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Abstract

In order to develop new drugs more efficiently, it is important to understand how a drug is bound to
a target molecule. Proteins often become a target for drugs but it is hard to identify which amino
acid dominates the total binding energy. For identifying majorly contributory amino acids, we need
site-directed mutagenesis, which requires mutant proteins. However, mutating amino acids one by one
takes a large amount of costs. Therefore, we need to develop a method for narrowing down the candidate
amino acids.

This thesis aims at getting rid of such a time-consuming task for biological or biochemical experiments
by improving prediction methods for protein functional sites. So far, lots of such prediction methods have
been developed and the prediction performance has been examined by using various proteins. However,
existing methods have some problems in regard with how to explain or evaluate the methods. In order
to solve the problems, this thesis suggests two things. The first one is an idea to integrate some existing
methods. As described above, there exist many protein functional site prediction methods. However,
each method is explained by each explanation and is not generalized. It is difficult to investigate how
much the performance is changed if how or what we change the methods. We regard how to treat
amino acid residues as parameters and then compare the methods. In addition, alignment gaps are
also treated as a parameter. This means that how to treat gaps is different in each existing method
and therefore this study investigates how much the performance is changed by changing how to treat
gaps. Meanwhile, in addition to prediction of important sites for a whole protein family, we consider
a method to predict important sites of a particular subfamily. We thereby also discuss conservation
of amino acids from a different point of view. The second one is improving evaluation methods. By
using a three-dimensional complex structure of protein-ion, protein-small compound, protein-RNA or
protein-protein, we can investigate whether the binding sites are predicted or not. However, existing
evaluation methods use one of the complex structures. This implies that we cannot always evaluate a
protein binding with various molecules and the evaluation methods therefore are not appropriate for a
multifunctional protein. This study proposes a method to utilize multiple structures for evaluation.

For evaluation of prediction performance of existing or proposed methods, translation elongation

factor 1A (EF1A) is used. EF1A was discovered as a factor promoting protein biosynthesis in the 1960s.



In the 1990s, EF1A was also found as an actin binding protein and further analyses found that EF1A
involves many functions such as nuclear export, protein degradation, apoptosis and virus functions. In
order to investigate how each function works and how the functions relate to each other, identifications
of the functional sites are required. EF1A is therefore a multifunctional protein and we cannot deny a
possibility that there are undiscovered functional sites. In this study, such unknown functional sites are
also predicted by the proposed method.

This thesis consists of six chapters. Chapter 1 describes introduction of this study. Chapter 2 defines
basic words and symbols. Chapter 3, 4 or 5 introduces a new method and applies the method to EF1A.
Chapter 6 describes conclusions of this study.

Chapter 1 described backgrounds and significances of this study and explained features of proteins
and the reason why we need informatics methods.

Chapter 2 defined terminologies and notations such as amino acid symbols, multiple sequence align-
ment and existing or proposed conservation analysis. The proposed method provides two measures. The
first one is a value to measure how much the site is conserved and investigates two types of conservations
by considering a site which is conserved in the whole family or conserved in a particular subfamily but
not in the whole family. The second one is a value to measure how much the site is proximate from ions
or molecules on multiple three-dimensional structures. Finally, how to estimate correlations between
the measures was described in order to evaluate that the conservation can distinguish whether or not
the site is proximate from ions or molecules.

In Chapter 3, the measures defined in Chapter 2 were used for analysis of EF1A. One of the conserva-
tions showed that when the conservation is visualized onto three-dimensional structures, the conservation
can detect binding sites of aminoacyl tRNA, release factor subunit 1, pelota homologue, EF-Ts, EF-1B,
GTP, GDP, pulvomycin, thiocillin, kirromycin and magnesium ion. However, this evaluation showed
appearances visualized onto the three-dimensional structures and therefore has not achieved numerical
evaluation. By using the proximity defined in Chapter 2, the proposed methods and existing methods
are evaluated by comparing correlations between the conservation and the proximity. This showed that
the proposed method has a higher performance than existing methods. However, we did not know what
made improving the performances. By using the idea to integrate existing methods, we investigate why
the performances are increased. The results showed that there are two important things. The first one
is how to treat alignment gaps. Although gaps have been treated as a same thing in most of the existing
methods, the performances were increased when the gaps are treated as different things. The second one
is utilization of a phylogenetic tree. The performances were increased when the conservation was largely
changed whether a site is diverged in near to the root or near to the leaf node. Finally, a threshold of
the conservation was determined from the evaluation results and then determined predicted functional

sites.

ii



In Chapter 4, EF1A was analyzed by using a specific conservation. This means that although in
Chapter 3 we predicted a site conserved in a whole protein family, in Chapter 4 we consider a site
conserved in a particular subfamily but not in the whole family. As a result, the specific conservation
could detect known amino acid residues involving functional divergences. This implies that the specific
conservation is useful for comprehensive functional site prediction of EF-Tu/EF1A.

In Chapter 5, the binding site of FNIII14 was investigated by using three-dimensional structural
information. FNIII14 involves anoikis, which is apoptosis triggered by cell detachment from the extra-
cellular matrix, by binding membrane-associated EF1A. This implies that because EF1A involves not
only protein biosynthesis but also cell death, it is very important for investigating the crosstalk between
these cellular functions. The complex structure was predicted by using a docking tool. This showed that
there are complement sites for FNIII14 in the structure of EF1A. Then, we used a protein simulation
method and investigate stability of the complex and stable binding amino acid residues. Furthermore,
by combining the results of Chapter 3, we narrowed down important amino acid residues for binding
with FNIIT14.

Chapter 6 described conclusions and future works. This study could develop an original method inte-
grating some existing methods for predicting protein functional sites and introduce a measure which can
evaluate such methods more accurately by using multiple structures. By this evaluation, the proposed
method showed a higher performance than the existing methods. Furthermore, this study introduced
a specific conservation and investigated functional divergences of EF-Tu/EF1A. This showed that the
specific conservation could detect amino acid residues involving functional divergences of EF-Tu/EF1A.
In addition, we predicted complex structures of EF1A and FNII14 using structural analyses and nar-
rowed down candidate amino acid residues by combining the results of above conservation analysis. At
present, based on the prediction results, biochemical experiments are to be conducted. FNIII14 is useful
for increasing effects of anticancer drugs by the detachment activity. It is expected that our results ex-
pedite development of a more effective FNIIT14-like substance or a small compound which has a similar
effect of FNIII14. Additionally, such drugs are applied to cancers which have resistance of anticancer
drugs and solve the clinical problem. Meanwhile, the proposed prediction methods are useful for any
proteins. Especially, the conservation-based method is useful for various situations. In other words, if
we have only one protein sequence, the method is executable. The results of this study showed that our
method is effective for EF1A but is only applied for EF1A. Therefore, it becomes a next issue that our

method is applied for various proteins and investigated how much the prediction performance is.
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Chapter 1

Introduction

The basis of pharmacological activity is interaction of drugs with biological molecules such as deoxyri-
bonucleic acids (DNA), ribonucleic acids (RNA), proteins, lipids and sugars. Although such molecules
can become a target for drugs, most of the drug targets are proteins. Therefore, understanding how
proteins bind drugs enables us to develop more valid drugs.

Proteins are a macromolecule whose unit is made from an amino acid, which simultaneously has
two chemical functional groups, an amino group (-NHs) and a carboxyl group (-COOH). Two amino
acids are dimerized by constructing an amide group (-NHCO-), which is obtained by dehydration of
the amino group and the carboxyl group, and connections of many amino acids by amide bonds make
a protein. Meanwhile, an amino acid has leftovers of the amino group and carboxyl group. Basically,
because there are twenty types of the leftovers, there exist twenty standard amino acids, which are often
represented as twenty alphabets (see Chapter 2.1) and a line of the alphabets is regarded as a protein
sequence or a primary structure.

Although we can measure a distance between two amino acids on the sequence, all the distances are
not always linear with a distance on the three-dimensional space because some proteins are spontaneously
folded and construct a tertiary structure. Folding is one of the basic features of proteins and some
biological activities are triggered by interaction of a folded protein and ions or molecules. The interaction
is a physical contact between both and therefore there exist binding sites of ions or molecules in proteins.
Identification of binding sites is important to investigate how proteins bind ions or molecules and how
drugs are bound to proteins.

In order to identify such binding sites, one of the effective analyses is site-directed mutagenesis. In
this analysis, a mutant protein, whose amino acid residue is mutated into another one, is prepared and
then differences between the mutant and the wild type are investigated by measuring binding affinities
of the protein and binding molecules. However, this analysis requires a large amount of time and costs

because of necessity of mutating amino acid residues one by one. In order to reduce the possible amino



acids, we need a method to narrow down the amino acid residues.

For developing such methods, there exists two types of useful data. The first one is sequence informa-
tion. A protein sequence is derived from a gene, which is a DNA sequence, and therefore the amino acid
mutation is regulated by the gene mutation, which is a point mutation occurred in the DNA sequence.
Considering how a gene has been mutated in the evolutionary process enables us to hypothesize the
relationships between the protein evolution and function as a mutation rate of an amino acid is changed
by whether the amino acid involves the protein function or not, respectively. Based on this hypothesis,
binding sites should be predicted by investigating differences of the mutation rates on sequence infor-
mation. The second one is three-dimensional structural information. One of the effective utilizations of
protein structures is energy estimation from interatomic forces. This enables us to calculate stabilities of
complex structures such as protein-ion, protein-DNA, protein-RNA, protein-protein and protein-small
compound. We can thereby obtain stable amino acids largely accounting for the total binding energy
in the complex structure.

Many sequence or structural data are freely available for anyone because many biological databases
are open to the public. However, because of existence of a huge amount of biological data, we should
consider a method to extract useful information. In this study, such objectives are achieved by developing
a new informatics method and improving the prediction performance.

The contents of this thesis are as follows. Chapter 1 describes backgrounds and significances of this
study. Chapter 2 describes notations of fundamental elements. In Chapter 3, conservation analyses
are conducted and then existing methods and proposed methods are compared. In Chapter 4, from a
different point of view of Chapter 3, conservation analyses are conducted by using a specific conservation.
In Chapter 5, the results of Chapter 3 are combined with structural analysis. Chapter 6 describes

conclusions and future works.



Chapter 2

Notations of fundamental elements

2.1 Amino acid symbols

Standard amino acids are often represented as twenty alphabets: A (alanine), C (cysteine), D (aspartic
acid), E (glutamic acid), F (phenylalanine), G (glycine), H (histidine), I (isoleucine), K (lysine), M
(methionine), N (asparagine), P (proline), Q (glutamine), R (arginine), S (serine), T (threonine), V
(valine), W (tryptophan) and Y (tyrosine). In this study, these alphabets are considered to as elements

of a field of set, A, which is, for example, definable as

PA={{A} {C} D} AE} {F} G} {H} {I} {K} {L},
(M} AN} AP} Q) AR} S} AT} {V}, {W},{Y}}

or

"A={{M.L,V.I} {H R K} {8,T} {A G} {D,E} {Q N} {F,W.Y} . {P} . {C}}.

2.2 Multiple sequence alignment

A line of the symbols can be regarded as a protein sequence. A protein sequence comes from a gene,
which consists of DNAs (each of which is linked by phosphodiester bond) and sometimes whose DNA
has been mutated, inserted or deleted in the evolutionary process. Such gene dynamics can generate
plenty of protein sequences. In order to compare the sequences, we often put the symbols in a row and
create a sequence alignment. If we aligned two sequences, the alignment is called as a pairwise sequence
alignment. If we aligned three or more sequences, the alignment is called as a multiple sequence alignment
(MSA). Let M = (mjy) denote a given MSA and here mj; denote an amino acid symbol of site k£ on
sequence j in the MSA. Let ;M = [my;, ma;, . .. 7mm-]t be column i on the MSA (see Figure 2.1A) and

refer to as an alignment site



2.3 Quantification of alignment sites

In order to extract useful information or objectively compare each alignment site, we often convert ; M
into a value (see Figure 2.2A). Therefore, let us consider a mapping f, : M — [ 0,00 ), in other words,

we associate ;M with a non-negative real number.

2.4 Existing conservation analysis

The mapping f, enables us to describe some existing methods. For example, the Shannon entropy (SE)

based method [99, 101] is defined as

fse i sz lnp1 7 (21)

z€A

where p; () is a probability of amino acids in ;M. The sum of pairs (SP) based method [116] is defined

as

fop GM ! Z > w(l)S (zr,zm), (2.2)

l=1 m=1

where N is the number of sequences, w (1) is a weight of sequence ! and

m (z, ) —m(z,y)
m(z,x)

S(x,y) = , (2.3)

where m (x,y) is a substitution score of amino acids = and y. The integer-valued evolutionary trace

(iv-ET) method [81] is defined as

0 (if site 7 conserved within each group g)
fzet =1 + Z (24)

1 (otherwise),

where ¢ is determined from a phylogenetic tree which is reconstructed under the hypothesis that the

evolutionary rate is constant. The real-valued ET (rv-ET) method [81] is defined as

- Z Dig ((E) lnpig (1') ) (25)

=1 g=1 z€A

where p;q () is a probability of amino acids in group g of ;M.

2.5 Proposed conservation analysis

This section defines notations of the proposed method. Let M € ;M denote ;M at time point ¢ =

1,2,...,N + 1, where N is the number of internal nodes on a phylogenetic tree reconstructed from the

4



given MSA (see Figure 2.1A or 2.2B), and be represented by a field of sets. For example, {.M;
o M ={{R,R,L,R R, R}}
o iM={{R,R,L,R,R} {R}}
o iM={{R,R,L,R} ,{R} {R}}
o iM={{R R L} {R} . {R} {R}}

b ?LM = {{R7 R} ) {L} ) {R}’ ) {R} ) {R}}

Let there be g, : ;M — [0, 1], which here associates ! M with 1 if there exists {M,, € !M which comprises
two or more types of characters and, in the other cases, associates {M with 0. By g, (%M) only, { M —

1/\/l) and g, (fM) are summed, 1 M and the others are distinguishable.

K2

5M are indistinguishable. If g, (
If g, (11/\/1), Gz (3/\/1) and g, (f’/\/l) are summed, ;1 M, o M and the others are distinguishable. Therefore,

let
T

frGM) =" gs (ha (1M, A,:G)), (2.6)

t=1
where T'=1,2,..., N.
As shown in Figure 2.1B, let h, : M — [0,1] be included in g, and g, (!M) be represented as
following three definitions:
0 (ViM, €M, h, (IM,) <71)

g1 (M) = N (2.7)
1 (FM, €M hy (EM,) >T),

where 7 is a threshold of h, (!tM,),

tAg) 1 ¢
g2 (;M) =T, 2 he (M), (2.8)
M, EtM
where | IM | is the number of multisets in {M and
g3 (1M) = hy (zM*u) ’ (2 9)

where f./\/l*u is a multiset which is separated at time point ¢ + 1. For example, Z./\/l*u;
e M., ={R,R,L,R, R, R}
e M., ={R,R,L,R, R}
e iM,,={R,R LR}

e iM,,={RR,L}



e ‘M., ={R,R}.

In order to consider alignment gaps, which involve in insertion or deletion of amino acids, let ;G C ; M
denote a field of sets of gaps in ;M. ;G enables as to treat alignment gaps as a parameter of f;. For
example, ;G is definable as }G = {{}7,27,...,%9}} or G = {{In},{}v},.... {6} }, where G is the

number of gaps. By using above A and ;G, let us define h, (!M,,) as following three definitions:

0 MleiM,,3Xx e AU, G;le X
hy (fMy) = ( ) (2.10)

1 (otherwise),

hy (IMu) == > p(iMu, X)log 40,6 P (M, X), (2.11)
XeAU;G

where | AU ;G | is the number of sets in AU ;G and

1 0 (l¢ga)

p(fMuaX) = Tt
|iMu|le£Mu 1 (lex),

(2.12)

where | {M,, | is the number of characters in {M,, and if p ({ M, X) = 0, p (; My, X)10g| 41,/ P ((Mu, X)

is regarded as 0 and

hs (tM.) :|§/\14u| o> wlystm), (2.13)

let My, metM,

where w (1) is a weight of sequence [ and

0 lexXe,GAmeYe,GAX =)
Smer—Smin (e X €,GAMEYEGNXFY)
s(lm) = Smeg=Smin (e X e€;GAMEY € A) (2.14)
SUhosun (e X e ANmEY € Q)
SUh-EIm (1e X e ANmEY € A),

where Spnaz, Smin, S (1,1) and S (I,m) are the maximum, the minimum, a diagonal element and an
off-diagonal element in an amino acid substitution matrix, respectively.
Table 2.1 shows that f; can be computed by determining the seven parameters. Table 2.2 shows

that existing methods can be defined by the parameters of fi.

2.6 Specific conservation

In this study, amino acid conservation are considered from a different point of view. This means that

we consider amino acids are conserved in a particular subfamily but not conserved in the whole family



Table 2.1: Seven parameters for computation of f;

Parameter Value Description
T 1,2,...,N a time point
9a 91,92, 93 9o 1 M — [0,1]
T [0,1] a threshold of ¢;
hx hl,hg,hg h;r : Z;M — [07 1]
A 20494 a field of sets of amino acids
g 1G,%g a field of sets of gaps in site 4
w (1) (0, 00) a weight of sequence [

Table 2.2: Relationships of the parameters and prediction methods

Mapping T g, T hy A G w(l) Reference
Jse 1 g3 - hy A Zlg — [99]
fse 1 g3 - hy A G - [101]
Jp 1 g3 - hs A 1G unused [116]
fop 1 gs - hs A IG used [116]
Jiet N g 7€(0,1) h A /G - [81]
fret N g2 B h2 20-’4 %g - [81]

and a specific conservation of base group a and target group b is defined as

BLI Ty 2.15
g5 (fM) +1 (215

where a < b.

2.7 A proximity on three-dimensional structures

In order to evaluate above conservations, we next consider another quantification (see Figure 2.2A). In
this section, ;M is not regarded as character type of data but coordinate type. Let R denote a set of

real numbers and there be e : R3 x R® — [0,00 ). Let R C R?, Q@ C R3 and

= i — 2.1
e(R.Q):= min (Ir-qla), (2.16)

where || - ||2 is an Euclidean norm.

