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Sugar isomerases (SIs) catalyze the reversible conversion of aldoses to ketoses. A novel putative SI gene
has been identified from the genome sequence information on the psychrophilic bacterium Paenibacillus
sp. R4. Here, we report the crystal structure of the putative SI from Paenibacillus sp. R4 (PbSI) at 2.98 A
resolution. It was found that the overall structure of PbSI adopts the triose-phosphate isomerase (TIM)
barrel fold. PbSI was also identified to have two heterogeneous metal ions as its cofactors at the active
site in the TIM barrel, one of which was confirmed as a Zn ion through X-ray anomalous scattering and
inductively coupled plasma mass spectrometry analysis. Structural comparison with homologous SI
proteins from mesophiles, hyperthermophiles, and a psychrophile revealed that key residues in the
active site are well conserved and that dimeric PbSI is devoid of the extended C-terminal region, which
tetrameric SIs commonly have. Our results provide novel structural information on the cold-adaptable SI,
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including information on the metal composition in the active site.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Sugar isomerases (SIs) reversibly catalyze the conversion of al-
doses to ketoses. Xylose isomerases (XIs; a type of SI), also known
as glucose isomerases catalyze the isomerization of p-xylose and p-
glucose to p-xylulose and p-fructose, respectively [1]. XIs have
become popular in the food industry because they can be efficiently
used for high-fructose corn syrup production without forming any
by-products [2,3]. Moreover, xylulose is used as a fermentation
source for ethanol production in the biofuel industry, and the
conversion of xylose to xylulose by this process can be achieved
using XIs [4,5]. XIs also have catalytic activity for other sugars such
as p-ribose, p-allose, and L-arabinose besides p-xylose and b-
glucose [6].

SIs including XIs adopt the triose-phosphate isomerase (TIM)
barrel fold structure, primarily exhibiting the tetrameric form as a

functional unit [7—12]. They also have metal cofactors for catalysis
in the active site [1,13]. The metal cofactors comprise two divalent
cations such as Mg®*, Mn?*, and Co®* [1,13], one of which con-
tributes to substrate fixation and the other is directly involved in
hydride shift [14]. Despite these generalized roles of the metal ions,
SIs show a diversity of metal species depending on host organisms
[1]. Moreover, the heterogeneity or homogeneity of metal compo-
sition needs to be confirmed to understand the specific roles of the
respective metal ions. Therefore, metal preference identification for
the cofactor is necessary for characterization of a novel SL

To date, numerous studies on SIs, including Xls, have revealed
their structures and mechanisms of action [15—18]. However, these
primarily included the SIs from mesophilic and thermophilic bac-
teria. Studies conducted on SIs from psychrophilic bacteria are rare
[19]. Such limited research has resulted in a scarcity of structural
and functional information on SIs from psychrophilic bacteria.
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Structural and functional studies on novel SlIs from psychrophilic
bacteria can provide valuable information on determinants for
contribution to protein cold adaptation. A putative SI gene has
previously been identified based on the genome sequence of the
psychrophilic bacterium Paenibacillus sp. R4, which was isolated
from ice in Antarctica [19]. The putative SI from Paenibacillus sp. R4
(PbSI) was selected for elucidation of its crystal structure and
structural features.

Herein, we present the crystal structure of PbSI at 2.98 A reso-
lution. Structural analysis revealed the TIM barrel fold as a main
architecture. Our anomalous X-ray scattering along with induc-
tively coupled plasma mass spectrometry (ICP-MS) indicates that
PbSI has a Zn ion and a Ca ion in the active site. In addition,
structural comparative analysis implies that a unique topology of
PbSI and biophysical properties thereof may be associated with cold
adaptation. Our results contribute to expansion of structural in-
formation on TIM barrel proteins, including the metal species in the
active site.

