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Abstract

The development of efficacious NNRTIs for AIDS therapy commonly
encountered the rapid generation of drug-resistant mutations, which becomes a major
impediment to effective anti-HIV treatment. Using a structure-based bioisosterism
strategy, a series of piperidine-substituted thiophene[2,3-d]pyrimidine derivatives
were designed and synthesized. Compound 9a yielded the greatest potency, exhibiting
significantly better anti-HIV-1 activity than ETR against all of the tested
NNRTI-resistant HIV-1 strain. In addition, the phenotypic (cross)-resistance of 9a and

other NRTIs to the different selected HIV-1 strains were evaluated. As expected, no
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phenotypic cross-resistance against the NRTIs (AZT and PMPA) were observed with
the mutant strains 9a™ strain. Furthermore, 9a was identified with improved
solubility, lower CYP liability and hERG inhibition. Remarkably, 9a exhibited
optimal pharmacokinetic properties in rats (F' = 37.06 %) and safety in mice (LDs, >
2000 mg/kg), which highlights 9a as a promising anti-HIV-1 drug candidate.
Key Words: HIV-1; NNRTIs; Thiophene[2,3-d]pyrimidine; Drug Resistance Profiles
Introduction

According to the Joint United Nations Program on HIV/AIDS (UNAIDS) report
2017, more than 36.9 million people are today living with HIV, including 1.8 million
people newly infected in 2017'. Human immunodeficiency virus (HIV) infection is
now becoming more pandemic. Therefore, the development of efficacious and potent
HIV therapeutics has nowadays become an increasingly important goal®>. The HIV-1
reverse transcriptase (HIV-1 RT) has been considered as one of the most attractive
targets for developing novel anti-HIV drugs for its essential role to transcribe
single-stranded RNA into double-stranded DNA in the life cycle of HIV-13. RT
inhibitors could be divided into nucleoside reverse transcriptase inhibitors (NRTIs)
and non-nucleoside reverse transcriptase inhibitors (NNRTIs). Among them, NNRTIs
has gained an increasingly important role in highly active antiretroviral therapy
(HAART) regimens used to treat AIDS patients for their potent antiviral activity, high
selectivity, and lack of mitochondrial toxicity which characterizes the NRTIs. Up to
now, more than 50 structurally diverse classes of compounds have been reported as

NNRTIs, including diarylpyrimidine (DAPY)*7,
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dihydroalkyloxy-benzyl-oxopyrimidine (DABO)8, 1-[(2-hydroxyethoxy)
methyl]-6-(phenylthio)thymine (HEPT)?, and indolylarylsulfone (IAS)!°. Among
them, six NNRTIs have been approved by the US FDA for HIV-1 treatment,
including the first generation NNRTIs nevirapine (NVP), delavirdine (DLV),
efavirenz (EFV) and the second generation NNRTIs etravirine (ETR), rilpivirine
(RPV), and doravirine (DOR)!. Although they have achieved great success in the
treatment of HIV-1 patients, drug-resistant mutants rapidly emerge with their clinical
application because of their allosteric mechanism of action and low genetic barrier'!,
for example, L1001, K103N and Y 181C for the first generation NNRTIs, RES056 for
ETR, Y181C and E138K for RPV, V106A, F227L and L2341 for DOR!2.

With ETR and RPV as lead compounds, our previous efforts have led to the
design and synthesis of two piperidine-substituted thiophene[3,2-d]pyrimidine
NNRTIs K-5a2 and 25a (Figure 1)!% !4 Both compounds feature a
thiophene[3,2-d]pyrimidine central ring, keeping the 4-cyano-2,6-dimethylphenyl and
4-cyanovinyl-2,6-dimethylphenyl structures in the left wing of ETR of RPV, while
replacing their cyanophenyl right wing with a piperidine-linked benzenesulfonamide
group. Compared with ETR and RPV, both compounds exhibited increased
anti-HIV-1 potency against wild-type (WT) virus and virus strains with a variety of
NNRTI-resistant mutations. Especially compound 25a afforded 3-4-fold improvement
of in vitro antiviral potency against WT, L100I, K103N, Y181C, Y188L, E138K and
RES056 (K103N+Y181C), and 10-fold improvement against F227L+V106A relative

to ETR. However, both compounds suffered from a stronger human ether-a-go-go
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related gene (hERG) inhibitory activity (K-5a2, ICso = 0.130 uM; 25a, 1Cso = 0.186
uM). In addition, 25a showed a higher cytotoxicity (CCsy = 2.30 uM) and lower
bioavailability (¥ = 16.19 %). Therefore, further structure modification is still needed
to achieve improved antiviral potency, decreased toxicity and favorable

pharmacokinetic properties.
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Figure 1. Chemical structures of U.S. FDA approved NNRTI drugs and our
previously reported thiophene[3,2-d[pyrimidine leads 3 (K-5a2) and 4 (25a).

To seek valuable insights into the favorable structural features of K-5a2 and 25a
and give insight for designing novel NNRTIs with improved drug resistance profiles,
the co-crystal structures of HIV-1 RT in complex with the two inhibitors were
determined in our previous study!’. These high-resolution structures illustrate the
structural flexibility of the inhibitors, extensive hydrophobic interactions and the
network of main chain hydrogen bonds with NNRTIs binding pocket (NNIBP)
accounts for their increased activity against resistance-associated variants (Figure 2).
Especially, the newly fused thiophene ring could develop novel interaction with
Glul38 through a water-mediated hydrogen bond, which was different from our
previous reported DAPY NNRTIs!6 17, In the current study, with 25a as lead and keep

its privileged left wing unchanged, the bioisosterism strategy was used to design
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thiophene[2,3-d]pyrimidine replacements for the thiophene[3,2-d]pyrimidine central
ring of 25a'®, with the hope that the thiophene ring could establish novel hydrogen
bond with the backbone of Lysl01 (Figure 2). Moreover, six different aryl
substituents containing hydrogen bond donor and acceptor were introduced to the
piperidin-4-yl-amino moiety of the right wing. Their activity against WT and resistant
strains at the cellular and enzymatic level has been investigated. Then, we also studied
the development of antiviral resistance to the most potent inhibitor 9a, the leads
K-5a2 and 25a by growing HIV-1 strains in the presence of increasing drug
concentration and determined its phenotypic cross-resistance. Furthermore, its
cytochrome P450 proteins (CYP450) and hERG inhibitory activity, pharmacokinetics

and acute toxicity also evaluated detailed.

N
Structure-Based Optimization
: >
N NH Bioisosterism

o N NH
I Y
_ \ 4
25a Thiophene[2,3-d]pyrimidine

Co-crystal Structure of 25a/HIV-1 RT

derivatives in this work

Figure 2. Structure-based bioisosterism yields thiophene[2,3-d]pyrimidine

derivatives.
CHEMISTRY

The synthetic protocol for the novel designed derivatives is outlined in Scheme
1. The commercially available 2,4-dichlorothiophene[2,3-d|pyrimidine (5) was
selected as starting material, which was treated with

3,5-dimethyl-4-hydroxybenzaldehyde afforded intermediate 6. The cyanovinyl
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compound 7 was obtained by reaction of 6 with diethyl cyanomethylphosphonate
under Wittig-Horner reaction. Then 7 was treated with
N-(tert-butoxycarbonyl)-4-aminopiperidine and trifluoroacetic acid to yield the key
intermediate 8, which was reacted with substituted benzyl chloride (or bromide) to
give the target compounds 9a-f. All novel target compounds were fully characterized
by electrospray ionization mass spectrometry (ESI-MS), proton nuclear magnetic
resonance spectroscopy (‘H NMR) and carbon nuclear magnetic resonance
spectroscopy (3C NMR). The purity of all target compounds was > 95% as
determined by analytical HPLC.

