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Abstract

Background and purpose: Tobacco etch virus (TEV) protease is a protease with high sequence specificity
which is useful for the cleavage of fusion proteins. A major limitation of this enzyme is its relatively poor
solubility. This study aimed to investigate the effects of some suggested mutations by online tools and molecular
dynamics simulation to improve the solubility of TEV protease in vitro.

Experimental approach: We designed a rational multi-stage process to determine the solubilizing mutations
of TEV protease. At the first stage, all the possible mutations were predicted using online tools such as
PoPMuSIC and Eris servers, in which five mutations include N23F, N23L, Q74L, Q74V, and Q741 were
suggested for further studies. In the next step, the three dimensional structure of the wild type (WT) and the
best mutations were subjected to molecular dynamic simulations to evaluate the dynamic behaviour of the
obtained structures. The selected mutation was introduced into the structure using site-directed mutagenesis
and expressed in Escherichia coli BL21DE3. After purification, solubility and activity of the purified mutant
and WT-TEV proteases were assayed.

Findings / Results: By considering the analysis of various factors such as structural and solubility properties,
one mutant, N23F, was selected for in vitro studies which led to a 1.5 times increase in the solubility compared
to the WT while its activity was decreased somewhat.

Conclusion and implications: We propose N23F mutation, according to computational and
experimental analyses for TEV proteases which resulted in a 150% increase in solubility compared
to the WT.

Keywords: Molecular dynamics simulation; Site-directed mutation; Solubility; TEV protease.

INTRODUCTION

Tobacco etch virus protease is the 27 kDa
catalytic domain of a larger viral protein i.e. Nla.
TEV proteases is widely used to remove the N- or
C- tags from recombinant fusion proteins (1), an
effective tool for in vitro and in vivo
biotechnological applications such as in vitro
enzymology tests (2), in vivo targeting (3-6),
stoichiometric expression of multiple proteins
(7), complementation assays (8), and several
other applications (9). It has several outstanding
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features including strong specificity to recognize
its target sequence “ENLYFQG/S” (10,11),
ability to create natural N-terminal after cutting in
natural proteins (10,12), producibility in various
host cells from Escherichia coli (E. coli), to
complex organisms such as Drosophila (13),
HelLa and other mammalian cell lines (14,15)
without showing any toxicity to the host cells, and
maintaining activity at different temperatures,
buffers and media composition (16).
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However, wild-type (WT) TEV proteases
suffer from some limitations such as
autoproteolysis (self-cutting) between Met 218
and Ser 219 and low solubility (about 1 mg/mL)
7).

Until now, several approaches have been
introduced to tackle such issues. For instance,
replacing Serine 219 with glutamic acid, valine
or proline which resulted in producing variants
with higher resistance to autolysis (17).
However, addressing the solubility issue is a
complex process since the protein solubility
depends on various parameters such as amino
acid sequences and experimental conditions
including pH, temperature and salt
concentration (18). Several approaches have so
far been introduced to increase the solubility of
TEV proteases, which include optimization of
environmental  conditions,  selection  of
appropriate host strains (19), chaperone co-
expression (20), the use of new tags (21),
directed evolution and protein engineering
(22,23).

Molecular dynamics (MD) simulation is a
powerful  complimentary  computer-aided
approach to study the structure and function of
a protein at an atomic level with the possibility
of obtaining time-dependent information that
otherwise is difficult to achieve from wet-lab
experiments (24-26). In fact, providing
information about protein structure in solution
is one of the main advantages of MD (27).

This study aimed to investigate the effects of
some suggested mutations by online tools using
MD simulation to improve the solubility of
TEV protease in vitro.

