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Abstract
Glycine cleavage system (GCS) plays a central role in one-carbon (C1)
metabolism and receives increasing interest as a core part of the recently pro-
posed reductive glycine pathway (rGlyP) for assimilation of CO2 and formate.
Despite decades of research, GCS has not yet been well understood and kinetic
data are barely available. This is to a large degree because of the complexity of
GCS, which is composed of four proteins (H, T, P, and L) and catalyzes reac-
tions involving different substrates and cofactors. In vitro kinetics of recon-
structed microbial multi-enzyme glycine cleavage/synthase system is desired to
better implement rGlyP in microorganisms like Escherichia coli for the use of
C1 resources. Here, we examined in vitro several factors that may affect the rate
of glycine synthesis via the reverse GCS reaction. We found that the ratio of
GCS component proteins has a direct influence on the rate of glycine synthesis,
namely higher ratios of P protein and especially H protein to T and L proteins
are favorable, and the carboxylation reaction catalyzed by P protein is a key step
determining the glycine synthesis rate, whereas increasing the ratio of L protein
to other GCS proteins does not have significant effect and the ratio of T protein to
other GCS proteins should be kept low. The effect of substrate concentrations on
glycine synthesis is quite complex, showing interdependence with the ratios of
GCS component proteins. Furthermore, adding the reducing agent dithiothreitol
to the reaction mixture not only results in great tolerance to high concentration
of formaldehyde, but also increases the rate of glycine synthesis, probably due
to its functions in activating P protein and taking up the role of L protein in the
non-enzymatic reduction of Hox to Hred. Moreover, the presence of some mono-
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valent and divalent metal ions can have either positive or negative effect on the
rate of glycine synthesis, depending on their type and their concentration.

KEYWORDS
C1 assimilation, glycine cleavage system, glycine synthesis, H protein, in vitro metabolic engi-
neering

1 INTRODUCTION

Nowadays, most of the chemicals including fuels, solvents
and plastics are produced from fossil carbons. However,
with the imminent depletion of fossil carbons and the con-
comitant increase in atmospheric CO2, the use of other
more abundant carbon sources to replace fossil carbons as
the prime source of fuels and value-added chemicals has
become an urgent issue. It has been reported that biopro-
cesses account for merely 3.5% of the current production of
commodity and specialty chemicals [1], partly because the
use of simple sugars and starches directly competes with
human consumption and hence can undermine food secu-
rity and decrease biodiversity. There is an urgent need to
search for sustainable and cheap resources as feedstocks
for the production of high-value chemicals at hundreds of
millions of tons per year usingmicrobial fermentation pro-
cesses.
One-carbon (C1) compounds, such as CO2 [2, 3], for-

mate [4, 5] and methanol [6, 7] have been proposed as
ideal feedstocks to alleviate global energy shortage and
environmental pollution problems. These compounds are
either naturally abundant, cheap to produce, or available
as industrial by-products. In particular, C1 compounds pro-
duced from CO2 and renewable energy (e.g., formate gen-
erated from CO2 via electrochemical synthesis [8, 9]) are
attractive alternative carbon sources. Only a small group of
anaerobicmicrobes can assimilate C1 compounds natively.
However, the high cost of cultivation and technique limi-
tation constrains the microbial industry production from
C1 compounds. Therefore, reprogramming C1 metabolic
pathway in industrial model microorganisms such as E.
coli and yeast has become a choice to deal with such prob-
lems. Bar-Even et al. [10] proposed the reductive glycine
pathway (rGlyP) (Figure 1) as an appealing pathway in the
use of formate andCO2 for biosynthesis. The rGlyPhas sev-
eral advantages, such as oxygen tolerance of the enzymes
involved, high energy efficiency, and independent opera-
tion with little overlapping with the central metabolism.
In the rGlyP, formate is ligated to tetrahydrofolate (THF)
and further reduced to N5, N10-methylene-THF (5,10-CH2-
THF), which is used for the synthesis of glycine by glycine
synthase (the reverse glycine cleavage system, rGCS).

Glycine is then condensed with another molecular 5,10-
CH2-THF catalyzed by serine hydroxymethyltransferase
(SHMT) to produce serine. Finally, the deamination of ser-
ine catalyzed by serine deaminase yields pyruvate, which
enters the central metabolic pathway.
Recently, this novel C1 assimilation pathway has been

discovered to naturally exist in the sulphate-reducing bac-
terium Desulfovibrio desulfuricans [11], the phosphate-
oxidizing bacterium Candidatus phosphitivorax [12], and
the acetogen Clostridium drakei [13]. It has also been suc-
cessfully constructed in industrial strains like the model
bacterium E. coli [14, 15] for the use of formate and CO2.
Theoretically, the rGlyP can replace the glycolytic path-
way in microorganisms by only use formate or CO2 as sub-
strate. However, the efficiency of such synthetic rGlyP is
still so low that it cannot yet meet the needs of practical
applications. Very recently, through short-term evolution,
Kim et al. [16] improved the growth of an E. coli strain
containing the rGlyP on formate and CO2 alone, result-
ing in a reduction of the doubling time from about 70 h
to less than 8 h and a growth yield of ∼2.3 g of cell dry
weight (gCDW) per mol of formate. Bang et al. [17] engi-
neered E. coli to grow on CO2 and formate by introduc-
ing the rGlyP, so that the engineered strain can grow to
an optical density at 600 nm of 7.38 in 450 h. Efforts have
also beenmade to implement the rGlyP into othermicroor-
ganisms. Hong et al. [18] has introduced GCS coding genes
fromGottschalkia acidurici into Clostridium pasteurianum
and demonstrated thereby assimilation of exogenous for-
mate. Claassens et al. [19] has successfully introduced a
fully functional synthetic rGlyP into Cupriavidus necator
which replaces the native ATP-inefficient Calvin cycle for
formatotrophic growth.Gonzalez et al. [20] has engineered
Saccharomyces cerevisiae for growth on formate, achiev-
ing thereby glycine biosynthesis from formate and CO2 via
the rGlyP. However, as shown for C. pasteurianum, poten-
tial imbalance or burdens in cell growth and energy and
redox metabolism caused by the integration of an artifi-
cial GCS need to be better solved. To develop an engi-
neered strain that can grow rapidly on formate and CO2
without glucose supplementation, further improvement
of formate and CO2 assimilation ability into pyruvate is
needed.
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At present, the mostly used approach to improve the
flux of the rGlyP pathway is the over-expression of native
enzymes and the introduction of heterologous geneswhich
come from other species. Bang and Lee [13] have shown
that the rGlyP efficiency is improved mainly by enhanc-
ing the catalytic activity of GCS, which is the central part
of this pathway. They also pointed out that improvement
of the affinities of the corresponding enzymes toward CO2
and NH3 can be a promising solution to enhance the rGlyP
flux.
GCS is a multi-component protein system catalyzing a

reversible reaction in terms of glycine cleavage or syn-
thesis. In the direction of glycine synthesis, it functions
only in a small group of anaerobic microbes such as
Clostridium acidiurici [21], Eubacterium acidaminophilum
[22] and Arthrobacter globiform [23–25], which can utilize
CO2, ammonium, 5,10-CH2-THF and NADH to synthesis
glycine. The four GCS protein components are not asso-
ciated tightly to form a complex, it is more like a “sys-
tem” than a “complex” [26]. The overall glycine synthesis
reaction proceeds in three steps (Figure 1) in which lipoy-
lated H protein (Hlip, also called Hox due to the disulfide
bond on the dithiolane ring of the attached lipoyl group) is
first reduced by NADH to generate dihydrolipoyl H pro-
tein (Hred) by interaction with the L protein; T protein
then catalyzes the formation of aminomethyl-bearing H
protein (Hint) using 5,10-CH2-THF and ammonia as the
donor of the methylene group and amino group, respec-
tively; Afterwards, glycine is synthesized by P protein from

