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Abstract

Previous studies have shown that rat glycine N-methyltransferase (GNMT) is phosphorylated in vivo,
and could be phosphorylated in vitro on serine residues with a significant increase of enzyme activity,
but no phosphorylation sites were identified. In this work the identification of the specific phosphoryla-
tion sites of rat GNMT is reported. Three different preparations of rat GNMT were analyzed: (1)
purified from liver by standard methods of protein purification, (2) prepared from isolated hepatocytes
and from liver tissue by immunoprecipitation, and (3) recombinant protein expressed in Escherichia coli.
We measured the molecular weights of protein isoforms using electrospray mass spectrometry and used
liquid chromatography-tandem mass spectrometry (LC-MS/MS) of peptides resulting from tryptic
and chymotryptic digests. We also performed chemical analysis of phosphoamino acids and protein se-
quencing. In all samples, the phosphorylated serine residues 71, 182, and 241 were found. In GNMT
prepared from liver tissue and hepatocytes an S9 additional residue was found to be phosphorylated. In
hepatocytes and in recombinant GNMT S139 was detected. Serine 9 was also identified as a target for
cAMP-dependent protein kinase in vitro. The positions of these phosphorylated residues in the tertiary
structure of GNMT indicate their possible effect on enzyme conformation and activity.
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Glycine N-methyltransferase is a mammalian enzyme,
which catalyzes the transfer of a methyl group from S-
adenosylmethionine (SAM) to glycine producing S-ade-
nosylhomocysteine (SAH) and N-methylglycine (sarco-
sine) (Heady and Kerr 1973; Takusagawa et al. 1999).
The biological role of this enzyme was proposed as reg-
ulating the ratio of SAM/SAH,which has been considered
to be an index of the methylation capacity of the cell
(Farrar and Clarke 2002). GNMT is also a major liver

folate-binding protein (Cook and Wagner 1984), which
binds 5-methyltetrahydrofolate pentaglutamate (5-CH3-
H4Pte-Glu5) in vivo and in vitro, and acts as a potent
inhibitor of GNMT activity. This serves to link the role
of GNMT in the de novo synthesis of methyl groups to
the synthesis of preformed methyl groups in the form of
methionine (Cook and Wagner 1984; Wagner et al. 1985;
Balaghi et al. 1993). It has been pointed out that GNMT is
a key enzyme in the degradative conversion of methionine
to pyruvate, and as such, can be considered to be involved
in gluconeogenesis (Yeo and Wagner 1994; Rowling and
Schalinske 2003). The activity of GNMT has been shown
to be increased during starvation and diabetes. The activ-
ity of cAMP-dependent protein kinase is increased under
these conditions (Gorin and Rosenblum 1974; Karasik et
al. 1990).
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AlthoughGNMTwas first isolated from rabbit, most of
the properties of GNMT were obtained using the enzyme
from rat, either isolated from rat liver (Ogawa andFujioka
1982) or recombinant enzyme (Ogawa et al. 1997). It was
shown that GNMT is a tetrameric protein with active sites
on each identical subunit. The molecular mass of the sub-
units was found to be 32.5 kDa. Some kinetic data on the
GNMTs from other mammals, including human, were
obtained and their cDNAs were sequenced (Ogawa et al.
1984, 1993; Aida et al. 1997; Chen et al. 1998). TheGNMT
proteins were found to be very similar, with identity of
amino acid sequences of about 90% (Ogawa et al. 1993).
Recombinant rat GNMT was crystallized as the apo-pro-
tein (Pattanayek et al. 1998), in complex with SAH and
with SAM and acetate (as an analog of glycine) (Fu et al.
1996; Takata et al. 2003). Based on the crystal structures, a
mechanismof enzymeactionwasproposed inwhichmove-
ments of theN-terminal part of the sequence plays amajor
role in the transfer of the methyl group from SAM to
glycine (Takusagawa et al. 1999; Takata et al. 2003).

Study of the rat enzyme showed a difference in the
kinetic parameters between recombinant protein and
GNMT isolated from liver (Ogawa and Fujioka 1982;
Ogawa et al. 1997). Moreover, it was found that the
recombinant enzyme was not inhibited by concentrations
of 5-CH3-H4Pte-Glu5 that inhibited the native rat liver
enzyme (C. Wagner, unpubl.). It was proposed that a
possible reason for the difference in kinetics was the N-
terminal acetylation of the valine (Ogawa and Fujioka
1982) on the liver enzyme or other post-translational
modifications of GNMT (phosphorylation, methylation,
etc.) that are not present in the recombinant enzyme. It
was found that GNMT could be phosphorylated in vitro
by cAMP-dependent protein kinase, resulting in sig-
nificantly increased enzyme activity (Wagner et al. 1989).
In vivo phosphorylation of rat GNMT was recently
described using a proteomics approach (Møller et al.
2003). Serine was identified as the site of phosphorylation,
but its position was not localized. In this report, we pre-
sent data on the identification of a number of phosphor-
ylation sites of rat GNMT.

