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Design, synthesis and docking-based 3D-QSAR study of novel
2-substituted 2-aminopropane-1, 3-diols as potent and selective

agonists of sphingosine-1-phosphate 1 (S1P,) receptor

Yulin Tian®, Jing Jin®, Xiaojian Wang”, Weijuan Han", Gang Li", Wanqi Zhou*, Qiong Xiao®*,

Jianguo Qi*, Xiaoguang Chen”, Dali Yin™*

A series of 2-substituted 2-aminopropane-1, 3-diols were designed and synthesized as selective
S1P, agonists. COMFA and COMSIA models were established based on molecular docking
alignment, which will be helpful in the design of novel, potent and selective S1P; agonists.
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Abstract

Spingosine-1-phosphate receptor 1 (S1P,) has been actively pursued as an important therapeutic
target in immune regulation. A series of 2-substituted 2-aminopropane-1, 3-diols were designed
and synthesized as selective S1P; agonists. Most of the compounds with a biphenyl ether scaffold
showed moderate to excellent S1P,/S1P;selectivity. Compound 40c is identified as a potent S1P,
agonist with 350-fold S1P,/S1P; selectivity. 39c, the alcohol form of 40c exerted good
lymphopenia activity in vivo but with weak influence on heart rate. To investigate the SARs of
2-substituted 2-aminopropane-1, 3-diols in more details, COMFA (q°=0.547, r’=0.986) and
COMSIA (g=0.544, r*=0.943) models were established based on molecular docking alignment,
which were validated with high reliability in predicting activities of agonists. The 3D-QSAR
models will be helpful in the design of novel, potent and selective S1P; agonists.
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Introduction

Sphingosine-1-phosphate (1, S1P) is an endogenous lysophoshpolipid that could
modulate multiple downtream signaling pathways by interacting with five receptor
subtypes (sphingosine-1-phosphate receptor subtype 1-5, S1P;.5). It could regulate a
variety of cellular functions, including differentiation, survival, proliferation and
chemotaxis.® In vivo, S1P affects many important physiological processes, such as
angiogenesis, endothelial barrier enhancement, airway and blood vessel constriction,
heart rate modulation and bone homeostasis.?

Recently, spingosine-1-phosphate receptor 1 (S1P;) has been actively pursued as an
important therapeutic target due to its essential role played in immune regulation.’
One of the S1P; modulators, FTY720 (2), is approved for treating multiple sclerosis
in 2010.* Besides S1P, FTY720 is also found to be an agonist to three other S1P
receptors (S1Ps, 4 s) after being phosphorylated to its monophosphate ester (3,
FTY720-P) in vivo by sphingosine kinase 2 (SPHK2)? Interacting with S1P; receptor
by FTY720-P (3) results in lymphopenia through sequestering lymphocytes in
secondary lymphoid organs.® However, a number of side effects of FTY720 such as
bradycardia and hypertension were discovered in preclinical development and clinical
trials.” KRP203(4), an analog of FTY720, is phosphorylated in vivo to KRP203-P (5),
which is a more selective agonist of S1P; receptor and is believed to be safer than
FTY720,® therefore has great potential in the treatment of autoimmune diseases and in
the prevention of transplant rejection.

Our group has sought to discover new potent S1P; agonists with low potency on
S1P;3 in order to retain the positive therapeutic properties and attenuate the potential
risk of adverse effects. Based on literature precedent, the polar head group of
FTY720-P is a key part forming salt bridge with amino acid residues in S1P;
receptor.’ Therefore, a series of new S1P; agonists keeping the polar head group with
different lipophilic tail has been designed and synthesized (Scheme 1-4). We first
inserted phenyl rings into different positions along the aliphatic chain of FTY720 and
obtained compounds 14a-i, among which 14i with a biphenyl ether scaffold showed
moderate S1P;/S1P3 selectivity. This led to the design and synthesis of a series of
compounds bearing this biphenyl ether scaffold (21a-e, 25a-c, 30a-c and 33), as well
as compounds with substituents on one of the phenyl ring (40a-c and 47). Meanwhile,
we also investigated compounds with more rigid biphenyl scaffold (54a-b).

