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ABSTRACT

Inhibition of the biosynthesis of complex N-glycans in the Golgi apparatus is one of alternative ways
to suppress growth of tumor tissue. Eight N-benzyl substituted 1,4-imino-L-lyxitols with basic
functional groups (amine, amidine, guanidine), hydroxyl and fluoro groups were prepared, optimized
their syntheses and tested for their ability to inhibit several a-mannosides from the GH family 38
(GMlIIb, LManll and JBMan) as models for human Golgi and lysosomal a-mannoside 1. All
compounds were found to be selective inhibitors of GMIIb. The most potent structure bearing
guanidine group, inhibited GMIIb at the micromolar level (K; = 19+2 uM) while no significant
inhibition (>2 mM) of LManll and JBMan was observed. Based on molecular docking and pK,
calculations this structure may form two salt bridges with aspartate dyad of the target enzyme
improving its inhibitory potency compared with other N-benzyl substituted derivatives published in

this and previous studies.



1. INTRODUCTION

Iminosugars are naturally occurring mimics of glycosides that are able to inhibit various enzymes of
medicinal interest, such as glycosyltransferases and glycoside hydrolases." Glycoprocessing enzymes
are an interesting therapeutic target because they are responsible for the metabolism of complex
carbohydrate structures involved in many biochemical recognition processes. The iminosugars
therefore have attracted attention as lead candidates for a treatment of variety of diseases.'” The
iminosugars have the ring oxygen replaced with nitrogen which can be protonated under physiological
pH. The protonation of the amine is an important factor for inhibition properties of these glycoside
mimics and their biological activity is often attributed to protonated iminosugars that structurally
resembles oxocarbenium ion-like transition states that are anticipated during enzymatic hydrolysis and
synthesis of carbohydrates.®

The most common naturally occuring iminosugars possess a polyhydroxylated pyrrolidine core that
can be additionally annulated as in pyrrolizidines and indolizidines. Synthesis of both naturally
occurring iminosugars and their analogs provides a wide variety of structures and substituents that
give the compounds with different ability to inhibit glycoprocessing enzymes.**° The synthesis of
various derivatives having pyrrolidine core as interesting bioactive compounds is well
documented.™*? Many of them exhibited an inhibitory activity against a wide range of glycosidases.
For example, compounds having polyhydroxypyrrolidine cores were found to be potent inhibitors of

14-16

o-mannosidase,*® a-L-fucosidase,™* a-L-rhamnosidase,** a-glucosidase,'” human p-

glucocerebrosidase *® and B-glucosidase.'® These studies demonstrated a strong stereochemical impact
on potency of glycosidase inhibitors. The stereochemical factors are exemplified by the absence or
presence and stereochemistry of hydroxymethyl function, and stereochemistry of hydroxy groups
attached to the pyrrolidine unit. In particular, substituents at the positions C-1 and C-5 of the
iminosugar are often the key determinants of inhibitory potency and selectivity.

Natural alkaloid swainsonine [(1S,2R,8R,8aR)-trihydroxy-indolizidine] is known as a potent and
selective inhibitor of glycoside hydrolases from the GH family 38.%4% The effect of swainsonine on
oligosaccharide processing was also elucidated.? It binds reversibly to the active site of Golgi a-

mannosidase Il (GMII) (EC 3.2.1.114)* and thus modulates N-glycoprotein processing resulting in an



accumulation of hybrid type of N-glycans.”* The inhibition of N-glycan trimming in Golgi apparatus
affects tumor growth and metastasis. Therefore, swainsonine has attracted attention as a potential
anticancer agent.”**"? It was also well tolerated in clinical trials of short duration.?*?**° However,
swainsonine and all other known GH38 a-mannosidase inhibitors exhibit also a serious side effect. i.e.
they also inhibit broad-specificity GH 38 lysosomal a-mannosidase (LMan) (EC 3.2.1.24).%* This
limits their use as therapeutics due to an accumulation of mannose-containing oligosaccharides in

tissues and serum, and their appearance in urine.”*®

34-36 and

A series of our previously published articles on synthesis and evaluation of mannosides
polyhydroxylated pyrrolidine derivatives®’ led to a finding of the structural features required for a
selective GMII inhibitor. Evaluation on a model system of GMIIb enzyme (fruit fly Golgi a-
mannosidase 11)* has shown that such an inhibitor should comprise of a linker of benzyl type and
specific stereoconfiguration of hydroxyl and hydroxymethyl functional groups at the saccharide core.
Structural design of a lead inhibitor structure, N-benzyl 1,4-imino-L-lyxitol (30 in Figure 1), was
further developed and focused on the modification of the functional group at the position 4 on the
benzyl linker. The present paper reports a study of inhibitory properties of eight novel N-benzyl
substituted pyrrolidines on the GMIIb model system. Most of the derivatives synthesized in this work
would bear, at in vivo conditions, positive charge on a nitrogen atom of the aminobenzyl moiety. In
this way, the binding to the active site of GMII could be improved by forming salt bridges with active-

site ionizable amino acids (such as Asp270 and Asp340 in case of GMII,2#*** or Asp359 and Glu504

in the model system GMI1b) as it is discussed in this work based on results from molecular modeling.

2. RESULTS AND DISCUSSION

2.1. Chemistry

The synthesis of target 1,4-imino-L-lyxitols started from either dimesyl derivative 2 or amine 3
(Scheme 1). For both, optimized large scale synthesis started from D-ribose 1 has been published in

our previous paper.*’
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Scheme 1. Synthesis of the intermediates 2 and 3.

The cyclization of dimesylate 2 in neat p-xylylenediamine was conducted at 95 °C for'16 h and
provided 4-(aminomethyl)benzyl derivative 4 which was transformed to the corresponding
polyhydroxypyrrolidine 5 by a one-step removal of silyl and isopropylidene groups under acidic
conditions (6M HCI/MeOH) in moderate overall yield.

