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S-Adenosylmethionine:protein-arginine N-methyl-
transferase (EC 2.1.1.23; protein methylase I) transfers
the methyl group of S-adenosyl-L-methionine to an argi-
nine residue of a protein substrate. The homogeneous
liver protein methylase I was subjected to tryptic diges-
tion followed by reverse phase high performance liquid
chromatography (HPLC) separation and either “on-
line” mass spectrometric fragmentation or “off-line” Ed-
man sequencing of selected fractions. Data base search-
ing of both the mass spectrometric and Edman
sequencing data from several peptides identified the
protein methylase as 10-formyltetrahydrofolate dehy-
drogenase (EC 1.5.1.6; Cook, R. J., Lloyd, R. S., and Wag-
ner, C. (1991) J. Biol. Chem. 266, 4965–4973; Swiss acces-
sion number P28037). This identification was confirmed
by comparative HPLC tryptic peptide mapping and af-
finity chromatography of the methylase on the 5-formyl-
tetrahydrofolate-Sepharose affinity gel used to purify
the dehydrogenase. The purified rat liver methylase had
approximately 33% of the 10-formyltetrahydrofolate de-
hydrogenase and 36% of the aldehyde dehydrogenase
activity as compared with the recombinant dehydrogen-
ase, which also had protein methylase I activity. Poly-
clonal antibodies against recombinant dehydrogenase re-
acted with protein methylase I purified either by
polyacrylamide gel electrophoresis or 5-formyltetrahy-
drofolate affinity chromatography. In each instance
there was only a single immunoreactive band at a mo-
lecular weight of ;106,000. Together, these results con-
firm the co-identity of protein-arginine methyltrans-
ferase and 10-formyltetrahydrofolate dehydrogenase.

S-Adenosylmethionine:protein-arginine N-methyltrans-
ferase1 (EC. 2.1.1.23; protein methylase I) catalyzes transfer of
the methyl group from S-adenosyl-L-methionine (AdoMet)2 to

specific arginine residues of a protein substrate (1, 2). We have
purified protein methylase I from rat liver cytosol (3) and
shown that the ;450-kDa native enzyme consists of four iden-
tical ;110-kDa subunits as estimated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE). On the
other hand, a similar subclass of protein methylase I from
bovine brain has a native molecular mass of ;275 kDa and
contains two nonidentical subunits that have apparent SDS-
PAGE masses of ;110 kDa and ;75 kDa, respectively (4). Both
enzymes methylate arginine residues of recombinant hnRNP
protein A1 most efficiently among other substrate proteins
studied (3, 5) and yield NG-monomethylarginine and NG,NG-
dimethyl(asymmetric) arginine residues in the RGG domain (6)
of the A1 protein (7). Several nucleic acid-binding proteins
localized in the nucleus, such as nucleolin (8), fibrillarin, nu-
cleolar 34-kDa protein (9), and yeast single stranded nucleic
acid-binding protein (10) also contain multiple NG,NG-di-
methyl(asymmetric)arginines (11) in their RGG domains. Con-
sequently, the enzyme was designated nuclear protein/histone-
specific protein methylase I to distinguish it from myelin basic
protein-specific methylase I which yields NG-monomethylargi-
nine and NG,N9G-dimethyl (symmetric)arginine but not the
NG,NG-dimethyl(asymmetric)isomer (4). In addition, there
have been several reports of catalytically similar protein-argi-
nine methyltransferases isolated from HeLa (12), RAT1 cells
(13, 14), wheat germ (15), and Saccharomyces cerevisae (16–
18). Although these enzymes also appear to methylate RGG
domains of nucleic acid-binding proteins, some of them appear
to have quite different molecular structures. For instance, the
molecular mass of the RAT1 cell and yeast enzymes were both
about 40 kDa (13, 17).

