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Engineering proteins for higher thermal stability is an important
and difficult challenge. We describe a bioinformatic method incor-
porating sequence alignments to redesign proteins to be more
stable through optimization of local structural entropy. Using this
method, improved configurational entropy (ICE), we were able to
design more stable variants of a mesophilic adenylate kinase with
only the sequence information of one psychrophilic homologue.
The redesigned proteins display considerable increases in their
thermal stabilities while still retaining catalytic activity. ICE does
not require a three-dimensional structure or a large number of
homologous sequences, indicating a broad applicability of this
method. Our results also highlight the importance of entropy in the
stability of protein structures.

adenylate kinase | improved configurational entropy | local structural
entropy | protein engineering | protein stability

hermally stable proteins have a variety of practical applica-

tions in research and industrial settings (1, 2). Chemical
reactions are intrinsically faster at higher temperatures, and
using enzymes that are stable at higher temperatures would lead
to more efficient industrial processes (3). In the laboratory,
thermally stable proteins are also easier to store and handle, and
can be used in high-temperature reactions such as PCR.

Numerous studies have been performed to find the principles
of protein thermal stability and apply them to engineering
thermal stability (4, 5). These include comparative studies using
thermophilic and mesophilic homologues (6, 7). Although var-
ious individual structural features have been identified from
those studies, they are used unpredictably to different extents in
different proteins. Another strategy to improve protein thermal
stability is directed evolution (8, 9). Despite many successes and
recent technology development, directed evolution still has some
practical limitations and thus can be labor-intensive and expen-
sive. Efforts have also been made to computationally design
thermally stable proteins, some requiring the three-dimensional
structure of the target to be known (10, 11). The “consensus
approach” is a sequence-based method for protein thermal
stabilization that seeks to find commonality within a protein
family (12). Although this method does not need structural
information, it requires many homologous sequences for exten-
sive sequence analysis and often involves arbitrary constraints in
its algorithm (13).

We have developed a bioinformatic approach, which we call
improved configurational entropy (ICE), to design more stable
proteins using as few as two protein sequences. The essence of
ICE is to optimize an empirical descriptor of the local structural
entropy (LSE) (14) in the protein sequence guided by simple
sequence alignment. This descriptor is based on structural
information derived from the Protein Data Bank (15). A method
for computing the LSE of a protein has been described previ-
ously (14). This approach evaluated the likelihood of each
protein segment being in one of eight secondary structure
configurations. The idea is that protein segments, which can exist
equally well in many configurations, have higher entropy than
those that exist primarily in one or a few secondary structure
states. LSE values for all possible protein segments of length four
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were previously calculated based on their structural diversity
found in the Protein Data Bank (14, 15). Although the absolute
value from the calculations cannot be converted to thermody-
namic units of entropy, correlations have been observed between
thermal stabilities for a given family of proteins and their overall
LSE values (14).

The effectiveness of ICE was tested on a commonly studied
enzyme, adenylate kinase (AK). We aligned the sequences of AKs
from a thermophile, Bacillus stearothermophilus (AKthermo), a
mesophile, Bacillus subtilis (AKmeso), and a psychrophile, Bacillus
globisporus (AKpsychro) (Fig. 1). Despite the differences in their
stabilities, the amino acid sequences of these proteins are ~70%
identical and their three dimensional structures are very similar
(16, 17). Previous studies indicated that amino acid substitutions
in one of the enzyme’s three domains, the CORE domain, are
mainly responsible for the stability differences (18, 19).

Using ICE, we designed thermally stable AK variants from
AKmeso and AKpsychro. We subsequently analyzed the de-
signed variants for temperature dependence of stability and
activity to test the validity of our method. The results demon-
strate the advantages of ICE and the significance of structural
entropy in protein stability.

