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Abstract

Drugs targeting the fusion process of viral entry into host cells have been approved for clinical use in the treatment of
AIDS. There remains a great need to improve the use of existing drugs for HIV therapy. Berberine is traditionally used
to treat diarrhea, bacillary dysentery, and gastroenteritis in clinics, here our research shows that berberine is effective
in inhibiting HIV-1 entry. Native polyacrylamide gel electrophoresis studies reveal that berberine can directly bind to
both N36 and C34 to form a novel N36-berberine-C34 complex and effectively block the six-helix bundle formation
between the N-terminal heptad repeat peptide N36 and the C-terminal heptad repeat peptide C34. Circular dichro-
ism experiments show that binding of berberine produces conformational changes that damages the secondary
structures of 6-HB. Computer-aided molecular docking studies suggest a hydrogen bond with T-639 and two polar
bonds with Q-563 and T-639 are established, involving the oxygen atom and the C=0 group of the indole ring.
Berberine completely inhibits six HIV-1 clade B isolates and exhibits antiviral activities in a concentration-dependent
manner with IC50 values varying from 5.5 to 10.25 pug/ml. This compound-peptide interaction may represent a
mechanism of action of antiviral activities of berberine. As a summary, these studies successfully identify compound
berberine as a potential candidate drug for HIV-1 treatment. As a summary, antiviral activity of berberine in combina-
tion with its use in clinical practice, this medicine can be used as a potential clinically anti-HIV drug.
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Key points mortality in most countries and poses a serious public
health threat worldwide. Although highly active antiret-
Berberine induces conformational changes to form a  roviral therapy (HAART) can reduce viral load to unde-

novel NHR-berberine-CHR complex. tectable level, it cannot completely eradicate the virus
The mechanism of action of berberine is that it because HIV-1 establishes latent infection. Antiretroviral
binds in the pocket of NHR and CHR of gp41. therapy interruption may lead to a rapid rebound of the
Our studies successfully identify berberine as a  viral burden in peripheral blood. AIDS patients typically
promising anti-HIV-1 inhibitor. need to take antiretroviral drugs throughout their lives

(Chun et al. 2000), which increases the risk of drug resist-
ance and also develops drug-related toxicities. Therefore,
Introduction development of small-molecule inhibitors with novel
Human immunodeficiency virus type 1 (HIV-1) causes  mechanisms of action is highly desirable. The Pfizer
acquired immunodeficiency syndrome (AIDS). AIDS is  compound maraviroc binding to the coreceptor CCR5
an epidemic that has caused signiﬁcant morbidity and and suppressing virus-cell fusion has been approved for
clinical use (Dorr et al. 2005; Lieberman-Blum et al. 2008;
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Fig. 1 Schematic diagram of HIV-1 gp41. A The functional domains of gp41 are indicated, respectively. Residues are numbered corresponding
to their positions in HIV-1 HXB2 gp160. B The interactions between N36 and C34 of HIV-1 gp41. The purple dashed lines between N36 and C34
indicate the interactions between the residues located at the e and g positions in the NHR and a and d positions in the CHR of gp41, respectively.
The N36 and C34 sequences are highlighted in green and blue, respectively. The pocket-forming sequence (aa565-581) in N36 and the
pocket-binding domain (aa628-635) in C34 are colored in red and pink, respectively. C Three steps of HIV-1 entry: pre-hairpin, trimer-of-hairpins,
and a stable six-helix bundle core structure. The NHR and CHR helices of gp41 are colored in green and orange, respectively. The 6HB structure
is composed of three central NHR helices (green surface) surrounded by three antiparallel CHR helices (orange surface). D The chemical
structure of berberine. The positively charged nitrogen is indicated. Molecular weight of berberine =371.8, molecular formula: C20H18CINOA4.

