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Serine is generally classified as a nutritionally nonessential
(dispensable) amino acid, but metabolically, serine is indispen-
sible and plays an essential role in several cellular processes.
Serine is the major source of one-carbon units for methylation
reactions that occur via the generation of S-adenosylmethio-
nine. The regulation of serine metabolism in mammalian tissues
is thus of critical importance for the control of methyl group
transfer. In addition to the well known role of p-serine in the
brain, L-serine has recently been implicated in breast cancer and
other tumors due in part to the genomic copy number gain for
3-phosphoglycerate dehydrogenase, the enzyme that controls
the entry of glycolytic intermediates into the pathway of serine
synthesis. Here, we review recent information regarding the
synthesis of serine and the regulation of its metabolism and dis-
cuss the role played by phosphoenolpyruvate carboxykinase in
this process.

The regulation of methyl group transfer is critical in control-
ling cellular processes, ranging from the synthesis of key meta-
bolic intermediates, such as creatine, phosphatidylcholine, and
epinephrine, to the methylation of proteins, DNA, and RNA.
Serine, a nutritionally nonessential amino acid, plays a key role
in this process by providing one-carbon units to tetrahydrofo-
late (THF)? to form N°,N'°-methylene-THF and, subsequently,
5-methyl-THF, an intermediate in the methylation of homo-
cysteine to methionine, via homocysteine methyltransferase
(methionine synthase) (Fig. 1). This ensures sufficient methio-
nine for optimal functioning of the methionine cycle and for
synthesis of S-adenosylmethionine, the key methyl donor in all
cells. The regulation of the cellular levels of S-adenosylmethio-
nine in response to metabolic changes and the role of the
enzyme glycine N-methyltransferase in this process have been
discussed recently in a minireview by Luka et al. (1). This mini-
review was particularly timely because it details the pioneering
work on methyl group transfer of Conrad Wagner and
colleagues.

Serine is also involved in the ultimate disposal of methionine
carbon by condensing with homocysteine to form cystathio-
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nine, a reaction that is catalyzed by cystathionine B-synthase.
Cystathionine is subsequently split into cysteine and a-ketobu-
tyrate by cystathionine y-lyase. This cascade of cysteine synthe-
sis has been termed the “transsulfuration pathway” (Fig. 1).
Over the past decade, the importance of the two enzymes of this
pathway in the generation of hydrogen sulfide has been recog-
nized. In addition, the metabolism of serine has been linked to
the growth of breast cancer cells (2). The scope of the metabo-
lism of sulfur-containing compounds in the generation of
hydrogen sulfide and the role of the latter in the control of blood
pressure and the reduction of ischemia/reperfusion injury have
been reviewed in detail elsewhere (3—6). Here, we focus on the
key role of serine in methyl group transfer and the factors that
regulate its metabolism.

Metabolism of Serine in Vivo and Sources of Serine
Carbon

The metabolic importance of serine is underscored by its
indispensable role as a major contributor to the one-carbon
pool and in the formation of glycine, cysteine, taurine, and
phospholipids and of b-serine; the latter plays a critical role as a
neuromodulator in the brain. The clinical phenotype and the
therapeutic response to exogenous serine in serine deficiency
syndromes suggest that the de novo synthesis of serine is critical
and that dietary serine is insufficient to meet the demands of
whole body serine homeostasis (7). Studies with humans using
stable isotopic tracers suggest that virtually all of the methyl
groups used for the total body remethylation of homocysteine
are derived from serine (8). The pathways that maintain serine
flux and serine levels in various tissues are thus of critical
importance in sustaining the methylation potential of all cells.

