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The HIV-1 capsid is a shell that encapsulates viral RNA, and forms a conical structure by assembling
oligomers of capsid (CA) proteins. Since the CA proteins are highly conserved among many strains of
HIV-1, the inhibition of the CA function could be an appropriate goal for suppression of HIV-1
replication, but to date, no drug targeting CA has been developed. Hydrophobic interactions between
two CA molecules through Trpl84 and Metl185 in the protein are known to be indispensable for
conformational stabilization of the CA multimer. In our previous study, a small molecule designed by in
silico screening as a dipeptide mimic of Trp184 and Met185 in the interaction site was synthesized and
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Accepted 2nd January 2023 found to have significant anti-HIV-1 activity. In the present study, molecules with different scaffolds
based on a dipeptide mimic of Trp184 and Met185 have been designed and synthesized. Their significant

DOI: 10.1039/d2ra06837k anti-HIV activity and their advantages compared to the previous compounds were examined. The
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Introduction

The pandemic of the novel COVID-19, which is caused by
a positive-strand RNA virus SARS-CoV-2, continues in 2022.
Overcoming such infectious diseases has always been a major
task for human beings." Human immunodeficiency virus type 1
(HIV-1) is classified as a member of the retrovirus family, and
HIV-1 infects CD4-positive macrophage or T-cells, finally
causing acquired immunodeficiency syndrome (AIDS). To date,
many anti-HIV-1 drugs®>* beginning with inhibitors of three
major viral enzymes, reverse transcriptase,® protease® and
integrase,”® have been developed, and the use of these drugs in
combination antiretroviral therapy (cART) has brought great
success to the chemotherapy of HIV infectious diseases.>™ Some
drugs are picked up in Table 1. There have been serious
shortcomings however, including the emergence of mutant
viral strains with multi-drug resistance, the appearance of
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present results should be useful in the design of novel CA-targeting anti-HIV agents.

significant side effects and the cost of the resulting drugs. In
a persistent effort to resolve these problems and increase the
alternatives and repertoires of anti-HIV-1 drugs, we have sought
anti-HIV agents with various mechanisms of action such as co-
receptor CXCR4 antagonists,”* CD4 mimics,'**" fusion
inhibitors,*®* integrase inhibitors***® and inhibitors of viral
uncoating and viral assembly.”*** Among these targets, inhibi-
tors of viral uncoating and viral assembly**-** are the focus of
this paper. The HIV-1 Gag precursor protein Pr55Gag produces
the capsid (CA) protein, which is composed of N- and C-
terminal domains (NTD/CTD) and is highly conserved among
numerous HIV strains.**** Many CA protein molecules are
structurally assembled by oligomerization of hexamers and
pentamers,* and form a CA core with a conical structure,®**
which encloses the RNA genome, the reverse transcriptase and
the integrase. In addition, Pr55Gag produces the matrix (MA)
protein, which contributes to the assembly of the virion
shell.*** The MA and CA proteins are thought to be valid targets
for inhibition of viral replication. Consequently, several MA and
CA fragment derivatives were found to have anti-HIV activity in
our®* and other laboratories.*** These peptide-derived
inhibitors must penetrate cell membranes to inhibit the viral
uncoating and assembly because these replication steps are
based on the MA/CA degradation and oligomerization and are
performed inside host cells. For this purpose, an octa-arginyl
group® was added into the earlier peptide-derived inhibitors,
described above, to enhance their cell membrane
permeability.>*** Since small molecules might themselves have

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Some reported anti-HIV drugs

IC50/ECso
Compound Structure Function (ICoo/ECo0) Reference
Maravi i R e CCR5 antagonist (1.0 nM) 65
araviroc NN antagonis .0n
O Ph F’ I g
e

Enfuvirtide (T-20) Peptide Fusion inhibitor 3.0 nM 66

Oy Ph

Y
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N
. Meo © 0 R
Fostemsavir P Entry inhibitor 0.7 nM 67
B
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N\N’{‘ O’Z"_PH
Me
Ibalizumab CD4 binding inhibitor 0.29 nM 68
GSK3640254 Maturation inhibitor (33 nM) 69
ol i

Cabotegravir S:L/\N\\ N Integrase inhibitor 0.25 nM 70

o F F

Me OH

Lenacapavir Capsid inhibitor 100 pM 71

cell membrane permeability without an octa-arginyl group, itis compounds have been discovered to date,**** none has pro-
desirable to search for small compounds with inhibitory activity ~gressed to clinical trials with the exception of lenacapavir,
against viral uncoating and assembly. Although several small formerly GS-6207.%°

CA hexamer

Fig. 1 (a) Capsid corn structure (PDB ID: 3J3Q); (b) interaction between two hexamers of CA proteins (blue: N-terminal domain (NTD), orange:
C-terminal domain (CTD)).
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The structural analysis of CA proteins has revealed a hydro-
phobic interaction through Trp184 in Helix 9 of CTD of one CA
molecule and Met185 of the other molecule.**?**7*> This inter-
action is indispensable for conformational stabilization of the
CA multimer to form the CA core (Fig. 1). Viral mutants with
Trp184Ala and Met185Ala mutations have very weak dimeric
interactions between two CA molecules resulting in an
abnormal morphology of the viral particles, and consequently
causing no infectivity.” The Trp184-Met185 sequence is highly
conserved among natural HIV/simian immunodeficiency virus
(SIV) strains.?® In addition, our previous CA-derived fragment
peptide, which includes Trp184 and Met185, has significant
anti-HIV activity.”

