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Abstract: Inhibition of biosynthesis of complex N-glycans in Golgi
apparatus influence progress of tumor growth and metastasis. Golgi
a-mannosidase Il (GMII) has become a therapeutic target for a drug
with anticancer activities. One critical task for successful application
GMII drugs in medicine treatment is to reduce their unwanted co-
inhibition with lysosomal a-mannosidase (LMan) by which suffer all
known potent GMII inhibitors. A series of novel N-substituted
polyhydroxypyrrolidines was synthesized and tested with modeled
GH38 a-mannosidases from Drosophila melanogaster (GMIlb and
LManll). The most potent structures inhibited GMIIb (K; = 50-76 uM
as determined by enzyme assays) with a significant selectivity index
of ICso(LManll)/ICso(GMIlb) > 100. They also showed the inhibitory
activity in vitro assays with MTS test towards cancer cell lines
(leukemia, 1Csp = 92-200 uM) and low cytotoxic activity towards
normal fibroblast cell lines (ICso > 200 puM). In addition, they did not
show any significant inhibitory activity towards GH47 Aspergillus
saitoi al,2-mannosidase. An appropriate stereo configuration
of -CH,OH and benzyl functional groups on the pyrrolidine ring of the
inhibitor may lead to an inhibitor with the required selectivity to the
active site of a target a-mannosidase.

Introduction

Swainsonine 1 [(1S,2R,8R,8aR)-trihydroxy-indolizidine] is an
alkaloid naturally occurring in a number of Australian and North
American plants.! It was found that it interferes with the
glycosylation pathway where it specifically inhibits glycoside
hydrolases from the GH family 38.21 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.?% 3 The effect of swainsonine on
oligosaccharide processing was elucidated [2% 2¢- 2.4l as it binds
reversibly to the active site of Golgi a-mannosidase Il (GMII) (EC
3.2.1.114)5I and modulates N-glycoprotein synthesis resulting in
the accumulation of hybrid type of N-glycans.?® ¢l Clinical trials

of short duration have demonstrated that swainsonine has a low
toxicity in humans and is well tolerated.?9: 71 On the other hand,
swainsonine and all other known a-mannosidase inhibitors have
an additional serious side effect that potentially precludes their
use as therapeutics. These compounds also inhibit the broad-
specificity lysosomal a-mannosidase (LMan) (EC 3.2.1.24, GH
family 38)! resulting in the accumulation of mannose-containing
oligosaccharides in tissues, serum and urine.[?9: 4

To apply swainsonine-mechanism-based compounds as
therapeutics, selective inhibitors of GMII with minimized side
effect to LMan are required. However, the potent inhibitors of
GMII exhibited negligible or no selectivity.[5 591 |t was observed
that 3- and 5-substituted swainsonine derivatives exhibited a
weak selectivity towards GMII [ICso(LMan)/ICso(GMII) < 20] at
the nanomolar and micromolar levels, while 6- and 7-substituted
derivatives exhibited even poorer activity and selectivity at the

micromolar and millimolar levels. 5" 101 Some
polyhydroxypyrrolidine  derivatives also  showed weak
selectivity.[% 9]

The active site of Drosophila melanogaster Golgi o-

mannosidase Il (dGMII) is made up of three sugar-binding sites:
the catalytic, holding, and anchor subsites. 11 dGMII needs
Zn?* ion co-factor for catalytic activity which resides at the
bottom of the catalytic subsite.®® Zn?* jon is in octahedral
coordination with four amino acid residues (side chains of His90,
Asp92, Asp204, His471) and with an inhibitor (bidentate ligand).
All potent dGMII inhibitors have to bind properly to the bottom of
the active site by interaction with Zn?>* and neighboring amino
acid residues otherwise the potency of the inhibitor is dropped
dramatically.[92 9. 9e. 91, 9i, 10¢, 121 The critical role of Zn?* ion and
aspartic acid residues of the catalytic subsite for the interactions
with the dGMII inhibitors was recently confirmed by quantum
mechanics calculations.™3 From crystal structures of available
fruit fly dGMIIB® 118 and bovine bLMan!® it is evident that the
active site of both enzymes are structurally and chemically
almost identical in radius of 10 A around Zn?* ion co-factor. This
is one of reasons why structurally small potent GMII inhibitors
like swainsonine inhibit both enzymes effectively with no
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significant selectivity observed. Thus, our strategy in the design
of a selective GMIl inhibitor was based on a previous
proposal,52 12¢ and consists of two basic points: (i) design of the
core unit of the inhibitor (key interactions with catalytic subsite
which is identical in both dGMII and bLMan); and (ii) design of
structural linker (specific interactions with holding or anchor
subsites of dGMII which are missing in bLMan).52 8a 11a For
these purposes, polyhydroxypyrrolidines with N-substitution
were prepared. It is known that certain polyhydroxypyrrolidines
derived from natural 1,4-dideoxy-1,4-imino-p-mannitol (the
structure 24), an azafuranose analogue of mannose, are
inhibitors of both GMII and LMan at the micromolar or millimolar
level with a weak selectivity index to GMII observed for some N-
substituted derivatives °2 %! (for more details about the design of
the structure of the inhibitors see the section Molecular
modeling). Our research group has recently published a series
of articles with mannose derivatives to find a structural feature of
the inhibitor with impact on selectivity.®P1 These studies
revealed that a selective GMII inhibitor should have a linker of
the benzyl type and modified 6-OH functional group. Structural
design was further developed and the present paper reports a
study with six novel N-arylalkyl substituted pyrrolidines from
which, to the best of our knowledge, some of them are the first
GH38 inhibitors with a significant selectivity index of
ICs0(LManll)/ICso(GMIIb) > 100 (for more details on the modeled
GH38 enzymes, LManll and GMIlb, see the section Enzyme
assays — experimental).

