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Aminomethyltransferase, a component of the glycine cleav-
age system termed T-protein, reversibly catalyzes the degrada-
tion of the aminomethyl moiety of glycine attached to the
lipoate cofactor of H-protein, resulting in the production of
ammonia, 5,10-methylenetetrahydrofolate, and dihydroli-
poate-bearing H-protein in the presence of tetrahydrofolate.
Several mutations in the human T-protein gene are known to
cause nonketotic hyperglycinemia. Here, we report the crystal
structure ofEscherichia coliT-protein in complexwith dihydro-
lipoate-bearing H-protein and 5-methyltetrahydrofolate, a
complexmimicking the ternary complex in the reverse reaction.
The structure of the complex shows a highly interacting inter-
molecular interface limited to a small area and the protein-
bound dihydrolipoyllysine arm inserted into the active site cav-
ity of theT-protein. InvariantArg292 of theT-protein is essential
for complex assembly. The structure also provides novel
insights in understanding the disease-causing mutations, in
addition to the disease-related impairment in the cofactor-en-
zyme interactions reported previously. Furthermore, structural
and mutational analyses suggest that the reversible transfer of
the methylene group between the lipoate and tetrahydrofolate
should proceed through the electron relay-assisted iminium
intermediate formation.

The glycine cleavage system (GCS)4, a multienzyme system
composed of four proteins termed P-, H-, T-, and L-protein,

catalyzes the reversible oxidation of glycine yielding carbon
dioxide, ammonia, 5,10-methylenetetrahydrofolate (5,10-CH2-
THF), and a reduced pyridine nucleotide (1). The functional
importance of this system is underscored by the fact that GCS
deficiencies are linked to nonketotic hyperglycinemia (NKH), a
metabolic disorder with autosomal recessive inheritance char-
acterized by a massive accumulation of glycine in body fluids,
causing severe, frequently lethal, neurological symptoms in the
neonatal period. The enzymatic analysis of NKH patients
revealed that �85% have a P-protein deficiency, and the rest
have a T-protein deficiency (2). We have previously identified
three mutations in human T-protein (huT) that caused NKH
(3), and a total of 12mutations have been reported in theT-pro-
tein gene of patients in the Human Gene Mutation Data Base,
Cardiff, UK. Our crystal structure of huT revealed that five of
nine disease-related missense mutations are localized around
the folate cofactor, forming extensive hydrogen bond networks
supporting the cofactor (4).On the other hand, somemutations
are localized near theN terminus of the protein, which has been
speculated to be involved in the protein-protein interaction
with H-protein (5, 6).
The overall reaction catalyzed by GCS proceeds in three

steps (Fig. 1). First, P-protein (glycine dehydrogenase; EC
1.4.4.2) decarboxylates glycine in a pyridoxal phosphate-de-
pendent reaction, and the remaining aminomethyl moiety is
passed onto the distal sulfur (S8) atom of the lipoate cofactor
of H-protein. Second, T-protein (aminomethyltransferase;
EC 2.1.2.10) degrades the aminomethyl moiety to ammonia
and 5,10-CH2-THF in the presence of THF, leaving dihydro-
lipoate-bearing H-protein (Hred). Finally, L-protein (dihy-
drolipoamide dehydrogenase; EC 1.8.1.4) catalyzes the
reoxidation of the reduced lipoate cofactor in the presence of
pyridine nucleotide. A unique feature of GCS is the fact that
the H-protein, having a covalently attached R-(�)-lipoic
acid, is engaged as a mobile substrate that commutes succes-
sively between the three enzymes. GCS also catalyzes the
synthesis of glycine from 5,10-CH2-THF, ammonia and car-
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bon dioxide in a reverse reaction (7). In the absence of THF,
formaldehyde is generated instead of 5,10-CH2-THF (8).
Although three-dimensional structures of individual com-
ponents from various sources have already been reported (4,
9–16), no information concerning the complex structures of
these components is available, except our cross-linking
study (5), the structure of Thermotoga maritima T-protein
(tmT) complexed with a protein-free dihydrolipoic acid (11),
and a two-dimensional NMR study of pea H-protein (peaH)
showing chemical shift changes upon T-protein binding
(17). The crystal structure of peaH showed that the lipoyl-
lysine arm gets docked into the binding cleft of the H-protein
after aminomethyl loading (9). On the other hand, T-protein
has a cloverleaf-like structure consisting of three domains
with a central folate-binding cavity (4, 10, 11). The folate
cofactor enters into the funnel-shaped cavity from the C-ter-
minal wider opening and binds to the cavity in a kinked
shape with the N5 and N10 atoms pointing to the N-terminal
side at �13–14 Å in depth from the surface (see supplemental
Fig. S6A). These structures raise the question how the amino-
methyl lipoate arm leaves the binding cleft on H-protein and
reaches the folate cofactor through the narrower opening of
T-protein cavity.
To gain insights into the structural basis of T-protein catal-

