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Evolutionary engineering involves repeated mutations and screening and is widely used to modify protein
functions. However, it is important to diversify evolutionary pathways to eliminate the bias and limitations of the
variants by using traditionally unselected variants. In this study, we focused on low-stability variants that are
commonly excluded from evolutionary processes and tested a method that included an additional restabilization
step. The esterase from the thermophilic bacterium Alicyclobacillus acidocaldarius was used as a model protein,
and its activity at its optimum temperature of 65 °C was improved by evolutionary experiments using random
mutations by error-prone PCR. After restabilization using low-stability variants with low-temperature (37 °C)
activity, several re-stabilizing variants were obtained from a large number of variant libraries. Some of the
restabilized variants achieved by removing the destabilizing mutations showed higher activity than that of the
wild-type protein. This implies that low-stability variants with low-temperature activity can be re-evolved for

future use. This method will enable further diversification of evolutionary pathways.

1. Introduction

Protein engineering strategies include rational and semi-rational
approaches and directed evolution methods [1,2]. Directed evolution
is a widely used technique that does not require structural information
and can lead to the discovery of unexpected and effective mutations
[3-7]. By modifying enzyme properties, directed evolution experiments
using random mutations sometimes can detect mutations that are distant
from the active site [8].

The directed evolution of enzymes is a method of modifying enzymes
to suit their desired functions in a manner that mimics natural selection
[9,10]. The process consists of (i) diversification of the target gene
sequence, (ii) screening of the expressed variant proteins using a specific
index, and (iii) repeatedly using the sequence that encodes the selected
variant as a new template for the next cycle to obtain better variants.
However, the continuous evolution of an enzyme property could reduce
the improvement in functionality over time [11]. This is because
selecting variants using a single target index (selective pressure) in-
volves only a small range of the large variant sequence space. This is
shown as route A in the fitness landscape in Fig. 1a. Furthermore, amino
acid substitutions are often destabilizing [12-14]. Thus, as mutations
accumulate, variants that cannot form structures are removed from the
evolutionary pathway [15,16]. To overcome these issues, a method was
devised to introduce a stability index, i.e., adopting stability as a
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selective pressure, or screening based on stability [17-211, pool stable
variants regardless of the objective index, and use them as scaffolds for
adding mutations. This strategy has allowed for the evaluation of the
effects of a wide range of variants and the discovery of highly functional
variants, as shown in routes B and C in Fig. 1a [22]. Therefore, we hy-
pothesized that the evolutionary pathway could be further diversified
with variants by adding a step to re-stabilize the low-stability variants
that are conventionally eliminated.

In this study, we investigated the evolution of proteins to improve
their activity through mutation. An esterase from the thermophilic
bacterium Alicyclobacillus acidocaldarius (Aac-Est) was used as the model
protein [23,24]. Aac-Est is a monomer consisting of 310 amino acid
residues that has a molecular weight of 34,800, an optimum tempera-
ture of approximately 65 °C, and a Ty, value of 91 °C [25-29]. Previous
studies have conducted activity screens using the Aac-Est wild-type
protein as a template (approximately one to three amino acid sub-
stitutions), although no variants with enhanced activity were found at
65 °C [20,24]. This means that the Aac-Est wild-type is located at the
local peak in the fitness landscape shown in Fig. 1b. Furthermore, when
these variants that decreased activity were screened again using the
stability-maintaining variants as templates, activity-enhancing variants
were obtained, but not from the variants with decreased stability [20].
This indicates that a minimum threshold of stability is required to go
“downhill” followed by “uphill” in sequence space. Therefore, we

Received 3 May 2024; Received in revised form 3 June 2024; Accepted 4 June 2024

Available online 5 June 2024

0141-8130/© 2024 Elsevier B.V. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:takano@kpu.ac.jp
www.sciencedirect.com/science/journal/01418130
https://www.elsevier.com/locate/ijbiomac
https://doi.org/10.1016/j.ijbiomac.2024.132946
https://doi.org/10.1016/j.ijbiomac.2024.132946
https://doi.org/10.1016/j.ijbiomac.2024.132946
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2024.132946&domain=pdf

M. Wakisaka et al.

----- » Stability screening
— Activity screening
B Stability-maintaining variants
* Activity-enhancing variants

a C b
= * 2
Sl ] - %
g I A * g
) * * ‘1, 0 WT *
n t N . /
£ l’ * L g “am
= N He. g hd =
(18 WT L.