Results and Discussion

In the following subsections, the results from synthesis,
biological assays and molecular modeling are described and
discussed in connection with the selected Golgi and lysosomal
enzymes from the GH family 38 which are abbreviated as
follows: GMII (human Golgi a-mannosidase I1),2 %1 dGMII (fruit
fly Golgi a-mannosidase I, the homologue of mammalian Golgi
a-mannosidase 11),5° 141 GMIIb (fruit fly Golgi a-mannosidase Il
with some distinct differences in comparison to other
invertebrates and vertebrates),*S! LMan (human lysosomal o-
mannosidase),® % %I dl_Man (fruit fly lysosomal a-mannosidase,
CG6206 gene product),®® LManll -~ (fruit fly lysosomal a-
mannosidase, one of the acidic class Il mannosidases),®
JBMan (Jack bean o-mannosidase, the plant homologue of the
acidic class Il mannosidases)*® and bLMan (bovine lysosomal
a-mannosidase).l® The fruit fly GMIIb, LManll and JBMan were
used for enzymatic assays' in this study and our previous
studies;®*1 GMII, dGMII, LMan, dGMIl and JBMan in other
previous studies,®" %0 while dGMII and bLMan are the enzymes
with available crystal structures. 5 5b. 8a, 12¢,17]

Synthesis

Computer-assisted designi*®l was used to predict a core
structure and a selectivity structural linker of the dGMII inhibitor
(for more details see also the section Molecular modeling). The
synthesis of target compounds started from 2,3-O-
isopropylidene derivatives 2 and 3 which were prepared from b-
ribose according to the previously published procedure (Scheme
1).09

Highly efficient reductive ring opening of the lactols 2 and 3 with
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Scheme 1. Synthesis of the pyrrolidines 10 and 11. Reagents and conditions:
a) NaBHa4, EtOH, rt, 2 h, 90% for 4, 98% for 5; b) MsCl, EtsN, CH:Cly, rt,
overnight, 98% for 6, 95% for 7; c) BnNH2, 120 °C, 7-8 h, 87% for 8, 97% for
9; d) 6M HCI/MeOH 1:2 (v/v), rt, overnight, 62% from 8, 68% from 9; e) 1. Ha,
10% Pd-C, MeOH, rt, overnight, 2. 10% HCI, 89%.

NaBH., was performed in EtOH providing corresponding diols
41201 and 5. Standard mesylation of diols 4 and 5 led smoothly to
dimesylated derivatives 67 and 7. The cyclization of the
dimesylate 6 with benzyl amine to access fully protected 1,4-
imino-L-lyxitol 8 was conducted previously in refluxing toluene
within 24 h.[2% Another substrate very similar to 7 was cyclized to
1,4-imino-L-lyxitol in neat benzyl amine under reflux for 18 h.[?
However, optimization of reaction conditions showed that
optimal reaction time and temperature for the cyclization of
dimesylates 6 and 7 in neat benzyl amine were 7 h at 120 °C. In
addition, the work-up procedure was significantly simplified by
extraction of excess BnNH, with cold 0.5m citric acid® instead
of its tedious removal by evaporation. Acid-sensitive protective
groups were stable under the condition used and the ring
closures were performed on a gram scale (~ 3.5 g, yield 87%).
Simultaneous removal of isopropylidene and trityl/silyl protective
groups from 9 under acidic conditions (6m HCI/MeOH) afforded
N-benzyl pyrrolidine 10 in moderate vyield. In addition,
debenzylation of 10 under catalytic hydrogenation conditions
followed by treatment with diluted HCI provided the core
pyrrolidine 114 as its hydrochloride (Scheme 1).

R R

a " N b N

7 % o’ Y 2 HOT( Y
5 o HO  "OH
12: R=CH,CH,Ph

13: R = p-methoxybenzyl
14: R = pyridin-4-ylmethyl

15: R = CH,CH,Ph
16: R = p-methoxybenzyl
17: R = pyridin-4-ylmethyl

Scheme 2. Synthesis of target pyrrolidines 15-17. Reagents and conditions: a)
RNHz, 120 °C, 7-8 h, 87% for 12, 78% for 13, 77% for 14; b) 6M HCI/MeOH
1:2 (v/v), rt, overnight, 52% for 15, 54% for 16, 62% for 17.

Following the optimized conditions for the cyclization reaction,
pyrrolidines 12-14 were prepared from dimesylate 7 and the
corresponding benzyl amine. Simultaneous hydrolysis of trityl
and acetonide protecting group furnished target pyrrolidines 15-
17 in moderate yields (Scheme 2).

Another approach based on the removal of N-benzyl group from
8 under standard conditions (H., Pd/C in methanol) followed by
N-benzylation of the resulting pyrrolidine 18 with p-iodo- or p-
bromobenzyl bromide gave pyrrolidine 19 and 20 in 89% and
74% yield, respectively. Their treatment with 6m HCI in methanol
afforded target pyrrolidines 21 and 22 (Scheme 3).
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Scheme 3. Synthesis of target pyrrolidines 21 and 22. Reagents and
conditions: a) Hz, 10% Pd-C, MeOH, rt, 4 h, 80%; b) RBr, K2COs, DMF, 40 °C,
4h, 89% for 19, 74% for 20; c) 6M HCI/MeOH 1:2 (v/v), rt, overnight, 73% for
21, 66% for 22.

Biological assays

A series of seven polyhydroxylated pyrrolidines 10, 11, 15-17,
21 and 22 was evaluated towards the class Il a-mannosidases
(GH family 38) GMIlb, LManll and JBMan and the class | a-
mannosidases (GH family 47) AspMan. All N-substituted
pyrrolidines showed inhibitory activity towards the target enzyme,
GMllb, with ICso values in the range from 52 uM to 770 uM
(Table 1).

However, unsubstituted pyrrolidine 11 exhibited only moderate
inhibitory activity (ICso = 270 uM). Among the N-alkylated
pyrrolidines, phenethyl derivative 15 and pyridin-4-ylmethyl
derivative 17 were found to be the least potent inhibitors in
comparison with N-(4-substituted benzyl) analogues 10, 16, 21
and 22. The latter two N-(4-halobenzyl)pyrrolidines 21 and 22
were the most potent GMIIb inhibitors with 1Cso values 52 and 55
p1M, respectively. These data suggest that N-alkylation plays an
important role in the inhibitory activity of the N-substituted
polyhydroxylated pyrrolidines. For the compounds 10, 21 and 22
with the lowest ICsp values, their inhibition constants were also
determined (Table 1). It was observed that K; values were
essentially the same as ICso values, not differing more than by
10%.