In our continuing effort to understand the molecular struc-
ture of protein methylase I, the electrophoretically homogene-
ous protein methylase from rat liver (3) was subjected to mass
spectrometric and conventional Edman peptide sequence anal-
ysis. The results were surprising in that they indicated the
methyltransferase activity derived from 10-formyltetrahydro-
folate dehydrogenase (FDH; EC 1.5.1.6) (19). FDH catalyzes
the NADP1-dependent oxidation of 10-formyltetrahydrofolate
(10-FTHF) to yield tetrahydrofolate and CO2 (19, 20). FDH
purified from rat liver cytosol had been shown to be a tetramer
of identical 108-kDa subunits (21), and subsequently, the de-
hydrogenase from pig liver was shown to consist of four, 92.5-
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kDa monomers (22). The dehydrogenase was purified initially
from rat liver and was identified as a folate-binding protein
(23) that binds 2 mol of folate per mol of the enzyme (24, 25).
The rat liver FDH has been expressed in Baculovirus and
purified by 5-FTHF-Sepharose affinity chromatography (26).
The amino acid sequence deduced from the nucleotide sequence
of the cDNA indicated the monomer to have a molecular mass
of 99,015 Da and to consist of 902 amino acid residues. The
NH2-terminal sequence (residues, 1–203) is 24–30% (depend-
ing upon the species) identical to phosphoribosyl-glycinamide
formyltransferase (EC 2.1.2.2.). There is also a 32% identity for
residues 1–310 of FDH with Escherichia coli L-methionyl-tRNA
formyltransferase (27, 28), while the COOH-terminal region
that spans residues 417–900 of FDH is 48% identical to alde-
hyde dehydrogenase (NADP1) (EC 1.2.1.3.). The middle do-
main, residues 204–417, does not appear to share significant
sequence homology with any known sequence (19, 25). Thus,
FDH is a multidomain enzyme that catalyzes at least the
following three reactions: 1) the NADP1-dependent oxidation
of 10-FTHF, 2) the NADP1-independent hydrolysis of 10-
FTHF, and 3) the NADP1-dependent oxidation of propanal-2.

In the present article, several independent sets of data dem-
onstrate that rat liver FDH also has protein methyltransferase
activity and indeed, is the enzyme that has been named previ-
ously as nuclear protein/histone-specific protein methylase (5).

EXPERIMENTAL PROCEDURES

Materials—S-Adenosyl-L-[methyl-14C]methionine (specific activity,
50 mCi/mmol) and S-adenosyl-L-[methyl-3H]methionine (specific activ-
ity, 78.5 Ci/mmol) were obtained from NEN Life Science Products Inc.
AdoMet (chloride salt), histone (calf thymus, type IIAS), phenylmeth-
ylsulfonyl fluoride, pepstatin, 2-mercaptoethanol, and propanal-2 were
from Sigma. DE-52 was obtained from Whatman. 10-FTHF was pre-
pared by the method of Rabinowitz (29). 10-Formyl-5,8-dideazafolate
(10-FDDF) was obtained from Dr. John B. Hynes, Department of Phar-
maceutical Chemistry, Medical University of South Carolina. 5-FTHF-
affinity gel was prepared by covalently linking 5-FTHF to AH-Sepha-
rose 4B (Pharmacia) as described (24). Recombinant hnRNP protein A1
was purified from E. coli, containing plasmid pEx11 carrying the cDNA
coding sequence for protein A1 as described (30). All other chemicals
were the highest grade commercially available.

Assay for Protein Methylase I—Protein methylase I activity was
determined as described (3, 4) in a total incubation mixture of 0.125 ml
containing 0.1 M potassium phosphate, pH 7.6, 40 mM Ado[methyl-
14C]Met, or Ado[methyl-3H]Met (diluted with unlabeled AdoMet to
;1,000 dpm/pmol), substrate protein (50 mg of protein A1 or 500 mg of
histone) and the enzyme fraction to be assayed. The incubation was
carried out at 37 °C for 60 min and the reaction was terminated with
15% trichloroacetic acid followed by addition of 4 mg of g-globulin as a
carrier protein. The mixture was treated to remove unreacted, radiola-
beled AdoMet by successive treatment with the trichloroacetic acid, and
the resulting precipitates were counted for radioactive methyl incorpo-
ration into the substrate protein.

Purification of Protein Methylase I—Protein methylase I was purified
from rat liver cytosol as described (3). Briefly, a 100,000 3 g rat liver
supernatant was chromatographed on DE-52, followed by Sephadex
G-200 molecular sieve chromatography. The enzymatically active frac-
tions were then pooled and further purified by nondenaturing (ND)
PAGE (see below).

