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Abstract

Development of effective inhibitors of Golgi α-manosidase II (GMII, E.C.3.2.1.114) with minimal 

off-target effect toward lysosomal α-manosidase (LMan, E.C.3.2.1.24) is a complex task due 

to complicated structural and chemical nature of their active sites. The pKa values (and also 

protonation forms in some cases) of several ionizable amino acids, as Asp, Glu, His or Arg 

of enzymes, can be changed upon the binding of the inhibitor. Moreover, GMII and LMan 

work at different pH conditions. The pKa calculations on large enzyme-inhibitor complexes 

as well FMO-PIEDA energy decomposition analysis were performed on structures of selected 

inhibitors obtained from docking and hybrid QM/MM calculations. The used inhibitors derived 

from imino-D-lyxitol were synthesized in this work. Based on the calculations a role of amino 

group incorporated in the ring of the inhibitor and some ionizable amino acids of Golgi-type 

(Asp270-Asp340-Asp341 of Drosophila melanogaster α-manosidase dGMII) and lysosomal-type 

enzymes (His209-Asp267-Asp268 of Canavalia ensiformis α-manosidase, JBMan) were explained 

in connection with the inhibitory properties of the imino-D-lyxitols. The pyrrolidine ring of the 

imino-D-lyxitols prefer at the active site of dGMII the neutral form while in JBMan the protonated 

form. In opposite, imino-L-lyxitols preferred the protonation form in both enzymes. The 

calculations indicate that the binding mechanism of inhibitors to the active-site of α-manosidases 

can differ going from one to other structural type of the inhibitors. This could allow to design 

selective inhibitors of GMII and tune their potency.

A series of novel synthetic N-substituted imino-D-lyxitols have were evaluated with four enzymes 

from the glycoside hydrolase GH-38 family (two of Golgi-type, Drosophila melanogaster GMIIb 

and Caenorhabditis elegans AMAN-2, and two of lysosomal-type, Drosophila melanogaster 
LManII and Canavalia ensiformis JBMan, enzymes). The most potent structures [N-9-

amidinononyl and N-2-(1-naphtyl)ethyl derivatives] inhibited GMIIb (Ki = 40 nM) and AMAN-2 
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(Ki = 780 nM) with a weak selectivity index (SI) toward Golgi-type enzymes of IC50(LManII)/

IC50(GMIIb) = 27 or IC50(JBMan)/IC50(AMAN-2) = 86. On the other hand, weaker micromolar 

inhibitors, as N-2-naphtylmethyl or 4-iodobenzyl derivatives [IC50(GMIIb) = 2.4 μM and IC50 

(AMAN-2) = 7.6 μM], showed a significant SI in a range from 111 to 812.

Keywords

pyrrolidine; Golgi mannosidase; glycosidase inhibitor; pKa; QM/MM calculations; FMO-PIEDA 
analysis

1 Introduction

Swainsonine [(1S,2R,8R,8aR)-trihydroxy-indolizidine, Figure 1] is a natural alkaloid which 

interferes with the glycosylation pathway where it specifically inhibits glycoside hydrolases 

from the family 38 (GH38).1–6 Swainsonine has attracted attention as a potential anticancer 

agent as it inhibits tumor growth and metastasis, augments natural killer and macrophage-

mediated tumor cell killing, and stimulates bone marrow cell proliferation.7–9 Inhibitors 

of the GH38 enzymes are potential cancer therapeutics, but their usefulness is limited 

by off-target toward lysosomal α-manosidase. Recently, selective inhibitors of GMII were 

prepared and tested in enzyme assays (Figure 1).10–13 Development of an effective GMII 

inhibitors was reviewed in detail.14–16 Other class of promising α-glycosidase inhibitors are 

multivalent compounds17, 18 and allosteric-site inhibitors.19

Golgi α-mannosidase II (GMII, E.C.3.2.1.114), a transmembrane protein encoded by 

MAN2A1 gene,20 catalyzes sequential trimming of two mannosyl residues from high-

mannose N-glycans (from GlcNAcMan5GlcNAc2 to GlcNAcMan3GlcNAc2) in biosynthesis 

of complex N-glycans in Golgi apparatus.3 It is retaining glycoside hydrolase from the 

GH38 family and catalysis involves sequential hydrolysis of 1,3- and 1,6-α-glycosidic bond 

in a double displacement SN2 mechanism via a covalent glycosyl-enzyme intermediate 

with a catalytic nucleophile.21, 22 As it was found in X-ray structures of complexes of 

recombinant Drosophila melanogaster Golgi α-mannosidase II (dGMII) with intact sugar 

substrates a large active site of dGMII consists of three sugar-binding sites: the catalytic, 

holding, and anchor sites. dGMII works almost at neutral pH conditions (pH = 6) and needs 

Zn2+ ion co-factor for catalytic activity. The co-factor resides at the bottom of the catalytic 

site and is in octahedral coordination with four amino acid residues (side chains of His90, 

Asp92, Asp204, His471) and with two hydroxyl group of a bidentate ligand (a terminal 

mannose unit of the substrate or an inhibitor).

Lysosomal α-mannosidase II (LMan, E.C.3.2.1.24), encoded by MAN2B1 gene, belongs 

to the same GH38 family as GMII.20 It is the broad-specific and hydrolyzes 1,2- and 1,3- 

and 1,6- α-glycosidic bond in catabolic degradation of high-mannose, hybrid and complex 

type N-glycans in lysosomes. Lysosomal α-mannosidases retains a high degree of sequence 

similarity to Golgi α-mannosidases despite a significantly broader substrate specificity and 

lower pH optimum (pH = 4.5 for lysosomal enzymes versus pH = 6 for Golgi enzymes).3 

Based on available X-ray structures of GH38 enzymes, dGMII,23–28 bovine lysosomal α-

mannosidase II (bLMan)29 and plant Jack bean α-mannosidase (JBMan),30 the active sites 
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of Golgi and acidic α-mannosidases are structurally identical approximately 6 Å around 

the Zn2+ ion.14, 19 However, protonation forms of ionizable amino acids, as Asp, Glu, His 

or Arg, are not known for these enzymes from X-ray data. Because the enzymes work at 

different pH conditions the amino acid residues placed in the same position in the active 

sites of the enzymes do not have to have the same protonation form. It is also not known 

which of amino acid residues can change protonation form upon binding of the inhibitor to 

the active site of the enzyme. Most potent α- mannosidase inhibitors are structurally derived 

from indolizidines and pyrrolidines.15 Although amino groups of these heterocyclic rings 

prefer protonated form (pKa > 7) in aqueous solution,31 it is not clear whether they prefer 

this protonation form upon binding to Golgi (at pH = 6) and lysosomal type α-mannosidases 

(at pH = 4.5). The previous pKa calculations11, 32 on complexes dGMII:inhibitor and 

bLMan:inhibitor have shown that some inhibitors prefer the protonated form at the active 

site of the enzymes and others prefer the neutral one. Moreover, pKa values for some 

inhibitors bound in dGMII were shifted to lower values compared with those measured (or 

calculated) in aqueous solution. For example, nanomolar GMII inhibitor swainsonine has 

shifted its pKa = 7.5 (in aqueous solution) to 5.0 bound in complex with dGMII. Thus, 

swainsonine may change protonation form to neutral one upon binding to GMII (at pH = 6). 

In bLMan29 for bound swainsonine the calculated pKa had a similar value11 compared with 

the value in aqueous solution. Thus, swainsonine may prefer the protonation form at bLMan. 

It should be noted that for the protonated form of the inhibitors, only a stereo configuration 

at which proton is attached on amino group on the same side of the ring as other attached 

hydroxyl groups presents a biologically active configuration (Figure 2). In this configuration 

a small hydrogen atom is bound at the bottom of the active site (where Asp204 and Zn2+ ion 

reside) and a bulky R-group attached on the opposite side of the inhibitor ring is oriented 

outward the active site (see also Figure 3). Similarly, for the neutral form of the inhibitor, 

only a configuration with a bulky R-group oriented outward the active site (and non-bonding 

electron pair on a nitrogen atom of the amino group oriented below the ring plane) 

may tightly bound to the active site of α-mannosidases presenting the biologically active 

configuration. For derivatives lacking N-substitution as 1,4-dideoxy-1,4-imino-D-mannitol 

(DIM) or 6-deoxy-DIM (Figure 1) both stereo-configurations (with hydrogen up or below 

the pyrrolidine ring) may present biologically active forms of the α-mannosidase inhibitors.

