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ABSTRACT: An approach to controlling blood glucose levels in individuals with type 2 diabetes is to target
R-amylases and intestinal glucosidases using R-glucosidase inhibitors acarbose and miglitol. One of the
intestinal glucosidases targeted is the N-terminal catalytic domain of maltase-glucoamylase (ntMGAM), one
of the four intestinal glycoside hydrolase 31 enzyme activities responsible for the hydrolysis of terminal starch
products into glucose. Here we present the X-ray crystallographic studies of ntMGAM in complex with a new
class of R-glucosidase inhibitors derived from natural extracts of Salacia reticulata, a plant used traditionally
in Ayuverdic medicine for the treatment of type 2 diabetes. Included in these extracts are the active
compounds salacinol, kotalanol, and de-O-sulfonated kotalanol. This study reveals that de-O-sulfonated
kotalanol is the most potent ntMGAM inhibitor reported to date (Ki=0.03 μM), some 2000-fold better than
the compounds currently used in the clinic, and highlights the potential of the salacinol class of inhibitors as
future drug candidates.

R-Glucosidase inhibitors make up a class of antihyperglycemic
drugs that are often administered to individuals with type 2
diabetes as a way of controlling postprandial glucose levels (1-3).
Such control has been shown to be essential in preventing the
progress of impaired glucose tolerance toward type 2 diabetes by
decreasing the incidence of hyperglycemia and hyperinsulinemia,
thus reducing insulin resistance and stress on the β-cells of
the pancreas (4). Acarbose (1) and miglitol (2) (Figure 1) are
R-glucosidase inhibitors currently used to control blood glucose
levels and work by reversibly inhibiting digestive R-amylases and
R-glucosidases (5). When taken just prior to a meal, they have an
effect of slowing the breakdown of ingested carbohydrates
and starches and thus delay absorption of glucose into the
bloodstream.

It was generally believed that the carbohydrate mimics con-
taining nitrogen such as acarbose and miglitol are protonated in
the active site and act as glycosidase inhibitors because of their

ability to mimic the shape and/or charge of the presumed
transition state for enzymatic glycoside hydrolysis (6).

A relatively new and interesting class of inhibitors consists of
the sulfonium ion-containing inhibitors, which were first isolated
from Salacia reticulata, a plant that is widespread in Sri Lanka
and South India and is used in traditionalAyurvedicmedicine for
treating type 2 diabetes (7-10). Administration of the herbal
extract of S. reticulata to rats after a carbohydrate meal signi-
ficantly reduced blood glucose levels (11), and no serious acute
toxicity or mutagenicity was observed in rats after the oral
ingestion of the extracts at a dose of 5000 mg/kg (12). When
tested in a double-blind study involving human patients with type
2 diabetes and a placebo control group, the Salacia extract was
shown to be an effective treatment for type 2 diabetes, with side
effects comparable to those of the placebo control group (13). In
addition, a recent study has also shown that the Salacia extract is
effective in reducing body weight gain in mice on a normal diet
and high-fat diet and could potentially reduce the risk of obesity-
associated complications, including type 2 diabetes (14).

The active compounds of S. reticulata were found to include
salacinol (3), kotalanol (4), and de-O-sulfonated kotalanol
(5) (15-17) (Figure 1), whose structures comprise a 1,4-anhy-
dro-4-thio-D-arabinitol core and polyhydroxylated acyclic chain.
A special feature of the sulfonium ion inhibitor is the permanent
positive charge carried by the sulfur, which is postulated to bind
in the same way as a protonated amine inhibitor in the active sites
of glucosidases.

Although the discovery and synthesis of novel R-glucosidase
inhibitors are important in their own right, it is equally important
to study their specific mechanism of inhibition against enzymes
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involved in carbohydrate digestion. In humans, family GH311

glycoside hydrolases maltase-glucoamylase (MGAM) and su-
crase-isomaltase (SI) are responsible for the digestion of terminal
starch products left after R-amylase action. These membrane-
bound enzymes contain two catalytic subunits: an N-terminal
subunit (ntMGAM and ntSI) that is proximal to the membrane-
bound end and a C-terminal luminal subunit (ctMGAM and
ctSI). The substrate specificities of the catalytic subunits vary and
overlap to include maltose, isomaltose, sucrose, and small linear
and branched oligosaccharides (18, 19).

