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Review

Glycine cleavage system: reaction mechanism,
physiological significance, and hyperglycinemia

By Goro KIKUCHL*"" Yutaro MOTOKAWA,*> Tadashi YOSHIDA™ and Koichi HIRAGA™

(Communicated by Tatsuo SUDA, M.J.A.)

Abstract: The glycine cleavage system catalyzes the following reversible reaction:
Glycine + Hyfolate + NAD' 2 5,10-methylene-Hyfolate + CO, + NH; + NADH + H*

The glycine cleavage system is widely distributed in animals, plants and bacteria and consists of
three intrinsic and one common components: those are i) P-protein, a pyridoxal phosphate-
containing protein, ii) T-protein, a protein required for the tetrahydrofolate-dependent reaction,
iii) H-protein, a protein that carries the aminomethyl intermediate and then hydrogen through
the prosthetic lipoyl moiety, and iv) L-protein, a common lipoamide dehydrogenase. In animals
and plants, the proteins form an enzyme complex loosely associating with the mitochondrial
inner membrane. In the enzymatic reaction, H-protein converts P-protein, which is by itself
a potential a—amino acid decarboxylase, to an active enzyme, and also forms a complex with
T-protein. In both glycine cleavage and synthesis, aminomethyl moiety bound to lipoic acid of
H-protein represents the intermediate that is degraded to or can be formed from N°,N'0-
methylene-Hyfolate and ammonia by the action of T-protein. N°, N'*-Methylene-H,folate is used
for the biosynthesis of various cellular substances such as purines, thymidylate and methionine
that is the major methyl group donor through S-adenosyl-methionine. This accounts for the
physiological importance of the glycine cleavage system as the most prominent pathway in serine
and glycine catabolism in various vertebrates including humans. Nonketotic hyperglycinemia, a
congenital metabolic disorder in human infants, results from defective glycine cleavage activity.
The majority of patients with nonketotic hyperglycinemia had lesions in the P-protein gene,
whereas some had mutant T-protein genes. The only patient classified into the degenerative type
of nonketotic hyperglycinemia had an H-protein devoid of the prosthetic lipoyl residue. The
crystallography of normal T-protein as well as biochemical characterization of recombinants of
the normal and mutant T-proteins confirmed why the mutant T-proteins had lost enzyme
activity. Putative mechanisms of cellular injuries including those in the central nervous system of
patients with nonketotic hyperglycinemia are discussed.

Keywords: glycine cleavage system, serine and glycine catabolism, crystallography of
T-protein, nonketotic hyperglycinemia
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Glycine is the simplest amino acid composed of
only two carbons and one amino group and can be
catabolyzed by way of several metabolic pathways.
The major pathway for the catabolism of glycine
involves the oxidative cleavage of glycine to CO,,
NH;", and a methylene group (-CHy-), which is
accepted by tetrahydrofolate (Hyfolate) in a rever-
sible reaction catalyzed by glycine cleavage system
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(also called glycine synthase) as formulated by
ourselves:

Glycine + Hyfolate + NAD™
= N°,N'%methylene-H,folate
+ COQ + 1\IH47L + NADH + H

The methylene group donated to the coenzyme is
used in one-carbon metabolism, and the NADH
produced in this process can be used directly to
yield energy wia the electron-transport system in
animals, since the glycine cleavage system is
mitochondrial. The glycine cleavage system is
present also in various bacteria and plants.

Historically, the glycine cleavage reaction was
first described by Sagers and Gunsalus" in 1961 in
cell-free extracts of Diplococcus glycinophilus, an
anaerobic bacterium, which fermented glycine
to acetate, CO,, and ammonia. Both carbons of
acetate were shown to be derived from the a-carbon
of glycine, while CO5 was from the carboxyl carbon.
In 1962 Richert et al.? described a similar reaction
in avian liver preparations. They noticed that a
homogenate from pigeon, duck, or chicken liver
released a considerable amount of COy from the
carboxyl group of glycine without forming more
than trace of COs from the a-carbon; most of the
a-carbon reacted with another molecule of glycine
to form serine. Serine hydroxymethyltransferase
should be responsible for the serine formation. The
data obtained were comnsistent with the following
equation:

.CHQNHQ

.(leQOH

—  oCHNH,

I
xCOOH

+ XCOQ + NHf; <+2H>

On the other hand, we found in 1966 that rat
liver mitochondria catalyzed not only glycine cleav-
age but also synthesis of two molecules of glycine
from one molecule each of serine, bicarbonate, and
ammonia.” Experiments with mitochondrial ex-
tracts revealed that in glycine synthesis the f-
carbon of serine and bicarbonate were incorporated
specifically into the a-carbon and the carboxyl
carbon of glycine, respectively, at a stoichiometric
ratio of one.”” Ammonia seemed to be the direct and
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specific amino donor in this reaction. The reaction
in vitro required Hyfolate and reducing agents such
as dithiothreitol or NADH to maintain highly
reductive conditions, but did not require the
exogenous supply of ATP or GTP. Subsequent
studies in wvitro in our laboratory established the
reversibility of glycine synthesis and glycine cleav-
age and revealed that the reversible glycine cleav-
age occurs in all vertebrate livers and other tissues
so far tested.” Moreover, the glycine cleavage
reaction has been shown to represent the most
significant pathway of not only glycine but also
serine catabolism in vertebrates.®-?

In this review article, we will discuss the results
of our experimental findings on the glycine cleavage
system of vertebrates and some related subjects in
plants, bacteria, and in nonketotic hyperglycinemia
patients in infants.