Sequence space Sequence space

Fig. 1. Fitness landscapes of the activity against the sequence space. (a) Wild-
type protein (circle) is located near the foot of a low mountain. Route A: the
result of conventional evolution experiments. Routes B and C: the results of
evolutionary experiments adding stability screening. (b) Wild-type protein
(circle) is located near the top of a low mountain. Stability-maintaining variants
(squares) are obtained by stability screenings (dashed arrows). Activity-
enhancing variants (stars) are obtained by activity-screenings (linear arrows).

attempted to obtain variants with improved activity by introducing a
stability index and verifying the feasibility of a method that added a
restabilization step for low-stability variants that did not meet the se-
lection criteria (variants below the minimum threshold of stability).

2. Materials and methods
2.1. Random and site-specific mutagenesis

A plasmid for Aac-Est overexpression, designated pET28a/Aac-Est,
was constructed as previously reported [20]. In this study, plasmid
pET28a/AE_WT, which was deleted by 60 bp upstream of the Aac-Est
gene from pET28a/Aac-Est, was used as a template. With this design,
the primers covered the Shine-Dalgarno sequence involved in trans-
lation upstream of the target, and only the Aac-Est gene was targeted for
mutagenesis.

Random mutations were introduced by error-prone PCR using rTaq
polymerase [30-32]. The reaction mixture contained 0.3 mM MnCl,,
optimized to generate an error frequency of one to four substitutions per
gene. When there were multiple templates, they were mixed after sub-
jecting each plasmid to error-prone PCR. Site-specific mutations were
performed by inverse PCR using Q5® High-Fidelity DNA Polymerase
with destabilized mutant plasmids as templates. Mutated genes ampli-
fied by error-prone PCR were digested using Xbal and SacI-HF and
ligated to the corresponding sites of pET28a at 16 °C for overnight. The
mutant plasmids were transformed into Escherichia coli JM109(DE3)-
competent cells. Transformed E. coli JM109(DE3) cells were grown on
LB plates with 50 pg/mL kanamycin, 1 % tributyrin and 0.1 % Tween 20
(tributyrin plate) at 37 °C for overnight.

2.2. Activity and stability evaluation by halo assay

Among the single colonies obtained after overnight plate incubation,
those that had degraded tributyrin and formed a halo were selected and
inoculated onto LB plates containing 2 % gellan gum (gellan gum plate).
As a comparison, colonies obtained by similar transformation using
PpET28a and pET28a/AE_WT were also inoculated. Inoculation was done
on two or three gellan gum plates to evaluate halo at different temper-
atures for the same colonies. LB agar plates for bacteria preservation
(replica plate) were also inoculated in the same way and these plates
were incubated at 37 °C for overnight.

The next day, gellan gum plates were layered with 1 % tributyrin, 1
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% Tween 20, 2 % gellan gum and incubated at 65 °C, the optimal
temperature for Aac-Est wild-type protein, for 3 h [33]. One set of plates
was heat treated at 80 °C for 30 min before layering (heat treatment,
80 °C — 65 °C). Colonies that formed a halo on the 80 °C — 65 °C plate
were determined to express the stability maintaining variant (or Aac-Est
wild-type protein). The plasmids of the corresponding colonies were
extracted from the colonies in the replica plates. Sequence analysis was
contracted to Eurofin Genomics, Inc. The variants in which amino acid
substitutions had been introduced were selected and further random
mutations were introduced using the corresponding plasmids as tem-
plates. The above random mutations and halo formation were carried
out until the 5th round. Colonies that formed a halo at 37 °C but not
sufficiently at 65 °C were judged to express low-stability variants.
Plasmids were extracted and used for re-stabilization experiments from
the low-stability variants.

In the acquisition of the re-stabilizing variants, a random mutation
was introduced into the plasmid encoding the low-stability variants.
E. coli JM109(DE3) was transformed with the random mutant plasmids.
Transformed E. coli JM109(DE3) cells were grown on LB plates with 50
pg/mL kanamycin at 37 °C for overnight. After overnight incubation, the
plates were directly overlaid with 1 % tributyrin, 1 % Tween 20, and 2 %
gellan gum and incubated at 65 °C for 3 h. The colonies that formed halo
were judged to express the variant that had been re-stabilized to an
active level at the optimal temperature.