Let us consider structure k, which contains a protein and ions or molecules (see Figure 2.2C). Let
fR C R? denote atomic coordinates of amino acid residue ¢ in structure k and *Q ¢ R? denote atomic
coordinates of ions or molecules in structure k. Let K denote the number of structures and the sequences
be aligned. Let {1172, IR,..., Kﬁ?R} C ;M denote a set of residues in ;M and {%7, 2y ey ZG'y} =,GC

iM denote a set of gaps in ;M. Let

M) = : ko k
fa(GM): if’Rg/l\I/tl\ig e (fR,*Q)]. (2.17)



2.8 Correlations between f; and f,

In order to evaluate f; by f2, we consider two types of correlations between f; and fo based on Spear-

man’s p [106] and an ROC curve.

2.8.1 Spearman’s p
Let F. 3 f. (;M) denote a multiset of f, (;,M) and be represented as F, > 1V, < 2V, < ... < IV,

where [ is the number of ;M. Let r denote a rank function and

t, +1
2 )

7“ (j+k—i1Vw) — 14 (2.18)

where j = 1,2,...,1, k = 1,2,...,t, and t, is a size of the tied rank. Here, a Spearman’s p [106] is

defined as .

T+ 15 — Z [7’ (iVl) —-r (va2)}2

=1
_ , 2.19
p VT (2.19)

where [ =1,2,..., I, m=1,2,...,1,

T n=l (2.20)

and

T, = n=l , (2.21)

where N7 and Ny are the numbers of tied ranks in F; and Fs, respectively.

2.8.2 ROC curve

Let [0,00) D F 3 f; (;M) denote a subset of non-negative real numbers and a set of fi (;,M) and be

represented as F > v < vy < --- <vy. Let t; denote a threshold and satisfy

< V1 (] ZO)
t;Q = LT +2”j+1 (G=1,2..,J-1) (2:22)
> vy G=J).

Let ¢y denote a cutoff of fp (;M). Let Iy denote the number of ;M which satisfies fo ;M) > co
and I, denote the number of ;M which satisfies fa (;,M) < ¢a. Let Iy, (t;) denote the number of ;M

which satisfies fo ;M) > ¢ and f1 (;M) < t; and I, (t;) denote the number of ;M which satisfies



f2 (M) < ¢y and f1 ;M) < t;. Let a false positive rate

I¢, (t5)
p(t;) = 5,
f
a true positive rate
Itp (tj)
t;) = ,
q( ]) It
and an area under the curve
171
AUC = 23 [p(tje1) = p ()] - g (1) + q (£5)]
7=0

(2.23)

(2.24)

(2.25)
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Figure 2.1: Idea of a mapping by character type. (A) An idea of f;. 1M — 5 M are comprised of
5 R and 1 L and each character attaches a leaf node of a rooted phylogenetic tree under a hypothesis
that the evolutionary rate is constant. Numbers in ascending order are assigned from the root to leaf
nodes as time point ¢. In f;, after a value in a circle is assigned to ; M, values in circles are summed.
(B) Ideas of g, and h,. In g,, after h, associates characters in a square to a value in a triangle, values
in triangles are associated to a value in a circle.
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Figure 2.2:

Computations of f; and f;. (A) N sequences and K structures are extracted from

the Swiss-Prot and the PDB, respectively. After all the sequences are aligned, f; (;M) and fy (;M)
are computed by (B) and (C), respectively. (B) After a phylogenetic tree is written from sequences,
f1 iM) is computed. (C) In structure k, ¥R and ¥Q denote coordinates of an amino acid residue and
coordinates of ions or molecules, respectively. After proximity of ¥R and *Q is measured as e (fR, kQ)
and computed on K structures, fs (;,M) is computed.
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Chapter 3

Protein functional site prediction by

conservation

3.1 Introduction

In order to predict protein functional sites, there are many computational methods, which are based
on (i) sequence, (ii) structure and (iii) sequence and structure [41, 28, 34, 47, 70, 42]. Sequence-based
methods usually assume that such an important site is conservative against mutation and therefore
important sites and others should have been mutated in different patterns. In order to detect such
patterns, various methods have been developed [115]. One of the sequence-based methods is an SE-
based method [99, 101]. However, the SE-based method may have three problems. The first one is
that the SE-based method, in which twenty standard amino acids are regarded as characters, does not
consider properties of amino acids. Therefore, a method based on SE of residue properties (SEP) [120]
or SP [116] was proposed. The second one is that the SE-based method does not consider a background
distribution of amino acids. Therefore, other information-theoretic method such as relative entropy
[119] or Jensen Shannon divergence [17] was proposed. The third one is that the SE-based method, in
which a rate of an amino acid is calculated, cannot take into account which amino acid is included in a
sequence. Therefore, some methods based on windowing [17], weighting [36] and phylogenetic analysis
were proposed. One of the methods based on a phylogenetic tree is an evolutionary trace (ET) method
[74], which has been extended as weighted ET (WET) [66], iv-ET and rv-ET methods [81]. Additionally,
other methods based on phylogenetic trees are ConSurf [8] and Rate4Site [95, 80] algorithms.
Although a variety of sequence-based methods have been already compared each other [17, 49], what
difference makes a difference is difficult to understand because such methods do not be explained by

one idea. Therefore, we consider a mapping, a mathematical formula, on a multiple sequence alignment
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(MSA) and aim to construct an exhaustive method. As part of this effort, we propose a method currently
including some existing methods such as the method based on SE or SEP, the method based on SP
with/without weighting and the iv-ET or the rv-ET method.

Even if a variety of methods are executable, how are the methods evaluable? There may exist
two approaches: confirmation by site-directed mutagenesis and visualization onto a three-dimensional
structure. The former is more consistent with identification of binding sites because the latter is verifiable
that a site is proximate from ions or molecules. In spite of that, the latter has been still used because
of indefinability of protein functional sites. Therefore, based on the benchmark sets such as catalytic
sites, ligand-binding sites or protein-protein interfaces [17], the predictive ability has been evaluated.
However, the latter is immature because of usually conducting only one structure [74, 9]. This mainly
causes two problems. The first one is that the latter neglects a protein which binds various ions or
molecules because an entry in the Protein Data Bank (PDB) [16] does not always include all states of
the protein structure. The second one is that the latter cannot take account of proteins which are derived
from an ancestor. Therefore, protein structures derived from different organisms are incomparable with
each other. To solve these problems, we consider another mapping, which measures proximity of amino

acid residues and ions or molecules, and then two mappings are integrated [63].

3.2 Materials and Methods

3.2.1 Data collection

In UniProtKB/Swiss-Prot release 2015_01[21], entries which are annotated as ‘Classic translation factor
GTPase family. EF-Tu/EF-1A subfamily’, do not include ‘X’ in the sequence and are not a fragment
were 984 entries. In the PDB, entries which are referenced from the 984 entries and are determined by
X-ray crystallography were 68 entries. 14 entries were excluded because of binding an immunoprotein
[22] and forming a chimeric protein [57, 110, 111, 112]. Consequently, as shown in Table 3.1, 54 entries

including 103 chains were retained.

3.2.2 Computations of f; and f;

As N =984 and K = 103 in Figure 2.2, the sequences were aligned by the MAFFT 7 program [55]. 477
iM were extracted because of including residues which have coordinate data.

A dissimilarity between two sequences was computed by the maximum likelihood method [58] using
the Jones-Taylor-Thornton model [50] as a substitution matrix and the Dayhoff method [24] for comput-
ing equilibrium frequencies. From all combinations of the dissimilarities, a phylogenetic tree was written
by the unweighted pair group method with arithmetic mean (UPGMA) [103]. f; (;M) was computed by
changing T, g, h, 7, A and ;G. For hs, the Gonnet matrix [14] was used and a weight was computed

13



Table 3.1: 54 PDB entries of EF-Tu/EF-1A proteins.

Subfamily __ Organism PDB ID ___ Resolution _ Tons or molecules
) ) 1D2E 1.94 DP, Mg2T
Bos taurus, mitochondrial 1XB2 2.20 glonéati%)n factor Ts mitochondrial
1EFC 2.05 GDP, Mg2T
2HCJ 2.12 GDP, TAC, Mg2t
3U6B 2.12 GDP, Mg2t
2BVN 2.30 ENX, GNP, Mg2+
4G5G 2.30 Thiomuracin A derivative, GDP, Mg2+
1DS8T 2.35 Thiocillin GE2270, GDP, Mg21
Escherichia coli 3U6K 2.45 Thiocillin2GE227O analogue NVP-LDK733, GDP, Mg2t+
1DG1 2.50 GDP, Mg2t
1EFU 2.50 Elongation factor Ts
1EFM 2.70 GDP
3U2Q 2.70 Thicillin GE2270 analogue NVP-LFF571, GDP, Mg2t
2HDN 2.80 GDP, TAC, Mg2t
1ETU 2.90 GDP, Mg2+
4Q7J 2.90 Elongation factor Ts, QB replicase
10B2 3.35 Phe-tRNA, GNP, KIR, Mg2t
2FX3 3.40 GDP, Mg2t
EF-Tu Pseudomonas putida KT2440 470Q 2.29 GDP, MES, MPD, MgZ™ 2
4TW3 2.70 Putative uncharacterized protein, GDP, Mg2t
1EFT 2.50 GNP, MgZT
v 1B23 2.60 Cys-tRNA, GNP, Mg2t
Thermus aquaticus 1TTT 2.70 Phe-tRNA, GNP, Mg2T
1TUIL 2.70 GDP, Mg2t
10B5 3.10 Phe-tRNA, ENX, GNP, Mg21
2078 1.40 GNP, PUL, MgZT
2077 1.60 Thiocillin GE2270, GNP, Mg2+
1EXM 1.70 GNP, Mg2t
ALBW 1.74 GNP, Mg2Tt
4HOG 1.93 GNP, Mg2Tt
1HA3 2.00 GDP, MAU, Mg2t
ALBV 2.03 GNP, Mg2T
Thermus thermophilus 4LBZ 2.22 GNP, Mg2+
4LCO 2.22 GNP, Mg2+
4LBY 2.69 GNP, Mg2t
1ATP 3.00 Elongation factor Ts
4V5L 3.10 16S rRNA, 23S rRNA, Trp-tRNA, GCP, Mg2t+
4V5P 3.10 16S rRNA, 23S rRNA, Trp-tRNA
4vs5Q 3.10 16S rRNA, 30S rpS12, Trp-tRNA, GDP, KIR
4V5R 3.10 16S rRNA, Trp-tRNA, GDP, KIR
PAVET) 3.10 16S rRNA, Trp-tRNA, GDP, KIR
4v8Q 3.10 16S rRNA, 23S rRNA, Small protein B SMPB, tmRNA §, GDP, KIR, Mg2t
4V5G 3.60 16S rRNA, 23S rRNA, 308 rpS12, Thr-tRNA, GDP, KIR, Mg2t
3VMF 2.30 Peptide chain release factor subunit 1, GTP, Mg2T
Aeropyrum pernie 3WXM 2.30 Protein pelota homologue, GTP, Mg2+
AEF1A . pelota homologue, , Mg
Sulfolobus solfataricus LINY 1.80 GDP 24
1SKQ 1.80 GDP, Mg
Oryctolagus cuniculus 4C0S 2.70 GDP, Mg2T
1F60 1.67 Elongation factor 1B«
2B7C 1.80 Elongation factor-1 3
CcEF1A Saccharomyces cerevisiae 1G7C 2.05 Elongation factor 1-8, 5GP
11JE 2.40 Elongation factor 1-3, GDP
2B7B 2.60 Elongation factor-1 3, GDP
11JF 3.00 Elongation factor 1-3, GDP

TAC; Tetracycline, ENX; Enacyloxin ITa, GNP; Phosphoaminophosphonic acid-guanylate ester, KIR; Kirromycin, MES;
2-(N-morpholino)-ethanesulfonic acid, MPD; (4S)-2-methyl-2,4-pentanediol, PUL; Pulvomycin, MAU; N-methyl kirromycin, GCP;
Phosphomethylphosphonic acid guanylate ester, 5GP; Guanosine—S/—monophosphate.

by the Sibbald and Algos algorithm [102] and the number of iterations was 100,000.

By separating each asymmetric unit, fs (;,M) was computed and, in each entry, representative ions

or molecules were shown in Table 3.1. However, because of the uncertain functions, we excluded the

following ions or molecules; sodium ion, acetate ion, sulfate ion, ammonium ion, sugar (sucrose),

di(hydroxyethyl)ether, glyoxylic acid, 5-bromofuran-2-carboxylic acid, [-mercaptoethanol and water

35, 87, 65, 60, 31, 91, 117].

3.2.3 Visualization

f1 M), fo (M), AUC and Spearman’s p were visualized by the matplotlib Python package [44]. A

three-dimensional structure was visualized by the VMD program [43].
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3.3 Results

3.3.1 Prediction by f;

180°

180°

Figure 3.1: The three-dimensional structures of Termus thermophilus EF-Tu (PDB ID: 2C78,
2C77). fi (;M) was calculated by T' = N, g, = g3, hy = h1, A =2°A and ;G = {G. The amino acid
residues were divided in half by f; (;,M). If f1 (;M) is small, the atoms were colored by pink. If f; (;M)
is large, the atoms were colored by white. The blue spheres show atoms belonging to GTP. (A) The
green spheres show atoms belonging to the pulvomycin (PDB ID: 2C78). (B) The cyan spheres show
atoms belonging to the thiocilin (PDB ID: 2C77).

Based on the 984 sequences of EF-Tu/1A, f; (;,M) was calculated by T = N, g, = g3, hy = h1,
A=2Aand ;G ={G. Figures 3.1, 3.2, 3.3, 3.4 and 3.5 show that if the f; (;,;M) is small, the amino acid
residue is more likely to be proximate from aminoacyl tRNA, release factor subunit 1, pelota homologue,

EF-Ts, EF-1B, GTP, GDP, pulvomycin, thiocillin, kirromycin and magnesium ion.
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Figure 3.2: The three-dimensional structure of Termus thermophilus EF-Tu (PDB ID: 1AIP).
f1 (M) was calculated by T = N, g, = g3, hy = h1, A=A and ;G = G. The amino acid residues
were divided in half by f; (;M). If f1 (;,M) is small, the atoms were colored by pink. If f; (;,M) is large,
the atoms were colored by white. The tan colored chain shows atoms belonging to the EF-Tu.

3.3.2 Correlations between f; and f5

f1 (M) was calculated by using various combinations of the parameters. If g, h,, 7 and A are same
but ;G is different, Table 3.2 shows that when ;G = }g, the AUC or the Spearman’s p is smaller than
:G = §G. In the latter case, Figure 3.6 shows that when the time point increases, the AUC or the

Spearman’s p tends to increase.

3.3.3 Evaluation of predicted functional amino acid residues by f,

Figure 3.7A shows that ;M € M is classifiable in 4 by f; (;MM) and f2 (;,M) using a receiver operating
characteristic (ROC) curve [67] in Figure 3.7B. Figures 3.7C and 3.7D show that the left sides are more
likely to have small f; (;,M) and small f5 (;,M) but the right sides are more likely to have large f; (;,M)
and large fo (;M).
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Figure 3.3: The three-dimensional structure of Termus thermophilus EF-Tu (PDB ID: 4V5Q).
f1 (M) was calculated by T = N, g, = g3, hy = h1, A=A and ;G = G. The amino acid residues
were divided in half by f; (;M). If f; (;,M) is small, the atoms were colored by pink. If f; ;M) is
large, the atoms were colored by white. The purple chain shows tRNA. The blue spheres show atoms
belonging to the GDP. The yellow spheres show atoms belonging to the kirromycin.

3.4 Discussion

Meanings of f; (;M), fa (;,M), AUC and Spearman’s p are as follows. fi (;,M) becomes small when
characters are only diverged in near to the root of the phylogenetic tree. f; (;,M) becomes large when
characters are diverged in far from the root. fs (;,M) becomes small when at least one amino acid residue
in ;M is proximate from an ion or a molecule. fy (;,M) becomes large when amino acid residues in ;M
are not proximate from ions or molecules in all cocrystal structures. If the AUC is 0.5, a correlation
between fi (;M) and being proximate and being non-proximate under a cutoff of fs (;,M) may not exist.
If the AUC is close to 1, small f; (;MM) and large f1 (;,M) correlate with being proximate and being
non-proximate, respectively. If the AUC is close to 0, large f1 (;M) and small f; (;,M) correlate with
being proximate and being non-proximate, respectively. If the Spearman’s p is 0, a linear correlation
between f; (;,M) and f3 (;,M) may not exist. If the Spearman’s p is close to 1 or -1, f; (;M) and fs (;M)
have a positive or a negative linear correlation, respectively.

Figures 3.1, 3.2, 3.3, 3.4 and 3.5 show that the f; (;,M) can predict binding sites of aminoacyl
tRNA, release factor subunit 1, pelota homologue, EF-Ts, EF-1B, GTP, GDP, pulvomycin, thiocillin,
kirromycin and magnesium ion but only showed appearances visualized onto the three-dimensional
structures. Therefore, we conducted numerical evaluation by using the ROC curve and Spearman’s p.

T =1,g: = g3 hy = ha, A =2°A and ;G = G, the method is the method based on SE
99]. T =1, g» = g3, ha = ha, A =2A and ;G = G, the method is the method based on SEP
[120]. If T =1 is changed to T' = N in the former and the latter, Figure 3.6 shows that the AUC is
from 0.5779 to 0.6147 and the Spearman’s p is from 0.0757 to 0.1241 and the AUC is from 0.5709 to
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0.5992 and the Spearman’s p is from 0.1152 to 0.1405, respectively. Therefore, in the former and the
latter, distinguishing characters utilizing the phylogenetic tree is effective for improving the AUC and
the Spearman’s p.

T =1, g, = g3 hy = h3, ;G = }G and w (I) = unused the method is the method based on SP
[116]). T =1, g, = g3, he = h3, ;G = }G and w (I) = used the method is the method based on SP with
weighting (SPW) [116]. If T = 1 is changed to T'= N in the former and the latter, Figure 3.6 shows
that the AUC is from 0.6083 to 0.6276 and the Spearman’s p is from 0.1982 to 0.1653 and the AUC is
from 0.6093 to 0.6211 and the Spearman’s p is from 0.2263 to 0.1502, respectively. Therefore, in the
former and the latter, distinguishing characters utilizing the phylogenetic tree is effective for improving
the AUC but not for the Spearman’s p. However, in the above case, if ;G = G is changed to ;G = ,.Gg in
the former and the latter, Figure 3.6 shows that the AUC is from 0.6941 to 0.7349 and the Spearman’s
p is from 0.4981 to 0.5650 and the AUC is from 0.6846 to 0.7335 and the Spearman’s p is from 0.4749
to 0.5637, respectively. Therefore, in the former and the latter, distinguishing characters utilizing the
phylogenetic tree and considering that each gap is different are effective for improving the AUC and the
Spearman’s p.

