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ABSTRACT

Psoriasis is a common, chronic inflammatory disease characterized by abnormal skin
plaques, and the effectiveness of PDE4 inhibitor to lessen the symptoms of psoriasis

has been proved. Aiming to find a novel PDE4 inhibitor acting as an effective, safe and
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convenient therapeutic agent, we constructed a library consisting of berberine analogs
and compound 2 with a tetrahydro-isoquinoline scaffold was identified as a novel and
potent hit. The structure-aided and cell-based SAR studies on a series of tetrahydro-
isoquinolines lead to efficient discovery of a qualified lead compound (16) with the
high potency and selectivity, well-characterized binding mechanism, high cell-
permeability, good safety and pharmacokinetic profile, and impressive in vivo efficacy
on anti-psoriasis in particular with a topical application. Thus, our study presents a
prime example for efficient discovery of novel, potent lead compounds derived from
natural products using a combination of medicinal chemistry, biochemical, biophysical,

and pharmacological approaches.

INTRODUCTION

Cyclic nucleotide phosphodiesterases (PDEs) catalyse the hydrolysis of cAMP and
cGMP, regulating the cAMP- and cGMP-associated signalling pathways as well as the
resulting physiological and pathophysiological responses, and they are proving to be
fruitful targets for drug discovery.!* PDE4, one of the 11 known human PDEs,
specifically catalyzes the hydrolysis of cAMP which in turn interferes with the function
of transcription factors like CREB and NF-kB, altering the expression of inflammatory
mediators such as TNF-a, IFN-y, IL-12, and IL-10.5 Moreover, PDE4 isoforms
(PDE4A/4B/4C/4D) have a relatively high level of expression in cells that regulate

inflammatory responses.® Accordingly, therapeutic benefits of PDE4 inhibitors have
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been used in the treatment of inflammatory diseases including chronic obstructive
pulmonary disease (roflumilast), psoriasis (apremilast) and atopic dermatitis
(crisaborole) (Figure 1).7-19 Given the effectiveness of the target for antiinflammation,

there is considerable interest in the discovery of novel PDE4 inhibitors.
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Figure 1. Structures and inhibitory activities of berberine and representative PDE4

inhibitors including three approved drugs (roflumilast, apremilast and crisaborole).

Psoriasis is a common, chronic skin disease with a prevalence of ~2% worldwide.!!
It has been recognized as an immune-mediated genetic disease or a systemic
inflammatory disease manifested as raised, well-demarcated, erythematous oval
plaques with adherent silvery scales.!> Conventional therapies include topical therapies
and biologics. Glucocorticosteroids are common topical agents for psoriasis treatment,
however, the side effect of skin atrophy hinders its long-term use. Although several
biologics including etanercept, adalimumab and infliximab have been approved for the
treatment of psoriasis and psoriatic arthritis, they are expensive and require either
subcutaneous or intravenous administration.!3 There is a substantial unmet need for the
treatment of psoriasis with cheaper oral drugs or safer topical agents. Apremilast, an
oral small-molecule PDE4 inhibitor, was approved by the FDA in 2014 for the

treatment of moderate-to-severe plaque psoriasis.!* Crisaborole, another PDE4
3
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inhibitor, used as a topical medication for the treatment of mild-to-moderate atopic
dermatitis was also approved by the FDA in 2016.1%15 It prompts us to seek a new
therapeutic agent for psoriasis targeting PDE4.

Traditional Chinese medicine (TCM) has evolved over thousands of years and is
an invaluable source of inspiration for drug discovery. The therapeutic benefits of TCM
led us to extract its active components, the vast majority of which are natural products,
as lead compounds for drug development.!® Berberine (BBR), the major active
ingredient of Coptis chinensis, is a small-molecule alkaloid and is broadly used as an
antimicrobial drug.!”'® Mounting evidence also suggests that BBR has a promising
pharmacological efficacy on inflammation.!°-?! It has been reported that BBR processes
anti-inflammatory activities and suppresses pro-inflammatory responses by inhibition
of mitogen-activated protein kinase (MAPK) signalling and cellular reactive oxygen
species (ROS) production, although the full range of biological target(s) of BBR
remains unclear.?? In addition, BBR possesses a typical catechol group, which is a
common pharmacophore in known PDE4 inhibitors (Figure 1). Therefore, we built a
chemical library consisting of precursors, intermediates and various derivatives of
berberine in order to discover a new scaffold PDE4 inhibitor for the treatment of

psoriasis (Figure 2).

RESULTS AND DISCUSSION
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Hit Discovery and Chirality Identification. At the outset of our project, we used
virtual screening to efficiently dig out hit compounds from our in-house BBR analogues
library. The top 30 compounds ranked by scoring values were subsequently evaluated
for inhibitory activity on PDE4D by a scintillation proximity assay (SPA).2*> Among
these compounds, we found a tetrahydro-isoquinoline-based compound (compound 1)
as a novel scaffold inhibitor of PDE4. It turned out to be a racemic compound with an
ICs0 0f 0.51 uM. We synthesized and soaked the racemic entity with apo crystals of the
catalytic domain of PDE4D, determining the complex structure of PDE4D-1 (Scheme
1 and Table S1, PDB code: 6INM). It revealed that the (S)-enantiomer occupied the
active site of PDE4D (Figure S1). A further separation and purification of two
enantiomers followed by the SPA-based activity assessment indicated that (S)-
enantiomer (compound 2) is more potent than (R)-enantiomer (compound 3), with an
ICs0 of 0.27 uM and 3.71 uM, respectively (Scheme 1). We further solved the crystal
structure of PDE4D soaked with the (S)-enantiomer which results in a binding
conformation of the compound nearly identical to that in the PDE4D-1 complex, but
we were unable to obtain the crystals of PDE4D bound with the (R)-enantiomer (Figure
S1 and Table S1, PDB code: 6INK). As confirmed by the SPA assay together with the
proof for the binding conformation of the ligand in the crystal structures, compound 2

was identified as a good hit for further optimization.
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Figure 2. Structure-aided and cell-based discovery and design of the lead compound

(16) based on an in-house BBR analogues library.

Scheme 1. Synthesis Route of Compounds 1-3.

O,
OH

e NH, a o H N b
~ + —_— —_—
o 0

1a 2a 3a

Iz _
/
o

7a HN 3 HN

Reagents and conditions: (a) EDCI, HOBt, TEA, rt, DCM, 80-90%; (b) POCIl;, CH;CN
reflux, 90-95%; (c) NaBH,;, MeOH, 82%; (d) HCOOEt, TEA reflux, 72-85%; (e)

RuClI[(R,R)-Tsdpen](p-cymene), AgSbF¢, La(OTf);, HCOONa, H,O/MeOH= 2:1, Ar,
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40°C, 65-73%; (f) RuCI[(S,S)-Tsdpen](p-cymene), AgSbFs, La(OTf);, HCOONa,

H,0/MeOH = 2:1, Ar, 40°C, 65-73%.

Structure-Aided SAR Studies on Substituents of the Tetrahydro-isoquinoline
Ring. In order to efficiently carry out the hit-to-lead optimization, it is of utmost
importance to understand the underlying structure-activity relationship (SAR) of
tetrahydro-isoquinolines binding with PDE4D. In addition, compound 2 possesses an
excellent potency with a submicromolar ICsy. It is thus interesting to evaluate
contribution of each functional group of the scaffold to binding and inhibition of
PDE4D. To this end, the flexible “tail” (the indole ring attached with the ethylidene)
was removed from 2 to yield a fragment only containing the tetrahydro-isoquinoline
core (compound 4) (Figure 2). The crystal structure determination revealed that
compound 4 could bind into the pocket of PDE4D with two orientations associated with
hydrogen bond (H-bond) formation or not between the carbonyl group and H160
(Figure 3A and Table S1, PDB codes: 6IMB and 6IMD). This is consistent with the
thermodynamic profile of 4 determined by isothermal titration calorimetry (ITC) that it
has a relatively weak binding enthalpy while its entropic contribution is favourable
(Table S2). It is not difficult to understand that the lack of the “tail” and the existence
of two identical methoxyl groups allow the tetrahydro-isoquinoline ring to adopt two
different bound conformations in the enzyme. However, the complex structures
together with the thermodynamic data suggest that interaction of the carbonyl group

with H160 is not sufficient to fix the binding conformation of 4. To further validate and
7
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understand it, we designed and synthesized compounds 5 and 6 by replacement of each
methoxyl group of 4 with an ethyoxyl one (Figure 2 and Scheme 2). The solved crystal
structures show that the ethyoxyl group of 5 or 6 always inserts into a hydrophobic sub-
pocket, named the Q-pocket, formed by the sidechains of N321, Y329, T333, and 1336,
playing a key role in determination of the binding conformation of the compounds
(Figure 3B,C and Table S1, PDB codes: 6IM6 and 6IMI). Similar to what was found
with two bound conformations of 4, the carbonyl group of 5§ makes the H-bond to H160
with a distance of 2.7 A while such a H-bond is not established in the case of 6 (Figure
S2). In addition, superimposition of the structures of 4, 5§ and 6 suggests that a small
shift of the tetrahydro-isoquinoline ring of § towards the solvent region results in
stronger 1-m stacking interactions with F372 (Figure S2). These underlying interactions
lay a solid foundation for the fact that inhibition of 5 and 6 to PDE4D is much improved
compared to 4 and the activity of § is higher than that of 6 (Figure 2). Moreover, the
hydrophobic interactions of the methoxyl or ethyoxyl group with the Q-pocket and the
H-bond of the carbonyl group to H160 both contribute to binding of the tetrahydro-
isoquinoline core to PDE4D, although the former is more significant than the latter. As
a result, compound 5 with a best inhibitory activity among three fragments and a similar
binding conformation to the tetrahydro-isoquinoline of compound 2 provides a good

candidate for further optimization.

Scheme 2. Synthesis Route of Compounds 4-6.
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27 Figure 3. Crystal structures of the catalytic domain of PDE4D in complex with
30 compounds 4 (cyan and green, PDB codes: 6IMB and 6IMD), 5 (magenta, PDB code:
33 6IM6) and 6 (yellow, PDB code: 6IMI). (A) Two opposite orientations of 4 were found
35 in the binding pocket of PDE4D. (B,C) The ethyoxyl groups of 5 and 6 both insert into
38 a hydrophobic sub-pocket (the Q-pocket) formed by the sidechains of N321, Y329,
41 T333, and 1336 (grey surface). Dash lines indicate H-bonds between compounds and

residues.

