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Abstract The efficiency and high specificity of tobacco etch
virus protease (TEVp) has made it widely used for cleavage
of recombinant fusion proteins. However, TEVp suffers
from a few intrinsic defects such as self-cleavage, poorly
expressed in E. coli and less soluble. So some mutants were
designed to improve it, such as S219V, T17S/N68D/I77V
and L56V/S135G etc. MD simulations for theWT TEVp and
its mutants were performed to explore the underlying dy-
namic effects of mutations on TEVp. Although the globular
domains are fairly conserved, the three mutations have di-
verse effects on the dynamics properties of TEVp, including
the elongation of β-sheet, conversion of loop to helix and the
flexibility of active core. Our present study indicates that the
three mutants for TEVp can change their secondary structure
and tend to form more helixes and sheets to improve stabil-
ity. The study also helps us to understand the effects of some
mutations on TEVp, provides us insights into the change of
them at the atomic level and gives a potential rational method
to design an improved protein.
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Introduction

Tobacco etch virus protease (TEVp) is a 27 kDa catalytic
domain of the nuclear inclusion a (NIa) protein targeting the
recognition specific sequence ENLYFQG/S. Owing to its
stringent sequence specificity, overproduction in E. coli,
and retaining activities in different temperature and compo-
sition, TEVp is frequently utilized for cleavage at the
designed TEVp cut between the tag and target protein to
produce native protein in vivo and in vitro [1–6].

As a tool for removing tags from recombinant fusion pro-
teins, TEVp suffers from a few intrinsic defects. One is that
wild type TEVp cleaves itself between Met218 and Ser219 in
the TEVp protease catalytic domain to generate a truncated
enzyme with greatly diminished activity [1]. Replacing serine
at 219 with glutamic acid, valine or proline conferred proteases
with greater resistance to auto-inactivation [7]. The S219V
mutant was highly resistant to auto-inactivation with ~100-fold
slower than the wild type, and improved catalytic activity
in vitro compared with the wild type. The other is that TEVp
is poorly expressed in E. coli and less soluble. Mutations of
certain amino acid residues in TEVp also enhance the protein
solubility. The soluble mutants containing T17S/N68D/I77V
termed TEVSH was generated by directed evolution using the
enhanced GFP (EGFP) as a C-terminal solubility reporter. It
displayed more than fivefold increase in production of the
purified protease [8]. So far, its solubility and activity in vivo
have not been reported. The folding mutants containing
L56V/S135G was constructed by rational design based on
the predicted values of folding free energy uponmutation. This
double mutant remained soluble at concentration more than
40 mg/ml and displayed the improved catalytic activity in vitro
compared with WT TEVp [9].

Crystal structures of the catalytically inactive and catalyt-
ically active TEV protease in complex with a peptide sub-
strate and product respectively, provided the first insight into
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the three-dimension structure of this enzyme at atomic reso-
lution [10]. Owing to self-cleavage of TEVp, this two crystal
structures were truncated and without the C-terminal. Sub-
sequently, by replacing Cys151 of TEVp with Ala to make it
inactivation, the crystal structures consisted of the whole
TEVp had been obtained to provide an insight into the
outline of the C-terminal [11]. TEV protease crystal struc-
tures confirm that, as expected, this enzyme adopts the
characteristic two-domain anti-parallel β-barrel folds that
typify the trypsin-like serine proteases with the catalytic triad
residues His46, Asp81 and Cys151 located at the interface
between the domains (Fig. 1a). And the C151A crystal
structure displays that the C-terminal binds with the active
sites, suggesting the role of the C-terminal on the catalytic
activity of TEVp [11]. Although TEVp formed dimer as was
shown in the crystal structure, its native conformation was in
the form of monomer [10].

As a complimentary approach, molecular dynamics (MD)
simulations have become a powerful tool to provide atomic
level and time-dependent information for protein structure
and functions that otherwise is difficult to obtain from ex-
periments [12–15]. The main advantage of this technique is
that it can model aspects of protein structure in solution [16].

The structure of TEVp could be observed directly because
of the success resolution of crystal structure, but the changes
of various mutant types at the atomic scale were not under-
stood and why mutations at these sites could influence func-
tions was not clear. For this purpose, as mentioned above, we
selected wild type of TEVp as control, and three mutants that
are S219V, T17S/N68D/I77V and L56V/S135G mutants to
obtain the mechanism of them with molecular dynamics
simulations.