A selective GMIl inhibitor is required to exhibit none or
significantly reduced inhibitory activity towards LMan. All tested
polyhydroxylated pyrrolidines were found to be weak LManll
inhibitors with ICsg values at the millimolar level (ICsq in range of
1.2 mM to >8mM). N-Substituted derivatives were slightly
weaker inhibitors of LManll in comparison with the parent
pyrrolidine 11. It is noteworthy that N-phenethyl derivative 15
showed approximately 3-fold higher inhibition capacity than 11,
suggesting that two-carbon spacer between pyrrolidine and
benzene ring is a preferred arrangement for LManll inhibition.
Thus, it is not the suitable structural fragment of an effective
GMllb inhibitor.

Based on the ICso values for LManll and GMIlb, a selectivity
index was calculated for each derivative as a ratio of
ICso(LManll)/ICso(GMIlb). The most potent inhibitors of GMIIb 21
and 22 had the highest selectivity index 117 and 136,
respectively. N-Benzyl pyrrolidine 10 exhibited a slightly lower
index of 80. To the best of our knowledge, these structures are
the first known GH38 inhibitors with the significantly high
selectivity index since all known GH38 inhibitors had the
selectivity index <20 (for some example see 23, 25 and 26 in
Table 1) insufficient for clinical treatments. The selectivity index
of 16 was also satisfactory and higher than that of the weakest
GMIIb inhibitors 17 and 11. On the contrary, the significantly
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reduced selectivity was observed for N-phenethyl derivative 15.
It seems that a length of hydrocarbon chain between pyrrolidine
unit and phenyl function is a crucial factor for retaining the
selectivity of the GMIlb inhibitors. The similar inhibitory
properties were also observed in our previous study with sulfur-
containing a-D-mannopyranosides having the phenylalkyl
functional group.!°°]

As published previously ®1 swainsonine 1, the nanomolar
inhibitor of both GMII and LMan, gave an extremely poor
selectivity index of 2. A substitution at the position 5 in its
analogue 23 led to an increase in the selectivity index to a value
of 11. However, a swainsonine derivative with the benzyl
functional group itself at the position 5, which could mimic the
inhibitor 10 with the high selectivity index, is yet to be described.
For such a structure another increase of the selectivity index
could be expected to maintain its potency at the nanomolar level.
The core structure of the pyrrolidine inhibitors presented here is
closely related to the structure of natural 1,4-dideoxy-1,4-imino-
p-mannitol 24, namely its N-benzyl derivative 25 (Table 1).
When the potency and selectivity of 24 is compared to the
inhibitor 11, the deletion of —CH(OH)-CH,OH moiety in 24 and
the additional attachment of —-CH,OH at the opposite site of the
ring in 11 led to a dramatic decrease in potency towards LManll
(from 13 puM to 7500 uM) and only to a slight decrease in
potency towards GMIlb (from 100 uM to 270 uM) resulting to the
required selectivity index. Similarly, when the potency and
selectivity of the N-benzyl derivatives 25 and the inhibitor 10 are
compared, the benzyl function further improved the potency and
selectivity (in case of 10) and only the selectivity (in case of 25).
These results suggest that a combination of an appropriate
stereo configuration of -CH,OH and benzyl functional groups on
a mannose mimicking core (polyhydroxylated pyrrolidine ring)
may lead to an inhibitor with the required selectivity for the active
site of GMIIb.

To verify the high selectivity index and weak inhibitory properties
of our pyrrolidine series towards LManll, the inhibition assay was
also measured with the a-mannosidase from Canavalia
ensiformis (Jack bean) (JBMan) (EC 3.2.1.24, GH family 38),
widely used as a model for acidic a-mannosides.[?: 5% %. 9¢-.10, 12a-
bl This assay provided similar results as compared to LManll
(Table 1). All tested structures did not inhibit JBMan at the 2mM
concentration of the inhibitor except for 24. These results further
support the validity of the selectivity index of the N-benzyl
polyhydroxylated pyrrolidines. Since it is known[?! that 24 and its
pyrrolidine analogues are also strong inhibitors of class | a-
mannosidases, further verification of the selectivity index of our
compounds (10, 11, 16, 21, 22) towards GMIIb was performed in
an enzymatic assay with Aspergillus saitoi o-1,2-mannosidase
(AspMan) (EC 3.2.1.113, GH family 47). All tested structures,
except for unsubstituted derivative 11 (ICso = 1 mM), did not
inhibit AspMan at the 1-2 mM concentration of the inhibitor.
These results indicate that the most selective inhibitors (10 and
21) may maintain their specificity towards Golgi a-mannosidases
with no inhibitory effects towards acidic lysosomal and
endoplasmic reticulum a-mannosidases. Since the employed
model GMIIb from fruit fly showed some distinct biochemical
differences in comparison to mannosidase Ill or mannosidase II*
from other invertebrates and vertebrates, 9

This article is protected by copyright. All rights reserved.



