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ABSTRACT

Human maltase-glucoamylase (MGAM) hydrolyzes linear
alpha-1,4-linked oligosaccharide substrates, playing a
crucial role in the production of glucose in the human
lumen and acting as an efficient drug target for type 2
diabetes and obesity. The amino- and carboxyl-terminal
portions of MGAM (MGAM-N and MGAM-C) carry out the
same catalytic reaction but have different substrate
specificities. In this study, we report crystal structures
of MGAM-C alone at a resolution of 3.1 Å, and in complex
with its inhibitor acarbose at a resolution of 2.9 Å.
Structural studies, combined with biochemical analysis,
revealed that a segment of 21 amino acids in the active
site of MGAM-C forms additional sugar subsites (+ 2 and
+ 3 subsites), accounting for the preference for longer
substrates of MAGM-C compared with that of MGAM-N.
Moreover, we discovered that a single mutation of
Trp1251 to tyrosine in MGAM-C imparts a novel catalytic
ability to digest branched alpha-1,6-linked oligosacchar-
ides. These results provide important information for
understanding the substrate specificity of alpha-
glucosidases during the process of terminal starch
digestion, and for designing more efficient drugs to
control type 2 diabetes or obesity.

KEYWORDS MGAM C-terminal domain, inhibitor, crys-
tal structure, acarbose, type 2 diabetes

INTRODUCTION

Starches are one of the primary energy sources for humans
and other animals. To digest dietary starches in the human

digestive system completely, four α-glucosidases are
involved (Van Beers et al., 1995; Nichols et al., 2009). The
initial digestion is carried out by salivary and pancreatic α-
amylase. This step produces maltose, maltotriose, and other
α-1,6 and α-1,4 oligoglucans (Brayer et al., 2000). The
resultant mixture is eventually hydrolyzed into glucose by
maltase-glucoamylase (MGAM; EC 3.2.1.20 and 3.2.1.3) and
sucrase-isomaltase (SI; EC 3.2.148 and 3.2.10) in the lumen
(Dahlqvist and Telenius, 1969; Semenza, 1986). A strong
synergism is proposed to exist between these four enzymes
in order to allow for complete digestion (Quezada-Calvillo
et al., 2008). Starch metabolic disorder is directly related to
many human diseases, including type 2 diabetes, which is a
major global health concern (Low, 2010). Extensive studies
have focused on these α-glucosidases, and controlling their
activities has proved efficient in controlling postprandial blood
glucose levels with the aim of reducing the risk of complica-
tions in diabetic patients (Jenkins et al., 1981; Brayer et al.,
1995; Rabasa-Lhoret and Chiasson, 1998; Qin et al., 2011).

Both MGAM and SI are enzymes with duplicated catalytic
centers that anchor on the small-intestinal brush-border
membrane via an O-glycosylated link stemming from their
N-termini (Sim et al., 2008). Both enzymes can be divided into
an N-terminal subunit (MGAM-N and SI-N) and a C-terminal
subunit (MGAM-C and SI-C) (Nichols et al., 1998; Nichols
et al., 2003). According to the carbohydrate-active enzymes
(CAZY) classification system, all of these subunits belong to
the glycoside hydrolase 31 family (GH31) subgroup 1, which
contains the characteristic sequence WiDMNE in their
catalytic centers (Ernst et al., 2006). The sequence identity
between MGAM-N and IS-N is high, being close to 60%,
which is more than the percentage of identity between their
respective C-terminal subunits in the same protein (40%). All
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four subunits exhibit similar exoglucosidase activities against
linear α-1,4-linked maltose substrates but different prefer-
ences for oligosaccharides substrates with various lengths
(Sim et al., 2010). MGAM-N and SI-N both have maximal
activity against substrates with two glucoses, while MGAM-C
and SI-C prefer oligosaccharides with up to four glucose
residues (Heymann et al., 1995; Quezada-Calvillo et al.,
2008). Additionally, SI displays activities against α-1,2- and α-
1,6-linked oligoglucans (Nichols et al., 2009). Crystal

structures of both MGAM-N and SI-N are known (Sim et al.,
2008, 2010), and structural analyses show that they are
highly similar in their overall folding patterns. However, little is
known about the molecular mechanisms underlying the
substrate length preferences of the N- and C-terminal
catalytic units.