E The conformational change of berberine. The isomerism qualifies as tautomerism: () quaternary-berberine, () alcoholic-berberine, (lll)
aldehydic-berberine
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molecular mass of 41 kDa shown in Fig. 1A. Gp41 has
three major domains: the ectodomain (aa 512 to 683),
transmembrane domain (TMD, aa 684 to 705) and the
cytoplasmic tail (CT, aa 705 to 856). The ectodomain
core structure contains several functional determinants:
a fusion peptide (FP, aa 512 to 527); a polar region (PR,
aa 525 to 543); the N-terminal heptad repeat (NHR, aa
546 to 581) and the C-terminal heptad repeat (CHR, aa
628 to 661); an immunodominant loop (aa 598 to 604);
a Trp-rich region called the membrane-proximal exter-
nal region (MPER, aa 660 to 683) (Chan et al. 1997). Two
peptide fragments denoted N36 and C34 are derived
from the N- and C-terminal regions of the ectodomain,
respectively (Lu et al. 1995). N36 is a 36-amino acid syn-
thetic peptide that corresponds to the NHR of gp41, C34
is a 34-amino acid synthetic peptide corresponding to the
CHR of gp41 (Fig. 1B). Previous studies indicated that
N36 and C34 exclusively formed a stable six-stranded
helical bundle (6-HB), which brought the viral and cell
membranes into close proximity for fusion accompanied
by large-scale conformational changes (Fig. 1C) (Weis-
senhorn et al. 1996, 1997; Munoz-Barroso et al. 1998).
The 6-HB core structure has been developed as potential
binding sites for developing anti-HIV drugs (Roche et al.
2008). Therefore, inhibiting the formation of 6-HB is an
effective way to prevent HIV-1 infection.

Berberine (BBR) is an isoquinoline quaternary alkaloid
from medicinal plants, such as Coptis Salisb, Phelloden-
dron Amurense, and Phellodendri Chinensis Cortex, etc.
It is commercially available as various salts, such as ber-
berine chloride and hemisulfate. Berberine consists of
five rings and two methoxy groups at positions 19 and 20.
It has two fluorescent forms in acidic and basic media,
which corresponds to a keto-enol tautomerism (Fig. 1D,
E). It has a long history of use in Chinese, Ayurvedic, and
Southeast Asian traditional medicine. It is used to treat
diarrhea, bacillary dysentery, and gastroenteritis. It has
also been frequently used for the adjuvant treatment of
type 2 diabetes mellitus, ischemic myocardium, hyper-
lipidemia and hypertension in China (Dong et al. 2013).
There is some evidence that berberine has anti-inflam-
mation (Mohan et al. 2017), anti-aging properties (Dar-
zynkiewicz et al. 2014) and induction of apoptosis (Refaat
et al. 2015). It has been taken into use against Methicillin-
resistant Staphylococcus aureus (MRSA) infections (Ster-
mitz et al. 2000). Most importantly, it has been reported
for antiviral activities against numerous viruses (Hayashi
et al. 2007; Wu et al. 2011; Varghese et al. 2016; Wang
et al. 2017; Yan et al. 2018). Although berberine has been
studied extensively, significant questions concerning
its binding mode of a small molecule inhibitor of 6HB
formation and the mechanism of action remain largely
unclear. Here we aim to discover its antiviral mechanism
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and potential molecular targets and identify it as a prom-
ising anti-HIV drug that warrants further investigation.

Materials and methods

Materials

HIV-1 plasmids used for the production of pseudotyped
virus particles and various cell lines including MT-2 and
TZM-bl were obtained from the National Institutes of
Health AIDS Research and Reference Reagent Program.
HEK 293T and HeLa cells were purchased from the
American Type Culture Collection (ATCC). The peptides
N36 and C34 were synthesized and purified using ana-
lytical high-performance liquid chromatography (HPLC),
and the isolates were identified using matrix-assisted
laser desorption ionization-time of flight mass spectrom-
etry. Berberine was prepared by dissolving 1 mg powder
in 1 ml water to make an aqueous solution (1 mg/ml).

