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In previous work, we described 6-6‘-bisindole compounds targeting a hydrophobic pocket on the N-
heptad repeat region of viral glycoprotein-41 as effective inhibitors of HIV-1 fusion. Two promising
compounds with sub-micromolar IC50's contained a benzoic acid group and a benzoic acid ester attached
at the two indole nitrogens. Here we have conducted a thorough structure-activity relationship (SAR)
study evaluating the contribution of each of the ring systems and various substituents to compound
potency. Hydrophobicity, polarity and charge were varied to produce 35 new compounds that were
evaluated in binding, cell-cell fusion and viral infectivity assays. We found that (a) activity based solely
on increasing hydrophobic content plateaued at ~ 200 nM; (b) the bisindole scaffold surpassed other
heterocyclic ring systems in efficacy; (c) a polar interaction possibly involving Gln575 in the pocket could
supplant less specific hydrophobic interactions; and (d) the benzoic acid ester moiety did not appear to
form specific contacts with the pocket. The importance of this hydrophobic group to compound potency
suggests a mechanism whereby it might interact with a tertiary component during fusion, such as
membrane. A promising small molecule 10bwith sub-mM activity was discovered with molecular weight
<500 da and reduced logP compared to earlier compounds. The work provides insight into requirements
for small molecule inhibition of HIV-1 fusion.

© 2018 Elsevier Masson SAS. All rights reserved.
1. Introduction

Previous studies by our lab and others on small molecule inhi-
bition of HIV-1 fusion have revealed the importance of hydrophobic
groups and negative charge for measurable bioactivity [1e4]. In-
hibitors bind to a hydrophobic cavity within the ectodomain of
transmembrane glycoprotein gp41 that is exposed during fusion
[5], and potency is generally correlated to pocket binding affinity
[2,6]. The cavity is defined by N-heptad repeat (NHR) residues
565e579 on two chains of the gp41 homotrimer (HXB2
numbering). It is lined by several non-polar branched chain amino
acids and a nearby tryptophan, but also includes polar residues Thr
and Gln, as well as positively charged Lys and Arg residues that
likely lead to the requirement for negative charge on pocket-
ia, 1310 Club Drive, Mare Is-
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served.
binding inhibitors. These inhibitors block the interaction between
two protein domains of gp41, the NHR trimer containing the hy-
drophobic pocket and gp41 C-heptad repeat (CHR) helices that bind
in the pocket following a gp41 conformational change during
fusion [7]. The specific pocket binding domain of the CHR is Trp-x-
x-Trp-Asp-x-x-Ile where Trp and Ile residues intercalate within the
pocket and Asp forms a salt bridge with the pocket Lys [8].

Studies of protein-protein interaction inhibitors (PPI) have
generally revealed that they are more hydrophobic, more aromatic
and larger than drugs targeting enzymes [9e11]. Analysis of recent
small molecule PPI modulators currently in the clinic revealed a
broad range of molecular sizes and complexity, particularly with a
logP range of 1.6e10.5 [12]. Efficiency of binding to the hydrophobic
patch at the core of the protein eprotein interaction surface was
cited [11] as a key determinant of potency. In previous studies, we
identified a promising scaffold containing two 6-60 connected
indole rings B and C supporting substituted benzyl rings A and D at
positions 1 or 3 on the indole rings (Fig. 1) [2,6,13]. A structure-
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Fig. 1. Bisindole scaffold structure. Compounds 1e4 are shown, and their equivalents in the current study.
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activity relationship (SAR) study upheld the contention that hy-
drophobicity played an essential role in potency, as did having a
negative charge on the ligand. The following key features were
observed: 1) A free carboxylic acid on ring A was indispensable for
activity. 2) Ring D conferred an order of magnitude improvement in
antiviral potency compared to three ring (A-B-C) compounds, with
the m-benzoic acid ester providing optimal performance (com-
pounds 1, 2 Fig. 1, IC50¼ 0.3e0.4 mM), and the m-methoxy group
also being favorable (compound 3, Fig. 1, IC50¼ 0.8 mM). 3) Indole 1,
10 substitution was preferred over 3, 30 substitution (compound 4,
Fig. 1, IC50¼ 5.0 mM), as was indole over benzimidazole [2], sug-
gesting that the hydrophobic surface presented by the outer
vertices of rings B and Cwas critical for activity. 3) Variation of non-
polar substituents on ring D had a mild effect on potency (~2-fold),
while a charged substituent on ring D such as carboxylic acid
yielded two orders of magnitude reduced antiviral potency, even
though binding affinity for the hydrophobic pocket (HP) did not
diminish. The in vivo effect suggested that membrane could play a
role in bioactivity. The deleterious effect caused by adding more
than one negative charge might be attributed to polar head groups
of phospholipids repelling a negatively charged ligand. In this
sense, the protein-protein domain interaction may be complicated
by proximity of the pocket to membrane. And, while increasing
hydrophobicity could increase interactions within the pocket, it
might also render the molecules less soluble and potentially non-
specific. Thus a delicate balance of hydrophobicity and charge is
required to maximize the inhibitory potential of the ligands.

