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Abstract

The ability to rationally increase the stability and solubility of recombinant proteins has long been a
goal of biotechnology and has significant implications for biomedical research. Poorly soluble enzymes,
for example, result in the need for larger reaction volumes, longer incubation times, and more restricted
reaction conditions, all of which increase the cost and have a negative impact on the feasibility of the
process. Rational design is achieved here by means of the POPMuSiC program, which performs in silico
predictions of stability changes upon single-site mutations. We have used this program to increase the
stability of the tobacco etch virus (TEV) protein. TEV is a 27-kDa nuclear inclusion protease with
stringent specificity that is commonly used for the removal of solubility tags during protein purification
protocols. However, while recombinant TEV can be produced in large quantities, a limitation is its
relatively poor solubility (generally ~1 mg/mL), which means that large volumes and often long
incubation times are required for efficient cleavage. Following PoPMuSiC analysis of TEV, five variants
predicted to be more stable than the wild type were selected for experimental analysis of their stabil-
ity, solubility, and activity. Of these, two were found to enhance the solubility of TEV without
compromising its functional activity. In addition, a fully active double mutant was found to remain
soluble at concentrations in excess of 40 mg/mL. This modified TEV appears thus as an interesting
candidate to be used in recombinant protein technology.
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Recombinant proteins and peptides have an almost end-
less list of applications in biotechnology, biomedicine,
and drug development. However, the limited stability and
solubility of recombinant proteins can severely reduce
their usefulness (Cabrita and Bottomley 2004; Chow et al.
2006). Thus a primary objective and a significant chal-
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lenge in the biotechnology sector is the ability to increase
through mutagenesis, the stability and solubility of pro-
teins and peptides without affecting their activity. Two
types of approaches can be used to guide the selection
of appropriate mutations. The first is directed evolution
experiments, where the protein is subjected to random
mutagenesis and then screened for the chosen property
(Roodveldt et al. 2005; van den Berg et al. 2006). The
second approach, used here on the protease TEV, exploits
bioinformatics programs to rationally design mutants
presenting the required properties.

The 27-kDa C-type cysteine protease of the tobacco
etch virus (TEV) is commonly used to remove solubility
tags from either the N or C termini of recombinant
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proteins. TEV displays very high sequence specificity,
targeting the recognition sequence ENLYFQG/S (Parks
et al. 1995). This exquisite specificity allows TEV to be
used at relatively high concentrations in a reaction with-
out inflicting nonspecific proteolytic activity. Moreover,
it can be recombinantly produced in Escherichia coli and
is adaptable to a range of different buffering conditions.
It is for these reasons combined that TEV has become a
very popular protease. However, one drawback is that
purified TEV suffers from limited solubility, and thus its
production and storage can be problematic. At present,
recombinant TEV is generally soluble at concentrations
below ~1 mg/mL and is typically stored with up to 50%
(v/v) glycerol (Kapust et al. 2001). The addition of TEV
in large amounts can complicate downstream processes,
owing to the high concentration of glycerol (up to 25%
[v/v]) that can be present. While comparatively small
amounts of TEV are required for cleavage reactions in
solution, some experiments such as on-column cleavage
can require many more units of the protease for apprecia-
ble cleavage in a reasonable time frame. In addition, the
ability to add large amounts of concentrated TEV would
effectively accelerate such cleavage reactions, which can
then proceed overnight at 4°C or at room temperature.
This would be particularly useful for proteins that have a
severe temperature dependency.

We thus sought to improve the stability and the
solubility of TEV such that it would (1) maintain its
structural integrity and activity as well as (2) remain
soluble at high concentrations. The selection of mutations
that could increase the stability of TEV was made with
PoPMuSiC, a program that uses database-derived poten-
tials to predict changes in folding free energy upon
mutation (Gilis and Rooman 2000; Kwasigroch et al.
2002; Gilis et al. 2003). Based on the folding free energy
estimations of PoPMuSiC, five point mutations predicted
to increase the native-state stability of TEV were se-
lected. Two of these mutations increase the surface polar-
ity and conformational entropy of the protein and were
therefore expected to enhance the solubility, with the as-
sumption that they do not stabilize the aggregated state
as strongly as they would the native state. The three other
mutations decrease the surface polarity and are therefore
not likely to improve the solubility. The five mutant
proteins were produced and characterized experimentally.
It was found that they all enhanced, or at least do not
destabilize, the native-state stability, as predicted. In ad-
dition, the two variants that increase the surface polarity
were demonstrated to significantly improve the solubility
of TEV without compromising functional activity.
A double-point mutation was thus generated and was
found to have the ability to be concentrated at least
40 times more than what can be achieved with wild type.
In addition to presenting an improved TEV variant, we

