Doctoral Thesis
Protein thermostabilization strategy by

ion—ion interactions at temperatures of
over 100 °C

Yoshinori Matsuura

2020



Contents

F o] o] (=T 14 o] OO RTSPR I
Chapter 1: General INtrodUCTION .........ccoiiiiiiiiieee e 4
1-1. Protein StaDIlIY ....ocve i 4
1-2. CULAL PIOTEINS. ..cveeeeieeitiiteeie sttt bbbttt nn et b ene s 5
1-3. Relationship of the CutAl proteins and the CvP-bias. ..........cccccooeiiiiiiiiiine 7
1-4. Organization of thiS theSIS. ........ccceiieii e 8
1-5. REIBIBINCES. ..oeiiiieie ettt ettt ettt sae e be et beesbe e e e sneenrn 9
Chapter 2: Role of charged residues in stabilization of Pyrococcus horikoshii CutAl114
O 1 14 oo [ Tod 1 o] o PSSR 14
2-2. Experimental MethOdS. .........ooiiiiiiiiiiieceee e 15
2-3. RESUILS. ..ot nneers 17
I 1o [ o PSSR 19
2-5. CONCIUSIONS. ..eoutieeiieiiesieee ettt ettt e e e te s e sreeteaneenneenrs 30
2-6. SUPPOItING INFOMATION. ..o 38
B =] =] =TT PSSR 49
Chapter 3: Evaluation of salt bridges in CutAl using molecular dynamic simulations. 52
K I [ oo [T 1 oo ST 52
3-2. Experimental Methods. ........ccooeiiiiiiiiee e 53
3-3. RESUILS aNd QISCUSSION. ......ccueeieiiieiiieiesieesie et e et nae e sneenees 55
3-4. CONCIUAING FEMATKS. ....eviiieiiieiieie e 71
3-5. Supporting INFOrMALION. .........ccoiiiiiiiiirieeee e 83
B T (=] (=] (=] 0TS SRTSSSS 109
Chapter 4: Stabilization of Escherichia coli CutAl by rational protein design............ 113
I 1 (oo 11T oo OSSR 113
4-2. Experimental Methods. ........cvoiiiiiiiiie e 114
4-3. ReSUILS aNd QISCUSSION. ......ccveeieeeieiiieieeie e sieesiesiee e ee e ste e sreesteeaesreesreeneeas 119
e @0 o] 131 0] USSR 128
T (=] (=] (=] 0T SR SRRTSSPS 138
Chapter 5: Stabilization of Escherichia coli CutAl by introduction of charged residues
...................................................................................................................................... 140
oL O 1 1 0o [ Tod 1 o] o PSSR 140
5-2. Experimental Methods. ..........cooiiiiiiiiiice s 141
53, RESUILS. ..ottt ettt ettt nreenre e e 142



Bl DUSCUSSION. .o 146

5-5. SUpporting INFOrMAatION. ......coviieiieieee e e 157
5-6. RETEIEINCES. ....eeviiieieiiiee ettt sttt e nee e 163
Chapter 6: Stabilization of Escherichia coli CutA1l by ion—ion interactions............... 167
G T oo [0 Tod o] o ARSI 167
6-2. Experimental Methods. ..........ccooiiiiiiiiieee s 168
B-3. RESUILS. ..ot 171
B-2. DISCUSSION. ...veeuiiitieiteeiesiie st e ettt e st te e st e e s e sbeesbeeseeateebeeneesreeeeenee e 173
6-5. SUPPOrtiNg INFOrMATION. ..c.eeiiiie e e 183
B-6. RETEIEINCES. ..ottt e 197
Chapter 7: CONCIUSTONS.......couiiiiieieitese ettt 201
LiSt OF PUDIICALIONS ... 203
ACKNOWIEAGEMENTS ... 204



E. coli

P. horikoshii
EcCutAl
PhCutAl
TtCutAl
OsCutAl
HsCutAl
Td

DSC

PDB

EDTA
SDS-PAGE
pl

RMSD
RMSF

Rg

MD
GROMACS
Amber
Charmm
Gromos
spcle

tip3p

PCR

SPMP

Abbreviations

Escherichia coli

Pyrococcus horikoshii

CutAl protein from an mesophile, Escherichia coli
CutA1l from hyperthermophile, Pyrococcus horikoshii
CutA1l from thermophile, Thermus thermophilus
CutA1l from mesophile, Oryza sativa

CutAl from Homo sapiens

denaturation temperature

differential scanning calorimetry

protein data bank

ethylene diamine tetra acetic acid

sodium dodecyl sulfate-poly-acrylamide gel electrophoresis

isoelectric point

root mean square deviation

root mean square fluctuations

radius of gyration

molecular dynamics

groningen machine for chemical simulations
assisted model building and energy refinement
chemistry at harvard macromolecular mechanics
groningen molecular simulation

simple point charge/extended

transferable intermolecular potential 3p
polymerase chain reaction

stability profile of mutant protein



Chapter 1: General introduction.

1-1. Protein stability.

The stability of globular proteins is called “marginal stability” because of the low
conformational stability, which is delicately balanced by a combination of many
stabilizing and destabilizing interactions, such as hydrophobic interactions, hydrogen
bonds, electrostatic interactions, and entropic effects® 2. The denaturation Gibbs energy
(AG) of globular proteins is approximately 50 kJ/mol, which equals energy of only a few
hydrogen bonds. Hence, only single mutations can drastically change the stability of the
protein. Two types of mutagenesis are used for protein engineering to improve the
stability of the protein. One is random mutagenesis, known as “directed evolution of
enzymes”, research that was awarded the Nobel Prize in Chemistry in 2018. The other is
site specific mutagenesis. Recently, much of the tertiary structure of the protein has been
determined by various methods, such as X-ray crystallography, nuclear magnetic
resonance, and electron microscopy. Therefore, these data can be applied to various types

of research, including thermostabilization of the protein.

In nature, there are organisms that live in various temperature ranges. The proteins
isolated from hyperthermophiles, which grow preferentially at temperatures near the
boiling point of water, are extremely stable as compared with those isolated from
mesophiles. The structures of many proteins from hyperthermophiles have been
determined, and several factors responsible for their extreme thermostability have been

proposed, including increases in the number of ion pairs®1° and hydrogen bonds'* 2, core



hydrophobicity'®, and packing density**, as well as the oligomerization of several
subunits!®>'’, and an entropic effect due to relatively shorter surface loops and peptide
chains®®. However, there are no established methods to rationally design enhanced
conformational stability. However, it is important to develop these techniques because
stability-enhanced proteins may be highly useful for industrial and biotechnological

processes™®.

1-2. CutAl proteins.

In 2006, it was reported that the CutAl protein (PhCutAl) from the
hyperthermophile, Pyrococcus horikoshii, had an unusually high stability at pH 7.0 with
a denaturation temperature (Tq) of nearly 150 °C, which is approximately 30 °C greater
than the highest record determined by differential scanning calorimetry (DSC)°. The
CutAl protein was originally identified as the product of the cutA gene locus of

Escherichia coli, and it is involved in divalent metal tolerance®.

The X-ray structures and stabilities of CutAl proteins from species with various
growth temperatures have been also examined, including those of Pyrococcus horikoshii
(PhCutA1)?, Thermus thermophilus (TtCutAl1)?!, Oryza sativa (OsCutAl), Homo
sapiens (brain) (HsCutA1)??, and Escherichia coli (EcCutA1)%. Structure analysis of the

CutA1l family demonstrated that each CutAl protein is quite similar.

A monomer structure of about 12 kDa consists of three a-helices and five 3-strands.
Three monomers are assembled into a trimer through interactions between the edges of
three B-strands. This tightly intertwined interaction contributes to the stabilization of the

trimer structures for the CutA1 proteins®. Their Tq4 values are also unusually high relative
5



to the growth temperatures of each species: 113.9 °C for TtCutA1?*, 98.9 °C for

OsCutA1?*, 96.2 °C for HsCutA12°, and 89.9 °C for ECCutA1%®.

Fig. 1. The trimer structure of PhCutAl (A, B, and C subunits of PDB ID 4noy). Different
colors represent different chains. o and 3 represent a-helix and B-strand, respectively.



1-3. Relationship of the CutAl proteins and the CvP-bias.

Genomic analysis performed by Suhre and Claverie showed that a large difference
between the proportions of the numbers of charged residues (Asp, Glu, Lys, Arg) and
polar residues (Asn, Gln, Ser, Thr), which is called CvP-bias, is the dominant proteome
characteristic of microorganisms adapted to hyperthermophilic growth?’. Many reports
have shown that an abundance of ion pairs and ionic networks formed by charged residues

contributes to the stabilization of proteins from hyperthermophiles?®3®

. Negative
contributions of salt bridges to protein stability have also been reported®*-*°. However,

how the abundance of ion pairs contributes to the conformational stability of proteins

from hyperthermophiles remains unclear.

Although the X-ray crystal structure of PACutAl clearly resembles that of EcCutAl,
the amino acid compositions of the two proteins are quite different. The difference is
especially apparent in the proportions of charged and polar residues for the CvP-bias:
40.2% (8 Asp, 16 Glu, 11 Lys and 6 Arg in 102 residues) and 7.8% (1 Ser, 5 Thr, 2 Asn,
and 0 GIn) in PhCutAl, respectively; 18.8% and 23.2% in EcCutAl, respectively. Thus,
the CvP-bias values of PhCutAl and EcCutAl are 32.4% and —4.4%, respectively. The
CvP-bias of PhCutAl is more than double that of the average CvP-bias (14.7%) of
proteins from P. horikoshii*’, suggesting that the content of charged residues in PhCutA 1
is unusually large even among proteins from hyperthermophiles. Therefore, PACutAl
may represent a good model for investigating the role of charged residues in the stability

of proteins at temperatures greater than 100 °C.



1-4. Organization of this thesis.

This thesis consists of five chapters as described below.

In Chapter 2, to elucidate the role of ion-ion interactions in protein stability, the
mutant proteins of PhCutAl, in which charged residues were substituted by noncharged
residues, were comprehensively examined. In Chapter 3, we compared the strengths of
salt bridges among force fields by performing MD simulations using PhCutAl. In
Chapter 4, to enhance the heat stability of the ECCutAl protein to that of the PhCutAl
with a denaturation temperature (Tq) of 150 °C, we first examined the structure-sequence
(3D-1D) compatibility between the conformation of EcCutAl and its native sequence
using the stability profile of mutant protein (SPMP). In Chapter 5, to experimentally
obtain thermodynamic parameters of protein denaturation at temperatures over 100 °C,
we designed certain hydrophobic mutant proteins of EcCutAl, which have denaturation
temperatures (Tq) of 101-113 °C and show a reversible heat denaturation. Furthermore,
hyperthermostable mutant proteins (Tq = 137 °C) were also evaluated by substituting six
residues with charged residues. In Chapter 6, to elucidate the contribution of charged
residues to protein stabilization at temperatures of over 100 °C, we constructed more than
100 EcCutAl mutants. The goal was to determine if one can achieve the same stability
as that of CutAl from the hyperthermophile Pyrococcus horikoshii, which has a

denaturation temperature near 150 °C.
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Chapter 2: Role of charged residues in stabilization of

Pyrococcus horikoshii CutAl

2-1. Introduction.

In this study, using PhCutAl, we performed systematic and exhaustive analysis of
the stability of mutant proteins by DSC to elucidate the role of ion—ion interactions in
protein stability. The mutant proteins were constructed with the following in mind. (a)
Previous analysis has shown that the increased number of ion pairs in the monomeric
structure of PACutA1 contributes to the stabilization of the trimeric structure!. Therefore,
Glu and Asp residues forming ion pairs within 4 A in the same monomer were substituted
to a single amino acid (Glu to Ala or GIn, Asp to Ala or Asn). (b) To confirm the
contribution of charged residues to protein stability, other charged residues, which have
relatively higher orders of favorable (or un-favorable) electrostatic energy (Table 2), were
substituted to a single non-charged residue. The electrostatic energy of ion—ion
interactions was evaluated by FoldX (http:/foldx.crg.es/)>. (c) To confirm the
contribution of the charged residues examined in single mutant proteins, double or
multiple mutant proteins were constructed on the basis of the results obtained with single
mutant proteins. From the changes in stability of more than 50 PACutAl mutants, we
discuss the role of ion—ion interactions in hyperthermophile proteins in conformational

stability at temperatures greater than 100 °C.
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2-2. Experimental methods.
Construction, Expression, and Purification of Mutant Proteins.

Mutant versions of PhCutAl were constructed by site-directed mutagenesis®,

expressed, and purified as described previously'. All purified mutant proteins ran as single
bands in SDS-PAGE. Protein concentrations were determined using an absorption
coefficient of E'”1cm = 27.1 at 280 nm, which is based on number of aromatic amino

acids*. All chemical reagents were of analytical grade.

Measurement of thermal stability.

Thermal denaturation of proteins was measured using VP-DSC/ETR
microcalorimeter (Microcal LLC, Northampton, MA, USA) for temperatures up to 150
°C or Nano-DSC 6300Y microcalorimeter (TA Instruments, USA) for temperatures up to
160 °C. Protein samples were dialyzed for more than 20 h against 50 mM potassium
phosphate (pH 7.0) including 2 mM EDTA. Samples were filtered through 0.22-pum pore
membranes following dialysis and were degassed before measurements. Protein
concentrations were typically around 1.0 mg/ml. The heating rate (scan rate) of DSC

measurements was 60 °C/h.

Estimation of unfolding Gibbs energy and electrostatic energy due to ion—ion

interactions from the tertiary structure of a protein using FoldX.

15



The computer algorithm, FoldX? can quantitatively estimate the factors
contributing to protein stability and protein interactions. FoldX is available via a web-
interface at http://foldx.crg.es/. The FoldX energy function at pH 7.0 includes
stabilization factors that are important for protein stability. The difference in unfolding
Gibbs energy (AG) between wild-type and mutant proteins (AAGrolax) is evaluated on the

basis of the following factors by FoldX.

AAGFoax = AAGH + AAGsu + AAGyw + AAGEI + AAGsolp + AAGsorH + AAGywela

+ AAGEnt,s + AAGEnt,m + AAGTor,cla + AAGBac,cla + AAGHd + AAG’El,sub (1),

where AAGgH, AAGsH, AAGvw, AAGE, AAGsolp, AAGsolH, AAGywcla, AAGEnts,
AAGEntm, AAGTorcla, AAGBaccla, AAGH4, and AAGEisw represent the energies of the
backbone hydrogen bonds (BH), side-chain hydrogen bonds (SH), Van der Waals
interactions (VW), electrostatic interactions (El), solvation of polar atoms (Sol,P),
solvation of hydrophobic atoms (Sol,H), Van der Waals clashes (VW,cla), entropy of the
side chains (Ent,s), entropy of the main chain (Ent,m), torsional clashes (Tor,cla),
backbone clashes (Bac,cla), helix dipoles (Hd), and electrostatic interactions between the
subunits (El,sub), respectively. FoldX recommends that the RepairPDB command should
be run prior to energy calculation, because the crystal structures are models based on
electron density and have errors produced during refinement that will result in

nonstandard angles or distances.

In the reported structure of wild-type PACutAl, Cys29 was replaced by cysteine-s-
dioxide (PDB entry 4nyo). Therefore, we generated a standard structure of PhCutAl by
modeling a replacement of cysteine-s-dioxide with cysteine for energy calculations of the

mutant proteins. Models of this standard structure (wild-type protein) and the necessary
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mutant structures were built using FoldX. AAGroiax values for the mutant proteins were
generated using FoldX. The electrostatic energy of each residue between charged residues
was sorted out from “AllAtoms_Electro” file in FoldX. The electrostatic energies of the

wild-type PhCutA1 are shown in Table S1.

2-3. Results.

Design of PhCutAl mutants.

All of the mutant variants of PACutAl in this work are listed in Table 1. The variants
were constructed with the following intentions. (a) Previous analysis has shown that the
increased number of ion pairs in the monomeric structure of PACutAl contributes to the
stabilization of the trimeric structure'. Therefore, Glu and Asp residues (Glul5, Glu24,
Glud7, Asp60, Glu63, Glu64, Glu67, Glu71, Asp84, and Glu99) having ion pairs within
4 A on the same subunit of PACutAl were substituted by Gln or Ala and Asn or Ala,
respectively, in order to confirm the role of intra-subunit ion pairs on the same subunit in
the stability of PACutA1l. (b) The electrostatic energies between the ion groups formed by
each charged residue, evaluated by FoldX, are shown in Fig. S1 and are listed in order of
favorable and unfavorable interactions (15 residues each) in Table 2. To elucidate how
much the ion—ion interactions of charged residues contribute to protein stability, the
charged residues listed in Table 2 were single-substituted by non-charged residues. (c)
Double mutants of ion-paired residues and multiple mutants were also constructed (Table

1) in order to confirm the contribution of the charged residues as a pair to stability.
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The thermal stability of PACutA1 mutants.

To examine changes in stability due to mutations, the heat stability of mutant
variants was measured using DSC. Typical DSC curves at pH 7.0 are shown in Fig. 1. As
shown in the figure, the DSC curves seem to be slightly aggregated after heat
denaturation; therefore, the apparent peak temperatures of the DSC curves were taken as
the denaturation temperature (74). The 74 values listed in Table 1 are averages of more
than two experiments. The 74 value of E99Q was 154.9 °C, the highest among examined
mutant proteins, and 6.4 °C greater than that of the wild-type protein. In fact, the E99Q
mutant set a new world record for the protein with the highest heat stability!. The T4
values of 13 variants among the 45 single mutant proteins were higher than that of the
wild-type protein, as shown in Table 1. These results suggest that even a protein with a
T4 of 150 °C has many sites that could be altered to further increase its stability. The
greatest decrease in 74 due to a single amino acid substitution was 12.4 °C for R25A. The
Ph14S mutant is the PhCutAl variant E12Q/K16A/K44A/E46Q/D48N/K49A/R58A
/D60N/E63Q/E67Q/E71Q/D84AN/E90Q/K94A, which was substituted at all 14 sites of
intra-subunit ion interactions within 4 A, a pair of which is closely located in the sequence

(Fig. 2). The ATy of Ph14S was —7.2 °C.

The changes in T4 of Glu and Asp mutant variants (at Glul5, Glu24, Glu47, Asp60,
Glu63, Glu64, Glu67, Glu71, Asp84, and Glu99) forming intra-subunit ion pairs on the
same subunit of PACutAl ranged from —3.5 (E64Q and D60N) to 6.4 °C (E99Q) (Table
1). The average value of these 20 samples forming intra-subunit ion pairs on the same
subunit was —1.0 = 1.5 °C. However, the average changes in T4 of all 21 Glu mutants in

Table 1 was 0.03 + 2.05 °C, while the average changes of 11 Asp and 13 positively
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charged (Lys and Arg) mutants were —2.17 £ 3.27 °C and —5.14 + 3.38°C, respectively.
These results suggest that the Glu residues of PACutA1 contribute less to protein stability

than other ionic residues.

2-4. Discussion.

The total energies of ion—ion interactions for each charged residue evaluated by
FoldX are shown in Fig. S1, and Table S1 lists all values of each pair of interactions. It
might be important to elucidate how electrostatically favorable (or unfavorable) residues
contribute to protein stability. For example, PACutA1 has 30 intra-subunit ion pairs within
5 A whereas EcCutAl has only one. By contrast, PhCutA1 has 16 inter-subunit ion pairs
within 5 A, whereas EcCutA1 has 17! even though the number of inter-subunit ion pairs
for oligomeric proteins seem to increase with thermostability®®. Fig. 2 shows intra/inter-
subunit ion pairs within 5 A of PhCutAl'. Solid and broken lines represent intra- and
inter-subunit ion pairs, respectively. In this study, the stability of PACutAl was
extensively examined using mutant proteins in which charged residues were changed to
noncharged residues in order to elucidate the contribution of electrostatic interactions to
protein stability at temperatures over 100 °C. The changes in stability can be elucidated

based on relationships with their local structures as follows.

The role of intra-subunit ion pairs in protein stability.

Eight PACutAl Glu residues at positions 15, 24, 47, 63, 64, 67, 71 and 99, which

form intra-subunit ion interactions within 4 A with positively charged residues, were
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substituted by Gln and Ala. Two Asp residues at positions 60 and 84 were substituted by
Asn and Ala. The Tq values of the Glu24, Glu64, and Asp60 variants decreased by ~3 °C.
Changes in stability of the other mutations, except for Glu99, were slight (< 3 °C). These
results seem to indicate that intra-subunit interactions at the examined positions do not
play a very important role in stability, contrary to the expectations in the previous report',
because changes in 7y due to the deletion of charged residues were small and changes in

T4 due to Ala substitutions were similar to those of Gln or Asn substitutions.

The energy of ion—ion interactions estimated by FoldX suggests that charged
residues at positions 24, 60, 71, and 99 have favorable interaction (Fig. S1 and Table S1).
The decrease in stability of mutant proteins at positions 24 and 60 corresponded to the
FoldX estimates, but the 74 of E99Q was 154.9 °C (ATq = 6.4 °C), showing that Glu99 is
unfavorable for stability even though the electrostatic energy estimated by FoldX is
favorable at this position. Glu99 is located at the C-terminus of the a3 helix and forms a
salt bridge with Arg25 in loop 2 (Fig. 3A). The changes in 74 of R25A and R25A/E99Q
were —12.4 and —2.4 °C, respectively, indicating that the decrease in stability of the double
mutant is largely compensated by the E99Q substitution. The other charged residues near
Arg25 and Glu99 provide only limited effect on stability compared with the electrostatic
energy between Arg 25 and Glu99 (by the analysis of FoldX) (Table S1). Arg25 forms
favorable interactions with Glu99 (-12.0 kJ/mol) and Glu98 (-1.3 kJ/mol), and an
unfavorable interaction with Arg58 (1.4 kJ/mol). Glu99 forms favorable interactions with
Arg25 (—12.0 kJ/mol) and Arg58 (—1.1 kJ/mol), and unfavorable interactions with Glu42
(1.3 kJ/mol) and GIu98 (2.9 kJ/mol). Therefore, the increase in stability of E99Q is not
primarily caused by changes in electrostatic interactions. Protein o helices have been

reported to have dipole moments due to the alignment of peptide bond dipoles; a
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negatively charged group at the C-terminus of an a helix can therefore destabilize the
native structure of a protein®!'. The mutant E99Q should be stabilized by deletion of the
negatively charged group at the C-terminus of the a3 helix in addition to elimination of
the repulsive interactions with Glu42 and Glu98. Furthermore, FoldX suggests that the
“side-chain hydrogen bonds” and “solvation of polar atoms™ energies in equation 1 in
addition to “helix dipole” are favorable for AAG of E99Q. This may be because the
carboxyl group of Glu99 is partially buried. These positive factors for E99Q might largely

surpass the strong electrostatic energy of the interaction with Arg25.

The role of inter-subunit ion pairs in protein stability.

The Glu residues at positions 15 and 47 form inter-subunit ion pairs in addition to
intra-subunit pairs, forming an ion network with Lys19 and Arg36 (Fig. 2 and 3B). Single
mutants of paired residues and a quadruple mutant of all of the residues in the network
were constructed. The difference in 7y (ATq) of E15Q, KI19A, R36A, E47Q, and
E15Q/K19A/R36A/E47Q were —0.1, —2.6, —1.9, —1.1, and —2.8 °C, respectively (Table
1). Fig. 3B shows the location of these four charged residues, which seem to strengthen
the interactions between segments of different subunits, the al helix of the A chain and
the B2 (or B3) strand of the C chain. The change in stability of the quadruple mutant is
close to the highest value of the single mutants, indicating that this network contributes
only slightly to stability. The ionic energies of Lys19 and Arg36 (-3.6 and —13.5 kJ/mol,
respectively) contribute favorably to the stability, but the ionic energies of Glul5 and
Glu47 (3.8 and 3.1 kJ/mol) contribute negatively, as estimated by FoldX (Fig. S1),

resulting in a slight contribution regardless of the ion network between different subunits.
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Table S1 indicates that Glul5 forms favorable interactions with Arg36 (—5.4 kJ/mol) and
Lys19 (—1.7 kJ/mol) and unfavorable interactions with Glu47 (4.9 kJ/mol), Asp10 (1.5
kJ/mol), Glul2 (3.9 kJ/mol), and Glu34 (1.4 kJ/mol). Glu47 forms favorable interactions
with Arg36 (—3.8 kJ/mol) and Lys19 (-3.1 kJ/mol) and unfavorable interactions with
Glu46 (2.1 kJ/mol), Asp48 (2.0 kJ/mol), and Glul5 (4.9 kJ/mol) (Table S1). These
multiple negative and positive interactions might originate from the unusually high

number of charged residues in a small protein (102 residues).

However, substitutions for Asp residues at positions 87 and 91 dramatically affected
the 74, even though changes in 74 for other Glu and Asp substitutions were less than about
3 °C, as described (Table 1). Asp87 in the B5 strand of the A chain forms inter-subunit ion
pairs with Arg82 in the 4 strand and Lys66 in the a2 helix of the C chain, and Asp91 at
the N-terminus of the a3 helix of the A chain interacts with Lys70 in the a2 helix of the
C chain (Fig. 3C). The ATq4 values of D87N, D91N, K66A, K70A, and R82A were —7.0,
-8.4, —6.5, 3.4, and —10.0 °C, respectively. ATq values of the K66A/D87N and
K70A/D91N double mutants were —9.9 and —5.1 °C, respectively (Table 1). The dramatic
decrease in 7y for the D91N mutant compared to the other Glu and Asp mutants can be
explained by decreases in both electrostatic energy and helix dipole moment at the N-
terminus of the a3 helix. The change in 7q for D87N might be caused by the close

connection of Asp87 with two counter-pairs (Arg82 and Lys66) as described below.

Changes in denaturation temperature of mutant variants at the top 15

electrostatically favorable and unfavorable sites.
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It is important to elucidate how much the ion—ion interactions of charged residues
contribute to protein stability. Table 2 lists the energies of the ion—ion interactions of
charged residues in the order of favored to unfavored (and unfavored to favored),
evaluated by FoldX. The most favored energy is —35.7 kJ/mol for Arg82 and the most
unfavored is 19.6 kJ/mol for Asp86. The favored and unfavored residues listed in Table 2
were substituted by noncharged residues. Some charged residues provided favorable
electrostatic energies and contributed to stability, such as Arg82. However, the stability
of the obtained mutant proteins did not change as expected. For example, the change in
T4 of R68A was small even though the electrostatic energy of Arg68 was quite favorable,
and the decrease in 7y of R33A was large even though the energetically unfavorable
charged group of Arg33 was eliminated. Next, changes in stability of these mutant

proteins will be discussed on the basis of structural features near the mutation sites.

Arg82 is located in the B4 strand (Fig. 3C), and has the most favorable energy of all
the charged residues (Table 2). Arg82 forms strong salt bridges with Asp84 (electrostatic
energy of —15.6 kJ/mol), Glu59 (-2.7 kJ/mol), and Glu63 (—4.0 kJ/mol) in the same chain,
and with Asp86 (—6.2 kJ/mol) and Asp87 (—4.9kJ/mol) in the other chain (Table S1).
Because these ion—ion interactions are eliminated when Arg82 is replaced by Ala, the T4
of R82A decreased by 10.0 °C. Lys66 in the a2 helix close to Arg82 in the 4 strand also
has high electrostatic energy (Table 2). Lys66 forms strong salt bridges with Glu63 (1.3
kJ/mol) and Glu67 (3.0 kJ/mol) in the same a2 helix, and with Asp87 (7.2 kJ/mol),
Glu90 (9.0 kJ/mol), and Asp91 (—1.5 kJ/mol) in another subunit (Fig. 3C). Replacement
of Lys66 by Ala resulted in a significant decrease in 74 (6.5 °C). Arg82 links Lys66 via
Asp87 in a centrally located ion network that contributes to the unusually high stability

of PhCutAl.
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By contrast, Asp86, Asp84, Glu67, and Glu63, which are involved in the ion
network of Arg82 and Lys66, have unfavorable electrostatic energies (Table 2).
Substitutions at positions D84N, E67Q, and E63Q showed only slight decreases in T4,
suggesting that the repulsive energy of these charged residues hardly affected protein
stability. In the case of Asp86, the repulsive energy was great, because the Asp86 residues
in the A and C chains are close to each other as shown in Fig. 3C. Therefore, D86N had
a slightly higher T4 (Table 2) due to elimination of a charged group. The residues in the
least favored 13 of electrostatic energy in Table 2 are negatively charged (Glu and Asp),
except for Arg33. These results indicate that the number of negatively charged residues,
Glu and Asp, surpasses that of positively charged residues, Lys and Arg, so the ion-ion
interactions of many Glu and Asp residues should be forced to be partially repulsive to

each other.

The electrostatic energies of Arg68, Glu24, and Glu71 are —28.0, —15.6, and —5.7
kJ/mol, respectively, higher than those of the other residues (Table 2). However, the
decreases in 7y for R68A, E24Q, and E71Q are small, 2.1, —1.7, and —1.5 °C,
respectively. As shown in Fig. 3D, Arg68 and Glu24 form a salt bridge between the al
and a2 helices, and Glu71 forms a salt bridge with Arg68 in the same helix. The favorable
electrostatic energies of Arg68 with Glu24, Glu71, and Glu64 were evaluated by FoldX
tobe —16.6,—11.4, and —2.2 kJ/mol, respectively. Arg68 has unfavorable interactions with
Lysl6 (1.2 kJ/mol) and Lys101 (1.0 kJ/mol). Regardless of the high favorable
electrostatic energy of Arg68, the decrease in 74 of R68A was only 2.1 °C. According to
AAG analysis by FoldX, this compensation is mainly caused by ““solvation of polar atoms”
and “entropy effect of side-chain” energies in equation 1. Glu24 and Glu71, paired with

Arg68, also have favorable electrostatic energies of —15.6 and —5.7 kJ/mol, respectively
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(Table 2). The E24Q and E71Q mutant variants showed slight decreases in 74 of 1.7 and
1.5 °C, respectively. Glu24 and Glu71 are located at the C-terminus of the al helix and
in the second position from the C-terminus of the a2 helix, respectively (Fig. 3D).
Because the substitution of Glu with noncharged Gln at the C-terminus of a helix
enhances the energy of the helix dipole, the decrease in stability due to the elimination of
ion pairs might be compensated by the increase in the helix dipole in the stability of both

mutant proteins.

Arg58 and Asp60 have high favorable electrostatic energies of —21.8 and —8.8
kJ/mol, respectively (Table 2). Arg58, which is at the turn between the 3 strand and the
a2 helix, strongly interacts with Asp60 at the N-terminus of the a2 helix (Fig. 3E). The
electrostatic energy was —15.4 kJ/mol between them (Table S1). Furthermore, Arg58
interacts weakly with Glu59 (-2.5 kJ/mol) and the carboxyl group of the C-terminal
Lys102 residue (—3.2 kJ/mol). The decreases in 74 for the R58A, R58A/D60N, D60N,
and D60A variants were 6.8, 6.8, 3.5, and 3.3 °C, respectively. Comparably large changes
in stability due to substitution of Asp60 with nonionizable residues might result from the
sum of the elimination of ion-ion interactions and the decrease in helix dipole moment.
The AT4 of the RS8A/D60N double mutant hardly changed, compared with R58A,
because of the elimination of repulsive interactions of Asp60 with Glu59, Glu63, Glu64,
and C-terminus of Lys102 (Table S1). Glu59 also showed high electrostatic energy (7.3
kJ/mol) (Table 2), and given its position in the N-terminal region of the a2 helix, should
also stabilize the wild-type protein by the helix dipole moment. However, the 74 of E59Q
increased by 3.7 °C contrary to expectation. This might be explained by the following.
(a) The electrostatic energy of Glu59 was primarily evaluated from the interaction with

the amino group of the N-terminal Met (—12.8 kJ/mol) at pH 7.0. This value might be
25


http://www.weblio.jp/content/carboxyl+group

overestimated because the amino group may not be fully ionized at pH 7.0'2, the value at
which the stability of the mutant protein was measured by DSC. (b) Because there are
many repulsive residues (Asp60, Asp84, Asp86, Asp87, and Glu63) around Glu59 (Table
S1), the elimination of these unfavorable interactions may result in the increase in stability

of the mutant protein.

Arg33 is in the B2 strand, and is almost completely buried in the interior of the
molecule (accessible surface area of 5.3%). This residue is close to and is ionically
repulsive to the Arg33 residues of the other two chains (Fig. 3F) with a repulsive energy
of 12.7 kJ/mol. Arg33 also favorably interacts with Glu34 (-2.9 kJ/mol) and Glu50 (-2.5
kJ/mol) (Table S1). The stabilities of the R33A and R33M variants decreased by 9.2 and
7.7 °C, respectively, due to substitution of the repulsive residue (Table 1). If burial polar
residues and repulsive ionic interactions are eliminated, mutant proteins should generally
increase in stability. However, the stability of both mutant proteins decreased. This
discrepancy may be explained from the crystal structure of PACutAl (4nyo), which
indicates that NH1 and NH2 of Arg33 contact ND1 of His35 at a distance of 2.86 A and
OH of Tyr5 at a distance of 3.20 A, respectively (Fig. 3G). These interactions should
stabilize the native structure of the wild-type protein, whereas the mutant proteins (R33A
and R33M) were destabilized by the elimination of these interactions. It has been reported
that completely buried, nonion-paired glutamic acid contributes favorably to the
conformational stability of pyrrolidone carboxyl peptidases from hyperthermophiles
because of the formation of a hydrogen bond'*. It is possible that Arg33 is not ionized in

the interior of the molecule!*.
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The locations of Glu42, Glu46, and Asp48, high in the order of unfavorable
electrostatic interactions, are shown in Fig. 3H. The three mutants at these sites, E42Q,
E46Q, and D48N, increased 74 values by 4.9, 3.6, and 2.7 °C, respectively. Glu42 mainly
interacts with Lys44 (—1.6 kJ/mol), Glu46 (1.8 kJ/mol), and Glu99 (1.3 kJ/mol) (Table
S1), resulting in an unfavorable electrostatic energy of 2.5 kJ/mol (Table 2). Glu46 has
strong unfavorable interactions with Asp48 (5.1 kJ/mol), Glu47 (2.1 kJ/mol), Glu42 (1.8
kJ/mol), and Glu50 (1.0 kJ/mol), and a favorable interaction with Lys44 (—3.9 kJ/mol).
Asp48 has strong unfavorable interactions with Glu46 (5.1 kJ/mol), Glu50 (3.1 kJ/mol),
Glu47 (2.0 kJ/mol), and Aspl0 (1.2 kJ/mol) and a slightly favorable interaction with
Arg36 (—1.1 kJ/mol) (Table S1). The increase in stability of these mutants can be

explained by decreased repulsive ionic interactions.

Relationships between A7; and AAG of unfolding and between A7; and AAG of

electrostatic energy.

Fig. 4 shows the relationship between changes in A7q due to mutations of PACutA1l
and AAG of unfolding estimated by FoldX (equation 1). The correlation coefficient was
0.737 except for the R33M, R58A, and R58A/D60N variants. In the cases of R58A and
R58A/D60N, FoldX estimates unusually high values of AAG due to decreases in the
“side-chain hydrogen bonds” category to 58.8 and 57.1 kJ/mol, respectively. The FoldX
values for the “Van der Waals” and “Solvation of polar atoms” categories for R33M were
more favorable than those for R33A. These results indicate that the estimated changes in
stability for mutant proteins modeled by FoldX are reasonably reliable, although there are

a few outliers. On the other hand, the difference between the electrostatic energies of ion-
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ion interactions for charged residues of the wild-type and each mutant protein (AAG of
electrostatic energy) was estimated by FoldX. The correlation between ATy and AAG of

electrostatic energy was poor, having a correlation coefficient of 0.437 (not shown).

As described above, these studies show that introduction of charged residues into
proteins contributes to stability in various ways, including attractive or repulsive ionic
interactions, as well as positive or negative effects on other important factors for protein
stability, and the effects due to these other factors sometimes surpass the energy of
ion—ion interactions. Therefore, the introduction of ion—ion interactions does not directly
contribute to protein stability, but AAG of unfolding, estimated by considering almost all
interactions as shown in equation 1, correlates with the experimentally measured stability
(Fig. 4). The FoldX webpage suggests that FoldX is accurate for relative energies,
although absolute energies are not precise (http://foldx.crg.es/examples.jsp). As described,
this work indicates that FoldX is useful for evaluating changes in stability of mutant

proteins'> 1°,

The role of charged residues of PACutAl in protein stability.

The large number of charged residues having intra-subunit ion pairs in the same
subunit (30 pairs in PhCutAl against 1 pair in EcCutAl) was anticipated to play an
important role in the thermostability of PACutAl at high temperatures around 150 °C'.
To confirm this hypothesis, single mutant variants replacing Glu or Asp residues with
noncharged residues were constructed and their stabilities were measured using DSC. The

changes in stability of the mutant proteins were not great: the largest change in ATy was
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—3.5 °C and the average ATq was —1.0 &+ 1.5 °C, suggesting that intra-subunit interactions
at the examined positions do not play a very important role in stability. The A7y of the
Ph14S mutant, a variant with replacement of all residues forming intra-subunit ion
interactions within 4 A, was —7.2 °C. This value is similar to the ATq (6.8 °C) of the
R58A mutant, which is included in the PA214S mutant. The great decrease in 74 of RS8A
might originate from loss of the interaction with Asp60 and many other neighboring
negatively charged ones (Fig. 3E and Table S1). The ATq values of R58A and RS8A/D60N
were not different (Table 1). These results suggest that all ion pairs, which are deleted in
Ph148S, hardly contribute to protein stability except for the interaction between Arg58 and
Asp60. On the other hand, the average changes in Tq4 of all Glu mutants examined (Table
1) was 0.03 +£2.05 °C, suggesting that the Glu residues of PACutA1 are weak contributors
to the protein stability of PACutAl. However, the electrostatic energy (—159.3 kJ/mol) of
PhCutAl is quite high, compared to that (-9.7 kJ/mol) of EcCutAl. The p/ for PhCutAl
and EcCutAl is 4.91 and 4.85, respectively. In the case of PhCutAl, unusually large
numbers of negatively charged residues (especially Glu) might be essential in order to
make highly efficient interactions with positively charged residues and to generate high
electrostatic energy, resulting in a situation in which negatively charged residues

surrounding positively charged residues are forced to be partially repulsive to each other.

Design of stable proteins by the introduction of ion pairs.

Ion pairs are effective in stabilizing proteins from mesophiles and thermophiles,
when they are exposed in solvent. However, when fully buried, each charged residue

represents a desolvation penalty during folding!”. Recently, the Makhatadze group has
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developed a computational method for the rational design of stable proteins by
optimization of surface ion—ion interactions'® '°. In this method, the energies of ion—ion
interactions on the protein surface are calculated using the Tanford—Kirkwood model
corrected for solvent accessibility'® 2°. There are several successful examples including
a-lactalbumin®!, ubiquitin'®, and acylphosphatase??. However, our study suggests that the
structural features of mutation sites should be carefully considered, and particularly
residues that are involved in helix dipole moment, even if the residues are on the surface.
Therefore, the present findings might be useful for designing stable proteins by the

introduction of ion pairs.

2-5. Conclusions.

To examine the role of ion—ion interactions in the stability of PACutAl, a protein
with a large number of charged residues and a high denaturation temperature, mutant
proteins in which charged residues were substituted by noncharged residues were

comprehensively examined. The following features were found.

(1) The average decrease in 74 of Lys or Arg mutants was greater than that of Glu or
Asp mutants, suggesting that several negatively charged residues do not directly
contribute to stability. However, many negatively charged residues should be essential in
order to make efficient interactions with positively charged residues and to generate high
electrostatic energy, because the energy of ion—ion interactions (—159.3 kJ/mol) of
PhCutA1l with p/ of 4.91 was much larger than that (-9.7 kJ/mol) of EcCutA1 with p/ of
4.85. Therefore, negatively charged residues were forced to be partially repulsive to each

other. (2) Changes in stability of mutant proteins with 74 of around 140—-150 °C could be
30



explained by considering factors important for protein stability and the structural features
of mutant sites, suggesting that stabilizing factors already reported are valid on mutant
proteins with T4 around 140—150 °C. These findings are useful for the design of proteins
that are stable at temperatures over 100 °C. (3) The Ty of the E99Q mutant of PACutA1l
was higher by 6.4 °C than that of the wild-type protein (148.5 °C). The world record for
heat stability was updated. (4) FoldX was useful for evaluating changes in stability of

mutant proteins.

31



Table 1.

Denaturation temperatures (Tq in °C) of PhCutAl mutants and the difference in Tq (ATq)
between the wild-type and its mutant at pH 7.0. Tq is the average value of more than two
data. Positive values of ATq indicate the increase in stability due to mutations.

