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ABSTRACT

An enormous number of structures of proteins with unknown function has
been solved and deposited in PDB. Hence, it becomes increasingly important to
infer function directly from protein structures. To do this, the knowledge of
protein structure-function relationship “will be valuable. We carried out a
comprehensive analysis of:the dataset consisting of 887 enzymes of known
structure with a total of 2368 catalytic sites.- We found that (i) most catalytic
residues are either charged or polar; (11) catalytic sites are usually located on
coil region; (iii) catalytic sites are usually buried; (iv) catalytic residues appear
to be less flexible; (v) catalytic sites seem to prefer to be in the proximity of the
centroid of the domains; (vi) catalytic sites usually occur in the compact regions
of proteins. Our results also provide information of structural characterization
of catalytic residues in protein, which is complementary to that sequence
conservation. In summary, our results may be helpful in understanding the
protein structure-function relationship. Furthermore, they may give new insight

into developing novel methods for the prediction of catalytic sites in protein.



Ay A o v 2 P < o > ) o = 3 \ A E L o 3 A V) BN
AT EERFEA TR EA Ty L By AR

FAERN ,y:)]ﬁa;k =l s IR




CONTENTS

T R B v eeeeerereessreessseeessesesseseseseseesesaessseesssesessessssesessessaassseeesseeassesensesastasaneesneessnenannes i
S I A ii
£ e i
(@0 L I Y N iv
TABLE CONTENTS ..ctitiiiiitttiiinteiissenesssssssnessssssssssssssssssasssssssnssssssssssessssssssssssssssssass v
FIGURE CONTENTS .. otiiiiictetinierensissneesssssnsesssssssssssssssnssssssssssessssssnsssssssssnsasssssnnns vi
IR 1 011 (T (3T o] o PR 1
2. Materials and MEethOdS .....ciecceeiiiiiiireiiiceetirneee e sssere s sss s s sane s s s sansassaes 3
2.1 Dataset of catalytiC reSIAUES...cccccecrrrrneretereiiieicrrnnnreeeeeseseeessssnnnesessessssssssssnnnnsaees 3

2.2 ldentification and Classification of catalytiC SiteS.....ciieeeecrervrnreeeeereriicecsssnnneeeenn 4
2.2.1 AMINO ACIA TYPE wurrrrerrrrriierrrrnnereeeesssssesssssnneseessssssesssssnnsnsssssssssssssnnnns 4

2.2.2 SEQUENCE CONSEIVALION ceuueereeeerereeeeiieeersnneeeeesesssessssnnsseessesssssssnnnns 4

2.2.3 SECONAANY STrUCHUF A ususseeeeerererrsesssnnersssssssassssssnssssssssssessssssnsasssssnns 5

2.2.4 Relative Solvent AccessiDIItY (RSA)...cccvvveeiiiiirneriiisssenenssissnnesssnnne 5

2.2.5 B-TaCtOr . itueeeseeeeiabissite dhidio s 5abhe e e sennnessssssnsessssssnnensssssnnsesssssnsesssssans 6

2.2.6 Centroid=model (CIM) ..c..iiiiiieiiiereinieres e ssenese s seneessesnnns 7

2.2.7 Weighted ‘contactnumber model (WCN).....oocevceririirrnerinincnennnnnne 7

3. RESUItS @Nd DiSCUSSION ...uveeresotiiisenneresseessiintonsessnsessssssssssssssssssssssssssesssssssnssssssssnsasssss 9
3.1 The distribution of amino acid types in catalytiC SIteS ....ccccvvvrererrreerccerrrnnneeeenns 9

3.2 The characteristic feature profiles of catalytic reSidu€S.....cccceeeeereeeccccrrneeeenenn. 10
3.2.1 Sequence conservation Profile .....eeecccccercreeeeeeeecccccsssneeeeeeeeeenenns 10

3.2.2 Secondary Structure Profile ......ceeeececcsnreeeeeeniecccccssnneeeeeeeeseeenns 10

3.2.3 Relative Solvent Accessibility (RSA) profile ....cceeeeeeeevveeeeeeeeennneee. 11

3.2.4 RigIAity Profile..eeeciiieciiicirreeeeeieeescccccsnneeeeeesseseccssssnneeseesesssssans 12

3.3 The 2D-profiles of catalytiC reSIAUES....cciivviiiiissnrereriiiiiiisnneeeeesessssssassssssenes 13

O 0] Tod 111 [ o 15
REFRENCES ....ceettiiiiereiiiieressscssnneesssssnsessssssnnesssssssssessssssnsessssssssessssssanssssssssnsasssssnns 16
BN = I PRSP 18
FIGURES ..ottt sssenessssssnneessssssnsessssssnnesssssssnnessssssnsessssssnsessssssnnesssssssnsasssssnns 19
APPENDIIX ciiieiettiiisnnreniisssneessssssneesssssssnesssssssssessssssssessssssssssssssssssessssssssssssssssnsesssssnns 42