To investigate SARs of 2-substituted 2-aminopropane-1, 3-diols in more details, all
these compounds synthesized were docked into the binding site of S1P; receptor
based on a crystal structure reported recently.® A docking-based 3D-QSAR model
was successfully constructed using approaches of comparative molecular field
analysis (COMFA)" and comparative molecular similarity indices analysis
(COMSIA)*. The 3D-QSAR models will be helpful in the design of novel, potent and
selective S1P; agonists.
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Figure 1 Structures of S1P, FTY720, FTY720-P, KRP203 and KRP203-P.

Results and discussions

Chemistry

The syntheses of compounds 14a-i were described in Scheme 1. Friedel-Crafts
acylation of the aromatic ring with chloroacetyl chloride afforded 7a-i. Subsequent
replacement of chloro with diethyl acetamidomalonate gave 8a-i. 9a-i were obtained
by triethylsilane / titanium tetrachloride reduction of the carbonyl.® Reduction of 9a-i
in the presence of NaBH4/K,HPO, buffer gave diols 10a-i. Hydrolysis of amide 10a-i
with NaOH afforded compounds 1la-i. Then the primary amino was protected with
CbzCl to give compounds 12a-i. One of hydroxyl groups was phosphorylated by
tetrabenzyl pyrophosphate with silver(l) oxide and tetra-n-hexylammonium iodide to
give compounds 13a-i. Desired phosphate 14a-i were obtained by removing all
protective groups through hydrogenolysis.**

Scheme 2 illustrates the syntheses of compounds 21a-e, 25a-c, 30a-c and 33. 17
was prepared after Friedel-Crafts acylation of 15 and condensation with diethyl
acetamidomalonate. Acylation of 17 with benzoyl chloride gave 18a-e. The benzyl
carbonyl groups of 18a-e were reduced to methylene followed by removal of
protecting groups and phosphorylation to afford compounds 21a-e. 22 was achieved
by carbonyl reduction of 17. Compounds 25a-c were synthesized from 22 through
Suzuki coupling, followed by removal of protecting groups and phosphorylation.
Acylation of 22 with chloroacetyl chloride afforded 26. Replacement of chloro with
carboxylic acid gave esters 27a-c. The ring closing of 27a-c with acetamide gave
28a-c or 31. Finally compounds 30a-c and 33 were obtained by removing protecting
groups and phosphorylation.

Compounds 40a-c and 47 were prepared as outlined in Scheme 3. Acylation of 34
with n-butyryl chloride or chloroacetyl chloride afforded 35 or 41, respectively. 42
was achieved after esterification and ring closure. Substituted phenols were coupling
with 35 or 42 to afford phenyl ether 36a-c or 43. Acylation, condensation, carbonyl
reduction, removal of protecting groups and phosphorylation were proceeding
successively to give compounds 40a-c and 47.

