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ABSTRACT

PREDICTION OF ALLOSTERIC KEY RESIDUES
AND THEIR ROLE IN PROTEIN FOLDING

Allostery, an aspect of protein dynamics, is crucial in regulation of protein activ-
ity. It is believed that allostery is maintained through communication pathways of key
residues residing within distant allosteric sites. Prediction of these key residues there-
fore, would be a milestone in understanding protein allostery. In this study, prediction
of functional residues is carried out by a newly proposed Monte Carlo (MC) path gen-
eration method, where the protein structure is considered as a network of amino acid
residues and inter-residue interactions are described by a potential function. Study of
the effect of the type of the potential function used, is carried out with four different
potential functions, among which atomistic potential function is found to be the best to
describe the interactions. Three different approaches of MC path generation are stud-
ied; 1) generating paths between two residues (BTR), 2) generating paths with specific
number of steps (PSNS) and analyzing residue frequencies, and 3) generating infinite
step paths (ISP) and calculating network parameters such as closeness, betweenness
and clustering coefficient. In studying Shaker potassium channel and HIV-1 protease
systems using these approaches, paths are generated in ensembles rather than obtaining
a single shortest path. MC path generation is also applied to study the communication
within and between different monomers of a structure and different structures of a
protein. Combined information from these approaches reveals a list of functionally im-
portant residues, such as catalytic, binding and allosterically important sites. The role
of these proposed residues in protein folding is studied through trajectories of protein
folding simulations, algorithm of which is based on robotic motion planning. Through
the folding trajectories, residue contacts are analyzed and residues that form initial
contacts and conduct folding are identified. Interestingly these residues are noticed to

be among those that display high closeness and betweenness values in pathway anal-



ysis carried out for the native state of the proteins. Overall, this study suggests that
communication pathways are evolutionarily conserved and MC path generation is an
effective method for prediction of residues that are important in both allostery and

protein folding.
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OZET

ALOSTERIK ANAHTAR REZIDULARIN TAHMIN
EDILMESI VE PROTEIN KATLANMASINDAKI ROLU

Protein dinamiginin bir parcasi olarak alosteri, protein aktivitesinin denetiminde
onemli bir rol tegkil eder. Alosterinin, birbirinden uzak iki alosterik nokta arasinda
bulunan anahtar rezidular iizerinden gecen bilgi patikalar1 araciligiyla saglandigina
inanilir. Bu anahtar rezidularin tahmin edilmesi, protein alosterisini anlamak acisindan
bir kilometre tas1 olugturacaktir. Bu caligmada, islevsel rezidularin tahmini yeni ileri
stiriilen Monte Carlo (MC) patika yaratma yontemi ile gergeklestirilmigtir. Bu yontem-
de protein yapisi bir amino asit ag yapisi olarak ele alinir ve rezidular-arasi etkilesmeler
bir potansiyel fonksiyon ile tanimlanir. Kullanilan potansiyel fonksiyon tiiriintin etkileri
dort farkl potansiyel fonksiyon denenerek caligilmig ve etkilesmeleri en iyi tanimlayan
potansiyel fonksiyon olarak atomistik potansiyel fonksiyon secilmistir. MC patika
yaratma, ii¢ farkli yaklagim ile incelenmigtir; 1) iki rezidu arasi patika yatarimi (BTR),
2) belirli sayida adimdan olusan patika yaratimi (PSNS), ve 3) siirsiz sayida adimdan
olusan patika yaratimi ve yakinlik, aradalik ve kiimeleme katsayisi gibi ag yap1 parame-
trelerinin hesaplanmasi (ISP). Bu yaklagimlar kullanilarak; Shaker potasyum kanal ve
HIV-1 proteaz gibi sistemlerin calisilmasinda, bir tek en kisa patika elde etmekten
ziyade patika topluluklar1 yaratilmigtir. Ek olarak, MC patika yaratma, monomer igi
ve monomerler aras1 ve de ayni proteinin fakl yapilarindaki iletigim caligmalarina da
uygulanmigtir. Elde edilen bu bilgilerin birlestirilmesi sonucu katalitik, baglanma ve
alosterik fonksiyonlar agisindan 6nemli rezidularin bir listesi aciga cikmigtir. Bu ileri
suiriilen rezidularin protein katlanmasindaki rolleri, robotik hareket planlama kavram-
larina dayanan bir algoritma ile yapilan protein katlanma simulasyonlar1 iizerinden
caligilmigtir. Katlanma rotalar1 boyunca rezidularin yaptigi kontaklar incelenmis ve
katlanmaya yon veren ilk kontaklari olusturan rezidular teshis edilmistir. Ilginctir

ki bulunan bu rezidular patika analizlerinde yiiksek yakindalik ve aradalik degerleri
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gosteren rezidular arasinda yer almaktadir. Sonug olarak bu galigma, iletigim patikala-
rinin evrimsel olarak korundugunu ve MC patika yaratma yonteminin hem alosteri
hem protein katlanmasindaki onemli rezidular1 tahmin etmekte basarili bir yontem

oldugunu onermektedir.



TABLE OF CONTENTS

ACKNOWLEDGEMENTS . . . . .. . e
ABSTRACT . . . e

LIST OF TABLES . . . . . . . o e
LIST OF SYMBOLS/ABBREVIATIONS . .. ... ... ... .........
1. INTRODUCTION . . . . . e e
2. MATERIALS AND METHODS . . . . . .. . ... ... . ... ..

2.1.

2.2.

2.3.

2.4.

2.5.

Studied Protein Structures . . . . . . ... ... L
2.1.1. POZ and PDZ domain representatives . . . . . .. ... .. ..
2.1.2. HIV-1Protease . . . . . .. ... ... ... ...
Interaction Potentials . . . . . . .. .. ... o000
2.2.1. Atomistic Potential . . . . . ... ... oo
2.2.2. Bahar-Jernigan (BJ) Potential . . . . . .. ... ... ... ...
2.2.3. Thomas-Dill (TD) Potential . . . . . . ... ... ... .....
2.2.4. Markov Affinity Potential . . . . . ... ... ... ... ...
Path Generation & Analysis . . . . . . ... ... ... ... ...
2.3.1. Monte Carlo Path Generation . . . . . . ... ... .. .....
2.3.2. Path Analyses . . . . . . . . .. . ...

2.3.2.1. Path Frequency . . . . . ... ... ... ... ...

2.3.2.2. Residue Statistics . . . . .. ... 0oL

2.3.2.3. Path Probability . . . ... ... .. ... ... ...
Network Parameters . . . . . .. .. .. ... L.
2.4.1. Clustering coefficient, C, . . . . . . . . .. .. ...
2.4.2. Closeness, O; . . . . . . . . i i
2.4.3. Betweenness, by . . . . . . ...
Folding Simulations . . . . . . . . .. .. .o

2.5.1. Cluster Analysis . . . . . . . . . ... ... ... ... ...

3. RESULTS AND DISCUSSION . . . . .. ... .. . ...

viii

11l
v

vi

xiil

XV

B RN T S S



1X

3.1. Paths With Different Potentials . . . . . . ... ... ... ... .... 22
3.1.1. Paths of POZ domain representative (1A68) . . . ... ... .. 22
3.1.2. Paths of PDZ domain representative PSD-95 (1BE9) . . . . .. 28

3.2. Paths Between Two Residues . . . . . . ... .. .. ... ... .... 32

3.3. Paths with Specific Number of Steps (PSNS) . . . . ... ... ... .. 36

3.4. Infinite Step Paths (ISP) and Network Parameters. . . . . . . ... .. 39

3.5. Conservation of Paths through all HIV-1 protease complex structures . 44

3.6. Paths Between Monomers of Structure . . . . . ... ... ... .... 49

3.7. Folding Simulations . . . . . . . ... .. o o oo 52
3.7.1. Folding Trajectories . . . . . . .. .. ... .. ... ... ... 52
3.7.2. Contact Map Analysis of Fold Trajectories . . . . . . ... ... 95

4. CONCLUSIONS . . . . e 59

REFERENCES . . . . . 61



Figure 2.1.

Figure 2.2.

Figure 2.3.

Figure 2.4.

Figure 2.5.

Figure 2.6.

Figure 2.7.

Figure 2.8.

Figure 3.1.

Figure 3.2.

LIST OF FIGURES

Tetramerization domain of Shaker potassium channel structure (1A68)

in cartoon representation . . . . . . . ... ... ...

PSD-95 structure cartoon representation with chain A shown in

cyan and chain P (i.e. substrate) inred.. . . . . ... ... ...

HIV-1 protease structure cartoon representation with chain A shown

in purple, chain B in orange and substrate (i.e. chain P) in green.

Lennard-Jones 12-6 Potential and Modified Lennard-Jones Potential

Representation of the parameters of BJ long range interactions . .

Corresponding numbering of virtual parameters for BJ energy cal-

culation . . . . . L.

Order constrained navigation initial conformation wy and target

conformation w, representations. . . . . . ... ... ... ... ..

Representation of application to protein folding. . . . .. ... ..

Residue frequencies of 1A68 10-residue (9-step) paths starting from
77-A. Residue frequencies of each step are shown in different color

line summarized in the legend. . . . . . . . ... ... ... ...

Residue frequencies of ca-p2 (1F7A) 10-residue (9-step) paths start-
ing from 25-A. Residue frequencies of each step are shown in dif-

ferent colored line as shown in the legend. . . . . . . . . . .. ...

8

11

37



Figure 3.3.

Figure 3.4.

Figure 3.5.

Figure 3.6.

Figure 3.7.

Figure 3.8.

Figure 3.9.

x1

Plot of clustering coefficient values of Shaker potassium channel
(1A68). Residues labeled in pink show the resdiues present in paths
BTR and PSNS and labeled in blue show other residues correspond-

ing to minimum points. . . . . . ... ..o o 40

Closeness values of Shaker potassium channel (1A68). Residues
labeled in pink show the resdiues present in paths BTR and PSNS

and labeled in blue show other residues corresponding to minimum

Betweenness values of Shaker potassium channel (1A68). Residues
labeled in pink show the resdiues present in paths BTR and PSNS

and labeled in blue show other residues corresponding to minimum

Clustering coefficient values of ca-p2 (1F7A). Residues labeled in

pink show the resdiues present in paths and other minimums. . . . 42

Plot of closeness values of ca-p2 (1F7A). Residues labeled in pink
show the resdiues present in paths BTR and PSNS and other peaks. 43

Plot of betweenness values of ca-p2 (1F7A). Residues labeled in
pink show the resdiues present in paths BTR and PSNS and other
peaks. . ..o 43

Closeness parameters of all HIV-1 protease complex structures plot-

ted in a single graph. Each colored line denotes a different structure. 48



Figure 3.10.

Figure 3.11.

Figure 3.12.

Figure 3.13.

xii

Sample snapshots of cluster best member conformations from the
folding trajectory of 1A68. a) Cluster #3 Snapshot #245, b) Clus-
ter #16 Snapshot #320; ¢) Cluster #20 Snapshot #345, d) Cluster
#23 Snapshot #359, e) Cluster #25 Snapshot #364, f) Cluster #26
Snapshot #367. . . . . . . .. 53

Sample snapshots of cluster best member conformations from the
folding trajectory of 1F7A. a) Cluster #22 Snapshot #397, b) Clus-
ter #11 Snapshot #480, ¢) Cluster #14 Snapshot #501, d) Cluster
#17 Snapshot #512, e) Cluster #19 Snapshot #751, f) Cluster #1
Snapshot #954. . . . . . . ..o 54

Sample contact maps of cluster best member conformations from
the folding trajectory of 1A68. RMSD values correspond to the

RMSD between that specific snapshot and the target conformation. 56

Sample contact maps of cluster best member conformations from

the folding trajectory of 1IF7A. . . . . . . . . .. ... ... ..., 57



Table 2.1.

Table 2.2.

Table 2.3.

Table 2.4.

Table 3.1.

Table 3.2.

Table 3.3.

Table 3.4.

Table 3.5.

Table 3.6.

Table 3.7.

Table 3.8.

Table 3.9.