Primary amine 4 was also an intermediate used for coupling with [N,N’-bis(tert-butoxycarbonyl)]-1H-
pyrazole-1-carboxamidine*! with the aim to introduce guanidine function (Scheme 2). The reaction
proceeded slowly under conventional heating (50 2C/5h). Ultrasound irradiation of the reaction
resulted in a significant improvement of the reaction yield in shorter reaction time (50 °C/1h /85%,
TLC analysis). Subsequent deprotection of the crude product gave pyrrolidine 6 isolated as

hydrochloride in 77% yield (over 2 steps from 4).
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Scheme 2. Synthesis of the pyrrolidines 5 and 6.
Reagents and conditions: a) p-xylylenediamine, 95 °C, 16h, 63%; b) [N,N’-bis(tert-butoxycarbonyl)]-1H-pyrazole-1-carboxamidine, 50 °C,
1h, sonication; c¢) 6M HCI/MeOH 1:2 (v/v), rt, 16h, 5 (78%), 6 (77% in 2 steps).

A synthesis of all other compounds commenced from amine 3. The target pyrrolidine 9 with 4-

amidinobenzyl function was prepared in 3 steps in a high overall yield (Scheme 3). N-Alkylation of 3



with 4-cyanobenzyl bromide gave 7 almost quantitatively. Conversion of its nitrile function to amidine
with LIHMDS in Et,O proceeded slowly (20% vyield of the product after 5 days at room temperature
along with some side products as detected by TLC). Interestingly, ultrasound irradiation significantly
enhanced the reaction rate. A complete conversion of the starting material to the desired amidine
derivative 8 was achieved after 1hr at room temperature. One-step removal of all protective groups

afforded N-4-amidinobenzyl pyrrolidine 9 as hydrochloride.
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Scheme 3. Synthesis of the pyrrolidine 9.
Reagents and conditions: a) 4-CN BnBr, K,CO3;, DMF, 40 °C, 3h, 99%; b) LiIHMDS, Et,0, rt, 1h, sonication, 95%; c) 6M HCI/MeOH 1:2
(v/v), rt, 16h, 84%.

Another compound of this series was N-4-(2-aminoethyl)benzyl pyrrolidine 14 having one carbon
longer alkylamino chain at the position 4 of the benzyl moiety than 5 (Scheme 4). 2-(4-Bromomethyl-
phenyl)-acetamide 10* was synthesized from the corresponding acid in two steps (SOCI,/NHs) in an
improved yield (84% in comparison with 63%%) and was fully characterized by *H and *C NMR data.
Alkylation of 3 with 10 afforded N-substituted pyrrolidine 11 which was converted to nitrile derivative
12 by dehydration of amide group ((CF3;CO,)O/py) at low temperature. Subsequent transformation of
12 to amine was achieved by reduction with LiEtsBH. A yield of the desired N-4-(2-
aminoethyl)benzyl pyrrolidine 13 under conventional conditions was not satisfactory (LiEt;BH, THF,
0-°C, 4h, 38%). The reduction was therefore examined to be carried out under ultrasound irradiation.
In this way, the nitrile function of 12 was converted to the amine 13 much faster (45min) in a good

yield (69%). The target pyrrolidine 14 was obtained after acidic deprotection.
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Scheme 4. Synthesis of the pyrrolidine 14.
Reagents and conditions: a) 10, K,CO3;, DMF, 40 °C, 3h, 98%; b) (CF;CO),0, pyridine, - 35 °C, 2h, 99%; c) LiEt;BH, THF, 0-5 °C, 45 min,
sonication, 69%; d) 6M HCI/MeOH 1:2 (v/v), rt, 16h, 75%.

A synthesis of the 4-(silyloxy)benzyl bromide 17 is depicted in Scheme 5. Silylation of p-cresol gave
the silyl ether 16* in a quantitative yield. Its bromination under slightly modified conditions,
previously applied for synthesis of a very similar p-cresol derivative,** afforded the required bromide
17. The modification consisted in an application of chloroform and NBS/AIBN/ultrasound irradiation
at 66 °C instead of CCl, and benzoylperoxide/UV at 80 °C, led to a faster conversion and almost
quantitative yield of the product 17, which was used directly in the next step.
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Scheme 5. Synthesis of the bromide 17.
Reagents and conditions: a) TBDMSCI, imidazole, DMF, rt, 16h, 99%; b) NBS, AIBN, CHCls;, 66 °C, 40 min, sonication, 99%.

For a'synthesis of the pyrrolidines 18, 20, 22 and 23, amine 3 was combined with the corresponding
bromides (Scheme 6). Reduction of the nitrobenzyl derivatives 18 and 20 with SnCl, in EtOH at a
higher temperature (70 °C) provided aminobenzyl counterparts in low yields (10-25%). An application
of the same reduction conditions under ultrasound irradiation led to a significant increase in the
amines yield (69-83%). Alkylation of 3 with 4-fluorobenzyl bromide or 17 yielded 22 and 23,
respectively. Finally, one-step deprotection of 19 and 21-23 afforded the polyhydroxypyrrolidines 24-

27.
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Scheme 6. Synthesis of the pyrrolidines 24-27.

Reagents and conditions: a) RBr, K,COs, DMF, 40 °C, 3h, 18 (94%), 20 (96%), 22 (92%), 23 (63%); b) SnCl,, EtOH, 70 °C, 30 min,
sonication, 19 (69%), 21 (83%); c) 6M HCI/MeOH 1:2 (v/v), rt, 16h, 24 (82%), 25 (87%), 26 (64%), 27 (70%).

