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Abstract

Differences between the conformations of the ligand-bound and unbound forms of
proteins provide clues on deciphering residues that have a direct effect on binding
mechanisms. Using molecular dynamic (MD) simulations as a basis, conformational changes
that take place on time scales much slower than those accessible by MD may be investigated
by supplementary methods such as perturbation response scanning (PRS). Since proteins are
complex macromolecules, to sample their conformational energy landscapes we applied both
global and local perturbations in different combinations. Global perturbations are related with
environmental changes such as (i) different values of ionization strength of the solution which
mimic the various salt environments experienced by the protein in vivo, (ii) or protonation of
a group of residues to mimic a different pH environment. Local perturbations are related to
specific point perturbations on protein such as, (i) protonation or (ii) mutation of a single

residue to locate the points that controls a conformational change in proteins.



In this work, the apo and holo (Fe’" bound) forms of the periplasmic ferric binding
protein systems (hFBP) of the gram negative bacteria haemophilus influenzae was selected as
the model system. PRS studies showed us that D52 and D47 residues are the ones that give
the highest value for the fractional contribution of the eigenvalue of the response matrix.
Therewithal, using pKa calculations, a particular charged residue (D52) (out of a total of 98)
was found to be the most sensitive to subtle pH variations in the physiological range. The
effect of single point protonation (D52+) and mutation (D52A) is investigated via a series of
MD simulations. The effect of IS (0.15 mM and ~0 mM) and pH (5 and 7.4 ) change is also
studied to monitor the conformations sampled. For apo FBP, the kinetics of synergistic anion
binding and release was monitored and was consistently manipulated by varying these
conditions, while no apparent conformational change was observed in the protein. For holo
FBP, protonated and Ala mutants of D52 consistently trigger opening of the iron binding site
in an ensemble of simulations, while elevated IS consistently traps the closed forms. We
categorized our series of MD trajectories as open, partially open, and closed due to
coordination level and mapping of iron ion inside the active site. Our results lend clues as to
how the environment versus single residue perturbations may be utilized for regulation of

binding modes in hFBP systems.
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Ozet

Proteinlerin ligand-bagli ve bagsiz konformasyon modelleri arasindaki farklar,
baglanma mekanizmasinda dolaysiz kontrolii olan rezidiilerin yerlerinin tespitinde 6nemli
ipuclar1  saglarlar. Molekiiler dinamik (MD) benzetimlerine dayanarak olagelen
konformasyonel degisimlerden, MD tarafindan elde edilemeyecek kadar yavas zaman-
Olceklerinde gergeklesen kiplerin incelenmesi etki-tepki taramasi (ETT) gibi destekleyici
yontemlerle yapilabilir. Proteinler girisik iril 6zdecikler oldugundan, konformasyonel enerji
peyzajlarmi modellemek icin yerel ve evrensel sarsimlarin farkli fombinasyonlarim
uyguladik. Evrensel adiyla belirtti§imiz sarsimlar proteinin bulundugu ortamin 6zellikleriyle
iligkilendirilmistir: (i) proteini canlandiran akigkan ortamin yiikiinsel erkinin farkli dl¢ekleri,
(i1) farkli pH ortamlarinin taklidi i¢in belirli bir rezidii 6beginin protonasyonu gibi. Yerel
sarsimlar ise proteindeki 6zgiil noktalarda gergeklesir: (i) 6zgiil rezidiiniin protonasyonu veya

(i1) mutasyonu ile proteinlerdeki konformasyonel degisimi modellemek miimkiindiir.
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Bu calismada, haemophilus influanza sayril bakterisinin periplazmik demir baglayan
protein modelleri hFbpA'nin agik ve kapali (Fe** bagli) formlar1 calisilan sistemler olarak
sec¢ilmigtir. ETT ¢aligmalarindan D52 ve D47 numarali rezidiilerin tepki matrisinin azami
gizdegerine en yiiksek oranda katki yapan noktalar olarak belirlenmisti. Keza, proteinin pKa
hesaplamasinda da 98 yiiklii rezidii arasindan D52 numarali rezidii ince pH degisimlerinde
fizyolojik aralikta en hassas nokta olarak bulundu. Burada 6zgiil nokta protonasyonlarinin
(D52+) ve mutasyonlarinin (D52A) etkileri MD benzetimi dizileriyle belirlenmistir. Yiikiinsel
erklerin (0.15 mM and ~0 mM) ve sistemlerdeki pH degisimleri de (5 ve 7.4) 6rneklenen
konformasyonlar1 denetlemek i¢in calisilmistir. A¢ik hFbp sistemleri i¢in, H,PO4 anyonunun
baglanma-kopma hareketinin kinetiginin degisimi sistemlere uygulanan sarsimlarin farklh
kombinasyonlariyla kontrol edilebildi ve yapilan analizler sonucunda baglanma-kopma
kinetigi sirasinda belirli bir konformasyonel degisiklige rastlanmadi. Kapali hFBP
sistemlerinde, yiiksek yiikiinsel erkli ortama atilan protein MD benzetimlerde kapali
konformasyonda kalmay1 tercih ederken, D52 numarali rezidiiniin protonlanmis ve Ala
mutasyonlarinin MD benzetimleri sonucunda gozlemlenen demirin baglandigi kovuktaki
mentese hareketinin acik konformasyona dogru kaymasi ETT sonuglarini desteklemektedir.
Demir iyonunun molekiiler dinamik benzetimi gezingeleri boyunca goézlenen diizenlesim
seviyeleri ve komsu rezidiilerdeki eslesmelerine gore elde edilen sistemler agik, yari agik, ve
kapali olarak adlandirilmistir. Sonu¢ olarak, evrensel ve yoresel sarsimlarin hFbpA

proteininin baglanma hareketlerinin iizerindeki etkilerini incelemis olduk.
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CHAPTER 1

Introduction

1.1.  Iron Saga

One may liken the functioning of a sequence of amino acids to a necklace with
magnetic points that have different electric fields on each of them, the thread is going to fold
in a specific way in space to the form of the necklace. In the limit of the perception level of a
network of nerve cells, it is not easy to comprehend and solve the dilemma behind the
mechanism just by looking from one direction. The question for this work is from which
perspective I have to look to a semi light-tight glass so that I will see the inside of the house
and see the never-ending parallel mirrors. Parallel mirrors is the moonglade of the cognizance
of science which are the self-sculpturing sand grains of knowledge built by never-ending
questioning. Our perspective starts with locating a specific point that will vociferate more
among other points when I hit every point one by one with equal random forces so that the
other points will drift with the tide and adjust their tone of voice according to the supervisory
audio tone. That point is a control point for the overall protein system. Now I will start with
playing the dewlap that I am going to place the necklace on. In reality, this is the
environment full of water molecules with different concentration of ions that I put my protein

n.

Now, in the name of "Joy of Science", Caelum Caeruleo Confido is going to tell you a
story from a totally different aspect, just for the motivation. In days of yore, there was a box
that had a flying castle (protein) swimming in the sea (molecules making up the solution). In
this castle we have the prince, whose name was "ferric ion." We have two twin magicians
which are called Y195/Y196 and a princess who loves to escape from the castle secretly from
time to time, H,PO,". Without the Fe™, it was not possible to keep peace in the periplasmic
universe. While the prince was away from the castle, the flying castle always kept the gate in

an open state. We also have loyal knights which are called CI" that ride their Sanctus



Chimeras in the opalescent sky of the protein castle. This array of opalescent sky is the
reflection of the pH change of our flying castle. When the sky is in high guardianization (IS)
level, or when the twin magicians (Y 195/196) are activated (deprotonated), the gate is closed
so the quicksilver prince cannot leave the castle. The prince cannot return to the castle without
the guidance of the no shrinking violet princess. Because our prince gets drunk immediately
after leaving the castle from the gate, it is impossible for him to find the way back; he is just
too active outside. After all has been said and done they lived in mystery until a scientist with
a purple motorbike came up with a solution for this stargazer prince to wake up from his lucid

dream and leave the castle for eternity to see the outermembrane universe.

1.2. Background

A problem will have more than one solution. The important thing is chosing the most
cost-efficient way. Since cost is time, and life-time is finite for a human-being who is trying
to solve a problem, the computationalists and theoreticians are trying to model the biological
systems' behaviors with a mathematical perspective through the instrument of specifically
developed computer systems.

When you try to examplify the speed of the advancement of the computer technology
by some means or other, to get on a Boeing 747 that is large enough to carry twelve thousand
people to the moon in about three hours for the round-trip would cost about twelve dollars.
Many of the developments in computer hardware and software have produced a new tool for
investigating scientific problems. The categories of the scientific research would be taken into
account as; (i) theoretical science, (ii) experimental science, and (iii) observational science.

Computational science has emerged over the past 30 years as the application of
computational and numerical techniques to solve large and complex problems and systems
such as protein folding, or modelling of superconductors. Computational science exploits the
advancements in computer hardware, the improvements in computer algorithms, and
mathematical techniques. It permits us to compute things that were erenow tough to do due to
the intricacy of the mathematics and the large number of calculations involved. It also permits
us to create models that predict what might happen in the lab, so that we will interpret what
we are seeking. Computational interpretation also will be used as a tool to perform

experiments that might be pricey or hazardous to do in the laboratory.



To examplify the advantages of the computational methodolgies, the prediction of the
behavior of a new drug in the body by means of computational techniques to reduce the
number of animal tests that we might have done heretofore to the improvement of
computational pharmacology techniques. While computational models cannot substitute the
experimental methodologies, reliable models have become a divaricate part of the overall

search for scientific database.