Since the colonies were not inoculated onto gellan gum plates or
replica plates, many colonies from the post-transformation LB plates
could be directly used for halo assay evaluation. This method is effective
because the number of re-stabilized variants is very limited. However,
since the bacteria were killed by direct layering and incubation at 65 °C,
the portion with halo-forming colonies was pinched off from the layered
plate, mixed with 20 pL of MilliQ water, centrifuged to precipitate
solids, and the supernatant was used for transformation of E. coli strain
JM109(DE3). Each colony after plate culture was inoculated and halo
evaluated again.

2.3. Protein expression and cell-free extract

The relevant E. coli were cultured at 37 °C in LB medium containing
50 pg/mL kanamycin. Expression was induced with 0.25 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) when cells reached an ODggg of 0.5.
After overnight growth at 18 °C, the medium was aliquoted to match the
amounts of bacteria by the ODg(o measurement, and cells were collected
by centrifugation and resuspended in 50 mM Tris-HCl (pH 8.0) con-
taining 10 mM EDTA and 150 mM NaCl. To prepare cell-free extracts of
proteins, cells were lysed with 1 mg/mL lysozyme for 30 min at 37 °C
and 0.1 % TritonX-100 for 1 h on ice. After centrifugation for 45 min, the
supernatant was collected and used as a cell-free extract of enzyme. The
expression level of each protein was analyzed using 15 % SDS-PAGE
with ImageJ standardization at several concentrations of BSA.

2.4. Activity assay

Activity after the cleavage of the substrate p-nitrophenyl caproate
(pNC) was measured for 3 min at 65 °C with a cell-free extract of enzyme
[20]. The reaction was stopped by adding 10 % SDS solution. The re-
action mixture contained 0.2 mM pNC, 40 mM phosphate buffer (pH
7.1), 0.09 % (v/v) gum arabic, 0.36 % (v/v) Triton X-100, and 2 % (v/v)
2-propanol. The amount of product was measured using a spectropho-
tometer at 405 nm. Activity was normalized by the expression level.

3. Results and discussion

In this study, three evolutionary engineering approaches, as shown
in Fig. 2, involving error-prone PCR were used to obtain Aac-Est variants
with enhanced activity at 65 °C. We first used the classical evolutionary
engineering method (activity screening) of selecting highly active
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Fig. 2. Screening steps in this work. Variants obtained in the activity, stability, (low-)stability and re-stabilization screenings are denoted by Ax, Sx, Lx and Rx, and
those obtained in the activity screening after one round of stability screening are denoted as Sx-Ax.

variants from a randomly generated group by activity-based screening
using the Aac-Est wild-type protein as a template. We then used
stability-based screening (stability and activity screening) to select
stability-maintaining variants from random mutations using the wild-
type Aac-Est protein as a template. These variants exhibited halo ac-
tivity at 65 °C after heat treatment at 80 °C. The resulting stability-
maintaining variants were used as templates for introducing addi-
tional random mutations to obtain further stability-maintaining vari-
ants. This process was performed for five rounds. We then introduced
random mutations into the stability-maintaining variants obtained in
rounds 1 to 5 and selected highly active variants by activity-based
screening [22]. Finally, the random mutations obtained from Aac-Est
wild-type protein or stability-maintaining variants were used to select
low-stability variants that lost their activity at 65 °C, but showed activity
at 37 °C [(low-)stability and restabilization screening]. Random muta-
tions were introduced into these low-stability variants to obtain active
restabilized variants at 65 °C. Variants obtained in the activity, stability,
(low-)stability, and restabilization screenings were denoted as Ax, Sx,
Lx, and Rx, respectively, and those obtained in the activity screening
after one round of stability screening were denoted as Sx-Ax.

In the halo evaluation in this study, halo formation was confirmed on
gellan gum plates without inducer, such as IPTG. We speculate that this
is because the degradation reaction by Aac-Est expressed at the basal
level was sufficient to form halos even without induction of protein
expression by inducer.

3.1. Activity screening from random mutations of Aac-Est wild-type
protein

Previous studies using the Aac-Est wild-type protein as a template
found no variant with increased activity at 65 °C in the first round of
screening [20,24]. This indicates that the wild-type protein at 65 °C is
located near the top of a specific mountain (localized peak), where it is
difficult to obtain a highly active variant by activity screening. The Aac-
Est wild-type protein is stabilized by ionic bonds on the surface of the
molecule and destabilized by the introduction of mutations on the sur-
face and inside the molecule [24]. Consequently, the structure could not
be maintained at 65 °C and the activity decreased. However, these
variants have shown activity at 40 °C in various cases [20,24].

