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OZET

Arayiiz Ortaminda Mantar Hidrofobin RodA Davramsimin Karsilastirmal

Molekiiler Dinamik Analizi

Aspergillus fumigatus firsat¢i bir insan patojenidir ve bagisiklik yetersizligi olan
konakgilarda ciddi solunum yolu hastaliklarina neden olur. Enfeksiyona eseysiz
sporlar (konidia) aracilik eder ve konidia yiizeyi hidrofobin ad1 verilen 6zel amfipatik
proteinlerle kaplidir. Bu proteinler, hiicre duvari bilesenlerini, 6zellikle de patojene
kars1 bagisiklik tepkisini tetikleyen polisakkaritleri maskeler. A. fumigatus Sinif I
RodA hidrofobini, g¢ubuksu yapilarinin paralel diizenlenmesinden kaynaklanan
karakteristik bir morfolojiye sahip, olduk¢a diizenli amfipatik katmanlar halinde
birlesir. Cubuklar, ndrodejeneratif ve metabolik hastaliklara neden olan amiloid
proteinlere benzer sekilde B-yapraklari agisindan zengin amiloid benzeri yapilardan
olusur. Ayrica, hidrofobinler hidrofilik/hidrofobik arayiizlerde katmanlar olusturabilir.
Ayni smiftaki hidrofobinler benzer morfolojik karaktere sahip katmanlar halinde
diizenlense de kendiliginden diizenlenmede gorev alan yapisal bolgeler degisiklik
gostermektedir. RodA hidrofobininin kendiliginden diizenlenmesindeki kilit bolgeler
ve katmanlarin olas1 yapi taslart daha Onceki galismalarda Onerilmistir. Bununla
birlikte, kendiliginden diizenlenme mekanizmalarmin atomik detaylar1 heniiz
bilinmemektedir. Bu tezde, kendiliginden diizenlenmenin ilk adimlar1 hakkinda fikir
edinmek i¢in hava/su arayiizlerinde tiim atom MD simiilasyonlar1 gergeklestirilmistir.
Diizenlenmeyi hizlandirmak ve periyodik resimlerle etkilesimi engellemek icin su
kutularinin  kenarlarmma yakin su molekiillerine kismi konum kisitlamalar
uygulanmistir. Kiimelenme davraniginin biiyiik 6l¢iide ilk yonelimlere bagli oldugu
gozlemlenmistir ve hem L2 hem de L3 dongiilerinin arayiiziide havaya dogru donerek
iist liste binmekten ziyade yan yana hizalandig1 bir kendiliginden diizenlenme modeli

Onerilmistir.

Anahtar Sozciikler: Aspergillus fumigatus, Kendiliginden diizenlenme, RodA,

Arayliz, Molekiiler dinamik simulasyonlari



ABSTRACT

Comparative Molecular Dynamics Analysis of a Fungal Hydrophobin RodA

Behavior at Interfacial Environment

Aspergillus fumigatus is an opportunistic human pathogen and causes severe
respiratory diseases in immune-deficient hosts. The infection is mediated by the
asexual spores (conidia) and the surface of the conidia is covered with special
amphipathic proteins called hydrophobins. These proteins mask the cell wall
components, especially polysaccharides that trigger an immune response against the
pathogen. Class | RodA hydrophobin from A. fumigatus assembles into highly ordered
amphipathic layers with a characteristic morphology resulting from the parallel
arrangement of rodlet structures. The rodlets consist of amyloid-like structures rich in
[-sheets as a similar amyloid aggregate of proteins resulted in neurodegenerative and
metabolic  diseases.  Furthermore, hydrophobins can form layers at
hydrophilic/hydrophobic interfaces. Although hydrophobins form the same classes
assembled into layers with similar morphological character, the structural regions
involve in the self-assembly vary. The key regions in RodA hydrophobin self-
assembly and the possible building units of the layers were already proposed in earlier
studies. However, the atomic details of the self-assembling mechanism are not known
yet. In this thesis, all-atom MD simulations were performed at air/water interface to
get insight into the initial steps of self-assembly. Partial positional restraints on the
water molecules near the edges of water boxes to fasten aggregation and prevent
interactions with periodic images. It is observed that clustering behavior highly
depends on initial orientations, and a self-assembly model is suggested in which both
L2 and L3 loops are aligned side-by-side rather than overlapping, turning air at the

interface.

Keywords: Aspergillus fumigatus, Self-assembly, RodA, Interface, Molecular

dynamics simulations



1 INTRODUCTION AND AIM

Hydrophobins are small, secreted proteins produced by filamentous fungi to
function in varied roles and conditions in the life cycle of the organism. Reducing the
surface tension of the liquid environment, attaching to the host surface, protecting the
surface of the organism from the physical and chemical treats are some of the functions
of hydrophobins (1-3). Hydrophobins are grouped into two classes based on the
distribution of the hydrophobic residues across the protein sequence and behaviors of
the proteins in the aqueous environment. Both monomeric and multimeric structural
states of these proteins were found on the surface aerial structures of fungi and in the
growth medium (1). The assembled structures may have different levels of strength
and forms depending on the hydrophobin class. Furthermore, the assembling behavior
of the hydrophobins can be varied depending on the surfaces that they interact. After
secretion to the extracellular environment, hydrophobins may exist in different
structural forms (e.g., monomeric, dimeric, and tetrameric) based on the protein

concentration, pH and temperature. (4).

Including RodA, Class | hydrophobins assembles into highly ordered and stable
layers on the aerial structures, such as conidia (asexual spores), aerial hyphae and/or
fruiting bodies depending on the role of the hydrophobin in growth or reproduction
(1). In several studies, it was shown that these layers consist of parallel rodlets which
are rich in f-sheet structures. Furthermore, increase in this secondary structural content
was also detected in the assembled structures at hydrophilic/hydrophobic interfaces
(Figure 1) (5-12). In most cases of the Class | assembly, these interfacial environments
were found to be necessary in layer formation. It was strongly suggested that the
interfaces trigger the conformational changes in some hydrophobins by exposing the
aggregation-prone regions located mostly on the loop regions. It is important to note
that the loop responsible for self-assembly may differ between hydrophobins (12-15).
On the other hand, Class Il hydrophobins are able to form porous amphipathic
monolayers at hydrophilic/hydrophobic interfaces. The monolayers of this class
consist of repeating hexameric units of hydrophobin multimers that oligomerized

without significant conformational rearrangements (16-20).



A. fumigatus is a filamentous fungus known as one of the opportunistic human
pathogens. It produces conidia in its life cycle to reproduce. Mostly, inhaled conidia
of the pathogen are eliminated by innate immune system of healthy individuals.
However, in the patients with existing lung conditions or immunodeficiency, A.
fumigatus can cause serious respiratory conditions and in some cases even death (21—
23). The cell wall of the conidia is rich in a- and B- glucans that induce immune
response of the host. However, the outer surface of the conidia is covered by the Class
I RodA hydrophobins which form amphipathic rodlet layers that mask the pathogen
glucans against immune recognition and response similar to a Trojan horse (Figure 1)
(11,24). This was one of the earliest functions associated with these multifaceted

proteins during human infection.

& A d
%
Water

Figure 1. Schematic representation of RodA self-assembly on the surface of A.
fumigatus conidia and at air/water interface. The hydrophilic and hydrophobic face of
the RodA rodlet layer were shown as blue and red circles, respectively. Hydrophobic
patches and charged residues were depicted as red and blue surfaces on RodA
monomer. A representative mycelium and secreted RodA monomers were shown in
water. The figure is modified from the study of Wasten and Scholtmeijer (25).

As with Class | hydrophobins, other proteins may also form amyloid aggregates
to varying degrees and shapes with a core structure rich in f-sheets and ability to bind
amyloid-binding dyes (e.g., thioflavin T (ThT)). These protein aggregates may have a
function similar to hydrophobins or may result in pathogenic structures and cause

neurodegenerative or non-neurodegenerative diseases. For example, amyloid  peptide
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(AB), a-Synuclein and islet amyloid polypeptide are known to form amyloid fibrils
associated with Alzheimer’s and Parkinson’s diseases, and type Il diabetes,
respectively (26). Due to this similar protein aggregation behavior, finding clues about
the molecular mechanism of the self-assembly of hydrophobin layers and key
structural features playing a role in aggregation may deepen the understanding also

about the diseases caused by these types of protein aggregates.

To date, both Class | and Class Il hydrophobins have been studied by many
research groups to understand the self-assembly and surface adsorption behavior. All-
atom or coarse-grained models of monomeric hydrophobins were generated and full-
length folded, unfolded, truncated hydrophobins or only the loop regions that predicted
to play a role in surface adsorption or self-assembly was monitored in bulk solution
and at a wide range of hydrophobic/hydrophilic interfaces (7,13,19,24,27-32). The
length, thickness, and repeating units of the rodlet layers formed on the hydrophobic
surfaces or on conidia of several fungi were determined. Key protein sequence regions
were predicted and/or studied by using mutagenesis in several Class | hydrophobins
such as SC3, EAS, DewA, Vmh2, SC16 and RodA (11,14,27,33-35). A number of
self-assembly models in solution (SC3, MPG1) at hydrophilic/hydrophobic interface
(SC3, EAS, MPG1, SC16) or on conidia surface (RodA) were proposed for different
hydrophobins with the help of experimental data, bioinformatics predictions and/or by
considering  only  structural  resemblance  of these  key  regions
(13,15,24,27,28,33,35,36). Although similar morphology and secondary structural
content were observed, the region responsible for layer formation varies in Class I
hydrophobins. However, the molecular mechanisms of rodlet formation and self-
assembly of A. fumigatus RodA on conidia or at hydrophilic/hydrophobic interfacial
environments are not fully elucidated yet. In this thesis, to gain insight into the initial
steps of RodA self-assembly at air/water interfaces, all-atom Molecular Dynamics
(MD) simulations have been conducted to monitor the effect of number of monomers,
initial  monomer orientation dependent clustering behavior, intermolecular

interactions, and nonbonding interactions.



2 BACKGROUND

2.1 Functions of Hydrophobins

Filamentous fungi produce mash-like structures called mycelium by branching
cell wall-covered hyphae during the growth phase over different substrates. Aerial
hyphae may differentiate, and form varied types of structures at the tips
(sporangiophore, conidiophore, or oidiospores) or fruiting bodies containing spores to
employ in asexual and sexual reproduction, respectively. Ascomycetes mostly produce
conidia (asexual spores) on the tips of the branched structures (sterigmata) of aerial
hyphae unlike sporangium (sac-like structure at tips containing sporangiospores) of
Zygomycetes. On the other hand, fruiting bodies are mostly observed in
Basidiomycetes. Hydrophobin expression is observed in these fungal phyla in diverse
stages of the fungal life cycle to be employed in multiple functions. These special
proteins possess surface hydrophobicity and have been found to be significantly
expressed during the formation of aerial hyphae and detected on the hyphal cell walls
in addition to fruiting bodies and, in some cases, gas channels. Moreover, most
hydrophobins cover the surface of the conidia by forming amphipathic layers to ease
aerial dispersion and mask fungal cell wall components (a- and -glucans, chitins) that
trigger the host immune system, aggregate at air/water interface to reduce surface
tension for growth and mediate attachment to a plethora of surfaces (1,37).

SC3 hydrophobin from Schizophyllum commune is found to be expressed during
aerial hyphae formation (37,38). Aerial hyphae and fruiting bodies of S. commune was
shown to be covered with SC3 and the secreted hydrophobin also forms layers at the
air/water interface and facilitate attachment to diverse surfaces for fungal development
(1,37,39,40). The hydrophobin DewA from Aspergillus nidulans has been detected
only on conidia but there is no evidence of its existence as rodlets on the surface of
other fungal structures (41). EAS hydrophobin from Neurospora crassa, and MPG1
from Magnaporthe grisea were also found to cover the surface of conidia by forming
amphipathic layers (42,43). Class Il hydrophobins HFBI and HFBII have been found

in cell walls , on the spore surfaces of Trichoderma reesei and in the growth medium



(44). RODA gene have been found to be expressed before the conidia formation; the
transcript detected on the branches at the tips of conidiophores of A. nidulans and the

protein on the conidia forming rodlet layers on A. fumigatus (11,37,41).