Scheme 1. Synthesis of 9a-f*
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2 Reagents and conditions: (i) 3,5-dimethyl-4-hydroxybenzaldehyde, DMF, K,COs;, r.t.; (ii)
(EtO),P(O)CH,CN, -BuOK, THF/DCM, 0°C to r.t.; (iii) 4-(tert-butoxycarbonyl)aminopiperidine,
DMF, K,CO;, reflux; then TFA, DCM, r.t.; (iv) substituted benzyl chloride (or bromide), DMF,
K,CO;, r.t.

RESULTS AND DISCUSSION

Firstly, the compounds’ antiviral activity was evaluated in MT-4 cell cultures
infected with wild-type HIV-1 strain (Illg) and the most challenging double-mutant
strain K103N+Y181C (RES056). The lead compound 25a was selected as the

reference, ETR and RPV were selected as control drugs. The values of ECs
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(anti-HIV activity), CCs, (cytotoxicity) and SI (selectivity index, CCs¢/ECs ratio) of

the target compounds are depicted in Table 1.

oNOYTULT D WN =

9 Table 1. Anti-HIV activity, cytotoxicity and SI of target compounds 9a-f.

1 Xx-CN

0]
; (1 (O
16 ~
S N H

19 9a-f

EC50 (llM)a SI¢

Compds Ar CCs (uM)?
111B RES056 11IB RES056

9a 4-SO,NH,-Ph  3.2442.15 6.45+0.49 10.1+3.28 3122 1569
9b 4-CONH,-Ph  5.92+2.18 66.9430.2 3.54+0.21 597 53
29 9¢ 3-CONH,-Ph  5.73+0.98 62.0+16.3 3.95£0.31 689 64
31 9d 4-CO,C,Hs-Ph  10.6+1.59 153£17.6 111£18.4 10538 728
33 9e 4-F-Ph 19.7+2.17 150+7.01 5.84+3.25 279 39
35 of 4-CN-Ph 12.4+1.71 138+15.13 7.74+4.61 625 56
37 25a 1.2240.26 5.50+0.81 2.30+0.46 1882 419
39 ETR - 4.07+0.149 17.0+1.78 >4.59 >1128 >270

41 RPV - 1.00+0.27 10.7+7.96 3.98 3989 371

43 @ ECs: concentration of compound required to achieve 50% protection of MT-4 cell cultures against
45 HIV-1-induced cytopathicity, as determined by the MTT method.

47 b CCsy: concentration required to reduce the viability of mock-infected cell cultures by 50%, as
49 determined by the MTT method.

51 ¢SI: selectivity index, the ratio of CCs¢/ECsy.

53 As depicted in Table 1, 9a, 9b and 9¢ were potent inhibitors of WT HIV-1 (Illp)
56 with ECsq values of 3.24, 5.92 and 5.73 nM, with comparable activity to the approved

>8 drug ETR (ECsy = 4.07 nM). Among them, 9a (ECsy = 3.24 nM) yielded the most
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active potency, although it was slightly inferior to the lead 25a (ECso= 1.22 nM) and
RPV (ECs5y = 1.00 nM). However, 9a proved to be a powerful inhibitor against the
mutant HIV-1 strain RES056 with an ECs, value of 6.45 nM, that is about 3.0-fold
more potent than ETR (ECso = 17.0 nM), and comparable to 25a (ECsy = 5.50 nM)
and RPV (ECsy = 10.7 nM). More importantly, 9a displayed much lower cytotoxicity
(CCsp=10.1 uM) and higher SI values (SI = 3122 and 1569, respectively) compared
to 25a (ECsp = 2.30 uM; SI = 1882 and 419) and RPV (ECsy = 3.98 uM; SI = 3989
and 371), which thus achieved our goal of reducing the cytotoxicity. Replacement of
the para-SO,NH, group in the benzene ring of 9a with para-CONH,, meta-CONH,,
para-COzEt, para-F and para-CN groups led to a sharply decreased potency to

RES056 (9b-f, ECso= 62.0-153 nM).

Table 2. Activity against mutant HIV-1 strains

ECs (nM)?
Compds
L1001 K103N Y181C Y188L E138K F227L+V106A
9a 2.05+0.58 2.34+0.82 6.57+0.33 7.59+0.46 6.70+0.49 4.81+0.84
9b 6.11+£0.39 4.99+0.13 12.8+6.97 27.1£1.83 9.24+0.06 15.1£5.71
9¢ 5.75+0.90 5.45+0.80 17.7+£2.58 39.5+4.59 18.4+5.26 12.2+0.19
9d 19.4+11.2 12.0+£1.48 30.9+0.99 120+3.86 33.1+1.12 32.1+4.73
9e 30.4+2.75 22.6+5.81 36.3£8.95 152+30.0 123+34.6 12743.99
of 21.3£16.6 17.3£13.1 32.8+0.95 117+28.3 36.3+0.54 32.6+6.93
25a 1.34+0.50 0.96+0.07 5.00+0.11 5.45+0.20 4.74+0.160 2.70+£1.74
ETR 5.38+2.06 2.35+0.67 15.74£2.12 20.5+£2.92 14.4+2.27 29.4+7.79
RPV 1.54+0.00 1.31£0.36 4.73+0.48 79.4+0.77 5.7540.11 81.6+£21.2

@ ECsp: concentration of compound required to achieve 50% protection of MT-4 cell cultures against

HIV-1-induced cytopathicity, as determined by the MTT method.

Furthermore, all the novel target compounds were evaluated for their activity
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against a panel of NNRTIs-resistant single-mutant strains L100I, K103N, Y181C,
Y188L, and E138K, as well as the double-mutant strain F227L+V106A. As depicted
in Table 2, the most promising HIV-1 IIIB inhibitor 9a also exhibited the highest
activity against all mutant strains with single-figure-nanomolar ECs, values ranging
from 2.05 to 7.59 nM, similar to its activity against WT HIV-1 strain (ECsy = 3.24
nM). Figure 3 provided the comparative activity of 9a, 25a, ETR and RPV. As for
mutant strains L1001 and K103N, all the four compounds exhibited potent activity
and have no big difference in their ECs, values. Against Y181C and E138K, 9a, 25a,
and RPV displayed greater potency than ETR. In the case of YI181L and
V106A+F227L, RPV exhibited sharply decreased activity (ECso= 79.4 and 81.6 nM,
respectively) compared to 9a (ECsy = 7.59 and 4.81 nM) and the lead 25a (ECs, =
5.45 and 2.70 nM). In addition, compounds 9b and 9¢ also demonstrated improved
potency against Y181L and VI106A+F227L compared to that of RPV. In summary,
the data suggested that the novel designed compound 9a had improved drug resistance
profiles over the second-generation NNRTI drugs ETR and RPV, being comparable to

that of the lead 25a.

ACS Paragon Plus Environment



oNOYTULT D WN =

Journal of Medicinal Chemistry Page 10 of 39

100
80

=

< 60 Mo
2

O 25a
40

S ) L 1| |

gv = o &y _av =
0 & = =5 D & 9a
& N N < NG 3 W~ %
S %5 N > S A AS
N NS ‘P\’Q *\% *\roo <</'\'/’) \{D’ \\\'\(/b
QQ,V 6,)%
RO

Figure 3. Comparison of in vitro anti-HIV-1 activities of 9a, 25a, ETR and RPV

Table 3. SI and RF Values of 9a, 25a, ETR and RPV

SI (RF)“
Compds
L1001 K103N Y181C Y188L E138K F227L+V106A
9a 4926 (0.6) 4326 (0.7) 1541 (2.0) 1334 (2.4) 1511 (2.1) 2104 (1.5)
25a 1723 (1.1) 2411 (0.8) 461 (4.1) 424 (4.4) 487 (3.9) 854 (2.2)
ETR >755 (1.1) >1379 (0.6) >315(2.3) >225(3.3) >471 (1.6) >233 (3.2)
RPV 2575 (1.5) 3045 (1.3) 841 (4.7) 50 (80) 692 (5.8) 49 (82)

4 RF is the ratio of ECsg(esistant viral strainy/ ECs0(wild-type viral strain)-

Moreover, SI and fold resistance (RF, ratio of ECs, against mutant strain/ECs,
against WT strain) values of 9a, 25a, ETR and RPV were summarized and compared
in Table 3. Since 9a had lower cytotoxicity, it displayed much higher SI values
toward all the tested mutant strains than did 25a. More interestingly, 9a exhibited
higher anti-resistance profiles (RF = 0.6 - 2.4) compared to the led 25a, ETR and
RPV. Especially, it displayed more potent activity against L100I (RF = 0.6) and
K103N (RF = 0.7) than against HIV-1 IIg.

