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Three-dimensional structures of proteins are directlgtesl to their functions. There-
fore, development of prediction methods for protein stites is one of the most studied ar-
eas in computational biology. The primary structure of @it (the amino acid sequence)
is folded into secondary structures (e@:helices andi-sheets). Polypeptide chains with
secondary structures are further folded into higher ottsleret-dimensional structures. Pre-
dicting secondary structures is thus usually the first siepriderstanding the protein struc-
tures. Many secondary structure prediction methods hase eveloped. However, only
a few methods are available for predicting amphipathitelices. Amphipathie-helices
have both hydrophobic and hydrophilic sides. These hetioesften found at biologically
active protein regions, usually at the surface areas whegeswle contacts the outside of
the protein (aqueous in nature) and the other side facesytlrefphobic inside of the pro-
tein. Locating these helices helps in predicting proteimctions, such as DNA-binding
proteins, and also predicting the tertiary structure otgirs. Experimentally determined
three-dimensional coordinate information is availabl¢éhi@ Protein Data Bank (PDB). In
order to utilize such information effectively for precisaamtitative analysis, in this the-
sis, methods were developed for systematizing the secprmstiarctural information and
for identifying amphipathie-helices based on protein structure information contained
the PDB. Using these methods developed, &5telices with ten amino acids or longer

were identified from 160 PDB protein entries. Among theskelices, 26 were found



to be amphipathic. A simple set of statistics was developadidcriminate amphipathic
a-helices from non-amphipathie-helices by examining the distributions of hydrophobic
to hydrophilic amino acid ratios. The difference betweessthstatistics estimated from
the data set containing only amphipathiéhelices and one without secondary structure
was significant and could be used to predict amphipatkinelices simply from protein

primary structures (amino acid sequences).
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Chapter 1

Introduction

1.1 Outline

The structure of proteins is divided into four layers. Priynstructure is the linear amino
acid sequence of a polypeptide chain. Secondary strudhaieslea-helices ands-sheets.
Higher order structures (tertiary and quaternary stresuallow proteins to function. It
is, therefore, important to understand structural detdijsroteins. Protein structures can
be experimentally determined by nuclear magnetic resa@i®IR) and diffraction (e.g.,
X-ray) methods. However, these methods are time consumitgxpensive. Furthermore,
solving the structures of some types of proteins has bedicplarly difficult (e.g., trans-
membrane proteins). Therefore, prediction methods haee developed as alternative
ways to obtain protein structure information.

Secondary structure prediction is by far the most activilgied and successful in the
field of structural bioinformatics. Although many methods/é@ been developed for sec-
ondary structure prediction, very few methods are avaslghlticularly for predicting am-
phipathica-helices. Amphipathie-helices are those that extend hydrophilic side-chains

from one side and hydrophobic side-chains from the oppsslee This secondary structure
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is often found in the biologically active proteins and pdp$, e.g., DNA-binding proteins,
usually at surface areas where one side faces the aqueousmeatt the other side the in-
ternal area of the protein. Predicting the location of arpathica-helices is, therefore, an
important step towards predicting functions of proteienitifying amphipathie-helices
also helps when predicting the tertiary structure of pratei

Existing methods for identifying amphipathichelices include the “helical wheel dia-
gram” [16], the “helical-net diagram” [4], and the “helidaydrophobic moment” [5]. Both
of “helical wheel” and “helical-net” diagrams are simpleahdimensional visualization
methods that identify amphipathichelices with hydrophobic and hydrophilic arcs along
the wheel (helical wheel) or along the cylinder (helicatin&he “helical hydrophobic mo-
ment” numerically expresses the helical amphipathicitst pfotein segment. This method
detects the periodicity in hydrophobicity values by usitgetete Fourier transform. Cur-
rently the “helical hydrophobic moment” is the only quaative method that is applicable
for prediction. This method, however, is not suitable foagyé scale database search as
the method is not length invariant and it is less 0 in definimgangle periodicity.

The main goal of this project was to develop a new method treatipts amphipathic
a-helices given a primary protein structure (amino acid sege). In order to achieve this

goal following three major problems were required to be sdiv

1. Systematizing the available structural informationhe public database, so that it

can be used for quantitative analysis;

2. Development of a method to identify amphipathibelices quantitatively from struc-

tural information; and

3. Development of statistics that can be used to discriraimatphipathicy-helices

from non-amphipathie-helices.

The Protein Data Bank (PDB) [1] is the database that contafosmation on experi-
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mentally determined three-dimensional structures ofgangtand other biological macro-
molecules. In addition to the physical coordinate data ofratand the primary sequence
information, the database also contains annotationsdimausecondary structure informa-
tion. However, these annotations are given by the researeme are not defined consis-
tently nor are written in a systematic format. Such incaesisy prevents us from perform-
ing precise quantitative analysis of structural data amhfusing the information efficiently
for developing structural prediction methods.

My first objective of this thesis was, therefore, to detemnine secondary structures
from each protein structural coordinate data using a ctargislefinition and method. The
two major secondary structures-fielix and3-strand) were determined based on the ex-
act calculation of rotation angleg,and, in each dipeptide. Once the exact positions of
secondary structures within proteins were obtained, therskobjective was to identify
amphipathicy-helices from the available protein structural data. Inegah amphipathic
a-helices are objectively described by researchers depgrudi their interests in protein
functions, and PDB annotations do not always contain sufdrnvation. Thus, a new
method had to be developed for defining and identifying tlaigipular type ofa-helix.

In this thesis, amphipathie-helices were identified entirely based on structural imi@r
tion and this is a very new approach. Using atomic coordiivdtemation, each protein
structure in PDB was reconstructed using a three-dimeabgnid system. Based on the
“neighboring” information for each cell in a protein, a “sace area map” was generated.
This information enabled us to identify amphipathitelices using only structural data.

My third objective was to develop a set of statistics that ickamtify amphipathicy-
helices by using only amino acid sequence information. Allsthaga set including six each
of positive and negative samples was collected manualig ff®B based on biological an-
notations. The positive samples contained strictly amgthipa-helices, and the negative

samples were protein segments that did not contanelix or 5-sheet. Based on a series



4

of preliminary analysis using this small data set, a setrop statistics that can be used
to identify amphipathiey-helices was developed. These statistics represent arbtag i
distribution of hydrophobic amino acids along the aminalagquence. Negative data set
did not show any bias in the distribution of hydrophobic agdroephilic amino acids.

My forth and final objective was to develop a discriminatioethod for predicting am-
phipathic helices based on the statistics developed hef@ger data sets were prepared
using the secondary structure and amphipaihkielices identification methods developed
earlier. Independently a set of simulated binary sequewessrepared to represent all of
the hydrophobic and hydrophilic sequence space for a odeagth of peptides. This data
set was used to examine the behavior of statistics in corlpletndom peptide properties.

In summary, the outcomes from this thesis are: (1) proteucsiral information was
systematized for precise quantitative analysis; (2) antitieation method was developed
for amphipathicx-helices based only on structural information; and (3) ao$etatistics

that can be used for discriminating amphipathibelices was developed.

1.2 Organization of the thesis

The remainder of this thesis is organized as follows. Ch&ptescribes the background in-
formation on proteins, protein structures, amphipathlmelices, and their commonly used
visualization and quantitative methods. This chapter elgains the format and problems
associated with the public domain structural databaseéeirbata Bank (PDB). In Chapter
3, methods are developed for identifying secondary strastand amphipathie-helices
based on structural information found in PDB. The prelimynanalysis and development
of statistics for predicting amphipathichelices using amino acid sequence information
are discussed in Chapter 4. Finally Chapter 5 concludesitbsgs with overall discussion

and future works.



Chapter 2

Background

2.1 Proteins

Living organisms are composed of cells. A cell is constiiuagéaboutr( percent of water,
15 percent of proteinsy percent of nucleic acids, as well as carbohydras8s)( lipid
(2%), inorganic mineralsi@o), and other miscellaneous organic molecules [13]. Rrstei
are, therefore, the most abundant macromolecules in the defoteins are designed to
bind simple ions as well as large complex molecules suchgarsyfat, nucleic acids, and
other proteins. They provide structural rigidity to thelcetgulate the concentrations of
metabolites, control flow of material through membranesd, @talyze chemical reactions.

Proteins also cause motion, act as sensors and switchespatndl gene functions [11].

2.2 Protein structures

Amino acids are the biochemical building blocks of proteihsenty different amino acids
are joined together by peptide bonds to form a polypeptiggéhdix A lists the 20 amino

acids). The amino acid sequence of a polypeptide chain @imary structure of a protein.
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The formation of hydrogen bonds between amino acids in thgppptide chain produces
secondary structures: e.g-helices and’-sheets. Anx-helix is a coiled (spring like) con-
formation of consecutive amino acids as shown in Figure R.dontains 3.6 residues per

turn. a-helices are most commonly found at the surface of the praigies [2].A5-sheet

Figure 2.1: Amino acid arrangement in an-helix of a lysozyme (PDB entry 1LYZ).
The chemical structure of each amino acid is shown. PyMoiq3ised to create the 3D
visualization.

is a pleated structure formed with two or more hydrogen bdmtstrands as shown in Fig-
ure 2.2. Unliken-helices, which are comprised of residues from a contingpalgeptide
segments-sheets are formed very often frofstrands that occur at distant portions of
the polypeptide sequencg-sheets could be present in either parallel or antipariiteis
based on the relative directions of two interactiiigtrands.

More detailed explanation af-helix and3-strand are given later in this section. In
addition to these two major types, “turns” are also congides part of secondary structure
as it helps forming the major secondary structures. Theseskary structures are linked by
loops that lack secondary structure and then folded intdtiatg structure. The association
of two or more polypeptide chains is called a quaternarycstine. Most proteins found in

nature have quaternary structures. The three dimensitmatwe of each protein allows



Figure 2.2: Amino acid arrangement in @sheet of a lysozyme (PDB entry 1LYZ). The
dotted lines represent the hydrogen bonds holdinggvetrands. PyMol is used to create
this 3D visualization.

it to perform each unique function. The four layers of prot&iructures are summarized in
Figure 2.3.

Nt=

@

A
“’
9 . |
@ G AL

(b) (c)

Figure 2.3: Four layers of protein structure. A primary structure (@cadary structures
((b) (i) a-helix and (ii) 5-strand), a tertiary structure (c), and a quaternary siredd) are
illustrated. PyMol is used to create these 3D visualization

An amino acid is any molecule that contains both “amino” andrboxylic acid” O
groups as shown in Figure 2.4. Different amino acids arengjsished by their different
side chains denoted by R. A side chain is a chemical struatuaepolymer that projects

from the repeating backbone. These side chains are bondlee te-carbon” of the back-



Carbonyl group
Amino group

\‘ COO w -Carbon

H N+—C —H

O -— . group

Figure 2.4: General structure of an amino acid, also called the “maimnéloa the “back-
bone”. The R group represents the “side chain” that is spetcifeach amino acid.

bone providing each amino acid its particular chemical idignAppendix A shows the
chemical structures of all 20 amino acids. The amino acidsliaked linearly through
peptide bonds, also called amide bonds (Figure 2.5). Reptidds are formed by a dehy-
dration synthesis reaction between the carboxyl groupeofitbt amino acid and the amino
group of the second amino acid. Adding additional amino stidthe growing peptide

chain produces a polypeptide chain.

H Hl

w ;ztcr)@ w .1l|:rb
(H] M)
L B
' @ ® ® :

Amino “ y Carbonyl
lermunus ’ lermmus
(N-terminus) 4 (C-terminus)
M = N e
) Y G

Peptide bond

C T TN s S Py

Figure 2.5: Peptide bond formation. Its formation requires loss of aanvathereas hydrol-
ysis (the opposite reaction) requires addition of a watdemde (courtesy [14]).

A peptide bond has a property that plays an important roleerigidity and folding of
a polypeptide chain. It has a partial double bond charastspfiance structure) caused by
the delocalization of bonding electrons rapidly movingwestn the oxygen and nitrogen

atoms. This gives the C-N single bond (shown in the red lin€igure 2.5) a “partial
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double bond” character. Because of this resonance stey¢he carbonyl carbon, carbonyl
oxygen, and amide nitrogen atoms are coplanar and the ftagom of the C-N bond
is limited. However, the N-C (amide nitrogen and-carbon) and ¢-C («-carbon and
carbonyl carbon) bonds are single bonds and free rotatmmarthese bonds is allowed.
The angle between two groups on either side of a bond is cfsobn angle (also known
as dihedral angle). By convention, the torsion angle forNk€,, bond is called phid),
whereas the torsion angle of rotation around@bond is called psiy). Figure 2.6 shows

the relationships of torsion angles and dipeptides.