TABLE CONTENTS

Table 1. The range and the number of proteins of each group




FIGURE CONTENTS

Figure 1. The frequency of each amino acid type in catalytic Site€s .................ccoverrrennn. 22
Figure 2. The histograms of the frequency between catalytic sites and all residues............ 23
Figure 3. Sequence conservation distributions for individual amino acid types................ 26
Figure 4. Secondary structure H,S,C distributions for individual amino acid types........... 28
Figure 5. Secondary structure_H,B,E,G,1,T,S,U distributions for individual amino acid

11 8L 30
Figure 6. RSA_binary model distribution for individual amino acid types..................... 32
Figure 7. RSA_ternary model distribution for individual amino acid types..................... 34
Figure 8. zB-factor distribution for individual amino acid types.............cc.coeviiriniinennn, 36
Figure 9. CM distribution for individual amino acid typPesS..........cccerererererieieiene s 38
Figure 10. WCN distribution for individual amino acid types ............ccoviviiiiiiiieninnn 40
Figure 11. The XY-plot of 2-D profile ..o, 42

vi



1. Introduction

Enzymes play an important role in controlling and performing most life process.
Therefore, understanding the characteristics of catalytic sites will help us realize how
enzymes work. Most enzymes are proteins and their catalytic machinery occurs in a
relatively small region.® The regions of an enzyme designed to directly interact with
substrates, are defined as catalytic sites. The side-chain of catalytic residues are usually polar
or charged®: imidazole group of histidine, guauidinium group of arginine, amine group of
lysine, carboxylate group of glutamate and aspartate, amide group of glutamine and
asparagines, hydroxyl group of serine, threonine and tyrosine, and thiol group of cysteine.
We consider the functions of the amino :acid’s ‘side chain as the overall structure and
dynamics of enzymes in catalysis.

The first enzyme structure was the X-ray structure of lysozyme solved in 1965°. Since
then, a huge number of determined enzyme structures have been stored in database. Because
of the Structural Genomics Project, an increasing number of structures with unknown
function were deposited in the Protein Data Bank (PDB). The vast number of structures
allows us to study the structure-function relationship directly from the protein structures.
Then, it is still a challenging task that using only protein structures deduce catalytic sites
function.

There are many previous studies identifying and predicting the catalytic sites of
enzymes. First, sequence and structural similarity based methods are the most used to
recognize catalytic residues in a query enzyme. For example, a number of methods *® based
on the observation that most catalytic sites are highly conserved in sequence and structure;

Thorton et al. *°developed a methodology, utilizing a library of 3D structural templates
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formed from small number of residues to recognize catalytic sites of proteins. However, we
do not have to do any sequence or structure alignment in our study. We only utilize the
unique structural characteristic of enzymes to analyze catalytic sites. Then, the distinct
property of large force constants associated with the catalytic residues is consistent with the

recent study >°

that the catalytic residues usually have lower B-factors than noncatalytic
residues. A residue with lower B-factors will be less flexible (i.e., more rigid). Ben-Shimon
and Eisentein'! then observed that the catalytic residues are usually located in small fractions
of the exposed residues closet to the protein centroid. Some literature **** show that the
B-factor of the atom is linearly proportional to its squared distance from the protein centriod.
In another word, the residues in proximity to the protein centriod will have lower thermal
fluctuation or more rigid than those further residues. Besides, a recent study ** shows that the
atom’s thermal fluctuations are linear inverse proportion to the protein contact number of this
atom. It means that a residue has lower flexibility.also more compact in structure. For all of
this, catalytic sites may be able to be confirmed through these characteristic information.
According to the previous studies, catalytic sites probably have unusual features to
differentiate themse'lves from noncatalytic sites in enzyme. With these unique characteristic
structural features of catalytic sites, it may enable people to understand the structure function
relationship and to identify them. Since 1988, Zvelebil, M. and Sternberg, E*formed an
analysis of catalytic residues in just 17 enzymes and Thornton et al. in 2002* analyzed only
178 structures. However, the completeness of the dataset is a major problem. Hence, in this

study we will carry out the most comprehensive analysis of the protein structure properties of

the catalytic sites.



2. Materials and Methods

2.1 Dataset of catalytic residues

The enzyme was taken from the Catalytic Site Atlas (CSA)-2.2.10 which original
comprised 968 protein structures **We do not consider the structures of proteins which
situate at the cell membrane, contain inter-chain catalytic residues, and exclude the
main-chain functional part. Furthermore, we only consider interactions between charged,
hydrophilic residues. The nonpolar residues often not directly participate to the catalysis
reaction or only create the hydrophobic environment to help the polar residues to take part in
the reaction. Moreover, the nonpolar residues, especially alanine, are usually mutated from
the polar charged residues. It "would. abolish the-autoproteolytic activity during protein
structure determination. In addition, there has a study also show that only the 11 polar and
charged residues of the 20 amino acids are generally observed to occupy directly in
catalysis'’. The residues of dataset in this study are defined by the previous criteria. The final
dataset consists of 887 protein structures, including 2368 catalytic residues. The length
distribution of our dataset was shown in Tablel. The list of our dataset was shown in

Appendix I.



