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Abstract
Introduction: K-41A is a known compound with antibacterial activity against
gram-positive bacteria and coccidia. In our screening of anti-HIV compounds,
we found polyether antibiotic K-41A and its analogue K-41Am isolated from
a marine-derived Streptomyces sp. SCSIO 01680 exhibited anti-HIV activity.
Material and methods: In this study, we characterised the anti-HIV activity
of K-41A and K-41Am as well as the mechanism(s) involved. The dose-dependent inhibitory effects of K-41A and K-41Am on HIV-1 replication were
observed in the TZM-bl-HIV-1 IIIB system, MT-2-HIV-1 IIIB system, and peripheral blood mononuclear cells (PBMCs)-HIV-1BaL system. The 50% inhibitory
concentrations (IC50) of K-41A on HIV-1 replication in three systems were
0.75 μM, 0.09 μM, and 0.13 μM, respectively, and the selective indexes (SIs)
were 5.81, 49.44, and 598.00, respectively. The IC50 of K-41Am in three systems were 5.57 μM, 0.24 μM, and 1.15 μM, respectively, and the SIs were
> 1.04, 80.71, and > 5.03, respectively.
Results: Mechanism research demonstrates that two compounds inhibited the activities of HIV-1 reverse transcriptase (RT) and integrase (IN) in
a dose-dependent manner. Molecular docking shows that the docking scores
were relatively high between the compound and HIV-1 RT or IN.
Conclusions: K-41A and K-41Am possess anti-HIV-1 activity via a multi-target inhibition mechanism, which provides a novel molecular pattern for
anti-HIV drug design and structural modification to improve the anti-HIV
activity.
Key words: anti-HIV-1, reverse transcriptase, integrase, molecular docking.

Introduction
HIV/AIDS (acquired immunodeficiency syndrome) has become a major global public health problem since it was first reported in 1981 [1].
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Approximately 37.9 million people are currently
living with HIV-1 and there are 1.7 million newly infected patients worldwide each year (www.
unaids.org). Because an effective HIV vaccine has
not been developed yet, the use of anti-HIV drugs
has become the main method for controlling
the HIV epidemic. Although antiretroviral therapy, especially highly active antiretroviral therapy
(HARRT), has greatly reduced HIV/AIDS-related
mortality and increased the quality of life of many
patients, the current therapy has failed to cure HIV
infection [2–4]. Furthermore, the toxic side effects
[5], drug resistance, and high mutation rate of HIV
often lead to treatment failure [6, 7]. Therefore,
it is expected that novel anti-HIV will be discovered, thus promoting the development of anti-HIV
therapy.
In generally, HIV-1 replication occurs in a sixstep life cycle, including binding and fusion, reverse
transcription, integration, transcription, assembly,
and budding [8]. So far, three key viral enzymes in
HIV-1 replication, including reverse transcriptase
(RT) [9], integrase (IN) [10], and protease (PR),
are the main targets for the development of antiHIV-1 drugs [11, 12]. HIV RT transforms the single-stranded viral RNA genome to double-stranded DNA[12]. HIV DNA is processed and integrated
into the host cell genome by viral IN [13]. PR plays
an important role in the mature of the virus [14].
Because the human host does not have the similar proteins as these viral enzymes, HIV-1 RT, IN,
and PR are crucial targets in study of new anti-HIV
drugs due to their importance and uniqueness in
viral replication [15]. Antiretroviral drugs acting on
different viral targets have proved successful in
HAART [16]. Therefore, researchers prefer to find
multi-target drugs with multi-activities against different steps of HIV-1 replication [16].
In our screening of novel anti-HIV-1 compounds,
we found that two polyether compounds, antibiotics K-41A (formerly designated as K-41) and

K-41Am (Figure 1), had relatively strong anti-HIV
activity. K-41Am, named by us, is a new compound.
These two compounds were isolated from the fermentation broth of Streptomyces sp. SCSIO 01680,
which was isolated from sediment samples in the
northern South China Sea. According to WESTLEY
classification, polyethers are classified into four
groups by structure: monovalent polyether, monovalent monoglycoside polyether, divalent polyether, and divalent pyrrole ether [17]. K-41A and
K-41Am belong to monoglycoside polyethers.20
K-41A is a known antibiotic with activities against
gram-positive bacteria and coccidia [18, 19], and is
a promising lead compound for new oral antimalarial drugs [20]. K-41Am is a methylated derivative of K-41A. The only difference between the two
compounds is the R substituents [18, 21]. The molecular structures of K-41A and K-41Am are shown
in Figure 1. K-41A and K-41Am attach a terminal
(F) ring [22]. This terminal (F) ring is rare and was
only previously found in K-41A, K-41B [22], and
CP-96,797 [21]. In this study, we characterised the
anti-HIV-1 activity of K-41A and K-41Am as well as
the mechanisms involved.