Reaction mechanism

The glycine cleavage system is composed of
four proteins: three enzymes and a carrier pro-
tein.?-19 In animals, the system is loosely bound to
the mitochondrial inner membrane.!” The enzymes
are i) P-protein (a pyridoxal phosphate-containing
protein) or glycine dehydrogenase (decarboxylat-
ing) (EC1.4.4.2), ii) T-protein or aminomethyl-
transferase (EC2.1.2.10), and iii) L-protein or
dihydrolipoamide  dehydrogenase (EC1.8.1.4).
The carrier protein is called H-protein (a lipoic
acid-containing protein).

The glycine cleavage reaction catalyzed by the
system is partitioned into three partial reactions.
The reaction is completely reversible, and in both
glycine cleavage and glycine synthesis an amino-
methyl moiety bound to the lipoic acid of H-protein
represents an intermediate that is subsequently
degraded to, or can be formed from, methylene-
H,folate and ammonia by the action of T-protein.
Possibly the reaction may involve a ternary com-
plex of P-protein, aminomethyl moiety of glycine
and H-protein, as a crucial intermediary state. A
tentative scheme for the overall reaction of the
reversible glycine cleavage is shown in Fig. 1.

1) Reaction catalyzed by P-protein. The
first partial reaction of the glycine degradation
is the decarboxylation catalyzed by P-protein. H-
protein serves as a co-substrate. One of the most
characteristic properties of the glycine cleavage
reaction is that, although P-protein should belong
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A) Mechanism of the glycine cleavage reaction. P, H, T and L in the circles represent respective proteins. Lip, Hyfolate,

5,10-CHa-Hyfolate represent lipoyl moiety, tetrahydrofolate, and N°,N'"-methylene-Hyfolate, respectively. B) Schematic

presentation of the glycine cleavage reaction.

to a class of pyridoxal phosphate-dependent amino
acid decarboxylases, P-protein requires H-protein
to catalyze the decarboxylation of glycine signifi-
cantly. The reaction proceeds wvia a sequential
random mechanism where the carboxyl carbon
of glycine is converted to carbon dioxide.'” The
remnant of the glycine molecule is transferred to
one of the sulfhydryl groups formed by the reduc-
tive cleavage of disulfide in lipoate attached to H-
protein. The H-protein-bound intermediate can be
recovered by gel permeation chromatography.'®
The attachment of the decarboxylated glycine
moiety to lipoate is verified by the appearance
of one more sulfhydryl group in H-protein in
the course of the reaction'® and confirmed by a
crystallographic study employing pea H-protein.!'¥
The study revealed that the intermediate is bound
to the distal sulfhydryl group.

When glycine, *CO,, and H-protein are pres-
ent in the reaction mixture, P-protein catalyzes the
exchange of the carboxyl group of glycine with
1C0,y."Y This reaction is a convenient assay
method for P-protein and H-protein.

P-protein, a pyridoxal phosphate-containing
protein of about 200kDa, is either a homodimer
[e.g., human,'> chicken,!> pea (Pisum sativum),'®
and Escherichia coli'” or a dimer of heterodimers
[(aB),] [e.g., Clostridium acidiurici,"® Eubacterium
acidaminophilum,'” and Thermus thermophilus®”].
The former has one molecule of pyridoxal phos-
phate per subunit, and the latter has one molecule
of the cofactor per dimer on the (§ subunit. The
pyridoxal cofactor is attached to a specific lysine
residue (e.g., Lys-704 of chicken P-protein).?" The
heterodimer P-protein of T. thermophilus has an
active-site pocket at the interface of the a and f



No. 7]

subunits.?? The pyridoxal cofactor interacts with

the active-site pocket noncovalently. The active
site of T. thermophilus P-protein is connected to the
molecular surface by a channel with a broad
entrance facing the solvent. The molecular surface
around the channel is composed of several positive-
ly-charged amino acid residues, which are possibly
involved in the complex formation with H-pro-
tein.2”

2) Reaction catalyzed by T-protein. The
decarboxylated moiety of glycine attached to H-
protein is subjected to further degradation cata-
lyzed by T-protein. The reaction requires Hyfolate
and yields ammonia, N°,N'-methylene-H,folate,
and H-protein with reduced lipoate.?” In the
absence of Hyfolate, formaldehyde is produced
instead of N° N'-methylene-H,folate, but the re-
action rate is less than 0.05% of that measured in
the presence of Hyfolate.?” In the reverse reaction,
T-protein catalyzes the formation of the H-protein-
bound aminomethyl lipoate intermediate from
N°, N'%-methylene-H,folate, ammonia, and H-pro-
tein with reduced lipoate wia an ordered Ter Bi
mechanism, in which H-protein is the first substrate
to bind followed by N°,N'-methylene-H,folate
and ammonia. The order of the product release is
H,folate and the methylamine-loaded H-protein.?®

T-protein is a monomer of about 40 kDa!7-24:2%)
and forms a 1:1 complex with H-protein.?® A cross-
linking study employing E. coli proteins revealed
that the interaction of H-protein with T-protein
causes a conformational change of T-protein. Inter-
molecular contact between Lys-288 of T-protein
and Asp-43 of H-protein was found.?” The N-
terminal region of T-protein is essential for the
interaction with H-protein and for holding T-
protein in a compact form.?® The crystal structure
of human T-protein has been analyzed in a free form
and that bound to N°-methyl-H,folate, an analogue
of N°,N'"-methylene-H,folate.>® The overall struc-
ture consists of three cloverleaf-like structure with
the central cavity where the Hyfolate cofactor is
bound with the pteridin ring deeply buried into the
hydrophobic pocket and the glutamyl group point-
ed to the C-terminal side surface. The structure
resembles those of bacterial T-protein from Termo-
toga naritima,>® E. coli, and Pyrococcus horikoshii
OT3.3Y Structural and mutational analyses of
human T-protein indicated that the invariant
Asp-101 might play a key role in the initiation of

Glycine cleavage system 249

the catalysis by increasing the nucleophilic charac-
ter of the N'° atom of the folate substrate.?”