2.2 ldentification and Classification of catalytic sites

2.2.1 Amino acid type

Different amino acids apparently have various propensities to be catalytic residues.

Catalytic residues are classified according to the 11 standard amino acid’s three letter

abbreviation, i.e., CYS, ASP, GLU, HIS, LYS, ASN, GLN, ARG, SER, THR, and TYR.

2.2.2 Sequence conservation

It is well-known that catalytic.residues-are highly conserved. In order to know each

residue’s conservation, we use the Shannon entropy® to represent it. Here,

H(x) = —Zn: Pilog,, Pi @

i=1

where Pi is taken from the PSSM ( position-specific scoring matrices) which generated by
the PSI-BLAST, has 20 x L elements , where L is the length of query sequences. The base of
log is changed to 20 so that we can get the score in a range from 0 to 1, where 0 means strict

conserved.



2.2.3 Secondary structure

Secondary structure information may be helpful in realizing catalytic residues. The
classification of secondary structures which we use is according to DSSP *. DSSP is a
database of secondary structure assignments for all protein entries in the Protein Data Bank
(PDB). The elements describe the probabilities of each residue in three or eight states of
secondary structure. The eight states structural categories followed by DSSPcont include
a-helix(H), residue in isolated B-bridge(B), extended strand, participates in B-ladder(E),
310-helix(G), m-helix(l), hydrogen bonded turn(T), bend(S), and others undefined(U). We
further classify these eight states into helix(H)={ H,G,I }, sheet(S)={ B,E }, and coil(C)=

{T,S,U}.

2.2.4 Relative Solvent Accessibility (RSA)

The surface area is an important structural characteristic since the protein-protein
interaction often happens on the surface. Besides, it has been published that catalytic
residues are generally more exposed to solvent than others. Amino acid relative accessibility
is the degree to which a residue in a protein is accessible to a solvent module. The relative

solvent accessibility is computed by

RelAcc (%) = _100x Acc (2)
MaxAcc (%)

where Acc is the solvent accessibility of a residue was assigned by using the program DSSP,



given in A? units. MaxAcc is the maximal accessibility for the amino acids given by B.Rost
et al °. We use two models to define the residue’s solvent accessibility. One is binary
model which distinguish all residues into two states, RelAcc <16% means Buried, >16%
means Exposed. The other one is ternary model which distinguish all residues into three
states, RelAcc <9% means Buried, 9-36% means Intermediate, >36% means Exposed. The

thresholds that we selected are the same as those in Rost and Sander %°.

2.2.5 B-factor

The B-factor also called atomic mean-square displacement or temperature factor is
used in condensed matter physics,to describe the attenuation of x-ray scattering or neutron

scattering caused by thermal motion or quenched disorder. It is used to measure residue

flexibility. The B-factor of a protein“is-presented asb=(b1,b2,b3,...bN), where b; is the

B-factor of Ca of i residue taken fromithe PDB file; N is the total residue numbers of the

protein. We normalize the B-factor by the following formula:

2" =(b, b/ o, 3)

where b and o, are the mean and the standard deviation of the B-factor Later, we will

refer it to zB-factor.



2.2.6 Centroid-model (CM)

Residues contacting with catalytic site usually have more interaction with other
residues, so centrality values of catalytic residues of enzyme structures are really important.
It is a method which used to compute protein dynamics directly from the static protein
geometrical shape without any mechanical models *2. It based on the observation that the
deeper an atom is buried inside a protein structure, the less it will fluctuate around its

equilibrium position. It calculates the square of the atomic distance from the protein’s center

of mass. Let X, be the center of mass of the protein, that is, X, =" mX, /> m,

where m, and X, are the mass and the crystallographic position of atom k, respectively.

The distance of atom i from the center of mass of the protein is computed by
rizz(xi_xo)(xi_xo) (4)

where X, is the coordinate of:Cor atoms of the i residue, and X, is the centroid of the

protein. We will refer it as the centroid-medel-(€M).:In order to make it easier to comparison,

we normalized r? by

2" =2 - )io. ©)

where r?and o . are the mean and the standard deviation of .

2.2.7 Weighted contact number model (WCN)

The neighboring atoms would affect function of the catalytic residues. A recent study
2! showed that the atomic mean-square displacement (or B-factor) is closely related to the

number of noncovalent neighboring atoms. Here, we will refer to this method as the protein



contact number (CN). This method can be further improved if the protein CN is scaled down
by the square of the distance between the contacting pair. To consider the distance factor, a

distance-dependent contact number v; will defined by weighting the integral contact number

with the factor 1/ rij2 which is the distance between Ca atoms of i and j residues.