The syntheses of compounds 54a-b were carried out with similar procedures to
those of compounds 30a-c, as shown in Scheme 4.
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Scheme 1. Reagents and conditions: (a)chloroacetylchloride, AICl;, CH,Cl,, 0°C to r.t., 2h; (b) diethyl
acetamidomalonate, NaH, THF, 70°C, 12h; (c) Et;SiH, TiCl,, CH,CI,, r.t., 12h; (d) NaBH,, K,HPO, buffer, EtOH,
rt, 12h; (e)NaOH, MeOH, 80°C, 8h; (f)CbzCl, NaHCO;, ethyl acetate, rt, 4h; (g)TBPP, Ag,0, HexsNI, CH,Cl,, rt,
20h; (h) H,, Pd/C, MeOH, rt, 8h.
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Scheme 2. Reagents and conditions: (a) bromoacetyl bromide, AICls;, CH,CI,, 0°C to r.t., 2h; (b) diethyl
acetamidomalonate, NaH, THF, 70°C, 12h; (c)benzoyl chloride, AICI;, CH,Cl,, 0°C to r.t., 4h. (d) Et;SiH, TiCly,
CH,Cl,, r.t., 12h; (e) NaBH,, K,HPO, buffer, EtOH, rt, 12h; (ffNaOH, MeOH, 80°C, 8h; (g)CbzCl, NaHCO;, ethyl
acetate, rt, 4h; (h)TBPP, Ag,0O, HexyNI, CH,Cl,, rt, 20h; (i) H,, Pd/C, MeOH, rt, 8h; (j) phenylboronic acid,
Pd(PPh);, 2M Na,COs, toluene/EtOH, reflux, 3h; (k)chloroacetylchloride, AICIl;, CH,Cl,, 0°C to r.t., 5h; (I)
carboxylic acid, EtsN, CH3CN, reflux, 2h; (m) acetamide, BF; £t,0, xylene, reflux, 40h; (n) acetamide, xylene,
reflux, 40h;
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Scheme 3. Reagents and conditions: (a) n-butyryl chloride, AICI;, CH,Cl,, 0°C to r.t., 2h; (b)phenol, Cs,COs,
CuBr, DMF, 150°C, 20h; (c) chloroacetylchloride, AICI;, CH,Cl,, 0°C to r.t., 2h. (d) diethyl acetamidomalonate,
NaH, THF, 70°C, 12h; (e) Et;SiH, TiCls, CH,Cl,, r.t., 12h; (f) NaBH,, K,HPO, buffer, EtOH, rt, 12h; (g) NaOH,
MeOH, 80°C, 8h; (h)ChzCI, NaHCO3, ethyl acetate, rt, 4h; (i)TBPP, Ag,0, Hex;NI, CH,Cl,, rt, 20h; (j) H,, Pd/C,
MeOH, rt, 8h; (k) propanoic acid, EtzN, CH3CN, reflux, 2h; (1) acetamide, BF; Et,0, xylene, reflux, 40h;
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Scheme 4. Reagents and conditions: (a) bromoacetyl bromide, AICl;, CH,CI,, 0°C to r.t., 2h; (b) diethyl
acetamidomalonate, NaH, THF, 70°C, 12h; (c) Et;SiH, TiCl;, CH,Cl,, r.t., 12h; (d)chloroacetylchloride, AIClIs;,
CH,Cl,, 0°C to r.t., 5h; (e) carboxylic acid, EtzN, CH3CN, reflux, 2h; (f) acetamide, BF3; Et,0, xylene, reflux, 40h;
(9) NaBH,4, K,HPO, buffer, EtOH, rt, 12h; (h)NaOH, MeOH, 80°C, 8h; (i)CbzCl, NaHCOs;, ethyl acetate, rt, 4h;
(i) TBPP, Ag,0, Hex;NI, CH,Cl,, rt, 20h; (k) H,, Pd/C, MeOH, rt, 8h;

Biological evaluation

S1P; and S1P3agonistic activities of these final compounds were evaluated by 1P,
functional assay.”> As shown in table 1, biphenyl ether scaffold was considered as a
good moiety for S1P;/S1P3 selectivity enhancement (14i, 21a-e, 25a-c, 30a-c, 33). In
general, replacement of biphenyl ether with flexible scaffolds yielded less selectivity
(14a-b, 14d-e), with the exception of 1l4c which showed an unexpected good
S1P1/S1P3selectivity (9-fold). Compounds with scaffold stronger than biphenyl ether,
such as naphthyl, chromone and biphenyl, often have lower potency (14f-14h, 54a-b).
These results indicated that proper structure rigidity is preferable for increasing S1P;
potency and selectivity. Introduction of chlorine and fluorine into biphenyl ether
scaffold was helpful to improve both the S1P; potency and S1P:/S1Pj selectivity
(40a-c, 47). 40c was found to be the most potent S1P; agonist with a 350-fold S1P;
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selectivity over S1Ps. DOL: 10.1039/C3MDO0OTSF
Table 1 S1P; and S1P;agonistic activities of 2-substituted 2-aminopropane-1, 3-diols
S1P, S1P;3 S1P, S1P;3
compound compound
ECso(nM) ECso(nM) ECso(nM) ECso(nM)
3 14 44 21e 254 1711
5 117 >5000 25a 51 383
l4a 915 130 25b 529 >5000
14b 37 21 25¢ 329 2197
l4c 72 674 30a 40.9 1273
14d 203 3.72 30b 89 1000
14e 341 184 30c 19.8 1130
14f 886 2100 33 48.1 113
149 932 1000 40a 66.3 1790
14h 800 508 40b 52.9 204
14i 66.3 302 40c 14 >5000
21a 85.8 391 47 27 349
21b 172 225 54a 876 1000
21c 157 1739 54b 632 1000
21d 35 1141

®ECsy is the mean of three experimental determinations.

