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Methylation is a major biological process. It has been
shown to be important in formation of compounds such as
phosphatidylcholine, creatine, and many others and also par-
ticipates in epigenetic effects through methylation of his-
tones and DNA. The donor of methyl groups for almost all
cellular methylation reactions is S-adenosylmethionine. It
seems that the level of S-adenosylmethionine must be regu-
lated in response to developmental stages and metabolic
changes, and the enzyme glycine N-methyltransferase has
been shown to play a major role in such regulation in mam-
mals. This minireview will focus on the latest discoveries in
the elucidation of the mechanism of that regulation.

Discovery of S-Adenosylmethionine and Its Versatility

AdoMet” was discovered in 1951 by Cantoni as the “active
methionine” used in the enzymatic transfer of the methyl group
of methionine to nicotinamide to form N*'-methylnicotinamide
(1). With the exception of a few intracellular parasites that take
up AdoMet from their hosts, AdoMet is formed from ATP and
methionine by methionine adenosyltransferases present in all
(or virtually all) cells of all organisms, including archaea, eubac-
teria, and eukaryotes. The reaction involves, initially, transfer of
the adenosyl group of ATP to methionine, with the remainder
of the ATP being converted to enzyme-bound tripolyphos-
phate. The latter compound is hydrolyzed to pyrophosphate
and phosphate, which are then released (2). Being a sulfonium
compound, AdoMet provides the large amounts of free energy
(20 ~kcal/mol) needed for methyl group transfers.

AdoMet is possibly the most (or, compared with ATP, the
second most) versatile compound in Nature. It is a source not
only of methyl groups but, in diverse reactions in various orga-
nisms, provides methylene groups, four-carbon moieties, ribo-
syl groups, amino groups, and, after decarboxylation, three-
carbon moieties for polyamines and ethylene (3). It may be
converted to a 5'-deoxyadenosyl free radical that participates in
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a great variety of “radical SAM” reactions (4). AdoMet also
functions as a regulator of many metabolic pathways in mam-
mals, plants, and bacteria.

In mammals, >90% of AdoMet is used for methylation reac-
tions by at least 50 different methyltransferases (5). Methyla-
tion of both small molecules (e.g phosphatidylethanolamine
and guanidinoacetate) and macromolecules (DNA, RNA, his-
tones, and other proteins) plays critical roles in cellular metab-
olism. Methylations of DNA and histones are major events in
epigenetics. Therefore, the level of AdoMet must be carefully
regulated to maintain cellular homeostasis. Recent evidence
has established that GNMT plays a major role in maintaining
normal AdoMet levels in mammals.

GNMT Genes and Proteins

In 1960, enzymatically catalyzed direct transfer of a methyl
group from AdoMet to glycine (forming sarcosine) was dem-
onstrated. The activity was found in liver extracts from guinea
pig, rat, rabbit, and mouse, but the enzyme was not purified
until 1972 when Heady and Kerr, upon finding that glycine was
a better acceptor of AdoMet methyl groups than tRNA, pro-
ceeded to purify the GNMT activity from rabbit liver (6).

Tissue Distribution—GNMT is a tetrameric, cytosolic pro-
tein present in large amounts in liver (1-3% of cytosolic pro-
tein) and in pancreas and prostate (0.4% of cytosolic protein).
Immunohistochemical studies confirmed these findings (7) and
showed that GNMT protein is located in the exocrine tissue of
the pancreas as well as in additional tissues active in secretion
(proximal kidney tubules, submaxillary glands, intestinal
mucosa, cortical neurons, and Purkinje cells of the brain).

