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Chapter I

General Introduction



1.1. Protein folding
Proteins are amino acid-based macromolecules that direct or participate in

nearly every chemical reaction essential for life. The amino acid sequence of a protein
determines its three-dimensional structure, which determines its mechanism of actions.
As shown in Figure 1.1, genetic information in DNA is transferred into the amino acid
sequence through RNA sequence. To acquire its biological functions, it is necessary to
attain its folded three-dimensional (3D) structure. This process is termed “protein
folding” which is transformation of one-dimensional linear information encoded in the
amino acid sequence into a functional 3D structure. The protein folding is essentially a

physical chemistry process for which the mechanism remains elusive [1, 2].

xf”
-Transcrlptlon T Translatlon { Protein Folding
— \
((‘
DNA RNA % Unfolded protein Folded protein

Figure 1. 1 The transfer of information from the DNA to the folded protein.
DNA sequence information is transferred to RNA sequence (Transcription).
Subsequently, the sequence information is converted into the amino acid sequence as
the polypeptide chain (Translation). To acquire its biological functions, proteins fold
into a globular structure. This process is called protein folding.

The folded protein structures should be thermodynamically stable in aqueous
solution to retain its folded structure whereas the protein flexibility is also essential for
the enzyme activity [3-6]. Most globular proteins are marginally stable, with the Gibbs

energy changes in the protein folding of about —40 kJ mol™ [6, 7]. It has been suggested



that the marginal stability represents an adaptation for increased functionality, as the
marginal stability would be correlated with increased protein flexibility [6]. The marginal
stability results from the summation of numerous interactions composed of the protein
folded structures between their amino acid residues and, moreover, with water molecules
in a solvent. Due to the marginal stability, losing several favorable interactions induces
destabilization of the folded structures. While the marginal stability of the protein
structure is assumed to be the result of intramolecular interaction network in the protein,
it has been unclear how the intramolecular interaction network forms what type of protein
structures.

Due to the lack of our understanding of the intramolecular interaction network
of a protein, the site-directed mutation of one amino acid residue of a protein, especially
in the protein interior, sometimes results in failure to attain its folded structure. Even if
attractive interactions are introduced in the protein interior by site-directed mutagenesis,
non-adaptive substitution results in the destabilization of the global conformation of the
folded structure and sometimes induces the loss of the folded structure [8]. Many efforts
were taken to stabilize proteins by further optimizing the protein interior, but this turned
out to be very difficult [9-11].

The protein interior is tightly packed and enriched in hydrophobic residues that
are expelled from water. This is the result of the hydrophobic interaction which entails
minimizing the surface area of hydrophobic amino acid residues exposed to the aqueous
solvent [12-14]. However, it is difficult to capture the comprehensive description of the
hydrophobic interaction in the protein folding. The contribution of the hydrophobic
interaction to the protein stability per a methylene group are dependent on the proteins

and was reported 2 to 7 kJ mol™ [15].



1.2. Dehydration from hydrophobic groups in the protein folding
(Chapter II)

The formation of the hydrophobic interaction in the protein folding is closely
related to the dehydration which is the evacuation of water molecules from buried
protein surface accompanied by the formation of the protein folded structures. Figure
1.2 displays the dehydration in the protein folding. The Gibbs energy change induced by
the hydrophobic interaction in the protein folding is assumed to be proportional to the
total solvent-inaccessible surface area of the hydrophobic groups in a protein [16, 17].
Therefore, the surface area involved in the dehydration in the protein folding expects to
reflect the Gibbs energy change by the hydrophobic interaction. While it is difficult to
directly examine the surface area involved in the dehydration, the partial molar volume
(V) change for the protein folding reflects the overall volume change associated with the
hydration/dehydration of the solvent [18-22]. This encourage me to detect the

dehydration in the protein folding as the volume change.
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Figure 1. 2 The Dehydration in the protein folding.

The protein folding in aqueous solution accompanied by the release of water molecules
from the hydrophobic surface of the protein. Polypeptide chains in unfolded protein
interact with water molecules in a solvent. Formation of the protein structure results in
the loss of the hydration of buried atoms in the protein. This process is termed
dehydration.

Chapter II focused on the dehydration accompanied by the formation of the
hydrophobic interaction to acquire the detailed description of the hydrophobic
interaction. The partial molar volume change for the protein unfolding in cytochrome ¢
(Cyt ¢) were experimentally determined by using the high-pressure absorption
spectroscopy to estimate the hydration associated with the protein unfolding. The
amount of the hydration to hydrophobic groups in the protein unfolding of Cyt c is
calculated to discuss the thermodynamic significance of the dehydration in the Cyt ¢
folding. Based on the analysis in Chapter II, the entropic contribution of the dehydration
from the heme group in the Cyt ¢ folding would be approximately — 50 kJ mol~'. This
value is more negative than the total Gibbs energy change of the Cyt ¢ folding, AGun
(—37 kJ mol~") [17]. The results imply that the entropic contribution of the

dehydration from the hydrophobic groups is critical for stabilizing protein structures.



1.3. Quantitative description of protein structures (Chapter III)
Although the Chapter II focus on dehydration accompanied by the formation of
the hydrophobic interaction in the protein folding, it is also necessary to examine the
relationship between the individual interaction and the global conformation of a protein.
An emerging approach for quantitatively characterizing complicated structures is the
complex network which is a mathematical model describing complex structures as
‘vertices’ and ‘links’, enabling the quantitative characterization of the geometry using
the network parameters. A network structure is represented as an adjacency matrix. If
there are NV vertices in a network, its adjacency matrix, ajj, is a N XN square matrix. If a
link is established between ith and jth vertex, a;;=1 otherwise 0. This approach has a
possibility for representing the protein structures with less computationally intensive
than the traditional molecular dynamic simulation analysis [23]. An approach of the
network representation of the protein structures is amino acid network (AAN) [23-25].
As shown in Figure 1.3, an AAN is constructed based on the structural information of
experimentally determined crystal structure of a protein. The ‘vertices’ correspond to
each amino acid residue in the protein structures, while one amino acid residue
composed of multiple atoms. The ‘links’ represent van der Waals contacts and/or
chemical interactions between two amino acid residues. However, many previous AAN
studies have been applied to elucidate the relationship between protein domains in
allosteric regulation, because the network parameters reflect the difference of global,
rather than local, conformation [23, 26]. Then, the application of the AAN for
evaluating the relationship between the intermolecular interaction network and the

global conformation of a protein is not explored.



Figure 1. 3 The construction of an amino acid network (AAN) based on atomic
coordinate of a protein structure.

An AAN of a protein is composed of ‘vertices’ and ‘links’. The vertices correspond to
one amino acid residues in the protein structures, while the links represent van der
Waals contacts and/or chemical interactions between two amino acid residues. The links
are established if two residues contact each other, which is determined by the atomic
coordinates of corresponding protein structure deposited in the Protein Data Bank
database.

In Chapter III, a new AAN with reflecting intramolecular interactions between
the amino acid residues is introduced to establish a model to investigate the relationship
between the intermolecular interaction network and the global conformation of a
protein. From the viewpoint of characterization of the protein structures, previous
studies have examined network properties whereas they focused on the comparison with
the mathematical network models. It remains to be difficult to distinguish between
protein secondary structures [27]. Hence, I developed a novel amino acid network—the
interaction selective network (ISN)—that includes structural information about
interactions in main and side chain atoms. The ISN allows to distinguish between a-
helix and B-sheet protein structures by using network parameters. Although a

conventional Co. (a-carbon) network (CAN) with a cutoff distance of 5.5 A allowed us



to discriminate between the two secondary structures, the slight shifts of the cutoff
distance led to a loss of discrimination, showing lower robustness of the model. This is
because the CAN detects the interactions only between the main chain atoms.
Conversely, the ISN shows higher robustness and the links in the ISN are based on
interactions in both the main and side chains. The ISN reflects structural information of
both secondary and tertiary structures. Therefore, the ISN is expected to be an effective
model for evaluating the relationship between the intermolecular interaction network

and the global conformation of a protein.
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Chapter I1
Uncovering dehydration in cytochrome c
refolding from urea- and guanidine
hydrochloride-denatured unfolded state by high

pressure spectroscopy
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2.1. Abstract

To investigate the dehydration associated with protein folding, the partial molar
volume changes for protein unfolding (AV,) in cytochrome ¢ (Cyt ¢) were determined
using high pressure absorption spectroscopy. AV, values for the unfolding of urea- and
guanidine hydrochloride (GdnHCIl)-denatured Cyt ¢ were estimated to be 56 + 5 and 29
+ 1 mL mol ', respectively. Considering that the volume change for hydration of
hydrophobic groups is positive and that Cyt ¢ has a covalently bonded heme, a positive
AV, reflects the primary contribution of the hydration of heme. Because of the marked
tendency of guanidium ions to interact with hydrophobic groups, a smaller number of
water molecules were hydrated with hydrophobic groups in GdnHCl-denatured Cyt ¢ than
in urea-denatured Cyt c, resulting in the smaller positive AV,. On the other hand, urea is
a relatively weak denaturant and urea-denatured Cyt ¢ is not completely hydrated, which
retains the partially folded structures. To unfold such partial structures, I introduced a
mutation near the heme binding site, His26, to Gln, resulting in a negatively shifted AV},
(4 2 mL mol~") in urea-denatured Cyt ¢. The formation of the more solvated and less
structured state in the urea-denatured mutant enhanced hydration to the hydrophilic
groups in the unfolding process. Therefore, I confirmed the hydration of amino acid
residues in the protein unfolding of Cyt ¢ by estimating AV}, which allows to discuss the

hydrated structures in the denatured states of proteins.
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2.2. Introduction

In aqueous solutions, linear protein polypeptide chains decrease in entropy and
collapse into a globule to minimize the surface area that is exposed to the solvent. The
folded state is a low-entropy subensemble in all possible collapsed globular
conformations for the protein chain. In contrast, the unfolded state is an ensemble that is
not or much less structured and has higher entropy than the folded state does. For folding
to be beneficial, the folded state must be sufficiently and energetically favorable to
overwhelm the higher entropy associated with structural disorder within the globular
phase. The major energetic driving force originates from the van der Waals, hydrogen
bonding, and electrostatic interactions, both within the polypeptide chain and between the
chain and its surrounding aqueous solvent. One particularly important subset of these
interactions is the hydrophobic effect, which entails minimizing the surface area of
hydrophobic amino acid residues exposed to the aqueous solvent [1, 2].

One problem related to estimating the hydrophobic effect on protein folding is
the lack of understanding regarding the evaluation of the hydration effect. Makhatadze
and Privalov [3, 4] have estimated the hydration effects of cytochrome ¢ (Cyt ¢) unfolding
using structural information on the hydrophilic and hydrophobic groups, as shown in
Table 2.1, that have been exposed to water in the folded and unfolded states. They
proposed that a large entropy decrease in conformational entropy will be compensated
for by the evacuation of water molecules, known as dehydration, from the hydrophobic
surface. However, experimental data examining the structural and functional significance
of dehydration remain limited because of the difficulties in the spectroscopic

characterization of water molecules. The present study focuses on the dehydration from

13



amino acid residues in the protein folding of Cyt ¢ to determine the thermodynamic

significance of the dehydration and discuss hydrated structures in the unfolded states.

Table 2.1 Thermodynamical energy changes in cytochrome ¢ (Cyt ¢) unfolding. The Gibbs energy
changes (AG), the enthalpy changes (AH) and the changes of the entropy term (—7AS) in the Cyt ¢
unfolding are estimated using the amounts of surface area of the hydrophilic and hydrophobic groups

of Cyt c that have been exposed to water in the folded and unfolded states [3, 4].

Energy changes AG/ AH/ —TAS/
induced by kJ mol™ kJ mol™ kJ mol™
Overall 37 89 —52
Dehydration —5003 — 7409 2406
Dehydration from
181 —1029 1209
hydrophilic sites
Dehydration from
5040 7498 —2458

hydrophobic sites

A promising approach in observing hydration/dehydration is estimating the
partial molar volume of a protein molecule in its aqueous solution (¥), including the
hydration of solvent-accessible protein atomic groups [2, 5-8]. Asillustrated in Figure 2.1, ¥ can
be represented by the sum of the constitutive volume (V4,) [9, 10], the volume of structural
voids (V) corresponding to the solvent-inaccessible core of the protein resulting from
imperfect atomic packing [11], and the overall volume change associated with the
hydration/dehydration of the solvent (AV4) [12-16] as follows:

V="Vn+ Vy+ AV, (Eq. 1)
The partial molar volume change in protein unfolding (AV,,) is therefore defined by the
following equation:

AVy= AV + AVy + AAVY (Eq. 2)

14



where AV, is the volume changes of Vy, between the folded and unfolded states, AV, is
the changes of V,, and AAV} is the observed hydration term changes corresponding to the
volume changes caused by the hydration of polypeptide chains in the protein unfolding
[2, 5]. Figure 2.2 displays Eq. 2 in detail. In the above equation, V3, does not change from
the folded state to the unfolded state; this leads to the assumption that AV}, is zero.
Because denatured polypeptide chains are exposed to the solvent, V, for the unfolded
states can be accurately approximated using zero, assuming that AV, is equal to — V5 .
Therefore, Eq. 2 can be simplified to Eq. 3.
AVy= —Vy+ AA (Eq. 3)

AAVy can be determined by the sum of V5, and AV,. For the folded state, V, can be
determined from the protein crystal structures by rolling a virtual ball of water molecule
around the van der Waals surface of the macromolecule [17]. If the system is at constant

temperature 7, AV, can be expressed using the following thermodynamic relationship:

AV, = ["ng]T = —RT[Z "]T (Eq. 4)

ap
where AG, is the Gibbs energy change in the protein unfolding, p is pressure, and K is

the equilibrium constant between the folded and unfolded states:

__[Unfolded Cyt c]
- [Folded Cyt c]

(Eq. 5)
Applying the two-state folded-to-unfolded transition model to the protein unfolding
process [18], I determined K using high pressure ultraviolet/visible (UV/vis) spectroscopy

and measured the pressure dependence of K to calculate AV, and AAVA,.
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Figure 2.1 Partial molar volume of a protein in aqueous solution (7). ¥ can be represented by the sum
of the constitutive volume (Vy,, gray polypeptide chain), the volume of structural voids (V,
semitransparent orange circle) corresponding to the solvent-inaccessible core of the protein resulting
from imperfect atomic packing and the overall volume change associated with the
hydration/dehydration of the solvent (AV4, deep blue filled cycles). Little blue filled cycles represent

bulk water molecules.

