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ABSTRACT

Local structural entropy (LSE) is a descriptor for the extent of conformational heterogeneity in short protein sequences that
is computed from structural information derived from the Protein Data Bank. Reducing the LSE of a protein sequence by
introducing amino acid mutations can result in fewer conformational states and thus a more stable structure, indicating
that LSE optimization can be used as a protein stabilization method. Here, we describe a series of LSE optimization experi-
ments designed to stabilize mesophilic and thermophilic adenylate kinases (AKs) and report crystal structures of LSE-
optimized AK variants. In the mesophilic AK, thermal stabilization by LSE reduction was effective but limited. Structural
analyses of the LSE-optimized mesophilic AK variants revealed a strong correlation between LSE and the apolar buried sur-
face area. Additional mutations designed to introduce noncovalent interactions between distant regions of the polypeptide
resulted in further stabilization. Unexpectedly, optimizing the LSE of the thermophilic AK resulted in a decrease in thermal
stability. This destabilization was reduced when charged residues were excluded from the possible substitutions during LSE
optimization. These observations suggest that stabilization by LSE reduction may result from the optimization of local
hydrophobic contacts. The limitations of this process are likely due to ignorance of other interactions that bridge distant
regions in a given amino acid sequence. Our results illustrate the effectiveness and limitations of LSE optimization as a pro-
tein stabilization strategy and highlight the importance and complementarity of local conformational stability and global
interactions in protein thermal stability.
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INTRODUCTION

Proteins that are stable at high temperatures are
favored in many industrial and laboratory applications.l_
7 Thermally stable proteins allow for high reaction tem-
peratures facilitating accelerated reaction rates, increased
solubility of reactants and products, and reduced micro-
bial contamination. Thermal stability is also important
for developing robust enzymes for use in industrial proc-
esses and for manufacturing protein-based pharmaceuti-
cals with improved efficacy and longer shelf lives. In a
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laboratory setting, stable proteins are more convenient to
store and handle and are often required in experimental
protocols such as polymerase chain reactions.

A number of experimental and computational
approaches have been developed to redesign proteins to
become more thermally stable. One approach is
structure-based rational design, which involves specific,
structure-guided mutagenesis for increasing conforma-
tional stability.>>/~10 The mutations are designed to
introduce stabilizing structural elements such as ion
pairs, hydrogen bonds, and hydrophobic interactions.
Despite numerous successes, this approach has several
limitations as a protein stabilization method. Detailed
structural information on the target protein, such as a
high-resolution crystal structure, must be available.
Another limitation is the lack of a general protocol for
determining the positions and types of mutations to be
introduced. Therefore, this approach is essentially target-
specific and difficult to automate.

Experimental evolution can also be used to enhance pro-
tein thermal stability.! =14 In this nonrational approach, a
target protein is randomly mutated in a laboratory and
evaluated for a desired trait such as, in this case, increased
thermal stability. This method does not require a priori
knowledge of the target protein’s three-dimensional struc-
ture but may require extensive experimentation and sub-
stantial laboratory resources. Thus, experimental evolution
can be time-consuming and expensive.

Another approach for improving protein thermal stabil-
ity is the consensus method, which aims to find common-
ality in the sequences of proteins within a family.15-17 In
this computational approach, a sequence alignment is per-
formed using a target and many homologous proteins to
identify conserved and/or major amino acids in particular
positions. This technique is based on the assumption that
these “consensus” amino acids are crucial for maintaining
the structure shared by homologous proteins and there-
fore contribute more significantly to stability than do
nonconsensus amino acids. Although detailed structural
information or substantial experimental efforts may not
be necessary, the consensus approach requires a large
number of homologous sequences and often arbitrary
constraints when the sequence alignments do not clearly
indicate dominant amino acids at given positions.

We previously developed a bioinformatic approach for
designing more stable proteins based on measures of
local structural entropy (LSE).18 The concept of LSE was
first developed by Hwang and coworkers!? to describe
the extent of conformational heterogeneity in short pro-
tein sequences. By carefully examining structures depos-
ited in the Protein Data Bank,20 they calculated the LSE
of certain amino acid tetramers and compiled a database
of 4*° possible tetramer sequences. In this process, tet-
ramers that appeared in various secondary structures
were assigned higher LSE values than those always adopt-
ing a single secondary structural element. They also
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found that differences in the average LSE of thermophilic
proteins and their mesophilic homologues correlated
with their respective differences in thermal stability.1?

In our previous study, LSE was incorporated as part of
a protein stabilization method applied to adenylate
kinase (AK) from a mesophilic bacterium, Bacillus subti-
lis (AKmeso).18 The average LSE of AKmeso was
reduced by substituting amino acid residues with those
from a homologous protein from a psychrophilic bacte-
rium, Bacillus globisporus (AKpsychro). Despite using a
less thermally stable homologue for these residue substi-
tutions, three of the LSE-optimized variant proteins
(AKlsel, AKlse2, and AKlse3) exhibited considerably
higher thermal denaturation midpoint (7T;,) than that of
AKmeso. More recently, we demonstrated that the extent
of thermal stabilization by LSE optimization was compa-
rable with that obtained using other approaches?1
including structure-guided mutagenesis2223 and experi-
mental evolution.24 That study also reported the crystal
structure of an LSE-optimized AKmeso variant, AKlsel.
However, the structure failed to reveal any clear struc-
tural mechanisms that could account for the observed
increase in thermal stability.21

In this study, we designed additional LSE-optimized AK
variants and evaluated their thermal stabilities to expand
our understanding of LSE in protein stability and its use for
thermal stabilization. The LSE of AKmeso was reduced fur-
ther in an attempt to achieve more substantial stabilization,
and the effects of LSE optimization were also tested with
AK from a thermophilic bacterium, Geobacillus stearother-
mophilus (AKthermo). Crystal structures of LSE-optimized
AK variants were solved to identify the structural bases of
thermal stabilization by LSE optimization. Our results illus-
trate the effectiveness and the limitations of LSE optimiza-
tion as a thermal stabilization approach in proteins.

