Accepted Manuscript =

EUROPEAN JOURNAL OF

Computational and synthetic approaches for developing Lavendustin B derivatives as
allosteric inhibitors of HIV-1 integrase A

Fatima E. Agharbaoui, Ashley C. Hoyte, Stefania Ferro, Rosaria Gitto, Maria Rosa 7
Buemi, James R. Fuchs, Mamuka Kvaratskhelia, Laura De Luca 4

PII: S0223-5234(16)30642-0
DOI: 10.1016/j.ejmech.2016.07.077
Reference: EJMECH 8795

To appearin:  European Journal of Medicinal Chemistry

Received Date: 26 May 2016
Revised Date: 25 July 2016
Accepted Date: 31 July 2016

Please cite this article as: F.E. Agharbaoui, A.C. Hoyte, S. Ferro, R. Gitto, M.R. Buemi, J.R. Fuchs,

M. Kvaratskhelia, L. De Luca, Computational and synthetic approaches for developing Lavendustin B
derivatives as allosteric inhibitors of HIV-1 integrase, European Journal of Medicinal Chemistry (2016),
doi: 10.1016/j.ejmech.2016.07.077.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.ejmech.2016.07.077

GRAPHICAL ABSTRACT

Computational and synthetic approaches for developing Lavendustin B
derivativesas allosteric inhibitors of HIV-1 integrase

Fatima E. Agharbaoui®™¢, Ashley C. Hoyte®, Stefania Ferro®, Rosaria Gitto?, Maria Rosa Buemi®
James R. Fuchs’, Mamuka Kvaratskhelia®, Laura De Luca™*
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A computational approach applying docking, rescoring, ultra short MD and hydrogen bonds
analysis has been applied for the design and the optimization of Lavendustin B derivatives as IN-
LEDGF/p75 inhibitors. The selected derivatives were then synthetized and evaluated using HTRF
assays.
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Abstract

Through structure-based virtual screening and e activity assays of selected natural
products, Lavendustin B was previously identifiesl @n inhibitor of HIV-1 integrase (IN)
interaction with its cognate cellular cofactor, degpithelium-derived growth factor (LEDGF/p75).
In order to improve the inhibitory potency we haeeployedin silico-based approaches.
Particularly, a series of new analogues was dedigmal docked into the LEDGF/p75 binding
pocket of HIV-1 IN. To identify promising leads w#sed the Molecular Mechanics energies
combined with the Generalized Born and Surface Amdinuum solvation (MM-GBSA) method,
molecular dynamics simulations and analysis of bgdn bond occupancies. On the basis of these
studies, six analogues of Lavendustine B, contgiriire benzylamino-hydroxybenzoic scaffold,
were selected for synthesis and structure actreiigtionship (SAR) studies. Our results
demonstrated a good correlation between computdtiand experimental data, and all six
analogues displayed an improved potency for inimdpitN binding to LEDGF/p75n vitro to
respect to the parent compound Lavendustin B. Aaditly, these analogs show to inhibit weakly
LEDGF/p75-independent IN catalytic activity suggegta multimodal allosteric mechanism of
action. Nevertheless, for the synthesized compowngiglar profiles for HIV-1 inhibition and
cytoxicity were highlighted. Taken together, ouudsés elucidated the mode of action of
Lavendustin B analogs and provided a path for thether development as a new promising class

of HIV-1 integrase inhibitors.
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1. Introduction

An essential step of the retroviral lifecycle i timsertion of the reverse-transcribed viral genome
into the host chromosome. This process is catalymedHIV-1 integrase (IN), that has gained
popularity as a promising target for the discowefrpovel anti-HIV drugs.

IN is comprised of three domains: the N-terminaindm (NTD), the catalytic core domain (CCD)
that coordinates two catalytic Kfgions and the C-terminal domain (CTD) [1, 2]. laitidrug
discovery efforts for IN inhibitors have focused small molecules able to inhibit the catalytic
activity of IN and have resulted in three FDA apm@ IN inhibitors currently in clinical use,
raltegravir, elvitegravir and dolutegravir [3-8]h@se compounds all share a similar mechanism of
action in that all bind at the IN active site irethresence of the viral DNA and inhibit the strand
transfer (ST) activity. While these inhibitors haleen highly effective against HIV, resistance
mutations have emerged in patients [9-11]. Theegfibrere is a continual need for the development
of new IN inhibitors with innovative scaffolds thatrget alternative sites of the enzyme.

The integration process comprises two catalytipsstehe first is a hydrolytic reaction termed
3’processing (3’ P), followed by a transesterifiocatreaction (also reffered as to ST) [12-IHje
cellular chromatin associated protein lens epitimelderived growth factor (LEDGF/p75)
associates with IN and significantly enhances iratgn efficacy by tethering preintegration
complexes to active genes during integration [1p-LEDGF/p75 is a transcriptional co-activator
strongly associated with chromatin throughout tle# cycle [20-22]. Its C-terminal domain
contains the IN-binding domain (IBD), allowing @ hot only interact with natural cellular binding
partners, but also HIV-1 IN [18, 19, 23, 24].

Recent efforts have led to the discovery of a n@sscof allosteric IN inhibitors (ALLINIs, also

known as LEDGINs, NCINIs, INLAIs, or MINIs) [25-3(frgeting the IN dimer interface at the
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principal LEDGF/p75 binding pocket. Interestingtwo alternative approaches have identified a
similar class of quinoline-based ALLINIs: a highrabghput screen was used to discover
compounds inhibiting 3’-processing activity of 1R€] and the rational drug design was exploited
to develop small molecules to block the IN-LEDGMpmteraction [25]. Of note, the rational
design approach was made possible by the crystatigte of a CCD-CCD dimer bound to the IBD
[31]. Furthermore, the ability to solve the struetiof ALLINIs bound at the CCD-CCD dimer [25-
28] has facilitated the rapid expansion of thisslaf inhibitors.

