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Abstract

The recombinant catalytic a-subunit of N-glycan processing glucosidase Il from
Schizosaccharomyces pombe (SpGlla) was produced in Escherichia coli. The recombinant
SpGlla exhibited quite low stability, with a reduction in activity to < 40% after 2-days
preservation at 4°C, but the presence of 10% (v/v) glycerol prevented this loss of activity.
SpGlla, a member of the glycoside hydrolase family 31 (GH31), displayed the typical
substrate specificity of GH31 a-glucosidases. The enzyme hydrolyzed not only a-(1—3)- but
also a-(1—2)-, a-(1—4)- and a-(1—6)-glucosidic linkages, and p-nitrophenyl a-glucoside.
SpGllo displayed most catalytic properties of glucosidase Il. Hydrolytic activity of the
terminal a-glucosidic residue of Glc.Mans-Dansyl was faster than that of GlciMans-Dansyl.
This catalytic a-subunit also removed terminal glucose residues from native N-glycans
(GlcoMangGIcNAC; and GlciMangGIcNAC;) although the activity was low.
Key words: catalytic a-subunit of ER glucosidase Il; heterologous expression; glycoside
hydrolase family 31; substrate specificity
Abbreviations
cleavage-1, conversion of G2M9 to G1M9; cleavage-2, conversion of GIM9 to M9; BSA,
bovine serum albumin; ER, endoplasmic reticulum; GH31, glycoside hydrolase family 31;
Gl, glucosidase I; GllI, glucosidase Il; Glla, a-subunit of glucosidase II; GIIp, B-subunit of
glucosidase Il; G1M3, GlciMans; G2M3, Glc:Mans; GIM9, GlciMangGIcNAC,; G1IM9-PA,
pyridylaminated G1M9; G2M9, Glc,MangsGIcNACc,; G3M9, GlcsMansGIcNAC,; G3M9I-PA,
pyridylaminated G1M9; HPLC, high-performance liquid chromatography; IPTG, isopropyl
B-thiogalactopyranoside; M9, ManeGIcNACz; pNPG, p-nitrophenyl a-glucopyranoside; ScGl,
glucosidase | of Saccharomyces cerevisiae; SpGlla, a-subunit of glucosidase Il of

Schizosaccharomyces pombe.
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Introduction

Secretory proteins of eukaryotic cells are N-glycosylated in the endoplasmic reticulum
(ER). N-Glycosylation is initiated with the transfer of the precursor glycan,
GlcsManyGIcNACc, (G3M9), to an Asn residue in the motif Asn-Xaa-Ser/Thr of nascent
polypeptides. Mannoses in G3M9 are organized in a 3'-trimannosyl branch (arm A) and a 6'-
petamannosyl branch (composed of arms B and C), with the former type capped by three
glucose residues. While still in ER, terminal glucoses in arm A and mannose in arm B are
removed by glycosidases. The removal of glucose residues is catalyzed by glucosidases | and
Il (Gl and GII, respectively), and the removal of the mannose residue is catalyzed by ER
mannosidase. Gl specifically trims the outermost a-(1—2)-linked glucose residue of G3M9
to produce Glc.MangGIcNACc, (G2M9). Subsequently, GIl removes a further two a-(1—3)-
linked glucose residues in succession: cleavage-1, conversion from G2M9 to
GlciManyGIcNAC, (G1M9); and cleavage-2, conversion from G1M9 to ManysGIcNAc, (M9).
These cleavage processes by Gll have important implications for folding and quality control
of nascent glycoproteins.?

Gl is a heterodimeric protein composed of tightly bound a- and B-subunits (Glla and
GIIp, respectively). Glla is the catalytic subunit and displays significant amino acid sequence
similarity to glycoside hydrolase family 31 (GH31) a-glucosidases. GH31 a-glucosidases are
widespread in many organisms and are believed to be involved in the degradation of starch
and a-glucooligosaccharides (e.g., maltooligosaccharides and a-glucobioses). The catalytic
domain of GH31 a-glucosidase adopts the (B/a)s-barrel fold and the active site is located in a
pocket at the C-terminus of the inner B-barrel.® Recently, the three-dimensional structures
of Gllas from Chaetomium thermophilum and murine were determined.”® The structures are
almost identical to other GH31 a-glucosidases, except for an N-terminal segment. The

structure of murine Glla contains a portion of the GIIB.®) This structure reveals that several
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salt bridges and hydrogen bonds are associated with the formation of the GII heterodimer.
GIIB is necessary for solubility, stability, activity and localization of GI1.%9 GlIB is involved
in the identification of the substrate because it recognizes the arms B and C by its mannose
6-phosphate receptor homolog domain (MRH domain).**? Structural analysis of the MRH
domain of Schizosaccharomyces pombe GIIf indicates that a tyrosine residue is closely
associated with the binding of the mannose residue.*®

