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(Background: Glycine decarboxylase (P-protein) is essential for many vital processes, including nucleotide biosynthesis and
Results: Disulfide formation drives conformational changes that inactivate the cyanobacterial P-protein, a model for plant and

Conclusion: Glycine decarboxylase activity is regulated by cellular redox homeostasis.
Significance: This is the first molecular model for redox regulation of glycine decarboxylase.
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Glycine decarboxylase, or P-protein, is a pyridoxal 5’-phos-
phate (PLP)-dependent enzyme in one-carbon metabolism of all
organisms, in the glycine and serine catabolism of vertebrates,
and in the photorespiratory pathway of oxygenic phototrophs.
P-protein from the cyanobacterium Synechocystis sp. PCC 6803
is an a, homodimer with high homology to eukaryotic P-pro-
teins. The crystal structure of the apoenzyme shows the C ter-
minus locked in a closed conformation by a disulfide bond
between Cys®”? in the C terminus and Cys®**? located in the
active site. The presence of the disulfide bridge isolates the
active site from solvent and hinders the binding of PLP and gly-
cine in the active site. Variants produced by substitution of
Cys®”? and Cys®*3 by Ser using site-directed mutagenesis have
distinctly lower specific activities, supporting the crucial role of
these highly conserved redox-sensitive amino acid residues for
P-protein activity. Reduction of the 353-972 disulfide releases
the C terminus and allows access to the active site. PLP and the
substrate glycine bind in the active site of this reduced enzyme
and appear to cause further conformational changes involving a
flexible surface loop. The observation of the disulfide bond that
acts to stabilize the closed form suggests a molecular mecha-
nism for the redox-dependent activation of glycine decarboxy-
lase observed earlier.

P-protein (EC 1.4.4.2., glycine dehydrogenase (decarboxylat-
ing)) is one of four proteins of the glycine cleavage system
(GCS).? This enzyme system is essential for glycine degradation
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and one-carbon metabolism in bacteria, archaea, and all
eukaryotes (e.g. see Refs. 1-6). Because the GCS-catalyzed
reactions are reversible (7, 8), they can also perform de novo
synthesis of glycine from one-carbon units, CO,, and NH; (9,
10).

In addition to the pyridoxal 5’'-phosphate (PLP)-dependent
P-protein, GCS requires two more enzymes, namely the tetra-
hydrofolate (THF)-dependent T-protein (EC 2.1.2.10; amin-
omethyltransferase) and the NAD " -dependent L-protein (EC
1.8.1.4; dihydrolipoamide dehydrogenase). As the fourth com-
ponent, a small lipoylated protein, the H-protein (initially
named hydrogen carrier protein) interacts successively via its
lipoyl arm with the P-, T-, and L-proteins (Fig. 1). The GCS
reaction cycle comprises three reactions. First, in a transaldimi-
nation reaction (11), glycine reacts with the PLP on the P-pro-
tein to form an external aldimine that loses the carboxyl group
as CO, and donates the remaining aminomethylene moiety to
the oxidized lipoamide arm of H-protein. Next, T-protein uses
the S-aminomethyl-dihydrolipoyl H-protein and THF to pro-
duce CH,-THF, ammonia, and dihydrolipoyl H-protein.
Finally, L-protein closes the GCS reaction cycle by the NAD *-
dependent reoxidation of the H-protein’s dihydrolipoyl arm to
the dithiolane form (reviewed in Refs. 12 and 13). As a result,
one molecule each of glycine, THF, and NAD™ is converted
into CO,, NH;, CH,-THF, and NADH. The produced CH,-
THF is used as a one-carbon donor in a variety of biosynthetic
pathways, including the synthesis of serine and of S-adenosyl-
methionine as another universal one-carbon donor (reviewed
in Ref. 14). The NADH is reoxidized to NAD* by the mitochon-
drial electron chain with or without subsequent ATP produc-
tion (15).

The ubiquitous occurrence of GCS already indicates its cru-
cial importance for cellular metabolism. Indeed, the absence of
or malfunction of GCS results in fatal metabolic dysfunctions,

Data Bank; TCEP, tris(2-carboxyethyl)phosphine; r.m.s., root mean square;
Bicine, N,N-bis(2-hydroxyethyl)glycine.
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FIGURE 1. Schematic view of the reactions catalyzed by the GCS. A, the
overall reaction catalyzed by the P-, T-, L-, and H-proteins of the GCS. First,
the P-protein catalyzes the decarboxylation of glycine and the transfer of the
aminomethylene moiety to the oxidized lipoamide arm of the H-protein.
Next, the T-protein catalyzes the transfer of the methylene group to THF,
thereby releasing NHj. Finally, the L-protein reoxidizes the reduced lipoam-
ide group of the H-protein. B, outline of the involvement of the PLP cofactor in
the decarboxylation reaction catalyzed by the P-protein. PLP first forms an
internal aldimine with a lysine residue in the active site (Lys’2° in the Syn-
echocystis enzyme). Next the C4" atom of PLP is attacked by glycine to form
the external aldimine, thereby releasing the lysine. Finally CO, is released
from the external aldimine, leaving a quinoid intermediate ready to bind
lipoamide.

at least in eukaryotes. In humans, for example, such defects
cause the inborn disease glycine encephalopathy (nonketotic
hyperglycinemia), which leads to accumulation of glycine in the
central nervous system. This terminal disease very often results
from mutations in the P-protein-encoding gene (16) but can
also be due to defective T-protein or H-protein genes (17). In
plants, the artificial deletion of the two P-protein genes was
lethal for seedlings of the model plant Arabidopsis thaliana
during or shortly after germination (18). Plants generate very
large daily amounts of glycine in the photorespiratory cycle, an
essential complement to the photosynthetic Calvin-Benson
cycle (reviewed in Ref. 19). This particular metabolic pathway
requires a very high glycine-decarboxylating activity. There-
fore, the GCS proteins amount to more than 30% of total matrix
protein in green leaf mitochondria (20). Correspondingly, the
artificial reduction of leaf GCS activity distinctly impairs the
growth of plants in air (21), whereas an increased GCS activity
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resulted in an improved growth (22). Deletion of GCS in cya-
nobacteria, the predecessors of plant chloroplasts, is less cata-
strophic (23). Such mutants also accumulate glycine, which is
somewhat toxic due to chelation of magnesium ions, but a
bypass to the GCS reaction, the glycerate pathway, allows
nearly normal growth (24, 25).

