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Abstract: [Objective] Isomaltases IMA1 play key roles in full utilization of oligosaccharides containing
a-1,6-0O-glucosidic bonds. [Methods] We cloned, overexpressed, purified and characterized four isomaltases IMA1
from four strains of S. cerevisiae including three acidophilic ones. [Results] They showed similar pH and
temperature dependence, but different kinetic parameters and thermostability. IMA1-A exhibited the highest
binding affinity for a-MG (a-methylglucoside), turnover number, catalytic efficiency, and thermostability. Structure
and sequence analysis revealed that even variation in two remote amino acids from the active residues and the
substrate binding site could also lead to significantly different kinetic behavior and thermostability of isomaltases
IMAT1. [Conclusion] Our results will be useful for further investigation into the structure-function relationship of
isomaltases IMAI.
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Glucoside hydrolases, which are currently a-glucosidases: a-1,4-glucosidase (E.C. 3.2.1.20,

categorized into 156 structural families according to
the Carbohydrate-Active enZYmes (CAZy) database
(http://www.cazy.org/Glycoside-Hydrolases.html), are
key enzymes involved in carbohydrate metabolism!".

Among them, family 13, includes a-amylase,
pullulanase, cyclodextrin glucanotransferase, a-glucosidase,
oligo-a-glucosidase, glucodextranase, etc., which
specifically act on o-1,4- and o-1,6-O-glucosidic
linkages* !,

Saccharomyces cerevisiae contains two types of

maltase) and oligo-1,6-glucosidase (E.C. 3.2.1.10,
isomaltase)!*. Maltase preferentially hydrolyzes
a-MG
(a-methylglucoside), whereas isomaltase prefers to

maltose, but not isomaltose or
hydrolyze isomaltose and a-MG, but not maltose.
Maltose actually acts as a competitive inhibitor for
isomaltase!!.

The expression levels of maltase and isomaltase
in S. cerevisiae are regulated by the MAL (maltose)
and MGL (o-methylglucoside) polymeric genes

Supported by the National Natural Science Foundation of China (31370799)
"Corresponding author. Yongshan Zhao, Tel: +86-24-23986399, Fax: +86-24-23986431, E-mail: zhao09081@163.com; Jianjun

Li, Tel/Fax: +86-10-82545039, E-mail: jjli@ipe.ac.cn

Received: 20 September 2018; Revised: 28 November 2018 ; Published online: 28 December 2018



MRS | MEEEIR, 2019, 59(7)

1355

respectively'® ). Maltose utilization in S. cerevisiae
is controlled at least by five MAL loci:
MALI1-MAL4, and MAL6, whereas utilization of
isomaltose and o-MG is controlled by five
isomaltase genes (IMA1/YGR287¢c, IMA2/YOL157c,
IMA3/YIL172¢c, IMA4/YJL221¢c and IMA5/YJL216¢)
located in the subtelomeric regions of different
chromosomes of S. cerevisiae, with sequence
identity from 65% to 99%™®'%. Deletion studies
revealed that IMA1/YGR287c encodes the major
isomaltase IMAI1®!. The expression levels of
IMA1/YGR287c and IMA5/YJL216¢c were strongly
induced by maltose, isomaltose and o-MG™. M43
and [MA4 are completely identical and encode the
same protein®™'”. The IMA2 and IMA3 proteins
exhibit only 3 different amino acids, while IMAS
showed 65% sequence identity with other IMAs
(IMA1-IMA4)!"?,
demonstrated similarities and differences in the

biochemical and enzymological properties''.

These four isomaltases

Crystal structures of the major isomaltase
IMA1 complexed with maltose and isomaltose have
been published respectively, elucidating why
isomaltase IMA1 shows the highest activity towards

isomaltose and little towards

[4,11

activity longer

oligosaccharides*'"!. Structure-function relationship
of isomaltases IMA1 has recently been explored by
Yamamoto et al., who observed that steric hindrance
by residues Val216 and GIn279 plays important roles
in discriminating the o-1,4- and a-1,6-glucosidic

[11-12]

linkages . A double displacement mechanism

was proposed to explain retention of stereochemistry
of isomaltase IMA1-catalyzed reaction''').