Results

Analysis of rat GNMT by mass spectrometry

Molecular isoforms of intact proteins

Intact GNMT samples prepared both from rat liver
and expressed in Escherichia coli were analyzed by ESI
QqTOF and MS/MS methods. The mass spectra of the
proteins greatly depend on the method of sample prep-
aration and storage. When a sample of GNMT, pre-
pared by standard methods of column chromatography

and having a high specific activity, was treated with
tris(2-carboxyethyl)phosphine (TCEP) to keep cysteine
residues fully reduced, the mass spectrum of the protein
exhibited only one peak (Fig. 1) with a molecular
mass of 32,458.6 Da, which corresponds to a predicted
molecular mass for the N-terminal acetylated protein of
32,459.9 Da. As shown in Figure 1, no phosphorylated
GNMT was detected as a separate peak.

Most standard preparations of GNMT, that were
routinely kept in the presence of b-mercaptoethanol
and DTT as reducing agents, showed multiple peaks in
their mass spectra. In recombinant GNMT, in addition
to the peak with a molecular mass of 32,420.7 Da, peaks
of greater molecular mass (+75–79 Da) or multiples
thereof were found probably as a result of b-mercap-
toethanol modification of the cysteine residues. In the
case of the liver enzyme, multiple peaks were also found,
but the lowest molecular mass peak was found to be
32,461.7 Da, which corresponds to full-size protein
with an acetylated N-terminal residue.

LC-MS/MS analysis

The conclusion from initial QqTOF analyses of an
intact liver GNMT sample was that the modified protein
was not a significant fraction of the GNMT sample.
Because published data (Møller et al. 2003) suggested
that rat GNMT is phosphorylated in vivo, a more sensi-
tive approach was used for identification of the phos-
phorylated site(s). In our work, two mass spectrometry
approaches and different samples of GNMT were pre-
pared using inhibitors of kinases and phosphatases.

The first approach used a full-scale LC-MS/MS anal-
ysis in order to analyze all possible sites of modification.
After the most likely phosphorylated peptides were iden-
tified by analysis of Sequest and P-Mod algorithms,
specific precursor ions were selected for MS/MS or
MS/MS/MS analysis (of neutral loss of phosphoric
acid ions) to verify the site of phosphorylation with
improved spectral quality.

Figure 1. Deconvoluted QqTOF mass spectra of rat GNMT isolated

from liver and treated with TCEP. Protein was treated in 25 mM

ammonium bicarbonate buffer (pH 7.6). The mass of 32,458.6 Da

corresponds to N-terminal acetylated liver enzyme.
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Analysis using Sequest showed that trypsin and chy-
motrypsin digestion of GNMT samples yielded a high
coverage of amino acid sequence, not less than 88%. The
liver and recombinant enzymes differ in an N-terminal
acetylation and the presence of a number of peptides
with possible modifications of liver GNMT. This differ-
ence in N-terminal acetylation was easily detected by
LC-MS/MS analysis as a 42-Da increase of the mass of
N-terminal peptide VDSVYR and the presence of all
y- and b-ions after fragmentation of the peptide (Fig. 2).

The LC-MS/MS data revealedmultiple phosphorylated
peptides in all GNMT samples. Additional analysis
of the data with another program (P-Mod) revealed
phosphorylated tryptic peptides: 9–28, 60–89, 123–147,

176–190, and 240–271, with phosphorylated serine resi-
dues of S9, S71, S139, S182, and S241, respectively. A
number of chymotryptic peptides containing the same
serine residues as above were also detected (Fig. 3;
Table 1).

To obtain additional data on the phosphorylated pep-
tides, MS/MS analysis of selected precursor ions from
the tryptic digest of GNMT samples was performed. The
mass spectrometer was set up to acquire MS/MS spec-
tra specifically of potentially phosphorylated peptides
mentioned above by targeting the anticipated ions, rather
than acquiring the data in a data-dependent fashion. All
spectra that contained a phosphorylated residue were man-
ually inspected for verification.

