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A B S T R A C T   

The Virus HIV-1 infection still represents a serious disease even if actually it is transformed in chronic pathology. 
Considering the crucial role of the enzyme Protease in life cycle of HIV many efforts have been made in the 
research of new organic compounds showing inhibitory activity. After development of several series of non 
peptidic inhibitors we report here the synthesis of novel simple HIV-Protease inhibitors containing heteroaryl 
carboxamides and their antiviral activity in vitro and in HEK293 cells. Benzofuryl- benzothienyl- and indolyl rings 
as well as aryl sulfonamides with different electronic properties have been introduced by efficient synthetic 
procedures. All compounds showed inhibitory activity similar to the commercial drug Darunavir, effective 
against both wild-type HIV-1 protease and that containing the V32I or V82A mutations. Absorption, distribution, 
metabolism, excretion (ADME) properties were also evaluated in silico, showing the potential of such compounds 
to be developed as drugs.   

1. Introduction 

In the last two decades great efforts have been dedicated to the 
treatment of human immunodeficiency virus (HIV-1) infection, trans-
forming it from a fatal disease into a manageable chronic pathology. 
Nevertheless, over the last three years, the multiple and overlapping 
world crises have had a devastating impact on people living with and 
affected by HIV, and they have knocked back the global response to the 
AIDS pandemic [1]. 

HIV-1 Protease (HIV-1 PR) is essential to the life cycle of the virus 
and many inhibitors have been developed and introduced into 
combination-therapy regimens. Taking advantage of the detailed 
structure of HIV protease and its substrate, many commercially available 
drugs have been based on the tetrahedral transition state mimetic 
concept, in which a not hydrolysable hydroxyethylamine moiety has 
been used as the central core of the molecule [2,3]. 

Despite the commercial Protease Inhibitors (PIs) have proved their 
role in the major advances in HIV/AIDS therapies, there are still many 
drawbacks, mainly in terms of toxicity and systemic complications 
involving several organs [4]. Moreover, the emergence of multiple drug 
resistance mutations remains a challenge [5,6], reducing long-term viral 
inhibition. 

Recently, the concept of targeting the protein backbone in structure- 
based drug design prompted the preparation of new non-peptidic tem-
plates, which can maximize interactions in the HIV-protease active site, 
particularly with the enzyme backbone atoms. This approach has led to 
many potent inhibitors such as FDA-approved Darunavir and several 
related compounds [7–12]. 

Following this concept, we developed a systematic study on simple 
substituted stereodefined isopropanolamine derivatives, in which the 
high effect of the moiety between the heteroaryl group and the core, as 
well as the type of heteroaryl group, were evident. Easily synthesized 
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benzothienyl-, benzofuryl- and indolyl derivatives bearing either a car-
boxyamide or a carbamoyl spacer in general showed high in vitro activity 
against native protease. They also confirmed their inhibition activity in 
mammalian cells, showing a general low citotoxicity and great meta-
bolic stability, thus demonstrating their promising potential [13–15]. 

In particular, for the carboxyamide derivatives we found critical the 
presence of benzyl fragment in the core, reaching an IC50 value of 1 nM in 
vitro for compound A (Fig. 1) [13]. Hence, with the aim of checking the 
effect of different arylsulfonamide groups (in terms of electronic prop-
erties) and heteroaryl rings as P2 ligand, we run a systematic study on 
the synthesis and on the inhibition activity of new simple derivatives of 
structure B. 

2. Results and discussion 

2.1. Chemistry 

The synthetic approach for the preparation of compounds of general 
structure B is well established [13] and uses a four step reactions 
sequence (Scheme 1). 

In particular, if a benzyl group is present in the central core (Fig. 1), 
synthesis started from commercially available homochiral N-Boc pro-
tected amino epoxide 1 (Scheme 1). The epoxide was firstly opened with 
iso-butyl amine to afford the monoprotected diaminoalcohol 2, and next 
4-MeO- and 4-NO2-phenylsulfonyl moieties were alternatively intro-
duced on secondary amine, affording 3a and 3b, respectively. N-Boc 
group was then efficiently deprotected by TFA and the crude ammonium 
trifluoroacetate derivatives were treated with Et3N, affording the free 
amines 4a,b [14,16]. 

From these common intermediates, we were easily able to obtain two 
class of compounds: 5a-c and 6a-c, in which heteroaryl group is spaced 
from core by carboxyamide functionality. This was inserted reacting 
amines 4a,b with the suitable 5-benzothienyl-, 5-benzofuryl-, and 5- 
indolylcarboxylic acid, activated in advance with 1-ethyl-3-(3-dimethy-
laminopropyl)carbodiimide (EDC) and hydroxybenzotriazole (HOBt). 
The route has been confirmed straightforward also for these new prod-
ucts, showing an overall yield ranging from 30 to 52 % in only four 
synthetic steps, starting from commercially available chiral epoxide 1. 