ChemMedChem

10.1002/cmdc.201700607

WILEY-VCH

Table 1. Measured ICso (and Ki) values [M] for class Il (GMIIb, LManll and JBMan) and class | (AspMan) a-mannosidases (in M). For comparison representative
inhibitors with a known selectivity index to GMII (as appropriate to either GMII, dGMII or GMIIb) are also included.62 6e. 61

Compound GMiIlb LManll JBMan AspMan Selectivity index
FSN ICso [Ki] ICso ICso ICso ICso(LManl1)/ICso
Ho/”"(_7 (Inhibition in %)@ (Inhibition in %)@ (Inhibition in %)®! (GMlIb)
HO  OH
11 (2.7£0.75) x 102 75x 103 0.7 x 103 (1.0£0.2) x 103 28
(R=H) [(2.2 £ 0.15) x 104 (50)
10 (8.8 +0.06) x 10° 7.0x10°% n.d. n.i. 80
(R =Bn) [(7.6 £ 0.13) x 109)] (1)
15 (1.9+0.23) x 10* 1.2x10°% 2.7x10% n.m. 6
(R = EtPh) (n.d.)
16 (1.4+0.17) x 10* n.d. n.d. n.i. n.d.
(R= 4-MeO-Bn) (n.d.) (9 (4
17 (7.7 £ 0.40) x 10 n.d. n.d. n.m. n.d.
(R = 4-Py-Bn) [n.d.] ) )
21 (5.2 0.12) x 105 6.1x 103 n.d. n.i. 117
(R = 4-1-Bn) [(5.0 £ 0.12) x 10°] (19) )
22 (5.5 + 0.15) x 105 7.5x 103 n.d. n.i. 136
(R = 4-Br-Bn) [(5.8 £ 0.06) x 10°] (16) ®)
5.0 x 108[ 11.0 x 1081 2.0x 107 >10.0 x 103N 2
(Q\OH [3 x 109
HO OH
1
2.9x 1080 3.1x107d 2.5x107 n.m. 11
%
/OH
HO OH
23
H OH 1.0 x 104 1.3 x 1050 n.m. n.m. <0
(17"" OH
HO OH
24
K@ 6.9 x 104 (el 1.5 x 103[ef n.m. n.m. 2
( \\(OH
A"
HG OH
25
Hgo&c% 2.0x 103 n.i.9 2.0 x 103 n.i. el >2
e
02
26

n.m. - not measured. n.d. - not determined (the inhibition <50% at 8 mM). n.i. - no inhibition or inhibition <10% at 2 mM. [a] inhibition in the presence of 2 mM of
the inhibitor calculated towards control activity without inhibitor. [b] inhibition in the presence of 1 mM of the inhibitor calculated towards control activity without
inhibitor. [c] ICso values measured for GMIIb, LManll, JBMan and AspMan by Polakova et al.l®¥ [d] ICso values measured for dGMII, dLMan and JBMan by Kuntz
et al. 51 [e] ICso values measured for GMII and LMan by Winchester et al. [°d [f] calculated ICso values by Bobovska et al.l*® based on measured in vitro assays
with human a-mannosidases. °d [g] ICso values measured for GMIIb and LManll by Polakova et al.l!! [h] Ki value measured for hERManl by Vallée et al. 1!

additional enzymatic assays with Co?* independent forms of
Golgi mannosidase I, GMII, are required for any future
refinements of inhibitor design.

Compounds 1, 10, 15, 16, 21, 22 were tested in vitro for their
cytotoxic activity on an eight cancer cell lines: A549 (human

lung adenocarcinoma), CCRF-CEM (T-lymphoblastic
leukemia), CEM-DNR (T-lymphoblastic leukemia,
daunorubicin resistant overexpressing the LRP protein), K562
(acute myeloid leukemia), K562-TAX (acute myeloid leukemia,
overexpressing the P-glycoprotein), HCT116 (human
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Table 2. Cytotoxic activity of the selected pyrrolidines 10, 15, 16, 21, 22 and swainsonine 1 against eight tumor and two non-malignant cell lines (ICso in uM).

Comp A549  CCRF-CEM CEM-DNR K562 K562-TAX HCT116 HCT116p53-/- U20S BJ MRC-5
10 >200 101+12 93+ 11 194 +8 107 £ 13 > 200 > 200 > 200 > 200 > 200
15 >200 957 99+ 11 189 £ 12 117 £ 13 > 200 > 200 > 200 > 200 > 200
16 >200 105%12 94+ 10 192+9 110+ 11 > 200 > 200 200+ 0.3 > 200 > 200
21 >200 10211 87 +11 156 £ 10 103 £13 > 200 > 200 169 +21 > 200 > 200
22 >200 94+24 122 £ 22 > 200 125+13 > 200 > 200 189 + 18 > 200 > 200
1 >200 11312 132+ 20 > 200 137 £13 > 200 > 200 > 200 > 200 > 200

ICso is the lowest concentration that kills 50 % of cells. The standard deviation in cytotoxicity assays is typically up to 15 % of the average value. Compounds with

ICs0 > 200 puM are considered inactive.

colorectal cancer with wild-type p53), HCT116p53-/- (human
colorectal cancer with deleted p53), U20S (Human Bone
Osteosarcoma Epithelial Cells) and on the two non-malignant
cell lines BJ (human fibroblast) and MRC-5 (human lung
fibroblasts). Cytotoxic activities are presented in Table 2.

In general, cytotoxic activities were observed in high
concentrations, and none of the tested compounds were
cytotoxic to the non-malignant cell lines BJ and MRC, and
solid tumor cell lines HCT116, HTC116p53-/- and A549. In
opposite, all compounds were cytotoxic to chemosensitive
CCRM-CEM acute lymphoblastic cell line as well as resistant
line CEM-DNR with ICso in range of 87-132 uM. The
pyrrolidines 10, 16 a 21 showed slightly higher cytotoxicity for
CEM-DNR compared to the non-resistant CCRF-CEM. A
similar trend was also observed for the cell line K562 and its
resistant counterpart K562-TAX. In addition, pyrrolidine 22
and swainsonine 1 did not inhibit non-resistant K562 at all.
The tested N-substituted pyrrolidines showed slightly higher
cytotoxicity as swainsonine 1 (90 — 130 uM versus 110 — 140
M) indicating that the pyrrolidine structures and the standard
1 may have similar pharmacokinetics properties.