Results

Computational Design of Thermally Stable AK Variants. The sche-
matic of ICE is presented in Fig. 2. First, one aligns the
homologous sequence(s) to a target protein sequence. The
number of homologous sequences to be aligned can be as small
as one (in addition to the target sequence). The alignment
reveals conserved residues and a set of allowable substitutions in
variable residues that do not affect the overall protein fold or
function. At each variable position, amino acids are chosen from
the set of allowable substitutions to make variant protein se-
quences. For example, an alignment of two sequences (a target
and a homologue) with N variable positions results in 2V possible
variant sequences. Among these sequences, one with the optimal
(lowest) LSE is selected.

For an initial test, a more stable protein was designed by
substituting residues present in AKmeso with ones in AKpsy-
chro. This may seem backwards because the less thermally stable
psychrophilic sequence was used for the substitutions instead of
the more stable thermophilic homologue. To evaluate the ef-
fectiveness of ICE, we did not directly take nature’s adaptations
for higher stability found in AKthermo. We also chose mutations
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AKthermo 1 MNLVLMGLPGAGKGTQAEKIVAAYGIPHISTGDMFRAAMKEGTPLGLQAK
AKmeso 1 MNLVLMGLPGAGKGTQGERIVEDYGIPHISTGDMFRAAMKEETPLGLEAK
AKpsychro 1 MNIVLMGLPGAGKGTQADRIVEKYGTPHISTGDMFRAAIQEGTELGVKAK
AKlsel 1 MNIVLMGLPGAGKGTQAERIVEKYGIPHISTGDMFRAAMKEETPLGLEAK
AKlse2 1 MNIVLMGLPGAGKGTQAERIVEKYGIPHISTGDMFRAAMKEETPLGLEAK
AKlse3 1 MNLVLMGLPGAGKGTQGERIVEKYGIPHISTGDMFRAAMKEETPLGLEAK
* * *
+ + +
(o]
AKthermo 51 QYMDRGDLVPDEVTIGIVRERLSKDDCQNGFLLDGFPRTVAQAEALETML
AKmeso 51 SYIDKGELVPDEVTIGIVKERLGKDDCERGFLLDGFPRTVAQAEALEEIL
AKpsychro 51 SFMDQGALVPDEVTIGIVRERLSKSDCDNGFLLDGFPRTVPQAEALDQLL
AKlsel 51 SYIDKGELVPDEVTIGIVRERLSKSDCERGFLLDGFPRTVAQAEALEEIL
AKlse2 51 SYIDKGELVPDEVTIGIVRERLSKSDCERGFLLDGFPRTVAQAEALEELL
AKlse3 51 SYIDKGELVPDEVTIGIVKERLGKDDCERGFLLDGFPRTVAQAEALEEIL
% % %
+ ++ +
AKthermo 101 ADIGRKLDYVIHIDVRQDVLMERLTGRRICRNCGATYHLIFHPPAKPGVC
AKmeso 101 EEYGKPIDYVINIEVDKDVLMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKpsychro 101 ADMGRKIEHVLNIQVEKEELIARLTGRRICKVCGTSYHLLFNPPQVEGKC
AKlsel 101 EEMGRPIDYVINIQVDKEELMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlse2 101 EEMGRPIDYVINIQVDKEELIARLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlse3 101 EEMGKPIDYVINIQVDKDVLMERLTGRRICSVCGTTYHLVFNPPKTPGIC
% % % %%
+ + + 4+
[o] o
AKthermo 151 DKCGGELYQRADDNEATVANRLEVNMKQMKPLVDFYEQKGYLRNINGEQD
AKmeso 151 DKDGGELYQRADDNEETVSKRLEVNMKQTQPLLDFYSEKGYLANVNGQQD
AKpsychro 151 DKDGGELYQRADDNPDTVTNRLEVNMNQTAPLLAFYDSKEVLVNINGQKD
AKlsel 151 DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLAFYDSKEVLVNVNGQQD
AKlse2 151 DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLAFYDSKEVLVNVNGQQD
AKlse3 151 DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLDFYDEKGYLVNVNGQQD
* XK K% K% ¥
+ + o+ 4+
o o o o
AKthermo 201 MEKVFADIRELLGGLAR -
AKmeso 201 IQDVYADVKDLLGGLKK == CORE domain
AKpsychro 201 IKDVFKDLDVILQGNGQ L
AKESZl 201 IQDVFADVKVILGGLKQ * AKise1 substitutions
AKlse2 201 IQDVFADVKVILGGLKQ .
AKlse3 201 IQDVYADLKVLLGGLKQ + AKise2 substitutions
* e * P,
¥ ol I 0 AKilse3 substitutions
00 o