Material and methods
Bacterial strain, fermentation, isolation,
and structure identification of antibiotics
K-41A and K-41Am
The antibiotics K-41A and K-41Am used in
this study were isolated from fermentation broth
of strain SCSIO 01680. The strain was isolated
from a sediment sample in the northern South
China Sea and was identified as Streptomyces sp.
SCSIO 01680 based on morphology and 16S rRNA
sequence analysis. Modified RA medium (1.0%
glucose, 2.0% soluble starch, 1.0% malt meal,
1.0% maltose, 0.5% corn steep liquor, 3.0% sea
salt pH 7.2–7.4) was used for large-scale fermentation. For isolation of K-41 and K-41Am, 15 l of
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Figure 1. Chemical structures of polyethers K-41A and K-41Am. The only structure difference between the two
compounds is the R substituents
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fermentation broth was extracted with butanone,
and the organic extract was evaporated to dryness to yield a residue. The residue was suffered
from bioassay-guided fractionation against Micrococcus luteus over normal phase silica gel column chromatography and preparative thin-layer
chromatography (TLC) to yield K-41A (20.5 mg)
and K-41Am (23.0 mg). The structures of antibiotics K-41A and K-41Am were characterised by
high-resolution mass spectrometer (HRMS), 1H,
13
C, and 2D nuclear magnetic resonance (NMR)
spectroscopic analysis as well as comparisons
with those reported in the literature [18, 19].

Chemical reagents
Tested compounds K-41 and K-41Am were
dissolved in dimethyl sulfoxide (DMSO) and then
diluted with cell culture medium to the concentrations for the experiments. Our pervious data
have shown that, when its concentration is 0.1%
or lower, DMSO has little effect on the viability of
the cells used in this study as well as HIV infection/replication in the cells (data not shown). In
the final experiments, the highest concentration
of DMSO was 0.025% and in the range of concentrations without cytotoxicity.

Viruses and cells
Two HIV-1 strains, HIV-1IIIB and HIV-1BaL (X4 and
R5 virus, respectively), were used in this study
[23]. Three type of cells (TZM-bl cells, MT-2 cells,
and PBMCs) were used for HIV-1 infection/replication. HIV-1 replication was observed in the TZM-blHIV-1IIIB system, MT-2-HIV-1IIIB system, and PBMCsHIV-1BaL system. HIV-1IIIB is a syncytium-inducing
HIV-1 strain. MT-2 cell line, a human lymphocyte
cell line, is suitable for X4 isolates [24]. Hela lineage TZM-bl cell line [25], expressing CD4, CXCR4,
and CCR5, contains Tat-responsive reporter genes
under the regulation of an HIV-1 long terminal repeat (LTR) [26]. PBMCs were from healthy blood
donors and isolated from blood by centrifugation
using Ficoll-Hypaque (GE Health Care, Uppsala,
Sweden). TZM-bl cells were cultured in DMEM
with 10% heat-inactivated foetal bovine serum
(FBS), 100 IU/ml penicillin, 100 µg/ml streptomycin, and 1% L-glutamine. MT-2 cells and PBMCs
were cultured in RPMI 1640 with 10% FBS, 100 IU/
ml penicillin, 100 µg/ml streptomycin, 1% L-glutamine 50 ng/ml, and human interleukin-2 (IL-2,
only for PBMCs). HIV-1IIIB, HIV-1BaL, MT-2, and TZMbl cell lines were obtained from the Academy of
Military Medical Sciences, China.

Cell viability assay
Cell viability was tested by the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega-Bei-

jing, China) [27, 28]. The cells were mixed with
serially diluted compounds in 96-well plates (Costar, Corning, USA) at a density of 1 × 104 cells/well
(TZM-bl), 3.2 × 104 cells/well (MT-2), or 2 × 105
cells/well (PBMCs), respectively. After incubation
in parallel with anti-HIV assays, cell viability assay
reagent was added to cell cultures, and the luminescent signal was measured using a microplate
reader (BioTek, Synergy H1, UK).