Post-transcriptional modifications (glycosylation) or possible modification sites
on the protein sequence (for myristylation) were observed in SC3, SC16 and EAS,
respectively (5,35,45). It was proposed that glycosylation of SC3 play a role in solid
surface adsorption due to decrease in surface interaction after deglycosylation and a-
helical structure which forms after surface adsorption (5). Additionally, it was
hypothesized that addition of the lipids may play a role in the layer formation on the

surface of fungal structures (45).

In all fungi species that express hydrophobins, hydrophobin monomers are
secreted to the aqueous environment from the tips (apices) of the hyphae and aggregate
into layers at the medium/air interface and provide the fungus a way to branch through
hydrophobic environments by lowering the surface tension of the medium. As the
amphiphilic hydrophobins orient themselves, the hydrophobic surface of the layer
faces toward the environment and the hydrophilic side covers the hydrophilic cell wall
(1,37,45). Models have been proposed for aerial and hydrophobic growth of the
hyphae facilitated by the hydrophobin layers (46). According to the models concerning
aerial growth, growing hyphae may be covered with the preformed hydrophobin layer
when it reaches the air/water interface. The newly secreted hydrophobins extend this
layer resulting in full coverage of the hyphal surface or the hyphal surface exposed to
air lacking the hydrophobic character is subsequently filled with secreted
hydrophobins at the interface (1). After the initial attachment to a solid surface,
secreted hydrophobins from the tip of the hyphae may help the formation of a
continuous hydrophobin layer between the hyphae and the surface. In the case of the
presence of an agueous medium, secreted hydrophobins may self-assemble at the
hyphae/solid surface interface (maybe host surface) to facilitate growth without a need

for fully coated hyphae (37).



2.2 The Role of Hydrophobins in Fungal Pathogenesis

It has been demonstrated in previous studies that hydrophobins are implicated in
the hydrophobic interactions of fungal spores with animals and plants (37). Class I
hydrophobin MPG1 is produced by the rice plant pathogen M. grisea. The
hydrophobin was found to function in signaling the formation of infection structures
(appressoria). To introduce a signal for the development of appressorium in the fungi,
attachment to a host surface was determined to be required. The layer formation by
MPGL1 hydrophobin on the spore surface was suggested to facilitate this host-pathogen
interaction in addition to the role of preventing fungi become wet (15,43).

O. ulmi (non-aggressive) and O. novo-ulmi (aggressive) are the two members of
Ascomycota Ophiostoma and are known as pathogens of elm trees. Cerato-ulmin (CU)
is a Class 11 hydrophobin and was found to be expressed in spore formation and highly
correlated with aerial hyphae formation in these species (47). Although CU
hydrophobin was determined to be toxic for elm trees in early studies, it was observed
that even O. novo-ulmi lacks cu expression can cause pathogenicity. Targeted gene
disruption studies revealed that the virulence of O. novo-ulmi was not affected by the
absence of the cu gene products. Moreover, changing the production amount of CU in
nonaggressive fungi O. ulmi was found to have no significant effect on pathogenic
behavior. Therefore, it was proposed that CU is one of the virulence factors of these

pathogenic fungi (1,47).

2.3 The Role of RodA in Fungal Pathogenesis

Apart from plant infection, it is well known that various genera of fungi
(Aspergillus, Candida, Cryptococcus, and Pneumocystis) are human pathogens and
can cause severe diseases or even death by mostly infecting the lungs, skin, and brain.
Most fungi-related lung diseases, such as chronic pulmonary aspergillosis, resulted
from infection by the opportunistic pathogen Aspergillus fumigatus and Aspergillus
flavors of immune deficient and organ transplant patients and patients already suffered

from non-fungal lung diseases (asthma, chronic obstructive pulmonary disease) (48).



Hundreds of thousands of conidia are inhaled by humans throughout their lifetime.
However, most inhaled conidia of the pathogenic fungi are inactivated by the host
immune system, except for patients with the aforementioned conditions. In Aspergillus
species where RodA protein is produced, it is known that the hydrophobin self-
assemble on the conidia surface and form rodlet layers that completely covers the
surface and masks the cell wall components (polysaccharides). Single or multiple
cysteine residues were mutated individually or together, and the surface coverage
behavior of these mutants were monitored in the study of Valsecchi et al. The mutant
RodA hydrophobins were not detected among conidial components in the cytoplasm
by using antibodies. However, exposed pattern of cell wall polysaccharides of the
mutant conidia, although rodlets were not formed. In the case of RODA deletion, and
B-(1,3)-glucans were more exposed in contrary to wild type and cysteine mutants.
Conidia cell wall polysaccharides (a-(1,3)-glucans and -(1,3)-glucans) were found to
be able to induce an immune response and cytokine secretion by differently affecting
the level of dendritic cell activation due to dissociated (during germination) or
disrupted RodA rodlet layers (49).Recently, RodA was found to interact with a
component of the humoral immune system. The C3 protein of the humoral immune
system was directly involved in the immune response to conidia and the activation of
the C3 protein was observed after interaction of the protein with RodA in addition to
B-(1,3)-glucans and galactomannan. The inactivation of the pathogen by the immune
system was facilitated by the phagocytosis of the conidia. The activated C3 interacts
with the CR3 and CR4 receptors which are employed in the phagocytosis. The
inactivation of these receptors was found to affect the killing process of the conidia

negatively (3).

2.4 Properties of Hydrophobin Structures

Fungal hydrophobins have less than 20 kDa molecular weight (2). The hydropathy
pattern (Figure 2) and solubility of the hydrophobins divide the proteins into two
classes. Ascomycetes produce only Class | unlike Basidiomycetes, which species
express both Class I and Class Il hydrophobins (1). Although the general fold is similar

among hydrophobins, the amino acid sequences varied especially between eight



conserved cysteine residues. These sequence regions between the third and fourth (C3-
C4), fourth and fifth (C4-C5), and seventh and eighth (C7-C8) cysteine residues were
usually named L1, L2, and L3 loops, respectively, for simplicity in most studies
(14,34). However, the sequence divergence is less significant within the loops of Class
I1 hydrophobins (Figure 3) (45). Eight cysteine residues in the hydrophobin sequence
form disulfide bridges in a specific pattern observed among all hydrophobins and two
of these linkages are observed between core B-strands in both classes (Figure 4) (36).
The cysteine pairs form disulfide bonds as follows: C1-C6, C2-C5, C3-C4, and C7-C8
(11). The core of the hydrophobin structure consists of characteristic four p-strands
which are supported by these disulfide bonds (2,36). Negatively charged residues are
dominant in the hydrophobins (NC2, DewA, EAS, MPG1 and RodA), and most of the

charged residues in the hydrophobins are located on a single surface, except and SC16.

SC3 EAS RodA

ropathy

Class I
Hydropathy

_ Hydropathy
Hyd

HFBI HFBII NC2

Hydrepathy
Hydre

Class IT

Residue : B Residue Residue

Figure 2. Scaled hydropathy plots of representative hydrophobins. Class | SC3
(Uniprot ID: P16933), EAS (Uniprot ID: Q04571), RodA (Uniprot ID: BOY4B1) and
Class 11 HFBI (Uniprot ID: P52754), HFBII (Uniprot ID: P79073) and NC2 (Uniprot
ID: Q7S3P5) were plotted. Plots was generated by using Bioconductor by setting
window size 9. Dashed line depicts the average value.
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Figure 3. Multiple sequence alignment of Class | and Class Il hydrophobins.
Representative hydrophobins mentioned in this thesis were selected to show the
differences between two classes. Class | SC3 (Uniprot ID: P16933), EAS (Uniprot ID:
Q04571), DewA (Uniprot ID: P52750), RodA (Uniprot ID: BOY4B1) and Class 1l
HFBI (Uniprot ID: P52754), HFBII (Uniprot ID: P79073), CU (Uniprot ID: Q06153)
and NC2 (Uniprot ID: Q7S3P5) were aligned. Alignment was performed by using
MEGAZ11 (50). The pattern of the disulfide bonds was shown, and conserved cysteine
residues were colored in yellow by using UGENE version 40.1 (51) as in the study of
Sunde et al. (52).

The NMR solution structure of EAS hydrophobin contains two unstructured loops
(L1 and L3) and a shorter L2 loop (Figure 4). The core and L1 loop are determined to
be significantly hydrophobic. Two significant hydrophobic and hydrophilic surfaces
were observed. The charged residues are mostly concentrated on a face making it
hydrophilic (36). In the structure of DewA, L1 and L2 loops contain secondary
structural elements (two helices in L1 and a B-sheet and a small helix in L2) and L3
loop is shorter than these two loops and does not form any ordered structure (Figure
4). The charged residues are in proximity to each other forming the hydrophilic face
of the hydrophobin (14). Unlike other Class | hydrophobins mentioned in this thesis,
the core of the MPG1 hydrophobin consists of an open B-barrel of four B-strands. The
hydrophobic and hydrophilic surfaces can easily be observable on the protein surface.
A large portion of L1 loop is determined to be flexible (15). The longest loop is L1
loop in SC16 and the helical structure is located at the center of the loop. The
hydrophobic region of SC16 is found to be buried between the central $-barrel and L1
loop. The surface of the protein is covered with many charged residues in addition to

polar, uncharged residues (Figure 4) (35).

Class Il hydrophobins also have B-sheets at their center, but loop regions are
significantly shorter (Figure 4). The hydrophobic patches of HFBI and HFBII consist
of residues from both L1 and L3 and most of these loops are the strands of the B-core
and B-hairpins (53,54). As in MPG1, NC2 has a -sheet at its core in an open form. L1
and L3 loops are unstructured, unlike L2 loop. A small number of residues from N-

11



termini, C1-C2 region, L2 and L3 loops all contributed to the hydrophobic surface of
the hydrophobin (18).

EAS DewA MPG1 SCle RodA

Figure 4. 3D structures of representative Class | and Class Il hydrophobins. Class |
EAS (PDB ID: 2FMC), DewA (PDB ID: 2LSH), MPG1 (PDB ID: 2N40), SC16 (PDB
ID: 7S86), RodA (PDB ID: 6GCJ), and Class Il HFBI (PDB ID: 2FZ6), HFBII (PDB
ID: 2B97), NC2 (PDB ID: 4A0G) were visualized. L1, L2 and L3 loops and disulfide
bonds were colored in cyan, green, red, and yellow, respectively. For RodA, Regions
L99-Q104 and N66-Y70 were not considered as L1 loop since these regions form part
of the central B-sheet. Hydrophobin conformations were visualized by using ChimeraX
version 1.4 (55).

An intermediate class of hydrophobins was identified in addition to Class | and
Class 11 hydrophobins. Currently, the knowledge about these Class 111 hydrophobins
is that they also have characteristic cysteine residues, but the distinct hydrophobic

patches observed in Class | and 11 are not detected in Class Il (11).

The NMR solution structure of RodA lacking N-terminal (residue positions 1-38)
was determined in 2019 (11). The core of the monomeric hydrophobin consists of [3-
strands which form a closed barrel-like structure as already seen in other
hydrophobins. Helical structures with varied sizes are adopted in L1 loop, after the C-
terminal of L2 loop, the region near the first cysteine, and the C-terminal of the
monomer (Figure 4). Two disulfide bonds stabilize the B-barrel and others are formed
between the barrel to the first cysteine positioned on the C-terminal of a helical
structure and to the cysteine positioned on the other helix at the C-terminal of L2 loop.

In NMR measurements, significant portions of the loop regions between cysteine

12



residues were found to be dynamic, especially L2 and L3 loops. Hydrophobic sequence
regions were observed in the loops L2 (114-120) and L3 (136-148). The hydrophobin
surface is simply divided into two: (1) a hydrophobic surface that contains L2 and L3
loops and charged residues that neutralize each other in addition to a few isolated
positively charged residues and (2) a surface with the dominance of negatively charged
residues. The total number of charged residues in full length RodA was significantly
high (ASP:10, LYS:8, GLU:3, ARG:1) compared to the other hydrophobins
mentioned in this study (Figure 4) (11).

