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Determining the Role of the Aromatic Ring of N-Arylmethyl ent-
conduramine F-1 in their Interactions with a-Glucosidases by Saturation
Transfer Difference NMR Spectroscopy Experiments

Antonio Hernandez Daranas,*™ Sonia Koteich Khatib,™ " Robert Lysek,” Pierre Vogel,” and José A. Gavin*®

Glucosidases are a group of enzymes responsible of the glyco-
sidic bond cleavage with different specificities depending on
the number of monosaccharides, the position of cleavage, and
the configuration of the hydroxy groups in their substrates. In
particular, inhibitors of a-1,4-glucosidases have generated
great interest as potential therapeutic agents for the treatment
of type Il diabetes (e.g., miglitol (N-2-hydroxyethyl-1-deoxyno-
jirimycin), Glyset, Diastabol, Glucobay),!"? obesity,” hepatitis B
and C** and other viral diseases,”” and cancer.”!

Previously, we have shown that N-benzylation of (+)-ent-
conduramine F-1 (1) significantly increases its inhibitory activity
toward a-1,4-glucosidase from yeast.® Because of their rela-
tively high hydrophobicity, N-benzyl derivatives of 1 might rep-
resent a-1,4-glucosidase inhibitors with improved bioavailabil-
ity and pharmacokinetics.” So far, rational drug design has not
been applied to inhibitors of a-1,4-glucosidases, because the
structural information available is very scarce and only related
to the free forms of the protein. The lack of structural informa-
tion on the nature of the interactions between a-1,4-glucosi-
dases and their inhibitors has made it a difficult task to discov-
er good lead compounds. In this work, we have attempted to
understand the role of the aryl moieties in improving the in-
hibitory activities of N-benzyl derivatives of 1 using saturation
transfer difference (STD) NMR spectroscopy. The method
allows the binding of a ligand to a receptor to be characterize
by using small amounts of protein (micromolar range), and it
is very useful for mapping the binding epitope of the ligand
with atomic resolution. Ligand protons that are in close con-
tact with the protein binding pocket experience a larger frac-
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tion of saturation transfer than protons further away."” Thus,
protons of ligand directly involved in binding show larger
signal increments than other ligand protons in STD NMR spec-
tra.

a-1,4-Glucosidase from Saccharomyces cerevisiae was used in
this study as a model system to evaluate the interactions of
ligand 1 and its N-benzyl derivatives 2-4 with the enzyme by
STD NMR spectroscopy (Figure 1). Significant STD effects were
observed for all ligands in the presence of a-1,4-glucosidase,
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Figure 1. Chemical structures of compounds 1-4. The inhibitory activities
are also shown as ICs, and K; values.®

which indicated that they are bound to the enzyme under the
test conditions. In addition, to validate the stability of the in-
hibitors, '"H NMR spectra of the complexes were acquired after
being left in solution for several days, and hydrolysis products
were not observed.

The size of the observed STD effect does not only depend
on the proximity of the proton to the receptor. In fact, if the
longitudinal relaxation times (T1) of individual ligand protons
are quite different, there is a severe interference on the epi-
tope map for ligand-receptor interactions derived from STD
measurements."" Therefore, it is essential to consider the im-
portance of this circumstance on STD experiments performed
for molecules that have protons with substantially different T1
values. Measurements of T1 values for individual ligand pro-
tons in complex with a-1,4-glucosidase were undertaken for all
ligands (Table 1). In general, H4 and H5 showed longer T1
values in all inhibitors, and important relative differences were
observed within each ligand, with the exception of 2 that
showed T1 values of 0.4-0.6s.

SWILEY i@ 13

ONLINE LIBRARY



ChemistryOPEN

Table 1. Longitudinal relaxation times (T1) calculated for ligands 1-4 in Table 2. Saturation transfer difference (STD) effects calculated for ligands
complex with a-1,4-glucosidase.” 1-4 in complex with a-1,4-glucosidase.”

