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ABSTRACT: Glycine decarboxylase (GLDC) is a metabolic oncogene that links glycine metabolism with tumorigenesis. In
humans, GLDC is part of a multienzyme complex (which includes the lipoyl-containing H-protein) that couples the
decarboxylation of glycine to the biosynthesis of serine. Details of the GLDC-catalyzed glycine decarboxylation reaction are
critical to drug development but remain elusive. This is the first report on the mechanism of the GLDC-catalyzed reaction and
shows that GLDC is an unusual PLP-containing α-amino acid decarboxylase that removes carbon dioxide from the glycine
substrate without releasing the expected amine (methylamine, a metabolic precursor of toxic formaldehyde) as a product. In an
unusual decarboxylation mechanism, the resulting aminomethyl moiety is instead transferred to an accessory H-protein. This
study defines the role of H-protein in GLDC-catalyzed glycine decarboxylation. (1) H-Protein is not required for glycine
decarboxylation but, instead, is required for the release of the aminomethyl moiety from the quinonoid adduct. (2) Glycine
decarboxylation is reversible and presumably proceeds through a stable quinonoid intermediate. (3) The physiological product of
glycine decarboxylation is H-protein-S-aminomethyl dihydrolipoyllysine and not methylamine (in the absence of H-protein, the
aminomethyl moiety remains as a quinonoid adduct). Mechanistic insights obtained from this study will inform future efforts for
targeted anticancer therapeutic development.

Recent studies on cancer cell metabolism have highlighted
the unexpected link between glycine metabolism and

tumorigenesis.1,2 In particular, glycine decarboxylase (GLDC)
has been identified as a metabolic oncogene. Overexpression of
GLDC in primary cells was sufficient to cause transformation.
Overexpression of mutant inactive GLDC did not result in
transformation, and knockdown of the GLDC gene in tumor
cells led to a dramatic decrease in the incidence of mouse
xenograft tumors. GLDC is a pyridoxal phosphate (PLP)-
dependent α-amino acid decarboxylase;3 in humans, it is part of
a multienzyme complex [the glycine cleavage system,4 together
with H-protein, T-protein, and L-protein (Scheme 1)] in which
it couples the decarboxylation of glycine to the biosynthesis of
serine via adducts with PLP and lipoylated H-protein to form
N5,N10-methylene-tetrahydrofolate (the substrate for serine
hydroxymethyltransferase). Previous studies of GLDC have
reported that the enzyme alone was almost inactive and
required an accessory protein, known as the H-protein, to
catalyze the decarboxylation reaction;5,6 unlike those of typical

amino acid decarboxylases, the GLDC-catalyzed decarboxyla-
tion reaction did not proceed readily, and the activity (or lack
thereof) of GLDC was apparent only when it was “activated” by
the accessory H-protein.
The inability of PLP and the holoenzyme GLDC to mediate

glycine decarboxylation remains a mechanistic mystery. This is
in contrast to prototypical amino acid decarboxylases, such as
ornithine decarboxylase, a well-studied PLP-dependent α-
amino acid decarboxylase.7−9 In ornithine decarboxylase, the
decarboxylation reaction readily proceeds through an electron
sink provided by the PLP cofactor β to the carboxyl group,
without the need for any accessory protein. In GLDC, the
physiological product of glycine decarboxylation is proposed to
be the covalent adduct of H-protein-S-aminomethyl dihydro-
lipoyllysine (HAM, species 8 in Scheme 2);10 however, there is
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no experimental evidence to corroborate the existence of HAM.
In addition, the question of whether the theoretical methyl-
amine product of glycine decarboxylation is formed during
catalysis remains (incidentally, methylamine is a primary amine
whose oxidatively deaminated metabolite11 is the toxic
formaldehyde); in the absence of H-protein, methylamine
could be released from the quinonoid intermediate (species 4
in Scheme 2, obtained upon glycine decarboxylation),
regenerating the GLDC−PLP internal aldimine complex.
The mechanism of GLDC-catalyzed glycine decarboxylation

