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TreX is an archaeal glycogen-debranching enzyme that exists
in two oligomeric states in solution, as a dimer and tetramer.
Unlike its homologs, TreX from Sulfolobus solfataricus shows
dual activities for �-1,4-transferase and �-1,6-glucosidase. To
understand this bifunctional mechanism, we determined the
crystal structure of TreX in complex with an acarbose ligand.
The acarbose intermediate was covalently bound to Asp363,
occupying subsites �1 to �3. Although generally similar to the
monomeric structure of isoamylase, TreX exhibits two different
active-site configurations depending on its oligomeric state.
The N terminus of one subunit is located at the active site of the
other molecule, resulting in a reshaping of the active site in
the tetramer. This is accompanied by a large shift in the “flex-
ible loop” (amino acids 399–416), creating connected holes
inside the tetramer. Mutations in the N-terminal region
result in a sharp increase in �-1,4-transferase activity and a
reduced level of �-1,6-glucosidase activity. On the basis of
geometrical analysis of the active site and mutational study,
we suggest that the structural lid (acids 99–97) at the active
site generated by the tetramerization is closely associated
with the bifunctionality and in particular with the �-1,4-
transferase activity. These results provide a structural basis
for the modulation of activities upon TreX oligomerization
that may represent a common mode of action for other gly-
cogen-debranching enzymes in higher organisms.

Debranching enzymes are divided into two groups. One
includes isoamylase and pullulanase found in bacteria and
plants, and the other includes glycogen-debranching enzymes

(GDEs)4 found in mammals and yeast. Whereas the former has
only a single �-1,6-glycosidic bond hydrolyzing activity for gly-
cogen and amylopectin, the GDEs in eukaryotes are bifunc-
tional, possessing both �-1,4-transferase (EC 2.4.1.25) and
�-1,6-glucosidase (EC 3.2.1.33) activities within a single
polypeptide chain (1, 2). The structure of GDE in eukaryotes
has yet to be determined.
TreX is an archaeal enzyme in Sulfolobus that debranches

the side chain of glycogen intomaltodextrin, which is further
converted to trehalose (3). It belongs to the GH13 (glycoside
hydrolase 13) family and shows high sequence similarity to
isoamylase and pullulanase. The amino acid sequence of
TreX shows 74% homology to isoamylase from Sulfolobus
acidocaldarium, 42% homology to the glycogen operon pro-
tein GlgX from Escherichia coli, and 30% homology to
isoamylase from Pseudomonas.
However, despite its high sequence similarity to isoamylase,

which has only a single �-1,6-glycosidic bond hydrolyzing
activity, TreX exhibits �-1,4-transferase as well as �-1,6-gluco-
sidase activity, similar to GDEs inmammals and yeast (4, 5). To
date, it is the only GDE found in bacteria/archaea with �-1,4-
transferase activity, transferring the �-1,4-glucan oligosaccha-
rides from one molecule to another using various substrates,
including glycogen and amylopectin (4).
In a previous study, we cloned the gene treX from the treha-

lose biosynthesis gene cluster of Sulfolobus solfataricus P2, a
hyperthermophilic archaeon, and expressed the protein in
E. coli (4). The treX gene is one of three trehalose operon genes,
including treX, treY (maltooligosyltrehalose synthase), and treZ
(maltooligosyltrehalose trehalohydrolase) (3, 6, 7).
TreX exists in two oligomeric states in solution, as a dimer

and tetramer. The tetramer formed in the presence of dimethyl
sulfoxide shows a 4-fold higher catalytic efficiency compared
with the dimer (5). However, the mechanism underlying the
increase in activity upon tetrameric rearrangement is not clearly
understood. To elucidate the modulation of activity upon oli-
gomerization and the mechanism of the dual functions of the
enzyme, we carried out a structural study on the GDE TreX.
In this study, we describe the crystal structure of the archaeal

GDE TreX from S. solfataricus at a resolution of 2.8 Å in com-
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plex with an acarbose ligand. Analysis of the structure revealed
the unique tetrameric configuration of TreX reshaping the
active site with an additional region from the N-terminal
domain. This result provides a structural basis for the modula-
tion of activity upon oligomerization and for the bifunctional
mechanism of the archaeal GDE TreX.