3) Reaction catalyzed by L-protein. The
last step of the glycine cleavage reaction is the
reoxidation of the reduced lipoate attached to H-
protein catalyzed by L-protein. L-protein is well
known as dihydrolipoamide dehydrogenase or E3
protein component of 2-oxoacid (pyruvate, 2-oxo-
glutarate, and branched-chain 2-oxoacid) dehydro-
genase multienzyme complexes. So far no specific
L-protein for the glycine cleavage system has been
found. In FE. coli, the gcv operon which encodes
the glycine cleavage system contains no L-protein
gene.!?

Experiments employing pea L-protein and H-
protein showed that the oxidation of dihydrolipoyl
H-protein was not affected by the presence of
structurally related analogues such as apoH-protein
or octanoylated H-protein.’? The structural inter-
action between L-protein and H-protein may not be
essential for the oxidation reaction.

4) Properties of H-protein. H-protein is a
monomeric and heat-stable protein of about
14kDa.' Vertebrate H-protein is composed of 125
amino acid residues, and lipoic acid is covalently
linked to Lys-59.3% The X-ray crystal structure of
the lipoylated pea leaf H-protein (131 residues)
revealed that the lipoyl-lysine was localized on the
surface of the protein.'” As mentioned above, the
lipoyllysine arm on H-protein shuttles the reaction
intermediate and reducing equivalents between
the active sites of the components of the glycine
cleavage system. The mechanism is analogous
to that found in 2-oxoacid dehydrogenase com-
plexes.?¥

Lipoylation of H-protein as well as acyltrans-
ferase (E2) components of 2-oxoacid dehydrogenase
complexes is catalyzed by lipoate-protein ligase A
(LplA) in E. coli*® The enzyme catalyzes both the
formation of lipoyl-AMP from lipoate and ATP and
the transfer of the lipoyl-moiety of lipoyl-AMP to
H-protein and E2 components. The X-ray crystallo-
graphic study showed that LplA consists of a large
N-terminal domain and a small C-terminal domain
with a substrate-binding pocket at the interface
between the two domains.?®

In mammals, lipoylation is an intramitocon-
drial event. Lipoic acid is first activated to lipoyl-
GMP by lipoate activating enzyme, employing
GTP as a high-energy compound.’” Lipoate acti-



250 G. KIKUCHI et al.

[Vol. 84,

Fig. 2.

Stereo ribbon diagrams of the peaH (blue) and humanT (red) complex model. C* of Gly299 of humanT (red) and Glu42 of

peaH (blue) are presented as spheres with labels. The putative residues of humanT interacting with aminomethyl lipoate arm are
also presented as spheres with labels (red). The aminomethyl lipoate lysine (Lys63 of peaH) and 5-CHj-Hyfolate are represented
in ball-and-stick format with bonds colored in yellow. Asp39 and Lys226 of humanT corresponding to the residues involved in the
intramolecular cross-linking in the E.coliT-E.coliH complex are represented in ball-and-stick format with bonds colored and
labeled in green. The (-strands of peaH (35 and (36) that form one side of the aminomethyl lipoate-binding cleft are labeled. The
lower panel view is obtained by a 90° rotation of the upper one.

vating enzyme is the same protein already known as
xenobiotic-metabolizing medium-chain fatty acid:
CoA ligase-IIL1.*® Lipoate is then transferred from
lipoyl-GMP to apoproteins by the action of lipo-
yltransferase.3”

5) Enzyme complex nature of the glycine
cleavage system. The three-dimensional struc-
ture of the complex of the glycine cleavage system
has not been elucidated so far. As mentioned above,
T-protein forms a complex with H-protein. The
crystallization of T-H complex has not been re-
ported. A putative complex of T-protein with H-
protein was examined graphically using human T-
protein and pea H-protein.?” The model was made
placing the surface of H-protein embedding the
aminomethyl-lipoate into the cavity of T-protein
where the Hyfolate cofactor is bound. The model did
not predict that Glu42 (corresponding to Asp43
of E. coli H-protein) is not in the close vicinity
of Gly299 (corresponding to Lys288 of E. coli T-

protein). Exact positioning of the two residues may
not be prerequisite for complex formation (Fig. 2).

Physiological significance of the glycine
cleavage system

1) Vertebrates. Various pathways have been
proposed for the major degradative pathway of
glycine as well as serine in vertebrates until early
1960’s. However, now it is widely accepted that the
glycine cleavage system is the most prominent
pathway in animals.*® This view was obtained in
1969 by our study on a case of congenital hyper-
glycinemia in a human infant.*D4?

a) Catabolism of glycine and serine in the liver of
hyperglycinemia patient. Hyperglycinemia is char-
acterized by an extremely high level of glycine in
blood and urine, suggesting that hyperglycinemia is
associated with a decrease in catabolism of glycine.
The hyperglycinemic patient studied was a 15-
month-old girl at the time of examination, showing
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Table 1.

humans*!
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Catabolism of [1-'*C]glycine and [3-'4C]-DL-serine by liver homogenates from a hyperglycinemic patient and control

4C0, formed from *C-labeled substrate
listed below (cpm/10 mg protein/hr)

Source of liver

4(C-Serine formed from
4 C-glycine listed below
(cpm/10mg protein/hr)

G-1-1C G-2-1C S-1-1¢C S-3-1C G-1-1C G-2-1C
Patient 430 458 1295 3180 855 1060
Control A 3785 358 3127 861 3838 8500
Control B 5683 358 3330 1006 5660 9410
Control C 8080 520 2050 1430 7240 12010
Control D 5480 530 1220 1849 5008 8190
Control E 5050 879 2100 2745 4170 7155

G and S stand for glycine and serine, respectively.

