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Molecular insights of acarbose
metabolization catalyzed by acarbose-
preferred glucosidase

Jiayong Huang1,2, Zhuanglin Shen 2, Xiaoyun Xiao2, Lanteng Wang 2,
Jiwen Zhang1 , Jiahai Zhou 2,3,4 & Yang Gu 2

The clinical efficacy of the antidiabetic drug acarbose is hampered by degra-
dation by the acarbose-preferred glucosidase (Apg) from K. grimontii TD1.
Understanding the catalytic mechanism of Apg can aid the design of next-
generation hypoglycemic pharmaceuticals acarbose analogs. Here, we deter-
mine several crystal structures of Apg to identify the catalytic residues and the
ligand-binding pocket of Apg. Structural analyses and computational model-
ing reveal D448 as the active nucleophile, contrasting with prior studies that
assumed D336 to be the nucleophile. In addition to E373 proposed as the
proton donor in previous reports, we find that R334 might be an alternative
proton donor. Our experimental and computational analyses indicate the two-
ring product acarviosine is the two-step hydrolyzed product, where the sec-
ond hydrolysis is the rate-limiting step. Additionally, further investigation of
the acarbose analogs acarstatins A and B that are resistant to Apg is conducted
by computational analysis. Overall, our studies provide perspectives into the
intricacies of Apg’s catalytic mechanism, contributing to the design of next-
generation hypoglycemic pharmaceuticals.

Type 2 Diabetes mellitus (T2DM) is rapidly emerging as one of the
greatest global challenges1,2. Acarbose, a pseudotetrasaccharide3, is
widely prescribed as the first-line treatment of T2DM in clinical
practice4. Acarbose has minimal absorption into the bloodstream,
with few systemic side effects. However, a large individual variation
in the effectiveness and dosage of acarbose is observed in clinical
practice, which is severely resistant in some patients after pro-
longed treatment5. In recent years, research into the resistance
mechanisms to this host-targeted (i.e., non-antibiotic) drug has
attracted significant attention6. Recently, Jiang et al.7 reported
acarbose-preferred glucosidase (Apg) in K. grimontii TD1, which
significantly degrades acarbose to acarviosine-glucose (M1) and
acarviosine (M2), thereby disrupting the efficiency of acar-
bose (Fig. 1).

In the CAZy database, Apg is amember of the glycoside hydrolase
family 13_21 (GH13_21), which hydrolyze the α−1,4-O-glycosidic bond.
Typically, members of this family follow a ‘Koshland’ mechanism8,9 to
hydrolyze glycosidic bonds through substitution reactions10–13. How-
ever, acarbose is difficult to be hydrolyzed by standard glycosidases14.
Understanding the distinct catalytic mechanismof Apg will benefit the
design of antidiabetic drugs. Previous molecular docking simulations7

suggested that acarbose was hydrolyzed by orienting the nucleophile
D336 towards at the linkage between the third and the fourth rings,
yielding the three-ring product M1, or at the linkage between the
second and the third rings, yielding the two-ring product M2. The
latter pathway is predominantly observed in the hydrolysis of glyco-
sidic bonds catalyzed by α-amylase15, β-amylase16,17, sucrase-
isomaltase18,19, and so on. The question then arises as to whether M2
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can be formed via stepwise hydrolysis from M1 or a one-step hydro-
lysis from acarbose. Certainly, the best insight into this mechanistic
hydrolysis comes from X-ray crystallographic analysis to identify the
catalytic residues and the ligand-binding pocket of Apg.

Here, we report several X-ray crystal structures of Apg, including
WT-Apg, the D448A mutant, the D448N mutant, the D448A mutant
complexwith acarbose, theD448Nmutant complexwith acarbose, the
D336A mutant complex with M1, the D336A mutant withM2, the ring
deletion mutant Δloop A with glucose, Δloop B and Δloop A/B. Our
studies show that D448 acts as a nucleophile, and E373 or R334 can act
as a proton donor during hydrolysis. Furthermore, acarbose under-
goes hydrolysis in two stages to produceM2, involving the conversion
of acarbose toM1, followed by a subsequent reaction that transforms
M1 into M2. Moreover, comprehensive computational evaluations of
the acarbose analogs, acarstatins A and B, demonstrating resistance to
Apg, are conducted leveraging our crystallographic structures. Our
results not only elucidate the catalytic mechanism of Apg in acarbose
degradation but also provide structural insights for the design and
development of next-generation diabetes drugs20.

Results and discussion
Overall structure of Apg
According to size exclusion chromatography (SEC) experiments, Apg
exists in solution as a dimer with a molecular weight of 138 kDa (the-
oretical molecular mass of Apg is 69 kDa (Supplementary Fig. 1). The
WT-Apg (PDB 9IXW; Supplementary Table 1 and Supplementary Fig. 1)
was crystallized in space group P65 2 2. The crystal structure was
solved at 2.32 Å resolution by the molecular replacement method
using the putative glucosidase structure (maltodextrin glucosidase
MaIZ, 79% sequence homology to Apg, PDB 7VT9) as the model21. In
the unit cell of Apg crystal, the asymmetric unit contains one Apg
chain, and the biological assembly in the form of homodimer is
assembled with a symmetric molecule (Fig. 2A).