In this work, a series of synthetic N-substituted imino-D-lyxitols (N-substituted 

polyhydroxypyrrolidines) were evaluated with four enzymes from the glycoside hydrolase 

GH- 38 family (two of Golgi-type, Drosophila melanogaster GMIIb and Caenorhabditis 
elegans AMAN-2, and two of lysosomal-type, Drosophila melanogaster LManII and 

Canavalia ensiformis JBMan, enzymes). The structures of N-substituents of imino-D-

lyxitols were selected based on potent and selective N-substituted imino-L-lyxitols11–13 (the 

structures 4, 6, 9, 16, 21, 25 and 26), while structures 17-19 [N-(2-naphtyl)methyl-, N-2-(1-

naphtyl)ethyl- and N-cyclohexyl-) were designed with the aim of molecular modeling. To 

understand a mechanism of selective binding of inhibitors to GMII, molecular docking, 

hybrid quantum mechanics/molecular mechanics (QM/MM) and pKa calculations on large 

enzyme-inhibitor complexes and fragment molecular orbital (FMO) pair interaction energy 

decomposition analysis (PIEDA) of active-site clusters were performed for both enzymes, 

the target Golgi-type as well as the off-target lysosomal-type α-mannosidase.
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2 Results and Discussion

2.1 Molecular modeling

Molecular docking and QM/MM geometry optimization. The X-ray structure of dGMII 

(PDB ID: 3BLB)23, 33 was used as a model of Golgi α-mannosidase II because of 

high sequence identity and similarity14 of the active site with human (hGMII), and 

Caenorhabditis elegans Golgi α-mannosidase34 (AMAN-2, used in inhibitory assays in this 

work). In Figure S1 of Electronic Supplementary Information (ESI) it is shown a high 3-D 

structural identity between the active sites of dGMII (PDB ID: 3BLB) and AMAN-2 (built 

homology model). For a model of lysosomal α-mannosidase, an X-ray structure of plant 

JBMan (PDB ID: 6B9P)30 was used.

Because protonation forms of ionizable amino acid residues of dGMII and JBMan and their 

bound iminolyxitol ligands (amino group of the pyrrolidine ring of the inhibitor) in X-ray 

structures are not known, the pKa calculations were performed for selected X-ray structures 

as well as for complexes dGMII:inhibitor and JBMan:inhibitor (geometries obtained from 

molecular docking, Tables S1 and S2 of ESI). According the calculations all inhibitors 

prefer the protonated form in JBMan (working at acidic pH = 4.5, the calculated pKa values 

of inhibitors ranges from 7.4-8.6). For dGMII a situation is more ambiguous. Although 

the neutral form was preferred for all bound inhibitors (pKa = 4.6 – 5.7), for some 

docked structural conformations the protonated form was also preferred (pKa = 7.5-7.8). 

(For every inhibitor two conformations were selected from molecular docking, for more 

details see the Experimental section). To get more accurate results, for the inhibitor 18 
[N-2-(1-naphtyl)ethyl-D-lyxitol] several configurations, in which the protonation form of 

the catalytic acid (Asp341 in dGMII and Asp268 in JBMan) and the bound inhibitor were 

altered (neutral Ash0 versus ionized Asp-, neutral inhibitor I0 versus protonated I+), were 

calculated. In addition, two conformations of the pyrrolidine ring of the inhibitor (E1 versus 
2E) found in X-ray structures of dGMII with pyrrolidines28, 35, 36 and indolizidines,23, 27, 33, 

and also found by molecular docking, were consider for next pKa calculations. In this case, 

pKa calculations were performed on optimized QM/MM geometries. The theoretical results 

are compile in Table 1.

The above-mentioned form of the structure 18 were docked into the active site of dGMII 

and JBMan in different protonation forms of the pyrrolidine ring (neutral versus protonated) 

to see whether or not the protonization changes a binding manner of the inhibitor. As 

can be seen in Figure S2 of ESI, both forms of 18 bind in the active site of dGMII and 

JBMan in similar manner, however, some subtle structural differences were found. In the 

protonated form the pyrrolidine ring of the inhibitor is tightly bound at the bottom of the 

active site where Zn2+ ion and Asp204 are localized. Distances d(N1+
I-Zn2+) = 4.27 Å 

and d(N1+
I-OAsp204) = 3.02 Å for the protonated form of the inhibitor are slightly shorter 

compared to those distances of the neutral form of the bound inhibitor [d(N1I-Zn2+) = 4.29 

Å and d(N1I-OAsp204) = 3.05 Å, dGMII].

To confirm this structural trend a more accurate calculations at the QM/MM level were 

performed for the complexes (enzyme:inhibitor). Again the protonated inhibitor is more 

tightly bound to the active sites of both dGMII and JBMan. The monitored interatomic 
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distances, d(N1I-Zn2+), d(N1I-O-
Asp204) and d(C5I-Zn2+) calculated at the QM/MM level 

are compiled in Table 1. As can be seen from this geometric parameters, the differences 

between the binding of the neutral and protonated forms of 18 to dGMII are very small. 

We have concluded that both neutral and protonation forms of the inhibitor are allowed for 

binding into the active site of dGMII. On the other hand, the differences in binding of 18 to 

JBMan is more apparent, i.e. the protonated form of the inhibitor binds to the active site of 

JBMan much more tightly and may be preferred. This finding is in an agreement with pKa 

calculations (discussed in next section) which predicted the protonated form of the bound 

inhibitor as preferable only in JBMan and the neutral one only in dGMII. In conclusion 

for the inhibitor 18, its protonation form is more important for a tight binding to JBMan 

(which works in acidic conditions in lysosomes), while for dGMII (which resides in almost 

neutral Golgi) both neutral and protonated forms can bind tightly to the active site. From 

the docking structures and their optimized QM/MM geometry, the preferable conformation 

of the protonated pyrrolidine ring was E1 (or E1/2E) while for the neutral form both E1 and 
2E (or 2E/E1 and 2E/E3 for one case, see Table 1) were found in the complexes. This is in 

agreement with conformations found in experimental X-ray structures of pyrrolidines (for 

example: PDB IDs: 2F18, 2F1A, 6RRJ, 6RRN),28, 36 and indolizidines (PDB IDs: 3BLB, 

1HWW, 3EJT and others)23, 27, 33 bound at dGMII. For example, the pyrrolidine moiety of 

swainsonine took an E1 conformation (PDB ID: 3BLB )23 or 2E (PDB ID: 1HWW).33 As it 

will be discussed in next sections, the conformation of the pyrrolidine ring did not change 

significantly neither calculated pKa value of the ring nitrogen of the inhibitor nor interaction 

energy between the inhibitor and the enzyme.

pKa calculations. To understand a mechanism of binding of inhibitors to dGMII and JBMan 

at different pH conditions (pH = 6 in Golgi for dGMII versus pH = 4.5-5 in lysosomes 

for LMan), pKa calculations for complexes 18:enzyme were performed for the QM/MM 

optimized geometries. The calculated pKa values of amino group in the pyrrolidine ring 

of the inhibitor 18 and selected amino acids of dGMII and JBMan are compiled in Table 

1. The bound inhibitor preferred neutral form in dGMII (pKa = 5.1-5.8) while protonated 

one (pKa = 7.5-8.2) in JBMan. Asp341, which works as a catalytic acid in dGMII and is 

in a contact with the bound inhibitor, preferred for most optimized QM/MM geometries an 

ionized form (Asp-, with pKa = 5.7-5.9) except for the geometry of the structure inhibitor0-
Ash3410-dGMII. For this geometry, pKa = 6.0 for Asp341 was predicted. It indicates that 

both neutral (Ash0) and ionized (Asp-) forms of Asp341 are present in the same population 

in pH = 6. In JBMan, Asp268 plays a role of catalytic acid. Its calculated pKa = 3.3-4.1 

indicates preferred ionized form (Asp-) in pH = 5. Asp- was found for most geometries. 

For geometries with the inhibitor in 2E conformation of the pyrrolidine ring pKa = 5.0-5.1 

was predicted. Thus, both neutral and ionized forms of Asp268 are allowed in in vivo pH 

= 5. In conclusion, the inhibitor 18 may prefer the different protonation state upon binding 

to α-mannosidases. In acidic conditions (pH = 4.5-5 in lysosomes) it may bind to JBMan 

in the protonation form of the pyrrolidine ring, while in almost neutral conditions (pH = 

6 in Golgi) it binds in the neutral form. The same protonation forms were predicted for 

the nanomolar inhibitor swainsonine in previous theoretical studies (Table S1).11, 32 The 

preferable ring conformations of the pyrrolidine ring of 18 in both dGMII and JBMan are E1 

or 2E.
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FMO-PIEDA calculations—To understand an inhibitory effect of the aromatic naphtyl 

linker of 18 and compare differences in interactions between 18 and dGMII, and JBMan, 

QM calculations applying a fragmentation methodology37 were used. The inhibitor 18 
was divided into two fragments, the pyrrolidine ring structure and the naphtylethyl linker. 

Interaction energies were calculated for most populated forms found by pKa calculations 

(inhibitor0-Asp341--dGMII, inhibitor+-Asp268-- JBMan) as well as for others found 

from docking and QM/MM calculations (Table 2). The FMO-PIEDA calculated pair 

interaction energy of the ring structure (ΔEring-E) of the inhibitor with the enzymes 

represents a major component (94-96% for dGMII and 97-98% for JBMan) of overall 

interaction energy (ΔEI-E). Neither a protonation form of the inhibitor (neutral versus 
protonated ring) nor a ring conformation (E1 versus 2E) did not influence this trend. 