48 Structure-Aided SAR Studies on the “Tail”. The ICsy 0of 4 is 58.5 uM, which is >200-
fold drop in activity relative to compound 2, suggesting that the “tail” which includes
53 the indole ring and the ethylidene group exerts a significant influence on inhibition of
56 2 to PDE4D (Figure 2). Analysis of the crystal structure of PDE4D-2 shows the terminal

59 indole ring is not well fixed and it forms few hydrophobic interactions with residues
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M273 and M357 (Figures 4A and S1). Moreover, occupation of the solvent accessible
region by the “tail” leads to the release of water molecules from the binding pocket
(Figure S3). These binding features result a dramatic entropic contribution to the
binding affinity of 2 to PDE4D (Table S2). These data make us to speculate that the
length of the linker between two rings may affect flexibility of the compound and the
binding of the indole ring with surrounding residues. In view of this, we changed the
linker between the indole ring and the tetrahydro-isoquinoline ring, i.e. the ethylidene
in 2 replaced by a methylene and propylidene in compounds 7 and 8, respectively. The
ICsy values of 7 and 8 are 0.65 uM and 4.3 uM, respectively, demonstrating that
shortening or lengthening of the linker does not improve the inhibitory activity.
Analysis of crystal structures of PDE4D in complex with 2, 7 and 8 shows the indole
ring of 7 adopts a similar orientation to that of 2 but in the case of 8 it shifts into a well-
defined hydrophobic sub-pocket formed by M273, H276, H315, and 1376 (Figures 4
and S4, and Table S1; PDB codes: 6IMO and 6IMR). A short linker in 7 or the
additional hydrophobic interactions to 8 both reduces the mobility of the indole ring,
which is in line with the reduced entropic contribution to the binding affinities of 7 and
8 to PDE4D (Table S2). Additionally, the carbonyl group of the tetrahydro-isoquinoline
ring of 7 and 8 forms either no, or a weak H-bond to H160, respectively (Figures 4B,C
and S4). Taken together, these results suggest that the “tail” group has a profound
influence on the binding affinity of 2 and an optimal linker between two rings is the
ethylidene for keeping potency of the compound.

10
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33 Figure 4. The effect of different linkers on orientations of the indole ring. Surface
35 representation of the PDE4-2 (cyan, A, PDB code: 6INK), PDE4-7 (magenta, B, PDB
38 code: 6IMO), PDE4-8 (green, C, PDB code: 6IMR), and PDE4-16 (yellow, D, PDB

41 code: 6IND) complexes. Dash lines indicate H-bonds between compounds and residues.

45 Hit-to-Lead Optimization. After fully understanding the binding signature of each
48 part of compound 2, we decided to keep the ethylidene linker between the tetrahydro-
isoquinoline ring and the indole ring, and only carry out minor modifications on two
53 rings to improve the enzymatic as well as the cell-based activities (Tables 1 and 2). It
56 has been well demonstrated that elevated levels of cAMP by inhibition of PDE4 would
59 reduce the release of TNF-a, a key cytokine in the inflammatory cascade, from activated

11
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monocytes and human peripheral blood mononuclear cells (hPBMC).2* The TNF-a
production in lipopolysaccharide (LPS) stimulated hPBMC was thereby measured
using an enzyme linked immunosorbent assay to evaluate inhibition of compounds to
PDE4 in cells.

The multiple crystal structures described above show that the carbonyl group of
our compounds has two orientations with or without the H-bond to H160 and it seems
that the contribution of this group to the binding of compounds to PDE4D is not
efficient. Given that this group faces to and is close to two metal ions in the binding
pocket, it is possible to introduce a larger group to form interactions with the metal ions,
like the binding of roflumilast to PDE4D (Figures 1 and S5). We thereby synthesized
compounds 9-14 by introducing the isonicotinoyl (9), tetrahydro-2H-pyran-4-carbonyl
(10), (tetrahydro-2H-pyran-4-yl)methyl (11), 2,2,2-trifluoroethyl (12), 2-methoxy-2-
oxoethyl (13), or 2-methoxyethyl (14) to replace the carbonyl group of compound 1
(Table 1). Unexpectedly, all compounds showed a significant decreased potency to

PDEA4D compared to 1. Accordingly, the substitution at R! position was not favourable

for potency improvement and we keep the carbonyl group in the next optimization steps.

Table 1. Chemical Structures of Compounds 9-14 and Their Inhibitory Activities

against PDE4D and TNF-a Release from hPBMC Stimulated with LPS.

12
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v
HN
C d R! PDEA4D inhibition TNF-a inhibition
ompds
(1 pM) (1 pM)
Z N
9 PN 30.7% 39.8%
o
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10 % 16.4% 33.3%
o
1 ;f/O) 34.6%@ 10 uM 36.7%@ 10 uM
F
12 S KE 19.5% N/A®
F
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13 NP 39.1% 21.7%
14 Y~ 19.2% 25.7%@ 10 uM

aNot available.

Scheme 3. Synthesis Route of Compounds 9-14.
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Reagents and conditions: (a) EDCI, HOBt, TEA, rt, DCM, 80-90%; (b) POCl;, CH;CN
reflux, 90-95%; (c) NaBH4, MeOH, 82%; (d) (¢) R’X /R’OTf, KI, K,CO3, CH;CN,

reflux or R”’COX,TEA, DCM or R”’COOH, EDCI, DMAP, DCM.

As mentioned above, the indole ring of compound 2 oriented towards a
hydrophobic region but had few interactions with surrounding residues (Figures 4A, S1
and S6). To increase hydrophobic interactions of the indole ring with residues, we
added a fluorine (15) or a methyl group (16) to the indole ring first (Scheme 4).
Determination of complex structures of 15 and 16 with PDE4D shows that the indole
rings of two compounds formed more hydrophobic interactions with residues compared
to 2 (Figure S6, PDB codes: 6IMT and 6IND), which is in line with a higher enthalpic
contribution of 16 over 2 to the binding affinity of the compound with the enzyme
(Table S2). The enzymatic ICsy of 15 and 16 is 0.25 and 0.24 puM, respectively, which
is slightly better than that of 2 (0.27 uM). Surprisingly, compound 16 has a significant
inhibition on the TNF-a release in hPBMC, yielding an 1Cs, of 0.65 puM. It is more
potent than 2 or 15 (Table 2). Given that PDE4 is an intracellular target, the enzymatic
and cell-based activities of 2, 15 and 16 indicate that the intrinsic physicochemical
property of compound 16 may enable it to be more permeable, which is further
validated by a cell permeability experiment. The data in Table 3 show that both

compound 16 and apremilast possess a perfect cell-penetrating ability.

14
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Encouraged by the good potency of 16 in cells, we carried out further modification
on this compound. The aforementioned structure-aided SAR studies on substituents of
the tetrahydro-isoquinoline ring have suggested that the ethyl group at R? position is
better than the methyl one to fit into the Q-pocket and thus improves the inhibitory
activity of compound 5 as compared to 4. In addition, in the representative PDE4
inhibitors shown in Figure 1 imply that a group larger than the ethyl group, such as a
cyclopropylmethyl or a cyclopentyl, is also possible to be used as substituents of R2.
Therefore, an ethyl group, a cyclopropylmethyl, and a cyclopentyl were introduced at
the R? position of compounds 17, 18 and 19, respectively. As anticipated, the use of
the ethyl group increased the inhibitory activity of 17 on PDE4D at the enzymatic level.
Its ICsg is 0.098 uM which is about 3-fold potent of 16. The cyclopropylmethyl in 18
and the cyclopentyl group in 19, in particular the latter, seem too large for the Q-pocket
as their enzymatic activities reduced one by one in comparison with 17 or 16. One
possibility is that these large hydrophobic groups may compete with the phenyl ring of
the indole for the same space, and one group pushes the other out of alignment and so
binding is lost. Unfortunately, the potency of three compounds in hPBMC is all worse
than compound 16. Furthermore, we designed and synthesized compounds 20 and 21
in which an ethyl group and a cyclopropylmethyl were installed at R?, respectively, and
a hydrogen was used at R3. The enzymatic ICsyof 20 is better than 16 but is worse than
17 and meanwhile 21 shows a decreased potency to PDE4D compared to 18, which are
consistent with the above SAR studies. However, the potency of 20 and 21 on the TNF-

15
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a release in hPBMC is also worse than 16, demonstrating again the importance of the

methyl group at the indole ring for 16 to maintain its potency in cells. Eventually,

compound 16 was selected for further evaluation of selectivity, pharmacokinetics and

in vivo efficacy.

Table 2. Impact of R2- and R3-Substitutents on Enzymatic (PDE4D) Activity and

Inhibition of TNF-a Release from hPBMC Stimulated with LPS.

T

Rz\o N\¢O
2
0

R3

PDE4D TNF-
Compds R? Re ICs (M) ICST(HK/I)
apremilast - - 0.0742 0.112
crisaborole - - 0.49° 0.54°
2 Me H 0.27 £0.01 2.73+0.17
15 Me F 0.25 +0.003 5.83+1.72
16 Me Me 0.24 £0.02 0.65+0.12
17 Et Me 0.098 £ 0.004 36.5%@ 1 uM
18 N Me 0.70 £ 0.01 2.16 +0.04
19 +«J  Me 24%@ 1 uM 12.1%@ 1 uM
20 Et H 0.13£0.01 2.71+0.70
21 S H 0.82+0.17 2.58+0.72

abThe inhibitory activity data of apremilast and crisaborole are cited from

references.!42>

Scheme 4. Synthesis Route of Compounds 7-8 and 15-21.
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1
2
. 2 :
5 _0 NH, {(7a “on a o i " R b
6 R?ODN * b — > R? o | NH
R® N
/ , 3ps  3b:R2=Me, R®=H,n=1
8 1a: R? = Me 2a:R =H,n=2 ! 3c:RZ=Me,R®=H,n=3
9 1b: R? = Et 2b:RP=H,n=1 3d: R2=Me, R®=F,n=2
10 1d: R? = cyclopropylmethyl 2¢: R®=H,n=3 3e: R2= Me. R3= Me. n = 2
1 1e: R% = cyclopentyl 2d: R: =Me,n=2 3f: R2= Et. R®= Me. n = 2
12 2e:R°=F,n=2 3g: RZ= cyclopropylmethyl, R®= Me, n = 2
13 3h: R?= cyclopentyl, R®= Me, n = 2
14 3i: R?=Et,R3=H,n=2
15 3j: R2= cyclopropylmethyl, R®=H, n =2
16
17 7:R2=Me,R3=H,n=1
18 8:R?=Me,R3=H,n=3
19 15: R?=Me, R3=F,n=2
20 16: R?= Me, R®=Me, n =2
21 17: R?=Et,R3=Me,n=2
22 18: R? = cyclopropylmethyl, R®= Me, n = 2
23 19: R? = cyclopentyl, R3= Me, n = 2
24 7-8 & 15-21 20: R2=Et,R®=H,n=2
25 21: R? = cyclopropylmethyl, R3=H, n = 2
26
27 Reagents and conditions: (a) EDCI, HOBt, TEA, rt, DCM, 80-90%; (b) POCl;, CH;CN
g
28
29
30 reflux, 90-95%; (c¢) RuClI[(R,R)-Tsdpen](p-cymene), AgSbFs, La(OTf);, HCOONa,
31
32
33 H,0/MeOH= 2:1, Ar, 40 °C, 65-73%, (d) HCOOEt, TEA reflux, 72-85%.
34
35
36
37 Table 3. Cell Permeability Results of Compound 16 and Apremilast.
38
39 Mean
40 Flow Mean Mean P,,,* Efflux Permeability
Compds Fup® .
41 Direction Recovery (%)  (10cm/s) Ratio® class?
(%)
42
43
44 apremilast apical to basal ~ 96.68 +4.81 14.93 +1.27
45 100 1.9 high
j? apremilast basal to apical 92.12+2.78  29.02 +1.33
48
49 16 apical to basal 9227 +2.51 18.43 £ 0.70 .
50 100 1.1 high
51 16 basal to apical 96.84 £0.27 19.87 £3.75
52
53 ®The Py, values in the A to B (A-B) or B to A (B-A) were calculated by the following
54
55 .
56 formula: P,,,=(V a/(AreaxTime))*([drug]acceptor/[ druglinitial donor) Where, V =the volume
57
58 . . .
59 in the acceptor well (in this assay: 0.3 or 1.0 mL), Area=the surface area of the
60

17
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membrane (in this assay: 0.33 cm?), Time=the total transport time in seconds (in this
assay: 5400 s), P,,, values are expressed as 10 cm/s.