The overall structure of the Apgmonomer consists of threemajor
structural domains, namely, the N-structural domain (residues 1–113),
the C-structural domain (residues 531–604), and the catalytic struc-
tural domain (residues 114–530). The overall structure of Apg adopts
the typical TIM barrel fold observed in the glycoside hydrolase family
13_21 (GH13_21) (Fig. 2B and Supplementary Fig. 2A), including mal-
todextrin glucosidase MaIZ (PDB 7VT9, root-mean-square deviation,

r.m.s.d for short, 0.556 Å)21 and TVAI (PDB 1IZJ, r.m.s.d 0.960Å)22. The
active site is a surface-protruding groove at the top of the TIM barrel
with an absolutely conserved catalytic triad (Asp-Glu-Asp)7,23 at the
bottom of the groove (Fig. 2B and Supplementary Fig. 2B). The total
volume of active sites is estimated to be 1392 Å3, which is sufficient to
accommodate acarbose (702 Å3, the total molecular volume of acar-
bose) (Fig. 2B). However, the full alignment with the amylases such as
MaIZ (from the GH13_21 subfamily, PDB 7VT9; r.m.s.d = 0.557 Å)21 and
MaIS (from the GH13_19 subfamily, PDB 8IM8; r.m.s.d = 4.058 Å)24

indicate that the cleft width of Apg (7.9Å) is relatively narrow, which is
not conducive to the accommodation of bulky substrates such as
cyclic oligosaccharides(Supplementary Fig. 3 and Supplementary
Fig. 4A). In contrast, the cleft widths of MaIZ (9.1 Å) and MaIS (12.1 Å)
are significantly wider, allowing them to accommodate bulky sub-
strates such as cyclodextrins (Supplementary Fig. 4B, C). Binding free
energy calculations further showed that Apg had a higher binding
affinity for acarbose than MaIZ and MaIS (Supplementary Table 2). In
addition, residues 138–143 is missing in the Apg final model due to a
lack of density, which suggests high flexibility and/or potential dis-
order in this region. In the homodimer, theN-domain of Apg is near the
catalytic domain of the adjacent molecule with a head-to-tail
arrangement, with a dimeric interfacial surface area of ~1748.9 Å2 for
each monomer, as calculated by PDBePISA25. This intimate homo-
dimeric architecture resembles that of other glycoside
hydrolases21,22,26,27.

Structure of the Apg (D448A) Complex with Acarbose
To understand how Apg recognizes acarbose, we try to obtain a
complex structure by co-crystallizing WT-Apg with acarbose or soak-
ingWT-Apg crystalwith acarbose. Unfortunately, it is difficult to obtain
a complex structure because WT-Apg hydrolyzes acarbose in a very
short time. Since the conserved catalytic triad (Asp-Glu-Asp) is essen-
tial for catalytic activity7,28,29, the D336A, E373A, and D448A mutants
are prepared to capture the complex crystal structure of Apg with
acarbose. Ultimately, the complex structure of the D448Amutant with
acarbose (PDB 9IVZ) is determined to 2.29Å resolution (Fig. 3A). The
electron density reveals that acarbose is well and fully occupied in the
active pocket (Fig. 3A, Supplementary Fig. 5A).

Overall, the interactions surrounding the active sites are mainly
dominated by several hydrogen bonds (Fig. 3B and Supplementary
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Fig. 1 | The degrading pathways of acarbose. Acarbose-degrading pathways in K. grimontii TD1 mediated by Apg.
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Fig. 6A). The -3 and -2 subsites of acarbosemaintain the conformation
through a network of hydrogen bonds mediated by a bonded water
molecule with R496, D492 and G170. The -1 subsite adopts a semi-
chair-like conformation, forming hydrogen bondswithH251 andD336,
or through a bonded water molecule with H447, R334, and D336. The
+1 subsite forms multiple hydrogen bonds with E373, F375 via a bon-
ded water molecules. In addition, a water molecule locks the -1 and
+1 subsites configurations via hydrogen bonds formed with C3-OH
(2.50 Å) at the +1 subsite and C6-OH (3.0Å) at the -1 subsite. Subse-
quently, a structural similarity search was performed in the PDB
database using the DALI server30. By performing multiple sequence
comparisons with 13 glycoside hydrolases of the GH13 family, we
found that these residues were nearly conserved (Supplemen-
tary Fig. 9).

Structure of the Apg(D336A) Complex with M1
To explore the molecular basis of the Apg-catalyzed hydrolysis of
acarbose, the structure of the Apg(D336A)-M1 complex subsequently
(PDB 9IZE) is obtained with 1.87 Å resolution by co-crystallizing the
mutant D336A with acarbose. In this binary complex model, the ami-
nocyclic alcohol (-2 subsite), 4- amino-4,6-dideoxyglucose(−1 subsite),
and glucose ( + 1 subsite) units of M1 are clearly observed and well
localized in the active site (Fig. 3C and Supplementary Fig. 5B). Similar
to the interactions surrounding the active sites in structure of the Apg
complex with acarbose, several hydrogen bonding interactions are
observed in the active site pocket of the Apg-M1 complex structure
(Fig. 3C, Supplementary Fig. 6B and Supplementary Fig. 10A). In the
−2 subsite, C3-OH forms a hydrogen bond with a water molecule and
C7-OH forms a second hydrogen bond with the carbonyl oxygen of
D492. The binding structure of −1 subsite relies on the formation of
hydrogen bonding interactions with D492 and R496. The +1 subsite
forms a hydrogen bonding network mainly through H251, R334, E373,
H447, and D448 (Fig. 3C). These hydrogen bonds may play a pivotal
role in precisely determining the orientation and placement of the
product.

Structure of the Apg(D336A) Complex with M2
In order to shed light on possible pathway to formM2, a well-defined
1.93 Å structure of the Apg complex withM2 (PDB 9IZO) is revealed by
incubated the D336A mutant with M1 (Fig. 3D and Supplementary
Fig. 5C). Similar to the bondingmodel observed on the binary complex
structure of Apg-M1, C2-OHandC3-OHof the−1 subsite is stabilized by
hydrogen bonds with residues D492 and R496 in the model of the
Apg(D336A)-M2 binary complex (Fig. 3D, Supplementary Fig. 6C and
Supplementary Fig. 10B). The hydroxyl group located precisely at the
C4 position actively participates in hydrogen bonding, forming a
robust linkage with two water molecules. Similarly, the 4-amino-4,6-
dideoxyglucose moiety is stabilized through hydrogen bonds with
R334, E373, H447 and D448, respectively.