1 T 2 T 3 T 4 T 1 STD; 2 STDw 3 STD;, 4 STDg

H1 0.93 H1/H2 0.42 H1/H2 0.77 H1/H2 0.88 H1 98 H1/H2 79 H1/H2 124 H1/H2 143

H2 1.05 H3 0.52 H3 0.81 H3 117 H2 41 H3 54 H3 94 H3 71

H3 1.14 H4 0.57 H4 1.09 H4 1.52 H3 64 H4 100 H4 100 H4 100

H4 1.41 H5 0.60 H5 1.05 H5 1.25 H4 100 H5 97 H5 127 H5 143

H5 1.78 H6 0.53 H6 0.81 H6 0.87 H5 71 H6 101 H6 133 H6 200

H6 1.28 H7 0.29 H7 0.46 H2' 1.08 H6 65 H7 110 H7 97 H2' 386

H2'/H6' 0.58 H2'/H6’ 0.86 H5' 1.99 H2'/H6' 121 H2'/H6' 200 H5' 1029

H3'/H5’ 0.69 H3'/H5’ 0.89 H6' 1.26 H3'/H5’ 147 H3'/H5’ 245 H6' 1429

H2"/H6" 0.77 H7' 1.27 H2"/H6" 303 H7' 643

H3"/H5" 0.29 H8' 1.23 H3"/H5" 273 H8' 471

N—Ac 4.70 N—-Ac 29

[a] T1 values for individual protons measured for each inhibitor in com- [a] STDy, corresponds to the relative STD intensity for each ligand calcu-
plex with a-1,4-glucosidase are noted in seconds (s). lated from fitting the data to monoexponential Equation (1).

The use of saturation times shorter than T1 has been sug-
gested for improving the accuracy of STD results. However,
under these conditions, poor signal-to-noise ratios are usually
obtained due to low magnetization transfer from the recep-
tor." To overcome this problem, we decided to use STD initial
growing rates (STD,), calculated from the fitting of the satura-
tion time data to monoexponential Equation (1):

STD = STDa (1—e e Tr)) (1)

where STD stands for the STD signal intensity of a given
proton at saturation time T, STD,,. is the maximal STD inten-
sity obtainable, and k., stands for the observed saturation rate
constant." Therefore, STD data were acquired on samples
containing each ligand in the presence of a-1,4-glucosidase
(200:1 molar ratio) at a series of saturation times (7., =0.25,
0.5, 1, 2, 3, 5), as shown in Figure 2a. As a representative ex-
ample, STD build-up curves for ligand 3 can be seen in Fig-
ure 2b.

Clearly, the signal enhancement for the protons with shorter
T1 values (0.29 s for H3” and H5"”) have already reached a pla-
teau after 1s. A slightly longer time was observed for H7 that
showed the second shorter T1 value (0.46 s). Conversely, the
other protons still developed signal up to saturation times
around 2 or 3s depending on their T1 values (longer than
0.8 s in all cases). Similar results were obtained for the other
ligands.

We believe that when comparing ligands with similar struc-
tures that bind into the same binding site, the important point
is to focus on the overall pattern, and but not on the individu-
al values of each proton. For example, for inhibitors 2-4, the
STD enhancements are larger for the aromatic protons than for
the conduramine protons (Table 2). In addition, it should be
noted that the relative differences observed are bigger for the
ligand with a tryptophan moiety (4), followed by the ligand
with a pyridine ring (3), and finally by the phenolic derivative
(2), for which the differences are not so important. If the pur-
pose of N-benzylation of 1 was to add a substituent that
would simply expel water molecules from the a-1,4-glucosi-
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dase active site and thus increase the binding constant>'¥ be-
cause of more a favorable binding entropy,"® we would
expect the opposite behavior: larger STD effects at the H1 to
H4 positions due to specific interactions (hydrogen bond) be-
tween the conduramine and the enzyme.'® Thus, the role of
the N-substituents in 2-4 should be to interact directly with
the protein. We also observed that the conduramine protons
are affected by N-benzylation, independent of the nature of
the aromatic ring of the inhibitor following the same general
trend: H1,2,3 always show the smallest STD effect, whereas the
olefinic protons H5,6 show a slight enhancement of the signal
intensity in 2-4 compared with the olefinic signals of 1.