"Human absorbed fraction (F).

‘The B-A/A-B ratio was calculated by dividing the Papp values from B to A by the
Papp values from A to B as follows. Efflux ratio (B-A/A-B ratio) = Py, (B to A) /Py
(A toB)

4F s Y0 > 70%, high permeability; 30% < F,,, % < 70%, moderate permeability; F, %

< 30%, poor permeability.

Selectivity and Safety Profiles of Compound 16. Prior to evaluate in vivo efficiency,
selectivity study of compound 16 against other PDE isoforms and dopamine receptor
D1/D2 which are potential targets of berberine were performed.?® The data in Table 4
reveal that 16 is highly selective for PDE4D vs PDE], 2, 5-9, and PDE11 and exhibits
at least 4-fold selectivity over PDE3 and PDE10. As shown in Figure S7, compound 16
is neither an agonist nor an antagonist for dopamine receptor D1/D2. Moreover, we
tested hERG (the human Ether-a-go-go-Related Gene) inhibition effect of 16 using
QPatch of automated patch clamping measurement (Figure S8).%7 It inhibits hERG with
an 1Csg value over 40 uM, much weaker than that of a real hERG inhibitor (cisapride,
ICs0: 0.07 uM). These data indicate that 16 is a PDE4 selective inhibitor without the
inhibition to dopamine receptors or hERG.

Table 4. Selectivity of Compound 16 to 11 PDE Enzymes

PDEs ICs5¢ (nM) Selectivety Index

18
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1
2
" PDEIA® >50 >200
5 PDE2A? >50 >200
j PDE3A® 56.6%@ 1 pM -
8 PDE4DP 0.24 £0.01 -
?O PDESAP >5 >20
11 PDE6C? 3.3+0.03 13
12 PDE7A® >5 >20
I PDESAI* >50 >200
15 PDE9AD >50 >200
1? PDEI10A® 0.92 +0.07 4
18 PDE11A4? >50 >200
19
20 aCommercial recombinant human full length PDEs (BPS Bioscience Inc. U.S.).
21
22
23 bRecombinant human PDE catalytic domain prepared in our laboratory.
24
25
26
27 Pharmacokinetic Profiles of 16. A preliminary pharmacokinetic assessment was
28
29 . . .
30 performed on 16 and the results were summarized in Table 5. Six male Sprague-Dawley
31
gg rats were randomly divided into two groups. After oral administration of a 25 mg/kg
34
35 dose of 16 to a group of three SD rats, it revealed a T, of 1.33 h, #;,0f 0.94 h and a
36
37 . o . oy
38 good oral bioavailability of 68.3%. The same experiment with intravenous
39
2(1) administration of 16 at a dose of 10 mg/kg revealed a moderate plasma clearance (CL
42
43 = 1.70 L/h/kg), but a much smaller volume of distribution and a shorter ¢,,.
44
45
46
j; Table S. Pharmacokinetic Data of Compound 16 in Rats
49
50 T, max Cmax AUCO—t AUCI]-oo MRT t 12 CL Vss F
51 route
52 (h) (ng/mL) (ng-h/mL) (ng-h/mL) (h) (h) (L/h/kg) (L/kg) (%)
53
54 v
/ / 6213+1750  6276+1769  0.92+0.05 0.60+0.07 1.70+0.46 1.56x0.51  /
55 (10 mg/kg)
56 PO
57 1.33£0.58  2447+703 83882201  8458+2232  2.50+0.10  0.940.20 / / 68.3
58 (25 mg/kg)
59
60
19
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In Vivo Efficacy of Compound 16. We further examined anti-inflammatory effects of
16 in animal models. Using apremilast as a positive control, the LPS-induced murine
acute inflammation model was tested at first.”® The compound was given 1.5 h prior to
LPS injection, and concentrations of TNF-a, IL-6, IL-10, and IL-12p40 in serum and
spleen were measured 2 h after the LPS treatment. LPS significantly increased the level
of inflammatory cytokines in the serum and spleen in vehicle mice, while oral
administration of 16 (I mg/kg) prominently down-regulated the secretion of
inflammatory cytokines, such as TNF-qa, IL-6 and IL-12p40 (Figure 5). The results
indicate that compound 16 is able to effectively attenuate inflammation and is

promising for the treatment of inflammatory diseases.

Serum TNF-a Serum IL-6 Serum IL-10 Serum IL-12pd0
10000 25000 25000
i - o
= 8000 T __ 20000 fuisd o - E 20000 = B
£ 'E **x £ )
& 6000 5 15000 e B 2= 15000
e ko =2 = g
L 4000 T  © 10000 S & 10000
= w4h = = b
2000 5000 = 5000
Normal Vehicle Apremilast 16 Normal Vehicle Apremilast 16 Normal Vehicle Apremilast 16 Normal Vehicle Apremilast 16

Spleen IL-6 Spleen IL-10 Spleen IL-12p40
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ikl ns _[12
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S 2000
1000 = S000
o o o

Normal Vehicle Apremilast 16 Normal Vehicle Apremilast 16 Normal Vehicle Apremilast 16
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IL-1

w
-1
S

Figure 5. (A) Histograms representation of inflammation cytokines concentrations in
serum of LPS-induced mice model after an oral administration of compound 16 (1
mg/kg) or apremilast (1 mg/kg) only once at 1.5 h before LPS application (n=6, female).
(B) Similar inflammation cytokines concentration profiles in spleen at the same dose

are displayed (n=6). Data are given as mean = S.E.M. Statistical analysis is performed
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by one-way ANOVA. *P <0.05, **P <0.01 and ***P <0.001 compared with vehicle.
#P < 0.05, ##P < 0.01 and ###P < 0.001 compared with normal.

Owing to the effects of imiquimod (IMQ) on the development of psoriasis-like
skin inflammation, topical application of IMQ-containing cream to the skin of mice is
a typical model for mimicking the clinical symptoms of patients with psoriasis.?%-3°
Encouraged by a good suppressive effect of 16 in LPS-induced inflammation, we
further investigated efficacy of the compound in the IMQ-induced murine psoriasis
model. Daily application of IMQ-containing cream at a dose of 62.5 mg on BALB/c
mice for 7 days, severe lesions with thick scales and erythema appeared on the back
skin. Strikingly, as shown in Figure 6, an oral administration of 16 with a dose of 25
mg/kg significantly attenuates the clinical features of skin lesions. It even shows much
better therapeutic efficacy than apremilast at the same dose (25 mg/kg) both in
individual scores for scales, thickness and erythema, and in the cumulative score
(Figure 6). These results demonstrate that compound 16 is capable of effective
preventing the IMQ-induced psoriasis-like skin lesions in mice and provides a good
candidate for the development of a new anti-psoriasis drug.

A Normal
p g

Vehicle Apremilast

Scales (0-4)
~
Thickness (0-4)

Erythema (0-4)

Total score (0-12)

o " +—" o > +—> o
0 1 2 3 a 5 & 7 0 1 2 3 4 5 & 7 0o 1 2 3 4 5 & 7 0 1 2 3 4 5 & 7
Days after application Days after application Days after application Days after application
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Figure 6. Efficacy of oral administration of 16 or apremilast at a dose of 25 mg/kg once
daily to the IMQ-induced psoriasis-like mice. (A) A representative phenotypic
manifestation of back skin in each group (n=6, female) after IMQ treatment for 7 days.
(B) The cumulative scores were monitored daily ranging from 0 to 12, including scales,
thickness and erythema. Data are given as mean £ SEM. *P < 0.05, **P < 0.01 and

***P <0.001, compared with vehicle.

Efficacy of Topical Treatment with Compound 16. Local medication is more
convenient and usually less in side effects for psoriasis patients. Therefore, we further
tested therapeutic effects of a topical application of compound 16 in the IMQ-induced
psoriasis-like mice model. The same experiment setup was used to generate the IMQ-
applied mice but they were treated daily with ointment bases or a topical cream
containing 2% of compound 16 at the same dose as that of the IMQ cream (62.5 mg per
day). The topical application of compound 16 yielded a significant therapeutic efficacy
in the IMQ-induced skin inflammation, manifesting with scales, thickness, and
erythema, similar to those were resulted from the oral administration of 16 (Figures 6

and 7).

A Normal Vehicle Ointment Bases 16 Ointment

- L

= Vehicle
~a~ Ointment Bases
=% 16 Ointment

w

Scales (0-4)
~
Thickness (0-4)
Erythema (0-4)
~

Total score (0-12) w
-

o 1 2 3 a4 5 & 7 o 1 2 3 4 5 § 7T o 1 2 3 4 5 & 7 © 1 2 3 4 5 & 7
Days after application Days after application Days after application Days after application
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Figure 7. The therapeutic efficacy of a topical application of compound 16 in the IMQ-
induced psoriasis-like mice. The cream with or without 2% of compound 16 at a dose
of 62.5 mg once daily were topically applied to the back skin of the mice. (A) A
representative phenotypic manifestation of back skin in each group (n=6, female)
during 7 days of treatment with or without 16. (B) The cumulative scores were
monitored daily ranging from 0 to 12, including scales, thickness and erythema. Data
are given as mean = SEM. *P < 0.05, **P < 0.01 and ***P < 0.001, compared with

vehicle.

CONCLUSIONS

Given the effectiveness of PDE4 as a pivotal target for numerous inflammatory
diseases, both in academia and pharmaceutical industry there is continuing interest in
the discovery of novel PDE4 inhibitors with minimal side effects. Here, we reported
the structure-aided identification of a hit compound with a tetrahydro-isoquinoline
scaffold as a novel inhibitor of PDE4 after the screening of a berberine-like analogue
library. The determination of multiple protein-ligand structures in conjunction with the
ligand binding thermodynamic signature leads us to rapidly gain sufficient knowledge
on the binding mode as well as SAR of the tetrahydro-isoquinolines acting on PDE4D.
Small modification on this scaffold results in the discovery of compound 16 as a potent
PDE4 inhibitor both at the enzymatic level and in inhibition of the TNF-a production
in hPBMC. Moreover, the compound has a perfect cell-penetrating ability, a good
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selectivity to PDE4 over other PDEs in most cases, and a good safety reflected in
extremely low inhibition of hERG or dopamine receptor D1/D2 which are potential
targets of berberine. Most importantly, 16 exhibits a significant effect on preventing
LPS-induced acute inflammation and IMQ-induced psoriasis-like skin lesions in mice,
providing a preclinical proof for the topical application of tetrahydro-isoquinolines as

an effective treatment strategy in psoriasis.