Selection of HIV-1 (I11g) mutant strains under selective pressure.

To gain further insight into the understanding of the antiviral resistance to the
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leads and the novel discovered thiophene[2,3-d]pyrimidine analogue 9a, we passaged
the HIV-1 (Illg) in cell culture and selected HIV strains resistant to K-5a2, 25a and
9a. HIV-1 strains resistant to them were generated in MT-4 cells by passaging the
virus in the presence of increasing concentrations of the three compounds,
respectively. In a control experiment, HIV-1 (Illg) was cultured in the absence of any
selective drug pressure. After 30 passages, the mutant viruses were harvested at final
compound concentrations of 275 nM, 260 nM and 870 nM of K-5a2, 25a and 9a,
respectively (Figure 4).

1600.0
1400.0 *-e
1200.0

1000.0

§
o

600.0

400.0

Concentration (nM)

200.0

0.0
123 4567 8 9101112131415161718192021222324252627282930
passage number

= K-520 = k== 253 =eeeen Oy

Figure 4. Kinetics of resistance development for HIV-1 (Illg) following selective
pressure with compounds K-5a2, 25a and 9a. HIV-1 (Illg) was cultured in MT-4 cells

for 30 passages in the presence of increasing compound concentrations.

Progressive accumulation of mutations in the RT genes of selected HIV-1 strains.
Proviral DNA of drug-resistant viruses were isolated and sequenced. Several
mutations were detected in the RT gene in comparison with the DNA sequence of the

WT HIV-1 (Illg) strain, which are summarized in Table 4. HIV-1(Illg) strains
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selected during 30 passages in the presence of K-5a2, 25a and 9a are referred to as
K-5a2ts strain, 25a™ strain, and 9a™ strain, respectively. After 30 passages, the
Y 181C mutation was the most common and present in the whole virus population. In
addition, K-5a2s strain contained L100I and V179D, 25a™* strain contained V1061

and V179D, 9a's strain contained K101E, V1081, F227C and M2301I.

Table 4: Mutations in the RT of wild-type HIV-1 Illg, K-5a2' strain, 25a™s strain,

and 9a's strain

Journal of Medicinal Chemistry

Amino Acid 11 Wild-Type strain 9ar*s Strain K-5a2r¢s Strain 25as Strain
position Codon Amino Acid Codon Amino Acid Codon Amino Acid Codon Amino Acid
100 TTA L TTA L ATA 1 TTA L
101 AAA K GAA E AAA K AAA K
106 GTA A% GTA v GTA A% ATA |
108 GTA \% ATA I GTA A% GTA \%
179 GTT \% GTT \% GAT D GAT D
181 TAT Y TGT C TGT C TGT C
227 TTC F TGC C TTC F TTC F
230 ATG M ATA I ATG M ATG M

Evaluation of phenotypic (cross)-resistance of the different selected HIV-1

strains.

Table 5. Activity against K-5a2™s strain, 25a™ strain, and 9a'™s strain

ECs) (uM)* (FR)
Compds
1y IIIz/9a"s strain IITg/K-5a2"¢s strain III/25ar¢s strain
9a 0.0041+0.0015 3.60+0.48 (888) 1.78+1.05 (440) 0.87+0.26 (214)
K-5a2 0.0011+0.0006 >36.4 (>33333) >36.4 (>33333) >36.4 (>33333)
25a 0.0027+0.0011 >5.53 (>2027) 0.86+0.11 (317) 1.22+0.01 (450)
NVP 0.0879+0.0023 3.76+0.45 (43) >9.51 (>108) >9.51 (>108)
EFV 0.0016+0.0001 3.17+0.37 (1881) 2.03£0.63 (1206) 1.56+0.28 (925)
ETR 0.0027+0.0002 1.24+0.10 (450) 0.5340.06 (194) 0.37+0.08 (136)
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RPV 0.0009::0.0001 >3.87 (>4260) 0.090.06 (106) 0.06+0.01 (68)
AZT 0.0127£0.0029 0.0010£0.0002 (0.1)  0.005120.0005 (0.4)  0.0049-0.0005 (0.4)
PMPA 4.14+0.18 2.17+0.92 (0.5) 3.7620.03 (0.9) 3.3120.36 (0.8)

3 50% effective concentration or concentration required to inhibit the CPE of different HIV strains
by 50% in MT-4 cells.

b Increase in 50% effective concentration of the compound against the in vitro-selected
HIV-1(Illg) or recombined selected strain compared with the ECsy of the compound against the

parental HIV-1(Illp) strain.

To corroborate that the HIV strains selected to grow in the presence of 9a,
K-5a2, and 25a were indeed drug resistant, we determined their antiviral activity
against the selected strains in MT-4 cells. In parallel, the first generation NNRTIs
NVP and EFV, the second generation NNRTIs ETR and RPV, and nucleoside reverse
transcriptase inhibitors (NRTIs) zidovudine (AZT) and tenofovir (PMPA) were
determined as well. Notably, the ECs, values of the test compounds (Table 5) were
different from the ECs, values displayed in Table 1, which may be due to differences
in MOI (average number of infectious HIV-1 particles per cell) and has no effect on
the whole experimental results. The activities of K-5a2, 25a and 9a against K-5a2rs
strain, 25a™s strain, and 9a™ strain sharply decreased compared to their activity
against HIV-1 Illg. HIV-1 IlIp selected for 30 passages in the presence of K-5a2, 25a
and 9a displayed about >33333, 450 and 888-fold resistance against K-5a2, 25a and
9a, respectively. In addition, 9a exhibited modest activity against K-5a2™s strain,
25ars strain, and 9ars strain (ECsy = 0.87-3.60 uM), while K-5a2 and 25a lost their
potency toward the 9ars strain. The mutant K-5a2™ strain, 25a™ strain, and 9ars

strain also exhibited stronger resistance against the first and second generation
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NNRTIs, including NVP, EFV, ETR and RPV.

Interestingly, no phenotypic cross-resistance against the NRTIs (AZT and
PMPA) were observed with the mutant strains K-5a2' strain, 25a™s strain, and 9a’s
strain. Notably, AZT exhibited significantly higher potency against the 9a™ strain
(ECsp = 0.0010 uM), K-5a2rs strain (ECso = 0.0051 uM) and 25a's strain (ECsy =
0.0049 uM) than against HIV-1 Illg (ECs5o = 0.0127 uM), with RF values of 0.1, 0.4
and 0.4, respectively. As for PMPA, it also exhibited more potent activity against 9ars
(ECsp = 2.17 uM), K-5a2™s strain (ECso = 3.76 uM) and 25a™s strain (ECsy = 3.31
uM) than against HIV-1 Illg (ECso = 4.14 uM), with RF values of 0.5, 0.9 and 0.8,
respectively. The distinct antiviral resistance profiles of the novel discovered NNRTIs
9a and the approved NRTIs support the use of them together in HAART and should
be helpful in the development of next generation of anti-HIV therapy with an
increased genetic barrier to resistance.

Table 6. Inhibitory activity against WT and mutant HIV-1 RT.