MATERIALS AND METHODS

The methodology consists of both dry
(theoretical) and wet (experimental) lab
experiments. The theoretical investigations
included a selection of potential mutations
using online tools such as POPMuSIC, Eris, etc.
These tools usually predict changes in the
folding free energy upon mutations (28). Then,
the effects of the applied mutations studied
using MD simulations. For the experimental
section, screened mutation applied in vitro and
its practical effects were assessed.
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Theoretical section
Determination of mutations using online tools
PoPMuSIC server (http://dezyme.com/en/
software) was wused for rational design.
This server introduces single-site mutations
into a proteins’ structure and estimates the
variations in the AAGs values of such
mutations. In the next step, all of the possible
single-site mutations (4731 mutations) were
sorted by their AAGs in order to exclude the
ones with a AAGs > -1 Kcal/mol. Fifteen
stabilizing mutations were selected according
to these criteria. These favorable replacements
(Table 1) are located at three different positions,
Q74, N23, and S153. Afterward, the positions
of the favorable mutations were screened to
remove those interacting with active site
residues; hence, the S153 mutation was
eliminated (Fig. 1), and the rest of the mutations
were submitted to the Eris server
(https://dokhlab.med.psu.edu/eris/login.php) in
order to validate the corresponding AAGs.
Finally, the best mutations were selected for
further studies in terms of their scores at both
servers.

Fig. 1 Tobacco etch virus protease protease structure.
The catalytic triad H46, D81, and C151 are shown as ball
and stick mode in red. The residues prone to mutation
(N23, Q74, and S153) represent as stick mode in yellow.
The figure was generated by Discovery Studio visualizer
4.0 (http:// www.3dsbiovia.com).
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Table 1. The most negative AAGs of suggested mutations using PoPMuSiC and Eris servers.

. POPmusic AAG Eris ener

Mutations (Kcal/mol) (Kcal/mo?)y Score?
Q74l -2.22 -9.6 ++
Q74v -1.98 -6.83 ++
Q74F -1.82 9.01 +
N23I -1.68 2.36 +
Q74L -1.52 -5.01 ++
Q74W -1.52 9.74 +
Q74Y -1.46 4,39 +
N23V -1.45 5.55 +
S1531 -1.43 0.8 +
S153Vv -1.39 -2.0 ++
N23F -1.32 -2.26 ++
N23L -1.18 -3.88 ++
Q74C -11 1.28 +
N23Y -1.06 0.72 +
N23C -1.01 3.39 +

a, The mutations that had good score energetically in terms of both servers indicated with double plus and the other
mutations with one plus approved by Pop music server only.

Structure preparation

The initial three dimensional (3D) structure
of TEV proteases, a dimer of two similar
chains, was obtained from the Protein Data
Bank (PDB ID: 1LVM) (11). For this step,
just one chain was extracted and used to
add a hexa His tag to its N-terminal.
Moreover, considering the TEV protease
expression plasmid sequence, a moiety
containing  additional  residues of -
EEPFQPVKEATQLMNRRRRR- was added to
the C-terminal to create the WT structure.
Modeller 9.13 software was used to prepare the
3D structures of the WT and mutants. Of all the
generated structures the best five models of the
WT and mutations were selected in terms of the
least dope energy. The selected structures were
introduced to the PROCHECK server for
quality evaluation (29), and then to the Verify-
3D server to evaluate the model’s
environmental profile (30).

MD Simulations

GROMACS 5.1 simulation package with a
G43A1 force field (31) was used for MD
simulation (32) which was done in four steps:

First, the energy of the initial structures
obtained from the homology modeling step was
minimized using the steepest descent, and then
the conjugate gradient algorithms.

Second, the minimized structure was
solvated in a cubic box filled with about 10600
SPC/E 216 water molecules with a layer
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thickness of at least 10 A in all directions and at
neutral pH. The system neutralized by adding 9
Cl ions. Then, the system was evolved using
MD simulation at constant volume and
temperature (NVT) ensemble for 500 ps at 100
K, and then at a constant pressure and
temperature (NPT) ensemble for 1000 ps at 100
K in which the position of the atoms was kept
fixed. The thermostat and barostat equilibriums
were achieved using the Berendsen algorithm
(33).