illustrate the effectiveness of applying the PoPMuSiC algo-
rithm to a common biotechnological problem.

Results

Search for TEV variants with enhanced stability
and solubility

The aim of our study consisted of producing TEV variants
that were easier to handle during biotechnology experi-
ments. We focused on two parameters: the thermody-
namic stability characterized by the folding free energy,
AG, and the solubility of the variants. Initially, we
searched for mutations that increase the thermodynamic
stability of TEV.

With this in mind, we applied the PoPMuSiC program
(see Materials and Methods) to the X-ray structure of the
TEV protease, in order to identify mutations that were
likely to stabilize the native form. We used the TEV
structure complexed with its peptide substrate, with PDB
code 1LVM (Phan et al. 2002). With the help of
PoPMusSiC, all possible single-site mutations were intro-
duced in silico in this structure (amounting to 4351
mutations), and their changes in folding free energy
(AAG) were computed. To reduce the errors in the AAG
values due to limitations of database-derived potentials,
two different AAG values were calculated for each
mutation, using potentials derived from two different
structure sets (see Materials and Methods). In what
follows, the AAG values refer to the average of these
two values. Mutations involving prolines were ignored for
they are likely to provoke conformational rearrangements
in the protein, which are not taken into account by the
PoPMuSiC program. Similarly, we did not consider
mutations of residues that interact with the catalytic triad
(Fig. 1) to avoid alterations to the activity of the protease.
Among all tested mutations, the highly stabilizing muta-
tions were identified, presenting a AAG value less than or
equal to —1 kcal/mol.

Eight stabilizing mutations were selected according to
these criteria. They are listed in Table 1 and presented in
Figure 1. They are located at five different positions, one
in the core (residue K45), two near the surface (E106 and
S135), and two in between (L56 and Q58).

Among these mutations, one mutation per position was
selected for experimental tests. As we were also inter-
ested in improving TEV’s solubility, we tried to deter-
mine which among the selected mutations at each of the
five positions were most likely to enhance the solubility.

The solubility of proteins is determined by the relative
stabilities of their solvated and solid (aggregated) forms.
However, not much is known about the aggregated form.
Does the protein undergo a conformational change upon
aggregation, or does the solid state consist of packed
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Figure 1. Structure of the TEV protease. (Red) The residues subject to mutation (K45, L56, Q58, E106, S135). The four pictures
correspond to the neighborhood of these five residues. (Blue) The catalytic triad H46, D81, and C151. The figure was generated with

the PyMOL viewer (http://sourceforge.pymol.org).

proteins in native form? The answer to this issue is
moreover likely to depend on the type of protein and its
environmental conditions. If the protein maintains its
structure upon aggregation, the solubility should be
determined solely by the surface residues, because their
interactions and entropies differ in the two states. In
contrast, if the protein structure changes, information
about the two structures is needed. In the two cases, the
stabilization of the native structure through mutations of
surface residues optimizing the interactions with the
solvent is likely to increase the solubility, except if the
aggregated state is equally stabilized. If there is a con-
formational change upon aggregation, some mutations of
core residues may also improve the solubility.

Here, we do not have any indications about the
structure of the aggregated TEV. A possibility to identify
solubility-improving mutations was to select the muta-
tions that optimize the free energy contributions related to

interactions with the solvent, assumed to vanish in the
aggregated form. The AAG values in PoPMuSiC were
computed using statistical mean force potentials that mix
inter-residue interactions, entropic effects, and solvent
contributions. It was therefore impossible to optimize the
interactions with the solvent independently of the others.
To solve this problem, when several stabilizing mutations
were proposed by PoPMusSiC at one position, we selected
the most polar of the mutated residues. We used, for that
purpose, several amino acid polarity scales (Fauchere
and Pliska 1983; Eisenberg et al. 1984; Wimley and
White 1996).