Reaction mixtures contained in a final volume of 2ml: 10 pmoles of [1-1*C]- or [2-'*C]-glycine (0.05 mCi/mmole) or 20 pmoles of
[1-1*C]- or [3-14C]-DL-serine (0.05mCi/mmole), and 1ml of 10% human liver homogenates containing 12 to 13mg of protein.
Reactions were carried out in Warburg manometric flasks for 1 hr at 37°C in air.

general sign of retarded mental and physical devel-
opment.

In this case, the glycine concentration in the
blood was several-fold higher than those of the
normal human controls, while other amino acids
contents including serine were in the normal ranges.
The homogenates from control livers actively
catalyzed the decarboxylation of glycine and the
decarboxylation was accompanied by the concom-
itant synthesis of serine (Table 1). With glycine-1-
1C (HOOC-CH,-NH,) as substrate, the amount of
14Cserine formed was close to the amount of *CO4
formed in respective control specimens. With
glycine-2-14C  (HOOC-CH,-NH,), the yields of
4(C-serine, in terms of radioactivity, were nearly
doubled, while the amounts of *CO, formed were
very small. These results are quite consistent with
the equation cited in the Introduction, and
indicate that the glycine cleavage system and serine
hydroxymethyltransferase function in human liver.

With liver homogenate from the patient, how-
ever, the amount of “CO, from glycine-1-"*C was
only a tenth to twentieth of those obtained in the
control liver systems. The yields of *C-serine were
also very small and were nearly equal with either
glycine-1-"*C or glycine-2-"*C as the substrates.
These data strongly suggest that the patient is
severely deficient (if not absolutely) in the glycine
cleavage system. Small amounts of CO, derived
from glycine-1-*C or -2-'*C in the reaction with the
patient’s sample may be due to the activity of
alternate pathways of glycine catabolism. The
patient was also shown to be normal with respect

to serine hydroxymethyltransferase and serine
dehydratase, and the serine level in blood was in
the normal range.

These facts indicate that the glycine cleavage
system plays the critical role in the glycine catab-
olism under physiological conditions in human.

It is worth-noting in Table 1 that the liver
homogenate from the patient significantly catalyzed
the *CO, formation from either of serine-1-'*C and
serine-3-14C. Furthermore, the amounts of *CO,
formed from serine-3-'*C was much larger than that
from serine-1-'*C, while in most of the control
system the amounts of *CO, formed from serine-1-
14C were larger than or close to those obtained from
serine-3-*C. The observed significant CO, for-
mation from serine-3-'*C in the patient system
could only be accounted for by assuming that
considerable portions of serine were cleaved pre-
liminary into glycine and N°,N'%-methylene-
Hyfolate and the latter was oxidized to COs, while
the glycine formed remained practically unaffected.

The results obtained with *C-labeled serine
point to the possibility that the glycine cleavage
system would play an important role in the serine
catabolism in normal human liver, although serine
may also be catabolyzed wvia pyruvate to some
extents.

b) Catabolism of glycine and serine in rat liver.
The glycine cleavage system may be the most
significant pathway of glycine catabolism in not
only man but also other vertebrates, and the major
pathway of serine catabolism may be the one which
involves the glycine cleavage system in mitochon-
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Fig. 3. Glycine metabolism by rat liver mitochondria.*¥
Reaction mixtures contained, in a final volume of 2.8ml,
indicated amounts of C-glycine (0.01 mCi/mmole) and 1ml
of mitochondrial suspension containing 10mg of protein.
Reactions were carried out for 60 min at 37°C. G stands for
glycine.

dria rather than deamination to pyruvate by serine
dehydratase in the soluble cell fraction.®*34%

One example is shown in Fig. 3. The rat liver
mitochondria catalyzed the decarboxylation of
glycine and concomitant synthesis of serine. The
observed decarboxylation should be mainly due to
the glycine cleavage system, as observed with the
human liver. Formation of both *CQ, and C-
serine increased progressively with increased addi-
tion of glycine-1-"*C. On the other hand, the rate of
4CO, formation from glycine-2-"*C was very low
and reached a plateau at a low concentration of the
substrate, whereas the yield of '“C-serine from
glycine-2-*C increased with increased addition of
the substrate. These results clearly show that
only small portions of N°,N''-methylene-H,folate
which was derived from the a-carbon of glycine
were oxidized to COy and the rest was utilized
to synthesize serine with un-reacted glycine by the
function of serine hydroxymethyltransferase.

The patterns of glycine catabolism in the
homogenate system were essentially similar to those
observed in the mitochondrial system, indicating
that the catabolism of glycine by the liver homo-
genate depends essentially on the glycine cleavage
system in mitochondria.

Rat liver mitochondria also catalyzed 4CO,

[Vol. 84,
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Fig. 4. Comparison of *CO, formation from '*C-serine and
1 C-glycine catalyzed by rat liver mitochondria.*® Positions of
¢ carbon in glycine and serine are shown in the figure.
Reaction conditions were similar to those in Fig. 3 except
for that various amounts of *C-glycine (0.01 mCi/mmole) or
4C-DL-serine (0.01 mCi/mmole) were employed. G and S
stand for glycine and DL-serine, respectively. The amounts of
serine in the figure represent the amounts of L-serine.

formation from either serine-1-'*C or serine-3-'4C
to some extents (Fig. 4). Since liver mitochondria
are devoid of L-serine dehydratase, as is well
known, this enzyme obviously does not participate
in the observed CO, formation form 4C-serine.
Moreover, when relatively low concentrations of
substrates were employed, larger amounts of *CO,
were formed from serine-3-'*C than from serine-1-
14C. Taken together, we conclude that serine
was first cleaved into N°,N''-methylene-H,folate
and glycine by serine hydroxymethyltransferase,
then N°,N''-methylene-H folate and glycine were
oxidized to CO,. Possibly, N°,N'%-methylene-
H,folate was oxidized to COs by the sequential
action of N° N'-methylene-Hyfolate dehydrogen-
ase, cyclohydrolase, and N'Y-formyl-Hfolate:
NADP™T oxidoreductase. The N°,N'Y-methylene-
H,folate formed from the S-carbon of serine in the
soluble fraction may also be oxidized to COqy wia
N°, N'-methylene-H,folate and N'0-formyl-H,folate
without participation of the mitochondria.

