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Graphite oxide (GO) has been used for the immobilization of several classes of enzymes,
exhibiting very interesting properties as an immobilization matrix. However, the effect the
nanomaterial has on the enzyme cannot be predicted. Herein, the effect GO has on the
catalytic behavior of several (S)-selective amine transaminases [(S)-ATAs] has been
investigated. These enzymes were the focus of this work as they are homodimers with
pyridoxal 5′-phosphate in their active site, significantly more complex systems than other
enzymes previously studied. Addition of GO (up to 0.1 mg/ml) in the reaction medium leads
to activation (up to 50% improved activity) for most enzymes studied, while they maintain
their temperature profile (they perform better between 40 and 45°C) and their stability.
However, the effect is not universal and there are enzymes that are negatively influenced by
the presence of the nanomaterial. More profound is the effect on the (S)-ATA from
Chromobacterium violaceum which loses almost 50% of its activity in the presence of
0.1 mg/ml GO, while the stability was significantly decreased, losing its activity after 2 h
incubation at 40°C, in the presence of 25 μg/ml GO. This negative effect seems to rise from
minor secondary structure alterations; namely, a loss of α-helices and subsequent increase
in random coil (∼3% in the presence of 25 μg/ml GO). We hypothesize that the effect the
GO has on (S)-ATAs is correlated to the surface chemistry of the enzymes; the less
negatively-charged enzymes are deactivated from the interaction with GO. This insight will
aid the rationalization of ATA immobilization onto carbon-based nanomaterials.
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INTRODUCTION

Amine transaminases (ATAs) are pyridoxal 5′-phosphate (PLP)-dependent enzymes that attracted
significant industrial interest over the last years (Fuchs et al., 2015; Kelly et al., 2018; Kelly et al.,
2020). Their excellent enantioselectivity places them among the best routes towards the synthesis of
optically pure amines (Savile et al., 2010; Pavlidis et al., 2016; Ferandi and Monti, 2018). For their
industrial application, ATAs require operational and thermal stability. Enzyme immobilization has
been used as a stabilization technique, while enabling enzyme’s reuse, minimizing thus the cost of the
developed bioprocess.

Several materials have been used as immobilization matrices. Among them, nanomaterials are of
significant interest for this application (Pavlidis et al., 2014; Liu and Dong 2020; Zahirinejad et al.,
2021), due to their high surface area which can lead to high enzyme loading (Min et al., 2012), while
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their surface can be modified (Kouloumpis et al., 2017; Yüce and
Kurt, 2017; Kouloumpis et al., 2018). Among the nanomaterials,
carbon-based nanomaterials (CNBs) have attracted significant
interest due to their unique electrical mechanical and thermal
properties, as well as their biocompatibility (Patila et al., 2017;
Potsi et al., 2019; Patila et al., 2020). Graphite Oxide (GO) is a 2D
hydrophilic derivative of graphene that has been used as an
immobilization matrix, due to its high surface area and the
many functional groups present on its surface (i.e. epoxides,
hydroxyls, carbonyls) (Bourlinos et al., 2003; Adeel et al.,
2018; Tsirka et al., 2018). Moreover, reactivity towards the
production of ketones, which are substrates of the ATAs, has
been documented, although not being compatible with enzymatic
processes (high temperature, high catalyst loading up to 200%
w/w) (Dreyer et al., 2010; Navalon et al., 2017).

In the non-covalent immobilization, the interaction of the
immobilization support with the protein is of crucial importance.
Upon interaction, enzymes’ activity and structure can be altered
(Jafarian et al., 2018; Di Giosia et al., 2020), due to surface
chemistry, charge, and hydrophobicity of the matrix. So far,
despite the immobilization of several enzyme classes onto such
nanomaterials (Min et al., 2012; Pavlidis et al., 2012; Patila et al.,
2016), we still cannot rationalize the process and predict the
catalytic behavior of the biocatalysts. Especially for ATAs, which
are active as homodimers and require proper PLP incorporation
in the active site, the interactions with 2D materials can be quite
intervening and interfere with the dimer formation. To this day,
there are scarce or no data about the effect layered nanomaterials
have on the activity and on the structure of these enzymes.