Materials and methods

Structure preparation

The initial 3D structure of TEVp was taken from the Protein
Data Bank (PDB ID: 1Q31) obtained by x-ray [11]. The
globular domain (Fig. 1a) contains two-domain antiparallel
β-barrel folds that typify the trypsin-like serine proteases
with the catalytic triad residues His46, Asp81 and Cys151
located at the interface between the domains.

Residue Cys151 of this structure was replaced by Ala,
moreover, the three N-terminal residues of each monomer,
residues 223-234 of chain A and residues 222-234 of chain B
were not visible in electron density maps. So we selected the
chain A of PDB 1Q31, built loops of the defective residues,
replaced Ala151 by Cys, and generated WT (the wild type)
by using Modeller program [17–20]. The structures of the
studied mutants T17S/N68D/I77V, L56V/S135G and S219V
were also constructed using Modeller program by replacing
the corresponding residues based on WT.

Molecular dynamics (MD) simulations

Molecular dynamics simulations were performed with
NAMD simulation package [21] and the CHARMM27 force
field [22]. Each form of TEVp structure was solvated in a
cubic box by using TIP3P [23] water molecular with at least
10 Å between protein and box-boundary and simulated at
neutral PH. In particular, here Cl- ions were added to keep the
system neutral. First, we minimized each system energeti-
cally to remove bad contact with the protein atoms positions
constrained and then relaxed them by using conjugate

Fig. 1 Structures of the WT TEVp. a The backbone is shown in new-
cartoon pattern and α-helix, β-sheet, turn and coil regions are shown in
pink, yellow, cyan and white, respectively. The catalytic triad (His 46,
Asp81, Cys151) is shown in licorice and colored by blue. The mutant

residues sites is also shown in licorice and colored by red. b Surface
electrostatic potential representation of the WT type. Positive, negative,
neutral polar and non-polar residues are colored blue, red, green and
gray, respectively
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gradient method. Subsequently each system was subjected to
60 ps and then heated from 0 to 300 K followed by an
equilibration run. Each system was then simulated for 30 ns
and the trajectories were saved at 10 ps intervals for further
analysis. All simulations employed periodic boundary and
multiple time stepping [24] wherein local interactions were
calculated every 2 fs time step and full electrostatic evalua-
tions were performed every two time steps. The non-bonded
cutoff distance was set to 12 Å and the particle mesh Ewald
(PME) [25] method was used to calculate long-range electro-
statics interactions. All covalent bonds involving hydrogen
were kept rigid and the others using STTLE [26] or RATTLE
[27] algorithms. All equilibration and subsequent MD stages
were carried out without any restrains in the NPT ensemble at
300 K by using the Langevin thermostat control [28] and a
target 1 atm by using Langevin piston pressure control [29].

Analysis methods

The trajectories were analyzed using VMD program [30].
The root-mean-square deviation (RMSD) value provides a
measure of the deviation of the aggregate from the initial
structure and is a useful tool to quantify the conformational
changes between the mutants and WT. In this study, the
RMSDs of backbone without H atoms were calculated for
the whole domain and the partial domain (residues 10-242)
from the structure after equilibration. To evaluate the com-
pactness of the studied proteins, the size of protein is roughly
estimated by radius of gyration (Rg), which is defined as the
mass-weighted positional mean of the distances of atoms
from the center of mass. The dictionary of secondary struc-
ture of proteins (STRIDE) program developed by Frishman
and Argos [31] was used to assign secondary structures.
STRIDE implements a knowledge-based algorithm that
makes combined use of hydrogen bond energy and statisti-
cally derived backbone torsional angle information and is
optimized to return resulting assignments in maximal agree-
ment with crystallographers’ designations. To evaluate the
local structure fluctuation of helixes and β-sheets, the hy-
drogen bond populations were calculated. A hydrogen bond
was defined by a hydrogen–acceptor distance ≦3.5 Å and a
donor–hydrogen–acceptor angle less than 35°. Our aim to
analyze the hydrogen bonds was to explore the reason of the
change of secondary structure, and only backbone hydrogen
bonds influenced the secondary structure [32], thus, back-
bone hydrogen bonds were mainly considered here.