Table 3.10.

xiii

LIST OF TABLES

Amino acid sequences of the natural substrate cleavage sites of HIV-

1 protease with available crystal structures. . . . . ... ... .. 6
Substrate bound structures of HIV-1 protease used in this study . 7
Atomistic interaction energy sample matrix . . . . . . . . ... .. 9
Residual interaction energy sample matrix . . . .. ... ... .. 9
Suggested paths in the literature for POZ domain . . . . . . . .. 22
1A68 Paths using atomistic potential (30,000) . . ... ... ... 23
1A68 Paths using BJ potential (30,000) . . . .. ... ... .... 25
1A68 Paths using TD potential (30,000) . . . . . . ... ... ... 26
1A68 Paths using Markov Affinity (30,000) . . ... ... ... .. 27
Suggested paths in the literature for PDZ domain . . . . . . . .. 28
1BE9 Paths using atomistic potential (40,000) . . . .. ... ... 29
1BE9 Paths using BJ potential (40,000) . . . ... ... ... ... 30
1BE9 Paths using TD potential (40,000) . . . . . . ... ... ... 31

1BE9 Paths using Markov Affinity (40,000) . . ... ... ... .. 32



Table 3.11.

Table 3.12.

Table 3.13.

Table 3.14.

Table 3.15.

Table 3.16.

Table 3.17.

Table 3.18.

Table 3.19.

Table 3.20.

Table 3.21.

Table 3.22.

Table 3.23.

Table 3.24.

Table 3.25.

Xiv

Paths of ca-p2 (1F7A) BTR: 25-A and 56-A . . . . . .. . . .. .. 33
Paths of ca-p2 (1F7A) BTR: 25-A and 69-A . . . . . . ... .. .. 34
Paths of ca-p2 (1F7A) BTR: 25-A and 17-A . . . . . . . . ... .. 35
Paths of ca-p2 (1F7A) BTR: 25-A and 40-A . . . . . . . ... ... 36
Paths BTR 25-69 on ca-p2 (1F7A) structure. . . . . ... ... .. 45
Paths BTR 25-69 on ma-ca (1KJ4) structure. . . . . . . ... ... 45
Paths BTR 25-69 on nc-pl (1TSU) structure. . . . . . .. ... .. 46
Paths BTR 25-69 on pl-p6 (1KJF) structure. . . . . .. ... ... 46
Paths BTR 25-69 on p2-nc (1KJ7) structure. . . . . ... ... .. 47
Paths BTR 25-69 on rh-in (1KJH) structure. . . . . ... ... .. 47
Paths BTR 25-69 on rt-rh (1KJG) structure. . . . ... ... ... 48
CA-P2 paths BTR25 A-69A . . .. ... ... ... ....... 49
CA-P2 paths BTR25B-69B . . . ... ... ... .. ... ... 50
CA-P2paths BTR25A-69B . . .. ... ... ... ....... 51

CA-P2 paths BTR25B-69 A . ... ... ... ... ....... 51



-~

<.

IS Q9 ==z = =

O
s,

Teut

T'min

LIST OF SYMBOLS/ABBREVIATIONS

Affinity between i and j

Betweenness

Alpha carbon

Clustering coefficient

Local interaction density

Number of neighbors of v

Energy

Minimum energy

Number of edges between neighbors of v
Number of different shortest paths

Boltzman temperature

Fixed distance between robot bodies, bond length
Step length of shortest paths

Total number of atoms in a protein

Number of vertices in a network

Total number of residues in a protein

Total number of atomistic contacts between i and j
Total number of heavy atoms

Closeness

Robot body

Probability of interaction of i and j

Path probability

Normalized probability matrix

Distance

Probability range matrix

Cut-off radius

Radius corresponding to the minimum energy
Number of steps of a path

Torsion angles of robot bodies

XV



S

Q >

Q

3-D
Arg
Asn
Asp
ATD
BB
BJ

DNA
Gln
Glu
Gly
GNM

Eigenvector

Weight of interaction of i and j
Initial conformation

Target conformation
Description of «

Hookean force constant
Kirchoff matrix

Well depth

Virtual bond angle
Eigenvalue

Radius of a robot body
Collision diameter
Squashing function
Sharpening function
Pseudo dihedral angle
Artificial potential function

Intrinsic artificial potential function

Three-dimensional

R, Arginine

N, Asparagine

D, Aspartic acid
Anisotropic Thermal Diffusion
B, Backbone

Bahar Jernigan

C, Cysteine
Deoxyribonucleic acid

Q, Glutamine

E, Glutamic acid

G, Glycine

Gaussian Network Model

xXvi



HFF
His
HIV
Ile
Leu
LJ
LR

MC
MD
Met
MSF
NMR
PDB
PDB
Phe
PI
PR
Pro
RMSD
RNA
SS
Ser
SR
TD
Thr
Trp

Val
WT

XVvil

High Frequency Fluctuations
H, Histidine

Human Immunodeficiency Virus
I, Isoleucine

L, Leucine

Leonard-Jones

Long range

K, Lysine

Monte Carlo

Molecular Dynamics

M, Methionine

Mean squared fluctuations
Nuclear Magnetic Resonance
Protein Data Bank

Protein Data Bank

F, Phenylalanine

Protease Inhibitor

Protease

P, Proline

Root mean squared deviation
Ribonucleic acid

S, Side-chain

S, Serine

Short range

Thomas Dill

T, Threonine

W, Tryptophan

Y, Tyrosine

V, Valine

Wild-type



1. INTRODUCTION

Proteins are dynamic entities undergoing different amplitude and time scales
of motions, which are essential in their functioning. Scales range from femtoseconds
of atomistic fluctuations to hours of protein folding, with the in between rigid body
motions of binding, hinge bending and allosteric transitions. Protein dynamics covering

all these motions is, therefore, crucial in protein studies.

Allostery, an aspect of protein dynamics, is a regulation mechanism for protein
activity. It is defined as the conformational change at one site (i.e due to binding),
causing a functional change at a distant site. The proteins, in which binding affinity
or catalytic efficiency is modulated by binding or chemical perturbations at distal
sites are defined as allosteric (Clarkson et al., 2006). All proteins are argued to be
potentially allosteric (Gunasekaran et al., 2004), suggesting allostery based regulation
for all proteins and revealing the importance of allostery. The connection between the
allosteric sites defines the allosteric mechanism. An approach for how this connection
is maintained is through communication pathways of key amino acid residues residing
in between the allosteric sites. Prediction of these key residues would reveal crucial

information regarding the allosteric mechanism, i.e. activity regulation.

Communication pathways have been the subject of a number of studies (Lockless
and Ranganathan, 1999, Ota and Agard, 2005, Siiel et al., 2002, Atilgan et al., 2007,
Tang et al., 2007) on systems such as POZ and PDZ domains, GPCR family and
myosin. Novel terms such as allosteric pathways and shortest path are introduced
(Lockless and Ranganathan, 1999, Atilgan et al., 2007). Different approaches have
been developed, one of which studies thermodynamic residual couplings along the
evolution using statistical interactions between amino acid positions (Lockless and
Ranganathan, 1999). One other approach studies the communication in terms of ther-
mal diffusion by anisotropic thermal diffusion (ATD) simulations, where the initial
residue is heated and the propagation of heat in the form of kinetic energy reveals

a pathway of communication (Ota and Agard, 2005). In another approach (Atilgan



et al., 2007) the shortest path is sought using Dijkstra’s algorithm, where the weights
between the residues are defined by Thomas-Dill knowledge-based potential (Thomas
and Dill, 1996).

All of these methods have some limitations. First of all any two methods, upon
the study of the same system, do not obtain the same paths. This suggests that either
the methods are inefficient, or and rather that the communication does not occur
through a single shortest path, but through ensemble of probable paths. The approach
presented by Atilgan et al. (2007) would be useless for systems with any unknown
allosteric site. Since allostery is an intrinsic property of the proteins, communication
information starting from a single site should be obtainable without the necessity of
another site. Lockless and Ranganathan’s (1999) method is also very limited since it
requires evolutionary data which is not available for all structures, and also due to their
time consuming in depth analysis. The approach by Ota and Agard (2005) is limited
to small proteins due to the computer expense of simulations. A novel approach that;
gives ensemble of probable paths, can study communication from a single residue, does
not need evolutionary data, and has no structure limitations could converge all these

methods into one.

Another aspect of protein dynamics, protein folding, is the conformational changes
the protein goes through in reaching a unique native structure according to the evo-
lutionarily designed interactions among amino acid residues (Nagao et al., 2005). It
remains to be the most major unsolved problem in protein dynamics. Finding the inter-
mediate structures along the folding trajectory is crucial in understanding the folding
mechanism. Experimental and computational studies are being carried out to be able
to determine these intermediate conformations. Experimental studies through protein
engineering and NMR techniques (Kmiecik and Kolinski, 2007) can only identify few
intermediate conformations, whereas all is needed to fully map the folding process. On
the other hand computational studies in atomistic detail cannot be carried out due
to computational expenses and the sufficiency of interatomic interactions on a such
time scale are in question. Coarse-grained simulations are proposed to provide basic

information on the folding (Ulutas et al., 2009).



In this study, prediction of residues residing in the communication pathways is
carried out by a newly proposed MC path generation method, which provides an ensem-
ble of probable paths. This method is used in three different approaches; 1) generating
paths between two residues (BTR), 2) generating paths with specific number of steps
(PSNS) and analyzing residue frequencies, and 3) generating infinite step paths (ISP)
and calculating network parameters such as clustering coefficient, closeness and be-
tweenness. POZ domain representative Shaker potassium channel and HIV-1 protease
complex structure are the studied systems. Apart from these three approaches ap-
plied to both systems, different substrate structures of HIV-1 protease and connection
between two monomers of ca-p2 substrate-bound HIV-1 protease complex structure
are studied. On the other hand protein folding is simulated for both of the systems
introduced using an algorithm based on robotic motion planning to search for the role
of functional key residues suggested by the native-state network parameters during the

folding.



2. MATERIALS AND METHODS

2.1. Studied Protein Structures

2.1.1. POZ and PDZ domain representatives

POZ (poxvirus and zinc finger) and PDZ (Post-Synaptic Density-95/DLG/Z0-1)
domains are specific protein-protein interaction (protein-binding) domains with con-
served sequence elements (Bardwell and Treisman, 1994, Fanning and Anderson, 1999).
These domains are known to play important roles in protein signaling (Fanning and

Anderson, 1999, Ranganathan and Ross, 1997, Tsunoda et al., 1997).

Representative structures for both of the domains are selected to carry out the
calculations. Shaker potassium channel (PDB code:1A68) (Kreusch et al., 1998), is
selected as a representative of POZ domain and the third PDZ domain (PDZ-3) of
PSD-95 (PDB code:1BE9) (Doyle et al., 1996) is selected as a representative of PDZ
domain, as was done by Atilgan et al. (2007) and Ota and Agard (2005) respectively.

Figure 2.1. Tetramerization domain of Shaker potassium channel structure (1A68) in

cartoon representation



Tetramerization domain of Shaker potassium channel (Figure 2.1) is a small pro-
tein, consisting of a single chain with 87 residues. Paths are generated between residues
Phe77 and Phel48 (Lockless and Ranganathan, 1999, Atilgan et al., 2007). Phe77 is
the residue at the interaction surface and Phel48 is the residue acting in binding of

other subunits of K™ channel (Lockless and Ranganathan, 1999).

Figure 2.2. PSD-95 structure cartoon representation with chain A shown in cyan and

chain P (i.e. substrate) in red.

PDZ-3 of PSD-95 (Figure 2.2) is also a small protein consisting of single chain of
115 residues and a five residue c-terminal of a peptide. In this study residue numbers
from the PDB are used to identify the amino acid positions. Paths are generated
between residues His372 and Leu353. His372 is the position critical in ligand specificity
and Leu353 is a position on the opposite side from the ligand pocket (Lockless and
Ranganathan, 1999).

2.1.2. HIV-1 Protease

HIV (Human Immunodeficiency Virus) is the virus found to be responsible for
AIDS and HIV-1 is a member of this retrovirus family. HIV protease is an essential
protein in HIV maturation due to its important role of processing the vital polyproteins

(Chou, 1996).



Figure 2.3. HIV-1 protease structure cartoon representation with chain A shown in

purple, chain B in orange and substrate (i.e. chain P) in green.