Molecular modeling

The main goals of molecular modeling were to design of a
selective GMII inhibitor, and to explain observed selective
binding to GMII of the synthesized polyhydroxypyrrolidines. In
proposals of new inhibitors computational design was
combined with available experimental data of known GH38
inhibitors. We knew from our previous studies P 91 that
appropriate attachment of the benzyl functional group and
deletion of 6-hydroxy group on the mannose core of the
inhibitor increased selectivity of the inhibitors towards GMIIb.
Because the mannoside inhibitors showed only a weak
inhibition at the millimolar level, a new core structure of the
selective: inhibitor had to be designed. The
polyhydroxypyrrolidine ring was selected based on structural
analogy with a-mannosidase inhibitors swainsonine and 1,4-
dideoxy-1,4-imino-b-mannitol. Positions and stereo
configurations of functional groups (hydroxy, hydroxylmethyl
and benzyl) were optimized by molecular docking. The

proposed structures (compounds 10, 21 and 22) were further
refined by QSAR models with quantum mechanics interaction
energy descriptors developed in our laboratory.'8! Other
compounds (11 and 15-17) synthesized in this paper were
not proposed by molecular modeling. They were prepared to
compare their potency and selectivity with the proposed
structures 10, 21 and 22 as well as to understand an
interaction pattern for selective binding to GMIlb of the
proposed inhibitors.

To understand the observed selectivity towards GMIIb of the
polyhydroxypyrrolidines we focused on two factors which
would influence differential binding of inhibitors to GMIlb and
LManll (with GMII and LMan as surrogates with known 3D
structures); i) possible different ionization states of amino
group of the inhibitors and active-site amino acids; and ii)
quantum mechanics effects between the inhibitor and active-
site amino acids of the enzyme. For this purposes pKa
calculations in water and in both enzymes, docking, hybrid
QM/MM geometry optimizations and interaction energy FMO-
PIEDA calculations were performed.

pKa calculations. Polyhydroxypyrrolidines contain an amino
functional group incorporated in a ring moiety of the inhibitor.
The pKa values of such amino group may range from 5 to 9
depending on the position of the nitrogen atom in the ring as
well as on other structural factors (number and position of
hydroxyl groups in the ring, the conformation of the ring,
chemical external environment of the amino group, etc.).[?4
pH of GMII in Golgi apparatus is about 6 while pH of LMan is
more acidic (4.5-5.0) (for more details about pH of enzymatic
assays see the section 4.2. Enzyme assays). Thus, inhibitors
with a pKa value of 5-6 units could bind to GMII in neutral
form (as an amine) and to LMan in ionized form (as an
ammonium cation). This could induce different interaction
strength and binding mode as was proposed recently.3 The
calculated pK, values of the synthesized inhibitors in aqueous
solution and in both enzymes are compiled in the Table 3.
The values in aqueous solution are close to a value of 7
being in the range from 6.3-7.9. This indicates that some
inhibitors may prefer protonated form and some neutral ones
in aqueous solution. For comparison, there are also pK, value
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calculated™® for swainsonine 1 and pyrrolidine 24, for which
also experimental pK, value are available.”*d In the case of
dGMII, the inhibitors prefer protonated forms except for 11, 1
and 24. In contrast, for the 'acidic' bLMan, all inhibitors prefer
protonated forms with pK, values being in the range from 5.9
to 8.2. In case of the neutral form of the inhibitors the catalytic
acid Asp341 in dGMII (and Asp319 in bLMan) is in direct
contact with the inhibitor, the neutral (-COOH) form would
also be favoured, while for the protonated form of the
inhibitors, the ionized form (-COO") of this Asp residue is
preferred. Interestingly, the adjacent Asp340 residue in dGMII
(Ser318 in bLMan) changed its pKa value depending on the
protonation states of Asp341 and the inhibitor. Although these
results do not explain a connection between measured ICs, of
the inhibitors and their protonation states, pK, calculations
clearly indicate that in the active sites, namely in dGMII, there
is a balance between protonation states of the inhibitor and
some active-site ionizable amino acids. This balance may
vary between inhibitors and be dependent on the binding
mode, thereby influencing the potency and observed
selectivity of the pyrrolidine inhibitors synthesized in this
study.

Table 3. Calculated pKa values for ligands and selected Asp residues in
water and in the enzymes.

R

, N pKa
()
HO OH Water dGMmII bLMan
pH=7 pH=5.9 pH=4.5
Compound ligand ligand Asp341 Asp340 ligand Asp319
11 (R=H) 7.9 5.9 2.2 5.8 6.9 21
10 (R=Bn) 6.3 7.3 2.4 5.9 7.5 2.2
15 (R=EtPh) 6.9 6.8 4.4 4.4 7.8 2.0
16 7.5 7.3 25 5.9 7.7 2.2
(R=4-MeO-Bn)
17 6.4 7.5 2.3 5.9 7.5 18
(R=4-Py-Bn)
21 (R=4-1-Bn) 6.9 7.4 2.4 5.9 7.3 2.3
22 (R=4-Br-Bn) 7.3 7.3 25 5.9 7.3 2.3
1 7.8 50@ 5.6 4.3 8.2 3.0
(7.5)®!
24 6.6 476 68 4.4 8.1 1.9
(7.4)0
Holoenzyme 5.8 3.9

[a] calculated pKa value by Sladek et al.'®! [b] experimentally measured
pKa values. 2 %1

Molecular docking. By molecular docking it was found that
polyhydroxypyrrolidines bind to the active site of both dGMII
and bLMan in a similar manner as swainsonine (Figure 1).
However, the pyrrolidine ring of our compounds is shifted
away from Asp204 and the Zn?* ion as compared to the
indolizidine ring of the swainsonine. In Figure la there is in
superposition of the bound swainsonine (from the crystal
structure with ID PDB: 3BLB" 17)) with the computationally
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a) dGMII

dGMII
b) bLMan

Figure 1. (a) A superposition of the bound swainsonine (PDB ID: 3BLB) 15"
171 and computationally docked compound 21 into the active site of dGMII.
Due to a steric effect of hydroxymethyl moiety of 21 its pyrrolidine ring (in
grey) is shift away from the catalytic nucleophile Asp204 compared with
the swainsonine ring (in green) (distances between oxygen of Asp204 and
nitrogen of the inhibitors are in A). (b) A superposition of the docked
compound 21 in the active site of dGMII (PDB ID: 3BLB)®" 17 (21 with
carbons in grey) and bLMan (PDB ID: 107D)[ (21 with carbons in green)
indicates similar binding mode of both the pyrrolidine core and the benzyl
linker.

docked compound 21 in the active site of dGMII. Probably
due to a steric effect of hydroxymethyl moiety of 21, its
pyrrolidine ring may not bind so tightly to the bottom of the
active site. For example, the distances between the oxygen of
Asp204 and the ring nitrogen of the inhibitors are 2.75 A (for
swainsonine) and 3.51 A (for 21). The different position of the
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amino groups of both analyzed inhibitors may induce different
interactions with the active-site residues, namely with Asp204,
Asp341 and Zn?*, and influences binding affinities and pK,
values of the pyrrolidine inhibitors.

