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1 | INTRODUCTION

The cysteine protease (PR) of tobacco etch virus (TEV) is among a
handful of enzymes that are commonly used in biotechnology and
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Abstract

Proteases that recognize linear amino acid sequences with high specificity became
indispensable tools of recombinant protein technology for the removal of various
fusion tags. Due to its stringent sequence specificity, the catalytic domain of the
nuclear inclusion cysteine protease of tobacco etch virus (TEV PR) is also a widely
applied reagent for enzymatic removal of fusion tags. For this reason, efforts have been
made to improve its stability and modify its specificity. For example, P1" autoproteoly-
tic cleavage-resistant mutant (5219V) TEV PR was found not only to be nearly impervi-
ous to self-inactivation, but also exhibited greater stability and catalytic efficiency than
the wild-type enzyme. An R203G substitution has been reported to further relax the
P1’ specificity of the enzyme, however, these results were obtained from crude intra-
cellular assays. Until now, there has been no rigorous comparison of the P1’ specificity
of the S219V and S219V/R203G mutants in vitro, under carefully controlled condi-
tions. Here, we compare the P1’ amino acid preferences of these single and double
TEV PR mutants. The in vitro analysis was performed by using recombinant protein
substrates representing 20 P1’ variants of the consensus TENLYFQ*SGT cleavage site,
and synthetic oligopeptide substrates were also applied to study a limited set of the
most preferred variants. In addition, the enzyme-substrate interactions were analyzed
in silico. The results indicate highly similar P1’ preferences for both enzymes, many
side-chains can be accommodated by the S1’ binding sites, but the kinetic assays
revealed lower catalytic efficiency for the S219V/R203G than for the S219V mutant.

KEYWORDS
enzymology, fusion tag removal, molecular dynamics, protein structure, TEV protease, tobacco
etch virus

molecular biology for enzymatic removal of various fusion tags.>™
Due to its stringent sequence specificity, the TEV PR has become
one of the most popular reagents for this purpose. The canonical
recognition sequence of TEV PR is ENLYFQ*G/S. A number of
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protein expression vectors that include a TEV PR cleavage site for
fusion tag removal are available, such as pDestHis-MBP (MBP:
maltose-binding protein)® and the pTEV plasmid system.®

The TEV PR adopts a two-domain antiparallel p-barrel fold. The
substrate binding sites and the catalytic center are located in the
interdomain cleft, while His46, Asp81, and Cys151 form the catalytic
triad.” The Ser219 residue is located close to the C terminus of the
PR, in close proximity to the catalytic site and the substrate-binding
cleft (Figure 1).

Multiple studies have been performed to design TEV PR variants
with altered stability, catalytic activity, and/or specificity.8*¢ Enzyme
instability was one of the key drawbacks of the wild-type TEV PR, as
the concentration-dependent inactivation of TEV PR via autolysis
(occurring between residues Met218 and Ser219 of the catalytic
domain) (close to the C terminus of the enzyme) was a major impedi-
ment to its utility.!”

Mutations adjacent to the autolytic cleavage site, such as S219D,
$219V® and S219N,8 were demonstrated to have the ability to inhibit
self-processing, and thus to increase enzyme stability. Remarkably, the
$219V mutant also increased its catalytic efficiency.® The crystal struc-
ture of a catalytically inactive mutant TEV PR (C151A) revealed that the
Ser219 residue forms no direct hydrogen bond(s) or hydrophobic inter-
actions with the peptide substrate bound to the active site.” Neverthe-
less, its replacement was considered to potentially alter P1’ amino acid
preferences. In vivo intracellular and in vitro processing assays also
showed that the S219V mutant is able to accommodate not only Ser or
Gly, but also many other residues in the P1’ position.*

Effects of the R203G mutation on the specificity of TEV PR have
also been studied. The R203G mutation was identified in a screening
study by random mutagenesis and homologous recombination, which
was designed to identify mutants that could process a P1’-Arg-
containing substrate with an increased proteolysis rate.” It is impor-
tant to note that the form of the enzyme that was investigated in this
study, referred to as pTEV2 PR, contained a truncated N terminus,
and thus it encompassed only the catalytic domain of TEV PR rather
than the full-length protein. Moreover, in addition to the mutation of
Arg203,° pTEV2 PR contained amino acid substitutions at six other
positions (T17D, N68D, 177V, 183M, T118A, and S219v)Y? including
that of Ser219 (S219V) being introduced in order to improve the
enzyme's stability (Figure S1). The mutated residues other than

Ser219 and Arg203 are distant from the active site and do not

FIGURE 1  Structure of wild-
type TEV PR complexed with an
oligopeptide substrate. (A) The
figure shows the complex of TEV
PR and the oligopeptide substrate
representing the TENLYFQ*SGT
canonical cleavage site (PDBID:
1LVB).” (B) Enlarged view of the
active site. The catalytic residues
are shown in green while the
wild-type Ser219 and Arg203
residues are shown in red.

constitute a part of any binding site. Arg203 is located in a loop that
connects two p-strands and is part of a lid over the catalytic site.”
That residue is more distant from the active site than Ser219
(Figure 1), and thus it does not appear to contribute to direct enzyme-
substrate interactions. Structural analysis of the R203G mutant TEV
PR revealed no changes of the protein structure, whereas a decrease
of the bias for the amino acid at P1’ position was observed.”