Here we set out to explore this balance by making additional
changes to the scaffold to increase or decrease hydrophobic contact
Fig. 2. Predicted conformation of several ligands in the current study in the hydro-
phobic pocket of PDB structure 2xra. Residue numbers in the construct are shown
together with their corresponding HXB2 Env numbers in brackets. The two chains
making up the binding site are distinguished by E and A in the 2xra construct or by
using a prime to mark the second chain in HXB2 numbering. Ligands shown are 9g,
10b, 9c, 15b, 9j, 11g.
points, or substitute polar moieties in order to sustain or increase
solubility and potentially introduce hydrogen bonds. Modification
strategies were based in part on docking studies predicting a narrow
S-shaped structure for the compounds, conforming to the shape of
the hydrophobic groove [2]. Fig. 2 shows the array of polar and non-
polar residues lining the pocket with an overlay of several docked
structures described in the current study. We note that themodeling
is limited by a lack of complete knowledge of HP structure [14]. We
examined 19F substitution on different rings, made additional sub-
stitutions on ring D, replaced indoles B and/or C with chemically
similar alternatives, and varied the linkage between rings C and D.
Overwhelmingly the results confirmed the bisindole scaffold as the
optimal choice, and showed that simply increasing hydrophobic
interactions did not yield a significant increase in potency. The SAR
indicated that indole B interactions with pocket residues contributed
more than those of indole C, suggesting that B is buried more deeply
within the pocket. The methylene linker between ring C and D could
be substituted with a sulfoxy or carbonyl group, suggesting that
polar contacts could occur with pocket residues. A three-ring com-
pound 10bwas identified as the first example of a sub-mM inhibitor
with a molecular weight <500 da.
2. Results

2.1. Effect of fluorine substitution

Fluorine is a small atom with high electronegativity, slightly
larger than a hydrogen atom. It has been introduced into medicinal
candidates not only to improve metabolic stability but also binding
affinity to the target protein. Fluorine substitution could lead to a
slightly increased nonspecific lipophilicity [15,16]. The effect of
fluorine substitution on the intrinsic potency of the bisindole
compounds is shown in Table 1. Introduction of fluorine on rings A,
C and/or D reduced potency by up to 10-fold, compared to the
corresponding hydrogen counterparts. We observed two cases in
which a single fluorine substitution at any position had a significant
deleterious effect, while a subsequent second fluorine substituent
had little additional effect on potency. For example, in order of
potency, 11a > 11hz 11i; 9a [ 9oz 9p. However, a more varied
effect was observed for other compounds. A single fluorine at the 5
position of indole C or at the meta position of ring D on 9a left
activity slightly lower but still at sub-mM levels (15d, 9d). The same
5-F-indole substitution on compound 3, however, led to a 10-fold
reduction in potency (9q). KI for HP binding was correlated to
observed antiviral activity for the compounds in Table 1, (R2¼ 0.80
(CCF); R2¼ 0.58 (VCF)). The drop in potency upon fluorine substi-
tution may be a result of decreased solubility associated with
increased hydrophobicity. Among the five variants of 9a in Table 1, a
strong correlation (R2¼ 0.93) was observed between increase in
logP and loss of potency in cell-based assays. The effect was more
pronounced when starting with compounds having a higher logP
(9a and 9n vs.11a). Therefore we observed that fluorination did not
improve potency in the casewhere compoundswere already highly
hydrophobic.



Table 1
Testing fluorine substitutions on bisindole compounds.