In this study, we attempted to obtain highly active variants of the
wild-type protein using an activity screening method described in pre-
vious studies [20,24] with the introduction of a halo activity check at
65 °C. The previous method involved the random selection of variants

and subsequent measurement of their activity. The results included
many variants with a complete loss of activity at 65 °C. The halo activity
check prevents selection of variants with diminished activity.

The relative activity of the variants to the wild-type protein at 65 °C
ranged from 0.54 to 1.2, as shown in Fig. 3, in which each variant is
labeled from Al to Ax. The variants are arranged in descending order of
their relative activities. Although several variants showed activities
higher than those of the wild-type protein, when the error of +0.1 in
activity for the same variant was considered, the only highly active
variant was Al with a relative activity of 1.2. This result is similar to
those of previous studies, which returned no highly active variants
[20,24]. The introduction of the halo activity check may have allowed
us to identify the slightly more active variant, A1, which had the K296E
substitution (Table 1). The purpose of this study was to verify the use of
low-stability variants in protein evolutionary engineering; therefore, we
did not discuss the mechanisms by which individual amino acid sub-
stitutions affect activity and stability. To properly examine the effects of
multiple amino acid substitutions introduced by random mutations, it is
necessary to create single variants and analyze their structures.

The proportion of measured samples with activity-enhancing vari-
ants was defined as evolvability [16,20], and this evolvability was 6.7 %
when the Aac-Est wild-type protein was used as a template. This low
result suggests that it is difficult to obtain highly active variants from
wild-type proteins using activity screening alone and other indexes are
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Fig. 3. Relative activity of variants obtained from Aac-Est wild-type protein by
activity screening. Each variant is labeled to Ax. The variants are arranged in
descending order of relative activity.