MATERIALS AND METHODS

Generation of LSE-optimized AK variants

Sequences of LSE-optimized AK variants were generated
as described previously.l&25 The genes encoding the var-
iants were prepared commercially or by polymerase chain
reactions using mismatched primers in pET1la vectors.
The proteins were overexpressed in Escherichia coli and
purified by a two-step procedure involving affinity chro-
matography using Affi-Gel blue resin (Bio-Rad, Hercules,
CA) and size exclusion chromatography as described
previously.22

Determination of T, values

T,, values of the LSE-optimized AK variants were
determined by circular dichroism (CD) spectroscopy as
described previously.2! Briefly, CD traces of the AK var-
iants were measured at 220 nm at a scanning rate of
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1°C/min. CD data were analyzed based on the protocol
developed by John and Weeks2® using Kaleidagraph
(Synergy Software).

Crystallization

AKlse2 crystals were grown at 20°C by the hanging-
drop method from 10 mg/mL protein and 4 mM P',P°-
di(adenosine 5')-pentaphosphate (ApsA) in buffer (10
mM HEPES pH 7.0) mixed with an equal amount of res-
ervoir solution (1.9 M ammonium citrate pH 6.0). The
crystals were cryoprotected in the reservoir solution sup-
plemented with 30% (v/v) glycerol and flash-frozen in
liquid nitrogen.

AKlse3 crystals were grown at 20°C by the hanging-
drop method from 15 mg/mL protein and 4 mM ApsA
in buffer (10 mM HEPES pH 7.4) mixed with an equal
amount of reservoir solution (29% (w/v) polyethylene
glycol monomethyl ether 2000, 100 mM CaCl,, 100 mM
3-[4-(2-hydroxyethyl)-1-piperazinyl] propanesulfonic acid
pH 8.0). The crystals were flash-frozen in liquid nitrogen
without additional cryoprotecting reagents.

AKlse4 crystals were grown at 20°C by the hanging-
drop method from 30 mg/mL protein and 4 mM ApsA
in buffer (10 mM HEPES pH 7.0) mixed with an equal
amount of reservoir solution (32% (w/v) polyethylene
glycol 4000, 250 mM MgCl,, 100 mM Tris pH 8.5). The
crystals were cryoprotected in the reservoir solution sup-
plemented with 20% (v/v) glycerol and flash-frozen in
liquid nitrogen.

AKlse5 crystals were grown at 20°C by the hanging-
drop method from 10 mg/mL protein and 4 mM ApsA
in buffer (10 mM HEPES pH 7.0) mixed with an equal
amount of reservoir solution (26.5% (w/v) polyethylene
glycol 4000, 150 mM magnesium acetate, 100 mM
sodium cacodylate pH 6.5). The crystals were cryopro-
tected in the reservoir solution supplemented with 10%
(v/v) glycerol and flash-frozen in liquid nitrogen.

AKlse6 crystals were grown at 20°C by the hanging-
drop method from 13 mg/mL protein and 4 mM ApsA
in buffer (10 mM HEPES pH 7.0) at the same conditions
as those used for obtaining AKlse5 crystals. The crystals
were cryoprotected in the reservoir solution supple-
mented with 10% (v/v) glycerol and flash-frozen in lig-
uid nitrogen.

Structure determination

Diffraction data of AKlse2, AKlse4, AKlse5, and AKlse6
were collected at 100 K at the beamline 7A of the Pohang
Accelerator Laboratory. The GM/CA-CAT beamline of
the Advanced Photon Source was used to obtain diffrac-
tion data of AKlse3. Diffraction images were processed
with HKL2000.27 Phaser?8 was used for molecular
replacement phasing for all crystals except AKlse3, which
was solved using MOLREP.2? The structure of AKlsel

was used as a starting model for AKlse2, AKlse3, and
AKlse4. Solutions for AKlse5 and AKlse6 were found
using the structure of AKthermo. The final structures
were completed using alternate cycles of manual fitting
in COOT3Y and refinement in REFMAC5.3! The stereo-
chemical quality of the final models was assessed using
MolProbity.32

Structural analysis

The five C-terminal residues (residues 213-217) were
not included in structural analyses because they were not
resolved in the AKmeso structure. Protein Data Bank
codes for the structures of AKmeso,22 AKthermo,33 and
AKlsel?! used in the analyses were 1P3], 1ZIO, and
4MKG, respectively. Two oppositely charged residues
were identified as an ion pair if their closest charged
atoms were within 4 A. The side-chain oxygen atoms of
Asp and Glu were considered negatively charged atoms
and the side-chain nitrogen atoms of Arg and Lys were
considered positively charged atoms. Hydrogen bonds
were identified using WHAT IE34 Accessible and buried
molecular surface areas were calculated with WHAT IF
using a probe radius of 1.4 A.34 Nitrogen and oxygen
atoms were considered polar. Carbon and sulfur atoms
were considered apolar.

Accession numbers

The atomic coordinates and structure factors of
AKlse2 to AKlse6 were deposited in the Protein Data
Bank with the accession codes 4QBF, 3DL0, 4QBG,
4QBH, and 4QBI, respectively.

RESULTS

Thermal stabilization by LSE optimization
was effective but limited in mesophilic AK