Aiming to understand the structure-function relationships of
ATAs when interacting with 2D materials, we studied the effect
GO has on the activity, stability, and secondary structure of 7 (S)-
selective ATAs, expressed and purified in our laboratory; namely,
three variants from Ruegeria sp. TM1040 (Rst-1 to Rst-3), which
we developed for acceptance of bulkier substrates (Pavlidis et al.,
2016; Weiß et al., 2016), an ATA from Sagittula stellata E-37 (Sst)
with high identity to Rst-1 (∼90%), and the widely studied ATAs
from Vibrio fluvialis (Vfl), Chromobacterium violaceum (Cvi),
and Ruegeria pomeroyi (Rpo). The selected enzymes share
identity as low as 30%, to cover a broad range of (S)-ATAs.
The specific activity of ATAs in the absence and in the presence of
GO (up to 0.1 mg/ml) was determined in the reaction of (S)-1-
phenylethylamine with pyruvate, while the same reaction was
used to monitor their stability and temperature profile. The
secondary structure and the melting temperature of the (S)-
ATAs was determined via circular dichroism under similar
conditions. These results help us to understand the effect of
the interaction of GO with fold class I PLP-dependent enzymes,
and hopefully they can aid the design of robust and more active
immobilized biocatalysts.

MATERIALS AND METHODS

Sodium pyruvate (≥99%) was purchased from Serva. (S)-α-
phenylethylamine [(S)-PEA, 98%], acetophenone (ACP, 99%),
and pyridoxal 5′-phosphate (PLP) monohydrate (98%) were

purchased from Alfa Aesar. Dimethyl sulfoxide (DMSO,
99.9%) was purchased from Fischer Chemical. Graphite oxide
(GO) was synthesized as described in Paragraph 2.2. Enzymes
were expressed as described in Paragraph 2.2 and purified as
described in Paragraph 2.3. All other reagents and solvents were
of analytical grade or superior.

Synthetic Procedure of Graphite Oxide
For the synthesis of GO we used a modified Hummers method
(Hummers and Offeman, 1958). Via this method, graphite oxide
is generated from graphite using strong acids. In detail, 0.5 g of
graphite and 0.5 g sodium nitrate were added to a beaker with
23 ml sulfuric acid (96%), and the mixture was stirred for 15 min.
The reaction beaker was placed for cooling in an ice bath. After
the end of 15 min, 3.2 g of potassium permanganate were added
in small portions and the stirring was continued for 1 hmore, and
at the same time the mixture was heated to 28°C. The temperature
was further increased to 95°C and an addition of 40 ml H2O was
followed. The reaction mixture was stirred for 30 min before
further addition of 100 ml H2O. As the final step, hydrogen
peroxide (30 wt%) was slowly added. The mixture was purified
by repeated centrifugation and washings several times with H2O.
The obtained sample of graphite oxide was dried at room
temperature and it was characterized with X-ray diffraction
(Supplementary Figure S1) and X-ray photoelectron
spectroscopy (Supplementary Figure S2).