MGAM-C has a molecular weight of ~100 kDa (Fig. 1A and
1B). MGAM-C has much higher activity than MGAM-N and is
actually the subunit with the highest activity among these

Figure 1. Structure of the MGAM-C/acarbose complex. (A) Schematic representation of human MGAM domains with amino-

acid boundaries; (B) Schematic drawing of the structure of acarbose; (C) Ribbon diagram of the MGAM-C/acarbose complex.
Individual domains are colored as follows: trefoil Type-P domain (blue), N-terminal domain (yellow), catalytic (β/α)8 domain (red),
catalytic domain Insert 1 (orange), catalytic domain Insert 2 (pink), proximal C-terminal domain (ProxC) (green), and distal C-

terminal domain (DistC) (purple). The bound inhibitor acarbose is shown as a stick model and colored cyan. N, N terminal; C, C
terminal.
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four “maltase” subunits (Quezada-Calvillo et al., 2008).
Consequently, inhibition of the activity of MGAM-C has
proven to be an efficient treatment for some diseases, such
as type 2 diabetes or obesity (Rossi et al., 2006). Acarbose,
an oral anti-diabetic medicine currently in use, shows a
stronger level of inhibition against MGAM-C than MGAM-N
(Sim et al., 2010). To investigate the structural basis for the
substrate specificity of MGAM-C, we solved the crystal
structures of MGAM-C alone and in complex with acarbose.
Structural analyses combined with biochemical results
revealed new subsites for substrate binding in this type of
α-glucosidase and uncovered the molecular mechanism for
the different substrate specificities of MGAM-C, MGAM-N and
SI-N.

RESULTS

Overall structure of MGAM-C in complex with acarbose

MGAM-C proteins were produced in the Pichia pastoris yeast
expression system and were purified to homogeneity for
crystallization. Crystals of MGAM-C belong to the space
group P43212, with unit cell dimensions a = b = 106.23 Å, and
c = 517.56 Å. Such a long c axis is notably rare in protein
crystals. The crystal structure of human MGAM-C in complex
with acarbose (MGAM-C/acarbose) was finally determined at
a resolution of 2.9 Å. The complex structure was solved by
molecular replacement using the structure of MGAM-N (PDB
code: 2QLY) as a template. Each asymmetric unit contains
two MGAM-C molecules. The two molecules in the asym-
metric unit resemble each other, with a root-mean-square
deviation (RMSD) value of 0.25 Å for the 890 Cα atoms. We
will only refer to molecule A in the following discussion.

The interface between the two molecules, with a surface
area of 670 Å2, as calculated by the program AREAIMOL (Lee
and Richards, 1971), presumably indicates the presence of a
crystallographic dimer, rather than a stable dimer in solution.
The monomer state of MGAM-C in solution was also
confirmed by analytical ultracentrifugation (Fig. S1). The
structure of human MGAM-C alone was determined to a
resolution of 3.1 Å and solved by a difference Fourier method
using as a final model for the complex structure of MGAM-C/
acarbose. A structural comparison between MGAM-C alone
and in complex with acarbose did not show any major
conformational changes.

The MGAM-C structure can be divided into five major
domains: a trefoil Type-P domain (residues 955–1001); an N-
terminal domain (residues 1002–1220) composed of a series
of anti-parallel β-barrels; a catalytic domain (residues
1221–1632) consisting of a (β/α)8-barrel with two loop inserts
(Insert 1, residues 1317–1386 and Insert 2, residues
1424–1477); a proximal C-terminal domain (residues
1633–1711) and a distal C-terminal domain (residues
1712–1857) (Fig. 1C). The last four residues in the distal C-
terminal domain are disordered in both crystals and were not

included in the final models.
The overall architectural fold of MGAM-C is similar to those

of MGAM-N (PDB code 2QLY) and SI-N (PDB code 3LPP)
(Fig. S2). The superposition of MGAM-C onto MGAM-N or SI-
N gives an RMSD value of 1.28 Å for 815 Cα atoms or 1.27 Å
for 822 Cα atoms, respectively.

Active site

Acarbose, a pseudo-tetrasaccharide that is composed of an
acarviosine group α-(1-4) linked to a maltose, is a competitive
inhibitor of MGAM-C (Fig. S3). In our complex structure,
acarbose was found in the active site of MGAM-C (Fig. 2A).