Possible Nuclear Localization—Although GNMT is a cytoso-
lic protein, its presence in liver nuclei has been reported by a
number of laboratories based on both activity and immunolog-
ical measurements (7, 8). The Bresnick group suggested that
GNMT is the putative “4 S” aryl hydrocarbon receptor respon-
sible for induction of cytochrome P-450 1A (CYP1A) by benzo-
(a)pyrene that is translocated to the nucleus (9). Other studies
have questioned the role of GNMT as the 4 S aryl hydrocarbon
receptor (8). Studies in which GNMT was incubated with iso-
lated rat liver nuclei showed that native tetrameric GNMT was
unable to enter the purified liver nuclei (10). The possible func-
tion of GNMT in the nucleus is still a matter of speculation, and
if GNMT in the nucleus is not simply a result of cytoplasmic
contamination, its function there is not clear because it does
not appear to be involved in the induction of the cytochrome
P-450 family of enzymes.

GNMT Genes and Expression—The first three GNMT genes
to be cloned and sequenced were those from rat, mouse, and
human. Each is relatively small with a simple structure. About
3200 nucleotides from the first ATG to the stop codons (11), the
genes consist of six exons with an average size of 170 nucleo-
tides and five introns. As genomes of other species were
sequenced, open reading frames with homology to human, rat,
and mouse GNMT's were found in zebrafish, red flour beetle,
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mosquito, and other organisms. Unpublished experiments®
have shown that GNMT enzyme activity is present in zebrafish
liver, but for the other organisms, the presence of such activity
has not been tested, and the function(s) of any such activities
have not been elucidated. In mammals, the levels of mRNA are
highest in liver, kidney, pancreas, and prostate, the organs with
the greatest GNMT activities. GNMT either is not detected or
is present in minimal amounts in livers of embryos of the exper-
imental animals tested, but it is expressed strongly soon after
birth.

GNMT expression is down-regulated or even completely
blocked in liver and prostate tumor tissue (11, 12) and in most
cultured cells. Although little is known about the properties of
the GNMT gene promoters of experimental animals, it has
been shown that GNMT activity is induced by vitamin A, glu-
cocorticoids, and glucagon (13).

The greatly decreased levels of GNMT in prostate tumor
tissues (11) might predict that the level of sarcosine in prostate
should be relatively low (see Fig. 2). However, a recent study
reported that sarcosine is found in elevated amounts in meta-
static prostate tissue compared with normal human prostate
and localized prostate cancer. Sarcosine is increased in the
urine of men with metastatic prostate cancer, leading to the
suggestion that this metabolite may be a marker for progression
of the cancer (14). This remains to be confirmed.

GNMT Protein—The enzymatic characteristics of GNMT
and the properties of the protein from rabbit, rat, and
human, either purified from liver or pancreas or expressed in
Escherichia coli, have been studied most extensively. Protein
sequences of human, rabbit, rat, pig, and mouse have ~90%
sequence identity (15). Al GNMTs are 130-kDa tetramers con-
sisting of four identical subunits. Each subunit consists of 292—
296 amino acid residues (depending on the source) and pos-
sesses an active center for enzymatic reaction (Fig. 1). The
initial methionine residue is removed, and GNMT proteins
from liver or expressed in E. coli have an N-terminal valine. The
N-terminal valines in rat and human GNMTs are acetylated,
but when recombinant rat or human GNMT is expressed in
E. coli, they are not acetylated (16, 17). The only known post-
translational modification of liver GNMT is serine phosphoryl-
ation. Serines 9, 71, 139, 182, and 241 may be partially phospho-
rylated in rat liver and recombinant GNMTs, but in the purified
rat liver enzyme, the amount of phosphorylation is very low
(17). Ser® of rat GNMT can be phosphorylated in vitro by the
glucagon-activated cAMP-dependent protein kinase (18). Glu-
coneogenesis (facilitated by glucagon) from certain amino
acids, including methionine, is activated in diabetes and fasting,
and it has been suggested that GNMT may be a major enzyme
involved in the ultimate utilization of the four-carbon moiety of
methionine (Fig. 2) for gluconeogenesis.