ALLINIs exhibit a multimodal mechanism of action that they not only inhibit IN-LEDGF/p75
interaction but they also promote higher order mgrIN multimerization, resulting in inactive
protein [2, 32, 33]. Surprisingly, ALLINIs exhibibigher potency when present during virion
morphogenesis compared with the early stage of re@ication [29, 34-37]. In the virions, where
due to the lack of competing LEDGF/p75 binding ke tIN dimer, ALLINIs potently induce
aberrant IN multimerization and result in eccentnion-infectious virions; whereas during the early
stage of HIV-1 replication LEDGF/p75 effectively mpetes with ALLINI binding to IN and
reduces the inhibitor potency [38]. Selection oVHI phenotypes under the genetic pressure of
various ALLINIs have identified substitutions aetiN dimer interface at the inhibitor binding sites
that confer resistance to these compounds [2532840]. Collectively, the studies with ALLINIs
have shown that the potent inhibitors that tardetsltes distinct from the active site can be
developed. At the same time, there is a need tbduimprove these compounds to overcome the
resistance seen in cell culture assays.

Natural Products (NPs) have historically been anaexdinary source for new medicines and are
continuing to be the origin of lead compounds fangddiscovery [41, 42]. Previously, we have
reported the application of a structure-based a&irtiereening strategy for the identification of NPs
as potential protein-protein interaction inhibitafBPIIs) targeting the IN-LEDGF/p75 protein
complex [43]. Among them, we focused our interesttioe Lavendustin B (Figure 1A), which
inhibited IN binding to LEDGF/p75 in Alphascreersag [43]. This novel scaffold is unique from
all reported ALLINIs and could represent an encgumg new hit compound warranting further
improvement and investigation. Therefore, to exglus novel scaffold and improve its potency as
an IN inhibitor, we have employenh silico approaches to identify promising Lavendustin B

derivatives and examine inhibitory activities usingitro andcell basedassays.

2. Results and discussion

2.1 Rational design



By using a combination of docking and ultrashorteoolar dynamics (MD), we have generated a
weighted ensemble of protein-ligand configuratiémsIN-LEDGF/p75 protein-protein interaction
inhibitors. Therefore we estimated their bindin§reties by averaging snapshots taken from the
MD trajectories, together with the presence of amedntal hydrogen bonds [44]. Thesesilico
studies, followed by experimental analysis of selécompounds, have led to the identification of
Lavendustin B with an 16 of 94.07uM for inhibiting IN binding to LEDGF/p75n vitro [43]. In
silico docking studies (Figure 1 B) have highlightedftiewing interactions: the carboxylic group
of Lavendustin B establishes H-bond interactionthwhe backbone nitrogen atoms of Glu1l70 and
His171 residues, similar to the interactions seéh WEDGF/p75 hotspot residue of Asp366 [24].
Additionally, there is the formation of a potentigldrogen bond with the hydroxyl group side chain
of the Thrl74 residue. The remaining portion of édustin B is housed within the dimer interface
cleft comprised of IN subunit A residues of Thrl@In168, Alal69 and Metl178 and IN subunit B
residues of Alal28, Alal29, Trpl31 and Trpl132 allmythe molecule to establish hydrophobic
contacts with both subunits. We have used tires#ico predicated interactions as the basis for our
current study.

In order to design new analogs, we utilized a @igld X-ray crystal structure of the active
compound KF115 (PDB-400J) which shares a similadibg mode with Lavendustin B (Figure
1A and C) [28]. KF115 is a pyridine-based inhibitorthe class of ALLINIs that preferentially
promoted aberrant IN multimerization over inhibginthe IN-LEDGF/p75 interaction. The
superimposition of the crystal structure of KF1Xdubhd to the CCD-CCD dimer with the docked
model of Lavendustin B (Figure 1B) reveals a higigrde of similarity with the carboxylic groups
of the both compounds interacting with Glul70, Hikland Thrl74. In addition, the 4-
chlorophenyl and the 3,4-dimethylphenyl groups &f1K5 occupy the hydrophobic pockets in a
similar manner of the two 2-hydroxyphenyl portiasfsLavendustin B. Considering these results,
structural modifications on Lavendustin B were adncedin silico: the 2-hydroxy group was
removed, and halogen atoms (chlorine and fluorame&) methyl substituent were added to explore
the hydrophobic areas. The planned modificationtarendustin B are depicted in Figure 1 D for

compoundsX-10).

Figure 1

2.2 Docking and molecular dynamics (MD)



Before carrying out the synthesis of the designechpounds 1-10) we wanted to predict the
potential binding mode of the analogs by meanhefreported computational procedure [43, 45].
First a docking simulation into the principal LEDFS binding pocket on IN [24] was performed
using GOLD (Genetic Optimization for Ligand Dock)ng6]. In order to take into account the
flexible side chain of residue GIn95 two differexnformations of IN CCD were used (PDB ID:
3LPU [25] and 2B4J [32]). More than two clusterseveaken for additional analysis. To eliminate
potentially unfavorable contacts, the geometry led system was minimized using the steepest
descent algorithm followed by a conjugate gradi@ie solvent effects were considered through
the generalized Born implicit solvent mod€he output complex was employed to estimate ligand
binding free energy using the MM-GBSA method. Thbtamed results for both CCD
conformations (complex 1 and 2) are shown in Table

Table 1

Since the calculated binding energy of the comgdleend 2 were similar we decided to consider
only the conformation of the protein retrieved d44d (complex 1) for further or more complete
analysis. Figure 2 shows the binding orientatiohshe designed analogs. We observed that six
compounds, namelyi{3, 5, 6 and8), share the binding mode with parent Lavendustifitiz other
derivatives 4, 7, 9 and 10) assume a binding pose for which they mimic thebaeylic
functionality of Lavendustin B but adopt a diffeteorientation for the aromatic portion. Key
binding interactions for compoun®)( which has been selected for subsequent studres, a

highlighted in Supplemental Figure 1.

Figure 2

The docked complexes were further analyzed usinth Wdltrashort Molecular Dynamics
simulations and sander module of AMBER 11 [4Xdditionally, the models were used to estimate
the binding affinities by averaging snapshots takkem the MD trajectories using the MM-GBSA
method (Table 1).

By comparing the binding energies compouRpwas predicted as the most potent derivative of the
series, followed by derivatived) and §). By contrast, compoundg,(7, 9and10), which were
predicted to bind differently than KF115 or Lavestin B, displayed the weakest binding energies.