2. Materials and methods
2.1. Vector construction, overexpression, and purification

Using the polymerase chain reaction, the gene encoding PbSI
was amplified from the genomic DNA of Paenibacillus sp. R4 with a
forward primer (5'-CTGCCATATGGAACGTTTTACAAACATAGA-3')
and a reverse primer (5-CTGGCTCGAGTTACACATGCTCCAAATATC-
3’) (the underlined sequences indicate the Ndel and Xhol restriction
sites, respectively). The amplified gene products were ligated into
pET-28a vectors (Novagen, Madison, WI, USA) having the same
restriction sites. The recombinant expression vectors with a hexa-
His tag and a thrombin protease recognition site at the N termi-
nus were delivered into Escherichia coli BL21(DE3) cells for protein
mass production. The transformed cells were cultured in lysogeny
broth medium containing 50 pg/mL kanamycin. When the optical
density at 600 nm reached 0.5, 0.5 mM isopropyl-1-thio-B-p-gal-
actopyranoside was added to the medium for induction, and the
cells were further cultured overnight at 25 °C. Thereafter, cells were
collected by centrifugation at 6000 rpm for 20 min at 4 °C. Cell
pellets were resuspended in a buffer (50 mM sodium phosphate
with pH 8.0, 300 mM Na(l, and 5 mM imidazole supplemented
with 0.2 mg/mL lysozyme) and lysed via ultrasonication on ice,
followed by centrifugation at 16,000 rpm for 1 h at 4 °C. The
resulting supernatant was loaded onto a Ni-affinity chromatog-
raphy column (Qiagen, Hilden, Germany), and the protein was
eluted with a gradient of imidazole (20—300 mM). Protein fractions
were collected and concentrated using an Amicon Ultra Centrifugal
Filter (Ultracel-3K; Millipore, Darmstadt, Germany), and the hexa-
His tag was cleaved with thrombin treatment. The protein was
further purified using a Superdex 200 column (GE Healthcare,
Piscataway, NJ, USA) pre-equilibrated with a buffer [50 mM Tris-HCI
(pH 8.0), and 150 mM Nacl]. Fractions containing the protein were
collected and concentrated to 62.9 mg/mL for protein crystalliza-
tion. Protein purity was assessed by sodium dodecyl sulphate-
polyacrylamide gel electrophoresis.

2.2. Crystallization and data collection

Protein crystallization conditions were initially explored using
Mosquito, a high-throughput crystallization robot (TTP Labtech,
UK). Crystallization experiments were conducted on 96-well crys-
tallization plates (Emerald Bio, Bainbridge Island, WA), where each
aliquot of crystallization buffers from commercially available kits
like MCSG I-IV (Microlytic, Burlington, USA) and PACT (Molecular
Dimension, USA) was spread on the plates, using the sitting-drop
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vapor-diffusion method. A 300 nL drop of protein solution was
mixed with an equal volume of reservoir solution at 20 °C. Crystals
were obtained from a crystallization buffer composed of 0.2 M
sodium fluoride, 0.1 M Bis-Tris propane (pH 7.5), and 20% PEG 3350
(PACT #G1). Well-shaped crystals were selected and soaked in
Perfluoropolyether Cryo Oil (Hampton Research, Aliso Viejo, USA)
and flash-frozen in liquid nitrogen. X-ray diffraction data were
collected at —178 °C on the BL5C beamline at Pohang Accelerator
Laboratory (Pohang, Korea). A total of 100 images were collected
with an oscillation range of 1° and exposure time of 1 s per image.
Zn atoms in the crystal were identified using Zn anomalous scat-
tering at the K-absorption edge wavelength of Zn. Diffraction data
were indexed, processed, and scaled using the HKL2000 program
[20]. Detailed information on data collection, including refinement
statistics, is presented in Supplementary Table S1.

2.3. Structure determination and refinement

The initial phase of PbSI was determined using the MOLREP
program [21] embedded in the CCP4i suit [22]. The structure of a
sugar isomerase from Rhizobium meliloti (PDB code: 3QC0) was
used as a template model. A model of PbSI was built manually using
Coot [23] and iteratively refined using REFMAC5 [24] and PHENIX
[25]. Model refinement was conducted until Ryork and Rgree Values
reached 21.4% and 27.1%, respectively. The final model was vali-
dated using Molprobity [26]. The atomic coordinates and structure
factors for the final model have been deposited in the Protein Data
Bank under accession code 7VPFE.