HIV-1 protease is active as a homodimer, with each monomer consisting of a
single chain of 99 amino acid residues (Figure 2.3). Even though the protein itself
is symmetric, it recognizes different substrate sites some of which are summarized in

Table 2.1 and the corresponding crystal structures are given in Table 2.2.

Table 2.1. Amino acid sequences of the natural substrate cleavage sites of HIV-1

protease with available crystal structures.

P4 P3 P2 Pl Pr’ P2 P3 P4
capsid-p2 AR V L * A E A M
matrix-capsid S Q N Y * P I vV  Q
nucleocapsid-p1 R @Q A N * F L G K
pl-p6 P G N F * L Q S R
p2-nucleocapsid AT I M * M Q R G
RNase-integrase R K I L * F L D G
reverse transcriptase-RNaseH A E T F * Y V D G

The single active site (residues Asp25-Thr26-Gly27) of the protease is formed
upon dimerization and the closure of the flaps, and residues Asp25 of each monomer
act as catalytic site (Wlodawer and Erickson 1993). The hinge residues determined for
the protease are 56&78 69& 73 and loops through residues 36-44 and 12-22 (Ozer, 2008).
From these the tips, corresponding to residues 56, 40, 17 and 69 are studied.



Table 2.2. Substrate bound structures of HIV-1 protease used in this study

PDB code Reference

Substrates

capsid-p2 (ca-p2) 1F7A Prabu-Jeyabalan et al., 2000
matrix-capsid (ma-ca) 1KJ4 Prabu-Jeyabalan et al., 2002
nucleocapsid-p1(nc-pl) 1TSU Prabu-Jeyabalan et al., 2004
pl-p6 1KJF Prabu-Jeyabalan et al., 2002
p2-nucleocapsid (p2-nc) 1KJ7 Prabu-Jeyabalan et al., 2002
RNase-integrase (rh-in) 1KJH Prabu-Jeyabalan et al., 2002
rev.trans.-RNaseH (rt-rh) 1KJG Prabu-Jeyabalan et al., 2002

2.2. Interaction Potentials

Interaction potential function is the key to calculate the energetic interaction
between residue pairs, which is the basis of the pathways of communication. Statistical
(knowledge) and physical based potentials are tried; values of all of which are calculated

differently as explained below.
2.2.1. Atomistic Potential

Atomistic potential (Ozen, 2008) is an empirical physical based potential in atom-
istic level considering the attraction between each atom like Lennard-Jones 12-6 po-

tential.

B =1 |(2) "= (%) (2.)

where € and o correspond to the minimum energy and the collision diameter between

the two atoms, respectively. r corresponds to the distance between the two atoms.
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Figure 2.4. Lennard-Jones 12-6 Potential and Modified Lennard-Jones Potential

Modifications are introduced (see Figure 2.4) considering the over punishment
of the accidental get-togethers in crystal structures (Ozen, 2008). New parameters
Tmin (radius corresponding to the minimum energy) and E,,;, (minimum energy) are

introduced such that;

o = Vs 22)

and the energy corresponding to distances below r,,;, is set to an energy value of E,,;,.

Similarly an 7., of value 5.5 A is introduced to simplify the calculations so that;

If r<re: then E=0 (2.4)

The Van der Waals parameters are experimentally obtained and listed for each

atom in each amino acid residue (Ozen, 2008). The necessary x, y, z coordinates data

are available from the PDB file of the protein.



For a protein with M atoms and N residues, all atom-atom interaction energies

are calculated and stored in a square energy matrix with MxM dimensions.

Table 2.3. Atomistic interaction energy sample matrix

GLU 66 (kT) ARG 67 (KT)
N CA C O CB CG CD OE10OE2IN CA C O CB CG CD NE CZ NH1 NH2|...
N 0.00 -0.11 -0.17 -0.14 -0.17 -0.16 -0.09 -0.06 0.00 |-0.24 -0.10 -0.06 -0.04 -0.06 0.00 0.00 0.00 0.00 0.00 0.00
CA |-0.11 0.00 -0.08 -0.09 -0.07 -0.07 -0.08 -0.18 -0.18 |[-0.11 -0.05 -0.07 0.00 -0.07 0.00 0.00 0.00 0.00 0.00 0.00
C -0.17 -0.08 0.00 -0.14 -0.12 -0.12 -0.12 -0.15 -0.28 (-0.17 -0.08 -0.12 -0.11 -0.12 -0.10 0.00 0.00 0.00 0.00 0.00
(0] -0.14 -0.09 -0.14 0.00 -0.13 -0.13 -0.14 -0.10 -0.32(-0.19 -0.09 -0.14 -0.03 -0.13 -0.06 0.00 0.00 0.00 0.00 0.00
CB |-0.17 -0.07 -0.12 -0.13 0.00 -0.11 -0.12 -0.27 -0.27 [-0.17 -0.07 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CG [-0.16 -0.07 -0.12 -0.13 -0.11 0.00 -0.12 -0.27 -0.27 [-0.15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
CD |-0.09 -0.08 -0.12 -0.14 -0.12 -0.12 0.00 -0.28 -0.28 [-0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OE1{-0.06 -0.18 -0.15 -0.10 -0.27 -0.27 -0.28 0.00 -0.65|0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OE2|0.00 -0.18 -0.28 -0.32 -0.27 -0.27 -0.28 -0.65 0.00 |-0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
N -0.24 -0.11 -0.17 -0.19 -0.17 -0.15 -0.06 0.00 -0.06 |0.00 -0.11 -0.17 -0.19 -0.17 -0.17 -0.07 -0.04 0.00 0.00 0.00
CA |-0.10 -0.05 -0.08 -0.09 -0.07 0.00 0.00 0.00 0.00 [-0.11 0.00 -0.08 -0.09 -0.07 -0.07 -0.07 -0.10 0.00 0.00 0.00
C -0.06 -0.07 -0.12 -0.14 0.00 0.00 0.00 0.00 0.00 (-0.17 -0.08 0.00 -0.14 -0.12 -0.12 -0.11 0.00 0.00 0.00 0.00
o -0.04 0.00 -0.11 -0.03 0.00 0.00 0.00 0.00 0.00 (-0.19 -0.09 -0.14 0.00 -0.13 -0.13 0.00 0.00 0.00 0.00 0.00
CB |[-0.06 -0.07 -0.12 -0.13 0.00 0.00 0.00 0.00 0.00 |-0.17 -0.07 -0.12 -0.13 0.00 -0.11 -0.11 -0.17 -0.12 -0.08 -0.07
CG |[0.00 0.00 -0.10 -0.06 0.00 0.00 0.00 0.00 0.00 [-0.17 -0.07 -0.12 -0.13 -0.11 0.00 -0.11 -0.17 -0.12 -0.13 -0.08
CD |0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 |[-0.07 -0.07 -0.11 0.00 -0.11 -0.11 0.00 -0.17 -0.12 -0.17 -0.17
NE |0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 [-0.04 -0.10 0.00 0.00 -0.17 -0.17 -0.17 0.00 -0.17 -0.24 -0.24
CZ |0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 |[0.00 0.00 0.00 0.00 -0.12 -0.12 -0.12 -0.17 0.00 -0.17 -0.17
NH1|0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 -0.08 -0.13 -0.17 -0.24 -0.17 0.00 -0.24
NH2|0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00|0.00 0.00 0.00 0.00 -0.07 -0.08 -0.17 -0.24 -0.17 -0.24 0.00

Then the energy between each atom in every residue couple is summed to obtain a
single energy value between those two residues. The atomistic energy matrix thus

reduces to the residue energy matrix with dimensions NxN.

Table 2.4. Residual interaction energy sample matrix

The probability of occurrence of an interaction between residue pairs 7 and j, are

considered to be proportional to the Boltzmann weight and normalized considering all

GLU 66 (kT) | ARG 67 (kT) | ...
GLU 66 0 -2.65
ARG 67 -2.65 0
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interactions of it" residue as

_E.
Wij = exp (k:—TU> (2.5)
VVi'

pP,=—Y 2.6
! sz\il VVij ( )

The probability matrix of dimensions NxN thus comprises the normalized probabilities
for the interaction of N residues with the remaining N-1 residues. The diagonal elements
of the matrix present zero values. Here, the premise is that the inter-residue interaction

energy describes the energy flow in the structure.

2.2.2. Bahar-Jernigan (BJ) Potential

Bahar-Jernigan (BJ) potential function (Bahar and Jernigan, 1997, Bahar et al.,
1997) is a low resolution statistical (knowledge-based) potential function designed for
conformational energy calculation of proteins. This low resolution potential models
the amino acid residues as two center points; center of side-chain atoms (S) and center
of backbone atoms (B). Residue specific energy values are defined from data of radial
distribution for 302 protein structures. The potential consists of long-range (LR) and
short-range (SR) interaction energies in terms of discrete values specified for intervals

of distances and angles respectively.

The long-range (LR) (Bahar and Jernigan, 1997) and short-range (SR) (Bahar
et al., 1997) interactions are considered separately and combined to obtain an overall

energy value as,
E(®) = Esr(®) + ELr(®P) (2.7)

where ® is a given conformation. The long-range interactions depend on the distances
between side-chain-side-chain (SS), side-chain-backbone (SB) and backbone-backbone
(BB) residue centers (Bahar and Jernigan, 1997). Overall conformational LR inter-

action energy is calculated considering all of these interactions through every residue
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pair.

ELR((I)) = Z Z Ess(ﬁj) + Z ZESB(TU) -+ Z Z EBB(Tij) (28)

i=1 j=1 i=1 j=1 i=1 j=1

where N is the number of residues and r;; is the distance between " and j™ residues.

S Fos—j ‘
i = 3 S]
A . .
i Tsp-j
MLV T
i+l F S ;.(,]
-—
BB—j

B,

o
Cf

Figure 2.5. Representation of the parameters of BJ long range interactions

Short-range interactions, on the other hand, are function of bond and rotational
angles of the virtual bonds between the backbone centers (Bahar et al., 1997). Short-

range interactions are defined as independent interactions and coupling interactions.

ESR((I)) = ESRfindependent((I)) + ESRfcoupling((I» (29)

The coupling interactions refer to the coupled effects of bond (#) and rotational (¢)
angles on the structure where as the independent interactions, as the name implies,

are independent of these couplings.

N-1 N-1
Ez o)+ Ei— +
ESR—independent(q)) = Ez(e) + [ <¢ ) 9 1(¢ ):| (210)
=2 1=3
N-1 N-2

ESR—coupling((I)) = Z AEZ(Hv d)_) + AEi—l(Qa ¢+) + Z AEZ(¢+> ¢_) (211)

=3 =3
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In order to calculate energies of residue pair interactions rather than the over-
all conformational energy, the above LR and SR interaction energy calculations are

modified. LR interactions of each residue pair is calculated as;

Erp_ij = Ess_ij(rss—ij) + Esp—ij(rsp—ij) + Esp—ji(rsp—ji) + Epp—ij(rBB—ij) (2.12)

SR interactions of five consecutive residues (i.e. n=i+4) are considered to be significant.
Therefore conformational SR energy for a protein of five residues (n=>5) is divided up
such that the sum of all residue pair interaction energies would equal to the overall

conformational energy.

ei+3

] i als SO
(10' i+2 (’i+2 (’i+4
i 1

Figure 2.6. Corresponding numbering of virtual parameters for BJ energy calculation

So Egr—;; are calculated according to contributions of up to five consecutive residues

as follows;
1.If j=0i+2
Esp_ij = Ei11(0) (2.13)
2.If j=i+3

ESR*U = Ei+2(¢_) —; Ei+1(¢+) + AEiJrZ(e? gbi) + AEWZFH (07 ¢+) (214)
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3.If j=i+4

Esp_ij = AEia(¢,¢7) (2.15)

4. Else

Esp-ij =0 (2.16)

2.2.3. Thomas-Dill (TD) Potential

Thomas Dill potential function (Thomas and Dill, 1996) is a low resolution knowl-
edge based potential function derived by generating pair-wise additive amino acid
energy scores from known protein structures. The low resolution model defines the
residues as the carbon-beta atoms, and the energy values are calculated according
to the distances between these centers and the types of the residues (Thomas and
Dill, 1996). A single set of energy values and two distance limits (upper denoted as U
and lower denoted as L) are available and the energy is calculated according to three

conditions;

1. If O<’I“Z'j<L and rij%O

Eij = (Eij7 SOt) (217)

2. If L<7’i]’<U

) (’f'ij —U)2(27‘ij —3L—|—U)

E,L] = (E’LJ7 set (U — L)3

(2.18)
3. IfU<7’ij and 7’1']':0

E; =0 (2.19)

The defined value for the upper limit U is 9 A and for the lower limit L is 6 A.
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2.2.4. Markov Affinity Potential

Markov affinity potential function is a model potential function used in the
Markov process of network communications (Chennubhotla and Bahar, 2006), which
defines the affinity between two residues in terms of the number of atomistic contacts

between the two residues and the total number of heavy atoms present in both residues.