1.2.1. Ferric Binding Problem

Iron is essential for continuity of an organisms' life and it is abundant in the earth’s
crust, being the fourth common element; life on this planet will cease without iron [1].
Unfortunately, iron tends to be found in nature in oxygenated form Fe(OH); and it is almost
insoluble in water at physiological pH under aqueous conditions (10™* M). This means the
concentration of free ferric ion (Fe3 ") is close to 107-10" M, so that it cannot
counterbalance the need for iron for metabolic purposes in the organism (10° M) [2]. Also,
iron tends to precipitate as ferric hydroxide at low pH, low concentration of free Fe** (10™'*
M), and aerobic aqueous conditions to produce hydroxyl radical as a result of Fenton
Reaction. Ferrous ion (Fe*") is oxidized by H,O, to the ferric ion (Fe*), a hydroxyl anion, and

a hydroxyl radical.
(i) Fe*" + H,0, + H" — Fe’" + HO- + H,0
(ii) Fe*" + H,0, — Fe*" + HOO« + H"

Mother nature juggles the ferric ion to come up with a solution for insolubility and
potential damage by free Fe’". She suggests the usage of various ligands for Fe’" chelations so
as to render ferric ion bioavailable, more soluble and highly regulated [2]. Since iron is
needed for continuity of life, and capturing it in a suitable state is a pretty hard task, the life
forms on earth have developed specialized mechanisms to compete for iron within the

environment.

Some of the pathogenic bacteria such as, Neisseria meningitidis, Neisseria
gonorrhoeae, Haemophilus influenza, Actinobacillus actinomycetemcomitans, and Pasteurella
hemolytica have specific periplasmic iron binding proteins which deliver the iron ion from

outer membrane to the cytoplasmic membrane effectively [3]. Gram negative bacteria such as
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Haemophilus and Neisseria capture iron from human ferric binding proteins or iron chelators
from the outer membrane. Ferric ion is taken by hFbpA at the periplasmic surface of the outer

membrane with concominant H,PO, [1].

The pivotal role of iron in biological processes is the participation as a single electron
acceptor and donor during redox reactions, such as metabolic respiration, oxygen transport,
and enzymatic processes [2]. Since the iron is used for biological processes and is required for
the continuity of life, understanding the iron binding mechanism is important to prevent the

reproduction of these pathogens.

Ferric binding proteins (Fbp) have been called "eukaryotic transferrin" due to their
structural similarity to the mamalian transferrin. Based on the structural similarity of hFbpA
with eukaryotic transferrins and other prokaryotic periplasmic transport proteins, it can be
said that these transport proteins are related by divergent evolution from an anion binding
common ancestor. Most of the periplasmic transport proteins including hFbpA are not
sequentially related by more than 20% with each other, and their sequential similarity with
transferrins is less than 10% [4]. Even though Fbp and Tf are not homologously similar, they
both bind directly to Fe’" with amino acid side-chain donor groups with a nearly ideal
octahedral geometry with ligand-Fe’"-ligand angles of ~90°, with a deviation of 6.9° [4].
They also capture the iron by Pac-man/Venusfly-trap motion, and they both require a
synergistic anion for compact iron binding. [5, 6]. In addition to the sequential dissimilarity
of mammalian transferrins and bacterial FbpA systems, the synergistic anions used by
proteins and the depth of the active site is different. While hTf uses bidentate carbonate anion
(CO3™) and five amino acids as ligand, hFbpA uses monodentate phosphate anion (H,POy) as
synergistic anion. Also, the hFbpA Fe’" active site is more solvent exposed than the
transferrin and lactoferrin due to the depth of the cleft, the difference in the relative
orientations of the two domains in the proteins, and existence of an additional loop in the
transferrins that covers the binding site [4]. That is why it is expected for transferrin to bind
the ferric ion with a higher affinity constant (K4 = 10" M [7]) than the FbpA proteins (K, =
10" M) in periplasmic space of the gram-negative bacteria. This suggest that there must be
special mechanism for iron sequestration from the outer membrane for hFbpA to compete

with the power of the hTf iron binding affinity.



1.2.2. Suggested Mechanisms of Transport of Iron Through Periplasm

In this thesis, the gram negative pathogenic bacteria Haemophilus influenza
periplasmic ferric binding protein apo and holo forms are selected as study systems. There are
three different classes of bacteria according to the differences in the composition or thickness
of the cell wall structure. These are: (i) gram-positive, (ii) gram-negative, and (iii) acid-fast

bacteria. Almost all of the gram negative bacteria are pathogens.

While the gram-positive cell wall consists of a 20-80 nm layer of peptidoglycan, the
gram-negative cell wall consists of a much thinner layer of peptidoglycan (1-3 nm). The thick
layer of peptidoglycan in gram-positive bacteria make the cell wall behave like an absorbent
sponge. Since the gram negative bacteria cell wall is much thinner than the gram-positive
bacteria, they need a higher level of protection. For this purpose, gram-negative bacteria have
an outer membrane. It is a phospholipid membrane with small openings (porins) that block
the entrance of antibiotics or any chemicals that are potentially harmful to the organism [8§].
That is the reason why the gram-negative bacteria are much more resistant to the antibiotics

than the gram-positive bacteria.

Siderophore-mediated Fe3* acquisition Non-siderophore-mediated Fe3* acquisition

Storage o “~-..h.,. Metalloproteins = ...~ Ty Storage

Figure 1.2 Ferric ion transport systems in gram-negative bacteria. Adapted from [4, 5, 7, 9]



Our sapient protein hFBP is assigned between outer and cytoplasmic membrane of the
gram-negative bacteria, called the periplasmic space. There are three basic categories of the
bacterial iron uptake mechanisms: (i) ferrous ion transport systems, (ii) siderophore-mediated

ferric ion transport systems, (iii) siderophore-independent ferric ion transport systems [2].

Haemophilus influenza periplasmic ferric binding protein's transportation mechanism
is a non-siderophore-mediated Fe’ aquisition. Siderophores are low molecular weight
chelators. The gram-negative pathogenic bacteria such as Neisseria meningitidis, Neisseria
gonorrhoeae, and Haemophilus influenza steal iron from host proteins with specific usage of
the outer membrane transferrin/lactoferrin receptors located on the cell surface, that exhibit a
B-barrel with a plug structure. The receptor is formed by tranferrin binding protein to capture
the transferrin A (TbpA) and a TbpB to recognize hTf [2]. After being captured by TbpA/B,
the iron goes through the pore and is captured by hFbpA which prevails on the inner-
membrane surface of the outer membrane (figure 1.2). Questions on how TbpA and TbpB
communicate, how crossing of iron through the membrane occurs, and if there exists a
conformational change on one lobe of Tf have remained unanswered. It is known that TbpA
interacts with apo hFbpA, but the mechanism for iron insertion into hFbpA is not defined
[10]. On the surface of the inner cytoplasmic membrane, iron is released from Fe’ -hFbpA-
H,PO, and passed through hFbpA/B/C which is an (ATP-binding casette) -ABC transporter-
that operates with the energy obtained from ATP to move the Fe’" to the cytosol [6].

In this work, we focus solely on FbpA which displays remarkable binding affinity for
Fe™ (K, = 10" M) in the presence of phosphate [1]. The question of how Fe®" is released is

an open problem, the so called "ferric binding dilemma" [11].

1.2.3. Crystal Structures of Periplasmic FBPs in Gram-Negative Bacterium

To prevent the iron binding to the active site for Fbp systems, researchers have tried to
control the active site and mutate the coordinator residues around iron to destroy the
octahedral symmetry coordination of Fe**. The vicinal residues of ferric ion coordinators
Q58, N175, and N193 have been mutated to control and understand the effect of synergistic
anion H,PO4™ on the binding mechanism [12]. While Q58 is at the N-terminal domain of the

active site, N175 and N195 are at its C-terminal domain. The latter is the binding site for



H,PO4 in apo form of hFbpA. The results showed that while the C-terminal cleft residue-
N175L and N195L- mutation altered the H,PO, binding, the N-terminal cleft residue
mutation QS8L abrogated binding of H,PO.. Moreover, all single point mutants of this
protein are capable of hijacking ferric ion from transferrin. According to these results, one
might say that the transport of ferric ion is not dependent on binding of phosphate in the

synergistic anion-binding sites.

Table 1.1 Crystal Structures of hFbpA

Entry Method Resolution(A) Chain Title Mutant Ligands
Site
1DOV[7] X-ray 1.75 A apo - PO,
IMRP[4] X-ray 1.60 A holo - Fe’"
PO,
INNF[13]  X-ray 1.10 A holo H9Q EDT
Fe
1QVS[14]  X-ray 2.10 A holo H9A Fe'
PO,
1QWO0[14]  X-ray 1.90 A holo N175L Fe'
PO,”
2068[15]  X-ray 1.70 A holo Q58L Fe''
PO,
2069[15]  X-ray 2.00 A holo N193L Fe'
206A[16]  X-ray 1.80 A holo E57A Fe'*
PO~
3KN7[12] X-ray 1.71 A holo Y195A  Fe’
PO,”
3KNS§[12]  X-ray 1.89 A holo Y196A Fe''
PO,”

The x-ray structures of the mutation studies of active site residues for hFbpA have
H9A, H9Q, E57A, Q58L, Y195A, Y196A, N175L, and N193L. These point mutants are
available in the literature as shown in table 1.1. The same method to mutate the active site
residues have also been applied to the hTf and Lf. For Tf and Lf, it is observed that the Fe**

bound forms of single point mutations are crystallized in the closed conformation while



hFbpA metal-bound forms of the site-directed mutants result in an Fe'* bound open
conformation due to the depth difference of the cleft for the binding site of the ferric ion. For
Tf and Lf, it is thought that the additional interactions coming from a deeper cleft are also one

of the causes to stabilize the closed conformation obtained after site-directed mutations [14].

