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Enzyme-instructed assembly of the core of yeast prion Sup35 to 
form supramolecular hydrogels 

Dan Yuan,a Junfeng Shi,a Xuewen Du,a Yibing Huang,b Yuan Gao,a and Bing Xu*a 

Based on the self-assembly capability of the core segment (GNNQQNY) of yeast prion Sup35, we design and synthesis a 

series of structurally related precursors for enzymatic formation of hydrogels. We found that, with the catalysis of alkaline  

phosphatase, the precursor becomes a hydrogelator that self-assembles in water to form nanofibers with an average width 

less than ten nanometers. Interestingly, the introduction of amyloid segment into a cytotoxic precursor  (N’ffyp: D-1P) is able 

to abrogate the cytotoxicity of the precursor, making the resulting peptide to be cell compatible. This work contributes a 

new insight to the use of enzyme to form cell compatible hydrogels of peptides cross- spine.  

Introduction 

Being driven by supramolecular interactions (e.g., hydrogen 

bonding, aromatic-aromatic interactions, and charge 

interactions), small molecules self-assemble in water to form 

nanofibers to act as the networks of supramolecular 

hydrogels.1-9 Due to their resemblance to extracellular matrix 

(ECM), supramolecular hydrogels have received considerable 

research attention in past decade and promise many useful 

applications in tissue engineering, drug delivery,10 and cancer 

therapy. Interestingly, Sup35, a prion-like protein in yeast, also 

forms fibrillar amyloids, which have served as a model system 

for understanding prion diseases.11 Particularly, recently studies 

suggest that a heptapeptide residues (GNNQQNY) in Sup35 

sequence, as a mimic of the Sup35 protein, exhibit the similar 

amyloid like properties.12 Coincidently, such fibrillar 

nanostructures biophysically and morphologically resemble to 

the fibrillar assemblies of supramolecular hydrogelators,13-29 

which are fibrillar aggregates resulted from the extensive, non-

covalent intermolecular interactions of the hydrogelators in 

aqueous medium.30 

The exception ability of self-assembly of Sup35 encourages us 

to explore them in the context of enzyme-instructed assembly 

(EIA), an emerging approach that control spatiotemporal profile 

of supramolecular nanofibers in cellular environment,20, 31-40 

and examine the corresponding cellular responses. Specifically, 

we insert the peptide segment (GNNQQNY), which forms cross-

 spine structures into a precursor (L-1P) of supramolecular 

hydrogelator for generating a new precursor L-3P. Our results 

show that, being dephosphorylated by alkaline phosphatase,  

the precursor (L-3P) becomes a hydrogelator (L-3) that self-

assembles in water to form nanofibers with an average width 8 

± 2 nm . While the enzymatic formed nanofibers of analogous 

hydrogelators to display similar morphologies, their precursors 

exhibit quite different inhibitory activities towards HeLa cells. 

Our results indicate that the numbers of phenylalanine residues 

affect the diameters of the nanofibers, the critical strains of the 

hydrogels, and the ability of the self-assembly of the 

hydrogelators. Interestingly, the insertion of the amyloid 

segment into the cytotoxic precursor (D-1P) results in a cell 

compatible precursor (D-3P), suggesting that the 

supramolecular arrangment of the hydrogelators in the 

nanofibers likely play a key role for the cell compatibility of the 

precursors. This work, thus, not only provides cell compatibile 

hydrogels, but also contributes new insights for the 

understanding of the biological properties of fibrillar soft 

nanostructures.  

Results and discussion 

Schemes 1A and 1B show the molecular design. Based on a 

known cell compatible precursor of hydrogelator (e.g., N’FFYp 

(L-1P), N’ = 2-(naphthalen-2-yl)acetic acid),41 which is a N-

terminal capped tripeptide, and a peptide segment (e.g., 

GNNQQNY (2)) known to form cross- spine amyloid,11 we 

design a new precursor (e.g., N’FFGNNQQNYp (L-3P)) that 

incorporates the amyloid forming peptide segment (2) and the 

cell compatible precursor (L-1P). We expect that this straight 

forward domain insertion of the peptide segment would 

enhance the self-assembling ability of the cell compatible 

precursor (or hydrogelators). To evaluate the necessary 

structural parameters, we also design several structural analogs 

of L-3P (or L-3). For example, because our previous work shows 

that phosphatases effectively dephosphorylate D-tyrosine 

phosphate,33 we synthesize D-3P (N’ffgnnqqnyp), the 

enantiomer of L-3P, for evaluating the role of D-amino acid in 

resulting nanoscale assemblies. To examine the role of 

intermolecular aromatic-aromatic interactions,8, 42 we also 

a.415 South Street, MS 015, Waltham, MA 02453, USA. Fax: 781-736-2516; Tel: 781-
736-5201; *E-mail: bxu@brandeis.edu. 
b. Key Laboratory for Molecular Enzymology and Engineering of the Ministry of 
Education, Jilin University, 2599 Qianjin St., Changchun 130012, China . 
†Electronic Supplementary Information (ESI) available: [details of synthesis, NMR, 
LCMS, TEM, optical images and rheological data]. See DOI: 10.1039/x0xx00000x 
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reduce the number of phenylalanine residues in L-3P (or D-3P) 