ysis, we have determined the crystal structure of Escherichia
coliT-protein (ecT) in complexwithHred fromE. coli (ecHred)
and 5-methytetrahydrofolate (5-CH3-THF), which mimics the
ternary complex in the reverse reaction. The structure revealed
for the first time how the H-protein-bound lipoyl group is
inserted into the active site of the other GCS components. The

present and previous structural
information also provides detailed
explanations for the NKH-causing
mutations. Moreover, the distance
between the tip of the dihydroli-
poyllysine arm and the methylene
carbon atom of modeled 5,10-CH2-
THF predicts the presence of an
intermediary that mediates the
interaction of both reactants. Based
on the structural observation and
mutational analysis, we propose a
reaction mechanism underlying the
T-protein catalysis.

EXPERIMENTAL PROCEDURES

Protein Preparation and Assem-
bly of the ecT�ecH Complex—We
expressed and purified recombinant
E. coli P-protein (ecP), H-protein
(ecH), ecT, and ecTwithC-terminal
His6 tag (ecT-His6) as described
previously (6, 18). Single-site muta-
tions were introduced into ecT and
ecT-His6 using pET3a/ET and
pET23b/ET, respectively, as a tem-
plate for PCR-based site-directed
mutagenesis method with Pyrobest

DNA polymerase (Takara). The second mutations were intro-
duced into the constructs bearing one mutation in the same
way. After the sequence verification, the expression plasmids
were introduced into E. coli BL21(DE3)pLysS, andmutant pro-
teins were expressed and purified following the procedure
described for wild-type protein. Full lipoylation of recombinant
ecH was verified by the altered migration on SDS-PAGE, in
which lipoylated H-protein migrates faster than unlipoylated
ecH (19). However, a portion of the preparationwas found to be
the aminomethyllipoylated form (ecHint) by mass spectromet-
ric analysis (data not shown). Therefore, ecHpreparationswere
treated with ecT in the presence of THF to degrade ecHint
contaminants. We then treated the ecH preparation with 15
mM tri(2-carboxyethyl)phosphine hydrochloride (Fluka) to
reduce the lipoate moiety. ecHint was prepared enzymatically.
The reactionmixture (3ml) containing 20mM glycine, 14mg of
ecH, 50 mM potassium phosphate buffer (KPB) (pH 7.0), 0.25
mM pyridoxal phosphate, 1 mM dithiothreitol (DTT), and 1.75
mg of ecP was incubated for 2 h at 37 °C, and the resulting
ecHint was purified by hydroxyapatite column chromatogra-
phy (Bio-Rad). To prepare the ecHint sample used in its deg-
radation assay, we employed [2-14C]glycine (18.5 GBq/mol)
instead of nonlabeled glycine. Excess ecHred or ecHint was
incubated with ecT or ecT mutants at 25 °C for 30 min in 20
mM 4-morpholinoethanesulfonic acid (pH 6.0) containing 2
mM DTT, and the complexes were isolated by gel-filtration
chromatography on aHiLoad 16/60 Superdex 200 pg column
(GE Healthcare). The complex-forming ability of the ecT
mutants with ecH was also examined by gel-filtration
chromatography.

FIGURE 1. Outline of the reversible reaction of the GCS. P, T, L, and H are the protein components of GCS.
Hox, Hint, and Hred represent H-proteins bearing covalently attached lipoate (oxidized form), aminomethylli-
poate, and dihydrolipoate, respectively.
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Crystallization, Data Collection, and Structure Deter-
mination—We obtained two types of crystals by the hanging-
drop vapor-diffusion method at 15 °C by mixing the
ecT�ecHred complex solution (22–25 mg ml�1) with an equal
volume of different reservoir solutions. One was bipyramid-
shapedcrystals,which turnedout tocontainonlyecHredmono-
mer, grown in drops containing 0.095 M 2-[4-(2-hydroxyethyl)-
1-piperazinyl]ethanesulfonic acid (pH 7.5), 0.19 M calcium
chloride, 26.6% (v/v) polyethylene glycol 400, and 5% (v/v) glyc-
erol (Hampton Research) as the mother liquid. The crystals
appeared after 4–5 days and reached a maximum size within 2
weeks. The other crystals containing ecT�ecHred complexwere
obtained in a drop containing 0.04 M potassium dihydrogen
phosphate, 16% (w/v) polyethylene glycol 8000, and 20% (v/v)
glycerol (Hampton Research) as the mother liquid. The initial
crystals, which assembled a rose, appeared after 2 weeks and
were used for microseeding; the clustered crystals were grown
to a maximum size in 3–5 days. The plate-like crystals sepa-
rated from the cluster gave sufficient diffraction. The crystals
were equilibrated in themother liquid and flash-frozen in liquid
nitrogen. The complex crystals bound to 5-CH3-THFwere pre-
pared by soaking the native crystals inmother liquid containing
1 mM (6S)-5-CH3-THF (Scharcks Laboratory) at 15 °C for 4 h
and flash-frozen in liquid nitrogen.We prepared the crystals of
ecTmutant (ecTD97N) in complexwith ecHint and soaked it in
5-CH3-THF solution in the sameway as ecT�ecHred crystals. Dif-
fraction datasetswere collected at 100Kusing the SPring-8 beam-
line BL44XU on an imaging plate detector DIP6040 (MAC Sci-
ence/Bruker AXS) and processed using HKL2000 (20).
We first solved the structure of ecHred bymolecular replace-