25 Self-Assembly and Layer Formation

Hydrophobin layers were found to be formed on the spores of Ascomycetes,
Basidiomycetes, and Zygomycetes. Hyphae of the fungi are also covered with these
layers except the species from Ascomycetes (37). Both Class | and Class Il
hydrophobins form amphipathic layers in varied forms and sizes on the surfaces of
aerial structures of fungi and at hydrophilic/hydrophobic surfaces. In Class I, B-sheet
rich amyloid-like amphipathic rodlet layers are formed by mostly less ordered soluble
hydrophobins after conformational changes. These highly stable layers can only
dissolve in strong acids (formic acid, trifluoroacetic acid) by the disruption of
hydrophobic interactions. On the other hand, Class Il hydrophobins do not assemble
into rodlets, and layers of this class can be solved in organic solvents and detergents
(2,45).

The self-assembly behavior of the hydrophobins has been observed firstly in the
studies carried out with purified Class | hydrophobin SC3 (45). It was observed that
the interaction of SC3 with air/water, oil/water, and solid hydrophobic surface/water
interfaces resulted in the formation of layers of rodlet which have similar morphology
to amyloid fibrils (9,45,56). Highly ordered amphipathic rodlet structures after
conformational changes at the air/water interface and solid surfaces were observed and
the thickness of layers and the distance between individual rodlets were measured as
10 nm (5,28,57). It was proposed that SC3 self-assemble into multilayers on solid

surfaces (5) and non-covalent interactions (most probably hydrophobic interactions)

13



proposed to play a role in these hydrophobin layers (28,57). In addition, SC3 layers
with varied permeability degrees were obtained and this behavior is related to the

morphology of the layers in different hydrophobin concentrations (56).

SC3 is found to be present in the aqueous environment as monomers, dimers, and
tetramers or higher state oligomers (nanorods) in solution depending on the pH, ion,
and protein concentrations. It was claimed that dimers further aggregated and resulted
in longer oligomers (10,28,30). Basic pH and low protein concentration provide an
environment for SC3 to assemble in solution (10) and the hydrophobin was found to
be unassembled at the interface if the protein concentration is below 3.7 g/mL (28). It
was proposed that the solubility of the monomeric protein is provided by
intermolecular disulfide bonds (58). In the study of Scholtmeijer et al., it was claimed
that some cell wall components, especially B-glucans, secreted into the aqueous
environment and facilitate spontaneous hydrophobin assembly at both air/water and

hydrophobic solid surface/water interfaces (30).

The secondary structural change adopted by SC3 monomers differs depending on
the adsorbed interface and surface hydrophobicity affects the degree of hydrophobin
self-assembly (30,39). The intermediate a-helical state is dominant on the solid
hydrophobic surface, unlike air/water interfaces where [B-sheet content is observed to
increase progressively in time due to 3-sheet stacking (detected with ThT and Congo
red which binds only these structures) after initial helical structure formed (5,9,56).
Additional chemical treatment is required for this intermediate conformational state to
reach the final B-sheet rich structure (6). In addition, MD simulation studies performed
to monitor the adsorption behavior of both unfolded and homology model of SC3,
which was predicted by using experimentally solved structure of HFBII, supported the
results that increased B-sheet structures formed in SC3 at the hydrophilic/hydrophobic
interfaces (7,27).

It was suggested that the L1 loop (C3-C4) of SC3 is responsible for the surface
adsorption and was found to bind Teflon with high affinity, despite the loop was also

proposed in the MD simulation studies to be at the protein-protein interface of dimeric
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hydrophobin in solution (27,59). At the interface MD simulations, a portion of L1 loop
was used to monitor dimerization. However, the dimer dissociated after hydrophobin

adsorption to a solid surface (27).

SC16 from S. commune was also determined to be a Class | hydrophobin and
requires a hydrophobic/hydrophilic interface to self-assemble and probably form
monolayers since the height of the layer was measured as ~2 nm (35,60). The L1 loop
is predicted as an amyloidogenic region by a prediction algorithm and a possible

conformational change was suggested prior to oligomerization (35).

EAS hydrophobin is monomeric in solution due to highly disordered L1 loops
(12,29). Coarse-grained MD simulations reached ps long simulation time performed
with different lengths of multiple monomeric hydrophobins, in which the L1 loop was
shortened or completely deleted. Replica Exchange MD simulations (REMD) showed
that relatively large L1 loop provided solubility to the hydrophobin in varied
temperature conditions. EAS aggregation favored lower temperatures (29). As in all
Class | hydrophobins, it was shown with spectroscopy measurements, and staining
methods that B-sheet structures increased in EAS rodlets as in amyloid fibers and
hydrophobic/hydrophilic interface mediates rodlet formation (8,12,36). Unlike SC3, it
was observed both in experimental studies and solution and air/water interface MD
simulations performed with full length EAS and shortened L1 loop (15 amino acids)
that the loop was not a crucial player for rodlet formation and adsorption to surfaces
and it was proposed that it may involve in lateral interactions (8,36). Moreover,
surface adsorption of EAS monomer was studied by using all-atom MD simulations,
and it was observed that there were hydrogen bonding interactions between L1 and L3
loops, and water-mediated adsorption to a solid surface through the L1 loop made L3
loop available for hydrophobin self-assembly (4). The first model was proposed for
the EAS rodlet formation at the air/water interface. It was claimed that $-barrels form
the core of the rodlets by getting arranged in an order in which hydrogen bonds formed
between adjacent B-barrels of monomers and the hydrophobic surface of the monomers
faces towards air as hydrophilic (charged) surface is oriented to water (36). However,

studies conducted with mutated EAS hydrophobin revealed that a portion of the L3
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loop is crucial in hydrophobin self-assembly where it forms amyloid-like -cores of
the EAS rodlets. It was claimed that L3 loops stacked in antiparallel monomers to
avoid steric clashes in the EAS oligomer. A model of EAS oligomerization was
generated by using molecular docking techniques (33). Additionally, a three-level
layer formation model was suggested by Morris et al. in which conformational changes
are required after adsorption to the surface to increase intermolecular interactions and
form a highly ordered B-sheet-rich layer. Protein concentration does not affect the self-
assembly of EAS; there was no higher state EAS hydrophobins observed in the
solution other than monomers despite higher concentrations. On the other hand, EAS
aggregation and layer formation are observed to be negatively affected in varied

solvent conditions that decrease surface tension (13).

The self-assembly of Class | DewA is also mediated by hydrophilic/hydrophobic
interfaces. In solution, DewA was found to be dimerized in high concentrations.
However, there were two different monomer conformations observed for DewA in
which N-terminal and L1 loop adopt different structural states and only one of them
was able to form dimers. It was demonstrated that both monomer conformations can
form rodlet layers in a range of hydrophilic/hydrophobic interfaces. The key region(s)
responsible for the self-assembly is not experimentally determined yet but, predicted
as a portion of the L2 loop (K69-V82) by prediction algorithms and claimed that the
L2 loop extends and forms B-sheets as in the case of the L3 loop of EAS (14).

In the studies conducted with Vmh2 regarding hydrophobin self-assembly, it was
concluded that a hydrophobic/hydrophilic interface is not necessary to form amyloid-
like structures. By using dynamic light scattering (DLS) and transmission electron
microscopy (TEM), it was observed that, at neutral pH, the protein formed oligomers
with different lengths and short but thicker structures varying depending on
hydrophobin concentration. The presence of ions (Ca?*) and temperature increase have
a positive effect on Vmh2 self-assembly. It was claimed that the L1 loop is destabilized
by various factors (pH, ion), and this conformational change expose the initiation point
of self-assembly. Additionally, it was observed that B-sheet rich structures were

formed over time, independent of the hydrophobic/hydrophilic interface, and the
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Vmh2 hydrophobin, unlike other Class | hydrophobins, showed a twisting behavior
similar to other amyloid structures (34,61). A model of Vmh2 oligomer that was
suggested to form at the air/water interface was predicted by molecular docking with

the guidance of the earlier study of Macindoe et al. for EAS oligomerization (33,34).

As in the case of most Class | hydrophobins, a hydrophobic/hydrophilic interface
is necessary for MPG1 to form rodlets. Atomic force microscopy (AFM)
measurements of dried hydrophobin on highly ordered pyrolytic graphite (HOPG)
revealed that rodlet layers with ~2.5-15 nm thickness formed on the surface. A model
for self-assembly at the air/water interface is suggested. In this model, MPG1
monomers were claimed to be more compact in solution, and adsorption to the
air/water interface provides a way for hydrophobin to adopt an elongated structure.
After the incorporation of the monomer into the preformed oligomer, a second
conformational rearrangement occurs to form a proper fibril-like structure. L3 loop
was proposed to be the region responsible for the amyloid formation in the rodlets

since its conformation was found to be similar to the L3 loop in EAS oligomer (15).

Models for HFBI and HFBII hydrophobin films were proposed by using
molecular docking methods with the help of electron microscopy (EM) measurements
(19). It was determined that these hydrophobins form ordered porous monolayers at
the air/water interface and the subunits of these layers were proposed to be
symmetrical hexametric structures (16,17,19). There was no difference observed
between the solution and at water/octane or air/water interface structures of the
hydrophobin monomer (31,62). Tetrameric structures were observed in high protein
concentrations in solution. Oligomer size decreases in low protein concentrations and
both monomers and dimers are presented in solution (16,62—64). Brownian dynamics
simulations were performed with a large amount of HFBI by neglecting the
hydrophobin-water interactions (using implicit solvent) and ps long simulation
trajectories were generated. Non-polar interactions mediated tetramer formation was
observed. Hydrophobic surfaces of HFBI were found to be located at the interface of
the hydrophobin tetramers (32). Although the hydrophobic surface was also found to

be buried in the oligomers of HFBII, it was proposed that these surfaces probably face
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toward the air at the air/water interface to form an amphipathic layer (65). Coarse-
grained representation of HFBII with varied particle properties (hydrophilic,
hydrophobic, or uniform) leads to getting an insight into the role of the hydrophobicity
pattern of protein surface in surface adsorption (31). Site-directed mutagenesis on the
charged residues of HFBI revealed that these residues involved in oligomerization and
interaction with both solid and liquid surfaces. It was shown that each substitution,
somehow, affected a function of this multifunctional hydrophobin (66). In recent
studies, mutations introduced in the cysteine residues were found to result in the
disruption of the integrity of the hydrophobic patch of HFBI and affect the protein self-
assembly both at the interface and in solution negatively (67,68). The aggregation
mechanism of HFBI and HFBII hydrophobins at the interface (water/air) has been
investigated with the help of mutations introduced in the charged residue side chains.
In this study, it was concluded that side-to-side interactions of proteins are effective
players in self-assembly at the interface and the rate may vary according to

electrostatic interactions (69).

Monolayer formation of Class Il NC2 from N. crassa on the hydrophobic surface
was determined. These monolayers were found to resemble HFBI and HFBII layers
which show a layered morphology formed by hexamers (18). MD simulations and
molecular docking performed with NC2 have shown that the hydrophobin was highly
surface active and the building block of the monomeric layer was hexamer units. L3
loop was suggested to be positioned at the hydrophobin-hydrophobin interface in the
layers (20). Unlike HFBI and HFBII, the hydrophobin was found to be monomeric in
solution (18).

On the conidia surface, RodA hydrophobins were detected as ordered multilayers
with the help of TEM and AFM measurements. These layers were proposed to be
constructed from bilayers (~5 nm) and these bilayers contain parallel rodlets of four
RodA monomers. In solution, it was suggested that oligomers of RodA (most probably
dimers formed by stacked B-sheets) may also form as SC3, and these oligomers may
be the building blocks of the parallel rodlets (The average distance between two rodlets

was measured as 11 nm) which are progressively formed through the overlap of the
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first and second monolayer in the final bilayer on a conidium. It was proposed that
hydrophilic surface of the monomers in layers was buried in the inner part of the
bilayers since the outer surface of the rodlet layers on the conidia was found to be
hydrophobic. In this case, RodA in the inner first monolayer also pointing its
hydrophobic surface to conidia cell wall and non-bonded interactions was claimed to
occur between hydrophobin residues and cell wall components (24).

The AFM method was used in an attempt to image nanodomain formations in the
rodlet layers on the A. fumigatus conidia. A significant angle was observed to present
between parallel rodlets of two adjacent domains. The reason for nanodomain
formation was claimed to be resulted from the water layers trapped between
nanodomains and negatively charged residues on the previously formed layers on the
conidia surface. Monte Carlo simulations were conducted to understand the
mechanism of the coverage of the conidia surface as a single RodA layer by permitting

only side-to-side arrangements of the hydrophobin oligomers on 2D plate surface (24).