PRACTICAL APPLICATION

The greenhouse gas carbon dioxide (CO2) is the
largest contributor to global warming and climate
change. With the aim of reducing CO2 and real-
izing a carbon-neutral economy, reconstruction
of natural and synthetic CO2 fixation pathways
in heterotrophic microorganisms is a promising
way to solve this problem. Currently, the reduc-
tive glycine pathway (rGlyP) as one of the CO2 fix-
ation pathways has been successfully introduced
into microbial hosts of industrial interest, but its
flux still does not meet the requirements of rapid
growth of microorganisms. Enhancing the effi-
ciency of glycine synthesis catalyzed by the reverse
reaction of the glycine cleavage system (GCS) is
of great significance for improving the rGlyP flux.
Till now, there have been few studies on this aspect
either in vitro or in vivo. To this end, several factors
possibly affecting the catalytic efficiency ofGCSon
the synthesis of glycine were investigated in vitro
in the present study.

CO2 and the aminomethyl group carried by Hint, and the
regenerated Hox returns to the next cycle of glycine syn-
thesis. Although GCS is so important in the one-carbon

F IGURE 1 Schematic diagram of the reductive glycine pathway (rGlyP) in close relation to the THF cycle. Enzyme abbreviations:
FTHFS refers to formate tetrahydrofolate ligase (EC 6.3.4.3″, Fch to methenyltetrahydrofolate cyclohydrolase (EC 3.5.4.9), MtdA to
methylenetetrahydrofolate dehydrogenase (EC 1.5.1.5), SHMT to serine hydroxymethyltransferase (EC 2.1.2.1), LSD to L-serine dehydratase
(EC 4.3.1.17), P to pyridoxal 5′-phosphate-dependent glycine dehydrogenase (EC 1.4.4.2), T to tetrahydrofolate-dependent
aminomethyltransferase (EC 2.1.2.10), H to lipoamide-containing aminomethylene carrier, L to NAD+-dependent lipoamide dehydrogenase
(EC 1.8.1.4). The colored arrows indicate the three modules of the rGlyP, namely the assimilation of formate to form 5,10-CH2-THF (blue
arrow), the synthesis of glycine by the reverse GCS reaction (green arrow), and the channeling of glycine into the central carbon metabolism
(pink arrow)
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assimilation pathway, there are relatively few quantitative
studies on the GCS. The majority of GCS studies carried
out between 1960s and 1980s were mainly in a qualitative
manner. Most of the studies aimed at how to isolate and
purify GCS proteins from plant cells [27–29], animal livers
[30] and microorganisms [31, 32], and the examination of
the reaction mechanisms. Recently, our group has studied
the catalytic mechanism related to interactions between H
protein and other GCS proteins. Zhang et al. [33] presented
a detailed molecular dynamics (MD) analysis of the inter-
actions within the E. coliH-T protein complex that governs
the induced release of the aminomethyl lipoate arm from
a protected state in the cavity of H protein.
In the present study, we overexpressed and purified the

individual GCS component proteins from E. coli and suc-
cessfully reconstructed a multi-enzyme reaction system
that catalyzes the synthesis of glycine from formaldehyde
and NH4HCO3 (or NaHCO3 and NH4Cl instead) in vitro.
Because 5,10-CH2-THF is susceptible to oxidative break-
down and easy to decompose into formaldehyde and THF
under acidic and neutral conditions, it is difficult to han-
dle the reaction process by directly use 5,10-CH2-THF as
substrate. To circumvent this problem, 5,10-CH2-THF was
in situ synthesized through the spontaneous condensa-
tion of formaldehyde and THF in the reaction mixture.
NH4HCO3 (or NaHCO3 and NH4Cl instead) was used to
provide both CO2 and NH3 for the glycine synthesis reac-
tion. Quantitative information about glycine synthesis in
vitrowas obtained by systematically examining factors that
may affect the rate of glycine synthesis, including substrate
concentration, ratio of the four GCS protein components,
and the presence of reductant and metal ions. It is antic-
ipated that this in vitro study should provide useful hints
for improving the activity of GCS in vivo.

2 MATERIALS ANDMETHODS

2.1 Materials and reagents

All chemicals used in this study were of analytical grade
or higher quality. Pyridoxal 5-phosphate monohydrate
(PLP), dithiothreitol (DTT), NADH, and NAD+ were pur-
chased from Yuanye Bio-Technology (Shanghai, China).
β-Mercaptoethanol (β-ME) and lipoic acid were obtained
from Aladdin (Shanghai, China). Tetrahydrofolate (THF)
was obtained from Sigma-Aldrich (St. Louis, MO, USA).
Phusion high-fidelity DNA polymerase and FastDigest
restriction enzymes were purchased from Thermo-Fisher
Scientific (Pittsburgh, PA, USA). T4 DNA ligase was pur-
chased from New England Biolabs (Ipswich, MA, USA).
DNA extraction kit and gel extraction kit were purchased
from Promega (Madison, WI, USA). The pET-22b(+) and
pET28a(+) vectors were purchased from Novagen (Darm-

TABLE 1 Strains and plasmids used in this study for the
overexpression of GCS proteins

Description Reference
E. coli strains
Top 10 Host for plasmid cloning WEIDI Ltd.
BL21 (DE3) Host for protein overexpression WEIDI Ltd.

Plasmids
pET28a (+) Vector for protein overexpression Novagen
pET28a-P pET28a vector containing P

protein gene (NCBI No.
WP_112929453.1)

This study

pET28a-T pET28a vector containing T
protein gene (NCBI No.
WP_099356926.1)

This study

pET28a-H pET28a vector containing H
protein gene (NCBI No.
WP_001295377.1)

This study

pET28a-L pET28a vector containing L
protein gene (NCBI No.
WP_110826218.1)

This study

stadt, Germany). All synthetic oligonucleotides were
ordered from GeneWiz (Suzhou, China). Competent cells
of E. coli TOP10 and E. coli BL21 (DE3) were purchased
from WEIDI Ltd. (Shanghai, China). Ni-NTA resin was
purchased from Genscript (Nanjing, China). BCA protein
assay kit was purchased from SolarBio (Beijing, China).

2.2 Bacterial strains and plasmids
construction

Strains and plasmids used in this study are listed in Table 1.
E. coli Top10 strain was used for the construction of plas-
mids. E. coli BL21 (DE3) cells were used as the host of
enzyme overexpression and purification. The genes coding
for P protein, T protein,H protein andL protein fromE. coli
were amplified by PCR from the genomic E. coli MG1655
cells. The DNA fragments were double-digested with NdeI
and XhoI, and separately cloned into the plasmid pET-28a
(+) to yield pET28a-P, pET28a-T, pET28a-H, and pET28a-L,
respectively.