The specificities of TEV PRs containing one or more additional
mutations besides S219V have already been investigated. Examples
include S219V/A169L, S219V/N171D, S219V/Y178V, S219V/
V209S, S219V/K220A° as well as S219V/L56V/S135G, S219V/
T17S/N68D/I77V, and S219V/T17S/L56V/Né8D/I77V/S135G.*!
However, a double mutant TEV PR containing the S219V and R203G
mutations has not been studied so far. Therefore, in this work we
aimed to determine whether combination of these mutations changes
the enzyme's specificity, as an enzyme with more relaxed P1’ specific-
ity might be more flexible for fusion tag removal. Here we describe a
comparative analysis of the S219V and S219V/R203G mutant TEV
PRs, with special emphasis on their P1’ amino acid preferences. The
specificity was studied in vitro by using a series of Hisg¢-MBP-mEYFP
recombinant proteins and synthetic oligopeptide substrates repre-
senting P1’ variants of the canonical TEV PR cleavage site. The struc-
tural features were also investigated by molecular dynamics
(MD) analysis of the wild-type and mutant enzymes.

2 | MATERIALS AND METHODS

21 | Molecular dynamics
Crystal structures of the active [PDBID: 1LVM] and inactive [PDBID:
1LVB] TEV PR” were used for the MD simulations, using protomer A
of the active enzyme as a starting structure. The conformation of the
Ser219 residue was modeled based on the crystal structure of
the inactive protease, and the substrate was also taken from the same
coordinate file (PDBID: 1LVB). The S219V and R203G single as well
as the S219V/R203G double mutations were introduced by using Chi-
mera software?? and the dynameomics rotamer library.2®

For the simulations, the Amber22 software®* was used, taking
advantage of GPU acceleration?>~2” and the AmberTools23's features.?®

The protonation states of titratable residues were determined with
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Propka 3.1.22%0 For the catalytic site, a neutral catalytic dyad was
applied, based on earlier computational studies.®! The protonation state
of neutral histidines was determined by using Chimera software.?? The
water molecules of the primary structure were kept. Possible clashes
were checked in the case of the mutants. Further solvent water mole-
cules were added to the structures with tleap. The protein and the sub-
strate were parametrized by the FF14SB force field®? and the
surrounding water molecules were described by the TIP3P model.>®
Besides the water molecules that were added to the enzymes using the
tleap software, sodium and chloride ions were also added in the proper
number order to have a final concentration corresponding to that of
0.15 M NaCl. The proper number of the required ions to be added was
determined by considering the charge of the enzyme, making the system
neutral, in accordance with the split protocol.>* The sodium and chloride
ions were added by replacing randomly selected water molecules, using
the addionsrand command. Before the MD simulations, the structures
were first minimized with the steepest descent method for 2500 steps,
followed by another minimization with the conjugate gradient method,
for additional 7500 steps, applying 10 kcal mol~* A=2 positional
restraints on solute heavy atoms. The system was heated to 100 K in a
250 ps simulation in an NVT ensemble, followed by heatingto 310 Kina
250 ps simulation, in NPT ensemble. A further minimization was applied,
with 5 kcal mol~* A=2 positional restraints on Ca atoms. Subsequently
the same heating protocol was applied, keeping the restraint. The
restraint was gradually decreased by 1 kcal mol~? A~2in a series of five
100 ps long equilibrations at 310 K in NPT ensemble. The production
run was carried out at 310 K, for 250 ns with a 2 fs step size, with no
positional restraint. Three independent replicates were run for each pro-
tein. During the last equilibration step, cpptraj® was used to monitor the
convergence of the structures, calculating the RMSD compared to the
reference structure that was the average of the geometries over the
equilibration trajectory. Following completion of the MD simulations, a
clustering protocol was applied with cpptraj, applying the average-
linkage clustering method. The cluster representative of the largest clus-
ter, in all cases representing more than 90% of the trajectory, was used
to evaluate the enzyme-substrate interactions with LigPlot-+.3¢ The
MMPBSA method was applied to evaluate the binding energy of the sub-

strate, applying the MMPBSA py script.>”

2.2 | Preparation of the plasmids for expression of
Hisg-MBP-mEYFP proteins

The pDestHis-MBP-mEYFP expression plasmid was designed previ-
ously.®®3? First, a recognition site for the BamHI restriction endonu-
clease was introduced by modifying the plasmid using the
mutagenesis primers listed in Table S1. Then, the existing sequence
coding for the TEV PR cleavage site was exchanged to that of the
TVMV PR, using BamHI and Pacl restriction endonucleases for cleav-
age and T4 DNA ligase for ligation.

The oligonucleotide primers coding for the wild-type
(TENLYFQ*SGTRR) and P1’ mutant TEV PR cleavage sites were cloned
into modified pDestHis-MBP-mEYFP expression plasmids using Pacl

and Nhel restriction endonucleases, based on protocols described previ-

ously.38 The oligonucleotide primers are listed in Table S1.

2.3 | Expression and purification of TEV PRs
The expression and purification of the S219V and S291V/R203G
mutants of the TEV PR catalytic domain containing an N-terminal poly-

histidine tag were performed as previously reported,*°

except that the
final solution used for size exclusion chromatography contained 150 mM
NaCl. The S219V/R203G mutant was prepared with the Quickchange
Lightning Site-Directed Mutagenesis kit (Agilent Technologies) using the
S219V expression plasmid (pRK793) as a template. The protein concen-

tration was determined by the conventional BCA method (Pierce).