IfT=N, g, =gi1, he = h1, A=A and ;G =!G, the method is the iv-ET method [81]. If T = N,
gz = g2, hy = ha, A =2°A and ;G = G, the method is equivalent to the rv-ET method [81]. If }G is
changed to Z-GQ in the former and the latter, Table 3.2 shows that the AUC is from 0.5896 to 0.6242 and
the Spearman’s p is from 0.1221 to 0.3650 and the AUC is from 0.6180 to 0.7417 and the Spearman’s
p is from 0.1308 to 0.5722, respectively. Therefore, in the former and the latter, considering that each
gap is different is effective for improving the AUC and the Spearman’s p. Thus, f; (;,M) is evaluable by
f2 ;M) and our methods improved some existing methods.

EF-Tu/EF-1A proteins are responsible for protein biosynthesis [91, 6] and we selected cocrystal
structures involving the function. Therefore, if f3 (;,M) is small, an amino acid residue in ;M is prox-
imate from a region involving protein biosynthesis. If fo (;,M) is large, the amino acid residues in ;M
are not proximate from the region. Figures 3.7A, 3.7C and 3.7D show the proximate region and the
non-proximate region and Figure 3.7B shows that, on the ROC curve of f; (;M), the AUC is 0.739,
which indicates that the proximate region tends to become small f; (;,M) but the non-proximate region
tends to become large fi (;,M). Figure 3.7B shows the threshold of ;M is 134. This means that we
can determine the threshold of functional sites from the ROC curve. In addition, Table 3.2 shows that
the Spearman’s p is 0.5801, which indicates that f; (;,M) tends to be small if fo (;,M) is small and
f1(;3M) tends to be large if fo (;,M) is large. However, a complete linear correlation between f (;,M)
and fa (;,M) was not obtainable and therefore not all of f; (;,M) can explain f5 (;,M). This may indicate
that f1 (M) and fa (;,M) can measure a similar thing each other but cannot always measure a same

thing and, by f1 (;,M) or fa (;,M), measurable things such as importance for binding ions or molecules
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or importance for maintaining the structure may be different. Thus, from a different point of view,

f1 (M) and f3 (;M) can quantify an amino acid residue.

3.5 Conclusions

Methods to mapping an MSA, which is represented as a character type and a coordinate type, were
used for EF1A and we propose two usages. The first one is to evaluate f; by fa. The second one is
to determine predicted functional amino acid residues by the use of f;. Our methods showed a better

performance and reliability for functional site prediction of EF-Tu/EF1A.
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A 180°

B 180°

Figure 3.4: The three-dimensional structures of Aeropyrum perniz EF1A (PDB ID: 3VMF,
3WXM). f; (;M) was calculated by T = N, g, = g3, hy = h1, A = 2°A and ;G = ¥G. The amino
acid residues were divided in half by f; (;M). If fi (;M) is small, the atoms were colored by pink. If
f1 (;M) is large, the atoms were colored by white. The blue spheres show atoms belonging to GTP. (A)
The yellow chain shows the release factor subunit 1 (PDB ID: 3VMF). (B) The green chain shows the
pelota homologue (PDB ID: 3WXM).
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A 180°

B 180°

Figure 3.5: The three-dimensional structures of Orytolagus cuniculus EF1A and Saccharomyces
cerevisise EF1A (PDB ID: 4C0S, 1F60). f; (;M) was calculated by T' = N, g, = g3, hy = h1,
A =24 and ;G = ¥G. The amino acid residues were divided in half by f; (;M). If f1 (;,M) is small,
the atoms were colored by pink. If f; (;,M) is large, the atoms were colored by white. (A) The blue
spheres show atoms belonging to the GDP and the yellow sphere shows a magnesium ion (PDB ID:
4C0S). (B) The cyan chain shows the EF-1Ba (PDB ID: 1F60).
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Table 3.2: Correlations between f; and f5.

gz he w(l) A G T AUC Spearman’s p
20 4 %;g 0<7t<1 05806 0.1221
hy o - GG 0<r<1 06242 0.3650
94 I 0<r<1 0.5700 0.1015
G 0<r<1 0.6184 0.3509
0.1 0.6036  0.1436
1 0.2 0.6376  0.1977
9 03 0.6420  0.2015
20 4 0.4 0.6120  0.1585
0.1 0.7207 _ 0.5566
G 0.2 0.7412  0.5773
i9 03 0.7374  0.5613
he 0.4 0.7037  0.5028
2 0.1 0.5757  0.1171
1 0.2 0.6023  0.1659
9 o3 0.6151 0.1715
94 0.4 0.5885  0.1160
0.1 0.6997 0.5185
o ag 02 0.6984  0.5097
0.3 0.7084  0.5063
0.4 0.6854  0.4797
0.1 0.5001  0.1288
1 0.2 0.6052  0.1467
i9 03 0.6366  0.2315
unused A 0.4 0.6391  0.2763
0.1 0.6758 0.4474
o 0.2 0.6975  0.4734
i9 03 0.6905  0.4823
L 0.4 0.6865  0.4922
3 0.1 0.5872  0.1200
1 0.2 0.5939  0.1387
9 o3 0.5916  0.1460
used A o1 0660704162
. 0.2 0.6805  0.4470
i9 o3 0.6888  0.4599
0.4 0.6782  0.4675
20 4 H 0.5916  0.0718
by - gg - 0.7399  0.5780
94 H 0.5652  0.0587
g - 0.7020  0.5145
20 4 HY 0.6180  0.1308
92 py - °g - 0.7417  0.5722
94 H= 0.5890  0.1257
g - 0.7012  0.5091
HA 0.6225  0.1579
hs nnused A f’g - 0.7287  0.5517
HY - 0.6138  0.1412
used A g - 0.7265  0.5501
20, 10 - 0.5792  0.0378
By - 79 - 0.7386  0.5801
94 H= 0.5655  0.0501
g - 0.7052  0.5244
20 4 H 0.6147  0.1241
93 py - Gg - 0.7393  0.5723
94 H 0.5992  0.1405
g - 0.7059  0.5170
unused H 0.6276  0.1653
hs Gg - 0.7349  0.5650
H 0.6211  0.1502
used &
g - 0.7335  0.5637
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scatter plot of f; (;,M) and f5 (;,M). However, one point whose f (468M) = 822 and f5 (468 M) = 45.56
was not shown. ;M € M was classified into 2 by whether fy (M) is equal to or smaller than 3 A
or larger than 3 A because if 3 A was changed to 2 A, the number of the smaller sites was 4. (B)
By regarding the former as true and the latter as false, the ROC curve was written using f1 (;,M).
The threshold was determined so that (true positive rate + 1 - false positive rate) is maximum and,
eventually, ;M € M was classified into 4, which were visualized onto three-dimensional structures of
(C) Thermus thermophilus EF-Tu [91] and (D) Saccharomyces cerevisiae EF1A [6].
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Chapter 4

Protein functional site prediction by

specific conservation

4.1 Introduction

Chapter 3 used a conservation which investigates important sites for all subfamilies of the protein
family. This means that the conservation is more likely to be small if the site has been conserved
in all subfamilies but the conservation is more likely to be large if the site has not been conserved
in a subfamily. This chapter changes the point of view of conservation and uses a conservation which
investigates important sites for a particular subfamily. This means that the conservation is more likely to
be large if the site has been conserved in a particular subfamily but has not been conserved in the whole
family. In addition, the conservation is more likely to be small if the site has not been conserved in the
subfamily or has conserved in the whole family. Therefore, we define a specific conservation which can
detect sites that have been conserved in the target subfamily but have not been conserved in the whole
family. This chapter investigates whether or not the specific conservation can detect important sites
for functional divergences of Mycoplasma pneumoniae EF-Tu (MpEF-Tu) and Mycoplasma genitalium

EF-Tu (MgEF-Tu) and ¢EF1A1l and eEF1A2 [61].

4.2 Materials and Methods

4.2.1 Data collection

From UniProtKB/Swiss-Prot release 201311 (541,762 entries) [7], 1,024 entries were extracted by search-
ing ‘GTP-binding elongation factor family. EF-Tu/EF-1A subfamily’ in the annotation of protein simi-

larities. 41 entries were excluded because 39 entries were annotated as a fragment and 2 entries included
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‘X’ in their sequences. Consequently, 983 entries were retained as sequences of the EF-Tu/EF1A pro-

teins.

4.2.2 Computation of a specific conservation

The sequences were aligned by the MAFFT 7 program [55]. A dissimilarity between two sequences
was computed by the PHYLIP protdist program [29] using the Jones-Taylor-Thornton model [50] as an
amino acid substitution model. A phylogenetic tree was reconstructed by the UPGMA in the PHYLIP
neighbor program and the sequences were divided into groups at each node of the phylogenetic tree.
For computation of SP-based specific conservations, the Gonnet substitution matrix [14] was used and a
weight of sequences was computed by the Sibbald and Argos method [102] and the number of iterations

was 100,000.

4.2.3 Visualization

The AUC was calculated by using the pROC R package [96], A heat map of the AUCs was created by the
matplotlib Python package [44]. The sequence alignment and the phylogenetic tree were visualized by

the Discovery Studio 3.1 software package [2] and the MEGA 5.2 software package [113], respectively.

4.3 Results

4.3.1 Analysis of EF-Tu in Mycoplasma species

: TUMYCAS5
— Ty
TUMYCS5
TUMYGAP
TUMYGH2
I TUMYGH?
|| L TUMYCHJ
TUMYGMO
19 TUMYCGA
—22 57— TUMYCGE
21 23 TUMYCPEN
TUMYGPE
20 TUUREP2
M TOUREPA
L TUUREU1

Figure 4.1: Evolutionary branches of EF-Tu in Mycoplasma species. The evolutionary branches
include the MpEF-Tu and MgEF-Tu nodes (TUMYCPN and TUMYCGE). The numbers are assigned
to each node by counting from the root to the MpEF-Tu node.

Based on the 983 sequences of EF-Tu/1A, we constructed the MSA and the phylogenetic tree. Figure

4.1 shows that the nodes of MpEF-Tu and MgEF-Tu are divided into the 23rd node when numbers 1
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Figure 4.2: Pairwise sequence alignment of EF-Tu in Mycoplasma species. The 2 sequences in
Mycoplasma species were extracted from the MSA of the EF-Tu/EF1A family. Alignment sites which
do not have the residues of MpEF-Tu and MgEF-Tu were excluded. A white background site consists
of unique amino acids and black background site consists of two types of amino acids.
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Figure 4.3: Performance evaluation for predicting fibronectin binding sites in EF-Tu. From
specific conservations based on (A) SPW or (B) SE, the AUC was calculated by using the M193, N194,
E204, S343, P345 and T357 residues, which involve fibronectin binding of MpEF-Tu [11]. The positive
direction for the ROC curve was defined as ascending order of the specific conservations.

to 24 are assigned to each node from the root to the leaf node of MpEF-Tu. Figure 4.2 shows that
there are 13 different sites between the sequences of MpEF-Tu and MgEF-Tu. Figure 4.3A shows that
C (M, ?*M) is the second highest AUC and C (M, M) is the highest AUC. Figure 4.3B shows
that the AUC of C (3¥M,2*M) is 0.5 and C ($M,°M) is the highest AUC. Table 4.1 shows that
each C' (?*M,?* M) in the SP- or SE-based method is higher than each C (TM,?M) or C (M, M),

respectively.

4.3.2 Analysis of eEF1A1 and eEF1A2

Figure 4.4 shows that the nodes of human eEF1A1 and eEF1A2 are divided into the 21st node when

numbers 1 to 28 are assigned to each node from the root to the leaf node of human eEF1A1. Figure 4.5

shows that there are 36 different sites between the sequences of human eEF1A1 and eEF1A2. Figure

4.6A shows that C' (2! M, 22 M) is the second highest AUC and C (M, $M) is the highest AUC. Figure
27



Table 4.1: Specific conservations with high performances for predicting fibronectin binding
sites in EF-Tu The ‘X’ letters denote the MpEF-Tu residue involving fibronectin binding [11]. The
threshold shows the arithmetic mean between two conservations whose sum of the true positive rate and
1 - false positive rate becomes maximum when the threshold is used as a cutoff value of the conservations.
f1 3M) was calculated by T = N, g, = g3, hy = h1, A=A and ;G = ¢G.

hoy A G w (D) ] hs, VA, G, w (1) [ hs, VA, ;G [

Residues COMIM) CEFMIM) C(EM,[°M)  C(FPM,7"M) Fibronectin binding  f1 ;M)
Q49E -0.00082 0.14000 0.00043 0.22767 291
R130K -0.00006 0.11945 0.00081 0.22767 266
T1428 0.00079 0.08863 0.00038 0.22767 229
M1931 0.00278 0.15784 0.00323 0.22767 X 176
N194K 0.00166 0.23084 0.00064 0.22767 X 437
E204T 0.00253 0.25597 0.00271 0.22767 X 378
1243V -0.00197 0.06348 -0.00074 0.22767 265
R249K -0.00161 0.11945 -0.00013 0.22767 458
D283E -0.00022 0.13905 0.00058 0.22767 220
S343A 0.00052 0.12061 0.00134 0.22767 X 388
P345A 0.00190 0.29930 0.00307 0.22767 X 191
T357A 0.00280 0.17341 0.00179 0.22767 X 277
S388T -0.00322 0.08863 0.00059 0.22767 204
AUC 0.97619 0.95238 0.97619 0.50000

Threshold 0.00023 0.14892 0.00061

Sensitivity 0.85714 1.00000 0.85714

Specificity 1.00000 0.83333 1.00000

4.6B shows that C' (3 M, ?2M) is the highest AUC and C ($M,§M) is the second highest AUC. Table
4.2 shows that each C' (3 M,?2M) is higher than each C (¢ M,$M) in the SP- or SE-based method.

4.4 Discussion

4.4.1 Specific conservation

Landgraf et al. [66] have proposed an SPW-based variability. The range of the variability is 0.0 to 1.0.
The higher the value implies, the more the alignment site consists of hardly substituting amino acids.
Mihalek et al. [81] have proposed an SE-based variability. The range of the variability is 0.0 to In 20.
The higher the value implies, the more the alignment site consists of various letters. In our thesis, two
changes have been added to this variability. One is that a gap site is regarded as an extra amino acid.
The other is that the base of the logarithm is 21. The range of this variability is 0.0 to 1.0.

Landgraf et al. [66] have also proposed a specific conservation using their variability. The conser-
vation is obtained from two variabilities. One is the variability computed from all sequences in the
MSA. The other is the variability computed from a group which includes a target protein. The range
of the score is -0.5 to 1.0. The higher the score implies, the more the variability of the group relatively
decreases than the variability of all sequences. They have discussed influences of grouping by determin-
ing a threshold of the specific conservation from random sequence clusters. However, the conservation
obtained from their grouping method strongly depends upon how to construct a set of protein sequences.
Therefore, by comprehensive grouping of the evolutionary branches, we consider a method which can

determine an evolutionary divergence highly correlating with the functional divergence.
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Figure 4.4: Evolutionary branches of eEF1A1 and eEF1A2. The numbers are assigned to each
node by counting from the root to the human eEF1A1 node.

4.4.2 Functional divergences of EF-Tu/EF1A

Some bacteria use the membrane-localized EF-Tu to infect their host cell. Mycoplasma species can
be found in many different hosts, whereas the individual species have a strict host, organ and tissue
specificity [37]. M. pneumoniae is isolated from the human respiratory tract [118] and the urogenital tract
[30]. M. genitalium, which triggers sexually transmitted disease [48], has also been associated with the
human respiratory tract [12]. The tissue specificity may be able to be determined by genetic distinctions
between them. Balasubramanian et al. [11] have shown that MpEF-Tu has higher fibronectin binding
affinity than MgEF-Tu. They have identified fibronectin binding residues by site-directed mutagenesis
studies of MpEF-Tu.

Meanwhile, some species have several eEF1A encoding genes and Homo sapiens has two variant
human eEF1A forms, referred to as eEF1A1 and eEF1A2, shared with ~96% similarity between their
protein sequences [76]. Both eEF1A proteins seem to exhibit similar translation activities although they

have different binding affinities of GTP/GDP and eEF1Ba« [53, 77]. In addition, the expression patterns
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of the two isoforms are exclusive in the human tissues [73, 59]. eEF1A2 is highly expressed in skeletal
muscle, heart muscle and brain whereas eEF1A1 is lowly expressed in these tissues but highly expressed
in other tissues like lung, liver, and placenta. Loss of expression of eEF1A2 in mice has an effect on

motor neuron degradation [19, 86].

4.4.3 Fibronectin binding residues

We explored two EF-Tu/1A subfamilies strongly involving changes of 6 fibronectin binding residues
between MpEF-Tu and MgEF-Tu. The conservations with the highest AUCs are C (TM,JM) and
C (M, M) in the SPW- and SE-based method, respectively. Comparisons of C (2*M,?*M) show
that the above conservations are considerable lower values. This implies that there may be no significance
of the differences of the values. The conservations with the second highest AUC is the conservations
between the node dividing the sequences of MpEF-Tu and MgEF-Tu in the SPW-based method. This
implies that the functional divergence involving fibronectin binding between MpEF-Tu and MgEF-Tu
highly correlates with the node dividing the sequences of MpEF-Tu and MgEF-Tu. The value of the
conservation depends on the substitution scores of amino acids because conservations calculated from a
leaf node is always 0. This shows that the property of amino acids is an essential factor for the functional
difference of the fibronectin binding function.

Balasubramanian et al. [11] have created the structural model of the MpEF-Tu protein by homology
modeling using the Thermus thermophilus EF-Tu as a template. The fibronectin binding residues,
which are divided into binding regions 1 and 2, are surface accessible residues in the three-dimensional
structure. Our result shows that these surface residues have very high correlation with the specific

conservations because Table 4.1 shows such large AUCs.