Solvent-accessible surface area (SASA) is the area of the
surface traced by the center of a probe sphere, whose radius
is the nominal radius of the solvent, as it rolls over the van
der Waals surface of the molecule [33]. SASAwas calculated
for the entire simulation period using SurfVol, a Plugin for
Visual Molecular Dynamics (VMD) software [30] for mea-
suring the surface area of proteins (http://www.compbiochem.

org/Software/SurfVol/Home.html). For the four cases studied
in this work, SASAwas calculated using a probe radius of 1.
4 Å. To evaluate the stability of the globular domain of TEVp,
we mainly calculated the SASA value of a core consisting of
hydrophobic residues [34, 35].

Simulation trajectories were used to compute various
properties of the protein, including the correlation of motions
among its residues in various regions. The correlation anal-
ysis was obtained by examining the dynamic cross correla-
tion map (DCCM) of the Cα atoms. The matrix element Cij

in DCCM read as:

Cij ¼ < Δ r!i tð ÞΔ r! j tð Þ >
< Δ r!i tð Þ2 >< Δ r! j tð Þ2 >

� �1=2

where < > denotes an MD-averaged quantity Δ r!i tð Þ ¼
ri tð Þ− < r!i > and the displacement from the average MD
position < r!i > of atom i during a generic MD step. Cij

varies from −1.0 for completely anti-correlated motions to +
1 for completely correlated motions. A value close to +1
reflects a high correlation between the motions of a pair of
Cα atoms. The largest values are obviously found for Cα
atoms belonging to residues i and i±a with a=0, 1, 2 (diag-
onal elements in the map) [36]. Here we selected the last
10 ns trajectories to calculated DCCM.

Results and discussion

Overall dynamics behavior of the WT and mutated TEVp

As well known, conformation and flexibility of the structure
can be altered by mutations. Therefore Cα root-mean-square
fluctuations (RMSFs) around the average structure for the
relevant time interval were calculated since they can give an
indication of backbone mobility. In Fig. 2c, Cα RMSFs
fluctuated in a similar manner for all systems. Cα RMSFs
of the residues around the active sites (HIS46, ASP81 and
CYS151) were relatively small, indicating that the catalytic
center was stable. The N-terminal, residues around Ser120
and the C-terminal, were more flexible, and had relatively
larger RMSF values than the other domains. It was also
observed that the RMSF values of L56V/S135G were obvi-
ously larger than others, and those of S219V were relatively
smaller, especially in the domain of residues 81 to 120. The
C-terminal bound with the active sites but there was no clear
evidence indicating the connection between the N-terminal
and the function of TEVp.

Backbone RMSDs were calculated for the globular do-
main and the partial domain (residues 10 to 242) for all
simulations because the N-terminal was very flexible as
described previously. In Fig. 2a, the backbone RMSD values
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of the globular domain were generally high and larger than
3 Å during the last 5 ns, and seemed unstable. This phenom-
enon might be caused by the restless N-terminal and thus we
calculated the backbone RMSD values of the partial domain
without N-terminal 9 residues. After running for 20 ns, every
system tended to be stable; meanwhile, the backbone RMSD
values of partial domains fluctuated in a similar manner for
all systems and were smaller than 3 Å during the last 5 ns
(Fig. 2b).

Table 1 showed the mean values of the radius of gyration
(Rg) of WT and mutants of TEVp during the last 5 ns. Rg
values essentially provide an insight about the size of the
protein. The slightly lower Rg values for the three mutants
implied a possible compact of TEVp structure due to muta-
tions. Correlations of the motion among various regions in
TEVp can be obtained by examining the dynamic cross
correlation map (DCCM) of the Cα atoms. The DCCMs of

WT TEVp and its three mutants were displayed in Fig. 3.
Mutants showed a general decrease in residue-residue corre-
lations compared to WT. Moreover, mutations were seen to
affect the correlation of residues that were sequentially and
spatially apart. In the system of L56V/S135G, the nearby
domains of residues 56 and 135 respectively, were obviously
anti-correlation due to mutations at residues 56 and 135. The
decreased residue-residue correlations indicated that the
changes arising due to mutations around the mutated sites
were coupled with other motions in the structure.