In our previous studies (20-22), we had shown that the best
inhibitors belonging to the salacinol class have Ki values in the
low micromolar range (i.e., 0.10-0.19 μM) and are better
inhibitors of ntMGAM compared to acarbose (Ki = 62 μM).
The salacinol inhibitors are selective against the intestinal gluco-
sidases as they have been shown to be relatively poor inhibitors of
human pancreatic R-amylase (Ki = 75 μM) (22), a family 13
endohydrolase responsible for degrading starch into shorter
linear and branched oligosaccharides. In contrast, R-amylase is
inhibitedmore strongly by acarbose (Ki=15 nM) (23).Miglitol is
similar to the salacinol compounds in that it selectively targets
intestinal glucosidases and is a poor inhibitor of R-amylases (24).
Since the digestive enzymes targeted by R-glucosidase inhibitors
vary in substrate specificity for different carbohydrate struc-
tures, some studies have suggested that the efficacy of the
inhibitors is dependent on the carbohydrate diet profile of the

individual (25-27). These results suggest that a multitarget,
combination therapy approach might be beneficial.

In recent studies, we have determined the crystal structure of
ntMGAM in complex with acarbose and proposed the structural
basis for its poor inhibitory properties (28). Here, we present the
crystal structures of ntMGAM in complex with miglitol and
salacinol and compare their mechanisms of inhibition to that of
acarbose. We also present crystal complex structures of kotala-
nol, de-O-sulfonated kotalanol, and several salacinol derivatives,
including BJ2661 (6), NR4-8 (7), and NR4-8II (8), to study the
essential structural features of this class of inhibitors and their
effect on function. These insights provide a strong foundation for
the development of more effective R-glucosidase inhibitors for
controlling blood glucose levels.

The results are relevant to “alternative” therapies, which are
often hampered by a lack of understanding of their mode of
action at the molecular level. The classical approach to clinical
compounds is to identify likely target activities and screen or
design compounds to intervene. However, this can lead to
unexpected complications in synthesis, bioavailability, and toxi-
city, which makes that approach very costly in developing
pharmaceuticals. The alternative approach used here starts with
a traditional treatment that shows clinical effectiveness and is,
therefore, already a validated activity. Identification of the
active principles together with an understanding of their mecha-
nism of action can lead, in turn, to acceptance of the alternative
therapy.

MATERIALS AND METHODS

Inhibitors. All compounds from the salacinol class of inhibi-
tors examined in this paper (Figure 1) were synthesized by the

FIGURE 1: R-Glucosidase inhibitors discussed in this paper. (a) Structures of R-glucosidase inhibitors currently used in the treatment of type 2
diabetes: acarbose (1) and miglitol (2). (b) Structures of the active compounds from Salacia reticulata: salacinol (3), kotalanol (4), and de-O-
sulfonated kotalanol (5). (c) Side chain derivatives of salacinol: BJ2661 (6), NR4-8 (7), and NR4-8II (8).

1Abbreviations: GH31, family 31 glycoside hydrolase; MGAM,
maltase-glucoamylase; SI, sucrase-isomaltase; ntMGAM, N-terminal
subunit of MGAM; ntSI, N-terminal subunit of SI; ctMGAM, C-
terminal subunit ofMGAM; ctSI, C-terminal subunit of SI; rmsd, root-
mean-square deviation.
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Pinto laboratory (29-31), and miglitol was purchased from
Toronto Research Chemicals Inc. (North York, ON).
Crystallization and Inhibitor Soaks. ntMGAMoverexpres-

sion in Drosophila S2 cells, purification, and modification via
reductive methylation were previously described by Sim et al.
(28). ntMGAM crystals were grown in a hanging drop diffusion
experiment using 1 μL of protein (∼10 mg/mL) and 1 μL of
reservoir buffer (200 mM sodium sulfate and 20% PEG 3350). We
obtained inhibitor complexes by soaking crystals in mother liquor
supplemented with 200 μM inhibitor for ∼1-12 h and then
cryoprotecting them with 20% glycerol, 200 mM sodium sulfate,
and 20%PEG3350before theywere flash-frozen in liquid nitrogen.
Data Collection, Processing, and Refinement. Data for

the ntMGAM crystal complexes were collected on an ADSC
Quantum-270 CCD detector at beamline F1 at the Cornell High
Energy Synchrotron Source (CHESS) and were processed with
HKL2000 (32). Data collection statistics are summarized in
Table 1 and in Table 1 of the Supporting Information.