. Amide plane

0 Side

group

Amide plane

Figure 2.6: Torsion angles in a peptide unit. The rotations about the ,Nb@hd is Phi §)
and the G-C bond is Psi) (courtesy [14]).

As described before, certain repeating patterns of hydrdgpads between C=0 and
NH groups of amino acids in the polypeptide chain form eithédrelices orj-strands.
These different patterns can be identified on the combinstad torsion angles. It is an
a-helix when the consecutive residues havedlandy angle pair approximately -3&and
-4 as defined by International Union of Pure and Applied Cham{#JPAC: Figure 2.7).
a-helix can be either right-handed or left-handed dependmthe screw direction of the

chain. However, right-handed helices are more frequerileoved in natures-strands
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Figure 2.7: An a-helix, which has 3.6 peptide units per turn (courtesy [1Dashed lines
represent the hydrogen bonds.

are, on the other hand, identified with torsion angles-119 and« = 113 (as defined

by IUPAC; Figure 2.8).The torsion angles are plotted on gawomational map called Ra-

e %

Figure 2.8: A two-stranded antiparallel pleatedsheet. Dashed lines indicate hydrogen
bonds (courtesy [17]).

machandran plot. Ramachandran plot for proteins is a usefublization method that

easily identifies secondary structures as shown in Fig@e 2.
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Ramachandran Plot

Figure 2.9: Ramachandran plot representing major secondary strgctiifee red areas 0
asa, 3, and L correspond to conformational angles found for thetsigandedy-helices,
(-strands, and left-handedhelices, respectively (courtesy [10]).

2.3 Amphipathic a-helix and its biological significance

The foldings and functions of proteins depend on the chdroiaacteristics of amino acid
side-chains (the list of amino acids and their side chaigsen in Appendix A). The chem-
ical properties of amino acids play important roles in iatg¢ions between them and with
water. The chemical properties of amino acids can be dividedtwo main categories:
hydrophobic and hydrophilic (See Appendix A). There arerebehydrophobic residues:
alanine (A), cysteine (C), phenylalanine (F), glycine (Galeucine (1), leucine (L), me-
thionine (M), proline (P), valine (V), tyrosine (Y), and ptophan (W). These molecules
are non-polar and uncharged, and they tend to avoid congaetiter. The nature of these
residues is the basis for the hydrophobic effect. The hyltnbj effect causes the polypep-
tide folded into a compact conformation. This results inimizing the total hydrophobic
surface area and allows van der Waals interactions betvinegmytdrophobic groups. Hy-

drophobic residues are usually packed in the core of thejrot
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On the other hand, there are nine hydrophilic amino acidlues: aspartic acid (D),
glutamic acid (E), histidine (H), lysine (K), asparagine),(§lutamine (Q), arginine (R),
serine (S), and threonine (T). These molecules are polachadjed in nature and they
tend to interact with water through hydrogen bonds. The tyein bonding enables the
molecule to dissolve in water. These two opposite chamctieresidues, hydrophobic and
hydrophilic, enable a protein to assume its functional oanftion.

An amphipathic molecule contains both hydrophobic and dyldilic groups. Am-
phipathica-helices extend hydrophilic side-chains from one side ayafdphobic side-
chains from the opposite side. One example of such ampligpathelices is shown in
Figure 2.10. It clearly shows that hydrophobic amino acgif®yn in red) are located on
one side of thex-helix and 0 amino acids (shown in blue) are located on therddide.

Such distribution bias is not found in non-amphipati#belices.

(a) (b)

Figure 2.10: Vertical views ofa-helix segments for (a) an amphipathic helix (generated
from a PDB entry 1AJG: a myoglobin) and (b) a non-amphipalialix (generated from
a PDB entry 1H87: a lysozyme). PyMol is used to create thesei8lalization. Red
represents the hydrophobic residues and blue represertydinophilic residues.

Due to the conformation af-helix, the hydrophobic and hydrophilic residues are dis-
tributed 3-4 residues apart in the sequence, thus prodingidgophobic and hydrophilic
faces. This kind of distribution can stabilize, for examgielix-helix packing found in

lysozyme [14]. This arrangement of amino acids also alldvesstructure to create a bar-

rier between aqueous and hydrophobic environments updméphnd therefore, amphi-
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pathica-helices frequently occur on the surface of proteins. Duéése unique chemical
properties, amphipathie-helices play various important structural and functiawés in
proteins such as DNA-binding proteins, fibrous proteinsyalt as receptor binding seg-

ments of polypeptide hormones, polypeptide venoms, angppoltide antibiotics [7].

2.4 Methods to detect amphipathiax-helices

As mentioned before, currently there are only a few methpesifically developed for
predicting amphipathie-helices from amino acid sequences. The most commonly used
methods, “helical wheel” [16] and “helical-net” [4] diagrs, rely on visualization tech-
niques to detect amphipathichelices. “Hydrophobic moment” [5], on the other hand,
is a widely used quantitative method to detect the amphipatthelices. All of these
three methods assume that tadelix region is already known, and particular conforma-
tional properties of amino acid sequences withirmamelix is utilized for the amphipathic

a-helix detection. These three methods are described next.

2.4.1 “Helical wheel” and “helical-net” diagrams

These graphical methods project the three-dimensionattsites ofa-helices onto two-
dimensional diagrams. One of the most commonly used suchaaeis “helical wheel”
developed by Shiffer and Edmundson [16]. This method is kitb@sed on the property of
a-helix that there are 3.6 amino acid residues per complete(as shown in Figure 2.1).
The angle between two residues is, therefore 108elical wheel” visualizes am-helix
by looking down perpendicularly at the center and projectime amino acids on a unit
circle as shown in Figure 2.11. In this diagram, the residunethea-helix will appear like
a wheel. If thex-helix is amphipathic, hydrophobic residues position oe sitle of the

wheel and hydrophilic residues on the other side. This nteihwery simple but has some
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Figure 2.11: Helical wheel diagram. The pepwheel program from EMBOS$ id bised
to create the diagram of the myoglobin protein segment ()ATE amino acids non-polar
are marked with squares.

drawbacks. It does not reflect the character of the aminorasidues in any detail (e.g.,
polar character, charged, or the size of the residue) or kbregitudinal arrangement. To
overcome these limitations, the “helical-net” diagram wasgeloped.

The “helical-net” diagram developed by Dunhill [4] gen@st longitudinal represen-
tation of the amino acids along thehelix. An a-helix is represented as a cylinder with
the residues winding around it. The radius of the cylindeis(the distance from the cen-
ter of thea-helix to thea-carbon atom of the backbone. The amino acids are visualized
as a graphical projection of the side chain positions wrd@yeund a cylindrical surface.
The amino acids are positioned on the cylinder by calcujative distance (d) between
the adjacentv-carbons and longitudinal shift (I) per residue as shownigufe 2.12(a).
The cylinder is then split open along a single line paralteit$ axis and flattened into a
rectangle. This arrangement gives the appearance of a hethdlical net diagram shows
amphipathiay-helices with separated hydrophobic and hydrophilic al@sgthe cylinder.
An example is given in Figure 2.12(b).

The use of these visualization techniques is, howevertdonas the hydrophilic and
hydrophobic arc boundaries are not well defined. These alnagiare useful in detecting

amphipathicy-helices where single short sequence is used and the antiphig@ucture is
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(a) (b)

Figure 2.12: Helical net diagram. The mechanism of helical net calcatas shown in (a).

d represents the distance between the adjacearbons, | represents the longitudinal shift
per residue, and r is the radius of the cylinder. An exampta@helical net diagram using
the program pepnet from EMBOSS is shown in (b). THhkelix is the same myoglobin
protein segment (1AJG) as used in Figure 2.11. The aminc amd-polar are marked
with squares.

well defined. When considering long sequences and locatmhaathica-helix regions,

these graphical techniques are not easy to apply and offfeaullito interpret the results.

2.4.2 Hydrophobic moment

One of the most common approaches to quantitatively detepghgoathica-helices is the
“hydrophobic moment” developed by Eisenbeggal. [5]. “Hydrophobic moment” quan-
tifies the property of amphipathie-helices by combining a hydrophobicity scale with the
“helical wheel.” It avoids the visual interpretation prebi of “helical wheel” and “heli-
cal net” diagrams by considering each amino acid as beimgsepted by a vector whose
direction points orthogonally out from the backbone and séhsign and magnitude are

defined based on its hydrophobicity value. A mean of “net’teedermed as the “hy-
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drophobic moment”, is then calculated as follows:
N
(i) = | Z , (2.1)

whereH; represents the vector that has the hydrophobicity valuecaged with the side
chain of of the amino acid i within an-helix andN is the length (number of amino acids)
of the helix [5].

In a general form, the “hydrophobic moment” is defined usingaagular frequency

0 [6] and given in the following equation:

1/2
{[ZH sin (61) ZH cos 52] } , (2.2)

whereH; is the hydrophobicity of the residues ahd the angular periodicity at which the
successive side chains emerge from the backbone. It isla@dwitho = 27/m, where
m is the number of residues per turn. Fehelices,m= 3.6 andj = 100. Therefore, the
conventional hydrophobic moment is computed:as / N. In Figure 2.13, the hydropho-
bic moment is plotted along a 144 amino acid region (enticgisace length = 153) that
includes a 15 amino acid amphipathic region (from positidhgo 35, the same region
used in Figures 2.11 and 2.12). The window size of ten amimdsgbl = 10) is used for
this plot. The region between the amino acid positions 213%tas continuously high
hydrophobic moments indicating the possible existence@maphipathic helix.

The angular periodicity in the equation 2.2 is a variable that can take any value be-
tween 0 and 180 degrees. Then the hydrophobic moment iprated as the modulus of
the discrete Fourier transform. A strong component of pkeity at § is indicated by a
large value ofu at a particulap. Eisenbergt al. [6] thus used the equation 2.2 to examine

the plot betweem andd, called hydrophobic moment profile. This plot showed thgear
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Figure 2.13: Graphical output of the hydrophobic moment plot. The angpéiodicity
of 100 degrees fati-helix and 10 amino acids for the window size (w) are used. Sadme
a-helix region used in Figures 2.11 and 2.12 is included frasigoons 21 to 35 (the entire
sequence includes 153 amino acids of a myoglobin, 1AJG).pfbgram hmoment from
EMBOSS is used to generate the plot.

maximum at = 100 for an amphipathie-helix as expected.

The hydrophobic moment assumes the“l&igular periodicity forn-helices. However,
due to various amino acid compositions and environmentabifa affecting proteins, the
angle frequently deviates from 19@nd it affects the identification of amphipathic helices
by using this method.

Furthermore, Fourier transform based methods are, in gemat good for comparing
sequences of different lengths. A short sequence will mkedylreveal a periodic pattern
by chance. Therefore, hydrophobic moment measures aremgthl invariant, and short
sequences are more likely to have higher hydrophobic mothantlonger sequences. In
order to avoid this problem, usually hydrophobic momentasgtpd using a window shifting
procedure (as shown in Figure 2.13) with a fixed window sizet tBis produces another

problem for deciding the optimal window size.

The definition of hydrophobic moment assumes that hydrojateotd hydrophilic residues
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are assigned positive and negative values respectivelyjeSwydrophobicity scales have
only positive values. Therefore, the choice of hydrophibpacales could affect the results
and sometimes an important periodicity could be masked tr@aanalysis. Another prob-
lem associated with hydrophobic moment is choosing a @iterdecide the amphiphilicity
of ana-helix. A cut-off boundary is usually calculated dependiomgthe mean hydropho-
bicity. However, the choice of any cut-off value is arbiyraand some regions with high

hydrophobic moments may not be identified depending on theftwvalue used.

2.5 Protein Data Bank (PDB)

The Protein Data Bank (PDB) was established by Brookhavdiohil Laboratories in
1971 as the single worldwide archive of structural data ofdgical macromolecules [1].
It contains the atomic information, general informatioguiged for all deposited structures
and information specific to the method of structure deteatnom.

The first section of each PDB entry is the title section (Fég2ul4). The title section of
a PDB entry begins with a single line containing the identilf&EADER and continues un-
til the end of the lines containing the identifier REMARK. THEADER record uniquely
identifies a PDB entry with the ID (1AJG in Figure 2.14). Thel@RND record describes
the macromolecular contents of an entry and includes thecnt# name, synonyms, and
other detailed specifications relevant to functions of tteemmolecule. The AUTHOR
record contains the names of the people responsible forahtets of the entry. After
this usually there are multiple lines of the REMARK record$iese lines present experi-
mental details, annotations, comments, and informatidnnotuded in the other records.
REMARK 2, for example, shows the resolution in angstromsMRRKSs 4-999 are used
to include free text annotation.