In summary, a series of N-benzyl polyhydroxypyrrolidines having various substituents at the benzyl
moiety was prepared. The presence of these groups with a different size and chemical properties is
important to study the interactions between the inhibitor and the active site of an enzyme (for more
details see the section 2.3. Molecular modeling).

Sonication was successfully applied in some steps of the synthesis to facilitate or improve the reaction
rate and conversion to desired products. This demonstrated that ultrasound irradiation® is an

alternative and efficient tool to get some compounds, which are otherwise hardly obtained or prepared

in an unsatisfactory yield under conventional conditions.

2.2. Enzyme assay

Eight N-benzyl substituted 1,4-imino-L-lyxitols 5, 6, 9, 14, 24-27 were evaluated against the class II o-
mannosidases GMIIb (a model of Golgi a-mannosidase Il from a fruit fly)®, LManll (a model of
lysosomal a-mannosidase from a fruit fly)® and JBMan (Jack bean a-mannosidase, the plant
homologue of the acidic class 11 mannosidases)*® from the GH38 family to investigate their ability to
selectively inhibit only the enzyme from Golgi apparatus. All tested pyrrolidines selectively inhibited
the target enzyme GMIIb with ICs values in a range from 42 uM to 155 uM. No significant inhibition
of LManll (or JBMan) was observed.

The pyrrolidines 5, 6, 9, 14, 24 and 25 have at the benzyl unit a functional group (amine, amidine or

guanidine) which can be protonated at the physiological pH (for more details see a discussion in the



section 2.3. Molecular modeling). Among them, the compound 9 with amidine function (ICs, = 155
puM) was found to be the weakest GMIIb inhibitor. The presence of amino function directly attached to
the benzyl unit led to a slight improvement in their inhibitory activity (1Cs, values of the compounds
24 and 25 was 125 uM and 142 uM, respectively). Attachment of primary amino function at the
benzyl moiety linked through a longer methyl or ethyl chain in the pyrrolidines 5 and 14 resulted in
mild increase in their potency, however, regardless the length of the aliphatic linker, the latter
compounds had almost the same activity (ICs, = 115 uM and 120 uM, respectively).

On the other hand, introduction of guanidine function resulted in the pyrrolidine 6 as the most potent
GMIIb inhibitor in this series. Its ICs, value of 42 uM was three times lower than that of its precursor
5, which was the most potent among the pyrrolidines having amine function. The inhibition constant
K; for 6 was 19 uM. Based on K; values, derivative 6 was an approximately three times more potent
GMIIb inhibitor than p-1 and p-Br benzyl pyrrolidines 28 and 29 (Figure 1 and Table 1) published in

our previous study.*’
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Figure 1. Structures of the pyrrolidines published by Sestak et al.*’

To understand better the potency of 28 and 29, p-F and p-OH benzyl substituted pyrrolidines 26 and
27 were synthesized. However, both were less potent inhibitors of the target GMIIb enzyme (ICx, =
129 and 152 uM) and their inhibitory properties weakened in the following order: p-1 ~ p-Br > p-F >
p-OH.

An important requirement on a GMII inhibitor is its selective inhibition of only Golgi a-mannosidase,
with reduced activity toward lysosomal mannosidases. All tested 1,4-imino-L-lyxitols exhibited
negligible efficiency toward LManll. The compounds were also tested with another GH38 enzyme, a-

mannosidase from Canavalia encifomis (JBMan, EC 3.2.1.24) which is widely used as a model for



acidic o-mannosidases.***"*"*® JBMan was inhibited very weakly by all pyrrolidines (1-8% inhibition
of JBMan at the 2 mM concentration of the inhibitors).

In summary, the potency and selectivity of the pyrrolidines 5, 6, 9, 14, 24 and 25 with ionizable
functional groups, in particular the most potent compound 6, is similar to p-halobenzyl pyrrolidines 28
and 29, which were previously shown®’ to exhibit the best activity against the target enzyme GMIIb.
This study demonstrates that the presence of ionizable NH, function at the benzyl unit of the inhibitor
had a certain impact on potency and binding of the inhibitor to the active site of distinct GH38
enzymes. Thus, an identification of the structure of appropriate substituent at the benzyl moiety may

be a way for improvement of the selectivity of the GMIIb inhibitor.

Table 1. Inhibition of class Il GH38 a-mannosidases (GMIIb, LManll and JBMan) by various N-benzyl substituted 1,4-imino-L-lyxitols.

ICs0 (Ki) in uM
Compound GMllb LManlI? JBMan?®
5 115418 n.i. n.i.
6 42+12 n.i. n.i.
(19+2)
9 155428 n.i. n.i.
14 120+22 n.i. n.i.
24 12515 n.i. n.i.
25 142+16 n.i. n.i.
26 129+11 n.i. n.i.
27 152425 n.i. n.i.
28 52+12 6100° n.i.be
(50+12)°
29 55+15 7500° n.i.be
(58+6)"
30 88+0.06 2700° n.i.”e
(760.13)"

n.i. - no inhibition or inhibition <10% at 2 mM
b 1Csp and K; values measured by Sestak et al.¥’
®no inhibition or inhibition <10% at 2 mM measured by Sestdk et al.¥