Crystal structures have been solved only for recombinant
rat, mouse, and human GNMTs (19-22) crystallized either
as apoproteins or complexed with AdoMet, AdoHcy, both
AdoMet and acetate (a competitive inhibitor of glycine), or
5-CH;-H,PteGlu. In all crystal structures, GNMT is modeled
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FIGURE 1. Crystal structure of recombinant rat GNMT complexed with
5-methyl-THF. Coordinates of the structure from Protein Data Bank code
2IDK were used for preparation of this figure. Each subunit is denoted A, B, C,
and D. Two molecules of folate are shown as yellow spheres. The overall struc-
ture was drawn in schematic mode of the PyMOL program. The residues par-
ticipating in binding AdoMet (Trp3°, Arg*®, Ala®*, Asp®, Asn''¢, Trp"'"7, and
Leu'%®) are drawn as black spheres. The N termini of subunits are denoted Na,
Nb, Nc¢, and Nd. Interaction of the N-terminal fragment of subunit A (green)
with the active center of subunit B (red) is clearly seen.

as a flat-shaped tetramer with numerous interactions between
the subunits (Fig. 1). The active sites lie deep within the globular
portion of each subunit. Based on the crystal structures of
GNMT complexed with AdoMet or AdoHcy and kinetic stud-
ies of numerous mutants of recombinant rat GNMT, a mecha-
nism of enzyme reaction has been proposed (21): inactive
GNMT exists in a “closed” conformation in which the N-termi-
nal fragments of each subunit interact with the globular part of
the adjacent subunit in a manner that closes access to the active
centers (Fig. 1). In the presence of AdoMet, an “open” configu-
ration is formed in which the substrate competes with the N
termini for access to the active centers, and when AdoMet
binds at the active centers, the N termini protrude from the
binding sites, no longer interacting with the globular parts of
the molecule.

Characteristics of Enzyme Activity—GNMT activity is opti-
mum at pH 9.0. Depending upon the source of the enzyme,
half-maximal activity is attained with 0.03—0.2 mm AdoMet
and 2-20 mu glycine. The k_,, values are in the range of 35-96
min~*. Early studies indicated that activity is cooperative with
respect to AdoMet but not glycine (23). However, it was subse-
quently found that such cooperativity is seen only with GNMT
purified from liver, not with recombinant enzyme expressed in
E. coli, a finding perhaps explained either by the difference in
N-terminal acetylation between the native and recombinant
enzymes (24) or by the possibility that tightly bound folate is not
completely removed during enzyme purification from liver,
whereas there is no folate bound to the enzyme expressed in
E. coli.
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FIGURE 2. Metabolic pathways related to the regulatory role of GNMT. Two
metabolic pathways are shown separated by a dashed line; the ONE CARBON
FOLATE POOL and the METHIONINE CYCLE. Indicated on the left of the
one-carbon pool are the sources of the one-carbon groups carried by THF; on
the right are indicated the metabolic uses of these groups. The methionine
cycle includes reactions that transfer methyl groups from methionine to
AdoMet and methylation of acceptors. These are followed by regeneration of
methionine via methylation of homocysteine by either methionine synthase
or betaine-homocysteine methyltransferase. Homocysteine can also be con-
verted to cysteine and, ultimately, to glucose via cystathionine breakdown.
The reactions are denoted by numbers: 7, methionine adenosyltransferase; 2,
the majority of methyltransferases; 3, GNMT (inhibition by 5-methyl-THF is
shown); 4, AdoHcy hydrolase; 5, methionine synthase; 6, 5,10-methylene-THF
reductase (with inhibition by AdoMet); 7, betaine-homocysteine methyl-
transferase; 8, dimethylglycine dehydrogenase; 9, sarcosine dehydrogenase.
X refers to the group of methyl acceptors, and CH;-X refers to the methylated
products. Fig. 2 first appeared in Ref. 43. PE, phosphatidylethanolamine.