2.2. Biology 

All these new compounds were tested as HIV Protease inhibitors 
firstly in vitro against the wild type enzyme and the results are reported 
in Table 1. All the tested compounds were powerful inhibitors of the 
native enzyme in vitro. The IC50 of three derivatives, namely 5a, 5b and 
6a, could not be measured under our experimental conditions, as the 
enzyme was fully inhibited even at 0.1 nM concentration of the in-
hibitors. However, also 5c, 6b and 6c were extremely active, with IC50 
ranging from 0.6 to 95 nM. 

The ability of these compounds to inhibit HIV-protease in HEK293 
cells was also evaluated, using the assay developed by Lindsten et al. 
[17], as described in our previous work [13,14]. 

Briefly, HEK293 cells transiently expressing a nontoxic HIV-protease 
precursor fused to GFP protein were treated with 10 µM of each inhibitor 
and GFP fluorescence was quantified by FACS. 

As shown in Fig. 2, cells treated without any inhibitor showed a low 
fluorescence, because the recombinant protein is toxic by autocatalytic 
cleavage; conversely, in presence of proper inhibitors, cells were able to 
express intact chimera and GFP fluorescence accordingly increased. The 
tested compounds (5a, 5b, 5c, 6a, 6b, 6c) were able to inhibit wild type 
HIV-1 protease (Fig. 2A) similarly to Darunavir (no significant differ-
ences were detected), encouraging to test their inhibitory capacity also 
towards HIV-protease carrying mutation V32I or V82A [18]. 

All compounds inhibited the viral protease carrying V32I mutation, 
although less efficiently than commercial inhibitor used as positive 
control, as demonstrated by significant differences revealed between our 
molecules and Darunavir (Fig. 2B). 

As shown in Fig. 2C, cells transfected with mutant plasmid carrying 
V82A mutation and treated with 6a showed poor fluorescence, com-
parable to fluorescence measured in control cells, suggesting that the 
V82A mutation compromised 6a inhibitory activity. Compounds 5a and 
6b were able to inhibit mutant protease, but the levels of fluorescence 
detected were lower than those measured in presence of Darunavir; 
conversely, significant accumulation of GFP reporter was detected in 
cells treated with 5b, 5c and 6c (no significant differences were revealed 
respect to Darunavir), indicating that V82A mutation do not affect in 
any way their activity. 

This paper is the last of a long series, as our work in the design, 
synthesis and optimization of inhibitors bearing heterocyclic systems at 
P1/P2 positions started in 2012 and has led to over 30 selected mole-
cules tested on the wt HIV-pr [19,13–15]. 

During our research, we started from initial IC50 values of ten 
millimolar obtained for a few molecules among large pools of inactive 
compounds and arrived at pools containing only active molecules with 
sub-nanomolar affinities. 

In our previous papers, we have carried out extensive molecular 
modelling to explain the observed structure–activity relationships and 
we have discussed in detail the modelled interactions involving indole 
and benzofuran side chains, and the eventual entropic effects connected 
to less counterproductive desolvation in benzothiophene. 

Briefly, as to P1, we have analyzed in the past either inhibitors with 
typical hydrophobic side chains (benzyl, isopropyl but also thienyl) or 
inhibitors lacking any group at P1. In the first case, the expected hy-
drophobic contacts were found comparable to those reported for refer-
ence compounds as amprenavir [13], while if a canonical side chain at 
P1 is lacking, the heteroaromatic systems formally placed at P2 are 
actually found in an intermediate position and there are capable to 
interact with residues of both the S1 and S2 subsites, by hydrogen 
bonding at the oxygen level in the case of benzofuran, with trapped 
water molecules. The indole ring, if present is unable to keep the same 
number of contacts, due to the absence of hydrogen bond acceptors. 
Moreover, no evidence of hydrogen bonding from the indole NH group 
could be often observed in the docking results. In this picture, the ben-
zothiophene system seems to be favored, as observed also in this work 
for 5a and 6a. A most favorable desolvation contribution upon binding 
for the more hydrophobic sulphur derivative is most likely operating 
[13]. A similar behavior has been already observed by us on a series of 
similar compounds in which the heterocyclic moiety was directly linked 
to the pseudopeptide chain by an ether linkage. 

This analysis has been helpful to drive our design to more focused 

Fig. 1. Active carboxamide inhibitor A and new simple derivatives B.  
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structures, and in the first works we have been able to correct the most 
unfavorable features of the first sets of inhibitors (such as the length of 
the chain connecting the interacting groups as in the case of carbamates) 
[14]. 

The most powerful inhibitors found in our previous works are re-
ported for reference in Fig. 3. 