Fig. 1. Sequence alignment of the WT AKs and variants. The variants were designed from AKmeso and AKpsychro by optimizing LSE (see text).

only in the CORE domain of the protein (Fig. 1) because the
previous biochemical study indicated that mutations in the other
regions did not have a considerable effect on overall stability and
would not be appropriate for testing the effectiveness of the
method (19).

In the CORE domain, AKmeso and AKpsychro have 53
different residues. Among the 2°3 possible variant sequences, a
sequence (AKlsel) having the lowest average LSE was found to
have 23 substitutions (Fig. 1). In AKlsel, the substitutions are
spread over its sequence and do not show particular patterns in
their side chain properties such as polarity and hydrophobicity.
It is noteworthy that a significant number of residues in the
psychrophilic homologue were predicted to improve the thermal
stability of the mesophilic target. We also selected a closely
related but slightly less optimized variant having 26 substitutions
(AKlse2; Fig. 1) for further in vitro characterization. This variant
has the most substitutions in the top 20 most LSE-optimized
variant sequences, and therefore shares the highest sequence
identity with AKpsychro.

Thermal Stabilities of AK Variants. To experimentally validate the
result of the LSE optimization, we produced the AKlsel and
AKlse2 proteins and measured their thermal stabilities. Instead
of making the variant genes by multiple rounds of site-directed
mutagenesis, we used synthetic genes [supporting information
(ST) Fig. S1]. Using Escherichia coli, we expressed and purified
the proteins and determined their apparent melting temperature
(T\) values using differential scanning calorimetry. As predicted
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by the computational analysis, the substitutions in the AK
variants result in substantial stabilization. The T, values of
AKlsel and AKlse2 are higher than that of AKmeso by 11.6°C
and 12.5°C, respectively (Fig. 3 and Fig. S2).

AK Variant Lacking “AKthermo Substitutions.” There are residues
conserved only between AKthermo and AKpsychro including
five of the substitution sites in AKlsel and AKlse2 (residues 17,
69, 73, 105, and 205). For example, AKthermo and AKpsychro
share Ala-17, but AKmeso has a glycine residue at the same
position (Fig. 1). Although the glycine-to-alanine substitution at
this position for AKlsel and AKlse2 was originally selected
based on the comparison with AKpsychro, the mutation in-
creases the variant’s similarity to AKthermo regardless. One
could argue that the increased stability of these variants is not
caused by optimizing LSE but instead by substituting amino acids
at the five positions with those from AKthermo.

To exclude this possibility and confirm the effectiveness of
ICE, another variant was designed. In this experiment, we
allowed the same mesophile-to-psychrophile substitutions but
only in the positions where amino acids are different in all of the
three wild-type (WT) sequences. There are 19 such residues, and
ICE produced the most LSE-optimized variant sequence
(AKlse3) with 10 substitutions (Fig. 1). Because of the signifi-
cantly smaller search space for an optimal sequence in this
experiment than the previous one (2!° vs. 25%), AKlse3 has a
higher average LSE than AKlsel and AKlse2, suggesting less
thermal stabilization. As expected, the T, of AKlse3 was lower
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Fig. 2. Schematics of ICE for designing thermally stable variants.

than those of AKlsel and AKlse2, but still considerably higher
(5.0°C) than that of AKmeso (Fig. 3 and Fig. S2).