Gllo without GIIp exhibits hydrolysis activity toward chromogenic substrates such as p-
nitrophenyl a-glucopyranoside (pNPG), but not the glucosidic residues in the physiological
glycans, G2M9 and G1M9. Moreover, there are a few reports that Glla can trim glucose
residues in native glycans without GIIp. Gllo from Saccharomyces cerevisiae can catalyze
cleavage-1, but not cleavage-2 without GIIB.'» S. pombe Glla (SpGlla) exhibits limited
cleavage-1 activity in vivo, but not in vitro.'? Bombyx mori Glla, a purified recombinant
protein, shows weak cleavage-2 activity.'® However, the detailed catalytic specificity of Glla
toward the natural N-glycan remains unresolved.

In this study, we revealed the substrate recognition of SpGlla for the first time by
successfully obtaining soluble recombinant SpGlla, and the stability of recombinant SpGlla
was improved by coexistence with glycerol. Substrates used in this study were: i) substrates
(maltooligosaccharides, a-glucobioses, and PNPG) of GH31 a-glucosidases, which share the
common ancestral protein with Glla; ii) dansyl substrates (G2M3-Dansyl and G1M3-Dansyl)
mimicking arm A of N-glycan; and iii) natural N-glycan substrates (G2M9 and G1M9).
SpGlla hydrolyzes the substrates of GH31 a-glucosidase with broad specificity. Dansyl
substrates and natural N-glycan substrates are also cleaved even without GIIp. However, the
hydrolysis rate on N-glycan substrates is slow and this observation suggests that the assistance

of GIIP is required for proper activity.
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Material and methods

Materials. Bacto yeast extract, bacto peptone and bacto yeast nitrogen base without
amino acids and ammonium sulfate were purchased from BD biosciences (Sparks, MD, USA).
a,a-Trehalose, pNPG and glycerol were from Nacalai Tesque (Kyoto, Japan). The maltose
used was manufactured by Nihon Shokuhin Kako, Tokyo, Japan. Kojibiose, nigerose,
maltotriose, maltotetraose, maltopentaose, maltohexaose and maltoheptaose were purchased
from Wako Pure Chemical Industries (Osaka, Japan). Isomaltose was from Tokyo Chemical
Industry (Tokyo, Japan). Pyridylaminated GIM9 and G3M9 (G1M9-PA and G3M9-PA) were
purchased from Masuda Chemical industries Co., Ltd. (Kagawa, Japan). All chemicals used

were of analytical grade unless otherwise noted.

Strains and vectors. Escherichia coli (E. coli) strain DH5a was used for cloning, whereas
BL21-CodonPlus (DE3)-RIL and -RP (Stratagene, La Jolla, CA, USA), and Rosetta ™ (DE3)
(Novagen-Merck Millipore, Billerica, MA, USA) were used for recombinant protein
expression. E. coli expression vectors, pCold | DNA and pET vectors (pET23d and pET41a),
were purchased from Takara Bio (Otsu, Japan) and Novagen-Merck Millipore, respectively.
S. cerevisiae NBRC 1136 (S288C) was from the National Institute of Technology and
Evaluation Biological Resource Center, Kisarazu, Japan, and Pichia pastoris GS115 and the
pPICZoA plasmid vector were from Invitrogen (Thermo Fisher Scientific, Carlsbad, CA,
USA). S. pombe AHU 3179 was kindly supplied by the Applied Microbiology Laboratory,

Research Faculty of Agriculture, Hokkaido University, Sapporo, Japan.

Cloning of the gls2 gene and construction of its expression plasmid. The gls2 gene
(SPAC1002.03c) encoding SpGlla was amplified by PCR using genomic S. pombe DNA as

the template using the two primers (sense 1 of 5'-TGTAACTTCTTCCCGGGAAAGATTCC-
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3" and antisence 1 of 5'-TTTCTCCATAAACGTTAAATATTGG-3’) and thermostable KOD-
plus-DNA polymerase (Toyobo, Osaka, Japan). The PCR product was cloned into pBluescript
Il SK(+) (Stratagene) to obtain SK-gls2. The recombinant SpGlla was produced as a fusion
protein with a Hisg-affinity tag at the C-terminus as follows. DNA encoding the predicted
mature SpGllo (Ala26 to Val923) was amplified by PCR using SK-gls2 as the template with
primers: sense_2 (5-TGCCCCATGGCATTTCGACATCAATTTAAA-3', the Ncol site is
underlined) and antisense 2 (5-AATCTCGAGAACCAAAAAAAGTTGTGGATT-3', the
Xhol site is underlined). The presence and location of the signal peptide cleavage site was
predicted by the Signal P server (http://www.cbs.dtu.dk/services/SignalP/).'® The PCR
product was digested with Ncol and Xhol, and then introduced into the Ncol-Xhol sites of

pET23d to generate the pET23d-gls2 plasmid for recombinant SpGlla production.