4.4.4 Actin binding residues

We explored two EF-Tu/EF1A subfamilies strongly involving changes of 2 actin binding residues between
the human eEF1A1 and eEF1A2. The SPW- or SE-based conservations whose AUCs are the first
and second highest values also include C' ($M,§M). Comparisons of C ($M,§M) and C (' M, 22 M)
show that the above conservations are considerable lower values. This implies that there may be no
significance of the differences of the values. In Figure 4.4, SPW- or SE-based specific conservations whose
AUCs are the first and second highest values include C (?*M,#2M). This implies that the functional
divergence involving actin binding between the human eEF1A1 and eEF1A2 highly correlates with the
node dividing the sequences of human eEF1A1 and eEF1A2. Figure 4.5 shows that there are 29 sites
consisting of unique letters in the sequences of the 22nd node of Figure 4.4. This implies that the value
of the conservation depends upon the substitution score of amino acids. This shows that the property

of amino acids is an essential factor for the functional difference of the actin binding function.
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Table 4.2 shows that the first and second highest values of 36 SE-based conservations are 0.25547
and 0.19407, respectively. The residues of human eEF1A1 and eEF1A2 with these conservations include
the 2 actin binding residues. The values of other 27 residues are also 0.19407. This shows that we
cannot investigate differences of the 27 residues by using the SE-based conservations. Conversely, there
are various values in the SPW-based conservations. We can suggest a possibility for further analyses
of eEF1A1 and eEF1A2. Soares et al. [105] have created structural models of the human eEF1A1 and
eEF1A2 proteins by homology modeling using the yeast eEF1A as a template. They have compared
interaction surfaces and different residues between the human eEF1A1 and eEF1A2 proteins based upon
the three-dimensional structures. Table 4.3 shows hypothetical functional residues described by Soares et
al. [105]. In the hypothetical residues involving guanosine binding, actin binding and phosphorylation,
N197H, A326C and F393S have the highest specific conservations, respectively. In addition, we can
also compare the specific conservations with the sites involving post translational modifications [104] or
origomerization [75]. This shows that the specific conservation is useful for determining key residues for

further analyses of EF1A.

4.5 Conclusions

This chapter described specific conservations of subfamilies. This method showed that the functional
divergences involving actin and fibronectin binding of the EF-Tu/1A molecules highly correlate with the
evolutionary branches which divide the sequences. Such quantitative descriptions, which are based upon
SP and SE, is effective for predicting important amino acid residues of EF-Tu/EF1A. These methods may
prompt identification of key residues involving functional divergence of protein subfamilies or subtypes.

Meanwhile, Tables 4.1 and 4.2 show that f; (;M) is more likely to be larger than 134, which is
a threshold determined in Figure 3.7B. This implies that f; (;,M) cannot always detect all functional
sites of EF-Tu/EF1A. Therefore, it is necessary for comprehensively predicting functional sites of mul-
tifunctional proteins that conservation of amino acid residues is considered from a different point of

view.
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Figure 4.6: Performance evaluation for predicting actin binding sites in EF1A. From specific
conservations based on (A) SPW or (B) SE, the AUC was calculated by using the N331S and M335Q
residues, which are equivalent to the N329 and K333 residues involving actin binding of the yeast eEF1A
molecule [32]. The positive direction for the ROC curve was defined as ascending order of the specific
conservations.
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Table 4.2: Specific conservations with high performances for predicting actin binding sites
in EF1A The ‘X’ letters denote the human eEF1A1 and eEF1A2 residues which are equivalent to the
N329 and K333 residues involving actin binding of the yeast eEF1A molecule [105]. The threshold shows
the arithmetic mean between two conservations whose sum of the true positive rate and 1 - false positive
rate becomes maximum when the threshold is used as a cutoff value of the conservations. f; (;,M) was
calculated by T = N, g, = g3, hy = h1, A=A and ,G = §G.

ha, A G w (D) hs, 2" A, 1G, w (D) [ ha, A, 1 G [

Residues COMIM) CEM M) COEMEM)  C("M,7°M)  Actin binding  f1 ;M)
S83T 0.02403 0.08153 0.01511 0.19407 438
V8TI -0.00468 0.06226 0.00442 0.19407 43
P161A 0.02264 0.24512 0.00125 0.19407 820
Q164E 0.03766 0.13165 0.01125 0.19407 307
E168D 0.00917 0.13241 0.00984 0.19407 207
TI176A 0.00567 0.15339 0.00740 0.19407 204
D186A -0.00321 0.24408 0.00252 0.19407 188
A189P -0.00725 0.28690 -0.00221 0.19407 109
N197H -0.00107 0.25931 0.00426 0.19407 278
A206P 0.00098 0.05119 0.01027 0.08149 768
T217E 0.02192 0.23347 0.01228 0.19407 819
D220E 0.01581 0.03949 -0.00070 0.11018 628
T226V -0.00024 0.22298 0.00951 0.19407 384
T227S -0.00233 0.07602 0.00579 0.19407 328
C234T 0.00033 0.29774 0.00084 0.19407 479
V2ril -0.00281 0.06226 -0.00071 0.19407 395
K273R -0.00389 0.11880 -0.00113 0.19407 292
V2851 0.03537 0.06226 0.01110 0.19407 372
V3201 0.00474 0.06226 -0.00023 0.19407 206
A326C 0.00771 0.31076 0.00082 0.19407 188
N3318 0.00691 0.20197 0.00510 0.25547 X 288
M335Q 0.03814 0.27765 0.01750 0.19407 X 111
G339Q -0.02090 0.16000 -0.00380 0.15548 350
A342S -0.00375 0.10550 -0.00168 0.19407 219
A3588 0.03212 0.10550 0.01011 0.19407 122
L3611 0.02974 0.02915 0.01903 0.15548 87
G390N -0.00206 0.08175 -0.00219 0.11018 225
F3938 0.01559 0.34059 0.02170 0.19407 99
D403E 0.00208 0.11476 0.01418 0.19407 419
D417Q -0.00424 0.19312 -0.00304 0.19407 790
A440N -0.01732 0.24580 -0.00275 0.19407 312
D442E 0.00573 0.03949 0.00231 0.11018 438
A445S -0.00473 0.10550 0.00362 0.19407 801
A446G -0.00585 0.14825 0.00157 0.11018 795
K462G -0.02254 0.33389 -0.00195 0.19407

-463K -0.00848 0.23160 -0.00183 0.19407

AUC 0.83824 0.75000 0.77941 0.80147

Threshold 0.00632 0.19754 0.00476 0.22477

Sensitivity 0.67647 0.64709 0.61765 1.00000

Specificity 1.00000 1.00000 1.00000 0.50000

Table 4.3: Estimated functional residues involving divergences between eEF1A1l and
eEF1A2 [105].

Residues Hypothetical function

Q164E Adjacent to the guanosine binding pocket

E168D Adjacent to the guanosine binding pocket

N197H Adjacent to the guanosine binding pocket

A206P Adjacent to the guanosine binding pocket

T217E Phosphorylatable

T227S Phosphorylatable

V3201 Adjacent to aminoacyl-tRNA and eEF1Ba binding sites

A326C Adjacent to an actin binding residue

N331S Actin binding

M335Q  Actin binding

A358S Adjacent to an actin binding residue

F393S Phosphorylatable

A445S Phosphorylatable
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Chapter 5

Protein functional site prediction by

sequence and structure

5.1 Introduction

The well known function of the translation elongation factor Tu (EF-Tu) and eukaryotic translation
elongation factor 1A (eEF1A) is a carrier of aminoacyl tRNAs to the A site of the ribosome in bacteria
and eukaryotes, respectively [5]. The eEF1A-GTP-tRNA complex elongates a new polypeptide chain
upon the ribosome and this elongation event triggers GTP hydrolysis. The inactive GDP form of the
eEF1A is recycled to the active GTP form by guanine nucleotide exchange factors including eukaryotic
translation elongation factor 1Ba (eEF1Ba) [6]. These functions are inferred as a primary function of
the EF-Tu/EF1A family.

Moonlighting functions have been discovered in the eEF1A proteins [27, 78, 1]. In around 1990,
Dictyostelium discoideum eEF1A was identified as an actin-binding protein [121]. Gross et al. [32] have
identified actin binding residues by site-directed mutagenesis of yeast eEF1A. Meanwhile, Saccharomyces
cerevisiae has two eEF1A encoding genes [84]. Overexpression of these genes resulted in defective
budding and enlarged cells [83] and eEF1A2 induces filopodia production in rodent and human cell lines
[4]. This indicates that eEF1A2 regulates actin remodeling and cell motility. Additionally, eEF1A2 is
likely to be an important human oncogene [114]. Overexpression of the eEF1A2 causes ovarian cancer
probably triggered by inhibition of apoptosis [68]. The protection mechanism exerted by eEF1A2 may
correlate with regulation of caspase-3 activation whereas the increase in eEF1A1 protein levels may
facilitate rapid death of cells [97]. However, it is still unknown how each function works and the
functions relate to each other.

In around 2012, it was discovered that EF1A binds a peptide called FNIII14, which involves in
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anoikis that is apoptosis triggered by detachment from the extra cellular matrix [46]. This function
is important to investigate how the cellular functions between protein biosynthesis and cell death are
related. For further analysis of this crosstalk, it is needed to identify the binding site of FNIII14.
However, the human EF1A1 consists of 462 amino acid residues. Therefore, identifications of important
amino acids are time- and money-consuming. This chapter narrows down the candidates for the binding
site of FNIII14 by using structure-based methods such as docking tools and molecular dynamics (MD)
simulation. Finally, we combine the results of the structure-based method with the sequence-based

method in Chapter 3.

5.2 Materials and Methods

5.2.1 Modeling of the complex structure

Human eEF1A1 was modeled by homology modeling using Sacharomyces cerevisiae EF1A (PDB ID:
1F60) as a template by the Discovery Studio 3.1 software package [2]. Human eEF1A1 was aligned to
Sacharomyces cerevisiae EF1A by P160 and P161 as gaps. The model of human eEF1A1 was constructed
by the Build Homology Modeling protocol.

FNIII14 was constructed from the crystal structure of fibronectin (PDB ID: 1FNH) by extracting
T236-K257. The C-terminal lysine was converted into cysteine by the Discovery Studio 3.1 software
package [2].

We used the ZDOCK program [20] for docking of eEF1A1 and FNIII14 by the number of grids,
width and rotation angle as 128x128x128, 1.2 A and 6°. We defined domains of eEF1A1 as domain
1: M1-T261, domain 2: V262-G327 and domain 3: D328-K462 and domain 3 of eEF1A1 was blocked
because experimental results showed that domain 3 has the highest binding affinity (data not shown).
Then, we conducted two dockings by changing blocking regions. In Docking 1, we blocked the domains
1 and 2 of eEF1A1. In Docking 2, we blocked the domains 1 and 2 of eEF1A1 except for the regions

within 12 A from domain 3.

5.2.2 MD simulation and its analysis

We used the AMBER software [18] for MD simulations and specified the AMBER2003 force field [26].
Then, we constructed a rectangular box whose size is &~ 80x80x90 A3 and put ~ 100,000 TIP-3P water
molecules [51] and 2 chloride ions into the box. We conducted energy minimizations of 200 steps by the
steepest descent method and 6,800 steps by the conjugate gradient method. 10 ps MD simulations were
conducted by increasing the reference temperature to 300 K by ntb = 1. The time step was set to 2 fs
by using the SHAKE algorithm for hydrogen atoms [98]. The cutoff of the Van der Waals (VAW) energy
was set to 9 A. The Coulomb energy was computed by the particle mesh Ewald (PME) algorithm [23].
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Next, 10 ns MD simulations were conducted by ntb = 2 and the reference pressure was set to 1.0 bar.
For analysis of the MD simulations, we sampled the MD trajectories every 10 ps. Based on the MD

trajectories, a root mean square deviation (RMSD) was calculated. Let p; and ¢; denote a vector and

. I 2
RMSD*UI%}? E;Mi*R(PmL’U)\a (5.1)

where R is a rotational matrix, v is a translational vector and n is the number of particles [52].

The binding energy is defined as
AC"Ybind = Gcom - (Grec + Glig) ) (52)

where Geom, Grec and Gy;q are free energies of complex, receptor and ligand, respectively. The binding
energy was calculated by molecular mechanics Poisson-Boltzmann surface area method [40, 109, 108]

and is approximated as
AGpinga = AH —TAS ~ AEMM + Aésolvation — TAS, (53)

where AH is a difference of enthalpy, T is a temperature, AS is a difference of entropy, E s is a mean

of differences of molecular mechanics energies and calculated as
AEMM = AEinternal + AEelec + AEvdwv (54)

where AF;nterna; 1S @ mean of differences of internal energies, AFE .. is a mean of differences of elec-
trostatic energies and AFE,q, is a mean of differences of Van der Waals energies and AGgoppation 18 a

mean of differences of solvation energies and calculated as
AC:solvation = AC:hydrophobic + AGhydrophiliw (55)

where Aéhydmphobic is a hydrophic contribution and a mean of differences of surface area energies and
is calculated as

Aéhyd'rophobic = 'YAZ + ba (56)

where v is a coefficient, which was set to 0.00542, AA is a mean of differences of surface areas, b is
an intersection, which was set to 0.92 and Aéhydmphilic is a hydrophilic contribution and a mean of
differences of Poisson-Boltzmann energies, which was calculated by setting inter and exterior dielectric
constants as 1 and 80 and Delphi IT [39] of grid spacing as 0.5 A.

For calculation of interacting residues from MD simulations, we defined that two residues are inter-
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acted if the length between atoms belonging to EF1A1 and YTTYVIAL, which is the important sequence

of FNIII14, is 3 A or less and the rate of the interactions was computed from the MD trajectories.

5.2.3 Visualization

RMSD was computed by the ProDy Python package and visualized by matplotlib Python package [44].

Three-dimensional structures were visualized by the VMD program [43].

5.3 Results

180°

B 180°

Figure 5.1: Predicted complex structures of FNIIT14 and eEF1A1. The complex structures
were obtained by the ZDOCK program by blocking (A) domains 1 and 2 and (B) domains 1 and 2
except for the border region of domain 3, respectively. (A) The rankings of ZDOCK scoring were 1, 2,
3, 6, 7 and 10. (B) The rankings of ZDOCK scoring were 1, 2, 3, 4 and 7. f; (;,M) was calculated by
T=N,g, =93 hy = h1, A=A and ;G = ¥G. The amino acid residues were divided in harf by
f1 GM). If f1 (;M) is small, the atoms were colored by pink. If f (;,M) is large, the atoms were colored
by white.
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Figure 5.2: RMSD of MD simulations. Abscissas show time of the last 24 ns MD simulation.
Ordinates show RMSD [A] of (A) 6 independent MD trajectories from initial structures of Docking 1
and (B) 5 independent MD trajectories from initial structures of Docking 2.

Complex structures between human eEF1A1 and FNIII14 were predicted by the ZDOCK software.
Figures 5.1A and 5.1B show that the predicted complex structures which have high ZDOCK scores
are similar in Dockings 1 and 2, respectively, and the FNIII14s are bound to the regions whose amino
acid residues have small f; (;M). In order to take account of dynamics of the complex structure, we
conducted MD simulations using the complex structures as initial structures. Figure 5.2 shows that
some trajectories do not have large changes in the RMSDs in the last 15 ns of the MD simulations and
therefore the trajectories were used for computations of the binding energy and the rate of interaction.
Table 5.1 shows that the mean of the binding energies of dockings 1 and 2 are almost same. Table 5.2

shows that some amino acid residues have small f; (;,M) and a large rate of interaction.
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5.4 Discussion

Figures 5.1A and 5.1B show that the complex structures whose ZDOCK scores, which consists of shape
complementarity, electrostatics and desolvation, have high values are each similar. This implies that the
binding regions are complement for the C-terminal region of FNIII14. However, Table 5.1 shows that
the binding energies are almost same and therefore we could not determine which complex structure
is stable. Meanwhile, Figure 5.1 shows that the binding regions of FNIII14s are the proximate regions
predicted by the sequence analysis in Chapter 3. Therefore, the sequence analysis and the structural
analysis showed similar predicted regions of eEF1A1. Additionally, as shown in Table 5.2, we computed
the rate of interaction. The rate means that if the rate is small, the residue is not constantly proximate
from FNIII14 but if the rate is large, the residue is constantly proximate from FNIII14. Therefore, amino
acid residues which have small f; (;,M) and a large rate of interaction can be considered as important

residues for binding with FNIII14.

5.5 Conclusions

The sequence and the structure analyses showed similar predicted regions of eEF1A1 and candidate
functional amino acid residues can be selected from Table 5.2. In the future works, the predicted
functional residues should be verified by experimental approaches such as site-directed mutagenesis. We
hope that the detachment activity of FNIII14 is used for cancers which have resistance of anticancer
drugs [54] and applied for clinical problems by developing a more useful FNIII14-like substance or a

small compound which has a similar effect of FNIII14.
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Table 5.1: Binding energies of complex structures between FNIII14 and eEF1A1.

Docking 1
Complex A-Eelec AEvdw AC;hydrophobiz: A(;hydrophilic ACT'bind
1 -377.149  -75.393 -9.503 404.901  -57.140
2 -388.549 -57.471 -8.257 409.733  -44.542
3 -318.291  -70.949 -8.434 352.641 -45.033
4 -340.263 -51.481 -7.330 364.477  -34.599
5 -278.515  -61.470 -7.888 302.059 -45.815
6 -331.041 -58.237 -8.236 360.948  -36.566
Mean -338.968  -62.500 -8.275 365.793  -43.949

Docking 2
Complex A-Eelec A-E'L)Ulw AG’hyd’r’ophobiz: ACTVhyclrophilic ACT’bind
1 -393.201  -93.633 -12.108 439.697  -59.242
2 -335.289 -81.710 -10.487 376.478  -51.009
3 -415.172  -61.606 -9.245 449.527  -36.497
4 -335.931  -53.589 -8.283 364.951 -32.852
5 -351.509 -63.574 -9.265 383.235  -41.113
Mean -366.220 -70.822 -9.878 402.778  -44.143

(kcal/mol)

Table 5.2: Sequence and structural analyses of eEF1A1l. f; (;M) was calculated by T' = N,
e = g3, he = h1, A=2°Aand ;G = ?g. The rate of interaction is calculated from the MD simulations.
The residues whose rates of interactions are 0.1 or more were shown.