Catalytic Activities of AK Variants. It is possible that the catalytic
properties of enzymes are compromised in the process of
engineering their thermal stabilities. Because the amino acid
substitutions for our AK variants were allowed only at the
variable residues in the alignment of homologous sequences, it
is likely that the enzyme’s intrinsic structure and function would
not be adversely affected and the AK variants would retain their
catalytic activities. To confirm this, we performed activity assays
of our variants at several different temperatures and compared
the resulting temperature—activity profiles with that of WT
AKmeso. As shown in Fig. 4, all three AK variants maintained
their catalytic activity. The measured activities were either
higher than or at least equal to that of AKmeso at all of the tested
temperatures. The profiles of AKlsel and AKlse2 clearly indi-
cate that their activities are increased at higher temperatures
when compared with that of AKmeso. Although the measured

80

AKthermo
0 (74.5°C)

70+

2 eof -~ <
e AKlsel ==~ _ Klses
(69.2°C) T~ 15\0 ) AKmeso
~ - 0,
o] - TS
o
AKpsychro
40 . . B A
1.28 1.30 1.32 1.34 1.36 1.38

Average LSE

Fig. 3. Plot of Ty, vs. average LSE for the WT AKs and variants. The average
LSE values were calculated for the CORE domain. T, values are shown in
parentheses, and the values for the WT AKs are from previous studies (16, 17).
The regression line was drawn for the three AK variants and AKmeso.
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Fig. 4. Activity profiles for the three AK variants and AKmeso. The activity
profile of AKmeso is from ref. 19. Means *+ SE are shown.

activity of AKlse3 is higher than that of AKmeso at their optimal
temperatures (55°C), their profiles at higher temperatures are
similar. This could be due to the smaller increase in thermal
stability for AKlse3 than for AKlsel and AKlse2.

Discussion

As dramatically demonstrated by our experiments, it is not
necessary to use a thermophilic homologue, multiple homolo-
gous sequences, or the three-dimensional structure to engineer
increased thermal stability in a protein. We were able to make
more stable proteins by choosing amino acid substitutions from
a single less-stable homologue that optimized LSE. Precisely
three variants were experimentally tested, and all showed sub-
stantial increases in thermal stability when compared with the
WT. Introducing a large number of mutations was not practically
difficult because the cost of creating synthetic genes has dra-
matically decreased recently.

The results of our experiments are summarized in Fig. 3. Our
AK variants not only have considerably higher T, values than
AKmeso from which the variants were designed, but they also
display a correlation in the plot of Ty, vs. average LSE. This
indicates that increases in their stabilities as their LSE values
were optimized. However, AKthermo and AKpsychro deviate
from the regression line, suggesting that they have mechanisms
other than or in addition to changing their LSE for modifying
stability. For AKthermo, electrostatic and hydrophobic interac-
tions bridging distant regions of the protein sequence were
suggested as stabilizing factors in the previous comparative
studies (17, 18).

Other methods have been used to increase thermal stability of
AKmeso. By rationally designing electrostatic and hydrophobic
interactions onto AKmeso based on the structural comparison
with AKthermo, we were able to increase its T, by 8.5°C (E.B.
and G.N.P., unpublished data). In a directed evolution study
using modified B. stearothermophilus in which the original AK-
thermo was replaced with AKmeso, Counago et al. (20) derived
several more stable mutants whose largest 7T, increase was
13.8°C. The increases in thermal stability by ICE in this study are
comparable with those by the different approaches while ICE
was more efficient and required less information about the
target.

The tests of ICE on AKs also highlight its differences and
advantages vis-a-vis another sequence-based method, the con-
sensus approach. This approach is based on the hypothesis that
at a given position in alignment of multiple homologous se-
quences, the consensus amino acid contributes to stability more
than the nonconsensus one. It requires many homologous se-
quences for alignment and often encounters situations where it
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is not straightforward to identify the consensus amino acids, thus
requiring additional heuristics. On the other hand, ICE opti-
mizes a physical property of a protein, and only uses the sequence
alignment to generate diversity in sequence choices. In contrast
to the consensus approach, ICE needs a minimum of only two
sequences and does not require any arbitrary constraints. In fact,
when an additional sequence (AKthermo) is considered, many
nonconsensus amino acids were found in our variants (Fig. 1).
When designing AKlse3, we allowed substitutions only in the
positions where all three WT AKs have different amino acids,
which make it impossible to implement the consensus approach.