The rate of appearance of serine following an overnight fast
in humans is estimated to be ~150 wmol kg™* h™' (9, 10); of
this, ~40 pwmol are derived from protein breakdown, and the
remaining 110 wmol from de novo synthesis, including 30 wmol
of serine that is derived from glycine (9, 11). Thus, 73% of the
serine rate of appearance that is determined in fasting humans
is the result of serine synthesis; this number is in close approx-
imation to the fraction of serine synthesis from pyruvate (69%)
that was measured in our studies using fasted rats (12). The
route of disposal of serine is instructive because it illustrates the
broad scope of metabolic influence of this amino acid. The syn-
thesis of glycine (and therefore, the generation of one-carbon
units) accounts for 26 wmol, of which 5 wmol are involved in the
methylation of homocysteine, and 21 umol are used for thymi-
dylate (dTMP) synthesis (8,9, 11). Serine is the source of carbon
for the synthesis of cysteine (total flux of cysteine, ~40 wmol
kg ' h™'; contribution of serine, ~5 wmol kg * h™ ' (13)).
Finally, 35 umol of serine kg * h™ ' are converted to protein,
and ~12 uwmol kg ' h™ ! are oxidized to CO, (9). Thus, almost
50% of the disposal of serine in a healthy adult remains unac-
counted for. It is of interest that glycine is a significant source of
serine, but it is also synthesized from serine, suggesting serine/
glycine carbon cycling. The quantitative estimates of serine
turnover in healthy adults are presented in Fig. 2.
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FIGURE 1. Pathways of serine metabolism in mammals. The pathways for the synthesis and metabolic fate of serine are shown. The intermediates in the
pathways shown in blue are involved in the synthesis of serine, either from glucose via glycolysis or from the triose phosphate pool, where carbon is generated
from citric acid cycle intermediates. The latter pathway involves PEPCK (step 1), which is a major cataplerotic enzyme in the synthesis of serine. The conversion
of 3-phosphoglycerate to phosphohydroxypyruvate is catalyzed by the enzyme 3-phosphoglycerate dehydrogenase (step 2). The final steps in the synthesis of
serine involve the transamination of phosphohydroxypyruvate to L-phosphoserine (step 3) and the conversion of L-phosphoserine into serine by phosphoser-
ine phosphatase (step 4). The pathway involved in methyl group transfer is shown by the red arrows, and the transsulfuration pathway is shown in orange. OAA,
oxalacetate; PEP, phosphoenolpyruvate; MS, methionine synthase; SAM, S-adenosylmethionine; SAH, S-adenosylhomocysteine; CBS, cystathionine B-synthase;

CyL, cystathionine ~y-lyase.

Glucose Protein 35 Protein
Cysteine
Serine = 23 co,
26
Glycine

Pyruvate
FIGURE 2. Quantitative estimates of serine flux in humans. The contribution of precursors to the synthesis of serine and the estimated contribution of serine
toits degradation products in human subjects during fasting are presented. The units are umol kg~ ' h ™" (derived from the data in Refs. 8 and 10). Please note

that ~72 umol of serine disposal kg~ " h™" are not accounted for in the figure. See the discussion in text.

serine release by the kidney, Lowry et al. (17) showed that
glycine accounts for no more than 15% of serine released. Inhi-
bition of the cytosolic form of phosphoenolpyruvate carboxy-
kinase (PEPCK-C) by 3-mercaptopicolinate caused a 55% de-
crease in serine efflux from the kidney, with a decrease in the
influx of glutamine and no significant change in glycine influx
into the kidney. In contrast, inhibition of the glycine cleavage
system reversed glycine flux into the kidney but had no effect on
the release of serine (17). Although plasma glycine and other
small peptides cleared by the kidney were suggested by these
authors to be the possible precursors of serine, the above data
indicate that the generation of phosphoenolpyruvate via
PEPCK provides the triose phosphates used for the ultimate
synthesis of serine. Using deuterium labeling of the whole body
water in the rat, we have recently shown that most of the carbon
for de novo synthesis of serine is derived from pyruvate (12).