EXPERIMENTAL SECTION

Chemistry. General Information. The reagents (chemicals) were purchased from
commercial chemical reagent company, and used without further purification unless
otherwise stated. Analytical thin-layer chromatography (TLC) is HSGF 254. All
products were characterized by their NMR and HRMS spectra. The purity of tested
compounds was determined by HPLC (Agilent Eclipse XBD-C18, 5 pm, 4.6*150 mm,
30 °C, UV 214/230/238/254 nM, flow rate = 1.0 mL/min) with aqueous CH;CN or
CH30H (50%-70%) for 15 min. All compounds used for crystal structures
determination and functional studies possess > 95% purity (Table S4). Chemical shifts
were reported in parts per million (ppm, &) downfield from tetramethylsilane. Proton
coupling patterns are described as singlet (s), doublet (d), triplet (t), quartet (q), multipet

(m), and broad (br).
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The preparation of compounds 1-21 is described below while the chemistry
experimental procedure of key intermediates (3a-7a) is provided in Supporting

Information.

(£)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
methanal (1). To a solution of 5a (1.98 g, 5.325 mmol) in ethyl formate (20 mL) was
added trimethylamine (catalytic amount, 0.054 g). The mixture was stirred at 50 °C for
12 h. The reaction mixture was extracted with ethyl acetate. The organic layer was
washed with brine, dried over Na,SO,, filtered and concentrated under vacuum. The
residue was purified by the column chromatography (petroleum ether/ethyl acetate=1:1)
to afford the compound 1 (1.55 g, 80%) as a white solid. 'H NMR (500 MHz, CDCls):
0 8.32, 8.24 (2 x brs, 1H), 8.14, 8.07 (2 x brs, 1H), 7.63-7.56 (m, 1H), 7.43-7.34 (m,
1H), 7.25—-7.02 (m, 3H), 6.59, 6.57 (2 x s, 1H), 6.43,6.42 (2 x s, 1H), 5.51-5.45, 4.60
—4.53 (2 xm, 1H), 4.50 —4.42, 3.80-3.70 (2 x m, 1H), 3.87, 3.86(2 x s, 3H), 3.76, 3.70
(2 x's, 3H), 370-3.55, 3.19-3.11 (2 x m, 1H), 3.01 — 2.68 (m, 4H), 2.36-2.20 (m, 2H).
13C NMR (125 MHz, CDCl3): 6 161.98, 161.83, 148.07, 147.86, 147.67, 136.69,
136.46, 128.79, 128.77, 127.29, 127.08, 125.66, 124.57, 122.26, 121.98, 121.91,
121.84, 119.45, 119.18, 118.83, 118.75, 115.49, 114.45, 111.60, 111.42, 111.34,
111.18, 110.03, 109.60, 56.16, 56.01, 55.91, 55.88, 50.47, 40.35, 36.95, 36.25, 34.30,
29.41, 27.56, 22.29, 22.13. HRMS (ESI): exact mass calculated for C,,H,sN,O5"

[M+H]*:365.1787, found.365.1857.
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(8)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
methanal (2). This compound (a white solid) was prepared by replacement of Sa with
6a using a similar synthetic procedure of product 1. 'TH NMR (400 MHz, CDCl;): 6
8.29, 8.21 (2 x s, 1H), 8.13, 8.06 (2 x brs, 1H), 7.67-7.55 (m, 1H), 7.41-7.34 (m, 1H),
7.24 —7.06 (m, 3H), 6.57, 6.55 (2 x s, 1H), 6.41, 6.39 (2 x s, 1H), 5.50-5.43, 4.59-4.51
(2 xm, 1H), 4.47-4.40, 3.78-3.72 (2 x m, 1H), 3.84, 3.83 (2 x s, 3H), 3.74, 3.68 (2 x s,
3H), 3.67-3.58, 3.18-3.07 (2 x m, 1H), 3.02 — 2.63 (m, 4H), 2.36 — 2.17 (m, 2H). 13C
NMR (125 MHz, CDCl;): 6 161.81, 161.68, 148.06, 147.83, 147.66, 136.68, 136.46,
128.81, 127.29, 127.08, 125.68, 124.58, 122.26, 121.95, 121.91, 121.79, 119.45,
119.18, 118.83, 118.74, 115.51, 114.47, 111.59, 111.41, 111.34, 111.18, 110.02,
109.56, 56.11, 55.99, 55.91, 55.87, 50.44, 40.27, 36.95, 36.26, 34.26, 29.39, 27.56,
22.28,22.10. HRMS (ESI): exact mass calculated for Cy,H,sN,O5* [M+H]*: 365.1860,

found: 365.1861.

(R)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
methanal (3). This compound (a white solid) was prepared by replacement of 5a with
7a using a similar synthetic procedure of product 1. 'TH NMR (500 MHz, CDCls): 6
8.32 (brs, 1H), 8.23 (brs, 1H), 7.68-7.56 (m, 1H), 7.43-7.34 (m, 1H), 7.25 — 7.00 (m,
3H), 6.59, 6.57 (2 x s, 1H), 6.43, 6.42 (2 x s, 1H), 5.53-5.46, 4.62 — 4.53 (2 x m, 1H),
4.50 — 4.40, 3.80-3.70 (2 x m, 1H), 3.86, 3.85(2 x s, 3H), 3.76, 3.70 (2 x s, 3H), 370-
3.60, 3.22-3.09 (2 x m, 1H), 3.02 — 2.66 (m, 4H), 2.38-2.16(m, 2H). 13C NMR (125

MHz, CDCl;): & 162.04, 161.88, 148.07, 147.86, 147.84, 147.67, 136.73, 136.50,
26
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128.81, 128.76, 127.28, 127.08, 125.65, 124.59, 122.19, 122.07, 121.96, 121.86,
119.38, 119.13, 118.80, 118.72, 115.37, 114.29, 111.61, 111.49, 111.37, 111.24,
110.04, 109.63, 56.18, 56.02, 55.92, 55.88, 50.51, 40.38, 36.98, 36.25, 34.33, 29.42,
27.56, 22.30, 22.15. HRMS (ESI): exact mass calculated for C,,H,sN,O5" [M+H]":

365.1860, found: 365.1862.

6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-carbaldehyde (4). To a solution of
formic acid (20 mL), was slowly added compound 1a (1.81 g, 10 mmol) at 0 °C for 10
min, then polyformaldehyde (1.8 g, 12 mmol) was added. The mixture was stirred at
50 °C for 12 h. The reaction mixture was cooled to room temperature, and alkalified
pH to 9 by 1 M NaOH. The mixture was quenched with water and extracted with
dichloromethane, washed with brine, dried over Na,SO,, filtered and concentrated. The
residue was dissolved in ethyl formate (20 mL), added trimethylamine (catalytic
amount, 0.101 g). The mixture was stirred at 50 °C for 12 h. The reaction mixture was
extracted with ethyl acetate. The organic layer was washed with brine, dried over
Na,SO,, filtered and concentrated under vacuum. The residue was purified by the
column chromatography (petroleum ether/ethyl acetate=1:1) to afford the titled
compound 4 (1.76 g, 80%) as a white solid. '"H NMR (400 MHz, CDCl5): 6 8.25, 5 8.19
(2 x's, 1H), 6.62, 6.60 (2 x s, 1H), 6.60, 6.57 (2 x s, 1H), 4.61, 4.48 (2 x s, 2H), 3.86
(s, 6H), 3.78, 3.63 (2 x t, J = 6.0 Hz, 2H), 2.88 — 2.74 (m, 2H). 13C NMR (125 MHz,
CDCl): o 161.60, 161.14, 148.12, 148.10, 147.83, 147.82, 126.33, 125.35, 123.91,

123.64,111.82,111.54,109.20, 108.67, 56.03, 55.99, 55.96, 47.09, 43.40, 41.98, 38.04,
27
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29.27, 27.54. HRMS (ESI): exact mass calculated for C,H;,NO;* [M+H]":222.1052 ,

found:222.1123 .

7-ethoxy-6-methoxy-3,4-dihydroisoquinoline-2(1H)-carbaldehyde (5). This
compound (a white solid) was prepared by replacement of 1a with 1b using a similar
synthetic procedure of product 4. 'TH NMR (600 MHz, CDCl;): 6 8.27, 8.21 (2 x s, 1H),
6.64, 6.62 (2 x s, 1H), 6.61, 6.60 (2 x s, 1H), 4.62, 4.48 (2 x s, 2H), 4.08 (q, J = 7.0 Hz,
2H), 3.87,3.86 (22 x s, 3H), 3.80, 3.65 (2 x t, J = 6.0 Hz, 2H), 2.84,2.81 (2 x t,J =6.0
Hz, 2H), 1.52 — 1.44 (m, 3H). 3C NMR (150 MHz, CDCl5): 6 161.59, 161.13, 148.45,
148.12, 147.38, 147.12, 126.35, 125.33, 123.86, 123.59, 112.05, 111.77, 110.64,
110.19, 64.56, 64.46, 56.01, 47.07, 43.41, 41.96, 38.04, 29.27, 27.55, 14.81, 14.76.
HRMS (ESI): exact mass calculated for C;3HigNOs* [M+H]*": 236.1281, found:

236.1277.

6-ethoxy-7-methoxy-3,4-dihydroisoquinoline-2(1H)-carbaldehyde (6). This
compound (a white solid) was prepared by replacement of 1a with 1c using a similar
synthetic procedure of product 4. 'TH NMR (600 MHz, CDCls): 6 8.24, 8.18 (2 x s, 1H),
6.62, 6.59 (2 x s, 1H), 6.59, 6.57(2 x s, 1H), 4.60, 4.46 (2 x s, 2H), 4.09-4.02 (m, 2H),
3.84,3.83 (2 x s, 3H), 3.77, 3.62 (2 x t, ] = 6.0 Hz, 2H), 2.81, 2.77 (2 x t, ] = 6.06.0
Hz, 2H), 1.48-1.42 (m, 3H). 13C NMR (150 MHz, CDCl3): 8 161.59, 161.14, 148.40,
148.12, 147.43, 147.12, 126.29, 125.30, 123.88, 123.64, 113.24, 113.03, 109.44,

108.91, 64.44, 64.42, 56.09, 56.05, 47.10, 43.42, 41.99, 38.05, 29.25, 27.52, 14.80,
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14.78. HRMS (ESI): exact mass calculated for C3H;7NO5;* [M+H]": 236.1281, found:

236.1282.

(5)-1-((1H-indol-3-yl)methyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1H)-
methanal (7). This compound (a white solid) was prepared by replacement of 5a with
6b using a similar synthetic procedure of product 1. 'TH NMR (400 MHz, CDCl;): 6
8.37, 8.21 (2 x s, 1H), 8.15, 7.57 (2 xs, 1H), 7.67-7.53 (m, 1H), 7.41-7.30 (m, 1H),
7.25-7.04 (m, 2H), 6.96-6.87 (m, 1H), 6.68, 6.55 (2 x s, 1H), 6.64, 6.31 (2 x s, 1H),
5.71-5.61, 4.76-4.64 (2 x m, 1H), 4.54-4.44, 3.61-3.54 (2 x m, 1H), 3.88, 3.84 (2 x s,
3H), 3.86, 3.55 (2 x s, 3H), 3.45 — 3.10 (m, 3H), 2.96 — 2.62 (m, 2H). 3C NMR (125
MHz, CDCl;): & 161.56, 161.51, 148.30, 147.84, 147.67, 147.31, 136.44, 136.06,
12791, 127.87, 127.80, 126.85, 126.12, 125.19, 123.59, 123.00, 122.39, 122.07,
119.80, 119.64, 119.09, 118.13, 112.05, 111.65, 111.42, 111.22, 110.98, 110.58,
110.03, 57.44, 56.12, 55.95, 55.88, 55.63, 51.20, 40.82, 33.94, 33.34, 31.80, 29.22,
27.79. HRMS (ESI): exact mass calculated for C,H,3N,O5" [M+H]*: 351.1703, found:

351.1704.