Docking 1 Docking 2

Residue f; (;M) Rate of interaction | Residue f; (;M) Rate of interaction
H349 46 0.300 | K100 2 0.716
P350 66 0.375 | N101 22 0.691
G351 88 0.401 | T104 50 0.335
Q352 88 0.559 | G105 0 0.542
1353 79 0.292 | T106 11 0.649
S354 140 0.457 | S107 16 0.407
A355 283 0.243 | P249 61 0.252
G356 112 0.485 | 1250 227 0.263
Y357 19 0.834 | Q251 48 0.825
A358 122 0.970 | D252 57 0.247
P359 35 0.712 | V253 96 0.233
V360 42 0.744 | R266 69 0.178
H367 31 0.148 | P282 23 0.190
1368 119 0.260 | V317 101 0.283
A369 41 0.664 | K318 269 0.267
C370 50 0.250 | V320 206 0.188
K371 261 0.514 | R321 192 0.962
K392 130 0.178 | R322 57 0.990
F393 99 0.198 | G323 19 0.583
G407 163 0.301 | H364 43 0.258
K408 278 0.200 | T365 43 0.683
R427 34 0.323 | A366 116 0.946
D428 36 0.658 | H367 31 0.893
M429 28 0.696 | 1368 119 0.440
R430 54 0.252 | K408 278 0.586
V433 110 0.335 | P409 151 0.248

R427 34 0.335

R430 54 0.188
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Chapter 6

Conclusions

The results in Chapter 3 showed that the conservation analysis can detect regions which involve protein
biosynthesis. However, there were two problems. The first one is that the predicted residues are not all
the known functional residues of EF-Tu/EF1A. In other words, the results in Chapter 4 showed that
the conservation analysis in Chapter 3 cannot always detect functional sites because Tables 4.1 and 4.2
show that actin- or fibronectin-binding residues were not predictable. However, the functional residues
were detected by the specific conservations in Chapter 4. This implies that an appropriate conservation
should be selected based upon a type of the protein functions. In addition, the results also showed that
the existing methods were difficult to predict protein functional sites comprehensively but a protein that
has many functional sites was applicable for the proposed method. The second one is that there were
many predicted residues as shown in Figure 3.7. However, the predicted residues were further narrowed
down by the structural analysis in Chapter 5. This showed that combination of sequence and structural
analyses is useful for determining candidate amino acid residues for site-directed mutagenesis.

Meanwhile, a feature of sequence-based methods is widely applicable for protein functional site
prediction. This means that the method can determine candidate functional amino acid residues by
following procedures: (1) Selection of one protein sequence (2) Collection of sequences by similarity
search (3) Construction of an MSA for the collected sequences (4) Reconstruction of a phylogenetic tree
from the MSA (5) Calculation of conservations from the MSA and the phylogenetic tree (6) Determi-
nation of candidate residues based on the conservations. The candidate amino acid residues are useful
for site-directed mutagenesis and we can reduce time and costs for the experiments.

There are future works from biological and informatics aspects, respectively. As for the former,
the results are useful for investigating other functions such as nuclear export, protein degradation,
cytoskeltal regulation and viral functions and may expedite identification of functional sites involving
unknown functions of EF-Tu/EF1A. As for the latter, there are two future plans. The first one is

integration of other existing methods. Chapter 2 integrated some existing methods such as SE- and
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SP-based methods and ET methods but not integrated some methods such as the relative entropy
based method, the Jensen-Shannon divergence based method and ConSurf and Rate4Site algorithms.
Therefore, our idea is not inclusive all the existing methods. In the future works, an integrated method
of other existing methods should evaluate how much the performance is changed by how to treat amino
acids or their background distribution, how to reconstruct a phylogenetic tree or how to take account of
its branch lengths. The second one is application for other proteins because this study only investigated
EF-Tu/EF1A but not other proteins. Analyzing whether other proteins are applicable or not is necessary

to evaluate the prediction performance.
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Abbreviations

ACh

aEF

ANM

AUC

BoNT

DNA

eEF

EF

ET

GDP

GTP

HA

alanine

acethylcholine

archaeal elongation factor

anisotropic network model

area under the curve

Botulinum neurotoxin

cysteine

aspartic acid

deoxyribonucleic acid

glutamic acid

eukaryotic elongation factor

elongation factor

evolutionary trace

phenylalanine

glycine

guanosine diphosphate

guanosine triphosphate

histidine

hemagglutinin

isoleucine
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iv-ET integer-valued evolutionary trace

K lysine

L leucine

L-PTC large progenitor toxin complex
M methionine

MD molecular dynamics

Mg Mycoplasma genitalium

Mp Mycoplasma pneumoniae

MSA Multiple sequence alignment
M-PTC minimally functional progenitor toxin complex
N asparagine

NMA normal mode analysis
NTNHA non-toxic non-hemagglutinin

P proline

PCA principal component analysis
PDB Protein Data Bank

PME particle mesh Ewald

Q glutamine

R arginine

RMSD root mean square deviation
RNA ribonucleic acid

ROC receiver operating characteristic
rv-ET real-valued evolutionary trace

S serine

SE Shannon entropy

SEP Shannon entropy of residue properties
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SNAP-25

SP

SPW

tRNA

VAMP

Vdw

WET

synaptosomal-associated protein of 25 kDa
sum of pairs

sum of pairs with weighting

threonine

transfer ribonucleic acid

valine

vesicle-associated membrane protein

Van der Waals

tryptophan

weighted evolutionary trace

tyrosine
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Appendix A

Accession numbers

In the UniprotKB/SwissProt, all accession numbers used in this study are below: Q5R4R8, P50256,
A3CTG3, Q8U152, 059949, ASCCAO0, Q53871, A1AIF3, AAKWAO, Q40450, Q9ZEU3, P33165, B2SOH9,
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C5D3R5, P42477, A1TYJ5, B8ZSC1, Q2YAZ9, QI8CE4, Q48D34, QTUMZ0, Q160Y4, Q015SX2, 033594,
Q5MS5IS8, Q47LJ1, Q3BWY6, Q59QD6, 029325, P07810, Q09069, A4VHL6, Q73IX6, Q1H4N9, P46280,
A3M1F6, P13552, A6KYKY9, COQVZ4, Q3JMP6, A5SN4N1, B7K834, Q2GFN6, QOBKBS, Q7VJ74,
A8YUS2, B8SDAY7, C1AL18, Q5F5Q8, ATHWP7, A2BYN4, Q8XGZ0, Q8KTA6, A4dYBY5, Q8CQ81,
Q48UKS5, Q3AW53, B5ZC31, P05303, Q9Y713, P51554, Q74MI6, A3DMQ1, A1USC1, Q21SF0, BORU84,
A5CCL4, QOAUG3, A3N246, ASHTWG6, A9ISD9, COZIHG6, Q2SU25, Q255F3, Q8XFPS, P50373, Q8R603,
B5Z8K3, A2RMT1, BIHMZ0, P13927, P64027, Q6CZW6, Q7V500, AQWSW5, Q8KTA3, ASGILFO,
B5XKI1, P42476, ASF3K0, POCT31, P62632, Q90835, A7I656, Q6L202, C5A5P4, AIAGM6, AJKWS8S,
Q66FQ9, A4VHMS, BORU96, QOVSL7, BTJKB7, BTGU46, A7TI3U7, BOB7NS8, C3PKP2, P33168, P02991,
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A5GAW4, BOUV21, QIMPTS, A6W394, B2HSL3, A6Q1L5, AOTOK6, A6UZH4, QOSFF4, Q5LMRS5,
Q1GP97, BAU3U1, B9DRLY, AGLLL1, Q5GWRS, Q5R1X2, Q2HINY, P14963, QSPURS, A3MV69,
Q03033, QOAILJ7, P40174, ASAT79, A3DBAO, P29544, B7GJ65, Q5L890, Q661E5, P33167, P42474,
BORB36, AONAK7, Q727D5, QURRS3, P19457, C5CGR6, P09953, ATUBL1, Q04FQ4, P51287, BOKK53,
ASGPF?2, POA1H6, A6QEKO, C1C881, AOLIH6, P68158, P06805, P17508, Q8SS29, A9A9U3, 093729,
QOWSG2, QIHAQL, Q43467, Q6APT3, A1AX82, Q664R7, Q2GJ61, Q814C4, B7J241, QO5FI3, Q7TMTFL,
Q250N4, A6GYU7, B2GIL2, QU55E6, BOJSE0, Q4A597, A6X0A2, A4SUU7, A5VXN3, AdWVLO,
AIMTO5, Q2YSB3, B5E653, Q2LQA3, P42481, P68104, P14865, P41203, A2STF0, P32186, P43643,
AITWVC4, QOSZXS, Q3A9P8, A7TNSO1, QICCT9, ATHBL7, A7TGK18, Q79G84, Q057A2, BOKFFY,
P56292, CALL63, BSJ1A0, P42475, QOBUQ2, AGW5T5, BOSAF6, A2SLF9, Q98QG1, Q2G8Y2, A1VIPS,
C3K2X8, A3PGI1, Q57HT76, Q2GONO, Q04NT9, A6Q6H4, Q72GW4, Q66RN5, P17507, POCN30, Q2FRI3,
Q01520, AIRXW9, Q9ZT91, POCE47, Q8EKS81, A1USL2, Q21RV6, ATFNNS, BARYQS, C1ET37,
Q492B2, 031298, 069303, BOBBV3, A4QBHO, C6C171, C4KZP9, A9H3R7, Q5QWA3, Q5ZYPS5,
QIMUPO, Q73SD1, A1SNN5, ASDN78, Q37J24, QO7KJ2, A4FPM7, ATWYX6, P72483, C1CSBO,
A5IMS1, P02992, P08736, POCT54, QI6WZ1, Q46474, QUHDF6, Q5JFZ4, QUTCCO, QOS9RS, ATWCNG,
A5WH42, Q8PC51, QUABH7, Q73F98, Q06J54, BSDIUY, ASFKQ5, B3QY22, Q6NJD5, P14634, P49411,
Q5X873, Q6KI66, Q3SSWS, Q02T82, C1AYS3, QLGDV0, A5V604, ASAWAD, C1CF71, P13537, QIP9Q,
A2Q0Z0, QOWL56, P90519, Q57770, Q01765, C6A4R7, QIR5Y2, QUHNV1, Q6FZL2, Q134R0, Q1C1T4,
B3ETZ7, BTHI46, Q2L2G6, BSD851, A1VYI6, QSKAHO, P42439, Q30X13, 050340, Q5FTY1, AGT3KS6,
Q5WZL4, Q605B0, QSEX18, B2J5B1, Q25820, QLIFWS, Q6N4Q4, A8M531, A6TZ25, P33170, Q30TQ5,
Q4AMYA4, Q5NQ65, P34823, P02993, A6UQL4, P25698, AIW2Q5, ASWGK9, Q5GSU2, Q1D776,
Q82677, AOLRLS, A0JZ88, A9VP75, ASELM9, A3NEIl, Q3APH1, AOPXT1, B7JUP5, Q5FFES,
Q5NID9, BOTC54, Q74JU6, Q8Y422, Q2SSW8, P48864, Q6MDNO, Q318N5, P85834, P48865, P33169,
Q4L3K9, P64030, Q3AMT6, AITWHC3, P13549, Q40034, P41745, P34825, Q01372, P17196, QSR7V?2,
Q2RQVS, A1JIH3, Q3A6P9, QIKUZ6, A6VKH7, AIKB29, Q6MJ00, Q2YMO8, Q13TF5, Q0SQCS,
Q47JA5, Q4G342, Q5L3Z9, B2UUWS, Q88VE0D, Q2W2H3, Q600B6, Q2GD83, Q3B6G3, A2BTS3,
QIMIE3, BOBUR2, Q32B27, QU6SH3, A4VZZ3, AOT100, Q877T5, Q8W4H7, 027132, 042820, Q3ILPA4,
Q8DD27, AIWVD6, Q0SY20, Q6FF97, AIRSU9, P33166, Q89J82, A1VSA5, Q5L5H6, BIKSM7, Q85FT7,
POAGN2, B2SFC9, C4K4FS, B2GBC2, C1KZK6, POA559, A1T4L6, AGLESS, A2CC87, Q1XDKI,
ASF2E9, BOTM14, BODKVS, BIICR4, A5GW14, B1AJG3, POCT53, QIHMS9, A5ULMS5, P26751,
A5D5K0, Q5SHNG6, POCE48, QS8EK70, BOCCDO, P17745, Q65PA9, B5RPI0, A3MRTS, Q11HASG,
AS5ITKS, Q46WC7, ASEX84, Q14JU2, ASUHC1, B3WE3S, BIMY04, B3PMU1, POWNNO, B1ZPC5,
A3PEZ7, QAFQG6, Q92GW4, A1S204, Q6GBTY, Q1JHV6, P18668, Q11872, P62630, P28295, BORSCS3,
B8GIQ3, AIRRJ3, Q3A6R2, QUAUHS, BIIVA7, A3Q980, QSFCW3, 050293, Q6HPRO, Q7TTI1,
Q39KI2, Q1ACI3, ABLPP6, QUK5Z9, Q54HB2, ASLC58, ASUIR1, Q039K9, A6YGT2, AOQL35, A5U0T7I,
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Q6YQVS, Q4ZMP2, AS8EZLS, QIY700, Q6GJCO, Q1IMR3, BIXI63, 083217, P68105, P50257, P16018,
Q6LXI1, 059153, P02994, P57939, P29542, QOTA85, Q089Q6, Q43364, 066429, QIZIL6, QTIGCH,
QOBJ48, Q8MOW?7, ATFZ71, ATMKI5, AIVAK4, Q2JFHS8, Q7TTF9, Q03QN5, QIXD38, QSBFRS5,
Q20EU5, Q6AGL7, Q889X3, QIRHLY, POA1H5, P99152, Q1JCT6, Q2JMX7, Q73PN3, P34824, Q5VTEOD,
Q92005, Q8TYP6, QI79T1, Q4QMW6, QOI0BY, Q8R7TS, Q2RQU6, Q8ZANS, 21178, BTHQU?2,
QOSN31, P59506, Q5SHVZ7, POCD71, Q4JT41, COQIY7, ATHM54, Q28UW?7, Q6ACZ0, B3E156, P23568,
Q8YP63, P72231, Q4K519, Q211E6, AOMHGO, Q2FJ92, P69952, ASZ5TS, BILBP2, Q27140, Q00251,
A2BNA41, Q31UDS8, P25166, Q6FZC0, Q134S7, Q8PC59, P57966, P60339, BOBQZ3, B6YQ04, QILSY4,
P42471, A4JAM5, B3EH93, AOKRZ4, Q11Q98, Q33451, C1A6Q3, QIZK19, Q02WY9, BOE’QO, A4T1R2,
A1KRF9, Q03F25, QTUZY7, AGMW?28, POA3A9, Q31VV0, P42479, P64031, C5BQ44, ATMXE4,
P68103, P62631, P29520, Q41803, QIYICO, Q976B1, BOSUQ7, A5USJ1, Q1C2U1, QTMYES, Q7TMGRI,
AO0KQ95, C3P9Q3, BSDTV7, P64024, A4XI37, B3EP63, A3DJ00, ASFQQ5, Q839G8, 050306, Q2EEV7,
B2G6R2, Q65QG6, Q4AIG1, Q81ZS3, A1ALS6, A4SCQ7, QI25Y6, POA3BO, AGUS42, Q8E645, AAVTQT,
Q01698, P42482, P29521, Q71V39, AORUMA4, Q8TRC4, A5DPE3, P17197, ASA5EG, A3DAT4, AATGY7,
Q88QN7, Q4URCS5, B2UQYY, Q81VT2, Q8G5B7, P64025, AORQJ3, P17746, Q47UU9, QIR342, C4ZB99,
A41J17, QOITU9, Q38WR7, QOANNI, P30768, Q3J8Q0, A9BHA7, Q15NP2, COZVT7, Q1AU14, AOETDI,
P95724, QO3LXO0, ASF4Q9, Q2NZX1, Q2HJN4, Q8GTY0, P31018, AGVGV6, A4WKKS, 024534,
Q1D7V1, Q82DQ0, A7ZUJ2, ASGKK1, P40175, Q3MDM5, Q63H92, BSRM34, Q1BRT3, Q99QMO,
A5CUBG, A9KD33, A4J0Z5, P26184, Q6B8Y0, QIIHG6, BOSSHI, C5CC66, A3PVI6, P49462, B2RL52,
Q3K5X4, C3PPAY, Q2S1P8, Q5HICT7, Q5XD49, P33171, Q3SLQ1, P17506, P40911, Q2NEL1, Q6LVCO,
QIKV37, Q4QMTS5, QOIOA7, A1TJ05, Q5P334, QSWLR4, P49410, Q62GK3, AOWFP3, A7GJ76,
QITLVS, POA6N3, Q2A1MO, Q2S878, Q04B37, Q92716, ASTYA9, AOPM42, A8GT708, A1T056, QSKT99,
Q12SW1, P64029, A2RFQ4, Q7U4D1, Q83GW1, P10126, Q2HING, AAFWE9, QIVOV7, P86933, QOC1F4,
Q3YWT3, BOT2B5, A5UYI1, A4TS36, Q5PBHI, B9IZJ2, P50062, QIROH7, BIVET1, B8G1W4,
A5F1J9, AOM3Z6, A6TEX7, Q04PT6, BSELG5, A0QS98, QSETY4, Q123F6, A4XZ92, Q3J554, Q5PIWA,
A5IQA2, PODA82, Q67JU1, Q311Y4, POCT32, P41752, AGTWI4, Q2KIN2, Q4URD7, QOAF46, P29543,
ASFZW7, Q2NJ20, QRKHX9, A4YSJ0, Q63PZ6, Q82214, QOTMNO, P17245, Q5HAS0, A4TW92, B6JN44,
QICEI0, AOALYS, P18906, P64026, Q7VA05, 021245, C4K212, AOKRLO, Q49V58, PODAS3, P74227,
A5CW32, Q32PHS, P19039, AOB7D6, P17786, Q88QPS8, Q7MH43, QUBYB2, Q3YV04, BTHIKS,
BSHD11, Q8A463, P52854, A3POB5, A2CI56, BSISNS, BSHVR7, Q3YRK7, A0Q874, Q17VMS, Q042T5,
Q71WBY9, AIKGG5, BIL7IS, A1B002, A9BCKO, QILI13, Q8KTA1, ASGYW?2, Q5HRK4, B8ZL95,
QOID59, P50068, POCY35, P14864, P53013, 049169, 064937, Q04634, Q6AP86, A1AVJS, Q8ZJB2,
Q6LLV5, Q73H85, A4SHU2, C3LJ80, AIAOT1, A5VRO08, ATZCNO, A1BJ36, P50372, Q3ZXX3, Q2N9AS,
Q748X8, A4GIUO, QIWUS3, P22679, QIQN32, Q4FLK5, QITJIQ8, P75022, QSKT95, Q2NQL?7,
QSEOH1, Q5M101, Q8DI42 and Q8NL22.
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Appendix B

Source code

B.1 Main function

This section describes a source code to compute fi (;,M), f2 (;M) and their correlations. Because
describing all the source codes needs a very large space, only the main function written in C++ was

shown below.