Based on these in vitro data, compounds 24a and 39c (the corresponding alcohol
form of compounds 25a and 40c) were evaluated in vivo for lymphopenia activities,
with FTY720 as the control. The number of lymphocytes in peripheral blood was
counted 24 h after oral administration of 1 mg/kg of each compound to Sprague
Dawley rats. As illustrated in Figure 2, both 24a and 39c showed excellent in vivo
activity equivalent to FTY720. Meanwhile, the influence on heart rate was also
determined in SD rats after oral administration of 10 mg/kg of the compounds. Both
24a and 39c showed much less effects on heart rate than FTY720 (Figure 3).
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Figure 2 The maximum lymphocyte-decreasing rate within 24h after 1 mg/kg oral administration
of FTY720, 24a, 39c¢ to SD rats.
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Figure 3 Effect on heart rate in 0, 1, 4, 8, 12 and 24 h after 10 mg/kg oral administration of
vehicle and FTY720, 24a, 39c to SD rats.

Molecular docking

The crystal structure of S1P; receptor complexing with inhibitor ML0O56 was
obtained from the RCSB protein data bank (PDB entry code: 3V2Y).'>*° 29 S1P,
agonists were docked into the active site of S1P; receptor using Surflex-Dock in
SYBYL-X-2.0."" All the compounds were grouped into training set and test set
containing 21 and 8 compounds, respectively. Both the training and test sets were
divided according to a representative range of biological activities and structural
variations. The reliability of the docking protocol was checked by comparing the best
docking pose obtained for the crystallized inhibitor (ML056) with its bound
conformation(Figure S1).® As a result, a root mean square deviation (RMSD) of
0.897 A was found suggesting that the docking procedure could be relied on to predict
the binding mode of the compounds.

Compound 3(FTY720-P) was taken as the representative to elucidate the binding
mode of agonists to S1P receptor (Figure 4). It was found that FTY720-P formed salt
bridge with residue Tyr29, Lys34, Asn101, Ser105, Arg120 and Glul21. According to
the site-mutagenesis results, the salt bridge interaction in the binding site of S1P,
receptor plays an important role in determining the level of agonists’ agonism.™ It is
believed that Arg120 (blue) and Glul21l (magenta) are the key residues for ligand
binding. The guanidyl of Arg120 and the carboxyl of Glul21 form salt bridge with
phosphate group and amino-group of FTY720-P, respectively.” Moreover, the
aliphatic chain and phenyl ring of FTY720-P accommodate to the hydrophobic cavity
of S1P; receptor showing Van der Waals and n-nt stacking interactions with side chains
of Tyr98, Metl24, Phel25, Leul28, Leul95, Thr207, Phe210, Trp269, Leu272,
Phe273, Leu276 and Leu297. These interactions have crucial contribution to ligand
binding and selectivity. The docking results were consistent with the site-mutagenesis
results, providing a reliable binding mode.
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Figure 4 The interactions between 3(FTY720-P) and the active site of S1P, receptor. Arg120 is
shown in bule and Glu121 is shown in magenta. The green dashed line represents the salt bridge
interaction.

3D-QSAR study
To explore the specific contributions of steric, electrostatic, hydrophobic,
hydrogen bond acceptor and donor in binding modes for the S1P; agonists with active
site of S1P; receptor, the alignment of 21 compounds in training set was obtained
based on binding conformations in the active site of the receptor (Figure 5) and used
for COMFA and COMSIA model generation.

Figure 5 Alignment of agonists in the binding site of S1P; receptor (shown in green)

COMFA model. The COMFA steric and electrostatic interactions were calculated
using SYBYL-X-2.0. PLS analysis'® results are listed in Table 2. The value of
cross-validated g? is 0.547. The noncross-validated PLS analysis with the optimum
components of 5 revealed a conventional r? value of 0.986, F-value of 215.436 and an
estimated standard error of 0.083. The steric field descriptors explain 41.6% of the
variance, while the electrostatic descriptors explain 58.4%. The values indicated a
good conventional statistical correlation, and the COMFA model had a fair predictive
ability. Figure 6(A) shows correlation between actual values and predicted values of
21 compounds and the calculated results are also listed in Table S1.