The tyrosine residues inside the cleft of the Fbp systems in gram negative bacteria and
hTf has a role for iron transportation mechanisms. To state collectively, it is believed that the
Y195 and Y196 in hFbpA are not only responsible for binding the ferric ion but also hijacking
iron from the hTf. When the Y195 and Y196 residues are mutated, it is observed that the
synergestic H,PO4™ anion was not present in the crystal structure so suggesting that initial iron
capturing is not always controlled by the H,PO,™ but also there are other pathways for iron
capturing, e.g. by Y195 and Y196 residues [12]. Y195 and Y196 are two of the binding site
residues for H,POy', located in the C-terminal domain of the active site. It is also known that
the wild type hFbpA will be found in both of the open and closed state. Thus after mutation of
Y195 and Y196 residues it is expected for H,PO4 to leave its own side (C-terminal side of the
cleft) and ferric is controlled only by H9, E57, and H,POy". It is possible that after mutation,

H,PO, leaves the cleft since it loses two of the coordinators.

1.3. Problem Statement

In this work, we focus on controlling the conformations of apo and holo hFbpA. To
this end, we use single residue perturbations and charge states of pH sensetive residues in the
pH range of biological relevance (5.0-6.5). For the holo form, we focus on the H,PO4
coordinated locations of the Fe** ion while for the apo form we monitor directly the H,PO4
binding/release kinetics. The former problem adresses the questions of ferric ion
binding/release phenomena in FbpA [17]. The latter, on the other hand, lends clues on the role

of synergistic anions in initiating iron binding [1].



CHAPTER 2

Theoretical and Computational Methods
2.1. Haemophilus influenza periplasmic ferric binding protein systems (hFbpA)

H. influenzae was the first free-living organism to have its entire genome sequenced
[18]. hFbpA protein systems consists of 309 amino acids made of N-lobe (residues 1-82, 88-
101, 226-276) and C-lobe (83-87, 102-225, 277-309). While apo-hFbpA has H,PO4 anion
only, holo-hFbpA has Fe*" cation also. The ferric ion binds to the active site residues of Y195,
Y196, ES7, H9 and a water molecule with a synergistic anion as H,PO4” in the structure of an
octahedral co-ordination complex as determined in the x-ray crytal structure [PDB-ID:1MRP
(holo form) [4], 1D9V (apo form) [7]]. This coordination is similar to the active sites of a

single lobe of
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Figure 2.1. Three dimensional structures of the proteins. The left structure is the apo (PDB
ID:1D9V) form, the right one is the holo (PDB ID:1MRP). N-terminal domain (tan), C-
terminal domain (iceblue), Fe’" (red), water (black), H,PO4 (yellow), Y195/Y196 (green),
H9(light blue), E57(pink)transferrin or lactoferrin [19].



Apo and holo forms of hFbpA differ by 21° rotation of two domains which makes a
hinge movement around central B-strands (figure 2.1). This is called "Venus fly trap

movement [19].

Overal, the three dimensional structure of hFBPA is similar to one of the lobes of
human transferrin. It has two-domain structure consisting of an alternating a-helix/p-sheet
structure connected by two antiparallel B-strands even though they share less than 20%

sequence identity [9].

2.2. System Construction for Molecular Dynamics Simulations

We analyze FBP in detail, using both PRS and MD. The apo and holo forms of FBP
have PDB codes 1D9V and 1MRP, respectively. In the latter case, the Fe ion is treated as an
additional node of the network. The protein has two domains, and upon binding one moves

relative to the other as shown in figure 2.1.

Figure 2.2. hFbpA proteins apo and holo forms. The two structures are superimposed on the
fixed domain (residues 83-87, 102-225, 277-307). The Fe’" ion is shown as a red sphere.

MD simulations on both the apo and the holo forms of FBP in water with different
combinations of environmental - NaCl concentrations were performed. We utilize two
different ionic strengths, one at 150mM which we called high ionization strength (IS or H)
and the other is neutralized systems at low ionic strength (denoted L) with only three chloride
anions. We also introduce local perturbations by a single point D52A mutation or by

protonation of the same residue. Finally, we study two pH values of 5.5 and 6.5 obtained by
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protonation of all hystidine residues in the system as well as D52 having an upshifted pKa
value. The total list of all MD simulations carried out is provided in Table 3.1 and Table 3.2.1
under the results and discussion part of the chapter 3 along with their average RMSD values

for the protein, C-terminal domain RMSD, and N-terminal domain RMSD values.

The protein-water systems are prepared using the VMD 1.8.6 program, autoionize and
solvate plugins [20] and the NAMD software package is used to produce the molecular
dynamics simulations of the systems prepared [21]. For the holo systems, the lenght of the
simulations were decided on a case-by-case basis. For the apo systems we run for 200 ns to

calculate the rate of binding for H,PO4 anion.

After soaking the protein in a water box such that there is at least a 10 A layer of water
molecules in each direction from any atom of the protein to the edges of the box, the systems
are neutralized with different concentrations of Na" and CI  ions to observe the change in the
dynamics of hFBPs' behavior in different ionization states. The simulated protein-water
complexes have approximately 9370-9640 water molecules. The CharmM22 force field
parameters are used for protein and water molecules [22]. The binding parameters for the
synergistic anion H,PO, , Fe™ ions were taken from the literature [20, 23] For the Fe™ ion,
an effective van der Waals interaction term in addition to electrostatics is included in the spirit
done for other ions in the literature [20]. Since the parameters for Fe'™ do not appear in
literature, in our group's previous study the values have been self-consistently parameterized
so that the six liganded coordination within 2.0£0.2 A average distance of the ion [4] is
maintained after energy minimization and 200 ps long MD simulations [17]. The optimal
values of the Lennard-Jones parameters were found to be —0.1 kcal/mol for well-depth and
2.6 A for the separation at the minimum. Long range electrostatic interactions were calculated
using particle mesh Ewald (PME) method [24]. The cutoff distance for non-bonded van der
Waals interactions was set to 12 A with a switching function cutoff of 10 A. Rattle algorithm
was used to fix the bond lengths to their average values. During the simulations, periodic
boundary conditions were used and the equations of motion were integrated using the Verlet
algorithm with a step size of 2 fs [25]. Temperature control was carried out by Langevin
dynamics with a dampening coefficient of 5/ps and pressure control was attained by a
Langevin piston. Volumetric fluctuations were preset to be isotropic in the runs that were

carried out at constant pressure and temperature (NPT ensemble).
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Both systems were first subjected to energy minimization with the conjugate gradients
algorithm until the gradient tolerance was less than 107 keal/mol/A. The final structures were
then run in the NPT ensemble at 1 atm and 310 K until volumetric fluctuations were stable to
maintain the desired average pressure. Finally, the runs in the NPT ensemble were extended
to a total of 20-500 ns. The coordinate sets were saved at 2 ps intervals for subsequent

analysis.

2.3. Local and Global Perturbation Tools

PRS is a tool used in this work for the analysis of remote control strategies utilized by
proteins is based on applying forces at a given residue as a perturbation, and recording the
displacements of all the residues as the response. Since the procedure is repeated sequentially
for all the residues in the protein, we term the technique, perturbation-response scanning

(PRS) [17].

2.3.1. Linear Response Theory

LRT is a derivation of how a structure may be manipulated by external forces [26, 27].
We construct the protein as a residue network of N nodes that are centered on the C, atoms.
Any given pair of nodes are assumed to interact via a harmonic potential, if they are within a
cut-off distance 7, of each other (Figure 2.3). In the notation used, r and f refer to the bond and
internal force vectors along the edge connecting any two nodes, respectively. On the other
hand, R and F are vectors on the nodes and are referred to as the position and external force
vectors, respectively. There are m interactions pertaining to each residue (Figure 2.3, as an
example, schematically illustrates the interactions for a residue that has six interactions, i.e., m
= 6), and a total of M interactions for the system of N residues. In the absence of an external
force acting on the system, the equilibrium condition for each residue, i, necessitates that the
summation of the internal, residue-residue interaction forces must be zero for each residue.

Therefore,
bAf, =0 (1)
where the 3xm coefficient matrix b consists of the direction cosines of each force representing

the residue-residue interaction. The row indices of b are x, y, or z. Here Af; is an mXx1 column
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matrix of forces aligned in the direction of the bond between the two interacting residues. For
instance, in Figure 2.3, residue i has six contacts; and, thus, Af; is a 6x1 column matrix.
Following the example outlined in Figure 2.3, equation 1 sums up the projection of these six
forces on the x, y, and z-axes. This algebra gives rise to three independent equations involving
six unknown interaction forces, which are the residual interaction forces of residue i with its

contacting neighbors. One can write the equilibrium condition (equation 1) for each residue.

Figure 2.3. Free-body diagram of a residue
Excerpted from the protein chain (upper panel), scheme depicting the free body diagram of a
C.i atom coordinated by C,;’s within a cut-off radius r. (lower left). Afj; denotes the
interaction force between i and j. Under an external force applied on residue /, AF}, the
residues are displaced in space (from the black to the gray nodes in the lower right). The
contacting pairs are assumed not to change under this force.

This results in a total of N sets of equations, each of which involves the summation of
forces in three respective directions. Consequently, generalizing equation 1 to the whole
system of NV nodes and a total of M interactions, one can write the following algebraic system
of a total of 3N number of equations consisting of M number of unknown residue-residue

interaction forces
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BAf =0 )

with the 3NxM direction cosine matrix B and the Mx1 column matrix of residue-residue
interaction forces, Af. It is straightforward to generate the matrix B from the topology of the
native structure (i.e., the protein data bank (PDB) file [28]) with a specified .. As an
example, apo FBP has 309 residues and a total number of 1542 interactions when the cut-off
distance of 8 A is selected.

