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Fabrication of a Self-Assembling Peptide for the Inhibition of 
Cancer Cell Proliferation by Targeting LAT1
Yuki Kobaa, Kanta Oguraa, Masahiko Nakamotoa, b*, and Michiya Matsusakia* 

Self-assembling peptides targeting overexpressed proteins and/or 
enzymes on the cancer cell membrane have emerged as promising 
strategies for effective and selective cancer therapy. We developed 
a self-assembling peptide targeting L-type amino acid transporter 
(LAT1), LffVLKK-4Phe, that selectively inhibits cancer cell 
proliferation by inhibiting LAT1. This work demonstrates a self-
assembling peptide-based strategy to inhibit cancer cell 
proliferation via suppressing amino acid transport.

Overexpressed membrane-associated proteins/enzymes 
promote cancer cell survival and proliferation.1-3 Therefore, 
nanomedicines including polymer ligands4-8 and self-assembling 
peptides9-11 that lead to cancer cell death through direct 
multivalent interactions with these proteins/enzymes and/or 
enzyme-responsive membrane disruption/intracellular stress 
induction have emerged as promising strategies for effective 
and selective cancer therapy. In this context, enzyme-
responsive12,13 or ligand-directed14-17 self-assembling peptides 
that display adaptive multivalent binding interfaces with target 
membrane-associated proteins/enzymes can be promising for 
overcoming the spatial heterogeneity of cancer cells. For 
example, Li et al. reported that self-assembling peptides 
conjugated with a carbonic anhydrase IX (CAIX)-targeting motif 
inhibited cancer growth through multivalent interactions 
arising from the formation of nanofibers through the 
concentration of the peptide on the cancer cell membrane by 
overexpressed CAIX.14 Recently, transporters have attracted 
increasing attention as promising targets for selective 
interventions for cancer,18,19 since they play fundamental roles 
in metabolic transformation and energy homeostasis through 
nutrient uptake20,21. However, to the best of our knowledge, 
little has been reported that self-assembling peptides inhibiting 

cancer cell proliferation by directly suppressing transporter-
mediated substance uptake through multivalent interactions. 

In this study, the L-type amino acid transporter (LAT1) was 
selected as the target protein because it plays an important role 
in the uptake of amino acids essential for proliferation22,23. We 
designed a self-assembling peptide conjugated to the L-
phenylalanine (Phe) motif as an LAT1 ligand (LffVLKK-4Phe) 
(Figure 1). Here, we demonstrated that LffVLKK-4Phe inhibits 
cancer cell proliferation by suppressing LAT1-mediated amino 
acid transport. The findings of this study provide a strategy for 
designing self-assembling peptides that inhibit cancer cell 
proliferation by suppressing amino acid transport.

Figure 1. (A) A Chemical structure and an illustration of a self-assembling peptide 
targeting LAT1, LffVLKK-4Phe. (B) Conceptual illustration of this study.
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First, a self-assembling sequence24-26 (LffVLKKalk) was 
synthesized using solid-phase peptide synthesis (Supporting 
Information 2, Figure S1-S3). Subsequently, 4-azido-L-
phenylalanine (Phe(4-N3)) was introduced as an LAT1-targeting 
motif using copper-catalyzed azide-alkyne cycloaddition, 
yielding LffVLKK-4Phe (Supporting Information 3, Figure S4-
S11). The critical self-assembly concentration (CSC)8 of LffVLKK-
4Phe in Dulbecco's phosphate-buffered saline (D-PBS, pH 6.8) 
was determined to be 0.28 mg mL-1 (238 µM) based on the 
derived count rate from dynamic light scattering (DLS) 
measurements27 (Figure 2A). Furthermore, the dynamics arising 
from cooperative diffusion28 were observed with increasing 
concentrations (Figure S12A-G). These results indicated the 
concentration-dependent self-assembly behaviour of LffVLKK-
4Phe. The hydrodynamic diameter of LffVLKK-4Phe at 0.5 mg 
mL-1 was 562.3 ± 50.5 nm (Figure 2B). Circular dichroism (CD) 
spectra suggested that LffVLKK-4Phe shifted toward a -sheet-
rich secondary structure upon increasing the concentration 
(Figure 2C). A decrease in [θ] values at high concentrations 
could be because of the light scattering and the formation of 
large peptide assemblies29 (Figure S14). The morphology of 
drop-cast, air-dried LffVLKK-4Phe (1.0 mg mL-1) was examined 
by atomic force microscopy (AFM), revealing that nano-fibrous 
and network-like structures (Figure 2D), whereas nanoparticle-
like structures were observed at lower concentrations (0.25 and 
0.5 mg mL-1) (Figure S15). The concentration-dependent self-

