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Gramicidin A-based unimolecular channel: cancer
cell-targeting behavior and ion transport-induced
apoptosis†

Wei-Wei Haoyang,a Qi Xiao,a Zhongju Ye,b Yonghong Fu,a Dan-Wei Zhang, a

Jian Li,*c Lehui Xiao,*b Zhan-Ting Li *a and Jun-Li Hou *a

A series of glycoside–peptide conjugates were prepared by engi-

neering at the N-terminus of the natural peptide gramicidin A.

The conjugate containing galactose moiety formed a unimolecular

transmembrane channel and mediated ion transport to induce

apoptosis of cancer cells. More importantly, it exhibited liver cancer

cell-targeting behavior due to the galactose–asialoglycoprotein

receptor recognition.

Gramicidin A (gA) is a linear pentadecapeptide first extracted
from soil bacillus in 1939.1 The peptide consists of alternately
arranged L- and D-configurations of amino acids with an
N-terminal formyl group, which induces a helical conformation.
The peptide can efficiently incorporate into cell membranes to
form head-to-head dimerized supramolecular transmembrane
channels.2 This peptide exhibits high antimicrobial activity
toward Gram-positive bacteria,3 which is a result of its ability to
mediate ion transport leading to disturbed ion homeostasis of
cells.4 Nevertheless, it shows high hemolysis toxicity, which pre-
vents its further therapeutic applications.5 gA has also been used
as a platform for the construction of artificial channels and
molecular devices,6 and for the investigation of dynamic proper-
ties of peptides’ interaction with lipid bilayers.7 Recently, gA
was found to exhibit the ability to inhibit cancer cell growth.8

However, it showed cytotoxicity to healthy cells because of the lack
of selectivity for cancer cells over healthy cells.8c Herein, we report
that by engineering gA with the galactose (Gal) moiety at its
N-terminus, the new Gal–gA conjugate was able to target the
membrane of liver cancer cells. We have revealed that the con-
jugate kills the cancer cells through the formation of unimolecular

transmembrane channels to mediate ion transport and to disturb
the ion homeostasis of the cells.

The asialoglycoprotein receptor (ASGPR) is a lectin pre-
dominantly expressed at the liver cell surface and exhibits high
affinity for galactose (Gal) and substrates with the Gal moiety.9

This unique binding feature has been used to develop anti-
cancer drugs targeting liver cancer cells.10 It has been estab-
lished that the formyl group at the N-terminus is essential for
the formation of head-to-head channels due to its ability to
induce the formation of intramolecular hydrogen bonding.11

The deformylated gA can also form a new channel with
a double-stranded helix structure.12 We envisioned that, by
connecting Gal to the N-terminus of the peptide, the conjugate
would target liver cancer cells induced by the Gal-ASGPR
recognition, thereby mediating ion transport and disturbing
ion homeostasis leading to the death of the cells (Fig. 1a).13

Thus, Gal–gA conjugates 1 and 2 with different spacer lengths
have been designed and synthesized (Fig. 1b and Section S2 in
the ESI†). To investigate the galactose moiety‘s influence on
targeting, the conjugate 3 containing glucose (Glu), an epimer
of galactose, has also been synthesized as a control compound.

Conductance measurements with planar lipid bilayers
showed that, in the presence of 1, ions can flux across the
bilayers as indicated by regular square-like signals in the
conductance traces (Section S3 in the ESI,† and Fig. 2a). This
observation clearly indicates the formation of transmembrane
channels in the bilayers.14 The conductance (g) and dwell time
(t1/2) of 1 were determined to be 17.1 � 2.1 pS and 0.7 � 0.08 s,
respectively (Fig. S10a, ESI†), differing significantly from those of gA
(23.0 � 1.6 pS, 0.4 � 0.04 s) (Fig. S10b, ESI†). The differences in g
and t1/2 of 1 and gA demonstrated their different channel structures.
The fact that 1 exhibited a higher t1/2 value than gA suggested its
higher channel structural stability. Further whole-cell patch clamp
experiments showed that the addition of 1 to the patched HepG2
cell solution caused a significant alteration of currents across the
cell membrane (Fig. 2b and Section S4 in the ESI†), indicating
the incorporation of the molecules into the membrane and the
subsequent formation of transmembrane ion channels.
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To further investigate the channel structure in cell mem-
branes, single-molecule fluorescence analysis was conducted
(Section S5 in the ESI†).15 For the experiments, gA was labeled
with fluorescent dye Cy5 at its N- or C-terminus to afford N-Cy5-gA
and C-Cy5-gA. The conductance values gN-Cy5-gA (17.2� 0.6 pS) and
gC-Cy5-gA (22.8 � 0.2 pS) were close to the above measured g1 and
ggA values, respectively (Fig. S11, ESI†). These correlations in g
values clearly demonstrated that the structures of N-Cy5-gA and
C-Cy5-gA in the bilayers should be the same as the structures of 1
and gA, respectively. After incubating HepG2 cells with N-Cy5-gA,
red fluorescent spots were observed under microscopy (Fig. 3a).
The spots with a fluorescence intensity arround 1200 showed
the highest observed frequency (Fig. 3b). These spots exhibited
characteristic one-step photobleaching traces (inset of Fig. 3b),
indicating the recognition of one molecule of N-Cy5-gA from a
single spot (with the observation frequency being 79%), whereas,
under the same conditions, the positive control compound
C-Cy5-gA was found to dimerize with the frequency being 73%
(Fig. 3c and d), which is consistent with our expectation for the
dimer structure of the gA peptide. All these findings clearly
support that the channels from glycoside–gA conjugates in cell