Two atoms are considered to be in contact if they are closer in distance than a
defined cutoff radius 7. If N;; is the total number of atomistic contacts and N; is the

total number of heavy atoms in *" residue than the affinity is;

Another definition is the local interaction density d; which corresponds to the total

number of contacts a residue has.
N
dj = Zaij (221)
i=1
Interaction probability is then obtained as;

P =2 (2.22)

2.3. Path Generation & Analysis

Any network is defined by its vertices V and edges E as G(V,E). Proteins can
be considered as a network of amino acid residues, such that each amino acid residue
defines a vertex (node) in the network. Definition of edges depends on the use of the
network. In this study the edges are defined as the probabilities F;; of interaction
between the amino acid residues (see section 2.3.1). The overall network represents all

possible interactions within pairs of residues throughout the protein (i.e. all possible
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paths). Therefore the term path generation in this study is used for the sampling of

more probable connections between two nodes of the network.

There are many different path generation methods (Lockless and Ranganathan,
1999, Ota and Agard, 2005, Atilgan et al., 2007). In the present work, a novel method-
ology is introduced by applying a Monte Carlo (MC) approach to generate paths of
interactions between residues. Analysis of the generated paths is as important as the
path generation itself. The generated paths are analyzed in various ways to bring up

different aspects of the generated paths.
2.3.1. Monte Carlo Path Generation

Monte Carlo (MC) path generation is based on the concepts of the MC Method
(Metropolis and Ulam, 1949), where random numbers are used to decide upon a number
of possible solutions to sample a subset of results that would represent the whole
solution set. In case of path generation the whole solution set is all the possible paths
in the protein. The random numbers decide upon which residue will be next in the

path according to the probabilities of interaction between the amino acid residues.

The probabilities P;; are obtained from the energies E;; (see section 2.2) cal-
culated from the interaction potentials (except for Markov Affinity) according to the
Boltzmann weight;

P,; = exp kTij (2.23)

The probability matrix P is formed so that F;; corresponds to the probability of residue
j (column) to follow residue i (row) in the path. The probability matrix P is row
normalized so that the total probability of the path from ¢ to all the other residues
(columns) is 1, forming the normalized probability matrix @). In order to obtain the
matrix of unique ranges of probabilities R, the values are summed up for each row, so
that the range of the first column starts with 0 and the range of the last column ends

with 1. At this point generating a random number between 0 and 1 defines the next
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step in the path, by choosing the residue with the range covering the random number.

Three different path generation methods are used in this study; paths between
two end residues (BTR), paths with specific number of steps (PSNS), and infinite step
paths (ISP). BTR: Paths between two end residues are generated starting from one
end residue (starting node) and generating successive steps, edges that connect the
residues, towards the other end residue (target node) SSN: The generation of paths
with specific step number ends regardless of the final residue when the specified step is
reached. In both of these methods selection of already visited residues are prohibited
to avoid reverse stepping by setting their probabilities to zero after the visit. The
probability matrix P is re-normalized (i.e. dynamic probability matrix) and the range
matrix () is re-created. For both methods significant numbers of paths are generated

to ensure a statistical significant sampling.

Unlike the previous two methods, ISP are generated allowing loops in the path
(i.e. visited residues are not eliminated). Also, instead of an ensemble of paths, a single
infinitely long path (e.g. 200,000) is generated. This way the starting and end residues

are not significant in a path of infinite steps.
2.3.2. Path Analyses
Generated paths are used to obtain three parameters that comply the path in-

formation; path frequency, residue frequency and path probability. These are mostly

applied to the first two path generation methods.

2.3.2.1. Path Frequency. Path frequency is the frequency of occurrence of each distinct

path within the ensemble of generated paths. Paths are sorted according to this value

in order to reveal the top most probable paths in the ensemble.

2.3.2.2. Residue Statistics. Statistics of the data of all the amino acid residues in

the paths are calculated. The calculated parameters include; the frequency of the
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appearance of residues, average positioning of the residues within the paths and average

step size of the paths the residue appears in.

2.3.2.3. Path Probability. Probability of each path is calculated. The probabilities

are calculated as the paths were generated, through the dynamic probability matrix,

P, by simply multiplying the probabilities of each step.

S—1
PP(n) = [[ P—ina (2.24)
=1

n denotes the specified path, S denotes the number of steps, and P, ;,; denotes the
probability between residues of steps ¢ and 7 + 1.

2.4. Network Parameters

Any network has the properties as: clustering coefficient, closeness and between-
ness. Since proteins are defined as network of amino acid residues, the mentioned
parameters can be calculated for these protein networks. The characteristics of net-
works are that they are both weighted (i.e. edges are not equal) and directed (i.e.
probability forward does not equal backward).

Some of these network properties require the shortest paths between all of the
pairs of vertices (residues). The shortest paths are extracted from the generated infinite
step path (ISP) (see section 2.3.1). In a network of N vertices, using the information
of shortest paths between any residue 7 and j; the step length of the shortest paths
lij, the number of different shortest paths g;;, the number of different shortest paths

visiting residue k g;; are calculated for all residues, as elaborated below.
2.4.1. Clustering coefficient, C,

Clustering coefficient is a measure of how clustered a vertex is in the network.

It is defined as the ratio of number of edges between neighbors of residue v and the



18

number of total possible contacts between the neighbors of v. Unlike the other two
parameters, clustering coefficient does not require any path generation and can easily

be calculated from the connectivity of the network.

E,

Co = do(dy — 1)

(2.25)

where d,, is the number of neighbors of v and F, is the number of edges between these

neighbors.
2.4.2. Closeness, O;

Closeness is a measure of how close the vertex ¢ is to all the other vertices in the
network. It is defined as the reciprocal of the average lengths of shortest paths between

vertex 7 and all the vertices.

O = —x—— (2.26)

2.4.3. Betweenness, b

Betweenness is the need for the vertex k in connection of the vertices in the
network. It is defined as the sum of the ratio of number of paths residue k is present

in all the different shortest paths between all residue pairs.

b= Giki (2.27)

ij gz]

2.5. Folding Simulations

This is a computational method that makes use of robotic motion planning ap-

proach (Ulutas et al., 2009) to predict the mechanism of protein folding dynamics.
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Order constrained navigation applies very well to protein folding due to total corre-

spondence of the parameters.

Order constrained navigation consists of a sequence of independent robot bodies
p with defined radii p linked to each other with a fixed distance [, starting from an
initial conformation wy with initial torsion angles sy moving towards a target confor-

mation w, with target torsion angles s, in 3-D space (Ulutas et al., 2009).

\/

Figure 2.7. Order constrained navigation initial conformation w, and target

conformation w, representations.

A simplified energy model is used for the whole system with a novel approach of
using multiplicative formulation instead of the classical additive formulation. Overall
a single artificial potential function ¢ takes care of both collision free navigation and
intrinsic geometry of the goal conformation. This function consists of three functions;
sharpening function o4 squashing function ¢ and intrinsic artificial potential function

@(w) (Ulutas et al., 2009).

o(w) = og00 0 @(w) (2.28)
These functions are defined as;
o= 5 (2.29)
oq=  a'/k (2.30)
~ k w
P(w) = —1002;(5)< ) (2.31)
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The intrinsic artificial potential function ¢(w) is the ratio of distance of torsion angles
from the target conformation y7*(w) and the distance from free space boundary G(w)

in Cartesian coordinates.

yr¥ (w) = [Jw — wyl[? (2.32)

B(w) =[] Brn(w) (2.33)

The dynamics of the simulations adapts a first order model (Ulutas et al., 2009).
The initial condition is the initial conformation wy and the negative gradient of the
potential function is used as the force acting on the system. The dynamics considers
the contribution of each robot’s potential function in driving the overall conformation

geometry.

This method is applied to protein folding by defining the independent robot bodies
as C, atoms of amino acid residues in the protein sequence with virtual radii and by
connecting them trough a link of virtual bonds and torsion angles (Ulutas et al., 2009).
The target conformation in this case would be the native state of the protein and the

initial conformation would be the linear sequence of amino acid residues.

Tyr

Phe Ile Ser

Figure 2.8. Representation of application to protein folding.

The user input parameters of the simulation are the target conformation of the
protein (i.e. native state w,) in PDB format, and the constant link length ! and robot
body (amino acid) radii p. Some restrictions apply to the latter two parameters such
as (p; + pj) < land 2(p; + p;) > [ so that collision of two amino acids ¢ and j (first
condition) and allowing a third amino acid in between the two amino acids (second

condition) are avoided. Through simulations [ is used as 3.8 A and p is used as 1.0 A.
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2.5.1. Cluster Analysis

Results of the folding simulations give hundreds of conformations, and it is not
possible nor necessary to analyze all these conformations in depth. By clustering the
number of conformations to be analyzed can be reduced to reasonable amounts (i.e.
10 to 30 conformations). Cluster analysis is the grouping of objects according to a
similarity measure, in this case the root mean square deviations (RMSD) between
the conformations. The number of clusters is indirectly proportional to the the user-

assigned cut-off RMSD value.

In this work, MMTSB Toolset’s (Feig et al., 2004) kclust utility is used to perform
conformational clustering. It uses a high-performance clustering algorithm, k-means.
The clustering proceeds by first randomly selecting a collection of frames and assigning
them to their own clusters. Centroids for these clusters are calculated. The iteration
continues over all other frames, until all frames are over, so that each frame is assigned
to a cluster with the closest centroid, and at each step new centroids for each cluster

are calculated.



22

3. RESULTS AND DISCUSSION

3.1. Paths With Different Potentials

The proposed path generation method in the present work is tested on a set of
protein structures, which have previously been studied (Lockless and Ranganathan,
1999, Ota and Agard, 2005, Atilgan et al., 2007). These studies report paths of residue
communications on POZ and PDZ domains. PDB codes of the representative structures
taken are 1A68 (Kreusch et al., 1998) and 1BE9 (Doyle et al., 1996). Paths between
residues that are defined in the former studies are generated using each four of the
potential functions. Instead of suggesting a single path as the shortest path, an ensemble
of paths are analyzed to suggest a list of probable paths and when possible, identify the
most probable path. For each ensemble top 20 paths are presented, according to their

occurrence frequency in the ensemble of paths.

3.1.1. Paths of POZ domain representative (1A68)

This first case is taken to be more deterministic in potential selection, since
the paths in literature for this case specifically give the connected sequence of the
residues within the path, rather than a list of probable residues. These previously
suggested paths are summarized in Table 3.1. The ensembles of paths generated here

are compared to former in terms of residues that lie along the paths.

Table 3.1. Suggested paths in the literature for POZ domain

Paths Proposed by
7T7-A 118-A 149-A 148-A (Lockless and Ranganathan, 1999)

7T7T-A 118-A 121-A 149-A 148- A (Atilgan et al, 2007)
TT-A 122-A 121-A 149-A 148- A (Atilgan et al., 2007)
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First, the ensemble of paths are generated with the atomistic potential (Section
2.2.1). From the results in Table 3.2, it can be seen that the longest path step-wise
consists of six residues (five steps). Even though no limitations for the path length were
introduced, the top probable paths only consist of short paths. Another important
point is that it is very clearly seen that the shortest path is not necessarily the most
probable path. The second path in the list is longer than the third and fourth, but is
distinctly more frequently observed than they are. These two points together justify
the use of the most probable paths instead of shortest paths.

