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Abstract: We report a suite of enzyme redesign protocol based on the surface charge-charge inter-
action calculation, which is potentially applied to improve the stability of an enzyme without com-
promising its catalytic activity. Together with the experimental validation, we have released a suite
of enzyme redesign algorithm Enzyme Thermal Stability System, written based on our model, for
open access to meet the needs in wet labs. Lipk107, a lipase of a versatile industrial use, was cho-
sen to test our software. Our calculation determined that four residues, D113, D149, D213, and
D253, located on the surface of LipK107 were critical to the stability of the enzyme. The model was
validated with mutagenesis at these four residues followed by stability and activity tests. LipK107
mutants D113A and D149K were more resistant to thermal inactivation with ~10°C higher half-
inactivation temperature than wild-type LipK107. Moreover, mutant D149K exhibited significant
retention in residual activity under constant heat, showing a 14-fold increase in the half-
inactivation time at 50°C. Activity tests showed that these mutants retained the equal or higher
specific activity, among which noteworthy was the mutant D253A with as much as 20% higher
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activity. We suggest that our protocol could be used as a general guideline to redesign protein
enzymes with increased stabilities and enhanced activities.

Keywords: designed protein stabilization; electrostatic stabilization; lipase stabilization; surface

charge-charge interaction; Lipk107

Introduction

Enhanced stability of an enzyme without compro-
mising the enzyme activity can be achieved by
rational protein engineering.! Although the mode of
approach to that goal remains to be established, eco-
nomic interests have recently grown over its poten-
tial application in diagnostics, pharmaceutical and
food processing, and fine-chemical synthesis.? Many
approaches have been proposed. To name a few,
hydrogen bond redesign, Van der Waals redesign,
and salt bridge redesign have been employed to
improve the stability of enzymes in laboratory condi-
tions. However, they all seem technically compli-
cated to write a simple computational program for
rational design in industrial scales,>® and hence
have failed to gain popular acceptance.

Recently, a suite of protocol based on the Tan-
ford—Kirkwood solvent accessibility (TK-SA) model
and surface charge—charge interaction analysis has
been released, and subsequent applications proved
its mettle."*™'® TK model, formulated based on the
charge—charge interaction by Tanford and Kirk-
wood,'1® treats a protein as a sphere and the ioniz-
able groups on protein as point charges that occupy
fixed positions (Supporting Information Fig. S1).
The interactions between point charges are
appraised to delineate the electrostatic properties on
a protein.'®1® Additionally, SA was introduced to
refine TK-SA model.'?° Bashford and Karplus®!
included the effects of partition function and Gibbs
free energy in their improved TK-SA model. Then,
different studies have made further improvements
with the model. Taking the solvent effect into
account,??2* TK-SA model was shown to approach
experimental outcomes.?®?® Subsequent efforts on
TK-SA model calculation yielded successful cases of
modifying characteristics of enzymes.b%10:2731
Unfortunately, no computational tool using TK-SA
model has been publicly released to facilitate the
applicability of this protocol among bench scientists.

In our previous study, the lipase LipK107, which
belongs to the Proteus/psychrophilic subfamily of 1.1
lipases, was cloned from Proteus sp., and was suc-
cessfully expressed in Escherichia coli BL21, and its
structure was solved by X-ray crystallography (PDB
accession: 3W9U). LipK107 has garnered interest as
a biocatalyst by its high enzyme activity, tolerance
to short-chain alcohols, and ability to be expressed
soluble in E. coli in a chaperone-independent man-
ner.?273* Although the hydrolytic activity of LipK107
was as high as 1200 U/mg at ambient temperature,
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its thermal stability was not very satisfactory.?® In
this study, we refined the protocol of TK-SA model
calculation and surface charge—charge interactions
analysis. We also released a suite of computational
program: Enzyme Thermal Stability System (ETSS)
intended to assist researchers engaged in enzyme
redesign field. To our knowledge, this is the first
program freely accessible to the public for protein
redesign purpose. Using ETSS, here we report a
novel protocol of enzyme redesign and the develop-
ment of several LipK107 variants with enhanced
thermal stability.