In the presence of an external force, AF (Figure 2.3), the equilibrium consideration for
each residue dictates that the summation of the residue-residue interaction forces for each
residue must be equal to the external, applied force on the same residue. Then, equation 2

may be cast into the following form

B3N><MAfM><1 = AF}le 3)

Under the action of external forces, each residue experiences a displacement, AR, which is
termed the positional displacement vector. Moreover, the bond distance between any two
residues changes in the amount of Ar in accord with the positional displacements of the two
residues which participate in the bonding. Therefore, there must be compatibility between the
total of 3N number of positional displacements and the changes that take place in the intra-
residual distances, a total of M number of distortions. This compatibility is very similar to the
form given in equation 3 [27]:

BT

Mx3N

ARy, =Ary, )

Within the scope of an elastic network of residues that are connected to their neighbors with
linear-elastic springs, the residual interaction forces, Af, are related to the changes in the

contact distances, Ar, through Hooke’s law by

KMXMAerl = Afol )

14



where the coefficient matrix K is diagonal. Inasmuch as the native structures are stabilized
predominantly by homogeneous tertiary contacts rather than specific interactions [29] we take
the entries of K to be equivalent in PRS.

Thus, rearranging equations 3—5, one gets the forces necessary to induce a given point-

by-point displacement of residues:
(BKB")AR = AF (6)

On the other hand, one may choose to perturb a single or a set of residues, and follow the

response of the residue network through,
T -1
(BKB") AF=AR (7)

where the AF vector will contain the components of the externally applied force vectors on
the selected residues. The (BKB') matrix is equivalent to the Hessian [26] and its inverse has
six zero eigenvalues, corresponding to the global translational and rotational degrees of
freedom of the system. The elements of the inverse of the Hessian, G=H", may be used to
predict the auto- and crosscorrelations of residues. G may be viewed as an NxN matrix whose
ijth element is the 3x3 matrix of correlations between the x-, y-, and z-components of the
fluctuations AR; and AR; of residues i and j; i.e., z-components of the fluctuations AR; and AR;

of residues i and j; i.e.,

®)
(AXAX ) (AXAY,) (AXAZ))
G’ =| (AYAX ) (AYAY,) (AYAZ))
(AZAX ) (AZAY,) (AZAZ))
The cross-correlations between residue pairs are obtained from the trace of its components:
(AR,-AR )=1r(G") ©)
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Equation 9 has been shown to reproduce the cross-correlations obtained from MD simulations
and molecular mechanics [30, 31]. In this work, we shall not be directly interested in the
correlations, but rather shall use G as a kernel to predict the response of other residues to

applied perturbations on selected ones as we discuss next.
2.3.3. Perturbation-Response Scanning

PRS analysis is based on a systematic application of equation 7. We apply a force on
the C, atom of each residue by forming the AF vector in such a way that all the entries, except
those corresponding to the residue being perturbed, are equal to zero. For a selected residue i,

the force AF' is (A F!'A Fy" AF! ) so that the external force vector is constructed as

(AF)" ={000...AF] AF} AF; ...0 00} (10)

IX3N

The direction of the applied force vector deserves special attention. Here the forcing
direction is chosen randomly, attributing no bias due to the specific contact topology or the
solvent exposed nature of the residue being perturbed. The forcing directions are uniformly
distributed within a sphere enveloping the residue; therefore, the forcing may well be termed
isotropic. It is definitely possible to favor specific directions leading to anisotropy in forcing,
since there are no intrinsic constraints in the methodology dictating the opposite. A plausible
forcing scenario for contact with a ligand, similar to one in [32] may also be conceived to
determine the associated conformational changes. Then the resulting (AR) vector of the

protein is computed through equation 7.
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CHAPTER 3
Results and Discussion
3.1.  Analysis of Apo hFBP

The crystal structure of the apo form (PDB ID:1D9V) of the pathogenic bacteria
Haemophilus influenza periplasmic ferric binding protein hFbpA has been determined to 1.75
A resolution and it is observed that the synergistic anion H,PO, remains bound to the C-
terminal domain [7]. Experimentally, it is found that iron-free form of hFbpA binds phosphate
anion with an affinity K, of 2.3x10> M [7]. The use of phosphate as an synergistic anion for
the binding process of ferric ion to the hFbpA ensues an extreme affinity constant for Fe’*
binding process (nFbpA K'er = 2.4 x 10" M) [7] According to a previous experimental
study, Fe** and H,PO,” can be removed from Neisseria gonorrhoeae (nFbpA) at pH 4.5 [15].

Fe(lll)
.

Transferrin

CM

.
ATP ADP ATP ADP  Felll)

Figure 3.1 Suggested free ion transportation model from transferrin to the cytosol in
pathogenic Neisseria and H. influenza adapted from [7]
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Transportation of iron through transferrin-TbpA-hFbpA into the periplasm remains ill-
defined. With the release of Fe’”, the number of favorable hydrogen bonding interactions
between C and N-terminal domains decreases from 19 to 8 in hFbpA holo to apo

transformation [7].

Figure 3.2 H,PO, Binding Sites in Apo-hFbpA. H,PO4 (red) is bound to the cleft from the
C-lobe. The surrounding residues for H,PO, are S139, G140, A141, N175, N193, Y195,
Y 196. C lobe is gray, N lobe is in green.

Apo form of hFbpA takes Fe’* from the opening of the channel in the outer
membrane (TbpA/B heterodimeric receptor) and captures the iron with an affinity constant of
K, = 10" M; the protein then goes through the periplasm. When hFbpA-Fe’'- H,PO,
complex sticks to the ATP binding casette (ABC) for free ion transportation process encoded
by the cytoplasmic membrane permease (FbpB) and an ATP binding protein (FbpC the
hFbpA releases the iron for transportation to the cytoplasm (figure 3.1) [7].
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3.1.1. MD Simulation Trajectories for Apo hFBP

For the IMRP and 1D9V, the protonation states of the residues are determined so as to
select the most probable state of each ionizable residue at pH 5 and pH 6.5. This latter is the
pH of the periplasm for gram-negative bacteria. Four different servers H++ [33], pKd [34],
propKa 3.1 [35-38], and PHEMTO [39] were used to calculate the pKa of all the titratable
groups. The intrinsic pKa value is defined as the modification of the pKa in the model
molecules by the Born energy and the contributions from the partial charges of interacting
atoms. Starting from a set of initial values, the electrostatic free energy is calculated
iteratively until the pKa values converge. The pKa values calculated for all the titratable
residues are listed in Appendix-C. Using pKa calculations (PHEMTO [39]) we find a
particular charged residue (D52) (out of a total of 98) to be the most sensitive to subtle pH
variations in the physiological range (Figure 3.3). PRS studies showed us that D52 and D47
residues are the ones that give the highest value for the fractional contribution of the highest
eigenvalue of the response matrix. According to the residue conservation calculated by

ConSurf-DataBase D52 has the highest possible degree of conservation [40].

apo (1d9v)

Degree of lonization

Figure 3.3. Degree of ionization curves for all acidic residues of apo and holo hFbpA. D52
which has the largest upshift in its pKa value is colored purple.
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We performed five different types of runs for the apo form of hFbpA and repeated

each one starting from a different set of initially assigned random velocities. After locating

the perturbation sites we applied different combinations for local and global perturbations.

The runs are labeled and listed in Table 3.1. Abbreviations are as follows:

L: neutralized systems with addition of a few CI" anion. (Low ionization state(IS))

H: Addition of 0.15mM Na'Cl salt to create an approximate model for in vivo

environment of the periplasm. (High ionization state)

pHS5: protonation of histidines throughout the hFbpA, and protonation of D52 residue.

D52A: Alanine mutation of D52 residue

Table 3.1. List of MD Simulation Trajectories for Apo hFBP

simulations IS Time RMSD(A) RMSD(A) RMSD(A) State Sim.#
(H/L) (ns) (equil. state) C lobe N lobe

Wild/apo L 200 2.4+0.4 1.8+0.4 1.3£0.1 Open 25
Wild/apo L 200 2.1+£0.3 1.8+0.3 1.7+0.3 Open 26
pH5-1 L 200 1.9+0.4 1.6+0.3 1.2+0.1 Open 27
pHS5-2 L 200 2.0+0.3 1.6+0.3 1.3+0.2 Open 28
D52A-1 L 200 2.0+0.4 1.5+0.4 1.3+0.2 Open 29
D52A-2 L 200 2.1+0.3 1.6+0.3 1.4+0.2 Open 30
Wild/apo H 200 2.6£0.7 2.6x0.7 1.7+0.4 Open 31
Wild/apo H 200 2.0+0.3 1.320.1 1.6+0.3 Open 32
H,PO4 away L 100 1.9+0.4 1.5+0.3 1.2+0.2 Open 33
H,PO4 away H 60 1.7+0.3 1.6+0.3 1.0+0.2 Open 34

For wild/apo (H&L IS), pHS, D52A simulations the kinetics for H,PO4-hFbpA is

interesting. It is observed that the monodentate synergistic anion H,PO4™ binds to the cleft at

the C-terminal domain as in the X-ray crsytal structure. H,PO4 is shuttled between the
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solution and the cleft several times throughout the simulation. For different types of
simulations such as pH5 and D52A the time spent inside the cleft differs. These observations
are reproducible, as corroborated by two independent runs of 200 ns each. This showed us
that the binding mechanism of H,PO, to the protein is dependent on the salt concentration,
single point mutation, and the pH of the protein. It is surprising that single point mutation on
a point that is ~30 A far away from the cleft affects the binding affinity. The H,PO,  stayed
bound 19% of the time for wild/apo simulation without any salt and when it is mutated,
H,PO4” was bound to the cleft of 52% of the time. Lowering the pH almost completely
eliminated shuttling of phosphate and locked it into the binding cleft. Results are summarized

in Table 3.2 whereby A and B refer to bound and unbound fractions of the trajectories,

respectively.
Table 3.2. In-out movement of H,PO4
simulations IS (H/L) Sim. # B A Keq=[22]/[22]
Wild/apo L 1 0.200 0.800 0.236
2 0.182 0.818
Wild/apo H 1 0.088 0.912 0.324
2 0.402 0.598
pH5 L 1 1 0 14.385
2 0.870 0.130
D52A L 1 0.562 0.438 1.10
2 0.488 0.512
(free) A—B (bounded)

The fractions A/B are calculated from the H,PO,-N175 distance plots, whereby a
cutoff distance of 10A is used to differentiate if the synergistic anion exists in the binding

cleft or in the solvent (figure 3.4).