6-HB complex

A native PAGE (native polyacrylamide gel electrophore-
sis, N-PAGE) method was used to confirm the inhibitory
activity of berberine on the 6-HB formation as previ-
ously described (Liu et al. 2005). Briefly, N36 (100 uM
in PBS) was preincubated with various concentrations
of berberine (0, 0.05, 0.1 mg/ml) at 37 °C for 30 min and
mixed with equal molar C34 (100 uM in PBS) at 37 °C
for another 30 min incubation, and then the mixtures
were loaded into an 18% precast N-PAGE gels (Invitro-
gen). Agarose gel electrophoresis was carried out at a
constant voltage of 100 V at room temperature. The gels
were stained with Coomassie Brilliant Blue (CBB) and
imaged using a FluorChem 8800 Imaging System (Alpha
Innotech).

Molecular docking analysis

3D structure of gp41 subunit was retrieved from the PDB
database. 3D structure of berberine was built as its hydro-
chloride. Docking calculations were carried out using
DockingServer (Bikadi and Hazai 2009). The molecular
geometry of berberine was energy-minimized with the
MMFF94 force field (Halgren 1998). Essential hydrogen
atoms and solvation parameters were added with the aid
of AutoDock tools. Affinity (grid) maps of 20 x 20 x 20 A
grid points and 0.375 A spacing were generated using the
Autogrid program (Morris et al. 1998). Docking simula-
tions were performed using the Lamarckian genetic algo-
rithm (LGA) and the Solis—Wets local search method
(Solis and Wets 1981), the most stable complex configu-
rations were considered. All the acyclic dihedral angles
in the ligand were allowed to rotate freely. Each dock-
ing experiment was derived from two different runs that
were set to terminate after a maximum of 250,000 energy
evaluations. The population size was set to 150. During
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the search, a translational step of 0.2 A, quaternion and
torsion steps of 5 were applied.

CD spectroscopy

Circular dichroism (CD) spectroscopy is a valuable
method for protein secondary structure prediction. For
example, a-helical proteins are a positive band at 193 nm
and negative bands at 222 nm and 208 nm, B-helices have
positive bands at 195 nm and negative bands at 218 nm,
while disordered proteins exhibit negative bands near
195 nm and low ellipticity above 210 nm. The conforma-
tional changes of the individual peptides N36, C34 and
their mixtures were determined as previously mentioned
(Liu et al. 2005). Briefly, N36 was diluted in ddH,O and
C34 was diluted in PBS to a final concentration of 10 uM.
N36 treated with berberine was incubated with an equi-
molar concentration of C34 at 37 °C for 30 min, and then
the CD spectra of N36, C34 and of equimolar mixtures
of N36 and C34 in the presence or absence of berberine
(0.05 mg/ml) were observed from 260 to 190 nm at a res-
olution of 0.5 nm and at a scanning speed of 50 nm/min.
The absorption spectra of the prepared solutions were
corrected by subtracting the background.

Cell-cell fusion assay

To examine whether berberine affects Env-mediated
membrane fusion, we tested syncytium formation using
a microscopic fluorescent dye transfer assay. HeLa cells
were co-transfected with the NL4-3 proviral DNA and
the GFP construct encoding the green fluorescent pro-
tein. Cells were seeded in triplicate in 96-well plates
and allowed to attach for 24 h. Then the cells were incu-
bated for 30 min at 37 °C in the presence or absence of
berberine. Syncytium formation was measured as the
proportion of GFP-positive cells. The percentage inhi-
bition was calculated using the equation given below: %
inhibition = [(sample-average negative control)/(average
positive control-average negative control)] x 100. 50%
inhibitory concentrations (IC50) values were calculated
as described before (Liu et al. 2005). Data were presented
as the mean=+ SD for at least three independent experi-
ments (Pleskoff et al. 1997; Harmon et al. 2010).

Inhibitory activity of berberine on HIV-1 infection

The inhibitory activity of berberine on HIV-1 infection
was determined as previously described. HIV-1 pseu-
dotyped viruses were produced by cotransfecting 293T
cells with plasmids encoding the virus backbone and
HIV-1 Env DNA using the PolyFect transfection reagent
(Qiagen) according to manufacturer’s instruction. Enve-
lope-deficient pNL4-3.luc.E-R-was used for backbone
DNA. Pseudotyped viruses were harvested 72 h after
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transfection by centrifugation and filtration of cell culture
through 0.22 um filters, and stored at —80 °C until use.
To test the inhibitory activity of berberine, viruses were
mixed with serial dilutions of berberine or T20 (the first
approved anti-gp41 drug) for 30 min at 37 °C, and then
the mixtures were added to 2 x 10* HOS-CD4-CCR5
cells grown in 96-well plates. Once the cells were col-
lected and washed 3 times with D-PBS, they were lysed
and assayed using the Luciferase Assay System (Promega,
USA) according to the manufacturer’s instructions. The
potential cytotoxicity of berberine on target cells was
measured by using the colorimetric XTT assay (Kilby
et al. 1998; Chan and Kim 1998).