2.3 Protein expression and purification

The resulting constructs (pET28a-P, pET28a-T, pET28a-H
and pET28a-L) were transformed into E. coli BL21 (DE3)
cells. Cells carrying the plasmid pET28a-H were grown
in LB medium containing 50 μg/mL kanamycin and 200
μM lipoate acid at 37◦C [34, 35]. Other E. coli cells con-
taining the plasmids pET28a-P, pET28a-T and pET28a-L,
respectively, were grown in LB medium supplemented
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with 50 μg/mL kanamycin at 37◦C. When the optical den-
sity at 600 nm reached 0.8, gene expression was induced
by adding 0.2 mM isopropyl β-D-thiogalactopyranoside
(IPTG). The culture was continued for a further 12 h at
30◦C. Cells were harvested by centrifugation at 4700 rpm
for 20 min, washed twice with Tris-HCl buffer (50 mM,
pH 7.5), re-suspended in a lysis buffer (pH 7.5) containing
10 mM imidazole, 0.3 M NaCl and 50 mM Tris-HCl and
then disrupted by ultrasonication. The supernatant was
loaded onto a Ni2+-NTA column pre-equilibrated with the
lysis buffer. After protein binding, the column was washed
with a wash buffer containing 30 mM imidazole, 0.3 M
NaCl and 50 mM Tris-HCl, and then eluted with an elu-
tion buffer containing 300 mM imidazole, 0.3 M NaCl and
50 mM Tris-HCl. Fractions containing the targeting pro-
tein were pooled, and imidazole was removed by dialysis
with 50mMTris-HCl (pH 7.5) containing 10% glycerol. The
purified protein was checked by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE, 12%) and
the protein concentration was determined by using BCA
protein assay kit. Finally, aliquots of each purified protein
were stored at −80◦C.

2.4 Glycine synthase activity assay

The reverse GCS reaction for glycine synthesis was either
carried out at 37◦C under rigid anaerobic conditions in an
anaerobic chamber (COY Laboratory Products) or under
aerobic conditions by supplementing the reaction mixture
with 20 mM of the reductant DTT or β-ME. The reac-
tion mixture contained 50 mM Tris-HCl (pH 7.5), 0.5 mM
THF, 2 mM formaldehyde, 25 μM PLP, 5 mM NADH,
50 mMNH4HCO3 (or 50 mMNaHCO3 and 50 mMNH4Cl
instead), 5 μM P protein, 5 μM T protein, 5 μM L protein
and 10 μM H protein. Glycine concentration in the reac-
tion mixture was determined by HPLC after pre-column
dansyl chloride derivatization. To this end, 40 μL of a reac-
tion mixture was mixed with 160 μL of 0.2 M NaHCO3 and
200 μL of 20 mM dansyl chloride in acetonitrile. Deriva-
tization was carried out at 30◦C for 30 min. The samples
were analyzed on a Shimadzu LC-2030C system equipped
with a Shim-pack GIST C18 column (5 μm, 4.6 × 250 mm)
at 35°C and a flow rate of 0.8 mL/min with a mobile phase
composed of 25% acetonitrile and 75% of 20 mM potassium
phosphate buffer (pH 6.0). The eluate was monitored at
254 nm using a photo-diode array detector (PDA).

2.5 Glycine cleavage activity assay

The overall glycine cleavage activity was determined
spectrophotometrically at 37◦C by measuring glycine-
dependent NADH formation using a multimode plate

TABLE 2 Experimental set-ups (Groups 1–5) to examine the
cause of precipitate formation in the reaction mixture during the
glycine synthesis reaction

Component G1 G2 G3 G4 G5
NH4HCO3 + + + + –
NADH + + + – +

THF + + – + +

PLP + – + + +

Formaldehyde – + + + +

reader (PerkinElmer, USA). The reaction mixture for the
glycine cleavage reaction contained Tris-HCl (50 mM,
pH 7.5), 0.5 mM THF, 20 mM DTT, 25 μM PLP, 5 mM
NAD+, 5 μMP protein, 5 μMT protein, 5 μML protein and
10 μM H protein. After premixing and centrifugation, the
reaction was initiated by the addition of 50 mM glycine.

2.6 Examining the cause of
precipitation

Precipitation was observed in the mixture for the glycine
synthesis reaction containing 0.5 mM THF, 20 mM DTT,
20 mM formaldehyde, 25 μM PLP, 5 mM NADH, and
50 mM NH4HCO3 but without any GCS proteins. To find
out the causes of the precipitation experiments were car-
ried out based on the principle of reducing one substrate
at a time, as shown in Table 2.

2.7 Effects of metal ions on glycine
synthase activity

The effects of metal ions (Mg2+, Mn2+, Fe2+, Co2+, Ni2+,
Cu2+, Zn2+, Ba2+, Na+, Cs+) on the glycine synthesis activ-
ity of GCS were assayed by determining the glycine forma-
tion using HPLC. The components of the reaction mixture
were the same as specified in the Section 2.4, except for
the addition of individual metal ions. The glycine synthe-
sis activity of GCS determined without the presence of any
of the metal ions mentioned above was set at 100% as ref-
erence for comparison.

3 RESULTS AND DISCUSSION

3.1 Effects of the ratio of GCS
component proteins on glycine synthesis
rate

In order to gainmore insight into the glycine synthesis cat-
alyzed by GCS, we set out to construct a cell-free multi-
enzyme catalytic system to learn how to improve the rate
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F IGURE 2 HPLC quantification of glycine after derivatization with dansylchloride (DNSCl). (A) Chromatograms of glycine standards
and the external calibration curve. (B) Chromatograms of GCS reaction mixtures showing glycine formation after given reaction times

of the glycine synthesis reaction, a possible limiting fac-
tor of the rGlyP. To this end, we first expressed the four
GCS proteins individually in E. coli BL21 (DE3) and puri-
fied them onNi2+-NTA column. A proof-of-concept exper-
iment was then performed for the synthesis of glycine
from formaldehyde and NH4HCO3. By HPLC monitor-
ing the gradual accumulation of glycine during the pro-
ceeding of the reaction, the functionality of the con-
structed GCS reaction system was successfully confirmed
(Figure 2).
After the proof-of-concept experiment, the effects of the

ratio of the GCS component proteins and the concentra-
tion of different substrates on the glycine synthesis reac-
tion rate were studied. First, for the construction of a GCS
in vitro reaction systemwe needed to find the proper ratios
of the four GCS proteins. In this regard, no relevant stud-
ies in E. coli are available. We only found a work from
Oliver et al. [36] who studied the ratio of the GCS com-
ponent proteins in pea leaf mitochondria by quantitative
ELISA assays. Their results show that an approximate ratio
of the four GCS proteins is 2 P protein dimers: 27 H pro-
tein monomers: 9 T protein monomers: 1 L protein dimer
(corresponding to a P:H:T:L ration of 4:27:9:2), indicating
a high ratio of H protein to the other three GCS compo-
nent proteins. Therefore, we chose to start with a ratio of
P:H:T:L = 1:2:1:1 to study the glycine synthesis, and then
varied the ratio to see the influences of the different GCS
proteins.