Bacterial Strains and Growth Conditions
All ATAs were overexpressed in Escherichia coli BL21(DE3) cells,
transformed with the respective plasmids. The amino acid
sequences of the respective enzymes are provided in the
Supplementary Material. Briefly, 5 ml of an overnight culture
of a single colony of E. coli BL21(DE3) with the construct of
interest was used to inoculate 500 ml of Lysogeny Broth (LB)
medium containing the respective antibiotic (50 μg/ml
kanamycin for Vfl and Cvi and 100 μg/ml ampicillin for the
rest). The culture was incubated at 37°C with orbital shaking at
300 rpm until the OD at 600 nm (OD600) reached a value of
0.6–0.8. At that point, the expression of the genes of interest was
induced with 0.2 mM isopropyl β-d-1-thiogalactopyranoside
(IPTG) and left for 16–18 h at 20°C and 300 rpm for the
expression. At that point, the biomass was harvested by
centrifugation at 6,000 x g for 15 min at 4°C. Supernatants
were discarded and the pellet was resuspended in 7–9 ml of
phosphate buffer (50 mM, pH 7.5) with 300 mM NaCl,
0.1 mM PLP and 15 mM imidazole. Cells were lysed by
sonication using an Ultrasonic sonicator LABSONIC P, at 30%
amplitude, 50% pulse, for five cycles of 30 s sonication, following
30 s of resting in ice. The suspension was then centrifuged at
6,000 x g for 15 min at 4°C and the supernatant containing the
soluble proteins including the His-tagged ATAs was collected,
filtered with 0.22 μm PVDF filters, and used for purification.

Protein Purification
Purification of ATAs was performed by affinity chromatography,
using ÄKTA Start Protein Purification System controlled from
the UNICORN 7.0 software (GE Healthcare Life Sciences) with
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an Ni-NTAHisTrap HP 5 ml column. Equilibration of the system
was performed using Buffer A (phosphate buffer, 50 mM, pH 7.5
with 300 mM NaCl and 0.1 mM PLP) and Buffer B (Buffer A+
300 mM imidazole) in a ratio of 95% buffer A and 5% buffer B
with 3 ml/min flow. The column was loaded with the sample with
1.5 ml/min flow. Washes were performed using four volumes of
90% buffer A and 10% buffer B while the flow was restored to
3 ml/min. Elution was performed with 100% Buffer B and
fractions were collected. Afterwards concentration and
desalting of the eluted protein was performed by using an
Amicon centrifugal filter with a molecular weight cut off of
30 kDa and Buffer C (phosphate buffer, 50 mM, pH 7.5 with
0.1 mMPLP). The desalted protein was aliquoted and flash frozen
with liquid nitrogen, while SDS-PAGE and protein quantification
(via Bradford assay, Bradford, 1976) were performed to
determine the purity and concentration of the produced ATA.
Samples were stored at −20°C until use.

ATAs Activity Assay
For the specific activity measurements, an established
photometric assay was employed (Schätzle et al., 2009) using a
Multiskan Sky 96-well plate reader (Thermo Fisher). Briefly,
200 μL of a reaction mixture, containing 2 mM sodium
pyruvate, 1 mM (S)-PEA, in HEPES buffer (50 mM, pH 8.0)
were incubated with free enzyme (final concentrations: Rsp-1,
22.3 μg/ml; Rsp-2, 150 μg/ml; Rsp-3, 91 μg/ml; Sst, 37.4 μg/ml;
Vfl, 17.6 μg/ml; Rpo, 39.2 μg/ml; Cvi, 20.8 μg/ml) at 30°C. The
increase in absorbance due to ACP production (ε �
14,690 M−1 cm−1) was monitored for 5 min, with 15 s time
interval, at 245 nm using Greiner UV-Star 96-well plates. One
unit of activity was defined as the amount of enzyme that was
required to produce 1 μmol of ACP per minute at the assayed
conditions. For the temperature profile measurements, all
conditions were the same; however, the reaction medium was
preheated before measurements at the temperature of interest for
each experiment. All measurements were at least in triplicate.
Herein we would like to state that the experiments were
performed at pH 8.0 as at this pH all studied (S)-ATAs
exhibit high stability; nevertheless, some ATAs perform better
at more alkaline pH (data not shown).

Operational Stability Measurements
The operational stability experiments were performed with the
same conditions as described in Paragraph 2.5. The enzymes were
incubated at 40°C in HEPES buffer (50 mM, pH 8.0) with sodium
pyruvate (2 mM final concentration), at 400–600 rpm. For the
samples with GO, 25 μg/ml of GO were present in the solution.
Samples were removed at specific time intervals, and they were
incubated for 10 s on ice and for 5 min at 30°C in the plate reader
to reach the temperature of the activity assay. Reactions were
initiated with the addition of (S)-PEA (1 mM) and the specific
activity was measured as described in Paragraph 2.5.

