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bond '
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calculated structure factor amplitudes, respectively.

100 x = | Iy - Iy | / = I;, where I is individual values and (/)

is the mean intensity of the reflection A.



Chapter 1

General Introduction



Conformational Stability of a Protein

Proteins are important components for all organisms and are composed
of twenty kinds of amino acids. Necessary for their biological functions,
proteins each fold to a unique tertiary structure, the "native” conformation, in
appropriate solvent environments, depending on the amino acid sequence.
These unique conformations support a diverse biological functions. We can
now determine tertiary structures at atomic level by X-ray crystallographic
analysis (Bernal, 1934; Green et al., 1954; Kendrew et al., 1958), and the
unique structures of more than 400 proteins have been determined in order to
understand how proteins function.

The native conformation of a protein is denatured by heat, acid or
denaturants such as guanidine hydrochloride and urea. The denaturation
means the unfolding of the tertiary structure. The denatured protein
sometimes irreversibly aggregates, but it can be refolded to the original
native conformation again by cooling or diluting the denaturants under
appropriate conditions (Anfinsen, 1973). That is, protein denaturation is a

reversible reaction according to the following equation.

N D (= aggregation) d-n

Here, N and D indicate the native and denatured states of a protein,
respectively. This equation shows that the protein is in a thermodynamic
balance between the native and denatured states. In the energetics of protein
denaturation, the conformational stability of a protein means the stability in
the native state in Equation I-1 and is defined as the difference in energy

between the native and denatured states, that is, the Gibbs energy change of



denaturation (AG). This energy change between the N and D states (AG = Gy

- G,) is calculated by the following equations.

K=[D]/[N] (I-2)
AG=-RTIhK (I-3)

Here, K, [D], [N], R and T represent the equilibrium constant, the protein
concenfration in the D state, that in the N state, the gas constant and absolute
temperature, respectively.

It has been known that the native conformation of a globular protein is
stabilized by a Gibbs energy of about only 40 kl/mol under physiological
conditions (Privalov, 1979) resulting from comparatively large changes in
both enthalpy and entropy (Brandts, 1964a). So, proteins are said to be
marginally stable. This indicates that AG value might be remarkably affected
if a single hydrogen bond in a protein, which is one of the factors stabilizing
the protein conformation, is deleted. In fact, the stability of a mutant protein,
in which a single amino acid is substituted, is considerably different from that
of a wild-type protein (Yutani et al., 1977, 1987; Matsumura et al., 1988).
These facts indicate that the study of the effect of amino acid substitutions on
conformational stability can be a fruitful approach to understanding the role
of amino acid sequences in protein folding and protein stability. Recent
advances in molecular biology allow us to modify the gene of a protein

virtually without limitations.



Hydrophobic Effect: A Major Factor Stabilizing the Conformation of a
Protein

Hydrophobic effect, hydrogen bonding, and electrostatic interaction
are mainly considered as factors stabilizing protein conformations.

Kauzmann (1959) was the first to point out that globular proteins are
stabilized mainly by hydrophobic effects (hydrophobic bonding). The
hydrophobic effect is described by the thermodynamics of the partitioning of
non-polar compounds between water and a non-aqueous phase. The
hallmarks of the hydrophobic effect are that the transfer of non-polar
compounds into water at ambient temperature is unfavorable due to a
decrease in entropy and is associated with a large increase in heat capacity.
Tanford (1962) has developed the concept of hydrophobic effect in which
the Gibbs energy of the transfer of amino acids from organic solvents to
water (AGy) can be used to establish a hydrophobicity scale that is useful for
estimating the contributions that buried residues make to the stability of
proteins. It has been considered that the environment of an organic solvent
can be a model of the interior of a folded protein, because 81 % of the non-
polar residues (Ala, Val, Ile, Leu, Met, Phe, Trp and Cys) are buried in the
interior of the molecule out of contact with water when the protein folds
(Lesser & Rose, 1990). Tanford has then concluded that the stability of the
native conformation of a protein in water can be explained entirely on the
basis of the hydrophobic effects of the non-polar parts in the molecule.
Brandts (1964a, b) has supported the importance of hydrophobic interaction
for protein stability by showing that the large excess heat capacity observed
for protein denaturation is mainly due to the exposure of non-polar groups.

Mutational analyses have also confirmed that hydrophobic effect is a



stabilizing factor for protein conformations (Yutani et al., 1987; Matsumura
et al., 1988). For example, the substitution of Leu with Ala which makes a
cavity in the core of T4 lysozyme decreases the stability of the mutant
protein (Eriksson et al., 1992), and the substitution of Val with Ile which fills
up a cavity in the RNase HI increases the stability (Ishikawa et al., 1993),
suggesting that a hydrophobic residue in the interior of a protein contributes
toward raising the protein stability.

The hydrophobic scales (AG,,) for amino acid side-chains based on the
solubility in ethanol and dioxane (Nozaki & Tanford, 1971), n-octanol
(Fauchere & Pliska, 1974), N-methylacetamide (Damodaran & Song, 1986),
and cyclohexane (Radzicka & Wolfenden, 1988) have been published.
Chothia (1974) has found a linear relationship between Nozaki & Tanford's
hydrophobic scale (1971) and the solvent accessible surface area of amino
acid side-chains, with a slope of 0.10 kJ/mol A2 Pace (1992) has argued on
the basis of the data for hydrophobic mutant proteins that the AG, values of
n-octanol are reasonable for estimating the contribution of the hydrophobic
effect to protein stability on an average.

However, even for the same kind of hydrophobic residues, the
substitution effect on protein stability is different, depending on the
difference in environment surrounding the substitution residue and the
structural change due to mutation. For instance, the changes in denaturation
Gibbs energy change (AAG) for nine different Ile with Val substitutions
relative to the wild-type protein ranged from -2.1 to -7.5 kJ/mol (Matthews,
1993). At present, there is no precise estimation of the energetics of the
hydrophobic residues stabilizing the protein conformation in various

environments because of the lack of sufficient data. It would be expected to



determine exactly how much each hydrophobic residue in the various
environments in a tertiary structure contributes to protein stability in order to
explain the role of amino acid residues in the conformational stability of a
protein. Therefore, it is necessary to accumulate accurate experimental
information on the correlation of the stability change due to mutation with the
environment of the mutation site and the structural change due to the
mutation. The analyses of stability and structure for systematic and
comprehensive mutant proteins will provide the answer. Furthermore, the
quantitative estimation of the hydrophobic effect on protein stability may
allow us to estimate other stabilizing factors.

In recognition of these facts, the contribution of the hydrophobic effe‘ct,
which is a dominant stabilizing factor, to protein stability was investigated
using systematic mutant human lysozymes as a model system by both

thermodynamic and structural analyses in this thesis.



Differential Scanning Calorimetry of a Protein

In the process of ordering and disordering under equilibrium
conditions, the conformational stability of a protein, the Gibbs energy change
of denaturation (AG), can be estimated by differential scanning calorimetry
(DSC) (Privalov & Khechinashvili, 1974; Becktel & Schellman, 1987), or by
analyses of heat or denaturant denaturation curves of a protein using
spectroscopic techniques (Hawkers et al., 1984; Pace, 1986). The exact
thermodynamic parameters, Gibbs energy change (AG), enthalpy change
(AH), and entropy change (AS), of denaturation are directly obtained only
from the measurement of adiabatic DSC (Privalov, 1974; Privalov &
Potekhin, 1986). The recent developments in sensitive calorimeters have
allowed reliable measurement of the energetics for the denaturation process
of a protein (Privalov & Khechinashvili, 1974, Privalov et al.,, 1995;
Plotnikov et al., 1997). With this technique, the heat capacity of a protein
solution can be measured during heating at a constant rate. The excess heat
capacities are accompanied by denaturation of a protein. The denaturation
temperature (Ty), calorimetric enthalpy change (AH..), van't Hoff enthalpy
change (AH.y) and heat capacity change (ACp) of denaturation can be
directly obtained from analysis of the DSC curve, as shown in Figure I-1.
The temperature functions of the thermodynamic parameters of denaturation

can be calculated using the following equations.

AH(T) = AH(Ty) - AC, (T4-T) (1-4)
AS(T) = AH(Tg) 1 Ty - AC, In (T4 / T) d-5)
AG(T) = AH(T) - T AS(T) (I-6)



where AC, is assumed to be independent of temperature (Privalov &
Khechinashvili, 1974). DSC measurements should allow us to investigate the

thermodynamic parameters for the denaturation of a protein.
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Figure I-1. Typical excess heat capacity curve of a protein.



Structural Analysis of a Mutant Protein

The native structure of a protein can be determined by X-ray
crystallography (Bernal, 1934; Green et al., 1954; Kendrew et al., 1958),
nuclear magnetic resonance (NMR) (Braun et al., 1983; Driscoll et al., 1990;
Ikura et al., 1991), and electron microscopy (Henderson et al., 1990; Stokes
& Green, 1990). We need information about native structures at atomic level
resolution in order to detect the effects of mutations on the structures.

X-ray crystal structure analysis is the best way to determine the
tertiary structure of a protein at atomic resolution. It is becoming a more
splendid technique due to remarkable advances in X-ray detectors such as
the imaging plate (Miyahara et al., 1986), techniques using synchrotron
radiation as the X-ray source (Moffat et al., 1984; Hajdu et al., 1987; Sakabe,
1991), cryogenic techniques (Nakasako et al., 1995), and computational
techniques (Jones, 1978; Brunger, 1992; Otwinowski, 1993). For analysis of
a mutant structure which is similar to the wild-type one, molecular
replacement using the wild-type structure can be utilized as a model without
solving the phase problem with some heavy atom derivatives (Green et al.,
1954; Blow & Crick, 1959; Rossmann & Blow, 1962; Crowther & Blow,
1967). Thus, we expect to be able to determine many structures of mutant
proteins at high resolution if crystals of high quality, sufficient size, small
mosaicity, and high stability under X-ray irradiation are obtained. High
resolution structural analysis of a mutant protein from X-ray crystallography
will provide important information on the energetics which maintain the
tertiary structure. X-ray analysis has to reveal the crystal structure of a
protein at more than 2.0 A resolution, because the structure changes due to

mutation are small in many cases (Matthews, 1995).



Human Lysozyme: A Model Protein for the Study of Protein Stability

The thermal properties of globular proteins, such as RNase A, hen egg
white lysozyme, chymotrypsin, cytochrome ¢, and myoglobin have been well
investigated by differential scanning calorimetry (Privalov & Khechinashvili,
1974). These proteins have the following advantages for us. Their structures
are known, their thermal unfoldings are reversible, and their refined samples
can be easily obtained. The stability of mutant proteins have been studied on
a tryptophan synthase o subunit (Yutani et al., 1977, 1987, Hiraga & Yutani,
1996), T4 lysozyme (Matsumura et al., 1988; Eriksson et al., 1992, 1993),
barnase (Kellis et al., 1988; Serrano et al., 1992), and staphylococcal
nuclease (Shortle et al., 1990). These proteins can be produced by virtually
any type of mutant at a specifically targeted residue using site-directed
mutagenesis, but they have some defects in structural analysis or reversibility
of thermal denaturation. Recent DSC experiments for mutant human
lysozymes (Kuroki et al, 1992a, 1992b; Herning et al., 1992a) have
thermodynamically analyzed the stabilizing factors of the proteins. These
results, combined with X-ray analysis, play an important role in interpreting
the stabilizing mechanism of the protein. Human lysozyme has a high
reversibility of the unfolding and coordinate at high resolution of the native
structure. This protein is the best candidate as a model to study the role of an
amino acid sequence in protein stability.

Lysozyme is a ubiquitous enzyme defined as muraminidase catalyzing
the hydrolysis of the B (1-4)glycosidic bond in bacterial peptidoglycan, a
major component of the bacterial cell wall (Phillips, 1966). Several different
types of lysozyme from different species have been characterized, and the

complete amino acid sequences have been determined. Human lysozyme is
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widely distributed in several human tissues and secretions including milk,
tears, and saliva (Peters et al., 1989). It is composed of 130 amino acid
residues with four disulfide bonds, and its crystal structure has been
determined at 1.5 A resolution (Artymiuk & Blake, 1981). It is an o + f3
protein with five o-helices and five B-sheets and consists of two domains.
The active site is located in the cleft between the domains. The expression
system of human lysozyme on yeast, Saccharomyces cerevisiae, has been
constructed (Yoshimura et al.,, 1987; Yamamoto et al., 1987; Kikuchi &
Ikehara, 1994), and mutant proteins of human lysozyme can be made in
principle. The structures of more than ten mutant human lysozymes have
been reported (Inaka et al., 1991a, 1991b; Herning et al., 1992a; Kuroki et
al., 1992a; Muraki et al., 1992, 1997; Funahashi et al., 1996; Booth et al,
1997). Human lysozyme and its mutants have also been used in studies of the
folding process (Herning et al., 1992b; Taniyama et al., 1992), of the
secretion and folding mechanism in vivo (Taniyama et al., 1988, 1990;
Kanaya & Kikuchi, 1992), and the normal mode refinement of crystal
analysis (Kidera et al., 1992, 1994). Recently, amyloidogenic mutant human
lysozymes have been attractive as a model of protein misfolding (Pepys et al,,

1993; Funahashi et al., 1996; Booth et al., 1997).
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Situation of This Thesis in Life Science Research

As described before, a denatured protein can be spontaneously
refolded to its native conformation. This fact indicates that the amino acid
sequence directs the unique native conformation of the protein. Therefore, if
the rules for the relationship between the primary structures (amino acid
sequences) and the tertiary structures of proteins, that is "structural principles
of protein architecture” are revealed, we are able to predict the tertiary
structure from a sequence, and the function from the structure predicted.
Moreover, a protein designed with a new function can be constructed.
However, this subject has not been achieved, because a protein structure is
prescribed not only by a part of the amino acid sequence but also by an
extensive interaction (Minor & Kim, 1996). The understanding of these
principles is one of the main problems in modern life science research (Gros
& Tocchini-Valentin, 1994).