¢) Catabolism of glycine and serine in livers of
The glycine cleavage system
was shown to function

various vertebrates.
in various vertebrates
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including mammals, birds, reptiles, amphibians,
and fishes.® Intact mitochondria of all vertebrates
tested catalyzed *CO, formation from either gly-
cine-1-'*C or -2-'*C, and this was accompanied by
concomitant synthesis of *C-serine. The pattern of
glycine catabolism was quite the same to those
observed for rat liver and human liver. These
situations indicate the occurrence of the glycine
cleavage system in all the vertebrates tested. Intact
liver mitochondria as well as liver homogenates
from all the vertebrates tested also catalyzed the
1CQO, formation form either serine-1-*C or -3-“C.
In both rat and chicken the glycine cleavage
activity was highest in the liver, followed by kidney
and brain.

With all vertebrates tested, the activities
of serine hydroxymethyltransferase and N°,N'°-
methylene-Hyfolate dehydrogenase in the soluble
liver fraction were several times higher than those
in the mitochondrial fraction on a protein basis. On
the other hand, the activity of L-serine dehydratase
in the soluble liver fraction was far lower than
those of serine hydroxymethyltransferase and other
related enzymes in the soluble liver fraction. Taking
these observations together, it is quite likely that
in all vertebrates, serine is catabolized mainly
by way of serine hydroxymethyltransferase rather
than serine dehydratase under physiological con-
ditions.

d) Role of the glycine cleavage system in uricotelic
animals. During the studies of serine metabolism,
we noticed that
chicken and snake, which excrete uric acid instead
of urea as the end product of nitrogen metabolism,
the activity to form '*CO, from serine-3-'*C was
extremely low even after the supplement of NADP™
and Hyfolate, while in other ureotelic vertebrates
the activity greatly increased on addition of
NADP' and Hyfolate (Table 2). The observed
peculiar situation of the uricotelic animals may be
related to the well-known fact that the formation of
one molecule of uric acid (a purine compound)
requires one molecule of glycine and two molecules
of one-carbon compounds together with other
essential substrates (¢f. Fig. 5). In uricotelic ani-
mals, the one carbon compounds formed from
glycine or serine may be consumed mostly in
uric acid synthesis. In fact, we have observed with
chicken that, when '“C-serine was used as the
source of both glycine and one-carbon compounds,

in uricotelic animals such as
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Table 2.
soluble fraction'

1CO, formation from DL-serine-3-'4C by the liver
6)

. 14C0, formed (cpm/10 mg protein/hr)
Source of liver

Standard Plus NADP* and THF
Human 203 3116
Pig 248 3245
Beef 476 3393
Sheep 726 5310
Dog 79 2910
Rabbit 899 4024
Rat 82 4109
Guinea pig 307 4998
Chicken 12 31
Frog 155 1976
Snake 23 22
Carp 239 3894

Reaction mixtures containing, in a final volume of 2.8 ml,
20umoles of DL-serine-3-*C  (0.01 mCi/mmole), 1pmole
each of NADPH and Hyfolate, and 10 mg of proteins from
the liver soluble fraction were incubated for 60 min at 37°C.

Glycine
C P
/6 \ \-""'/N\‘.;
Nl H 5C r_’,_7~\'\\
7 C ~— One-carbon
H B d
One-carbon —»~ C3 MCd_ e compoun
compound \ﬁ/ ------ \g

Fig. 5. Chemical structure of purine. Whole structure of
glycine provides C4, C5 and N7 and N''-formyl-H,folate and
N° N'%_methylene-H,folate provide C2 and C8.

the yield of “C-purine from serine-3-'*C by the
soluble liver fractions was approximately twice that
obtained from serine-1-'*C.*Y When the reaction
was carried out with a reconstituted homogenate
system consisting of mitochondria and the 6-hr
dialyzed soluble fraction (to eliminate endogenous
one-carbon sources of unknown nature), the ratio of
the yields of '“C-purine from glycine-1-'*C and -2-
4C rose to 1:2.3. This value is close to the
theoretically predicted ratio of 1:3 (¢f. Fig. 5).
These results indicate that in the liver of uricotelic
animals such as chicken and snake the glycine
cleavage system functions to supply one-carbon
compounds for purine synthesis.

e) The major pathway for glycine and serine
catabolism in vertebrates. The pathways for glycine
and serine catabolism in vertebrate livers under
physiological

conditions are summarized in
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Fig. 6. Pathways for glycine and serine catabolism in verte-
brate livers under physiological conditions. Route (A) is
considerably limited in uricotelic animals. Route (B) is
prevailing in uricotelic animals. Routes (C) and (D) in the
soluble fractions are relatively minor. “C;” denotes N° N'-
methylene-Hyfolate and other one-carbon compounds.