ment with MolRep (21) using the structure of peaH (Protein
Data Bank (PDB) code 1HPC) as a searchmodel, and refined by
iterative cycles of refinement with Refmac5 (22) and model
building in Coot (23). We then solved the structure of the
ecT�ecHred complex by molecular replacement as above using
the refined ecHred structure (PDB code 3AB9) and the
structure of ecT (PDB code 1VLO) as searchmodels. The struc-
tures of the ecT�ecHred complex bound to 5-CH3-THF and the
ecTD97N�ecHint complex crystals soaked in 5-CH3-THF were
also determined as above using the refined structure of
ecT�ecHred as a search model. We prepared molecular graphic
figures using PyMol. Supplemental Table S1 summarizes the
diffraction and refinement data statistics.
Activity Assays—Wedetermined the catalytic activity of ecT-

His6 and its mutants in three different assays. Two of them are
the glycine cleavage (forward) and synthesis (reverse) activities
in the overall reaction system using limited amount of T-pro-
tein coupled with saturated amounts of ecH, ecP, and porcine
L-protein (Roche Applied Science) in the presence of folate
cofactors. Reactions were conducted according to the pub-
lished protocol (5, 24) with the following modifications. The
reactionmixture for the glycine cleavage reaction contained 10
mM [2-14C]glycine (7.4 GBq/mol), 50mMKPB (pH 7.2), 0.1 mM

pyridoxal phosphate, 0.8 mMTHF, 1 mMNAD, 2mMDTT, 900
pmol of ecH, 120 pmol of ecP, 56 pmol of L-protein, and varying
amounts of ecT-His6 or its mutants (0.09–14 pmol) in 0.25 ml.
The reaction was carried out for 10 min at 37 °C, and 14C-la-
beled one-carbon unit derived from glycine was trapped as a

dimedone adduct and determined as described previously. The
reaction mixture for the glycine synthesis contained 50 mM

Tris-HCl (pH 8.5), 10 mM DTT, 0.25 mM pyridoxal phosphate,
1.2 mM 5,10-CH2-THF, 1.2 mM formaldehyde, 20mMNH4Cl, 2
mMNADH, 20mMNaH14CO3 (7.4GBq/mol), 900 pmol of ecH,
120 pmol of ecP, 56 pmol of L-protein, and varying amounts of
ecT-His6 or its mutants (0.44–28 pmol) in 0.25 ml. The reac-
tion was carried out for 10 min at 37 °C, and the generated
[1-14C]glycine was determined. The third method is the direct
ecHint cleavage activity in the absence of THF. The reaction
mixture contained 40 �M 14C-labeled ecHint, 50 mM KPB (pH
7.2), 1 mMDTT, and 3.5 �M ecT-His6 or its mutants in 0.25 ml.
The reaction was carried out for 30 min at 37 °C, and released
14C-labeled one-carbon unit was determined as a dimedone
adduct. The reaction proceeded linearly with time up to 30min
and with the concentration of ecT-His6.
BioinformaticAnalysis of T-protein—WecollectedT-protein

(gcvT) homologues by database searches using HiddenMarkov
Model (HMM) profiles. To construct HMM profiles, we col-
lected known gcvT sequences stored in theKEGGGENES data-
base (Release 51.0) (25) as listed in supplemental Table S2, and
these were subjected to multiple alignment with ClustalX 1.83.
Four segments corresponding to the underlined ecT sequence
in supplemental Fig. S3A were extracted from the multiple
alignments and engaged as the training datasets for HMMpro-
file construction using the HMMER package version 2.3.2 with
default parameters. The four profiles obtained were subjected
to database searches against KEGG GENES with HMMER. To
extract gcvT homologues from the database search results, we
collected sequenceswith E-values smaller than 10�10 against all
four profiles and removed sequences too long or too short com-
pared with known gcvT sequences. Finally, these sequences
together with two additional sequences P49364 (from Pisum
sativum (garden pea)) andQ9WY54 (fromT.maritima), which
are both stored in Swiss-Prot as known gcvT homologues, were
again aligned with ClustalX 1.83.