Unlike other Class | hydrophobins, two regions were determined to be involved
in the cross-p structures formed in RodA self-assembly. Two stretches in both L2 and
L3 loops (amino acid positions 112-117 and 143-147, respectively) were found to have
a key role in rodlet formation probably by positioning in the stacked [3-sheets on the
conidia surface. Disruption of these predicted amyloidogenic stretches by introducing
mutations on the hydrophobin sequence that alter the physicochemical properties of
these loops together resulted in a lack of full coverage of conidia surface by
hydrophobin layers and disability to mask the cell wall components that trigger an
immune response. On the hydrophobic surface (HOPG), rodlet formation was not
detected for mutant RodA, which contains two mutations in L2 and L3 loops, at room
temperature but, changing incubation conditions facilitate the formation of rodlets as
in the case of wildtype RodA. The tendency for self-assembly of the stretches from L2
and L3 loops were studied in vitro, and it was observed by TEM images that both
peptides form fibrils with different morphologies and sizes. On the other hand, N-
terminal of RodA (residues up to the 39th position) was found to be not necessary for

the rodlet formation on the conidia surface unlike cysteine residues. Mutagenesis
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studies of RODA gene have revealed that cysteine residues are mandatory for rodlet
formation on the conidia surface (11).

2.6 Molecular Dynamics Simulations

It is well known that in some proteins, large-amplitude motions result in
conformational rearrangements which are induced by diverse reasons, such as protein-
protein interactions, presence of ions, temperature change, protein concentration, and
surface interactions. These changes are crucial for their function (70). For example,
voltage-gated sodium channels which have open and close conformations to mediate
or block ion transport or binding pocket of G proteins in G protein-coupled receptors
are relatively buried and helical of the protein opens to bind GDP or GTP depending
on the interaction with receptor proteins (71). In the case of Class | hydrophobins, it is
known that hydrophobic surface adsorption results in conformational change or
secondary structural changes that occur in self-assembly. In experimental methods,
atomic-level details of these processes cannot be monitored. MD simulations are
computational methods employed to mimic the behavior of molecular systems in this
wide range of conditions as a function of time. To obtain a trajectory of the protein
motion step-by-step, Newton’s equation of motion is solved by using algorithms (one
of the widely used algorithms is Verlet algorithm (72)) developed by implementing
Taylor Series Expansion (Equation 2.6.1.1) (73).

dZT'l'
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In each time step, forces acting on each atom and, accelerations and velocities are
calculated, and the new positions of atoms are determined. The initial positions of the
atoms (cartesian coordinates) in the biomolecules were obtained from experimental
methods (X-ray diffraction, NMR) or quantum mechanics, and the velocities were
assigned to these atoms by considering Maxwell distribution at the given temperature
(73). The forces are derived from the functional expression of the total potential energy

of the system (force field) which consists of two components: bonded and non-bonded
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energy terms (Equation 2.6.1.2). The parameters used in the force field are derived
from the experiments (72).

1 1
U= Zbomdszkb (T - 7”0)2 + Zangleszka(e - 90)2 +
§ g2 (262)
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In Molecular Mechanics, bonded atoms are represented as masses connected to
each other with springs and atomic vibrations (harmonic oscillations) occur between
bonded atoms in the proteins as in all other types of molecules. These vibrations, such
as bond stretching between two adjacent atoms, angle bending between three
connected atoms, and torsional motion due to bond rotations, requires the
incorporation of different empirical energy terms to the force field (the first four-term
in Equation 2.6.1.2) (70,73). The energy terms non-bonded interactions are described
by using Coulomb’s law for electrostatic interactions and Lennard Jones 12-6 potential
(the last two terms in Equation 2.6.1.2) (73). The force fields are widely used in the
current studies are CHARMM (74), AMBER (75), and GROMOS (76) which are
updated periodically. The potential energy caused by water molecules in the simulation
systems is also considered separately by using water models developed for varied

purposes.

Prior to the MD simulations, the simulation system should be prepared in
accordance with the purpose of the simulation regardless of the MD software to be
used. Here, the steps of preparation for simulations performed with NAMD (77) is
explained. In the first step, the naming of the atoms and residues should be set to a
proper name readable by the program, and topological information of each residue
should also be defined, and missing atomic coordinates are predicted. In the case of
cellular or secreted proteins, solvation is required to study them for varied purposes,
and it was suggested in the simulations performed for DNA that the padding thickness
should be at least 10 A to prevent interactions with periodic images (78). lons may be

added to neutralize the system (Protonation states of the residues, ion concentrations,
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or type of the solvent may vary depending on the aim of the study.) Therefore, the files
of the solvated and ionized system are generated at the end of these processes. A
configuration file is also needed to specify the input or parameter files and define the

parameters and run time.

In a simulation box, only a limited number of solvent molecules can be used.
Solving the equations of motion in each time step requires a significant computational
source and time. Thus, keeping the simulation system as small as possible is efficient
to obtain a trajectory in a reasonable time. However, it is possible to create an infinite
solution environment by applying periodic boundaries in all directions of the
simulation box. Periodic boundary conditions (PBC) create replicas surrounding the

original box and molecules leaving the box can reenter with the same velocity.

Most MD simulations are performed in four steps: energy minimization, heating,
equilibration, and production. The high potential energy of the system can be lowered
by using various types of iterative methods, e.g., conjugate gradient and steepest
descent algorithms in the minimization step (70). The number of steps to minimize the
energy may vary depending on the system. However, the minimization algorithm
should be converged at the end of the run. Heating is performed by gradually
increasing the temperature of the system and in equilibration, both structure of the
protein and the energy of the system is equilibrated. Harmonic restraints can also be
applied to protein or solvent to minimize and heat the system to prevent large
fluctuations in the energy. Production runs are then performed to explore the motion
of the system in a predefined simulation time by calculating the position of each atom
the in each time step. MD simulations can be performed in both NVT or NPT
ensembles by using proper algorithms to control the temperature and pressure of the
system and one of the most used methods is Langevin dynamics for temperature and

pressure control.

To reduce computational cost and explore the conformational space longer, a
range of methods are used. The non-bonded interactions between three sets of atoms

are neglected in energy calculations. Bond lengths are fixed to prevent high-frequency
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vibrational motions, especially in water molecules (e.g., SHAKE algorithm). In
addition, coarse-grained representation of the atom groups in protein (or solvent) can

be used to perform longer simulations (73).

2.6.1 Trajectory analyses

Trajectories generated from MD simulation runs can be analyzed by considering
various aspects depending on the purpose of the study. The most common analyses are
the investigation of the stability of the entire protein structure, protein compactness,
and per-residue fluctuations by calculating Root Mean Square Deviation (RMSD)
(Equation 2.6.2.1), Radius of Gyration (Rg) (Equation 2.6.2.2) and RMSF (Equation
2.6.2.3), respectively.

N
1
RMSD = NZ(XLL' — %)% + (V10— You)? + (21— 20)? (2611
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N denotes the number of atoms, and the average of the vector distance between
the coordinates of the atoms in reference structure (Xo, Yo, Zo) and the structure at the

specified time step (xu, y1, 1) is calculated in RMSD (79).

N
Ry = Z(ri —Rc)/N (2.6.1.2)
i=1

The center of mass (Rc) of the protein structure and atomic positions (ri) is required
to calculate Rg (80).
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RMSF of a single atom i with the position vector — is calculated by considering
r

the total number of structures in the trajectory (T) (79).
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The secondary structural content of the proteins may vary during the simulations
and these changes can be monitored as non-bonded interactions by using a wide range
of algorithms. In the case of analysis of the systems with multiple proteins, protein-
protein contact maps or oligomerization can be determined by defining contact cutoffs
and measuring the distance between specified residue regions. The most widely used
trajectory analysis and visualization programs are VMD (81) and Chimera (55).
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3 MATERIALS AND METHODS

3.1 Prediction of the Key Structural Regions in Self-Assembly

To date, aggregation-prone regions in amino acid sequence of RodA were
determined via experimental (by introducing point mutations in RODA gene or protein
sequence) and computational approaches (predicting the regions by using web-based
tools). The regions that play a role in hydrophobin self-assembly were predicted by
using bioinformatics methods and/or by introducing mutations into the corresponding
region in earlier studies as in the case of RodA (11). In order to come a consensus and
validate the previously predicted and experimentally determined regions, Class |
hydrophobins with available data for their key structural players in self-assembly, in
addition to RodA, were used to perform the new predictions. The web-based prediction
tools that were commonly used for these Class | hydrophobins were used to re-predict

these regions and validate the previous results.

The first prediction tool was Amylpred2 (82)
(http://thalis.biol.uoa.gr/AMYLPRED2/) which outputs the sequences with a high
amyloidogenic propensity of a given protein sequence by a consensus of eleven
different algorithms. The predicted regions are called hits and determined by finding
the overlapping regions predicted by at least half of the used algorithms. In the
prediction processes of this thesis, each algorithm available in the tool was used to

predict the aggregation propensity of the hydrophobin sequences.

TANGO (83) (http://tango.crg.es/protected/academic/calculation.jsp) performs
predictions by making physicochemical assumptions about the protein aggregates and
predicting the secondary structural states of the given regions of the protein sequence
by considering the statistical approaches. The output of the run is simply the tabulation
of the probabilities of secondary structural states (B-sheet, pB-turn, a-helix) and
aggregation types (B- and helix aggregation) adopted by each residue in a peptide or
denatured protein. A region with high aggregation probability of at least 5% and
including 5-6 residues is assumed as highly prone to aggregation. These regions were
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identified in the selected Class | hydrophobins to identify a pattern or differences. The
effects of change in pH, temperature and ionic strength were included in the

predictions.

In addition to tendency predictions for amyloid formation of hydrophobin
sequences, regions that may involve in protein-protein interactions were also predicted
by using CPORT (84) (https://alcazar.science.uu.nl/servicessCPORT/) since these
aggregation-prone regions have high probability to be at the protein-protein interfaces.
A score-based consensus of the six different web tools, aimed to predict interface
regions in proteins, was considered in CPORT algorithm. Predictions were performed
by providing only the files that contain 3D structural information of the hydrophobins.
The result page of a CPORT run includes the active and passive residues that are
predicted as residues with high propensity interacting with the partner protein(s) and
residues that are likely to play a role in interacting, respectively. However, only the
residues that were predicted as active due to their higher probabilities in protein-

protein interactions were considered.

3.2 Molecular Dynamics Simulations

Four different simulation systems were prepared with a single and multiple
monomers by orienting multiple monomers in different initial orientations to increase
the conformational sampling: Monomers were placed randomly in the box simulation
box (Orientation 1), tips of the L2 loops were pointed to the center of mass (COM) of
monomers (Orientation 2 for four-monomer systems) or located in close proximity to
each other through their long axis (the axis) (Orientation 2 for two-monomer systems),
L3 loops were pointed to the COM of monomers (Orientation 3), and loops were
distantly placed from each other and the distance between monomers were increased
compared to the other systems. (Orientation 4) (Figure 5). Both bulk solution and
air/water interface simulations were performed for each simulation system to compare

the behavior of the hydrophobins in these environments.
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Figure 5. Four different initial orientations of two and four RodA monomers
simulation systems. L1, L2, and L3 loops and non-loop regions were denoted in cyan,
green, red, and gray cartoon representations, respectively.

MD simulations were conducted by using NAMD 2.14 (77) (NVIDIA CUDA
acceleration used for equilibration and production runs) with CHARMM36m
forcefield (74), and TIP3P (85) water model. Prior to MD simulations, the atomic
coordinate file of RodA three-dimensional structure (PDB ID: 6GCJ) was downloaded
from the Protein Data Bank (PDB) as a pdb file format (86). Protein structure files
(PSF) were prepared by using psfgen package in VMD version 1.9.4 (81). RodA
monomers were solvated with varied amount of water molecules by immersing the
macromolecule into water boxes by using Solvate Plugin 1.7 and sodium ions were
added to neutralize the system by using Autoionize Plugin 1.5. The details about the

simulation boxes were given in Table 1.

Table 1. Number of atoms and box dimensions of each simulation system.