As noted above, the rate of appearance and the rate of dis-
posal of serine in fasted humans are high (9, 10); the estimated
rate of appearance and the rate of de novo synthesis would be
even higher if one takes into consideration the dilution of the
isotopic tracer in the various extra- and intracellular pools of
this amino acid in the body (10, 14). Measurements of arterial-
venous concentration gradients in humans and rats show that
the kidney is the primary (perhaps the only) site of serine syn-
thesis during fasting (15-17). The release of serine by the kid-
ney and its uptake by other tissues were not altered by the intra-
venous infusion of amino acids (15). In addition, the release of
serine by the rat kidney, as measured by blood flow and arterial-
venous difference, does not respond to dietary serine or to the

intravenous infusion of serine (16). What then is the source of
carbon for the net synthesis of serine in the kidney? On the basis
of the stoichiometric relationship between glycine uptake and
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The source of pyruvate in mammalian tissues during fasting is
from lactate or is, more importantly, derived from the carbon
skeletons of amino acids (Fig. 1). By this scenario, carbon flow
for the synthesis of serine is similar to that which occurs in both
gluconeogenesis and glyceroneogenesis, i.e. the triose phos-
phate pool is fed by the phosphoenolpyruvate that is generated
by PEPCK from citric acid cycle anions.

Effect of Protein Restriction on Serine Metabolism

Dietary isocaloric protein restriction or protein malnutrition
results in unique changes in methionine and serine metabolism
in both humans and animal models. This is especially relevant
considering the widespread protein malnourishment in human
populations due to dietary patterns (vegetarians), drought, or
economic disparities. Ingenbleek et al. (18) observed that pro-
tein malnutrition (as evidenced by lower plasma transthyretin
levels) in humans was associated with hyperhomocysteinemia.
Interestingly, even though the plasma concentration of most
essential amino acids was lower in these subjects, the concen-
tration of methionine was in the normal range, suggesting an
independent regulation of plasma methionine levels, possibly
because of its critical role in cell metabolism. A similar obser-
vation was reported by the same investigators to occur in a
vegetarian population that had a lower intake of protein and
sulfur amino acids (19); this population also had lower levels of
cysteine and glutathione. These results were interpreted as
being due to an inhibition of the transsulfuration pathway and
possibly an increased transmethylation caused by the decrease
in protein intake. Limiting rats to 6% protein in their diet for
7-10 days (compared with 24% in control animals) but main-
taining caloric intake by pair-feeding the animals caused a
marked set of metabolic adaptations (12). Most notable was a
doubling of the concentration of serine in the blood and livers
of the rats fed the protein-restricted diet, as well as a 50%
increase in the de novo synthesis of this amino acid, as measured
by isotopic tracer dilution. There was no change in the concen-
tration of serine in the kidneys of the protein-restricted rats.
Although the whole body rates of turnover of phenylalanine
and methionine (measures of protein turnover) were not differ-
ent, there was a marked decrease in the concentration of essen-
tial amino acids in the skeletal muscle and a decreased expres-
sion of genes encoding urea cycle enzymes in the livers of
protein-restricted animals. The activity of the enzymes of the
transsulfuration pathway was lower in the protein-restricted
animals, although the isotopic tracer-measured transsulfura-
tion flux was unchanged. Also of interest was the marked drop
in the concentration of taurine in the liver (from 6.5 to 2.5
pmol/g of liver). Taurine is synthesized from cysteine, which
itself is derived from serine in the transsulfuration pathway
(Fig. 1). In addition to a possible decrease in the rate of its
synthesis, the low intracellular levels of taurine may be due to its
efflux from cells as an osmotic response. One interpretation of
these findings is that isocaloric protein restriction results in
increased production of serine in the liver, but not in the kidney,
due to an increase in its rate of synthesis. There are a number of
studies demonstrating that restricting dietary protein (or
removing it completely from the diet) increases the concentra-
tion of serine in the blood (20 —22). The exact mechanism or the
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possible signals that cause these responses in the biosynthesis of
serine are not known.