Acarbose spans subsites from −1 to + 3 of MGAM-C, with
its non-hydrolyzable N-linked bond occupying the catalytic
center. Numerous hydrogen bonds and hydrophobic interac-
tions are involved in the interactions between MGAM-C and
acarbose (Fig. 2A and 2B). At subsite −1, atoms NE2 of
His1584 and OD2 of Asp1279 form hydrogen bonds with
chemical groups C3-OH and C4-OH of the unsaturated
cyclitol unit of acarbose. Additional stabilization of the first
sugar ring may result from hydrophobic interactions with bulk
side chains of residues Tyr1251, Trp1523 and Trp1418. At
subsite + 1, the side chains of Asp1157 form two hydrogen
bonds with the C2-OH and C3-OH groups of 4,6-dideoxy-4-
amino-D-glucose of acarbose. Additionally, atom NH1 of
Arg1510makes a hydrogen bond with the C3-OH group of the
second ring. Residues Trp1355 and Phe1559 stack with the
first and second rings of acarbose, further stabilizing the
acarbose molecule. Most importantly, the residue Asp1526
forms one hydrogen bond with atom N4B of acarbose,
which is a candidate for an acid/base catalytic residue. At
subsite + 2, the side chain of residue Trp1369 stacks with the
third ring of acarbose. At subsite + 3, the two residues
Phe1560 and Pro1159 stabilize the fourth ring through
hydrophobic interactions.

Substrate specificity

Kinetic studies showed that MGAM-N has similar binding
constants for substrates G2–G6 (the oligosaccharide sub-
strates with 2–7 rings referred to as G2–G7), with Km values of
~6mmol/L (Table 1), while MGAM-C has a clear
preference for G3–G6 substrates (~1mmol/L) over the G2
substrate maltose (5.67mmol/L), indicating that major differ-
ences exist in the active sites of MGAM-N and MGAM-C. We
also found that MGAM-N and MGAM-C show different
inhibitor tolerances. Acarbose with four rings displayed
much higher inhibitory activity against MGAM-C (3.44 ±
0.10 μmol/L) than against MGAM-N (62 ± 13 μmol/L), thereby
suggesting that MGAM-C has a higher binding affinity for
longer substrates than does MGAM-N. Furthermore, full-
length human MGAM (Heymann et al., 1995) showed a
similar pattern of substrate preference for G3–G6 (Km

~1mmol/L) with G2 (Table 1).
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Figure 2. Interaction of MGAM-C with acarbose. (A) Stereo view of the 2Fo-Fc electron density map in the active site of the
MGAM-C/acarbose structure contoured at the 2.0σ level and shown in blue. Acarbose is represented as thick cyan sticks, and the
active-site residues are represented as thin green sticks. (B) The diagrammatic representations of the hydrogen bonds (dashed lines)

and hydrophobic interactions (dashed-lined semicircles) formed by MGAM-C with inhibitor acarbose. Sugar subsites (− 1, + 1, + 2
and + 3) are labeled accordingly.

Table 1 Kinetic parameters for wild-type and mutant MGAM

Substrate
Km (mmol/L)

MGAM-N MGAM-C MGAM-C-deltaS

Maltose 6.40 ± 0.58 5.67 ± 0.26 5.91 ± 0.72

Maltotriose 4.44 ± 0.57 0.91 ± 0.11 1.89 ± 0.37

Maltotetraose 3.39 ± 0.31 0.96 ± 0.06 4.73 ± 0.36

Maltopentaose 9.14 ± 0.24 0.61 ± 0.06 8.24 ± 1.25

Maltohexaose 9.76 ± 0.21 1.05 ± 0.10 12.33 ± 0.91

Maltoheptaose 13.12 ± 2.60 2.27 ± 0.33 13.70 ± 1.78
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To uncover the molecular mechanism underlying the
substrate specificity of the MGAM enzyme, we aligned the
sequences of MGAM-N, MGAM-C, SI-N and SI-C. The main
difference between the sequences is a segment of 21
additional amino acids that is observed in the first insert of
MGAM-C and SI-C but not in MGAM-N or SI-N (Fig. 3A).