Initially we retained the mutations L56V, E106G, and
S135G, where only one mutated residue was identified
per position. L56V increased the polarity of the protein,
E106G decreased it, and S135G slightly increased or
decreased it according to the hydrophobicity scale used.
At the other two positions, 45 and 58, polar residues were

Table 1. Stability, solubility, and structural parameters of TEV protease and its variants

Variant Solvent accessibility (%)* AAG yieutaea (Keal/mol)® Ty (°C)° Solubility (mg/mL) AGu,0 (kcal/mol)? Dy (M)?
Wild type — — 521 =1 1.5 —4.6 = 0.20 1.3 = 0.1
K45F 5.8 —2.63 52.0 = 0.8 1.54 —5.03 = 0.20 1.3 = 0.10
K45W 5.8 -2.12 — — — —
L56V 32.1 —1.06 532 = 0.8 6.2 —4.6 = 0.16 1.3 = 0.05
Q58F 34.2 —1.27 540 = 1 1.56 —52 *0.15 1.5 £ 0.10
Q58Y 34.2 —1.13 — — — —
Q581 34.2 —1.13 — — — —
E106G 64.5 —1.64 530 =1 1.7 —6.0 = 0.20 1.7 £ 0.20
S135G 64.7 —1.07 53.7 £ 0.2 5.77 —4.6 = 0.19 1.7 = 0.10
L56V/S135G — — 53.7 = 0.1 >40 —4.7 = 0.19 1.3 = 0.20

#Solvent accessibility of the mutated residue.

°Change in folding free energy calculated with PoOPMuSiC (see Materials and Methods).

“Measured melting temperature.

9The unfolding data from Figure 4 were analyzed using a two-state model as described in Materials and Methods; the results represent the average of three
individual curves. AGy,o represents the difference in free energy between the native and unfolded states. Dy, represents the midpoint of denaturation for the

native to unfolded transition.
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substituted by hydrophobic ones. We kept the muta-
tions K45F and QS58F, which present the smallest losses
in polarity. Note that position K45, with its sol-
vent accessibility of only 6%, can only be expected to
play a part in solubility if aggregation involves structural
modifications.

In summary, we selected five mutations stabilizing the
native form for experimental tests. Two of them, the
mutations L56V and S135G, tend to increase the overall
surface polarity and were thus most likely to enhance the
protein’s solubility.

Experimental characterization of the selected mutations

The two mutants assumed to enhance the solubility
(L56V and S135G), as well as three other stabilizing
mutants (K45F, Q58F, and E106G), were introduced into
a soluble TEV expression system and produced (Kapust
and Waugh 1999). For each of these variants, the protein
concentration was measured using a BCA assay, assum-
ing that the protease had 100% activity. Circular dichro-
ism was used to assess the effect of the mutations on the
stability of the structure. Each variant was thermally
denatured (25°-90°C), and the change in secondary
structure was measured at 230 nm. The midpoint of
denaturation, which is a measure of the thermostability
of the structure, was found to be 52.1°C for wild type
(WT). According to our measurements, all mutants except
K45F were more thermostable than WT TEV (Table 1).
We also determined the thermodynamic stability for each
of the proteins (Fig. 2; Table 1). All of the proteins
unfolded in a reversible two-state manner in accord with
a previous study on TEV (Kapust et al. 2001). All the
proteins were at least as stable as wild-type TEV, in
keeping with the thermal stability data (Table 1). Q58F
and E106G displayed the free energy of unfolding, 5.2
and 6.0 kcal/mol, respectively. In accord with the thermal

WT
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L56V/IS135G
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Figure 2. Equilibrium denaturation of TEV and its variants. The unfolding
of TEV was followed by monitoring the change in the center of spectral
mass as a function of denaturant concentration.

stability data, L56V and S135G had little effect on the
thermodynamic stability. In addition, the double mutant
L56V/S135G had similar thermodynamic stability to
wild-type TEV and the variants L56V and S135G (Table
1; Fig. 2). There is reasonable agreement between the
AAG values calculated using PoPMuSiC and those
observed experimentally.

