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The crystal structure of a thermostable endo-1,5-¢-L-arabinanase, ABN-TS, from
Bacillus thermodenitrificans TS-3 was determined at 1.9 A to an R-factor of 18.3% and
an R-free-factor of 22.5%. The enzyme molecule has a five-bladed p-propeller fold. The
substrate-binding cleft formed across one face of the propeller is open on both sides
to allow random binding of several sugar units in the polymeric substrate arabinan.
The B-propeller fold is stabilized through a ring closure. ABN-TS exhibits a new clo-
sure-mode involving residues in the N-terminal region: Phe7 to Gly21 exhibit hydro-
gen bonds and hydrophobic interactions with the first and last blades, and Phe4 links
the second and third blades through a hydrogen bond and an aromatic stacking inter-
action, respectively. The role of the N-terminal region in the thermostability was con-
firmed with a mutant lacking 16 amino acid residues from the N-terminus of ABN-TS.

Key words: arabinanase, crystal structure, endo-acting enzyme, glycoside hydrolase,

thermostability.

Abbreviations: ABN, 1,5-o-L-arabinanase; ABF, a-L-arabinofuranosidase; GH, glycoside hydrolase.

Arabinan is distributed in hemicelluloses, which com-
prise a large fraction of plant cell walls. The backbone of
arabinan consists of linearly 1,5-linked a-arabinofurano-
syl-residues, some of which are substituted with «a-1,2-
and a-1,3-linked side chains of L-arabinose in the furan-
ose conformation (I). Two major enzymes that hydrolyze
highly branched polysaccharides of arabinan are 1,5-a-L-
arabinanases (ABNs; EC 3.2.1.99) and a-L-arabinofuran-
osidases (ABFs; EC 3.2.1.55). ABN enzymes, which are
members of glycoside hydrolase (GH) family 43 (2, 3),
hydrolyze o-1,5-L-arabinofuranoside linkages. ABF
enzymes, which are members of GH families 43, 51, 54
and 62 (4), cleave arabinose side chains. The combined
actions of these two enzymes reduce arabinan to L-
arabinose and/or arabinooligosaccharides (5).

L-Arabinose can be used as a bioactive non-calorie
sweetener, because this sugar is poorly absorbed by the
intestine and inhibits its sucrase to suppress an increase
in the plasma glucose level (6). A large amount of L-
arabinose is contained in agricultural waste, such as
sugar beet pulp, wheat bran, rice bran, corn fibres, citrus
peel and so on, and is not used much. Arabinan-degrad-
ing enzymes are invaluable in the food industry for the
efficient production of L-arabinose from this agricultural
waste. Thermostable arabinanases, which are stable and
effective at high temperatures, are industrially impor-
tant for the production of L-arabinose.

Recently, Takao et al. (7) isolated an interesting gene
from Bacillus thermodenitrificans strain TS-3 that
encodes a novel and thermostable endo-1,5-o-L-arabinan-
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ase, ABN-TS. ABN-TS comprises 312 amino acids and
has a molecular weight of 35 kDa. ABN-TS hydrolyzes
linear arabinan almost exclusively to arabinobiose
through an endo mechanism and shows optimal activity
at 343 K (8). Protein functions are governed by a fine bal-
ance between the stability and flexibility of proteins.
Although the roles of these factors in biological functions
are not well understood, recent studies (9, 10) have indi-
cated that a significant increase in stability is achieved in
proteins from mesophiles on the inclusion of “rigidifying”
mutations. Proteins are made rigid by deleting or short-
ening of loops (11), and also by increasing hydrophobic
interactions, ion pairs, hydrogen bonds and disulfide
bridges (12, 13).

The crystal structure of a-L-arabinanase Arb43A from
Cellvibrio japonicus, which exhibits both exo- and endo-
modes of action, was determined by X-ray crystallogra-
phy at a resolution of 1.9 A (14). However, the three-
dimensional structure of an endo-acting arabinanase has
yet to be reported. Thus, we have conducted X-ray diffrac-
tion analysis of the thermostable and endo-acting arab-
inanase ABN-TS (15). To extend our study, we deter-
mined the structure of the enzyme to determine the
features responsible for its thermostability and activity.
We also prepared an ABN-TS mutant to confirm the
importance of the N-terminal for the thermostability.