EXPERIMENTAL PROCEDURES

Protein Purification—E. coli cells carrying pSGDE were cul-
tured in LB medium plus ampicillin and harvested by centrifu-
gation. The cells were resuspended in lysis buffer (50 mM Tris-
HCl (pH 7.5), 300 mM NaCl, and 10 mM imidazole) and
sonicated using a VC-600 sonicator (Sonics & Materials, Inc.,
Newtown, CT). The crude cell extract was centrifuged at
10,000 � g for 15 min at 4 °C. After sonication, the cell lysates
were subjected to nickel-nitrilotriacetic acid affinity chroma-
tography (Qiagen) as described (8).

�-1,4-Transferase Activity—The disproportionation activity
of TreX and its mutants was determined by a glucose oxidase/
peroxidase method (9) with slight modification. The reaction
mixture contained 800 �l of glucose oxidase solution from a
glucose kit (Youngdong Pharmaceutical Co., Seoul, Korea) and
1 �M enzyme in 50 mM sodium acetate buffer (pH 5.5). This
reaction mixture was incubated at 40 °C for 10 min. The reac-
tion was started by adding 40 �l of substrate (10 and 20 mM
maltotriose). The absorbance of the reaction mixture was
measured for 30 min at 500 nm. The equivalent of the hydro-
lyzed glycosidic bondswas based on glucose equivalents using a
glucose equilibration curve. Enzyme activity was defined as the
amount of glucose that 1 �M enzyme liberated per min.

�-1,6-Glucosidase Activity—The �-1,6-hydrolysis activity of
TreX and its mutants was assayed at 40 and 70 °C in 50 mM
sodium acetate buffer (pH 5.5) plus glycogen by determining
the reducing power of the hydrolysis products using the dini-
trosalicylic acid method (10). One unit of enzyme was defined
as the micromoles of maltose equivalents produced by 1 ml of
enzyme/1 min. The specific activity (units/mg of enzyme) of
each enzyme was calculated using the enzyme units. The
enzyme reaction mixture (500 �l) was composed of 0.5% (w/v)
glycogen (final concentration) as the substrate and 1 �M
enzyme solution (final concentration) in 50mM sodium acetate
buffer (pH 5.5). The enzyme solution was added to the reaction
and incubated for 10minbefore the reactionwas stoppedby the
addition of 500 �l of dinitrosalicylic acid solution. A reaction
without addition of enzyme was used as a control. The reaction
mixture was boiled for 5 min and cooled by placing the tube
under running water. Absorbance was measured at 575 nm.
The micromole equivalent of split bonds was based on the
micromole of maltose equivalents using a maltose calibration
curve.
Crystallization andData Collection—Crystallization trials of

TreX were set up using the microbatch method under oil at
18 °C. The native protein was crystallized in the two different
crystal forms, the dimeric and tetrameric forms, in space
groups P3121 and P321, respectively. In both crystal forms, the
asymmetric unit consisted of one dimer. The dimeric form of
the TreX crystal was grown from 16% polyethylene glycol 8000,
0.2 M NaCl, and 0.1 M CHES buffer (pH 9.5). The tetrameric

formof the crystalwas grown from2.2M ammoniumphosphate
and 0.1 M Tris-HCl buffer (pH 8.5). For the acarbose interme-
diate complex crystal, 0.1% acarbose (kindly provided by Pro-
fessor Seiya Chiba, Hokkaido University) was added to the pro-
tein, followed by incubation for 1 h prior to the setup of the
crystal in 8%polyethylene glycol 3000, 0.2 M lithium sulfate, and
0.1 M imidazole buffer (pH 8.0). Before data collection, the crys-
tals were cryocooled to 95 K using a cryoprotectant consisting
ofmother liquor supplementedwith 20% glycerol. For the acar-
bose crystal, 0.1% acarbose was added to the cryoprotectant.
The native and ligand-bound data sets were collected at the
MX4II and MX6C beamlines of the Pohang Accelerator Labo-
ratory, respectively.
Structure Determination and Refinement—The diffraction