Stability of the hydrophobic core

To evaluate the stability of the globular domain of TEVp
generally, a core of interacting hydrophobic side chains was
defined in TEVp, which contained residues 4-5, 8, 13-14, 18,
21, 32, 35, 37, 39-42, 47-48, 55-57, 60, 63-64, 66, 76-77, 82-

Fig. 2 Structure characteristics
of TEVp calculated by MD
simulations. a Backbone RMSD
from the starting structure of the
globular domain of all systems. b
Backbone RMSD from the
starting structure of the partial
domain (residues without the N-
terminal nine amino acids) of all
systems. c Cα RMSF as a
function of residue number
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85, 87-88, 91-95, 100, 103, 111-112, 114, 116, 121, 124-125,
132-133, 135, 138-140, 143-144, 154-156, 162-164, 166,
169, 172, 178, 182-183, 186-187, 189-190, 195, 198-199,
202, 204, 206, 209-211, 215-219, 221, 224-225, 227-228,
231, 234-235, 238-239. To begin with, we monitored the
solvent accessible surface area (SASA) of the globular do-
main averaged during the final 5 ns MD data (Table 1). As
can be seen, the WTexperienced more solvent exposure than
the three mutants. This observation was in accordance with
the decreased Rg values of the three mutants. Secondly, the
SASA of the hydrophobic core were monitored during the
last 5 ns in order to assess its compactness (Table 1). It was
found that the changes of the four cases were in accordance
with the total SASA values. At last, as the large changes in
SASA could be caused by some residues that exposed hy-
drophobic surfaces, we also measured SASA of the related
residues averaged over the last 5 ns simulations (Fig. 4) to
get further detailed information. As Fig. 4 showed, the hy-
drophobic surface differences mainly lay in the residues
Pro13, Leu60, Pro92, Pro95, Phe116, Met121, Met124,
Val25, Phe132, Mut135, Phe162, Ala195, Trp198, Pro224,
Phe225 and Val228, especially in the domains of residues
114-125, 132-135 and 224-235. These sites were mostly
located in β-hairpin and C-terminal loops. As is well known
(Fig. 1a), the residue Leu60 was located around the mutant
site Leu56, and β-hairpin was the neighbor of the mutant site
Ser135. Furthermore, the residue Leu60 was also located
near the β-hairpin structure at the dimensional structure. It

is not necessary to consider N-terminal and C-terminal loops
because they exposed in the water absolutely.

On the one hand, the β-hairpin structure had higher flexi-
bility. Thus the SASA values of the related hydrophobic resi-
dues located in these domains were variable. On the other hand,
mutations introduced different side chains, and their different
steric and electrostatic effects influenced the conformations and
properties of the nearby residues. As a result, their SASAvalues
in four proteins were diverse. The TEVp has a large number of
charged residues on the protein surface (Fig. 1b), for example,
theWTTEVp has 28 positive and 24 negative charged residues
on the surface. Hence electrostatic interactions are very impor-
tant for the stability of TEVp. T17S/N68D/I77V variant intro-
duced an extra negative charged amino acid, while L56V/
S135G and S219V mutants shared the same whole protein
net charge with WT. WT had larger SASA values of the
hydrophobic core (Table 1) and hydrophobic residues near
residues 56 and 135 (Fig. 4), suggesting the mutants were more
stable since the hydrophobic residues which if exposed in water
might decrease stability of proteins and even cause denatur-
ation. This phenomenon also declared that the fixed point
mutation not only affected the adjacent conformational changes
of TEVp but also the distant.

Secondary structure stability

The analysis of secondary structures is very useful for further
understanding of how the three mutants influence the

Table 1 Calculated mean values
for various properties, their stan-
dard deviations, and the differ-
ences between the mean values
of wild type and mutated TEVp

System Mean Standard deviation Δ(Mut-WT)

Radius of gyration of TEVp (Å)

WT 19.39 0.23 –

T17S/N68D/I77V 18.53 0.27 −0.86

L56V/S135G 17.74 0.16 −1.65

S219V 18.39 0.21 −1.00

SASA of TEVp (Å2)