With the reported molecules in this paper, and those reported in the 
previous ones we reached a limit in which most of the molecules show 
IC50 values that are under the limit of measure of our experimental 
systems (<0.6 nM, as we work at 1.2 nM enzyme). In this condition, 
molecular modelling is no longer useful to obtain further insights in the 
binding mode of the inhibitors, as we cannot compare calculated 

Scheme 1. Preparation of compounds 5 and 6.  

Table 1 
Structure and activity of compounds 5a-c and 6a-c.  

Entry Inhibitor IC50 (nM) Entry Inhibitor IC50 (nM) 

1 

5a

<0.6 4 

6a

<0.6 

2 

5b

<0.6 5 

6b

4.0 ± 0.5 

3 

5c

95 ± 7 6 

6c

0.60 ± 0.03  
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energies or scores with experimental values. 
Thus, rather than report modeling explanations for the results found 

in this paper, we attempted to carry out an overall analysis of the results 
of the whole of our work. 

We have selected a set of the 27 best inhibitors from this and our 
previous works, with affinities ranging from 15 μM to < 0.6 nM. 
(Figure S1) and we have calculated the values of commonly used mo-
lecular descriptors for all the compounds, including molar refractivity, 
total polar surface area, logP, logS (water solubility), log Kp (skin 
permeability) (see Table S2) [20]. 

We have then carried out a covariance analysis of our experimental 
log (IC50) obtained from the in vitro measures on the enzyme, and the 
descriptors, and we have found that activity is slightly (but suggestively) 
correlated directly with logP (0.758) and inversely with molar refrac-
tivity and logS (− 0.771, − 0.757). This suggests that hydrophobic in-
teractions are more important than polar ones to increase the affinity for 
the catalytic site. 

Such outcome is not unexpected due to the nature of the HIV-pr site; 
however it seems to confirm that we have driven hydrophobic in-
teractions to a limit. 

We have also carried out an in silico evaluation of the absorption, 
distribution, metabolism, excretion (ADME) properties [21–23] in 
comparison with the predicted properties of Darunavir on the Swiss 
ADME facility: the results are reported in Table S2, where compounds 
performing better or equally than Darunavir in several rule systems are 
highlighted in green, while worse compounds are highlighted in red. 12 

out 27 compounds (including 5b and 5c described in this work) perform 
better or equally than Darunavir in all the ADME prediction models. 

For many years, the cytotoxicity of the HIV-1 protease in mammalian 
cells has forced, in order to evaluate the activity of molecules with pu-
tative inhibitory activity towards this protease, to perform tests mainly 
in vitro [24–26], either in bacterial cells [27,28] or in those of yeast [29]. 
For monitoring protease activity under physiological conditions, there-
fore, the contribution of Lindsten et al. [17] was significant, for having 
developed a reliable and efficient assay for the screening of new drugs 
capable of inhibiting HIV-1 protease in mammalian cells. This method is 
based on the expression of a chimeric protein, given by the fusion of the 
HIV-1 virus protease and the green fluorescent protein (GFP), which, if 
not adequately inhibited, becomes toxic to the autocatalytic cleavage, 
causing the disappearance of the signal of fluorescence. The intact GFP- 
PR chimera is therefore detectable only in the presence of an efficient 
inhibitor. Thus, quantification of GFP fluorescence provides a useful 
method to monitor whether and how much protease activity is inhibited 
in vivo. The presence of the intact chimeric GFP-PR protein in tran-
siently transfected cells, cultured with or without specific protease in-
hibitors, was investigated by cytofluorimetric assays conducted in 
HEK293 cells and the greater inhibitory activity of 5b and 5c molecules, 
respect to other molecules tested, was highlighted. The greater inhibi-
tory activity of 5b and 5c molecules, respect to other molecules tested, 
was also highlighted in the assays conducted in HEK293 cells. The ef-
ficacy of these compounds was comparable to that of darunavir both 
towards HIV-1 protease wild type and towards V82A mutated variant. 

Fig. 2. Evaluation of HIV-1 protease inhibition. HIV-1 protease activity was detected measuring GFP fluorescence in HEK293 cells transiently transfected with 
pcDNA3/GFP-PR (wild type, wt) or with recombinant plasmids, expressing HIV-protease carrying mutation V32I or V82A, and treated for 24 h with 10 µM HIV-1 
protease inhibitors (5a, 5b, 5c, 6a, 6b, 6c). In each panel, the cells transfected with the plasmid (wt, V32I or V82A) and untreated with any inhibitor are to be 
considered as negative controls; cells transfected with the indicated plasmid and exposed to DRV are to be considered as positive controls. Relative fluorescence is 
expressed as fold change respect to transfected cells cultured without any inhibitor. All data are expressed as means ± Standard Error (SE) of three experiments, each 
performed in triplicate and statistical significance was evaluated using GraphPad Prism 8.4.2 software by one-way ANOVA followed by Dunnett’s post hoc test, **p 
< 0.01, ***p < 0.001, ****p < 0.0001 versus control [respectively wt (A), V32I (B) or V82A (C)]; $$p < 0.01, $$$p < 0.001, $$$$p < 0.0001 versus DRV. 