N
#i

vi=>

1
L2
i,

Fij

(6)

where N is the total residue numbers of the protein. We will refer is as the weighted CN

model (WCN). And, we also normalize v;to its Z-score:

2 =(v, =v)io, (7)

where v and o, arethe mean and:the standard deviation of v.



3. Results and Discussion

Detailed analyses of these unique properties were illustrated here. It was suggested that

catalytic sites and all residues did differ in these characteristics.

3.1 The distribution of amino acid types in catalytic sites

We analyzed the frequency distribution of the 11 polar or charged amino acid types
occurring in the catalytic sites compared with all residues in the dataset. Figure 1 shows that
the amino acids who have positively or negatively charged R groups (ASP, GLU, HIS, ARG,
LYS), they account for 71% of all catalytic residues, while 29% of catalytic residues are
provided by the amino acids having polarR-groups(SER, THR, CYS, ASN, GLN, TYR). As
we already known that catalysis reaction involves the transfer of protons and electrons and
charge stabilization, this result is consistent-with the previous studies % showed that major
contribution of enzyme catalysis came from electrostatic interaction.

Aspartate and glutamate residues compose 19% and 14% of all catalytic sites,
respectively. It could be that their pKa values far from neutral, around 4.0, provide charges
that affect other residues and the substrate. Moreover, aspatate has a shorter side chain than
glutamate, making the side-chain less flexible to be easier getting involved with substrate.

We can also see the importance of histidine in enzyme from Figure 1. Histidine
constitutes 18% of all catalytic sites. While it has a pKa value of 6, it is really close to neutral
and can function as an acid-base or be involved in stabilizing the transition state of catalysis.

The other most commonly observed residues are the positively charged and long
side-chain residues, arginine and lysine. Both of them compose about 10% of all catalytic

sites. The reason for that might be that both of them have nitrogen groups in the side-chain;



hence, the side-chain of them can make more electrostatic interactions.
The polar residues are used less often, since they are uncharged in proteins. They tend

to form covalent intermediates during the catalysis reaction.

3.2 The characteristic feature profiles of catalytic residues

3.2.1 Sequence conservation profile

Catalytic sites are clearly more conserved than other residues; it can be shown in Figure
2(A). The average conservation score of catalytic sites is 0.09. Since the catalytic sites in
proteins are all have important function, it would. not be easily substituted by other amino
acids. Figure 3 shows the conservation score trend,of-11 amino acids respectively. The trends

of the performance of these amino acids appear.to be-similar.

3.2.2 Secondary structure profile

Figure 2(B) and Figure 2(C) show the secondary structure distribution of catalytic sites
compared with all residues in the dataset. Catalytic sites prefer to locate on the coil regions
(about 50%) than other types. On the contrary, catalytic sites not favor to occur in helix
regions (only 23%). This is different from the distribution of all residues. When we use the
eight states structural categories followed by DSSP, we can found out that catalytic sites are
especially prefer to occur in p— ladder (E) and undefined (U) regions (Figure 2(C)).

Make it more clearly, in Figure 4 and Figure 5; we analyze the 11 amino acid

individually. The catalytic sites of threonine and tyrosine have different distribution with
10



others; they do not often locate on p— ladder. It may because both of them have the hydroxyl
group on the side-chain. Furthermore, cysteine, whose side-chain has thiol group, also not
prefers to occur in B— ladder region. Oppositely, aspartate and glutatmate, who have
negatively carboxyl group on the side-chain, are more prefer to locate on B— ladder regions.

The remaining six amino acids have similar distribution of secondary structure.

3.2.3 Relative Solvent Accessibility (RSA) profile

Figure 2(D) and Figure 2(E) show the relative solvent accessibilities profiles of
catalytic sites compared with all residues in the dataset. As we have mentioned in our method,
we use binary and ternary model.to analyze the distribution of catalytic sites. The 67% of
catalytic sites are more buried residues in protein structures (Figure 2(D)). While in ternary
model of relative solvent accessibility,-only-11% of all catalytic sites are fully exposed. This
result consistent with other study whieh shows that the catalytic site is often occurred in a
large and deep cleft or cavity =.

We analyzed 11 amino acids respectively, as shown in Figure 6 and Figure 7. The side
chain of cysteine is thiol group, surprisingly; its distribution between catalytic sites and all
residues is quite different with other amino acids. The RSA trend of catalytic sites or all
residues of cysteine are exceptionally similar, both of them tend to have more buried to
solvent. The reason for that might because the thiol group of cysteine is the most reactive
side chain found amongst the 20 naturally amino acid residues. However, the exposed
frequency of catalytic sites of cysteine is unusual higher than all residues. It may due to that
the side chain of cysteine is prefer to form disulfide bonds, which is a strong covalent bond

and adopted in solution.