is proposed as illustrated in Scheme 2. The reaction is initiated
by the formation of an internal aldimine Schiff base between
the active site lysine (Lys754 in human GLDC12) and PLP
(species 1 in Scheme 2). A ternary complex is subsequently
formed upon addition of glycine to the GLDC−PLP internal
aldimine complex (species 2 in Scheme 2); the complex
collapses by a series of proton transfers, forming the glycine−
PLP external aldimine (species 3 in Scheme 2). Decarbox-
ylation of the external aldimine releases CO2 and yields a
quinonoid intermediate (species 4 in Scheme 2); this
quinonoid intermediate is stabilized by the delocalization of
the negative charge across the PLP backbone.13 In principle, the
quinonoid intermediate can proceed in one of two ways. (1) A
ternary complex can be formed between the quinonoid
intermediate and GLDC (forming an aminomethyl−PLP−
GLDC ternary complex), and protonation and subsequent
hydrolysis of this complex will yield methylamine and the
GLDC−PLP internal aldimine. (2) The quinonoid intermedi-
ate can nucleophilically attack the oxidized lipoic acid moiety of
H-protein, forming an H-protein−S-aminomethyl−GLDC−
PLP quaternary complex (species 6 in Scheme 2). Resolution
of this complex regenerates the GLDC−PLP internal aldimine
complex (species 7 in Scheme 2) and yields the second product
of glycine decarboxylation, HAM (species 8 in Scheme 2).
Corroborating previous suggestions, we observed that the
aminomethyl group is transferred to the lipoic acid moiety of
H-protein to form HAM, regenerating the GLDC−PLP internal
aldimine complex. In addition, we found no evidence of the
expected release of methylamine as the product, making GLDC
an unusual amino acid decarboxylase; instead, in the absence of
H-protein, PLP becomes a cosubstrate (rather than a cofactor)
and glycine decarboxylation yields an aminomethyl−quinonoid
“product”. This study aims to understand the mechanistic
contribution of H-protein to GLDC catalysis and gain insights
into the mechanism of the GLDC-catalyzed reaction.
Ultimately, the new mechanistic insights gained could inform

rational approaches for targeted drug design against GLDC,
providing a novel avenue for anticancer therapeutic develop-
ment.

■ MATERIALS AND METHODS
13C nuclear magnetic resonance (NMR) spectra were recorded
using a Bruker AVANCE 500 MHz NMR spectrometer. All
reagents were the highest-quality grade commercially available.

Recombinant Expression and Purification of GLDC
and H-Protein. The genes encoding GLDC and H-protein
from Homo sapiens were chemically synthesized (DNA 2.0) and
separately cloned into a pJexpress-416 vector with a C-terminal
six-histidine tag. The genes were codon optimized for
expression in Escherichia coli BL21(DE3) cells. Briefly, for
recombinant GLDC expression in E. coli strain BL21(DE3),
transformed cells were grown at 37 °C in LB broth
(supplemented with 100 μg/mL ampicillin) to an OD600 of
0.6, and isopropyl D-thiogalactopyranoside (IPTG) (0.1 mM)
was added to induce protein expression for 16 h at 25 °C. The
cells were harvested by centrifugation, resuspended in binding
buffer [5 mM imidazole, 0.1 mM PLP, 0.5 M NaCl, and 20 mM
Tris-HCl (pH 7.9)], and lysed by sonication. The lysate was
cleared by centrifugation, and the protein was purified using a
column of chelating Sepharose Fast Flow (GE Healthcare Bio-
Sciences Corp.) charged with Ni2+ ion. The cell lysate was
applied to the column in binding buffer, washed with buffer
containing 154 mM imidazole, 0.1 mM PLP, 0.5 M NaCl, and
20 mM Tris-HCl (pH 7.9), and eluted with 100 mM L-
histidine, 0.1 mM PLP, 0.5 M NaCl, and 20 mM Tris-HCl (pH
7.9). Fractions containing the protein were pooled and dialyzed
against 20 mM Tris-HCl (pH 7.0), 0.1 mM PLP, and 100 mM
NaCl. The protein was lyophilized after purification.
H-Protein was similarly expressed in E. coli strain BL21-

(DE3) and purified as described above with the following
modifications. BL21(DE3) cells were grown and induced at 37
°C, and the buffers used for purification did not contain PLP.

Co-expression and Purification of GLDC and H-
Protein. The genes encoding human GLDC and H-protein
were subcloned from the respective pJexpress-416 vectors into
a pRSFDuet-1 (Novagen) vector for co-expression. Briefly, the
polymerase chain reaction (PCR) reaction mixture (100 μL)
contained 1 ng of plasmid DNA, 10 μL of 10× Pfx
amplification buffer, 1 mM MgSO4, dNTPs (0.4 mM each),
40 pmol of each primer [for GLDC, forward primer (5′-
GAGAGACATATGCAAAGCTGCGCACGCGCATGG-3′)
and reverse primer (5′-CTCTCTGGTACCTTACTCGAGT-
TAATGGTGATGATG-3′); for H-protein, forward primer (5′-
GAGAGACCATGGCAAGCGTACGTAAATTCACTGAG-
3′) and reverse primer (5′-CTCTCTGGATCCTTACTCTT-
CGATGGACTTAATGTATTTC-3′)], and 5 units of Platinum
Pfx polymerase. The gene was amplified using a PTC-0200G
Thermal Cycler (Bio-Rad Laboratories), with the following
parameters: 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 60 °C for 75 s, and 68 °C for 3 min, and a final
extension of 68 °C for 10 min.
GLDC was first subcloned into the pRSFDuet-1 vector,

followed by H-protein. GLDC was subcloned with a C-terminal
six-histidine tag, while H-protein was subcloned without an
affinity tag. The proteins were co-expressed in E. coli
BL21(DE3). Transformed cells were grown at 25 °C in LB
broth (supplemented with 100 μg/mL ampicillin) to an OD600
of 0.6, and IPTG (0.1 mM) was added to induce protein