2.4 | Expression and purification of Hisg-MBP-
mEYFP protein substrates

The Hiss-MBP-mEYFP substrates were prepared, expressed, and puri-
fied based on the method described previously.*83? After cloning the
coding sequences of cleavage sites into the pDestHis-MBP-mEYFP
bacterial expression plasmid, the proteins were expressed in BL21
(DE3) Escherichia coli cells and were purified using Ni-NTA magnetic
affinity beads (Pierce, #78605). The success of cloning was confirmed
by sequencing in every case. After purification, the proteins were con-
centrated by ultrafiltration (10 K Amicon Ultra-0.5 Centrifugal Filter
Units), and the buffer was changed to reaction buffer (25 mM sodium
phosphate, 100 mM NaCl, 5 mM DTT, 10% glycerol, pH 7.4).

2.5 | Cleavage reactions with His,-MBP-mEYFP
protein substrates

The cleavage reactions were performed in the reaction buffer (25 mM
sodium phosphate, 100 mM NaCl, 5 mM DTT, 10% glycerol, pH 7.4). The
reaction mixtures contained the enzyme (5 ng/uL, ~175 nM final concen-
tration) and the protein substrate (100 ng/uL, ~1.5 uM final concentra-
tion) in 20 pL final volume and were incubated at 30°C for 60 min. The
reactions were stopped by the addition of 6 x sample loading buffer con-
taining SDS and p-mercaptoethanol, followed by incubation at 95°C for
10 min. The samples were loaded onto 16% polyacrylamide gel and sepa-
rated at 100 V, the gels were stained with Coomassie dye. The cleavage
reactions were performed in triplicates. After imaging, the gels were evalu-
ated using GelAnalyzer2010a software (www.gelanalyzer.com, designed

by Istvan Lazar Jr. and Sr.) for densitometry.
2.6 | Cleavage reactions with oligopeptide
substrates

To determine the kinetic parameters of the S219V and S219V/R203G
mutant TEV PRs, oligopeptide substrates representing the wild-type
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(P1'S) and P1'C, PT'A, P1'H, P1'G, and P1'M variants of TEN-
LYFQ*SGTRR TEV PR cleavage site were applied. The oligopeptides
were dissolved in water with the exception of the P1’M mutant which
was dissolved in water containing 5 mM DTT. Five microliters of puri-
fied TEV PR (79-288 nM in 25 mM Na-phosphate, 100 mM NaCl,
5 mM DTT, 10% glycerol, pH 7.4) was incubated with 5 uL of oligo-
peptide substrate (0.017-1.74 mM final concentration) and 10 pL
incubation buffer (25 mM Na-phosphate, 100 mM NaCl, 5 mM DTT,
10% glycerol, pH 7.4) for 1 h at 30°C. The activity measurements
were performed at five different substrate concentrations with the
range selected based on the approximate Ky values. After the
incubation, the reactions were stopped by adding 180 uL of 1% (v/v)
trifluoroacetic acid (TFA), then the samples were loaded onto a Nova-
Pak C18 reversed-phase chromatography column (3.9 x 150 mm,
Waters, Milford, MA, USA) and mixtures were analyzed by using a Shi-
madzu Nexera X2 HPLC system. The substrates and reaction products
were separated by an increasing water-acetonitrile gradient (0-100%)
in the presence of 0.05% TFA. Kinetic parameters were determined at
less than 20% substrate conversion, and kinetic parameters (Vmax, Km,
keat) were determined by using GraphPad Prism 9.4.1 (for Windows,
GraphPad Software, La Jolla, CA, USA; www.graphpad.com). While no
specific inhibitor was available to perform active-site titration, 100%

activity was assumed for TEV PRs while calculating the k,; values.

3 | RESULTS

3.1 | Insilico analysis of the TEV PR structures
The possible effects of the single (5219V or R203G) and combined muta-
tions (5219V/R203G) on the enzyme structure and enzyme-substrate
interactions were analyzed in silico. Unlike the pTEV2 PR’ (Figure S1),
the TEV PRs studied in this work contained only the S219V and/or
R203G mutations of the canonical sequence (UniProt ID: P04517).

The structural impacts of the single and double mutations were
investigated by MD analysis. After the MD simulations, the cluster
representative structures were aligned (Figure 2), and the effects of
the mutations were determined by calculating the RMSD values for
the overall structures (Table 1). The analysis of RMSD values revealed
that the structures of the wild-type and mutant TEV PRs are highly
similar (Table 1) and neither the single nor the double mutations
induced noticeable conformational changes to the active site or to the
overall structure. The substrate also showed no significant conforma-
tional changes. The terminal P7 and P3’ residues of the decapeptide
were the most flexible while the P4-P2" residues showed no such
movement upon mutations. The most remarkable changes were
observed at the N terminus of the enzyme, although this flexible
region is quite distant from the active site (Figure 2).

Renicke et al. reported that the R203G mutation alters the sur-
face charge distribution of the enzyme.? Such remarkable change of
the surface electrostatics was not observed for the $S219V mutant,
but the positive charge was reduced upon the R203G mutation and a
positively charged surface patch was not present in the R203G
mutation-containing enzymes (Figure 3).

EWT

mS219v
ER203G

B R203G/S219V

FIGURE 2
The cluster representatives of the complexes were aligned by using
PyMOL. The obtained RMSD values are shown in Table 1. The
oligopeptide substrate bound to the active site represents the
canonical TENLYFQ*SGT cleavage site sequence.

Structural alignment of wild-type and mutant TEV PRs.