M. Wakisaka et al.

International Journal of Biological Macromolecules 272 (2024) 132946

Table 1 Table 2
Character of activity-enhancing variant obtained by activity screening. Characters of stability-maintaining variants obtained by stability screenings.
Variant Substitution Relative activity to WT at 65 °C Variants Substitutions
Al K296E 1.2 s1 Y129F
S2 T226S
S3 V40A
required. Evolvability is further discussed in Section 3.2 in conjunction S4 D52E
with the results of the stability and activity screenings. 85 L225p
S6 L25H
3.2. Stability and activity screenings
$2-51 A124T T226S
In our study, it was difficult to obtain Aac-Est variants with enhanced §§:§ ?3125 'gzzé)stgigH TR ey
activity using activity screening from random mutations and the wild- $3-51 V40A R66S E199D L222Q
type protein as a template. However, an improved variant (relative ac- $3-52 V40A W213R V2331
tivity of 1.5 to the wild-type protein) was identified by activity screening :::; X:Zi %
from a variant with decreased activity (relative activity of 0.6) while 4-53 K23E S32P D52E 1274T
maintaining stability [20]. Therefore, it is likely that the fitness land- S4-S4 D52E A140E L222P S239R A249V
scape involved descending the mountain, moving to the base of the S4-S5 QS8R L14H D52E
mountain at a different peak, and then re-ascending the mountain. Thus, §5-51 D103V N220D L225P
stability screening can reduce the bias and restriction of variants to be
explored, thereby allowing for new useful variants to be obtained and a §2-51-S1 V40A A124T Q133R T226S
diversified evolutionary pathway to be created. This has been demon- §2-53-51 F51L R138H T2265 P2535
strated by the acquisition of highly active esterase variants from the 525352 FSLL T164A T2265 P2535
$4-52-51 K42R D52E L90I T295M
hyperthermophilic archaeon Sulforobus tokodaii (Sto-Est) [22]. Five S4-54-S1 D52E A140F L222P S239R A249V K271E
rounds of stability screening were successfully conducted in that study §$5-S1-S1 D103V N220D L225P D256G
to identify the more potent variants. Therefore, we used activity
screening from multiple stability screenings to obtain activity-enhancing $2-S3-52-S1 F51L T164A S165C T226S P253S F277Y
Aac-Est variants. $4-52-51-S1 K42R D52E L90I A106T A123V T295M
First, from the random mutations created using the wild-type protein 54-54-51-51 DS2E L100F A140E L222P S239R A249V K271E
as a template, we obtained six stability-maintaining variants that had 54-54-51-52 DS2E AL4OE 1222P P236L 5239R A249Y K271E
$4-54-51-S3 P39H D52E A140E $221G L222P S239R A249V K271E
halo activities at 65 °C after heat treatment at 80 °C. Subsequently, 11 S4-54-S1-S4 D52E E91G A140E L222P S239R A249V K259E K271F.
stability-maintaining variants were acquired in the same manner, using $4-S4-51-S5 D52E A140E A147D L222P S239R A249V K271E D307G
each of these stability-maintaining variants as a template. This operation §4-54-51-56 FS1L DS2E A140E 1222P S239R A249V K271E 1274V
was continued for up to five rounds, resulting in 44 stability-maintaining $5-81-51-51 L36P k42R D103V N220D 1.225P D256G
variants. The amino acid substitutions of these variants per round
ranged from one to four, with an average of 1.5, and are listed in Table 2. 54;?2'51'51' K42R DS2E LIOI A106T A123V N266Y T295M
Up to ten _substltutlons and five rounds of random mutations were per- $4.52.51.51. K49R DS2E LOOI ALOGT A123V L132F T295M
formed with three variants. The amino acid substitution T164A over- S2
lapped with the stability-maintaining variants obtained in a previous $4-54-51-S1- R16S D52E L100F A140E L222P S239R A249V K271E
study [20]. This indicates that the same amino acid substitution was S1
reproducibly selected as the stability-maintaining variant during the §4-54-51-52- N15D D52E A140F 1.222P P236L 5239R A249V K271E
stability screening. Various stability-maintaining variants were also S 45_; 4.51.59- D52E D103G A140E A201E 1222P P236L S236R A249V K271E
identified. $2 -
The relative activity of the stability-maintaining variants S1-6 rela- $4-34-51-S3- P39H D52E M64V A140E $221G L222P S239R A249V K271E
tive to the wild-type protein at 65 °C ranged from 0.82 to 1.1. This is 51 N276Y
likely because the halo activity at 65 °C was assessed, and variants with 54;;4'51'53’ P39H D528 A140E 5221G L222P S239R A249V K267E K271E
extremely reduced activity were not selected. Some of the acquired $4-84-51-84-  RI16H P30H D52E E91G A140E 1.222P S230R A240V K250F K271E
stability-maintaining variants showed greater activity than the wild- s1
type protein (see below). $4-54-S1-S5- D52E A140E A147D T164A L222P S239R A249V K271E
Using activity screening, we then attempted to obtain highly active 51
. . o s . $4-54-1-56- F51L D52E A140E L222P S239R A249V N266S K271E 1274V
variants from random mutations of the stability-maintaining variants 1
derived in each round. The relative activity of the 15 stability- $4-54-S1-56- QSR F51L D52E P72A A140E L222P S239R A249V K271E 1274V
maintaining variants obtained in the first round of stability screening S2
to the wild-type protein at 65 °C ranged from 0.51 to 1.4, as shown in 54;)4-51-36- A19S F51L D52E A140E 1L.222P S239R A249V K271E 1274V

Fig. 4a. Of these variants, four showed greater activities (relative ac-
tivity of >1.2) than the wild-type protein; their amino acid substitutions
are listed in Table 3. The results of stability-screening rounds 2-5 are
shown in Figs. 4b-e and Table 3. Twenty activity-enhancing variants
were selected.

Of these, the S4-S4, S4-S2-S1, and S4-S4-S1-S6 variants were
considered stability-maintaining variants from the stability screening.
These variants were likely derived from stability-maintaining variants
from the preceding round. For example, S4-S4 could be the result of
adding four additional amino acid substitutions to the stability-
maintaining variant S4. Since S4-S4 is a variant from the second
round of stability screening, it was treated in this study as a group of

The underlined amino acid substitutions had already occurred in the template.

variants from the second round.

It is difficult to obtain a highly active variant by random mutation of
the Aac-Est wild-type protein. However, through stability screening, we
were able to successfully identify 20 activity-enhancing variants.
Furthermore, a variant (S4-S2-S1-A1) was obtained that had higher
activity (relative activity of 1.7) than that of the high activity variant
(relative activity of 1.5) reported in a previous study [20]. This indicates
that cumulative stability screening was effective and consistent with the
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Fig. 4. Relative activity of variants obtained by activity screening after stability screenings. Results using the stability-maintaining variants from stability screening
(a) first-, (b) second-, (c) third-, (d) forth- and (e) fifth-rounds. The figure style is the same as Fig. 2.