Although the interaction energy of the aromatic linker (ΔElinker-E) represents only a small 

part (4-6% for dGMII and 2-3% for JBMan) of ΔEI-E, less negative values of ΔElinke-Er 

for 18 in the complex with JBM compared with dGMII correlated with measured Ki (or 

IC50) values (Table 4). While 18 inhibited JBMan only at the micromolar concentration 

level (6.5 μM), AMAN-2 was inhibited at the nanomolar concentration level (0.15 nM). 

Based on these results it could be concluded that the linker structure of an inhibitor can 

influence the specificity of the inhibitor toward Golgi α-mannosidase. To confirm this idea 

FMO-PIEDA calculations were also performed for derivative 17 (only for most populated 

forms inhibitor0-Asp341--dGMII,inhibitor+-Asp268--JBMan). 17 has shown a specificity 

toward Golgi-type enzymes (GMIIb and AMAN-2) with a high selectivity index (SI > 100). 

The calculated ΔEring of 17 represents a major component (94-96% for dGMII and 97-98% 

for JBMan) of overall ΔEI-E similarly as was found for 18 (Table 3). Smaller negative values 

of ΔElinker-E for 17 in the complex with JBMan compared with dGMII correlated with 

measured Ki (or IC50, Table 4) values for both enzymes. Thus, it can be concluded that 17 
and 18 interact weaker with their linker structures with the lysosomal-type JBMan inducing 

the selectivity of these inhibitors toward the Golgi-type enzymes. As can be seen in Figures 

5 and 3, the aromatic linker of 18 (similarly for 17 and other inhibitors in X-ray structures 

with GMII)28, 30 tends to interact with a loop consisted of the Glu875-Arg876-Gly877 (in 

dGMII) and the Gly788-Arg789-Gly790 sequences (in JBMan). Detailed analysis of energy 

components of ΔElinker-E of 18 (Figure 5) has shown that main contributors to ΔElinker-E 

for GMII are Arg876 (-8.8 kcal mol-1) and Gly877 (-4.0 kcal mol-1) of the loop, catalytic 

nucleophile Asp204 (-11.8 kcal mol-1) and Tyr267 (-4.3 kcal mol- 1). For JBMan, main 

contributors to ΔElinker-E are Arg789 (-9.2 kcal mol-1) and Gly790 (-3.0 kcal mol-1) of the 

loop, and catalytic nucleophile Asp145 (-7.3 kcal mol-1). In JBMan a tyrosine residue which 

would be mimicked Tyr267 of GMII is missing in this position (Figure 4), thus, the inhibitor 

linker may bind weaker in the active site of JBMan compared with GMII.

2.2 Synthesis

The synthetic approach to the target derivatives has been previously based on combination 

of computer-assisted design with our previous findings on the potent and selective 

GMII inhibitors.11–13 Utilization of D-ribose as a starting material led to the derivatives 

having 1,4- imino-1,4-dideoxy-L-lyxitol core. These derivatives were further substituted at 

endocyclic nitrogen with an arylalkyl or alkyl, which were optionally terminated with a 

functional group, such as halogen, amidine or guanidine.
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In an ongoing development of the selective GMII inhibitors in this study, L-ribose was 

selected as a starting material, instead of D-ribose. Upon repeating the same synthetic 

sequence reported for the D-ribose,11 the compounds having 1,4-imino-1,4-dideoxy-D-

lyxitol core unit as in 6 were obtained. They have the same stereoconfiguration as 

swainsonine, which is a natural potent inhibitor of GH38 mannosidases. Computer 

predictions suggested that N-substitution of 6 could result in the derivatives featured with an 

improved potency against the target GMII enzyme.

The endocyclic nitrogen of the core 6 was substituted similarly as reported previously11, 13 

e.g. with (substituted) benzyl, dodecyl, alkyl amidine and alkylguanidine function. In 

addition, some new structural linkers were also introduced as naphtyl and non-aromatic 

cyclic units such as cyclohexylalkyl and tetrahydropyranyl.

Similarly to the optimized synthesis starting from D-ribose disclosed previously,11 the 

strategy applied here to L-ribose also employed two key intermediates, dimesyl derivative 

2 and amine 5 derived thereof (Scheme 1). The dimesylate 2 was obtained from L-ribose 

in three reaction steps in high overall yield. Cyclization of 2 with benzylamine smoothly 

afforded N-benzyl derivative 3. An exposure of 3 to catalytic hydrogenation on 10% 

Pd-C in MeOH yielded amine 5, another important intermediate in the synthesis of other 

N-substituted D-lyxitol derivatives. On the other hand, a treatment of 3 under acid condition 

gave the target derivative 4. Employment of the same conditions for acetonide removal from 

5 resulted in 6 (Scheme 1).

When the dimesylate 2 was cyclized with p-xylylenediamine, it provided 

benzylmethylamine 7, which was subsequently transformed in two steps to desired 

guanidine derivative 9 (Scheme 2).

A nuclephilic substitution of the amine 5 with various bromides afforded the corresponding 

N-substituted derivatives 10-15 in moderate to high yields. A slight modification (a 

higher temperature) of alkylation conditions was required to improve the yield of some 

N-substituted derivatives. This was the case of 13 and 14, both having a cyclic non-aromatic 

unit linked to the endocyclic nitrogen. Simultaneous removal of all protective groups from 

10-15 under acidic conditions afforded the target derivatives 16-21 (Scheme 3).

In the synthesis of N-alkylamidine and N-alkylguanidine derivatives, 10-bromodecanenitrile 

was used as the alkylation agent. It was reacted with the amine 5 to give nitrile 22. The 

latter was converted to N-alkylguanidine 25 by a three steps sequence in moderate yield. 

In addition, a reaction of the 22 with an excess of fresh LiHMDS followed by an acidic 

treatment of crude protected amidine gave smoothly required N-alkylamidine 26 (Scheme 

4).

2.3 Enzymatic assays

A library of ten N-substituted 1,4-imino-D-lyxitols (4, 9, 16-21, 25, 26) were evaluated 

toward the class II α-mannosidases from the GH38 family, Golgi-type GMIIb and 

AMAN-2, and lysosomal-type LManII and JBMan, for their inhibition profile and ability 

to selectively block the Golgi-type enzyme only (Table 4). One of the requirements for 
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a selective GMII inhibitor is to exhibit no or significantly reduced inhibition toward a 

lysosomal α-mannosidase. The selectivity indices (SIs) were estimated based on a ratio 

of IC50(LManII)/IC50(GMIIb) and IC50(JBMan)/IC50(AMAN-2). The SIs calculated from 

IC50(AMAN-2) are more important because an amino acid sequence and a 3-D structure 

of the active site of AMAN-2 is almost identical with the structure of the active site of 

human GMII (Figure S1 of ESI). Thus, AMAN- 2 is a better enzyme model for searching of 

selective inhibitors of human GMII than the GMIIb model used in our previous studies.11–13 

In addition, the enzyme assays were also done for the non-substituted derivative 6, DIM and 

swainsonine to compare the effect of N-substitution.

All tested N-substituted derivatives except for 18 and 26 inhibited GMIIb and AMAN-2 

at the micromolar concentration level. LManII and JBMan were affected weakly from the 

micromolar to milimolar concentration levels. The 18 [N-2-(1-naphtyl)ethyl derivative] and 

26 (N-9-amidinononyl derivative) inhibited the Golgi-type mannosidases at the nanomolar 

concentration level [Ki(GMIIb) = 150 nM and Ki(AMAN-2) = 160 nM for 18,40 nM 

and 780 nM for 26], thus, they are the most potent inhibitors in this N-substituted imino-D-

lyxitol series. Their potency toward Golgi-type mannosidases reached potency of natural 

DIM and swainsonine (Ki = 130 and 680 nM for DIM and Ki = 3 nM and 10 nM 

for swainsonine). On the other hand, they inhibited lysosomal-type mannosidases at the 

micromolar concentration level only [Ki(dLManII) = 1.4 μM and Ki(JBMan) = 6.5 μM]. 18 
also exhibited a satisfactory SI = 27 and 86 (Table 4). This indicated that N-substitution may 

induce a selectivity toward Golgi-type mannosidases either in N-substituted imino-D-lyxitol 

and previously published imino-L-lyxitols.11–13 The selectivity effect was significant mainly 

for the compound 16(N-4- iodobenzyl derivative, SI = 269) and 17 (N-2-naphtylmethyl 

derivative, SI = 812). Both 16 and 17 were only micromolar inhibitors of Golgi-type 

mannosidases (IC50 = 2.4 – 7.6 μM).

Inhibition of Golgi-type mannosidases by derivatives with N-alkyl linker (compounds 21, 25 
and 26) gave different results. These compounds inhibited GMIIb almost at the nanomolar 

concentration level (IC50 = 0.19 μM and 0.45 μM), while, AMAN-2 was inhibited only at 

the micromolar concentration level (IC50 = 1.4 μM and 2.7 μM). This may indicate some 

structural changes between the active sites of these enzymes.