TABLE 1 Comparison of the TEV PR structures.
Enzyme RMSD
S219V 1.20 A
R203G 110 A
S219V/R203G 1.08 A

Note: The RMSD values (A) were determined by aligning the clustered
structures of the mutants to that of the wild-type, by using PyMOL.

The cluster representative structures were used to map the
enzyme-substrate contacts. Compared to the wild-type enzyme,
the single and double mutants that contained the R203G mutation
showed a smaller number of hydrogen bonds and a higher number of
non-bonded contacts, whereas the total number of hydrogen bonds
was identical for the S219V single mutant and wild-type TEV PRs
(Table 2). Nevertheless, the prevalence of these contacts can fre-
quently vary during the MD trajectory.

The enzyme-substrate interactions that may directly contribute
to interactions with the P1’ residue were also mapped (Tables 3
and 4 and S2). In all structures (wild-type, S219V, R203G, and
S$219V/R203G), the H-bond-mediated interactions at the S6-S3’
sites were almost identical and most of the unique interactions
were observed at the S3, S1, and S1’ sites of the R203G mutant
(Table 3).

The number of side-chain-mediated non-bonded contacts of the
P1’-Ser side chain was similar in the S219V and S219V/R203G
mutants, while the value was lower for the R203G single mutant,
being more similar to the value obtained for the wild-type enzyme
(Table 4). This is in agreement with the fact that Arg203 is located
more distantly from the S1’ site than Ser219. Overall, the number of
non-bonded interactions was smaller in the enzyme containing only
the R203G mutation, while the contacts were more prevalent in the
wild-type enzyme, as well as in the enzymes containing the S219V
mutation.
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FIGURE 3 Electrostatic
surface representation of wild-
type and mutant TEV PR
structures. The electrostatic
surfaces are represented based
on the cluster representative
structures from the MD
simulations. The regions
containing the 203th residue (Arg
or Gly) are circled.

TABLE 2 Total number of hydrogen

R203G/S219V

bonds and non-bonded contacts in the CEHTE SHV R2036 S219V/R2036
enzyme-substrate complexes. Total number of hydrogen bonds 18 18 17 15
Total number of non-bonded contacts 129 139 140 141
Note: The interactions were mapped by using “Generate” module of PDBSum.
TABLE 3 Hydrogen bonds between TEV PR and an oligopeptide substrate.
Residue Wild-type S219Vv R203G S219V/R203G
P7-Thr - - - -
P6-Glu N171,N176, T178, H214 N171,N176, T178, H214 N171,N176, T178, H214 N171,N176, T178, H214
P5-Asn - - - -
P4-Leu K215, F217 K215, F217 K215, F217 K215, F217
P3-Tyr $170(2), N174 $170(2), N174 $170(2), N174, D148 $170(2), N174
P2-Phe F217 F217 = F217
P1-GIn T146 (2), G149, H167,5168 T146 (2), G149, H167, 5168 T146 (2), D148, G149, H167, 5168 T146, G149, H167,5168
P1’-Ser = = T30 =
P2'-Gly T30, S31 (2) T30, S31 - S31
P3'-Thr = T29 = =

Note: Interactions are shown for each substrate residue. The numbers in parentheses denote the number of hydrogen bonds formed by the given residue,
otherwise there was only a single hydrogen bond. The interactions were determined based on cluster representatives of each ensemble by using LigPlot+.
The interactions that are formed by the residues shown in bold are unique for the given mutant at the given site.

The structures of the enzyme-substrate complexes were used to
calculate binding free energies by using the MMPBSA method
(Table 5). The binding free energy was the lowest for the R203G sin-
gle mutant and implied a slightly destabilizing effect of the R203G
mutation. The values obtained for the S219V and S219V/R203G
mutant enzymes were highly similar in case of both different
approaches and indicated a more preferred binding of the oligopep-

tide substrate to these enzymes than for the R203G mutant.

3.2 | Modification of the pDestHis-MBP-mEYFP
expression plasmid

For our specificity studies, we chose a Hissc-MBP-mEYFP recombinant
fusion protein substrate-based assay that has already been applied
successfully to measure the activity of TEV PR.3%3? In addition, this
substrate system enables the easy and cheap generation of substrate
libraries, such as we used it to prepare a series of His¢-MBP-mEYFP
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Residue of S1’ site wild-type S219Vv R203G
T30 - 1 -
S31 - 3* -
L32 - 1* -
H46 2* 2* 4*
G149 4 - 1
C151 1 2 -
Total (side-chain-mediated) 2 6 3
Total (main-chain-mediated) 7 9 5

TABLE 4 Non-bonded contacts at

S219V/R203G .
S1’ site of TEV PR.

1*
3*
3*

1
5
8

Note: The table shows the non-bonded interactions formed by the S1’ residues, the total number of the
contacts are also represented. The interactions that are mediated by the P1’-Ser side-chain are marked
with asterisks, while interactions mediated by the P1’-Ser main-chain atoms are not highlighted. The

individual non-bonded contacts are listed in Table S2.

S219V R203G
AGY, 4o generalized Born (kcal/mol) —5.96 1.00
AGY4son» Poisson Boltzman (kcal/mol) —6.85 248

TABLE 5 Calculated binding free
energies of the oligopeptide substrate.

R203G/S219V
-2.77

-3.17

Note: The binding free energy values in water were calculated by using two different approaches of the
MMPBSA method. The values obtained for the mutants were compared the value of the wild-type.