Third, in order to obtain equilibrium
geometry at 300 K and 1 atm, the system was
heated at a weak temperature (t = 0.1 ps) and
pressure (t = 0.5 ps) coupling by adjusting the
velocities of the atoms following Maxwell-
Boltzmann distribution.

Fourth, 6 separate 20 ns simulations at 300
K with a time step of 2 fs at the NPT ensemble

and periodic boundary condition were
performed and the final structures were
obtained.  Nosé-Hoover thermostat and

Parrinello-Rahman barostat were used for this
step (33,34). The following conditions were
considered at the MD simulation; the Van der
Waals forces cut-off was set at 10 A. The
electrostatic interactions with a 10 A cut-off
were measured by Particle-Mesh Ewald (35).
LINCS algorithm used to constrain the lengths
of hydrogen-containing bonds (36). The update
frequency of the neighbor list was 10 ps.
Finally, the analyses were performed via
Gromacs 5 analysis tools.



Experimental section
Production of the TEV protease mutants

The N23F point mutation was introduced
into a TEV expression system -pKR793
plasmid (21) as WT-TEV protease sequence-
by Biomatik (Canada) and was expressed
in E. coli BL21DE3. Briefly, 1 L of the culture
was induced by isopropyl b-D-
thiogalactopyranoside (0.5 mM) for 3 to 4 h at
30 °C. The cells were then lysed using
sonication. Subsequently, the protein was
loaded on a 1 mL of Ni-NTA agarose (GE
Healthcare, USA), pre-equilibrated with 25
mM sodium phosphate, pH 8.0, 10% (v/v)
glycerol, NaCl (0.1 M), and 25 mM imidazole.
Then, the protein was eluted with 25 mM
sodium phosphate (pH 8.0), 10% (v/v) glycerol,
NaCl (0.1 M), 250 mM imidazole and the purity
of the -enzyme was determined by
sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). For each protein,
all the eluted fractions (which contain TEV
protease) were pooled and then stored at -80 °C
after a flash-freezing in liquid nitrogen.

Solubility assay

The solubility of TEV protease was assayed
by concentrating the purified protein using a
centrifugal approach. An initial concentration
(0.5 mg/mL) was prepared from purified
mutant and WT-TEV protease and pour 5 mL
of each to ultra centrifugal filter units (Thermo
Fisher Scientific ™, UK) with 10 kDa cut-off.
The concentrating process was started with a
centrifugal approach at 7000 rpm and at 4 °C.
Sampling process performed at regular 1-h
intervals without an obvious increase in the
initial protein volume. The concentrations were
assayed using the Bradford method with bovine
serum albumin as the standard. The maximum
concentration obtained when equilibrium was
reached, which is the plateau in absorbance. The
assay was performed in triplicate and reported as
a mean = standard error of mean (SEM).

Activity assay

Enzyme activity was measured using the
TEV protease activity assay kit (Biovision,
California, USA) following the manufacturer
protocol. Briefly, the procedure measures the
cleavage of a synthetic fluorescein-based
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peptide substrate by TEV protease, which is
releasing quantified fluorescein, and measuring
the absorbance by a fluorescence microplate
reader (excitation/emission at 490/560 nm).
The fluorescence (excitation/emission at
490/560 nm) was measured for 10 min at 34 °C
and at 30 sec intervals. Two time points (T1 and
T2) were selected in which their corresponding
referenced fluorescence units (RFU) were in a
linear range and were used to calculate the
ARFU and AT. Moreover, the standard curve
was plot using the 5-FAM standards, and was
used to calculate the corresponding RFU of the
sampling points and the activity of TEV
protease using the equation below:

TEVg3 protease activity of a sample = ey X

dilution factor

where, B is the calculated TEV protease amount
(ng) using the 5-FAM standard curve, V is the
initial volume of the sample added into the
reaction well (mL), and AT is the reaction time
(min).