3 Conclusion

Synthesis and inhibitory evaluation of N-substituted imino-D-lyxitol derivatives allow 

us to compare their activity and selectivity toward Golgi-type α-mannosidases with 

their N- substituted imino-L-lyxitol counterparts published previously.11–13, 39 In general, 

N-substituted imino-D-lyxitols are more potent toward Golgi-type α-mannosidases 

(inhibition at the nanomolar concentration level) with a more significant off-target 

effect toward lysosomal-type α-mannosidases (inhibition at the micromolar concentration 

level). On the other hand N-substituted imino-L-lyxitols are weaker micromolar Golgi-

type α-mannosidase inhibitors with no (or very weak) inhibition toward lysosomal α-

manosidases.11–13 This trend was also confirmed in this study. For example, the most 

potent N-2-(1-naphtyl)ethyl derivative 18 has shown excellent inhibition of GMIIb and 

AMAN-2 at the nanomolar concentration level [Ki(GMIIb) = 150 nM and Ki(AMAN-2) 
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= 160 nM), however, with a weaker selectivity toward Golgi-type α-mannosidases (SI = 

27 and 86). On the other hand, the derivative 17 has shown excellent selectivity toward 

Golgi-type α-mannosidases (SI = 111 and 812) with the inhibitory properties toward GMIIb 

and AMAN-2 only at the micromolar concentration level (IC50 = 2.5 μM and 7.6 μM).

Based on available X-ray structures of dGMII33 and JBMan30, complexes of N-substituted 

imino-D-lyxitols with both enzymes were built with aid of molecular docking and QM/MM 

calculations. The interaction energies between the two bound inhibitors (17 and 18) and the 

enzymes were predicted by quantum mechanics FMO-PIEDA calculations. The calculations 

have revealed that the major contribution come from an interaction energy of the pyrrolidine 

core structure (94-98%), while N-linker contribute only with 2-6% to the total interaction 

energy. We concluded that the N-linker structure may influence the overall binding affinity 

of an inhibitor by two ways: (i) its direct interaction with an active-site loop (predominantly 

with sequence Tyr267-Arg876-Gly877 in dGMII, and with Gly788-Arg789-Gly790 in 

JBMan); (ii) influencing of the binding position of the pyrrolidine core as well as its 

electronic properties. A small shift in the binding position of the pyrrolidine ring may 

induced a large change in binding affinity of the inhibitor due to the complex interaction 

network between the inhibitor and mainly Zn2+ ion, Asp92, Asp204, Asp341 and Asp472.32

Based on pKa calculations, the catalytic acid of the enzymes (Asp341 in dGMII and 

Asp268 in JBMan) was found either in ionized (Asp-) or neutral form (Ash0) depending 

on optimized structures of the enzyme-inhibitor complexes. The pyrrolidine ring of imino-

D-lyxitol derivatives prefer at the active site of dGMII the neutral form while in JBMan 

the protonated form. This is the different outcome compared to imino-L-lyxitols which 

preferred the protonation form in both enzymes.11 The calculations indicate that the binding 

mechanism of the inhibitors to the active-site of α-manosidases can differ going from one to 

other structural type of the inhibitors. This could allow to design selective inhibitors of GMII 

and tune their potency.

4 Experimental

4.1 Molecular modeling

Docking with Glide. The X-ray structures of recombinant Drosophila melanogaster Golgi 

α- mannosidase II (dGMII, PDB ID: 3BLB),23, 33 and Canavalia ensiformis (Jack bean) 

α- mannosidase (JBMan, PDB ID: 6B9P)30 were used as 3-D enzyme models of human 

GMII and LMan for docking of the synthesized compounds with the GLIDE program40, 41 

of the Schrödinger package. Protonation states of amino acid residues of enzymes were 

calculated for the pH = 6.0 (dGMII) and 5.0 (JBMan) using the Propka v.2 program.42, 43 

For docking with dGMII all crystallographic molecules of water at the active site of dGMII 

were deleted except one (WAT1820, 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.24, 26, 27 In docking calculations the catalytic acid (Asp341 of dGMII or 

Asp268 of JBMan) was modeled either in the neutral (as Ash0) or ionized (as Asp-) form to 

see differences in prediction of binding poses of the docked ligands. The receptor box for 

the docking conformational search was centered at the Zn2+ ion co-factor at the bottom of 

the active site with a size of 39×39×39 Å using partial atomic charges for the receptor from 
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the OPLS2005 force field except for the Zn2+ and side chains of His90, Asp92, Asp204, 

Arg228, Tyr269, Asp270, Asp340, Asp341 and His471 (analogous residues were selected 

for JBMan). For these structural fragments the charges were calculated at the quantum 

mechanics level with the DFT (Density Functional Theory) method (M06-2X)44 using a 

hybrid QM/MM model (M06- 2X/LACVP**:OPLS2005)45–47 with the QSite48, 49 program 

of the Schrödinger 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 atomic charges of the docked ligands were calculated at the DFT 

level (M06-2X/LACVP**)44, 45 using the Jaguar program50 of the Schrödinger package. All 

ligands were docked with the amino group at the pyrrolidine ring either in protonated and 

neutral forms. The ligands with N-alkyl amidine and guanidine groups were docked with 

these groups in protonated forms in all docking calculations). The potential for nonpolar 

parts of the ligands was softened by scaling the Van 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-1 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 Å and maximum atomic 

displacement less than 1.3 Å 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 viewer51 of the Schrödinger 

package.

QM/MM geometry optimizations. Geometries of selected complexes (inhibitor:enzyme) 

from molecular docking were subsequently optimized at the QM/MM level (BP86/

LACVP*:OPLS2005),45, 47, 52 using the QSite48, 49 program of the Schrödinger package. 

The following decomposed scheme was used: the QM part (more than 280 atoms) of 

the inhibitor:dGMII system consisted of Zn2+ ion, inhibitor, water molecule WAT1820 

(described in the previous section) and amino acid residues (Asp92, Asp204, Asp341, 

Asp340, Asp270, Asp409, Asp472, Arg228, Arg876, His90, His471, Tyr267, Tyr269, 

Tyr727, Ser268, Trp95, Trp415, Phe206). The rest of the enzyme was included into the 

MM part and described by the OPLS2005 force field.47 The QM part of the inhibitor:JBMan 

system consisted of more than 260 atoms: Zn2+ ion, inhibitor and amino acid residues 

(Asp25, Asp267, Asp268, Asp327, Asp387, Arg170, Arg789, His23, His209, His386, 

Tyr210, Tyr625, Trp28, Phe147, Gly208, Gly788, Gly790). The QM/MM methodology (an 

additive scheme) with hydrogen caps on boundary QM atoms and electrostatic treatment 

at the interface between the QM and MM regions using Gaussian charge distributions 

represented on a grid (keyword HCAPESCHG=3) was employed. Only for the compounds 

(18 and 17) more detailed structural analysis was performed in which structural complexes 

with both ionized form of the pyrrolidine ring (neutral inh0 and cationic inh+) of the 

inhibitor and Asp341 (Asp341- and Ash3410 in complexes with dGMII) and Asp268 

(Asp268- and Ash2680 in complexes with JBMan) were calculated. Thus, complexes 

marked as inh0-Ash3410, inh+-Ash3410, inh0-Asp341-, inh+-Asp341-, inh0- Ash2680, 

inh+-Ash2680, inh0-Asp268-, inh+-Asp268- were optimized at the QM/MM level and 

calculated in subsequent pKa calculations.
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pKa calculations with Propka. The QM/MM optimized geometries of the inhibitor-enzyme 

complexes were used to predict pKa values and preferred ionizable forms of amino acid 

residues of dGMII (for pH = 6) and JBMan (for pH = 5) as well as a bound inhibitor in the 

active site of the enzymes using the Propka v.2 program.42, 43

FMO-PIEDA calculations. Pair interaction energy decomposition analysis (PIEDA) was 

used along the two-body FMO method.37, 53, 54 From the QM/MM optimized inhibitor-

enzyme complexes active-site clusters consisted of more than 30 amino acid residues, Zn2+ 

ion and bound inhibitor 18 (or 17) were built using the Facio program.55 The hybrid 

orbital projection operator (HOP) technique was used in the generation of fragments for 

the covalently bounded amino acids. The FMO calculations were performed using the 

second-order Møller-Plesset theory56, 57 (MP2) with the 6-31G(d) basis and polarizable 

continuum model (PCM).58 The Gamess package59, 60 [version 30 June 2019 (R1)] was 

used. The virtue of the FMO technique is to predict pair interactions between the two 

structural fragments of the molecular system embedded within the electrostatic potential 

of the surroundings (IFIE – inter fragment interaction energy). FMO-PIEDA enables the 

separation of the interaction energy into physically interpretable contributions (1).