BamHI Pacl Nhel

!
| mEYFP | ==)

TEVPR |
t Pacl Nhel
v v

TEVPR | | mEYFP

His,-MBP |

His,-MBP |

BamHI
v

BamHI Pacl Nhel
| I TEVPR |

| His;-MBP

TVMV PR | TENLYFQ*SGTRR | mEYFP

BamHI l Pacl Nhel
v TEV PR v

Hisc-MBP | TVMV PR | TENLYFQ*XGTRR | mEYFP

Pacl Nhel

I | |

. . . SITSLYKKAGSITETVRFQSGTRRGGAS TRGLIKTENLYFQSGTRRASMVSKGEELEF TGV . . .

MBP TVMV

linker

TEV mEYFP

FIGURE 4 Modification of pDestHis-MBP-mEYFP expression plasmid for the preparation of P1’ variant substrates of TEV PR. The main
steps of plasmid modification are represented. The sequence between the MBP and mEYFP fusion partners—encompassing the TVMV and TEV
PR cleavage sites—is enlarged. The P1’ residue of the TEV PR cleavage site is red, the black arrow shows the cleavage position.

substrates and study the P1’ specificity of the Venezuelan equine
encephalitis virus (VEEV) non-structural protein 2 protease
(nsP2pro).**

The previously designed pDestHis-MBP-mEYFP plasmid®’

was
modified by PCR-based mutagenesis (Figure 4A). The original expres-
sion construct contained only a single cloning cassette—enabling clon-
ing of an insert by Pacl and Nhel restriction endonucleases—but an
additional cloning cassette was prepared by the introduction of a
BamHI recognition site. Then, the coding sequences of the TVMV and
TEV PR consensus cleavage sites were cloned into the modified plas-
mid containing two cloning cassettes (Figure 4B). This plasmid was
used for the preparation of a series of substrates representing

P1’-modified versions of the TEV PR cleavage site

(TENLYFQ*SGTRR). The complementary primer pairs coding for the
P1’-modified sequences were ligated into the plasmid that was linear-

ized with Pacl and Nhel restriction enzymes.

3.3 | Screening of P1’ amino acid preferences
using Hisgc-MBP-mEYFP substrates

To examine the P1’ amino acid preferences of the S219V and S219V/
R203G mutants, a series of Hisg¢-MBP-mEYFP substrates were
screened in cleavage reactions. The substrates represented 20 differ-
ent P1’ variants of the natural TEV PR cleavage site including the
wild-type sequence (TENLYFQ*SGTRR).
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Processing of Hiss-MBP-mEYFP protein substrates with S219V mutant TEV PR. The figure shows SDS-PAGE analysis of

representative cleavage reactions based on three independent experiments. Asterisks and arrows indicate the full-length substrates and cleavage
products, respectively. The enzyme control is also represented, the arrowhead shows the band of TEV PR (S219V mutant).

The Hisg affinity tag enables the purification of the recombinant
protein by immobilized metal affinity chromatography, the MBP
fusion partner enhances the water-solubility of the protein substrate
and improves its folding, while the C-terminal mEYFP tag can be
detected based on its fluorescence. In this work, both the TEV PRs
and the recombinant substrates were fused to an N-terminal His, tag,
therefore it was not possible to apply a heterogeneous assay format,
that is, perform the cleavage reactions by using substrates immobi-
lized onto nickel-chelate affinity surface and follow the product for-
mation by fluorimetry.®83? Accordingly, we applied a homogenous
assay for screening because the cleavage efficiencies determined by
the homogenous assay were found to correlate with those deter-

mined by the heterogeneous assay format.*!

After separation of the
substrates and cleavage products by SDS-PAGE (Figure 5), the cleav-
age efficiencies were determined by calculating the substrate conver-
sions based on band intensities.

Based on the apparent molecular weights of the cleavage prod-
ucts, all processed substrates were cleaved only at the incorporated
TEV PR cleavage site but not at the TVMV PR cleavage site. This is in
agreement with the previously established specificity of TEV PR, it
was unable to cleave the natural cleavage site of TVMV PR.2°

The cleavage efficiencies were determined based on the relative
amounts of the Hisg-MBP-containing cleavage product and substrate.
The mEYFP-containing product and the enzyme had highly similar
molecular weights, and thus it was not possible to separate properly
these proteins from each other by SDS-PAGE, even using more dense
gels for separation. However, it is important to note that the amounts
of cleavage products are stoichiometrically equivalent; therefore, both
of the products can be used to estimate substrate turnover. The P1’'M
substrate was found to have relatively lower stability in the applied
conditions (Figure 5), while no such instability was observed for the
other substrates.

The highest turnover was observed for P1’S, P1'C, P1'A, P1'H,
P1'G, and P1’'M-modified substrates in the case of both enzymes
(Figure 6). Lower cleavage efficiency was observed for the P1’ resi-
dues containing aromatic side chains, while the P1’ mutants with

charged residues showed remarkably lower turnover (<5%) (Figure 6).

35 - - | S219V
30 4 0 S219V/R203G

Substrate conversion (%)
G
.

PI'K
P1'T
PIR
P1'D
PI'E
P1'L
P1'V

FIGURE 6 Screening of Hiss-MBP-mEYFP protein substrate
series containing P1’ mutations. Substrate conversion (%) was
determined based on product formation. Error bars represent SD of
average values, n = 3. The red X indicates P1’ residue in the cleavage
site sequence of TEV PR. The substrate conversions were determined
by densitometry of the gel images (Figure 5). Statistical analysis was
performed by using the QuickCalcs unpaired t test calculator online
tool of GraphPad (available at https://www.graphpad.com/
quickcalcs/ttest2, date of last accession: August 16, 2023). ns, non-
significant (p > .05); *p < .05; **p < .01; ***p < .001.

