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Introduction

Xylose isomerase (XI; E.C. 5.3.1.5) catalyzes the isomerization of xylose to xylulose, which can
be used to produce bioethanol through fermentation. Therefore, XI has recently gained
attention as a key catalyst in the bioenergy industry. Here, we identified, purified, and
characterized a XI (PbXI) from the psychrophilic soil microorganism, Paenibacillus sp. R4.
Surprisingly, activity assay results showed that PbXI is not a cold-active enzyme, but displays
optimal activity at 60°C. We solved the crystal structure of PbXI at 1.94-A resolution to
investigate the origin of its thermostability. The PbXI structure shows a (B/a)s-barrel fold with
tight tetrameric interactions and it has three divalent metal ions (Cal, Call, and Calll). Two
metal ions (Cal and Call) located in the active site are known to be involved in the enzymatic
reaction. The third metal ion (Calll), located near the p4-a.6 loop region, was newly identified
and is thought to be important for the stability of PbXI. Compared with previously determined
thermostable and mesophilic XI structures, the pl-a2 loop structures near the substrate
binding pocket of PbXI were remarkably different. Site-directed mutagenesis studies
suggested that the flexible Bl-a2 loop region is essential for PbXI activity. Our findings
provide valuable insights that can be applied in protein engineering to generate low-
temperature purpose-specific XI enzymes.

Keywords: Cold-active protein, crystal structure, Paenibacillus species, xylose isomerase, X-ray
crystallography

produce usable sugars for fermentation. Thus, XI is gaining
increased attention from researchers working in the

The bioethanol production process involves biomass
pretreatment, hydrolysis of polysaccharides, and yeast
fermentation using Saccharomyces cerevisiae [1]. Prior to
fermentation, xylose has to be converted to xylulose
because S. cerevisiae can utilize only xylulose, but not xylose
[2]. Xylose isomerase (XI) catalyzes the interconversion of
xylose and xylulose. Bioconversion by XI has been used to
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bioenergy field [3-5]. To date, various XI genes have been
identified from bacteria, fungi, and plants, and they are
classified into two classes based on protein sequence
similarities [6—12]. Class II XIs contain an extended N-
terminal region and long loop insertions at three sites as
compared with class I XIs [13]. To date, multiple class I XI
structures have been reported, whereas only two class II



structures have been reported [14—20]. Structural studies of
XIs have revealed that XI has a (B/a)g-barrel (TIM barrel)
fold and it forms a tight tetramer. The (B/a)s-barrel
structure is characterized by eight central p-strands and
eight surrounding a-helices. Recently, class II XI structures
from two microorganisms (Bacteroides thetaiotaomicron and
Piromyces sp. E2) have been determined [11, 21, 22].
Comparative structural analysis of B. thetaiotaomicron XI
(BtXI) and class I XIs revealed that class II XIs, including
BtXI, have a different secondary structure configuration in
the C-terminal region (the small a-helix region is missing in
class II XIs) [21]. In a study on Piromyces sp. E2 XI (PiXI),
the authors investigated the divalent metal preference of
PiXI and determined 12 crystal structures with different
metal ions and substrate combinations. The results showed
that PiXI has maximum activity in the presence of Mn ion
and the metal-binding sites were slightly different
according to the type of metal ion bound. It was suggested
that the different metal-binding sites may result in variable
PiXI activity, depending on the metal type bound [22]. The
catalytic mechanism of XI has been investigated using
structural studies and computational simulations, and the
reaction occurs in three steps: ring opening; hydrogen
transfer between C2 and C1; and ring closure [23]. All three
steps require two divalent metal ions that function as an
electrophilic center to promote hydrogen transfer. Previous
studies have suggested that slightly different metal ion
positions are important and are highly correlated with each
step of the catalytic reaction [14, 22].