membranes should be unimolecular. The unimolecular structure
of the conjugate is consistent with the above observation that the
conjugate 1 has higher structural stability (higher t1/2 value) than
the supramolecular gA channel. This unimolecular structure is
different from the expected double-stranded helix structure for
deformylated gA,12 probably due to steric hindrance from the
N-terminus of the conjugate. Astonishingly, the unimolecular
channel can result from the flexible structure of the bilayers that
adapt to rigid and short helical structures (1.3 nm).16

The anticancer activities and cytotoxicity of 1–3 were then
evaluated (Fig. 4a and Section S6 in the ESI†). Liver cancer cells
(HepG2), human cervical cancer cells (HeLa), human pulmonary
carcinoma cells (A549), human breast cancer cell lines (MCF-7),
and healthy liver cells (LX-2) were used for evaluation. It was
found that all the three conjugates showed anticancer activity
toward the four cancer cells. Specifically, of the three conjugates,
1 exhibited the highest activity toward HepG2 cells with over-
expressed ASGPR and relatively lower activity toward the other
three cancer cells with a normal ASGPR level, which suggested its
HepG2 cell-targeting behavior. Compared to 1, conjugate 2 con-
taining a longer spacer showed weak selectivity for HepG2 cells
over the other three cancer cells, indicating that the longer spacer
is not beneficial for targeting. Conjugate 3 displayed an unobser-
vable preference for HepG2 cells. Considering that conjugate 1 is
structurally different from 3 in the glycoside moiety, the above
HepG2-targeting behavior of 1 can be rationally ascribed to the
presence of Gal in its structure. Through pretreatment of HepG2
cells with Gal to block ASGPR, the cell viability in the presence of 1
obviously increased compared to the cells without Gal pretreat-
ment (Fig. 4b), implying that the recognition of the Gal moiety
of 1 to ASGPR promoted the targeting behavior.17 Interestingly, in

Fig. 1 (a) Schematic presentation of the Gal-ASGPR recognition-
mediated targeting behaviour of the channels and ion transport-induced
disturbing of ion homeostasis of the cytoplasm. (b) Chemical structures of
glycoside–gA conjugates 1–3.

Fig. 2 (a) Single-channel conductance traces of 1 (600 pM) and gA
(10 pM) in planar lipid bilayers under +80 mV potential. (b) Whole-cell
patch clamp traces of the HepG2 cell in the presence of 1 and gA (1.0 mM)
with +40 mV holding voltage.

Fig. 3 Single-molecule fluorescence analysis of (a and b) N-Cy5-gA
(0.1 nM) and (c and d) C-Cy5-gA (0.1 nM) in HepG2 cell membranes.
(a and c) Representative fluorescence and bright field-fluorescence
merged images; (b and d) the fluorescence intensity distribution of the
fluorescent spots. Inset: The representative normalized photobleaching
traces of the fluorescent spots with an intensity of (b) 1200 and (d) 2400.
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contrast to gA, channel 1 showed obviously lower cytotoxicity to
healthy liver LX-2 cells (Fig. 4a). The therapeutic window
(IC50

LX-2/IC50
HepG2) of 1 was calculated to be 4.8, which is 24 times

significantly higher than that of the primitive gA (0.2). Although
this dose window is not high enough for therapeutic applications,
the engineering strategy described here represents only the first
attempt toward the goal. Moreover, conjugate 1 showed substan-
tially lower hemolysis toxicity (IC50 460 mM) compared to that of
gA (IC50 = 7 mM) (Section S7 in the ESI,† and Fig. S14, ESI†),
suggesting that the modification of gA at the N-terminus can lead
to a significant decrease of the hemolysis toxicity of the peptide.
However, similar to the primitive gA peptide, the conjugate with
C-terminus modification showed obvious hemolysis toxicity.
These results indicate that modification at the N-terminus of
the gA peptide provided a new strategy to reduce the hemolysis
toxicity of the peptide.

