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N
atural enzymes exhibit remarkable
catalytic efficiency and substrate
specificity due to their unique three-

dimensional structures. The amino acid resi-
dues fold into precise positions that form the
active sites for substrate binding and catalytic
reaction. The length of genetically coded
protein sequences and the complexity of
the folding process create tremendous chal-
lenges for fabricating artificial enzymes. In the
past decades,mucheffort hasbeendedicated
to achieve various artificial enzymes,1�5 and a
variety of scaffolds, such as inorganic nano-
particles,6�8 dendrimers,9 micelles,10 nano-
fibers,11,12 and nanotubes,13�15 have been
employed to simulate the performance of
enzymes. The unique three-dimensional
structures built from the nanostructures,
similar to proteins, are responsible for high
catalytic activities. These successful efforts
have provided us with insights about how to
incorporate structural and functional features
into nanoscaffolds to construct artificial en-
zymes of high catalytic efficiency.

Among the methods for creating artificial
enzymes, the self-assembly approach is
more attractive and more similar to protein
folding. Natural enzymes fold into their
active conformation and gain catalytic
activity by self-assembly, and they bind
substrates at the catalysis centers mainly
via noncovalent interactions. This similarity
prompted us to fabricate artificial enzymes
using self-assembly peptide amphiphiles,
polymers, or other organic molecules.
Since the major building blocks of peptide
amphiphiles are amino acid residues and
the driving forces for self-assembly are non-
covalent interactions, which share some
of the characteristics of natural enzymes,
peptide-based nanostructures are the most
promising platform for mimicking natural
enzymes.16 Previously, peptide amphiphiles
have been employed to self-assemble into
nanofibers with catalytic characteristics.17,18

These peptide amphiphiles are constructed
by capping peptides with alkyl chains or
other aromatic molecules, which make the
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ABSTRACT The structural arrangement of amino acid residues in a native

enzyme provides a blueprint for the design of artificial enzymes. One challenge of

mimicking the catalytic center of a native enzyme is how to arrange the essential

amino acid residues in an appropriate position. In this study, we designed an

artificial hydrolase via self-assembly of short peptides to catalyze ester hydrolysis.

When the assembled hydrolase catalytic sites were embedded in a matrix of

peptide nanofibers, they exhibited much higher catalytic efficiency than the

peptide nanofibers without the catalytic sites, suggesting that this well-ordered

nanostructure is an attractive scaffold for developing new artificial enzymes.

Furthermore, the cytotoxicity of the assembled hydrolase was evaluated with

human cells, and the novel artificial biological enzyme showed excellent

biocompatibility.
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peptides amphiphilic to self-assemble into three-
dimensional structures. Herein, we seek to use only
natural amino acids as building blocks to develop
artificial enzymes based on self-assembly of short
peptides.
Recently, self-assembly peptide nanofibers with

alternating apolar and polar residues were employed
for biological applications, such as tissue engineering
scaffolds,19�21 drug release matrices,22 and platforms
for presenting antigen epitopes.23�25 These self-
assembly peptides tend to form β-sheets and sub-
sequently assemble into fibrillar nanostructures.26�30

In this study, we constructed a hydrolysis module
by introducing catalysis centers and binding sites
on the surface of self-assembly peptide nanofibers.
As the concentration increased, the peptide nanofibers
entangled to form a fibrous network, which yielded a
hydrogel with hydrolysis activity.
Considering the fact that the imidazolyl groups

of histidine residues are essential and are positioned
at the catalytic sites of several natural hydrolytic
enzymes including trypsin,31 chymotrypsin,32 kidney
dialkylfluorophosphatase,33 and so on, some small
molecular compounds34�36 and polymers37,38 contain-
ing imidazole were synthesized and used for the

hydrolysis of esters. However, the structures of these
artificial enzymes were awry from natural enzymes
because the building blocks are not the amino acids.
Alternatively, a peptide amphiphilic nanotube with
hydrolysis efficacy was fabricated to mimic the struc-
tures of natural enzymes.39 Nevertheless, the struc-
tures were susceptible to alterationwhen adjusting the
ratio of histidine to arginine to optimize this model; in
some case, the nanotube was damaged. So the struc-
ture was not very stable, unlike natural enzymes. Thus,
we turned to synthesize a histidine-containing self-
assembly peptide Q11H (NH2-HSGQQKFQFQFEQQ-Am)
(as shown in Figure 1). The self-assembly section
(QQKFQFQFEQQ) was named Q11. The dipeptide
SG was incorporated between H and Q11 as a flexible
linker. Q11 was chosen as the scaffold because it was
salt-responsive and able to self-assemble into a β-sheet
fibrillar nanostructure under mild conditions.40,41

