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Analyses of Sequences of (B/a) Barrel Proteins
Based on the Inter-Residue Average Distance
Statistics to Elucidate Folding Processes

Masanari Matsuoka, Michirou Kabata, Yosuke Kawai and Takeshi Kikuchi
Department of Bioinformatics, College of Life Sciences, Ritsumeikan University

Japan

1. Introduction

It is well-known that many proteins fold into unique 3D structure (Anfinsen & Scheraga,
1975; Pain, 2000). The mechanisms by which an amino acid chain forms a complicated
tertiary structure have been studied extensively (Sato et al,, 2006; Sato & Fersht, 2007; Sosnick
& Barrick, 2011; Schaeffer & Daggett, 2011) but are still not understood in a comprehensive
way (Bowman et al., 2011). It is well-recognized that all information on the 3D structure of a
protein is coded in its amino acid sequence (Anfinsen & Scheraga, 1975; Pain, 2000). Hence
we should be able to extract the information from the sequence. However, this is a
significant, long-standing and unsolved problem in structural bioinformatics. Gross features
of protein 3D structures or protein folds are characterized by some combination of
secondary structural elements, and the ways of combination of secondary units are full of
variety (Lesk, 2010). This situation does not allow us to construct a simple picture of the
protein folding mechanisms. Among such a variety of protein folds, frequently appearing
common folds, so-called superfolds (Orengo et al., 1994), are attractive targets for studying
their folding mechanisms. The crucial point is that in general the fold of proteins tends to be
more conservative than their sequences, i.e., sometimes proteins sharing the same fold show
low sequence homology (Orengo et al., 1994; Jennings & Wright, 1993, Cavagnero et al.,
1999; Nishimura et al., 2000). This fact implies the difficulty in approaching this problem
using standard bioinformatics techniques such as multiple alighment techniques and so on.

We have been investigating this problem for several proteins using inter-residue average
distance statistics of proteins. The tool we introduced is a kind of predicted contact map
constructed from the sequence of a protein disregarding the knowledge of its 3D structure.
We call this map the Average Distance Map (ADM) (Kikuchi et al., 1988; Kikuchi, 2002;
Kikuchi 2011). The ADMs have seen used to analyze the folding problems of proteins in the
fatty acid binding protein family (Ichimaru & Kikuchi, 2003; Kikuchi, 2011), the globin
family (Ichimaru & Kikuchi, 2003; Nakajima et. al, 2005; Kikuchi, 2011), the c-type lysozyme
family (Nakajima & Kikuchi, 2007; Kikuchi, 2010), IgG binding domains (Kikuchi, 2008;
Kikuchi, 2011) and B-sandwich proteins (Ishizuka & Kikuchi, 2011). In this chapter, a new
application of this technique to ($/a) barrel protein is presented. We further discuss the
evolutionary variation of predicted folding units in a (3/a) barrel protein by analyzing
sequences of homologues in a family.
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84 Chemical Biology

The folding scenario of a protein may be like the following. One or several portions in a
sequence form (a) partial hydrophobic collapse(s). Each portion may grow to a larger assembly
with a native-like configuration or two or more portions may merge into a larger block to form
a native-like configuration. Such regions assemble to form a folding transition state. Then, the
final native structure emerges very quickly. The ultimate goal is to learn how a protein folds
into a complicated fold via above scenario. Thus we would like to know which parts of the
sequence form the native-like 3D configurations in the early stage of folding. These parts may
correspond to a 3D structural formation portion at the folding transition state. In the present
study, we try to predict a position of the initial hydrophobic collapse.

In our experiences so far, a protein in the T4-phage lysozyme family consists of two well-
structured domains, and our method predicts two distinct folding units (Kawai et al., 2011).
One clear folding unit and a short relatively weak one are predicted for a protein in the globin
family (Kawai et al., 2011). The sequence of a  sandwich protein is predicted to contain two
folding units, and this is interpreted to mean that these two portions merge into a larger block
in the protein and form a native-like structure (Ishizuka & Kikuchi, 2011). Thus, it is interesting
to see how our method predicts for the sequence of a (B/a) barrel protein and how its folding
process can be interpreted from the predictions. It is also observed that location of such
predicted regions is robust among evolutionally related proteins (Kawai & Kikuchi,
unpublished). This suggests a robustness of the location of folding units during evolution of
life on Earth. We seek to reveal this point for (3/a) barrel proteins.