Chothia (1992) has presumed that the basic conformations of proteins
are only about 1000 based on a statistical estimation. This brings about the
probability of accomplishment of the subject, clarifying the principles of
protein architecture. That is, if there is information on all the basic
conformations and accurate parameters of energetics for the stabilizing
factors of the structures, we can determine which basic conformation is
optimal for a sequence (Bowie et al., 1990, 1991). The tertiary structures
deposited into protein data bank (PDB) have increased at a surprising rate in
the last few years. In contrast, the studies on the energetics of protein
conformation have had unsatisfactory progress. Thus, gathering data on the

energetics basis of protein conformation is expected.
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Purpose and Outline of This Thesis

The final goal of this thesis is elucidation of the principle of how the
tertiary and quaternary structures of proteins are coded for in their amino
acid sequences. In the present study, we tried to establish a general rule for
the relationship between the hydrophobic effect and the conformational
stability of a protein using the thermodynamic and structural analyses of a
series of mutant proteins, because the hydrophobic effect is the main factor
in protein stability. -

We focused on hydrophobic mutations in which a larger side-chain is
replaced by a smaller one so that steric effects due to mutation are minimal,
that is, substitutions from Ile to Val, from Ile to Ala, from Ile to Gly, and
from Val to Ala. Human lysozyme contains five Ile and nine Val residues out
of 130 residues. In order to elucidate the contribution of hydrophobic
residues to the protein stability, the five Ile to Val, nine Val to Ala, five Ile to
Ala and two lle to Gly mutants of the wild-type human lysozyme, and the
five Tle to Val and nine Val to Ala mutants of the 3SS (C77A/C95A) human
lysozyme, a total of 35 hydrophobic mutants, were constructed. The
thermodynamic parameters of denaturation and the crystal structures for the
wild-type and these mutant proteins were determined by differential scanning
calorimetry and X-ray structural analysis at high resolution, respectively.

In Chapter II, the results for wild-type and five mutant proteins from
Ile to Val are presented. The thermodynamic results were discussed in light
of the high resolution structures.

In Chapter 11, a correlation between the changes in the stability and
the structural features of the mutant proteins was examined using the results

of nine mutants from Val to Ala including those of five mutants from lle to
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Val. We found a new correlation between the changes in the stability (AAG)
and the changes in hydrophobic surface area of all of the hydrophobic
residues exposed upon denaturation (AAASAyp) by considering the effect of
secondary structural propensity.

In Chapter IV, the relationship obtained in Chapter IIT was applied to
the cases of five substitutions of Ile with Ala and two substitutions of Ile with
Gly. With this correlation, the contribution of water molecules in the interior
of a protein to the conformational stability is represented.

In Chapter V, the correlation between AAG and AAASAyp Was tested
for its generality using the five substitutions of Ile with Val and nine
substitutions of Val with Ala of a greatly perturbed mutant human lysozyme,
the 3SS human lysozyme. The 3SS human lysozyme lacks a disulfide bond
and is largely destabilized compared with the wild-type protein. The results
indicate that changes in ASA (the accessible surface area) value of the
hydrophobic residues due to the mutation of globular proteins correspond to
changes in conformational stability of about 0.1 kJ/mol A%

Chapter VI summarizes the main results and conclusions obtained in
this work.

The successive chapters, II to V, correspond to each paper listed at the

end of this thesis, [1] to [4], respectively.
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Chapter 1I

Studies on the Five Val Substitutions for Ile of Human

Lysozyme*



Introduction

As mentioned in Chapter I, the hydrophobic effect is the major factor
stabilizing the conformation of a protein. Studies of the contribution of
hydrophobic residues to the protein stability at a single site in a protein have
shown a correlation between the stabilities of the mutant proteins and the
hydrophobicities of the substituted residues (Yutani et al., 1977, 1987,
Matsumura et al., 1988). In addition, other systematic mutational analyses of
hydrophobic amino acid residues in proteins have made the same
substitutions, such as Ile — Val or Val — Ala at different sites (Kellis et al,,
1989: Shortle et al., 1990; Eriksson et al., 1992). For example, nine different
Ile to Val substitutions are associated with denaturation Gibbs energy
changes that rarige from 2.1 to 7.5 kJ/mol (Matthews. 1993). The changes in
stability might be due to differences in the environment surrounding the
residue at various positions, as they cannot result from differences in the
hydrophobicity of the side-chain.

Eriksson et al. (1992) have found that the decrease in the denaturation
Gibbs energy of phage T4 lysozyme, for a Leu to Ala mutation at differeht
positions, consists of a constant part, from the difference in the
hydrophobicity of the side-chain, plus a variable part that depends on the size
of the cavity created by the substitution. The constant term agrees with the

difference (7.9 kJ/mol) in the hydrophobicity between Leu and Ala estimated

* This work is published, titled "Contribution of Hydrophobic Residues to the Stability of
Human Lysozyme: Calorimetric Studies and X-ray Structural Analysis of the Five
Isoleucine to Valine Mutants” (Takano et al., 1995).
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by transfer from water to octanol. This seemed to be a successful way to
reconcile a number of conflicting reports concerning the strength of the
hydrophobic effect of proteins (Matthews, 1993), in which the hydrophobic
values obtained by solvent transfer experiments were different from the
differences in the stabilities of the hydrophobic mutant proteins. In the case
of mutations in the hydrophobic core of barnase, however, such a correlation
between the size of the cavity created by the substitution and the decrease in
the denaturation Gibbs energy has not been seen (Buckle et al., 1993). This
suggests that more data is needed to precisely describe the differences in the
environment surrounding the substituted residues, in order to elucidate the
role of hydrophobic residues in the stability of a protein.

Most point mutations are likely to induce relatively small changes in
protein stability. Therefore, it is necessary to determine very accurately
various thermodynamic parameters for the denaturation of a protein. The
most direct and accurate way to determine these parameters is provided by
the adiabatic differential scanning calorimetry technique (Privalov &
Khechinashvili, 1974). By this technique, we can directly obtain
thermodynamic parameters, such as the denaturation temperature (74), the
denaturation enthalpy change (AH), and the denaturation heat capacity
change (AC,) of a protein. From these values,.all of the thermodynamic
parameters in the denaturation of a protein at a given temperature (7, Kelvin)
can be calculated using Equations I-4 to I-6.

In our laboratory, we have reported calorimetric studies of mutant
human lysozymes that substitute Pro (Herning et al., 1992), lack a disulfide
bridge (Kuroki et al., 1992a), and create a calcium binding site (Kuroki et al.,

1992b). Since they are combined with an X-ray structure analysis of each
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mutant protein, we could explain the thermodynamic parameters of the
denaturation of the proteins, taking into account their environment in the
protein structure (Oobatake & Ooi, 1993). In this chapter, we focus on
substitutions of Ile by Val, which result in the deletion of a methylene group.

Human lysozyme is an o + B protein with five o-helices and five B-
strands, and consists of two domains (Artymiuk & Blake, 1981). The active
site is located in the cleft positioned between the two domains. The belt
consisting of the hydrophobic core lies in the interior of the protein, with a V
shape through the two domains, as shown in Figure II-1. Five Ile residues in
the protein are included in the belt of the hydrophobic core. Ile23 and Ilel06
are located at the edge of the hydrophobic belt. Ile56 and Ile89 face each
other at the bend of the V shape, connected to le59 through Phe57. All of
the mutated residues are buried in the interior of the molecule and have small
solvent accessible surface areas (ASA) (Table II-6). A large cavity, which
includes internal water molecules, exists in the hydrophobic belt.

The thermodynamic parameters for the denaturation of the five Ile
mutants were determined by scanning calorimetry and their three-
dimensional structures were solved at high resolution by X-ray
crystallography. The thermodynamic results are discussed in light of the high

resolution X-ray structures of the five Ile mutants of human lysozyme.
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Figure II-1. Stereo drawing of the wild-type human lysozyme structure. The positions of
the substituted Ile residues are indicated. This was generated by the program
MOLSCRIPT (Kraulis, 1991). The open circles represent sulfur atoms of disulfide bonds.

19



Materials and Methods

Materials

Human lysozyme from the sputum duct was purchased from Elastin
Products Company. For purification, the lysozyme was applied to an
Asahipak ES-502C column, and was eluted with a linear gradient of 0 M to
0.36 M Na,SO, in 50 mM sodium-phosphate buffer (pH 6.5). The main
active fraction was collected.

Mutagenesis was performed by the polymerase chain reaction (PCR)
to obtain the five mutant human lysozymes in which the Ile residues at
positions 23, 56, 59, 89, and 106 were replaced by Val. The genes encoding
the signal sequence and the mutated human lysozyme were combined with
the large Xhol-Smal fragment from pERI8602 (Taniyama et al., 1988) to
construct the expression plasmids. Saccharomyces cerevisiae AH22R
(Miyanohara et al., 1983) was used for the host strain, and was cultivated in
modified Burkholder minimal medium (Toh-e et al., 1973) supplemented
with 8 % (w/v) sucrose. Secreted mutant human lysozymes were purified as
described by Kikuchi et al. (1988).

The purified wild-type and mﬁtant human lysozymes were dialyzed
extensively against distilled water, and were lyophilized for storage. All

other chemicals were reagent grade.

Differential scanning calorimetry (DSC)

Calorimetric measurements were carried out with a DASM4 adiabatic
microcalorimeter equipped with an NEC personal computer. The scan rate

was 1.0 K/min. This system is the same as that reported by Yutani et al.
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(1991). Sample solutions for DSC measurements were prepared by
dissolving the lysozyme in 0.05 M glycine buffer between pH 2.4 and 3.2.
The lysozyme concentrations were 0.7 to 1.5 mg/ml. The concentrations of

the protein solutions were determined spectrophotometrically using g* =

25.65 at 280 nm for human lysozyme (Parry et al., 1969) and its mutants.
Data analysis was done using the Origin software (MicroCal Inc,

Northampton, MA).

X-ray crystallography

Crystals of the wild-type and all mutant proteins were obtained using
the hanging drop vapor diffusion method. Typically, a 10 mg/ml protein
solution (2 1) was mixed in a 1:1 ratio with the crystallization reservoir
solution (2.5 M NaCl, 20 mM acetate, pH 4.5). Suitably sized (> 0.2 mm x
0.2 mm x 0.5 mm) rod-shaped crystals grew at 10 °C in one to four weeks.
As the exceptional case, X-ray quality crystals of 123V could be grown by
macroseeding. All of the crystals of the mutant proteins are isomorphous
with our wild-type crystals (Table 1I-3).

Diffraction data were collected at 10 °C by the oscillation method on a
Rigaku R-AXIS IIC imaging plate mounted on a Rigaku RU300 rotating
anode X-ray generator (CuK,, radiation, 40 kV 200 mA). The crystal-to-
detector distance and the exposure times were 60 mm and 30 to 40 minutes,
respectively, for 1.5° oscillation. The data to 1.58 A resolution were
processed with the software provided by Rigaku (Table II-3). The data
below 1.8 A resolution were excluded from the refinements, due to their low

accuracy and high Ry, values of éa 15 %.
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The crystal structure of the wild-type human lysozyme has been
refined at 1.5 A resolution (Artymiuk & Blake, 1981), but the paraméters for
the solvent molecules habve not been deposited in the Protein Data Bank (data
set name: 1LZ1). Furthermore, the unit cell dimensions of our mutant and
wild-type proteins significantly differed from the published dimensions (a =
57.13, b = 60.99, ¢ = 32.87 A). Therefore, we independently refined the
crystal structure of the wild-type protein to use in the comparison between
the wild-type and mutant structures. Of the wild-type and mutant proteins, all
the crystals belong to the space group P2,2,2;. All refinements were
performed using the program X-PLOR (Brunger, 1992). The procedures are
as follows: (1) positional refinement as a rigid body using the coordinates of
the wild-type structures (1LZ1 for the wild-type structure and our wild-type
model for the mutant proteins), (2) restrained least-squares refinement of all
atomic positions, (3) restrained least-squares refinement of the thermal
parameters, (4) detection of solvent molecules using the program FLAPPER
(Fujii, S., unpublished), (5) repeating (2) to (4). The criteria for selecting the
solvent molecules were to have hydrogen-bonding geometry contacts of 2.4
to 3.5 A (except for one peak assigned as a Na*, which binds to carbonyl
oxygen and water molecules with contacts of 2.1 to 2.3 A) with protein
atoms or with existing solvent, excluding contacts to carbon atoms within 3.2
A, to have temperature factors less than 50 A2, and to have electron densities
more than the 2.5 o level in F, - F, maps. All numerical calculations were
carried out on NEC engineering workstations at the Research Center for

Protein Engineering, Institute for Protein Research, Osaka University.
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The coordinates of the five mutant human lysozymes, 1106V, 123V,
156V, 159V and 189V, have been deposited in the Brookhaven Protein Data
Bank, accession nos, IYAM to 1YAQ.

- (C)(d) &

Excess heat capacity

40 50 60 70 80 %
Temperature (°C)

Figure II-2. Typical excess heat capacity curves of the mutant human lysozyme (1106V)
at pH 2.70 (a), 2.92 (b), 3.04 (c), 3.10 (d), and 3.14 (e). The increments of excess heat

capacity were 10 kl/mol K.
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Results

Differential scanning calorimetries of the wild-type and mutant human

lysozymes

In order to evaluate the contribution of the amino acid substitutions to
the conformational stability, we determined the thermodynamic parameters
for the denaturation of the wild-type and Ile mutant human lysozymes using a
differential scanning calorimeter. Figure II-2 shows typical excess heat
capacity curves resulting from calorimetric recordings of the mutant human
lysozyme (I106V) at acidic pHs (pH 2.70 to 3.14). Each protein considered
in this study gave an excess heat capacity curve with similar characteristics.
The acidic pH region was chosen because of the high reversibility of the
thermal denaturation of the mutant proteins, as well as the wild-type protein.
The denaturation temperature (7,), the denaturation enthalpy changes
(calorimetric (AH.,) and van't Hoff (AH,y) enthalpy changes), and the
denaturation heat capacity change (AC,) were obtained directly from
analyses of the heat capacity curves (Table II-1). The data for the wild-type
protein, which were obtained in this study to compare with those of the
mutant proteins, agree with those reported previously (Kuroki et al., 1992b).
The denaturation temperatures decreased linearly with decreasing pH, in the
pH range from 2.4 to 3.2, for all the mutant and the wild-type human
lysozymes (Figure II-3(a) to (f)). The Ty values of the mutant proteins were
lower than those of the wild-type protein at the measured pHs. The decreases
in T, among the mutant proteins were different from each other, in spite of

the same kind of substitution. Figure II-4(a) to (f) shows the temperature
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dependence of the calorimetric enthalpies of the wild-type and the mutant
proteins examined at different pHs. The slopes of the mutant proteins, 123V,
156V, and 1106V, were similar to that of the wild-type one, but those of the
other two mutant proteins, I89V and I59V, are different. These results
indicate that AC, was affected by different magnitudes by the same kind of
substitution. Each slope coincided with the average of AC, obtained from the
excess heat capacity curves, within experimental errors.