Initial Box Dimensions

Orientation Number of atoms A)

Single Monomer

1 35365 72 x 72 x 72
Two Monomers

1 50117 66 x 113 x 71

2 49640 68 x 124 x 63

3 56186 63 x 145 x 66

4 48050 64 x 97 x 83
Four Monomers

1 111202 103 x 110 x 104

2 112159 130 x 128 x 72

3 106462 125 x 137 x 66

4 108196 102 x 75 x 150
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Monomer simulation systems were prepared by using CHARMM-GUI Input
Generator (87) (https://www.charmm-gui.org/). Hydrophobins were immersed into the
water with the padding thickness of 15 A from the minimum/maximum coordinates of
the protein(s). In the case of multiple monomers, proteins were rotated in the
simulation box to minimize the volume of the water. The configuration file was
generated by optimizing the parameters of the physical conditions of each simulation
system. All simulations were performed at 298 K (ambient temperature) and 1 atm.
The integration timestep was set to 2 fs. The trajectory files of production runs were
saved in every 1000 steps. The potential energy of the simulation systems was
calculated by restraining covalent bonds using SHAKE algorithm (88). Non-bonded
interactions were calculated in each timestep and full electrostatic interactions in 2
timesteps intervals. Electrostatic and van der Waals interactions were considered in
the 12 A cutoff. Periodic boundary conditions were applied in all directions of the
simulation system and particle mash Ewald (PME) summation was used to calculate
long-range electrostatic interactions. The simulation systems were equilibrated in
NVT ensemble. Temperature control was performed by using Langevin dynamics by
setting coupling constant to 1 ps™. Nose-Hoover Langevin piston was employed to
control the system pressure by setting oscillation and damping time constants to 100
fs and 50 fs, respectively. Energy minimization was performed in different time steps
depending on the simulation system with conjugate gradient algorithm, followed by
heating, gradually from 98 K to 298 K by 1 K at 0.2 ps intervals. Positional restraints
were applied to monomer backbone in minimization and heating runs and were
gradually removed in 2 ns and the monomers was set as fully flexible in the last 2 ns
of the equilibration runs in multiple monomers simulations. In the case of single
monomer, restraints were removed gradually in 3.6 ns. Solution MD simulations were
performed in NPT ensemble. NVT production simulations of air/water environments
were conducted after short NPT runs to decrease large fluctuations both in water
molecules and the monomers. Air/water interfaces were created by doubling the length
of simulation box in z-dimension after short NPT runs. The details about the conditions

of the simulations were given in the Table 2.
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Table 2. Duration of each run performed in this thesis.

Simulation Minimization Heating Equilibration ~ Short NPT Production

Environment (Steps) (ns) (ns) (ns) (ns)
Single Monomer
Solution 40000 0.04 3.6 - 50
Interface 40000 0.04 3.6 - 50
Two Monomers
Solution 40000 0.04 4 - 50
Interface 40000 0.04 4 - 50
Four Monomers
Solution 50000 0.04 4 1 (RWM) 100
Interface 50000 0.04 4 110 (%JV\\I/V,\%) 100

Since the monomers were independent and mobile in the simulation box, they may
leave the main simulation box during simulations and make contacts with their
periodic images. To prevent the RodA monomers from this behavior, positional
restraints were applied to the oxygen atoms of the water molecules. Prior to the
production simulations, short NPT runs were performed to equilibrate the system
pressure and water molecules. Positionally restrained water molecules (RWM) located
within the 2 A of the edges of the simulation boxes were selected in the last timestep
of the trajectories of short NPT runs. These artificial water walls were created in each
dimension of the simulation boxes in both simulation environments except water
molecules on the xy-plane air/water interface simulations (Figure 6). Force constants
used in the calculations of the constraint potentials were set to 1 kcal/mol/A? for the
restrained atoms and given in the beta factor column of the pdb files obtained from the

last frames of the trajectories of short NPT runs.
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L L

Figure 6. Representative solution (left) and interface (right) simulation systems with 2
A thick water walls. The water box and positionally RWM were depicted in red surface
and blue points, respectively.

3.2.1 Trajectory analyses

3.2.2 Determination of clustering states and identification of intermolecular

interaction regions

To detect the cluster formation in simulations, calculate the probabilities of the
intermolecular interactions in the simulations of multiple monomers and plot the
results, python scripts used in the study (89) were employed after slight modifications.
To examine the behavior of the monomers relative to each other and identify the
initialtime steps of the clustering, COM of each monomer was measured by using the
tcl script “dist_bw_chains.tcl” (Appendix 1) in two and four-monomer simulations
throughout the trajectories. The interacting regions of the chains were investigated by
measuring the number of atomic contacts between each possible residue pairs of two
chains in a 4 A cutoff by using “contacts_for_chains.tcI” (Appendix 2). The
measurements were performed for each chain pair (chains A & B, A& C,A&D, B
& C, B & D, C & D). For contact measurements of each chain pair, heat maps were
generated. Loop regions L1, L2 and L3 were separated with horizontal lines and
colored as cyan, greed and red, respectively. L1, L2 and L3 loops of RodA were
assumed as residues 71-98, 106-126 and 136-151, respectively; the remaining residues
between the corresponding inter-cysteine regions were excluded since they are
involved in the formation of the central B-barrel. The regions before L1 and after L3

were assumed as N- and C-termini to minimize the number of regions in the analyses.
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To detect whether there was an interaction between L2 loops, contact maps were
created by considering only the residues of these loops and given below the whole
chain-chain contacts. All measurements were performed by employing VMD Tcl

Console and graphics were generated via RStudio version 4.2 (RStudio 2022) (90).

3.2.3 Measurements of intermolecular interactions

Once the clustering behavior was observed (close COM-COM distances between
chains, significant number of atomic contacts) in the trajectories, the cluster stabilities
were investigated by checking whether the chain—chain contacts last more than 5 ns in
the time course of the simulations. Subsequently, non-bonded interactions (ionic
interactions, hydrophobic interactions, and hydrogen bonds) were measured to detect
the individual contributions of these interactions to the cluster stability. Salt bridges
between charged residues were measured by using Salt Bridges Plugin of VMD. The
oxygen-nitrogen distance cutoff was set to 3.2 A and transient ionic interactions
between chains and intrachain interactions were neglected in the analyses; residue
pairs with conserved atomic distance up to 4 A in at least last 1 ns of the trajectory
were considered as a salt bridge. The change in oxygen-nitrogen distances between

residue pairs in the course of simulation time were plotted.

Hydrophobic residues tend to avoid interacting with water and approximate to
each other to decrease the solvent accessible surface area of the protein and promote
intra-chain and multimeric structure stability. In this study, the duration and regional
information about hydrophobic interactions were obtained by using a novel method.
The hydrophobic residues in RodA sequence were selected and atomic contacts were
measured only between the hydrophobic residues of two monomers by running the
script “hydrophobic_contacts.tcl” (Appendix 3) in VMD Tcl Console (the residues
selected as hydrophobic in VMD: Alanine, Leucine, Isoleucine, Valine, Proline,
Phenylalanine, Methionine and Tryptophan). It was assumed that there is a
hydrophobic interaction between two residues if their atoms were within a 4 A cutoff
distance. Similar contact maps as in the full-length intermolecular interactions were

generated for hydrophobic interactions.
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The contribution of hydrogen bonds to the cluster stability was measured by using
the script “hbonds.tcl” (Appendix 4). Donor-acceptor distance was set to 3.5 A and the
angle between donor-hydrogen-acceptor atoms was 30°. The number of hydrogen
bonds formed between each chain pair was calculated throughout the trajectories of
the two- and four-monomer simulations and plotted by using RStudio version 4.2
(RStudio 2022).

3.2.4 Monomer stability

The cluster stability depends on the individual stabilities of RodA monomers.
RMSD and RMSF measurements give information about overall and per-residue
protein stability. The Tcl scripts “RMSD_protein.tc” (Appendix 5) and
“RMSF_protein.tcl” (Appendix 6) were run in VMD Tcl Console to calculate overall
and per-residue stability of the monomers in single, two- and four-monomer MD
simulations. The measurements were performed by using the coordinates of the
carbon alpha (CA) atoms only. The changes in the RMSD and RMSF measurements
over simulation time were plotted by using RStudio version 4.2 (RStudio 2022); the

data of the parallel runs were plotted together.
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4 RESULTS

4.1 General Analyses

In earlier studies, amyloidogenic or aggregation-prone region predictions were
performed only for RodA, EAS, and DewA by using Amylpred2 or TANGO
(11,14,33). In this study, similar regions re-predicted with significant propensities as
in these previous predictions. The non-loop region of RodA were also predicted as
amyloidogenic. However, this non-loop region corresponded to a strand of the central
B-barrel of RodA (Table 3).

The effect of the changes in protein and ion concentration, pH, and temperature
were tested on the predictions performed by using TANGO. In the most runs, the
predictions were not affected from these changes in the prediction conditions. In our
results, similar regions with the previous studies were predicted as having a high
tendency for B-aggregation, except RodA. There were no regions predicted to be prone
to p-aggregation, except at temperature 283 K. The probability of being an
aggregation-prone region increased to 7% for the region 631-67T (N-terminal) in the
predictions at 283 K (Table 3). Portions from each loop (L1, L2, and L3) were
predicted as hits by Amylpred?2 runs, except DewA,; only the L2 loop was predicted as
an amyloidogenic from the loops (Table 3).

New predictions were performed by using Amylpred2 and TANGO to validate
the hydrophobin regions that were not predicted but were suggested to be involved in
the self-assembly (L1 loop of SC3 and Vmh2) by using the findings obtained from
experimental methods and MD simulations (27,34). Although our predictions are in
line with the previous studies, there were additional regions with high probabilities

outside of these previously predicted regions (Table 3).

In addition to aggregation propensity predictions, CPORT was employed to
predict the residues that may have a role in hydrophobin self-assembly by considering

the fact that aggregation-prone sequence regions are the residues present at the protein-
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protein interfaces. Regions that were previously suggested as aggregation-prone or
amyloidogenic were also predicted as interface residues in CPORT results, except the
L3 loop of RodA and most of L1-L2 region in EAS (Table 3).

Table 3. Regions predicted as amyloidogenic and residues predicted as to be located
at protein-protein interfaces.

Prediction Tools

Amylpred2 TANGO CPORT
Hydrophobin
(Chain Uniprot PDB Previous Current Previous Current Current
Sequence) ID ID Studies Results Studies Results Results
G100-Q104 V39-R40 P44-
L2 L2 T48
RodA 1112-1117 — K50-Q51 T53-
(19-159) BOY4B1 6GCJ L3 Illi—3lll7 - - E54
G143-G147 o L2
cl43-1148 L108-K126
L1 L1
L32-P36 L1-L.2 L1-L.2 S21-G27
EAS L1-L2 S42-G55 G44-S52 P29-G44
(@7-108) Q04571 2FMC - L43-Q53 L3 L3 L3
L3 T68-A82 F72-N79 G69-N70
N70-A78 174, N76-A78
V11-T19
T24-A27 V11-T18
L1 L1
SC3 A53-S74 51V-S63
(25-136) 16933 - - L2 - V67-S72 -
L76-G82 L2
L3 L76-V81
N99-T107
K92
L1
E40, N42-L50
V29-C35 G52-L55
K92-C98 N57, G64
DewA L2 L2 !
P52750 2LSH - L2 — — L2
(19-135) D74, G77-V82 K69-V82 L78-V82 A70-S71
173-G77
L79-A80
V82-H8g4
L1
1 L1
L24-G37 L24-136
D40-Vv45
L41-V46
Vmh2  ogwzin - - L2 - L2 -
(122-L111) I50I:(§56 150-V/55
— L3
C67-G69 —
N73-G79 G74-179
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4.2 Single Monomer and Two-Monomer MD Simulations

There was no difference observed between bulk solution and interface monomers
in terms of monomer stability (Figure 7). In both solution and interface simulations,
loops of the monomers were significantly mobile, unlike central B-barrels, N- and C-
termini. In each interface simulation run, monomers adsorbed to the interface equally
through L2 (Run 2, Run 3) and L3 (Run 1, Run 3) loops (Figure 8). The fluctuations

were the largest and lowest in L3 and L1 loops, respectively (Figure 9).