It has been suggested that the animal and plant GCS proteins
form a labile enzyme complex loosely associated with the mito-
chondrial inner membrane (e.g. see Refs. 13 and 26). Although
the formation of a moderately stable complex between two
H-protein molecules per P-protein dimer was demonstrated
(27) and the interaction between H- and T-protein was studied
(28), the supramolecular structure of such a hypothetical com-
plex comprising all GCS proteins is not known. On the other
hand, three-dimensional structures of several individual GCS
proteins were reported (29 —31), including that of the P-protein
from Thermus thermophilus HB8 (32). In contrast to eukaryotic
P-proteins, which are all &, homodimers of about 200 kDa (e.g.
see Refs. 33—35), the P-protein from T. thermophilus consists of
two smaller polypeptides, « and B, which assemble to an about
200-kDa heterotetrameric (aN3<), P-protein. Related P-pro-
teins are present in other prokaryotes, such as the anaerobic
Eubacterium acidaminophilum (36), but the majority of known
P-proteins from aerobic bacteria, including Escherichia coli
(37) and all cyanobacteria (38, 39), are homodimeric enzymes
closely related to their eukaryotic homologs.

Following the biochemical characterization (38) of the
homodimeric P-protein from the model cyanobacterium Syn-
echocystis sp. PCC 6803 (hereafter referred to as Synechocystis)
and preliminary structural characterization (40), we present
here the first three-dimensional structure of a homodimeric
P-protein. This knowledge is of particular interest because the
Synechocystis P-protein is closely related to eukaryotic P-pro-
teins. We also present structures of ternary complexes with the
cofactor PLP and the substrate glycine. Based on the structural
information, three cysteine residues that are potentially
involved in redox-dependent regulation of P-protein and hence
GCS activity were replaced by site-specific mutagenesis, and
the P-protein variants were compared with the wild-type pro-
tein in biochemical assays.

EXPERIMENTAL PROCEDURES

Protein Expression, Directed Mutagenesis, and Purification—
The P-protein gene (s/r0293) from Synechocystis was cloned in
the bacterial overexpression vector pBAD-slr0293, expressed,
and purified as described elsewhere (38, 40). For the exchange
of specific cysteines for serine by directed mutagenesis, we
amplified the whole construct with Phusion polymerase (High-
Fidelity DNA Polymerase, New England Biolabs) by PCR using
phosphorylated primer pairs (C353S, forward (ATATCAG-
CACTGCCCAGGTTCTCTT) and reverse (TACTAGTGGC-
CTTGTCCCGACGGAT); C972S, forward (TAGTTAGCTC-
CTGTGAAGGTATGGA) and reverse (AATGGCGATCACC-
GTAGGTATTATT); C9725/C974S, forward (CTCCAGCGA-
AGGTATGGAGG) and reverse (CTAACTAAATGGCGAT-
CACC). After circularization and multiplication in E. coli strain
LMG194, the nucleotide sequence was confirmed for the reg-
ions between the restriction sites below. From the circularized

VOLUME 288+NUMBER 49-DECEMBER 6, 2013



plasmids carrying the mutation in Cys®*3, an Xhol-Bsp14071
fragment was excised and used to replace the corresponding
sequence in the above mentioned wild-type s/r0293 overex-
pression vector. Correspondingly, Bsp1407I-Pvull fragments
carrying the individual or combined mutations in Cys®”* and
Cys””* were used to introduce these mutations into the wild-
type overexpression vector or the C353S variant.

Activity Assays—The recombinant P- and H-proteins were
affinity-purified as described earlier (38) and equilibrated in 20
mM Tris/HCl (pH 7.8) by using prepacked PD-10 columns
(Sephadex G-25 M, GE Healthcare). The P-protein prepara-
tions were concentrated in Vivaspin 20 centrifugation units
(Sartorius, Gottingen, Germany). After the addition of glycerol
to a final concentration of 50% (v/v), protein concentrations
were determined (41), and aliquots were stored at —80 °C.
P-protein activity was measured by following the glycine-**C-
bicarbonate exchange reaction (2) after a preincubation with 1
mM (“reduced” state) or zero (“oxidized” state) dithiothreitol
(DTT) for 5 min at room temperature. Standard assays at 30 °C
contained 100 mm sodium phosphate (pH 6.0), 0.1 mm PLP, 18
mM glycine, 1 mm or zero DTT, 18.5 uM H-protein, 0.6 um
P-protein dimer, and 3 mm NaH'"*CO, (1.62 uCi) in a total
volume of 300 ul for each time point. All enzyme assays were
done in triplicates and repeated at least once with independent
protein preparations. Immediately after starting the reactions
by the addition of NaH'*CO, and every 10 min thereafter for a
total time of 40 min, aliquots of 250 ul were mixed with 80 ul of
50% trichloroacetic acid. These samples were dried overnight
to remove remaining NaH'*CO,, dissolved in 500 ul of water,
and analyzed in a liquid scintillation counter following a stand-
ard protocol. Rates were corrected by control reactions without
glycine for all time points.

Crystallization of Synechocystis P-protein—The crystalliza-
tion of the apo-P-protein has been described elsewhere (40).
These crystals (named form 1) belong to the orthorhombic sys-
tem, space group P2,2,2,, with unit cell dimensions a = 96.3 A,
b=1358A,c=179.1A, a = B =y =90°, and one dimer in the
asymmetric unit (Table 1). The subunits have been arbitrarily
labeled by the chain identifications A and B in the coordinate
files. A second crystal form was obtained using the hanging
drop vapor diffusion method by mixing equal volumes of 15 mg
ml ™" protein in 20 mMm sodium phosphate buffer, pH 7.5, 50 mm
NaCl, 5 mum tris(2-carboxyethyl)phosphine (TCEP), and 0.2 mm
PLP with a reservoir solution of 100 mm Bicine, pH 9, 1.6 M
(NH,);PO,, 5 mm TCEP, and 0.2 mm PLP. Prism-shaped crys-
tals (50 X 25 X 100 wm) were obtained 1-3 days after streak
seeding at 20 °C. The form 2 crystals belong to space group
P321, with unit cell dimensions @ = b = 160.1 A, ¢ = 159.8 A,
a = B =90° v =120°and contain one dimer in the asymmetric
unit.

