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A B S T R A C T   

Extracellular vesicles (EVs) appear to play an important role in intercellular communication in various physio-
logical processes and pathological conditions such as cancer. Like enveloped viruses, EVs can transport their 
contents into the nucleus of recipient cells, and a new intracellular pathway has been described to explain the 
nuclear shuttling of EV cargoes. It involves a tripartite protein complex consisting of vesicle-associated mem-
brane protein-associated protein A (VAP-A), oxysterol-binding protein (OSBP)-related protein-3 (ORP3) and late 
endosome-associated Rab7 allowing late endosome entry into the nucleoplasmic reticulum. Rab7 binding to 
ORP3-VAP-A complex can be blocked by the FDA-approved antifungal drug itraconazole. Here, we design a new 
series of smaller triazole derivatives, which lack the dioxolane moiety responsible for the antifungal function, 
acting on the hydrophobic sterol-binding pocket of ORP3 and evaluate their structure–activity relationship 
through inhibition of VOR interactions and nuclear transfer of EV and HIV-1 cargoes. Our investigation reveals 
that the most effective compounds that prevent nuclear transfer of EV cargo and productive infection by VSV-G- 
pseudotyped HIV-1 are those with a side chain between 1 and 4 carbons, linear or branched (methyl) on the 
triazolone region. These potent chemical drugs could find clinical applications either for nuclear transfer of 
cancer-derived EVs that impact metastasis or viral infection.   

1. Introduction 

Extracellular vesicles (EVs) are highly heterogeneous, membrane- 
encapsulated particles released by cells into the extracellular 

environment [1–4]. Several types of EVs have been identified and 
among them there are two major classes, exosomes and ectosomes [5]. 
The former are of endosomal-origin and they are released after the 
fusion of multivesicular bodies with the cell membrane, while the latter 
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are of plasma membrane-origin and bud or shed into the extracellular 
milieu. Both have been shown to contain a wide variety of bioactive 
cargoes (proteins, nucleic acids, lipids) that can be transferred to other 
cells playing an essential role in intercellular communication under 
physiological states [6–10]. They are also involved in different patho-
logical conditions that lead to production of disease-specific EVs, such as 
in cancer [11,12]. In the tumor microenvironment, due to their specific 
cargoes, EVs promote cancer cells progression, angiogenesis and 
metastasis [13]. Interestingly, the homology between exosomal path-
ways and the retroviral cycle, as postulated by the Trojan exosome hy-
pothesis [14], allows retroviruses, such as human immunodeficiency 
virus type 1 (HIV-1), to utilize the exosomal pathway for successful cell 
infection. In particular, the biogenesis of exosomes and their potential 
fusion and/or uptake via endocytosis by recipient cells have many 
commonalities with the retroviral life cycle [15]. As a consequence, 
retroviruses also insert viral parts or whole virions inside EVs and that 
helps spreading viral infection [16]. 

A new protein complex, called VOR (acronym for its three protein 
components), namely vesicle-associated membrane protein-associated 
protein A (VAP-A) located in the outer nuclear membrane, cyto-
plasmic oxysterol-binding protein (OSBP)-related protein-3 (ORP3, also 
known as OSBP-Like 3) and late endosome-associated Rab7, has been 
shown to be pivotal in the nuclear transfer of cargo proteins transported 
by EVs or enveloped HIV-1 [17–19]. In these processes, a minute frac-
tion of Rab7+ late endosomes containing endocytosed particles are 
transported to the perinuclear region where they are incorporated into 
the nucleoplasmic reticulum (NR) [20,21]. In this confined subcellular 
area, the fusion of endocytosed particles with the endosomal membrane 
allows the release of their cargoes in the vicinity of the nuclear pores, 
thus facilitating their nuclear transfer [17,19,20]. These molecular and 
cellular processes depend on both VAP-A and ORP3, as their silencing 
prevented the localization of late endosomes in NR, and subsequent 
nuclear transfer of endocytosed particle-derived components [17–19]. 
Incubation of cells with the FDA-approved antifungal drug itraconazole 
(ICZ), which acts on ORP3, also blocked these events [18,19]. 

Like other members of OSBP protein family, ORP3 is composed of 
distinct domains, including a pleckstrin homology (PH) domain in the N- 
terminal region, two FFAT (two phenylalanines (FF) in an acidic tract) 
motifs in the middle part, and a sterol-binding OSBP-related domain 
(ORD) in the C-terminal region that regulate its various protein and lipid 
interactions, subcellular localization and function [22]. OSBP proteins 
are involved in various activities ranging from lipid sensing and traf-
ficking to sterol homeostasis and cell signaling. At membrane contact 
sites that bridge distinct organelles [23,24], OSBP proteins play a critical 
role in the non-vesicular exchange of lipids between adjacent mem-
branes [25,26]. 

At the plasma membrane endoplasmic reticulum (ER) contact sites, 
the binding of ORP3 to ER-associated VAP-A and the small GTPase R-Ras 
regulated cell adhesion and migration by stimulating the R-Ras signaling 
and β1-integrin activity [27,28]. A similar tripartite interaction occurs at 
the contact zone between the outer nuclear membrane (ONM) and late 
endosomes involving the small GTPase Rab7 [19]. While the interaction 
of ORP3 with VAP-A is mediated by its FFAT motifs in a phosphorylation 

dependent mechanism [18,27–29], its binding to Rab7 remains to be 
identified. In contrast to ORP1L, another member of OSBP protein, 
ORP3 does not contain an ankyrin repeat region, which could mediate 
Rab7 interaction [30]. The involvement of the R-Ras binding site in 
ORP3 remains to be evaluated [27,28]. Nevertheless, close contact of 
ORP3 with Rab7 can occur when its PH domain binds to certain phos-
phoinositides associated with target late endosomes [25]. Like several 
other OSBP proteins, ORP3 was shown to bind directly to cholesterol 
and 25-hydroxycholesterol (25-hc) [31]. The sterol-sensing ORD may 
also influence its interaction with Rab7 [25]. Indeed, ICZ specifically 
acts via its triazolone region (Fig. 1) on the hydrophobic sterol-binding 
pocket of ORP3 ORD, resulting in the lack of Rab7 binding to ORP3- 
VAP-A complexes. Its inhibitory effect can be suppressed in a dose- 
dependent manner by the addition of 25-hc [18]. Unlike ICZ, neither 
hydroxy-ICZ, its major metabolite, which maintains the anti-fungal ac-
tivity, nor ketoconazole have the property to disrupt the VOR complex 
(Fig. 1) [18]. 

The possibility that cell communication at the nuclear level between 
cancer and stromal/immune cells in the tumor microenvironment and 
the nuclear entry of HIV-1 in recipient cells could be inhibited by small 
molecules prompted us to develop inhibitors of potential clinical utility. 
We initially designed the 1,2,4-triazolone derivative 2a, a small chem-
ical compound mimicking the triazolone region of ICZ, but lacking the 
dioxolane portion responsible for the anti-fungal activity [18]. In addi-
tion to the absence of moieties that inhibit other cellular targets not 
related to the VOR complex, this smaller drug has only one chiral center 
(compared to three in ICZ), thus avoiding many of the off-target effects 
of ICZ. The molar concentration required to interfere with VOR complex 
formation is similar to that of ICZ, however, due to its ~ 3-fold lower 
molecular weight, the absolute amount of 2a required to achieve the 
same effect was considerably less. Interestingly, homology modeling 
analyses of the active group of ICZ and 2a with the ORD domain of other 
ORP proteins (i.e., OSBP, ORP1, ORP2, ORP4, ORP6, ORP7, and ORP9) 
showed that a key triad of residues (Arg558, Tyr593 and Trp653) of 
ORP3 is present and/or in a configuration accessible for drug binding 
only in ORP7, indicating 2a specificity and limited toxicity [18]. 

In the present study, we designed a new series of small derivatives 
acting on the hydrophobic sterol-binding pocket of ORP3 and evaluated 
their structure–activity relationship (SAR) through inhibition of VOR 
interactions. As a proof of concept of their actions, we evaluated the 
nuclear transfer of cargo proteins carried by extracellular particles such 
as EVs or enveloped HIV-1 virus. 

2. Results and discussion 

2.1. Chemistry 

The VOR complex disruption by ICZ and compound 2a prompted us 
to study other related molecules that met the minimum requirements to 
interfere with the VOR complex. For this purpose, the ICZ molecule was 
dissected into three parts: i) the portion of the dioxolane ring bearing a 
di-chlorophenyl ring and a triazole nucleus; ii) the linker moiety, 
constituted by two benzene rings separated by a piperazine system 

Fig. 1. Chemical structures of itraconazole, hydroxy-itraconazole and ketoconazole.  
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which forms two N–C bonds with both rings; and iii) a triazolone ring 
bearing a sec-butyl side chain at the other end of the molecule (Fig. 2). 
The overall aim is the modification of each portion leaving the other two 
unchanged. Here, we focused on modifications in the last part, the tri-
azolone ring. 

The 1,2,4-triazol-3-one derivatives 2b to 2y were then synthesized 
using chemical procedures similar to those reported for the formulation 
of compound 2a [18]. In particular, the reaction of anilines with triethyl 
orthoformate, p-toluenesulfonic acid, methyl carbazate and a solution of 
sodium methoxide in methanol led to a series of intermediate products 1 
(Scheme 1, step i), which were subsequently subjected to N-alkylation 
reaction, performed in dimethyl sulfoxide (DMSO) using 18-crown-6 as 
catalyst (Scheme 1, step ii). In case of derivative 2h, 4-nitroaniline was 
used as starting material to obtain, via 1e intermediate, the related 
1,2,4-triazol-3-one 2y that was subjected to reduction using tin chloride 
in concentrated chloridric acid (Scheme 1, step iii). Compound 2a was 
later to serve as a building block to bind to the piperazine nucleus of the 
linker to which analogues of the dioxolane portion were to be bound. 
Thus, this simple and inexpensive synthetic procedure and the possi-
bility of introducing different substituents on the phenyl ring and a wide 
range of side chains in the triazolone portion led to the synthesis of a 
series of new compounds, in good to excellent yields. 

In the twenty-five triazolone N-substituted derivatives (2a-y) herein 
reported, C1-C6 linear, branched or cyclic aliphatic side chains as well as 
hydroxyalkyl or alkyl-heterocyclic substituents were introduced. 
Moreover, the phenyl ring at the triazolone N4 nitrogen was substituted 
with halogens (F, Cl, Br) at different positions and with an amino group 
at position 4. 