X Y Z MWt logPa log Sb KI (HP)c IC50 CCFc IC50 VCF Ba-Lc IC50 VCF IIIBc CC50
c

11i F F CH3 416.4 6.84 �8.03 2 2 9.7 7.8 >20
11h F H CH3 398.4 6.61 �7.63 3 3.6 8.2 9.1 >20
11a d H H CH3 380.4 6.42 �7.42 1.4 1.3 4.5 4.3 >50
15d H F 532.6 7.88 �9.84 0.7 0.4 0.5 0.4 >20

9a d H H 514.6 7.88 �10.12 0.6 0.2 0.4 0.3 >20

9d H H 532.6 7.51 �8.77 1 0.8 0.4 0.5 >20

9o H H 540.5 9.10 �10.13 2.3 1.4 1.4 1.5 >20

9p F H 558.5 9.62 �11.34 1.7 2.1 1.4 2.0 >20

9q H F 504.6 8.23 �9.30 5 3.5 9.4 7.0 >20

9n d H H 486.6 8.11 �9.20 1 0.8 0.8 0.9 >25

a Calculated water-octanol partition coefficient.
b Calculated solubility.
c All values in mM.
d Previously published in Ref. [2].
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2.2. Examination of substituents at group D

Previous observation of the important contribution of benzyl
ring D to antiviral potency, as well as the loss of potency associated
with addition of a negatively charged substituent on D spurred us
to consider additional substituent changes at this location. The best
performing compounds contained a carboxylic acid ester substit-
uent, although this position is exposed to solvent in predicted
binding orientations (Fig. 2). We examined additional molecules to
confirm this effect. Table 2 shows the results. The t-Bu ester on ring
D (compound 9c) has increased hydrophobicity compared to 9a
(methyl ester) and 9b (ethyl ester) and showed marginally
improved antiviral activity (IC50¼ 0.2 mM). Increasing hydrophobic
bulk by adding a secondm’-carbomethoxy group to form 9e slightly
reduced antiviral activity (IC50VCF¼ 0.6 mM), as did adding a m’-F
substituent in 9d, (IC50VCF¼ 0.5 mM). Adding the m-carbomethoxy
group to a p-OMe substituted ring D had an evenmore pronounced
negative effect (9f, IC50

VCF¼ 3e4 mM). Thus added hydrophobic bulk
at ring D was not tolerated. We previously observed that a nega-
tively charged m-carboxylate was highly deleterious (compound
9g, IC50

VCF¼ 60 mM) [2], and confirmed this effect with a new com-
pound having both a m-carboxylate and m’-methoxy group (com-
pound 9h). This compound had 15-fold lower activity against CCF
compared to 9n and no measurable antiviral activity up to 20 mM.
These two compounds both exhibited sub-mM binding affinity to
the HP, similar to that of compounds 9a, 9b and 9n.

We further explored the polarity at ring Dwith a nitro group and
a series of amine substitutions. Compounds 9i, 9j, 9k, 9lweremuch
more active than 9g. Three of them had lower activity
(IC50¼1.2e4.7 mM) than 9a. One of them, 9l, had sub-mM activity
(IC50¼ 0.5 mM), marginally lower than that of 9a. Switching D to a
saturated six-membered piperidine ring did not significantly
impact activity (compound 9r, IC50¼ 0.6 mM). The sub-mM activity
of 9l and 9r may in part be attributed to the hydrophobic t-Bu
carboxylate ester associated with added benefit in 9c.

For the compounds in Table 2, the KI for solution binding did not
correlate well to IC50, driven by the discrepancy observed for the
eCOOH e substituted and to some extent the eNH- substituted
compounds Therefore the binding assay did not fully recapitulate
the in situ mechanism, implying that other biological components
may be involved. It is possible that polarity due to an NeH or C]O
group, together with hydrophobic esterification, supports insertion
of ring D into anionic phospholipid membrane or an anionic lipo-
philic protein domain. This would explain the detrimental effect of
a negatively charged substituent on D and the failure of the solution
binding experiment to correctly predict activity of 9g and 9h.

2.3. Adjustment of the linker between groups C and D

Due to the proximity of Gln 5750 to the predicted pose of the
compounds, the potential for a polar interaction was tested by
converting the methylene of the benzyl group of D into sulfonyl or
carbonyl. In the eCO- containing compound, the phenyl group was
replaced entirely by a t-Bu ester, which proved to be successful as a



Table 2
Testing substituents at ring D.