When organic acids such as itaconic acid and
citric acid were produced through microbial
fermentation at pH 2 to 3 using glucose released
from starch (through two-step hydrolysis using

(131, residual

o-amylase and
isomaltose (major) and isomaltotriose (minor) were
detected in the final fermentation culture (data not
shown). Both isomaltose and isomaltotriose contain

bonds, which couldn’t be

glucoamylase)

a-1,6-0-glucosidic

completely hydrolyzed into glucose by glucoamylase.
Considering that isomaltases generally work under

. 4,8,10-11
neutral conditions!*® ]

, acidophilic isomaltases
are required to make fully use of the residual
oligosaccharides containing a-1,6-O-glucosidic bonds
under acidic fermentation conditions. Acidophilic S.
cerevisiae strains are good resource for mining
acidophilic isomaltases''". Moreover, isomaltases
play key roles in full utilization of isomaltose, which
is present in grains, potatoes, and other carbohydrate-
containing foods. Therefore, isomaltases having
different properties such as thermal, acid and
alkaline tolerance, especially the major isomaltase
IMA1, are preferred for applications.

Considering the fact that IMAI/YGR287c
encodes the major isomaltase IMA1, which plays
key roles in assimilation of isomaltose and a-MG in
S. cerevisiae™, four IMAI genes including three
from acidophilic S. cerevisiae strains were cloned
and overexpressed. Their amino acid sequences were
aligned and analyzed. Their kinetic parameters, pH
and temperature dependence, and thermal stability
were characterized and compared. A few residues
which could affect thermostability and kinetic
parameters of isomaltase IMA1 were identified.

1 Materials and methods

1.1 Materials

Merck or
Ameresco. Oligonucleotides were synthesized by
Shanghai Sangon Biotech Co. Ltd (China). Taq DNA
polymerases and all restriction endonucleases were
from Fermentas or TaKaRa Biotechnology. The kits
used for molecular cloning were from Omega
Bio-tek or TaKaRa Biotechnology. Nickel column

Chemicals were from Sigma,

was from Novagen. The expression vector pYES2
and S. cerevisiae INVSC1 were from Invitrogen.
Antibodies and chemical reagents used for Western
blotting were from Tiangen (China).

1.2 Bacterial strains, plasmids and media

Three acidophilic strains of S. cerevisiae named

http://journals.im.ac.cn/actamicrocn
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MEI15, ME16 and ME17, which can grow at pH 2.5,
are from our lab. E. coli DH50 was used for routine
DNA transformation and plasmid isolation. .
INVSC1 was IMA1
overexpression. The vector pYES2 was used for

cerevisiae utilized for
subcloning. E. coli strain was routinely grown in
Luria-Bertani broth at 37 °C or on LB supplemented
with 1.5% (W/V) agar. 50 pg/mL Ampicillin was
added when required. S. cerevisiae was grown in
YPD (1% yeast extract, 2% peptone, 2% D-glucose),
and S. cerevisiae transformants harboring IMA1
were selected on SC-U plates or grown in SC-U
medium, including 0.67% yeast nitrogen base
(without amino acids but with ammonium sulfate),
2% glucose, 0.01% (adenine, arginine, cysteine,
tryptophan), 0.005%
(aspartic acid, histidine, isoleucine, methionine,

leucine, lysine, threonine,
phenylalanine, proline, serine, tyrosine, valine) (2%
agar added for plates). The IMA1l genes were
SC-U

containing 2% galactose and 1% raffinose.

overexpressed in induction medium,

1.3 DNA manipulations

General molecular biology techniques were

5] Restriction

carried out by standard procedures
and modification enzymes were used following the
of the DNA
fragments were purified from agarose gels using the
DNA gel extraction kit. Plasmid DNA was isolated
using the plasmid miniprep kit.