Glycine N-Methyltransferase Is a Major Folate-binding
Protein

A new and novel role for GNMT was discovered in 1977 (25).
Injection of rats with [*H]folic acid, followed in 24 h by extrac-
tion of liver proteins and gel filtration chromatography of
cytosolic proteins, showed a major peak of tightly bound radio-
activity in which the bound folate was primarily the pentaglu-
tamate form of 5-CH,-H,PteGlu. It was eventually found that
this cytosolic folate-binding protein was identical to GNMT
(26). 5-CH;-H,PteGluy is also the form of folate bound prefer-
entially in vitro by purified rat liver GNMT, a surprising obser-
vation because GNMT does not use any form of folate as a
substrate. Subsequently, it was discovered that, when 5-CH,-
H,PteGlus is bound, it behaves as an inhibitor of the enzyme.
Thus, GNMT links changes in AdoMet concentration to the
transfer and synthesis of one-carbon units by folate-metaboliz-
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ing enzymes, thereby serving as a bridge between methionine
and one-carbon metabolism.

Inhibition of GNMT by Folate

A unique aspect of GNMT activity is its inhibition by 5-CH,-
H,PteGlu, (27), studied most thoroughly with the enzymes
from rat liver and pancreas (28), although unpublished obser-
vations® have shown that the GNMT activity of zebrafish liver is
also inhibited by 5-CH;-H,PteGlus. The crystal structure of the
complex of recombinant rat GNMT with the monoglutamate
form of 5-CH,-H,PteGlu (Fig. 1) (29) elucidates the mecha-
nism of the inhibition: two molecules of folate are bound by the
tetrameric protein, and each interacts with the N termini of two
subunits, making entrance of AdoMet into the active centers
much more difficult. The bound folate is thought to impede the
swinging out of position of the N termini that normally allows
access of the substrates to the active sites. Despite similar bind-
ing constants, folate inhibition of the liver enzyme with its
acetylated N-terminal valines is much stronger than inhibition
of the enzyme expressed in E. coli, in which valine is not acety-
lated; 50% inhibition is seen at 0.0013 and 0.59 mm 5-CH;-
H,PteGlu, for the native and recombinant enzymes, respec-
tively (30).

Role of GNMT in Regulation of AdoMet Levels

Fig. 2 shows how GNMT is involved in both hepatic methyl
group and one-carbon metabolism. AdoMet is synthesized
from methionine and ATP by methionine adenosyltransferases
(reaction I). The methyl group of AdoMet is transferred to a
variety of acceptors by methyltransferases (reactions 2 and 3).
AdoHcy is formed in each such reaction. With normal dietary
intakes, there are usually not enough preformed methyl groups
(contained chiefly in methionine- and choline-containing com-
pounds) to meet the total need for transmethylation. Addi-
tional methyl groups are synthesized de novo via the one-car-
bon folate pool. Folate coenzymes carry one-carbon units
(formyl, formaldehyde, and methyl groups) attached at either
position 5 or 10 of THF. Intracellular forms of folate are all
polyglutamates. The folate coenzymes bearing the one-carbon
substituents are metabolically connected to one another and in
Fig. 2 are collectively referred to as the ONE CARBON FOLATE
POOL.

The reactions labeled 2 in Fig. 2 consist of a wide variety of 50
(or more) methyltransferases that catalyze the synthesis of
essential products, including small molecules such as creatine
and PC, as well as the methylation of macromolecules such as
proteins, RNA, and DNA. Reaction 3 also involves a methyl-
transferase, GNMT, that is highly unusual in that the product it
forms, sarcosine, has no known essential metabolic function. A
mitochondrial enzyme, sarcosine dehydrogenase, catalyzes the
conversion of sarcosine to glycine and methylene-THF (Fig. 2,
reaction 8). Together, these facts are consistent with and give
rise to the interpretation that the importance of GNMT lies not
in its ability to form sarcosine but rather in its capacity to reg-
ulate utilization of AdoMet and thus affect the AdoMet/
AdoHcy ratio (a ratio sometimes considered to be an index of
the methylating ability of the cell).
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How Regulation Takes Place