V4 Vi vy AV,

Folded
state(N) ‘

Unfolded
state(U) M NOO

Difference AV, ~0 -Vy 44V,
(N—U)

Figure 2.2 The partial molar volume changes from folded (N) to unfold state (U) (AV,). As shown in
Figure 2.1, the partial molar volume of a protein in aqueous solution (¥) can be represented three terms
as follows; the constitutive volume (Vy,), the volume of structural voids (V) and the overall volume
change associated with the dehydration of the solvent (A}}). Here, the volume changes of 1, between
N and U is assumed to be zero. V, for the unfolded states can be accurately approximated using zero
and assuming that the volume changes of V, from N to U is equal to —V/, for the folded state. AAV}, is
the observed hydration term changes corresponding to the volume changes caused by the hydration to

the polypeptide chains in the protein unfolding.
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To determine K between the folded and unfolded states, I used guanidine
hydrochloride (GdnHCl) and urea as the chemical denaturants [19, 20]. GdnHCI is one
of the commonly used denaturants that directly and strongly interacts with hydrophobic
groups [21], and interactions between GdnHCI and hydrophobic amino acid residues
facilitate the dehydration from hydrophobic amino acid residues, resulting in fewer
hydrated hydrophobic groups in the unfolded states. In contrast, urea is a rather weak
denaturant that interacts with hydrophilic amino acid residues to destabilize protein
folded structures by forming hydrogen bonds to the peptide groups [21, 22]. Therefore,
in the urea-denatured state, some of the hydrophilic amino acid residues interact with urea,
not water molecules, leading to fewer hydrated Aydrophilic groups. Therefore, although
both urea and GdnHCI are typical denaturants, the hydrated structures in the denatured
states are significantly different, and the present study characterizes urea- and GdnHCI-
denatured unfolding of Cyt ¢ to describe the hydrated structure of proteins. Together with
the results showing that mutant Cyt ¢ has perturbed hydrated structures in the denatured
states, new insights into the dehydration in theprotein folding and the unfolded protein

structures are provided.
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2.3. Methods
Protein

To examine the hydration associated with protein unfolding, horse Cyt ¢ was
chosen for analysis, because the equilibrium constant between folded and unfolded states
(K) could be monitored using the absorbance band of the covalently attached heme as the
prosthetic group (shown in red in Figure 2.3) [3, 4]. In the protein unfolding of horse Cyt
c at neutral pH, His18 is ligated to the oxidized heme iron in the unfolded state; however,
the second axial ligand Met80 is replaced by a nonnative histidine ligand [23-27]. To
estimate AV, in the Cyt ¢ unfolding, I monitored the replacement of the axial ligand using
UV/vis spectroscopy under high pressure. The spectra of folded and urea-denatured
unfolded Cyt ¢ are shown in Figure 2.4. The Soret band around 400 nm is monitored to

determine K.

Figure 2.3 Ribbon diagram of horse Cyt ¢ based on the crystal structure IHRC. The heme in Cyt ¢
(red) forms covalent bonds with Cys14 and Cys 17 (yellow). The side chains of the native heme
ligands, Met80 (green) and His18 (orange), and potential nonnative ligands, His26 and His33 (cyan),

are shown explicitly. Figure has been prepared using PyMol.
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Figure 2.4 Absorption spectra of Cyt ¢ in 0 M (red) and 9.2 M urea (blue). Red spectrum corresponds
to folded state and blue spectrum exhibits urea-denatured unfolded state. The Soret band around 400

nm is monitored to determine K.

Sample preparation

To oxidize the residual ferrous form, folded horse heart Cyt ¢ (Merck Millipore,
Darmstadt, Germany) was treated with potassium ferricyanide and was purified on an
Amicon ultrafiltration using 5-kDa cutoff membranes to remove excess oxidants. The
expression vector for the Cyt ¢ mutant containing Glu at the His26 position was
constructed as shown in following sections. The protein was dissolved in 50 mM Tris-
HCI buffer (pH 7.5) at various activities of urea (molecular biology grade from Kanto
Chemical Co., Inc., Tokyo, Japan) or GAnHCIl (biochemistry grade from Kanto Chemical
Co.) before the experiments. The final protein concentration was 30 uM, which was
spectrophotometrically estimated using molar extinction coefficient for oxidized Cyt c.

The extinction coefficient used at 408 nm was 1.06 x 10" m? mol™ [28].
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Mutagenesis

Mutagenesis was conducted utilizing the PrimeSTAR mutagenesis basal kit
from Takara Bio (Otsu, Japan). DNA oligonucleotides were purchased from Operon
Biotechnologies (Tokyo, Japan). The mutated genes were sequenced (Operon
Biotechnologies, Tokyo, Japan) to ensure that only the desired mutations were

introduced (Eurofins Genomics) [29].

Protein expression and purification

The H26Q mutant of horse heart Cyt ¢ was expressed in Escherichia coli and
purified as well as previously described [29, 30]. The Escherichia coli strain
Rosetta2(DE3)pLysS cells transformed with the plasmids containing the DNA of Cyt ¢
were inoculated in 5 ml of LB medium and grown at 37 °C over 12 hours. This pre-
cultured medium was added to 4 liters of LB medium, and the bacteria were further
incubated at 37 °C. The expression of horse Cyt ¢ was initiated by adding 0.8
mm isopropyl 1-thio-p-d-galactopyranoside to the culture when the cell density reached
an absorbance of 0.6 at 600 nm. Then, 0.1 mm d-aminolevulinic acid was added to
promote heme biosynthesis. After incubation for an additional 24 hours, the cells were
collected by centrifugation.

The cell pellet was resuspended in 50 mm Tris-HCIL, pH 7.5, containing 1

g/liter lysozyme, 50 mg/liter DNase I, and 50 mg/liter RNase A and suspended for 3
hours to lyse the cell pellet completely. The supernatant of the crude extract was
obtained by centrifugation at 18,000 rpm for 5 min and 40,000 rpm for 1 hour. This
supernatant was purified by HiPrep 16/10 SP XL column (GE Healthcare, Uppsala,

Sweden) with a linear salt gradient of 1-300 mm NaCl. The elution sample was
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concentrated by Amicon ultrafiltration using 5-kDa cutoff membranes. Because the
concentrated Cyt ¢ was a mixture of ferric and ferrous forms, Cyt ¢ was oxidized by 10-
fold potassium ferricyanide with stirring for 1 hour to completely oxidize Cyt c. After
being dissolved in 50 mm sodium phosphate buffer, pH 7.0, Cyt ¢ was further purified
by Mono S 10/100 GL column (GE Healthcare) with a linear salt gradient. The purified
Cyt ¢ fractions were pooled, concentrated, and applied to a HiLoad 16/60 Superdex 75

gel filtration column (GE Healthcare).

Measurement

A high pressure spectroscopy device is developed as illustrated in Figure 2.5.
The UV/vis spectra of Cyt ¢ from 800 to 250 nm were recorded using a JASCO model
V-570 spectrophotometer. The measurements were performed using a cell connected to
a circulating water bath to maintain the sample temperature at 25°C. A quartz cell filled
with the sample was placed into the high pressure optical cell (PCI-500; Syn Corporation
Ltd., Kyotanabe, Japan), and pressure was applied using the hand pump HP-501 (Syn
Corporation Ltd.) through the water medium. The measurements were performed from

50 to 150 MPa at 25-MPa intervals.
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Figure2.5 (A) Schematic drawing of the high pressure spectroscopy device. Using a hand pump,
pressure is applied via water to the inner cell filled with the sample. The valve is closed, following
which the measurements were conducted. (B) Inner cell for the measurements of high pressure
absorption spectra. This cell comprises two connected components: a quartz cell and a rubber tube

that exerts the pressure on the sample.

Averaged hydrophobicity

To compare the hydrophobicity of proteins, the averaged hydrophobicity of the
amino acid sequence of the protein are calculated. This included the summation of the
hydrophobicity of amino acid residues in the sequence of the corresponding protein

without including any prosthetic groups and exogenous ligands [31].
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2.4. Results and Discussion
Determination of volume changes in the Cyt ¢ unfolding

To estimate AV, for unfolding to the urea- or GdnHCl-denatured states, I
monitored the absorbance change at 402.5 and 404.5 nm by adding urea and GdnHCI
under high pressures, respectively (50-150 MPa). In the Cyt ¢ unfolding by the chemical
denaturants [32, 33], intermediates with the His-Lys heme ligation are reported to be
stabilized with increased pressure [34]. In my measurement, however, the Soret band was
shifted from 409 nm to 407 nm by addition of the denaturant as shown in Figure 2.6,
without appearance of a peak or shoulder from the His-Lys heme ligation around 405 nm
[35-37]. Although I cannot exclude the possibility of the formation of the folding
intermediates under my denaturation conditions, the contribution of the folding
intermediates to the changes of the absorption spectra is rather small and it is more
plausible that the transition I detected from the absorption spectra is from the folded state
to the unfolded state. Figures 2.7 and 2.8 show experimental data analyses for the urea
and GdnHCI denaturation, respectively. To determine the volume changes induced by the
denaturants [38, 39], activities, not molarities, were used as the concentration of the
denaturant [40-42]. As shown in Figures 2.7A and 2.8A, absorbance intensities of the
Soret peak under various denaturant activities and pressures were fitted using the two-
state model for each pressure. In, Figures 2.7B and 2.8B fitted absorbance spectra were
normalized by the ratio of the folded states, to determine K [2, 5]. For each pressure, the
absorbance was normalized by the denaturant activity. The absorbances without the
denaturant and with the highest activity of the denaturant were adjusted to 1 and 0,
respectively. Using Eq. 4, AV, could be estimated based on the pressure dependence of K

(Figures 2.7C and 2.8C). To obtain AV, for the urea- and GdnHCl-denatured unfolding,
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the liner extrapolation method was used [38, 39]. The dependence of AV, on denaturant
activity is illustrated in Figures 2.7D and 2.8D; AV, values were 56 £ 5 and 29 + I mL

mol~" for the unfolding processes of the urea and GdnHCI denaturation, respectively

(Table 2.4).
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Figure 2.6 Absorption spectra of cytochrome ¢ (Cyt ¢) at 50 MPa in the presence of various urea
activities. (/nset) Enlarged spectra around the Soret band. As increasing urea activities, the absorbance

maximum in the Soret band shifts from 409 nm (folded state) to 407 nm (unfolded state) [35].
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Figure 2.7 (A) Denaturation curves of wild-type Cyt ¢ induced by urea. The curves are fitted using a

two-state transition model by each pressure. (B) The denaturation curves normalized by the ratio of

folded Cyt ¢ molecules. (C) Pressure dependence of the equilibrium constant for the Cyt ¢ folding on

urea activities. AV, for each urea activity is determined by calculating the slopes of the pressure

dependence of the equilibrium constant. (D) AV, for urea-denatured unfolding of Cyt c. AV, is

determined by the extrapolation to 0 M urea activity.
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Table 2.2 AV, for urea-induced unfolding of Cyt c¢. AV, values were calculated using Eq. 4 and the

slope of the corresponding activity in the In K—Pressure plot in Figure 2.7C.

Urea activity, AVy, Standard deviation of AV, ,
M mL mol ™! mL mol ™!
4.2 19 2
4.6 24 2
4.9 14 2
5.5 12 2
5.7 11 1
6.0 10 1
6.3 8.0 0.7
6.5 3.0 0.9
6.6 0.36 0.64
6.8 —-0.53 0.47
7.1 —2.2 0.7
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Figure 2.8 (A) Denaturation curves of wild-type Cyt ¢ induced by guanidine hydrochloride (GdnHCI).

The curves are fitted using a two-state transition model by each pressure (B) The denaturation curves

normalized by the ratio of folded Cyt ¢ molecules. (C) Pressure dependence of the equilibrium constant

for the Cyt ¢ folding on GdnHCl activities. AV, for each GdnHCIl activity is determined by calculating

the slopes of the pressure dependence of the equilibrium constant. (D) AV, for GdnHCl-denatured

unfolding of Cyt ¢. AV, is determined by the extrapolation to 0 M GdnHClI activity.
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Table 2.3 AV, for guanidine hydrochloride (GdnHCl)-induced unfolding of Cyt ¢. AV, values were
calculated using Eq. 4 and the slope of the corresponding activity in the In K—Pressure plot in Figure

2.8C.

GdnHCI activity, AVy Standard deviation
M mL mol™ of AV, , mL mol™
0.85 7.6 1.4
0.91 6.0 1.5
0.97 4.9 1.4
1.0 33 1.5
1.1 1.3 1.5
1.2 0.34 1.82
1.2 —2.6 1.1
1.3 —4.2 2.4

Table 2.4 Partial molar volume changes (AV,) for denaturant-induced unfolding of Cyt c.

AV,, mL mol '

GdnHCI1 Urea

Wild-type 29+1 56+5

H26Q mutant 20+ 1 4+2

On the basis of Eq. 3, the volume changes for the hydration (AAV}) for urea
and GdnHCI denaturation were estimated by the sum of AV, and V. Using the structural
data of Cyt ¢, IHRC, [43] and the program for calculating the void volume in protein
structure (Voss Volume Voxelator web server), V, was determined to be approximately
80 mL mol ' [17]. Thereafter, AAV} values for urea and GdnHCI denaturation were

calculated as 140 and 110 mL mol ', respectively (Table 2.5).
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Table 2.5 Partial molar volume changes for hydration (AAV4) in denaturant-induced unfolding of

Cyte.

AAV;,, mL mol ™!

GdnHCI1 Urea

Wild-type 110 140

H26Q mutant 100 80

Structural significance of positive volume change in the Cyt ¢ unfolding

One of the characteristic features in the protein unfolding of Cyt ¢ is the positive
AV, values for both urea and GdnHCI denaturation. Although positive AV, has reported
in the thermal unfolding of Cyt ¢ at acidic pH [44, 45], proteins showing a positive AV,
value at neutral pH have not yet been reported [6, 46-49]. As indicated in the previous
section, the positive AV, for the Cyt ¢ unfolding originates from the larger positive AAV4,
compared to the smaller positive V. As illustrated in Figure 2.9, a positive AAV; is
expected to be originated from hydration of hydrophobic groups because of the exclusion
effects of the hydrophobic groups on the water molecules. The excluded volume for a
water molecule located near hydrophobic groups is larger than that of a bulk water
molecule; this implies that hydration of hydrophobic groups results in a positive AAV,.
In contrast, the hydration of one water molecule to a hydrophilic protein surface from a
bulk solution is considered to contribute to negative volume changes (—3 or —4 mL
mol ') [13]. Therefore, the positive AV, suggests that the hydration of hydrophobic

groups prevails over that of hydrophilic groups in the Cyt ¢ unfolding.
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Figure 2.9 Volume changes induced by the hydration of hydrophilic and hydrophobic groups of
polypeptide chains. AAV}, for the hydration of the hydrophilic group was reported to be— 3 mL mol
~'[13]. 1 hypothesized that AAV}, for the hydration of one water molecule to the hydrophobic groups

is also +3 mL mol .