The enzyme used in our NMR spectroscopy experiments was
a-1,4-glucosidase derived from the yeast, S. cerevisiae. Unfortu-
nately, although it is well known that the MAL12 gene regu-
lates the expression of this enzyme, as yet, no experimental 3D
information is available. However, a number of homologous se-
quences with 3D structures deposited at the Protein Data Bank
(PDB) are available and were found by using a basic local align-
ment search tool program (BLASTP) search.'” Of these sequen-
ces, the oligo-1,6-glucosidases from S. cerevisiae (PDB: 3AJ7)"®
and Bacillus cereus (PDB: TUOK)' showed the highest se-
quence identity (72% and 38.5%, respectively) compared with
the sequence of a-1,4-glucosidase from S. cerevisiae (see Sup-
porting Information). Therefore, taking into account the good
sequence identity between the a-1,4-glucosidase and the
oligo-1,6-glucosidase from S. cerevisiae, we decided to build a
theoretical model of a-1,4-glucosidase using homology model-
ing techniques.™ In fact, in a-1,4-glucosidase, the catalytic
triad D215, E277, D352 characteristic of oligo-1,6-glucosidase
is conserved (D211, E273, D346 in a-1,4-glucosidase) together
with the residues D69, H112, R213, H351, and R442 (D65,
H 108, R209, H345, and R436 in a-1,4-glucosidase), which have
been found to participate in a hydrogen-bond network within
the active site of oligo-1,6-glucosidase.™

Molecular docking simulations were then undertaken to
gain further insight into the most probable binding mode of
the studied ligands.?" Considering that the residues within the
active site of several members of the glycoside hydrolase
family are highly conserved, we defined the binding site of
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mine moieties, although the aromatic rings are ac-

commodated in slightly different positions. Therefore,
as otherwise stated, our discussion is common to all
ligands. A visual assessment and a ligplot®? analysis
of the results suggested that an extensive hydrogen-
bond network could be formed between the ent-con-
duramine and several residues within the active site.
In fact, R436 can form a hydrogen bond with the hy-
droxy groups at C2 and C4 (2.75-2.85 A). In addition,
the hydroxy group at C4 is also in a good position to
form a hydrogen bond with D65 (2.7 A). The hydroxy

STD amplification factor

group at C3 could form hydrogen bonds with the

catalytic residues D211 (2.9 A) and D346 (3.0-3.2 A),
or even with H345, although this residue is located
slightly further away (3.3-3.4 A). Likewise, the amine
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group at C1 could be involved in a hydrogen bond
with T212, and the double bond at C5-C6 could po-
tentially interact positively with F174. With regard to
the aromatic moieties of the studied ligands, our sim-
ulations predict that although the binding cavity is
narrow, there is enough space to accommodate
them. In fact, the aromatic rings of ligands 2 and 4
could be stabilized by several hydrophobic contacts
with F155 and A 275, and our model suggests they
would essentially be sandwiched by F 154 and F297,
with each residue interacting with a different face of
the ligand. For inhibitor 3, in addition to the previ-
ously mentioned contacts, modeling also predicts in-
teractions with H236 and H276 due to its bigger size
(see Figure 3 and the Supporting Information).

In conclusion, introduction of aromatic moieties on
iminosugars and their analogues might decrease**!