The Tq of the wild-type is 148.5 °C.

mutants Ty ATy | mutants Ty AT4 |mutants Ty ATy
E12Q 149.2 0.7 | DION 1494 0.9 K1I9A 145.9 -2.6
E15A 147.7 -0.8 | D48N 151.2 2.7 | K44A 148.1 -0.4
E15Q 148.4 -0.1 | D60OA 145.2 -3.3 | K49A 1495 0.8
E24A 1455 -3.0 | D60ON 145.0 -3.5 | K66A 142.0 -6.5
E24Q 146.8 -1.7 | D76N 1494 0.9 K70A 1451 -3.4
E34Q 147.1 -1.4 | D84A 147.0 -1.5 | K1I01A 1441 -4.4
E42Q 1534 49| D84N 148.0 -0.5| R25A 136.1 -12.4
E46Q 152.1 3.6 | D86N 151.0 25| R33A 139.3 -9.2
E47A 146.0 -2.5| D87N 1415 -7.0 | R33M 140.8 -7.7
E47Q 147.4 -1.1 | D91A 1419 -6.6 | R36A 146.6 -1.9
E59Q 152.2 3.7 | D9IN 140.1 -8.4 | R58A 141.7 -6.8
E63A 149.0 0.5 R68A 146.4 -2.1
E63Q 147.0 -1.5 R82A 138.5 -10.0
E64A 145.6 -2.9 R25A/E99Q 146.1 -2.4
E64Q 145.0 -3.5 R58A/D60N 141.7 -6.8
E67A 149.0 0.5 R6BA/E24Q 146.2 -2.3
E67Q 148.0 -0.5 K70A/D91N 143.4 -5.1
E71A 148.0 -0.5 K66A/D87N 138.6 -9.9
E71Q 147.0 -1.5 K101A/E64Q  145.3 -3.2
E99A 150.0 15 E15Q/K19A/R36A/EA7Q  145.7 -2.8
E99Q 154.9 6.4 Ph14S* 141.3 -7.2

*Ph14S represents E12Q/K16A/K44A/E46Q/D48N/K49A/R58A/D60N/EG3Q/EGTQ
/E71Q/D84N/ES0Q/K4A.
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Table 2. The energy of ion-ion interactions and changes in T4 due to mutations at each
charged residue of PhCutAl. Positive values of ATq indicate the increase in stability due
to mutations. The energies of ion-ion interactions come from Table S1.

in the order of favored to un-favored in the order of un-favored to favored
Energy of Energy of
positions . on mutants AT 4 (°C) | positions . on. mutants AT 4 (°C)
intereaction interaction
(kJ/mol) (kJ/mol)

ARGS82 -35.7 R82A -10.0 | ASPS86 19.6 D86N 2.5
ARG68 -28.0 R68A -2.1 | GLU12 11.6 E12Q 0.7
ARG58 -21.8 R58A -6.8 | ARG33 109 R33A -9.2
LYS66 -21.5 KB66A -6.5 | ASP10 10.6 DI1ON 0.9
LYS70 -16.2 K70A -3.4 | ASP48 10.5 D48N 2.7
GLU24 -15.6  E24Q -1.7 | ASP84 7.2 DB84N -0.5
ARG36 -13.5 R36A -1.9 | GLU46 5,5 E46Q 3.6
ARG25 -12.0 R25A -12.4 | GLU67 5.2 E67Q -0.5
GLU34 -11.0 E34Q -1.4 | GLU6B3 5.1 E63Q -1.5
LYS49 -10.2  K49A 0.8 | GLU15 3.8 E15Q -0.1
GLU99 -9.1  E99Q 6.4 | ASP76 3.3 D76N 0.9
ASP60 -8.8 D6ON -3.5 | GLU47 3.1 E47Q -1.1
GLU59 -7.3 E59Q 3.7 | GLU42 25 E42Q 4.9
LYS101 -6.7 KI101A -4.4 | LYS23 1.7 -

GLU71 -5.7 E71Q -1.5| ASP87 1.5 D87N -7.0
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Fig. 1. Typical DSC curves of PACutA1 mutant proteins at pH 7.0. Heating rates of DSC
were 60°C/h. The perpendicular line shows the T4 of the wild-type protein.
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Fig. 2. Intra/inter-subunit ion pairs within 5 A. Solid and broken lines represent intra- and

inter-subunit ion pairs, respectively.
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Fig. 3. The structure of PACutA1 at specific sites. (A) Near the Arg25-Glu99 ion pair. (B)
The Glu-47-Lys19-Glul5-Arg36 ion network. (C) Ion networks of centrally-located
Arg82 and Lys66. (D) The Arg68-Glu24 ion pair.
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Fig. 3. continued.
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(E) Ton pairs of Arg58. (F) The ion group of Arg33 seems to be repulsive to those of Arg33

in the other chains in the interior of the molecule. (G) Buried Arg33 favorably interacts

with other residues. (H) Apparently unfavorable charged residues, Glu42, Glu46, and

Asp48.
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Fig. 4. Relationship between ATq of PhCutAl variants and AAG of unfolding obtained
from FoldX. ATy values were obtained as in Table 1. AAG of unfolding for each mutant
protein was obtained from equation (1). The structures of mutant proteins were
constructed by FoldX. Broken and solid lines represent linear regression of all data points
with and without the three open circle mutant proteins, respectively. Correlation

coefficients of the broken and solid lines were —0.639 and —0.737, respectively.
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2-6. Supporting information.
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Fig. S1. The electrostatic energies of ion—ion interactions for all charged residues
included in the PhCutAl trimer. The electrostatic energies between ion groups of the
PhCutA1l trimer were calculated by FoldX at pH 7.0 as listed in Table S1. Negative and
positive values represent favorable and un-favorable (repulsive interaction), respectively.
The bottom line represents the secondary structure of each charged residue.
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Table S1. Electrostatic energies of ion-ion interactions between charged residues of
PhCutAl including the values of each pair interaction estimated by FoldX. Red numbers
parenthesized mean negative values that show favorable interaction.

Achain B chain C chain (A+B+C)/2 | per each residue
Charged residues Pair residues kJ/mol Pair residues kJ/mol Pair residues kJ/mol kJ/mol kJ/mol
N-teminal META1 LYSA56 0.13 METB1 LYSB56 0.13 METC1 LYSC56 0.14 0.20
METAL ARGA58 0.59 METB1 ARGB58 0.60 METC1 ARGC58 0.62 0.90
META1 GLUA59 (8.46) METB1 GLUB59 (8.57) METC1 GLUC59 (8.61) (12.82)
META1 ASPA60 (0.54) | METB1 ASPB60 (0.55) | METC1 ASPC60  (0.58) (0.83)
META1 GLUA63 (0.22) | METB1 GLUB63 (0.23) | METC1 GLUC63  (0.25) (0.35)
METAL ARGA82 0.86 METB1 ARGB82 0.75 METC1 ARGCS82 0.87 1.24
META1 ASPA84 (1.19) | METB1 ASPB84 (1.18) | METC1 ASPC84  (1.23) (1.80)
METAL ASPA86 (0.49) | METB1 ASPB86 (0.49) | METC1 ASPC86  (0.47) 0.72)
METAL ASPA87 (0.62) | METB1 ASPB87 (0.60) | METC1 ASPC87  (0.57) (0.89)
META1 GLUA90 (0.33) | METB1 GLUB90 (0.28) | METC1 GLUC90 (0.22) (0.42)
META1 ASPA91 (0.19) METB1 ASPB91 (0.20) METC1 ASPC91 (0.11) (0.25)
METAL LYSA94 0.18 METB1 LYSB94 0.17 0.17
META1 GLUA98 (0.08) | METB1 GLUB98 (0.08) | METC1 GLUC98 (0.08) 0.12)
META1 LYSA102 (0.21) METB1 LYSB102 0.09 METC1 LYSC102 0.11 (0.00)
META1 ASPB86 (0.38) | METB1 ASPC86 (0.40) | METC1 ASPA86  (0.40) (0.59)
META1 ASPB87 (0.08) METB1 ASPC87 (0.09) METC1  ASPA87 (0.09) (0.13)
META1 LYSC66 0.17 METB1 LYSA66  0.19 METC1 LYSB66 0.08 0.22
META1 ARGC82 0.31 METB1 ARGA82 0.30 METC1 ARGB82 0.32 0.47
META1 ASPC84 (0.24) | METB1 ASPA84 (0.23) | METC1 ASPB84  (0.23) (0.35) (16.08)
Asp 10 ASPA10 ARGC36 (0.54) | ASPB10 ARGA36 (0.48) | ASPC10 ARGB36 (0.55) (0.79)
ASPA10 GLUC47 0.08 ASPB10 GLUA47  0.09 0.09
ASPAL0 GLUA12 452 | ASPB10 GLUB12 567 | ASPC10 GLUC12 545 7.82
ASPA10 GLUA15 0.97 ASPB10 GLUB15 0.97 ASPC10 GLUC15 0.98 1.46
ASPA10 LYSA16 (0.37) | ASPB10 LYSB16 (0.48) | ASPC10 LYSC16 (0.21) (0.53)
ASPA10 LYSA19 (0.09) | ASPB10 LYSB19 (0.09) | ASPC10 LYSC19 (0.08) (0.13)
ASPA10 ARGA33 (0.15) | ASPB10 ARGB33 (0.15) | ASPC10 ARGC33 (0.15) (0.22)
ASPA10 GLUA34 0.60 ASPB10 GLUB34 0.60 ASPC10 GLUC34 0.65 0.92
ASPA10 GLUA46 0.33 0.16
ASPA10 ASPA48 1.23 ASPB10 ASPB48 0.62 ASPC10 ASPC48 0.56 1.20
ASPA10 LYSA49 (0.31) | ASPB10 LYSB49 (0.47) | ASPC10 LYSC49  (0.26) (0.52)
ASPA10 GLUA50 0.75 ASPB10 GLUB50 0.71 ASPC10 GLUC50 0.69 1.07
ASPC10 ASPC76 0.18 0.09 10.63
Glu 12 GLUA12 ARGC36 (1.00) | GLUB12 ARGA36 (0.82) | GLUC12 ARGB36 (0.98) (1.40)
GLUA12 GLUC47 0.53 GLUB12 GLUA47 0.46 GLUC12 GLUB47 0.46 0.73
GLUA12 ASPA10 4.52 GLUB12 ASPB10 5.67 GLUC12 ASPC10 5.45 7.82
GLUA12 GLUA15 2.93 GLUB12 GLUB15 244 GLUC12 GLUC15 2.49 3.93
GLUA12 LYSA16 (0.26) | GLUB12 LYSB16 (0.27) | GLUC12 LYSC16 (0.20) (0.37)
GLUA12 LYSA19 (0.26) | GLUB12 LYSB19 (0.23) | GLUC12 LYSC19 (0.21) (0.35)
GLUA12 GLUA34 0.77 GLUB12 GLUB34 0.75 GLUC12 GLUC34 0.81 1.16
GLUA12 ASPA48 0.48 GLUB12 ASPB48 0.17 GLUC12 ASPC48 0.09 0.37
GLUA12 LYSA49 (0.32) | GLUB12 LYSB49 (0.59) | GLUC12 LYSC49  (0.27) (0.59)
GLUA12 GLUA50 0.19 GLUB12 GLUB50 0.19 GLUC12 GLUCS50 0.19 0.28 11.59
Glu 15 GLUC15 ARGB33 (0.21) (0.10)
GLUA15 GLUC34 0.09 GLUB15 GLUA34 0.18 GLUC15 GLUB34 0.18 0.23
GLUA15 ARGC36 (3.81) | GLUB15 ARGA36 (2.96) | GLUC15 ARGB36  (4.06) (5.42)
GLUA15 LYSC44 (0.16) (0.08)
GLUA15 GLUC46 0.45 GLUB15 GLUA46  0.08 GLUC15 GLUB46 0.16 0.34
GLUA15 GLUC47 3.45 GLUB15 GLUA47  3.79 GLUC15 GLUB47 2.57 4.90
GLUAL5 ASPC48 0.37 GLUB15 ASPA48  0.29 GLUC15 ASPB48 0.38 0.52
GLUA15 LYSC49 (0.25) | GLUB15 LYSA49 (0.25) | GLUC15 LYSB49  (0.10) (0.30)
GLUA15 GLUC50 0.08 GLUB15 GLUA50 0.16 GLUC15 GLUB50 0.10 0.17
GLUA15 ASPA10 0.97 GLUB15 ASPB10 0.97 GLUC15 ASPC10 0.98 1.46
GLUA15 GLUA12 2.93 GLUB15 GLUB12 2.44 GLUC15 GLUC12 2.49 3.93
GLUA15 LYSA16 (0.28) | GLUB15 LYSB16 (0.25) | GLUC15 LYSC16 (0.30) (0.42)
GLUA15 LYSA19 (1.12) | GLUB15 LYSB19 (1.34) | GLUC15 LYSC19  (0.91) (1.69)
GLUAL5 LYSA23 (0.22) | GLUB15 LYSB23 (0.11) | GLUC15 LYSC23  (0.09) (0.21)
GLUA15 ARGA33 (0.22) | GLUB15 ARGB33 (0.16) | GLUC15 ARGC33 (0.32) (0.35)
GLUA15 GLUA34 0.69 GLUB15 GLUB34 0.75 GLUC15 GLUC34 0.80 112
GLUA15 LYSA49 (0.20) | GLUB15 LYSB49 (0.32) | GLUC15 LYSC49  (0.19) (0.36) 3.75

39



Lys 16

Lys 19

Lys 23

Glu 24

Arg 25

LYSA16
LYSA16
LYSA16
LYSA16
LYSA16
LYSA16
LYSA16

LYSA16

LYSA19
LYSA19
LYSA19
LYSA19
LYSA19

LYSA19
LYSA19
LYSA19
LYSA19
LYSA19
LYSA19
LYSA19
LYSA19
LYSA19

LYSA23
LYSA23
LYSA23

LYSA23
LYSA23
LYSA23
LYSA23
LYSA23
LYSA23
LYSA23
LYSA23

GLUA24
GLUA24
GLUA24
GLUA24
GLUA24
GLUA24

GLUA24

GLUA24
GLUA24
GLUA24
GLUA24
GLUA24
GLUA24

ARGA25
ARGA25
ARGA25
ARGA25
ARGA25
ARGA25

ARGA25
ARGA25
ARGA25
ARGA25

ARGA25
ARGA25
ARGA25
ARGA25

ASPA10
GLUA12
GLUA15
LYSA19
LYSA23
GLUA24
ARGAG8

GLUA71

ARGC36
LYSC44
GLUC46
GLUC47
ASPC48

ASPA10
GLUA12
GLUA15
LYSA16
LYSA23
GLUA24
ARGA25
ARGAG8
GLUA99

LYsSC44
GLUC46
GLUC47

GLUA15
LYSA16

LYSA19

GLUA24
ARGA25
ARGAG8
GLUA99
LYSA101

LYSA16
LYSA19
LYSA23
ARGA25
ARGA58
ASPAG0

GLUAG4

GLUAG67
ARGA68
GLUA71
GLUA99
LYSA101
LYSA102

GLUC42
LYsC44
GLUC46
LYSA19
LYSA23
GLUA24

ARGA58
ASPAG0
GLUAG4
ARGAG8

GLUA98
GLUA99
LYSA101
LYSA102

(0.37)
(0.26)
(0.28)
0.17
0.16
(0.44)
0.79

(0.31)

0.35
0.54

(0.57)
(2.32)
(0.22)

(0.09)
(0.26)
(1.12)
0.17
1.16
(0.19)
0.24
0.08
(0.08)

0.67
0.27)
(0.32)

(0.22)
0.16
1.16
(0.44)
0.47
0.35
(0.22)
0.11

(0.44)
(0.19)
(0.44)
(0.60)
(0.31)
0.08

1.45

0.47
(11.27)
1.72
0.08
(1.66)
(0.30)

(0.50)
0.27
(0.36)
0.24
0.47
(0.60)

0.89
(0.31)
(0.16)
0.13

(0.87)
(7.43)
0.63

(0.62)

LYSB16
LYSB16
LYSB16
LYSB16
LYSB16
LYSB16
LYSB16
LYSB16
LYSB16
LYSB16

LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19
LYSB19

LYSB23
LYSB23
LYsSB23

LYSB23
LYSB23
LYSB23
LYSB23
LYSB23
LYsSB23
LYSB23

GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24
GLUB24

ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25
ARGB25

ARGB25
ARGB25
ARGB25
ARGB25

ASPB10
GLUB12
GLUB15
LYSB19
LYSB23
GLUB24
ARGB68
LYSB70
GLUB71
ASPB76

ARGA36
LYSA44
GLUA46
GLUA47
ASPA48
GLUA50
ASPB10
GLUB12
GLUB15
LYSB16
LYSB23
GLUB24
ARGB25
ARGB68
GLUB99

LYSA44
GLUA46
GLUA47

GLUB15
LYSB16
LYSB19
GLUB24
ARGB25
ARGB68
GLUB99

LYSB16
LYSB19
LYSB23
ARGB25
ARGB58
ASPB60
GLUB63
GLUB64
LYSB66
GLUB67
ARGB68
GLUB71
GLUB99
LYSB101
LYSB102

GLUA42
LYSA44
GLUA46
LYSB19
LYSB23
GLUB24
LYSB56
ARGB58
ASPB60
GLUB64
ARGB68

GLUB98
GLUB99
LYSB101
LYSB102

(0.48)
(0.27)
(0.25)
0.13
0.08
(0.40)
0.84
0.08
(0.56)
(0.20)

0.53
(0.19)
(0.24)

(0.11)
0.08
0.75
(0.32)
0.59
0.27
(0.27)

(0.40)
(0.19)
(0.32)
(0.60)
(0.39)
0.17
0.08
1.48
(0.08)
0.46
(10.70)
1.83
0.08
(0.76)
0.27

(0.61)
0.59
(0.43)
0.25
0.59
(0.60)
0.07
0.90
(0.32)
(0.15)
0.12

(0.88)
(8.36)
0.42
0.49

40

LYSC16
LYSC16
LYSC16
LYSC16
LYSC16
LYSC16
LYSC16
LYSC16

LYSC16

LYSC16

LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19
LYSC19

LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23
LYSC23

GLUC24
GLUC24
GLUC24
GLUC24
GLUC24
GLUC24
GLUC24
GLUC24

GLUC24
GLUC24
GLUC24
GLUC24
GLUC24
GLUC24

ARGC25
ARGC25
ARGC25
ARGC25
ARGC25
ARGC25

ARGC25
ARGC25
ARGC25
ARGC25
ARGC25
ARGC25
ARGC25
ARGC25
ARGC25

GLUB47
ASPC10
GLUC12
GLUC15
LYSC19
LYSC23
GLUC24
ARGC68

GLUC71

LYSC101

ARGB36
LYsB44
GLUB46
GLUB47
ASPBA48
GLUBS0
ASPC10
GLUC12
GLUC15
LYSC16
LYSC23
GLUC24
ARGC25
ARGC68
GLUC99

LYsSB44

GLUB46

GLUB47

ASPB48

GLUC15
LYSC16

LYSC19

GLUC24
ARGC25
ARGC68
GLUC99
LYSC101

LYSC16
LYSC19
LYSC23
ARGC25
ARGC58
ASPC60
GLUC63
GLUC64

GLUC67
ARGC68
GLUC71
GLUC99
LYsSC101
LYSC102

GLUB42
LYSB44
GLUB46
LYSC19
LYSC23
GLUC24

ARGC58
ASPC60
GLUC64
ARGC68
LYSC94
GLUC98
GLUC99
LYSC101
LYSC102

(0.10)
(0.21)
(0.20)
(0.30)
0.36
0.28
0.77)
0.84

0.15
(0.29)
(0.24)
(0.08)
(0.09)
0.28
0.80
(0.32)
0.70
0.19
(0.28)
0.08

.77)
(0.19)
(0.32)
(0.61)
(0.24)
0.09
0.08
1.54

0.39
(11.30)
1.90
0.08
(1.62)
0.28

(0.62)
0.42
(0.55)
0.28
0.70
(0.61)

0.92
(0.32)
(0.15)
0.12
0.32
(0.81)
(8.27)
0.46
0.29

(0.05)
(0.53)
(0.37)
(0.42)
0.33
0.26
(0.81)
1.24
0.04
(0.60)
(0.10)
0.04

0.54
0.40
(0.61)
(3.05)
(0.36)
(0.08)
(0.13)
(0.35)
(1.69)
0.33
1.36
(0.29)
0.38
0.12
(0.13)

0.67
(0.38)
(0.40)
(0.04)
(0.21)
0.26
1.36
(0.54)
0.89
0.40
(0.39)
0.10

(0.81)
(0.29)
(0.54)
(0.90)
(0.47)
0.17
0.08
2.23
(0.04)
0.66
(16.64)
2.72
0.12
(2.02)
0.12

(0.86)
0.64
(0.67)
0.38
0.89
(0.90)
0.04
1.35
(0.47)
(0.23)
0.18
0.16
(1.28)

(12.03)
0.76
0.09

(0.97)

(3.56)
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Arg 33

Glu 34

Arg 36

Glu 42

Lys 44

ARGA33

ARGA33
ARGA33
ARGA33
ARGA33
ARGA33
ARGA33

ARGA33
ARGA33

ARGA33
ARGA33
ARGA33
ARGA33
ARGA33
ARGA33

ARGA33
ARGA33
ARGA33
ARGA33

GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34
GLUA34

ARGA36
ARGA36
ARGA36
ARGA36
ARGA36
ARGA36
ARGA36

ARGA36
ARGA36
ARGA36
ARGA36
ARGA36
ARGA36
ARGA36

GLUA42
GLUA42
GLUA42
GLUA42
GLUA42
GLUA42
GLUA42

GLUA42
GLUA42

LYSA44
LYSA44
LYSA44

LYSA44
LYSA44
LYSA44

ARGC33

ARGB33
GLUC34
ARGC36
LYSC49
GLUC50
LYSC56

GLUB34
ARGB36

GLUB50
LYSB56
ASPA10
GLUA15
GLUA34
ARGA36

ASPA48
LYSA49
GLUA50
LYSA56

GLUB15
ARGB33
GLUB34
ARGB36
LYSB49
ARGC33
GLUC34
ARGC36
GLUC47
LYSC49
ASPA10
GLUA12
GLUA15
ARGA33
ARGA36
GLUA47
ASPA48
LYSA49
GLUA50

ASPB10
GLUB12
GLUB15
LYSB19
ARGB33
GLUB34
LYSB49

ARGA33
GLUA34
GLUA46
GLUA47
ASPA48
LYSA49
GLUA50

LYSA44
GLUA46
ASPA48
GLUA50
ASPA76
ARGB25
ASPB91

GLUB98
GLUB99

LYSB19
LYSB23
ARGB25

GLUB99
GLUA42
GLUA46

3.79

3.75
(0.51)

0.19
(0.37)
0.18

(0.55)
0.06

(0.15)
0.83
(0.15)
(0.22)
(0.86)
0.46

(0.31)

(1.15)
0.43

0.18
(0.45)
0.74
(0.07)
(0.19)
(0.50)

(2.25)
0.27
(0.46)
0.60
0.77
0.69
(0.86)
(1.30)
0.32
0.66
(6.83)
0.54

(0.48)
(0.82)
(2.96)
0.39
0.46
(1.73)
0.52

0.46
(1.30)
(0.16)
(3.11)
(0.83)
1.83

(0.54)

(0.38)
1.38
0.17
0.07
0.91
(0.61)
0.09

0.67
1.06

0.13
0.53
0.59

(0.37)
(0.38)
(0.34)

ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33
ARGB33

GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34
GLUB34

ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36

ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36
ARGB36

GLUB42
GLUB42
GLUB42

GLUB42
GLUB42
GLUB42
GLUB42
GLUB42
GLUB42

LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44
LYSB44

ARGC33
ARGA33
GLUA34
ARGA36
LYSA49
GLUAS0
LYSA56
GLUC15
GLUC34
ARGC36
LYSC49
GLUC50
LYSC56
ASPB10
GLUB15
GLUB34
ARGB36
GLUB47
ASPB48
LYSB49
GLUB50
LYSB56

GLUC15
ARGC33
GLUC34
ARGC36
LYSC49
ARGA33
GLUA34
ARGA36
GLUA47
LYSA49
ASPB10
GLUB12
GLUB15
ARGB33
ARGB36
GLUB47
ASPB48
LYSB49
GLUB50

ASPC10
GLUC12
GLUC15
LYSC19
ARGC33
GLUC34
LYSC49

ARGA33
GLUA34
ARGB33
GLUB34
GLUB46
GLUB47
ASPB48
LYSB49
GLUB50

LYSB44
GLUB46
ASPB48

ASPB76
ARGC25
ASPC91
LYSC94
GLUC98
GLUC99

LYSC19
LYSC23
ARGC25
LYSC94
GLUC98
GLUC99
GLUB42
GLUB46
GLUB47
ASPB48
GLUB50
ASPB76

5.14
3.75
(0.45)

0.17
(0.34)
0.27
(0.21)
(0.57)
0.06
0.16
(0.16)
0.83
(0.15)
(0.16)
(0.93)

©0.07)
(0.14)

(1.20)
0.34

0.18
(0.54)
0.70
(0.16)
(0.25)
(0.55)

(1.73)
0.36
(0.41)
0.60
0.75
0.75
(0.93)
(1.20)
0.20
0.28
(6.64)
0.50

(0.55)
(0.98)
(4.06)
0.34
0.60
(2.36)
0.44

0.06
(0.07)
0.66
(1.20)
(0.14)
(2.23)
(0.60)
0.78
(0.54)

(2.60)
1.27
0.43

0.65
(0.62)
0.17
(0.54)
0.48
1.05

0.13
0.15
0.42
0.10
(0.08)
(0.52)
(2.60)
(6.76)
(0.23)
(0.76)
(0.22)
(0.19)
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ARGC33
ARGC33

ARGC33

ARGC33
ARGC33

ARGC33
ARGC33
ARGC33
ARGC33
ARGC33
ARGC33
ARGC33
ARGC33
ARGC33

ARGC33
ARGC33
ARGC33
ARGC33

GLUC34
GLUC34
GLUC34

GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34
GLUC34

ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36
ARGC36

GLUC42
GLUC42
GLUC42

GLUC42
GLUC42

GLUC42
GLUC42

LYSC44
LYSC44
LYSC44
LYSC44

LYSC44
LYSC44
LYSC44
LYSC44
LYSC44

ARGA33
ARGB33

GLUA34

GLUA50
LYSA56

GLUB34
ARGB36
LYSB49
GLUB50
LYSB56
ASPC10
GLUC15
GLUC34
ARGC36

ASPC48
LYSC49
GLUC50
LYSC56

GLUA15
ARGA33
GLUA34

LYSA49
ARGB33
GLUB34
ARGB36
GLUB47

LYSB49
ASPC10
GLUC12
GLUC15
ARGC33
ARGC36
GLUC47
ASPC48
LYSC49
GLUC50

ASPA10
GLUA12
GLUA15
LYSA19
ARGA33
GLUA34
LYSA49
LYSAS56
ARGB33
GLUB34
ARGC33
GLUC34
GLUC46
GLUC47
ASPC48
LYSC49
GLUC50

LYSC44
GLUC46
ASPC48

ASPC76
ARGA25

GLUA98
GLUA99

GLUA15
LYSA19
LYSA23
ARGA25

GLUA99
GLUC42
GLUC46
GLUC47
ASPC48

3.79
5.14

(0.50)

(0.14)
0.82

(0.54)
0.60
0.08
(0.38)
0.18
(0.15)
(0.32)
(0.84)
0.53

(0.14)

(1.17)
0.39

0.09
(0.51)
0.60

(0.19)
(0.57)

(2.36)
0.19
(0.25)
0.65
0.81
0.80
(0.84)
(1.09)
0.10
0.43
(6.32)
0.56

(0.54)
(1.00)
(3.81)
0.35
0.59
(2.25)
0.46
0.08
0.06
(0.16)
0.53
(1.09)
(0.46)
(2.29)
(0.67)
1.82
(0.53)

(0.29)
0.98
0.47

0.09
(0.50)

0.09
0.53

(0.16)

0.67
0.27

(0.08)
(0.29)
(0.78)
(0.42)
(0.17)

3.79
5.14
3.75
(0.73)
0.53
0.18
(0.43)
0.64
(0.10)
(0.83)
0.36
0.12
(0.35)
0.92
(0.22)
(0.35)
(1.32)

(0.03)
(0.30)
0.52
(1.76)
0.58

0.23
(0.75)
1.02
(0.11)
(0.31)
(0.81)
1.02
(3.17)
0.41
(0.56)
0.92
1.16
1.12
(1.32)
(1.79)
0.31
0.69
(9.89)
0.80

(0.79)
(1.40)
(5.42)
0.54
0.83
(3.17)
0.71
0.04
0.06
(0.11)
0.82
(1.79)
(0.37)
(3.82)
(1.06)
2.21
(0.81)

(1.64)
1.81
0.54
0.04
0.82
(0.86)
0.13
(0.27)
0.62
1.32

(0.08)

0.67

0.64

0.05

(0.04)
(0.49)
(1.64)
(3.94)
(0.32)
(0.47)
(0.11)
(0.09)

10.94

(11.04)

(13.52)

2.52

(5.42)



Glu 46

Glu 47

Asp 48

Lys 49

GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46
GLUA46

GLUA47
GLUA47

GLUA47
GLUA47
GLUA47
GLUA47
GLUA47
GLUA47
GLUA47

GLUA47
GLUA47
GLUA47

ASPAA8
ASPAA8

ASPA48

ASPA48
ASPA48
ASPA48
ASPAA8
ASPAA8
ASPAA48

ASPA48
ASPA48
ASPA48
ASPA48
ASPAA8

LYSA49
LYSA49
LYSA49
LYSA49

LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49
LYSA49

ASPA10
ARGA36
GLUA42
LYSA44
GLUA47
ASPA48
LYSA49
GLUAS0
ASPA76
GLUB15
LYSB19
LYSB23
ARGB25
LYSB56
GLUB98
GLUB99

GLUA34
ARGA36

GLUA46
ASPA48
LYSA49
GLUA50
ASPB10
GLUB12
GLUB15

LYSB19
LYSB23
GLUB34

GLUB15
LYSB19

LYSB56

ASPA10
GLUA12
ARGA33
GLUA34
ARGA36
GLUA42

GLUA46
GLUA47
LYSA49
GLUAS50
ASPAT76

GLUB15
ARGB33
GLUB34
LYSB49

GLUC34
ARGC36
LYSC49
ASPA10
GLUA12
GLUA15
ARGA33
GLUA34
ARGA36
GLUA46
GLUA47
ASPA48
GLUAS0

0.33
(0.16)
1.38
(0.34)
0.71
2.87
(0.09)
1.02
0.43
0.08
(0.25)
(0.19)
(0.43)
(0.21)
0.08
0.60

0.32
(3.11)

0.71
1.26
(0.39)
0.51
0.09
0.46
3.79

(1.84)
(0.24)
0.36

0.29
(0.20)

(0.24)

1.23
0.48
(0.31)
0.66
(0.83)
0.17

2.87
1.26
(0.66)
2.32
0.08

(0.25)
0.17
(0.41)
0.10

(0.19)
0.46
0.12
(0.31)
(0.32)
(0.20)
0.35
(6.83)
1.83
(0.09)
(0.39)
(0.66)
(0.31)

GLUB46
GLUB46
GLUB46
GLUB46
GLUB46

GLUB46
GLUB46
GLUB46
GLUB46
GLUB46
GLUB46

GLUB46

GLUB47
GLUB47
GLUB47
GLUB47
GLUB47
GLUB47
GLUB47
GLUB47

GLUB47
GLUB47
GLUB47
GLUB47
GLUB47
GLUB47

ASPB48
ASPBA48
ASPBA48
ASPB48
ASPB48
ASPB48
ASPB48
ASPB48
ASPB48
ASPB48
ASPBA48
ASPB48
ASPB48
ASPB48
ASPB48
ASPB48
ASPB48

LYSB49
LYSB49
LYSB49

LYSB49
LYSB49
LYSB49
LYSB49
LYSB49
LYSB49
LYSB49
LYSB49
LYSB49

LYSB49
LYSB49
LYSB49

ARGB36
GLUB42
LYSB44
GLUB47
ASPB48

GLUBS0
ASPB76
GLUC15
LYSC19
LysC23
ARGC25

GLUC99

ARGB33
GLUB34
ARGB36
LYSB44
GLUB46
ASPB48
LYSB49
GLUB50

GLUC12
GLUC15
LYSC16
LYSC19
LYSC23
GLUC34

GLUC15
LYSC19
LysC23
LYSC56
GLUC99
ASPB10
GLUB12
ARGB33
GLUB34
ARGB36
GLUB42
LYSB44
GLUB46
GLuUB47
LYSB49
GLUB50
ASPB76

GLUC15
ARGC33
GLUC34

GLUA34
ARGA36
LYSA49
ASPB10
GLUB12
GLUB15
ARGB33
GLUB34
ARGB36

GLUB47
ASPB48
GLUB50

(0.14)
1.27
(6.76)
0.91
4.24

0.59
0.17
0.16
(0.41)
(0.29)
(0.55)

0.57

(0.07)
0.20
(2.23)
(0.23)
0.91
1.52
(0.27)
0.51

0.46
2.57
(0.10)
(1.95)
(0.24)
0.19

0.38
(0.31)
(0.08)
(0.23)
0.18
0.62
0.17
(0.14)
0.28
(0.60)
0.43
(0.76)
424
1.52
(0.29)
1.99
0.08

(0.10)
0.08
(0.25)

(0.19)
0.52
0.10
(0.47)
(0.59)
(0.32)
0.33
(6.64)
0.78

(0.27)
(0.29)
(0.29)
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GLUC46
GLUC46
GLUC46
GLUC46
GLUC46
GLUC46
GLUC46

GLUC46
GLUC46
GLUC46
GLUC46

GLUC46

GLUC47
GLUC47
GLUC47
GLUC47
GLUC47
GLUC47
GLUC47
GLUC47
GLUC47
GLUC47

GLUC47
GLUC47
GLUC47

ASPC48
ASPC48

ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPC48
ASPCA48

LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49

LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49
LYSC49

ARGC36
GLUC42
LYSC44
GLUC47
ASPC48
LYSC49
GLUC50

GLUA15
LYSA19
LYSA23
ARGA25

GLUA99

GLUC34
ARGC36
LYSC44
GLUC46
ASPC48
LYSC49
GLUC50
ASPA10
GLUA12
GLUA15

LYSA19
LYSA23
GLUA34

GLUA15
LYSA19

LYSA56
GLUA99
ASPC10
GLUC12
ARGC33
GLUC34
ARGC36
GLUC42
LYSC44
GLUC46
GLUC47
LYSC49
GLUC50

GLUA15
ARGA33
GLUA34
LYSA49
ARGB33
GLUB34
ARGB36

ASPC10
GLUC12
GLUC15
ARGC33
GLUC34
ARGC36
GLUC46
GLUC47
ASPC48
GLUC50

(0.46)
0.98
(0.78)
2.65
3.00
(0.08)
0.43

0.45
(0.57)
(0.27)
(0.36)

0.41

0.10
(2.29)
(0.42)
2.65
1.13
(0.30)
0.40
0.08
0.53
3.45

(2.32)
(0.32)
0.27

0.37
(0.22)

(0.24)
0.29
0.56
0.09
(0.14)
0.43
(0.67)
0.47
(0.17)
3.00
1.13
(0.35)
1.80

(0.25)
0.19
(0.46)
0.12
0.16
(0.25)
0.44

(0.26)
(0.27)
(0.19)
0.37

(6.32)
1.82

(0.08)
(0.30)
(0.35)
(0.31)

0.16
(0.37)
1.81
(3.94)
2.14
5.06
(0.08)
1.02
0.30
0.34
(0.61)
(0.38)
(0.67)
(0.10)
0.04
0.79

(0.03)
0.31
(3.82)
(0.32)
2.14
1.96
(0.47)
0.71
0.09
0.73
4.90
(0.05)
(3.05)
(0.40)
0.41

0.52
(0.36)
(0.04)
(0.36)
0.24
1.20
0.37
(0.30)
0.69
(1.06)
0.54
(0.47)
5.06
1.96
(0.65)
3.05
0.08

(0.30)
0.22
(0.56)
0.11
0.08
(0.31)
0.71
0.11
(0.52)
(0.59)
(0.36)
0.52
(9.89)
2.21
(0.08)
(0.47)
(0.65)
(0.46)

5.50

3.09

10.48

(10.23)



Glu 50

Lys 56

Arg 58

Glu 59

GLUAS0
GLUAS0
GLUAS0
GLUA50
GLUA50
GLUA50
GLUA50
GLUA50
GLUAS0
GLUAS0
GLUAS0
GLUA50
GLUA50

GLUA50
GLUA50
GLUAS0
GLUAS0
GLUAS0

LYSA56
LYSAS56
LYSAS56

LYSAS6
LYSAS6

LYSA56

LYSAS56
LYSAS56

LYSA56
LYSA56

ARGAS58
ARGA58
ARGA58
ARGA58
ARGA58
ARGA58
ARGA58
ARGAS58
ARGA58
ARGA58
ARGAS58
ARGA58
ARGA58
ARGA58
ARGA58
ARGAS58

GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59
GLUA59

GLUA59

GLUB15
LYSB19
ARGB33
LYSB56
ASPB91
GLUB99
ARGC33
ASPA10
GLUA12
ARGA33
GLUA34
ARGA36
GLUA42

GLUA46
GLUA47
ASPA48
LYSA49
ASPA76

ARGB33
ARGC33
ARGC36

ASPC48
GLUC50

METAL

ARGA33
GLUA59

ASPA91
GLUA99

METAL
GLUA24
ARGA25
GLUA59
ASPAGO
GLUAG3
GLUAG4
GLUAG67
ARGAG8
ARGA82
ASPA84
LYSA94
GLUA98
GLUA99
LYSA101
LYSA102

ASPB86
ASPB87
LYSC66
ARGC82
ASPC84
METAL
LYSA56
ARGA58
ASPAG0
GLUAG3
GLUAG4
ARGA82
ASPA84
ASPA86
ASPA87
GLUA90
ASPA91
LYSA94
GLUA98

LYSA102

0.16
(0.08)
(0.34)
(2.07)
0.26
0.16
(0.14)
0.75
0.19
(1.15)
0.54
(0.54)
0.07

1.02
0.51
2.32
(0.31)
0.19

0.27
0.82
0.08
0.00
(0.24)
(1.50)

0.13
0.00
0.43
(0.09)

(0.66)
(0.70)
0.65

(6.82)

0.63
0.19
(0.20)
(0.29)
0.25
(8.46)
(0.09)
(1.61)
2.11
0.62
0.08
(1.95)
2.12
0.61
0.63
0.44
0.08
(0.34)
0.08

0.44

GLUBS0
GLUBS0
GLUBS0
GLUB50
GLUB50

GLUB50
GLUBS0
GLUBS0
GLUBS0
GLUBS0
GLUB50

GLUB50
GLUBS50
GLUBS0
GLUBS0
GLUBS0
GLUBS0

LYSB56
LYSB56

LYSB56
LYSB56
LYSB56

LYSB56
LYSB56
LYSB56
LYSB56

LYSB56
LYSB56

ARGB58
ARGB58
ARGB58
ARGB58
ARGB58
ARGB58
ARGB58

ARGB58
ARGB58
ARGB58
ARGB58
ARGB58
ARGB58
ARGB58

GLUB59
GLUBS59
GLUBS59
GLUBS59
GLUBS59
GLUB59
GLUB59
GLUB59
GLUBS59
GLUBS9

GLUBS59
GLUB59
GLUB59
GLUB59
GLUB59
GLUBS59
GLUBS9
GLUBS59
GLUBS59
GLUB59

GLUC15
LYSC19
ARGC33
LYSC56
ASPC91

ARGA33
ASPB10
GLUB12
ARGB33
GLUB34
ARGB36

LYSB44
GLUB46
GLUB47
ASPB48
LYSB49
ASPB76

ARGC33
ARGA33

GLUA46
ASPA48
GLUA50

METB1
ARGB25
ARGB33
GLUB59

ASPB91
GLUB99

METB1
GLUB24
ARGB25
GLUB59
ASPB60
GLUB63
GLUB64

ARGB82
ASPB84
LYSB94
GLUB98
GLUB99
LYSB101
LYSB102

ASPC86
ASPC87
LYSAG6
ARGA82
ASPA84
METB1
LYSB56
ARGB58
ASPB60
GLUB63

ARGB82
ASPB84
ASPB86
ASPB87
GLUB90
ASPB91
LYSB94
GLUB98
LYSB101
LYSB102

0.10
(0.08)
(0.38)
(1.69)
0.26

(0.15)
0.71
0.19
(1.20)
0.50
(0.54)

(0.22)
0.59
0.51
1.99
(0.29)
0.18

0.18
0.83

(0.21)
(0.24)
(2.07)

0.13
0.07
0.34
(0.09)

(0.21)
(0.18)

0.60
(0.39)
0.90
(1.65)

(10.33)
(0.73)
(0.76)

0.64
(0.46)
0.41

(0.66)
(0.68)
1.14

(0.19)

0.64
0.29
(0.22)
(0.28)
0.25
(8.57)
(0.09)
(1.65)
2.13
0.64

(1.61)
2.03
0.60
0.62
0.39
0.07
(0.33)
0.09
(0.08)
(0.05)
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GLUC50