Structural comparison of MGAM-C, MGAM-N and SI-N
revealed that these extra residues folded into an α-helix and
a loop in the active site (Fig. 3B), together with other parts of
MGAM-C, thereby forming + 2 and + 3 subsites. In our
complex structure of MGAM-C/acarbose, the residue
Trp1369 in the extra 21 amino acids makes a substantial

Figure 3. Substrate specificity of MGAM-C. (A) Sequence alignment of crucial insertions in MGAM and SI enzymes. Highly
conserved residues are colored white, and moderately conserved residues are colored red. (B) Superposition of MGAM-C/acarbose

(light cyan), MGAM-N (light purple) and SI-N (pink) active sites. Acarbose is represented as thick cyan sticks, and the additional 21
amino acids in MGAM-C are colored red. The approximate locations of the –1 to + 3 subsites in MGAM-C are labeled. (C) Surface
representation of the MGAM-C (light cyan)/acarbose (cyan), MGAM-N (light purple)/acarbose (yellow) and SI-N (pink)/kotalanol

(green) active sites, with non-structurally conserved residues displayed as green, purple and magenta sticks, respectively. The
surface of the additional 21 amino acids in MGAM-C is colored red.
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contribution to stabilizing the third acarbose ring at the + 2
subsite (Fig. 3B). These results indicate that this sequence of
an extra 21 amino acids makes significant contributions to the
binding of MGAM-C with longer substrates. To test this
hypothesis, we made a mutant with a deletion of these extra
21 amino acids in MGAM-C (referred to as MGAM-C-deltaS)
with the purpose of removing the + 2 and + 3 subsites of
MGAM-C. As we expected, MGAM-C-deltaS showed a
pattern of substrate preference similar to MGAM-N and a 5-
to 10-fold reduction in binding affinities to substrates G4–G6
(Table 1).

Previous reports have shown that MGAM-C, MGAM-N, SI-
N and SI-C have the ability to hydrolyze the linear α-1,4-linked
maltose, but only SI-N can efficiently hydrolyze the branched
α-1,6-linked isomaltose (Gray et al., 1979). To explore the
functional differences between these structures at a mole-
cular level, we compared three complex structures: MGAM-C/
acarbose, MGAM-N/acarbose, and SI-N/kotalanol. This
comparison revealed approximately overlapping binding of
the first ring group at the −1 subsite. Most of the amino acids
at the −1 subsite are conserved, except for one residue,
Tyr1251 in MGAM-C, which corresponds with Tyr299 in
MGAM-N and Trp327 in SI-N (Fig. 3C). The larger hydro-
phobic side chain of tryptophan may reduce the space at
subsite −1 and constrain the flexible branched α-1,6-linked
sugar ring to facilitate catalysis, whereas the smaller side
chain of tyrosine may not efficiently stabilize the α-1,6-linked
sugar ring. To verify our hypothesis, we mutated residues
Tyr1251 in MGAM-C and Tyr299 in MGAM-N to tryptophan
and verified their catalytic efficiency against branched α-1,6-
linked isomaltose. The native enzyme MGAM-C did not show
catalytic activities against α-1,6 linkages of isomaltose, but
the mutant MGAM-C-Y1251W had the ability to digest an α-
1,6-linked substrate. The mutant enzyme MGAM-N-Y299W
showed three-fold higher affinity to an α-1,6-linked substrate
than the native enzyme did. Interestingly, the two mutants
MGAM-C-Y1251W and MGAM-N-Y299W had ten- and three-
fold reduced catalytic efficiencies against linear α-1,4-linked
substrates (Table 2). These results indicate that the mutated
tyrosine residue may be involved in the swapping of catalytic
activity between linear α-1,4-linked substrates and branched
α-1,6-linked substrates.

DISCUSSION

Our study reports the crystal structure of MGAM-C. We found
that the overall folding pattern of MGAM-C is similar to those
of MGAM-N and SI-N, which were previously determined. As
the genes for MGAM and SI are believed to have evolved by
duplication of an already duplicated ancestral gene, all four
subunits show a high sequence identity (~40%–60%) and
similar digestion activities against α-1,4-linked substrates.
However, MGAM and SI have evolved differential substrate
specificities and catalytic activities. MGAM-C and SI-C prefer
longer substrates compared with MGAM-N and SI-N. Also,
SI-N has additional activity for α-1,6 linkages, while SI-C can
digest α-1,2 linkages. The activities and the distributions of
these subunits seem to be consistent with their roles in starch
digestion. The distribution ratio of α-1,4 linkages to α-1,6
linkages in human dietary starch molecules is 19:1. There-
fore, it is necessary to have redundant α-1,4 activities in these
four enzymes, while only SI-N has high activity for α-1,6
linkages. Sucrose, with its α-1,2 linkages, is another important
source of glucose ingestion, and in the human lumen, the
ratio of SI to MGAM is almost 20 to one (Quezada-Calvillo et
al., 2007). These enzymes with overlapping substrate
specificities and different distributional redundancies have
the combined effect of ensuring efficient starch metabolism.