It was observed from these and previous experiments (28)
that two ntMGAM crystal forms exist and appear at equal
frequencies. The crystals described in this paper were isomor-
phous either to the determined native ntMGAM structure
[Protein Data Bank (PDB) entry 2QLY] or to the ntMGAM-
acarbose structure (PDB entry 2QMJ), which differ slightly in
unit cell dimensions (28). The native ntMGAM structure was
used as an initial starting model for the refinement of the
salacinol, miglitol, kotalanol, and BJ2661 data sets, whereas
the ntMGAM-acarbose structure (with acarbose removed) was
used as an initial starting model for refinement of the de-O-
sulfonated kotalanol, NR4-8, and NR4-8II data sets. Following
several alternating cycles of restrained refinement using RE-
FMAC (33) and manual fitting using Coot (34), Fo - Fc maps
clearly revealed the position of the bound inhibitors in the
ntMGAM active site (Figures 2 and 5 and Figure 1 of the
Supporting Information). Inhibitor topologies and restraints
were generated using the PRODRG server (35), and water

Table 1: Data Collection and Refinement Statistics

miglitol salacinol BJ2661 kotalanol de-O-sulfonated kotalanol

PDB code 3L4W 3L4Z 3L4T 3L4V 3L4U

Crystal Parameters

space group P212121 P212121 P212121 P212121 P212121
unit cell dimensions (Å)

a 93.7 92.4 92.8 91.3 88.9

b 107.9 108.8 108.4 109.7 109.9

c 111.8 111.1 110.8 110.1 109.8

Data Collectiona

no. of unique reflections 76058 75286 85496 65399 84175

redundancy 7.4 (5.6) 7.7 (6.6) 6.4 (5.1) 7.3 (7.4) 7 (6.7)

I/σI 9.6 (3.1) 15.2 (4.0) 18.3 (3.0) 13.9 (3.5) 14.1 (3.4)

completeness (%) 96.5 (83.6) 99.1 (99.5) 95.8 (84.8) 99.9 (100) 99.9 (10)

Rsym (%) 11.9 (54.3) 10.3 (49.8) 8.5 (53.8) 12.2 (51.5) 12.1 (60.8)

Refinement

R/Rfree (%) 19.8 (23.2) 20.3 (25.3) 25.2 (29.1) 18.2 (23.1) 18.5 (22.0)

resolution range (Å) 20-2.0 20-2.0 20-1.9 20-2.1 20-1.9

rmsd for bonds (Å) 0.014 0.016 0.015 0.015 0.016

rmsd for angles (deg) 1.57 1.62 1.57 1.58 1.58

average protein B-factor (Å2) 29.1 33.6 27.8 25.6 20.8

average ligand B-factor (Å2) 24.8 38.3 30.6 26.4 22.3

aValues in parentheses refer to the highest-resolution shell.

FIGURE 2: ntMGAMactive sitewith bound inhibitors: (a) acarbose (yellow), (b)miglitol (blue), and (c) salacinol (green).Fo- Fc electron density
maps (red), with the inhibitor omitted from the calculation, are contoured at 2.3σ, 3.0σ, and 3.0σ, respectively. Representative active site residues
are shown as gray sticks and include the catalytic nucleophile D443 and acid/base catalyst D542.
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molecules were picked using Arp/Warp (36). A summary of
the refinement statistics is given in Table 1 and in Table 1 of the
Supporting Information. Protein superposition for the comparison
of active site residues and inhibitor binding were conducted using
the “align CR” function in Pymol. Graphics were generated using
Pymol (http://pymol.sourceforge.net) and ChemDraw.
Inhibition Assays. Inhibition assays of ntMGAM with

acarbose, salacinol, and salacinol derivatives have been described
previously (20, 37). Apart from a few modifications to the
protocol as outlined below, the inhibition assays with miglitol,
BJ2661, kotalanol, de-O-sulfonated kotalanol, NR4-8, and
NR4-8II were performed in a manner similar to those with the
previous inhibitors. Analysis of ntMGAM inhibition was per-
formed using a two-step assay, which entailed reaction of
ntMGAMwith maltose, quenching of the reaction, and reaction
with glucose oxidase (Sigma-Aldrich) to quantify the amount of
glucose released. Assays were conducted in 96-well microtiter
plates containing 100 mMMES buffer (pH 6.5), an inhibitor (at
three different concentrations), maltose as a substrate (2.5, 3.5, 5,
7.5, 15, and 30mM), and 2 nMntMGAM,with a final volume of
50 μL. Reactionmixtures were incubated at 37 �C for 30 min and
reactions terminated with Tris-HCl (pH 7) to a final concentra-
tion of 1 M. Aliquots of glucose oxidase reagent (125 μL) were
added to each well and left to develop at 37 �C for 30 min.
Absorbance was measured at 450 nm and compared to a
standard glucose curve to determine the amount of glucose
produced by ntMGAM activity in the reaction. All reactions
were performed in triplicate, and absorbancemeasurements were
averaged to give a final result. In previous experiments (20),
boiling was used to stop the ntMGAM reaction. However, we
found that quenching with Tris-HCl was easier and allowed us to
conduct the full two-step reaction in microtiter plates.