Anti-HIV assay
The anti-HIV assay was conducted in parallel
with cell viability assay in mock-infected cell cultures. The anti-HIV assays were carried out using
two HIV-1 strains and three types of cells described
above; namely, three virus-cell systems (TZMbl-HIV-1IIIB, MT-2-HIV-1IIIB, and PBMCs-HIV-1BaL
system). To calculate IC50 and CC50 values, each
compound was serially diluted to eight concentrations.
For TZM-bl-HIV-1IIIB system, TZM-bl cells (1 × 104
cells/well) were cultured for 24 h. The compounds
and HIV-1IIIB virus (multiplicity of infection, MOI = 1)
were added to the cultures. After 48 h, the virus
levels were measured by the luciferase activity using the Promega Bright-Glo Luciferase Assay.
For the MT-2-HIV-1IIIB system, MT-2 cells (3.2 ×
104 cells/well) were cultured for 24 h, the compounds and HIV-1IIIB virus (MOI = 1) were added
to the cultures. After 72 h, 50 μl of culture supernatant from each well was transferred to TZM-bl
cell cultures (2.7 × 104 cells/well) in 96-well plates.
After 24 h, the levels of HIV-1 in TZM-bl cells were
measured by the luciferase activity using the
Promega Bright-Glo Luciferase Assay.
For PBMCs-HIV-1BaL system, prior to HIV-1 infection, the isolated PBMCs were stimulated with
phytohemagglutinin (PHA)-P (5 µg/ml) for 72 h.
Then the PBMCs (2 × 105 cells/well) were infected with HIV-1BaL (MOI = 0.01), and the compounds
were added. After five days the culture supernatants were collected, and HIV-1 p24 levels in supernatants were determined using an HIV-1 p24
ELISA kit (Hebei Medical University Biomedical
Engineering Centre, China).
The 50% inhibitory concentration (IC50) and
50% cytotoxic concentration (CC50) were calculated using non-linear regression and dose-response
inhibition curves [29].

HIV-1 RT inhibition assay
The HIV-1 RT inhibition assay was performed
using an ELISA RT assay kit (Roche, 11468120910,
Germany) according to the manufacturer’s instruction [30]. The absorbance at 405 nm and 490
nm (A405/490) was determined using a microplate reader.
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HIV-1 IN inhibition assay
The HIV-1 IN inhibition assay was performed
using an HIV-1 Integrase Assay Kit (XpressBio,
EZ1700, USA) according to the manufacturer’s
instruction. Briefly, the streptavidin-coated plates
were coated with a double-stranded HIV-1 LTR U5
donor substrate (DS) DNA, followed by the fulllength recombinant HIV-1 integrase protein. Integrase testing reagents were then added, followed
by a different double-stranded target substrate
(TS) DNA containing a 3’-end modification. The
products were colourimetrically measured using
an HRP-labelled antibody against the TS 3’ end
modification.

Ligand docking
Docking of K-41A and K-41Am to the targeted
viral proteins was performed using the systemsDock (http://systemsdock.unit.oist.jp/) [31]. The
procedure is described as follows:
Step 1: Specify the viral proteins and binding
sites by PDB ID. The coordinates for HIV-1 reverse
transcriptase (RT) core complex (PDB ID. 4R5P)
[32] and HIV-1 integrase (IN) core complex (PDB
ID: 1QS4) [33] were obtained from RCSB Protein
Data Bank (http://www.rcsb.org/).
Step 2: The structures of two compounds were
obtained from ChemBioOffice. Upload the structures of small molecules for the docking by uploading the structure files in the format of Mol2.
Step 3: Run docking simulation.
Step 4: Obtain simulation results.

Results
Anti-HIV-1 activities of K-41A and K-41Am
Dose-dependent inhibitory effects of K-41A and
K-41Am on HIV-1 replication were all observed in
the TZM-bl-HIV-1IIIB, MT-2-HIV-1IIIB, and PBMCsHIV-1BaL systems (Figure 2). The anti-HIV activities
of K-41A and K-41Am were rather strong. The IC50s
of K-41A on HIV-1 replication in three systems
were 0.75 μM, 0.09 μM, and 0.13 μM, respectively,
and the IC50s of K-41Am were 5.57 μM, 0.24 μM,
and 1.15 μM, respectively (Table I). Both compounds exhibited active anti-HIV status in different virus-cell systems, with selective indexes (SIs)
> 5 (except K-41Am in TZM-bl-HIV-1IIIB) (Table I).
The most potent activity was observed in K-41A
in the PBMCs-HIV-1BaL system, with a highest SI of
598.00 (Table I).
The protective effects of K-41A and K-41Am on
HIV-1-induced cytopathic effect (CPE) were also
observed (Figure 3). In the HIV-1 infection group
(positive group), many syncytia formed (indicated
by the arrows), representing the occurrence of virus-mediated cell-cell fusion (Figure 3 A). Whereas
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in negative controls, no syncytium was observed
(Figure 3 B). When K-41A or K-41Am was presented at low concentrations, fewer syncytia were
observed compared with those in positive control (Figures 3 E, H). When K-41A or K-41Am was
present at higher concentrations, no syncytium
was observed (Figures 3 C, D, F, G). These results
indicate the dose-dependent inhibitory effects of
K-41A or K-41 on the formation of syncytia induced by HIV-1 infection.

K-41A and K-41Am inhibited the activities
of HIV-1 RT and IN
To illuminate the mechanism(s) involved in the
anti-HIV-1 activity of K-41A or K-41Am, we focused on their effect on key HIV-1 enzymes and
found that two compounds inhibited the activities
of HIV-1 IN and RT (Figure 4 A). K-41A,K-41Am,
and AZT (positive control) inhibited 50% of the RT
activity at the concentration (IC50) of 4.48 μg/ml,
1.14 μg/ml, and 3.25 μg/ml, respectively (Figure 4 A). In addition, K-41A, K-41Am, and Sodium Azide inhibited 50% of the IN activity (IC50) at
the concentration of 11.14 μg/ml and 0.01 μg/ml,
and 0.03%, respectively (Figure 4 B). These results
demonstrate that K-41A and K-41Am inhibited
the activities of HIV-1 RT and IN.