RESULTS

Overall Structures of ecHred and the ecT�ecHred Complex—
To crystallize ecT in complex with ecHred, an ecT�ecHred
complex with an apparent mass of �57 kDa was isolated by
gel-filtration chromatography and subjected to crystallization.
Depending on the reservoir, crystals containing only the
ecHred molecule and those containing the ecT�ecHred com-
plex were obtained. The ecHred and ecT�ecHred structures
were determined at 1.7 Å and 2.0 Å resolutions, respectively, as
described under “Experimental Procedures.” ecHred crystal-
lized in space group P43212 containing one monomer in an
asymmetric unit (supplemental Table S1). The overall structure
of ecHred resembles that of peaH, which is 49.2% identical in
sequence (supplemental Fig. S1A), showing a hybrid barrel-
sandwich structurewith the dihydrolipoyllysine arm situated at
a hairpin �-motif between �6 and �7 (supplemental Fig. S1B).
Structural alignments of the ecHred, twomolecules of dihydro-
lipoate-bearing peaH in an asymmetric unit (PDB code 1DXM),
and aminomethyllipoyllysine-bearing peaH (PDB code 1HTP)
showed that the root mean square deviation of the C� atoms
ranged from 0.50 Å to 0.55 Å, whereas each lipoyllysine arm

Crystal Structure of T�H Protein Complex of GCS
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positioned differently, indicating its flexibility (supplemental
Fig. S1C).
The ecT�ecHred complex crystallized in space group P1

(supplemental Table S1). The crystals contained four ecT mol-
ecules (labeled molA–molD) and two ecHred molecules (molE

and molF) in an asymmetric unit
(supplemental Fig. S2A), forming
two heterotrimeric complexes
(molCAE and molDBF). Each
heterotrimer consisted of an
ecT�ecHred heterodimer (molAE
and molBF) (Fig. 2A) and an addi-
tional ecT molecule (molC and
molD). Two ecT molecules in the
same heterotrimer were related by a
noncrystallographic 2-fold axis with
an interface between �4 and �8
(residues 117–140) of each mole-
cule. There was no direct interac-
tion between molC and molE or
molD and molF. Because the
ecT�ecHred complex eluted as a het-
erodimer (�57 kDa) from gel-filtra-
tion chromatography, and the
molecular mass in aqueous solution
was confirmed by dynamic light
scattering, crystal packing and the
dimer-forming tendency of ecT
may have led to such a complex
crystal structure. Pairwise struc-
tural alignments between the four
ecT molecules in the asymmetric
unit showed that the root mean
square deviation of the C� atoms
ranged from 0.11 Å to 0.32 Å, with
an average value of 0.23 Å. Like
T-proteins from other organisms,
the ecT protomer consists of three
domains arranged in a cloverleaf-
like structure with a folate-binding
central cavity (Fig. 2A). Minor con-
formational changes were observed
in the backbone conformation of
the three regions (regions 1–3) in
domain 3 upon ecHred binding
(supplemental Fig. S2B). Regions 1
and 2 contain residues contributing
to the ecT�ecHred interface as
described below. When the
ecT�ecHred complex crystals were
soaked in the 5-CH3-THF solution,
they showed the clear Fo � Fc elec-
tron density for 5-CH3-THF in the
central cavity of all ecT protomers
(data not shown). The structures of
two ecHred molecules in the asym-
metric unit were nearly identical,
giving a root mean square deviation

of 0.30 Å between the 112 matched C� atoms.
Heterodimer Interface of the ecT�ecHred Complex—ecHred

binds to the boundary between domains 1 and 3 of ecT, forming
an interface with the burial of �833.5 Å2 and 845.4 Å2 of
exposed surface areas for molAE and molBF, respectively (Fig.