TABLE 3 Concentrations (μM) of GCS component proteins
used in the assay groups G1 to G4 to investigate the influence of the
ratio of GCS component proteins on the rate of glycine synthesis

Assay group P protein T protein L protein H protein
G1 5 5 5 10
G2 20 5 5 10
G3 5 0.5 5 10
G4 5 5 5 40

As shown in Figure 3, we found that the ratio of the
GCS component proteins has a great influence on the ini-
tial reaction rate of glycine synthesis. The concentrations
of the GCS component proteins used in the groups G1 to
G4 are shown in Table 3. A general trend can be observed
that the rate of glycine synthesis is G4 > G2 > G3 ≈ G1.
When taking G1 as the control group, increasing the con-
centration of P protein from 5 μM in the G1 group to 20 μM
in the G2 group leads to a significant increase of the reac-
tion rate. This clearly indicates that the carboxylation reac-
tion catalyzed by P protein is a key step determining the
glycine synthesis rate. Comparing the influence of T pro-
tein, reducing the concentration of T protein from 5 μM in
the G1 group to 0.5 μM in the G3 group is advantageous
and enhances the reaction rate in the majority cases (Fig-
ure 3A,B,D). In the G4 group, the concentration of H pro-
tein is 40 μM compared to 10 μM in the G1 group. This
increase brings about the most striking enhancement in
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F IGURE 3 Effects of the ratios of GCS component proteins and the concentrations of different substrates on the overall glycine
synthesis reaction rate under anaerobic conditions (A) NH4Cl, (B) NaHCO3, (C) NH4HCO3, (D) formaldehyde, (E) THF and (F) PLP. The
substrates CO2 and NH3 for the in vitro glycine synthesis by reverse GCS are supplemented either in the combined form of NH4HCO3 or in
the separated forms of NH4Cl + NaHCO3. The concentrations (μM) of GCS component proteins used in the assay groups G1 to G4 are given in
Table 3, corresponding to a ratio of the GCS component proteins (P:H:T:L) of 1:2:1:1 (G1), 4:2:1:1 (G2), 1:2:0.1:1 (G3) and 1:8:1:1 (G4)

the glycine synthesis rate. It unambiguously points out that
H protein has a huge influence on the rate of glycine syn-
thesis under the given in vitro reaction conditions. Unlike
P, T andHproteins, variation in the concentration of L pro-
tein has no significant effect on glycine synthesis (data not
shown).

3.2 Effects of the concentration of
different substrates on glycine synthesis
rate

Weused eitherNH4Cl andNaHCO3 together orNH4HCO3
alone to provide the two substrates NH3 and CO2 for the
glycine synthesis. Comparing the results shown in Fig-
ure 3A-D, it is to see that high concentrations of not only
formaldehyde but also NH4Cl, NaHCO3 and NH4HCO3
are detrimental to glycine synthesis, indicating substrate
inhibition.We speculate that high ionic strength is not con-
ducive to the carboxylation reaction, resulting in the reduc-
tion of reaction rate [37, 38]. The most obvious differences

occur in the low substrate concentration range especially at
the concentration of 5mM.TakingG1 as control, in the case
of using NH4HCO3 (5mMNH4Cl+ 5mMNaHCO3,molar
ratio of NH3/CO2 is 1:1) as substrate (Figure 3C), increas-
ing P protein from 5 to 20 μM is favorable, most likely
due to enhanced carboxylation reaction. However, increas-
ing the concentration of NaHCO3 to change the NH3/CO2
ratio to 1:50 (5 mM NH4Cl + 50 mM NaHCO3) wipes out
this positive effect and leads to overall decreased rates of
glycine synthesis (Figure 3A). On the contrary, increasing
the concentration of NH4Cl to change the NH3/CO2 ratio
to 50:1 (5 mMNaHCO3 + 50mMNH4Cl) enhances glycine
synthesis (Figure 3B). This means, under the given reac-
tion conditions a higher ratio of NH3 to CO2 is, in gen-
eral, advantageous for enhancing the rate of glycine syn-
thesis. Especially perplexing is that although NH3 is the
direct substrate of the aminomethyl transfer reaction cat-
alyzed by T protein in glycine synthesis, reducing T pro-
tein concentration from 5 to 0.5 μM (G3) to lower the ratio
of T protein in the GCS complex is even advantageous for
glycine synthesis under the situation of higher NH3/CO2
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ratio. Thus, the above results reveal a quite complex inter-
dependence between the ratio of GCS component proteins
and the ratio of the two key substrates and therefore the
dynamic complexity of this multi-enzyme multi-substrate
GCS system, even under the in vitro conditions. Compar-
ing the case at NH3/CO2 ratio of 1:1, it is quite interesting
that increasing H protein concentration from 10 to 40 μM
brings about strongly enhanced rate of glycine synthesis
both for the increased and decreased NH3/CO2 ratios. The
unknown reason may lie in the fact that H protein as the
shuttle protein is special in the GCS, as it is not only a com-
ponent of the GCS complex but also an intermediate (in its
three forms) in the GCS cascade reaction.
Another substrate 5,10-CH2-THF was in situ gener-

ated through an non-enzymatic spontaneous condensa-
tion reaction of formaldehyde with THF [39]. As shown
in Figure 3D, increasing the concentration of formalde-
hyde from 0.5 to 2 mM increases the initial glycine synthe-
sis rate. However, it is noted that formaldehyde as a toxic
compound can cross-link with enzymes to reduce their
catalytic activity, leading to decrease in the initial reac-
tion rate when the concentration of formaldehyde exceeds
2 mM, and a complete inhibition of glycine synthesis over
a concentration of 12 mM. Figure 3E depicts that the initial
glycine synthesis rate increases to a maximum of about 2.2
μM/min with the increase of THF concentration but levels
off after the THF concentration reaches about 0.25 mM. It
was previously reported that a high concentration of THF
could inhibit the reaction rate in THF-dependent enzy-
matic reaction [23] which was, however, not obvious till
a THF concentration of 3 mM in our experiments. Fig-
ure 3F shows the effect of PLP on the initial glycine syn-
thesis rate. It is interesting to see that this cofactor of P pro-
tein seems to be not necessary, and the reaction can occur
without adding PLP in the reactionmixture.Apossible rea-
son behind this irrational result is that a part of P protein
is already bound with PLP during the process of its over-
expression in E. coli [40]. Nevertheless, adding additional
5 mM PLP increases the reaction rate from about 1.3 to 2.0
μM/min in theG2 group,which contains 20μM(four times
of other groups) P protein, but further increase in PLP con-
centration seems to be not necessary and does not result in
further increase of the reaction rate.

3.3 Determination of the rate-limiting
component in glycine synthase

Based on the above experimental results, we decided to sys-
tematically study the effect of the concentration ratio of
the four GCS component proteins on the glycine synthe-
sis rate. As shown in Figure 4A, by keeping the concen-
trations of H, T, and L proteins at 10, 5, and 5 μM, respec-

tively, gradually increasing the concentration of P protein
up to 60 μM (corresponding to a ratio of P:H:T:L= 12:2:1:1)
leads to a continuous increase in the glycine synthesis rate,
indicating that the carboxylation reaction is a rate limit-
ing step of the overall glycine synthesis reaction. This is
in contrast to the molar ratio of the GCS proteins being
P:H:T:L = 4:27:9:2 in pea leaf mitochondria determined
by Oliver et al. [36]. In plants, glycine created from an
unwanted byproduct of the Calvin cycle is cleaved by GCS,
and P protein functions in the direction of decarboxyla-
tion. Therefore, it can be speculated that the carboxylation
reaction for glycine synthesis needs more P protein than
the decarboxylation reaction for glycine cleavage. This
reminds us of a recent interesting discovery that the reverse
of citric acid cycle is mainly dependent on a high level of
the enzyme citrate synthase which allows autotrophic CO2
fixation in a primordial atmosphere [41, 42].
The rate of glycine synthesis increases by about 26%with