2. (B/a) barrel protein

A (B/a) barrel protein shows a remarkable feature of the 3D scaffold which is constituted
eight cyclically arranged successive (3/a) units with high symmetry. This fold is called the
“TIM barrel” because the first discovered protein with this scaffold was triose phosphate
isomerase (see Fig. 1). Since then, a huge number of proteins with the TIM barrel fold have

Fig. 1. An example of the 3D structure of a (B/a) barrel protein, triose phosphate isomerase
(PDB: 1TIM). This is a typical (3/a) barrel protein consisting of eight (Ba) units.
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been found, and they show a variety of functions. Thus, elucidation of the folding mechanism
and evolution of the (B/a) barrel scaffold is a quite interesting and challenging problem. There
are many studies on folding mechanisms of several proteins with TIM barrel folds (Akanuma
& Yamagishi, 2008; Gu et al., 2007; Silverman & Harbury, 2002; Seitz at al., 2007).

Among them, the recent studies on 3D structures and sequences of imidazole glycerol
phosphate synthase (HisF) from Thermotoga maritime and N'-[(5'-phosphoribosyl)
formimino]-5-aminoimidazole-4-carboxamide ribonucleotide isomerase (HisA) (Lang at al.,
2000; Hocker et al., 2001) are remarkable. The 3D structures of HisF and HisA are presented
in Fig. 2. According to these studies, 3D structural similarities are observed among the N
terminal and C terminal halves of HisA and HisF (Lang et al.,, 2000). The sequence
similarities among the sequences of the N terminal and C terminal halves of HisA and HisF
are not high, but some conserved residues with similar properties are observed (Lang et al.,
2000). These findings suggest that that the (3/a)s half-barrel may fuse to yield a (3/a)s
complete barrel protein. This hypothesis that a half barrel of each protein can fold
independently was confirmed by Hocker et al. (2001), and a (B/a)s barrel protein designed
as a fused identical half barrels can also form a stable folded structure (Seitz et al., 2007).

S .. 'Eiigé ¥
124 -173 g AP 186,050 4
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Fig. 2. 3D structures of 17THF(a) and 1QO2(b). Each region colored in red, blue, green or

yellow denotes, respectively, the first, second, third or fourth folding unit predicted by each
ADM (see text).

183 - 240

The two-fold symmetry may be further broken down into a four-fold symmetry, that is, a
(Ba)2 quarter-barrel is a symmetry unit. For example, the conserved GXD/GXG muotif is
repeatedly observed within al-p2, a3- 4, a5-f5 and a7- 8 loops in HisF. Such symmetry is
also observed for other (ap)s barrel proteins based on the location of functional sites in them
(Nagano at al., 2002). The phosphate binding sites in HisF corresponds to the four-fold
symmetric active sites (see Fig. 3). Furthermore, Richter et al. (2010) designed a (af})s-barrel
protein composed of four identical (Ba), quarter-barrel units that form a stable 3D structure
by the introduction of disulfide bridges. Their results suggests that HisF evolved from an
ancestral (Ba)2 quarter-barrel via a (Ba)s half-barrel into the (ap)s-barrel (Richter et al., 2010).
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On the other hand, the NMR study by Setiyaputra et al. (2011) demonstrated that the
truncated phosphoribosylanthranilate isomerase (trPRAI), which is three-quarter-barrel-
sized fragment of a (Ba)s barrel, forms the distinct 3D structure (Setiyaputra et al., 2011).
This observation may suggest that the (Ba), quarter-barrel is a kind of structural module in a
(B/ a)s barrel protein but all 4 modules are not always indispensable.
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Fig. 3. Sequences of (a) HisF and (b) HisA. A residue in a -strand is labeled by “b” and that
in an a-helix by “a”. A region with residues written by white letters with black background
denotes the predicted region by ADM (see text). The symbol “PPPP” denotes an active site
where phosphate binds in HisF and “(PPPP)” denotes a site in HisA that corresponds to a
phosphate binding site in HisF. An arrow with a double line points to a boundary between
two (Ba), units.