MATERIALS AND METHODS

Crystallization and Data Collection—Recombinant ABN-
TS was overexpressed in B. subtilis MI112 (7) and
purified. The purified ABN-TS was crystallized by the
hanging-drop vapor-diffusion method using 1.0 M sodium
citrate as a precipitant at pH 6.0. The purification, crys-
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Table 1. Summary of data-collection and refinement statis-
tics.2

Data collection statistics®

X-ray source SPring-8, BL40B2

Wavelength (A) 0.9
Temperature (K) 100
Resolution (4) 1.9 (1.97-1.90)
Space group P2,2,2,
Unit-cell parameters A) a=40.3,b="77.8,c=289.7
Rinerge (%) © 8.6 (27.6)
I/s(D) 10.5 (2.4)
Number of observed reflections 170,121
Number of unique reflections 22,893
Completeness (%) 99.2 (96.5)
Mosaicity (°) 0.7
Refinement statistics

Resolution (A) 30-1.9
R-factor (%) 4 18.3
R-free-factor (%) © 22.5
rmsd (bond distance) (A) 0.006
rmsd (bond angle) (deg.) 14
Average B value (A2 224
Ramachandran plot

Most favored region (%) 81.7

Additionally allowed regions (%) 16.8

Generously allowed regions (%) 1.5

Disallowed regions (%) 0.0
2The values for the highest resolution shell (1.97-1.90 A) are given
in parentheses. "From Ref. 15. R =% | I —<I> |/ <I>.4R-

factor =% | | Fops | — | Feqre . ®R-free-factor was calculated

using 10% of the data.

merge

| /S|F

calc |

tallization and data collection were reported previously
(15). For data collection, the crystals were loop-mounted
in a cryoprotectant solution containing 28% (w/v)
sucrose and 1.0 M sodium citrate (pH 6.0), and then
flash-cooled. A data set was successfully collected at 100
K using synchrotron radiation of 0.9 A at the BL40B2
station of SPring-8. The crystals belong to orthorhombic
space group P2,2,2,, with unit cell parameters of a =
40.3, b = 77.8, and ¢ = 89.7 A. The data were processed
with DENZO and SCALEPACK software (16).

Structure Determination and Refinement—The struc-
ture of ABN-TS was solved by the molecular replacement
method with program AMoRe (17) implemented in the
CCP4 suite (I8). The structure of o-L-arabinanase
Arb43A from C. japonicus (which exhibits 46% similarity
to ABN-TS) (14) was used as a search model. A clear solu-
tion of translation function was obtained in the case of
space group P2,2,2; with a correlation factor of 35.2 and
an R-factor of 47.3%. Subsequently, refinement was per-
formed by the simulated rigid-body positioning, anneal-
ing method, positional and individual B-factor refine-
ments with program CNS (19), and manual rebuilding of
the structure in O (20). After several rounds of refine-
ment and model building, the R-factor and R-free-factor
were reduced to 25.0 and 28.8%, respectively. Water mol-
ecules were added to the model at locations with F, — F,
densities higher than 3c and hydrogen-bonding stereo-
chemistry using the water-pick function of CNS. One
peak exhibiting electron-density higher than 7c was
assigned to a chloride ion in the axial cavity. The final R-
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factor and R-free-factor were 18.3 and 22.5%, respec-
tively. The stereochemistry of the final model was ana-
lyzed with program PROCHECK (21). The data collection
and final refinement statistics are summarized in Table
1. The coordinates and structure factors have been depos-
ited in the RCSB Protein Data Bank under accession
code 1WL7.

Preparation and Characterization of an N-Terminal
Deleted Mutant—A gene mutant lacking 16 amino acid
residues at the N-terminus of ABN-TS was amplified by
PCR using plasmid pUBabn containing the ABN-T'S gene
(7) as a template with the following primers: sense, 5'-
TACGAAGGATCCATGAGTCTTAAGGGAG-3'; antisense,
5-TTTTTGAAGCTTTTACAAATACGGCCACCC-3'. The
PCR fragment was inserted into the BamHI-HindIII
sites of pUC18 (Takara) to construct a new plasmid,
pUCTSnd. The sequence of pUCTSnd was verified by
DNA sequencing with a dye terminator cycle sequencing
kit (Beckman Coulter) and a CEQ2000 fragment analysis
system (Beckman Coulter). The ABN-TS mutant was
expressed in Escherichia coli JM109. E. coli JM109
harboring pUCTSnd was cultured in 1 liter of LB
medium containing 100 pg/ml ampicillin at 310 K.
Expression was induced by the addition of 0.5 mM iso-
propyl B-D-thiogalactopyranoside when the absorbance at
600 nm reached 0.5, and cultivation was continued for
a further 5 h at 310 K. The cells were harvested,
resuspended in 30 ml of 20 mM Tris-HCI, pH 8.0, and
then sonicated. The cellular debris was removed by
centrifugation, and the supernatant was purified by chro-
matography on DEAE Sepharose, Phenyl Sepharose
(Amersham Biosciences), UNO-Q (Bio-Rad), and Superdex
200 (Amersham Biosciences) columns using an FPLC
system from Amersham Biosciences at 277 K. The frac-
tions containing ABN activity were pooled and dialyzed
against 20 mM Tris-HCl buffer, pH 7.5.