the increase of the concentration of T protein from 0.5
to 5 μM Figure 4B. However, with the further increase of
the concentration of T protein, the rate of glycine synthe-
sis decreases, indicating that excessive T protein inhibits
the reaction rate in the direction of glycine synthesis. Fig-
ure 4C shows that increasing the concentration of L pro-
tein does not improve the rate of glycine synthesis, indi-
cating that the reduction of lipoamide group of H-protein
catalyzed by L-protein is not the rate-limiting step in deter-
mining the rate of glycine synthesis.
In agreement with the results shown in Figure 3 and

compared with the other three GCS proteins, increase in
the concentration of H protein is most effective in enhanc-
ing the glycine synthesis rate (Figure 4D). The largest rise
(about eight folds) occurswhen the concentration ofHpro-
tein increases from 10 to 20 μM, corresponding to a molar
ratio of P:H:T:L = 1:4:1:1. With further increasing the con-
centration of H protein to 40 μM the rate of glycine synthe-
sis continues to increase to a maximum of 3.13 μM/min.
As shuttle protein, H protein plays the role of bridging
P protein, T protein and L protein in the GCS. We were
then curious to know how the concentration of H protein
would affect glycine cleavage in comparison to glycine syn-
thesis. As shown in Figure 4E,F, under the conditions of
keeping the concentrations of the other three proteins con-
stant, both the rates of glycine synthesis and glycine cleav-
age increase significantly with increasing the concentra-
tion of H protein. However, the results of nonlinear fitting
show that the Vmax in the direction of cleavage is 3.5 times
of that in the direction of synthesis. This means, a much
higher ratio of H protein to the other GCS component pro-
teins will be required to achieve a comparable reaction rate
for glycine synthesis than for glycine cleavage. Therefore, a
possible strategy to increase the flux of the rGlyP in E. coli
can be a stronger overexpression of H protein.
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F IGURE 4 Effects of concentrations of different GCS proteins (A) P protein, (B) H protein, (C) T protein, (D) L protein on the overall
glycine synthesis reaction rate under anaerobic conditions. Other reaction components are as given in the Section 2.4. Glycine synthesis (E)
and glycine cleavage (F) catalyzed by GCS under aerobic conditions in response to the concentration change of H protein. Other reaction
components are as given in Sections 2.4 and 2.5

In addition, we noted that the maximum rate of glycine
synthesis shown in Figure 4D is less than that in Fig-
ure 4E. This difference is attributed to the fact that the
experiment in Figure 4D was carried out under anaero-
bic condition, while the experiment in Figure 4E was per-
formed under aerobic condition using reductant DTT to
prevent THF from oxidation. Therefore, whether DTTmay
act as an enhancer to promote the glycine synthesis reac-
tion deserves a close look.

3.4 Effect of reductants on the glycine
synthesis rate

We used DTT to protect THF and 5,10-CH2-THF (formed
from the spontaneous condensation of THF with
formaldehyde as a reaction substrate) and therefore

enabled the glycine synthesis reaction to be carried out
under aerobic conditions. When formaldehyde con-
centration used was higher than 20 mM, we observed
precipitation in the reaction mixture 5 min after mixing all
the reaction components. After centrifugation to remove
the precipitate, the glycine synthesis reaction continues in
the supernatant as evidenced by the increased accumula-
tion of glycine in the supernatant over time. There are two
possible reasons for precipitation: one is the partial denat-
uration of GCS proteins caused by high concentration of
formaldehyde; the other one is an unknown chemical
reaction between the reaction components. We found that
the precipitate in the reaction mixture was not a typical
white flocculent precipitate what we normally observed
by protein aggregation due to denaturation. Therefore, we
speculated that the precipitation may be caused by chemi-
cal reaction between the reaction components. We carried
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F IGURE 5 Precipitate formation in the reaction mixture used for the glycine synthesis reaction. The composition of the reaction
mixtures of G1 to G5 is summarized in Table 2

out a group of experiments, with each group lacking one
of the reaction components we reckoned that they might
contribute to the precipitation (Table 2). Precipitation was
not found in G1, G3 and G5, but in G2 and G4 (Figure 5).
What G2 and G4 have in common that differentiates
them from G1, G3 and G5 is that both have the three
components formaldehyde, THF and NH4HCO3, which
may be responsible for the precipitation. In the following
experiment for confirmation, when formaldehyde, THF
and NH4HCO3 were mixed together, precipitation was
indeed observed. A close examination further revealed
that the precipitation is caused by the interaction of
formaldehyde, DTT and NH4

+.
As the addition of DTT will cause precipitation in the

reaction mixture, we tried to use β-mercaptoethanol (β-
ME), which does not cause precipitation, to avoid oxidative
degradation of THF under aerobic condition. Figure 6A
shows the effects of different concentrations of formalde-
hyde on glycine synthesis rate with or without reductant
under anaerobic conditions. The glycine synthesis rate
decreases with the increase of formaldehyde concentra-
tion in the group “without reductant”. When the concen-
tration of formaldehyde exceeds 15 mM, glycine formation
could not be detected in the reaction mixture, demonstrat-
ing thereby the toxicity of formaldehyde towards GCS pro-
teins. In comparison, the addition of a reductant DTT or
β-ME in the reaction mixture improves the tolerance of
GCS proteins to formaldehyde. The reason why the addi-
tion of a reductant can improve the tolerance of GCS to
formaldehyde is shown in Figure 6B. The reductant con-
taining sulfhydryl group undergoes a reversible conden-
sation reaction with formaldehyde to reduce the toxicity
of formaldehyde. Since this experiment was carried out
under anaerobic conditions, which should actually avoid
the oxidative degradation of THF and therefore does not
require a reductant, the enhanced glycine synthesis rate
can be attributed to the protection of GCS proteins by DTT

or β-ME against the toxicity of formaldehyde rather than
to the protection of THF by the reductants.
However, DTT demonstrates much better protective

effect than β-ME. In fact, β-ME is not the right choice for
replacing DTT in this case. We speculate that the presence
of DTT not only prevents the toxicity of formaldehyde, but
improves the activity of P protein. According to the find-
ings of Hasse et al. [40], the activity of P protein from the
Cyanobacterium synechocystis sp. PCC 6803 is regulated by
redox homeostasis, and the crystal structure of the P pro-
tein shows the C terminus being locked in a closed con-
formation by a disulfide bond between Cys972 and Cys353.
The presence of this disulfide bridge isolates the active site
from solvent and hinders the binding of PLP and glycine in
the active site. The reduction of the disulfide bond releases
the C terminus and allows the access of PLP and glycine
to the active site. Thus, the addition of DTT can actively
reduce the disulfide bond and therefore activate P protein.
Of course, it must be pointed out that the increase in the
glycine synthesis rate may also be due to the fact that the
disulfide bond-reductants DTT or TCEP [43, 44] allow the
reduction of the disulfide bond on the dithiolane ring of
the lipoyl group attached on Hox and therefore taking up
the function of the L protein without even the requirement
for NADH in the in vitro glycine synthesis reaction system.

