting sites
by AdOx treatment. No significant changes to the AdOx
induced hypomethylation pattern upon the addition of
ALLN for 24 h were observed (Fig. 4). Thus, under our
experimental conditions, ALLN-blocked proteosome deg-

radation has no effect on the level of hypomethylated
polypeptides.

DISCUSSION

In this study we demonstrated the best treatment time
and dose of AdOx, a frequently utilized general protein
methylation inhibitor, to accumulate methyl-accepting
proteins in HeLa cells for further in vitro methylation.
We showed that AdOx-accumulated hypomethylated
polypeptides for in vitro methylation disappeared in the
presence of a protein synthesis inhibitor, CHX, indicating
that they were probably newly translated in the AdOx-
incubation period. Since methyl-accepting sites on
polypeptides are generally occupied in cells, it is likely
that protein methylation occurs soon after the synthesis
of the polypeptide and these sites are occupied thereafter.

In vivo protein methylation to label methyl-accepting
proteins metabolically has been performed with protein
translation inhibitors in various cell lines (17–20). The
proteins that can be in vivo labeled thus are likely to be
restricted to those that are newly synthesized but have
not been modified before the labeling period. Interest-
ingly, we demonstrated that in vivo methylation could
also be affected by AdOx treatment. Firstly, pre-treat-
ment (24 h) with AdOx increased the level of in vivo
methylation. The pattern of the signals was similar to
that of the untreated control, indicating that AdOx can
accumulate methyl-accepting proteins in more hypo-
methylated states not only for in vitro methylation, but
also for in vivo methylation. Secondly, when AdOx was
present throughout the in vivo methylation period, the
level of methylated proteins was reduced. Furthermore,
when the in vivo labeled proteins were chased in the non-
radioactive medium for 12 h, the radioactive proteins
were of the same level as the non-chase samples. These
results indicated that the methylated polypeptides were
stable and no demethylation occurred in the chase period.

Fig. 3. Detection of methylarginine-containing polypeptides
by methylarginine-specific antibodies. HeLa cell extracts of
AdOx-treated or untreated cells were immunoblotted with commer-
cially available methylarginine-specific antibodies SYM10 (a),
SYM11 (b), AYM 24 (c) and 7E6 (d).

Fig. 4. Treatment of HeLa cells with AdOx and ALLN. HeLa
cell extracts were prepared from cells incubated in the presence of
20 µM AdOx or 15 µM ALLN, or both for 24 h. In vitro methylation
reaction of the cell extracts was performed as described in “MATERI-
ALS AND METHODS.”
J. Biochem.
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In comparison, the proteosome inhibitor ALLN did not
change the appearance of methyl-accepting proteins
upon AdOx treatment. This result indicated that the
accumulated hypomethylated proteins probably are not
subject to rapid proteosome degradation, otherwise inhi-
bition of protein degradation by ALLN should accumu-
late more of these sites.

Our results represent the base-stable methylation of
the AdOx-accumulated methyl-accepting proteins cata-
lyzed by all endogenous methyltransferases in the
extracts. Base-labile methylation that cannot survive the
mild alkaline conditions of SDS-PAGE, such as carboxyl
methylation, can be excluded; but C-terminal carboxyl
methylation and N-methylation such as lysyl or arginyl
methylation could not be distinguished (1). The irreversi-
ble modification on the guanidino nitrogen of the arginyl
residues is known to account for the majority of the
AdOx-accumulated stable protein methylation events in
PC12 and lymphoblastoid cells (5, 6). We detected limited
but consistent reduction of the methylarginine-contain-
ing proteins in AdOx-treated samples compared to
untreated ones by use of sDMA- and aDMA-specific anti-
bodies. Specifically, decreased signals that probably cor-
respond to methylation of coilin, SmB and Sm D3 were
detected in AdOx-treated extracts. It is possible that
since the cells treated with AdOx are of high confluency,
most of the methyl-accepting proteins are already syn-
thesized and methylated. If they are stable and turn over
slowly, as indicated by the chase/in vivo methylation
experiments, the newly synthesized proteins will be
responsible for only a small fraction of the total pool of
the methyl-accepting proteins in the cell, and the differ-
ence will be barely detectable. This is consistent with our
inability to detect differences between the overall protein
patterns from AdOx treated cells and untreated cells by
two-dimensional gel electrophoresis (26). Thus, AdOx
probably only affects a small portion of the total methyl-
containing proteins, at least for the methylarginine-con-
taining proteins.

However, application of AdOx to inhibit specific pro-
tein methylation has already been shown in different
cells. For example, we demonstrated that certain methyl-
arginine-containing trypsin-digested peptides of
hnRNPA2/B1 could be detected from AdOx-untreated
lymphoblastoid cells but not from AdOx-treated cells
(26). Nichols et al. also showed that of AdOx could affect
the subcellular localization of hnRNPA2/B1 in HEK293
cells, presumably by affecting the methylation in the
RGG domain (27). These investigations support the
appropriateness of applying of AdOx treatment in spe-
cific protein methylation studies.