2. N Mettss
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The site of this hydrophobic interaction through Trp184 of
one molecule and Met185 of a second molecule might be
considered to be a valid target of small drugs for CA dysfunc-
tion. Our strategy has involved design of small molecules, which
might bind to the above site, using in silico screening.” Briefly,
a series of dipeptide mimics of Trp184 and Met185 were
designed using the Molecular Operating Environment (MOE)
(Chemical Computing Group Inc., Montreal, Quebec, Canada).
The structure of one monomer molecule of the CA protein
dimer (PDB ID: 3]J34) remained as a receptor, and the backbone
structure of Trp184 and Met185 of the other monomer molecule
was removed. The side-chain structures of these two residues
were left in place, and the compounds affecting the backbone

Linker
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MKN-1 (1)
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SMe
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Fig. 2 The hydrophobic interaction between two CA molecules via Trp184 and Met185 (PDB ID: 3J34, orange: carbon atom, blue: nitrogen
atom, green: sulfur atom) (left), extraction of the Trp (W) 184 - Met (M) 185 sequence from the CA, molecule (center) and the design of dipeptide
mimics of Trpl184 and Metl85 screened using the linker database to provide MKN-1 (1) and MKN-3 (2) (right). CA; and CA,: two CA molecules.
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Scheme 1 Retrosynthetic analysis of MKN-3 (2).
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structures crosslinking two side-chain functional groups were Screened dipeptide mimic candidates were selected using
screened using the linker database provided by the Scaffold the following scores which involve binding affinity for recep-
Replacement application of MOE to bind to the above receptor  tors, ligand efficacy (London dG), topological polar surface area,

side (Fig. 2).
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molecular weight, log of the octanol/water partition coefficient
(Slog P), and an estimate of the feasibility of synthetic access.”
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Scheme 2 Synthesis of MKN-3 (2) (diastereomixture). *HPLC purification using 0.1% (v/v) trifluoroacetic acid (TFA) containing eluents after the

reaction.
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London dG values show binding affinities of available
compounds for target proteins; smaller values mean higher
binding affinities, and compounds with London dG values of
<—6 have higher binding affinity for a CA molecule when
compared to the interaction between two CA molecules because
the London dG value of the CA dimer is approximately —6. This
screening strategy provides some candidates with useful
binding affinity, including MKN-1 (1) with a London dG value of
—9.134, which had been found previously to have significant
anti-HIV activity.” This screening identified another candidate
MKN-3 (2) with London dG value of —9.555, signifying a higher
binding affinity for a CA molecule than that of MKN-1 (1). In the
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2)11,120r 13
DIPEA, CH,Cl,
0°Ctort
o i
;1= Cl)j\CHz(CH2)5Me §
I: a
' _ n E
! 12 = CI)K(PIF 5
: pr
i o 5
; 13= CI)J\Bn §
1) 1 M LiOH aq.
MeOH/H,O
0°Ctort,24 h

L
'

2) 3, HATU, DIPEA
DMF,0°Ctort,19h

3) 4 M HCI/Dox., anisole
O°Ctort,1h#

N
TFA-HN._J

View Article Online

Paper

current study, MKN-3 (2) and several of its derivatives were
synthesized, and their anti-HIV activity and cytotoxicity were
evaluated.

Results and discussion
Retrosynthetic analysis for the synthesis of MKN-3 (2)

A possible synthesis of MKN-3 (2) accompanied by its diaste-
reomer was outlined. For its construction, MKN-3 (2) with two
chiral centers was divided into four segments 5,7 6,* 7 and 8
based on a retrosynthetic analysis (Scheme 1).

O
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"Pr
, 59%

15,R =
"Pr

= [s)
16, R Ao, 5%

H

N

7 o

§ )JY\/SMG

ij
)R

)

17-2TFA, R = /!\CHz(CHz)sMe, 11% (3 steps)

"Pr
18-2TFA,R = , 34% (3 steps)
npr
19-2TFA, R = ,(Bn , 25% (3 steps)

Scheme 3 Synthesis of compounds 17, 18 and 19 (diastereomixtures). *HPLC purification using 0.1% (v/v) TFA containing eluents after the

reaction.
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Synthesis of MKN-3 (2)

Treatment of the aldehyde (5)”” with the SnAP Pip reagent (6)”®
gave the corresponding imine and was followed by the subse-
quent 6-endo cyclization to yield an amine (3) (Scheme 2).
Reaction of the o-hydroxycarboxylic acid (9), which was
prepared from r-methionine (7),”° with trimethylsilyl (TMS)
diazomethane produced the ester (10). Mesylation of 10 and
a subsequent Sy2 reaction with 1-Boc-homopiperazine (8) yiel-
ded an ester (4). Saponification of the ester (4), and subsequent
condensation with the amine (3) followed by deprotection of
two N-Boc groups gave MKN-3 (2) and its diastereomer.