Restricting dietary protein for 7-10 days induced the hepatic
expression of the genes for several of the enzymes involved in
serine synthesis (12, 21). Under normal circumstances, serine is
not synthesized in the liver because a key enzyme in the path-
way of synthesis of this amino acid, 3-phosphoglycerate dehy-
drogenase (3-PGDH), is absent or at negligible levels of activity
in this organ (23). However, dietary protein restriction caused
an 8-fold induction of the mRNA for this enzyme, as well a
3-fold increase in the mRNA for phosphoserine aminotrans-
ferase, another enzyme involved in the synthesis of serine from
triose phosphates (12, 21). Earlier studies by Mauron et al. (24)
reported that increasing the protein content of the diet fed to
rats induced the hepatic activity of serine dehydratase, the key
enzyme in the degradation of serine, and decreased the expres-
sion of 3-PGDH. The effect of dietary protein on the latter
enzyme was ascribed to the effect of dietary methionine and
cysteine on the levels of the enzyme. Achouri et al. (23) found
that feeding rats a protein-free diet (but not starving the ani-
mals) induced the appearance of mRNA for 3-PGDH in the
liver, and the administration of either methionine or cysteine to
the animals reduced the abundance of 3-PGDH mRNA by
~50% after 8 h. The observed effect was not due to an alteration
in transcription of the gene for 3-PGDH, as determined by
nuclear run-off assays, but rather to a destabilization of the
mRNA for the enzyme, in particular by cysteine. In addition,
when added to hepatocytes in culture, glucagon alone inhibited
transcription of the gene for 3-PGDH, whereas insulin stimu-
lated gene transcription. These responses are interesting when
one considers the source of carbon for serine synthesis via
PEPCK because they suggest that in the insulin-induced ana-
bolic states, when serine biosynthesis is stimulated and PEPCK
is suppressed, glucose may be the primary source of serine car-
bon. We conclude from these studies that the level of cysteine in
the liver can control the rate of synthesis of serine by altering
the stability of the mRNA for the initial enzyme in the synthesis
of serine, 3-PGDH. This is especially important because cys-
teine is made from serine and can act as feedback regulator of its
own synthesis by limiting the amount of serine synthesized
from triose phosphates, particularly in the liver.

Finally, the concentration of serine itself can also act as a key
regulator of its own synthesis by inhibiting phosphoserine
phosphatase, the final and irreversible step in the synthesis of
serine (25). Serine blocks the formation of the phosphoenzyme
complex, a critical part of the reaction mechanism of the
enzyme. In a control analysis of the pathway of serine synthesis,
Fell and Snell (26) stressed the importance of the concentration
of serine in the regulation of its synthesis. This story is con-
founded by the observations that serine in rats (16, 17) or amino
acids in humans (15) did not decrease the efflux of serine from
the kidney.

Serine and the Fetus

The biological significance of the unique metabolism of ser-
ine in the uteroplacental unit and the fetus is not understood. It
is interesting to note that in late gestation, serine flux in
the sheep fetus, as measured by isotopic tracer dilution, is
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extremely high (~2700 umol kg~ ' h™1) (27, 28). In addition,
most of the serine in the fetal circulation is produced by hepatic
synthesis from glycine (28). Although there is a significant
uptake of maternal serine by the placenta, it is converted to
glycine by the placenta and released into the fetal circulation as
glycine in equimolar quantities (28 -30). A unique interorgan
flux of serine and glycine is evident in the sheep fetus, where
glycine is taken up by the fetus from the placenta and converted
to serine in the fetal liver. A small quantity of serine from the
fetal circulation is also taken up by the placenta and converted
to glycine (28). These data suggest a very high methylation
demand by the sheep fetus (placenta) in late gestation. Whether
such a situation also exists in humans is not known, except the
whole body rate of transmethylation is significantly increased
late in pregnancy, and there is limited transfer of serine from
the mother to the fetus (31).