Scheme 1
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expression for 16 h. GLDC was purified from the harvested
cells as previously described.
Cloning, Expression, and Purification of Phosphoe-

nolpyruvate Carboxylase. The gene encoding phosphoe-
nolpyruvate carboxylase (PEPCase) (GI: 32141095) was
amplified via PCR from genomic DNA isolated from
Streptomyces coelicolor A3(2) (ATCC) using Platinum Pfx
DNA polymerase (Invitrogen). The PCR mixture (100 μL)
contained 1 ng of plasmid DNA, 10 μL of 10× Pfx
amplification buffer, 1 mM MgSO4, dNTPs (0.4 mM each),
40 pmol of each primer [forward primer (5′-CAAGGAGCC-

GCACATATGAGCAGTGCCGACGACCAGACCACC-3′)
and reverse primer (5′-GTACGGGGGGATCCTCAGCCGG-
TGTTGCGCAGGCCCGCTG-3′)], and 5 units of Platinum
Pfx polymerase. The gene was amplified using a PTC-0200G
Thermal Cycler (Bio-Rad Laboratories), with the following
parameters: 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 60 °C for 75 s, and 68 °C for 3 min, and a final
extension of 68 °C for 10 min. The amplified gene was cloned
into a modified pET-15b vector (Novagen) in which the N-
terminus contained 10 His residues (kindly provided by J.
Gerlt, University of Illinois at Urbana-Champaign, Urbana,

Scheme 2
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IL).14 The protein was expressed in E. coli BL21(DE3).
Transformed cells were grown at 25 °C in LB broth
(supplemented with 100 μg/mL ampicillin) to an OD600 of
0.6, and IPTG (0.1 mM) was added to induce protein
expression for 16 h. PEPCase was purified from the harvested
cells as previously described for H-protein.
Cloning, Expression, and Purification of Malate

Dehydrogenase. The gene encoding malate dehydrogenase
(MDH) (GI: 32141095) was amplified via PCR from genomic
DNA isolated from S. coelicolor A3(2) (ATCC) using Platinum
Pfx DNA polymerase (Invitrogen). The PCR mixture (100 μL)
contained 1 ng of plasmid DNA, 10 μL of 10× Pfx
amplification buffer, 1 mM MgSO4, dNTPs (0.4 mM each),
40 pmol of each primer [forward primer (5′-CATACGGAG-
CATATGATGACTCGCACTCCCGTGAACGTCA-3′) and
reverse primer (5′-GGGCGGACTCAGATGAGGCCGAGG-
GATCCCACCGCC-3′)], and 5 units of Platinum Pfx
polymerase. The gene was amplified using a PTC-0200G
Thermal Cycler (Bio-Rad Laboratories), with the following
parameters: 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 60 °C for 75 s, and 68 °C for 3 min, and a final
extension of 68 °C for 10 min. The amplified gene was cloned
into a modified pET-15b vector (Novagen) in which the N-
terminus contained 10 His residues, as previously described.
The protein was expressed in E. coli BL21(DE3). Transformed
cells were grown at 25 °C in LB broth (supplemented with 100
μg/mL ampicillin) to an OD600 of 0.6, and IPTG (0.1 mM) was
added to induce protein expression for 16 h. MDH was purified
from the harvested cells as previously described for H-protein.
Cloning, Expression, and Purification of Lipoate-