Table 3.2. 1A68 Paths using atomistic potential (30,000)

Atomistic Path
Paths Freq
7TT-A 118-A 149-A 148-A 160
7T7-A 118-A 121-A 149-A 148-A 43
7TT-A  72-A 113-A 148-A 30
TT-A  72-A 149-A 148-A 22
7T7T-A 115-A 114-A 113-A 148-A 20
7T7-A 118-A 114-A 113-A 148-A 20
77-A 119-A 118-A 149-A 148-A 20
7T7T-A  75-A 115-A 113-A 148-A 19
7TT-A  70-A 118-A 149-A 148-A 17
7T7T-A  T71-A 110-A 111-A 148-A 17
7T7T-A  T70-A 111-A 148-A 16
7T7-A 115-A 113-A 148-A 16
7TT-A  76-A 71-A 110-A 111-A 148-A 14
7T7T-A  75-A 115-A 114-A 113-A 148-A 13
7TT-A  75-A  72-A 113-A 148-A 12
7TT-A  71-A 110-A 111-A 149-A 148-A 11
TT-A  76-A 75-A T72-A 149-A 148-A 11
7T7T-A  75-A  72-A 149-A 148-A 10
7TT-A 122-A 121-A 149-A 148-A 10

TT-A  76-A T71-A T72-A 113-A 148-A 9
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In these paths, there is a clear break between the most probable path and the
second probable path, since it is observed four times more than the second path in
the sample. This most probable path is the exact path proposed by Lockless and
Ranganathan (1999) by an evolutionary method. Atilgan et al. (2007) report that
their method was not able to regenerate this path and propose two other paths. The
second probable path in the atomistic paths is exactly the same as one of these paths,
and the top 20 also includes their second path. The probability rankings of the paths
suggested by Atilgan et al. (2007) differ from the rankings obtained in these paths by
the atomistic potentials. Overall, it is seen that the paths generated by the atomistic
potential sample all the paths previously suggested in the previous studies (Lockless

and Ranganathan, 1999, Atilgan et al., 2007).

Table 3.3 presents the top 20 probable paths generated using BJ potential. The
paths are quite different from those generated using the atomistic potential; such that
some residues are never seen and some new residues are introduced into the paths. The
paths are not exactly same as the paths in the literature, but only close to them. Some
steps of the paths are either totally missing or include some other residues. This proves
that the paths generated by different potential functions may differ, which implies the
importance of the choice of the potential function used in describing the inter-residue

interaction in path generation.

TD paths on the other hand are more similar to atomistic paths in terms of
residues and path lengths. Again both of the paths suggested by Atilgan et al. (2007)
are seen within the probable paths but this is the case, since TD is the potential that
Atilgan et al. (2007) used for path generation. The path suggested by Lockless and
Ranganathan (1999) is not seen among the probable paths. So in terms of regenerating
the paths available in literature paths by atomistic potential covers the paths by TD

potential and is superior.



Table 3.3. 1A68 Paths using BJ potential (30,000)

BJ Path
Paths Freq
7TT-A 111-A 148-A 105
7T7T-A  73-A 148-A 53
7T7-A 118-A 148-A 53
TT-A 117-A 148-A 44
TT-A  72-A 148-A 41
7T7T-A 114-A 148-A 41
7T7T-A 121-A 148-A 39
TT-A  92-A 148-A 28
7T7-A 109-A 148-A 25
7T7-A 110-A 148-A 25
TT-A  74-A 111-A 148-A 15
7T7T-A  69-A 101-A 148-A 11
7TT-A  T4-A 112-A 148-A 11
TT-A 72-A 111-A 148-A 9
7TT-A  75-A 112-A 148-A 9
7T7-A 108-A 111-A 148-A 9
7T7-A 117-A 111-A 148-A 9
TT-A  72-A 101-A 148-A 8
7T7-A 118-A 111-A 148-A 7
7TT-A  84-A 92-A 148-A 7
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The overall picture of paths generated using Markov Affinity show tendency to

be longer, which is a draw back because even though we suggest that shortest paths

are not necessarily the most probable paths, the negative effect of path length in the

path probability is a fact. The path suggested by Lockless and Ranganathan (1999) is

by far the most probable path here. It was the same case with the atomistic potential.

Considering the overall results obtained by the different potential functions, the

atomistic potential eliminates the others in path generation due to; its ability to re-

generate the paths available in the literature, sensibility in terms of path length and

residues in the path. Therefore the selected potential for path generation is the atom-

istic potential.



Table 3.4. 1A68 Paths using TD potential (30,000)

TD Path
Paths Freq
TT-A  72-A 111-A 148-A 49
7T7T-A  76-A 148-A 33
77-A 118-A 111-A 148-A 30
7TT-A 122-A 121-A 149-A 148-A 29
7T7T-A  70-A 111-A 148-A 20
T7T-A  79-A 148-A 18
7TT-A  75-A  72-A 111-A 148-A 15
7T7T-A  70-A 92-A 91-A 148-A 14
TT-A  75-A  T71-A 148-A 13
T7T-A  69-A 70-A 111-A 148-A 13
7TT-A 122-A 118-A 111-A 148-A 13
TT-A 122-A 124-A 149-A 148-A 11
7T7T-A  70-A  92-A 149-A 148-A 10
77-A 118-A 121-A 149-A 148-A 10
TT-A  69-A T76-A 148-A 9
7TT-A  72-A 113-A 148-A 8
7T7T-A  75-A  T76-A 148-A 8
7TT-A  72-A 118-A 111-A 148-A 8
7T7T-A 118-A 72-A 111-A 148-A 8
7T7T-A  72-A 110-A 111-A 148-A 8
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Table 3.5. 1A68 Paths using Markov Affinity (30,000)

Markov Path
Paths Freq
7T7-A 118-A 149-A 148-A 110
7T7T-A  75-A 74-A T3-A 113-A 148-A 31
7T7T-A 118-A 117-A 114-A 113-A 148-A 30
7T7-A 118-A 117-A 116-A 115-A 114-A 113-A 148-A 27
7TT-A 76-A T75-A T7T4-A T3-A 113-A 148-A 22
7T7-A 118-A 117-A 116-A 114-A 113-A 148-A 21
TT-A  T76-A T75-A 74-A  T3-A 112-A 113-A 148-A 21
7T7T-A  75-A 115-A 114-A 113-A 148-A 20
7TT-A  75-A 74-A T73-A 112-A 113-A 148-A 20
7TT-A  76-A 75-A 115-A 114-A 113-A 148-A 20
7TT-A T76-A T75-A T2-A T73-A 113-A 148-A 17
7TT-A  76-A 71-A 110-A 111-A 148-A 16
7TT-A  76-A T74-A T3-A 113-A 148-A 16
7TT-A  T70-A 71-A 110-A 111-A 112-A 113-A 148-A 16
7TT-A 76-A T71-A 110-A 111-A 112-A 113-A 148-A 16
7TT-A  75-A 72-A T73-A 112-A 113-A 148-A 13
7TT-A T70-A 71-A 110-A 111-A 148-A 12
7TT-A  75-A 72-A T73-A 113-A 148-A 12
7T7-A 118-A 149-A 150-A 148-A 11
7TT-A  76-A 71-A 111-A 112-A 113-A 148-A 11

27
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3.1.2. Paths of PDZ domain representative PSD-95 (1BE9)

The path generation for the PDZ domain representative is not as straight forward
as the previous case, since the paths reported in the literature for the PDZ domain are
not as consistent in terms of path residues. Also Lockless and Ranganathan (1999) do
not suggest a connected path but rather give a set of residues that are most likely to be
present in the paths. The first two paths in Table 3.6 are the same except insertion of
two peptide residues. Lockless and Ranganathan (1999) do not actually propose two
different paths, but report that the peptide residues also have a possibility to be in the
path. On the other hand Ota and Agard (2005) propose a direct connected path.

Table 3.6. Suggested paths in the literature for PDZ domain

Paths Proposed by

372-A 325-A 347-A 353-A (Lockless and Ranganathan, 1999)
372 - A 9-P 7T-P 325-A 347-A 353-A (Lockless and Ranganathan, 1999)
372-A 327-A 325-A 341-A 353-A (Ota and Agard, 2005)

The set of paths generated using the atomistic potential (Table 3.7) do not contain
the exact same paths as those listed in Table 3.6 which also show differences among
them but there are very close similarities. The residues suggested by both Lockless and
Ranganathan (1999) and Ota and Agard (2005) are seen through out the paths except
for Ala347. This residue is present in the ensemble of paths (data not shown) but not
in the top 20 probable paths. This should not mean that the atomistic potential at the
present application fails to generate the right paths. On the contrary, there are paths
that are very close to those proposed, with extra steps of residues in the vicinity such
as Asn326, 11e328, and Phe340 or with exclusion of some steps. This shows that paths
generated using atomistic potential are consistent with both methods used by Lockless
and Ranganathan (1999) and Ota and Agard (2005), even though these methods are

based on two different concepts evolution and anisotropic thermal diffusion.
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Table 3.7. 1BE9 Paths using atomistic potential (40,000)

Atomistic Path
Paths Freq
372- A 7-P 325-A 353-A 14
372-A 327-A 338-A 353-A 11
372-A 336-A 337-A 338-A 353-A 10

372-A 327-A 325-A 353-A 9
372-A 336-A 357-A 354-A 353-A 8
372-A 336-A 357-A 353-A 7
372 - A 6-P 326-A 325-A 353-A 7
372- A 6-P 339-A 338-A 353-A 7
372-A 327-A 359-A 353-A 6
372-A 336-A 359-A 353-A 6
372-A 336-A 338-A 353-A 5
372-A 327-A 326-A 325-A 353-A )
372- A 6-P 339-A 340-A 341-A 353-A )
372-A 327-A 326-A 340-A 341-A 353-A 5
372-A 328-A 327-A 326-A 325-A 353-A 5
372-A 327-A 326-A 338-A 353-A 4
372- A 5-P 6-P 326-A 338-A 353-A 4
372 - A 6-P 326-A 340-A 341-A 353-A 4
372- A 7-P 8§-P 9-P 325-A 353-A 4
372- A 5-P 6-P 339-A 340-A 341-A 353-A 4

Occurrence of the top paths in 3.7 are very close to each other, therefore no path
is distinguished as the most probable path. Some paths are totally made up of residues
referred in the literature (e.g. first and fourth), and some paths are just modified
versions of the proposed paths, such as neighboring residues replace each other. Some

totally new paths along with new residues are introduced as well.

The paths generated using BJ potential are again very short (i.e. three residues
two steps). Also the residues making up the paths are not close to those suggested
by Lockless and Ranganathan (1999) or Ota and Agard (2005). Some of the key
residues are seen rarely with some neighboring residues. So path generation using

BJ potential is not close to being able to regenerate the evolutionary (Lockless and
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Ranganathan, 1999) or simulation (Ota and Agard, 2005) path results.

As it was in the case of POZ domain, again the paths generated using TD poten-
tial are very close to those generated using the atomistic potential. Most paths include
the residues of the paths suggested. Still these paths have the deficiency of short path
length. A path made of all the residues suggested by Ota and Agard (2005) is not
present among the top 20 possible paths, as it were in the atomistic paths, so again

TD potential is not preferable over the atomistic potential in this case study too.

Table 3.8. 1BE9 Paths using BJ potential (40,000)

BJ Path
Paths Freq
372-A 359-A 353-A 79
372-A 325-A 353-A 69
372-A 326-A 353-A 57
372-A 338-A 353-A 54
372-A 339-A 353-A 52
372-A 337-A 353-A 40
372-A 327-A 353-A 15
372-A 379-A 359-A 353-A 11
372-A 379-A 388-A 353-A 9
372- A 9-P 345-A 353-A 8
372-A 326-A 347-A 353-A 8
372-A 326-A 359-A 353-A 8
372- A 8-P 339-A 353-A 7
372 - A 8-P 342-A 353-A 7
372-A 325-A 388-A 353-A 7
372-A 378-A 359-A 353-A 7
372-A 378-A 388-A 353-A 7
372 - A 8-P 346-A 353-A 6
372-A 325-A 316-A 353-A 6
372-A 338-A 392-A 353-A 6
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Table 3.9. 1BE9 Paths using TD potential (40,000)

TD Path
Paths Freq
372-A 371-A 353-A 55
372-A 327-A 325-A 353-A 51
372-A 373-A 353-A 48
372-A 327-A 338-A 353-A 41
372-A 331-A 353-A 40
372-A 328-A 338-A 353-A 33
372 - A 7-P 353-A 30
372-A 336-A 338-A 353-A 22
372-A 327-A 9-P 325-A 353-A 16
372-A 373-A 341-A 353-A 10
372-A 376-A 327-A 325-A 353-A 10
372 - A 7-P 341-A 353-A 8
372-A 331-A 314-A 353-A 8
372-A 331-A 325-A 353-A 8
372-A 331-A 341-A 353-A 8
372-A 371-A 314-A 353-A 8
372-A 327-A 338-A 341-A 353-A 8
372-A 376- A 9-P 325-A 353-A 8
372-A 371-A 338-A 353-A 7
372-A 373-A 347-A 353-A 7

Finally the paths generated using Markov Affinity, do not show any better qual-
ities, in terms of path length and path residues, as was the case in POZ domain rep-
resentative. The paths are too long (i.e. up to ten residues) and this length is caused
by the repetitive connections made between neighbor residues. The paths are made
up of both the residues suggested in the literature and some new additional residues.
Even though this would make this potential function a good candidate, the presence of
the peptide residues in almost each of the paths is not reasonable. Lockless and Ran-
ganathan (1999) suggests that peptide residues may be in the path but it is not a must,
and Ota and Agard (2005) do not see the peptide residues within their simulations.