In summary, although AdOx treatment had been fre-
quently used to accumulate methyl-accepting proteins
for further in vitro methylation, the protein methylation
inhibition is restricted to newly translated proteins dur-
ing the treatment, which blocks only a small fraction of
protein methylation in cells. In this study, we also show
that AdOx can be applied to in vivo methylation as well
as in vitro methylation. The timing of the AdOx treat-
ment can be adjusted to enhance or to inhibit the in vivo
methylation. In combination with chase experiments, in
vivo methylation can be applied to follow the methylation
of methyl-accepting proteins.

The study was supported by the National Science Council of
the Republic of China (NSC 89-2320-B-040-072, 89-2745-
P040-002, 91-3112-B-040-001 and 92-3112-B-040-001) and
Chung Shan Medical University (CSMU 90-OM-018, 90-OM-
090).

REFERENCES

1. Clarke, S. (1993) Protein methylation. Curr. Opin. Cell Biol. 5,
977–983

2. Pawlak, M.R., Banik-Maiti, S., Pietenpol, J.A., and Ruley, H.E.
(2002) Protein arginine methyltransferase I: substrate specifi-
city and role in hnRNP assembly. J. Cell. Biochem. 87, 394–407

3. Pilz, R.B., Van den Berghe, G., and Boss, G.R. (1987) Adenosine
dialdehyde and nitrous oxide induce HL-60 differentiation.
Blood 70, 1161–1164

4. Johnson, B.A., Najbauer, J., and Aswad, D.W. (1993) Accumula-
tion of substrates for protein L-isoaspartyl methyltransferase
in adenosine dialdehyde-treated PC12 cells. J. Biol. Chem.
268, 6174–6181

5. Najbauer, J. and Aswad, D.W. (1990) Diversity of methyl accep-
tor proteins in rat pheochromocytoma (PC12) cells revealed
after treatment with adenosine dialdehyde. J. Biol. Chem. 265,
12717–12721

6. Li, C., Ai, L.S., Lin, C.H., Hsieh, M., Li, Y.C., and Li, S.Y. (1998)
Protein N-arginine methylation in adenosine dialdehyde-
treated lymphoblastoid cells. Arch. Biochem. Biophys. 351, 53–
59

7. Lin, C.H., Hsieh, M., Li, Y.C., Li, S.Y., Pearson, D.L., Pollard,
K.M., and Li, C. (2000) Protein N-arginine methylation in sub-
cellular fractions of lymphoblastoid cells. J. Biochem. (Tokyo)
128, 493–498

8. Gary, J.D. and Clarke, S. (1998) RNA and protein interactions
modulated by protein arginine methylation. Prog. Nucleic.
Acid. Res. Mol. Biol. 61, 65–131

9. McBride, A.E. and Silver, P.A. (2001) State of the arg: protein
methylation at arginine comes of age. Cell 106, 5–8

10. Lin, W.J., Gary, J.D., Yang, M.C., Clarke, S., and Herschman,
H.R. (1996) The mammalian immediate-early TIS21 protein
and the leukemia-associated BTG1 protein interact with a pro-
tein-arginine N-methyltransferase. J. Biol. Chem. 271, 15034–
15044

11. Katsanis, N., Yaspo, M.L., and Fisher, E.M. (1997) Identifica-
tion and mapping of a novel human gene, HRMT1L1, homolo-
gous to the rat protein arginine N-methyltransferase 1
(PRMT1) gene. Mamm. Genome. 8, 526–529

12. Tang, J., Gary, J.D., Clarke, S., and Herschman, H.R. (1998)
PRMT 3, a type I protein arginine N-methyltransferase that
differs from PRMT1 in its oligomerization, subcellular localiza-
tion, substrate specificity, and regulation. J. Biol. Chem. 273,
16935–16945

13. Chen, D., Ma, H., Hong, H., Koh, S.S., Huang, S.M., Schurter,
B.T., Aswad, D.W., and Stallcup, M.R. (1999) Regulation of
transcription by a protein methyltransferase. Science 284,
2174–2177

14. Branscombe, T.L., Frankel, A., Lee, J.H., Cook, J.R., Yang, Z.,
Pestka, S., and Clarke, S. (2001) PRMT5 (Janus kinase–bind-
ing protein 1) catalyzes the formation of symmetric dimethyl-
arginine residues in proteins. J. Biol. Chem. 276, 32971–32976

15. Frankel, A., Yadav, N., Lee, J., Branscombe, T.L., Clarke, S.,
and Bedford, M.T. (2002) The novel human protein arginine N-
methyltransferase PRMT6 is a nuclear enzyme displaying
unique substrate specificity. J. Biol. Chem. 277, 3537–3543