The most easily detected peptides were two phosphopep-
tides forwhichmost of theb- andy-ionswere found.Peptide
9–28, SLGVAAEGIPDQYADGEAAR, was found in the
GNMT prepared by standard chromatography and in
GNMT immunoprecipitated from hepatocytes. The phos-
phorylated peptide 176–190,NYDYILSTGCAPPGK,was
found in all GNMT samples. Other peptides that were also
detected by either the data-dependent analysis or targeted
analysis are listed in Table 1.

Peptide 9–28 contains only one serine residue (S9).
The presence of the 9–28 phosphorylated peptide was
confirmed by the additional mass of 80 Da, and by the
presence of most of the y- and b-ions in the MS/MS
spectra, with a correspondingly 80-Da shift to account
for the phosphorylation (Fig. 4). In addition, the spec-
trum contained a neutral loss of phosphoric acid
(M2H+–H3PO4), which is an additional characteristic
fragmentation that can occur in phosphorylated pep-
tides. Interestingly, phosphorylation of S9 was detected
only in GNMT prepared by standard chromatographic
methods and in the preparation immunoprecipitated
from hepatocytes. Peptide 176–190 was found in all
GNMT samples by the presence of additional 80 Da
mass units and by the presence of most of the b- and y-
ions (Fig. 5).

Figure 2. MS/MSspectraofN-terminal peptides of liver and recombinant

GNMT. Existence of b- and y-fragments in unmodified peptide in recom-

binant protein (bottom) and in theN-terminal acetylated peptide from liver

enzyme (top) are clearly detected. The amino acid sequence and expected

b- and y-fragments for peptide 1–6 are given at the top of each spectra.

Figure 3. Position of phosphorylated serines in the sequence of rat GNMT. The phosphorylated tryptic or chymotryptic

peptides found by LC-MS/MS analysis are underlined with phosphorylated serine residues marked by an asterisk.
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Of particular interest were the peptides containing
phosphorylated S139. The collision-induced fragmenta-
tion of this peptide clearly showed the presence of the
phosphorylated serine residue (data not shown) in all
samples except the standard liver GNMT preparation.

Analysis of rat GNMT by protein chemistry

In addition to mass spectrometric analysis, GNMT
phosphorylation was studied using protein chemistry.
To identify the phosphorylated residue produced by the
isolated hepatocytes they were treated with radiolabeled
[32P] sodium phosphate to incorporate [32P] into GNMT.
After homogenization, GNMT was isolated by immuno-
precipitation and SDS-electrophoresis. It was found that

radioactive phosphate was incorporated into GNMT.
Phosphoamino acid analysis showed that the only phos-
phorylated amino acid residue was serine (Fig. 6).

GNMT containing radioactive phosphate was used
for determination of phosphopeptides by trypsin
digestion and N-terminal sequencing. Identification of
the specific phosphorylated serine residue(s) in that
GNMT sample by peptide sequencing was complex.
Incorporation of the radioactive [32P] into GNMT was
low and greatly dependent on the different hepatocytes
and crude extract preparations. Our results showed that
radioactively labeled peptides were eluted in two or three
peaks when the tryptic digest of GNMT was frac-
tionated by reverse-phase chromatography on C18 col-
umns. In one of those peaks a relatively pure peptide was
eluted. Its N-terminal sequence was determined
as NYDYIL, which corresponded to peptide 176–190,
NYDYILSTGCAPPGK. This was confirmed by mass
spectrometry. Sequencing of the peptides from another
peak revealed the presence of a mixture of peptides,
which we were unable to separate.

In vitro phosphorylation of GNMT
by cAMP-dependent kinase

We reported earlier that rat GNMT could be phos-
phorylated in situ (Wagner et al. 1989), but the position
of the phosphorylated serine was not determined. It was
done later by N-terminal sequencing of the phosphory-
lated peptide (Yeo 1992). After tryptic digestion of the
phosphorylated protein, the peptides were separated by
C18 reverse-phase chromatography, and individual frac-
tions of radiolabeled peptide were sequenced. It was
found that the sequence of phosphorylated peptide was
SLGVAADGIPEQYAGDAAR. This is the sequence of
tryptic peptide 9–28, which means that the serine residue
modified by cAMP-dependent kinase was S9. This also
means that S9 phosphorylation of liver GNMT was a
result of action of cAMP-dependent kinase.

