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A new series of N-carboxyphenylpyrrole ligands were designed using GeometryFit based on an X-ray
crystal structure of gp41. The synthesized ligands showed significant inhibitory activities against HIV
gp41 6-helix bundle formation, HIV-1 mediated cell-cell fusion and HIV-1 replication.
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AIDS causes very serious public health problem and economic
burden. Globally, an estimated 33 million people are living with
HIV, with nearly 7500 new infections each day.! So far, 33 anti-
HIV drugs (including five fixed-dose combinations) have been
approved by FDA with 30 of them belonging to reverse transcrip-
tase inhibitors (RTI) and protease inhibitors (PI).2 Combination
therapies have shown significant synergistic effects.> However,
there is still no cure or effective vaccine for AIDS, and current
anti-HIV drugs are facing increasing prevalence of viral resistance
and side effects.*> Therefore, it is in urgent need to develop novel
anti-HIV drugs addressing new targets other than RTI and PL

HIV infects cells through endocytosis and envelope glycopro-
tein- and dynamin-dependent fusion.® Gp41, a transmembrane
subunit of HIV-1 envelope glycoprotein, plays a crucial role in
HIV fusion and entry.” Gp41 exists as a trimer and the ectodomain
of each monomer contains an N-terminal peptide (N-peptide) and
a C-terminal peptide (C-peptide). HIV fusion involves the insertion
of the gp41 N-peptides into host cell membrane and the subse-
quent binding of the C-peptides (anchored to viral membrane) to
N-peptides, which forms a 6-helical bundle bringing the viral
membrane and host cell membrane to proximity for fusion. Gp41
is a proven drug target—the peptides derived from the gp41 C-pep-
tides were found as potent HIV fusion inhibitors able to block the
N-peptides from binding to the C-peptides.®~!3 One of the peptides,
T-20 (Fuzeon/Enfuvirtide, a 36-amino acid synthetic peptide)!4-1¢
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was approved by FDA in 2003 for treating patients with multi-drug
resistant HIV. However, T-20 is not orally available and has high
production cost.!” Therefore, developing orally available nonpep-
tide small-molecule fusion inhibitors targeting gp41 is highly
desirable.

So far, no small-molecule anti-HIV drug targeting gp41 has been
successfully developed, and gp41 has long been questioned for its
druggability for (1) It is difficult for small molecules to block the
very strong protein-protein interactions between gp41 C-peptides
(red, Fig. 1) and N-peptides (blue, Fig. 1); (2) gp41 N-peptide bun-
dle is highly hydrophobic and lack of deep pockets to allow strong
binding with small molecules, which makes it an even more diffi-
cult drug target.

Despite the formidable challenges, a few small-molecule gp41
inhibitors with modest activities at micromolar concentrations
were discovered during the past 10 years mostly via high-through-
put screening and diverse compound library synthesis.'872> A12

Figure 1. gp41 C- and N-peptide bundle (left); gp41 N-peptide bundle (right).
Protein source: 1AIK (PDB code).®
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Figure 2. A12 (red) docked into gp41 N-peptide bundle (blue). Protein source:
2R5D (PDB code).?®

(Fig. 2) is one of the most promising compounds discovered by Xie
and Jiang’s labs recently.?® Notably, A12 is not only able to inhibit
gp41 6-helical bundle formation (ECso 37.36 nM) but also druglike.

Until Aug 2009, over 130 X-ray/NMR 3D structures related to
gp41 have been released from the Protein Data Bank (PDB),8%7-2°
which provide invaluable information to understand gp41’s func-
tion at the atomic level as well as lay a solid foundation for struc-
ture-based design of small-molecule gp41 inhibitors.

However, structure-based de novo design of small-molecule
gp41 inhibitors remains extremely challenging largely due to the
lack of effective de novo drug design methodologies.>° Hamilton’s
pioneer work>! in de novo design of gp41 surface antagonists led to
a novel small-molecule gp41 inhibitor (ECso ~15 pM), however, its
further optimization is difficult partly because its design was based
on general o-helix mimicry of gp41 rather than a specific binding
pocket on gp41. Most recently, Liu et al. successfully designed a
novel small-molecule gp41 inhibitor (ICso 31 puM, inhibition of
gp41 helical bundle formation) using their fragment-based de novo
ligand design technology, unfortunately, this compound failed to
show activity in a HIV mediated cell-cell fusion inhibitory assay
in the real life.3?