2.3. Molecular modeling

A series of N-benzyl substituted 1,4-imino-L-lyxitols with amine, amidine and guanidine groups were
proposed based on molecular docking as new candidates for selective GMII inhibitors. The design was
based on our previous work® in which a possible next inhibitor binding subsite in dGMII, consisted of
the dyad Asp340-Asp270, was tested in this study. A Schrddinger library of small fragments, derived
from molecules in the medicinal chemistry literature, was docked into both target enzyme (dGMII)
and the enzyme model for the unwanted co-inhibition (bLMan). The fragments were docked around
the dyad Asp340-Asp270 (dGMII) and the dyad Ser318-Asn262 (bLMan) to design ““a prolonged
arm” of a selective GMII inhibitor. The amidine and guanidine fragments provided best scoring for the
target enzyme and suitable geometry to connect them to N-benzyl polyhydroxypyrrolidine core of the
inhibitor. Based on these results, guanidine (6) and amine (14) derivatives were designed and
synthesized. Other amine and amidine derivatives (24, 25, 5 and 9) were also synthesized as possible
alternative structures to the proposed guanidine derivative. Firstly, the synthesized structures were
docked into the active site of dGMII, for-which a crystal structure is available. Then, the structures
were also docked into GMIIb, for which enzymatic assays were measured. The binding modes of the
docked inhibitors were similarly predicted, thus, only results of the most potent GMIIb inhibitor 6 of
the series will be described and discussed. As it can be seen in Figure 2, key contacts between the
docked inhibitor and-the enzyme were found with amino acid residues from a catalytic subsite (i.e.
Asp 92, Asp204, Asp341, Asp472, Trp95 and Zn?* ion in dGMII) and an another part of the active site
consisted of Arg228, Arg876, Asp340 and Asp270.

The interaction pattern of the pyrrolidine inhibitors with the catalytic subsite of dGMII is analogous

4950 and other known

with those found in crystal structures with nanomolar inhibitor swainsonine
inhibitors.***" The more potent inhibitors have showed to be ones with a longer aminoalkyl or
guanidine chains, as 5, 14 or 6. These structures seem to have tendency better to interact with Asp340-
Asp270 by means of a salt bridge compared with the inhibitors with the shorter chain (24, 25 or 9).
For example, distance between carbonyl oxygen of Asp270 and a hydrogen atom of ammonium group

of the inhibitor 14 was 2.01 A, while in 24 it was 3.51 A. The length of guanidine group attached at

the position 4 at the benzyl group of 6 is fitted best for interactions with the dyad Asp340-Asp270



where two salt bridges were indicated from the docking calculations (Figure 2). Indeed, 1Csy = 42 uM
(Ki=19 pM) of 6 was 3-5 times better compared with other structures. According to pK, calculations
(discussed in the next section pK, calculations) the guanidine prefers protonated guanidinium form,
thus, it could interact with the dyad Asp340-Asp270 by strong salt bridges. This interaction may be
less significant for derivatives with a shorter alkyl chain between benzyl and guanidine (or amine)
moieties of the inhibitor. It should be noted that in bLMan (the enzyme model for the unwanted co-
inhibition) Asp340-Asp270 is substituted by the less polar Ser318-Asn262 dyad and the salt bridges
between the guanidine moiety of the inhibitor and enzyme cannot be formed.

Because of enzyme assays were performed with the model enzyme GMIIb,**all inhibitors were also
re-docked into GMIIb (a homology model) to validate conclusions and docking results with dGMI|I
(crystal structure).”** In the case of GMIIb, docked inhibitors with longer guanidine (or amine) chain
preferred interaction with the Asp359-Glu504 dyad, while the shorter ones were not sufficiently close
to it to have a significant interaction. This again correlates well with the measured 1Cs values of the
tested compounds. However, it has to be noted that the position of Asp359-Glu504 in GMIIb does not
correspond with the above-mentioned Asp341-Asp270 in dGMII, and their positions in overlay are
shifted to Tyr267 of dGMII (Figure 2). Thus, the inhibition assays with fruit fly GMIlb will have to

be also validate with human GMII or a homologue of mammalian GMII in future.
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Figure 2. The structure 6 docked into the active-site of dGMII (PDB ID: 3BLB)***° and GMI1b (homology model). In both cases 6 interacts
with its guanidine moiety with a polar dyad (Asp270-Asp340 in dGMII and Asp359-Glu504 in GMIIb). For sake of clarity, hydrogen atoms
and some amino acid residues are omitted.

pK, calculations. It is known that pK, values of amino groups in iminosugars may differ from typical

values for amines.?*® Most structures synthesized in this study contains two ionizable groups, one in



the pyrrolidine ring and the other on the benzene ring. As it was proposed in our previous work®
different protonation forms of ionizable groups at the inhibitors or the active-site amino acids of the
enzyme may influence specific binding and preference toward the target enzyme. Therefore, pK,
values of ionizable groups in the inhibitors in water were calculated and compared with derivatives
and known GMII inhibitors calculated in previous studies.*”* The results are compiled in Table 2. In
all structures except for 24 and 25, the functional groups with nitrogen prefer protonation forms in pH
=7.In 24 and 25 the amine group attached directly to the benzene ring prefers neutral form in
accordance with known pKj, values of anilines. The pK, values for the pyrrolidine nitrogen in all
inhibitors were similar to the predicted and experimental values of natural products swainsonine and

1,4-dideoxy-1,4-imino-D-mannitol.

Table 2. Calculated pK, values in water for ionizable groups of the synthesized structures as well as of known GMII inhibitors, swainsonine
(SWA) and 1,4-dideoxy-1,4-imino-D-mannitol (DIM).

NH,*.
Hy™ >|<
+—Hy
Ho § PKa
HO OH in water (pH=7)
Compound Hn Hx
26 7.8
27 7.7
24 7.2 18
25 8.1 18
9 7.6 7.2
14 7.5 7.9
9 6.5 9.9
6 1.7 10.1
30 6.3°
SWA 78°
(7.5)
DIM 66"
(7.4

@ calculated pK, value by Sesték et al.>’
® calculated pK, value by Sladek et al.*
¢ experimentally measured pK, values. ©*



3. CONCLUSION

The series of 1,4-imino-L-lyxitols derivatives with a positively charged linker (amine, amidine and
guanidine functions) were synthesized and tested their ability to inhibit a-mannosides from the GH
family 38 of the fruit fly model system. The length of the charged linker correlated well with the
measured 1Cs; values. The pyrrolidine 6 with the longest chain showed the best inhibitory properties.
All tested 1,4-imino-L-lyxitols selectively bound to the target enzyme GMIIb with no significant
inhibition of lysosomal a-mannosidases (models LManll and JBMan). These results further verified
our previous study® that the stereo-configuration of multiple hydroxyl groups onthe pyrrolidine ring
tested as inhibitors in this and previous studies retains their selectivity properties toward Golgi a-
mannosidase I1b, and it may be a lead structure in development.of a selective inhibitor of human Golgi

a-mannosidase Il for an alternative treatment of cancer.