1) 4 M HCI/Dox.
0°Ctort

View Article Online
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Synthesis of derivatives of MKN-3 (2)

To synthesize derivatives of MKN-3 (2), some acyl or alkyl groups
were introduced after deprotection of the N-Boc group of the
ester (4) was performed. Treatment with n-octanoyl chloride, 2-
propylvaleryl chloride or phenylacetyl chloride gave amides 14,
15 and 16, respectively, and this was followed by saponification,
condensation with the amine (3) and deprotection of two N-Boc
groups to yield the MKN-3 derivatives (17, 18 and 19), respec-
tively, as their diastereomixtures (Scheme 3). In silico docking
simulation was used to validate preservation of binding activity
of the MKN-3 derivatives. The MKN-3 derivatives had better
binding score London dG values than MKN-1 had (London dG

o)
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Scheme 4 Synthesis of compounds TKB063 (25), 26 and 27 (diastereomixtures). “HPLC purification using 0.1% (v/v) TFA containing eluents after

the reaction.
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1) 1 M LiOH aq.
MeOH/H,0
0°Ctort,24 h

2) H 2) 3, HATU, DIPEA
[ ) DMF,0°Ctort, 19 h

28

DIPEA, DMF
80°C,23h
47% (2 steps)

29-2TFA

3) 4 M HCI/Dox., anisole
0°Ctort,1h #
11% (3 steps)

Scheme 5 Synthesis of compound 29 (diastereomixture). *HPLC purification using 0.1% (v/v) TFA containing eluents after the reaction.

value = —5.90 to —6.50 for MKN-3 derivatives and —5.80 for
MKN-1, respectively). The MKN-3 derivatives somehow exhibi-
ted variation in the lengths of substituents, suggesting tolera-
tion in the size of moiety that does not participate directly to the
binding to the CA protein.

After removal of the N-Boc group of the ester (4), treatment
with acetone and sodium triacetoxyborohydride gave an amine

1) 4 M HCI/Dox.

0°Ctort
4 »
2) 30, 31 or 32, NaBH(OAc)s
CH,Cly, it, 16 h

1)1 M LiOH aq.
MeOH/H,0 0
0°Ctort, 24h :

. N
2) 3, HATU, DIPEA TFA.HN\)
DMF,0°Ctort, 24 h

3) 4 M HCI/Dox., anisole
0°Ctort,2h*

o

Jl\‘/\/SMe

TFA

G

(20) by reductive amination (Scheme 4). Treatment with 1-
iodoheptane (21) or benzyl bromide (22) yielded amines 23 and
24, respectively, via an Sy2 reaction. After saponification of
amines 20, 23 and 24, condensation with the amine (3) and
deprotection of two N-Boc groups gave derivatives TKB063 (25),
26 and 27, respectively, as diastereomixtures.

MeO SMe

0

G
R

33,R= ,(Et

34,R=

35R= /,Bu

TONO1 (36)-3TFA, R = /(Et . 1.8% (5 steps)
TONO2 (37)-3TFA, R = /np, ,2.3% (5 steps)

TONO3 (38)-3TFA, R =/<"'Bu . 5.3% (5 steps)

Scheme 6 Synthesis of TONO1 (36), TONO2 (37) and TONO3 (38) (diastereomixtures). “HPLC purification using 0.1% (v/v) TFA containing eluents

after the reaction.
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Mesylation of 10 and a subsequent Sy2 reaction with hex-
amethyleneimine yielded an ester (28), and this was followed by
saponification, condensation with the amine (3) and depro-
tection of two N-Boc groups to yield the derivative (29) as
a diastereomixture (Scheme 5).

After deprotection of the N-Boc group of the ester (4), treat-
ment with acetaldehyde (30), propionaldehyde (31) or 2-buta-
none (32) in the presence of sodium triacetoxyborohydride gave
amines 33, 34 and 35, respectively, via reductive amination
(Scheme 6). The synthesis of 20 from 4 is shown in Scheme 4.
After saponification of the amine (33, 34 or 35), condensation
with the amine (3) and deprotection of two N-Boc groups gave
derivatives TONO1 (36), TONO2 (37) and TONO3 (38), respec-
tively, as diastereomixtures.

Evaluation of anti-HIV activity and cytotoxicity

The anti-HIV activity of the synthesized compounds was
assessed based on their protection against HIV-1 (NL4-3 strain)-
induced cytopathogenicity in MT-4 cells using an MTT
assay.”** The cytotoxicity of these compounds was determined
based on reduction of the viability of MT-4 cells, as determined

Table 2 log P values, anti-HIV activity and cytotoxicity of MKN-3 (2)
and its derivatives

ZT

7 o

J\(Vsm
C.

N
HN\)

1

N

Rz
Compound R, R, logP* ECso (uM)? CCso (uM)°
MKN-3 (2)Y N H 0.27 42 >50
174 N f}—CHACszMe 2.66 6.0 8.8
o

o "pr
187 N 7 2.81  >9.1 9.1

O "Pr

£
19¢ N O%B” 176 15 33
TKB063 (25)Y N Pr 1.31 45 >50
26 N "Heptyl 314 26 4.4
274 N Bn 238 2.4 9.0
29¢ C H, 194 10 32
MKN-1 (1) — — 2.97 2.2 15
AZT - — — 0.021 67