Our research group has focused on finding commercially
useful cold-active enzymes from psychrophilic organisms.
Cold-active enzymes have catalytic activity at low and
moderate temperatures compared with mesophilic homo-
logous proteins. Recent studies have revealed that the
origin of low-temperature activity is not localized in the
active site, but is found in the outer regions of the protein.
The cold-active enzyme has a higher degree of flexibility
and softness, with reduced interactions in its outer region,
whereas the active-site residues are highly conserved with
mesophilic and thermophilic homologs [24, 25]. For several
industrial applications, cold-active enzymes may provide
economic advantages by reducing the reaction temperature
[26—28]. Although several crystal structures of XIs have
been solved, no information is available on the three-
dimensional structures of XIs from psychrophilic organisms.
Recently, we identified and purified a cold-adapted XI (PbXI)
from the psychrophilic soil microorganism, Paenibacillus sp.
R4. The genome of the strain was analyzed and several
putative sugar isomerase family genes were annotated by
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similarity searches against sequence databases. Here, we
report detailed kinetic and structural analyses of PbXI.
Activity assay data showed that PbXI displays optimal
activity at 60°C, despite the fact that Paenibacillus sp. live in
cold habitats. In addition, comparative structural analysis
revealed that PbXI has a different p1-02 loop conformation
that may change ligand-binding site flexibility. Our results
provide wuseful insights for protein engineering and
application of this enzyme.

Material and Methods

Cloning, Expression, and Purification of PbXI

The psychrophilic soil microorganism, Paenibacillus sp. R4, was
isolated from an active layer soil sample taken in Council, Alaska
(64° 36" 24.84”" N, 163° 25" 31.1” W). The DNA sequence of the XI
gene was obtained by annotation of the draft genome sequence
using the RAST (Rapid Annotation using Subsystem Technology)
server [29]. The XI gene was amplified by PCR using genomic
DNA of Paenibacillus sp. R4 as a template and the following
primers with Ndel and Xhol restriction sites: forward primer, 5’-
CTGCCATATGGGCTATTTITGATCATGTAGG-3’; reverse primer,
5-CTGGCTCGAGTTATACGTTAATGATGTATT-3'. The PCR
products were cloned into a pET28a expression vector (Novagen,
USA) using the Ndel and Xhol restriction sites. The resultant
plasmid was confirmed by DNA sequencing and was transformed
into E. coli BL21 (DE3) for protein expression. All PbXI mutants
were generated by site-directed mutagenesis using mutagenic
primers (Table 1). The plasmid for wild-type PbXI was used as the
template for subsequent PCRs. All PCR products were subjected
to Dpnl digestion to eliminate remaining template plasmids. To
generate a G44A /G67P double mutant, the G44A mutant plasmid
was used as a template, and primers for G67P mutation were
utilized. After transformation into E. coli DH5a cells, the desired
mutants were verified by DNA sequencing. Wild-type PbXI and
mutant proteins were expressed and purified using the same
procedures. The cells were inoculated in 2L of Luria-Bertani
medium containing kanamycin (50 pg/ml) and were grown at
37°C to an optical density at 600 nm of 0.6-0.8. Protein expression
was induced by the addition of 0.4 mM isopropyl-1-thio-B-D-
galactopyranoside. After overnight incubation at 25°C, the cells
were harvested by centrifugation. Lysis buffer (50 mM sodium
phosphate, 300 mM NaCl, 5 mM imidazole pH 8.0) was added
and the cells were sonicated on ice. After centrifugation of the
disrupted cell suspension at 16,000 rpm for 1 h at 4°C, the
supernatant was collected and applied on a Ni-NTA column
(Qiagen, Germany) according to the manufacturer’s instructions
with slight modification. Briefly, following washing with 50 mM
sodium phosphate buffer containing 300 mM NaCl and 20 mM
imidazole (pH 8.0), purified proteins were eluted with 300 mM
imidazole buffer. The eluate was concentrated using an Amicon
Ultra Centrifugal Filter (Ultracel-10K; Germany). After cleavage
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Table 1. Primers used for mutagenesis.