Therefore, these compounds were predicted to Iseales/e. To explore this hypothesis, analysis of
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hydrogen bond occupancies and distance calculatimm the hot spot amino acids in the
hydrophobic pocket were carried out using Ptraj uérom AMBER11 [47]
Table 2

The obtained results (Table 2) show tHgtand @) established an extra hydrogen bond interaction
with GIn95 residue. Moreover, the carboxylic agdctioser to the hot spot amino acids and has the
stronger hydrogen bond occupancies in comparistm lveivendustin Bln contrast, compoundg (

7, 9 and 10) showed the weaker hydrogen bonding abilities, @apg with residue Hisl171.
Collectively ourin silico approach, in combination with our previous stud#f], suggested the
following criteria for the synthesis. The analog=d to bind to the CCD-CCD dimer in a similar
mode to Lavendustin B and KF115. Furthermore, #révdtives are expected to exhibit improved
binding energy and higher hydrogen bond occupanaileghe binding pocket than parent
Lavendustin B. This criterion allowed us select poomds {-3, 5, 6 and8) for chemical synthesis

andin vitro evaluation.

2.3 Chemistry
The picked 5-(dibenzylamino)-2-hydroxybenzoic aditlS, 5, 6 and8) were synthesized following
the multistep procedure depicted in scheme 1.

Scheme 1

Commercially available 2-hydroxy-5-nitro-benzoiaca¢ll) was reduced, using zinc dust in acid
medium, to form the corresponding 5-amino-2-hydrbeyzoic acid(12) with high yield and
successively converted into the 5-amino-2-hydroryloate(13) by esterification reaction.

In the next stepmethyl 5-(benzylamino)-2-hydroxybenzoatéd-{19)were obtainedby reaction of
intermediatel 3 with the suitable benzaldehyde, by means of a teguamination, in the presence
of sodium cyanoborohydride.

For the synthesis of 5-(dibenzylamino)-2-hydroxybmateq20-25)the obtained intermediate®4¢
19) were treated in dimethylformamide with the appiajgr benzyl bromide and sodium hydride,
under argon atmosphere. Finally, the target comg@iih—3, 5, 6,and 8) were prepared by
hydrolysis in basic medium.



2.4 In vitroscreening of synthesized compoudd3 5, 6and8

All the synthetized derivatives were tested in hgermeous time-resolved fluorescence (HTRF)-
based assays to evaluate their inhibitory effectstlee IN-LEDGF/p75 binding, LEDGF/p75
dependent integration, and LEDGF/p75 independept@&essing activity (Table 3).

Table 3

As result all the target compounds were able tabinlLEDGF/p75 dependent IN activity
displaying 1Go values ranging from 3.78 uM to 18.50 uM (Tablen8 &igure 3B) with 2) being
the most potent in the series. Since this assay dotedelineate whether the inhibitor affected IN
binding to LEDGF/p75 or impaired IN activity in &DGF/p75 independent manner we conducted
additional assays as follow. We firstly tested analogs for their ability to inhibit IN-LEDGF/p75
binding (Table 3 and Fig 3C). All the tested commis were able to disrupt IN binding to
LEDGF/p75 with IGp values ranging from 3.28 pM to 27.59 uM and amthregn compound2))
showed the best activity. In addition, we also yred the analogs for their ability to inhibit IN
3’processing activity in the absence of LEDGF/p¥be obtained date showed a weak inhibitions
for compoundsl,2,5 and6. The results, summarized in Table 3, show thatommpounds were
able to impair IN activity. Specifically, derivaBv(2) again displayed the bests{value (25.67
p1M), Figure 3D. Collectively, these results leadtaghink that Lavendustin B and its analog 5-
[bis(2-chlorobenzyl)amino]-2-hydroxybenzoic ag@) can share a common mechanism of action
with pyridine- or quinoline-based ALLINIs. For exafa, similarly to reported ALLINIs [26-29,
32, 33] compound2) inhibits both LEDGF/p75 dependent and independstivities of IN
indicating a multimodal mechanism of action. At gane time we note the following differences.
The quinoline-based ALLINIs inhibit IN-LEDGF/p75 riding and IN activity in LEDGF/p75
independent reactions with comparablegl@alues [2, 27, 32, 33]. Pyridine-based ALLINIs are
significantly more potent (up to 58-fold) for indng abberent IN multimerization in the absence of
LEDGF/p75 compared with inhibition of IN-LEDGF/ptinding [28]. In contrast, compour(@)
was ~8-fold more potent for inhibiting IN-LEDGF/pibteractions compared with affecting IN
activity in the LEDGF/p75 independnet manner. Feitstudies are worrented to clarify the

observed differences between these structuraltindisclasses of inhibitors.



Figure 3

2.5 Antiviral and cytotoxicity assays

Antiviral activities and cellular toxicity of the mst potent analog2j were examinated founding
similar profiles for HIV-1 inhibition and cytoxigrt(see Figure 4). Unfortunately, these findings do
not allow us to delineate any potential antiviretivaty of 2 from its cellular toxicity.

Figure 4

3. Conclusions

By means of @n silico methodology a new series of Lavendustin B analogre designed.

The selected 5-(dibenzylamino)-2-hydroxybenzoidsfl-3, 5, 6 and8) inhibited IN-LEDGF/p75
binding as well as impaired IN activity through asfleric mechanisms, and their improved
inhibitory potency has been confirmed using a coration of HTRF-based assays.Additionally, the
most active derivative2) exhibited a multimodal mechanism of action, simtia the reported
ALLINIs. Unfortunately, compoung?) displayed significant cellular toxicity precludiogir efforts

to delinate its potential antiviral activity.