“ Calculated using ChemDraw Professional 15.1. b ECy, values are the
concentrations for 50% protection from HIV-1 (NL4-3 strain)-induced
cytopathogenicity in MT-4 cells. © CCs, values are the concentrations
for 50% reduction of the viability of MT-4 cells. The data are a mean
value of at least two independent experiments. ¢ diastereomixture.
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by an MTT assay. These results are shown in Table 2. First,
MKN-3 (2), evaluated as the mixture of its diastereomers,
showed low anti-HIV activity below 50 pM, but failed to show
cytotoxicity below 50 pM. MKN-3 (2) was designed by in silico
screening in the same way as MKN-1 (1), and in terms of ligand
efficacy MKN-3 (2), with a London dG value of —9.555, has
a higher binding affinity than MKN-1 (1), with a London dG
value of —9.134, for a CA molecule. The anti-HIV activity of
MKN-3 (2) however, is remarkably lower than that of MKN-1 (1).
The reason for this might be the poor cell membrane perme-
ability of MKN-3 (2), which therefore could not penetrate the
cells. In general, the hydrophobicity of compounds is correlated
to their cell membrane permeability. The log P value of MKN-3
(2) is 0.27, which is markedly lower than that of MKN-1 (1) (log
P: 2.97). We investigated the design of derivatives more hydro-
phobic than MKN-3 (2). For the design of MKN-3 (2) derivatives,
the docking model of MKN-3 (2) and a CA protein was con-
structed, and a site in the MKN-3 (2) molecule, whose rela-
tionship with the interaction with a CA protein is unknown, was
sought (Fig. 3). As a result, the amino group of the homo-
piperazine ring, which is marked by a red circle in Fig. 3, was
found to fail to interact with a CA protein. Consequently, this
amino group was modified by alkylation or amidation, and was
converted into a methylene group. Six derivatives (17, 18, 19,
TKBO063 (25), 26 and 27), with octanoyl, 2-propylpentanoyl, 2-
phenylacetyl, i-propyl, n-heptyl or benzyl groups, respectively on
the secondary nitrogen atom of the homopiperazine ring of
MKN-3 (2), were synthesized. A derivative (29), with a methylene
group in place of the secondary amine of the homopiperazine
ring, was prepared. All of these derivatives have log P values
noticeably higher than that of MKN-3 (2), and showed signifi-
cantly higher anti-HIV activity (ECs, < 15 uM) than MKN-3 (2)
(ECso = 42 uM). The single exception was 18, which has rela-
tively high cytotoxicity (CCso = 9.1 uM) and fails to show anti-
HIV activity below 9.1 pM. It was assumed that the anti-HIV
activity of these MKN-3 (2) derivatives was increased as
a result of their improved hydrophobicity and cell membrane
permeability. If the hydrophobicity of such derivatives is higher
(logP > 2), the cytotoxicity is higher (CCso < 10 uM). In
compound 18, the 2-propylpentanoyl group on the secondary
nitrogen atom of the homopiperazine ring led to an increase in
its hydrophobicity (logP = 2.81) and also strong cytotoxicity.
Compounds 17, 26 and 27, with octanoyl, n-heptyl or benzyl
groups on the secondary nitrogen atom of the homopiperazine
ring, respectively, also caused an increase in hydrophobicity
and strong cytotoxicity (log P = 2.66, 3.14, and 2.38, and CCs, =
8.8 uM, 4.4 uM, and 9.0 pM) although the same compounds (17,
26 and 27) showed high anti-HIV activity with EC5, = 6.0, 2.6
and 2.4 uM, respectively. This suggests that derivatives with
appropriate log Pvalues (1 < log P < 2) have a suitable balance of
anti-HIV activity and cytotoxicity. Compounds 19 and 29, with
a 2-phenylacetyl group on the secondary nitrogen atom of the
homopiperazine ring and a methylene group instead of the
secondary amine, exhibited moderate anti-HIV activity (ECs,
=15 pM and 10 uM) and slight cytotoxicity (CCso = 33 uM and
32 uM), although they have appropriate log P values (1.76 and
1.94), respectively. TKB063 (25), with EC5¢ = 4.5 uM, CCs, > 50
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(a) The docking model of MKN-3 (2) and a CA protein (PDB ID: 3J34), blue: nitrogen atom, red: oxygen atom, green: sulfur atom; (b) the
docking simulation operated by Molecular Operating Environment (MOE), 2019.01.5¢ Amino acid residues surrounding MKN-3 (2) are shown.
Indigo-colored cloud: ligand exposure, light blue shade: receptor exposure. The H,N* moiety in the homopiperazine ring is marked by a red
circle.

Met185

Fig. 3

Table 3 Anti-HIV activity and cytotoxicity of the diastereoisomers of TKB063 (25)

H
§ N N
/
7 o} HPLC 7 0 O
N)H/\/SMe separation o,,N)H/\/SMe N)H/\/SMe
HN._J N3 — = ] C3 + AN C}
QN\ N\‘ N\.
iPr Pr ipr
TKBO063 (25) TKBO63A (25A) or TKB063B (25B)
Compound ECso (UM)* CCso (uM)?
TKB063 (25)° 4.8 >50
TKBO63A (25A) 5.0 >50
TKB063B (25B) 7.4 >50
MKN-3 (2)° >50 >50
MKN-1 (1) 2.3 15
AZT 0.025 >50

“ ECs, values are the concentrations for 50% protection from HIV-1 (NL4-3 strain)-induced cytopathogenicity in MT-4 cells. b ©Cs, values are the
concentrations for 50% reduction of the viability of MT-4 cells. The data are a mean value of at least two independent experiments.
¢ Diastereomixture.

