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ABSTRACT: In the past few years, graphene and its derivative,
graphene oxide (GO), have been extensively studied for their
applications in biotechnology. In our previous work, we reported
certain PEGylated GOs (GO-PEGs) can selectively promote trypsin
activity and enhance its thermostability. To further explore this,
here we synthesized a series of GO-PEGs with varying PEGylation
degrees. Enzymatic activity assay shows that both GO and GO-
PEGs can protect trypsin, but not chymotrypsin, from thermal
denaturation at high temperature. Surprisingly, the lower the

Trypsin’s active site is stablized by GO at high temperature
Trypsin with GO

Free trypsin

PEGylation degree, the better the protection, and GO as well as the

GO-PEG with the lowest PEGylation degree show the highest protection efficiency (~70% retained activity at 70 °C).
Fluorescence spectroscopy analysis shows that GO/GO-PEGs have strong interactions with trypsin. Molecular Dynamics (MD)
simulation results reveal that trypsin is adsorbed onto the surface of GO through its cationic residues and hydrophilic residues.
Different from chymotrypsin adsorbed on GO, the active site of trypsin is covered by GO. MD simulation at high temperature
shows that, through such interaction with GO, trypsin’s active site is therefore stabilized and protected by GO. Our work not
only illustrates the promising potential of GO/GO-PEGs as efficient, selective modulators for trypsin, but also provides the
interaction mechanism of GO with specific proteins at the nano—bio interface.
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B INTRODUCTION

Enzymes are essential for catalyzing reactions in living
organisms such as digestion process, metabolism, gene
expression, signal transduction, and immune responses. In
addition, enzymes are biocatalysts extensively used in a wide
range of industries and biomedical research.' ™ However, when
enzymes are used in operating environment, the exposure to
temperature, ionic strength, and pH limits the application of
enzymes. It is well-known that high temperature may lead to
denatured structure of an enzyme resulting in loss of catalytic
activity of the biocatalyst.* Therefore, it is imperative to develop
methods to enhance the activity and thermostability of
enzymes. Amino acid substitution has been used to enhance
enzyme thermostability, but this method has not achieved
much success in converting enzymes into thermo-stable
enzymes.” Recently, along with the development of nanoma-
terials, various nanoparticles have been reported for improving
the thermostabilities of enzymes,®™® yet mostly through an
enzyme immobilization process. To efficiently immobilize an
enzyme onto nanoparticle surfaces, a lot of work is required to
functionalize the nanoparticle surface.”®™"! In addition, for
most nanomaterials, it is hard to fully characterize their surface
using conventional surface analytical tools alone, but when
combined with Molecular Dynamics (MD) simulation tools,
the data could provide more extensive understanding of the
surface and the nano—bio interface, which is critical for
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biological effects and the rational design of functionalized
nanomaterials.”'>~*¢

Graphene and its derivative graphene oxide (GO) have
attracted tremendous attention due to their unique physical,
chemical, and mechanical properties in the past several
years."” ™' GO possesses a single-layered, two-dimensional,
sp® hybrid structure, having a large specific surface area with
sufficient functional surface groups, which can provide an ideal
platform for loading of small organic and biomacromolecules
without any surface modification or any coupling reagents.
These intriguing physical, chemical, and mechanical properties
afford GO potential for wide applications in biotechnology and
biomedicine. For instance, GO and functionalized GOs have
been used for gene and small drug molecules delivery,”* >
biosensing,24_30 cancer therapeutics, 1=33 cellular imaging,%’35
antibacterial agents,%_39 as well as a modulator for
e11zymes.1’40’41

In our previous work, we uncovered that certain types of
PEGylated graphene oxide (GO-PEG) were able to efficiently
and selectively improve trypsin activity and protect it from
thermal denaturation above 70 °C.** To further investigate the
interactions between trypsin and GO/GO-PEG, we synthesized
a series of GO-PEGs with varying PEGylation degrees (GO-
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PEG-1, GO-PEG-2.5, and GO-PEG-S). Enzymatic activity
assay shows that both GO and GO-PEGs can enhance
thermostability of trypsin, but not chymotrypsin, and
interestingly, GO and GO-PEG-1 (the one with the lowest
PEGylation degree) show the highest protection efficiency. In
addition, we use fluorescence spectroscopy and MD simulation
to explore the interaction mechanism of GO with trypsin.
Fluorescence spectroscopy analysis demonstrates that GO/GO-
PEG strongly interacts with trypsin and changes the
conformation of trypsin. MD simulation results reveal that
trypsin is adsorbed onto the surface of GO through its cationic
residues and hydrophilic residues during 35 ns MD simulations.
Different from our previous MD simulation of chymotrypsin
adsorbed on GO,' the active site of trypsin is covered by GO.
MD simulation at high temperature shows that the active site of
trypsin is stabilized by GO. Our work not only indicates the
promising potential of GO/GO-PEGs as efficient, selective
modulators for trypsin, but also provides more in-depth
understandings of the interaction mechanism of GO with
specific proteins at the nano—bio interface.