2.2. Biological evaluation 

2.2.1. Inhibition of the VOR complex interactions 
In a recent study, both compounds 1a and 2a were evaluated for 

their ability to inhibit the interactions of VOR proteins, notably the 
binding of Rab7 to ORP3-VAP-A complexes [18]. Like ICZ, compound 2a 
inhibited the VOR complex in vivo, i.e. when applied to cultured cells, or 
in vitro, i.e. when applied to detergent cell lysates, whereas compound 
1a was completely devoid of such inhibitory activity. Computer 
modelling studies evidenced interactions of compound 2a comparable 
to those shown by ICZ in the deepest cavity of a homology model of 
ORP3 ORD protein (see also below) [18]. Importantly, compound 2a 
showed a much better toxicity profile than ICZ, particularly on primary 

cells (see below section 2.2.4). 
To assess experimentally the impact of novel chemical compounds 

on the VOR complex integrity, we used a co-immunoisolation protocol 
based on paramagnetic-bead separation [19]. Human ORP3 was used as 
bait by applying a monoclonal antibody (Ab) against it. As reference 
host cells, we used non-metastatic SW480 human colon adenocarcinoma 
cells in which inhibition of VOR complex formation prevented their 
malignant transformation mediated by EVs derived from their meta-
static counterparts, i.e. SW620 cells [18]. For this purpose, SW480 cells 
were incubated with ICZ or drug derivatives at different concentrations 
(2.5, 5.0, 7.5 and 10 µM) for a period of 5 h at 37 ◦C. As a negative 
control, cells were incubated with the solvent vehicle (DMSO) only. 
Afterward, detergent cell lysates were prepared and ORP3 protein was 
immunoisolated. The recovered materials were then probed by immu-
noblotting for ORP3, VAP-A, and Rab7 (Fig. 3A). Alternatively, the 
drugs were added directly on detergent cell lysates for 30 min on ice 
prior to the co-immunoisolation. For all compounds, a concentration of 
2.5 µM had no impact on the ORP3-Rab7 interaction. However, the 
latter was progressively and strongly impaired when higher concentra-
tions of ICZ or certain compounds (e.g., 2a, 2j) were applied to the living 
cells or detergent cell lysates. In contrast, a mild effect of 2e on the 
ORP3-Rab7 interaction was observed, whereas no effect was seen with 
1b and 2s (Fig. 3A). None of the drugs blocked the ORP3-VAP-A inter-
action. The IC50 values for the inhibition of the interaction between 
OPR3 and Rab7 were then calculated using a simple linear regression, as 
shown for 2j (Fig. 3B), for all compounds and both treatment protocols 
(Fig. 3C). Irrespective of the protocols applied (living cells versus cell 
lysates detergents), the analysis revealed that the potency of the com-
pounds, as evaluated by their IC50, can be classified into four categories, 
from those similar to ICZ (IC50 of about 5.0), intermediates (IC50 of 
about 6–8 and 9–15), and to those with no effect (Fig. 3C). The fact that 
the trend for all compounds is parallel when added to cells compared to 
detergent cell lysates suggests that drug passage across the plasma 
membrane is not a rate-limiting factor. Furthermore, these data could 
also rule out the drugs having an impact on late endosome transport to 
the nuclear region, an action reported for ICZ [32,33], thereby excluding 
that the inhibition of the VOR complex is not due to the absence of Rab7 
in the vicinity of the ORP3-VAP-A complex [18]. 

As previously shown, compound 2a showed a similar IC50 as ICZ 
[18]. By increasing the side chain by one carbon unit (2n), a decrease of 
the inhibition was observed. A more marked decrease in activity was 
observed in compound 2o bearing a side chain with one carbon unit less. 

Fig. 2. Optimization of lead compound itraconazole. Various regions of itraconazole are targeted for optimization: Substitution of the triazole moiety of the 
dioxolane portion with other 5-membered heterocycles also benzo-annelated (blue); Substitution of the two phenyl rings with one or two pyridine moieties (red); 
Substitution of the triazole ring of the triazolone region with an imidazole ring and substitution of the side chain (yellow) as indicated. In this study, we focused on 
the latter region, where numerous triazole derivative analogues were prepared (see below Scheme 1). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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Interestingly, compound 2k, bearing a linear C3 alkyl chain, maintained 
a similar activity as 2a. In contrast, compounds 2e, bearing an ethyl side 
chain, and 2b, bearing a methyl group, showed gradually diminished 
activities (IC50 on cell lysates = 9.66 and 73.98 μM, respectively), while 
1a, having no side chain, was completely inactive. The introduction of 
polar groups at the end of the side chain was detrimental for the 

inhibition activity. For example, hydroxypropyl derivative 2q showed a 
significant decrease of activity (IC50 = 10.46 μM) compared with 2k 
(IC50 = 4.67 μM). The hydroxyethyl derivative 2p versus 2e exhibited 
similar activity (IC50 = 9.81 and 9.66 μM, respectively). 

The cycloalkyl side chains produced dramatic changes in the inhi-
bition effect. While 2v and 2w, bearing 4- and 5-membered cycloalkyl 

Scheme 1. General synthetic pathway for the preparation of compounds 1a-f and 2a-y. Reagents and conditions: i) triethyl orthoformate, p-toluenesulfonic acid, 
methyl carbazate in methanol, 3 h, reflux; then sodium in methanol, 2–24 h, reflux; ii) Na2CO3, 18-crown-6, haloalkane, in dimethyl sulfoxide, 8 h, 60 ◦C; iii) conc. 
HCl, SnCl2, 2 h at room temperature then aqueous NaOH (30 %). 
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moieties, respectively, showed IC50 values of 8.47 and 11.94 μM, 
respectively, 6-membered 2x was totally inactive. Also, the ethyl- and 
propyl-piperidine substituted compounds, 2r and 2s, had very poor in-
hibition activity or practically inactive, respectively (IC50 = 13.54 μM 
and no effect, respectively), as well as the corresponding morpholine 
derivatives 2t and 2u (IC50 = no effect for both). No effect is defined as 
having IC50 greater than 100 µM (Fig. 3C). 

As for the substituents at the phenyl ring, it was observed that 
shifting the chloro atom to the meta position generally resulted in mixed 
effects. Thus, comparing the two propyl derivatives 2k and 2m, the meta 
isomer (2m) showed equal activity, whereas the ethyl meta isomer 2f 
was much more active than the para counterpart 2e (Fig. 3C). Instead, 
the ortho chloro ethyl- and propyl- derivatives 2g and 2l, respectively, 
exhibited the same activity as the corresponding meta isomers 2f and 
2m, respectively. A comparison of the inhibition activity of the ortho and 
para chloro isomers revealed that the ortho propyl 2l was equally active 
as its para counterpart 2k, while the ortho ethyl compound 2g resulted in 
two times more activity than 2e. Replacement of the chlorine in para 
position with fluoro and bromo atoms led to compounds showing 
different behavior, depending on the side chain. Thus, both ethyl- 
substituted fluoro and bromo compounds 2c and 2d, respectively, had 
a significant increase of inhibitory effect with respect to 2e. In contrast, 
the propyl derivatives 2i and 2j showed similar activities with respect to 

their chloro counterpart 2k. Finally, replacement of the chloro atom of 
2e with the amino substituent of 2h led to an increase of activity (9.66 
versus 5.91 μM) (Fig. 3C). 

Altogether, the inhibition data described above indicates that the 
side chain is the portion that heavily affects the activity of compound 2 
series, with C3 length having the highest activity. Longer or shorter side 
chains decreased the activity as well as the presence of cycloalkyl moi-
eties. Polar portions attached to the side chains also led to a dramatic 
decrease in activity. Furthermore, the position of the chloro atom on the 
phenyl ring, as well as other halogens, did not cause substantial changes 
in the activity. 

2.2.2. Effect on cellular activities – Uptake and nuclear transfer of EV 
cargoes 

EVs, comprising exosomes and ectosomes, are nano-sized units 
involved in intercellular communication under both physiological and 
pathological conditions (see above) [34,35]. In cancer, the cellular 
transfer of EV cargoes, like oncoproteins and regulatory RNAs, alters the 
tumor microenvironment in ways that favor cancer growth and support 
neoangiogenesis [36–38], immunosuppression as well as cancer cell 
invasiveness and metastasis [39–41]. In such context, the VOR complex 
has been shown to play a central role in the nuclear transfer of cargo 
proteins transported by EVs based on a mechanism that relies on the 
translocation of Rab7+ late endosomes containing endocytosed EVs into 
the NR, including deep nuclear membrane invaginations (NEIs) [18,19]. 

To visualize the impact of drugs on the endocytosis and nuclear 
transfer of cargo proteins carried by EVs, we exposed SW480 cells to 
fluorescently-tagged EVs produced by bioengineered SW620 cells 
expressing CD9-green fluorescent protein (GFP) [18]. We used the tet-
raspanin membrane protein CD9, as a marker of EVs. CD9+ EVs played a 
positive (or negative) impact on malignancy depending on cancer type 
(reviewed in Ref. [42]). Thus, SW480 cells were first pre-treated for 10 
min with 10 µM ICZ or a selected set of compounds (i.e. 1b, 2a, 2e, 2j, or 
2s) with high, medium or low/absent inhibition of the formation of VOR 
complex (see above). Afterward, CD9-GFP+ EVs (1 x 109 particles per 
ml) were added to drug-treated cells and incubated for 5 h at 37 ◦C. The 
drugs were kept during this incubation. As solvent control, cells were 
treated with DMSO. Afterward, cells were washed, paraformaldehyde 
(PFA)-fixed, and then immunolabeled for Rab7 and SUN domain- 
containing protein 2 (SUN2) to highlight late endosomes and the inner 
nuclear membrane, respectively. Samples were analyzed by confocal 
laser-scanning microscopy (CLSM) through serial x-y optical sections 
(28–32 sections per cell) covering the entire cells of interest (see Sup-
plementary Fig. S1). First, the impact of drugs on the subcellular local-
ization of Rab7+ late endosomes, with respect to their entry into NEIs, 
was assessed. We found that the transport of Rab7+ late endosomes into 
SUN2+ NEIs was significantly blocked in cells treated with ICZ, 2a, and 
2j, but not in those incubated with 1b, 2e and 2s (Fig. 4A, B). These data 
are consistent with their impact on VOR protein interactions, suggesting 
that later events are important for the former. Because late endosomes 
and NEIs provide a gateway for nuclear entry of EV cargo, co- 
localization of Rab7 and CD9-GFP was observed in the cytoplasmic 
compartment of cells treated with any drug, and in NEIs, at least for the 
control (DMSO) and inactive compounds (e.g., 2s) that did not prevent 
translocation of late endosomes into NEIs (Fig. 4A). Consequently, the 
presence of CD9-GFP in the nucleoplasm was significantly reduced after 
the treatment with potent compounds (Fig. 4A, C). The causality effect is 
well illustrated with compound 2e as its intermediate impact on ORP3- 
Rab7 interaction (IC50: 10.55 μM) is reflected by its partial reduction of 
nuclear CD9-GFP (Fig. 4C). Finally, none of the chemical compounds 
interfered with EV endocytosis, as evidenced by the presence of CD9- 
GFP protein in the cytoplasmic compartment of all cells, just like the 
control (Fig. 4A, D). Therefore, these data demonstrate that certain 
drugs with a given formulation interfere with the nuclear transfer of EV 
cargoes (i.e. CD9-GFP), but not with the process of endocytosis, which is 
mirrored by their impact on the interaction of Rab7 with ORP3-VAP-A 

Fig. 3. ICZ and its smaller triazole derivative analogues disrupt the interaction 
of VOR complex. A-C SW480 cells (A-C) or detergent cell lysates derived 
therefrom (C) were incubated with increasing concentration of ICZ or its ana-
logues as indicated for 5 h at 37 ◦C (A-C) or 30 min at 4 ◦C (C), solubilized and 
subjected to co-immunoisolation using anti-ORP3 Ab followed by Protein G- 
coupled magnetic beads. DMSO was used as solvent vehicle control. The entire 
bound fractions were probed by immunoblotting for ORP3, VAP-A, and Rab7. 
Molecular weights (kDa) are indicated (A). Drug potency was determined for 
the inhibition of ORP3-Rab7 interaction (B, C). The ratio of Rab7/ORP3 im-
munoreactivities in treated samples relative to the control was determined as 
percent inhibition. Simple linear regression was then used to calculate IC50 
from these immunoblotting data (B). Representative immunoblots (A) and a 
regression plot (B) are shown, while the IC50 of all drugs for both experimental 
protocols is displayed (C). 
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complexes. 