2.4. Size exclusion chromatography-coupled multi-angle light
scattering

Size exclusion chromatography-coupled multi-angle light scat-
tering (SEC-MALS) was performed to analyze a multimeric state of
PbSI in solution by measuring the absolute molecular weight of
PbSI. The purified protein solution was loaded onto a Superdex 200
Increase 10/300 GL 24 mL column, pre-equilibrated with a SEC
buffer (20 mM Tris-HCI (pH 8.0), 150 mM NaCl). SEC-MALS was
performed at a flow rate of 0.4 mL/min and measurement tem-
perature of 20 °C. A DAWN-TREOS MALS detector for signals was
mechanically connected to an AKTA Explorer system. The molec-
ular weight of bovine serum albumin in solution was measured as a
reference value. Measured data were finally processed using the
ASTRA program.

3. Results and discussion
3.1. Overall structure of PbSI

The crystal structure of PbSI was determined at 2.98 A resolution.
X-ray data collection including Zn anomalous scattering and
refinement statistics for PbSI are summarized in Supplementary
Table S1. The crystal structure of PbSI revealed that it exists in a
dimeric form in the crystallographic environment (Fig. 1A). Each
subunit consists of ten a-helices, two 31p-helices, eight B-strands,
and several loops (Fig. 1B). Each monomer adopts a TIM barrel fold, in
which eight B-strands are surrounded by eight a-helices, forming a
barrel shape (Fig. 1B). A Ca ion and a Zn ion were also found in the
center of the respective barrels, which are assumed to be the active
sites (Fig. 1A and B). We found that several residues in the respective
monomers interact with each other (Fig. 1C; gray). Several loops and
helices from each monomer are involved in interactions with each
other to form the interface (Fig. 1A). Such interactions appear to
contribute to structural stability to maintain the dimeric form.
Thirty-three residues per monomer, corresponding to 12% of the
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Fig. 1. Overall structure of sugar isomerase from Paenibacillus sp. R4 (PbSI). (A) Dimeric structure of PbSI. The structure is represented as a cartoon, and the spheres indicate Ca
(yellow) and Zn (gray) ions. (B) Monomeric structure of PbSI. The structure in subunit B is represented as a cartoon viewed from two different directions. (C) Interactions between
the two subunits of PbSI. Interface residues are colored gray. The color code is the same as that of panel (A). (D) Size exclusion chromatography-coupled multi-angle light scattering
(SEC-MALS) profile of PbSI. SEC-MALS data (red) are plotted as elution volume (x-axis) and molecular mass distributions (y-axis) and are superimposed on the SEC chromatogram
(black) at 280 nm. (E) B-factor distribution of PbSI. The dimeric structure is depicted in putty representation and is rainbow-colored from red to violet in order of B-factor value. The
dashed ovals indicate regions with high B-factor values. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

overall residues, participated in the interface formation.

The multimeric state of Sls in solution is essential for under-
standing their biological functional units in the cellular environ-
ment. A tetramer is a dominant form in most SlIs [7—12]. They also
exhibit unique structural features to form a tetramer [7—12]. It was
found that two molecules in the asymmetric unit form a dimer. The
PDBePISA server also suggested a dimeric form as the most prob-
able multimeric state in solution. In addition, we performed SEC-
MALS analysis to experimentally verify the dimeric state of PbSI
in solution. Our SEC-MALS analysis showed that a single peak
appeared at the 14.7 mL retention volume, which corresponds to
approximately 70 kDa (Fig. 1D). Considering that the theoretical
molecular weight of dimeric PbSI is approximately 63 kDa, this
result indicated that PbSI maintains a dimeric form in solution to
exert its biological function.