IC5o (M)
HIV-1RT
9a K-5a2 25a ETR RPV

WT 0.114+0.029 0.076+0.003 0.101+0.015 0.012+0.002 0.015+0.001
L1001 0.228+0.090 0.092+0.027 0.099+0.04 0.013+0.004 0.024+0.012
K103N 0.222+0.010 0.162+0.000 0.191+0.022 0.025+0.002 0.027+0.000
Y181C 0.141+0.003 0.126+0.010 0.149+0.005 0.017+0.002 0.021+0.002
Y188L 0.452+0.083 0.21540.003 0.301+0.071 0.046+0.009 0.084+0.038
E138K 0.374+0.203 0.200+0.078 0.350+0.120 0.032+0.011 0.041+0.021
V106A/F227L 0.130+0.013 0.222+0.051 0.106+0.040 0.008+0.002 0.015+0.004
K103N/Y181C 0.120+0.057 0.071+0.020 0.107+0.052 0.019+0.008 0.023+0.014
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Furthermore, 9a, K-5a2 and 25a were tested for their ability to inhibit
recombinant WT and a panel of mutant HIV-1 RT enzymes (including L1001, K103N,
Y181C, Y188L, E138K, VI106A/F227L and K103N/Y181C) with the aim to further
evaluate their resistance profile from the perspective of enzyme inhibition activity and
validate their binding target. ETR and RPV were selected as control drugs. As
depicted in Table 4, 9a, K-5a2, and 25a exhibited similar inhibitory potency against
WT RT compared to their activity against RT mutants, respectively, indicating that
these compounds indeed harvest a relatively high resistance profile. However,
although 9a, K-5a2, and 25a exhibited more potent activity than ETR and RPV in
cell, the RT inhibitory activities of the three compounds were dramatically lower than
that of ETR and RPV, and caused about 10-fold change in the ICs, values,
respectively. We hypothesized that 9a, K-5a2, and 25a have more hydrogen bond
donor and acceptor sites than ETR and RPV!3. In addition, we noticed that their RT
inhibitory activities are quite different from their cellular activity, especially for the
selected representative compounds 9a, K-5a2, and 25a. Actually, the ECs, and ICs
values are very much depending on the conditions of testing. For the MT-4/MTT
method in cell activity testing, the ECs, values depends on the number of cells, the
quantity of virus (and the ratio of the number of virus particles/number of cells), the
replication rounds and the concentration of (serum) proteins in the medium (indicative
for protein binding of the compound). For example, the increasing amount virus in the
assay could lead to an increase of the ECs, value. But, for the RT assay, the ICs

values depends on the amounts of template/primer and enzyme'°.
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Molecular modeling studies

In an attempt to achieve insight into the allosteric binding mode of the most
potent compound 9a with the NNIBP, the molecular modeling studies was performed
with the software SurflexeDock SYBYL-X 2.0. Co-crystal structure of WT RT/25a
(PDB code: 6¢0n) and RES056 RT/25a (PDB code: 6¢c0Or) were used as the input
structures for docking.!> The docking protocol is the same as our previously report!3.

PyMOL was used to visualize the docking results.

PHE-227

LYS-223 , ﬂ
A
{

TRP-229

LYS-104

/ .

LYS-103

LYS-101
¥ 6LU-138 ‘

ASN-103

LYS-101

GLU-138

A B

Figure 5. Predicted binding modes of 9a with WT HIV-1 RT (A, PDB code: 6cOn)
and RES056 RT (B, PDB code: 6¢0r). Hydrogen bonds between inhibitors and amino
acid residues are indicated with dashed lines (yellow). Nonpolar-hydrogen atoms are
not shown for clarity.

As shown in Figure 5, 9a adopt a horseshoe conformation in NNIBP, which is
similar to that seen with NNRTIs in the DAPY family'>. The binding mode of 9a with
HIV-1 WT RT (Figure 5A) demonstrated that the left wing structure of 9a arches into

project into the hydrophobic tunnel surrounded by Tyrl181, Tyrl88, Phe227, and
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Trp229, forming n-m interactions with these residues. The amino piperidine-linked
sulfonamide structure of the right wing project into the tolerant region I lined by
Lys101, Lys103, Lys104, and Vall06, developing hydrogen-bonding force with the
backbone nitrogen of Lys101 and Vall06. Moreover, the S atom and N atom of the
newly introduced thiophene[2,3-d]pyrimidine scaffold are involved in extensive
hydrogen-bonding network with backbone of Lys101 through a bridging water
molecule. Examination of the interactions between 9a and HIV-1 RES056 RT
(Figure 5B) reveals that all the hydrogen bonds shown in Figure SA are preserved,
although there are some variations in the hydrogen bond lengths and n-n interactions.
In the binding mode of 9a with HIV-1 RES056 RT, the Lysl03 to Asnl03
substitution in RT led to the dramatic changes of the NNIBP and increased the
hydrogen bond lengths between the thiophene[2,3-d]pyrimidine and Lys101, the
Tyr181 to Cys181 substitution result in the greatly reduced n-m stacking interactions
between 9a and Tyrl81. However, 9a are able to establish more stronger
hydrogen-bonding with main chain of Lys104 and Vall06 by varying the position of
the piperidine-linked sulfonamide group to counterbalance the loss of hydrogen
bonding, and the Y181C mutation-caused damage could be compensated by its
enhanced hydrogen-bonding interactions with Lys223. All these factors accounts for
the improved drug resistance profiles of 9a.
In Vitro Effects of 9a on CYP Enzymatic Inhibitory Activity.

It was reported that ETR is an inhibitor of CYP2C9 and CYP2CI19 and an

inducer of CYP3A4, which can lead to many drug—drug interactions?°. Therefore,
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inhibition and induction studies with primary CYP isoforms was usually conducted to
assess the risk of pharmacokinetic drug interactions before the pharmacokinetic trials.
As depicted in Table 8, the results revealed that 9a and 25a were very weak CYP1A2
inhibitors with ICs, values greater than 50 uM. Moreover, both inhibitors exhibited no
significant inhibition of CYP2C9, CYP2C19, CYP2D6, and CYP3A4M (ICsy > 5
uM) compared to the approved drug RPV (ICsp = 0.335-3.41 pM), which

preliminarily proved that 9a and 25a had no side effect in the liver.

Table 8. Effects of 9a and 25a on Inhibition of CYP1A2, CYP2C9, CYP2C19,
CYP2D6, and CYP3A4M

ICsp (nM)
Compds
CYP1A2 CYP2C9 CYP2C19 CYP2D6 CYP3A4M

9a >50 8.37 10.5 23.8 7.95

25a >50 13.2 21.2 15.2 5.92

RPV 9.11 0.346 0.335 3.41 2.17
a-Naphthoflavone 0.194 - - - -
Sulfaphenazole - 0.660 - - -
(+)-N-3-benzylnirvanol - - 0.256 - -
Quinidine - - - 0.156 -

Ketoconazole - - - - 0.0366

In Vivo Pharmacokinetics Study.

In the pursuit of better RT-binding affinities with RT, multiple lipophilic
aromatic rings were introduced to the approved DAPY NNRTIs (ETR and RPV),
resulting in their poor aqueous solubility (the solubility of ETR < 1 pg/mL in pH 7.0)
and lower bioavailability?!. Similarly, the lead 25a also demonstrated low

bioavailability (F = 16.19 %) combined with poor aqueous solubility'4. So, we tested
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the solubility of 9a before the in vivo pharmacokinetics study. As shown in Table 9,
the solubility of 9a (S = 22.8 pg/mL) at pH 7.0 was much higher than that of 25a (S =
5.26 pg/mL), ETR (S < 1 pg/mL) and RPV (S < 1 pg/mL). Moreover, it also
exhibited excellent solubility at pH 2.0 (S = 78.6 pg/mL). Encouraged by its improved
solubility, the pharmacokinetics study was further conducted in Wistar rat
pharmacokinetics (PK) model (Table 10 and Figure 6). After a single 2 mg/kg iv
dose, 9a was characterized by a modest clearance (CL = 2.3 L/h/kg) and half-life (T,
= 2.0 h). Absorption of 9a was evaluated after being dosed at 20 mg/kg, the plasma
concentration reached maximum (T,,) at 3.2 h with C,,, value of 614 ng/mL, and the
ti, of 9a was 2.8 h. Notably, the oral bioavailability (F) was 37.06 %, that is about
2.3-fold higher than that of 25a and sufficiently higher enough for a potential drug
candidate.