Listing B.1: A main function of the source code

int main()
{
/*

1. To create a protein family database from the UniprotKB/SwissProt database
— UniprotXML is an input file of UniProt data in XML format.
— FamilyDB ts an output database file.
*/

const charx UniprotXML = ”~/uniprot/uniprot_sprot_-2015_01.xml”;

const charx FamilyDB = ”ProteinFamily.db”;

if (! CreateProteinFamilyDB (UniprotXML, FamilyDB)) return EXIT_FAILURE;

/*
2. To insert PDB data into the family database
— FamilylD is an identifier for protein family (20: EF-Tu/EF—1A family).
— PDBDirPath is a file path of the PDB data in XML format.
*/
const unsigned int FamilyID = 20;
const charx PDBDirPath = 77 /pdb”;
if (! InsertPDBXML (FamilyDB, FamilyID, PDBDirPath)) return EXIT_FAILURE;

/*

8. To write a fasta file which contains all analysing sequences
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— If the sequence length is smaller than MinSeqLen or larger than MazSeqLen, the
sequence is excluded.

— SeqFile is an output file which contains sequences derived from the SwissProt and PDB.
*/

const unsigned int MinSeqLen = 20;

const unsigned int MaxSeqLen = 600;

const charx SeqFile = ”Sequence.fasta”;

if (! WriteSeqFile (FamilyDB, FamilyID, MinSeqLen, MaxSeqLen, SeqFile)) return

EXIT_FAILURE;

V&
4. To execute the MAFFT program
— MafftOption is parameters of the MAFFT program.
— MafftFile is an output file of the MAFFT program.
*/
const charx MafftOption = "—localpair —maxiterate 1000” ;
const charx MafftFile = ”Mafft.fasta”;
if (! ExecuteMAFFT(SeqFile, MafftOption, MafftFile)) return EXIT FAILURE;

/*

5. To select alignment sites which have structural data
— SelectedSitesFile is an output file in fasta format.
*/

const charx SelectedSitesFile = ” SelectedSites.fasta”;

if (! SelectAlignmentSites (MafftFile, SelectedSitesFile)) return EXIT_FAILURE;

/*

6. To insert infomation of a phylogenetic tree into the conservation database

— SubstitutionModel is a substitution model of amino acids (Dayhoff or JTT model).

— FEquilibriumFrequencyModel is how to calculate equilibrium frequencies of amino acids.
If it is OWN, Dayhoff or JTT, the frequencies are calculated from the input
alignment or based on the Dayhoff or JTT model, respectively.

— When EquilibriumFrequencyModel is OWN, sequence weights are considered if
SequencePairWeight is ture.

— TimeConstant is a time constant for computing sequence dissimilarities by the mazimum
likeliwood method.

— ConservationDB ts an output database file.

*/

const charx SubstitutionModel = ?JTT”; //Dayhoff or JTT

const charx EquilibriumFrequencyModel = "OWN’; //OWN, Dayhoff, or JIT
const bool SequencePairWeight = true;

const double TimeConstant = 0.01;

const charx ConservationDB = ” Conservation.db”;

if (! InsertPhylogeneticTreeIlntoConservationDB (SelectedSitesFile , SubstitutionModel,

64




61
62
63
64
65
66
67

68
69
70
71

72
73

74
75
76
7
78

79
80

81

EquilibriumFrequencyModel , SequencePairWeight , TimeConstant, ConservationDB))
return EXIT FAILURE;

/*
7. To insert conservations into the conservation database
— Iteration is the number of iterations for computing sequence weights.
*/
const unsigned int Iteration = 100000;
if (! InsertConservationsIntoConservationDB (ConservationDB, Iteration)) return
EXIT_FAILURE;
/*
8. To insert correlations into the correlation database
— Cutoff is a cutoff [angstrom] which determines whether an amino acid residue is
proxzimate from ions or molecules or not.
— If Homolnteraction is true, proxzimities from same proteins are taken account.
— FExzcludingMolecule contains the molecules which are excluded when computating
proximsities .
— CorrelationDB is an output database file.
*/

const double Cutoff = 3.0;

const bool Homolnteraction = false;

const charx ExcludingMolecule = "ACETATE ION,AMMONIUM ION,CHLORIDE ION,SULFATE ION,
SODIUM ION,5 —BROMOFURAN-2—CARBOXYLIC ACID, BETA-MERCAPTOETHANOL, DI (HYDROXYETHYL)
ETHER, GLYOXYLIC ACID,SUGAR (SUCROSE)” ;

const charx CorrelationDB = ” Correlation .db”;

if (! InsertCorrelationstIntoCorrelationDB (FamilyDB, MafftFile, ConservationDB, Cutoff,

Homolnteraction , ExcludingMolecule, CorrelationDB)) return EXIT_FAILURE;
}

B.2 Output

This section describes three output databases, which contain calculation results of above program. The
protein family database contains data extracted from the Swiss-Prot and PDB (see Figure B.1). The
conservation database contains data of an MSA, phylogenetic tree and some conservations based on h,
(see Figure B.2). The correlation database contains fi (;,M), f2 (;M) and their correlations (see Figure
B.3).
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Family Entry PDBREF Chain
ID ID —_— EntrylD ID
Family 1 Entry — PDBID — PDBID —
FamilylD — Chain Entity —
Organism Method 1 Chain —
Table TaxonomyID Resolution Molecule
, Fragment Type
——— Relation Sequence Distance Sequence
/ \ — PDBID
E i Entity1
Swiss-Prot PDB — Chain1
Residue1
Index1
: Entity2
Entry Chain L Chaiﬁz
Family Distance Residue?
PDBREF Index2
K / Distance

Figure B.1:

A schema of the protein family database. From the Swiss-Prot database, tables of

Entry, Family and PDBREF are created. From the PDB, tables of Chain and Distance are created.

(2)

Dissimilarity

ProteinlD1
ProteinlD2
Dissimilarity

(3)

Node

ProteinIlD
Node
ID

Table

Relation

(1) (5)
Protein Site
I ID ProteinID
Name Residue
Sequence Site
(6)
Conservation
Site
Node
(4) Conservation
Weight Conservation2
ID
Weight

Figure B.2: A schema of the conservation database. From the MSA, tables of Protein, Dissimi-
larity, Node, Weight, Site and Conservation are created.
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ID — Site Site
Description Conservation Proximity
ID EEE——
A I g.1D Correlation
ID — h, 1D — ID
. Spearman
Description — AID g AUG
gD D ROCID
idd 71D Description
D —— WD 200
Description r
rID D
ID
w T Description _'Iz_ig
ID — ID
Description Description fable Threshold
escriptio escriptio —— Relation

Figure B.3: A schema of the correlation database. From the conservation database, f; (;,M) is
calculated by changing the seven parameters. Meanwhile, fo (;,M) is calculated from the protein family
and conservation databases. Finally, correlations between f1 (;,M) and f2 (;,M) are calculated based on
the Spearman’s p and ROC curve.
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Appendix C

Slides

This section shows slides used for explaining this thesis.

: Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 5 Chapter 6
0000 9000000 090 900000000 o000 o000 000000000 000
8830
Chapter 1
Introduction
Chapter 2
Notations of fundamental elements
A new bioinformatics method for predicting Existing methods and proposed methods
active sites of multifunctional proteins Numerical evaluation of proposed methods

Chapter 3
Functional site prediction by conservation
Yosuke Kondo Numerical evaluation of the proposed methods
Chapter 4

Department of Pharmaceutical Sciences,

Graduate School of Pharmaceutical Sciences, Tokyo University of Science F““C“Q“al 5‘fe I)"EQWUOH by specific CO'nSerVatlon
Analysis of EF-Tu in Mycoplasma species
February 18, 2016 Analysis of eEF1A1 and eEF1A2

Chapter 5

Functional site prediction by sequence and structure
Chapter 6

Conclusions and future works
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Introduction

Problems and objectives

o Translation elongation factor 1A (EF1A) is a
multifunctional protein

e However, it is still unknown how each function works and
the functions relate to each other

e In order to investigate the unknown functions,
identification of the functional sites is very helpful

e However, the EF1A consists of 462 amino acid residues

e In order to narrow down candidate functional sites, we
used computational methods
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Introduction

Problems and objectives

e There exist many sequence-based computational methods

e For elongation factor 1A, which method is the most
appropriate?

e Meanwhile, while reading some papers, we noticed that a
new method can be developed

e Therefore, we propose an original method and compare the
method with existing methods
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Introduction

Eukaryotic translation elongation factor 1A (eEF1A) has
many functions
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Maria K. Mateyak, and Terri Goss Kinzy J. Biol. Chem. 2010;285:21209.21213
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Introduction

Sequence-based computational methods

Shannon entropy (Sander et al, 1991)

Shannon entropy of residue properties (Williamsom, 1995)

Evolutionary trace (Lichtarge et al, 1996)
ConSurf (Armon et al, 1998)

Sum of pairs (Valdar and Thornton, 2001)
Variance (Pei and Grishin, 2001)

Rate4Site (Mayrose et al, 2004)

Relative entropy (Wang and Samudrala, 2006)

Jensen Shannon divergence (Capra and Singh, 2007)
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Notation

e M, multiple sequence alignment
o ;M e M, site i of M
e f,: M —[0,00), a mapping from M to [ 0,00 )
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Existing conservation analysis Existing conservation analysis

Sum of pairs based methods
Shannon entropy based methods

N N

Fe (M) = = 3 pi (@) Inpi (1) f*‘“(M)’NZZ D (ar,m) @
€A =t m=1

D(ry) = H08) Z5(00) 3)

s(z,z)

Two methods
e Shannon entropy (SE)
o« A= Two methods
{A,C,D,E,F.G,H,1,K,L,M,N,P,Q.R.S,T.V,W,Y, gap}
o Shannon entropy of residue properties (SEP)
o A={MLVI,HRK,ST,AG, DE,QN, FWY, P,C, gap}

o Sum of pairs (SP): all sequence weights were 1
e Sum of pairs with sequence weights (SPW)
e Sequence weights were calculated by the Sibbald and Argos
algorithm (PR, Sibbald and P, Argos, 1990)

Y R TIRE T T o ms ozh ooz
11790
Chapter 1 Chapter 2 Cha ot Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Cha apter 3 Chapter 4 Chapter 5 Chapter 6
0000800000000 00E0 000 500500000 0066 0066 0000080000000 S0000 000 006600000
3333888888°°° 88888880000 830 333888, 33888880000 888
5555555558000 335 5555555883000 385
Existing conservation analysis Proposed method
Integer-valued evolutionary trace (iv-ET) method
Notation
N-1 P . . .
¢ 1+Z { 0 (if site i conserved within each group g) e M, multiple sequence alignment
" = . o
e ~ (otherwise) o ;M e M, site i of M
(4) e fr: M —[0,00), a mapping from M to [ 0,00 )
Real-valued evolutionary trace (rv-ET) method Integration of mappings
No1 1 ° fseﬂfspaflet«, fret — f1
Fra (M) =143 7> { > pig @) npig (@) (5)
=1 " g=1Ll zea
or @ > = 3= or <8 : L T
13/90 14790
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0066008000000 ot 000 506500000 0066 0065 0065008000000 S0t 000 006660000 0065
2000058559°%° 88850060000 500 2205558990°%° 88806530000 900
3353388888000 338 3338888888000 388
Representation of ;M Representation of ;M
M oM M M sM - M
R R R R R - R
R R R R L - R
R R R L R - R
R R L R R - R
‘I R L R R R - ‘| R
L R R R R - L
L 2 3 4 56 R 2 3 4 56
tM, a field of sets of characters {M, a field of sets of characters
. o IM={{R.R.R.RR.L}}
. * iM={{R,R,R R, R}, {L}}
. o iM={{R,R, R, R} {R} {L}}
. o M ={{R R, R} {R} {R} {L}}
. o iM={{R R} ,{R} ,{R},{R},{L}
S B czr «Bs EIm or @ (2r 3 3
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0066008000000 oto0 000 506500000 0066 0066 0060008000000 So0000 000 006660000
333538, 33558880000 888 333588, 33858880000 830
5555555858000 338 53555558883000 3850
Representation of ;M Representation of ;M
oM M

=~Runli=vi=vji=s}-=]
j=eB=sAuli=v=v}=v]

IM., a field of sets of characters M, a field of sets of characters

IM={{R,R,R,L, R, R}}

M ={{R,R,R,L,R} ,{R}}
iM={{R,R,R,L} {R} {R}}
M= {{R,R,R} {L} {R},{R}}
M = {{R, R} {R} . {L},{R} . {R}}

IM={{R,R,R,R,L,R}}

M = {{R,R,R,R,L} ,{R}}
3M={{R,R,R, R} {L} {R}}

M ={{R.R,R} {R} {L} {R}}
3M = {{R,R} . {R} {R}.{L} {R}}

@

W
o
@
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0000 008000000 0000000 oo
0600000000 05006060000 030
0000000000000 ©000

Representation of ;M

IS
WTZZE

M, a field of sets of characters

e M= {{R,R,L,R,R,R}}

¢ iM={{R.R.L,R,R} {R}}

e M ={{R,R,L,R} {R} {R}}

« IM = {({R, R, L} ,{R} {R}.{R}}

o iM={{R.R} {L} (R} .{R} .{R}}
Chapter 1 Chapter 2 Chapter 3 Chapter 4

Definition of f;
Notation

e T, a time point
e g, :i¢M — [0,1], a mapping from ;M to [0,
. %M, a field of sets of characters

Definition

T
JLGM) =" g (he (1M, A,3G)

t=1
Ghapter i Ghapter 2 Ghapier 3 Ghapter 4
e T,
0885208280°0° 83308880000 596
2885288588000 8%
Explanation of g,
M
R
R
L
R
R
R
Chapter 1 Chapter 2 Chapter 3 Chapter 4
e s

Explanation of g,

Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
5585655555000 5550
Representation of ;M
sM
R
L
R
. R
| :
R
; 1 2 3 4 56
M, a field of sets of characters
e iM={{R,L,R,R, R, R}}
o 2M ={{R,L, R, R, R} ,{R}}
e iM={{R,L,R, R} ,{R} ,{R}}
4pg
o iM = {{R,L,R} {R} {R} {R}}
5 —
o sM={{R, L} .{R} .{R} .{R} .{R}}
Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 1 Chapter 5 Chapter 6
000600000 oo o008 000080000 000bonn 000500000 o008
0200000080000 3308880000
Explanation of g,
M
R
R
L
R
R
1] R
) (©)
CRSTS CREpTrE™ O Chapter 2 Ghapter 8 i Ghapter 8 Chapter 6
cosbocoosoocn  codtono oo
8380060060000 00000090 G500
Explanation of g,
M
Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6

M

=p=cl=-"Ral=vi-- =]~ R-"Rol=v}-+]
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Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter Chapter 5
8383830000 838 $208080838°00 8383880000 385
Explanation of g, Explanation of g,
WM M
3 B g R
[m] R [7] R
T = rEa A e L
" {0 R ] R
[ ] CoHH R [ ] o Ho ] R
I s I e
R R
T& R A—& R
(SN A a1
A t—a—aw A t—a—a-w
- L A—n—n- R % L a—a—o- R
-DN——=D—O—0- R A -D—~=O—0- R
§ 3 4 L(» @ ¢ 3 4 V)L: @
[ =22 L8
0] ®
L >0 L0
0] 0]
fi(aM) 4
Chapter 4 Chapter 5 Chapter6™ " Chapter Chapter Chapter
000 000000000 0000 0000 555! 000000000
St o
Explanation of g, Explanation of g,
M
R
 — R
- L
R
) R h,
| — R h
e
R
R
L h,
R
R
R
‘ [ =9
0}
L 0
>0
®
fi(aM) 4
Chapter 1 Chapter 2 Char Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
h, h,
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter Chapter 5

Explanation of g,
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Definition of ¢;

Notation
e !M, a field of sets of characters
e hy : tM — [0,1], a mapping from M to [0,1]

e 7, a threshold

Definition

(FM, € PM, by (M)
‘M,

<7
(FM, € M, by (IMy) > 7

P

Chapter

o000

Chapter

0000

Chapte
o000

6

Chapter 6

o000



Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
000 ooc0e00  cocto0s o000 500600000 0000
2583928252 82838880000 800
5860060005000 8850
Definition of g,
Notation
o ! M, a field of sets of characters
e |- |, a number of elements
o hy:tM —[0,1], a mapping from !M to [0,1]
Definition
) = 1 he (UM
-‘72(1 )*MM‘ Z Ll(v u) (8)
B IMueiM
Chapter 1 Chapter 2 Chapter's Chapter 4 Chapler's CRapter'®
6006 000008 0006000 o000 500600000 0000
2883988852 88838880000 808
5585555000000 585
Representation of { M.,
M
R
R
R
. R
*I R
I
1 2 3 4 56
t
! M.y, a multiset of characters
e }M., = {R,R,R,R,R, L}
¢ 2M., ={R,R,R,R, R}
e M., ={R.R,R,R}
o {M., ={R, R, R}
* M. = {R, R}
Chapter 1 Chapter 2 Ghapier 3 O e (ol
006 000000000008 0000005 o000 500600000 0000
2980000000 88306600000 900
3885388855000 388
Representation of { M.,
M
R
R
R
l— L
§ :
2 : 5 R
tl 2 3 1 56
{M.,, a multiset of characters
o My, ={R,R,R,L,R,R}
o M,y = {R,R,R,L,R}
« M= (RR.R.L)
e M., ={R,R, R}
o SM., = {R.R}
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
000 0000000000008 6000500 o000 500600000 0000
2583928252 88838880000 809
5525355855000 385