Results and Discussion

Engineering of Lipk107 mutants with increased
thermal stability in silico

Source code was compiled by gcc 4.0 in the Linux
system of Centos 6.0 (the source code is available
upon request). The parameters of Lipk107 were cal-
culated by the program which found 79 charged
amino acids in LipK107 monomer. Total E;; is shown
in Figure 2. Positive energies represented the over-
all unfavorable interactions of a given residue with
all other ionizable residues in the protein, whereas
negative values reflected the overall favorable inter-
actions. Hence, we posited that alteration of the
electrical property at the residues with positive val-
ues would shift the protein’s stability character.
Although Figure 2 shows dozens of residues fitting
this criterion, the best candidate is also needed to
meet the following rules. The residues far away
from the active center and with high positive value
of E;; should be considered first because the intro-
duction of these mutations would have little impacts
on enzyme activity. Residues located at the second-
ary structure should be deliberated carefully
because the introduction of these mutations may
break the secondary structure, destroying the whole
protein or unexpectedly improve the stability of the
secondary structure making a rigid protein. Finally,
introduction of mutations on the injurious residue to
opposite electrical property would be better than
introduction of mutations on wunprotonable one.
However, such mutations could trigger potential
allosteric effects and change the whole structure.
Therefore, four residues far away from active site,
three locating at the loop region, and one locating at
the a-helix were selected and mutated for thermo-
stability test. Among them, three residues were
mutated to unprotonable Ala and one residue was
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Figure 1. Workflow chart of end-state calculation. All steps shown in the workflow chart are evaluated and performed

automatically.

mutated to Lys (which has opposite electrical prop-
erty with Asp). With the above issues taken into
account, four residues, D113 (total E;;=33.60 KdJ/
mol), D149 (total E;;=34.08 KdJ/mol), D213 (total
E;;=32.28 KJ/mol), and D253 (total E;; =34.85 KJ/
mol), were selected for mutation. Figure 3 shows
that each mutational site was located on the protein
surface spaced sufficiently from the catalytic center.
Further precaution was taken regarding to which
amino acids the chosen residues should be mutated
to. Theoretically, mutation of a negatively charged
residue to a positive one may cause a significant
alteration of surface potential and thus of binding
property. In this case, possible outcome is uncertain
and unfavorable to our study. To circumvent the
uncertainty, D113, D213, and D253 were mutated to
a simple neutral amino acid alanine, and only D149
was mutated to positively charged residue lysine.

Engineered Lipk107 mutants display increased
thermal stability

Mutants were constructed by site-directed mutagen-
esis as described in Materials and Methods sec-
tion. As an industrial application of an enzyme
demands its robustness in a temperature higher
than ambience, the effect of the mutation on resist-
ance to heat stress was assayed by monitoring the
residual lipase activity after heat treatment. Theo-
retically, the percentage of activity lost in heat treat-
ment is in accordance with the number of protein
molecules denatured by high temperature. There-
fore, if the interaction between point charges is
enhanced with mutation, the substrate binding
pocket will evade a collapse under the heat. To test
the reliability of our rational design, we introduced
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a set of standards and different conditions. First,
the half-IT;, was determined by measuring the
activity of WT LipK107 and its variants on hydroly-
sis of pNPP at various temperatures. As shown in
Figure 4(A), point mutations of D213A and D253A
shifted IT;» upward by 5°C, from 50 to 55°C, and
similarly D113A and D149K by 10°C, from 50 to
60°C, indicating that the mutation significantly sta-
bilized LipK107. Moreover, the extent of tempera-
ture inactivation was evaluated on time-course
among the WT and variants, based on their residual

activity during incubation of the enzymes at

total E, (KJ/mol)
: o

gEgaEE
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Figure 2. Total energy calculation of each chargeable resi-

due. Positive value represents the overall contributions from
repulsive force, which is pernicious to the thermostability of
the protein structure, whereas negative value represents the
overall contributions from gravitation, which is beneficial to

the thermostability of the protein structure.