Eint = Eels + Eexch + Ect‐mix + Edisp (1)

The electrostatic energy Eels originates from Coulomb-like interactions between the 

fragments, the exchange energy Eexch arises for fermion particles, the electrons, and 

accounts for the Pauli repulsion of electrons between the fragments. Ect+mix is somewhat 

peculiar; it includes the charge transfer that results from electron transfer from occupied 

molecular orbitals of one fragment to the vacant virtual orbitals on the second fragment. 

The mixing part is basically an approximate polarization. Dispersion energy Edisp originates 

from interactions of instantaneous fluctuations of dipoles on the fragments due to electron 

correlation. This method was recently used to analyze interaction energy in different 

biomolecular systems.32, 61–65

To understand an inhibitory effect of the aromatic naphtyl linker of 17 and 18and compare 

differences in interactions between 17 (or 18)and dGMII, and JBMan, the inhibitors were 

divided into two fragments, the pyrrolidine ring structure (Iring) and the naphtyl linker 

(Ilinker). Then, the interaction energy between the inhibitor and enzyme (ΔEI-E) consists of 

the interaction energy between the pyrrolidine ring of the inhibitor and enzyme (ΔEring-E) 

and the interaction energy between the linker of the inhibitor and enzyme (ΔElinker-E):

ΔEI−E = ΔEring‐E + ΔElinker‐E (2)

4.2 Synthesis

General method for deprotection (Method A). The solution of protected d-lyxitol in MeOH 

(4 mL/0.3 mmol of lyxitol) was cooled to 0 °C and 6M HCl (2 mL, 6M HCl/MeOH 1:2, 

v/v) was added. After 15 min, the ice-water bath was removed and the stirring was continued 

at rt for 16 h. The reaction mixture was neutralized with NaHCO3, salts were removed 
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by filtration, and the solvent was evaporated. The crude product was purified by column 

chromatography

CHCl3/MeOH/NH31:0:0 10:1:0 7:1:0.1, v/v/v .

General method for deprotection (for hydrochloride) (Method B). The solution of protected 

D-lyxitol in MeOH (2 mL/0.04 mmol of lyxitol) was cooled to 0 °C and 6M HCl (1 mL, 

6MHCl/MeOH 1:2, v/v) was added dropwise. 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 (15 mL) and extracted with DCM (3 × 10 mL). Lyophilisation of the 

water layer afforded the target product as hydrochloride.

N-Benzyl-1,4-dideoxy-1,4-imino-d-lyxitol (4)—Deprotection of 3 (0.30 g, 0.79 mmol) 

was carried out following general procedure Method A. Compound 4 (121 mg, 68%), yellow 

oil, [α]D = - 24.7 (c 0.39, CH3OH); [5] [α]D
21 = - 46.2 (c1.0, H2O). 1H NMR (600 MHz, 

CD3OD): δ 7.39-7.24 (m, 5H, Ar), 4.27 (dd, 1H, J 5.2 Hz, J 7.1 Hz, H-3), 4.08 (td, 1H, J 
3.1 Hz, J 5.2 Hz, H-2), 3.99 (d, 1H, J 13.1 Hz, NCH2), 3.73 (dd, 1H, J 5.3 Hz, J 11.1 Hz, 

H-5¢), 3.65 (dd, 1H, J 3.6 Hz, J 11.1 Hz, H-5), 3.54 (d, 1H, J 13.1 Hz, NCH2), 2.91-2.83 (m, 

2H, H-1¢, H-4), 2.56 (dd, 1H, J 5.2 Hz, J 10.6 Hz, H-1). 13C NMR (150 MHz, CD3OD): δ 
139.7, 130.2, 129.3, 128.1 (Ar), 73.6 (C-3), 71.4 (C-2), 67.7 (C-4), 60.8 (C-5), 60.3 (NCH2), 

59.0 (C-1). HRMS: m/z calcd for [C12H17NO3]H+: 224.1281, found: 224.1284.

1,4-Dideoxy-1,4-imino-d-lyxitol hydrochloride (6)—Deprotection of 5 (46 mg, 0.16 

mmol) was carried out following general procedure Method B. Compound 6 (22 mg, 82%), 

yellowish solid, [α]D = + 19.6 (c 0.22, H2O); [6] [α]D
27 = + 15.4 (c0.56, H2O);66 [α]D20 

= + 19.8 (c 0.45, H2O) 1H NMR (400 MHz, CD3OD): δ 4.41 (td, 1H, J4.0 Hz, J 7.2 Hz, 

H-2), 4.23 (t, 1H, J 4.1 Hz, H-3), 3.97 (dd, 1H, J 4.8 Hz, J 11.8 Hz, H-5¢),3.91 (dd, 1H, J 
8.7 Hz, J 11.8 Hz, H-5), 3.64 (dt, 1H, J 4.5 Hz, J 8.9 Hz, H-4), 3.42 (dd, 1H, J 7.3 Hz, J 11.7 

Hz, H-1¢), 3.17 (dd, 1H, J 7.1 Hz, J 11.7 Hz, H-1). 13C NMR (100 MHz, CD3OD): δ 71.9 

(C-2), 71.4 (C-3), 64.6 (C-4), 59.4 (C-5), 48.6 (C-1). HRMS: m/z calcd for [C5H11NO3]H+: 

134.0812, Found: 134.0814.

1,4-Dideoxy-N-4-guanidinomethylbenzyl-1,4-imino-d-lyxitol hydrochloride (9)
—Deprotection of 8 (90 mg, 0.14 mmol) was carried out following general procedure 

Method A. Compound 9 (42 mg, 92%), yellow oil, [α]D = + 5.6 (c 0.25, CH3OH). 1H NMR 

400 MHz, CD3OD): δ 7.64 (d, 2H, J 8.2 Hz, Ar), 7.49 (d, 2H, J 8.1 Hz, Ar), 4.74 (d, 1H, J 
12.9 Hz, NCH2), 4.52-4.49 (m, 2H, ArCH2guan), 4.41-4.36 (m, 3H, H-2, H-3, NCH2), 4.06 

(dd, 1H, J 8.2 Hz, J12.2 Hz, H-5′), 3.92 (dd, 1H, J 4.3 Hz, J 12.2 Hz, H-5), 3.80 (ddd, 1H, 

J 3.6 Hz, J 5.2 Hz, J 7.2 Hz, H-4), 3.43 (dd, 1H, J 5.7 Hz, J 11.8 Hz, H-1′), 3.27 (dd, 1H, 

J 4.9 Hz, J 11.9 Hz, H-1). 13C NMR (100 MHz, CD3OD): δ 158.8 (C, guan), 140.0, 132.9, 

131.0, 129.1 (Ar), 72.2, 71.6,70.5 (C-2, C-3, C-4), 60.6 (NCH2), 59.5 (C-5), 56.9 (C-1), 

45.5 (ArCH2guan). HRMS: (ESIMS): m/z: calcd for [C14H22N4O3]H+: 295.1765, found: 

295.1769.
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1,4-Dideoxy-1,4-imino-N-4-iodobenzyl-d-lyxitol (16)—Deprotection of 10 (0.24 g, 

0.48 mmol) was carried out following general procedure Method A. Compound 16 (0.13 

g, 78%), yellow oil, [α]D = - 19.6 (c 0.29, MeOH). 1H NMR (400 MHz, CD3OD): δ 7.67 

(d, 2H, J 8.0 Hz, Ar), 7.18 (d, 2H, J 8.0 Hz, Ar), 4.27 (dd, 1H, J 4.9 Hz, J 7.2 Hz, H-3), 

4.09 (td, 1H, J 3.0 Hz, J 5.1 Hz, H-2), 3.96 (d, 1H, J 13.3 Hz, NCH2), 3.71 (dd, 1H, J 5.3 

Hz, J 10.9 Hz, H-5¢), 3.66 (dd, 1H, J 3.7 Hz, J 11.2 Hz, H-5), 3.50 (d, 1H, J 13.3 Hz, 

NCH2), 2.89-2.84 (m, 2H, H-1¢, H-4), 2.54 (dd, 1H, J 5.3 Hz, J 10.6 Hz, H-1). 13C NMR 

(100 MHz, CD3OD): δ 140.2, 138.5, 132.2, 92.9 (Ar), 73.7 (C-3), 71.6 (C-2), 67.8 (C-4), 

61.0 (C-5), 59.7 (NCH2), 59.1 (C-1). HRMS (ESI-MS): m/z: calcd for [C12H16NO3I]H+: 

350.0248. Found: 350.0253.

1,4-Dideoxy-1,4-imino-N-(naphthalen-2-ylmethyl)-d-lyxitol (17)—Deprotection of 

11 (0.14 g, 0.33 mmol) was carried out following general procedure Method A. Compound 

17 (61 mg, 68%), yellow oil, [α]D = - 14.5 (c 0.26, CH3OH). 1H NMR (400 MHz, CD3OD): 

δ 7.86-7.82 (m, 4H, Ar), 7.56 (dd, 1H, J 1.7 Hz, J 8.4 Hz, Ar), 7.50-7.44 (m, 2H, Ar), 4.30 

(dd, 1H, J 5.0 Hz, J 7.1 Hz, H-3), 4.16 (d, 1H, J 13.1 Hz, NCH2), 4.10 (dt, 1H, J 2.6 Hz, 

J 5.1 Hz, H-2), 3.77 (dd, 1H, J 5.3 Hz, J 11.2 Hz, H-5¢), 3.73-3.68 (m, 2H, NCH2, H-5), 

2.95-2.91 (m, 2H, H-1¢, H-4), 2.64 (dd, 1H, J 5.2 Hz, J 10.7 Hz, H-1). 13C NMR (101 MHz, 

CD3OD): δ 137.6, 134.9, 134.3, 128.9, 128.7, 128.6, 128.5, 127.0, 126.7, 73.8 (C-3), 71.6 

(C-2), 67.9 (C-4), 60.9 (C-5), 60.6 (NCH2), 59.2 (C-1). HRMS (ESI-MS): m/z: calcd for 

[C16H19NO3]H+: 274.1438, found: 274.1441.