GLUC50
GLUC50
GLUC50
GLUC50
GLUC50
GLUC50
GLUC50
GLUC50
GLUC50
GLUC50

GLUC50
GLUC50
GLUC50
GLUC50
GLUC50

LYSC56
LYSC56

LYSC56
LYSC56
LYSC56
LYSC56

LYSC56
LYSC56
LYSC56
LYSC56
LYSC56
LYSC56

ARGC58
ARGC58
ARGCS58
ARGC58
ARGC58
ARGC58
ARGC58

ARGC58
ARGCS58
ARGC58
ARGC58
ARGC58
ARGC58
ARGC58

GLUC59
GLUC59

GLUC59
GLUC59
GLUC59
GLUC59
GLUC59
GLUC59
GLUC59

GLUC59
GLUC59
GLUC59
GLUC59
GLUC59
GLUC59

GLUC59

GLUC59

GLUA15

ARGA33
LYSA56
ASPA91
GLUA99
ARGB33
ASPC10
GLUC12
ARGC33
GLUC34
ARGC36

GLUC46
GLUC47
ASPC48
LYSC49
ASPC76

ARGA33
ARGB33

ASPBA48
GLUBS0
LYSB70
METC1

ARGC33
GLUC59
ASPC86
ASPC87
ASPC91
GLUC99

METC1
GLUC24
ARGC25
GLUC59
ASPC60
GLUC63
GLUC64

ARGC82
ASPC84
LYSC94
GLUC98
GLUC99
LYsC101
LYSC102

ASPA86
ASPA87

ARGB82
ASPB84
METC1
LYSC56
ARGC58
ASPC60
GLUC63

ARGC82
ASPC84
ASPC86
ASPC87
GLUC90
ASPC91

GLUC98

LYSC102

0.08

(0.37)
(1.50)
0.26
0.34
(0.16)
0.69
0.19
1.17)
0.56
(0.53)

0.43
0.40
1.80
(0.31)
0.20

0.18
0.83

(0.71)

0.66
(0.46)
0.17
(0.82)
(0.74)
0.65
0.56

0.65
0.28

(0.29)
0.24
(8.61)
(0.09)
(1.79)
2.39
0.72

(1.90)
2.02
0.58
0.59
0.17
0.08

(0.01)

0.17
(0.08)
(0.55)
(2.63)
0.39
0.25
(0.23)
1.07
0.28
(1.76)
0.80
(0.81)
0.04
(0.11)
1.02
0.71
3.05
(0.46)
0.29

0.32
1.24
0.04
(0.10)
(0.36)
(2.63)
0.04
0.20
0.04
0.58
(0.13)
(0.04)
0.04)
0.31)
0.28)

0.90
(0.47)
1.35
(2.52)
(15.38)
(1.12)
(1.17)
(0.04)
0.03
0.99
(0.69)
0.50
(1.07)
(1.06)
1.22
(3.23)

0.96
0.38
(0.21)
(0.43)
0.37

(12.82)
(0.13)
(2.52)
3.31
0.99
0.04
(2.73)
3.08
0.89
0.92
0.50
0.12
(0.33)
0.17
(0.04)
0.19

1.44

(1.44)

(21.76)

(7.30)



Asp 60

Glu 63

Glu 64

Lys 66

ASPAG0
ASPAG0
ASPAGO
ASPAGO
ASPA60
ASPAG0
ASPAG0

ASPAG0
ASPAG0
ASPAGO
ASPAGO
ASPAG0
ASPAG0
ASPAG0
ASPAG0
ASPAG0

GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG3

GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG63
GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG3
GLUAG3

GLUAG4

GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4
GLUAG4

LYSAG6

LYSAG6

LYSA66
LYSA66
LYSA66
LYSAG6
LYSAG6
LYSAG6
LYSAG6
LYSAG6

LYSA66
LYSA66

LYSAG6
LYSAG6

METAL
GLUA24
ARGA25
ARGA58
GLUA59
GLUA63
GLUAG4

GLUAG67
ARGA82
ASPA84
LYSA94
GLUA98
GLUA99
LYSA101
LYSA102
ASPB87

ASPB86
ASPB87
GLUB90
ASPB91

METAL

ARGAS58
GLUA59
ASPAGO
GLUAG4
LYSA66
GLUAG67
ARGAG8
LYSA70
GLUA71
ARGA82
ASPA84
LYSA101
LYSA102

ASPB87

GLUA24
ARGA25
ARGAS58
GLUA59
ASPAB0

GLUAG3
LYSAG6

GLUAG67
ARGAG8
LYSA70

GLUA71
ARGA82
LYSA101
LYSA102

METB1

GLUB59

ASPB86
ASPB87
GLUB90
ASPB91
LYSB94
GLUAG3
GLUAG4
GLUAG7

LYSA70
GLUA71

ARGA82
ASPA84

(0.54)
0.08
(0.31)

(10.05)
2.11
1.26
0.96

0.31
(0.88)
0.51
(0.24)
0.16
0.08
(0.37)
1.32
0.18

0.48
2.27
0.74
0.17
(0.22)

(0.66)
0.62
1.26
0.87
(0.92)
1.51
(0.07)
(0.19)
0.17
(2.88)
0.77
(0.10)
(0.22)

0.17

1.45
(0.16)
(0.87)
0.08
0.96
0.87
(0.20)
2.12
(1.37)
(0.09)
1.30
(0.29)
(1.97)
(2.57)

0.19
0.00
(0.22)

(0.29)
(8.28)
(5.83)
(1.02)
0.13

(0.92)
(0.20)
(0.71)

0.60
(0.20)

0.73
(0.29)

ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60
ASPB60

GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63
GLUB63

GLUB63
GLUB63
GLUB63
GLUB63

GLUB64
GLUB64
GLUB64
GLUB64
GLUB64

GLUB64
GLUB64
GLUB64
GLUB64
GLUB64
GLUB64
GLUB64
GLUB64
GLUB64
GLUB64

LYSB66

LYSB66
LYSB66
LYSB66
LYSB66
LYSB66

LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66
LYSB66

METB1
GLUB24
ARGB25
ARGB58
GLUB59
GLUB63
GLUB64
LYSB66
GLUB67
ARGB82
ASPB84
LYSB94
GLUB98
GLUB99
LYSB101
LYSB102
ASPC87

ASPC86
ASPC87
GLUC90
ASPC91

METB1
GLUB24
ARGBS58
GLUB59
ASPB60
GLUB64
LYSB66
GLUB67
ARGB68
LYSB70

ARGB82
ASPB84
LYSB101
LYSB102

ASPC87
GLUC90
GLUB24
ARGB25
ARGB58

ASPB60

GLUB63
LYSB66

GLUB67
ARGB68
LYSB70

GLUB71
ARGB82
LYSB101
LYSB102

GLUB24

ASPB60
ASPC86
ASPC87
GLUC90
ASPC91

GLUB63
GLUB64
GLUB67
ARGB68
LYSB70
GLUB71
ASPB76
ARGB82
ASPB84
LYSB101
METC1

(0.55)
0.17
(0.32)

(10.33)
2.13
1.48
0.79
(0.17)
0.08
(0.83)
0.52
(0.22)
0.16
0.08
(0.82)
0.78
0.20

0.47
2.29
0.61
0.16
(0.23)
0.08
(0.73)
0.64
1.48
0.90
(1.17)
0.80
(0.07)
(0.16)

(2.88)
0.78
(0.29)
0.17

0.10
0.19
1.48
(0.15)
(0.76)

0.79
0.90
(0.40)
1.66
(1.38)
(0.10)
0.93
(0.22)
(3.79)
0.52

(0.08)

(0.17)
(0.16)
(1.55)
(4.29)
(0.80)

(1.17)
(0.40)
(3.80)
0.17
0.61
(0.21)
(0.08)
0.51
(0.19)
0.07
0.08
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ASPC60
ASPC60
ASPC60
ASPC60
ASPC60
ASPC60
ASPC60

ASPC60
ASPC60
ASPC60

ASPC60
ASPC60
ASPC60
ASPC60
ASPC60

GLUC63
GLUC63
GLUC63

GLUC63
GLUC63
GLUC63
GLUC63
GLUC63
GLUC63
GLUC63
GLUC63
GLUC63

GLUC63
GLUC63
GLUC63
GLUC63

GLUC64
GLUC64
GLUC64
GLUC64
GLUC64

GLUC64
GLUC64
GLUC64
GLUC64
GLUC64
GLUC64
GLUC64
GLUC64
GLUC64
GLUC64

LYSC66

LYSC66

LYSC66
LYSC66
LYSC66
LYSC66
LYSC66
LYSC66
LYSC66
LYSC66

LYSC66
LYSC66

LYSC66
LYSC66

METC1
GLUC24
ARGC25
ARGC58
GLUC59
GLUC63
GLUC64

GLUC67
ARGC82
ASPC84

GLUC98
GLUC99
LYsCi101
LYSC102
ASPA87

ASPA86
ASPA87
GLUA90

METC1
GLUC24
ARGC58
GLUC59
ASPC60
GLUC64
LYSC66
GLUC67
ARGC68

ARGC82
ASPC84
LYSC101
LYSC102

ASPA87
GLUA90
GLUC24
ARGC25
ARGC58

ASPC60

GLUC63
LYSC66

GLUC67
ARGC68
LYSC70

GLUC71
ARGC82
LYsC101
LYSC102

METAL

GLUAS59

ASPA86
ASPA87
GLUA90
ASPA91
LYSA94
GLUC63
GLUC64
GLUC67

LYSC70
GLUC71

ARGC82
ASPC84

(0.58)
0.09
(0.32)

(10.39)
2.39
2.00
0.73

0.08
(0.88)
0.51

0.30
0.23
(0.44)
0.80
0.19

0.41
1.27
0.57

(0.25)
0.08
(0.85)
0.72
2.00
1.04
(0.51)
0.82
(0.07)

(2.31)
0.69
(0.27)
0.40

0.10
0.17
1.54
(0.15)
(0.71)

0.73
1.04
(0.22)
1.37
(1.58)
(0.09)
1.03
(0.22)
(4.31)
0.56

0.17
(0.20)

(0.25)
(4.58)
(7.91)
(1.21)
0.14

(0.51)
(0.22)
(1.41)

0.41
(0.08)

0.62
(0.26)

(0.83)
0.17
(0.47)

(15.38)
3.31
2.37
1.24
(0.08)
0.24
(1.29)
0.77
(0.23)
0.31
0.20
(0.81)
1.45
0.28

0.68
2.92
0.96
0.16
(0.35)
0.08
(1.12)
0.99
2.37
1.40
(1.30)
1.57
(0.10)
(0.18)
0.08
(4.03)
1.12
(0.33)
0.17

0.18
0.18
2.23
(0.23)
(1.17)
0.04
1.24
1.40
(0.41)
2.57
(2.17)
(0.14)
1.63
(0.37)
(5.04)
(0.75)

0.18
(0.04)
(0.21)
(0.08)
(0.35)
(7.20)
(9.01)
(1.52)
0.14

(1.30)
(0.41)
(2.96)
0.08

0.81

(0.24)
(0.04)
0.93

(0.37)
0.04

0.04

(8.75)

5.10

(0.79)

(21.51)



Glu 67

Arg 68

Lys 70

Glu 71

Asp 76

GLUAG7
GLUAG7
GLUAG67
GLUAG7
GLUAG7
GLUAG7
GLUAG7
GLUAG7
GLUAG7
GLUAG7
GLUAG7
GLUAG7

GLUAG7
GLUAG7
GLUAG67

ARGAG8
ARGAG8
ARGAGS
ARGAG8
ARGAGS
ARGA68
ARGAG8
ARGAG8

ARGAG8
ARGAG8
ARGAGS

ARGAG8
ARGAG8

LYSA70
LYSA70
LYSA70
LYSA70
LYSA70
LYSA70
LYSA70

LYSA70
LYSA70
LYSA70
LYSA70
LYSA70

GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71
GLUA71

ASPAT76
ASPAT76
ASPA76
ASPA76
ASPA76

ASPA76

ASPAT76

ASPA76
ASPA76

ASPAT76
ASPAT76

ASPB87
GLUB90
ASPB91
GLUA24
ARGA58
ASPAGO
GLUA63
GLUAG4
LYSAG66
ARGAG8
LYSA70
GLUA71

ARGA82
LYSA101
LYSA102

LYSA16
LYSA19
LYSA23
GLUA24
ARGA25
ARGAS58
GLUAG3
GLUAG4

GLUAG7
LYSA70
GLUA71

LYSA101
LYSA102

GLUAG3
GLUAG4
LYSAG6
GLUA67
ARGA68
GLUA71
ASPA76

ASPB87
GLUB90
ASPB91
LYSB94
GLUB98

LYSA16

GLUA24
GLUAG3
GLUAG4
LYSAG6

GLUA67
ARGA68
LYSA70

ASPA76
LYSA101
LYSA102
GLUB90
ASPB91

GLUB90
ASPB91
LYSB94
GLUB98
GLUB99

GLUA42

GLUA46

ASPA48
GLUAS0

LYSA70
GLUA71

0.66
0.97
0.56
0.47
(0.07)
0.31
1.51
2.12
0.71)
(0.76)
(0.66)
2.04

(0.43)
(0.23)
(0.30)

0.79
0.08
0.35
(11.27)
0.13
0.05
(0.07)
(1.37)

(0.76)
0.19
(6.47)

0.73
0.29

(0.19)
(0.09)
0.60

(0.66)
0.19

(0.45)
(0.57)

(0.36)
(1.65)
(7.15)
0.14

(0.19)

(0.31)
1.72
0.17
1.30
(0.20)
2.04
(6.47)
(0.45)
0.17
(0.30)
(0.19)
0.26
0.44

0.24
1.55
(0.08)
0.53
0.30

0.91
0.43

0.08
0.19

(0.57)
0.17

GLUB67
GLUB67
GLUB67
GLUB67

GLUB67
GLUB67
GLUB67
GLUB67
GLUB67
GLUB67
GLUB67
GLUBG67
GLUB67
GLUB67

ARGB68
ARGB68
ARGB68
ARGB68
ARGB68

ARGB68
ARGB68
ARGB68
ARGB68
ARGB68
ARGB68
ARGB68
ARGB68

LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70
LYSB70

GLUB71
GLUB71

GLUB71
GLUB71
GLUB71
GLUB71
GLUB71
GLUB71
GLUB71

GLUB71
GLUB71

ASPB76
ASPB76
ASPB76

ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76
ASPB76

ASPC87
GLUC90
ASPC91
GLUB24

ASPB60

GLUB63
GLUB64
LYSB66

ARGB68
LYSB70

GLUB71
ASPB76

ARGB82
LYSB101

LYSB16
LYSB19
LYSB23
GLUB24
ARGB25

GLUB63
GLUB64
LYSB66
GLUB67
LYSB70
GLUB71
ASPB76
LYSB101

LYSB16
GLUB63
GLUB64
LYSB66
GLUB67
ARGB68
GLUB71
ASPB76
LYSC56
ASPC87
GLUC90
ASPCI1
LYSC94
GLUC98

LYSB16
GLUB24

GLUB64
LYSB66

GLUB67
ARGB68
LYSB70

ASPB76
LYSB101

GLUC90
ASPCI1

GLUC90
ASPC91
LYSC94

LYSB16
GLUB42
LYSB44
GLUB46
ASPB48
GLUB50
LYSB66
GLUB67
ARGB68
LYSB70
GLUB71

0.57
1.90
0.86
0.46

0.08
0.80
1.66
(3.80)
(0.80)
(1.12)
1.25
0.20
(0.24)
(0.22)

0.84
0.08
0.27
(10.70)
0.12

(0.07)
(1.38)
0.17
(0.80)
0.19
(8.07)
(0.07)
0.48

0.08
(0.16)
(0.10)
0.61

(1.12)
0.19

(0.30)
(0.86)
0.07

(0.27)
(1.89)
(8.61)
0.19

(0.08)

(0.56)
1.83

0.93
(0.21)
1.25

(8.07)
(0.30)
0.36

(0.22)

0.08
0.26

0.29
1.33
(0.34)

(0.20)
0.65
(0.19)
0.17
0.08
0.18
(0.08)
0.20
(0.07)
(0.86)
0.36
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GLUC67
GLUC67
GLUC67
GLUC67

GLUC67
GLUC67
GLUC67
GLUC67
GLUC67
GLUC67
GLUC67
GLUC67
GLUC67
GLUC67

ARGC68
ARGC68
ARGC68
ARGC68
ARGC68

ARGC68
ARGC68

ARGC68
ARGC68
ARGC68

ARGC68

LYSC70
LYSC70
LYSC70
LYSC70
LYSC70
LYSC70

LYSC70
LYSC70
LYSC70
LYSC70
LYSC70

GLUC71
GLUC71

GLUC71
GLUC71
GLUC71
GLUC71
GLUC71
GLUC71
GLUC71

GLUC71

ASPC76
ASPC76
ASPC76
ASPC76

ASPC76

ASPC76

ASPC76

ASPC76
ASPC76

ASPA87
GLUA90
ASPA91
GLUC24

ASPC60

GLUC63
GLUC64
LYSC66

ARGC68
LYSC70

GLUC71
ASPC76

ARGC82
LYsC101

LYSC16
LYSC19
LYSC23
GLUC24
ARGC25

GLUC63
GLUC64

GLUC67
LYSC70
GLUC71

LYSC101

GLUC64
LYSC66
GLUC67
ARGC68
GLUC71
ASPC76

ASPA87
GLUA90
ASPA91
LYSA94
GLUA98

LYSC16
GLUC24

GLUC64
LYSC66

GLUC67
ARGC68
LYSC70

ASPC76
LYSC101

ASPA91

ASPA91
GLUA98
GLUA99
ASPC10

GLUC42

GLUC50

GLUC67

LYSC70
GLUC71

0.72
1.73
0.98
0.39

0.08
0.82
1.37
(1.41)
(0.70)
(1.12)
1.01
0.08
(0.34)
(0.21)

0.84
0.08
0.19
(11.30)
0.12

(0.07)
(1.58)

(0.70)
0.19
(8.28)

0.85

(0.09)
0.41
(1.12)
0.19
(0.32)
(0.80)

(0.23)
0.77)
(6.90)
0.10

(0.20)

(0.33)
1.90

1.03
(0.08)
1.01
(8.28)
(0.32)
0.18
(0.32)

0.26

1.08
0.28
0.08
0.18

0.09

0.20
0.08

(0.80)
0.18

0.98
2.30
1.20
0.66
(0.04)
0.24
1.57
2.57
(2.96)
(1.13)
(1.45)
2.15
0.14
(0.50)
(0.33)
(0.15)

1.24
0.12
0.40
(16.64)
0.18
0.03
(0.10)
(2.17)
0.08
(1.13)
0.28
(11.41)
(0.03)
1.03
0.14

0.04
(0.18)
(0.14)
0.81
(1.45)
0.28
(0.54)
(1.11)
0.04
(0.43)
(2.15)

(11.33)
0.22
(0.23)

(0.60)
2.72
0.08
1.63
(0.24)
2.15
(11.41)
(0.54)
0.36
(0.42)
(0.09)
0.17
0.48

0.27
1.98
(0.21)
0.41
0.19
0.09
(0.10)
0.82
(0.09)
0.30
0.08
0.29
(0.04)
0.14
(0.03)
(1.11)
0.36

5.23

(27.97)

(16.18)

(5.71)

3.32



Arg 82

Asp 84

Asp 86

Asp 87

ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGAS82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82
ARGA82

ARGA82
ARGA82

ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84
ASPA84

ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86

ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86
ASPA86

ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87

ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87
ASPA87

METAL
ARGAS58
GLUA59
ASPAGO
GLUAG3
GLUAG4
LYSA66
GLUAG67
ASPA84
ASPA86
ASPA87

METB1
GLUB59
ASPB84
ASPB86
ASPB87
GLUB90

ASPC84
ASPC86

METB1
GLUB59
ARGB82
ASPB84
ASPB86
ASPB87
GLUB90
ARGC82
ASPC84
ASPC86

METAL
ARGAS58
GLUA59
ASPAG0
GLUAG3
LYSAG6
ARGA82
ASPA86
ASPA87

METC1
GLUC59
GLUC63
LYSC66
ARGCS82
ASPC84
ASPC86
ASPC87

METAL

GLUA59
ARGA82
ASPA84
ASPA87
GLUA90
ARGB82
ASPB84
ASPB86

METC1
GLUC59
ASPC60
GLUC63
GLUC64
LYSC66
GLUC67
LYSC70
ARGC82
ASPC84
ASPB86

METAL

GLUA59
ARGA82
ASPA84
ASPA86
GLUA90
ASPA91
LYSA94

(0.51)
0.57
0.71
(1.19)
(0.46)
2.12
0.51
0.77
(0.29)
(10.49)
1.62
0.41

(0.40)
0.65
0.41
(0.25)
(3.65)
10.02
1.96
0.24
(0.49)

0.61
(0.74)
1.62
1.12
0.34
(0.53)
0.67
1.95

(0.09)
0.28
0.19
1.27
0.10
(4.58)
0.72
(0.23)
(3.03)
1.08
0.16
(0.62)

0.63
(0.07)
0.41
1.12
417
0.62
(0.24)

ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82

ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82
ARGB82

ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84
ASPB84

ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86

ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86
ASPB86

ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87
ASPB87

ASPB87

ASPB87
ASPB87
ASPB87
ASPB87
ASPB87

METB1
ARGB58
GLUB59
ASPB60
GLUB63
GLUB64
LYSB66
GLUB67
ASPB84
ASPB86

METC1
GLUC59
ASPC84
ASPCB86
ASPC87
GLUC90
ASPC91
ASPA84
ASPA86

METC1
GLUC59
ARGC82
ASPC84
ASPC86
ASPC87
GLUC90
ARGA82
ASPA84
ASPA86

METB1
ARGB58
GLUB59
ASPB60
GLUB63
LYSB66
ARGB82
ASPB86
ASPB87

METAL
GLUA59
GLUAG3
LYSAG6
ARGA82
ASPA84
ASPA86
ASPA87

METB1

GLUB59
ARGB82
ASPB84
ASPB87
GLUB90
ARGC82
ASPC84
ASPC86

METAL

GLUA59
ASPAG0
GLUAG3
GLUAG4
LYSAG6
GLUAG7
LYSA70
ARGA82
ASPA84
ASPC86
METB1

GLUB59

ASPB84
ASPB86
GLUB90
ASPB91
LYSB94

(0.19)
(10.37)
1.61
0.39

(0.38)
0.63
0.48
(0.29)
(3.44)
9.00
1.95
0.16
(0.49)

0.60
(0.73)
1.61
1.06
0.17
(0.52)
0.70
2.18

(0.08)
0.19
0.18
2.27
0.17
(8.28)
0.66
(0.36)
(2.75)
1.03
0.24
(0.60)

0.62

0.39
1.06
3.21
0.70
(0.23)
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ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82
ARGC82

ARGC82
ARGC82

ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84
ASPC84

ASPC86
ASPCB86
ASPC86
ASPCB86
ASPC86
ASPC86
ASPC86
ASPC86
ASPC86
ASPCB86
ASPCB86
ASPC86
ASPC86
ASPC86

ASPC86
ASPC86
ASPCB86

ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87
ASPC87

METC1
ARGCS58
GLUC59
ASPC60
GLUC63
GLUC64
LYSC66
GLUC67
ASPC84
ASPC86
ASPC87

META1
GLUAS59
ASPA84
ASPA86
ASPA87
GLUA90

ASPB84
ASPB86

METAL
GLUA59
ARGA82
ASPA84
ASPA86
ASPA87
GLUA90
ARGB82
ASPB84
ASPB86

METC1
ARGCS58
GLUC59
ASPC60
GLUC63
LYSC66
ARGC82
ASPC86
ASPC87

METB1

GLUBS59
GLUB63
LYSB66
ARGB82
ASPB84
ASPB86
ASPB87

METC1

LYSC56
GLUC59
ARGC82
ASPC84
ASPC87

ARGA82
ASPA84
ASPA86

METB1
GLUB59
ASPB60
GLUB63
GLUB64
LYSB66
GLUBG67
LYSB70
ARGB82
ASPB84
ASPA86
METC1
LYSC56
GLUC59
ARGC82
ASPC84
ASPC86
GLUC90
ASPC91

0.87

10.02

(0.51)
0.55
0.70
(1.23)
(0.46)
2.02
0.51
0.69
(0.26)
(10.38)
1.57
0.41

(0.40)
0.64
0.47
(0.16)
(3.70)
9.47
2.18
0.24
(0.47)
(0.08)
0.58
(0.72)
157
1.17

(0.54)
0.71
1.96

(0.09)
0.29
0.20
2.29
0.10
(1.55)
0.57
(0.27)
(4.04)
1.23
0.24
(0.57)
(0.08)
0.59
(0.07)
0.41
1.17
1.68
0.60

1.24
0.99
(2.73)
(1.29)
(4.03)
(0.37)
0.93
(0.50)

(15.62)
(1.10)
(0.07)
0.47
(0.43)
(0.76)
(5.40)
(4.91)
(0.84)
(0.07)
(0.39)
(0.79)

(0.35)
0.37
(0.39)
0.83
14.25
1.67
0.21
(0.76)
0.83
1.04
(1.80)
(0.69)
3.08
0.77
1.12
(0.37)

(15.62)
2.40
0.61

(0.59)
0.96
0.68
(0.35)
(5.40)
14.25
3.05
0.32
(0.72)
(0.04)
0.89
(1.10)
2.40
1.68
0.25
(0.79)
1.04
3.05

(0.13)
0.38
0.28
2.92
0.18
(7.20)
0.98
(0.43)
(4.91)
1.67
0.32
(0.89)
(0.04)
0.92
(0.07)
0.61
1.68
453
0.96
(0.23)

(35.68)

7.20

19.58

1.50



Glu 90

Asp 91

Lys 94

Glu 98

GLUA90
GLUA90
GLUA90
GLUA90
GLUA90

GLUA90
GLUA90
GLUA90
GLUA90
GLUA90
GLUA90
GLUA90
GLUA90
GLUA90

ASPA91

ASPA91
ASPA91
ASPA91
ASPA91
ASPA91

ASPA91
ASPA91
ASPA91
ASPA91
ASPA91
ASPA91
ASPA91
ASPA91

LYSA94
LYSA94

LYSA94

LYSA94
LYSA94
LYSA94
LYSA94
LYSA94
LYSA94
LYSA94
LYSA94
LYSA94

GLUA98

GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98
GLUA98

GLUC63
GLUC64
LYSC66
GLUC67
LYSC70

ARGC82
ASPC84
METAL
GLUAS59
ASPA86
ASPA87
ASPA91
LYSA94
GLUA98

GLUC50

LYSC66
GLUC67
LYSC70
GLUC71
ASPC76

METAL
LYSA56
GLUA59
ASPA87
GLUA90
LYSA94
GLUA98
GLUA99

LYSC66
LYSC70

METAL

ARGA58
GLUA59
ASPAG60
ASPA87
GLUA90
ASPA91
GLUA98
GLUA99
LYSA102

GLUC42

LYSC70
ASPC76
METAL
ARGA25
ARGAS58
GLUA59
ASPAG0
GLUA90
ASPA91
LYSA94
GLUA99
LYSA102

0.57
0.17
(7.91)
1.73
(0.77)

(0.66)
0.26
(0.33)
0.44
0.34
417
2.33
(0.54)
0.20

0.26

(1.21)
0.98
(6.90)
0.26
1.08

(0.19)
0.17)
0.08
0.62
2.33
(0.36)
0.62
0.17

0.14
0.10

(0.20)
0.28
(0.08)
(0.87)
(0.66)
0.08
0.16
0.20
0.62
(1.04)
1.82
0.69

GLUB90

GLUBS90
GLUBS0
GLUB90
GLUB90
GLUB90
GLUB90
GLUB90
GLUB90
GLUBS90
GLUB90
GLUB90
GLUB90
GLUB90
GLUB90

ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91

ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91
ASPB91

LYSB94
LYSB94
LYSB94
LYSB94

LYSB94
LYSB94
LYSB94
LYSB94
LYSB94
LYSB94
LYSB94
LYSB94
LYSB94

GLUB98

GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98
GLUB98

GLUAG3

LYSAG6
GLUAG7
LYSA70
GLUA71
ASPA76
ARGA82
ASPA84
METB1
GLUB59
ASPB86
ASPB87
ASPB91
LYSB94
GLUB98

GLUA42
GLUA50
GLUA63
LYSA66
GLUAG7
LYSA70
GLUA71
ASPA76

METB1
LYSB56
GLUB59
ASPB87
GLUB90
LYSB94
GLUB98
GLUB99

LYSAG66
LYSA70
ASPA76
METB1

ARGB58
GLUB59
ASPB60
ASPB87
GLUB90
ASPB91
GLUB98
GLUB99
LYSB102

GLUA42

GLUA46
LYSA70
ASPA76
METB1
ARGB25
ARGB58
GLUB59
ASPB60
GLUB90
ASPB91
LYSB94
GLUB99
LYSB102

0.74

(5.83)
0.97
(1.65)
0.26
0.24
(0.57)
0.09
(0.28)
0.39
0.17
3.21
2.60
(0.56)
0.20

0.09
0.26
0.17
(1.02)
0.56
(7.15)
0.44
1.55

(0.20)
(0.21)
0.07
0.70
2.60
(0.39)
0.60
0.17

0.13
0.14
(0.08)
0.17

0.41
(0.33)
(0.22)
(0.23)
(0.56)
(0.39)
(1.35)
(0.21)
0.13

0.67

0.08
(0.19)
0.53
(0.08)
(0.88)
(0.66)
0.09
0.16
0.20
0.60
(1.35)
2.32
(0.66)

47

GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90
GLUC90

GLUC90
GLUC90
GLUC90
GLUC90

ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91
ASPC91

LYSC94
LYSC94

LYSC94
LYSC94

LYSC94
LYSC94

LYSC94
LYSC94
LYSC94
LYSC94
LYSC94

GLUC98
GLUC98

GLUC98

GLUC98
GLUC98
GLUC98
GLUC98
GLUC98
GLUC98
GLUC98
GLUC98
GLUC98
GLUC98

GLUB63
GLUB64
LYSB66
GLUB67
LYSB70
GLUB71
ASPB76
ARGB82
ASPB84
METC1
GLUC59

ASPC87
ASPC91
LYSC94
GLUC98

GLUB42
GLUBS0
GLUB63
LYSB66
GLUB67
LYSB70
GLUB71
ASPB76
ARGB82
METC1
LYSC56
GLUC59
ASPC87
GLUC90
LYSC94
GLUC98
GLUC99

GLUB42
LYSB44

LYSB70
ASPB76

ARGC25
ARGC58

GLUC90
ASPC91
GLUC98
GLUC99
LYSC102

GLUB42
LYsB44

LYSB70

METC1
ARGC25
ARGC58
GLUC59
ASPC60
GLUC90
ASPC91
LYSC94
GLUC99
LYSC102

0.61
0.19
(4.29)
1.90
(1.89)
0.08
0.29
(0.46)
0.08
(0.22)
0.17

1.68
3.45
(0.28)
0.24

0.17
0.26
0.16
(0.80)
0.86
(8.61)
0.26
1.33
(0.14)
(0.11)
(0.23)
0.08
0.60
3.45
(0.63)
0.42
0.18

(0.54)
0.10

0.19
(0.34)

0.32
0.17

(0.28)
(0.63)
(3.14)
(0.76)
0.19

0.48
(0.08)

(0.08)

(0.08)
(0.81)
(0.82)
0.17
0.30
0.24
0.42
(3.14)
1.69
(1.20)

0.96
0.18
(9.01)
2.30
(2.15)
0.17
0.27
(0.84)
0.21
(0.42)
0.50
0.25
453
4.19
(0.69)
0.32

0.13
0.39
0.16
(1.52)
1.20

(11.33)
0.48
1.98
(0.07)
(0.25)
(0.31)
0.12
0.96
4.19
(0.69)
0.82
0.26

(0.27)
0.05
0.14
0.22
(0.21)
0.17
0.16
0.50
(0.33)
(0.23)
(0.23)
(0.69)
(0.69)
(2.77)
(0.57)
(0.02)

0.62
(0.04)
0.04
(0.23)
0.41
(0.12)
(1.28)
(1.07)
0.17
0.31
0.32
0.82
(2.77)
2.91
(0.58)

0.76

(3.48)

(4.77)

(0.49)



Achain B chain C chain (A+B+C)/2 |per each residue

Charged residues Pair residues kJ/mol Pair residues kJ/mol Pair residues kJ/mol kJ/mol kJ/mol
Glu 99 GLUA99 GLUC42 0.53 GLUB99 GLUA42 1.06 GLUC99 GLUB42 1.05 1.32
GLUA99 LYSC44 (0.08) | GLUB99 LYSA44 (0.37) | GLUC99 LYSB44  (0.52) (0.49)
GLUA99 GLUC46 0.41 GLUB99 GLUA46  0.60 GLUC99 GLUB46  0.57 0.79
GLUA99 ASPC48 0.29 GLUC99 ASPB48  0.18 0.24
GLUA99 GLUC50 0.34 GLUB99 GLUA50 0.16 0.25
GLUA99 ASPC76 0.08 GLUB99 ASPA76  0.30 0.19
GLUA99 LYSA19 (0.08) | GLUB99 LYSB19 (0.08) | GLUC99 LYSC19  (0.09) (0.13)
GLUA99 LYSA23 (0.22) | GLUB99 LYSB23 (0.27) | GLUC99 LYSC23  (0.28) (0.39)
GLUA99 GLUA24 0.08 GLUB99 GLUB24 0.08 GLUC99 GLUC24 0.08 0.12
GLUA99 ARGA25 (7.43) | GLUB99 ARGB25 (8.36) | GLUC99 ARGC25 (8.27) (12.03)
GLUA99 LYSA56 (0.22) | GLUB99 LYSB56 (0.18) | GLUC99 LYSC56  (0.16) (0.28)
GLUA99 ARGA58 (0.70) | GLUB99 ARGB58 (0.68) | GLUC99 ARGC58  (0.74) (1.06)
GLUA99 ASPA60  0.08 GLUB99 ASPB60  0.08 GLUC99 ASPC60  0.23 0.20
GLUA99 ASPA91  0.17 GLUB99 ASPB91  0.17 GLUC99 ASPC91  0.18 0.26
GLUA99 LYSA94 (0.18) | GLUB99 LYSB94 (0.21) | GLUC99 LYSC94 (0.76) (0.57)
GLUA99 GLUA98 1.82 GLUB99 GLUB98  2.32 GLUC99 GLUC98  1.69 2.91
GLUA99 LYSA101 (0.22) | GLUB99 LYSB101 (0.10) | GLUC99 LYSC101 (0.10) (0.21)

GLUA99 LYSA102 058 | GLUB99 LYSB102 (0.56) | GLUC99 LYSC102 (0.50) (0.24) (9.12)
Lys 101 LYSC101 LYSC16  0.08 0.04
LYSA101 LYSA23 0.11 LYSC101 LYSC23  0.08 0.10
LYSA101 GLUA24 (1.66) |LYSB101 GLUB24 (0.76) |LYSC101 GLUC24 (1.62) (2.02)
LYSA101 ARGA25 0.63 LYSB101 ARGB25 0.42 LYSC101 ARGC25 0.46 0.76
LYSA101 ARGA58 0.65 LYSB101 ARGB58 1.14 LYSC101 ARGC58 0.65 1.22
LYSB101 GLUB59 (0.08) (0.04)
LYSA101 ASPA60 (0.37) |LYSB101 ASPB60 (0.82) |LYSC101 ASPC60  (0.44) (0.81)
LYSA101 GLUA63 (0.10) |LYSB101 GLUB63 (0.29) |LYSC101 GLUC63 (0.27) (0.33)
LYSA101 GLUA64 (1.97) |LYSB101 GLUB64 (3.79) |LYSC101 GLUC64  (4.31) (5.04)
LYSB101 LYSB66  0.07 0.04
LYSA101 GLUA67 (0.23) |LYSB101 GLUB67 (0.22) |LYSC101 GLUC67 (0.21) (0.33)
LYSA101 ARGA68 0.73 LYSB101 ARGB68 0.48 LYSC101 ARGC68 0.85 1.03
LYSA101 GLUA71 (0.30) [LYSB101 GLUB71 (0.22) |LYSC101 GLUC71 (0.32) (0.42)
LYSA101 GLUA99 (0.22) [LYSB101 GLUB99 (0.10) |LYSC101 GLUC99 (0.10) (0.21)

LYSA101 LYSA102 0.74 |LYSB101 LYSB102 (1.33) |LYSC101 LYSC102 (0.76) (0.67) (6.70)
Lys 102 LYSA102 META1l (0.21) |LYSB102 METB1  0.09 |LYSC102 METC1 0.11 (0.00)
LYSA102 GLUA24 (0.30) |LYSB102 GLUB24 0.27 |LYSC102 GLUC24 0.28 0.12
LYSA102 ARGA25 (0.62) |LYSB102 ARGB25 0.49 |LYSC102 ARGC25 0.29 0.09
LYSA102 ARGA58 (6.82) [LYSB102 ARGB58 (0.19) |LYSC102 ARGC58 0.56 (3.23)
LYSA102 GLUA59 0.44 LYSB102 GLUB59 (0.05) |LYSC102 GLUC59 (0.01) 0.19
LYSA102 ASPAG60 1.32 LYSB102 ASPB60 0.78 LYSC102 ASPC60 0.80 1.45
LYSA102 GLUA63 (0.22) |LYSB102 GLUB63  0.17 LYSC102 GLUC63 0.40 0.17
LYSA102 GLUA64 (2.57) |LYSB102 GLUB64 0.52 LYSC102 GLUC64 0.56 (0.75)
LYSA102 GLUA67 (0.30) (0.15)
LYSA102 ARGA68 0.29 0.14
LYSA102 GLUA71 (0.19) (0.09)
LYSA102 LYSA94 (0.36) |[LYSB102 LYSB94 0.13 LYSC102 LYSC94 0.19 (0.02)
LYSA102 GLUA98 0.69 LYSB102 GLUB98 (0.66) |LYSC102 GLUC98 (1.20) (0.58)
LYSA102 GLUA99 0.58 |LYSB102 GLUB99 (0.56) |LYSC102 GLUC99  (0.50) (0.24)

LYSA102 LYSA101 0.74 |LYSB102 LYSB101 (1.33) |LYSC102 LYSC101 (0.76) (0.67) (3.57)

Total value (159.27) (159.27)
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Chapter 3: Evaluation of salt bridges in CutA1 using molecular

dynamic simulations

3-1. Introduction.

Many charged residues are located on the surface of protein molecules; however,
the solution structures of surface residues are often poorly reflected by crystallographic
data, largely due to artifacts of crystallization and cooling to 100 K. Furthermore, in X-
ray snapshots residues visualized are fixed, even though in solution they might fluctuate;
this is particularly true of charged residues on the protein surface. Molecular dynamics
(MD) simulations can be used to elucidate the structural features of these residues!~.
However, because the quality of MD results depends strongly on the force fields used?, it
is important to understand how the strengths of ion-ion interactions (salt bridges) are

influenced by different force fields.

Charged residues in PhCutAl engage in many intra- and inter-subunit interactions,
whose stabilities have been extensively examined in mutation studies®. Close examination
of these residues might provide insight into how the strengths of salt bridges change in

MD simulations using different force fields.

In this study, we used the trimer structure of PhCutAl (102x3 residues) to compare
the strengths of salt bridges in simulations using various force fields (Table 1).
Gromos43a1'® and Gromos53a6'! are united-atom representations for aliphatic CHn

groups, whereas Charmm27*2, Amber99sb'®, and Amberl4sb!* are all-atom
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representations. For water models, we used tip3p (transferable intermolecular potential
3P)® and spc/e (extended simple point charge)!®. Charmm27, Amber99sb, and
Amberl4sb were used with tip3p, and Amber99sb, Gromos43al, and Gromos53a6 were
used with spc/e, yielding a total of six combinations (hereafter, referred to simply as ‘the
six force fields’). We performed 400-ns MD simulations of PhCutAl (trimer) at 300 K
using these six force fields (Table 1), and analyzed the influence of the various force
fields on the strengths of salt bridges on the basis of the locations of charged residues in

the PhCutAl X-ray structure.

3-2. Experimental methods.

For MD simulations, we used the trimer structure of PhCutAl, which contains three
identical subunits (A, B, and C subunits; PDB ID 4nyo). Buried ratio and pKa of
negatively and positively charged residues in the crystal structure (4nyo) of PhCutAl are

listed in Table S9.

MD simulations were performed using the GROMACS software (ver. 4.5.5)%" 18 at
300 K, using running conditions as described® 2°. In this study, we compared the
structures of PhCutAl in MD simulations using six force fields (listed in Table 1).
Hydrogen atoms were added to each protein. The models were solvated in water boxes
with a minimum distance of 1.2 nm between the protein and the box. Counter-ions were
added to the model to neutralize any net charge. Salt concentration was set to 150 mM.
The number of Na*, CI-, and H20 in the simulation box and size of the box during MD

simulations are listed in Table S10. The periodic boundary condition was adopted and the
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long-range electrostatic interactions were computed using the Particle-Mesh-Eward
(PME) method?!. The system was weakly coupled to a heat bath by velocity rescaling??
with a relaxation time of 0.1 ps. A Parrinello-Rahman barostat?® was used to maintain a
pressure constant at 1 atm with a relaxation time of 0.5 ps. Hydrogen atoms were
constrained using LINCS?*, and MD simulations at 300 K were conducted with an
integration time step of 1 fs. Energy minimizations were done to remove bad van der
Waals contacts. Next, the temperature was raised from 50 to 300 K in increments of 50
K, with 10,000 integration steps at each temperature and a harmonic constraint of C-alpha
atoms. Thereafter, the ensemble was equilibrated through four 100-ps cycles with
gradually released harmonic constraints: 1000, 100, 10, and 1 kJ mol* nm2. The
subsequent MD stages for the PhCutAlwere carried out without any restraint at 300 K.
The resultant MD trajectories were analyzed using the GROMACS software, as described
previously® 20, For estimation of salt bridges, distance was calculated (using the
command ‘gmx distance’) between the Ce atom of Lys (or C¢ of Arg) and the C, atom of

Asp (or Cs of Glu).