Table 3.10. 1BE9 Paths using Markov Affinity (40,000)
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Markov Path
Paths Freq
372 - A 5-P 6-P 339-A 340-A 341-A 353-A 33
372- A 5-P 6-P 339-A 355-A 354-A 353-A 16
372 - A 5-P 6-P 339-A 338-A 353-A 14
372 - A 5-P 6-P 339-A 338-A 355-A 354-A 353-A 14
372 - A 7-P 6-P 339-A 340-A 341-A 353-A 11
372- A 6-P 339-A 340-A 341-A 353-A 9
372 - A 6-P 339-A 355-A 354-A 353-A 9
372 - A 5-P 6-P 7-P 8-P 9-P 325-A 340-A 341-A 353-A 8
372 - A 6-P 339-A 338-A 353-A 7
372 - A 5-P 6-P 7-P 327-A 326-A 340-A 341-A 353-A 6
372 - A 6-P 339-A 340-A 341-A 354-A 353-A 5
372-A 329-A 328-A 339-A 340-A 341-A 353-A 5
372 - A 7-P 8§-P 9-P 325-A 340-A 341-A 353-A 5
372-A 330-A 329-A 328-A 327-A 326-A 338-A 353-A 5
372 - A 5-P 6-P 7-P 8-P 9-P 325-A 324-A 341-A 353-A 5
372 - A 5-P 6-P 339-A 338-A 354-A 353-A 4
372 - A 5-P 6-P 328-A 339-A 340-A 341-A 353-A 4
372 - A 6-P 327-A 326-A 339-A 340-A 341-A 353-A 4
372 - A 7-P 8§-P 9-P 325-A 326-A 340-A 341-A 353-A 4

When all the results are combined, as it was in the case of POZ domain, the

atomistic potential function produces paths that are in good agreement with the results

of previous studies at the most. This was expected because among all, the atomistic

potential function is the most realistic potential, a physical based potential. It is based

on van der Waals interactions, which are the main component of interactions within

pathways (Ota and Agard, 2005). From this point on all the paths are generated by

atomistic potential.

3.2. Paths Between Two Residues

Generation of paths between two residues (BTR) is the method with the most

straight forward results. As seen in previous results (Section 3.1) paths of different
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steps can be produced, presenting a variety of probable paths. A case study is done
with HIV-1 protease structure (PDB:1F7A) between the catalytic residue Asp25 and
the least fluctuating (hinge) residues 56 and 69, and most fluctuating residues 17 and
40 (Section 2.1.2). Since Asp25 is both binding and catalytic site, it is clear that if
a signal would be carried through the protein, the origin would be this site. Hinge
residues are chosen with the assumption that communication between them and active
site is most likely to occur, since hinges are functional in protein dynamics (Ozer, 2008)

and most fluctuating residues are chosen to check for presence of allosteric sites.

Table 3.11. Paths of ca-p2 (1F7A) BTR: 25-A and 56-A

BTR: 25-A and 56-A (1F7A) Freq
Paths Path
25-A 84-A 32-A 56-A

25- A 4-P 47-A 46-A 56-A

25- A 4-P 47-A 56-A

25- A 5-P 4-P 32-A 56-A

25- A 5-P 48-A 47-A 56-A

25-A 23-A 82-A 80-A 79-A 56-A
256-A 24-A 23-A 82-A 80-A T79-A 56-A
25-A 28-A 4-P 32-A 56-A

25-A 28-A 29-A 30-A 2-P 47-A 56-A
25-A 28-A 30-A 45-A 56-A

25-A 84-A 32-A 47-A 56-A

25-A 84-A 32-A T76-A 56-A

25-A 84-A 33-A 32-A 56-A

25-A 8-A 8-A T79-A 56-A

25-A 85-A 84-A 33-A T7-A 56-A
25-A 8-A 84-A 80-A T79-A 56-A
25-A 8-A 31-A 32-A 56-A

N N NN N NN DN DN DN DN NN DN DN W O

Val56 is one of the proposed (Ozer, 2008) hinge residues. Paths between the
active site residue 25 and residue 56 (Table 3.11 often go through the peptide residues
4 - P and 5 - P (corresponding to P2 and P1 respectively). Another clear pattern is

the connection of residues around 84 and 32. Also the consecutive steps of the paths
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mostly consist of long distance contacts rather than neighbor residues. Overall the

paths are 4-5 step paths, considered as short paths.

Table 3.12. Paths of ca-p2 (1F7A) BTR: 25-A and 69-A

BTR: 25-A and 69-A (1F7A)

Paths

Freq
Path

25-A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25-A

24-A
24 - A
90 - A
24-A
85-A
85 - A
85 - A
24-A
24 - A
24 - A
24-A
24-A
26- A
23-A
24-A
24 - A
24 - A
90 - A
24-A
90 - A

66 - A
99 - B
93 - A
66 - A
66 - A
66 - A
66 - A
11-A
11-A
66 - A
85 - A
99 - B
24 - A
24 - A
11-A
66 - A
97 - B
94 - A
66 - A
91-A

69 - A
69 - A
69 - A
67 - A
69 - A
67 - A
68 - A
12-A
67 - A
68 - A
66 - A
1-A
66 - A
99 - B
66 - A
70-A
99 - B
93 - A
67 - A
94 - A

69 - A

69 - A
69 - A
67-A 69-A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
68-A 69-A
93-A 69-A

_ =
S =

N N NN NN DN W W w w w w ks ot & o ©

The other hinge residue selected as a final residue for the paths is His69. Paths

generated BTR 25 and 69 (Table 3.12) also show patterns of specific residues. The

most obvious pattern is the triangular interactions between residues 24-66-85. Even

though its rare, residues of the second monomer are present in the paths (i.e. 99 - B

and 97 - B). Again paths consist of long distance residue connections and path lengths

can be considered as short.
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Table 3.13. Paths of ca-p2 (1F7A) BTR: 25-A and 17-A

BTR: 25-A and 17-A (1F7A) Freq
Paths Path
25-A 24-A 11-A 12-A 19-A 17-A

25-A 24-A 66-A 65-A 14-A 17-A

25-A 85-A 66-A 65-A 14-A 17-A

25-A 23-A 21-A 19-A 17-A

25-A 23-A 21-A 20-A 19-A 18-A 17-A
25-A 24-A 66-A 14-A 17-A

25-A 84-A 8-A 13-A 18-A 17-A

25-A 23-A 22-A 20-A 18-A 17-A

25-A 24-A 11-A 10-A 21-A 20-A 19-A 17-A
25-A 24-A 11-A 13-A 18-A 17-A

25-A 24-A 22-A 21-A 19-A 17-A

25-A 84-A 83-A 20-A 18-A 17-A

25-A 85-A 13-A 14-A 16-A 17-A

25-A 8-A 13-A 15-A 16-A 17-A

25-A 8-A 13-A 15-A 17-A

25-A 8-A 13-A 19-A 17-A

25-A 8-A 13-A 20-A 19-A 18-A 17-A
25-A 8-A 13-A 14-A 17-A

25-A 8-A 13-A 18-A 17-A

25-A 23-A 11-A 12-A 19-A 17-A

NN N W W W Ww W WwWwWww Wk e e e ot ot ot

Overall paths ending with the hinge residues showed similar characteristics in
terms of path length and the residues within. Paths ending with one of the most
fluctuating residues Glyl7 do not show these characteristics. First of all the paths
are a lot longer and mostly consist of the pairs of the sequential neighbors located
on the same loop with Gly17. Interestingly the same pattern of triangular 24-66-85

interactions is also present in this set of paths.

Finally the paths ending with the another highly fluctuating residue Gly40 show
similar characteristics (Table3.14) with the former such as the extra long path lengths
and step by step communication through sequentially close residues. The pattern of

communication around residues 84 and 32 are also present here (as was present in paths
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between 25 and 56 listed in Table 3.11).

Table 3.14. Paths of ca-p2 (1F7A) BTR: 25-A and 40-A

BTR: 25-A and 40-A (1F7A) Freq
Paths Path
25-A 28-A 30-A 45-A 44-A 43-A 41-A 40-A

25-A 28-A 30-A 45-A 44-A 43-A 42-A 41-A 40-A
25-A 28-A 30-A 45-A T6-A 59-A 40-A

25-A 8-A 32-A T6-A 75-A 59-A 38-A 39-A 40-A
25-A 84-A 33-A 34-A 36-A 37-A 39-A 40-A

25-A 8-A 31-A 75-A T77-A 36-A 37-A 38-A 40-A
25-A 85-A 84-A 33-A 34-A 36-A 38-A 39-A 40-A
25-A 8-A 8-A 33-A 36-A 38-A 39-A 40-A

25-A 90-A 93-A 8-A 73-A 59-A 38-A 40-A

N NNNDNN NN

Overall, two specific patterns of residue interactions are observed in the paths
generated between the active site and least/most fluctuating residues. Here it is sug-
gested that if these end residues are important in communication within the protease
in terms of dynamics, then these residues are key residues setting the backbone of

communication.

3.3. Paths with Specific Number of Steps (PSNS)

Information on the allosteric site of proteins is not always available (as in the
case of HIV-1 protease), preventing the analysis of path generation BTR. At this
point, paths with specific number of steps (PSNS) are generated, with the suggestion
that important sites involved in allostery can be determined by generating open ended
paths. In order to see the effectiveness of the method, first a testing structure with

known sites (POZ domain representative, Shaker potassium channel) is studied.

Ten residue (nine step) paths are generated with PSNS method starting from
Phe77, the site at the interaction surface (Lockless and Ranganathan, 1999). Studying

the actual paths did not reveal any specific results (data not shown) therefore residue
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frequencies for each step (shown in different colors) of the path are plotted on a single
graph (Figure 3.1). The most obviously crowded region is around the starting residue
as expected. The second crowded region is through 116-126, a region covering residues
118,121 and 122, which were the first and second steps of the paths suggested in liter-
ature (Section 3.1.1). The final steps of those paths, residues 149 and 148 are also in
an amplified region within residues 146-151. Frequencies of this region are not as high

as the former, but this is due to the increase in the step number.
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Figure 3.1. Residue frequencies of 1A68 10-residue (9-step) paths starting from 77-A.
Residue frequencies of each step are shown in different color line summarized in the

legend.

Other regions around the height of 146-151 are also present in the path. One
of which is through residues 106-116. This region covers the residues present in paths
suggested by this study (Section 3.1.1). One final region that attracts attention is
through residues 96-106. These residues are neither present in the paths suggested in

literature nor this study. This may suggest that there is another site in communication

with Phe77.



38

These results show that important sites in communication with a known residue
(i.e. active site, binding site) may be observed through residue frequency analysis on
PSNS. HIV-1 protease here is a case study for that. Again ten residue (nine step)
paths are generated, using the structure of ca-p2 (1F7A) starting from the catalytic
residue Asp25 and the residue frequency plot is prepared (Figure 3.2).
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Figure 3.2. Residue frequencies of ca-p2 (1F7A) 10-residue (9-step) paths starting
from 25-A. Residue frequencies of each step are shown in different colored line as

shown in the legend.