The variants were subsequently assessed for their
solubility using a centrifugal approach. Each of the
variants was concentrated, while samples were collected
at regular intervals, and the protein concentration was
measured. Figure 3A compares the concentration profiles
for wild-type TEV and the variant L56V. As illustrated,
the plateau observed in the absorbance reading indicated
the solubility threshold, beyond which the protein no
longer remains in solution. The point mutations L56V and
S135G induced a marked improvement in TEV solubility
(Fig. 3B), with a maximum concentration of 6.2 mg/mL
and 5.77 mg/mL, respectively. The other variants (K45F,
Q58F, E106G) were found to have similar solubilities to
the WT and thus were not studied further.

To verify the integrity of the solubility-enhancing var-
iants, the activity was measured using a fluorescence-
quenched substrate assay. Wild-type TEV followed simple
Michaelis-Menten kinetics as determined previously
(Kapust et al. 2001, 2002) and under the conditions tested,
was found to have the characteristics as presented in Table
1. The variants L56V and S135G were assayed under the
same conditions and were found to be either similar or
slightly better than WT. This was the case for L56V, for
instance, which demonstrated a slightly improved k.,/K,
value compared to wild type (6.98 vs. 6.09 for WT)
(Table 2).

To complement the fluorescence-based kinetics, the
ability of the TEV variants to cleave a protein subject was
investigated (Fig. 3). The substrate used was UBL-GST, a
38-kDa fusion between GST and the UBL domain of the
protein HHR23A, and it contains the TEV recognition
sequence between the two domains (Cabrita et al. 2006).
The reaction was performed at a temperature of 30°C and
a ratio of 1:10 (TEV to substrate), which was used to
allow for the time course to be followed over a reasonable
time frame. In addition, it was more practical to monitor
the degree of cleavage by the “loss’ of the 38-kDa fusion
as opposed to the appearance of the 8-kDa UBL domain.
As can be seen in Figure 3, cleavage of the UBL-GST by
TEV was found to be >90% complete after 2 h. A similar
trend was also followed for each of the variants, which
again indicates that there was no compromise in the
functionality of TEV. In addition, a time course also
completed at 4°C and 20°C illustrated that the mutants
retained their activity at the common temperatures used
for proteolytic cleavage. Under these conditions (1:10
ratio), on average, TEV requires ~2-3 h to cleave at least
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Figure 3. Solubility of the TEV variants. (A) Solubility curve for (O) WT
and ([J) L56V. The “maximum” concentration is obtained from the
plateau observed in concentration. (B) Comparison of maximum concen-
trations obtained for each of the variants relative to WT TEV; the data
shown represent the average of five separate experiments.

90% of the substrate at room temperature and a minimum
of 6-8 h at 4°C (data not shown).

A double mutant of TEV with a greatly
enhanced solubility

Of the five variants that were selected, two mutations
(L56V, S135G) were found to enhance the thermal
stability and the solubility of TEV without compromising
the activity. These two mutations were thus introduced
simultaneously to produce the double variant L56V/
S135G. As these two mutations belonged to very different
regions of the protein (Fig. 1), the double variant was
expected to present larger thermal stability and solubility
than the single mutants.

The double variant showed an increase in the thermal
stability compared to WT, but not larger than the single-
point mutation S135G (Table 1). On the other hand, the
solubility was greatly enhanced, allowing the variant to
be concentrated in excess of 40 mg/mL (Fig. 2B).

The activity of the double variant was assessed using
both the fluorescence-based and PAGE assays and found
to be slightly better than wild type (Table 2; Fig. 4). The
activity of the mutant relative to its concentration was
also investigated, in order to gauge whether there was any
concentration-dependent inactivation. The activity was
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also assessed when the double variant was concentrated to
a concentration of 5, 10, 20, and 40 mg/mL and stored for
24 h at 4°C. The activity of the TEV variant at each
concentration was identical, indicating that no aggrega-
tion was occurring upon concentration and storage (data
not shown).