Cloning of the CWH41 gene and construction of its expression plasmid. The expression
vector of the CWH41 gene (YGLO027C) encoding S. cerevisiae processing glucosidase |
(ScGl) was constructed according to previous reports.t”®) The enzyme was a truncated form
(Glu33 to Phe833) with the N-terminal S. cerevisiae a-factor secretion signal and a C-terminal
Hise-affinity tag. ScGI was produced in P. pastoris using pPICZoA as follows. The CWH41
gene was amplified by PCR using genomic S. cerevisiae DNA as the template with primers:
CWH41 F  (5-AAGTAGTGGATAATAACGGTTCAGG-3") and CWH41 R (5~
CTTACTAGTAAGCGTCCAAGGATGTTGAC-3’, the Spel site is underlined). The
insertion of Spel resulted in a substitution of an amino acid residue, Phe833—Leu. Primestar
Max DNA polymerase (Takara Bio) was used as the thermostable DNA polymerase. The PCR
product was cloned into pBluescript Il SK(+) to obtain SK-CWH41. SK-CWH41 was
digested by EcoRI and Spel, cloned into the EcoRI-Xhol sites of pPICZaA, and designated

as pPICZaA-CWHA41 for the production of ScGl.
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Production and purification of SpGlla. E. coli BL21-CodonPlus (DE3)-RIL cells were
transformed by pET23d-gls2. Transformants were selected on an LB agar plate (5 g/L NaCl,
10 g/L bacto tryptone, 5 g/L bacto yeast extract and 15 g/L agar), supplemented with 50 mg/L
ampicillin and 30 mg/L chloramphenicol. A transformant was grown in 40 mL of LB liquid
medium with 50 mg/L ampicillin and 30 mg/L chloramphenicol at 30°C overnight. The
resultant 30 mL of overnight LB-culture was inoculated into TB medium (3 L; 12 g/L bacto
tryptone, 24 g/L bacto yeast extract, 0.4% (v/v) glycerol, 170 mM KHPO4 and 720 mM
K2HPOQO4) supplemented with 50 mg/L ampicillin and cell culturing was continued at 37°C.
When the ODsoo reached 0.7, the culture broth was cooled on ice for 30 min. Induction of the
culture was achieved at 12°C for 48 h without the addition of isopropyl pB-
thiogalactopyranoside (IPTG). Bacterial cells, harvested by centrifugation (11,600 x g, 4°C,
10 min), were suspended in 150 mL of 20 mM sodium phosphate buffer (pH 7.5) containing
10% (v/v) glycerol (buffer-A) and disrupted by sonication. The cell-free extract, obtained by
centrifugation (9,600 x g, 4°C, 10 min), was applied to a Co-chelating Sepharose Fast Flow
column (1.5cm 1.D. x 4 cm, GE Healthcare, Buckinghamshire, United Kingdom) equilibrated
with buffer-A containing 0.5 M NaCl (buffer-B). After thorough washing with buffer-B and
10 mM imidazole-containing buffer-B in this order, the adsorbed protein was eluted with a
linear gradient of imidazole from 10 to 200 mM in buffer-B. The active fractions were loaded
on to a Bio-Gel P6 fine column (3 cm I.D. x 28 cm, Bio-Rad, Richmond, CA) equilibrated
with buffer-A. The desalted sample was then loaded onto a DEAE-Sepharose Fast Flow
column (2.6 cm 1.D. x 8.5 cm, GE Healthcare) equilibrated with buffer-A. After washing with
buffer-A, the adsorbed protein was eluted with a linear gradient of NaCl from 0 to 1.0 M in
buffer-A. The active fractions, desalted by the aforementioned procedure using Bio-Gel P6,

were subjected to a second DEAE-Sepharose Fast Flow column chromatography (1.5 cm 1.D.
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x 6 cm) step. The adsorbed protein was eluted isocratically with 65 mM NaCl in buffer-A.
The active fractions were pooled and desalted by Bio-Gel P6 using buffer-A. The purity of
the protein was analyzed by SDS-PAGE. The concentration of the purified protein was
estimated by amino acid analysis of the protein hydrolysate (6 M HCI, 110°C, 24 h) using
JLC-500/V (JOEL, Tokyo, Japan) equipped with a ninhydrin-detection system. The extinction

coefficient of 1 mg/mL purified SpGlla at 280 nm was 2.27.