1,4-Dideoxy-1,4-imino-N-(2-(naphthalen-1-yl)ethyl)-d-lyxitol (18)—Deprotection of 

12 (98 mg, 0.22 mmol) was carried out following general procedure Method A. Compound 

18 (38 mg, 60%), yellow oil, [α]D = - 65.1 (c 0.19, CH3OH). 1H NMR 400 MHz, CD3OD): 

δ 8.12 (dd, 1H, J 1.0 Hz, J 8.5 Hz, Ar), 7.89-7.85 (m, 1H, Ar), 7.76-7.72 (m, 1H, Ar), 

7.57-7.39 (m, 4H, Ar), 4.27 (dd, 1H, J 5.0 Hz, J 6.6 Hz, H-3), 4.20 (dt, 1H, J 3.4 Hz, J 5.4 

Hz, H-2), 3.81 (dd, 1H, J 5.5 Hz, J 11.2 Hz, H-5¢), 3.70 (dd, 1H, J 4.0 Hz, J 11.2 Hz, H-5), 

3.33-3.26 (m, 2H, NCH2CH2), 3.23 (dd, 1H, J 3.4 Hz, J 10.5 Hz, H-1¢), 3.11 (ddd, 1H, J 
7.2 Hz, J 9.5 Hz, J 12.2 Hz, NCH2), 2.82-2.72 (m, 3H, H-1, H-4, NCH2). 13C NMR (100 

MHz, CD3OD): δ 137.4, 135.4, 133.2, 129.8, 127.9, 127.6, 127.0, 126.6, 126.5, 124.7 (Ar), 

73.5 (C-3), 71.7 (C-2), 68.5 (C-4), 61.1 (C-5), 59.4 (C-1), 57.8 (NCH2), 32.6 (NCH2CH2). 

HRMS (ESI-MS):m/z: calcd for [C17H21NO3]H+: 288.1594, found: 288.1602.

N-Cyclohexylmethyl-1,4-dideoxy-1,4-imino-d-lyxitol (19)—Deprotection of 13 (0.12 

g, 0.31 mmol) was carried out following general procedure Method A. Compound 19 (40 

mg, 55%), yellow oil, [α]D = - 55.3 (c 0.20, MeOH). 1H NMR (400 MHz, CD3OD): δ 4.24 

(dd, 1H, J 5.0 Hz, J 7.2 Hz, H-3), 4.12 (td, 1H, J 3.0 Hz, J 5.2 Hz, H-2), 3.71 (dd, 1H, J 
5.5 Hz, J 11.0 Hz, H-5¢), 3.62 (dd, 1H, J 3.2 Hz, J 11.0 Hz, H-5), 3.04 (dd, 1H, J 3.0 Hz, 

J 10.4 Hz, H-1¢), 2.66 (ddd, J 3.1 Hz, J 5.4 Hz, J 7.2 Hz, H-4), 2.53-2.47 (m, 2H, NCH2, 

H-1), 2.26 (dd, 1H, J 5.0 Hz, J 12.1 Hz, NCH2), 2.01-1.95 (m, 1H, Cyh), 1.78-1.69 (m, 4H, 

Cyh), 1.50-1.43 (m, 1H, Cyh), 1.35-1.20 (m, 3H, Cyh), 0.98-0.83 (m, 2H, Cyh). 13C NMR 

(100 MHz, CD3OD): δ 73.6 (C-3), 71.8 (C-2), 68.8 (C-4), 64.1 (NCH2), 60.6 (C-5), 59.7 

(C-1), 38.2 (CH), 33.1, 32.6, 27.9, 27.3, 27.1 (5 × CH2). HRMS (ESI-MS): m/z: calcd for 

[C12H23NO3]H+: 230.1751. Found: 230.1760.
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1,4-Dideoxy-1,4-imino-N-(tetrahydro-2H-pyran-4-yl)methyl)-d-lyxitol (20)—
Deprotection of 14 (77 mg, 0.20 mmol) was carried out following general procedure Method 

A. Compound 20 (35 mg, 75%), yellow oil, [α]D = - 28.6 (c 0.21, CH3OH). 1H NMR 400 

MHz, CD3OD): δ 4.25 (dd, 1H, J 5.0 Hz, J 7.1 Hz, H-3), 4.13 (dt, 1H, J 3.1 Hz, J 5.2 Hz, 

H-2), 3.98-3.92 (m, 2H, NCH2), 3.72 (dd, 1H, J 5.4 Hz, J 11.0 Hz, H-5¢), 3.63 (dd, 1H, J 
3.3 Hz, J 11.0 Hz, H-5), 3.43 (tdd, 2H, J 2.3 Hz, J 8.4 Hz, J 12.0 Hz, THP), 3.05 (dd, 1H, 

J 3.1 Hz, J 10.3 Hz, H-1¢), 2.70 (ddd, 1H, J 3.3 Hz, J 5.4 Hz, J 7.1 Hz, H-4), 2.58-2.51 (m, 

2H, H-1, THP), 2.35 (dd, 1H, J 5.1 Hz, J 12.2 Hz, THP), 1.90-1.85 (m, 1H, THP), 1.77-1.70 

(m, 1H, THP), 1.67-1.61 (m, 1H, THP), 1.29-1.19 (m, 2H, THP). 13C NMR (100 MHz, 

CD3OD): δ 73.6 (C-3), 71.9 (C-2), 69.0, 68.8, 68.7 (C-4, 2 × CH2), 63.3 (CH2), 60.8 (C-5), 

59.7 (C-1), 35.5, 32.8, 32.6 (3 × CH2). HRMS (ESI-MS): m/z: calcd for [C11H21NO4]H+: 

232.1543. Found: 232.1544.

1,4-Dideoxy-N-dodecyl-1,4-imino-d-lyxitol (21)—Deprotection of 15 (0.14 g, 0.31 

mmol) was carried out following general procedure Method A.Compound 21 (73 mg, 79%), 

yellowish oil, [α]D = - 40.2 (c 0.20, CH3OH). 1H NMR (400 MHz, CD3OD): δ 4.24 (dd, 

1H, J 5.1 Hz, J 6.7 Hz, H-3), 4.15 (dt, 1H, J 3.6 Hz, J 5.3 Hz, H- 2), 3.80 (dd, 1H, J 5.8 

Hz, J 11.0 Hz, H-5¢), 3.67 (dd, 1H, J 3.8 Hz, J 11.1 Hz, H-5), 3.04 (dd, 1H, J 3.3 Hz, J 
10.7 Hz, H-1¢), 2.76 (dt, 1H, J 8.1 Hz, J 12.0 Hz, NCH2), 2.69 (dd, 1H, J 5.9 Hz, J 10.4 

Hz, H-4), 2.60 (dd, 1H, J 5.7 Hz, J 10.7 Hz, H-1‧;), 2.40 (dt, 1H, J 7.5 Hz, J 11.9 Hz, 

NCH2), 1.54-1.50 (m, 2H, CH2), 1.31 (br s, 18H, 9 × CH2), 0.91 (t, J 6.8 Hz, 3H, CH3). 13C 

NMR (100 MHz, CD3OD): δ 73.4 (C-3), 71.5 (C-2), 68.9 (C-4), 60.9 (C-5), 59.4 (C-1), 57.1 

(NCH2), 33.1, 30.8(3x), 30.7, 30.6, 30.5, 29.0, 28.6, 23.7 (10 × CH2), 14.4 (CH3). HRMS 

(ESIMS): m/z: calcd for [C17H35NO3]H+: 302.2690, found: 302.2694.