Thus, HisF and HisA have attracted a lot of interest from researchers studying folding
mechanisms and evolution. Hence we take HisF and HisA as examples of (/a)s barrel
proteins in the present study.
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3. Techniques used in the present work
3.1 Average distance map (ADM) method

The average distance map (ADM) method is a technique to predict structure-forming or
compact portions in the amino acid sequence of a protein, and details of the method are
described in (Kikuchi et al., 1988; Kikuchi, 2011). We have been confirming that ADMs
contain variety of information on 3D structures and folding of proteins in spite of the
simplicity of the method. The regions predicted by the ADM of a protein sequence
correspond to; (1) nuclei of structural domains, (2) a nucleus of a structural domain and a
portion forming a structure by interaction with the nucleus of the domain, or (3) two regions
that form a stabilized structure by merging (Kawai, Matsuoka & Kikuchi, 2011). The essence
of the procedure is as follows.

1. Calculation of inter-residue average distances in proteins

Inter-residue average distances were calculated using proteins with known 3D structures
taking separation of two residues along the amino acid sequence of a protein into
consideration. That is, the average distances were calculated for a residue pair within each
group, i.e., 1=k=8, 9=k=20, 21=k=30, 31=k=40 and so on where k=|i-j| and i and j mean
the i-th and j-th residues of the sequence. Each group of separation is referred to as a
range, and each range is defined as; M=1 for 1=k=8, M=2 for 9=k=20, M=3 for 21=k=30
and so on (Refer to Kikuchi et al. (1988) for proteins used in the calculations of average
distances). Here, an inter-residue distance means the distance between Ca atoms in
Cartesian space.

2. Construction of a predicted contact map

Our ADM analysis entailes making some plots showing when the average distance between
a pair of residues in the sequence of a protein is less than some threshold value. A threshold
value is defined for each range to reproduce density of plots on a contact map constructed
from the spatial 3D structure of a protein under consideration. The prediction of density of
plot on a contact map is made according to the way described by Kikuchi et al. (1988).
Examples of ADMs are presented in Fig. 4. These ADMs were constructed based on the
sequences of HisF and HisA.

3. Prediction of a compact region or a folding unit in a given sequence with ADM

When two segments in a protein form many contacts, the ADM should show be a region
with a high density of contacts corresponding to plots on the contact map of a protein. Such
a region shows a sudden change of the density of plots at its boundary on a map. Suppose
that a map is divided into two parts by a line parallel to the ordinate of the map, thereby
creating triangular and trapezoid parts. The difference in the density of plots between these
two parts should be minimum or maximum at the boundary of the region with high density
of plots. The same thing is also true when a map is divided into two parts by a line parallel
to the abscissa. Let Ap” (Ap]-”) be the differences of plot densities between two parts defined
by lines parallel to the ordinate (abscissa) of a map. Then, the boundary of a region with
high density contacts on a map can be detected by maxima and minima of the values of and
as depicted in Fig. 5(a). In the example of Fig. 5(a), there are valleys at A and D , and peaks
at B and C, and thus the interactions between the segments

www.intechopen.com



88

Chemical Biology

100 o :

150 4 -

0.130

0.129
(124 -173)
: R

LY

T

200 ¥ ek
& o
250 | : : : - !
0 50 100 150 200 250
(a)
0
s0
i 0.154
& " (76 - 101)
100 3y = wi i & . 0.116
i " $ n(100-166)
i . .
a* .
150 :
200 4 . L
0

(b)

Fig. 4. ADMs for (a) HisF and (b) HisA. A bar along the diagonal denotes a position of a -
strand and an arrow does that of an a-helix. A region of a predicted folding unit is enclosed
by solid lines in a map with a parenthesis and a numeral denotes the ) value corresponding
to the corresponding predicted region. A broken double arrow means the portion of a
corresponding (Ba)2 unit.
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A-B and C-D are observed as a high density region of contacts on a map. Sometimes, a
compact region in a protein can be observed as a high density region of contacts near the
diagonal of a map. Such a region can be detected by peaks in the values in and as shown in
Fig. 5(b). Peaks at E and F are observed in Fig. 5(b), and this predicts the compact region E-F
in the sequence. It is convenient to define 1 value = Apy +Ap{' in Fig. 5(b) as a measure of
compactness of the region E-F. For several proteins, we have confirmed that such a compact
region on ADM can also be regarded as a folding unit in the sequence of a protein (Ichimaru
& Kikuchi, 2003; Nakajima et. al, 2005; Nakajima & Kikuchi, 2007; Kikuchi, 2011).