Production and purification of ScGI. Transformation of P. pastoris GS115 was performed
as described by Lin-Cereghino et al.'® pPICZaA-CWH41A was linearized with Sacl and
introduced into P. pastoris cells by electroporation. Transformants were selected on YPDSZ
agar plates (10 g/L bacto yeast extract, 20 g/L bacto peptone, 2 g/L glucose, 1 M sorbitol, 100
mg/L Zeocin and 15 g/L agar). The selected transformant was grown in BMGY medium [3L;
10 g/L bacto yeast extract, 20 g/L bacto peptone, 3.4 g/L yeast nitrogen base without amino
acids and ammonium sulfate, 10 g/L ammonium sulfate, 0.1 M potassium phosphate buffer
(pH 6.0), 10 g/L glycerol and 0.4 mg/L biotin] at 30°C overnight. The cells collected by
centrifugation at 4°C for 10 min (3,000 x g) were resuspended in 500 mL of BMMY medium
that contains 1% (v/v) methanol instead of the glycerol of BMGY and incubated at 22°C for
96 h under vigorous shaking. One hundredth of the culture volume of methanol was added
every 24 h. The supernatant was removed by centrifugation (11,600 x g, 4°C, 10 min) and its
pH was adjusted to 7.5 by addition of 1 M NaOH with stirring. Debris were removed by
centrifugation (11,600 x g, 4°C, 10 min) and the recovered supernatant was loaded onto a Ni-
chelating Sepharose Fast Flow column (1.5 cm 1.D. x 5 cm) equilibrated with 50 mM sodium
phosphate buffer (pH 7.5) containing 0.5 M NaCl (buffer-C). After washing with buffer-C
and then 5 mM imidazole-containing buffer-C, the adsorbed protein was eluted with 200 mM

imidazole in buffer-C. The fractions containing purified ScGl, which was determined by SDS-
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PAGE, were dialyzed against 20 mM potassium phosphate buffer (pH 6.8) containing 0.1 M
NaCl and concentrated using Centriprep YM-50 centrifugal filter units (Novagen-Merck

Millipore).

Standard enzyme assay. The activity of SpGlla was determined by measuring the
increase of p-nitrophenol during hydrolysis of pNPG. A reaction mixture (50 uL) consisting
of an appropriate concentration of SpGlla, 2 mM pNPG, 40 mM MES-NaOH buffer (pH 6.5),
2% (v/v) glycerol and 0.2 mg/mL bovine serum albumin (BSA) was incubated at 30°C for 10
min. The reaction was stopped by mixing with two volumes of 1 M sodium carbonate. The
amount of p-nitrophenol released was measured by absorption at 400 nm in a 1-cm cuvette,
using a molar extinction coefficient of 5,560 M~ cm™. One unit of SpGlla activity was
defined as the amount of enzyme that produced 1 umol p-nitrophenol per min under these

conditions.

Optimum pH and stability to pH and heat. The optimum pH of the catalytic reaction was
determined by measuring the hydrolytic rate at various pH values. The SpGlla concentration
and buffer used were 8.2 pg/mL and 80 mM Britton—-Robinson buffer (pH 2.7-11.5),
respectively. The other reaction conditions were the same as those of the standard assay
method. For measurement of pH stability, SpGlla (82 ug/mL) was incubated in 10-fold-
diluted Britton—Robinson buffer (pH 3.3 to 10.5) containing 0.1% BSA and 10% (v/v)
glycerol at 4°C for 24 h, followed by measurement of the residual activity under the standard
assay conditions. The stable region was defined as the pH range exhibiting residual activity
of > 90%. For measurement of thermal stability, SpGlla (2.7 pg/mL) in 67 mM MES-NaOH
buffer (pH 6.5) containing 0.1% BSA and 10% (v/v) glycerol was kept at 26 to 55°C for 15

min, followed by measurement of their residual activities under the standard assay conditions.
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The stable region was defined as the temperature range exhibiting residual activity of > 90%.

Effect of additives on enzyme stability. SpGlla in 20 mM HEPES-NaOH (pH 7.5) was
incubated with NaCl (0.05, 0.2, or 0.5 M), CaCl, (0.05 or 0.2 M), EDTA-2Na (0.1, 0.5, or 1
mM), glycerol [2, 10, or 20% (v/v)], or Triton X-100 [0.5 or 1% (v/v)] at 4°C. At the indicated
time, an aliquot of the mixture was taken and diluted with 40 mM MES-NaOH (pH 6.5)
containing 0.1% BSA and 10% (v/v) glycerol. The residual activity was evaluated by
hydrolysis of 0.2% maltose at 30°C. The hydrolysis reaction was terminated by mixing with
two volumes of 2 M Tris-HCI buffer (pH 7.0) and liberated glucose was measured with the

Glucose C I1-Test Wako (Wako Pure Chemical Industries).