Table 9. The Aqueous Solubility of 9a

aqueous solubility (ng/mL)?

Compds
pH 7.4 pH 7.0 pH 2.0
9a <1 22.8 78.6
25a <1 5.26 84.7
ETR <1 <1 127
RPV <1 <1 103

a Measured with HPLC method.

Table 10. Pharmacokinetic Profile of 9a?2

T1/2 Tmax Cmax AUCO—t AUCO-OO CL F
Subject
(h) (h) (ng/mL) (h*ng/mL) (h*ng/mL) (L/h/kg) (%)

9a (iv)° 2.0+£0.4 0.033 1713£399 814+179 887174 2.3+0.4 -

9a(po)  2.840.3 32409 6144249  3017£547 32874517 - 37.06

a PK parameter (mean + SD, n = 5), ® Dosed intravenously at 2 mg/kg, ¢ Dosed orally at 20 mg/kg.
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Figure 6. The plasma concentration—time profiles of 9a in rats following oral administration (20

mg.kg!) and intravenous administration (2 mg.kg™!).

Safety Assessment
Assessment of Acute Toxicity.

The favorable PK profile of 9a along with its improved drug resistance profiles
against HIV-1 mutant strains warranted its use in in vitro safety studies. The
maximum tolerated dose of 9a was further determined for acute toxicity in Kunming
mice. The lead compounds 25a and RPV were selected as the references. A total of 40
mice were randomly divided into four groups and given single oral doses of 0 mg/kg
(control group), 2000 mg/kg of 9a, 25a and RPV on the first day, respectively
(Figure 7). The mice did not exhibit any toxic symptoms or mortality immediately
during the post-treatment period of 14 days. No abnormal behaviors or significant
changes of the body weight were observed during the period of the experiments. The
results demonstrated that 9a was well-tolerated up to a dose of 2000 mg/kg with no

acute toxicity.
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17 Figure 7. The relative body weight changes of mice in different groups.

20 Assessment of hERG activity

The inhibition of the hERG channel by noncardiovascular drugs is a side effect
25 that severely impedes the development of novel medications, and it is becoming more
important to screen the compounds activity against the hERG potassium channel in
30 order to estimate the potential risk for cardiotoxicity??. Thus, the promising compound
33 9a was further evaluated for its activity in the hERG ion channel with manual
35 patch-clamp electrophysiology approach. As shown in Figure 8, 9a exhibited much
38 reduced QT liability and lower hERG inhibition (ICso = 0.979 uM) in comparison
with that of the lead 25a (ICsy = 0.186 uM), K-5a2 (ICso = 0.130 uM) and the

43 approved NNRTIs drug RPV (ICso= 0.50 uM)?!.

46 100+ 100+
80+

60+

(9]

o
Average
Average

Y Hillslope = 1.221

ICs, = 0.186 uM 20

Hillslope=1.188

201 ICy, = 0.979 uM

55 102 16" 16“ 104 1:]” 161
56 25a (uM) 9a (pM)

58 Figure 8. Activity of 9a against hERG potassium channel in HEK293 cells.
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Conclusion

Although second-generation NNRTIs achieved success in suppressing HIV-1
replication and reducing viral loads, the rapid development of drug-resistant
mutations in HIV-1 RT, dose-limiting toxicity, and the poor pharmacokinetic
properties remains a major impediment to effective anti-HIV therapy. Our previous
efforts using structural mimics of a range of scaffolds or peripheral substituents have
produced a series of piperidine-substituted thiophene[2,3-d]pyrimidine based NNRTIs
that have single-nanomolar level antiviral potency in HIV-infected MT-4 cells.
However, the most promising inhibitors K-5a2 and 25a also ran into the similar
problems. In the current study, a series of novel piperidine-substituted
thiophene[2,3-d|pyrimidine derivatives were designed and synthesized. Compound 9a
proved to be an exceptionally potent inhibitor in MT-4 cells, yielding significantly
more potent anti-HIV-1 activity than ETR against all of the tested WT and
NNRTI-resistant HIV-1 strain, with ECsy values of 3.24 nM (WT), 2.05 nM (L100I),
2.34 nM (K103N), 6.57 nM (Y181C), 7.59 nM (Y 188L), 6.70 nM (E138K), 4.81 nM
(F227L+V106A), and 6.45 nM (RES056). RT inhibitory activity results further
demonstrated that 9a has a relatively high resistance profile. Moreover, HIV-1 (Illp)
was passaged for 30 generations in cell culture in the presence of increasing
concentrations of 9a, 25a and K-5a2 to explore further insight into understanding
their antiviral resistance. The RT-encoding regions of the HIV-1(Illp) strains selected
in the presence of 9a was sequenced. Several mutations were detected in comparison

with the DNA sequence of the WT HIV-1(Illg) strain, including K101E, V108lI,
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F227C and M2301. Then the antiviral activity of 9a against the selected strains in
MT-4 cells was determined to confirm the drug resistance. Indeed, 9a exhibited
888-fold reduced susceptibility. Encouragingly, the activity of NRTIs drug AZT
against 9a™ strain (ECso = 0.0010 uM) was about 12 times potent than against HIV-1
Ilg (ECsp = 0.0127 uM). The distinct antiviral resistance profiles of our NNRTIs 9a
support its potential in the future anti-HIV HAART therapy.

Furthermore, the solubility of 9a in water (pH = 7.0) is greatly increased (S =
22.8 pg/mL). 9a has weaker inhibitory effect to primary CYP isoforms (ICsy > 5.0
uM) and hERG channel (IC5y = 0.979 uM), suggesting its negligible drug-drug
interactions and lower risk for cardiotoxicity, compared to the lead 25a. Moreover, 9a
exhibited in vivo favorable pharmacokinetic properties in rats (F = 37.06 %) and
safety in mice (LDsy > 2000 mg/kg). The promising in vitro and in vivo results
highlights that compound 9a has enormous potential as a next generation anti-HIV-1
drug candidate.

EXPERIMENTAL SECTION
Chemistry

All melting points were determined on a micro melting point apparatus (RY-1G,
Tianjin Tian Guang Optical Instruments). 'H-NMR and 3C-NMR spectra were
recorded in DMSO-ds; on a Bruker AV-400 spectrometer with tetramethylsilane
(TMS) as the internal standard. Chemical shifts are reported in ¢ values (ppm) from
TMS and coupling constants are given in hertz; signals are abbreviated as s (singlet),

d (doublet), t (triplet), and m (multiplet). The mass spectra were measured in A
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G1313A Standard LC Autosampler (Agilent). All reactions were routinely monitored
by thin layer chromatography (TLC) on Silica Gel GF254 for TLC (Merck), and spots
were visualized with iodine vapor or by irradiation with UV light (A = 254). Flash
column chromatography was performed on columns packed with Silica Gel (200-300
mesh, Qingdao Haiyang Chemical Company). Solvents were purified and dried by
standard methods. Compounds purity was analyzed on a Shimadzu SPD-20A/20AV
HPLC system with a Inertsil ODS-SP, 5 uym C;g column (150 mm x 4.6 mm). HPLC
conditions: methanol/water 75:25; flow rate 1.0 mL/min; UV detection from 210 to
400 nm; temperature, ambient; injection volume, 10 pL. Purity of all final compounds
was >95%.
4-((2-chlorothieno|2,3-d]pyrimidin-4-yl)oxy)-3,5-dimethylbenzaldehyde (6)