4. Experimental section

4.1 Docking simulation

3D structure of each ligand was constructed usiisgdYery Studio 2.5.5 [49] and minimized using
CHARMmM force field, followed by Smart Minimizer algthm performing 1000 steps of Steepest
Descent with a root mean square (RMS) gradientante of 3, followed by Conjugate Gradient
minimization, until the RMS gradient for potentiahergy was less than 0.05 kdablA. For
docking simulations the crystal structure of theelic Catalytic Core Domain (CCD) of HIV-1 IN
complexed with the Integrase Binding Domain (IBDj LEDGF/p75 was retrieved from RCSB
Protein Data Bank (PDB:2B4J) [31]. The LEDGF/p7fusture and the water molecules from the
X-ray crystallography were removed and the missipdrogens were replaced. Validation of the
docking protocol was performed by docking the reatbo-crystallized ligands of the two crystal
structures with the PDB codes 3LPT and 3LPU, inE®GF/p75 binding site. The comparison of
docking results with the co-crystallized form showsiccess rates with the docked ligand strictly
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superimposed with the crystallized conformationhwiRMSD = 1.01 A indicating that the used
scoring function is successful. These values warallsenough and supported the hypothesis that
experimental binding modes could be reproduced agituracy using this protocalhe standard
default settings were used in all calculations. ckdg studies were performed using the genetic
optimization for ligand docking (GOLD) software page version 4.1.1 from the Cambridge
Crystallographic Data Centre (CCDC) [46] and ascdked in our previous paper [48]. For the
prediction of ligand binding positions GoldScortnéiss function was used. For each ligand 100
independent runs and a maximum of 15000 geneticatpas were performed using the default
operator weights and a population size of 100 clsomes. Default cutoff values of 2.5 A for
hydrogen bonds and 4.0 A for van der Waals intemastwere employed. Automatic bond settings
were used, allowing the torsion angles of all acyebtatable bonds in the ligand to vary except fo
amide bonds. Results differing by less than 0.75nAligand-all-atom RMSD were clustered
together. Results differing by less than 1.00 Aigand-all atom RMSD were clustered together. A
20.0 A radius active site was drawn on the origipasition of the LEDGF/p75 IBD dipeptide
lle365-Asp366 and automated cavity detection wasl uswo hydrogen bond constraints were used
to specify that two protein atoms should be hydmlgended to the ligand, namely NH backbone of
Glul70 and His171 with a constraint weight of 5Sndng energy of the minimized complex was
calculated using the MM-GBSA method [50] implemehite the AMBER program.

4.2 Molecular dynamic simulation

The starting model for simulations of IN-LEDGF/pWas prepared as described in our previous
paper [48]. In brief, from the X-ray structure 2BzfJN CCD (chains A and B) in complex with the
IBD of LEDGF (chains C and D) [31] was used. Fidtain D and water molecules were removed
from the structure. Then, the missing residueshef €CCD of IN were added by superimposing
chain C of the HIV-1 IN 1BL351] structure and energy-minimized using Maestro [wih a
RMSD of 0.30 A. From the resulting complex, theioh@ of IBD of LEDGF/p75 was castoff in
order to simulate IN-inhibitor complexes. MD simiid&s were carried out using the sander module
of AMBER 11 [53] and parm 99.dat and frcmod.ffO¥graeter files [54, 55]. These parameters
were assigned to the designed ligands, while pariarges were calculated using the AM1-BCC
method as implemented in the Antechamber suiteMBER 11. The geometry of the system was
minimized in order to remove any bad contacts uiilegsteepest descent algorithm for the first 250
steps before switching to the conjugate gradiegoridhm for the remaining 250 steps. Solvent

effects were taken into account by using the gdimerh Born implicit solvent model. The
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minimized structure was the input for MD runs useunstant-temperature Langevin dynamics at
300 K for 100 ps with a time step of 1fs and aatise cutoff of 12.0 A for the nonbonded
interactions. Snapshots of the complexes duringsthrulations and the average structures were
obtained with the Ptraj module of the AMBER 11 e|®3]. The hydrogen bonds were detected
when the acceptor-donor atom distance was lower 3% A and the acceptor-H-donor angle was
more than 120°. The MM-GBSA method [50] implementedhe AMBER program was used to
evaluate the ligand-protein interaction free erewgof the minimized complex and the 100
snapshots extracted at 1 ps intervals. For MM-GBfBAlysis, snapshots at 40 ps intervals were
extracted from the last 4 ns of the MD traject@yd the binding free energies were averaged over

the ensemble of conformers produced (100 snap&brogsich trajectory).

4.3 Chemistry

All starting materials and reagents commerciallgilable (Sigma-Aldrich and Alfa Aesar) were
used without further purification. Anhydrous solt®CHOH, DMSO, CHCl,, THF and DMF
were used directly from their Sure-Seal bottles aete purchased from Sigma Aldrich. 4A
molecular sieves also purchased from Sigma Aldnedre activated by heating to 300°C under
vacuum overnight. All reactions were performed wem-dried glassware and were monitored for
completeness by thin layer chromatography (TLChgisilica gel then visualized by UV light, or
developed by treatment with KMnGtain. A 300MHz Bruker NMR was utilized to obtdid and
3C NMR spectra in CDGlor DMSO-d6. All NMR chemical shiftsdf are reported in parts per
million after calibrations to residual isotopic geht and coupling constant3) @re reported in Hz.
All exchangeable protons were confirmed by addiodb,O. Melting points were determined on a
BUCHI Melting Point B-545 apparatus and are uncde®. Mass spectrometry analysis were
realized on Bruker MicrOTOF (ESI) equipped with akgllent 1200 LC.

Procedure for the synthesis of 5-amino-2-hydroxyzbe acid(12)

A mixture of 2-hydroxy-5-nitrobenzoic acid (1 mma&B3 mg) and conc. hydrochloric acid (18 ml)
was placed in an ice bath water. Zinc powder (3 mrh®6 mg) was added dropwise through
condenser and the reaction was refluxed for 4 lenThe mixture was cooled to room temperature,
diluited with water and washed with ethyl aceté8ex(25ml). The obtained organic solution was
evaporated in vacuum to give the crude product. rEsedue was purified by crystallization with
diethyl ether.Yield: 88%, Mp: 280-282°C'HNMR, (DMSO-d): ¢ = 6.70 (dd,J=8.8,J=1.8, 1H,

10



ArH), 6.92 (dd,J=8.8,J=2.9, 1H, ArH), 7.24 (s, 1H, ArH).Anal. Calcd forl@;NOs: C(54.90%)
H(4.61%) N(9.15%). Found: C: 54.80; H: 4.50, N:(®.1

Procedure for the synthesis of methyl 5-amino-2-twybenzoat¢13)

To a solution of 5-amino-2-hydroxybenzoic acid (@thol, 3.062 g) in methanol (40 mL) sulfuric
acid (4.5 mL) was added at 0°C. The reaction mectuas refluxed at 80 °C for 24 h. The solvent
was then removed, the reaction mixture was nemé@lwith saturated sodium bicarbonate aqueous
solution until pH =7. The product was extractednwethyl acetate (3 x 25ml), the organic layers
were combined, dried over anhydrous,8@, and concentrated to provide the methyl 5-amino-2-
hydroxybenzoat¢l13) as a pale yellow solidield: 90%, Mp: 97-99 °C*HNMR, (DMSO-d): 6 =

3.87 (s, 3H, Ch), 6.92 (d,J=8.2, 1H, ArH), 7.15 (m, 1H, ArH), 7.39 (m, 1H, ArH)0.18 (bs, 1H,
OH). Anal. Calcd for @HgNO3 : C(57.48%) H(5.43%) N(8.38%). Found: C: 57.67;3863, N:
8.34.