We confirmed how robust the results for the formation of salt bridges are (a) within
the single force field during 400-ns MD simulations and (b) when different initial
geometry is introduced. In the case of (a), percent occupancies of intra-subunit salt
bridges in PhCutAl were examined at each 100-ns during 400-ns MD. As shown in Table
S5, the robustness in the single force field was confirmed except for the early stage (<
100-ns) of Amber99sb_spc/e. In the case of (b), percent occupancies of intra-subunit salt
bridges for each of three identical subunits in PhCutAl were examined during 400-ns

MD at 300 K using the six force fields. As shown in Table S6, the standard deviation of
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average values among three subunits was < 2.1 % in the six force fields, suggesting the

robustness of our results among the different initial structures.

We also examined the validation for the different population of the rotamers in
employed force fields for residues involved in salt bridges presented on Fig. S4 - S14
using a software MolProbity (http://molprobity.biochem.duke.edu). As shown in Table
S7, the most residues examined show rotamers of the favored region, indicating validated
conformation preferences of residues involved in the bonds for the studied X-ray and

MDs models.

To evaluate the energy of ion-ion interactions in PhCutAl, we used the algorithm
FoldX®, which can quantitatively estimate the factors that are important for protein
stability. FoldX is available via a web interface at http://foldxsuite.crg.eu. Electrostatic
energies due to ion-ion interactions between charged residues were calculated using the
“AllAtoms_Electro” file in FoldX. The electrostatic energy in FoldX is calculated from
a simple implementation of Coulomb’s law, in which the dielectric constant scales with
the burial of the bond under consideration?'. For calculations of ion-ion interactions,
structural snapshots from MD simulations of PhCutAl were taken every 20- for 400-ns

after an initial 100-ns run (total, 16 structures).

3-3. Results and discussion.

Differences in general characteristics of PnCutAl among MD simulations using six

force fields.
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Fig. 1A shows the trajectories of the RMSDs of all Co atoms of PhCutAl in MD
simulations performed at 300 K using six different force fields. As shown in the figure,
RMSDs were similar after 50 ns, except in the case of Charmm27_tip3p, for which the
value was smaller RMSD (Table 1). On the other hand, the radius of gyration (Rg) of
PhCutAl differed significantly among the six force fields (Fig. 1B): lowest for
Gromos43al_spc/e (a compact structure) and highest for Amber99sb_spc/e and
Amber99sb_tip3p (a loose structure) (Table 1). The largest difference in Rq was 0.096
nm, about 5% of the highest value. This large difference between force fields was also
observed in a mutant EcCutAl in an MD simulation at 300 K2, The difference in Rq
among force fields might affect the strengths of salt bridges between the subunits of

PhCutAl.

The average residue numbers of secondary structures in PhCutAl in MD
simulations at 300 K using each of the six force fields are listed in Table S2. The MD-
simulated PhCutA1 proteins exhibited similar secondary structures, including f3-sheet, a-
helix, B-bridge, and turn. The numbers of residues in 3-sheet and a-helix structures were
similar among the six force fields, although there were some slight differences. The
difference in helicity at each residue of PhCutAl was examined in 50-400-ns MD
simulations at 300 K using the six force fields (Fig. S1). In the regions of the a-1, a-2,
and a-3 helices, Charmm27_tip3p yielded relatively high helicity, as shown in the figure,
suggesting that the a-helical structure of Charmm27_tip3p is more stable in a long region
of a-helix than those of the other force fields, although the average number of residues in
a-helix structure was not the highest for Charmm27_tip3p (Table S2). On the other hand,

the a-helical structure of Amber99sb_tip3p seemed to be unstable in all three a-helix
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regions. Yoda et al.?” reported that for small peptides, the Amber force field favors o-

helix, whereas Gromos favors -hairpin.

The average root-mean-square fluctuations (RMSF) of the C« atoms of PhCutAl
from 50 to 400-ns MD simulations at 300 K using the six force fields are shown in Fig.
S2A. The differences in average RMSF of each Ca atom were obtained by subtracting
the average values of Ca atoms from the value for each Ca atom (Fig. S2B). In the N-
terminal region, the fluctuations of Amber99sb_spc/e and Amber99sb_tip3p were larger
than those in the other force fields, whereas in the C-terminal region, the fluctuations of
Gromos43al_spc/e and Gromos53a6_spc/e were larger. The loop region between
positions 41 and 45 fluctuated considerably in all cases, but the fluctuations were larger
in the three used with the spc/e water model, and smaller in the cases of Amber99sb_tip3p
and Amberl4sb_tip3p. In the loop regions near positions 75 and 90, fluctuations were
larger in the case of Amber99sb_tip3p than the other force fields. The average values of
the fluctuations in Charmmz27_tip3p and Amberl4sb_tip3p were smaller than those of

the other force fields (Table 1).

Evaluation of the strengths of salt bridges in PhCutAl during MD simulations at

300 K.

In MD simulations, the strengths of salt bridges in proteins differ depending on the
force fields used?®3°. Hence, we compared the formation of salt bridges in PhCutA1 in
300 K MD simulations using six different force fields. Specifically, we examined

favorable intra-subunit interactions of 186 residues and favorable inter-subunit
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interactions of 60 residues with Arg or Lys in the trimer of PhCutAl (Table S1A, B).
Interactions were selected when the distance between favorable pairs of charged residues
was < 0.6 nm at least once among 31 structural snapshots obtained from MD simulations
of PhCutAl using Gromos43al_spc/e; the snapshots were acquired every 10 ns for 400

ns after an initial 100-ns run.

Fig. 2A, B shows typical trajectories of the distances of intra- and inter-subunits,
respectively, during 400-ns MD simulations at 300 K. Fig. 2A represents the distance
between the Ccatom of Lys101 and the Cs atom of Glu64 in the A-subunit of PhCutAl
during MD simulations using all six force fields. In the cases of Charmm27_tip3p and
Amber99sh_spcl/e, large fluctuations were not detected, and the lengths of salt bridges
with Lys101 and Glu64 were 0.47 = 0.10 nm and 0.46 £ 0.10 nm, respectively (Table
S3A). The trajectories of Gromos43al spc/e and Gromos53a6_spc/e fluctuated
considerably; the lengths of ion-ion interactions were 1.20 + 0.34 nm and 1.27 =+ 0.32 nm,
respectively. On the other hand, Fig. 2B shows the trajectory of the distance between the
C. atom of Lys70 in the C-subunit of PhCutA1 and the C, atom of Asp91 in the A-subunit
during MD simulations using the six force fields. The inter-subunit interactions of
Amber99sbh_spc/e fluctuated the most, and the length of the ion-ion interaction was 0.78
+ 0.22 nm. By contrast, that of Gromos43al spc/e was 0.53 + 0.14 (Table S3B),

indicating formation of a stable salt bridge between subunits.

A salt bridge is considered to form when the distance between favorable pairs of
charged residues is < 0.6 nm®3. We examined the percent occupancies of ion pairs with
lengths below 0.6 nm for targeted intra- and inter interactions of 246 [186 residues for

intra- (Table S1A) and 60 ones for inter-subunit interactions (Table S1B)] of PhCutAl,
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as shown in Fig. S3. In this analysis, 100% occupancy indicates that all lengths of a
favorable ion pair were < 0.6 nm during a 400-ns MD simulation at 300 K. For example,
as shown in Fig. S3A, Arg68 was expected to interact with five favorable residues (Glu24,
Glu64, Glu67, Glu71, and C-terminal) within the same subunit; however, in simulations
using Charmm27_tip3p, Amber99sb_spec, and Amber 99sb_tip3p, Arg68 interacted with
Glu24 with almost 100% occupancy, but barely interacted with Glu64, Glu67, or the C-
terminus. The three bars in the figure depicting the interaction of Arg68 and Glu24
represent data from the A, B, and C subunits of PhCutALl. Fig. S3 also shows the distance

of salt bridges obtained from the crystal structure of PhCutAL.

Difference in the strengths of salt bridges at specific sites in PhCutAl during MD

simulations using the six force fields.

Table 2 shows percent occupancies of intra-subunit salt bridges of PhCutA1 during
400-ns MD simulations at 300 K. The average percent occupancy of intra-subunit salt
bridges for each positively charged residue ranged from 74.0% to 83.6% among the six
force fields (Table 2A), and the average value was 79.4+2.5%. For inter-subunit salt
bridges, the value ranged from 23.7% to 38.0% (Table 2B) with a mean of 30.3+4.3 %.
These results indicate that the average strength of salt bridges for each positively charged
residue of PhCutA1l was similar among the six force fields examined, within experimental
error, and that the difference in force fields barely affected the average strength of salt
bridges. However, the strengths of salt bridges at specific sites in the structure were

significantly affected by the force field used, as described below.
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As described in the previous section, Arg68 formed a strong salt bridge with Glu24
and Glu71 in simulation using Charmm27_tip3p, Amber99sb_spc/e, and Amber
99sb tip3p (Fig. S3A). On the other hand, when using Amberl4sb tip3p,
Gromos43al_spc/e, and Gromos53a6_spc/e, Arg68 formed salt bridges with Glu64 and
Glu67 as well as Glu24 and Glu71, although their percent occupancies were reduced
(Table 2A). These results can be observed in snapshots of PhCutAl acquired in 100-ns
MD simulations at 300 K. As shown in Fig. S4, in Amber99sb_tip3p, Arg68 interacted
strongly with Glu24 and Glu71, and these interactions remained stable over 400 ns. In the
case of Amberl4sb_tip3p, Arg68 interacted strongly with Glu24 and Glu64 at 100 ns, but
the rotational isomer of Arg68 located in the middle of a-2 helix could easily interact
with Glu71 (Table S7). These tendencies were also observed in simulations using

Gromos43al_spc/e and Gromos53a6_spc/e (Table 2A).

Arg82 of PhCutAl formed strong salt bridges with many favorable ion pairs due to
intra- and inter-subunit interactions. In the crystal structure of the trimer (A, B, and C
subunits of 4nyo), Arg82 was close to Glu59, Glu63, and Asp84 in the same subunit and
to Asp86 and Asp87 in another subunit (Fig. SSA). Many negatively charged residues are
located near Arg82, and these ion-ion interactions fluctuated strongly during 400-ns MD
simulations. In simulations using Charmm27_tip3p, Amberl4sb tip3p, and
Gromos53a6_spc/e, Arg82 remained engaged in a strong interaction with Asp84, but
when using the other force fields, the occupancies were quite small (Table 2A). Because
it is difficult to alter the movement of Arg82, the difference in this interaction might be
due to fluctuation of Asp84. Occupancies of salt bridges between Arg82 and Glu59
decreased to 28-59%, in contrast to the strong interactions in the crystal structures,

indicating that this effect might be caused by fluctuation of Glu59, which is located in a
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loop region. On the other hand, the inter-subunit interactions of Arg82 with Asp87 in the
crystal structure exchanged partners (Asp86 or Asp87) depending on the force fields used
in the MD simulations. The total occupancy of the inter-subunit interaction was lowest
when using Charmm27_tip3p (44%) (Table 2B), but highest when using
Amber99sb_spc/e or Amber99sb_tip3p (170%). On the other hand, Gromos43al_spc/e
and Gromos53a6_spc/e differed in terms of the favorable pairs (Asp86 and Asp87)
engaged in interactions with Arg82 (Table 2B). This difference among force fields was
also apparent in the intra-subunit interaction between Arg82 and Asp84: the occupancies
were 7% and 87% in the case of Gromos43al_spc/e and Gromos53a6_spc/e, respectively.
Fig. S5B shows a snapshot of the configuration around Arg82 at 200 ns in a simulation
using Gromos53a6_spc/e. The difference within the Gromos group might be correlated
with the difference in Ry (Fig. 1B and Table 1). Overall, these results indicate that ion-
ion interactions in the crystal structure, in which negatively charged residues crowd

around Arg82, are stronger than those in solution.

The amino group of the N-terminal residue Metl in the crystal structure formed a
salt bridge with Glu59, but Asp84 and Asp86 in the loop region also formed salt bridges
with the N terminus during 400-ns MD simulations. As shown in Fig. S6, in the case of
Amber99sb_tip3p, the N terminus formed tight salt bridges with Asp84. The occupancies
of the interaction between the N terminus and Glu59 were lower for Amber99sb_spc/e
and Amber99sb_tip3p than for the other four force fields, whereas those of Asp84 were
higher (Table 2A). The occupancy of Asp84 was only 2.7% in simulations using
Amberl4sb_tip3p. In the case of Gromos43al_spc/e and Gromos53a6, the N terminus

also forms salt bridges with Asp84 and Asp86, despite the almost 100% occupancy of
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Glu59. Because these residues interacting with the N terminus are not involved in a-helix

or 3-sheet, dependence on force fields might be strengthened.

Lys44 formed salt bridges with Glu42 and Glu46, which are located in a loop region
between the 3-2 and -3 sheets. As shown in the snapshots in Fig. S7A, B, in the case of
Charmm27_tip3p, Lys44 formed strong salt bridges with both residues, whereas in the
case of Gromos53a6_spc/e, Glu42 was far from Lys44, and the occupancy of salt bridges
was only 1.8%. The sum of occupancy of Lys44 was lowest for Amber14sp_tip3p (41%)
and highest for Charmm27_tip3p (85%) (Table 2A). On the other hand, in simulations
using Gromos43al_spc/e and Gromos53a6_spc/e, Lys44 formed salt bridges with Glu47
with occupancies of 1.8% and 0.5%, respectively, although these values are not large.
The expansion of flexibility in the loop region in the cases of Gromos43al spc/e and
Gromos53a6_spc/e was also observed in the case of the interaction with Asp84 or Asp86,

described above in the discussion of the N terminus.

Lys70 formed salt bridges with Glu67 in the same subunit and with Glu90 and
Glu91, which are located in the N terminus of the a—3 helix in another subunit. In regard
to intra-subunit interactions, the occupancies of salt bridges between Lys70 and Asp76
were 18% and 16%, respectively, in the cases of Amber99sb_spc/e and Amber99sb_tip3p,
but < 1% in simulations using the other force fields. In terms of inter-subunit interactions,
in the cases of Amber99sh_spc/e and Amber99sb_tip3p, the sum of occupancy of Lys70
was 12% and 24%, respectively, whereas for other force fields the value ranged from 60%
to 69 %. The distances between Lys70 and Glu90 or Glu91 were quite close in the case
of Gromos43al_spc/e (Fig. S8A), but in Amber99sh_tip3p they were far (Fig. S8B). That

is, the N terminus of the a—3 helix was far from Lys70 in the adjacent subunit in the case

62



of Amber99sb_tip3p, suggesting a difference in inter-subunit interactions that can be
attributed to the use of different force fields. Consequently, Lys70 had the opportunity to
form a salt bridge with Asp76 in the same subunit when using Amber99sb_spc/e and
Amber99sb_tip3p. This observation is correlated with the difference in Rg, which was
larger for Amber99sb_spc/e and Amber99sb_tip3p than for the other force fields (Fig.

1B).

In the crystal structures, Arg36 in the middle of the B—2 strand formed a tight salt
bridge with Glul5, located in the middle of the a—1 helix in another subunit. Arg36 also
formed a salt bridge with Glu47 in the middle of the p—3 strand in the same subunit. Fig.
S9 shows snapshots of Arg36 in the cases of Amber99sbh_tip3p and Gromos53a6_spc/e
at 200 ns. The occupancies of the Arg36-Glul5 interaction were higher with
Amber99sh_spc/e and Amber99sbh _tip3p than the other force field; in particular, the
occupancy of inter-subunit salt bridges in between Arg36 and Glul5 was lowest for
Gromos53a6_spc/e among the six force fields. On the other hand, the sum of occupancy
of Arg36 in the same subunit was the highest (99%) for Charmm27_tip3p and the lowest
(59%) for Amberl4sb_tip3p. In the case of Arg36, it is quite difficult to explain the
difference in the strength of salt bridges among the six force fields, although one

possibility is difference in the combination of rotamers (Table S7).

Lys101 and Lys102 are located in the C terminus of PhCutAl. In the cases of
Charmm27_tip3p, Amber99sb_spc/e, and Amber99sb_tip3p, Lys101 formed salt bridges
with Glu64 with percent occupancies above 80%, whereas in the case of
Gromos43al_spc/e and Gromos53a6_spc/e, the corresponding values were only 7-8 %

(Table 2A). On the other hand, in the cases of Gromos43al_spc/e and Gromos53a6_spcle,
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Lys102 formed a salt bridge with Glu64 (occupancies of 54-60 %), but the occupancies
were barely detectable when using the other force fields. Fig. S10A, B shows typical
snapshots at 100 ns in simulations using Charmm27_spc/e and Groms53a6_spc/e,
respectively. The two amino groups of Lys102 were located in opposite directions in
simulations using these two force fields, as shown in the figure. In the cases of
Gromos43al_spc/e and Gromos53a6_spc/e, Lys102 forms salt bridges with several
favorable residues in addition to Glu64 and Glu98, whereas in the cases of the other force
fields, Lys102 only forms a salt bridge with Glu98 (Table 2A). These results indicate that
the two C-terminal residues fluctuate much more intensely in the two Gromaos force fields

than in the other cases (Fig. S2B).

Arg58, located in a small loop between the -3 sheet and 310-helix, formed salt
bridges with Glu60 with occupancies of 80-100%, and with the C-terminal carboxyl
group (Lys102) with occupancies of 17-47%. For both salt bridges, the occupancy was
lowest for Gromos43al_spc/e, which might be related to the flexibility of loop region.
The snapshots of the C terminus and Arg58 at 200 ns in simulations using

Amberl4sb_tip3p and Gromos43al_spc/e are shown in Fig. S11A, B, respectively.

Lys56 formed a salt bridge with Glu50 in another subunit in simulations using
Gromos43al_spc/e (Fig. S12A), but not when using Charmm27_tip3p, Amber99sb_tip3p,
or Amberl4sb_tip3p (Fig. S3B and Table 2B). A snapshot of the inter-subunit interaction
between Lys56 and Glu50 (Fig. S12B) in a simulation using Amber99sb_spc/e shows
that Glu50 was stably located in the middle of the -2 sheet, although the salt bridge was
longer than in a simulation using Gromos43al (0.69 vs.0.33 nm). On the other hand, in

the case of Gromos43al_spc/e (Fig. S12A), the -2 sheet around Glu50 was absent. The
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fluctuation (instability) in the middle of -2 sheet might create the opportunity to form a

salt bridge < 0.6 nm in length.

Reevaluation of the electrostatic energies of charged residues for PhCutA1l.

The electrostatic energies of charged residues for PhCutAl have been estimated
based on the crystal structures in order to evaluate the contribution of charged residues to
conformational stability. In terms of unfavorable interactions, the worst three residues are
Asp86, Glul2, and Arg33, with ion-ion interaction energies of 19.6, 11.6, and 10.9 kJ/mol,
respectively®. As shown in Fig. S13A, in the crystal structure Asp86 interacts repulsively
with Asp84 in another subunit, and the distance between Asp86 and Asp84 ranges from
0.34 to 0.41 nm. However, this repulsion energy was weakened during MD simulations
at 300 K: the average electrostatic energy for Asp86 became 6.5 kJ/mol in the case of
Gromos43al_spc/e, as compared to 19.6 kJ/mol in the crystal structure (Table S4). A
snapshot of the configuration around Asp86 confirmed that the distances between Asp86
and Asp84 in the adjacent subunit increased from 0.45 to 0.74 nm (Fig. S13B). In the
cases of Charmm27_tip3p and Amber99sb_spc/e, the electrostatic energies for Asp86

were 16.5 and 4.5 kJ/mol, respectively (Table S4).

Glul2 engages in repulsive interactions with Asp10 and Glul5. During 400-ns MD
simulations, the electrostatic energies of Glul2 became 8.2, 7.9, and 6.5 kJ/mol for
Gromos43al, Charmm27_tip3p, and Amber99sb_spc/e, respectively, indicating slight

relaxations.
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In X-ray crystal structure of PhCutAl, Arg33 is completely buried in the interior of
the molecule. However, the side chain of Arg33 appeared on the surface of the trimer in
MD simulations using Gromacs43al spc/e (Fig. S14B), whereas in the case of
Amber99sb_tip3p, this residue was still located in the interior of the trimer. The
superimposed structure shown in Fig. S14B suggests that both structures are rotational
isomers of Arg33 (Table S7). On the surface, the ionic group of Arg33 can form ion-ion
interactions with Glu34 residues in the same or adjacent subunits (Fig. S14A). Except for
Gromos43al_spc/e and Gromos53a6_spc/e, occupancies of salt bridges were not detected
in intra- or inter-subunit interactions (Tables 2A, B), indicating that the side chains of
Arg33 remain buried in the interior of the trimer during 400-ns MD simulations. When
the ionic groups of charged residues are buried in the interior of protein molecules, the
difference in strengths of salt bridges among force fields might stand out between Gromos
groups with the united-atom representation and other groups with the all-atom
representation. During 400-ns MD simulations, the electrostatic energy of Arg33
significantly improved to —4.9 kJ/mol in the case of Gromos43al_spc/e and to 5.8 and
2.3 kJ/mol in the cases of Charmm27_tip3p and Amber99sb_spc/e, respectively (Table
S4). The adjustment of unfavorable energy for Arg33 was the highest for

Gromos43al_spc/e.

Fig. 3 shows the correlation between electrostatic energy at mutation sites estimated
by FoldX using various structures and the difference in denaturation temperatures (ATg)°
due to mutations of charged residues to noncharged residues. As mentioned above, the
figure shows that the electrostatic energies at Asp86 and Arg33 are significantly reduced
in structures obtained from MD simulations. Detailed data are provided in Table S4. On

the other hand, in the cases of Gromos43al spc/e and Gromos53a6_spc/e, the
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electrostatic energies at Arg58, Lys66, and Arg68 are higher than those in the crystal
structures (Fig. 3 and Table S4). These data indicate that the electrostatic energies of
structures from MD simulations approach the line generated by regressing electrostatic
energies at mutation sites vs. ATq4 due to mutations (Fig. 3). Through molecular adaptation,
changes in conformational stability due to mutations should optimize factors such as
hydrophobic interactions, electrostatic interactions, and entropic effects. Consequently,
ATq and electrostatic energies at mutation sites should not exhibit a strict linear correlation.
However, our data show a weak linear correlation between them (Fig. 3 and Table 3);
because the energies of ion-ion interaction with MD simulation of Gromos group
approach nearer the linear regression lines than those of the crystal structures, we can
conclude that the configurations of charged residues in structures obtained by MD
simulations using the Gromos group are better than those obtained with other force fields.
Table 3 shows a comparison of linear regression error coefficients between electrostatic
energy at a targeted residue and the difference in denaturation temperature among eight
different structures. The error coefficients of Gromos group were lower than those of the
others, suggesting that the configurations of charged residues in MD simulations

performed using the Gromos group are superior.

The interaction of charged residues with counter-ions of salts.

In the present MD system, salt concentration (NaCl) was set to 150 mM. The
percent occupancies of salt bridges (< 0.6 nm) of positively charged residues in PhCutAl
with chloride (CI") ion were examined (Table 4). In the case of Charmm27_tip3p and

Amberl4sb tip3p, Arg33 which was completely buried in the interior of a molecule in
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the initial state formed a salt bridge with one CI" ion by almost 100 %, and salt bridges of
its Arg33 with negatively charged residues were not observed (Table 4). As mentioned
above, in the case of Gromos43al_spc/e, Arg33 which was located on the surface formed
a salt bridge with a negatively charged residue by percent occupancy of 121.3 %, but
percent occupancy (summation) of salt bridges of its Arg33 with several Cl" ions was
13.2 % (Table 4). Trajectories of distance between Arg33 in PhCutAl and CI ion during
400-ns MD simulations at 300 K for three force fields are shown in Fig. S15. In the case
of Charmm27_tip3p and Amber99sh _tip3p, percent occupancies of salt bridges of Arg33
with one CI ion were 100.0% and 86.0 % during 400-ns MD simulations, respectively.
In the case of Gromos43al _spc/e, that was only 1.7 % (Fig. S15): the summation of
occupancies of Arg33 with several Cl" ions was 13.2 % as mentioned above. These results
suggest that charged residues which are completely buried in a molecule are neutralized

by counter-ions.

Except for Arg33, the average percent occupancy of intra- and inter-subunit salt
bridges for each positively charged residues ranged from 93.5 % to 112.1 % among the
six force fields (average 2 in Table 4), and the average value was 105.1 £ 6.6 %. On the
other hand, the value of interactions with CI™ ions ranged from 3.0 % to 5.4 % (average 2
in Table 4) with mean of 3.8 + 0.8 %. The average values of the interaction between
charged residues of amino-acids were greater by about 30 times than others, suggesting
that the ion interaction between amino acids is considerably stronger than that of charged
residues with counter-ions of salts. The big difference in the interaction of charged
residues with counter-ions on the surface of a molecule was not detected among six force

fields.
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Furthermore, the average percent occupancies of intra- and inter-subunit salt
bridges for each negatively charged residues were also examined: they were from 60.2 to
69.7 % among the six force fields (Table S8), and the average value was 65.0+4.0 %. The
big difference between the average percent occupancies between negatively and
positively charged residues (Table 4 and Table S8) is caused by the difference in residue
numbers between them. On the other hand, the value of interactions of negatively charged
residues with Na* ions ranged from 19.4 % to 59.6 % (Table S8) with mean of 31.9 +
16.0 %. This bigger value compared with that of Cl ion suggests the neutralization of

excess negatively charged residues.

Re-evaluation of salt bridges obtained from X-ray crystal structures of PhCutALl.

Fig. S3 also shows the distance of salt bridges < 0.6 nm, obtained from X-ray crystal
structures of PhCutAl. The 4nyo.pdb structure of PhCutAl was obtained in normal
buffer solutions, whereas the Lumj.pdb structure of the same protein was obtained in the
presence of 3 M guanidine hydrochloride, a denaturant®'. PhCutA1 is not denatured in 3
M guanidine hydrochloride®! 32, but the local structures on the surface of the protein,
including salt bridges, might be perturbed by such severe conditions. Focusing on the
main pair residues (strong salt bridges) with positively charged residues in Fig S3, the
pair residues of salt bridges observed from six kind MD simulations coincided with those
from three kind crystal structures except for three pairs, which are Lys49 and Lys94 in
ABC subunits of 4nyo, and Lys102 in three crystals. lon pairs of Lys49 with Glu34 and
Lys94 with Glu91 in crystal structures coincided with those of MD simulations except

for ABC subunits of 4nyo, in which B factors (suggesting fluctuation of crystal atoms)
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were also high (Fig. S3A), indicating that the pairs involving Lys49 and Lys94 in ABC
of 4noy are questionable. Lys102, a C-terminal residue with a high B factor, is not
detectable in 1umj, which was crystallized in the presence of 3 M guanidine
hydrochloride®!. These results indicate that if the crystal data are probed strictly, the main
pairs of salt bridges obtained from MD simulations at 300 K completely agree with X-
ray crystal data measured at 100 K. However, charged residues in solution constantly
fluctuate, as shown in Fig. 2, and would have many chances to form salt bridges with

other favorable ionic pairs.

Difference in the strengths of salt bridges of PhCutALl using six force fields.

Next, we counted the numbers of ion pairs forming salt bridges < 0.6 nm in length
during 400-ns MD simulations for 186 targeted intra-subunit interactions and 60 targeted
inter-subunit interactions. Table 5 lists the numbers and percentages of salt bridges vs.
percent occupancy. The number of ion-ion interactions with percent occupancies > 0.1%
was 106 of 186 for Charmm27_tip3p, and 161 of 186 for Gromos43al spc/e (57% and
87%, respectively). These results indicate that in the case of Gromos43al_spc/e,
PhCutAl forms much more favorable salt bridges than in the other cases. On the other
hand, occupancies > 90% were observed for 21 salt bridges in the case of
Charmm27_tip3p and only six in the case of Gromos43al_spc/e (Table 5A), indicating
that the salt bridges of Charmm27_tip3p at each site are more stable than those of other
force fields, although the average values of occupancy for each positively charged residue

were similar (Table 2).
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In regard to inter-subunit interactions (Table 5B), Amberl4 tip3p had the lowest
percent occupancy (>0.1) and Gromos43al_spc/e the highest. In the case of higher
occupancies, the data for the inter-subunit interactions were more complicated due to
differences in the strengths of subunit-subunit interactions among different force fields.
However, in the case of the Gromos group, charged residues of PhCutAl might be able
to interact with many more favorable charged residues, both within and between subunits,

than in the case of the other force fields.

3-4. Conclusions.

1. We investigated the influence of six different force fields on the formation of salt
bridges involving positively charged residues (Arg or Lys) and favorable partners in
MD simulations of the PhCutA1l trimer. The force fields used were Charmm27_tip3p,
Amber99sb_spc/e, Amber99sb_tip3p, Amberl4sb tip3p, Gromos43al spc/e, and
Gromos53a6_spcle.

2. We examined the effects of force fields on RMSD, RMSF, Rq, and secondary
structures. The average RMSD was lowest for Charmm27_tip3p, and similar for the
other force fields. Rqy was lowest for Gromos43al_spc/e and highest for
Amber99sh_spc/e and Amber99sb_tip3p. The average number of residues in each
type of secondary structures was similar among the six force fields, but percent
helicity was highest for Charmm27_tip3p.

3. Percent occupancies of salt bridges < 0.6 nm for all the targeted pairs of 246 residues
(186 residues for intra- and 60 ones for inter-subunit interactions) (Fig. S3) and for

all positively charged residues (Table 2) were used to estimate the strengths of salt
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bridges. Furthermore, the average length with its error bar of salt bridges suggests that
its average value considerably fluctuates during 400-ns MD simulations (Table S3).

. The average percent occupancy of intra-subunit salt bridges for each positively
charged residue ranged from 83.6% for Amber99sb spc/e to 74.0% for
Gromos53a6_spc/e; the average was 79.4 + 2.5% (Table 2A). For inter-subunit
interactions, the value ranged from 38.0% for Gromos43al _spc/e to 23.7% for
Charmm27_spcl/e; the average was 30.3 £ 4.3% (Table 2B). Thus, the average
strength of salt bridges for positively charged residues did not differ significantly
among the six force fields. However, in the case of the Gromos group, positively
charged residues of PhCutA1 were able to interact with many more favorable residues
(Glu or Asp) in the other force fields, and this was true for both intra- and inter-subunit
interactions (Table 5). On the other hand, the strengths of salt bridges at specific sites
within structures were significantly affected by the force field used.

. The orientation of the ionizable group of a charged residue is determined by the
rotational isomer. For example, in the a-2 helix, a rotational isomer of Arg68 forms
a salt bridge with Glu64 in the cases of Charmm27_tip3p, Amber99sb_spc/e, and
Amber99sb_tip3p or with Glu71 in the other cases (Table S7). The side chain of
Arg33 in the -2 sheet is buried in the interior of the molecule in the initial structure,
but during MD simulations using Gromos43al_spc/e and Gromos53a6_spc/e, the
side chain (which is located on the protein surface) rotates to form salt bridges with
Glu34 in the same and neighboring subunits. By contrast, in the other cases, Arg33
remains buried in the interior of the molecule. Arg82 forms a salt bridge with Asp84
in the cases of Charmm27_tip3p, Amberl4sb _tip3p, and Gromos53a6_spc/e, but not

otherwise. For Arg82, this difference seems to be caused by fluctuation
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(isomerization) for Asp84 of the pair residue. It is possible that the charged residues
fluctuate over all possible rotational isomers in solution, depending on the differences
in the energy levels of rotamer among the six force fields.

. The occupancies of a salt bridge between Lys70 and GIlu90 in the inter-subunit
interaction were smaller in the cases of Amber99sb_spc/e and Amber99sb_tip3p than
the other force fields. This might be correlated with the larger Ry values (i.e., loose
structures) obtained with Amber99sb_spc/e and Amber99sb_tip3p.

Lys102 forms salt bridges with five different residues in the cases of
Gromos43al_spc/e and Gromos53a6_spc/e, but with only two residues in the other
force fields. The same effects were observed for many other interactions, such as N
terminus-Asp86 and Lys101-Glu98, which are located in loop regions. The greater
flexibility of side chains of charged residues in the case of the Gromos group might
be correlated with differences in the atomic representations of aliphatic CH, (i.e.,
united vs. all-atom representation).

. The occupancies of salt bridges for Amber99sb_spc/e and Amber99sb_tip3p were
similar, indicating that the choice of water model barely affects the strength of salt
bridges in the case of the Amber99sb force field.

. The electrostatic energies of charged residues at mutation sites were re-evaluated for
two structures obtained by X-ray crystal analysis and six structures obtained by MD
simulations. From the correlation between electrostatic energies at mutation sites and
the difference in denaturation temperatures of mutants in which charged residues were
replaced with noncharged residues, the configurations of charged residues in
structures in simulations using Gromos43al_spc/e and Gromosb53a6_spc/e were

superior to those in the six other structures.
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10. If the crystal data were probed strictly, the main pairs of salt bridges obtained from
MD simulations at 300 K completely agreed with the X-ray crystal data measured at
100 K, although their strengths differed among the six force fields. However, many
unfavorable interactions with high repulsive energies were observed in the crystal
structures. These unfavorable interactions were diminished during MD simulations.

11. Finally, in the case of the Gromos group, positively charged residues could interact
with many more favorable residues (Glu or Asp) than in the other force fields,
especially in loop regions, causing the apparent strength at each site to be weaker. The
strength at each site was highest for Charmm27 _tip3p. That is, the Gromos group has
the advantage that a charged residue has more opportunities to seek for favorable
interaction partners in solution during the limited period of the MD simulation,

although this notion requires confirmation.

Table 1. List of six force fields used in MD simulations, and comparison of RMSD, Ry,
and RMSF for each force field (50-400ns).

, water

force fields model RMSD (nm) Rg (nhm) RMSF (nm)
1 Charmm27 tip3p 0.09 £ 0.01 193 + 0.01 0.06 = 0.02
2|  Amber99sb spcle 0.17 £+ 0.01 199 + 0.01 0.08 + 0.03
3| Amber99sb tip3p 0.17 £ 0.02 198 + 0.01 0.08 = 0.03
4 Amberl4sb tip3p 0.17 = 0.02 194 £ 0.01 0.06 = 0.02
5| Gromos43al spcle 0.17 = 0.01 190 £ 0.01 0.08 = 0.04
6| Gromos53a6 spcle 0.17 + 0.02 195 + 0.01 0.08 + 0.04
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Table 2.

(A) Percent occupancies of intra-subunit salt bridges in PhCutAl during 400-ns MD
simulations at 300 K using the indicated force fields. (B) Percent occupancies of inter-
subunit salt bridges in PhCutAl during 400-ns MD simulations at 300 K using the

indicated force fields. Data show average values of three subunits.

(A)
Targeted residues Force fields
Positively . . Charmm27  Amber99sb ~ Amber99sb  Amberl4sb Gromos_43al Gromos53a6
charged  pair residues tip3p spcle tip3p tip3p sp&e spcle
Residues - - ~ - - -
N-terminal  Glu59 97.7 84.3 61.0 95.0 98.4 98.9
Asp84 135 44.9 41.7 2.7 37.6 15.1
Asp86 0.7 0.0 0.0 0.0 1.3 134
sum 111.8 129.2 102.7 97.7 137.3 127.3
Lys16 Aspl0 0.0 0.1 0.0 0.0 0.0 0.0
Glul2 28.6 29.4 32.9 40.3 54.2 47.8
Glulb 2.0 1.2 21 1.3 0.9 0.8
sum 30.6 30.7 35.0 41.6 55.1 48.6
Lys19 Glul2 0.0 0.0 0.0 0.0 0.0 0.0
Glul5 90.4 94.0 954 91.8 90.1 90.1
sum 90.4 94.0 954 91.8 90.1 90.1
Lys23 Glu24 4.3 1.2 14 7.5 6.4 8.3
Arg25 Glu24 0.0 0.0 0.0 0.0 0.3 0.0
Glu9s 0.0 0.1 0.0 0.1 0.4 0.0
Glu99 97.2 96.1 91.3 99.3 86.5 94.9
C-terminal 0.0 0.0 0.0 0.0 2.9 11
sum 97.3 96.2 91.3 99.4 90.1 95.9
Arg33 Glu34 0.0 0.9 0.2 0.0 54.8 35.3
Arg36 Glu34 0.0 0.3 0.1 0.1 0.3 0.1
Glu46 0.0 0.0 0.0 0.0 0.0 0.0
Glu47 89.9 74.9 79.5 56.7 65.8 71.1
Asp48 8.8 5.6 2.8 2.3 1.2 0.2
sum 98.7 80.8 82.4 59.0 67.4 71.3
Lys44 Glu42 19.6 12.2 14.4 8.3 5.6 18
Glu46 64.9 49.8 40.4 32.2 41.0 60.4
Glu47 0.0 0.0 0.0 0.1 1.8 0.5
sum 84.5 62.0 54.7 40.6 48.4 62.7
Lys49 Aspl0 5.0 43 6.0 0.4 7.8 0.8
Glul2 0.0 0.0 0.0 0.0 0.0 0.0
Glu34 82.6 92.2 84.3 56.9 50.5 63.4
Glug7 0.6 0.1 0.1 0.5 8.9 2.8
Asp48 1.9 13.4 5.3 25 8.0 2.4
sum 90.1 110.0 95.8 60.2 75.2 69.3
Arg58 Glu59 0.2 0.0 0.3 0.2 5.4 14
Asp60 99.9 98.5 99.8 99.8 79.5 93.0
Glu9s 0.0 0.0 0.0 0.0 0.8 0.0
C-terminal 324 35.9 30.6 47.0 16.7 17.1
sum 132.5 134.4 130.6 147.0 102.4 111.5
Lys66 Glu63 52.3 60.0 72.2 89.0 71.2 44.3
Glu67 7.5 24.1 9.6 8.2 19.3 11.0
sum 59.8 84.1 81.8 97.2 90.5 55.2
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Table 2A. continued.

Arg68 Glu24 99.5 99.5 95.6 53.7 58.2 63.2
Glue4 9.0 3.0 3.5 37.4 24.4 19.6

Glu67 18 0.7 3.5 45.3 14.5 6.4

Glu71 83.6 92.2 93.0 72.1 46.4 27.8

C-terminal 0.0 0.0 0.0 0.0 0.2 0.0

sum 193.9 195.5 195.6 208.5 143.7 117.0

Lys70 Glu63 0.0 0.0 0.0 0.0 0.0 0.0
Glue7 29.8 54.5 46.3 40.1 50.0 26.5

Glu71l 2.7 1.0 1.9 3.0 4.3 2.2

Asp76 0.3 18.1 15.9 0.5 0.9 0.4

sum 32.8 73.6 64.1 43.6 55.2 29.1

Arg82 Glu59 27.9 46.0 50.0 45.7 51.7 58.9
Asp60 0.0 0.0 0.0 0.0 0.0 0.0

Glu63 0.0 0.0 0.1 0.0 0.1 0.0

Asp84 99.6 2.3 11 80.8 6.7 86.8

sum 1275 48.4 51.1 126.5 58.6 145.8

Lys94 Glu90 27.2 43.2 435 20.5 317 16.7
Asp91l 26.0 28.9 41.7 25.5 35.1 21.1

Glu9gs 7.4 10.5 4.1 7.4 10.8 15.8

Glu99 0.0 0.0 0.0 0.0 0.3 0.0

sum 60.7 82.7 89.3 53.4 78.0 53.6

Lys101 Glu24 10.8 10.4 12.6 15.6 3.7 4.2
Asp60 0.0 0.0 0.0 0.0 4.3 1.2

Glue4 86.8 88.0 80.2 145 7.7 6.5

Glu9s 0.0 0.0 0.0 0.0 329 10.1

Glu99 0.0 0.0 0.0 0.0 4.0 6.9

C-terminal 38.7 52.0 46.0 58.6 9.7 7.2

sum 136.3 150.4 138.8 88.6 62.1 36.0

Lys102 Glu24 0.0 0.0 0.0 0.0 4.4 4.5
Glu59 0.0 0.0 0.0 0.0 0.0 0.0

Asp60 0.5 0.3 0.4 0.2 37.3 29.6

Glu63 0.0 0.0 0.0 0.0 15 0.6

Glue4 0.0 0.1 0.0 0.1 59.1 54.0

Glu9s 51.2 47.2 44.9 58.7 19.4 6.9

Glu99 0.0 0.0 0.0 0.0 6.8 4.6

sum 51.7 47.5 45.3 58.9 128.5 100.2

Average® | 82.5 83.6 79.7 e 79.0 74.0

& Average values per positively charged residue.
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(B)

Targeted residues

Force fields

Positively

. ) Charmm27  Amber99sb  Amber99sb  Amberl4sb Gromos_43al Gromos53a6
charged pair residues tip3p spcle tip3p tip3p spcle spcle
Residues - - - - - -

Lys19 Glu46 0.0 0.1 0.0 0.0 1.1 0.1
Glu47 72.3 69.1 91.6 57.4 35.2 32.2

sum 72.3 69.2 91.6 57.4 36.3 32.3

Lys23 Glu42 0.0 0.0 0.0 0.0 0.2 0.0
Arg25 Glu42 0.0 0.0 0.0 0.0 2.3 0.8
Arg33 Glu34 0.0 0.7 3.7 0.0 66.5 38.3
Glu47 0.0 0.0 0.0 0.0 0.0 0.0

sum 0.0 0.7 3.7 0.0 66.5 38.3

Arg36 Gluls 33.2 53.1 64.9 34.3 34.1 13.1
Glu34 0.1 0.0 0.1 0.4 3.4 3.2

sum 33.3 53.1 64.9 34.7 375 16.3

Lys44 Gluls 0.0 0.0 0.0 0.0 0.1 0.0
Lys56 Glu50 0.2 12.6 0.3 0.0 59.7 13.9
Lys66 Asp87 30.3 46.0 51.8 63.5 25.8 11.1
Glu90 44.9 9.6 12.4 17.1 28.6 36.5

Asp9l 0.0 0.0 0.0 0.0 0.0 0.1

sum 75.2 55.5 64.2 80.6 54.4 47.7

Lys70 Glu90 2.2 12 11 18.6 10.1 9.5
Asp9l 57.1 11.0 22.6 44.1 58.5 56.4

sum 59.3 12.1 23.7 62.7 68.6 65.9

Arg82 Asp86 24.8 98.0 99.8 57.9 90.3 8.5
Asp87 19.3 71.7 70.1 45.9 39.5 88.2

sum 44.1 169.8 169.9 103.8 129.8 96.8

Lys101 Glu42 0.0 0.0 0.0 0.0 0.3 0.3
Lys102 Glu42 0.0 0.0 0.0 0.0 0.4 0.1
average® 23.7 31.1 349 28.3 38.0 26.0

& Average values per positively charged residue.
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Table 3. Linear regression error coefficients between electrostatic energy at targeted
residue and difference in denaturation temperature of mutant PhCutAl among different
structures. R, SD, and P represent correlation coefficient, standard deviation, and P value,
respectively, in linear regression using data of Table S4. Three lines in Fig. 3 are linear
regressions between ATqand electrostatic energy for three structures described.