Figure 2.15 shows the remaining part of the same PDB entry fif$t section after the
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HEADER OXYGEN TRANSPORT O2-MAY-9T  1ANG

COMPND  MOL_ID: 1

COMPND 2 MOLECULE: MYOGLOBIN:

COMPND 3 CHAIN: NULL:

COMPND 4 BIOLOGICAL UNIT: MONOMER:

COMPND 5 OTHER_DETAILS: CARBONMOMNOXY MY OGLOBIN, CO LIGAND BOUND TO
COMPND 6 FE OF THE HEME, HEME BOUND TO NE2 OF HIS 93

SOURCE  MOL_ID: |

SOURCE 2 ORGANISM_SCIENTIFIC: PHYSETER CATODOMN:

SOURCE 3 ORGANISM_COMMON: SPERM WHALE

KEYWDS OXYGEN TRANSPORT. RESPIRATORY PROTEIN. HEME

AUTHOR TYTENG.VSRAJER.K MOFFAT

REMARK | REFERENCE |
REMARK 2
REMARE 2 RESOLUTION. 1.7 ANGSTROMS.

REMARE 4

REMARK 4 1AJG COMPLIES WITH FORMAT V. 2.2, 16-DEC-199%
REMAREK 200

REMARK 200 EXPERIMENTAL DETAILS

REMARK 200 EXPERIMENT TYPE M-RAY DIFFRACTION
REMAREK 2000 DATE OF DATA COLLECTION 30-JUMN- 1993
REMARE 200 TEMPERATURE (KELVING : 40

REMARK 2000 PH 6.0

REMARE 2000 NUMBER OF CRYSTALS USED o1

REMAREK 200 METHOD USED TO DETERMINE THE STRUCTURE: DIFFERENCE FOURIER
REMARK 200 SOFTWARE USED: X-PLOR

REMARK 200 STARTING MODEL: PDB ENTRY |MBO

REMARE 200

REMARE 200 REMARE: DATA WERE COLLECTED IN DARK USING AN OPEN FLOW
REMARK 200 NITROGENHELIUM CRYOSTAT FOR COOLING

REMARK 500 THE FOLLOWING ATOMS THAT ARE RELATED BY CRYSTALLOGRAPHIC
REMARK 300 SYMMETRY ARE IN CLOSE CONTACT. SOME OF THESE MAY BE ATOMS
REMARE 500 LOCATED ON SPECIAL POSITIONS [N THE CELL. ATOMS WITH
REMARK 500 NON-BLANK ALTERNATE LOCATION INDICATORS ARE NOT INCLUDED
REMARK 500 IN THE CALCULATIONS,

Figure 2.14: A part of the title section of a PDB entry, 1AJG

REMARK records is the primary structure section. SEQRE®nex contain the amino
acid or nucleic acid sequence of residues in each chain ahtteomolecule concerned.
The secondary structure section (including HELIX, SHEHEI aURN) describes helices,
sheets, and turns found in protein and polypeptide strastiinally, the coordinate section
contains the collection of atomic coordinates as well asM@DEL records for the pro-
teins. The ATOM records present the atomic coordinatesémdard residues. Sometimes
there are atoms missing from the coordinate informationusmuglly (but not always) such
missing atoms are mentioned in the REMARKS record. The foohthe ATOM records
is given in Figure 2.16. In this thesis, all of the atomic aboate information were ob-
tained from the ATOM records in each PDB entry. For more dedanformation on PDB

file format, see Appendix B.
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DEREF 1AJG 1 153 SWs P02185 MYG_PHYCA 1 153
SEQRES 1 153 VAL LEU SER GLU GLY GLU TRP GLN LEU VAL LEU HIS VAL
SEQRES 2 153 TRP ALA LYS VAL GLU ALA ASP VAL ALA GLY HIS GLY GLN

SEQRES 3 153 ASP ILE LEU ILE ARG LEU PHE LYS SER HIS PRO GLU THR
SEQRES 4 153 LEU GLU LYS PHE ASP ARG PHE LYS HIS LEU LYS THR GLU
SEQRES 5 153 ALA GLU MET LYS ALA SER GLU ASP LEU LYS LYS HIS GLY
SEQRES 6 153 VAL THR VAL LEU THR ALA LEU GLY ALA ILE LEU LYS LYS
SEQRES 7 153 LYS GLY HIS HIS GLU ALA GLU LEU LYS PRO LEU ALA GLN
SEQRES 8 153 SER HIS ALA THR LYS HIS LYS ILE PRO ILE LYS TYR LEU

SEQRES 9 153 GLU PHE ILE SER GLU ALA ILE ILE HIS VAL LEU HIS SER
SEQRES 10 153 ARG HIS PRO GLY ASP PHE GLY ALA ASP ALA GLN GLY ALA
SEQRES 11 153 MET ASN LYS ALA LEU GLU LEU PHE ARG LYS ASP ILE ALA
SEQRES 12 153 ALA LYS TYR LYS GLU LEU GLY TYR GLN GLY

HELIX 1 A SER 3 G 18 1 16

HELIX 2 B ASP 20 SER 35 2 16
HELIX 3 CHIS 36 Ly¥s 42 3 7
ATOM 1 N VAL 1 -3,710 15,384 13,508 1.00 21.43 N
ATOM 2 CcA VAL 1 -3,436 15,765 14,923 1.00 20.18 c
ATOM i c VAL 1 -2,648 14,656 15.604 1.00 18.66 c
ATOM 4 0 VAL 1 -3,101 13,481 15.671 1.00 15,96 o
ATOM 5 CB VAL 1 -4,738 16,044 15.723 1.00 20.85 4
ATOM & CGl VAL 1 -4,419 16,271 17.199 1.00 20.94 c
ATOM 7 CG2 VAL 1 -5.434 17.275 15.166 1.00 21.23 c
ATOM & W LEU 2 -1.470 15,007 16.112 1.00 14.27 N
ATOM $ CA LEU 2 -0.657 14,020 16.779 1.00 11.76 c
0 C LEU 2 -1,232 13,824 18.164 1.00 10.73 c

3

Figure 2.15: The primary structure, secondary structure, and cooreisettions of a myo-
globin PDB entry, 1AJG.

Note that the PDB records are structured, but there are aisodd flexibility in the
format as well as in the information content. For example kéyword “AMPHIPATHIC”
may be found in the KEYWDS (keywords) record or embedded sdraes within the
REMARK records. Furthermore, inclusion of such biologicabiochemical information

totally depends on researchers who submit the structutal da

COLUMNS DESCRIPTION

1-6 Record name ATOM

-1 Atom serial number

13-16 Atom name

17 Alternate location indicator

18-20 Residue name

22 Chain identifier

23-26 Residue sequence number

27 Code for insertion of residues

31-38 Orthogonal coordinates for X in Angstroms
39-46 Orthogonal coordinates for Y in Angstroms
47 - 54 Orthogonal coordinates for Z in Angstroms
55-60 Occupancy

61-66 Temperature factor

Figure 2.16: The format of the ATOM records in PDB.
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Chapter 3

Development of structural recognition

methods

PDB entries contain annotations including secondary siragnformation. However, how
such information is determined totally depends on the rekeas who submit the structural
data. Itis desirable, therefore, to identify secondanycitires from atomic coordinate data
for each protein using consistent definitions and methoftsr®eve perform quantitative
analysis on structural data. Similarly, amphipathitielices need to be identified from
structural information of each protein. In this chaptenvelepment of these two methods

are described.

3.1 Method for identifying secondary structures

3.1.1 Defining thea-helix and §-strand

Before identifying secondary structures, their good defins were required. The two ma-
jor secondary structuresi-helices and3-strands can be determined based on the exact

calculation of rotation angleg; and, within each two consecutive amino acids as de-



22

scribed in Chapter 2 (section 2.2). Certain combinations ahd torsion angles define
a-helix andg-strand. As described earlier, for example, the definitiphUPAC identifies
amino acids with ¢, ¢) = (-57°, -47°) asa-helices and (-119 113) asj-strands. How-
ever, such single-point definition is too rigid, and in praet torsion angles obtained from
the actual protein data are continuous. It is thus necessasfinen-helices ands-strands
with torsion angle combinations with some ranges allowedarter to find such allowable
ranges of torsion angles, it is useful to examine the realeprcstructural data and the
actual distribution of torsion angles. Such torsion angséritbutions were obtained from
121,870 residues from 463 known x-ray protein structureslbyris et al. [12]. Based on

their study, “core”, “allowed”, and “generous” (or “disalWwed”) distributions of)-) com-
bination have been identified for secondary structuresidarg 3.1(a), these distributions
are given as a density contour map on a Ramachandran plot.

The areas shaded in red in Figure 3.1(a) are the most faeopabl“core” areas for
a-helices andi-strands. With high resolution structures, ovef/96f the residues should
be located in these most favored regions. These red “coea'sashown in Figure 3.1(a)
were used with some adjustments to definbelices and3-strands for this study. The
amino acids that were not classified @helices and3-strands were classified as “non-
structure” residues. The precise ranges of torsion angled to determine-helices and

(-strands are listed in Appendix C and these ranges arerdlest in Figure 3.1(b) with

black boundaries.

3.1.2 Identifying a-helices andg-strands from PDB records

The atomic coordinate information available in PDB protemntries was used for calcu-
lating torsion angels. In this study, only monomer (singlbuit) proteins were used for
simplicity. As described in Chapter 2, proteins can formtgtraary structures containing

more than one polypeptide chains (subunits), and suchipsoaee called multimers (e.qg.,
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Ramachandran plot (178 proteins)
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Figure 3.1: Torsion angles and secondary structure definitions. (a)rmbst favorable
“core” areas forn-helices andi-strands determined by Morres al. [12] (figure obtained
by PROCHECK [10]) are shown as the high density “core” ardh véd in this Ramachan-
dran plot. The labels, 3, and L point the areas for right-hande¢helices, 5-strands,
and left-handed:-helices, respectively. (b) The Ramachandran plot obdifiren the 178
monomer proteins used in this study. The plot shows ordpgles greater than zero. Green
and red dots represent the residues annotatedredices andj-strands, respectively, in
the original PDB records. The regions A and B, each surrodibgiea boundary, depict the
/¢ areas used to identity-helices andi-strands, respectively, in this study.
two subunit proteins are called dimers). Such multimersevexcluded from this study.
160 monomer proteins were obtained from the June 2004 e=tgd3DB.

Using the atomic coordinate information (ATOM records)nfr@each PDB entry, the
¢ and torsion angles were calculated from nitrogen (M¢arbon (C), and carbon (C)
atoms for each consecutive two amino acids (dipeptide) @asrsin Figure 3.2. In order to
calculate the torsion angleof amino acid 2, C of the amino acid L), and N, C, and
C of amino acid 2 §,, C3, andC’,) are considered, whereas the calculation ofitrengle
requires N, C, and C of the amino acid 2 gNC's, andC5) and N of the amino acid 3\3)
as shown in Figure 3.2. In general, the torsion anglés an angle defined by four atoms:

I, J, kK, and | as shown in Figure 3.3. Itis the angle betweenitersecting planes-(in the

figure). In order to calculate the torsion angielet i, j, k, and | represent atonts;, N,
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Figure 3.2: Atoms used for torsion angles. N, C*CH, and O represent a nitrogen,
a carbon-carbon, a hydrogen, and oxygen, respectivelyand are the two torsion
angles. The atoms on the solid lines are used for calcul&dnsgpn angles. The numbers
1, 2, and 3 with atomic symbols represent which amino acidpamcids 1, 2, or 3, they
belong to.

C§, andCy, respectively . Calculation of the angle involvesV,, C§, andC,, and N3, but
representing these four atoms with i, j, k, and | similathg procedure becomes the same.
As shown in Figure 3.3 is the vector from the atom i to the atonbjjs the vector from
the atom j to the atom k, andlis the vector from the atom k to the atom |. The veatgy

= a x b is perpendicular to the plane defined by the three atoms md,ka This vector
n,, is called thenormal of the plane (also known as the normal vectox).= b x cis the
normal of the plane defined by atoms j, k, and |I. Then the torsion aisgtalculated as
=C0S 1((Nap - Nie) / (Nap Nie)).

Using the calculated torsion angles and based on the taida& gi Appendix C, for
each amino acid, the secondary structuréhélix, 5-strand, or non-structure) was identi-
fied. Table 3.1 shows an example of calculated torsion argiésheir secondary structure
classifications. The secondary structures identified bypéwemethod (“New” in the table)

are located approximately in the same regions as annotatesgéarchers in the PDB entry

(“PDB” in the table). All other PDB entries used in this stuchynsistently showed such
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T '( Torsion hngla)

Figure 3.3: Representation of the torsion angte¢ and four atoms i, j, k, and b, b, andc
are three vectors. The vectay, represents the normal of the plane defined by the vectors
aandb. The vectomn,,. represents the normal of the plane defined by the vebtarslc.
approximate match between the two annotations. Differeseen were shifts of secondary
structure regions by one or two amino acids.