A structural comparison of MGAM-C/acarbose, MGAM-N/
acarbose and SI-N/kotalanol provided us with a better
understanding of the molecular mechanisms for their sub-
strate specificities. At first, we identified + 2 and + 3 subsites
in the catalytic center of MGAM-C but none in either MGAM-N
or SI-N. The deletion of these + 2 and + 3 subsites in MGAM-
C altered the specificity of the enzyme, giving it similar
substrate specificities to MGAM-N. This result indicated that
the additional subsites in MGAM-C account for its preference
for longer substrates. A sequence alignment of MGAM-C and
SI-C showed 60% identity, including strong conservation of
the −1 and + 1 subsites. An additional 21 amino acids were
also observed in SI-C; these amino acids may form + 2
and + 3 subsites. Additional subsites, together with other
parts of the SI-C enzyme, might explain its preference for
longer substrates, as with MGAM-C. Unfortunately, there is
currently no crystal structure of SI-C that can be used to

Table 2 Kinetic parameters for α-1,4 and α-1,6 substrate hydrolysis by MGAM mutants

Maltose (α-1,4) Isomaltose (α-1,6)

Substrate Km (mmol$L−1) Kcat (S
−1)

Kcat/Km

(S−1/mmol$L−1)
Km (mmol$L−1) Kcat (S

−1)
Kcat/Km

(S−1/ mmol$L−1)

MGAM-N 6.40 ± 0.58 48.62 ± 8.93 7.57 70.45 ± 6.70 6.92 ± 0.72 0.10

MGAM-N-Y299W 8.81 ± 0.46 23.27 ± 0.80 2.64 23.46 ± 4.45 4.60 ± 0.21 0.20

MGAM-C 5.67 ± 0.26 22.49 ± 0.96 3.97 N.D. N.D. N.D.

MGAM-C-Y1251W 16.16 ± 1.49 7.12 ± 0.75 0.44 49.95 ± 1.03 0.39 ± 0.02 0.01

N.D., None detectable.
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analyze its specificity for the digestion of sucrose molecules
linked by α-1, 2 bonds.

Our results showed that Trp327 at the −1 subsite of SI-N
may be important in conferring α-1,6 specificity. Mutations of
Tyr to Trp in MGAM-C imparted the catalytic ability to digest
branched α-1,6-linked isomaltose. Mutating Tyr to Trp in
MGAM-N also increased its affinity to α-1,6-linked substrates
compared with that of the native enzyme. The larger
hydrophobic side chain of Trp stabilizes the first sugar ring
as Tyr does, and further stabilizes the + 1 subsite. The rigid
structure of the indolyl ring of Trp constrains the flexible α-1,6-
linked sugar ring to facilitate catalysis.

Previous studies showed that many brush-border enzymes
dimerize and play a part in intracellular trafficking (Danielsen,
1994). Full-length SI has been observed to homodimerize in
sedimentation and electron microscopy studies (Cowell et al.,
1986). Due to the large size of the molecules of this protein
family, all of the solved crystal structural studies focused on
individual active subunits, and there is no obvious evidence
that dimers form from these subunits. Although four
molecules were observed in one asymmetrical unit of the
crystal structure of SI-N, the active enzyme state in the
solution was detected to be a monomer. MGAM-C is notably
similar to SI-N; two molecules are found in one asymmetric
unit, but further analysis revealed that SI-N exists as a
monomer in solution. Kinetic analysis showed that using
maltose as a substrate, MGAM-N and MGAM-C have Km

values of 6.4 mmol/L and 5.67mmol/L respectively, while full-
length MGAM has a Km value of 2.1 mmol/L. In addition, the
Km value for mixed proteins (MGAM-N and MGAM-C) was
approximately 3.65mmol/L. No significant changes were
observed between independent subunits and the combined
enzyme. These results suggest that MGAM-N and MGAM-C
may carry out independent catalytic activities.

Amylase, MGAM and SI have been selected as drug
targets for type 2 diabetes and obesity. Our results will
hopefully provide important information for the design of
highly efficient inhibitors of these diseases, thereby improving
the health of human beings.