The thermodynamic parameters of denaturation as a function of
temperature can be calculated using Equations I-4 to I-6. We could obtain
the most reliable thermodynamic parameters at 64.9 °C, because many
experimental data with high accuracy for all the mutant proteins are available
near 65 °C. Table II-2 shows the denaturation thermodynamic parameters of
the five mutant and the wild-type proteins at the same temperature, 64.9 °C,
which is the denaturation temperature of the wild-type protein at pH 2.7.
These results show the following. (1) The stabilities (T4 and AAG) of all the
mutant proteins decreased as compared with that of the wild-type protein. (2)
The calorimetric enthalpy changes ranged from 457 to 484 kJ/mol. (3) The

changes in AH were bigger than those in AG and were compensated by AS.
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Table II-1. Thermodynamic parameters for denaturation of wild-type and Ile to Val
mutant human lysozymes at different pHs.

pH Ty AH AH .y ratio AC, pa
CC) (Vmol)  (K/mo)  AH./AHm  (kJ/mol K)
Wild-type 3.02 70.1 515 536 0.96 7.4
2.88 67.6 490 510 0.96 1.7
2.72 65.6 481 502 0.96 4.9
271 65.4 485 506 0.96 6.7
271 65.3 481 506 0.95 6.7
2.53 61.3 452 473 0.96 54
2.46 61.4 456 481 0.95 6.7
0.96 6.5+1.1
123v . 2.90 67.5 477 519 0.92 6.9
2.70 63.7 473 502 0.94 3.2
2.53 60.3 444 481 0.92 6.3
2.46 59.8 431 464 0.93 4.7
0.93 53x20
156V 3.03 67.5 498 506 0.98 4.8
2.88 64.4 460 485 0.95 4.0
2.70 61.7 469 485 0.97 4.4
2.69 61.5 444 481 0.92 6.6
2.66 60.6 444 464 0.95 6.6
2.53 57.9 444 464 0.95 7.4
0.95 56=1.6
159V 3.03 67.4 469 502 0.93 4.6
: 2.88 64.4 460 481 0.96 4.0
2.71 61.3 435 464 0.94 5.6
2.70 61.9 456 4717 0.96 4.6
2.66 60.6 435 473 0.92 4.8
2.46 57.7 423 444 0.95 3.7
0.94 4.6x0.8
189V 3.14 72.0 540 565 0.96 6.0
3.14 71.7 536 561 0.96 6.7
292 67.9 510 544 0.94 6.8
2.71 62.9 464 485 0.96 8.4
2.46 594 439 469 0.94 5.1
0.95 6.7x14
1106V 3.14 71.3 510 510 1.00 5.6
3.14 71.1 454 515 0.96 5.9
3.14 71.0 494 506 0.98 4.8
3.10 69.8 477 506 0.94 6.0
3.04 68.7 469 494 0.95 6.5
2.92 67.0 464 494 0.94 5.5
2.85 65.5 469 481 0.97 6.0
2.70 63.2 452 460 0.98 4.8
2.61 60.6 444 452 0.98 4.4
2.46 58.3 410 427 0.96 34
0.97 53+1.0

* AC, was obtained from each calorimetric curve.
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Figure II-3. The denaturation temperature versus pH. The continuous line in each Figure
shows a linear regression of calorimetric results obtained at different pHs for the wild-
type and the five mutant human lysozymes in Table II-1. The dotted lines of the wild-type
protein in (b) to (f) are depicted for comparison. Figures (a) to (f) represent the wild-type
protein, 123V, 156V, 159V, 189V, and 1106V, respectively.
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Figure II-4. The calorimetric enthalpy change as a function of the denaturation
temperature. The continuous line in each figure shows a linear regression of results for
the wild-type and the five mutant human lysozymes as shown in Table II-1. The dotted
lines of the wild-type protein in (b) to (f) are depicted for comparison. Figures (a) to (f)
represent the wild-type protein, 123V, I56V, 159V, 189V, and 1106V, respectively.
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Table II-2. Thermodynamic parameters for denaturation of Ile to Val mutant human

lysozymes at the denaturation temperature (64.9 °C) of the wild-type protein at pH2.7.

Ta AT, AC, AHq, AAG AH o/ AH g
°C) °C) (kJ/mol K) (kJ/mol) (kJ/mol)

Wild-type 64.9+0.5 6.6x0.5 477+ 4 (V) 0.95
123V 63.8 0.4 -1.1 5.8+1.8 468 = 11 -1.5+04 0.93
156V 61.3+0.3 -3.6 5.6x1.7 475+ 13 -5.0x04 0.97
159V 61.5x04 -3.4 5.0x1.0 461 +7 -4.6+04 0.94
189V 63.5x0.6 -1.4 8.0+0.3 484+ 3 -20+0.8 0.95

1106V 62.7+0.3 -2.2 59+0.7 457+ 10 -3.0+x04 0.96

* AC, was obtained from the slope of AH against Ty (Figure II-4).
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X-ray structures of the mutant human lysozymes

Data collection and refinement statistics for the wild-type and the five
mutant human lysozymes are summarized in Table II-3. The overall X-ray
structures of the examined mutant proteins were essentially identical to that
of the wild-type structure. The r.m.s. deviations for the main-chain atoms
between the wild-type and each mutant are 0.09 to 0.14 A, as shown in
Table II-4. These values are somewhat smaller than the experimental error
and the difference between the wild-type structures (PDB data, 1LZ1 and
our model) independently crystallized and refined. The coordinate error of
each structure was estimated to be about 0.2 A from the Luzzati plot (1952).
To better understand the errors in our structures, two kinds of I59V mutant
structures were refined using two different crystals. The r.m.s. deviations for
all atoms, backbone atoms, and atoms within 6 A from the Val at position 59,
between these structures are 0.18 A, 0.07 A, and 0.07 A, respectively. The
differences in the average B-factors of the main-chain atoms and the side-
chain atoms between the wild-type and mutant structures are in good
agreement, within 1.4 A? and 1.6 A% respectively (Table II-3). In sum, all of
the structures were equally refined, and they are highly accurate.

The crystal structures in the vicinity of the respective mutation sites
are shown in Figure II-5. The r.m.s. deviations between the wild-type and
mutant structures for the atoms within a sphere of 6.0 A from the C* atom in
the methyl group of Ile in the wild-type protein are listed in Table I-4. To
examine the conformational change around each mutation site, the r.m.s.
deviations are compared with those around other hydrophobic cores in Table
-4, and indicate that all the values around the mutation sites were bigger

than those around the other sites, especially in IS9V.
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Two interesting examples were provided by I5S6V and 159V, which
have the smaller side-chain solvent-accessible surface areas at the mutation
sites and larger denaturation Gibbs energy changes. The 159V mutant adopts
the largest structural change of all mutant structures, and some prominent
characteristic features are observed. First, a newly bound water molecule
appeared in the cavity created by the Ile Val mutation. The new water is
fixed by two hydrogen bonds with the carbonyl oxygen of Ala92 and one of
the internal waters found in the wild-type and mutant crystal structures. The
B-factor of the newly bound water is 24.0 A? which is smaller than the
averaged value (36.5 A?) of the solvent molecules. To our knowledge, this is
the first example in which a cavity created by the replacement of a bulky
hydrophobic residue with a smaller residue contains a solvent molecule.
Matsumura et al. (1988) have found a water molecule in the cavity created
by the rotational change of the Tyr side-chain substituted at Ile3 of T4 phage
lysozyme. In this case, the side-chain of Tyr is not located in the original
hydrophobic core, but is largely exposed to the solvent. Second, the side-
chain conformation around the C%CP bond of Val59 was quite different from
the corresponding one of the parent Ile residue. I1e59 in the wild-type human
lysozyme has the gauche  conformation (x; angle, -67°). However, the
conformation of Val59 is gauche™ (y; angle, 53° see Table II-5). Third, the
main-chain atoms of Val59 moved by 0.3 to 0.5 A as compared to the shift of
0.16 A found in the other Val substitution. A shift of the main-chain atoms is
also observed in residues Gly55 and Ala42, which are connected by
hydrogen bonding in the B-sheet. As a result, it is somewhat surprising that
the hydrogen bond distance in the -sheet is not changed. The B-factors do

not vary significantly from those of the wild-type protein.

31



In contrast, when IleS6 was replaced by Val, the movements of the
surrounding atoms were smaller than those of the other mutants. The
maximal shift in the vicinity of Val56 is only 0.23 A for the C* atom of
Phe57. The movement tends to shift toward the cavity formed by the
mutation. The bound water molecules that are neighboring position 56 in the
wild-type structure do not move in response to this mutation.

Mutation of Ile89, which faces Ile56, to Val caused mbvement
resembling the case of IS6V. The C® atom of Leul2 moves by 0.31 A. The
maximal movement of the main-chain atoms occurs in the C-terminal residue
Val130, as also observed in I106V. In the case of 123V, movements were
observed in the loop region (residues 99 to 105) facing positron 23, rather
than in the vicinity of residue 23. The largest backbone shift, 1.0 A, is in the
oxygen atom of Pro103. The B-fac{ors of the atoms in the vicinity of Pro103
are also significantly larger than the corresponding ones of the wild-type
structure. It is likely that an increase in the flexibility in the loop region
involving Pro103 is induced. In contrast, the mutation of Ile106, which is
located near Ile23, to Val caused no significant change. The maximal shift in
the surrounding atoms of Val106 is 0.3 A for the C"* atom of Trp109. The
backbone shift is less than 0.2 A, except for Vall30 of the C-terminal

residue.
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Table II-3. X-ray data collection and refinement statistics for the wild-type and lle to Val

mutant human lysozymes.

Wwild- 123V 156V 59V 189V 1106V
type
Data collection
Cell dimension (A)
56.74 56.51 56.71 56.92 56.78 56.76
b 61.10 61.26 60.85 61.07 61.02 61.05
c 33.77 3375 3372 3374 3377 33.80
Resolution (A) 1.58 1.58 1.58 1.58 1.58 1.58
No. of crystal 1 1 1 1 1 1
No. of measured reflections 47,280 45,777 49,674 44,290 46,765 45,192
No. of independent reflections 13,655 14,564 15,567 13,955 14,968 14,486
Completeness of data (%) 82.4 88.6 94.1 84.3 90.4 87.4
Rinerge (B)° 3.96 4.62 5.71 4.20 448 5.48
Refinement
No. of atoms 1226 1206 1216 1182 1215 1191
No. of solvent atoms 197 178 188 154 187 163
Resolution range (A) 8-1.8 818 818 818 818 818
No. of reflections used 9,688 10,279 10,658 9,998 10,459 10,225
Completeness of data (%) 86.3 91.8 954 88.9 93.2 91.3
R factor® 0.153 0.158 0.160 0.162 0.164 0.162
r.m.s. of dev. (bond: A) 0.009 0.009 0.008 0.008 0.009 0.008
r.m.s. of dev. (angle: °) 1.47 1.52 1.47 1.48 1.48 1.48
Mean B (main-chain) (Aé) 13.0 14.4 13.7 13.8 13.7 13.8
Mean B (side-chain) (A%) 175 191 183 186 185 185

Ruege=100X Z [ 1= (1Y | 7121
bRfactor= 2 | |F| = |F.l] 72 |F,].
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Table II-4. The r.m.s. deviation (A) of atoms between the wild-type and mutant

structures.

123v. 156V 159V 189V 1106V

All residues
Main-chain atoms 0.14 0.09 0.13 0.10 0.10

Atoms within 6.0 Afrom mutation site

No. of atoms 60 53 61 48 55
All atoms 0.15 0.12 046 0.15 0.14
Main-chain atoms 0.12 0.07 021 010 0.11
Side-chain atoms 0.18 0.14 061 018 0.15

Atoms in some hydrophobic core for comparison

Position of center NeS6  NeS9 Ne23 1e23  1leS6
No. of atoms 55 60 60 60 56
Alf atoms 010 009 0.08 0.08 0.09
Main-chain atoms 0.08 0.08 0.07 0.09 0.07
Side-chain atoms 0.11 0.09 010 007 0.12
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Figure II-5. Stereo drawings (Johnson, 1976) showing the mutant structure in the
vicinity of the mutation sites. The wild-type (open bonds) and mutant structures (filled
bonds) are superimposed. (a) 123V; (b) I56V; (¢) I59V; (d) I89V; and (e) I106V. Solvent
water molecules are drawn as cross-circles. Broken lines indicate hydrogen bonds.
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Table II-5. Side-chain conformations of Ile and substituted Val residues for human

lysozyme.

Residue x, O 1O
Ne23 -52 160
Val23 -58
He56 -162 161
Val56 -161
De59 -67 175
vals9 53
le89 65 168
Valg9 57
Tle106 -172 77
Val106 -169

* Because of the difference in the [IUPAC-IUB definition of the side-chain angles between Ile and
Val, 120° is added to the y; value for Val.

Table I1-6. Structural characteristics at the substitution sites (Ile) of the wild-type human

lysozyme.
ASA (%)* No. of methyl(ene) groups” B-factor (A%°
Position 23 6 18 4.8
Position 56 1 22 10.2
Position 59 2 18 11.2
Position 89 4 21 12.7
Position 106 6 29 13.3

* Accessible surface area of Ile in comparison with the exposed value of 175 A’. The ASA was

calculated by the method of Kabsch and Sander (1983).
® Number of -CH,- and -CH; groups within a sphere of 6A radius surrounding C* atom of Ile.

¢ B-factor of C® atom of Ile.
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Discussion

It can be considered that the removal of a methylene group by the
substitution of Ile to Val in the interior of a protein affects the conformational
stability due to the difference in hydration of the substituted residue, the
changes in the van der Waals interactions, the cavities created, or the

structural rearrangements caused by the mutation.

Thermodynamic properties of denaturation of the mutant human lysozymes

There are only a few reports on the differences in the denaturation
enthalpies (AAH) between a wild-type and mutant protein, as compared with
those describing changes in the denaturation Gibbs energy (AAG), although
the accumulation of these data would be useful for analyzing the mechanism
of protein stability. This may be due to the difficulty in measuring small
differences in the thermodynamic parameters (Sturtevant, 1994). To
minimize the error of estimation from the experimental results in this chapter
(Table 1I-2), the thermodynamic parameters of the denaturation of the mutant
proteins are compared at the denaturation temperature (64.9 °C) of the wild-
type protein at pH 2.7. Near 65 °C, the AH values of all the mutant proteins
were obtained directly at different pHs. Table II-2 indicates that the changes
in AH are larger than those of AG, and the AH of each mutant protein is
substantially different, despite the sameness of the substitution. The results
suggest that the destabilization mechanism of the mutant proteins differs,
depending on the location of the mutation sites.

Denaturation Gibbs energy changes (AAG) by the substitution of Ile to
Val have been examined in several proteins, such as five nuclease mutants

(Shortle et al., 1990), four barnase mutants (Serrano et al., 1992a), and three
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chymotrypsin inhibitor 2 mutants (Jackson et al., 1993). The values of AAG
have ranged from -2.1 to -7.5 kJ/mol, except for 0.4 kJ/mol in the mutant
(I76V) of chymotrypsin inhibitor 2, which is confirmed to have a structural
rearrangement due to the mutation (Jackson et al., 1993). In the case of
human lysozyme the decreases in the Gibbs energy change (-1.5 to -5.0
kJ/mol) were generally small as compared with the other proteins reported.
The difference in the transfer Gibbs energy from organic solvent (n-octanol)
to water between Ile and Val is 3.4 kJ/mol (Fauchere & Plisk, 1983). The
values of AAG for three of the mutant proteins (123V, 189V, and 1106V)
were smaller than the value in the transfer Gibbs energy of the substituting
residues, which suggests that the decrease in the stability of the mutant
proteins, due to the removal of a methylene group, is compensated by some

structural changes.