data were processed and scaled with the program HKL2000
(11). The native structure was determined by the molecular
replacement method using the Phaser CCP4 suite (12) and the
structure of Pseudomonas isoamylase (Protein Data Bank code
1BF2) as a search model. The resulting model was refined in
conjunction with model rebuilding using the program CNS
(13). The structure of the complex was solved by direct refine-
ment of the structure of native TreX against the diffraction
data. The programCoot (14) was used for manual model build-
ing, and the stereochemical quality of themodel wasmonitored
using the program PROCHECK (15). The current atomic
model of a native TreX dimer contains residues 9–718 with
disordered N-terminal tails (residues 1–8) and has an R factor
of 20.6% (Rfree � 23.1%). The data from the native crystal in the
P321 space group were initially collected to 2.5-Å resolution.
However, because of the presence of pseudo-merohedral twin-
ning in the crystal, it was refined to only 3 Å, and the final R
factors were relatively high in comparison with the resolution
of the data. Molecular images were created using the program
PyMOL (16), and electron density maps were generated in
Coot. The statistics for the diffraction data and the final refined
structures are given in Table 1.

RESULTS

Overall Structural Characteristics of TreX—The overall
structure of theTreXmonomer shows similarity to its homolog
debranching enzyme, Pseudomonas isoamylase, with a root
mean square deviation of 1.13Å over 562C-� atoms. It consists
of three major regions: the N-terminal, central, and C-terminal
domains (Fig. 1). The N-terminal domain (amino acids (aa)
1–153) comprises six �-strands forming a �-sandwich. The
central domain contains the characteristic (�/�)8-barrel motif
found in many members of the �-amylase family, consisting of
eight parallel �-strands surrounded by eight parallel �-helices.
The superposition of TreX on the isoamylase shows similarity
in most regions, whereas some parts of the substrate-binding
groove, including the helix region of aa 231–237, an inserted
region of aa 601–612, and deleted regions of aa 392–395 and
371–374, show variations (Fig. 1C). The conserved calcium ion
observed in isoamylase and other�-amylases is not found in the
TreX structure, whereas it has two clear cysteine disulfide
bridges between Cys505 and Cys519 and between Cys254 and
Cys261.

Structure of TreX
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Previously, we reported that TreX exists in two oligomeric
forms in solution (5). We obtained both types of crystals and
determined the structures of the dimer and tetramer. In the
dimeric structure, each monomer is oriented side by side with
the active site of each monomer facing the same side (Fig. 1B).
The dimeric arrangement of TreX produces a buried interface
of 1523Å2, corresponding to 5.6% of the solvent-accessible sur-
face per monomer, with numerous polar interactions and van
derWaals contacts. In the tetrameric structure, two dimers face
each otherwith a slight offset as a dimer of dimers, orienting the
substrate-binding grooves of each subunit such that they are
connected to the inside of the tetramer. The tetrameric

arrangement of TreX produces bur-
ied interfaces of 2435 Å2 in which
most of the interacting residues dif-
fer from those involved in the
dimerization process (Fig. 2).
Structure of the Active Site with

the Acarbose Intermediate—Three
catalytic residues (Asp363, Glu399,
and Asp471), invariant essential res-
idues in the GH13 family, are
located at the bottom of the active-
site cleft. A crystal soaked in acar-
bose shows an electron density at
�1 to �3 in the active site, whereas
the density at �1 clearly appears to
be connected toAsp363with no den-
sity at �1 (Fig. 3). The nomencla-
ture for the subsites follows that of
Davies et al. (17). The glucose moi-
ety at the reducing end of the acar-
bose ligand is thought to be cleaved,
resulting in the covalent intermedi-
ate bound to Asp363. The inhibitory
acarviosine moiety binds to subsites
�2 to�3, showing a similar binding
mode to the acarbose intermediate
observed in the amylomaltase struc-
ture (18, 19). The plane of the ester