WT 18089.45 134.50 –

T17S/N68D/I77V 17625.98 132.76 −463.47

L56V/S135G 15647.53 125.01 −2441.92

S219V 17426.54 132.01 −662.91

Hydrophobic SASA of TEVp (Å2)

WT 3904.18 62.48 –

T17S/N68D/I77V 3752.25 61.26 −151.93

L56V/S135G 3627.68 60.23 −276.50

S219V 3759.65 61.32 −144.53

Hydrogen bonds in backbone

WT 47.51 4.40 –

T17S/N68D/I77V 51.14 4.62 3.63

L56V/S135G 51.20 4.42 3.69

S219V 49.13 4.38 1.62
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function of TEVp. As we know, the mutation has effects on
the three dimensional conformation of proteins. From the
analysis of the secondary structure contents of the whole
simulation time shown in Table 2, we found the helix and
sheet contents of the three mutants had increased. Further-
more, T17S/N68D/I77V mutant had the highest percent of
helix especially the α-helix while L56V/S135G mutant had

the highest percent of anti β-sheet. As Table 2 showed, the
average α-helical contents of T17S/N68D/I77V, L56V/S135G
and S219V were 5.40 %, 5.37 % and 5.28 % respectively and
all higher than that of WT (5.14 %). The average β-sheet
contents of T17S/N68D/I77V, L56V/S135G and S219V were
40.44%, 40.70 % and 37.64 % respectively and all higher than
that ofWT (36.94%). The higherα-helix andβ-sheet contents

Fig. 3 Correlations of the motions of various regions in TEVp. Two
dimensional cross-correlation maps of the TEVp of WT and mutated
TEVp. Red patches indicate the positively correlated motions, whereas

blue patches indicate anti-correlated motion. The maps have been
calculated for Cα atoms from the final 10 ns MD data

Fig. 4 The solvent-accessible
surface area (SASA) of the
TEVp. The SASA of the
hydrophobic core averaged
during the last 5 ns simulations
data for WT and mutated TEVp
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indicated these mutants were more stable than WT. The mid-
point of denaturation, which is a measure of the thermostabil-
ity of the structure, was found to be 52.1 °C for WT and
53.7 °C for L56V/S135G mutant [9]. This experiment indi-
cated the L56V/S135G mutant was more stable at thermody-
namics. According to Kapust RB and coworkers, the S219V
mutant had a marginal effect on stability. The experiment data
obtained from the two mutants kept with our study. Although
there was no definite experiment data about the stability of

T17S/N68D/I77V, our results declared this mutant had im-
proved its stability at thermodynamics.

We calculated the number of hydrogen bonds in the back-
bone of each system along with the simulation time, because
the forming and maintaining of the secondary structures of
protein needs the formation of hydrogen bond, and the unfold
protein is accompanied by the damage of hydrogen bonds. As
Table 1 showed, we found the average number of backbone
hydrogen bonds of WT, T17S/N68D/I77V, L56V/S135G and

Table 2 Average secondary structure contents and standard errors of WT and the mutants

System Helix (%) β-sheet (%) β-bridge (%) Coil (%) Turn (%)

α-helix 310-helix Sum

T17S/N68D/I77V 5.40±0.45 1.06±0.93 6.46±1.07 40.44±1.34 1.54±0.30 23.70±2.03 27.86±2.21

L56V/S135G 5.37±0.37 0.79±0.90 6.16±0.94 40.70±1.24 1.56±0.28 21.85±1.89 29.73±2.17

S219V 5.28±1.31 1.08±1.02 6.36±1.49 37.64±1.29 1.66±0.30 24.32±2.07 30.02±2.52

WT 5.14±0.82 0.89±0.98 6.03±1.12 36.94±1.57 1.61±0.34 25.34±2.22 30.08±2.67

Fig. 5 Graphical regulation of secondary structure analysis for theWTand the three mutants based on the STRIDE algorithm. Here, we labeled a coil
by “C”, a turn by “T”, a β-sheet by “E”, a β-bridge by “B”, a 310-helix by “G”, a α-helix by “H” and a pi-helix by “I”
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Fig. 6 Structures of the TEVp. a
The α-helix is formed at the loop
domain of the C-terminal in the
S219V mutant. b The structure
of active core. Residue 46, 81
151 and 241 are drown by
licorice, colored by red and the
others are drawn by new cartoon,
shows the hydrogen bond
between catalytic triad residues
and the C-terminal bound with
active site