A redesign of Lipk107 with increased stability
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Figure 3. Cartoon representation of LipK107 structure. Resi-
dues selected by our ETSS software were shown in stick
model and labeled. The ligand is shown in ball model and
labeled. a-Helices are colored in red, B-strands are colored
in blue, and random coils are colored in green.

constant 50°C (Fig. 4B). Point mutations of D213A
and D253A lengthened the inactivation half-life by
~4.5-fold (2.25 h) and 6-fold (3 h), respectively, com-
pared to that of the WT (<30 min). Notably, mutants
D113A and D149K showed a further improvement
over D213A and D253A with an inactivation half-life
of ~6 and ~7 h, which was more than 12- to 14—
folds of improvement over WT, suggesting that point
mutation had a positive effect on the thermal stabil-
ity. D113A is located at a-helix, whereas D213A and
D253A located at the loop area. For a secondary
structure, reducing the negativity of D113 may
improve the whole stability of the o-helix. Hence,
D113A showed a better effect than D213A and
D253A. The experiment results showed that D149K
was the best mutant. To explain the reason, virtual
mutation has been done by Discovery studio 3.0, and
we recalculated the mutated protein by ETSS. When
D149 was mutated to K149, the E;; was decreased
from +34.08 KdJ/mol (D149) to —59.73 KdJ/mol
(K149), indicating a significant improvement of ther-
mostability. In contrast, the other three residues
were mutated to unprotonable Ala, and hence their
impacts on thermostability were smaller than that
introduced by D149K.

Engineered Lipk107 mutants maintain the high
enzyme activities

As our main concern in this study is to maintain the
enzyme activity while enhancing thermal stability,
the specific activity of each mutant was examined
and compared to that of WT. Figure 4C shows that
those point mutations did not compromise the
enzyme activity, and that they retained at least 80%
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of WT enzyme activity. Notably, D253A rather
improved the enzyme activity by 20%.

In this study, ETSS enabled us to identify four
LipK107 mutants with significantly improved ther-
mal stability. Admittedly, our search for stability-
enhanced mutants has not exhausted the pool of
possible redesigns. Further sophistication of our
redesign suite will entail overcoming computational
ambiguity in such parameters as the impacts of ionic
strength on short-range and long-range charge—
charge interactions, roles of surface charges in those
interactions, and their synergy with water mole-
cules.2224:4546 Stil] our prediction of key residues by
ETSS turned out to be precise enough to reduce the
candidates to as few as four single-point mutants.
Directed evolution with error-prone PCR could be an
alternative method to find out a mutant with as
much thermal stability as in our hands. However,
assays concerning enzyme activity and stability
require a highly purified protein instead of lysate,
which  renders  high-throughput mutagenesis
infeasible.

Conclusion and Remarks

Our rational redesign strategy was proven promis-
ing to pinpoint mutant candidates with enhanced
thermal stability. It will have broad applications for
the rational design of thermal stability-enhanced
proteins. A clear advantage of this study is that the
source code of the program has been introduced here
and supplied in the Material on Line. Thus,
researchers can optimize the parameters to suit
their experimental systems freely, which, we hope,
will cater to thermal stability engineering field
greatly. Any feedback on Open Source Principle will
be appreciated.

Materials and Methods

Computational theory

The workflow of the program consists of three parts
(Fig. 1). The first part is to retrieve the amino acid
sequence of the protein from Protein Data Bank
(http://www.rcsb.org/pdb) and to calculate the theo-
retical parameters of atoms in the protein, including
the number of charges, pK, value, and Van der
Waals radius, the whole volume of the protein and
the Cartesian coordinate of each chargeable atom. It
should be noted that theoretical values of Van der
Waals radius vary and affect end-state calculation
as in Gerstein’s, Rowland’s, and Li’s.>¢° In view of
SA calculation, small instead of large size of Van der
Waals radius should be chosen to improve the acces-
sibility of the residues surrounded by big atoms.
Therefore, parameters of Van der Waals radius have
been set changeable here for users to choose the
best one for their system. Herein, the BL™* of

Jerry’s*® was chosen to do the calculation.

PROTEIN SCIENCE ‘ VoL 28:110-116 113


http://www.rcsb.org/pdb

A
5
z
z
S
<
3]
2
=
]
(-1
0 —r 1 1 1 1T 1T 17
35 40 45 50 55 60 65 70 75
Temperature (°C)
120 4
100
g
= 80+
=
2 60+
L
2
2 40
Q
-
204
04
WT DI113A

g
Fnd
Z
51
<
=
=
~
W
]
o

0 L T L4 T T L T T L T ¥, T 1

0 1 2 a 4 5 6 7 8

Time (h)
DI149K D213A D253A

Figure 4. Thermostability assays and the relative specific activity of LipK107 and its variants. (A) Inactivation as a function of
temperature. Residual activity was measured at 37°C after incubation of LipK107 and its variants for 30 min at various tempera-
tures. (B) Time-course of thermal inactivation at 50°C. Results are the average of three independent experiments. () LipK107
WT, (°) LipK107 D113A, (A) LipK107 D149K, (W) LipK107 D213A, and (®) LipK107 D253A. (C) The relative specific activity of
LipK107 and its mutants. Lipase activities were determined at 37°C, and the specific activities of mutants were expressed as a
percentage of the LipK107. The values shown are the means of three independent experiments.