Effect of various salts on the enzyme reaction. The enzyme reactions were performed in
40 mM MES-NaOH (pH 6.5) containing 1.6 ug/mL SpGlla, 0.2% maltose, 2% (v/v) glycerol
and 0.2 mg/mL BSA at 30°C for 10 min by adding salt (0-40 mM KCI, MgCl,, or various

sodium salts). The concentration of liberated glucose was measured, as described above.

Kinetic parameters for hydrolysis of various substrates. Kinetic parameters for
hydrolysis of pNPG, nigerose, kojibiose and a series of maltooligosaccharides were
calculated from the initial rates at various substrate concentrations by fitting to the Michaelis—
Menten equation using KaleidaGraph 3.6J (Synergy Software, Reading, PA, USA). Substrate
concentrations were as follows: 0.4-15 mM for pNPG, 0.5-10 mM for nigerose, 1-80 mM
for kojibiose, 3.2-80 mM for maltose, 2.0-64 mM for maltotriose, 2.0-80 mM for
maltotetraose and maltopentaose, 2.0-40 mM for maltohexaose and 0.8-40 mM for
maltoheptaose. Since the K value for isomaltose was so large, its Kea/Km value was

determined from the slope of Lineweaver-Burk plots at concentrations from 16 to 80 mM.

10
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The amount of p-nitrophenol released from pNPG was measured by absorption at 400 nm, as

described above. For other substrates, the liberated glucose was measured as described above.

Measurement of the hydrolytic rates of G2M3-Dansyl and G1M3-Dansyl. The hydrolytic
rates for G2M3-Dansyl and G1M3-Dansyl, both of which were prepared as described
previously,?®?Y) and nigerose were determined by measuring the liberated glucose
concentration. A reaction mixture (180 uL) consisting of SpGlla (0.35 ug/mL for nigerose
and G2M3-Dansyl, 1.8 ug/mL for GLM3-Dansyl), 0.4 mM substrate, 40 mM MES-NaOH
buffer (pH 6.5), 2% (v/v) glycerol and 0.2 mg/mL BSA was incubated at 30°C. At 5, 10, 15
and 20 min, an aliquot of the reaction mixture was taken and heated at 100°C for 3 min to
terminate the reaction. The glucose concentration was measured by high-performance anion
exchange chromatography [Dionex 1CS-3000 system with pulsed amperometric detection
(Dionex/Thermo Fisher Scientific, Idstein, Germany)]. The analytical column (CarboPac PA1,
4 mm I.D. x 250 mm, Dionex/Thermo Fisher Scientific) was equilibrated by 100 mM NaOH
at a flow speed of 0.8 mL min™. Separations were performed with the 6 min-linear gradient
of 100-640 mM NaOH for nigerose and with the 42 min-linear gradient of 0-600 mM sodium
acetate in 100 mM NaOH for dansyl oligosaccharides. The NaOH solution was prepared from
super special grade 50% NaOH (Wako Pure Chemical Industries). Standards and samples
contained 0.1 mM fructose as an internal reference. Peak areas and retention times of eluted
carbohydrates were evaluated with the Chromeleon software (Dionex/Thermo Fisher
Scientific). The concentration of glucose in each sample was calculated from its peak area

using a calibration curve prepared from standard glucose and internal fructose.

Detection of deglucosylation of pyridylaminated oligosaccharides. A reaction mixture

(100 pL) consisting of SpGlla (1.04 ug/mL), 0.4 uM substrate (G1M9-PA or G3M9-PA), 40

11
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mM MES-NaOH buffer (pH 6.5), 2% (v/v) glycerol and 0.2 mg/mL BSA was incubated at
30°C. For ScGl-catalyzed hydrolysis of the outermost glucose residue of G3M9-PA, 2.1
pg/mL ScGl was used under the same reaction conditions as SpGlla. The reaction was
terminated by incubation at 95°C for 5 min. The oligosaccharides were separated by high-
performance liquid chromatography (HPLC) using an Asahipack NH2-50-4E column (4.6
mm 1.D. x 250 mm, Shodex, Tokyo, Japan) at 40°C. The elution was done at a flow speed of
0.8 mL min~t with a linear gradient of acetonitrile from 68 to 34% in 0.3% ammonium acetate
buffer (pH 7.0). Pyridylaminated oligosaccharides were monitored by the fluorescence signal
(excitation wave length, 310 nm; emission wavelength, 380 nm) using a fluorescence detector

FP-2020 Plus (Jasco, Tokyo, Japan).