Protein Ligase A. The gene encoding lipoate-protein ligase
A (LplA) (GI: 49175990) was amplified via PCR from genomic
DNA isolated from E. coli K12 using Platinum Pfx DNA
polymerase (Invitrogen). The PCR mixture (100 μL)
contained 1 ng of plasmid DNA, 10 μL of 10× Pfx
amplification buffer, 1 mM MgSO4, dNTPs (0.4 mM each),
40 pmol of each primer [forward primer (5′-GGGCGGGTA-
AGGATCCCTACCTTACAGCCCCCGCCATC-3′) and re-
verse primer (5′-GAAATCGTTCATATGTCCACATTACG-
CCTGCTCATCTCTGAC-3′)], and 5 units of Platinum Pfx
polymerase. The gene was amplified using a PTC-0200G
Thermal Cycler (Bio-Rad Laboratories), with the following
parameters: 94 °C for 2 min followed by 30 cycles of 94 °C for
1 min, 60 °C for 75 s, and 68 °C for 3 min, and a final
extension of 68 °C for 10 min. The amplified gene was cloned
into a modified pET-15b vector (Novagen) in which the N-
terminus contained 10 His residues, as previously described.
The protein was expressed in E. coli BL21(DE3). Transformed
cells were grown at 37 °C in LB broth (supplemented with 100
μg/mL ampicillin) to an OD600 of 0.6, and IPTG (0.1 mM) was
added to induce protein expression for 16 h. LplA was purified
from the harvested cells as previously described for H-protein.
Analysis of the GLDC−H-Protein Complex by Gel

Filtration Chromatography. The amount of H-protein that
associated with GLDC was determined by size-exclusion
chromatography using a Bio-Rad Bio-Sil SEC 250-5 column
(300 mm × 7.8 mm). The following samples were analyzed: (a)
GLDC expressed in pJexpress-416 vector (GLDC-pJexp), (b)
GLDCcoexp expressed in pRSFDuet-1 vector (GLDC-pRSF),
and (c) H-protein expressed in pJexpress-416 vector.
Lipoylation of H-Protein Catalyzed by Lipoyltransfer-

ase. Purified apo-H protein was lipoylated in vitro using
lipoate-protein ligase A (LplA) from E. coli K12. The reaction

mixture contained 100 mM Tris (pH 7.0), 12 mM adenosine
5′-triphosphate (ATP), 12 mM MgCl2, 4.2 mM lipoic acid, 9
mM dithiothreitol (DTT), 0.30 mM LplA, and 0.35 mM H-
protein. The mixture was incubated at 37 °C for 10 min while
being shaken. The formation of lipoylated H-protein (HLA) was
verified by mass spectrometry (theoretical mass of HLA, 14870.9
Da; observed mass of HLA, 14870.4 Da).

Coupled Enzyme Assay for the GLDC-Catalyzed
Glycine Decarboxylation Reaction. The kinetic parameters
of GLDC were determined using a coupled enzyme continuous
spectrophotometric assay. The rate of CO2 formation was
coupled to the oxidation of NADH measured at 340 nm
(Scheme 3). Briefly, the assay (50 μL at 25 °C) contained 1 μM

GLDC, 100 mM Tris-HCl buffer (pH 7.0), 20 mM MgCl2, 0.3
mM PLP, 1.0 mM phosphoenolpyruvate, 0.3 mM NADH (340
nm; ε = 6220 M−1 cm−1), 2 units of PEPCase, 2 units of MDH,
and 0.1 μM to 10 mM glycine substrate. To minimize the
amount of contaminating atmospheric CO2, enzymes were
lyophilized and taken up in CO2-free buffer (prepared by
boiling water and cooling sealed aliquots of water under
vacuum); stock solutions of the various reagents were also
similarly prepared using CO2-free water. Initial rates (νo) were
corrected for the background rate of NADH oxidation in the
absence of enzyme. Kinetic parameters were determined by
fitting the initial rates to the Michaelis−Menten equation using
Enzfitter (Biosoft).

Determining the Reversibility of Glycine Decarbox-
ylation. 13C NMR spectroscopy was used to determine the
reversibility of glycine decarboxylation. Briefly, the reaction
mixture (1 mL) contained 100 mM Tris (pH 7.0), 20 mM
glycine, 20 mM NaH13CO3, and 3 μM GLDC. NaH13CO3 was
used as the 13CO2 source. The reaction mixture was incubated
for 1 week at 25 °C, and 13C NMR spectra were recorded. The
acquisition time was 1 s, with a delay time of 2 s, and 400
spectra were recorded.

Determining the Products of Glycine Decarboxyla-
tion. Mass spectrometry and 13C NMR spectroscopy were
used to determine the products of glycine decarboxylation. The
formation of HAM was first assessed by mass spectrometry. The
reaction mixture (1 mL) contained 100 mM Tris (pH 7.0), 20
mM glycine (unlabeled glycine or [2-13C]glycine), 85 μM
lipoylated H-protein (HLA), and 3 μM GLDC. The reaction
mixtures were incubated for 1 week at 25 °C, after which
GLDC was removed by centrifugation through an Amicon
(50000 Da) centrifugal filter device. The filtrate was desalted
using a ZipTip-C4 (Millipore) before mass determination.
Formation of HAM was also confirmed using 13C NMR

spectroscopy. Briefly, the reaction mixture (1 mL) contained

Scheme 3
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100 mM Tris (pH 7.0), 20 mM [2-13C]glycine, and 3 μM
GLDC. In the reaction with H-protein, 15 μM lipoylated H-
protein (HLA) was added to the reaction mixture. The reaction
mixture was incubated for 1 week at 25 °C, and 13C NMR
spectra were recorded.
Determining the Reversibility of the Glycine Cleavage