RESULTS

Theoretical results
Homology modeling

The 3D structures of the WT and the mutants
were predicted using Modeller 9.13 based on
the 1LVM 3D structure as a template. The
Ramachandran plots of the suggested models
showed a good quality and over 98% residues
¢—y angles were in the most favored and
additional allowed regions (data not shown).
The verified 3D profile revealed that for all
models, 89.96% of the residues have an
averaged 3D-1D score of > 0.2 (data not
shown). The compatibility score is
corresponding to  acceptable  side-chain
environments and shows that the models have
overall self-consistency in terms of sequence-
structure compatibility.

MD Simulations

MD simulations were performed to study the
dynamic behavior of a protein structure. The
backbone root mean square deviation (RMSD)
values of the WT and mutant TEV protease
during MD simulation at 300 K are shown in
Fig. 2A.
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The structures reached a stable state after 10
ns with a standard deviation of less than 0.4 nm.

Root mean square fluctuations (RMSFs)
address the backbone flexibility and mobility of
a structure. Figure 2B depicts the RMSF of the
Ca of both WT and mutations, indicating that
the fluctuations were almost similar for all the
systems and the RMSFs of Ca of the residues
of the active site (HIS46, ASP81, and CYS151)
were small, and in the same range.

Table 2 shows the average value of various
properties of the WT and the selected mutants
of TEV protease during the last 10 ns of MD
simulation.

The radius of gyration (Rg) provides a
perspective on the size of the protein. The Rg
values for all mutants have increased slightly
compared to the WT and the TEV protease
structures fairly unfold due to the mutations,
probably because these mutations are in core
positions of the protein. Similar results were
obtained for total and active site solvent
accessible  surface area (SASA) and
intramolecular hydrogen bonds in both the WT
and the mutants, confirming the observed Rg
values. On the other hands, compared to the
WT-TEV protease the average number and the
pattern of hydrogen bonds in N23F mutant that
is formed during MD simulation (Fig. 3)
between the proteins and the solvent was
significantly increased, indicating a higher
solubility of N23F than that of the native
protein. The secondary structural elements of
the protein were calculated by the "do_dssp"

SEL A —WT —N23F

—Q741 —Q74L

—N23L
—Q74V

Rosetta AVNAPSA

RMSD (nm)

0 2 4 6 8 10 12 14 16 18 20

Time (ns)

function. Secondary structures of all models
were almost similar because the mutations were
not in a critical position for the secondary
structure formation.

Experimental results
Solubility assay

According to the MD simulations results, the
N23F mutation was a good choice to enhance
the solubility, therefore it was introduced into a
soluble TEV expression system. To calculate
the solubility plateau, both purified WT and
N23F proteins were subjected to the
concentration process starting from an initial
concentration of 0.5 mg/mL. For both proteins,
the sampling was performed at the same
interval times in order to determine their
concentration due time. As shown in Fig. 4, the
maximum  concentration (a plateau in
absorbance readings) for WT and N23F were
1.5 and 2.2 mg/mL, respectively; in other
words, the solubility of the N23F mutant was
increased 1.5 folds.

Activity Assay

The activity assays were performed
following the kit protocol. The kinetics curves
were obtained by measuring the enzyme
activity for up to 10 min for the same
concentrations (0.5 mg/mL) of the samples
(Fig. 5). As shown in the previous step,
although the solubility of the N23F mutant was
increased, the activity of the mutant was
decreased compared to the WT.

0.7 1 —WT —N3IF —N3]L —Q82I —Q82L —Q82V

RMSF (nm)

1 21 41 61 81 101 121 141 161 181 201 221 241

Residue number

Fig. 2. (A) The backbone RMSD of wild type and mutations at 300 K during 20 ns molecular dynamic simulation. (B)
The RMSF of residues of the WT and mutated TEV protease at 300 K during the last 10 ns molecular dynamic simulation.
Active sites residues (HIS46, ASP81, and CYS151) are located in 54, 89 and 159 positions duo to exist an additional N-
terminal His-tag. RMSD, Root mean square deviation; WT, wild type; TEV, tobacco etch virus.