The ABN activity was measured in a mixture compris-
ing 200 pl of 0.5% debranched arabinan (Megazyme
International) in 100 mM acetate buffer, pH 6.0, and 10
pl of an appropriately diluted enzyme solution, with incu-
bation at 343 K for 30 m (8). The activity was determined
by measuring the release of reducing groups by the
method of Somogyi (22). The optimal temperature of the
mutant was examined by measurements at temperatures
ranging from 313 to 353 K. The optimal pH was exam-
ined in the pH range of 4.0 to 8.0.

Thermostability Measurements—The wild type enzyme
was incubated at 343 K, and the mutant at 333 K and 338
K. An aliquot of each solution was removed and cooled on
ice. The residual ABN activity was determined under the
optimized conditions described above.

RESULTS AND DISCUSSION

Description of the ABN-TS Structure—The final model
comprises all 312 amino acids of mature ABN-TS, one
chloride ion and 240 water molecules. The structure of
the ABN-TS molecule is shown in Fig. 1. The enzyme has
a pB-propeller fold consisting of five B-sheets, called
blades, each of which is made up of four B-strands in an
antiparallel arrangement. The B-sheets are twisted and
radially arranged around the pseudo five-fold axis such
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a 1st blade

ope|q yis

2nd blade
2nd blade

b TOP

1st blade

Fig. 1. Stereoviews of ABN-
TS shown as a ribbon dia-
gram. Each blade is shown
in a different color. The
chloride ion is shown as a
magenta sphere. Three acidic
residues, Asp27, Asp147 and
Glu201, are shown as a ball-
and-stick model. The sub-
strate-binding cleft is locat-
ed at the top of the molecule
(b). These figures were drawn
using programs  MOL-
SCRIPT (23) and Raster3D
(24).

ope|q Uig

TOP

that they pack face-to-face. The topology of ABN-TS is
very similar to that of Arb43A as a whole.

A large cavity is elongated along the pseudo five-fold
axis of the B-propeller fold. One peak exhibiting electron-
density higher than 7c was found in the cavity. The peak
was surrounded by six water molecules and the Ne, atom
of His271 in a pentagonal bipyramidal coordination with
distances of 2.6-2.8 A (Fig. 2). The enzyme was crystal-
lized at pH 6.0 (15), so the side-chain of the histidine res-
idue could be positively charged. Thus, we further refined
the structure by considering that this site is occupied by
a chloride ion (Fig. 1). The F;— F, map did not show a pos-
itive peak when a chloride ion was assigned to this site.
The chloride ion is considered to be taken up from the
solution used for crystallization.

A pronounced substrate-binding cleft is formed across
one face of the propeller, called the “top,” while the other
face, called the “bottom,” is virtually flat, as shown in Fig.
1b. The cleft is characterized by three acidic residues,
Asp27, Aspl47 and Glu201, in the first, third and fourth
blades, respectively. These residues are conserved at
equivalent positions in all of the enzymes belonging to
GH families 32, 43, 62 and 68 (26).

The Substrate-Binding Cleft—There is a significant
difference in the structures of the substrate-binding
clefts of ABN-TS and Arb43A (Fig. 3). The substrate-
binding cleft of Arb43A, which exhibits exo and endo

Vol. 137, No. 5, 2005

Fig. 2. The environment around the chloride ion. The positive
electron difference densities were contoured at 4c. The chloride ion
is shown as a magenta sphere and the water molecules as cyan
spheres. The ligand distances are given in A. This figure was drawn
using program DINO (25).
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activities (28), is blocked at one end by a large loop struc-
ture composed of 13 amino acid residues between the
third and fourth propeller blades (14), as indicated by the
arrow in Fig. 3. The loop was considered to be responsible
for the arabinan-degrading activity of Arb43A for both
the endo- and exo-modes of action without any conforma-
tional change in the cleft. On the other hand, ABN-TS
has only a small loop composed of four amino acid resi-
dues, from Glul94 to Asn197, at the location correspond-
ing to that in Arb43A. Thus, the cleft is open on both
sides. ABN-TS is a typical endo-acting enzyme (8). The
“open” structure is suitable for the random binding of

2nd blade

3rd blade

Fig. 4. Structure of ABN-TS around Phe4 in the N-terminus.
Phe4, Phe90 and Phel52 are shown as a ball-and-stick
model. The C* trace of each blade is shown in a different color. The
hydrogen bond is shown as a dashed line. This figure was drawn
using programs MOLSCRIPT (23) and Raster3D (24).