Primer Direction Sequence (5" — 3')
PbXI_G44A mutant Forward GCATCTGCGCTTTGCTGTGGCTTACTGGC
PbXI_G44A mutant Reverse GCCAGTAAGCCACAGCAAAGCGCAGATGC
PbXI_G67P mutant Forward GCAGGTACTGCTCTGCGGCCATGGAACGAATTATCAGG
PbXI_G67P mutant Reverse CCTGATAATTCGTITCCATGGCCGCAGAGCAGTACCTGC
PbXI_H99A mutant Forward GTCGATTATTTCTGCTTCGCTGACCGTGATATCGCAC
PbXI_H99A mutant Reverse GTGCGATATCACGGTCAGCGAAGCAGAAATAATCGAC
PbXI_F143A mutant Forward GAATACAGCCAACATGGCCACCAATCCACGCTTCG
PbXI_F143A mutant Reverse CGAAGCGTGGATTGGTGGCCATGTTGGCTGTATTC
PbXI_W186A mutant Forward GCGGAAAACTACGTATTCGCAGGCGGCCGTGAGGGCTATG
PbXI_W186A mutant Reverse CATAGCCCTCACGGCCGCCTGCGAATACGTAGTITTTCCGC
PbXI_E203A mutant Forward CACGGACCTTGGCCTGGCACTCGATAATCTGGCAC
PbXI_E203A mutant Reverse GTGCCAGATTATCGAGTGCCAGGCCAAGGTCCGTG

of the His-tag with thrombin, the proteins were further purified
on a Superdex 200 column (GE Healthcare, USA) in 20 mM Tris-
HCI buffer (pH 8.0) containing 150 mM NaCl. The purity of PbXI
was analyzed by 10% sodium dodecyl sulfate polyacrylamide gel
electrophoresis and Coomassie staining. PiXI was cloned as
described previously [11], and the recombinant protein was
expressed and purified using the same protocols described above
for PbXI.

Activity Assay

XI activity was measured by a coupled assay using D-sorbitol
dehydrogenase (SDH) from sheep liver (Roche, USA) and NADH,
as previously reported [11], with minor modifications. The
standard 0.5-ml reaction mixture was composed of 100 mM Tris-
HCl buffer (pH 8.0), 1 mM MnCl,, 1 unit SDH, 0.15 mM NADH,
150 mM D-xylose, and an appropriate amount of the XI enzyme
(0.25-2.5 pug). After 5 min of preincubation of the sample at 25°C,
the reaction was started. The decrease in absorbance of NADH at
340 nm was measured for 3min with a Shimadzu UV-1800
spectrophotometer (absorption coefficient of 6,220 M™ cm™). The
kinetic analysis was carried out under the standard assay
condition, in which D-xylose concentrations were varied from 10
to 1,000 mM. The reaction rates were determined by fitting the
data to the Michaelis-Menten equation by nonlinear regression.
Temperature-dependent activity was examined under the standard
assay condition, varying the temperature from 10°C to 70°C. SDH
was active up to 60°C, and the activity decreased at 70°C. Thus,
the amount of the SDH was doubled at 70°C to balance the
temperature effect on enzyme activity. The assays were performed
in triplicate.

Crystallization and X-Ray Diffraction Data Collection

Crystals of PbXI were obtained by the sitting-drop vapor-
diffusion method, using commercially available screening Kkits,
such as the MCSG-1-4 series (Microlytic, USA) and Index and
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SaltRX (Hampton Research, USA), at 20°C. For crystallization,
200 nL of PbXI protein solution (39 mg/ml) was mixed with
200nL of a reservoir solution. Initial crystals appeared from
several conditions within 1-2 days. These conditions were further
optimized by varying the pH and the amount of precipitant. The
best crystals of PbXI were obtained in 0.2 M calcium chloride,
0.1 M HEPES-NaOH, pH 7.5, 27% (v/v) polypropylene glycol
P400, using the sitting-drop vapor-diffusion method in 24-well
plates. The crystal was directly loop-mounted and flash-cooled in
liquid nitrogen. A dataset containing 360 images per 1° oscillation
was collected at Pohang Accelerator Laboratory (PAL, Korea)
using beam line BL-5C. Diffraction data were indexed, integrated,
and scaled using HKL-2000 [30]. Detailed data collection statistics
are summarized in Table 2.