Correlation between the locations of the mutation sites and the changes in
the thermodynamic parameters of the mutant human lysozymes

The mutation sites of Ile — Val in this study are located in a loop, a
turn, and a B-sheet, which are mostly buried in the interior of the molecule.
The accessible surface area (ASA) values are from 2 to 11 A? (Table 1I-6)
(99 to 94 % buried, in comparison with the completely exposed value of 175
A?). Pace (1992) has suggested that different experimental values of the
denaturation Gibbs energy change, due to the removal of a methylene group
should be corrected to the same solvent accessibility (100 % buried). In our
case, the mutations of the more buried residues (1 and 2 % of ASA) were

less stable than those of the less buried ones (6 %) (the dotted line in Figure
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II-6(a)), but the AAG values were not reconciled by correction for the solvent
accessibility (the continuous line in Figure II-6(a)).

For barnase, a statistical correlation has been found between the AAG
values and the number of -CH,- and -CH3- groups within a 6 A radius sphere
surrounding the deleted methylene group (Serrano et al., 1992a). Figure II-
6(b) shows the correlation between the number of side-chain methylene
groups (Table II-6), within a radius of 6 A of the group deleted from the
wild-type protein, and the AAG values of the mutant proteins. All of our AAG
values were lower in magnitude than those expected from the barnase data
(the continuous line in Figure II-6(b)), indicating that the mutant human
lysozymes were not destabilized to the same extent, in spite of the greater
number of methylene groups at the mutation site. The enthalpy changes of
the mutant proteins also do not correlate with the number of methylene
groups at the mutation site (Figure II-6(c)), which may be related to the
strength of the van der Waals interactions.

The variation in the stability might be related to the mobility of the
protein molecule at the mutation site (Alber et al., 1987; Yutani et al., 1991;
Herning et al.,, 1992; Lee, 1993). The crystallographic B-factor (thermal
factor) of the side-chain atoms of a protein is related to the mobility of the
atoms. Figure 1I-6(d) shows the correlation between the AAG and the B-
factors of the methylene group of le for the wild-type human lysozyme at the
mutation site (Table II-6). A linear correlation seems to exist, except for

123V.
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Figure II-6. Correlation between the thermodynamic parameters of denaturation for the
mutant proteins at 64.9 °C and the structural characteristics of the mutated site in the
wild-type structure. (a) AAG of each mutant protein and the accessible surface area
(ASA) of the substituted residue in the wild-type structure. The continuous line shows the
values estimated from the transfer Gibbs energy of a methylene group at each ASA value.
The dotted line shows the linear regression of all the proteins. (b} AAG and the number of
side-chain methylene groups within 6 A of each Tle. The continuous line shows the best fit
of the barnase data to a linear equation obtained by Serrano et al. (1992a). (c) AH and the
number of side-chain methylene groups within 6 A of each Ile. The dotted line shows AH
of the wild-type protein. (d) AAG and B-factors of the methylene group of lle for the
wild-type protein at each mutation site. The dotted line shows the linear regression of
four proteins (excluding 123V).

41



Correlation between changes in thermodynamic parameters and structural

changes of the mutant human lysozymes

The overall structure of all the mutant human lysozymes examined was
identical to that of the wild-type, and only slight structural rearrangements
were observed locally around the mutation sites. No significant correlation
between the difference in the thermodynamic parameters and the local
structural changes were found, although the X-ray structures for both mutant
proteins were examined thoroughly. The accumulation of subtle structural
changes that we cannot detect in the structural examination may be the cause
of the extensive differences in the thermodynamic parameters.

We calculated the total changes in the ASA values between the wild-
type and the mutant X-ray structures to examine the effects of subtle
structural changes (Table II-7). To reduce the errors due to structural
fluctuations of the surface residues for calculation of the changes in ASA
values, we searched for hydrophobic residues that might be affected by the
substitution, using the energy-minimized wild-type structures with the
deletion of the methylene group of each Ile, calculated by a the program, X-
PLOR (Brunger, 1992). Then, we calculated the AASA values of these
residues (affected by the substitution) using the refined wild-type and mutant
X-ray struétures. Figure II-7(a) shows the correlation between AAG and the
changes in the ASA values of the hydrophobic residues affected by the
substitution. The linear regression of the data the (dotted line in Figure II-
7(a)) for all the mutant lysozymes was close to the expected line (the
continuous line in Figure II-7(a)) obtained from the transfer Gibbs energy of
a hydrophobic group from n-octanol to water between lle and Val (3.4

kJ/mol) (Fauchere & Pliska, 1983) and the decrease in the ASA values (23
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A?) (Makhatadze & Privalov, 1993) by the substitution. This correlation is
better than that between AAG and the ASA values of Ile for the wild-type
structure (Figure II-6(a)). This suggests that the total changes in the ASA
values may play an important role in the conformational stability of the
protein. In the case of some mutant proteins (I23V, I89V, and 1106V), the
accumulation of subtle structural changes (rearrangements) might |
compensate for the destabilization due to the removal of a methylene group
by the mutation. We also calculated the difference in the ASA values of all
the hydrophobic residues between the wild-type and each mutant lysozyme
(Table II-7). Figure II-7(b) shows the correlation between AAG of the mutant
proteins and the changes in the ASA values of all the hydrophobic residues.
The data (the dotted line in Figure II-7(b)) are far from the expected line (the
continuous line in Figure II-7(b)) from the transfer Gibbs energy of a
hydrophobic group. The calculation with all the hydrophobic residues may
result in larger errors, due to ambiguity in the structures of the surface
residues. We should note that the changes in the ASA values were negative,
indicating that small collapses are caused by the substitution.

Eriksson et al. (1992) have reported interesting results on the
relationship between created cavity size and AAG: the decrease in protein
stability by a hydrophobic mutation consists of a constant energy term, due
to the difference in the hydrophobicity between the wild-type and
substituting residues, and an energy component that depends on the size of
the cavity created by the substitution. We also determined the sizes of the
cavities the crystal structures of the wild-type and mutant human lysozymes
using the procedure of Connolly (1985, 1993) with a probe radius r = 1.2 A

The van der Waals radii of the atoms used were 1, 1.8, 1.7, 1.6, and 1.9 A
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for hydrogen, carbon, nitrogen, oxygen, and sulfur, respectively. Water
molecules were not included in the volume calculations. In the wild-type
structure, five cavities were found, and their sizes ranged from 8.0 to 123.3
A3. The sizes of the cavities created at the substitution sites of the mutant
proteins were from 8.4 to 24.4 A3 (Table II-7). Assuming that the structure is
not affected by the deletion of a methylene group, each cavity volume can be
theoretically calculated by the deletion of a methylene group from the
coordinates of the wild-type structure (B in Table II-7). The observed value
of I59V was bigger than the theoretical value, in which one new water
molecule was inserted at the mutation site, but the other ones were smaller,
indicating a decrease in the cavity volume at the mutation site. IS9V and
I89V have bigger differences (positive and negative, respectively), which
would cause the structural rearrangements (changes) around the mutation
sites. The cavity of 123V was not detected with a probe radius of either 1.1,
1.2 or 1.25 A, suggesting that the cavity size becomes smaller than the probe
radius or that the probe connects to the protein surface.

Although Hubbard et al. (1994) have reported that a probe size of 1.25
A is optimal for detecting cavities and their associated solvent, we used a
probe size of 1.2 A to allow comparison with results reported previously
(Eriksson et al., 1992). Figure II-7(c) shows the correlation between the AAG
values of the mutant proteins and the sizes of the cavities at the mutation
sites. The deviations from the theoretical line proposed by Eriksson et al.
(1992) can come from differences in the side-chain rotamer angles,
differences in the side-chain conformational entropy differences in the bond
angles and bond lengths, and any other differences between the structures of

the wild-type and mutant proteins (Eriksson et al., 1993). The data of three

44



of the mutant proteins, 159V, I89V, and I106V, were higher than the
theoretical line, suggesting that structural rearrangements improve their
stability elsewhere. In the case of 123V, in which a cavity was not detected at
the mutation site, the filling of the cavity may have improved the stability. On
the other hand, we examined the correlation between the changes in the total
cavity volume of the mutant lysozymes and AAG (Figure 1I-7(d)). This gives
a better correlation with the line expected by Eriksson et al. (1992). We
should note that the changes in the total cavity volume of all the mutant
proteins, except for 159V, were negative, showing a decrease in the total
volume by the substitution. This means that the removal of a methylene
group by the mutation affects the overall structure of the mutant proteins,
although to a small extent.

The thermodynamic pafameters of denaturation should depend on the
denatured state of proteins, because they are defined as the difference in the
energies of the native and denatured states, and amino acid substitutions
affect the conformation in the denatured state (Shortle et al., 1990; Dill &
Shortle, 1991). In this case, we would be able to describe more precisely the
relationship between the thermodynamic parameters and the changes in the
conformational structure, if we had some more information about the
denatured states of the mutant proteins. The denatured state of a protein can

be studied by NMR experiments (Evans et al., 1991).
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Figure I1-7. Correlation between the thermodynamic parameters of denaturation for the
mutant proteins at 64.9 °C and the structural characteristics obtained from its mutant
structure. (a) AAG and the decrease in the ASA values of the hydrophobic residues
affected by the mutations. The continuous line shows the value (0.148 kJ/mol A%
obtained from the transfer Gibbs energy of a methylene group (-3.4 kJ/mol, Fauchere &
Pliska, 1983) and the surface area created by the deletion of a methylene group (23 A2,
Makhatadze & Privalov, 1993), where we assume that AAG values of -3.4 kJ /mol
correspond to AASA of zero when the cavity created by the deletion of a methylene group
is completely buried and other residues are not affected. Dotted line shows the linear
regression of all the proteins. (b) AAG and the decrease in the ASA values of all the
hydrophobic residues. The continuous line represents the same line shown in (a) and the
dotted line the linear regression of all proteins. (¢) AAG and the difference in the cavity
volume of each mutant protein at the mutation site from that of the wild-type structure.
The continuous line is that proposed by Eriksson et al. (1992). (d) AAG and difference in
the total cavity volume of each mutant protein from that of the wild-type structure. The
continuous line is that the line proposed by Eriksson et al. (1992).
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Conclusion

(1) The thermodynamic parameters for denaturation of the five Ile to Val
mutant human lysozymes obtained by calorimetry differed from each other,
depending on the location of the mutation.

(2) The changes in the thermodynamic parameters of denaturation had a
better correlation with the accumulation of subtle structural changes, such as
total changes in ASA values, than with changes in the local structural
characteristics at each substitution site.

(3) Rearrangements of the overall structure partially compensated for the

destabilization due to the removal of the methylene group by the mutation.
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Chapter I1I

Studies on the Nine Ala Substitutions for Val of Human

Lysozyme**



Introduction

Calorimetry and X-ray structural analyses have been used to study
human lysozymes of Pro mutants (Herning et al., 1992), disulfide mutants
(Kuroki et al., 1992a) and a calcium-binding mutant (Kuroki et al., 1992b).
We have also reported studies of hydrophobic mutant human Iysozymes in
which Ile was substituted by Val in the interior of the molecule resulting in
the deletion of a methylene group. To elucidate the role of hydrophobic
residues of human lysozyme in confdrmational stability, we focused on the
Val residues located in various regions in the protein. Each residue was
substituted by Ala which removes two methylene groups equivalents. Human
lysozyme (130 residues, 4 S-S bridges) contains nine Val residues, as shown
in Figure III-1. The side-chains of Val93, Val99 and Val100 are in an o-helix
and are nearly completely buried in the protein. The side-chains of Vall21],
Vall25 and Val130 in the C-terminal region are also mostly buried in the
inside of the molecule. In contrast, the side-chains of Val2, Val74 and
Vall10 are mostly exposed to solvent in the native protein (Table III-1).

In this chapter, the thermodynamic parameters characterizing the
denaturation of the nine Val mutants were determined using scanning
calorimetry, and their three-dimensional structures were determined at high
resolution by X-ray crystallography. We will use these results to gain a better

understanding of the hydrophobic effect.

*#* This work is published, titled "Contribution of the Hydrophobic Effect to the Stability
of Human Lysozyme: Calorimetric Studies and X-ray Structural Analyses of the Nine
Valine to Alanine Mutants" (Takano et al., 1997a).
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Figure II-1. Stereo drawing of the wild-type human lysozyme structure. The positions
of the substituted Val residues are indicated. The structure was generated by the program
MOLSCRIPT (Kraulis, 1991). The open circles represent sulfur atoms of disulfide bonds.

Table ITI-1. Structural characteristics of Val residues in the wild-type human lysozyme®

ASA (%) x: )
Val 2 72 -178
Val 74 75 -84
Val 93 3.0 174
Val 99 1.9 175
Val 100 0 -57
Val 110 71 174
Val 121 15 -69
Val 125 16 -66
Val 130 2.4 -65

* ASA (%) = [ ASA(Va)™ / ASA(Val)™* ] x 100. The ASA(Val)

exended i the value for a

polypeptide as a reference for the unfolded state (Oobatake & Ooi, 1993). The ASA was
calculated using the procedure of Connolly (1985, 1993) with a probe radius of 1.4 A.
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Materials and Methods

Mutant Proteins

Mutagenesis, expression and purification of the Val mutant human
lysozymes were performed as described in Chapter II. Furthermore, the
preparations for V74A, V100A and V110A were applied to an Asahipak
ES-502C column and were eluted with a linear gradient of 0 to 0.36 M
Na,SO, in 0.05 M sodium-phosphate buffer at different pH (pH 5.5) because
the heat denaturation curves of these mutant proteins gave two peaks in
calorimetric measurements. The proteins collected from the main peak
showed a single transition curve in DSC. The mass spectrum (Sciex APLII
mass spectrometer) of the purified proteins was used to confirm the identity

of the mutant proteins.

Differential scanning calorimetry (DSC)
Calorimetric measurements and data analyses were carried out as

described in Chapter IL.

X-ray crystallography

Mutant human lysozymes were crystallized, diffraction data collected,
and the structures refined as described in Chapter II. All the crystals belong
to the space group P212,2;.