uM, is the most effective of these compounds, indicating that
i-propyl is suitable as a modifying group (log P = 1.31) on the
secondary nitrogen atom of the homopiperazine ring of MKN-
3 (2). Compared to MKN-1 (1), the anti-HIV activity of TKB063
(25) is slightly lower, but the cytotoxicity is significantly lower.
Thus, TKB063 (25) can be seen to have some advantages.
TKB063 (25) is a mixture of its diastereomers. To investigate
the anti-HIV activity of each of the diasteroisomers, they were
separated by preparative RP-HPLC to yield TKB063A (25A) and
TKB063B (25B) (Table 3). TKBO63A (25A) and TKB063B (25B)

2164 | RSC Adv, 2023, 13, 2156-2167

showed almost the same anti-HIV activity, suggesting that both
of the diastereoisomers have significant binding affinity to the
CA protein and that the diastereomixture can be used for the
evaluation of these derivatives. The assay data is consistent with
the experimental results, docking simulations of the CA protein
and the diastereoisomers of TKB063A (25A) and TKB063B (25B)
using the Dock tool in MOE®* gave similar docking scores
(TKB063A (25A): —5.92; TKB063B (25B): —5.85 kcal mol ).
Next, additional derivatives with log Pvalues (ca. 1 <log P<2)
were designed and synthesized as their diastereomixtures.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 4 log P values, anti-HIV activity and cytotoxicity of additional
derivatives
H
N
O
N)J\(\/S\
HN\) :N3
N\
Ry
Compound R, log P* ECs, (uM)? CCs (uM)°
TONO1 (36)* Et 0.99 20 >50
TONO2 (37)* "pr 1.48 8.0 >50
TONO3 (38)* *Bu 1.79 6.3 >50
TKB063 (25)° ipr 1.31 9.5 >50
AZT — — 0.040 >50

¢ Calculated using ChemDraw Professional 15.1. b £C,, values are the
concentrations for 50% protection from HIV-1 (NL4-3 strain)-induced
cytopathogenicity in MT-4 cells. © CCs, values are the concentrations
for 50% reduction of the viability of MT-4 cells. The data are a mean
value of at least two independent experiments. ¢ Diastereomixture.

Three derivatives, TONO1 (36), TON02 (37) and TONO3 (38), with
ethyl, n-propyl or sec-butyl groups, respectively, on the
secondary nitrogen atom of the homopiperazine ring of MKN-3
(2), were synthesized. These derivatives have log P values (0.99 <
log P < 1.8), and show significant anti-HIV activity (ECs, < 20 uM)
but no significant cytotoxicity (CCso > 50 uM) (Table 4). This
confirmed that derivatives with appropriate log P values (0.99 <
logP < 1.8) have a suitable balance of anti-HIV activity and
cytotoxicity due to appropriate hydrophobicity and cell
membrane permeability shown in Table 2. TONO02 (37) and
TONO3 (38) with ECso = 8.0 uM, 6.3 pM, respectively, are the most
effective derivatives among these compounds. Both derivatives
are comparable with TKB063 (25). This suggests that n-propyl and
sec-butyl are suitable as modifying groups (log P = 1.48 and 1.79)
similar to an i-propyl group in TKB063 (25) on the secondary
nitrogen atom of the homopiperazine ring of MKN-3 (2). Cyto-
toxicity of TONO2 (37) and TONO3 (38) was not observed below 50
UM (CCs > 50 uM) similar to that of TKB063 (25). An ethyl group
might be responsible for the small size and low hydrophobicity
(log P = 0.99) because TONO1 (36) showed lower antiviral activity
(EC50 = 20 pM) than TONO2 (37), TONO3 (38) or TKB063 (25).

Conclusion

In this study, MKN-3 (2) derivatives, a new class of small
molecules, with a scaffold structure different from that of MKN-
1 (1), were developed based on in silico screening as a dipeptide
mimic of Trp184 and Met185 at the hydrophobic interaction
site between two CA molecules that are important for stabili-
zation of the multimeric structure of CA. The original

© 2023 The Author(s). Published by the Royal Society of Chemistry
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compound MKN-3 (2), failed however to show higher anti-HIV
activity than MKN-1 (1), possibly due to its low hydrophobicity
and lack of cell membrane permeability of MKN-3 (2). Deriva-
tives more hydrophobic than MKN-3 (2) were designed using
the docking model of MKN-3 (2) with a CA protein (Fig. 3). The
amino group of the homopiperazine ring does not interact with
a CA protein, and accordingly, this amino group was modified.
Three derivatives, TKB063 (25), TONO02 (37) and TONO3 (38),
with an i-propyl, n-propyl or sec-butyl group on the secondary
nitrogen atom of the homopiperazine ring of MKN-3 (2),
respectively, were prepared and showed high anti-HIV activity.
The two diastereomers of TKB063 (25), TKB063A (25A) and
TKB063B (25B), showed almost the same anti-HIV activity,
suggesting that both have significant binding affinity for the CA
protein, and that the diastereomixture can be used in the
evaluation of these derivatives. Compared to our previous lead
compound, MKN-1 (1), the anti-HIV activity of these MKN-3 (2)
derivatives is slightly lower, but the cytotoxicity is significantly
lower. These are some advantages. The present data will be
useful and important in the future design of new anti-HIV
agents with action mechanisms different from existing.