(8)-1-(3-(1H-indol-3-yl)propyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-
2(1H)-carbaldehyde (8). This compound (a white solid) was prepared by replacement
of 5a with 6¢ using a similar synthetic procedure of product 1. 'H NMR (400 MHz,
DMSO): 6 10.87, 10.74 (2 x s, 1H), 8.18, 8.15 (2 x s, 1H), 7.43-7.23 (m, 2H), 7.08-
6.90 (m, 2H), 6.82-6.72 (m, 1H), 6.64-6.52 (m , 2H), 5.55-5.46, 5.06-4.95 (2 x m, 1H),
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3.73-3.63,3.41-3.24 (2 x m, 1H), 3.65 (s, 3H), 3.58, 3.54 (2 x s, 3H), 3.22-3.10, 3.09-
2.94 (2 xm, 1H), 2.81-2.57 (m, 4H), 2.08-1.71 (m, 4H). 3C NMR (125 MHz, DMSO):
5 164.12, 163.42, 149.16, 147.79, 147.74, 136.80, 136.59, 132.55, 132.22, 132.18,
131.46, 127.26, 127.11, 121.80, 121.52, 121.09, 120.74, 118.87, 118.78, 118.49,

118.32,113.02, 112.90, 112.69, 112.45, 112.33, 112.32, 111.68, 111.54, 55.98, 55.94,

55.72,55.70,53.13,47.47,47.17,44.46,37.21, 34.35, 30.72, 28.94, 22.58, 22.21, 20.85.

HRMS (ESI): exact mass calculated for Cy3Hp¢N,O;* [M+H]™: 379.2016, found:

379.2027.

(£)-(1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-2(1 H)-
yl)(pyridin-4-yl)methanone (9). To a solution of isonicotinic acid (37 mg, 0.297
mmol) in CH,Cl, was added HOBt (1-hydroxybenzotriazole, 47 mg, 0.356 mmol),
EDC-HCI (1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride, 69 mg,
0.356 mmol), 5a (100 mg, 0.297 mmol), and TEA (triethylamine, 0.084 mL, 0.588
mmol). The mixture was stirred for 12 h at room temperature, washed with water and
brine, dried over Na,SQOy, filtered and concentrated under vacuum. The residue was
purified by the column chromatography (petroleum ether/ethyl acetate=1:1) to afford
the corresponding product 9 as a white solid. 'H NMR (400 MHz, CDCl;): ¢ 8.72,
8.56 (2 xd,J=15.7,4.5 Hz, 2H), 8.14, 8.06 (2 x brs, 1H), 7.61, 7.49 (d, J = 7.8,
7.9 Hz, 1H), 7.40 — 7.32 (m, 1H), 7.31 — 7.08 (m, 4H), 6.65 (s, 1H), 6.60, 6.56 (s,
1H), 6.48, 6.23 (2 x s, 1H), 5.81 —4.64 (m, 1H), 3.87, 3.84 (2 x s, 3H), 3.75 - 3.62

(m, 3H), 3.61 — 3.35 (m, 1H), 3.16 — 2.74 (m, 3H), 2.71 — 2.57 (m, 1H), 2.47 —
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2.36 (m, 1H), 2.35 — 2.23 (m, 1H), 2.20 — 2.10 (m, 1H). 3C NMR (125 MHz,
CDCl;): 6 168.32, 168.21, 150.42, 150.16, 148.29, 147.91, 147.56, 144.36, 144.14,
136.48, 129.20, 128.59, 127.29, 125.61, 124.32, 122.33, 122.04, 121.90, 121.21,
120.79, 119.50, 119.31, 118.72, 118.56, 115.42, 114.61, 111.81, 111.32, 111.23,
110.18, 109.37, 57.30, 55.94, 55.89, 51.87, 41.15, 37.22, 36.91, 35.92, 29.71, 28.89,
27.52,22.35,22.20. HRMS (ESI): exact mass calculated for C,7H,3N3;O3" [M+H]*

442.2125, found 442.2132.

(¥)-(1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinolin-
2(1H)-yl)(tetrahydro-2H-pyran-4-yl)methanone (10). To a solution of 5a (100
mg, 0.297 mmol) in CH,Cl, (20 mL) was added trimethylamine (catalytic amount,
0.054 g) and then the mixture was added tetrahydro-2H-pyran-4-carbonyl chloride
slowly in 0 °C. The mixture was stirred at room temperature for 2 h. The reaction
mixture was extracted with ethyl acetate. The organic layer was washed with brine,
dried over Na,SO,, filtered and concentrated under vacuum. The residue was
purified by the column chromatography (petroleum ether/ethyl acetate=1:1) to
afford the compound 10 as a white solid. 'TH NMR (500 MHz, CDCl;): ¢ 8.14, 8.01
(2 xs,1H), 7.58,7.53 (2 xs, 1H), 7.40, 7.35 (2 x d, J= 8.1, 8.0 Hz, 1H), 7.24 — 7.06
(m, 3H), 6.63 —6.42 (m, 2H), 5.77-5.69, 4.85-4.79 (2 x m, 1H), 4.67-4.59, 3.98-3.91 (2
x m, 1H), 4.06 (d, J = 8.0 Hz, 1H), 3.88 — 3.78 (m, 4H), 3.67 — 3.61 (m, 2H), 3.56 —

3.42 (m, 1H), 3.23 — 2.98 (m, 1H), 2.97 — 2.71 (m, 4H), 2.70 — 2.41 (m, 2H), 2.36 —
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1.94 (m, 4H), 1.73 (d, J = 13.5 Hz, 1H), 1.65 — 1.55 (m, 2H). 3C NMR (125 MHz,
CDCLsy): & 173.73, 173.34, 148.16, 147.67, 147.42, 136.59, 136.40, 130.07, 129.21,
127.35, 127.25, 126.69, 124.79, 122.53, 121.91, 121.72, 120.99, 119.63, 119.16,
118.71, 115.73, 115.04, 111.86, 111.42, 111.12, 111.09, 110.43, 109.86, 67.38, 67.34,
67.19,67.01,56.23, 55.94, 55.90, 55.86, 54.93, 51.78, 39.64, 38.24, 37.97, 36.84, 36.70,
35.87,29.75,29.62,29.19, 28.99, 28.58, 27.61, 22.08, 21.94. HRMS (ESI): exact mass

calculated for for C,7H33N,04" [M+H]* 449.2435, found 449.2438.

(¥)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-2-((tetrahydro-2 H-pyran-4-
y)methyl)-1,2,3,4-tetrahydroisoquinoline (11). To a solution of 5a (100 mg, 0.297
mmol) in acetonitrile (20 mL) was added potassium carbonate, 4-
(bromomethyl)tetrahydro-2 H-pyran. The mixture was refluxed overnight. The reaction
mixture was extracted with ethyl acetate. The organic layer was washed with brine,
dried over Na,SQ,, filtered and concentrated under vacuum. The residue was purified
by the column chromatography (petroleum ether/ethyl acetate=1:1) to afford the
compound 11 as a white solid. '"H NMR (400 MHz, CDCl;): 6 7.98 (brs, 1H), 7.59
(d, J=7.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.18 (t, /= 7.1 Hz, 1H), 7.11 (dd, J
=11.0,3.9 Hz, 1H), 6.99 (s, 1H), 6.56 (s, 1H), 6.46 (s, 1H), 3.98 (dd,J=11.4,2.9
Hz, 2H), 3.84 (s, 3H), 3.76 (s, 3H), 3.63 — 3.47 (m, 1H), 3.38 (td, /= 10.9, 3.3 Hz,
2H), 3.31 — 3.16 (m, 1H), 3.05 — 2.67 (m, 4H), 2.60 — 2.30 (m, 3H), 2.24 — 1.96
(m, 2H), 1.88 — 1.67 (m, 3H), 1.28 (m, 2H). 13C NMR (125 MHz, CDCl;): § 147.23,

136.49, 130.93, 127.56, 126.60, 121.96, 121.01, 119.12, 118.98, 116.97, 111.40,
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111.10, 110.67, 68.11, 61.35, 60.13, 55.89, 55.84, 43.98, 36.83, 33.79, 31.96, 31.74,
29.72,23.66, 22.14. ESI-MS m/z 435.0 [M+H]*. HRMS (ESI): exact mass calculated

for C,7H35N,05" [M+H]" 435.2642, found 435.2654.

(£)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-2-(2,2,2-trifluoroethyl)-1,2,3,4-
tetrahydroisoquinoline (12). This compound (a white solid) was prepared by
replacement  of  4-(bromomethyl)tetrahydro-2H-pyran ~ with ~ 2-bromo-1,1,1-
trifluoroethane using a similar synthetic procedure of product 11. 'TH NMR (400 MHz,
CDCl;): 6 7.94 (brs, 1H), 7.61 (d, J = 7.8 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.21
—7.14 (m, 1H), 7.13 = 7.06 (m, 1H), 7.02 (s, 1H), 6.56 (s, 1H), 6.37 (s, 1H), 3.84
(s, 3H), 3.72 (s, 3H), 3.67 (dd, J= 8.4, 4.1 Hz, 1H), 3.43 — 3.31 (m, 1H), 3.24 (dq,
J=154,9.5Hz, 1H), 3.11 — 2.81 (m, 5H), 2.52 (d, J = 14.7 Hz, 1H), 2.16 (dt, J
=13.9, 7.0 Hz, 1H), 2.10 — 1.98 (m, 1H). 3C NMR (125 MHz, CDCl;): § 147.55,
147.45, 136.50, 129.93, 127.51, 125.86, 121.90, 121.38, 119.12, 119.00, 116.64,
111.46, 111.08, 110.41, 62.74, 55.86, 55.70, 55.45, 55.21, 54.96, 44.55, 37.32, 29.72,
23.23, 21.87. HRMS (ESI): exact mass calculated for C,3H,sF3N,O," [M+H]*

419.1941, found 419.1948.