RESULTS

ntMGAM Inhibition by Three Different Classes of
R-Glucosidase Inhibitors. (i) ntMGAM-Acarbose
Structure. Insights into the poor inhibitory property of acarbose
against ntMGAM were revealed in the crystal structure of the
ntMGAM-acarbose complex determined to 1.9 Å resolution
(PDB entry 2QMJ) (28). The structure showed that the
ntMGAM substrate-binding site consisted of a -1 and a þ1
sugar-binding site, which in the inhibitor complex structure is
occupied by the two nonreducing rings of acarbose (acarvosine
rings) (Figure 2a). Main interactions include hydrogen bonding
of the acarvosine ring hydroxyl groups to the side chains ofD327,
H600, D542, R526, and D203 (Figure 3a). The two remaining
rings, from the reducing end of acarbose, make almost no
interactions with ntMGAM, and the ring atoms have higher ring
B-factors (28).

(ii) ntMGAM-Miglitol Structure. Miglitol, a selective
inhibitor of intestinal glucosidases and considered a poor inhi-
bitor ofR-amylases (24), was found to inhibit ntMGAMwith aKi

of 1.0 μM (Table 2). The crystals of ntMGAM soaked in 200 μM
miglitol diffracted to 2.0 Å, and Fo - Fc maps, calculated with
apo-ntMGAM as a model, clearly revealed miglitol binding in
the active site (Figure 2b). Miglitol is a much smaller inhibitor
compared to acarbose and occupies only the -1 subsite of
ntMGAM. Similar to acarbose,miglitol interactswith ntMGAM
mainly throughhydrogen bonding interactionswithD327,H600,
and D542 side chains but lacks the D203 and R526 interactions
as the inhibitor does not extend toward the þ1 site (Figure 3b).

The hydroxyl group of the N-hydroxyethyl chain also does
not contribute to any significant interactions with ntMGAM.
However, the ring nitrogen of miglitol is within hydrogen
bonding distance (2.8 Å) of the catalytic nucleophile D443.

(iii) ntMGAM-Salacinol Structure. Members of the
zwitterionic family of compounds, which includes salacinol, are
potent inhibitors of ntMGAM(for a review, see ref 22). Salacinol,
the parent compound of all the derivatives described in this paper,
inhibits ntMGAM with a Ki of 0.19 μM (Table 2). Crystals of
ntMGAM soaked in 200 μM salacinol diffracted to 2.0 Å, and
Fo - Fc maps, calculated with apo-ntMGAM as a model, clearly
revealed salacinol binding in the active site (Figure 2c). Compared
to miglitol, salacinol is a slightly larger inhibitor, occupying the
-1 andþ1 ntMGAMsubsites. In the-1 subsite, interactions are
between the ring hydroxyl groups of salacinol and ntMGAMside
chains D327 and H600. There is an additional electrostatic
interaction between the sulfonium ion center of salacinol and
the catalytic nucleophile D443, which is 3.2 Å away. In the þ1
subsite, the hydroxyl groups of the acyclic chain of salacinol form
hydrogen bonds with the side chains of D203, R526, and the acid/
base catalyst D542 (Figure 3c). The sulfate group of the acyclic
chain does notmake direct contact with any subsite residues but is
instead exposed at the opening of the pocket.

Acarbose, miglitol, and salacinol all form hydrogen bonds
with two active site water molecules which are tightly bound via

FIGURE 3: ntMGAM-inhibitor interactions. Schematic representa-
tion of interactions (dotted lines) between the ntMGAM side chain
residues (half-circles) and (a) acarbose, (b) miglitol, and (c) salacinol.
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hydrogen bonding to D366, D443, D571, and W539 (Figure 3).
The-1 pocket of ntMGAMis also linedwith bulky hydrophobic
groups that likely contribute to stacking interactions and the
orientation of sugar rings (28).

(iv)Comparison of ntMGAM-Inhibitor Structures. The
acarbose, miglitol, and salacinol inhibitors described in this
section differ in many ways, including charge, ring structure,
size, and their ability to inhibit ntMGAM. Acarbose, the largest
inhibitor of the three, inhibited ntMGAM the least. It was
proposed from previous studies that the poor inhibition of
ntMGAM by acarbose was due to its lack of an extended sugar
binding site (þ2 andþ3) and thus an inability to bind to the sugar
rings of acarbose (28). In conjunction with sequence comparison
and kinetic studies, it was then suggested that the C-terminal
subunit ofMGAM(ctMGAM) likely contains an extended sugar
binding site, which might explain why it is very strongly inhibited
by acarbose (28, 38).