Fig. 3. Inhibitors with IC50 < 0.6 nM described in our previous works; compounds are numbered according to the original schemes in refs. [14] and [15].  
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Mutation V32I, instead, seems to weakly compromise their activity. 

3. Materials and methods 

3.1. Chemistry 

Preparative chromatography was carried out on Merck silica gel 
(0.063–0.200 mm particle size) by progressive elution with suitable 
solvent mixtures. 1H and 13C NMR spectra were carried out in CDCl3 
solutions on a VARIAN INOVA 500 MHz or Bruker 400 MHz and 
referenced to CDCl3. Mass spectra were obtained with a Hewlett- 
Packard 5971 mass-selective detector on a Hewlett–Packard 5890 gas 
chromatograph ((OV-1 capillary column between 70 and 250 ◦C (20 ◦C 
min− 1)). The optical rotation was evaluated by using a polarimeter 
JASCO Mod Dip-370. CH2Cl2 was dried by distillation over anhydrous 
CaCl2 in an inert atmosphere. Dry THF and DMF were commercially 
available, 

All 1H and 13C NMR spectra for the following compounds were 
consistent to literature data: (1R,2S)-(1-Benzyl-2-hydroxy-3-iso-butyla-
mino-propyl)-carbamic acid tert-butyl ester (2) [13], (1S,2R)-[1-Benzyl- 
2-hydroxy-3-iso-butyl-(4-methoxy-benzenesulfonyl)amino-propyl]-car-
bamic acid tert-butyl ester (3a) [14], (1S,2R)-[1-Benzyl-2-hydroxy-3-iso- 
butyl-(4-nitro-benzenesulfonyl)amino-propyl]-carbamic acid tert-butyl 
ester (3b) [30], (2R,3S)-N-(3-Amino-2-hydroxy-4-phenyl-butyl)-N-iso-
butyl-4-methoxy-benzenesulfonamide (4a) [14], (2R,3S)-N-(3-Amino-2- 
hydroxy-4-phenyl-butyl)-N-isobutyl-4-nitro-benzenesulfonamide (4b) 
[16]. 

General procedure for the synthesis of carboxyamides 5a-c and 
6a-c 

To a solution of 5-heteroaryl acid (0.13 mmol), EDCI (0.20 mmol), 
HOBt (0.20 mmol) in anhydrous CH2Cl2, a solution of amine 4a,b (0.13 
mmol) and diisopropylethylamine (0.78 mmol) in anhydrous CH2Cl2 
was added at 0 ◦C under argon atmosphere and it was allowed to stir for 
16 h at room temperature. The reaction mixture was quenched with 
water and extracted with CH2Cl2. The organic layers were dried on 
Na2SO4, filtered and concentrated under reduced pressure. The residue 
was purified by silica gel column chromatography (CH2Cl2/AcOEt 9/1) 
to furnish 5a-c and 6 a-c. 

N-((2S,3R)-3-hydroxy-4-(N-isobutyl-4-methox-
yphenylsulfonamido)-1-phenylbutan-2-yl)benzo[b]thiophene ¡5- 
carboxamide (5a). Following the general procedure compound 5a was 
obtained as a white solid, in 42 % yield. [α]D

20 =+3.7 (c 0.2, CHCl3) 1H 
NMR (400 MHz, CDCl3): δ 8.09 (s, 1H), 7.89 (d, J = 8.4 Hz, 1H), 7.68 (d, 
J = 8.8 Hz, 2H), 7.55 (m, 2H), 7.30 (m, 6H), 6.93 (d, J = 8.8 Hz, 2H), 
6.55 (d, J = 8.4 Hz, 1H), 4.44 (m, 2H), 4.03 (m, 1H), 3.85 (s, 3H), 3.17 
(m, 4H), 2.89 (m, 2H), 1.88 (m, 1H), 0.89 (d, J = 6.2 Hz, 6H). 13C NMR 
(100 MHz, CDCl3): δ 168.3, 163.0, 142.9, 139.4, 137.8, 130.3, 129.8, 
129.4, 128.7, 128.0 126.7, 124.2, 122.7, 122.6, 122.3, 114.3, 72.9, 
58.9, 55.6, 54.7, 53.6, 35.0, 27.2, 20.1, 20.0. Anal. Calcd for 
C30H34N2O5S2: C, 63.58; H, 6.05; N, 4.94; S, 11.32. Found: C, 63.6; H, 
6.0; N, 5.0; S, 11.2. 