The coordinates of the nine mutant human lysozymes, V100A, V110A,
V121A, V125A, V130A, V2A, V74A, V93A and V99A, have been
deposited in the Brookhaven Protein Data Bank, accession nos, 10UB to

10UJ.
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Results

Differential scanning calorimetry (DSC) of mutant human lysozymes

In order to determine the thermodynamic parameters of denaturation,
DSC measurements of Val to Ala mutant human lysozymes were made at
acidic pHs between 2.5 and 3.2. In this pH region, the denaturation of the
mutants was reversible. Typical excess heat capacity curves are shown in
Figure ITI-2. The proteins gave similar results. The denaturation temperature
(T,), the calorimetric enthalpies (AH.a)), the van’t Hoff enthalpies (AH,4) and
the heat capacity changes (AC,) were obtained directly from analyses of
these curves (Table III-2). The T4 values were sensitive to pH and increased
linearly with pH. The temperature dependences of AH., for the nine Val
mutant lysozymes were linear. The AC, values obtained from the slopes by
least-squares fitting (Table III-3) were coincident within experimental error
with the average of the values obtained from the excess heat capacity curves
(Table III-2).

The thermodynamic parameters for denaturation of the mutant proteins
at the denaturation temperature of the wild-type protein, 64.9 °C, and at pH
2.7 were calculated (Table III-3) using Equations I-4 to I-6.

As shown in Table III-3, the effects of the deletion of two methylene
groups (Val — Ala) on the stability of human lysozyme were different in
each mutant protein. The changes in AG ranged from +2.2 to -6.3 kJ/mol and

the changes in AH ranged from +7 to -17 kJ/mol, compared with the wild-

type protein.
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Figure ITI-2. Typical excess heat capacity curves of the wild-type and mutant human
lysozymes at pH 2.71. (a) wild-type; (b) V74A; (c) V100A; (d) V125A and (¢) V2A. The

increments of excess heat capacity were 10 kJ/mol K.
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Table II-2. Thermodynamic parameters for denaturation of Val to Ala mutant human
lysozymes at different pHs.

pH Ty AHy AHy ratio AC?
() (kJ/mol) (kJ/mol) AH /AH (kJ/mol K)
V2A 3.17 68.7 490 502 0.98 7.0
2.88 63.7 464 473 0.98 6.7
2.71 60.3 439 456 0.96 6.4
2.55 57.6 418 431 0.97 4.5
0.97 62+14
V74A 2.88 67.1 490 510 0.96 6.6
2.71 64.1 469 502 0.94 5.6
2.55 61.0 452 481 0.94 6.4
0.94 6.2+0.7
V93A 3.17 71.1 502 531 0.95 7.4
3.02 68.3 490 523 0.94 44
3.02 68.6 494 527 0.94 3.8
2.88 66.1 473 510 0.93 4.4
2.71 62.6 448 494 0.91 4.6
2.55 59.8 435 464 0.94 4.9
0.94 49+14
VG9A 3.02 67.8 481 506 0.95 6.4
2.88 65.2 464 490 0.95 4.6
2.71 62.1 448 469 0.96 6.3
2.55 59.2 423 448 0.94 6.1
0.95 59+1.0
V100A 3.17 72.1 490 536 0.91 4.7
3.02 69.9 485 540 0.90 3.3
2.71 64.3 456 498 0.92 4.5
2.55 61.5 448 477 0.94 4.3
0.92 42+08
V110A 3.02 71.2 515 540 0.95 5.8
2.88 69.7 510 540 0.94 4.6
2.71 66.5 494 527 0.94 4.1
2.55 63.8 477 498 0.96 4.6
0.95 48+09
Vi21lA 3.17 69.9 490 494 0.99 5.8
2.88 64.2 456 469 0.97 6.7
2.71 60.5 435 448 0.97 4.9
2.55 574 410 427 0.96 6.6
0.97 6.0+1.0
V125A 3.17 69.6 498 515 0.97 4.6
2.88 64.3 469 494 0.95 4.8
2.71 61.0 452 460 0.98 6.3
2.55 58.1 435 448 0.97 4.3
2.55 58.0 © 435 444 0.98 4.8
0.97 5.0+09
V130A 3.17 70.6 502 531 0.95 3.6
3.02 68.0 485 523 0.93 3.2
2.88 65.7 469 510 0.92 4.6
2.71 62.4 452 481 0.94 6.7
2.55 59.6 435 464 0.94 7.0
0.94 50%20

2 AC, was obtained from each calorimetric curve.
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Table ITI-3. Thermodynamic parameters for denaturation of Val to Ala mutant human

lysozymes at the denaturation temperature (64.9 °C) of the wild-type protein at pH2.7.

T, AT, AC, AHq AAG AHo/AH s
CC) CC)  (K/molK) (ki/mol)  (kJ/mol)

Wild-type® 64.9+0.5 66105 477%4 © 0.95
V2A  603+02 46  65+05  468t4  -63%0.2 0.98
V74A  638+0.1 -l1  62+04 4762 -15%02 0.95
VO3A  626+02 23  64+04  466+4 31103 0.93
V99A  61.9+0.02 -30  66+05  463+3  -4.1%0. 0.95
VIOA 64.1+02 08  42+04  461+3  -1.1%03 0.92
VIIOA 664+04 +1.5 52404 484+2 422106 0.95
VI2IA 604402 45  64+03  460+3  -6.0+0.3 10.98
VI2SA  60.9+0.1 40 5401 47205 -55%0.1 0.97
VI30A 623+0.1 26 6306 4645 -35%0.1 0.93

* AC, was obtained from the slope of A#f against Ta.
® Chapter I1.
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X-ray structures of mutant human lysozymes
Data collection and refinement statistics for the nine Val to Ala mutant
human lysozymes are summarized in Table III-4. The mutant structures
seemed to be essentially the same fold as the wild-type structure except at
the substituted residue. The r.m.s. deviations and the changes in the B-factor
of each residue for the main-chain atoms between the wild-type and each
mutant are shown in Figures II-3(a) to (i) and II-4(a) to (i), respectively.
Figures [I-3(j) and III-4(j) show those between V74A and V74A2,
respectively. V74A2 is the structure of the same protein obtained from
smaller crystal to estimate the errors in our structures. In Figure II-3, there
were no differences more than 0.4 A between the mutant and wild-type
structures except for the C-terminal regions of V125A and V130A. The
differences between V74A and V74A2 are small: the averages of the r.m.s.
deviations for all of the atoms and the main-chain atoms were 0.11 A and
0.06 A, respectively. Judging from this reference (Figure III-3(j)), differences
over 0.2 A might reflect meaningful structural change, and indicate that
substitutions affect the area around the mutation site and also other parts of
the molecule far from the site. For most of the mutant proteins, the largest
shift was near residues 71 to 74, a loop on the surface with the largest B-
factors in the protein. In Figure II-4, the B-factors of some mutants are
larger than those of the wild-type, especially V2A. This might be due to the
smaller crystal size of the V2A mutant. Note that V74A2 had larger B-
factors than those of V74A (Figure I1I-4())).
The crystal structures in the vicinity of the mutation sites are
illustrated in Figure III-5. V93A, V100A, VI125A and VI130A were

substituted in the interior of the protein, and the residues around the mutation
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site shifted toward the created cavity (Figures III-5(c), (e), (h) and (i)). Such
shifts have not been observed for the Ile to Val mutant lysozymes in Chapter
II. The shifts observed here may be caused by creation of a larger cavity due
to the deletion of two methylene groups or by an increase in the flexibility of
the main-chain due to the substitution with Ala. The Val to Ala mutants
examined did not contain any solvent molecules in the cavities, although this

has been observed in one Ile mutant (see Chapter II).

(i) V93A, V99A and V100A substitutions in the o-helix in the interior of a
protein

Val93, 99 and 100 are all located in an o-helix (residues 90 to 100) in
the center of the protein and have small solvent accessible surface areas of
side-chain. For VO3A, fhe Leul5 and Met17 residues facing the side-chain of

Val93 shifted toward the created cavity without movement of the mutated
residue which is in the center of the o-helix (Figure II-5(c)). The largest
shift in the vicinity of Ala93 was 0.7 A for the sulfur atom of Metl7. In
contrast, V100A substituted at the edge of the a-helix underwent a shift of
Alal00 itself toward the cavity (Figure II-5(e)) and the loop regions
(residues 101 to 109) (Figure II-3(e)) followed. The CP atom of Alal00
moved 0.8 A, and some main-chain atoms in residues 101 to 109 moved 0.4
A. The mutation of Val99, whose side-chain was sandwiched between Trps
(64 and 109), resulted in shifts and an increase in B-factors in the following
loop region (Figures III-3(d) and II-4(d)). The substitutions in this o-helix

(residues 90 to 100) mainly affected the surrounding residues.
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(i) V121A, V125A and V130A substitutions in the C-terminal region of a
protein

The changes in structure for V121A, V125A and V130A were quite
different, although Vall21 and Vall25 have similar ASA values in the 3-turn.
When Vall21 was replaced by Ala, the movements were smaller than those
of the other mutant proteins (Figures III-3(g) and III-5(g)). The average of
the r.m.s. differences for the main-chain atoms between V121A and the
wild-type was 0.08 A. V125A had structural changes in the residues in the
C-terminal region (residues 119 to 130) due to the movement of Alal25
toward the created cavity (Figures III-3(h) and III-5(h)). The rﬁaximal shift
0.7 A) of the main-chain atoms was for the C* atom of Glnl26. The
movements of V130A were largely observed only in residues 129 and 130
(Figures III-3(i) and I-5@i)). The r.m.s. differences for the main-chains of
the residues 129 and 130 were 0.5 and 1.4 A, respectively.

(iii) V2A, V74A and V110A substitutions on the surface of a protein

The deletions of the methylene groups on the surface of the protein
allowed water molecules to move closer to the protein molecule (Figures III-
5(b) and (f)). Between the two V74A structures (V74A & V74A2), the water
molecules ordered on the first hydration phase surrounding the mutation site

were identical, but when ordered in a second phase, they varied.
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Table III-4. X-ray data collection and refinement statistics for Val to Ala mutant human

lysozymes.
V2A V74A V93A V99A VI00A VII0A VI2IA VI25A V130A V74A2°
Data collection
Celi (A)
a 57.09 56.64 56.65 5673 56.56 56.80 5677 5670 56.70 56.61
b 6123 61.01 60.85 61.09 61.00 6091 6092 61.12 61.12 61.01
c 33.60 3377 33.86 3392 3370 3383 3382 3376 33.76 3379
Resolution (A) 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8 1.8
No. of measured 34394 35925 36666 35708 33859 34707 35004 36385 35420 34497
reflections
No. of indeendent 10331 10564 11122 10408 10366 10973 - 10733 10428 10915 10843
reflections
Completeness of  90.0 93.1 98.0 91.1 91.3 959 94.0 91.3 96.1 95.6
data (%)
I/61 (1.9-1.8 A) 5.5 114 9.1 6.4 49 6.9 5.2 7.0 6.4 49
Ruerge (%) 54 3.7 4.0 5.1 5.1 34 4.6 4.6 5.3 6.8
Refinement
No. of atoms 1181 1228 1237 1220 1203 1234 1216 1192 1243 1208
No. of solvent 154 201 210 193 176 207 189 165 216 181
atoms
Resoluti/im range 8-1.8 818 818 818 818 8138 8-1.8 818 818 818
(A)
No. of reflections 9945 10311 10827 10036 9912 10504 10313 10148 10504 10407
used
Completeness of  88.2 92.1 96.8 89.1 88.8 93.6 92.0 90.4 93.8 93.0
data (%)
R factor® 0.173 0.160 0.159 0.168 0.160 0.153 0.154 0.158 0.158 0.170
r.m.s. of dev. 0.009 0.008 0.008 0.009 0.009 0.008 0005 0.008 0.008 0.008
(bond:A)
r.m.s. of dev. 1.52 1.49 1.51 1.50 1.50 1.49 1.53 1.50 1.51 1.50
(angle:°)
Mean B 17.0 13.3 13.0 13.8 14.6 13.6 14.5 14.7 13.2 149
(main-chain) (A?%)
Mean B 22.1 17.7 174 18.7 19.3 18.3 19.2 19.2 17.5 19.4

(side-chain) (A%

2 This is the same protein as V74A and is obtained from a smaller crystal as a reference to estimate the errors in

the structure.

> Rosge = 100 X X | Ly = (4 | 7 £ (Iu). I are individual values, and (I;) is the mean value of the
intensity of reflection A.

‘Rfactor=5 || F| = |F|| 7 2 |F,].
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Figure III-3. The r.m.s. deviations for the main-chain atoms between each mutant and
the wild-type structure after a least-squares fit of both structures, using the main-chain
atoms (Figure (a) to (i)) and those between V74A and V74A2 as a reference (Figure (j)).
Figures (a) to (i) represent V2A, V74A, VO3A, VI99A, V100A, V110A, VI21A, VI25A
and V130A, respectively.
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Figure III-5 (a)-(c) (legend overleaf)
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Figure III-5. Stereo drawings (Johnson, 1976) showing the structure in the vicinity of
the mutation sites. The wild-type (open bonds) and mutant structures (filled bonds) are
superimposed. Figures (a) to (i) represent V2ZA, V74A, VI3A, V99A, VI00A, V110A,
VI121A, V125A and V130A, respectively. Solvent water molecules are drawn as open
circles (wild-type) and cross circles (mutants). The broken lines indicate hydrogen bonds.
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Discussion

The changes in the thermodynamic properties for the denaturation of
the Val to Ala mutants of human lysozyme differed considerably (Table III-
3). Our primary goal is to understand the observed differences. The changes
in the structures of Val to Ala mutant lysozymes were also different (Figure
II-5). We examined the correlations between the changes in the
thermodynamic parameters of the denaturation and the following structural
features of the proteins: (i) the structural characteristics at each mutation site
in the wild-type structure, (ii) the structural differences at each mutation site
between the wild-type and the mutant structures and (iii) the structural
differences throughout the whole structures between the wild-type and the
mutant structures, including five Ile to Val mutants of human lysozyme. For
mutant proteins in which methylene groups have been removed, the
thermodynamic parameters for denaturation should depend on structural
characteristics of the protein, such as accessible surface area (ASA) (Pace,
1992), packing density (Serrano et al., 1992a), and cavity volume (Eriksson
et al., 1992).