Previous studies have shown that protein mobility may be
associated with a determinant of temperature tolerance [27—32].
Hence, the B-factor distribution of PbSI was analyzed in the dimeric
form. The result showed that the dimeric structure of PbSI exhibits
overall symmetric B-factor value distribution (Fig. 1E). Specifically,
the outer parts of barrels exhibited relatively high B-factor values,
corresponding to a1, @3, 9, and 210 helices in the vicinity of the
active site (Fig. 1E; dashed ovals). This finding implies that the local
mobility of these regions might be associated with the structural
plasticity required for catalytic activity at low temperature.

3.2. Structure of the active site of PbSI

SIs including XIs generally contain two divalent cations such as
Mg?*, Ca®*, Mn?", Co?*, and Zn?* in the active site [1,13]. Two
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metal ions (M1 and M2) are positioned at their own metal-binding
sites [ 14]. M1 contributes to structural stabilization of the substrate
by binding it, and M2 plays a role in facilitating the hydride shift for
isomerization of the substrate [14]. However, these metal species
are diverse among SIs, and this reflects the chemical specificity for
catalysis, depending on the SI type. Therefore, identifying metal
species at the active site is necessary for accurately understanding
the structure of the active site and the catalytic process.

In the PbSI structure, the TIM barrel has a small pocket as the
active site, as shown in Fig. 2A. Two metal ions, i.e., Ca>* and Zn?>",
are positioned at the bottom of the active site (Fig. 2A). The size of
the active site and the metal composition suggest that PbSI may
bind substrates fitting in the size and that the metal ions play vital
roles in catalysis.

Initially, we found that residual electron density maps appeared
at the region corresponding to the active site of other homologues
(discussed in more detail later). Specifically, this position was
assumed to constitute metal sites, such as M1 and M2. Thus, to
identify the metal species in the active site, we conducted induc-
tively coupled plasma mass spectrometry (ICP-MS) analysis. Among
various elements, Mg?*, Ca®*, and Zn®>" exhibited relatively high
concentrations: 352.6 ppb, 475.9 ppb, and 438.5 ppb, respectively
(Supplementary Table S2). Thus, these three metal elements were
the plausible candidate metal species. Given that two heteroge-
neous metal ions existed in the same active site, the molar ratio of
the two metal ions would be approximately 1:1. Therefore, we
provisionally concluded that the two metal ions corresponding to
the electron density map are Ca®* and Zn?*.

To identify which position in the electron density map corre-
sponds to Zn?*, we performed X-ray anomalous scattering analysis
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Fig. 2. Active site of sugar isomerase from Paenibacillus sp. R4 (PbSI). (A) A cross-section view representing the active site pocket. Ca (yellow) and Zn (gray) ions are represented as
spheres. (B) Omit maps and anomalous difference Fourier maps of the metal ions in subunit A and B. Omit maps (mFo-DF¢) are colored gray and contoured at the 2.5 ¢ (subunit A)
and 2.5 ¢ (subunit B) level. The anomalous difference Fourier maps of Zn are colored blue and contoured at the 10.0 ¢ level. (C) Interactions between metal ions and adjacent
residues in the active site. Green dashed lines indicate coordinate covalent bonds. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)

of Zn, and a wavelength for the K-absorption edge of Zn was
investigated and determined to have a value of 1.2808 A. The mFo-
DFc omit maps shown in Fig. 2B (gray) indicate that the residual
electron density maps fit the two metal sites. As expected, a Zn ion
occupied one of the two positions, and the corresponding map
matched approximately half of the omit map (Fig. 2B; blue).
Therefore, it is reasonable to assume that the rest of the map in-
dicates the position of a Ca ion. However, the possibility that a Mg
ion occupies this position still cannot be excluded.

It was also found that the two metal ions interact with adjacent
residues (Fig. 2C). Specifically, the Zn ion electrostatically interacts
with the side chains of Glu142, Asp178, His203, and Glu247,
including the Ca ion (Fig. 2C). The Ca ion also interacts with Glu142
and Glu247, besides the Zn ion (Fig. 2C). However, it appears that
three invisible water molecules are involved in the coordinate co-
valent bonds to satisfy the coordination number of Ca, which is six.
As no substrate or product was clearly observed in our structure, it
is difficult to confirm the roles of the two metal ions during the
catalytic process. If the Zn ion is involved in the hydride shift, some
adjacent residues probably undergo spatial displacements to allow
the Zn ion to form an appropriate geometry for catalysis.