Compared to acarbose, miglitol and salacinol are much
smaller compounds and are∼60- and∼300-fold better inhibitors
of ntMGAM, respectively. Since they do not require additional
interactions with þ2 and þ3 subsites to make them better
inhibitors, which is needed for acarbose, the miglitol and
salacinol structures likely possess features not present in the
acarvosine ring, which account for tighter binding to the -1
and þ1 subsites.

To compare how acarbose, salacinol, and miglitol bind to the
-1 and þ1 subsites, the active sites of the three structures were
superimposed (Figure 4a). In the -1 subsite, there is a relatively
good global overlap of the miglitol and acarbose-valienamine
rings and their C2,C3, C4, andC6hydroxyl groups. Salacinol is a
five-membered ring; thus, its C2, C3, and C5 ring hydroxyl
groups overlap with the C3, C4, and C6 hydroxyl groups of the
six-membered ring inhibitors. Beyond the -1 site, the inhibitors
do not share any similarity in binding. Miglitol, the smallest
inhibitor of the three, binds solely to the -1 subsite. Its
N-hydroxyethyl arm does not make any interactions with
ntMGAM and instead protrudes into the side of the active site
pocket and enlarges it by shifting a tryptophan side chain (W406)
by 0.4-2.4 Å (Figure 4a). The enlargement of the active site
pocket likely induces the active site methionine (M444) to
generate alternative side chain conformations to fill the void
space left byW406 (Figure 4a).Other differences include a shift in
catalytic nucleophile D443 of ∼0.4 Å and a shift in acid/base
catalyst D542 of 0.4-0.6 Å, compared to the other two inhibitor
structures. Other than these changes, there is structural conserva-
tion for the rest of the active site residues in the -1 subsite.

In the þ1 subsite, the acarbose ring and acyclic chain of
salacinol do not superimpose. However, the R526, D203, and

D542 ntMGAM-acarbose and ntMGAM-salacinol residues
interacting with the hydroxyl groups superimpose very well.
Both the salacinol C40 hydroxyl group and the C2 acarbose
hydroxyl group form a hydrogen bond to D203. However, the
C20 hydroxyl group of the salacinol acyclic chain is positioned in
a manner such that hydrogen bonds are made with both D542
and R526 (2.5 and 2.7 Å, respectively) compared to the C3
hydroxyl group of the acarbose ring, which interacts with only
R526 (2.8 Å) (Figures 3a,c and 4a).

An important difference between the binding of the three
inhibitors is in the ring conformation adopted in the -1 subsite
(Figure 4b). From structural studies of a GH31 xylosidase, it was
proposed that the reaction mechanism, from substrate binding
through the putative transition state to formation of a covalent
enzyme-substrate intermediate, proceeds through a 4C1-4H3-1S3
conformational itinerary for this family (39).

Table 2: Inhibition of ntMGAM by R-Glucosidase Inhibitors

stereochemistry at the stereogenic centers in the acyclic side chains reference (enzyme kinetics)

inhibitor Ki (μM) C20 C30 C40 C50 C60

acarbose 62( 13 - - - - - 20

miglitol 1.0( 0.1 - - - - - this report

salacinol 0.19( 0.02 S S - - - 20

BJ2661 3.8( 0.8 S R S - - this report

NR4-8 0.13( 0.02 S S R S S 21

NR4-8II 0.10( 0.02 S S R S R 21

kotalanol 0.19( 0.03 S S R R S this report

de-O-sulfonated kotalanol 0.03( 0.01 S S R R S this report

FIGURE 4: (a) Comparison of ntMGAM-inhibitor active sites.
Shown is a stereodiagram (divergent) of the superimposed active
sites of ntMGAM-acarbose (yellow), ntMGAM-miglitol (blue),
and ntMGAM-salacinol (green) structures. Thick and thin lines of
the same color are used to represent bound inhibitors and interacting
residues, respectively. (b) Comparison of inhibitors binding to the-1
subsite. Superimposed carbon ring atoms of miglitol and acarbose
are numbered in black and those of salacinol in green.
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In the ntMGAM-miglitol structure, miglitol adopts a 4C1

structure and thus does not mimic the charged oxacarbenium
ion-like transition state but instead is similar to the proposed
substrate-binding conformation. In comparison, salacinol adopts
a 3T2 conformation in the ntMGAM active site, the same
conformation that its native unbound state adopts (40). If one
aligns C2, C3, and C4 of the salacinol ring with C3, C4, and C5,
respectively, of a glucopyranose ring, the 3T2 conformation of the
salacinol ring closely resembles the 4H3 conformation of the
proposed transition state. In addition, the electrostatic interac-
tion between the sulfonium ion center and D443 does mimic that
between the positively charged oxacarbenium ion transition state
and the active site carboxylate in the hydrolysis.