Circular Dichroism Experiments
All circular dichroism (CD) measurements were performed with
A Jasco J-810 spectropolarimeter, equipped with a 150W xenon
lamp and a Peltier temperature controller. In all measurements, a

1 cm pathlength quartz cuvette was used, while the ATAs were
diluted in phosphate buffer (5 mM, pH 7.5), at concentrations
that allow the measurement (see Paragraph 2.7.1 and 2.7.2 for
exact concentrations). Wherever GO was used, the experiments
was conducted under the same conditions, with the only
alteration being the addition of 25 μg/ml GO (starting from a
stock of 1 mg/ml in the respective buffer).

Secondary Structure Measurements
The spectra for the secondary structure estimation were recorded
in the far-UV region (200–250 nm) with a response time of 8 s
and scan speed of 50 nmmin−1, at 30°C. The concentrations used
for the enzymes were: Rsp-1, 22.3 μg/ml; Rsp-2, 22.5 μg/ml, Rsp-
3, 37 μg/ml; Sst, 28.6 μg/ml; Vfl, 27.9 μg/ml; Rpo, 39.2 μg/ml; Cvi,
27.8 μg/ml. Measurements below 200 nmwere not possible due to
high background absorbance. Three scans were accumulated and
averaged for each spectrum. A spectrum of the buffer was
measured in the same way, and it was subtracted afterwards in
the analysis from the spectra of the enzymes. All ellipticity (mdeg)
data collected were converted into mean molecular ellipticity data
using the following formula:

M.M.E � 100 × CD
l × c × n

where MME: mean molecular ellipticity per amino acid (deg
cm2 dmol−1), CD: circular dichroism (ellipticity, deg), l: optical
pathlength (cm), c: molar protein concentration (M) and n:
number of protein residues. Lastly, analysis was conducted
using the online platform Dichroweb (Miles et al., 2021) using
neural network algorithm K2D (Andrade et al., 1993).

Melting Temperature Measurements
Melting temperature (Tm) of ATAs was determined bymeasuring
the ellipticity change at 222 nm which corresponds to α-helix
content with increase of temperature. The final enzymes
concentrations used were: Rsp-1, 22.3 μg/ml, Rsp-2, 15.0 μg/ml;
Cvi, 20.8 μg/ml. Temperature was increased at a rate of 2°C/ min
and measurements were acquired every 0.1°C. In order to
calculate the Tm, the obtained experimental measurements
were fitted to a 5-parameter sigmoidal curve.

Bioinformatic Analysis of Surface
The bioinformatic analysis was performed with YASARA
Structure software (v.21.8.27). The structures used were: for
the Rsp variants, the PDB ID: 3fcr (crystal structure of the
wild type), for Vfl the PDB ID: 3nui, for Rpo the PDB ID:
3hmu, and for Cvi the PDB ID: 6snu (crystal structure of the
mutant W60C). Although the crystal structures used for Rsp and
Cvi are not exactly the same as the enzymes used in the present
work, they are selected for this bioinformatic analysis, as (1) we
would like to avoid using models and (2) the mutations are not on
the surface and thus their influence in the analysis is expected to
be negligible. For each structure the water molecules and any
ligands co-crystallized, apart from PLP, were removed, the
structures were cleaned from errors and the dimer was
prepared, in the cases that the structure was provided in a
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different oligomerization state. The solvent accessible surface area
of the dimer was then calculated, as well as the electrostatic
potential, using the Poisson-Boltzmann Solver. The force field
YASARA2 was used in pH 7.5 to calculate the total charge of the
dimers.