The metabolic control is pictured to operate as follows.
When methionine levels in the diet are high, the AdoMet level
is also high, and there is no need for de novo methyl group
synthesis via the one-carbon folate pool. The high AdoMet lev-
els inhibit 5,10-methylene-THF reductase (Fig. 2, reaction 6),
and the levels of 5-CH,-H,PteGlu; are decreased. The lower
levels of 5-CH,-H,PteGlu, lessen the inhibition of GNMT, and
the excess AdoMet is converted to sarcosine and AdoHcy. On
the other hand, when methionine is low, AdoMet will be low,
and inhibition of 5,10-methylene-THF reductase is relieved,
permitting more de novo synthesis of methyl groups by forma-
tion of 5-CH,-H,PteGlu,. The latter compound then inhibits
GNMT, conserving AdoMet for physiologically important
methylation reactions.

Early support for the above scheme was provided by meas-
urements of sarcosine excretion in humans deficient in sarco-
sine dehydrogenase activity, who therefore excreted the major-
ity of the sarcosine they formed rather than catabolizing it, as do
normal subjects, to glycine and methylene-THF. On normal
diets, these subjects excreted relatively little sarcosine, but
when their dietary methyl group intakes exceeded the amounts
required for necessary transmethylation reactions, the excess
methyl groups appeared in the urine as sarcosine (31). Further
support was provided by studies of rats fed a methyl group-
deficient diet (choline omitted and methionine replaced by
equimolar homocysteine) (32). The amount of GNMT protein
measured immunologically did not change, but the specific
activity of GNMT decreased, indicating inhibition of activity.
This was presumably due to decreased dietary methionine
having lowered AdoMet levels, thus removing the inhibition
of 5,10-methylene-THF reductase and producing elevated
amounts of 5-CH;-H,PteGlu, and greater inhibition of GNMT.
Additional experiments showed that folate deficiency results in
elevated GNMT activity (33). Again, the amount of enzyme
protein did not change. The level of 5-CH;-H,PteGlu, was
greatly reduced, and inhibition of GNMT was lessened. Thus,
when more AdoMet is formed than is needed for the usual
methylation reactions, it is catabolized by methylating glycine,
forming sarcosine, which is catabolized in turn to recover the
input glycine and the one-carbon moiety as methylene-THF.

Human GNMT Deficiency

Recently, definitive proof of the proposed model has been
provided by studies of genetically determined GNMT defi-
ciency in human children (34-36). The first two are Italian
siblings who, on normal diets, have very high levels of plasma
methionine and AdoMet with normal AdoHcy and total hom-
ocysteine and without elevation of sarcosine. Both have mod-
erate liver disease (elevated plasma liver transaminases and
slightly elevated alkaline phosphatase and triglycerides) and
hepatomegaly. DNA sequencing showed that both siblings are
compound heterozygotes for a GNMT mutation leading to
replacement of Leu*® by proline and a second one producing
H176N. A third case is a Greek child who has similar metabolic
abnormalities. He has elevated liver transaminases but no hep-
atomegaly and is homozygous for an N140S substitution. Assay
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of the mutant GNMTSs expressed in E. coli showed that each
inactivates GNMT (37).

GNMT Knock-out Mice

A GNMT knock-out mouse was developed by Luka et al. (38)
using gene targeting. Transgenic Gnmt '~ mice are fertile and
able to reproduce. Their appearances and growth rates for 3—6
months are similar to those of wild-type mice. GNMT activity
assay and Western blotting showed that the transgenic animals
possess neither GNMT activity nor protein. The changes in the
levels of key metabolites in liver were similar to those in the
plasma of human patients: methionine increased from 100
nmol/g of liver in wild-type mice to ~700 nmol/g in Gnmt '~
animals, and AdoMet increased from 37 nmol/g to ~1334
nmol/g. In addition, AdoHcy slightly decreased from 12-15 to
3-5 nmol/g of liver. Thus, the concentration of AdoMet
increased ~36-fold, and the AdoMet/AdoHcy ratio increased
~100-fold, suggesting significant increases in a variety of cellu-
lar methylation reactions.