Sto-Est results.

The evolvability of each round is summarized in Table 4, which re-
veals higher values than that obtained by activity screening using the
wild-type protein as a template (6.7 %). When the highly active stability-
maintaining variants were translated back to those derived from the
previous round, the results were 33, 13, 30, 33, and 50 % in the order of
the stability-maintaining variants derived from the first to fifth rounds.
These values were also higher than that obtained in activity screening
using the wild-type protein as a template. Thus, from the perspective of
evolvability, stability screening using stability-maintaining variants was
effective for obtaining highly active variants.

Using a fitness landscape analogy, the results suggest that the Aac-Est
wild-type protein is located at a local peak that is surrounded by many
downhill paths, and, that the improvement of enzyme activity by
mutagenesis requires a climb. Fig. 5 shows an image of the inferred

landscape of Aac-Est, which is expected to be similar to a rugged land-
scape with many peaks, such as Badlands National Park (South Dakota),
as opposed to a smooth, single-peaked landscape, such as Mt. Fuji
(Japan) [34,35]. If the Aac-Est wild-type protein is located near the top
of a low mountain, downward and horizontal movements to different
mountains are possible. When variant stability is maintained, the
structure can be retained, even if it is destabilized by the addition of
mutations. When the destination of migration while maintaining sta-
bility is at the foot of a higher mountain, this mountain can be climbed as
mutations accumulate, indicating an increase in activity. Antibiotic
resistance tests have used p-lactamase as a model enzyme to move
among mountains by neutral selection or negative selection to find
deleterious variants [36]; however, our study focused on stability in-
dexes with Aac-Est. It has also been reported that within a cell, buffering
the destabilizing effect of mutations with chaperones allows for a
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Table 3
Characters of activity-enhancing variants obtained by activity screening after
stability screenings.

Variants Substitutions Relative activity to
WT at 65 °C
S2-A1 D130G F142L I149F T226S 1.4
S2-A2 P5H Q28L E50G T226S 1.3
S1-Al D21Y K23T Y129F A268V 1.3
$6-A1 L25H V45E S185A 1.3
S4-S4 D52E A140E L222P S239R A249V 1.5
S2-S2-A1l V40A K42R K120R Q217H T226S 1281V 1.3
S4-S2-S1-A1 Q33H K42R D52E L90I T295M 1.7
S4-S2-S1 K42R D52E L90I T295M 1.3
S4-S4-S1-A1 D52E A140E L222P S239R A249V K271E 1.3
E273G
S4-S4-S1-S1- H24L D52E D54G L100F A140E L222P S239R 1.5
Al A249V K271E
S4-S4-S1-S3- P39H D52E A136T A140E S221G L222P 1.5
Al S239R A249V K271E
S4-S4-S1-S6 F51L D52E A140E L222P S239R A249V 1.4
K271E 1274V
S4-S4-S1-S2- E47D D52E A140E L222P P236L S239R 1.4
Al A249V K271E
S4-S4-S1-S3- P39H D52E A140E S221G L222P S239R 1.3
A2 A249V V270D K271E
S4-S4-S1-S3- P39H D52E A140E S221G L222P S239R 1.3
A3 A249V N266Y K271E
S4-S4-S1-S6- Q8R F51L D52E P72A A140E E199D L222P 1.6
S2-A1 S239R A249V K271E 1274V
S4-S4-S1-S6- Q8R F51L D52E P72A A140E N200K L222P 1.4
S2-A2 S239R A249V K271E 1274V
S4-S4-S1-S1- R16S D21G F51L D52E L100F A140E 1.222P 1.4
S1-Al S239R A249V K271E
S4-S4-S1-S3- P39H D52E A76V A140E 1149T S221G L222P 1.4
S2-A1 S239R A249V K267D K271E
S4-S4-S1-S6- A19S F51L D52E V871 A140E D141N L222P 1.2
S3-Al S239R A249V Y251C K271V K271V 1274V
R306Q

The underlined amino acid substitutions had already occurred in the template.

Table 4
Evolvability and highest relative activity at activity screening after stability
screenings.

Templates Evolvability (%) Highest relative activity to WT at 65 °C
Aac-Est WT 6.7 1.2
Sx 27 1.4
Sx-Sx 13 1.5
Sx-Sx-Sx 30 1.7
Sx-Sx-Sx-Sx 40 1.5
Sx-Sx-Sx-Sx-Sx 50 1.6

protein to support genetic variation and evolution [37].