The IMA1 genes were amplified by PCR using
genomic DNA of different strains of S. cerevisiae as

recommendations manufacturers.

templates. The used primers included the forward
one (5'-GCTGGTACCTTCGAATGTCTACTATTTC
TGCACATCCAG-3', the Kpn 1 restriction site
underlined) and the reverse one (5'-ACTCTCG
AGCTAGATATGGTGATGATGATGTTCGCTGATA
TATATTCTTCCTTC-3', the Xho 1 restriction site
underlined) respectively. The PCR products were
purified from agarose gel, and cloned into the
vector pYES2 at the restrictions sites of Kpn I and
Xho 1. All constructs were confirmed by DNA
sequencing.

actamicro@im.ac.cn

1.4 Protein over-expression and purification

The expression constructs were transformed into
competent S. cerevisiae INVSC1. Overexpression of
IMA1 was carried out following the standard
protocol. A single colony of S. cerevisiae INVSCI1
transformant was used to inoculate 15 mL SC-U
medium containing 2% glucose and incubated at
225 r/min and 30 °C overnight. The cells were
harvested, resuspended in SC-U induction medium
containing 2% galactose, and incubated at 225 r/min
and 30 °C. At different time points, 5 mL culture
was removed and centrifuged, and the pellet was
stored at —20 °C until use. After the expression
conditions were optimized, expression of isomaltase
IMA1 was done at large scale.

The cell pellet was suspended in breaking buffer
(50 mol/L sodium phosphate, pH 7.4, 1 mmol/L EDTA,
5% glycerol, 1 mmol/L PMSF), and acid-washed glass
beads were added. The samples were homogenized
using Fastprep FP120 (Bio 101 Savant), and
vortexed for 30 s at maximum speed, followed by
5 min on ice. The procedure was repeated for 12 times.
The cell lysate was then centrifuged at 13000 g and
4 °C for 25 min. Crude samples were analyzed by
SDS-PAGE and Western blotting.

All purification procedures were carried out at
4 °C. Nickel-chelating resin (2 mL) was equilibrated
with 5 column volumes of equilibration buffer
(buffer A: 75 mmol/L Tris/HCI, pH 8.0, 0.5 mol/L
NaCl). The crude supernatant was loaded onto the
resin, which was sequentially washed with buffer A
containing 20-250 mmol/L imidazole. The enzyme
purity was analyzed via SDS-PAGE. The fractions
containing IMA1 were pooled, and dialyzed against
0.1 mol/L potassium phosphate buffer, pH 6.8. The
protein concentration was determined by the
Bradford method using bovine serum albumin as a
standard.

1.5 Enzyme assay

The enzymatic assays were carried out in
triplicate, and performed in a volume of 200 pL of
100 mmol/L. B&R (Britton and Robinson) buffer (pH
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6.0), containing 12 ug/mL of isomaltase IMA1 and IMA1-A, IMAI1-B, IMAI1-C and IMAI-D

a-MG or isomaltose. After being incubated at 30 °C
for 1.0, 2.5, 5.0, 7.5, 10.0 min respectively, the

reactions were stopped by heating at 80 °C for 5 min.

The tubes were then centrifuged, and the released
glucose was quantified using a biosensor (SBA-40C,
Biology Institute of Shandong Academy of Science,
China). The K,,and V.« values against a-MG were
determined using the Lineweaver-Burk plot. The Ay
value was calculated from V., on the basis of the
molecular weight of isomaltases-68.8 kDa.