3.3. Structural comparison with homologues from mesophiles and
thermophiles

Considering that PbSI is a putative SI from a psychrophile, it may
have unique structural features or biophysical properties compared
to its homologues, such as SIs from mesophiles and thermophiles.
Based on structural similarity and structural information deposited

51

in the Protein Data Bank, several homologues to PbSI were selected
as comparison targets: L-xylulose-5-phosphate 3-epimerase UlaE
from E. coli (PDB ID: 3CQK [33]), Xylose isomerase from Salmonella
typhimurium (PDB ID: 2Q02) as SIs from mesophiles; and xylose
isomerase from Thermoanaerobacterium thermosulfuriigenes (PDB
ID: 1A0C), xylose isomerase from Bacillus stearothermophilus (PDB
ID: 1A0D), xylose isomerase from Thermus thermophilus (PDB ID:
1BXB [18]) as SIs from thermophiles. Our structure was compared
with these homologues, and structural differences and biophysical
properties were analyzed.

We compared the PbSI structure with the UlaE structure from
E. coli (PDB ID: 3CQK), which was well discussed in terms of the key
residues for catalysis and its overall structure as a dimer [33]. It was
found that the two proteins share the central TIM barrel fold,
showing structural variation of several helices and loops adjacent
to the active site (Fig. 3A). The root-mean-square deviation value
between the two was 3.21 A over 248 Ca atoms. However, the Zn
ion and four residues binding it were positioned almost at the same
active site (Fig. 3B). In UlaE, the four residues, Glu155, Asp185,
His211, and Glu251 coordinate the Zn ion and correspond to
Glu142, Asp178, His203, and Glu247 of PbSI, respectively (Fig. 3B).
Such spatial conservation of the metal and key residues implies that
the Zn ion of PbSI plays a role similar to that of UlaE in the catalytic
process. If our assumption is correct, the Ca ion potentially func-
tions as a substrate stabilizer, and the Zn ion is expected to directly
catalyze the hydride shift.

XI from S. typhimurium (StXI; PDB ID: 2Q02) also has a Zn ion in
its active site. As expected, comparison of the structure of PbSI with
that of StXI also revealed that they share the TIM barrel fold in the
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Fig. 3. Structural comparison of sugar isomerase from Paenibacillus sp. R4 (PbSI) with homologues from mesophiles and thermophiles. (A) Overall structural comparison between
PbSI and UlaE from Escherichia coli. The structure of PbSI (magenta) is superimposed onto that of UlaE (green). Ca (yellow) and Zn (gray) ions of PbSI, and Zn (blue) ion of UlaE are
represented as spheres. (B) Comparison of key residues in the active site between PbSI and UlaE. The color code is the same as that of panel (A). Overall structural comparison
between PbSI (magenta), StXI (C; orange), and BsXI (D; slate). The Zn (red) ion of StXI and Mn (cyan) ions of BsXI are represented as spheres. The black dashed oval in panel (D)
indicates the extended C-terminal region of BsXI. (E) The tetrameric structure of BsXI. The C-terminal region of subunit A (slate) is colored red. (F) Overall structural comparison
between PbSI (magenta), BsXI (slate), TtsXI (gray), and TtXI (wheat). The Co (pink) ions of TtsXI are represented as spheres. The black dashed oval indicates the extended C-terminal
regions of BsXI, TtsXI, and TtXI. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

center, and they exhibit spatial differences nearly in the same re-
gions as in UlaE (Fig. 3C). Moreover, the position of the Zn ion was
almost identical in both (Fig. 3C; dashed circle). This result
constituted additional evidence to support our hypothesis con-
cerning the function of the Zn ion of PbSI.