Soaking of Ligands—Crystals of the binary complex with PLP
were used to prepare ligand complexes by soaking crystals at
20 °C in solutions of the ligand. Glycine (1.5 ul, 3 M) was added
to the drop containing the crystal (initial drop size 5 ul). After
60 min, the crystal was transferred for a few seconds to a cryo-
solution containing 0.3 M glycine, 17.5% ethylene glycol, 1.6 M
(NH,);PO,, 5 mm TCEP, 0.2 mMm PLP; transferred to a nylon
CryoLoop (Hampton Research); and then flash-cooled in liquid
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nitrogen and maintained at 100 K for data collection. Alterna-
tively, lipoic acid (50 mg ml ™" in ethanol) was added to the drop
prior to the addition of 1.5 ul of 3 M glycine. Soaking and flash-
cooling were performed as described previously.

Data Collection and Structure Determination—X-ray dif-
fraction data for the apoenzyme (without PLP) were collected
to 2.0 A resolution on a CCD detector (ADSC Q315r) at beam
line ID14-4, European Synchrotron Radiation Facility (ESRF,
Grenoble, France) at a wavelength of 0.98 A. The crystals were
soaked for a few seconds in the reservoir solution containing
20% (v/v) ethylene glycol as a cryoprotectant, transferred to a
nylon CryoLoop (Hampton Research), and then flash-cooled in
liquid nitrogen and maintained at 100 K for data collection. A
data set to 2.0 A resolution was collected from one single (form
1) crystal, and the data were processed with DENZO and
SCALEPACK (42). The diffraction data statistics are shown in
Table 1. The structure was solved by molecular replacement
with PHASER (43) using one heterodimer (o™ 3<) of the P-pro-
tein from T. thermophilus (PDB code 1WYT (32)) as a search
model. The first crude model was improved by automatic chain
tracing in ARPwWARP (44) using the sequence of the Synechocystis
enzyme. The structure was further refined by manual rebuilding
using O (45) alternated with refinement in REFMACS5 (46) and
PHENIX (47). Solvent molecules were added using ARPWARP
(48) and PHENIX and were manually inspected in O. Assign-
ment of water molecules was made based on peak heights of
residual electron density, hydrogen bonding patterns, and
B-factors.

Diffraction data for the holoenzyme (binary complex contain-
ing PLP and ternary complexes containing PLP and glycine) were
collected on a CCD detector (ADSC Q315r) at beam line ID14-1,
ESRF, to a maximum resolution of 1.6 A from one single crystal.
The data were processed with DENZO and SCALEPACK (42)
and the structures were solved by molecular replacement using
PHASER (43) with the ligand-free structure as a search model.
The models were improved by iterative manual rebuilding of
missing loop regions and the C terminus in O (45) and refine-
ment with REFMAC5 (46) and PHENIX (47). Solvent mole-
cules were added using ARPWARP (48). Density for PLP was
observed close to the side chain of Lys”?® allowing the building
of the cofactor into the model. Further refinement of the binary
complex indicated that a mixture of PLP and phosphate ion
from the crystallization buffer was bound in the active site. Sev-
eral crystals were analyzed and were found to contain phos-
phate to various extents, ranging from 50 to 100%. For this
reason, these data were not further pursued.

Diffraction data for the ternary PLP-glycine complexes were
collected at beam line ID14-1, ESRE, to resolutions of 1.8 and
1.9 A. Processing, phasing, and model refinement were per-
formed as described above. Electron density for PLP indicated
that the cofactor bound exclusively at this site in the ternary
complex. Toward the end of refinement, glycine was built into
positive difference density close to PLP. The data collection and
refinement statistics are presented in Table 1.

The structures were evaluated using PROCHECK (49) and
MOLPROBITY (50). Analysis of dihedral angles indicated that
Ser'® is in a disallowed region of the Ramachandran diagram.
However, inspection of electron density showed this residue in
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FIGURE 2. Conformational states of the C terminus in oxidized and
reduced P-protein. Superposition of ribbon models of the oxidized, ligand-
free P-protein (beige) and the reduced, PLP-bound P-protein (light blue) is
shown. The Cterminus (residues 962-978) of the oxidized and reduced P-pro-
tein is highlighted in red and blue, respectively. Sulfur atoms of cysteines 353
and 972 are colored green. PLP (bound in the reduced enzyme) is shown as
spheres with carbon atoms colored yellow.

well defined density in both subunits. Amino acid sequence
alignments were made with Clustal W (51). Secondary structure
assignments were made with DSSP (52), and structure-based
sequence alignments were carried out using the least-square
alignment function in the program O (45). Model figures were
prepared with PyMOL (53).

Electrostatic Surface Analysis—Electrostatic potentials were
calculated in PyMOL (53) using the vacuum electrostatics
method. The analysis was performed on coordinates of one
monomer each of (i) the apoenzyme with a closed C terminus
and an extended mobile loop and (ii) the PLP complex with the
C terminus in an open conformation and a closed mobile loop.
Solvent molecules were removed from the coordinates before
the analysis. The model of the apoprotein was extended with
residues 964 -965 in molecule A, which were built into trace
electron density to provide a more realistic surface for the anal-
ysis. These residues are not present in the final model submit-
ted to the PDB.

RESULTS

Recombinant and enzymatically active homodimeric P-pro-
tein from Synechocystis (38, 40) crystallized in an orthorhombic
space group (P2,2,2,) (40) under mildly reducing conditions
(10 mm 2-mercaptoethanol). The structure solved from these
(form 1) crystals shows that the C terminus (residues 963-978)
is folded over the active site opening and secured by a disulfide
bond between Cys-972 in the C terminus and Cys-353 located
in the active site cavity (Fig. 2). This effectively isolates the
active site from solvent and excludes the binding of ligands
(cofactor and substrates) in the active site. Form 1 crystals thus
contain the apoenzyme in an inactive, locked enzyme form. By
using a more powerful reducing agent, TCEP, a trigonal crystal
form (space group P321) was obtained that diffracts X-rays to
1.6 A resolution. In these (form 2) crystals, the disulfide is
reduced, the C terminus is free and folded away from the active
site entrance, and the enzyme is able to bind ligands, such as the
cofactor PLP and the substrate glycine. This is the active,
unlocked enzyme form.
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Aside from the C terminus, the loop comprising residues
337-349 (named the mobile loop according to Nakai ez al. (32))
also adopts a number of different conformations: disordered,
extended, and closed (see below). Apart from these two striking
differences, continuous density was observed for most of the
protein in both crystal forms. There was weak or no density for the
first 19 N-terminal residues, for a surface loop (residues 756 —766),
and for the six C-terminal residues. Contents of the refined models
are summarized in Table 1.

