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A class of drugs in use for treating type II diabetes mellitus (T2D), typified by the pseudotetrasaccharide
acarbose, act by inhibiting the a-glucosidase activity present in pancreatic secretions and in the brush
border of the small intestine. Herein, we report the synthesis of a series of 4-substituted 1,2,3-triazoles
conjugated with sugars, including p-xylose, D-galactose, p-allose, and D-ribose. Compounds were
screened for a-glucosidase inhibitory activity using yeast maltase (MAL12) as a model enzyme. Methyl-
2,3-0O-isopropylidene-f3-p-ribofuranosides, such as the 4-(1-cyclohexenyl)-1,2,3-triazole derivative,
were among the most active compounds, showing up to 25-fold higher inhibitory potency than the
complex oligosaccharide acarbose. Docking studies on a MAL12 homology model disclosed a binding
mode consistent with a transition-state-mimicking mechanism. Finally, the actual pharmacological
potential of this triazole series was demonstrated by the reduction of postprandial blood glucose levels in
normal rats. These compounds could represent new chemical scaffolds for developing novel drugs

against T2D.

Introduction

A glycosidic bond is a covalent chemical bond that joins
two simple sugars by means of an oxygen atom. Many
polysaccharides are formed by monosaccharides joined by
o or S glycosidic bonds. During the digestion process these
bonds are hydrolyzed by specific glycosidases liberating the
carbohydrate subunits as nutrients."

In humans, four enzymes are responsible for the complete
degradation of starch into glucose, which is then able to enter
the bloodstream by a specific transport system.>* First,
salivary and pancreatic o-amylases (EC 3.2.1.1) cleave the
internal o-1,4 bonds of starch into shorter linear and branched
dextrin chains. The dextrins are then further hydrolyzed into
glucose by two small-intestinal brush-border exohydrolases
(maltase—glucoamylase, EC 3.2.1.20 and 3.2.1.3, and sucrase—
isomaltase, EC 3.2.148 and 3.2.10).*

Human pancreatic o-amylase belongs to family 13 of the
glycoside hydrolases (GH13“), which gathers a large variety
of enzymes with varying substrate and product specificities
as reflected by the 26 different EC numbers found in this
family of enzymes: glycoside hydrolases (EC 3.2.1.X, the most
abundant), glycoside transferases (EC 2.4.1.X), and even
isomerases (EC 5.4.99.15 and EC 5.4.99.16).°~ " Regardless
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of the low amino acid sequence similarity between the
evolutionarily distant members of this family, some highly
conserved residues are still present and structural studies
have demonstrated that all GH13 members share similar
folding.®

The a-glucosidase from Saccharomyces cerevisiae (baker’s
yeast), coded by the MALI2 gene, is also a member of the
GHI13 family. It can hydrolyze nonreducing 1,4-linked a-p-
glucose residues with release of a-p-glucose (EC 3.2.1.20)
and retention of configuration at the anomeric carbon, char-
acteristic of GH13 enzymes.®® Because of its ready availability
and ease of handling, baker’s yeast a-glucosidase (MALI12)
has been widely used in enzymatic assays to discover new
a-glucosidase inhibitors with distinct biological activities.' ¢
In addition, MALI12 has been targeted in several structure-
based drug design efforts where the lack of experimental
information at the protein structure level has been mainly
overcome by the use of theoretical models based on homology
with the GH13 family members for which structural informa-
tion is available.

Enzyme-catalyzed glycosidic bond cleavage of pyranosides
is usually mediated by two catalytic carboxylic acid residues
and typically proceeds via a positively charged oxocarbenium
ion transition state.'” The charge buildup is accompanied by
planarization of the anomeric carbon and concomitant dis-
tortion of the pyranose ring out of its chair conformation.
Many natural and synthetic glycosidase inhibitors mimic the
charge buildup and/or the conformational distortion of the
transition state.'' Among them, nojirimycin (1) and deoxy-
nojirimycin (2) are two classical glycosidase inhibitors isolated
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Figure 1. Natural glycosidase inhibitors.

from the cultured broth of a Streptomyces sp., acting on the
early stages of glycoprotein processing.

The search for o-glucosidase inhibitors led to the discovery
of acarbose (3), a pseudotetrasaccharide isolated from the
Actinoplanes strain SE 50 as a potent sucrase inhibitor.
Acarbose consists of a polyhydroxylated aminocyclohexene
derivative (valienamine) linked via its nitrogen atom to a
6-deoxyglucose, which is itself a-1,4-linked to a maltose moiety
(Figure 1)."*This compound inhibits porcine intestinal sucrase
with an ICsq of 0.5 uM."? After many clinical investigations it
was introduced on the market in 1990 for the treatment of type
2 diabetes mellitus,” since inhibition of pancreatic a-amylase
and intestinal o-glucosidases has demonstrated great value in
the control of postprandial blood glucose levels by slowing the
starch digestion rate.’*”>* The strong inhibition of human
amylases by acarbose (micromolar Kj) is attributed both to the
partial planarity of the valienamine ring and to the presence of
strong electrostatic interactions between the carboxyl groups
at the active site and the protonated nitrogen atom of the
inhibitor.”

The importance of triazolic compounds in medicinal chem-
istry is undeniable. Particularly, 1,2,3-triazoles have gained
increased attention in the drug-discovery field since the in-
troduction of the “click” chemistry concept by Sharpless.>>*
These types of compounds can actively participate in hydro-
gen bonding and dipole—dipole interactions because of their
strong dipole moments and are extremely stable to hydrolysis
and oxidative/reductive conditions. Moreover, contrary to
other azaheterocycles, the 1,2,3-triazole ring is not protonated
at physiological pH because of its poor basicity. Hence, it has
been proposed that the nonprotonated sp>hybridized nitro-
gen atoms of 1,2,3-triazoles may better mimic the partial
positive charge at the anomeric carbon in the transition state
of the glucosidase catalyzed reaction than the corresponding
basic nitrogen atoms of iminosugars.” By this reasoning,
sp-azaheterocyclic glycomimetics may actually behave as
more specific glucosidase inhibitors.

Rossi and Basu®® have reported the synthesis of 1-glycosyl-4-
phenyltriazoles linked to the anomeric carbon atom of the
sugar unit, with one galactosyl derivative showing K; for
Escherichia coli f-galactosidase of about 300 uM. In another
work, Périon et al.” reported the synthesis of 6-deoxyglucosyl-
triazoles (linked via C4 of the sugar unit) with a 2-fold higher
inhibitory activity against yeast a-glucosidase (K; = 73 uM)
than acarbose.

In this paper, we report the synthesis of novel 1H-1,2,3-
triazoles attached to carbohydrates, their in vitro evalua-
tion as o-glucosidases inhibitors and demonstrate their
hypoglycemic activity in normal rats for two of the most
potent inhibitors. A molecular modeling study was also
undertaken to provide a structural rationale for the observed
inhibitory potencies over yeast maltase.
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Chemistry

The diversity of chemical structures of the 1,2,3-triazole
family and their useful biological activities made these com-
pounds attractive targets in synthetic organic chemistry. The
potential of this heterocycle led us to develop a synthetic route
for preparing glycoconjugated triazoles and examine their
activity. The methodology used for obtaining the triazoles
4a—n, 5a, 6a, and 7a—c was based on the Huisgen 1,3-dipolar
cycloaddition reaction.®® In order to obtain only the 1.4
regioisomer we used the reaction conditions known as “click
chemistry”, which uses Cu(I) as a catalyst. In addition to
increasing the reaction rate, the use of the copper catalyst
provides full control over reaction regioselectivity leading
only to the 1,4 regioisomer.’! As observed by Sharpless, speed
and reaction yields are much higher than with the traditional
method, with yields above 80% and 100% of regioselectivity.
Different terminal alkynes (8a—n) were used as substrates for
the reactions with azido derivatives of ribose (9), xylose (10),
galactose (11), and allose (12). Following preparation of
the carbohydrate acetonides, a better leaving group at carbon
C5, the target of the subsequent reactions, was obtained by
tosylation or mesylation. Then the azido carbohydrates were
prepared by a nucleophilic substitution reaction with sodium
azide. According to Scheme 1, to obtain the 1,2,3-triazoles,
a solution of an azido carbohydrate (p-ribose, D-xylose,
p-allose, or D-galactose), a terminal alkyne, and copper sulfate
pentahydrate (5 mol %) was treated with the slow addition
of sodium ascorbate (15 mol %).* The reaction mixture
was stirred for 4—6 h depending on the initial substrate.
All the triazoles were obtained with good yields and fully
characterized by '"H NMR, '*C NMR, IR (infrared) spectro-
scopy, HRMS (high-resolution mass spectra), and elemental
analysis.

a-Glucosidase Inhibition

All compounds were initially screened for a-glucosidase
inhibition at 500 #M, and the results are shown in Table 1. All
compounds inhibited yeast maltase to some degree, and most
of them presented an inhibitory profile higher than acarbose.
Notably, most of the S-p-ribosyl derivatives 4a, 4b, 4d, de, 4f,
and 4g as well as the a-p-galactosyl derivative Sa and the
a-D-xylosyl derivative 7a produced the highest inhibitory
values at 500 uM (Table 1).