The LSE optimization of AKmeso was performed pre-
viously by substituting several of its amino acid residues
with those from AKpsychro, resulting in three LSE-
optimized AK variants (Fig. 1; Table 1).18 Only residues
in the CORE domain (residues 1-30, 61-126, and 165—
217) were substituted because this central domain almost
exclusively controls the overall stability of AK.3> This
process can result in a total of 2% variant sequences
because the mesophilic and psychrophilic AKs differ by
53 residues in the CORE domain (Fig. 1). Among these
variants, AKlsel, with 23 substitutions, was optimal.
AKlse2 was only slightly less optimized than AKlsel, but
contained the largest number (26) of residue substitu-
tions of the top 20 LSE-optimized AK variants. AKlse3
was considerably less LSE-optimized than AKlsel and
AKlse2 and contained only 10 substitutions. AKlse3 was
designed to avoid any “AKthermo-like” substitutions, in
which the resulting amino acids would be identical to
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AKpsychro MNIVLMGLPGAGKGTQADRIVEKYGTPHISTGDMFRAAIQEGTELGVKAKSFMDQGALVPDEVTIGIVRERLSKS
AKmeso MNLVLMGLPGAGKGTQGERIVEDYGIPHISTGDMFRAAMKEETPLGLEAKSYIDKGELVPDEVTIGIVKERLGKD
AKthermo MNLVLMGLPGAGKGTQAEKIVAAYGIPHISTGDMFRAAMKEGTPLGLQAKQYMDRGDLVPDEVTIGIVRERLSKD
AKlsel MNIVLMGLPGAGKGTQAERIVEKYGIPHISTGDMFRAAMKEETPLGLEAKSYIDKGELVPDEVTIGIVRERLSKS
AKlse2 MNIVLMGLPGAGKGTQAERIVEKYGIPHISTGDMFRAAMKEETPLGLEAKSYIDKGELVPDEVTIGIVRERLSKS
AKlse3 MNLVLMGLPGAGKGTQGERIVEKYGIPHISTGDMFRAAMKEETPLGLEAKSYIDKGELVPDEVTIGIVKERLGKD
AKlsed MNIVLMGLPGAGKGTQAERIVAKYGIPHISTGDMFRAAMKEETPLGLEAKSYIDKGELVPDEVTIGIVRERLSKS
AKlse5 MNLVLMGLPGAGKGTQAERIVEAYGIPHISTGDMFRAAMKEGTPLGLQAKQYMDRGDLVPDEVTIGIVRERLGKD
AKlse6 MNLVLMGLPGAGKGTQAEKIVEAYGIPHISTGDMFRAAMKEGTPLGLOQAKQYMDRGDLVPDEVTIGIVRERLGKD
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AKpsychro DCDNGFLLDGFPRTVPQAEALDQLLADMGRKIEHVLNIQVEKEELIARLTGRRICKVCGTSYHLLFNPPQVEGKC
AKmeso DCERGFLLDGFPRTVAQAEALEEILEEYGKPIDYVINIEVDKDVLMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKthermo DCQONGFLLDGFPRTVAQAEALETMLADIGRKLDYVIHIDVRQDVLMERLTGRRICRNCGATYHLIFHPPAKPGVC
AKlsel DCERGFLLDGFPRTVAQAEALEEILEEMGRPIDYVINIQVDKEELMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlse2 DCERGFLLDGFPRTVAQAEALEELLEEMGRPIDYVINIQVDKEELIARLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlse3 DCERGFLLDGFPRTVAQAEALEEILEEMGKPIDYVINIQVDKDVLMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlsed DCERGFLLDGFPRTVAQAEALEEILEEMGRKLEHVIHIEVRQEELMERLTGRRICSVCGTTYHLVFNPPKTPGIC
AKlse5 DCERGFLLDGFPRTVAQAEALEEILEEIGRPIDYVIHIEVRQDVLMERLTGRRICRNCGATYHLIFHPPAKPGVC
AKlse6 DCERGFLLDGFPRTVAQAEALEEILEDIGRKIDYVIHIDVRQDVLMERLTGRRICRNCGATYHLIFHPPAKPGVC
A A A
B7 n2 a7 B8 a8
- 000 ——
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AKpsychro DKDGGELYQRADDNPDTVTNRLEVNMNQTAPLLAFYDSKEVLVNINGQKDIKDVFKDLDVILQGNGQ
AKmeso DKDGGELYQRADDNEETVSKRLEVNMKQTQPLLDFYSEKGYLANVNGQQDIQDVYADVKDLLGGLKK
AKthermo DKCGGELYQRADDNEATVANRLEVNMKOMKPLVDFYEQKGYLRNINGEQDMEKVFADIRELLGGLAR
AKlsel DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLAFYDSKEVLVNVNGQQODIQDVFADVKVILGGLKQ
AKlse2 DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLAFYDSKEVLVNVNGQQDIQDVFADVKVILGGLKQ
AKlse3 DKDGGELYQRADDNEETVTKRLEVNMKQTAPLLDFYDEKGYLVNVNGQODIQDVYADLKVLLGGLKQ
AKlsed DKDGGELYQRADDNEETVAKRLEVNMKQOMAPLLAFYDSKEVLRNVNGQODMEKVFKDLRELLQGLAR
AKlse5 DKCGGELYQRADDNEETVAKRLEVNMKQMKPLLDFYEQKGYLRNVNGQQDMQDVFADVRELLGGLKR
AKlse6 DKCGGELYQRADDNEETVAKRLEVNMKQMKP LLDFYEQKGYLRNVNGEQDIEKVFADVRELLGGLKR
A A A A A
Figure 1

Sequence alignment of WT AKs and LSE-optimized AK variants. The amino acid sequences of three WT AKs (AKpsychro, AKmeso, and
AKthermo) and six LSE-optimized AK variants (AKlsel to AKlse6) are aligned together. Variable residues are highlighted, and secondary structure
elements are represented based on the structure of AKmeso. The positions of the three AKthermo ion pairs (Lys19-Glu202, Argl16-Glul98, and
Lys180-Asp114) are marked with blue triangles. The positions of the three residues (Tyr109, Val193, and Ile211) making hydrophobic contact in
AKlsel are indicated by red triangles. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

those in AKthermo, although the substitutions were orig-
inally chosen based on comparison with AKpsychro.

Another LSE-optimized variant, AKlse4, was designed
using AKmeso as a template (Fig. 1; Table I). To more
significantly reduce the LSE of AKmeso, residue substitu-
tions were allowed from both AKpsychro and AKthermo.
This resulted in a much larger search space (2**:3" vs.
2%) in which to identify an optimal sequence. AKmeso
contains a total of 63 residues in the CORE domain that
differ from those of either AKpsychro or AKthermo,
including 19 positions where amino acids are different in
all three of the wild-type (WT) AKs (Fig. 1). Conse-
quently, AKlse4, the most LSE-optimized variant gener-
ated in this process, contains more residue substitutions
and a lower average LSE value than those of the three
previously designed variants (Table I).

Thermal stabilization was evaluated experimentally for
AKlse2, AKlse3 and AKlse4 using CD spectroscopy
(Supporting Information Fig. S1). Previously reported
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T, values for AKlse2 and AKlse3 were determined using
differential scanning calorimetry (DSC),18 and T, values
can vary substantially depending on the experimental
techniques and procedures by which they are measured.
CD data of AKmeso and AKlsel are available from our
previous study.21 T,, values of the four LSE-optimized
AK variants (AKlsel to AKlse4) and their template,
AKmeso, which were obtained using the same instru-
mentation and experimental conditions, are listed in
Table I.