Fig. 6.949 Glycine catabolism in various verte-
brates may principally depend on the glycine
cleavage system in mitochondria, although glycine
might also be catabolized by way of serine by the
sequential reactions of serine hydroxymethyltrans-
ferase and serine dehydratase (the route C in
Fig. 6). The latter seems to be meager in the liver
soluble fraction, since the distribution of serine
dehydratase in various vertebrate organs appears
to be severely limited. It is noteworthy in this
connection that the patient with congenital hyper-
glycinemia and therefore with a markedly high level
of glycine in blood and urine had normal activities
of serine hydroxymethyltransferase and serine de-
hydratase.*” Probably in all vertebrates, serine
catabolism proceeds by way of the cleavage to
N°, N'%-methylene-H,folate and glycine rather than
the serine dehydratase pathway.?49 This is partic-
ularly pertinent to uricotelic animals, which are
devoid of serine dehydratase.*® In rat livers, how-
ever, serine dehydratase activity is considerably
high and is known to be inducible. Therefore, serine
dehydratase may actually catabolize serine to a
relatively small extent in rat livers.*?

f) Plants and bacteria. The glycine cleavage
system also occurs and plays an important role in
green plants.*4® In green leaf cells, the complete
process of glycine cleavage occurs in the mitochon-
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drial matrix wvia a co-ordinated sequence of reac-
tions.*7*” The glycine cleavage complex from
plant leaf mitochondria is similar to the complexes
found in the mitochondria of animal tissues and
in bacteria such as Peptococcus glycinophilus®->?
and Arthrobacter globiformis, an aerobic bacteri-
am. 3359

The P, H, and T proteins of the glycine
cleavage system were purified separately from pea
leaf mitochondria, showing the molecular sizes of
2 x 97kDa, 15.5kDa and 45 kDa, respectively;’®»"
these values are somewhat different from the values
in vertebrates cited in Reaction mechanism
section.

The glycine cleavage system is present in low
amounts in etiolated pea leaves, but increases
drastically, up to ten-fold, upon exposure to light.>”
In the green leaves the enzymes of the glycine
cleavage complex comprise about one-third of
the total soluble proteins in the mitochondria.?”

The role of glycine cleavage in green leaves is
to share a part of “photorespiration”.’®>? In the
photosynthesis in chloroplasts, some portion of
ribrose-1,5-diphosphate in the Calvin-cycle is oxi-
datively cleaved to glycolate-2-phosphate and glyc-
erate-3-phosphatae by the oxygenase activity of
ribulose 1,5-bisphosphate carboxylase/oxygenase,
and glycolate thus formed floods out of the chloro-
plast and enters the peroxisome and is transformed
to glycine wvia glyoxylate. Then glycine moves to
mitochondria and is decomposed to yield CO9, NH3,
NADH and serine by the glycine cleavage system.
Serine is then converted mostly to glycerate-3-
phosphate and re-enters the Calvin cycle.

In other words, the glycine cleavage reaction is
a kind of salvage reaction in photosynthesis in green
plants. In plant tissues, NADH formed by the
glycine cleavage reaction may be utilized mainly
for reduction of oxaloacetate to malate rather than
for oxidative phosphorylation in the mitochon-
dria. 99

Clostridium acidiurici, an anaerobic bacterium,
utilizes purine for carbon, nitrogen and energy
This  purine-fermenting  bacterium
contains the glycine cleavage system, in other
words glycine synthase.'® In this bacterium, this
enzyme system is thought to be operative in the
direction of glycine synthesis, while synthesis of
glycine wvia glycine synthase in vertebrates is not
apparent.*0-60)

sources.
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Immunoblot of P-protein using liver homogenates of patients with nonketotic and ketotic hyperglycinemia. A) Lane 1,

purified chicken P-protein (100ng of protein); lane 2, mitochondrial extract from control human liver (100 pg); lanes 3 and 4,
control human liver homogenates (300ug); lanes 5 and 6, liver homogenates from patients with nonketotic hyperglycinemia
(neonatal-onset type)(300ug); lane 7, liver homogenate from a patient with propionic academia (one type of ketotic
hyperglycinemias) (300 ug). B) Lanes 1 and 2, a control liver homogenate (100 and 200 ug of proteins); lanes 3, 4 and 5, liver
homogenates from a patient with a late-onset type of nonketotic hyperglycinemia (50, 100 and 200 ug of proteins). Anti-chicken
P-protein antibody was used in (A) and (B). C) Immunoblot of H-protein using anti-rat H-protein antibody. Lane 1, purified
human H-protein (40ng); lane 2, human liver mitochondrial extract (100 ug); lanes 3 and 4, control human liver homogenates;
lanes 5, liver homogenate of the patient with propionic academia; lanes 6 and 7, liver homogenates of the patients with neonatal-
onset type of nonketotic hyperglycinemia. Six pg of proteins were loaded onto lanes 3 to 7. Note that specimens loaded onto

lanes 5, 6 and 7 in (A) correspond to those onto lanes 6, 7 and 5 in (C).

Nonketotic hyperglycinemia

1) General features of nonketotic hyper-
glycinemia. The glycine cleavage system func-
tions as the major pathway for glycine degradation
in vertebrates, so that defective glycine cleavage
activity increases glycine concentrations in body
fluids. Nomnketotic hyperglycinemia is an inborn
error of glycine metabolism resulting from defective
glycine cleavage activity. Patients under the patho-
logical conditions accompany neurological symp-
toms such as hypotonia, apnea, and seizures.®” This
disease is recognized as neonatal, infatile, and late
onset types according to the period of onset of the
symptoms. Patients with this disease are mostly
lethal at early neonatal periods, except those
classified into the late-onset type. P-, H-, and T-
proteins are intrinsic to the glycine cleavage sys-
tem, while L-protein (lipoamide dehydrogenase)
also functions in this system as well as in other
metabolic systems such as a-keto acid dehydrogen-
ase complexes. Therefore, the genes encoding one of
the three intrinsic components may be responsible
for nonketotic hyperglycinemia.