3.3. (Low-)stability and re-stabilization screenings

The majority of amino acid substitutions are accompanied by protein
destabilization [12-14], and stabilization by amino acid substitutions is
rare. As mutations accumulate, a protein becomes increasingly unstable
and folding eventually becomes impossible [17]. Therefore, destabili-
zation and the loss of folding ability intensify the decreased activity
caused by amino acid substitutions. Variants with improved activity are
difficult to obtain from mutations that use destabilized proteins as
templates and these proteins are eliminated during the evolutionary
process [16]. Previous studies have shown that it is challenging to
improve the activity when the stability of the template protein is low
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Fig. 5. Fitness landscape of the activity against the sequence space. Wild-type
protein (circle) is located near the top of a low mountain. Stability-maintaining
variants (squares) are obtained by stability screenings (dashed arrows).
Activity-enhancing variants (stars) are obtained by activity-screenings
(linear arrows).

[16,20,21]. Identifying stabilizing variants using mutations from
destabilizing variants can lead to the discovery of a new evolutionary
pathway.

During stability screening, variants that showed inadequate halo
formation on plates at 65 °C but activity at 37 °C were termed “low-
stabilized”. Several low-stability variants were obtained from random
mutations using wild-type protein and stability-maintaining variants as
templates. Random mutations were then introduced into these low-

Fig. 6. An example of halo formation when a substrate-containing plate was
layered directly on the transformed plate at 65 °C. The colony indicated by
arrow forms a halo.



M. Wakisaka et al.

stabilizing variants to obtain restabilizing variants. Fig. 6 shows an
example of halo formation when a substrate-containing plate was
layered directly onto the transformed plate. A low-stability variant was
used as the template protein; therefore, only a few halo-forming colonies
were observed (estimated 1 halo colony out of >250). The method used
in this study is effective for halo evaluations of a large number of
colonies.

Table 5 shows the amino acid substitutions of the low-stabilizing
variants and the eight restabilizing variants obtained. The halo activ-
ity evaluation using the 65 °C plate confirmed that the re-stabilizing
variants had a greater halo. Of these, L2-R1, L3-R1, S2-L2-R1, S2-S2-
L1-R1, and S2-S3-S1-L1-R1 remained active after heat treatment at
80 °C. The relative activities of these restabilizing variants relative to
that of the wild-type at 65 °C are shown in Table 5. Many of the low-
stability variants had low relative activities, whereas L2 showed a
value of 0.90. This indicates a slight discrepancy between the halo ac-
tivity and the activity measurement using the spectrometer, possibly a
result of the destabilized L2 beginning to collapse at approximately
65 °C, thereby causing a difference in the results of the two measure-
ment methods.

Although S2-S3-S1-L1-R1 showed low activity values, the activity of
most restabilizing variants was equal to or higher than that of the wild-
type protein. In particular, L2-R1 and S2-L2-R1 were hyperactive
compared to the wild-type protein (relative activities of 1.5 and 1.4,
respectively). These results indicate that restabilization screening
enabled the creation of new variants that follow a new evolutionary
pathway from that of the destabilized variants that were undergoing
selection.

Among the restabilizing variants, the substitutions L115Q in L1-R1,
Y65N in S4-L1-R1, and P253S in S2-S3-S1-L1-R1 were absent from the
destabilizing variants. This implies that these mutations were

Table 5
Characters of low-stability and re-stabilizing variants obtained by (low-)stability
and re-stabilization screenings.