X Y MWt logPa log Sb KI (HP)c IC50 CCFc IC50 VCF Ba-Lc IC50 VCF IIIBc CC50
c

9a d -COOCH3 -H 514.6 7.88 �10.12 0.6 0.2 0.4 0.3 >20
9b d -COOCH2CH3 -H 528.6 8.13 �9.90 1.0 0.7 0.3 0.5 >40
9c -COOC(CH3)3 -H 556.7 8.36 �9.21 0.3 0.2 0.2 0.2 >10
9d -COOCH3 -F 532.6 7.51 �8.77 1.0 0.8 0.4 0.5 >20
9e -COOCH3 -COOCH3 572.6 7.45 �10.11 1.0 0.2 0.6 0.6 >20
9f -COOCH3 -OCH3 (p)e 544.6 7.82 �9.27 0.4 2 4.2 3.1 ~25
9g d -COOH -H 500.6 7.40 �9.14 0.6 12 58 67 >100
9h -COOH -COOCH3 548.6 7.44 �9.09 0.8 8 >20 >20 >20
9i -NO2 -H 501.5 7.33 �9.22 2.7 2 2.8 3.4 >20
9j -NH2 (p)a -H 471.6 7.11 �8.81 3.1 3 1.1 1.3 >20
9k -NH-COCH3 -H 513.6 7.46 �9.45 0.9 1 4.7 4.5 >20
9l -NH-COOC(CH3)3 -H 571.7 8.53 �10.79 1.5 2 0.4 0.5 >20
9r 563.7 8.24 �7.79 1.2 1.2 0.6 0.6 >20

a Calculated water-octanol partition coefficient.
b Calculated solubility.
c All values in mM.
d Previously published in Ref. [2].
e Para substituted.
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substituent on the ring. The results are shown in Table 3. -SO2-
substitution for -CH2- by attachment of a p-methylphenylsulfonyl
group as ring D led to compound 10a with IC50¼ 0.9 mM, the same
potency as that of 9m, containing a p-trifluoromethyl benzyl group
as ring D. Although fluorine substitution is likely to have reduced
the bioactivity of 9m compared to a protonated counterpart (not
measured), based on results shown in Table 1, the sub-mM potency
of 10a is in line with that of other 4-ring compounds. The relative
reduction in logP of at least 1.6 units, meanwhile, suggests that a
polar interaction involving the -SO2- moiety is substituting for
hydrophobic contacts. eCO- as the linker, in the form of the Boc
group, yielded significant enhancement of potency compared to
previous compounds lacking a benzyl group at D (ref [2] and
Table 4), with 10b displaying 0.9e1.0 mM antiviral activity. Both
molecular weight and logP are substantially lower than for com-
pounds with �1.0 mM activity discussed in Tables 1 and 2.

Although limited in scope, the results here suggest that a polar
interaction, likely with a Gln in the pocket, replaced previous hy-
drophobic interactions conferred by the CH2 linker. Virtual docking
Table 3
Testing added polarity in the C-D connector.

Group Dd MWt logPa log Sb KI (H

10a 520.6 6.25 �7.99 1.2

9ma,e 524.5 8.98 �9.69 1

10b 466.5 6.81 �8.72 1.9

a Calculated water-octanol partition coefficient.
b Calculated solubility.
c All values in mM.
d Groups A, B, C and linker position as in Table 2.
e Previously published in Ref. [2].
(Glide docking, Schrodinger, LLC, New York, NY, 2018) revealed a
common binding pose, adopted by most ligands, that is shown in
Fig. 2. Fig. 3 shows the ligand interaction diagram for 10b. The core
of the inhibitor fit into a hydrophobic channel defined by Leu568’
(Leu A:26), Val570 (Val E:28), Trp571’ (Trp A:29) and Ile573 (Ile
E:31). Two putative H-bonds were present. The first, between the
carboxylate on ring A and Lys 574 (Lys E:32) was commonly
observed for all docked compounds in this study. For 10a and 10b,
an additional hydrogen bond formed between the sulfonyl or
carbonyl group and Gln 575’ (Gln A:33). The -O-tBu group of 10b is
solvent exposed in this model, although it is clearly important since
saponification reduced activity by a factor of 5 (data not shown).
Additionally, the KI of 10b did not accurately reflect its bioactivity,
implying that the t-Bu group may be involved in interactions other
than pocket binding. 10a docked in an identical binding mode to
10b with the added potential of ring stacking between ring D and
Trp 5710. The lower molecular weight and/or 20e30% reduction in
logP of 10a and 10b compared to 9m and other 4-ring compounds
in Table 2 indicated an improvement in drug-like characteristics
P)c IC50 CCFc IC50 VCF Ba-Lc IC50 VCF IIIBc CC50
c