Next, the determination of the ICs, for some of the most
active -p-ribosyl derivatives revealed that all of the tested
triazoles presented higher inhibitory potencies against
a-glucosidase than acarbose, with values ranging from 4 to
25 uM (Table 2). Compounds 4b, 4e, and 4g, carrying,
respectively, the 1-cyclohexenyl, phenoxymethyl, and 1-cyclo-
hexanol moieties at C4 of the triazole ring, were the most active.

Molecular Modeling

Structure and Validation of Modeled Yeast Maltase
(MAL12). The o-glucosidase MAL12 model consists of a
single polypeptide chain of 576 residues, similar to Bacillus
cereus and Geobacillus sp. glucosidases, which are also
members of the GH13 family. Figure 2 shows the structural
alignment between MALI12 and the templates used to con-
struct the homology model.

As depicted in Figure 3, the model is composed of three
domains: the N-terminal (residues 1—104 and 176—500), the
subdomain (residues 105—175), and the C-terminal domain
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Scheme 1. Synthesis of 1H-1,2,3-Triazole Derivatives of Carbohydrates
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Table 1. Inhibitory Activities of 1H-1,2,3-Triazole Derivatives at 500
uM over Yeast o-Glucosidase”

compd inhibition (%)
acarbose 48.1+£19
4a 94.44+7.5
4b 98.1 £0.3
4c 46.5+16.4
4d 98.0 + 1.3
4e 98.4 +3.7
4f 99.5+0.1
4g 98.54+0.3
4h 60.2 £ 13.1
4i 449 4+ 3.1
4j 41.1 £ 18
41 nd

4m 79.5+£2.5
4n nd

S5a 99.4 +£0.4
6a 73.1+1.4
7a 879 £ 13.5
7b 33.3 +46.1
Te 68.8 + 20

“nd: not determined.

Table 2. 1Cs, Values of f-p-Ribosyltriazoles 4a, 4b, 4d, 4e, 4g, 4m, and
Acarbose over Yeast Maltase

compd 1Cso (umol/L)
acarbose 108.8 £ 12.3
4a 149 +42
4b 38+0.5
4d 15.1 £0.9
4e 57403
4g 52409
4m 247+ 11.8

(residues 500—576). The catalytic residues (Asp206, Glu268,
and Asp341) are found in the N-terminal domain, as with all

glucosidases of the GH13 family.!' The substrate binding
cleft is aligned between the N-terminal domain and the
subdomain. No disulfide bond was found in the structure.

The stereochemical quality of the model was evaluated
using the ProCheck program®® with 99% of the residues
found with allowed backbone conformations, according to
the Ramachandran plot. Only four residues (0.8%) lay in
generously allowed regions, and just one residue (0.2%) had
a disallowed conformation (Phe302). Other stereochemical
parameters for the MAL12 model were inside the expected
values. The compatibility between the amino acid sequence
and the environment of the amino acid side chains in the
model was further checked with the Verify-3D program,
which uses a 3D score for each residue type in each environ-
mental class to pinpoint residues with unusually low scores
that may indicate an incorrect structure.’® In the MAL12
model, around 86% of the residues had an averaged 3D—1D
score of >0.2, indicating a possible correct folding of the
protein.

Identification of the Substrate Binding Subsites on MAL12.
On the basis of the fact that the catalytic residues (Asp206,
Glu268, and Asp341 in MAL12) and the residues important
for substrate binding (Tyr63, His103, and His340 in MAL12)
are highly conserved in the GH13 family,'"*> we used the
conformation of modified acarbose in the complex with
T. maritima 4-o-glucanotransferase (PDB code 1LWJ)’ to
define the binding site for docking acarbose to MAL12. The
resulting bound conformation of acarbose in MALI2 was
consistent with the binding mode of this pseudosaccharide or
its analogues to other GH13 glucosidases. The analysis of
this modeled complex enabled the identification of four
subsites involved in substrate binding to MAL12: —1, +1,
+2, and +3 (following the nomenclature of Davies et al.*®).

The —1 and +1 subsites are involved in the recognition of
the acarviosine unit in acarbose. In addition to the catalytic
residues, Asp60, Tyr63, His103, Phel69, GIn173, and Argd31
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MALIL2 1 TEPKNAGOAAT IpEoRR'EYA IND NI WEDBAK[ERET SIQAQMNI KDIRGVIMA TNV 50
1UOK 1 ME KQNAEAS V VI BRSIR AN SKIG I[CBAR(eBE] SIGAD ML KEJNGT NV IWT 50
27E0 1 - KK TEAENG VAN BB EIR A ARIG I[CPAR[EPYT EVQAD ML VERGVIN I I 49
MALI2 51 CjgFp4D Q QINN[EASIBEINME K VWP T Y NEMCFRBAIDKTRIKL G FITpRMY 100
1IUOK 51 S)4VME IND NN [ER'@BEID N4 C K I MN E F AE WD OBAL H E MIS(E R N L MMishaY 100
27ZE0 50 Cl4Ip4R N AN [ER@BEID Y ATIMD E F IDBJFDRPAL AQARBRIRRGLESV I LBpmY 99
MAL12 101 TAE{CHTRRIENBIK I SNK TN P KIESNWEF FUNP PING YD AEGK P I PRSBAWK S FI3 150
1UOK 101 VIR T NID IR INVAN T IANBAK MK DRIK YIRS Y ¥V ININP G)N- - - - E[GKFE - - BIVNAYG A AN 144
27ZE0 100 TIEAT BID PREIPABY T BN SHIRDRIP KESWY INPND G)e- - - -D[ERE - - PPN E S TRy 143
MALI2 151 GEREFNNUT F TWWNE FY@ARL YA SRGVIEMAYERIED CIARAT FIIS AVG F DH[GV 200
1UOK JICSIN G S AW(ehY JNDE YF@AH L Y S KK[o] P INESAYDINIE K VIO D VY I - MMK F EK[MI 193
27E0 JICENNE G S AW([ehY RINCQ YNQAH TRYD VK[ PDRRRNRTENIS E VIIQ AL Y - MVN DK[I 192
MAL12 201 DESBBNIINT AGLY SR P(EBMID SPI FDKT SKLQHPNWG SHRIGIJRIHENH QAL H 250
1UOK 194 DECBBNAVIIVINF I SINEE[BWIT VETEEEG - - YVSGHKH FMRIGgNISHKNL H 241
2ZE0 193 DAPPNATPIA LI SHIKIAKP(EPPYDL P - - - - - LKYVPSFAGHMRIQGIIME ML RIJL K 237

MALI2 251 RFMKNRVKDGREPSUSRASIAVAHGS - -DNALYT SAARYEVSE VRASRITEBIVEV - 297
IUOK 241 - - - -EEVLSHYDISUVRASIINIPG VI TEEAKLYTGEERKEL QMVRJQNIE L- 286
Q

2ZE0 237 - - - -EQTFARYDPQUYRAPIANG VI VDEAEQWVGEENG VFNMIBJORJERBIL GLW 283
MAL12 298 GTSPFFRYNIVPFTLKQWNMEATASNFLFINGTDSRATTY IENRSMQ AISTT 347
1IUOK 287 DSGEGGKWDVKPCSLLTLINENLTKWQKALEHT -G SLYWNRBSSMO PIIVV S 335
27E0 284 ERRA--SIDVR- - - - - RLISRTLTKWQKGLENR -G ALFLEREWIL PIIS VS 325

MALI2 348 RFADBISPKMREKIBGINLIATLLE CSL T[eUyT Y VygRe10 QINIFKEWPMEKME 397
IUOK 336 RFEGN D4R I ERJAINMIAA T VL HMMEK [P Y I VoI E ITRIVRFE SPpID EpqR 384
E Q

G - M
27E0 326 TWGNBER - DPWAERARAMGC AL Y F FMQ[EUNP F T pge)e] ITRIVRFDDRYRD}4R 374

1UOK 385 IETLN- - -MYKEKVMERGEDIEKVMQ SPRY I K G Z8N ApRSEIVI0 DQNHEY 430

MALI2 398 VDVKNNYEIIKKSFGKNSKEMKDFFKGMALL SESMH SREWSVIPNWIT KDK PNEY 447
2ZE0 375 VSALR - - - - - - - = = - - - - - oo oo o - - IPEWK T GESYN S iEPIVION]S - GASNEY 402

MALL2 448 [(¢B3NG PD VEK)RWFLLWE SFEQGIAYE OFE SRDDDVLNFWKRAL Q ARSNK YK)AL 497
IUOK 431 [¢BIWNTGE - -JAWUI T VRIPNYKE - pBNAYK QA IQNKDNI FYYYKKL I E LS8N - NIAT 476
27E0 403 [CBINTGT - -JRAYIKVRIENYRT - BAAYE AERRD PN VWS FYRQMI QL 384A - NIJL 448

IUOK 477 VVpEY - SYDLILENNPSPFAYVRTYGVEKLLVIANJFTAEECIFELPEDISY 525

MAL12 498 MINYDFQFIDLD SDQMFSFTKEYEDKTLFAALNFSGEEIEFSLPREG - - 545
2ZE0 449 FV4Y- TYDLLLENHP SPQYAYTRTLGRDRALVVVRILSDRPSLYRY -DGFRL 4%

MAL12 546 ASLSFILGNEYD - - -DTDVS SRVAK GRIYLYV 576
IUOK 526 SEVELLIHNRYD VE - NGPIENITIHRIFYINAMVFKL 558
27E0 497 QSSDLAL SRRP VRPHKNATRFKIKIGYIPARVY IW 530

Figure 2. Sequence alignment of MALI12, oligo-1,6-glucosidase from Bacillus cereus (PDB code 1UOK), and GH13 a-glucosidase from
Geobacillus sp (GSJ, PDB code 2ZE0). The alignment was shaded according to the Blosum62 matrix at the 100% conservation level.

