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Abstract

Here we show the first example of an immunoreceptor tyrosine-based inhibitory motif (ITIM), 

LYYYYL, as well as its enantiomeric or retro-inverso peptide, to self-assemble in water via 

enzyme-instructed self-assembly. Upon enzymatic dephosphorylation, the phosphohexapeptides 

become hexapeptides, which self-assembly in water to result in supramolecular hydrogels. This 

work illustrates a new approach to design bioinspired soft materials from a less explored, but 

important pool of immunomodulatory peptides.

This communication reports enzymatic formation of supramolecular hydrogels of 

hexapeptides based on immunoreceptor tyrosine-based inhibitory motif (ITIM). 

Supramolecular hydrogels made of peptides have attracted considerable research interests, 

particularly, in the biomedical field due to their versatility and applications, such as a 

scaffold mimicking the native microenvironment necessary for cell–cell and cell–matrix 

interactions,1–3 the medium for controlled drug release,4–6 the promoters for nerve 

regeneration,7 the adjuvants for immune stimulation,8, 9 the motif for developing novel 

anticancer agents,10 and the model system for understanding the origin of life.11 These 

developments indicate that it is beneficial and necessary for exploring the self-assembly of 

functional peptides for biomedical applications. Based on this notion, we decided to explore 

the self-assembly of a special and important type of functional peptides, ITIM, which are 

present in B-cells, T-cells, and natural killer (NK) cells and play a critical role in the 

inhibitory signalling process of immune response.12–16

We chose to study the self-assembly of ITIM because of its unique role in immune response

—when the ITIM is phosphorylated, it has an inhibitory effect; however, when the ITIM is 

dephosphorylated, it triggers signal activation.12 Our long-term goal is to develop the 

assemblies of ITIMs as potential immunomodulation materials in the form of 

hydrogels,17–20 but currently, there is little knowledge on the self-assembling behaviour of 

ITIMs. Based on the previous reports on generating supramolecular hydrogels via 

dephosphorylation of phosphopeptides21 and on tyrosine being a naturally-occurring amino 

acid in the human body,22 we decided to evaluate the ability of self-assembly and 
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hydrogelation of ITIMs upon enzymatic dephosphorylation. Based on the well-established 

consensus sequence of ITIM (where X denotes any amino acid): (Ile/Val/Leu/Ser)-X-Tyr-X-

X-(Leu/Val), we chose a sequence of LYYpYYL (L-1P), a peptide consisting of leucine and 

tyrosine which, when dephosphorylated, becomes a symmetric hexapeptide (L-1). Such a 

symmetry allows the design of its retro-inverso peptide (RI-1) to be the same as its 

enantiomeric peptide (D-1), though the relevant phosphopeptides, D-1P and RI-1P, differ. 

Our studies reveal that, although these peptides form stable hydrogels likely consisting of 

beta-sheets, the precursors differ considerably in cytotoxicity (i.e., L-1P exhibits higher 

cytotoxicity than D-1P and RI-1P do). Among D-1P and RI-1P, RI-1P is more cell 

compatible. Alkaline phosphatase (ALP) is a ubiquitous membrane protein that catalyzes the 

hydrolysis of phosphate monoesters and exhibits a variety of functions (e.g., bone 

mineralization, intestine absorption, early embryogenesis). These important physiological 

functions then require excellent tolerance to different substrates.23 As the first case of 

exploring ITIMs for self-assembly and given that ITIMs are endogenous functional peptides 

in mammals, this work may ultimately provide a new way to modulate immune responses by 

combining ITIMs and enzyme-instructed self-assembly (EISA).24 Although there are many 

examples of EISA of peptide derivatives, this work is novel because it apply EISA to a bona 

fide small peptide and its retro-inverso isomer.

As shown in Scheme, among the five hexapeptides of interest, L-1P and D-1P, and their 

dephosphorylated forms, L-1 and D-1, are enantiomers. D-1P and RI-1P are diastereomers, 

but once dephosphorylated, they produce the same D-enantiomeric hexapeptides (i.e., RI-1 
and D-1 are DLeu-(DTyr)4-DLeu). We prepared the five hexapeptides by standard solid phase 

peptide synthesis (SPPS)25, 26 in fair yields (ESI). The crude compounds were purified by 

reversed-phase high performance liquid chromatography (HPLC) with an overall purified 

yield at about 60% and reasonable scales (0.1–0.5 g).

As shown in Figure 1, transmission electron microscopy (TEM) reveals that, after the 

addition of alkaline phosphatase (ALP) to the solutions of the precursors, L-1, generated by 

dephosphorylation of L-1P, self-assembles to form long and straight nanofibers with 

diameters of 8±1 nm, and D-1, generated from D-1P, forms nanofibers (diameters of 12±2 

nm) plus short fibrillar aggregates. However, D-1, generated from RI-1P, produces largely 

non-fibrillar aggregates. These results not only indicate that the EISA of L-1 results in better 

assembly than the EISA of D-1 does, but also that the pathway for generating D-1 
determines the morphologies of its assemblies. As expected, upon the addition the ALP, the 

conversion of L-1P, D-1P, or RI-1P to L-1, D-1, or RI-1, respectively, results in a hydrogel 

(Fig. 1B). Rheological analysis of the hydrogels formed by enzymatic dephosphorylation of 

the three phosphopeptides (0.5 wt%) confirms that all hydrogels are viscoelastic (Fig. 1C). 