More importantly, the addition of other amino
acids to its termini does not influence the formation
of fibrils,40 so it is possible to put special residues
on its surface and arrange the functional residues
to achieve certain properties. Furthermore, the Q11
peptide nanofibers were found to be biocompatible
and minimally immunogenic.40 As a control, Q11G

Figure 1. Chemical structures of the peptides used to create hydrolysis models.
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(NH2-GSGQQKFQFQFEQQ-Am) (as shown in Figure 1)
was also synthesized to verify that the Q11 section and
the SG linker have no hydrolysis activity and to confirm
the essential role of the H residue at the hydrolytic
center.
The peptide Q11R (NH2-RSGQQKFQFQFEQQ-Am)

(as shown in Figure 1) was synthesized because the
guanidyl group of the arginine residue is expected to
stabilize the transition state of the substrate at the
binding site. In light of the synergistic interaction
between the catalysis center and substrate binding
site of a natural enzyme, Q11R was coassembled with
Q11H, the peptide bearing the catalytic residue, in
different proportions to facilitate substrate binding.
The enzymatic activities of the coassembled Q11H/
Q11R peptides were then examined, and an optimized
hydrolase enzyme assembly (Q11HRmax) was deter-
mined. Subsequently, transmission electron micro-
scopy (TEM) imaging and CD spectroscopy were
exploited to determine the structure of the nanofibers.
The fluorescence of thioflavin-T (ThT), a potent fluo-
rescent marker of amyloid fibrils, was also examined.
Finally, the activity of the hydrogel enzyme model
(Q11HRmaxgel) was tested, and an MTT assay was
performed to test its cytotoxicity.

RESULTS AND DISCUSSION

Morphological Characterization of Peptide Nanofibers. Pep-
tide Q11 was found to be soluble and stable in water
and formed nanofibers after adding salt, indicating
that Q11 is salt-responsive. In this work, we chose Q11
as a scaffold and conjugated an inactive amino acid
residue (Gly), a catalytic residue (His), and a binding
residue (Arg) with Q11 to obtain peptides Q11G, Q11H,
and Q11R, respectively. In order to obtain the optimum
hydrolysis model, a series of coassembled peptide
nanofibers were prepared with different propor-
tions of peptides Q11H and Q11R. The ratio of R/H
ranged from 10/1 to 1/20. To further determine the

morphology of these nanofibers, TEMwas employed to
explore whether the incorporation of other amino
acids would affect the basic structure of Q11 nano-
fibers. As shown in Figure 2, no change was observed
in the morphology of the different nanofibers, and
the diameter was approximately 10 nm in each case,
indicating that the Q11 section was stable and the
self-assembly conformation was consistent for all the
prepared samples.

Characterization of the Secondary Structure of Peptide
Nanofibers. Circular dichroism (CD) spectroscopy and
ThT fluorescence spectrum analysis were utilized to
evaluate the secondary structures of the peptide nano-
fibers. As shown in Figure 3A, all examples exhibited
negative peaks near 200 nm, indicating a dominant
presence of β-sheet conformation, which is consistent
with other similar short β-sheet-forming peptides.42�45

In addition, ThT binding also verified the presence
of β-sheets in these fibrillar aggregates.46 ThT binds
to fibrils in preference to monomeric peptides, and
the binding can be conveniently determined due to
a large enhancement in the fluorescence of this dye
(Figure 3B). Indeed, all of the samples tended to have
very strong fluorescence enhancement in this assay,
indicative of extended amyloid-like fibrils.