Experimental
In silico screening of antiviral candidates™

In this study, we attempted to design compounds that could
impact on CA dimerization in addition to the interactions
among CA hexamers, and CA-CA interactions in the maturation
of core. To perform the in silico screening, we first obtained the
structure of the dimer of CA proteins (PDB ID: 3]J34) from the
Protein Data Bank (https://www.rcsb.org/). The structure of the
dimer of CA proteins was thermodynamically optimized by
energy minimization using MOE®* and the Amber10:EHT
force field.*** One monomer of the dimer of CA proteins was
fixed as a receptor, and the residues of the other monomer
with the exception of the Typ184 and Met185 residues, were
removed, their side chains playing a key role in the dimer
formation. Using a complex composed of the CA monomer as
a receptor and Trp184-Met185 dipeptide unit as a ligand, we
searched for the compounds having a higher affinity for the
monomer than was observed in the dimer formation. To do
this, replacement of the main chain backbone of the
dipeptide on the CA protein was performed by the Scaffold
Replacement application in MOE using the linker database of
the MOE and the Amber10:EHT force field, while the side
chains of the dipeptide remained fixed. From the result, we
selected the compounds with higher scores of the binding
affinity for receptor (London dG), ligand efficacy, and
topological polar surface area (TPSA). Docking simulation of
the CA protein and the diastereoisomers of TKB063A (25A)
and TKBO063B (25B) was done using the Dock tool in MOE.*
Briefly, the CA monomer model used for designing TKB063
was fixed as a receptor for ligand binding, while TKB063A
(25A) or TKB063B (25B) was defined as a ligand for the CA
binding. The docking simulations were executed to collect
physicochemically possible docking poses between the
receptor and ligand moieties using the Dock tool in MOE.
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Minimal docking scores of TKB063A (25A) or TKB063B (25B)
were used for the comparison of binding affinity.

Synthesis of MKN-3 (2) and its derivatives

The synthetic methods for MKN-3 (2) and its derivatives are
described in Schemes 2-6. The purity of all of the final
compounds, measured by analytical HPLC or NMR is >95%.
Experimental procedures including characterization data are
provided in the ESL.{

Evaluation of anti-HIV-1 activity and cytotoxicity”

For virus preparation, 293T/17 cells (Invitrogen) maintained in
Dulbecco’'s modified Eagle medium (DMEM) containing 10%
FBS, in a T-75 flask were transfected with 10 pg of the pNL4-3
construct by the calcium phosphate method. The supernatant
was collected 48 h after transfection, passed through a 0.45 pm
filter, and stored at —80 °C as a stock virus.

The inhibitory activity of test compounds against X4-HIV-1
(NL4-3 strain)-induced cytopathogenicity in MT-4 cells®
which are maintained in RPMI-1640 containing 10% FBS, was
assessed by an MTT assay. Various concentrations of test
compound solutions were added to HIV-1-infected MT-4 cells at
multiplicity of infection (MOI) of 0.001, and placed in wells of
a 96-well microplate. The test compounds and the reference
compounds, e.g. AZT, were diluted by factors of two or five,
respectively. After 5 days' incubation at 37 °C in a CO, incu-
bator, the number of viable cells was determined by the MTT
assay. Cytotoxicities of the test compounds were determined
based on reduction of the viability of MT-4 cells measured in the
MTT assay. A reverse transcriptase inhibitor, AZT, was
purchased from Sigma Aldrich and employed as a positive
control compound with anti-HIV activity.

Author contributions

T.K.,M.Y.,K.T.,, M.F.,M.K,,T.0,,S.B.,, T.L,Y.M,,N. 0., 0. K.:
investigation; M. Y., O. K.: analysis; T. M., H. S., H. T.: super-
vision; T. K., M. Y., K. T., K. S., Y. K., T. M., H. S., H. T.: writing.
All authors have given approval to the final version of the
manuscript.

Conflicts of interest

The authors declare no conflict of interest.

Acknowledgements

This work was supported in part by the grant for Research
Program on HIV/AIDS, Japan Agency for Medical Research and
Development (AMED) under Grant number 18fk0410004 (T. M.,
H. S. and H. T.) and JP22fk0410042 (T. K. and M. Y.); JSPS
KAKENHI Grant number 20H03362 (H. T.) and 22K08615 (T. M.
and H. T.); AMED JP22ama121043 (Research Support Project for
Life Science and Drug Discovery) (Basis for Supporting Inno-
vative Drug Discovery and Life Science Research (BINDS)) (H.

2166 | RSC Adv, 2023, 13, 2156-2167

View Article Online

Paper

T.). This research is based on the Cooperative Research Project
of Research Center for Biomedical Engineering.

References

1 H. Mitsuya and N. Kokudo, Glob. Health Med., 2020, 2, 53-55.

2 N. Ohashi and H. Tamamura, in Amino Acids, Peptides and
Proteins, ed. M. Ryadnov and F. Hudecz, The Royal Society
of Chemistry, Cambridge, 2017, ch. 1, vol. 41.

3 H. Tamamura, T. Kobayakawa and N. Ohashi, Mid-size drugs
based on peptides and peptidomimetics: A New Drug Category,
Springer Briefs in Pharmaceutical Science & Drug
Development, Singapore, 2018.