R SD P
ABC of 4nyo 0.465 11.2 0.008
crystal structures
DEF of 4nyo 0.483 10.5 0.006
Charmm27_tip3p 0.464 10.0 0.009
Amber99sb_spcle 0.442 9.6 0.013
force fields Amber99sb_tip3p 0.445 9.8 0.012
in MD simulation | Amber14sb_tip3p 0.477 10.1 0.007
Gromos43al_spcl/e 0.498 8.6 0.004
Gromosb53a6_spc/e 0.522 8.0 0.003

Table 4. Percent occupancies of salt bridges (< 0.6 nm) of positively charged residues in
PhCutA1 with CI" ions during 400-ns MD simulations at 300 K using the indicated force
fields. Highlight shows the interaction with Arg33.

Force fields
Positively charged | Charmm27 _tip3p | Amber99sb _spc/e | Amber99sb _tip3p | Amberl4dsb _tip3p | Gromos43al _spcle | Gromos53a6 _spcle
Residues
N..C. Cl ion N'.C' Cl' ion N'.C' Cl ion N'. c. Cl ion N'.C' Cl ion N'. c. Cl ion
Residue* Residue* Residue* Residue* Residue* Residue*

N-terminal 111.8 0.4 129.2 1.7 102.7 21 97.7 0.8 137.3 0.6 127.3 0.2
Lys16 30.6 10.1 30.7 7.8 35.0 59 41.6 6.1 55.1 4.0 48.6 4.7
Lys19 90.4 7.4 94.0 4.2 95.4 2.6 91.8 4.2 90.1 4.1 90.1 5.2
Lys23 4.3 14.7 1.2 13.1 1.4 8.4 7.5 9.8 6.4 8.3 8.3 10.2
Arg25 97.3 2.3 96.2 1.7 91.3 1.3 99.4 1.5 90.1 0.9 95.9 0.4
Arg33 0.0 99.9 0.9 58.8 0.2 62.1 0.0 99.8 54.8 13.2 35.3 18.0
Arg36 98.7 5.8 80.8 2.0 82.4 1.4 59.0 3.6 67.4 6.3 71.3 85
Lys44 845 6.7 62.0 6.9 54.7 5.6 40.6 55 48.4 6.4 62.7 6.2
Lys49 90.1 10.4 110.0 4.6 95.8 3.8 60.2 7.0 75.2 7.2 69.3 10.4
Arg58 132.5 1.1 134.4 0.4 130.6 0.3 147.0 0.5 102.4 2.6 111.5 1.8
Lys66 59.8 2.0 84.1 1.6 81.8 1.4 97.2 0.9 90.5 0.6 55.2 0.9
Arg68 193.9 4.9 195.5 1.9 195.6 2.2 208.5 23 143.7 1.0 117.0 1.6
Lys70 32.8 3.0 73.6 1.7 64.1 1.9 43.6 1.9 55.2 0.9 29.1 1.5
Arg82 127.5 1.6 48.4 0.6 51.1 1.0 126.5 1.2 58.6 0.4 145.8 0.4
Lys94 60.7 6.2 82.7 3.0 89.3 3.1 53.4 4.3 78.0 3.6 53.6 3.6
Lys101 136.3 3.0 150.4 1.7 138.8 1.7 88.6 3.0 62.1 3.0 36.0 35
Lys102 51.7 6.3 47.5 4.7 45.3 4.5 58.9 4.3 128.5 2.0 100.2 2.0

averagel® 825 10.9 83.6 6.8 79.7 6.4 77.7 9.2 79.0 3.8 74.0 4.6

averageZb 87.7 5.4 88.8 3.6 84.7 3.0 82.6 3.6 80.6 3.2 76.4 3.8

2N. C. Residue represents percent occupancies with negatively charged residues. Data
come from Table 2A, B.

b averagel and average2 represent the average of 17 positively charged residues and that
of 16 residues except for data of Arg33, respectively.
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Table 5. (A) Number of targeted ion-ion interactions forming intra-subunit salt bridges in
simulations using the indicated force fields. (B) The number of targeted ion-ion
interactions forming inter-subunit salt bridges in simulations using the indicated force
fields. Data represent number and percentage of targeted ion-ion interactions forming salt
bridges (< 0.6 nm).

(A)

Force fields
%2 Charmm27_tip3p Amber99 _spcle Amber99_tip3p Amberl4._tip3p Gromos43al_spc/e | Gromos53a6 _spcle
number %P number %P number %" number %P number %P number %
>0.1 106 57.0 115 61.8 114 61.3 118 63.4 161 86.6 142 76.3
>1 94 50.5 96 51.6 98 52.7 94 50.5 135 72.6 121 65.1
>10 67 36.0 74 39.8 70 37.6 71 38.2 81 43.5 77 414
>40 40 215 51 27.4 46 24.7 48 25.8 45 24.2 40 215
>70 29 15.6 26 14.0 25 134 20 10.8 15 8.1 18 9.7
>80 28 15.1 24 12.9 21 11.3 17 9.1 10 54 15 8.1
>90 21 11.3 17 9.1 14 75 15 8.1 6 3.2 10 5.4
(B)
Force fields
%2 Charmm27_tip3p Amber99 _spcle Amber99_tip3p Amberl4_tip3p Gromos43al_spc/e | Gromos53a6 _spcle
number %° number %° number %° number %° number %° number %°

>0.1 28 46.7 30 50.0 28 46.7 26 43.3 48 80.0 46 76.7

>1 24 40.0 27 45.0 22 36.7 24 40.0 39 65.0 34 56.7
>10 21 35.0 21 35.0 18 30.0 14 23.3 28 46.7 26 43.3
>40 8 13.3 15 25.0 16 26.7 2 3.3 13 21.7 8 13.3
>70 2 3.3 7 11.7 10 16.7 0 0 6 10.0 5 5.0
>80 1 1.7 3 5.0 8 13.3 0 0 5 8.3 5 5.0
>90 0 0 3 5.0 5 8.3 0 0 3 5.0 0 0

2 Occupancy of each ion-ion interaction.
b Percentage of 186 targeted ion-ion interactions.
¢ Percentage of 60 targeted ion-ion interactions.
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Fig. 1. Trajectories of RMSD (A) of Ca atoms and Rq (B) for PhCutAl at six different
force fields over 400 ns of MD simulations. Black, magenta, red, orange, green, and blue
represent Charmm27_tip3p, Amber99sh_spc/e, Amber99sb_tip3p, Amberl4sb tip3p,
Gromos43al_spc/e, and Gromo53a6_spc/e, respectively.
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Fig. 2. Trajectory of the length of typical salt bridges in PhCutAlat different force fields.
@, (b), (c), (d), (e), and (f) represent Charmm27_tip3p, Amber99sb_spcle,
Amber99sb_tip3p, Amberl4sb tip3p, Gromos43al spc/e, and Gromo53a6_spcle,
respectively. (A) The distances between the C: atom of Lys101 and the Cs atom of Glu64
in the A subunit. (B) The distances between the Ce atom of Lys70 in the C subunit and
the C, atom of Asp91 in the A-subunit.
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3-5. Supporting information.

Table S1.

(A) 186 intra-subunit interactions between favorable ion pairs in PhCutAl.
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(B) 60 inter-subunit interactions between favorable ion pairs in PhCutAl.

1|Lys19ACE_GIlu46CCD 21|Arg33CCZ_Glu47BCD 41|Lys66BCE_Asp91CCG
2|Lys19BCE_GIu46ACD 22|Arg36ACZ_GIlul5BCD 42|Lys66CCE_Asp91ACG
3|Lys19CCE_GIlu46BCD 23|Arg36BCZ_GIlul15CCD 43|Lys70ACE_GIu90BCD
4|Lys19ACE_GIlu47CCD 24|Arg36CCZ_GIul5ACD 44|Lys70BCE_GIu90CCD
5(Lys19BCE_GIu47ACD 25|Arg36ACZ_GIlu34BCD 45|Lys70CCE_GIu90ACD
6(Lys19CCE_GIu47BCD 26|Arg36BCZ_Glu34CCD 46|Lys70ACE_Asp91BCG
7|Lys23ACE_GIlu42CCD 27|Arg36CCZ_GIlu34ACD 47|Lys70BCE_Asp91CCG
8|Lys23BCE_GIu42ACD 28|Lys44ACE_GIlul5BCD 48|Lys70CCE_Asp91ACG
9|Lys23CCE_GIlu42BCD 29|Lys44BCE_GIlul5CCD 49|Arg82ACZ_Asp86BCG
10|Arg25ACZ_Glu42CCD 30|Lys44CCE_GIul5ACD 50(Arg82BCZ_Asp86CCG
11|Arg25BCZ_GIlu42ACD 31|Lys56ACE_GIu50CCD 51[Arg82CCZ_Asp86ACG
12|Arg25CCZ_GIlu42BCD 32|Lys56BCE_GIu50ACD 52|Arg82ACZ_Asp87BCG
13|Arg33ACZ_GIlu34BCD 33|Lys56CCE_GIu50BCD 53|Arg82BCZ_Asp87CCG
14|Arg33ACZ_GIlu34CCD 34|Lys66ACE_Asp87BCG 54|Arg82CCZ_Asp87ACG
15|Arg33BCZ_GIu34ACD 35|Lys66BCE_Asp87CCG 55|Lys101BCE_GIu42ACD
16|Arg33BCZ_GIlu34CCD 36|Lys66CCE_Asp87ACG 56|Lys101CCE_GIlu42BCD
17|Arg33CCZ_GIlu34ACD 37|Lys66ACE_GIu90BCD 57|Lys101ACE_GIlu42CCD
18|Arg33CCZ_GIlu34BCD 38|Lys66BCE_GIu90CCD 58|Lys102ACE_GIlu42CCD
19|Arg33ACZ_GIlu47CCD 39|Lys66CCE_GIu90ACD 59|Lys102BCE_GIlu42ACD
20|Arg33BCZ_GIlu47ACD 40|Lys66ACE_Asp91BCG 60|Lys102CCE_GIlu42BCD

Table S2. Number of residues of PhCutAl in each type of secondary structure in MD
simulations (50-400 ns). Values represent the average number of residues in each type of
secondary structures among 3 subunits.

force fields structure* B-sheet a-helix
Charmm27_tip3p 770 £ 1.2 394 + 0.7 33.3 + 0.6
Amber99sb_spc/e 775 + 15 395 + 0.8 31.7 = 1.4
Amber99sb_tip3p 766 * 14 38.7 £ 0.9 309 £+ 15
Amberl4sp_tip3p 78.1 £ 0.9 399 + 05 334 + 0.7
Gromos43al _spc/e| 76.6 + 2.0 38.0 + 1.7 336 + 05
Gromos53a6_spc/e] 75.6 *+ 1.8 37.3 + 1.4 336 + 04

*structure = B-sheet + a-helix + B-bridge + turn.
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Table S3.

(A) Average distance between favorable intra-subunit salt bridges in PhCutAl during
400-ns MD simulations using the indicated force fields. (B) Average distance between
favorable inter-subunit salt bridges in PhCutAl during 400-ns MD simulations using the
indicated force fields. These values represent the average of three subunits. The unit of
the distance is nm. These data are shown when ion-pairs (less than 0.7 nm) were detected
at least once among six force fields. Yellow and orange represent the lowest and highest

values of the distance among six force fields, respectively.

(A)

. Force fields
targeted pair
residues residues | Charmm27_tip3p Amber99sh_spc/e Amber99sb_tip3p Amberl4sb_tip3p Gromos43al_spc/eGromos53a6_spcle
N-term Glu59 0.37 + 0.08 0.44 + 0.13 0.54 + 0.17 0.37 + 0.09 0.39 + 0.07 0.38 + 0.04
Asp84 0.66 + 0.05 0.62 + 0.08 0.72 + 0.17 0.72 = 0.07 0.62 + 0.06 0.67 + 0.07
Asp86 0.96 + 0.05 0.98 * 0.07 1.08 + 0.14 0.99 + 0.05 0.90 + 0.09 0.70 + 0.12
Lys16 Glul2 0.74 + 0.19 0.75 £ 0.22 0.72 + 0.21 0.70 = 0.23 0.62 + 0.18 0.64 + 0.18
Lys19 Gluls 0.45 + 0.10 0.45 + 0.09 0.43 = 0.07 045 = 0.10 0.49 + 0.08 0.49 + 0.08
Arg25 Glu99 0.46 + 0.06 0.48 + 0.05 0.49 + 0.07 0.49 = 0.03 0.50 + 0.11 0.48 = 0.07
Arg33 Glu34 0.93 + 0.04 1.09 + 0.11 1.04 = 0.09 091 + 0.07 0.68 + 0.20 0.83 + 0.16
Arg36 Glu47 0.47 + 0.09 0.53 + 0.15 0.53 + 0.14 0.64 + 0.22 0.56 + 0.12 0.56 + 0.11
Lys44 Glu46 0.56 + 0.15 0.63 + 0.19 0.68 + 0.20 0.72 £ 0.21 0.69 + 0.23 0.59 + 0.19
Lys49 Glu34 0.49 + 0.15 0.47 = 0.10 0.50 + 0.14 0.61 + 0.21 0.65 + 0.19 0.58 + 0.16
Arg58 Asp60 0.40 + 0.02 0.42 + 0.03 0.41 + 0.02 0.41 + 0.02 0.52 + 0.11 0.48 + 0.07
C-term 0.62 + 0.09 0.61 * 0.07 0.62 + 0.08 0.59 * 0.08 0.79 + 0.19 0.74 + 0.16
Lys66 Glué3 0.58 + 0.15 0.57 * 0.18 0.51 + 0.16 0.43 + 0.11 0.55 + 0.11 0.62 + 0.11
Glué7 0.78 + 0.11 0.73 * 0.16 0.82 + 0.14 0.83 + 0.14 0.70 + 0.13 0.77 = 0.13
Arg68 Glu24 0.41 + 0.03 0.41 + 0.03 0.43 + 0.08 0.59 * 0.18 0.58 + 0.13 0.57 + 0.12
Glu71 0.52 + 0.10 0.49 + 0.08 0.49 + 0.08 054 + 0.14 0.65 + 0.17 0.71 * 0.16
Lys70 Glu67 0.71 + 0.19 0.60 * 0.20 0.64 + 0.20 0.66 + 0.19 0.63 + 0.18 0.71 + 0.17
Arg82 Glu59 0.64 + 0.10 0.63 + 0.13 0.61 + 0.15 0.64 + 0.11 0.61 + 0.08 0.60 + 0.07
Arg82 Asp84 0.40 + 0.02 0.74 £ 0.07 0.77 + 0.08 0.48 + 0.07 0.67 + 0.06 0.47 + 0.08
Lys94 Glu90o 0.77 + 0.23 0.70 £ 0.24 0.70 + 0.23 0.81 + 0.23 0.69 + 0.20 0.77 + 0.20
Asp9l 0.68 + 0.13 0.67 * 0.13 0.63 + 0.15 0.69 + 0.15 0.67 + 0.15 0.72 + 0.14
Lys101 Glué4 0.47 + 0.10 0.46 * 0.10 0.49 + 0.12 0.70 = 0.12 1.20 =+ 0.34 1.27 + 0.32
C-term 0.62 + 0.07 0.60 * 0.07 0.61 + 0.08 0.59 * 0.07 0.75 + 0.10 0.76 + 0.09
Lys102 Glu9gg 0.66 + 0.27 0.68 * 0.26 0.70 + 0.28 0.61 * 0.23 127 + 0.44 143 £ 0.37
(B)
targeted pair Force fields
residues residues | Charmm27_tip3p  Amber99sb_spc/e Ambeer99sb_tip3p  Amberldsb_tip3p  Gromos43al_spcle Gromos63a6_spcle
Lysl9 A | Glu47 C 062 + 0.24 058 + 020 0.47 + 0.09 061 + 017 070 = 0.19 069 + 0.6
B A 0.50 + 0.13 051 + 0.12 0.46 + 0.07 057 + 0.15 0.61 + 0.18 0.65 + 0.17
[} B 0.46 + 0.10 050 + 0.12 0.46 + 0.07 057 + 0.16 069 + 0.16 0.67 + 0.7
Arg33 A Glu34 C 1.24 + 0.07 112 + 0.18 1.22 + 0.12 120 £+ 0.14 0.65 + 0.14 098 + 0.16
B A 1.22 + 0.07 1.26 + 0.17 1.26 + 0.10 121 + 011 052 + 0.09 071 + 0.25
C B 115 + 011 105 + 0.20 0.96 + 0.23 119 + 0.14 058 + 0.16 059 + 0.11
Arg36 A Gluls B 0.66 + 0.13 0.60 + 0.18 059 + 0.17 062 + 0.16 066 + 0.15 075 + 0.14
B C 0.63 + 0.14 059 + 0.18 059 + 0.18 0.70 + 0.14 066 + 0.15 0.75 + 0.15
C A 0.63 + 0.15 0.60 + 0.18 047 + 011 0.63 + 0.16 068 + 0.15 074 + 0.14
Lys56 A Glus0 C 0.76 + 0.07 0.69 + 0.11 0.90 + 0.12 0.85 + 0.09 0.63 + 0.08 0.66 + 0.05
B A 0.76 + 0.06 0.67 + 0.08 0.81 + 0.12 083 + 0.10 053 + 0.05 0.66 + 0.07
C B 0.73 + 0.05 0.68 + 0.09 085 + 0.11 085 + 0.10 0.60 + 0.07 0.67 + 0.07
Lys66 A Asp87 B 0.61 + 0.08 059 + 0.11 0.60 + 0.11 0.55 + 0.07 061 + 0.07 0.71 + 0.10
B C 0.62 + 0.06 0.60 + 0.10 0.54 + 0.09 0.57 + 0.07 0.64 + 0.06 0.70 + 0.10
C A 0.62 + 0.07 0.59 + 0.09 0.59 + 0.09 0.58 + 0.07 0.63 + 0.07 0.69 + 0.10
A Glugo B 0.77 + 0.24 0.86 * 0.20 113 + 0.16 072 + 0.16 069 + 0.8 0.68 + 0.18
B C 0.60 + 0.22 0.94 + 0.22 102 + 0.29 071 + 0.15 072 + 0.8 0.66 + 0.18
C A 0.66 + 0.25 0.79 + 0.20 0.73 + 0.23 0.69 + 0.16 069 + 0.8 0.64 + 017
Lys70 A Asp9l B 0.61 + 0.14 0.84 + 021 1.04 + 0.18 065 + 0.13 063 + 0.17 058 + 0.13
B C 054 + 0.12 0.98 + 0.21 0.89 + 0.25 059 + 0.11 055 + 0.13 058 + 013
[} A 056 + 0.13 0.78 + 0.22 059 + 0.18 061 + 0.12 053 + 0.14 057 + 0.14
Arg82 A Asp86 B 0.64 + 0.09 0.45 + 0.05 0.44 + 0.04 059 + 0.05 0.50 + 0.08 0.84 + 013
B C 0.63 + 0.05 0.45 + 0.05 0.44 + 0.03 0.61 + 0.05 051 + 0.08 0.83 + 0.13
C A 0.63 + 0.05 0.44 + 0.03 0.44 + 0.03 050 + 0.10 052 + 0.11 082 + 0.14
A Asp87 B 0.62 + 0.05 055 + 0.08 0.60 + 0.11 0.60 + 0.06 0.62 + 0.07 050 + 0.07
B C 0.62 + 0.05 054 + 0.08 0.54 + 0.09 059 + 0.06 0.60 + 0.07 050 + 0.07
C A 0.62 + 0.05 052 + 0.08 0.51 + 0.07 057 + 0.08 0.60 + 0.08 051 + 0.07

(o)
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Table S4. Electrostatic energy of targeted residues for two structures from crystal analysis
and six structures from MD simulation of PhCutAl.

Elecrostatic energy of targeted residues (kJ/mol)
Tegﬁ:;ed Mutations AT 4 (°C)*| Crystal structures of 4nyo Structures of MD simulations
Charmm27  Amber99sb ~ Amber99sb ~ Amberl4sb Gromos43al Gromos53a6
ABC DEF . X .
_tip3p _spcle _tip3p _tip3p _spcle _spcle

D48 D48N 2.7 10.5 10.8 8.2 6.1 7.6 104 8.8 7.5
D60 D60A -3.3 -8.8 -7.3 -3.3 -6.9 -8.1 -6.1 -3.2 -5.0
D76 D76N 0.9 33 3.1 33 1.8 25 4.1 4.8 3.6
D84 D84A -15 7.2 6.8 4.1 111 115 9.0 10.2 -2.1
D86 D86N 25 19.6 19.0 16.5 4.5 4.9 15.2 6.5 7.0
D87 D87N -7.0 15 2.2 2.3 -1.8 -1.3 11 5.4 3.0
D91 D91A -6.6 -3.5 0.5 -0.4 3.6 15 1.9 -1.3 -1.0
E12 E12Q 0.7 11.6 10.8 7.9 6.5 6.4 7.7 8.2 9.7
E15 E15A -0.8 3.8 1.0 0.0 -2.8 -3.1 -1.4 -0.2 11
E24 E24A -3.0 -15.6 -15.9 -15.1 -15.3 -145 -9.0 -6.2 -5.3
E34 E34Q -1.4 -11.0 -14.4 -10.3 -8.7 9.1 -10.9 -18.2 -16.2
E42 E42Q 4.9 25 3.7 1.8 1.0 1.8 24 -0.9 -0.1
E46 E46Q 3.6 55 6.2 33 1.9 3.0 5.8 34 1.4
E47 E47A -2.5 3.1 0.8 0.3 -2.5 -1.1 1.6 -1.8 -1.4
E59 E59Q 3.7 -7.3 -6.6 -4.7 -2.5 -2.6 -4.5 -5.0 -4.3
E63 E63A 0.5 51 55 7.6 55 6.3 5.8 4.7 5.8
E64 E64A -2.9 -0.8 3.2 4.7 21 35 33 -0.2 1.9
E67 E67A 0.5 5.2 5.4 5.5 35 3.7 0.3 3.0 35
E71 E71A -0.5 -5.7 -4.4 -4.6 -55 -6.1 -5.0 -1.1 -0.6
E99 E99A 1.5 9.1 -5.1 -7.3 -7.4 -6.4 -7.6 -3.8 -6.9
K101 K101A -4.4 -6.7 -4.5 -7.1 -8.6 -7.6 -5.9 -3.9 -3.8
K19 K19A -2.6 -3.6 -6.5 -7.2 -8.5 -10.4 -5.7 -6.2 -6.1
K49 K49A 1.0 -10.2 -8.6 -8.9 -10.3 -10.3 -6.0 -8.3 -7.4
K66 K66A -6.5 -21.5 -18.7 -16.1 -15.0 -13.4 -14.2 -14.1 -12.3
K70 K70A -34 -16.2 -10.8 -10.1 -7.7 -7.3 -8.9 -10.1 -10.4
R25 R25A -12.4 -12.0 -6.9 -10.1 -10.4 -9.5 -9.6 -12.0 -12.2
R33 R33A -9.2 10.9 35 58 2.3 39 1.6 -4.9 -0.6
R36 R36A -1.9 -13.5 -11.9 -18.8 -22.9 -22.4 -17.3 -14.7 -14.1
R58 R58A -6.8 -21.8 -25.2 -21.7 -22.5 -22.7 -22.9 -14.9 -16.0
R68 R68A -2.1 -28.0 -26.0 -25.2 -27.4 -26.7 -31.3 -23.7 -15.3
R82 R82A -10.0 -35.7 -34.8 -34.2 -32.6 -34.5 -34.6 -31.6 -35.5

*Difference in denaturation temperatures of PhCutA1 mutants®.
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Table S5. Comparison of percent occupancy of intra-subunit salt bridges in PhCutA1l at
each 100 ns during 400 ns MD simulation at 300 K using indicated force fields. Data
show average values of percent occupancies of 17 positively charged residues indicated
in Table 2A. Average (1) and (2) represent average values from 0 to 400-ns and 100 to
400-ns, respectively.

Structures of MD simulations

Charmm27 Amber99sh Amber99sh Amberl4sb Gromos43al Gromos53a6
_tip3p _spcle _tip3p _tip3p _spcle _spcle
0-100 ns 815 102.6 76.0 77.2 84.1 73.2
100-200 ns 83.5 83.5 78.3 77.6 74.2 74.2
200-300 ns 83.8 74.9 81.6 74.4 77.6 74.9
300-400 ns 81.3 73.6 83.1 81.6 80.3 73.6
Average(l) | 825 + 1.3 | 836 + 134 | 797 + 32 | 777 + 30 | 79.0 + 42 | 740 + 07
Average(2) 829 + 14 773 =+ 54 81.0 =+ 24 779 = 3.6 774 = 3.0 742 + 0.6

Table S6. Comparison of percent occupancy of intra-subunit salt bridges in each subunit
of PhCutAl during 400 ns MD simulation at 300 K using indicated force fields. Data
show average values of percent occupancies of 17 positively charged residues indicated
in Table 2A. STDEV represent the standard deviation of average values for 3 subunits.

Force fields
Charmm27 | Amber99sb  Amber99sb | Amberl4sb | Gromos43al Gromos53a6
_tip3p _spcle _tip3p _tip3p _spcle _spcle
A-subunit 82.9 84.3 78.4 79.0 79.9 71.8
B-subunit 82.4 82.6 79.2 78.9 78.7 74.8
C-subunit 82.3 84.0 81.6 75.3 78.6 75.4
Average 82.5 83.6 79.7 7.7 79.0 74.0
STDEV 0.3 0.9 1.6 2.1 0.7 1.9
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Table S7. Side-chain rotamer criteria of charged residues in PhCutAl. The side chains of
the charged residues in PhCutAl shown in Fig. S4 to Fig. S14 were examined by
MolProbity (http://molprobity.biochem.duke.edu). (p (plus, centered near +60°), t (trans,
centered near 180°), and m (minus, centered near -60°)).

Rotamer's Validation Dihedral angles
Figure Force field Risidia configuration |(Favored (»2 0%_: chi1, chi2, chi3, chi4
Allowed (0.3 - 2.0%)
Outlier (=0.3%))
Amber99sb_tip3p Arg68B tpt170 178.9, 56.9, 186.7, 149.9
(at 100 ns) Glu64B t0 6 189.6, 183.6, 117.2
Glu248 t0 11 153.9, 1683.7, 249.5
s4 Glu71B mt-10 85 314.0, 193.3, 2988
Amberidsb_tip3p Argb8B mnm-85 34 293.2, 291.5, 2825, 287 1
(at 100 ns) Glug4B tp30 185.6, 66.4, 1771
Glu24B nm-30 289.8,282.7, 320.3
Glu71B nm-30 2939 307 4, 1367
4nyo Arg82A ttt180 164.0, 181.5, 169.0, 164.9
(crystal structure) Asp8EB m-30 297.3, 287
Asp87B t0 198.4, 196.4
Glug3A nm-30 293.8, 302.9. 327.9
AspB84A m-30
P Glu59A mt-10
o Gromos53af_spcle Arg82A ttt180
(at 200ns) Asp868 m-30
Asp878B m-30
Glug3A mt-10 2947, 177.6. 2281
Asp84A t70 188.6. 57.8
Glus9A pm20 20.1 63.7.2827.85
Met1 ntt 208 282.8,199.3, 1824
- Amber99sb_tip3p (at Glus9 t0 38 186.2, 171.1, 2435
; 100ns) Asp84 t0 9 171.7, 55.7
ASP88 T70 180.9.239.1
Charmm27_tip3p Lysd4dA pttp 62.6, 189.4, 1657, 355
(at 100ns) Glu42A to 201, 164.1, 2431
- Glud6A mm-30 270.1, 296.6, 329.8
2 Gromos53ab_spc/e Lysd4A mint 297.3,183.4, 301.6, 183.9
(at 100ns) Glu42A mt-10 298.6, 200.3, 82.8
Glu46A nm-30 295628343245
Gromos43a1_spc/e Lys70B ptit
(at 100ns) Glus7B8 mt-10
Asp76B p0
GlugoC np0
Asp91C m20
= Amber99sb_tip3p Lys70B nmint 283.3,178, 307.6, 208.5
(at 100 ns) Glub78 tp30 200, 59.1,771
Asp76B t70 193.8, 250.2
GlugoC mt-10 287.6, 185.4, 99.3
Asp91C t70 191.7. 242 4
Amber99sb_tip3p Arg3gA ntp180 294 186.62.1,190.5
(at 200ns) Glu34A 0 172.9. 187.5, 76.9
Glud7A outlier 5822577, 295.3
Glu15B mt-10 292 4 183.4, 785
Glu34B t0 190.1,193.8, 98.5
= Gromos53ab_spc/e Arg36A ntt180 499 2896, 191.2191.4155.1
(at 200ns) Glu34A t0 84 197.9,193.6,62.2
Glud7A pm20 14 51.4, 2795 3
Glu15B t0 315 187.6, 176 5.3
Glu34B np0 1.5 314.9.828 1212
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Table S7 continued.

Charmm27_tip3p Lys101B pttt 27.9 73.9, 162.8, 190, 177.4
(at 100ns) Lys102B mmtm 18.3 305.7, 306.1, 183.4, 314.5
Glu64B tt0 37.4 174.5, 165.2, 25.7
$10 Glu9osB mm-30 25 298.4, 285.2, 303.8
Gromos53a6_spc/e Lys101B pttt 37.9 50.2, 190.9, 176.9, 185.5
(at 100ns) Lys102B tttt 18.4 205.7, 196.5, 175.5, 171.3
Glu64B mt-10 0.3 253.7, 165.3, 268.4
Glu9sB mm-30 18.2 289.9, 279.2, 131.8
Amber14sb_tip3p Arg58A mtm-85 4.7 310.2, 194.1, 311.7, 232.2
(at 200 ns) AsSp60A po 25 75.6, 303.3
s11 Lys102A mtpp 5.9 308.8, 201.9, 72.7, 69.9
Gromos43al_spc/e Arg58A ptt180 22.6 57.6, 174.9, 165.3, 169.7
(at 200ns) Asp60A m-30 5.4 299.4, 80.5
Lys102A pttp 10 76.3, 194.4, 175.5, 55.1
Gromos43al_spc/e GIu50A mt-10 34.3 281.9, 187,134.4
S12 (at 100ns) Lys56B mttp 3.1 311, 191.1,180.5, 118.8
Amber99sb_tip3p GIu50A tt0 335 187.5, 186.6, 230
(at 100 ns) Lys56B mitt 90.6 302.5, 177, 181.7, 176.7
4nyo Arg82A ttt180 35.5 164, 181.5, 169, 164.9
(crystal structure) Asp84A m-30 18.8 293.2, 187.8
Asp86A m-30 18.7 297.1, 277.6
Arg82B ttt180 49.9 166.8, 187.2, 171.3, 177.8
Asp84B m-30 6.6 287.1,21.2
Asp86B m-30 36 297.3, 287
Arg82C ttt180 56.5 168.6, 182.1, 174.3, 169.4
Asp84C m-30 34 282.7,29.3
13 Asp86C m-30 31.8 296.6, 285.2
Gromos43al_spc/e Arg82A 1tt180 11 183, 189.5, 160.4, 145.8
(at 200ns) Asp84A t70 335 188.6, 57.8
Asp86A t0 22.5 198.2, 34.2
Arg82B ttt180 18.1 185.9, 177.3, 153.3, 159.2
Asp84B m-30 19 290.6, 103.1
Asp86B m-30 5.8 275.3,128.7
Arg82C 1tt180 24.1 171.7, 181.1, 166, 151.2
Asp84C m-30 1.8 283.1, 263.9
Asp86C t70 7.6 197.7, 261.3
Gromos43al_spc/e Arg33A ttt-90 1.6 205.7, 145.5, 189.3, 235.2
(at 100ns) Glu34A pm20 0.3 53.5, 286.5, 81.3
Arg33B tpt-90 1.8 207.5, 79.6, 189.9, 243.5
Glu34B pm20 0.9 76, 266.6, 69.5
Arg33C tpt-90 4.7 195, 180.4, 151.8, 232.2
Glu34C pm20 0.9 223.6, 176.6, 107.2
si4 Amber99sb_tip3p Arg33A ptt90 53.5 68.7, 171.7, 176.9, 85.3
(at 100ns) Glu34A 0] 23.4 192.7, 175.3, 296.8
Arg33B ptt-90 21.6 71.5, 164, 184.1, 266.5
Glu34B tto 1.1 153.9, 163.7, 249.5
Arg33C pmt-80 1.6 83.4, 302.1, 177.8, 293
Glu34C 0 4.7 209.6, 173.4, 130.3
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Table S8. Percent occupancies of salt bridges (less than 0.6 nm) of negatively charged
residues in PhCutAl with Na* ions during 400-ns MD simulations at 300 K using the

indicated force fields.

Force fields

Negatively Charmm27_tip3p Amber99sh_spc/e Amber99sb_tip3p Amberl4sb_tip3p Gromos43al_spcle Gromos53a6_spcle
Charged
Residues pC . PC . P.C N P.C - P.C - P.C .

Residue* Na’ion Residue* Na’ion Residue* Na’ion Residue* Na’ion Residue* Na’ion Residue* Na’ion
ASP 10 5.0 32.6 4.4 135 6.0 220 0.4 40.0 78 10.1 0.8 12.8
GLU 12 28.6 50.3 29.4 231 329 231 40.3 67.2 542 16.8 47.8 188
GLU 15 125.7 67.3 148.4 14.7 162.3 16.9 127.4 78.2 125.2 109 104.1 10.2
GLU 24 1145 5.7 111.2 32 109.5 4.1 76.7 16.5 730 128 80.2 9.3
GLU 34 82.7 11.0 94.2 4.8 88.3 5.0 57.4 12.8 175.5 12 140.2 16
GLU 42 19.6 37.0 12.2 20.6 14.4 19.4 8.3 48.3 8.8 17.9 3.2 19.4
GLU 46 64.9 61.5 49.9 27.8 40.4 24.2 322 107.0 42.1 26.3 60.5 27.8
GLU 47 162.9 68.1 1441 189 171.3 20.2 114.6 102.4 111.7 135 106.6 125
ASP 48 10.7 87.8 18.9 47.1 8.2 54.0 47 114.7 9.2 36.8 25 355
GLU 50 0.2 24 12.6 23 03 43 0.0 147 59.7 79 139 25
GLU 59 28.0 236 46.1 28.9 50.2 19.4 46.0 19.6 57.2 237 60.3 14.2
ASP 60 100.4 21.0 98.8 129 100.1 11.4 99.9 245 1211 129 1238 8.7
GLU 63 523 36.0 60.0 222 723 19.1 89.0 53.3 728 23.6 44.9 22.8
GLU 64 95.9 30.0 91.1 22.5 83.7 245 51.9 729 91.2 17.6 80.2 18.7
GLU 67 39.1 50.6 79.4 23.6 59.4 252 93.7 81.9 83.8 19.6 43.9 24.9
GLU 71 86.3 47.6 93.3 18.2 95.0 18.7 75.1 65.5 50.7 19.7 30.1 218
ASP 76 0.3 50.0 18.1 40.0 15.9 35.4 0.5 59.4 0.9 437 0.4 28.2
ASP 84 113.1 87.8 47.2 104.3 42.8 87.4 83.4 1255 443 79.2 101.9 46.1
ASP 86 255 159.4 98.0 749 99.8 56.7 57.9 153.2 916 63.1 219 63.6
ASP 87 49.6 17.8 117.7 146 121.9 13.1 109.4 49.3 65.3 224 99.4 220
GLU 90 743 28.2 53.9 15.8 56.9 17.3 56.2 63.0 70.4 11.7 62.7 9.7
ASP 91 83.1 122 39.9 16.1 64.4 17.2 69.6 325 93.6 11.1 776 8.1
GLU 98 58.7 271.7 57.8 16.1 49.1 19.4 66.1 38.7 64.3 16.0 328 189
GLU 99 97.2 9.5 96.1 6.4 91.3 7.5 99.3 16.1 97.5 12.1 106.3 12.4
C-terminal 712 45.8 87.9 17.8 76.6 18.1 105.5 33.7 293 17.3 254 13.8
Average 63.3 42.8 67.6 24.4 68.2 234 60.8 59.6 69.7 219 60.2 19.4

*P. C. Residue represents percent occupancies with positively charged residues.

come from Table 2A and 2B.
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Table S9. Buried ratio and pKa of negatively and positively charged residues in the crystal
structure of PhCutA1”,

Buried ratio pKa

Residues

A-subunit  B-subunit C-subunit | A-subunit B-subunit C-subunit
ASP 10 0.55 0.25 0.84 3.58 3.13 2.7
ASP 48 0.58 0.51 0.9 5.12 4.53 8.26
ASP 60 0.02 0.07 0.06 2.07 2.43 2.17
ASP 76 0 0 0 4.04 4.01 3.97
ASP 84 0.28 0.31 0.3 3.01 3.06 3.31
ASP 86 0.36 0.39 0.41 4.36 4.59 4.94
ASP 87 0.23 0.24 0.23 3.23 3.21 3.43
ASP 91 0.26 0.36 0.34 3.87 3.27 3.09
GLU 12 0.42 0 0.49 3.8 4.77 4.7
GLU 15 1 0.38 0.93 11.09 5.06 1.42
GLU 24 0.04 0.07 0.06 3.07 3.84 3.25
GLU 34 1 1 1 5.77 7.6 7.27
GLU 42 0 0 0 4.73 4.45 4.45
GLU 46 0 0 0.5 4.67 3.67 3.58
GLU 47 0.33 0.67 1 4.48 5.57 6.37
GLU 50 1 1 1 6.78 6.46 6.23
GLU 59 0.16 0.06 0.2 3.91 5.22 3.9
GLU 63 0.01 0 0 3.89 3.92 4.33
GLU 64 0 0.03 0.04 3.54 3.74 3.93
GLU 67 0 0 0 4.54 4.78 3.36
GLU 71 0 0 0 4.06 4.21 4.28
GLU 90 0 0 0 4.48 4.75 4.89
GLU 98 0 0 0 4.67 3.89 3.43
GLU 99 0.35 0.28 0.26 5.76 4.85 472
C- 102 0 0 0 3.21 2.87 2.77
LYS 16 0 0 0.12 10.57 10.41 11.49
LYS 19 0.62 0.06 0.57 11.71 10.64 10.88
LYS 23 0 0 0 10.32 10.2 10.43
LYS 44 0 0 0 10.62 11.31 10.62
LYS 49 0.33 0.74 1 10.62 10.32 12.05
LYS 56 1 1 1 7.3 7.7 7.8
LYS 66 0.14 0.2 0.2 11.74 10.67 12.01
LYS 70 0.07 0.18 0.07 11 11.56 11.06
LYS 94 0 0 0 10.66 11.06 11.49
LYS 101 0 0 0 11.33 11.5 11.48
LYS 102 0 0.01 0 10.4 10 10.48
ARG 25 0.13 0.14 0.14 12.19 12.61 12.53
ARG 33 1 1 1 13.57 14.68 12.39
ARG 36 0.69 1 1 12.57 12.1 14.23
ARG 58 0.15 0.18 0.17 13.81 13.65 13.37
ARG 68 0 0 0 14.78 14.07 14.61
ARG 82 0.27 0.27 0.27 13.65 13.81 13.43

*These values in the crystal stracture (4nyo) were estimated using a software, propka3.0,
revision 182 in http://nbcr-222.ucsd.edu/pdb2pqr_2.0.0/.
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Table S10. The number of Na*, ClI~, and H20 in the simulation box and size of the box
during MD simulations at 300 K using indicated force fields.