Subdomain

Figure 3. Graphic representation of the homology modeling structure of MAL12. The N-terminal, subterminal, and C-terminal domains are
shown in blue, green, and orange, respectively. The catalytic residues are highlighted.
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surround the valienamine moiety while residues Thr207 and
His340 are closer to the 6-deoxyglucose subunit. The +2 subsite
is formed by residues Phel49, His231, Asn233, and Ala270,
while the +3 subsite is formed by residues His271, Glu296,
Thr299, and Phe303. In contradiction to the observations of
Tomich et al.,*® we found that the MALI2 structure could not
accommodate a —2 subsite (occupied by the 6-deoxyglucose

Figure 4. Superposition of the docked conformations of acarbose
(red) and compound 4b (cyan) in the MALI2 binding site. The
protein surface was colored by the lipophilic potential (LP) calcu-
lated using the MOLCAD module of the Sybyl molecular modeling
package (Tripos Associates, St. Louis, MO). The color ramp ranges
from brown (most lipophilic) to blue (most hydrophilic). In the
detail (inset), the molecular surface regions corresponding to the
protein segments GIn58-Asp64, Glu397-Ser416, Lys147-Serl153,
Tyr211-His231, Argl67-Argl72, Ser300-Asn306 were omitted to
render a clearer view of the floor of the substrate binding cleft in
MALI12.

','3 His271

Phe149

Asn i% A];:%
His 2%
\

Asp 3

Asp 206

Ferreira et al.

moiety in the nonreducing terminal of modified acarbose
modeled by these authors). In our model of MALI2, the
residues Asp60, Tyr63, Phel50, Asnl173, and Arg431 form
the bottom of a substrate binding cleft that effectively blocks
the binding of an oligosaccharide extending beyond the —1
residue. This observation is consistent with the known specifi-
city of MAL12, which removes an a-linked glucose unit from
the nonreducing end of a carbohydrate chain.

Molecular Docking of 1,2,3-Glucotriazoles. All of the
compounds used in the docking study consist of a triazole
moiety coupled via a -glycosidic linkage to p-ribose mono-
acetonide, and the chemical differences lie in their distinct R,
substituents (see Table 2). The MALI12—ligand complexes
were generated by docking the triazoles into the enzyme
active site, assuming a competitive inhibition mechanism,
similar to acarbose® (Figure 4).

A visual inspection of the highest-scoring docking con-
formations for the triazole compounds revealed a recurrent
configuration where the R, substituent was located at the —1
subsite, corresponding to the position of the valienamine
moiety in acarbose. Moreover, in this position the triazole
ring is found occupying the +1 subsite, where it makes a
hydrogen bond with Glu268, while the p-ribose monoaceto-
nide moiety binds to the region encompassing the +2 subsite
and part of the +3 subsite (Figure 4). This binding mode is
consistent with a transition-state-mimicking mechanism, as
proposed for other triazoles,*> and acknowledges the im-
portance of the interaction with Glu268 as a significant
feature in the inhibition of yeast a-glucosidase and other
GHI13 enzymes, as was previously proposed.'> Another
point considered to identify the most likely binding mode
for the ligands was the placement of the R, group in the —1
subsite, since compounds with bulk R, substituents (except
for 4a) were among the most potent of the series under study,
which indicates that this molecular region is likely to be
completely buried inside the enzyme.

Phe 292

Arg 431

Gln 173

(b)

Thr 207 ‘ @

Figure 5. Binding mode of compound 4bin the MALI2 active site: (a) important residues for 4b binding i m the MALI2 active site, according to
visual inspection, considering the amino acid residues in a radius of 6 A around the ligand; (b) Ligplot*® cartoon illustrating compound 4b

binding to MALI12.
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C6 Tyr63 CB 33 Ph 25.6

C5 His103 CEl 33 Ph 23.8

Cl15 Phel49 CZ 33 Ph 27.8

4b Cl Phel69 CD1 3.7 Ph 14.4
N3 Thr207 0G1 2.6 HB 39.8

N3 Glu268 OE1 3.2 HB 11.5

Cl4 Ala270 CB 3.9 Ph 9.2

04 Asn233 ND2 33 HB 9.2

C15 Tyr63 CB 34 Ph 17.0

Cl4 His103 CEl 34 Ph 20.6

C10 Phe149 CD1 3.8 Ph 17.7

4mR Cl4 Phe169 CZ 3.7 Ph 13.2
C13 Thr207 CG2 3.5 Ph 20.6

C10 Ala270 CB 3.6 Ph 13.9

Cll1 His271 CD2 42 Ph 3.8

C15 Tyr63 CE2 3.3 Ph 19.3

C10 Phel49 CEl 3.5 Ph 23.3
Cl13 Phel69 CEl 2.4 Ph 34.8

4mS N3 Glu268 OE1 2.7 HB 22
Cll1 Ala270 CB 4.9 Ph 4.0

Cll1 His271 CD2 4.6 Ph 34
03 Arg304 NH2 2.9 HB 10.0

C5A Tyr63 CD2 4.4 Ph 0.9

C7A | Hisl03 CEl 4.8 Ph 0.2
C6B | Phel49 CD2 3.6 Ph 24.7

Acarbos C6B | Phel69 CD1 4.0 Ph 4.5
e O3B | Asn233 ND2 2.7 HB 24.4
02C | His271 NE2 2.9 HB 11.1

06C | Arg304 NE 3.4 HB 25.5

O2A | His340 NE2 3.0 HB 9.7
O4A | Arg43l NHI 2.9 HB 20.6

* Nearest distance (A) between atoms of the ligand and the residue.
*Type of Contacts: (HB) hydrogen bond; (Ph) hydrophobic-hydrophobic; (Ar) aromatic.
¢ Contact surface area (A%) between the ligand and the residue.

Figure 6. Comparison of the atomic contacts established between MAL12 and the ligands 4b, 4m stereoisomers R and S (4mR and 4mS), and

acarbose.

Figure 5 depicts the binding mode of compound 4b,
one of the most potent compounds of the series under
study. It is noted that the important residues for substrate
binding and/or catalysis®® are present in the binding site
(Tyr63, His103, Asp206, Glu268, His340, and Asp341).
Additionally, a strong hydrogen bond is established bet-
ween the nitrogen atom of the triazole moiety and the
Thr207 (O—N distance of 3.0 A) and Glu268 (O—N dis-
tance of 3.2 A) residues.

Figure 6 provides a detailed comparison of the atomic
contacts established between MALI12 and compounds 4b
and 4m (stereoisomers R and S of the latter) to delineate
features in the binding modes of the most and the least potent
triazole derivatives acting as a-glucosidase inhibitors, res-
pectively. Acarbose was also included as a reference drug.

The distorted half-chair conformation of the cyclohexenyl
ring is an important part of the interaction of compound 4b
with MALI12. This substituent is stabilized by several hydro-
phobic contacts with Tyr63, His103, and Phel69, being
actually sandwiched by Tyr63 and Phel69, similar to the
valienamine moiety of modified acarbose in the complex
with 7. maritima 4-a-glucanotransferase.?” The isopropyli-
dene group of 4b also forms hydrophobic interactions with
Phel49, Ala270, and His271.

Triazole 4d showed almost 3-fold lower potency than 4b
(ICso = 15.1 £ 0.9 uol/L, Table 2) and is the only compound
presenting an acyclic and significantly more polar R, sub-
stituent. The analysis of the 4d—MALI12 complex shows
that the triazole moiety of compound 4d makes hydrogen
bonds with Thr207 (O—N distance of 3.9 A) and Glu268
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Figure 7. Docked conformation of compound 4d on the MAL12
model (gray). The slab shown depicts residues important to inhi-
bitor binding. The triazole moiety makes hydrogen bonds with
Thr207 and Glu268, but the ligand does not produce hydrophobic
contacts with Tyr63 and His103.
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Figure 8. Superposition of docked conformations of 4mS (CPK co-
lored with carbon atoms in yellow) and 4mR (CPK colored with carbon
atoms in green) on the MAL12 model. The figure was drawn in slab
mode to show residues important to inhibitor binding. As can be seen,
molecule 4mR does not make a hydrogen bond with Glu268.
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(O—N distance of 2.6 and 3.6 A for OE2 and OE! atoms,
respectively). However, the ligand does not seem to produce
hydrophobic contacts with Tyr63, His103, and Phel69,
probably because of the polar nature of the shorter R,
substituent (Figure 7). Moreover, the amide substituent
of 4d shows a destabilizing contact with the Tyr63 side
chain.

Compound 4m was the least potent of the series, although
it has a bulky R, substituent. The key to understanding this
apparent inconsistency is that this compound was tested as a
racemic mixture. Consequently, the docking procedure was
performed with both enantiomers (R and S) aiming to
recognize how they individually contribute to the inhibition
of the enzyme.