As expected, AKlse2 and AKlse3 were more thermally
stable than AKmeso, with T, values 9.8°C and 3.7°C
greater than that of AKmeso, respectively. The T,
increases measured previously using DSC were 12.5°C
and 5.0°C, respectively.18 A strong correlation was
observed between the three previously designed LSE-
optimized AK variants and AKmeso, as indicated by a
plot of T, as a function of average LSE [Fig. 2(A)].
While AKlse4 exhibited a higher T, value than AKmeso,
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Table |
Design Strategy and Properties of LSE-Optimized AK Variants
-]
Substitutions Additional design Number of
Template from constraint/strategy substitutions ~ Average LSE® Ty, (°C) AT, (°C)°
AKmeso N/A N/A N/A N/A 1.4938 46.4° N/A
AKlse1¢ AKmeso AKpsychro None 23 1.4083 57.7° 1.3
AKlse2¢ AKmeso AKpsychro The most substitutions in the top 20 26 1.4085 56.2 9.8
most optimized variants
AKlse3® AKmeso AKpsychro No “AKthermo-like” substitutions 10 1.4603 50.1 37
AKlse4 AKmeso AKpsychro, AKthermo ~ None 38 1.3696 56.6 10.2
AKlsedm1 AKmeso AKpsychro, AKthermo  Three ion pairs® from AKthermo 41 1.3808 58.4 12.0
added on AKlse4
AKlsedm2  AKmeso AKpsychro, AKthermo ~ Hydrophobic contact' from AKlsel 38 1.3773 58.2 11.8
added on AKlse4
AKthermo  N/A N/A N/A N/A 1.4323 7459 N/A
AKlse5 AKthermo  AKmeso None 21 1.3905 65.1 —94
AKlseb AKthermo  AKmeso Charged residues excluded 15 1.4068 70.7 —45
for substitutions
]
“Calculated for CORE domain (residues 1-30, 61-126, and 165-212) using the program downloaded from http://sdse.life.nctu.edu.tw (Ref. 19).
"Difference from T, of the respective template AKs.
“From Ref. 21.
9Designed previously in Ref. 18.
Lys19-Glu202, Argl16-Glu198, and Lys180-Asp114.
Tyr109, Val193, and Ile211.
8From Ref. 36.
]
®AKmeso ®AKlsel ©AKlse2 ®AKlse3 ® AKlsed
1.51 2 1.51 1.51
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147 ™~ a7 1 |
g .‘\ é 1.47 . - ? 1.47 .
143 e & 143 . :a:n 143 ~—
5 RO s . T g @
<139 S < 1.39 4 <13 Y
" B P \'. &
1.35 T T 1.35 T T T 1.35 r .
45.0 50.0 55.0 60.0 1 3 5 7 141 146 151 156
T, O Number of ion pairs Number of hydrogen bonds
1.51 1.51 i
D ° R?=0.22 E e R*=0.98 F s ° R2=0.10
1.47 1 ~ ]
g - - E 1.47 . E 1.47 .
§ 143 1 $1.43 s 8143 -
'g" ° . E ‘}-.\ E ° ) 2
<4394 T < e Z
139 - 139 - - < 139
® "--‘_!" .
1.35 T T 1.35 d v 1.35 T 2
713 718 723 728 3290 3315 3340 3365 1275 1295 1315 1335
Number of apolar atoms Apolar buried molecular surface area (A%) Apolar accessible molecular surface area (A%)
1.51 1.51
G ° R?=0.19 H . R*=0.25 1 321 ) R*=0.45
? 1.47 A ‘. % 1.47 -_-..“ g 147 1 e i °
gl & 143 1 g S1434 0 T
> - - L] E ..
< 139 < 139 2 < 139
. | ®
1.35 T T 1.35 T T 35 : T
408 412 416 420 1600 1640 1680 1720 1000 1020 1040 1060
Niumher af polar. diois Polar buried molecular surface area (A%) Polar accessible molecular surface area (A2)
]
Figure 2

Correlations between LSE and structural features in four LSE-optimized AKmeso variants (AKlsel to AKlse4) and their template, AKmeso. Data for

the five AKs are represented by different colors (AKmeso: black; AKlsel: red; AKlse2: yellow; AKlse3: blue; AKlse4: green). Trend lines and R val-
ues are also shown.
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Table Il

Data Collection and Refinement Statistics for Structures of LSE-Optimized AK Variants®
AKlse2 AKlse3 AKlse4 AKlse5 AKlseb

Space group P2,2,2, P2, C2 P2, P2,

Unit cell parameters (/0\) a=393, a=34.0, a=068.8, a=236.1, a=36.8,
b=472, b=176.7, b=T710, b=1754, b=176.5,
c=109.3 c=178.0, c=456, c =820, c=2851,

. p=953° p=95.1° p=190.0° p=90.2°

Wavelength (A) 0.9795 0.9793 0.9795 0.9793 0.9793

Data collection sta:[istics

Resolution range (A) 50.00-1.80 50.00-1.53 50.00-1.37 50.00-1.68 50.00-1.67

(1.86—1.80) (1.58-1.53) (1.42-1.37) (1.74-1.68) (1.73-1.67)

Number of reflections 135,728/19418 216,791/594,16 165,077/442,20 358,723/494,58 202,169/548,22

(measured/unique)

Completeness (%) 99.9 (100.0) 98.9 (91.1) 97.0 (95.1) 97.6 (95.7) 100.0 (100.0)

Rme,geb 0.107 (0.752) 0.067 (0.406) 0.047 (0.720) 0.074 (0.728) 0.094 (0.617)

Redundancy 7.0 (7.1) 3.6 (2.3) 3.7 (3.6) 7.3(7.1) 3.7(3.7)

Mean l/c 15.6 (4.0) 16.5 (2.4) 145 (2.4) 22.8 (2.7) 12.8 (2.2)