2) Molecular lesions of nonketotic hyper-
glycinemia. Hyperglycinemic conditions in hu-
mans were identified as a pathological condition by

Childs et al.,%” and Nyhan and collaborators.63:64
Yoshida et al. identified for the first time that
glycine cleavage activity was defective in a patient
with hyperglycinemia.*" Subsequently, we purified
and characterized chicken P-protein® as well as
H-protein. These progresses enabled us to identify
a responsible protein for individual cases of non-
ketotic hyperglycinemia by enzyme assays using
reaction mixtures to which the purified P-protein or
H-protein or both had been supplemented.®® Even-
tually, the leading studies of defective components
clarified that nonketotic hyperglycinemia predom-
inantly results from mutations in the P-protein
gene.’® Immunoblot using an anti-P-protein anti-
body revealed that P-protein polypeptide was
undetectable in liver specimens from patients with
neonatal onset type nonketotic hyperglycinemia
(Fig. 7).%9 Several patients had an affected T-
protein.®” One patient with serious degeneration
of the central nervous system®® had an inactive
H-protein devoid of the prosthetic lipoic acid.®®
The characterization of the mutant H-protein
was useful to understand properties of glycine
decarboxylation by P-protein that requires H-
protein for its catalytic activity. Notably, even
without the lipoyl moiety, the mutant H-protein
could still activate chicken P-protein to a 4% extent
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Fig. 8.

Nonketotic-hyperglycinemia-related mutation sites mapped on the overall topology of humanT. The mutant residues are

depicted in a ball-and-stick representation with atoms colored in red. Residue numbers are labeled.

of the level fully activated by equal amounts of
normal human H-protein under comparable assay
conditions.%” Moreover, in the absence of glycine,
pyridoxal-5-phosphate on chicken P-protein de-
creased absorption at 428 nm in association with
both the shift of the maximal absorption to 420 nm
and the increase in absorption at 330 nm in response
to addition of increasing amounts of normal chicken
H-protein.®® Thus, the structural change at the
active site of P-protein is induced by H-protein.
Taking into account the activation of P-protein
by the mutant H-protein devoid of the prosthetic
lipoic acid, apo-H-protein may be considered to
induce the active conformation of P-protein by
the interaction of the two proteins. Conclusively,
P-protein by itself is an apparently inactive glycine
decarboxylase. H-protein may have bipartite
functions: those are, 1) the regulatory protein
that converts the inactive P-protein to the active
glycine decarboxylase and 2) the recipient of
the aminomethyl intermediate that is yielded by
glycine decarboxylation.

3) Mutation analysis of P-protein genes
in patients with nonketotic hyperglycinemia.
Isolation of human cDNA clones each encoding
human P-protein (published in terms of glycine
decarboxylase cDNA by Hiraga and colleagues),'>
T-protein®® and H-protein’® 7V provided indispen-
sable means to clarify primary structures of the
three intrinsic proteins as well as nucleotide se-
quences of mRNA encoding them. Sakakibara et al.
identified’® and Isobe et al. mapped’® that the
human genome possesses true and processed P-
protein genes at 9p23-24 and 4ql2, respectively.

Sakakibara et al.’® further clarified that a patient
with nonketotic hyperglycinemia due to defective
activity of P-protein had a mutant P-protein gene
that had been deleted at its 5’ region in the genome
as the first example of a mutant gene responsible
for nonketotic hyperglycinemia. Takayanagi et al.”®
found similar deletions in familial cases. Deletions
of this gene were finally designated as the major
cause of this disease.” A cohort analysis using a
large number of families of patients with this
disease’ also determined various types of base-
substitutions in mutant P- and T-protein genes.

4) Structure/function relationships of the
component proteins. Concerning T-proteins
with mutations found in patients with nonketotic
hyperglycinemia, Okamura-Ikeda et al.*® mapped
nine amino acid residues of the mutations in the
hydrogen bonding networks surrounding the sub-
strate binding cavity on the three-dimensional
structure of human T-protein together with the
enzymological characterization of the recombinant
mutants (Fig. 8). The nine residues are Hisl4
(numbering based on mature human T-protein),
Gly19, Asnl17, Vall84, Tyrl197, Gly241, Asp248,
Arg268 and Arg292. Many of them are involved in
hydrogen bonding networks. For example, Asn117 is
the central residue of the hydrogen bonding network
located in the vicinity of N°/N' groups of bound
folate. The network might participate in the posi-
tioning of Asp101 and Vall15, the putative enhancer
of initiation of the C; unit transfer and the putative
selector of reduced folate, respectively. N117I mu-
tant probably causes nonketotic hyperglycinemia
due to the dysfunction of these residues (Fig. 8).



No. 7]

Similarly, the three-dimensional structure of
bacterial P-protein has also been predicted.?”
Based on presumed similarities in primary struc-
tures of the bacterial and human P-proteins, a
stereoview of human P-protein has been predicted
for the pathogenetic evaluation of mutations found
in P-protein genes of patients with nonketotic
hyperglycinemia. In this context, the liver speci-
mens from patients with neonatal-onset type of
nonketotic hyperglycinemia had no polypeptide
reactive to anti-P-protein antibody, whereas a
patient with a late-onset type of this disease had a
detectable amount of P-protein (Fig. 7). This
supports the possibility that the mutant P-proteins
of the neonatal onset type are readily degraded
in the liver of patients in vivo, even though those
are translated to certain extents.

The patients examined had no recognizable
mutation in the H-protein gene, except the only
patient with serious degeneration in the brain.®®:%%
The mutant H-protein of this patient appeared to
have no sulfhydryl group of the prosthetic lipoyl
residue that is detectable from normal H-protein by
N-ethylmaleimide under a reduced condition.®”
Glycine cleavage activity is predominantly detect-
able in the liver, kidney, and brain. The heart is a
representative tissue inactive in glycine cleavage
reaction. This condition solely results from the
absence of P-protein, since both H-protein and T-
protein were present in the heart at low levels.””
Taking into account that this patient®® was the
only case classified into the degenerative type of
nonketotic hyperglycinemia, H-protein might have
more roles such as those for cell survival.