The S configuration of compound 4m (4mS) interacts
through hydrogen bonds with Arg304 (4mS, O1—N distance
of 2.9 A), Thr207 (triazole moiety, O—N distance of 3.2 A),
and Glu268 (4mS, N2—O distance of 3.2 A) (Figure 6).
Similar to the cyclohexyl moiety in compound 4b, the tetra-
hydropyranyl substituent of compound 4mS also forms
hydrophobic contacts with residues Tyr63, His103, Phel69,
and His340, and the isopropylidene group interacts with
Phel49, Ala270, and His271 (Figure 6).

With the R configuration of compound 4m (4mR), the
oxymethylene moiety displaces the triazole group in order to
maintain the favorable hydrophobic interactions of the
tetrahydropyranyl group. However, the molecule loses the
hydrogen bond with Glu268 (Figure 8). The absence of such
interaction for the R enantiomer may be a reason why 4m is
the least potent compound of the series, since it is described
as an important interaction to the a-glucosidase inhibition. '

One limiting factor in the docking approach used here
is the lack of a solvation term in the scoring function,
since solvation effects have been evoked previously to
explain poor structure—activity relationships with non-
carbohydrate glucosidase inhibitors.*' In fact, we could not
find any reasonable correlation between the docking energies
and inhibitory potencies of the examined compounds.

On another issue, compounds 4a, 4b, 4d, 4e, 4g, and 4m
showed higher inhibitory potencies than acarbose, and
the docking studies presented here were unable to offer an
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Figure 9. Effect of triazoles and acarbose after a single oral administration of 3 g/kg maltose in normal rats. Five hundred milliliters of
50 mg/kg triazoles or acarbose was dosed. After 5 min, 1 mL of a 3 g/kg maltose solution was administered to each rat. Control group was
administered with the same volume of maltose solution without inhibitor. At 0, 30, 60, and 120 min, 20 4L blood samples were collected and
immediately subjected to blood glucose level assays by a disposable glucose sensor. Data are the mean (mg/dL of plasma) 4+ SD. Significant
differences between sample and control groups were examined with Dunnett’s #-test (n = 5, (x) P < 0.05).
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unambiguous structural explanation for this, as the acarbose—
MALI2 complex shows extensive favorable contacts between
this pseudotetrasaccharide and the enzyme (Figure 6). One
possible origin for this difficulty is in the entropic contribution
to binding, which is usually not taken into account when a
docking study is performed. Indeed, acarbose is the most
flexible of the a-glucosidase ligands examined in this work,
having six free-rotating bonds connecting its four rings (three
more than compound 4b). Rigid ligands are likely to face less
entropic penalties upon binding than a more flexible one and
thus should have a more favorable binding energy.** Given the
comparison with the bound conformations of the triazoles
(Figure 4), it is likely that the interactions made by the fourth
ring of acarbose cannot compensate for the entropic cost of
correctly positioning this additional ring in the MALI12 bind-
ing cleft. Consistent with this view, the pseudotrisaccharide,
acarviosine—glucose, has been shown to be a 400-fold more
potent inhibitor of yeast o-glucosidase than acarbose.*?

Hypoglycemic Effect in Normal Rats

In order to investigate the pharmacological potential of the
most active a-glucosidase inhibitors in the triazole series as
leads for developing new drugs for T2D, we assayed com-
pounds 4a and 4e for hypoglycemic activity in normal rats.
The selected triazoles were resynthesized on a 2 g reaction
scale, and no significant changes in the reaction yields were
noted for this increased scale. Upon oral administration at a
50 mg/kg dose, compounds 4a and 4e were able to signifi-
cantly reduce glucose uptake by normal rats fed with maltose
(Figure 9). This hypoglycemic effect was more evident 30 and
60 min after maltose ingestion, when blood glucose levels were
peaking, similar to the effect displayed by the reference drug
acarbose. The latter clearly performed better than compound
4e in reducing glucose levels in blood samples collected at 30
and 60 min but was undistinguishable from compound 4a for
the 60 min sample.

Conclusions

We have described the synthesis of several 1 H-1,2,3-triazole
derivatives of carbohydrates and have demonstrated their
action as o-glucosidase inhibitors. The a-glucosidase inhibi-
tion screening showed that all compounds were active at
500 uM, although the triazoles conjugated with D-ribose
(4a—n) were in general more effective than the other triazoles
containing D-xylose, b-galactose, and p-allose as the carbohy-
drate portion (5a, 6a, 7a—c). The 1-O-methyl-2,3-O-isopro-
pylidene-f-p-ribofuranose  derivatives were conjugated
through the C5 atom of the sugar and the N1 atom of the
1 H-1,2,3-triazole ring. Some of these compounds, e.g., 4b, 4e,
and 4g, showed 20-fold higher potency in yeast maltase
inhibition than acarbose, as measured by the ratios of their
ICsq values. This observation was quite surprising considering
the specificity of this enzyme for substrates containing at least
one and up to four glucose residues linked by a-1,4 bonds.
Moreover, compounds 4a and d4e, reduced postprandial
glucose levels when administered orally to normal rats, high-
lighting the pharmacological potential of this synthetic series.
While assuming a reversible competitive inhibition modality
for these compounds, our molecular modeling study sup-
ported a binding mode compatible with a transition-state
mimicking mechanism, where the most potent inhibitors have
the N3 atom in the triazole ring bound to one of the catalytic
carboxylates, Glu268, and the R, substituent engaging
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important hydrophobic contacts with residues Tyr63,
His103, and Phel69 at the —1 subsite. The computational
study also predicted that the R enantiomer within the racemic
compound 4m may have little or no activity because of the
lack of the crucial interaction with Glu268 in the active site.
Although successful in offering a possible structural rationale
for the inhibition mechanism of these triazoles, the molecular
modeling study could not correlate interaction energies calcu-
lated from the docked conformations of the ligands with
experimental binding affinities. This difficulty may have
arisen from the oversimplistic physical model used in the
docking program, where neither entropic contributions nor
solvation terms were included in the binding-energy computa-
tion. Moreover, it is possible that some of these inhibitors may
not work as purely competitive inhibitors, presenting mixed
(noncompetitive) behavior instead. It is noteworthy that the
compounds were tested with all or most of the sugar hydroxyl
groups protected by an isopropylidene moiety. The presence
of these protecting groups may have a huge effect on
the inhibitory activities of these compounds because of the
increased molecular volume and loss of donor hydrogen-
bonding groups. Work is underway in our group to clarify
all of these issues. Indeed, the high efficiency of the proposed
synthesis, in combination with the plethora of readily avail-
able azide and acetylene reagents, makes the approach parti-
cularly well suited for combinatorial library schemes, which
should facilitate hypothesis testing and optimization of inhi-
bitor potencies.

Experimental Section

Chemistry. General Remarks. Reagents were used as pur-
chased without further purification. Reagents were purchased
from Aldrich or Acros Chemical Co. Dichloromethane and
DMF were distilled from calcium hydride. Pyridine was distilled
from potassium hydroxide. Acetone was distilled from phos-
phorus pentoxide and methanol from iodine and magnesium.
Column chromatography was performed with silica gel 60
(Merck 70—230 mesh). Analytical thin-layer chromatography
was performed with silica gel plates (Merck, TLC silica gel 60
F254), and the plots were visualized under UV light or devel-
oped by immersion in an ethanolic solution of vanillin. Yields
refer to chromatographically and spectroscopically homoge-
neous materials. Melting points were obtained on a Fischer—
Johns apparatus and are uncorrected. Infrared spectra data
were recorded from KBr pellets on a Perkin-Elmer model
1420 FT-IR spectrophotometer calibrated relative to the
1601.8 cm ™! absorbance of polystyrene. The optical rotations
([o5%) were measured with a Perkin-Elmer 243B polarimeter
using 10 cm cells and a wavelength of 589 nm. NMR spectra
were recorded on a Varian Unity Plus VXR (300 MHz) system in
CDCl; solutions using tetramethylsilane as the internal refer-
ence standard (0.0 ppm). Coupling constants (J) are reported in
hertz and refer to apparent peak multiplicities. HRMS were
recorded on a MICROMASS Q-TOF MICRO mass spectro-
meter using ESI-TOF (electrospray ionization time-of-flight).
Elemental analysis was used to ascertained purity of =95% for
all compounds for which biological data were determined.