N-((2S,3R)-3-hydroxy-4-(N-isobutyl-4-methox-
yphenylsulfonamido)-1-phenylbutan-2-yl)benzo[b]furan-5-car-
boxamide (5b). Following the general procedure, the compound 5b 
was obtained as a white solid, in 44 % yield. [α]D

20 =+9.6 (c 0.5, 
CHCl3). 1H NMR (400 MHz, CDCl3): δ 7.89 (s, 1H), 7.67 (m, 3H), 7.56 (d, 
J = 8.6 Hz, 1H), 7.47 (d, J = 8.6 Hz, 1H), 7.28 (m, 4H), 7.22 (m, 1H), 
6.91 (d, J = 8.8 Hz, 2H), 6.78 (brs, 1H), 6.58 (d, J = 8.0 Hz, 1H), 4.48 
(brs, 1H), 4.42 (m, 1H), 4.05 (m, 1H), 3.84 (s, 3H), 3.16 (m, 5H), 2.88 
(m, 2H), 1.88 (m, 1H), 0.87 (d, J = 6.5 Hz, 6H). 13C NMR (100 MHz, 
CDCl3): δ 168.3, 163.0, 156.6, 146.3, 137.9, 129.8, 129.41, 129.40, 
129.1, 128.6, 127.5, 126.6, 123.3, 120.7, 114.2, 111.4, 106.9, 72.9, 
58.8, 55.6, 54.7, 53.5, 35.0, 27.2, 20.1, 20.0. Anal. Calcd for 
C30H34N2O6S: C, 65.43; H, 6.22; N, 17.43; S, 5.82. Found: C, 65.5; H, 

6.2; N, 17.5; S, 5.7. 
N-((2S,3R)-3-hydroxy-4-(N-iso-butyl-4-methox-

yphenylsulfonamido)-1-phenylbutan-2-yl)indol-5-carboxamide 
(5c). Following the general procedure, the compound 5c was obtained 
as a white solid, in 45 % yield. [α]D

20 =+22.2 (c 1.1, CHCl3). 1H NMR 
(400 MHz, CDCl3): δ 8.94 (d, J = 13.0 Hz, 1H), 7.94 (s, 1H), 7.66 (d, J =
8.7 Hz, 2H), 7.43 (d, J = 8.6 Hz, 1H), 7.28 (m, 7H), 6.88 (d, J = 8.7 Hz, 
2H), 6.55 (brs, 2H), 4.69 (brs, 1H), 4.40 (m, 1H), 4.04 (m, 1H), 3.81 (s, 
3H), 3.31 (dd, J = 15.2 Hz, J = 4.8 Hz, 1H), 3.15 (m, 2H), 3.05 (dd, J =
15.2 Hz, J = 7.6 Hz, 1H), 2.92 (dd, J = 13.3 Hz, J = 7.2 Hz, 1H), 2.82 
(dd, J = 13.3 Hz, J = 7.2 Hz, 1H), 1.88 (m, 1H), 0.85 (m, 6H). 13C NMR 
(100 MHz, CDCl3): δ 169.5, 162.9, 138.0, 137.7, 129.7, 129.5, 129.4, 
128.6, 127.5, 126.6, 126.0, 125.4, 120.7, 120.3, 114.3, 111.2, 103.4, 
73.0, 58.8, 55.6, 54.9, 53.5, 35.1, 27.2, 20.1, 20.0. Anal. Calcd for 
C30H35N3O5S: C, 65.55; H, 6.42; N, 7.64; S, 5.83. Found: C, 65.7; H, 6.4; 
N, 7.5; S, 5.8. 

N-((2S,3R)-3-hydroxy-4-(N-iso-butyl-4-nitro-
phenylsulfonamido)-1-phenylbutan-2-yl)benzo[b]thiophene-5- 
carboxamide (6a). Following the general procedure, the compound 6a 
was obtained as a white solid, in 54 % yield. [α]D

20 = +6.8 (c 0.3, 
CHCl3). 1H NMR (400 MHz, CDCl3): δ 8.30 (d, J = 8.6 Hz, 2H), 8.09 (s, 
1H), 8.03 (brs, 1H), 7.92 (d, J = 8.6 Hz, 2H), 7.83 (d, J = 8.8 Hz, 1H), 
7.53 (m, 2H), 7.36 (m, 1H), 7.30 (m, 5H), 4.35 (m, 1H), 4.02 (m, 1H), 
3.35 (brd, J = 15.2 Hz, 1H), 3.19 (m, 1H), 3.13 (brd, J = 7.1 Hz, 2H), 
3.00 (m, 2H), 1.91 (m, 1H), 0.86 (d, J = 5.7 Hz, 3H), 0.85 (d, J = 5.7 Hz, 
3H). 13C NMR (100 MHz, CDCl3): δ 169.7, 150.0, 145.1, 137.7, 137.21, 
135.1, 129.3, 128.8 (3C), 128.4, 128.3, 126.8, 125.8, 124.3, 120.9, 
120.4, 71.8, 55.1, 53.4, 51.3, 35.6, 31.4, 30.2, 29.7. Anal. Calcd for 
C29H31N3O6S2: C, 59.88; H, 5.37; N, 7.22; S, 11.02. Found: C, 59.7; H, 
5.5; N, 7.2; S, 11.1. 