Solution

Visualized Rank of Parallel Simulation
Molecule(s) 1 2 3

Protein Only

Protein Only

Figure 7. Snapshots of conformations at three different time points in monomer
solution and interface simulation systems. Snapshots were taken at the beginning,
middle, and end of the trajectory and superimposed. L1, L2, and L3 loops and non-
loop regions were denoted in cyan, green, red, and gray cartoon representations,
respectively.

35



Interface

Visualized Rank of Parallel Simulation Time
Molecule(s) 2 (ns)
iz w p “
Protein and i B
Water G & ‘ / & 25
" B .
| = e 50

Figure 8. Snapshots of water boxes at three different time points in monomer interface
simulation systems. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,

red, and gray surface representations, respectively.
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Figure 9. RMSD and RMSF measurements of single chains in monomer simulation
systems in both environments. Blue and red color gradients (from light to dark) were
used to differentiate parallel solution and interface simulations, respectively. Averages
were depicted in gray and black lines respectively. Regions between dashed cyan,
green, and red lines show L1, L2, and L3 loops, respectively.

The salt bridges measured were mostly transient in all monomers that were
simulated in both environments, except E54-K50 which stabilized N-terminal o-
helices. Despite the highest number of salt bridges measured in the monomers in two
parallel solution runs, only five of them were common between all simulations and all
L2-L2 salt bridges were observed in all parallel simulations (Figure 10). Two ionic
interactions were measured at the N- and C-terminal of the L2 loop; the latter
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contributed stability of the small a-helix. These two ends of the L2 loop were also
transiently interacting via D109 and K126. In most simulations, two negatively
charged residues at N- (D73) and C-terminal (E97) of the L1 loop were transiently
interacting with R40 at the N-terminal of the monomer. The ionic interaction between
K87 (L1) and D140 (L3) was rarely observed when all simulations were considered
(Figure 10).

D140-K87

D140

Figure 10. Salt bridges observed in the monomer simulations. A) Positions of the
charged residues on the monomeric structure. B) Venn diagram of salt bridges drawn
to check common residue pairings. Negatively and positively charged residues were
depicted in red and blue sticks, respectively. The structure given was taken directly
from NMR solution structure (PDB ID: 6GCJ).

In the solution simulations of the two-monomer systems with four different initial
orientations, clusters of two were observed at least for 25 ns in the two parallel
simulations of Orientation 1 and 4. However, only one cluster was observed in the
simulations of Orientation 2 and 3 (Figure 11-12). The most stable COM-COM
distance was measured between monomers of the first simulation run of Orientation 1.
Although the most stable cluster with stable oligomer size for the longest simulation
time was measured in the third run of Orientation 2, the distance between monomers
was not stable compared to the previously mentioned cluster of Orientation 1. The
distances between monomers within other conserved clusters either fluctuated around
or decreased below 40 A. However, small fluctuations were observed (Figure 13). The
intermolecular interactions with the highest interaction probabilities mostly involved

L2 and L3 loops (data not shown). There were no conserved interactions between
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monomers established through C-terminals. Intermolecular interaction regions mostly
covered more than two regions of a monomer. For example, L3 of chain B were
interacting with both N terminal and L2 of chain A in the conserved cluster of the first
parallel run of Orientation 4 (Figure 14). The highest and most conserved number of
hydrogen bonds (< 5) was observed in the first run of Orientation 1. On the other hand,
the contribution of the hydrogen bonds to the stability was the lowest in the cluster
with the longest stable oligomer size (in the last run of Orientation 2) compared to the
other conserved clusters (Figure 15). Conserved hydrophobic intermolecular
interactions were mostly detected in heterogenous loop contacts except for the cluster
of the first run of Orientation 1 simulations; there were no conserved hydrophobic
interactions (Figure 16). On the other hand, only one conserved ionic interaction was

observed only in this cluster (data not shown).
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Figure 11. Cluster analysis of solution simulations performed with two monomers.
Monomers in a 4 A distance cutoff assumed as clustered in the simulation systems and
the cluster lifetime was measured throughout the trajectories.

40



Rank of Initial Orientations (Solution) .
Time
Parallel (ns)
Simulation Orientation 1 Orientation 2 Orientation 3 Orientation 4 ns
‘3,,{‘\
— *&%@ 0
BN
1 No contacts observed. No contacts observed. S 9 25
n
Y 1 .
J >
(o8 ¥ ¥ ) S5V
s , 2 ) ¥eged. 0
& R
&
v e
AN 9 )
2 No contacts observed. j A¢% i (or No contacts observed. 25
% B ¢
R 3! § '
e '\j?. oy \:\\'u
R, » o PR+ >
& S |Ed 5 ;
S J ) Y
$ 56
C I3 ) it
4 Gaf 09
o~ X (N .
3 g % a@ No contacts observed. %ﬁ 25
d R
b %] (ﬁ/, - Pl
; Vol ) aan =
gl il *

Figure 12. Snapshots of conformations at three different time points in solution
simulations performed with two monomers. Snapshots were taken at the beginning,
middle, and end of the trajectory. L1, L2, and L3 loops and non-loop regions were
denoted in cyan, green, red, and gray cartoon representations, respectively.
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Figure 13. The COM-COM distances between chains in solution simulations
performed with two monomers. The distances were measured throughout the

trajectories for each parallel run.
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Figure 14. Contact maps of two-monomer solution and interface simulations. Each
map shows the interaction of the chain with the other chain in the simulation box. L1,
L2, and L3 loops were shown as cyan, green, and red horizontal lines on the maps,
respectively. Light yellow background on the maps indicates no atomic interactions
measured. The number of atomic contacts was assigned to a color gradient from dark
green to red. The distance cutoff was set to 4 A.
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Figure 15. Measurements of the number of hydrogen bonds between chain pairs in
solution simulations performed with two monomers. Donor-acceptor distance and
angle cutoff were set at 3.5 A and 30° respectively.
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Figure 16. Hydrophobic contact maps of two-monomer solution simulations. Each
map shows the interaction of the chain with the other chain in the simulation box. L1,
L2, and L3 loops were shown as cyan, green, and red horizontal lines on the maps,
respectively. Light gray background on the maps indicates no atomic interactions
measured. The number of atomic contacts was assigned to a color gradient from dark
blue to red. The distance cutoff was set to 4 A.

At the interface simulations conducted with two RodA monomers, clusters were
conserved mostly in Orientation 1 and Orientation 4 as in solution simulations. In
Orientation 1 and 4 simulation trajectories, two clusters were observed for at least 20
ns in 2/3 of the parallel runs (Figure 17-18). In the conserved clusters, the maximum
COM-COM distance was measured as 40 A throughout the trajectory and the minimum
distance was 30 A between monomers in the cluster formed in the first run of
Orientation 4 simulations (Figure 19). Monomers mostly interacted through one or
more residues from various monomer regions and N-termini, L1, and L3 loops were
highly involved in conserved intermolecular interactions. Although the variety of the

interaction regions was high, few residues from the same region for a monomer were
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measured as contacting (<5) (Figure 20). On the other hand, L2 loops were mostly
interacting with air at the air/water interface including the conserved clusters (Figure
18).
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Figure 17. Cluster analysis of two-monomer interface simulations. Monomers in a 4
A distance cutoff assumed as clustered in the simulation systems and the cluster
lifetime was measured throughout the trajectories.
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Figure 18. Snapshots of conformations at three different time points in interface
simulations performed with two monomers. Snapshots were taken at the beginning,
middle, and end of the trajectory. L1, L2, and L3 loops and non-loop regions were
denoted in cyan, green, red, and gray surface representations, respectively.
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Figure 19. The COM-COM distances between chains in interface simulations
performed with two monomers. The distances were measured throughout the

trajectories for each parallel run.
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Figure 20. Contact maps of two-monomer solution and interface simulations. Each
map shows the interaction of the chain with the other chain in the simulation box. L1,
L2, and L3 loops were shown as cyan, green, and red horizontal lines on the maps,
respectively. Light yellow background on the maps indicates no atomic interactions
measured. The number of atomic contacts was assigned to a color gradient from dark
green to red. The distance cutoff was set to 4 A.

Conserved hydrogen bonds were only measured in the last two simulation runs of
Orientation 1; others were fluctuating throughout the simulation time (Figure 21).
Hydrophobic interactions contributed to the stability of only three clusters in the
simulations of Orientation 1, 3, and 4 in homo- and heterogenous loop and N-terminal—
loop interactions (Figure 22). In total, only five conserved salt bridges were observed
in the third and the first run of Orientation 1 and 4 simulations, respectively. Most ion
pairs were formed between N-termini and L1 loops of the monomers (data not shown).
There was no difference between monomers of different orientation simulations in

terms of overall structure stability or loop flexibility. Only two monomers in
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Orientation 1 solution monomers were highly mobile (higher RMSD) compared to

others (both in solution and at the interface simulations) due to the larger fluctuations

in L3 loops (Figure 23).
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Figure 21. Measurements of the number of hydrogen bonds between chain pairs in
solution simulations performed with two monomers. Donor-acceptor distance and
angle cutoff were set at 3.5 A and 30° respectively.
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Figure 22. Hydrophobic contact maps of two-monomer interface simulations. Each
map shows the interaction of the chain with the other chain in the simulation box. L1,
L2, and L3 loops were shown as cyan, green, and red horizontal lines on the maps,
respectively. Light gray background on the maps indicates no atomic interactions
measured. The number of atomic contacts was assigned to a color gradient from dark
blue to red. The distance cutoff was set to 4 A.
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Figure 23. RMSD (left) and RMSF (right) measurements of individual chains in
simulations performed with two monomers in both environments. Blue and red color
gradients (from light to dark) were used to differentiate parallel solution and interface
simulations, respectively. Regions between dashed cyan, green, and red lines show L1,
L2, and L3 loops, respectively.
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4.3 Four-Monomer MD Simulations

4.3.1 Simulation systems with positionally unrestrained water molecules

4.3.1.1 Orientation 1

Varied sizes of RodA clusters were observed at different time points both in
Orientation 1 solution and at interface simulations. There was no common clustering
behavior in clustered RodA monomers in terms of cluster form and interacting sites.
Clusters of at least two monomers were observed in five simulations (Figure 24). The
majority of the clusters were formed by three monomers in both environments,
although long-term transient interactions of four monomers were observed in several
simulation systems. Two isolated clusters (clusters of two and three) were observed
for the last 30 ns of the second and third interface simulations (Figure 25). Chains A,
C, and D formed an L-shaped cluster conserved in the late time steps of the trajectory
in the first solution simulation run. Chains A and C were stable in the cluster with ~40
A COM-COM distance during the simulation time (Figure 25). After the first 10 ns,
chains A, B, and D clustered in the second parallel run with a relatively compact shape.
In the last solution run of Orientation 1, there was no stable cluster, and the monomers

became distant from each other in the course of simulation time (Figure 25).

53



.
Solution Interface
5
4
8 -]
g g
v : s 3
2 3 2
=2 & ]
& o :
s g2
k= &
o o
1
T T T T T 0 T T T T T
0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0
Time(ns) Time(ns)
5
4
& 2
3
o .E ‘5
g 8 g
= s
5 ]
£ E2
=4 ) >
° o
1
T T o T T T
00 25.0 50.0 75.0 100.0 00 25.0 50.0 75.0 100.0
Time(ns) Time(ns)
5
4
Q i
g -]
Jil s
en b 23
o =3
= £ 3
= 8 8
& g
¥ g
S 52
o =
S " 5
1
T T T T T 1] T T T T T
0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0
Time(ns) Time(ns)

Figure 24. Cluster analysis of Orientation 1 simulations. Monomers in a 4 A distance
cutoff assumed as clustered in the simulation systems and the cluster lifetime was
measured throughout the trajectories for both simulation environments.
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Figure 25. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 1 solution simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray cartoon representations,
respectively. The COM-COM distances between chains A& B,A&C,A&D,B &
C,B & D, and C & D were shown in purple, green, orange, yellow, cyan, and beige
lines, respectively.