3.5 Effect of metal ions on glycine
synthesis

As presented in Table 4, a series of experiments was per-
formed to test the effect of various metal ions in two con-
centrations of 1 and 5 mM, respectively, on the GCS activ-
ity of glycine synthesis. The glycine synthesis reaction
catalyzed by GCS was significantly inhibited by various
monovalent and divalent cations such as Co2+, Ni2+, Zn2+,
Ba2+, and Cs+. Among them, Co2+, Ni2+, and Zn2+ com-
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F IGURE 6 (A) Effect of formaldehyde concentration on the rate of glycine synthesis in the absence or presence of different reductants
under anaerobic conditions. “Without reductant” refers to the glycine synthesis reaction mixture specified in Section 2.4 without any
reductant added; “Dithiothreitol” and “β-Mercaptoethanol” refer to glycine synthesis reaction mixtures containing dithiothreitol and
β-mercaptoethanol, respectively, while other reaction components are the same as in “Without reductant.” (B) Hypothesized mechanisms of
β-mercaptoethanol and dithiothreitol improving the tolerance of GCS enzymes to formaldehyde

pletely suppress the activity of GCS, while Ba2+ and Cs+
inhibited the activity of the GCS to a certain extent. On
the contrary, the additions of Mg2+, Mn2+, Fe2+, Cu2+,
and Na+ at the low concentration of 1 mM enhance the
glycine synthesis rate. However, increase of the concen-
tration of these metal ions to 5 mM already led to the
decrease of the glycine synthesis rate to different degrees.
Therefore, we cannot rule out that higher Na+ concentra-
tion may also contribute to a certain extent to the gen-
eral downward trend of the glycine synthesis rate shown in
Figure 3B with increased concentration of NaHCO3. How-
ever, at least up to a concentration of 40 mM of NaHCO3
there is no stark influence either fromNa+ or fromHCO3

–.
The obviously decreased glycine synthesis rate above the
concentration of 60 mM of NaHCO3 is more likely due to
the limited carboxylation activity of P protein. The mech-
anisms behind the effects of the metal ions on the synthe-
sis of glycine catalyzed by the GCS remain unclear. The
study of the overall glycine synthesis reaction doesn’t allow
us to accurately understand the specific binding sites of
metal ions. Kikuchi et al. [45] suggested that some diva-
lent ions with inhibitory effect on the glycine synthesis
reaction may be due to the bonding of metal ions with

the remaining free thiol group in the aminomethyl-bearing
H protein (Hint) and hindering thereby the carboxylation
reaction catalyzed by P protein to form glycine. Individ-
ual metal ions may have different affinities for Hint and
this difference may be responsible for the observed differ-
ent degrees of inhibition by individual metal ions. Further
research needs to study the glycine synthesis reaction cat-
alyzed by the GCS step by step, e.g. studying the effect of
metal ions on the reaction steps catalyzed by P protein, T
protein and L protein, separately.

4 CONCLUDING REMARKS

In this paper, we successfully constructed an in vitro GCS-
catalyzed glycine synthesis system for kinetic study of the
GCS-catalyzed glycine synthesis. We studied some key fac-
tors thatmay affect the rate of the glycine synthesis. To this
end, the effects of substrate concentrations on the glycine
synthesis rate under different ratios of the four GCS com-
ponent proteins were examined. The experimental results
showed that P protein and especially H protein have sig-
nificant effects on the overall glycine synthesis reaction,
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TABLE 4 Influences of metal ions on the activity of GCS

Metal ions
Concentration
(mM)

Relative activity
(%)

None 0 100.0 ± 13.5a

0 100.0 ± 6.5b

MgCl2 1 117.6 ± 17.7
5 32.9 ± 7.9

MnCl2 1 147.8 ± 28.1
5 124.4 ± 5.1

FeSO4 1 164.0 ± 22.3
5 97.9 ± 12.0

CoCl2 1 0.0
5 0.0

NiCl2 1 0.0
5 0.0

CuCl2 1 161.7 ± 28.0
5 0.0

ZnCl2 1 0.0
5 0.0

BaCl2 1 88.3 ± 10.1
5 47.2 ± 10.1

NaCl 1 159.1 ± 18.2
5 120.8 ± 7.7

CsCl 1 55.0 ± 5.3
5 80.4 ± 2.7

aResult of the control group used for the assay groups of 1 mMmetal ion.
bResult of the control group used for the assay groups of 5 mMmetal ion.

as higher concentration ratios of these two proteins to
other GCS proteins are favorable for enhancing the rate
of glycine synthesis. On the contrary, increasing the con-
centration of L protein has no effect on the rate of glycine
synthesis, and a high concentration of T protein even nega-
tively affects the synthesis reaction, resulting in decreased
reaction rate. In addition, the disulfide reducing agentDTT
was found to positively influence the rate of glycine synthe-
sis, probably not only due to its role in preventing THF and
5,10-CH2-THF from oxidation but also its functions in acti-
vating P protein and taking up the role of L protein in the
non-enzymatic reduction of Hox to Hred. Some metal ions
(Mg2+, Mn2+, Fe2+, Cu2+ and Na+) are shown to improve
the rate of glycine synthesis due to yet unknown reasons.
These findings may provide some guidance for improv-
ing the efficiency of GCS-catalyzed glycine synthesis as an
important part of the rGlyP for use of C1 carbons in vivo.
As discussed previously, the plant GCS has a relatively

low ratio of the P protein versus other subunits for the
functionality of glycine cleavage by GCS, while our in vitro
study of glycine synthesis by GCS indicates that a higher
ratio of P protein is probably needed for the reverse GCS
reaction. It is not clear if this also holds true for in vivo

microbial glycine synthesis. At present, the complete rGlyP
has been successfully introduced into E. coli andC. necator
by the method of genetic engineering. These engineered
microorganisms contain natural GCS operons. Unfortu-
nately, so far, the ratios of the component proteins of these
native GCS in these microorganisms have not been exam-
ined so far. It is therefore of great importance to gain such
information by means of e.g. proteomics so as to guide the
adjustment of the expression ratios of the GCS component
proteins in industrial hosts with the goal of increasing the
flux of the rGlyP.
In our in vitro study, we found that GCS has low cat-

alytic activity for glycine synthesis (Kcat value ∼0.1 s–1).
Researches on glycine synthesis catalyzed by GCS were
mainly carried out in the 1960s-1980s in which the over-
all reaction in the glycine synthesis direction was studied
by C14 radio labeling. We calculated the enzyme activity in
these publications and found that the rate of glycine syn-
thesis reaction is indeed very slow. In the work of Kochi
and Kikuchi published in 1976 [25], the Kcat in the direc-
tion of glycine synthesis is calculated to be barely 0.036 s–1,
which is even lower that what we obtained in this study,
namely ∼0.1 s–1. It is therefore tempting to speculate that
glycine synthesis reaction catalyzed by GCS can be the
rate-limiting step of the rGlyP. Bang and Lee [13] have
reported that they have improved the rGlyP flux mainly by
enhancing the glycine synthesis reaction catalyzed byGCS.
Due to the discrepancy between the in vivo and in vitro
environments (e.g. because of mostly unknown in vivo
concentrations of substrates/intermediates/cofactors and
concentration/ratio/activity of enzymes), the GCS activity
measured in vitro may not reflect the real situation in vivo.
Nevertheless, in vitro studies are relatively fast and conve-
nientwhich canhelp us screen out conditions that increase
the rate of glycine synthesis reaction. For example, we use
it for in vitro determination of the glycine synthase activity
affected by different H protein mutants.
In this study, we only determined the overall GCS activ-