(£)-methyl-2-(1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-
dihydroisoquinoline-2(1H)-yl)acetate (13). This compound (a white solid) was
prepared by replacement of 4-(bromomethyl)tetrahydro-2H-pyran with methyl 2-

bromoacetate using a similar synthetic procedure of product 11. "TH NMR (400 MHz,
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CDCly): 0 7.97 (brs, 1H), 7.60 (d, /= 7.9 Hz, 1H), 7.35 (d, /= 8.1 Hz, 1H), 7.17 (ddd,
J=8.2,7.2,1.1 Hz, 1H), 7.09 (ddd, /= 7.9, 7.1, 1.0 Hz, 1H), 7.04 (d, J= 2.0 Hz, 1H),
6.56 (s, 1H), 6.37 (s, 1H), 3.84 (s, 3H), 3.78 — 3.70 (m, 4H), 3.68 (s, 3H), 3.48 (dd, J =
39.3,16.6 Hz, 2H), 3.34 (ddd, /= 13.5, 9.8, 5.2 Hz, 1H), 3.04 (dt, /=9.7, 5.2 Hz, 1H),
3.00 — 2.87 (m, 2H), 2.82 (ddd, J = 15.6, 9.7, 5.6 Hz, 1H), 2.60 (dt, J = 16.5, 4.5 Hz,
1H), 2.27 -2.15 (m, 1H), 2.14 - 2.03 (m, 1H). 3C NMR (125 MHz, CDCl;): 5 172.05,
147.38, 136.46, 129.88, 127.56, 126.00, 121.86, 121.40, 119.08, 119.06, 116.81,
111.33, 111.05, 110.56, 60.54, 55.85, 55.80, 55.35, 51.65, 45.10, 36.77, 24.44, 21.73.
HRMS (ESI): exact mass calculated for Cy;HyoN,O4% [M+H]" 409.2122, found

409.2118.

(£)-1-(2-(1H-indol-3-yl)ethyl)-6,7-dimethoxy-2-(2-methoxyethyl)-1,2,3,4-
tetrahydroisoquinoline (14). This compound (a white solid) was prepared by
replacement of 4-(bromomethyl)tetrahydro-2H-pyran with 1-bromo-2-methoxyethane
using a similar synthetic procedure of product 11. 'TH NMR (400 MHz, CDCls): ¢
8.06 (brs, 1H), 7.61 (d, J=7.9 Hz, 1H), 7.36 (d, J = 8.1 Hz, 1H), 7.21 — 7.15 (m,
1H), 7.13 — 7.05 (m, 2H), 6.56 (s, 1H), 6.37 (s, 1H), 3.92-3.84 (m, 1H), 3.84 (s,
3H), 3.75 (s, 3H), 3.65 — 3.54 (m, 2H), 3.36 (s, 3H), 3.10- 2.76 (m, 7H), 2.63-2.51
(d, J=16.0 Hz, 1H), 2.41-2.24 (m, 1H), 2.15 - 2.01 (m, 1H). 13C NMR (125 MHz,
CDCly): o 147.37, 136.49, 127.56, 121.92, 121.54, 119.13, 118.99, 111.35, 111.12,
110.68, 60.94, 58.88, 55.85, 53.01, 44.40, 36.29, 29.71, 23.51, 22.18. HRMS (ESI):

exact mass calculated for C,4H31N,O3" [M+H]* 395.2329, found 395.2336.
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(8)-1-(2-(6-fluoro-1H-indol-3-yl)ethyl)-6,7-dimethoxy-3,4-dihydroisoquinoline-
2(1H)-carbaldehyde (15). This compound (a white solid) was prepared by replacement
of 5a with 6d using a similar synthetic procedure of product 2. 'TH NMR (400 MHz,
CDCly): 6 8.29, 8.20 (2 x s, 1H), 8.19, 8.11 (2 x brs, 1H), 7.55-7.42 (m, 1H), 7.14-6.98
(m, 2H), 6.95-6.81 (m, 1H), 6.58, 6.55 (2 x s, 1H), 6.41, 6.40 (2 x s, 1H), 5.48-5.42,
4.58-4.50 (2 x m, 1H), 4.48-4.38, 3.78-3.68 (2 x m, 1H), 3.84, 3.84 (2 x s, 3H), 3.77,
3.71 (2 x s, 3H), 3.67-3.57, 3.17-3.07(2 x m, 1H), 2.98-2.63 (m, 4H), 2.30-2.15 (m,
2H). 13C NMR (125 MHz, CDCl): 6 161.86, 161.68, 161.04, 160.91, 159.14, 159.03,
148.13, 147.89, 147.87, 147.68, 136.66, 136.56, 136.41, 136.31, 128.67, 128.63,
125.72, 124.64, 123.92, 123.72, 122.20, 122.17, 122.01, 121.99, 119.48, 119.40,
119.32, 115.53, 114.55, 111.66, 111.39, 110.01, 109.55, 108.25, 108.05, 107.93,
107.74, 97.82, 97.61, 97.58, 97.37, 56.17, 56.01, 55.92, 55.88, 50.43, 40.28, 36.81,
36.18, 34.28, 29.36, 27.53, 22.19, 22.03. HRMS (ESI): exact mass calculated for

C22H24FN203+ [M+H]+Z 3831765, found: 383.1761.

(5)-6,7-dimethoxy-1-(2-(6-methyl-1H-indol-3-yl)ethyl)-3,4-
dihydroisoquinoline-2(1H)-carbaldehyde (16). This compound (a white solid) was
prepared by replacement of Sa with 6e using a similar synthetic procedure of product
2. TH NMR (400 MHz, CDCl5): 4 8.28, 8.19 (2 x s, 1H), 7.97, 7.89 (2 x brs, 1H), 7.55-
7.41 (m, 1H), 7.18, 7.15 (2 x s, 1H), 7.20-6.90 (m, 2H), 6.57, 6.55 (2 x s, 1H), 6.43,
6.40 (2 x s, 1H), 5.50-5.43, 4.59-4.51 (2 x m, 1H), 4.47-4.40, 3.78-3.70 (2 x m, 1H),

3.83 (2 x s, 3H), 3.75, 3.72 (2 x s, 3H), 3.66-3.58, 3.18-3.07 (2 x m, 1H), 2.98-2.64 (m,
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4H), 2.46,2.45 (2 x s, 3H), 2.33-2.17 (m, 2H). 13C NMR (125 MHz, DMSO): § 162.38,
161.76, 148.06, 147.93, 147.82, 147.71, 137.33, 137.25, 130.36, 130.23, 129.63,
129.15, 125.80, 125.52, 125.48, 125.45, 122.16, 121.99, 120.44, 120.34, 118.44,
118.39, 114.30, 113.50, 112.51, 112.44, 111.71, 111.65, 111.02, 110.74, 56.01, 55.97,
55.94, 50.21, 39.59, 37.09, 36.57, 33.87, 29.25, 27.48, 22.42, 22.37, 21.85. HRMS

(ESI): exact mass calculated for C,3H,7N,O3" [M+H]*: 379.2016, found: 379.2020.

(5)-7-ethoxy-6-methoxy-1-(2-(6-methyl-1H-indol-3-yl)ethyl)-3,4-
dihydroisoquinoline-2(1H)-carbaldehyde (17). This compound (a white solid)
was prepared by replacement of 5a with 6f using a similar synthetic procedure of
product 2. "TH NMR (500 MHz, CDCl;): ¢ 8.27, 8.19 (2 x s, 1H) , 7.96, 7.88 (2 % s,
1H), 7.50, 7.45 (2 x d, J= 8.1, 8.0 Hz, 1H), 7.18, 7.15 (2 x s, 1H), 7.05-6.92 (m, 2H),
6.57,6.54 (2 x s, 1H), 6.41, 6.39 (2 x s, 1H), 5.48-5.42, 4.56-4.50 (2 x m, 1H), 4.43-
4.36, 3.75-3.67 (2 x m, 1H), 3.99-3.83 (m, 2H), 3.82 (s, 3H), 3.64-3.57, 3.15-3.07 ((2
x m, 1H), 2.96-2.64 (m, 4H), 2.47, 2.45 (2 x s, 3H), 2.29-2.15 (m, 2H), 1.40, 1.36 (2 x
t,J=7.0,7.0 Hz, 3H). 3C NMR (150 MHz, CDCl;): 8 161.79, 161.70, 148.33, 148.06,
147.08, 146.87, 137.13, 136.90, 132.05, 131.65, 128.79, 128.75, 125.65, 125.15,
124.94, 124.50, 121.20, 121.14, 120.91, 118.51, 118.43, 115.37, 114.27, 111.74,
111.49,111.44,111.33,111.11, 64.50, 64.31, 56.03, 55.93, 50.43, 40.30, 36.99, 36.23,
34.25,29.71, 29.39, 27.56, 22.32, 22.19, 21.69, 14.77, 14.69. HRMS (ESI): exact mass

calculated for C,4H9N,O3* [M+H]* 393.2100, found 393.2175.
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(8)-7-(cyclopropylmethoxy)-6-methoxy-1-(2-(6-methyl-1H-indol-3-yl)ethyl)-
3,4-dihydroisoquinoline-2(1H)-methanal (18). This compound (a white solid) was
prepared by replacement of Sa with 6g using a similar synthetic procedure of product
2. TH NMR (400 MHz, CDCl;): 6 8.27, 8.18 (2 x s, 1H), 7.97 (2 x brs, 1H), 7.50, 7.44
(d, J=8.1, 8.0 Hz, 1H), 7.18, 7.15 (2 x s, 1H)), 7.05 — 6.95 (m, 2H), 6.57, 6.55 (2 X s,
1H), 6.43, 6.40 (2 x s, 1H), 5.47-5.40, 4.58-4.47 (2 x m, 1H), 4.42-4.32, 3.89-3.81 (2 %
m, 1H), 3.71 (s, 3H), 3.77-3.64 (m, 2H), 3.63-3.55, 3.16-3.05 (2 X m, 1H ), 2.98 — 2.60
(m, 4H), 2.47, 2.45 (2 x s, 3H), 2.29-2.13 (m, 2H), 1.77-1.63 (m, 1H), 0.67-0.54 (m,
2H), 0.35-0.24 (m, 2H). 13C NMR (125 MHz, CDCls): & 161.77, 161.68, 153.18,
148.65, 148.36, 147.31, 147.09, 137.14, 136.90, 132.10, 131.69, 128.80, 128.73,
125.98, 125.18, 124.96, 124.82, 121.24, 121.17, 121.11, 120.94, 118.52, 118.41,
11542, 114.34, 112.34, 112.07, 111.96, 111.73, 111.32, 111.10, 74.32, 74.07, 55.99,
50.40,40.28,36.86,36.21,34.24,29.71,29.41,27.58,22.30,22.12,21.69, 10.29, 10.23,
3.39, 3.31. HRMS (ESI): exact mass calculated for C,sH31N,O3* [M+H]* 419.2256,

found 419.2332.

(8)-7-(cyclopentyloxy)-6-methoxy-1-(2-(6-methyl-1H-indol-3-yl)ethyl)-3,4-
dihydroisoquinoline-2(1H)-methanal (19). This compound (a white solid) was
prepared by replacement of 5Sa with 6h using a similar synthetic procedure of product
2. TH NMR (400 MHz, CDCl3): 6 8.27, 8.19 (2 x s, 1H), 7.97, 7.89 (2 x brs, 1H),
7.51,7.45 (2 xd,J=8.0,8.0 Hz, 1H), 7.18, 7.15 (2 x s, 1H), 7.06-6.86 (m, 2H),

6.56, 6.53 (2 x s, 1H), 6.40, 6.38 (2 x s, 1H), 5.48-5.39, 4.61-4.55 (2 x m, 1H), 4.55-
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4.48 (m, 1H), 4.43-4.37, 3.75-3.68 (2 x m, 1H), 3.80 (s, 3H), 3.66-3.55, 3.16-3.05 (2 %
m, 1H ), 2.98 —2.60 (m, 4H), 2.46, 2.45 (2 x s, 3H), 2.32-2.14 (m, 2H), 1.97-1.73 (m,
6H), 1.63-1.48 (m, 2H). 13C NMR (125 MHz, CDCls): 6 161.93, 161.86, 149.19,
148.91, 146.56, 146.34, 137.32, 137.07, 132.14, 131.74, 128.91, 128.84, 125.76,
125.29, 125.07, 124.59, 121.41, 121.35, 121.30, 121.01, 118.65, 118.56, 115.44,
114.34, 113.83, 113.51, 112.31, 112.11, 111.48, 111.25, 80.75, 80.54, 56.20, 56.17,
56.07,50.55,40.47,37.08,36.36,34.41,32.91,32.82,32.73,29.83,29.49,27.69, 24 .21,
24.18, 24.15, 22.45, 22.36, 21.81. HRMS (ESI): exact mass calculated for C

27H33N,05" [M+H]" 433.2413, found 433.2484.