The distribution of torsion angles calculated from the 17&gins used in this study
were densely clustered in two major areas A and B as showmgur&i3.1(b). The sec-
ondary structure annotations obtained from the originaBRDtries (as presented with red
and green dots) show some overlapping distributions ofdnrangles fora-helices and
B-strands and there are a few small islands with lower dessiti he definitions used in
this study (illustrated with black boundaries) did not uré these small islands, and the
overlapped possibilities ef-helices angs-strands were ignored. ¢~ values of an amino
acid were within the defined areas A and B in Figure 3.1(b) there classified as-helix
or g-strands. The-vy values outside of these areas were classified as “non+stetict

After identifying the secondary structure for each aminm aim order to incorporate
flexibilities, some adjustments were attempted. A singlénanacid with thes-strand
or non-structure identifier was frequently observed withstretch ofv-helix amino acids.

The same situation was found also with a singfstrand identifier. At first, the identifier of
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Table 3.1: Torsion angles and secondary structure classifications
Position Aminoacid  Torsion angles  Secondary structur@tations

1) P New PDB

1 VAL - 121.640 non non

2 LEU -78.261 151.277 non non

3 SER -83.083 171.941 non alpha
4 GLU -63.630 -38.395 alpha alpha
5 GLY -60.816 -41.211 alpha alpha
6 GLU -65.995 -42.917 alpha alpha
7 TRP -63.241 -36.440 alpha alpha
8 GLN -64.436 -37.872 alpha alpha
9 LEU -67.185 -39.774 alpha alpha
10 VAL -61.682 -50.959 alpha alpha
11 LEU -75.547 -23.652 alpha alpha
12 HIS -66.337 -46.546 alpha alpha
13 VAL -72.228 31.715 alpha alpha
14 TRP -66.836 -32.082 alpha alpha
15 ALA -62.137 -31.926 alpha alpha
16 LYS -70.247 -34.044 alpha alpha
17 VAL -65.414 -36.123 alpha alpha
18 GLU -61.946 -14.752 alpha alpha
19 ALA -76.035 -21.599 alpha non

The table shows only a part of the sequence from a PDB entrs1AJ

Secondary structure annotations from the original PDBnetaad the new annotations

given in this study are listed. “alphati-helix, “non”: non-structure.
the single nonx-helix amino acid was switched to tlhehelix when it was found within a
a-helix region. Similarly, if there was a singtehelix or a single non-structure amino acid
located within a stretch of-strand amino acids, then the identifier of such mbstrand
amino acids were switched to thestrand. However, this adjustment approach generated
unreasonably long-helix andjs-strand regions in a protein. Therefore, we decided not to
use this adjustment technique.

On the other hand, very sharthelix or 5-strand regions cannot be considered as struc-
turally significant and such regions cannot contribute tecfions of a protein. Therefore,
any consecutive amino acid regions with thelix or 5-strand identifier were considered

as part of non-structure regions if such regions are threéeaactids or shorter and if these
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short regions were surrounded by amino acids with the “nacgire” identifier.

3.2 Method for identifying amphipathic a-helices

After obtaining the exact positions of secondary strugweghin the proteins, the next
step was to identify amphipathig-helices. As described before, biological information
included in the PDB annotations depends largely on the relsegs interest, and even
if amphipathica-helices exist in a protein, it is not always mentioned. Iis ttudy, a
new method was developed to identify this particular type-dielices directly based on
the atomic coordinate information available in PDB protemries. Using the atomic co-
ordinate information, each protein structure in the PDB ve®nstructed using a three-
dimensional grid system. A “surface area map” was genelatadentifying amino acids
at the protein surface based on the “neighboring” infororatif atoms located in each grid
cell. This “surface area map” enabled us to identify ampthijgax-helices as in this type of
a-helices, hydrophilic amino acids tend to appear on thegamaturface and hydrophobic

amino acids away from the surface.

3.2.1 Modeling the protein structure using unit cubic cells

Consider a protein molecule. The ranges of x, y, and z coatéican be found from
the PDB coordinate data;; x X < X, Y1 <Y <Y, and z < z < z,, where x, y;, and
z, are the minimum values of X, y, and z-coordinates, respalgtiand %, y,, and z are
maximum values of X, y, and z-coordinates, respectivelynébin the protein structure.
The unit of these x, y, and z-coordinatesAisA cubic container that is large enough for
the protein molecule can be represented by the followingteigordinates: (X yi, z),
(X2, Y1, Z1), (X1, Yo, Z1), (X2, Y2, Z1), (X1, Y1, Z2), (X2, Y1, 22), (X1, Y2, Z2), and (%, Y2, 25).
Figure 3.4 shows the protein molecule put in the cubic coetai The depth (X), width
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(x2,y1,22) (x2,y2,22)

s (x1,yz;22)

(x1,yh,22) / K
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(X1,y1,21) (x1,y2,21)

Figure 3.4: Representation of a protein molecule in the cubic container

(Y), and height (Z) of this cubic container can be calculaasdX = x; — X1, Y =y, —

y1, and Z= z, — z,. 3A of a margin space was added to the all six sides of the protein
This increased the lengths of X, Y, and Z bf.6The new depth, width, and height of the
container are called X', Y’, and Z’, where X X + 6, Y'=Y + 6, and Z= Z + 6. Next,

this cube was sliced withALinterval along the z-coordinate as shown in Figure 3.5. The

[ ]
Y'
i 8
X 7 4
/ 6 ]
[J 4
L 4 Plane 5
2
z' 1
N 1%/ lk-—
1S\I @
Unit cell

Figure 3.5: Slicing a cubic container containing a protein moleculee Tatrix plane on
the right is the two-dimensional representation of theestiocviewed from the above. The
shaded area in the matrix shows the shape of the protein olelacthis plane using the
grid cell as a unit.

small 12 x 1A x 1A cube is called a “unit cell” or just simply a “cell”. The nurabof

cells contained in each thin slice Witlﬂ\height is X’ x Y'. The number of slices obtained
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from the cubic containeris Z'.

The structure of the protein molecule can be reconstrucyefinding the cells that
are occupied by any atoms belonging to the protein. Consigiéhe margin space at the
bottom of the z-coordinate, the lowest value of the z-comth is z — 3. Starting from
the xy plane at z z; — 3, the first slice includes all of the atoms located betweenzz
— 3 and z= z; — 2. All of these atoms are projected and plotted on a two-dsioeral xy
plane. Thus each slice can be viewed as a two-dimensiona pthere atoms contained

within each slice are projected on. This two-dimensiondtixaiew of each slice is called

.
. . . |*®

the matrix plane. This process is illustrated in Figure 3\6thin each slice, the number
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Figure 3.6: Reconstruction of a protein slice at the atomic level usimggadrix plane. (a)
Shaded area on the slice illustrates the shape of the protacule within this slice. (b)
The dots represent the atoms in the slice projected on thealiwwensional matrix plane
viewed from the above. (c) The number in each cell repregseataumber of atoms occu-
pying the cell. (d) The shaded area represents the apprtedrshape of the protein in this
slice.
of atoms located is counted for each cell, the number of atoonsted for each cell is
illustrated in Figure 3.6 (b and c). After all of the atomsdted in a slice were searched,
the distribution of the non-0 number on the matrix plane shtive approximated shape of
the protein in this slice (in Figure 3.6d).

In reality, each atom is not simply a point, but it occupiesegain area, which can

be considered as a circle on a two-dimensional plane. Torerehtomic radii need to

be taken into consideration when atoms are plotted. Theiatadius is the distance
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between the outermost region where an atom can occupy amadlsus. These radii were
used to determine the average bond length between two atongeneral, amino acids
were consisted of five basic atoms: carbon (C), nitrogen ¢kygen (O), sulfur (S), and
hydrogen (H). Since atomic information of hydrogen is natikable in PDB, hydrogen was
ignored from the calculations. The atomic radii used in shusly are listed in Appendix D.

If the radius of an atom isA and this atom is at the center of the cell, then nine cells

on a plane will be covered by this “atomic area” as shown iufé@.7(a). The size of the

1 Ili

1A
<«

Figure 3.7: (a) An atom at the position “X” in a plane covers nine cellsvghdy shaded
area. (b) An atom at the position “x” has a three-dimensiatainic area (shaded area) in
the shape of a cylinder, which covers 18 cells across tweslic

“atomic area” depends on the atomic radius, and hence théewaof cells covered by the
atomic area varies among atoms. If a cell is covered evenamygirsmall part of an atomic
area, it is considered to be covered. In a more realistic indde atomic area should
be considered in a three-dimensional space. As a simpleeineach three-dimensional
atomic area was considered as a cylinder, instead of a spdsestown in Figure 3.7(b).
Therefore, the same number of cells is covered on each Blcatomic cylinder covers. In
the example of Figure 3.7(b), if the atom is located at the(b€tween the two slices), and
if the radius of the atom isA, the two slices are covered by this atomic cylinder, sie t
number of cells covered by this atom on each slice is comglgteine cells, and a total 18

cells are considered to be covered by this single atom.
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3.2.2 Finding the surface cells from the protein molecule mdeled

After reconstructing the structure of the protein usingghd system, a “surface area map”
was generated by searching the cells locating at the susfdbe protein molecule. Protein
molecules exist always with surrounding water moleculdgsé€ly bound water molecules
around a protein are, therefore, considered as a part oftieiip structure, and these water
molecules indeed stabilize the protein structure. A urliiseonsidered at the surface if it
contacts with water molecules, in another words, if a watglecule can occupy the empty
spaces around the cell. The diameter of a water molecuw®)lis approximately 28.
Based on this, a “probe” of8in diameter was chosen.

The “surface cell search” was done in the following thre@steThe first step is the
smoothing process. The purpose of this process was to serotik shape of the protein
structure on each plane by using a probe of the size equiv@l@water molecule. In the
next step, the cells in a matrix plane are further examinegetdy if the existing empty
space within a structure is connected to the surface of tbeiprstructure. Finally, the
“surface area map” is generated based on the “neighborigginformation for each cell
in the protein.

In the first step, cells that are occupied with any atoms weund. All of the six
directions (four directions on the same plane as well aethup” and three “down” cells
in the neighboring six planes) of each occupied cell werecbeal. This was done to
identify small empty spaces around the cell and to smoothheustructure of the protein.
Consider that the cell marked with “x” in Figure 3.8 was founde occupied by atoms.
The numbers 1, 2, and 3 show the three neighboring cells onghein the same plane.
If the neighboring cell 3 is occupied (shaded in the figure) toe cells 1 and 2 are empty
as shown in Figure 3.8(a), the empty space between the célent 3 is 2 and shorter
than the probe @). Similarly, if the neighboring cells 2 and 3 are both ocegpas shown

in Figure 3.8(b), there is onlyAL of the empty space between the cells x and 2. In both
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(a)\/(b)
g

Figure 3.8: Representation of the smoothing process. Shaded boxessesprthe cells
occupied with any atoms. The cell marked with “X” represehts cell to be examined.
The cells numbered with 1, 2, and 3 are the three neighboeilg on the right. In the
above two cases shown in (a) and (b), theBameter probe cannot enter the space next
to the cell x. For both cases, the empty cells next to the ceilbbe filled in as shown in
(c). In this figure, the process of smoothing is described éml one direction, the right
direction for the cell “x”.

cases, there is not enough empty space where the probe catebede In these cases, the
status of the “empty” cells (the cells 1 and 2 in Figure 3.8&f&] the cell 1 in Figure 3.8(b))
were switched to “occupied” as shown in Figure 3.8(c). Thiccpss of searching not big-
enough spaces and switching the “empty” cell status to “pierii was repeated for all
the six directions. After going through all of the occupiegll€ on the plane, all of the
“too small spaces” were filled in and as a result, the strectdithe protein slice would be
smoothed out. Figure 3.9 shows a matrix plane before andthéesmoothing process. The
red cells were “occupied” originally, and the blue cells vélled in after the smoothing
process. This process was applied to all of the planes fremitbtein molecule.