Docking models of HIV-1 IN and HIV-1 RT
with K-41A and K-41Am
Molecular docking is widely used in quantitative structure-activity relationship (QSAR) studies,
especially for the evaluation of anti-viral activity
of newly discovered or synthesised compounds
[30, 34]. Docking scores (pKd/pKi) usually ranging from 0 to 10 (i.e. from weak to strong binding) that represent the predicted binding affinity
of K-41A or K-41Am to two targeted viral proteins
are shown in an interactive table (Table II), a heat
map (Figure 5 A), and a histogram (Figure 5 B).
The protein residues involved in crucial contact
with the compounds are also shown in Table II. As
shown in Table II, compounds K-41A and K-41Am
have similar docking scores on the viral proteins,
with their enzyme residues more than native ligand. In addition, HIV-1 IN shows relatively high
docking scores compared with HIV-1 RT. Therefore,
these two compounds were considered to be potential active compounds targeting to two viral
enzymes.
To better understand the interactions of two
compounds with HIV-1 RT and IN, and to find
some insights for structure optimisation, we analysed the binding modes. Figure 6 shows 3D and
2D representations of the lowest energy pose of
K-41A, K-41Am and native ligand docked into the
RT and IN binding pockets. Protein residues in-
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Figure 2. Cytotoxicity and anti-HIV-1 activities of K-41A and K-41Am. The antiviral activities of K-41A and K-41Am
were tested using three virus-cell systems, with cell viability measured in parallel mock-infected cells based on
quantitation of the ATP activity. The cell viability of K-41A is shown in Figures 2 A–C, respectively. The cell viability of K-41Am is shown in Figures 2 G–I, respectively. In the TZM-bl-HIV-1IIIB system, the effects of K-41A (D) and
K-41Am (J) on HIV-1 replication. In the MT-2-HIV-1IIIB system, the effects of K-41A (E) and K-41Am (K) on HIV-1
replication. In the PBMCs-HIV-1BaL system, the effects of K-41A (F) and K-41Am (L) on HIV-1 replication. The levels
of HIV-1 BaL in the culture supernatants were determined by an HIV-1 p24 ELISA kit. The relative cell viabilities in
compound-treated groups are expressed as the percentage of control (without compound treatment, which was
defined as 100%). Relative virus replication levels are expressed as the percentage of control (with HIV-infection,
without compound treatment, which was defined as 100%)
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Figure 2. Cont. The cell viability of K-41Am is shown in Figures 2 G–I, respectively. In the TZM-bl-HIV-1IIIB system,
the effects of K-41A (D) and K-41Am (J) on HIV-1 replication. In the MT-2-HIV-1IIIB system, the effects of K-41A (E)
and K-41Am (K) on HIV-1 replication. In the PBMCs-HIV-1BaL system, the effects of K-41A (F) and K-41Am (L) on
HIV-1 replication. The levels of HIV-1 BaL in the culture supernatants were determined by an HIV-1 p24 ELISA kit. The
relative cell viabilities in compound-treated groups are expressed as the percentage of control (without compound
treatment, which was defined as 100%). Relative virus replication levels are expressed as the percentage of control
(with HIV-infection, without compound treatment, which was defined as 100%)

volved in the binding interaction are listed in 2D
representations. For a reference, the binding interactions of the native ligand with proteins were
also analysed and displayed. As shown in Figure 6, the ligand was accommodated through polar and hydrophobic interactions with pocket-lin-
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ing residues. K-41A and K-41Am formed more hydrogen bonds with the target proteins than the
native ligand formed. These results provide further evidence that K-41A and K-41Am could be
viewed as promising compounds against HIV-1
RT and IN.
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Table I. Summary of cell viability and anti-HIV-1 activities of K-41A and K-41Am
Cells

Strains

Compounds

IC50a [μM]

CC50 b [μM]