FIGURE 2. Interface structure of the heterodimer of the ecT�ecHred complex. A, schematic representation
of the ecT�ecHred heterodimer (MolAE). Domains 1, 2, and 3 of ecT are colored in light blue, cyan, and magenta,
respectively, and ecHred is shown in green with the dihydrolipoyllysine arm shown in CPK model colored in
green (carbon), blue (nitrogen), red (oxygen), and orange (sulfur). The bound 5-CH3-THF is also shown in a CPK
model colored in yellow (carbon) and the same colors for other atoms as for dihydrolipoyllysine. B, residues
contributing to the ecT and ecHred interface. Hydrogen bonding and hydrophobic interactions are summa-
rized. C, close-up view of the interface of molAE in stereo. Key residues from ecT (molA) and ecHred (molE) are
shown as sticks with carbon atoms colored in light blue and pink for ecT and green for ecHred. The dihydroli-
poyllysine arm is also in stick colored as in A. Hydrogen bonds are depicted as broken lines. D, glycine cleavage
(GC) and synthesis (GS) activities of wild-type (WT) and R292A mutant ecT in the overall reaction assays. The
inset depicts the trace activities by a large amount of the mutant. E, evaluation of the heterodimer-forming
ability of ecT mutant. ecT or ecTR292A was mixed with 1.5–2-fold molar excess of ecHred and subjected to gel
filtration. ecT was eluted at the same position of ecTR292A.
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2A) (26). The interface is dominated by hydrogen bonds, which
are buttressed by additional van der Waals contacts. Highly
conserved residues in both proteins mediated these interac-
tions (Fig. 2B and supplemental Figs. S1A and S3A), although
some differences in hydrogen-bonding partners were observed
between the two heterodimers (Fig. 2C and supplemental Fig.
S2C). A close examination of the interface of the molAE het-
erodimer revealed four hydrogen bond networks (Fig. 2C). At
the center of the interface, the side chain of Arg292 of ecT forms
three intermolecular hydrogen bonds to the main-chain car-
bonyl oxygen of Ser62 andVal63 and to the side chain of Glu61 in
ecHred. In the periphery, the side chain of Lys288 of ecT forms
hydrogen bonds to the side chain of Asp43 and the main-chain
carbonyl oxygen of Val42 in ecHred. Furthermore, the side
chain of Asp38 in ecHred is hydrogen-bonded to the side chain
of Ser31 and the main-chain amide nitrogen of Ile33 in ecT, and
the side chain of Arg16 in ecT to the side chain of Glu34 in
ecHred. These hydrogen bonds are stabilized by a patch of
van der Waals contacts between residues Gln32, Ile33, Lys288,
Gly289, Val290, and Phe316 in ecT and residues Asp38, Val40,
Phe41, Glu61, and Val63 in ecHred. The close proximity
between Lys288 of ecT and Asp43 of ecH had already been
shown in our previous experiment using a zero-length cross-
linker (5). The extensive interactions around Arg292 seem to
cause a shift of �7 and the hairpin �-motif in ecHred toward
the interface (supplemental Fig. S2D). This structural
change may force the release of the aminomethyllipoyllysine
arm from the binding cleft of aminomethyllipoate-bearing
H-protein. The residues in ecHred contributing to the inter-
face correspond very well with those in peaH showing chem-
ical shifts upon pea T-protein binding detected by two-di-
mensional NMR spectroscopy (17).
Arg292 is one of the residues strictly conserved amongT-pro-

teins from136 organisms ranging from archaebacteria tomam-
mals (supplemental Fig. S3), and its side chainwas reoriented to
the interface upon ecHred binding (supplemental Fig. S2C). To
demonstrate the importance of Arg292 in the protein-protein
interaction, we performed a mutational analysis of the residue.
Although the behavior of the R292Amutant during expression
and purification was similar to that of the wild-type protein, sug-
gesting that the mutation did not affect the overall structure, the
mutation abolished not only the glycine cleavage and synthesis
activitiesbut also theheterodimer-formingability (Fig. 2,DandE).
When a large amount of R292A was employed in the assay,
enzyme activitieswere observed at trace levels, suggesting that the
mutation impairs only the interactionwith ecHbut not the overall
structure (Fig. 2D, inset). These results established the importance
of Arg292 in the protein-protein interaction.
Active Site of the ecT�ecHredComplex—In the complex struc-

ture, the dihydrolipoyllysine arm of ecHred is recruited to the
active site pocket of ecT with the extending carbon atom chain
along with the channel leading to the active site (Fig. 3A). The
apparent but not strong omit Fo � Fc electron density for
the arm was observed (supplemental Fig. S4A). The arm was
coordinated by hydrogen bonds mediated by water molecules
from the N� atom to Gln32 and Gly221 of ecT and from the S8
atom to Asn113 of ecT. The S8 atom also formed a hydrogen
bond to the side chain of Arg223. Extensive van der Waals con-

tacts between the carbon chain atoms and the residues Phe20,
Leu27, Arg223, and Asp224 of ecT buttressed the conformation
(supplemental Fig. S4B). Because the arm of the ecHred mon-
omer is highly flexible (supplemental Fig. S1B), the arm can
spontaneously bind to the active site pocket of ecT upon com-
plex formation. The distances between the S8 atom of the dihy-
drolipoyllysine arm and the N5, N10, and 5-methyl carbon
atoms of 5-CH3-THF were estimated to be 6.0 Å, 7.9 Å, and 4.6
Å, respectively, in the molAE structure (Fig. 3B). These unex-
pected long distances imply that the direct interaction between
the S8 atom and the methylene group of 5,10-CH2-THF is
improbable and that some intermediary should mediate the
transfer of themethylene group of the folate to the S8 atom in the
reverse reaction of T-protein catalysis. We built the structure of
5,10-CH2-THF based on the structure of 5-CH3-THF with Coot,
energy-minimized using the Prodrg2 server, and aligned it on
5-CH3-THF in molAE structure (Fig. 3B). The distance between
the S8 atom and the C11 atom of modeled 5,10-CH2-THF is esti-
mated to be 6.4 Å, which is still too far for the direct interaction.
Although the structure of tmT has been reported as a complex
with free dihydrolipoate (11), the direct comparisonwith thepres-
ent structure has little meaning; the lipoate derivative depicted in
the study was an inactive S-(�)-lipoic acid enantiomer.
On one side of the active site pocket, a hydrogen bond net-

