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Abstract

Enzyme-instructed self-assembly (EISA) offers a facile approach to explore the supramolecular
assemblies of small molecules in cellular milieu for a variety of biomedical applications. One of
the commonly used enzymes is phosphatase, but the study of the substrates of phosphatases
mainly focuses on the phosphotyrosine containing peptides. In this work, we examine the EISA of
phosphoserine containing small peptides for the first time by designing and synthesizing a series
of precursors containing only phosphoserine or both phosphoserine and phosphotyrosine.
Conjugating a phosphoserine to the C-terminal of a well-established self-assembling peptide
backbone, (haphthalene-2-ly)-acetyl-diphenylalanine (NapFF), affords a novel hydrogelation
precursor for EISA. The incorporation of phosphotyrosine, another substrate of phosphatase, into
the resulting precursor, provides one more enzymatic trigger on a single molecule, and meanwhile
increases the precursors’ propensity to aggregate after being fully dephosphorylated. Exchanging
the positions of phosphorylated serine and tyrosine in the peptide backbone provides insights on
how the specific molecular structures influence self-assembling behaviors of small peptides and
the subsequent cellular responses. Moreover, the utilization of D-amino acids largely enhances the
biostability of the peptides, thus providing a unique soft material for potential biomedical
applications.
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Introduction

Although RNAs sometimes are capable of catalyzing some reactions,[1] most biological
reactions in nature are under the control of enzymes. In the absence of enzymes, a great
portion of biological reactions would not happen under the mild conditions (e.g., ambient
condition) that are compatible with life. Cells contain thousands of different enzymes and
chemical or biological transformations mediated by enzymes, which are ubiquitous in
nature. For example, a cascade of enzymatic transformations constitutes the sophisticated
cell death pathway and the process of metabolism is also a set of life-sustaining enzymatic
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transformations.[2-3] In biological system, another fundamental process is self-assembly[4—
5]—the spontaneous generation of order in systems of components, which eliminates the
tedious work in building up a set of covalent bonds at very specific positions. For example,
nature effortless utilizes self-assembly to put together the phospholipids for building up the
compartments of cells and subcellular organelles with great precision and flexibility.[6]
Many biological processes, as a consequence of evolution, are a combination of enzymatic
transformation and self-assembly—enzyme-instructed self-assembly (EISA)—for carrying
out critical cellular functions. For example, the formation of microtubules, which serves as
cytoskeleton and governs mitosis, is the integration of the enzymatic transformation of
guanosine-5’-triphosphate (GTP) to guanosine-5’-diphosphate (GDP) and the self-assembly
of tubulins.[7] The disease cascade of Alzheimer’s disease generally happens while
enzymatic hyperphosphorylation of tau proteins, which eventually assemble to form
neurofibrillary tangles inside nerve cells. The polymerization of actins, which governs the
focal adhesion of cells, is essentially a self-assembly process that is regulated by enzymes.
[8] These essential facts, as bioinspiration from cell biology,[9] support the notion that EISA
promises a new paradigm for developing innovative biofunctional materials for a variety of
applications.

As a powerful tool to control and direct supramolecular self-assembly by catalytically
converting non-assembling precursors to self-assembling hydrogelators, EISA has been
receiving increased attentions in the last decade due to its ability to control molecular self-
assembly in cellular milieu and the advantages like high efficiency, selectivity, and mild
conditions. Meanwhile, it is feasible to control the kinetics of the EISA process, giving rise
to supramolecular hydrogels with tunable properties. The diversity of enzymes in nature
offers many choices of the enzymes to catalyze the formation of supramolecular assemblies
by EISA, such as phosphatas,[10-13] B-lactamase,[14] esterase,[15-18] metalloprotease-9/7
(MMP-9/7),[19-21] a.-chymotrypsin,[22] thrombin,[23] chymotrypsin,[23] microbial
transglutaminase (MTGase),[24] thermolysin,[15-18] tyrosinase,[25] etc. For example, our
previous studies have demonstrated the feasibility of applying EISA, based on phosphatases,
to modulate the self-assembly of small peptides,[26—30] cholesterol conjugates[31] and even
nanoparticles[26-29, 32] for controlling the fates of cells. Pires and Ulijn recently also
reported a simple carbohydrate amphiphile to self-assemble to form nanofibers upon
enzymatic dephosphorylation for selectively inhibiting cancer cells.[33] Yang and coworkers
have been building up a variety of biofunctional materials ranging from extracellular matrix
mimics,[34] drug delivery carriers,[35] imaging reagents[36] to vaccine adjuvants[37-38]
via the approach of EISA.