SIc

TZM-bl

HIV-1IIIB

K-41A

0.75

4.36

5.81

K-41Am

5.57

> 5.79

> 1.04

K-41A

0.09

4.45

49.44

K-41Am

0.24

19.37

80.71

K-41A

0.13

77.74

598.00

1.15

> 5.79

> 5.03

MT-2

PBMCs

HIV-1IIIB

HIV-1BaL

K-41Am

IC50 is the concentration that inhibited HIV-1 replication by 50%. CC50 is a concentration that reduced cell viability by 50%. IC50 and CC50
values were calculated with GraphPad Prism software using non-linear regression analysis (Log inhibitor vs. response). cSI (selective index)
= CC50/IC50.
a

b

Discussion
Screening of anti-HIV-1 compounds from natural marine actinomycete products has attracted
increasing attention due to their unique chemical
structures, rather than synthetic molecules [35–
38]. In the present study, we used three virus-cell
systems (TZM-bl-HIV-1IIIB, MT-2-HIV-1IIIB, and PBMCs-HIV-1BaL system) to characterise the inhibitory effects of two polyethers isolated from the marine-derived Streptomyces sp. SCSIO 01680, K-41A,
and K-41Am on HIV replication in vitro. These two
monoglycoside polyethers exhibited relatively
strong anti-HIV-1 activity, with IC50 ranging from
0.09 μM to 5.57 μM (Table I). Mechanism research
revealed that two compounds target two key viral
enzymes, HIV-1 RT and IN, indicating that K-41A
and K-41Am are actually multi-target compounds
against HIV-1, which is in line with the current developmental trend of anti-HIV drug discovery. It
is believed that multi-target anti-HIV drugs have
a better therapeutic effect and less drug resistance than single-target drugs [15].
Currently, most FDA-approved anti-HIV-1 drugs
inhibit HIV replication through blocking HIV-1 RT
or IN [39]. HIV RNA is transcribed into its complementary DNA strand by HIV RT, followed by the
viral DNA which is integrated into the host cell
genome by HIV IN [40]. Therefore, targeting both
HIV-1 RT and IN by the two polyethers may be the
basis of their strong inhibitory activity against
HIV-1 infection. In addition, the docking models of
HIV-1 RT or IN with K-41A or K-41Am indicate that
there were interactions between the compounds
and two viral proteins, providing bioinformatics
and structural evidence for the inhibitory activity
of the two compounds.
Nevertheless, our finding is not the first to report that polyethers have anti-HIV-1 activity. An
earlier study by Mariko Nakamura et al. indicated
the inhibitory effects of 10 polyether antibiotics
on HIV-1 replication [41]. They also reported relatively strong anti-HIV-1 activities of these poly-

ether antibiotics, especially in chronical U937 cells,
with IC50s ranging from 0.28 μg/ml to 10.1 μg/ml
[41]. Their mechanism research shows that these
polyethers suppressed HIV replication through
affecting multiple phases of virus replication and
infection cycles, and our results indicate that
K-41A and K-41Am inhibit HIV-1 replication via
targeting HIV-1 IN and RT. The difference in anti-HIV-1 mechanism between the earlier study and
ours might be due to the different structures of
polyethers. K-41A and K-41Am have a terminal
(F) ring [22], which is rare in polyethers and was
only previously found in K-41B [22] and CP-96,797
[21]. Thus, this rare terminal (F) ring may play an
important role in the anti-HIV-1 activity of K-41A
and K-41Am. In addition, our data show that
K-41A was significantly stronger than K-41Am in
inhibiting HIV-1 (Table I). The structure of K-41Am
is very similar to that of K-41A. The only difference between the two compounds is the R group,
K-41A is the H atom, and K-41Am is the methyl
group, which means that this methyl group has
a significant influence on the anti-HIV-1 activity of
the compounds. This R group as well as the nearby
structure will become important sites for structural modification to improve the anti-HIV activity.
In conclusion, our study demonstrates that
two Streptomyces sp. SCSIO 01680-derived polyethers, K-41A and K-41Am, exhibited anti-HIV-1
activity. K-41A and K-41Am inhibit HIV replication
through a multi-target inhibition mechanism, including suppressing the activities of HIV-1 IN and
RT. These findings may provide a novel molecular
pattern for anti-HIV drug design.

Acknowledgments
Xin Liu and Jiemei Chu are co-first author.
This work was supported by the National Natural Science Foundation of China (NO. 81860655
and 81425022), Guangxi Key Research and Development Project (AB19245038), Youth Science
Foundation of Guangxi Medical University (GX-

Arch Med Sci7

X. Liu, J. Chu, C. Gui, W. Liao, F. Qin, X. Hu, B. Liang, J. Jiang, J. Huang, C. Ning, J. Chen, J. Ju, J. Lai, J. Liu, B. Zhou, L. Ye, H. Liang

A

B

Control

Positive control (HIV-1 infection)

C

Negative control

D

E

K41A

0.7332 µM

F

0.2444 µM

G

0.0815 µM

H

K41Am

1.9291 µM

0.6430 µM

0.2143 µM

Figure 3. Protective effects of K-41A and K-41Am on HIV-1-induced cytopathic effect (CPE). MT-2 cells were infected with HIV-1IIIB. The infected cells were then treated with or without K-41A and K-41Am for 3 days. Microscopic
observation (100×) of syncytia (indicated by the arrows) caused by HIV-1 infection. A – Positive control (HIV-1
infection, without compound treatment). B – Negative control (without HIV-1 infection and compound treatment).
C–E – The HIV-1 infected cells were treated with K-41A at the shown concentrations. F–H – The HIV-1 infected cells
were treated with K-41Am at the shown concentrations

MUYSF201828), The 64th Batch of the China Postdoctoral Science Foundation (2018M643382),
Young Scientists Fund of the Guangxi Natural Science Foundation (2018GXNSFBA281014).
Guangxi Bagui Scholar (to Junjun Jiang), Guangxi
Medical University Training Program for Distinguished Young Scholars (To Junjun Jiang). We

8

gratefully acknowledge our colleagues at South
China Sea Institute of Oceanology, Chinese Academy of Sciences, for their work on compound isolation and identification.