General Method for the Preparation of 1H-1,2,3-Triazoles
Derivatives 4a—n, 5a, 6a, and 7a—c. To a solution containing
0.70 mmol of the appropriate alkyne, 0.83 mmol of azidocarbo-
hydrates in dichloromethane (0.7 mL), and water (0.7 mL) were
added CuSOy,-SH,0 (9.3 mg, 0.04 mmol) and sodium ascorbate
(22 mg, 0.11 mmol). The resulting suspension was stirred at
room temperature for 4—6 h. After this time, the mixture was
diluted with 5 mL of dichloromethane and 5 mL of water. The
organic phases were separated, dried with sodium sulfate, and
concentrated at reduced pressure, furnishing the 1,2,3-triazoles
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derivatives, which were analyzed by 'H and '*C NMR spectro-
scopy and infrared.
1-O-Methyl-2,3-O-isopropylidene-5-(4-phenyl-1 H-1,2,3-triazol-
1-yl)-f-p-ribofuranose (4a). Compound 4a was obtained as a white
powder in 98% yield. Mp 130—133 °C. [a]% —46 (¢ 1.0, CHCl3).
IR (film, CHCI;) v (cm'): 3075 and 1612. '"H NMR (CDCl,,
300 MHz) 6 1.31 (s, 3H, CHj3), 1.47 (s, 3H, CH3), 3.41 (s, 3H,
OCHys;), 4.43 (d, 1H, J = 5.8 Hz, H-3'), 4.62—4.70 (m, 3H, H-5
and H-4), 479 (d, 1H, J = 5.8 Hz, H-2'), 5.04 (s, IH, H-1'),
7.31—7.45 (m, 3H, ArH), 7.82—7.87 (m, 3H, ArH and H-5). 1*C
NMR (CDCl;, 75 MHz) 6 24.7 (CHj;), 26.2 (CH3), 55.4 (OCH3),
53.0(C-5), 81.6(C-2'), 84.8 (C-3'),85.0 (C-4'),109.9 (C-1), 112.7
(C-6), 119.7 (C-5), 125.5 (C-Ar-2a or 3a or 4a), 128.0 (C-Ar-2a
or 3a or 4a), 128.6 (C-Ar-2a or 3a or 4a), 130.3 (C-Ar-1a), 147.8
(C-4). HRMS (EI) caled for C;7H;;N3Oy4: 331.1532. Found:
332.3803 (M + H)™. Anal. Caled for C7H; N3Oy: C, 61.62; H,
6.39; N, 12.68. Found: C, 61.63; H, 6.40; N, 12.70.
1-O-Methyl-2,3-O-isopropylidene-5-(4-cyclohexene-1H-1,2,3-
triazol-1-yl)-f-p-ribofuranose (4b). Compound 4b was obtained
as a light-yellowish powder in 95% yield. Mp 105—108 °C.
[0]5% —45 (¢ 1.0, CHCly). IR (film, CHCl3) v (cm ™ }): 1374 and
1670. '"H NMR (CDCl;, 300 MHz) 6 1.29 (s, 3H, CH3), 1.45
(s, 3H, CH3), 1.62—1.70 (m, 2H, H-4a), 1.72—1.80 (m, 2H,
H-3a), 2.16—2.23 (m, 2H, H-2a), 2.36—2.41 (m, 2H, H-5a),
3.38 (s, 3H, OCH3), 4.40 (dd, 1H, J = 5.9 and 9.9 Hz, H-3'),
4.50—4.59 (m, 2H, H-5), 4.66 (d, 1H, J = 5.9 Hz, H-4'), 4.74
(d, 1H, J = 5.8 Hz, H-2'), 5.00 (s, 1H, H-1"), 6.51—6.53 (m, 1H,
H-6a), 7.48 (s, 1H, H-5 triazole). '>*C NMR (CDCl;, 75 MHz)
022.0(C-4a),22.2(C-2aand C-1a), 24.7 (CHs), 25.0 (C-5a), 26.1
(CH3), 52.7 (C-5'), 55.3 (OCH3;), 81.6 (C-3'), 84.8 (C-4'), 85.0
(C-2)), 109.9 (C-1"), 112.6 (C-6"), 124.9 (C-6a and C-5), 127.0
(C-Ar-1a), 151.1 (C-4). HRMS (EI) calcd for C;7H,sN3;04:
335.1845. Found: 336.4104 (M + H)*. Anal. Calcd for C;7H,s-
N;Oy4: C, 60.88; H, 7.51; N, 12.53. Found: C, 60.87; H, 7.49;
N, 12.51.
1-O-Methyl-2,3-O-isopropylidene-5-(4-hydroxymethyl-1H-
1,2,3-triazol-1-yl)-B-p-ribofuranose (4c). Compound 4c¢ was
obtained as a light-yellowish powder in 80% yield. Mp 93—
95 °C. [a]% —16 (¢ 1.0, CHCI3). IR (film, CHCl3) v (cm™):
3452 and 1654. '"H NMR (CDCls, 300 MHz) 6 1.30 (s, 3H,
CH;), 1.45(s,3H, CHs3), 1.70 (s, 1H, OH), 3.39 (s, 3H, OCH3),
4.39—4.46 (m, 1H, H-3"),4.51—-4.61 (m, 2H, H-5"),4.66 (d, 1H,
J = 5.8 Hz, H-3),4.74 (d, 1H, J = 5.8 Hz, H-2'), 4.79 —4.80
(m, 2H, H-1a), 5.01 (s, 1H, H-1"), 7.64 (s, 1H, H-5). >*C NMR
(CDCls, 75 MHz) 6 25.1 (CH3), 26.5 (CH3), 53.3 (C-5'), 55.8
(OCH3), 56.4 (C-1a), 82.0 (C-2), 85.2 (C-3"), 85.2 (C-3"), 85.4
(C-4"), 110.2 (C-1"), 113.1 (C-6), 122.4 (C-5), 148.3 (C-4).
HRMS (EI) caled for C;p,H;9N;3;Os: 285.1325. Found:
286.3085 (M + H)™. Anal. Caled for C;,HoN;Os: C, 50.52;
H, 6.21; N, 14.73. Found: C, 50.53; H, 6.23; N, 14.70.
1-O-Methyl-2,3-O-isopropylidene-5-(4-carboxylate ethyl-1H-
1,2,3-triazol-1-yl)-#-p-ribofuranose (4d). Compound 4d was
obtained as a white powder in 87% yield. Mp 88—90 °C.
[o]5 —44 (¢ 1.0, CHCl3). IR (film, CHCl3) v (cm™ "): 2931 and
1730. '"H NMR (CDCls, 300 MHz) 6 1.30 (s, 3H, CH3), 1.41
(t, 3H, J = 7.0 Hz, C-3a-CH3), 1.45 (s, 3H, CHj3), 3.37 (s, 3H,
OCH,;), 4.39 — 4.63 (m, SH, H-4', H-5', H-2a), 4.66 (d, 1H, J =
5.8 Hz, H-3'),4.73 (d, IH, J = 5.8 Hz, H-2"), 5.00 (s, 1H, H-1"),
8.23 (s, 1H, H-5). '*C NMR (CDCls, 75 MHz) 6 14.1 (C-3a),
24.7 (CH3), 26.1 (CH3), 53.2 (C-5'), 55.5 (OCH3), 61.1 (C-2a),
81.4 (C-2)), 84.7 (C-3"), 84.9 (C-4'), 109.0 (C-1"), 112.2 (C-6"),
112.2 (C-4), 109.6 (C-5), 159.6 (C=0). HRMS (EI) calcd for
C14H2N3Og: 327.1430. Found: 328.3453 (M + H)". Anal.
Calcd for C4H, N3Oq: C, 51.37; H, 6.47; N, 12.84. Found: C,
51.31; H, 6.45; N, 12.89.
1-O-Methyl-2,3-O-isopropylidene-5-(4-phenoxymethyl-1 H-1,2,3-
triazol-1-yl)-f-p-ribofuranose (4e). Compound 4e was obtained as
a light-yellowish powder in 80% yield. Mp 80—83 °C. [o]% —28
(¢ 1.0, CHCly). IR (film, CHCl;) v (cm™"): 3065 and 1595. 'H
NMR (CDCl;, 300 MHz) 6 1.30 (s, 3H, CH3), 1.45 (s, 3H, CHj3),
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3.36 (s, 3H, OCH3;), 4.41—4.46 (m, 1H, H-4'), 4.54—4.61 (m, 2H,
H-5),4.66(d, 1H,J = 5.8 Hz,H-3"),4.75(d, IH,J = 5.8 Hz, H-2'),
5.00 (s, IH, H-1"), 5.22 (s, 2H, H-1a), 6.97—7.00 (m, 3H, H-4a and
H-5a), 7.26—7.31 (m, 2H, H-2a and H-3a), 7.70 (s, 1H, H-5). 1*C
NMR (CDCl;, 75MHz) 6 25.1 (CH3), 26.6 (CH3), 53.4 (C-5'), 55.8
(OCHs;), 62.2 (C-la), 82.0 (C-4'), 85.2 (C-3'), 85.4 (C-2), 110.3
(C-1"), 113.2 (C-6'), 115.0 (C-3a), 121.5 (C-5a), 123.9 (C-5), C-4
not observed, 159.6 (C=0). HRMS (EI) calcd for C;3H>3N3Os:
361.1638. Found: 362.4054 (M + H)". Anal. Calcd for CgHos-
N;3Os: C, 59.82; H, 6.41; N, 11.63. Found: C, 59.85; H, 6.40; N,
11.65.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(3-chloropropyl)-1H-
1,2,3-triazol-1-yl]-f-p-ribofuranose (4f). Compound 4f was
obtained as a white powder in 90% yield. Mp 60—63 °C.
[a]% —56 (¢ 1.0, CHCls). IR (film, CHCI3) v (cm ™ '): 2987
and 1632. "H NMR (CDCls, 300 MHz) 6 1.29 (s, 3H, CH3),
1.44 (s, 3H, CH;),2.17(q, 2H, J = 6.6 and 7.3 Hz, H-2a), 2.89
(t,2H, J = 7.6 Hz, H-1a), 3.38 (s, 3H, OCH3), 3.57 (t, 2H, J =
6.6 Hz, H-3a), 4.37—4.43 (m, 1H, H-4'), 4.50—4.59 (m, 2H,
H-5"),4.65(d, 1H, J = 5.8 Hz, H-3'),4.74 (d, 1H, J = 5.8 Hz,
H-2'), 5.00 (s, 1H, H-1"), 7.43 (s, 1H, H-5). >*C NMR (CDCls,
75 MHz) 6 22.4 (C-1a), 24.7 (CH3), 26.1 (CHj;), 31.5 (C-2a),
43.9 (C-3a), 52.84 (C-5'), 55.3 (OCH3;), 81.6 (C-3'), 84.8 (C-4'),
85.0 (C-2'), 109.6 (C-5), 109.8 (C-1"), 112.7 (C-6"), 112.5(C-4).
HRMS (EI) caled for C4H,,CIN3Oy4: 331.1299. Found: 332.8078
(M + H)*. Anal. Caled for C;4H,>CIN;O,: C, 50.68; H, 6.68; N,
12.66. Found: C, 50.70; H, 6.70; N, 12.67.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(1-hydroxycyclohexil)-
1H-1,2,3-triazol-1-yl]-f-p-ribofuranose (4g). Compound 4g was
obtained as a white powder in 88% yield. Mp 113—115 °C.
[a]5 —48 (¢ 1.0, CHCI3). IR (film, CHCI3) v (cm™"): 3421 and
2935. "H NMR (CDCls, 300 MHz) 6 1.29 (s, 3H, CH3), 1.45
(s, 3H, CH3), 1.57—2.00 (m, 4H, H-2a, 3a, 4a, and 5a), 2.39 (s,
1H, O-H), 3.38 (s, 3H, OCHj), 4.35—4.38 (m, 1H, H-4),
4.44—4.59 (m, 2H, H-5), 4.65 (d, 1H, J = 5.8 Hz, H-3'), 4.75
(d, 1H, J = 5.8 Hz, H-2'), 5.00 (s, 1H, H-1"), 7.57 (s, 1H, H-5).
3C NMR (CDCls, 75 MHz) 6 21.7 (C-3a), 24.7 (CH3), 25.2
(C-4a), 26.2 (CH3;), 37.9 (C-2a), 53.0 (C-5'), 55.4 (OCH3), 81.7
(C-3'), 84.8 (C-4), 85.0 (C-2/), 109.9 (C-1"), 112.7 (C-6'), 115.6
(C-5), C-4, not observed. HRMS (EI) calcd for Ci7H»7N35,:
353.1951. Found: 354.4267 (M + H)". Anal. Calcd for C,7H»7-
N;Os: C, 57.77; H, 7.70; N, 11.89. Found: C, 57.79; H, 7.71;
N, 11.84.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(1-hydroxy-1-methyl-
ethyl)-1H-1,2,3-triazol-1-yl]-B-p-ribofuranose (4h). Compound
4h was obtained as a white powder in 79% yield. Mp 104—
106 °C. [a]5% —27 (¢ 1.0, CHCl). IR (film, CHCl3) v (cm™'):
3461. "H NMR (CDCl3, 300 MHz) 6 1.30 (s, 3H, CH3), 1.45 (s,
3H, CH;), 1.64 (s, 6H, 2 CHj3), 2.47 (s, 1H, O—H), 3.39 (s, 3H,
OCH;), 4.38—4.44 (m, 1H, H-4), 4.51—4.60 (m, 2H, H-5'), 4.66
(d, 1H,J = 5.8 Hz, H-3'),4.74 (d, 1H, J = 5.8 Hz, H-2'), 5.00 (s,
1H, H-1'), 7.54 (s, 1H, H-5). >*C NMR (CDCls, 75 MHz) 6 24.7
(CHs;), 26.2 (CHj3), 30.2 (CHj3), 30.3 (CHj3), 52.0 (C-5), 55.4
(OCH3;), 68.3 (C-1a), 81.6 (C-3'), 84.2 (C-4'), 85.0 (C-2'), 109.9
(C-1), 112.2(C-6'), 119.3 (C-5), 161.3 (C-4). HRMS (EI) calcd
C4H53N305: 313.1638. Found: 314.3611 (M 4+ H)*. Anal.
Calcd for C4H»3N305: C, 53.66; H, 7.40; N, 13.41. Found:
C, 53.65; H, 7.40; N, 13.43.
1-O-Methyl-2,3-O-isopropylidene-5-(4-propyl-1H-1,2,3-triazol-
1-yl)-f-p-ribofuranose (4i). Compound 4i was obtained as a white
powder in 85% yield. Mp 106—107 °C. [o]% —24 (¢ 1.0, CHCl5).
IR (film, CHCIl3) v (cm™'): 2939 and 2986. '"H NMR (CDCls,
300 MHz) 6 1.30 (s, 3H, CH3), 1.40 (t, 3H, J = 7.5 Hz, CH3), 1.45
(s, 3H, CH3), 3.38 (s, 3H, OCH3), 4.39—4.63 (m, 7H, H-4', H-5
and H-2a and 1a),4.66 (d, 1H, J = 5.8 Hz, H-3'),4.73 (d, IH, J =
5.8 Hz, H-2'), 5.01 (s, IH, H-1"), 8.19 (s, 1H, H-5). >*C NMR
(CDCls, 75 MHz) ¢ 14.13 (C-3a), 19.2 (C-2a), 24.7 (CH;), 26.1
(CH3), 26.0 (C-1a), 53.2 (C-5), 55.5 (OCH3), 81.4 (C-3'), 84.8
(C-4), 84.7 (C-2"), 110.0 (C-1"), 112.0 (C-6), 127.6 (C-5), 140.3