After observing the in-out movement of H,PO,4’, we performed control simulations:
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i. H,PO4” away from the cleft simulations in high and low ionization states
ii. H,PO4 and Fe* away and separated from the cleft in high and low ionization states

According to the MD simulations,in case (i), the H,PO4™ goes and sticks to the cleft
and performs in-out movement again, displaying the same dynamics as inthe simulations
which starts with the H,PO4 inside the cleft. For case (ii), it is observed that Fe™ cannot stick
to the cleft without its H,PO,4 anion. When these two are alone and cannot find each other
throughtout the periplasmic world, generally Fe™ has tendency to stick to the glutamic acids
along the protein surface without visiting the cleft by itself. For H,PO4 behavior when it
unbound, it goes and finds an lysine or asparagine amino acid while searching for the cleft.
The interactions of H,PO4™ and side chains of the protein on the surface is not as powerful as
the Fe™ and glutamic acid side chain interaction which has a +3 charge so that H,PO, leaves

the ASN or LYS and goes and sticks to the C-terminal domain part of the cleft.

There will be more than one mechanism working in vivo. This protein is able to bind
other ions such as niobium and gallium [41, 42]. If we assume that the mechanism for iron
binding that we mentioned earlier in section 3.1 is the real and only mechanism for binding,
mutation of D52 to Ala will increase the fraction of hFbpA-H,PO, complex available in the
periplasmic space, and as a result there will be a larger amount of the high iron affinity
protein (hFbpA-H,PO4 complex) for transportation of iron from the outer membrane to the
cytoplasmic membrane. High ionization level for the periplasmic solution will also increase
the percentage of these complexes. As a next step we focus on the reason behind the change

Of H2P04-.

3.1.2. RMSF and RMSD of Trajectories of APO hFBP

The mean square fluctuation MSF is a measure of the deviation between the position
of C,' atom along the peptide chain and reference position as the first frame of MD

trajectories.

MSF =511 (u() — 2)? (11)

22



wild-1 wild-2

60 60
504 504
401 40-
< 30 < 30
204 201
10- 10 | -
o GJ‘““““““WWUV
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
ns ns
pH5-1 pH5-2
60 60
50 50
40 40
< 304 < 301 |
204 204
1om 10 ——
0,______:__ N ——
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
ns ns
D52A-1 D52A-2
60 60
504
40-
< 30
204
10-
o+
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
ns ns
1S-1 1S-2
60 60
50 50
40 40
< 30 < 30
204 | 204
L7 — — . T I
0 0

LA L S B B B R B B LA L S S L B B L B
0 20 40 60 80 100 120 140 160 180 200 0 20 40 60 80 100 120 140 160 180 200
ns ns

Figure 3.4. Time-Distance (H,PO4(P) between N175(N-side chain)) Graphs for 1D9V
Simulations
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where T is the time over which one wants to average, and X; is the reference position of
particle i. The reference position will be the time-averaged position of the same C, atom,
i.e. X;. The difference between RMSD and RMSF is that with the latter the average is taken
over time, giving a value for each C,’ atom. With RMSD the average is taken over the all C,’
atoms along the peptide chain that constitute the protein giving time specific values. The

RMSD trajectories are presented in Figure B1.

The RMSF graphs are obtained from variance-covariance matrices obtained from MD
trajectories. From all the RMSF graphs of apo sytems, similar fluctuation pattern is observed.
There are three main peak areas of fluctuations. These constitute the neighbourhood of D52,

residues 234 to 240, and 282 to 290.
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Figure 3.5. RMSF graph for 1D9V (low ionization level) first run

When we averaged the RMSF values per chunk for each simulation as shown in figure
3.6, we observed that the fluctuation except the sections of residues with higher fluctuations
those are residue 44-54, 84-94, and triple middle peaks of residue 194-242 is the lowest in
value for pH5 simulation. After pHS simulations of apo hFbpA, D52A simulations comes as

the second place in terms of fluctuations except for the areas that we mentioned above. It is
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easier to comprehend the damping of the cross correlations from 3-D cross correlations

graphs in figure 3.7.

<AR?> (A?)

T T T T
240 260 280 300

Res#197-210

Res#215-224

Res#82-94

Res#233-243

Figure 3.6 RMSF graph for pH5, D52A, and original (wild type) simulations of 1D9V
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From the original system to the pHS system, cross correlations values gradually fade.
If you think about the Pac-man motion of the protein to capture the Fe’ or H,POy, for two
side of the mouth must come closer and get away from each other at the same time. This
harmonic-like motion necessitates cross correlation between the two sides of the mouth.
Otherwise it is only an independent probability that the 309 point in the protein system have
to locate in the space in such a way that the system will be in the state of capturing or

releasing the particles.

As displayed in Table 3.1, the RMSD values for three case of the 1D9V systems,
Wild/apo, pHS, and D52A, are replicated in bothsimulations. In particular, the C-terminal
domain, which is called the fixed domain of the protein for hFbpA systems (residue 83-87,
102-225, 277-309) remains the same. The H,PO4 away simulations were interrupted once the
synergistic anion sticks to the cleft for H,PO4 that is located inside of the C terminal domain.
For high IS case of H,PO4” away simulations, synergistic anion found the cleft at 48 ns, and
for the low IS case anion went to the cleft around 72 ns. For these control simulations, our
purpose was to understand whether the H,PO,” will go to the cleft when we have free H,PO4
inside the solution or not. Another observation for these two simulations is that H PO, anion

tends to stick to lysine and Fe’" tends to stick to glutamic acid amino acids.

3.1.3 H,PO4 Bound-Unbound Conformational Search in holo hFBP

Since we have the MD trajectories of the simulations, we will calculate the correlation
between bound and unbound states from covariance matrix that we obtained from the
coordinates of C, atoms on the peptide chain. First, we determined the bound and unbound
states from the distance measurement to the coordinators of the H,PO, inside the cleft at C-
terminal lobe via VMD [43] package. We measured the distance between phosphate atom of
H,PO, and nitrogen atom of the side chain of N175 (175 numbered asparagine residue) at 0.2
ns time intervals (see figure 3.4 and Appendix B). The same procedure was repeated with two
of the other coordinators of H,PO, which are Y196 and Y195 (oxygen atom on the side
chain) (see Appendix B). We observed that H,PO4 is captured by the (cleft at C-terminal
domain), and is in close proximity to residues S139, G140, A141, N175, N193, Y195, Y196.
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original D52A

Figure 3.7 Cross correlations for original, D52A, and pHS5 type 1D9V simulations

After observing the coordination of H,PO4 inside the cleft (figure 3.2), we calculated
the correlation between bound and unbound states by taking 20 ns bound and unbound time
intervals from the trajectories and sampled them (Tables 3.3, 3.4, and 3.5). The results
showed that there is a correlation between consecutive bound states, but as the time interval
between chunks increases these correlations disappear. The same shrinkage is observed
between consecutive unbound states, but the correlation between consecutive unbound states
were lower than the consecutive bound states. Thus, the binding of H,PO4 provides a more
stable conformation and a slower disappearance of the correlation between chunks. Finally,
we investigate the correlation between unbound and bound states and show that there is no

correlation between them as anticipated.
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To make this analysis visually tracktable, we prepared 20 ns of variance-covariance matrices
for each simulation leading to eighty sets which are further analyzed and compared. By
writing an elementary level matlab code (Appendix-A), the variance-covariance matrices of
each chunk of each simulation was examined for any type of correlations between bound and
unbound states of hFbpA- H,PO4™ - and hFbpA systems. One example comparison is shown
in figure 3.8.

We also calculated the modes of conformational change for trajectory pieces of 20 ns
length, each of which we call a “chunk”. From variance-covariance matrix we obtained from
MD trajectories, we calculated the eigenvalues and the eigenvectors. We chose the
eigenvectors that have the highest eigenvalue (mode 1) and draw them using the VMD

package (figure 3.9).

g5, -d3vpHS,

Figure 3.8 Correlation graph for 1D9V (IS-2) and 1D9V (pH5-2) runs
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To perceive the magnitude of the contributions per section on protein we visualized
the slowest nontrivial mode (mode 1) for the first chunk of the 1D9V-1% simulation. These are
displayed from front and side view in figure 3.9. While during 0-20 ns the C lobe residues
(S139, G140, A141, N175,N193, Y195, Y196) gave the highest contribution to the first mode
for chunk 1, the back side residues (83-94, 236-264) control the second mode in chunk 5. The
first and the second modes of each 20 ns chunk for each simulation were observed and no
significant result is obtained to explain the binding-release mechanisms of HPOs to hFbpA

and Fe’" to H,PO, -hFbpA.