Data analysis and statistics

One way ANOVA was performed, followed by pair-
wise Tukey test (GraphPad Prism 5.0 software). A
p-value <0.05 was considered to be statistically signifi-
cant. Dose-response curves were created by nonlinear
regression model. IC50 values (50% inhibitory concentra-
tion) were calculated by fitting a four-parameter nonlin-
ear regression model using statistical software.

Results

The effect of different concentrations of berberine

on the 6-HB formation

Once berberine blocks the fusion-active six-helix bundle
(6-HB) formation by the peptides N36 and C34, it may
inhibit HIV-1 Env-mediated membrane fusion and virus
entry. To test this assumption, we performed N-PAGE to
detect these peptides according to the above protocol. As
showed in Fig. 2a, N36 alone exhibited no band (lanel) in
the N-PAGE gel since it carried a net positive charge, thus
migrating up and off the gel. C34, as a negative control,
showed a band in the low position of the gel (lane2). The
N36/C34 mixture, as a positive control, displayed a band
at the upper side of the gel corresponding to the size of
the 6-HB structure (lane3), which is consistent with the
previous results (Liu et al. 2005; Jiang et al. 1998). When
N36 was preincubated with a high concentration of ber-
berine before the addition of C34, two bands appeared
in the gel, the lower one was a 6-HB band with a sig-
nificant decrease in intensity, the upper one was a novel
N36-berberine-C34 complex (lane4). However, if N36
was preincubated with a low concentration of berberine
followed by the addition of C34, only a single band was
shown in Fig. 2a lane5. This was confirmed by Western
blot (Fig. 2b) using a conformation-specific monoclonal
antibody NC-1, which specifically detect the 6-HB struc-
ture but does not interact with N36 or C34 (Jiang et al.
1998). These results indicated that berberine can bind to
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C34+ N36+Berberine(0.1mg/ml)
C34+ N36+Berberine(0.05mg/ml)
C34+ N36+Berberine(0.1mg/ml)
C34+ N36+Berberine(0.05mg/ml)
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C34+N36
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C34
C34+N36

6-HB
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Fig. 2 a N-PAGE analysis for 6-HB formation by N36 and C34.

The preincubated mixtures of the peptide N36 and berberine in
phosphate-buffered saline (PBS) at the specified concentrations
were added to C34, and then the peptides N36 or/and C34 with or
without berberine were loaded into wells formed by combs in the
gels. N36 and C34 served as negative controls, C34 4+ N36 served as a
positive control. b The 6-HB structure formation by N36 and C34 was
measured by Western blot using mAb NC-1

N36/C34 and block gp41 6-HB formation, thus inhibiting
the fusion between viral and cellular membrane.

Molecular modeling of compound berberine into the 6-HB

structure

To discover the binding modes of compound berberine
interacting with 6-HB structure, docking simulations of
berberine into 6-HB were performed using Molecular
Docking Server. Eight side chains had been taken into
account in molecular docking strategies by allowing side-
chain flexibility. The binding modes of berberine into the
cavity binding sites of 6-HB (binding energy: — 8.3 kcal/
mol) were presented in Fig. 3 and Table 1. The indole
moiety of berberine was pointed toward the mouth of the
hydrophobic pocket of gp41 NHR to form p—p interac-
tion and amide-p stacked interaction, and made a m—1t
stacking interaction with CHR. A hydrogen bond with
T-639 and two polar bonds with Q-563 and T-639 were
established, involving the oxygen atom and the C=0
group of the ring, which appeared to make the most
significant contribution to binding. The additional nine
hydrophobic interactions with amino acids L-566, V-570,
1-635, Y-638, and I-642 were shown in Table 1, Fig. 3c,
d, respectively. Moreover, other interactions with
Q-563, Q-567, V-570, 1-635, Y-638, and T-639 were also
involved. The above analysis confirmed that berberine
could interact with both the peptides N36 and C34 of
gp41 and disrupt the 6-HB formation, this explaining the
antiviral activity and mechanism of action of berberine.
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Binding of berberine prevented the 6-HB formation