A mixture of 4-hydroxy-3,5-dimethylbenzaldehyde (1.76 g, 11.7 mmol) and
K,CO; (2.70 g, 19.5 mmol) in 40 mL of DMF was stirred at room temperature for 15
min, and then 2,4-dichlorothiopheno[2,3-d]pyrimidine (5, 2.0 g, 9.76 mmol) was
added to the mixture. The mixture was stirred for another 1.5 h and then poured into
ice water (200 mL) and left to stand for 20 min. The obtained precipitated was
filtrated and washed with cold water, recrystallized from DMF-H,O to provide
intermediate 6 as a white solid in 85% yield, mp: 263-265°C. ESI-MS: m/z 319.4 (M
+ 1), 341.2 (M + Na). C;sH;;CIN,O,S (318.02).
(E)-3-(4-((2-chlorothieno|2,3-d]pyrimidin-4-yl)oxy)-3,5-dimethylphenyl)
acrylonitrile (7)

A mixture of (EtO),P(O)CH,CN (1.34 g, 7.52 mmol) and -BuOK (1.42 g, 12.5
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mmol) in THF (25 mL) was stirred for 1 h at 0 °C, and then a solution of 6 (2.0 g,
6.28 mmol) in THF (15 mL) and DCM (15 mL) was slowly added over 1 h. The
mixture was stirred for another 4 hours at room temperature and then poured into ice
water (60 mL). The precipitate was collected and washed with water to give
intermediate 7 as a white solid in 72% yield, mp: 235-237°C. ESI-MS: m/z 342.4 (M
+ 1), 364.2 (M + Na). C,7H;,CIN;0S (341.04).
(E)-3-(3,5-dimethyl-4-((2-(piperidin-4-ylamino)thieno[2,3-d|pyrimidin-4-yl)oxy)p
henyl)acrylonitrile (8)

Compound 7 (0.34 g, 1.0 mmol), N-Boc-4-aminopiperidine (0.24 g, 1.2 mmol),
and anhydrous K,CO; (0.28 g, 2 mmol) were added in DMF (10 mL) and refluxing 8
h under magnetic stirring (monitored by TLC). Then the mixed solution was cooled to
room temperature and 50 mL of ice water was added. The resulting precipitate was
collected and dissolved in DCM (5 mL) and trifluoroacetic acid (TFA) (0.74 mL, 10
mmol). The mixed solution was stirred for another 3 h (monitored by TLC) at room
temperature. Then the reaction solution was alkalized to pH 9 with saturated sodium
bicarbonate solution and washed with saturated sodium chloride solution (10 mL).
The aqueous phase was extracted with DCM (3 x 5 mL). Then the combined organic
phase was dried over anhydrous Na,SO,, filtered, and concentrated under reduced
pressure to give 8 as a white solid in 71% yield, mp 123—125°C. ESI-MS: m/z 406.3
(M +1). CuH23N50S (405.16).
General procedure for the preparation of final compounds 9a-e

Compound 8 (0.40 g, 1.0 mmol) and anhydrous K,COs3 (0.17 g, 1.2 mmol) were
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added to anhydrous DMF (10 mL), which was followed by addition of appropriate
substituted benzyl chloride (bromine) (1.1 equiv). The reaction mixture was stirred at
room temperature for 4-8 h (monitored by TLC). Then the solvent was removed under
reduced pressure, and water (30 mL) was added, extracted with ethyl acetate (3 x 15
mL), and the organic phase was washed with saturated sodium chloride (10 mL), then
dried over anhydrous Na,SO, to give the corresponding crude product, which was
purified by flash column chromatography and recrystallized from ethyl acetate
(EA)/petroleum ether (PE) to afford the target compounds 9a-e.
(E)-4-((4-((4-(4-(2-cyanovinyl)-2,6-dimethylphenoxy)thieno[2,3-d]pyrimidin-2-yl)
amino)piperidin-1-yl)methyl)benzenesulfonamide (9a).

Recrystallized from EA/PE as a white solid, 67% yield, mp: 205-207°C. 'H
NMR (400 MHz, DMSO-d;) 6 7.78 (d, J = 8.2 Hz, 2H, C;,Cs-Ph’-H), 7.61 (d, J =
13.6 Hz, 1H, ArCH = ), 7.48-745 (m, 4H), 735 (d, J = 59 Hz IH,
C;-thienopyrimidine-H), 7.31 (s, 2H, SO,NH,), 7.25 (d, J = 6.0 Hz, IH,
Ce-thienopyrimidine-H), 7.07 (s, 1H, NH), 6.43 (d, J = 16.7 Hz, 1H, = CHCN),
3.72-3.70 (m, 1H), 3.49 (s, 2H, N-CH,), 2.74-2.72 (m, 2H), 2.08 (s, 6H), 1.99-1.27
(m, 6H). 3C NMR (100 MHz, DMSO-dg) & 162.6, 159.3, 150.5, 143.4, 143.1, 131.7,
131.7, 129.4, 128.6, 126.0, 119.4, 118.9, 96.7, 62.0, 60.2, 52.7, 31.6, 21.1, 16.6, 14.5.
ESI-MS: m/z 575.3 [M + 1], 597.5 [M + Na]*. C,9H30NsO3S; (574.18). HPLC purity:
99.37%.
(E)-4-((4-((4-(4-(2-cyanovinyl)-2,6-dimethylphenoxy)thieno[2,3-d]pyrimidin-2-yl)

amino)piperidin-1-yl)methyl)benzamide (9b)
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Recrystallized from EA/PE as a white solid, 72% yield, mp: 221-223°C. 'H
NMR (400 MHz, DMSO-d;) 6 7.80 (d, J = 8.0 Hz, 2H, C;,Cs-Ph’-H), 7.62 (d, J =
16.6 Hz, 1H, ArCH =), 7.72 (s, 2H, C;,Cs-Ph’’-H), 7.54 (d, J = 8.1 Hz, 2H,
C,,C6-Ph’-H), 7.34 (d, J = 5.6 Hz, 1H, C;-thienopyrimidine-H), 7.22 (d, J = 6.0 Hz,
1H, C¢-thienopyrimidine-H), 7.01 (s, 1H, NH), 6.41 (d, J = 16.7 Hz, 1H, =CHCN),
3.73-3.70 (m, 1H), 3.49 (s, 2H, N-CH,), 2.73-2.72 (m, 2H), 2.08 (s, 6H), 1.89-1.21
(m, 6H). 3C NMR (100 MHz, DMSO-dg) & 164.8, 162.8, 143.5, 143.0, 131.4, 129.4,
128.5, 126.1, 124.0, 118.7, 105.3, 61.8, 60.0, 52.7, 31.6, 21.2, 16.8, 14.3. ESI-MS:
m/z 539.2 [M + 1]%, 561.3 [M + Na]*. C50H30N¢O,S (538.21). HPLC purity: 98.94%.
(E)-3-((4-((4-(4-(2-cyanovinyl)-2,6-dimethylphenoxy)thieno[2,3-d|pyrimidin-2-yl)
amino)piperidin-1-yl)methyl)benzamide (9¢)

Recrystallized from EA/PE as a white solid, 66% yield, mp: 217-219°C. 'H
NMR (400 MHz, DMSO-d;) 6 7.90-7.86 (m, 3H), 7.72 (s, 2H, C;,Cs-Ph’’-H), 7.62 (d,
J = 16.7 Hz, 1H, ArCH =), 7.56-7.53 (m, 1H), 7.34 (d, J = 5.5 Hz, 1H,
C;-thienopyrimidine-H), 7.23 (d, J = 5.6 Hz, 1H, C4-thienopyrimidine-H), 7.01 (s, 1H,
NH), 6.42 (d, J = 16.5 Hz, 1H, = CHCN), 3.72 (s, 1H), 3.49 (s, 2H, N-CH,),
2.76-2.75 (m, 2H), 2.08 (s, 6H), 1.89-1.23 (m, 6H). '*C NMR (100 MHz, DMSO-dj) &
168.2, 164.8, 159.3, 144.8, 142.3, 137.5, 133.4, 133.0, 131.3, 128.9, 128.9, 127.8,
123.9, 118.8, 52.7, 50.6, 31.6, 29.0, 16.6, 14.3. ESI-MS: m/z 539.3 [M + 1]*, 561.7 [M
+ Na]*. C50H39N¢O,S (538.21). HPLC purity: 97.43%.
ethyl (E)-4-((4-((4-(4-(2-cyanovinyl)-2,6-dimethylphenoxy)thieno[2,3-d]|pyrimidin