(8)-1-(2-(1H-indol-3-yl)ethyl)-7-ethoxy-6-methoxy-3,4-dihydroisoquinoline-
2(1H)-methanal (20). This compound (a white solid) was prepared by replacement of
5a with 6i using a similar synthetic procedure of product 2. 'H NMR (600 MHz,
CDCl;): 6 8.28, 8.20 (2 x s, 1H), 8.13, 8.06 (2 x brs, 1H), 7.62,7.57 (2 x d, J=7.9 Hz,
1H), 7.39,7.36 (2 x d, J = 8.1 Hz, 1H), 7.24-7.00 (m, 3H), 6.57, 6.54 (2 x s, 1H), 6.41,
6.40 (2 x s, 1H), 5.50-5.40, 460-4.50 (2 x m, 1H), 4.46-4.37, 3.76-3.68 (2 x m, 1H),
4.00-3.79 (m, SH), 3.66-3.55, 3.17-3.08 (2 X m, 1H), 2.99-2.63 (m, 4H), 2. 31-2.17 (m,
2H), 1.40, 1.36 (2 x t, J = 7.0 Hz, 3H). 3C NMR (150 MHz, CDCl3): 6161.83, 161.71,
148.38, 148.10, 147.09, 146.89, 136.67, 136.44, 128.72, 128.69, 127.28, 127.08,
125.67, 124.53, 122.24, 121.95, 121.89, 121.80, 119.44, 119.16, 118.83, 118.76,
115.50, 114.45, 111.77, 111.52, 111.45, 111.41, 111.17, 111.11, 64.52, 64.33, 56.11,

55.95, 50.43, 40.32, 36.96, 36.26, 34.29, 29.39, 27.57, 22.27, 22.12, 14.77, 14.68.
38

ACS Paragon Plus Environment

Page 38 of 66



Page 39 of 66

oNOYTULT D WN =

Journal of Medicinal Chemistry

HRMS (ESI): exact mass calculated for C,3;H7N,O;" [M+H]" 379.2016, found

379.2011.

(5)-1-(2-(1 H-indol-3-yl)ethyl)-7-(cyclopropylmethoxy)-6-methoxy-3,4-
dihydroisoquinoline-2(1H)-methanal (21). This compound (a white solid) was
prepared by replacement of 5a with 6j using a similar synthetic procedure of product
2. H' NMR (400 MHz, CDCl3): ¢ 8.28, 8.20 (2 x s, 1H), 8.17, 8.09 (2 x s, 1H), 7.62,
75712 xd,J=17.9,7.9Hz, 1H), 7.38,7.36 (2 xd,J=8.1, 8.1 Hz, 1H), 7.24 — 7.16 (m,
1H), 7.15 - 7.03 (m, 1H), 7.02 (s, 1H), 6.58, 6.55 (2 x s, 1H), 6.43, 6.42 (2 x s, 1H),
5.48-5.40, 4.58-4.48 (2 x m, 1H), 4.45-4.34, 3.76-3.67 (2 x m, 1H), 3.83 (s, 3H), 3.76
—3.66 (m, 1H), 3.66 —3.61 (m, 1H), 3.62-3.52, 3.17-3.07 (2 x m, 1H), 3.00 — 2.62 (m,
4H), 2.32 — 2.15 (m, 2H), 1.86-1.65(m, 1H), 0.68 — 0.51 (m, 2H), 0.29 (m, 2H). 13C
NMR (125 MHz, CDCls): & 161.85, 161.72, 148.67, 148.38, 147.32, 147.10, 136.68,
136.45, 128.73, 128.68, 127.28, 127.07, 125.98, 124.84, 122.24, 121.96, 121.90,
121.82, 119.42, 119.14, 118.83, 118.73, 115.46, 114.42, 112.33, 112.07, 111.98,
111.75, 111.42, 111.18, 74.33, 74.08, 56.06, 55.99, 50.42, 40.33, 36.87, 36.24, 34.30,
29.41, 27.58, 22.26, 22.07, 10.29, 10.23, 3.42, 3.40, 3.33. HRMS (ESI): exact mass

calculated for C,5H,9N,O3* [M+H]* 405.2100, found 405.2163.

Virtual Screening. Virtual screening on our in-house berberine analogues library
containing 500 compounds was carried out with the use of the structure of PDE4D

catalytic domain (PDB ID: 1TBB).3! The protein was prepared using Protein
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Preparation and Grid Preparation tools in the Schrodinger Maestro interface (Maestro,
version 10.2, Schrodinger, LLC, New York, NY, 2015). The Glide docking module in
Schrédinger suite 2015-2 was applied and Standard Precision calculations with default
settings were performed (Glide, version 6.7, Schrodinger, LLC, New York, NY,
2015).32 The OPLS-2005 force field was used for docking.?3 The resulting top 30

ranked compounds were reserved for test with the enzymatic activity assay.

Protein Purification and Crystallization. Production of the catalytic domain of
recombinant human PDE4D and PDESA is as follows. Briefly, cDNA fragments
encoding catalytic domain of PDE4D (86-413), PDESA (535-860), PDE7A (130-482),
PDE9A (181-506) and PDE10A (439-766) were cloned into the vector pET15b and the
protein was expressed in E.coli BL21 (DE3). The expressed protein was passed through
a Ni-NTA column (GE), and further purified by Q-Sepharose and Superdex200 (GE
Healthcare). The recombinant PDE4D with a purity of > 95% was concentrated to 12
mg/mL for crystallization. Crystallization of apo PDE4D was performed at 4 °C using
the hanging drop vapor-diffusion method, by mixing equal volume (1.5 pL:1.5 pL) of
the protein and crystallization solution (18% (w/v) PEG 3350, 0.1 M HEPES (pH 7.0),
0.2 M MgCl,, 10% (v/v) isopropanol, 30% (v/v) ethylene glycol). Crystals were formed
within 3 days and then soaked into crystallization buffer with 5-10 mM compounds for
6 h. Using commercial perfluoropolyether cryo oil (PFO) as croprotectant, crystals were

flash-frozen into liquid nitrogen.
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Structure Determination and Refinement. X-ray diffraction data were collected at
beamline BL17U1 or BLI9UI at the Shanghai Synchrotron Radiation Facility
(SSRF).3* The data were processed with HKL3000. The structure was solved by
molecular replacement using the program CCP4 with a search model of PDB code
1TBB.3!:3 The models were built using coot and refined with a simulated-annealing
protocol implemented in the program PHENIX.3¢37 Data collection and refinement

statistics of 10 solved structures are shown in Table S1.

Isothermal Titration Calorimetry (ITC) Measurements. All measurements were
performed by iTC200 calorimeter (General Electric Co.) in an ITC buffer (25 mM
HEPES pH 7.0, 100 mM NaCl, 0.1 mM EDTA, 1 mM MgCl,) while stirring at 800
rpm. The stock solution of compounds and the catalytic domain of PDE4D were diluted
with the ITC buffer to a compound concentration of 0.5-2 mM and a protein
concentration of 50-500 uM before titrations. The final concentration of DMSO in the
reaction buffer is less than 2% of the total volume. Compound 4 was titrated into the
protein solution while other compounds were titrated by the protein solution. All
titrations were performed using an initial injection of 0.4 uL. followed by 19 identical
injections of 2 pul. with a duration of 4 seconds per injection and a spacing of 120
seconds between injections. The last five data points were averaged and subtracted from
each titration to account for the heat of dilution. Additional background experiments

where buffer was titrated into the protein solution revealed no significant shift in the
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baseline during the course of the measurements. Each assay was carried out in three

independent experiments.

PDEs Enzymatic Assay. The activity of the purified catalytic domain of PDE4D as
well as PDESA and other PDEs purchased from BPS Bioscienc were monitored by
measuring the hydrolysis of [*H]-cAMP or [*H]-cGMP into [*H]-AMP or [*H]-GMP
using a phosphodiesterase scintillation proximity assay (SPA). The protein was diluted
using an assay buffer (50 mM Tris pH 7.5, 8.3 mM MgCl,, 1.7 mM EGTA) to a
concentration of 1-2 nM. Compounds were resuspended in DMSO (10% (v/v) in the
final concentration) at a stock concentration of 1 mM and then tested at different
concentrations varying from 500 uM to 10 nM. The reaction assay was initiated by
successively adding 80 uL of protein solution, 10 pL of test compound and 10 pL of
[*H]-cAMP or [*H]-cGMP (0.5 uCi/mL) in a “low binding” plate and all reactions were
carried out in duplicate. The plate was incubated at 30 °C for 30 min. Then the reaction
was stopped by addition of 50 pL of phosphodiesterase SPA beads (RPNQO150,
PerkinElmer Inc.). All plates were settled for 20 minutes before being counted with a
MicroBeta? (PerkinElmer Inc.) counter. For the measurement of inhibitory activity of
every compound against PDE4D, at least three independent experiments were
performed for the determination of ICsy values. At least eight concentrations of a

compound were used to calculate ICs, values, each concentration in triplicate. All

experimental data were analyzed by using GraphPad Prism, version 8.0 (GraphPad Inc.).
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PDE4 Activity Cell Assay. Inhibition of the TNF-a production by tested compounds
were measured in lipopolysaccharide (LPS, Sigma) stimulated human peripheral blood
mononuclear cells (PBMCs) as previously reported.?® Human PBMCs extracted by
Ficoll-Paque PLUS (GE Healthcare) from human whole blood gifted by Shanghai
blood center. Cells (8-10"5 cells/mL) were cultured in RPMI medium 1640 (Gibco)
supplemented with 10% FBS (Gibco), 2 mM L-glutamine (Gibco), 100 U/mL penicillin
and 100 ug/mL streptomycin (Gibco). Test compounds were added to human PBMCs
1 h prior to the addition of LPS. The final DMSO concentration was 0.2%. Human
PBMCs were stimulated with LPS for 18-20 h at 37 °C with 5% CO,. Supernatants were
then harvested and determined by TNF-a ELISA Kit (Life technologies) and measured
on Bio-Tek Synergy4 plate reader. For the measurement of inhibitory activity of every
compound against the TNF-a production in hPBMC, at least three independent
experiments were performed for the determination of ICs, values. At least eight
concentrations of a compound were used to calculate ICs, values, each concentration in
triplicate. All experimental data were analyzed by using GraphPad Prism, version 8.0

(GraphPad Inc.).