Both enzymes showed the slowest cleavage of the substrates that
contained Pro, lle, Val, Leu, Glu, Asp, Arg, Thr, or Lys residues in P1’
position; less than 5% substrate conversion was observed for these
substrates (Figure 6).

The P1’ amino acid preferences of the S219V/R203G mutant are
in agreement with those of the R203G mutant (Figure 6), as it was
found previously to cleave those substrates with the lowest efficiency
for substrates that contain Arg, lle, Leu, Lys or Val residues in the P1’
position, while the P1’-Pro mutant was not processed.” Intracellular
processing of fusion protein substrates also revealed that the P1’-Pro
variant substrate is not cleaved by the S219V mutant TEV PR as well,
and the B-branched hydrophobic residues were also among those less
preferred in this position.t

The substrate conversions determined for the S219V single and
S$219V/R203G double mutants were highly similar (Figure S2A). The
observed processing efficiencies were comparable with the keat/Km
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values that were determined previously for the S219V mutant in case
of the corresponding P1’ mutants (Figure S2B).

In order to determine the dependence of in vitro cleavage effi-
ciencies of the fluorescent substrates on the hydrophobicities and vol-
umes of the P1’ residues, linear regression analysis was performed in
the case of both mutant enzymes (Figure S3). The Kyte and Doolittle
hydropathy scale*? and the residue volumes were also retrieved from
the literature.*® The analysis revealed that there is no correlation
between the substrate conversions and the volumes or hydrophobic-
ities of P1’ residues. Nevertheless, the highest substrate turnover was
determined for the substrates containing a small volume P1’ residue,
such as Ser, Gly, Ala, Cys, or Asn, both in the case of the S219V and
the S219V/R203G mutant enzyme (Figure S3A).

3.4 | Kinetic analysis of TEV PRs using synthetic
oligopeptide substrates

Based on the results of protein substrate-based screening, the most
preferred P1’-variants were selected for downstream kinetic analysis.
The synthetic oligopeptide substrates represented the wild-type and
P1'C, PT'A, P1'H, P1'G, and P1’M mutants of the TEV PR cleavage
site (TENLYFQ*SGTRR). However, it is important to note that the
reaction buffer we used in this work (incubation buffer: 25 mM Na-
phosphate, 100 mM NaCl, 5 mM DTT, 10% glycerol, pH 7.4) was
slightly different from the buffer environment that was used to deter-
mine the kinetic parameters of the S219V mutant TEV PR (TEV PR
50 mM Tris-HCI, 0.5 mM EDTA, 1 mM DTT,
pH 8.0). Some representative kinetic curves are shown in Figure 7.
The P1'C variant was found to be the best substrate for both

reaction buffer:

enzymes, while the His residue was the least preferred in the P1’

position. The order of preferences was slightly different for the other
substrates (Table 6). The catalytic constants of the S219V/R203G
mutant were almost identical for the P1'C and P1'M substrates, and
for the P1’'S and P1'A substrates, respectively. The amino acid prefer-
ences established in this work agree with those determined by a for-
mer kinetic analysis of the S219V mutant, the P1'C variant was less
efficient substrate as compared to the P1'S, P1'G and P1’A. The high-
est catalytic constants were obtained for the P1'C substrate, the kc./
Knm values were 0.899 and 0.548 mM~1s™! for the S219V and
S219V/R203G mutants, respectively. The P1’M mutant was more
preferred by the S219V/R203G than by the $219V mutant TEV PR
(in agreement with the screening of recombinant substrates, see
Figure 6), this was the only substrate for which the catalytic constant
was higher for the double mutant as compared to the single mutant
enzyme.

The data obtained from the screening of protein substrates and
by the oligopeptide-based kinetic assays were in good agreement in
case of both enzymes (Figure S4A,B).

A possible limitation of this study is that the enzyme-substrate
complexes were investigated in silico only in the context of an oligo-
peptide that represents the canonical TENLYFQ*SGT cleavage site,
but a series of P1’ mutant substrates were not prepared and analyzed.
Consequently, the amino acid preferences obtained for the selected
substrate variants in vitro (Table 6) could not be corroborated with
structural studies.

The MD simulations revealed a greater number of hydrogen
bonds formed with the oligopeptide substrate (representing the
canonical TENLYFQ*SGT cleavage site sequence) in the case of
the S219V mutant TEV PR as compared to the S219V/R203G mutant
(18 and 15, respectively) (Table 2). The number of the side-chain- and
main-chain-mediated non-bonded contacts of the P1’-Ser side chain
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TABLE 6 Kinetic parameters determined for S219V and S219V/R203G mutant TEV PRs.

Enzyme Substrate Vinax (NM s~ %) Knm (mM)

S219v P1T'A 21.026 + 1.575 0.189 + 0.049
P1'G 61.478 + 3.872 0.493 £ 0.094
P1'S 4.667 +0.222 0.027 + 0.005
P1'H 7.061 £ 0.698 0.069 + 0.024
P1'C 19.601 + 1.166 0.249 + 0.034
P1'M 18.304 + 1.063 0.315 £ 0.036

S219V/R203G P1T'A 23.893 +1.848 0.241 £ 0.048
P1'G 26.304 + 1.876 0.364 + 0.063
P1'S 4312 +0.218 0.054 + 0.008
P1'H 4.304 + 0.406 0.090 £ 0.026
P1'C 16.137 + 1.440 0.374 £ 0.064
P1'M 18.072 £ 1.190 0.342 £ 0.049

Keat (s74) Keat/Km (MM~ s7%) Keat/Km (MM~2 5722
0.120 + 0.009 0.635 +0.171 3.01+£0.54
0.352 £ 0.022 0.714 £ 0.143 3.08 + 0.67
0.021 + 0.001 0.778 £ 0.149 451 +0.65
0.024 + 0.002 0.348 £ 0.124 n.d.