Structure Determination and Refinement

The structure of PbXI was solved by the molecular replacement
method, using MOLREP in the CCP4i suite [31, 32]. The crystal
structure of XI from Thermoanaerobacterium thermosulfurignes
(Protein Data Bank (PDB) code: 1A0C; not yet published), which
shows 68% sequence identity with PbXI, was used as a template
model for molecular replacement. Repeated model building and
refinement were conducted using the initial model using the
programs Coot and REFMACS, respectively [33, 34]. The final
model of PbXI had an R, value of 20.5% and an R, value of
24.9%. Model quality was checked with MolProbity [35]. Detailed
refinement statistics are presented in Table 2. Atomic coordinates
and structure factors have been deposited in the PDB under
accession numbers 6INT.

Circular Dichroism

Circular dichroism (CD) spectra were obtained using a Chirascan
Circular Dichroism Spectropolarimeter (Applied Photophysics,
UK) equipped with a temperature control system. Samples were
placed in a quartz cuvette with a 0.1-cm path length. The CD



Table 2. X-ray diffraction data and refinement statistics.

Data set

PbXI

X-ray source
Space group

Unit-cell parameters (A,°)

Wavelength (A)
Resolution (A)
Total reflections
Unique reflections
Average I/c (I)
Roerge’

Redundancy

Completeness (%)

PAL-5C beam line
P2,2,2,

a=89.3, b=124.0, c=315.0,
a=p=y=90.0

0.9796

50.00-1.94 (1.98-1.94)
3,509,828

236,014 (12,667)

429 (12.6)

0.128 (0.350)

13.7 (14.2)

99.8 (100.0)

Refinement

Resolution range (A)

No. of reflections of working set
No. of reflections of test set

No. of amino acid residues

No. of water molecules

Reyst’

Riee’

R.m.s. bond length (A)

R.m.s. bond angle (°)

Average B value (A?) (protein)

Average B value (A% (solvent)

23.83-1.94 (1.96-1.94)
254,307 (4034)
12,775 (349)
3,302

2,411

0.205 (0.244)
0.249 (0.321)
0.007

0.812

19.7

26.5

Ruperge = L | <[>-1| / E<I>.
"Ry = L | |Fo| - [Fe| |/ I |Fol.

Ry calculated with 5% of all reflections excluded from refinement stages using

high-resolution data.

Values in parentheses refer to the highest resolution shells.

spectra were collected in the far-UV region (200-250 nm) with a
1-nm bandwidth and 0.1-nm intervals over a temperature range of
5-95°C. Data were collected in triplicate and the baseline was
subtracted from the average spectra of the sample. To obtain a
thermal denaturation curve, thermal changes in CD ellipticity at
222 nm were plotted over a temperature range of 5-95°C. The
denaturation temperature (T,) was defined as the point at which
50% of the sample denatured.

Results and Discussion

PbXI Structure

Recombinant PbXI protein was purified as a tetramer,
which was confirmed by analytical gel filtration and
analytical ultracentrifugation analyses. The purified PbXI