11



3.2.4 Rigidity profile

In this study we use three kind features (i.e., zB-factor, CM, WCN) to represent a
protein structural rigidity. The B-factor is often used to measure residue flexibility, the
smaller value is, and the less flexibility is. The smaller WCN value a residue is means that it
locates on more crowded environment. The CM value represents whether a residue is close
to its structural center or not.

Figure 2(F) compares the zB-factor of the catalytic sites with that of all residues. There
are around 81% of catalytic sites with zB-factor = 0, compared with 54% of all residues.
Figure 2(G) shows that the WCN of catalytic sites compared with all residues. There are
around 90% of catalytic sites with WCN = 0, compared with 14% of all residues. Moreover,
the CM of catalytic sites compared.with all residues-is shown in Figure 2(H). It should be
noted that there are about 94%:0of catalytic sites with CM = 0, compared with 13% of all
residues. No matter which feature of these three can suggest that catalytic residues tend to be
more rigidity, it means catalytic sites often held in fixed place in enzyme than all residues.

However, we further shows that WCN and CM can perform a much better result than
zB-factor. If we use a cutoff value = 0, the WCN and CM will contain about more than 90%
of the catalytic residues. CM shows that the catalytic sites are usually closet to the protein
centroid. The lower WCN means the catalytic sites tend to lie in the more packed regions
than other residues do. According to our results, CM and WCN can play an expressive role in
determine the catalytic sites, since the refined B-factor easily affecting by factors like
temperature, crystallization conditions or structural refinement.

zB-factor, CM, WCN plots for individual amino acid types can be seen in Figure 8,9,10,
respectively. The charged side-chain catalytic residues are easier to be differentiated with all

residues. Nevertheless, figure 9(F)(G) and figurel0 (F)(G) show that the catalytic sites of
12



serine and threonine, which has polar side chain, especially more prefer the environment
which is more crowed and more center than tyrosine. It is reasonable that tyrosi**ne needs
more space for its larger side chain.

It is worth noting that, our results are consistent with previous study?*. Since 1894,
Emil Fisher proposed that the catalytic site has a specific geometric shape that is
complementary to the geometric shape of a substrate molecule. It means that enzymes are
very specific, and the catalytic site of enzyme are especially less flexibility than other

residues.

3.3 The 2D-profiles of catalytic residues

In order to understand the relationship between each feature, we combine any two
features to plot 2D-profiles (Figure 11).

Figure 11(A) shows the relationship_between conservation score and relative solvent
accessibility. Figure 11(B) shows the relationship between conservation score and
normalized B-factor. Figure 11(C) shows the relationship between conservation score and
centriod model and figure 11 (D) shows the relationship between conservation score and
weighted contact number. The conservation score and RSA in catalytic sites are usually low,
but conservation score has no readily observable connection with RSA (Figure 11 (A)).
However, using the zB-factor, CM, or WCN may help the conservation score to have a better
discrimination between catalytic sites and all residues as shown in Figure 11 (B) (C) (D).

Next, we discuss about the relative solvent accessibility combined with other features,
which are zB-factor, CM, and WCN, the values of all features tend to be low as shown in
figure 11 (E)(F)(G). In this case, we might say that if a residue’s RSA value lower than 0.36
(means intermediate or buried) 2° and CM/WCN value lower than 0, it usually located on the

catalytic sites.
13



It was clear that catalytic residues tend to have lower zB-factor, CM and WCN values
according to our characteristics feature profile results. As using any two of them plot a XY
chart, we can figure out how correlative they are. We use the same cutoff value with the
characteristics feature profile that is zB-factor, CM, WCN values = 0. Figure 11 (H) shows
that about 78% of catalytic sites have WCN and zB-factor = 0. When CM and zB-factor =
0, there has around 80% of catalytic sites are included (Figure 11 (1)). One notice that, when
we use this threshold value (i.e., CM, WCN = 0) for analyzing catalytic sites, Figure 11 (J)
shows close to 90% of catalytic sites can be recognized only uses the CM and WCN features.
It is proven that CM and WCN are indeed important characteristics of catalytic sites.

To sum up, sequence conservation score has no significant correlation with CM, or
WCN value. The CM, or WCN are used for indicate structural rigidity. However, there are
complementary relationship between structural eharacteristics of catalytic sites and those
based on sequence conservation. e ‘can say that using CM or WCN can distinguish catalytic

residues from all residues although they are not.conserved in sequence.
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4. Conclusion

In this work, we represent a structural analysis of enzyme catalytic sites using a
dataset of 887 enzymes which was chosen from CSA. This dataset is nonredundant, but
Thornton’s group does not mention the sequence identity of this dataset. The conclusion that
we draw from this analysis is that catalytic sites are highly conserved; they are often found in
a coil region, and most of them have very limited exposure to solvent although they are
polarity and charged. In addition, catalytic sites have large property to locate on the centroid
of a protein and catalytic sites also tend to lie in the crowded regions. It means that catalytic
sites are more rigid than other noncatalytic. residues according to their low B-factor, CM, and
WCN values. Interestingly, the B-factorsprofile did not perform as well as CM or WCN
profiles. It may cause of the refined B-factor easily affecting by factors like temperature,
crystallization conditions or structural refinement.