General procedure for the synthesis of methyl 5&pkamino)-2-hydroxybenzoatgsl-19)

To a stirred solution of methyl 5-amino-2-hydroxgheate(13) (1.49 mmol, 250 mg) in MeOH
(7ml), over 4A° molecular sieves, benzaldehydeqImnol, 0.151 ml) and AcOH (0.159 ml) were
added. The mixture was heated at 40°C and agifaté®D min. Then it was stirred for 1h at room
temperature. The solution was cooled to 5-10°C a@NBH; (1.94 mmol, 121 mg), was slowly
added. The resulted mixture was stirred for 2hoatr temperature before being quenched by the
addition of water. The solvent was evaporated updessure and the crude mixture was taken up in
CH.Cl,, washed with water and brine, dried ¢(8&,) and evaporated. The residue was purified by
chromatography (eluent: Hexane/Ethyl acetate: @&/2)ve intermediate$4-19

Methyl 5-(benzylamino)-2-hydroxybenzoétd) Yield: 67%, Oil. 'HNMR, (CDCk): 6 = 3.87 (s,
3H, CH), 4.25 (s, 2H, ChH), 6.79-6.87 (m, 2H, ArH), 7.09 (s, 1H, ArH), 7.2&86 (m, 5H, ArH),
10.24 (bs, 1H, OH). Anal. Calcd for£1sNO3: C(70.02%) H(5.88%) N(5.44%). Found: C: 70.12;
H: 5.80, N: 5.54.

Methyl 5-[(2-chlorobenzyl)amino]-2-hydroxybenzoéts) Yield: 66%, Oil.'"HNMR, (CDCk): 6 =
4.07 (s, 3H, Ch), 4.57 (s, 2H, Ch), 7.03 (s, 2H, ArH), 7.21-7.46 (m, 4H, ArH), 7.68 1H, ArH),
10.38 (bs, 1H, OH). Anal. Calcd for;114CINO; : C(61.76%) H(4.84%) N(4.80%). Found: C:
61.76; H: 4.84, N: 4.80.
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Methyl 5-[(3-chlorobenzyl)amino]-2-hydroxybenzoété) Yield: 62%, Oil.*"HNMR, (CDCk): & =
3.93 (s, 3H, Ch), 4.28 (s, 2H, CH), 6.81-6.89 (m, 2H, ArH), 7.07 (s, 1H, ArH), 7.Z59 (m, 3H,
ArH), 7.38 (s, 1H, ArH), 10.21 (bs, 1H, OH). An@lalcd for GsH14CINO3: C(61.76%) H(4.84%)
N(4.80%). Found: C: 61.59; H: 4.73, N: 4.68.

Methyl 5-[(2-fluorobenzyl)amino]-2-hydroxybenzo&t&) Yield: 65%, Oil."HNMR, (CDCk): J =
4.08 (s, 3H, Ch), 4.52 (s, 2H, Ch), 7.02 (s, 2H, ArH), 7.20-7.29 (m, 3H, ArH) 7.3%% (m, 2H,
ArH), 10.36 (bs, 1H, OH). Anal. Calcd for;£114FNOs: C(65.45%) H(5.13%) N(5.09%). Found:
C: 65.37; H: 5.01, N: 4.97.

Methyl 5-[(3-fluorobenzyl)amino]-2-hydroxybenzo&t8) Yield: 62%, Oil.'HNMR, (CDCkL): & =
3.91 (s, 3H, Ch), 4.27 (s, 2H, Ch), 6.80-6.87 (m, 2H, ArH), 7.06 (s, 1H, ArH), 7.Z241 (m, 4H,
ArH), 10.19 (s, 1H, OH). Anal. Calcd for;§14FNOs: C(65.45%) H(5.13%) N(5.09%). Found: C:
65.37; H: 5.01, N: 4.97.

Methyl 2-hydroxy-5-[(2-methylbenzyl)amino]benzo@®) Yield: 63%, Oil.'HNMR, (CDCh): 6 =
2.30 (s, 3H, Ch), 3.84 (s, 3H, Ch), 4.50 (s, 2H, Ch), 6.80-6.86 (m, 2H, ArH), 7.05-7.14 (m, 2H,
ArH), 7.30-7.36 (m, 3H, ArH), 10.21 (bs, 1H, OH)n&. Calcd for GH1/NO3 : C(70.83%)
H(6.32%) N(5.16%). Found: C: 70.68; H: 6.21, N:%.2

General procedure for the synthesis of methyl bgdzylamino)-2-hydroxybenzoa{@6-25)

The appropriatenethyl 5-(benzylamino)-2-hydroxybenzoati4{19 (0.3 mmol) was dissolved in
anhydrous DMF and was added under argon to a ssigpenf NaH (0.3 mmol, 29 mg) in
anhydrous DMF. The reaction mixture was stirre@°@ under for few minutes, followed by the
addition of a solution of suitable benzyl bromide4( mmol) in anhydrous DMF. After 3 h, the
reaction mixture was extracted by ethyl acetate 89ml) and washed with water (2 x 20ml) then
with brine (2 x 20ml). The organic layer was drigdie,SOy), filtered and the solvent removed
under reduced pressure. The resultant product wafegd via flash chromatography (Hexane/Ethyl
acetate: 98/2) affording the title compourds25

Methyl 5-(dibenzylamino)-2-hydroxybenzoé2®) Yield: 65%, Mp: 159-161 °C'HNMR, (CDCk):
0=3.68 (s, 3H, Ch), 4.53 (s, 4H, Ch), 6.85 (d,J=9.0, 1H, ArH), 7.00 (dd}=9.0,J=3.2, 1H, ArH),
7.24-7.36 (m, 11H, ArH), 10.18 (bs, 1H, OH). An@hlcd for G,H2;NOs: C(76.06%) H(6.09%)
N(4.03%). Found: C: 75.09; H: 6.06, N: 4.13.