B EXPERIMENTAL SECTION

Reagents. 10k-6br-PEG-NH, was purchased from Sunbio Inc.
(South Korea). All other reagents and enzymes were purchased from
Sigma-Aldrich (St. Louis, MO, USA).

Preparation and Characterization of GO and GO-PEGs. GO
was synthesized from flake graphite following a slightly modified
Hummer’s method as previously described.**** GO-PEG-1, GO-PEG-
2.5, and GO-PEG-5 were prepared by conjugating GO with 10k-6br-
PEG-NH, at feeding ratios of 1:1, 1:2.5, and 1:5 according to our
method developed previously.** Briefly, to prepare GO-PEG-1, as-
prepared GO solution (0.5 mg mL™") was mixed with 10k-6br-PEG-
NH, (0.5 mg mL™") and sonicated with a water bath sonicator for 5
min. After the pH value of the reaction mixture was adjusted to ~7.5
by using 1 M NaHCO; solution, the mixture was mixed with N-(3-
(dimethylamino)propyl)-N’ ethylcarbodiimide hydrochloride (EDC)
(0.5 mg mL™") and sonicated for another 15 min followed by a 30 min
stirring at room temperature. Then, a second portion of EDC (1 mg
mL™!) was added, and the mixture was continuously stirred at room
temperature for 2 h. After the third portion of EDC (1 mg mL™") was
added, the mixture was stirred for another 3 h before being purified
using an Amicon Ultra Centrifugal Filters with molecular weight cutoff
(MWCO) of 100 kDa (Millipore, Ireland). Finally, the purified GO-
PEG-1 was collected, resuspended in water, and stored at 4 °C for the
following experiments. GO-PEG-2.5 and GO-PEG-S were prepared
using the same procedures for the synthesis of GO-PEG-1 except that
125 mg mL™" and 2.5 mg mL™" of 10k-6br-PEG-NH, were used,
respectively.

The concentrations of as-prepared GO and GO-PEGs were
quantified by utilizing their corresponding absorbance at 230 nm
with a mass extinction coefficient of 65 mL mg™" cm™.*® Atomic force
microscopy (AFM, MutiMode V, Veeco) was exploited to visualize the
morphologies and evaluate the thicknesses of as-prepared GO and
GO-PEGs. The Fourier transform infrared (FT-IR) spectrum, zeta
potentials, and dynamic light scattering (DLS) sizes of GO and GO-
PEGs were recorded with a Hyperion series FT-IR spectrometer
(Bruker) and DLS on a Zen3690 (Malvern) at the scattering angle 6 =
17°. The PEG contents in GO-PEG-1, GO-PEG-2.5, and GO-PEG-5
were estimated to be 34.5%, 60.5%, and 65.7%, respectively, using
thermogravimetric analysis (TGA) as previously reported.

Enzymatic Activity Assay. The catalytic activity of trypsin on
urea-denatured substrate hemoglobin (Hb) was carried out with a
modified spectrophotometric method.** Briefly, trypsin (20 ug mL™")
was preincubated with either water (as control), GO, or different GO-
PEGs (40 ug mL™" in terms of GO) in water at room temperature for
16 min, respectively. Then, the mixtures were mixed with same volume
of urea-denatured Hb dissolved in 20 mM phosphate buffered saline
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(PBS; pH 8.0) to make an ultimate Hb concentration of 2.5 mg mL™,
and incubated at 40 °C for 10 min, respectively. After that, the
digestion reaction was terminated by using 0.2 M trichloroacetic acid.
The amount of digestion products was quantified by the Lowry
method.*

For the thermostability test, trypsin was preincubated with water (as
control), GO, or GO-PEGs at room temperature for 16 min as
aforementioned. Then, the mixture suspension was incubated with a
metal bath at 70 °C for S min (or prolonged incubation time as
indicated in Supporting Information, Figure S2) and then kept on ice;
the residual trypsin activity was determined as described above.