Refinement statistigs

Resolution range (A) 50.00-1.80 50.00-1.58 49.32-1.37 50.00-1.68 50.00-1.67

Reryst/Riree” (%) 17.1/22.2 20.2/23.9 17.9/22.0 17.8/22.4 16.8/20.8

RMSD bonds (A) 0.019 0.012 0.026 0.020 0.025

RMSD angles (°) 2.332 1.508 2.510 2.186 2.428

Average B factor (A?) 20.02 18.39 17.91 18.59 22.04

Number of water molecules 144 535 232 401 537

Ramachandran favored (%) 99.1 99.3 100.0 98.8 98.4

Ramachandran allowed (%) 0.9 0.7 0.0 1.2 1.6

“Values in parentheses are for the highest-resolution shell.

bange =%,Z|I(h) — <I(h)>|/Z,Z,I(h), where I;(h) is the intensity of an individual measurement of the reflection and <I(h)> is the mean intensity of the reflection.
“Reryst = Z| [Fovs| = |Featc| [/Zh| Fops|> where Fypg and Fyc are the observed and calculated structure factor amplitudes, respectively.
Rree Was calculated as Ry using 5% of the randomly selected unique reflections that were omitted from structure refinement.

the extent of stabilization was not as significant as
expected based on its LSE value (Table I). Despite its
considerably lower LSE value, which implies greater ther-
mal stabilization, AKlse4 exhibited a smaller T, increase
(10.2°C) than AKlsel (11.3°C), weakening the overall
correlation. As its LSE was reduced, the thermal stability
of AKmeso seemed to increase only to a certain degree,
suggesting that thermal stabilization by LSE optimization
is limited.

Structural analysis revealed a strong
correlation between LSE and apolar buried
surface area

The crystal structure of AKlsel was previously com-
pared with that of AKmeso, but no clear structural
mechanism was identified that could account for the
increased thermal stability of AKlsel.2l This study pro-
vides crystal structures of three additional LSE-optimized
AK variants (AKlse2, AKlse3, and AKlse4). Data collec-
tion and refinement statistics are summarized in Table II.
The asymmetric unit of AKlse3 contains two chains
while only one chain was found in the structures of
AKlse2 and AKlse4. The three variants were crystallized
with the inhibitor ApsA in their active sites, as were
AKmeso and AKlsel. The chain folds of the four variants
and AKmeso are essentially identical (Supporting

2636 FPrROTEINS

Information Fig. S2). The root mean square deviation
(RMSD) values of Ca atom positions between AKmeso
and each of the four LSE-optimized variants range from
0.6 to 2.1 A,

To determine the molecular origins of the different
thermal stabilities of the four LSE-optimized variants
and their template, AKmeso, their crystal structures were
compared with focus on the CORE domain where resi-
due substitutions for LSE optimization were allowed. In
our previous study, the mutations in the other two
domains, AMPy;,q and LID, did not result in consider-
able changes in the overall thermal stability of the
enzyme.35 Several structural features of their CORE
domains were calculated and are listed in Table III,
including the number of ion pairs, the number of hydro-
gen bonds, and the buried and accessible molecular sur-
face areas.

Among the five AKs, AKlse4, whose LSE was reduced
to the largest extent, contains the most ion pairs and
hydrogen bonds. This variant also has the highest apolar
buried surface area, which is often used as a measure of
the degree of hydrophobic interactions. However, such
stabilizing features were not always the least in AKmeso,
which has the highest LSE value and was used as a tem-
plate for generating the LSE-optimized variants. For
example, AKmeso did not have the fewest ion pairs or
hydrogen bonds. In fact, the numbers of ion pairs and
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Table Il
Structural Features of LSE-Optimized AK Variants®

AKmeso  AKlsel  AKlse2 AKlse3” AKlse4  AKthermo AKlse5® AKlse6”
Average LSE 1.4938 1.4083 1.4085 1.4603 1.3696 1.4323 1.3905 1.4068
T (°C) 46.4° 57.7° 56.2 50.1 56.6 7454 65.1 70.7
Number of ion pairs® 4(2) 2(0) 4 (2) 35 (1) 7(1) 6 (3) 4(2) 8 (3)
Number of hydrogen bonds® 147 (41) 147 (36) 145(38)  143.5(36.5 154 (39) 157 (43) 1415 (37.5) 148 (39)
Number of apolar atoms X ni ni 75 720 726 718 726 721
Apolar buried molecular surface area (A?) 3294 3335 3332 3313 3360 3420 3338 3340
Apolar accessible molecular surface area (AZ) 1278 1295 1287 1330 1321 1238 1305 1371
Number of polar atoms 414 412 410 409 419 an 419 417
Polar buried molecular surface area (A% R 1646 1614 1634 1607 1705 1675 1633 1670
Polar accessible molecular surface area (A% 1006 1056 1039 1057 1055 1015 117 1109

“Calculated for CORE domain (residues 1-30, 61-126, and 165-212).
®Average of the two chains in asymmetric unit.

“From Ref. 21.

9From Ref. 36.

“Values in parentheses are for interactions connecting distant regions (more than 10 residues in a polypeptide).

hydrogen bonds found in AKmeso are greater than or
equal to those identified in the other three LSE-
optimized variants (AKlsel, AKlse2, and AKlse3).

To identify the structural basis of thermal stabilization
by LSE optimization more precisely, several plots were
generated that describe the correlations between LSE and
the structural features calculated based on the five struc-
tures (Fig. 2). Although the most LSE-optimized variant,
AKlse4, revealed the most ion pairs and hydrogen bonds
among the five AKs, correlations between the LSE and
the numbers of ion pairs and hydrogen bonds were rela-
tively weak [Fig. 2(B,C)]. Conversely, a strong correlation
was observed between the average LSE and the apolar
buried molecular surface area [Fig. 2(E)] This indicates
that more apolar surface area becomes buried as the LSE
is optimized. However, this is not entirely due to an
increase in the number of apolar atoms upon LSE reduc-
tion because the correlation between the number of apo-
lar atoms and LSE is poor (R* = 0.22) while the apolar
buried surface area is almost perfectly correlated (R’
0.98) with the average LSE value [Fig. 2(D,E)]. No such
strong correlation with LSE was observed with other
structural features (Fig. 2). These data suggest that LSE
reduction may be closely related to the burial of apolar
surface area, and that thermal stabilization via LSE opti-
mization is a result of optimizing hydrophobic
interactions.