assembly of LffVLKK-4Phe was also confirmed by fluorescence 
microscopy (Figure S16). In addition, Nile red staining of the 
assemblies indicated that the self-assembly of LffVLKK-4Phe 
provided a hydrophobic environment (Figure S17). 
For further understanding, molecular dynamics (MD) 
simulations of peptide self-assembly were performed using 
GROMACS software30 (Supporting Information 5, Figure S18). 
The LAT1 ligands of the assemblies derived from the six 
molecules of LffVLKK-4Phe were located outside the assembly 
(Figure 2E), indicating that LffVLKK-4Phe in the assembly state 
could multivalently interact with LAT1. After 1 µs MD 
simulations, the fibrous assembly of LffVLKK-4Phe was 
observed (Figure 2F). Next, the binding capacity of LffVLKK-4Phe 
to LAT1 was investigated through docking simulations using 
AutoDock Vina31 (Supporting Information 5). The binding of 
LffVLKK-4Phe to the substrate pocket of LAT1 (PDB ID: 8kdn) 
was observed (Figure 2G and 2H). The free energy change of 
LffVLKK-4Phe through binding was lower than that of Phe 
(LffVLKK-4Phe: –9.3 kcal mol-1; Phe: –6.3 kcal mol-1, 
respectively), suggesting the LAT1-targeting capability of 
LffVLKK-4Phe. Taken together, experimental results and 
simulations suggest that the self-assembly of LffVLKK-4Phe 
could be promoted by increasing its local concentration on the 
cancer cell membrane in response to the overexpression of 
LAT1. This assembly is expected to provide a large binding 
surface on the cancer cell membrane.

Figure 2. (A) Derived count rate of LffVLKK-4Phe at various concentrations in D-PBS (pH 6.8). (B) Volume-based hydrodynamic diameter distribution 
of LffVLKK-4Phe at 0.5 mg mL-1. (C) CD spectra of LffVLKK-4Phe at various concentrations in D-PBS (pH 6.8). (D) AFM image of LffVLKK-4Phe prepared 
at 1.0 mg mL-1 in 15-fold diluted D-PBS (pH 6.8). (E) Snapshot of the assemblies of LffVLKK-4Phe in MD simulations at the time point of 75 ns. (F) 
Snapshot of periodic copies (z axis) of LffVLKK-4Phe in MD simulations at the time point of 1 µs. The periodic box (8 nm × 8 nm × 8 nm) is shown in 
black. (G) The docked model of LffVLKK-4Phe (orange) and Phe (magenta) to LAT1. (H) Close-up views of the LffVLKK-4Phe-binding site. LffVLKK-
4Phe (orange) and Phe (magenta).

Next, we investigated the proliferative inhibitory effect of 
LffVLKK-4Phe on human breast cancer cell line, MCF-7, 
overexpressing LAT132, under hypoxic conditions at pH 6.833 

(Supporting Information 6). To explore the effect of the LAT1-
targeting self-assembly, LffVLKKalk as a self-assembly motif 

alone; LffVLKK-4Phe, LffVLKK-Lys, and LffVLKK-HA as LAT1-
targeted peptides; and Phe(4-N3) as the LAT1 ligand alone were 
tested (Figure 3A and Figure S19). Firstly, to understand the 
importance of LAT1 targeting, the proliferative inhibitory effect 
of LffVLKK-4Phe and LffVLKKalk was compared. LffVLKK-4Phe 
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showed a considerably high proliferative inhibitory effect at 0.5 
and 1.0 mg mL-1 after treatment for 72 h (Figure 3B). In contrast, 
LffVLKKalk showed marginal efficacy at all tested 
concentrations (Figure 3B) despite its comparable CSC (0.43 mg 
mL-1) with that of LffVLKK-4Phe (Figure S13). These results 
suggest that LAT1 targeting was required to inhibit MCF-7 cell 
proliferation. Next, to reveal the suitable structure as an LAT1 
ligand, the proliferative inhibitory effect of LffVLKK-4Phe, 
LffVLKK-Lys, and LffVLKK-HA were assessed. LffVLKK-4Phe 
exhibited significantly higher proliferative inhibition than 
LffVLKK-Lys and LffVLKK-HA (Figure 3B). In addition, the CSC 
of LffVLKK-4Phe in PBS was lower than those of LffVLKK-HA and 
LffVLKK-Lys (0.34 mg mL-1 and not determined, respectively) 
(Figure S13). These results suggest that the Phe motif, which is 
favorable for promoting self-assembly and interacting with 
LAT1 would be important for the effective inhibition. To 
understand the importance of the assembly-induced ligand 
multivalency, the proliferative inhibitory effect of LffVLKK-4Phe 
and Phe(4-N3) were evaluated. The proliferative inhibitory 
effect of LffVLKK-4Phe was significantly greater than that of 
Phe(4-N3) (Figure 3B), indicating that the inhibitory effect of the 