The role of flexible capping loops in the mechanism of Apg
hydrolysis
The overall structure of Apg(D448A)-acarbose is very similar to that
of the ligand-free Apg(D448A) (PDB 9IXH), with a r.m.s.d of all Cα
atoms of ~0.211 Å. However, substrate binding triggers a localized
structural change that is primarily focused on a pair of flexible
capping loops (residues 138–152 are referred to as loop A, residues
257–300 are referred to as loop B) (Fig. 3E and Supplementary
Fig. 11A). When Apg binds acarbose, loop A becomes more orga-
nized, thereby anchoring the substrate to the enzyme. The segment
of loop B, which includes residues W292 and Y295 located at the top
of the groove, undergoes significant rearrangement, creating space
for substrate binding and thereby optimizing the enzyme-substrate
interactions. Similar loops are present in other acarbose hydrolases,
such as the α -glucosidaseWcAG31 and thermophilicmaltose amylase
ThMA32 (Supplementary Fig. 12A). In contrast to the significant
conformational change in the loop A/B observed when Apg binds
acarbose, WcAG did not undergo a significant conformational
change in the structural of its corresponding homologous mobile
loop when bound to acarbose (Supplementary Fig. 12B). In contrast,
ThMA exhibited Apg-like conformational changes in its

Molecule 1
Molecule 2

A B

Catalytic domain

C domain

N domain

D336

E373

D448

Fig. 2 | Overall structure of Apg. A The biological assembly in the form of
homodimer (molecule A in pink and molecule B in blue). B The catalytic structural
domain (residues 114–530) is labeled in pink. The N-terminal (residues 1–113) and

C-terminal (residues 531– 604) domains constituting a fully β-folded structure,
labeled in slate and wheat, respectively. The cavity volume of the active site is
estimated by CayityPlus.
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corresponding loop region upon binding acarbose (Supplementary
Fig. 12C). However, it is noteworthy that the binding affinity of ThMA
for acarbose was significantly lower than that of Apg (Supplemen-
tary Table 2). Further root-mean-square-fall (RMSF) analysis showed
that the structural flexibility of this ring region in ThMA was higher,
which was consistent with its lower substrate affinity (Supplemen-
tary Fig. 13).

To analyze the effect of flexible capping loops on enzyme activity,
the mutants of Δloop A, Δloop B, and Δloop A/B were generated.
Comparing toWT, the activities of theΔloopA,ΔloopB, andΔloopA/B
mutants significantly are lower (46%, 22%, and 0.66%, respectively)
(Supplementary Fig. 11B). SEC analysis of the above three mutants
revealed that the ring deletion mutant did not affect the dimerization
state (Supplementary Fig. 14). Further crystal structure data showed
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that the protein’s structure remains largely unchanged regardless of
the tracking of cappling loops, indicating that the capping loopsmight
benefit for substrate binding into Apg’s active site (Supplementary
Table 1 and Supplementary Fig. 15). Absence of these capping loops
makes it challenging for acarbose to form a stable complex with Apg.
200ns MD simulations of acarbose and the mutant Δloop A, Δloop B
and Δloop A/B complexs reveal that acarbose leaves the active sites at
28 ns, 10 ns and 3 ns, respectively (Supplementary Fig. 16). Further-
more, comparing with WT Apg, the calculated binding energy of the
mutant Δloop A, Δloop B and Δloop A/B to acarbose decreases to
−10.68, −8.28 and −1.49 kcal/mol, respectively (Supplementary
Table 2).

Mutagenesis and computational studies confirm the roles of the
key residues
To investigate functions of the key residues, hydrolytic activities of
mutants toward acarbose are measured (Fig. 3F). Remarkably, the
introduction of the W292A mutant located at the capping loop B
region has resulted in a marked enhancement of reactivity by
approximately 29%. This improvementmay stem from an enlargement
of the active pocket’s capacity. Conversely, the Y295Amutant reduces
catalytic activity by 74%. However, substituting Y295 with F enhances
the activity by 24%, indicating that large size amino acid is crucial for
maintaining activity. Presumably, Y295might act as a substrate-locking
gateway. In addition, the mutant G170A, H251A, H447A, D492A, and
R496A result in approximately 9%, 66%, 78%, 45%, and 71% loss of
activity, respectively, which might cause by the elimination of hydro-
gen bonding between these residues and the glycosyl unit of acarbose.

In previous studies7, D336, E373, and D448were considered to be
the catalytic nucleophilic reagent, the proton donor and transition
state stabilizer, respectively. Mutation of E373 to A or Q with weaker
hydrogen bond donating capacity, caused 41% and 60% decrease in
activity, respectively. The retention activity of E373A and E373Q sug-
gests the presence of alternative proton donors in proximity to these
residues, which was also proposed in previous research33. In order to
speculate this unclear mechanism, double mutant from E373A with
H447, Y211, and R334 are generated. A further double mutant, E373A/
R334Awas found to loss of activity (Supplementary Fig. 17). This result
uncover that proton donors are not only E337 alone but also R334. The
QM/MM results can also support R334 as a proton donor with slightly
higher reactive barrier compared with E373 (Supplementary Fig. 18).

Moreover, the D336A mutant exhibited a retention of 48% of its
original activity, suggesting that D336 is not the paramount residue.
Interestingly, the D448A mutant completely eliminated its catalytic
activity towards acarbose. Additionally, the mutant D448N was also
found to totally loss of activity(Fig. 3F). To verify the binding ability of
the inactivated mutant D448N to acarbose, we performed isothermal
titration calorimetry (ITC) experiments (Supplementary Fig. 19). The
results showed that D448N had a higher binding affinity for acarbose
compared to WT-Apg. Further, we successfully resolved the crystal
structure of the Apg(D448N)-acarbose complex (PDB 9UNS; Supple-
mentary Table 1, Supplementary Fig. 20, Supplementary Fig. 21),
revealing its binding mode in detail. The structure shows that the