Unlike miglitol and salacinol, which both mimic a state in the
proposed conformational itinerary, the valienamine ring of
acarbose adopts a 2H3 half-chair conformation. The lack of
similarity of the valienamine ring structure to any of the reaction
mechanism conformations provides an explanation for the poor
inhibition of ntMGAM by acarbose. The 2H3 conformation has
an effect on the positioning of C3, C4, and C5 of the acarbose
valienamine ring, thus shifting their corresponding OH or
CH2OH groups (Figure 4b). Since these hydroxyl groups play
a large role in hydrogen bonding, a slight shift in angle or
positioning is likely to affect binding.

Whether acarbose is a true transition-state analogue or simply
a tight binder is also a topic of debate (41, 42). Although the 2H3

half-chair conformation of acarbose is a conformation not likely
adopted by an oxacarbenium ion-like transition state (41),
extensive kinetic studies on active site mutants of cyclodextrin
glucanotransferase belonging to the GH13 family have shown
acarbose to be a good transition-state analogue (43). However,
similar studies conducted on an inverting glucoamylase from the
GH15 family suggested that acarbose is a poor transition-state
mimic in that system (44). The extents to which acarbose,
salacinol, and miglitol are transition-state mimics of GH31
enzymeswill require further kinetic studies on active sitemutants.

Since it is suggested that additional subsite interactions with
the acarbose sugar rings would significantly enhance its inhibi-
tory properties (28, 38), it would be of interest to see whether
extending the salacinol or miglitol inhibitors into the þ2 or þ3
subsites would increase their inhibitory properties in enzymes
with extended sugar binding sites such as ctMGAM. Salacinol
derivatives with extended acyclic chains have been synthesized
and have exhibited inhibitory properties similar to those of
salacinol against ntMGAM (21).

Replacement of the N-hydroxyethyl group of miglitol with the
acyclic chain of salacinol was shown to decrease inhibitor po-
tency (20). As theN-hydroxyethyl group of miglitol was shown to
displace some active site residues instead of extending into the þ1
site of ntMGAM (Figure 4a), modification to this group would
not be beneficial in making interactions with additional subsites.
Inhibition of ntMGAM by Salacinol Derivatives. (i)

Inhibitory Structural Elements of Salacinol Derivatives. In
recent years, there have been a large number of reports describing
the synthesis of salacinol derivatives and the evaluation of their
inhibitory activities (for a review, see ref 22). Most recently,
Jayakanthan et al. (30) described the synthesis and structure
conformation of kotalanol and its de-O-sulfonated analogue
(Figure 1), two active compounds from S. reticulata that have
extended acyclic chains compared to salacinol. Here, we investi-
gate how the length of the acyclic polyhydroxylated chain,
stereochemistry, and presence of the sulfate group affect the

binding of the salacinol derivatives to the ntMGAM site. From
previous synthetic and kinetic studies, which involved the sys-
tematic evaluation of the effect of different chain lengths as well
as different stereochemistries at the stereogenic centers on
ntMGAM activity (20, 37, 29, 45, 46), it was possible to draw
the following conclusions. (1) An S configuration at the C20

center and an R configuration at the C40 center are critical for
effective inhibition. (2) Sulfate stereochemistry at C30 is not
important. (3) Acyclic chains longer than four carbons do not
significantly enhance the inhibitory properties.

To demonstrate the structural basis for these observations,
selected salacinol derivatives differing in acyclic chain length,
stereoconfiguration, and the presence of a sulfate group were
soaked into ntMGAM crystals. Inhibition constants and acyclic
chain stereochemistries of the salacinol derivatives are summar-
ized in Figure 1 and Table 2.

(ii) Effect of an Extended Acyclic Chain on ntMGAM
Inhibition. The effects of an extended acyclic hydroxyl chain on
inhibitor binding were examined by comparing the salacinol,
kotalanol, NR4-8, and NR4-8II structures. Compared to the
four-carbon side chain of salacinol, kotalanol has an extended
seven-carbon polyhydroxylated side chain with S, S, R, R, and S
stereoconfigurations at C20, C30, C40, C50, and C60, respectively.
The structure of ntMGAM in complex with kotalanol was
determined to 2.1 Å, and the electron density is well-defined for
the bound inhibitor (Figure 5a). The ntMGAM active sites in the
kotalanol and salacinol complexes are structurally conserved, and
the inhibitors superimpose identically, except for theC40-C70 OH
substituents that are absent in salacinol (Figure 6a). The extended
chain makes a few additional contacts with ntMGAM through
hydrogen bonding between the C60 OH group and the side chain
of D203 and through water interactions between C50-C70