In addition, the strain due to a Val side-chain in the native protein may
be relieved in the Ala mutant. The conformation of Val residues in the wild-
type structure are listed at Table II-1. Although the y; value of Val74
deviates from the low energy minima (Zimmerman et al., 1977), its side-
chain is highly exposed and flexible: the B-factors for the side-chain were
larger than those of other Val side-chains. Therefore, Val74 has little strain.
No unfavorable side-chain conformations of the Val residues were found

the present study.
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Correlation of AAG with Accessible Surface Area (ASA) of Each Substituted
Residue

Pace (1992) has suggested that values of AAG of hydrophobic mutant
proteins could be corrected to the same accessibility, namely 100 % buried.
For six proteins, the average AAG values, which are divided by the fraction
buried for the side-chain in the wild-type proteins, of 15 Val to Ala and 20
Ile to Val mutants are 10.7 and 4.6 kJ/mol, respectively (Pace et al., 1996).
These values are similar to AG, from cyclohexane, 9.3 for Val — Ala and
3.7 for Ile — Val (Pace, 1995; Radzika & Wolfenden, 1988). In case of the
human lysozyme,the average corrected AAG values were decidedly lower
than other results, 4.3 for Val — Ala and 3.3 for Ile — Val, except for V2A,
V74A and V110A the residues of which are quite accessible to the solvent.
These values are more similar to the AG, values from octanol, 5.2 for Val —
Ala and 3.3 for Ile — Val, than those from cyclohexane (Fauchere & Pliska,
1983). The reason for this is probably that the unfolded state for human
lysozyme is less accessible to the solvent, mainly due to the 4 disulfide
bonds in human lysozyme, than for most of the other proteins that have been
used in similar studies (Pace et al., 1990, 1992).

Figure 11I-6(a) shows the relation between the accessible surface area
(%) of the side-chain for each mutation residue in the wild-type structure and
the denaturation Gibbs energy changes. However, we did not find good
correlation between them. ‘We then tried to calculate the changes in ASA

value using the mutant protein structures.

67



4 do
2t ¢ 2t [} ]
g% V] sof e
£ 2@ e e v E ap ) % .
I L R
3 6f & . 4 6 * .
8} ap
10 20 40 © 80 100 O T30 W 30 20 <o 010
ASA (%) 88ASA, (AY
O '
2t t [
~ o e ~ - ‘
E 2 ' §Q W E ‘ s
2 o J O 2 R R
3 . e B . 3 e 59
8
05660 S0 40 30 20 -0 0 10 0TS0 S0 40 30 20 10 0 10
A8ASA, (AY) A8ASA, (AY)

Figure INI-6. Correlation of accessible surface area (ASA) or changes in hydrophobic
surface area exposed upon denaturation (AAASAup) with the thermodynamic parameters
of denaturation for the mutant proteins at 64.9 °C (AAG). Val — Ala mutants are shown
as solid circles and Ile — Val as open circles. (a) AAG and the accessible surface area
(ASA) (%) of the substituted residue in the wild-type structure. The broken (Val — Ala)
and dotted (Ile — Val) lines show the values estimated from the transfer Gibbs energy of
a hydrophobic group from n-octanol to water (Fauchere & Pliska, 1983). (b) AAG and
the difference in AASA for each substituted residue calculated using just the wild-type
structure with the mutant structure modeled by deleting the methylene groups from the
coordinates of the wild-type structure. (c) AAG and the difference in AASA for each
substituted residue calculated using both the wild-type and the mutant structure. (d) AAG
and the difference in AASA for all of the hydrophobic residues calculated using the wild-
type and the mutant structure. The continuous and broken lines show the linear regression
of the mutant protein on the non-secondary structures (V74A, V121A, V1254, 123V,
156V, 189V and 1106V) and the mutants on the o-helices (VI3A, VI9A, VI100A and
V110A), respectively. The dotted lines in Figures (b) to (d) indicate the values expected
from the transfer Gibbs energy of a methylene group (0.11 kJ/mol A?%) (Fauchere & Pliska,
1983; Connolly, 1983, 1993).
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Correlation of AAG with Changes in Hydrophobic Surface Area Exposed
upon Denaturation (AAASAyp)

" The ASA values of the Val residues in human lysozyme varied from O
to 75 % (Table 1II-1). We estimated the changes in hydrophobic surface area
exposed upon denaturation (AAASApp) using the following equation, where
AAASAgp is a measure of the changes in hydrophobic surface area exposed

upon denaturation.

AAASAgp = (AASAmuand)up - (AASAwid)up
‘ — ( ASAextended _ ASAfoId )HP _ ( ASA:vxii:nded - ASA&,]IIIC; )HP

= ( ASATI - ASAZT Jup - ( ASADLL. - ASALY Jwp  (I-1)
ASA™*"%d was calculated using the actual polypeptide with extended
conformation (Oobatake & Ooi, 1993). Yu et al. (1995) have observed a
strong relationship between AAASA based on the wild-type structure and the
changes in the Gibbs energy of the unfolding for mutations in BPTI (bovine
pancreatic trypsin inhibitor). We estimated AAASAypp values in three ways:
two of them give values just for the substituted residue, but the other is
concerned with all hydrophobic residues. The AAASAyp values in Figures
II-6(b) to (d) represent the difference between the AASA for each substituted
residue in the wild-type structure and that in the model mutant structure
deleting the methylene groups based on the coordinates of the wild-type
structure (Model), the difference between AASA values for each substituted
residue in the wild-type and the mutant structure, and the difference between

the AASA for all of the hydrophobic residues in the wild-type and the mutant
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structure, respectively. In most reports (e.g., Jackson et al., 1993; Yu et al,,
1995; Tamura & Sturtevant, 1995), wild-type structures are used for
evaluation of AASA for mutant proteins like that in Figure III-6(b). The
AAASAyp values in Figures III-6(b) and III-6(c) were essentially the same,
indicating that the conformational changes at the substitution sites are not
large enough to affect the ASA values. However, the correlations between
AAASAyp and AAG were poor. The relationship of AAG with AAASAyp of all
of the hydrophobic residues showed less scatter from the line (dotted)
expected from the transfer Gibbs energy of a methylene group (Figure III-
6(d)) than those with the AAASAgp of each substituted residue (Figure III-
6(c)). These results suggest that the substitutions involve structural
rearrangements of the overall structure, which affect the stabilities, and
confirm structural changes of residues far from substitution site (Figure II-
3).

We should note that the data points were scattered on the expected
line as shown in Figure III-6(a) to (d), suggesting that other factors also
affected the conformational stability. Residues exposed on the surface of a
protein will have little interaction with other residues. At positions Val2,
Val74 and Valll10, the side-chains were highly exposed, however, the AAG
values were -6.3, -1.5 and +2.2 kJ/mol, respectively. Because Val2, Val74
and Val110 are located on the B-sheet, long loop and o-helix, respectively,
the difference in stability among them may depend on the secondary
structure at the substitution site. Table III-5 lists the AAG values measured
by DSC and the AAG expected from the hydrophobicity corrected for ASA
values of each substitution (Fauchere & Pliska, 1983; Pace, 1992). As shown

in Table III-5, for the substitutions of Val by Ala on the o-helix, the Gibbs
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energy changes are smaller than the expected values. The secondary
structure propensities of Val and Ala are different: the ranking in an o-helix
is Ala > Val, and the ranking in a -sheet is Val > Ala (Chou & Fasman,
1978). The stabilities of proteins substituted in an a-helix (Dao-Pin et al.,
1990; Serrano et al., 1992b; Blaber et al., 1993; Pinker et al., 1993) and in a
B-sheet (Kim & Berg, 1993; Smith et al., 1994; Minor & Kim, 1994; Otzen
& Fersht, 1995) have been examined. For most of them, the ranking of the
stabilities is coincident with the ranking of the secondary structure
propensities of Chou & Fasman (1978). In the present case, data over the
expected line (the dotted line) in Figures III-6(a) to (d) might contain the
influence of the secondary structure propensities. When the mutants on non-
secondary structures were considered, the correlation between AAG and
AAASAyp had a correlation coefficient of 0.88 for 7 points (V74A, V121A,
V1254, 123V, 156V, 189V and 1106V, as shown by the continuous line in
Figure III-6(d)). A similar analysis of the mutants on the o-helices showed a
very good correlation with the correlation coefficient of 0.95 for 4 points
(V93A, V99A, V100A and V110A), as shown by the broken line in Figure
I11-6(d). In this connection, the correlation coefficients of all data for Figures
II-6(c) and II-6(d) were only 0.22 and 0.37, respectively. These results
indicate that the secondary structure propensities of the amino acid residues
in o-helices compensated for the destabilization due to the removal of the
methylene groups and also ‘that the a-helix propensity corrections may apply
at completely buried sites if there is no steric strain as in this study. Thus,
V110A was more stable than the wild-type protein because the increment in
stabilization due to helix propensity was greater than the small decrease in

stability due to the removal of methylene groups located largely on the
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protein surface. In contrast, V2A was less stable than expected due to the
unfavorable B-sheet propensity. It has been reported that a-helix propensity
and B-sheet propensity contribute 2.3 and -3.8 kJ/mol to the stability of Val
to Ala substitutions (Pace, 1995).

The mutant proteins with similar measured AAG and expected AAG
values were V74A and 1106V (Table III-5). The discrepancy was also small
for V99A, V125A, 159V and I89V. V74A (Figure III-3(b)), I89V and 1106V
(Chapter II) are the mutant proteins with the smallest structural changes.
These results suggest that AAG correlates with the ASA value corrected for
the accessibility, if the structure is not affected by the substitution and the

substitution site is not located in the secondary structure.
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Table III-5. Comparison of measured AAG with AAG expected from
hydrophobicity corrected using the ASA value of each substitution residue for Val

and Ile mutant human lysozymes (in kJ/mol).

Position of Measured Expected Discrepancy
substitution AAG (A) AAG" (B) (A-B)
VO3A o-Helix -3.1 -5.0 +1.9
V99A a-Helix 4.1 -5.1 +1.0
V100A o-Helix -1.1 5.2 +4.1
V110A a-Helix +2.2 -1.5 +3.7
V2A B-Sheet -6.3 -1.5 4.8
VI121A B-Turn® -6.0 -4.4 -1.6
VI25A B-Turn® 5.5 4.4 -1.1
V74A -1.5 -1.3 -0.2
V130A  C-Terminal -35 -5.1 +1.6
159V B-Sheet -4.6 -3.3 -1.3
123V B-Turn® -1.5 -3.1 +1.6
156V B-Turn® -5.0 33 -1.7
1106V B-Turn® -3.0 -3.0 0
189V 2.0 32 +1.2

* These were calculated using the transfer Gibbs energy from n-octanol to water (Fauchere
& Pliska, 1983). When fully buried, AAG of Val — Ala and lle — Val are -5.2 and -3.3
kJ/mol, respectively. ASA (%) of lle residues (23, 56, 59, 89 and 106) calculated in the

same way as Val residues (in Table III-1) are 6.0, 0.5, 0.5, 1.9 and 3.9, respectively.
® Defined by Rose et al. (1985).
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Correlation of AAG with Cavity Volume and with Packing Density
Eriksson et al. (1992, 1993) have found the relationship between the
created cavity volume and AAG in Leu — Ala and Phe — Ala mutant T4

lysozymes:

AAG = AAGy + AAGcay + AAGother - (II-2)

where AAG, is the difference in the hydrophobicity of the amino acids,
AAG.,, is an energy component that depends on the size of the cavity created
by substitution and AAGy., Tepresents other energy terms that may result
from differences in the side-chain rotamer angles, differences in the side-
chain conformational entropy, differences in the bond angles and bond
lengths, and any other differences between the structures of the wild-type
and the mutant proteins. For barnase, the correlation between AAG and
cavity volume has not been seen in Ile — Val mutants (Buckle et al., 1993),
but in lle — Ala mutants there is an approximately linear relationship
between them (Buckle et al., 1996). Five Ile mutant human lysozymes have
shown some correlation with the line derived by Eriksson et al. (1992) for
the changes in the total cavity volume and AAG (Chapter 1I).

We have determined the size of the cavities in the Val mutant crystal
structures using the procedure of Connolly (1985, 1993) with a probe radius
of 7 = 1.20 A. The reason for using this program and this probe size was to
allow comparison with previous reports (Eriksson et al., 1992, 1993; Chapter
II). The van der Waals radii of the atoms in the new version of the Connolly

procedure are improved compared to those used in the previous study
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(Chapter II). The cavity volumes of Ile mutants were also recalculated for
comparison.

A cavity at each mutation site of Val to Ala mutants of human
lysozyme was not detected, except for VI3A, indicating that the cavity size
became smaller than the probe radius or that the probe connected with the
protein surface. Therefore, we also calculated the cavity volume of each
model structure obtained by the deletion of the methylene groups from the
coordinates of the wild-type structure (Model). However, the cavity volume
could again only be calculated for Model-V93A. The detected cavity volume
of V93A and Model-V93A corresponded to one deleted methylene group.
Next, we tried calculations using smaller probe radii of 1.15, 1.10, 1.05 and
1.00 A. For these smaller probe radii, V99A, V100A, Model-V99A and
Model-V100A had cavities which were equivalent to one methylene group.
These results indicate that it is difficult to determine the cavity volume of
these mutant proteins with Val — Ala mutations.

Figures IlI-7(a) and (b) show the correlation between AAG,, (= AAG -
AAG,) and the total cavity volume changes between the wild-type and the
mutant proteins for the probe sizes 1.20 and 1.40 A which is typically
assumed to be the radius of a water molecule. Here, the AAG,, values were
corrected for the accessibility of each residue. The correlations between
them were poor, but these results show that cavity detection was highly
dependent on the probe radius (Hubbard & Argos, 1995).

The AAG values for mutations in the hydrophobic core of
chymotrypsin inhibitor 2 correlate with the packing density (the number of

methylene groups within 6 A of the removed atoms) (Jackson et al., 1993),
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and the partly exposed minicore correlates with a mixture of the ASA and the
packing density (Otzen et al., 1995). In the case of the human lysozyme
mutants, the correlation between the packing density and AAG is shown in
Figure II-7(c). The correlation with only the mutants in the interior of the
protein was poor, and the data were far from the line (the dotted line in
Figure III-7(c)) obtained from barnase and chymotrypsin inhibitor 2 (Otzen
et al., 1995).
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Figure III-7. Correlation of cavity volume and packing density with the thermodynamic
parameters of denaturation for the mutant proteins. Val — Ala mutants are shown as
solid circles and Ile — Val as open circles. The continuous lines show the linear
regression of all the proteins. (a) AAG. (= AAG - AAGy) and the difference in the total
cavity volume between each mutant protein and the wild-type structure using the probe
size 1.20 A (Connolly, 1983, 1993). (b) AAGew (= AAG - AAG,) and the difference in the
total cavity volume between each mutant protein and the wild-type structure using the
probe size 1.40 A (Connolly, 1983, 1993). The AAG, values in Figures (a) and (b) are
corrected by the accessibility of each residues. The dotted lines in Figures (a) and (b)
indicate that proposed by Eriksson et al. (1992). (c¢) AAG and the packing density
(number of methylene groups within 6 A of the removed atoms). The dotted line shows
the best fit of the barnase and chymotrypsin inhibitor 2 data to a linear equation obtained
by Otzen et al. (1995).
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Correlation of AH with AAASApp

There are only a few data on the differences in the enthalpy changes
(AAH) between wild-type and mutant proteins. One reason may be the large
error in measurements for AH. As described in Chapter II, to minimize the
error we measured at several pHs for each protein and determined the
thermodynamic parameters at the temperature (near 65 °C) where the AH
values were obtained directly by the measurements. The plots of Ty vs. AH
(not shown) indicate the obvious differences between proteins.