To study the influence of GO and GO-PEGs on the enzymatic
activity and thermostability of chymotrypsin, the same method for
trypsin as aforementioned was exploited except that 10 ug mL™" of
chymotrypsin was used in the experiments.

Blocking the Terminal Amino Groups of GO-PEG-5. To block
the terminal amino groups of GO-PEG-5, GO-PEG-5 (0.2 mg mL™")
was incubated with 6% (v/v) of acetic anhydride (AA) in 20 mM PBS
containing 30 mM NaHCOj; and 20 mM EDC at room temperature
for 4 h. Then, the NaHCOj; was added to mixture suspension to adjust
the pH to 8.0, and additional EDC was added to reach a final
concentration of 25 mM. Unconjugated AA was removed by filtration
using Amicon Ultra Centrifugal Filters (MWCO = 100 kDa) as
described above.

Fluorescence Spectroscopy to Study Enzyme Secondary
Structure. To investigate the effect of GO and GO-PEGs on enzyme
secondary structure, the enzyme (0.1 mg mL™" trypsin or 0.05 mg
mL™" chymotrypsin) was preincubated with either water, 10k-6br-
PEG-NH, (0.25 mg mL™), GO, or GO-PEGs (0.05 mg mL ™ in terms
of GO) at room temperature for 16 min, then kept at room
temperature, or subjected to thermal treatment in a metal bath at 70
°C, for S min. The fluorescence spectrum of each sample was
measllsred (excitation, 290 nm; emission spectrum recorded, 300—560
nm).

Molecular Dynamics Simulations. In our study, all MD
simulations were performed by the NAMD molecular dynamic
software package®® with the CHARMM?27 force field.*” The Dreiding
force field was applied to parametrize the GO."*® The native structure
of trypsin was obtained from the Protein Data Bank (PDB: 1S55*)
and was prepared using the Discover Studio2.5 (6) for geometry
optimization.

The GO sheet was prepared with a size of 10.0 X 9.0 nm* (3115
carbon atoms), which provided a sufficiently large surface for
adsorption of trypsin. The epoxy and hydroxyl groups are randomly
grafted to the carbon atoms on the GO basal plane. The carboxyl
groups are attached to the carbon atoms on the edge randomly. The
GO model considered here is not completely oxidized: C,,0,(0OH),
(one epoxy group and one hydroxyl group per 10 carbon atoms are
attached to the GO basal plane), which reflects a typical outcome from
a standard oxidation process.”**™

In the initial configuration of the MD simulations, the GOs were
aligned in the x—y plane, while trypsins were separated by ~13 A
vertically along the z direction. Then, the combinations were
embedded into a rectangular box of TIP3P water molecules.>*
Periodic boundary conditions were applied in all three directions.
During all simulations, the GOs were fixed all the time. The particle
mesh Ewald (PME) summation®® was applied to model the full-system
electrostatic interactions, with a cutoff of 12 A for the separation of the
direct and reciprocal space summation. Also, the SWITCH algorithm,
with a cutoff distance of 12 A, was applied to calculate van der Waals
forces. The NPT ensemble was used for all systems where the
Langevin’s piston and the Nose—Hoover thermostat were applied,
respectively, to keep the pressure at 1 bar the temperature at 310 and
380 K.

B RESULTS AND DISCUSSION

Preparation and Functionalization of GO Nanosheets.
GO was synthesized from graphite following the modified
Hummer’s method.***® Three types of GO-PEGs with

DOI: 10.1021/acsami.5b03118
ACS Appl. Mater. Interfaces 2015, 7, 12270—12277


http://dx.doi.org/10.1021/acsami.5b03118

ACS Applied Materials & Interfaces

Research Article

increasing PEGylation degrees (GO-PEG-1, GO-PEG-2.5, and
GO-PEG-5) were prepared from GO sheets by covalent
conjugation with indicated amounts of 10k-6br-PEG-NH, via
amide formation as previously described.** Both the zeta
potential and FT-IR spectra of GO and GO-PEGs (Table 1 and