The strain sweeps show that the critical strains are at 2%, 5%, or 4% for the hydrogel 

formed by EISA from L-1P, D-1P, or RI-1P, respectively. The frequency sweeps show that 

the storage modulus (G’) becomes larger than the loss modulus (G”) immediately after 

addition of ALP (into the solution of L-1P, D-1P, or RI-1P), indicating that the hydrogel of 

L-1, D-1, or RI-1 forms after mixing, preceding the frequency sweep analysis. Upon the 

same addition of ALP to the precursors, the rheological properties of the hydrogel of D-1 
differ from those of L-1 and RI-1. For example, as is evident from the strain sweep analysis, 
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the storage modulus (G’) intersects the loss modulus (G”) at 100% for the hydrogels of L-1 
and RI-1, while at 50% for the hydrogel of D-1. This observation indicates the rate of the 

dephosphorylation of D-1P is slower than those of L-1P and RI-1P, agreeing with the 

results of circular dichroism (CD) analysis (vide infra).

To determine the secondary structure of the peptides in the hydrogels, we conducted a time-

dependent CD analysis of the hydrogels formed by dephosphorylating the phosphopeptides 

(Fig. 2). The CD spectrum of the hydrogel formed by L-1 shows a negative peak at 195 nm 

followed by a positive peak at 210 nm. The hydrogels formed by D-1 and RI-1 show the 

negative band at 210 nm and a positive band at 195 nm, agreeing with the fact that D-1 (or 

RI-1) is the enantiomer of L-1. These results indicate that the molecular assemblies of these 

hexapeptides adopt well-defined antiparallel β-pleated sheets to form nanofibrils. The time-

dependent changes of the CD signals during the formation of these hydrogels indicate that 

the dephosphorylation of L-1P and RI-1P and the self-assembly of L-1 and RI-1 occur 

faster than those of D-1P and D-1. This observation is consistent with the hypothesis that the 

retro-inverso peptides may have similar properties as the L-peptides.27

To determine the role of EISA from the phosphopeptides for its inhibitory activities and 

biocompatibility, we tested the cell viabilities of three mammalian cell lines (HeLa, Saos-2, 

and HS-5) treated by the five hexapeptides (ESI). Saos-2 cells have a significantly higher 

level of ALP expression on the cell surface than most other cancerous cell lines, including 

HeLa cells. HS-5 cells are bone marrow/stromal cells (fibroblasts) and thus are not 

cancerous. We chose these three cell lines (i.e., Saos-2, HeLa, and HS-5) to evaluate the 

relationship between cell compatibility of the phosphohexapeptides and ectoenzyme 

expression levels on cells.

As shown in Figure 3, all of these molecules are nearly innocuous to HS-5 cells even at a 

concentration as high as 500 µM. With the exception of D-1, the other precursors and 

hydrogelators exhibit significant cytotoxicities toward Saos-2 cells, with IC50 values from 

178 – 1196 µM (2nd day). Aside from the fact that L-1P inhibits the growth of HeLa cells 

considerably, the other four peptides are almost innocuous to HeLa cells. An interesting 

trend observed in the viability assay is the moderate cytotoxicities of L-1P and L-1, which 

may be an inherent feature of the ITIM hydrogels.

Figure 4 shows the cell compatibility of the phosphopeptides on HeLa cells at or above the 

hydrogelation concentration (0.5 wt %) overnight by mimicking the cellular environment 

with a hydrogel produced by L-1P, D-1p, or RI-1P via EISA. The proliferation of the cells 

largely follows the results from Figure 3. That is, among the hydrogels produced from the 

three precursors, the hydrogel formed by EISA from RI-1P is the most compatible to HeLa 

cells. However, we have little understanding of the different mechanisms of cell death due to 

peptidic stereochemistry, which needs further investigation. MTT assays shown the viability 

of HeLa exceeds 100% upon the treatment of D-1, implying that D-1 likely enhances the 

metabolism of HeLa cells.

In conclusion, this work illustrates the first case of EISA of ITIM peptides and investigates 

their self-assembly and cytotoxicities in different forms. The cytotoxicity of RI-1P (or 
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D-1P) towards Saos-2 cells, but not to HeLa and HS-5 cells, likely originates from the high-

level expression of ALPs on the cell surface of Saos-2.28 There are other possible causes for 

the difference in cytotoxicity. Although such unanswered questions remain to be addressed, 

this work establishes the feasibility of forming hydrogels or supramolecular assemblies of 

ITIM from EISA processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) TEM images of the nanostructures formed overnight by adding ALP (10 U/mL) in the 

PBS buffered solutions of the phosphopeptides (L-1P, D-1P, and RI-1P; 0.5 wt% at pH 

7.4). Scale bar is 100 nm. (B) Optical images of the hydrogels corresponding the TEM 

above them. (C) Rheological properties of the hydrogels of the hexapeptides: strain sweep 

(left); frequency sweep (right).
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Figure 2. 
Time dependent CD analysis (top panel) and time-intensity graphs (bottom panel) of 

hydrogels, formed upon the addition of ALP (10 U/mL) to solutions of corresponding 

precursors at concentration of 0.5 wt% and scanned at desired times. The time-intensity 

graphs for the EISA of L-1, D-1, and RI-1 are 0th order (rate = k), with initial apparent rate 

constants of 1.82, 2.46, and 1.68, respectively.
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Figure 3. 
MTT viability assay summary (2nd day of incubation) of HeLa, Saos-2, and HS-5 cells 

treated with five hexapeptides at concentrations up to 500 µM. (Full data available in SI; Fig. 

S6)
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Figure 4. 
Fluorescent images of 2D (cells on gel) and 3D (cells in gel) live/dead cell assay of HeLa 

cells treated for 24h with 300 µL of 0.5 wt.% gels formed by L-1P, D-1P, and RI-1P via 

EISA for 24 hours.
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Scheme 1. 
ITIM-based molecular structures of the three phosphopeptides and the corresponding 

dephosphorylated hexapeptides.
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