However, the average hydrophobicity of amino acid residues in the sequence
of Cyt ¢ does not deviate considerably from that of other proteins (Cyt ¢: — 0.90;
staphylococcal nuclease A [SNase A]: — 0.86; trp repressor: — 0.45; chymotrypsin
inhibitor-2: —0.36). Therefore, no substantial difference would be present between the
hydration of hydrophobic amino acid residues in Cyt ¢ and that in other proteins. It should
be noted here that Cyt ¢ has a covalently attached heme group, and heme is an iron
porphyrin complex containing several hydrophobic functional groups at the heme
periphery. As previously reported [50, 51], heme serves as a hydrophobic core to initiate
the refolding of Cyt ¢, and it is highly likely that the numerous water molecules located
near heme in the unfolded state of Cyt ¢ are dehydrated in the “collapse” phase of the

refolding. Although reports on the quantitative analysis of the hydration of the heme
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group are lacking, it can be safely concluded that the hydration of the hydrophobic heme

group is the primary and major factor in the positive shift in AV, for the Cyt ¢ unfolding.

Hydration with heme in the Cyt ¢ unfolding

To examine the contribution of the hydration of the heme to AV} in the Cyt ¢
unfolding, I compared volume changes in the protein unfolding of Cyt ¢ with those of
SNase A containing no prosthetic groups but a similar averaged hydrophobicity to Cyt c.
A previous study has reported AV, as —72 mL mol ™' for the urea-denatured unfolding
of SNase A [46] , and V, was determined to be 50 mL mol~', providing an estimate for
AAV; of approximately —20 mL mol~'. Assuming that the contribution of the hydration
of the polypeptide to AV, in the Cyt ¢ unfolding is comparable to that in the SNase A
unfolding, the contribution of hydration of heme to AAV} can be estimated to be 160 mL
mol ! for the urea-induced unfolding of Cyt c.

To determine the thermodynamic contribution of the hydration of the heme, the
number of water molecules hydrated to the heme was estimated from AAV} [4]. The
volume changes induced by the dehydration are illustrated in Figure 2.9. Although the
volume change induced by the hydration of one water molecule to the hydrophobic group
has not yet been experimentally and theoretically determined, AAV}, for the hydration of
the hydrophilic group was reported to be —3 mL mol~' [13]. I hypothesized that AAV;,
for the hydration of one water molecule to the hydrophobic groups is +3 mL mol ', and
on the basis of this hypothesis, I was able to estimate that approximately 50 water
molecules can be hydrated to heme. To confirm the validity of the number of water
molecules hydrated to the hydrophobic heme group, I calculated the maximum number

of water molecules of the hydration layer of heme. Considering the surface area of heme
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as approximately 400 A” and the radius of a water molecule as 1.4 A, the maximum
number of water molecules involved in the hydration was determined to be 70. However,
the actual number of hydrated water molecules will be less than 70, because heme in
unfolded Cyt ¢ is not completely exposed to the solvent. Therefore, it is plausible that
approximately 50 water molecules are located near heme in the urea-denatured state of
Cyt ¢, and these water molecules would be dehydrated in the Cyt ¢ refolding process.
The number of hydrated water molecules of the heme allowed to quantitatively
examine the thermodynamic contribution of the dehydration to Cyt ¢ folding. The
entropic contribution of the dehydration from the hydrophobic groups is approximately
—1kImol™' (—TAS= —1.06 kJ mol ™" at 25°C) per one water molecule (3). Therefore,
the thermodynamic contribution of the dehydration from the heme group would be
approximately — 50 kJ mol~'. Comparing the total Gibbs energy change of the Cyt ¢
folding, AGun (—37 kJ mol™ " [4], the entropic contribution of the dehydration from the
heme is the major driving force for the Cyt ¢ protein folding. If the dehydration from the
heme is lost, the Cyt ¢ folding would be a thermodynamically unfavorable reaction; this
is further supported by the fact that Cyt ¢ without the heme (apoCyt ¢) is unable to attain
its native structure [52], and the hydrophobic interactions between the heme group and
hydrophobic amino acid residues are crucial for the formation of the hydrophobic core

for the initial stage of the Cyt ¢ folding [50, 51].

Different volume changes between the two denaturants
Although the Cyt ¢ unfolding induced by both urea and GdnHCI indicated a
positive AAV}, a more positive AAV, was estimated for the urea denaturation, which

implies that the unfolded protein structure is different between the two denatured states.
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Such different denatured states have also been encountered for the small-angle X-ray
scattering measurements. The radius of gyration of GdnHCl-denatured Cyt ¢ (30.3 A)
[53] is significantly larger than that of urea-denatured Cyt ¢ (29.7 A) [54]. Compared to
urea, GdnHCI has been found to be a much effective denaturant, which is supported by
the higher m values of GdnHCI [55] and the solubility of amino acids at the same
denaturant concentration [20, 56, 57]. Therefore, the GdnHCl-unfolded state of Cyt c is
less structured and more extended than that of the urea-denatured state, showing a large
gyration radius.

Assuming hydration structures of urea- and GdnHCl-denatured unfolded Cyt ¢
are shown in Figure 2.10. For GdnHCl-denatured Cyt ¢, guanidium ions have direct and
strong interactions with hydrophobic groups in Cyt ¢ [21]; certain hydrophobic sites in
GdnHCl-denatured Cyt ¢ are occupied by guanidium ions, and certain hydrated water
molecules surrounding hydrophobic sites are expelled to the bulk. This results in fewer
hydrated water molecules around the Aydrophobic amino acid residues in the GdnHCI-
denatured state and a more negative shift in AAV}, compared with that in urea-denatured
Cyt ¢ ( 140 to 110 mL mol~"). In contrast, urea is known as a relatively weak denaturant,
which destabilizes protein folded structures by forming hydrogen bonds to the
hydrophilic peptide groups [21, 22]. Such hydrogen bonds with urea impede the hydration
of hydrophilic amino acid residues in the urea-denatured state. Therefore, urea reduces
the number of hydrated water molecules near the hydrophilic groups in the denatured
states, leading to a shift of AAV}; to the positive side. In addition, urea-denatured Cyt ¢
retains some secondary structure composed mainly of a-helix [21], and such an a-helical
structure contains several hydrogen bonds between hydrophilic amide and carbonyl

groups, and partially formed a-helices in the urea-denatured state reduce the number of
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hydrated water molecules surrounding the hydrophilic amino acid residues, which further

leads to a positive shift in AAV,.

GdnHCI-denatured unfolded state Urea-denatured unfolded state

Figure 2.10 Assuming hydration structure of guanidine hydrochloride (GdnHCIl)- and urea-denatured
unfolded state of Cyt c. Polypeptide chain of Cyt ¢ (gray), hydrated water molecule (light blue),
guanidinium ion (orange) and urea (purple) are illustrated. GAnHCI interacts with hydrophobic sites
in Cyt ¢; certain hydrophobic sites in GdnHCl-denatured Cyt ¢ are occupied by guanidium ions, and
certain hydrated water molecules surrounding hydrophobic sites are expelled to the bulk. This results
in fewer hydrated water molecules around the Aydrophobic amino acid residues in the unfolded state.
In contrast, urea is a rather weak denaturant that interacts with hydrophilic amino acid residues to
destabilize protein native structures by forming hydrogen bonds to the peptide groups. Therefore, in
the urea-denatured unfolded state, some of the hydrophilic amino acid residues interact with urea, not

water molecules, leading to fewer hydrated hydrophilic groups.

Mutation to perturb the hydrated structure of unfolded Cyt ¢

As clearly described in the previous section, the hydrated structure of the
unfolded state in Cyt ¢ depends on the denaturant. This difference in the hydrated
structure could be attributed to the different ligation structures between urea- and
GdnHCl-denatured states in Cyt c. In urea denaturation, Met80, one of the axial ligands
for heme, is replaced by His33, whereas in GdnHCI denaturation, His26 is also ligated to

the heme iron (Figure 2.11) [33, 58]; this enabled to speculate that the denatured structure
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surrounding the heme axial ligands reflects the different AAV} values between the two
denaturants. Therefore, I constructed the H26Q variant Cyt ¢, where His26 is replaced
with Gln to cleave the iron—His26 ligation in the unfolded state, to mimic the urea-

denatured state in the GdnHC] denaturation.

GdnHCI denatured Folded Urea denatured

4 ) 4 )
His 26 His 33 Met 80 His 33

1
11

=Fel m = mFell m -Fel m - Fell m

His: 18 His: 18 His: 18 His: 18
\ VRN J .

Figure 2.11 Heme coordination structures in urea- and guanidine hydrochloride (GdnHCI)-denatured

Cyt c¢. The GdnHCl-denatured state presents equilibrium between two different coordination structures

(left), whereas the urea-denatured state has a single coordination state (right).

I determined AV, and AAV}, for the mutants using urea (Figure 2.12) or GdnHCl
(Figure 2.13) as listed in Tables 2.2 and 2.3. Although I expected that AV, for the
unfolding to the urea-induced unfolded state would be similar to that of the GdnHCI-
induced unfolded state in the H26QQ mutant, AV}, in the unfolding to urea-denatured Cyt
¢ had a considerably positive shift from 60 + 3 to 5 + 1 mL mol ™', whereas a mild positive
shift from 29 + 1 to 21 + 1 mL mol ™" was observed for the unfolding to GdnHCl-denatured
Cyt c. The hydrated structure of the unfolded state remained different in the H26Q mutant,
and the mutational effects on the hydrated structure of the unfolded state were more

enhanced in urea-denatured Cyt c.
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Figure 2.12 (A) Denaturation curves of the H26QQ mutant induced by urea. The curves are fitted
using a two-state transition model for each pressure. (B) The denaturation curves normalized by the
ratio of folded Cyt ¢ molecules. (C) Pressure dependence of the equilibrium constant for the Cyt ¢
folding on urea activities. AV, for each urea activity is determined by calculating the slopes of the

pressure dependence of the equilibrium constant. (D) AV, for urea-denatured unfolding of Cyt c. AV,

is determined by the extrapolation to 0 M urea activity.
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Table 2.6 AV, for urea-induced unfolding of H26QQ mutant of Cyt ¢. AV, values were calculated

using Eq. 4 and the slope of the corresponding activity in the In K—Pressure plot in Figure 2.12C.

Urea activity, AVy, Standard deviation
M mLmol”'  of AV, , mL mol™’
0.93 7.3 1.6
1.4 8.0 1.0
1.9 8.1 1.2
2.3 11 1
2.8 12 1
32 16 2
3.7 13 2
4.2 10 2
4.6 21 3

37



A B -
0.85 s 104
]
£
: 080 4 S s 150 MPa
<
§ 075 8 o064 50 MPa
o o
c [%2]
3 0704 150 MPa g 0.4 4
S E o
3 065]% 50 MPa S 02
< ©
£
0.60 | 5 004
T T T T T z T
0 1 2 3 4 0
GdnHCI Activity / M GdnHCI Activity / M
GdnHCI
C 2 activity D 30
1 le— 2.5 M
To_ o b ——2 18M
. * * 20M g 20
0 1.6 M g
x % Lam E 104
- -1 4 1.2 M ~ -
>
2 _*\¢\’\.\‘ 1.0M < 04
0.6 M ¢
-34 -104
T T T T T T T T T T T
50 75 100 125 150 0.0 0.2 0.4 06 08 1.0
Pressure / MPa GdnHCI Activity / M

Figure 2.13 (A) The denaturation curves of the H26Q mutant induced by guanidine hydrochloride
(GdnHCI). The curves are fitted using a two-state transition model for each pressure. (B) The
denaturation curves normalized by the ratio of folded Cyt ¢ molecules. (C) Pressure dependence of
the equilibrium constant for the Cyt ¢ folding on GdnHCI activities. AV, for each GdnHCI activity is
determined by calculating the slopes of the pressure dependence of the equilibrium constant. (D) AV,

for GdnHClI-denatured unfolding of Cyt ¢. AV, is determined by the extrapolation to 0 M GdnHCI

activity.
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Table 2.7 AV, for guanidine hydrochloride (GdnHCI)-induced unfolding of H26QQ mutant of Cyt c.
AV, values were calculated using Eq. 4 and the slope of the corresponding activity in the In K—Pressure

plot in Figure 2.13C.

GdnHCI activity, AVy, Standard deviation
M mLmol'  of AV,, mL mol™
0.19 15 1
0.35 13 1
0.43 9.6 0.7
0.53 7.9 0.5
0.63 6.7 0.5
0.74 5.2 0.5
0.85 1.3 0.6
0.97 —2.5 0.3

Comparing the midpoint denaturant activity [urea]soe, (the activity of urea at
which 50% of molecules are denatured) for the denaturant-induced unfolding between
the H26Q variant and wild-type Cyt ¢, a more prominent shift was observed for the
unfolding of the urea-denatured state: from 7.0 to 4.0 M in the urea-denatured state and
from 1.3 to 0.5 M in the GdnHCl-denatured state. This is in contrast to the pH-induced
unfolding probed by Trp fluorescence, showing that the protein stability of the mutant is
nearly the same as that of wild type Cyt ¢ [58]. Such discordance would arise from the
structural differences between the denaturant- and lowering pH-induced unfolded states
[32, 36, 58]. The lower midpoint activities in the mutant correspond to the lower stability
of the ligation of Met80 in the mutant, indicating that the mutation at His26 to Gln
promotes the replacement of the heme axial ligand, Met80, by His33 at lower urea activity.
Hence, the mutant facilitates the urea-denatured unfolding, which causes more solvated
and less structured a-helix components in urea-denatured Cyt c. Considering that several

of the a-helix components are hydrophilic groups consisting of hydrogen bonds,
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hydrophilic amino acid residues in the urea-denatured state are more hydrated in the
H26Q mutant and the number of hydrated water molecules near the hydrophilic amino
acid residues in the urea-denatured state will be increased. The more hydrated structure
surrounding the hydrophilic amino acid residues in the urea-denatured state corresponds
to the negative shift of AAV}, of the H26Q mutant (Table 2.5).