Charmm27  Amber99sb  Amber99sb  Amberl4sb Gromos43al Gromos53a6
_tip3p _spcle _tip3p _tip3p _spcle _spcle

Na* 59 59 58 59 59 59
Ccr 38 39 38 38 38 38
H,O 12011 12011 12011 12011 12023 12022
Box-X* 8.10715 8.07810 8.10875 8.10591 8.07218 8.09331
Box-Y* 7.64355 7.61617 7.64507 7.64238 7.61058 7.63050
Box-Z* 6.61970 6.59599 6.62102 6.61869 6.59115 6.60840

*The average values (nm) of simulation box during 400 ns at 300 K.
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Fig. S1. Comparison of helicity for PhCutAl among six force fields in 300 K MD
simulations (50-400 ns). (A) Percent helicity shows average values for each residue of
PhCutAl. Red, Blue, and Black represent Charmm27_tip3p, Amber99sb tip3p, and
others, respectively. (B) Difference in helicity (Helicity subtraction of Amber99sb _tip3p
from Charmm27_tip3p).
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Fig. S2. Comparison of root-mean-square fluctuation (RMSF) for the Cu. atoms of
PhCutAl among six force fields in 300 K MD simulations (50-400 ns). (a), (b), (c), (d),
(), and (f) represent Charmm27_tip3p, Amber99sb spc/e, Amber99sb tip3p,
Amberl4sb tip3p, Gromos43al spc/e, and Gromo53a6_spc/e, respectively. (A)
Average RMSF values at each residue. (B) The difference values at each residue. The
differences in average RMSF at each Ca atom was obtained by subtracting the average value of
Cao atoms in six force fields from a value of each Ca atom.
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Fig. S3A
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Fig. S3. Percent occupancy of salt bridges for each of targeted ionic pairs at six different
force fields and the distance of salt bridges obtained from crystal structures. (A) Intra-
subunit interaction, (B) Inter-subunit interaction. Targeted ionic pairs are listed in Tables
S1A and S1B for intra- and inter-subunit interaction, respectively. Three bars represent
the data for each targeted pair in A, B, and C-subunits. The lengths of salt bridges were
calculated by the CCP4 software using the structures of ABC and DEF for PDB ID 4nyo
and AB for 1umj. B-factors of charged residues in crystal analysis are indicated by a color
gradient: blue indicates the lowest B-factors and red the highest. The upper line, with the
color gradient showing B-factors, represents the B-factors of negatively charged residues;
the other one is positively charged. (a), (b), (c), (d), (e), and (f) represent
Charmm27_tip3p, Amber99sh_spcle, Amber99sb _tip3p, Amberl4sh_tip3p,
Gromos43al_spc/e, and Gromos53a6_spc/e, respectively.
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Fig. S3A continued
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Fig. S3B
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Fig. S4. Snapshot of the configuration around Arg68 of PhCutAl. Green and cyan
represent snapshots at 100 ns of 300 K MD simulations for Amber99sb_tip3p and
Amberl4sb_tip3p, respectively.
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(A)

(B)

Fig. S5. The configuration around Arg82 of PhCutAl. Green, cyan, and magenta
represent A, B, and C-subunits of PhCutAl, respectively. (A) The crystal structure of
PhCutAl (A, B, and C-subunits of 4nyo). (B) The snapshot around Arg82 of PhCutAl at
200 ns of an MD simulation in the case of Gromos53a6_spc/e.
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Fig. S6. The snapshot of the configuration around N-terminal (Met1) of PhCutAl at 100
ns of an MD simulation using Amber99sb_tip3p.
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(A)

(B)
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Fig. S7. The snapshots of the configuration around Lys44 of PhCutAl at 100 ns in an
MD simulation using Charmmz27_tip3p (A) and Gromos53a6_spc/e (B).
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(A)

Fig. S8. The snapshots of the configuration around Lys70 of PhCutAl at 100 ns in an
MD simulation using Gromos43al_spc/e (A) and Amber99sb_tip3p (B).
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(B)
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Fig. S9. The snapshots of the configuration around Arg36 of PhCutAl at 200 ns in an
MD simulation using Amber99sb_tip3p (A) and Gromos53a6_spc/e (B).
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Fig. S10. The snapshots of the configuration around Lys101 and Lys102 of PhCutAl at
100 ns in an MD simulation using Charmmz27_tip3p (A) and Gromos53a6_spc/e (B).
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Fig. S11. The snapshots of the configuration around Arg58 of PhCutAl at 200 ns in an
MD simulation using Amber14 tip3p (A) and Gromos43al_spc/e (B).
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(A)

(B)

Fig. S12. The snapshots of the configuration around Glu50 interacting with Lys56 of
PhCutAl at 100 ns in an MD simulation using Gromos43al spc/e (A) and
Amber99sb_tip3p (B). Green, cyan, and magenta represent A, B, and C-subunits of
PhCutAl, respectively.

105



(A)

Fig. S13. The configuration around Asp84 and Asp86 of PhCutAl. Green, cyan, and
magenta represent A, B, and C-subunits of PhCutAl, respectively. (A) The crystal
structure of PhCutAl (A, B, and C-subunits of 4nyo). (B) The snapshot of PhCutAl at
200 ns of an MD simulation in the case of Gromos43al_spc/e.
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Fig. S14. The configuration around Arg33 of PhCutAl. (A) Snapshots around Arg33 and
Glu34 of PhCutALl at 100 ns of an MD simulation using Gromos43al_spc/e. Green, cyan,
and magenta represent A, B, and C-subunits of PhCutAl, respectively. (B) Snapshots
around Arg33 of PhCutAl at 100 ns of MD simulation in the cases of Gromos43al_spc/e
(cyan) and Amber99sb_tip3p (yellow). Both structures are superimposed.
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Fig. S15. Trajectories of distance between Arg33 in PhCutAl and CI" ion during 400-ns
MD simulations at 300 K using indicated force fields. (a) Charmm27_tip3p, the distance
between C of Arg33 in A-subunit and CI" ion of the number 12197. The percent
occupancy of distance (less than 0.6 nm) between them was 100.0 %. (b)
Amber99sb_tip3p, the distance between C; of Arg33 in A-subunit and CI" ion of the
number 12197. The percent occupancy of distance (less than 0.6 nm) between them was
86.0 %. (c) Gromos43al_spc/e, the distance between C¢ of Arg33 in C-subunit and CI

ion of the number 12220. The percent occupancy of distance (less than 0.6 nm) between
them was 1.7 %.
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Chapter 4: Stabilization of Escherichia coli CutAl by rational

protein design

4-1. Introduction.

In order to determine the key elements that improve the Tqg, we used protein
engineering to enhance the heat stability of ECCutA1l so that it has a Tq that is comparable
to the Tq of 150 °C for PhCutAl. The reverse strategy, in which the unstable mutants are
created from PhCutAl, is not promising because it is likely that every mutation will
destabilize the protein, making it difficult to identify the essential residues for
stabilization. Therefore, creating a protein with a Tq = 150 °C from EcCutAl is a better
approach to confirm the thermo-stabilization mechanism of PhCutAl and to establish a

method to rationally improve the conformational stability of a protein.

As a first step in the mutation strategy to enhance the heat stability of the CutAl
protein from EcCutAl, we examined the structure-sequence (3D-1D) compatibility
between the conformation of EcCutAl and its native sequence using SPMP (stability
profile of mutant protein). SPMP estimates changes in the stability of 19 mutant proteins
at every position of a protein based on the X-ray crystal structure’. We chose seven
incompatible positions in EcCutAl which were predicted from SPMP, and then
introduced single and multiple point mutations at these locations. The stabilities of the
constructed EcCutAl mutants were evaluated by heat and denaturant denaturation, and

their structures were determined by X-ray crystallography. We will discuss the
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stabilization mechanism of the mutant proteins based on the X-ray crystalline structure

and 3D-1D compatibility.

4-2. Experimental methods.

Cloning, expression and purification of CutAl from E. coli.

The EcCutAl gene was PCR amplified using PfuTurbo DNA polymerase
(Stratagene) and E. coli K-12 W3110 genomic DNA. The primers used to amplify
EcCutAl gene were 5-GATATACATATGCTTGATGAAAAAAGTTCG-3 and 5'-
AAAGGATCCTCAGCGTAAAGATGCGTTGAGC-3'. The full-length PCR products
were digested with Ndel and BamHlI, and the fragment was inserted into the pET-11a
expression vector (Novagen) that had been linearized with Ndel and BamHI. All of the
prepared mutants using the EcCutAl gene were generated using a QuikChange 11 XL
site-directed mutagenesis Kit (Stratagene). The sequence was confirmed by DNA

sequencing.

For protein production, E. coli BL21-CodonPlus (DE3)-RIL competent cells were
transformed with the recombinant plasmid and grown at 37 °C in Luria-Bertani medium
containing 50 pg/ml ampicillin for 20 h. The cells were harvested by centrifuging at
4,500g for 5 min at 4 °C, suspended in 20 mM Tris-HCI, pH 8.0, containing 0.5 M NaCl
and 2 mM EDTA, and finally disrupted by sonicating and heating at 70-90 °C for 15 min.
The cell debris and heat-denatured proteins were removed by centrifuging at 20,0009 for

30 min. The supernatant was used as the crude extract for purification.
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The crude extract was desalted on a HiPrep 26/10 desalting column (GE Healthcare)
and applied to a Super Q Toyopearl 650M (Tosoh) column equilibrated with 20 mM Tris-
HCI, pH 8.0, containing 2 mM EDTA (buffer A). After eluting with a linear gradient of
0.2-1.4 M NaCl, the fractions containing EcCutAl were collected. Ammonium sulfate
was added to the sample to a final concentration of 1.5 M, and the soluble fraction then
applied to a Resource PHE column (GE Healthcare) equilibrated with 50 mM sodium
phosphate buffer, pH 7.0, containing 1.5 M ammonium sulfate and 2 mM EDTA. The
EcCutAl-containing fractions were eluted with a linear gradient of 0.75-0 M ammonium
sulfate. The sample was concentrated by ultrafiltration (VivaSpin, 5 kDa cut-off) and
loaded onto a HiLoad 16/60 Superdex 75 prep-grade column (GE Healthcare)
equilibrated with buffer A containing 0.2 M NaCl. The homogeneity and identity of the
purified sample were assessed by SDS-PAGE. The concentrations of the wild-type and
mutant proteins were estimated from the absorbance at 280 nm, assuming E™;q, = 14.96,

which is based on the number of aromatic amino acids®.

DSC experiments.

DSC was performed at scan rate of 60 °C/h using a VVP-capillary DSC platform. For
the measurements, the protein concentrations were 0.25 to 0.68 mg/ml in 50 mM glycine
buffer at pH 9.0 containing 2 mM EDTA and 5 mM B-mercaptoethanol. All samples were
dialyzed against the buffers overnight at 4 °C and then filtered through a 0.22-um pore
size membrane. The Tq represents the peak temperature of the DSC curves. The Tq values

in this study represent the average of at least six experiments.
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Guanidine hydrochloride-induced unfolding and refolding.

For the denaturant unfolding experiment, the wild-type and mutant EcCutAl were
incubated in various guanidine hydrochloride (GuHCI) concentrations at pH 8.0 and 37
°C for various time frames. For the refolding experiment, the proteins were completely
unfolded in the presence of 7 M GuHCI for 15 min at 95 °C and then diluted with 20 mM
Tris-HCI bufter at pH 8.0 containing 0.2 mM EDTA, 0.1 mM DTE (dithioerythritol), and
various concentrations of GuHCI at 37 °C. The unfolding and refolding reactions were
monitored by measuring the CD values at 220 nm. The CD measurements were carried
out using a Jasco J-725 spectropolarimeter. The unfolded fraction was calculated using
equation 1 reported in our previous paper°. The refolding curves were analyzed by a linear
extrapolation model assuming a two-state transition for the unfolding of a trimer protein,

according to the following equations™ °.

N3 < 3U (D
K =27CE£3/(1-1) (2)
AG’=-RTInK 3)
AG° = AG’m0 + m[x] 4

fo = (((12)(exp(-(AG’m20 +mx)/(RT)))/(27Ct 72)) + (1/18)((exp(~(AG 20
+mx)/(RT)))/(27Ct 2))(4((exp(-(AG maotmx)/(RT)))/(2TCt 2))+27)N(1/2)37(1/2))\(1/3)
—(1/3)((exp(~(AG m20+mx)/(RT)))/(27Ct*2))/((1/2)((exp(-(AG’ma0+mx)/(RT)))/(27Ct
A2)+(1/18)((exp(-(AG a0+mx)/(RT)))/(27Ct*2))(4((exp(-(AG mao+mx)/(RT)))
/(2TCt"2)+27)N1/2)37(1/2))N(1/3)) (5)

where K, Ct, and AG® are the equilibrium constant of the unfolding reaction, the

molar concentration of the protein expressed in trimer equivalents, and the Gibbs energy
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change upon unfolding (standard value), respectively. Factor m is the slope of the linear
correlation between AG? and the GuHCI concentration (x). Factor £, in equation 5 is
represented as a function of the GuHCI concentration. We used the data analysis software
in MicroCal Origin (Northampton, MA, USA) to produce a least squares fit of the
experimental data in the GuHCI unfolding curves to obtain AG’m20, where AG%m20 is the

standard value (in 1 M protein concentration) in the absence of GuHCI (in water).

Crystallization and X-ray data collection.

A 1.5 ulaliquot of S11V (23 mg/ml), E61V (21 mg/ml) and S11V/E61V (19 mg/ml)
in 20 mM Tris buffer at pH 8.0 including 0.2M NaCl and 2mM EDTA was mixed with an
equal volume of reservoirs A, B and C, respectively. Reservoir A contains ~76% of the
Crystal Screen 1 (no. 38) from Hampton Research which comprises to 0.1 M HEPES-
NaOH (pH 7.5) and 1.4 M tri-sodium citrate. Reservoirs B and C contain ~80% of the
SaltRx no. 22 and 21 from Hampton Research, respectively, which comprises 1.2 M tri-
sodium citrate containing 0.1 M Tris (pH 8.5) and 0.1 M Bis-Tris propane (pH 7.0),
respectively. Crystals suitable for data collection were obtained using the hanging-drop
vapor diffusion method over several days at 20 °C. X-ray diffraction data for S11V and
SI1V/E61V were collected at the RIKEN structural genomics beamline BL26B2 of

SPring-8, and data for E61V were collected using an in-house R-axis VII system (Rigaku).

Structure solution and refinement.
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The structures of S11V, E61V and S11V/E61V were determined by the molecular
replacement method using the wild-type CutAl from E. coli (PDB code, INAQ) as the
search model. The solution was determined by using automated-MOLREP within the
CCP4 program suite’, and then refined using CNS®. The protein model was built using
Coot’. The quality of the models was inspected by Procheck!’. The quality of both
structural residues in the most favored regions was over 90%, and there were no residues
in the generously allowed or disallowed regions. The statistics for the data collection and

refinement are summarized in Table 1.

Calculation of changes in unfolding Gibbs energy due to the hydrophobic

interaction.

To estimate the difference (AAGHp) in the unfolding Gibbs energy (AG) between
the wild-type and mutant proteins due to hydrophobic interactions, the following equation
is proposed using structural information such as ASA (accessible surface area)™’.

AAGHp = 0.146AAASAnon-polar + 0.021AAASApolar (6)
where AAASAnon-polar and AAASApolar represent the differences in the AASA of the non-
polar and polar atoms of all residues, respectively, between the wild-type and the mutant
proteins upon denaturation. The parameters of equation 6 have been obtained using the
stability/structure database upon the denaturation of mutant human lysozymes and T4
lysozyme. To calculate the ASA value, the carbon and sulfur atoms in the residues are
assigned to ASAnon-polar, @and the nitrogen and oxygen atoms are represented by ASApolar.
The ASA values of the native state were calculated following the procedure proposed by

Connolly*?, using the X-ray crystal structures of the mutant CutAl proteins. The ASA
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values for the denatured forms were estimated using the extended structures of each

protein, which were generated from the native structures using the programme Insight II.

4-3. Results and discussion.

EcCutAl mutants

Ota et al.® proposed that changes in the stability of 19 mutant proteins at every
position in a protein can be estimated by knowledge-based potential if the X-ray crystal
structure data are available. This method is called SPMP analysis, and we used SPMP to
examine the structure-sequence (3D-1D) compatibility of EcCutAl. A pseudo-energy
potential (AGspmp) derived from a number of PDB structures is used in SPMP. This
potential was originally developed to predict protein structures and consists of four
elements, i.e., the side-chain packing (AGsp), hydration (AGhyd), local structure (AGic)
and back-bone-side-chain repulsion (AGgr) as expressed by the following equation.

AGspmp = AGsp + AGhyd + AGLc + AGgr (7)

Table 2 shows the SPMP scores of the native amino acids in the chain A of trimer
EcCutAl (PDB code: 1INAQ) for the four SPMP elements in order of worst (the most
incompatible amino acid) to best. The “rank” column in Table 2 shows the rank position
of the wild-type amino acid at the specified position out of 20 amino acids, and the
“fitness of amino acid” column lists the 20 amino acids from the most compatible to the
worst. The most incompatible amino acid estimated by SPMP was Lys67, but Lys67 and
Glu90 form a salt bridge in the wild-type structure. Generally, the estimation of
electrostatic interaction is known to be difficult for the knowledge-based potentials, as
was employed by SPMP. Then, we considered that Lys67 would not necessarily be
incompatible. The rank positions of the wild-type amino acids listed in Table 2 were very
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low and they were ranked worse than 12, except for Val96, which was ranked 9" (see
the rank column in Table 2). Therefore, seven positions except for these three residues at
positions 67, 90, and 96 were mutated to improve the protein stability. The bold and bold-
underlined letters in the fitness column of amino acids in Table 2 show the wild-type and
substituted residues, respectively. Single and multiple mutations were constructed at these
sites, which are highlighted in the crystal structures of wild-type EcCutAl in Fig. 1. The
first rank amino acid at position 45, 61, and 73 in Table 2 was not chosen because the
side-chains are more bulky than that of the wild-type residues. The SPMP was also
applied to evaluate mutations based on EcCutAl mutant structures determined in this

study (Table 3, described later).

DSC experiments on mutant EcCutAl

To measure the changes in stability due to the mutations, DSC experiments were
conducted with the mutant proteins at pH 9.0. Typical DSC curves for the wild-type and
mutant proteins are shown in Fig. 2, and the Tq of the wild-type and all of the mutant
proteins are listed in Table 4. The T4 values were obtained from the peak temperature of
the DSC curves because heat denaturation is not reversible. The stability of the
constructed EcCutAl mutants was improved at five out of the chosen seven positions.
The Tq values for S11A, E59K, Y60T, E61V, and Q73V were 106.4, 104.2, 91.9, 103.4
and 94.0 °C at pH 9.0, respectively. S11A was improved by 16.5 °C compared to the
wild-type (89.9 °C), while G45Q (82.1 °C) and Y86D (76.8 °C) were lower. Multiple
mutants at the improved positions were also constructed; the Tq values of S11V/E61T,
S11V/E61V, and S11V/E61V/Q73V were 112.3, 113.5, and 116.5 °C, respectively. The

highest one was improved by 26.6 °C. These results indicate that the stability of ECCutAl
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is remarkably improved by single and multiple substitutions, even though the Tq4 of the

wild-type protein is considerably high, near 90 °C.

Denaturant denaturation of mutant EcCutAl

DSC experiments showed only the apparent denaturation temperatures of all of the
mutant proteins because the heat denaturation process was irreversible. Therefore, in
order to evaluate the thermodynamic parameters of denaturation, the unfolding and
refolding curves for the wild-type and mutant proteins were analyzed using the denaturant
guanidine hydrochloride (GuHCI). The unfolding curves for all of the proteins versus the
various GUHCI concentrations did not reach a constant value even after several days,
indicating that the GuHCI-induced denaturation rate is remarkably slow and similar to
that for CutA1 proteins from other sources®. However, the refolding curves for the wild-
type and mutant proteins were highly similar after 1- and 2-day incubations at 37 °C,
suggesting that the refolding reaction reached equilibrium after a 1-day incubation at 37
°C. Fig. 3 shows the typical refolding curves for the wild-type and mutant proteins after
1 day at pH 8.0 and 37 °C. These refolding curves were analyzed using the linear
extrapolation model assuming a two-state transition for the unfolding of a trimer protein
(N3 < 3U) using equation 5. The solid curves in Fig. 3 represent the fitting lines using
equation 5. The unfolding thermodynamic parameters that were obtained from the GuHCI
refolding curves for the examined proteins are listed in Table 4. The midpoint of the
S11V/E61V/Q73V refolding curve was 4.67 M GuHCI, which is remarkably higher than
that of the wild-type protein (2.72 M). The AG%0 of S11V/E61V/Q73V was 258.9
kJ/mol (Table 4). These thermodynamic parameters were higher than the T4 (112.8 °C),

AG%+20 (207.7 kd/mol), and midpoint (3.33 M) of CutAl (TtCutAl) from an extreme
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thermophile, Thermus thermophilus, which grows at approximately 75 °C°. The
thermodynamic parameters of the double mutant S11VV/E61V were also higher than those
of TtCutAl. These results indicate that substitutions at only two positions in the
mesophile protein greatly improve the protein stability to a level that exceeds the stability
of an extreme thermophile protein.

The relationship between the thermodynamic parameters from the GuHCI
denaturation and the Tq from the DSC experiments were examined as shown in Fig. 4.
There was a good correlation between AG%20 and Ty with a correlation coefficient of
0.86 (Fig. 4). Overall, these results indicate that changes in the heat stability of these

mutants roughly parallel those for the denaturant denaturation at 37 °C.

Crystal structures of mutant CutAl and SPMP evaluations

The stabilities of the proteins with mutations at positions 11 and 61 were
remarkably improved as shown in Table 4. Therefore, the tertiary structures of three
mutant proteins, S11V, E61V and S11V/E61V, were determined by X-ray
crystallography to confirm the structural changes due to these mutations. The overall
crystal structures of these three mutant proteins were highly similar to the reported wild-
type EcCutAl structure (INAQ). The structures of S11V and S11V/E61V were
superimposed with a root mean square deviation (RMSD) of 0.35 + 0.17 A between the
equivalent Ca atoms from positions 10 to 110 of three subunits in both structures, and
the RMSD value between E61V and S11V/E61V was 0.38 + 0.17 A. On the other hand,
the RMSD values of S11V, E61V, and S11V/E61V versus the wild-type structure
(INAQ) were 0.77 £ 0.40 A, 0.81 + 0.41 A, and 0.80 + 0.40 A, respectively. The values

among the three mutant proteins were approximately half compared to those between the
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mutant and wild-type proteins. This difference is due to the high RMSD values of ~4 A
around position 86. In the reported wild-type EcCutA1 structure'®, each Cys (3 Cys per
subunit) binds a mercury atom or a hydroxyl-mercuribenzoic acid. When the structures
of the wild-type protein (1INAQ) and the mutant proteins without mercury are compared,
the loop around position 86 of the wild-type protein is pushed out into the solvent, to
escape from crushing the mercuribenzoic acids bound to Cys16, resulting in great RMSD
values.

Table 3 shows the SPMP evaluation of three determined structures of EcCutAl
proteins with mutations at positions 11 and 61. The SPMP scores of the mutant proteins
represent average values of each subunit since the EcCutAl structure consists of three
identical subunits. The SPMP values (AGspwvp) for S11V at position 11 and E61V at
position 61 were remarkably improved from 1.76 to -6.16 kJ/mol and from 0.88 to -2.09
kJ/mol, respectively, and the rank among the 20 amino acid residues increased from 13"
to 1% and 12" to 7™, respectively. For the double mutant, the scores at positions 11 and
61 were similar to those of the single mutant protein at each position, indicating that the
mutations at each position are independent. The SPMP evaluations suggest that
substituting Ser with Val at position 11 improves the stability due to changes in the
hydration effect (AGnya), local structure (AGLc), and side-chain packing (AGsp), whereas
substituting Glu with Val at position 61 mainly results in changes in AGhyd and AG.c.
These SPMP evaluations are consistent with the experimental DSC and denaturant
denaturation results. The Tq values for S11V and E61V were 105.0 and 103.4 °C,
respectively, and the Tq value for the double mutant was 113.5 °C, suggesting a

cumulative effect for each single mutation.
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Evaluation of stability changes due to mutations based on tertiary structures

The contribution of some stabilization factors has been quantitatively derived as
parameters such as a hydrophobic interaction (AAGHp) and hydrogen bond (AAGHg) by a
unique equation that considers conformational changes due to the mutation(s) using
mutant human lysozymes®3. The enhanced stabilities of S11V and E61V were expected
to improve the local structure based on the SPMP evaluation (Table 3), suggesting the
conversion to favorable secondary structure. The changes in the propensity to form a
secondary structure (AAGpro) among the parameters estimated by Funahashi et al.!® are
useful to elucidate changes in the stability of the two mutants. The AAGpro values of S11V
and E61V were calculated to be 1.95 (5.84) and 2.73 kJ/mol (8.18 kJ/mol of a trimer)
(Table 5), respectively, using the estimated parameter'?, suggesting that these mutations
improve the protein stability. This occurs because both positions are located in the 3-sheet
and the two substitutions include residues with a higher propensity to form the p-sheet,
which indicates enhanced stabilization. These values are compatible with the
experimental results and the SPMP evaluation.

Funahashi et al.™ also evaluated the parameters of the hydrophobic interaction. The
changes (AAGHp) in unfolding Gibbs energy (AG) due to mutations, which was caused by
hydrophobic interactions, were calculated using equation 6 in the Experimental Methods.
Table 5 shows the energy of the hydrophobic interaction (AGnp) at the mutated residues
in the three mutant proteins and the difference in AGrp due to these mutations (AAGHp).
For example, the AAGHp value of S11V was calculated to be 8.6 kJ/mol, subtracting the
average value (7.3) of AGnp at Serll in E61V (as the wild-type value) from the average
value (15.9) of AGrp at Valll in S11V (Table 5). This method was used because AGhp

at Glu61 of the reported wild-type structure (LNAQ) might be slightly affected by ligands
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binding to the Cys residues that were previously described, although the average value of
AGhp at Serll in E61V was similar to that of INAQ.

These AAGrp values were compared with AAG®h20 obtained from the GuHCI
denaturation experiments (Table 4). The AAG%420 values for S11V and S11V/E61V, 40.7
and 79.8 kJ/mol, were remarkably larger than the AAGHp values for these two proteins,
25.8 and 54.0 kJ/mol, respectively, suggesting that other factors such as the propensity to
form secondary structures contribute to the stabilization of these proteins. In the case of
S11V/E61V, the summation of AAGrp and AAGpro Was 68.0 kJ/mol and comparable to
the AAG420 value (79.8 kJ/mol), suggesting that the stability of this mutant protein is
mainly stabilized by these two factors. On the other hand, the T4 and midpoint of the
GUuHCI denaturation of E61V are close to those of S11V, but the AAG%+20 of E61V was
less than half of S11V due to a decrease in the m (slope) value (Table 4). It may be

necessary to evaluate the changes in the m values in more detail.

Characteristics of stabilized EcCutAl due to mutations

The tested CutAl mutants were stabilized at five out of the seven positions that
were identified by SPMP. Serl1 in the wild-type protein is almost completely buried in
the interior of the molecule and located in the N-terminus of the -strand. SPMP analysis
indicates that the hydration and local structure at Serll should be improved (Table 2).
The “local structure” score in SPMP evaluates the dihedral angle of each residue in the
structure?. In the local structure function of SPMP, the propensity of a single residue to
form a favorable secondary structure in the backbone conformation is evaluated by
classifying the structure into five states (such as a-helix and B-strand) according to both

its position in the ¢y space (i.e., the Ramachandran plot)'* and the secondary structure
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based on the definition by Kabsch and Sander®. Therefore, Ser11 was changed to three
residues (Val, Ala, or lle) with a higher hydrophobicity and propensity to form a (3-sheet.
Compared to the wild-type protein, the Tq values of the three mutant proteins, S11A,
S11V, and S11I, remarkably improved by 16.5, 15.1, and 12.8 °C, respectively, and the
stabilities against denaturant also increased. Both Val and lle have a higher
hydrophobicity!® and propensity to form a B-sheet!’” than Ala. SPMP predicted that S11V
has the highest stability among the three mutations (Table 2). For S11V, the summation
of AAG of the hydrophobicity and the propensity to form a secondary structure based on
the structure were also comparable with the experimentally obtained AAG%20 value
(Tables 4 and 5), indicating that drastic changes in the stability due to this mutation are
mainly caused by changes in the native structure due to the mutation.

Positions 59, 60, and 61 in a sequential residue number were selected by SPMP to
improve the protein stability (Fig. 1). These residues are located in the middle of the -
strand and their side-chains are almost exposed to a solvent. The SPMP scores of Glu59
and Glu61 were reduced due to the penalties associated with local structure, while the
score for Tyr60 was reduced due to hydration. The Glu residue at position 59 was
substituted with a hydrophobic (Leu), a polar-non-charged (GIn), and an opposite-
charged residue (Lys). The Tq values of the three mutants, E59Q, E59L, and E59K,
improved by 8.4, 10.3, and 14.3 °C, respectively, compared to the wild-type protein. The
propensity to form a 3-sheet is in the order of Leu, Gln, Lys, and Glu. The mutant proteins
at position 59 might be stabilized by improving the propensity to form a -sheet, but the
Tq of ES59K remarkably increased, suggesting that removing the negative charge
contributes to the stability of E59L and E59Q. The mutant Y60T, which does not have a

penalty for hydration as estimated by SPMP, was stabilized by only 2.0 °C. At position
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61, Glu was substituted by residues that had the three highest evaluations by SPMP,
except for Trp. The Tq values of these three mutants, E61V, E61T, and E61H, improved
by 13.5, 8.7, and 4.4 °C, respectively. The propensity to form a (3-sheet was in the order
of Val, Thr, His, and Glu, which corresponds to the changes in stability. Furthermore, the
hydrophobic interaction was estimated to remarkably improve based on the structural
changes due to these mutations (Table 5). Therefore, in the case of E61V, both the
propensity to form a B-sheet and hydration might predominantly contribute to the
increased stability. The Tq value of Q73V was increased by 4.1 °C. This mutation was
expected to reduce the penalty associated with the side-chain packing evaluated by SPMP
(Table 2).

The stability of the double and triple mutants roughly shows a cumulative effect of
each mutant at positions 11, 61, and 73. The Tq of the triple mutant, S11V/E61V/Q73V,
was 116.5 °C, the highest among the examined mutant proteins, and the ATq between this
triple mutant and the wild-type protein was 26.6 °C. However, the stabilities of
E59K/E61V (104.3 °C) and S11V/ES9K/E6LT (112.4 °C) were highly similar to ES9K
(104.2 °C) and S11V/E61T (112.3 °C), respectively. In this case, it seems that the
stabilization effect of the mutations at position 61 compensates for removing the
electrostatic interaction between Lys59 and Glu61 due to mutations at Glu61, resulting
in no cumulative effect on the overall stability. Overall, the drastic increases in stability
in the present studies were quantitatively elucidated based on the native structures,
although the denatured structures might be affected by the introduced mutations.

Only G45Q and Y86D were remarkably destabilized contrary to the SPMP
predictions. Other mutations at these positions were not examined because they are not

expected to have greater stability than the wild-type protein.
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4-4. Conclusions.

(1) In order to elucidate the stabilization mechanism of PhCutAl with a Tq of 150 °C, we
have tried to improve the heat stability of ECCutAl. First, we chose seven positions
in EcCutAl where the native amino acids were incompatible with the structure
according to SPMP.

(2) The stability of the EcCutAl mutants for five out of the worst seven positions were
remarkably improved compared to the wild-type protein. The highest Tq values for
the single (S11A), double (S11V/E61V), and triple (S11V/E61V/Q73V) mutants
were 106.4, 113.5, and 116.5 °C respectively, at pH 9.0. The T4 values of the double
and triple mutants exceeded that for CutAl from Thermus thermophilus. The present
results indicate that the stability of EcCutAl is remarkably improved by a few
substitutions, even though the stability of the wild-type protein is unusually high with
a Tq of 90 °C.

(3) The heat stabilities (Tq) of the mutant proteins roughly parallel the AG%0 at 37 °C
that was obtained from GuHCI denaturation. The changes in stability (AAG®h20) of
the three mutant proteins (S11V, E61V, and S11V/E61V) were drastic, but were
quantitatively elucidated based on the newly solved native structure.

(4) As expected, the SPMP scores at positions 11 and 61 of the mutant structures were
improved. The present results confirm that SPMP is a powerful tool to explore amino
acid substitutions at specific positions in order to improve the stability of a protein.

(5) The present EcCutAl mutants with deleted incompatible structures would be good
templates to improve the heat stability of ECCutAl with a T4 (150 °C) comparable to

that of PhCutAl with many ionic residues.
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Table 1.

Data collection and refinement statistics of mutant CutAl proteins from E. coli.

S11V E6LV S11V/E6LV

Data collection
Wavelength (A) 1.000 1.54178 1.000
Space group P2,2:2, P2,2:2¢ P6,
Cell dimension (A) a=62.239 a =38.187 a= b=52.664

b =96.872 b =50.101 c=178.361

¢ =106.352 c=147.424

No. of molecule/asu 6 3 3
Resolution range (A) 40.0-2.40(2.49-2.40) 40.0-2.30(2.38-2.30) 40.0-2.30(2.38-2.30)
Unique reflections 25891 13267 12446
Redundancy 7.0(7.0) 6.4(6.1) 9.6(6.2)
Completeness (%) 100 99.4 99.6
Rmerge (%) 6.2(30.0) 3.5(10.5) 11.7(33.0)
Refinement statistics
Resolution range (A) 40-2.4 40-2.3 40-2.3
Reflection used in refinment 25793 13222 12336
Rwork 0.202 0.205 0.174
Riree 0.251 0.247 0.238
No. of water molecules 226 114 300
RMSD bond length (A) 0.0062 0.0059 0.0057
RMSD bond length (angle) 1.203 1.151 1.135
Ramachandran statistics
Most favored region (%) 93.6 925 94.0
Additional allowed region (%) 6.4 7.5 6.0
PDB code 3AH6 3AA9 3AA8
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Table 2.

SPMP scores of EcCutAl for the four elements, in the order of worst to best. AGspme,
AGsp, AGhyd, AGLc, and AGgr represent scores of the wild-type amino acid, side-chain
packing, hydration, local structure, and back-bone-side-chain repulsion, respectively.
Negative values of AG means "stabilization". The unit is kJ/mol of a monomer.

order | position| wild-type | SS* | burial® [AG spwp| AG sp | AG ya | AGc | AGgr | rank® | fitness of amino acids®
1 67 Lys E 8 263| -121| 226| 130| 029 17 | FIYVLCMWHTSAGQRNKPDE
2 11 Ser E 9 1.76| -0.42| 1.09| 1.00| 008| 13 | VCIAMLYFTPWHSGQNERDK
3 73 Gln H 6 142| 159| 025| -075| 033| 14 | IVMLCTFSHAWYGQKERNDP
4 59 Glu E 5 1.25 -0.50 -0.04 1.71 0.08 15 LHFWYCRMVITQKSEPNADG
5 45 Gly E 5 121| o021| 000| 1.00| 000| 19 | MLVTICQYWSFHREPAKNGD
6 86 Tyr C 2 0.96| 000| 201| -1.05| 000| 12 | DNTSEKQRHCAYWMIFGLVP
7 60 Tyr E 2 0.92 -0.67 2.47 -0.96 0.08 13 TESQKRHNGVPDYMFIALWC
8 61 Glu E 0.88| -1.76| 063| 171 029| 12 | WTHVYCFSAINEQRPDGMLK
9 96 Val C 6 0.88| -067| -013| 146| 021| 9 | CSTGNADPVHMEWIQLYFRK
10 90 Glu c 6 075| -071| 071| 059| 017| 18 | PRWYFHGACKQVTSIMNELD

2SS: secondary structure determined by DSSP®. Structures other than o helix (H) and B
strand (E) are denoted as coil (C).

bhurial: degree of residue burial of the site (1: exposed to water, 9: buried in the protein).
‘rank: fitness rank position of the wild-type amino acid at the position out of 20 amino
acids.

Yfitness of amino acid: 20 amino acids sorted from the most compatible one to the most
incompatible one. Bold and bold-underlined letters denote the wild-type and substituted
residues in this study, respectively.
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Table 3. SPMP evaluation at the mutation sites of the three solved mutant structures and
the wild-type one. The total SPMP values for E61V and S11V/E61V show average of 3
subunits and its deviation. Those of S11V are the average of 6 subunits in an asymmetric
unit. Negative values of AG mean "stabilization". The values of the four elements show
only average values of 3 subunits.

proteins position AG spyp AG gp AG g AG ¢ AG gr rank

<11y | 11val | -616 055 | 323 | -153 | -149 | 010 1
uuuuuu 61Glu_| 0.91 +0.48 | -2.03 | 0.63 171 | 059 | 15

ey | 1Ser | 121 :004| -018 | 099 0.32 0.08 12
__________________________ 6lvar | -2.09 +008 | -1.24 | -024 | -1.30 | 068 | 7

11val | -557 079 | -258 | -1.55 | -150 | 0.06 1

SLIVIEBIVE o1val | -1.02 092 | 006 | -015 | -1.30 | 0.49 7

wildtvoe | LLSer 1.76 042 | 1.09 1.00 0.08 13

YPE | 6161 0.88 176 | 063 1.71 0.29 12
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Table 4. Thermodynamic parameters of unfolding for the wild-type and mutant EcCutAl
proteins.

. . AG %0 — .| m(slope) | AAG®0
Proteins Td ("C) (k3/mol)* midpoint (M) (K3/mol M)* | (k3/moly**
wild-type 89.9 + 05 |1652 + 102|272 + 0.01|-352 + 2.1 0
S11V 1050 + 0.8 |2059 + 88331 + 0.00]|-412 + 1.3 40.7
S11A 1064 + 0.2 |1859 + 8.1|306 + 0.00|-383 + 1.2 20.7
S11l 102.7 + 0.8 ND ND ND
G45Q 821 + 1.2 ND ND ND
E59L 100.2 + 03 |177.3 £+ 109|296 + 0.01]|-36.1 + 2.7 121
E59K 1042 + 0.1 |1816 + 95|301 + 0.01]|-37.2 + 1.9 16.4
E59Q 98.3 + 0.7 ND ND ND
Y60T 919 + 21 ND ND ND
E61V 1034 + 04 | 1795 + 95329 + 0.01]|-333 £+ 15 14.3
EGLT 986 + 0.2 |1784 + 100|299 + 0.01|-345 + 1.2 13.2
E61H 943 + 1.7 ND ND ND
Q73Vv 940 + 23 |1479 + 73(3.40 + 002(-230 + 1.4 -17.3
Y86D 768 + 0.1 |1385 + 26|267 + 0.01|-259 + 0.7 -26.7
S11V/E6LT 1123 + 0.1 | 2013 + 173|348 + 0.01]|-347 + 1.7 36.1
S11V/E61V 1135 + 04 | 2450 + 201|380 + 0.01|-447 + 2.0 79.8
E59K/E61V 1043 + 03 |188.1 + 192|324 + 001]| -36.6 + 2.8 22.9
S11V/E61T/Q73V | 113.6 + 0.6 (2024 =+ 152|420 + 0.01|-30.0 + 1.4 37.2
S11V/E61V/IQ73V | 1165 + 0.7 [ 2589 + 422 |4.67 + 001 | -348 = 25 93.7
S11V/EG9K/E6LIT | 1124 + 0.3 |209.6 + 16.2 |3.48 + 0.02| -39.8 + 2.1 44.4

*Tq values were determined from the DSC experiments at pH 9.0 and the other values
were from the GuHCI denaturation experiments at pH 8.0.

**The difference in AG%;0 between the wild-type and mutant.

Positive values of AG and AAG mean stabilization. ND means "not determined”.
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Table 5. Hydrophobic energy of substitution residues of the three mutant proteins
evaluated by changes in the ASA values and changes in secondary propensity due to

mutations.

proteins | position A BAG HP (éJlmoalz;rage = AAG p (KJ/mol)** (kﬁ/An:;oT)r’(:**
+

S| e | ea ee na| 84 sop | 8659 | 2059

E6V | Uoel | 170 162 169| 167 s08 | 8349 | 2762

siveely | 0T | Toe 1ae 150| 174 e | 1806400 | 47040

*A, B, and C in a header represent unfolding Gibbs energy of hydrophobic interaction

(AGHp) at a given residue of each subunit.

**AAGnp represents difference in AGnp due to mutations. The values in parentheses

represent AAGnp per a trimer.

***Change in propensity to form a secondary structure (AGpro) due to mutations. The
values in parentheses represent energies per a trimer.
Positive value means stabilization.
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(A) (B)

Fig. 1. The crystal structure of the wild-type EcCutAl. (A) Monomer structure of the
wild-type EcCutAl (INAQ). The labeled names represent the substituted residues. (B)
Trimer structure of the wild-type EcCutAl (INAQ). The different colors represent the
different subunits. Black circles denote the substituted residues.
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Fig. 2. Typical DSC curves of the wild-type and mutant EcCutAl at pH 9.0. The scan
rate of each DSC curve was 60 °C/h. The perpendicular line at 89.9 °C shows the Tq value
of the wild-type protein.
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Fraction of Unfolding

GuHCI (M)

Fig. 3. Typical refolding curves of the wild-type and mutant EcCutAl at pH 8.0. Numbers
1-6 show the refolding plots of the wild-type, S11A, E61V, S11V/E61V, S11V/E6GLT
1Q73V, and S11V/E61V/Q73V, respectively. These data represent the refolding points of
each protein after a 1-day incubation at 37 °C as a function of the GuHCI concentration.
The solid curves were obtained by fitting of the refolding data to equation 5 to obtain the
unfolding AG%n20 values in Table 4.
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Fig. 4. The relationships between Tq determined from DSC and AG%h20 at 37 °C from the
GuHCI denaturation experiments. All data were obtained from Table 4.
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Chapter 5: Stabilization of Escherichia coli CutAl by

introduction of charged residues

5-1. Introduction.