Catalytic Activity of Peptide Nanofibers. The hydrolysis of
phenyl acetatewasmonitoredbymeasuringproduction
of the hydrolytic product 4-nitrophenol, which shows
increased absorption at 400 nm. The catalytic reaction
equation is as follows:

The hydrolysis of phenyl acetate was previously re-
ported to be first-order with respect to the imidazole
concentration.47 The imidazole directly reacts with the
phenyl acetate to form phenol and acylium ionimida-
zole complexes. The complex then reacts with water
to form acetic acid and imidazole. We first tested the

Figure 2. TEM images of a series of the assembled peptide nanofibers. (A) Q11G nanofibers; (B) Q11H nanofibers; (C) Q11R/
H = 1/20 nanofibers; (D) Q11R/H = 1/15 nanofibers; (E) Q11R/H = 1/10 nanofibers; (F) Q11R/H = 1/2 nanofibers; (G) Q11R/H =
1/1 nanofibers; (H) Q11R/H = 2/1 nanofibers; (I) Q11R/H = 10/1 nanofibers; (J) Q11R nanofibers.
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control peptide Q11G (no catalytic residues) and
found that the rate of hydrolysis of PNPA by 200 μM
Q11G was very slow, similar to the blank reaction
(no peptide fibers added) (Figure 4A). Thus, the Q11
backbone section was not able to hydrolyze PNPA.
However, the addition of Q11H (100 and 200 μM)
resulted in a distinct enhancement of the hydrolytic
rate, and the catalytic rate increased in linear pro-
portion to the increase in enzyme concentration
(Figure 4A). Furthermore, we also measured the reac-
tion rate of hydrolysis catalyzed by the coassembled
peptide nanofibers with varied molar ratio of Q11H
and Q11G and found that, with the increasing ratio
of Q11H moiety, the hydrolysis rate increased
(Supporting Information Figure S4). We believe that
the hydrolytic rate enhancement by Q11H nanofibers
was due to the presence of a high density of reactive
His residues on the surface of the nanostructures,
through the imidazolyl group which activates a water
molecule.

To enhance the catalytic rate of hydrolysis, a series
of coassembled peptide nanofibers was prepared by
optimizing themolar ratio between Q11H andQ11R. In
this experiment, the combined concentration of Q11R
and Q11H was maintained at 200 μM, and only the
molar ratio between Q11H and Q11R was varied. The
catalytic activities of different coassembled nanofibers

were measured under the same conditions. As shown
in Figure 4B, at the initial stage, the incorporation of
Q11R actually increased the catalytic rate, and when
the ratio of R/H was 1/10, the catalytic rate reached its
maximum value. After that, further increases in the
ratio of R/H decreased the hydrolytic rate and a very
low hydrolytic rate was observed when the peptide
nanofibers were composed exclusively of Q11R. Thus,
the hydrolytic rate was optimal when themolar ratio of
Q11R to Q11H was 1/10. The optimal hydrolysis model
was named Q11HRmax.

Determination of the Hydrolysis Kinetic Parameters of the
Peptide Nanofibers. To investigate the enzymatic ki-
netics, the initial rates of hydrolysis of PNPA catalyzed
by Q11H and Q11HRmax were measured as a func-
tion of the substrate concentration by varying the
concentration of PNPA while keeping the concentra-
tion of enzymes fixed. Double-reciprocal plots of the
initial rate versus substrate concentration were ob-
tained (Figure 5). According to the Michaelis�Menten
equation,48 the apparent kinetic parameters were cal-
culated (Table 1). The results revealed that Q11HRmax

exhibited stronger binding affinity for PNPA because
the substrate binding constant KmQ11HRmax was lower
than that of Q11H. Thus, the hydrolysis enzyme
model Q11HRmax exhibited an enhanced catalytic
rate and a higher second-order constant, due to the

Figure 3. Characterization of the secondary structure of peptide nanofibers. (A) Circular dichroismof a series of coassembled
peptide nanofibers in a dilute solution (100 μM). (B) Fluorescence spectra of ThT in the presence of peptide nanofibers
(100 μM) (λex = 440 nm).