P
wavsr M35 Have

A

=
C

or increase™® their inhibitory activity against different
glycosidases. In the case of (+)-ent-conduramine F-1
(1), which is a moderate inhibitor of a-1,4-glucosidas-
es, N-benzylation gives a derivative with significantly

Sh(ppm)

Figure 2. a) STD build-up curves for all protons in ligand 3. Experimental data were fitted
to a rising exponential to calculate K,; and STD. b) Reference NMR spectrum of a mixture
of compound 3 and 0.15 mm of a-1,4-glucosidase in a 200:1 molar ratio. STD NMR spec-
tra obtained at increasing saturation times of 0.25, 0.5, 1, 2, 3, and 5 s (from bottom to

top).

a-1,4-glucosidase around those residues. To validate our re-
sults, the docked conformations for each ligand were superim-
posed and compared with the crystal structure of oligo-1,6-
glucosidase in complex with maltose (PDB: 3A4A)."® The simu-
lation results predict that all ligands interact with the active
site residues in a very similar way, which suggests that the
docking protocol was reasonable in identifying the binding
conformation accurately.

The four ligands used in this study share the ent-condura-
mine moiety, although ligands 2-4 also include different aro-
matic moieties. The best docking solutions for all ligands show
almost superimposable poses for their respective ent-condura-
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3 increased inhibitory activity. By applying STD NMR
spectroscopy, we have demonstrated for the first
time that the aromatic moieties of N-benzyl ent-con-
duramine F-1 derivatives interact strongly with a-1,4-
glucosidase from S. cerevisiae—more strongly than
the conduramine moiety. Interestingly, upon N-ben-
zylation of 1, the olefinic protons experience en-
hanced interaction with the enzyme, but this is not
true for the other protons in the ligand.
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Figure 3. Docked conformation obtained for ligand 3 in the modeled a-1,4-glucosidase
active site. Only those residues within a distance of 4 A of the ligand are shown. The mo-
lecular surface of the binding cavity is shown in yellow. The ligand is depicted with

green bonds for clarity.
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[1] a)X. Chen, Y. Zheng, Y. Shen, Curr. Med. Chem. 2006, 13, 109-116;
b) D. M. Casirola, R. P. Ferraris, Metab. Clin. Exp. 2006, 55, 832-841.

[2] a) C. Levetan, Curr. Med. Res. Opin. 2007, 23, 945-952; b) D.-S. Lee, J.-M.
Lee, S.-U. Kim, K-T. Chang, S.-H. Lee, Int. J. Mol. Med. 2007, 20, 379-383.

[3] D.E. Rosenberg, S.A. Jabbour, B.J. Goldstein, Diabetes Obes. Metab.
2005, 7, 642-653.

[4] N. Zitzmann, A. S. Mehta, S. Carrouee, T. D. Butters, F. M. Platt, J. McCau-
ley, B.S. Blumberg, R. A. Dwek, T. M. Block, Proc. Natl. Acad. Sci. USA
1999, 96, 11878-11882.

[5] C. Lazar, D. Durantel, A. Macovei, N. Zitzmann, F. Zoulim, R. A. Dwek, N.
Branza-Nichita, Antiviral Res. 2007, 76, 30-37.

[6] a) T. A. Houston, J. T. Blanchfield, Mini Rev. Med. Chem. 2003,
3, 669-678; b) Y. Tanaka, J. Kato, M. Kohara, M. S. Galinski,
Antiviral Res. 2006, 72, 1-9.

R. Pili, J. Chang, R. A. Partis, R. A. Mueller, F. J. Chrest, A. Pas-

saniti, Cancer Res. 1995, 55, 2920-2926.

[8] R. Lysek, C. Schutz, S. Favre, A.C. O’'Sullivan, C. Pillonel, T.
Kruelle, P.M. J. Jung, I. Clotet-Codina, J. A. Este, P. Vogel,
Bioorg. Med. Chem. 2006, 14, 6255 -6282.