A superposition of the docked compound 21 in the active site
of GMII and bLMan clearly indicates the similar binding mode
of both pyrrolidine and benzyl moieties (Figure 1b).

FMO - PIEDA binding analysis. The molecular system
under study via the FMO method consisted of 24 fragments
including the ligand and the structural water which is always
present in the dGMII cavity®®1 for these ligands (for more
details see the Experimental section - Molecular modeling).
Each fragment corresponded to one of the following amino
acids residues: His90, Asp92~, Trp95, Asp204-, Phe206,
Arg228*, Tyr267, Ser268, Tyr269, Asp270~, Asp340~, Asp341,
Tyrd07, Asp409-, Trp4l5, His470, His471, Aspd72-, Tyr727,
Arg876*, Gly877, H,O, Zn?*, and the ligand. Since, as
discussed earlier, the main source of GH38 specificity is
expected to result from the different binding of the substituent
groups attached on the pyrrolidine core. It therefore appears
useful to point out residues of the binding site that interact
with different parts of the pharmacophores. Firstly, the core
structure which is essentially identical to the unsubstituted
ligand 11 interacts predominantly with the charge negative
residues Asp92, Asp204, Asp472, the charge neutral Tyr727
and Phe206 and the charge positive Zn?* ion. Secondly, more
specifically, the interaction of the side-chain —CH,-OH, which
is present also in 11, is mediated through Asp341, Tyr269
and Asp340. Lastly, the residues in direct interaction with the
benzyl linker are Arg228, Arg876, H,O, Trp415 and Tyr267.
The strongest attractive forces (energies) stem from the
Coulomb electrostatic interactions with charged residues. The
Ees is around -90 to —150 kcal mol™ between the ligand and
Asp92 and Asp204. Ees is below =150 to —220 kcal mol™ for
the interaction with Asp472. This observation is in good
qualitative and quantitative agreement with the results for
swainsonine by Sladek et al.’3 It is noteworthy that the
interaction with Asp204 is considerably weakened if
substituents are introduced into the unsubstituted structure 11
(Table S1 of Supplementary data). E.s drops from about —156
kcal mol™? in 11 to some -90 to -110 kcal mol™ for the
substituted derivatives. Furthermore, the charge transfer +
polarisation term Ec.mix Of all studied ligands is the largest for
11. Both may be easily rationalised if one considers the
difference in the Asp204.--NH-ligand separation being ~1.6 A
for 11 and ~2.5 A for the remaining ligands. It is due to the
steric hindrance of the bulky substituent groups that prevent
the ligand from approaching Asp204 much closer.

The main repulsive contribution is from the charge positive
Arg228 and Arg876 with Ees around 50 and 30 kcal mol™,
respectively. Zn?* is a special case - its total interaction with
the ligand is also repulsive. However, it is due to the
exchange energy term Eex rather than Ecs. This can also be
interpreted in the same way as for swainsonine,*¥! since the
interaction with the diol group on the ligand appears to be
essential for successful binding in the enzyme. Even though
Arg228 and Arg876 are in Coulomb repulsion with the ligand,
the benzyl ring exhibits non-negligible dispersion interactions
with both residues, which we believe to be important in the
stabilization within the enzyme cavity. The Egisp With Tyr269 is
in all cases around -5 kcal mol™, which is somewhat more

10.1002/cmdc.201700607

WILEY-VCH

that for swainsonine®®l. Similarly, Eqsp interaction of 11 with
Phe206 is stronger than for swainsonine with some -15 kcal
mol™. The remaining ligands show Egsp interaction with
Phe206 around -6 to -9 kcal mol™. The largest Eaisp
originates in the interaction with Trp95 with some -30 to -40
kcal mol™.

Conclusions

Using available experimental data and computational
modeling the structures of the selective inhibitor of fruit fly
Golgi a-mannosidase Ilb with minimal side-effects towards
fruit fly lysosomal o-mannosidase Il were designed,
synthesized and tested in enzyme and in vitro cell line assays.
It was found that two functional groups, namely benzyl and
hydroxymethyl functions in appropriate stereo configurations,
at the core ring of the inhibitor can dictate potency and
different binding to the target and side-effect enzymes. It can
be concluded that N-benzylation of the core polyhydroxylated
pyrrolidine unit leads to increased ICso (and Ki) as well as a
selectivity index towards GMIIb about 3-fold in comparison
with the non-substituted 11. Further increasing of the potency
and the selectivity index can be reached by appropriate
substitution at the position 4 on the benzene ring where 21
and 22 had the significant selectivity index >100. Compared
with known GMII, dGMII and GMIIb inhibitors, as natural
swainsonine (1) or 1,4-dideoxy-1,4-imino-b-mannitol (24), the
structures 10, 21 and 22 are the first known selective GMIIb
inhibitors with minimal side effect towards the lysosomal o-
mannosidase Il. Since their potency is several orders of
magnitude lower than that of swainsonine, further structural
refinements will be required to obtain the selective and
sufficiently potent inhibitor. Also, additional enzymatic assays
with human GMIl will be necessary to validate the high
selectivity index found for 10, 21 and 22 in assays with GMIlb.
The observed cytotoxic activity of the tested compounds in
72-hour MTS assay is rather low, demonstrating low toxicity
on non-tumor cell lines, on the other side is hard to predict its
real antitumor potential by the simple cytotoxic test. Such
activity should be more likely monitored by synergistic assay
with conventional antitumor drugs as doxorubicin, 5-FU or in
combination with X-ray irradiation and irinotecan as was
published previously for swainsonine and tunicamycin.[2%
Experiments with similar design might be a valuable tool in
the identification of the real therapeutic potential of GMIlb
inhibitors in future.