-2-yl)amino)piperidin-1-yl)methyl)benzoate (9d)
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Recrystallized from EA/PE as a white solid, 59% yield, mp: 207-209°C. 'H
NMR (400 MHz, DMSO-dy): 6 7.86 (d, J = 8.2 Hz, 2H, C;,Cs-Ph’-H), 7.72 (s, 2H,
C;,Cs-Ph’’-H), 7.62 (d, J = 16.6 Hz, 1H, ArCH = ),7.34 (d, J = 5.7 Hz, 1H,
C;-thienopyrimidine-H), 7.23 (d, J = 5.6 Hz, 1H, Cs-thienopyrimidine-H), 7.13 (d, J =
8.2 Hz, 2H, C,,C¢-Ph’-H), 7.02 (s, 1H, NH), 6.42 (d, J = 16.6 Hz, 1H, = CHCN),
4.32 (q, J = 7.2 Hz, 2H, CO,CH,), 3.73-3.72 (m, 1H), 3.49 (s, 2H, N-CH,), 2.74 (s,
2H), 2.09 (s, 6H), 1.96-1.37 (m, 6H), 1.32 (t, J = 7.1 Hz, 3H, CH,CHj3). 3C NMR
(100 MHz, DMSO-dy): 0 162.5, 160.7, 143.5, 142.9, 131.8, 129.5, 127.5, 127.0, 125.3,
123.5, 120.4, 118.7, 109.7, 60.8, 60.0, 52.6, 31.4, 21.3, 16.6 14.6, 14.2. ESI-MS: m/z
568.3 [M + 1], 590.1 [M + Na]". C3,H33N505S (567.23). HPLC purity: 99.02%.
(E)-3-(4-((2-((1-(4-fluorobenzyl)piperidin-4-yl)amino)thieno[2,3-d]pyrimidin-4-yl
)oxy)-3,5-dimethylphenyl)acrylonitrile (9e)

Recrystallized from EA/PE as a white solid, 78% yield, mp: 224-226°C. 'H
NMR (400 MHz, DMSO-d;) 6 7.82 (d, J = 8.2 Hz, 2H, C;,Cs-Ph’-H), 7.62 (d, J =
16.6 Hz, 1H, ArCH =), 7.72 (s, 2H, C5,Cs-Ph’’-H), 7.53 (d, J = 8.1 Hz, 2H,
C,,C6-Ph’-H), 7.34 (d, J = 5.9 Hz, 1H, C;-thienopyrimidine-H), 7.23 (d, J = 5.6 Hz,
1H, C¢-thienopyrimidine-H), 7.01 (s, 1H, NH), 6.42 (d, J = 16.6 Hz, IH, =CHCN),
3.72 (s, 1H), 3.49 (s, 2H, N-CH,), 2.74-2.72 (m, 2H), 2.08 (s, 6H), 1.92-1.34 (m, 6H).
3C NMR (100 MHz, DMSO-dg) & 164.8, 162.8, 160.3, 143.5, 143.1, 131.4, 129.7,
128.5, 126.1, 125.2, 124.0, 118.7, 105.3, 96.7, 61.8, 60.0, 52.7, 31.6, 21.3, 16.8, 14.4.
ESI-MS: m/z 521.3 [M + 1]%, 543.2 [M + Na]*. C50HsN¢OS (520.20). HPLC purity:

97.32%.
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(E)-4-((4-((4-(4-(2-cyanovinyl)-2,6-dimethylphenoxy)thieno[2,3-d]pyrimidin-2-yl)

amino)piperidin-1-yl)methyl)benzonitrile (9f)

oNOYTULT D WN =

9 Recrystallized from EA/PE as a white solid, 67% yield, mp: 231-233°C. 'H
12 NMR (400 MHz, DMSO-dg) & 7.80 (d, J = 8.1 Hz, 2H, C;,Cs-Ph’-H), 7.62 (d, J =
16.7 Hz, 1H, ArCH =), 7.73 (s, 2H, C5,Cs-Ph’’-H), 7.51 (d, J = 8.0 Hz, 2H,
17 C,,C6-Ph’-H), 7.34 (d, J = 6.1 Hz, 1H, C;-thienopyrimidine-H), 7.22 (d, J = 6.3 Hz,
20 1H, C¢-thienopyrimidine-H), 7.01 (s, 1H, NH), 6.41 (d, J = 16.6 Hz, IH, =CHCN),
22 3.71 (s, 1H), 3.49 (s, 2H, N-CH,), 2.73-2.70 (m, 2H), 2.08 (s, 6H), 1.94-1.36 (m, 6H).
25 3C NMR (100 MHz, DMSO-dg) & 164.8, 162.8, 145.2, 143.0, 131.4, 129.7, 128.5,
126.1, 125.1, 124.0, 118.8, 105.3, 96.7, 61.8, 52.7, 48.5, 31.6, 21.2, 16.8, 14.4.
30 ESI-MS: m/z 514.2 [M + 1], 536.5 [M + Na]*. C,0H,3FNsOS (513.19). HPLC purity:
33 96.92%.

35 Materials and methods

38 In vitro anti-HIV assay

41 The anti-HIV activity tests were performed in MT-4 cells using the MTT
method?3. Stock solutions (10 x final concentration) of the test compounds were
46 added in 25 pL volumes to two series of triplicate wells so as to allow simultaneous
49 evaluation of their effects on mock- and HIV-infected cells at the beginning of each
experiment. Serial 5-fold dilutions of test compounds were made directly in
54 flat-bottomed 96-well microtiter trays using a Biomek 3000 robot (Beckman
instruments, Fullerton, CA). Untreated HIV- and mock-infected cell samples were

59 included as controls. HIV stock (50 pL) at 100-300 CCIDsy (50 % cell culture
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infectious doses) or culture medium was added to either the infected or mock-infected
cell wells of the microtiter tray. Mock-infected cells were used to evaluate the effects
of test compound on uninfected cells in order to assess the cytotoxicity of the test
compounds. Exponentially growing MT-4 cells were centrifuged for 5 minutes at
220 g and the supernatant was discarded. The MT-4 cells were resuspended at 6 x 10°
cells/mL and 50 pL volumes were transferred to the microtiter tray wells. Five days
after infection, the viability of mock-and HIV-infected cells was examined
spectrophotometrically using the MTT assay. The MTT assay is based on the
reduction of yellow colored 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Acros Organics) by mitochondrial dehydrogenase activity in
metabolically active cells to a blue-purple formazan that can be measured
spectrophotometrically. The absorbances were read in an eight-channel
computer-controlled photometer (Infinite M1000, Tecan), at two wavelengths (540
nm and 690 nm). All data were calculated using the median absorbance value of three
wells. The 50% cytotoxic concentration (CCsy) was defined as the concentration of
the test compound that reduced the absorbance (ODsy40) of the mock-infected control
sample by 50%. The concentration achieving 50% protection against the cytopathic
effect of the virus in infected cells was defined as the 50% effective concentration