The mutation caused a much less drastic negative shift in AAV}, for the GdnHCI
denaturation compared with that for urea denaturation. Because GdnHCI is a more
effective denaturant than urea, GdnHCl-denatured Cyt c already lost most of the a-helical
structures and the mutation at His26 did not induce further drastic denaturation, leading
to the small shift of AAV; by the mutation. Although the unfolded state of the urea-
denatured mutant Cyt ¢ was a more solvated and less structured state, AAV;, for the urea-
denatured unfolding of the mutant remains different from that for the GdnHCI-denatured
mutant. This difference in AAV}, between the two denaturants is a result of the residual
folded structure including hydrophobic interactions in urea-denatured Cyt ¢ and/or

hydrophilic interactions in GdnHCl-denatured Cyt c.
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Chapter 111
Quantitative description and
classification of protein structures by

amino acid networks
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3.1. Abstract

While protein classes based on their secondary structures are widely used, quantitative
characterization of the protein structures remains difficult. To quantitatively categorize
protein structures, I developed a quantitative coarse-grained model of protein structures
with a novel amino acid network—the interaction selective network (ISN)—that includes
structural information about interactions in main and side chain atoms. The ISN enables
us to distinguish between « -helix and f -sheet protein structures using two network
parameters: average vertex degree (k) and average clustering coefficient (C). Although a
conventional C @ ( «-carbon) network with a cutoff distance of 5.5 A allowed for the
discrimination between the two secondary structures on the &—C plot, the slight shifts in
the cutoff distance led to a loss of discrimination, showing lower robustness of the model,
due to the definition of the links by the interactions only between the main chain atoms.
Conversely, the links in the ISN are based on interactions in both the main and side chains,
thus reflecting structural information from both secondary and tertiary structures, leading
to a wider range for the cutoff distance for the discrimination, and correspondingly higher
robustness. Thus, the ISN provides a quantitative and more robust description of three-

dimensional protein structures.
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3.2. Introduction

Proteins are biological macromolecules made up of liner chains of amino acid
residues that fold into the corresponding unique three-dimensional (3D) structures
comprising secondary structure elements, whereby they acquire their own functions
regulated by their 3D structures. The search to understand protein structure geometries
has led to the development of many experimental and theoretical methods [1-5].
Classification based on the protein structural data is one approach to comparing 3D
protein structures. Two of the most prominent protein structure classification schemes,
SCOP (Structural Classification Of Proteins) and CATH (Class, Architecture, Topology,
Homologous superfamily) [6-10], have been widely utilized.

SCOP is the oldest structural manual classification database in which the protein
structures are classified into several ‘classes’ and ‘folds’. On the first level of the
hierarchy, the ‘class’ is sorted into four major classes—all- a, all- 8, o+ and o/f—
describing the content of these secondary structural elements in the domain. These classes
are distinguished by dominant secondary structural elements—a-helix and p-sheet—
which are detected by the geometry of hydrogen bonds into domains [11]. In the newer
classification database, CATH, the class assignment is automatically assigned according
to the ratio of the secondary structural compositions, whereas it is manually classified in
the case of the protein tertiary structures [12]. However, it should be noted here that
quantitative comparison of the protein secondary structures cannot utilize these
approaches, since the secondary structural compositions show no clear boundaries for the
specific structures as they are continuously distributed. Moreover, because these

databases characterize the protein structures by separating several hierarchies,
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understanding the protein 3D structures by integrating both the secondary and tertiary
structures become difficult.

Network characterization, which represents the protein 3D structure as an amino
acid network (AAN), is one promising approach to providing quantitative insights into
the classification of protein 3D structures. The network is a mathematical model
describing complex structures as ‘vertices’ and ‘links’, enabling the quantitative
characterization of their geometry using the network parameters. Figure 3.1 shows a
network model and calculation of the network parameters. The ‘vertices’ correspond to
amino acid residues in the protein structures, while the ‘links’ represent van der Waals
contacts and/or chemical interactions between two amino acid residues. I treat the AAN
as a coarse-grained model of protein 3D structures characterized by vertices and links.
The AAN also offers great computational advantages. Traditional molecular dynamic
simulation for the analysis of protein 3D structures demanded enormous computational
resources [13]. The machine learning used in the prediction of protein secondary
structures from amino acid sequences requires complex iterative calculations [14].
Compared with these approaches, the AAN is a substantially less computationally

intensive model of protein 3D structures using information on protein geometry [5, 15].
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Figure 3.1 Network representation and network parameters. In an amino acid network (AAN), ‘vertex’
represents each amino acid residue and ‘link’ corresponds to an interaction between amino acid
residues. Here the network comprises six vertices—a, b, ¢, d, e, f—and links between these vertices.
One of the network parameters, ‘vertex degree of an amino acid residue @, kq, is the number of links
connected to d. In the figure, d has four links and is connected to four red vertices; a, b, ¢, e (kg = 4).
Vertex degree for each vertex (from « to f) is 3, 3, 3, 4, 3, and 2, respectively. ‘Average degree,’ k is
the average vertex degree of all vertices in the protein structures (k = 3). ‘Clustering coefficient of d,’
Cy, is the fraction of the links among the nearest neighbors of d to the maximum number of possible
links among them. Here, d has four neighbors colored in red. There are three links with full blue lines
between these vertices, while the maximum number of possible links between four vertices is 6 (sum
of the number of links with blue continuous and dashed lines), and then Cy = 2 = 0.50. ‘Average
clustering coefficient’, C is the average clustering coefficient of all vertices in the protein structures.
The clustering coefficient of each vertex (from a to f) is 2,%,%,2%, 0, respectively, and then C =
% / 6 =0.42. ‘Distance between d and f°, Lgs, is the number of links on the shortest path between d

and f'(orange links) and then Lgr=2. ‘Average distance’, L, is the average of the distances between all

. o 6X5 .
vertex pairs. The total number of vertex pairs is (s) = 27X1 = 15 and the sum of the distance between
all vertex pairs is calculated as

YiajobLlij =Lapt Lac+ Loe+ = =142+ 1+ - =21

i#]j

Therefore, L = % =1.4.

In this study, a new AAN was constructed and used for classification of protein

3D structures deposited in the Protein Data Bank (PDB) [16] by network parameters. Of
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the two well-known types of reported AANSs, one is the Ca (a-carbon) network(CAN), in
which the links are established if the distance between two Ca atoms is less than a cutoff
distance, R., which is empirically determined from 7.0 A to 8.5 A [5, 17]. Another
previously used network is the atom distance network (ADN), where the links are defined
by the atom interactions between all but the hydrogen atoms in the amino acids. The ADN
provides information about all van der Waals contacts between amino acid residues [5,
18]. Using these AANs to characterize protein 3D structures, previous studies have
clarified several network properties of AANs [19, 20].

Many previous AAN studies have been applied to elucidate the relationship
between protein domains in allosteric regulation, because the network parameters reflect
the difference of global, rather than local, conformation. However, only a few studies
have utilized AANs for the classification of protein 3D structures by their secondary
structures, while an extremely limited number of studies have focused on distinguishing
a-helix and B-sheet structures and classifying protein 3D structures by AAN [17, 20].
Alves and Martinez, for instance, analyzed 160 low homology proteins using an AAN
and classified them into four structural classes—all-a, all-B, o+ 5 and o/p [17]—Dbut also
showed that these four classes share similar network geometry, making it difficult to
discriminate between a-helix and B-sheet structures. Such previous AAN studies present
two serious problems in applying network approaches to distinguish protein 3D structures.

One problem is the ambiguity in determining the optimum value of R.. Although
R. is a key factor in the development of network geometry and the characterization of
network properties, in previous studies using CANs, a wide range of R, values (mainly
7.0 A to 8.5 A) have been employed, implying ambiguity of the classification system.

Previous CANSs also cannot quantitatively characterize protein secondary structures [5,
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17]. Links in CANs do not include the chemical properties of interactions, such as
hydrogen bonds, and hydrophobic or other interactions. The links in CANs are
established depending only on the distance between two Ca atoms. The lack of structural
information about side chains is another problem. In CANs, the links are determined only
by the distance between two Ca atoms [21] and include no structural and chemical
properties of side chains.

On the other hand, in ADNs, the optimum R, can be uniquely determined as the
distance of chemical interactions by the protein crystal structure. Although the links in
ADN s are established based on the interactions involving both main chain and side chain
atoms, all interactions are independent of the chemical properties of these interactions
and thus are uniformly treated. Therefore, ADNs are also assumed to lose information
about the various types of interactions. I therefore developed a new AAN—termed the
interaction selective network (ISN)—which includes both information about chemical
properties of interactions and successfully identified o-helix and B-sheet protein
structures, in order to quantitatively characterize protein secondary structures and classify
protein 3D structures. The links of our ISN are determined by the distance of certain atom
pairs (apart from hydrogen atoms) between two amino acid residues. Only atom pairs
involved in hydrogen bonds, hydrophobic interactions, disulfide bonds, ionic interactions
and covalent bonds are used. The ISN as a model of protein 3D structures has the
advantage that interactions involved in both main chain and side chain atoms are reflected.
The ISN has thus enabled us to discriminate between the all-o and the all-f protein
structures by their geometry, based on the ratio of the secondary structure elements,
especially the a-helix. I also confirmed the difficulty of characterizing the protein

secondary structures with previously used CANs and ADNs. However, I also found that
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a CAN using R, = 5.5 A was able to distinguish between all-o and all-B protein structures,
but a small deviation of R, from 5.5 A resulted in a less clear discrimination, implying
that the CAN is a less robust network than the ISN in terms of R.. The ISN is, therefore,
a more quantitative and robust AAN, which I expect will be widely used for quantitatively

characterizing and classifying protein 3D geometries.
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3.3. Methods
Construction of amino acid network (AAN)

The AANSs are based on the structural data of folded-state protein as available
in PDB [16] and defined as follows: each amino acid residue of the protein molecule is
taken as a vertex in AANs. If two amino acid residues contact each other in a protein
structure, a link is established. All interactions between the residues are identified as links.
Three types of AANs with differing definition of the links are used. In the CAN, two
residues are connected (a link between two vertices is established) if the distance between
their Ca atoms is less than the threshold distance (R. = 8.5 A). The links of the ADN are
determined by the distance of the closest atom pairs between two amino acid residues.
Because data sets of the protein structures determined by X-ray crystallography do not
contain the atomic coordinates of hydrogen atoms, hydrogen atoms are ignored. If the
distance is less than R, = 5.0 A, these two amino acid vertices are connected; otherwise,
they are disconnected. R, is defined as the distance of van der Waals contacts [22, 23]. In
our novel introduction of the ISN, the links are determined by the distance as defined in
the ADN. However, to establish the links, only atom pairs involved in hydrogen bonds,
hydrophobic interactions, disulfide bonds, ionic interactions and covalent bonds are used.
Hydrogen atoms, as in the ADN, are ignored. R, in the ISN is determined based on the
cutoff value used in Protein Interaction Calculator (PIC) [24]. PIC is a server computing
various interactions in a protein structure based upon the coordinate set of the 3D structure
of the protein. The R, value of a hydrogen bond was set to be 3.8 A between oxygen
and/or nitrogen atoms, a value determined by exploring the optimum R, for distinguishing
all-a and all-p proteins in this study; this value of R is larger than that of previous studies

(3.5 A), where the maximum donor-acceptor distance was used [25, 26]. In the case of
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hydrophobic interactions, R. was 5.0 A between the side chain carbon atoms in the
following hydrophobic residues: Ala, Val, Leu, Ile, Met, Phe, Trp, Pro and Tyr [27]. The
R. value of a disulfide bond was 2.2 A between the sulfur atoms, while that of the ionic
bond was 6.0 A between the side chain nitrogen and oxygen atoms in the following ionic
residues: Arg, Lys, His, Asp and Glu. The covalent bond is established if there are two
consecutive amino acid residues on the amino acid sequence.

These AANSs are characterized by following several parameters, as shown in Table
3.1. The network parameters widely used for previous AANs are average vertex degree
k, average clustering coefficient C, and average path length L, as shown in Figure 3.1.

The & value of a protein structure is defined as

where N is the number of amino acid residues, and the vertex degree, k;, is the connected
number of amino acid residues, i, with other vertices in a protein structure. C;, the
clustering coefficient of the amino acid residue, 7, is defined as the fraction of links that
exist among the nearest neighbors of the amino acid residue, 7, to the maximum number

of possible links among them. Therefore,

Zni

= GaD

where n; is the number of links that actually exist, and &; (k; -1) is the number of all

possible links for the nearest neighbors. C of a network can be calculated by

L is defined as
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where L;; is the number of links on the shortest path between the ith and jth amino acid
vertices. Additional parameters in network, assortativity and maximum vertex degree, are
calculated. Assortativity is the correlation of the degree between vertices adjacent to each

other. The maximum vertex degree is the largest & in the network.
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Table 3.1 Network parameters in this study.

Description

Network parameters Symbol
Number of vertices Nvertices
Number of links NLinks
Average vertex degree k
Average clustering C
coefficient
Average distance L

Vertex assortativity -

Maximum vertex degree -

Data sets of protein structures

The number of vertices in the network.

The number of links in the network.

Average degree for all vertices. Degree of a
vertex is the number of links connected to the
vertex.

Average of clustering coefficient for all
vertices. Clustering coefficient of a vertex is
the fraction of links that exist among the
nearest neighbours of each residue to the
maximum number of possible links among
them.

Average of network distance for all vertex
pairs. Network distance is the number of
links on the shortest path between vertices.
The correlation of the degree between
vertices adjacent to each other.

The maximum degree in the network.

Protein structures are obtained from the PDB database [16]. This study focused

on four broad protein structural classes—all-a, all-B, a+f and o/p, according to the SCOP

classification [7]. The SCOP classifies single af} class of CATH into two classes, o+f and

o/B. We, therefore, used the SCOP classification data to display the difference between

a+f and o/f classes by the network parameters. An example of protein structure for each

class is shown in Figure 3.2. All-a proteins comprise predominantly a-helices, while all-

B proteins, B-sheets. a+f3 proteins havea-helices and B-strands that are largely segregated,

whereas o/p proteins are largely interspersed [7]. For data set, to ensure the quality of

structural data used for AAN construction, high-resolution (higher than 2.0 A) X-ray
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crystallographic structures of proteins as classified all-a, all-B, a+f anda/p by the SCOP
are chosen. The data set was limited in non-modified monomer proteins without any
ligands or nucleic acids. This is due to the difficulty in the definition of non-amino acid
components in AAN. Since PDB entries frequently contain only a portion of the protein
sequence, the protein structures with over 90% coverage of a protein sequence are
selected [16, 28]. Table 3.2 shows that the number of protein structures satisfied the above
criteria. List of PDB ID of these data sets are shown in Table 3.3. The number of such
structures depended on the AAN I examined. Although the SCOP database has
approximately 10,000 protein domains for all-a, all-B, a+p and o/f classes, high-
resolution (higher than 2.0 A) X-ray crystallographic protein structures without any
ligands are less than 1,000 structures. Some protein structures were not converted into the
specific AAN structures due to errors in the construction of the AAN. This is caused by
the lack of the atomic coordinates at the middle of the sequence in the PDB entry files. In
this study, these irregular data sets should be removed.