2.2.3. Effect on cellular activities – Nuclear transfer of HIV-1 components 
and productive infection 

Considering the similarities between exosomal pathways and the 
retroviral cycle, as postulated by the Trojan exosome hypothesis 
[14–16,43,44], we investigate whether the new chemical compounds 
could also inhibit nuclear entry of virus components as those carried by 
HIV-1. Indeed, we have recently shown that both ICZ and compound 2a 
can block the transport of endocytosed HIV-1 particles into NEIs, which 
then inhibits productive infection [17]. To evaluate the inhibitory effect 
of the new compounds on viral infection, we used a single replicating 
HIV-1 virus, pseudotyped with the vesicular stomatitis virus G (VSV-G) 
protein, and HeLa cells as host [17,45]. The HIV-1 clone comprises a 
frame-shift mutation in the env open reading frame, thus requiring co- 
expression with an envelope protein, in this case VSV-G, to generate 
infective virions (hereafter HIV-Gag-iGFP). The clone also carries GFP 
that is located between the matrix and capsid domains of the Gag protein 
and is therefore expressed only after productive infection. As recently 
reported [17], we induced the ectopic expression of Rab7-red fluores-
cent protein (RFP) in HeLa cells to monitor the endocytosis of viral 
particles. As proof-of-concept, we incubated Rab7-RFP+ HeLa cells with 

compound 2a (10 µM), or equivalent DMSO concentration as solvent 
control, for 30 min prior to 1-hour infection with HIV-Gag-iGFP. After 
methanol-fixation, infected cells were double immunolabeled for HIV-1 
integrase (IN-2) and SUN2 and analyzed by CLSM. Under these condi-
tions, IN-2 was found in part in Rab7-RFP+ late endosomes distributed 
throughout the cytoplasmic compartment in both control and drug- 
treated cells (Fig. 5A, Pearson’s R correlation coefficients: 0.81 ± 0.09 
and 0.78 ± 0.10, respectively, n = 10). However, and consistent with 
our recent observation [17], Rab7-RFP+ late endosomes containing IN-2 
were absent from NEIs after drug treatment, indicating that compound 
2a inhibits nuclear entry of HIV-1 components, which is essential for 
productive infection. 

Because HIV-1 entry into NEIs and interactions between VOR pro-
teins are common cellular and molecular pathways leading to produc-
tive HIV-1 infection [17], we investigated the impact of compounds 1b, 
2e, 2j, 2p or 2s on productive infection. Again, ICZ and 2a were used as 
positive controls and DMSO as a negative control. To this end, HeLa cells 
were incubated with different concentrations (2.5–10 µM) of drugs for 
30 min before a 6-hour viral infection. The media were then replaced, 
and cells were further incubated for 24 h in the presence of the drugs. 
Afterward, flow cytometry was used to monitor the GFP expression, 
which requires nuclear import of HIV-1 and nuclear export of RNA 

Fig. 4. ICZ and triazole derivative analogues inhibit the nuclear transport of EV-derived cargo. A-D SW480 cells were pretreated for 10 min with DMSO solvent alone 
(control, ctl) or with 10 µM ICZ, 2a, 2s, 2e, 1b, or 2j prior to 5-hour incubation with CD9-GFP+ EVs (1 x 109 particles/ml) in the absence (control) or presence of 
drugs. Cells were PFA-fixed and double immunolabeled for Rab7 and SUN2 prior to analysis by CLSM through serial x-y optical sections covering the entire cell of 
interest. A single section of interest from a representative cell is shown (A). In each cell, NEI is indicated by an arrow, while CD9-GFP and Rab7 signals within an NEI 
are indicated by green and red arrowheads, respectively. CD9-GFP signals in the cytoplasmic (Cy) and nucleoplasmic compartments are marked with green asterisks 
and circles, respectively. The presence of late endosomes in NEIs was quantified as the percentage of SUN2+ NEIs containing Rab7 (B). The number of individual 
CD9-GFP spots in the nucleus (C) and the total CD9-GFP fluorescence intensity in the cytoplasm (D) were quantified. At least 50 NEIs (B) or 30 cells (C, D) were 
analyzed per independent experiment. Mean ± S.D. are shown and individual values for each experiment (n = 3) are shown. Note that endocytosis of CD9-GFP+ EVs 
was not significantly affected by any drug (D). N.s, not significant. *, p < 0.05. **, p < 0.01. ***, p < 0.001. Scale bars, 10 µm. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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encoding Gag-iGFP. In line with data presented above, a progressive 
inhibition of productive infection was detected in cells treated with ICZ 
and analogues 2a, and 2j, with almost complete inhibition at 10 µM 
concentration (Fig. 5B). Likewise, 2e and 2p showed an intermediate 
inhibitory effect, while 1b and 2s showed no inhibition (Fig. 5B). 

Altogether, data coming from endocytosis and nuclear transfer of 
cargo proteins studies in HIV-1-infected cells are in agreement with 
those obtained in SW480 cells after incubation with EVs, confirming the 
importance of side chain length for inhibitory activity. Compounds 
bearing a C3 alkyl chain (2a, 2j) showed results comparable to those 
obtained for ICZ, while compounds bearing C2 alkyl (2e, 2p), or 
cycloalkyl (2s) chains, or no chain (1a) revealed diminished activities or 
were completely inactive. In conclusion, these new compounds have the 
potential to block entry of HIV-1 viral components into the nucleus, thus 
hindering viral replication and subsequent productive infection. 

2.2.4. Drug cytotoxicity 
In view of the potential therapeutic use of some of the novel triazoles, 

we investigated their toxicity in vitro and in vivo. First, the impact of 
drugs on cell proliferation was evaluated using colorimetric assay (MTS 

reagent) using two distinct cell lines: cancer SW480 and normal fibro-
blast BJ cells. Sub-confluent cells were incubated for 48 h with different 
concentration (10–80 µM) of ICZ and triazole derivative analogues as 
indicated (Fig. 6). In comparison to control (DMSO), no significant effect 
was observed when 10 µM of drugs were applied and this for both cell 
lines (Fig. 6A). Only at higher concentrations (≥20 µM), a dose- 
dependent delay in cell growth was observed notably with fibroblast 
BJ cells (Fig. 6A). Second, the cytotoxic effect was evaluated in mice. A 
total of eight mice, two males and two females C57Bl/6 mice (four- 
months-old) were assigned to each control and treatment group. Mice 
were injected intraperitoneally daily with 2a (200 mg/Kg) or an 
equivalent concentration of DMSO as solvent control for three weeks. 
We decided to use a dose of 200 mg/Kg corresponding to the highest 
dose of ICZ safely employed in mice [46]. Preliminary pharmacokinetics 
of 2a in mice indicate that a concentration above 10 µM is achieved in 
mice for at least 8 h (A.l. et al., unpublished data). The body weight and 
hematological parameters of mice were than measured every week. No 
indication of drug-related cytotoxic effect on body mass was detected in 
our treatment group as we did not observe a significant change in both 
the control and treated group during the treatment period (Fig. 6B). 
Additionally, no clinical or biochemical abnormalities as well as no 
mortality was observed in either group (data not shown). Then, the 
hematological analysis was performed to assess the drug-induced mye-
losuppression effect of our treatment. To that end, we used a commercial 
BC-3600 Auto Hematology Analyzer [47]. Analysis of peripheral blood 
cell counts showed no significant changes in the level of red and white 
blood cells as well as platelets throughout the treatment course between 
the groups (Fig. 6C). 

2.2.5. Molecular docking studies 
To investigate the chemical interactions which underpin the data 

observed in the immunoisolation and immunoblotting of the three 
proteins of the VOR complex, docking simulations were performed on 
the homology model of the ORD of human ORP3 generated using the 
structure of ORP1 in complex with cholesterol [48], as described in the 
Experimental section. We applied the computational procedure based on 
the PLANTS docking software [49]. The obtained results confirm the 
interaction pattern already described for 1a and 2a and allow a better 
exploration of the role played by the specific substructures of these 
analogues [18]. As schematized above (Fig. 2), the structure of the 
simulated compounds can be subdivided into three regions: (1) the 
phenyl ring (red circle); (2) the triazole nucleus (green circle) and (3) the 
N-linked group (yellow circle). 

In the simulated ligands, the phenyl ring assumes a common pose 
which is stabilized by a clear π-π interaction with Trp653 reinforced by a 
charge transfer interaction with Arg558 (Fig. 7). The halogen sub-
stituents can be involved in halogen bonds with Ser688 plus hydro-
phobic interactions with surrounding apolar side chains (e.g., Ile664 and 
Ile690). In agreement with biological data, docking results reveal that 
ortho, meta and para substitutions afford satisfactory and rather com-
parable results regardless of the added halogen atom. In all cases, the 
halogen atoms are involved in hydrophobic contacts without interfering 
with the key interactions stabilizing the complex and the corresponding 
computed complexes exhibit superimposable poses for the various 
halogenated compounds. For instance, the halogen atom in the ortho 
position of 2l approaches Ile664 and Pro666 without hampering the 
contacts stabilized by the phenyl ring (Fig. 7A). Also, the ortho-chlorine 
atom can be also engaged in a halogen bond with Ser688. The additional 
interaction with Ser688 can also explain the increase of activity 
observed for the meta isomer 2f. While considering the role played here 
by hydrophobic contacts, the interaction with Ser688 can also elucidate 
the good activity of the amino derivative 2h compared to 2e. Its putative 
complex can assume a slightly shifted pose by which the amino group 
can contact Ser688, while retaining the same pattern of key interactions 
described for the other derivatives (Fig. 7B). 

In all modelled complexes (Fig. 7), the triazole ring, which is 

Fig. 5. Triazole analogues block productive HIV-1 infection. A HeLa cells 
expressing Rab7-RFP were pretreated with 10 µM of compound 2a for 30 min 
before infection with HIV-Gag-iGFP pseudotyped with VSV-G for 1 h in the 
presence of drugs. DMSO was used as solvent control (Ctl). Cells were 
methanol-fixed and double immunolabeled for SUN2 and HIV-1 IN (IN-2) prior 
to analysis by CLSM through serial x-y optical sections covering the entire cell 
of interest. A single section of interest from a representative cell is shown. In 
each cell, NEI is indicated by an arrow, while IN-2 and Rab7-RFP (Rab7) signals 
within an NEI are indicated by green and red arrowheads, respectively. B HeLa 
cells were pretreated with various concentrations of ICZ or its analogues as 
indicated for 30 min prior to 6-hour infection. Afterward, they were incubated 
for 24 h in the presence of drugs. DMSO was used as solvent vehicle control. 
Cells were assessed by flow cytometry and the percentage of GFP+ cells is 
presented. Means ± S.D. and individual values for each experiment (n = 3) are 
shown. Cy, cytoplasm. N.s., not significant. **, p < 0.01. ***, p < 0.001. Scale 
bars, 10 µm. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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constantly included in all compounds, stabilizes a set of interactions in 
agreement with what was previously described [18]. In detail, this 
elicits H-bonds with Arg558 and Tyr593 as well as, to a minor extent, 
with Ser595, Ser596 and Ser688. The triazole ring also stabilizes π-π 
interactions with Tyr593 and Trp653 plus apolar contacts with sur-
rounding alkyl side chains such as Leu559, Val651 and Pro666. 

