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Activity-stability trade-off in random mutant proteins
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In our previous study, we investigated the relationship between protein evolution and stability through the random
mutational drift of an esterase from hyperthermophilic archaeon Sulfolobus tokodaii. The results revealed that evolv-
ability, which is the appearance frequency of variants with higher activity than the parent protein, correlates with
parental stability. This suggests that protein evolution that does not take stability into account does not make sense.
Here, we used those data to further evaluate the relationship between activity and stability in random mutations,
revealing that the maximum increase in activity due to mutation conflicts with parental stability. That is, many activated
variants are produced when parental stability is high, whereas lower stability offers a few excellent variants with much
higher activity. Moreover, we used the random mutant library to compute a novel criterion, robustizability (stabiliz-
ability), which is the appearance frequency of variants with a higher stability than the parent protein. Robustizability
correlates positively with parental activity and negatively with parental stability. The results indicated that the principle
of activity-stability trade-off dominates, in even random mutations. We propose its application in protein engineering
via directed evolution by stability selection.
� 2019, The Society for Biotechnology, Japan. All rights reserved.
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Proteins that exist now possess sophisticated functions derived
from the surrounding environment through an evolutionary pro-
cess. They also hold the potential to play an important role in a
variety of industrial fields (1e8). However, the functions of existing
proteins are not necessarily the best they can be, but are the best for
the environments in which their host organisms survive. This can
be explained using the concept of a fitness landscape (9,10). Given
that fitness is an enzymatic activity, the landscape is probably un-
even, with mountains and valleys, and a wild-type protein (WT)
would be located somewhere on a mountain in the landscape
because it is optimized to its environment (11e13). If this protein is
to obtainmaximum activity bymutation, it must find a path toward
the highest place. In current evolutionary engineering, it is possible
for the protein to head to the top of themountainwhere it is located
(14). However, because of the necessity to go down the mountain
once and the huge sequence space, it is difficult for it to reach
another neighboring mountain. It would thus seem likely that
protein evolution employs some means of drifting in sequence
space.

Protein evolution is driven by genetic variations (15e18). Even if
mutations are beneficial for evolution, they do not necessarily
retain the protein structure to perform a function. Therefore, to
accept a variety of mutations, protein stability is thought to be
important for protein evolution (19e29). Recently, we investigated
the relationship between protein evolution and stability through
the random mutational drift of esterases from the hyperthermo-
philic archaeon Sulfolobus tokodaii (Sto-Est) and the
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hyperthermophilic bacterium Alicyclobacillus acidocaldarius (Aac-
Est) (30e32). In the experiment of Sto-Est, the evolvability, which is
the appearance frequency of variants with higher activity than the
parent protein, depends on the parental stability, indicating that
protein evolution is governed by protein stability (31). The exper-
imental results for Aac-Est show that the role of protein stability
varies with the surrounding environment. High stability is needed
for evolution at the optimal temperature while destabilization
promotes cold adaptation. This means that protein stability is one
factor that decides the direction of protein evolution. Consequently,
it is likely that stability is a key to exploring sequence space in the
evolutionary process (32).

In this paper, we examine the relationship between protein
activity and stability in random mutations based on the data from
our previous work (31) to gain a greater understanding of the role
of stability in evolution. Here, we defined the ratio of variants that
will give a stability greater than the parental protein as robustiz-
ability (stabilizability). From the data analysis, the activity-stability
trade-off, which is an inherent protein factor, is extracted, revealing
a novel relationship between protein evolution and stability and
giving useful knowledge for searching sequence space in protein
engineering.

MATERIALS AND METHODS

In the previous report (31), random mutations were introduced to the Sto-Est
gene by error-prone PCR to generate an error frequency of one to four sub-
stitutions per gene, and then for overproduction, the plasmids of Sto-Est and their
derivatives were transformed into Escherichia coli BL21-CodonPlus(DE3). A partially
purified enzyme was used to perform a simple activity assay, which was then
normalized by analyzing the expression level of each target enzyme using SDS-PAGE
with ImageJ. Activity and stability analyses of Sto-Est was performed using the
All rights reserved.
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substrate p-nitrophenyl butyrate. The assay was carried out iteratively (n ¼ 3). The
equations used in this paper are given below. To analyze the stability of Sto-Est
against heat treatment, we measured the residual activity at 75�C after incubation
at 90�C for 10 min. Relative stability of a variant to WT is expressed as Eq. 1.

Relative stability ¼ ðActivity at 90�C/75�C =Activity at 75�CÞ of variant
ðActivity at 90�C/75�C=Activity at 75�CÞ of WT

(1)

Relative activity of a variant to WT Sto-Est is expressed as Eq. 2.

Relative activity ¼ Activity at 75�C of variant
Activity at 75�C of WT

(2)

Evolvability and robustizability are calculated by Eqs. 3 and 4, respectively.