Figure 4. (A) Plots of absorbance vs time for hydrolysis of PNPA (0.5 mM). (B) Catalytic reaction rates for hydrolysis of PNPA
(0.5 mM) vs molar ratio of Q11R to Q11H. 0.01 < *P < 0.05, 0.001 < **P < 0.01, and ***P < 0.001 vs Q11R/H = 1/10. The
concentration of the Q11 section was fixed at 200 μM.
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incorporation of Arg residues on the surface of the
nanofibers as binding sites to stabilize the transition
state. Thus, we propose a possible catalytic mechanism
for the Q11HRmax nanofibers (Figure 6). Initially, the
imidazolyl groupof thehistidine residue activates aH2O
molecule to produce a hydroxide ion, which attacks the
carbonyl of PNPA as a nucleophilicmoiety to generate a
tetrahedral transition state. Then, the guanidyl group of
the arginine residue stabilizes the tetrahedral transition
state by binding the oxide ions of the tetrahedral
intermediate complex and activates the C�O bond
for cleavage. Finally, the product p-nitrophenol is re-
leased and the next catalysis cycle begins.

Morphological and Catalytic Activity Characterization of the
Q11HRmax Hydrogel. Since the peptide hydrogel consists
of cross-linked nanofiber matrices, which can physi-
cally support the active sites and enhance the stability
of the nanofibers, we further constructed a hydrogel
hydrolysis model by increasing the concentration
Q11HRmax fibers in water to form a hydrogel (Figure 7A).
The mechanical property of the Q11HRmax hydrogel
(0.5 wt %) was tested by rheology. In the linear

viscoelastic region, the values of the dynamic storage
moduli (G0) were larger than the dynamic loss moduli
(G00), which indicated the formation of a typical soft
solid-like gel-phase material (Figure 7B,C). In addition,
the morphology of the hydrogel was investigated by
TEM. As shown in Figure 7D, networks of nanofibers
were observed and the fibers entangled with each
other to form a 3D network. This model was able to
hydrolyze PNPA in its hydrogel state, similar to the
performance of Q11HRmax nanofibers (Figure 7E).

Cytotoxicity Study of Peptide Nanofibers. The cytotoxicity
of Q11G, Q11H, Q11R, and Q11HRmax nanofibers was
evaluated using MTT assays. As shown in Figure S5,
after incubating cells with Q11G, Q11H, Q11R, or
Q11HRmax nanofibers at equal concentrations
(0.5�100 μM) for 24 h, only a slight decrease in cell
viability was observed for each sample. The results
suggest that the peptide nanofibers had low toxicity
and good biocompatibility.

CONCLUSION

In this study, short peptides were designed to form
amyloid-like nanofibers for efficient catalysis of ester
hydrolysis. The strategy to display multiple functional
residues on the surface of nanofibers provides unlim-
ited opportunities for constructing artificial enzymes
by simply coassembling peptides with different active
residues. This approach is a promising method for
developing hydrogels to mimic natural enzymes. It
is also possible to achieve multienzyme systems by

Figure 5. (A,B) Lineweaver�Burk plots of PNPA hydrolysis catalyzed byQ11H ([E0] = 200 μM). (C,D) Lineweaver�Burk plots of
PNPA hydrolysis catalyzed by Q11HRmax ([E0] = 200 μM).

TABLE 1. Esterase Activity for the Designed Peptide

Nanofibers in 1� PBS Buffer (pH 7.4)a

kcat (�10�3 s �1) Km (mM) kcat/Km (M�1 s�1)

Q11H 1.95 21.68 0.09
Q11HRmax 2.64 17.63 0.15

a The background of all samples without peptide nanofibers has been subtracted.
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mixing other enzymes in the hydrogel. Further use
and development of artificial enzymes will guide our

understanding of the synergies between different
enzymes and will promote practical applications.

EXPERIMENTAL SECTION
Materials. Fmoc amino acids, diisopropylethylamine (DIEA),

and O-(7-azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronilum
hexafluorophosphate (HATU) were purchased from BO MAI
JIE Technology Co., Ltd. (Beijing, China). The other chemicals
and solvents were purchased from Alfa or HEOWNS and used as
provided