COMSIA model. COMSIA method adds three other descriptors to the COMFA
method. These are: hydrogen bond donor, hydrogen bond acceptor and hydrophobic
field. The COMSIA results are also summarized in Table 2. The model showed
leave-one-out cross-validation g and conventional r? values of 0.544 and 0.943 with
the optimum components of 4. The F-value and standard error of estimation are
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65.659 and 0.165, respectively. The steric, electrostatic, hydrophobic, hydroggnpantl camosooror
donor, and hydrogen-bond acceptor field distributions are 9.8%, 39.9%, 17.5%,

20.6%, 12.2%, respectively. These data indicated that a reliable COMSIA model with
satisfactory predictive ability was successfully constructed. Figure 6(B) shows
correlation between actual values and predicted values of 21 compounds and the
calculated results are also listed in Table S1.

Validation of the 3D-QSAR models. Molecular docking alignment of eight
compounds in test set was performed using the same method as that of the training set
to validate the QSAR models. The results are simultaneously shown in Figure 6, Table
S1. The predicted activities are in good agreement with the observed activities in a
statistically tolerable error range, r’= 0.924 and 0.851 for COMFA and COMSIA
model, respectively. These results show that both COMFA and COMSIA model are
reliable and can be useful in designing new potent S1P; agonists.

Table 2 Regression summary of COMFA and COMSIA models

Field contribution in %9
E H D A

Descriptors  N*  g® P’ SEE®  F-value'

COMFA 5 0547 0986 0924 0.083 215436 416 584  -- - -
COMSIA 4 0544 0943 0.851 0.165 65.659 98 399 175 206 122

& Optimum number of components obtained from cross-validated PLS analysis and same used in final
non-cross-validated analysis.

® Cross-validated correlation coefficient.

Non-cross-validated correlation coefficient.

?Predictive r2.

¢ Standard error of estimation

"F -test value.

9Field contributions: Steric (S) and electrostatic (E) fields from CoMFA. Steric (S), electrostatic (E), hydrophobic
(H), hydrogen bond donor (D), and hydrogen bond acceptor (A) from CoMSIA.

2 r COMFA model

15

@ training set

A test set

PEC;,(predicted)

0.5 1 1.5 2

PEC;,(experimental)

(A)
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Figure 6. Correlation between predicted activities by COMFA (A) and COMSIA (B) models and
the experimental activities of 29 S1P, agonists

Interpretation of 3D-QSAR contour maps. Based on COMFA and COMSIA
model, the STDEV*COEFF contour maps were constructed. The coefficient contour
maps and the binding pocket of S1P; receptor were superimposed to check whether
the variance in the field values corresponding to contours were known to be important
for agonist binding and obtain more explicit understanding of the key structural
features required for biological activity. To aid in visualization, the most active
compound 40c is displayed in the map (Figure 7).

The COMFA contour plots of steric and electrostatic interactions are shown in
Figure 7a-b. In the steric fields, green areas indicate regions where bulky groups
increase the agonistic activity whereas yellow contours indicate regions where bulky
groups decrease the activity (Figure 7a). Green contours are seen near the phenyl ring
close to head group suggesting that bulky substituents in these positions will
significantly improve the biological activities. It seems that bulky substituents around
this region could form steric interactions with Tyr98, Met124, Leul28, Leul95,
Leu272, Trp269 and Leu297. Meanwhile, another green contour is close to the
lipophilic tail. That explains why 30c (Rs=cyclopropyl) is more potent than 30a
(Rs=methyl) and 30b (Rs=ethyl). Actually, bulky group in this positon would bind to
[1e203, Thr207 and Leu276 to favor the activity. There is enough space left to allow
bulky group interact with S1P; receptor residues around the hydrophobic cluster. The
yellow polyhedron near the other phenyl ring indicates that bulky substitutions around
this position are not favorable. The reason may be that the n-n stacking interactions
between agonists and Phe125, Phe273 will be destroyed by bulky group.