Discussion

For the removal of solubility tags from a purified protein,
TEV is a popular protease because of its high specificity,
although it presents a challenge in its production and
storage because of its low solubility. To overcome this
bottleneck, we performed a rational search for point
mutations that could improve TEV’s native-state stability
and solubility. The PoPMuSiC algorithm was used to
introduce, in silico, all possible single-site mutations in
TEV, with the aim of selecting the stabilizing ones.
Among these mutations, one increased the polarity of
the protein surface, while another kept it constant. They
were therefore suspected to have a positive impact on the
solubility. When tested experimentally, these two muta-
tions were, indeed, shown to lead to an improvement in
the native-state thermal stability coupled to an enhance-
ment of the TEV’s solubility.

The principles governing protein solubility are com-
plex and are a function of the amino acid sequence, pH,
salt concentration, and temperature. In fact, solubility is a
competing phenomenon between solvation of the native
structure of the protein and its aggregation. At present,
much attention is being geared toward elucidating the
molecular determinants of protein aggregation. One
school of thought is that aggregation is governed by
electrostatic repulsions, and thus by altering the net
charge of a protein, the solubility could be improved
(Nishimura et al. 2001; Zhang et al. 2004; Calloni et al.
2005). The mutations (L56V and S135G) found here to
improve the solubility do not modify the net charge, but
they alter the surface interactions in a manner that would

Table 2. Kinetic parameters of TEV protease and its variants

Variant K,y (mM)* ke (s kead K ¢

Wild type 0.121 * 0.019 0.74 + 0.08 6.11 = 0.25
K45F 0.119 + 0.015 0.74 + 0.1 622+ 04

L56V 0.111 * 0.016 0.78 + 0.1 6.98 + 0.31
Q58F 0.121 + 0.015 0.76 + 0.1 6.28 + 0.40
E106G 0.121 + 0.015 0.73 + 0.2 6.03 + 0.31
S135G 0.122 + 0.013 0.74 + 0.2 6.10 + 0.22
L56V/S135G 0.113 = 0.011 0.80 = 0.3 7.08 + 0.41

“Michaelis-Menten constant (K,,) and catalytic kinetic constant (keg)-
All experiments were conducted at 30°C using the fluorescence-
quenched substrate Abz-E-N-L-Y-F-Q-G-A-A-Lys(DNP)-OH as described
in Materials and Methods.
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Figure 4. Protease activity. SDS-PAGE analysis of TEV cleavage of the protein substrate UBL-GST as a function of time at 30°C.

favor solubility against aggregation. Thus the results of
the present support the idea that solubility can, indeed,
be enhanced by stabilizing the native state, especially
through substitutions of solvent-accessible residues into
more polar amino acids. Of course, this cannot be
expected to be a perfectly general law: Some mutations
of core residue may improve solubility, for example,
through structural rearrangements upon aggregation. On
the other hand, it should not be excluded that some
stabilizing surface mutations may lead to a deteriorated
solubility, for instance, due to a larger stabilization of the
aggregated form. However, our criteria allow us to select,
for further experimental tests, a limited number of can-
didate mutants that are very likely to display an improved
solubility.

The solubility of TEV was shown to increase by a
factor of 4 upon substitution of L56 into V. Although V is
significantly more polar than L, such a large increase was,
indeed, surprising. The analysis of the spatial neighbor-
hood of L56 in the native structure gives additional hints
that explain the solubility improvement. Using the
PyMOL viewer (http://sourceforge.pymol.org), we built
the 19 rotamers of K65, the closest residue to L56. Of
these, only four do not lead to steric clashes with L56 in
the wild-type structure, against nine in the L56V mutant.
Moreover, some of the additional rotamers provoke a
decrease of the solvent accessibility of V56 and an in-
crease in the solvent accessibility of K65. As a conse-
quence, the large increase in the solubility of the L56V
variants can be explained by the larger polarity of V rela-
tive to L and by the larger number of degrees of freedom
of K65 present in the variant. As a consequence, the large
increase of the solubility of the L56V variant can be
explained by the larger polarity of V relative to L, the
larger number of degrees of freedom of K65 in the variant
and thus its larger conformational entropy, and the result-
ing side-chain rearrangements that increase the solvent

accessibility of the polar K65 and decrease that of the
hydrophobic V56. All these free energy contributions
are expected to be favorable to the native structure but not
to the aggregated one.