1,4-Dideoxy-N-(10-guanidinodecyl)-1,4-imino-d-lyxitol hydrochloride (25)—
Deprotection of 24 (28 mg, 0.04 mmol) was carried out following general procedure Method 

B. Compound 25 (13 mg, 88%), brownish solid, [α]D = + 70.6 (c 0.41, CH3OH). 1H NMR 

(400 MHz, CD3OD): δ 4.42-4.40 (m, 1H, H-3), 4.39 (dd, 1H, J 4.1 Hz, 5.7 Hz, H-2), 

4.06-4.01 (m, 2H, H-5, H-5¢), 3.66-3.62 (m, 1H, H-4), 3.54-3.48 (m, 2H, NCH2, H-1¢), 

3.38 (dd, 1H, J 5.7 Hz, J 12.0 Hz, H-1), 3.21-3.16 (m, 3H, NCH2, CH2NH), 1.80-1.72 

(m, 2H, CH2), 1.65-1.58 (m, 2H, CH2), 1.39 (br s, 14H, 7 × CH2). 13C NMR (101 MHz, 

CD3OD): δ 158.5 (C, guan), 72.2, 72.0, 70.7 (C-2, C-3, C-4), 59.7 (C-5), 58.1 (NCH2), 

57.6 (C-1), 42.5 (CH2NH), 30.5(2x), 30.3, 30.2, 29.9, 27.7(2x), 26.2 (8 × CH2). HRMS 

(ESI-MS): m/z calcd for [C16H34N4O3]H+: 331.2704, found: 331.2706.

N-(9-amidinononyl)-1,4-dideoxy-1,4-imino-d-lyxitol hydrochloride (26)—Nitrile 

22 (71.7 mg, 0.16 mmol) was dissolved in anhydrous ether (5 mL) and LiHMDS (0.20 g, 

1.21 mmol) was added. The mixture was sonicated at 40 °C for 2 h under inert atmosphere. 

The solvent was evaporated and the residue was stirred with water (10 mL) for 30 min. 

The water layer was extracted with DCM (3 × 10 mL), the combined organic phases were 

washed with brine (30 mL), dried (Na2SO4) and concentrated to give the crude amidine 

(61.6 mg) which was used in the next step without purification. 1H NMR (400 MHz, 

CDC13): δ 4.62-4.56 (m, 2H, H-2, H-3), 3.92 (dd, 1H, J 6.2 Hz, J 10.1 Hz, H-5¢), 3.74 (dd, 

1H, J 5.3 Hz, J 10.2 Hz, H-5), 3.20 (d, 1H, J 11.0 Hz, H-1¢), 2.90 (m, 1H, NCH2), 2.21 (q, 
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1H, J 5.6 Hz, H-4), 2.01-1.97 (m, 2H, H-1, NCH2), 1.67-1.28 (m, 16H, 8 × CH2), 1.47 (s, 

3H, C(CH3)2), 1.29 (s, 3H, C(CH3)2), 0.90 (br s, 9H, C(CH3)3), 0.07(2x) (each s, each 3H, 

Si(CH3)2). Deprotection of the crude amidine (61 mg, 0.14 mmol) was carried out following 

general procedure Method B. Compound 26 (43 mg, 95%), brownish oil, [α]D = + 31.0 (c 
0.41, CH3OH). 1H NMR (400 MHz, CD3OD): δ 4.43-4.36 (m, 2H, H-2, H-3), 4.03-4.00 (m, 

2H, H-5, H-5¢), 3.66-3.61 (m, 1H, H- 4), 3.51-3.47 (m, 2H, NCH2, H-1¢), 3.37-3.33 (m, 

1H, H-1), 3.15-3.08 (m, 1H, NCH2), 1.75-1.30 (m, 16H, 8 × CH2). 13C NMR (100 MHz, 

CD3OD): δ 163.3 (C, amidine), 72.0, 70.8, 70.5(C-2, C-3, C-4), 59.5 (C-5), 57.9 (NCH2), 

57.4 (C-1), 30.1(2x), 29.9(2x), 29.8(2x), 27.4, 25.9 (8 × CH2). HRMS (ESI-MS): m/z calcd 

for [C15H31N3O3]H+: 302.2438, found: 302.2441.

4.3 Enzyme assays

The isolation and purification of recombinant Drosophila melanogaster Golgi (GMIIb) and 

lysosomal (LManII) α-mannosidases was carried out as described.20 The same process 

was used also in case of Caenorhabditis elegans Golgi α-mannosidase AMAN-2.34 The 

α- mannosidase from Canavalia ensiformis (JBMan) was purchased from Sigma. The 

mannosidase activity of these enzyme preparations were measured using p-nitrophenyl α-D-

mannopyranoside (pNP-Man; Sigma; 100 mM stock in dimethylsulphoxide) as a substrate at 

2 mM final concentration in 50 mM acetate buffer of the relevant previously-defined optimal 

pH) (GMIIb and AMAN-2 at pH = 6.0, LManII at pH = 5.2 and JBMan at pH = 5.0) and 0.5 

μL of the enzyme (0.05 μg of protein for JBMan), in a total volume of 50 μL for 1-2 h at 37 

°C. GMIIb was assayed in the presence of 0.5 mM CoCl2.

The lyophilized imino-D-lyxitol derivatives were dissolved in DMSO to the final 

concentration 50 mM and further diluted to a desired concentration in water. The tested 

derivatives 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 

IC50 value was determined with 2 mM pNP-Man. The Ki values were determined from 

Dixon plots of assays performed with pNP-Man (0.5-4 mM). The type of inhibition was 

estimated by a simple method of plotting kinetic results of the enzymatic method67 showing 

a competitive type of inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Natural iminosugars (swainsonine and 1,4-dideoxy-1,4-imino-D-mannitol) and three 

examples of synthesized inhibitors selective toward Golgi α-mannosidase II.10, 11, 13
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Figure 2. 
Schematic representation of four inhibitor-enzyme complexes in which different protonation 

forms of inhibitor and Asp catalytic acid residue were used in theoretical calculations. Also 

non-active forms of the N- substituted pyrrolidine structures are shown (grey).
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Figure 3. 
Superposition of the inhibitor 18(green), docked into dGMII (left) and JBMan (right), 

with X-ray complexes of inhibitors (magenta) with dGMII (PDB ID: 6RRJ)28 and JBMan 

(PDB ID: 6B9P)30. All these inhibitors tend to bind with a loop (blue) consisted of the 

Glu875-Arg876-Gly877 (in dGMII) and the Gly788- Arg789-Gly790 sequences (in JBMan).
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Figure 4. QM/MM optimized structures of the complexes 18:dGMII and 18:JBMan.
For sake of clarity most hydrogen atoms are not visualized. Some hydrogen bonds as well 

as contact interactions of the naphtyl linker with a loop (in blue color, the Glu875-Arg876-

Gly877 sequence in dGMII and Arg789-Gly788-Gly790 in JBMan) are shown by dash 

lines (values of distances in Å). Interactions between the naphtyl linker of the inhibitor 

and Tyr267 in dGMII is missing in JBMan where the active site is more open and solvent 

accessible.
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Figure 5. FMO-PIEDA total pair interaction energies (ΔElinker-AA) ( in kcal mol-1) between the 
inhibitor linker of 18and the active-site amino acid residues of dGMII (the form inh0-Asp341--
dGMII) and JBMan (the form inh0-Asp268--JBMan). The most significant ΔElinker-AA are 
assigned.
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Scheme 1. Synthesis of the intermediates 2, 4, and 5, and the target compounds 4 and 6.
Reagents and conditions: i) MsCl, Et3N, CH2Cl2, rt, 16 h, 89%; ii) BnNH2, 120 °C, 7 h, 

88%; iii) 10% Pd-C, H2, MeOH, rt, 6 h, 81%; iv) 6M HCl/MeOH 1:2 (v/v), rt, 16 h, 68% for 

5; 82% for 6.
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Scheme 2. Synthesis of the guanidine derivative 9.
Reagents and conditions: i) p-xylylenediamine, 95 °C, 16 h, 50%; ii) [N,N¢-bis(tert-
butoxycarbonyl)]-1H- pyrazole-1-carboxamidine, 50 °C, ultrasonic irradation, 1 h, 64%; iii) 

6M HCl/MeOH 1:2 (v/v), rt, 16 h, 92%.
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Scheme 3. Synthesis of the target compounds 16-21.
Reagents and conditions: i) RBr, K2CO3, DMF, 4-24 h, 45-60 °C, 90% for 10, 84% for 11, 

66% for 12, 53% for 13, 49% for 14, 68% for 15; iii) 6M HCl/MeOH 1:2 (v/v), rt, 16 h, 

78% for 16, 68% for 17, 60% for 18, 55% for 19, 75% for 20, 79% for 21.
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Scheme 4. Synthesis of the alkylguanidine derivative 25and alkylamidine derivative 26.
Reagents and conditions: i) Br(CH2)9CN, K2CO3, DMF, 45 °C, 16h, 87% ii) LiEt3BH, THF, 

ultrasonic irradiation, 50 °C, 2 h, 89% iii) N,N′-bis(tert-butoxycarbonyl)-1H-pyrazole-1-

carboxamidine, THF/DMF, ultrasonic irradiation, 50 °C, 1 h, 56%; v) a) LiHMDS, Et2O, 

ultrasonic irradiation, 40 °C, 2 h; b) 6M HCl/MeOH 1:2 (v/v), rt, 16 h, 95%.
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Table 1
pKa values calculated for geometries of complexes of the bound inhibitor 18 [2-(1-

naphtyl)ethyl derivative] in dGMII and JBMan enzymes (four different ionized 
combinations of the inhibitor and the amino acid Asp341-dGMII or Asp268-JBMan were 
included) optimized at the QM/MM level.