moiety connecting Asp363 and the C-1 atom of the �1 sugar is
approximately parallel to the plane of the �1 sugar ring. The
covalent intermediate was possibly trapped by crystallization at
pH 8.0, a pH value at which acarbose is rarely cleaved by TreX.
Tyr244, His291, Arg361, and His470 form the deeply buried �1

subsite. Tyr244, part of the motif NYWDYDP that is essential
for the interaction with substrate glucose rings, forms a hydro-
gen bond with Asp286. The side chains of the three carboxylate
residues Asp363, Glu399, and Asp471 are located in close prox-
imity to subsite �1, in which the O-�2 atom of the catalytic
acid/base Glu399 is at a distance of 3.8 Å to the O-1 atom of the

FIGURE 1. Overall structure of TreX. A, schematic overview of TreX with the active site in the center: The N- and
C-terminal domains are shown in blue and red, respectively. The flexible loop in the active site is shown in
yellow. Disulfide bonds between cysteines are drawn as spheres. The mutated residues in this study are shown
in dashed circles. Helix �4 is shown in pink. For clarity, loops were smoothed in PyMOL (16). B, surface represen-
tation of the dimeric structure in the P321 space group with its substrate-binding groove facing up (left) and
the tetrameric arrangement as the dimer of the dimer in the P3121 space group (right). C, stereo view of the
superposition of TreX with ligand and isoamylase from Pseudomonas (Protein Data Bank code 1BF2). The
different regions are highlighted in TreX (green) and in isoamylase (orange).

TABLE 1
Data collection and structure solution parameters

Crystal type Native (dimer) Native (tetramer) Acarbose complex
Unit cell parameters (Å) a � 203.633, b � 203.633, c � 89.428 a � 136.077, b � 136.077, c � 173.545 a � 204.814, b � 204.814, c � 89.558
Resolution (Å) 50.0-3.0 30.0-3.0 30.0-2.8
Space group P321 P3121 P321
Completeness (%) 98.4 (95.8)a 99.8 (99.5)a 96.6 (93.0)a

Rsym (%)b 8.0 (24.0) 7.3 (25.3) 8.8 (27.0)
I/�(I) 12.8 10.3 15.4
No. of refined atoms: protein/water 11,634/0 11,154/0 11,685/401
R factor/Rfree (%)c 20.3/23.1 21.3/28.7 21.4/26.6
r.m.s.d. bond length (Å) 0.006 0.009 0.006
r.m.s.d. bond angle 1.2° 0.97° 0.6°
Ramachandran plot (%)
Most favored region 91.5 86.6 86.8
Additionally allowed region 8.5 13.4 13.2

a The numbers in parentheses are statistics from the highest resolution shell.
b Rsym � ��Iobs � Iavg�/Iobs, where Iobs is the observed intensity of individual reflection and Iavg is the average over symmetry equivalents.
c R factor � ��Fo� � �Fc�/� �Fo�, where Fo and Fc are the observed and calculated structure factor amplitudes, respectively. Rfree was calculated using 5% of the data.
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�1 glucose, possibly bridging the �1 and �1 rings. Glu399 and
Asp363 are located in the appropriate range for the retaining
enzyme at distances of 3.5 and 2.9 Å in the acarbose-free and
acarbose complex structures, respectively.