N-((2S,3R)-3-hydroxy-4-(N-iso-butyl-4-nitro-
phenylsulfonamido)-1-phenylbutan-2-yl)benzofuran-5-carbox-
amide (6b). Following the general procedure, the compound 6b was 
obtained as a white solid, in 56 % yield. [α]D

20 = -3.0 (c 0.2, CHCl3). 1H 
NMR (400 MHz, CDCl3): δ 8.30 (d, J = 8.8 Hz, 2H), 7.92 (d, J = 8.8 Hz, 
2H), 7.87 (s, 1H), 7.69 (s,1H), 7.53 (A part of AB system, JAB = 8.8 Hz, 
1H), 7.49 (B part of AB system, JAB = 8.8 Hz, 1H), 7.32 (m, 4H), 6.81 (s, 
1H), 6.41 (d, J = 7.5 Hz, 1H), 4.45 (brs, 1H), 4.34 (brs, 1H), 4.02 (brs, 
1H), 3.35 (brd, J = 15.2 Hz, 1H), 3.20 (dd, J = 15.2 Hz, J = 8.4 Hz, 1H), 
3.13 (d, J = 6.8 Hz, 2H), 3.03 (dd, J = 13.7, J = 7.2 Hz, 1H), 2.95 (dd, J 
= 13.7, J = 7.2 Hz, 1H), 1.91 (m, 1H), 0.87 (d, J = 6.8 Hz, 3H), 0.85 (d, J 
= 6.8 Hz, 3H). 13C NMR (100 MHz, CDCl3): δ 168.7, 156.7, 150.0, 146.5, 
144.7, 137.5, 129.3, 129.2, 128.8, 128.5, 127.6, 126.9, 124.3, 123.2, 
120.7, 111.5, 106.9, 72.4, 57.7, 55.3, 52.5, 35.2, 26.9, 19.9. Anal. Calcd 
for C29H31N3O7S: C, 61.58; H, 5.52; N, 7.43; S, 5.67. Found: C, 61.7; H, 
5.4; N, 7.5; S, 5.6. 

N-((2S,3R)-3-hydroxy-4-(N-iso-butyl-4-nitro-
phenylsulfonamido)-1-phenylbutan-2-yl)indol-5-carboxamide 
(6c). Following the general procedure, the compound 6c was obtained 
as a white solid, in 83 % yield. [α]D

20 = + 26.7 (c 1.2, CHCl3). 1H NMR 
(400 MHz, CDCl3): δ 8.66 (brs, 1H), 8.22 (d, J = 8.8 Hz, 2H), 7.89 (s, 
1H), 7.88 (d, J = 8.8 Hz, 2H), 7.0.44 (d, J = 8.6 Hz, 1H), 7.34 (d, J = 8.6 
Hz, 1H) 7.31 (m, 4H), 7.26 (m, 2H), 6.58 (brs, 1H), 6.43 (d, J = 7.4 Hz, 
1H), 4.35 (m, 1H), 4.00 (m, 1H), 3.39 (dd, J = 15.1 Hz, J = 4.0 Hz, 1H), 
3.19 (dd, J = 15.1 Hz, J = 8.4 Hz, 1H), 3.13 (d, J = 7.1 Hz, 2H), 3.07 (dd, 
J = 13.6 Hz, J = 8.0 Hz, 1H), 2.92 (dd, J = 13.6 Hz, J = 7.2 Hz, 1H), 1.91 
(m, 1H), 0.87 (d, J = 6.8 Hz, 3H), 0.84 (d, J = 6.8 Hz, 3H). 13C NMR 
(100 MHz, CDCl3): δ 169.7, 149.8, 144.7, 137.7, 137.5, 129.3, 128.8, 
128.5, 127.5, 126.9, 125.9, 125.2, 124.2, 120.8, 120.3, 111.2, 103.7, 
72.4, 57.6, 55.4, 52.3, 35.5, 26.9, 19.9. Anal. Calcd for C29H32N4O6S: C, 
61.69; H, 5.71; N, 9.92; S, 5.68. Found: C, 61.8; H, 5.6; N, 10.0; S, 5.5. 