Alternatively, protein methylase I can also be purified by 5-FTHF-
Sepharose affinity chromatography. In this instance the Sephadex
G-200 purified protein methylase I was loaded onto a column of
5-FTHF-Sepharose (1 3 4 cm) which had been pre-equilibrated in 10
mM potassium phosphate, pH 7.0, 10 mM 2-mercaptoethanol and eluted
as described (31). The column was first washed with 16 ml of the
equilibrating buffer, followed by a salt gradient consisting of 50 ml of
the equilibrating buffer and 50 ml of the same buffer containing 1.0 M

KCl. Finally, the enzyme was eluted with equilibrating buffer that
contained 10 mM folate and 1.0 M KCl. After removing the folate, an
aliquot from each fraction was assayed for both protein methylase I and
FDH activities. Fractions containing both enzyme activities were
pooled, concentrated, and subjected to Western immunoblot analysis.

Polyacrylamide Gel Electrophoresis—As a part of the enzyme purifi-
cation, nondenaturing PAGE was carried out in a 7.5% polyacrylamide

gel run overnight at 4 °C as described (4). The Sephadex G-200 purified
enzyme (about 100 mg/lane) was loaded into several lanes. One of the gel
lanes was longitudinally cut into two sections, and one section was
stained with Coomassie Blue. The other strip of the unstained lane was
sliced into 2-mm sections; the protein was electroeluted from each slice
and each of the resulting fractions was assayed for methylase activity.
The remaining unstained gel lanes were subsequently sliced, and those
sections containing methyltransferase activity were combined, electro-
eluted, and then concentrated via a small DE-52 column (1 3 3 cm) (4).

SDS-PAGE was carried out according to the method of Laemmli (32).
The running gel contained 10% acrylamide, the stacking gel contained
3.7% acrylamide and the gels were run overnight at room temperature.

Assay for 10-Formyltetrahydrofolate Dehydrogenase—The dehydro-
genase assay was carried out as described (33). Briefly, reaction mix-
tures contained 50 mM Tris-HCl, pH 7.7, 100 mM 2-mercaptoethanol,
0.1 mM substrate (10-FTHF or 10-FDDF), 0.1 mM NADP, and the
enzyme preparation to be assayed in a total volume of 1.0 ml. The
reaction rates were followed at 23 °C by the increase in absorbance at
either 300 nm (for 10-FTHF) or 295 nm (for 10-FDDF) in a Perkin-
Elmer Lambda 4B spectrophotometer. Readings were measured
against blanks containing no enzyme or no substrate. Hydrolase activ-
ity was measured by omitting the NADP from the reaction mixture.

Assay for Aldehyde Dehydrogenase—Aldehyde dehydrogenase was
assayed as described (19, 34). The reaction mixture contained 60 mM

sodium pyrophosphate, pH 8.5, 5 mM propanal, 1 mM NADP ,and the
enzyme preparation to be assayed. The enzyme activity was estimated
from the increase in absorbance at 340 nm.

Preparation of Recombinant FDH—Recombinant rat liver FDH was
expressed in insect cells using the pVL 1393 expression vector as
described (26, 33, 35) and was purified via Sephacryl S-300 and DE-52
ion-exchange chromatography followed by affinity chromatography on
5-FTHF-Sepharose (24, 31).

Protein Chemistry and Internal Sequencing—Protein concentration
was estimated generally either by absorbance at 280 nm or by the
Coomassie Blue method of Bradford (36) as modified by Pierce Chemical
Co. using bovine serum albumin as the standard. The amount of protein
in Coomassie Blue-stained gel bands that were destined for in gel
trypsin digestion was estimated by hydrolyzing (6 N HCl, 115 °C, 16 h)
an approximately 10% aliquot of the gel band. The extracted digests
were then subjected to reverse phase HPLC at a flow rate of 50 ml/min
on a 1 3 250-mm Vydac C-18 column as described (37). To facilitate the
rapid identification of reagent and trypsin autolysis peaks, blank sec-
tions of gel that should not contain protein were brought through the
same procedures and were also subjected to reverse phase HPLC. Peak
detected fractions were collected into “capless” 1.5-ml Eppendorf tubes
that were then capped to prevent evaporation of acetonitrile and were
stored at 5 °C. Aliquots of fractions selected for amino acid sequencing
were subjected first to matrix assisted laser desorption mass spectrom-
etry on a Micromass TofSpec SE as described (38). Amino acid sequenc-
ing of selected peptides was carried out on Applied Biosystems Division
Model 470 or 494 Protein/Peptide Sequencers operated according to the
manufacturer’s instructions. All of the protein chemistry and mass
spectrometry (see below) studies were carried out in the W. M. Keck
Foundation & HHMI Biopolymer Laboratory at Yale University. More
information on these procedures may be found at http://info.med.
yale.edu/wmkeck/.