ity in glycine synthesis (by HPLC quantification of glycine
formation) and glycine cleavage (by spectrometric minor-
ing NADH formation) to intuitively understand the influ-
ence of various factors on the overall GCS reaction, espe-
cially in the direction of glycine synthesis. However, it is
necessary to develop suitable methods for the character-
ization of the single reaction steps catalyzed by the indi-
vidual GCS enzymes so that it would be also possible to
study how various factors affect each of the GCS reaction
steps [46]. So far, the individual GCS component proteins
are mainly studied by determining their activities through
isotope labeling (P protein activity assay) or by spectropho-
tometry (L protein activity assay) [47], as well as their
interactions through crystallographic analysis [46]. Devel-
opment of novel analytical methods for the study of the
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kinetics and reaction mechanisms of individual GCS pro-
teins and their interactions may help deepen our under-
standing of GCS for the purpose of engineering GCS to
obtain highly efficient rGlyP. Our experimental studies
revealed that among the four GCS proteins H protein has
the greatest influence on the glycine synthesis reaction.
Therefore, alternative to using H protein at high concen-
tration, mutation of H protein to enhance its function can
be also an effective way to further increase the glycine syn-
thesis rate.

ACKNOWLEDGMENTS
Thiswork is financially supported by the BeijingAdvanced
Innovation Center for Soft Matter Science and Engineer-
ing. The authors thank Jinglei Nie for supporting in draw-
ing the Figure 1.
Open access funding enabled and organized by Projekt

DEAL.

CONFL ICT OF INTEREST
The authors have declared no conflict of interest.

DATA AVAILAB IL ITY STATEMENT
Major data generated and analyzed during this study are
included in the article. Other datasets generated and ana-
lyzed during the study are available from the correspond-
ing author on reasonable request.

ORCID
An-PingZeng https://orcid.org/0000-0001-9768-7096

REFERENCES
1. Campbell, K., Xia, J. and Nielsen, J. The impact of systems biol-

ogy on bioprocessing. Trends. Biotechnol. 2017, 35, 1156–1168.
2. Bernhardsgrütter, I., Stoffel, G.M.,Miller, T.E. and Erb, T.J. CO2-

converting enzymes for sustainable biotechnology: from mech-
anisms to application. Curr. Opin. Biotechnol. 2021, 67, 80–87.

3. Gleizer, S., Ben-Nissan, R., Bar-On, Y.M., Antonovsky, N., et al.
Conversion of Escherichia coli to generate all biomass carbon
from CO2. Cell. 2019, 179, 1255–1263.

4. Bar-Even, A. Formate assimilation: The metabolic architecture
of natural and synthetic pathways. Biochemistry. 2016, 55, 3851–
3863.

5. Yishai, O., Lindner, S. N., Cruz, J. G. D. L., Tenenboim H. et al.
The formate bio-economy. Curr. Opin. Chem. Biol. 2016, 35, 1–9.

6. Whitaker, W.B., Jones, J.A., Bennett, R.K., Gonzalez, J.E., et al.
Engineering the biological conversion of methanol to specialty
chemicals in Escherichia coli. Metab. Eng. 2017, 39, 49–59.

7. Bennett, R.K., Steinberg, L.M., Chen, W. and Papoutsakis, E.T.,
Engineering the bioconversion of methane and methanol to
fuels and chemicals in native and syntheticmethylotrophs. Curr.
Opin. Biotechnol. 2017, 50, 81–93.

8. Luna, P.D., Hahn, C., Higgins, D., Jaffer, S.A., et al. What would
it take for renewably powered electrosynthesis to displace petro-
chemical processes? Science. 2019, 364, eaav3506.

9. Tashiro, Y., Hirano, S., Matson, M. M., Atsumi, S., et al.
Electrical-biological hybrid system for CO2 reduction. Metab.
Eng. 2018, 47, 211–218.

10. Bar-Even, A., Noor, E., Flamholz, A. and Milo, R., Design and
analysis of metabolic pathways supporting formatotrophic
growth for electricity-dependent cultivation of microbes.
Biochim. Biophys. Acta. 2013, 1827, 1039–1047.

11. Sánchez-Andrea, I., Guedes, I. A., Hornung, B., Boeren, S., et al.
The reductive glycine pathway allows autotrophic growth of
Desulfovibrio desulfuricans. Nat. Commun. 2020, 11, 5090.

12. Figueroaa, I. A., Barnuma, T. P., Somasekhara, P. Y., Char-
lotte, C. I., et al. Metagenomics-guided analysis of microbial
chemolithoautotrophic phosphite oxidation yields evidence of
a seventh natural CO2 fixation pathway. Proc. Natl. Acad. Sci. U
S A. 2018, 115, E92–E101.

13. Song, Y., Jin, S. L., Shin, J., Lee, G. M., et al. Functional coop-
eration of the glycine synthase-reductase and Wood-Ljungdahl
pathways for autotrophic growth of Clostridium drakei. Proc.
Natl Acad. Sci. U S A. 2020, 117, 7516–7523.

14. Bang, J. and Lee, S. Y., Assimilation of formic acid and CO2 by
engineered Escherichia coli equipped with reconstructed one-
carbon assimilation pathways. Proc. Natl. Acad. Sci. U S A. 2018,
115, E9271–E9279.

15. Yishai, O., Bouzon, M., Döring, V. and Bar-Even, A., In vivo
assimilation of one-carbon via a synthetic reductive glycine
pathway in Escherichia coli. ACS. Synth. Biol. 2018,7, 2023–
2028.

16. Kim, S., Aslan, S. N. L. S., Yishai, O. and Wenk, S., et al. Growth
ofE. coli on formate andmethanol via the reductive glycine path-
way. Nat. Chem. Biol. 2020, 16, 538–545.

17. Bang, J., Hwang, C. H., Ahn, J. H., Lee, J. A., et al. Escherichia
coli is engineered to grow on CO2 and formic acid. Nat. Micro-
biology. 2020, 5, 1459–1463.

18. Hong, Y., Arbter, P., Wang, W., Rojas, L. N., et al. Introduction
of glycine synthase enables uptake of exogenous formate and
strongly impacts the metabolism in Clostridium pasteurianum.
Biotechnol. Bioeng. 2020, 118, 1366–1380.

19. Claassens, N. J., Bordanaba-Florit, G., Cotton, C. A. R., Maria, A.
D., et al. Replacing the Calvin cycle with the reductive glycine
pathway in Cupriavidus necator. Metab. Eng. 2020, 62, 30–41.

20. Cruz, J. G. d. l., Machens, F., Messerschmidt, K. and Bar-Even,
A., Core catalysis of the reductive glycine pathway demonstrated
in yeast. ACS. Synth. Biol. 2019, 8, 911–917.

21. Waber, L. J. and Wood, H. G., Mechanism of acetate synthesis
from CO2 by Clostridium acidiurici. J. bacteriol. 1979, 140, 468–
478.

22. Schneeberger, A., Frings, J. and Schink, B., Net synthesis of
acetate fromCO2 by Eubacterium acidaminophilum through the
glycine reductase pathway. FEMSMicrobiol. Lett. 1999, 177, 1–6.

23. Kochi, H. and Kikuchi, G., Reactions of glycine synthesis and
glycine cleavage catalyzed by extracts ofArthrobacter globiformis
grown on glycine. Arch. Biochem. Biophys. 1969, 132 (2), 359–
369.