No attempt has been made previously to correlate AAH values with
changes in the accessibility of mutant proteins. Makhatadze & Privalov
(1995) have estimated that the enthalpy change (AH" W+ AH™?) of non-polar
atoms at 65 °C using a model compound is 80 J/mol A2, The correlation
between the denaturation enthalpies of the mutant human lysozymes and
AAASAyp of each mutation site is shown in Figure III-8(a). The comparison
with the total structural changes including the Ile mutant lysozymes (Figure
II-8(b)) showed better correlation than with the local ones. However, the
correlation coefficient is still low (0.56). This suggests that other factors
which are particular for each position of a protein also affect the enthalpy

change of denaturation.
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Figure III-8. Correlation of changes in hydrophobic surface area exposed upon
denaturation (AAASAgp) with enthalpy changes of denaturation for the mutant proteins at
64.9 °C (AAH). Val — Ala mutants are shown as solid circles and Ile — Val as open
circles. The continuous lines show the linear regression of all the proteins. (a) AAH and
the difference in AASA for each substituted residue using the wild-type and the mutant
structure (correlation coefficient = 0.49). (b) AAH and the difference in AASA for all of
the hydrophobic residues using the wild-type and the mutant structure (correlation
coefficient = 0.56).
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Chapter IV

Studies on the Five Ala and Two Gly Substitutions for Ile of

Human Lysozyme”*



Introduction

The interior of globular proteins is well packed (Richards, 1977).
However, the packing is not always perfect. Some cavities exist in protein
structures (Rashin et al., 1986). Studies of cavity-forming mutant proteins
have shown that the empty cavity destabilized the protein (Eriksson et al.,
1992; Buckle et al., 1996). Moreover, cavities frequently contain water
molecules (Rashin et al., 1986; Kossiakoff et al., 1992; Ernst et al., 1995),
and cavities engineered by mutation occasionally contain water molecules
(Fitzgerald et al., 1994; Pederson et al., 1994; Buckle et al., 1996; Matthews,
1996; Chapter II). There is a question as to whether water molecules in the
interior of a protein stabilize or destabilize the protein structure.

The effect of buried water molecules on protein stability has been
studied using (1) cavity-filling mutants to remove buried water molecules and
(2) cavity-creating mutants to introduce buried water molecules. Although
several studies have been reported, there are conflicting views regarding the
effect of the buried water molecules on the protein stability. In the first case,
yeast iso-1-cytochrome ¢ (Das et al., 1989; Hickey et al., 1991; Lett et al.,,

1996) and neutral protease (Vriend et al., 1991) have increased stability, but

* This work is published, titled "Contribution of Water Molecules in the Interior of a
Protein to the Conformational Stability" (Takano et al., 1997b).
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BPTI (Berndt et al, 1993) and subtilisin (Pedersen et al., 1994) have
decreased stability resulting from the removal of water molecules. In the
second case, the water molecule introduced in V149A of T4 lysozyme has
been regarded as the reason for the unexpectedly large loss of stability
(Matthews, 1996), but the presence of the water molecule in I76A mutant of
barnase has been considered as having a stabilizing effect (Buckle et al,,
1996). In order to understand the role of buried water molecules in the
stability of proteins, it will be useful to more precisely examine the
environment surrounding buried water molecules.

We have reported studies on the structure and stability of 14
hydrophobic mutant human lysozymes in which Ile or Val were substituted
by Val or Ala, respectively (Chapters II and II), including IS9V with a
buried water molecule in the cavity created by the mutation. It was found that
the correlation between AAG (changes in stability) and AAASAyp (changes in
hydrophobic surface area exposed upon denaturation) is good for the
hydrophobic cavity-creating mutants, if the effect of the secondary structural
propensity is taken into account (Chapter II). This systematic analysis
should be useful to estimate the contribution of introduced water molecules
to protein stability, because changes in the total hydrophobic surface area of
the protein due to mutations have been considered.

In this chapter, we focused on Ile to Ala or Gly (1234, I56A, I59A,
189A, 1106A, 156G and I59G) mutants of human lysozyme, in which a larger
hydrophobic side-chain was replaced by a smaller one and a cavity was
created at each mutation site. All five Ile residues in human lysozyme are
almost completely buried in the native structure. Ile23, 56, 89 and 106 are in

turn/loops and 1le59 is in a 3-sheet. We solved the mutant structures, except
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for 156G, by X-ray crystallography and determined the thermodynamic
parameters of denaturation using DSC (differential scanning calorimetry).
These data have important implications for the understanding of the

hydrophobic effect with regard to protein stability.
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Material and Methods

Mutant proteins

Mutagenesis, expression and purification of the Ile to Ala/Gly mutant
human lysozymes were performed as described in Chapter II. DNA sequence
analysis was carried out using an automated DNA sequencer (Applied
Biosystems Inc.) at the Research Center for Protein Engineering, Institute for

Protein Research, Osaka University.

X-ray crystallography

Mutant human lysozymes were crystallized, diffraction data collected,
and the structures refined (Brunger, 1992) as described in Chapter II. For
123A, the crystal was small (0.1 mm x 0.1 mm x 0.3 mm). The data set was
collected using synchrotron data at the Photon Factory (Tsukuba); this made
use of the Weissenberg camera (Sakabe, 1991) on beam line 6B. The data
was processed with DENZO (Otwinowski, 1990). All the crystals belong to |
the space group P2,2,2;.

The coordinates of the six mutant human lysozymes, I106A, 123A,
I56A, I59A, 159G and I89A, have been deposited in the Brookhaven Protein
Data Bank, accession nos, 2HEA to 2HEF.

DSC measurements
Calorimetric measurements and data analyses were carried out as
described in Chapter II. The thermodynamic parameters for denaturation as a

function of temperature were calculated using Equations 1-4 to I-6.
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Results

Structures of mutant human lysozymes

Table IV-1 shows X-ray data collection and refinement statistics for
Ile to Ala/Gly mutant human lysozymes, except for I56G. All mutant
structures determined were essentially identical to the wild-type structure.
However, we have shown that the substitutions in Ile to Val and Val to Ala
mutant human lysozymes affected not only the mutation sites but also other
parts far from the sites, although the structural changes were not great
(Chapters I and III). Therefore, when investigating the relationship between
changes in thermodynamic parameters and structures due to mutations, we
should also consider subtle structural changes by rearrangements of the
overall structure.

The mutations at positions 56 and 89 in the same core and at position
23 in another core caused small structural changes around each mutation site.
The mean rms deviations for main-chain atoms within 6 A from C* at each
substitution residue (position 23, 56 or 89) between the wild-type and mutant
structures were 0.22, 0.08 and 0.14 A, respectively. The cavities created in
the 123A, I5S6A and I89A structures remained empty. In contrast, new water
molecules were found in the created cavities in I106A, I59A and 159G. The
mean rms deviations within 6 A from C® at each substitution residue between
the wild-type and mutant proteins of I106A, I59A, and 159G were 0.39, 0.26,
and 0.27 A, respectively. The water molecule in I106A made two hydrogen
bonds* with the surrounding residues (Asp27 and Trp28) (Figure IV-1(a)).
We have already observed an additional water molecule in the cavity of I59V

(Chapter II). In the cases of IS9A and I59G, each cavity contained two
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additional water molecules (Watl and Wat2), resulting in the formation of a
hydrogen bonding network with water molecules around the residue at
position 59 (Figure IV-1(b) and (c)). The water molecules in IS9A were
equivalent to those in I59G. One (Watl) of two waters was at the same
position as that in I59V, the other (Wat2) was new. The Watl water
molecules in I59A and I59G had three hydrogen bonds with the carbonyl
oxygen of Ala92, one of the internal waters and the Wat2 water newly
introduced. An internal water molecule having a hydrogen-bond with the
side-chain of Trp64 in the wild-type structure made new hydrogen bonds
with the Wat2 water molecules in I59A and 159G instead of that with Trp64.
Consequently, the side-chain of Trp64 was not hydrogen bonded in the ISOA
and IS9G structures.

Table IV-2 lists the volumes of the cavities occupied by water
molecules, the number of internal water molecules in the cavities, and the
number of hydrogen bonds made by each internal water molecule, in order to
compare with the data from statistical surveys of naturally occurring cavities
(Rashin et ai, 1986; Hubbard et al., 1994; Williams et al., 1994). The mean
cavity volume per water in a protein structure is reported to be 25.6 A® and
94 % of cavity solvents are forming three or four hydrogen bonds (Hubbard
et al., 1994). For the new cavities in I59A, 159G and I106A in the present
study, the cavity volumes per water were 25.6, 32.6, and 42.2 A3,
respectively. The water molecules detected in these cavities also participated

in hydrogen-bonding with two or three atoms (Table IV-2).

** Hydrogen bonds between solvent molecule and protein molecule, or between solvent
molecules are considered to be formed when the distances between the solvent oxygen
and the protein atoms oxygen or nitrogen, or between the solvent oxygens are 2.4 to 3.5

A
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Table IV-1. X-ray data collection and refinement statistics for Ile to Ala/Gly

mutant human lysozymes.

123A I56A IS9A  I89A 1106A 159G

Data Collection
Cell dimension (;\)
a 56.80 5673 5697 56.75 5699 57.12
b 61.22 61.04 60.36 60.97 6090 60.87
c 3376 33.80 33.51 3374 3377 3370
Resolution (A) 2.0 1.8 1.8 1.8 1.8 1.8
No. of measured 21,591 35,090 33,207 36,537 29,620 35,373
reflections
No. of independent 5,702 10,237 9,981 10,724 9,899 10,885
reflections
Completeness of data (%) 67.7 90.0 88.6 94.0 874 95.1
(outer shell) (56.2) (86.6) (79.3) (84.6) (674) (83.0)
I/ol of outer shell 5.7 5.7 4.8 7.3 2.8 5.7
Rierge (%0)° 7.1 5.9 5.7 3.3 6.7 5.7
(outer shell) (18.5) (11.3) (15.5) (8.5) (16.2)y (13.1)
Refinement :
No. of atoms 1,258 1,214 1,227 1,198 1,205 1,219
No. of solvent atoms 232 188 201 172 179 194
Resolution range (A) 822 818 818 818 818 8-1.8
No. of reflection used 4,109 9,879 9,604 10,128 9,111 10,518
Completeness of data (%) 66.3 88.0 86.8 90.4 81.1 93.5
R factor® 0.124 0.153  0.157 0.160 0.156 0.160
r.m.s.d. bond (A) 0.008 0.008 0.009 0.009 0.009 0.009
r.m.s.d. angle () 1.52 1.49 1.46 1.52 1.56 1.50
rmsd B-factor (tnain-chain) (Az) 1.7 1.3 1.3 1.2 1.5 1.2
rmsd B-factor (side-chain) (A%) 2.9 2.8 2.8 2.9 3.2 2.9

* Rierge = 100 Z 1 dy; - <lp> |/ Z Ly I are individual values, and </,> is the mean value of the

intensity of reflection A.
® R factor = SIF,| - IFJl / ZIF,).
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(b)

(c)

Figure IV-1. Stereodrawings (Johnson, 1976) showing the structure in the vicinity of the
mutation site. The wild-type (open bonds) and typical mutant structures (filled bonds) are
superimposed. Panels (a) to (c) represent 1106A, IS9A and 159G, respectively. Solvent
water molecules are drawn as open circles (wild-type), crossed circles (mutants), and
solid circles (introduced in mutants). The broken lines indicate hydrogen bonds.
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Stability of mutant human lysozymes

DSC measurements of Ile to Ala/Gly mutant human lysozymes were
carried out at acidic pHs (pH 2.5 to 3.1) where the denaturation of human
lysozyme is reversible. Table IV-3 shows the denaturation temperature (7y),
the calorimetric enthalpies (AH.,), the van't Hoff enthalpies (AH.y), and the
heat capacity changes (AC;,) of each measurement for the mutant proteins.
Since the secretions in yeast of 123A and 156G were about twenty and fifty
times lower, respectively, than that of the wild-type protein, only two and
one measurements for I123A and I56G, respectively, could be done. In the
measurement of I56G, only the peak temperature of denaturation was
determined because the protein concentration was low (about 0.3 mg/ml).
The thermodynamic parameters of denaturation at a constant temperature,
64.9 °C, and pH 2.7 were calculated using these data as shown in Table IV-
4. All mutants were destabilized relative to the wild-type protein, but the
decrease in the stability was quite different among the mutant proteins. The
mutants with the additional water molecules in the created cavities, IS9A and
I1106A were destabilized less than the other Ile to Ala mutants.

To examine the role of a methylene group in conformational stability,
the AAG values associated with the removal of a methylene group at each Ile
residue were recalculated. The substitutions from Val to Ala, Val to Gly, and
Ala to Gly could be estimated from the differences between the observed
data of Ile to Val and Ile to Ala mutant proteins, of Ile to Val and Ile to Gly,
and of Ile to Ala and Ile to Gly, respectively. The substitutions of Val to Ala
at positions 59 and 106 showed only small decreases in the stability (Table
IV-5). This means that the water molecules introduced in the cavities of the

I59A and I106A structures compensate for the destabilizations of Val59 —
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Ala and Vall06 — Ala substitutions.