Quaternary Structure—The Synechocystis P-protein has a
homodimeric quaternary structure (a,N<; Fig. 3), and each
monomer harbors one active site. The N-terminal and C-ter-
minal halves of the «™“ monomer correspond to the o™ and €
subunits, respectively, of the heterodimer of the tetrameric
enzyme (32) (Figs. 4 and 5). The bulk of the o™ and « parts of
the homodimeric enzyme fold into separate units that pack
tightly. The N-terminal arms of each unit wrap around the
opposite unit to make a compact monomer. Two monomers
pack tightly to form the active dimer. The formation of the
dimer is driven by the hydrophobic interaction between mainly
helical elements across the local two-fold axis (Fig. 3). The
dimer interface, calculated following Lee and Richards (54)
with a probe radius of 1.4 A, is 3894 A% and comprises 6.7% of
the dimer total accessible surface area.

The Monomer—The homodimeric P-protein from Syn-
echocystis shows about 35% sequence identity with the hetero-
tetrameric enzyme from 7. thermophilus (BLAST 2). Compar-
ison of the homodimeric «,N¢ and the heterotetrameric
(a™NB), structures reveals that the fold of the proteins is highly
similar (Figs. 4 and 5), but there are some striking differences.
Superposition of 373 equivalent Ca atoms of the homodimeric
structure with the o™ monomer from T. thermophilus gives a
root mean square (r.m.s.) deviation of 1.55 A, whereas super-
position of 416 Ca atoms of the homodimeric structure with
the B monomer gives an r.m.s. deviation of 1.23 A. The N-ter-
minal &™“-N domain is conserved between the heterotetra-
meric and homodimeric enzymes and consists of a central
B-sheet of seven strands flanked by helices on both sides. The N
terminus is extended by 34 residues, half of which are visible in
the final electron density maps. Residues 17—-26 form an a-helix
(1) that packs against the first helix (110, residues 471-476) in
the C-terminal part (&™“-C) of the adjacent subunit of the
homodimer. Residues 33—37 form an extra helix not present in
the T. thermophilus enzyme, but apart from that, the N-termi-
nal residues 38 —100 adopt a conformation similar to that of the
residues of the N-terminal arm of the o™ subunit of the hetero-
tetramer. The domain ends with a twisted B-hairpin (strands
B9 and B10). Residues 337-349 of the loop between strand 10
and helix «13 are able to adopt a number of different confor-
mations and appear to contribute to the closing of the active site
during catalysis (see below). The remainder of the N-terminal
part of the subunit, consisting of three helices (14—16) and an
antiparallel B-sheet, is structurally homologous to the o™ of the
T. thermophilus enzyme. Helix 16, the last helix of a™NC-N, con-
nects to the C-terminal part of the o€ subunit and, as a con-
sequence, is significantly shifted compared with the corre-
sponding helix in the T. thermophilus enzyme. Residues 461—
478 form a linker connecting the N- and C-terminal parts, and
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TABLE 1
Data collection and refinement statistics
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Apo-P-protein open flexible loop

P-protein-PLP-Gly P-protein-PLP-Gly closed flexible loop

Data collection

Wavelength gA) 0.9795 0.9334 0.9334
Resolution (A) 54.1-2.0 (2.07-2.00)" 99.0-1.9 (1.97-1.90) 99.0-1.8 (1.86-1.80)
Space group P2,2,2, P321 P321
Cell axes (A) 96.3, 135.8,179.1 160.1, 160.1, 159.8 160.0, 160.0, 159.7
No. of reflections 1,119,901 1,010,518 999,624
No. of unique reflections 158,314 (15,696) 185,454 (18,266) 217,331 (20,709)
Completeness (%) 99.8 (100) 99.9 (99.1) 99.3 (95.4)
Multiplicity 7.1(7.1) 5.4 (4.4) 4.6 (4.0)
Mosaicity (degrees) 0.44 0.42 0.35
merge 0.083 (0.555) 0.068 (0.371) 0.094 (0.471)
Average [/o() 26.9 (3.5) 18.4 (4.3) 16.6 (3.3)
Wilson B-factor (A?) 32.9 17.9 16.2
Refinement
Resolution (A) 54.1-2.0 (2.02-2.00) 49.8-1.9 (1.92-1.90) 49.8-1.8 (1.82-1.80)
RIR,..c (%) 16.1/19.2 (22.2/30.5) 15.5/18.6 (19.7/22.4) 16.3/19.1 (23.8/29.6)
Residues in structure
Subunit A 20-757,767-963, 966—978 15-339, 350-755, 767-977 15-755, 767-977
Subunit B 18-335, 348-757, 766-962, 968—-975 14-337, 349-755, 767-977 15-337, 350-755, 767-977
No. of non-hydrogen atoms
Protein 14,582 14,674 14,694
Ligands 38 38
Solvent 882 1524 1480
B-factors (A?)
Protein 40.7 20.5 19.2
Solvent 41.9 30.0 28.1
r.m.s. deviation bond lengths A) 0.007 0.007 0.007
r.m.s. deviation bond angles (degrees) 1.06 1.08 1.10
Ramachandran plot (%)
Favored 97.77 97.41 97.25
Allowed 2.12 2.43 2.59
Disallowed 0.11 0.16 0.16
PDB code 4LGL 4LHC 4LHD

“ Numbers in parentheses indicate the outer resolution shell.

b Rierge = o SAL (kD) — (A(HKD)|/Z),00 2, 1,(hkD), where (I(hkl)) is the average intensity of symmetry-equivalent reflections.
¢ R-factor = 3, ||F,| — |F|\/2lF,|, where F, and F, are the observed and calculated structure factor amplitudes, respectively.

FIGURE 3. Overall structure of the Synechocystis P-protein homodimer in
the reduced state with the cofactor PLP bound. Shown is a ribbon diagram
with B-sheets in yellow and helices in purple in one subunit and green in the
second subunit. PLP is shown as red spheres.

this linker loop is not structurally homologous to any part of the
T. thermophilus structure.