Substantial differences have been found between our variants
and a sequence resulting from a consensus analysis using a larger
number of homologous sequences (R.M.B. and G.N.P., unpub-
lished data). For example, a sequence obtained from a consensus
analysis with 11 Bacillus AKs has 18 different residues when
compared with AKmeso. Among the 18 substitutions, only four
of them are the same as those in our AKlsel variant. The other
14 are either replaced with different amino acids (6 positions) or
not substituted (8 positions) in AKlsel. As a retrospect analysis,
we also compared our three variant sequences with another
thermophilic Bacillus species, Bacillus licheniformis (21). Only
four of the substitutions in our variants were also found in the
B. licheniformis AK sequence. All of these data suggest strongly
that the basis for the thermal stabilization of our three variants
is different from that of the consensus approach.

The strength of ICE is that one can learn from nature which
sequences are consistent with the required intrinsic structure and
function, and choose a sequence from the allowed substitutions
by empirically evaluating the degeneracy in structural states of
short amino acid segments. We dramatically demonstrated the
effectiveness of ICE by making considerably more thermally
stable proteins from only the sequence information of one
psychrophilic homologue. This indicates a broad applicability of
ICE and the importance of entropy optimization in engineering
protein thermal stability.

Materials and Methods

LSE Optimization of AK Sequences. The protocol for calculating the LSE value
for a particular amino acid tetramer is described in ref. 14. In that study, the
researchers examined how often each possible amino acid tetramer was found
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in eight different protein secondary structures ("'B-bridges,” "‘extended
B-sheets,” "31¢-helices,” "a-helices,” "' m-helices,” ""bends,”” “turns,” and "'oth-
ers”) in the Protein Data Bank. If a tetramer appeared in many of these
secondary structures, it was given a higher LSE value than that value assigned
to a tetramer that appeared in only one or two secondary structures.

For a sequence with length n, there are n — 3 segments of length four. We
summed the LSE values for these n — 3 segments and divided the total by n —
3 to calculate the average LSE. Using the LSE tetramer values derived from a
particular set of nonredundant structures (http://sdse.life.nctu.edu.tw/db-
download/scop-35-4-ss.txt), we used a brute-force method to calculate the
average LSE for all of the possible AK variants in the CORE domain. We chose
to mutate residues only in the CORE domain because our previous study
indicated that mutations in the other regions did not cause considerable
changes in overall thermal stability (19) and because we wanted to reduce the
noise level of our test. The LSE optimization algorithm is designed such that
mutationsin the other regions would not affect the choice of mutationsin the
CORE domain and vice versa. Thus, we would have the same mutations in the
CORE domain regardless of whether we included the other regions or not.

Generation of AK Variants. Three AK variant genes were commercially synthe-
sized by Geneart and provided in pET11a expression vectors. The variant
proteins were overexpressed in E. coli and purified by a two-step procedure
involving affinity chromatography and gel filtration as described in ref. 17.

Tm Measurement. T, curves for the three AK variants were obtained by
differential scanning calorimetry. The detailed method for collecting the T,
data is described ref. 17. In these experiments, the measured values were
obtained from irreversible thermal denaturation. They are more relevant as a
practical measure of protein thermal stability than those from simple revers-
ible unfolding often found in model systems (4).

Activity Assay. Activity assays were performed in the direction of ATP forma-
tion as described in ref. 19. Briefly, the enzyme reaction at each temperature
was started by adding AK to the reaction buffer (1 mM glucose, 0.4 mM
NADP*, 100 mM KCl, 2 mM MgCl,, 50 mM Hepes, pH 7.4) containing ADP and
stopped by adding the inhibitor P1,P5-di(adenosine-5')pentaphosphate. The
amount of ATP produced by the reaction was determined by using ATP-
dependent reduction of NADP* to NADPH by the coupling enzymes hexoki-
nase and glucose-6-phosphate dehydrogenase at room temperature. We used
this end-point method because the activities of the coupling enzymes are
temperature-sensitive.
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