Above data set also used as the learning data set For the test data, two selection
criteria, non-modified proteins and structures with over 90% coverage of a protein
sequence, are removed from the above criteria due to increasing the number of protein
structures of data set. The number of protein structures and list of PDB ID in test data set

1s shown in Tables 3.4 and 3.5.
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Figure 3.2 Four major protein classes according to the SCOP classification. An example of protein
structures for all-a (PDB ID:1uj8, ORF3 in two crystal forms, a member of Isc machinery of E. coli),
all-p (1mjc, Crystal structure of CSPA, the major cold shock protein of Escherichia. coli), o+ (1j27,
Crystal structure of a hypothetical protein, TT1725, from thermus thermophilus HB8 at 1.7A
resolution) and a/p (1thx, Thioredoxin-2) is shown. Protein structures are deposited in the Protein Data
Bank (PDB). All-aproteins comprise predominantly a-helices, while all-Bproteins, B-sheets. o+f
proteins havea-helices and B-strands that are largely segregated, whereas a/p proteins are largely

interspersed.
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Table 3.2 The number of protein structures used for the Ca network (CAN), the atom distance network

(ADN), and the interaction selective network (ISN). The data set also used as the learning data set.

CAN ADN ISN
All-au 59 60 52
All-B 83 84 71
otp 155 157 131
o/P 161 163 135

60



Table 3.3 Lists of PDB IDs of protein structures for constructing amino acid networks (AANs). PDB

IDs with including data set for the interaction selective network (ISN), the Ca network(CAN) and

atom distance network (ADN) are listed with the patterns of listed data set. Lists of PDB ID of protein

structures for constructing amino acid networks (AANs). The data set also used as the learning data

set.

Class Including data set for

List of PDB ID

ISN CAN ADN
All-a. Yes Yes Yes  1uj8, lhyp, 1klx, 2end, 1tzv, 1ng6, 2o0eb, 1ljp, 1y6i, 1vap, 1xqo,

louv, 2123, 2ijq, 1nc5, 1xsz, 2d5j, 1nkd, 1rpo, 2002, 2pmr, 1cei,
117}, 3wrp, 1y7y, 2za7, 2fd5, 2a8f, 1kso, 2fbq, 1bm9, 1ztd, 1159,
1c02, lunk, 2b0j, 3¢90, 1sgm, Irlu, 1t06, 1otk, 100w, 1ufb, 2a61,
2cwl, 1b43, 11p3, 2gz4, 2gmy, 2070, 1np3

No Yes Yes  1ks9, 2fez, 1h13, 1sqg, layi, 1cuk, 1xg7, 1ynb

No No Yes -

Yes No Yes lus6

No Yes No ---

Yes Yes No ---

Yes No No ---

Class Including data set for

List of PDB ID

ISN  CAN ADN
All-B Yes Yes Yes lucs, lame, Imjc, 1tvq, lifb, lifc, 11pj, 1kgx, 2eif, Imd6, 1w8v,

2c¢pl, lawq, 1dyw, lamm, lgcs, 4gcr, 1qoi, 1kn3, 1r8n, 1sqw,
1xnd, 2jic, 2sfa, 1pvx, lrow, 2¢cv3, 3app, list, 1qcx, 1wos, lueb,
1bhe, 1iz6, 1pp3, 1vav, luok, 1pxz, Imlg, lawr, lyrz, 1gvp, lalx,
1whi, 2dp9, 1lib, 1is5, 2p84, 1c3k, 1gpr, 1ep0, 1v8h, lopa, 1bkz,
1y2t, 1xxo0, 1wlt, Inxm, 1gd7, 1cq3, 2cga, 1181, 1mgq, 1ku8, 1i8d,
lel5, 1th7, 1al2, 1h64, 1yif, 1k32

No Yes Yes 2fr2, 1hk0, 1wba, 1xvm, 2fez, 1pev, 1pe9, 1vqb, 1lcl, 1ei5, 1¢jd,
1mr7

No No Yes Isnt

Yes No Yes ---

No Yes No -

Yes Yes No -

Yes No No -
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Class

Including data set for

List of PDB ID

ISN CAN ADN
o+p Yes Yes Yes lulr, 1zpw, 1j27, 1pll, 1In4, 1ew4, 2ppn, 1rad, 2czw, 2fc3, lacf,
1tp6, 1dkj, 1q2y, 1t3x, 2d4p, 1vfq, 1j74, 2esk, 10z9, 1bd8, 1jyh,
lhka, 1u9a, 1u9b, 2a4d, 1lyd, 2lzm, 31zm, 1116, 1531, 1gbs, 1mol,
1sqw, 2dyj, 1tua, 1iv9, lcqm, Inwa, 1xkr, 1dzf, 1rc9, 1bol, 1uoh,
2baa, 1zwz, 1pxw, 100x, 2ohw, lako, luek, 2zjd, loqw, 1gcu,
11tu, 1mla, 2f23, 1nij, 1xiz, 1xix, 1wos, 1vf8, 1gnd, 1g61, 2p4x,
1xsz, 1117, Im1g, 1gx3, Infj, 1ris, 2pii, 1bxy, 1dhn, 1qto, 1s7i,
1twu, 214, 1npk, 1bv1, 2b3m, 1171, 2hiq, 1eo06, lreg, 1rwz, 1gy6,
1rxz, 1x25, 1202, 1sei, 2f5g, 1kem, 1qah, 1wkj, 1y9w, 2nck, 1vh5,
1z4e, 1sh8, 1mk4, 2cwk, 1ihb, 1b8p, 1mkb, 2gdg, 1cgq, 1gif,
1dpt, lotf, Imp9, 1jzo, 1gfl, 1rw0, 100w, 1te5, 1n5b, lerz, 2fe5,
1tkl, 1iz9, 1el6, 1hfo, Immi, 3dle, 10k7, 2gdq, livl, lel$5, 1ftr,
1vdh
No Yes Yes 1ptf, 1box, 200q, 1hhl, 1zhv, 1t3y, licx, lojq, 2fln, 1gqz, 1jbb,
let6, 2nml, 1g8r, 1tlu, 2g3t, lode, 1vq3, 1vpk, 205u, 1bkp, 1ty0,
2al0, 1jd1
No No Yes  1vijk, 1w9g
Yes No Yes ---
No Yes No -
Yes Yes No -
Yes No No -
Class Including data set for ~ List of PDB ID
ISN CAN ADN
o/ Yes Yes Yes 1h75, 1thx, 1tmy, 1wou, 1e6l, 2¢chf, 219, liuk, 1iul, 2d59, Isrv,
1o7u, 1085, 108w, 108x, lezk, 2rn2, 1goa, 2nx2, 1q2u, 2pth, 1yzf,
1v77, 1139, 1g8a, leug, 1hdy, 1tib, 1a8q, 1gcu, 1bqc, 1k6a, 1mla,
lakl1, lede, 2had, 2pky, 2yxp, 2cyg, 1tm2, 1qwk, 1nij, 11zl, 1xfk,
Impb, lomp, 1rh9, 1vf8, 1gnd, 1yxy, lcwy, Iplx, 1wd7, luok,
112, 1gzj, lonr, 1tlu, 1117, lert, 1j7g, 1tfu, 1385, 2b0a, 2dvp, 1p5f,
1vel, 2fuk, 1byi, 1v8e, 3erj, 1gqn, 2dst, 3ct6, 1fsf, 1yeS, 1v7l,
1b8p, 1998, 1j33, 2b0j, 1ald, 1g2q, 2rlu, 1dsb, 6xia, 2gub, 2car,
1v5x, 2ab0, 1iu8, 1e5m, 1jzo, lauo, 1jfl, In7k, 1h7e, lypi, 1tcd,
1ktn, ladu, ludr, 1a7u, 1wdj, logf, 1s2t, 1xxu, 117a, 1bsl, 1iz9,
1b43, 1dys, 2ahb, 1jkm, 2gdq, 1hkq, lock, 1a88, 11u9, lade, 152w,
lel5, 1hxh, 1hmS5, 1hrd, 1np3, 1xmp, 1t5o, 1zah, 2gtd, 1woh, 1jiq,
1k32
No Yes Yes 1mS5t, 1126, 106d, 1a2j, lio2, 1t1j, 1ks9, Imtz, 1cv2, 1jw4, 1sqg,
luax, lvic, 1ytl, 2ex0, 2i5d, 1£2j, 1fvk, lucf, 1q5x, Imjf, 1tc5,
laug, 1vr6, lecp, lepx, 1vI2
No No Yes 1qgk8
Yes No Yes  2bgk, lojx
No Yes No -
Yes Yes No 1121
Yes No No -
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Table 3.4 The number of protein structures used for the Co network (CAN), the atom distance network

(ADN), and the interaction selective network (ISN) in the test data set.

CAN ADN ISN

All-a 247 254 207
All-B 557 557 454
o+p 647 664 551
/B 399 415 344
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Table 3.5 Lists of PDB IDs of protein structures for constructing amino acid networks (AANs) in the

test data set. PDB IDs with including data set for the interaction selective network (ISN), the Ca

network(CAN) and atom distance network (ADN) are listed with the patterns of listed data set.

Class

Including data set for

ISN

CAN ADN

List of PDB ID

All-a

Yes

No

No
Yes
No

Yes
Yes

Yes

Yes

No
No
Yes
Yes

Yes

Yes

Yes
Yes

1A62, IAA2, IBEA, 1BKR, 1BZ4, ICEM, 1DVO, 1EG3, 1EG4,
1ELK, 1ENJ, IENK, 1EYH, 1EZ3, IFAZ, 1FPO, 1FQI, IGAK,
1GS9, 1GXN, 1GXQ, IHYP, 112T, 11AP, 1J8M, 1JMW, 1KOM,
1K6K,1KLX, IKW4, 1LJP, ILKI, ILWB, IMIX, IMNS8, IMZL,
IN7N, IN70, IN7P, INCS5, ING6, INTY, 10Al, 10PC, 10UV,
10XJ, 1P2F, 1PBV, 1PBW, 1Q5Z, IROD, 1R69, 1RJ1, 1S29,
ISBX, 1T60, 1T95, ITQG, 1TZV, 1U2K, 1UJ8, IVAP, 1VIN,
1W7B, IWER, IWWI, 1X91, 1XQO, 1XSZ, 1Y6I, 1YUS5, 1YUS,
1296, 1ZLB, 2CWY, 2CXD, 2D5J, 2END, 2ES9, 2F23, 2FF4,
2FQ3, 2GV2, 2ICT, 21JQ, 2I0L, 2IXM, 2J5Y, 2J9V, 2LIS,
20EB, 2P5K, 2Q0Z, 2QJZ, 2QY9, 2RH3, 2RIV, 2RJY, 2VES,
2YGS, 1A80, 1AIE, 1AIL, 1BGF, IBHD, 1BM9, 1C02, 1C26,
1CEI, 1CUN, 1D9C, 1DJ8, 1FC3, IFIP, 1FP3, 1G2Y, 1G2Z,
1G39, 1G8E, 1G8Q, IGTO, 1GU9, 1HFS, 11JY, 1IRQ, 11ZM,
1JB6, 1K8U, 1KSO, 1LDD, 1LJ9, IM4R, INKD, INOG, NP3,
100W, 10TK, 1Q2H, 1QQF, 1QSJ, IRIT, IR1U, IR7J, IRK4,
IROP, 1S4K, 1SGM, 1SH5, 1T06, 1UFB, 1UFI, 1UNK, 1UTG,
1UZ3, 1VLS, 1WU9, 1X21I, 1XSV, IXWG, 1Y6X, 1Y7Y, 1YIB,
1YIG, 1ZKR, 1ZTD, 2A61, 2A8F, 2B0J, 2CWL, 2DSE, 2DB7,
2F6L, 2FD5, 2FQ4, 2G70, 2G7S, 2G9E, 2GEN, 2GMY, 2GPO,
2GS4, 2GZ4, 21B0, 21JK, 204D, 2070, 20FY, 20KU, 2002,
2PMR, 2SPC, 2UTG, 2ZA7, 3C90, 3LYN, 3WRP

1H13, 1H14, 1KS9, 1KU3, 1L8R, ILIS, 10RC, 1SH6, 1SQG,
1U00, 1VKU, IWLZ, 1XW2, 1XWT, 1YZM, 2FEZ, 2HUJ, 2I0S,
1AYL, 1B6Q, IBAZ, 1CI4, IDKX, 1DKZ, 1IGMG, 1ILK, IMDO,
IRFY, IRPO, ITJV, 1V2Z, 1XG7, IYNB, 2A6B, 2FBN, 2FBQ,
2GOM, 2HZT, 208P, 2PEQ, 2Q0T

1E61, 1EAS, 1H7I, IFBQ, 1FBS, 1FBU, 1QJA, IVKA
1GVJ, 1UPG, 1US6, 1UTU, 21U5, 2ZBS

INIG, 2CJJ, 1C3C, 1H99, 103U

2CKX, 1BGF
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Class Including data set for  List of PDB ID