Two additional glucose mole-
cules are observed at subsites �2
and �3 with stacking interactions
with Trp401 and Tyr408, respectively
(Fig. 3B). Residues 401 and 408 are
located in a row next to Glu399.
Given the stacking interaction of
the sugar ring and the bindingmode
of the acarbose intermediate mole-
cule at the active site, the branched
substrate is likely to bind in a curved
manner, making a sharp bend at the
bond between the �1 and �1 rings.
Analysis of the substrate-binding

region showed an interesting fea-
ture in that the region of residues (aa
228–238) forming helix �4 pro-
trudes at the bottomof the substrate
groove. Helix �4 is observed only in
TreX and is not found in either the
isoamylase or pullulanase struc-
tures. Phe232, adjacent to Phe557 and
Phe491, is positioned in subsite �4
and is involved in a stacking interac-
tion with the substrate. Given the
typical left-handed helical configu-
ration of the substrate, helix �4may
provide a platform for the stable
binding of the longer substrate,
explaining the substrate specificity
of TreX. In comparison with
isoamylase and pullulanase, TreX is
unique in exhibiting higher activity
on branched substrates with longer
maltooligosaccharides (5).
Reshaping the Active Site by Tet-

rameric Arrangement—The tet-
rameric structure of TreX reveals a
novel configuration that appears to
differ from any other amylase struc-
ture previously reported. In the tet-
ramer, two dimers face each other
such that the active sites are ori-
ented to each other at a slight offset.
The region comprising lid 1 (aa
92–97) and lid 2 (aa 315–322) of one

dimer is located at the active site of the other dimer molecule,
reshaping the geometry of the substrate-binding groove.
Although the substrate-binding cleft is wide and open in the
dimer, the association of lids and lid 2 with the active site in the

FIGURE 2. Sequence alignment between TreX, GlgX, and isoamylase. A sequence of six debranching enzymes was aligned using ClustalW. The black circles
above the sequence indicate the essential active-site residues conserved in the debranching enzymes. The two mutated residues in this study are indicated by
asterisks above the sequence. Red and dark green boxes indicate the residues involved in dimerization and tetramerization, respectively, for TreX. Helix �4
observed in the TreX active site is shown in pink. The flexible loop observed in the tetramer is shown in orange. Green, cyan, and yellow highlighting indicates the
residues conserved in 100, 80, and 55% of the proteins, respectively. The secondary structure shown here corresponds to that of TreX (S. solfataricus). The
accession numbers for these sequences are NP_343483.1 (TreX from S. solfataricus (S. Solf)), YP_256058.1 (TreX from Sulfolobus acidocaldarius (S. Acid)),
AAS00512.1 (TreX from Metallosphaera hakonensis (M. Hako)), A1AGW4.1 (GlgX from E. coli), CAA00929.1 (isoamylase (Isoa) from Pseudomonas (Pseduo) sp.),
and AAB63356.1 (isoamylase from Flavobacterium (Flavob)).

FIGURE 3. Active site with the acarbose covalent intermediate. A, the acarbose intermediate covalently
bound to Asp363 shows tight interactions with the residues at subsite �1 in the dimer. The inhibitory acarvi-
osine moiety is bound to subsites �2 and �3. The catalytic residues (Asp363, Glu399, and Asp471) and other
conserved residues in the active site are indicated by sticks. The ligand molecules are shown in yellow. Helix �4
unique to TreX is in pink. B, the electron density map of 2Fo � Fc (1.0 �) shows the acarbose intermediate
molecule at subsites �1, �2, and �3 (left) and the glucose molecules at subsites �2 and �3 (right). C, the omit
map of Fo � Fc drawn without the ligand shows the covalent binding of the acarbose intermediate to Asp326,
contoured at 3.0 � (left) and 5.0 � (right).
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tetramer results in a channel-like cavity with structural lids on
the active site. Lid 1 of the N-terminal domain is placed right
above the position corresponding to the glucose molecule at
subsites �2 and �3 in the complex structure, whereas lid 2 is
placed close to Leu364 andGlu399 near helix�7 (Fig. 4,A andB).