The livers at 3 and 8 months of age show evidence of fatty
accumulation and fibrosis that worsen progressively. At 8
months, Gnmt ™'~ mice have fibrosis and inflammation, and all
develop HCC (39). HCC development in Gumt '~ mice, as in
humans, coincides with activation of the Ras and JAK/STAT
(signal transducer and activator of transcription) signaling
pathways. In Gumt '~ mice, this is caused by inactivation of
inhibitors of these pathways, RASSF1 and SOCS2, via hyperm-
ethylation of their promoters. In addition, histone methylation
in Gnmt ™'~ mice is altered.

That the Gnmt '~ mice develop fatty livers is somewhat
unexpected. Fatty liver in rodents has been ascribed to low lev-
els of “lipotropes” (methionine, choline, folate, and vitamin
B,,), so-called because inadequate amounts in the diet lead to
fatty liver. These metabolites are involved not only in the direct
maintenance of methionine and choline but also in the regen-
eration of methionine (from homocysteine) (Fig. 2, Methionine
Cycle) and choline through AdoMet-dependent methylation of
phosphatidylethanolamine to form PC. The fatty livers of ani-
mals on such lipotrope-deficient diets have been thought to
result from either an inability to transport triglycerides from
the liver to extrahepatic tissues via very low density lipoprotein
and/or a defect in the synthesis of phospholipids (40). Because a
large portion of the synthesis of PC in liver is dependent upon
AdoMet, it is puzzling that Gnmt ™'~ mice develop fatty livers
when they have increased AdoMet.

A second GNMT knock-out mouse model has been devel-
oped by Liu et al. (41) using a similar approach to that devel-
oped by Luka et al. (38). Changes in metabolite concentrations
were similar, but there were differences with regard to fat dep-
osition and HCC. Initially, the Taiwan group found no HCC,
and fatty liver did not develop in their Gnmt ™'~ mice. Instead,
abnormal glycogen storage was found in livers at 9 months of
age. Subsequently, HCC did occur but at significantly older ages
(17 months) (42). These phenotypic differences between the
two GNMT knock-out mouse models are presently unex-
plained. Nevertheless, the Gnmt '~ models provide strong evi-
dence that the role of GNMT is to regulate the level of AdoMet
in tissues. In liver, where GNMT is most abundant, AdoMet
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levels are very high, and profound abnormalities are seen. Tis-
sues other than liver that have high levels of GNMT (exocrine
pancreas, prostate, and kidney) have not developed abnormal-
ities or malignancies at times up to 8 months of age.

Concluding Remarks

The studies described in this minireview show that the main
biological role of GNMT in mammals is to regulate the level of
AdoMeto. This role is now well documented by studies of
humans with GNMT deficiency and mouse models with
GNMT knocked out. Because AdoMet is needed for many bio-
logical processes, the regulation of GNMT activity appears to
be critical for homeostasis. This is done by folate inhibition of
the enzyme activity or by regulation of gene expression. Inhibi-
tion of GNMT by folate is relatively well studied, but detailed
structural studies involving natural polyglutamated folates
have not yet been performed. Although GNMT is phosphoryl-
ated to a limited extent, it is not known whether such phospho-
rylation plays a significant role. Another question raised by the
GNMT knock-out mouse is the fatty liver that develops in the
presence of an abundance of AdoMet. This may require a re-
evaluation of current theories for the development of fatty liver.
Important next efforts would be to clarify the mechanism of
GNMT gene regulation to more fully understand its role in
biological methylation, epigenetics, and cancer.
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