Table2. The average of various properties during the
last 10 ns of simulation and differences between the
wild type and the mutated tobacco etch virus protease

at 300 K.

Proteins Radius of gyration (nm)

N23F 1.70 £ 0.008

N23L 1.69 +0.002

Q4L 1.68 £ 0.007

Q74v 1.68 £ 0.009

Q741 1.67 £ 0.009

WT 1.66 + 0.007
Protein-solvent hydrogen bonds

N23F 452.3 +13.3

N23L 4452 + 14.6

Q74V 443.0+13.2

Q74L 434.9+12.9

Q741 433.4 +13.6

WT 429.2 +13.7
Intra-molecular hydrogen bonds

Q74L 171.0x£7.0

N23L 166.8£7.4

Q741 166.7 +7.4

Q74v 163.8 £ 6.8

N23F 162.8£7.5

WT 1716 +£7.6
Total SASA (nm?)

Q74L 118.8+1.88

Q74Vv 1185+2.28

N23F 1182 +2.45

N23L 118.1 + 3.64

Q741 115.0+£2.15

WT 116.7 £2.12
Active site SASA (nm?)

Q74V 4.95+0.10

Q74L 5.00 £0.17

N23L 5.52 £0.13

N23F 5.55+0.22

Q741 5.69 £0.15

WT 496 £0.17

RFU

50000 14

40000 A

30000 4

20000 A

550 1

Number of hyrogen bonds

350

500 A

450 A

400 -
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—WT —N23F

10
Time (ns)

Fig. 3. The pattern of the hydrogen bonds during 20 ns
molecular dynamics simulation for wild type and N23F
mutant.

Concentrations (mg/mL)

- WT -©-N23F

Sample Numbers

Fig. 4. The Solubility curves for wild type and N23F
mutant. The maximum concentration was obtained from

the observed plateau in a concentration test.

—+—WT ——N23F

10000 'M
L

0

100

200

300

Time (S)

400

500

600

Fig. 5. The kinetics progress curves for wild type and mutant N23F. Calculated RFUs (for 10 min with 30 seconds
intervals) for the same amounts of samples were presented. RFU, Referenced fluorescence units.
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DISCUSSION

TEV protease is an enzyme with stringent
specificity that is very useful for the cleavage of
fusion proteins; however, its low solubility is a
major limitation. To overcome this drawback,
we followed a rational multi-stage process to
improve the solubility of the WT-TEV
protease. At the first stage, all the possible
mutations were predicted by PoPMuSIiC and
Eris server, in which five mutations were
screened for further studies in terms of the
obtained scores from both servers. However,
there are some limitations to such servers.
Being unable to change the protein structure in
a dynamics mode is one of the most important
issues, in other words, the applied mutations are
evaluated in a rigid mode (22), but it cannot be
described in a live molecules situation.
Therefore, such servers may only provide a
clue. Therefore, we only used the obtained data
from these servers as a clue and subjected the
obtained structures into MD simulations.

In the next step, 6 separate 20 ns MD
simulations executed at 300 K to compare the
dynamic behavior of the WT and the mutant
structures. The backbone RMSD values of the
structures during the MD simulation showed
that the structures reach a stable state. RMSFs
of the Ca WT and mutations in 300 K were
almost similar for all systems and the RMSFs
of the Ca of active sites residues (HIS46,
ASP81, and CYS151) were small, indicating
that probably their activity was very similar to
the WT.

On the other hand, in the case of N23F
mutation, the average number and the pattern of
hydrogen bonds during MD simulation between
protein and the solvent increased significantly
(compared to the WT-TEV protease),
indicating that the solubility of N23F is higher
than that of the native protein.