4 K. Maeda, D. Das, T. Kobayakawa, et al., Curr. Top. Med.
Chem., 2019, 19, 1621-1649.

5 H. Mitsuya, K. J. Weinhold, P. A. Furman, et al., Proc. Natl.
Acad. Sci. U. S. A., 1985, 82, 7096-7100.

6 A. K. Ghosh, Z. L. Dawson and H. Mitsuya, Bioorg. Med.
Chem., 2007, 15, 7576-7580.

7 P. Cahn P and O. Sued, Lancet, 2007, 369, 1235.

8 B. Grinsztejn, B.-Y. Nguyen, C. Katlama, et al., Lancet, 2007,
369, 1261-1269.

9 T. Murakami, T. Nakajima, Y. Koyanagi, et al., J. Exp. Med.,
1997, 186, 1389-1393.

10 H. Tamamura, Y. Xu, T. Hattori, et al., Biochem. Biophys. Res.
Commun., 1998, 253, 877-882.

11 N. Fujii, S. Oishi, K. Hiramatsu, et al., Angew. Chem., Int. Ed.,
2003, 42, 3251-3253.

12 H. Tamamura, K. Hiramatsu, M. Mizumoto, et al., Org.
Biomol. Chem., 2003, 1, 3663-3669.

13 T. Tanaka, W. Nomura, T. Narumi, et al., J. Am. Chem. Soc.,
2010, 132, 15899-15901.

14 T. Tanaka, N. Narumi, T. Ozaki, et al., ChemMedChem, 2011,
6, 834-839.

15 M. M. Sakyiamah, T. Kobayakawa, M. Fujino, et al., Bioorg.
Med. Chem., 2019, 27, 1130-1138.

16 Y. Yamada, C. Ochiai, K. Yoshimura, et al., Bioorg. Med.
Chem. Lett., 2010, 20, 354-358.

17 K. Yoshimura, S. Harada, J. Shibata, et al., J. Virol, 2010, 84,
7558-7568.

18 T. Mizuguchi, S. Harada, T. Miura, et al., Bioorg. Med. Chem.
Lett., 2016, 26, 397-400.

19 N. Ohashi, S. Harada, T. Mizuguchi, et al., ChemMedChem,
2016, 11, 940-946.

20 T. Kobayakawa, K. Konno, N. Ohashi, et al., Bioorg. Med.
Chem. Lett., 2019, 29, 719-723.

21 T. Kobayakawa, K. Tsuji, K. Konno, et al., J. Med. Chem.,
2021, 64, 1481-1496.

22 A. Otaka, M. Nakamura, D. Nameki, et al., Angew. Chem., Int.
Ed., 2002, 41, 2937-2940.

23 W. Nomura, C. Hashimoto, A. Ohya, et al., ChemMedChem,
2012, 7, 205-208.

24 W. Nomura, C. Hashimoto, T. Suzuki, et al., Bioorg. Med.
Chem., 2013, 21, 4452-4458.

25 T. Kobayakawa, K. Ebihara, Y. Honda, et al., ChemBioChem,
2019, 20, 2101-2108.

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06837k

Open Access Article. Published on 12 January 2023. Downloaded on 1/20/2026 5:24:19 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

26 S. Suzuki, E. Urano, C. Hashimoto, et al., J. Med. Chem., 2010,
53, 5356-5360.

27 S. Suzuki, K. Maddali, C. Hashimoto, et al., Bioorg. Med.
Chem., 2010, 18, 6771-6775.

28 W. Nomura, H. Aikawa H, N. Ohashi, et al., ACS Chem. Biol.,
2013, 8, 2235-2244.

29 T. Narumi, M. Komoriya, C. Hashimoto, et al., Bioorg. Med.
Chem., 2012, 20, 1468-1474.

30 T. Mizuguchi, N. Ohashi, W. Nomura, et al., Bioorg. Med.
Chem., 2015, 23, 4423-4427.

31 T. Mizuguchi, N. Ohashi, D. Matsumoto, et al., Peptide
Science, 2017, 108, €22920.

32 K. Tsuji, K. B. Owusu, T. Kobayakawa, et al., Bioorg. Med.
Chem., 2020, 28, 115488.

33 K. Tsuji, R. Wang, T. Kobayakawa, et al., Bioorg. Med. Chem.,
2021, 30, 115923.

34 M. G. Sarnqadharan, L. Bruch, M. Popovic, et al., Proc. Natl.
Acad. Sci. U. S. A., 1985, 82, 3481-3484.

35 R.]. Mervis, N. Ahmad, E. P. Lillehoj, et al., J. Virol., 1988, 62,
3993-4002.

36 O. Pornillos, B. K. Ganser-Pornillos, B. N. Kelly, et al., Cell,
2009, 137, 1282-1292.

37 B.K. Ganser, S. Li, V. Y. Klishko, et al., Science, 1999, 283, 80-83.

38 O. Pornillos, B. K. Ganser-Pornillos and M. Yeager, Nature,
2011, 469, 424-427.

39 E. O. Freed, Virology, 1998, 251, 1-15.

40 A. Bukrinskaya, Virus Res., 2007, 124, 1-11.

41 1. Zentner, L.-]. Sierra, L. Maciunas, et al., Bioorg. Med. Chem.
Lett., 2013, 23, 1132-1135.