Results and discussion
Production and characterization of SpGlla

The expression conditions for obtaining soluble recombinant SpGlla in E. coli were
examined. The DNA coding for the mature SpGlla was in-frame inserted into different
expression plasmids (pET23d, pCold I, or pET41a) and enzyme production was tested using
three different E. coli strains [Rosetta (DE3), BL21-CodonPlus (DE3)-RIL, or -RP]. In most
expression systems tested, recombinant SpGlla was produced as an insoluble form; however,
the BL21-CodonPlus (DE3)-RIL strain transformed with the pET23d was the best
combination for soluble protein production. Furthermore, cultivation in TB medium
supplemented with 50 pg/mL ampicillin at 12°C without IPTG induction was also effective
for production of soluble SpGlla.

The induced cells cultivated under the optimum conditions for 48 h were disrupted in 20
mM sodium phosphate buffer (pH 7.5) including 10% glycerol, and the crude extract obtained

contained 11.5 U per 1 L culture. The presence of glycerol in both the purification and storage

12
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buffers was essential for preventing SpGlla from inactivation, as described below.
Recombinant SpGlla produced by E. coli was purified using cobalt-affinity and anion-
exchange chromatographies. The final desalting column step vyielded 1.8 mg of
electrophoretically homogeneous SpGlla (Fig. 1) from 3 L of culture with specific activity
of 4.0 U/mg.

Figure 2 shows the effects of various additives on the stability of SpGlla. The residual
activity of SpGlla without any additive decreased to < 40% of the initial activity after 2 d
(Fig. 2A), and to < 1% after 23 d (Figs. 2B, C). Inhibitory effect was observed when the
protein was incubated with NaCl, CaCl, and Triton X-100 (Fig. 2A). In particular, addition
of CaCl; and Triton X-100 induced substantially activity loss. Both glycerol and EDTA as
additives improved the stability of recombinant SpGlla (Figs. 2B, C). It is hard to understand
how EDTA contributes to the stability of SpGlla. It is anticipated that EDTA removes
contaminating divalent ions such as the calcium ion, which adversely affects the SpGlla
stability. The addition of > 10% (v/v) glycerol was more effective in stabilizing SpGlla than
EDTA, with the enzyme maintaining > 90% activity after 92 d (Fig. 2C). Glycerol is known
to induce protein compaction, reduce protein flexibility, stabilize specific partially unfolded
intermediates and affect protein aggregation,?? resulting in its wide use as a protein stabilizer.
Based on the effect of glycerol on protein stability, Vangenende et al. proposed that glycerol
prevents protein aggregation thorough preferential interaction with hydrophobic surface
regions.?? In nature, GlIB forms a heterodimer with Glla. Thus, glycerol was anticipated to
affect the exposed dimer interface of GIIf lacking the Glla subunit, because generally an
oligomer interface is hydrophobic. However, the three-dimensional structure of murine Glla
complexed with an N-terminal portion of GIIp showed that the interface area is not that
hydrophobic,® suggesting less hydrophobicity of the equivalent regions of SpGlla. Therefore,

it is possible that SpGlla has other surface exposed hydrophobic regions where glycerol

13



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

interacts to prevent instability of the protein. Nonetheless, stabilization conditions found in
this study allow us to perform purification and characterization of SpGlla.

The effects of various salts on the activity were investigated by measuring the initial
hydrolytic velocity on maltose using 2% (v/v) glycerol. NaCl, NaH;PO., Na;SO4, NaNOs,
KCI, MgCl;, or EDTA-2Na with concentrations up to 40 mM did not affect activity, while the
addition of 40 mM CacCl; decreased to 63% of the original initial velocity. The calcium ion
should be harmful to both activity and stability of SpGlla. As shown in Fig. 2A, 50 mM CacCl,
causes its inactivation within 2 d, which shows a negative effect of this salt on its stability.

The effects of pH and temperature on the activity were examined in the presence of 10%
(v/v) glycerol. The pH optimum was 6.5 and SpGlla was stable between pH 6.2 and 9.1.
SpGlla was thermally stable to 40°C with complete inactivation observed at 55°C (15 min
treatment). In the absence of glycerol, this thermal stability was reduced to < 30% of the

initial activity observed when incubated in the presence of glycerol for 15 min at 40°C.