Xylose Isomerase (PbXI) from Paenibacillus sp. 247

was crystallized in the presence of 0.2 M calcium chloride
in 0.1 M HEPES buffer (pH 7.5). In this crystal form, there
are eight molecules (A to H) per asymmetric unit. The
crystal structure of PbXI was determined at 1.94-A
resolution. For all eight molecules, the common B1-a2 loop
region (residues 48-70) could not be built because of very
weak electron density. It is thought that the Bl-02 loop
region of PDXI is intrinsically more flexible than those of
other mesophilic or thermophilic XIs. This will be discussed
in detail in the next section. PbXI monomer shows typical
characteristics of a (B/a)g-barrel (TIM barrel) structure,
with protruding C-terminal helical regions (a13-016)
(Fig. 1A). The cylindrical (B/a)g-barrel structure of PbXI is
formed by eight central B-strands (B1-B8) that are surrounded
by twelve a-helices (a1-a12). Sequence alignment of PbXI
with homologs indicated that PbXI has a sequence typical
of class II XIs (Fig. 1B). The core of the central p-barrel is
the active site, which is occluded by two metal ions
coordinated by negatively charged residues (Glu230,
Glu266, Asp294, Asp305, Asp307, and Asp338) and bulky
hydrophobic side chains, such as Trp137, Phel43, and
Trp186. The dimer interface of PbXI is formed mainly by
the a7 and a10 helices, and the buried molecular surface
area is approximately 4,107.25 A’/subunit. The tetramer
interface is mainly formed by the a12 and 16 helices and
the B7-all loop region, and the buried molecular surface
area is approximately 2,718.825 A?/subunit (Fig. 2A). Each
buried surface area was calculated using the program
ArealMol in CCP4i [32]. We observed strong electron
density for two metal ions (Cal and Call) in the active site
and one metal ion (Calll) near the p4-06 loop region of each
subunit. Cal and Call were located at the same well-
defined locations as in other XIs. On the other hand, Calll
was newly detected (Fig. 2B). Initially, we identified strong
electron density near the subunit interaction region during
PbXI structure refinement. Since 0.2 M CaCl, buffer was
used for PbXI crystallization, the third metal-binding site
was modeled using calcium ion (Calll). Refined Calll ion
fit well into the electron density map and it had full
occupancy (1.0) and an average B-factor value of 14.42 from
all chains. In detail, Calll is coordinated by the side chain
of Glu203 and the main-chain O atom of Gly191.
Furthermore, Calll interacts with side chains of Thr154 and
Thr198 and the main-chain O atom of His150 via water
molecules. The residues Tyr386 and Arg385 from the other
subunit of the dimer are also involved in water-mediated
Calll interactions. It is thought that Calll might contribute
to structural stabilization of the dimer. In addition, the
Calll ion forms a regular hepta coordination with Tyr386,
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Fig. 1. Crystal structure of PbXI and multiple amino acid sequence alignment of XI proteins.

(A) Ribbon diagram of PbXI monomer showing the secondary structure elements and three bound calcium ions. The flexible p1-a2 loop region
(dotted red line) is not included in the atomic model because of very weak electron density. (B) Multiple sequence alignment of PbXI, PiXI
(Piromyces sp.; UniProtKB code: Q9P8CY), BtXI (Bacteroides thetaiotaomicron; UniProtKB code: Q8AIM2), GsXI (Geobacillus stearothermophilus;
UniProtKB code: P54273), TtXI (Thermus thermophilus; UniProtKB code: P26997), TcXI (Thermus caldophilus; UniProtKB code: P56681), and SrXI
(Streptomyces rubiginosus; UniProtKB code: P24300). Strictly and partially conserved residues are shaded black and gray, respectively. Two glycine
residues (Gly44 and Gly67) thought to be critical for the flexibility of the p1-02 loop region in PbXI are indicated by black circles. Secondary
structures obtained from the crystal structure of PbXI are shown above the aligned sequence. Multiple sequence alignment was conducted with
ClustalX and was edited with GeneDoc.
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(A) Cartoon model of the tetrameric conformation of PbXI. Each subunit is indicated in a different color. The regions involved in dimer and

tetramer interfaces are indicated by black arrows. (B) A stereo view of the Calll-binding site in PbXI. Bound calcium ion is represented by a blue

sphere. 2Fo-Fc map of the Calll contoured at the 1-3 level. The electron density is indicated in yellow. Water molecules tightly interacting with the

calcium ion are represented by red spheres. Interaction residues of the subunit A are represented by limegreen sticks. Interaction residues of the

subunit B are represented by cyan sticks.