LSE optimization overlooks and can damage
stabilizing noncovalent interactions that
connect distant regions of a polypeptide

Although AKlse4 was designed to have the lowest LSE
value among the four LSE-optimized AKmeso variants
(Table I), its T, value was experimentally determined as
1.1°C lower than that of AKlsel, and only slightly higher
(0.4°C) than that of AKlse2. This seems to indicate that
an upper limit exists for the thermal stabilization of

AKmeso by LSE optimization. The results of structural
comparisons was also perplexing because the structure of
AKlse4 appears to contain more stabilizing structural fea-
tures, such as ion pairs, hydrogen bonds, and apolar bur-
ied surface area, than the other LSE-optimized AKmeso
variants (Table III).

Because LSE describes conformational heterogeneity
only in short stretches of a protein sequence, mutations
designed to optimize LSE may disrupt noncovalent inter-
actions that connect distant regions of a polypeptide. Such
connections may be important for the overall stability of
AKs.21-23 Therefore, additional structural analyses were
performed, focusing on stabilizing structural features that
involve residues that are distant in sequence but adjacent
in three-dimensional space. When considering the interac-
tions between two amino acid residues separated by more
than 10 residues in a single polypeptide, AKlse4 is no lon-
ger the variant with the most ion pairs and hydrogen
bonds (see the values in parentheses in Table III). Accord-
ing to this definition for identifying interactions that work
to connect distant regions, AKlse4 contains only one ion
pair and 39 hydrogen bonds, both of which are fewer
than those found in its template, AKmeso.

Three such ion pairs (Lys19-Glu202, Argl16-Glul9s,
and Lys180-Asp114) were found in the CORE domain of
AKthermo?2 but were not introduced into AKlse4 [Fig.
3(A,B)], although residue substitutions were allowed
from the thermophilic AK in the design of the AKlse4
sequence. This was because introducing AKthermo resi-
dues comprising these three ion pairs would result in
unfavorable changes in LSE. In AKlse4, the three ion
pairs of AKthermo are lost by residue mutations to
uncharged amino acids or due to distances greater than
the cutoff (4 A) between the two oppositely charged
residues.

A comparison of LSE-optimized AK variant structures
also revealed an example in which hydrophobic interac-
tions between distant regions in a given protein sequence
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Figure 3

Loss of ion pairs during LSE optimization. In (A) AKthermo, three ion pairs (Lys19-Glu202, Argl16-Glu198, and Lys180-Asp114) connect distant
regions of a polypeptide, but are lost by LSE optimization in (B) AKlse4 and (C) AKlse5. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

were weakened due to residue substitutions designed to
lower the LSE. In AKlsel and AKlse2, Tyrl09, Vall93,
and Ile211 make tight hydrophobic contacts within 4 A,
but are mutated to His, Arg, and Leu residues, respec-
tively, in AKlse4 (Fig. 4). These LSE-reducing mutations
disrupt the hydrophobic packing around the residues
and decrease the apolar buried surface area (Table IV).
Thus, our hypothesis is that the observed limit of LSE
optimization on the thermal stabilization of AKmeso
may result from ignorance with regard to the stabilizing
effect of noncovalent interactions between distant regions
of a polypeptide.

To experimentally validate this hypothesis, two
mutants of AKlse4 were designed in which the lost non-
covalent interactions were recovered. Then, the thermal
stabilities of these mutants were measured to determine
whether these interactions confer additional thermal sta-
bilization (Table I). In the first AKlse4 mutant, AKI-
se4dml, the three AKthermo ion pairs (Lys19-Glu202,
Argl16-Glul98, and Lys180-Aspl14) were introduced. In
AKlse4m2, the His109, Argl93, and Leu2ll of AKlse4
were mutated to Tyr, Val, and Ile residues, respectively,
to restore the hydrophobic interactions found in AKlsel

and AKlse2. In the measurements made with CD spec-
troscopy (Supporting Information Fig. SI), the two
AKlse4 mutants displayed higher T, values than that of
AKlse4 (Table I). These results suggest that LSE reduc-
tion for the optimization of local structural properties
overlooks and can potentially damage stabilizing, nonco-
valent interactions that bridge distant regions of a pro-
tein sequence.

LSE optimization of thermophilic AK
resulted in decreased thermal stability

Although the four LSE-optimized AK variants and the
two AKlse4 mutants exhibited considerable increases in
their thermal stabilities compared with their template,
AKmeso, none of them was more thermally stable than
AKthermo, a naturally evolved thermophilic homologue of
AKmeso. Despite high sequence identity (74.5%), AKmeso
and AKthermo display disparate thermal stabilities.22>36
The difference between their T;,, values is more than 25°C.

In an attempt to produce a more stable AK variant
than the natural thermophilic homologue, we designed
an LSE-optimized AK variant using AKthermo as a
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Figure 4
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Effect of LSE-optimizing mutations on hydrophobic interactions. Tyr109, Val193, and Ile211 make tight hydrophobic contacts in (A) AKlsel, but
are mutated to His, Arg, and Leu, respectively, in (B) AKlse4, disrupting the hydrophobic packing around the residues. For side-chain atoms of the
three residues, van der Waals surfaces are represented. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

template and residue substitutions allowed from
AKmeso. The resulting lowest-LSE variant, AKlse5, con-
tained 21 substituted residues in the CORE domain (Fig.
1; Table I). CD spectroscopy was used to measure the
thermal stability of AKlse5 (Supporting Information Fig.
S1). Surprisingly, the thermal stability of AKlse5 was not
improved relative to its template, AKthermo, but rather
exhibited a substantial decrease (9.4°C) in T, despite a
significantly lower LSE (Table I).

Based on the analysis of the LSE optimization of
AKmeso, we suspected that this unexpected decrease in
thermal stability of AKlse5 might be the result of damage
to important, noncovalent stabilizing interactions
between distant regions. One way to circumvent this
problem would be to exclude residues involved in such
interactions from LSE-optimizing substitutions. To test
this possibility, another LSE-optimized AKthermo vari-
ant, AKlse6, was generated in which all formally charged
residues (Arg, Lys, Asp, and Glu) were excluded from
substitutions. As a result, AKlse6 contained a higher LSE
value and fewer residue substitutions than did AKlse5
(Fig. 1; Table I). In the design of AKlse6, we intended to
maintain bridging ion pairs by leaving out charged resi-
dues while optimizing the burial of apolar surface area,
However, the T,, value of AKlse6 remained lower than

Table IV
Effect of LSE Optimizing Residue Substitutions on Apolar Buried

Surface Area of Residues 109, 193, and 211
]

Apolar buried surface area (/o-\z)

Residue Residue Residue
109 193 21 Total
AKlsel Tyr 34 Val 23 lle 43 100
AKlse2 Tyr 33 Val 22 lle 4 96
AKlse3? Tyr 34 Val 27 Leu 37 98
AKlse4 His 27 Arg 21 Leu 36 84

“Average of the two chains in asymmetric unit.

that of AKthermo, although the extent of destabilization
was reduced compared with AKlse5 (Table I).