Our structure was also compared with the XI from the ther-
mophile B. stearothermophilus (BsXI; PDB ID: 1A0D). Although the
two structures exhibited topological similarity to each other,
including the TIM barrel fold, the overall architecture showed
substantial spatial deviation (Fig. 3D). Remarkably, it was found
that the extended C-terminal region of BsXI protrudes out, unlike in
the PbSI structure (Fig. 3D). Considering that BsXI showed a tetra-
meric form in the crystallographic environment, the C-terminal
region of BsXI was hook-shaped to connect the subunit to neigh-
boring subunits. Indeed, the C-terminal region was found to
interact with two neighboring subunits (Fig. 3E), resulting in the
formation of a tight tetramer. This hook-shaped region is
commonly observed in other tetrameric SIs, including XI from T.
thermosulfuriigenes (TtsXI; PDB ID: 1A0C) and XI from T. thermo-
philus (TtXI; PDB ID: 1BXB [18]) (Fig. 3F).

3.4. Structural comparison with a homologue from a psychrophile

The crystal structure of an XI from Paenibacillus sp. R4 (PbXI) has
been previously reported. This tetrameric XI has three Ca ions (Cal,
Call, and Calll) in one subunit, two of which (Cal and Call) are
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positioned in the active site. To investigate structural similarity and
differences, PbSI and PbXI structures were compared. The two
proteins showed structural differences like those between PbSI and
BsXI (Fig. 4A). Although they share the TIM barrel fold in the center,
PbXI has the extended C-terminal region unlike PbSI (Fig. 4A).

Moreover, it was found that spatial arrangements of key resi-
dues in the active site are different from each other. The four resi-
dues (Glu230, Glu266, Asp294, and Asp338) binding the Cal ion in
PbXI correspond to the four residues (Asp142, Asp178, His203, and
Glu247) binding the Zn ion in PbXI (Fig. 4B). These residues are well
conserved in terms of spatial arrangements. However, residues
binding the Call ion exhibited structural differences from those in
PbSI. In PbXI, the Call ion is coordinated to Glu266, His269, Asp305,
Asp307, and Asp338 (Fig. 4B). Although three residues, Glu266,
His269, and Asp338 spatially correspond to Asp178, His181, and
Glu247 of PbSI, PbSI does not have appropriate residues corre-
sponding to Asp305 and Asp307 of PbXI. This finding suggests that
PbSI has its own substrate recognition mode, which is intrinsically
different from that of PbXI. These structural differences in the
spatial arrangements of the metal ions and key residues also imply
that PbSI may recognize sugar molecules other than xylose.

We also found that the size and shape of the active site are
different from each other. The active site of PbXI is relatively wide
and open, while the active site of PbSI is virtually closed (Fig. 4C and
D). The active site structure of PbXI appeared to be natural as a
substrate-free form. However, the active site entrance of PbSI was
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Fig. 4. Structural comparison between sugar isomerase from Paenibacillus sp. R4 (PbSI) and xylose isomerase from Paenibacillus sp. R4 (PbXI). (A) Overall structural comparison
between PbSI (magenta) and PbXI (teal). Ca (black) ions of PbXI are represented as spheres. The black dashed oval indicates extended C-terminal regions of PbXI. (B) Comparison of
key residues in the active site between PbSI and PbXI. The color code is the same as that of panel (A). Surface representation of PbXI (C) and PbSI (D). The dashed circles indicate the
respective active site entrances. Omit maps of Arg68 in subunit A (E) and B (F). The respective omit maps (mFo-DFc) are colored blue and contoured at the 2.0 ¢ level. The red arrows
indicate respective residual electron density maps. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

blocked and it appeared to be difficult for external solvent mole-
cules to enter the active site (Supplementary Text S1). Moreover,
the mFo-DFc omit map in the proximity of the metal ions in the
active site showed that Arg68 potentially bound a molecule, which
appears to be the substrate or intermediate of PbSI (Fig. 4E and F).
Considering that the active site is closed during the catalytic pro-
cess, our structure may constitute a view showing an intermediate
step of the whole catalytic process. Thus, further studies should
focus on identifying the substrate of PbSI and elucidating its
mechanism.
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