4. EXPERIMENTAL

4.1.General

TLC was performed on aluminiumsheets pre-coated with silica gel 60 F254 (Merck). Visualization
was achieved by immersing the plates into 10% solution of phosphomolybdic acid (PMA) in ethanol
followed by heating the plate. Flash column chromatography was carried out on silica gel 60 (0.040-
0.060 mm, Merck) with distilled solvents (hexanes, ethyl acetate, chloroform, methanol). All
commercially available reagents and anhydrous solvents were used as received. All reactions
containing sensitive reagents were carried out under an argon atmosphere. *H NMR and **C NMR
spectra-were recorded at 25 °C with the Bruker AVANCE |11 HD 400 and Bruker AVANCE IIl HDX
600 spectrometers. Chemical shifts are given in ppm (9) relative to residual signal of appropriate
deuterated solvent used (CDCls;, CDsOD). The ultrasonic bath USC-300TH was used for sonication.
Optical rotations were determined on a Jasco P-2000 polarimeter at 20 °C. High-resolution mass
spectra were recorded with an Orbitrap Elite (Thermo Scientific) mass spectrometer with ESI

ionization in positive mode.



4.2. General method for deprotection (Method A)

To a stirred solution of protected iminolyxitol in MeOH (3.5 mL / 0.1 mmol of iminolyxitol), 6 M HCI
(1.75 mL, 6 M HCI : MeOH 1:2, v/v) was added while cooling in an ice-water bath. After 15min., the
ice water bath was removed and the stirring was continued at rt for 16 h. Then, HCI was carefully
neutralized with solid Na,COs (1.5 eg. regarding HCI used). The resulting suspension was filtered, the
filter cake was washed with MeOH (10 mL) and the filtrate was evaporated to dryness. The residue
was again suspended in MeOH (30 mL), filtered and the filtrate was evaporated. The residue was

purified by column chromatography (CHCl3:MeOH + 0.5% (v/v) of concd..aqueous NHy).

4.3. General method for deprotection (Method B)

To a stirred solution of protected iminolyxitol in MeOH (3.5 mL / 0.1 mmol of iminolyxitol), 6 M HCI
(1.75 mL, 6 M HCI : MeOH 1:2, v/v) was added while cooling in an ice-water bath. After 15 min., the
ice water bath was removed and the stirring was continued at rt for 16 h. The solvent was evaporated.
The residue was redissolved in water (10‘mL) and washed with DCM (3 x 10 mL). Lyophilization of

the water layer gave desired product as hydrochloride.

4.4.1. N-4-Aminomethylbenzyl-1,4-dideoxy-1,4-imino-L-lyxitol (5).

Deprotection of 4(193 mg, 0.47 mmol) was carried out according to general procedure (Method A).
Purification of the crude product by column chromatography (CHCIl3:MeOH 7:1 — 5:1 + 0.5% (v/v)
of conc. aqueous NH;) afforded 5 (93 mg, 78%). Yellowish oil, [0]p®® + 17.1 (¢ 0.2, CH;0H). *H
NMR (400 MHz, CD:;0D): 6 7.36 (d, 2H, J = 8.1 Hz, Ar), 7.32 (d, 2H, J = 8.1 Hz, Ar), 4.26 (dd, 1H, J
= 5.1, 7.1 Hz, H-3), 4.08 (td, 1H, J = 3.0, 5.2 Hz, H-2), 3.97 (d, 1H, J = 13.1 Hz, NCH.Ph), 3.81 (s,
2H, CH,;NHy), 3.73 (dd, 1H, J=5.3, 11.1 Hz, H-5'), 3.66 (dd, 1H, J = 3.6, 11.1 Hz, H-5), 3.53 (d, 1H,
J =13.1 Hz, NCH,Ph), 2.88 (dd, 1H, J= 3.0, 10.6 Hz, H-1'), 2.84 (ddd, 1H, J = 3.6, 5.2, 7.1 Hz, H-4),
2.56 (dd, 1H, J = 5.3, 10.6 Hz, H-1). *C NMR (100 MHz, CD;0OD): § 142.3 (Ar), 138.7 (Ar), 130.4
(Ar), 128.4 (Ar), 73.7 (C-3), 71.5 (C-2), 67.6 (C-4), 60.9 (C-5), 60.0 (NCH,Ph), 59.1 (C-1), 46.4

(CH3NH,). HRMS (ESI-MS): m/z: calcd for [C13H20N,03]H": 253.1552, found: 253.1545.



4.4.2. 1,4-Dideoxy-N-4-guanidinomethylbenzyl-1,4-imino-L-lyxitol.HCI (6).