Fig. 7 Distance between catalytic triad residues. Distance between hydrogen bond acceptor-donor pairs between catalytic triad residues His46,
Asp81 and Cys151, and the black line represent the cur-off distance of hydrogen bond as 3.5 Å
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S219V were 47.51, 51.14, 51.20 and 49.13 respectively. The
number of backbone hydrogen bonds of the three mutants was
all higher than that of the WT type. This phenomenon was in
concord with the changes of helix and sheet in the three
mutants, which was similar with experiments by Kapust [7]
and Cabrita LD [9] as described previously. This phenomenon
also suggested the three mutants were more stable than the
WT type.

As described previously, the C-terminal of the TEVp could
be cut off by itself and generated a truncated enzyme with
greatly diminished activity [1], and the crystal structure of
TEVp displayed the C-terminal bound with the active sites
[11], suggesting the relativity between C-terminal and its ac-
tivity. However, it was a pity that the loop located in the C-
terminal could not directly be observed because of its possible
higher flexibility. As Fig. 5 showed, we compared the trans-
formation of the secondary structures of all four systems along
with the simulation time. The phenomenon that the loop do-
main of the C-terminal in the S219V mutant was folded to
form 310-helix or α-helix could be observed (Fig. 6a). A
similar phenomenon did not appear in the other systems. Thus
this phenomenon might be caused by the nearby residue
Ser219 replaced by Val. As described previously, the S219V
mutant not only prevented TEVp from cleaving itself, but also
could increase its activity obviously [7]. This property might
be caused by the appearance of the helix in the C-terminal of
the S219V mutant. As Kapust RB reported, the Kcat/Km of
S219V was 4.36 mM−1S−1, and obviously higher than that of
WT, which was 2.62 mM−1S−1 [7]. This experiment data was
in accordance with that our study.

The hairpin structure of residues 114 to 124, can form
anti-sheet with the same domain of another subunit at the

crystallize process [10]. This domain and the nearby sheet of
residues 132-135 were very flexible, and had higher RMSF
values. In addition, the two domains were located on the
surface of protein, and there were many hydrophobic residues
with larger variable SASAvalues located in these domains as
described previously. As Fig. 5 showed, the sheet structure
domains of residues 124 to 135 in the T17/N68D/I77V and
L56V/S135G mutants increased obviously, while those in the
S219V mutant and WT had no significant changes. This
phenomenon suggested that the mutations of the nearby res-
idues Gln68, Ile77, Leu56 and Ser135 of these domains, not
only influenced the SASA values of these domains, but also
changed their secondary structure to formmoreβ-sheets. As a
result, their stabilities increased.

The RMSF values of catalytic triad residues His46, Asp81
and Cys151 were low but those of the nearby loop domains
of residues 44 to 54 and residues 143 to 152, which were
usually regarded as the areas bound with substrate, were
flexible as described previously (Fig. 2c). The results
showed that there were unstable 310-helix appearing at the
loop domain of residues 44 to 54 which was the neighbor of
His46 (Fig. 6b) and the frequency of this phenomenon ob-
served was higher in the three mutants, especially in the
T17/N68D/I77V mutant than that in the WT type during
the simulation time (Fig. 5). The secondary structures around
residue Asp81 were changeful, and there was 310-helix
appearing sometimes but the secondary structures around
residue Cys151 were quite stable and mostly had no changes.

We calculated the changes of distances between partial
atom pairs along with the simulation time (Fig. 7). The
His46: ND could form a hydrogen bond with Asp81:OD1
or Asp81:OD2 as donor, and His46: NE could also form a

Table 3 The occupancy of hy-
drogen bonds forming at the ac-
tive sites

Donor Acceptor Occupancy (%)

T17S/N68D/I77V L56V/S135G S219V WT

His46:N Asp81:OD1 79.96 69.51 59.79 63.78

His46:ND Asp81:CG 65.65 70.31 54.33 74.49

His46:ND Asp81:OD1 25.57 41.94 47.14 54.19

His46:ND Asp81:OD2 47.80 23.97 20.77 18.77

Cys151:SG His46:NE 4.79 6.13 2.4 4.39

Cys151:SG Ser241:OG 2.26 5.19 9.05 2.53

Ser241:OG His46:NE 50.73 72.57 58.19 74.83

Ser241:OG Asp81:OD2 0.13 – 0.8 0.4

Table 4 Average distance and
stand errors of active core of WT
and the three mutants (Å)