D448N residue forms hydrogen bonding interactions with the 2-OH
and C1-O atoms of the acarbose −1 subsite. Notably, the distance
between the carboxy oxygen atom (OD2) of D448N and the acarbose
C1 atom (4.2 Å) is significantly shorter than the distance between the
carboxy oxygen atom of D336 and C1 (5.0 Å) (Supplementary Fig. 22).
This structural difference suggests that D448, rather than D336, is
more likely to act as a nucleophilic reagent. Furthermore, when the
D448E mutation, which also has a carboxylic acid side chain, was
introduced, the catalytic activity was restored by 15% (Fig. 3F). Taken
together, we propose that the carboxylic acid side chain of D448 may
function directly as a nucleophilic catalyst in the transition state of the
reaction, rather than only as a stabilizing agent. This hypothesis is
further supported by computational studies. In multiple 200ns MD
simulations basedon the crystal structure of acarboseandWTApg, the
average distance between C1 atom in the −1 subsite of acarbose and
OD2 atom in the carboxylic acid group of D448 is much closer than
that between C1 atom in the −1 subsite of acarbose and C atom in the
carboxylic acid group of D336 (4.90 ÅV.S. 6.22 Å) (Supplementary
Fig. 23A). Additionally, a greater negative charge is found on OD2 of
D448 compared with that of D336 (−0.49 v.s. −0.12) based on density
functional theory (DFT) calculations, indicating that D448 is a more
favorable nucleophile (Supplementary Fig. 23B). The roles of D336 and
D448 during catalysis are further investigated using quantum
mechanics/molecular mechanics (QM/MM). The QM/MM calculations
also indicated that the energy barrier of D336 as a nucleophilic reagent
(26.7 kcal/mol, Supplementary Fig. 24) is much higher than that of
D448 (17.1 kcal/mol, Fig. 4).

M2 is the two-step hydrolyzed product with the second
hydrolysis as the rate-limiting step
Besides the three-ring product M1, the two-ring product M2 is also
formed during hydrolysis of acarbose catalyzed by Apg. The previous
molecular docking simulation7 suggested that M2 was yielded by
orienting the nucleophile D336 towards the C1 of the second ring of
the non-reducing end of acarbose. However, side productmaltosewas
not detected when incubating acarbose with Apg (Supplementary
Fig. 25). Notably, QM/MM simulations reveal that the energy barrier of
directly hydrolyzing acarbose to M2 and maltose in one step is quite
high (36.9 kcal/mol, Supplementary Fig. 26). Moreover, M2 is also
observedwhen incubatingApgwithM1, which indicates thatM2might
be formed by two steps hydrolysis from acarbose.

Toelucidate thedetailed catalyticmechanismof the twohydrolysis
steps, we perform MD and QM/MM calculations. MD simulations sug-
gest that the Apg binds more tightly with acarbose (−20.5 kcal/mol,
Table S2) thanwithM1 (−13.8 kcal/mol, Supplementary Table 2). Similar
to catalytic cycle of producing M1, the second hydrolysis step is also
proceeded through a retainingmechanismmediated by D448 and E373
(Fig. 4). However, the energy barrier of constructing the covalent ester
linked intermediate fromM1 (EP1’→TS3, 19.7 kcal/mol, Fig. 4) is slightly
higher than that calculated from acarbose (ES→TS1, 17.1 kcal/mol,
Fig. 4). The results of enzymekinetic experiments further elucidated the
difference in catalytic properties of Apg towards acarbose and M1.
When M1 was used as the substrate, the hydrolytic activity of Apg was

Fig. 3 | Structural and mutagenesis analysis of Apg. Simulated annealing omit
maps are shown in gray mesh and contoured at 1.0 σ. Hydrogen bonding interac-
tions are indicated with gray dashed lines.AClip diagramof the substrate acarbose
in the lumen of the active site of Apg. The hydrophobic surface in blue and the
hydrophilic surface in white. Acarbose is indicated by cyan color of stick. The 2Fo-
Fc electron density maps of acarbose are shown as gray grids with contours at the
1.0 σ level. B Crystal structure of Apg(D448A)-acarbose (PDB 9IVZ). The substrate
acarbose is shown in cyan, residues, in pink, hydrogen bonding interactions in gray
dashed lines, andwatermolecules in red spheres. Validation of the electron density
of acarbose-bound and active-ligand water is shown in Supplementary Fig. 7.
CApg(D336A) crystal structureofM1 (PDB9IZE) (ligand, palegreen; residues, pink).

D Crystal structure of Apg(D336A)-M2 (PDB 9IZO). Product M2 is shown in slate,
residues, in pink. Stereo views of B-D see Supplementary Fig. 8. E Apg(D448A)-
acarbose complex (PDB 9IVZ) (colored as in A) superimposed on mutant
Apg(D448A) (PDB 9IXH) (residues, white). Significant conformational changes are
observed forW292, Y295. The direct loop domains of Y295 andW292 are shifted to
a certain extent. Among them, Y295 has a shift distance of 2.6 Å (atom OH) and
W292 has a shift distance of 5.1 Å (atom NH). Maximum displacement of capping
loop B to the sugar portion is 4.1 Å (defined by the NH2 atom of D291).
F Mutagenesis experiment of residues in the active site of Apg. Asterisks indicate
mutants with nomeasurable activity. Data are presented asmean values ± SD, n = 3.
Error bars represent the standard deviation from three repeats.
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significantly reduced by 30% compared to the acarbose system (Sup-
plementary Fig. 27A). Further analysis of the kinetic parameters showed
that in terms of substrate affinity, the Km value of acarbose
(2.600 ±0.652 µM) was significantly higher than that of M1
(6.642 ±0.371 µM), suggesting thatApghas a stronger substratebinding
ability to acarbose.While in termsof catalytic efficiency, the kcat valueof
acarbose (5.360±0.320 s−1) was significantly higher than that of M1
(4.895 ±0.512 s−1), indicating that acarbosehas a higher rate of substrate
conversion per unit time (Supplementary Fig. 27B). ITC thermodynamic
analysis further revealed that the binding affinity of Apg-acarbose was
significantly higher than that of Apg-M1 (Supplementary Fig. 19).
Therefore, the secondhydrolysis step is the slower step in the two-steps
hydrolysis reactions. Furthermore, the possibility of cleaving carbon-
nitrogen bond, a metabolization of acarbose found in recent study was
also invested14. In our QM/MM results, the energy hurdle for the sub-
sequent step is exceedinglyhigh (43.7 kcal/mol, Supplementary Fig. 28),
elucidating that M2 is the final product.