0.224 £ 0.013 0.899 £ 0.133 n.d.

0.150 + 0.009 0.476 £ 0.062 2.37 £0.23
0.109 + 0.008 0.452 £ 0.096

0.120 £ 0.009 0.329 + 0.062

0.025 + 0.001 0.463 £ 0.071

0.025 + 0.002 0.278 + 0.083

0.205 £ 0.018 0.548 + 0.105

0.187 £ 0.012 0.547 £ 0.086

Note: Oligopeptides representing the TENLYFQ*XGTRR cleavage site were used as substrates, the X denotes the P1’ residue in the sequence (Ala, Gly,

Ser, His, Cys, or Met). Error bars represent SD of average values, n = 3.
Abbreviation: n.d., not determined.

The keat/Knm values were determined previously for the $219V mutant TEV PR by using a series of P1’-modified oligopeptide substrates.*

was also higher for the S219V mutant (Table 4). The slightly higher
density of enzyme-substrate interactions is consistent with the two-
fold higher Ky obtained for the double mutant TEV PR.

The keat/Km values determined for the S219V/R203G mutant
were lower than 0.6 mM~1 s~%, while were between 0.6 and 0.9 for
the S219V mutant TEV PR in the case of four of the six studied sub-
strates (Table 6). On average, the k,t/Knm values indicate higher cata-
lytic efficiency of the S219V mutant enzyme. The catalytic constants
reported here were lower than the previously determined ones® due
to differences in the conditions of the protease assays (such as buffer
conditions, especially lower ionic strength). Nevertheless, the P1’
specificities of the two mutants were successfully compared, and the
preferences determined for the P1’A, P1'G, P1'S and P1'M were iden-
tical: Ser > Gly > Ala > Met (Table 1), indicating consistency of the
obtained results. Based on the k.,:/Ku values that were obtained from
the oligopeptide-based kinetic analysis, the following P1’ amino acid
preferences can be invoked: S$219V: Cys > Ser > Gly > Ala >
Met > His; S219V/R203G: Cys/Met > Ser/Ala > Gly > His.

The correlation of the experimental data with the physical param-
eters of P1’ residues was carried out in the case of k.,:/Knm values, as
well. Linear regression analyses revealed only moderate correlation of
the catalytic constants with the volumes of the P1’ residues in the
case of the single mutant enzyme, but no correlation was observed
for the double mutant (Figure S4C,D). Interestingly, a strong relation-
ship was observed between the k.,./Knm values and the P1’ residue
hydrophobicity only in the case of the S219V/R203G mutant enzyme,
the highest catalytic constants were obtained for the most hydropho-
bic P1’ variants (Figure S4E,F). Nonetheless, such a strong correlation
was not observed if the series of His,-MBP-mEYFP protein substrates
was screened (Figure S3B). The lowest catalytic constant was
obtained for the P1’-His variant for both enzymes, this residue is less
hydrophobic and has a greater volume than the other five studied P1’

variants.

The P1’ substrate variants were compared in the context of the
+

exp) as well. The energies were calculated

activation energies (AG
based on the k..: values determined in this study (Table 6) or reported
previously for the S219V mutant.® The experimentally derived kst
values were converted into activation energies based on the Eyring-

Polanyi equation (Equation (1)).

:KkBTe_%e‘

k (1

In this equation, k represents the rate constant (k.. in the case of
an enzyme reaction), x is the transmission coefficient, generally
accepted as 1, kg is the Boltzmann constant, h is the Planck constant,
T is temperature, R is the gas constant, and AG* is the Gibbs energy of
activation. The calculated activation energy values were highly compa-
rable and showed <0.5kcal/mol difference, excepting the P1'S sub-
strate (Table 7). The activation energies were highly comparable in
most cases, the highest values were determined for the P1’S and P1'H
variants. The high activation energy in the case of the P1’"H mutant in

consistent with the low cleavage efficiency of this substrate (Table 6).

4 | DISCUSSION

This study was performed with the aim of comparing the P1’ specific-
ity of the S219V/R203G mutant TEV PR with that of the S219V
mutant in silico and in vitro. The S219V mutation was designed previ-
ously to improve the stability of TEV PR by preventing enzyme inacti-
vation via autolysis,® while the R203G mutation was identified by
random mutagenesis and purported to have even more relaxed speci-
ficity in the P1/ position.? In this work we studied the $219V/R203G
double mutant TEV PR with special emphasis on its P1’ amino acid

preferences. Structural features were investigated by molecular
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TABLE 7 Activation energy values with various substrates.