We believe that A12 (Fig. 1) could serve as a valuable starting
point for further drug design targeting gp41 by modifying this
structure using GeometryFit, a proprietary knowledge-oriented,
computer-aided and structure-based de novo drug design method-
ology developed by GeometryLifeSci.>*

Based on our docking study (gp41 N-peptide source:*® PDB ID:
2r5d) using AutoDock 4.0,>* we identified a binding mode of A12
(Fig. 3, A12: pink sticks) quite different from that proposed previ-
ously by Xie and Jiang.?® In our proposed binding mode, the calcu-
lated binding free energy of AG is —6.5 kcal/mol and the three key
contact motifs identified within the gp41 binding pocket are (1)
the flexible and positively-charged Lys38 (cyan sticks), which could
form a strong salt bridge with the negatively charged carboxylic
group of A12; (2) the hydrophilic GIn41 (green), which could form
two H-bonds with the same carboxylic group of A12; (3) the highly
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Figure 3. Calculated most favorable binding mode of A12.
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Figure 4. Calculated most favorable binding mode of GLS_12.

hydrophobic pocket (yellow) composed of Leu29, Leu32, Thr33,
Val34 and Ile37, which happens to nicely complement the shape
of the hydrophobic pyrrole ring of A12 to form very favorable
hydrophobic interactions. These three key contact motifs may ac-
count for the binding of A12 to gp41, leading to the inhibition of
gp41 6-helix bundle formation.

In addition to the three key contact motifs, we then explored
additional potential contact motifs within the binding pocket in
order to find new ligands with improved binding affinities. The
most favorable binding mode of A12 suggests that its phenolic
group do not contribute significantly to its overall binding affinity
but do have plenty of room to extend into additional contact motifs
within the binding pocket, such as Arg43 (orange, Fig 3) and the
binding pocket composed of Trp35, GIn39, Leu40 (white, Fig. 3).

Using GeometryFit, we designed a new ligand GLS-12 (Fig. 4)
based on the A12 structure, in which the phenolic group of A12
was replaced by a phenyl group to not only fit into the shape of
the pocket composed of Trp35, GIn39, Leu40 (white, Fig. 4) and
Gln41 (green, Fig. 4) but also generate favorable hydrophobic inter-
actions with Trp35, GIn39, Leu40 (white, Fig. 4). The subsequent
docking study confirmed that, in the most favorable binding mode
of GLS-12 (Fig. 4), the new ligand well maintains the interactions
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Figure 5. Calculated most favorable binding mode of GLS_22.
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Scheme 1. Reagents and conditions: (i) H,SO4, MeOH, reflux; (ii) 2,5-hexanedione, p-TsOH, Toluene, reflux; (iii) Tf,0, EtsN, DCM, 0 °C; (iv) PdCly(PPhs),, K,CO3, THF/H,0O
(2:1), reflux; (v) malonic acid, piperidine, pyridine, reflux; (vi) (1) NaOH, EtOH, (2) HCI; (vii) ethyl (triphenylphosphoranyliden)acetate, DCM; (viii) Pd/C, H, THF/MeOH (4:1).

with the previous three key contact motifs while docking nicely
into the new binding pocket with its phenyl group. The calculated
binding free energy of AG was increased to —7.0 kcal/mol.

To further increase the binding affinity, we decided to recruit
the positively charged Arg43 (orange, Fig. 4) as an additional con-
tact motif within the binding pocket. Using GeometryFit, we de-
signed another new ligand GLS-22 (Fig. 5) based on the structure
of GLS-12, in which a negatively charged carboxylic acid handle
was added at the para position of the phenyl ring in order to form
a strong electrostatic interaction with Arg43. The subsequent dock-
ing study confirmed that, in the most favorable binding mode of

Table 1
Anti-HIV bioassay results versus calculated binding AG

GLS-22 (Fig. 5), the new ligand’s carboxylic group could form a salt
bridge with Arg43 and at the same time well maintain the interac-
tions with the previous four key contact motifs. As a result, the cal-
culated binding free energy of AG was increased to —8.9 kcal/mol.

In this preliminary study, total of five new ligands were de-
signed, synthesized and screened for their inhibitory activities
against (1) HIV gp41 six-helix bundle (6-HB) formation, (2) HIV-
1-mediated cell-cell fusion (CF) and (3) HIV-1 replication (p24
and CPE), as previously described,?!?® using A12 as a control. The
synthesis is illustrated in Scheme 1 and the bio-assay results are
summarized in Table 1.