System. 13C NMR spectroscopy was used to determine the
reversibility of the glycine cleavage system. Briefly, the reaction
mixture (1 mL) contained 100 mM Tris (pH 7.0), 10 mM
13CH3NH2, 10 mM NaHCO3, and 3 μM GLDC. A parallel
reaction mixture contained 10 mM CH3NH2 and 10 mM
NaH13CO3. NaHCO3 and NaH13CO3 were used as the CO2
and 13CO2 sources, respectively. The reaction mixtures were
incubated for 1 week at 25 °C, and 13C NMR spectra were
recorded.
HAM and carbon dioxide products were also used to probe

the reversibility of the glycine cleavage system. HLA was
incubated with [2-13C]glycine and GLDC to form [13C]HAM;
purified [13C]HAM was subsequently incubated with 13CO2 and
GLDC to form [1,2-13C]glycine. Briefly, the reaction mixture
(1 mL) contained 100 mM Tris (pH 7.0), 20 mM
[2-13C]glycine, 85 μM HLA, and 3 μM GLDC. The reaction
mixture was incubated for 1 week at 25 °C, after which GLDC
was removed by centrifugation through an Amicon (50000 Da)
centrifugal filter device. The filtrate was then incubated with 50
mM H13CO3

− and an additional 3 μM GLDC. The reaction
mixture was incubated for 1 week at 25 °C, and 13C NMR
spectra were recorded.

■ RESULTS AND DISCUSSION
H-Protein Is Not Required for GLDC-Catalyzed Glycine

Decarboxylation. We sought to understand the role of H-
protein in the GLDC-catalyzed reaction. To rationalize the
previously observed lack of activity of GLDC in the absence of
H-protein, we wondered if H-protein is required for functional
expression of GLDC because protein co-expression has been
shown to be required for functional expression in multienzyme
complexes.15 GLDC was expressed either separately (without
H-protein) or simultaneously with H-protein (here termed
GLDC or GLDCcoexp, respectively) in the E. coli expression
system and purified to homogeneity. There were no detectable
differences in mass between GLDC and GLDCcoexp as assessed
by mass spectrometry (observed mass of GLDC, 112730 Da;
observed mass of GLDCcoexp, 112730 Da). Size-exclusion
chromatograms of purified GLDC, GLDCcoexp, and H-protein
(Figure S1 if the Supporting Information) indicated that
untagged H-protein is readily separated from six-histidine-
tagged GLDCcoexp during purification by affinity chromatog-
raphy and suggested that GLDCcoexp did not associate with H-
protein; GLDCcoexp was purified to homogeneity by affinity
chromatography with a C-terminal six-histidine tag, while H-
protein in the co-expression system was expressed without an
affinity tag. Unlike GLDC orthologues in chicken and
Synechocystis16,17 where the enzyme exists as a homodimer,
recombinant human GLDC is active in the monomeric form.
Recombinant H-protein used for exogenous addition during
decarboxylation assays (vide inf ra) was expressed in the E. coli
host but was not lipoylated;18 lipoylated H-protein (HLA) was
obtained through an in vitro lipoylation reaction using lipoate-
protein ligase A19 (LplA).
Release of CO2 from glycine was assayed using a continuous

coupled enzyme spectrophotometric assay, in which the
production of CO2 was coupled to the oxidation of NADH.

Importantly, this assay was performed in the presence of excess
PLP to facilitate the displacement of the quinonoid
intermediate in the absence of an acceptor for the methylamine
moiety (of decarboxylated glycine) to allow multiple enzyme
turnovers. The kinetic parameters for GLDC-catalyzed glycine
decarboxylation are listed in Table 1. GLDC expressed in the

absence of H-protein exhibited barely detectable activity (kcat ≤
1.0 × 10−4 s−1); when lipoic acid was added to the reaction
mixture, no significant increase in the rate of release of CO2 was
observed (kcat ≤ 1.4 × 10−4 s−1), contrary to reports of lipoic
acid-mediated activation of GLDC.6 Upon addition of
exogenous unlipoylated H-protein, kcat increased 190-fold to
1.9 × 10−2 s−1; in the absence of the lipoic acid moiety on H-
protein, the methylamine adduct with PLP (aminomethyl−
quinonoid intermediate) is released as the product of the
GLDC-catalyzed decarboxylation of glycine. Despite the
increase in the rate of release of CO2 observed in the presence
of unlipoylated H-protein, this rate still falls far short of rates
typical for most PLP decarboxylases.9,13 Surprisingly, addition
of exogenous HLA had the same effect on the rate of release of
CO2 as unlipoylated H-protein (kcat = 1.6 × 10−2 s−1),
suggesting that either (1) the release of the aminomethyl−
quinonoid intermediate is not rate-limiting or (2) GLDC is not
expressed in an active form.
In contrast, GLDCcoexp exhibited significant activity for the

release of CO2 from glycine. The catalytic efficiency (kcat/KM)
of GLDCcoexp-catalyzed glycine decarboxylation was 1.0 × 105