16. Gros, L., Delaporte, C., Frey, S., Decesse, J., de Saint-Vincent,
B.R., Cavarec, L., Dubart, A., Gudkov, A.V., and Jacquemin-
Sablon, A. (2003) Identification of new drug sensitivity genes
using genetic suppressor elements: protein arginine N-methyl-
transferase mediates cell sensitivity to DNA-damaging agents.
Cancer Res. 63, 164–171
Vol. 136, No. 3, 2004

http://jb.oxfordjournals.org/


376 D.-H. Chen et al.

 at C
hanghua C

hristian H
ospital on Septem

ber 29, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

17. Liu, Q. and Dreyfuss, G. (1995) In vivo and in vitro arginine
methylation of RNA-binding proteins. Mol. Cell. Biol. 15,
2800–2808

18. Cimato, T.R., Ettinger, M.J., Zhou, X., and Aletta, J.M. (1997)
Nerve growth factor-specific regulation of protein methylation
during neuronal differentiation of PC12 cells. J. Cell Biol. 138,
1089–1103

19. Hebert, M.D., Shpargel, K.B., Ospina, J.K., Tucker, K.E., and
Matera, A.G. (2002) Coilin methylation regulates nuclear body
formation. Dev. Cell. 3, 329–337

20. Cote, J., Boisvert, F.M., Boulanger, M.C., Bedford, M.T., and
Richard, S. (2003) Sam68 RNA binding protein is an in vivo
substrate for protein arginine N-methyltransferase 1. Mol.
Biol. Cell. 14, 274–287

21. Laemmli, U.K. (1970) Cleavage of structural proteins during
the assembly of the head of bacteriophage T4. Nature 227,
680–685

22. Pearson, D.L., Reimonenq, R.D., and Pollard, K.M. (1999)
Expression and purification of recombinant mouse fibrillarin.
Protein Expr. Purif. 17, 49–56

23. Boisvert, F.M., Cote, J., Boulanger, M.C., and Richard, S.
(2003) A proteomic analysis of arginine-methylated protein
complexes. Mol. Cell. Proteomics 2, 1319–1330

24. Mowen, K.A., Tang, J., Zhu, W., Schurter, B.T., Shuai, K.,
Herschman, H.R., and David, M. (2001) Arginine methylation
of STAT1 modulates IFNalpha/beta–induced transcription.
Cell 104, 731–741

25. Boisvert, F.M., Cote, J., Boulanger, M.C., Cleroux, P., Bachand,
F., Autexier, C., and Richard, S. (2002) Symmetrical dimethyl-
arginine methylation is required for the localization of SMN in
Cajal bodies and pre-mRNA splicing. J. Cell Biol. 159, 957–969

26. Huang, H.M., Tam, M.F., Tam, T.C., Chen, D.H., Hsieh, M., and
Li, C. (2002) Proteomic analysis of stable protein methylation
in lymphoblastoid cells. J. Biochem. (Tokyo) 132, 813–818

27. Nichols, R.C., Wang, X.W., Tang, J., Hamilton, B.J., High, F.A.,
Herschman, H.R., and Rigby, W.F. (2000) The RGG domain in
hnRNP A2 affects subcellular localization. Exp. Cell Res. 256,
522–532
J. Biochem.

http://jb.oxfordjournals.org/

	Effects of Adenosine Dialdehyde Treatment on In Vitro and In Vivo Stable Protein Methylation in H...
	Da-Huang Chen1, Kuan-Tsu Wu1, Chien-Jen Hung1,2, Mingli Hsieh1,3 and Chuan Li1,
	1Department of Life Sciences and 2Institute of Medicine, Chung Shan Medical University, Taichung,...
	Received June 4, 2004; accepted June 18, 2004

	Adenosine dialdehyde (AdOx) is an indirect methyltransferase inhibitor broadly used in cell cultu...
	Key words: adenosine dialdehyde, cycloheximide, in vivo methylation, protein methylation.
	Abbreviations: AdOx, adenosine dialdehyde; PRMT, protein arginine methyltransferase; AdoMet, S-ad...
	MATERIALS AND METHODS
	Cell Culture and Treatment
	Extract Preparation and Methyltransferase Assay
	Western Blotting
	In Vivo Methylation

	RESULTS
	The Translation Inhibitor Cycloheximide Block AdOx- Accumulated Methyl-Accepting Proteins
	Effects of AdOx Treatment on In Vivo Methylation
	The Level of Methylarginine-Containing Proteins in AdOx-Treated or Untreated Cell Extracts Detect...
	Treatment of HeLa Cells with a Proteosome Inhibitor ALLN Does Not Affect AdOx-Mediated Accumulati...

	DISCUSSION
	REFERENCES