The C-terminal part, from residue 479 onward, superim-
poses well with the T. thermophilus model. The central domain
corresponds to the central domain of the N-terminal part of the
BS subunit in the heterotetrameric P-protein. Exiting this
domain, residues 756 =767, which form a B-hairpin loop at the
surface, are disordered in the Synechocystis enzyme structure.
The structures deviate considerably at the C terminus. In the

asEve
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FIGURE 4. Stereo image showing a comparison of the homodimeric and
heterotetrameric P-protein structures. The T. thermophilus heterodimer
(32)in blue and red is superimposed on a monomer of the Synechocystis enzyme
in white. The loop, residues 461-494, connecting the N-terminal and C-terminal
parts of the Synechocystis monomer is colored green, and PLP is shown as yellow
spheres. N-terminal and C-terminal residues of the a- and -chains of the T. ther-
mophilus enzyme are labeled in blue and red, respectively.

Synechocystis enzyme, helix a30 is extended by 7 residues at its
C terminus, and the loop preceding helix 31 is extended by 5
residues. Residues 925-956 of the C terminus of the Syn-
echocystis enzyme contain three short helices not present in the
T. thermophilus enzyme. The following 22 residues, 957-978,
constitute the mobile C terminus, which in the ligand-bound
open structures is very similar to the C terminus of the T. ther-
mophilus enzyme. The last 6 residues of the C terminus are not
visible in the electron density maps. In the apoenzyme, helix
a34 unfolds partly, covers the active site, and is secured by a
disulfide bond between the C-terminal Cys””? and Cys**>.
Cys®*is located in the active site within van der Waals distance
to the glycine substrate in the ternary complex (see below).
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FIGURE 5. Amino acid sequence alignment of P-proteins based on a structural alignment of the enzymes from Synechocystis sp. PCC 6803 and
T. thermophilus (PDB code TWYV). The sequences were obtained from the NCBI database. The sequence of Synechocystis P-protein was compared with
homologous proteins from A. thaliana, Homo sapiens, and T. thermophilus. Residue numbering is according to the Synechocystis sequence. Because the
N-terminal target peptides were omitted, the residue numbering of A. thaliana P-protein starts from position 40, and the H. sapiens numbering starts from
position 57. To facilitate alignment, peptides o and 8¢ of T. thermophilus were fused to one polypeptide. Conserved residues are boxed, strictly conserved
residues have a red background, residues well conserved within a group are indicated by red letters, and the remainder are in black letters. Symbols above blocks
of sequences correspond to the secondary structure of the Synechocystis enzyme: o, a-helix; B, B-strand; n, 3,4-helix. Gray asterisks above the sequence indicate
the presence of alternate conformations. The secondary structure assignment for the Synechocystis enzyme was made using DSSP (52). The figure was

prepared using ESPript (70).

Transition from the Apo to the Holo Structure—The initial
crystallization solution (40) contained 10 mm 2-mercaptoetha-
nol, and the cofactor PLP was added to the enzyme solution
prior to crystallization. However, there was no trace of bound
PLP in the active site in the final electron density maps after
refinement. Instead, a network of solvent molecules was
observed lining the active site. A hydrogen bond was observed
between Lys”*®, to which PLP normally binds and where
transaldimination occurs (see below), and the hydroxyl group
of Tyr'3!. Opposite to Lys”® in the active site, there was strong
electron density close to the Sy atom of Cys®*?, indicating that
this cysteine was engaged in a disulfide bond with another cys-
teine residue (Fig. 2). This cysteine, identified as Cys®’?, is part
of a short C-terminal peptide “**GDRHLVCSCEGME®”® in one
subunit of the dimer (subunit A) and ***RHLVCSCE®”® in the
second subunit (subunit B), for which there was well defined
electron density. The C-terminal peptide covers the active site,
effectively isolates it from solvent, and presumably hindered the
access of the cofactor to the active site during the initial crys-
tallization experiment.

In the apoenzyme, electron density for two other cysteines,
Cys®*? and Cys®”*, indicated that these residues were modified.
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The additional density was interpreted as mixed disulfides with
2-mercaptoethanol. Although this suggests that these cysteines
are redox-active, we failed to find a suitable disulfide partner in
these cases. The Syatoms of Cys®*? and Cys®”* are located more
than 15 A apart, making it unlikely that they would be part of
the same disulfide. Cys®*? is located close to the surface of the
molecule, and there are no other cysteines within reasonable
distance. Cys””*has its Syatom positioned only 6 A from the Sy
atom of the active site residue Cys®*°, but there was no sign of
oxidation or modification of Cys>* in any of the electron den-
sity maps. We note also that the position of the Sy atom of
Cys””* in the apoenzyme is located less than 2 A from the posi-
tion of the carboxyl group of the glycine substrate in the
holoenzyme structure.

To reduce the 353-972 disulfide and break the bond, we
switched to the powerful reducing agent TCEP. PLP was
included in the purification buffers to ensure that the cofactor
was bound. The resulting protein crystallized in a different
space group with significantly better diffraction. There was well
defined density for PLP in the active site (Fig. 6), indicating that
it was covalently linked to Lys”*® via an internal aldimine bond

(Schiff base linkage). Inspection of the C-terminal arm showed
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FIGURE 6. Binding of PLP and glycine in the active site of P-protein. A, residues in contact with PLP are shown as white sticks with hydrogen bonds indicated
by red dashed lines. PLP (yellow) is covalently bound to Lys”?°. B, oA weighted difference density map (mF, — DF,) drawn at the level of 3 times the r.m.s. value
of the map around PLP (yellow) and glycine (cyan) with hydrogen bonds indicated by red dashed lines. Water molecules are shown as red spheres.
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FIGURE 7. Conformation of the mobile loop and the C terminus in the homodimeric P-protein. A, ribbon model of the apo-P-protein (beige) with the C
terminus (residues 962-978) and the mobile loop (residues 335-353) highlighted in red and pink, respectively. The disulfide bond between cysteines 353 and
972 is colored green. B, holo-P-protein (light blue ribbon) with PLP and glycine bound. The C terminus and the mobile loop are highlighted in blue and cyan,
respectively, and PLP and glycine are shown as spheres. C, superposition of the models in A and B showing the overlap of the positions of the closed C terminus

and the closed mobile loop.