M−1 s−1, an increase of >10000-fold compared to that of the
GLDC-catalyzed reaction in the presence of exogenously added
H-protein or HLA (PLP is in excess in all kinetic assays).
However, addition of unlipoylated H-protein or HLA to the
GLDCcoexp-containing reaction mixture did not significantly
increase the rates of release of CO2, suggesting that the role of
H-protein in the GLDC-catalyzed reaction is not rate
enhancement. Furthermore, we conclude that despite co-
expression with H-protein, the robust decarboxylase activity
observed is due solely to the GLDCcoexp enzyme because we
found no evidence of contaminating H-protein in the
GLDCcoexp preparation during sodium dodecyl sulfate−
polyacrylamide gel electrophoresis analysis (Figure S2 of the
Supporting Information).
Because addition of H-protein or HLA to GLDCcoexp did not

significantly change the observed rates of glycine decarbox-
ylation, we speculate that H-protein functions as a molecular
chaperone and/or activator during GLDC expression as well as

Table 1. Kinetic Parameters of Glycine Decarboxylation
Catalyzed by GLDC

enzyme kcat (s
−1) KM (μM)

kcat/KM
(M−1 s−1)

GLDC ≤1.0 × 10−4

GLDC and
H-protein

(1.9 ± 0.03) × 10−2 (2.1 ± 0.12) × 103 9.0

GLDC and
HLA

(1.6 ± 0.07) × 10−2 (1.3 ± 0.29) × 103 12

GLDC and
lipoic acid

≤1.4 × 10−4

GLDCcoexp (3.1 ± 0.10) × 10−2 0.30 ± 0.08 1.0 × 105

GLDCcoexp
and
H-protein

(3.3 ± 0.02) × 10−2 0.37 ± 0.04 8.9 × 104

GLDCcoexp
and HLA

(4.7 ± 0.20) × 10−2 0.31 ± 0.10 1.5 × 105
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an acceptor for the methylamine moiety if the H-protein is
lipoylated. This could account for the observed kinetic
parameters for GLDC, where addition of exogenous H-protein
[either unlipoylated or lipoylated (HLA)] slightly increased the
rates of glycine decarboxylation because it suggests that the H-
protein is able to facilitate the correct folding and/or activation
of a fraction of the inactive GLDC, albeit much less efficiently
than during co-expression. The exact nature of this enhance-
ment of activity is being investigated. In addition, the fact that
the presence of the lipoyl moiety on H-protein did not affect
the rates of GLDC (or GLDCcoexp)-catalyzed glycine
decarboxylation further corroborated the suggestion that H-
protein (or HLA) does not directly participate in and is not
required for release of CO2 from glycine in the formation of the
PLP−quinonoid intermediate, an important distinction that is
contrary to earlier findings. For the sake of clarity, GLDCcoexp
will hereafter be termed GLDC.
Exchange of C1 of Glycine: Probing the Stability of

the Quinonoid Intermediate. Previous studies involving
partially purified mitochondrial preparations from chicken and
rat liver suggested that glycine decarboxylation is reversi-
ble.3,6,20,21 If true, one would reason that the proposed
quinonoid intermediate formed during glycine decarboxylation
(species 4 in Scheme 2) would exist for a finite lifetime and
have an associated stability to allow back incorporation of CO2
to form the glycine substrate. To examine this, the mechanism
of release of CO2 was explored using 13C NMR spectroscopy.
We probed for the existence of the quinonoid intermediate and
the reversibility of its formation from glycine by incubating
GLDC with both unlabeled glycine and NaH13CO3 as an
exogenous 13CO2 source (Scheme 4). Figure 1 depicts the

partial 13C NMR spectrum of [1-13C]glycine formed from the
incubation of unlabeled glycine, 13CO2, and GLDC and
provides evidence of the exchange of C1 of glycine (reaction
of the quinonoid intermediate with 13CO2 to form glycine).
The resonance for C1 is a singlet at 172.4 ppm; the resonance
for H13CO3