The S135G variant was shown to multiply the solubil-
ity of WT by a factor of 4. This significant increase was
not obvious to explain, given that the polarities of S and
G can be considered as roughly equal, even though they
vary among the different hydrophobicity scales. It can,
however, be argued that replacing an S by a G in a surface
loop increases the flexibility of the chain and thus the
conformational entropy of the native state, whereas the
entropy of the aggregated structure is unlikely to be af-
fected, owing to protein—protein interactions.

In conclusion, the major goal of our study, designing a
fully active TEV variant with improved stability and high
solubility, was successfully reached. This is an important
achievement since the relatively poor solubility of TEV
was a strong limitation to its otherwise valuable role in
biotechnology. We would also like to highlight that this
was accomplished through a rational approach combining
in silico and in vitro techniques. Such an approach is
applicable to any protein for which a structure (X-ray,
NMR, or even modeled) is available and is thus likely to
become more of a powerful tool, particularly in the bio-
technological area.

Materials and Methods

Generation of the TEV variants using PoPMuSiC

The PoPMuSiC program proceeds by introducing all the
possible single-site mutations in a protein structure and predict-
ing the resulting folding free energy changes (AAG omputed =
AGmutant — AGyiid-ype) (Gilis and Rooman 2000; Kwasigroch
et al. 2002). It requires as input the protein structure in PDB
format (Berman et al. 2000) and uses a simplified structural
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representation consisting of the Cartesian coordinates of the
C, N, C,, and O backbone atoms; the side-chain atom Cg; and
the pseudoatom C, corresponding to the side-chain geometric
center averaged over all rotamers of a given residue in a protein
set (Kocher et al. 1994). Mutations are assumed to keep the
backbone structure unchanged. The calculations were performed
in the absence of the substrate.

The AAG values are computed in PoPMuSiC by means of
database-derived potentials. These potentials are obtained from
frequencies of association between residues or residue pairs and
structural descriptors in a data set of known protein structures.
They implicitly take the solvent into account, as they are derived
from experimental structures in solution. Two data sets are used
here: one consisting of 141 proteins with resolution =2.5 A and
presenting <25% sequence identity (Wintjens et al. 1996), and
the other of 735 chains with resolution =2.0 A and at most 20%
sequence identity (Hobohm et al. 1992).

Two types of potentials are derived from these data sets. The
torsion potential describes local interactions along the sequence
and is obtained from frequencies of association of residues or
residue pairs with backbone torsion angle domains. The distance
potential is computed from propensities of residue pairs to
be separated by a spatial distance evaluated between C,s. The
stability changes upon mutation are evaluated by linear combi-
nations of these potentials:

AAC}compuled = aAAGtorsion + BAAGdistance +7,

where AAGorsion and AAGgisiance are the folding free energy
changes upon mutation, computed with the torsion and the
distance potentials, respectively. «, (3, and y are weighting
factors depending on the solvent accessibility of the mutated
residue, A (Gilis and Rooman 2000).

The good performances of PoOPMuSiC have been attested to
previously. Correlation coefficients between computed and
measured AAGs are equal to 0.87 on surface residues and 0.80
on buried residues of a test set (Gilis and Rooman 1996, 1997).
Another study showed an excellent agreement between blind
predictions on a protein from the serpin family and the experi-
mental characterization of the mutations (Gilis et al. 2003).