Glu203, Gly191, and three water molecules. Notably, these
three residues are strictly conserved in class II XIs. This
means that the third metal-binding site may be important
for the biological function of class II XIs. Based on these
data alone, we could not rule out the possibility that
another divalent metal ion was bound in the third metal-
binding site. Further studies are needed to fully identify
the metal ion. We considered the third metal ion a putative
Calll in this study. Structure alignments using the Dali
server [36] indicated that PbXI has the highest structural
similarity with XI from Thermotoga neapolitana (PDB code:
la0e), with a Z-score of 58.1. In addition, XI from Geobacillus
stearothermophilus (PDB code: 1a0d), XI from Piromyces sp.
E2 (PDB code: 5nhm), and XI from Bacteroides thetaiotaomicron

(PDB code: 4xkm) showed high structural similarity (Table 3)
[21, 22].

Active Site of PbXI

PbXTI has a negatively charged substrate-binding site, and
two calcium ions (Cal and Call) are tightly bound to that
site (Fig. 3A). Comparison and structural superposition of
XIs revealed a striking difference in the p1-02 loop region
near the active site (Fig. 3B). As mentioned above, PbXI has
no Pl-a2 loop region residues in its structural model
because of very weak electron density. Sequence alignment
results indicated that PbXI contains two Gly residues
(Gly44 and Gly67) at the front and rear positions of the p1-
a2 loop (Fig. 3C). Notably, these two Gly residues are not
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Table 3. Structural homologs of PbXI according to a search against the DALI-Lite server.

Protein PDB DALI Ll dvli (ii?;jj;ie/;gi:v :jlnﬁnbe)f/ Reference
code score code Total residue number)
XI from Thermotoga neapolitana 1A0E 58.1 P45687 63% (412/443) Not yet published
XI from Geobacillus stearothermophilus 1A0D 56.9 P54273 72% (412/437) Not yet published
XI from Piromyces sp. (strain E2) 5NHM 56.2 Q9Pr8C9 50% (409/436) [22]
XI from Bacteroides thetaiotaomicron 4XkM 56.1 Q8A9IM2 51% (409/435) [21]
XI from Thermoanaerobacterium thermosulfurigenes 1A0C 55.6 P19148 69% (411/437) Not yet published
XI from Thermus thermophilus 1BXB 38.5 P26997 28% (357 /387) [15]
XI from Streptomyces rubiginosus 5AVN 38.3 P24300 26% (356/387) [40]
XI from Streptomyces olivochromogenes 1XYB 38.2 P15587 26% (357/386) [41]
XI from Thermus caldophilus 1BXC 38.0 P56681 27% (357 /387) [15]
XI from Streptomyces diastaticus 1QT1 38.0 P50910 26% (357/387) [42]

present in thermophilic or mesophilic homologs, which we suggest that these two Gly residues may increase the
have Pro, Ala, or Ser in the corresponding position. Thus, flexibility of the Pl-a2 loop and are important for the

B
a2 helix region @ t S ~\ BtXI (PDB code 4XKM)
of PoXI "\ B1-a2 loop region

ate binding site

\ i
DN BRI e
Fig. 3. Structural comparison of PbXI, PiXI, GsXI, and BtXI.

(A) Electrostatic surface charge representation of the substrate-binding pocket in PbXI. The Cal and Call metal ions are located in the negatively
charged substrate-binding pocket. (B) The p1-a2 loop is located near the substrate-binding site and thus, this region is thought to have a
gatekeeper function in substrate entry and product release. In the PbXI structure, the f1-a2 loop region is more flexible and this characteristic may
be important for its higher activity. (C) Stereodiagram of superimposed substrate-binding sites in PbXI, PiXI, GsXI, and BtXI structures. Notably,
unliganded PbXI has different conformations of His99, Phe143, and Trp186 residues.
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activity of PbXI. Another notable feature of the active site is
the conformational changes of Phel43 and Trp186, which
have rotational movement in PbXI. The aromatic ring of
Trp189 (corresponding to Trp186 in PbXI) in xylose (linear
form)-bound PiXI (PDB code: 5NH9) has a hydrophobic
stacking interaction with the carbon backbone of xylose
[22]. In the PiXI structure, the aromatic ring of Phel46
(corresponding to Phel43 in PbXI) also contributes to the
formation of the hydrophobic sugar-binding pocket. In the
PbXI these two have different
conformations. Probably, the conformational changes of