[9] D. Elstein, A. Dweck, D. Attias, |. Hadas-Halpern, S. Zevin, G.
Altarescu, J.F. M. G. Aerts, S. van Weely, A. Zimran, Blood
2007, 1710, 2296-2301.

[10] a) M. Mayer, B. Meyer, Angew. Chem. 1999, 111, 1902-1906;
Angew. Chem. Int. Ed. 1999, 38, 1784-1788; b)B. Meyer, T.
Peters, Angew. Chem. 2003, 115, 890-918; Angew. Chem. Int.
Ed. 2003, 42, 864 -890.

[11] J.L. Yan, A.D. Kline, H.P. Mo, M. J. Shapiro, E.R. Zartler, J.
Magn. Reson. 2003, 163, 270-276.

4 [12] M. Mayer, T.L. James, J. Am. Chem. Soc. 2004, 126, 4453 -
4460.

[13] R. tysek, C. Schitz, P. Vogel, Bioorg. Med. Chem. Lett. 2005,
15, 3071-3075.

[14] R. tysek, S. Favre, P. Vogel, Tetrahedron 2007, 63, 6558-
6572.

[15] S. W. Homans, ChemBioChem 2005, 6, 1585-1591.

[16] A.H. Daranas, H. Shimizu, S. W. Homans, J. Am. Chem. Soc.
2005, 726, 11870-11876.

[17] H. M. Berman, J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat,
H. Weissig, I. N. Shindyalov, P. E. Bourne, Nucleic Acids Res.
2000, 28, 235-242.

[18] K. Yamamoto, H. Miyake, M. Kusunoki, S. Osaki, FEBS Journal
2010, 277, 4205-4214.

[19] K. Watanabe, Y. Hata, H. Kizaki, Y. Katsube, Y. Suzuki, J. Mol.
Biol. 1997, 269, 142-153.

[20] a) K. Arnold, L. Bordoli, J. Kopp, T. Schwede, Bioinformatics
2006, 22, 195-201; b) F. Kiefer, K. Arnold, M. Kiinzli, L. Bor-
doli, T. Schwede, Nucleic Acids Res. 2009, 37, D387 -D392.

[21] a) G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, D. S. Goodsell, A. J.
Olson, J. Comput. Chem. 2009, 30, 2785-2791; b) O. Trott, A. J. Olson, J.
Comp. Chem. 2010, 31, 455-461.

[22] A.C. Wallace, R. A. Laskowski, J. M. Thornton, Prot. Eng. 1995, 8, 127 -
134.

[23] M. Bohm, E. Lorthiois, M. Meyyappan, A. Vasella, Helv. Chim. Acta 2003,
86, 3818-3835.

[24] O. Lopez Lopez, M. Bols, ChemBioChem 2007, 8, 657 -661.

[25] M. I. Garcia-Moreno, J. M. Benito, C. Ortiz Mellet, J. M. Garcia Fernandez,
J. Org. Chem. 2001, 66, 7604 -7614.

[26] S. Gerber-Lemaire, F. Popowycz, E. Rodriguez-Garcia, A.T. C. Asenjo, I.
Robina, P. Vogel, ChemBioChem 2002, 3, 466 -470.

S

Received: October 14, 2011
Published online on January 2, 2012

16  www.chemistryopen.org

© 2012 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemistryOpen 2012, 1, 13- 16