to make L-4P and L-5P (as well as D-4P and D-5P). We hope that 

the physiochemical properties and biological activities of L-3P, 

L-4P, L-5P (or L-3, L-4, and L-5) will reveal the roles of aromatic-

aromatic interactions,43 the enzymatic conversion,9  and the 

cross- spine forming peptide segment11 in the observed 

behaviours of the resulting nanoscale molecular assemblies. 

 

Scheme 1. (A) The structures of designed precursors and the relevant segments. (B) The 

structures and peptide sequences of the relevant controls of the molecular amyloids. (N’ 

= the naphthyl acetic motif. P or p represents the phosphate group. L and D represent 

the chirality of amino acids in the precursors. For example, L-3P converts to L-3 after 

dephosphorylation, its enantiomer is D-3P). 

Solid phase peptide synthesis (SPPS)44 provides a facile method 

for making the precursors. Specifically, we used 2-chlorotrityl 

chloride resin and N-Fmoc amino acids with side chain trityl 

protecting group. Taking synthesis of L-3P as an example, we 

loaded Fmoc-Tyr(PO3H2)-OH45, 46 as the first amino acid residue 

on the resin, followed by sequential addition of Fmoc-Asn(Trt)-

OH, Fmoc-Gln(Trt)-OH, Fmoc-Gln(Trt)-OH, Fmoc-Asn(Trt)-OH, 

Fmoc-Asn(Trt)-OH, Fmoc-Gly-OH, Fmoc-Phe-OH, Fmoc-Phe-OH. 

After obtain the sequence of FFGNNQQNYp, we used 2-

naphthylacetic acid to cap the N-terminal of the peptides. After 

the deprotection, we used reversed phase high performance 

liquid chromatography (HPLC) to purify the compound. In a 

typical run, it is easy to obtain 100 mg of pure compound in 

timely manner. This rapid synthesis also benefits the production 

of the analogues of L-3P shown in Scheme 1B. 

To investigate the properties of L-3P, we first checked self-

assembly capability of L-3P at different pH. While the molecules 

of L-3P (1.1 wt %) self-assemble at pH5 to form nanofibers and 

to result in a hydrogel (Fig. S4A), the dissolution of L-3P (1.5 mg) 

in phosphate buffered saline (PBS, 295 L) at pH7.4 gives a clear 

solution. The addition of alkaline phosphatase (ALP) (17 U/mL) 

to the solution of L-3P results in a hydrogel (Fig. 1A, inset) in 10 

minutes. This result indicates that the insert of the cross- 

forming segement still allows ALP to dephosphorylate the 

phosphotyrosine residue of L-3P in PBS to form L-3. As a 

hydrogelator at pH7.4, L-3 self-assembles to form a hydrogel. In 

addition, adjusting pH of the solutions of L-3P, L-4P, and L-5P at 

the same concentration (1.1 wt %) also can initiate the 

hydrogelation at pH5, pH4, and pH2, respectively (Fig. S4). 

These results reveal that decreasing number of phenylalanine in 

the sequences of the precursors requires more acidic condition 

for the self-assembly, indicating that the decreased aromatic-

aromatic interactions result in the decrease of the ability of the 

peptides to self-assemble in water. Meanwhile, the enantiomer 

pair of precursors form hydrogels at the same pH, which is 

consistent with the behaviours of an enantiomer pair.35 Upon 

treatment with ALP (17 U/mL), 0.5 wt % of D-3P, L-4P (or D-4P), 

and L-5P (or D-5P) all form stable hydrogels. These results 

confirm that ALP dephosphorylates both the L- and D-

phosphotyrosine residues in these enantiomaeric precursors 

that bear the segment of Sup35. 

 

Fig. 1 TEM images and the corresponding optical images of hydrogels formed by (A) L-3, 

(B) L-4, (C) L-5, (D) D-3, (E) D-4, and (F) D-5 after adding ALP in the solutions of the 

corresponding precursors (L-3P, L-4P, L-5P, D-3P, D-4P, or D-5P at the concentration of 

0.5 wt %, pH = 7.4 in PBS). Scale bar represents 100 nm. 
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Table 1. Properties of supramolecular nanofibers and hydrogels formed by adding phosphatase or adjust pH of the solutions of precursors. 