The formation of the channel-like cavity generated by the
structural lids is accompanied by a conformational change of
the loop (aa 399–416) in the active site. This loop shifts out-
ward from the active center and moves away from helix �7 (aa
364–370) in the tetrameric form, causing the substrate-binding
groove to be extended. The corresponding loop is, however,
adjacent to helix �7 in the dimeric form, closing the edge of the
cleft. Because of the shift of the loop, the substrate-binding
groove is open on one side and extends to the nearby groove of
the adjacent molecule to form connected channels with an
approximate width of 10–15 Å. Given the strong electrostatic
potential distribution of the negative charge along this groove
and the geometrical length of the holes, the connected channel
appears to be a suitable architecture for the binding of a
branched substrate (Fig. 4C).
The loop region (aa 399–416) was previously found to adopt

a flexible conformation with an induced fit motion to accom-
modate the binding of different substrates in many enzymes of
this family (18–21). However, the conformational change
observed in the TreX tetramer takes a significantly different
conformation with a large deviation of C-�. No conformational
change has been reported upon oligomerization. This loop con-
tains essential residues such as the catalytic nucleophile Glu399
and substrate-interacting residues Trp401 and Tyr408. In the
dimeric form, the side chains of Trp401 and Tyr408 rotate by
�90° to allow stacking interactions at subsites �3 and �2. In
the tetramer, the side chain of Trp401 folds back, andGlu399 and

Tyr408 separate at 4.5 and 8.3 Å,
respectively, resulting in Glu399
being too far from the other cata-
lytic residues to function as a
nucleophile (Fig. 4B). It is assumed
that TreX adopts this conformation
with an extended groove to allow
binding of branched substrates such
as glycogen, and subsequent confor-
mational change should occur for
catalysis.
Involvement of Lid 1 in Bifunc-

tional Activities—In structural
comparisons with other enzymes
with �-1,4-transferase activity, we
noticed an interesting feature:
enzymes with �-1,4-transferase
activity share a structural lid above
the substrate-binding cleft as a
common motif similar to that
observed in the TreX tetramer
(see “Discussion”). To investigate
whether the structural lid over the
active site is related to the �-1,4-
transferase activity of TreX, Glu94
and Asp318, which are positioned in

the center of lid 1 (aa 92–97) and lid 2 (aa 315–322), respectively
(Fig. 5A), were mutated to alanines. Enzyme assay of the
mutants revealed a surprising result: the mutant enzyme E94A
showed sharply increased �-1,4-transferase activity compared
with the wild type or themutant enzymeD318A, indicating the
critical involvement of this region in the �-1,4-transferase
activity (Fig. 5B). In comparison, the mutant E94A showed a
relatively minor change in the �-1,6-glucosidase activity, and
the mutant D318A showed an activity level identical to that of
the wild type (Fig. 5C).
Any possibility of the involvement of Glu94 in the catalytic

mechanism of the active site of the same molecule has been
excluded because it is located at a considerable distance from
the active site (45Å).Moreover, the size of the substrate used in
the assay is not long enough to reach the region from the active
center. Unless there is another unknown activity associated
with this N-terminal domain region of lid 1, the change in the
�-1,4-transferase activity in the TreX mutant E94A is most
likely caused by the change in the interactions of this region
with the substrate in the active site. This provides evidence for
modulation of the bifunctional activities by tetramerization of
its subunits.

DISCUSSION

TreX is a member of the GH13 family of glycoside hydro-
lases, to which isoamylase also belongs (22, 23). TreX is of spe-
cial interest because, unlike its homologs, it exhibits two activ-
ities, the �-1,4-transferase activity and the �-1,6-glucosidase
activity. In an attempt to understand the bifunctional activities
of TreX, we carried out an extensive analysis of the active sites
of those enzymes in the GH13 family containing �-1,4-trans-
ferase or �-1,6-glucosidase activity for which structures are

FIGURE 4. Reshaped active site in the tetrameric structure. A, the substrate cleft is covered with lid 1 (aa
92–97; purple) and lid 2 (aa 315–322; cyan) generated by the tetrameric arrangement. The N-terminal domain
is shown in blue. The glucose and acarbose intermediate ligands in the complex structure are superposed and
indicated by sticks. The flexible loop (aa 399 – 416) is orange. B, the conformational change in the flexible loop
results in a shift of Glu399 and Tyr408 away from the other catalytic residues Asp363 and Asp471. The region in the
comparison is blue for the dimeric structure and orange for the tetramer. C, the active sites (black circles)
highlighted by the superposed ligands are seen along the connected substrate-binding grooves inside the
tetramer. mole, molecule.