well defined density for residues 963—978, which were folded
away and stabilized at the surface of the protein, thereby creat-
ing open access to the active site (Fig. 2). The Cys®***~Cys®”>
disulfide was reduced, and there was well defined density for
both free Sy atoms. Breaking of the 353—972 disulfide bond
allows the side chain of Cys®*** to flip about 120° and the loop
region carrying Cys>*® to move ~2-3 A toward the active site.
Apart from the 353-972 disulfide, the C terminus is stabilized
in its closed conformation by a hydrogen bond between Asn>'®
and Arg”””. Upon reduction of the 353-972 disulfide, the con-
tact between residues 318 and 975 is also broken, allowing the
C-terminal residues 963 and onward to fold away from the
active site. In the open conformation, residues 963—969 adopt a
helical conformation (Fig. 2), and the C terminus is anchored to
the surface by several hydrogen bonds. As shown earlier (40) and
below, the Synechocystis P-protein requires the presence of a
reducing agent (usually DTT) in assays for full activity, and the
structure presented here offers a structural explanation. There is
no equivalent to Cys””” in the heterotetrameric enzyme, and the C
terminus adopts an open conformation in the crystal structures of
the apo and holo forms of the T. thermophilus enzyme.

A long loop, residues 337-349, is observed in two different
conformations and also appears to participate in the transition
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from oxidized apoenzyme to reduced holoenzyme. In the apo
structure, the loop adopts an extended conformation that stabi-
lizes the C terminus in its closed conformation. This is observed in
one of the two subunits (subunit A), whereas in the second sub-
unit, the loop is disordered and not visible in the electron density
maps. Upon reduction of the 353972 disulfide and the folding
of the C terminus away from the active site, the extended loop
refolds and closes over the opening of the active site, shielding it
partly. This conformation is observed in one of the subunits
(subunit A) in the crystal structure of the ternary complex with
PLP and glycine (Fig. 7). In the second subunit, residues
334 ALQTR??* at one end and Thr?®*® at the other end of the
loop are visible and assume a similar conformation. An identi-
cal conformation of the mobile loop is observed in the ligand-
bound forms of the T. thermophilus enzyme (PDB codes 1WYV
and 1WYU) and is thus likely to be a general structural feature
of the holo forms of both heterotetrameric and homodimeric
P-proteins. In its closed conformation in the Symechocystis
enzyme, this loop interferes with the closed C terminus of the
apo structure, and it is not likely that they could co-exist.

The Active Site and PLP Binding—PLP makes an aldimine
bond with Lys”*® (Fig. 1B), whose N{ atom is stabilized by a
hydrogen bond to the backbone carbonyl oxygen atom of resi-
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due Ser®®®. PLP fits tightly in the active site and is stabilized by
several hydrogen bonds (Fig. 6A4). The oxygen atoms of the
phosphate group are engaged in hydrogen bonding to the back-
bone nitrogen atoms of Thr?®%, Gly59°, and Ser®®!; the side
chains of Thr®**, Asn”?3, and His”?>; and several solvent mole-
cules. The pyridine ring of PLP is sandwiched on one side by
His®*® and on the other side by Ala’®" and Asn”*® and makes
hydrogen bond interactions with Ser®*” and Asp®”°. All of these
residues are strictly conserved in the heterotetrameric enzyme
despite their localization on separate polypeptides (& and 8<)
and provide a good binding site for anion ligands, such as PLP.
The binding of PLP causes smaller rearrangements of the
protein structure in the PLP binding site. The imidazole ring of
His®?> moves about 2 A toward the pyridine ring for a better
stacking interaction, although the angle of the imidazole ring is
unaltered with respect to the PLP pyridine ring. Trp®’°, located
on a loop region, moves ~0.8 A toward the bound PLP. Ala”"!
(positioned in another loop region) moves around 1.7 A closer
to the center of the pyridine ring. The loop region harboring
Thr®”* and His®”® also adjusts, moving ~1.2 A toward PLP.
Binding of Glycine—Soaking of the substrate glycine into
crystals of the PLP complex produced a ternary complex with
glycine and PLP bound in the active site. Overall, the structure
of the ternary complex is very similar to the structure of the
co-crystallized PLP complex. Superposition of the two models
gives an r.m.s. deviation of 0.139 for 1900 Ca atoms. Glycine
binds in a pocket close to PLP; both ligands are bound with high
occupancy in well defined electron density (Fig. 6B). The gly-
cine-binding site is located on the side of the pyridine ring that
faces the outside and is otherwise occupied by solvent (water or
ethylene glycol). The amino group of glycine makes a hydrogen
bond to the imidazole ring of His®*>. It also makes solvent-
mediated interactions with the phosphate group and the aldi-
mine C4’ carbon of PLP and with the hydroxyl group of Tyr'?'.
There is no indication of the formation of an external aldimine
with PLP; the amino nitrogen of glycine is located 3.7 A away
from the C4’ carbon of the pyridine ring, and there is well
defined density indicating that the internal aldimine bond to
Lys”?® is maintained. The carboxyl group of glycine is stabilized
by contact with the hydroxyl group of Tyr'** and by a solvent-
mediated contact with Thr®¢”, Apart from the lack of a covalent
bond to PLP, the orientation of the substrate is appropriate for
decarboxylation with the scissile bond of glycine oriented
approximately perpendicular to the mr-orbital system of the pyr-
idine ring of PLP (corresponding to conformation Il in Ref. 55).
Directed Mutation of Cysteine Residues Involved in Disulfide
Formation—To test for the potential roles of the cysteines
forming the disulfide bond, we made the C353S, C972S, C353S/
C972S, C353S/C972S/C974S, and C972S/C974S variants and
assayed them in the presence and absence of DTT using the
wild-type enzyme for comparison (Fig. 8). In the presence of
DTT, wild-type P-protein catalyzed the glycine-bicarbonate
exchange reaction with a specific activity of 1.04 *+ 0.12 wmol
s~ ' g~ " The C353S variant showed an ~20-fold decrease in
activity, whereas the C972S variant displayed a distinctly
smaller, about 2-fold, decrease in activity. The activity of the
double and triple mutants C353S/C972S and C353S/C972S/
C974S was 20-fold reduced and did not significantly differ from
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FIGURE 8. Specific activities of P-protein variants at different redox con-
ditions relative to the wild-type protein. The columns show mean activities
of recombinant P-protein = S.D. (error bars) (n = 4) preincubated with 1 mm
(black) or zero (gray) dithiothreitol in the glycine-bicarbonate exchange reac-
tion. The numbers indicate percentage activities relative to the corresponding
wild-type control. The number in parentheses shows the percentage relative
to fully activated wild-type P-protein.