Conflict of interest
The authors declare no conflict of interest.

Arch Med Sci

Polyether antibiotics K-41A and K-41Am inhibit HIV-1 replication via suppressing the activities of HIV-1 reverse transcriptase and integrase

A

B

120

HIV-1 RT activity (%)

HIV-1 RT activity (%)

100
80
60
40
20
0

100
80
60
40
20
0

10–2

10–1
100
Concentration [µg/ml]
K-41A
K-41Am

101

102

10–2

10–3

AZT

K-41A

10–1
100
Concentration [µg/ml]
K-41Am

101

102

Sodium azide

Figure 4. K-41A and K-41Am inhibited the activities of HIV-1 RT and IN. The effects of K-41A and K-41Am on the
activity of recombinant HIV-1 RT (A). The effects of K-41A and K-41Am on the activity of recombinant HIV-1 IN (B).
HIV-1 RT and IN activity were measured by ELISA kits according to the protocol provided by the manufacturer. The
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assay (A), azidothymidine (AZT) treatment was used as a positive control. For HIV-1 IN activity assay (B), sodium
azide treatment was used as a positive control
Table II. Docking scores (pKd/pKi) and residues of the docking simulation for each target protein and compound
No.

Protein
name

PDB ID

Compounds

Docking
scores
(pKd/pKi)

Residues

1

HIV-1 RT

4R5P

K-41A

5.729

Test ligand: 8 targets (DC E711, CYS C258, DC E712,
LEU C289, DG F815, DG E710, VAL C254, DC E713)
Native ligand: 6 targets (DC E711, CYS C258, DC E712,
LEU C289, DG F816, DC F818)

2

HIV-1 RT

4R5P

K-41Am

5.727

Test ligand: 8 targets (DG F816, DC E711, CYS C258,
LEU C289, DG F815, DG E710, ASN C255, DC E713)
Native ligand: 6 targets (DC E711, CYS C258, DC E712,
LEU C289, DG F816, DC F818)

3

HIV-1 IN

1QS4

K-41A

6.560

Test ligand: 11 targets (THR A66, GLU A152, ILE A151,
LYS A156, GLN A148, LYS A159, CYS A65, ASP A116,
ASP A64, HIS A67, ASN A155)
Native ligand: 3 targets (THR A66, GLU A152, ILE A151)

4

HIV-1 IN

1QS4

K-41Am

6.593

Test ligand: 8 targets (THR A66, GLU A152, LYS A156,
ASN A155, LYS A159, ASP A116, ASP A64, GLY A149)
Native ligand: 3 targets (THR A66, GLU A152, ILE A151)
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Figure 5. Docking simulation in SystemsDock. Docking scores (pKd/pKi) that represent the predicted binding affinity of K-41A and K-41Am to HIV-1 RT and IN. A – Heat map of the docking simulation. B – Histogram map of the
docking simulation

Arch Med Sci9

X. Liu, J. Chu, C. Gui, W. Liao, F. Qin, X. Hu, B. Liang, J. Jiang, J. Huang, C. Ning, J. Chen, J. Ju, J. Lai, J. Liu, B. Zhou, L. Ye, H. Liang

Proteins (PDB ID)

K-41A

K-41Am

Native ligand

A

B

C

D

E

F

G

H

I

J

K

L

RT (4R5P)
3D

RT (4R5P)
2D

IN (1QS4)
3D

IN (1QS4)
2D

Ligand bond
Hydrogen bond
Receptor bond
residues involved in hydrophobic interactions

Leu 289 (C) Receptor

Figure 6. The detailed protein-ligand interactions for K-41A and K-41Am to HIV-1 RT and IN. 3D and 2D representations of the lowest energy pose of K-41A, K-41Am, and native ligand docked with the HIV-1 RT (PDB ID. 4R5P) and
IN (PDB ID: 1QS4) binding pockets. A–C – 3D images of protein-ligand interactions of K-41A (A), K-41Am (B), and
native ligand (C) with HIV-1 RT. D–F – 2D images of protein-ligand interactions of K-41A (D), K-41Am (E), and native
ligand (F) with HIV-1 RT. G–I – 3D images of protein-ligand interactions of K-41A (G), K-41Am (H), and native ligand
(I) with HIV-1 IN. J–L – 2D images of protein-ligand interactions of K-41A (J), K-41Am (K), and native ligand (L) with
HIV-1 IN. In 3D images, the ligands are depicted as blue carbon sticks. HIV-1 RT and IN are shown as a transparent
cartoon. The protein residues involved in crucial contacts with the compounds are indicated as carbon lines. In 2D
images, protein residues involved in the binding interactions are indicated