Cell death has been categorized into necrosis and
apoptosis.18 To identify the anticancer mechanism of 1–3, flow
cytometry analysis was performed (Section S8 in the ESI†).
In the presence of the conjugates, both annexin Vpos–PIneg cells
and annexin Vpos–PIpos cells were observed from the analysis
(Fig. 5a and Fig. S15, ESI†), which were identified as the early
and late stage apoptotic cells, respectively.19 The observation of
apoptotic cells demonstrated that the conjugates killed the
cancer cells by inducing apoptosis. The apoptotic cell percen-
tage (AP) was also determined (Fig. 5b). Significantly, 1 showed
a higher APHepG2/APHeLa ratio (1.8) than 3 (1.1) and primitive gA
(0.8), further demonstrating that Gal-ASGPR recognition pro-
moted the HepG2 cell-targeting behavior of 1. Further analysis
of the cell size showed obvious shrinkage after treatment of the
cells with the conjugates (Fig. S16, ESI†). This finding ruled out
cell death via the necrosis mechanism, as necrosis leads to cell
swelling.20

Apoptotic cell death occurs mainly through caspase-dependent
and independent mechanisms.21 To identify the pathway of
the apoptosis, western blot analysis was performed (Section S9

in the ESI†).22 The results of immunoblotting of the peptide
treated HepG2 cells showed that procaspase-3 was proteolytically
cleaved to generate caspase-3 (Fig. 5c). Additionally, the endo-
genous caspase substrate, poly(ADP-ribose) polymerase (PARP),
was also cleaved in the peptide treated cells. The observation
of the cleaved caspase-3 and cleaved PARP demonstrated that
the four peptides induced apoptotic cell death via a caspase-
dependent pathway.20 Importantly, for the HepG2 cells treated
with 1, the concentration of the cleaved caspase-3 was signifi-
cantly higher than that of the cells treated with 3 (Fig. 5c).
In contrast, a minimal difference was observed for HeLa cells
treated with both peptides (Fig. S17, ESI†). This result provided
further evidence that conjugate 1 exhibited liver cancer HepG2
cell-targeting behavior.

It has been established that perturbations in cellular ion
concentrations caused by natural ion channels and synthetic
ion transporters can lead to apoptosis of cancer cells.20,22,23

To further verify the anticancer mechanism of the channels, the
cellular ion transport was also investigated by assessing
their ability to mediate cytosolic ion concentration changes
(Section S10 in the ESI†). For the assessments, the ions’
corresponding fluorescence probes were loaded into the cyto-
plasm by incubation with HepG2 cells. Compared to the cells
without peptide treatment, the treatment of cells with the
peptides could increase the cytosolic H+ and Na+ concentrations
and reduce the cytosolic K+ concentration (Fig. 6a–c). This finding
is reasonable, because, for a live cancer cell, the cytosolic H+ and
Na+ concentrations are lower than the extracellular fluid, whereas
the K+ concentration gradients are in a reverse direction.24 Thus,
inward H+ and Na+ flux and outward K+ flux were observed.

It was also found that the incorporation of the conjugates
into the cell membranes did not result in the variation of
cytosolic Ca2+ and Cl� concentrations (Fig. S18, ESI†). This is

Fig. 4 (a) Anticancer activity of 1–3 and gA to liver cancer HepG2 cell
(ASGPR overexpressed) and HeLa/A549/MCF-7 cell (normal ASGPR level),
and their cytotoxicity to healthy liver LX-2 cells. Unpaired t-test analysis
showed the existence of a significant difference between the IC50 values of
1 toward HepG2 and other cells (**P o0.01). (b) Dose-dependent HepG2
cell viability in the presence of 1. The cells were with/without Gal
pretreatment. Fig. 5 (a) Flow cytometry analysis of the HepG2 cells treated with 1

(5.0 mM) for 48 h. (b) Apoptotic cell percentage (AP) of HepG2 and HeLa
cells after treatment with conjugates 1–3 and gA for 48 h. (c) Immuno-
blotting of HepG2 cells treated with the peptides for 48 h.
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expected because the channels based on the gA peptide can only
mediate monovalent cation transport.25 Importantly, the treat-
ment of HepG2 cells free of Na+ or K+ with 1 led to a remarkable
increase in the cell viability compared to the cells containing both
ions (Fig. 6d). This result provided the first evidence that the
channel-mediated ion transport induced apoptosis of the cells.

The time-dependent cellular ion transport demonstrated
that cytosolic H+, Na+, and K+ concentration variation occured
shortly (o4 h) after the treatment of the cells with 1 (Fig. S19a,
ESI†). The time-dependent flow cytometry experiments displayed
an obvious increase in the annexin V-positive cell (apoptotic cell)
percentage after treating the cells with 1 for 12 h (Fig. S19b, ESI†).
These results suggested that apoptosis occurred after the ion
transport. Thus, we can conclude that channel-mediated mono-
valent cation transport induced the apoptosis of the cancer cells.

In conclusion, we have prepared a compound with liver
cancer cell-targeting behavior by engineering a gA peptide
with galactose at the N-terminus. This conjugate forms uni-
molecular transmembrane channels in the cell membranes and
enables the transport of monovalent cations to induce the
apoptosis of cancer cells. The strategy described here for
constructing a conjugate shows that it is possible to design
molecules with increased cancer cell selectivity by changing the
channel backbone and the binding moiety.26
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