Substrate specificity of SpGlla.: substrates for GH31 a-glucosidase

Substrate specificity of Glla is of interest, because this protein has a common ancestor
with GH31 a-glucosidases, which can hydrolyze o-(1—2)-, a-(1—3)-, a-(1—4)- and a-
(1—6)-glucosidic linkages.?*?" By primarily exhibiting specificity to a-(1—4)-glucosidic
linkage, GH31 a-glucosidases are mostly linked with metabolic pathways of starch and
maltooligosaccharides degradation.?® While Glla plays a different role in biological
processes when compared with that of GH31 a-glucosidases, both enzymes might display
similar substrate specificities, because catalytic function of a protein is generally conserved
during molecular evolution. Substrate specificity of SpGlla towards common substrates of a-
glucosidases was evaluated by determining kinetic parameters (Table 1). SpGlla hydrolyzed

all substrates tested, proving broader specificity than ER-resident processing GI, which
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recognizes the outermost a-1,2-glucosy residue in the N-glycan so strictly that kojibiose acts
as an inhibitor.?°2% Among the disaccharides, nigerose was the best substrate with the highest
Keat/ K value (Table 1). The K, values for maltose and kojibiose were around 10 times as large
as that for nigerose, and that for isomaltose could not be obtained due to unsaturated curve in
s — v plots up to 80 mM isomaltose, indicating that SpGlla displays weaker binding to a-
(1-4)-, a-(1—2)- and a-(1—6)-glucosidic linkages. This specificity is similar to the GH31
a-1,3-glucosidase, which hydrolyzes a-(1—4)-, a-(1—2)- and a-(1—3)-glucosidic linkages
together with weak specificity towards the a-(1—6)-glucosidic linkage.3*-*® This enzyme has
been found in some microorganisms and is hypothesized to be involved in a metabolic
pathway rather than the trimming of sugar chains.?'-*3 Hydrolysis of pNPG was characterized
by low kca: and Kr values, which are common features of the GH31 a-glucosidases and the a-
1,3-glucosidase.?3-2>28:31.32) These results demonstrate that SpGllo. conserves substrate
specificity while its localization and physiological role are different. The higher Keai/Km value
for maltose than that for malto-triose, -tetraose and -pentaose (Table 1) indicates that SpGlla
prefers maltose, and this observation is consistent with the structure of the active-site pocket
of Glla being capable of accommodating only disaccharides.”® The Keat/Km Values for malto-
hexaose and -heptaose increased 3.0 to 5.2 times over -triose, -tetraose and -pentaose. The
GH31 sugar beet a-glucosidase possesses the machinery that accommodates long-chain
substrates,*¥ but SpGlla has no equivalent element. Thus, it is difficult to explain the increase

in specificity toward longer-chain substrates.

Substrate specificity of SpGlla: N-glycan-relating substrates
We measured the hydrolytic rates on 0.4 mM G2M3-Dansyl and G1M3-Dansyl, which
mimic arm A of N-glycan, together with 0.4 mM nigerose for comparison. SpGlla was able

to hydrolyze the a-glucosidic linkage in G2M3-Dansyl and G1M3-Dansyl with hydrolytic
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rates of 1.23 and 0.274 pmol min~t mg?, respectively, although these values were slower than
that of nigerose (2.42 umol min~t mg™?). The difference in hydrolytic rates between G2M3-
Dansyl and G1M3-Dansyl is in agreement with the observation that GIll catalyzes the
hydrolysis of the a-Glu-(1—3)-Glc linkage (cleavage-1) faster than that of the a-Glu-(1—3)-
Man linkage (cleavage-2).%5%) The difference in the catalytic rate between both cleavages
was accounted for by binding of G1IB to mannose residues in arms B and C.35-%7) Alternatively,
recent crystal structure analyses proposed that an interaction between OH-2 of a mannose
residue and the carboxy group of the acid/base catalyst of Glla is responsible for the slow
reaction rate of cleavage-2.”® Our SpGlla, devoid of GIIB, shows cleavage-2, corroborating
the latter explanation.

Gllo without the GIIp is able to hydrolyze much smaller substrates, such as pNPG, but
not able to deglucosylate G2ZM9 and G1M9. These distinct results are also reported as follows.
Stigliano et al. demonstrated that SpGlla was able to degrade G2M9 and G1M9 in vivo.'?
Glla in S. cerevisiae catalyzes cleavage-1 but not cleavage-2.*¥ Gllo from B. mori weakly
hydrolyzes GIM9 in vitro.® According to these observations, Glla does not seem to require
GIlIp to hydrolyze the a-glucosidic linkages in N-glycan. We thus examined hydrolysis of
G1M9-PA and G3M9-PA using the purified SpGlla to evaluate its hydrolytic ability toward
N-glycan. SpGlla weakly but clearly catalyzed cleavage-2 to generate M9-PA from G1M9-
PA (Fig. 3A). After 1 h of the reaction, the peak of M9-PA appeared, and then increased to
the same level of GIM9-PA after the reaction had proceeded for 12 h. As shown in Fig. 3B,
SpGlla cannot degrade G3M9-PA (Fig. 3B), which coincides with the general specificity of
GII. Conversion from G3M9 to G2M9 is known to be catalyzed by GI, which removes the
outermost a-Glc-(1—2)-Glc linkage of G3M9. ScGl rapidly hydrolyzed G3M9-PA to produce
G2M9-PA (Fig. 3C). Figure 3D shows the hydrolysis of G3AM9-PA in the presence of SpGlla