Table 1. Zeta Potentials of GO and GO-PEGs

sample zeta potential (mV)
GO —41.3 + 1.39
GO-PEG-1 —22.6 + 2.55
GO-PEG-2.5 —15.2 + 0.86
GO-PEG-S -9.1 + 1.13
GO-PEG-5-AA —16.5 + 1.52

Supporting Information, Figure S1) suggested that 10k-6br-
PEG-NH, had been successfully covalently conjugated with
GO. AFM images showed that GO/GO-PEGs were mainly
single or double layered. The size of GO was a few
micrometers, whereas after PEGylation, the GO-PEGs were
much smaller with a size less than 50 nm (Figure 1a). As shown

(a) 20 nm
- : ‘GO-PEG-5 ~

Figure 1. GO and GO-PEGs used in the study: (a) AFM images; (b)
dispersibilities in water and PBS, photos were taken after
centrifugation at 21 000g for S min.

in Figure 1, panel b, the majority of GO precipitated out after
centrifugation in PBS at 21 000g for S min, while no noticeable
aggregation of GO-PEGs could be observed after centrifugation
under the same conditions, suggesting greatly improved
dispersibility in physiological solutions after PEGylation.

GO Enhances Thermostability of Trypsin Selectively.
We first investigated the effect of GO on the thermostability of
trypsin using hemoglobin as substrate. As shown in Figure 2,
panel a, free trypsin quickly denatured at 70 °C, resulting in less
than 10% of the enzyme activity retained. Although
preincubation of trypsin with GO showed some inhibitory
effect on trypsin activity at room temprature (25 °C), little
further decrease of the enzyme activity was observed after
thermal treatment at 70 °C for S min, that is, nearly 70% of
trypsin activity was retained in the presence of GO.
Furthermore, GO was able to efficiently protect trypsin during
prolonged thermal treatment. As shown in Supporting
Information, Figure S2, in the presence of GO, even after
incubation at 70 °C for S0 min, only a slight reduction in
trypsin activity was observed, and over 50% of trypsin activity
could be retained.

Trypsin is a typical serine protease belonging to a large
protein family. Therefore, we also investigated the effect of GO
on another typical serine protease, chymotrypsin, a subfamily
member closely related to trypsin with similar tertiary
structures and catalytic mechanisms.”” As shown in Figure 2,
panel b, GO significantly inhibited the activity of chymotrypsin
and did not protect chymotrypsin against thermal denaturation.
The distinct effects of GO on trypsin and chymotrypsin
indicate that GO can enhance trypsin’s thermostability
selectively.

Degrees of PEGylation on GO Affect Its Ability to
Protect Trypsin Against Thermal Denaturation. In our
previous work, we discovered that GO-PEG-S could selectively
enhance trypsin’s thermostability.*® Given the above finding
that GO could also enhance trypsin’s thermostability, the first
question arose as whether the PEGylation degree plays a role.
Therefore, the effects of GO-PEGs with increasing PEGylation
degrees (GO-PEG-1, GO-PEG-2.5, and GO-PEG-S) on the
thermostability of trypsin were analyzed accordingly. As shown
in Figure 2c, all three GO-PEGs could protect trypsin against
thermal denaturation to certain extents, but the highest
protection efliciency was obtained with as-made GO and
GO-PEG-1, and the protection efficiency decreased with
increasing PEGylation degree on GO surface.

Since the coating polymer 10k-6br-PEG-NH, itself has no
effect on trypsin (Supporting Information, Figure S3a), the fact
that the degree of PEGylation can affect GO/GO-PEGs’
abilities to protect trypsin is likely due to the alterations on the
GO surface by PEGylation. One important alteration after
PEGylation is the decrease in the amount of carboxyl groups
and the introduction of a number of positively charged NH,
groups onto the negatively charged GO surface, leading to an
increase in the surface charge (Table 1). To investigate any
roles of surface charge in the interaction between GO/GO-
PEGs and trypsin, the terminal NH, groups of GO-PEG-S were
partially blocked by acetic anhydride, producing GO-PEG-S-
AA. The surface charge of GO-PEG-5-AA decreased to an
extent similar to that of GO-PEG-2.5, coinciding with an
increase in the former’s ability to stabilize trypsin at high
temperature to a level comparable with the latter’s (Table 1 and
Figure 2c), indicating the involvement of surface charge in the
interaction between GO/GO-PEGs and trypsin.