In the electrostatic fields, regions where increase positive charge is favorable for
agonistic activity are indicated in blue, while regions where increased negative charge
is favorable for activity are indicated in red (Figure 7b). The electrostatic contours are
mainly distributed around the head group of 40c. A large red contour around

Published on 03 July 2013. Downloaded on 18/07/2013 09:13:58.
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phosphate group indicates that negatively charged substituents in this positiqu,shod camooooror
increase the agonistic activity. In fact, the negatively charged substituents can form

salt bridge interactions between agonists and Arg120, Tyr29 and Lys34. Another red

contour near hydroxyl group reveals that the negative charge of oxygen atom avails

agonist activity. The reason may be that the oxygen atom acts as a hydrogen bond

acceptor to form a hydrogen bond with Asn101. Near the amino group, there are one

large blue polyhedron region indicating that positively charged substituents in this

position may increase the activity by strengthening the salt bridge interactions

between agonists and Glul21. The results show that the head group of agonists is

crucial for S1P; agonism.

The COMSIA contour plots are shown in Figure 7c-g. The steric and electrostatic
contour maps from the COMSIA analysis are generally in accordance with the field
distributions of COMFA maps. Besides the structural features already mentioned in
the COMFA electrostatic field analysis, there is a blue polyhedron near Glu294 and
Tyr98 (Figure 7d), suggesting that a positive group in that position may form a salt
bridge with those two residues to increase the agonistic activity.

For the hydrophobic maps of COMSIA, yellow and white contours indicate that
hydrophobic and hydrophilic groups are favored, respectively (Figure 7e). The yellow
contour covers most regions of the molecule especially the phenyl ring and lipophilic
tail, indicating that these structural moieties interact with the side chains of residues at
the binding site of S1P; receptor through hydrophobic interaction. Relevant studies
have elucidated that hydrophobic residues play crucial roles in determining the target
selectivity®. Aromatic rings presented in this region lead to hydrophobic interaction
increase, thus 21a-e, 25a-c (containing three aromatic rings) exhibit high activities.
Meanwhile two small hydrophobic disfavored white regions are embedded in the
yellow contours, which explain why 14i, 21d, 25a, 30a-c, 33, 40c and 47 with a
biphenyl ether scaffold exhibit high activities.

In the COMSIA hydrogen bond donor field, hydrogen bond donor favored regions
are represented by cyan contours and unfavorable regions by purple contours (Figure
7f), while in the hydrogen acceptor field, hydrogen bond receptor favored regions are
represented by magenta contours and unfavorable regions by red contours (Figure 7g).
Both cyan and magenta contours are close to the hydroxyl group of 40c, indicating
that hydrogen bond interactions may exist between hydroxyl group and residues such
as Asn101. Removal of hydroxyl group may decrease the activity.
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Figure 7. 3D-QSAR contour map displayed with 40c and superimposition in the active site
residues of S1P; receptor for (a) COMFA steric contour map; (b) COMFA electrostatic contour
map; (c) COMSIA steric contour map;(d) COMSIA electrostatic contour map;(e) COMSIA
hydrophobic contour map;(f) COMSIA hydrogen bond donor contour map;(g) COMSIA hydrogen
bond receptor contour map.

Conclusions

In summary, twenty-seven 2-substituted 2-aminopropane-1,3-diols as S1P; agonists
were designed and synthesized. The initial SARs revealed that properly rigid
structures like biphenyl ethers were favorable for these compounds to possess
preferable S1P1/S1P3 selectivity and a chlorine or a fluorine on phenyl rings were also
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favorable to increase S1P1/S1P3 selectivity. Compound 40c showed the maqss,.Retets campoooror
S1P; agonistic activity and the highest S1P;/S1P; selectivity. Compound 39c (alcohol
form of compound 40c) exerted excellent lymphopenia activity and reduced effect on
heart rate. High predictive 3D-QSAR modeling towards S1P; agonists was performed
based on molecular docking alignment. Both COMFA (g?=0.547, r’=0.986) and
COMSIA (g°=0.544, r>=0.943) models gave good statistical results in terms of g?and
r? values and matched well with the 3D topology of the binding site of S1P; receptor.
The results provided us significant insights in further understanding of the
structure—activity relationship of 2-aminopropane-1,3-diol derivatives and an
encouraging way in elucidation of protein—ligand interaction, thereby are useful in the
optimization of lead compounds and predicting the activities of new designed
agonists.
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