Methyl 5-[bis(2-chlorobenzyl)amino]-2-hydroxybentg21) Yield: 62%, Mp: 175-177 °C.
'HNMR, (CDCH): 6 = 3.87 (s, 3H, CH), 4.66 (s, 4H, Cb), 6.83 (m, 2H, ArH), 7.09 (m, 1H, ArH),
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7.20-7.28 (m, 6H, ArH), 7.38-7.43 (m, 2H, ArH), 10. (bs, 1H, OH). Anal. Calcd for
CooH19CIoNO3: C(63.47%) H(4.60%) N(3.36%). Found: C: 63.28:4t54, N: 3.52.

Methyl 5-[bis(3-chlorobenzyl)amino]-2-hydroxybent®g22) Yield: 60%, Mp: 179-181 °C.
'HNMR, (CDCh): 6 = 3.93 (s, 3H, CH), 4.50 (s, 4H, Ch), 6.89 (d,J=9.1, 1H, ArH), 7.00 (dd,
J=9.1,J=3.0, 1H, ArH), 7.13-7.18 (m, 2H, ArH), 7.24-7.32 ,(H, ArH), 10.25 (bs, 1H, OH).
Anal. Calcd for GH1gCI,NO3: C(63.47%) H(4.60%) N(3.36%). Found: C: 63. 57; 4450, N:
3.12.

Methyl 5-[bis(2-fluorobenzyl)amino)-2-hydroxybentmg23) Yield: 61%, Mp: 177-179 °C.
'HNMR, (CDCh): 6 = 3.92 (s, 3H, Ch), 4.63 (s, 4H, Ch), 6.87 (d,J=9.2, 1H, ArH), 7.00 (dd,
J=9.2, J=3.2, 1H, ArH), 7.05-7.13 (m, 5H, ArH), 7.24-7.30 ,(2H, ArH), 7.28-7.30 (m, 2H,
ArH),10.22 (bs, 1H, OH). Anal. Calcd for,&1gF2NO3: C(68.92%) H(5.00%) N(3.65%). Found:
C: 68.74; H: 4.93, N: 3.32.

Methyl 5-[bis(3-fluorobenzyl)amino]-2-hydroxyben#ma(24) Yield: 58%, Mp: 172-174 °C.
'HNMR, (CDCh): 6 = 3.92 (s, 3H, Ch), 4.51 (s, 4H, Ch), 6.89 (d,J=9.1, 1H, ArH), 7.00 (dd,
J=9.1,J=3.0, 1H, ArH), 7.14-7.17 (m, 2H, ArH), 7.25-7.32 (ifH, ArH), 10.27 (bs, 1H, OH).
Anal. Calcd for GoH319FNO3: C(68.92%) H(5.00%) N(3.65%). Found: C: 68.794:88, N: 3.45.
Methyl 5-[bis(2-methylbenzyl)amino]-2-hydroxyberneod25) Yield: 61%, Mp: 164-166 °C.
'HNMR, (CDCLk): § = 2.37 (s, 6H, CH), 3.95 (s, 3H, Ch), 4.60 (s, 4H, Ch), 6.91 (s, 1H, ArH),
6.92 (s, 1H, ArH), 7.19-7.37 (m, 9H, ArH), 10.27s{dH, OH). Anal. Calcd for £H2sNOs :
C(76.77%) H(6.71%) N(3.73%). Found: C: 76.65; H68.N: 3.89.

General procedure for the synthesis of 5-(dibemayia)-2-hydroxybenzoic acids-3, 5-6 and8)

The appropriate methyl-2-hydroxybenzoa?8-9 was dissolved in a mixture of THF (2 ml) and
MeOH (2 ml), and 2M NaOH (4 ml) was added. The tieacwas refluxed for 24h. After this time
the solvent was removed under reduced pressurehancesidue was acidified to pH 2 with 2N
HCI. The solution was extracted with ethyl ace{@e 10ml), dried over N&Q,, filtered and the
solvent removed under reduced pressure. The froaluots(1-3, 5-6and8) were crystallized with
a mixture of Hexane/Ethyl acetate/Ethanol (1/1HJ some drops of methanol.
5-(Dibenzylamino)-2-hydroxybenzoic a¢i Yield: 59%, Mp: 140-142 °C'HNMR, (DMSO-d):

0 =4.60 (s, 4H, Ch), 6.76 (d,J = 9, 1H, ArH), 7.00 (ddJ = 9,J = 3.2, 1H, ArH), 7.05 (s, 1H,
ArH), 7.23-7.35 (m, 10H, ArH), 10.53 (bs, 1H, OH)3.65 (bs, 1H, OH).Anal. Calcd for
Co1H1gNOs: C(75.66%) H(5.74%) N(4.20%). Found: C: 75.54;380, N: 4.15. ESI(+), CsDH,
HR-MS : ion [M+H]+ , m/z 333, @&H19NO3, m/z theory 333,1365, m/z found 334,14326.
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5-[Bis(2-chlorobenzyl)amino]-2-hydroxybenzoic a¢) Yield: 53%, Mp: 148-150 °C*HNMR,
(DMSO-t): 6 = 4.68 (s, 4H, Ch), 6.75-6.84 (m, 2H, ArH), 6.94 (s, 1H, ArH),7.238% (m, 6H,
ArH), 7.47 (m, 2H, ArH). Anal. Calcd for £H;7CI,NOs: C(62.70%) H(4.26%) N(3.48%). Found:
C: 62.58; H: 4.35, N: 3.35. ESI(+), GBH, HR-MS : ion [M+H]+ , m/z 401, &H17CI,NO3, m/z
theory 401,0585, m/z found 402,0651.