MATERIALS AND METHODS

Cloning and expression

The amino-acid sequences of MGAM-N and MGAM-C include
residues from positions 87 to 954 and 960 to 1853 of the full-length
human MGAM (Genbank Accession NM_004668.1), respectively.

Their cDNA sequences were PCR amplified from a pReceiver-Y01
vector containing the gene for full-length human MGAM (from
GeneCopoeia). The PCR products of MGAM-N and MGAM-C were

cloned into pPIC9k expression vectors with one Avr2 restriction site.
The recombinant pPic9k-MGAM-N and pPic9k-MGAM-C vectors
were linearized by the restriction sites Sal1 and Sac1, respectively,

and were transformed into Pichia pastoris (GS115) using electro-
poration. The yeast strains harboring the target protein gene were
screened by G418 selection, and the best-expression clone was

found to be resistant to G418 concentrations of up to 4.0 mg/mL.
MGAM-N and MGAM-C proteins were secreted into BMMY medium
when induced with methanol (up to 1%) once every 12 h for a total of

72 h. Generation of the MGAM-C-Y1251W, MGAM-C-deltaS and
MGAM-N-Y299W mutants was accomplished using DpnI-mediated
site-directed mutagenesis methods in the pPic9k vector and was

confirmed by DNA sequencing. The best-expression mutants were
obtained following the same procedures as were used for the native
enzymes.

Protein purification

The MGAM-C proteins were purified from BMMY medium by Ni
SepharoseTM 6 Fast Flow resin (GE healthcare) (15mL resin/L

media) at 4ºC. The supernatant-resin mixture was poured into a
column and washed with 20 column volumes of wash buffer
(20mmol/L Tris-HCl pH 7.0 and 200mmol/L NaCl) and was eluted

with elution buffer (20mmol/L Tris-HCl pH 7.0, 200mmol/L NaCl and
300mmol/L imidazole). The purified MGAM-C proteins were more
than 95% pure, as judged by SDS-PAGE. The proteins were

subsequently concentrated by Amicon filters and deglycosylated
using endoglycosidase F overnight at room temperature in 20mmol/L
Tris-HCl pH 7.0 buffer. The presence of deglycosylated MGAM-C
proteins was confirmed by SDS-PAGE. After deglycosylation,

proteins were loaded onto a HiTrap Q HP anion exchange column
(GE Healthcare) that was pre-equilibrated with start buffer (20mmol/L
Tris-HCl pH 7.0) and eluted over a linear gradient of 0–1mol/L NaCl.

The eluted proteins were concentrated to 2mL and loaded onto a
Superdex S200 size-exclusion column (GE Healthcare) with running
buffer (20mmol/L Tris-HCl pH 7.0, 200mmol/L NaCl). The total yield

of pure MGAM-C was approximately 2–3mg/L media. The protein
MGAM-N and mutants were purified, as described above.

Crystallization and data collection

Crystals of MGAM-C in apo form were grown at 20ºC using the sitting
drop vapor diffusion method. Equilibrated drops were composed of
1 μL protein (5 mg/mL in 20mmol/L Tris-HCl, pH 7.0, 200mmol/L

NaCl) and 1 μL reservoir buffer (0.3mol/L MgSO4, 16% PEG 3350).
Diffraction-quality crystals appeared within one month and were
cryoprotected with mother liquor solution supplemented with 20%

glycerol. Crystals of MGAM-C in complex with acarbose were
obtained by mixing acarbose (100mmol/L) with protein (5mg/mL)
at a 1:100 volume ratio before adding the reservoir buffer as

mentioned above. Diffraction data for MGAM-C crystals were
collected on beam station BL17U1 at the Shanghai Synchrotron
Radiation Facility (SSRF). The data were processed using the

HKL2000 software package (Otwinowski and Minor, 1997).

Structure determination and refinement

The initial phase of structure determination was obtained by

molecular replacement using the structure of MGAM-N (PDB code:
2QLY) as a template. The program PHASER was able to locate two
molecules in the asymmetric unit (McCoy, 2007). A model was built

manually using the program COOT (Emsley and Cowtan, 2004) and
was refined using the programs CNS (Brünger et al., 1998) and
PHENIX (Adams et al., 2010). Non-crystallographic symmetry (NCS)

was applied during the structure refinement procedure. Detailed data
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collection and refinement statistics are summarized in Table 3.