Peptide Synthesis. Q11G, Q11H, and Q11R peptides were
constructed by standard Fmoc solid-phase peptide synthesis
on CLEAR amide resin. First, resins were swelled in anhydrous
N,N0-dimethylformamide (DMF) for 30 min and then treated
with 20%piperidine for Fmoc removal. The first Fmoc-protected
amino acidwas coupled to the amino groups on the resins using
HATU and DIEA as the coupling reagent in DMF. After reacting
for 30 min, the mixture was filtered and the resins were washed
by dichloromethane and DMF for three times. Next, 20%
piperidine in DMF was used for Fmoc removal, and then amino
acid couplings were performed using HATU and DIEA as the

coupling reagent as previously described. After the last
coupling step, cleavage of the peptides from the resin was
performed using amixture of TFA, 1,2-ethanedithiol, thioanisole,
and anisole for 3 h at room temperature. The mixture was then
precipitated by ice-cold diethyl ether. The resulting precipitates
werewashedby ice-cold diethyl ether anddissolved in acetonitrile
for HPLC purification. The purified products were characterized by
HPLC and MALDI-TOF-MS (Figures S1�S3).

Characterization of Q11G, Q11H, and Q11R by HPLC and MALDI-TOF-
MS. The purified peptide Q11G, Q11H, or Q11R was analyzed
using RP-HPLC on a C18 column. Elution was monitored with
a diode array detector at wavelength of 214 nm. Peptide Q11G,
Q11H, or Q11R was eluted with a linear gradient at the flow rate
of 1 mL/min. The elution solvent consisted of solvent A (water
with 0.1% TFA) and solvent B (acetonitrile with 0.1% TFA).
A linear gradient of 5 to 95% solvent B over 45 min was used.
The purified peptide molecular weight of Q11G, Q11H, or Q11R
was confirmed by MALDI-TOF-MS using a Microflex LRF System

Figure 6. Schematic representation of possible mechanisms for the cleavage of PNPA catalyzed by Q11HRmax nanofibers.
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spectrometer (Bruker Daltonics). One microliter of peptide
solution was spotted onto a 100-well MALDI plate and dried
at room temperature. Then, another 1 μL solution (saturated
R-cyano-4-hydroxycinnamic acid dissolved in 1:1 acetonitrile/H2O
with 0.1% TFA) was spotted on the dried peptide spot. The
samples were analyzed in positive reflector mode.

Preparation of Self-Assembly Peptide Nanofibers Q11G and Q11H.
Q11G or Q11H peptide powder was dissolved in 900 μL of
deionized water at a concentration of 4.44 mM at room
temperature. Then, 100 μL of 10� PBS buffer (pH 7.4) was
added into the peptide solution to obtain a peptide hydrogel
(4 mM) after storing for 24 h at room temperature. Before the
activity was tested, the hydrogel was diluted 1:9 in 1� PBS
buffer (9 mL) and vortexed vigorously to disrupt the gel-like
self-assembled structure to obtain nanofiber solution at a final
peptide concentration of 400 μM.

Preparation of Coassembly Peptide Nanofiber Q11HG. Different
molar ratios of peptides Q11H and Q11G were mixed in 900 μL
of deionized water at a fixed combined concentration of
4.44 mM of the Q11 section. A series of coassembly peptide
nanofibers was prepared by adding 100 μL of 10� PBS buffer
(pH 7.4) into the peptide solutions and then storing for 24 h at
room temperature for forming the hydrogels (4 mM). Before
the activity was tested, the hydrogels were diluted 1:9 in 1� PBS
(9 mL) and vortexed vigorously to disrupt the gel-like self-
assembled structures to obtain nanofiber solutions at a final
peptide concentration of 400 μM.

Preparation of Coassembly Peptide Nanofiber Q11HR. Different
molar ratios of peptides Q11H and Q11R were mixed in 900 μL
of deionized water at a fixed combined concentration of
4.44 mM of the Q11 section. A series of coassembly peptide
nanofibers was prepared by adding 100 μL of 10� PBS buffer
(pH 7.4) into the peptide solutions and then storing for 24 h at
room temperature for forming the hydrogels (4 mM). Before the
activity was tested, the hydrogels were diluted 1:9 in 1� PBS
(9 mL) and vortexed vigorously to disrupt the gel-like self-
assembled structures to obtain nanofiber solutions at a final
peptide concentration of 400 μM.