Ap;

Ci

Ap}‘ |
A

“:\/’

(@) (b)
Fig. 5. (a) When a map is divided into two parts by a line parallel to the ordinate of the map
creating triangular and trapezoid parts, the difference of the density of plots between these
two parts should be minimum or maximum at the boundary of the region with high density
of plots. The same thing is also true when a map is divided into two parts by a line parallel
to the abscissa. Ap,” (Apjh) denote the differences of plot densities between two parts (the
triangular and trapezoid parts) defined by lines parallel to the ordinate (abscissa) of a map.
A peak and a valley appear at the boundaries of a high dense region of a plot of or. This
hypothetical map suggests the interaction between the segments A-B and C-D. (b) A
compact region or a domain in a given protein can be observed as a highly dense region of
plots along the diagonal of a map. This figure shows a schematic drawing of a compact
region at F-E. We define r as a measure of the compactness of the region, i.e.n = Apl' + Ap, .

In Fig. 4, we show the predicted folding units with n values for (a) HisF and (b) HisA in
respective ADMs. Such a region corresponds to that enclosed by triangle in each map.

3.2 Multiple alignment analyses with homologues of HisF and HisA

It is interesting to see how predicted folding units in the sequences of the homologues of
HisA and HisF appear in the sequences, i.e.,, whether predicted folding units are common
among homologues. If commonality of folding units were observed, folding units of a
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protein could be considered to be robust during evolution, and thus the folding process
should be conserved during evolution. In the present study, evolutionary analyses with
multiple alignments for homologues are also tried in the following procedure.

1. Homologous sequences of HisF and HisA were searched within the Uniprot and Swiss-
prot databases. We used BLAST (Altschul et al, 1990) as a search algorithm and
collected homologues less than 0.01 of their e value.

The multiple alignments of the collected sequences were made with ClustalW.

3. Phylogenetic trees of the collected sequences of homologues of HisF and HisA obtained
in the way above were made based on the multiple alignments using the Neighbor-Joint
method (Saitou & Nei, 1987) with 100 times bootstrapping.

4. For all sequences, the predictions of the positions of folding units by ADMs were made
with AutoADM (Kawai et al., unpublished).
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Fig. 6. A part of aligned sequences of aligned sequences in a multiple alignment. A brighter
red region indicates a larger 1 value region. The number of residues within predicted
folding units is counted at each site in a multiple alignment, e.g., the number of residues in
red zones in the region enclosed by a black rectangle is counted and a histogram of such
numbers is constructed for all sites of the multiple alignment.

A part of aligned sequences is presented in Fig. 6. In this figure, a region colored by red in
each sequence denotes a predicted folding unit in the protein. A brighter red region means a
larger n value region.
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5. The number of residues within predicted folding units is counted at each position of a
residue in a multiple alignment. That is, a histogram of the number of residues within
the predicted region for an each position in a multiple alignment is made.

4. Analyses for HisA and HisF
4.1 Predicted folding units in HisF and HisA by ADMs

The ADM for HisF presented in Fig. 4(a) predicts four folding regions; 6-66, 73-116, 124-173
and 186-250 (regions enclosed by solid lines) as illustrated in this figure. Each region
contains a phosphate binding site as shown in Fig. 3 (and also in Fig. 7). That is, this ADM
predicts that HisF contains four folding units. The n values of these regions are 0.153, 0.130,
0.129 and 0.190, respectively, and thus the 1 values of these portions are relatively similar
suggesting that each of these regions constitutes a folding unit with equal significance. From
Figs. 3(a) and 4(a) it is easily confirmed that these predicted parts correspond to p1-al- p2-
a2, B3- a3-p4- a4, B5- a5- B6 and ab- B7- aZ- B8- a8 in the 3D structure of HisF, and each of
these regions corresponds well to the positions of each (Ba), unit. The structures of these
parts are colored in red, blue, green and yellow in Fig. 2(a).