1.3 0.8 0.9 >50

2 0.9 1.0 >50

0.8 0.9 1.0 >20



Table 4
Testing modifications at rings B, C.a

Group B Group C Group D MWt logPc log Sd KI (HP)e IC50 CCFe IC50 VCF Ba-Le IC50 VCF IIIBe CC50e

11a f Indole Indole CH3 380.4 6.42 �7.42 1.4 1.3 4.5 4.3 >50
11b g Indazole Indole CH3 399.4 5.97 �7.29 2.1 4.6 >20 >20 >20
11c1 g Indole Indazole 1-CH3 399.4 5.93 �7.31 2.5 7 10.1 11.3 >20
11c2 g Indole Indazole 2-CH3 399.4 5.69 �6.84 6.4 28 14 >20 >20
11e g Indazole Indazole 1-CH3 400.4 5.41 �7.10 19 >25 >20 >20 ~200
11f Indoline indole CH3 382.5 3.58 �5.74 10 >10 >25 >25 >50
9n f Indole Indole 486.6 8.11 �9.20 1 0.8 0.8 0.9 >25

9s 3-Me-indole Indole 500.6 8.31 �8.50 1.2 4 10.5 12.9 ~70

15e indole Indoline 488.6 5.40 �8.65 3.6 1 1.9 2.4 >25

15f Indazoleb indole 487.6 7.53 �9.13 1.0 n.d. 5.8 5.5 >20

18d indole m-aniline , H 462.5 7.20 �8.47 1.5 >10 >20 >20 >10

18a indole m-aniline , CH3 476.6 7.78 �8.44 0.8 1.6 1.6 1.2 >20

18c indole m-aniline 562.7 8.60 �10.56 0.45 4.2 5.5 4.2 >10

11d Indole Indoline 468.6 6.88 �9.00 0.9 2.9 2.3 2.8 >25

11g indole 3-Me-indole 480.6 7.24 �9.60 4.7 2.6 1.2 1.7 >20

18b indole m-aniline , CH3 456.5 6.95 �8.95 1.6 5.9 15.6 11.3 >20

15b indole Indazole 515.6 7.20 �9.43 1.0 0.3 1.4 1.4 >50

15c indazole Indole 515.6 6.96 �8.82 3.2 2.8 3.1 2.5 >20

a Group A is connected at N1 of group B except.
b Connected at N2 of indazole; group D is connected at N1 (indole, indazole, indoline) or N (aniline) of group C.
c Calculated water-octanol partition coefficient.
d Calculated solubility.
e All values in mM.
f Previously published in Ref. [2].
g m-F on ring A.
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while activity was retained.

2.4. Examination of the molecular core

The 6-60 bisindole scaffold influences the shape of the inhibitors,
and is predicted to contribute significant interactions with sur-
rounding amino acids when buried in the hydrophobic pocket. To
further understand the importance of the scaffold, alternative
heterocyclic rings were substituted for indoles to test specific in-
teractions. Thus indole groups were exchanged (Fig. 4) for indoline,
3-methyl-indole, aniline or indazole. In previous studies, we
determined that adding a polar nitrogen atom at vertex 3 (by
benzimidazole substitution) caused a 50-fold loss in potency [2].
Saturation of the 2e3 double bond in indoline is accompanied by
loss of full planarity. Adding a methyl group at position 3 increases
hydrophobic content and bulk, while an N-methyl substituted an-
iline “removes” vertex 3 completely, compared to an indole.
Without the methyl group on the aniline nitrogen, vertices 2 and 3
are both absent. We also tested indazole with nitrogen at position 2
as a potential substitute for indole, allowing for increased inhibitor
polarity while perhaps not having the negative effect of a benz-
imidazole. Indazole and indoline groups are regularly used in bio-
logical or pharmaceutical research [17e19]. The SAR, shown in
Table 4, was conducted concurrently with variation in group D and
we therefore identified four reference compounds, 9a, 9n, 10b, 11a
to which the non-bisindole containing compounds could be
compared. They have group D¼m-methylbenzoate, m-methox-
ybenzyl, Boc and methyl, respectively. The results of Table 4 are
summarized in Table 5 as an activity score relative to the reference
compounds. Substituting any of the heterocyclic variants for indole
at position B resulted in at least a six-fold loss of potency. For
example, substituting indole with indazole or 3-methylindole at
position B caused a 10-fold reduction in activity in either case (15c
vs 9a, 9s vs. 9n). 11f, with an indoline at position B, had no