The second part of the program is the calcula-
tion of SA for each amino acid. We consider the
plausible conditions where protonation happens only
to the charged atoms, not to the one whole amino
acid. Thus, the SA of a charged atom is not viewed
as replacing the SA of the whole ammonic acid.
Source code for SA calculation follows the typical
Rich method,*! an ingenious method balancing
between accuracy and efficiency.*?

The third part is to figure out the charge—
charge interaction of each amino acid, including
long-range and short-range interactions. The TK-SA
model is applied to determine the charge—charge
interactions inside and outside the protein. The
numerical processing is recapitulated in Eq. (1).1° In
TK-SA model, the interaction energy between the
surface charges of point i and j is calculated as fol-
lows (Supporting Information Fig. S1): b is the
radius of the sphere representing the protein, a is
the radius of the sphere from which solvent ions are
excluded. SA;; is the average SA of group i and j. ¢ is
the unit charge whose value is 1.602 x 10 '°C. A

ij>
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B;;, and C;; are three coefficients to revise the value
of the charge—charge interaction. The details of the
equations are described in Supporting Information
material.

o2 y v_xy — .
Ey g( o 2@)(1 SA ;) (1)

Construction and preparation of mutant
enzymes

The construction of wild-type (WT) and mutant
LipK107 followed our previous study.®® Briefly,
lipK107 (GenBank accession no. EU600201) was
cloned from the reverse transcripts of total RNA
from Proteus sp. into pET28a in frame with hexahis-
tidine tag. The plasmid pET28a-1ipK107 was used as
a template for mutagenic PCR wusing KOD-Plus
Mutagenesis Kit (Toyobo, Japan). The respective
point mutations introduced were D113A, D149K,
D213A, and D253A, and these four clones were

A redesign of Lipk107 with increased stability



separately transformed with E. coli strain BL21.
The protein expression was induced with 0.8 mM of
isopropyl-B-p-thiogalactopyranoside, 30°C for 10 h.
The bacterial cell was harvested, sonicated, cleared
by centrifugation, and loaded onto Ni-NTA affinity
column (Qiagen). The chromatographic method was
described previously.®® Similarly, the purification of
LipK107 mutants was performed. All the proteins
were dialyzed into 50 mM of Tris—HCI, pH 7.5, and
subjected to catalytic assay.

Thermal stability assay of LipK107 and its
mutants

The method of activity assay was described previ-
ously.*® The activity was determined by measuring
the release of para-nitrophenol (pNP) from pNP-
derivative substrates. For colorimetric assays, pNP-
myristate was dissolved in isopropanol and 6.25 mM
of stock solution was prepared. The reaction mixture
contained 100 pL of substrate stock solution, 900 uL
of Tris—HCI buffer (100 mM, pH 8.0), and 500 uL of
purified enzyme. This mixture was incubated at
37°C for 5 min, the reaction was terminated by addi-
tion of 100 pL of NayCO3 (100 mM), and the release
of pNP was determined by measuring the absorb-
ance at 410 nm. One unit of activity was defined as
the amount of enzyme needed to release 1 pmol of
pNP per minute under the assay conditions. The
activity assay of LipK107 and its mutants were car-
ried out to determine the apparent half-inactivation
temperature (ITy2). Residual activity was measured
at 37°C after incubation of LipK107 and its mutants
at various temperatures for 30 min. For thermal sta-
bility assay, the residual activity of LipK107 and its
variants as a function of time at 50 or 60°C was
determined by hydrolysis of para-nitrophenyl phos-
phate (pNPP) at 37°C. All the values were based on
the average of triplicate measurements. The protein
concentrations were determined by Bradford
method** using BSA as a standard.
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