In the second step, all the cells were further verified by exarg especially if any
empty spaces surrounded by the non-empty cells are comhedtee outside. Such “inter-
nal space” areas are found on a matrix plane as shown in Fjliée(areas 1, 2, and 3).
The “internal space” areas are the empty areas (marked wiigyit8) surrounded by non-0
digit markers from the four directions on the same plane ¢oosidering the diagonal di-

rections). Even if these internal space areas look “closaedhe two-dimensional plane, if
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Figure 3.9: Smoothing process of the protein structure on a plane. Tthea#s were
occupied before smoothing process running the probe. Adteming the probe over the
plane, the blue cells were filled in and the structure of tletgn in this matrix plane was
smoothen.
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Figure 3.10: Three consecutive matrix planes generated from a PDB e®BSL For
simplicity, ‘O’ cells are shown in “.. It illustrates how tarnal space areas change the size
and shape between planes.

we consider the three-dimensional structure, some of thaynnat be “closed”, but “open”
as shown in the example of Figure 3.11. Since we have alresely the “probe” to exam-
ine all of the open spaces previously if they are big enougtotdain a water molecule,
if we find any “opening” to the outside for these internal gpaceas, such internal spaces
can be filled with water molecules. Such internal spaces earohsidered as “open” with
“surface” areas. On the other hand, if some of the internatspareas are completely
“closed”, such closed internal spaces cannot have contaittsvater, and we do not have
to consider any internal “surface” areas for such closeetial spaces. For example, Fig-

ure 3.10 shows the three consecutive matrix planes with sotamal spaces. Scanned
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Figure 3.11: Representation of a closed interior space and an open sgase( from the
side of the protein). The dashed line shows the closed artegening.

vertically across the planes, each of the internal spacesasined if it has any opening
to the outside. The areas 2 and 3 in Figure 3.10 are connexthd putside on the planes
13 and 14, respectively, for example. On the other hand,réee &is not considered to be
open in the three dimensional structure if in any conneceggihiboring planes higher than
the plane 15, it is closed with non-0 digits.

Finally, cells were examined by gathering the empty cebinfation from the neigh-
boring cells. First, cells that are occupied with any atongenfound. All of the six
directions (one cell in each of four directions on the sanaa@las well as one “up” and
one “down” cells in the neighboring two planes) of each odedell were searched. In
Figure 3.12 the cell marked with “x” is occupied by atoms.rf/ane of the six neighbor-

ing cells is empty, the cell x is considered to be at the serfddis process was repeated

Figure 3.12: Representation of a surface decision process. The shadédrepresents
the occupied cell with any atom(s).

for each occupied cell in all of the planes from the proteirguole. After all of the cells

were verified for their locations (surface or not), a surfama map can be generated from
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each plane as shown in Figure 3.13.
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Figure 3.13: A surface area map. Shaded cells are at the surface.

3.2.3 Identifying amino acids at the protein surface

Now each cell is marked with the number of atoms located irctieas well as if it is at
the surface or not. As described before, one atom occupies than one cells (e.g., nine
cells for the atom with A diameter). In order to identify if each atom is at the suefac
not, we assumed that if any one cell belonging to an atom wedd at the “surface,” the
entire atom was considered to be on the surface of the protein

Once the atoms existing on the protein surface were knovennéxt problem was to
determine which amino acids should be considered to be mutifece. The charged atoms
are usually present on the side chain of an amino acid anddesttiact water molecules.
These atoms are thus more likely to be found on the surfadeegbrioteins, and they play
an important role in positioning an amino acid at the surfacéhe protein. Hence, the
charged atoms like nitrogen (N) and oxygen (O) present irsithe chain was considered
in deciding an amino acid to be at the surface. At least onketharged atoms should be
at the surface in order to decide an amino acid to be at thacurf

After identifying amino acids at the surface, the next questvas how to identify-

helix as amphipathic. After various attempts cahelix was identified to be amphipathic if
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more than 20% of its amino acids exist on the surface. In aal alaphipathiev-helix, 50%

of the amino acids in the helix would be hydrophobic (facing inside of the protein) and
the other 50% would be hydrophilic (facing the outside of pinetein). But, in practice,
not always the entire helix is amphipathic, but only a parthefa-helix could have the
amphipathic property. Considering, for example, a poksilmf having a half of one side
of the helix exposed to the surface, 25% could be more realfEhally, we decided to use
20% as the threshold. Am-helix was identified as amphipathic if more than 20% of its

amino acids were at the surface.

3.2.4 Results

The above method was applied to 5bielices (found from 160 proteins by the secondary
structure identification method developed earlier), andfZBem were identified as amphi-
pathic. All of these 26 identified amphipathichelices were visually inspected by using
PyMol. Three of these amphipathichelices are shown in Figure 3.14 and the rest of
the 23a-helices are included in Appendix E. As explained before,28% threshold was
rather arbitrarily chosen. However, due to this low thrégha few exceptional amphi-
pathica-helices were also identified. Theaehelices contain only a part of the helix as
amphipathic as shown in Figure 3.14(b). None of the idedtdmphipathic:-helices were

annotated as amphipathic in the PDB records.
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Side view Vertical view

(a)

(b)

(c)

Figure 3.14: Examples of amphipathie-helices identified by the new method. (a) 1A8L
(oxidoreductase), (b) 1AH7 (hydrolase), and (c) 1AJG (nhgbu). The hydrophobic
residues are represented in red and hydrophilic in blue.dPydused to create 3D visual-
izations. See Appendix E for the remaining 23 amphipathnzlices identified by the new
method.
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Chapter 4

Development of a prediction method for

amphipathic a-helices

4.1 Development of statistics

As described in Chapter 2, amphipathitielices contain both hydrophobic and hydrophilic
residues. The hydrophilic side-chains extend from onediidiee a-helix and hydrophobic
side-chains from the opposite side, dividing tidaelix into two sides: hydrophobic and
hydrophilic. Based on this property, a set of simple stasstvas developed to quantify a
bias in hydrophobic and hydrophilic amino acid distribnsdetween two sides.

In order to identify such bias, each sequence was dividedtw sides, called A and
B sides. Because we do not know how the amphipathic chaistat€having hydrophobic
and hydrophilic sides) should be observed from each pepaieh sequence was divided
into four ways as shown in Figure 4.1. Using each of the fingt &omino acids as a starting
position, the sequence can be divided into two sides in fogsible ways. This is based
on the possible location of each amino acid on an assumnteglix.

In Figure 4.1, the helix is viewed from above. As describe€apter 2, am-helix
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Figure 4.1: Four possibilities of dividing a sequence into the sides & BnThe angles at
each position are at the interval of T00° being the initial angle with the respective first,
second, third, and fourth amino acid starting points. Thenaracids are shown in lower
case alphabets (a, b, c, d, e, f, g, and h in the order of theesegs). The dashed line in
each position divides the-helix sequence into two sides A (blue side) and B (red side).
The solid lines show the angle at which each residue is placed

contains 3.6 residues per turn. One complete turn is 36CGdegrThus each amino acid
occurs at approximately every 100For example, consider a sequence of seven amino
acids (shown as “abcdefgh” in Figure 4.1). If “a” is the stagtamino acid, the initial
angle is 0. The next residue b is placed at 20the third residue ¢ at 200and so forth.

If the helix is divided into A and B sides using the 0-180 degliee (the dashed line),
residues located at the angle betweémafd 180 (a, e, b, and f) are considered to be in
the side A (shown in blue), and residues located betweennle 480 and 360 (c, g, d,
and h) are in the side B (shown in red). This is illustratechim‘tPosition 1” of Figure 4.1.
When the second amino acid b is considered to be at the angleeresidues are divided
into the side A (b, f, ¢, and g) and the side B (d, h, a, and e) showhe “Position 2” of

Figure 4.1. The negative angles indicate that these amids kcate before the one &t.0

Similarly, the third and fourth amino acids are used as tagisg points.
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The following statistics were calculated from each posifjt, 2, 3, or 4) from each

sequence:

1. The total number of hydrophobic amino acids: N,

The total number of hydrophobic amino acids is counted fracheside, A or B.
The following eleven amino acids are considered to be hyb: alanine (A),
cysteine (C), phenylalanine (F), glycine (G), isoleucihgléucine (L), methionine

(M), proline (P), valine (V), tyrosine (Y), and tryptophaij.

2. The total number of hydrophilic amino acids: N,

The total number of hydrophilic amino acids is counted froackeside, A or B.
The following nine amino acids are considered to be hydiaphaspartic acid (D),
glutamic acid (E), histidine (H), lysine (K), asparaginé (Nlutamine (Q), arginine

(R), serine (S), and threonine (T).

3. The number of consecutive hydrophobic or hydrophilic aminoacid region: C;

or C,

A consecutive hydrophobic amino acid region is identifiethdre are three or more
hydrophobic amino acids consecutively in one side. The rarrobsuch regions is
counted from each side. The number of consecutive hydiopkgjions is counted

similarly.

4. The length of the longest consecutive hydrophobic or hydrdplic amino acid

region: L, or Lo

The longest consecutive regions with either hydrophoblzyairophilic amino acids
are identified from each side and the length (the number ai@aagids) of this region

is recorded.



41

5. The percentage of hydrophobic or hydrophilic amino acids: R or P,

The percentage of hydrophobic or hydrophilic amino acideéxh side is calculated
as follows: N x 100/ N4 or N, x 100/ N4 for the side A, N x 100/ Ng or Ny
x 100/ N for the side B, where N and N; are the numbers of amino acids in the

sides A and B, respectively.

6. The ratio of hydrophobic to hydrophilic amino acids in each sde: R4 or Rp

The ratio (R, for the side A or R; for the side B) is calculated asM N, (or P, / P,)
for each side. When Nis 0, the ratio cannot be computed, and in such a case, INF
is shown. In the practical computation, this O violation \a&eided by introducing a

large constant. If Nis 0, the ratio was 0 given as ‘1000'.

7. The overall ratio of hydrophobic amino acids: R

The ratio, Ry / Rp, was represented using the natural logarithm is insteadieaéd
asR =log(R4 / Rg) = log(R4) - log(Rp). log(R4) andlog(Rg) can be also cal-
culated adog(N;) - log(N,) for the sides A and B, respectively. The problem of 0
violation when either Nor N, was 0, was resolved by introducing arbitral constants.
R was given as 0 (indicating “no bias”) if both,Rand R; are either 0 or 1000. If

only one of R, or Rp is 0, R was given as ‘10’ (indicating a “large bias”).

After statistics 1-7 are obtained for each of the four possi

8. The maximum overall ratio for the peptide: R,,,..

The absolute values of RR|, from the four positions are compared and the highest

IR| is selected as R...
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4.2 Preliminary analysis

In order to examine the statistics developed earlier, miakry data sets were obtained
from the PDB. Discrimination between the data set contgimimphipathicy-helices and

the one without any secondary structures based on thestistavas examined.

4.2.1 Data sets

A small number of sample data was collected from PDB by mayusdpecting the struc-
tures and searching the database with the “amphipathichéey. By using a protein
structure visualization software, PyMol [3], strictly ampathica-helix regions were iden-
tified from six PDB entries: 1AHR (calcium-binding protei)BVS (holliday junction
resolvase component), 1BM9 (DNA-binding protein), 1MNKy@globin), 2CMM (myo-
globin), and 2REB (DNA binding protein).

The lengths of these amphipathiehelix regions are from 12 to 28 amino acids. An-
other set of six protein segments that do not contain anyreley structuresa(-helix or
(-strand) was also collected from five PDB entries: 1AYN (dvilmus coat protein), IHQM
(RNA polymerase), 10IT (kinase), 1PK4 (hydrolase), and KRKydrolase). The lengths
of all the six protein segments are 26 amino acids. These ate skts were called “pos-
itive” (containing six amphipathia-helix regions) and “negative” (containing six protein

regions that do not have any secondary structures).

4.2.2 Results

The statistics were calculated from each of the 12 peptigeeseces and summarized in Ta-
bles 4.1 and 4.2. Only the statistics obtained from theistaposition that gives the R,
are included. Appendix F includes the statistics obtainewhfall of the four positions.

Even though the sample size was small, comparing Tablestl14?2, the simple



Table 4.1: Statistical analysis of the six amphipathidhelix regions.

ID A side B side Roos
Na N1 C Ly P Ny Cy Ly P, Ry Ng Ny Ci Ly P Ny Cy Ly, P, Rp

IAHR 15 3 0 O 20 12 1 9 80 0.25 13 10 2 6 77 3 0 O 23 3.33 259
1BM9 7 1 0 0 143 6 1 5 86 0.17 6 4 1 3 67 2 0 0 33 2 247
1BVS 6 6 1 6 100 O O O O 1000 6 2 0 0 33 4 1 4 67 05 10
IMNK 11 8 2 5 727 3 0 0 27 2.67 9 2 0O 0 22 7 1 6 78 029 222
2CMM 10 4 O O 40 6 0 0 60 o0.67 6 5 1 388 1 0 0 17 5 201
2REB 7 6 1 5 87 1 0 0 14 6 6 2 0 0 3 4 0 0 67 05 248

Statistics used are explained in the section 4.1.

ev



Table 4.2: Statistical analysis of the six non structural regions.