LC-MS/MS Protein Identification—Approximately 10% (5 pmol) of
the in-gel trypsin digests of protein methylase I and of the recombinant
and rat liver FDH that had been isolated by SDS-PAGE were subjected
to reverse phase HPLC/on-line mass spectrometry as described (39).
Briefly, these studies were carried out on a Applied Biosystems Division
Model 140 B HPLC that was directly interfaced to a Finnigan Corpo-
ration LCQ quadrupole ion trap mass spectrometer. The HPLC sepa-
ration was carried out at 4 ml/min on a 300 mm x 250 mm Vydac C-18
column that was equilibrated with 0.02% trifluoroacetic acid, 0.09%
acetic acid, 2% acetonitrile, 98% water and was eluted with increasing
concentrations of acetonitrile. The MS/MS scans were carried out au-
tomatically using a relative collision energy of 30–35% with an isolation
width of 2.0. An intensity threshold of 13,000 was found to be optimal
for triggering the acquisition of these automated scans. A set of pro-
grams3 was written in-house to sift through the MS/MS scans, select
the highest quality scans for searching, verify the assigned charge
state, and then tabulate the final results. MS/MS scans were searched
using the Finnigan Corporation software package BIOWORKS which

3 J. Jones, R. DeAngelis, K. L. Stone, and K. R. Williams, manuscript
in preparation.
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includes the tandem mass correlation algorithm SEQUESTy developed
in the Yates’ laboratory (40, 41). Relevant parameters used to search
the OWL data base included the peptide mass tolerance (2.0 atomic
mass units) and the fragment ion tolerance (1.0 atomic mass unit).
Average (chemical) molecular weight m/z values were used. Enzyme
cleavage sites were not specified in the search parameters, which in-
creased the confidence of identification when matched peptides had
appropriate cleavage sites. The program was set up to take into account
cysteines which may or may not have been alkylated. (The S-methyla-
tion of cysteine performed during digestion adds 114.0 Da to the pep-
tide mass.) Those MS/MS scans that had deltCn values (defined in Ref.
41) greater than 0.1 and that matched to peptides that would have been
expected to be produced by the enzyme used to effect cleavage (i.e. in the
case of trypsin, peptides that would be produced by cleavage after lysine
and/or arginine) were considered significant. In our experience (39) two
such matches are sufficient to establish the identity of the protein.

Immunological Studies—The polyclonal antibodies were raised in
rabbits by injection of 200 mg of recombinant FDH with Hunter’s
TitreMax adjuvant, and were used for Western immunoblotting analysis
as follows. The purified protein was first subjected to SDS-PAGE prior
to transferring to a nitrocellulose membrane using a Transblot appa-
ratus (Bio-Rad) overnight in 20 mM Tris-HCl, 150 mM glycine buffer,
20% methanol, pH 8.3, at a constant current of 20 volt. The transferred
proteins were then visualized by staining the nitrocellulose with 0.5%
Ponceau S in 1% acetic acid and destained with water. After washing,
the membrane was incubated at room temperature for 2 h with 3%
bovine serum albumin, and with anti-recombinant-FDH containing 3%
bovine serum albumin as the first antibody. The blot was washed then
with phosphate-buffered saline (10 mM NaH2PO4, pH 7.4, 137 mM NaCl,
2 mM KCl) and incubated with rabbit anti-mouse IgG-horseradish per-
oxidase antibody at room temperature for 2 h. Finally, the blotted paper
was washed and visualized with 3,39-diaminobenzidine, phosphate-
buffered saline, 1% CoCl2, and water as described (42).