LAT1 ligand could be enhanced by an increase in multivalency 
via self-assembly. Moreover, the proliferative inhibitory effect 
of LffVLKK-4Phe against LAT1-positive human breast cancer cell 
line, MDA-MB-231, was also explored, and a similar trend to 
that observed in MCF-7 cells was confirmed (Figure 3C). 
LffVLKK-4Phe exhibited higher efficacy in MCF-7 cells than in 
MDA-MB-231 cells (Figure 3C). This may be because of 
differences in LAT1 expression, amino acid uptake, and/or 
phenotype. Indeed, it has been reported that mRNA levels of 
LAT1 are higher in MCF-7 cells than MDA-MB-231 cells.28 In 
addition, we confirmed that MCF-7 cells exhibited greater 
amino acid uptake than MDA-MB-231 cells (Figure S18). 
Cytotoxicity in healthy cells was further evaluated using normal 
human dermal fibroblasts, NHDF cells, and human embryonic 
kidney 293, HEK293 cells, under normoxic conditions at pH 7.4. 
LffVLKK-4Phe did not affect cell proliferation of NHDF at any 
concentrations tested (Figure 3D). Although HEK293 cell 
proliferation was reduced to approximately 60% at 1.0 mg mL-1 
(Figure 3D), cancer cell proliferation was almost completely 
inhibited (Figure 3B and 3C). These results suggest a high 
selectivity LffVLKK-4Phe for cancer cells.

Figure 3. (A) Chemical structure of the tested peptide ligands. LffVLKKalk as a self-assembly motif, and LffVLKK-4Phe, LffVLKK-Lys, and LffVLKK-HA as self-
assembly motif + LAT1-targeting motifs, and Phe(4-N3) as a LAT1-targeting motif. (B, C) Cell proliferation of (B) MCF-7 and (C) MDA-MB-231 cells treated with 
peptide ligands and Phe(4-N3) under hypoxic conditions for 72 h. Statistical significance was determined using one-way analysis of variance (ANOVA) followed 
by Tukey’s post-test (n = 3) (n.s.: not significant, ***p < 0.001). LffVLKKalk (green), LffVLKK-4Phe (purple), LffVLKK-Lys (blue), LffVLKK-HA (red), and Phe(4-
N3) (light purple). (D) Cell proliferation of NHDF (green) and HEK293 (yellow) treated with LffVLKK-4Phe under normoxic conditions for 72 h. Statistical 
significance was determined using one-way ANOVA followed by Tukey’s post-test (n = 3) (n.s.: not significant, *p < 0.05, ***p < 0.001 relative to untreated 
cells). 

To elucidate the inhibitory mechanism of LffVLKK-4Phe on 
MCF-7 cell proliferation, amino acid uptake assays using 
boronophenylalanine (BPA) and lactate dehydrogenase (LDH) 
cytotoxicity assays were performed. At the terminal state, 
disrupted cell morphology was observed at 0.5 and 1.0 mg mL-1 
(Figure S19), implying that LffVLKK-4Phe induced cell 
membrane disruption in MCF-7 cells at the later stage. To gain 
mechanistic insights, early-stage cellular events (30 min) in 
MCF-7 cells were examined because the terminal stage (72 h), 

which is associated with complete cell death, suppresses amino 
acid uptake and leads to extensive LDH release. The uptake of 
BPA via LAT1 in MCF-7 cells was significantly inhibited after 30 
min of treatment with LffVLKK-4Phe in a concentration-
dependent manner (Figure 4A), suggesting that LffVLKK-4Phe 
suppressed LAT1-mediated amino acid transport activity at an 
early stage of MCF-7 proliferative inhibition. At the same time 
point, slight increased LDH release was observed from MCF-7 
cells treated with LffVLKK-4Phe (Figure 4B). These results 
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suggest that at an early stage, the proliferative inhibition of 
MCF-7 cells is predominantly caused by LAT1 inhibition, 
whereas membrane disruption occurs as an accompanying 
effect. This could be due to the self-assembly of LffVLKK-4Phe 
in response to the overexpression of LAT1 in the MCF-7 cell 
membrane.

Figure 4. (A) BPA uptake inhibition of MCF-7 cells treated with LffVLKK-
4Phe for 30 min. Bar graph shows mean values. Circles indicate three 
independent experimental values. Data are the mean ± standard 
deviation (SD). (B) LDH release from MCF-7 cells treated with LffVLKK-
4Phe for 30 min. Bar graph shows mean values. Circles indicate three 
independent experimental values. Data are the mean ± SD. Statistical 
significance was determined using one-way ANOVA followed by Tukey’s 
post-test (n = 3) (*p < 0.05, **p < 0.01).

In conclusion, we developed a self-assembling peptide 
targeting LAT1, LffVLKK-4Phe, which selectively inhibited the 
proliferation of MCF-7 and MDA-MB-231 cells. These results 
indicated that LffVLKK-4Phe inhibited cancer cell proliferation 
by suppressing LAT1-mediated amino acid transport, 
accompanied by cell membrane disruption. The findings of this 
study provide a strategy for designing self-assembling peptides 
that can inhibit cancer cell proliferation by adapting to the 
spatial heterogeneity of cancer cell membranes.
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The data supporting this article are included in the Supplementary Information (SI). 
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