Fig. 3. Interaction diagram for virtually docked ligand 10b in the pocket of 2xra (Glide docking). Negative and hydrophobic residues surrounding the ligand are shown in purple and
green respectively, while polar residues are shown in blue. Hydrogen bonds to carbonyl groups are shown as magenta colored arrows, and an additional salt bridge interaction with
the carboxylate group is represented by a line. Solvent exposure is indicated by grey circles, with the size reflecting the degree to which each vertex is exposed. Residue numbers
shown are those for the 2xra construct, with residues 26e35 corresponding to HXB2 residues 568e577 (see also Fig. 2). (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

Fig. 4. Substitutions of alternative single ring or fused ring structures for indole at the
core of the molecular scaffold, showing the changes in vertex character at the equiv-
alent of indole positions 2 and 3.
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observable activity, compared to 11a which had IC50¼ 4 mM.
Interestingly, the calculated logP for 11f is relatively low (3.58),
which could be a factor in its lack of activity, and might suggest a
lower limit of logP for successful intervention in the HP. Changes of
ring C had a more moderate effect on bioactivity, typically a factor
of 2e3, except for substitution with an aniline which had varied
effects. Changing hydrophobicity at the 3-position of indole C (with
an indoline in 11d or with 3-methylindole in 11g) was detrimental,
but removing this vertex in 18b by substituting an N-methylated
aniline or removing both vertices 2 and 3 in 18d also had a negative
effect. Substitution with aniline, in addition to affecting local in-
teractions, increases molecular flexibility because of free rotation of
the carbon-nitrogen bond. This can potentially alter the in-
teractions of group D and introduce an entropic penalty upon
binding, making it difficult to fully interpret observed changes in
activity. Nevertheless it is apparent that aniline-containing com-
pounds performed poorly. As an example, the potency of 10b
containing an indole at C and Boc group replacing D was unique,
since the benefits of substitution of Boc for benzyl did not extend to
a compound with aniline at the C position, i.e. 18b was much worse
than 18a (Table 4). Increased bulk of the substituents at the aniline
nitrogen was also tested in series 18d, 18a and 18c, with an
improvement in KI for HP binding and mixed results in bioactivity.
Some of this could be due to decreased solubility associated with
the increase in hydrophobicity, but as observed for compounds in
Table 2 we again see that increasing bulk at this end of themolecule
was counterproductive.

Unlike indole or indoline, the indazole group can be linked to
group D and/or A at N2 as well as N1. N2-linked isomers (11c2 and
15f) proved to have lower activity compared to N1-linked coun-
terparts and were not explored further.

In summary, an indole at position B seemed to be essential for
good bioactivity. Additionally, none of the tested compounds was
consistently better than with an indole at position C. These results
speak strongly to the need for the bisindole shape and likely tight
fit within the groove of the HP. They also suggest that indole B is
more deeply buried in the pocket, in agreement with the predicted
binding pose (Fig. 2).

3. Discussion

In this study, we designed, synthesized and tested a series of
compounds based on a bisindole scaffold as entry inhibitors against
HIV-1 gp41. The bisindole scaffold consisted of 4 rings A-B-C-D
attached linearly, with A¼ benzoic acid, B and C¼ indole and D¼ a
substituted benzyl group. Variations included substituting B and C
indoles with alternative fused ring or single ring structures,
examining substitutions on or for ring D, and replacing hydrogen
with fluorine at different positions. The following findings were
observed:

Activity reached a plateau with increasing hydrophobicity Several
of the new compounds had sub-mM activity against viral infectivity
and cell-cell fusion, and the most active compound 9c exhibited



Table 5
Exploring the character of B� C moieties.