A greater structural variability is offered by the N-linked groups. 
Overall, docking results confirm the key role of this substituent which 
acts as a pivot to drive the ligand within the binding pocket and to as-
sume the optimal arrangement. Thus, docking results emphasize that the 
derivatives devoid of this group show a wide variety of poses and are 
substantially unable to assume the optimal arrangement. For simplicity, 
the simulated ligands can be subdivided according to the polarity of this 
moiety. The first group comprises ligands bearing fully hydrophobic 
moieties, while the second group includes ligands with N-linked groups 
of different polarities. 

Docking results evidence that the completely apolar N-linked groups 
are accommodated in the deepest region of the binding site where they 
can approach the above-cited hydrophobic residues (Leu559, Val651 
and Pro666). Due to the limited size of this sub-pocket, one may un-
derstand why this group must be flexible and with a finely modulated 
steric hindrance. Thus, a propyl chain seems to have the optimal length 
and flexibility to be properly accommodated within this region, shorter 
and longer chains have a negative impact while ramified or cyclic groups 
are less tolerated. Docking results agree with these considerations since 
bulky N-linked moieties constrain the ligand to assume more external 
poses in which the triazole and phenyl rings lose most of their key 
contacts. Also, shorter alkyl chains are less effective in driving the ligand 

within the binding site and indeed the frequency and the ranking of the 
satisfactory poses decrease with the ethyl chain, almost disappearing 
with the methyl group. 

Polar N-linked moieties have a generally negative impact and often 
induce a complete loss of inhibition activity. Nevertheless, some ligands 
show an intermediate activity that can be rationalized by docking sim-
ulations. In detail, terminal hydroxyl functions seem to be suitably 
tolerated and docking results reveal that these ligands can assume 
satisfactory poses in which the hydroxyl group stabilizes H-bonds with 
Ser595 and Ser596 as seen for 2q (Fig. 7C). Among the ligands bearing a 
heterocycle in the N-linked moiety, only 2r shows a modest inhibitory 
activity. The corresponding computed complex and highlights that 2r 
assumes the expected pose and the protonated piperidine ring is engaged 
in an ion-pair with Glu562 (Fig. 7D). However, this relevant salt bridge 
does not exert the expected enhancing effect on the inhibition activity, 
and this can be explained by considering that Glu562 is engaged by a 
strong ion-pair with Lys685 with which the piperidine ring elicits a 
repulsive contact. Compounds with bulkier and more polar N-linked 
moieties are completely inactive reasonably as they are unable to 
counterbalance with extended apolar contacts the negative effect exer-
ted by the polar functions as seen in the morpholine derivatives. 

Taken together, biological data and computational results emphasize 
that the cavity which harbors the N-linked moiety has a clear preference 
for hydrophobic residues; it can tolerate polar groups which seem to be 
involved in specific interactions with surrounding polar residues, 
without marked effects on the observed activity. Docking results suggest 
that approaching the Glu562–Lys685 ion pair, which characterizes the 
deepest part of the binding pocket, has an overall negative role. More in 

Fig. 6. Effects of ICZ and its smaller triazole derivative analogues on cell growth, mouse body weight and blood cell counts. A SW480 and fibroblast BJ cells were 
incubated with various concentrations of ICZ and drug analogues as indicated for 48 h. DMSO was used as solvent vehicle control. MTS tetrazolium compound was 
then added for 2 h to evaluate the amounts of viable cells. The absorbance value was measured at 490 nm. Data were normalized to the control (dashed line). Means 
± S.D. are shown (n = 3). B, C No significant changes in body weight (B) of C57Bl/6 mice nor differences in peripheral blood cell counts (C) were observed after 
intraperitoneal (i.p.) injection of compound 2a every 24 h for 3 weeks compared to DMSO control. RBC, red blood cells; WBC, white blood cells; PLT, platelets. *, p <
0.05. **, p < 0.01. ***, p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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general, novel ligands could better investigate the possible roles of 
contacting Ser595, Ser596 and Ser688 since the available data evidence 
that stabilizing H-bonds can play beneficial roles (especially involving 
Ser688) provided that these additional interactions do not destabilize 
the key contacts involving the triazole nucleus. In particular, the rather 
similar activity of halogen and amino substitutions invites to better 
explore the chemical space of the phenyl moieties by adding diverse 
substituents which combine H-bonding capacity with a limited polarity. 

It should be noted that the homology model used here including key 
residues involved in interactions with triazole derivative analogues is 
superposable with the AlphaFold predicted structure of human ORP3 
ORD (Fig. 8A). It confirms the remarkable similarity between the two 
structures with a root-mean-square deviation of the backbone < 1 Å. The 
only variable part is the flexible lid modulating the site input (Fig. 8A). 
Computational results are generally in agreement with the experimental 
data and can be schematized (Fig. 8B). Along with the interactions 
stabilizing the phenyl ring and triazole nucleus and engaging an already 
reported triad of key residues (Arg558, Tyr593 and Trp653), docking 
results reveal that: (a) the optimal substituents for the phenyl ring are 
not too polar H-bonding group endowed with limited steric hindrance; 
(b) these substituents can be added in ortho, meta or para position with 
marginal differences; (c) the cavity, which harbors the N-linked moiety, 
has a clear preference for hydrophobic residues although it can tolerate 
polar groups that do not give rise to any beneficial effect on the activity 

Fig. 7. Main interactions stabilizing the putative complexes of the ORP3 ORD with compounds 2l, 2h, 2q, and 2r. A-D These chemical analogue–ORP3 complexes 
were displayed to emphasize the beneficial role exerted by the ortho-chlorine atom (A, compound 2l) and by the para-amino group (B, 2h) as well as to rationalize the 
role played by a hydroxyl group on the N-linked substructure (C, 2q) and by the ion-pair that the piperidine ring can elicit with Glu562 (D, 2r). In the ribbon diagram 
of ORP3, the atoms were colored according to the CPK convention (nitrogen, blue; oxygen, red). Chemical analogues are presented using ball and stick model. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Representation of key residues in ORP3 ORD involved in interactions 
with chemical drugs. A Comparison of the ORP3 ORD homology model (green) 
and that predicted by AlphaFold (yellow). The positions of residues involved in 
binding to inhibitors of the VOR complex are conserved. Only the flexible 
domain of the lid (i.e. the short N-terminal helix at the right part) covering the 
entrance to the hydrophobic pocket differs in the two models, as we have built 
our model on an open lid configuration (see Experimental Section). B 2D 
cartoon summarizing key ORP3 residues implicate in various interactions with 
inhibitors of the VOR complex. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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in spite of the fact that they seem to be involved in specific interactions 
with surrounding polar residues. 

All synthesized analogues including the larger ones (e.g., ICZ) are 
fitting within hydrophobic pocket of ORP3 ORD. Based on recent crystal 
structures of ORP3 ORD, questions were nonetheless raised for natural 
ligands such as cholesterol and 25-hc [50,51]. Although the total volume 
of the ORP3 ORD cavity is 2.6 times greater than that of the cholesterol, 
the shape of this pocket is not compatible with its tetracyclic rings. The 
latter contrast with experimental data showing that photo-analogues of 
cholesterol and 25-hc can bind to ORP3 [31]. Indeed, Suchanek and 
colleagues demonstrated that the full-length ORP3 bound to photo- 
analogues, but not the truncated protein carrying only the ORD [31], 
suggesting that the sterol-binding capacity of ORP3 might require the 
whole native protein, where the N-terminal part containing the PH 
domain and FFAT motif could influence the sterol-binding potential of 
ORP3, perhaps via their interactions with cellular components (e.g., 
endosomal membrane, VAP-A). These observations are in agreement 
with our previous data showing that 25-hc can suppress in a dose- 
dependent manner the negative action of ICZ or compound 2a on VOR 
complex [18]. It remains to be determined whether post-translational 
modifications of ORP3 can alter (directly or indirectly) its conformation. 

3. Conclusions 

Compounds 2a-y, having a triazolone structure, were efficiently 
synthesized by a two-step procedure in excellent overall yields (80–99 
%). The synthesized compounds (except the intermediate 2y) were 
evaluated as inhibitors of the Rab7 binding to ORP3–VAP-A complexes, 
and many of them showed, at a micromolar level, a remarkable ability to 
block the VOR complex formation and nuclear transport of EV and HIV-1 
cargoes. An evaluation of the activity of the compound series 2 indicated 
that the side chain is the portion that plays a pivotal role in modulating 
the inhibitory effect of the triazolones. In fact, a C3 length is the most 
appropriate for good activity. On the other hand, a side chain one carbon 
longer (2n) reduces activity. The same applies to shorter, linear or 
methyl-branched side chains (2e, 2o, 2b). Cycloalkyl moieties (2v, 2w, 
2x) and side chains bearing polar portions (2p, 2q) also dramatically 
decrease the inhibitory activity. The position of the chlorine group on 
the phenyl ring, as well as other halogens do not lead to substantial 
changes in the activity. At the biological level, the relationship between 
compound series 2-mediated inhibition of nuclear transfer of EV cargo 
or productive HIV-1 infection and translocation of their contents into the 
NR and VOR protein interactions suggest that inhibition of nuclear 
transport occurs at the level of the NR and involved Rab7-associated late 
endosomes, independently of the endocytosed particles (EVs or HIV-1). 

Collectively, our investigation has refined the molecular de-
terminants involved in the ORP3-drug binding site and provided a better 
understanding of the molecular and cellular mechanisms involved in the 
nuclear transfer of extracellular entities such as EV- and enveloped 
virus-cargoes. In vivo efficacy studies in cancer metastases, where the 
EVs can transform the physiological environment, and HIV-1 models are 
warranted. 

4. Experimental section 

4.1. Chemistry 

All materials and solvents were purchased from commercial sources 
and used without further purification. All melting points were obtained 
on a Büchi-Tottoly capillary apparatus (Büchi, Cornaredo, Italy) and 
have not been corrected. IR spectra were determined in bromoform with 
a Shimadzu FT/IR 8400S spectrophotometer (Shimadzu Corporation, 
Milan, Italy). 1H and 13C spectra were measured at 200 and 50 MHz, 
respectively in DMSO‑d6 solution, using a Bruker Avance II series 200 
MHz spectrometer (Bruker, Milan, Italy). Column chromatography was 
performed with Merck silica gel 230–400 mesh ASTM or with a Büchi 

Sepacor chromatography module (prepacked cartridge system). The 
HRMS of the final compounds acquired using a Thermo Q-Exactive 
system revealed a purity exceeding 95 %. 

4.1.1. General synthesis of 1,2,4-triazol-3-ones 1 series 
For the synthesis of 1,2,4-triazol-3-ones 1, triethyl orthoformate 

(17.51 mmol, 2.9 ml), p-toluenesulfonic acid (1.5 mmol, 295 mg) and 
methyl carbazate (17.51 mmol, 1.6 g), were added to a solution of 4- 
chloroaniline (11.75 mmol, 1.5 g) in 100 ml methanol under nitrogen. 
The resulting reaction mixture was heated under reflux for 3 h. Once 
cooled at 20 ◦C a solution of sodium methoxide in methanol, prepared 
by addition of sodium (17.51 mmol, 403 mg) to methanol (30 ml), was 
added to the mixture that was heated under reflux for 2–24 h additional 
hours. The solvent was removed at reduced pressure and crushed ice was 
added to the reaction crude material. In case of compounds 1a, 1c, 1d, 
1f, the resulting precipitate was filtered off and recrystallized from 
ethanol to afford the pure compounds. In case of compounds 1b and 1e, 
the reaction mixture was extracted in ethyl acetate (3x50 ml). The 
organic layers were dried over anhydrous Na2SO4, filtered and evapo-
rated in vacuo. The resulting crude was purified by column chromatog-
raphy to give the pure compounds. 