Effects of GO/GO-PEGs on the Structure of Trypsin.
Change of enzyme activity usually correlates with change in its
secondary structure. The effect of GO/GO-PEGs on the
secondary structure of trypsin was investigated by fluorescence
spectroscopy. Trypsin contains chromophoric residues includ-
ing tryptophan, tyrosine, and phenylalanine. Any structural
changes causing exposure of the chromophoric residues to the
aqueous environment will result in a red-shift and can be
analyzed by fluorescence spectroscopy.*' As shown in Figure 3,
natural trypsin has a characteristic fluorescence emission peak
at 343 nm (black line),* while thermal denaturation of trypsin
resulted in a red-shift to 358 nm (red line). The coating
polymer, PEG, showed no effect on trypsin’s structure,
demonstrated by the almost identical fluorescence spectra of
trypsin in the absence and in the presence of 10k-6br-PEG-NH,
(Supporting Information, Figure S3b), consistent with the
corresponding enzymatic activity data (Supporting Information,
Figure S3a).

In contrast, preincubation of trypsin with GO or GO-PEG-1
led to the red-shift of trypsin’s fluorescence emission peak to
362 nm (Figure 3a,b, green line), which is indication of strong
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Figure 2. Effects of GO and GO-PEGs on enzymes’ thermostabilities. (a) Trypsin and (b) chymotrypsin were preincubated with GO, and the
enzyme activities retained before and after thermal treatment were analyzed. (c) Trypsin was preincubated with GO or GO-PEGs as indicated, and
the enzyme activities retained after thermal treatment were analyzed. Error bars represent the standard deviations (n > 3).
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Figure 3. Fluorescence spectroscopy analysis of trypsin. Trypsin was preincubated with either (a) GO, (b) GO-PEG-1, (c) GO-PEG-2.5, or (d) GO-
PEG-S, and the fluorescence spectrum of each sample was measured before (room temperature, RT) and after thermal treatment (70 °C). The
spectra of natural trysin before and after thermal treatment were recorded as well. Excitation: 290 nm.

interaction between GO/GO-PEG-1 and trypsin. Correlating
with the enzymatic activity data in Figure 2, panels a and ¢, in
the presence of GO or GO-PEG-1, thermal treatment did not
further affect trypsin’s fluorescence spectra (Figure 3a,b,
compare the blue lines with the green lines), which suggests
that, at high temperature, the structure of trypsin could be
stabilized by its interaction with GO/GO-PEG-1.

The other two GO-PEGs (GO-PEG-2.5 and GO-PEG-5)
also showed strong interactions with trypsin, suggested by the
red-shifts of trypsin’s fluorescence emission peak after
preincubation with them (Figure 3c,d, green lines). However,
compared with GO and GO-PEG-1 (peak at 362 nm), GO-
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PEG-2.5 induced a smaller red-shift (peak at 359 nm), while
GO-PEG-$ induced the smallest red-shift among them (peak at
353 nm), indicating that the higher the PEGylation degree, the
weaker the interaction with trypsin. This might explain the
observation that, unlike GO and GO-PEG-1, which could
efficiently protect trypsin’s structure during thermal treatment
(Figure 3ab), GO-PEG-2.5 and GO-PEG-5 showed reduced
abilities to preserve trypsin’s structure at high temperature
(Figure 3c,d). In the presence of GO-PEG-2.5, thermal
treatment at 70 °C led to a further red-shift in trypsin’s
emission spectra, whereas in the case of GO-PEG-5, an even
larger red-shift in trypsin’s fluorescence spectra was induced by
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thermal treatment (Figure 3c,d, compare the blue lines with the
green lines), indicating the lowest thermo-protection efficiency
of GO-PEG-S. All the fluorescence spectra data correlate well
with the enzymatic activity data shown in Figure 2.

MD Simulation Reveals that the Active Site of Trypsin
is Covered by GO. To further investigate the interaction
mechanism of GO with trypsin, we performed all-atom MD
simulation for GO and trypsin in explicit water solvent. Figure
4, panel a shows the initial structures of the simulated system.

(a) (b)

Figure 4. MD simulation of adsorption of trypsin onto GO. (a) The
MD simulation box of trypsin-GO embedded in water at room
temperature, showing the initial structures of the simulated system. (b)
After 35 ns of MD simulation, trypsin is absorbed onto GO and shows
strong interactions with GO. Water molecules are not shown in panel

b.