Further investigation of acarbose analogs
Meanwhile, the crystal structure we obtained in this paper is also
beneficial to the design process of acarbose analogs. Recently, acar-
bose analogs acarstatins A and acarstatins B are reported that exhib-
ited greater inhibitory activity towards human salivary α-amylase than
acarbose and exhibited partial resistance to Apg-mediated
hydrolysis20. To explore the structural insights of the resistance to
Apg, the MD simulations are conducted based on our crystal struc-
tures. Although acarstatins A/B are also located within the Apg active

cavity (Fig. 5A, C), the distances between the C1 of −1 subsite in acar-
stain A/B and OD2 atom of D448 are farther than that in acarbose
(Fig. 5B), leading to the sugar ring carbon atoms can’t be attacked by
D448. Further QM/MM analysis reveals that the activation energy
barriers of the hydrolysis acarstain A/B reactions catalyzed by Apg
(Supplementary Fig. 29 and Supplementary Fig. 30) are both higher
than the activation energy barriers of the hydrolysis of acarbose
(Fig. 4). It is expected that the insights gleaned from our studies will
not only significantly contribute to expand the diversity of glycoside
hydrolysis, but also to the design of next-generation clinically effective
antidiabetic drugs.

In summary, we present the X-ray crystallographic structures of
WT-Apg, the D448A mutant, the D448N mutant, the D448A mutant
complexwith acarbose, theD448Nmutant complexwith acarbose, the
D336A mutant complex with M1, the D336A mutant withM2, the ring
deletion mutant Δloop A with glucose, Δloop B and Δloop A/B.
Structural analyses, mutagenesis, and computational studies reveal
that D448 act as nucleophilic reagent, D336 act as stabilizer, and E373/
R334 act as proton donors, offering insights into glycoside hydrolysis
diversity. Ultimately, our exhaustive investigation, incorporating
structural analysis, biochemical assays, and computational modeling,
has illuminated that the hydrolysis mechanism of acarbose by Apg
proceeds through a sequential glucose cleavage process, as opposed
to the previously documented direct one-step conversion of acarbose
into M2 and maltose (Fig. 6).

Our results will provide structural insights for the design and
development of diabetes drugs, including lengthening the length of
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sugar chain that enhance the resistance to Apg hydrolysis or selective
modification of acarbose moieties to weaken the binding affinity.
Further development of acarbose analogs with improved pharmaco-
logical activity based on these structural analyses are ongoing.

Methods
Materials
Acarbosewaspurchased fromSigmaChemicalCo. acarviosine-glucose
was purchased from biddepharm (Shanghai, China). Isopropyl-beta-D-
thiogalactopyranoside (IPTG) were purchased from Macklin (Shang-
hai, China). All other chemicals and reagents were purchased from
Aladdin reagent (Shanghai, China). 2×PhantaMaxMastermix (P511-02)
was purchased from Vazyme Biotech Co. Ltd. (Nanjing, China).

Site-directed mutagenesis of Apg
Genes encoding Apg sequences (UniProt: WP_049088784.1, GenBank:
NZ_CABGKM010000006.1) were synthesized by General Bio (Chuz-
hou, China) and codon optimized for expression in E. coli cells. The
Apg gene was cloned into the pET28a(+) vector, which adds an
N-terminal 6×His tag. To express the plasmid, it was transformed into
E. coli strain BL21 (DE3). For site-directed mutagenesis (SDM), Phanta
Max (Vazyme, Nanjing, China) was used for pcr-based site-directed
mutagenesis using plasmid pET28a(+)-Apg as a template. For mutants
D336A and D448A, which were cloned into ppSUMO vectors by
homologous recombination, respectively, SUMO proteins were fused
to the N-terminal end after 6×His tagging. A list of primers used for the
construction of plasmids for site-directed mutagenesis studies can be

Acarbose PDB: 9IVZ

M1 PDB: 9IZE M2 PDB: 9IZO

Crystal structures of three reaction stages

D448 as a nucleophilic reagent

E373/R334 as proton donor

Two-step hydrolysis

Fig. 6 | The mechanisms of Apg hydrolyze the acarbose. Acarbose is first
hydrolyzed to +1 subsite (17.1 kcal/mol), then removed to −1 subsite (19.7 kcal/mol),
and the second hydrolysis reaction is a rate-determining step. Three key crystal

structures were obtained. The energy barrier of acarbose direct hydrolysis to M2
( + 1/−1 subsites) is too high.

D448

H447
D448

H447BA C

Fig. 5 | Thedistance characterizationof theApg-acarstatinsA/B complex.AThe
MD snapshots ofWT-Apgwith acarstain A at 70ns.B This figure shows the average
distances (solid lines) betweenC1 atom (−1 subsite of the three sugarmolecules for
the yellow: acarbose, purple: acarstatins A and red: acarstatins B) and OD2 atom

(D448, nucleophilic reagent) as a function of time, with standard errors of the
average distances in 3 times MD simulations (shaded region). C The MD snapshots
of WT-Apg with acarstain B at 70ns. The distances are given in Å.
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found inTableS3. To remove the template from thePCRproduct, DpnI
(Takara, Beijing, China) was used, and the product was transformed
into E. coliDH5α (laboratory product) for sequencing. DNA sequencing
was used to confirm identity, including the location of the mutation in
the expression plasmid. Next, the plasmid was transformed into E. coli
BL21 (DE3) for protein synthesis.