RESULTS

Effect of GO on Catalytic Activity and
Operational Stability of ATAs
Initially, we studied the effect the presence of GO (0—100 μg/ml)
has on the activity of 7 (S)-ATAs using the established
photometric protocol of Schätzle et al. (2009), with (S)-PEA
and pyruvate as substrates, at 30°C. As seen in Figure 1A, the
presence of GO does not have a universal effect in the activity of
the investigated ATAs. Specifically, the presence of GO leads to an
increase of the enzymatic activity of all Rsp variants up to 40%.
The fact that all variants exhibit the same effect has to do with the
fact that the mutations are located in the active site and not in the
surface, thus no significant changes on the interaction with the
GO are expected, rather than intrinsic behavioral changes (such
as stability of the variants). The increase in activity does not seem
to be linearly correlated with the concentration of the GO. For
instance, in the case of Rsp-1 the lower concentration of GO used
(25 μg/ml) was the optimal for the activity. The activity of Sst and
Rpo does not alter significantly, while the activity of Vfl and, more
dramatically, of Cvi is significantly decreased in the presence of
GO, in a dose-dependent way; in the case of Cvi, even 25 μg/ml of
GO led to loss of 30% of its activity, while 100 μg/ml leads to the
loss of half of the activity.

To further investigate the effect of the GO on the activity of
(S)-ATAs, we determined the temperature profile of Rsp variants
and Cvi, as the enzymes that were influenced the most from the
presence of GO. Our aim was to see if the effect is maintained in
higher temperatures. The profile is measured up to 45°C, as at
higher temperatures all enzymes investigated lose their activity
quickly (1–3 min) and the assay cannot be completed. As seen in

Figure 1B, for all ATAs studied, the temperature profile is not
significantly affected by the presence of 25 μg/ml GO; all ATAs
exhibited an optimal at 40 or 45°C. Only in the case of Rsp-1, the
increased activity observed in the presence of GO is maintained at
all temperatures. For all other enzymes, the effect the GO has on
activity is lost with the increase of temperature, something that
hints that the effect of GO on ATAs relies on weak interactions,
which can be easily disrupted by an increase in temperature.

The same AΤAs were subjected in stability measurements at
40°C, with (25 μg/ml) and without GO in a time frame of 24 h. As
shown in Figure 2, the GO influence significantly the stability of
Cvi, and in a lesser way extend the Rsp variants. Cvi is inactivated
quite fast at 40°C, as in 1 h it already loses ∼60% of its activity. The
negative effect of GO is also reflected in the stability of the
enzyme, which loses ∼95% of its activity at the same time. In the

FIGURE 1 | (A) Relative activity (%) of 7 ATAs in the presence of variable GO concentrations (25 μg/ml, red; 50 μg/ml, green; 100 μg/ml, blue) in HEPES buffer
(50 mM, pH 7.5) at 30°C and (B) temperature profile of Rsp-1 (black), Rsp-2 (green), Rsp-3 (blue), and Cvi (red), in the presence (25 μg/ml, circle) or in the absence of GO
(Xmark), in HEPES buffer (50 mM, pH 7.5), at 30–45°C. All activity determinations were performed in the transamination reaction of (S)-PEA (1 mM) with pyruvate (2 mM),
as described in Paragraph 2.5. Standard deviation is omitted for clarity; in all cases, it was less than 8%.