Serine and Metabolism of Cancer Cells

After being in the shadow of molecular genetics for decades,
metabolic research has risen like a phoenix in the current era
and has been employed in studies of disorders as seemingly
diverse as obesity and cancer. A number of studies have empha-
sized the key role of the anaplerosis of citric acid cycle interme-
diates in the metabolism of tumor cells, which have been
described as being “addicted” to glutamine (32). Serine now has
joined glutamine in a complex story of metabolism and tumor
cell growth. A high rate of serine biosynthesis, i.e. an increased
activity of 3-PGDH, was reported in human colon carcinoma,
rat sarcoma, and rat hepatoma cell lines during the proliferative
phase in the pioneering research on serine metabolism by Snell
et al. in the 1980s (33—35). Recently, using a novel negative-
selection method for identifying cancer targets, Possemato et
al. (36) noted that expression of the gene for 3-PGDH was
markedly higher in several breast cancer cell lines and in estro-
gen receptor-negative breast cancers. The mechanism respon-
sible for the increased levels of 3-PGDH has not been investi-
gated in detail, except for the work of Locasale et al. (37), who
noted that particularly in melanoma cells, there is an amplifica-
tion of the pericentromeric region of chromosome 1, where the
gene for 3-PGDH resides. Interestingly, suppression of the level
of 3-PGDH mRNA using shRNA did not decrease the concen-
tration of serine in breast cancer cells but did lower the levels of
a-ketoglutarate. The conversion of 3-phosphopyruvate to
3-phosphoserine involves transamination, a process that gen-
erates a-ketoglutarate; the glutamate used in this transamina-
tion is proposed to come from glutamine (36). In some breast
cancer cell lines studied (but not all cell lines), 50% of the
anaplerotic flux of glutamate carbon into the citric acid cycle is
derived as a byproduct of the biosynthesis of serine (36). It has
been proposed that in certain breast cancer cell lines, cell
growth is dependent on serine and that 3-PGDH should be
considered as a potential anticancer target.

From a metabolic view point, the suggestion that the a-keto-
glutarate synthesized from serine is critical for tumor cell
growth is not easy to understand because there are a number of
potential sources of this compound (i.e. it is generated from the
transamination of a variety of amino acids and is synthesized
directly in the citric acid cycle). As for anaplerosis, the conver-
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sion of pyruvate to oxalacetate by pyruvate carboxylase and the
transamination of aspartate to form oxalacetate via aspartate
aminotransferase coupled with the oxidation of glutamate to
a-ketoglutarate or the conversion of propionyl-CoA (generated
largely from the breakdown of methionine, isoleucine, or
valine) to succinyl Co-A can all contribute to the formation of
new citric acid cycle anions. Locasale et al. (37) found that the
metabolism of glucose via glycolysis provides the 3-phospho-
glycerate for serine biosynthesis, but the actual stoichiometry of
this pathway was not investigated, except for the comment that
a “substantial portion” of the glucose metabolized by HEK293T
cells (a kidney-derived cell line) is converted to serine. Intui-
tively, one would predict that a major role of serine in tumor cell
metabolism would be to generate the methyl groups that are
required for cell proliferation and other biological functions
(i.e. protein synthesis) that are critical in rapidly dividing cells.
This conclusion is confounded by the fact that added serine
does not alter cell survival, suggesting a defect in the cellular
uptake of serine (36). Other studies have shown a higher
expression of the transporter for serine, alanine, cysteine, and
threonine (SLC1A4) in highly metastatic breast cancer cells
(38). Despite these questions, it is clear that serine is a major
amino acid in the overall metabolism of a number of tumor-
derived cell lines and is critical for cell growth and proliferation.

Role of Cataplerosis and PEPCK in Serine Synthesis

A key point from the studies reviewed above is the impor-
tance of understanding the metabolic pathway that provides
3-phosphoglycerate for the synthesis of serine. This compound
can be generated from glucose via glycolysis or from pyruvate
via an abbreviated version of gluconeogenesis. Our data from
studies in the rat show that pyruvate entry into the gluconeo-
genic pathway is the major route for the synthesis of serine (12).
This pathway would require the active role of the citric acid
cycle and both anaplerosis and cataplerosis of the cycle inter-
mediates to provide the carbon for serine synthesis.