Apg protein expression and purification
All required methods for expression and purification of purified pro-
teins and mutants were performed under the following operating
conditions. Specifically, E. coli BL21 (DE3) containing plasmid pET28a
(+)-Apg was cultured in LB medium containing 50mg/L kanamycin at
37 °C with 220 rpm shaking. When the OD600 of cell culture reached
0.8, the protein expression was induced by adding IPTG to a final
concentration of0.2mMand the cellswere cooled to 16 °C.After an 18-
h growth period at 16 °C, 220 rpm, cells were harvested by cen-
trifugation at 4000g, 4 °C for 15min. All of the following steps were
performed at 4 °C or on ice. Cell lysates were resuspended in lysis
buffer containing 100mMTris-HCl, pH 8.0, 200mMNaCl, 5% glycerol,
and lysed by high-pressure homogenization (Shanghai United Bio-
technology, China). The samples were sonicated and centrifuged at
12,000 g for 30min at 4 °C to remove cellular debris. The resulting
supernatant was loaded onto a Ni-NTA agarose column (GE Health-
care) pre-equilibrated with lysis buffer. The column was then washed
with buffer (100mM Tris-HCl, pH 8.0, 200mM NaCl, 5% glycerol and
50mM imidazole) to remove nonspecifically bound proteins. His-
tagged proteins were eluted with a buffer containing 100mMTris (pH
8.0), 200mM NaCl, 300mM imidazole, 5% glycerol and further con-
centrated using an Amicon ultrafiltration unit (Millipore) with a
molecular weight cut-off 50 kDa. Subsequently, elution fractions were
run on a 12% sodiumdodecyl sulfate-polyacrylamide gel electrophores
(SDS-PAGE) and used for enzymatic assays directly. For mutants
ppSUMO-Apg-D336A, ppSUMO-Apg-D448A, prior to crystallization, in
order to remove the His tag, the eluate was incubated with ULP1 pro-
tease and dialyzed overnight in 5 L of buffer (25mM Tris-HCl, 150mM
NaCl, pH 8.0) in buffer. After dialysis, the mixture was loaded onto the
Ni-NTA column, and the column was then eluted with equilibration
buffer. The enzyme fractions were further purified via gel filtration
chromatography using a Superdex 200 10/300 GL column (Shanghai
Yonglian Biotechnology, China) and buffer (50mM TrisHCl, pH 8.0,
100mM NaCl, 1mM DTT). The fractions were checked by SDS-PAGE,
and the target fractionswere concentrated using anultrafiltration tube
(Amicon Ultra-4, molecular weight cut-off 50KD, UFC801024). Finally,
protein concentrations were determined using a NanoDrop™ One/
OneC Micro UV-vis spectrophotometer (Thermo Fisher, Wal-
tham, USA).

Crystallization of wild-type and mutant Apg
All Apg complexes were prepared by sitting-drop vapor diffusion at
16 °C. Aqueous acarbose solution (3.46mM)was added topurifiedApg
and mutant (12mg/mL, 0.173mM) at a substrate:protein molar con-
centration ratio of 20:1. The samples were incubated on ice for 30-
60min and then centrifuged. Apg crystals were incubated in a 1μL
droplet, mixed in a 1:1 ratio with the reservoir solution in a volume of
0.5μL, and equilibrated with 50μL of reservoir solution (0.02M
magnesium chloride hexahydrate, 0.1M HEPES (pH 7.0), and 22% w/v
poly(acrylic acid sodium salt) 5100) were equilibrated. Prismatic
crystals appeared after 2 days at 16 °C. Mutant D336A was co-
crystallized under 0.1M sodium chloride, 0.1M HEPES (pH 7.0), and
1.6M ammonium sulfate to obtain crystals of the ligand-binding
complex. Crystals of mutant D448A and the ligand-binding complex
were obtainedby growth in a buffer containing 2.1MDL-malic acid (pH
7.0). Crystals ofmutantD448Nweregrown in abuffer containing0.1M
BICINE, 1.6M ammonium sulfate. The D448N mutant was co-
crystallized at 0.02M Magnesium chloride hexahydrate, 0.1M HEPES

pH 7.5 and 22% w/v Poly(acrylic acid sodium salt) 5100 to obtain
crystals of the ligandbinding complex.Crystalsof the glucosecomplex
were obtained by co-crystallization of the Δloop A mutant in a buffer
containing0.1MHEPESPH = 7.5, 20%w/v Poly(acrylic acid sodiumsalt)
5100. The mutant Δloop B and Δloop A/B were crystallized at 0.1M
Citric acid pH 5.0, 5% w/v Polyethylene glycol 6000. Prior to data
collection, crystals were cryoprotected in ethylene glycol crystal-
lization solution with the addition of 15% to 20% (v/v), followed by
rapid freezing in liquid nitrogen with a nylon ring.

Data collection and structure determination
All X-ray diffraction data were collected at Shanghai Synchrotron
Radiation Facility (SSRF, Shanghai, China) beamline BL19U1
(λ =0.979Å). 360 images of 1° oscillation per framewere collected at a
crystal-to-detector distance of 250mm and an exposure time of
0.2 ~ 0.5 s per image. Initial data were indexing and integration using
the XDS software package. Next, merged and scaled using AIMLESS in
the CCP4 program suite by using the PHASER program in the
CCP4 suite. The crystal structure of Apg was solved by molecular
replacement using the maltodextrin glucosidase MaIZ (PDB ID 7VT9)
as a search model34. Further model building and iterative refinement
wasperformed usingCOOT and PHENIX, respectively, to yield the final
structure of Apg. In addition, the structures of other Apg mutant
complexes were determined by molecular replacement using the
atomic coordinates ofwild-type Apg as a searchmodel. Atomicmodels
with different complexesweremanually adjusted and reconstructed in
Coot and improved by iterating with PHENIX. For each structure, the
overall quality of the structuralmodel was assessed usingMolProbity35

and Procheck36 software. The data collection and refinement statistics
for each final model was shown in Supplementary Tables 1. The atomic
coordinates and structure factors of all refined models have been
deposited in the Research Collaboratory for Structural Bioinformatics
(RCSB) Protein Data Bank (PDB)37. Finally, structureswere visualization
and graphics were done using the PyMol software program (http://
www.pymol.org/)38.