A side B side Rz
Ny Ni C1 L1 P Ny Cy Ly P, Ry Ng Ny Ci Ly PP Ny Co Ly P, Rp
1AYN 15 11 2 6 73.3 4 0 0 27 275 11 6 0 0 55 5 1 3 45 1.2 0.83
1HQM 15 7 1 3 467 8 1 6 53 0.88 11 4 0 0 36 7 1 4 64 057 043
IHOQM2 13 4 0 0 308 9 1 3 69 0.44 13 8 2 4 62 5 1 3 38 16 1.29
10IT 13 11 2 7 846 2 0 0 15 55 13 6 0O 0 46 7 1 4 54 086 1.86
1PK4 14 8 1 6 57.1 6 1 3 43 1.33 12 3 0O 0 25 9 1 6 75 0.33 1.39
1PKK 15 7 1 4 46.7 8 1 4 53 0.88 11 6 1 3 55 5 1 3 45 12 0.31

144
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set of statistics developed identifies the difference intaipgthicity between the two data

sets. Table 4.2 shows that the distribution of hydrophobdt faydrophilic amino acids in

the negative data set is approximately equal between anypossible sides as expected.

Figure 4.2 shows the distribution @{,,.. (the maximum overall ratio of hydrophobic to

hydrophilic amino acids) obtained from the preliminaryalséts.R,,...’s calculated from

the positive samples (shown with blue bars) were larger thase of negative samples

(shown with red bars). Note that as described in the sectibrRl,.. = 10 is the arbitrary

large constant given when there is no hydrophilic amino acwhe side, indicating cases

of extreme bias. These results show that larger values,gf Rre good indicators for

sequences derived from amphipathitielices, which have more hydrophobic amino acids

in one side than the other as compared to those from nonustalicegions.

6.

Number of peptides
(&)

0 2

3

Rmax

10

Figure 4.2: Distribution of R,,..'s compared between positive (blue bars) and negative
(red bars) data from the preliminary analysis. The average Rr the negative samples
is 1.02 and that for the positive samples is 2.35 (excludasgs of R, = 10).
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4.3 Large scale data analysis

4.3.1 Data set preparation

In order to confirm if the statistics developed based on alssaaiple data set were appli-
cable for more general cases, larger data sets were pregzsetl 4 protein entries were
obtained from June 2004 release of PDB. Only “monomer” (sisgbunit) proteins were
used for this study. 4,878 “monomer” protein entries weraeseim based on the absence of
the “chain” information in the PDB entries (having multigtehain” information indicates
that the entry is derived from “multi-subunit” proteins)hdse entries were screened based
on the presence of atomic coordinate information for thepmeta sequence of a protein;
partial or fragment entries were filtered out. Out of the 5,68mplete “monomer” entries,
158 proteins were confirmed to have the complete proteies aftther manually verify-
ing each coordinate information. This final step of manualfeomation was required as
inconsistency frequently found in PDB entries. Some PDBienthave missing atomic
coordinates information from some amino acids. Some prstaiight be “dimers” (in-
cluding two subunits) or “multimers” (or “polymers”; inaliing several subunits), even if
the chain information is absent from these entries, sinoesesearchers may include such
information in other parts of annotation.

Two dimer proteins from the preliminary data set (1BM9 andN\IfYj were also inten-
tionally included in the analysis. The reason behind th&se@ions was to examine if the
new method developed can actually identify these peptidesrghipathicy-helices. In
total, there were 160 entries that could be used to creatéypves of data sets: a “positive”
including amphipathie--helices and a “negative” including non-structural region

From these 160 PDB entries, the secondary structures wamtfidd using the methods
developed in section 3.1. 556 of 1,06helices identified were ten amino acids or longer

and used for the further analysis. Finally, the method dlesdrin section 3.2 was used
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Table 4.3: Identification process performed in this study.

Number of data included

PDB entries used 25,414
Monomers 4,878
Monomers except partial sequences 158
Data set used 160
a-helices 1,063
a-helices> 10 amino acids 556
Amphipathica-helices identified 26

" Data sets used in the prediction analysis.

to identify amphipathic inx-helix from these 556 peptide sequences. Twenty six helices
contained more than 20% of amino acids on the protein syrtace were identified as
amphipathiay-helices. These 26 peptide regions were manually verifiedsiryg PyMol,

a visualization software, and confirmed to have the amphipamino acid distribution on
these helices. Table 4.3 summarizes the identificationgsoperformed in this study. Out
of the 26 amphipathiea-helices, five were removed as those sequences were iddntica
other sequences and redundant. The total number of poséiwples was, therefore, 21,
and theser-helices were derived from different proteins.

A negative data set containing 21 (the same number as thiveagamples) randomly
selected peptides that do not have any secondary structaeprepared. Peptides with
no secondary structures ranging from 13 to 20 amino acigsafaee collected following
the length distribution ofv-helices included in the positive data set (from 12 to 38 aa).
The reason for excluding shorter peptides was to avoid tissibitity of including short
secondary structure regions. As described in Chapter 3t sbgions (shorter than 4 aa)
that contaim-helices org-strands were identified as non-structural regions in thidys

A set of simulated binary sequences that represents thee éh@oretically possible
amino acid sequence space was also prepared. In order tofgithp sequence space,

a binary code (0 or 1) was used to represent two amino acicgtymelrophobic or non-



48

hydrophobic (hydrophilic). The length of such binary setees was set as 15 aa based
on the average length of the negative samples. The enti@8dinary sequences were
produced and used as one data set. The objective of usingittinigated data set was to
examine the distributions of statistics and to compare thgainst the statistics obtained
from natural protein data found in PDB (the positive and tiggadata sets). This com-
parison should show any difference in the theoretical artdrabprotein sequence spaces

based on the statistics used.

4.3.2 Results and Discussion
Amphipathic a-helix prediction based on R,

The statistics were calculated from each of the 42 peptidaeseces of identified amphi-
pathica-helices in positive and negative data sets. Tables 4.4 d@nlistithe final R,,.
values, which is the maximum overall ratio of hydrophobidramacids between the sides
A and B. Appendix G listed the detailed statistics obtainmednf the 42 sequences.These
two tables show that R, values are generally higher for the amphipathic helices tba
the non-structural sequences.

Table 4.4 presents that the majority gf R values obtained from amphipathiehelices
are closer to 2 or higher (the average: 1.77 excluding.R 10), whereas the R,, values
are around 1.0 in non-0 peptides (Table 4.5: the averag@:ekd@duding R,., = 10). These
results are consistent compared to those obtained fronréienpary analysis. Figure 4.3
compares the distributions of R, between the two data sets. The distribution ¢f.R
obtained from the positive data set (a) is skewed towardgiaR,,.. while the negative
data set distribution (b) is shifted towards smallef,Rvalues. In order to examine if
the difference in the distributions is significant, Wilca®K&ruskal-Wallis non-parametric

test was performed. The probability (P = 0.0005) indicaked the difference is highly
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Table 4.4: R,,,.. values obtained from the 21 amphipathitelix regions.

ID Ronas
1A8L 2.3
1A90 1.95
1ADS 1.8
1AGX 1.95
1AH7 0.89
1AJG 2.86
1ALD 1.32
1AMP 1.66
1ANG 10
1A0V 10
1AQP 10
1ARL 1.61
1AST 2.25
1BEO 10
1BEE 10
1BEO 10
1BEZ 10
1BGP 2.3
1BHO 2.12
1BIY 0
1BM9 10

! R,z = 10is given when there is no hydrophilic amino acid in one il or
B). As described in section 4.1 this is an arbitrary largestant indicating
that there is a large bias between the two sides.
significant.

Figure 4.4 shows the result obtained from the simulatedrpisequences (32,768 sim-
ulated data). The distribution in this data set appears tbasecally the combination of
positive and negative data sets. However, the WilcoxorgkailtWallis non-parametric test
shows that the difference between thg,Rdistributions from the simulation data set and
positive data set is also highly significant (P = 0.0005).

Based on these observations fqx R values, the probabilities of occurrence of amphi-
pathic helices were calculated from some ranges, Qf.RFigure 4.7 summarizes it. Using

these ranges at,,...., we can predict the probabilities for havingahelix as amphipathic
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Table 4.5: R, values obtained from the 21 non-structure regions.

ID Ronas
1321 2.46
1891 0.98
1A8Q 1.1
1AC5 1¢
1AHB 1.97
1AK9 1.39
1AMY 1.14
1APC 1.33
1AQN 1.39
1AST 0.98
1ATA 0.51
1AU9 0.52
1AYV 3.33
1AYX 1.8
1BAG 1.21
1BF2 1.27
1BG5 1.16
1BG9 1.14
1BG92 1.1
1BGO 0.41
1BGP 0.71

! R,z = 10is given when there is no hydrophilic amino acid in one il or
B). As described in section 4.1 this is an arbitrary largestant indicating
that there is a large bias between the two sides.

as higher than 0.80 if 2.8 R,,,.., about 0.70 or lower if 1.5 R, < 2.0, and lower than
0.16iIfR,,.. < 1.5.

Comparative Study against Hydrophobic Moment

As described earlier, the hydrophobic moment method [Shésdnly currently available

method that attempts to quantify the amphipathicitydfelices. In order to examine how
this method is effective compared to our newly developegd, Rstatistics, a comparative
analysis was performed.

The same data set consisting of 21 positive and 21 negativglsa was used to obtain
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Figure 4.3: Distribution of R,,., compared between positive (a) and negative (b) data from
the large data analysis.
the “hydrophobic moment” values. The implementation aldé from EMBOSS [15]
was used for this study. As described before (Figure 2.1&x ¢hough the hydrophobic
moment method is quantitative, the final decision to idgritx-helix regions is largely
arbitral. In this study, the maximum moment value obtaimecthfeach peptide sample was
used as the index. Tables 4.6 and 4.7 list the maximum mora&rgsvobtained from the 42
peptide samples. The averages of 0 moment values are 0.413hflom the amphipathic
a-helix samples (Table 4.6) and non-structured peptide Esfpable 4.7), respectively.
Although these average values are close, Figure 4.6 shawi maximum moment
values in the positive data set are widely spread as compatéose of the negative data
set. The range of the maximum moment values for the negasitae gkt was completely
overlapped with that for the positive data set. As expedtétt,oxon/Kruskal-Wallis non-

parametric test indicates that these distributions arsigatficantly different (P = 0.0662).
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Figure 4.4: Distribution of R, obtained from the simulation data set.

Rimax 0 1.5 2.0 10
: _ :

Prob (amphi) 0.16 0.71 0.81

Prob (non-amphi) 0.84 0.29 0.19

Figure 4.5: Probabilities of amphipathia-helices based on,R. values. Prob(amphi)
represents the probability of occurrence of amphipathielix and Prob(non-amphi) rep-
resents the probability of non-occurrence of amphipathinelix.
This is very different from what we observed in the distribatof R,,,..; the R, values
were significantly different between positive and negasmmples. These results show that
it is not possible to use the maximum moment values for disa@ating Oa-helices.

Note that the negative samples show peak in the distribofiomoment values (Figure
4.6(b)). This could be explained by the bias existing in timg® acid composition of pro-
tein sequences. Figure 4.7 shows the amino acid compositiained from the complete

set of Swiss-Prot protein entries. It shows that many hyldobpe amino acids (bars colored
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Table 4.6: The maximum moment values obtained from the 21 amphipattmelix
regions.

ID Maximum moment
1A8L 0.669
1A90 0.601
1ADS 0.292
1AGX 0.325
1AH7 0.548
1AJG 0.654
1ALD 0.381
1AMP 0.38
1ANG 0.74
1A0V 0.038
1AQP 0.441
1ARL 0.56
1AST 0.462
1BEO 0.091
1BEE 0.091
1BEO 0.531
1BEZ 0.091
1BGP 0.174
1BHO 0.49
1BIY 0.528
1BM9 0.636

in grey) are present with relatively higher frequenciesriot@in sequences available in the
database. The negative samples in this study can be coedi@ethe random samples from
such proteins. Since the amphipathicity ofahelix is determined by measuring the bias
between two major functional groups (hydrophobic and hgHiiac), such skewed amino
acid composition in negative data could generate slighdyageed moment values. This
may explain the peak found in the moment value distributromfthe negative samples.
On the other hand, the, R, distribution did not show any such effect in negative sample
(Figure 4.3(b)).
The moment values failed to identify some of the amphipatigkces. Figure 4.8

shows the relationships of % surface amino acids againshéxémum moment values and
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Table 4.7: The maximum moment values obtained from the 21 non-strecagions.

ID Maximum moment
1321 0.536
1891 0.163
1A8Q 0.327
1AC5 0.336
1AHB 0.283
1AK9 0.302
1AMY 0.201
1APC 0.367
1AQN 0.302
1AST 0.18
1ATA 0.304
1AU9 0.362
1AYV 0.343
1AY X 0.48
1BAG 0.458
1BF2 0.454
1BG5 0.227
1BG9 0.201
1BG92 0.231
1BGO 0.324
1BGP 0.41

R,.... Spearman’s Rho non-parametric rank correlation test sdhat the correlation is
not significant (P = 0.1214) for the maximum moment valuegFeé 4.8(a)) whereas it is
significant (P< 0.0001) for R,... (Figure 4.8(b)).