4-(4-Chloro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1a). Condi-
tions: 2 h at 50 ◦C, isolated by filtration and recrystallization in ethanol; 
white solid; yield: 99 %; Spectroscopic data were in accordance to those 
previously reported [18]. 

4-(2-Chloro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1b). Condi-
tions: 24 h at reflux, isolated by extraction in ethyl acetate and purifi-
cation by column chromatography using dichloromethane as eluent; 
white solid; yield: 85 %; mp: 200–201 ◦C; IR (cm− 1): 3325, 1698 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ:, 7.49–7.52 (m, 1H), 7.52–7.53 (m, 1H), 
7.56–7.57 (m, 1H), 8.11 (s, 1H), 11.95 (s, 1H, NH); 13C NMR (50 MHz, 
DMSO‑d6) δ: 128.7 (d), 130.4 (d), 130.6 (d), 131.1 (s), 131.2 (d), 131.3 
(s), 138.1 (d), 153.7 (s). 

4-(4-Fluoro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1c). Conditions: 
2 h at 50 ◦C, isolated by filtration and recrystallization in ethanol; white 
solid; yield: 99 %; mp: 239–240 ◦C (dec.); IR (cm− 1): 3305, 1702 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 7.32–7.38 (m, 2H), 7.69–7.74 (m, 2H), 
8.35 (s, 1H), 11.99 (s, 1H, NH); 13C NMR (50 MHz, DMSO‑d6) δ: 116.5 
(dx2, JC3-F = 22.9 Hz), 124.42 (dx2, JC2-F = 8.6 Hz), 130.9 (d JC1-F = 2.9 
Hz), 136.8 (d), 153.46 (s), 160.5 (d, JC4-F = 243.9). 

4-(4-Bromo-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1d). Condi-
tions: 2 h at 50 ◦C, isolated by filtration and recrystallization in ethanol; 
white solid; yield: 98 %; mp: 340–341 ◦C; IR (cm− 1): 3288, 1705 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 7.55–7.59 (m, 2H), 7.76–7.80 (m, 2H), 
8.12 (s, 1H), 10.64 (s, 1H, NH); 13C NMR (50 MHz, DMSO‑d6) δ: 117.1 
(s), 122.3 (dx2), 132.1 (dx2), 134.3 (d), 136.3 (s), 160.1 (s). 

4-(4-Nitro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1e). Conditions: 
4 h at 50 ◦C, isolated by extraction in ethyl acetate and purification by 
column chromatography using dichloromethane as eluent; white solid; 
yield: 98 %; mp: 242 ◦C; IR (cm− 1): 3095, 1705 (CO); 1H NMR (200 
MHz, DMSO‑d6) δ: 8.08 – 8.06 (m, 1H), 8.11 – 8.09 (m, 1H), 8.36 – 8.34 
(m, 1H), 8.39 – 8.37 (m, 1H), 8.61 (s, 1H), 12.20 (s, 1H, NH); 13C NMR 
(50 MHz, DMSO‑d6) δ: 121.3 (dx2), 125.4 (dx2), 136.0 (d), 140.1 (s), 
145.4 (s), 153.0 (s). 

4-(3-Chloro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (1f). Conditions: 
6 h at 50 ◦C, isolated by filtration and recrystallization in ethanol; white 
solid; yield: 89 %; mp: 220 ◦C; IR (cm− 1): 3327, 1639 (CO); 1H NMR 
(200 MHz, DMSO‑d6) δ: 7.40 (dq, J = 9.5, 2.1, 1.0 Hz, 1H), 7.55 – 7.50 
(m, 1H), 7.71 (dq, J = 9.5, 2.1, 1.0 Hz, 1H), 7.87 (t, J = 2.0 Hz, 1H), 8.45 
(s, 1H), 12.06 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 120.0 (d), 121.3 
(d), 127.0 (d), 131.4 (d), 134.0 (s), 135.9 (s), 136.4 (d), 153.2 (s). 

4.1.2. General synthesis of compounds 2 series 
To a solution of compounds 1 (4.1 mmol) in DMSO (10 ml), Na2CO3 

(8.2 mmol, 869 mg), 18-crown-6 (4.1 mmol, 1.08 g) and the proper 
bromoalkane (5.33 mmol,) were added. In case of compound 2b, 
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iodomethane was used as alkylating agent. The reaction mixture was 
heated at 60 ◦C for 3–6 h or alternatively under the refluxing tempera-
ture of the alkane for 6–24 h. Once cooled, distilled water was added and 
the mixture extracted with ethyl acetate (3 x 100 ml). The organic layers 
were dried over anhydrous Na2SO4, filtered and evaporated in vacuo. 
The crude material was purified by silica gel column chromatography 
using dichloromethane:ethyl acetate, 9:1 as eluent. In case of com-
pounds 2a-d, 2f-j, 2l-o and 2w-x, after water addition, a precipitate was 
obtained. The subsequent filtration and recrystallization from ethanol 
allowed the isolation of the pure compounds. 

4-(4-Chloro-phenyl)- 2-(1-methyl-propyl)-2,4-dihydro-[1,2,4]triazol-3- 
one (2a). Conditions: 3 h at 60 ◦C, isolated by filtration and recrystal-
lization in ethanol; white solid; yield: 99 %; Spectroscopic data were in 
accordance to those previously reported by us [18]. HRMS: m/z [M +
H]+ calcd for C12H15ClN3O+ 252.08254 found, 252.08984. 

4-(4-Chloro-phenyl)- 2-methyl-2,4-dihydro-[1,2,4]triazol-3-one (2b). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 99 %; mp: 191–192 ◦C; IR (cm− 1): 1706 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 3.39 (s, 3H, CH3), 7.58 (d, J = 6.0 Hz, 
2H), 7.75 (d, J = 6.0 Hz, 2H), 8.50 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) 
δ: 32.6 (q), 123.4 (d x 2), 129.8 (d x 2), 131.6 (s), 133.4 (s), 134.9 (d), 
152.04 (s). HRMS: m/z [M + H]+ calcd for C9H9ClN3O+ 210.03559; 
found, 210.04276. 

4-(4-Bromo-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol-3-one (2c). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 98 %; mp: 148–149 ◦C; IR (cm− 1): 1703 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 1.25 (t, J = 7.2 Hz, 3H, CH3), 3.77 (q, J 
= 7.2 Hz, 2H, CH2), 7.67–7.74 (m, 4H), 8.50 (s, 1H); 13C NMR (50 MHz, 
DMSO‑d6) δ: 14.1 (q), 30.1 (t), 119.9 (s), 123.7 (dx2), 132.7 (dx2), 
133.9 (s), 134.9 (d), 151.0 (s). HRMS: m/z [M + H]+ calcd for 
C10H11BrN3O+ 268.00072; found, 268.00801. 

4-(4-Fluoro-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol-3-one (2d). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 97 %; mp: 121–122 ◦C; IR (cm− 1): 1701 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 1.26 (t, J = 7.2 Hz, 3H, CH3), 3.77 (q, J 
= 7.2 Hz, 2H, CH2), 7.34 –7.40 (m, 2H), 7.70 – 7.75(m, 2H), 8.44 (s, 1H); 
13C NMR (50 MHz, DMSO‑d6) δ: 14.2 (q), 30.2 (t), 116.6 (dx2, JC3-F =

22.9 Hz), 124.4 (dx2, JC2-F = 8.8 Hz), 130.9 (s), 135.3 (d), 151.3 (s), 
159.4 (s), 161.0 (d, JC4-F = 244.1 Hz), 162.6 (s). HRMS: m/z [M + H]+

calcd for C10H11FN3O+ 208.08079; found, 208.08795. 
4-(4-Chloro-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol-3-one (2e). 

Conditions: 3 h at 60 ◦C, isolated by extraction in ethyl acetate and 
purification by gel column chromatography using dichloromethane: 
ethyl acetate, 9:1 as eluent; white solid; yield: 92 %; mp: 138–139 ◦C;IR 
(cm− 1): 1699 (CO); 1H NMR (200 MHz, DMSO‑d6) δ: 1.26 (t, J = 7.2 Hz, 
3H, CH3), 3.75 (q, J = 7.2 Hz, 2H, CH2), 7.59 (d, J = 8.7 Hz, 2H), 7.76 (d, 
J = 8.8 Hz, 2H), 8.49 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 14.1 (q), 
40.2 (t), 123.4 (d x 2), 129.8 (d x 2), 131.7 (s), 133.8 (s), 135.0 (d), 
151.5 (s). HRMS: m/z [M + H]+ calcd for C10H11ClN3O+ 224.05124; 
found, 224.05855. 

4-(3-Chloro-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol-3-one (2f). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; yield: 88 %; mp: 78–79 ◦C; IR (cm− 1): 1702 (CO); 1H NMR (200 
MHz, DMSO‑d6) δ: 1.25 (t, J = 7.2 Hz, 3H, CH3), 3.77 (q, J = 7.2 Hz, 2H, 
CH2), 7.43 (ddd, J = 0.9, 2.1, 8.1 Hz, 1H), 7.53 (t, J = 8.1 Hz, 1H), 7.72 
(ddd, J = 0.9, 2.1, 8.1 Hz, 1H), 7.87 (t, J = 2.0 Hz, 1H), 8.53 (s, 1H); 13C 
NMR (50 MHz, DMSO‑d6) δ: 14.1 (q), 40.2 (t), 120.1 (d), 121.4 (d), 
127.2 (d), 131.5 (d), 134.1 (s), 134.9 (d), 135.9 (s), 151.0 (s). HRMS: m/ 
z [M + H]+ calcd for C10H11ClN3O+ 224.05124; found, 0.224.05839. 

4-(2-Chloro-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol-3-one (2 g). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; yield: 86 %; mp: 85–86 ◦C; IR (cm− 1): 1708 (CO); 1H NMR (200 
MHz, DMSO‑d6) δ: 1.27 (t, J = 7.2 Hz, 3H, CH3), 3.78 (q, J = 7.2 Hz, 2H, 
CH2), 7.51–7.55 (m, 2H), 7.57–7.61 (m, 1H), 7.69–7.72 (m, 1H), 8.21 (s, 
1H); 13C NMR (50 MHz, DMSO‑d6) δ:14.2 (q), 30.1 (t), 128.8 (d), 130.4 
(d), 130.7 (d), 131.2 (s), 131.2 (s), 131.4 (d), 136.6 (d), 151.6 (s). 

HRMS: m/z [M + H]+ calcd for C10H10ClN3O+ 224.0540; found, 
224.05859. 