RESULTS

Internal Sequencing of Protein Methylase I—Protein methyl-
ase I was purified by ND-PAGE following DE-52 and Sephadex
G-200 chromatography (3). The enzyme activity was localized
by extracting the gel slices and then assaying for protein meth-
ylase I activity as described under “Experimental Procedures.”
The enzymatically active protein band had an apparent size of
;450 kDa on ND-PAGE (Fig. 1, A and B) as compared with
;110-kDa on SDS-PAGE (Fig. 1C). The corresponding ND-
PAGE band that had been stained with Coomassie Blue was
then subjected to in-gel digestion with trypsin and reverse
phase HPLC as described under “Experimental Procedures.”
As shown in Fig. 2, the digest proceeded well and three of the
more symmetrical appearing peaks were subjected to Edman
degradation. Although each of these peaks proved to contain
two peptides, in the case of peaks 52 and 93 the ratio of the
primary to secondary peptide sequence was sufficiently high
(i.e. above 5) that the primary sequence could be readily differ-
entiated from the secondary sequence. As depicted in Fig. 3A
all 4 of the peptide sequences obtained from peaks 52 and 93
matched exactly to tryptic peptide sequences in the rat FDH
sequence (Swiss P28037). In addition, both of the sequences
present in peptide 56 also could now be readily matched to
predicted FDH tryptic peptides. In toto, six protein methylase I
tryptic peptides were sequenced with all 55 of the resulting
residues matching exactly to the rat FDH sequence. As shown
in Fig. 3B the six protein methylase I sequences are well
distributed throughout the FDH sequence.

FIG. 1. Polyacrylamide gel electrophoresis of protein methylase I. The Sephadex G-200 purified protein methylase I was subjected to 7.5%
ND-PAGE overnight at 4 °C. Two identical lanes were prepared, one of which was stained with Coomassie Blue (panel A, lane PM I), and the other,
unstained lane was sliced into 2-mm cross-sections, and assayed for protein methylase I activity (panel B). Panel A, the lane labeled FDH contained
;20 mg of the recombinant FDH. The enzymatically active protein, which had an apparent mass of 450 kDa, was extracted from the ND-PAGE
and then subjected to SDS-PAGE and stained with Coomassie Blue (panel C).
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Affinity Purification of Protein Methylase I by 5-Formyltetra-
hydrofolate-Sepharose Chromatography—FDH was initially
described as a folate-binding protein and the protein can be
effectively purified by affinity chromatography using 5-FTHF-
Sepharose (31). Hence, a partially purified protein methylase I
preparation was subjected to the same affinity purification. As
shown in Fig. 4, the affinity gel was very effective in purifying
protein methylase I and the methylase and dehydrogenase
activities eluted together. The enzyme peaks were pooled and
subjected to Western immunoblot analysis using anti-recombi-
nant FDH antibodies. As shown in Fig. 5B this analysis re-
vealed a single protein band at ;106 kDa. Likewise, protein
methylase I prepared via the “conventional” scheme (i.e. DE-52
followed by Sephadex G-200 chromatography and ND-PAGE)
also revealed a single immunoreactive band at ;106 kDa (Fig.
5A), while control preimmune serum did not show any immu-
noreactivity (data not shown).

FDH and Methylase Activity in Recombinant FDH and Pro-
tein Methylase I—As shown in Table I, protein methylase I
purified through ND-PAGE has all three activities that are
characteristic of FDH. When the dehydrogenase activity was
measured using 10-FTHF as the substrate, the purified meth-
ylase was ;33% as active as the recombinant FDH (31.3 versus

94 nmol of THF/min/mg). Similarly, the aldehyde dehydrogen-
ase activity measured in the methylase preparation corre-
sponded to ;36% of the dehydrogenase activity (48.4 versus
135 nmol of NADPH/min/mg). The lower dehydrogenase activ-
ities found in the methylase preparation, compared with those
in the recombinant dehydrogenase, may be the result of partial
inactivation during the relatively lengthy methylase purifica-
tion. In this regard, while purification (26) of the recombinant
FDH involves primarily a single affinity chromatography step
(which presumably would remove inactivated FDH), the puri-
fication of the methylase involves two chromatographic sepa-
rations followed by ND-PAGE (see “Experimental Proce-
dures”). As expected, the recombinant FDH also has
methyltransferase activity. Interestingly these assays were
carried out on a sample of recombinant FDH that had become
inactivated by storage without 2-mercaptoethanol, probably
via cysteine oxidation as both the FDH and methyltransferase
activities are inactivated by sulfhydryl reagents (3, 27) As
shown in Table II, the 10-FTHF dehydrogenase and methylase
activities respond differently to elevated concentrations of
2-mercaptoethanol. While previous studies have shown that
optimal dehydrogenase activity requires 15 mM or higher con-
centrations of 2-mercaptoethanol, prior incubation of recombi-