1.6 Determination of pH-rate profiles, temperature
dependence and thermostability

The optimal pH values of isomaltases IMAI
were evaluated in 100 mmol/L B&R buffer at 30 °C
and pH values between 2.0 to 9.0 using isomaltose
(10 mmol/L) as the
temperature was determined at pH 6.0 (100 mmol/L
B&R buffer) with temperatures between 25 °C to
60 °C using a-MG (0.1 mol/L) as the substrate.
Specific activities under different conditions were

substrates. The optimal

measured. One unit of enzyme activity (U) is
defined as the amount of the enzyme that catalyzes
the conversion of 1 umol substrate per min, and
specific activity was defined as units'mg ' protein.

To determine the thermostability of isomaltases
IMA1, they were pre-incubated for different times
(5 min to 60 min) at pH 6.0 and 50 °C respectively,
and the residual activities were measured as above.
The half-lives (z;,) of isomaltases IMA1 at that
temperature were calculated.

2 Results

2.1 Gene cloning and sequence analysis of
isomaltases IMA1

A pair of primers of /IMA! including the His6
tag at C-terminal were designed based on the
sequence of IMAI/YGR287c.
IMAI genes, including one from S. cerevisiae
INVSCI1 and three from acidophilic strains of S.
cerevisiae ME15, ME16 and ME17, were named as

Four isomaltases

respectively. All of them were amplified by PCR
using corresponding genomic DNA of S. cerevisiae
as templates and the above-designed primers, then
the pMDI18-T
sequenced respectively. The amino acid sequences of
four isomaltases IMA1A-IMA1D were aligned and
compared with the sequence of IMA1 (encoded by
YGR287c), IMA2, IMA3 and IMAS. IMAI-A
showed the identical sequence to IMA1 (data not
shown). IMA1-B, IMA1-C, and IMA1-D exhibited
high sequence identities to IMAL-A (> 98.6%)
(Figure 1). IMAI1-A exhibited 93.0%, 92.7% and
65.1% sequence identities to IMA2, IMA3 and IM5
respectively. The key residues, including the
catalytic ones (Asp215, Glu277 and Asp352) and
those involved in discriminating the o-1,4- and

cloned into simple vector and

a-1,6-glucosidic linkages of substrates (Val216 and
GIn279) and isomaltose binding (Tyr158, His280,
and loop residues 310-315), were highly conserved
(Figure 1). Different amino acids at ten positions
were observed among four isomaltases IMA1 (43,
Ala or Ser; 54, Ala or Val; 336, Tyr or Phe; 370, Ile or
Val; 377, Val or lle; 380, Ser or Val; 381, Ala or Ser;
387, Tyr or Phe; 388, Val or Ile; 439, Leu or Ile), all
of which are located far from the catalytic active sites
and the substrate binding pocket (Figure 1, Figure 2).

2.2 Expression and purification of isomaltases
IMA1

All four isomaltases IMAI genes were cloned
into the expression vector pYES2 at the restriction
sites of Kpn 1 and Xho 1, and were overexpressed in
INVSC1 Higher
overexpression levels of four IMA1l genes were

S.  cerevisiae respectively.
obtained after 10 h-induction by galactose. All were
successfully overexpressed in S. cerevisiae INVSCI.
Overexpressed isomaltases IMA1 containing the
Hise tag at the C-terminal were purified on nickel
column with > 90% purity, and further confirmed by
western blotting (Figure 3). Most proteins were
present in the soluble form (Figure 3). The protein
yield is about 8.0 mg/L.

http://journals.im.ac.cn/actamicrocn
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Figure 1. Sequence alignment of isomaltases using ClustalW2. Different amino acids of four isomaltases IMA1
were shown in black dots.

Y ' ‘
Figure 2. Relative positions of different residues to the active sites and the substrate binding pocket in the crystal
structure of isomaltase IMA1 (PDB ID: 3AXH)!'!). Catalytic residues, different ones, and bound isomaltose were

colored in cyan, green, and pink respectively. Catalytic site Glu277 was mutated into Ala in the crystal structure!'.
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Figure 3.