Group B Group C Fold increase in IC50VCFa Example compounds

indole indole 1 9a, 9n, 10b, 11ab

indole indoline 2 15e vs. 9n; 11d vs. 10b
indole 3-Me-indole 2 11g vs 10b
indole indazole 2 15b vs 9a; 11c vs 11a
indole aniline 2e20 18b vs. 10b (15); 18d vs. 10b (>20); 18a vs. 9n (2)
indazole indole �6 11b vs. 11a; 15c.vs.9a
3-Me-indole indole 10 9s vs. 9n
indoline indole >6 11f vs 11a
indazole indazole >5 11e vs. 11a

a Inhibition of virus e cell infectivity.
b Reference compounds defined by substituent D, for comparison with non - bisindole variants.
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binding affinity KI¼ 0.3 mM and IC50
VCF¼ 0.2 mM against fusion.

However, this compound has a high logP (8.36) and low predicted
solubility (logS¼�9.21), beyond the range of drug-like character-
istics and possibly incurring non-specific hydrophobic interactions
and/or toxicity at high concentrations [20]. Studies of fluorinated
derivatives revealed that increasing logP was detrimental to ac-
tivity, suggesting an upper limit beyond which bioavailability is
impacted for this class of compounds. Increased hydrophobicity
could mask the potency of the compounds in cell-based assays
because of the reduced solubility.

6-60 bisindole was the preferred scaffold By substituting various
alternative fused ring or single ring moieties for indole, we found
that the 6-6‘-bisindole remained the preferred scaffold. It is likely
that this structure conforms well to the gp41 pocket shape as we
have previously surmised [2]. The group B indole was particularly
important and docking studies show it making 14 close contacts
(�4Å) with atoms on Ile 573, Lys 574 and Gln 577, while indole C
made 6 close contacts with atoms on Leu 5680 and Trp 571‘.

Position D may contribute a ternary interaction with lipids We
discovered that the exact nature of substitutions at position D did
not significantly impact activity, other than the requirement that
they not involve negative charge or significantly added bulk. Yet
ring D or an equivalent hydrophobic group contributed ~10-fold to
antiviral potency. The positive charge on the HP would be expected
to encourage negative charge on ligands, but we have consistently
observed that negative charge on D is unfavorable. It is possible that
ring D may not be specific for pocket binding interactions but
instead may associate with lipid or other hydrophobic entity. Hy-
drophobicity, in addition to being a requirement to interact effec-
tively with certain residues in the pocket, may encourage
partitioning in areas near membrane where the HP is located.

A polar substitution improved drug-likeness Introducing a
carbonyl or sulfonyl linker between C and D improved drug-like
characteristics of the ligands without reducing potency. 10a, con-
taining a sulfonyl linker, had the same activity (0.9 mM) as 9m,
containing a methylene linker, while logP was reduced by 2.7 units.
The same 0.8e1.0 mM activity was observed for 10b (D¼ Boc),
which contained a carbonyl in the linker and an eO-tBu group
instead of substituted phenyl. This compound had logP reduced by
2 units and significantly lower molecular weight compared to 9m.
In docking studies, the carboxylate group on ring A of all com-
pounds participated in a hydrogen bond with the εNH2 of Lys 574,
while the sulfonyl or carbonyl groups in 10a or 10b, respectively,
participated in an additional hydrogen bond with Gln 5750.

4. Conclusions

In conclusion, this study of small molecule intervention in the
hydrophobic pocket of gp41 has revealed that a bisindole core in
the molecular scaffold together with substantial hydrophobic
character, logP ~7 or higher, was a necessary requirement for sub-
mM inhibitory activity against HIV-1 fusion. Further enhancement
of hydrophobicity was insufficient as ameans of improving potency
beyond a mid-nM level. Instead, potency could be promoted by
adding specific polar interactions, taking into account a nearby Gln
residue in predicted docked structures. SAR data suggested that the
most effective molecules could also interact with lipids. The best
compound to emerge from this study is 10b with logP¼ 6.8 and
anti-fusion activity 0.8e1.0 mM. Hydrogen bonding between the
Boc carbonyl group and pocket Gln 5750 may underlie its improved
activity compared to other 3-ring compounds, providing the po-
tential for improved specificity and drug-likeness. The compound
has a molecular weight of 466.5da, on the small side for a PPI
(typically ranging from 241 to 974 da [21]), leaving sufficient
compound space for its optimization. While logP is still high, many
optimization examples have shown that reduction in logP is
possible using medicinal chemistry efforts [22].