To understand the structural basis of these decreased
thermal stabilities, the crystal structures of AKlse5 and
AKlse6 were determined to resolutions of 1.68 and 1.67
A, respectively. Data collection and refinement statistics
are summarized in Table II. We noted that the beta
angles in the unit cell parameters were close to 90°.
However, processing the data in higher symmetries sig-
nificantly increased Rperge, suggesting that the mono-
clinic space group was correct. Both AKlse5 and AKlse6
contain two molecules in their asymmetric units and are
structurally similar to other AKs with regard to chain
folding, the ApsA binding, and domain arrangement
(Supporting Information Fig. S2).

Several stabilizing structural features were compared
between the two LSE-optimized AKthermo variants and
AKthermo to identify the molecular mechanism for the
unexpected destabilization following LSE optimization
(Table IIT). Among the three structures, AKlse5 contained
the fewest ion pairs and hydrogen bonds. This was also
true when counting only those interactions that serve to
connect distant regions of the polypeptide. AKlse6, which
was generated by excluding formally charged residues
from LSE-optimizing substitution, contains more ion
pairs than AKthermo while the number of those that
bridge distant regions are identical in AKlse6 and
AKthermo. AKlse6 contained fewer hydrogen bonds than
its template, AKthermo, under all conditions, but the
decrease in the number of hydrogen bonds was reduced
relative to AKlse5.

Structural comparisons also indicated that LSE optimi-
zation of AKthermo decreased the apolar buried surface
area (Table III). This was surprising because in the
experiment for AKmeso, the reduction in LSE increased
the buried apolar surface area [Fig. 2(E)]. In addition,
the two LSE-optimized AKthermo variants (AKlse5 and
AKlse6) contained more apolar atoms than AKthermo
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(Table III). The difference in the buried apolar surface
area between AKlse5, the most LSE-optimized variant,
and AKthermo was 82 A? greater than the largest
increase (66 A2 between AKlse4 and AKmeso) observed
in the AKmeso optimizations. In fact, the buried apolar
surface area calculated for AKthermo was larger than
that of AKlse4, which displayed the greatest buried apo-
lar surface area of the AKmeso variants (Table III), sug-
gesting highly optimized hydrophobic packing in
AKthermo. Thus, the substitutions designed to reduce
LSE likely disrupt local and/or global hydrophobic inter-
actions in AKthermo, resulting in relative thermal
destabilization.

DISCUSSION

LSE is an empirical descriptor of conformational vari-
ability in short protein sequences, calculated from struc-
tural information derived from the Protein Data Bank.
The relationship between LSE and the thermal stability
of proteins has been studied previously. Hwang and
coworkers, who originally developed the concept of LSE,
observed a linear relationship between average LSE and
T,y values in many protein families.!® In our previous
study, we designed AK variants with enhanced stability
based on measures of LSE.18 In this study, we confirmed
that LSE optimization can be an effective method for
protein thermal stabilization. However, the current study
also revealed cases in which LSE optimization resulted in
limited or even negative effects on protein thermal stabil-
ity. Consequently, the results of the current study provide
a unique opportunity to examine both effectiveness and
the limitations of LSE optimization as a strategy for pro-
tein thermal stabilization.

To elucidate the structural basis of thermal stabiliza-
tion by LSE optimization, we analyzed the crystal struc-
tures of four LSE-optimized AKmeso variants and their
template, AKmeso. In our previous study, the structure
of AKlsel was determined and compared with that of
AKmeso, but no clear structural mechanism was identi-
fied that could account for the increased thermal stability
of AKlsel.2! In this study, the crystal structures of three
more AKmeso variants (AKlse2, AKlse3, and AKlse4)
were determined. Because the LSE values of the four var-
iants were optimized to various extents, this study
allowed the examination of correlations between LSE and
specific stabilizing structural features instead of simpler
one-to-one comparisons.

The most striking result obtained from structural anal-
yses of the AKmeso variants was that the strong inverse
correlation between LSE and the apolar buried surface
area (R*> = 0.98), indicating that more apolar surface
area becomes buried as LSE is reduced. However, this is
likely not due to changes in the number of apolar
atoms, which correlates weakly (R* = 0.22) with LSE.
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Substitutions made for the purpose of reducing LSE may
increase the apolar buried surface area, which is often
considered a measure of the degree of hydrophobic inter-
actions. Thus, enhanced thermal stabilization is ulti-
mately achieved by optimizing the hydrophobic packing
of proteins.

The optimization of hydrophobic interactions has
been recognized as an important stabilization strategy in
a number of thermally stable AKs. Among the three WT
AKs, AKthermo contains the highest apolar buried sur-
face area.?2 Structural comparisons of WT AKs also
identified a specific AKthermo residue (Met179) that is
involved in hydrophobic contacts with conserved resi-
dues?2 and was later found to contribute to thermal sta-
bilization ~ when  substituted  into  AKmeso.2!
Experimental evolution of AKmeso for higher thermal
stability also generated several stable variants containing
mutations (QI6L, T1791, and A193V) that resulted in
better hydrophobic packing.2437 Interestingly, one of
these mutations, A193V, was also generated in the LSE
optimization of AKmeso and was included in each of the
three LSE-optimized variants (AKlsel, AKlse2, and
AKlse3). A recent computational study also showed that
AKmeso could be thermally stabilized by repacking its
hydrophobic core.3® Two of the mutations (L3I and
L211I) identified in this computational protein design
process were also found in the LSE optimization of
AKmeso.