The preferred pyrrolidine ring conformation of the bound inhibitor and selected geometry parameters 

(interatomic distances between selected atoms (N1 and C5) of the inhibitor and (Zn2+ ion and Asp204) of 

the enzymes are also compiled.

neutral/ionized form Conformat ion 
of the ring

Interatomic distances(in Å) pKa values and preferred ionized form

dGMII d(N1-
Zn2+)

d(N1-O-

asp204)
d(C5-O-

asp204)
N1-inhibitor Asp34l Asp340 Asp270

empty active site (PDB 
ID: 3BUB) 5.8 (Asp-) 4.3 (Asp-) 1.2 (Asp-)

swainsonine-dGMII 
(PDB ID: 3BLB)

E1 3.92 2.75 3.92 5.0 (N0-pyr) 5.6 (Asp-) 4.3 (Asp-) 1.1 (Asp-)

swainsonine-dGMII 
(PDB ID: 1HWW)

2E 4.11 2.88 3.90 5.3 (N0-pyr) 5.6 (Asp-) 3.1 (Asp-) 6.3 (Ash0)

inh0-Asp341-
E1 3.99 3.13 3.98 5.5 (N0-pyr) 5.9 (Asp-) 0.6 (Asp-) 4.4 (Asp-)

2E/E1 4.20 3.14 3.81 5.8 (N0-pyr) 5.9 (Asp-) 1.0 (Asp-) 4.4 (Asp-)

inh0-Ash3410
E1 4.13 3.18 3.83 5.5 (N0-pyr) 6.0 (Ash0) 0.1 (Asp-) 4.6 (Asp-)

2E 3.99 3.13 3.96 5.6 (N0-pyr) 5.9 (Asp-) 0.0 (Asp-) 4.6 (Asp-)

inh+-Asp341- E1/2E 3.99 2.74 3.91 5.1 (N0-pyr) 6.0 (Ash0) 1.3 (Asp-) 4.5 (Asp-)

inh+-Ash3410 E1 3.95 2.72 3.94 5.3 (N0-pyr) 5.7 (Asp-) 1.0 (Asp-) 4.3 (Asp-)

JBMan N1-inhibitor Asp268 Asp267 His209

empty active site (PDB 
ID: 6B9O) 7.5 (Ash0) -0.3 (Asp-) 7.6 (Hip+)

swainsonine0-JBMan 2E 4.23 3.26 3.85 7.8 (N+-pyr) 5.1 (Ash0) -0.3 (Asp-) 7.9 (Hip+)

swainsonine+-JBMan 2E 4.09 2.81 3.86 8.1 (N+-pyr) 2.7 (Asp-) 0.1 (Asp-) 8.9 (Hip+)

inh0-Asp268-
Ei 4.23 3.28 4.01 7.9 (N+-pyr) 3.5 (Ash-) 1.5 (Asp-) 7.8 (Hip+)

2E/E1 4.27 3.30 3.99 7.9 (N+-pyr) 5.1 (Ash0) -0.2 (Asp-) 7.9 (Hip+)

inh0-Ash2680
Ei 4.21 3.21 4.04 8.0 (N+-pyr) 3.7 (Asp-) 1.5 (Asp-) 7.6 (Hip+)

2E/E3 4.40 3.42 3.95 7.5 (N+-pyr) 5.0 (Asp0) 1.5 (Asp-) 7.5 (Hip+)

inh+-Asp268- E1 4.06 2.85 4.07 8.2 (N+-pyr) 3.3 (Asp-) 1.5 (Asp-) 7.9 (Hip+)

inh+-Ash2680 Ei 4.04 2.75 4.03 8.0 (N+-pyr) 4.1 (Asp-) 1.5 (Asp-) 7.7 (Hip+)
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Table 2

Calculated interaction energies (ΔEI-E, in kcal mol-1) for different ionized forms of the 

inhibitor 18 in a complex with either dGMII or JBMan enzymes at the MP2//BP86 level.

Also overall interaction energies between the enzyme and inhibitor fragment [the pyrrolidine core (ΔEring) or 

the 2-(1-naphtyl)ethyl linker (ΔElinker-E)] are also compiled.

dGMII conform ΔEI-E ΔEring-E ΔElinker-E

inh0-Asp341-
E1 -591.32 -557.14 -34.19

2E -597.10 -562.25 -34.85

inh0-Ash3410
E1 -580.41 -548.86 -31.55

2E -589.48 -557.28 -32.20

inh+-Asp341- E1 -780.68 -748.13 -32.55

inh+-Ash3410 E1 -743.42 -713.25 -30.17

JBMan

inh0-Asp268-
E1 -585.62 -570.46 -15.16

2E/E1 -586.71 -573.96 -12.75

inh0-Ash2680
E1 -547.86 -533.21 -14.65

2E/E3 -600.62 -591.51 -9.11

inh+ -Asp268- E1 -768.16 -752.82 -15.33

inh+ -Ash2680 E1 -747.63 -730.41 -17.22
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Table 3

Calculated interaction energies (ΔEI-E, in kcal mol-1) for different ionized forms of the 

inhibitor 17 in a complex with either dGMII or JBMan enzymes at the MP2//BP86 level.

Also overall interaction energies between the enzyme and inhibitor fragment [the pyrrolidine core (ΔEring-E) or 

the N-2-naphtylmethyl linker (ΔElinker-E)] are also compiled.

dGMII conform ΔEI-E ΔEring-E ΔElinker-E

inh0-Asp341- E3/2E -591.68 -561.01 -30.67

inh0-Ash3410 2E -571.61 -543.95 -27.66

inh+-Asp341- 2E -795.53 -765.93 -29.61

inh+-Ash3410 2E -742.24 -718.44 -23.80

JBMan

inh0-Asp268- E3 -604.14 -586.80 -17.34

inh0-Ash2680 2E -536.59 -526.59 -9.50

inh+ -Asp268- 2E -789.23 -773.32 -15.91

inh+ -Ash2680 2E -673.16 -662.44 -10.72
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Table 4

Inhibition (IC50, Ki ,in square brackets, and selectivity index SI
a,b

) of class II GH38 α-

mannosidases (GMIIb, AMAN-2, LManII and JBMan) by N-substituted 1,4-dideoxy-1,4-
imino-D-lyxitol derivatives.

Compound
IC50 [Ki](μM)

SI
a

SI
b

GMIIb AMAN-2 LManII JBMan

6 3.9 ± 0.1 2.3 ± 0.1 30.5 ± 3 10.5 ± 1.3 8 5

4 11.0 ± 1.3 8.7 ± 0.1 675 ± 67 1075 ±185 61 124

16 4.4 ± 0.2 3.5 ± 0.1 460 ± 53 940 ± 24 105 269

17 7.6 ± 1.1 2.4 ± 0.1 845 ±170 1950 ± 250 111 812

18
0.45 ± 0.08 0.21 ± 0.10 12.0 ± 1.3 18.0 ± 1.7

27 86
[0.16 ± 0.01] [0.15 ± 0.03] [3.9 ± 0.1] [6.5 ± 0.5]

19 3.5 ±0.3 17.3 ± 0.1 190 ± 53 1290±113 54 75

20 15.5 ± 0.5 84.3 ± 0.1 980 ±102 2550±63 63 30

9
2.4 ± 0.1 12.5 ± 0.1 340 ± 35 115 ± 6.7

142 9
[0.83 ± 0.08] [10.3 ± 1.0] [165 ± 12.5] [52.4 ± 7.5]

21 0.40 ± 0.05 2.3 ± 0.1 11.8 ± 1.2 20.3 ± 4.4 30 9

25 0.45 ± 0.10 2.7 ± 0.1 8.3 ± 2.1 8.3 ± 1.2 18 3

26
0.19 ± 0.02 1.4 ± 0.1 6.7 ± 1.2 4.7 ± 1.2

35 3
[0.04 ± 0.01] [0.78 ± 0.23] [3.2 ± 1.2] [1.4 ± 0.4]

Swainsonine
0.0045 0.004 ± 0.02 0.012 0.20

d

3 20

[0.0027]
e

0.01
c

[0.0071]
e

DIM
f

0.19 ± 0.04 0.81 ±0.03 2.55 ± 0.10 0.72 ± 0.03
13 1

[0.13 ± 0.02 [0.68 ± 0.03] [1.95 ± 0.35] [0.38 ± 0.03]

a
SI = [IC50(LManII)/IC50(GMIIb)]

b
SI = [IC50(JBMan)/IC50(AMAN-2)]

c
IC50 estimated from inhibition assays measured by Paschinger et al.34 where 45% inhibition of AMAN-2 by 10nM of swainsonine was found

d
IC50 measuared by Poláková et al.38

e
IC50 and Ki measuared by Nemčovičová et al.20

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