The significant correlation of R, with % surface amino acids indicates that the pos-
itive samples (blue triangles) could be predicted as angthip based on the higher,R.
values. As shown in Figure 4.8(b), the majority of the pgsisamples have,R. values
1.5 or higher. On the contrary, it is not possible to predietamphipathie:-helices from
the maximum moment values. There is no significant relakignisetween the % surface

amino acids and the maximum moment values.
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Figure 4.6: Distributions of the maximum moment values compared betvpesitive (a)
and negative (b) data. The same 42 peptide samples weresiseligure 4.3.
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Figure 4.7: Amino acid composition obtained from 123946 protein estirethe Swiss-
Prot protein database (courtesy [8]). The colored barsessmt the 0 groups of amino
acids: gray = aliphatic, red = acidic, green = small hydrdskye = basic, black = aromatic,
white = amide, and yellow = sulfur.
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Figure 4.8: Relationship between % surface amino acids and the maximomemnt values
(@) andR,,... (b). Positive samples are represented by blue trianglesagdtive 0 are
represented by red squares. Note that higher than 20% swafamo acids frona-helix
regions were used to identify &-helix. The red squares with higher than 20% surface
amino acids are negative samples, some of whose amino aeidstae protein surface but
they are not irv-helix region. Also note that the R, = 10 is the arbitrary large constant
given when there is an extreme bias in 10 hydrophobic to Ipfdlic ratio (see section
4.1).
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Chapter 5

Conclusion and Future work

The methods for identifying secondary structures and apgthic a-helices based on
atomic coordinate information of protein structures weegadoped. In order to develop
a prediction method for secondary structures, especiafighgpathic helices, it was re-
quired to first define and then identify the secondary strestusing a consistent method.
The method developed identified 1,06dhelices from 160 protein entries. 556helices
of length ten or longer amino acids were selected for furémalysis.

A new method was developed to identify amphipathitielices. Amphipathicy-
helices were identified by searching helices that were orstiniace of the protein. This
problem was solved by developing a three-level processcéhidevel, atomic level, and
amino acid level. Finally, the helix was identified as amjaltiic if more than 20% of the
amino acids are on the surface. This new method was able éctd&® amphipathic-
helices from 160 PDB entries, all of which have not been aatedtas amphipathic in the
PDB database. This identification method is based only oteprstructural information,
and there was no such method available before.

Using the newly developed methods, a data set including dogbhipathica-helices

and protein regions with no secondary structure was prdpdteenabled us to develop
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a prediction method for amphipathie-helices from primary structure information. A
set of simple statistics was developed, and it was shownthleak,,,. value (maximum
overall ratio of hydrophobic amino acids) can discriminatephipathica-helices from
non-amphipathiew-helices. UsingR,,..., we can estimate probabilities of having an am-
phipathica-helix based on the amino acid sequence. It can be used fprékection.

The new identification method developed in this study wae &bldetect a very long
a-helix that is partially amphipathic as shown in Figure 34 The currently available
methods (helical wheel, helical net, and hydrophobic mdjreme more likely not be able
to detect this type of helices, since amphipathic struagtunet well-defined in such helices.
For example, the “hydrophobic moment” method indeed faitedentify 9 amphipathia-
helices. This is because the moment becomes low due to dggilarity in the distribution
of hydrophobic residues in the helix.

Two PDB entries, 1IMNK and 1BM9, were intentionally includetden the new identi-
fication methods were applied to identify amphipathibelices. From the both entries;
helices were identified including the regions previouslpwn to be amphipathia-helix.
However, these particular regions known to be amphipaithelices could not be detected
as amphipathic. From 1BM9, however, anothénelix was identified as amphipathic. The
amphipathiaey-helices expected to be identified are 13 aa long for 1BM9 &wbdong for
1MNK. The percentage of surface amino acids in these regi@ns 7.14% and 10% for
the regions of 1BM9 and 1MNK, respectively. As explaineddoef the threshold used to
identify amphipathic-helices is to have 20% or higher amino acids at the surfaechef
lix region. Since we already know these helices to be ampiphased on the visualized
protein structure, the 20% threshold may need to be everr llmreake the method more
flexible. It should increase the probability of identifyingore amphipathic helices. Of
course it will also increase the false positive rate. It ispumore examples and analysis.

One possibility to reduce the false positive could be, faregle, to incorporate both of
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the length and the percentage of surface amino acids whikihelix regions as part of the
threshold.A larger data set needs to be used in the furthdy.sit should allow us to refine
the threshold for identifying amphipathichelices. And it will give us more refined scales
for prediction probabilities.

The majority (or all) of the amphipathie-helices identified in this study have not been
described previously. The ultimate confirmation needs teXxperimentally done. How-
ever, these methods will help researchers to identify monehgpathica-helix candidates
and their further studies on protein functions.

When we do not have protein structure information, secondtaictures need to be
also predicted based on amino acid sequences. As desanil@hpter 1, there are many
prediction methods available for this purpose. Such metimeed to be incorporated with
the prediction method developed in this study to make théatetisable for more gen-
eral sequence analysis. It is also possible that the sametemded set of the statistics
developed in this study is used for the entire predictiofuidiog secondary structures.

The amphipathic property is not related onlydénelices, bu3-strands/sheet are also
present in the protein structure and also have an imporiatddical function associated
to it. It is useful if we can extend the method for identifyiagd predicting both of amphi-
pathica-helices andi-strands/sheets. A larger data analysis should provide mesights
on such applications of the strategy developed in this study

Since detecting amphipathie-helices is important for examining protein structures,
such information can be used to improve other bioinfornsatols, as multiple alignment

and protein classification. Such application possibiléy be further explored in the future.
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Appendix A

Twenty amino acids and their Chemical structures (courf@gy
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Appendix B

An example PDB entry (1AJG: a myoglobin)

HEADER
TITLE

KEYWDS

2
3
4
5
6

OXYGEN TRANSPORT 02-MAY=-97 1AJG
CARBONMCONOXY MYOGLOBIN AT 40 K

MOL ID: 1;

MOLECULE: MYOGLOBIN:

CHAIN: NULL;

BIOLOGICAL UNIT: MONCGMER:

OTHER DETAILS: CARBONMONOXY MYOGLOBIN, CO LIGAND BOUND TO
FE OF THE HEME, HEME BOUND TO NE2 OF HIS 93

MOL_ID: 1;

2
3

1

ol

W NN

200
200
200

900
900
900

ORGANISM SCIENTIFIC: PHYSETER CATODON;
ORGANISM COMMON: SPERM WHALE
OXYGEN TRANSPORT, RESPIRATORY PROTEIN, HEME
X-RAY DIFFRACTION
T.Y.TENG,V.SRAJER, K. MOFFAT

12-NOV-97 1AJG O

AUTE  T.Y.TENG,V.SRAJER,K.MOFFAT

REFN  AST™ NSBIEW US ISSN 1072-8368 2024

REFERENCE 1
AUTH T.Y.TENG,V.SRAJER, K. MOFFAT

REFN ASTM BICHAW Us ISSN 0006-29%60 0033
RESOLUTION. 1.7 ANGSTROMS.
METHCD USED TO DETERMINE THE STRUCTURE: DIFFERENCE FOURIER

SOFTWARE USED: X-PLOR
STARTING MODEL: PDB ENTRY 1MBO

RELATED ENTRIES
THIS ENTRY IS RELATED TO PDB ENTRY 1AJH.
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153 VAL LEU SER GLU GLY GLU TRP GLN LEU VAL
153 TRP ALA LYS VAL GLU ALA ASP VAL ALA GLY HIS GLY GLN

153 MET ASN LYS ALA LEU GLU LEU PHE ARG LYS ASP ILE ALA

153 SwWs

PO2185

MYG_PHYCA

153 ALA LYS TYR LYS GLU LEU GLY TYR GLN QLY
43 PROTCPORPHYRIN IX CONTAINS FE(II)

154
155
156
157

2
5
5

HEM PROTOFORPHYRIN IX CONTAINING FE
MO CARBON MONOXIDE
804 SULFATE ION
HEM HEME
HEM C34 H32 N4 04 FE1
Q0 ci1 o

S04 2(04 s1 2-)
HOH *183(H2 Q1)

LA E A T P

© =J

1240
1241
1242
1243
1244
1245

1479
1480
TE4

1296
12987

A SER
B ASP

G FRO
H GLY
FE HEM
FE HEM

.430 30.

1.000000
0.000000
0.000000
0.015765
0.000000
0.000000

HOH
HOH

(o« ] agﬁ ao 9:
2

3 QLU
20 SER

100 ARG
124 LEU
154
154

8 1
as 2

118 7
149 @

430 34.120 90.00

0.o000000
1.000000
0.000000
0.000000
0.03z2e62
0.000000

1

1

153
153
153
154
154
154

530
531

762 763 1243

1293
1253
213 0

a.aooo00
a.000000
1.000000
0.004423
0.000000
0.0304490
=-3.710

~3.43¢6

4.5980
4.780

14.555
15.863
13.872

25.100
-4.077

NE2
c

Hi1S 23
o0 155

1
LEV

183

105.67 9S0.00 P 1 21 1

15.394
15.765

24.472
25.435

27.882
31.036
27.863

27.692
16.611

0

0.o0000
0.00000
0.00000
0.00000
0.00000
0.00000
13.509

14.923

-d4.001
-5.991

4.66B
4.935
8.020

17.628
10.457

6 1479

1.00
1.00

1.00
1.00
1.00

1.00
1.00

1

21.43
20.18

32.34
34.59

45,74
35.50

57

HIS VAL

12

16

19
26

coM oo oz

oo
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Appendix C
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Table C.1: Ranges of torsion angles used to determirtgelix ands-strands.

Secondary structures

Torsion angle ranges/{)’

a-helix

(-sheet

(-130, -10) - (-120, 20)
(-120, -30) - (-110, 30)
(-110, -40) - (-100, 30)
(-100, -60) - (-80, 30)
(-80, -60) - (-70, 20)
(-70, -70) - (-60, 0)
(-60, -70) - (-50, -10)
(-50, -70) - (-40, -20)
(-40, -70) - (-30, -30)
(-176, -110) - (-160, 180)
(-160, 120) - (-150, 180)
(-150, 110) - (-140, 180)
(-140, 100) - (-130, 180)
(-130, 90) - (-120, 180)
(-120, 100) - (-100, 180)
(-100, 90) - (-70, 180)
(-70, 100) - (-60, 170)
(-60, 110) - (-50, 150)
(-50, 110) - (-40, 140)

1 See the section 3.1 for the description how these rangesohéaimed.
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Appendix D

Table D.1: Atomic radii used in the study.

Atoms RadiusA)
Carbon (C) 0.767
Nitrogen (N) 0.702
Oxygen (O) 0.659
Sulfur (S) 1.052
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Appendix E

Twenty three amphipathic a-helices identified in this study a-helices

are derived from: (a)1AGX (bacterial amidohydrolase) 1&DO pentosyl-
transferase), (C)1A9P (pentosyltransferase), (d)1LA¥Qtgsyltransferase),
(e)1A9R (pentosyltransferase), ()2A9T (transferasg)lADS (oxidore-
ductase), (h)1AJH (myoglobin), (i)1ALD (lyase), (j)1IAMBydrolase), (K)IANG
(hydrolase), (I)1AQV (transferin), (m)1AQP (hydrolas@))1ARL (carboxypepl-
idase), (0)1AST (hydrolase), (p)1BEO(dehalogenase)RE)E(dehalogenase),
(n1BEO (fungal toxic elicitor), (s)1BEZ (dehalogenag&)1BGP (oxidore-
ductase), (u)1BHO(synthetic hormone), (v)1BIY (iron-img protein), and
(w)1BM9 (DNA-binding protein). Three more identifiedhelices are listed

in Figure 3.14.






(m) (s
(o) )
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Appendix F

Statistical analysis of the six amphipathica-helix regions from all four

positions.