On the other hand, the folding units of HisA are predicted as 14-56, 76-101, 100-166 and 183-
240 according to its ADM as shown in Fig. 4(b). In Fig. 3 (and also in Fig. 7), the corresponding
phosphate binding sites in HisF are presented, and the second, third and fourth predicted
folding units contain such regions. Thus, HisA can be regarded as consisting of four folding
units. The 1) values of these regions are 0.185, 0.154, 0.116 and 0.279, respectively. The 1 values
of these regions are relatively similar except the larger value of the fourth region. This result
may suggest the stronger significance of the fourth region and other three parts would
contribute equally to the scaffold of the protein. These parts correspond to p1- al- p2- a2, p3-
a3- 4, a4- B5- a5- 6 and a6- B7- a7- $8- a8 in the 3D structure of HisA, and thus again each
of these regions corresponds well to the positions of each of (Ba)> unit as confirmed in Figs.
3(b) and 4(b). The 3D structures of these parts are depicted in Fig. 2(b).

4.2 Multiple sequence alignment analyses of homologues of HisF and HisA and the
location of folding units

Collected in Fig. 7 are 184 and 232 homologues of HisF and HisA. For these we made ADM
predictions and multiple alignments for these sequences. For a detailed explanation of Fig.
7, see the caption. A colored bar below the alignment shows a possible common folding unit
in this group of proteins. Each of these regions was defined as a region where the majority
of sequences in the multiple alignment shows the positions of folding units, i.e., the values
in the histogram are relatively large. The histogram of the number of residues within
predicted folding units is shown at the bottom of the figure.

Taking the four predicted folding units in HisF by the ADM into account, careful observation
of the multiple alighment in Fig. 7 reveals conservation or robustness of the region of a
predicted folding unit. For example, we can observe in Fig. 7 that the N terminal part of each
sequence always shows a predicted folding unit, i.e. red zone in each sequence in Fig. 7. This
conservation or robustness does not mean conservation or robustness of residues in the
sequence but rather that of the properties of residues in the sequence. From the histogram, a
common folding unit can be assigned in the N terminal part as a region with high values in the
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histogram as symbolized by the red bar below of the alignment. The boundaries of the red bar
were defined by the height of the histogram around this region and visual inspection of the
location of the first folding units in the alignment, i.e., the red zones. We call a region defined
in this way a common folding unit. Thus, some robustness of the first folding unit can be
observed and this region corresponds well to the first (Ba), units as seen in Fig. 7. The fourth
region symbolized by the yellow bar also shows relatively large robustness and corresponds to
the fourth (Ba)z unit. This region shows another common folding unit. We confirm that such
analyses with the multiple alignment in this manner reveal clearly the location of folding units
and these regions correspond well to the portion of (Ba). units.

v ¥ v v o4 d
> >€ >€ >

<€
—m-==—{ =t — -l = o= ° © °

LUk 1) s 4
i ” 1 i‘
f | | . ]
-1l
f 171 1 RN
: b |
| & TE 81| !"‘i -
=g
| B es G -
. f | ] { g;:{!l I:“
! 1 . ] W " - :‘.J di‘
: 3 1! | fliE I
: ‘ - |‘-=,ﬁ! TR ii
‘ IR il i
2 : | == | ff i E e
: : 1161 13| oA g s
i q .' El. I |l
| - R
Er—— [~ —— = |
1 [———— = ]
0.5
0