Discussion

The main goal of this work was to identify the specific
phosphorylation sites of rat GNMT. The phosphoryla-
tion of serine in rat glycine N-methyltransferase has
been known for more than a decade (Yeo 1992), but
the site(s) of phosphorylation remained unknown.
Serine phosphorylation in rat GNMT was confirmed
recently by Møller et al. (2003) using a proteomics
approach for identification of phosphorylated proteins
in rat hepatocytes, but the authors did not identify the
specific site(s) of phosphorylation.

In the study of protein post-translational phosphory-
lation two things are critical: protein preparation and

Table 1. List of phosphorylated tryptic and chymotryptic

peptides detected in different GNMT samples by

data-dependent and targeted analysis

Protein

Phosphorylated peptide
detected by either data-dependent

or targeted analysis

Liver GNMT 9–28 SLGVAAEGIPDQYADGEAAR

60–89 VLDVACGTGVDSIMLVEEGFSV

TSVDASDK

62–74 DVACGTGVDSIML

176–190 NYDYILSTGCAPPGK

178–194 DYILSTGCAPPGKNIYY

240–261 LSYYPHCLASFTELVQEAFGGR

Liver 62–79 DVACGTGVDSIMLVEEGF

immunoprecipitated

GNMT

60–89 VLDVACGTGVDSIMLVEEGFSVT

SVDASDK

119–140 TLDKDVPAGDGFDAVICLGNSF

123–147 DVPAGDGFDAVICLGNSFAHL

PDSK

176–190 NYDYILSTGCAPPGK

178–194 DYILSTGCAPPGKNIYY

240–261 LSYYPHCLASFTELVQEAFGGR

Hepatocytes

immunoprecipitated

1–30 VDSVYRTRSLGVAAEGIPDQYAD

GEAARVW

GNMT 60–89 VLDVACGTGVDSIMLVEEGFSVT

SVDASDK

62–74 DVACGTGVDSIML

123–147 DVPAGDGFDAVICLGNSFAHL

PDSK

176–190 NYDYILSTGCAPPGK

240–261 LSYYPHCLASFTELVQEAFGGR

Recombinant

GNMT

60–89 VLDVACGTGVDSIMLVEEGFSVT

SVDASDK

119–140 TLDKDVPAGDGFDAVICLGNSF

123–147 DKDVPAGDGFDAVICLGNSFA

HLPDSK

176–190 NYDYILSTGCAPPGK

The phosphorylated serine residues are in bold and underlined.
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sensitivity of the analytical methods. Therefore, we used
different methods for GNMT preparation to study
effects of different treatments on the location of phos-
phate groups. Only by using LC-MS/MS mass spec-
trometry and powerful analytic software were we able
to identify the specific serine residues, which are phos-
phorylated in rat GNMT.

Preparation of liver GNMT by standard chromato-
graphic methods is designed to yield a large amount of
purified protein, but takes from two to three weeks since
it uses a number of column chromatographic steps.
Analysis of a highly purified sample prepared in this
way (Fig. 1) showed no major phosphorylated molecular
species, but the presence of multiple phosphopeptides
was well documented in other preparations (Table 1).
Purification using phosphatase inhibitors and immuno-
logic separation was designed to isolate small amounts
of protein rapidly.

By using both approaches, we identified the major
phosphorylation sites of rat GNMT as serine residues
S9 and S182 and minor sites as serines S71 and S241. In

all cases, the level of phosphorylation is low and the
pattern of phosphorylation depends on the GNMT sam-
ple preparation. When precautions were taken to inhibit
phosphatase action during GNMT preparation an addi-
tional phosphorylation was detected at S139.

The phosphorylated serine residues in rat GNMT are
located within different sequence motifs, suggesting that
different kinases used GNMT as substrate. A large data-
base for substrate specificity for known kinases (Ken-
nelly and Krebs 1991; Blom et al. 1999) allows us
to speculate on the potential kinases that phosphory-
lated rat GNMT. For S9, located in the sequence
YRTRS(9)LGVA, our experimental data showed that
this residue is phosphorylated by cAMP-dependent pro-
tein kinase (PKA) in situ, for which the consensus motif
is R-X(1–2)-S/T-X or R-XX-S/T (Kennelly and Krebs
1991). The most likely kinase that phosphorylates S241
may be a CaM II-dependent kinase for which the con-
sensus sequence site of phosphorylation is R-XX-S/T-X.
This is similar to the phosphorylation site of GNMT at
Ser241 (FRLSYYPH). The question of whether these

Figure 4. MS/MS spectrum of phosphorylated peptide 9–28 from rat liver GNMT. The trypsin digest of rat liver GNMT was

analyzed byMS/MS analysis specifically with a mass/charge ratio of 1035.5 throughout the chromatographic run. This precursor ion

corresponds to the presence of one phosphate group in the peptide 9–28. The amino acid sequence and expected b- and y-fragments

for peptide 9–28 are given above the spectra and the ions found are consistent with the placement of the phosphate group at S9.
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kinases are responsible for phosphorylation of GNMT
in vivo remains to be answered.