hydroxyls and residues D203 and T205 (Figure 6a). These
additional interactions do not seem to improve or hinder the
binding of kotalanol, as its inhibition constant (Ki=0.19 μM) is
identical to that of salacinol (Ki=0.19 μM).Moreover, kotalanol
analogues NR4-8 andNR4-8II (Figure 1), which have S,S and S,
R configurations at C50 and C60, respectively, also exhibit similar
strong inhibition constants (Ki = 0.13 and 0.10 μM, res-
pectively) (21). In the crystal structure of NR4-8 and NR4-8II
bound to ntMGAM, the C50-C70 arm of NR4-8 is disordered
whereas that of NR4-8II binds in a different conformation
compared to that of kotalanol (Figures 1 and 2 of the Supporting
Information). This is additional evidence that the binding con-
formation of the C50-C70 armdoes not contribute significantly to
the inhibitory properties of the compound against ntMGAM.

FIGURE 5: Electron density of salacinol derivatives in the ntMGAM
active site. Shown are the Fo- Fc maps calculated for the (a)
kotalanol (orange), (b) BJ2661 (cyan), and (c) de-O-sulfonated
kotalanol (purple) structures, with inhibitors omitted from the
calculations. Maps are contoured at 2.3σ.
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(iii) Effect of Chain Stereoconfiguration on ntMGAM
Inhibition. When soaked into ntMGAM crystals, deriva-
tives with ring stereoconfigurations deviating from those of

salacinol or derivatives with an R configuration at the C20 OH
group could not be seen in the active site, demonstrating the
importance of these groups in inhibitor binding. From inhi-
bition studies, an R configuration at C40 was also deemed
important in binding, but not as crucial as that at the C20

position, as we were able to soak BJ2661 (Ki=3.8 μM), an
inhibitor with an S configuration at C40, into ntMGAM
crystals. The structure of the ntMGAM complex with
BJ2661, containing a five-carbon acyclic chain with stereo-
configurations S, R, and S at C20, C30, and C40, respectively,
was determined to 1.9 Å and reveals broken density in the
active site (Figure 5b). In contrast to the well-defined electron
density of kotalanol (Figure 5a) and de-O-sulfonated kotala-
nol (Figure 5c), the density surrounding BJ2661 is broken
between C10 and C30 and is less resolved for the ring C1 and
acyclic chain hydroxyl groups at C40 and C50. The poor density
surrounding BJ2661 suggests weaker binding to ntMGAM
and agrees with the inhibition kinetics (Table 2).

Superposition of BJ2661 and kotalanol structures reveals
structural conservation of the ntMGAM active site (data not
shown) and alignment of the inhibitor ring structures up to the
C20 OH group (Figure 6b). The stereogenic center at C30 in
BJ2661 deviates from that of kotalanol. However, the sulfate
groups in both structures are positioned similarly and point
toward the exterior of the active site. The sulfate group does
not make any significant hydrogen bonding interactions with
the ntMGAM active site but seems to be constrained by the
bulky hydrophobic groups Y299, W406, and F575, which
are 3.5, 3.9, and 3.9 Å, respectively, from the sulfate group
(Figure 6c).

In addition to its role in forming a hydrogen bond toD203, the
C40 OH group seems to have an important role in stabilizing the
orientation of the C20 hydroxyl group, via internal hydrogen
bonding. The C40 OH-C20 OH interaction is present in the
salacinol, kotalanol, and de-O-sulfonated kotalanol structures,
all of which have R configurations at C40 (Figure 6b). However,
due to the S configuration at C40 in BJ2661, which reorients the
hydroxyl group and eliminates hydrogen bonding interactions
with D203, the stabilizing interaction that goes from D203 to the
C40 OH group to the C20 OH group is not present in the BJ2661
structure. This may explain why there is a breakage in electron
density observed between C10 and C30 as the missing interaction
is required to stabilize this region of the inhibitor.

(iv) Effect of De-O-sulfonation on ntMGAM Inhibition.
With aKi of 0.03 μM, the de-O-sulfonated version of kotalanol is
the strongest inhibitor of ntMGAM reported thus far. It is
interesting to note that changing the sulfate stereoconfiguration
at C30 does not impact the inhibition (22), but removing the
sulfate group enhances the inhibitory activity of the compound
by approximately 7-fold. The structures of kotalanol and its de-
O-sulfonated analogue, determined to 1.9 Å, were compared to
determine the effect of removing the sulfate group on inhibitor
binding (Figure 6c). The two inhibitors overlap until the C30

group, after which the acyclic chains diverge slightly from one
another. Without the bulky sulfate group, the C30 OH group in
de-O-sulfonated kotalanol is repositioned ∼0.3 Å closer to the
CH2 group of W406. There is also a 0.3 Å shift between the C40

OH groups. It is possible that via removal of the sulfate group,
the positional constraint imposed by the bulky hydrophobic
residues surrounding the C30 group is relieved, allowing the rest
of the polyhydroxylated chain to make optimal contacts with the
ntMGAM active site.