Figure 3.9 1D9V-1 chunkl (0-20 ns) mode 1 and 1D9V-1 chunk 5 (80-100 ns) mode 1

3.2. Analysis of Holo hFBP

Holo hFbpA is the system with the ferric ion inside the cleft. Our aim is to control and
understand the hinge/Venusfly-Trap/Pacman movement of the cleft for the binding/release of
iron in hFbpA. For this purpose we applied the following perturbations by to the systems in

the MD simulations:
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Table 3.2.1 List of MD Simulation Trajectories for Holo hFBP

simulations IS Time RMSD RMSD RMSD  State Sim.#
(ns) (equil. C lobe N lobe
state) rmsd

Wild 1 L 144 2.2+0.2 1.8+£0.2 1.9+40.2  SCI 1

Wild 2 L 200 2.3+0.3 1.6+0.3 1.6£0.2  SC2 2

Wild 3 L 92 1.7+0.3 1.3+0.2 1.3+0.2  SC2 3

Wild 1 L 40 2.3+0.5 1.6+0.2 1.6£0.4  SC2 4

Wild 2 L 120 1.5+0.2 1.1+0.1 1.0+£0.2  SC2 5

Wild 3 L 40 1.3+1.1 0.9+0.1 1.1#0.2  SCI 6

Wild 4 L 60 1.5+0.1 1.3+0.2 1.2+0.1 Cl 7

Wild 1 H 20 1.5+0.2 1.1+0.1 1.0+0.1 Cl1 8

Wild 2 H 20 1.6+0.3 1.1+0.1 1.1+0.1 Cl1 9
Wwild 3 H 20 1.7+0.2 1.2+0.2 1.1+0.1 Cl 10

Wild 4 H 20 1.6+0.2 1.2+0.1 1.2+0.1 Cl1 11

Wild 195/196Y neg L 20 1.4+0.2 1.2+0.1 1.0+0.1 C2 12
Wild 195/196Y neg H 20 1.3+0.1 1.1+0.1 1.1+0.1 C2 13
D52A 1 (120-300) L 300 3.3+0.6 1.9+0.4 22404  SC2 14
D52A 2 L 200 2.1+£0.2 1.3+0.2 1.6£0.2  SC2 15
D52A H 60 1.6+0.2 1.1+0.2 1.2+0.2  SC2 16

D52A Y195/196 neg H 60 1.5+0.1 1.1£0.1 1.1£0.1 C2 17
D52A Y195/196 neg L 60 1.2+0.1 1.1£0.1 1.1£0.1 C2 18
pHS 1 (200-500) L 500 2.8+0.2 2.7+0.2 22404  SClI 19
pH5 2 (120-300) L 300 2.54¢0.5 2.240.5 2.3+04  SC1 20
D52+ 1 L 194 2.54¢0.3 1.7£0.3 1.5+0.4  SC2 21

D52+ 2 L 250 2.1+0.2 1.7+0.2 1.5+0.4  SC2 22

Fe" H,PO, away L 100 1.9+0.3 1.3+0.2 1.4+0.2 - 23
Fe" H,PO, away H 100 1.5+0.2 1.0£0.1  1.2%0.1 - 24

*SC1 (semiclosedl), SC2(semiclosed2), C1(Closedl), C2(Closed2)
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(1) Wild: Wild type holo hFbpA with low and high IS

(i) Wild_195/196Y neg: Deprotonation of tyrosine 195-196 (Y195/196) residues in the cleft

at C-terminal domain coordinators of H,PO4 as a control run with high and low IS.
(ii1) D52A: Mutation of D52 to alanine (D52A) at both high and low IS
(iv) DS2A_Y195/196 neg: Mutation of D52A and deprotonation of Y195/Y 196 residues.

(v) pHS: Protonation of all four histidine residues in the polypeptide chain and protonation of

D52
(vi) D52+ : Protonation of D52 only

(vii) Fe" H,PO,4 away: Control runs to see the binding behaviour of hFbpA/ H2P04'/Fe3+
starting from the initial condition that they are not connected in the solution environment.

They are placed~30 A from each other to to prevent any direct interaction between them.

The simulation details are summarized in Table 3.2.1 and different conformations
observed are displayed in figure 3.10. The final conformations obteined are classified as
Closed 1 (C1), Closed 2 (C2), semiclosedl (SC1), and semiclosed 2 (SC2). Their details will

be provided in the next sucsection.

3.2.1. MD Simulation Trajectories for Holo hFBP

Wild-type hFbpA could be found in an open or a closed state due to the crystallization
conditions [12]. We note that semiclosed experimental structures have not been reported for
hFbpA, but a similar situation was recently observed for hTf [44]. Holo hFBP has an
octahedral coordination of the Fe™* cation in the X-ray structure of the closed state [4]. After
equilibration time, the octahedral coordination of ferric ion changes with the different
combinations of perturbations applied to the system. For all of the simulations studied, it is

observed that free Fe’" has tendency to stick to a glutamic acid residue.

For the simulations of wild type holo hFbpA at low IS , four out of seven lead to SC2. For
SC2 conformations, the cleft is semiopen and Fe’" cation stays between E36 and Y195/196

residues. In these simulations, one of the chlorine anions comes to the active site (without CI’
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forming any type of permanent ion pairing) while E57/Fe™/H,PO4 triplet stays in the middle
of Y196/195 and E36. In the case of semiclosed]l (SC1) conformation, as soon as a Cl” anion
comes to the vicinity of the active site (cleft), monodentate phosphate anion/Fe™ cation/E57
triplet starts to move away from the active site residues and distort the octahedral symmetry.
E36 and E37 start to keep Fe cation bound to the active site while phosphate anion faces the
active site residues H9, Y195, Y196. Once H,PO,/Fe** doublet goes and binds to the E36.

This doublet does not form an octahedral coordination of the ferric ion

Open(Apo) Semiclosed1 (SC1) Semiclosed2 (SC2) Closed (Holo)
: AT
» (1Y 5 1 .
(R O g
( o {l‘/‘ e 4/ o - ‘_
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Figure 3.10 Models assigned from MD trajectories of hFbpA

All of the wild type hFbpA systems at high IS and one out of seven low IS wild type
hFbpA shows behavior of C1. In this conformation, the Fe™/ H,PO,4/E57 triplet moves away
from Y 196/195 and H9, but aprt from that no significant change occurs in the system and the
system stays closed. The phosphate anion interacts closely with the Y195/196 residues while
HO residue switches its conformation in and out of Fe™. Two of the chloride anions stay close

to the Fe™ and the monodentate phosphate anion. When there is Na’/Cl™ ions around the
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protein at high IS, they have different levels of electronic attraction to the protein so that their
placement near the binding cleft is different. According to the radial distribution function of
the ions with the protein heavy atoms (figure 3.11), the highest density of Na" and CI  ions
occur at the same distance from the protein, but the density of the Na" cations are higher than
the CI" anions. The outermost shell of the protein is richer in CI" anion. hFBP is neutral in
total;when the tyrosine doublet Y195/Y 196 in the active site is deprotonated, , the entrance of
the cleft is in the strongest closed state C2 which is the closest strict structure to the crystal

structure of the IMRP.
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Figure 3.11 Radial distribution function graph for the holo hFbpA systems in high IS. The
red curves are for the protein heavy atoms and Na ions in the various runs, while the blue
curves are their counterparts for protein heavy atoms and CI ions.

When we change the pH of the holo hFbpA, the protein has tendency to be in the SC1
conformation described above. Finally, the system chooses to be in SC2 conformation when
single point perturbation is applied onto the system (D52A/D52+). With these observations in
mind, we propose that shifts in the energy sandscape may be promoted using different
perturbations on the protein, as depicted in figure 3.12. These are refers to what happens to
the system once the Y195/Y 196 pair is protonated. Starting from the neurtal protein at low IS
which has the propensity to sample both the SC1 (2 runs) and SC2 (4 runs) conformations or
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the closed state (1 run) ,increasing the salt concentration shifts the equilibrium towards the
closed (C1) state (all four runs). Conversely, lowering the pH or perturbing the D52 residue
stabilizes the SC1 and SC2 conformations, respectively, the latter being irrespective of the

salt concentration.

>
wn 20
= @
— =
= =
oo ¥
= &
=
.= >
- ]
> =
9
=] a

Figure 3.12 Suggested potential well graph for holo hFbpA simulations
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CHAPTER 4

1. Conclusion and Future Work

For the hTf it is known that with an intervention such as an active site residue
mutation, it is possible to have a semiclosed state [44]. For periplasmic ferric binding proteins
in gram-negative bacteria, even without a mutation, open conformations with ferric ion inside
the cleft was obtained earlier by using experimental methods [2]. We obtained these structures
by using various computational tools and observed four different states as: closed,
semiclosed-1, semiclosed-2, and open. These four states are obtained with different
perturbations to the systems, including changing the pH of the protein, mutation or
protonation of a single residue away from the active site, and changing the ionization strength
of the solution. Perhaps our most important finding is that, our MD simulations of holo
hFbpA support the importance of D52 in manipulating the conformational change of the
protein system. Even though when there is no Fe™ ion in the system for the apo hFbpA it is
observed that the D52 perturbations affects the HPO4™ binding mechanism. It is observed that
Fe’ has a tendency to stick a glutamic acid residue whenever it is near a glutamic acid
residue. In the active site there are two glutamic acid residues; one of them is inside the cleft
(E57) and the other one is around the mouth of the cleft (E36). These always capture the Fe**
ion before it has a chance to leave the cleft. We also performed two control simulations with
Fe*" and H,PO4 kept ~30A away from the protein and more so from each other in the initial
condition. From the control simulations it is observed that when the ferric ion is inside the
solution it cannot find the active site, at least for 100ns either with or without H,PO4". For the
low IS case, the ferric ion is captured by the E305 which is on the surface of the protein, and
does not leave the sling shot like structure of the carboxylic group of the glutamic acid. For
the high IS case, ferric ion and H,PO, found each other inside the solution but together they
could not reach the cleft within our window of observation. For the apo-hFbpA systems, it is
observed that the HPO4™ has the ability to perform binding and release motions find the cleft.
We find that these motions can be consistently controlled under different perturbation

scenarios and they display the same kinetics in repeated runs.
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In future work, we propose that the energy differences between the ferric ion binding
partners under different scenarios should be studied by quantum mechanical calculations. For
a deeper understanding of the binding/release kinetics of phosphate in the absence of iron,
free energy calculations should be carried out. Furthermore, the dynamics of other synargistic
anions should be studied to better understand the role of these anions in iron transrport by

FBP and related proteins.