At the air/water interface, clusters in varied shapes formed in the early steps with
two or three monomers. Chain—chain distances were stable for 50 ns at least for a chain
pair. In the globular RodA cluster observed in the first interface run, the A-B and A-D
distances were constantly fluctuating around 30 A and 35 A, respectively. In the
second run, the C-D chain distance was stabilized at around 40 ns and side-to-end
interaction was observed. Clustering of chains B and D was through their loop regions
in the early time points of the third interface run and the number of monomers which
formed a conserved cluster increased to three after 25 ns and a planar-shaped cluster
which formed with the largest distance between chains was around 55 A. Air contact
was observed in L2 and/or L3 loops of isolated monomers and only L2 loops of a

monomer in the clusters (Figure 26).
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Figure 26. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 1 interface simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray surface representations,
respectively. The COM-COM distances between chains A and B, A and C, A and D,
B and C, B and D, and C and D were shown in purple, green, orange, yellow, cyan,
and beige lines, respectively.

The number of chain—chain atomic contacts was measured for each chain. In both
simulation environments, both N-termini and L2 regions played a key role in the inter-
chain interactions in the clusters for significant time periods (at least 5 ns) from a time
point to the end of the trajectories. The number of conserved atomic contacts was
higher in L2 loops and L2-L3 region compared to other interacting regions in solution
and at interface simulations, respectively. N-termini was interacting with relatively
high probabilities during the simulations by contacting either N-termini or L2 loops of
other chains in solution simulations (Figure 27). On the other hand, there were no
dominantly conserved pairs of interacting regions at the interface, except L2-L2 with

high interaction probability in the last parallel run (Appendix 7). The size of the
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regions involved in interactions was larger at the interface simulations although the
variety was similar to the solution (Figure 28).
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Figure 27. Contact maps of Orientation 1 solution simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.
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Figure 28. Contact maps of Orientation 1 interface simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient

from dark green to red. The distance cutoff was set to 4 A.

Conserved hydrophobic interactions were detected in most regions in solution and

at interface simulations; hydrophobic regions of L2 loops were higher in number in

the monomer interactions in both environments and C-termini of monomers in solution

simulations. It was observed that the number of interacting atoms was higher, and the

duration of the interactions was longer at the interface clusters (Figure 29).
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Figure 29. Hydrophobic contact maps of both Orientation 1 solution and interface
simulations. Each map shows the interaction of the chain column with the remaining
chains of the simulation system. L1, L2, and L3 loops were highlighted on the maps.
The number of atomic contacts was assigned to a color gradient from dark blue to red.
The distance cutoff was set to 4 A.

The number of hydrogen bonds was also measured between clustered chains of
Orientation 1. A conserved and relatively stable number of hydrogen bonds were
detected between chain pairs at the interface clusters; larger fluctuations were observed

in solution clusters (Figure 30).
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Figure 30. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 1 simulation systems in both environments. The chain pairs A & B, A &
C,A&D,B&C,B&D,and C & D were shown in purple, green, orange, yellow,
cyan, and beige lines in the graphs, respectively. Donor-acceptor distance and angle
cutoff were set at 3.5 A and 30° respectively.

The number of conserved salt bridges was low in both environments; only one salt
bridge was stable in the second parallel solution run and the interacting pairs were in
L1 (GLU97, chain A) and non-loop (LYS67, chain D) regions, respectively. At the
interface, two conserved salt bridges were observed in two independent simulations:
between non-loop regions of chains B (ASP46) and D (LYS67) and between L1 loop
and non-loop region of chains C (GLU79) and D (LY S128), respectively. The majority

of the salt bridges were transient (Figure 31).
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Figure 31. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 1 simulation systems for both environments. The distance
between residues that form bridges was measured in the time course of the simulations.
The chain pairs A& B,A&C,A&D,B &C, B &D, and C & D were shown in
purple, green, orange, yellow, cyan, and beige lines in the graphs, respectively.
Oxygen-nitrogen distance cutoff was set to 3.2 A. However, salt bridge distance up to
4 A was acceptable as conserved interaction.

Monomers were more stable at air/water interface simulations. In solution, higher

RMSD values were measured for chain C in the last parallel run. L1 and L3 loops were

fluctuating on a large scale in solution relative to loops at the interface (Figure 32).
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Figure 32. RMSD and RMSF measurements of individual chains in Orientation 1
simulation systems in both environments. Blue and red color gradients (from light to
dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.1.2 Orientation 2

Clusters of at least two monomers were observed in both simulation environments
(Figure 33). In the first solution run, Chains A and C formed a cluster by interacting
through their loop regions in the early steps of the trajectory with fluctuating COM-
COM distance between 30 A and 40 A (Figure 34). After 20 ns, chains A, B, and D
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were transiently interacting, and three monomers formed an L-shaped cluster in which

chains A and D connected via loop regions and B was interacting with D with a shorter

chain—chain distance in the last 20 ns. In the last parallel run of solution systems,

chain—chain distances were not stable and transient interactions observed; clusters of

chains C and D remained in the last 10 ns (Figure 34).
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Figure 33. Cluster analysis of Orientation 2 simulations. Monomers in a 4 A distance
cutoff assumed as clustered in the simulation systems and the cluster lifetime was
measured throughout the trajectories for both simulation environments.
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Figure 34. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 2 solution simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray cartoon representations,
respectively. The COM-COM distances between chains A& B,A& C,A&D,B &
C, B & D, and C & D were shown in purple, green, orange, yellow, cyan, and beige
lines, respectively.

At interface simulations, initial interactions of four monomers were disrupted and
an L-shaped cluster of three monomers formed after 35 ns in the trajectory of the first
run. In the last 20 ns, a cluster of chains A and C was conserved. L2 loops of chains
A, B, and D were interacting with the air at the upper air/water interface. In the second
parallel run, chains A, C, and D were in proximity of each other. However, a stable
cluster was only formed between two monomers. Each monomer was interacting with
the air through their L2 or L3 loops at the upper interface. In the last parallel interface
simulation, four monomers were near each other from the early time points interacting
via their L2 loops. After 40 ns, the COM—-COM distance between chains B and D
decreased and resulted in a slightly more compact cluster. Both L2 and L3 loops of
chains B, C, and D were aligned at the interface; chain A were interacting with the air

only through its L2 loop (Figure 35).
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Figure 35. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 2 interface simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray surface representations,
respectively. The COM-COM distances between chains A& B,A& C,A&D,B &
C, B & D, and C & D were shown in purple, green, orange, yellow, cyan, and beige
lines, respectively.

As in Orientation 1 simulations, N-termini and L2 loops of chains were in
interaction with other chains with the dominance of N-termini in solution (Figure 36).
The highest number of atomic contacts and larger interacting regions were observed
in L2 loops in solution clusters followed by N-termini at the interface. L2-L2
interactions had the highest probabilities in solution simulations and were found to be
conserved in clusters of two monomers in at least two solution runs unlike interface
(Figure 36). The number and variety of the conserved intermolecular interaction
regions (N-termini, L1, L1-L2, L2, L2-L3, and L3) were higher, and the duration of
the interaction was also longer at the air/water interface (Appendix 8). Although
transient interactions were observed in various regions throughout the trajectories,
conserved atomic contacts were concentrated in small regions at the interface clusters
(Figure 37).
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Figure 36. Contact maps of Orientation 2 solution simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.
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Figure 37. Contact maps of Orientation 2 interface simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient

from dark green to red. The distance cutoff was set to 4 A.

Hydrophobic interactions in Orientation 2 clusters were mostly established

through residues in L2 loops of in both solution and interface simulations. The number

of interaction regions was larger at the interface with the longer durations (Figure 38).
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Figure 38. Hydrophobic contact maps of both Orientation 2 solution and interface
simulations. Each map shows the interaction of the chain column with the remaining
chains of the simulation system. L1, L2, and L3 loops were highlighted on the maps.
The number of atomic contacts were assigned to a color gradient from dark blue to
red. The distance cutoff was set to 4 A.

In both simulation environments, the average number of hydrogen bonds was
below five. Hydrogen bonds formed between chain pairs were not stable in solution.
An increasing trend was observed in the number of bonds in the last 40 ns in the cluster
only in the second solution run. At the interface simulations, hydrogen bonds between
the cluster of chains A and C in the first run formed after 50 ns and conserved. In the
second parallel run, the contribution of the hydrogen bonds to the cluster stability

increased after 60 ns. It was observed that hydrogen bonds were formed in the early
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simulation time steps of last two parallel runs and were conserved in the rest of the

interface simulations (Figure 39).
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Figure 39. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 2 simulation systems in both environments. The chain pairs A & B, A &
C,A&D,B&C,B&D,and C & D were shown as purple, green, orange, yellow,
cyan, and beige lines in the graphs, respectively. Donor-acceptor distance and angle
cutoff were set at 3.5 A and 30° respectively.

Conserved salt bridges were not common; a total of three were stable for a
significant time in one parallel run in both environments and there were no loop-loop
interactions in the conserved salt bridges. Both ionic interactions were stabilizing the

same chain pair in solution (Figure 40).
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Figure 40. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 2 simulation systems for both environments. The distance
between residues that form bridges was measured in the time course of the simulations.
The chain pairs A & B and A & D were shown as purple and orange lines in the graphs,
respectively. Oxygen-nitrogen distance cutoff was set to 3.2 A. However, salt bridge
distance up to 4 A was acceptable as conserved interaction.

Most of monomers in interface simulations were more stable than the ones in
solution simulations. The fluctuations in the RMSD measurements of interface
monomers were resulted from the individual monomer behaviors; they were mainly
(or after a time point) distant from the clusters. The cluster of four monomers in the
last interface simulation was stable as the lower RMSD values were measured for the
monomers in the cluster. L3 loops of monomers in solution were more mobile than the

other loops both in solution and at the interface (Figure 41).
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Figure 41. RMSD and RMSF measurements of individual chains in Orientation 2
simulation systems in both environments. Blue and red color gradients (from light to
dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.1.3 Orientation 3

Clusters of two or three monomers were observed in both simulation
environments with the dominance of cluster of two at the interface. A sequential
clustering behavior was observed in both simulation environments. There was no
dominant cluster shape in both simulation environments. The clustering behavior was
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observed in the earlier timesteps at the interface simulations (Figure 42). A conserved,
planar-shaped cluster of chains A, B, and C formed after 25 ns and COM-COM
distances between cluster monomers were below 40 A in the second solution run. In
the last run of the solution simulations, two clusters were observed: One from the
beginning of the trajectory (chains B and D) and the other in the second half (chains
A and B). However, neither of the clusters were stable even though the monomer

distances were fluctuating below 30 A (Figure 43).
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Figure 42. Cluster analysis of Orientation 3 simulations. Monomers in a 4 A distance
cutoff assumed as clustered in the simulation systems and the cluster lifetime was
measured throughout the trajectories for both simulation environments.
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Figure 43. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 3 solution simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray cartoon representations,
respectively. The COM-COM distances between chains A& B,A& C,A&D,B &
C,B & D, and C & D were shown as purple, green, orange, yellow, cyan, and beige
lines, respectively.

Chains B, C, and D clustered linearly after 50 ns in the first interface simulation
(Figure 42). Although the distance between chains C and D was stabilized around 30
A in the last 20 ns, B, and D fluctuated relative to each other in the trimeric structure.
A side-to-end cluster of chains C and D was conserved throughout the trajectory of the
second parallel run. In the last parallel run, a stable cluster of chains A and B formed
by interacting through their loop and non-loop regions after the first 20 ns. Surface

adsorptions were mostly facilitated by L2 loops in all parallel runs (Figure 44).
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Figure 44. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 3 interface simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray surface representations,
respectively. The COM-COM distances between chains A& B,A& C,A&D,B &
C,B & D, and C & D were shown as purple, green, orange, yellow, cyan, and beige
lines, respectively.

The dominant chain—chain interaction regions were N-termini and L3 loop in
solution and L2 loop in interface clusters in Orientation 3 simulations. Elevated
number of atomic contacts also concentrated on these regions in solution clusters
(Figure 45). However, L2-L3 regions and L3 loops was making high number of atomic
contacts at the interface. The interaction regions in the solution monomers were
distributed over the monomer surface and more transient interactions were observed
compared to the monomers in the interface simulation systems (Figure 46). On the
other hand, interactions concentrating on the distinct regions at the interface clusters
and higher intermolecular interaction probabilities were measured in both homogenous
and heterogenous loop-loop interactions (Appendix 9). Conserved L2-L2 interactions

were only observed in the clusters of the third interface run (Figure 46).
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Figure 45. Contact maps of Orientation 3 solution simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.
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Figure 46. Contact maps of Orientation 3 interface simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.