Enzymatic assay

Km values of MGAM-N, MGAM-C, MGAM-C-deltaS for different

substrates (maltose, maltotriose, maltotetraose, maltopentaose,
maltohexaose, maltoheptaose and isomaltose) and MGAM-N-
Y299W and MGAM-C-Y1251W for different substrates (maltose

and isomaltose) were determined using a glucose kit (Glu Kit, Biosino
Bio-Technology and Science Inc.), and assays were carried out in 96-
well plates. The total volume of the reaction mixture was 20 μL,
consisting of 10 μL of enzyme and 10 μL of substrate (1–80mmol/L

for MGAM-N; 0.25–40 mmol/L for MGAM-C, MGAM-C-deltaS,
MGAM-N-Y299W and MGAM-C-Y1251W). As the optimal activities
for MGAM-N and MGAM-C in our system occur at pH 4.8 and pH 7.0,

respectively, all substrates and proteins used in the reaction were
diluted in a buffer of either 100mmol/L sodium acetate trihydrate pH

4.8 for MGAM-N and MGAM-N-Y299W, or 20mmol/L Tris-HCl pH7.0
for MGAM-C, MGAM-C-deltaS and MGAM-C-Y1251W. The enzy-
matic reactions were started by the addition of MGAM-N (0.2 μmol/L),

MGAM-C-deltaS or MGAM-C (0.2 μmol/L), for substrates (G2–G7).
The mixture was incubated at 37ºC for 30 min. When using
isomaltose as a substrate, the concentrations of enzyme were

adjusted to 0.2–2.5 μmol/L, and the reaction time was changed to
60min. Reactions were terminated by the addition of 20 μL 2mol/L
Tris-HCl, pH 7.0. Next, 150 μL of Glu kit reagent was added to each
well at 37ºC for 15min to determinate the amount of glucose

produced in the reaction. Absorbance was measured at 490 nm. The
amount of glucose production was obtained by comparing results to a
standard glucose curve. Km values were determined by a Line-

weaver-Burk plot.

Table 3 Data collection and refinement statistics

Crystal name MGAM-C alone MGAM-C/acarbose

Space group P43212 P43212

Unit cell (Å) a = b = 106.23, c = 517.56 a = b = 105.50, c = 516.56

Wavelength (Å) 0.9794 0.9794

Resolution range (Å) 50–3.0 (3.1–3.0) 50–2.9 (3.0–2.9)

No. of unique reflections 50,131 59,475

Redundancy 8.6 (5.0)a 13.3 (7.2)a

Rsym (%)b 6.9 (38.3)a 6.6 (43.7)a

I/σ 40.5 (2.2)a 66.9 (2.2)a

Completeness (%) 99.4 (24.2)a 99.3 (45.1)a

Refinement

Resolution range (Å) 50–3.1 50–2.9

Rcrystal (%)c 23.2 21.9

Rfree (%)d 28.8 28.4

RMSDbond (Å) 0.01 0.009

RMSDangle(°) 1.31 1.27

Number of

protein atoms 14,252 14,352

ligand atoms 0 88

solvent atoms 20 40

Residues in (%)

most favored 78.4 80.0

additional allowed 20.1 18.4

generously allowed 1.4 1.4

disallowed 0.1 0.1

Average B factor (Å2) of

protein 58.9 88.4

ligand atoms – 88.0

solvent atoms 27.1 58.5
a The highest resolution shell.
b Rsym ¼

X
j Ih i− Ij
�� ��=

X
Ih i

c Rcrystal ¼
X

hkl Fobs − Fcalcj j=
X

hklFobs

d Rfree, calculated in the same manner as Rcrystal but from a test set containing 5% of the data that was excluded from the refinement

calculation.
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Inhibition of MGAM-C by acarbose was carried out by measuring
the amount of glucose production using maltose as a substrate. The
total volume of the reaction mixture was 20 μL, consisting of 10 μL of

maltose (1–10mmol/L), differing amounts of acarbose (0.5–2 μmol/L)
and 10 μL MGAM-C. The enzymatic reactions were carried out
following the above procedure. The Ki value for acarbose was

determined by a Dixon plot.

Protein data bank accession codes

The atomic coordinates and structure factors for the structures of
human MGAM-C alone and in complex with acarbose have been
deposited in the PDB with accession codes 3TON and 3TOP,
respectively.
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