Enzyme activity assays
The activity of the acarbosemetabolizing enzymeApg and its mutants
was determined according to the literature7 with minor modifications.
Briefly, the general reaction system consisted of a solution containing
50mM Tris-HCl (pH 8.0), 100mM NaCl, 5% (v/v) glycerol, and 3mM
DTT, 1mM of acarbose, and 1 µM of Apg and its mutants, for a total
reaction volume of 200 µL. Incubate at 37 °C for 10min with shaking
every 5min. Next, the reaction was terminated by heating at 100 °C for
5min. The reaction mixture was centrifuged at 14,000g for 12min at
4°. The supernatant was used to determine the concentration of
acarbose by high performance liquid chromatography-Mass Spectro-
metry (HPLC-MS). Each reaction was repeated three times.

To determine the Km and kcat values of Apg for acarbose andM1,
the enzyme was tested at a concentration of 0.00090μM ([E]) and at
different concentrations ([S]) of substrates (acarbose and M1) in the
reaction system. The reaction system was consistent with the above.
Containing 0.00090μM purified Apg and different concentrations of
acarbose (0.30, 0.44, 0.50, 1.00, 2.00, 3.00, 4.00, 5.00, 6.00, 7.00 µM),
different concentrations of M1 (0.50, 0.90, 1.00, 2.00, 3.00, 4.00,
5.00, 6.00, 7.00, 8.00 µM) and incubated at 37 °C for 5min. The
reaction was terminated by heating at 100 °C for 5min. The reaction
mixture was then centrifuged at 14,000 g for 10min at 4 °C. The
supernatant was used to determine acarbose concentration by LC-MS.
The initial rate of substrate consumption (V) was obtained by linear
regression of the data points (substrate consumption versus time)
over the initial reaction time (0–5min). The observed rate constants
(kobs) were calculated according to the equation (kobs = V/[E ]) and then
fitted to kobs = kcat × [S]/(Km+ [S]) in Graphpad Prism to obtain Km and
kcat values7.
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To analyze the enzyme activity of Apg and the different mutants,
HPLC-MS samples were injected into an Agilent 6470HPLC-MS system
(Agilent Technologies, Palo Alto, USA). The separation was carried out
using two-component mobile phases A and B, where the solvent a
consisted of water containing 0.1% (v/v) formic acid and the eluent B
consisted of acetonitrile containing 0.1% (v/v) formic acid. The flow
ratewas0.3mL/min (T= 0min, 50%B; T = 3min, 95%B; T = 12min, 95%
B; T = 12.1min, 50% B; and T = 14min, 50% B). For the detection of
maltose, an isocratic elution of 70% Bwas used for 14min. The column
temperature was maintained at 30 °C and the autosampler tempera-
ture was set at 4 °C. The mass spectrometer was operated in positive
mode using electrospray ionization (ESI), while data acquisition was
performed using the the multiple reaction monitoring (MRM) mode.
MassHunter workstation software version 10.1 (Agilent) was used for
data acquisition and post-run processing.

Isothermal Titration Calorimetry (ITC) assays
Isothermal titration calorimetry experiments were performed at 25 °C
using a MicroCal VP-ITC apparatus (Malvern Panalytical). Protein and
ligand solutions were prepared in dialysis buffer containing 20mM
Tris-HCl (pH 8.0) and 100mM NaCl. For binding experiments, 20μM
Apg and Apg(D448N) proteins were titrated to saturationwith 200μM
of different ligand solutions. For the titration, the sample cells were
stirred at 750 rpm and the syringe was filled with ligand injected 19
times every 2.0μL (without pre-injection of 0.4μL) at 150 s intervals,
with the first injection discarded when the data were analyzed. A
control experiment was performed along with each titration to mea-
sure the heat of dilution by titrating different ligands into dialysis
buffer. The heat of dilution of the ligand after the control titration was
subtracted from the experimental titration data. Data were processed
using MicroCal VP-ITC analysis software (Malvern Panalytical). Non-
linear regression analysis was performed using a single-point fit model
(MicroCal Origin). Results are mean± standard deviation of repeated
experiments.

Molecular dynamics simulation
The initial structures for the simulations were taken from crystal-
lographic structures of the complexes of our experiment. The crystal
structure of the nucleophile mutant Apg_D448A in complex with
acarbose (PDB: 9IVZ) was used to build the Michaelis complex. To
revert the D448A mutation, the side chain atom coordinates of the
D448 residue were taken from the resolved apo-Apg crystal structure
(PDB: 9IXW). Similarly, the crystal structure of the nucleophile
mutant Apg_D336A in complex withM1 (PDB: 9IZE) was used to build
another Michaelis complex. To revert the D336A mutation, the side
chain atom coordinates of the D336 were taken from the apo-Apg
structure (PDB: 9IXW). For computational modeling where the
crystal structure of the complex is unavailable—such as Apg (PDB:
9IXW) with acarstatin A/B, or the Apg complexes involving ΔloopA
(PDB: 9VD8), ΔloopB (PDB: 9VDG), or ΔloopAB(PDB: 9VDW) with
acarbose—structural alignment was employed to constrainmolecular
conformations by superimposing the corresponding glycosyl units
(PDB: 9IVZ). Subsequently, molecular docking was performed using
AutoDock Vina39, based on the Apg_D448A–acarbose complex
structure (PDB: 9IVZ).

In the MD simulations, hydrogen atoms, solvation box, and
counter ions necessary to neutralize the system’s charge were added
with the AmberTools2240 utility tLeaP. The following force fields (FF)
were used: ff14SB41 (enzyme), and TIP3P42 (water solvent).
GLYCAM06j-143 and GAFF244 atom types and parameters were
employed for the sugarmoieties (−1/ + 1 glycosyl unit) and the inositol
group (−3/−2 glycosyl unit). This combination is particularly advanta-
geous for hybrid systems such as acarbose, which contains both sac-
charide and non-saccharide components. Additionally, the
AmberTools40 supports flexible parameter fitting, and RESP charge

derivation45 with VMD plugin Force Field Toolkit46 and ORCA 5.0.447,
for system preparation and analysis.