Representation of { M.,

@

joe=cli=vR=v} eu}=+] E:

i.f\/lw, a multiset of characters

o IMyy
o My
o IM.y
o IMu
o IMyy

={R,L,R,R,R,R}
={R,L,R,R, R}
={R,L,R, R}
={R,L,R}
={R,L}
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Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
8328532285000 3%
Definition of g3
Notation

}M, a field of sets of characters

2/\/1*1“ a multiset of characters
hy : tM — [0,1], a mapping from M to [0,1]

Definition

g3 (‘M) = hy (M)

Chapter 1 Chapter 2 1 Chapter

000000000

0066 000000008 000500
[EE333355 3888880000
Representation of IM.,
oM
R
R
R
. R
. )
R
1 2 3 4 56
t
!M.,, a multiset of characters
e M, ={R,R,R,R,L,R}
e 3Myu = {R,R,R,R,L}
* 3M.. ={R,R, R, R}
« 4M,, = {R. R, R)
e 3M,, = {R,R}
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
00bo00000008  Catane
8836888888000 00900000090 383
Representation of IM.,
M
R
R
I
R
T :
R
1 2 3 156
t
{M,, a multiset of characters
e My, ={R.R,L,R,R, R}
* M., = {R,R,L,R,R}
o 3M., ={R R, L,R}
o iM. ={R,R, L}
o M, ={R,R}
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
0000000000000 0000000000 8530
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0000000000000 000 000 000000000
08000 05006060000 030

00000
0000000000000

6000

Definition of A

Notation

e A, a field of sets of amino acids
Example
A= {{A},{C} ADY AE} {F} (G} {H} (I} (K} {L},
(M} AN} AP} AQE AR {S} AT} AV} W} {V}}

SA={{M,L,V,I} ,{H R K} {S,T},{A,G} {D E},
{Q. N} {F, WY}, {P},{C}}

Gr B <3r <2 3= 0a
23/90
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000 0000000000000 0000000 000 600600000
5008000000 88388880000 680
2528352838500 585
Definition of hy
Notation
. fMu a multiset of characters
e A, a set of amino acid symbols
e ;G, a set of gaps in site ¢
Definition
h (M) = 0 (VIeiM,,3X¥ e AUGleX) (10)
1) - 1 (otherwise)
or @ x ®
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
5000 0000000000000 0000000 000 500000000
0000080000 80000000000 000
3885883883000 8830
Definition of hs
Notation
o {M,, a multiset of characters
e | - |, a number of elements
e w(l), a weight of sequence [
e s(l,m), a substitution score of amino acid [ and m
Definition
t L .
hs (IMy) = ML E E w(l)s(l,m) (13)
et My metML,
s g <z Er E=
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 o000 500000000
555000 88838880000 809
8528352888000 385

Parameters of f;

Table 1: Seven parameters for calculation of f;

Parameter Jalue Description
T 1,2,...,N a time point
9z 91,92, 93 gz 1 iM —[0,1]
T [0,1] a threshold of g;
he hi,h2, hs hy :IM —[0,1]
A DA5A a field of sets of amino acids
iG }Q,ZGQ a field of sets of gaps in site i
w (1) (0,00) a weight of sequence [

Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 o 500000000
5580050000 28858880000 800
5550006006000 5000
Definition of ;G
Notation
e ;G, a field of sets of gaps in site ¢
Example
ctg={{vh...0}
Go — 1, 2 G
o Fo={{h} {t AT
o =l 2 2
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 000 600000000
850080 88388880000 080
2283852838000 288
Definition of hy
Notation
o tM,, a multiset of characters
e | - |, a number of elements
Definition
ha (My) == — My, X)) My, X) (11
2(1 u) = P(, us ) Og\Auig\P(, us ) (11)
XEAUG
1 0 (I¢2X)
My, X)) = ——— 12
vimed) = S 08D @
v 1€l My
S oz om Y
0
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 500000000 000
8838888838000 2000000000
Definition of s (I.m)
Notation
® Siaz, Smin, the maximum or the minimum
e S5(1,1),5(l,m), a diagonal or an off-diagonal element
Definition
(leXeiGAmeYe GAX =)
(leXe GAnmeYe GAX#))
s(l,m) = (lexeiGnmeYecA)
(lexXe AAme)YeG)
(lexe AAmeYeA)
=] =] = ® N
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 000 500000000
0283588888000 990099020 558,

Existing methods and a proposed method

Table 2: Relationships of the parameters and prediction methods

Method | T | g T he | A | G w (1)
SE [ 1le| —  |h|TAllG| -
SEP | 1] - ha | 9A G|
SP 1|93 hs | A | IG | unused
SPW 1|93 - hs | A %g used
WET | N g [re(0.1) | Iy | DA 1G
v-ET N | ¢ - hy | DA }g -
Proposed | N | g3 h [ PA|EG -
o, <8 : 2




Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6

o000 0000000000000 0000000 o000 ©00000000 0000 0000 0000000000000 0000000 o000 000000000 o000
0000000008 06000060000 ©00 5000000000 60000600000 000
0000000000000 6000 9000000000000 0000

Definition of a specific conservation Proposed method

Notation Notation

e M, multiple sequence alignment

o ;M e M, site i of M

e fr: M —[0,00), a mapping from M to [ 0,00 )

* M, a field of sets of characters at time point a

o M, a field of sets of characters at time point b

Definition
Two data types of ;M
o (sam.1m) MIHL (15) '
S\ b 11 : 1. Character type — f1
where a < b 2. Coordinate type — fo
Chapter 1 Chapter 2 Chapter's Chapter 4 CRapter'® Chapter 1 Chapter'3 =i Chapter's Chapter 6
6006 0000000000000 0000000 o000 0000 0000 00000 0000000 000000000 0000
2880959009 88838880000 808 2295055098 88858880000
5850050000000 585 5580655005000
Numerical evaluation of prediction methods Numerical evaluation of prediction methods
structure k Notation
e R, a set of real numbers
i e ¢:R3xR3 —[0,00), a mapping from R3 x R3 to [0,00)
ons
or e R C R3, asubset of R3
molecules e Q C R3, asubset of R3
e || - [|2, an Euclidean norm
Definition
e(R,Q) = min r—ql2 16
(R.Q):= min (Ir=ala) (16)
Chapter 1 Chapter 2 Ghapter 3 O e (ol e Chapter 2 Ghapter 3 Chapter 4 e o
006 0056000000000 0000000 o000 500600000 0000 0006 6000000000000 ©000500 00 005000000 0000
5008000000000 00000090 ga8, 3330800000000 707090509 GE8
Numerical evaluation of prediction methods Definition of f,
Notation
structure k
e K, a number of structures
. {}R,f?{ RN K’(i"R} C M, a set of residues in ;M
. {}*,,727 ..... f’v} =G C M, a set of gaps in ;M
o "R C R3, atomic coordinates of residue i in structure k
o ¥Q c R3, atomic coordinates of ions or molecules in
structure &
Definition
. _ ! kp k
f2(iM):= min {e (7 R, Q)] (17)
FREM\:G
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
006 0050000000000 0000000 o000 500600000 0000 0000 0000000000000 ©000500 000 005000000 o000
5580959002 38838880000 800 5235558092 28838880000 809
5550089000000 385 5500058005000 388
Computations of fi and f, Correlations of fi and f>
S Prot PDB
# Two methods
sequence ]l |[MRRRRRRRRRRRR 1. Spear se
sequence2 |[MRRRRRRLRRLLL - Spearmans p
: EE 2. ROC curve
sequence N [MRLS - LRRLLRLL
structure ] [MRRRRRRRRRRRR
structure2 [MRRRRRRLRRLL L
structure K |]MRLS " LRRRRRRL
AGM) [0011223434454
fo(iM) 1433456677898

(6]
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0000000000000 0000000 o ©00000000
0000000000 06000060000 ©00
0000000800000 6000

Rank function

Notation
o Fu 3 fr (M), a multiset of f, (;;M)
o Fp 31V, <2V, <. <1V, elements of F,

e t,, a number of tied ranks

Definition
(itk-1 y th+1
r( ZVI)—] 1+T (18)
a a 3 3
39/ 90
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 o000 500600000
2580958 88838880000 808
5650000008000 585
+i s of Spearman’s
Correction terms of Spearman’s p
Notation
e N1, Ny, a size of tied ranks
Definition
Ny
3 3
(B-1) = (8 —tn)
=1
T = n 20
1 (20)
Ny
3 3
(P=1) =3 (th~ta)
-1
T = " 21
12 (21)
or @ x ®
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0056000000000 0000000 o000 500600000
2880000 88306600000 900
5650000000080 388

False positive rate and true positive rate

Notation

o Iy, (t;), Ity (t5), a mumber of sites of false positives and ture
positives when the threshold is ¢;

o If,I;, a number of false or true sites

Definition
L (t5)
— AN
p(t) =7 (23)
!
Iy (t5)
_ tp\")
alt) =2 (24)
o 8 x> <%
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0008000000000 9006000 000 000500000
8992233222 83288380000 399
8588855532000 3%

Chapter 3
Functional site prediction by conservation
Numerical evaluation of the proposed methods

o
@
W

Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
e o e
R T S o ST TN
555305096000 8%
;
Spearman’s p
Notation

e T1,T», correction terms
e I, a number of sites
e 7, a rank function

o Fr > EVI < er <. < {VT, elements of F,

T+t -3 [r () - r v’

2V T,

o <8 z =
Chapter 4 Chapter 5

000 000000000
000

G000

Threshold of an ROC curve

Definition
1
_ i=1
p=
Chapter 1 Chapter 2 Chapter 3
0000000000000 9000000
3895055098 88858880000
5500055000800
Notation

e [0,00) D F 3 f1(:M), a subset of non-negative real

numbers and a set of fi (;;M)

e Foup <wp<---<wy, elements of F

e J, a number of elements in F

Definition
< (=0)
v+ v R
i =UTI Go10 g 1)
>y (=17
o <8 R
Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
RNy o e
ggases 83%8%0000 535
335358533008 2380
Area under the curve (AUC)
Notation

e J, a number of elements in F

Chapter 6

(19)

Chapter 6

(22)

Chapter 6

e p(tj),q(tj), a false positive rate and a true positive rate

when the threshold is t;

o p(tj+1).q(tj41), a false positive rate and a true positive
rate when the threshold is ¢;1

Definition

J-1
AUC = 23 (t) —p ()] et +a )] (29)
=0

Chapter 1 Chapter 2 Chapter 3
0000000000000 000000
5000000000 80066600000
5600006000000
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How do we define conservation?
M oM M M sM
R L R R R
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R L L L L
f: (M)

o =) 3 z

Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
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How do we define conservation?

M oM M 4 M s M

R L R R R

R L L R R

R L L L R

R L L L L

R L L L L

R L L L L

fsGM)6 6 5 4 3

or @ x ®
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How do we define conservation?

M oM M 4 M sM

R R R R R

R R R R L

R R R L R

R R L R R

R L R R R

L R R R R

foM)5 5 5 5 5

o 8 x> <%
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How do we define conservation?

M oM M M sM
R

spp=sii=vii=s )=,

o mZIII
j=vi=v N epli=vh-v ) -]
j=sj=vi=vl auli=v}=¥]
j=sj=s=cR-s el

Je (M)
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How do we define conservation?
M oM M M s M
R L R R R
R L L R R
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faGM)O 0 1 1 1
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1690
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How do we define conservation?
IM oM 3M 4 M s M
R R R R R
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16790
Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5
e e i
R T s e WD
G S it

How do we define conservation?

M oM M M sM
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How do we define conservation?

M oM sM 4 M s M
R R

jsali=vli=v}=v}-=]
=N =vR=v}=vk-
=S Ral=-E-v)
jook=vR=chul~cl-r]
ARTIC I

fy (M)

90

16

i

Chapter 6

Chapter 6

16/ 90

Chapter 6

Chapter 6




Chapter 1
o000

Chapter
c000

Chapter
o000

Chapter 3
9000000
96000060000

ster 4 Chapter 5
©00000000

o
6000

How do we define conservation?
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How do we define conservation?
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How do we define conservation?
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How do we define conservation?
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Definition of f;

Notation
o {M, a multiset of characters

e N, a number of internal nodes

e {A,C,D.E,F,G,H,I,K,L,M,N,P,Q,R,S,T,V,W,Y} =
A, a set of amino acid symbols

. {11,"/112% . »,icv} =G, a set of gaps in site 7

Definition

(V€M 3z e AUGl=1)

(M) :i{‘l’

. 26
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Computation of fi (;M)
Procedures

1. 984 sequences of EF-Tu/EF-1A proteins were collected
from the Swiss-Prot database (Consortium TU, Nucleic
Acids Res, 2015)

. 984 sequences were aligned by the MAFFT program
(Katoh K and Standley DM, Mol Biol Evol, 2013)

. The phylogenetic tree was written from the multiple
sequence alignment by the UPGMA method (Sneath PHA
and Sokal RR, W. H. Freeman and Company, 1973)

4. f1(;M) was calculated at each site
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Visualization of predicted functional residues
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Visualization of predicted functional residues
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Explanation of the proposed method

Features of the proposed method

e The proposed method requires that the phylogenetic tree is
reconstructed by under the hypothesis that the
evolutionary rate is constant

e Thanks to the phylogenetic tree, sites are distinguishable
from each other even if amino acid contents in the site are
same

o If f1 (;M) is small, site 7 is diverged in an early stage of the
evolution but if f; (;M) is large, site ¢ is diverged more
recently

o Although most of existing methods treat gaps as a same
thing, the proposed method treats gaps as different things

o <8 = = Dac
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Visualization of predicted functional residues
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Visualization of predicted functional residues
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Visualization of predicted functional residues

PDB ID: 3VMF PDB ID: 3WXM




Chapter 1

Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6 Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000 0000080 000 000000000 00000000 0000008 000 000000000

0000000000 95566060000 030 3000000000 83500000000 200

0000000000000 ©000 0000000000000 Q000

Visualization of predicted functional residues
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Numerical evaluation of the proposed method

structure k
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Computations of f; and fo

N sequences K structures

Chapter 6

Visualization of predicted functional residues

Summary

If f1 (;M) was small, site ¢ was more likely to be proximate
from aa-tRNA, EF-Ts, EF-1Ba, GTP, GDP, pulvomycin,
thiocillin, kirromycin and Mg?*

e Therefore, the proposed method could predict regions
which are proximate from binding molecules

However, the evaluation of the predicted functional sites
only showed appearances visualized onto the
three-dimensional structures

Therefore, we tried numerical evaluation in order to
compare the proposed method with existing methods
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Structural data of elongation factor Tu/1A
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Correlations of f; and f>
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' Spearman’s p = 0.580
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Comparisons of the prediction methods
Table 3: Spearman’s p and AUC of the proposed method or existing
methods
Method | Spearman’s p | AUC
Proposed 0.580 0.739
SE 0.076 0.578
SEP 0.115 0.571
SP 0.198 0.608
SPW 0.226 0.609
iv-ET 0.122 0.590
v-ET 0.131 0.618
R R R
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Parameters of f; and prediction performances

Time point.
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Numerical evaluation of the predicted method

Summary

Existing methods were often evaluated by one of the
three-dimensional structures

However, elongation factor 1A binds various molecules

Therefore, we used multiple structural data for evaluating
the proposed method

For this evaluation, Spearman’s p and ROC curve may be
useful
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Comparisons of the prediction methods

Summary

e The proposed method had higher Spearman’s p and AUC
than the SE-, SEP-, SP- or SPW-based or iv-ET or rv-ET

method
e Therefore, the proposed method has a higher ability to
distinguish whether a site is proximate from ions or
molecules or not
e However, there are two problems
o The first one is which parameters of f; (;M) are largely
involved in the prediction performance
o The second one is that the threshold of f1 (;M) has not
been determined
Y- TR
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Determination of predicted functional residues Conclusions in Chapter 3
C()n(’lusi()ns

e We proposed a new method of sequence-based
computational methods

The proposed method could predict regions which are
proximate from binding molecules

Multiple structural data were used for evaluating the
proposed method and existing methods

The proposed method showed a higher performance than
the existing methods

15 20
1 (M) [A] e The predicted functional residues may be useful for the
unknown functions of elongation factor 1A
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In Chapter 3,
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Functional site prediction by specific conservation
Analysis of EF-Tu in Mycoplasma species
Analysis of eEF1A1 and eEF1A2 In Chapter 4,

e we consider a specific conservation, which can detect a site
whose amino acids are conserved in a target subfamily but
not conserved in the whole family
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Definition of a specific conservation Functional divergences of EF-Tu/EF1A

Notation Two functional divergences between
o M, a field of sets of characters at time point a 1. Mycoplasma pneumoniae EF-Tu and Mycoplasma
o M, a field of sets of characters at time point b genitalium EF-Tu

e Fibronectin binding affinity
Definition o Binding residues of EF-Tu (M193I, N194K, E204T, S343A,
; P345A and T357A)
2. eEF1A1l and eEF1A2
e Actin binding affinity
e Binding residues of eEF1A (N331S and M335Q)
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where a < b

o
@
W




Chapter 1 Chapter 2 Chapter 3 Chapter 4 Chapter 5 Chapter 6
0000000000000 0000000 o000 ©00000000
06000060000

0000000000 00
0000000000000 0000

Part of the phylogenetic tree of EF-Tu/EF1A
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Conclusions in Chapter 4
Conclusions

e The specific conservation could detect fibronectin- or
actin-binding residues

e Therefore, residues involving functional divergences of
EF-Tu/EF1A were detected by the specific conservations

e In order to comprehensively predict protein functional
sites, we should use a suitable conservation
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Introduction Introduction
Eukaryotic translation elongation factor 1A (eEF1A) has
many functions
Prediction of complex structures

(©) nuctear

GhDP axpodt @ protein FNIII14 triggers anoikis by binding to membrane-localized
HENANGE _ opr 1oy egradation eEF1A (Ttagaki and Fukai et al. 2012)

[

o FNIIT14 was extracted from the structure of fibronectin
@®astrrA / (PDB ID: 1FNH)
delivery D) eEF1A / €) actin e Human eEF1A was modeled by homology modeling using
) @ ¢ bunelling yeast EF1A (PDB ID: 1F60) as a template