39



APPENDIX A
Code A1 Calculation of correlation between two vectors

%this code calculates the correlation between two vectors
clear all
cle
M=dlmread('varcovar d9vpH5 1.txt');
N=dlmread('varcovar d9vpHS5 2.txt");
%number of residues
noRES=309;
dimen=noRES*3;
line=dimen”2;
Vone=M(:,3);
Vtwo=N(:,3);
vectorl=zeros(line,1);
vector2=zeros(line,1);
counter=0;
matrix=zeros(10,10);
vi=cell(10,1);
v2=cell(10,1);
fori=1:10
for k=1:line
counter=counter+1;
vectorl(k,1)=Vone(counter,1);
vector2(k,1)=Vtwo(counter, 1);
end
v1{i,1}=vectorl;
v2{i,1}=vector2;
end
corr_matrix=zeros(10,10);
for a=1:10
for b=1:10
bir=v1{b,1};
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iki=v2{a,l};
corr_matrix(b,a)=corr(bir,iki);
end
end
imagesc(corr_matrix);
colormap(flipud(gray));
colorbar;
set(gea,'YTick',[1234567 89 10]);
set(gea, XTick',[1234567 89 10]);
title('d9vpHS5_1-d9vpHS5 2');
xIswrite('d9vpHS 1-d9vpH5 2 chunk corr all.xls', corr matrix);
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APPENDIX B

Figure B1 RMSD graphs of apo hFbpA systems
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Figure B2 Time-Distance (H,PO4 (P) between Y195(0)) Graphs for 1D9V Simulations

wild-1
60
50
40
<€ 304
20 M
0P | ¥
0 LSRN S S S e s
0 20 40 60 80 100 120 140 160 180 200
ns
pH5-1
60
50
40
<t 304
20
10 MMMMWM
T
0 20 40 60 80 100 120 140 160 180 200
ns
D52A-1
60
50
40
<€ 304
20
10
11—
0 20 40 60 80 100 120 140 160 180 200
ns
1S-1
60
50
40+
<t 304
20 “
10 et { l'1
o
0 20 40 60 80 100 120 140 160 180 200
ns

43

wild-2
60
50+
401
304
201
10 i
0 20 40 60 80 100 120 140 160 180 200
ns
pH5-2
60
501
401
304
201
10
0 20 40 60 80 100 120 140 160 180 200
ns
D52A-2
60

50+

40

= N W
T 2 °

O'T'T'T'T'T'T'T'T'T'
0 20 40 60 80 100 120 140 160 180 200
ns
1S-2
60
50-
40-

304

20

10

2

0 T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200
ns



Figure B3 Time-Distance (H,PO, (P) between Y196(0)) Graphs for 1D9V Simulations
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APPENDIX C

Table C1 Holo hFbpA pKa calculations

pKa values calculated for IMRP by various methodologies. lonic strength is set to 150 mM,
external and internal dielectric constants are 80 and 10, respectively.

residue residue model H++ propka PKd  Phemto average
type index pKa 3.111
values
(H++)
TYR 5 9.60 10.52 11.50 16.06 - 12.69 2.96
HIS 9 6.60 0.75 6.96 0.41 4 3.03 3.08
LYS 10 10.40  9.16 10.30 9.42 9.5 9.59 0.49
GLU 11 4.40 5.65 4.05 3.61 4 4.33 0.90
LYS 18 1040  9.99 10.48 10.76 10 10.31 0.38
GLU 21 4.40 477 3.56 3.69 3 3.75 0.74
GLU 23 4.40 5.00 4.47 4.07 2.5 4.01 1.08
LYS 27 10.40  9.69 10.67 11.08 9.5 10.24 0.76
LYS 34 10.40  9.09 10.32 10.30 3 8.18 3.50
GLU 36 4.40  3.52 6.34 1.68 13 6.14 4.96
LYS 43 1040  9.06 11.51 13.41 - 11.33 2.18
GLU 44 4.40 439 4.65 4.66 3.5 4.30 0.55
GLU 45 4.40 1.05 3.24 2.10 4.5 2.72 1.48
ASP 47 4.00 5.08 3.07 3.51 1.5 3.29 1.47
LYS 48 10.40 10.21 11.25 10.99 12 11.11 0.74
ASP 52 4.00 0.99 3.49 2.95 5 3.11 1.66
TYR 55 9.60 13.96 13.45 14.64 11.5 13.39 1.35
GLU 57 4.40 5.02 1.63 0.00 2 2.16 2.09
ASP 64 4.00 4.82 2.24 0.00 - 2.35 241
GLU 67 440 4.36 4.70 4.23 3.5 4.20 0.51
GLU 76 440  4.60 3.50 4.05 4 4.04 0.45
LYS 85 10.40  9.54 10.31 10.83 10 10.17 0.54
LYS 92 10.40 10.04 10.42 10.85 10.5 10.45 0.33
LYS 93 10.40  9.68 10.82 10.84 10.5 10.46 0.54
ASP 94 4.00  3.66 4.07 2.93 2.5 3.29 0.71
ARG 101 12.00 4.23 15.43 0.00 - 6.55 7.97
ARG 103 12.00 7.46 9.79 19.01 13 12.31 5.01
TYR 107 9.60 12.59 11.23 13.61 11.5 12.23 1.09
ASP 108 4.00 3.38 3.05 2.36 2.5 2.82 0.47
HID 109 7.00 6.47 6.34 6.84 4 591 1.29
LYS 111 10.40 10.38 10.44 11.23 10 10.51 0.52
GLU 114 440  4.50 4.69 3.33 2.5 3.76 1.03
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LYS 115 10.40 9.42 10.42 10.27 10.5 10.15 0.50
ASP 116 4.00 3.41 2.47 3.40 3 3.07 0.44
GLU 118 4.40 5.31 3.51 2.06 2.5 3.35 1.45
LYS 119 10.40  10.35 10.47 11.03 11 10.71 0.35
ASP 123 4.00 3.92 4.63 3.82 2.5 3.72 0.89
TYR 124 9.60 15.53 13.33 0.00 - 9.62 8.40
LYS 128 10.40 9.73 11.49 13.69 13 11.98 1.76
LYS 130 10.40 10.26 10.29 10.57 9.5 10.16 0.46
LYS 132 10.40 10.99 10.26 11.08 10.5 10.71 0.39
TYR 135 9.60 13.19 11.73 12.53 11 12.11 0.95
GLU 144 4.40 3.81 6.37 0.00 3.5 342 2.62
LYS 151 10.40 9.36 10.56 15.33 13 12.06 2.66
LYS 153 10.40 9.08 10.43 10.42 10.5 10.11 0.68
ASP 155 4.00 5.27 2.49 2.11 - 3.29 1.73
LYS 156 10.40 10.26 10.46 10.57 10.5 10.45 0.13
LYS 163 10.40 10.18 10.39 10.93 10.5 10.50 0.31
LYS 166 10.40  10.59 10.42 11.75 11 10.94 0.59
GLU 167 4.40 497 4.49 4.11 2.5 4.02 1.07
LYS 170 10.40 10.23 10.52 11.29 10.5 10.64 0.46
TYR 172 9.60 15.28 12.51 15.82 12 13.90 1.93
LYS 174 10.40 8.96 10.06 9.91 9.5 9.61 0.49
GLU 183 4.40 2.22 3.50 0.00 3.5 2.30 1.65
GLU 186 4.40  4.27 3.84 3.99 3 3.77 0.55
TYR 195 9.60 14.52 - 19.88 10.5 14.97 4.71
TYR 196 9.60 8.69 13.52 6.89 - 9.70 343
TYR 198 9.60 11.13 11.70 11.81 12.5 11.78 0.56
LYS 202 10.40 9.87 10.46 11.24 11 10.64 0.61
GLU 203 4.40 447 4.68 3.46 4 4.15 0.54
LYS 204 10.40  10.03 10.44 10.90 10.5 10.47 0.35
GLU 207 4.40  4.52 4.25 4.23 3 4.00 0.68
LYS 210 10.40 10.41 10.58 11.52 11 10.88 0.50
ARG 212 12.00 12.61 11.76 17.05 - 13.81 2.84
TYR 214 9.60 13.98 11.45 15.60 13 13.51 1.74
ARG 217 12.00 11.14 13.15 18.29 - 14.19 3.69
HIS 218 6.60 6.49 6.41 7.05 6.5 6.61 0.29
ASP 220 4.00 3.96 3.71 0.34 3 2.75 1.66
TYR 227 9.60 14.93 14.18 14.92 12.5 14.13 1.14
LYS 234 10.40 10.21 9.98 11.37 11 10.64 0.65
LYS 237 10.40 10.59 10.31 11.58 11 10.87 0.55
GLU 241 4.40 6.51 3.73 3.04 3.5 4.20 1.57
LYS 244 10.40 9.94 10.39 10.71 10.5 10.39 0.32
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ASP 247 4.00 4.16 4.51 3.84 3 3.88 0.65
LYS 252 10.40 10.24 11.41 14.28 - 11.98 2.08
LYS 253 10.40 10.18 10.73 10.93 11 10.71 0.37
GLU 256 4.40 6.09 3.71 3.47 1 3.57 2.08
ARG 262 12.00 7.80 12.39 18.12 - 12.77 5.17
GLU 264 4.40 5.88 2.88 0.00 - 2.92 2.94
TYR 265 9.60 19.09 14.03 19.77 12 16.22 3.81
ARG 268 12.00 11.07 13.80 16.81 - 13.90 2.87
ASP 270 4.00 5.29 1.84 0.61 1 2.19 2.13
GLU 278 4.40 5.90 4.13 2.61 1 341 2.09
TYR 280 9.60 13.97 11.53 13.04 12 12.64 1.09
GLU 281 4.40 448 4.11 3.98 3.5 4.02 0.41
LYS 282 10.40 9.89 10.53 11.10 11 10.63 0.55
GLU 284 440  4.50 3.98 3.67 3.5 3.91 0.44
ASP 295 4.00 3.80 2.39 1.50 1 2.17 1.23
LYS 296 10.40 6.63 10.74 11.31 12 10.17 2.42
GLU 297 440  4.60 4.52 3.85 2.5 3.87 0.97
HIS 298 6.60 4.74 7.33 7.92 - 6.67 1.69
LYS 301 10.40 10.20 10.61 11.69 11 10.87 0.63
GLU 304 4.40 4.6l 4.91 4.86 3.5 4.47 0.66
GLU 305 4.40 5.22 4.55 4.65 3.5 4.48 0.72
LYS 309 10.40 7.83 3.31 9.87 9.5 7.63 3.01