Molecular dynamics (MD) simulations were performed with the
Gromacs 2023.348. To perform molecular dynamics simulations with
energyminimization, NVT and NPT equilibration, and production runs
were performed. The energy minimization was carried out using the
steepest descent algorithm until the maximum force dropped below
100 kJ/mol/nm, with a step size of 0.01 nm. Periodic boundary condi-
tions (PBC) were applied in all directions. Each simulation sets a dif-
ferent random number seed. NVT equilibration for 100ps with
position restraints on heavy atoms. Temperature was maintained at
300K using the V-rescale thermostat49 with a time constant of 0.1 ps.
NPT equilibration for 100 pswith pressure controlled at 1 bar using the
Parrinello-Rahman barostat50 with a coupling constant of 2.0 ps and
isotropic pressure coupling. The production MD simulation was run
for 200nswith a time step of 2 fs using the Verlet integrator51. All bond
lengths involving hydrogen atoms were constrained using the LINCS
algorithm52, allowing the use of a 2 fs timestep. Electrostatics were
handled using the Particle Mesh Ewald (PME) method53 with a real-
space cutoff of 1.0 nm. Van der Waals interactions were truncated at
1.0 nm, and dispersion corrections were applied to the energy and
pressure to account for the cutoff. A neighbor list with a cutoff of
1.0 nm was updated every 10 steps. The all production simulations
were further continued for a total of 200 ns with 3 times. The 200ns
durationwas selected based on refs. 23,28,54 of similar systems, where
key conformational states and energetic stabilization are typically
observed within this timescale. The production MD trajectories were
analyzed with in-house VMD 1.9.455 and Python scripts. The CAVITY
Plus server was used to identify the pockets56.

DFT method
Density functional theory (DFT) calculations were performed at the
B3LYP-D3BJ level using the Orca 5.0.447. Geometries were fully opti-
mized in conjunctionwith theCPCMcontinuumsolvationmodel at the
B3LYP/def2-SVP level57 of theory. To get Gibbs free energies, harmonic
frequency calculations were performed to get the thermal and entro-
pic corrections at 300K. Intermediates and transition states were
confirmed by frequency calculations to have zero and only one ima-
ginary vibration, respectively. The electronic energies were further
corrected with the def2-TZVP basis set. The Gibbs free energy cor-
rection at B3LYP/def2-SVP level and D3 dispersion correction was
included in single-point energy calculations.

QM/MM method
QM/MM simulations were used to describe the acarbose hydrolysis
reaction in the active site of the Apg. The simulations were started
with a suitable snapshot from the classical MD simulations. The QM
region was described using the B3LYP-D3BJ functional58 with the
def2-TZVP57 basis set. Inclusion of dispersion corrections improves
the calculation of reaction barriers in enzymes at a negligible com-
putational cost. QM/MM calculations were also carried out with
NAMD2.1459 for MM in combination with ORCA 5.0.447 for QM cal-
culations. All QM/MM simulations employed the charge-shift method
to handle link atoms. Additionally, a shift function was applied to the
surrounding classical partial charges within the electrostatic
embedding scheme.

To investigate the free energy profile (also as potential of mean
force, PMF) for the hydrolysis reaction, we defined collective vari-
ables, such as interatomic distances and distances between the
centers of mass of atom groups. These collective variables
(Colvars)60 were utilized to monitor changes in the system through-
out the transformation and served as a basis for defining the reaction
coordinate. For example, in acarbose hydrolysis QM/MM simulation,
the QM region includes the acarbose, the catalytic triad D336/E373/
D448, and the catalytic water molecule. Fours collective variables
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(CVs) were defined for driving the system from the initial state
(reactants, ES) to the reaction intermediate (the glycosyl-enzyme
covalent intermediate, IC1). The first CV, C1Glc2-O4Glc1 (CV1) for the
cleavage of the O-glycosidic bond. This CV1 accounts for the break-
ing of the glycosidic bond. The CV2, distance between C1Glc2 and
OD2D448, for the nucleophilic attack of D448 on the anomeric carbon
of acarbose. The CV3, was selected as the distance O4Glc1-HE2E373,
thus describing the proton transfer from the general acid E373 to the
glycosidic oxygen O4. And the CV4 is HE2E373-OE2E373 for O–H bond
cleavage (Supplementary Fig. 31A). Next, the deglycosylation reac-
tion, the second step of the hydrolysis mechanism of Apg with
acarbose, was modeled starting from a trajectory snapshot of the
QM/MMMD simulation of glycosylation reaction. The string method
also used 4 CVs to drive the deglycosylation reaction (Supplementary
Fig. 31B). For comparative QM/MM calculations in other system (one-
step hydrolysis, hydrolysis reaction of Apg with M2, hydrolysis
reaction of Apg with acarstain A/B, hydrolysis reaction which D336 as
nucleophilic reagent), only the energy barrier of the activation step
(glycosylation) is computed to compare the relative difficulty of
reactions. The details can be found in Supporting Information.

To compute the PMF, we employed the string method and the
extended-system adaptive biasing force (eABF) method61, which are
implemented within the colvars module of NAMD 2.14. The string
method is an iterative approach thatoptimizes the reaction coordinate
to identify the least-resistance pathway from the initial to thefinal state
of the system. Once optimized, the string provides images that
delineate a continuous path for the transformation, and eABF is uti-
lized to calculate free energy changes. Initial configurations for each
eABF window were generated using the qmCSMD module in NAMD
2.14. The PMFand the associated gradient, derived using the corrected
z-averaged restraint (CZAR) estimator62, were output by the colvars
module from the eABF data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The structure factors and coordinates of WT-Apg, the D448A mutant,
the D448N mutant, the D448A mutant complex with acarbose, the
D448N mutant complex with acarbose, the D336A mutant complex
withM1, the D336Amutant withM2, the ring deletionmutant Δloop A
with glucose, Δloop B and Δloop A/B have been deposited in the
Protein Data Bank under the accession numbers 9IXW, 9IXH, 9V0I,
9IVZ, 9UNS, 9IZE, 9IZO, 9VD8, 9VDG and 9VDW, respectively. The
coordinate and system setup files of MD simulations and QM/MM
simulations generated in this study are deposited in Zenodo [https://
doi.org/10.5281/zenodo.15922738]. Source data are provided with
this paper.
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