Four main regions are observable on the plot through residues 23-31 A, 84-91
A, 23-28 B and 3-7 P. These represent the first and second steps of any path from
Asp25. Residues in the sequential neighborhood of 25 (regions 23-31 A and 23-28 B)
were expected. The other two regions are important in construction of any path from
Asp25. Most of the residues suggested to be important in previous paths (Section 3.2),
such as 24 - A, 84 - A, 8- A ,4-P and 5 - P, are present in these regions.
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Rest of the observable peaks in the graph are single residues rather than regions.
The second set, which probably constructs third and fourth steps, includes residues 9
A, 97 A, 5 B, 9 B, 87 B, 97 B. Residues 97 A and B were observed in the previous
paths BTR, but the others are newly introduced. Presence of these residues as peaks

might suggest the existence of another site in communication with Asp25.

The third set of peaks, that are relatively lower and probably make up the last
few steps of the paths consist of residues 47 A, 50 A, 53 A, 54 A and 66 A. The
presence of residue 66 completes the important patterns suggested. Again the other
residues might suggest the existence of another site, but overall it is seen that the
paths generated BTR ending with residues 56, 69, 17 and 40 were significant, be-
cause the same patterns are observed without any force determining the direction of

the paths. The information from residue Asp25 naturally flows through these patterns.

3.4. Infinite Step Paths (ISP) and Network Parameters

Communication paths without specific end residues studied in the previous sec-
tion brings to attention the case with one more missing parameter, the starting residue.
In order to study that, infinite step paths (ISP) are generated. The algorithm requires
a starting residue but when a path of infinite steps is generated, it does not matter what
the starting residue was. The ISP generated is analyzed by calculating the network

parameters.

The first case again is Shaker potassium channel (1A68) to see the effectiveness of
the method. An ISP of 200,000 steps is generated and the parameters (i.e. clustering
coefficient, closeness and betweenness) are calculated for each residue. In order to see
the complete protein, the parameters for each residue are plotted. Clustering coeffi-

cient (Figure 3.3), closeness (Figure 3.4) and betweenness (Figure 3.5) are shown below.
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Shaker Potassium Channel
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Figure 3.3. Plot of clustering coefficient values of Shaker potassium channel (1A68).
Residues labeled in pink show the resdiues present in paths BTR and PSNS and

labeled in blue show other residues corresponding to minimum points.

It is obvious that the minimums of the clustering coefficient graph (Figure 3.3)
present all the residues suggested to construct a path (shown in pink). So it is sug-
gested here that the minimums of the clustering coefficient correspond to important
residues. Apart from those residues present in the paths, there are other minimums. It
is proposed that the latter residues; 84, 98, 101, 109, 125 and 142, may have unknown

functions regarding protein dynamics such as folding or binding.

In the case of closeness and betweenness parameters, proposed path residues
correspond to the peaks of the graphs (Figure 3.4 and Figure 3.5 respectively). The
peaks other than the path residues, again are proposed as important residues. So all
three network parameters calculated, could clearly predict the path residues including

the start and end residues for the Shaker potassium channel.
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Figure 3.4. Closeness values of Shaker potassium channel (1A68). Residues labeled in
pink show the resdiues present in paths BTR and PSNS and labeled in blue show

other residues corresponding to minimum points.
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Figure 3.5. Betweenness values of Shaker potassium channel (1A68). Residues labeled

in pink show the resdiues present in paths BTR and PSNS and labeled in blue show

other residues corresponding to minimum points.
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Next the same parameters are calculated for HIV-1 protease structure (1F7A).
The minimums of the clustering coefficient and the peaks of closeness and betweenness
parameters are studied to identify the functional residues of HIV-1 protease. Clustering
coefficient results (Figure 3.6), emphasize residues 50, 66, 87 and 97 of both monomers
and residues 5 and 6 of the substrate (i.e. cleavage) all shown in pink. The catalytic
sites 25 A and B correspond to a local maximum. The other residues mentioned in pre-

vious sections are also labeled, but do not correspond to any specific site on the graphs.
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Figure 3.6. Clustering coefficient values of ca-p2 (1F7A). Residues labeled in pink

show the resdiues present in paths and other minimums.

Results of closeness and betweenness parameters (Figures 3.7 and 3.8) on the
other hand clearly emphasize residues 25A, 25B and 5 and 6P, which are in act func-
tionally most important residues; the catalytic site and substrate cleavage. Residues
corresponding to other relatively lower minimums (shown in pink) are proposed as im-
portant residues, most of which correspond to functional residues proposed by PDBsum
database (Laskowski, 2000). The residues seen in the paths suggested in previous sec-

tions are also shown and they mostly correspond to local minimums.
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Figure 3.7. Plot of closeness values of ca-p2 (1F7A). Residues labeled in pink show

Betweenness

Figure 3.8. Plot of betweenness values of ca-p2 (1F7A). Residues labeled in pink
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So these results overall suggest that the network parameters can predict function-
ally important residues in proteins. Some of these residues were present in the paths

presented in the previous sections, suggesting their efficiency.

3.5. Conservation of Paths through all HIV-1 protease complex structures

In this study so far communication pathways of proteins are generated on a single
structure, but there are questions regarding how the paths would be affected when
conformational changes occur in the structure. To study this, here paths are generated
BTR 25 and 69 for all the listed complex structures of HIV-1 protease (Table 2.2).
Ending residue is chosen as 69 because, it has been proposed to be an allosteric site

for HIV-1 protease complex structures (Lindgren, 2004).

Paths of ca-p2 (1F7A) (Table 3.15) are presented again for easy comparison. The
paths of all structures are generated under same conditions and are shown below (Table
3.15-3.21). The first observation is that the most probable path in all structures are
exactly the same, with different frequencies. Three other three step paths are also
present in all the structures in top six, but their rankings differ from structure to
structure. Ranking of all these paths are the same only in two structures 1KJF and
1KJH. There is an extra three step path in 1TSU that is not present in any other

structure.

The closeness values of all structures align nearly perfectly, except a few residues.
This was expected after the results obtained from the paths BTR. The deviations in

the lines present the 3-D deviations of the structures.

Both of the results (paths BTR and network parameters) clearly show that com-
munication within the protein is conserved through different substrate complexes. If
the communication pathways are necessary for the protein to function as proposed,
since all the structures are known to function without problems the expectation was
conservation of the paths. Lockless and Ranganathan (1999) had also suggested that

paths occurred in the early stages of evolution and were conserved throughout.



Table 3.15. Paths BTR 25-69 on ca-p2 (1F7A) structure.

BTR: 25-A and 69-A (1F7A) Path
Paths Freq
256-A 24-A 66-A 69-A 11
25-A 24-A 99-B 69-A 10
25-A 90-A 93-A 69-A 9
25-A 24-A 66-A 67-A 69-A 8
25-A 8-A 66-A 69-A 6
25-A 8-A 66-A 67-A 69-A 5
25-A 8-A 66-A 68-A 69-A 4
256-A 24-A 11-A 12-A 67-A 69-A 3
25-A 24-A 11-A 67-A 69-A 3
25-A 24-A 66-A 68-A 69-A 3
25-A 24-A 8-A 66-A 69-A 3
256-A 24-A 99-B 1-A 69-A 3
25-A 26-A 24-A 66-A 69-A 3

Table 3.16. Paths BTR 25-69 on ma-ca (1KJ4) structure.

BTR: 25-A and 69-A (1KJ4) Path
Paths Freq
25-A 24-A 66-A 69-A 22
25-A 8-A 66-A 69-A 15

25-A 24-A 99-B 69-A 8
25-A 24-A 66-A 68-A 69-A 8
25-A 24-A 66-A 67-A 69-A 7
25-A 90-A 93-A 69-A 6
25-A 8-A 66-A 67-A 69-A 6
25-A 24-A 66-A 65-A 69-A 5
25-A 24-A 11-A 66-A 69-A 4
25-A 24-A 11-A 67-A 69-A 4
25-A 24-A 66-A 67-A 68-A 69-A 4
25-A 84-A 8-A 66-A 69-A 4
25-A 23-A 24-A 66-A 67-A 69-A 3
25-A 24-A 8-A 66-A 67-A 69-A 3



Table 3.17. Paths BTR 25-69 on nc-pl (1TSU) structure.

BTR: 25-A and 69-A (1TSU) Path
Paths Freq
25-A 24-A 66-A 69-A 20
25-A 85-A 66-A 69-A 13
25-A 24-A 99-B 69-A 12
25-A 24-A 93-A 69-A 10

25-A 90-A 93-A 69-A

25-A 90-A 91-A 93-A 69-A
25-A 8-A 24-A 93-A 69-A
25-A 8-A 8-A 66-A 69-A
25-A 90-A 8-A T1-A 69-A
25-A 90-A 92-A T70-A 69-A
25-A 90-A 93-A 66-A 69-A
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Table 3.18. Paths BTR 25-69 on pl-p6 (1KJF) structure.

BTR: 25-A and 69-A (1KJF) Path
Paths Freq
25-A 24-A 66-A 69-A

25-A 8-A 66-A 69-A

25-A 24-A 99-B 69-A

25-A 90-A 93-A 69-A

25-A 23-A 24-A 66-A 69-A
25-A 24-A 66-A 67-A 69-A
25-A 8-A 66-A 68-A 69-A
25-A 23-A 24-A 99-B 69-A
25-A 24-A 66-A 65-A 69-A
25-A 24-A 99-B 1-A 69-A
25-A 26-A 8-A 66-A 69-A
25-A 84-A 8-A 66-A 69-A
25-A 8-A 66-A 67-A 69-A
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Table 3.19. Paths BTR 25-69 on p2-nc (1KJ7) structure.

BTR: 25-A and 69-A (1KJ7) Path
Paths Freq
25-A 24-A 66-A 69-A 22
25-A 8-A 66-A 69-A

25-A 90-A 93-A 69-A

25-A 24-A 99-B 69-A

25-A 23-A 24-A 66-A 69-A

256-A 24-A 66-A 67-A 69-A

25-A 90-A 93-A 66-A 69-A

25-A 24-A 66-A 65-A 68-A 69-A
25-A 24-A 90-A 93-A 69-A

25-A 24-A 97-B 98-B 99-B 69-A
25-A 8-A 66-A 65-A 69-A

25-A 8-A 66-A 67-A 68-A 69-A
25-A 90-A 95-A 94-A 93-A 69-A
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Table 3.20. Paths BTR 25-69 on rh-in (1KJH) structure.

BTR: 25-A and 69-A (1KJH) Path
Paths Freq
25-A 24-A 66-A 69-A 18
25-A 8-A 66-A 69-A

25-A 24-A 99-B 69-A

25-A 90-A 93-A 69-A

25-A 24-A 66-A 67-A 68-A 69-A
25-A 23-A 24-A 66-A 69-A

25-A 24-A 66-A 68-A 69-A

25-A 26-A 24-A 66-A 69-A

25-A 24-A 8-A 66-A 69-A

25-A 8-A 66-A 68-A 69-A

25-A 90-A 92-A 93-A 69-A

25-A 90-A 94-A 93-A 69-A
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Table 3.21. Paths BTR 25-69 on rt-rh (1KJG) structure.

BTR: 25-A and 69-A (1KJG)

Paths

Path
Freq

25-A
25-A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25-A
25-A

0.3

24 - A
24-A
85 - A
90 - A
85 - A
24 - A
26- A
23-A
24-A
24 - A
24 - A
26 - A
84-A
84 - A
90 - A

66 - A
99-B
66 - A
93 - A
64 - A
99 - B
24 - A
22-A
66 - A
66 - A
97 -
9 - A
85 - A
85 - A
91- A

69 - A

69 - A

69 - A

69 - A

69 - A

1-A 69-A

66-A 69-A

11-A 67-A 69-A
67-A 68-A 69-A
68-A 69-A

2-A 1-A 99-B
93-A 69-A

66-A 67-A 69-A
90-A 93-A 69-A
92-A 93-A 69-A
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Figure 3.9. Closeness parameters of all HIV-1 protease complex structures plotted in

a single graph. Each colored line denotes a different structure.



3.6. Paths Between Monomers of Structure

49

Another question regarding the nature of paths is the communication between

and within different monomers of a protein. Again here the studies are carried on HIV-

1 protease complex structure ca-p2 (1F7A), and paths BTW 25 and 69 are generated
for all monomer pairs A-A, B-B, A-B and B-A (Tables 3.22-3.25).