(C-4). HRMS (EI) caled C14H»3N304: 297.1689. Found: 298.2611
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(M + H)". Anal. Caled for C;4H»3N30,: C, 56.55; H, 7.80; N,
14.13. Found: C, 56.57; H, 7.82; N, 14.15.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(1-hydroxy-1-methyl-
propyl)-1H-1,2,3-triazol-1-yl]-f-p-ribofuranose (4j). Compound 4j
was obtained as a white powder in 84% yield. Mp 111—113 °C.
[o]% —41 (¢ 1.0, CHCI3). IR (film, CHCl3) v (cm ™ '): 3355, 2970,
and 2936. "H NMR (CDCls, 300 MHz) 6 0.85 (t, 3H, J = 7.3 Hz,
C-3a),1.30(s, 3H, CH3), 1.45(s, 3H, CHs), 1.57 (s, 3H, C-4a), 2.49
(s, 1H, O—H), 3.38 (s, 3H, OCHj3), 4.35—4.44 (m, 1H, H-4),
4.51—4.58 (m, 2H, H-5), 4.64 (d, 1H, J = 5.8 Hz, H-3), 4.75 (d,
1H, J = 5.8 Hz, H-2'), 5.01 (s, 1H, H-1"), 7.52 (s, 1H, H-5). °C
NMR (CDCl;, 75 MHz) 6 8.0 (C-3a), 24.7 (CH3), 26.2 (CH3), 27.7
(C-4a), 35.7 (C-2a), 52.9 (C-5'), 55.3 (OCH3;), 71.0 (C-1a), 81.6
(C-3)), 84.8 (C-4'), 85.0 (C-2), 109.9 (C-1"), 112.2 (C-6'), 120.0
(C-5), 154.6 (C-4). HRMS (EI) caled C;sH,sN3O0s: 327.1794.
Found: 328.3889 (M + H)". Anal. Calcd for C;sH»sN3Os: C,
55.03; H, 7.70; N, 12.84. Found: C, 55.06; H, 7.73; N, 12.86.
1-O-Methyl-2,3-O-isopropylidene-5-(4-methylacetate-1H-1,2,3-
triazole-1-yl)-f-p-ribofuranose (41). Compound 41 was obtained as
light-yellowish powder in 85% yield. Mp 73—74 °C. [a]% —23
(¢ 1.0, CHCI). IR (film, CHCI3) v (cm ™ '): 2987, 2941, and 1740.
"H NMR (CDCls, 300 MHz) 6 1.27 (s, 3H, CH3), 1.42 (s, 3H, s,
CH3), 2.04 (s, 3H, C-3a), 3.35 (s, 3H, OCHs), 4.34—4.43 (m, 1H,
H-4'), 4.53—4.58 (m, 2H, H-5), 4.62 (d, 1H, J = 5.8 Hz, H-3'),
473 (d, IH, J = 5.8 Hz, H-2'), 498 (s, IH, H-1"), 5.18 (s, 1H,
C-la), 7.69 (s, 1H, H-5). 3C NMR (CDCl;, 75 MHz) 6 20.6
(C-3a), 24.7 (CH3;), 26.1 (CHj3), 52.9 (C-5'), 55.4 (OCH3;), 57.3
(C-1a), 81.5 (C-3'), 84.7 (C-4), 84.9 (C-2), 109.9 (C-1), 112.7
(C-6), 123.9 (C-5), 142.8 (C-4), 170.6 (C=0). HRMS (EI) calcd
C14H51N;304: 327.1430. Found: 328.3453 (M + H)™. Anal. Calcd
for C4H»1N3Og: C, 51.37; H, 6.47; N, 12.84. Found: C, 51.38;
H, 6.49; N, 12.86.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(tetrahydro-2 H-pyran)-
methyl)-1H-1,2,3-triazole-1-yl]-f-p-ribofuranose (4m). Compound
4m was obtained as a white powder in 95% yield. Mp 63—66 °C.
[o]% —25 (¢ 1.0, CHCly). IR (film, CHCl;) v (cm™): 2942 and
2873."HNMR (CDCls, 300 MHz) 6 1.29 (s, 3H, CH3), 1.44 (s, 3H,
CHs), 1.50—1.84 (m, 6H, C-3a, C-4a, C-5a), 3.38 (s, 3H, OCH3),
3.56—3.58 (m, 1H, C-6a), 3.86—3.92 (m, 1H, C-6a),4.36 — 4.42 (m,
1H, H-4'), 4.52—4.67 (m, 4H, H-5 and C-2a), 4.73—4.76 (m, 1H,
H-3'),4.73(d, 1H,J = 5.8 Hz, H-2"), 5.01 (s, IH, H-1"), 7.64 (s, |H,
H-5). "CNMR (CDCls, 75 MHz) 6 19.1 (C-4a), 24.7 (CH3), 25.1
(C-5a), 26.1 (CH3), 30.2 (C-3a), 52.8 (C-5), 55.3 (OCH3), 60.3
(C-1a), 62.1 (C-6a), 81.6 (C-3), 84.8 (C-4), 85.0 (C-2'), 98.0
(C-2a), 109.8 (C-1"), 112.6 (C-6'), 122.6 (C-5), 145.3 (C-4). HRMS
(EI) caled C;7H»7N30¢: 369.1408. Found: 370.4258 (M + H)™.
Anal. Caled for C17H»7N3Og: C, 55.27; H, 7.37; N, 11.37. Found:
C, 55.25; H, 7.35; N, 11.35.
1-O-Methyl-2,3-O-isopropylidene-5-[4-(1-hydroxy-1,3-dimethyl-
butyl)-1H-1,2,3-triazole-1-yl]-#-p-ribofuranose (4n). Compound 4n
was obtained as a white powder in 79% yield. Mp 79—81 °C.
[a]® —32 (¢ 1.0, CHCLy). IR (film, CHCl3) v (cm™"): 3421, 2951,
and 2873. "H NMR (CDCls, 300 MHz) 6 0.83 (d, 3H, J = 6,5 Hz,
C-4a), 0.86 (d, 3H, J = 6.5 Hz, C-5a), 1.30 (s, 3H, CHj;), 1.45 (s,
3H, CH;), 1.61 (s, 3H, C-6a), 1.66—1.86 (m, 3H, C-2a and C-3a),
2.33 (s, IH, OH), 3.38 (s, 3H, OCH3), 4.37 — 4.45 (m, 1H, H-4'),
4.51—-4.60 (m, 2H, H-5), 4.66 (d, 1H, J = 5.8 Hz, H-3'), 4.74 (dd,
1H,J = 2.4and 5.8 Hz, H-2'), 5.01 (s, IH, H-1), 7.53 (s, 1H, H-5).
3C NMR (CDCls, 75 MHz) 6 24.1 (C-4a), 24.1 (C-5a), 24.2
(C-6a), 24.7 (CHj3), 26.1 (CHs;), 29.1 (C-3a), 51.4 (C-5), 529
(C-2a), 55.3 (OCH3;), 71.2 (C-la), 81.6 (C-3'), 84.1 (C-4), 84.9
(C-2),109.9 (C-1"), 112.2 (C-6), 119.9 (C-5), 135.7 (C-4). HRMS
(EI) calcd C17H29N305Z 355.2107. Found: 356.4420 (M + I‘I)Jr
Anal. Calcd for C17H,9N3Os: C, 57.45; H, 8.22; N, 11.82. Found:
C, 57.47; H, 8.25; N, 11.85.
1,2:3,4-Di-O-isopropylidene-6-(4-phenyl-1H-1,2,3-triazole-1-yl)-
a-p-galactopyranose. (5a). Compound Sa was obtained as a white
powder in 90% yield. Mp 152—154 °C. [o]% —98 (¢ 1.0, CHCl;).
IR (film, CHCl;) v (cm'): 2987 and 2932. '"H NMR (CDCl,,
300MHz) 6 1.29 (s, 3H, CH3), 1.37 (s, 3H, CH3), 1.40 (s, 3H, CH3),
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1.57 (s, 3H, CH;), 4.21-4.26 (m, 2H, H-¢'), 4.34 (q, IH, J =
4.8 Hz, H-2'), 445—4.53 (m, 1H, H-3), 4.63—4.71 (m, 2H,
H-5and H-4'), 5.54 (d, IH, J = 4.8 Hz, H-1"), 7.29—7.34 (m,
1H, H-3a), 7.39—7.44 (m, 2H, H-2a), 7.82—7.85 (m, 2H, H-1a),
7.95 (s, 1H, H-5). *C NMR (CDCls, 75 MHz) 6 24.6 (CH3), 25.1
(CH3), 26.2 (CH3), 26.2 (CH3), 50.8 (C-6'), 67.5 (C-5), 70.6 (C-2'),
71.0 (C-3"),71.4(C-4"),96.5(C-1"),109.3 (C-7"), 110.1 (C-8'), 121.1
(C-5), 126.0 (C-1a), 128.2 (C-3a), 129.0 (C-2a), 131.0 (C-ar), 147.7
(C-4). HRMS (EI) caled C50H,5N30s5: 387.1794. Found: 388.4431
(M + H)". Anal. Calcd for C50H,sN30s: C, 62.00; H, 6.50; N,
10.85. Found: C, 62.03; H, 6.53; N, 10.87.
1,2:5,6-Di-O-isopropylidene-3-(4-phenyl-1H-1,2,3-triazole-1-yl)-
o-p-alofuranose (6a). Compound 6a was obtained as a white
powder in 89% yield. Mp 155—157 °C. [o]% —87 (¢ 1.0, CHCL5).
IR (film, CHCIl3) v (cm™'): 2987 and 2935. '"H NMR (CDCls,
300MHz) 6 1.32(s, 3H, CH3), 1.36 (s, 3H, CH3), 1.43 (s, 3H, CH3),
1,51 (3H, s, CH3), 3.90—4.00 (m, 2H, H4' and H-5), 4.20—4.28 (m,
2H, H-6'),4.33—4.38(m, 1H, H-3'), 5.03 (d, 1H, J = 3.6 Hz, H-2'),
6.27 (1H, d, J = 3,4 Hz, H-1'), 7.29-7.34 (m, 1H, H-3a),
7.32—7.37 (m, 1H, H-3a), 7.40—7.46 (m, 2H, H-2a), 7.82—7.85
(m, 2H, H-1a), 7.91 (s, 1H, H-5). 3*C NMR (CDCl;, 75 MHz) 6
25.0 (CH3), 26.0 (CHj3), 26.5 (CH3), 26.7 (CH3), 66.2 (C-3'), 67.5
(C-6), 72.9 (C-4), 80.4 (C-5), 83.3 (C-2'), 104.9 (C-1), 106.2
(C-7"), 109.4 (C-8'), 112.2 (C-5), 125.6 (C-1a), 128.7 (C-2a), 128.1
(C-ar), 130.2 (C-4). HRMS (EI) caled C5yH,5N3O0s: 387.1794.
Found: 388.4431 (M + H)". Anal. Calcd for C5gH»sN3Os: C,
62.00; H, 6.50; N, 10.85. Found: C, 62.01; H, 6.52; N, 10.86.
5-Deoxy-1,2-O-isopropylidene-5-(4-phenyl-1H-1,2,3-triazole-
1-yl)-a-p-xylofuranose (7a). Compound 7a was obtained as a
light-yellowish powder. Yield: 97%. Mp 50—53 °C. [o]5 —17
(¢ 1.0, CHCIL). IR (film, CHCl;) v (cm™'): 3419 and 2861. 'H
NMR (CDCl;, 300 MHz) 6 1.32 (s, 3H, CH3), 1.50 (s, 3H, CH3),
2.00 (s, 1H, OH), 4.33 (dd, 1H, J = 4.9 Hz, H-3'), 4.51—4.65(mm,
3H, H-4' and H-5'),4.84 (dd, 1H, J = 5.1 Hz, H-2'), 6.01 (d, 1H,
J = 3.6 Hz, H-1"), 7.33—7.46 (m, 3H, H-2a and 4a), 7.75—7.80
(m, 3H, H-3a and H-5). 3*C NMR (CDCl;, 75 MHz) 6 26.4
(CH3;), 26.9 (CHj;), 49.4 (C-5), 75.4 (C-2'), 78.6 (C-3'), 85.6
(C-4),105.0(C-1), 112.2(C-6"), 120.2 (C-5), 124.0 (C-1a), 128.1
(C-2a), 130.3 (C-3a and 4a), 128.7 (C-2a), 128.1 (C-ar), 156.4
(C-4). HRMS (EI) caled C;4H{7;N3;Os: 317.1376. Found:
318.3526 (M + H)™. Anal. Calcd for C;¢HoN;O4 C, 60.56;
H, 6.03; N, 13.24. Found: C, 60.57; H, 6.05; N, 13.25.
5-Deoxy-1,2-O-isopropylidene-5-[4-(1-cyclohexene)-1H-1,2,3-
triazole-1-yl]-o-p-xylofuranose (7b). Compound 7b was obtained
as a light-yellowish powder in 98% yield. Mp 140—142 °C.
[0 —15 (¢ 1.0, CHCI). IR (film, CHCI3) v (cm™): 3270 and
2931. "H NMR (CDCl3, 300 MHz) 6 1.30 (s, 3H, CH3), 1.44 (s,
3H, CHj;), 1.63—1.70 (m, 2H, H-4a), 1.72—1.79 (m, 2H, H-6a),
2.17-2.23 (m, 2H, H-5a), 2.35—2.40 (m, 2H, H-3a), 3.80—3.82
(m, 1H, H-3'),4.18—4.21 (m, 1H, OH), 4.39—4.53 (m, 2H, H-5'),
4.58(d, IH,J = 3.4Hz,H-2),4.74—4.81 (m, 1H, H-4), 5.96 (d,
1H, J = 3.4 Hz, H-1"), 6.46—6.50 (m, 1H, H-2a), 7.51 (s, IH, H-
5). '*C NMR (CDCls, 75 MHz) 6 22.3 (C-4a and C-5a), 22.6 (C-
3a), 25.5(C-6a), 26.4 (CHj3), 26.5 (C-3a), 27.0 (CH3;), 49.2 (C-5),
74.4 (C-3"), 79.7 (C-2)), 85.6 (C-4'), 105.4 (C-1"), 112.1 (C-6"),
120.2 (C-1a), 125.8 (C-2a), 127.2 (C-5), 149.7 (C-4). HRMS (EI)
caled C¢H»3N304: 321.1689. Found: 322.3853 (M + H)". Anal.
Calced for CgH»3N304: C, 59.80; H, 7.21; N, 13.08. Found: C,
59.83; H, 7.23; N, 13.09.
5-Deoxy-1,2-O-isopropylidene-5-(4-hydroxymethyl-1H-1,2,3-
triazole-1-yl)-a-p-xylofuranose (7c¢). Compound 7c¢ was ob-
tained as a white powder in 75% yield. Mp 50—51 °C.
[a] —35 (¢ 1.0, CHCl3). IR (film, CHCI3) v (cm™'): 3448,
2986, and 2936. 'H NMR (CDCls, 300 MHz) 6 1.32 (s, 3H,
CH,;), 1.50 (s, 3H, CHs), 2.88 (s, 1H, H-1a), 2.96 (s, 1H, H-1a),
3.55—3.67 (m, 2H, H-3' and 4'), 4.24—4.31 (m, 2H, H-5), 4.53
(d, 1H,J = 3.6 Hz, H-2'), 5.94 (d, 1H, J = 3.6 Hz, H-1'), 8.00 (s,
1H, H-5). "*C NMR (CDCl;, 75 MHz) 6 26.9 (CHj3), 26.5 (CH3),
48.5(C-1a),49.0 (1H, C-5),74.8 (C-3'), 78.73 (C-2'), 85.1 (C-4'),
105.4 (C-1"), 104.6 (C-6'), 127.7 (C-5), 129.9 (C-4). HRMS (EI)
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caled C;1H7N305:271.1168. Found: 238.0905 (M + H)". Anal.
Calcd for C11H7N50s5: C, 48.70; H, 6.32; N, 15.49. Found: C,
48.72; H, 6.33; N, 15.51.