work is formed between the side chains of Tyr84, Asp96, Asp97,
and Asn113 in ecT. Three water molecules (W868, W867, and
W882) participate in further extension of the network. These
water molecules are highly ordered and give clear Fo � Fc elec-
tron density (Fig. 3, C and D). This hydrogen bond network
surrounds 5,10-CH2-THF placing the W868 molecule at a dis-
tance of 4.6 Å from the C11 atom of the folate (Fig. 3B). Based
on this topology, we propose that theW868-binding site might
represent the ammonium-binding site in the reverse reaction.
Such an ammonium-binding site has been reported for NAD�

synthetase (27). The coordination observed for W868 is
approximately tetrahedral, as expected for an ammonium ion.
WatermoleculesW868 andW867were retained in all ecTmol-
ecules, whereas the position of W882 was replaced by phos-
phate ion in molC and molD. Our attempts to determine the
structure of the aminomethyl moiety and the interacting resi-
dues failed; no electron density was observed in the final 2Fo �
Fcmap around the active site in crystals obtained with an enzy-
matically prepared ecHint complexed with ecT.
Mutational Analysis of the Active Site Residues—The present

structural analysis predicted Asp96, Asp97, Asn113, Tyr188, and
Arg223 of ecT as the potential catalytic residues. To test the
hypothesis, these residues were mutated; single-site mutants
(D96N, D97N,N113D,N113A, Y188F, R223A, and R223K) and
double-sites mutants (D96N/Y188F, D97N/Y188F, and
N113A/R223A) were expressed with a C-terminal His6 tag to
facilitate separation from host T-protein, and purified by affin-
ity chromatography. Allmutants behaved similarly towild-type
ecT with a C-terminal His6 tag during expression and purifica-
tion. All the mutations except for Y188F abolished both the
glycine cleavage and synthesis activities (supplemental Fig.
S5, A and B). Y188F mutation led to reduction of the activities
by 80%. All mutants retained their heterodimer-forming ability
(supplemental Fig. S5C). In addition, we examined the direct
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ecHint degradation activity in the absence of THF of these
mutants. About 4% of the added ecHint was degraded nonen-
zymatically during the incubation, whereas 31% of the input

substratewas degraded bywild-type
ecT, giving a turnover number of
0.12 min�1, which was approxi-
mately 17,000-fold lower than the
value obtained for the overall gly-
cine cleavage reaction in the pres-
ence of THF. Interestingly, various
mutants showed different degrada-
tion activities. Three single mutants
(D97N, N113D, and R223A) and
three double mutants (D96N/
Y188F, D97N/Y188F, and N113A/
R223A) showed markedly reduced
activities (Fig. 3E). It is noteworthy
that single mutants D96N and
Y188F retained activities of 34 and
83%, respectively, whereas the dou-
ble mutation in both residues
almost abolished the activity, sug-
gesting the compensatory role of
these two residues.
These results encouraged us to

prepare crystals comprising ecT
mutants and ecHint to determine
the structure of the aminomethylli-
poyllysine in the active site pocket.
Our initial attempts to determine
the structure of the aminomethyl
moiety and the interacting residues
failed; no electron density was
observed in the final 2Fo � Fc map
around the active site in crystals
obtained with an enzymatically pre-
pared ecHint complexed with the
wild-type ecT. D96N, D97N, and
N113D single mutants without a
C-terminal His tag subjected to
crystallization with ecHint yielded
crystals under the same conditions
with ecT�ecHred. Although the
ecTD97N�ecHint crystals soaked in
5-CH3-THF gave sufficient diffrac-
tion, the final 2Fo � Fc electron den-
sity for the active site was the same
as ecT�ecHred, indicating the degra-
dation of the aminomethyl moiety
during crystallization. Interestingly,
the electron density corresponding
to 5-CH3-THF was not observed in
the crystal, suggesting that Asp97
plays an important role for the bind-
ing of folate cofactors.

DISCUSSION

The present structural informa-
tion provides plausible explanations for the disease-related
mutations, which can be divided into three groups. One group
of residues has already been shown to be involved in the folate