FIG. 2. HPLC separation of an in-gel tryptic digest of 260 pmol of ND-PAGE purified protein methylase I from rat liver. The “blank”
was obtained from a “digest” of a similar size piece of polyacrylamide gel that should not contain protein. The labeled peaks (e.g. 52, 56, and 93)
were subjected to MALDI-MS and Edman sequencing as described in the text and the legend to Fig. 3. The y axis is in terms of absorbance at 210
nm (full scale is from 0.005 to 0.085) and the x axis is minutes.
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nant FDH in high concentrations of this reducing agent re-
sulted in loss of methylase activity (Table II). Similarly, while
the recombinant FDH is not inhibited by sodium azide, we
found that 0.24 mM sodium azide inhibited 70% of the protein
methylase activity. Furthermore, 0.5 mM folate also resulted in
50% inhibition of protein methylase I activity. Taken together,
these data suggest that FDH and methylase activities may

reside in separate domains. Since the methylase activity that
was recovered in Table II was about 25% of that reported for
the homogenous rat liver protein methylase I (i.e. ;9.0 pmol of
CH3 group/min/mg) the activation of the methylase activity in
the FDH may not have been complete.

Comparative HPLC Tryptic Peptide and LC-MS/MS Analy-
sis of Protein Methylase I and FDH—Two sets of comparative

FIG. 3. Amino acid sequences of tryptic peptides derived from rat liver protein methylase I and the corresponding FDH sequence.
A, comparison of tryptic peptide sequences obtained from the protein methylase I peaks indicated in Fig. 1 with the corresponding sequences
predicted from FDH. B, amino acid sequence of FDH deduced from its cDNA with the boxed regions indicating the location of the tryptic peptide
sequences that are given in panel A.
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HPLC tryptic maps were carried out: first, protein methylase I
purified by ND-PAGE or SDS-PAGE was compared with the
recombinant FDH expressed in insect cells (Fig. 6A); and sec-
ond, the rat liver and recombinant FDH were compared with
the SDS-PAGE purified rat liver methylase (Fig. 6B). Each set
of three HPLC profiles are very nearly identical. One exception
is that one peak that elutes at about 72 min in the rat liver PM
I (ND-PAGE) and recombinant FDH profiles shown in Fig. 6A,
which is labeled as peaks 67 and 71, respectively, in these
chromatograms, seems to be missing in the rat liver PM I
(SDS-PAGE) profile. However, both the mass of this peptide
and Edman sequencing indicates that it matches exactly to
residues 521–531 of FDH. We suspect the methionine in this
peptide may be oxidized in the rat liver PM1 (SDS-PAGE)

sample and that this has led to a shift in elution position so this
peptide now co-elutes with a neighboring peptide in this
chromatogram.

LC-MS/MS analyses followed by SEQUEST data base
searching were carried out on the rat liver methylase and (as
controls) the rat liver and recombinant FDH. In all cases 18 of
the highest quality MS/MS spectra were subjected to SE-
QUEST data base searching as described under “Experimental
Procedures.” This analysis resulted in matching the following
number of tryptic peptides to FDH: 5 from rat liver methylase
(ND-PAGE); 4 from rat liver FDH; and 8 from recombinant
FDH. In no instance was a significant match observed for a
predicted tryptic peptide from any protein other than FDH.
Since only two SEQUEST matches appear to be required for a

FIG. 4. Affinity purification of rat liver protein methylase I via chromatography on 5-formyltetrahydrofolate-Sepharose. The
partially purified rat liver protein methylase I preparation (15 mg of protein purified through Sephadex-200) was subjected to affinity purification
on 5-FTHF-Sepharose (1 3 4 cm) as described in the text. Aliquots of the column fractions were assayed for both protein methylase I (●) and FDH
(E) activity.

FIG. 5. Western immunoblot analysis of protein methylase I using antiserum prepared against recombinant FDH. The protein
methylase I preparation was subjected to SDS-PAGE, transblotted to nitrocellulose paper, stained with Ponceau-S, and then reacted with
anti-recombinant FDH immune serum followed by horseradish peroxidase and the diaminobenzidine reaction as described in the text. The study
in panel A was carried out with the enzymatically active methylase band extracted from ND-PAGE and panel B was carried out with the pooled
active fractions from 5-FTHF affinity chromatography (see Fig. 4).
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firm identification (39), LC-MS/MS independently identified
the rat liver methylase as FDH.