In spite that phosphatases are widely used for developing EISA, the study of the phosphatase
substrates mainly focuses on the phosphotyrosine containing peptides. Another
phosphorylated amino acid, phosphosering, is less explored. Although Stupp et al. have
reported the use of phosphoserine containing peptides as self-assembly amphiphiles and
have used enzymatic reaction to generate phosphoserine residues in peptides,[39] there is no
report of EISA based phosphoserine to create hydrogels or assemblies. To address this
knowledge gap, in this work, we examine the EISA of phosphoserine-containing small
peptides for the first time by designing and synthesizing a series of precursors (Figure 1)
containing one phosphoserine or both one phosphoserine and one phosphotyrosine. Our
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study shows that it is feasible to use EISA to trigger the self-assembly of the serine-
containing peptides and to form hydrogels (Scheme 1). The addition of a phosphotyrosine
into the phosphoserine-containing peptides largely enhances the self-assembly propensity of
peptides. As expected, the specific sequences of peptides also influences the self-assembly
behaviors as well as the subsequent cellular responses. Moreover, the use of D-amino acids
instead of L-amino acid renders the self-assembling molecules excellent biostability against
proteolysis. This study not only provides a molecular validation of EISA of phosphoserine
contain peptides, but also indicates that EISA of phosphoserine-containing peptides is
relevant for developing cell compatible gels for a variety of applications.

Result and Discussion

Molecule Design

In order to systematically investigate the enzyme-instructed assemblies based enzymatic
transformation of phosphoserine peptides, we designed and synthesized a class of precursors
containing phosphorylated serine with both L- and D-amino acids (Figure 1). We design the
molecules according several principles: (i) Nap-Phe-Phe sequence, a well-documented self-
assembling motif,[40] acts as the main self-assembling backbone of the six precursors to
enhance aromatic-aromatic interactions; (ii) the incorporation of the phosphoserine is
necessary for investigating the enzyme-instructed assemblies based on enzymatic reaction of
phosphoserine, which not only facilitates the dissolution and dispersion of the precursors in
water at physiological condition, but also provides a enzymatic trigger; (iii) while
phosphorylated tyrosine, another well-established substrate of phosphatases, provides one
more enzymatic trigger, the benzyl ring of tyrosine further increases the precursors’
propensity to aggregate after dephosphorylation; (iv) by replacing the L-amino acids with
their D-enantiomers, we can evaluate and compare the biological responses of L- and D-
precursors in the presence of proteases and cells; (v) the mutation of the position of
phosphoserine in the precursors containing both phosphorylated serine and tyrosine permits
evaluating the influence of the sequences of peptides on the self-assembling abilities and the
subsequent biological behaviors of the assemblies of the serine-containing peptides.

Hydrogelation Preparation and TEM Characterization

We first use enzymatic hydrogelation[41] to assay the self-assembling ability of the serine-
containing peptides. We dissolved each of the precursors (2 mg) into distilled water (300
uL), and adjusted pH of the solution carefully by adding 1 M NaOH (monitored by pH
paper). After the pH reached 7.4, we added extra distilled water to make the final volume
400 pL so that the concentration of the precursor was 0.5 wt%. After adding alkaline
phosphatase (ALP, final concentration 1 U/mL) into the solution, we briefly vortexed the
vial containing the solution, kept it still on a bench, and monitored the hydrogelation by
visual inspection. Since the dephosphorylation of phosphotyrosine is well-established, we
used 31P-NMR to verify the dephosphorylation of phosphoserine (Figure S4).

The presence of phosphate(s) renders these six precursors good solubility in water. Though
all of them completely dissolve in water at pH 7.4, the TEM image of the dried solution of
each precursor shows amorphous aggregates (Figure 2), suggesting that the precursors likely

Front Chem Sci Eng. Author manuscript; available in PMC 2018 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhou et al.

Page 4

are able to form oligomers in water. The solutions of precursors consisting of both serine
and tyrosine phosphates (L-pSpY, D-pSpY, L-pYpS, D-pY pS) solidify gradually upon the
addition of ALP and turn into rigid hydrogels within 4 hours. The L and D-enatiomeric
precursors exhibit almost same behaviors in terms of gelation speed and microscopic
morphologies. Based on our observation, L-pYpSand D-pY pS form hydrogels slightly
faster than L-pSpY and D-pSpY, suggesting the better self-assembly abilities of L-Y Sand
D-Y Sthan those of L-SY and D-SY. This result implies that the stronger intermolecular
aromatic-aromatic interactions offered by the sequence Nap-Phe-Phe-Tyr-Ser. TEM images
reveals an entangled fibrous network in all of the four hydrogels and the length of the
nanofibers to be more than several micrometers. The peptide sequence exhibits little
influence on the morphologies of nanofibers since all of the four hydrogels contain the
nanofibers with diameter of 8+2 nm (Figure 2). L-pS and D-pS only formed weak
hydrogels, which are barely self-sustaining after the vials being inverted. Meanwhile, the
nanofibers in the networks of these two hydrogels have diameters around 24 nm (Figure 2)
and much longer persistence length, differing distinctively from those of the other four
hydrogels. The morphologies of these nanofibers largely resemble the nanobelts reported by
Cui and Stupp though they have dramatically different chemical structures.[42—-43] These
results indicate that the incorporation of tyrosine largely enhance self-assembly propensity
of the peptides, which dictates the microscopic morphologies of the self-assembled
structures.