− is a singlet at 160.2 ppm. With the nonenzymatic
control experiment (in which no resonance for C1 of glycine
representing [1-13C]glycine was observed), our observation
provides evidence of the exchange of C1 of glycine vis-a-̀vis the
quinonoid intermediate.
In contrast to previous reports about the reversibility of the

GLDC-catalyzed glycine decarboxylation reaction in which
both GLDC and H-protein were reportedly required for glycine
decarboxylation, our study showed that recombinant GLDC
alone was able to catalyze the release of CO2 without
“assistance” from H-protein. The incorporation of exogenous
CO2 requires the formation of the quinonoid intermediate that
has a sufficient lifetime to allow incorporation of 13CO2 to form
[1-13C]glycine aldimine (Scheme 5); subsequent hydrolysis of
[1-13C]glycine aldimine would form the observed [1-13C]-
glycine.
The observed reversibility for the release of CO2 (vis-a-̀vis

glycine decarboxylation) is unusual, as decarboxylation
catalyzed by known PLP-dependent amino acid decarboxylases
has been found to be irreversible; examples of irreversible

decarboxylation catalyzed by PLP-dependent α-amino acid
decarboxylases include ornithine decarboxylase from Trypano-
soma brucei,9 histidine decarboxylase from Morganella morga-
nii,22 tyrosine decarboxylase from Streptococcus faecilis,23 and
arginine decarboxylase,24 glutamate decarboxylase,25 lysine
decarboxylase,26 and diaminopimelate decarboxylase27 from E.
coli.

Determining the Products of Glycine Decarboxyla-
tion. With the demonstration of a quinonoid intermediate on
the reaction coordinate, and the GLDC-catalyzed reaction in
the absence of H-protein (HLA), we investigated the identity of
the products upon glycine decarboxylation. In the absence of
H-protein (HLA), one would reason that products of glycine
decarboxylation are either (1) methylamine and carbon dioxide,
after hydrolysis from PLP (a cofactor in this instance), or (2)
the quinonoid intermediate (in the presence of excess PLP, a
cosubstrate in this instance) and carbon dioxide (Scheme 6);
the corollary extension would suggest H-protein-S-amino-
methyl dihydrolipoyllysine (HAM) and carbon dioxide would
be the products formed in the presence of H-protein as part of
the glycine cleavage system (Scheme 7). The formation of HAM
was assessed by mass spectrometric analysis; in the presence of
HLA, the GLDC-catalyzed glycine decarboxylation proceeded
with the detection of HAM (theoretical mass of HAM, 14901.9
Da; observed mass of HAM, 14901.6 Da). In the absence of HLA,
methylamine was not detected by mass spectrometry.
We investigated the possibility of methylamine formation as

previously reported by using [2-13C]glycine as the substrate to
conduct 13C NMR experiments for the detection of [13C]-
methylamine. However, we did not detect the formation of
methylamine upon GLDC-catalyzed glycine decarboxylation in
the presence or absence of HLA (Figure 2 and Figure S3 of the
Supporting Information, respectively). Importantly, unlike
glycine decarboxylation in the absence of HLA (Figure S3 of
the Supporting Information), when [2-13C]glycine was reacted
with GLDC in the presence of HLA, a new resonance peak was
observed (Figure 2) with a chemical shift that could plausibly
be attributed to [13C]-H-protein-S-aminomethyl dihydrolipoyl-
lysine ([13C]HAM, 45.0 ppm theoretical28 vs 40.87 ppm
observed). The presence of [13C]HAM was confirmed by mass
spectrometry (theoretical mass of [13C]HAM, 14902.9 Da;
observed mass of [13C]HAM, 14902.5 Da).
To exclude the possibility that the amount of methylamine

formed was below the detection limit of 13C NMR spectros-
copy, and with the knowledge that the GLDC-catalyzed
reaction is reversible, we attempted to synthesize [1-13C]glycine
using the products methylamine and 13CO2 and [2-13C]glycine
using 13CH3NH2 and carbon dioxide, respectively (Figures S4
and S5 of the Supporting Information, respectively). In both
instances, we did not detect the formation of glycine using
methylamine and carbon dioxide as substrates. Taken together,
these data strongly suggested that methylamine was not
released as a product during the GLDC-catalyzed decarbox-
ylation of glycine.