A very interesting finding of this work is that almost
all the phosphorylated serine residues that were found in
the liver enzyme were found also in recombinant GNMT
expressed in E. coli. The presence of serine/threonine/
tyrosine kinases in prokaryotic organisms including E.
coli is known (Shi et al. 1998). Activity of E. coli kinases
on expressed mammalian protein is well documented
(Du et al. 2005), but how this takes place is unknown.

The identification of the phosphorylation sites of rat
GNMT was undertaken to elucidate a potential mechan-
ism of regulation of conformation and activity of GNMT
in vivo. Although the level of GNMT phosphorylation is
low, it may be higher in vivo, and there is a possibility for
regulation of the properties of enzyme by specific serine
phosphorylation. GNMT is a tetrameric enzyme, the con-
formation and stability of which depends on the confor-
mation of each monomer as they are tightly bound by
multiple interactions (Fu et al. 1996; Pattanayek et al.
1998; Takata et al. 2003). The phosphorylation is not
limited to rat liver, since we have also identified multiple
phosphorylation sites in human GNMT expressed in
H1299 cells (Z. Luka and C. Wagner, unpubl.), which
suggests that it may have broad significance.

The most easily detected phosphorylated residues,
serines S9 and S182, are located on the surface of the
GNMT molecule. Phosphorylation of these residues
could affect conformation and stability of the GNMT
tetrameric structure. As shown in Figure 7, S9 and S182
are close enough in the crystal structure to predict a
destabilizing effect of the phosphorylation on the

Figure 5. MS/MS spectrum of phosphorylated peptide 176–190 from rat liver immunoprecipitated GNMT. The trypsin digest

of rat liver GNMT analyzed by MS/MS in data-dependent mode. The amino acid sequence and expected b- and y-fragments for

peptide 176–190 are given above the spectra. The ions found are consistent with the placement of the phosphate group at S182.

Figure 6. Phosphoamino acid analysis of GNMT isolated from rat

hepatocytes. GNMT was labeled in hepatocytes with inorganic

[32P]phosphate and purified by chromatographic methods and SDS

electrophoresis. The GNMT was eluted from the SDS gel, hydrolyzed

in 6 N HCl, and amino acids were separated by two-dimensional thin-

layer electrophoresis. Positions of phosphoamino acids are shown with

the spot of radioactively labeled amino acid, which is phosphoserine.

Figure adapted from Yeo (1992).
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quaternary structure. We previously have shown that
stability of human GNMT tetramer determines activity
of the enzyme (Luka and Wagner 2003).

Phosphorylation of S9 may have an impact on GNMT
in two ways. This residue is located on the N-terminal
part of each monomer, which is proposed to be critical for
the enzymatic reaction (Takata et al. 2003). Therefore,
phosphorylation of that residue could directly affect enzy-
matic activity of GNMT. Another possibile way of affect-
ing GNMT action is by modulating folate binding. We
have shown that in vitro phosphorylation of S9 by
cAMP-dependent protein kinase decreases binding of 5-
CH3-H4Pte-Glu5 (Wagner et al. 1989).

The other sites of serine phosphorylation found in
thiswork also suggest regulation of enzyme activity. Serine
71 is located in the middle of a-helix 3 (residues 69–76),
which is close to the active center, and it is possible that
incorporation of a negative charge into the microenviron-
ment could affect enzyme action. Serine 139 is located
within the group of residues that directly participates in
rat GNMT enzyme action according to a proposed

mechanism (Takata et al. 2003). TheG137makes a hydro-
gen bond with the substrate glycine, while L136 and H142
form hydrogen bonds with SAM. One could expect a sig-
nificant effect on the SAMand glycine binding in the active
center as a result of the negative chargebyphosphorylation
of S139. The importance of the microenvironment in this
particular portion of the GNMT structure was shown by
discovery of a human mutant GNMT with a N140S sub-
stitution (Augoustides-Savvopoulou et al. 2003). Substi-
tution of asparagine 140 in human GNMT, which is
homologous to N138 in rat GNMT, almost completely
inactivated the enzyme. It is important that all proposed
mechanisms for regulation of rat GNMTactivity by phos-
phorylation of different serine residues be tested experi-
mentally by in vitro phosphorylation with specific kinases
and by site-directed mutagenesis of phosphorylated
serines. This work is currently underway.