DISCUSSION

The present article establishes the co-identity of the rat liver
protein-arginine methyltransferase (protein methylase I) and
the rat liver FDH. The protein methylase I has been isolated as
an ;450-kDa protein tetramer of identical ;100-kDa subunits
(3) while the dehydrogenase, which had been isolated initially
as the folate-binding protein (23, 24), was reported to exist as
various multimers, which had approximate sizes of 410, 350,
and 210 kDa and which were all composed of an ;100-kDa
monomer (21, 24). Subsequently, the dehydrogenase has been
cloned and expressed in Baculovirus-infected insect cells (19,
26) as a 99-kDa monomer which forms a tetramer that has an
apparent molecular mass of 400–450 kDa (see Ref. 35 as well
as Fig. 1A, lane 1, of the present work).

Several independent approaches were taken to verify the
identification of protein methylase I as FDH. These included:
(i) complete agreement between the amino acid sequences of six
tryptic peptides from the methylase with the corresponding
tryptic peptides predicted from the FDH sequence; (ii) cross-
reactivity of protein methylase with antibodies elicited by re-
combinant FDH; (iii) demonstration of dehydrogenase activity
in the purified protein methylase as well as methylase activity
in the recombinant dehydrogenase; (iv) common elution profile
of both enzymatic activities during 5-FTHF affinity chromatog-
raphy; (v) comparative HPLC tryptic peptide mapping studies
which demonstrated that protein methylase I purified via ei-
ther nondenaturing or SDS-PAGE gave an HPLC profile that
was nearly identical with that for rat liver or E. coli expressed
FDH and finally, (vi) LC-MS/MS analysis followed by SE-
QUEST data base searching which independently identified
the protein methylase as FDH.

FDH is an interesting multifunctional enzyme that had al-

ready been shown to have three catalytic activities (19);
namely, the NADP1-dependent oxidation of 10-FTHF, the
NADP1-independent hydrolysis of 10-FTHF hydrolase for 10-
FTHF, and an aldehyde dehydrogenase activity. Since the
NH2-terminal domain (residues 1–203) of FDH is 24–30% iden-
tical to a group of glycinamide ribonucleotide transformylases
(EC 2.1.2.1) (19), while the COOH-terminal domain (residues
417–900) shares 46% identity with a series of NAD1-dependent
aldehyde dehydrogenases (EC 1.2.1.3), it seemed reasonable to
expect that these regions of sequence homology might corre-
spond to independently folded domains. Indeed, differential
scanning microcalorimetry revealed two thermal transitions
(25). In addition, a COOH-terminal FDH construct (residues
420–902) retained aldehyde dehydrogenase but not dehydro-
genase nor hydrolase activity (43) while an NH2-terminal con-
struct (residues 1–310) retained 10-FTHF hydrolase activity
and a folate-binding site (28). Since neither construct retained
FDH activity, it was hypothesized that this activity results
from the action of the COOH-terminal aldehyde dehydrogenase
catalytic center acting on the substrate bound in the NH2-
terminal domain and that the connecting domain (residues
311–419) is needed to bring the two functional groups into the
proper orientation (28). This interpretation follows also from
previous limited proteolysis studies. The catalytic domain
structure of liver FDH has been studied by treatment with
subtilisin (25) and trypsin (44). In both cases, FDH activity was
preferentially inhibited while leaving both the aldehyde dehy-
drogenase and hydrolase activities intact, suggesting that
cleavage of FDH into two domains destroys the ability to oxi-
dize 10-FTHF. Further support for multiple domains derives
from a site-directed mutagenesis study which demonstrated
that replacement of cysteine 707 with alanine resulted in loss
of FDH activity but retention of full hydrolase activity (35). One
intriguing question, of course, is the location of the methyl-
transferase activity in FDH.