3.2. Biology 

3.2.1. Materials 
Dulbecco’s Modification of Eagle’s Medium (DMEM) was purchased 
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from Corning. Dimethyl sulfoxide (DMSO), Trypsin–EDTA solution and 
Darunavir were purchased from Sigma Aldrich-Merck. Dulbecco’s 
Phosphate Buffered Saline (DPBS), L–Glutamine, Penicillin- 
Streptomycin solution and Fetal Bovine Serum were obtained from 
EuroClone. Lipofectamine 3000 was purchased from Thermofisher. 

Human embryonic kidney (HEK293) cells were obtained from Prof. 
ssa V. Infantino (University of Basilicata, Italy). 

3.2.2. Cell culture and drug treatment 
Human embryonic kidney (HEK293) cells were cultured in DMEM 

supplemented with 10 % FBS, 2 mM L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin at 37 ◦C in a humidified incubator with 5 % 
CO2. HIV-protease inhibitors were solubilized in DMSO as a 5 mM stock 
solution and then diluted in complete DMEM to 10 µM as working 
concentration. Cells treated only with 0.2 % DMSO (vehicle) were used 
as control. 

3.2.3. Cell transfection and FACS analysis 
HEK293 cells were seeded in 24-well plates at the density of 2.5 ×

105 cells/well. After 24 h, cells were transfected with pcDNA3/GFP-PR 
plasmid (gift from Nico Dantuma, Addgene plasmid # 20253) or with 
mutant plasmids carrying V32I or V82A mutation, generated as previ-
ously described [14], using Lipofectamine 3000 according to the man-
ufacturer’s instructions. 

Where indicated, immediately after transfection, cells were treated 
with HIV-1 protease inhibitors at 10 µM. Cells treated with Darunavir 
(DRV) were used as positive control. GFP fluorescence was quantified in 
HEK293 cells harvested 24 h after trasfection and resuspended in DPBS, 
using a BD FACS Canto II flow cytometer (Ex/Em: 480/510 nm) [13]. 

3.2.4. Statistical analysis 
Data were presented as means ± Standard Error (SE) of three inde-

pendent experiments, each performed in triplicate and were analyzed by 
GraphPad Prism software (version 8, GraphPad Software, San Diego, 
California, USA), using one-way analysis of variance (ANOVA) followed 
by Dunnett’s post hoc test (p-values < 0.05 were considered as statis-
tically significant). 

4. Conclusions 

In conclusion, in this work we have reported the synthesis of a novel 
series of carboxamidic compounds with a high inhibitory activity 
against both the native HIV-1 protease and a mutant one; the inhibitory 
activity has been measured both in vitro and in mammalian cells, by 
using methodologies just reported in our previous papers. The obtained 
results can open new perspectives in the research for new inhibitors to 
overcome the problem of drug resistance. Furthermore, the ADME 
evaluations show that not only the novel inhibitors reported in this 
paper, but all the compounds in the Table 1 are competitive with Dar-
unavir structure. 

Work is in progress in the attempt to understand the structur-
e–activity relationships for a develop of the research. 
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Two Novel Precursors of the HIV-1 Protease Inhibitor Darunavir Target the UPR/ 
Proteasome System in Human Hepatocellular Carcinoma Cell Line HepG2, Cells 10 
(2021) 3052, https://doi.org/10.3390/cells10113052. 

[17] K. Lindsten, T. Uhlikova, J. Konvalinka, M.G. Masucci, N.P. Dantuma, Cell-based 
fluorescence assay for human immunodeficiency virus type 1 protease activity, 
Antimicrob. Agents Chemother. 45 (2001) 2616–2622, https://doi.org/10.1128/ 
AAC.45.9.2616-2622.2001. 

[18] J. Chen, Drug resistance mechanisms of three mutations V32I, I47V and V82I in 
HIV-1 protease toward inhibitors probed by molecular dynamics simulations and 
binding free energy predictions, RSC Adv. 6 (2016) 58573–58585, https://doi.org/ 
10.1039/C6RA09201B. 

[19] L. Chiummiento, M. Funicello, P. Lupattelli, F. Tramutola, F. Berti, F. Marino- 
Merlo, Synthesis and biological evaluation of novel small non-peptidic HIV-1 PIs: 
The benzothiophene ring as an effective moiety, Bioorg. Med. Chem. Lett. 22 
(2012) 2948–2950, https://doi.org/10.1016/j.bmcl.2012.02.046. 

[20] Daina A, Michielin O, Zoete V. SwissADME: a free web tool to evaluate 
pharmacokinetics, drug-likeness and medicinal chemistry friendliness of small 
molecules. Sci. Rep. 2017, 7:42717. 10.1038/srep42717 (2017). 

[21] F. Yamashita, M. Hashida, In Silico Approaches for Predicting ADME Properties of 
Drugs, Drug Metab. Pharmacokin. 19 (2004) 327–338, https://doi.org/10.2133/ 
dmpk.19.327. 