Precursor 

ALP gela) pH gelb) 

IC50-48hc) 

[M] 

 

TEM fiber 

width 

[nm] 

Dynamic strain sweep 

pH 

TEM fiber 

width 

[nm] 

Dynamic strain sweep 

Critical 

strains 

[%] 

Max. G’ 

[Pa] 

Critical 

strains 

[%] 

Max. G’ 

[Pa] 

L-3P 8 ± 2 13.2 32.8 5 9 ± 2 4.4 592.5 476.1 ± 21.4*** 

D-3P 8 ± 2 7.0 132.4 5 9 ± 2 34.4 19.9 >500 

L-4P 7 ± 2 6.0 52.2 4 7 ± 2 1.8 69.8 >500 

D-4P 7 ± 2 1.6 203.5 4 7 ± 2 1.6 227.2 264.5 ± 28.4** 

L-5P 6 ± 2 0.84 205.6 2 8 ± 2 7.3 91.0 >500 

D-5P 6 ± 2 0.53 183.7 2 7 ± 2 11.9 41.0 >500 

a) ALP gels are the gels of the hydrogelators formed at concentration = 0.5 wt % in PBS, pH = 7.4, by the addition of ALP; b) pH gels are the gels of the precursors formed 

at concentration = 1.1 wt %, by adjusting the pH. c) IC50 of L-1P >500 M and D-1P = 279 M35; 2 has poor solubility. **P < 0.01, ***P < 0.001. 

We used transmission electron microscopy (TEM) to examine 

the nanostructure in the hydrogels and used rheometry to 

assess the viscoelasticty of the hydrogels. As shown in Fig. 1A, 

the TEM image of hydrogel L-3 consists of long, flexible, and 

uniform nanofibers with a diameter about 8 ± 2 nm (Fig. 1A). 

The nanofibers physically entangle together to develop a 

relative dense network that holds water, which result in a stable 

hydrogel. The observation of the dense network coincides with 

the results from the rheological measurement. Fig. 2 shows that 

the storage moduli (G') of hydrogel L-3 (0.5 wt %) is around 10-

fold larger than the corresponding loss moduli (G''), confirming 

the formation of a viscoelastic hydrogel. Meanwhile, the 

modulus-strain profile also reveals the critical strain value at 

which the storage (G’) modulus start to decrease significantly 

due to loss of crosslinking within gel matrix. The critical strain of 

hydrogel L-3 is 13.2% (Table 1), suggesting that the extensive 

cross-linking nanofibers is able to resist the deformation of 

external force. Like L-3P, D-3P also self-assembles to form 

nanofibers with an average width of 8 ± 2 nm (Fig. 1D). This 

result agrees well with that the enantiomer pair has similarly 

physical properties. Like the enantiomer pair of L-3P and D-3P, 

the enantiomer pair of L-4P and D-4P form uniform nanofibers 

with width of 7 ± 2 nm (Fig. 1B and Fig. 1E). Additionally, 

hydrogels of L-5P and D-5P composed by nanofibers with width 

of 6 ± 2 nm (Fig. 1C and Fig. 1F). Interestingly, the storage 

moduli of the hydrogels of L-3, L-4, and L-5 are in same 

magnitude, the critical strains of the hydrogels of L-3, L-4, and 

L-5 decrease with fewer phenylalanine residues in their 

sequences, with values of 13.2 %, 6.0 %, and 0.84 %. The largest 

critical strain in the hydrogel of L-3 likely originates from the 

high network density of the matrices of the hydrogel. Due to the 

presence of enzyme, the enzyme triggered hydrogels of L-3 and 

D-3, as well as other enantiomer pairs, are diastereomeric 

systems. Thus, it is reasonable to observe the different 

rheological properties between the hydrogels of L-3 and D-3, 

with storage modulus 33 Pa and 132 Pa, critical strain 13.2 % 

and 7.0 %, respectively. Furthermore, the hydrogels of the 

precursors formed via pH adjustment also show similar 

morphological properties, containing long and uniform 

nanofibers with length of several micrometers (Fig. S4). For 

example, L-4P and D-4P self-assemble to form nanofibers with 

width of 7 ± 2 nm. Unlike the hydrogelation triggered by 

enzyme, the enantiomer pair of pH gels show slightly different 

morphological (Fig. S4) and rheological properties (Fig. S5, and 

Table 1), probably caused by the slight difference in the sample 

preparation. 