FIGURE 6: Superposition of salacinol and salacinol derivatives in
the ntMGAM active site. Active site residues for all ntMGAM
structures superimpose; however, for the sake of clarity, only one
set of residues is shown. The stereocenters of the acyclic chain of
kotalanol are labeled C10-C60. (a) Superposition of salacinol
(green) and kotalanol (orange) structures. Common hydrogen
bonding interactions are shown as gray dashes, and additional
hydrogen bonding by the C50-C70 OH groups of kotalanol is
shown as blue dashes. (b) Superposition of kotalanol (orange) and
BJ2661 (cyan) structures. The hydrogen bonding interaction be-
tween ntMGAM and kotalanol groups through D203, the C40 OH
group, the C20 OH group, and D542 is shown as gray dashes. (c)
Superposition of kotalanol (orange) and de-O-sulfonated kotala-
nol (purple) structures. Double-headed arrows show the proximi-
ties of the sulfate group to the surrounding hydrophobic residues
Y299, W406, and F575, which are 3.5, 3.9, and 3.9 Å, respectively,
from the group.
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DISCUSSION

From the crystal structures of ntMGAM-salacinol derivative
complexes, we have identified several key structural elements in
salacinol-based compounds required for effective inhibition.
First, we observed that the extended hydroxylated side chain of
kotalanol, NR4-8, and NR4-8II either is disordered or displays
different binding configurations at the C50-C70 groups
(Figure 6a and Figures 1 and 2 of the Supporting Information).
Moreover, the extended chain does not make any significant
interactions with the ntMGAM binding site and thus does not
add to or hinder its inhibitory properties. Second, an apprecia-
tion has been gained of why the absolute stereochemical config-
urations at C20 and C40 must be conserved for tight inhibitor
binding. The C20 OH group makes important hydrogen bonding
contacts withR526 andD542 (Figures 3 and 6b), but without the
supporting interactions generated by the C40 OHgroup, which in
turn is held in place byD203, it becomesmore disordered, as seen
in the BJ2661 electron density (Figure 5b). Third, the BJ2661 and
kotalanol sulfate groups align well despite having opposite C30

stereoconfigurations. Finally, removal of the sulfate group
enhances inhibitory activity and slightly affects the conformation
of the rest of the polyhydroxylated chain. We conclude that
although the stereoconfiguration at C30 does not affect inhibitory
activity, the proximity of the sulfate group to the large hydro-
phobic groups (Y299, W406, and F575) likely restricts its
conformational freedom.

The structural analysis of the inhibitor complexes discussed in
this paper has also revealed interesting features relating to the
binding mechanism of several classes of R-glucosidase inhibitors,
two of which are currently used in the treatment of type 2
diabetes. From inhibition kinetics, we have determined that de-
O-sulfonated kotalanol from the salacinol class of compounds is
an ∼30-fold stronger inhibitor compared to miglitol and an
∼2000-fold stronger inhibitor compared to acarbose. Comparing
the binding mechanisms of acarbose, miglitol, and salacinol has
shown the potential of the salacinol class of inhibitors as future
drug candidates. Since acarbose and salacinol compounds dis-
play complementary inhibition toward starch-digesting enzymes,
we suggest that there would be a benefit to the introduction of the
latter in combination drug therapy to control blood glucose levels
under varying prandial and physical conditions. Moreover, the
salacinol-based compounds were shown to be more effective
inhibitors of ntMGAM compared to miglitol. This may improve
the selective targeting of intestinal glucosidases, which has been
thought to help reduce some gastrointestinal side effects asso-
ciated with acarbose treatment (47). Finally, the structures of
several salacinol derivatives bound to ntMGAM have high-
lighted the structural features that are important for effective
inhibition that were predicted from previous kinetic studies. Such
information can be used to advantage in the design of the next-
generation inhibitors.

SUPPORTING INFORMATION AVAILABLE

Data collection and refinement statistics for the
ntMGAM-NR4-8 and -NR4-8II complexes (PDB 3L4X and
3L4Y, respectively) and Figures 1 and 2 for these compounds.
This material is available free of charge via the Internet at http://
pubs.acs.org.
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