ISN  CAN ADN

Al Yes Yes Yes 1AS58, 1A62, 1AAJ, IAGJ, IAME, IAMM, 1AMX, 1ARB,
1AUN, 1AW7, IAWQ, 1AWR, 1B71, 1B7J, IBCK, 1BFG,
IBHE, 1BJ7, 1BK1, 1C5H, 1CDY, 1CKA, 1CKB, 1CQY, 1CRZ,
1CWC, ICWF, ICWH, 1CWI, ICWJ, ICWK, ICWL, ICWM,
1CWO, 1CYN, ICZT, 1DDJ, IDDV, IDDW, 1DSL, IDUA,
IDUE, IDYW, 1E5P, 1EDQ, 1EG3, 1EG4, 1EKL, 1ENX, 1EQV,
1EUJ, IEUR, 1EVH, 1EYO0, IEY4, 1EY5, 1IEY6, IEYS, IEY9,
1EYA, 1EYC, 1IEYD, 1EZ6, 1EZS8, 1F00, IF2M, 1F2Y, 1F2Z,
1FC6, 1FC7, IFCY, 1IFGL, IFKN, 1FLO, 1ENF, 1FSO, 1GIK,
1GCS, 1IGMU, 1GSM, 1GZI, 1H6T, 1HOE, 1HVO0, IHV1, 110C,
1IDK, 1IFB, 1IFC, 1IFG, 1THZ, 1113, 1IOB, 1IST, 11U1, 11V8,
1126, 1J2A, 1748, 1JAB, 1JB3, 1JPE, IKAA, 1KAB, 1KEX,
IKHIL, 1KMT, 1KN3, 1KQX, 1KYF, 1IKYU, 1L8F, ILB6, ILMI,
1LOP, 1LPJ, ILPL, IMI1G, IM1S, IMBM, IMD6, IMFG, IMFL,
IMHN, IMIK, IMIX, IMJC, IN7E, IN7N, IN70, IN7P, ING2,
INGS, INKR, INOA, INTY, 10A4, 10GM, 10LR, 10PS,
1P3C, 1P4P, IPDQ, 1PP3, 1PSO, 1PVX, IPWT, 1PXZ, 1PZC,
1Q3L, 1Q7F, 1QCX, 1QKX, 1QOI, 1QRZ, 1QTP, 1QTS, 1QWX,
1QZN, 1R8N, 1RI6, IROW, IRWR, 1SGZ, 1SHG, ISLL, 1SNO,
1SQW, 1SSH, 1STN, 1SYC, 1SYE, 1SYG, IT2P, ITHV, ITS3,
ITUD, ITVQ, ITWB, 1UAL 1UCS, 1UEB, 1UNP, 1UOK, 1UTI,
1UXZ, IVAV, 1VBS, 1VCA, VDN, IW8V, IWGB, IWKA,
IWOS, IWP5, IWWC, 1X6L, IXN2, IXN3, IXNC, IXND,
1X07, 1XYO, IXYP, 1YHF, 1YNA, 1YRZ, 1YTQ, 1Z0H, 1278,
1ZCE, 21BI, 2A6Z, 2AME, 2BEN, 2BIT, 2BJQ, 2BVV, 2BXX,
2CNY, 2CNZ, 2C04, 2CPL, 2CV3, 2EIF, 2ERF, 2ES3, 2F 15,
2FCB, 2FF4, 2FU0, 2H3L, 211B, 216V, 2J43, 2JIA, 2JIC, 2MSI,
2MSJ, 2NUZ, 20EI, 2PCY, 2PIE, 2R99, 2RA2, 2SFA, 2SIL,
2SPG, 2YXF, 31BI, 3APP, 3APR, 3BDU, 3DJ9, 3EZM, 3MSI,
3TSS, 4GCR, 411B, 4MSI, 4PEP, 5MSI, 6MSI, 7AME, 7MSI,
SAME, 9AME, 1A12, 1A1X, 1ABO, 1AE2, 1AE3, ALY, 1ATO,
1BOW, 1B2P, 1BSE, 1BFT, 1BKB, 1BKZ, IBMZ, 1BRE,
IBWW, 1BZS8, I1BZD, 1BZE, 1CIF, 1C3K, 1C48, 1ICDC, 1CQ3,
1D20, 1DQO, IDUN, 1DUP, 1DVQ, 1E15, 1E65, 1EPO, 1EZG,
1F39, 1F41, IFCG, 1FH2, IFIV, 1G6G, 1GD7, IGKH, 1GPR,
1GVP, 1H64, 1H6U, 1HIX, 1HQQ, 1HXL, 1HXZ, IHY2, 1HZ9,
1HZA, 1107, 1181, 118D, 11S5, 11X2, 1JHC, 1JVK, 1K32, 1KFF,
IKHX, 1KL3, 1KL4, 1IKL5, IKNB, 1KUS, 1KZQ, 1L7J, ILGV,
ILIB, ILVE, IMGQ, IN7F, INLR, INQB, INXM, INXZ,
106A, 10BQ, 10BU, 10GH, 10KI, 10PA, 10V3, 1PM4, 1Q5U,
1QAC, 1QBS, IQWD, IREL IRST, IRSU, I1SFP, 1SHF, 1SLE,
1SLG, 1SMX, 1SOK, 1STM, 1STR, ISTS, 1SVP, ISWA, 1SWB,
ISWL, 1SWO, ITCZ, 1TD4, ITH7, ITSH, ITTA, ITTB, ITTC,
ITTR, 1TVD, 1U1S, 1UIT, 1UDZ, 1UJ1, 1UZ2, IV1H, 1V6Z,
1V8H, 1VIE, 1VPN, 1VSC, 1IVWA, IVWB, IVWC, IVWD,
IVWE, IVWF, IVWG, 1IVWH, IVWM, IVWN, 1VWO, 1VWP,
1W9A, IWHI, IWHO, IWLG, IWLT, IWTL, 1XB9, 1XDH,
IXHN, 1XXO, 1Y2T, 1YFN, 1Z8K, 2A13, 2AS0, 2CGA, 2DLB,
2DP9, 2DUC, 2ED6, 2FHQ, 2G4G, 2GEC, 2GQV, 2HPE, 2J2J,
2171, 2MCG, 2NPH, 20UJ, 20X7, 20YZ, 2P84, 2PSG, 2PYT,
2Q41, 2Q4N, 2QGB, 2RHE, 2TRH, 2TRY, 3D3R, 3MCG
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Class Including data set for

ISN

CAN ADN

List of PDB ID

Al No

Yes
No
Yes
Yes

Yes

Yes

Yes
Yes

1ACX, 1B9K, 1BAS, 1BE9, 1EY7, 1IFNA, 1G90, 1GYU, IGYV,
1HCV, 1104, 111B, 111J, 1THJ, IKDC, 1L6P, 1L7R, 1L6P, 1L7R,
IMSL, INPU, 1PE9, IPEV, 1PGS, IPHT, 1QAU, IRFE, ITEN,
1TJ6, 1TP3, 1TP5, 1TQ3, 1TSY, 1TSF, 1U00, 1U6D, 1UH9,
1V9T, VAL 1VLO, VPR, IWBA, 1XVM, 1ZGK, 1ZMF,
2BEN, 2BTL, 2BYG, 2FEZ, 2FNE, 2FR2, 2G30, 211B, 2RMC,
3SEB, 1A30, 1AOH, 1CJD, 1CZY, 1D00, 1D01, 1D0A, 1DKX,
1DKZ, 1E3F, 1EEQ, 1EI5, IFHN, 1FON, 1FUX, 11GQ, 1LCL,
IMR7, IMY5, IMY7, IN99, 10HQ, 1PQE, 1SEM, 1TDO, 1TYO,
1U3Z, 1VQA, 1VQB, 1VQC, 1VQD, 1VQE, 1VQF, 1VQG,
1VQH, 1VQI, 1VQJ, 1XE0, 1YIF, 2DON, 2F9H, 2GIY, 2PAB,
2Q80, 3CBR, 3D7P, 4TSV

1HBQ, 1KDA, 1KDB, 10GM, 2BHG, 1UPI, 2P23

2VO08
1FHG, 1G4M, IMIJS, 1RZ2, 1A64

IMS3, 1MSS5, 2Q0Z, 20UJ
ISND
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Class Including data set for  List of PDB ID
ISN CAN ADN
otp Yes Yes Yes 132L, 133L, 134L, 135L, 153L, 180L, 1ACF, 1AGI, 1AHC,

1AKI, 1AKO, 1AW7, 1B1J, 1B6V, 1BB3, 1BDS, 1BHF, 1BK7,
1BMS, 1BMB, 1BOL, 1BVX, IBWH, IBWI, 1BWJ, 1C44,
1CEW, 1CKH, 1CM2, 1CM3, 1CNS, 1CQM, 1CS8, 1D4T,
1D4W, 1DIX, 1DKJ, 1DZF, 1EDQ, 1EIC, 1EID, 1EIE, 1EKG,
1EM7, 1EQ6, 1IEW4, 1F00, IFOW, 1F10, 1FLY, 1FS3, 1FUO0,
1FVA, 1G61, 1GBS, 1GCU, 1GMU, 1GND, 1GOU, 1GX3,
IHEL, 1HEM, 1HEN, 1HEO, HEP, 1HEQ, IHER, 1HKA,
1HSW, 1HSX, 1HUF, 1HZT, 111Z, 1120, 117K, 1IGD, 110Q,
1IOR, 1108, 110T, 1Q4, 11R7, 1IR8, 1IR9, 11V7, 11V9, 1T1XL,
11ZP, 11ZQ, 11ZR, 1J27, 1J74, 1JHS, 1J1S, 1JIT, 1J1Y, 1JJ1, 1JI3,
1JOS, 1JVW, 1JWR, 1JYH, 1JYR, 1K1A, 1K1B, 1K50, 1KAF,
1KF5, 1KF7, 1KF8, IKHP, 1IKHQ, 1KOE, 1IKXW, 1KXX,
1KXY, 1KYF, 1KYU, 1L01, 1102, 1L04, 1L05, 1106, 1L07,
1108, 1L09, 1L10, 1L12, 1L13, 1L14, 1L15, 1L16, 1L17, 1L18,
1119, 1120, 1121, 1122, 1123, 1124, 1L25, 1127, 1128, 1129,
1130, 1131, 1132, 1133, 1134, 1135, 1L37, 1138, 1139, 1L40,
1141, 1L42, 1143, 1L44, 1145, 1146, 1147, 1149, 1150, 1L51,
1152, 1L54, 1160, 1197, 1LAA, 1LHH, 1LHI, 1LHJ, 1LHK,
ILHL, ILHM, 1LIT, 1LKL, 1LL7, ILLN, ILMN, 1LN4, 1LOU,
1LOZ, 1LPS, 1LSA, 1LSB, 1LSC, 1LSD, 1LSE, 1LSF, 1LSM,
1LSN, 1LSY, ILTU, ILYD, ILYO, ILYS, ILYY, 1LYZ, 1LZI,
ILZA, 1LZD, ILZT, IM1G, IMLA, IMOL, IMWP, 1MX4,
IMXG6, INIJ, INWA, 100X, I0GW, 10QW, 10SD, 1029,
1P1L, 1P56, 1P7S, 1PGB, 1PIP, 1PQK, 1PRZ, 1PV5, IPXW,
1Q2Y, 1QS1, 1QS9, 1QSW, 1QTH, 1QTP, 1QTS, 1QXT, 1QY3,
1QYO, IR4B, IR9H, IRA4, IRAT, IRBX, 1RC9, IREX, IRFP,
IRHA, 1RLO, IRL6, IROA, 1SC0, 1SHA, 1SHB, 1SMB, 1SQH,
1SQW, 1T07, 1T21, 1T3X, 1T95, ITAY, 1TBY, 1TCY, 1TDY,
1TF1, 1TIG, 1TJE, 1TP6, 1TS3, ITUA, 1U79, 1U9A, 1U9B,
1UBI, 1UBQ, 1UCO, 1UEK, 1UIC, 1UID, 1UIE, 1UIF, 1UIG,
1ULR, 1UOH, 1VAJ, 1VCC, 1VDQ, 1VDS, 1VDT, 1VED,
1VF8, IVFQ, IWDV, IWNA, 1WOS, 1X6L, 1XIX, 1XIZ,
IXKR, 1XPS, 1XPT, 1XSZ, 1Y00, 1Y6L, 1YCK, 1YH2, 1YI6,
1YPC, 1YQB, 1ZPW, 1ZWZ, 1ZZK, 214L, 256L, 2A4D, 2AIF,
2AUB, 2BAA, 2BF5, 2BQG, 2BQH, 2BQI, 2BQK, 2BQM,
2C80, 2C8P, 2CDS, 2CW4, 2CZW, 2D40, 2D4P, 2DYJ, 2ESK,
2ESO, 2ESQ, 2F23, 2FAZ, 2FC3, 2FZP, 2G8Q, 2GS5, 2HRX,
2IGD, 2LHM, 2LYM, 2LYZ, 2LZM, 2NR7, 2NWD, 200P,
20HW, 2P4X, 2POF, 2PPN, 2PV 1, 2RAT, 2RER, 2YVB, 2Y VT,
27D2, 27ZEQ, 2ZID, 2ZQ4, 3BZP, 3BZR, 3BZT, 3CTK, 3LYM,
3LYZ, 3LZM, 3RAT, 3RSD, 3TSS, 4LYT, 4LYZ, 4RAT, 5LYT,
5LYZ, SRAT, 6LYT, 6LYZ, 6RAT, 7RAT, 8RAT, 9RAT, 137L,
1A3A, 1A68, 1B8P, 1BHH, 1BUO, 1BV1, 1BV4, 1BXY, 1BYR,
1CGQ, 1DHN, 1DPT, 1DSX, 1E15, 1EL6, IEO6, 1ERZ, 1ESR,
1EYM, 1F2L, 1F46, 1F9Q, 1F9R, IFTR, 1GFL, 1GIF, 1GXJ,
1GY6, 1GYB, 1HFO, 1HLW, 1HQS, 117N, 11DP, 1IFT, 11HB,
11V1, 1129, 1J2V, 1J8B, 1IKCM, 1KPA, 1KPB, 1KPT, 1KR4,
1KS2, 1M4], IM5S, IMBY, IMMI, 1MP9, IMSC, IN5B, INAP,
INFJ, INPK, 100W, 1022, 105J, 10CV, 10K7, 10TF, 1PCF,
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Class Including data set for

ISN

CAN ADN

List of PDB ID

o+p Yes
(Con
tinue

d)