Structure of TreX

28646 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 42 • OCTOBER 17, 2008



available. For �-1,4-transferase activity, cyclodextrin glucano-
transferase, 4-�-glucanotransferase, and neopullulanase were
investigated because they represent enzymes with high transg-
lycosylation activity for �-1,4-linkages, as does TreX. In the
structural analysis, an interesting feature was noticed among
the enzymes with �-1,4-transferase activity (48 Protein Data
Bank files for cyclodextrin glucanotransferases, 14 for 4-�-glu-
canotransferase, and 29 for neopullulanases): they all contain a
structural lid region located close to the active site. For exam-
ple, neopullulanase has a narrow cleft at the active site with a
structural lid that is formed through dimerization. This oli-
gomerization is thought be essential for the enzyme to exhibit
unique substrate specificity (21, 24, 25). In the structure of
Thermotoga maritima 4-�-glucanotransferase, a loop in the
N-terminal domain from the samemolecule forms a clampover
the active site that captures the sugar rings of the substrate at
the acceptor-binding site (26). In the amylomaltase structure, the
corresponding loop (aa 246–258) is involved in acceptor bind-
ing (18), whereas the lid (aa 627–630) protruding from the helix
bundle deeply penetrates the active site upon binding of the
substrate in the 4-�-glucanotransferase structure (27). In cyclo-
dextrin glucanotransferase, tyrosine or phenylalanine corre-
sponding to the same region also protrudes, whereas various
mutants of that region affect cyclization, demonstrating its
involvement in transfer activity (28).
The structure of the TreX tetramer shows the same struc-

tural lid on the active site generated by the oligomerization,
whereas no similar structural component exists in the dimer,
suggesting that the �-1,4-transferase activity may be conferred
by the oligomeric arrangement.Mutation in this region showed
a remarkable change in �-1,4-transferase activity without sig-
nificant alteration of the �-1,6-glucosidase activity of TreX.
Based on the structural comparison, the putative role of the lid
region is to interact with and stabilize the acceptor molecule
during catalysis (21, 29, 30). Through the effective combina-
tion of these two activities, TreX may produce long maltoo-

ligosaccharides from a glycogen
substrate in the process of treha-
lose biosynthesis.
Reshaping the active site by oligo-

meric arrangement as observed in
TreX is not a newly discovered phe-
nomenon in maltogenic amylases.
In fact, the N-terminal domain of
the pullulanase molecule is located
near the active site of the other sub-
unit in the dimeric structure, with
several residues of the N-terminal
domain interacting with the sugar
moieties bound to the other mono-
mer (20). The formation of this
dimer is thought to occur only in the
presence of longer sugar chains in
solution. Also, the role of the N-ter-
minal domain in oligomer forma-
tion and substrate specificity has
been reported in maltogenic �-am-
ylase (31), �-amylase from Thermo-

actinomyces vulgaris (32), and neopullulanase (33). Thus, by
adopting an oligomeric arrangement, TreX can reshape the
active site formodulation of the dual activities and also generate a
connected hollow cavity inside the tetramer molecule, possibly
providing a suitable conformation for the binding of a bulky
branched substrate.
Based on a previous mutational study, two activities of yeast

GDEwere suggested to be independent and located at different
sites on a single polypeptide chain, with the N- and C-terminal
regions involved in the transferase and glucosidase activities,
respectively (2, 34). Here, we observed that �-1,4-transferase
and �-1,6-glucosidase activities take place at the same catalytic
site inTreX. In this respect, it would be interesting to determine
whetherGDEs in higher organisms have a similar configuration
of the active site.
In conclusion, we were able to dissect the dual activities of

the archaeal GDE TreX by mutational study and provided evi-
dence that the �-1,4-transferase activity is closely associated
with the structural lid generated by tetramerization. This study
presents the structural basis for the modulation of the dual
activities of TreX upon oligomerization.
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