(ECSO)‘

In vitro selection of HIV-1 (I1lg) mutant strains
HIV-1 strains resistant to 9a, 25a, and k-5a2 were obtained after sequential

passaging of HIV-1 Illg in the presence of increasing concentrations of 9a, 25a, and
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k-5a2, respectively, in MT-4 cells?*. At the start of the selection, MT-4 cells were
inoculated with HIV-1 Illg virus strain in the presence of a 3.5 nM of 9a, 1.2 nM
concentration of 25a, and 1.5 nM of k-5a2, respectively. The cultures were passaged
every 3-4 days. When cytopathogenic effect (CPE) was observed, cell culture
supernatant was used as inoculum to infect new MT-4 cells at the same concentration
of compound. The second time CPE was observed the concentration of compound
was increased. After serial passaging (30 passages) we were able to culture resistant
virus in the presence of 260 nM, 275 nM and 870 nM of 9a, 25a, and k-5a2,
respectively. In a parallel control experiment, HIV-1 (Illg) was cultured in MT-4 cells
in the absence of any compound.
Genotypic evaluation

RNA was extracted from virus stock using the QIAamp Viral RNA mini Kit
(QIAgen, Venlo, The Netherlands) as described in the Manufacturer’s protocol. The
procedures for the preparation of samples for RT-PCR, amplification and sequencing
have been reported elsewhere?>- 26,
HI1V-1 RT inhibition assay

The HIV-RT inhibition assay was performed by using the ELISA method?’.
Briefly, the reaction mixture containing HIV-1 RT enzyme, reconstituted template
and viral nucleotides [digoxigenin (DIG)-dUTP, biotin-dUTP and dTTP] in the
incubation buffer with or without inhibitors was incubated for 1 h at 37°C. Then, the
reaction mixture was transferred to a streptavidin-coated microtitre plate (MTP) and

incubated for another 1 h at 37°C. The biotin-labeled dNTPs that were incorporated
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into the cDNA chain in the presence of RT were bound to streptavidin. The unbound
dNTPs were washed with washing buffer, and anti-DIG-POD was added to the MTPs.
After incubation for 1 h at 37°C, the DIG-labeled dNTPs incorporated in cDNA were
bound to the anti-DIG-POD antibody. The unbound anti-DIG-PODs were washed out
and the peroxide substrate (ABST) solution was added to the MTPs. The absorbance
of the sample was determined at OD405 nm using a microtiter plate ELISA reader.
The percentage inhibitory activity of RT inhibitors was calculated according to the
following formula: % Inhibition = [O.D. value with RT but without inhibitors - O.D.
value with RT and inhibitors]/[O.D. value with RT and inhibitors - O.D. value
without RT and inhibitors]. The ICs, values correspond to the concentrations of the
inhibitors required to inhibit biotin-dUTP incorporation by 50%.
Cytochrome P450 inhibition assay

Compound 9a at eight concentrations (0, 0.05, 0.15, 0.5, 1.5, 5.0, 15, 50 uM)
was incubated with human liver microsomes (0.25 mg/mL) and NADPH (10 mM) in
the presence of CYP1A2 probe substrate phenacetin (100 pM), CYP2C9 probe
substrate diclofenac (50 uM), CYP2C19 probe substrate S-mephenytoin (300 uM),
CYP2D6 probe substrate dextromethorphan (50 uM), and CYP3A4M probe substrate
midazolam (20 puM) for 10 min in a 37°C water bath. Then, the selective CYP1A2
inhibitor alpha-naphthoflavone, the selective CYP2C9 inhibitor sulfaphenazole, the
selective CYP2C19 inhibitor (+)-N-3-benzylnirvanol, the selective CYP2D6 inhibitor
quinidine, the selective CYP3A4M inhibitor ketoconazole was screened alongside the

test compound as a positive control (concentration: 0, 0.0142, 0.0123, 0.037, 0.11,
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0.33, 1.0, 3.0 uM), respectively. Methanol containing tolbutamide as internal standard
was used for stopping the reaction. Positive controls, duplicates of 9a for each
concentration were prepared in parallel.

Assay procedures for hERG activity

The inhibitory activity against the hERG potassium channel was tested in
HEK293 cells which were stably transfected with hERG c¢cDNA?8. HEK239 cells
expressing hERG were cultured in 35 mm dishes for 24 hours and kept at 37°C under
5% CO,. A micropipette was drawn out from borosilicate glass to give a tip resistance
between 3 ~ 5 MQ. For each trial, one dish of cells was removed from the incubator,
washed twice and placed on the microscope. The whole-cell recordings were
performed using a commercial patch clamp amplifier.

Tail currents were evoked once every 30 s by a 3 s, -50 mV repolarizing pulse
following a 2 s, +50 mV depolarizing pulse with a stable voltage of -80 mV. The
voltage protocol started with a 50ms depolarization pulse of -50mv, which served as
the baseline for calculating the peak tail current amplitude. Only stable cells with
recording parameters exceeding the threshold were used in the experiments. The
hERG current was allowed to stabilize for 3 minutes. The cells were kept in the test
solution until the peak tail current was stable (< 5% change) for ~5 sweeps. Peak tail
amplitudes were then plotted as a function of the sweep number. Before testing the
composite application, the average of the five peak tail currents in the steady state was
taken as the control current amplitude. Four or five peak tail current measurements at

the steady state after test compound application were averaged as the residual current
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amplitude after the test compound was suppressed.
Pharmacokinetics assays

Ten male Wistar rats (180-200 g) were randomly divided into two groups to
receive intravenous (2 mgkg!) and oral administration (20 mg.kg') of the
compounds. A solution of 9a was prepared by dissolving in polyethylene glycol (peg)
400/normal saline (65/35, V/V). Blood samples of the intravenous group were
collected from the jugular sinus at 2 min, 5 min, 15 min, 30 min, 1 h, 1.5 h, 2 h, 4 h,
and 8 h after dosing, and blood samples of the oral administration group were
collected at 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 6 h, 8h, 10 h, and 12 h after dosing
(200 pL of blood each times). All the samples were then centrifuged at 8000 rpm for
8 min to separate plasma. The concentration of 9a in plasma was determined by
LC-MS/MS analysis. Briefly, 50 pL of plasma was added to 50 pL of internal
standard and 300 pL of methanol in a 5 mL centrifugation tube, which was
centrifuged at 3000g for 10 min. The supernatant layer was collected and a 20 pL
aliquot was injected for LC-MS/MS analysis. Standard curves for 9a in blood were
generated by the addition of various concentrations of 9a together with internal
standard to blank plasma. Then all samples were quantified with an Agilent 1200
LC/MSD (Agilent, USA). The mobile phase was methanol/1.5% glacial acetic acid
(60:40, V/V) at a flow rate of 1.0 mL/min.
Acute toxicity experiment

The acute toxicity experiment was carried out in Kunming mice (18-20 g), which

were purchased from the animal experimental center of Shandong University.
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Compounds were suspended in PEG-400 and normal saline at concentrations of 100
mgemL-!, and administered intragastrical by gavage after the mice had been fasted for
12 hours. A dose of 2000 mgekg-! was administered to 10 mice per group (5 males, 5
females). Mice were observed for any abnormal behavior and mortality, and weighed
2 h after administered and then every 48 h for 14 days.
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ABBREVIATIONS USED

AZT, zidovudine; AIDS, acquired immune deficiency syndrome; CCsy, 50%
cytotoxicity concentration; Cy,.x, maximum concentration; CYP, cytochrome P450
proteins; DAPY, diarylpyrimidine; DLV, delavirdine; DOR, doravirine; EFV,
efavirenz; ETR, etravirine; ECs, the effective concentration causing 50% inhibition
of viral cytopathogenicity; HAART, highly active antiretroviral therapy; HIV, human
immunodeficiency virus; hERG, the human ether-a-go-go related gene; NNIBP,
NNRTI-binding pocket; NNRTI, non-nucleoside reverse transcriptase inhibitor;
NRTI, nucleoside reverse transcriptase inhibitor; NVP, nevirapine; PMPA, tenofovir;
PK, pharmacokinetics; RF, fold-resistance; RPV, rilpivirine; RT, reverse
transcriptase; SI, selectivity index; WT, wild-type.
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