5-[Bis(3-chlorobenzyl)amino]-2-hydroxybenzoic a¢B) Yield: 50%, Mp: 147-149 °CHNMR,
(DMSO-t): 6 = 4.64 (s, 4H, Ch), 6.78 (d,J = 8.9, 1H, ArH), 6.97- 7.05 (m, 2H, ArH), 7.21-7.39
(m, 8H,ArH), 10.55 (bs, 1H, OH). Anal. Calcd for{1;7/CI,NO3: C(62.70%) H(4.26%) N(3.48%).
Found: C: 62.86; H: 4.10, N: 3.25. ESI(+), €M, HR-MS : ion [M+H]+ , m/z 401,
C,1H17/CI,NO3, m/z theory 401,0585, m/z found 402,0651.
5-[Bis(2-fluorobenzyl)amino]-2-hydroxybenzoic adf) Yield: 52%, Mp: 137-139 °CHNMR,
(DMSO-s): 0 = 4.65 (s, 4H, Ch), 6.79 (d,J= 9.1, 1H, ArH), 6.99 (dd) = 9.1,J= 3.2, 1H, ArH),
7.06-7.34 (m, 9H, ArH), 10.59 (bs, 1H, OH), 13.68,(1H, OH). Anal. Calcd for £H;17F,NO3 :
C(68.29%) H(4.64%) N(3.79%). Found: C: 68.07; Ht64.N: 3.58. ESI(+), CkOH, HR-MS : ion
[M+H]+ , m/z 369, GH;7/F:NOs, m/z theory 369,3678, m/z found 370,1241.
5-[Bis(3-fluorobenzyl)amino]-2-hydroxybenzoic ad®) Yield: 49%, Mp: 141-143 °CHNMR,
(DMSO-s): 0 = 4.63 (s, 4H, Ch), 6.78 (d,J= 8.8, 1H, ArH), 6.99 (dd] = 8.8, = 3.2, 1H, ArH),
7.04 (d,J = 3.2, 1H, ArH), 7.20-7.38 (m, 8H, ArH), 10.52 (i$4, OH), 13.69 (bs, 1H, OH). Anal.
Calcd for GiH17F:NOs : C(68.29%) H(4.64%) N(3.79%). Found: C: 68.14; 4159, N: 3.61.
ESI(+), CHOH, HR-MS : ion [M+H]+, m/z 369, &H1/F>NOs;, m/z theory 369,3678, m/z found
370,1249.

5-[Bis(2-methylbenzyl)amino]-2-hydroxybenzoic a8 Yield: 48%, Mp: 136-138 °C*HNMR,
(CDCl3): o= 2.28 (s, 6H, Ch), 4.53 (s, 4H, CH), 6.83 (d,J = 9.2, 1H, ArH), 7.85 (m, 1H, ArH)
7.14-7.20 (m, 9H, ArH), 9.79 (bs, 1H, OH). Anal.I€@hfor GCy3H,3NOs: C(76.43%) H(6.41%)
N(3.88%). Found: C: 76.26; H: 6.30, N: 3.95. ES|(€)}:0H, HR-MS : ion [M+H]+ , m/z 361,
Co3H23NO3, m/z theory 361,1678, m/z found 362,1745.

4.4 Recombinant proteins and HTRF-based Assays

His-tagged LEDGF/p75, FLAG-tagged IN and His-tadydd were constructed and purified as
described previously [32]. Homogeneous time rembiluorescence energy transfer (HTRF) based
LEDGF/p75dependent IN activity, IN-LEDGF/p75 bindin and LEDGF/p75 independent
3’processing assays were carried out as previalesgribed [32]. The HTRF signal was recorded
using a Perkin EImer Multimode EnSpire plate readdre fitted dose-response curves were
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generated to calculate dgusing Origin software (OriginLab, Inc.). All fittecurves displayed a’R
of 0.99 or greater.

4.5 Antiviral Activity and Cytotoxicity Assays

The indicated concentrations of the test compowndasluent control (DMSO) were added directly
to the target cells and the cells were infectechwititreated virions. HelLa TZM-bl cells (2°10
cells/well of a 6-well plate in 2 ml of complete diwem) were pre-incubated with the indicated
concentrations of the test inhibitor or diluent wtoh(DMSO) for 2 h. The cells were then infected
with HIV-1 virions equivalent to 4 ng of HIV-1 p2ds determined by HIV-1 Gag p24 ELISA
(ZeptoMetrix) following manufacturer’s protocol. Bahours post-infection the culture supernatant
was removed, washed once with complete medium,tlaenl fresh complete medium was added
with the inhibitor concentration maintained. Thélevere cultured for 48 h and the cell extracts
were prepared using 16 reporter lysis buffer (Pigmaneluciferase activity was determined using a
commercially available kit (Promega). The cytotityicassays were performed as described
previously [28]. The fitted dose-response curvesewgenerated to calculate gr CGp using
Origin software (OriginLab, Inc.). All fitted cureedisplayed a £of 0.97 or greater.
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Table 1.Binding free energy estimation

AG (complex1) AG (complex2) AG (Snapshots)
bind bind bind

Compound R Kcal/mol Kcal/mol 2B4J-Ligand
2B4J-Ligand 3LPU-Ligand Kcal/mol

Lavendustin B -15,39 -14,77 -18,09
1 H -21,54 -19,41 -22,41

2 2-Cl -25,73 -25,73 -24,99

3 3-Cl -24,74 -24,41 -21,68

4 4-Cl -21,33 -19,02 -17,75

5 2-F -20,45 -20,64 -22,47

6 3-F -20,10 -20,51 -20,08

7 4-F -15,87 -16,00 -15,54

8 2-CH3 -22,24 -23,35 -21,40

9 3-CH3 -16,29 -15,09 -14,00

10 4-CH3 -12,86 -11,38 -12,65

AGbind is the calculated binding free energy



Table 2.Hydrogen bonds analysis from the results of MDutation for IN in complex with the
designed compounds

Compound IN in complex with Donor Acceptor | Occupancy (%Y | Distance (A
Thr174(A) OH 03 11.80 3.092 (0.21

. . Glul70(A) NH Ol 78.20 2.930(0.18
Lavendustine B Lavendustin B GIUL70(A) NH o2 36.60 3.051 (0.22
His171(A) NH 02 63.30 3.230 (0.19)

Thr174(A) OH O 21.90 3.077 (0.21

Thr174(A) OH Ol 10.40 3.093 (0.26

1 H Glul70(A) NH 02 90.40 2.923 (0.17
Glul70(A) NH Ol 64.30 3.108 (0.22
His171(A) NH Ol 76.70 3.102 (0.19)

GIn95(A) NH ) 10.40 3.140 (0.18

Thr174(A) OH O 76.60 3. 029 (0.20

Thr174(A) OH Ol 34.90 2.896 (0.25

5 o>Cl Glul70(A) NH 02 98.80 2.966 (0.18
Glul70(A) NH Ol 78.80 3.070 (0.20
His171(A) NH 01 84.30 3.086 (0.19)