Table 3.22. CA-P2 paths BTR 25 A - 69 A

BTR: 25-A and 69-A (1F7A)

Paths

Path
Freq

25-A
25- A
25-A
25-A
25-A
25-A
25-A
25-A
25- A
25-A
25-A
25-A
25-A
25-A
25-A
25- A
25-A
25-A
25-A

24-A
24 - A
90 - A
24-A
85-A
85 - A
85 - A
24-A
24 - A
24 - A
24 - A
24-A
26 - A
23-A
24-A
24 - A
24 - A
90 - A
24-A

66 - A
99 - B
93 - A
66 - A
66 - A
66 - A
66 - A
11-A
11-A
66 - A
85 - A
99-B
24 - A
24-A
11-A
66 - A
97 - B
94 - A
66 - A

69 - A
69 - A
69 - A
67 - A
69 - A
67 - A
68 - A
12-A
67 - A
68 - A
66 - A
1-A
66 - A
99 - B
66 - A
70-A
99 - B
93 - A
67 - A

69 - A

69 - A
69 - A
67-A 69-A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
69 - A
68-A 69-A

11
10

9
8
6
)
4
3
3
3
3
3
3
2
2
2
2
2
2

First the effect of asymmetry is studied by comparing the paths within monomer

A and B (Table 3.22 and 3.23). Both paths consist of same residues that were proposed

in the previous sections. There are a few exact paths but mostly the paths are different

by single residues. So the structural asymmetry has not affected paths BTR 25-69.



Table 3.23. CA-P2 paths BTR 25 B - 69 B

BTR: 25-B and 69-B (1F7A)

Paths

Path
Freq

25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B
25-B

85-B
24-B
90 - B
24-B
24-B
24-B
23-B
24-B
24-B
85-B
90-B
24-B
24-B
26-B
26 - B
26 - B
84 -B
85-B
86 - B
90 - B

66 - B
66 - B
93 -B
99 - A
99 - A
90 - B
24-B
11-B
66 - B
66 - B
91-B
3-B
66 - B
24-B
90-B
97 - A
85 -B
66 - B
90-B
93-B

69 - B
69 - B
69 - B
69 - B
1-B
93-B
99 - A
67-B
68 - B
68 - B
92 -B
99 - A
65 - B
99 - A
93-B
1-B
66 - B
67-B
93-B
70-B

69 - B
69 - B
1-B
68 - B
69 - B
69 - B
93-B
69 - B
69 - B
69 - B
69 - B
69 - B
69 - B
69 - B
69 - B
69 - B

69 - B
69 - B

69 - B
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A communication between the monomers is expected since the protein is active

as a dimer. Paths between the monomers (Tables 3.24 and 3.25) by definition cannot

be exact. Here rather than similarities in the paths, introduction of new residues are

sought. These new residues would be important in connecting the two monomers.

Analysis of the paths resulted in identification of new important residues 1, 3, 97

and 99. Residues 3 and 97 correspond to local peaks of closeness and betweenness

parameters. Residue 97 was reported in PSNS analysis to suggest presence of other

communication sites within the protein. So the suspected site could be the same site in

the other monomer. Communication pathways generated between the monomers may

be as important as any communication pathway.



Table 3.24. CA-P2 paths BTR 25 A - 69 B

BTR: 25-B and 69-A (1F7A) Path
Paths Freq
25-B 25-A 90-A 93-A 69-A 3
25-B 26-B 24-A 66-A 69-A 3
25-B 27-B 24-A 66-A 69-A 3
25-B 25-A 24-A 66-A 69-A 2
25-B 25-A 8-A 8 -A 66-A 69-A 2
25-B 26-A 25-A 24-A 99-B 69-A 2
25-B 26-B 24-A 99-B 1-A 69-A 2
25-B 26-B 97-B 1-A 69-A 2
25-B 26-B 97-B 2-A 1-A 69-A 2
25-B 26-B 97-B 98-B 99-B 1-A 69-A 2
25-B 26-B 97-B 98-B 99-B 93-A 69-A 2
25-B 27-A 25-A 24-A 99-B 69-A 2
25-B 27-B 23-A 22-A 11-A 66-A 69-A 2
25-B 27-B 24-A 99-B 69-A 2
Table 3.25. CA-P2 paths BTR 25 B - 69 A
BTR: 25-A and 69-B (1F7A) Path
Paths Freq
25-A 26-A 97-A 99-A 69-B )
25-A 25-B 24-B 99-A 69-B 4
25-A 26-A 24-B 66-B 67-B 69-B 3
25-A 26-B 97-A 98-A 99-A 69-B 3
25-A 25-B 24-B 66-B 69-B 2
25-A 26-A 24-B 66-B 69-B 2
25-A 26-A 26-B 97-A 3-B 2-B 1-B 69-B 2
25-A 26-A 97-A 1-B 69-B 2
25-A 26-A 97-A 3-B 2-B 1-B 99-A 69-B 2
25-A 26-A 97-A 99-A 1-B 69-B 2
25-A 26-B 97-A 1-B 69-B 2
25-A 27-A 24-B 66-B 69-B 2

ol
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3.7. Folding Simulations

Protein folding of the structures studied in path generation (e.g. Shaker potas-
sium channel and HIV-1 protease) are carried out using a previously developed program
(Ulutas et al., 2009), that is based on robotic motion planning (Section 2.5). Folding
trajectories are obtained in terms of snapshots of 3-D conformations. Here these snap-
shots are analyzed to see how the proteins are folded, and how the key residues proposed

in the previous sections by pathway analysis behave through the trajectory.

3.7.1. Folding Trajectories

The fold of Shaker potassium channel, 1A68 (87 residues) succeeded in 367 snap-
shots. The snapshots are clustered with an RMSD cut-off radius of 4 A and 33 clusters
are obtained. Best members of each cluster are obtained and structures of those snap-
shots are analyzed. A sample of representative snapshots are summarized in Figure
3.10. It was seen that the protein folds very slowly and helices just start to form around
snapshot number 245 (Figure 3.10.a). The first interactions form locally between se-
quential neighbor residues, and the helices are constructed (Figure 3.10.a-b ). Then
the formation of tertiary contacts derives the chain collapse. This takes a lot shorter

time compared to forming of helices (i.e. through snapshots 320-367, Figure 3.10.c-f).

Similarly folding trajectories are obtained for a single monomer of the HIV-1 pro-
tease structure (1F7A chain A). Folding of the 99 residues succeeded in 954 snapshots.
Because of this an RMSD cut-off radius of 5 A is chosen to get a more reasonable
number of clusters and 22 clusters are obtained. An increase in the number of snap-
shots was expected since the protein has more residues, but this is not the reason for a
difference this huge. The folding simulation was stuck on a single conformation, that
is thought to be a local minimum, through snapshots 516-751 and also it was seen that
the local interactions took place a lot later in the simulation (snapshot #397) than it
was in the previous case. Representative snapshots of ca-p2 (1F7A) are summarized in
Figure 3.11. Again it is seen that first the secondary (local) then the tertiary (distant)

interactions form along the trajectory.
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Figure 3.10. Sample snapshots of cluster best member conformations from the folding
trajectory of 1A68. a) Cluster #3 Snapshot #245, b) Cluster #16 Snapshot #320; ¢)

Cluster #20 Snapshot #345, d) Cluster #23 Snapshot #359, e) Cluster #25
Snapshot #364, f) Cluster #26 Snapshot #367.
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Figure 3.11. Sample snapshots of cluster best member conformations from the folding
trajectory of 1F7A. a) Cluster #22 Snapshot #397, b) Cluster #11 Snapshot #480,

c) Cluster #14 Snapshot #501, d) Cluster #17 Snapshot #512, e) Cluster #19
Snapshot #751, f) Cluster #1 Snapshot #954.
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3.7.2. Contact Map Analysis of Fold Trajectories

Protein folding is basically how amino acid residues make contacts with each
other until the protein reaches its folded state, i.e. the conformational visits of the
chain led by the formation of these contacts. Here contact map analyses are made for
all best member snapshots. It was seen in the trajectory that first local then tertiary
contacts are formed. Here, the roles of the key residues proposed in communication

path results in forming these interactions are sought.

Among all the analyzed contact maps of Shaker potassium channel a sample
representing the whole trajectory is summarized in Figure 3.12. The first contacts
(Figure 3.12.a) are formed within two sets of residues 70-78 and 146-152, which cover
the allosterically most important residues 77 and 148 as well as two other residues
proposed by path analysis 70, 72 and 149. The next contacts in the fold are around
residues 92-98, and in fact residues 92 and 98 both were proposed to be important
residues in previous sections. These regions thicken in the following contact maps and
some patterns are visible around the diagonal, but until snapshot #364 no distinctively
tertiary contacts are observed. This most distinctive contact is between the residues 72
and 111 both of which are among the proposed key residues proposed in this work. As
it can be seen, most of the residues proposed in the previous sections (path elements

and other important resdiues) start to form contacts in early stages of the folding.

Summary of the contact maps of HIV-1 protease trajectory is shown in Figure
3.13. The first observable contacts are around residues 9-11, 18-20 and 90-93 (Figure
3.13.a). Residues 9, 90 and 93 are among the functionally important residues proposed
in the previous sections. Next contacts around residues 64-68, 84-87 and 96-98 become
observable (Figure 3.13.b). All these ranges cover residues previously proposed by
path analysis; 66, 84, 87 and 97. In Figure 3.13.c-d contacts around residues 50 and
25 complete the set of proposed residues. In this case also the tertiary contacts are

observed towards the end of the simulation (i.e. snapshot #512).
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a) Contact Map of 1A68 Snapshot # 245 RMSD = 80 A b) Contact Map of 1A68 Snapshot # 320 RMSD = 51 A
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Figure 3.12. Sample contact maps of cluster best member conformations from the

folding trajectory of 1A68. RMSD values correspond to the RMSD between that

specific snapshot and the target conformation.
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Combining the results of both simulations, it is obvious that the residues sug-
gested by path generation are important key residues in protein dynamics with func-
tions in either allostery or protein folding. Overall, it is seen that some residues may
even be functionally important for both dynamic behaviors. These folding results are
only intended to provide a basic understanding of the folding mechanism rather than
giving the actual intermediate states, but even with this basic understanding the role

of key residues can be observed clearly.
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4. CONCLUSIONS

Information on functionally important residues in proteins is crucial for under-
standing any type of protein dynamics. In this study, functionally important residues
such as catalytic and binding sites are shown to be predicted through generation of

inter-residue communication pathways by a newly proposed MC method.

MC path generation produced ensemble of paths which were more informative
than a single shortest path in predicting functionally important residues. The impor-
tance of the type of the potential function used in path generation is observed through
studies made on four different potential functions, among which atomistic potential

function described the interaction between protein residues the best.

Three different ways of MC path generation, BTR, PSNS, ISP separately made
contributions to functionally important residue prediction. BTR paths revealed the
residues present in the repeated patterns of interactions to be functionally important.
PSNS revealed residues communicating naturally without a forced direction to be func-
tionally important. ISP in the form of network parameters, closeness, betweenness and
clustering coefficient, revealed that peaks of closeness and betweenness and minimums

of clustering coefficient plots correspond to functionally important residues.

Finally protein folding trajectories revealed that the folding mechanisms in gen-
eral consist of two stages; forming of local interactions and tertiary interactions. While
local interactions construct the secondary structures, tertiary interactions are the key
in driving the folding. The residues that form the initial tertiary contacts during the
folding of the two proteins Shaker potassium channel and HIV-1 protease are interest-
ingly among the residues that display high closeness and betweenness values with the

inter-residue pathway analysis in the native state of these proteins.

Further, the studies on different structures of a protein revealed that changes

in protein structure that do not affect the function also do not affect the communi-
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cation pathways or the characteristics of the residue network, so the idea that com-
munication pathways are evolutionarily conserved is intensified. Then the studies on
intra-molecular and inter-molecular communication in monomers of a homodimer re-
vealed that communication within polymeric proteins may occur both within and be-
tween monomers. Structural asymmetry did not affect paths within functional sites of
the monomers. On the other hand paths between the monomers revealed important

residues making the connection.
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