structure, residues
these two residues are associated with the movement of the
B1-a2 loop region. In the PiXI structure, the movement of
Phel46 and Trp189 might be induced by the binding of
ligand, which may further induce the closure of the p1-a2
loop. The B1-a2 loop may have a gatekeeper function to
control substrate entry and product release through open-
and close-state conformations. In the PbXI structure, this
gate is more flexible and it may be important for its
activity. This hypothesis was confirmed by site-directed

mutagenesis studies and has led to the suggestion that the
elevated flexibility of the B1-a2 loop region is crucial for
PbXI activity.

Activity Assay and Functional Analysis of PbXI

PbXI activity was assayed by a coupled enzyme assay in
which D-xylose is converted to D-xylulose by XI activity
and D-xylulose is reduced to xylitol via NADH oxidation
by SDH. XIs require divalent metal cations for stability and
activity, and their metal preference depends on the nature
of the substrate and on the XI class [37]. Amino acid
sequence alignment indicated that PbXI belongs to class II.
Previous studies have shown that class II XIs, including
PiXI, prefer Mn?* for activity on xylose [11, 22]. Thus,
kinetic parameters of PbXI for D-xylose were determined in
the presence of 1mM MnCl, with varying D-xylose
concentrations (10-1000 mM) (Fig. 4 and Table 4). A k., of
855" and a K, of 17.7 mM were obtained for the isomerase
reactions at 25°C, which is comparable to kinetics data for
PiXI (Table 4) [22]. The two PiXI enzymes shown in Table 4

Table 4. Comparison of kinetic parameters of Class II XIs, PbXI, and PiXI".

Xylose
Origin K, Kot koK, Temperature Reference
(mM) " (s'™M")
Paenibacillus sp. 17.7 8.5 480 25°C This study
Piromyces sp. E2 43 45 1100 30°C [22]
Piromyces sp. E2 16.5 27.1 1600 30°C [11]

"Activities for conversion of xylose to xylulose were determined in the presence of 1 mM Mn ion.
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(A) Effect of reaction temperature on PbXI activity. Isomerase activities of the enzymes were evaluated in the temperature range of 10-70°C.

Enzymatic activity is expressed as a percentage of the maximum activity (100%). (B) Specific activities for isomerization of D-xylose catalyzed by

wild-type PbXI and mutant enzymes, and PiXI. The reactions were carried out at 25°C under standard assay conditions. Circular dichroism (CD)

spectra during thermal denaturation of wild-type PbXI (C) and the E203A mutant (D). CD spectra were measured over a temperature range of 5-

95°C in the far-UV region (200-250 nm) with 1-nm bandwidth.

exhibited considerably different kinetics. This is probably
due to the fact that experimental conditions, including
buffer pH and substrate concentrations, were different. In
addition, the position of the His-tag at the N- or C-terminus
in the PiXIs may affect the enzyme kinetics.

Next, the temperature dependence of PbXI activity was
investigated. PbXI showed an increase in activity with
increasing temperature and was optimally active at 60°C.
However, at a temperature above 60°C, PbXI was rapidly
inactivated (Fig. 5A). Comparative structural analysis and
amino acid sequence alignment showed that PbXI has a
remarkably different p1-a2 loop conformation and contains
two Gly residues (Gly44 and Gly67) in this loop. Thus, we
mutated these two Gly residues in PbXI to Ala or Pro,
which are the corresponding residues in thermophilic or
mesophilic homologs. Two single mutants (G44A and G67P)
and one double mutant (G44A/G67P) were constructed,