4-(4-Fluoro-phenyl)-2-propyl-2,4-dihydro-[1,2,4]triazol-3-one (2i). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 99 %; mp: 107–108 ◦C; IR (cm− 1): 1703 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 0.88 (t, J = 7.4 Hz, 3H, CH3), 1.70 (q, J 
= 7.2, 2H, CH2), 3.70 (t, J = 7.2 Hz, 2H, CH2), 7.34–7.40 (m, 2H), 
7.71–7.75 (m, 2H), 8.44 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 11.4 
(q), 22.0 (t), 46.7 (t), 116.6 (d x 2, JC3-F = 23.0 Hz), 124.4 (d x 2, JC2-F =

8.6 Hz), 130.9 (d, JC1-F = 2.8 Hz), 135.3 (d), 151.7 (s), 161.0 (d, J C4-F =

244.1 Hz). HRMS: m/z [M + H]+ calcd for C11H13FN3O+ 222.09644; 
found, 222.10359. 

4-(4-Bromo-phenyl)-2-propyl-2,4-dihydro-[1,2,4]triazol-3-one (2j). 
Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 96 %; mp: 129–130 ◦C; IR (cm− 1): 1702 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 0.88 (t, J = 7.4 Hz, 3H, CH3), 
1.66–1.73 (m, 2H, CH2), 3.70 (t, J = 6.9 Hz, 2H, CH2), 7.68–7.74 (m, 
4H,) 8.50 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 11.4 (q), 21.9 (t), 
46.7 (t), 119.9 (s), 123.7 (d x 2), 132.7 (d x 2), 133.9 (s), 134.9 (d), 
151.4 (s). HRMS: m/z [M + H]+ calcd for C11H13BrN3O+ 282.01637; 
found, 282.02329. 

4-(4-Chloro-phenyl)-2-propyl-2,4-dihydro-[1,2,4]triazol-3-one (2k). 
Conditions: 6 h at 60 ◦C, isolated by extraction in ethyl acetate and 
purification by gel column chromatography using dichloromethane: 
ethyl acetate, 9:1 as eluent; white solid; yield: 98 %; mp: 135 ◦C; IR 
(cm− 1): 1702 (CO); 1H NMR (200 MHz, DMSO‑d6) δ: 0.86 (td, J = 2.9, 
7.4 Hz, 3H, CH3), 1.64–1.71 (m, 2H, CH2), 3.68 (t, J = 7.4 Hz, 2H, CH2), 
7.55–7.58 (m, 2H), 7.72–7.75 (m, 2H), 8.47 (s, 1H); 13C NMR (50 MHz, 
DMSO‑d6) δ: 11.4 (q), 21.9 (t), 46.8 (t), 123.5 (d x 2), 129.8 (d x 2), 
131.7 (s), 133.5 (s), 134.9 (d), 151.5 (s). HRMS: m/z [M + H]+ calcd for 
C11H13ClN3O+ 238.06689; found, 238.07389. 

4-(2-Chloro-phenyl)-2-propyl-2,4-dihydro-[1,2,4]triazol-3-one (2l). 
Conditions: 6 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; yield: 83 %; mp: 77–78 ◦C; IR (cm− 1): 1705 (CO); 1H NMR (200 
MHz, DMSO‑d6) δ: 0.89 (t, J = 7.4 Hz, 3H, CH3), 1.65–1.77 (m, 2H, 
CH2), 3.70 (t, J = 6.8 Hz, 2H, CH2), 7.49–7.61 (m, 3H), 7.69–7.72 (m, 
1H), 8.21 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 11.3 (q), 22.1 (t), 
46.8 (t), 128.8 (d), 130.4 (d), 130.7 (d), 131.3 (s), 131.3 (s), 131.4 (d), 
136.6 (d), 152.0 (s). HRMS: m/z [M + H]+ calcd for C11H13ClN3O+

238.06689; found, 238.07412. 
4-(3-Chloro-phenyl)-2-propyl-2,4-dihydro-[1,2,4]triazol-3-one (2 m). 

Conditions: 6 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; yield: 90 %; mp: 155 ◦C; IR (cm− 1): 1698 (CO); 1H NMR (200 
MHz, DMSO‑d6) δ: 0.85–0.88 (m, 3H, CH3), 1.66–1.73 (m, 2H, CH2), 
3.67–3.72 (m, 2H, CH2), 7.44 (d, J = 8.0 Hz, 1H), 7.52–7.57 (m, 1H), 
7.74 (d, J = 8.0 Hz, 1H), 7.89 (m, 1H), 8.56 (m, 1H); 13C NMR (50 MHz, 
DMSO‑d6) δ: 11.4 (q), 21.9 (t), 46.8 (t), 120.0 (d), 121.3 (d), 127.2 (d), 
131.5 (d), 131.1 (d), 134.8 (d), 135.9 (s), 151.4 (s). HRMS: m/z [M +
H]+ calcd for C11H13ClN3O+ 238.06689; found, 238.07402. 

4-(4-Chloro-phenyl)-2-(1-methyl-butyl)-2,4-dihydro-[1,2,4]triazol-3- 
one (2n). Conditions: 6 h at 60 ◦C, isolated by filtration and recrystal-
lization in ethanol; yield: 98 %; mp: 97–98 ◦C; IR (cm− 1): 1703 (CO); 1H 
NMR (200 MHz, DMSO‑d6) δ: 0.86 (t, J = 7.4 Hz, 3H, CH3), 1.16–1.23 
(m, 2H, CH2), 1.28 (d, J = 4.0 Hz, 3H, CH3), 1.51–1.76 (m, 2H, CH2), 
4.17–4.29 (m, 1H), 7.56–7.61 (m, 3H), 7.75–7.81 (m, 2H), 8.50 (s, 1H); 
13C NMR (50 MHz, DMSO‑d6) δ: 14.0 (q), 19.3 (t), 20.0 q), 37.2 (t), 50.3 
(d), 123.4 (d x 2). 129.7 (d x 2), 131.5 (s) 133.5 (s), 135.0 (d), 151.2 (s). 
HRMS: m/z [M + H]+ calcd for C13H16ClN3O+ 265.09819; found, 
265.01180. 

4-(4-Chloro-phenyl)-2-isopropyl-2,4-dihydro-[1,2,4]triazol-3-one (2o). 
Conditions: 6 h at reflux, isolated by filtration and recrystallization in 
ethanol; yield: 99 %; mp: 115–116 ◦C (dec.); IR (cm− 1): 1709 (CO); 1H 
NMR (200 MHz, DMSO‑d6) δ:1.31 (d, J = 4.0 Hz, 6H, 2xCH3), 4.31–4.45 
(m, 1H, CH), 7.58 (d, J = 8.9 Hz, 2H), 7.77 (d, J = 8.9 Hz, 2H), 8.50 (s, 
1H); 13C NMR (50 MHz, DMSO‑d6) δ: 0.6 (d), 21.4 (q), 46.7 (q), 123.4 (d 
x 2), 129.7 (d x 2), 129.8 (d), 131.6 (s), 133.5 (s), 150.7 (s). HRMS: m/z 
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[M + H]+ calcd for C11H13ClN3O+ 238.06689; found, 238.07390. 
4-(4-Chloro-phenyl)-2-hydroxyethyl-2,4-dihydro-[1,2,4]triazol-3-one 

(2p). Conditions: 24 h at reflux, isolated by extraction in ethyl acetate 
and purification by gel column chromatography using ethyl acetate, as 
eluent; yield: 87 %; mp: 114–115 ◦C; IR (cm− 1): 3450 (OH), 1701 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 3.69–3.81 (m, 4H), 4.86 (d, J = 5.1 Hz, 
1H), 7.62 (d, J = 8.5 Hz, 2H), 7.79 (d, J = 8.5 Hz, 2H), 8.53 (s, 1H); 13C 
NMR (50 MHz, DMSO‑d6) δ: 48.0 (t), 58.8 (t), 123.4 (d x 2), 129.8 (d x 
2), 130.0 (d), 131.6 (s), 133.6 (s), 152.0 (s). HRMS: m/z [M + H]+ calcd 
for C10H11ClN3O2

+ 240.04615; found, 240.05343. 
4-(4-Chloro-phenyl)-2-(3-hydroxy-propyl)-2,4-dihydro-[1,2,4]triazol- 

3-one (2q). Conditions: 3 h at 60 ◦C, isolated by extraction in ethyl ac-
etate and purification by gel column chromatography using dichloro-
methane, as eluent; yield: 89 %; mp: 96–97 ◦C; IR (cm− 1): 3443 (OH), 
1703 (CO); 1H NMR (200 MHz, DMSO‑d6) δ: 1.79–1.88 (m, 2H), 
3.43–3.49 (m, 2H), 3.80 (t, J = 7.1 Hz, 2H), 4.55 (t, J = 5.1 Hz, 1H), 7.59 
(d, J = 8.7 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 8.50 (s, 1H). 13C NMR (50 
MHz, DMSO‑d6) δ: 31.9 (t), 42.6 (t), 58.4 (t), 123.4 (d x 2), 129.7 (d x 2), 
129.8 (d), 131.6 (s), 133.5 (s), 151.4 (s). HRMS: m/z [M + H]+ calcd for 
C11H13ClN3O2

+ 254.06180; found, 254.0688. 
4-(4-Chloro-phenyl)-2-(2-piperidin-1-yl-ethyl)-2,4-dihydro-[1,2,4]tri-

azol-3-one (2r). Conditions: 24 h at 90 ◦C, isolated by extraction in ethyl 
acetate and purification by gel column chromatography using ethyl 
acetate, as eluent; yield: 88 %; mp: 119–120 ◦C; IR (cm− 1): 1705 (CO); 
1H NMR (200 MHz, DMSO‑d6) δ: 135–1.44 (m, 6H), 2.36–2.37 (m, 4H), 
2.57 (t, J = 6.7 Hz, 2H), 3.83 (t, J = 6.7 Hz, 2H), 7.59 (d, J = 8.8 Hz, 2H), 
7.76 (d, J = 8.8 Hz, 2H), 8.50 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 
24.4 (t), 26.0 (t x 2), 42.9 (t), 54.3 (t x 2), 56.8 (t), 128.3 (d x 2), 129.8 
(d x 2), 130.0 (d), 131.6 (s), 133.5 (s), 151.6 (s). HRMS: m/z [M + H]+

calcd for C15H20ClN4O+ 307.12474; found, 307.13138. 
4-(4-Chloro-phenyl)-2-(3-piperidin-1-yl-propyl)-2,4-dihydro-[1,2,4]tri-

azol-3-one (2s). Conditions: 24 h at 150 ◦C, isolated by extraction in 
ethyl acetate and purification by gel column chromatography using 
ethyl acetate, as eluent; yield: 90 %; mp: 116–117 ◦C; IR (cm− 1): 1701 
(CO); 1H NMR (200 MHz, DMSO‑d6) δ:1.34–1.48 (m, 6H), 1.80–1.87 (m, 
2H), 2.30 (bs, 4H), 3.74–3.77 (t, J = 6.8 Hz, 4H), 7.59 (d, J = 8.7 Hz, 
2H), 7.77 (d, J = 8.7 Hz, 2H), 8.49 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) 
δ: 24.5 (d), 25.8 (d), 25.9 (d), 43.8 (d x 2), 54.4 (d x 2), 56.1 (d), 123.3 
(d x 2), 129.7 (d x 2), 129.8 (s), 131.6 (s), 133.5 (s), 151.4 (s). HRMS: m/ 
z [M + H]+ calcd for C16H22ClN4O+ 321.14039; found, 321.14709. 