FIGURE 2 | Operational stability of ATAs (Rsp-1, black; Rsp-2, green;
Rsp-3, blue; Cvi, red) in the presence (25 μg/ml, dashed line) or in the absence
of GO (continuous line) in HEPES buffer (50 mM, pH 8.0) at 40°C. All
operational stability experiments were performed in the transamination
reaction of (S)-PEA (1 mM) with pyruvate (2 mM) at 30°C, as described in
Paragraph 2.6.
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case of the Rsp variants, the positive effect of GO is projected in
the stability of the enzymes in a lesser extent and the intrinsic
stability is the most important parameter influencing the stability.
Only in the case of Rsp-1 GO induces a higher hyperactivation of
this ATA by 80% in the first hour of incubation, but the GO does
not provide a protective effect; this variant quickly loses its
activity after the first hour, and after 24 h of incubation it
maintains only 17% of its activity, while the one without GO
maintains 11% (data not shown). Rsp-2, as described in literature
(Pavlidis et al., 2016), is more stable than Rsp-1 and its
hyperactivation leads to an increase of activity by ∼40% after
3 h, which is maintained after 24 h, while the enzyme without GO
maintains 130% of the activity before incubation. Rsp-3, as it is
based on the Rsp-2, is also stable, but it does not exhibit
hyperactivation and it retains ∼55% of its activity after 24 h,
irrespective of the presence of GO. These effects on the stability of
Rsp variants are attributed to the mutations introduced between
variants and not to the interaction with the GO, as the differences
of the stability with and without GO are low in the long run
(<10% after 24 h).

Effect of GO on Secondary Structure of
ATAs
In order to understand the effect of the GO on the activity and
stability of the ATAs, we investigated the potential alterations on
the secondary structure elements of the enzymes, in the presence
of 25 μg/ml and 50 μg/ml GO, using circular dichroism. The
algorithm K2D (Andrade et al., 1993) was selected after a
prescreening of several algorithms, as it was the one that
provided results closer to the known crystal structures (data
not shown) and could be used with the restricted spectrum we
had, due to the high absorbance of the sample (no measurement
possible <200 nm). As seen in Table 1, the presence of 25 μg/ml
does not influence significantly the secondary structure of most
enzymes. In the case of Cvi and Vfl, the two enzymes that their
activity is negatively influenced, the presence of GO leads to
increase of random coil, something that indicates unfolding,
however the differences are small and in the frame of
statistical error. In the case of Cvi, which activity is influenced
in a greater extent from the presence of GO, the α-helical content
is decreased, which is related with the activity of the enzymes (De

Diego et al., 2005; Wu et al., 2014), and thus the structural results
seem to correlate with the negative influence on activity. Rsp-1
and Rsp-2 lose a significant amount of the β-sheets (about 3–4%
of total structure), which in the case of Rsp-1 is reflected in
increase of the random coil content. However, the content of
proteins in β-sheets is not related to the activity and thus it is not
influencing negatively the activity. The results at 50 μg/ml (data
provided in SI) were similar.

As mentioned before, the content of α-helix is considered
correlated to the enzymatic activity (De Diego et al., 2005; Wu
et al., 2014). Thus, to correlate the stability observed for the (S)-
ATAs with structural data, we calculated the melting
temperature of the enzymes, based on the analysis of the
negative peak of ellipticity at 222 nm, which is attributed to
α-helix. The increase in temperature results in a sigmoidal
curve, where the melting temperature can be calculated (see
Supplementary Figure S3). We investigated Rsp-1, Rsp-2, and
Cvi, as they provided the most interesting results in stability
experiments. Rsp-1 exhibited significant hyperactivation and
statistically important improvement of activity at the first hours
of incubation. Rsp-2 is also exhibiting hyperactivation, but
more importantly has an intrinsic better stability compared
to Rsp-1. The activity of Cvi was negatively affected from the
presence of GO, both in activity and stability measurements. As
seen in Table 2, the melting temperature of Rsp-1 and Rsp-2
were not significantly affected by the presence of GO, as the
operational stability experiments indicated. However, it can be
observed that the Rsp-2 has an increase of about 2°C in the
melting temperature compared to the less stable variant, Rsp-1.
This difference is observed regardless of the presence of GO.
The most interesting finding was the significant decrease of the
melting temperature of Cvi in the presence of GO, as a decrease
of more than 10°C is observed. These results are in line with the
significant decrease in activity and stability of this enzyme in the
presence of the nanomaterial. The melting temperature
calculated with this technique is significantly higher
compared to the temperature that the enzyme loses its
activity, but we need to highlight here that the Tm calculated
from circular dichroism refers to the temperature where 50% of
the enzymes lose their structure (as calculated from the α-
helical content), while Tm calculated from activity
measurements relies on the loss of activity. In several cases,
small changes in structure are responsible for the loss of activity,
way before the protein is unfolded, and thus Tm based on
activity is lower than the one based on the structure of the
protein (Gall et al., 2014).