To understand the functional effect of the disturbance of
natural 6HB structure by berberine, we investigated the
impact of berberine on the secondary structure of 6HB.
CD spectroscopy is a classic technique to determine
the secondary structure composition, such as a-helix,
B-sheet and random coil of peptides in the liquid phase,
therefore, it has been used for determining the confor-
mational changes of the 6-HB structure formed by the
equal molar of N36 and C34. Our CD results indicated
that N36 alone in PBS as a control did not exhibit a typi-
cal a-helical spectrum, C34 alone as a control showed
a random coil spectrum, and the N36/C34 complex in
the absence of berberine displayed a typical a-helical
secondary structure with a double minimum at 208 and
222 nm, which was a heterotetramer structure with an
a-helix with 100% helix content, characterized by the
saddle-shaped negative peak in the far UV region of the
CD spectrum, however, the CD spectrum of the N36/
C34 complex in the presence of berberine was a ran-
dom coil structure, suggesting that berberine distorted
the a-helical structure of the 6-HB (Fig. 4a). These data
indicated that berberine might insert into both N36 and
C34 of gp41 before the formation of the 6-HB to form a
novel N36-berberine-C34 complex (Fig. 2a lane4), and
efficiently blocked fusion by causing a local disturbance
of the natural 6HB conformation (Fig. 4b), in agreement
with previous reports (Liu et al. 2005; Jiang et al. 1998;
Miyauchi et al. 2009).

Berberine inhibited HIV-1 early entry by blocking cell-cell
fusion

Membrane fusion is an essential step for enveloped
viruses’ entry host cells. The formation of syncytia
displays a consequence of cell-cell fusion. We next
sought to determine the inhibitory activity of berber-
ine on HIV-1 cell-cell fusion. The effector cells were
pretreated in the absence or presence of berberine,
and then co-cultured with target cells. T20 (DP178,
brand name Fuzeon), the FDA approved fusion entry
inhibitor, which is a gp41-derived peptide that exhib-
its HIV-1 entry inhibitory activity, was used as a con-
trol. As expected, berberine exhibited potent inhibitory
activities on HIV-1 Env-mediated cell-cell fusion, small
syncytia were found in the presence of berberine, while
large syncytia were observed in the absence of berber-
ine. Moreover, berberine inhibited the syncytia forma-
tion in a dose-dependent manner with the IC50 values
of 5.7734+0.457 pg/ml (Fig. 5a). Berberine impaired
viral fusion and showed high inhibition activity com-
pared with the control (Fig. 5b). These results dem-
onstrated that berberine could abolish the function of
HIV-1 Env and act as an effective fusion inhibitor of
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(See figure on next page.)

Fig. 3 Binding mode and interaction map. a Molecular docking of berberine into the 6-HB structure. The location of the potential interacting eight
residues were highlighted. Berberine is colored by atom type: Carbon (black), oxygen (red), nitrogen (blue). The hydrogen bond was drawn as green
dotted lines. Distance (A) between interacting atoms was marked in green. b 3D representation of different interactions of compound berberine
with residues in the binding sites of NHR and CHR of gp41. The highlighted orange spheres represented T-639 and red spheres represented oxygen
atom (O). ¢ Binding mode of compound berberine in the active region of gp41. The NHR and CHR helices were indicated in silver, the compound
was rendered in yellow stick model and the residues were rendered in green, blue and purple sticks, respectively. d An enlarged detail view for C.
The binding sites of eight amino acid residues were indicated in green, orange and blue, respectively

virus-mediated cell-cell fusion. These findings were
fully consistent with the above-mentioned results.