the C353S P-protein variant. Similarly, the additional C974S
exchange in the double-mutated P-protein C972S/C974S did
not further decrease the specific activity relative to C972S. In
the absence of DTT, the activity of the wild-type Synechocystis
P-protein was more than 30-fold diminished, but the intro-
duced single and combined mutations resulted in only 2—3-fold
further decreases in specific activity. Under these conditions,
the specific activity of the C972S/C974S variant was only
slightly lower relative to the wild-type control, which suggests
that the additional C974S exchange counteracts the effect of
the C972S exchange. A similar although less strong effect was
observed with C353S/C972S/C974S relative to C353S/C972S
under non-reducing conditions. Taken together, the combined
site-directed mutagenesis and structural information strongly
support our hypothesis that formation of the Cys®**~Cys®”>
bond could be linked to the redox status of the cell and hence
redox-dependent activity regulation of the P-protein.
Electrostatic Surface Analysis—The conformational transi-
tion from the apo- to the holoenzyme leads to a dramatic
change in the charge of the molecular surface in the vicinity of
the active site. The surface charge of the active site region of the
apo-P-protein is mainly negative (Fig. 94). Upon breaking of
the Cys***-Cys®”? disulfide, the C terminus moves from its
closed state to an extended open state, which permits the
mobile loop to move to its closed conformation. This change in
conformation also alters the surface charge in this area, which
becomes remarkably more positive (Fig. 9B). The closed loop
conformation permits the basic residues of the mobile loop,
Arg®®®, Arg®*, Arg®*, and Lys®¥’, to be fully exposed to the
surrounding environment. Together with Arg®'? and Lys*'%,
located on an adjacent short helix, they form a positively
charged surface close to the active site entrance. In contrast, in
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FIGURE 9. Electrostatic surface analysis of apoenzyme (A) and holoenzyme (B). Electrostatic surfaces are colored blue in the positive region and red in the
negative region. The C terminus and the mobile loop are shown in a black ribbon representation. PLP is indicated as red spheres in B.

its extended form (Fig. 94), when the mobile loop is folded away
from the active site opening, these residues form hydrogen
bonds with residues at the surface far from the active site.
Arg®** hydrogen-bonds to the carbonyl oxygens of residues
Ser'®® and Tyr'®! (and to a water molecule), Arg>*® interacts
with the carbonyl oxygen of Glu®**° and the carboxylate of
Glu**, and Arg®'? forms a salt link to Glu**°. Lys**” hydrogen-
bonds to the side chain of Asn'®’. When folded away from the
active site, as in the PLP- and glycine-bound structures, the C
terminus forms a convex protrusion, which effectively elon-
gates the surface that a potential binding partner, such as the
H-protein or lipoic acid, could use for interaction. Arg®®® and
His®®®, located at the C terminus and fully exposed in the PLP
structure, add to the already existing positively charged surface
provided by residues in the mobile loop. On the other hand,
when the C terminus closes over the active site, Arg968 and
His”® are directed inward, toward the active site. In its closed
state, the C terminus bears a clear negative charge, formed by
Glu®”® and Asp”®’ and exposed backbone carbonyl oxygen
atoms, which are likely to enhance the negatively charged sur-
face in the vicinity.

Several residues in the mobile loop are conserved in the het-
erotetrameric enzyme (32), but the difference in electrostatic
potential between the apo and holo forms is rather small in this
case (data not shown). There is no equivalent of the acidic sur-
face in the T. thermophilus enzyme nor of the acidic residues at
the C terminus (Glu®”® and Asp®®”). This difference is in line
with the observation that this particular conformation of the C
terminus is not conserved between the homodimeric and het-
erotetrameric enzymes.

DISCUSSION

We present here the structure of the glycine decarboxylase or
P-protein from the cyanobacterium Synechocystis, which can
be obtained as enzymatically active recombinant protein (38).
This is the first structural information provided for a homodi-
meric glycine decarboxylase. The protein displays over 70%
similarity and about 60% identity with plant and mammalian
P-proteins and therefore can serve as an excellent model for
these eukaryotic enzymes. Our models show strict identity of
key residues with the counterparts in the eukaryotic enzymes,
including all known active site residues and most cysteine res-
idues (Fig. 5). When purified in the presence of 2-mercaptoeth-
anol (40), crystallization of the Synechocystis P-protein in the
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presence of 0.2 mm PLP resulted in orthorhombic crystals
(space group P2,2,2,). The resulting structure was of the unli-
ganded form, devoid of the cofactor. Binding of the cofactor
may have been prevented by the C-terminal lid closing over the
active site as a part of the regulation of catalytic activity. As a
less likely explanation, PLP may also have been hindered from
binding by crystal packing restraints at the conditions used dur-
ing the crystallization experiment. The disulfide between cys-
teine residues 353 and 972 firmly anchors the C terminus over
the active site and was also observed in crystals obtained in the
complete absence of reducing agents. However, the quality of
the structure was inferior under these oxidizing conditions, and
the structure was not analyzed further.

In the presence of the strong reducing agent TCEP, the C
terminus is folded away from the active site, allowing the cofac-
tor PLP and the substrate glycine to bind. This switch from a
closed to an open conformation of the C terminus corresponds
to the change from low to high enzymatic P-protein activity at
oxidized versus reduced test conditions (see Fig. 8).

Glycine binds close to PLP in a pocket facing the opening
toward solvent (Fig. 6B). To react, the amino group of glycine
must form a Schiff base with PLP, upon which the carboxyl
group of glycine is lost as CO,, and the remaining methylamine
moiety is transferred to the lipoyl group of the H-protein (Fig.
1). There was no trace of a covalent bond between glycine and
PLP in the crystal structures presented here, but several bicar-
bonate molecules were observed to bind in the crystals of the
ternary complex with glycine. This suggests there may be a slow
turnover of the substrate, resulting in bicarbonate formation at
the pH of the crystallization. This is in line with the earlier
demonstration of CO, evolution in the absence of H-protein or
lipoic acid by recombinant Synechocystis P-protein (38). The
external aldimine may be too transient to be observed. It is also
possible that productive binding may be hindered by crystal
lattice forces preventing the mobile loop from closing effec-
tively and that bicarbonate binding is an artifact of crystalliza-
tion. However, no bicarbonate was found in crystals of the
apoenzyme, suggesting that PLP and glycine are required for
bicarbonate binding in the crystal.