TABLE 1 | Secondary structure analysis of (S)-selective ATAs in the presence
(25 μg/ml) and in the absence of GO in phosphate buffer (5 mM, pH 7.5), at
30°C. Enzyme concentration varied from 22.3 to 39.2 μg/ml. All spectra were
measured at least duplicate with three scans per sample, as described in
Paragraph 2.7.1.

% α-helix % β-sheets % Random coil

Enzyme w/o GO With GO w/o GO With GO w/o GO With GO

Rsp-1 29 ± 3 29 ± 1 19 ± 3 16 ± 1 52 ± 6 55 ± 0
Rsp-2 29 ± 3 31 ± 1 20 ± 4 16 ± 2 51 ± 1 53 ± 2
Rsp-3 31 ± 1 30 ± 1 17 ± 1 18 ± 2 53 ± 1 53 ± 2
Sst 33 ± 1 34 ± 1 18 ± 0 18 ± 1 49 ± 1 49 ± 2
Rpo 31 ± 1 30 ± 0 12 ± 1 13 ± 0 58 ± 1 57 ± 1
Vfl 31 ± 1 30 ± 3 18 ± 1 15 ± 1 51 ± 1 55 ± 3
Cvi 35 ± 3 32 ± 2 16 ± 2 16 ± 1 49 ± 3 52 ± 2

TABLE 2 | Melting temperatures of Rsp-1 (22.3 μg/ml), Rsp-2 (15.0 μg/ml), and
Cvi (20.8 μg/ml) in phosphate buffer (5 mM, pH 7.5) in the presence
(25 mg/ml) or absence of GO, as calculated by the analysis of the ellipticity at
222 nm. Experimental details are provided in Paragraph 2.7.2. All data are
measured at least in duplicate.

Enzyme Tm (°C) Tm with GO (°C)

Rsp-1 58.3 ± 0.2 58.2 ± 0.3
Rsp-2 60.5 ± 0.3 59.8 ± 1.0
Cvi 83.9 ± 2.1 72.3 ± 2.8
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DISCUSSION

Graphite oxide interactions with enzymes and peptides has been
widely investigated in past studies (Baptista-Pires et al., 2014; Wang
et al., 2015; Pandit and De, 2017), mainly in terms of immobilization
(Zhang et al., 2010; Adeel et al., 2018), and reviews have been
published trying to elucidate the leading interactions present in
graphite oxide and biomolecules (Nie et al., 2019; Chaudhary et al.,
2021). All aforementioned studies conclude that the forces that reign
the nanomaterial-biomolecule interactions are hydrophophic,
electrostatic, π-π stacking, and hydrogen bonds. The extent of the
interactions depends on many structural factors on both enzymes
and nanomaterials. Huang et al. (2020) investigated the interactions
of trypsin with GO and found that both secondary and tertiary
structure of the enzyme is affected, due to the intramolecular
interactions mentioned before, mainly due to hydrophobic
interactions. In another study, Zhang and colleagues (2010)
immobilized efficiently horseradish peroxidase onto GO and
found that the driving force was hydrogen bonds formed with
the oxygen functionalities of the nanomaterials. Trypsin has
higher affinity to hydrophobic surfaces (Koutsopoulos et al.,
2007), while horseradish peroxidase is a more hydrophilic protein
(Jia et al., 2010). A deeper physicochemical investigation was
performed by Pandit and De (2017), where they explored the
interaction of peptides with graphite oxide, in terms of
thermodynamics, and their findings suggest that electrostatic
interactions with Lys, His, Arg, Phe, and Tyr and π-π stacking
with Trp are the ruling forces when peptides and graphite oxide
meet. All the above clearly show the complicated way this material
interacts with enzymes and their building blocks.