T17S/N68D/I77V L56V/S135G S219V WT

His46(ND):Asp81(OD1) 3.22±0.08 3.10±0.07 3.23±0.27 2.98±0.04

His46(ND):Asp81(OD2) 2.90±0.03 2.91±0.03 3.00±0.17 2.99±0.04

His46(ND):Cys151(SG) 4.06±0.21 3.90±0.20 4.20±0.40 3.96±0.21
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hydrogen bond with Cys151:SG as acceptor. In TEV crystal
structure and its high similar cysteine proteases (hepatits A
virus and rhinovirus), the distance between SG atom in cata-
lytic cysteine and NE atom in histidine is in the range of 4.0 Å.
The distance between the O atom in the third member of
catalytic triad residues and ND atom in the histidine is 2.95–
3.08 Å [10]. It was consistent with these that our results
indicated the distance between His46:NE and Cys151:SG
was longer than 3.5 Åmainly (Fig. 7). Therefore, the hydrogen
bond lifetime between His46:NE and Cys151:SG is very short
(Table 3). Furthermore, the distances of these two atoms were
the most variable in the S219Vmutant. The distances between
His46:ND and Asp81:OD1 or Asp81:OD2 were mainly
shorter than 3.5 Å, suggesting that the hydrogen bond between
His46 and Asp81 could be formed stably. As Table 4 showed,
the catalytic triad residues and the C-terminal could form
hydrogen bond networks at the active sites. His46, Asp81
and Ser241 were connected firmly by hydrogen bonds with
high occupancy. In Fig. 7 and Table 4, we find the average
distances of these three atomic pairs of S219V mutant are
longer than the others, indicating the substrate-bind package
of S219V was bigger than that of WT, and the stand errors
were also larger than WT, indicating the active core was more
flexible in the S219V mutant. Flexibility, one of the key
modulators of enzyme specificity, appears to play an important
role in the entry and accommodation of substrates in the active
site, and in the release of the respective products of reactions
catalyzed by enzyme, as a result of possibly influencing the
activity [37]. So the increase of flexibility of active core might
be one of the reasons why S219V could improve catalytic
activity in vitro compared with the wild type.

Conclusions

By performing all-atom MD simulations, we investigated the
atomic-level structural variations in WT TEVp and three
improved mutants to understand the molecular origin for their
structural transition. Although the globular domain was fairly
conserved betweenWTand mutants, the changes in their local
structures were observed upon mutations. Our present study
illustrated that the three mutants for TEVp might undergo
different tactics to improve quality. As for S219V mutant, its
active core was more flexible and its C-terminal loop could be
folded to form a helix. So the S219V mutant avoided cleaving
itself and had higher activity and stability than the WT type.
This result was in accordance with the experiment data report-
ed by Kapust [7]. The Kcat/Km of S219V mutant was obvi-
ously higher than that of WT, hence S219V displayed the
improved catalytic activity compared with WT. The ΔGH2O

of S219V was not as low as that of WT, indicating that the
stability of S219V had slightly improved compared toWT. As
for L56V/S135G and T17S/N68D/I77V mutants, the stronger

polarity residues introduced in these mutants, made the mi-
croenvironment near mutant sites change, as a result, the β-
sheet extended and the SASAvalues of hydrophobic residues
located here decreased. Thus their stabilities had improved.
The midpoint of denaturation, which is a measure for the
thermostability of the structure, was found to be 52.1 °C for
WT and 53.7 °C for L56V/S135G mutant. So the double
variant showed an increase in the thermal stability compared
with WT. This experiment data was in accordance with our
results. There was no explicit experiment data about the
thermal stability of T17S/N68D/I77V, but we inferred its
stability could improve from our results. Overall, this paper
showed that the realistic atomistic simulations can give in-
sights into the effects of mutations on TEVp dynamics and
stability, which in turn adds to our understanding of how these
mutations cause the changes of property of TEVp.
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