5) Neuronal dysfunction in patients with
nonketotic hyperglycinemia. Nonketotic hyper-
glycinemia is diagnosed with elevated concentra-
tions of glycine in body fluids and symptoms that
represent neuronal dysfunctions.®” Glycine recep-
tors present on inhibitory neurons in the spinal cord
may change the motility of skeletal muscles in
response to increased concentrations of glycine in
body fluids. The NMDA-type glutamate receptor of
neurons also has a subunit to which glycine and D-
serine can bind to facilitate glutamate-dependent
calcium influx through the receptor.”® One can
presume that the accumulated glycine causes neu-
ronal death by facilitating the opening of NMDA-
type glutamate receptors, followed by excess entry
of Ca?* into the neurons. This might conveniently
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explain the neuronal death followed by neurological
dysfunctions listed above in patients with non-
ketotic hyperglycinemia. In this context, Furukawa
and Gouaux’? demonstrated that glycine and D-
serine bind to the glycine site showing 26.4 uM and
7.02 uM of Ki values, respectively, for the binding of
a competitive antagonist, MDL105 519, that shows
a Kd value of 5.86 nM. However, the normal value
of glycine (1 to 2mM) in human body fluids is
sufficiently high to saturate the binding site for
glycine and D-serine on the NMDA-type glutamate
receptors. Increasing concentrations of glycine did
not cause an enhanced function of this receptor.’?
Therefore, we should more carefully study what
causes neuronal death in patients with nonketotic
hyperglycinemia.

6) Metabolic incidence of nonketotic hyper-
glycinemia. Glycine and serine are the major
suppliers of active one-carbon derivatives as shown
in Fig. 9. Serine hydroxymethyltransferase yields
N°, N'-methylene-H,folate and glycine from serine.
The product glycine is cleaved to an additional
molecule of N°,N'9-methylene-Hyfolate by glycine
cleavage reaction. Recent advances of studies re-
lated to active one-carbon metabolism have shown
that abnormal one-carbon metabolism by mutant
N°, N'-methylene-H,folate reductases links to many
types of disease;3D:8? collectively, mood disorder,
Alzheimer disease, cancers in various tissues, vas-
cular diseases, birth defect, male subfertility, com-
plications during pregnancy, and Down syndrome.
In this context, actual one-carbon pool sizes are
unclear in patients with nonketotic hyperglycine-
mia. However, excess glycine in body fluids of the
patients with nonketotic hyperglycinemia may con-
versely reflect the decreased supply of N°,N'0-
methylene-Hyfolate. The biosynthesis of TTP and
S-adenosylmethionine is likely restricted to a de-
creased level under which dUTP is incorporated,
instead of TTP, into DNA strands during replica-
tion. The unmatched bases might be insufficiently
repaired under the shortage of TTP, yielding strand
breaks at an exceptionally high prevalence.?D:8?
Insufficient reparation of the strand breaks leads
to apoptotic cell death. Similarly, the shortage of
S-adenosylmethionine may alter the statuses of
methylation of various cellular substances.?D:8?
The abnormal metabolism of the Hyfolate deriva-
tives, therefore, accounts for why developing tissues
are strongly injured in patients with nonketotic
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Fig. 9.

hyperglycinemia. Turning to the neuronal death
in the patients, the reduced levels of one-carbon
derivatives might be rather appropriate mechanisms
underlying cellular injuries including neuronal death
in nonketotic hyperglycinemia than the excitotoxic
effect of glycine accumulated in body fluids.

Comments

We have shown that the glycine cleavage
system represents the major pathway of glycine
and serine catabolism in vertebrates. Molecular
basis of the defective glycine cleavage system in
nonketotic hyperglycinemia are now well under-
stood. The glycine cleavage system, termed also
glycine synthase, is essentially reversible, but
catalyzes the glycine synthesis significantly only
under anaerobic conditions such as in anaerobic
bacteria or anaerobic system in vitro supplemented
with NADH+H*. The glycine synthesis reaction is
a highly reductive process, so that under physio-
logical aerobic conditions, glycine may be derived
mainly from serine by serine hydroxymethyltrans-
ferase rather than de movo synthesis by the back
reaction of the glycine cleavage system. It has been
shown that the congenital hyperglycinemia patient,
who showed markedly high concentrations of gly-
cine in blood and urine, had normal activity of
serine hydroxymethyltransferase which catalyzes
the cleavage of serine to form glycine and N°, N'0-
methylene-Hyfolate.*” The study of glycine syn-

Metabolic map of Hyfolate derivatives.

thesis reaction, however, was a precious cue that
enabled us to profoundly understand physiological
and pathological roles of the vertebrate glycine
cleavage system. Tada and Kure reviewed patho-
physiological studies of this enzyme system.??

In vertebrates, glycine cleavage activity is
detectable in the liver, kidney and brain. In those
tissues of the chicken, the ratios of specific activities
of glycine cleavage reaction and those of levels of
polypeptides and mRNA molecules of P-protein and
H-protein appeared to be similar (100: 30: 3).”7
Moreover, the levels of P-protein and H-protein
appeared to be determined at the level of tran-
scription. The heart is a representative tissue
inactive in this reaction and had none of mRNA
and polypeptide of P-protein, whereas in the heart,
H-protein and T-protein were present at low levels.
Thus, the presence and absence of P-protein
absolutely determine the tissues active and inactive
in glycine cleavage reaction.””” The physiological
importance of different levels of glycine cleavage
activity in the different tissues is unclear at present.
In vertebrates, however, transcription regulation of
the genes encoding the components is thought to
play an important role in determining the physio-
logical basis of glycine metabolism. Properties
related to transcription mechanisms of both the
P-protein gene and the H-protein gene would
provide novel ways to study glycine catabolism
intrinsic to different tissues.
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