Based on all these distinct characteristics with catalytic sites may enable people to
understand the structure-function relationship; furthermore, it will be helpful for predicting

catalytic sites in enzymes of unknown function from protein structures.
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TABLE

Table 1. The length distribution of dataset

Length number
=100 8
101~200 128
201~300 262
301~400 236
401~500 108
501~600 73
601~700 31
701~800 21
801~900 10

901~1000

=1000
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Figure 1. The frequency of polar and charged amino acid type in catalytic sites (black)
compared with all residues (white).
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Figure 3. Sequence conservation for individual catalytic residues (ASP, HIS, GLU, ARG,
LYS, SER, TYR, CYS, ASN, THR, GLN) compared with all residues of the same type.
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ASN, THR, GLN) compared with all residues of the same type.

37



(G)

(F)

THR

© T o
S o o

Ksuanbaliy

SER

© < ™

o o o

Ksuanbaliy

WCN

WCN

0

(H)

GLN

© © T o o
o o o o
Aouanbai
p=4
7]
<
T T T T
© © < o ©
o o o o

Aouanbaiy

WCN

WCN

(K)

()

TYR

Aouanbaiq

CYs

Kouanbaiq

-2

WCN

WCN

Figure 10. (Continued)

38



(A) (B)

508 S 08}
] =
e S
08 o6l
8 2 =
o 3
D L}
Q04 Q 041
1] ; @«
= =]
o o
% 0.23 3 0.2t
0 02 04 06 08 1 05
RSA zB-factor
©) Ly (1T
1 EE
£ e .
|:-| o .
6 0.8¢ i 508
© 185 8
» 0.6¢ 06
5 2
[ ]
804t " 804
[ |
o g
= o
2 02| ¢ 0.2
&o.
0 0
3 -3 4
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APPENDIX

Appendix .

887 PDBID®

IDs

12as A
lad4l A
lacd A
lab4d A
lah7 A
lalk A
lag0 A
lauk A
1b04 A
1b65 A
1b93 A
lbgl A
lboo A
lbsj A
lbwz A
lcdz A
lcbx A
lcgb A
lemO A
lctt A
1dlg A
ldéeo A
ldbt A
ldfo A
ldio A
ldmu A
1lds2 E
lela A
lec9 A
leh5 A
leg2 A
levy A
1f2d A

1321 A
ladg A
1a79 A
lab8 A
1ajo A
lam2 A
lag2 A
lauo A
1b2m A
1b6b A
1bSh A
1bh2 A
lbou B
1btl A
lbxr B
1c54 A
lcd5 A
lcgk A
lcms A
lev2 A
1d2h A
1d7r A
ldci A
ldgk N
ldiz A
ldnk A
ldub A
le2a A
lecf A
lehe A
lesc A
lexl A
1f2v A

1351 A
lad4i A
la7u A
labr A
lajg8 A
lam5 A
lagl A
lavf A
1b2r A
lb6g A
1bbs A
lbhg A
lbp2 A
1btl A
lbya A
1c82 A
lcde A
lchd A
lcmx A
lcvr A
1d2r A
1d8c A
ldco A
ldgs A
1430 A
ldnp A
ldup A
le2t A
lecl A
lehy A
leso A
lexn A
1£48 A

13pk A
lad4l A
lag8h A
ladn A
lak0 A
lamo A
larz A
lavg A
1b3m A
lb6t A
1bd3 A
lbiby A
lbge A
T gt
ibzc A
1eQu A
lcdg A
lchk A
lcns A
lcwO A
1dz2t A
1dg8h A
1dds A
1dhf A
1dj1 A
ldo6 A
ldve A
le3v A
lecx A
lei5 A
letO0 A
lexp A
1fed A

1a0i A
lads A
la8g A
laf7 A
lakd A
lamp A
last A
lax4 A
1b3r A
1b73 A
lbel A
IBTxLA
1brm, A
lbvv A
Ibzy A
Teaz2 A
aufis A
lchm A
lcoy A
lcwy A
1d3g A
1dst A
lddj A
ldhp A
1djl A
1do8 A
ldwo A
lebg A
leed P
leix A
leul A
ley2 A
1£75 A