GIn95(A) NH ) 37.20 3.102 (0.19

Thr174(A) OH 02 72.30 3.024 (0.20

3 3cl Glul70(A) NH Ol 86.40 2.907 (0.16
Glul170(A) NH O 61.20 3.083 (0.20

His171(A) NH O 77.70 3.073 (0.18

Thr174(A) OH Ol 21.30 2.958 (0.26

4 4C Glul70(A) NH Ol 63.60 2.944 (0.17
His171(A) NH Ol 25.60 3.206 (0.19)

His171(A) NH O 24.50 3.168 (0.20

Thr174(A) OH 02 24.30 3.043 (0.27

5 oF Glu170(A) NH Ol 95.60 2.960 (0.18
Glul170(A) NH 02 76.70 3.060 (0.20
His171(A) NH Ol 82.10 3.093 (0.19)

Thr174(A) OH Ol 78.40 2.999 (0.26

Thr174(A) OH O 17.90 3.093 (0.18

6 3F Glul70(A) NH Ol 57.40 2.933(0.16
His171(A) NH 01 21.20 3.173 (0.19)

His171(A) NH O 10.40 3.267 (0.17

Thr174(A) OH O 45.50 2.978 (0.27

7 4F Glul170(A) NH O 32.40 2.970 (0.20
His171(A) NH Ol 23.70 3.076 (0.19)

Thr174(A) OH 02 54.80 2.950 (0.26

Thr174(A) OH O 17.40 3.164 (0.19

8 2CH, Glu170(A) NH 01 96.80 2.866 (0.14
Glul70(A) NH 02 49.00 3.173 (0.21
His171(A) NH 02 46.00 3.210 ( 0.19)

9 3CH Glul70(A) NH O 21.60 2.970 (0.19
3 His171(A) NH Ol 10.30 3.243 (0.17)

10 ACH Thr174(A) OH O 28.57 3.206 (0.19
8 Thr174(A) OH Ol 23.81 3.316 (0.19
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Glul70(A) NH| 01 50.00 2.884 (0.16
His171(A) NH o) 28.57 3.065 (0.18
His171(A)NH| O1 26.19 3.273(0.14

4The listed donor and acceptor pairs correspondedydrogen bonds occupancies during the simulation
®The average distance with standard error (SE =atdmdkeviation/N1/2) in parentheses between hydrogen
acceptor atom and hydrogen-donor atom in the imgagsd time period.
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Table 3: Inhibition of IN-LEDGF/p75 binding, LEDGF/p75 depeent integration, and LEDGF/p75
independent 3'-processing activity of the synthetizompounds

Compound R DL_eEpl?a(r?géﬁZISN Bllnl\(ljlhg?lngl\?) 3'P (ICso uM)
Activity (IC 5cuM)
1 H 7.93+0.79 8.75 +£2.36 69.97 £10.27
2 2-Cl 3.78 £0.35 3.28 £ 0.80 25.62+1.88
3 3-Cl 13.48 £ 4.45 19.50 £ 2.55 >70
5 2-F 9.00 £0.24 17.84 £ 4.25 63.05 +5.16
6 3-F 18.50+2.19 20.83 £ 2.46 68.56
8 2-CH; 14.66 = 0.69 27.59 + 3.98 >70
#Lavendustin B - 94.07 -

Data for 1G are given as the mean + SD from at least thregpeaddent experiments.
®The 1G; of Lavendustin B is reported elsewhere and wakiated by alpha screen assays [43].
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Figure Captions

Figure 1: A) Chemical structures of 5-[bis(2-hydroxybenzy l)aa}i2-hydroxybenzoic acid (Lavendustin
B) B) Superimposition of Lavendustin B (green) and coamabKF115 (cyan) in complex with IN CCD
(PDB code2B4J. Key residues of the pocket are presented. Thediwas created using PyMOL [56T)
Chemical structures of KF11B) Substitutions on the parent molecule.

Figure 2: Superimposition of IN CCD withA) Lavendustin B (violet) and compound. (cyan); B)
compounds? (green),3 (cyan) and4 (magenta),C) compounds5 (green),6 (cyan) and7 (magenta)D)
compounds8 (green),9 (cyan) andLO (magenta). Key residues of the pocket are predeftee figure was
created using PyMOL [56].

Figure 3: A) chemical structure of compou2dB) Curve fitting of inhibition of LEDGF/p75 dependeid
activity by compound2 (black squares)C) Curve fitting of dose-dependent inhibition of INNDGF
binding by compoun@ (black squares);D) Curve fitting of dose-dependent inhibition of Jpessing by
compound? (black squares).The average values from threepam¥ent experiments are shown for each
assay.

Figure 4: A) Luciferase quantification to measure the inhibitibp compound2 over the indicated
concentrations. VSV-g pseudotyped virus was usethfect HEK293T cells under drug treatmeBj).
Cytotoxicity effectof compoun® over the indicated concentrations without virdigation.
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Scheme 1

Reagents and conditions:(i) Zinc dust, 0-5°C, HGl., reflux, 4h; (ii) MeOH, HSQ,, 0°C, 80°C, 24h; (iii)
MeOH, AcOH, 30, 40°C, rt 1h, 5-10 °C NaCNBR2 h rt; (iv) NaH, DMF, Argon 3h rt; (v) NaOH, Mé®Q
THF, 60°C, 24h, HCI 2N.
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RESEARCH HIGHLIGHTS

Computational and synthetic approaches for developing Lavendustin B
derivativesasallosteric inhibitors of HIV-1 integrase

Fatima E. Agharbaoui®®®, Ashley C. Hoyte”, Stefania Ferro®, Rosaria Gitto?, Maria Rosa
Buemi? James R. Fuchs®, Mamuka Kvaratskhelia®, Laura De Luca®*

* A computational workflow applying docking, rescoring, ultrashort MD simulations
and hydrogen bond analysis was set up to evaluate the designed Lavendustin B
derivatives as IN-LEDGF interaction inhibitors.

* The selected compounds were synthetized.

* The synthetized derivatives were evaluated using HTRF-assays and a promising lead
was identified.