Based on the results from molecular modeling the potency
and the selectivity of the synthesized pyrrolidines might be
influenced by the binding position of the pyrrolidine ring (the
position of the ring nitrogen to Zn?** and other active-site
amino acid residues) and its protonation state giving different
interactions with the key active-site residues (Zn?*, Asp341,
Asp204, Asp92 and Asp472 in case of dGMII) as was
demonstrated in our previous work.*!

Experimental Section

General chemistry.
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TLC was performed on aluminium sheets precoated with silica gel 60
Fas4 (Merck). Flash column chromatography was carried out on silica
gel 60 (0.040-0.060 mm, Merck) with distilled solvents (hexanes, ethyl
acetate, chloroform, methanol). Dichloromethane was dried (CaHz)
and distilled before use. All reactions containing sensitive reagents
were carried out under an argon atmosphere. 'H NMR and 3C NMR
spectra were recorded at 25 °C with Varian VNMRS 400 MHz, Bruker
AVANCE IIl HD 400 and Bruker AVANCE Il HDX 600 spectrometers.
Chemical shifts are referenced to either TMS (5 0.00, CDCls for H) or
HOD (5 4.87, CDsOD for 'H), and to internal CDClz (5 77.00) or
CD3OD (3 49.00) for $3C. Optical rotations were measured on a Jasco
P2000 polarimeter at 20 °C. High resolution mass determination was
performed by ESI-MS on a Thermo Scientific Orbitrap Exactive
instrument operating in positive mode.

The lyxitols 10, 11, 15, 16, 17, 21 and 22 used in biological tests were
lyophilized before the use. p-Nitrophenyl a-D-mannopyranoside (pNP-
Manp) and jack bean a-mannosidase were purchased from Sigma;
swainsonine from Calbiochem; Aspergillus oryzae al,2-mannosidase
from Prozyme.

Enzyme assays

Assays with Class Il a-Mannosidases (GH family 38). The isolation
and purification of recombinant Drosophila melanogaster Golgi
(GMIIb) and lysosomal (LManll) a-mannosidases was carried out as
described by NemdoviGova et all'l The o-mannosidase from
Canavalia ensiformis (Jack bean) (JBMan) was purchased from
Sigma. 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 2 mm
final concentration in 50 mM acetate buffer at the relevant previously-
defined optimal pH) (Jack bean a-mannosidase, JBMan, at pH 5.0,
GMIIb at pH 6.0, and LManll at pH 5.2 ) and 0.5 yL 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 CoClz.

The inhibitor was preincubated with the enzyme in the buffer for 5 min
at room temperature and the reaction was started by addition of the
substrate. The reactions were terminated with two volumes (0.1 mL)
of 0.5M 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 ICso value was
determined with 2 mM pNP-Man. The Ki values were determined from
Dixon plots of assays performed with pNP-Man at the indicated
concentration (0.5-4 mm).

Enzyme assays with Class | a-Mannosidase (GH family 47). As
pNP-Manp is not a substrate for GH family 47 enzymes, a MS-based
assay was developed using a 2-aminopyridine-labelled MansGIcNAc2
N-glycan (Mana1,2Manal,2Manal,3(Manal,6)ManB1,4GIcNAcB1,
4GIcNAc-PA; purified by RP-HPLC of the N-glycome of Trichomonas
vaginalis.[?®l Approximately 5 pmol of the N-glycan was incubated with
0.3 pL (4 pU) Aspergillus saitoi a1,2-mannosidase in the absence or
presence of 0.25-2.0 mMm inhibitor, 50 mM ammonium acetate buffer
(pH 5) in a total of 5 pL; all assays for 1 or 2 hours at 37 °C. The
reactions were heat inactivated for 5 minutes prior to MALDI-TOF MS
(Bruker Autoflex Speed); the peak heights of the m/z 989, 1151 and
1313 [M+H]* ions (i.e., corresponding to the substrate and products
with one or two a1,2-mannose residues removed) were integrated to
estimate the conversion of substrate.

In vitro MTS assays

Cell lines. All cells (if not indicated otherwise) were purchased from
the American Tissue Culture Collection (ATCC). The CCRF-CEM line
is derived from T lymphoblastic leukemia, evincing high
chemosensitivity, K562 represent cells from an acute myeloid
leukemia patient sample with bcr-abl translocation, U20S line is
derived from osteosarcoma, HCT116 is colorectal tumor cell line and
its p53 gene knock-down counterpart (HCT116p53-/-, Horizon
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Discovery Ltd, UK) is a model of human cancers with p53 mutation
frequently associated with poor prognosis, A549 line is lung
adenocarcinoma. The daunorubicin resistant subline of CCRF-CEM
cells (CEM-DNR bulk) and paclitaxel-resistant subline K562-TAX
were selected in our laboratory by the cultivation of maternal cell lines
in increasing concentrations of daunorubicin or paclitaxel,
respectively. The CEM-DNR bulk cells overexpress MRP-1 and P-
glycoprotein protein, while K562-TAX cells overexpress P-
glycoprotein only. Both proteins belong to the family of ABC
transporters and are involved in the primary and/or acquired multidrug
resistance phenomenon.?”l MRC-5 and BJ cell lines were used as a
non-tumor control and represent human fibroblasts. The cells were
maintained in nunc/corning 80 cm? plastic tissue culture flasks and
cultured in cell culture medium according to ATCC or Horizon
recommendations (DMEM/RPMI 1640 with 5g/L glucose, 2 mM
glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, 10% fetal
calf serum, and NaHCO3).