and ScGl, which demonstrates that G2ZM9-PA, generated by the rapid reaction of ScGI until
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1 h, is degraded to G1M9-PA and M9-PA at 12 h. These results indicate that the purified
SpGlla catalyzes the trimming of glucose residues from G2M9-PA and G1M9-PA without the
assistance of GIIB. Although the purified SpGlla certainly catalyzes cleavage-1 and -2, their
reaction rates are not high (Figs. 3A, 3D). According to the result of Watanabe et al.,*” 50%
conversion of 25 uM G1M9 to M9 requires 45 min by a membrane fraction containing Gll,
even though the accurate concentration of GII was unknown. The present study provides a
more quantitative analysis in which 9.6 nM SpGlla (1.0 pg/mL SpGlla) and a 12-h reaction
yield approximately 50% conversion of 0.4 uM G1M9 (Fig. 3A). The low hydrolysis of GIM9
and G2M9 by SpGlla is probably because of insufficient binding energy for efficiently
hydrolyzing these natural substrates, because SpGlla can only hold the small terminal moiety
of the comparatively large structure of GLM9 or G2M9. The active-site pocket of Gllas has
the gourd-shaped bilocular pocket, which can accommodate only disaccharides,”® and GlIp
would be necessary to stabilize the enzyme-substrate complex. Olson et al. demonstrates an
importance of the MRH domain of GIIp to the hydrolytic activity of Glla through a
recognition of arms B and C of the natural N-glycan. *¥ We need to direct our future studies

to understanding the effect of G113 on the catalytic properties including substrate recognition.
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516 Table

517  Table 1. Kinetic parameters of SpGlla hydrolysis of GH31 a-glucosidase substrates.

Substrate Km (MM) Keat (s€C71) Kea Km (seC"t M)
pNPG 3.62+£0.02 0.0150 + 0.0001 4.15
Nigerose 2.13 +0.06 0.102 £ 0.001 48.1

Kojibiose 21.0+1.6 0.0575 + 0.001 2.75
Isomaltose N.D. N.D. 0.014 = 0.007
Maltose 18.0+0.1 0.241 £ 0.007 13.4
Maltotriose 16.0+0.3 0.0343 = 0.0001 2.15
Maltotetraose 28525 0.0477 £ 0.0012 1.68
Maltopentaose 26.7+0.2 0.0367 + 0.0004 1.38
Maltohexaose 15.3+0.6 0.109 £ 0.001 7.15
Maltoheptaose 15.0£0.2 0.0965 + 0.0007 6.43

518  N.D.: Values could not be determined because s-v plots were not saturated.
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Figure captions

Fig. 1. Expression and purification of recombinant SpGlla.

Notes: Expression and purification of Gllo were analyzed by 10% SDS-PAGE. Lane 1,
IPTG-induced whole E. coli cells harboring pET23d-gls2; lane 2, supernatant from cell lysate
of lane 1; lane 3, eluate from Co?" affinity chromatography; lane 4, Bio-Gel P6
chromatography (1st); lane 5, anion exchange chromatography (1st); lane 6, Bio-Gel P6
chromatography (2nd); lane 7, anion exchange chromatography (2nd); lane 8, Bio-Gel P6
chromatography (3rd); lane M, marker proteins with molecular masses (kDa) shown at the

side.

Fig. 2. Effect of additives on long-term stability of SpGlla.

Notes: (A) Residual activity of Glla was measured after incubation with various
additives at 4 °C for 2 days. (B) Time course of residual activity of Glla in the presence of
0.1 mM (o), 0.5 mM (m) and 1 mM (o) EDTA-2Na. (C) Time course of residual activity of
Glla in the presence of 2% (©), 10% (m), and 20% (o)glycerol. The residual activity without

any additives is represented by closed circles (@) in both (B) and (C).

Fig. 3. HPLC analysis of the hydrolysates of (A) G1M9 by SpGlla, (B) G3M9 by SpGlla,
(C) G3M9 by ScGl, and (D) G3M9 by ScGl and SpGlla.

Notes: The reaction mixture samples were taken at 0, 1 and 12 h and were analyzed by
HPLC. Symbol used for the structure formulac: A, glucose; o, mannose; and m, N-

acetylglucosamine.
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