24. Kechi, H. and Kikuchi, G., Mechanism of the reversible glycine
cleavage reaction inArthrobacter globiformis. I. purification and
function of protein components required for the reaction. J.
Biochem. 1974, 75, 1113–1127.

25. Hideo, K. and Goro, K., Mechanism of reversible glycine cleav-
age reaction in Arthrobacter globiformis: function of lipoic acid

https://orcid.org/0000-0001-9768-7096
https://orcid.org/0000-0001-9768-7096


XU et al. 53

in the cleavage and synthesis of glycine. Arch. Biochem. Bio-
phys. 1976, 173(1), 71–81.

26. Douce, R., Bourguignon, J., Neuburger, M. and Rébeillé, F., The
glycine decarboxylase system: a fascinating complex. Trends.
Plant. Sci. 2001, 6(4), 167–177.

27. Bourguignon, J., Neuburger, M. and Douce, R., Resolution
and characterization of the glycine-cleavage reaction in pea
leaf mitochondria. Properties of the forward reaction catalysed
by glycine decarboxylase and serine hydroxymethyltransferase.
Biochem. J. 1988, 255, 167–178.

28. Walker, J. L. and Oliver, D. J., Glycine decarboxylase multien-
zyme complex. Purification and partial characterization from
pea leaf mitochondria. J. Biol. Chem. 1986, 261, 2214.

29. Neuburger, M., Bourguignon, J. and Douce, R., Isolation of a
large complex from thematrix of pea leafmitochondria involved
in the rapid transformation of glycine into serine. FEBS. Lett.
1986, 207, 18–22.

30. Okamuraikeda, K., Fujiwara, K. and Motokawa, Y., Purification
and characterization of chicken liver T protein, a component of
the glycine cleavage system. J. Biol. Chem. 1982, 257, 135–139.

31. Gariboldi, R. T. and Drake, H. L., Glycine synthase of the puri-
nolytic bacterium, Clostridium acidiurici. Purification of the
glycine-CO2 exchange system. J. Biol. Chem. 1984, 259, 6085–
6089.

32. Andreesen, J. R., Glycine fermentation via a glycine reductase in
Peptococcus glycinophilus and Peptococcusmagnus. Arch.Micro-
biol. 1983, 134, 127–135.

33. Zhang, H., Li, Y., Nie, J., Ren J., et al. Structure-based dynamic
analyses of the glycine cleavage system suggests key residues
for control of a key reaction step. Commun. Biol. 2020, 3,
756.

34. Zhang, X., Nie, J., Zheng, Y., Ren, J., et al. Activation and com-
petition of lipoylation of H protein and its hydrolysis in a reac-
tion cascade catalyzed by the multifunctional enzyme lipoate-
protein ligase A. Biotechnol. Bioeng. 2020, 117, 3677–3687.

35. Zhang, X., Li, M., Xu, Y., Ren, J., et al. Quantitative study of H
protein lipoylation of the glycine cleavage system and a strategy
to increase its activity by co-expression of LplA. J. Biol. Eng. 2019,
13, 32.

36. Oliver, D. J., Neuburger, M., Bourguignon, J. and Douce, R.,
Interaction between the component enzymes of the glycine
decarboxylase multienzyme complex. Plant. Physiol. 1990, 94,
833–839.

37. Harris, T. K., Davidson, V. L., Chen, L.,Mathews, F. S., et al. Ionic
strength dependence of the reaction between methanol dehy-
drogenase and cytochrome c-551i: evidence of conformationally
coupled electron transfer. Biochemistry. 1994, 33, 12600–12608.

38. Schaller, W. and Robertson, A. D., pH, ionic strength, and tem-
perature dependences of ionization equilibria for the carboxyl
groups in turkey ovomucoid third domain. Biochemistry. 1995,
34, 4714–4723.

39. Xu, Y., Meng, H., Ren, J. and Zeng, A.-P., Formaldehyde forma-
tion in the glycine cleavage system and its use for an aldolase-
based biosynthesis of 1,3-propanediol. J. Biol. Eng. 2020, 14, 15.

40. Hasse, D., Andersson, E., Carlsson, G.,Masloboy, A., et al. Struc-
ture of the homodimeric glycine decarboxylase P protein from
Synechocystis sp. PCC 6803 suggests amechanism for redox reg-
ulation. J. Biol. Chem. 2013, 288, 35333–35345.

41. Nunoura, T., Chikaraishi, Y., Izaki, R., Suwa, T., et al. A primor-
dial and reversible TCA cycle in a facultatively chemolithoau-
totrophic thermophile. Science. 2018, 359, 559–563.

42. Steffens, L., Pettinato, E., Steiner, T. M., Mall, A., et al. High
CO2 levels drive the TCA cycle backwards towards autotrophy.
Nature. 2021, 592, 784–788.

43. Neuburger, M., Polidori, A. M., PieÁtre, E., Faure, M., et al.
Interaction between the lipoamide-containingHprotein and the
lipoamide dehydrogenase (L protein) of the glycine decarboxy-
lase multienzyme system. J. Biol. Chem. 2000, 267, 2882–2889.

44. Gueguen, V., Macherel, D., Neuburger, M., Saint Pierre, C., et al.
Structural and functional characterization of H protein mutants
of the glycine decarboxylase complex. J. Biol. Chem. 1999, 274,
26344–26352.

45. Hiraga, K. and Kikuchi, G., The mitochondrial glycine cleavage
system: differential inhibition by divalent cations of glycine syn-
thesis and glycine decarboxylation in the glycine-CO2 exchange.
J. Biochem. 1982, 92, 937–944.

46. Ren, J., Wang, W., Nei, J., Yuan, W., et al. Understanding and
engineering glycine cleavage system and relatedmetabolic path-
ways for C1-based biosynthesis. Adv. Biochem. Bioeng. 2021,
(Accepted).

47. Hong, Y., Ren, J., Zhang, X., Wang, W., et al. Quantitative anal-
ysis of glycine related metabolic pathways for one-carbon syn-
thetic biology. Curr. Opin. Biotechnol. 2020, 64, 70–78.

How to cite this article: Xu Y., Ren J., Wang W.,
Zeng A.-P. Improvement of glycine biosynthesis
from one-carbon compounds and ammonia
catalyzed by the glycine cleavage system in vitro.
Eng Life Sci. 2022, 22, 40–53.
https://doi.org/10.1002/elsc.202100047

https://doi.org/10.1002/elsc.202100047

	Improvement of glycine biosynthesis from one-carbon compounds and ammonia catalyzed by the glycine cleavage system in vitro
	Abstract
	1 | INTRODUCTION
	2 | MATERIALS AND METHODS
	2.1 | Materials and reagents
	2.2 | Bacterial strains and plasmids construction
	2.3 | Protein expression and purification
	2.4 | Glycine synthase activity assay
	2.5 | Glycine cleavage activity assay
	2.6 | Examining the cause of precipitation
	2.7 | Effects of metal ions on glycine synthase activity

	3 | RESULTS AND DISCUSSION
	3.1 | Effects of the ratio of GCS component proteins on glycine synthesis rate
	3.2 | Effects of the concentration of different substrates on glycine synthesis rate
	3.3 | Determination of the rate-limiting component in glycine synthase
	3.4 | Effect of reductants on the glycine synthesis rate
	3.5 | Effect of metal ions on glycine synthesis

	4 | CONCLUDING REMARKS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT

	ORCID
	REFERENCES