Materials and methods

Rat GNMT preparation

In several published procedures for purification of rat GNMTno
special precautions were taken for inhibition of kinase and phos-
phatase activities (Suzuki and Wagner 1980; Cook and Wagner
1984). Because most studies were obtained with GNMT purified
in this way, it was necessary to analyze phosphorylation of this
type of preparation. On the other hand, to study all possible sites
of GNMT phosphorylation, phosphatase inhibitors must be in-
cluded in the homogenization buffer. For this reason four differ-
ent rat GNMT preparations were studied in this work.

The standard native rat GNMTpreparation was isolated from
rat liver by a procedure routinely used in our laboratory formany
years (Zamierowski andWagner 1977; Suzuki andWagner 1980).
This included homogenization in isotonic sucrose, preparation of
cytosol, and chromatography on gel-exclusion, anion and cation
exchange columns, and hydroxylapatite. The homogenization
buffer I contained 10 mM K-phosphate buffer (pH 7.0), 0.25 M
sucrose, 5mMEDTA, 10mMb-mercaptoethanol, 1mMPMSF,
10 mg/mL leupeptin, 10 mg/mL aprotinin, 1 mM benzamidine,
and 4mg/mL soybean trypsin inhibitor.No specific inhibitors for
phosphatases were used in this procedure. Pure enzyme usually
had specific activities over 300 nmol of product/min/mg, but this
varied, and specific activities of over 500 have been obtained.

In an attempt to preserve any evidence of native phosphoryla-
tion, two other rapid methods of preparing liver GNMT were
employed using phosphatase inhibitors and immunoprecipitation
with affinity purified anti-rat GNMT polyclonal antibodies. This
was prepared by homogenizing rat liver in buffer II contain-
ing: 50 mM Tris-HCl (pH 7.5), 50 mM Na-fluoride, 20 mM
glycerophosphate, 5 mM Na-pyrophosphate, 1 mM Na-ortho-
vanadate, 2 mM okadaic acid, 2 mM microcystin LR, 1 mM
dithiothreitol, 2 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10
mM leupeptin, 1 mM calpain inhibitor, 1 mM pepstatin A, 1 mM
aprotinin, and 10 mM b-mercaptoethanol. The homogenate was
centrifugated at 40,000g for 1 h and the supernatant was used for
GNMT immunoprecipitation. This was done with protein A-
Sepharose beads (Sigma). The protein beads (about 10 mg) were
first incubated with anti-GNMT antibodies in 20 mM Na-phos-
phate buffer (pH 8.0) overnight. The liver supernatant (100 mL)

Figure 7. Position of the S9 and 182 residues, which were found

phosphorylated in the crystal structure of rat GNMT. The crystal

structure of rat GNMT cocrystallized with SAM and acetate was

taken from Takata et al. (2003) and is shown in two (A and B) projec-

tions. Serine residues are in red and SAM and acetate are in green.
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thenwas addedand incubatedon ice for 30min.Unboundproteins
were removed with 50 mMNa-phosphate buffer (pH 8.0), and all
boundproteinswere removed from the Sepharose beads byboiling
in the SDS sample buffer. The protein sample was fractionated by
SDS electrophoresis, and the GNMT protein band was excised
from the gel and subjected to in-gel digestion as described below.
We also purified GNMT from rat hepatocytes using immu-

noprecipitation. Rat liver hepatocytes were isolated by a mod-
ification of the procedure described by Horne et al. (1978). After
the required surgical preparation, the liver was perfused first
without recirculation at 14 mL/min for 7 min with Ca-free
Krebs-Ringer HEPES (pH 7.4) equilibrated at 37�C with 100%
oxygen. Then ,80 mL was recirculated and 20 mg of collage-
nase and 5 mg of soybean trypsin inhibitor added. The resulting
suspension was shaken for 10 min at 37�C in a plastic Erlen-
meyer flask aerated with a stream of 100% oxygen. The suspen-
sion was passed through nylon mesh and the viable (more dense)
cells were collected by centrifugation at 50g for 1 min. The pellet
was washed in incubation medium (Krebs-Ringer HEPES at pH
7.4, containing 2% gelatin and MEM-essential and nonessential
amino acids, vitamins, and glutamine) and resuspended in
homogenization buffer II of the same composition as used for
preparation of liver GNMT by immunoprecipitation. GNMT
was then prepared by the procedure used for preparation of im-
munoprecipitated liver GNMT.
Recombinant GNMT was prepared by expression of rat

GNMT in E. coli using the recombinant plasmid prepared in
Dr. Ogawa’s laboratory according to a published protocol
(Ogawa et al. 1997) with minor modifications.