A. Yamaguchi et al.

Fig. 3. Comparison of the C¢
traces for ABN-TS (red) and C.
Jjaponicus Arb43A (cyan). The N-
terminal 16 amino acid residues
(Val2-Trpl7) of ABN-TS are shown
in orange. The arrow indicates the
loop structure of Arb43A. Superim-
positioning was performed using
program LSQKAB in the CCP4
suite. The figure was drawn using
program VMD (27).

several sugar units in a polymeric substrate. Davies and
Henrissat reported that this type of cleft is commonly
found in endo-acting polysaccharidases (29).

Structural Insight into the Thermostability—The pB-
propeller fold is based on 4- to 8-fold repeats of a four-
stranded antiparallel B-sheet motif. One of the remarka-
ble features of the B-propeller fold is that the N- and C-
termini are linked to form a closed circle (30). A typical
example of such a ring closure-mode is found in the struc-
ture of the B subunit of heterotrimeric G protein, in which
the last four-stranded B-sheet is completed by the incor-
poration of a strand from the N-terminus (31). This
arrangement is called “Verclo” and is considered to be
needed to stabilize the circular structure of the B-propeller
(32-34).

In ABN-TS, the fifth blade is composed of the C-
terminal residues. Thus, instead of the classical “Verclo”
arrangement, ABN-TS exhibits a new closure-mode in
the B-propeller, which is composed of the N-terminal res-
idues, with Phe7 to Gly21 located between the first and
last blades (Fig. 1a): the N-terminal residues exhibit
hydrogen bonds and hydrophobic interactions with the
two blades. The residues in the N-terminal region act as
an adhesive to close the circle of the B-propeller. In addi-
tion, the Phe4 residue is located in the center of the “bot-
tom” face and links the second and third blades through a
hydrogen bond and an aromatic stacking interaction,
respectively, as shown in Fig. 4.

A mutant, ABN-TS-M, lacking 16 amino acid residues
(Val2-Trpl7) from the N-terminus of ABN-TS was pre-
pared to confirm the role of the N-terminal residues in
the thermostability. The molecular mass of the mutant
was estimated to be 33 kDa by SDS-PAGE. ABN-TS-M
showed optimal activity at 343 K and pH 6.0, the same as
ABN-TS. The wild-type ABN-TS retained more than 80%
of its activity even after 4 h at 343 K (Fiig. 5). On the other
hand, no activity was found for ABN-TS-M after 5 m at
343 K (data not shown). The activity was only 30% that of
a control after 5 m at 338 K. Even at 333 K, only 35% of
the activity of ABN-TS-M remained after 4 h. The half-
life of ABN-TS was 4 h at 348 K, whereas the half-lives of
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Remaining activity (%)
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Fig. 5. Thermostability of the wild-type ABN-TS and mutant
ABN-TS-M. The residual ABN activity was measured after incuba-
tion at 343 K for ABN-T'S (solid triangles), and 338 K (solid circles)
and 333 K for ABN-TS-M (open circles) for various times. The activ-
ity value before the start of incubation under each set of conditions
was taken as a reference.

ABN-TS-M were 6 min and 2.5 h at 338 and 333 K,
respectively. Apparently, deletion of the N-terminal 16
amino acids caused the instability. Therefore, we con-
cluded that the N-terminus plays an important role in
the thermostability of ABN-TS.

A current working hypothesis is that thermophilic
enzymes are more rigid than their mesophilic homo-
logues at temperatures optimal for the activity of the
mesophilic enzymes (298 to 323 K), and that the rigidity
is a prerequisite factor for high thermostability (13). In
this study, we revealed the importance of the N-terminal
region for the thermostability of enzymes having B-pro-
peller folds based on the structure of ABN-TS. The struc-
tural information presented here should be useful for
designing molecules having a new closure-mode to make
the B-propeller rigid to increase the thermostability.

The synchrotoron-radiation experiments were performed at
the BL40B2 station of SPring-8 with the approval of the
Japan Synchrotron Radiation Research Institute (JASRI; Pro-
posal No. 2003B0603-NL1-np). We thank Dr. M. Miura of
JASRI for her help with the data collection.
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