The compound 4 (117 mg, 0.25 mmol) was dissolved in mixture of THF/DMF (9 mL, 2:1, v/v) and
N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine (86 mg, 0.28 mmol) was added. The
mixture was sonicated at rt for 1h. Then, the solvent was evaporated, the residue was redissolved in
DCM (15 mL) and tris-(2-aminoethyl)amine polystyrene resin was added to scavenge the excess of
N,N’-bis(tert-butoxycarbonyl)-1H-pyrazole-1-carboxamidine. The resulting suspension was stirred at
rt for 5 days. The resin was filtered off and the solvent was removed. The crude product was
deprotected according to general procedure (Method B) to give 6 as HCI salt (65 mg, 77% after 2
steps). Colorless oil, [a]p® + 10.4 (c 0.25, CH;OH). *H NMR (400 MHz, CD;0D):  7.62 (d, 2H, J =
8.1 Hz, Ar), 7.46 (d, 2H, J = 8.0 Hz, Ar), 4.70 (d, 1H, J = 12.9 Hz, NCH,Ar), 4.48 (s, 2H, ArCH,-
guanidine), 4.42-4.35 (m, 3H, H-2, H-3, NCH,Ar), 4.02 (dd, J=8.0, 12.2 Hz, 1H, H-5'), 3.87 (dd, J =
4.2,12.3 Hz, 1H, H-5), 3.80 (ddd, J = 3.6, 5.3, 7.2 Hz, 1H, H-4), 3.43 (dd, J = 5.5, 11.8 Hz, 1H, H-1"),
3.25 (dd, J = 5.0, 12.0 Hz, 1H, H-1). *C NMR (100 MHz, CD30D): & 158.8 (NH-C(=NH)(NH,)),
139.9 (Ar), 132.9 (Ar), 131.0 (Ar), 129:1 (Ar), 72.1 (C-3), 71.5 (C-4), 70.4 (C-2), 60.6 (NCH,Ar),
59.4 (C-5), 57.0 (C-1), 45.4 (CH-NH-C(=NH)(NH)). HRMS (ESI-MS): m/z: calcd for

[C14H2N4O3]H™: 295.1770, found: 295.1765.

4.4.3. N-4-Amidinobenzyl-1,4-dideoxy-1,4-imino-L-lyxitol. HCI (9).

Deprotection of 8 (200 mg, 0.48 mmol) carried out according to general procedure (Method B)
afforded 9 as hydrochloride (106 mg, 84%). Brown oil, [a]p® + 8.7 (¢ 0.25, CH;OH). *H NMR (400
MHz, CD;OD): & 7.94 (d, 2H, J = 8.5 Hz, Ar), 7.88 (d, 2H, J = 8.5 Hz, Ar), 4.84 (d, 1H, J = 13.0 Hz,
NCH,Ar), 4.54 (d, 1H, J = 13.0 Hz, NCH,Ph), 4.46-4.44 (m, 2H, H-2, H-3), 4.08 (dd, 1H, J = 8.2,
12.2 Hz, H-5'), 3.93 (dd, 1H, J = 4.2, 12.2 Hz, H-5), 3.90-3.85 (m, 1H, H-4), 3.48 (dd, 1H, J = 5.7,
12.3 Hz, H-1'), 3.31 (dd, 1H, J = 4.7, 12.3 Hz, H-1). ®*C NMR (100 MHz, CDs0D): 5 167.8 (H,N-
C=NH), 137.4 (Ar), 133.3 (Ar), 131.0 (Ar), 129.8 (Ar), 72.1, 72.1, 70.5 (C-2, C-3, C-4), 60.2
(NCH,Ph), 59.5 (C-5), 57.4 (C-1). HRMS (ESI-MS): m/z: calcd for [C1sH1sNsOs]H*: 266.1504.

Found: 266.1500.



4.4.4. N-4-(2-Aminoethyl)benzyl-1,4-dideoxy-1,4-imino-L-lyxitol (14).

Deprotection of 13 (101 mg, 0.24 mmol) was carried out according to general procedure (Method A).
Purification of the crude product by column chromatography (CHCl3:MeOH 1:0 — 5:1 + 0.5% v/v of
conc. aqueous NHj) afforded 14 (47 mg, 75%). Yellow oil, [a]p™ + 27.2 (¢ 0.25, CH;OH). *H NMR
(600 MHz, CD;0D): & 7.32 (d, 2H, J = 7.9 Hz, Ar), 7.20 (d, 2H, J = 8.0 Hz, Ar), 4.26 (dd, 1H, J = 5.1,
7.1 Hz, H-3), 4.07 (td, 1H, J = 3.0, 5.2 Hz, H-2), 3.95 (d, 1H, J = 13.1 Hz, NCH,Ar), 3.70 (dd, 1H, J =
5.4, 11.1 Hz, H-5'), 3.62 (dd, 1H, J = 3.5, 11.1 Hz, H-5), 3.50 (d, 1H, J = 13:1 Hz; NCH,Ar), 2.92 (t,
2H, J = 7.3 Hz, CH,CH,NH,), 2.87 (dd, 1H, J = 3.0, 10.6 Hz, H-1'), 2.83 (ddd, 1H, J = 3.6, 5.4, 7.2,
Hz, H-4), 2.79 (t, 2H, J = 7.3 Hz, CH,CH,NH)), 2.55 (dd, 1H, J = 5.210.6, Hz, H-1). *C NMR (150
MHz, CD;OD): & 139.4 (Ar), 138.0 (Ar), 130.5 (Ar), 129.7 (Ar), 73.7 (C-3), 71.5 (C-2), 67.7 (C-4),
60.8 (C-5), 60.0 (NCH,ATr), 59.1 (C-1), 43.8 (CH,CH,NH)), 38.9 (CH,CH,NH,). HRMS (ESI-MS):

m/z: calcd for [C14H2N,O3]H™: 267.1703, found: 267.1703.