Phosphorylation of GNMT in hepatocytes

The rat hepatocytes prepared as above (3 mL) were suspended
in 3 volumes of modified Krebs-Ringer HEPES, containing no
phosphate, 16 mM lactate, and 4 mM sodium pyruvate as an
energy source, and 1.5% gelatin plus MEM essential and non-
essential amino acids, vitamins, and 2 mM glutamine. GNMT
may be considered as an enzyme involved in gluconeogenesis,
since it is one of the principal enzymes in the pathway from
methionine to pyruvate. Its activity is induced by starvation or
by diabetes (Gorin and Rosenblum 1974), and unpublished
experiments (C. Wagner and R.J. Cook) have shown that
glucagon administration to intact rats results in elevated
GNMT activity after 2 h. For this reason glucagon was
included during incubation of the hepatocytes.
To label the proteins, 2 mCi of [32P] phosphate was added

and the reaction was incubated for 1 h at 37�C. Then 100 nM
glucagon and 10 mM 8-para-chloro-phenyl-thio-cAMP (cAMP
analog) were added to enhance the in situ phosphorylation
reaction. After 5 min incubation at 37�C the cells were washed
and homogenized in three volumes of homogenization buffer.
The homogenate was centrifugated at 100,000g for 1 h. GNMT
was isolated from the supernatant by immunoprecipitation and
SDS-electrophoresis. The GNMT band was visualized by
radioautography, excised, and protein was extracted by elec-
troelution. GNMT was hydrolyzed in 6 N HCl for the phos-
phoamino acid analysis and was digested with trypsin for the
phosphopeptide sequence analysis.

Phosphopeptide sequence analysis

For phosphopeptide sequence analysis the cysteine residues of
GNMT were carboxyamidomethylated in 8 M urea with

iodoacetamide, and the modified protein was digested with
trypsin in 2 M urea at 37�C for 36 h. The tryptic digest of
GNMT containing [32P] was fractionated by reverse-phase
HPLC on a SynChropak RP-P C-18 column or Rexchrom
S5-100-ODS (25 cm· 4.6 mm) column (Regis Technologies)
with monitoring at 214 nm. Radioactive peptides were
sequenced at the Protein Analysis Core Laboratory of Vander-
bilt University School of Medicine.

Identification of phosphorylated amino acid residues

For phosphoamino acid analysis carboxyamidomethylated
GNMT was hydrolyzed in 6 N HCl at 110�C for 2 h under
nitrogen. The hydrolysate was mixed with phosphorylated
amino acid standards and analyzed by two-dimensional thin-
layer electrophoresis on thin-layer cellulose plates as described
elsewhere (Cooper et al. 1983). The first dimension was run at
1000 V in acetic acid:formic acid:water (78:25:897, v/v; pH 1.9)
for 90 min and the second dimension was run at 1000 V
in acetic acid:pyridine:water (50:5:945, v/v; pH 3.5) for 35
min. The internal standards were located by ninhydrin stain-
ing, and radiolabeled amino acid was visualized by autoradiog-
raphy.

In vitro phosphorylation of GNMT by
cAMP-dependent protein kinase

Rat liver GNMT was phosphorylated by the catalytic subunit
of cAMP-dependent protein kinase as described (Wagner et
al. 1989). The reaction mixture contained 5 mmol of HEPES
buffer (pH 7.4), 1 mmol of DTT, 0.5 mmol of MgCl2, 10
mmol of cold ATP, 10 mCi of [g-32P]ATP, 0.3 mg of catalytic
subunit of protein kinase, and 10 mg of purified GNMT in a
final volume of 100 mL. After incubation at 25�C for 1 h, the
reaction was stopped by adding 100 mL of SDS sample buffer.
After SDS electrophoresis the protein (GNMT) from the
radioactive band was electroeluted and analyzed for phospho-
amino acids and for phosphopeptides as above.