The tertiary structures of proteins, which are vital for their physiological functions,
are related to amino-acid sequences and stabilized by thermodynamic rules. To elucidate
the mechanisms of protein folding and protein stabilization, it is critically important to
obtain the thermodynamic parameters of protein denaturation as a function of temperature.
One difficulty for studying the stabilization mechanism of proteins with denaturation
temperatures above 100 °C is that the heat denaturation of proteins is usually irreversible
at temperatures higher than 80°C'®, because under these conditions proteins generally
aggregate after heat denaturation. Thus, the thermodynamic features of protein
stabilization at temperatures above 100 °C are not well understood. One important
question in this field is whether the hydrophobic interactions that make the largest

9-13 still occur at temperatures above 100 °C'*15, Next, it

contributions to protein stability
1s necessary to perform thermodynamic analyses of salt bridges in proteins that have
denaturation temperatures above 100 °C, because many proteins from hyperthermophiles
seem to be stabilized by an abundance of ion pairs formed by charged residues® '°-2°,
Thermodynamics of protein denaturation at temperatures over 100 °C is also essentially

important for the rational design of hyperthermostable proteins that would be highly

useful for industrial and bio-technological processes.

EcCutA1l and its mutants are not heat-reversible?’. However, other CutA1 proteins,
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such as TtCutAl and OsCutAl, which have fewer cysteine sulthydryl (SH) groups,
exhibit remarkable heat reversibility?®. EcCutAl has three SH groups per subunit.
Therefore, we designed an SH-free EcCutAl mutant, referred to as EcCutAl OSH
(Cysl6—Ala, Cys39—Ala, Cys79—Ala), with the aim of achieving high heat

reversibility.

In this study, we used the EcCutAl OSH protein, which has excellent heat
reversibility, as a template to design thermostabilized mutants. First, we constructed
hydrophobic mutants from EcCutAl_0SH, which were effective in our previous work?’.
Then, to achieve a hyperthermostability comparable to that of PACutAl, we designed
ionic mutants in which charged residues were introduced into a hydrophobic mutant
(EcCutAl _OSH_S11V/E61V) by substitution. We describe our use of these EcCutAl
mutants to assess the thermodynamic characteristics of proteins at temperatures over

100 °C, in regard to both hydrophobic and ion-ion interactions.

5-2. Experimental methods.

Mutagenesis, expression, and purification of CutAl mutants from E. coli.

The mutagenesis, expression, and purification of CutAl mutants from E. coli were
performed as described?” with minor modifications. The homogeneity and identity of the
purified samples were assessed using SDS-PAGE. The protein concentration was
estimated from the absorbance at 280 nm, assuming E!™;o, = 14.96, based on the number

of aromatic amino acids®’.
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Differential scanning calorimetry (DSC) experiments.

To measure the changes in stability due to mutations, DSC was performed using a
scan rate of 60 °C/h on a VP-capillary DSC platform (Microcal, USA) for temperatures
up to 130 °C at pressures below 60 psi, or a Nano-DSC 6300Y microcalorimeter (TA
Instruments, USA) for higher temperatures up to 160 °C at a pressure of 88 psi. Protein
concentrations were around 0.6 mg/ml in a 50 mM glycine buffer at pH 9.0 containing 2
mM EDTA or a 50 mM glycine buffer at pH 2.0-3.5. All samples were dialyzed against
the buffers overnight at 4°C and then filtered through a membrane with 0.22-um pores.
The denaturation temperature (7q) is the temperature at which the area of the denaturation
enthalpy (AH) 1s 0.5. The T4 and AH values in this study represent the averages for at least

siX experiments.

To measure the heat capacity of mutant proteins in their native states, the protein
concentrations were adjusted to around 2.0 mg/ml in a 50 mM glycine bufter at pH 9.0.
Two different scan rates, 60 and 200°C/h, were used. Each experiment comprised six
cycles of reheating to the pre-denaturation temperatures: 95 °C and 110 °C for EcOVV
and EcOVV_6, respectively. The partial specific volumes for the calculation of heat

capacity were estimated from the amino-acid composition of each mutant protein®!.

5-3. Results.

Hydrophobic mutants of EcCutA1 with no SH group.
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We constructed hydrophobic mutants with no SH groups (EcCutAl OSH SI1V,
EcCutAl OSH E61V, EcCutAl OSH_S11V/E61V), which we expected to increase
stability?’. Fig. 1A shows typical DSC curves of EcCutAl OSH and its hydrophobic
mutant without SH groups at pH 9.0. As shown in Fig. 1B, the reheating curve (second
scan) of EcCutA1 OSH agrees completely with the first scan. The other two proteins also
exhibited good reproducibility. These results indicate that the removal of SH groups
facilitates excellent reversibility of heat denaturation under these conditions and that we
can reliably determine the denaturation enthalpies of these proteins. The denaturation
temperature (7q) of EcCutAl OSH decreased by 4.3 °C, relative to that (89.9 °C) of
EcCutAl with SH groups, whereas those of FEcCutAl OSH S11V and
EcCutAl OSH E61V were 103 and 101 °C, respectively, which were remarkably
improved relative to the template. Furthermore, the 73 of a double mutant,
EcCutAl OSH S11V/E61V, was 113 °C, which is 28 °C higher than that of the template
(Table 1). Hereafter, EcCutAl OSH S11V/E61V is abbreviated as EcOVV. These
changes in stability due to the hydrophobic mutations were comparable to those observed

in mutant proteins with SH groups?®’.

Ionic mutants of EcCutAl 0SH_S11V/E61V (EcOVV).

To examine the thermodynamic parameters of stabilization by ion-ion interaction at
temperatures over 100 °C, we constructed several mutant proteins containing
substitutions with charged residues, using EcOVV as a template. Ionic mutants, whose
denaturation temperatures are improved and whose DSC curves are suitable for

thermodynamic analysis, were selected from our pool of stock mutants (Table 1). Typical
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DSC curves and reversibility curves are shown in Fig. 2 and Fig. S2, respectively.
Although the T4 of a double mutant, EcOVV_T17K/S48D, was lower than that of the
template, it was selected because the 7q was over 100 °C and higher than those of the
original single mutants (EcOVV_T17K and EcOVV_S48D) (Table 1). In the case of
EcOVV_A39D/S48K/H72K/S82K/Q87K/T88R, which is abbreviated as EcOVV _6, the
DSC curve was suitable for analysis (Fig. 2), but the reversibility curve could not be
properly obtained due to certain side reactions that occurred at high temperatures. The Ty
of EcOVV_6 was 136.8 + 0.9°C, improved by 23.6°C with the introduction of six charged

residues.

In acidic pH, negatively charged residues of a protein should be protonated, leading
to a decrease in conformational stability. In the case of CutA1l from P. horikoshii, which
is stabilized by many ionic interactions, the 74 of 148.5 °C at pH 7.0 is drastically reduced
to 75.6 °C at pH 2.5, whereas the 74 of CutAl from 7. thermophilus changes from
112.8 °C at pH 7.0 to 86.6 °C at pH 2.5%%. To confirm the stabilization resulted from ionic
interactions, the stabilities of ionic mutants were examined under acidic conditions at pH
2-3. The Tq values of the ionic mutants monotonically decreased as the pH was lowered,
reaching a constant minimum at pH 2-2.5 (Table S1). We plotted the 74 shift (74 value at
pH 9.0 vs. pH 2.0-2.5) versus the 7y value at pH 9.0 for several ionic mutants (closed
circles in Fig. S3). Clearly, the T4 shift became greater as 74 increased. These results
suggest that the electrostatic interactions dominates the thermo-stabilization of the ionic

mutant proteins.

Temperature dependence of denaturation enthalpy at higher temperatures.
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The denaturation heat capacity (ACp) is generally assumed to be constant at
temperatures below 80 °C>2, but it gradually decreases at higher temperatures'*. Therefore,
it is important to elucidate the temperature function of ACp at higher temperatures. To
this end, we measured the Cp values of EcOVV in the native state by DSC at temperatures
up to 95 °C (Y2 of Fig. S4A). Unfortunately, the temperature dependence of Cp values in
the denatured state could not be determined experimentally due to the high reversibility
of denatured EcOVV. Alternatively, assuming that the heat-capacity contribution of
amino-acid groups is additive, the heat capacity of proteins in the denatured state can be
calculated from their amino-acid composition®. Y1 in Fig. S4A also shows the
temperature function of the heat capacity of EcOVV in the denatured state, which was
estimated from its amino-acid composition using the parameters in Table II of
Makhatadze and Privalov®*. Next, we were able to estimate the temperature function of
the denaturation heat capacity (ACp) for EcOVV from these native and denatured Cp
values (Y3 of Fig. S4A). The temperature function obtained of ACp can be expanded

around 74 as a second-order polynomial:

AC,(T) = A+ B(T — Ty) + C(T — Ty)? (1)
Then, the temperature functions of denaturation enthalpy (AH) and denaturation entropy

(AS) can be calculated by the following equations (2) and (3), respectively.

T
AH(T) = AH(T,) + f AC, (T")dT’

Tq
= AH(Tg) + A(T = Tg) + 2 (T = T,)? +§(T—Td)3 ©)
T ’
AS(T) = AS(T,) + f AC”T(,T ) ar’
Tq
=AS(Ty) + (A— BT, + Csz)lnTld + (B —=CT,)(T - Ty + g (T — Ty)? (3)

Fig. 3A shows the temperature function of AH for EcOVV. The AH values of EcOVV
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were higher than those at each denaturation temperature of other proteins (EcCutA1 OSH,
EcCutAl OSH _S11V, and EcCutAl OSH_E61V). If we assume that the temperature
function of ACp is not largely affected by the constitution of the protein, this observation
indicates that stabilization of hydrophobic mutants at residue positions 11 and 61 is

mainly caused by enthalpic effects.

The temperature function of ACp for EcOVV_6 was also determined using the
native Cp values (Fig. S4B), which were directly measured up to 110 °C. Fig. 3B shows
the temperature function of AH for EcOVV_6 and the denaturation enthalpy values at the
denaturation temperatures of several ionic £cOVV mutants. This figure indicates that the
AH value of EcOVV is similar to those of EcOVV_SI110R and EcOVV_6 at each
denaturation temperature, but remarkably higher than those of other mutants derived from

EcOVYV by the further addition of charged residues.

The thermodynamic parameters of denaturation for EcCutAl OSH mutants at the
denaturation temperature (113.2 °C) of EcOVV are listed in Table 2. The AG values,
estimated using the ACp temperature function obtained from EcOVYV, agreed well with
those from EcOVV_6, around the denaturation temperature of EcOV'V. Fig. 4 also shows
the temperature functions of AG, AH, and TAS for EcOVV and EcOVV_6 over a larger
temperature range (between 280 and 420K), indicating that AG values of ECOVV_6 are

positive over a broad range of temperatures.

5-4. Discussion.

Forty years ago, Privalov et al.'**? developed highly qualified adiabatic differential
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micro-calorimeters for determining the thermodynamic parameters of protein
denaturation. They reported that specific characters of amino-acid residues disappear
during protein unfolding near 110 °C, and that all the observed entropy originates from
the increase in conformational freedom of the polypeptide upon unfolding, because the
specific AH and AS of unfolding for several proteins intersect at a single point near 110 °C.
On the other hand, the thermodynamics of transfer of hydrocarbons to water provides a
model for the temperature dependence of the hydrophobic interaction in protein folding.
Baldwin'® examined the solution thermodynamics of several liquid hydrocarbons in water.
He found that the extrapolated temperatures at which the transfer AS reaches zero, around
112.8 °C, were similar for six hydrocarbons. The extrapolated temperature of the transfer
AH 15 22.0 °C. This means that at 113 °C, the hydrophobic interaction changes from being
entropy-driven at 22 °C to being enthalpy-driven at 113 °C, and the contribution of water
to the entropy of protein unfolding (hydrophobic hydration) is removed!®. Regarding
these estimations, the heat capacity change (ACp) is assumed to be constant against

34,35 reported that the temperature at which

temperature. Later, Makhatadze and Privalov
AS is zero approaches 145 °C when the decreasing nature of ACp against temperature is

taken into account, because the ACp value of hydrocarbon hydration decreases with

increasing temperature.

In this study, the heat capacities of the native states of EcOVV and EcOVV_6 could
be directly measured by DSC up to 95 and 110 °C, respectively, and the temperature
functions of their ACp values were estimated as shown in Fig. S4A and Fig. S4B,

respectively.

147



Hydrophobic effects strongly contribute to AH at temperatures around 100 °C.

The temperature function of AH of EcOVV is depicted in Fig. 3A. Using the same
temperature function of ACp, the AH values of EcOVV, EcCutAl OSH SI1V,
EcCutAl OSH E61V, and EcCutAl OSH were estimated to be 1569, 1396, 1340, and
1175 kJ/mol at 113.2°C, respectively (Table 2). The increase in AH (394 klJ/mol) of
EcOVV (EcCutAl OSH _S11V/E61V) agrees well with the sum (386 kJ/mol) of the
increases in AH of EcCutAl OSH _S11V (221 kJ/mol) and EcCutAl OSH E61V (165
kJ/mol). On the other hand, the TAS values of EcOVV (the red curve in Fig. 3A) were
larger than the AH value (=TAS at T4) at each 7y of EcCutAl OSH S11V,
EcCutAl OSH E61V, and EcCutAl OSH, indicating that EcOVV is entropically
unfavorable compared with other proteins. That is, EcOVV, which contains hydrophobic
substitutions for hydrophilic residues in the interior of a molecule, is mainly stabilized by
the enthalpic gain upon substitutions, but is partly destabilized by the entropic loss,
probably due to the disruption of the hydrophilic solvation in the denatured state upon
substitutions. These results at high temperatures around 100 °C are contrary to the well-
accepted belief that the entropic gain from hydrophobic solvation can account for the
stabilization effect of hydrophobic substitutions at lower temperatures'>. Whereas, the
estimations from the hydration of amino acids*® are generally consistent with our results.
This is the first experimental evidence pertaining to the hydrophobic effects on protein

stability, which is obtained by direct measurement at temperatures around 100 °C.

EcOVV_6 substituted with six charged residues is stabilized by both enthalpic and

entropic effects around 137 °C.
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Below 100 °C, the ion-ion interaction (salt bridge) is driven entirely by entropic
effects due to the release of water strongly bound to the ions of charged residues¢-%. The
proteins substituted with single charged residues, EcOVV_H72K, EcOVV_ S82K,
EcOVV_Q87K, and EcOVV_T88R, are stabilized by electrostatic interactions (Fig. S3).
The AH values of all of these proteins were drastically decreased relative to AH at each
corresponding temperature on the temperature function of EcOVV_6 (Fig. 3B). Because
the changes in AH upon these mutations are unfavorable for folding, the observed
improvements in stability were caused by entropic effects due to the release of water at
the charged residues that we introduced (electrostatic solvation). The thermodynamic
analyses also clearly confirmed stabilization resulted from entropic effects (Table 2). The
other single mutants, EcOVV_A39D and EcOVV_S48K, whose mutation sites were
located in the interior of the molecule (Table 3), demonstrated drastically decreased T4
and AH values. However, a double mutant containing both of these single mutants,
EcOVV_A39D/S48K, in which Asp39 forms a strong salt bridge with Lys48, was
stabilized by an increase in AH relative to the single mutants (Fig. 3B), probably due to
Coulomb's force resulting from salt bridge formation. A similar result was obtained in the
other double mutant, EcOVV_T17K/S48D (Fig. 3B). The double mutant EcOVV_Q87K
/T88R was also stabilized by an increase in AH relative to EcOVV_Q87K and
EcOVV_T88R. Because this double mutant does not have additional salt bridges, two
individual thermo-stabilizations might work synergistically at around 120 °C to promote
the desolvation of the ionic residues introduced, thereby reducing both the enthalpic loss
and the entropic gain that are mutually attributed to the electrostatic solvation. In addition,
the increase in AH in this double-ion mutant might have been caused by a hydrophobic

interaction due to the alkyl groups of Lys87 and Arg8S8.
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EcOVV _ 6, with six additional charged residues, was stabilized by an increase in the
AH value relative to each of the six original ionic mutants (Fig. 3B). The increase in AH
might indicate that hydrophobic effects due to the alkyl groups of Lys or Arg and
Coulomb’s force still function effectively at these high temperatures. According to
Coulomb’s law, the strength of an electrical interaction is inversely proportional to the
dielectric constant. The dielectric constant of water drops from 80 at 0 °C to 55 at 100 °C*,
Furthermore, Elcock* found that increasing temperature decreases the electrostatic
desolvation penalty incurred in forming a salt bridge, leading to an increase in salt bridge
stabilization from his continuum solvation model*’. The increase in AH of EcOVV_6
might result mainly from the high degree of desolvation of the ionic residues in the

denatured state at around 137 °C, in addition to the other effects described above.

The temperature dependence of AH for EcOVV_6 has an intersection near Tq
(113°C) of EcOVV, as shown in Fig. 4, suggesting that the contribution of AH to the
stability of EcOVV_6 with additional 6 charged residues becomes favorable in the
temperature region above 113 °C, compared with those of EcOVV. Furthermore, Fig. 4
shows that the increase in AG of EcOVV_6 results largely from the decrease in AS of
EcOVV_6 when compared with the template EcOVV at temperatures below 113 °C. That
is, the stabilization due to ionic mutations results mainly from both the enthalpic gain
from ion-ion interactions in the native state and the entropic gain from the water release

of ionic residues in the denatured state at temperatures over 113 °C.

A mutant, EcOVV_S110R, whose substitution position is located in the C-terminus
of a-helix and almost buried (Table 3), was stabilized by an increase in AH (Fig. 3B). In

this case, due to local conformations, the decrease in AH due to water release might be
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suppressed by the effects of other stabilizing factors.
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Table 1. Denaturation enthalpy of examined EcCutAl OSH mutants at denaturation

temperatures.
Tq (CC)* AH (kJ mol™y*

Ec CutAl_OSH 856 0.3 870 + 21
Ec CutAl_OSH_S11V 102.7 + 0.3 1302 + 21
Ec CutAl_OSH_E61V 101.0 + 0.2 1228 + 15
Ec OVV** 1132  + 0.2 1569  + 15
EcOW_T17K 107.2  + 0.3 1315  + 15
EcOVV_S48D 105.4  + 0.2 1242  + 14
EcOVV_T17K/S48D 1120 + 0.1 1387 22
EcOVV_A39D 105.4  + 0.5 1197 * 31
EcOVV_S48K 1122+ 0.9 1173+ 35
Ec OVV_A39D/S48K 1183 # 0.7 1410 + 33
EcOVV_H72K 118.4  + 0.4 1521 + 34
EcOVV_S82K 1169 + 0.5 1479  * 22
EcOVV_S82R 1171+ 0.5 1446  + 24
EcOVV_T88R 1176  + 0.6 1501  + 58
EcOVV_Q87K 116.8 + 0.5 1424  + 13
EcOVV_Q87K/T88R 122.4  + 0.6 1582 * 56
EcOVV_S110R 1173+ 0.4 1637  + 35
EcOVV_6*** 136.8 = 0.9 1739+ 59

* Average value and its standard deviation of at least 6 data.
**EcOVV represents EcCutAl OSH S11V/E61V mutant.
***EcOVV_6 represents EcOVV_A39D/S48K/H72K/S82K/Q87K/T88R mutant.

Table 2. Thermodynamic parameters of denaturation for EcCutA1l OSH mutants at the
denaturation temperature (113.2 °C) of EcOVV. The unit is kJ mol'.

AH TAS AG (=44G) AAH TAAS

a* b* a b a b a b a b
Ec CutAl_OSH 1175 1254 1255 1336 -80 -82 -394 -315 -314 -233
Ec CutAl_0SH_S11V 1396 1440 1434 1478 -38 -38 -173 -129 -135 -91
Ec CutAl_OSH_E61V 1340 1377 1382 1419 -42 -42 -229 -192 -187 -150
EcOW 1569 1569 1569 1569 0 0 0 0 0 0
EcOVV_A39D 1265 1289 1290 1315 -26 -26 -304 -280 -279 -254
EcOVV_S48K 1181 1184 1184 1187 -3 -3 -388 -385 -385 -382
Ec OVW_A39D/S48K 1375 1358 1356 1340 18 18 -194 -211 -213 -229
EcOWVW_H72K 1485 1469 1465 1449 20 20 -84 -100 -104 -120
EcOVV_S82K 1453 1442 1439 1428 14 14 -116 -127 -130 -141
EcOVV_T88R 1470 1456 1453 1440 17 17 -99 -113 -116 -129
EcOVWV_Q87K 1398 1387 1385 1374 13 13 -171 -182 -184 -195
EcOVV_Q87K/T88R 1524 1495 1488 1459 36 36 -45 -74 -81 -110
EcOVV_S110R 1608 1595 1590 1578 17 17 39 26 21 9
EcOWV_6 1638 1560 1540 1465 98 96 69 -9 -29 -104

*a and b represent the calculated results using the temperature function of ACp obtained
from EcOVV and EcOVV _6, respectively.
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Table 3. Burial rates of target residues of £cOVV mutants. The burial rates (%) were

estimated from the average of ASA values for nine structures during 40 ns MD at 300 K.

Mutants Residues All atoms Charged atoms location
EcOVV_6 Asp39 100 + 1 99 * 2 beta 2
Lys48 96 + 3 93 * 6 beta 2
Lys72 80 + 5 55 + 18 |alpha2, N terminal
Lys82 10 + 6 13 + 8 alpha 2, C terminal
Lys87 10 + 14 -2 + 21 loop
Arg88 55 + 20 40 + 34 loop
Valll 98 + 1 beta 1
Val61l 97 + 3 beta 3
EcOVV_S110R Argl110 84 + 10 66 + 20 |alpah 3, C-terminal
(A) T & T . T | T X T 300(8) T T T
}< EcCutA1_OSH_S11V/E61V
= | — ok (= EcOVV) i
£ | EcCutA1_0SH_S11VIEB1V (= EcOVV) «
= J\* 2 100 EcCutA1_0SH_S11V g
€ 4 EcCutA1_0SH_S11V =
£ &
D
8 ] EcCuta1_osH_E61V 0 .
& {eomios N
T T T T T T T T T '100 L 1 L
40 60 80 100 120 40 60 80 100 120
Temperature (°C) Temperature (°C)

Fig. 1. DSC curves of hydrophobic EcCutA1 mutants with no SH group at pH 9.0. (A)
Typical DSC curves of four mutants: EcCutAl OSH, EcCutAl OSH S11V,
EcCutAl OSH E61V, and EcCutAl OSH S11V/E61V. Scan rates were 60 °C/h. (B)
Reversibility of heat denaturation of EcCutAl OSH, EcCutAl OSH S11V, and
EcCutAl OSH_S11V/E61V. The red curves of three proteins are the second runs of DSC,
just after the cooling step of the first run (the black curves). Scan rates of both curves
were 60 °C/h.
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Fig. 2. Typical DSC curves of six ionic EcCutA1 mutants from EcOVV at pH 9.0. The six
mutants are EcOVV_T17K/S48D, EcOVV_A39D/S48K, EcOVV_S110R, EcOVV_H72K,
EcOVV_Q87K/T88R, and EcOVV_6. Scan rates were 60 °C/h.
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Fig. 3. Temperature dependence of AH for hydrophobic EcCutAl mutants at pH 9.0.
(A) AH values (closed circles) of denaturation for EcCutA1 mutants come from Table 1.
The black curves represent the temperature function of AH upon denaturation, using the
temperature function of ACp for EcOVV obtained from Y3 of Fig. S4B. The red curve
represents TAS of EcOVV. In the case of EcOVYV, the parameters A, B, and C of ACp (in
kJ mol"' K1) in equation (1) were calculated to be 7.61029, —0.26614, and —8.4434 x 10
4, respectively. (B) Temperature dependence of AH for ionic EcOVV mutants at pH 9.0.
AH values (closed circles) of denaturation for EcCutA 1 mutants come from Table 1. Black
curves represent the temperature function of AH upon denaturation, using the temperature
function of ACp for EcOVV_6 obtained from Y3 of Fig S4B. The red curve represents
TAS of EcOVV_6. In the case of EcOVV_6, the parameters A, B, and C of ACp (in kJ mol
1K) in equation (1) were calculated to be 4.22658, —0.29835, and —10.0757 x 10,

respectively.
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Fig. 4. Temperature functions of AG , AH, and TAS for EcOVYV, and EcOVV_6 between
280 and 420 K. Temperature functions of AH and AS were obtained using equations (2)
and (3), respectively, in which each temperature function of ACp was used for the
calculation of EcOVV and EcOVV_6. The green, red, and blue curves represent values of
AG (= AH - TAS), AH, and TAS, respectively. Numbers 1 and 2 represent EcOVV_6 and
EcOVYV, respectively. Open circles with error bars show the AH value of each protein at
the denaturation temperature, as indicated in the figure.
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5-5. Supporting information.

Fig. S1. The trimer crystal structure of EcCutA1_0SH (PDB ID 4Y®65). Different colors
represent different chains. o and 3 represent o helix and B strand, respectively. Three N
terminal residues of B subunit (cyan) and eight N terminal residues of C subunit
(magenta) are missing in the crystal structure.
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Fig. S2. Reversibility of the DSC curves of ionic mutants from EcOVV at pH 9.0. Red
curves are the second runs of DSC just after cooling of the first run (black curves). Scan
rates of both curves were 60 °C/h.
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Fig. S3. Comparison between Tq4 values of ion mutants of EcOVV at pH 9.0 and pH 2.0-
2.5. Open circles represent average Tq values at pH 2.0, 2.25, and 2.5 for ionic mutants of
EcOVV (Table S1). Closed circles represent shifted temperatures, which are the
differences between the Tq values at pH 9.0 (Table 1) and the average Tq values at pH
2.0-2.5 for the ionic mutants of EcCOVV (Table S1). Lines A and B represent linear
regressions for open and closed circles, respectively. Numbers 1-9 represent mutant
proteins of EcOVV, EcOVV_6, EcOVV_A39D/S48K, EcOVV_H72K, EcOVV_S82K,
EcOVV_S110R, EcOVV_S82R, EcOVV_Q87K, and EcOVV_T88R.

159



(A)

Cp (Jg'K")

08d v3 )

0.4 .

0.0 T T T T T T T T T T T T T
280 300 320 340 360 380 400

Temperature (K)

Fig. S4. (A) Temperature dependence of Cp for ECOVV in the native and denatured states.
Y1 represents the temperature dependence of Cp (JgK™) for EcOVV in the denatured
state. Black closed circles in Y1 represent the heat capacity of EcOVV in the denatured
state, estimated from the amino-acid composition using the parameters in Table Il of
Makhatadze and Privalov34. The Y1 curve is the result of fitting a secondary expression
to the data. Curve Y1 = —1.01674 + 1.753 x 102T — 2.282 x 10-5T?, where T is the
temperature in Kelvin. Y2 represents the heat capacity in the native state; small circles
represent experimental data. Each experiment comprised the six times cycles of reheating
to the pre-denaturation temperature. The data points (small circles) show all data in 3 time
experiments of the liner regression obtained from each experiment. The liner line in Y2
is liner regression of all data shown in the figure. Line Y2 = —0.56817 + 0.709 x 10°2T.
Y 3 represents the temperature function of denaturation heat capacity, ACp, between the
native and denatured states, i.e., Y3 = Y1 — Y2. Thus, Y3 = —0.44857 + 1.044 x 10°T —
2.282 x 107°T2,
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(B) Temperature dependence of Cp for ECOVV_6 in the native and denatured states. Y1
represents the temperature dependence of Cp (JgK™) for ECOVV_6 in the denatured state.
Black closed circles and a curve in Y1 show the heat capacity of EcCOVV_6 in the
denatured state, estimated as shown in the legend of Fig. S4A. Curve Y1 =—-0.98373 +
1.735x10-2T — 2.25855x107°T?, where T is a temperature in Kelvin. Y2 represents the
heat capacity in the native state, where small circles are experimental data. Each
experiment comprised the six times cycles of reheating to the pre-denaturation
temperature. The liner line in Y2 is liner regression of all data shown in the figure. Line
Y2 = —0.38148 + 0.645x107T. Y3 represents ACp, between the native and denatured
states, i.e., Y3 =Y1 - Y2. Thus, Y3 =-0.60225 + 1.09 x 10°T — 2.2586 x 10°T2,
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Table S1. Denaturation temperature of EcOVV mutants in the acidic region.

pH
Mutants 3.0 2.9 2.7 25 2.25 2.0 2.5-2.0*
EcOow 85.9 85.0 82.6 80.6 80.4 81.0 80.7

EcOVV_A39D/S48K 85.6 82.0 77.3 75.1 73.6 74.9 74.5

EcOVWVE_H72K 88.7 87.2 84.5 83.4 82.5 83.2 83.0
EcOVV_S82K 84.3 81.8 78.6 76.7 76.9 76.7 76.7
EcOVV_S82R 83.8 82.2 79.2 78.1 78.6 78.0 78.2
EcOVV_Q87K 83.2 811 78.2 76.6 76.7 76.9 76.7
EcOVV_T88R 83.2 80.8 77.8 76.5 76.8 76.4 76.6
EcOVV_S110R 84.2 82.4 80.1 78.5 78.3 79.0 78.6

EcOWV_6 85.3 80.8 73.3 70.1 69.6 68.5 69.4

Each data represents average of two data.
The unit of data is °C.
*Average value of pH 2.5, 2.25, and 2.0.
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Chapter 6: Stabilization of Escherichia coli CutAl by ion—ion

interactions

6-1. Introduction.

We present the results of experiments in which substitutions have been made in the
sequence of mesophilic CutAl (EcCutAl) to probe the role of charged residues in
increasing the stability of this protein possibly to the level similar to that of its
hyperthermophilic counterpart, PhCutAl. To this end we have constructed many mutants
of EcCutAl in which substitutions to charged residues were made. These charged
mutations were incorporated in the background of EcCutA1 mutant (EcOVV)! 2. EcOVV
has additional two substitutions (S11V/E61V) at the buried positions and has higher Tq4
of 113.2 °Ch 2 relative to a cysteine-free EcCutA1_OSH that has Tq4 of 85.6 °C. Single and
multiple ionic mutants of more than 100 different variants were measured experimentally
by DSC. The highest stability of multiple mutants was a mutant substituted by 9 charged
residues (Fig. 1) with Tq of 142.2 °C, which is close to the Tq = 1485 °C of

hyperthermophilic PhCutA13.

The native protein structure is not static as depicted by x-ray crystallography, but
dynamic. To account for structural flexibility of residues in the native state, we generated
a structural ensemble using all-atom explicit solvent molecular dynamics (MD)
simulations* at 300 K. This structural ensemble was used to evaluate the energy of ion-
ion interactions. The obtained results showed that the denaturation temperatures linearly

increase with the increment of the energy of ion-ion interactions for ionic mutant proteins,
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suggesting that ion-ion interactions cumulatively contribute to the stabilization of a

protein at temperatures of over 100 °C.

6-2. Experimental methods.

Mutagenesis, expression, and purification of ECCutAl mutants.

Hydrophobic cysteine-free mutant of EcCutAl (EcCutAl_C16A/C39A/C79A
_S11V/E61V) was used as a template for all mutations. Mutagenesis, expression, and
purification of mutants were performed as described?. All purified mutant proteins ran as
single band in SDS-PAGE. Protein concentrations were determined using an absorption

coefficient of E1*™, = 14.96, based on the number of aromatic amino acid®.

Differential scanning calorimetry (DSC) experiments.

To measure the changes in stability due to mutations, DSC was performed using a
scan rate of 60 °C/h on a VVP-capillary DSC platform (Microcal, USA) for temperatures
up to 130 °C at pressures below 60 psi, or a Nano-DSC 6300Y microcalorimeter (TA
Instruments, USA) for higher temperatures up to 160 °C at a pressure of 88 psi. Protein
concentration was kept at 0.6 mg/ml. All samples were dialyzed overnight at 4 °C against
the 50 mM glycine buffer at pH 9.0 containing 2 mM EDTA and then filtered through a
0.22 um membrane. The denaturation temperature, Tq, is defined as the temperature at
which the area of the denaturation enthalpy is 0.5. When it seemed to be aggregation after

heat denaturation, temperature of the peak maximum of DSC curves was estimated to be
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Ta (Table 1). Considering very high overall enthalpy of unfolding, such approximation
does not lead to significant errors in Tq. The reported results are the average value of at

least two independent experiments.

MD simulation of mutant EcCutAl proteins.

Structures were prepared for MD simulations as follows. The missing residues in
the coordinate file (PDB ID 4Y65) of a mutant, ECCutAl _C16A/C39A/C79A, which are
three N-terminal residues of B-subunit and eight N-terminal residues of C-subunit in a
trimer complex, were added using QUANTAZ2000 (Accelrys Inc), using the coordinates
of N-terminal residues of A-subunit as a template. The structure of mutant proteins was

modeled using FoldX (http://foldxsuite.crg.eu)®.

MD simulations were performed using GROMACS software (ver. 4.5.5)"8, For the
MD simulations the protein was placed in a cubic box with 1.2 nm between the protein
and the box. Counterions were added to neutralize any net charge. The long-range
electrostatic interactions were computed using the Particle-Mesh-Eward (PME) method?®.
The GROMOS 43a1 force field and spc/e water model*® was employed. The system was
weakly coupled to a heat bath by velocity rescaling'! with a relaxation time of 0.1 ps. A
Parrinello-Rahman barostat'? was used to maintain a pressure constant at 1 atm with a
relaxation time of 0.5 ps. Hydrogen atoms were constrained using LINCS?3, and MD
simulations were performed at 300 K with an integration time-step of 1 femtosecond (fs).
Prior to the production run, energy minimization for 1000 steps was followed by

increasing temperature from 50 K to 300 K in increments of 50 K, with 10,000 integration
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steps at each temperature and a harmonic constraint of C-alpha atoms. Thereafter, the
ensemble was equilibrated through four 100-picosecond (ps) cycles with gradually
released harmonic constraints: 1000, 100, 10, and 1 kJ mol™* nm. The subsequent MD
production stages for the EcCutAl mutants were carried out without any restraint at 300
K. The obtained MD trajectories were analyzed using GROMACS software. Fig. S2
shows of root mean square deviation (RMSD) of Ca atoms as a function of simulation
time for ionic mutants at 300 K. The RMSD values of majority of mutants reached
constant values after 2-3 ns and for all at 8 ns. It should be noted that Sawle & Ghosh*
using a different force field and water model, i.e. Amber99sb/tip3p, report convergence

at much longer time scales.

Evaluation of the energy of ion-ion interactions for EcOVV mutants.

The computer algorithm, FoldX®, can quantitatively estimate the stabilization
factors that are important for protein stability. FoldX is available via a web-interface at
http://foldxsuite.crg.eu. The electrostatic energies due to ion-ion interactions between
charged residues were calculated with “AllAtoms FElectro” file in FoldX. The
electrostatic energy in FoldX is calculated from a simple implementation of Coulomb’s
law, in which the dielectric constant is scaled with the burial of the bond under
consideration®. Structural snapshots from the MD simulations of mutants substituted by
charged residues are picked up at every 2 ns after 8 ns run during 40ns (17 structures).

The average computed energies from these structures are shown in Tables 2 and S1.
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6-3. Results.

Thermostability of EcOVV mutants substituted by charged residues.

There are few reports addressing how charged residues contribute to the
thermostability of a protein at the temperature of over 100 °C. Therefore, in order to
examine the relationship between the ion-ion interactions and thermostability of a protein
at over 100 °C, single and multiple ionic mutants of more than 100 were designed to
improve the stability using various stabilization methods already reported® 2%, The
thermostabilities were experimentally measured by DSC (Fig. 2). Out of 83 single ionic
mutants, there were 37 mutants with increase in Tq (ATq >+0.5 °C) and 31 mutants with
a decrease in Tq (ATq < -0.5 °C) (Table 1). The remaining 15 mutants showed only
negligible changes in Tq (-0.5°C < AT4 <+0.5 °C). Multiple single or double (in the case
of A39D/S48K) mutations that showed the highest increase in stability were combined to
make EcOVV_6 and EcOVV_9 mutants of EcCutAl. These EcCutAl mutants showed the
denaturation temperature close to that of PhCutAl (Table 1). The EcOVV_6 mutant (six
mutations A39D/S48K/H72K/S82K/Q87K/T88R) has Tq of 136.8 £ 0.9 °C, a 24 °C
increase in thermostability. The EcOVV_9 mutant (three additional mutations
Q25R/T101E/N108E relative to EcOVV_6) showed highest thermostability of 142.2 +

0.9 °C, which is an increase of 29.0 °C as compared to starting EcCOVV template.

Evaluation of the energy of ion-ion interactions using the conformational ensemble

obtained from MD simulations.
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Charged residues on the surface of a protein show a high degree of flexibility in
water?® 27, Therefore, MD simulations of ionic mutants of EcCutAl were performed at
300 K to examine how charged residues introduced by mutations interact with other
charges. Fluctuations of ion pairs can be estimated by analyzing distances between

charged residues (see e.g. representative examples in Fig. 3).

The distance between C, atom of Asp39 in A-subunit and C. atom of Lys67 in A-
subunit of ECOVV_6 remains constant 2.2 + 0.2 A, suggesting that the fluctuations are
rather small (Fig. 3a and Table S2B). In the case of Glu90 and Lys67 (Fig. 3b), there are
fluctuations between two distances suggesting that it alternates between two isomers of
the sidechain of GIlu90 (Fig. S3). The distance between Lys5 and Glu4 (Fig. 3c) shows
large fluctuations suggesting that a salt bridge between these two residues is formed only
transiently. On the other hand, the inter subunit interaction between Arg88 in B-subunit
and Asp39 in C-subunit (Fig. 3d) appears to undergo yet a different type of fluctuation.
Other inter-subunit interactions between these residues were not detected in the range of

less than 8.0 A (Table S2B).

To evaluate the energy due to ion-ion interaction in water, the structural ensemble
obtained from MD simulations was used to evaluate the energy of ion-ion interactions.
The electrostatic energies of ion-ion interaction for each structure were estimated using
FoldX energy function®. Table 2 shows the average values of the total computed energy
of each ionic mutant protein. The difference in the energy of ion-ion interactions between
ionic mutants and EcOVV template shows a linear correlation with the difference in the

denaturation temperatures between them, as shown in Fig. 4. These results suggest that
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ion-ion interactions cumulatively contribute to the stabilization of a protein up to the

temperatures near 140 °C.

6-4. Discussion.

Role of charged residues in stabilization of EcOVV_6.

The Tq of ECOVV_6 (with 6 additional charged residues) was increased by 23.6 °C,
and the energy of ion-ion interactions was improved by 91.1 kJ/mol (Table 2), as

compared with those of the template, ECOVV.

Table S1 shows the energy of ion-ion interaction at targeted charged residues of
EcOVV mutants. All pair residues interacting with the targeted residue are listed and
discriminated between inter and intra interactions in a trimer structure. Arg88 among the
targeted ion residues is mainly inter interacted with Asp102, Lys48 is strongly intra
interaction with Asp39 and strongly intra interaction with Glu59 and Glu90, and Asp39
and Lys72 are mainly intra interacted with pair-residues. Table S2 also shows the average

distance of their ion-ion interactions.

Although the mutant ECOVV_A39D was significantly less stable due to substitution
of charged residue in the buried position (Table 1A), there was an increase in the stability
of double mutant, EcCOVV_A39D/S48K, even though EcOVV_S48K mutation is also
destabilizing. Inspection of the structure and energetics of ion-ion interactions suggests
that the stability increase of the double mutant, EcOVV_A39D/S48K, is probably due to

the formation of a salt bridge between these two residues (Table 1B). Similar effects have
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been observed previously in other model protein systems?®. The computed interaction
energy between Asp39 and Lys48 was similar in both the EcCOVV_6 and EcOVV_9
mutants (Table S1A). Lys72 in ECOVV_H72K forms a strong salt bridge with carboxylate
of the C-terminal Argl12 (Table S2B): this salt bridge also remains present in both

EcOVV_6 and EcOVV_9 backgrounds (Table S1C).

Substitutions at adjacent residues, EcOVV_Q87K and EcOVV_T88R showed an
increase in thermostability, ATq, by 3.6 and 4.4 °C, respectively. The ATq of a double
mutant 9.2 °C, EcOVV_Q87K/T88R was somewhat more than the sum of stability
increase of individual mutants. Similar effects have been previously reported for the
mutations at the adjacent position in the sequence of ubiquitin and have been shown to

be related to the electrostatic context into which such mutations are incorporated?°.

Features of the stabilization of EcOVV_9.

Three mutants, EcOVV_E34R, EcOVV_E57R, and EcOVV_S110R, showed an
increase in Tq relative to the ECOVV background (Table 2). However, these single site
substitutions in the EcOVV_6 did not lead to an increase in the stability or in the computed
energy of ion-ion interactions (Table 2). On the other hand, when three substitutions,
Q25R, T101E, and N108E, were simultaneously introduced into EcOVV_6, the Tq of its
mutant protein, ECOVV_9, was increased by 5.4 °C. Furthermore, the computed energy

of ion-ion interaction of ECOVV_9 was less than that of ECOVV _6.