Analysis of isomaltases IMA1 by SDS-PAGE (A) and Western blotting (B). A: lane 1: low protein

molecular weight marker; lane 2: ¢ purified IMA1-A; lane 3: purified IMA1-B; lane 4: purified IMA1-C; lane 5:
purified IMA1-D. B: lane 1: low protein molecular weight marker; lane 2: crude supernatant for over-expressed
IMA1-A; lane 3: crude supernatant for S. cerevisiae INVSC1 carrying the empty pYES2 vector.

23 Comparison of Kkinetic parameters of
isomaltases IMA1

All four isomaltases IMA1 could use a-MG and
isomaltose as the substrate. The kinetic parameters
of four isomaltases IMA1 against a-MG, including
K, ke and ke/K,,, were determined (Table 1).
IMA1-A showed the lowest K,,, value, the highest &,
value and catalytic efficiency (kco/Kim), whereas
IMAT1-C had the highest K,, value, the lowest k.,
value and catalytic efficiency.

2.4 Comparison of pH-rate profiles of

isomaltases IMA1

The pH dependence of four isomaltases IMA1
was investigated using isomaltose as the substrate in
100 mmol/L B&R (Britton and Robinson) buffer at
pH values between 2.0 to 9.0. They demonstrated
similar bell-shaped pH-rate profiles, the highest
activity was observed at pH 6.0, and activity
decreased sharply at pH>7.0 and pH<5.0 (Figure
4). IMA1-A showed higher activity than IMA1-B,

Table 1. Comparison of kinetic parameters of four
isomaltases IMA1

Enzymes K, /(mmol/L)  ke/s kea/ Kin/(L/(mmol-s))
IMAL-A  18.9£0.9 123.6£2.4  6.5+0.1

IMAL-B  28.7+2.9 73.4£2.3  2.60+0.08

IMA1-C  36.3£2.6 50.1£1.2 1.40£0.03

IMA1-D 36.1£3.2 952439  2.610.1

12

—_
(e}
—

Specific activity/(U/mg)

Figure 4. pH-Rate profiles of four isomaltases IMAL.
Isomaltose (10 mmol/L) was used as the substrate.
Standard errors were obtained from three parallel
experiments.

IMA1-C and IMA1-D at pH values between 4.0 to
8.0 (Figure 4).

2.5 Comparison of temperature dependence and
themostability of isomaltases IMA1

The temperature dependence of four isomaltases
IMA1 was investigated using a-MG as the substrate.
They exhibited similar temperature dependence, and
the highest activity was observed at 45 °C (Figure 5).
IMA1-A still displayed higher activity than IMA1-B,
IMA1-C and IMAI1-D at different temperatures
(Figure 5). The themostability of four isomaltases
IMA1 was evaluated using 0-MG as the substrate at

http://journals.im.ac.cn/actamicrocn



1360

Jingian Ye et al. | Acta Microbiologica Sinica, 2019, 59(7)

pH 6.0. None of them lost 50% of original activities
after being incubated at 50 °C for 1 h. Therefore,
their half-lives (#,,) at 50 °C were determined
respectively, which were 35.243.3 min for IMA1-A,
18.4+1.9 min for IMA1-B, 8.6+0.9 min for IMA1-C
and IMAI-D respectively (Figure 6). IMAI-A
showed the highest thermostability, followed by
IMA1-B, IMA1-C and IMA1-D.

75 + —— IMAI-A —/—IMAI-C
—0—IMAI1-B ——IMAI-D

g’ 60 '
2
=45
Z
g
530
h=
Q
215
wn

0 L L L L L L

25 30 35 40 45 50 55 60
7/°C
Figure 5. Temperature dependence of four

isomaltases IMA1. a-MG (0.1 mol/L) was used as the
substrate. Standard errors were obtained from three
parallel experiments.