Protein methylase I transfers a methyl group from AdoMet
to specific arginine residues on a protein substrate yielding
three different isomers of NG-methylated arginine (2, 4). The
currently studied protein methylase I from rat liver cytosol has
been shown to be highly specific for hnRNP protein A1 (3). In
this latter regard the rat liver enzyme appears analogous to
one of the two subclasses of methylases present in calf brain
cytosol (4, 5). That is, one subclass of calf brain methylase was
found to be specific for myelin basic protein, while the other
was initially shown to be histone-specific, but later shown to
have even higher specificity for recombinant hnRNP protein A1
(5). These two subclasses of methylase have quite different
molecular and catalytic properties (4). In view of the fact that
liver is not a neuronal organ, it is unlikely that myelin basic
protein-specific methylase is present in liver cytosol. Indeed,
anion exchange chromatographic fractionation of crude rat
liver cytosol extracts revealed only a single, coincident peak of

TABLE I
10-Formyltetrahydrofolate dehydrogenase activity in purified protein methylase I

Enzyme Substrate
Enzyme activity

FDHa 10-FTHF hydrolaseb Aldehyde dehydrogenase

nmol THF/min/mg nmol NADPH/min/mg

PMI 10-FTHF 31.3c 19.2c

10-Formyl-5,8-dideazafolate 32.7 NDd

Propanol 48.4

Recombinant FDH 10-FTHF 94 ND
Propanal 135

a Total FDH activity was measured after addition of NADP.
b 10-FTHF hydrolase activity was measured in the absence of NADP.
c These data are the average of three determinations using 25, 50, and 100 ml of the protein methylase preparations, respectively.
d ND, indicates not determined.

TABLE II
Activation of recombinant FDH by 2-mercaptoethanol

Recombinant FDH (6 mg in the case of the control without added
2-mercaptoethanol and 10 mg otherwise) that had become inactivated
was incubated in the presence of the indicated concentrations of 2-mer-
captoethanol at 37 °C for 30 min, and the respective enzyme assays
carried out as described in the text. FDH was measured using 10-FDDF
as the substrate, while protein methylase I activity was assayed with
histones serving as the methyl-acceptor substrate.

2-Mercaptoethanol FDH Protein methylase I

mM nmol THF/min/mg pmol CH3-group/min/mg

0 0 0
2 170 2.6
6 NDa 2.2

12 ND 0
100 230 0

a ND, indicates not determined.
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hnRNP A1 and histone methylase activity (3), which has been
shown now to derive from FDH. Taken together, these data
suggest that the major protein methyltransferase activity pres-
ent in rat liver cytosol resides in FDH.

Protein-arginine methyltransferase is one of several post-
translational methylation reactions that requires AdoMet as
the methyl donor. Several other classes of protein methyltrans-
ferase reactions, namely, protein-lysine, protein-histidine, and
protein-carboxyl group methyltransferases (1, 2) as well as the
enzymes that catalyze methylation of DNA and RNA (45, 46)

uniformly require AdoMet as the methyl donor. AdoMet is one
of the most important high energy compounds in vivo, next to
ATP, and is biosynthesized from methionine, which in turn
derives from homocysteine. The conversion of homocysteine to
methionine is carried out by via introduction of a methyl group
that is derived from methyl-cobalamin (vitamin B12) whose
methyl group in turn comes from 5-methyltetrahydrofolate.
Tetrahydrofolate serves as the principal (and essential) carrier
for single carbon units in a number of de novo biosynthetic
pathways for purines and thymidine (47–49). The biological

FIG. 6. Comparative HPLC tryptic
peptide maps of protein methylase I
and FDH. The polyacrylamide gel-puri-
fied enzymes (50 pmol each) were di-
gested with trypsin and subjected to re-
verse HPLC as described under
“Experimental Procedures.” A, rat liver
protein methylase I was isolated from ND
and SDS-PAGE as indicated and was
compared with the recombinant FDH pu-
rified via SDS-PAGE. B, the SDS-PAGE
purified rat liver protein methylase I was
compared with the recombinant and rat
liver FDH that had been purified by SDS-
PAGE as indicated.

Protein-Arginine Methyltransferase and 10-FTHF Dehydrogenase 27381

 at A
-JO

U
 U

N
IV

/M
E

D
 IN

F
O

, on A
ugust 18, 2011

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


role of FDH is not clear, however, since FDH has been sug-
gested to serve as a regulatory mechanism to control the in vivo
folate pool size by cleaving the formyl group from FTHF (50,
51), it is tempting to speculate that utilization of the methyl
group of AdoMet via transmethylation may participate also in
maintaining the intracellular concentration of one-carbon units
in the cell.
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