Production of the TEV variants

The following point mutations were introduced into TEV-S219V
to produce five variants: K45F, L56V, Q58F, E106G, and
S135G. Two point mutations were introduced to produce the
double mutant L56V/S135G. The mutations were introduced
using the QuikChange Site Directed Mutagenesis kit (Strata-
gene). The proteins were expressed in BL21pRIPL E. coli
(Stratagene), typically 1 L of culture, following isopropyl
3-D-thiogalactopyranoside (IPTG) (0.5 mM) induction. The cells
were then lysed using sonication. The sample was then applied to
1 mL of Ni-NTA agarose (GE Healthcare) pre-equilibrated with
25 mM sodium phosphate (pH 8.0), 10% (v/v) glycerol, 0.2 M
NaCl, and 25 mM imidazole after which the protein was eluted
with 25 mM sodium phosphate (pH 8.0), 10% (v/v) glycerol,
0.2 M NaCl, 500 mM imidazole. The eluted protein was then
applied to a Superdex 75 (16/10) column in the following
buffer: 25 mM Na,PO,, 200 mM NaCl, 10% (v/v) glycerol, 5 mM
B-mercaptoethanol (pH 8.0). The eluted fractions containing
TEV were pooled, flash-frozen in liquid nitrogen, and stored
at —80°C.

2366 Protein Science, vol. 16

Thermal stability

The thermal stability of the TEV variants was measured using
circular dichroism. 0.2 mg/mL TEV in 25 mM Na,PO,, 200 mM
NaCl, and 10% (v/v) glycerol was heated at a rate of 1°C/min
between 20°C and 90°C, and the secondary structural changes
were monitored at 230 nm.

Solubility assay

The solubility of TEV was assayed by concentrating the protein
and taking aliquots at various stages, pelleting any precipitate,
and assaying the concentration using the BCA assay. The
maximum concentration was obtained when an equilibrium was
reached, as determined in a plateau in absorbance readings.

Enzyme kinetics

Enzyme kinetics were performed at 30°C, in 25 mM NazPO,,
200 mM NaCl, 10%(v/v) glycerol, and 5 mM BME (pH 8.0).
The fluorescence quenched substrate Abz-E-N-L-Y-F-Q-G-A-
A-Lys(DNP)-OH was synthesized to >90% purity (Auspep),
and the concentration was determined using the relation 10*
M~ em™" at 360 nm, which monitors the absorbance of the
DNP moiety. Fluorescence changes were monitored on a BMG
Technologies FluorStar Galaxy fluorescent plate reader using an
excitation wavelength of 320 nm and an emission wavelength of
420 nm. The initial reaction rate was determined at a single
concentration of enzyme over a substrate range from 20 pM to
2 mM, and the data were fitted to the Michaelis-Menten
equation to derive the kinetic values: Viax, K, kears and key/ Ki-

Activity of TEV using gel electrophoresis

Samples containing 10 nL of 0.5 mg/mL UBL-GST and 10 pL
of 0.1 mg/mL TEV were incubated at 30°C and removed at
20-min intervals over the time range of 0—120 min. The samples
were mixed with Laemmli buffer and boiled. The samples were
then loaded onto a 12% (v/v) SDS gel.

Equilibrium unfolding analysis

Fluorescence emission spectra were recorded on a Perkin-Elmer
LS50B spectrofluorimeter at 25°C in a 1-cm path length quartz
cell. Excitation and emission slits were set at 5 nm for all spec-
tra, and a scan speed of 10 nm/min was used. The absorbance at
the excitation wavelength was monitored in all experiments and
remained below 0.03. We followed unfolding by monitoring the
change in center of spectral mass wavelength (COSM) as
described previously (Kapust et al. 2001; Tew and Bottomley
2001). COSM is calculated as follows:

COSM = Y AF(\) /S F(\) (1)

where F(N\;) is the fluorescence intensity measured at the
emission wavelength \;.

Stock solutions of GAnHCl in 25 mM Na,PO,4, 200 mM NaCl,
and 10% (v/v) glycerol were prepared and filtered through
0.22-pwm membranes before use. Equilibrium unfolding curves
were determined by adding a concentrated solution of native
protein to a series of denaturant solutions. These solutions were
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incubated for 2 h at 25°C before analysis by measuring the
fluorescence emission spectra from 300 to 450 nm. No differ-
ences were observed in experiments where spectroscopic mea-
surements were made after more extensive equilibration. All
unfolding curves were found to be fully reversible, and the data
were fit to a two-state unfolding model using a nonlinear least-
squares fitting algorithm. In determining the stability of TEV
and its variants, we used an average m value of 3.6 kcal/mol per
M in the global fitting procedure.
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