10

Arch Med Sci

Polyether antibiotics K-41A and K-41Am inhibit HIV-1 replication via suppressing the activities of HIV-1 reverse transcriptase and integrase

References
1. Barre-Sinoussi F, Chermann JC, Rey F, et al. Isolation of
a T-lymphotropic retrovirus from a patient at risk for
acquired immune deficiency syndrome (AIDS). Science
1983; 220: 868-71.
2. Bekker LG, Alleyne G, Baral S, et al. Advancing global
health and strengthening the HIV response in the era
of the Sustainable Development Goals: the International AIDS Society-Lancet Commission. Lancet 2018; 392:
312-58.
3. Gulick RM, Mellors JW, Havlir D, et al. Treatment with
indinavir, zidovudine, and lamivudine in adults with human immunodeficiency virus infection and prior antiretroviral therapy. N Engl J Med 1997; 337: 734-9.
4. Pantophlet R, Wilson IA, Burton DR. Improved design
of an antigen with enhanced specificity for the broadly HIV-neutralizing antibody b12. Protein Eng Des Sel
2004; 17: 749-58.
5. Kowalska JD, Pietraszkiewicz E, Firląg-Burkacka E, Horban A. Suspected unexpected and other adverse reactions to antiretroviral drugs used as post-exposure
prophylaxis of HIV infection – five-year experience from
clinical practice. Arch Med Sci 2018; 14: 547-53.
6. MacNeil A, Dieng Sarr A, Sankale JL, et al. Direct evidence of lower viral replication rates in vivo in human
immunodeficiency virus type 2 (HIV-2) infection than in
HIV-1 infection. J Virol 2007; 81: 5325-30.
7. Mansky LM, Temin HM. Lower in vivo mutation rate of
human immunodeficiency virus type 1 than that predicted from the fidelity of purified reverse transcriptase.
J Virol 1995; 69: 5087-94.
8. Costa G, Rocca R, Corona A, et al. Novel natural non-nucleoside inhibitors of HIV-1 reverse transcriptase identified by shape- and structure-based virtual screening
techniques. Eur J Med Chem 2019; 161: 1-10.
9. Rodgers DW, Gamblin SJ, Harris BA, et al. The structure
of unliganded reverse transcriptase from the human
immunodeficiency virus type 1. Proc Natl Acad Sci USA
1995; 92: 1222-6.
10. Hare S, Gupta SS, Valkov E, et al. Retroviral intasome
assembly and inhibition of DNA strand transfer. Nature
2010; 464: 232-6.
11. Priestle JP, Fassler A, Rosel J, et al. Comparative analysis
of the X-ray structures of HIV-1 and HIV-2 proteases in
complex with CGP 53820, a novel pseudosymmetric inhibitor. Structure 1995; 3: 381-9.
12. Turner BG, Summers MF. Structural biology of HIV. J Mol
Biol 1999; 285: 1-32.
13. Esposito F, Corona A, Tramontano E. HIV-1 reverse transcriptase still remains a new drug target: structure, function, classical inhibitors, and new inhibitors with innovative
mechanisms of actions. Mol Biol Int 2012; 2012: 586401.
14. Teixeira C, Gomes JRB, Gomes P, et al. Viral surface glycoproteins, gp120 and gp41, as potential drug targets
against HIV-1: brief overview one quarter of a century
past the approval of zidovudine, the first anti-retroviral
drug. Eur J Med Chem 2011; 46: 979-92.
15. Gu SX, Xue P, Ju XL, Zhu YY. Advances in rationally designed dual inhibitors of HIV-1 reverse transcriptase
and integrase. Bioorg Med Chem 2016; 24: 5007-16.
16. de Castro S, Camarasa MJ. Polypharmacology in HIV inhibition: can a drug with simultaneous action against
two relevant targets be an alternative to combination
therapy? Eur J Med Chem 2018; 150: 206-27.
17. Westley JW. Polyether antibiotics: versatile carboxylic
acid ionophores produced by Streptomyces. Adv Appl
Microbiol 1977; 22: 177-223.