Earlier reports (56) and our studies (40) (this work) have
pointed to a strong dependence of reducing agents, mainly
DTT, for full activity of the P-protein during in vitro assays. Our
observations of the closing of the active site by the movement of
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the C terminus and the stabilization of the closed conformation
in a disulfide bond suggest that the Synechocystis glycine decar-
boxylase is a target for regulatory redox-active proteins. The
structures of inactive and active forms of the P-protein pre-
sented here show how this regulation could happen on the
molecular level. It should be noted that all structural require-
ments for the redox-dependent conformational change are
conserved in homodimeric P-proteins from eukaryotes, sug-
gesting that the Synechocystis P-protein represents a model also
for the regulation of eukaryotic glycine decarboxylases. Dithiol/
disulfide exchange catalyzed by thioredoxins has been exten-
sively studied in the light-dependent regulation of several pro-
cesses in plants and is important also for other organisms. In
plants, the processes of photosynthesis and respiration are sep-
arated in chloroplasts and mitochondria, respectively. Thiore-
doxin-mediated light-dependent regulation of each of the con-
trol points of the Calvin-Benson cycle enables the functional
separation of diurnal and nocturnal processes in the chloroplast
and was among the first discovered examples of this type of
regulation (57). Although these enzymes are regulated by a
common ferredoxin-thioredoxin system, structural studies
have shown that the molecular mechanisms for activation of
the target enzymes are different in each case, adapted to the
reaction catalyzed by the enzyme (58), and there is no consen-
sus regulatory sequence. In most cases, however, structural
information of the different regulatory states of the target
enzymes is lacking. More recently, numerous thioredoxin-
linked proteins have been identified in plant mitochondria,
among these all four GCS proteins, including the P-protein
(59-62), but the molecular details of activation are yet
unknown. There are also indications that communication
between chloroplasts and mitochondria may be mediated by
thioredoxin-linked processes (59, 63). Unlike plants, cyanobac-
teria cannot physically separate oxygenic photosynthesis and
glycine decarboxylation in different organelles. Comparable
with land plants, however, the simultaneous activation by light
of photosynthetic electron transport, oxygen evolution, and
CO, fixation in cyanobacteria also employs thioredoxins. Pro-
teomic investigations have been published describing potential
thioredoxin targets in cyanobacteria, including Synechocystis
(64, 65). These studies identified numerous thioredoxin-regu-
lated photosynthetic proteins (66) and listed the GCS L-protein
as a glutaredoxin target (65).

Cysteines 353 and 972 are well conserved in the P-protein
from plants, animals, and many aerobic bacteria but absent in
the enzymes from archaea and certain anaerobic bacteria (such
as E. acidaminophilum (36)). As a consequence, a covalent
bond between the corresponding residues 353 and 972 cannot
form in the P-protein from these microorganisms. This is con-
sistent with information from the crystal structures of T. ther-
mophilus P-protein that shows the C terminus is in the open
(unlocked) conformation in all complexes, including the
ligand-free apoenzyme (32). It is striking that of 15 cysteines in
Synechocystis P-protein, only one, Cys®*°, is conserved in the
T. thermophilus enzyme (Fig. 5). The apparent absence of a
redox switch in this particular case could be related to the
extreme environment in which this thermophile lives (67),
which is unfavorable to the transient formation of free cysteine
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residues (68). In the ternary complex of the Symechocystis
P-protein, Cys?’S3 is within van der Waals distance to (the car-
boxylate of) the glycine substrate. This may explain the low
enzymatic activity of the C353S variant and the other examined
P-protein variants containing this particular mutation. The
influence of the C972S substitution on activity is more difficult
to rationalize, but it is likely that the mutation influences the
mobility of the C terminus and that this may in turn influence
substrate binding and catalysis. Although this needs to be stud-
ied in more detail, the structural data and experiments with
artificial enzyme variants strongly support the conclusion that
the P-protein is redox-regulated.

The overlap of the C-terminal arm and the mobile loop in
their closed conformations indicates that they cannot be closed
at the same time and that, consequently, closure of the mobile
loop can only happen when the C terminus is in its extended
conformation (Fig. 7). Loop closure, too, is thus indirectly
dependent on the redox conditions in the cell. There may be
additional signal(s) that trigger loop closure, but these are cur-
rently unknown.

The dislocation of the C terminus from the active site and the
closing of the mobile loop over the active site entrance have a
dramatic effect on the surface charge in the area around the
active site. The apoprotein features a mainly negatively charged
surface, which becomes positive upon formation of the holoen-
zyme (Fig. 9). Compared with the C terminus, which closes
completely over the active site, the mobile loop does not occupy
as large a volume in its closed state and would allow the H-pro-
tein to simultaneously deliver its lipoyl arm to the active site
(see Fig. 7 in Ref. 32). Surface potential analysis of the lipoylated
H-proteins from Pisum sativum and T. thermophilus (31)
shows two main surface areas on each side of the lipoylated
residue, Lys®®, with clear negative surface charge (see Fig. 7 in
Ref. 31). The structure of the Synechocystis H-protein is not
known, but the high homology between H-proteins of diverse
origins (sequence identity 38 -55% (31)) indicates that a similar
negatively charged area may be present on the Synechocystis
H-protein. In addition to the effect from several conserved res-
idues, a large contribution to the charge seems to originate from
exposed backbone carbonyl oxygens, in particular in the area
closest to the lipoyl arm. The P-protein from Synechocystis has
a lower affinity for the H-protein at pH 8 than at pH 6 (69); this
may be caused by pH effects on charged residues on the protein
surface. Presumably, the switch from the enzymatically inactive
form to the enzymatically active form could also improve the
H-protein docking via the observed change of surface charge.

Based on this, we envision the following scenario for regula-
tion and catalysis in the homodimeric enzyme; formation of the
353-972 disulfide is subject to regulation by the redox status of
the cell (enabled by a thioredoxin-linked system) and restricts
access of the substrate to the active site (and possibly also of
PLP). During conditions favoring catalysis, the disulfide bond is
broken, and the C terminus is released and moves to its open
unlocked position. The combined effect of the changes in con-
formation and surface charge enables passage of the two sub-
strates, glycine and H-protein, to the active site. The concerted
action of the entry of the H-protein’s lipoyl arm and the con-
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formational change of the mobile loop provides an efficient
closure of the active site necessary for catalysis.
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