_ GLS_12 R=H
- N O O R GLS_18 R=Me
GLS_ 21 R=COOH
[o] GLS_22 R =CH=CHCOOH
HO GLS_23 R =CH,CH,COOH
Ligand®> AG (calcd) (kcal/mol) ICso (M) CCs® (UM) S
p24 CPE CF 6-HB CCs0/ICs0 (p24)
A12 —-6.5 28.19+3.79 55.45 +16.59 4324 +2.28 29.39+5.47 333.84 +£22.88 11.84
GLS-12 -7.0 17.76 £2.74 37.92+7.55 59.17 £ 2.00 28.96 £ 2.27 289.80+£13.18 16.31
GLS-18 -6.9 18.19+2.04 79.54 £ 8.16 51.61 £3.38 21.26+2.88 280.04 £ 38.11 15.39
GLS-21 -8.7 25.63+1.92 33.93 +6.66 26.01 +1.31 20.50+1.11 355.23 +24.47 13.85
GLS-22 -89 491 +0.69 7.71+1.64 3.60+0.27 20.73 £2.11 255.28 +3.73 51.99
GLS-23 -8.6 830x1.34 13.08 +3.19 830+0.11 21.75+£0.75 227.27 £22.86 27.38

¢ CCsp: 50% cytotoxicity concentration.
b gI: selectivity index.
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All 5 designed new ligands showed better activities than A12 in
all assays except GLS_18 in the CPE assay and GLS_12 & 18 in the
CF assay. The assay results are in accordance with our predictions
using GeometryFit in most cases. The designed new ligands
(GLS_21,22,23) targeting two more contact motifs within the bind-
ing pocket than those of A12 all showed better activities across all
four assays, whereas the ligands (GLS_12,18) targeting only one
more hydrophobic contact motif than those of A12 mostly showed
comparable activities, which indicates that the second additional
contact motif, Arg43, may contribute more significantly to the
increased binding affinity. The best ligand, GLS_22, showed ~6-
7-folds better inhibitory activity than A12 in the HIV replication
assays, ~12-folds in the HIV cell-cell fusion assay and ~1.4-folds
in the gp41 six-helix bundle formation assay. All five new ligands
had low cytotoxicity (CC50: 227-355 uM), and the most potent
ligand, GLS_22, had the highest Selectivity Index (SI) (CC50/IC50
(p24): 51.99).

Summary: In this preliminary study, we identified a new bind-
ing mode of A12 involving three key contact motifs within the
binding pocket, based on which we explored two additional poten-
tial contact motifs within the binding pocket and designed five
new derivatives of A12 using GeometryFit. All five new ligands
showed improved anti-HIV activities in almost all assays, which
suggests that our design model and methodology are reliable, pav-
ing the way for our de novo design of novel small-molecule HIV
inhibitors targeting gp41 in the future.
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Spectral data of the ligands synthesized: A12: "H NMR (CDCls, 400 MHz) § 10.46
(br, 1H), 7.80 (s 1H), 7.38 (d, ] = 8.4 Hz, 1H), 7.11 (d, ] = 8.8 Hz, 1H), 5.91 (s, 2H),
2.04 (s, 6H). MS: [M+1]" 232 (ES+APCI). GLS_12: 'H NMR (CDCls, 400 MHz) 5
7.80 (s 1H), 7.46-7.38 (m, 7H), 5.93 (s, 2H), 2.17(s, 6H). MS: [M+1]* 292
(ES+APCI). GLS_18: 'H NMR (CDCls, 400 MHz) 6 7.78 (s 1H), 7.46 (d, J = 8.0 Hz,
1H), 7.39 (d, J = 8.0 Hz, 1H), 7.30-7.22 (m, 4H), 5.93 (s, 2H), 2.41 (s, 3H), 2.09(s,
6H). MS: [M+1]* 306 (ES+APCI). GLS_21: 'H NMR (DMSO-ds, 400 MHz) 5 7.9 (d,
J=8.0Hz, 2H), 7.60-7.51 (m, 5H), 5.85 (s, 2H), 2.03 (s, 6H). MS: [M+1]" 336
(ES+APCI). GLS_22: 'H NMR (DMSO-dg, 400 MHz) 5 7.75 (d, J = 8.0 Hz, 2H), 7.64
(d, J=16.0Hz, 1H), 7.56-7.51 (m, 3H), 7.45 (d, J=8.4Hz, 2H), 6.58 (d,
J=16.0Hz, 1H), 5.84 (s, 2H), 2.02 (s, 6H). MS: [M+1]* 362 (ES+APCI).
GLS_23: 'H NMR (DMSO-ds, 400 MHz) & 7.52-7.47 (m, 3H), 7.40-7.28 (m,
4H), 5.84 (s, 2H), 2.88 (t, 2H), 2.59 (t, 2H), 2.09(s, 6H). MS: [M+1]" 364
(ES+APCI).
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