The average values of other properties
namely Rg, SASA, intramolecular hydrogen
bonds changed slightly. Although the changes
did not significantly influence the solubility,
they were likely to change the activity.
Therefore, by considering the analysis of
various factors such as structural and solubility
properties, the N23F mutant was selected for in
vitro studies.
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Generally, protein solubility is a complex
phenomenon that depends on various
parameters such as amino acid sequences and
environmental  conditions  namely  pH,
temperature, and salt concentration. In constant
environmental conditions, there are two general
approaches to alter the stability and solubility
of a protein, changing the surface residues in
order to change the surface interaction, or
changing the core residues in order to change
the hydrophobic core of the protein. The
positions of the suggested mutations (N23 and
Q74) are in the core region of the TEV protease
in which the polar residues replaced with
nonpolar residues. Therefore, it is expected that
such mutations might improve the hydrophobic
core packing of the protein and the stability of
TEV protease (37). On the other hand,
according to the MD results, in N23F mutation,
the number of hydrogen bonds between the
protein and the solvent significantly increased
compared to the WT-TEV protease.
Subsequently, the experimental solubility assay
of both purified WT and N23F TEV protease
proteins confirmed that, compared to the WT,
the solubility of the N23F mutant increased by
1.5 times while the activity was decreased
somewhat. It can be argued that the used servers
were not designed to predict the changes in the
activity. Also, It is due to the fact that the
activity of an enzyme cannot be addressed via
MD simulation since enzyme activity is a
chemical process and MD simulation does not
directly consider chemical reactions because
we omit electrons transition in enzyme’s active
site in MD simulation. Thus, MD simulation
can only provide indirect insight into the
enzyme activity for example by calculation of
RMSF or SASA of active site residues of both
mutants and WT-TEV protease. According to
the MD simulation results, a slight change in
activity was expectable for all of the mutants.

Cabrita et al. reported a double mutant
L56V/S135G resulting in an increase in the
solubility to almost 40 times compared to the
WT. The in vitro catalytic activity was also
improved compared to the WT-TEV protease
(22). Moreover, Berg et al. reported the
T17S/IN68D/177V mutant generated by a
directed evolution with a 5 folds increase in its
production level, but they did not reported the



in vitro solubility and activity of the purified
protein. In fact, in this work, a fluorescence-
based in vivo solubility screening was carried
out by cloning of the libraries into a plasmid
encoding a C-terminal GFP fusion (23). Fang et
al. investigated the solubility of two previous
TEV protease mutants: a double mutant TEV
protease 2M (L56V/S135G), a triple mutant
TEV protease 3M (T17S/N68D/177V), and a
combination of the above five mutations as a

quintuple mutant TEVp5S5M
(T17S/L56V/N68D/I77V/S135G). The results
showed that the maximum achievable

concentration for the WT, TEVp2M, TEVp3M,
and TEVp5M was 17, 22, 50, and 80 mg/mL,
respectively. They measured the level of
soluble TEV protease in the bacterial lysate
supernatants using an indirect approach in
terms of the S-tag fusion system. The observed
contradiction in the results of the studies
mentioned above might be due to differences in
measurement methods and sample types. In our
study, we used the purified enzyme sample for
this test and the in vitro solubility assayed
directly by a simple concentration method.
Wang et al. studied the mutations S219V,
L56V/S135G, and T17S/N68D/I77V from a
molecular perspective with molecular dynamics
simulations. The reported SASA of the three
mutants during MD simulation was less than
that of the WT while it was expected to be
higher because the mutations had a higher
solubility than the WT. They also concluded
that the stability of the mutants is higher than
the WT due to the compacting of the
hydrophobic cores in mutants (38).

CONCLUSION

The major aim of this study was to
investigate the effects of some suggested
mutations by online tools, and using molecular
dynamics simulation to improve the solubility
of TEV protease in vitro. N23F mutation was
the best according to computational and
experimental analyzes which resulted in a
150% increase in the solubility compared to
that of the WT. Although our main objective,
i.e. increasing the solubility of the TEV enzyme
was achieved, the in vitro studies revealed that
the enzyme activity was reduced due to
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limitation of the servers and MD studies to
predict changes in the activity. For future
studies, we propose further in silico studies (for
example using MD-docking investigations) to
predict any changes in the enzyme activity as
well.
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