http://dx.doi.org/10.1016/j.metabol.2006.02.011
http://dx.doi.org/10.1016/j.metabol.2006.02.011
http://dx.doi.org/10.1016/j.metabol.2006.02.011
http://dx.doi.org/10.1185/030079907X178766
http://dx.doi.org/10.1185/030079907X178766
http://dx.doi.org/10.1185/030079907X178766
http://dx.doi.org/10.1111/j.1463-1326.2004.00446.x
http://dx.doi.org/10.1111/j.1463-1326.2004.00446.x
http://dx.doi.org/10.1111/j.1463-1326.2004.00446.x
http://dx.doi.org/10.1111/j.1463-1326.2004.00446.x
http://dx.doi.org/10.1073/pnas.96.21.11878
http://dx.doi.org/10.1073/pnas.96.21.11878
http://dx.doi.org/10.1073/pnas.96.21.11878
http://dx.doi.org/10.1073/pnas.96.21.11878
http://dx.doi.org/10.1016/j.antiviral.2007.04.004
http://dx.doi.org/10.1016/j.antiviral.2007.04.004
http://dx.doi.org/10.1016/j.antiviral.2007.04.004
http://dx.doi.org/10.1016/j.antiviral.2006.03.016
http://dx.doi.org/10.1016/j.antiviral.2006.03.016
http://dx.doi.org/10.1016/j.antiviral.2006.03.016
http://dx.doi.org/10.1016/j.bmc.2006.05.080
http://dx.doi.org/10.1016/j.bmc.2006.05.080
http://dx.doi.org/10.1016/j.bmc.2006.05.080
http://dx.doi.org/10.1182/blood-2007-02-075960
http://dx.doi.org/10.1182/blood-2007-02-075960
http://dx.doi.org/10.1182/blood-2007-02-075960
http://dx.doi.org/10.1182/blood-2007-02-075960
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3757(19990614)111:12%3C1902::AID-ANGE1902%3E3.0.CO;2-O
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/(SICI)1521-3773(19990614)38:12%3C1784::AID-ANIE1784%3E3.0.CO;2-Q
http://dx.doi.org/10.1002/ange.200390202
http://dx.doi.org/10.1002/ange.200390202
http://dx.doi.org/10.1002/ange.200390202
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1002/anie.200390233
http://dx.doi.org/10.1016/S1090-7807(03)00106-X
http://dx.doi.org/10.1016/S1090-7807(03)00106-X
http://dx.doi.org/10.1016/S1090-7807(03)00106-X
http://dx.doi.org/10.1016/S1090-7807(03)00106-X
http://dx.doi.org/10.1021/ja0398870
http://dx.doi.org/10.1021/ja0398870
http://dx.doi.org/10.1021/ja0398870
http://dx.doi.org/10.1002/cbic.200500010
http://dx.doi.org/10.1002/cbic.200500010
http://dx.doi.org/10.1002/cbic.200500010
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1093/nar/28.1.235
http://dx.doi.org/10.1111/j.1742-4658.2010.07810.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07810.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07810.x
http://dx.doi.org/10.1111/j.1742-4658.2010.07810.x
http://dx.doi.org/10.1006/jmbi.1997.1018
http://dx.doi.org/10.1006/jmbi.1997.1018
http://dx.doi.org/10.1006/jmbi.1997.1018
http://dx.doi.org/10.1006/jmbi.1997.1018
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1093/bioinformatics/bti770
http://dx.doi.org/10.1093/nar/gkn750
http://dx.doi.org/10.1093/nar/gkn750
http://dx.doi.org/10.1093/nar/gkn750
http://dx.doi.org/10.1002/jcc.21256
http://dx.doi.org/10.1002/jcc.21256
http://dx.doi.org/10.1002/jcc.21256
http://dx.doi.org/10.1002/hlca.200390321
http://dx.doi.org/10.1002/hlca.200390321
http://dx.doi.org/10.1002/hlca.200390321
http://dx.doi.org/10.1002/hlca.200390321
http://dx.doi.org/10.1002/cbic.200700012
http://dx.doi.org/10.1002/cbic.200700012
http://dx.doi.org/10.1002/cbic.200700012
http://dx.doi.org/10.1002/1439-7633(20020503)3:5%3C466::AID-CBIC466%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1439-7633(20020503)3:5%3C466::AID-CBIC466%3E3.0.CO;2-D
http://dx.doi.org/10.1002/1439-7633(20020503)3:5%3C466::AID-CBIC466%3E3.0.CO;2-D
www.chemistryopen.org