4-(4-Chloro-phenyl)-2-(2-morpholin-4-yl-ethyl)-2,4-dihydro-[1,2,4]tri-
azol-3-one (2 t). Conditions: 24 h at 150 ◦C, isolated by extraction in 
ethyl acetate and purification by gel column chromatography using 
ethyl acetate, as eluent; yield: 94 %; mp: 129–130 ◦C; IR (cm− 1): 1702 
(CO); 1H NMR (200 MHz, DMSO‑d6) δ: 2.42 (bs, 4H), 2.62 (t, J = 6.5 Hz, 
2H), 3.51–3.58 (m, 4H), 3.86 (t, J = 6.5 Hz; 2H), 7.59 (d, J = 8.6 Hz, 
2H), 7.77 (d, J = 8.6 Hz, 2H), 8.51 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) 
δ: 42.4 (t), 53.5 (t x 2), 56.4 (t), 66.6 (t x 2), 123.4 (d x 2), 129.8 (d x 2), 
129.8 (d), 131.7 (s), 133.5 (s), 151.6 (s). HRMS: m/z [M + H]+ calcd for 
C14H18ClN4O2

+ 309.10400; found, 309.11063. 
4-(4-Chloro-phenyl)-2-(3-morpholin-4-yl-propyl)-2,4-dihydro-[1,2,4] 

triazol-3-one (2u). Conditions: 2 h at 60 ◦C, isolated by extraction in 
ethyl acetate and purification by gel column chromatography using 
ethyl acetate, as eluent; yield: 93 %; mp: 101–102 ◦C; IR (cm− 1): 1707 
(CO); 1H NMR (200 MHz, DMSO‑d6) δ: 1.80–1.87 (m, 2H), 2.32–2.34 
(m, 6H), 3.53–3.59 (m, 4H), 3.76–3.81 (m, 2H), 7.59 (dd, J = 2.3, 8.9 
Hz, 2H), 7.77 (dd, J = 2.3, 8.9 Hz, 2H), 8.51 (s, 1H); 13C NMR (50 MHz, 
DMSO‑d6) δ: 23.5 (t), 43.7 (t), 53.7 (t x 2), 55.9 (t), 66.7 (t x 2), 123.3 
(dx2), 129.8 (dx2), 129.9 (d), 131.6 (s), 133.5 (s), 151.5 (s). HRMS: m/z 
[M + H]+ calcd for C15H20ClN4O2

+ 323.11965; found, 323.12656. 
4-(4-Chloro-phenyl)-2-cyclobutyl-2,4-dihydro-[1,2,4]triazol-3-one 

(2v). Conditions: overnight at 60 ◦C; yield: 97 %; white solid; mp: 
125 ◦C; IR (cm− 1): 1703 (CO); 1H NMR (200 MHz, DMSO‑d6) δ: 
1.70–1.79 (m, 2H), 2.21–2.28 (m, 2H), 2.37–2.47 (m, 2H), 4.65–4.73 
(m, 1H), 7.55–7.59 (m, 2H), 7.71–7.75 (m, 2H), 8.50 (s, 1H); 13C NMR 
(50 MHz, DMSO‑d6) δ: 14.6 (t), 28.9 (t x 2), 48.7 (d), 123.7 (d x 2), 129.7 

(d x 2), 131.7 (s), 133.4 (s), 135.2 (d), 150.6 (s). HRMS: m/z [M + H]+

calcd for C12H13ClN3O+ 250.06689; found, 250.07418. 
4-(4-Chloro-phenyl)-2-cyclopentyl-2,4-dihydro-[1,2,4]triazol-3-one 

(2w). Conditions: 24 h at 140 ◦C, isolated by filtration and recrystalli-
zation in ethanol; white solid; yield: 91 % mp: 142 ◦C; IR (cm− 1): 1704 
(CO); 1H NMR (200 MHz, DMSO‑d6) δ: 1.61 (bs, 2H), 1.79–1.91 (m, 4H), 
1.94–1.99 (m, 2H), 4.51–4.60 (m, 1H), 7.58 (d, J = 8.8 Hz, 2H), 7.75 (d, 
J = 8.8 Hz, 2H), 8.48 (s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 24.5 (t x 
2), 31.3 (t x 2), 55.5 (d), 123.5 (d x 2), 129.7 (d x 2), 131.6 (s), 133.5 (s), 
134.8 (d), 150.9 (s). HRMS: m/z [M + H]+ calcd for C13H15ClN3O+

264.08254; found, 264.08975. 
4-(4-Chloro-phenyl)-2-cyclohexyl-2,4-dihydro-[1,2,4]triazol-3-one 

(2x). Conditions: 3 h at 60 ◦C, isolated by filtration and recrystallization 
in ethanol; yield: 91 %; mp: 199–200 ◦C; IR (cm− 1): 1705 (CO); 1H NMR 
(200 MHz, DMSO‑d6) δ: 1.19–1.44 (m, 4H), 1.64–1.83 (m, 6H), 3.98 (t, 
J = 3.7 Hz, 1H), 7.58 (d, J = 8.7 Hz, 2H), 7.76 (d, J = 8.7 Hz, 2H), 8.48 
(s, 1H); 13C NMR (50 MHz, DMSO‑d6) δ: 25.3 (t x 2), 31.5 (t x 2), 40.0 (t), 
53.8 (d), 123.5 (d x 2), 129.7 (d x 2), 129.8 (d), 131.6 (s), 133.5(s), 
150.7 (s). HRMS: m/z [M + H]+ calcd for C14H16ClN3O+ 278.09819; 
found, 278.10406. 

2-Ethyl-4-(4-nitro-phenyl)-2,4-dihydro-[1,2,4]triazol-3-one (2y). Con-
ditions: 3 h at 60 ◦C, isolated by filtration and recrystallization in 
ethanol; white solid; yield: 98 %; mp: 222 ◦C; IR (cm− 1): 1706 (CO); 1H 
NMR (200 MHz, DMSO‑d6) δ: 1.26 (t, J = 7.2 Hz, 3H, CH3), 3.79 (q, J =
7.2 Hz, 2H, CH2), 8.07–8.09 (m, 2H), 8.36–8.38 (m, 2H), 8.68 (s, 1H); 
13C NMR (50 MHz, DMSO‑d6) δ: 14.1 (q), 70.3 (t), 121.3 (d x 2), 125.5 
(d x 2), 134.5 (d), 140.0 (s), 145.6 (s), 150.8 (s). 

4.1.3. Synthesis of 4-(4-amino-phenyl)-2-ethyl-2,4-dihydro-[1,2,4]triazol- 
3-one 2 h 

To a solution of compound 2y (1.9 mmol, 0.5 g) in concentrated HCl 
(10 ml), tin chloride (11.4 mmol, 2.6 g) was added in portions. The 
reaction mixture was stirred at room temperature for 2 h. Then a solu-
tion of aqueous 30 % NaOH was added to the mixture up to pH 7. The 
formed precipitate was filtered off. Subsequent recrystallization in 
ethanol afforded the pure compound 2 h. Yield: 90 %; mp: 108–109 ◦C; 
IR (cm− 1): 3446, 3361(NH2), 1707 (CO); 1H NMR (200 MHz, DMSO‑d6) 
δ: 1.23 (t, J = 7.2 Hz, 3H, CH3), 3.70–3.77 (m, 2H, CH2), 5.31 (s, 2H, 
NH2), 6.61 (d, J = 8.7 Hz, 2H), 7.18 (d, J = 8.7 Hz, 2H), 8.18 (s, 1H); 13C 
NMR (50 MHz, DMSO‑d6) δ: 14.3 (q), 40.1 (t), 114.1 (d x 2), 122.8 (s), 
124.3 (d x 2), 124.4 (d), 148.7 (s), 151.7 (s). HRMS: m/z [M + H]+ calcd 
for C10H13N4O+ 205.10111; found, 205.1080. 

4.2. Molecular modeling 

Molecular docking simulations were performed as previously 
described [18]. Briefly, the homology model of the ORD of human ORP3 
(Uniprot entry: Q9H4L5, OSBL3_HUMAN) was generated using the 
structure of ORP1 in complex with cholesterol (PDB Id: 5ZM5) as the 
template [48], which also allowed to derive the pose of the drugs within 
the hydrophobic sterol-binding pocket. Docking simulations were then 
carried out by using docking software PLANTS [49] and focusing the 
search on an 8 Å radius sphere around the bound drugs. Although the 
resolved structure of the human ORP3 ORD was meanwhile reported 
[50,51], we still preferred to utilize here the homology model because 
its backbone is perfectly superimposable to that of the experimental 
structure apart from the flexible lid domain, which assumes a closed 
conformation in the resolved structure thus hampering the overall 
accessibility of its binding pocket. In contrast, the homology model was 
generated with the lid domain in its open conformation (in analogy to 
the ORP1 structure) and the resulting binding pocket is well suited to 
accommodate even large ligands such as chemical drug ICZ. Of note, the 
homology domain of ORP3 ORD is superposable with the AlphaFold 
predicted structure of human ORP3 (AlphaFold Protein Structure 
Database, see https://alphafold.ebi.ac.uk/entry/Q9H4L5) [52,53], 
where all key residues involved in the binding of VOR complex 
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inhibitors are conserved in position. 

4.3. Biology 

4.3.1. Cell culture 
Human HeLa (ATCC® CCL-2™), fibroblast BJ (ATCC® CRL-2522™), 

SW480 (CCL-228™), and 293 T (CRL-3216™) cells were obtained from 
the American Type Culture Collection (ATCC). CD9-GFP+ SW620 cells 
were generated from previous studies [54]. SW480 and CD9-GFP+

SW620 cells were cultured in RPMI-1640 medium (catalog number (#) 
10–041-CV, Corning), while HeLa, fibroblast BJ, and 293 T cells were 
kept in DMEM (#11995065, Thermo Fisher Scientific). All cell culture 
media were supplemented with 10 % fetal bovine serum (FBS, 
#26140079), 2 mM L-glutamine (#25030081), 100 U/mL penicillin and 
100 μg/mL streptomycin (#15140122), all from Thermo Fisher Scien-
tific. Cells were incubated at 37 ◦C in a 5 % CO2 humidified incubator. 
Cells were regularly verified for absence of mycoplasma contamination 
by either their staining with 4′,6-diamidino-2-phenylindole (DAPI; 
#D9542, Sigma-Aldrich) and visualization under a fluorescent micro-
scope or polymerase chain reaction using the MycoSEQ™ Mycoplasma 
Detection Kit (#4460626, Thermo Fisher Scientific), according to the 
manufacturer’s protocol. 

4.3.2. Plasmids 
The HIV NL4-3 Gag-iGFP ΔEnv (#ARP-12455) plasmid was obtained 

from the NIH HIV Reagent Program. It carries the full-length HIV-1 clone 
with a frame shift mutation in the env open reading frame [55]. In the 
latter construct, GFP is introduced between the matrix (MA) and capsid 
(CA) domains of the Gag protein, as denoted by i (interdomain) in iGFP. 
The expression plasmid PSF-CMV-VSVG obtained from Sigma-Aldrich 
(#OGS592) was used for VSV-G-pseudotyping of HIV-1 particles. 

4.3.3. Transfection 
The transient co-transfections of 293 T cells (4 × 106) growing on 

100-mm culture dishes were performed with HIV NL4-3 Gag-iGFP ΔEnv 
and PSF-CMV-VSVG plasmids using lipofectamine 3000 (#L3000008, 
Thermo Fisher Scientific) in a 1 part DNA: 2 parts lipid ratio. Cells were 
incubated for 24 h, medium replaced, then incubated further for 48 h at 
37 ◦C under 5 % CO2 prior to the collection of HIV-Gag-iGFP virus (see 
below). 