Fig. 7. Whole multiple alignment for HIsF and its homologues. The red arrows at the top of
the figure denote a position of phosphate binding sites. A dark blue two headed arrows just
below the red arrows indicate a position of (Ba), barrel unit. The bars just below these blue
arrows show secondary structures, i.e., a blue bar denotes a 3 strand and red bar an a helix.
The phylogenetic tree is presented on the left side of the figure. A colored bar at the bottom
of the alighment means a possible common folding unit in this group of proteins. Each of
these regions was defined as a region at where the majority of sequences in the multiple
alignment shows the positions of folding units, i.e., the values in the histogram are relatively
large. The boundaries of a region can be defined by peaks of the histogram at the bottom.
The histogram graphs the number of residues within predicted folding units. A graph on
the right side of the figure denotes a plot of sequence homology (%) to that of HisF. The
average homology of homologue sequences to that of HisF is about 50%. The arrow at the
peak means the 100% homology with HisF sequence.
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The third region of Fig. 7 seems to have varied frequently during the evolution from the
ancestral HisF, and only a modestly high region can be observed in the histogram. That is
symbolized by the green bar. Furthermore, we cannot observe the second folding unit in the
histogram, and we just see predicted folding units, i.e., red zones, in some sequences of
homologues by visual inspection in this region. Temporarily, we assign two common
folding units at the regions symbolized by the blue and green bars.

In Fig. 9(a), we show the 3D structures of the common folding units in HisF. Each color of
the region in the structure corresponds to the color of each bar in Fig. 7. The reason why the
second region implies the low robustness of sequence properties is not clear. It may relate to
the folding property or functional property.
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Fig. 8. Whole multiple alignment for HisA and its homologues. See the caption of Fig. 7 for
detailes. A graph on the right side of the figure denotes a plot of sequence homology (%)
with that of HisF. The arrow at the peak means the 100% homology with HisA sequence.

The whole multiple alignment for HisA and its homologues is presented in Fig. 8. The
meaning of each symbol is the same as in Fig. 7. In HisA, a strong robustness is observed in
the C terminal part of the sequences, and the region is symbolized by the yellow bar just
below the multiple alignment in Fig. 8. This region is longer than the fourth (Ba). unit
suggesting that this part is the main region of the folding of HisA, and we define this region
as a common folding unit. The first region also shows modest robustness (strong robustness
of the shorter part in this region) indicating the existence of a common folding unit but not
as strong as in HisF. This observation suggests some significance of the C terminal region
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for folding mechanism of a protein in this group. Compared with the case of HisF, the
histogram for HisA in Fig. 8 shows the modestly high region corresponding to the second
predicted folding unit by ADM, and this region is symbolized by the blue below the
alignment in Fig. 8. The corresponding third region cannot be assigned by the histogram,
but by visual inspection predicted folding regions (red zones) appear in several sequences of
homologues. So we make an additional assignment of the third common folding unit
symbolized by the green bar. The 3D structures of the common folding units in HisA are
presented in Fig. 9(b).

b)

Fig. 9. Region assigned as common folding units in (a) HisF and (b) HisA from Figs. 7 and 8,
respectively.

Our ADM analyses predict the existence of four folding units in HisF and HisA, which
correspond to (Ba)z units proposed by Richiter et al., 2010, only from their sequences. For
HisA, the significance of the C terminal unit predicted by the ADM for its 3D structure
formation can be speculated based on the n value of this region. The combination of the
multiple alignment analyses with the ADM analyses reveals that the N and C terminal
common folding units are robust and would be significant for the folding process of these
proteins commonly. On the other hand, the second and third regions are easily varied and
the participation of these units to folding mechanisms would not be common among the
homologues.

Thus, we can predict the four folding units from properties of sequences of (Ba)s proteins
through ADM:s. It is rather difficult to obtain such information by standard techniques of
sequence analyses (Richter et al.,, 2010). Furthermore, our method specifies a kind of
plasticity of each region from the present multiple alignment analysis. We think that this
information may useful for predicting the folding properties of a protein, this is discussed
below.
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5. Concluding remarks

As we see above, the ADM method predicts positions of possible folding units in a
protein. Regions predicted by the ADMs in homologues of a protein reveal the
conservation or robustness of a predicted region during evolution. Proteins treated in this
chapter show high (8-fold) symmetry. The folding process of such proteins with high
symmetry may be rather different from other folds. The present analyses along with the
preceding investigations (Lang et al., 2000; Hocker et al., 2001; Richter et al., 2010) imply
that (Ba)s proteins such as HisF and HisA consist of four independent (fa), units and
these proteins start to fold at each (Ba)> unit. However, huge number of proteins with the
(Ba)s fold exist, so the folding mechanisms of (Ba)s proteins may show wide variations.
Actually, various folding mechanisms of (Pa)s proteins have been reported (Akanuma &
Yamagishi, 2008; Gu et al., 2007; Silverman & Harbury, 2002; Seitz at al., 2007; Setiyaputra
et al. (2011)). Such variation of folding may be related to the nonrobustness of the second
and third common folding units in HisF and HisA. We will perform ADM analyses on
additional (Ba)s proteins.