Yes

Yes

No
Yes
Yes

Yes

Yes

Yes

Yes

1Q6H, 1Q8R, 1QAH, 1QDV, 1QTO, 1QUY, 1QVE, 1QW2,
1QWIL, 1R29, IR7L, IRWZ, IRXZ, 1SEL 1SHS, I1SPH, 1TID,
1T4A, 1T4D, 1T82, 1TES, 1TFE, 1TKI, ITLU, ITMIL, 1TVX,
1ITWU, 1TYO0, 1U07, 1U69, 1U71, IVDH, 1VFJ, IVGG, 1VHS,
IVLA, 1VPK, 1VQ3, IW5R, IWKJ, IWM3, IWZ3, 1X25, 1XSO0,
1Y5H, 1Y9W, IYAL, 1YER, 1YLX, 1YQH, 1YVO, 1Z4E,
1202, 2A10, 2B3M, 2B5R, 2CBS5, 2CHC, 2CHS, 2CU6, 2CVL,
2CWK, 2D3G, 2D7V, 2E2C, 2F5G, 2FBS, 2FIU, 2FL4, 2FU]J,
2G3T, 2GDG, 2GDQ, 2GE7, 2GRS, 2GUK, 2HIQ, 2HNG, 2IKB,
2IPR, 2IVY, 2J6B, 2J7Z, 2JER, 2NCK, 2NML, 2NMU, 2NWV,
205U, 207M, 20MO, 2PI1, 2PV2, 2RFR, 2RKS, 3D1E, 3IL8
1AFU, 1B9K, I1BNF, 1BOX, IBRI, IBSA, IBSB, 1BSC, 1BSE,
IDEU, 1DTJ, 1DZO, 1EOE, 1F32, IFLQ, IFLU, IFLW, 1FNS,
1FUS, 1FZY, 1G24, 1GQZ, 1GZ2, IHHL, 1HZ6, 11CX, 11S0,
1JBB, 1KHO, 1LCJ, 1LZ4, IMHX, IMIO0, 10JQ, IPGX, 1PNE,
IPTF, IRHB, 1T3Y, 1UKF, IUN3, IVDP, 1VHF, 1VHS, 1VLO,
1X6P, 1X6Q, 1X6R, 1X6X, 1X6Y, 1X6Z, IXTE, IYHW, 1YPA,
1YPB, 1ZHV, 2FIN, 2FHT, 2F03, 2G30, 200Q, 2PST, 3BU3,
3BUG, 3LYZ, 3SEB, 1A09, 1A1A, 1AH6, IBKP, 1FNJ, IFNK,
1GY7, 1JB2, 1JD1, 1JYA, 1JYQ, 1JZO, IKWB, IMFF, IMK4,
IMKB, IMZG, 1Q8B, 1ROV, 1RGO, RIS, IRUO, IRWO, 1S7I,
ITKL, 1UOK, IVAX, 1IVGY, 1VKN, IWM2, 2AAG, 2AAL,
2021, 2CI12, 2G3A

1E21, IMIH, ITUMW, 1UYL, 1VJK, 1VR9, IW41, 1W42,
1W9G, 2BSZ, 2Q43, 1H8X, 114J, 2DM9
1H90, 1W3E, 2V94, 107Z, 1080, 10DE

1K4N, 2CXA
1P40
1QYU
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Class

Including data set for

ISN

CAN ADN

List of PDB ID

o/p

Yes

Yes

Yes

Yes
Yes

Yes

Yes

Yes
Yes

1A8Q, 1AK1, IAKZ, 1ARL, IATZ, 1B00, IB31, IBN6, 1BQC,
1C4W, 1CEX, 1CHD, 1CNV, 1CRZ, 1CUA, 1CUB, 1CUC, 1CUF,
1CUG, 1CUH, 1CUJ, 1CUS, 1CUU, 1CUX, 1CUY, ICWY, 1CZ1,
IDIN, 1DUS, IDZF, 1EOW, 1E6L, 1E6M, 1EDE, 1EDG, 1EDQ,
1EQP, 1EUG, 1EZK, 1F21, 1F9M, 1FAA, 1FBN, 1FC6, 1FC7,
1FCY, 1FG4, 1G8A, 1GCU, 1GND, 1GOA, 1GOB, 1GOC, 1GZJ,
THIN, 1H4Y, 1H6T, 1H75, 111X, 1139, 1160, 11IB, 1TUK, 11UL,
11V8, 1J8M, 1JFR, 1JFU, 1JL1, 1JLN, 1JR2, 1JXB, 1JYK, 1KOM,
1K6A, IKVA, IKVB, IKVC, 1LAV, ILAW, 1LL7, ILU4, 1LZL,
IM21, IMF7, IMLA, IMPB, IN3Y, INAS, INAR, INIJ, INMS,
INY1, 1013, 107U, 1085, 108W, 109G, 10NR, 10TM, 1P15,
1P1X, 1P2F, 1PGV, 1PRY, 1Q0U, 1Q2U, 1Q7S, 1QKS, 1QWK,
1QZ0, 1QZM, 1R88, IRBR, IRBS, IRBT, IRBU, IRBV, 1RDB,
IRH9, IRHS, 1SRV, 1SU9, 1T1U, IT7N, 1THX, 1TIB, ITM2,
1ITMY, 1TR9, 1TUX, 1U24, 1U9C, 1UC7, 1UOK, 1UXO, 1V77,
1VF8, 1W94, IWD7, IWDE, IWEH, 1WOU, 1WSJ, 1X42, 1X6L,
IXFK, 1XYZ, 1XZA, I1XZE, 1XZF, 1XZG, 1XZH, 1XZI, 1XZJ,
1YXY, 1YZF, 1ZON, 2A4V, 2AHS, 2APJ, 2B3S, 2BV9, 2CHF,
2CVB, 2CXH, 2CYG, 2D59, 2EXO, 2F9F, 2F9S, 2FG1, 2FHP,
2FI9, 2HAD, 2HVM, 2I1Y, 2NX2, 20RA, 2PKY, 2PLC, 2PTD,
2PTH, 2QXT, 2QXU, 2QY9, 2R48, 2RN2, 2YWO, 2YXP, 3E90,
3ENB, 3TGL, 4EUG, 1A4U, 1A7U, 1A88, 1ADE, 1AIU, 1AJR,
1ALD, 1AUO, 1B43, 1BSP, 1BIS, 1BSL, IBYI, 1DQZ, 1DSB,
IDTS, 1DYS, 1E15, 1ESM, 1EDT, 1ERT, 1ERV, 1ERW, 1ES9,
1F5Z, 1FSF, 1G2Q, 1GQN, 1H6U, 1H7E, 1HMS5, 1HQK, 1HRD,
1HXH, 1145, 117N, 1189, 118B, 1ILV, 11US, 1129, 1J22, 123, 112W,
1133, 117G, 1385, 1JFL, 1JIQ, 1JKM, 1JWX, 1JZO, 1K32, 1KS2,
1KTN, 1KZ1, 1L7A, 1LU9, 1LX7, IM6J, IN7K, INP3, INSS5,
INSW, INTH, INXV, INXZ, 1063, 10CK, 10QF, 1P5F, 1PBN,
1PDO, 1PDV, 1Q5X, 1Q98, IQMV, 1QVZ, 1R0S, 1R12, 1S2T,
ISUR, 1T4D, 1T50, 1T6T, 1TC5, 1TCD, 1TFU, ITVN, 1U0V,
1UCF, 1UDR, 1UFO, 1UIU, 1V5X, 1V6Z, 1V7L, 1VSE, 1VCI,
1VGY, 1VHC, 1VHV, 1WDIJ, 1XK6, 1XK7, IXMP, IXVW,
1XWG, 1XXU, 1YAC, 1YES, 1ZAH, 2AB0, 2AS0, 2B0A, 2B0J,
2B61, 2CAR, 2DST, 2DVP, 2FUK, 2GDQ, 2GTD, 215D, 2151, 2191,
2057, 20B5, 2R1U, 2VB7, 2VL3, 3BED, 3CT6, 3ERJ, 3PGA, 6XIA
1A2J, 1A3H, 1AGY, 1C3P, 1CV2, IEWX, 1FFA, 1FFB, 1FFC,
IFFD, IFFE, IFTO, IGIF, 1JB, 1102, 11XK, 1JW4, 1KID, 1KNG,
1KS9, 1L7R, IM5T, IMTZ, INDB, 1020, 106D, 10OMP, 1Q02,
1R26, 1SQG, 1T15, 1T1J, IUAX, 1VI4, 1VIC, 1VLS5, 1YTL, 2EXO,
2ISB, 2LAO, 1AC1, IACV, 1AC1, 1ACV, 1BED, 1ECP, 1EPX,
1F2J, IFVK, 1THC, 1JL2, 104W, 1PEO, IPRX, 1R3R, 1RK4, 1SOA,
1VGA, 1VHX, VKN, 1VR6, IWOH, 1YPI, 2AHB, 2F7W, 2FAS,
2GUB, 2JK2

1LL7, 1W94, 1Y9U, 1FBA, 1USG,

1GOK, 1GOM, 108X, 10EM, 1GP1, 109N, 109Q, 10BJ, 10CH,
10JX, 1QCZ, 1QKK, 2BGK
117X, 1ROV,

1ZCU,
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3.4. Results
Distinguishing protein secondary structures by the interaction selective network
(ISN)

In order to determine optimum R, to distinguish between a-helix and B-sheet
protein structures, the ISN with R, of hydrogen bonds ranging from 1.0 A to 10.0 A are
constructed, then calculated their network parameters (Table 3.1). Although all of the
network parameters as listed in Table 3.1 are examined, significant correlation was only
observed between k and C. Figure 3.3 shows the effect of R, for hydrogen bonds on the
classification of the all-a and all-f proteins (the number of structures are shown in Table
3.2). Under R, = 3.2 A, the distributions of k and C for the all-o and all-p proteins
overlapped (Figure 3.3A). Ranging from R. = 3.4 A to R. = 3.8 A, the distributions were
segregated with increasing R. (Figures 3.3B and 3.3C), while with R, > 3.8 A the
distributions were less segregated (Figure 3.3D). In the region from R. = 3.4 A (Figure
3.3B) to R. = 3.8 A (Figure 3.3C), k and C of the all-a proteins were increased, whereas
those of the all-P proteins were almost unchanged (Figures 3.3B and 3.3C), reflecting the

different geometry between a-helix and B-sheets.
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Figure 3.3 Average clustering coefficient (C) and average vertex degree (k) in an interaction selective
network (ISN). The cutoff value (R.) of the hydrogen bond is (A) 3.2 A, (B) 3.4 A, (C) 3.8 A, and (D)

5.0 A. All-a and all- 8 proteins are colored in red and blue, respectively.

In addition to hydrogen bonds, the ISN comprises four types of interactions—
hydrophobic interactions, disulfide bonds, ionic interactions and covalent bonds. Among
five types of interactions, hydrogen bonds and hydrophobic interactions are primary
interactions in protein structures, thus most of the links in AANs are, therefore,
established by hydrogen bonds and hydrophobic interactions. To examine the
contribution of R, to these interactions on the network geometry of AANs, ISNs with a
wide range of R. of hydrogen bonds and hydrophobic interactions are constructed. As

shown in Figure 3.4A, changing R. of hydrogen bonds from 2.5 A to 4.0 A induced
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dramatic increases in C and Niins, Whereas these parameters remained almost
unperturbed by changing R, of hydrophobic interactions around 5.0 A (Figure 3.4B). Such
low sensitivity of the network parameters to R, for hydrophobic interactions indicates that
the AAN geometry is independent of R, which in turn suggests that R, of hydrogen bonds

is the dominant factor for the network geometries of whole protein structures.
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Figure 3.4 Average clustering coefficient (C) and cutoff value (R.) (top panels), and number of links
(Nink) and cutoff value (R.) (bottom panels) in an interaction selective network (ISN). (A) The
hydrogen bonds and (B) hydrophobic interactions. The protein structure of ORF3 in two crystal forms,

a member of Isc machinery of E. coli (PDB ID: 1uj8), was used for the calculations.

Characterizing protein structural classes by the interaction selective network (ISN)
In the previous section, I focused on the all-a and all-a protein classes, without

examining the classification of the additional two classes, o+ and o/f. Figure 3.5A
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illustrates the protein structures categorized into these four classes as examined by the
ISN, where the distribution of k£ and C for the protein structures is shown. The all-a
proteins have higher k£ and C values than the all-f proteins; therefore, the &—C plot enables
us to classify the all-a (red circles) and all-f protein structures (blue circles). It should be
noted here that not all protein structures are consistent with the SCOP classification.
While SCOP classified these structures into the all-o or all-f classes, the X-ray structural
analysis reported that these inconsistent protein structures have both a-helix and p-sheet
structures [29]. For instance, type III antifreeze protein RD1 from an Antarctic eelpout
(PDB ID: lucs) is classified as an all- 8 protein in SCOP, whereas k and C (k= 8.19, C
= 0.506) for this protein in the ISN can be plotted in the region for a/p proteins, not all-f3
proteins (Figure 3.5A). The ratio of the secondary structural components of the a-helix
and B-sheet, based on the X-ray structure of this protein [29], are 20% and 25%,
respectively, indicating that the analysis characterizes the protein secondary structure

more accurately.
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Figure 3.5. Average clustering coefficient (C) and average vertex degree (k) from the analysis of the
interaction selective network (ISN). Protein structures are categorized as (A) all-a (red), all- 8
(blue), a+f (green), and @/ (orange); (B) «a -helix, and (C) [ -sheet contents. Secondary
structure content; 0% (pink), 1%—10% (red), 11%—-20% (orange), 21%—30% (yellow green), 31%—
40% (green), 41%—50% (light blue), 51%—-60% (blue), 61%—70% (purple), 71%—-80% (deep purple),
81%-90% (grey), and 91%-99% (black). In (B) and (C), these protein structures are classified as all-
a (o),all-f (x), a+B (+),and a/f (a).

I also found that the ratio of the secondary structure content determines the
distribution of the k—C plot. Figures 3.5B and 3.5C indicate the dependence of k£ and C
on the secondary structure contents. Larger k£ and C values of the ISN were calculated by
increasing the a-helix contents, whereas the corresponding decrease in the B-sheet

contents were less clear. These results suggest that the ISN detects the geometry of the a-
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helix components and reflects the ratio of a-helix in the network parameters, k£ and C,
allowing us to discriminate between the all-f3 and the all-B protein structures.

Figure 3.5A also show that some of the protein classes overlapped in the /—C
plot of ISN. The ao/p proteins (mainly from 7.2 to 8.3 for k and from 0.44 to 0.52 for C)
had higher & values, as did the all-a proteins (mainly from 7.4 to 8.6 for k£ and from 0.48
to 0.59 for C) and medial C values, which were observed for the all-a proteins and the
all-p proteins (mainly from 5.8 to 7.4 for k£ and from 0.37 to 0.50 for C). On the other
hand, the a+p proteins (mainly from 6.3 to 8.3 for k£ and from 0.43 to 0.53 for C) showed
a wide range of distribution of k£ and C, which overlapped with those for the all-a (from
7.4 to 8.3 for k and from 0.48 to 0.53 for C) as well as those for the all-f proteins (from
6.3 to 7.4 for k and from 0.43 to 0.50 for C). Although the different distributions of k£ and
C between the o+ and the o/p proteins were roughly proportional to the a-helix content
(Figure 3.5B), these overlaps on the &—C plots suggest that the geometry of the secondary
structure elements should also be considered for proteins having both a-helix and -sheet

structures.