100

= D x®
(e (=] (e

Specific activity/(U/mg)

[\
(=]

0 1I0 2I0 3I0 4I0 5I0 60
t/min

Figure 6. Thermostability of four isomaltases at
50 °C. a-MG (0.1 mol/L) was used as substrate. The
absolute values of 100% relative activity for IMA1-A,
IMA1-B, IMAI-C and IMAI-D were 40.5+1.8,
14.4+0.4, 15.7+0.7, and 18.0+0.9 U/mg respectively.
Standard errors were obtained from three parallel
experiments.

actamicro@im.ac.cn

3 Discussion

In this study, four isomaltases IMA1 from four
strains of S. cerevisiae three from acidophilic ones
were cloned, purified, and characterized respectively
(Table 1, Figure 4, 5, 6). In comparison with the
recently reported K, (17 mmol/L. and 27 mmol/L),
keat (103 s7' and 84 s, and keo/Ky (5.7 L/(mmol-s)
and 3.1 L/(mmol-s)) values of Imalp (equivalent to
IMA1-A) towards isomaltose and o-MG, IMA1-A
exhibited similar kinetic parameters against a-MG
(Table DM In addition, IMAI-A demonstrated
similar pH and temperature dependence and thermal
stability to the publisehd ones for Imlp (equivalent
to IMA1-A)!',

It is interesting to see that IMAI-A and
IMA1-C displayed completely different kinetic
performance and thermostability (Table 1, Figure 6).
However, the only difference between them at the
protein level lies in positions of 43 (Ala in IMA1-A
versus Ser in IMAI1-C) and 54 (Ala in IMAI-A
versus Val in IMA1-C) (Figure 1, 2). What’s more,
these two residues are far away from the catalytic
sites and the substrate binding pocket according to
the crystal structure (Figure 2)!'' and are alanine
residues only in IMA1-A (Ser43 and Val54 are
completely conserved in the other three isomaltases
IMAL1, Figure 1). Moreover, residues 11377, Val380,
Ser381, Phe387 and I1e388 are specific for IMA1-B,
whereas Phe336 and Ile439 are only present in
IMA1-D (Figure 1). These results demonstrated that
even a few different amino acids, remote from the
active residues and the substrate binding site, can
lead to significantly different kinetic behavior and
thermostability of isomlatases IMA1. Same situation
was noticed when error-prone PCR was used to
simultaneously  enhance thermostability and
catalytic activity of proteins!'®'”). Most of the
beneficial residues identified were often far away
from the active sites and the substrate binding
pocket, which couldn’t be readily predicted by

rational design!'®"").
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Unfortunately, three isomaltases IMA1 from
three acidophilic strains of S. cerevisiae didn’t
demonstrate activity at pH 2.0 (Figure 4). The fact
that isomaltases IMA1 were not secreted into the
medium and there is a big difference between
intracellular pH (around 6.0) and extracellular pH
(2.5) can explain the observed pH-rate profiles for
them (Figure 4). It has
extracellular glucoamylase and intracellular one

been reported that

from thermoacidophilic = Archaea  Picrophilus
torridus (optimal growth at pH 0.7 and 60 °C)
exhibited completely different optimal pH: 2.0
(extracellular) versus 5.0 (intracellular)!'®'*). Oshima
et al. also observed that glyceraldehyde-3-phosphate
dehydrogenase from acidophilic Bacillus
acidocaldarius (optimal growth pH 2.5) had the
optimum pH 87,

In conclusion, four isomaltases IMAT1 including

three from acidophilic S. cerevisiae strains were

cloned, characterized, and compared. They
demonstrated  similar pH-rate profiles and
temperature dependence, but different kinetic

parameters and thermostability. IMA1-A performed
best in kinetics and thermostability. It was found by
structure and sequence analysis that minor difference
IMAL1
significantly different properties such as kinetics and

between i1somaltases could result in

thermostability. This discovery will be helpful for
designing isomaltases IMA1 with novel properties.
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