Substrate AGE,, (keal/mol) AGE,, (keal/mol)®
P1T'A 18.84 18.36

P1'G 18.20 18.32

P1'S 19.88 18.56

P1'H 19.80 -

P1'C 18.47 -

P1'M 18.71 18.60

Note: The activation energies were calculated by the Eyring-Polanyi
equation based on the experimentally determined k., values (Table 6).
2These values were calculated based on the results published previously
by Kapust et al.* The k..: values were not determined previously for P1'H
and P1'C substrate variants; thus, it was not possible to calculate
activation energy in these cases.

dynamics (MD) analysis in the case of the wild-type, single, and double
mutant enzymes, while the P1’ specificities were determined in vitro
only for the S219V and S219V/R203G mutants. This choice was due
to the importance of the S219V mutation in the stabilization of
TEV PRE

First, the P1’ specificities of both enzymes were established
in vitro by screening recombinant protein substrates. For this assay, we
modified a pDestHis-MBP-mEYFP expression plasmid by preparing a
new cloning cassette (Figure 4), followed by the preparation of 20 His,-
MBP-mEYFP substrates that contained the wild-type TENLYFQ*SGT
TEV PR cleavage site and all of its P1’ variants (Figure 5). The 5219V
single and $219V/R203G double mutants exhibited similar P1’ specific-
ity, with highest preferences for P1'S, P1'C, P1’A, P1'H, P1'G, and
P1'M residues (Figure 6). Lower tolerance was observed for the aro-
matic side chains in the P1’ position, while residues containing charged
P1’ variants were among the least efficient substrates, and the turnover
of the P1'P substrate was negligible. Overall, the in vitro assays
revealed no remarkable differences between the specificities of the
S219V and S219V/R203G mutant enzymes. In accordance with this,
the MD simulation-based analysis of the enzyme-substrate complexes
also implied comparable pattern of the enzyme-substrate interactions
at the active site of the S219V and S219V/R203G mutant, including
the hydrogen bonds (Table 2) and the non-bonded contacts (Table 4).

The Arg203 residue was deduced to form a positively charged
surface patch together with another two arginine residues (Figure 3).
Thus, the R203G mutation was predicted to reduce this charge, allow-
ing easier binding of substrates with positively charged P1’ residues.’
In contrast, the in vitro screening of P1’ mutants revealed that the
substrates containing a charged residue in the P1’ position are among
the least tolerated ones and are inefficient substrates of both S219V
and S219V/R203G mutant TEV PRs.

The TEV PR mutants we designed contained either the S219V or
S219V/R203G mutations of the canonical catalytic domain sequence
(UniProt ID: P0O4517). Although the previously described pTEV2 PR
enzyme also contained both point mutations, five other mutations
were also present in that enzyme (Figure S1), but it has not been eluci-

dated unequivocally so far whether the additional five mutations

influence the specificity. The absence of the S219V mutation may be
a limiting factor for the biotechnological and molecular biological
application of TEV PR, as this mutation remarkably improves the
global stability of the enzyme.! Therefore, the R203G single mutant—
lacking any stabilizing mutation—was omitted from our in vitro study.
Not only the sequence of the applied protease but some other condi-
tions may also influence the obtained phenotypes, such as application
of crude intracellular or in vitro assays, or investigation of the cleavage
reactions at different substrate turnover or depletion. Hence, the P1’
amino acid preferences obtained for the S219V and S219V/R203G
mutants in this work are not directly comparable with those deter-
mined for pTEV2 PR.’

Based on the screening of the recombinant substrates (Figure 6),
the top six cleavage site variants were further investigated through
in vitro kinetic assays performed with synthetic oligopeptide sub-
strates (Figure 7). The highest catalytic constants were determined for
the P1'C-containing substrates in the case of both enzymes (Table 6).
The calculated binding free energies were higher for the S219V
mutant as compared to $219V/R203G mutant (Table 5), indicating
more preferred binding of the P1’S variant substrate (TENLYFQ*SGT)
to the single mutant enzyme. This results of the computational analy-
sis was in good agreement with that of the kinetic analysis (Table 6)
and corroborate the higher catalytic constants Ky and keat/Kwm
obtained for the S219V mutant. A possible limitation of this study is
that the kinetic parameters were not determined for P1’-Arg mutant
oligopeptide substrate. Nevertheless, this substrate was among the
less-preferred ones in the protein substrate-based screening
(Figure 6).

Our hypothesis was that the R203G mutation might further relax
the P1’ specificity of the $219V mutant TEV PR. Proteolysis of the
model fusion protein substrates was considered to resemble realistic
enzyme-substrate interactions as compared to the oligopeptide sub-
strates, as TEV PR is most typically used for the processing of recom-
binant proteins during their production and purification. Overall, the
in vitro assays revealed no remarkable differences between the speci-
ficities of the S219V and S219V/R203G mutant enzymes.
The Arg203 residue is located farther from the catalytic site than
Ser219, so the effect of the mutation at the 219th position may be
more dominant. We assume that the five additional mutations that
were introduced into pTEV2 PR in order to improve its solubility” also
influenced the P1’ preferences of the enzyme and potentially contrib-
uted to the more relaxed specificity of pTEV2 in the intracellular
assays. In agreement with this, we did not observe such a relaxed
specificity if only the S219V and R203G mutations were present in
the canonical sequence of the TEV PR's catalytic domain.

Addition of the R203G mutation along with S219V did not
change the overall P1’ specificity compared to the single mutant
TEV PR but it caused a slight decrease its catalytic efficiency. Due
to the relatively lower catalytic efficiency of the double mutant, the
S$219V mutant TEV PR remains the most efficient variant for fusion
tag removal, irrespective of the P1’ residue. It remains to be deter-
mined how the mutations of pTEV2 PR other than $219V® and
R203G? influence the amino acid preferences, which may help to
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identify the residues whose modification might further relax the
P1’ specificity.
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