Table F.1: Statistics of six amphipathie-helix regions at position 1

ID A side B side Rz
Ny N Cp Ly Po Ny Cy Ly P, Ry Ng N Ci Ly PP Ny Cy Ly P, Rp

1AHR 15 6 1 3 40 9 2 4 60 0.67 13 7 2 3 54 6 1 4 46 1.17 0.56
1BM9 8 2 0 025 6 1 3 75 0.33 5 3 0 060 2 O 0 40 15 151
1BVS 7 5 0 071 2 0 0 29 25 5 3 0 060 2 O 0 40 15 o051
IMNK 11 3 0 0 27 8 1 6 73 0.38 9 7 2 4 78 2 0 0 22 35 222
2CMM 9 5 1 3 56 4 0 0 44 1.25 7 4 0 057 3 0 0 43 133 0.06
2REB 8 4 0 050 4 0 0 50 1 5 4 1 4 80 1 0 0 20 4 1.39

L



Table F.2: Statistics of six amphipathie-helix regions at position 2
ID A side B side R

Na Ny Gy Ly P Ny Co Ly P, Ry Ng N Ci Ly Ao Ny Cy Ly P, Rg

1IAHR 15 3 0 0 20 12 1 9 80 0.25 13 10 2 o6 77 3 0 0 23 333 259
1BM9 7 1 0 O 14 6 1 5 8 0.17 6 4 1 3 67 2 0 0 33 2 247
1BVS 6 6 1 6 100 O O O O 1000 6 2 0 033 4 1 4 67 05 10
IMNK 11 4 1 3 36 7 2 3 64 057 9 6 1 4 67 3 0 0 33 2 1.26
2CMM 8 7 2 4 88 1 0 0 13 7 8 2 0 025 6 1 3 75 033 305
2REB 7 3 1 3 43 4 1 3 57 0.75 6 5 1 483 1 0 0 17 5 1.9

€L



Table F.3: Statistics of six amphipathie-helix regions at position 3

ID A side B side Rz
Ny N Cp Ly Po Ny Cy Ly P, Ry Ng N Ci Ly PP Ny Cy Ly P, Rp

1AHR 15 9 2 3 60 6 1 3 40 15 3 4 0 0 31 9 2 5 69 044 1.23
1BM9 7 4 1 3 57 3 0 0 43 133 6 1 0 0 17 5 1 4 83 0.2 1.89
1BVS 7 5 0 071 2 0 0 29 25 5 3 0 060 2 O 0 40 15 o051
IMNK 11 8 2 5 73 3 0 0 27 267 9 2 0 022 7 1 6 78 029 222
2CMM 9 4 0 0 4 5 0 0 56 0.8 7 5 1 4 71 2 0 0 29 25 114
2REB 7 6 1 5 86 1 0 0 14 6 6 2 O 0 3 4 0 0 67 05 248
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Table F.4: Statistics of six amphipathie-helix regions at position 4

ID A side B side R
No N C Ly Pp Ny Cy Ly P, Ry Ng Ny Ci Ly P Ny Cy Ly P, Rp

1AHR 16 11 2 7 69 5 1 3 31 22 12 2 0O 0 17 10 1 7 83 0.2 2.4
1BM9 8 4 1 3 50 4 0 0 50 1 5 1 0 0 20 4 1 4 80 025 1.39
1BVS 7 3 0 0 43 4 1 4 57 0.75 5 5 1 5 100 0 O O 0 1000 10
IMNK 12 6 1 3 50 6 0 0 50 1 8 4 1 3 50 4 0 0 50 1 0
2CMM 10 4 O O 40 6 0 0 60 0.67 6 5 1 3 83 1 0 0 17 5 201
2REB 8 5 1 3 63 3 0 0 38 1.67 5 3 1 3 60 2 0 0 40 1.5 0.11

=74



Table F.5: Statistics of six non-structural regions at position 1
ID A side B side Riax
Na Nt Ci Li A N, Cy Ly P, Ry Ng N Ci L1 P Ny Co Ly P, Rp
1AYN 13 8 1 5 62 5 1 3 38 16 13 9 2 3 69 4 0 0 31 225 0.34
1HQM 13 5 0 0 38 8 1 4 62 0.63 13 6 1 3 46 7 1 5 54 086 0.31
1IHQM2 13 4 0 0 31 9 1 3 69 044 13 8 2 4 62 5 1 3 38 16 1.29
10IT 13 11 2 7 8 2 0 0 15 55 13 6 0O 0 46 7 1 4 54 086 1.86
1PK4 13 5 0 0 38 8 1 6 62 0.63 13 6 0 0 46 7 0 0 54 086 031
1PKK 13 6 1 3 46 7 1 4 54 0.86 13 7 1 4 54 6 1 3 46 117 0.31

9,



Table F.6: Statistics of six non-structural regions at position 2
ID A side

B side Rpax
Na N Gy Ly PP Ny Cy Ly B Ry Ng N G Ly PP Ny Cy Ly Py Rp
1AYN 14 8 2 3 57 6 1 4 43 1.33 12 9 2 5 75 3 1 3 25 3 081
1HOQM 14 4 0 0 29 10 1 7 71 04 12 7 1 3 58 5 0 0 42 14 1.25
IHOM2 14 8 1 3 57 6 0 O 43 133 12 4 0 0 3 8 1 4 67 05 0.98
101T 14 9 2 4 64 5 1 3 36 1.8 12 8 1 6 67 4 0 0 33 2 011
1PK4 14 8 1 6 57 6 1 3 43 1.33 12 3 0 0 25 9 1 6 75 033 1.39
1PKK 14 7 1 4 50 7 1 4 50 1 12 6 1 3 50 6 1 3 50 1 0

L)



Table F.7: Statistics of six non-structural regions at position 3

ID A side B side Rz
NA N1 Cl L1 Pl NQ CQ LQ P2 RA NB Nl Cl Ll Pl N2 Cg L2 P2 RB

1AYN 15 10 2 3 67 5 0 0 33 2 11 7 1 4 64 4 1 3 36 1.75 0.13
1HQM 15 7 1 3 47 8 1 6 53 0.88 11 4 0 0 36 7 1 4 64 057 043
IHQM2 15 8 2 4 53 7 1 3 47 1.14 11 4 0 0 36 7 1 3 64 057 0.69
10IT 15 8 2 3 53 7 1 4 47 1.14 11 9 2 6 82 2 0 0 18 45 1.37
1PK4 15 6 0 0 40 9 2 3 60 0.67 11 5 0 0 45 6 1 5 55 083 0.21
1PKK 15 7 1 4 47 8 1 4 53 0.88 11 6 1 3 55 5 1 3 45 12 0.31

8.



Table F.8: Statistics of six non-structural regions at position 4

A side B side Rz
NA N1 Cl L1 Pl NQ CQ LQ P2 RA NB Nl Cl Ll Pl N2 Cg L2 P2 RB
1AYN 15 11 2 6 73 4 0 0 27 275 11 6 0 0 55 5 1 3 45 1.2 0.83
1HOQM 15 8 1 3 53 7 0O O 47 114 11 3 0O 0 27 8 1 6 73 0.38 1.1
IHQM2 15 6 0 0 40 9 1 4 60 0.67 11 6 0 0 55 5 0 0 45 12 0.58
10IT 15 10 1 6 67 5 0 O 33 2 11 7 1 3 64 4 1 3 36 175 0.13
1PK4 15 5 0 0 33 10 1 7 67 0.5 11 6 1 5 55 5 0 0 45 12 0.88
1PKK 15 7 1 3 47 8 1 4 53 0.88 11 6 1 3 55 5 1 3 45 12 0.31

6.
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Appendix G

Results for the statistical analysis of the amphipathic anshon-structural

regionsSee the section 4.1 for the explanation of each statistics.



Table G.1: Statistical analysis of the amphipathiehelix regions.

ID A side B side Rz

No Ny Cy Ly P Ny Cy Ly Py Ry Ng N Cp Ly P Ny Cy Ly P, Rp
1A8L4 9 3 0O 0 3333 6 1 3 66.67 0.5 6 5 1 5 8333 1 0 O 16.67 5 2.3
1A903 8 7 1 6 875 1 0 0 125 7 6 3 0 O 50 3 0 O 50 1 1.95
1ADS2 8 2 0 O 25 6 1 4 75 0.33 6 4 1 3 6667 2 0 0 33.33 2 1.8
1AGX4 8 7 1 7 875 1 0 0 125 7 6 3 0 O 50 3 0 O 50 1 1.95
1AH79 20 9 1 3 45 11 1 4 55 0.82 18 12 2 3 6667 6 0 0 33.33 2 0.89
1AJG2 8 7 2 4 875 1 0 0 125 7 7 2 0 0 2857 5 1 3 7143 0.4 2.86
1ALDS 12 9 2 6 75 3 0 O 25 3 9 4 0 0 4444 5 0 O 5556 0.8 1.32
1AMP3 11 4 0 0 3636 7 1 3 63.64 057 8 6 1 4 75 2 0 O 25 3 1.66
1ANG2 6 0 0 O O 6 1 6 100 0 5 4 1 4 80 1 0 O 20 4 10
1A0V17 6 5 1 3 8333 1 0 O 16.67 5 4 4 1 4 100 0 O O 0 1000 10
1AQP2 6 0 0 O O 6 1 6 100 0 5 4 1 4 80 1 0 O 20 4 10
1ARL1 8 4 1 4 50 4 1 3 50 1 6 5 1 4 8333 1 0 O 16.67 5 161
1AST5 8 1 0 O 125 7 1 5 875 0.14 7 4 0 O0 5714 3 0 O 4286 133 2.25
1BEO9 9 3 0 0 3333 6 2 3 66.67 0.5 6 6 1 6 100 0 O O 0 1000 10
1BEE9 6 6 1 6 100 0 O O 0 1000 5 2 0 O 40 3 1 3 60 0.67 10
1BEO4 7T 7 1 7 100 0 O O 0 1000 6 0 0 O O 6 1 6 100 0 10
1BEZ9 9 3 0 0 3333 6 2 3 66.67 0.5 6 6 1 6 100 0 O O 0 1000 10
1BGP12 6 5 1 4 8333 1 0 O 16.67 5 6 2 0 0 3333 4 1 3 66.67 0.5 2.3
1BHO1 8 5 1 4 625 3 0 O 375 1.67 6 1 O 0 1667 5 1 5 8333 0.2 212
1BIY1 8 4 0 O 50 4 0 O 50 1 6 3 0 O 50 3 0 O 50 1 0
1BM92 7 6 1 4 8571 1 0 O 14.29 6 5 0 0 O O 5 1 5 100 0 10
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Table G.2: Statistical analysis of the non-structural regions.

ID A side B side Rox

No Ny Cip Ly PP Ny Cy Ly P, Ry Ng N Ci L1 P Ny Cy Ly P, Rp
132L 10 7 1 4 70 3 0 O 30 233 6 1 0 0 17 5 1 3 83 0.2 246
189L 7 4 0O O 57 3 0 0 43 1.33 6 2 O 0 3 4 0 0 67 05 0.98
1A8Q 10 5 1 4 50 5 1 4 50 1 8 6 2 3 75 2 0 0 25 3 1.1
1AC5 8 4 0 050 4 0 0 50 1 6 0 O O O 6 1 6 100 0 10
1AHB 8 1 0 O0 13 7 2 4 88 0.14 6 3 0O O 50 3 0O 0 50 1 1.97
1AK9 9 8 1 6 8 1 0 0 11 8 6 4 1 3 67 2 0 0 33 2 1.39
1AMY 9 5 1 3 56 4 0 0 44 125 7 2 0 029 5 1 5 71 04 114
1APC 9 5 1 3 56 4 0 0 44 1.25 8 2 0O 02 6 1 3 75 033 1.33
1AQN 9 8 1 6 89 1 0 0 11 8 6 4 1 3 67 2 0 0 33 2 1.39
1AST 7 3 0O 0 43 4 0 0 57 0.75 6 4 0 0 67 2 0 0 33 2 0.98
1ATA 8 4 0 0 50 4 0 0 50 1 8 5 1 4 63 3 0 0 38 167 0.1
1AU9 10 4 1 3 40 6 1 5 60 0.67 7 2 0O 029 5 0 0 71 04 052
1AYV 8 7 2 4 88 1 0 0 13 7 5 1 0 0 20 4 1 4 80 025 333
1AY X 9 6 0 067 3 O O 33 2 8 2 0O 02 6 1 5 75 0.33 1.8
1BAG2 8 5 0 0 63 3 0 0 38 1.67 6 2 O 0 3 4 0 0 67 05 121
1BF2 8 1 0 0 13 7 1 5 88 0.14 6 2 0 0 3 4 0 0 67 05 127
1BG5 10 9 2 5 90 1 O 0 10 9 6 4 1 4 67 2 0 0 33 2 1.16
1BG92 9 5 1 3 56 4 0 0 44 1.25 7 2 0 029 5 1 5 71 04 1.14
1BG9 10 8 1 7 80 2 0 0 20 4 7 4 1 4 57 3 0 O 43 133 1.1
1BGO 8 4 0 050 4 1 3 50 1 5 3 1 3 60 2 0 0 40 15 04
1BGP 10 4 O O 40 6 1 3 60 0.67 8 2 0 025 6 1 5 75 033 0.71
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