The anti-HIV activity of berberine

To determine the antiviral effect of berberine, HIV-1 env-
pseudotyped viruses were used to infect target cells. As
shown in Fig. 6, berberine exhibited remarkable activi-
ties against HIV-1 IIIB, NL4-3 and Bal isolates with low
IC50s in the microgram range of 6.356+0.336 pg/ml,
5.574+0.172 pg/ml and 5.586 +0.652 pg/ml, respectively.
It also inhibited the infection of JRFL, JRCSF and ADS8
with IC50s of 10.275+1.215 pg/ml, 7.55940.646 pg/
ml and 7.532+0.454 pg/ml, respectively (Fig. 6a and
Table 2). Berberine efficiently inhibited HIV-1 infection
in a dose-dependent manner (Fig. 6a, b). It is important
to determine the cytotoxic potential of berberine on the
cell lines used in the antiviral assays. The cytotoxic con-
centration (CC50) of berberine was determined to be
107 pg/ml. Berberine showed low cytotoxicity.

Discussion
HIV-1 entry into host cells is mediated by gp41 and rep-
resents an attractive target for therapeutic intervention.
Previous studies showed that blocking HIV-1 entry into
target cells plays a critical role in viral infections (Esté
and Telenti 2007; Pierson and Doms 2003). X-ray crys-
tallographic studies have confirmed that there are three
grooves of the NHR trimer, each of the grooves has a
highly conserved hydrophobic pocket that can be bound
by both C-peptides and small-molecule entry inhibitors
(Chan et al. 1998; Tan et al. 1997), such as D-peptides
(Jiang et al. 1993; Wild et al. 1994), 5-Helix (Root et al.
2001) and IQN17-like molecules (Eckert and Kim 2001).
The trimeric coiled-coil of gp41 serves as a potential tar-
get for designing anti-HIV peptides and small molecules.
Computer-aided molecular docking analysis sug-
gested that berberine made several hydrophobic, polar
interactions and hydrogen bonds with both the peptides
N36 and C34 of gp41 to form a novel NHR-berberine-
CHR complex before the formation of the 6-HB, to the
best of our knowledge, this is the first report of iden-
tification of a new compound-peptide complex. Other
studies demonstrated that the bisindole inhibitors

showed the importance of the hydrophobic group to
compound potency, it might interact with a tertiary
component during membrane fusion (Zhou et al. 2019).
NB-2 and NB-64 were selected from a drug-like chemi-
cal library and their acid groups interacted with residue
Lys574 to form a salt bridge, and thus blocked the six-
helix bundle formation and could inhibit HIV-1 infec-
tion (Jiang et al. 2004). The current model of HIV-1 Env
membrane fusion predicted that CD4 binding resulted
in the refolding of gp41 from a pre-hairpin intermedi-
ate to a hairpin conformation (Eggink et al. 2016; Jiang
et al. 2015; Martinez Munoz et al. 2014). Env with
mutations located outside the HR2 binding site affected
fusion kinetics to decrease the sensitivity to VIR165.
One explanation was that VIRIP analogs might target
the FP during an intermediate (Eggink et al. 2019). In
agreement with this model, binding of berberine to
both heptad repeats of HIV-1gp4l in the prefusion
state triggered conformational changes to form a ran-
dom coil structure and distorted the natural 6HB con-
formation. NCCG-gp41l was designed by linking an
N35 to the N-terminus of N34(L6)C28 polypeptide and
could inhibit HIV-1 Env-mediated membrane fusion by
targeting the gp41 CHR-helices in the fusion interme-
diate state (Louis et al. 2003). Jacobs et al. designed a
covalent inhibitor specifically targeting residue Lys574,
it could trap a pre-six-helix bundle fusion intermediate
confirmation by a covalent reaction of Lys574 to facili-
tate covalent attachment (Jacobs et al. 2007), suggest-
ing that interactions with both heptad repeats might
be a general requirement for high-affinity binding of
these small-molecule inhibitors of 6HB formation
(Aneja et al. 2015; Rashad et al. 2015, 2017). The indole
moiety of berberine pointed toward the mouth of the
entrance cavity in the hydrophobic pocket of gp41l
NHR and formed p-p interaction and amide-p stacked
interaction. A hydrogen bond with T-639 and two polar
bonds with Q-563 and T-639 were established, involv-
ing the oxygen and the C=0 group of the ring, which
appeared to make the most significant contribution to
binding. Additional nine hydrophobic interactions with
amino acids L-566, V-570, I-635, Y-638 and I-642 and
other interactions with Q-563, Q-567, V-570, 1-635,
Y-638, and T-639 were also involved. The above analysis
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Table 1 Interaction table
Hydrogen bonds Polar Hydrophobic Other
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Fig. 4 Effect of berberine on the secondary structure of 6-HB
structure by CD spectroscopy. a The secondary structure of 6-HB in
the absence of berberine displayed a typical helical conformation,
while lost a-helical conformation in the presence of berberine.