FIGURE 3. Active site of ecT in complex with ecHred and 5-CH3-THF. A, molecular surface of the active site
pocket of ecT with the dihydrolipoyllysine arm inserted. Red and blue surfaces indicate negatively and posi-
tively charged areas, respectively. ecH is shown schematically, colored in green, and the dihydrolipoyllysine and
5-CH3-THF are in stick colored as in Fig. 1A. The residues of ecT interacting with the dihydrolipoyllysine arm were
shown in stick with labels. B, distances between the tip of dihydrolipoate and the atoms of folate cofactors.
5,10-CH2-THF (magenta) was modeled based on the structure of 5-CH3-THF (yellow). Distances (Å) are shown
with broken lines. C, close-up view of the active site in stereo. Key residues and four water molecules are
depicted in stick (cyan and light blue) and sphere (red), respectively, with labels. The dihydrolipoyllysine and
5-CH3-THF are as in A, and hydrogen bonds are drawn as broken lines. D, putative ammonium-binding site in the
reverse reaction. Omit Fo � Fc electron density for the water molecules at the active site of molAE is shown in
green, contoured at 2.0�. Well ordered W868 may occupy the ammonium-binding site. E, ecHint cleavage
activity of wild-type and mutant ecTs in the absence of THF. The reaction was carried out as described under
“Experimental Procedures.” Mock means nonenzymatical degradation of ecHint. Error bars show variability
among three independent measurements.
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cofactor binding (4). To this group, we now can add Tyr188 of
ecT (Tyr197 inmature huT) (Fig. 4,A and B); a Y197Cmutation
was found in a later onset patient having the heterozygous
V184A mutation. As mentioned above, Tyr188 contributes to
the hydrogen bond network facing the active site cavity (Fig.
3C). It also has extensive hydrophobic contacts with 5-CH3-
THF (supplemental Fig. S6B), and the Y188Fmutation severely
affected the overall activity (80% reduction) without much
affecting the ecHint degradation activity (�20% reduction, Fig.
3E), suggesting a role in the THF binding.
The present structure revealed the second group of muta-

tions that is involved directly in the catalysis. Asn113 of ecT
corresponds to Asn117 in huT, one of the NKH-related residues
(Fig. 4, A and B). As will be discussed below, Asn113 plays a
central role in T-protein catalysis. Asn113 is almost completely
conserved among T-proteins from archaebacteria to mam-
mals except for a group of archaebacteria (group II in
supplemental Fig. S3B), in which Asn is replaced with Asp
(supplemental Fig. S3A). Structural comparison of ecT with

Pyrococcus horikoshii T-protein (a
member of group II, PDB code
1V5V) completely overlay Asn113 of
ecT on the corresponding Asp116 of
P. horikoshii T-protein, suggesting
some alternate reaction pathway in
these species.
The third group of mutations is

found in the N-terminal domain.
H14R (His10 in ecT) and G19R
(Ala15) mutations were found in
NKH patients (Fig. 4A). In the huT
structure, the invariant His14 is
involved in the hydrogen bond
network between Thr8, Leu10,
His17, Tyr33, Asp52, and Ser54,
which assembles the N-terminal
region of T-protein (residues
1–56). With the aid of extensive
hydrophobic contacts, these inter-
actions place Lys20 (Arg16 in ecT),
Phe24 (Phe20), Ser36 (Ser31), His37
(Asn32), and Thr38 (Ilu33) in posi-
tions that interact with H-protein
and its lipoyllysine arm (Fig. 4, B
and C). Deletion of seven N-termi-
nal residues of ecT led to a 25-fold
reduction in the affinity for
ecHred without much affecting
the affinity for other substrates
(5). Furthermore, T4A and L6A
mutations in ecTmade the protein
highly sensitive for trypsinolysis
(6). This stacked region may,
therefore, serve as a base to assem-
ble four highly conserved regions
(residues 51–56, 196–204, 229–
248, and 317–328 in huT) to form
active site. The assembly is medi-

ated mainly by two hydrogen bond networks, which are but-
tressed by extensive hydrophobic interactions (Fig. 4C).
Recombinant huTs with H14R or G19R mutation were
hardly expressed as soluble proteins in E. coli (4), suggesting
that the patients with these mutation lack the properly
folded active T-protein. Altogether, all of the disease-related
mutations are now explained on the solid structural basis.
Our structural observation of the ecT�ecHred heterodimer

has provided the first molecular insights into how the H-pro-
tein-bound lipoyllysine arm enters the active site pocket of the
other GCS component enzymes and participates in the cataly-
sis. Both the protein-protein interaction and the interaction
between the lipoyl arm and the T-protein contribute to the
complex formation. Because the T-protein binds bothHint and
Hred with similar affinities, the structure of the tip of the lipoyl
group plays only a limited role in the complex formation. Sim-
ilar pocket-like structures have been reported for the active
sites of P- and L-proteins (12, 15, 16), suggesting that the lipoyl-
lysine arm binds to their active sites in a similar configuration,