5. Experimental section

5.1. Chemistry

The organic synthesis is described in Schemes 1 e 4 . Details of
the syntheses are provided in the Supplementary Data. In-
termediates 5a-e and 6a-nwere obtained either from a commercial
source or prepared according to Scheme S1 in the Supplementary
Data. Scheme 1 shows the synthesis of bisindole compounds 9a-n.
9a, 9b and 9n are previously prepared compounds 1, 2 and 3,
respectively (Fig. 1). 9o-q are corresponding fluorinated derivatives
of 9n, prepared by the same method with available starting mate-
rials. 9� has trifluoromethoxy on ring D, 9p has both tri-
fluoromethoxy on ring D andm-fluoro on ring A, 9q has 5-fluoro on
ring B. 9r was prepared from 8a and 1-Boc-4-
bromomethylpiperidine, and 9s was prepared according to
Scheme 1 using 5d (3-methyl-6-bromoindole) and 6n as starting
materials. Similarly 10a and 10b were prepared from 8a using the
appropriate chemical group in place of 6.

Scheme 2 describes the synthesis of 3-ring systems 11b-e,
including compounds substituted with an indazole or indoline in
place of indole. For indazole compounds, reactions resulted in a
mixture of 1 and 2-linked isomers, which were separated using
flash chromatography and identified by COSY NMR. 11c1 (shown in
Scheme 2B) and 11c2 are N1-methyl and N2-methyl isomers at ring
C. Similar reactions to those shown were used to obtain different
combinations of the ring systems. Scheme 2A was employed to
make 11a using 5a and 6a as starting materials [2], 11f using 5c and
6a, and 11h using 5a and 6d. 11i was made as in Scheme 2B using 5-
fluoro-6-bromoindole in place of 5b. 11g was made as in Scheme 2C
using 5d in place of 5c.

Scheme 3 describes synthesis of 4-ring compounds 15b and 15c



Scheme 1. Synthesis of 4-ring compounds 9a-9n.

Scheme 2. Synthesis of 3-ring compounds 11b-11e.
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with one indole and one alternative fused ring structure. It also
shows an improved method for the synthesis of 9a. Based on our
practical experience, it was difficult to separate 9a from 8a by col-
umn chromatography, and the ester of 6a was labile in strong basic
conditions. By employing a benzyl group to protect the carboxylic
acid on 6-bromoindol-1-ylmethylbenzoic acid, followed by bor-
ylation and Suzuki coupling with 7a, we successfully obtained
higher yield and easy purification of 9a. 15d is a fluorinated



Scheme 3. Synthesis of 4-ring compounds containing a fused ring other than indole.

Scheme 4. Synthesis of aniline containing compounds.
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derivative of 9a prepared by the same method. 15e was prepared
using Scheme 2C but replacing the first Boc protection step with
reaction of 5c with 6n. 15f, prepared using a procedure similar to
Scheme 2A, contains an N2-substituted indazole at ring B.

Scheme 4 describes synthesis of aniline containing compounds
18a-d.

5.2. Compound properties

Compound properties are reported in Tables 1e4. Structures
were optimized using LigPrep (LigPrep, Schrodinger, LLC, New York,
NY, 2018). Pharmaceutically relevant properties including logP
(water/octanol partition coefficient) and logS (aqueous solubility)
were calculated using QikProp (QikProp, Schrodinger, LLC, New
York, NY, 2018). Inhibition constants for HP-binding (KI) were
measured in a competitive inhibition fluorescence experiment [23]
by concentration-dependent displacement of fluorescently labeled
HP-binding C-peptide from the NHR binding site. Concentrations
that yielded 50% inhibition of biological activity (IC50) were ob-
tained using cell-cell fusion (IC50CCF) and viral infectivity (virus-cell
fusion; IC50

VCF) assays as previously described [2]. Antiviral assays
were run using lab-adapted viral strains Ba-L and IIIB. Details are in
the Supplementary Data.
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