J. Microbiol. Biotechnol.

and their XI activities on xylose were measured at different
reaction temperatures (Figs. 5A and 5B). Compared to the
wild type, all mutants showed significantly reduced activities
at all tested reaction temperatures, and in particular,
G44A/G67P had strongly reduced activity. It can thus be
suggested that these two Gly residues may play roles in
enhancing the catalytic activity of PbXI by increasing the
flexibility of the p1-a2 loop near the substrate binding site.
To verify the hypothesis that the conformational changes of
Phel43 and Trp186 in the active site of PbXI are important
for substrate binding, we also constructed Ala mutants,
F143A and WI186A, which both showed significantly
reduced activity. As expected, the catalytic residue mutant
(H99A) showed an approximately 90% reduction in
activity. To investigate the role of the Calll metal ion in
PbXI, an E203A mutant was constructed, as the Glu203
residue is involved in Calll binding. Notably, the E203A
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mutant also showed a 50% reduction in activity. This result
indicated that Calll binding may be important for the
stability and/or activity of PbXI. In addition, it should be
noted that PbXI has ten-fold higher activity than PiXI at
25°C (Figs. 5A and 5B), presumably because of the flexibility
of the pl-a2 loop region of PbXI. According to previous
reports [11, 22], the catalytic efficiencies (k./K,,) of PiXIs
are higher than that of PbXI (Table 4). However, in this
study, we newly purified PiXI and compared the activity of
PiXI with that of PbXI using 150 mM D-xylose as a substrate
in the same assay condition.

PbXI stability was determined by thermal denaturation
using far-UV CD spectroscopy; T,, was 51.1°C (Fig. 5C). To
better understand the biological role of the third metal ion,
we examined CD spectra of an E203A mutant in comparison
with spectra of the wild type. The activity of the E203A
mutant was significantly lower than that of the wild-type
protein (Fig. 5B). The Glu203 residue is involved in putative
Calll ion coordination. Replacement of the glutamate
residue with an alanine residue is expected to disturb
putative metal binding in PbXI. There was a significant
difference between the CD spectrum of wild-type PbXI and
that of the E203A mutant, although the overall T, of the
E203A mutant was similar to that of wild-type PbXI
(Figs. 5C and 5D). This means that the third metal ion does
not affect the secondary structure stability of PbXI.
Alternatively, the alanine substitution of Glu203 might
have resulted in a local conformational change. Further,

lack of the third metal ion may have weakened subunit-
subunit interactions because the third metal ion is located
in the subunit-subunit interface. The reduced interaction
among subunits may have resulted in reduced PbXI
activity. The identification of a novel metal-binding site
and biochemical analyses in this study may pave the way
toward an understanding of the relationship between
subunit-subunit stability and the activity of class II XIs.
Enzymes from psychrophiles generally have a low
optimum temperature and are heat labile; however, PbXI is
moderately thermophilic. Notably, PbXI has high amino
acid sequence identity to class II XIs from two thermophiles,
TtXI from Thermoanaerobacterium thermosufurigenes (68%
sequence identity) and TnXI from Thermotoga neapolitana
(63% sequence identity), but has a considerably low
optimum temperature [38, 39]. TtXI and TnXI have very
high amino acid sequence identity (70.4%), but TnXI is
more thermostable than TtXI, with optimum temperatures
of 95°C for TnXI and 85°C for TtXI. Mutational studies
indicated that two additional Pro residues of TnXI (Pro58
and Pro62) play important roles in hyperthermophilic
properties. The substitution to Pro can increase protein
stability by decreasing the entropy of the unfolded state. To
explain the differences in optimum temperature between
class II XIs, we analyzed total amino acid compositions. As
shown in Fig. 6, there is a clear correlation between the
Asn+Gln content and the growth temperature of the source
organism, and PbXI has the highest Asn+GIn content among
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XIs from mesophilic, thermophilic, and hyperthermophilic
organisms. Moreover, the lower amount of Pro residues in
PbXI might explain its thermal properties.

In conclusion, we reported the first crystal structure of a
XI from the psychrophilic soil microorganism, Paenibacillus
sp. R4. Sequence alignment and structural and biochemical
analyses provided novel insights into the factors that
determine the activity of PbXI. Our findings suggest that
site-directed mutagenesis with the aim of increasing the
flexibility near the substrate-binding region may offer an
alternative strategy for rational design of low-temperature
purpose-specific XI enzymes.
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