N36 and C34 served as negative controls, C34 4 N36 served as a
positive control. The molar ratio of N36 and C34 in a sample was 1:1.
b Model of interaction of berberine with NHR and CHR helices of

respectively. Berberine was abbreviated to acronyms BBR

gp41. NHR and CHR helices were indicated in light green and orange,

confirmed that berberine could interact with both the
peptides N36 and C34 of gp41 and be able to disrupt
the 6-HB formation, explaining the action mechanism
of antiviral activities of berberine.

Our data found berberine inhibited syncytia forma-
tion in a dose-dependent manner with the IC50 value
of 5.773+0.457 pg/ml, it efficiently blocked fusion by
causing a local disturbance of the natural 6HB confor-
mation. Berberine completely inhibited six HIV-1 clade
B isolates and exhibited remarkable activity against the
IIIB, NL4-3, Bal, JRFL, JRCSF and ADS8 isolates with
IC50s in the microgram range of 6.356+0.336 pg/
ml, 5574+0.172 pg/ml, 5.586+0.652  pg/ml,
102754+1.215 pg/ml, 7.55940.646 pg/ml and
7.53240.454 pg/ml, respectively, and hence suppressed
the infectivity of HIV-1 in a concentration-dependent
manner in all tested HIV-1 cell lines. The modified
23-residue C-peptides, bearing a sulfonic-y-AA residue
substitution and hydrocarbon stapling, could bind HIV-1
gp41 N-terminus and inhibit envelope-mediated mem-
brane fusion in cell-cell fusion assays at nanomolar
potency (Bolarinwa et al. 2018). These results suggest
that berberine is a potent inhibitor against a broad spec-
trum of HIV-1 strains at low concentrations, in agree-
ment with previous studies. Taken together, our results
explore the possible binding mode of berberine and
enhance our understanding of the action mechanism of
HIV-1 entry into host cells and how viral fusion can be
effectively inhibited.

It should be noted that this newly discovered complex
could provide new clues for the molecular basis of the
gp41-mediated membrane fusion. Berberine is proven
safe and valid, non-toxic, cheap cost and wide-availability
in resource and remains many pharmacological appli-
cations. And we successfully identify it as a novel and
promising anti-HIV-1 inhibitor.
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Fig. 5 The inhibitory effects of berberine on HIV-1 Env-mediated cell-cell fusion. a Inhibition of berberine on HIV-1 Env-mediated syncytium
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Fig. 6 Antiviral activities of berberine. a HIV-1 pseudotyped viruses were pre-inoculated with different concentrations of berberine and T20
for 30 min at 37 °C, and then the mixtures were added to target cells grown in each well of 96-well plates. Luminescence was measured and
percentage inhibition was calculated. Each sample was tested in triplicate and the data were presented as mean = standard deviations. b
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Table 2 Berberine potently inhibited infection of HIV-1
Env-pseudotyped viruses

Virus Clade Tropism 1C50 (ng/ml)
T20 Berberine

1B B X4 0.193+0.024 6.356+0.336
NL4-3 B X4 0.197+£0.035 5574+0.172
Bal B R5 0.184+0.021 5.586+£0.652
JRFL B R5 0.584+0.26 10275+ 1.215
JRCSF B R5 0.484+0.131 7.5594+0.646
AD8 B R5 0.607+0.12 753240454
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