The ionic features of six charged residues substituted in ECOVV_6 were hardly

affected by the introduction of three charged residues in ECOVV_9 (Table S1). The mutant
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EcOVV_Q25R seems to be stabilized by increase in electrostatic energy (Table 2) and
favorable ion-ion interaction of Arg25 remains in the ECOVV_9 background (Table S1G).
The introduction of GIlul01 decreased the energy of ion-ion interactions in
EcOVV_T101E and EcOVV_9 (Table S1H), but might increase the stability due to
strengthening of the helix dipole moment®-32, Glu101 is located in the N-terminal of o.-3
helix and the corresponding residue of CutAl from hyperthermophile (PhCutAl) is also
Glu. The computed energy of ion-ion interaction due to introduction of Glul08 was
negligible in both EcOVV_N108E and EcOVV_9 (Table 2 and Table S1lI). The
introduction of either negative (EcOVV_N108E) or positive (EcOVV_N108K, and
EcOVV_N108R) residues at this position leads to an increase in Tq (ATq for
EcOVV_N108E, EcOVV_N108K, and EcOVV_NI108R, is 2.1, 2.8, and 2.3 °C,
respectively). Considering that N108 is located in the helical region, the stabilization
might be due to the increase in helix propensity of the residues as it is known that E, R

and K have higher helical propensity that N3,

Stabilization strategy of the CutAl protein that improved up to the denaturation

temperature of 142.2 °C.

The average increase in stability due to single site substitutions was 2.2 °C and the
highest increase was 5.2 °C for EcCOVV_H72K (Table 1A). This suggests that it is
necessary to introduce many charged residues to construct mutant proteins with Tqg
comparable to that of PhCutAl from hyperthermophile. The Tq’s of EcOVV_6 and
EcOVV_9 were increased by 23.6 and 29.0 °C, respectively, relative to that of EcCOVV

(Table 1B). As shown in Fig. 4, the increment of ATq for mutant proteins linearly
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correlates with the difference in computed ion-ion interaction energy of EcOVV and
EcOVV mutants. This suggest that the ion-ion interaction at multiple distant position in
the native structure contribute additively to the stabilization of a protein even at the
temperature of over 100 °C, although other factors in addition to ion-ion interactions such
as helix-propensity and charge-helix dipole interactions also play a role in modulating the

stability.

It is interesting to compare the number and distribution of charge residues and
corresponding CvP-bias of the EcOVV_9 mutant with that of hyperthermophilic PhCutA1l.
The EcOVV_9 mutant contains fewer charged residues and has CvP-bias of 10%. This
CvP is much higher than for mesophilic EcCCutAl (-4%), much lower than for PhCutAl
(32%) and more on par with the average value computed for thermophilic proteomes, 10-
14%3*. Moreover, the distribution of charges along the sequence between EcOVV_9 and
PhCutAl is also different (see Fig. 1). We have shown previously that ion-ion interactions
make significant contribution to the stability of PhCutAl. The increase in stability of
EcOVV_9 relative to the template ECOVV is also due to the optimization of the ion-ion
interactions. This suggests that it is possible to use different arrangements of ionizable
residues to achieve significant protein stabilization. Overall, our results suggest that
introduction of multiple charged residues represents a useful strategy in engineering

proteins with high denaturation temperatures of over 100 °C.
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PhCutAl
EcOVV
EcOVV_9

PhCutAl
EcOvVv
EcOVV_9

—————————— MIIVYTTEFPDWESAEKVVKTLLKERLIACAN-LREHRAFYWWEGKIE
MLDEKSSNTAVVVVLATAPDEATAQDLAAKVLAEKLAAAATLIPGATSLYYWEGKLE
MLDEKSSNTAVVVVLATAPDEATARDLAAKVLAEKLAADATLIPGATKLYYWEGKLE

EDKEVGAILKTREDLWEELKERIKELHPYDVPAITIRIDVDDVNEDYLKWLIEETKK
QEYVVOMILKTTVSHQOQALLEALKSHHPYQTPELLVLPVTHGDTDYLSWLNASLR-
QEYVVOMILKTTVSKQOALLEALKKHHPYKRPELLVLPVTHGDEDYLSWLEASLR-

Fig. 1. Sequence alignment of PhCutAl with EcOVV and EcOVV_9. Red and blue colors
represent positively and negatively charged residues, respectively. Underbars represent
the 9 charged residues newly substituted in EcOVV_9.

Cp (increment = 100 kJ mol”' deg™)

EcOVV_A39D A\

EcOVV_T88R /L

EcOVV_6 JL

1 Ecovv_6_T101E
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Fig. 2. Typical DSC curves of five ionic mutants of EcOVV at pH 9.0. Six mutants are
EcOVV_A39D, EcOVV_T88R, EcOVV_6, EcOVV_6_T101E, and EcOVV_9. Scan rates
were 60 °C/h. The curve of ECOVV_6 is reported in reference?.
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Fig. 3. MD trajectory of ion-ion interaction of EcOVV_6 for 40 ns at 300 K.
(a) Distance between C, atom of Asp39 in A-subunit and C. atom of Lys67 in A-subunit.
(b) Distance between Cs atom of GIlu90 in A-subunit and C: atom of Lys67 in B-subunit.
(c) Distance between Cs atom of Glu4 in A-subunit and C. atom of Lys5 in A-subunit.
(d) Distance between Cs atom of Arg88 in B-subunit and C, atom of Asp39 in C-subunit.
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and its ionic mutant proteins. Errors bar represent the standard deviation of 17 structures
obtained by MD simulation at 300 K, red line represents a linear regression of 21 points:
r=-0.94and p=2.70x 10,
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Table 1.

Denaturation temperature (Tq in °C) of EcOVV mutants substituted with charged residues
at pH 9.0.

(A) Single mutants.

Mutants Ty ( AT4 (°C)| S.S |ASA (%) Mutants T4 (°C) AT4 (°C)|S.S|ASA (%)
EcOVV H72K" | 118.4 0.4 5.2 a2 13 EcOVVE53R |113.1 |£|0.1 -0.1 L 76
EcOVV E57R**| 118.1 0.3 4.9 B3 46 EcOVV L2E 1131 |+|0.1 -0.1 L 56
EcOVV H72R**| 118.0 0.2 4.8 a2 13 EcOVV Y60E |113.1 [£|0.0 -0.1 B3 62
EcOVV E57K** | 117.6 0.0 4.4 B3 46 EcOVV AI0E |113.0 (£|0.6 -0.2 L 69
EcOVV T88R™ | 117.6 0.6 4.4 L 30 EcOVV A22R | 1129 |£|0.0 -0.3 ol 61
EcOVV S110R’| 117.3 0.4 4.1 a3 9 EcOVVT97E | 1129 |£|0.0 -0.3 p4 33
EcOVV S82R" | 117.1 0.5 3.9 a2 100 EcOVV T69K** | 112.8 |+|0.0 -0.4 B3 5
EcOVV Q87R |117.1 0.2 3.9 L 100 EcOVV AI0OK |112.7 |£|0.1 -0.5 L 69

0.5 3.7 a2 | 100 EcOVV E59K |112.7
0.5 3.6 L 100 EcOVV Q74R*| 112.7
0.2 2.9 L 30 EcOVV L2R 1125
0.2 2.8 a3 57 EcOVV A109E | 112.4
0.1 2.8 a2 | 100 EcOVV S6R | 112.3
0.1 2.8 al 75 EcOVV H83K |112.3
0.2 25 a3 70 EcOVV A33E | 1123
0.3 25 a2 | 100 EcOVV A29E |112.3
0.1 2.5 al 75 EcOVV Q74E |112.2
0.0 2.4 pa 1 EcOVV S48K™ | 112.2
0.1 2.3 a3 57 EcOVV S7K  [112.1
0.2 2.1 B2 26 EcOVV S48R**| 112.1
0.1 2.1 a3 57 EcOVV Q25E |112.0
0.1 2.1 a2 41 EcOVV S71E |111.8
0.0 2.0 al 48 EcOVV Q58E |111.6
0.2 1.8 B2 39 EcOVV V70E |111.5
0.3 17 B2 39 EcOVV A75E | 1105
0.2 1.2 a2 70 EcOVV V70R*| 109.5
0.4 1.2 B3 52 EcOVV A33D | 1095
0.3 1.2 a3 39 EcOVV A79E | 109.2
0.1 1.0 a3 54 EcOVV K81R |109.1
0.1 1.0 al 59 EcOVV Q73E |108.8
0.1 1.0 al 48 EcOVV A39K | 108.7
0.2 1.0 a3 9 EcOVV Q73K**| 108.1
0.2 0.9 al 49 EcOVV T97K** | 107.7
0.0 0.8 B3 52 EcOVV T69D |107.5
0.2 0.8 al 49 EcOVV A39R**| 107.0
0.1 0.7 a3 70 EcOVV G45K**| 106.3
0.0 0.7 al 61 EcOVV S48D" | 105.4
0.1 0.5 al 32 EcOVV A39D" | 105.4
0.2 0.4 L 69 EcOVV H72E |102.4
0.1 0.4 al 32 EcOVV Q63K |102.2
0.1 0.3 a3 39 EcOVV H72D | 96.3
0.2 0.2 a2 20

I+

EcOVV S82K" | 116.9
EcOVVv Q87K’ | 116.8
EcOVV T88K** | 116.1
EcOVV N108K* 116.0
EcOVV S71R**| 116.0
EcOVV E34K** | 116.0
EcOVV S105R* 115.7
EcOVV S71K* | 115.7
EcOVV E34R**| 115.7
EcOVV H98D*| 115.6
EcOVV N108R | 115.5
EcOVV T47K** | 115.3
EcOVV N108E | 115.3
EcOVV A75R**| 115.3
EcOVV Q25K**| 115.2
EcOVV W52K | 115.0
EcOVV W52R | 114.9
EcOVV S105E | 114.4
EcOVV Q58R**| 114.4
EcOVV T101E | 114.4
EcOVV A109R* 114.2
EcOVV D26K | 114.2
EcOVV Q25R |114.2
EcOVV S110K | 114.2
EcOVV A33R | 114.1
EcOVV Q58K | 114.0
EcOVV A33K | 114.0
EcOVV S105K | 113.9
EcOVV A22K** | 113.9
EcOVV A29K | 113.7
EcOVV A10R**| 113.6
EcOVV A29R | 113.6
EcOVV T101R | 113.5
EcOVV A79K** | 113.4

00| -05 |[p3| a7
00| 05 |o2| 21
02| 07 |L| 56
02| -08 |a3| 54
01| 09 |L| 67
01| 09 |L| 41
02| -09 |al| 49
01| -09 |al| 32
02| 10 |a2| 21
09| -10 |[p2| 1
01| 11 | L | 35
01| -11 [p2]| 1
01| -12 |a1| 48
01| -14 |o2| 100
01| -16 |[p3| 52
00| 17 |L| 45
03| 27 |a2| a1
08| 37 | L| 45
01| -37 |al| 49
02| -40 |a2| 20
01| -41 |a2| 49
03| -44 |o2| 1
00| -45 [B2]| 0
01| 51 |o2| 1
00| -55 |[pa| 33
02| 57 |p3| s
01| -62 |[p2]| o
04| 69 |L| 31
02| -78 |[p2| 1
05| -78 |B2| ©
00| -108 |a2| 13
05| -11.0 3| 1
02| -169 |a2| 13

I+

I+

I+

I+

(4 |+ |+ |+

I+

I+

I+

I+

I+

([ (|

I+

I+

I+

I+

I+

I+

kA A Ll A A A e A A Ll L L A L Gl Ll L L L L L e L L el L el L
O

SS represents the secondary structure of the template mutant at a substituted residue. ASA
represents accesible surface area of the template mutant at a substituted residue.

180



(B) Multiple mutants.

Mutants T4 (°C) AT 4 (°C)
Ec OVV template* 113.2 || 0.2 0.0
EcOVV A39D/S48K* 1183 |x| 0.7 5.1
EcOVV Q87K/T88R* 1224 |+| 0.6 9.2
EcOVV Q87K/T88R/S110R ** 1208 |+| 04 7.6
EcOVV Q87K/T88R/S82K ** 126.0 |+| 0.8 12.8
EcOVV Q87K/T88R/H72K** 1275 || 0.5 14.3
EcOVV Q87K/T88R/H72K/S82K ** 1315 || 0.6 18.3
EcOW_6 136.8 |+| 0.9 23.6
EcOVV_6 E34R 1338 || 0.0 20.6
EcOVV_6 S110R 1353 || 0.0 221
EcOVV_6 E57R 136.8 || 0.1 23.6
EcOVV_6 T101E 139.3 || 0.3 26.1
EcOVV_6 Q25R/T101E 1403 || 0.1 27.1
EcOVV_6 Q25R/T101E/N108E (EcOVV_9) 142.2 |+| 0.2 29.0

The heating rate (scan rate) of DSC measurements was 60 °C/h.

These parameters are the average value of more than two data.

Positive values of ATq indicate the increase in stability due to mutations.

*These data are reported in reference?.
**Tq is the temperature of peak center of DSC curves, because it seemed to be aggregated

after heat denaturation.

EcOVV6 represents EcCutAl_0SH_S11V/E61V/A39D/S48K/H72K/S82K/Q87K/T88R

mutant.
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Table 2.

Total energy of ion-ion interactions of EcOVV mutants using MD simulation data.

Total energy of ion-ion
Mutants interaction’ Difference** |AT 4 (°C)
(KJ/mol of trimer)
EcOVV template -62.7 | + 9.6 0.0 0.0
EcOVV_Q25R -85.9 | + 21.4 -23.2 1.0
EcOVV_E34R -72.2 | + 12.8 -9.6 2.5
EcOVV_A39D -53.0| + 10.2 9.7 -7.8
EcOVV_S48K -82.0 | + 25.1 -19.3 -1.0
EcOVV_E57K -73.0| + 10.3 -10.3 4.4
EcOVV _E57R -68.9 | + 9.5 -6.2 4.9
EcOVV_H72K -72.2 | + 16.5 -9.5 5.2
EcOVV_S82K -65.2 | + 11.1 -2.6 3.7
EcOVV_Q87K -72.7 | + 8.5 -10.1 3.6
EcOVV_T88R -90.1 | + 14.2 -27.4 4.4
EcOVV T101E 577 + 16.1 5.0 1.2
EcOVV_N108E -64.9 | + 12.6 -2.2 2.1
EcOVV _S110R -74.7 | + 20.0 -12.0 4.1
Ec0OVV_A39D/S48K -93.6 | + 12.7 -30.9 5.1
EcOVV_Q87K/T88R -83.9| + 8.2 -21.2 9.2
EcOVV_6*** -153.8 | + 12.9 -91.1 23.6
EcOVV 6 E34R -126.9 | + 11.2 -64.2 20.6
EcOVV_6 E57R -146.0 | + 13.0 -83.3 23.6
EcOVV 6 S110R -149.1 | + 9.9 -86.4 22.1
ECOVV_Qr+** -1415 | + 17.9 -78.8 29.0

*The total energy of ion-ion interactions are average values of energies obtained from 17
structures during 40ns MD simulation. The energy was calculated by "AllAtoms Electro”
of FoldX.

**Difference between the ion-ion interaction energies of mutants and EcOVV Template.
***EcOVV_6: EcCOVV_A39D/S48K/H72K/S82K/Q87K/T88R.

****EcOVV_9: EcOVV_Q25R/A39D/S48K/H72K/S82K/Q87K/T88R/T101E/N108E.
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6-5. Supporting information.

Table S1. The ion-ion interaction energy at targeted charged residues of ECOVV mutants.
The energy of ion-ion interactions is an average value of energies obtained from 17
structures during 40ns MD simulation. The energy (kJ/mol) was calculated by a software,
"AllAtoms Electro" in FoldX.

(A) Pair residues interacting with Asp39 in 3 mutants and its ionic energies

mutants

Ec OVV_A39D/S48K EcOW_6 EcOW 9
pairs energy| pairs energy| pairs energy
Asp39 LYS48 inter -14.4| LYS48 inter -135| LYS48 inter -13.3
GLU53 inter 0.3| GLU53 inter 0.4| GLU5S3 inter 0.5
LYS55 inter -0.2| LYS55 inter -0.3| LYS55 inter -0.5
GLU57 inter 1.2 | GLU57 inter 1.6 | GLU57 inter 15
GLU59 inter 26| GLUS9 inter 3.0| GLU5S9 inter 2.6
LYS81 inter -0.2| LYS81 inter -0.3| LYS81 inter -0.4
HIS84 inter 0.0| HIs84 inter -0.1
LYS87 inter -0.5| LYS87 inter -04
ARG88 inter -5.4| ARG88 inter -2.5
GLU90 inter 15.7 | GLU90 inter 17.8| GLU90 inter 14.6

Inter-sum 5.0 2.7 2.0
GLU21 intra 0.0 GLU21 intra 0.0
ARG25 intra -0.8

ASP26 intra 0.0
LYS35 intra -0.1| LYS35 intra -0.1| LYS35 intra -0.2
LYS67 intra -22.7| LYS67 intra -22.1| LYS67 intra -20.9
HIS72 intra -0.1| LYS72 intra 0.0| LYS72 intra 0.0
GLU90 intra 0.1

HIS98 intra 0.0

ASP100 intra 1.2 | ASP100 intra 1.6 | ASP100 intra 1.7

GLU101 intra 0.0

ASP102 intra 0.7 | ASP102 intra 0.8 | ASP102 intra 1.0

GLU108 intra 0.6

ARG112 intra 0.0 | ARG112 intra -0.1 | ARG112 intra 0.0

Intra-sum -20.8 -20.0 -18.7

Total sum -15.8 -17.3 -16.7
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(B) Pair residues interacting with Lys48 in 3 mutants and its ionic energies

mutants
Ec OVWW_A39D/S48K EcOWV_6 EcOW_ 9
pairs energy| pairs energy| pairs energy
Lys48 GLU21  inter 0.0 GLU21  inter 0.0
ARG25 inter 0.5
LYS35 inter 0.0
ASP39 inter -14.4 | ASP39 inter -13.5( ASP39 inter -13.3
LYS67 inter 5.4 | LYS67 inter 3.8| LYS67 inter 3.6
ASP100 inter -0.9 | ASP100 inter -0.9 | ASP100 inter -1.0
GLU101 inter 0.0
ASP102 inter -0.6 | ASP102 inter -0.5| ASP102 inter -0.6
GLU108 inter 0.0
ARG112 inter 0.0

Inter-sum -104 -11.1 -10.8
ASP20 intra -0.4 | ASP20 intra -0.6 | ASP20 intra -0.6
GLU21 intra -0.1| GLU21 intra -0.2| GLU21 intra -0.2

ASP26 intra 0.0
GLU53 intra -0.2 | GLU53 intra -0.1| GLU53 intra -0.2
LYS55 intra 0.2| LYS55 intra 0.2| LYS55 intra 0.5
GLU57 intra -1.0| GLU57 intra -1.3| GLU57 intra -1.4
GLU59 intra -6.9| GLU59 intra -10.1| GLU59 intra -7.8
LYS81 intra 0.2| LYS81 intra 0.3| LYS81 intra 0.3

HIS84 intra 0.0| HiIs84 intra 0.2
LYS87 intra 0.6| LYS87 intra 0.5
ARGS88 intra 29| ARG88 intra 2.1
GLU90 intra -195| GLU90 intra -199| GLU90 intra -20.7
Intra-sum -27.6 -28.1 -27.3
Total sum -38.0 -39.2 -38.2

184




(C) Pair residues interacting with Lys72 in 3 mutants and its ionic energies

mutants

EcOW_H72K EcOW._6 EcOW 9
pairs energy| pairs energy| pairs energy
Lys72 | N-terminal inter 0.1 | N-terminal inter 0.3 | N-terminal inter 0.0
ASP3 inter -0.2 ASP3 inter -0.2 ASP3 inter -0.2
GLU4 inter -0.3 GLU4 inter -0.2 GLU4 inter -1.0
LYS5 inter 0.0 LYS5 inter 0.0 LYS5 inter 0.2
GLU53 inter -0.7 | GLUS53 inter -0.7 | GLU53 inter -0.6
Inter-sum -1.0 -0.7 -1.6
LYS30 intra 0.0| LYS30 intra 0.0| LYS30 intra 0.0
GLU34 intra -1.5| GLU34 intra -1.7| GLU34 intra -2.0
LYS35 intra 1.3| LYS35 intra 15| LYS35 intra 1.7
ASP39 intra 0.0| ASP39 intra 0.0
GLU78 intra -0.8| GLU78 intra -0.8| GLU78 intra -0.7
LYS82 intra 0.2 LYS82 intra 0.2
HIS83 intra 0.1 HIS83 intra 0.0| HIS83 intra 0.0
GLU108 intra -0.8
C-terminal intra  -12.5|C-terminal intra -16.2 |C-terminal intra -14.5
Intra-sum -13.4 -16.9 -16.1
Total sum -14.3 -17.6 -17.7
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(D) Pair residues interacting with Lys82 in 3 mutants and its ionic energies

mutants
EcOWW_S82K EcOWV _6 EcOW 9

pairs energy| pairs energy| pairs energy
Lys82 | N-terminal inter 0.4 | N-terminal inter 0.9 | N-terminal inter 0.7
ASP3 inter 0.0 ASP3 inter -0.1
GLU4 inter -0.2 GLU4 inter -04
LYS5 inter 0.0

HIS98 inter 0.0 HIS98 inter 0.0
ASP100 inter -0.8| ASP100 inter -0.8 | ASP100 inter -0.8
GLU101 inter -0.4
ASP102 inter -0.4| ASP102 inter -0.4 | ASP102 inter -0.4
Inter-sum -1.0 -04 -1.2
ASP26 intra -0.2| ASP26 intra -0.1| ASP26 intra -0.1
LYS30 intra 11| LYS30 intra 0.6| LYS30 intra 0.6
GLU34 intra -1.8| GLU34 intra -2.0| GLU34 intra -1.9
LYS35 intra 0.0| LYS35 intra 0.0| LYS35 intra 0.0
HIS72 intra 0.0| LYS72 intra 0.2| LYS72 intra 0.2
GLU78 intra -6.8| GLU78 intra -6.1| GLU78 intra -8.4
LYS81 intra 1.0| LYS81 intra 1.2 | LYS81 intra 1.1
HIS83 intra 0.8 HIS83 intra 0.6| HIS83 intra 0.2

HIS84 intra 0.0 HIS84 intra 0.0
LYS87 intra 01| LYS87 intra 0.5
ARGB88 intra 0.3| ARGS8S8 intra 0.6

GLU90 intra 0.0
C-terminal intra 0.0 | C-terminal intra -0.1 |C-terminal intra 0.0
Intra-sum -5.8 -5.2 -7.2
Total sum -6.8 -5.6 -8.4
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(E) Pair residues interacting with Lys87 in 4 mutants and its ionic energies

mutants
EcO0WVW_Q87K EcO0VV_Q87K_T88R EcOVWV_6 EcOWV_9

pairs energy| pairs energy| pairs energy| pairs energy
Lys87 | N-terminal inter 0.1 | N-terminal inter 0.0 | N-terminal inter 0.0 | N-terminal inter 0.1
LYS35 inter 0.0| LYS35 inter 0.0| LYS35 inter 0.0| ARG25 inter 0.0
ASP39 inter -0.5| ASP39 inter -0.4
LYS67 inter 0.1| LYS67 inter 0.2| LYS67 inter 0.0| LYS67 inter 0.0
ASP100 inter -0.7 | ASP100 inter -0.5| ASP100 inter -0.9| ASP100 inter -0.8
GLU101  inter -0.2
ASP102 inter -1.4| ASP102 inter -1.2| ASP102 inter -2.3| ASP102 inter -14
ARG112 inter 0.0| ARG112 inter 0.0| ARG112 inter 0.0| ARG112 inter 0.0
Inter-sum -1.9 -1.5 -3.5 -2.6
ASP20 intra -4.3| ASP20 intra -0.3| ASP20 intra -0.4| ASP20 intra -1.5
GLU21 intra -04| GLU21 intra 0.0| GLU21 intra -0.1| GLU21 intra -0.2
ASP26 intra -0.5| ASP26 intra 0.0| ASP26 intra -0.1| ASP26 intra -0.2
LYS30 intra 0.2| LYS30 intra 0.1| LYS30 intra 0.0| LYS30 intra 0.2
GLU34 intra 0.0| GLU34 intra 0.0| GLU34 intra 0.0| GLU34 intra -0.1
LYS48 intra 0.6| LYS48 intra 0.5
GLU53 intra -0.3| GLU53 intra -0.6 | GLU53 intra -0.3| GLU53 intra -0.3
LYS55 intra 0.4| LYS55 intra 0.5| LYS55 intra 0.6| LYS55 intra 0.5
GLU57 intra -1.5| GLU57 intra -4.0| GLU57 intra -1.7| GLU57 intra -1.2
GLU59 intra -3.5| GLU59 intra -6.3| GLU59 intra -3.4| GLU59 intra -2.3
GLU78 intra -0.1| GLU78 intra -0.1| GLU78 intra -0.1| GLU78 intra -0.3
LYS81 intra 06| LYS81 intra 04| LYS81 intra 0.7| LYsS81 intra 0.8
LYS82 intra 0.1| LYS82 intra 0.4

HIS83 intra 0.0 HIS83 intra 0.1 HIS83 intra 0.0

HIS84 intra 0.0 HIS84 intra 0.0
ARG88 intra 30| ARGS88 intra 31| ARG88 intra 2.9
GLU90 intra -0.7 | GLU90 intra -0.8| GLU90 intra -0.7 | GLU90 intra -0.8
Intra-sum -10.1 -8.1 -1.6 -1.7
Total sum -12.0 -9.6 -5.1 -4.3
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(F) Pair residues interacting with Arg88 in 4 mutants and its ionic energies.

mitants
EcOVV_T88R EcOVV_Q87K/T88R EcOVV_6 EcOwW_9
pairs energy pairs energy pairs energy pairs energy
Arg88 | N-terminal inter 0.2 | N-terminal inter 0.4 | N-terminal inter 0.1 | N-terminal inter 0.3
ASP3 inter 0.0
GLU4 inter -0.2
LYS5 inter 0.0
LYS35 inter 0.2 | LYS35 inter 0.1| LYS35 inter 0.1| LYS35 inter 0.1
ASP39 inter -5.4 | ASP39 inter -2.5
LYS67 inter 0.9 | LYS67 inter 1.4 | LYS67 inter 1.3 | LYS67 inter 0.7
HIS98 inter 0.0
ASP100 inter -5.0 | ASP100 inter -5.5 | ASP100 inter -5.4 | ASP100 inter -7.8
GLU101 inter -1.9
ASP102 inter -16.0 | ASP102 inter -12.4| ASP102 inter -13.8 | ASP102 inter -13.0
GLU108 inter -0.8
ARG112 inter 0.5 | ARG112 inter 0.6 | ARG112 inter 1.0 | ARG112 inter 0.7
C-terminal inter 0.0 | C-terminal inter -0.1 | C-terminal inter 0.0
Inter-sum -19.2 -15.4 -22.1 -24.4
ASP20 intra 0.0 | ASP20 intra 0.0 | ASP20 intra -0.1 | ASP20 intra -0.2
ASP26 intra 0.0 | ASP26 intra -0.1
LYS30 intra 0.1| LYS30 intra 0.2
GLU34 intra -0.1
LYS48 intra 2.9 | LYS48 intra 2.1
GLU53 intra -2.3 | GLU53 intra -1.7 | GLU53 intra -1.9 | GLU53 intra -1.3
LYS55 intra 0.9 | LYS55 intra 0.8 | LYS55 intra 0.9 | LYS55 intra 0.9
GLU57 intra -2.0 | GLU57 intra -2.7 | GLU57 intra -1.8 | GLU57 intra -1.0
GLU59 intra -2.7 | GLU59 intra -2.7 | GLU59 intra -2.6 [ GLU59 intra -1.7
GLU78 intra -0.2 | GLU78 intra -0.2 | GLU78 intra -0.2 | GLU78 intra -0.9
LYS81 intra 25| LYS81 intra 2.7 | LYS81 intra 25| LYS81 intra 3.8
LYS82 intra 0.3 | LYS82 intra 0.6
HIS83 intra 0.0 HIS83 intra 0.0
HIS84 intra 0.1
LYS87 intra 3.0| LYS87 intra 3.1| LYS87 intra 2.9
GLU90 intra -3.6 | GLU90 intra -5.5| GLU90 intra -5.1 | GLU90 intra -4.9
Intra-sum -7.5 -6.3 -1.8 0.2
Total sum -26.7 -21.7 -23.9 -24.2

188




(G) Pair residues interacting with Arg25 in 2 mutants and its ionic energies

mutants
Ec OVV_Q25R EcOVV_9
pairs energy pairs energy
Arg25 ASP20 inter 0.0
GLU21 inter -0.2 | GLU21 inter -0.2
LYS48 inter 0.5
LYS55 inter 0.3 | LYSb5 inter 0.2
GLU57 inter -2.6 | GLU57 inter -1.9
GLU5S9 inter -1.5| GLU59 inter -1.4
LYS87 inter 0.0
GLU90 inter -0.6 | GLU90 inter -0.2
Inter-sum -4.6 -3.1
ASP20 intra -2.6 | ASP20 intra -2.8
GLU21 intra -5.2 | GLU21 intra -5.6
ASP26 intra -5.2 | ASP26 intra -4.7
LYS30 intra 0.7 LYS30 intra 0.7
GLU34 intra -0.1| GLU34 intra -0.1
LYS35 intra 0.0
GLU5S9 intra 0.0 ASP39 intra -0.8
LYS67 intra 0.2 | LYS67 intra 0.2
HIS83 intra 0.1
GLU90 intra 0.0 | GLU90 intra 0.0
Intra-sum -12.1 -13.0
Total sum -16.6 -16.1
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(H) Pair residues interacting with Glu101 in 2 mutants and its ionic energies

mutants
EcOW_T101E EcOW._9
pairs energy| pairs energy
Glul01 LYS48 inter 0.0

GLU53 inter 0.0
GLU78 inter 26| GLU78 inter 2.4
LYS81 inter -2.3| LYS81 inter -3.6
LYS82 inter -0.4
LYS87 inter -0.1
ARG88 inter -1.9
GLU90 inter 0.0| GLU90 inter 0.2
Inter-sum 0.3 -3.4
N-terminal intra  -11.2 | N-terminal intra -6.1
ASP3 intra 2.1 ASP3 intra 3.8
GLU4 intra 1.1 GLU4 intra 2.7
LYS5 intra -0.2 LYS5 intra -0.5
LYS67 intra 0.0| ASP39 intra 0.0
LYS67 intra 0.0
HIS98 intra -0.5
ASP100 intra 55| ASP100 intra 6.3
ASP102 intra 4.4 | ASP102 intra 53
GLU108 intra 25
ARG112 intra -0.3| ARG112 intra -0.4

C-terminal intra 0.1
Intra-sum 1.5 13.3
Total sum 1.7 9.9
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(I) Pair residues interacting with Glu108 in 2 mutants and its ionic energies

mutants
Ec OVV_N108E EcOWW_9
pairs energy| pairs energy
Glu108 ASP3 inter 0.0

GLU4 inter 0.4 GLU4 inter 0.5
LYS5 inter -0.2 LYS5 inter -0.4

LYS48 inter 0.0
GLU53 inter 0.8| GLU53 inter 0.5
LYS81 inter -0.1| LYs81 inter -0.2
ARGS88 inter -0.8
GLU90 inter 0.0| GLU90 inter 0.0
HIS98 inter 0.0
Inter-sum 1.0 -0.3
N-terminal intra -0.1 | N-terminal intra -4.6
ASP3 intra 0.2| ASP3 intra 0.6
GLU4 intra 0.2 GLU4 intra 0.2
LYS5 intra -0.1 LYS5 intra 0.0
GLU34 intra 0.0
LYS35 intra -0.4 | LYS35 intra -0.4
ASP39 intra 0.6
LYS67 intra -0.1| LYS67 intra -0.2
HIS72 intra -05| LYS72 intra -0.8
GLU78 intra 0.0
HIS98 intra 0.0| HIS98 intra -0.1
ASP100 intra 0.9| ASP100 intra 1.4
GLU101 intra 25
ASP102 intra 1.3| ASP102 intra 15
ARG112 intra -24 | ARG112 intra -3.9

C-terminal intra 0.8 |C-terminal intra 0.1
Intra-sum -0.1 -3.2
Total sum 0.9 -3.5
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Table S2. The average distance of ion-ion interaction in 40 ns MD trajectory at 300 K*.

(A) Ec OVV template

ion pairs I?rt;rac-)r AAOrAB- | BBoOrBC- | CCorCA
. subunit subunit subunit
subunit
N-terminal Glu78 intra 29 + 11 (38 = 038
Asp3 Lys5 intra 64 £ 12|57 + 1159 + 10
Glu4 Lys5 intra 68 £+ 21|51 +21(62 + 19
Asp26 Lys30 intra 33 + 18 (34 + 14|33 £ 10
Lys30 Glu34 intra 74 £ 20|78 = 15
Glu34 Lys35 intra 70 £ 21
Lys35 Glus50 inter 47 + 03
Glu53 Lys55 intra 80 * 24 33 + 41
Glus53 Argl12 inter 72 + 38|63 + 22 (69 + 38
Lys55 Glus7 intra 62 £ 20|50 = 17 (44 += 20
Lys67 Glu9o intra 23 £ 04|39 + 07|26 + 04
Glu78 Lys81 intra 76 £+ 20|55 += 20
Aspl100 Lys81 inter 24 + 03|28 + 07 (40 + 11
Aspl02 Lys81 inter 32 £+ 07|42 + 10|70 += 138

*The listed interactions show average values of favorable interactions less than 8.0 A.
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(B) Ec OVV_6 mutant

inter or

. . . AA or AB- BB or BC- CC or CA-
ion pairs intra- . . .
. subunit subunit subunit
subunit

N-terminal Glu78 inter 31 = 11
Asp3 Lys5 intra 62 + 10|59 + 12|59 £+ 11
Glu4 Lys5 intra 58 £+ 18|65 + 22 (62 + 21
Asp26 Lys30 intra 33 + 1336 + 1.7 |37 £ 15
Lys30 Glu34 intra 74 £ 21

Glu34 Lys35 intra 72 * 16 (75 = 16
Lys35 Glu53 intra 58 + 22 (66 + 26 |65 £+ 22
Asp39 Lys48 intrer 34 £ 07|41 = 12 (54 += 038
Asp39 Lys67 intra 22 £ 02|25 + 03|25 + 04
Asp39 Arg88 inter 46 + 22 |76 = 20
Lys48 Glus59 intra 39 £ 09|30 = 07 (48 = 13
Lys48 Glu90o intra 26 £ 05|28 + 0531 + 09
Glu53 Argl12 inter 55 + 24 (63 + 28|72 £+ 28
Lys55 Glus7 intra 52 £+ 21|51 + 21 (58 + 23

Glu59 Arg88 intra 71 + 21
Lys67 Glu90o inter 356 £ 12|36 = 11|28 += 06
Lys72 C-terminal intra 26 £ 0829 + 11|31 + 11
Glu78 Lys82 intra 46 + 15|44 + 13|45 = 15
Lys81 Glu78 intra 70 £ 22|75 + 20|80 + 19
Lys81 Asp100 inter 27 * 06 |27 = 08|26 £ 07
Lys81 Aspl02 inter 42 + 13 (38 + 11|38 % 11

Arg88 Glu90 intra 51 + 21
Arg88 Aspl100 inter 56 + 16 (62 + 11 |59 £+ 10
Arg88 ASp102 inter 45 + 20|61 + 21|44 + 17

*The listed interactions show average values of favorable interactions less than 8.0 A,

Ec OVV_6 is the mutant Ec 0VV_A39D/S48K/H72K/S82K/Q87K/T88R.
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(C) EcOVV 9 mutant

ion pairs l?r'frfac_)f AAorAB- | BBorBC- | CCorCA-
. subunit subunit subunit
subunit
N-terminal Asp3 intra 79 = 09 73 = 09
N-terminal Glu78 intra 43 + 17|71 + 1.2
inter 44 + 10(40 = 12
N-terminal Aspl00 intra 73 £ 14|72 = 15
inter 76 + 15
N-terminal Glul01 intra 73 + 2840 = 09|61 £ 23
inter 64 £ 26|33 = 06|67 = 22
N-terminal Glu108 intra 6.7 = 47
inter 71 = 44
Asp3 Lys5 intra 64 £+ 11|62 + 11|58 + 13
Glu4 Lys5 intra 58 + 21|57 + 22|71 £ 21
Asp20 Arg25 intra 79 £ 11|78 = 11|75 = 11
Glu2l Arg25 intra 46 + 19|47 + 23[(53 = 1.6
Arg25 Asp26 intra 77 £+ 13|75 + 12|75 + 13
Asp26 Lys30 intra 34 + 13(32 + 10|34 £+ 1.1
Lys30 Glu34 intra 74 + 14
Glu34 Lys82 intra 79 + 22
Lys35 Glu53 inter 52 £+ 25|65 + 25|55 + 27
Asp39 Lys48 inter 46 = 14|32 + 0739 = 1.0
Asp39 Arg88 inter 77 £ 21|76 = 15
Lys48 Glu59 intra 36 £+ 12|46 + 16|46 + 15
Lys48 Glu90 intra 24 + 0328 + 07|24 £ 05
Glu53 Argl12 inter 70 + 33
Lys67 Asp39 intra 26 + 0425 + 04|23 £+ 03
Lys67 Glu90 inter 53 £+ 08|27 + 06|47 + 13
Lys72 C-terminal intra 29 + 0631 = 07|34 = 14
Glu78 Lys81 intra 54 + 23|62 = 21|64 = 19
Glu78 Lys82 intra 48 + 16|46 + 15|48 = 1.8
Lys81 Aspl00 inter 28 £+ 06|23 = 04|30 = 07
Lys81 Glul01 inter 55 + 14|76 + 11|64 + 16
Lys81 Aspl02 inter 46 + 11|33 + 09|54 + 17
Arg88 Glu90 intra 48 + 15
Arg88 Aspl100 inter 51 + 15(53 + 11|59 + 16
Arg88 Aspl02 inter 52 + 1936 + 13|61 £ 29
Glul108 Argl12 intra 71 + 36|58 + 19|65 + 34

*The listed interactions show average values of favorable interactions less than 8.0 A.

EcOWV_9 is the mutant

Ec OV Q25R/A39D/S48K/H72K/S82K/Q87K/T88R/T101E/N108E.
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Fig. S1. The snapshot of the trimer structure of EcOVV_9 at 20 ns of 300 K MD
simulation. Sticks represent the 9 targeted charged residues. The different colors represent
the different subunits.
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Fig. S2. MD trajectory of root mean square deviation (RMSD) of ionic mutant EcCutAl
for 40ns at 300 K. Blue, red, and green represent EcOVV template, ECOVV_6 and
EcOVV_9, respectively.

(b) 16ns

Fig. S3. The configuration of charged residues, Lys67 and Glu90 at (a) 8ns and (b) 16 ns
of MD simulation of EcOVV_6.
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Chapter 7: Conclusions.

There are few reports addressing how charged residues contribute to the
thermostability of a protein at temperatures of over 100 °C.

In Chapter 2, analysis of the stability change of exhaustive mutation results
indicate that (1) many Glu and Asp residues of PhCutAl seem to be essential for highly
efficient interactions with positively charged residues and for generating high
electrostatic energy, although they were forced to be partially repulsive to each other, (2)
the changes in stability of mutant proteins with a T4 of around 140 - 150 °C were explained
by considering factors important for protein stability and the structural features of mutant
sites, and (3) these findings are useful for designing proteins that are stable at
temperatures over 100 °C.

In Chapter 3, to compare the strengths of salt bridges among six combinations
of force fields, we performed MD simulations using PhCutAl. The average strengths of
the salt bridges for each positively charged residue did not differ greatly among force
fields, but the strengths at specific sites within the structure depended sensitively on the
force field used. In the case of the Gromos group, positively charged residues engaged in
favorable interactions with many more charged residues than in the other force fields,
especially in loop regions; consequently, the apparent strength at each site was lower.

In Chapter 4, to enhance the heat stability of ECCutAl (Tq = 90 °C) so that it had
comparable stability to PhCutAl (Tq¢ = 150 °C), first, we used the stability profile of
mutant protein (SPMP). These analyses showed that (1) the stability of EcCutAl was
remarkably improved by slight substitutions, even though the stability of the wild-type
protein was considerably high, (2) remarkable improvements in stability were

quantitatively explained based on the newly solved native structure, and (3) SPMP is a
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powerful tool to examine substitutions that improve protein stability.

In Chapter 5, to evaluate the thermodynamics of protein denaturation at
temperatures over 100 °C, we designed hydrophobic and ionic mutant EcCutAl proteins
that showed a reversible heat denaturation. Thermodynamic analyses of these mutant
proteins indicated that the hydrophobic mutants were stabilized by the accumulation of
denaturation enthalpy (AH) with no entropic gain from hydrophobic solvation around
100 °C, and that the stabilization due to salt bridges resulted from both the increase in AH
from ion-ion interactions and the entropic effect of the electrostatic solvation over 113 °C.
This is the first experimental evidence that has successfully overcome the typical
technical difficulties.

In Chapter 6, to elucidate the contribution of charged residues to protein
stabilization at temperatures of over 100 °C, we constructed many ionic ECCutAl mutants.
To evaluate the energy of ion-ion interactions of the mutant proteins, we used the
structural ensemble obtained by MD simulation at 300 K. The T4 of the ionic mutants
linearly increased with the increments of the computed energy of the ion-ion interactions
for ionic mutant proteins, even to temperatures near 140 °C, suggesting that ion-ion
interactions cumulatively contribute to the stabilization of a protein at high temperatures.

In this thesis, a protein thermostabilization strategy using ion-ion interactions at
temperatures of over 100 °C has been suggested. These findings have enabled us to

provide a thermostable protein useful for protein sciences and biotechnological industries.
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