After 35 ns of dynamic simulation, trypsin was absorbed onto
GO surface (Figure 4b), and the system equilibrates as RMSD
converges toward 3.5 A (Figure Sb). It indicates that GO has
strong interaction with trypsin, which changes the conforma-
tions of chromophores residues of trypsin, as shown in Figure
S, panel ¢ (the chromophores residues are colored in red in
Figure Sc).

The a-helices changed slightly (the content of a-helix
reduced from 9.01% to 6.76%), while the random coils of
trypsin fluctuate sharply, which can be observed easily in Figure
S, panel a. In the final configuration after MD (Figure Sc), the
active site of trypsin is covered by GO, and residues of active
site interact with the functional groups in GO surface. Thus, the

activity of trypsin would be affected, consistent with the
enzymatic activity assay results in Figure 2, panel a.

By analyzing the trajectory of our MD results, we find that
several positively charged or polar residues induce the
adsorption by interacting with GO. These residues within 5
A of GO after 35 ns of MD are listed in Supporting
Information, Table S1. Among them, Lys43, Lys200, Lys202
are positively charged residues, and GIn198, Thr72, Thr80,
Thr152, and Thrl5S5 are polar residues. These charged residues
and polar residues have strong coulomb interactions with
negatively charged groups on the GO surface.

There are three types of residues responsible for fluorescence
in protein, namely Trp, Tyr, and Phe. As shown in Figure §,
panel ¢, the chromophoric residues in trypsin are displayed in
red, among which, Tyr42 and Phe76 are found to closely
interact with GO, showing strong hydrophobic interaction with
GO. Besides Tyr42 and Phe76, there are more hydrophobic
residues (highlighted in blue) interacting with GO strongly, as
shown in Figure 5, panel c. Our MD results indicate the change
of chromophoric residues, which is consistent with the
fluorescence spectroscopy analysis in Figure 3, panel a.

Stabilization of Trypsin’s Active Site by GO at High
Temperature. To further explore the mechanism of how GO
enhances the thermostability of trypsin, we performed MD
simulations for trypsin with GO at high temperature (368 K).
In parallel, MD results for trypsin only and trypsin interacting
with GO are compared.

The alignments of trypsin structure at room temperature
(gray) and those at high temperature (blue) after MD
simulations without or with GO are shown in Figure 6, panels
a and b, respectively. By analyzing the structures, we find that,
in the absence of GO, the loop part of the active site of trypsin
undergoes significant conformational change at high temper-
ature (Figure 6a), whereas in the presence of GO, it interacts
with GO strongly and keeps stable at high temperature (Figure
6b). Figure 6, panel c shows time evolution of RMSD of the
active site of trypsin at high temperature. For trypsin-only
trajectory, it shows big RMSD values (black line), while for

——— RMSD of protein backbone

5 10 15 20 25 30 35
Time (ns)

Figure S. MD simulation reveals that the active site of trypsin is covered by GO. (a) Superposition of trypsin (cyan) after 35 ns of MD simulation
with the crystal structure (Gray). (b) The changes of RMSD values of backbone atoms of trypsin, which indicates that GO has a strong interaction
with trypsin. (c) Trypsin interacts strongly with GO. The yellow residues are positively charged residues absorbed on GO, which show strong
coulomb interactions with GO. The blue residues are neutral residues absorbed on GO, which show strong van de Waals interactions with GO. The
red residues are chromophores of trypsin. The active site of trypsin is highlighted by the red sphere.
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Trypsin only

(b)

= Trypsin only
~ Trypsin with GO

Time (ns)

Trypsin with GO
N

Figure 6. Stabilization of trypsin’s active aite by GO at high temperature. (a) The active site of trypsin (the sphere colored in red) is deformed after
MD at high temperature. (b) The active site of trypsin with GO is stable after MD at high temperature. The structure of trypsin at room temperature
is shown in gray, and the structure of trypsin at high temperature is shown in blue. (c) Time evolution of RMSD indicates that the active site of
trypsin at high temperature shows larger RMSD values (black line) than did it absorbed onto GO (blue line).

trypsin with GO trajectory, it shows small RMSD values (dark
blue line), indicating that GO could stabilize the active site of
trypsin at high temperature.