Rheological Characterization

Biostability

Rheological characterization of six hydrogles largely matches with the observations in
hydrogelation and the TEM examination. The storage modulus (G”) of each of these
hydrogels is greater than the loss modulus (G”), agreeing with the fact that they are
hydrogels with certain viscosity (Figure 3). The storage modulus values of L- and D-
enantiomeric hydrogels are almost identical, suggesting that the chirality exerts little affect
on the enzyme-instructed assembly behaviors of these precursors. The storage modulus of
the hydrogel formed by the dephosphorylation of L-pY pS (or D-pY pS) is greater than the
dephosphorylation of L-pSpY (or D-pSpY). The storage modulus of the hydrogel formed
by the dephosphorylation of L-pS (or D-pS) is the lowest among the three pairs. These
results are consistent with that L-Y Sand D-Y S form solid gels faster than L-SY and D-SY,
while L-Sand D-S only form weak hydrogels. We summarized all the properties related to
EISA and hydrogelation in Table 1.

The addition of proteinase K, a powerful endopeptidase, into the solutions of all six
precursors (500 UM, pH 7.4, in PBS) reveals that the use of D-amino acids in the peptide
backbone completely eliminates the proteolysis catalyzed by proteinase K (Figure 4). This
result agrees with that D-peptides rarely interact with endogenous proteins and exhibit
proteolytic resistance. However, proteinase K digests three L-peptides efficiently and almost
no start compounds remain after 24 hour. According to digestion curve in Figure 4, L-pSis
more prone to proteolysis catalyzed by proteinase K, followed by L-pSpY and then L -

pY pS. This result indicates that the presence of pY next to NapFF increases the proteolytic
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resistance of the peptides against proteinase K, an observation may be useful for enhance the
biostability of peptidic hydrogelators and precursors.

Cell Compatibility Evaluation

To investigate how EISA based on serine and tyrosine phosphate affects the cellular
response to the small molecular precursors, we utilized MTT cell viability assay to examine
the cell viability of a cancer cell line (HeLa) and a stromal cell line (HS-5) treated by the six
precursors. As shown in Figure 5, the precursors are overall more cytotoxic to HelL a cells
than to HS-5, indicating that the cell inhibitory behaviors are largely associated with
phosphatase mediated self-assembly, which we have observed in previous studies.[27-30]
Because HelLa cells have a higher phosphatase level on their surfaces than on HS-5 cells,
[44] which leads to faster enzyme-instructed assembly on cell surface to induce cell death.
The D-peptides are overall more potent for killing the cancer cells due to their biostability.
The stronger hydrogel (D/L-pY pS) induces less toxicity against HeLa cells than weaker
ones (D/L-pSpY), indicating that the cellular responses may also be related to chemical
structures and dephosphorylation rates in addition to the mechanical strength. Moreover, L-
hydrogels are more prone to proteolysis in cell culture, resulting in lower cytotoxicity than
D-hydrogels. Both L-pSand D-pS remain innocuous to HeLa and HS-5 cells, suggesting the
hydrogels of L-S or D-S may serve as a hydrogel medium for 3D cell culture.

Conclusion

This communication, for the first time, describes a systematic investigation of enzyme-
instructed self-assembly of peptides containing phosphoserine to form supramolecular
hydrogels as potential soft biomaterials. For example, being biocompatible, this type of
assemblies/hydrogels maybe more suitable candidates for closely mimicking both the
structural and functional aspects of native extracellular matrix (ECM) for cell culture and
tissue engineering. We also validated that phosphotyrosine, as another enzymatic trigger,
would leverage not only the self-assembly behaviors, but also the subsequent cellular
response of the peptides. In addition, D-peptides, made exclusively of unnatural amino
acids, are good alternatives to native peptides to significantly enhance proteinase inhibitors.
The results in this work, coupled with expanding efforts in material science, nanotechnology,
cell biology, will ultimately contribute to the development of more innovative biomaterials
and therapies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Chemical structures of the rationally designed precursors containing phosphoserine.
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Figure 2.
Transmission electron microscopy (TEM) images of the aggregates/nanofibers in the

solutions of different precursors (L-pS, D-pS, L-pSpY, D-pSpY, L-pYpS, D-pYpS) or
nanofibers in the hydrogels formed by treating the solutions of these precursors with alkaline
phosphatase (ALP). C = 0.5 wt%, pH = 7.4, [ALP] = 1 U/ml. Insets are optical images of the
solutions of the precursors and the hydrogels formed after enzymatic dephosphorylation.
The scale bar is 100 nm.
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Digestion curve of all six precursors (500 uM) in the presence of proteinase K (2 U/mL) at

37 °C. The digestion curve was determined on analytical HPLC.
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Figureb.

48-hour cell viability (determined by MTT assay) of HeLa (cancer) and HS-5 (stromal)
cells, incubated with six precursors at the concentrations of 100, 200, 300, 400 and 500 uM
in cell growth medium. The initial cell numbers are 1 x 104 cells/well.

Front Chem Sci Eng. Author manuscript; available in PMC 2018 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Zhou et al. Page 14

or
hydrogelator
.ETk o
precursor

nanofiber

ET: enzymatic transformation SA: self-assembly [J:phosphate on serine {3 :phosphate on tyrosine

Scheme 1.
Schematic illustration of EISA of small molecules in water that usually results in

supramolecular nanofibers/hydrogels.
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