Evolvability ð%Þ ¼ Number of variants with higher activity than a parent protein
Total number of variants

� 100

(3)

Robustizability ð%Þ ¼ Numberof variantswithhigher stability than aparent protein
Total numberof variants

�100

(4)

RESULTS AND DISCUSSION

Activity-stability distribution for the variants after random
mutations To examine the relationship between protein activ-
ity and stability in the evolutionary process, we performed the
experiments for randomly mutated drift with several parental
proteins. The parental proteins used in the previous paper (31)
were SE-63, WT, SE-63-1, SE-1, SE-6-1, SE-6 and SE-69. Here they
are P-1, P-2, P-3, P-4, P-5, P-6 and P-7, respectively, in order of
stability. The stability used in this paper is the relative stability
with respect to WT, as expressed by Eq. 1. The activity is also the
relative activity (Eq. 2). From the results, we plotted the relative
activity and stability of the parents and their variant proteins, as
shown in Fig. 1A. Generally, the variants are distributed around
each parent, except for those from P-7. All P-7 variants further
lose both activity and stability compared with P-7, which has
already decreased significantly in both activity and stability and
does not revive by mutation. This indicates that variants that
have serious problems with activity and stability can no longer
drift in sequence space, indicating that large deleterious
mutations under a certain threshold are eliminated in molecular
FIG. 1. Variant distribution from each parental protein after randommutations. (A) Parental p
orange, yellow, yellow green, marine and blue, respectively. The parental proteins are repres
between each parental protein and its distributed area. This was not obtained by statistical pr
and black, respectively. Evolutionary trajectories toward maximum activation (red arrows)
evolution. Thus P-7 does not fit into the subject of this study, and
we therefore exclude it from the following data analysis and
discussion.

To make it easy to understand how the features of the parental
protein affect the distribution of the variants in each library, the
apparent probability ellipses are described in Fig. 1B. Random var-
iants generated from P-6 are distributed slightly toward stabiliza-
tion and inactivation, but most variants are spread around the
parent. On both generations via P-5 and P-4, the change in stability
is small while the activity fluctuates significantly (vertical ellipses).
This shows that high activity or slight loss of stability tends to
produce drastically activity-improved variants. Conversely, parents
P-3 and P-1, which have a slight loss of activity parents, show a
small change in activity but a large change in stability (horizontal
ellipses). Especially, when the parental stability is higher (P-1), the
stability of the variants is more widely distributed, indicating that
parental stability is an essential factor for accepting various dele-
terious, neutral and beneficial mutations in protein stability.
However, note that no dramatic stabilization was observed from P-
1. The results shown in Fig. 1B indicate a trend in the activity-
stability distribution that depends on the parental activity and
stability. Here, these tendencies may be more prominent depend-
ing on the mutation rates.

Next, we focused on variants with maximum activity or
maximum stability to understand how proteins improve activity
and stability during genetic drift (Fig. 1C). Most variants with
improved activity destabilize (upper-left arrows), but P-6 showed
only slightly enhanced activity and stability after random mutation
(upper-right arrow). This means that a variant must lose stability to
improve its activity. Furthermore, the maximum increase in activity
due tomutation inversely correlates with parental stability. In other
words, the lower the stability, the more dramatically activated
mutants are obtained. Note, conversely, that stabilization needs a
decrease in activity (lower-right arrow). These results show that
the random mutation library is also governed by a trade-off be-
tween activity and stability.

Robustizability in random mutations There is abundant
evidence to support the belief that stability is important for evo-
lution, and our previous work also indicated that evolvability (Eq. 3)
correlates positively with parental stability in the original
environment (31,32). To examine the role of stability in the
evolutionary pathway in more detail, we computed a novel
roteins (P-1, P-2, P-3, P-4, P-5, P-6 and P-7) and their derivatives are colored in red, pink,
ented in twice larger circles than variants after random mutations. (B) The relationship
ocessing. (C) Parents and the maximum activation/stabilization variants color in orange
and stabilization (blue arrows) are described.



TABLE 1. Characteristics of each parental protein and library.

Parental protein Relative activity Relative stability Evolvability
(%)

Robustizability
(%)

P-1 0.53 1.6 65 7.7
P-2 1.0 1.0 19 36
P-3 0.79 0.89 22 7.4
P-4 1.5 0.68 41 36
P-5 1.4 0.60 17 29
P-6 1.2 0.42 17 56
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criterion, robustizability, in each random mutant library (Table 1).
Robustizability is the ratio of variants that improve the stability
to more than that of the parental protein (Eq. 4), and it can be
also referred to as stabilizability. Fig. 2A shows a graph of
robustizability against the activity of the parents. Robustizability
shows a positive correlation with parental activity. Variants with
higher activity form more flexible structures to integrate the
substrate, and also have the space to improve stability. Indeed,
psychrophilic proteins, which usually have a flexible structure for
activity at low temperatures, can easily stabilize (33). Foit et al.
(34) found that most variants with improved stability included
mutations near the active site on toxin-binding immunity
protein 7. Furthermore, we found a negative correlation between
robustizability and parental stability (Fig. 2B). This indicates that
it is difficult to obtain proteins from a stable protein that are
more stable. These results indicate that the activity-stability
trade-off dominates even in random mutations.