4.4.5. N-4-Aminobenzyl-1,4-dideoxy-1,4-imino-L-lyxitol (24).

Deprotection of 19 (109 mg, 0.28 mmol) was carried out according to general procedure (Method A).
Purification of the crude product by column chromatography (CHCl3:MeOH 7:1 — 5:1 + 0.5% v/v of
conc. aqueous NH3) gave 24 (54 mg, 82%). Yellowish oil, [a]p”® - 25.7 (¢ 0.2, CH;OH). *H NMR (400
MHz, CD;0D): & 7.22 (d, 2H, J = 8.4 Hz, Ar), 6.75 (d, 2H, J = 8.4 Hz, Ar), 4.32-4.22 (m, 3H, H-2, H-
3, NCH,Ar), 4.01 (d, 1H, J = 12.8 Hz, NCH,Ar), 3.91 (dd, 1H, J = 6.7, 11.9 Hz, H-5"), 3.84 (dd, 1H, J
= 4.8, 11.9 Hz, H-5), 3.48-3.46 (M, 1H, H-4), 3.16 (d, 2H, J = 5.2 Hz, H-1, H-1'). *C NMR (100
MHz, CD;0D): & 150.3 (Ar), 132.9 (Ar), 116.1 (Ar), 72.62 (C-3), 70.7 (C-2), 69.4 (C-4), 60.5
(NCH,Ar), 59.7 (C-5), 57.0 (C-1). HRMS (ESI-MS): m/z: calcd for [C1,H1sN,03]H™: 239.1395, found:

239.1390.

4.4.6. N-3-Aminobenzyl-1,4-dideoxy-1,4-imino-L-lyxitol (25).



Deprotection of 21 (107 mg, 0.27 mmol) was carried out according to general procedure (Method A).
The crude product was purified by column chromatography (CHCI;:MeOH 7:1 — 5:1 + 0.5% v/v of
conc. aqueous NH3) to obtain 25 (56 mg, 87%). Yellowish oil, [0]p™ + 5.1 (¢ 0.2, CH;0H). *H NMR
(600 MHz, CD;0OD): § 7.07 (t, 1H, J = 7.7 Hz, Ar), 6.76 (s, 1H, Ar), 6.70 (d, 1H, J = 7.5 Hz, Ar), 6.65
(dd, 1H,J=1.3, 7.9 Hz, Ar), 4.25 (dd, J =5.2, 7.0 Hz, 1H, H-3), 4.07 (td, 1H, J = 3.2, 5.1 Hz, H-2),
3.87 (d, 1H, J = 13.0 Hz, NCH,Ar), 3.73 (dd, 1H, J =5.4, 11.1 Hz, H-5"), 3.66 (dd, 1H,J = 3.5, 11.1
Hz, H-5), 3.45 (d, 1H, J = 13.0 Hz, NCH,Ar), 2.92 (dd, 1H, J = 2.9, 10.7 Hz, H-1"), 2.85 (ddd, 1H, J =
3.6, 5.3, 7.0 Hz, H-4), 2.59 (dd, 1H, J = 5.3, 10.7 Hz, H-1). *C NMR (150 MHz, CD,0D): § 148.6
(Ar), 140.4 (Ar), 129.9 (Ar), 120.3 (Ar), 117.5 (Ar), 115.6 (Ar), 73.7 (C-3), 71.5 (C-2), 67.6 (C-4),
60.7 (C-5), 60.4 (NCHAr), 59.0 (C-1). HRMS (ESI-MS): m/z: calcd for [C1,H1sN,O35]H": 239.1396,

found: 239.1392.

4.4.7. 1,4-Dideoxy-N-4-fluorobenzyl-1,4-imino-L-lyxitol (26).

Deprotection of 22 (195 mg, 0.49 mmol) was carried out according to general procedure (Method A).
The crude product was purified by column chromatography (CHCI3:MeOH 7:1 — 5:1 + 0.5% v/v of
conc. aqueous NH;) to give 26 (76 mg, 64%). Colorless oil, [0]p™ + 71.4 (¢ 0.25, CH;OH). 'H NMR
(400 MHz, CD;0D) §7.42- 7.38 (m, 2H, Ar), 7.09-7.03 (m, 2H, Ar), 4.28 (dd, 1H, J =5.0, 7.1 Hz, H-
3), 4.10 (td, 1H,J =3.1, 5.1 Hz, H-2), 4.00 (d, 1H, J = 13.2 Hz, NCH,Ar), 3.74 (dd, 1H, J = 5.2, 11.2
Hz, H-5'),3.67 (dd, 1H, J = 3.7, 11.2 Hz, H-5), 3.55 (d, 1H, J = 13.2 Hz, NCH,Ar), 2.92-2.84 (m, 2H,
H-1; H-4), 2.58 (dd, 1H, J = 5.2, 10.6 Hz, H-1). *C NMR (100 MHz, CDsOD): & 163.5 (d, J = 243.8
Hz, Ar), 135.7 (d, J = 3.2 Hz, Ar), 132.0 (d, J = 8.0 Hz, Ar), 115.9 (d, J = 21.5 Hz, Ar), 73.7 (C-3),
71.5 (C-2), 67.8 (C-4), 60.8 (C-5), 59.5 (NCH,Ar), 58.5 (C-1). HRMS (ESI-MS): m/z; calcd for

[C12H1sFNO3]H™: 242.1187, found: 242.1186.

4.4.8. 1,4-Dideoxy-N-4-hydroxybenzyl-1,4-imino-L-lyxitol (27).
Deprotection of 23 (107 mg, 0.21 mmol) was carried out according to general procedure (Method A).