FIGURE 4. Structural comparison of huT with ecT. A, NKH-related mutation sites mapped on the overall
topology of superimposed huT and ecT. The structure of huT (PDB code 1WSV, red) is overlaid on that of ecT
(blue) of the ecT�ecHred complex and represented in ribbon. Mutation residues of huT and the corresponding
residues of ecT are shown in CPK and stick, respectively, with numbers for huT. ecHred is shown in ribbon colored
in green with dihydrolipoyllysine in stick. 5-CH3-THF is shown in stick colored in yellow. B, alignment of key
residues of huT and ecT. C, close-up view of the hydrogen bond networks assembling four highly conserved
regions in T-protein. Key residues of huT (light blue) and ecT (pink) contributing to the assembly are represented
in stick with numbers for huT. Mutant residues are depicted in ball-and-stick representation with atoms colored
in red (carbon and oxygen) and blue (nitrogen) with red labels. Four highly conserved regions in the main chain
of huT represented schematically (residues 51–56, 196 –204, 229 –248, and 229 –328) are colored in red. The
structure of ecHred of the complex and its residues are shown in schematically and stick, respectively, colored
in green. Hydrogen bonds are drawn in broken lines.
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with the area surrounding the hairpin �-motif of ecH function-
ing as the interface. The interaction over such a limited area
may ensure an easy commutation of theH-protein among three
enzymes. Among the residues contributing to the interaction,
Arg292 of ecT plays a key role in the complex formation and
probably in the release of the aminomethyllipoyllysine arm
from the binding cleft of ecHint by weakening the interaction
between the aminomethyl moiety and the surrounding envi-
ronment (17). Despite the capture of the dihydrolipoyllysine
arm in the active site, the distances between the S8 atom of the

dihydrolipoyllysine arm and the N5,
N10, and C11 atoms of the folate
cofactor were too long to permit
direct interaction. It has been spec-
ulated that the aminomethyltrans-
fer reaction from aminomethylli-
poate of Hint to THF is initiated by
the direct attack of the methylene
carbon atom (C9) by the nucleo-
philic N5 or N10 atoms of THF
bound to T-protein accompanying
the release of ammonia. The subse-
quent attack onC9by theN10 orN5
resulted in the cleavage of the
C9–S8 bond (28). This mechanism
requires the C9 atom of the ami-
nomethyllipoate arm locating
within a covalent-bonding dis-
tance (�1.5 Å) from the nucleo-
philic nitrogen atoms of THF. The
distance observed in the structure,
however, suggests the presence of
an intermediary mediating the
transfer reaction rather than the
direct interaction.
Based on these structural obser-

vations together with mutational
analyses, we propose a possible
mechanism for T-protein catalysis.
In the forward reaction (Fig. 5A),
the position of W882 is probably
occupied by the protonated amino
group (ammonium) of the amino-
methyllipoyllysine arm, and a
hydrogen bond is formed between
the N9 atom of the arm and the O�
atom of Asn113. The initial deproto-
nation from the ammonium by the
O� atom induces the cleavage of the
C9–S8 bond of the armwith the aid
of Arg223 to give a reactive iminium
intermediate. Although the O�
atom of Asn113 itself cannot act as
the general base, the electron relay
from Asp97 (or Asp96) to Asn113
through the hydrogen bond might
confer the nature of a general base
on the O� atom (step a-I). The

released iminium intermediate reacts with the N5 atom of
bound THF to give the methylenediamine intermediate (a-II),
which undergoes ammonia release (a-III), forming the iminium
ion including N5 (a-IV). Subsequent ring closure by the attack
of the N10 atom with concomitant deprotonation of N10 by
Asp97 results in the formation of 5,10-CH2-THF (a-V). In the
reverse reaction (Fig. 5B), an ammonium ion, putatively occu-
pying the position of W868, may be deprotonated by the elec-
tron relay-assisted mechanism as above (b-I). The ring break-
age of the bound 5,10-CH2-THFwith concomitant protonation

FIGURE 5. Model of the reaction mechanism for T-protein catalysis. The mechanism proposed for the
forward (A) and reverse (B) reaction is represented schematically.
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of the N10 group by Asp97, of which O�2 is in near hydrogen-
bonding distance, results in an iminium ion including theN5 of
the folate (b-II). The attack of ammonia on the iminium carbon
forms the N5-bound aminomethyl group (b-III). Subsequent
abstraction of the amino-proton by N5 leads to release of the
iminium ion (b-IV), which is attacked by the S8 atom of dihy-
drolipoyllysine with the assistance of Arg223. Finally, amino-
methyllipoyllysine is produced (b-VI). The iminium ions are
well established intermediates in many reactions, and the
detailed reactionmechanism for the nonenzymic condensation
of formaldehyde with THF via the iminium ion was reported
(29). Furthermore, the electron relay-assisted endowing of
the nature of a catalytic base to Asn113 is a mechanism anal-
ogous to that reported for LF-transferase (30). Asp97 may
play an additional critical role in drawing the folate cofactor
into the active site cavity as mentioned above. Asp97 is posi-
tioned on the surface of the cavity adjacent to the entrance to
the hydrophobic pocket, where the pterin ring is buried
(supplemental Fig. S6A). 5-CH3-THF is anchored to the
pocket through hydrogen bonds between the 2-amino and
3-imino groups of the pterin ring and the side chain of invari-
ant Glu195 constituting the binding pocket (supplemental
Fig. S6B). Asp97 may contribute to drawing the folates by
interacting with the 2-amino and 3-imino groups of the
pterin ring. Asp97, therefore, seems to be involved in the
coordination of the ammonium ion and folate cofactor as
well as in the protonation of the N10 atom of 5,10-CH2-THF
in the reverse reaction.
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