In-gel trypsin and chymotrypsin digestion
for mass spectrometry analysis

The GNMT band in the gel after SDS electrophoresis and
Coomassie staining was digested by trypsin or chymotrypsin
according to a standard procedure for in-gel digestion (Ham
2005). Briefly, the gel fragment was washed in 50 mL of 50 mM
ammonium bicarbonate, then in 50 mL of 50% acetonitrile–25
mM ammonium bicarbonate. After drying, the gel was placed
into 50 mM ammonium bicarbonate–10 mM DTT and protein
was reduced at 56�C for 15 min. Protein was carboxyamido-
methylated in 20 mM iodoacetamide for 15 min and iodoace-
tamide was washed out.
Tryptic digestion was done with Promega Porcine trypsin

in 50 mM ammonium bicarbonate at 37�C overnight. Peptides
were extracted by 25 mM ammonium bicarbonate and one
additional step with 50 mL of 5% formic acid–50% acetonitrile.
Chymotryptic digestion was similar to tryptic digestion, with
the exception that the digestion was performed for 5 h at room
temperature. Sequencing grade chymotrypsin from Princeton
Separations was used.

792 Protein Science, vol. 15

Luka et al.



Intact protein analysis by electrospray mass spectrometry

The molecular mass of intact GNMT was measured using a
QSTAR mass spectrometer (Applied Biosystems), having
QqTOF geometry, equipped with an ESI source and a Finni-
gan TSQ700 (Thermo Electron) with an ESI source. The
protein sample for QqTOF measurement was prepared in
25 mM ammonium bicarbonate (pH 7.9) and treated with
TCEP. Protein samples without treatment with TCEP were
analyzed in 20 mM Tris (pH 8.5), 1 mM EDTA, 1 mM sodium
azide diluted 1:10 with 100/100/10 (v/v/v) of methanol/water/
acetic acid.

GNMT analysis by LC-MS/MS

The LC-MS/MS analyses were performed on a ThermoFin-
nigan LTQ linear ion trap mass spectrometer equipped with
a ThermoFinnigan Surveyor LC pump, NanoSpray source
(Thermo Electron), and Xcalibur 1.4 instrument control and
data analysis software. HPLC separation of the chymotryp-
tic peptides was achieved with 100 mm · 11 cm C-18 capil-
lary column (Monitor C18, 5 micron, 100 Å, Column
Engineering), at 0.7 mL/min flow rate. Solvent A was H2O
with 0.1% formic acid, and solvent B was acetonitrile con-
taining 0.1% formic acid. The gradient program was: 0–3
min, linear gradient from 0%–5% B; 3–5 min, 5% B; 5–50
min, linear gradient to 50% B; 50–52 min, linear gradient to
80% B; 52–55 min, linear gradient to 90% B; 55–56 min,
90% B in solvent A. MS/MS scans were acquired using an
isolation width of 3 m/z, an activation time of 30 msec, and
activation Q of 0.250 and 30% normalized collision energy
using 1 microscan and ion time of 100 for each MS/MS
scan. The mass spectrometer was tuned prior to analysis
using the synthetic peptide TpepK (AVAGKAGAR), so
some parameters may have varied slightly from experiment
to experiment, but typically the tune parameters were as
follows: spray voltage of 1.8 kV, a capillary temperature
of 150�C, a capillary voltage of 50 V, and tube lens 100 V.
Initial analysis was performed using data-dependent scan-
ning in which one full MS spectra, using a full mass range
of 400–2000 amu, was followed by three MS/MS spectra. In
the subsequent analysis, several specific precursor masses
were selected for MS/MS analysis in a targeted fashion.
Protein potential modification sites were identified using the

SEQUEST algorithm (Eng et al. 1994) and the SEQUEST
Browser software (Thermo Electron). A list of peptides was
created and each peptide was run through P-Mod software to
check for possible chemical modifications (Hansen et al. 2005).
The candidate modifications found by software were verified
by visual inspection of corresponding spectra. Theoretical pro-
tein, peptide, and peptide fragment ion masses were generated
using General Protein Mass Analysis for Windows version
6.01.1 (Lighthouse Data, Odense, Denmark) and Protein
Prospector (http://prospector.ucsf.edu).

Protein analysis

The concentration of protein samples was determined by the
BCA method (BCA Protein Assay Kit, Pierce) using bovine
serum albumin as a standard. SDS electrophoresis was per-
formed according to standard protocol in 10%–12% gels. Gels
were stained with Bio-Safe Coomassie (Bio-Rad).
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