Comparison of the interaction selective network (ISN) with previously used amino
acid networks (AANSs)

To confirm the validity of the ISN for characterizing protein 3D structures,
the network properties of the ISN are compared with those of the CAN and the ADN. For
protein structures, k and C were calculated and classified according to their protein classes.
In contrast to the ISN, the CAN (R. = 8.5 A) and the ADN (R. = 5.0 A) share a similar
distribution of the network parameters in protein structures, regardless of the different

classes (plots of C and k are shown in Figures 3.6A and 3.6B). Although the ADN

75



includes interactions involving both main and side chain atoms, the distribution of the k-
C plot is significantly different from that of the ISN. This difference in distribution arises
from the definition of the links in the two networks. The treatment of van der Waals
interactions comprises the largest difference. In the ADN, all van der Waals interactions
are counted as links, but the links in the ISN are defined only by van der Waals interaction
between hydrophobic residues. The ISN, therefore, detects only critical interactions as
links, without recognizing weakly interacting contacts with the neighbor residues in their
3D structures. This property enables us to discriminate the difference in geometry

between protein secondary structures.
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Figure 3.6 Average clustering coefficient (C) and average vertex degree (k). (A) CAN (R, = 8.5 A)
and (B) ADN (R.=5.0 A): all-a (red), all- B (blue), e+ (green),and a/B (orange).

Other notable network parameters are the numbers of vertices, Nyertices, and
links, Npinks. As clearly shown in Figure 3.7, I detected a higher correlation between
Nvertices and Nyinks. Figure 3.7A shows the linear relationships with clear differences in the
slopes of the four protein classes—all-a, o/, a+p and all-B protein structures, in
descending order of the slopes. Steeper slopes correspond to the protein structures that

have more links per vertex than the other structures. An increased Npinks implies a more
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crowded network, corresponding to larger k and C values, consistent with the fact that the
hydrogen bond network of the a-helix is a spatial structure with many interacting atoms,
whereas the B-sheet is a more planar structure with a lower number of interacting atoms.
On the other hand, in the case of the CAN and the ADN, it is difficult to detect the
correlations between the slopes and the protein classes, as shown in Figures 3.7B and

3.7C, respectively.
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Reexamination of discrimination between all-o and all-p protein structures by Ca
network (CAN)

Previous sections demonstrated that I successfully classified the protein
structure using the ISN, but Bagler and Sinha also reported that they could distinguish
all- o and all- 8 protein structures using the CAN (R, = 7.0 A) [20]. Their results
display a clear separation of all-a and all-p proteins in the L—C plots, in contrast to result
of previous section (R, = 8.5 A, Figure 3.6A). To confirm the effect of R, on the
distribution of network parameters k, C and L in the CAN, the CAN (R, =5.0 A ~8.5 A)

is reconstructed and the &—C and L—C plots are shown in Figure 3.8. The distributions of
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k and C indicate that all-a and all-f protein structures were not discriminated at R, = 7.0
A (Figure 3.8A), while lowering R. to under 6.0 A enabled us to separate the two classes
(Figure 3.8B). The two classes are clearly separated at R. = 5.5 A (Figure 3.8C). On the
other hand, when lowering R, to under 5.5 A, C dramatically decreased with decreasing
R., resulting in the loss of clustering structures (Figure 3.8D). Although the C and L
provided in both this and previous studies are similar, this study indicates that the plots
of C and L overlapped between all-a and all-B proteins in the CAN (R. = 7.0 A) (Figure
3.8E), in contrast to the previous study [20]. This discrepancy between the two results is
due to differences in the data sets. The previous study used 20 protein structures for each
protein class [20], whereas 59 all-a and 83 all-p protein structures are used in this study
(Table 3.2), showing that data set in this study is sufficiently large to display the
overlapping of plots of between all-a and all-$ proteins. From the above discussion, this
study demonstrates that the CAN at R, = 5.5 A can successfully discriminates between

all-a and all-P proteins, but fails to do so at R, = 7.0.
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(D) 5.0 A. All-a protein structures are represented as red circles and all- 8 protein structures are

shown as blue circles.
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3.5. Discussion

I discuss the results on the ISN and the CAN based on the all-a and all-f3 protein
domains classified by SCOP classification. To ensure the validity of discrimination of
all-a and all- protein structures by the ISN, I confirmed that the discrimination is not
depended on the data set. Because the distribution of £-C plot of all-a and all-f3 proteins
appears to overlapped, the logistic regression was performed to Figure 3.3(C). The
regression line is C = 0.945 - 0.0622 k as shown in Figure 3.9(A). Here, this data set is
used as learning data set. Data set with larger number of protein structures was used for
test data set. The number of protein structures and PDB ID of the test data set are shown
in Tables 3.4 and 3.5, respectively. &-C plot of the ISN with the test data set is shown in
Figure 3.9(B). Discriminant probability on all the data set using the discriminant line:
all-a proteins are 50/52=0.96 and all-J3 proteins are 68/71=0.96 for the learning data set.
All-a proteins are 195/208=0.9375 and all-p proteins are 454/461=0.985 for the test
data set. The discrimination line determined by the learning data set discriminates
between all-o and all-f proteins in the test data set. This demonstrates that the ISN
analysis is not biased (above analysis was performed by Professor Takao Namiki,

Hokkaido University).

>
lvs)

Average Clustering Coefficient
Average Clustering Coefficient C

4 5 6 7 8 9 10 5 6 7 8
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Figure 3.9. Average clustering coefficient C—average vertex degree k plots of all-a (red) and all-f3
(blue) proteins with discriminant line by logistic regression. (A) Learning data set is the data set as
well as Figure 3.3(C) and the discriminant line is determined as C = 0.945 - 0.0622 k. (B) Test data
set and the discriminant lines. Black and orange lines are the discriminant lines determined by the

learning data set and test data set (C = 0.924 — 0.0576 k), respectively.

As clearly shown above, both the ISN and the CAN (R, = 5.5 A) were able to
distinguish between all-a and all-f protein structures. However, the ISN and the CAN
differ in terms of three points, as follows: the robustness, the number of links (Mjinks), and
the distribution of the network parameters. Robustness refers to the capability of
maintaining similar network geometry with a wide range of parameters. Here, ‘robustness’
is used as the capability of distinguishing all-a and all-f§ protein structures within a wide
range of R, values. Less robust networks are perturbed by small deviations of the network
parameters, such as R.. A notable difference between the CAN and the ISN resides in the
comparison between the distributions of the &—C plots. The protein secondary structures
were distinguished with a wide range of R, from 3.4 A to 5.0 A in the ISN, while the
CAN was able to distinguish between all-a and all-f protein structures only around R, =
5.5 A. The CAN lost clear discrimination when R, was lower than 5.0 A, where C became
approximately 0 and k& was between 2 and 3 (Figure 3.8D), showing that the CAN is less
robust than the ISN in terms of R..

A comparison of Ny between the CAN and the ISN also indicated a
significant difference between the two amino acid networks (AAN). The & value of
protein structures in the CAN (R, = 5.5 A) ranged from 3 to 5 (Figure 3.8C), thus
exhibiting three to five links per vertex. This number of links per vertex corresponds to
the number of interactions around Ca atoms. Among these links, two were derived from

the links to the neighbor residues by covalent bonds. For the remaining one to three links,
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most would be hydrogen bonds involved in the main chain atoms. As shown in Figure
3.10, if a hydrogen bond is established between two residues by their main chain atoms
(orange dashed lines in Figure 3.10), their Ca atoms (green cycles in Figure 3.10) are also
close to each other. These hydrogen bonds reflect the protein secondary structures and,
therefore, most of the links in the CAN (R, = 5.5 A) would include interactions in main
chain atoms. In the case of the ISN, five to nine links were exhibited per vertex (Figure
3.5A), implying an additional three to seven interactions besides the two covalent bonds.
These additional three to seven links cannot be accounted for only by interactions
involved in main chain atoms, indicating that some of the links are derived from
interactions involved in side chain atoms. The links in the ISN, therefore, comprise
interactions involved in both main and side chain atoms and the ISN includes structural
information about the secondary and tertiary structures, corresponding to the interactions
mediated by main and side chain atoms, respectively. This is in contrast to the CAN (R,
=5.5 A), wherein links only reflect the secondary structures from interactions in the main

chain atoms.
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Figure 3.10. A schematic presentation of anti-parallel B-sheet structure in a protein. Filled circles

correspond to atoms and their colors show the type of atoms; red (oxygen), blue (nitrogen), green
(carbon alpha) and gray (other carbon). Black lines represent covalent bonds and orange dashed lines
displays hydrogen bonds. Each amino acid residue is encircled. Hydrogen bonds composed of the

protein secondary structure are close to Ca atoms.

It should be noted here that the distribution of network parameters in ISN, k&
and C, is markedly different from that of the CAN. In the CAN (R, = 5.5 A), the all-o and
all-B protein structures indicate a linear, rather than a scattered, distribution (Figure 3.8C).
For example, at C ~ 0.25, the range of & is 3.2 to 4.2. On the other hand, the distribution
of all-a and the all-B protein structures are widely spread in the ISN (Figure 3.5A). In
contrast, the CAN, when C ~ 0.40, has a range of k£ from 5.5 to 7.1, which is larger than
that in the ISN, thus indicating that the CAN (R. = 5.5 A) defines protein structures in the
same class to similar network geometry, whereas in ISN, protein structures in the same

class can be assigned to different network geometry.

84



As discussed above, the CAN (R. = 5.5 A) is based on the information about
protein secondary structures reflecting hydrogen bonds between main chain atoms. On
the other hand, the ISN includes additional information about interactions involved in the
side chain atoms. Since the side chain atoms often mediate van der Waals contacts and
hydrophobic interactions between two residues located on separated positions on the
primary sequence, thus reflecting the tertiary structures of proteins, the links in the ISN
include the structural information from the tertiary structures of proteins. The scattered
distribution in the &~C plots in the ISN, compared to that in the CAN, also suggests that,
not only the structural information from the secondary elements, but also additional
structural information from the tertiary structures are reflected in the distribution. The
CAN (R. = 5.5 A), therefore, describes the protein 3D structures only according to the
secondary structures, whereas the ISN characterizes protein structures based on both their

secondary and their tertiary structures.
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Chapter 1V

Conclusion
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In the present thesis, I aimed to explore the significance of the hydrophobic
interaction in the intramolecular interaction network in the protein structure. The
hydrophobic interaction is viewed as the principal force that drives the protein toward
globular collapse and engenders a solvent-shielded molecular interior [1-3]. However, it
remains difficult to capture the comprehensive description of the hydrophobic
interaction in the protein folding [4]. To acquire the detailed description of the
hydrophobic interaction, I focused on the dehydration accompanied by the formation of
the hydrophobic interaction in the protein folding. By performing the high-pressure
absorption spectroscopy, the amount of the hydration of the hydrophobic heme group in
cytochrome ¢ (Cyt c¢) unfolding were estimated as the volume chnage. The analysis
demonstrated that the entropic contribution of the dehydration from the heme group in
the Cyt ¢ folding is correspondingly important for stabilizing the protein structure. In
addition, to examine the relationship between the intramolecular interaction network
and the global conformation of a protein, a novel amino acid network (AAN) model,
interaction selective network (ISN) was established. The ISN reflects intramolecular
interactions between the amino acid residues. The results and discussion in this thesis,

and future perspectives are highlighted below.
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4.1 Uncovering dehydration in cytochrome c refolding from urea- and
guanidine hydrochloride-denatured unfolded state by high pressure
spectroscopy (Chapter II)

To elucidate the entropic contribution of the dehydration from the hydrophobic
groups in the protein folding, the high-pressure absorption spectroscopy measurements
were performed. I successfully determined the partial volume changes for the unfolding
of Cyt ¢ induced by the denaturant and experimentally confirmed that the hydration to
the hydrophobic groups, the heme, in the Cyt ¢ unfolding. The hydration to the heme is
the primary factor to determine the volume change induced by the hydration (AAV4),
which is also a thermodynamic determinant for the protein folding in Cyt c. This
suggests that the entropic contribution of the dehydration from the hydrophobic groups

is critical for stabilizing protein structures.

4.2 Quantitative description and classification of protein structures by
a novel robust amino acid network (Chapter III)

To elucidate the relationship between the intramolecular interaction network
and the global conformation of a protein, I developed a novel amino acid network
(AAN) model, interaction selective network (ISN). The ISN reflects hydrophobic
interaction network in a protein. While previous AAN models cannot distinguish
between protein secondary structures, the ISN allows to discriminate between a-helix
and B-sheet protein structures by using two network parameters, the average degree (k)
and the average clustering coefficient (C). By exploring the optimum cutoff ditance (R.)

for the discrimination of protein structures, this study demonstrated that the ISN is more
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robust than the conventional AANs, and the wider range of the distribution of k and C
in the ISN suggests that the ISN has additional structural information about the protein
tertiary structures. Therefore, the ISN provides a more quantitative and robust
description of the protein structures, by reflecting both the secondary and the tertiary
protein structures. The results suggest that the ISN can be applied to elucidating the
relationship between the intramolecular interaction network and the global

conformation of a protein.

4.3 Conclusion remarks

As summarized above, I attempted to explore the significance of the
hydrophobic interaction in the intramolecular interaction network in the protein
structure. The present thesis suggested that the dehydration from the hydrophobic
groups accompanied by the formation of the hydrophobic interaction is critical for the
protein folding. Moreover, the ISN which reflects hydrophobic interaction network in a
protein, is established. The ISN can be used for elucidating the relationship between the
intramolecular interaction network and the global conformation of a protein.

Further studies should focus on elucidating this relationship by both
experimental and theoretical approaches. For the experimental approach, the site-
specific amino acid substitutions induce perturbations of the intramolecular interaction
network in a protein. Comparison of AAV}, with various type of mutants expect to
uncover the entropic contribution of specific residues to stabilizing global conformation
of a protein. For the theoretical approach, comparing proteins with different AAV; by

using the ISN expects to enable us to evaluate the significance of individual interaction
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for the global conformation of a protein. Combining the experimental and the

theoretical approaches expects to establish a novel quantitative model to assess the
structural significance of the intramolecular interaction network in a protein, which
contributes to uncovering the principal of stabilizing the protein three-dimensional

structure.
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