Biochemistry. The a-glucosidase inhibitory activity was ass-
ayed using the yeast maltase enzyme (Sigma-Aldrich, St. Louis,
MO) according to the procedure described by Matsui and
collaborators.** The a-glucosidase activity was determined
by monitoring the p-nitrophenol released from p-nitrophenyl-
a-D-glycopyranoside at 405 nm. The compounds in the series
under study were first screened for a-glucosidase inhibition at a
fixed concentration of 500 M, and activities were expressed as
percentage inhibitions relative to a control assay with no
inhibitor added. Compounds showing the highest inhibitory
activities were further characterized by determining the concen-
tration required to inhibit 50% of the o-glucosidase activity
under the assay conditions (defined as the ICs, value). Acarbose
(Glucobay, Bayer) was used in the assays for comparison.

Pharmacology. The animals (male Wistar rats, 2—3 months old,
200—250 g) were divided into four groups of five rats each. Group 1
consisted of nondiabetic control rats that received a physiological
NaCl solution containing DMSO at 1% (as vehicle). Group 2
received acarbose (50 mg/kg), group 3 received triazole 4a
(50 mg/kg), and group 4 received triazole 4e (50 mg/kg) in the
same vehicle. Following the general procedure of Kanthi and
collaborators,*® each triazole or acarbose was suspended in
0.5 mL of physiological NaCl solution containing DMSO at 1%
and administered orally by a cannula to 8 h fasted rats 5 min before
the oral administration of 1 mL of maltose (3 g/kg). The control
group was given the same volume of vehicle before the maltose
solution. Blood samples were obtained from the tail vein 5 min
before the oral administration of the drugs or the vehicle (7,) and
at 30, 60, and 120 min thereafter. Glucose concentration was
measured in total blood with an Accu-check compact machine
(Roche). Data were expressed as the mean 4+ SD. Significant
differences between sample and control groups were examined
with Dunnett’s #-test (n = 5, (x) P < 0.05).