The crude product was purified by column chromatography (CHCl3:MeOH 1:0 — 5:1 + 0.5% v/v of



conc. aqueous NHj) to give 27 (35 mg, 70%). Colorless oil, [0]p” - 46.5 (¢ 0.25, CH;0H). '"H NMR
(600 MHz, CD;0OD): & 7.28 (d, 2H, J = 8.5 Hz, Ar), 6.82 (d, 2H, J = 8.6 Hz, Ar), 4.31 (dd, 1H, J = 4.6,
6.4 Hz, H-3), 4.26 (d, 1H, J = 13.0 Hz, NCH,Ar), 4.22 (dt, 1H, J = 2.8, 6.4 Hz, H-2), 3.95 (d, 1H, J =
13.0 Hz, NCH,Ar), 3.86 (dd, 1H, J = 6.2, 11.8 Hz, H-5'), 3.80 (dd, 1H, J = 4.7, 11.8 Hz, H-5), 3.38
(dd, 1H, J = 5.6, 10.6 Hz, H-4), 3.11 (dd, 1H, J = 4.6, 11.5 Hz, H-1'), 3.05 (dd, 1H, J = 5.5, 11.5 Hz,
H-1). ®*C NMR (150 MHz, CDs;OD): § 159.4 (Ar), 133.0 (Ar), 125.0 (Ar), 116.6 (Ar), 72.7 (C-3), 70.8
(C-2), 69.3 (C-4), 60.1 (NCHAr), 59.8 (C-5), 57.4 (C-1). HRMS (ESI-MS): m/z: calcd for

[C12H17NO4]H+: 2401230, found: 240.1227.

4.5. Enzyme assays with Class II a-Mannosidases (GH family 38).

The isolation and purification of recombinant Drosophila melanogaster Golgi (GMIIb) and lysosomal
(LManlI) a-mannosidases was carried out as already described.* The a-mannosidase from Canavalia
ensiformis (Jack bean) (JBMan) was purchased from Sigma. The mannosidase activity of these
enzyme preparations were measured using p-nitrophenyl-a-D-mannopyranoside (pNP-Man; Sigma;
100 mM stock in dimethylsulphoxide) as a substrate at the 2 mM final concentration in 50 mM acetate
buffer at the relevant previously-defined optimal pH) (JBMan at pH 5.0, GMIIb at pH 6.0, and LManll
at pH 5.2) and 0.5 pL of the enzyme (0.05 pg of protein for JBMan), in a total volume of 50 pL for 1-2
h at 37 °C. GMIIb was assayed in the presence of 0.5 mM CoCl..

The pyrrolidines.5, 6, 9, 14, 24-27 used in enzyme assays were lyophilized before the use. The
inhibitors 5, 6, 9, 14, 24-27 were preincubated with the enzyme in the buffer for 5 min at rt and the
reaction was started by addition of the substrate. The reactions were terminated with two volumes (0.1
mL) of 0.5 M sodium carbonate and the production of p-nitrophenol was measured at 405 nm using a
multimode reader Mithras LB943 (Berthold Technologies). The average or representative result of
three independent experiments made in duplicate is presented. The 1Cs, value was determined with 2
mM pNP-Man. The K; values were determined from Dixon plots of assays performed with pNP-Man

at the indicated concentration (0.5 mM - 4 mM).



4.6. Molecular modeling
Docking with Glide. The crystal structures of dGMII (PDB ID: 3BLB),***° bLMan (PDB ID: 107D)*
and homology model of GMIIb were used as 3-D enzyme models of human GMII for docking of

62,63

synthesized pyrrolidines with the GLIDE program™° of the Schrddinger package. Protonation states
of amino acid residues of enzymes were calculated for the pH = 6.0 + 1 (dGMII and GMIIb)and 4.5 +
1 (bLMan) by the Protein Preparation Wizard of the Schrodinger package.* For docking with dGMI|
all molecules of water at the active site of dGMII were deleted except one (WAT 1820, numbering
according to PDB ID: 3BLB). This water has been shown to be conserved in-crystal structures of
dGMII either with intact substrates or inhibitors.“****" In all docking calculations the catalytic acid
(Asp341 in case of dGMII, Asp431 in GMIIb and Asp319 in blMan) was modelled in the protonated
form in accordance with its catalytic role as a general acid. The receptor box for the docking
conformational search was centered at the Zn** ion co-factor at the bottom of the active site with a size
of 39x39x39 A using partial atomic charges for the receptor from the OPLS2005 force field except for
the Zn®* and side chains of His90, Asp92; Asp204, Arg228, Tyr269, Asp341 and His471 (analogous
residues were selected for GMIIb and bLLMan). For these structural fragments the charges were
calculated at the quantum mechanics level with the DFT (Density Functional Theory) method (MO06-
2X)® using a hybrid quantum mechanics/molecular mechanics (QM/MM) model (M06-
2X/LACVP**:0PLS2005) with the QSite®®® program of the Schrodinger package. The grid maps
were created with no Van der Waals radius and charge scaling for the atoms of the receptor. Flexible
docking in standard (SP) precision was used. The partial charges of the ligands were calculated at the
DFT level (M06-2X/LACVP**) using the Jaguar program® of the Schrodinger package. The potential
for nonpolar parts of the ligands was softened by scaling the VVan der Waals radii by a factor of 0.8 for
atoms of the ligands with partial atomic charges less than specified cut-off of 0.15. The 5000 poses
were kept per ligand for the initial docking stage with scoring window of 100 kcal mol™ for keeping
initial poses; the best 400 poses were kept per ligand for energy minimization. The ligand poses with
RMS deviations less than 0.5 A and maximum atomic displacement less than 1.3 A were discarded as

duplicates. The post-docking minimization for 10 ligand poses with the best docking score was



performed and optimized structures were saved for subsequent analyses using the MAESTRO®
viewer of the Schrédinger package.

Homology modeling. A 3-D model of GMIIb based on a sequence (UniProtKB — 097043) was built
using the Modeller9v2 program.™

pKa calculations. The pK, values of ligands in water were calculated at the quantum mechanics level
including empirical corrections from the pK, prediction module™ of the Jaguar program®® of the

Schrodinger package.
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Highlights

N-Benzyl substituted 1,4-imino-L-lyxitols are selective GMIIb inhibitors
The most potent structure bears guanidine group (K; = 19£2 uM, GMIIb)

Two salt bridges with aspartate dyad of the target enzyme improve inhibitor potency
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