4.3.4. Baculovirus-based expression 
The baculovirus-based BacMam 2.0 CellLight® Late Endosomes-RFP 

(#C10589, Thermo Fisher Scientific) was used to induce the expression 
of Rab7-RFP in HeLa cells, which highlight late endosomes. Viral par-
ticles were added at a concentration of 30 per cell for 24 h, as recom-
mended by the manufacturer. Afterward, Rab7-RFP+ HeLa cells were 
infected with HIV-Gag-iGFP virus. 

4.3.5. HIV-1 production and titration 
Conditioned culture medium of 293 T cells was spun at 500 × g for 5 

min at 4 ◦C to collect viral particles after transfection with viral plasmids 
as described above. The supernatant was then passed through sterile 
0.45-µm filter and concentrated by centrifugation at 3,000 × g for 30 
min at 4 ◦C using a Macrosep® Advance Centrifugal Device 100K 
(#89131–992, VWR International). The resulting viral supernatant was 
aliquoted and stored at − 80 ◦C. To determine the titer, HeLa cells 
seeded on 24-well plate were infected with various dilutions of HIV-Gag- 
iGFP, incubated for 48 h, and analyzed by flow cytometry (see below). 
Wells with less than 40 % fluorescent-positive cells were considered for 
calculations. Titer was measured as transduction units (TU)/ml =
(number of infected cells × %GFP-positive cells) / volume of viral stock 
used in ml. The calculated titer was 2.6 × 105 TU/ml. We used a mul-
tiplicity of infection (MOI) of 2 throughout this study. 

4.3.6. Isolation of CD9-GFP+ EVs 
CD9-GFP+ SW620 cells (250,000 cells) were cultured in serum-free 

DMEM/F12 (#11330032, Thermo Fisher Scientific) supplemented 
with 2 % B-27 supplement (#17504044, Thermo Fisher Scientific) on 6- 
well plates pre-coated with 20 µg/ml poly(2-hydroxyethyl methacry-
late) (#P3932, Sigma-Aldrich) to prevent their attachment. After 72 h, 
the cell medium was processed by differential centrifugation to enrich 
the EVs therein. Briefly, medium was centrifuged sequentially at 300 (5 
min), 1,200 (20 min), and then 10,000 (30 min) × g at 4 ◦C, collecting 
the supernatant each step. To pellet the EVS, the resulting supernatant 
was centrifuged at 200,000 × g for 60 min at 4 ◦C. The pellet was then 
resuspended in 200 µl PBS. The size and concentrations of EVs were 
determined by nanoparticle tracking analysis using ZetaView (Particle 
Metrix GmbH) according to the manufacturer’s protocol. For details 
about the characterization of CD9-GFP+ EVs see Ref. [54]. 

4.3.7. Immunoisolation and immunoblotting 
SW480 cells were incubated for 5 h with various concentrations (2.5, 

5.0, 7.5, and 10 µM) of ICZ and drug derivatives at 37 ◦C. As a control, 
cells were incubated with DMSO alone. They were then solubilized in 
pre-chilled lysis buffer (0.5 % Triton X-100, 150 mM NaCl, 50 mM Tris- 
HCl, pH 8.0, supplemented with Set III protease inhibitor cocktail 
(#539134, Calbiochem)) on ice for 30 min, followed by centrifugation 
(12,000 × g) for 10 min at 4 ◦C. Immunoisolations were performed on 
detergent cell lysates using a mouse monoclonal Ab directed against 
human ORP3 (clone D-12, #sc-398326, Santa Cruz Biotechnology) fol-
lowed by Protein G-conjugated magnetic beads according to the man-
ufacturer’s protocols (#130–071-101, Miltenyi Biotec). Samples were 
applied to µ Columns (#130–042-701, Miltenyi Biotec) for magnetic 
separation. Materials retained in columns were washed (4x) with 1 ml 
lysis buffer and rinsed once with 20 mM Tris-HCl pH 7.5. Pre-heated 
(95 ◦C) sodium dodecyl sulfate (SDS) buffer (1 % SDS, 50 mM DTT, 1 
mM EDTA, 10 % glycerol, 0.005 % bromophenol blue, 50 mM Tris-HCl, 
pH 6.8) was applied to the column to elute the bound fractions. In other 
experiments, detergent lysates were first prepared from SW480 cells 
then treated with drugs for 30 min on ice prior to immunoisolation. 

Protein samples (15–20 µg) were separated onto a 4–20 % Tris- 
glycine precast gel (#4561095, Bio-Rad) along with the Trident pre- 
stained protein molecular weight ladder (#GTX50875, GeneTex), and 
transferred to a nitrocellulose membrane (#88018, Thermo Fisher Sci-
entific) overnight at 4 ◦C. Membranes were incubated in a blocking 
buffer (PBS containing 1 % bovine serum albumin (BSA; #97061–420, 
VWR International) for 60 min at room temperature (RT), and then 
probed with Abs against ORP3 (#A304-557A, Bethyl Laboratories), 
VAP-A (#A304-366A, Bethyl Laboratories), or Rab7 (#ab137029, 
Abcam) for 90 min at RT. After three washing steps of 10 min each with 
PBS containing 0.1 % Tween 20 (washing buffer; VWR International), 
the membranes were incubated with appropriate Alexa FluorTM 488- 
coupled secondary Abs (#A11070, Thermo Fisher Scientific) diluted in 
blocking buffer for 30 min at RT. The membranes were rinsed three 
times with washing buffer, and the antigen-Ab complexes were visual-
ized using the iBright FL1000 imaging system (Thermo Fisher 
Scientific). 

4.3.8. Immunocytochemistry 
SW480 cells grown on 35-mm poly-D-lysine-coated glass-bottom 

dishes (#P35GC-1.5–14-C, MatTek Corporation) were treated with 10 
µM ICZ or various smaller triazole derivative analogues for 10 min, then 
CD9-GFP+ EVs (1 × 109 particles/ml) derived from CD9-GFP+ SW620 
cells [54] were added and incubated further for 5 h. Cells were washed 
with PBS, fixed in 4 % PFA in PBS for 15 min, washed twice with PBS, 
permeabilized with 0.2 % Tween 20 in PBS for 15 min, and blocked with 
1 % BSA for 1 h at RT. They were then labeled with primary Abs against 
SUN2 (clone A-10, #sc-515330, Santa Cruz Biotechnology) and Rab7 
(clone EPR7589, #ab137029, Abcam) for 60 min at RT, washed twice 
with PBS, incubated with appropriate fluorescent secondary Abs (Alexa 

D. Carbone et al.                                                                                                                                                                                                                                



Bioorganic Chemistry 150 (2024) 107589

14

FluorTM 647-coupled anti-mouse or Alexa FluorTM 555-coupled anti- 
rabbit Abs (#A-21237 or #A-21428, respectively, Thermo Fisher Sci-
entific) for 30 min, and washed twice prior to observation. All Abs were 
diluted in permeabilization buffer containing 1 % BSA. 

Alternatively, drug-treated Rab7-RFP+ HeLa cells were infected with 
HIV-Gag-iGFP for 1 h prior to fixation in pre-chilled 100 % methanol at 
− 20 ◦C for 10 min. Permeabilization and Ab labeling were done simi-
larly as above. For HIV-1 integrase (IN) staining, we used mouse 
monoclonal anti-HIV-1 IN Ab (clone IN-2, #sc-69721, Santa Cruz 
Biotechnology). Samples were imaged in PBS using the Nanoimager 
high-resolution microscope (ONI, Oxford, UK) with 100X oil-immersion 
objective. Images were acquired under the same microscope settings for 
subsequent quantification of fluorescence signal using Fiji software 
[56]. To determine the nuclear EV-derived fluorescent materials, re-
gions of interest (ROIs) were plotted around the nucleus and an auto-
matic threshold generated by Fiji was applied. Positive signals in 28–32 
individual x-y optical sections (4-µm each step) were counted using the 
“analyze particle” function. To measure cytoplasmic signal of CD9-GFP+

EVs, ROIs were drawn around the cytoplasm, excluding the nuclear 
compartment, and the “measure” function on Fiji was then applied to 
determine the fluorescent signal of all optical sections. The total cell 
fluorescence was calculated as: integrated density – (area × background 
mean fluorescence). 

4.3.9. Flow cytometry 
HeLa cells seeded on 24-well plates were treated with various con-

centrations (2.5–10 µM) of ICZ or its analogues for 30 min and then 
infected with HIV-Gag-iGFP for 6 h, medium replaced, and incubated 
further for 24 h in the presence of drugs as described [17]. DMSO alone 
was used as solvent vehicle control. Cells were detached using Trypsin/ 
EDTA solution (#25–052-CI, Corning Inc.) for 3 min, blocked by the 
addition of cell medium (see above), centrifuged at 200 × g for 5 min, 
and resuspended in PBS. They were then immediately analyzed on the 
CytoFlex flow cytometer system (Beckman Coulter). Detector gain was 
kept constant for all experiments. DMSO-treated cells without viral 
infection were used to gate the negative cell population. At least 
100,000 events were acquired, and data were analyzed using FlowJo 
software (version 10.7.2, BD Life Sciences). 

4.3.10. Growth inhibition assay 
SW480 and fibroblast BJ cells were seeded at a density of 4 × 103 

cells on 96-well plates and incubated overnight to allow their adhesion. 
They were then treated with various concentrations (10–80 µM) of ICZ 
or its analogues for 48 h at 37 ◦C. DMSO was used as control. Afterward, 
CellTiter96 AQueous One Solution Cell Proliferation Assay (1:5 dilution; 
#G3580, Promega) was added for 2 h at 37 ◦C. The reagent utilizes the 
biochemical reaction of a tetrazolium compound [3-(4,5-dimethylth-
iazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)–2H-tetrazo-
lium, MTS] to produce a colored, soluble formazan product that is 
proportional to the number of live cells. The absorbance value was 
measured at 490 nm using the Varioskan Flash plate reader (Thermo 
Fisher Scientific). 

4.3.11. Animal studies 
A total of eight (four males and four females) four-month-old C57Bl/ 

6 mice (strain #000664, RRID:IMSR_JAX:000664, Jackson Laboratory) 
were used to study the effect of the synthetized compound on their 
weight and hematological parameters. Mice were injected intraperito-
neally with 200 mg/Kg of compound 2a or equivalent concentration of 
DMSO as solvent control every 24 h for three weeks. Mice weight was 
measured weekly, and blood samples (maximum of 100 μl) were 
collected by submandibular puncture and analyzed in triplicates using 
the BC-3600 Auto Hematology Analyzer (Mindray). Briefly, 20 μl of 
blood was diluted in 780 μl of diluent (M− 30D, Mindray), fed to the 
machine, and analyzed in prediluted mode in triplicate. In all studies, 
mice were randomly assigned to each experimental group, keeping 

equal ratio of male to female sex, and monitored daily for signs of 
discomfort. Animals were euthanized at the end of study. The protocol 
was approved with number TUN-20–2 M by the Institutional Animal 
Care and Use Committee prior to the start of experiments. 

4.3.12. Statistical analysis 
All experiments were carried out at least in triplicate. The error bars 

in the graphical data represent the mean ± standard deviation (S.D.) as 
indicated in the figure legends. Statistical significance was determined 
using a two-tailed Student’s t-test or one-way ANOVA with Dunnett’s 
multiple comparisons test, and p values < 0.05 were considered signif-
icant. All graphs were created using GraphPad Prism 9 (version 9.3.1). 
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