2N

\ =3 The complex structures were predicted by rigid-body

' docking (ZDOCK: Chen et al. 2003)
B
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functions
Maria K. Mateyak, and Terri Goss Kinzy J. Biol. Chem, 2010;285:21209-21213 " o <8 = =
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Definition of domains Docking of EF-Tu/EF1A
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doma]n ]_ Two dockings blocked by

1. domains 1 and 2
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Conclusions in Chapter 5

Conclusions
e The structural analysis showed similar regions which were
predicted by sequence analysis in Chapter 3
e Therefore, we could narrow down functional amino acid
residues by combining sequence and structural analyses
e The predicted binding residues should be verified by
experimental approaches such as site-directed mutagenesis
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Conclusions and future works

Relationships between Chapters 3, 4 and 5

The results in Chapter 3 showed that the proposed method
can predict the regions involving protein biosynthesis

However, there are two problems
The first one is that all the functional sites cannot be
predicted such as fibronectin- or actin binding residues

However, in Chapter 4, the functional sites could be
predicted by specific conservations

The second one is that there are many predicted functional
sites in the results of Chapter 3

In Chapter 5, the functional residues were narrowed down
by combining sequence and structural analyses
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Conclusions and future works

Effectiveness of the prediction methods

e This study focused on functional site prediction from
protein sequences

e This method can determine candidate functional amino
acid residues by following procedures

. Selection of one protein sequence

. Collection of sequences by similarity search

. Construction of a multiple sequence alignment

. Reconstruction of a phylogenetic tree

. Calculation of conservations

. Determination of candidate residues

e Reduction of time and costs for experiments by using huge
sequence data registered in biological databases
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Conclusions and future works

Relationships between Chapters 3, 4 and 5

Chapter 5 investigated unknown functional sites

Chapters 3 and 4 investigated known functional sites

The results in Chapters 3 and 4 showed that the proposed
method can comprehensively predict functional sites of
EF-Tu/1A

The results also showed that the existing methods are
difficult to predict protein functional sites comprehensively

Therefore, thanks to the proposed method, a protein which
has many functional sites could become applicable for such
prediction methods
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Conclusions and future works

Future works

1. Biological aspects
e The results may be useful for further analysis of unknown
functions of elongation factor Tu/1A
2. Informatics aspects
e Other existing methods such as relative entropy or Jensen
Shannon divergence based method and ConSurf or
Rate4Site algorithm should be integrated into the proposed
method because this study only integrated SE- or SP-based
methods and iv-ET or rv-ET method
e Our proposed method should be tried various proteins

Thank you very much for listening
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Appendix D

Related research

This section describes a related research which used protein structural analyses [62]. Based on the pa-
rameter settings of the structural analyses, MD simulations in Chapter 5 were conducted. The subject
of this research is structural analyses of a large progenitor toxin complex in Clostridium botulinum.
Experimental results of the toxin complex suggested that the complex structure is flexible and the flex-
ibility is important for binding to the intestinal surface. However, such flexibility has been investigated
by experimental analyses but not by computer simulations. Therefore, this research conducted compu-
tational analysis and aimed to investigate what motions are included in the complex structure and how

the complex structure is changed.

D.1 Abstract

Botulinum neurotoxins (BoNTs) are one of the potent toxins in nature but the toxicity is immediately
eliminated by the harsh environment in the digestive tract because BoNTs are just a protein. However,
BoNTs can get to synaptic junctions thanks to support of other proteins by aggregating with each other,
combining with BoNTs and forming a large progenitor toxin complex (L-PTC). In order to explain how
the complex formation enables the BoNTs to intrude into our body, we found that the three-dimensional
structure of the L-PTC consists of an ovoid body with three legs and speculated important roles in the
body and the legs. In the legs part, it is helpful for promoting absorption especially from the small
intestine. Because experimental results showed that the legs are flexible and have specific binding sites of
saccharides, the flexibilities may help the L-PTC to easily access the binding sites to the saccharides on
the intestinal surface. However, such flexibilities have been only investigated by experimental methods.
This means that we still have not objectively discussed what motions are generated from the shape of the
L-PTC and how the structure is changed gradually. Therefore, we developed a new method integrating

normal mode analysis and principal component analysis in order to measure the dynamics of the large-
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sized protein consisting of several subunits. The results showed that the L-PTC had characteristic
motions which have large movements of the three legs. In addition, the flexible motions were appeared
regardless of the theoretical models. Our application to measure the dynamics of the L-PTC suggested
the importance of the flexibility which enables the L-PTC to break the epithelial barrier. We hope that

the activity of the L-PTC is applied for developing a new oral drug delivery system.

D.2 Introduction

At the neuromuscular junction between the presynaptic terminal of a motor neuron and the postsynaptic
membrane of a skeletal muscle, acethylcholine (ACh), 2-acetoxy-N,N,N-trimethylethanaminium, works
as a neurotransmitter. The reason why AChs synthesized in the presynaptic cell and taken into a vesicle
are released from the presynaptic cell is a membrane fusion, which is triggered by binding synaptosomal-
associated protein of 25 kDa (SNAP-25) and vesicle-associated membrane protein (VAMP) on the vesicle
surface with syntaxin on the inner cellular membrane [100]. As a result, ACh can bind to an ACh receptor
on the postsynaptic membrane. However, if AChs are not released from the presynaptic cell, we cannot
transmit signals from the motor neuron to the skeletal muscle. Botulinum neurotoxin (BoNT) inhibits
releasing AChs from the presynaptic cell by cleaving SNAP-25, VAMP or syntaxin. Before this cleavage,
it should be required to eventually get BoNTs to reach the presynaptic terminal.

One of the intruding roots of BoNTs is oral. In the digestive tract, however, BoNTs are inactivated
by the acidic condition or enzymes. Consequently, if BoONTs are taken orally, we can inhibit BoNT's to
get to the presynaptic terminal. However, several other proteins called non-toxin components, which are
simultaneously produced with BoNTs by Clostridium botulinum, help BoNTs to delivery into the blood-
stream. The non-toxic components, which consist of a non-toxic non-hemagglutinin (NTNHA) and three
hemagglutinins (HA70, HA17 and HA33) [25], can form various stoichiometric complexes with BoNTs.
Such complexes are called as progenitor toxin complexes (PTCs) and include the minimally functional
PTC (M-PTC) and the large PTC (L-PTC) [89, 88, 45]. Recent studies showed that the stoichimetries
of the M-PTC and the L-PTC are BONT:NTNHA = 1:1 [33] and BoNT:NTNHA:HA70:HA17:-HA33 =
1:1:3:3:6 [69], respectively.

Some researchers suggested that the structures of the M-PTC and the L-PTC play important roles
in the delivery. There are two effects. The NTNHA of the M-PTC is effective for protecting against
inactivation of the BoNT by directly binding with the BoNT [33]. The HA parts of the L-PTC are
effective for promoting absorption from the intestinal surface [69]. In the latter, for two reasons that the
HA has specific binding sites of saccharides such as sialic acid, galactose, lactose, luctulose or isopropyl
B-D-1-thiogalactopyranoside [85, 122, 71, 70] and the HA parts are flexible [13], the flexibilities may

help the L-PTC to easily access the binding sites to the saccharides on the intestinal surface. However,
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such flexibilities have not been investigated by computer analysis or simulation. This has caused two
problems. The first one is that we cannot define what motions are generated from the structure of the
L-PTC. The second one is that we cannot know how the structure of the L-PTC is changed gradually.

In this paper, we construct the three-dimensional structure of the L-PTC from crystal structures
and then consider three theoretical models: anisotropic network model (ANM), coarse grained (CG)
model and united atom model. Based on each model, the dynamics of the L-PTC are estimated by
normal mode analysis (NMA) or MD simulation. Finally, the results of the NMA and MD simulations

are compared.

D.3 Materials and Methods

D.3.1 Modeling of the L-PTC

From the Protein Data Bank (PDB) [16], we downloaded PDB ID : 3VOA (BoNT-NTNHA) [33], PDB
ID : 4104 (a trimer of HA70s) [69] and PDB ID : 4L.O7 (HA70-HA17-HA33) [69]. In order to model an
HA complex, HAT0:HA17:-HA33 = 3:3:6, the C-terminal region of HA70 in 4L.O7 was superimposed to
each C-terminal region of HA70 in 4L.O4 by the Align and Superimpose Proteins protocol of Discovery
Studio 3.1 [2]. In order to model an L-PTC, we conducted two things: constructing N-loop of NTNHA
in 3VOA by the Loop Refinement MODELER, protocol and superimposing the HA complex and BoNT-
NTNHA to L-PTC (EMDB ID : EMD2417) [69] by the gmconvert and the gmfit programs by setting
10 as the number of Gaussian distribution functions and 10,000 as the number of initial configurations

by random generation [56] and then some structures of the L-PTC were modeled.

D.3.2 ANM analysis

We used the ProDy Python package for ANM analysis [10]. In one of the modeled structures, 6,535 Ca

atoms were extracted and a cutoff and a v parameter were set to 1.5 nm and 1.0, respectively.

D.3.3 MD simulations

We used the GROMACS software [94] for MD simulation. Although various force fields and parameters
were tried, we eventually selected two computational conditions. In the first one, we specified the
GROMOS53A6 force field [90]. Then, we constructed a rectangular box whose size is ~ 28x28x24
nm? and put ~ 600,000 TIP-3P water molecules [51] and 107 sodium ions into the box. We conducted
energy minimizations of 10,000 steps by the steepest descent method and 10,000 steps by the conjugate
gradient method. 0.1 ns MD simulations were conducted by increasing the reference temperature to

310 K by the velocity rescale method. The time step was set to 2 fs by using the LINCS algorithm
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for hydrogen atoms [38]. The switch method was used and pair list, long range and short range cutoffs
were set to 1.2 nm, 1.1 nm and 1.0 nm, respectively. The Coulomb energy was computed by the PME
algorithm [23]. Next, 10 ns MD simulations were conducted with the Parrinello-Rahman method [92]
and the reference pressure was set to 1.0 bar. Independent MD simulations were conducted 10 times and
the MD trajectories were analyzed by Cartesian principal component analysis (PCA) [3] by extracting
100 snapshots from each independent MD simulation.

In the second one, we specified the MARTINI21 force field [82] with an elastic network which is 500
kJ mol~! nm~2 of the spring constant, 0.5 and 0.9 nm of the lower and the upper cutoffs, respectively
[93]. Then, we constructed a rectangular box whose size is &~ 29x28x25 nm® and put ~ 160,000 CG
water molecules [82] into the box. We conducted energy minimizations of 10,000 steps by the steepest
descent method and < 10,000 steps by the conjugate gradient method. 1.0 ns MD simulations were
conducted by the Berendsen method [15] and the reference temperature was set to 310 K. The time step
was set to 20 fs by using the LINCS algorithm [38]. The shift method was used and the pair list cutoff,
the long or short range cutoff of VAW energy and the short range cutoff of Coulomb energy were set to
1.4 nm, 1.2 nm, 0.9 nm and 0.0 nm, respectively. Next, 1,000 ns MD simulations were conducted by
the Berendsen method and the reference pressure was set to 1.0 bar. Independent MD simulations were
conducted 10 times and the MD trajectories were analyzed by Cartesian PCA [3] by extracting 1,000
snapshots from each independent MD simulation.

In order to estimate similarities between the ANM analysis and/or PCAs [11], two eigenvectors were

represented as A = (a1, a2, ...,as,) and B = (b1, ba, ..., bs,) and cosine similarity S was computed as

3n
E a;b;
i=1

A-B
1AllIBI]

S = (D.1)

where n is the number of Ca atoms or backbone atoms.

D.3.4 Visualization

Eigenvalues, projections and heat maps were visualized by the matplotlib Python package [44]. Three-

dimensional structures were visualized by the VMD program [43].

D.4 Results

We conducted ANM analysis or PCAs of 10 or 1,000 ns MD simulations of the L-PTC. Figure 1A shows

that 20 collective motions which involve to the whole structure of the L-PTC were obtained by the
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ANM analysis. Figure 1B shows that, in all eigenvalues, rates of eigenvalues of PCA axes 1 and 2 are
27.8% and 16.4%, respectively. Figure 1C shows that, in all eigenvalues, rates of eigenvalues of PCA
axes 1 and 2 are 36.7% and 23.1%, respectively. Figure 1D shows that the trajectories move a narrower
space than the trajectories shown in Figure 1E. Figure 1E shows that some trajectories move well to
the positive or the negative direction on PCA axis 1 or 2. For example, the red trajectories move to the
negative direction on PCA axis 1, the green trajectories move to the positive direction on PCA axis 1
and the cyan trajectories move to the positive direction on PCA axis 2.

We computed cosine similarities from the ANM analysis and PCAs. Figure 2 shows that the highest
value is 0.750, which is calculated from ANM mode 1 and PCA axis 2 by the CG model. The second
highest value is 0.705, which is calculated from ANM mode 2 and PCA axis 1 by the CG model. The
third highest value is 0.608, which is calculated from PCA axis 1 by the united atom model and PCA
axis 1 by the CG model.

The followings are details of the movements of the L-PTC. Animation S1 shows that when the left
leg moves up and the body moves left, the right leg moves down and the middle leg moves right and vise
versa. Therefore, when the left leg moves down and the body moves right, the right leg moves up and
the middle leg moves left. Animation S2 shows that the middle leg and the body move up and down
and the left and the right legs move down and up, respectively. Animation S3 shows that the middle,

the left and the right legs move up and down.

D.5 Discussion

Dynamics of the L-PTC were estimated by three computational models. The first one only considers
Ca atoms and the forces between atoms are represented as a harmonic potential. The second one is the
CG model whose amino acid residues are represented as 1-5 particles. The forces between particles are
also represented as a harmonic potential. As other forces, bond, angle and dihedral angle and Coulomb
and VAW interactions and water effects are considered. The third one is the united atom model whose
carbon atom and hydrogen atoms connecting to the carbon atom are represented as 1 particle. As
forces, bond, angle and dihedral angle and Coulomb and VAW interactions and water effects are also
considered. On the basis of the computational models, the motion of the L-PTC was investigated.
ANM analysis enables us to obtain sets of direction vectors of Ca atoms. The motion defined by the
direction vectors is called as a collective motion and we can select the motion which involves all parts of
the structure. MD simulation enables us to obtain trajectories of the atoms or the particles and PCA
enables us to obtain direction vectors involving the large variance of the trajectories.

The ANM analysis and the PCAs of MD trajectories were compared by a square of the cosine

similarity. The range of the square of the cosine similarity is from 0 to 1. The larger the value is,
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Figure D.1: Eigenvalues and projections of MD trajectories. (A) Abscissas show eigenvalue
indices and the ordinate shows inverses from seventh to twenty-sixth lowest eigenvalues. The bar graphs
are based on the results of (B) the united atom model and (C) the CG model and abscissas show
eigenvalue indices and ordinates show the twenty highest eigenvalues of the PCAs of MD trajectories.
The line graphs are based on the results of (D) the united atom model and (E) the CG model and show
projections of MD trajectories. In each PCA, 10 independent simulations, each of which comprises 10
ns or 1,000 ns MD trajectories, were merged and projected onto the first and the second principal axes.

the more similar the vector direction is. In Figure 2, the highest value is 0.750 and the second highest
value is 0.705. This means that the MD trajectories by the CG model include the motion resembling
to ANM modes 1 and 2 as a large movement. As described above, the ANM analysis and the MD
simulation by the CG model also consider harmonic potentials. Therefore, such a harmonic potential
may be important for the motions which have flexible three legs. Additionally, the results also show
that such motions are included even if the model considers waters or not. This implies that the shape
of the L-PTC is important for the motions.

Meanwhile, the third highest value in Figure 2 is 0.608. This means that the MD trajectories by

the CG model include the motion resembling to MD trajectories by the united atom model as a large
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Figure D.2: Similarities between the NMA and PCAs. 20 x 20 combinations of squares of cosine
similarities were computed from (A) ANM analysis and PCA of the united atom model, (B) ANM
analysis and PCA of the CG model and (C) PCA of the united atom model and PCA of the CG model.

movement. Therefore, the motion like Animation S3 shown by the red trajectories in Figure 1E is
included in MD trajectories by the united atom model because the red trajectories move well to the

negative direction on PCA axis 1. This indicates that the movements such as Animation S3 could
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Figure D.3: Normal mode 1. Black arrows show an eigenvector whose corresponding eigenvalue is the
smallest in all eigenvalues except 6 zero eigenvalues. Molecular colors are same with Animation 3.

be also reproduced by the model which does not consider the harmonic potential. Therefore, if the
simulation time of the L-PTC by the united atom model increased, we might be able to obtain the
motion like Animation S3. For these reasons, such flexible motions could be obtained regardless of the
three theoretical models.

Recent studies showed that the legs also interact with glycoprotein 2 [79] or E-cadherin [107, 72].
This implies that for binding with these molecules, the flexibilities of the three legs are also impor-

tant. Therefore, we should take account of such flexibility for understanding how the L-PTC facilitates
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Figure D.4: Normal mode 2. Black arrows show an eigenvector whose corresponding eigenvalue is the
second smallest in all eigenvalues except 6 zero eigenvalues. Molecular colors are same with Animation
3.

translocation and disruption of the intestinal epithelial barrier [72, 64].

D.6 Conclusions

In this study, a complex structure, which consists of 14 subunits, was investigated by computer analysis
and simulation. The results showed that the L-PTC had flexible movements of the three legs and
the flexible motions were included in different types of the theoretical models. This indicates that the
structure which is an ovoid body with three legs is important for large movements of the three legs.

Based on the flexibility, we suggest a story that the flexible structure enables the L-PTC to easily access

95



K< <D || > D] |— || +

Figure D.5: 1,000 ns MD trajectories. The trajectories show the red line in Figure 1E. The L-PTC
was represented by the CG model. Magenta and pink spheres show atoms belonging to the BoNT and
NTNHA, respectively. Green, blue and cyan spheres show atoms belonging to each HA70. Yellow and
orange spheres show atoms belonging to HA17 and HA33, respectively.

to saccharides on the intestinal surface and then the L-PTC can stay in the surface for a long time and

make an opportunity to be absorbed from the surface. Therefore, we supposed that the flexibility is
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effective for making an initial step to translocate the epithelial cell and should consider relationships
between such flexibility and interactions with saccharides, glycoprotein 2 and E-cadherin. In addition,
such flexibility is generated by formation of the quaternary structure. This implies that the complex

formation is important for obtaining an ability which does not appear in each subunit only.
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