In the LSE optimization of AKmeso, the resulting ther-
mal stabilization was effective but limited. Although all
four LSE-optimized AKmeso variants yielded higher T,
values than that of their template, AKmeso, the observed
increases in T, were not completely proportional to the
decreases in LSE. AKlse4, the most LSE-optimized
AKmeso variant, had a significantly lower LSE value than
either AKlsel or AKlse2, but these three AKmeso variants
exhibited similar T, values (Table I). These results indi-
cate a stability limit for LSE-optimized AKmeso variants.
It is also puzzling to note that the AKlse4 structure con-
tained the largest number of stabilizing structural fea-
tures, such as ion pairs, hydrogen bonds, and apolar
buried surface area, among the variants (Table III).

To explain the limitation on thermal stabilization
observed in the AKmeso variants, we hypothesized that
LSE optimization might stabilize local structural elements
while simultaneously disrupting other stabilizing nonco-
valent interactions that connect distant regions of a given
polypeptide. When calculating with only such bridging
regions, none of the four LSE-optimized AKmeso var-
iants contained more ion pairs or hydrogen bonds than
their template, AKmeso (see the values in parentheses in
Table III). By designing two AKlse4 mutants (AKlse4ml
and AKlse4m?2) and testing their thermal stabilities, we
experimentally demonstrated that residue substitutions
for reducing LSE at the expense of stabilizing bridging
interactions can decrease overall thermal stability. The
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two mutants, in which LSE was less optimized than
AKlse4 to maintain interactions that connect distant
regions, displayed higher T, values than AKlse4 (Table
III), supporting this hypothesis.

The importance of noncovalent interactions that serve
to connect distant regions was also recognized in our
previous studies of AKs. In structural comparisons of
three WT AKs, such interactions were identified most
often in AKthermo.22 Several of these interactions were
later found to contribute to overall stability when substi-
tuted into AKmeso.2123 In the process of generating
AKlsel, we encountered a situation in which LSE optimi-
zation damaged the noncovalent interactions bridging
distant regions. When residues in AKmeso were substi-
tuted with those of AKpsychro for the purpose of reduc-
ing LSE, an ion pair between residues 23 and 209
connecting the N- and C-terminal regions of AK was
broken, and a mutation introduced into AKlsel for
reconstituting the bridging electrostatic interaction
resulted in additional stabilization.21

It is interesting to note that a stability limit was also
recognized in another thermal stabilization trial of
AKmeso. In the computational protein design study by
Wilson and coworkers,38 AKmeso variants were stabi-
lized by repacking the hydrophobic core. The variants
also displayed an upper thermal limit that could be
exceeded only by introducing additional electrostatic
interactions. This finding is consistent with the results of
our current and previous studies assuming that the ther-
mal stabilization of AKmeso by LSE optimization
resulted from the optimization of hydrophobic interac-
tions. In this study, the introduction of three ion pairs
into AKlse4, the most LSE-optimized AKmeso variant,
increased its thermal stability. Previously, AKlsel had
been stabilized to different extents by adding one to
three ion pairs.21

While the LSE optimization of AKmeso generated
more thermally stable variants, reducing the LSE of
AKthermo decreased its thermal stability. The T, of
AKlse5, in which 21 residues were substituted with those
of AKmeso, was 9.4°C lower than that of AKthermo
despite its considerably lower LSE value (Table I). One
could argue that this is not surprising because mesophilic
residues were introduced for the stabilization of a ther-
mophilic target. However, in the LSE optimization of
AKmeso, the use of a less stable homologous sequence
(AKpsychro) for residue substitutions resulted in signifi-
cant thermal stabilization as evidenced by the three LSE-
optimized AKmeso variants (AKlsel, AKlse2, and
AKlse3).18 These three variants contained 10 to 23 sub-
stituted residues from AKpsychro yet displayed increases
in T, up to 11.3°C (Table I).

We speculated that the destabilization encountered
during the reduction of the LSE of AKthermo to gener-
ate AKlse5 was the result of destruction of three ion
pairs  (Lys19-Glu202, Argll6-Glul98, and Lys180-

Aspll4) that served to connect distant regions of
AKthermo (Fig. 3).22 To test this hypothesis, we gener-
ated another AKthermo variant, AKlse6, by excluding
formally charged residues from the substitution pool
during LSE optimization. Although the thermal stability
of AKlse6 was improved relative to that of AKlse5, its T,
remained lower than that of its template, AKthermo.
This suggests that the loss of the ion pairs was not solely
responsible for the observed decrease in thermal stability.

Structural analysis revealed that both AKlse5 and
AKlse6 contained significantly reduced apolar buried sur-
face areas compared with their template, AKthermo,
despite increases in the number of apolar atoms (Table
III). This suggests that LSE optimization might disrupt
not only stabilizing ion pairs, but also favorable hydro-
phobic interactions in AKthermo. It seems that
AKthermo, like many other natural thermophilic pro-
teins, already possesses highly organized networks of sta-
bilizing structural features such as ion pairs and
hydrophobic interactions that are easily damaged by sub-
stituting certain residues. Thus, to increase the thermal
stability of thermophilic proteins, it is likely necessary to
carefully introduce additional stabilizing features while
minimizing the destruction of existing ones. This, how-
ever, is difficult if detailed structural information is not
available for the target proteins.

Despite its limitations, we believe that LSE optimiza-
tion can still be an effective and efficient method for the
thermal stabilization of proteins. As shown in the case of
AKlsel, LSE optimization can significantly increase the
thermal stability of a mesophilic target (AKmeso) by
more than 10°C using only the sequence information
from one homologue (AKpsychro). Other stabilization
approaches require detailed structural information of the
target or a large number of homologous sequences.

LSE optimization may also be useful when combined
with other techniques. LSE-optimized sequences can serve
as a foundation to which stabilizing mutations identified
by other methods are introduced. Alternatively, residues
involved in important stabilizing interactions can be
excluded from pool of available mutations used in LSE
optimization. Previously, the T, of AKmeso was increased
by 26.6°C using LSE optimization simultaneously with
other approaches, including structure-guided mutagenesis
and molecular evolution.2! In this study, the thermal sta-
bility of AKlse4 was increased by additionally introducing
noncovalent interactions identified in structure-based
analyses. These results also highlight the importance and
complementarity of local conformational stability and
global interactions in protein thermal stability.
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