As mentioned in the Introduction, the folding scenario of proteins may be put in the
following categories:

1. A one domain protein

A portion in the sequence of a protein starts to form a hydrophobic collapse, and this part
grows to a whole sequence to form the native structure. Protein G, Protein A and so on may
belong to this category. In this case, the ADM for a protein tends to predict the location of
one folding core in the sequence (Kikuchi et al, 1988; Kikuchi, 2008).

2. A protein composed by two (or more) distinct domains

Two (or more) portions in the sequence of a protein start simultaneously to form
hydrophobic collapses, and these parts grow independently to domains in the native
structure. T4-lysozyme, papain and so on belong to this category (Kikuchi et al, 1988; Kawai,
Matsuoka and Kikuchi, 2011). In this case, the ADM for a protein tends to predict the
location of distinct folding cores corresponding to the domains in the sequence.

3. A protein formed by a main part with an interacting short fragment

A main portion in the sequence of a protein starts to form hydrophobic collapse, and this
part grows to the partial native structure, and the rest (relatively short fragment compared
with the main part) interacts with the main portion followed by the formation of the final
native structure. According to our investigations with the ADM method, proteins with the
Globin fold, fatty-acid binding protein and so on may belong to this category (Ichimaru &
Kikuchi, 2003; Nakajima et. al, 2005; Kawai, Matsuoka & Kikuchi, 2011). In this case, the
ADM for a protein tends to predict the location of the main part in the sequence.

4. A protein containing long range interactions along its sequence

Two (or more) portions in the sequence of a protein starts to form partial (or imperfect)
hydrophobic collapses followed by aggregation of these two (or more) portions to form a
more perfect hydrophobic core. This part grows to the final native structure. $-Sandwich
proteins such as titin, azurin (Ishizuka & Kikuchi, 2011) and so on, proteins in the c-type
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lysozyme fold (Nakajima & Kikuchi, 2007), aff sandwich proteins (Matsuoka & Kikuchi,
unpublished) such as ribosomal protein S6, and so on may belong to this category. In this
case, the ADM for a protein tends to predict the location of folding cores which should
aggregate into the larger hydrophobic core.

5. A protein with a highly symmetrical structure

Three (or more) portions in the sequence in the sequence of a protein start to form
hydrophobic collapses independently, and each portion forms the native structure. The
formation of the native structure may occur cooperatively, i.e., once a symmetrical unit
starts to form the partial native structure, the rest of the protein tends to form the native
structure. This case corresponds to the present work.

The scenarios of protein folding mechanisms are proposed based on the investigations of
many researchers (Fersht, 1997; Sato et al,, 2006; Sato & Fersht, 2007; Sosnick & Barrick, 2011;
Schaeffer & Daggett, 2011) and the results from our ADM analyses. A portion of a protein
sequence contains a folding unit predicted by ADM, and the folding process proceeds by
one of the scenarios above, we consider that with ADM analysis it is possible to predict the
folding process of a related protein from only a sequence. Of course, there many unclear
properties in ADM analyses for a protein, and we are continuing to elucidate the meanings
of outcomes from the ADM analyses.

As presented in this chapter, ADM analyses combined with multiple alignment analyses
provide fruitful results on evolutionary changes in the folding process of proteins in a
family.

Finally, it would be quite nice if our techniques were able to contribute to ab initio protein
3D structure prediction. Unfortunately, the present stage is still far from this goal, but we
are trying to do it by analyzing the relationships between the 3D structure of the folding
unit of a protein and common properties of residues in this portion among homologues of a
protein. We hope that we will be close to this goal in the near future.
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