We also used TEM to evaluate the self-assembly ability of L-3P 

at concentrations below the gelation concentration in PBS 

buffer. As shown in Fig. 3, without the treatment of ALP, L-3P 

also self-assembles to form a few nanofibers and many irregular 

aggregates even at a concentration of 200 M (Fig. 3A), 

nanofiber morphology starts to dominate when the 

concentrations of L-3P increase to 300 and 500 M (Fig. 3B and 

C). After enzymatic dephosphorylation, the resulting L-3 formed 

uniform nanofibers with an average width about 7 ± 2 nm even 

at a concentration of 200 M (Fig. 3E). With the increase of the 

concentration of solution of L-3, we observed slightly 

morphological differences in these solutions, which all had long, 

flexible, and uniform nanofibers with a width about 8 ± 2 nm 

(Fig. 3F and G). When the concentration increased to 3625 M 

(0.5 wt %), L-3P is able to form uniform nanofibers with an 

average width of 8 ± 2 nm in the absence of ALP, but can’t afford 

a hydrogel (Fig. 3D). The addition of ALP converts the solution 

to a hydrogel at this condition (Fig. 3H). These results confirm 

that cleaving of the phosphate group increases the self-

assembly ability of the molecules. Together with our previous 

work that L-1P itself is unable to form nanofibers below 500 

M,7 this result confirms that L-3P, resulting from the 

incorporation of GNNQQN into L-1P, exhibits enhanced self-

assembly ability. 

Meanwhile, we used MTT assay to evaluate the cellular 

responses of the resulting peptides. We found that L-3P is 
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rather cell compatible to HeLa cells47, with IC50 value of 476.1 ± 

21.4 M at 48 hours (Table 1). This result is consistent with that 

oligomers of amyloid, rather than their nanofibers and plaques, 

is the cause of the cytotoxicity.48 As the enantiomer of L-3P, D-

3P hardly inhibits the proliferation of HeLa cells even at the 

concentration as high as 500 M. With one phenylalanine less 

than L-3P, L-4P shows the IC50 value larger than 500 M. 

Notably, D-4P inhibits HeLa cells (IC50 = 264.5 ± 28.4 M). Like 

enantiomer pair of L-3P and D-3P, the enantiomer pair of L-5P 

and D-5P both are cell compatible (IC50 value> 500 M).  

 

Fig. 2 Strain dependence of the dynamic storage modulus (G’) and the loss modulus (G’’) 

of gels shown in Fig. 1 by adding ALP to the solution of the precursors (0.5 wt %) in PBS: 

(A) L-3P, L-4P, and L-5P; (B) D-3P, D-4P, and D-5P. 

Since the existence of proteases in organism catalyzes the 

hydrolysis of peptide bonds, which affects the stability of 

peptide-based materials in vivo, we test the proteolytic stability 

of the precursors containing phenylalanine by incubating them 

with proteinase K. As shown in Fig. 4, precursors made of D-

amino acids, D-3P and D-4P, show high resistance to proteinase 

K after incubation for 24 h at 37 oC in HEPES buffer. This result 

agrees with that D-peptide resists proteolytic degradation.49 On 

the contrary, precursors made of L-amino acids, L-3P and L-4P, 

almost completely degrade after the incubation with proteinase 

K for 24 h. We only detect the fragment N'F for the degradation 

of L-3P. While N'F, N'FG and N'FGN coexist as the fragments for 

the degradation of L-4P at the beginning of incubation with 

proteinase K. Based on that only 1.1 % L-4P remains at 1h, and 

19.6 % L-3P at 1h, we speculate that the number of 

phenylalanine also plays a role in the biostability of precursors. 

 

Fig. 3 TEM images of solutions and hydrogel formed by L-3P at different concentrations. 

The top row solutions are formed by L-3P without the treatment of ALP in PBS: (A) 200 

M, (B) 300 M, (C) 500M, (D) 0.5 wt % (3628 M). The bottom row solutions and 

hydrogel are formed by L-3P with the treatment of ALP in PBS: (E) 200 M, (F) 300 M, 

(G) 500 M, (H) 0.5 wt % (3628 M). Inserts are the corresponding optical images. Scale 

bar is 100 nm. 
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Fig. 4 Time dependent curves of digestion test of (A) L-3P and D-3P, (B) L-4P and D-4P by 

proteinase K (> 800 U/mL) with the concentration = 0.02 wt % in 10 mM HEPES buffer 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). The lines in open symbols are the 

corresponding fragments of the degradation of L-3P and L-4P. 

Conclusions 

In conclusion, this work reports that the insertion of amyloid-

forming segment into a relative cytotoxic precursor of 

supramolecular hydrogelator affords cell compatible precursors 

and hydrogelators. This result implies the simple enhancement 

of the self-assembly ability may lead to unexpected results. This 

work, thus, provides a new insight for understanding of 

cytotoxicity or cell compatibility of nanoscale assemblies of 

small molecules, a subject50 receives less attention but warrants 

further exploration. 
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