To the best of our knowledge, this is the first report on
interactions of graphite oxide with amine transaminases. The
(S)-selective ATAs form dimers, with the catalytic center located
in the interface of the two monomers. The structure of the (S)-
ATAs studied in our work is not heavily influenced from the
presence of GO, as shown from the CD measurements. Thus, the
GO does not seem to intercalate in the dimer formation, something
shown also from the fact that all (S)-ATAs remain active upon
interaction with the GO. Our findings suggest that the catalytic
behavior differences observed are structure dependent, a fact which
is in accordance with the aforementioned studies for other enzyme
classes. The surface chemistry of enzymes heavily influences the
interactions of the enzymes with the nanomaterials, and even the
localization of the interacting groups on the surface can be critical.
In a previous work we have identified that hydrolases interact with
GO and carbon nanotubes both with hydrophobic and electrostatic
interactions (Pavlidis et al., 2012). Τo understand the reason of the
alterations in catalytic behavior of the enzymes studied, we
calculated their available surface area, their electrostatic
potential, and their total charge (see Supplementary Table S2).
As a reminder, the catalytic behavior of Vfl and Cvi, in a larger
extent, are negatively influenced from the presence of GO, while
the Rsp variants and Rpo are activated. The surface area is not
correlated to these findings. On the contrary, the total charge of the
proteins investigated seems to have some correlation; the enzymes
that are activated are more negatively charged, while the ones
whose activity and stability are decreased are also negatively

charged but have significantly less total charge. A direct
correlation cannot be established, as the localization of the
interaction is quite important. For instance, if the interaction
happens close to the entrance to the active site, it can lead to
diffusion limitations for the reactants. Nevertheless, a visual
observation of the 3D structures of the four crystal structures
analyzed in Supplementary Table S2 did not reveal hydrophobic
or positively charged patches on their surface, and thus facilitate
the interactions (data not shown). Nevertheless, we need to state
that the correlation observed here does not imply causation, and
further studies are required to fully understand the effect. Cvi
clearly loses its activity and stability when the nanomaterial is
present and does not seem to be a suitable enzyme for
immobilization studies with this particular carbon-based
nanomaterial. Rsp and Rpo seem more suitable candidates for
immobilization studies; however, their negative charge may lead to
repulsive forces with the nanomaterial and thus to low enzyme
loading.

CONCLUSION

The effect of nanomaterials on the catalytic behavior of enzymes
strongly depends on the interactions developed between the
counterparts. Herein we observed that the effect of GO on the
activity of several (S)-selective ATAs is not uniform and can
greatly vary. The addition of up to 0.1 mg/ml GO in the reaction
medium leads to up to 50% improved activity of (S)-ATAs that
are not highly negatively charged, while these enzymes maintain
their thermal stability. However, in (S)-ATAs with significant
negative charge, the effect can be the opposite. The (S)-ATA from
Chromobacterium violaceum loses almost 50% of its activity in
the presence of 0.1 mg/ml GO. At the same time, its stability was
significantly decreased in the presence of 25 μg/ml GO, losing its
activity at a double rate compared to its thermal inactivation in
the absence of GO. Although the prediction of the effects on the
catalytic behavior is not yet possible, we still can relate the
changes in activity and stability with some local minor
structural changes. For instance, the negative effect observed
in the activity and stability of Cvi seems to rise as a loss of α-
helices, accompanied with an equal increase in random coil (∼3%
in the presence of 25 μg/ml GO). These changes seem to arise
from the weak interactions of GOwith the ATAs. From this work,
a hint is provided that the total charge of the enzyme, at least for
the (S)-ATAs studied, may be correlated with the effect on the
catalytic behavior, as it is the driving force for the intensity of the
interactions between the nanomaterial and the enzyme.
Nevertheless, we are still far from predicting the interactions
and their effect on the behavior of enzymes, in order to be able to
rationally design nanobiocatalytic systems.
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