The function of the citric acid cycle involves two general
processes. This first is its classical role in the oxidation of acetyl-
CoA to carbon dioxide with the subsequent generation of
NADH and FADH,, which are then reoxidized via the electron
transport chain to produce ATP. The second process involves
biosynthesis; pathways such as gluconeogenesis, fatty acid syn-
thesis, glyceroneogenesis, and now serine synthesis begin with
intermediates from the citric acid cycle. The latter process has
two elements that deserve to be stressed. 1) If citric acid cycle
anions, such as malate (gluconeogenesis) and citrate (lipogen-
esis), leave the cycle as part of a biosynthetic pathway, they must
be replaced to ensure the continued functioning of the cycle.
The replacement of citric acid cycle anions is termed anaplero-
sis. Quantitatively, the most important anaplerotic reaction in
eukaryotes is pyruvate carboxylase, which synthesizes oxalac-
etate from pyruvate and carbon dioxide in the mitochondria.
There are, however, several other anaplerotic reactions, includ-
ing glutamate dehydrogenase, which generates a-ketoglutarate
from glutamate, and aspartate aminotransferase, which makes
oxalacetate from aspartate and is anaplerotic when coupled
with glutamate dehydrogenase to convert the glutamate
formed in transamination to a-ketoglutarate. The cycle is the
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recipient of many of the carbon skeletons of amino acids as part
of their degradation, so citric acid cycle anions are generated
from a wide variety of reactions, and 2) they must be removed
from the cycle (cataplerosis) to ensure its continued function.
Therefore, the citric acid cycle anions must be transported out
from the mitochondria to the cytosol of cells and converted to
end products such as glucose, fatty acids, glyceride-glycerol,
and serine or form pyruvate, which can be decarboxylated to
acetyl-CoA in the mitochondria by the pyruvate dehydrogenase
complex and subsequently oxidized. The details of the pathway
of cataplerosis have been reviewed previously (39, 40).

The carbon skeletons of amino acids enter the citric acid
cycle and exit as malate and are subsequently converted to tri-
ose phosphates; as mentioned above, PEPCK is a key enzyme in
this process. Serine synthesis diverges from gluconeogenesis at
the step where 3-phosphoglycerate is converted to 3-phospho-
hydroxypyruvate by 3-PGDH, a key enzyme in the pathway of
serine synthesis from glycolytic/gluconeogenic intermediates.
The 3-phosphohydroxypyruvate thus formed is transami-
nated to 3-phosphoserine by an aminotransferase and then
converted to serine by 3-phosphoserine phosphatase. The
major route for the breakdown of serine is serine dehydra-
tase, a highly regulated enzyme that responds to a number of
signals, including the levels of serine in tissues.

Conclusions

For a nonessential amino acid, serine plays an indispensable
role in metabolism. Normally synthesized almost entirely in the
kidney, a limitation in the availability of protein causes a
marked induction of serine synthesis in the liver. This involves
the transcription of the gene for 3-PGDH, a protein that is vir-
tually undetectable in the adult rat liver when dietary protein is
consumed at normal levels (i.e. 20% of dietary calories). There is
surprisingly little information on the details of the regulation of
transcription of the gene for 3-PGDH in the liver considering its
importance in metabolism; control of gene expression in the
brain has been more extensively studied, presumably due to the
importance of D-serine as a neurotransmitter and the associ-
ated clinical syndrome caused by a b-serine deficiency. In this
minireview, we have also stressed the importance of PEPCK in
serine synthesis. Once considered solely a gluconeogenic
enzyme, the metabolic role of PEPCK has greatly expanded
over the years. We can now add a pathway (perhaps we could
call it “serinoneogenesis”) that, like glyceroneogenesis, is essen-
tially an abbreviated version of gluconeogenesis that generates
triose phosphate for biosynthesis (of serine). This may help
explain the long-standing conundrum of the metabolic role of
PEPCK in tissues that do not make glucose or are not involved
in triglyceride synthesis. In our view, PEPCK should be classi-
fied as a cataplerotic enzyme; the metabolic fate of the carbon
after it exits the citric acid cycle to become a triose phosphate
(i.e. the conversion of oxalacetate to phosphoenolpyruvate)
depends on the tissue and the metabolic status of the organism.
Serine represents another example of a seemingly simple com-
pound that has been underrated over the years. Serine synthesis
is indeed indispensable, and serine metabolism is critical for
survival.
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