1a0j A
lady B
la8s A
lafr A
lakm A
lamy A
lasy B
layd A
1b57 A
1b7y A
1bf2 A
lbjo A
lbrw A
Ibvz A
kcOk A
lca3 A
lcev A
lci8 A
lcgg A
lcz0 A
1d4a A
ldaa A
1de3 A
ldhr A
1dki A
ldod A
ldxe A
le7g A
leej A
lelg A
leug A
leyi A
1£71 A

lale A
1a50 B
1a95 C
lafw A
lako A
laop A
latl A
lazw A
1b5d A
1b8b A
1bfd A
lbmt A
1bs0 A
lbwd A
lc2t A
lcb7 B
lcf2 O
lcjy A
lcgg A
lczl A
ld4c A
ldae A
lde6 A
1dil A
1d12 A
ldoo A
ldzr A
leag A
lefO A
lels A
leul A
leyp A
1f7u A

la26 A
la65 A
laa6 A
lagm A
lale A
lapt E
laug A
lazy A
1b5g A
1b8f A
1bg0 A
lbob A
lbs4 A
lbwl A
1lc3j A
lcb8 A
lcfr A
lck7 A
lct9 A
lczf A
1d6ei A
1db3 A
ldek A
1dii A
1d15 A
ldpg A
leOc A
leb6 A
lef8 A
lemd A
leuu A
lezl A
1£f8m A

la2t A
la69 A
laam A
lagy A
lald A
lapx A
laui A
1b02 A
1b5t A
1b8g A
lbg6 A
lbol A
1bs9 A
lbwp A
lcdx A
lcbg A
lcg2 A
lcll A
lctn A
1d0s_A
ldém A
ldbf A
1df9 A
l1din A
1dli A
ldgs A
lel9 A
lebf A
leg7 A
leo7 A
leuy A
lez2 A
1f8r A
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1f8x A
1fig C
1fr8 A
1g24 A
1g99 A
lghs A
lgpj_A
lgtx A
1h7x A
lhr7 B
1119 A
lidt A
litx A
1370 A
1jkm A
1kOw A
lkc7 A
lkny A
1kz1l A
119x A
1131 A
Im21 A
Imfp A
Impx A
Imyr A
Inhx A
Insf A
1004 A
lofg A
logz A
lozh A
lpae X
lpja A
lpow A
lpwh A
lg6x A
lgfe A
lghf A

1fa0 A
lfnb A
lfro A
lgdp A
lga8 A
lgim A
lgpm A
lguf A
lhdh A
lhrd A
lile A
liec A
liud A
1379 A
1jme A
1k30 A
lkcz A
lkp2 A
1100 A
llam A
1131 A
Im53 A
Imht A
Impy A
1n20 A
lnid A
Insj A
1098 A
logl A
lor8 A
lplx A
lpbg A
lpjb A
lpp4d A
lpwv_ A
1g91 A
lgfe A
lghg A

1fcd A
1fo6 A
lfsg A
lged A
lgal A
lglo A
lgpr A
lgxs A
lhfe L
lhti A
1111 P
1lig8 A
livh A
1379 A
ljms A
1k32 A
lkdg A
lkgc A
111d A
llba A
1lnh A
Im54 A
Imhy D
Imgw A
In2t A
lnir A
Insp A
1091 A
logo X
lord A
1p3d A
lpd2z 1
lpjh A
lpsl A
lpxv A
lgam A
1gfl A
lgho A

lfcb A
lfoa A
lfua A
lgot A
lgcb A
lgns A
1gg8 A
lgze A
lhfs A
lhto A
1129 A
1lim5 A
liyd A
ljag A
ljoa A
1k41 A
lkez A
lkra C
WA
ol CER
Tt vy
1mek.A
Imjo A
Imrg A
lnaa A
Inkk A
lnu3 A
loac A
loh9 A
loro A
lpdn A
lpeg A
lpjg A
1lps9 A
lpyl A
lgaz A
lgfm A
1gi9 A

lfcqg A
l1fob A
1fui A
1g72 A
lgcu A
lgog A
lggg_A
1h19 A
lhka A
1hv9 A
liep A
lima A
1500 A
ljch A
ljof A
1k4t A
lTkifu L
lks3i A&
AN A
SR 1\
IrrTTey A
1m9ciA
Imla A
Imtl B
Inba A
Inln A
Invm A
loas A
loj4 A
los7 A
lpdr A
lpfk A
lpkn A
lpsd A
lpym A
lgb4 A
lgfn A
lgib A

lfdy A
lfoh A
lfva A
1g79 A
lgdh A
lgox A
lgrc A
1h3i A
lhpl A
lhxg A
1i8d A
linp A
1709 A
1jdw A
1jgn A
1k82 A
lkfx L
lkws A
L17d A
llci_A
1lvh A
Imas A
Imlv_A
Imuc A
Inbf A
Inlu A
Invt A
loba A
lok4 A
lotg A
1p5d X
lpfg A
lpma A
lptd A
lpz3 A
lgba A
lggn A
1gj2z B