Circular Dichroism Spectroscopy. A J-810-CD spectropolarimeter
(JASCO, Japan) was used to collect CD spectra in 1� PBS buffer
(pH 7.4) at 100 μM concentration of the Q11 section with a 1 cm
quartz cell. The measurements were performed from 200 to
280 nmwith a scan speed of 100 nm/min, 1 nm step resolution,
and 3 accumulations at room temperature.

Thioflavin-T Fluorescence. Fluorescence spectra of thioflavin-T
were measured using a fluorescence spectrophotometer
(HITACHI F-4600). Nanofiber solutions at 100 μM of each pep-
tide were incubated with 1 mM thioflavin-T for 10 min, and the
emission spectrum was recorded with the excitation at 440 nm.

Transmission Electron Microscopy Characterization. The TEM samples
were prepared from 10 μM nanofiber solutions on a carbon-
coated copper grid (from Zhongjingkeyi Technology Co. Ltd.,
Beijing, China). A 4 μL droplet of the nanofiber solution was
dropped on the copper grid and placed at room temperature
overnight for drying. A 4 μL droplet of 1% uranyl acetate solution
was then added, and stainingwas allowed to proceed for 1.5min,
followed by removal of excess solution. The grid was washed
by deionized water three times and left covered under a Petri
dish to dry. TEM micrographs were collected on a Tecnai G2 20
S-TWIN transmission electron microscope with 200 kV accelera-
tion voltage.

Determination of the Catalytic Activity of p-Nitrophenyl Acetate
Hydrolysis. The catalytic activities of the prepared samples were
determined using p-nitrophenyl acetate (PNPA) as the sub-
strate. The hydrolytic product was 4-nitrophenol with an ab-
sorption peak at 400 nm, so the reaction rate was determined
by monitoring the absorbance at 400 nm with a LABTECH UV
Bluestar A1301124 spectrophotometer. PNPA hydrolysis was
done in a quartz cuvette containing 200 μL of 1� PBS buffer,
500 μM PNPA, and a certain amount of catalyst.

Kinetics Experiments. The kinetics experimentswereperformed
asdescribed above. PNPAhydrolysis was done in a quartz cuvette
containing 200 μL of 1� PBS buffer, a series of PNPA concentra-
tions, and 200 μM catalyst. The rate constants were calculated by
the Michaelis�Menten equation.

Rheology. AHAAKEMARS systemwas used for rheology test.
The aqueous solution containing the gelator was directly
dropped onto 20 mm parallel plates, then PBS solution was
added into the solution, which was incubated for 10 min. After
a stable hydrogel had formed, the linear viscoelastic region
and frequency dependence of dynamic storage modulus
(G0) and loss modulus (G00) of the hydrogel were determined
by the mode of dynamic frequency sweep in the region of
0.1�100 rad/s.

Cell Culture. Human normal hepatocyte cell line L02 was
maintained in Dulbecco's modified Eagle's medium/high glu-
cose with 10% fetal bovine serum in a humidified atmosphere
containing 5% CO2 at 37 �C.

Figure 7. (A) Photographic images of the transformation from solution to hydrogel of peptide Q11HRmax (0.5 wt %). (B)
Dynamic storagemodulus (G0) and lossmodulus (G00) vs strain forQ11HRmax hydrogel (0.5wt%). (C) Frequency dependence of
dynamic storagemodulus (G0) and lossmodulus (G00) of Q11HRmax hydrogel (0.5wt%). (D) TEM imageofQ11HRmax nanofibers
in the hydrogel. (E) Plots of absorbance vs time for hydrolysis of PNPA (0.5 mM).
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MTT Assay. L02 cells were seeded in 96-well plates at an
intensity of 4 � 103 cells per well. After 24 h incubation, the
medium were replaced by Q11G, Q11H, Q11R, or Q11HRmax

nanofiber solution at Q11 section concentration ranging from
0.5 to 100 μM for 24 h at 37 �C. Then, the medium in each well
was replaced by 100 μL of 0.5 mg/mL MTT solution, and after
3 h incubation, the MTT solution was removed and 150 μL
DMSO per well was added. The absorbance of MTT at 570 nm
was measured by an Infinite M200 microplate reader (Tecan,
Durbam, USA) with a reference wavelength of 630 nm. Cell
viability was calculated by the ratio of the absorbance of the
nanofibers treated cells to that of untreated cells in culture
medium.
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