Table C2 Apo hFbpA pKa calculations

pKa values calculated for ID9V by various methodologies. Ionic strength is set to 150 mM,
external and internal dielectric constants are 80 and 10, respectively.

residue residue model H++ propka PKd PHEMTO Average std dev

type index pKa 3.1

values

(H++)
TYR 5 9.60 10.21 11.50 15.76 4.50 10.49 4.65
HIS 9 6.60 1.17 6.96 0.76 - 2.96 3.47
LYS 10 10.40 9.83 10.30 10.41 10.50 10.26 0.30
GLU 11 4.40 5.15 4.05 4.03 4.00 4.31 0.56
LYS 18 10.40 9.87 10.48 10.69 10.00 10.26 0.39
GLU 21 4.40 5.64 3.56 3.62 2.50 3.83 1.31
GLU 23 4.40 4.57 4.47 4.29 3.00 4.08 0.73
LYS 27 10.40 9.85 10.67 11.47 11.00 10.75 0.68
LYS 34 10.40 9.39 10.32 10.74 10.50 10.24 0.59
GLU 36 4.40 3.44 6.34 2.81 3.00 3.90 1.65
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LYS 43 10.40 7.57 11.51 9.61 10.00 9.67 1.62
GLU 44 4.40 4.51 4.65 5.02 3.50 4.42 0.65
GLU 45 4.40 0.86 3.24 3.12 4.50 2.93 1.52
ASP 47 4.00 5.21 3.07 2.74 1.50 3.13 1.54
LYS 48 10.40  10.20 11.25 11.61 11.50 11.14 0.64
ASP 52 4.00 2.20 3.49 1.76 5.00 3.11 1.46
TYR 55 9.60 12.82 13.45 13.36 11.50 12.78 0.90
GLU 57 4.40 2.94 1.63 1.39 1.50 1.87 0.72
ASP 64 4.00 3.81 2.24 1.88 1.50 2.36 1.01
GLU 67 4.40 4.57 4.70 4.27 3.50 4.26 0.54
GLU 76 4.40 4.81 3.50 3.23 2.50 3.51 0.96
LYS 85 10.40 10.49 10.31 10.83 10.50 10.53 0.22
LYS 92 10.40 9.94 10.42 12.46 10.00 10.70 1.19
LYS 93 10.40 8.98 10.82 10.76 11.00 10.39 0.94
ASP 94 4.00 4.14 4.07 3.71 2.50 3.60 0.76
ARG 101 12.00 9.87 15.43 0.00 - 8.43 7.81
ARG 103 12.00 8.24 9.79 18.35 13.00 12.35 4.47
TYR 107 9.60 13.17 11.23 13.76 12.00 12.54 1.14
ASP 108 4.00 3.85 3.05 3.14 3.00 3.26 0.40
HID 109 7.00 6.31 6.34 6.38 4.00 5.76 1.17
LYS 111 10.40  10.10 10.44 11.73 10.50 10.69 0.71
GLU 114 4.40 4.63 4.69 3.20 2.50 3.75 1.08
LYS 115 10.40 10.42 10.42 10.71 10.50 10.51 0.14
ASP 116 4.00 4.39 2.47 3.71 3.00 3.39 0.84
GLU 118 4.40 4.32 3.51 3.94 4.50 4.07 0.44
LYS 119 10.40 9.98 10.47 11.27 11.00 10.68 0.57
ASP 123 4.00 391 4.63 3.16 2.50 3.55 0.92
TYR 124 9.60 15.71 13.33 0.00 13.00 10.51 7.11
LYS 128 10.40 9.00 11.49 10.37 10.00 10.21 1.03
LYS 130 10.40 10.69 10.29 10.93 10.00 10.48 0.41
LYS 132 10.40  10.40 10.26 11.26 10.50 10.61 0.45
TYR 135 9.60 1298 11.73 12.63 11.00 12.08 0.89
GLU 144 4.40 4.76 6.37 0.98 2.50 3.65 2.39
LYS 151 10.40 9.30 10.56 15.89 - 11.91 3.50
LYS 153 10.40 9.70 10.43 10.50 10.00 10.16 0.38
ASP 155 4.00 2.35 2.49 1.12 1.00 1.74 0.79
LYS 156 10.40  10.27 10.46 10.52 10.50 10.44 0.12
LYS 163 10.40 8.63 10.39 9.02 9.00 9.26 0.77
LYS 166 10.40 10.54 10.42 11.18 10.50 10.66 0.35
GLU 167 4.40 4.86 4.49 4.24 3.00 4.15 0.81
LYS 170 10.40 9.73 10.52 10.74 10.50 10.37 0.44
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TYR 172 9.60 13.84 12.51 12.31 11.50 12.54 0.97
LYS 174 10.40 9.34 10.06 10.14 10.00 9.89 0.37
GLU 183 4.40 2.30 3.50 0.00 2.00 1.95 1.45
GLU 186 4.40 4.88 3.84 4.07 3.00 3.95 0.77
TYR 195 9.60 9.90 - 10.33 12.00 10.75 1.11
TYR 196 9.60 9.08 13.52 7.18 10.50 10.07 2.67
TYR 198 9.60 12.38 11.70 11.21 12.00 11.82 0.49
LYS 202 10.40 9.95 10.46 10.44 9.50 10.09 0.46
GLU 203 4.40 4.49 4.68 3.56 2.50 3.81 1.00
LYS 204 10.40 9.76 10.44 11.07 11.00 10.57 0.61
GLU 207 4.40 5.07 4.25 3.97 3.00 4.07 0.86
LYS 210 10.40  10.02 10.58 13.24 11.00 11.21 1.41
ARG 212 12.00 12.20 11.76 16.85 - 13.60 2.82
TYR 214 9.60 14.61 11.45 15.36 13.00 13.60 1.74
ARG 217 12.00 10.87 13.15 18.31 - 14.11 3.81
HIS 218 6.60 6.44 6.41 6.77 5.00 6.15 0.79
ASP 220 4.00 1.29 3.71 1.16 3.50 2.41 1.38
TYR 227 9.60 13.50 14.18 18.23 - 15.30 2.56
LYS 234 10.40  10.35 9.98 10.87 10.00 10.30 0.42
LYS 237 10.40  10.89 10.31 11.31 11.00 10.88 0.42
GLU 241 4.40 6.86 3.73 2.89 3.50 4.24 1.78
LYS 244 10.40 10.21 10.39 10.96 11.00 10.64 0.40
ASP 247 4.00 4.95 4.51 4.80 4.50 4.69 0.22
LYS 252 10.40 9.95 11.41 12.77 12.50 11.66 1.28
LYS 253 10.40 9.77 10.73 10.70 10.50 10.43 0.45
GLU 256 4.40 6.05 3.71 3.53 2.00 3.82 1.67
ARG 262 12.00 9.01 12.39 16.64 - 12.68 3.82
GLU 264 4.40 4.63 2.88 0.00 3.50 2.75 1.97
TYR 265 9.60 15.01 14.03 19.27 12.00 15.08 3.06
ARG 268 12.00 11.38 13.80 16.25 - 13.81 2.43
ASP 270 4.00 5.15 1.84 1.21 1.00 2.30 1.93
GLU 278 4.40 7.21 4.13 2.26 2.00 3.90 2.40
TYR 280 9.60 16.32 11.53 14.80 12.00 13.66 2.29
GLU 281 4.40 4.78 4.11 4.04 3.00 3.98 0.74
LYS 282 10.40 10.21 10.53 11.20 11.00 10.74 0.45
GLU 284 4.40 5.63 3.98 3.22 3.50 4.08 1.08
ASP 295 4.00 5.09 2.39 1.00 - 2.83 2.08
LYS 296 10.40 8.39 10.74 12.16 11.50 10.70 1.64
GLU 297 4.40 4.52 4.52 4.07 3.50 4.15 0.48
HIS 298 6.60 4.98 7.33 5.28 5.50 5.77 1.06
LYS 301 10.40 9.76 10.61 11.10 10.50 10.49 0.55
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GLU 304 4.40 4.93 4.91 3.50 2.00 3.84 1.40
GLU 305 4.40 4.88 4.55 4.24 3.00 4.17 0.82
LYS 309 10.40 8.95 9.53 11.03 11.50 10.25 1.21
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