1f£f3 A
lfps A
lfwk A
1g8f A
lgdo A
lgpl A
lgsa A
lhd4g A
lhpm A
lhy3 A
1i8t A
liph A
1j2u A
15f1 A
ljrp B
lkae A
lkim A
lkyg A
117n A
11dm A
llws A
Imbb A
Imok A
Imud A
Indh A
Inml A
1Inw9 B
lodt C
lokg A
loxa A
lp7m A
lpgs A
lpmi A
lpud A
1gl8 A
lgen A
lggx A
1gj4 A

lfgh A
1fg0 A
1fy2 A
1g8o A
lge7 A
lgp5 A
lgt7 A
1h54 A
lhgc A
lhzd A
1i9a A
lir3 A
1749 A
1jhe A
1js4 A
lkas A
1k17 A
lkyw A
1179 A
11ij A
llxa A
Imdr A
lmog A
Imug A
Indi A
Inmw A
Inww A
loe8 A
lonr A
loya A
lpa9 A
lpii A
lpnl B
lpvd A
1g3n A
1gdl A
1gh5 A
lgje A

1fhl A
1fr2 B
1g0d A
1g8p A
lgeqg A
lgpa A
lgtp A
1h70 A
lhré B
lhzf A
lidj A
litd4 A
1753 A
1jhf A
1jxh A
lkaz A
lknp A
lkzh A
118t A
1llio A
11z1 A
Imek A
lmpp A
Imvn A
Inf9 A
Innd A
Inzy A
lofd A
lopm A
loyg A
lpad A
1pj5 A
lpnt A
lpvi A
1g3g A
lge3 A
1gh9 A
lgk2 A

43



1glh A
lgqum A
lrdf A
lrdd A
lrpt A
1s31i A
lsml A
1szj G
ltie A
1tz3 A
luas A
lugt A
lvas A
lvzz A
1x9%y A
Ixvt A
lysc A
lzym A
Z2adm_A
2bkr A
2dbt A
2fel A
2isd A
Z2pda A
2rnf A
2ypn A
4kbp A
nn9 A

lgmh A
1gv0 A
lrdz A
lreqg A
lrpx A
1s76 D
lsmn A
1tOu A
ltlp E
lu3f A
luch A
luro A
lvid A
1lwOh A
1xa8 A
1xyz A
lytw A
2061 A
2alr A
Z2blt A
2dhn A
2f9r A
2jcw A
Z2pec_ A
2tdt A
3cla A
4mdh A
Todc A

lgol A
lgwn A
lrow A
lrgg A
lrgl A
1s95 A
lsnn A
1t7d A
ltml A
ludbu A
luf7 A
lush A
lvie A
lwlo A
1xgm A
lySm A
lyve I
2a0n_A
Z2amg A
Z2bmi A
2dln A
2f9z C
23xr A
2pfl A
2thi A
3csm A
Scox A
8pch A

lggb5 A
lgx3 A
1r76 A
lrhc A
lrtf B
1s9c A
lsnz A
ltah A
ltmo A
lu7u A
luk7 A
luw8 A
1vlib A
lw2n A
1xik A
lybg A
lzel A
2386 A
Zapr A
2bsx A
Q0 r Ay
2fmn. A
21lip A
2pgd A
2tmd A
3eca A
Scpa A
8tln E

lgrg A
1gz9 A
lra0 A
lrhs A
lrtu A
lsca A
lsox A
ltde A
ltox A
lu8v A
lula A
1v04 A
lvnc A
lwd8 A
1xgd A
lybv A
lzisg A
2aat K
2ayh A
2bx4d A
20W7 A
2foki A
21pr A
2phk A
2toh A
3mdd A
Seat A
9pap_ A

lgrr A
1rle A
lra2 A
1rk2 A
lrud A
lses B
lssx A
ltdy A
ltph 1
luae A
lunl A
1v0e A
lvom A
lwgi A
1xgw A
lycf A
lzm2 B
Z2abk A
2b31i A
2cTv_A
Zebn A
2gsa A
Z2nac_A
Z2pia A
2tpl A
3nos A
Senl A

lgrz A
1rlj A
lrba A
lrne A
lrvv A
1s11 A
lstc E
lteh A
ltrk A
luag A
luok A
1vOy A
lvgl A
lwnw A
lxrs B
lygh A
lznv B
2ace A
2bbk L
Z2cnd A
Z2eng A
2hdh A
2nlr A
2plc A
2tps A
3pca M
5fit A

lgsg A
1r30 A
1rbl A
lro7 A
1s20 A
Islm A
1std A
lthg A
ltyf A
luam A
luox A
1v25 A
lvr7 A
1x7d A
1xtc A
lylu A
lzoi A
2acu A
2bhg A
2cpo A
2eql A
2his A
2npx A
2pth A
2tsl A
3pva A

Srsa A

lgtn A
1r44 A
lrbn A
lroz A
1s2k A
lsme A
1szd A
1tht A
ltys A
luag A
lugr A
lvao A
lvzx A
1x%h A
1xva A
lyon A
lzrz A
Zacy A
2bif A
2cpu A
Z2esd A
Z2hsa A
Z2oat A
2qf7 A
2xis A
3rlr A
Tatj A

212as A means the A chain of protein PDBID 12as
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