18. Tsuji N, Nagashima K, Terui Y, Tori K. Structure of K-41B,
a new diglycoside polyether antibiotic. J Antibiot 1979;
32: 169-72.
19. Hoshi M, Shimotohno KW, Endo T, et al. Microbial and
chemical conversion of antibiotic K-41. I. Isolation and
identification of conversion product. J Antibiot 1997;
50: 631-4.
20. Otoguro K, Ishiyama A, Ui H, et al. In vitro and in vivo
antimalarial activities of the monoglycoside polyether
antibiotic, K-41 against drug resistant strains of Plasmodia. J Antibiot 2002; 55: 832-4.
21. Dirlam JP, Bordner J, Cullen WP, Jefferson MT,
Presseau-Linabury L. The structure of CP-96,797, a polyether antibiotic related to K-41A and produced by Streptomyces sp. J Antibiot 1992; 45: 1187-9.
22. Carter GT, Schlingmann G, Kenion GB, et al. Martinomycin, a new polyether antibiotic produced by Streptomyces salvialis. II. Isolation and structure determination.
J Antibiot 1994; 47: 1549-53.
23. Lai W, Huang L, Ho P, et al. Betulinic acid derivatives
that target gp120 and inhibit multiple genetic subtypes
of human immunodeficiency virus type 1. Antimicrob
Agents Chemother 2008; 52: 128-36.
24. Harada S, Koyanagi Y, Yamamoto N. Infection of HTLVIII/LAV in HTLV-I-carrying cells MT-2 and MT-4 and application in a plaque assay. Science 1985; 229: 563-6.
25. Wei X, Decker JM, Liu H, et al. Emergence of resistant
human immunodeficiency virus type 1 in patients receiving fusion inhibitor (T-20) monotherapy. Antimicrob
Agents Chemother 2002; 46: 1896-905.
26. Platt EJ, Wehrly K, Kuhmann SE, et al. Effects of CCR5
and CD4 cell surface concentrations on infections by
macrophagetropic isolates of human immunodeficiency
virus type 1. J Virol 1998; 72: 2855-64.
27. Crouch SP, Kozlowski R, Slater KJ, Fletcher J. The use of
ATP bioluminescence as a measure of cell proliferation
and cytotoxicity. J Immunol Methods 1993; 160: 81-8.
28. Kangas L, Gronroos M, Nieminen AL. Bioluminescence
of cellular ATP: a new method for evaluating cytotoxic
agents in vitro. Med Biol 1984; 62: 338-43.
29. Bedoya LM, Beltran M, Garcia-Perez J, et al. Promiscuous,
multi-target lupane-type triterpenoids inhibits wild type
and drug resistant HIV-1 replication through the interference with several targets. Front Pharmacol 2018; 9: 358.
30. Mokale SN, Lokwani D, Shinde DB. Synthesis, biological
activity and docking study of imidazol-5-one as novel
non-nucleoside HIV-1 reverse transcriptase inhibitors.
Bioorg Med Chem 2012; 20: 3119-27.
31. Hsin KY, Matsuoka Y, Asai Y, et al. systemsDock: a web
server for network pharmacology-based prediction and
analysis. Nucleic Acids Res 2016; 44: W507-13.
32. Balzarini J, Das K, Bernatchez JA, et al. Alpha-carboxy nucleoside phosphonates as universal nucleoside triphosphate mimics. Proc Natl Acad Sci USA 2015; 112: 3475-80.
33. Goldgur Y, Craigie R, Cohen GH, et al. Structure of the
HIV-1 integrase catalytic domain complexed with an inhibitor: a platform for antiviral drug design. Proc Natl
Acad Sci USA 1999; 96: 13040-3.
34. Huang M, Grant GH, Richards WG. Binding modes of
diketo-acid inhibitors of HIV-1 integrase: a comparative
molecular dynamics simulation study. J Mol Graph Model 2011; 29: 956-64.
35. Lam KS. Discovery of novel metabolites from marine actinomycetes. Curr Opin Microbiol 2006; 9: 245-51.
36. Patel RV, Park SW. An evolving role of piperazine moieties in drug design and discovery. Mini Rev Med Chem
2013; 13: 1579-601.

Arch Med Sci11

X. Liu, J. Chu, C. Gui, W. Liao, F. Qin, X. Hu, B. Liang, J. Jiang, J. Huang, C. Ning, J. Chen, J. Ju, J. Lai, J. Liu, B. Zhou, L. Ye, H. Liang

37. Vo TS, Kim SK. Potential anti-HIV agents from marine
resources: an overview. Mar Drugs 2010; 8: 2871-92.
38. Zotchev SB. Marine actinomycetes as an emerging resource for the drug development pipelines. J Biotechnol
2012; 158: 168-75.
39. Zhang GH, Wang Q, Chen JJ, et al. The anti-HIV-1 effect
of scutellarin. Biochem Biophys Res Commun 2005;
334: 812-6.
40. Andrae-Marobela K, Ghislain FW, Okatch H, Majinda
RRT. Polyphenols: a diverse class of multi-target antiHIV-1 agents. Curr Drug Metab 2013; 14: 392-413.
41. Nakamura M, et al. Inhibitory effects of polyethers on
human immunodeficiency virus replication. Antimicrob
Agents Chemother 1992; 36: 492-4.

12

Arch Med Sci