It is traditionally believed that protein structures reflect two
opposite tendencies: (i) the overall structures are organized to be
stable; but (ii) their active sites often have flexibility, leading to
local instability of active sites. Some experimental studies in early
protein engineering indicated that active-site residues are not
optimized for conformational stability. Yutani et al. (35)
FIG. 2. Relationship between robustizability and parental parameters. Robustizability
positively correlated with parental activity (A) and negatively with parental stability
(B). Black lines the represent regression lines (R2 ¼ 0.47 and 0.54, respectively).
demonstrated that every mutation at Glu49 of the a subunit of
tryptophan synthase from E. coli reduced the activity significantly,
but stabilized the protein. Similar results were found in T4 lyso-
zyme, barnase, citrate synthase, AmpC b-lactamase and ribonu-
clease HI (36e40). This relationship is termed activity-stability
trade-off. Because of the position of this trade-off in protein
molecule evolution, destabilization due to high functionality is
considered suitable for cold adaptation. As life appears at high
temperatures, the trade-off is advantageous in moving to lower
temperature environments. The activity-stability trade-off is
therefore an essential feature of proteins that they have always
possessed, and the characteristics are also extracted in random
mutations.

Approach for protein engineering Recently, in the field of
protein engineering, the trade-off between protein stability and
function has presented a difficult challenge (41,42). As a solution
to this issue, chaperone mitigates the effect of destabilization
(43e48). A lot more work, including directed evolution
experiments equipped with a high-throughput system and a
rational design employing computer simulation is needed to
offset the trade-off between stability and evolution (49e57).

Generally, experiments of directed evolution for characteristic of
an interest are performed selectively using proteins with improved
activity, resulting in reaching the peak for increase in activity. That
is, in the fitness landscape of activity, it reaches the top of the
mountain it is staying (Fig. 3, route A). The problem is that it will
cease at the summit and cannot go to other mountains (58e60).
Furthermore, since the activity-stability trade-off generally works,
the stability of the activating mutants declines (61). To solve the
problem, in a previous study we suggested the introduction of
protein stability as a selection pressure (31,32), because protein
stability is an essential factor in exploring the sequence space to
improve activity. However, as described above, even if parental
stability is high, this does not mean that the activity of variant
proteins will drastically improve. Here, we propose a novel strategy
regarding protein stability. First, we perform a stability-indexing
experiment on directed evolution to explore sequence space
extensively and to help revive activity in the next experiment. At
this stage, we select stability-keeping or variants with a slight loss
of stability bymultiple rounds of randommutations, and generate a
large pool of these variants. This pool will contain many variants
with different amino acid sequences. These variants will probably
have reduced activity due to an activity-stability trade-off, and will
be scattered at the foot of various mountains in the fitness land-
scape (Fig. 3, routes B). Next, as parental proteins, these variants are
subjected to the experiment on activity selection. With iterative
FIG. 3. A novel strategy for getting higher activity mutants. Route A (orange) is the
conventional strategy. Routes B (blue) are searching for the foot of the highest
mountain in sequence space in the stability-index experiments. Routes C (dark-red) are
climbing each mountain by activity-index experiments. Route D (red) is climbing the
highest mountain.
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experiments, each parent climbs its mountain (Fig. 3, routes C). If a
variant is located the foot of the highest mountain, generations of
its variants are able to continue to climb to the top, and ultimately,
the most active variant will be obtained (Fig. 3, route D). At the
second stage, variants are selected according to the activity index as
in the conventional method, but instead of selecting the variant
with the highest activity from one parent, a highly active variant
group is selected from many parents. As can be seen in Fig. 1C, a
variant group with slightly increased activity and reduced stability
may result in extensive highly-active variants. The point of this
two-step selection method is to construct a diverse library of var-
iants in the first stability screen (43). Even at the first stage, the
experiments need to be repeated using a mixture of various
adaptive variants. It is noted that the similar guideline has been
reported; chaperones which buffer the destabilizing effect of mu-
tations allow a protein to explore large sequence space (25,43,44).
In this work, we could show the simple concept and strategy by
stability-activity index using fitness landscape. We anticipate that
this method will be verified experimentally in the future.

In conclusion, this work has demonstrated how parental pro-
teins with various characteristics deploy after random mutations.
The results show the trade-off between activity and stability from
most aspects. Robustizability, the novel criterion we introduced
here, correlates positively with parental activity and negatively
with parental stability. These findings have enabled us to suggest a
novel approach to improving activity efficiently that can be applied
in protein engineering, contributing to industrial fields.
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