[22] M.P. Gleeson, A. Hersey, S. Hannongbua, In-silico ADME models: a general 
assessment of their utility in drug discovery applications, Curr. Top. Med. Chem. 11 
(2011) 358–381, https://doi.org/10.2174/156802611794480927. 

[23] T.J. Ritchie, S.J.F. Macdonald, How drug-like are ‘ugly’ drugs: do drug-likeness 
metrics predict ADME behaviour in humans? Drug Discov. Today 19 (2014) 
489–495, https://doi.org/10.1016/j.drudis.2014.01.007. 

[24] M.V. Toth, G.R. Marshall, A simple, continuous fluorometric assay for HIV 
protease, Int. J. Pept. Protein Res. 36 (1990) 544–550, https://doi.org/10.1111/ 
j.1399-3011.1990.tb00994.x. 

[25] A. Molla, S. Vasavanonda, G. Kumar, et al., Human Serum Attenuates the Activity 
of Protease Inhibitors toward Wild-Type and Mutant Human Immunodeficiency 
Virus, Virology 250 (1998) 255–262, https://doi.org/10.1006/viro.1998.9383. 

[26] E.D. Matayoshi, G.T. Wang, G.A. Krafft, J. Erickson, Novel fluorogenic substrates 
for assaying retroviral proteases by resonance energy transfer, Science 247 (1990) 
954–958, https://doi.org/10.1126/science.2106161. 

[27] H.G. Krausslich, R.H. Ingraham, M.T. Skoog, et al., Proteolytic refolding of the HIV- 
1 capsid protein amino-terminus facilitates viral core assembly, Proc. Nat. Acad. 
Sci. USA 86 (1989) 807–811, https://doi.org/10.1093/emboj/17.6.1555. 

[28] T.J. Cheng, A. Brik, C.H. Wong, C.C. Kan, Model system for high-throughput 
screening of novel human immunodeficiency virus protease inhibitors in 
Escherichia coli, Antimicrob. Agents Chemother. 48 (2004) 2437–2447, https:// 
doi.org/10.1128/AAC.48.7.2437-2447.2004. 

[29] Murray MG, Hung W, Sadowski I, Das Mahapatra B. Inactivation of a yeast trans- 
activator by the fused HIV-1 proteinase: a simple assay for inhibitors of the viral 
enzyme activity. Gene, 1993, 134:123–128. . 10.1016/0378-1119(93)90185-6. 

[30] T. Kanemitsu, M. Inoue, N. Yoshimura, K. Yoneyama, R. Watarai, M. Miyazaki, 
Y. Odanaka, K. Nagata, T. Itoh, A Concise One-Pot Organo- and Biocatalyzed 
Preparation of Enantiopure Hexahydrofuro[2,3-b]furan-3-ol: An Approach to the 
Synthesis of HIV Protease Inhibitors, Eur. J. Org. Chem. (2016) 1874–1880, 
https://doi.org/10.1002/ejoc.201600062. 

M. Francesca Armentano et al.                                                                                                                                                                                                              

https://doi.org/10.3390/cells10113052
https://doi.org/10.1128/AAC.45.9.2616-2622.2001
https://doi.org/10.1128/AAC.45.9.2616-2622.2001
https://doi.org/10.1039/C6RA09201B
https://doi.org/10.1039/C6RA09201B
https://doi.org/10.1016/j.bmcl.2012.02.046
https://doi.org/10.2133/dmpk.19.327
https://doi.org/10.2133/dmpk.19.327
https://doi.org/10.2174/156802611794480927
https://doi.org/10.1016/j.drudis.2014.01.007
https://doi.org/10.1111/j.1399-3011.1990.tb00994.x
https://doi.org/10.1111/j.1399-3011.1990.tb00994.x
https://doi.org/10.1006/viro.1998.9383
https://doi.org/10.1126/science.2106161
https://doi.org/10.1093/emboj/17.6.1555
https://doi.org/10.1128/AAC.48.7.2437-2447.2004
https://doi.org/10.1128/AAC.48.7.2437-2447.2004
https://doi.org/10.1002/ejoc.201600062

	Novel wild type and mutate HIV-1 protease inhibitors containing heteroaryl carboxamides in P2: Synthesis, biological evalua ...
	1 Introduction
	2 Results and discussion
	2.1 Chemistry
	2.2 Biology

	3 Materials and methods
	3.1 Chemistry

	General procedure for the synthesis of carboxyamides 5a-c and 6a-c
	3.2 Biology
	3.2.1 Materials
	3.2.2 Cell culture and drug treatment
	3.2.3 Cell transfection and FACS analysis
	3.2.4 Statistical analysis


	4 Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Appendix A Supplementary data
	References