Cytotoxic MTS assay. MTS assay was performed at Institute of
Molecular and = Translational Medicine by robotic platform
(HighResBiosolutions). Cell suspensions were prepared and diluted
according to the particular cell type and the expected target cell
density (25000 — 35000 cells/mL based on cell growth characteristics).
Cells were added by automatic pipettor (30 pL) into 384 well microtiter
plates. All tested compounds were dissolved in 100% DMSO and
four-fold dilutions of the intended test concentration were added in
0.15 pL aliquots at time zero to the microtiter plate wells by the
echoacustic non-contact liquid handler Echo550 (Labcyte). The
experiments were performed in technical duplicates and three
biological replicates at least. The cells were incubated with the tested
compounds for 72 h at 37 °C, in a 5% CO2 atmosphere at 100%
humidity. At the end of the incubation period, the cells were assayed
by using the MTS test. Aliquots (5 pL) of the MTS stock solution were
pipetted into each well and incubated for additional 1-4 h. After this
incubation period, the optical density (OD) was measured at 490 nm
with an Envision reader (Perkin Elmer). Tumor cell survival (TCS) was
calculated by using the following equation: TCS = (ODdrug-exposed
weti/mean ODcontrol wells) X 100%. The ICso value, the drug concentration
that is lethal to 50% of the tumor cells, was calculated from the
appropriate dose-response curves in Dotmatics software.[?]

Molecular modeling

Docking with Glide. The crystal structures of dGMIl (PDB ID:
3BLB),5" 171 and bLMan (PDB ID: 107D) ®a were used as 3-D
enzyme models of human GMII and LMan for docking of synthesized
pyrrolidines with the GLIDE program [?8 of the Schrédinger package.
Protonation states of amino acid residues of enzymes were calculated
for the pH = 6.0 £ 1 (dGMIl) and 4.5 + 1 (bLMan) by the Protein
Preparation Wizard of the Schrodinger package.??! For docking with
dGMII all molecules of water at the active site of dGMII were deleted
except one (WAT1820, numbering according to PDB ID: 3BLBIL.
This water has been shown to be conserved in crystal structures of
dGMII either with intact substrates or inhibitors.[" 9. 114l |n all docking
calculations the catalytic acid (Asp341 in dGMII and Asp319 in the
case of (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 centred 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 bLMan).
For these structural fragments the charges were calculated at the
quantum mechanics level with the DFT (Density Functional Theory)
method (M06-2X) B9 using hybrid quantum mechanics/molecular
mechanics (QM/MM) model (M06-2X/LACVP**:0PLS2005) with the
QSite 34 program of the Schrédinger 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 [2 of the
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Schrédinger package. 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* 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 13 viewer of the
Schrédinger package.

pKa calculations. The pKa values of ligands in water were calculated
at the quantum mechanics level, including empirical corrections from
the pKa prediction module! of the Jaguar programf®@ of the
Schrodinger package. pKa values of ligands bound in the active site of
dGMII and bLMan were calculated at the empirical level considering
an enzyme pH optimum of 6.0 (dGMII) and 4.5 (bLMan) using the
PROPKA v.2 program. 3%

Quantum mechanics calculations. The geometries of complexes
(GMlI-inhibitor) were optimized at the hybrid QM/MM level using the
meta hybrid Minnesota functional with doubled amount of nonlocal
exchange (M06-2X) B9 with the Los Alamos national laboratory
effective core potential (LACVP**) B8 basis set employing the Qsite
program [0 of the Schrodinger package. The QM part contained
ligands, Zn?* and the following active-site amino acids (side chains of
His90, Asp92, Trp95, Asp204, Phe206, Arg228, Ser268, Tyr267,
Tyr269, Asp270, Asp340, Asp341, Asp409, Trp4l5, His471, Asp472,
Tyr727, Arg876, backbone of Gly877 and WAT1820). The MM part of
the system (the rest of the enzyme) was treated with the OPLS2005
force fields.?! The starting geometries were taken from molecular
docking (see the section Docking with Glide).

The virtue of the Fragment Molecular Orbital — Pair Interaction Energy
Decomposition Analysis (FMO-PIEDA) technique is to enable
evaluation and analysis of pair interactions embedded within the
electrostatic potential of the surroundings.®8l This method was
successfully used to analyse the change of the binding motif of dGMIl
ligands when they bind in different protonation states.[*3l In this study,
we intented to explore its possible use in such way, that individual
energy terms could be used in simple QSAR models. That is, to
correlate any of the energy terms with experimentally assessed AG
values. The FMO — PIEDA allows the following energy decomposition

Etot = Eels + Eexch + Ect-mix + Edisp

Here Eint or Ewt is the total pair interaction energy, Ees is the
electrostatic energy, Eexch Stands for the exchange energy, Ectmix iS
the charge-transfer + mixing energy (which is the not fully recovered
polarization energy) and Edisp is the dispersion energy. Eexeh is always
repulsive as it represents the Pauli exchange term. The
electrostatic/Coulomb term can be either positive or negative while
the mixing and dispersion terms are negative, thus attractive and
stabilizing the interactions. In practice Edisp iS often used to explain
ligand binding in enzymes.*d We shall focus on Eint and Egisp. It
should be noted that these calculations at the current state of
implementation are not corrected for basis set superposition effect
(BSSE).[*9 Some-authors argue this not being a problem at close-to-
equilibrium separations of the interacting moieties.*! General
remarks on the FMO accuracy may be found elsewhere. 38 421

FMO-PIEDA analysis was carried out in the GAMESS package 3
using the Def2-SVP basis sets.*¥ For each residue (amino acid), its
own fragment was assigned and all were in the same layer (i.e. same
method applied). The single point calculations were done at the RI-
MP2 level.*3l PIEDA background is documented elsewhere.[38 48]
The HOP — Hybrid Operator Projection technique was adopter in the
generation of fragments for the covalently bounded amino acids. 6!
Metal atoms in enzymes represent a challenge for QM description.“7]
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The approach regarding the zinc atom in dGMIl was described
earlier.[*3
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Selective GMIIb inhibitors: The synthesized N-benzyl
substituted polyhydroxypyrrolidines represent the first known
selective inhibitors of Golgi a-mannosidase Ilb. The
attachment of two functional groups, namely benzyl and
hydroxymethyl function in appropriate stereo configuration, at
the core ring of the inhibitor can dictate potency and different
binding to the target and side-effect enzymes.
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