The calorimetric enthalpy changes ranged from 441 to 480 kJ/mol, for
the mutant proteins with the additional water molecules (Table IV-4). This
range was equivalent to that for the mutants with empty cavities, including
Ile to Val and Val to Ala mutants, from 440 to 484 kJ/mol (Chapters II and
II). We detected no effect of introduced water molecules on the enthalpy

term.
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Table IV-3. Thermodynamic parameters for denaturation of Ile to Ala/Gly

mutant human lysozymes at different pHs.

pH Ty AH AHxy ACpa
O (kJ/mol) (kJ/mol) (kJ/mol K)
123A 2.96 62.0 439 464 4.5
2.67 56.2 410 431 6.3
54+09
156A 3.08 60.2 413 427 6.0
2.96 58.5 405 427 6.7
2.81 54.2 379 . 385 6.1
2.67 52.3 372 382 6.4
2.50 48.2 346 351 5.1
6.1 0.6
I59A 3.12 66.5 485 _ 510 7.8
2.98 64.5 481 502 6.8
2.80 61.5 460 481 5.0
2.66 59.1 444 477 5.0
2.49 55.9 423 452 3.5
5.6x17
189A 3.09 62.9 444 460 6.3
2.95 61.1 431 452 7.0
2.80 57.7 409 431 4.5
2.66 554 389 410 5.8
2.50 52.6 374 399 7.2
6.2+1.1
1106A 3.10 69.7 469 498 6.6
2.96 67.4 456 477 49
2.80 64.1 435 464 4.1
2.66 61.3 418 452 5.7
2.51 57.7 403 427 4.8
52+1.0
156G 2.73 . 627 - - -
159G 3.16 60.4 419 427 34
3.02 59.2 412 418 3.6
2.82 54.6 396 408 2.7
2.70 52.0 380 388 2.6
2.49 48.1 353 375 33
3.1+04

* AC, was obtained from each calorimetric curve.

r
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Table IV-5. AAG values for mutant human lysozymes at 64.9 °C. (kJ/mol)

Position Ile — Val® Val - Ala’ Ile — Ala
23 -1.5 0.1 -10.6
56 -5.0 -10.5 -15.5
59 -4.6 -2.6 -7.2
89 -2.0 9.3 -11.3
106 -3.0 -0.9 -3.9
Ile — Gly Val = Gly° Ala — Gly*
59 -16.0 -11.4 -8.8
? Chapter 11

® Difference between the data of mutants of Ile — Val and Ile — Ala.
° Difference between the data of mutants of Ile — Val and Ile — Gly.
¢ Difference between the data of mutants of Ile — Ala and Ile — Gly.
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Discussion

Cavity created in mutant proteins

In a well-defined crystal structure, atoms (including solvent) with B-
factors in the range 0-40 A? are usually well defined. When the B-factor
exceeds about 60 A2, the atom is sufficiently mobile or disordered that it can
no longer be seen reliably in electron density maps (Matthews, 1993). The
B-factors of the Watl and Wat2 waters of IS9A, the Watl and Wat2 waters
of 159G, and the additional water in I1106A were 12.6, 20.7, 14.7, 26.1 and
46.5 A?, respectively. These water molecules were clearly detected in both
2F, - F. and F, - F. electron density maps, but there was no electron densities
in the created cavities of the other mutant proteins including Ile to Val and
Val to Ala mutants (Chapters II and III).

Statistical studies of cavities in protein structure (Rashin et al., 1986;
Hubbard et al., 1994; Williams et al., 1994; Buckel et al., 1996) have shown
that cavities usually have some polar surface and most buried waters form
hydrogen bonds with protein atoms. In the 123A, IS6A and IB9A mutant
human lysozymes, which had no water molecules in the cavities created,
there were some polar atoms surrounding each cavity. For example, the
hydroxyl group of Ser36 was 3.57 A distant from the C" atoms of Ile56, and
the oxygen atom of an interior water was 3.42 A from C” of Ile56 in the
wild-type structure. In the structure of an amyloidogenic mutant human
lysozyme (IS6T), the O™ atom of Thr56 has formed a hydrogen bond with
the internal water molecule (Funahashi et al., 1996).

Using the program, X-PLOR (Brunger, 1992), we searched to see if

water molecules could form hydrogen bonds in the cavities created in the
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mutant structures and the model mutant structures generated by deleting the
methylene groups based on the coordinate of the wild-type structure. The
calculation was carried out as following. (1) A ghost water molecule was
introduced in the mutant and model structures at the position of C"', C*, or
C® atoms of each Ile residue in the wild-type structure. (2) Only the water
was energy-minimized. (3) Water molecule with low energy was searched.
For all of the cavities created at the substitution sites of 123 A, IS6A and I89A,
suitable sites for water molecules were detected. Figure IV-2 represents the
structures in the vicinity of residue 56 in the wild-type (a) and IS6A (b) to (d),
for example, and those of the residue 59 in the wild-type (e) and IS9A (), for
reference. The detected water molecules (dummy waters), which made
hydrogen bonds with O of Ser36 and an internal water molecule,
respectively, are drawn in Figures IV-2(c) and (d). Although polar atoms
capable of hydrogen bonding with water molecules exist in the cavities, we
could not find water molecules in the created cavities in the case of IS6A. A
molecular dynamic study has suggested that the free energy of introduction
of water into an empty cavity may be unfavorable, (Wade et al., 1991),
supporting the empty cavity in the case of I56A. It should be pointed out that
cavities in which a water molecule can not be detected via X-ray
crystallography may still be solvated, at least transiently (Ernst et al., 1995).
We also calculated the size of the cavities in the real mutant structures
and model mutant structures created by deleting side-chain methylene groups
based on the coordinate of the wild-type structure. This was done by
attempting to insert a probe sphere of a given radius (Connolly, 1993) to
examine whether there is enough space for water occupancy. For 1106A,

I59A and I59G which contain water molecules in the created cavities, the
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structures with the water molecules removed were used. As shown in Table
IV-6, only the mutant proteins containing additional water molecules were
found to have large cavities detected with a probe radius 1.6 A, which is
larger than that fypically assumed to be the radius of a water molecule (1.4
A). This indicates that a cavity volume exceeding the theoretical minimum is

necessary for introducing water molecules.
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Contribution of hydrophobic effect to protein stability

The substitutions of Ile — Val — Ala — Gly might remove
hydrophobic effect without introducing new interactions. We have
investigated the contribution of the hydrophobic effect to the protein stability
using the five Ile to Val and the nine Val to Ala mutants of human lysozyme
(Chapters II and 1), and found a correlation between AAG (differences
between species of denaturation Gibbs energy change) and AAASApp
(differences between species of the hydrophobic surface area exposed upon
denaturation) for the hydrophobic cavity-creating mutants, if the effect of the
secondary structural propensity was taken into account (Chapter II).
AAASApp can be calculated by Equation II-1.

In this correlation, the mutations used are divided into three types,
according to the differences in the secondary structural propensities of amino
acids by the mutations (Chou & Fasman, 1978). Type I is for the mutations
of Val to Ala in o-helices (represented by black in Figure IV-3), that is,
mutations for which the secondary structural propensity would be expected
to increase the stability of the protein, Type II is for the mutations of Ile/Val
to Ala/Gly at B-sheet (blue), that is, mutations for which the secondary
structural propensity would be expected to decrease the stability of the
protein, and Type III includes the mutations at turn/loop and the mutations of

‘Tle to Val and Ala to Gly at B-sheet (red), which are insensitive to the
secondary structural propensity.

We examined the correlation between AAG and AAASAyp for the
hydrophobic mutations (Figure IV-3(a)). The substitutions of 123A, V23A,
I56A, V56A, I89A, V89A and A59G with no water molecules in the cavities

created belonging to the type III were represented by the red solid squares in
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Figure IV-3(a). There was a good correlation, yielding Equation IV-1 (red

continuous line in Figure IV-3).

AAG (kJ/mol) = 0.12 (+0.01) AAASApp (A% - 0.87 (£0.80)

(correlatidn coefficient of 0.94 for 14 points) av-1

The value of the slope in this correlatién, 0.12 kJ/mol A?, was comparable
with that of accessible surface areas of amino acid side-chains plotted
against hydrophobicity, 0.10 kJ/mol A2, estimated by Chothia (1974). This
correlation should be useful for estimating contribution of the water

molecules introduced in the mutants to the protein stability.
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Contribution of introduced water molecules to protein stability

The factors stabilizing protein structures, such as hydrophobic effects,
electrostatic interactions and hydrogen bonds, have been extensively
analyzed by studies with site-directed mutagenesis (e.g., Yutani et al, 1987,
Serrano et al., 1990, Dao-pin et al., 1991). Studies of the contribution of
buried water molecules to protein stability, however, are lacking. The
contribution to conformational stability of buried water molecules introduced
by cavity-creating mutations removing mainly hydrophobic interactions
could be more reasonably estimated, than when bulkier side-chains are
introduced, which usually cause strain and unfavorable van der Waals
contacts (Karpusas et al., 1989). A few observations on water molecules in
created cavities have been reported (Chapter II; Buckle et al., 1996;
Matthews, 1996). In this study, we studied three new mutants, I59A, 159G
and I106A, with additional water molecules in the created cavities. We tried
to estimate the contribution of the water molecules to the protein stability,
using the correlation between AAG and AAASAwp of all of hydrophobic
residues, so that subtle structural changes by rearrangements of the overall
structure would be taken into account.

The mutant proteins with the additional water molecules did not obey
the correlation obtained with the mutants with the empty cavities (Figure IV-
3(b)). For I106A and V106A with one additional water molecule belonging
to the type I, the decreases in the stabilities were smaller than those
expected from their AAASApp values (red open squares in Figure IV-3(b)).
However, the difference in the correlation between 1106A and V106A
corresponded to the difference in the hydrophobic effect between them (the

slope of the red dashed line in Figure IV-3(b)). The expected AAG values of
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1106A and V106A using AAASAyp could be estimated from Equation IV-1 to
be -12.2 and -8.5 kJ/mol, respectively. These values were about 8 kJ/mol
smaller than measured values (AAG) of the mutant proteins.

Results similar to those at position 106 were also observed in I59A,
V59A, 159G and V59G belonging to the type II (blue open circles in Figure
IV-3(b)). The stabilities of these mutants were about 7 kl/mol higher than
those expected from their AAASAyp values (as shown by the blue arrow).
The substitutions of Ile59 — Ala/Gly stabilized the mutant proteins by two
additional water molecules to the same degree as I106A and VI106A
stabilized by one additional water molecule. These results indicate that all
water molecules do not contribute equally to stability, owing to differences in
the environment of water molecules in proteins, such as the number of
hydrogen bonds.

| 156G was not so destabilized, as revealed by about 10 °C increase in
the T4 value, as compared to IS6A mutant protein at same pH (Table IV-3).
Furthermore, the model structure of 156G had a large cavity volume detected
with a probe radius 1.6 A (Table IV-6). Although this crystal structure was
unsolved, we would expect 156G to contain some additional water molecules
within the cavity created, and/or other structural changes in the I56G
structure minimizing the destabilization.

The change in stability (AAG) of I76A mutant barnase with an
additional water molecule in the cavity is -7.9 kJ/mol, while the average AAG
value of other Ile/Leu to Ala mutant barnases is -16.0 kJ/mol (Buckle et al.,
1996), indicating the favorable contribution of the water molecule to
conformational stability of a protein. In the case of I59V in human lysozyme

belonging to the type III, however, the water molecule introduced made little
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contribution to the stability (Table IV-5). In the I5S9V structure, the side-
chain conformation of Val59 has been quite different from the corresponding
one of the parent Ile residue, due to the additional water molecule (Chapter
I). The side-chain of Val59 in I59V would be a less stable conformation
than that of Ile59 in the wild-type (Zimmerman et al., 1977). For the V149A
mutant of T4 lysozyme, which contains a water molecule in the created
cavity and is greatly destabilized (Matthews, 1996), unfavorable structural
changes contributing to the conformational stability might be caused by the
mutation, and the water molecule did not compensate for the destabilization
due to the structural changes.

In the native state, hydrogen bonds are formed between the additional
water molecules and polar atoms surrounding the cavity of the mutant
proteins. Upon denaturation, their hydrogen bonds should still be satisfied by
solvent waters. Thus the hydrogen bonds in the folded protein reduce the
unfavorable cost of dehydrating polar groups in protein folding (Makhatadze
& Privalov, 1993). On the other hand, when a water molecule is introduced
in the interior of a protein, the decrease in entropy of transferring the water
molecule from solvent to the interior of a protein corresponds to an
unfavorable free energy cost, maximally 10 kJ/mol at 65 °C (Dunitz, 1994).
Because the stabilization due to the introduced water molecules in the mutant
human lysozymes was about 8 kJ/mol, hydrogen bonds (interaction) between
the additional water molecules and polar atoms contributed maximally about
18 kJ/mol to the conformational stability. Funahashi et al. (1996) have
previously estimated the contribution of a hydrogen bond in the interior
between an internal water molecule and a polar atom at 23 kJ/mol.

For molecular dynamics simulations, Helms & Wade (1995) have
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shown that hydration of cavity in the active site of cytochrome P450cam
(1PHE) is favorable by 11.6 kJ/mol, and Zhang & Hermans (1996) have
shown that free energies for transfer of water into cavities in the crystal

structure of subtilisin (1CSE) are -13.0 to -50.2 kJ/mol.
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Chapter V

Studies on the Five Val Substitutions for Ile and Nine Ala
Substitutions for Val of Human Lysozyme Lacking a

Disulfide Bond between Cys77 and Cys95*



Introduction

Human lysozyme is a globular protein with 130 residues and four
disulfide bonds (Figure V-1). We have constructed systematic hydrophobic
mutants of human lysozyme (Chapters II to IV), and found the correlation
between AAG and the changes in hydrophobic surface area exposed upon
denaturation (AAASApp) by considering the effects of secondary structure
propensity (Chapter III) and water molecules in the cavity (Chapter IV). In
this correlatioﬁ, the coefficient of the correlation (slope; 0.12 kJ/mol A% is
comparable with that of accessible surface areas of amino acid side-chains
plotted against the hydrophobicity of side-chains (0.10 kJ/mol A?) estimated
by Chothia (1974). It is important to test empirically whether this correlation,
hydrophobic effect to protein stability, is common to globular proteins. We
focused on a series of hydrophobic mutants from a mutant human lysozyme
with a great perturbation, C77A/C95A mutant human lysozyme (3SS).

The 3SS human lysozyme lacking one disulfide bond between Cys77
and Cys95 has been largely destabilized compared to the wild-type human
lysozyme (4SS) (Kuroki et al., 1992a). The destabilization is caused by a
great decrease in enthalpy (Kuroki et al., 1992a), although entropy in the
denatured state could be expected to be increased due to the deletion of a
disulfide bond. That is, (i) this protein is perturbed at both the native and
denatured states, (ii) the differences in properties between the perturbed
protein and the intact (wild-type) protein have been analyzed in detail as
described above (Kuroki et al., 1992a), and (iii) the experiment results of
both proteins could be compared at the same conditions using the same kind
of mutations. Then, we constructed five Ile to Val and nine Val to Ala

mutants (3SS mutants) from the 3SS protein, analyzed their conformational
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stabilities using differential scanning calorimetry and their crystal structures
at high resolution. The results were compared with those of the mutants (4SS
mutants) from the 4SS protein (Chapters II to IV). The five Ile residues are
almost completely buried in the folded protein. The side-chains of Val93, 99,
100, 121 and 125 are also mostly buried in the inside of the molecule. In
contrast, the side-chains of Val2, 74 and 110 are mbstly exposed to solvent
in the native protein. Vall130 is the C-terminal residue (Figure V-1).

Using the results obtained from DSC and X-ray analysis of the 3SS
mutants, the correlation between AAG and AAASAgp for the 3SS and 4SS
mutants was examined, and the contribution of the hydrophobic effect to the
stability of proteins is discussed. Moreover, by comparison with the
correlation for the mutants of T4 lysozyme (Eriksson et al., 1992; Baldwin et

al., 1996), a generality of the correlation is also examined.

* This work is submitted to J. Mol. Biol., titled "A General Rule for the Relationship
between Hydrophobic Effect and Conformational Stability of a Protein: Stability and
Structure of a Series of Hydrophobic Mutants of Human Lysozyme".
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