Reversibility of the Glycine Cleavage System. In an
attempt to understand the energetics of glycine decarboxylation
vis-a-̀vis product release, we prepared [13C]HAM by incubating
HLA with [2-13C]glycine and GLDC (Scheme 8); purified
[13C]HAM was then incubated with 13CO2 and GLDC to form
[1,2-13C]glycine (Figures 3 and 4). The resonance associated
with C1 of [1,2-13C]glycine was represented as a doublet at
172.42 ppm [JCC = 212 Hz (Figure 3)]; the corresponding
resonance associated with C2 of [1,2-13C]glycine was also

Scheme 4
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observed as a doublet at 41.45 ppm [JCC = 212 Hz (Figure 4)].
After incubation for 1 week, the reaction mixture contained
[1,2-13C]glycine (substrate for the forward decarboxylation
reaction) and [2-13C]glycine (formed via incorporation of
unlabeled CO2 present), while the resonance associated with
[13C]HAM (product for the forward decarboxylation reaction)
was not detected, suggesting that the glycine cleavage system is
reversible.

Summary Thoughts for Glycine Decarboxylation by
Human GLDC. On the basis of this study, we propose the
following for glycine decarboxylation by human GLDC.
(1) Release of CO2 from glycine is the rate-determining step.

The presence of lipoylated H-protein (HLA) does not affect the
rate of decarboxylation.

Figure 1. Partial 13C NMR spectrum of [1-13C]glycine formed by the incorporation of 13CO2 into glycine. (A) The resonance for C1 of
[1-13C]glycine was observed as a singlet at 172.4 ppm; the resonance for H13CO3

− was observed as a singlet at 160.2 ppm. (B) Nonenzymatic
control, in which unlabeled glycine was incubated with NaH13CO3. (C) Partial

13C NMR spectrum of 10 mM [1-13C]glycine standard. (D) Partial
13C NMR spectrum of 10 mM NaH13CO3 standard.

Scheme 5

Scheme 6

Scheme 7
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(2) There is a lifetime associated with the quinonoid
intermediate. In the absence of HLA, CO2 can react with the
intermediate to form glycine.
(3) Methylamine is not a product of GLDC-catalyzed glycine

decarboxylation. It is possible that this is an evolutionary
measure to prevent the release of methylamine to the cellular
environment. Although methylamine itself is not toxic, it is
oxidatively deaminated by semicarbazide-sensitive amine
oxidases (SSAO) to the toxic formaldehyde.
(4) In the absence of H-protein, GLDC can release CO2

from glycine to form the quinonoid intermediate; however,
stoichiometric amounts of HLA are required for the release of
CO2 from glycine when PLP is limiting (in catalytic amounts).
(5) In the presence of HLA, the energy barrier for the release

of the aminomethyl group from the quinonoid intermediate is
lowered significantly. HLA functions to “safely” channel the

supposed methylamine “product” to T-protein (yielding
N5,N10-methylene tetrahydrofolate) without releasing methyl-
amine into the cellular environment.

Concluding Remarks. GLDC is an unusual PLP-depend-
ent α-amino acid decarboxylase. It catalyzes glycine decarbox-
ylation without releasing methylamine as a product; instead, the
resulting aminomethyl moiety is transferred to lipoylated H-
protein (HLA) to form H-protein-S-aminomethyl dihydroli-
poyllysine (HAM). H-Protein (either lipoylated or unlipoylated)
must be present during expression for the production of fully
active GLDC; this study highlights the importance of co-
expression of GLDC with H-protein for drug discovery and
development. HLA is not required for the release of CO2 from
glycine but, instead, is required for the transfer of the
aminomethyl moiety from the quinonoid intermediate to
form HAM. The GLDC-catalyzed release of CO2 from glycine

Figure 2. Partial 13C NMR spectrum of [2-13C]glycine incubated with
GLDC and HLA. (A) The resonance for C2 of glycine was observed as
a singlet at 41.47 ppm. The resonance associated with [13C]-H-
protein-S-aminomethyl dihydrolipoyllysine ([13C]HAM) was observed
as a singlet at 40.87 ppm. (B) Partial 13C NMR spectrum of 10 mM
[2-13C]glycine standard. (C) Partial 13C NMR spectrum of 10 mM
13CH3NH2 standard.

Scheme 8

Figure 3. Partial 13C NMR spectra showing the formation of
[1,2-13C]glycine from [13C]HAM and 13CO2. (A) The resonance for
C1 of [1,2-13C]glycine was observed as a doublet at 172.42 ppm (JCC =
212 Hz); the resonance for H13CO3

− was observed as a singlet at
160.21 ppm (peak b). (B) Partial 13C NMR spectrum for C1 of 10
mM [1,2-13C]glycine standard. (C) Partial 13C NMR spectrum of 10
mM NaH13CO3 standard.
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(to form the quinonoid intermediate) is reversible. Contrary to
reports, the physiological product of glycine decarboxylation is
HAM and not methylamine. A spectrophotometric coupled
enzyme assay (for the GLDC-catalyzed reaction) that can be
adapted for high-throughput inhibitor screens was established.
We are currently using mechanistic insights from our study to
inform rational approaches for targeted drug design against the
oncogenic human GLDC.
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