Critical Surface Functional Groups at the Nano-Bio
Interface. MD simulation, when correlated with experimental
data, can provide useful information for interaction mechanisms
between proteins and nanomaterials."*"**7%° In our case, the
MD results shown above, which are consistent with the enzyme
activity data and fluorescence spectroscopy data, not only
suggest that GO could enhance the thermostability of trypsin,
but also provide the in-depth mechanism of how GO interacts
with trypsin and enhances trypsin’s thermostability. The
fluorescence spectroscopy data, which show that preincubation
of trypsin with GO resulted in the red-shift of trypsin’s
fluorescence emission peak to 362 nm (Figure 3a, green line),
clearly indicate strong interactions between GO and trypsin and
are consistent with the MD results (Figures S and 6). The MD
results also show that GO’s surface covers the active site of
trypsin and keeps the active site stable at high temperature,
corroborating with the enzymatic activity data (Figure 2a) and
the secondary structure analysis using fluorescence spectrosco-
py (Figure 3a). Since trypsin interacts with negatively charged
groups on the GO surface through its cationic residues and
hydrophilic residues, PEGylation of the GO surface would alter
the surface charge significantly (Table 1). This alteration of the
GO surface would thus impair GO-PEGs’ interactions with
trypsin, and the higher the PEGylation degree, the weaker the
interaction, resulting in descending thermo-protection efficien-
cies of GO-PEG-1, GO-PEG-2.5, and GO-PEG-S for trypsin
(Figures 2c and 3b—d). Blocking of the terminal amino groups
with acetic anhydride of GO-PEG-S decreases the surface
charge of GO-PEG-5-AA to an extent similar to that of GO-
PEG-2.5, and both nanosheets show comparable abilities in
stabilizing trypsin at high temperature (Table 1 and Figure 2c),
further indicating the important roles of surface functional
groups at the nano—bio interface.

Trypsin and chymotrypsin are two closely related serine
proteases in the same subfamily, but they interact with GO

differently. According to the above MD results and the MD
results from our previous work,! which investigated the
interacting mechanism of chymotrypsin with GO, both
enzymes form strong interactions with GO through their
cationic residues and hydrophilic residues. However, because of
the unique distributions of these residues surrounding their
active sites, they interact with GO differently and thus lead to
opposite outcomes. In the case of trypsin, its interaction with
GO results in the covering of its active site by GO (Figure S).
Although this interaction slightly changes the conformation of
the active site of trypsin, causing mild decrease of trypsin
activity, more importantly, it serves as a stabilizer at high
temperature, greatly enhancing the thermostability of trypsin
(Figures 2a and 6). In contrast, chymotrypsin’s interaction with
GO results in the deformation of its active site," leading to
severe inhibition of enzyme activity with no thermo-protection
at all (Figure 2b and Supporting Information, Figure S4). This
demonstrates that, in addition to the functional groups on GO
surface, the surface groups on the other interacting partner
(enzyme) also contribute largely to the interaction and the
selectivity.

H CONCLUSION

In this work, we studied the interactions of GO and GO-PEGs
with two closely related enzymes, trypsin and chymotrypsin,
and discovered that GO/GO-PEGs could selectively stabilize
trypsin, but not chymotrypsin, at high temperature. Enzymatic
activity assay also suggests that the PEGylation degree of the
GO nanosheets could affect their abilities to enhance
thermostability of trypsin, with GO and GO-PEG-1 (the one
with the lowest PEGylation degree) possessing the highest
protection efficiency (~70% retained enzyme activity at 70 °C).
The fluorescence spectroscopy analysis and MD simulations
demonstrate the strong interactions between GO/GO-PEGs
and trypsin. MD simulations reveal that trypsin is adsorbed
onto the surface of GO through its cationic residues and
hydrophilic residues; the active site of trypsin is covered by GO
and is stabilized by GO at high temperature. The selectivity of
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GO toward trypsin is caused by the different effects of GO on
the conformations of trypsin and chymotrypsin. Our work not
only demonstrates the promising potential of GO/GO-PEGs as
efficient, selective modulators for trypsin, further promoting
their potential applications in enzyme engineering and enzyme-
based applications, but also provides the interaction mechanism
of GO with specific proteins at the nano—bio interface, which
sheds light on the rational design of functionalized nanoma-
terials.
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