Caco-2 Permeability Assay. The Caco-2 monolayer assays were performed on
compound 16 and apremilast by using the standard procedure as previously reported.”
Briefly, the compounds transport from the apical side to the basolateral side (A-B) and
from the opposite direction (B-A) were measured simultaneously under the same

conditions. Propranolol and nadolol were used as the hypertonic and hypotonic control,
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respectively. Digoxin was used as the positive control for Pgp-mediated drug efflux.
After washing the monolayer with HBSS (Hanks’ Balanced Salt Solution, Sigma-
Aldrich) three times, the compounds were diluted and added to the appropriate well
(pH 6.8 for the apical side and pH 7.4 for the basolateral side). The plate was incubated
at 37°C for 95 min. Samples were collected from the donor side at 5 and 95 min and
from the receiver side at 35 and 95 min post incubation. The concentration of samples
was measured by LC-MS/MS. Mean values are the average of three independent

experiments and each was performed in triplicate.

Calcium Mobilization Assay. HEK293 cells stably expressing Gal6 with either
dopamine D1 or D2 receptor were seeded onto 96-well plates and incubated for 24 h.
Cells were loaded with 2 uM fluo-4 AM in HBSS at 37 °C for 45 min. In the agonist
assay, the excess dye was removed and 50 pL. HBSS was added, and 25 pL. HBSS
containing compound 16, dopamine (a positive control), or DMSO (a negative control)
was added using a FlexStation microplate reader. Meanwhile, the intracellular calcium
change was recorded at an excitation wavelength of 485 nm and an emission
wavelength of 525 nm. In the antagonist assay, the excess dye was removed and 50 puL
HBSS containing compound 16, SKF83566 (antagonist of D1 receptor as a positive
control), Eticloprice (antagonist of D2 receptor as a positive control) or DMSO (a
negative control) was added. After incubation at room temperature 10 min, 25 uL HBSS
containing dopamine was dispensed into wells using a FlexStation microplate reader,

and intracellular calcium change was recorded at an excitation wavelength of 485 nm
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and an emission wavelength of 525 nm. Data are mean values of three independent

experiments and each was performed in triplicate.

hERG Inhibition Assay. The hERG inhibition effect of compound 16 was measured
with QPatch automated patch-clamp technology in the hERG expressing CHO cell line
as previously reported.*? In brief, the cells were grown until the density ranged within
2-5 x 106 cells/mL for further experiment. The cells were voltage clamped at a holding
potential of -80 mV. The hERG current was activated by depolarizing at +20 mV for 5
s, after which the current was taken back to -50 mV for 5 s to remove the inactivation
and observe the deactivating tail current. The maximum amount of tail current was used
to determine hERG current amplitude. Compound 16 was diluted freshly in the external
solution to the desired concentrations. After achieving break-in (whole-cell)
configuration, the cells were recorded for 120 s to assess current stability. The voltage
protocol described above was then applied to the cells every 20 s throughout the whole
procedure. Only cells with stable currents were allowed to enter the drug-addition
procedure. External solution containing 0.1% DMSO (vehicle) was applied to the cells
to establish the baseline. After allowing the current to stabilize for 3 min, compound 16
was added until the compound's effect reached a steady state or for a maximum of 3
min. Washout with external solution might be performed until the recovery of the
current reached a steady state. Positive control cisapride was used in the experiments
to ensure the normal response and quality of the cells. For I1Csy measurement, one

independent experiment with at least six concentrations of the compound was
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performed, and three cells were patched for each concentration.

Pharmacokinetic Profiles in SD Rats. Six 5-6-week male Sprague-Dawley rats,
weighting 150-200 g each, were purchased from Shanghai Sippr-BK laboratory animal
Co. Ltd. (Shanghai, China). Following experiments were approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica, Chinese Academy of Sciences
(IACUC: 2018-03-TW-05). Six Sprague-Dawley rats were randomly divided into two
groups. Compound 16 was first dissolved in phosphate buffered saline containing 5%
DMSO and 5% tween-80, and then administered orally (25 mg/kg) and intravenously
(10 mg/kg) to a group of three rats after fasting for 12 h with free access to water. Blood
samples were collected at nine time points (0, 0.25, 0.5, 1.0, 2.0, 4.0, 6.0, 8.0, 24h) from
three rats at each time point. For measurements, blood samples (300 pL) were collected
in heparinized tubes and immediately separated by centrifugation at 11000 rpm for 5
min. Plasma was transferred into polypropylene tubes and put in the freezer at —20 °C.
Plasma concentrations of 16 were analyzed using a LC-MS/MS (Agilent 1260 Infinity

LC system and Agilent 6460 Triple Quad Mass Spectrometer System).

In Vivo Pharmacology

Animals. Inbred 6-8-week-old female BALB/c mice were purchased from Shanghai
Lingchang Biotechnology Co., Ltd. (Certificate No0.2013-0018, Shanghai, China). All
mice were housed under specific pathogen-free conditions and raised in a 12 h

light/dark cycle with humidity (60-80%) and temperature (22 + 1 °C). Mice were
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allowed to acclimatize in our facility for 1 week before any experiments. Following
experiments were carried out according to the National Institutes of Health Guides for
the Care and Use of Laboratory Animals and were approved by the Bioethics
Committee of the Shanghai Institute of Materia Medica, Chinese Academy of Sciences

(IACUC: 2018-03-TW-05).

LPS-Induced Inflammation Model. Female BALB/c mice were orally
administrated with apremilast (1 mg/kg), compound 16 (1 mg/kg) and vehicle (0.5%
sodium carboxymethylcellulose and 0.25% tween-80) 1.5 h before intraperitoneally
injection with a dose of 5 mg/kg of LPS. Serum and spleen homogenates were collected

2 h after LPS sensitization for cytokines detection.

ELISA. Cytokines in serum and spleen homogenates of each mouse from all groups
(n = 6 mice per group) were assayed in duplicate by using mouse IL-6, IL-10, IL-12p40
and TNF-a ELISA kits according to the manufacturer’s instructions. All ELISA
quantification kits were obtained from BD Pharmingen (San Diego, CA, USA). The
capture antibodies were precoated onto 96-well high binding microplates (Corning, NY,
USA) overnight at 4 °C. After washing three times with wash buffer, add mouse serum
and spleen homogenates (50 uL. per well) and incubate 2 h at room temperature. Then,
the detection antibodies were linked to all samples and the signaling were amplified by
Streptavidin-HRP (horseradish peroxidase) incubation, in the presence of TMB (3, 3',

5, 5'-tetramethylbenzidine) substrate buffer and H,SO, stop solution. The absorbance
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values at 450 nm were collected by a microplate reader (Molecular Devices, Sunnyvale,
CA, USA) and the cytokine concentrations were acquired from the standard curve using

log-log regression analysis.

IMQ-Induced Psoriasis-like Skin Lesions. Female BALB/c mice were randomly
divided into 4 groups (n = 6): normal, IMQ (IMQ-applied only), IMQ + apremilast
(IMQ with 25 mg/kg apremilast), IMQ + compound 16 (IMQ with 25 mg/kg 16). The
skin inflammation was triggered by receiving a daily topical dose of 62.5 mg of IMQ
cream on their shaved back. Apremilast or compound 16 was orally applied through a
syringe with a blunt-ended curved feeding tube. For topical treatment, 2% ointment of
compound 16 was prepared in-house and 62.5 mg of 2% ointment plus the ointment
bases were applied once daily to the mouse skin, respectively. To score the severity of
inflammation of mouse skin, an objective scoring system was developed base on the
clinical Psoriasis Area and Severity Index (PASI).*! Erythema, scaling and thickening
were scored independently from 0 to 4 as follows: 0, none; 1, slight; 2, moderate; 3,
marked; 4, very marked. The cumulative score (erythema plus scaling plus thickening)

served to indicate the severity of inflammation (scale 0-12).

Statistical Analysis. The data are presented as the mean = SEM. Statistical
differences were determined using one-way analysis of variance (ANOVA) with

Dunnet’s multiple comparisons test with no significant variance inhomogeneity (F
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achieved p<0.05) using GraphPad software 6.0 (San Diego, CA, USA). P values less

than 0.05 were considered significant.
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ABBREVIATIONS USED

PDEs, phosphodiesterases; PDE4D, phosphodiesterase 4D; cGMP, cyclic guanosine
monophosphate; cAMP, cyclic adenosine monophosphate; TCM, Traditional Chinese
medicine; Cmax, the maximum plasma concentration; Tmax, the time to reach Cmax;
AUC, total area under the plasma concentration—time curve from time zero to 24h;

AUC., total area under the plasma concentration-time curve from time zero to time
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infinity; MRT, mean retention time; t;,, terminal half-life; CL, plasma clearance; Vss,

apparent volume of distribution at steady state; F, bioavailability; IMQ, imiquimod.
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Figure 1. Structures and inhibitory activities of representative PDE4 inhibitors including three approved

drugs (roflumilast, apremilast and crisaborole).
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Figure 2. Structure-aided and cell-based discovery and design of the lead compound (16) based on an in-
house BBR analogues library.
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Figure 3. Crystal structures of the catalytic domain of PDE4D in complex with compounds 4 (cyan and
green), 5 (magenta) and 6 (yellow). (A) Two opposite orientations of 4 were found in the binding pocket of
PDE4D. (B,C) The ethyoxyl groups of 5 and 6 both insert into a hydrophobic sub-pocket (the Q-pocket)
formed by the sidechains of N321, Y329, T333, and 1336 (grey surface). Dash lines indicate H-bonds
between compounds and residues.
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Figure 4. The effect of different linkers on orientations of the indole ring. Surface representation of the
PDE4-2 (cyan, A), PDE4-7 (magenta, B), PDE4-8 (green, C), and PDE4-16 (yellow, D) complexes. Dash lines
indicate H-bonds between compounds and residues.
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20 Figure 5. (A) Histograms representation of inflammation cytokines concentrations in serum of LPS-induced
21 mice model after an oral administration of compound 16 (1 mg/kg) or apremilast (1 mg/kg) only once at 1.5
22 h before LPS application (n=6). (B) Similar inflammation cytokines concentration profiles in spleen at the
same dose are displayed (n=6). Data are given as mean + S.E.M. Statistical analysis is performed by one-
way ANOVA. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with vehicle. #P < 0.05, ##P < 0.01 and
24 ###P < 0.001 compared with normal.
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Figure 6. Efficacy of oral administration of 16 or apremilast at a dose of 25 mg/kg once daily to the IMQ-
induced psoriasis-like mice. (A) A representative phenotypic manifestation of back skin in each group (n=6)
after IMQ treatment for 7 days. (B) The cumulative scores were monitored daily ranging from 0 to 12,
including scales, thickness and erythema. Data are given as mean + SEM. *P < 0.05, **P < 0.01 and ***P

< 0.001, compared with vehicle.
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Figure 7. The therapeutic efficacy of a topical application of compound 16 in the IMQ-induced psoriasis-like
19 mice. The cream with or without 2% of compound 16 at a dose of 62.5 mg once daily were topically applied
20 to the back skin of the mice. (A) A representative phenotypic manifestation of back skin in each group (n=6)
21 during 7 days of treatment with or without 16. (B) The cumulative scores were monitored daily ranging from
22 0 to 12, including scales, thickness and erythema. Data are given as mean £ SEM. *P < 0.05, **P < 0.01
23 and ***P < 0.001, compared with vehicle.
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