Variants Substitutions Relative activity to
WT at 65 °C

L1 L115Q D141G K259E F287S 0.13

L1-R1 D141G K259E F287S 0.99

L2 K23N F51L M53V L180P K267Q K271E 0.90

L2-R1 K23N P44S F51L M53V F142L N266S 1.5
K267Q K271E

L3 S32P D127G 0

L3-R1 S32P T92S Y235C 0.82

S2-L1 P39L T59M Y79H T226S L260P 0

S2-L1-R1 P39L T59M Y79H T226S L260R R300H 0.62

S4-L1 D52E Y65N P122T K267E E273G 0.54

S4-L1-R1 D52E P122T K267E E273G 1.1

S2-L2 G57D L167P T226S

S2-L2-R1 G57D L167S G208S T226S 1.4

S$2-S2-L1 L11P K42R T59S K120R Q217H T226S 0
1281V

$2-S2-L1- K23N K42R T59S K120R A175D Q217H 1.1

R1 T2268S 1281V

$2-S3-S1-L1  F51L V70A V87D R138H L1441 G203D 0
T226S P253S A264E 1274T

$2-83-S1- F51L V70A V87D R138H L1441 G203D 0.22

L1-R1 T226S A264E 1274T

The underlined amino acid substitutions indicate those that are unchanged in
the low-stability and re-stabilizing variants.
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destabilizing factors and that their elimination by reversion to the wild-
type sequence led to restabilization. However, other variants introduced
multiple mutations such as reversion to the wild-type sequence, further
mutations at the mutation site, and new mutations, making it difficult to
determine the effects of each. In addition, none of the mutants were
restabilized with a single amino acid substitution. A protein engineering
strategy has been reported in which stabilizing mutations are found by
stabilizing a slightly destabilized parental protein [38]. However, in a
previous study in which mutant libraries were generated in the back-
ground of introduced destabilizing variants of the bacterial toxin CcdB
to identify stabilizing mutations, the effects of highly destabilizing
mutations could not be altered by introducing point mutations [39].
Thus, restabilization may be more readily achieved by eliminating
destabilizing factors as opposed to adding stabilizing mutations to
compensate for instability. Therefore, stabilizing factors were examined
for the highly activated L2-R1 and S2-L2-R1 variants.

The results for L2-R1 showed that L180P disappeared, while P44S,
F142L, and N266S were introduced. Subsequently, L2-P180L was
created by introducing P180L, a wild-type sequence revertant, into
template L2. L2-P180L showed halo activity at 65 °C and 80 °C — 65 °C,
with a relative activity of 1.1 at 65 °C. This suggests that L180P is a
destabilizing factor, and its removal restored activity at 65 °C and the
mutations in P44S, F142L, and N266S resulted in higher activity. In S2-
L2-R1, L167P changed to S, and G208S was added, resulting in S2-L2-
P167S. Similar to L2-P180L, S2-L2-P167S showed halo activity at
65 °C and 80 °C — 65 °C, with a relative activity of 1.1 at 65 °C. This
suggests that L167P was a destabilizing factor and that its replacement
with Ser eliminated destabilization and increased the activity of G208S.
Therefore, mutations that eliminate destabilizing factors, rather than
new stabilizing mutations that offset destabilization, appear to be
effective for restabilization. Destabilized variants were restabilized to
active variants at optimal temperatures by eliminating destabilizing
factors, some of which could show more activity than the wild-type
protein. This indicates the potential for low-stability variants with
low-temperature activities.

Another notable mutation among the restabilizing variants was
L167S in S2-L2-R1. In this case, the amino acid substitutions Leu —
Pro—Ser occurred and two-base mutations in the nucleotide, CTT —
CCT — TCT were required. Amino acid variations that can only be
accessed by multiple base mutations in a codon are extremely rare when
using methods that involve random mutations [40]. This suggests that
low-stability variants may be useful to obtain amino acid substitutions
that are not easily accessible.

4. Conclusions

Stability screening has led to the acquisition of more active variants
from random mutant libraries using stability-maintaining variants as
template proteins. In addition, the possibility of obtaining activity-
enhancing variants is high, supporting previous studies that demon-
strated the usefulness of the stability index.

In the restabilization of low-stability variants, the omission of replica
plates enabled efficient evaluation of a large number of mutant libraries.
Eight restabilized variants were obtained, some of which showed
improved activities at optimal temperatures compared with the Aac-Est
wild-type protein. Sequence analysis showed that the re-stabilizing
variants did not contain additional mutations to compensate for desta-
bilization, but rather reverted to the wild-type sequence at the mutation
site or mutated at the same site. After restabilization to a thermally
stable level, variants with increased activity were identified by the
addition of further mutations. Therefore, low-stability variants can be
re-evolved by removing destabilizing factors and these low-stability
variants with low-temperature activity can be used. In addition, low-
stability variants can be employed to identify amino acid substitutions
that lead to the maintenance of more diverse stability and increased
activity and reach amino acid substitutions that are not easily accessible,
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requiring multiple base substitutions in codons. This study added a
restabilization step to propose a new screening index to further diversify
evolutionary pathways and evaluate variation-rich variants. The present
study was performed on Aac-Est, but future studies on other proteins
will establish the generality of this method.
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