42 M. Niedrig, H. R. Gelderblom, G. Pauli, et al, J. Gen. Virol.,
1994, 75, 1469-1474.

43 P. M. Cannon, S. Matthews, N. Clark, et al., J. Virol., 1997, 71,
3474-3483.

44 Y. Morikawa, T. Kishi, W. H. Zhang, et al., J. Virol., 1995, 69,
4519-4523.

45 T. Suzuki, S. Futaki, M. Niwa, et al., J. Biol. Chem., 2002, 277,
2437-2443.

46 C. Tang, E. Loeliger, 1. Kinde, et al., J. Mol. Biol., 2003, 327,
1013-1020.

47 B. N. Kelly, S. Kyere, I. Kinde, et al., J. Mol. Biol., 2007, 373,
355-366.

48 W. S. Blair, C. Pickford, S. L. Irving, et al., PLoS Pathog., 2010,
6, €1001220.

49 S. Kortagere, N. Madani, M. K. Mankowski, et al, J. Virol.,
2012, 86, 8472-8481.

50 N. Goudreau, C. T. Lemke, A.-M. Faucher, et al., ACS Chem.
Biol., 2013, 8, 1074-1082.

51 L. Lamorte, S. Titolo, C. T. Lemke, et al., Antimicrob. Agents
Chemother., 2013, 57, 4622-4631.

52 S. Thenin-Houssier, I. M. S. de Vera and L. Pedro-Rosa,
Antimicrob. Agents Chemother., 2016, 60, 2195-2208.

53 S. Thenin-Houssier and S. T. Valente, Curr. HIV Res., 2016,
14, 270-282.

54 S. Rankovic, R. Ramalho, C. Aiken, et al., J. Virol., 2018, 92,
€00845-18.

55 G. Wu, W. A. Zalloum, M. E. Meuser, et al., Eur. J. Med.
Chem., 2018, 158, 478-492.

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

56 X.Y.Jiang, G. C. Wu, W. A. Zalloum, et al., RSC Adv., 2019, 9,
28961-28986.

57 K. Singh, F. Gallazzi, K. J. Hill, et al., Front. Microbiol., 2019,
10, 1227.

58 S. R. Yant, A. Mulato, D. Hansen, et al., Nat. Med., 2019, 25,
1377-1384.

59 J. O. Link, M. S. Rhee, W. C. Tse, et al., Nature, 2020, 584,
614-618.

60 L. Sun, A. Dick, M. E. Meuser, et al., J. Med. Chem., 2020, 63,
4790-4810.

61 R. L. Sahani, R. Diana-Rivero, S. K. V. Vernekar, et al., Viruses,
2021, 13, 479.

62 X. Zhang, L. Sun, M. E. Meuser, et al., Eur. . Med. Chem.,
2021, 226, 113848.

63 L. Sun, A. Dick, M. E. Meuser, et al., J. Med. Chem., 2020, 63,
4790-4810.

64 T. Chia, T. Nakamura, M. Amano, et al., Antimicrob. Agents
Chemother., 2021, 65, €0103921.

65 A. Palani and J. R. Tagat, J. Med. Chem., 2006, 49, 2851-2857.

66 S.W. Liu, H. Lu, J. Niu, et al., J. Biol. Chem., 2005, 280, 11259-
11273.

67 X. Zhang, Acta Pharm. Sin. B, 2018, 8, 131-136.

68 H. Yan, T. Wu, Y. Chen, et al., Front. Cell. Infect. Microbiol.,
2022, 12, 916487.

69 1. Dicker, J. L. Jeffrey, T. Protack, et al., Antimicrob. Agents
Chemother., 2022, 66, €01876-21.

70 T. Yoshinaga, M. Kobayashi, T. Seki, et al., Antimicrob. Agents
Chemother., 2015, 59, 397-406.

71 K. Singh, F. Gallazzi, K. J. Hill, et al., Front. Microbiol., 2019,
10, 1227.

72 G. Zhao, J. R. Perilla, E. L. Yufenyuy, et al., Nature, 2013, 497,
643-646.

73 U. K. Von Schwedler, K. M. Stray, J. E. Garrus, et al., J. Virol.,
2003, 77, 5439-5450.

74 HIV Sequence Database, Triad National Security, LLC for the
U.S. Department of Energy's National Nuclear Security
Administration, http://www.hiv.lanl.gov/content/sequence/
HIV/mainpage.html/, accessed September 2021.

75 T. Kobayakawa, M. Yokoyama, K. Tsuji, et al., Biomolecules,
2021, 11, 208.

76 S. A. Wildman and G. M. Crippen, J. Chem. Inf. Comput. Sci.,
1999, 39, 868-873.

77 S. Fredrich, A. Bonasera, V. Valderrey, et al., J. Am. Chem.
Soc., 2018, 140, 6432-6440.

78 M. U. Luescher, C.-V. T. Vo and J. W. Bode, Org. Lett., 2014,
16, 1236-1239.

79 A. G. Griesbeck and H. Heckroth, J. Am. Chem. Soc., 2002,
124, 396-403.

80 Molecular Operating Environment (MOE), 2019.01, Chemical
Computing Group ULC, 1010 Sherbrooke St. West, Suite
#910, Montreal, QC, Canada, H3A 2R7, 2019.

81 D. A. Case, T. A. Darden, T. E. Cheatham III, et al., AMBER 10,
University of California, San Francisco, 2008.

82 P. R. Gerber and K. Miiller, J. Comput.-Aided Mol. Des., 1995,
9, 251-268.

83 S. Harada, Y. Koyanagi and N. Yamamoto, Science, 1985, 229,
563-566.

RSC Adv, 2023, 13, 2156-2167 | 2167


http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html/
http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ra06837k

	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k

	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k

	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k
	Low-molecular-weight anti-HIV-1 agents targeting HIV-1 capsid proteinsElectronic supplementary information (ESI) available: Experimental procedures including characterization data of novel synthetic compounds. See DOI: https://doi.org/10.1039/d2ra06837k