Molecular Modeling. MAL12 Model Building and Validation.
Homology modeling of MAL12 was carried out using the
Modeller software, version 9v2,* based on the crystal structures
of B. cereus oligo-a-1,6-glucosidase (PDB code 1UOK, 2.0 A
resolution, 39% identity among 581 aligned residues)*’ and of
Geobacillus sp. o-glucosidase GSJ (PDB code 2ZE0, 2.0 A
resolution, 39% identity among 591 aligned residues).*® The
target sequence was found at the UniprotKB/Swiss-Prot data-
base under access number P53341, and the sequence alignment
was performed using the T-Coffee server.*® A set of 50 modeled
structures was generated and ranked by the Modeller objective
function and the top-scoring models were checked for their
stereochemical and overall structural quality, using the Pro-
Check,** Verify-3D,* and Whatcheck® computer programs.
A single model was selected for further analysis and as a starting
structure for docking simulations.

Defining the Binding Site on MAL12. According to the DALI
server (DALI, version 3), the 3D structure of T. maritima
4-a-glucanotransferase in comylex with modified acarbose (PDB
code ILWJ, 2.50 A resolution)® shows significant folding similar-
ity, although low sequence identity, with IUOK (1.45 A rmsd over
317 Ca atoms and 27% of identity) and 2ZE0 (1.52 A rmsd over
305 Ca atoms and 29% of identity). Additionally, the catalytic
residues and some of the residues important for substrate binding
are highly conserved in all members of the GH13 family. Thus, the
definition of the putative binding site for acarbose in MAL12 was
based on the structural similarity with the homologous residues in
1LWJ involved in the binding of modified acarbose as found in the
complex. The same binding site was used to perform the molecular
docking of the triazoles. The MALI2/acarbose complex was
effectively generated by superposing the MAL12 modeled struc-
ture onto 1LWJ and then transferring the acarbose atomic
coordinates to the MALI2 model using the Sybyl molecular
modeling package, version 8.0 (Tripos Associates, St. Louis, MO).
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The hydrogen atoms were added to the protein and ligand struc-
tures, and 1000 steps of energy minimization were performed by the
steepest descent method, using Gasteiger—Hiickel charges and a
dielectric constant of 80, in the Tripos force field.

Molecular Docking of the 1,2,3-Glucotriazoles. The molecular
models of the 1,2,3-glucotriazoles were built using the Sybyl
molecular modeling package, version 8.0 (Tripos Associates,
St. Louis, MO). The hydrogen atoms were added to the struc-
tures, and 1000 steps of energy minimization were performed by
the steepest descent method, using Gasteiger—Hiickel charges
and a dielectric constant of 80, in the Tripos force field. The
structures were further optimized using the conjugated gradient
method. Ligand—protein docking was })erformed with the
molecular docking algorithm MolDock®' using the Molegro
Virtual Docker software, version 3.0.0 (Molegro ApS, Aarhus,
Denmark, http://www.molegro.com). MolDock uses a heuristic
search algorithm (termed guided differential evolution) which is
a combination of differential evolution and a cavity-prediction
algorithm. The docking scoring function is an extension of the
piecewise linear potential (PLP).>! After the ligands and the
protein coordinates were imported, all structural parameters
including bond type, hybridization, explicit hydrogen, charges,
and flexible torsions were assigned using the automatic prepara-
tion function in Molegro Virtual Docker software, version
3.0.0.°" For each compound, 50 docking runs were performed
with the initial population of 300 individuals. The software is
also able to work with side chain conformational changes by
softening the potentials (steric, hydrogen bonds, and electro-
static force) used during a docking simulation. The residues
considered flexible were those that were close enough to the
reference ligand to interact with it (6 A around the acarbose,
69 residues). After each ligand had been docked, the side chains
chosen were energy-minimized by the Molegro Virtual Docker
software, version 3.0.0,>! with respect to the conformation
found, using the standard nonsoftened potentials. Only torsion
angles in the side chains were modified during the minimization;
all other properties (including bond lengths and backbone atom
positions) were held fixed.’" In order to identify which of the
ligand configurations most likely represented the correct bind-
ing mode of the triazole compounds, all complexes were ana-
lyzed considering evidence from sequence conservation, visual
inspection, and automated assignment of interatomic contacts
using the Ligplot program and the CSU/LPC server.>>
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