Hydrophobic interactions were observed only between L1 (chain D) and L3 (chain
B) loops in the third parallel run of solution simulations. L2 and L3 in the second and
each L2 loop of monomers in the last interface run had pronounced hydrophobic

contacts (Figure 47).
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Figure 47. Hydrophobic contact maps of both Orientation 3 solution and interface
simulations. Each map shows the interaction of the chain column with the remaining
chains of the simulation system. L1, L2, and L3 loops were highlighted on the maps.
The number of atomic contacts was assigned to a color gradient from dark blue to red.
The distance cutoff was set to 4 A.

A number of hydrogen bonds were formed and conserved mostly in last 60 ns in
the clusters of the last two solution simulations. At the interface simulations, a high
number of hydrogen bonds were observed both in clusters of two and three monomers;
the number of hydrogen bonds were conserved with relatively small fluctuations
(Figure 48).
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Figure 48. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 3 simulation systems in both environments. The chain pairs A & B, A &
C,A&D,B&C,B&D,andC & D were shown as purple, green, orange, yellow,
cyan, and beige lines in the graphs, respectively. Donor-acceptor distance and angle

cutoff were set at 3.5 A and 30° respectively.

The highest number of salt bridges was observed in the interface simulations of

Orientation 3; at least one salt bridge was conserved in a run. The residues involved in

the interaction were in L1 loop and a non-loop region in the second solution run. At

the interface, the L1-L1 interaction formed with the help of a salt bridge in the second

run. Other bridges were formed between non-loop regions or non-loop-loop regions

(Figure 49).
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Figure 49. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 3 simulation systems for both environments. The distance
between residues that form bridges was measured in the time course of the simulations.
The chain pairs A & B and A & D were shown as purple and orange lines in the graphs,
respectively. Oxygen-nitrogen distance cutoff was set to 3.2 A. However, salt bridge
distance up to 4 A was acceptable as conserved interaction.

The structures of most monomers in solution simulations were more mobile than
at the interface monomers. Some monomers at the interface were also experiencing
relatively high mobility due to their individuality, especially in the first two
simulations. L3 loops of interface monomers were mostly more stable than the

monomers in the solution (Figure 50).
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Figure 50. RMSD and RMSF measurements of individual chains in Orientation 3
simulation systems in both environments. Blue and red color gradients (from light to
dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.1.4 Orientation 4

In the last simulation systems, clusters of two monomers were observed in both
simulation environments. In one of the parallel runs in two different environments,
there was no conserved RodA assembly observed (Figure 51). In the first cluster,
chains A and C were interacting through the loops with fluctuating COM-COM
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distance at 45 A, and an elongated shape was detectable for 70 ns. In the last 35 ns, the
remaining chains were also clustered in a linear form. In the second run, the loops of
chains C and D were in contact in the last 30 ns with a progressive decrease in the
chain—chain distance. The cluster of chains A and B was not stable and dissociated at

several time points throughout the trajectory in the last solution run (Figure 52).

Solution Interface
5 5
4 44
@ 2
= s
- @ g 234
= s §
5 g
E 2
=4 L i
5 5
1 14
0 T T T r [ T T T T T
0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0
Time(ns) Time(ns)
5 5
4 44
2 @
= )
o~ g, 2,
1 c
= 2 s
= g 5
[ ©
m £ 2 Eod
S g’
El 5
1 14
0 0
0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0
Time(ns) Time(ns)
5 5

Run 3

oligomerization state
Oligomerization state

A1 T B [

0.0 25.0 50.0 75.0 100.0 0.0 25.0 50.0 75.0 100.0
Time(ns) Time(ns)

Figure 51. Cluster analysis of Orientation 4 simulations. Monomers in a 4 A distance
cutoff assumed as clustered in the simulation systems and the cluster lifetime was
measured throughout the trajectories for both simulation environments.
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Figure 52. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 4 solution simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray cartoon representations,
respectively. The COM-COM distances between chains A and B, A and C, A and D,
B and C, B and D, and C and D were shown as purple, green, orange, yellow, cyan,
and beige lines, respectively.

At the air/water interface, early chain—chain interactions of conserved clusters
were observed (Figure 51). The relative positions of aligned p-barrels of chains A and
B were stable compared to chains C and D in the second cluster. Although the chain
distance was strictly stable around 30 A, while chain A in rotation, chain B at the upper
interface was contacting with the air via its L2 and L3 loops. Only L2 loops of chains
C and D were at the lower interface in this run. A similar clustering behavior was
observed in the last parallel run. The central B-barrels of chains A and B displayed a
stacking behavior and L2 loops were pointing towards the same direction after the 30
ns. In the second cluster, B-barrels were in proximity of each other. However, loops
were rotating by conserving the intermolecular distance. The air interaction of the

chains was highly similar to the previous observations (Figure 53).
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Figure 53. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 4 interface simulations. Snapshots were taken
at the beginning, middle, and end of the trajectory. L1, L2, and L3 loops and non-loop
regions were denoted in cyan, green, red, and gray surface representations,
respectively. The COM-COM distances between chains A& B,A& C,A&D,B &
C,B & D and C & D were shown as purple, green, orange, yellow, cyan, and beige
lines, respectively.

The dominant chain—chain interaction regions varied between simulation
environments. L2 and L3 loops had slightly higher rates of intermolecular interactions
with a number of atomic contacts compared to other regions in solution runs (Figure
54). On the other hand, N-termini were highly involved in the interactions with a
higher number of atomic contacts followed by L1 loop in the interface clusters. The
variety of the interaction regions was far more than the interface in solution clusters
(Figure 55). Intermolecular interactions via loop-loop or loop-N terminal region were
highly probable and established mostly through L2 loops in solution and only between
N-termini at the interface monomer interactions (Appendix 10). The interaction
regions were narrow but lasted longer in interface clusters. Conserved L2-L2

interactions were detected only in the last interface simulation run (Figure 55).

84



Rank of Chain-Chain Contacts (Solution)
Parallel
Simulation A B c b

Figure 54. Contact maps of Orientation 4 solution simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.
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Figure 55. Contact maps of Orientation 4 interface simulations. Each map shows the
interaction of the chain column with the remaining chains of the simulation system.
L1, L2, and L3 loops were highlighted on the maps. L2-L2 interactions were measured
by selecting only L2 loops. Light yellow background on the maps indicates no atomic
interactions measured. The number of atomic contacts was assigned to a color gradient
from dark green to red. The distance cutoff was set to 4 A.

Hydrophobic interactions were formed through the loop regions; L2 was the
dominant loop in solution simulations. Both homogenous and heterogenous
hydrophobic loop contacts were observed in solution runs: L1-L2 and L3-L2 in the
firstand L2-L2 in the last run. At interface simulations, hydrophobic interactions were
observed between N- and C-termini in the last parallel run (Figure 56).
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Figure 56. Hydrophobic contact maps of both Orientation 4 solution and interface
simulations. Each map shows the interaction of the chain column with the remaining
chains of the simulation system. L1, L2, and L3 loops were highlighted on the maps.
The number of atomic contacts was assigned to a color gradient from dark blue to red.
The distance cutoff was set to 4 A.

Hydrogen bonds were not conserved in Orientation 4 solution simulations. In the
first solution run, hydrogen bonds formed after 20 ns in both clusters but conserved
only in one of the clusters. Clusters formed at interface had a slightly higher number
of hydrogen bonds in total. The hydrogen bonds formed between the monomers of one
of the clusters in the first (chain pair A-B) and last parallel run (chain pair C-D) were

conserved in the last 50 ns (Figure 57).
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Figure 57. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 4 simulation systems in both environments. The chain pairs A & B, A &
C,A&D,B&C,B&D,andC & D were shown as purple, green, orange, yellow,
cyan, and beige lines in the graphs, respectively. Donor-acceptor distance and angle
cutoff were set 3.5 A and 30° respectively.

Potential salt bridges that might stabilize the clusters were also checked. However,
there were no conserved interactions; all salt bridges formed between chains were
transient. There was no difference observed between the stabilities of the monomers
in solution and at interface simulations; the difference was observable in the level of
one or two monomers. In solution, only a few monomers had slightly higher flexibility
than monomers at the interface. Loops were mostly mobile at interface simulations
due to intermolecular interactions through non-loop regions. Since there were loop
interactions between solution monomers, RMSD values were lower for those

monomers compared to interface (Figure 58).
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Figure 58. RMSD and RMSF measurements of individual chains in Orientation 4
simulation systems in both environments. Blue and red color gradients (from light to
dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.
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4.3.2 Simulation systems with positionally RWM

4.3.2.1 Orientation 1

Clusters of four monomers formed in most of the simulations in both solution and
air/water interface (Figure 59). In the final compact cluster, chain A was the central
monomer. After final rearrangement at 80 ns, chains formed a compact cluster in the
first solution simulation (Figure 60). An L-shaped cluster of four monomers was
observed in the last 20 ns, although the cluster formed in the earlier time steps of the
second solution run. A-D and C-D distances were stable with small fluctuations over
the trajectory and in the last 40 ns, respectively. In the last run, after 60 ns, monomers
were aligned in the same way as in the second run by forming an L-shaped cluster. In
this case, monomer pairs were interacting along their L2 loops. However, decreased
fluctuations were observed, although the average distances were stable (Figure 60).
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Figure 59. Cluster analysis of Orientation 1 simulation systems with positionally
RWM. Monomers in a 4 A distance cutoff assumed as clustered in the simulation
systems and the cluster lifetime was measured throughout the trajectories for both
simulation environments.
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Figure 60. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 1 solution simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray cartoon representations, respectively. The COM-COM distances
between chains A & B, A& C,A&D,B & C, B & D and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

In the first half of the first interface simulation, clusters of four monomers were
formed (Figure 59). However, the final compact assembly formed in the last 15 ns.
Both L2 and L3 loops of one monomer and only L2 loop of the second monomer
interacted with the interface. In the second run, constant interactions were observed in
only one chain pair (chains A and C). However, the intermolecular distance was not
stabilized. Air interaction was observed in only one of the monomers through both its
L2 and L3 loops; others clustered inside the solution. As in the second interface run,
chain A was in contact with the air through its L3 loop; others formed a planar cluster
submerged in the solution in the last interface run. The largest and most fluctuating
distance was measured between chains A and D since they were not in interaction. At
the interface, chains A and C were interacting through their L2 loops with longer

interaction durations in each parallel run (Figure 61).
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Figure 61. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 1 interface simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray surface representations, respectively. The COM-COM distances
between chains A & B,A& C,A&D,B & C, B & D and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

Both N-termini and L2 loops were hotspots in the intermolecular interactions in
both solution and interface simulations with the dominance of L2 in interface clusters
(Appendix 11). Inter-loop region between L2 and L3 was highly involved in the
conserved interactions and contributed to the cluster stability both in solution and at
interface simulations. L3 loop was the following preferred interaction site at the
interface simulations unlike L1 loop in the solution. In solution runs, monomers were
interacting transiently through larger regions (Figure 62). In the case of interface,
interactions regions were more stable and formed high number of atomic contacts.
Although conserved L2-L2 contacts were observed in both environments, they were
more pronounced in the interface clusters since they were observed in all runs (Figure
63).
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Figure 62. Contact maps of Orientation 1 solution simulation systems with positionally
RWM. Each map shows the interaction of the chain column with the remaining chains
of the simulation system. L1, L2 and L3 loops were highlighted on the maps. L2-L2
interactions were measured by selecting only L2 loops. Light yellow background on
the maps indicates no atomic interactions measured. The number of atomic contacts
was assigned to a color gradient from dark green to red. The distance cutoff was set to

4A.
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Figure 63. Contact maps of Orientation 1 interface simulation systems with
positionally RWM. Each map shows the interaction of the chain column with the
remaining chains of the simulation system. L1, L2 and L3 loops were highlighted on
the maps. L2-L2 interactions were measured by selecting only L2 loops. Light yellow
background on the maps indicates no atomic interactions measured. The number of
atomic contacts was assigned to a color gradient from dark green to red. The distance
cutoff was set to 4 A.

Conserved hydrophobic contacts concentrated in L2 loops of monomers in both
simulation environments. N-termini also had a small contribution to these interactions
at air/water interface clusters (Figure 64). Cluster stabilities were supported with salt
bridges and hydrogen bonds. Charged residues in loop regions formed heterogeneous
loop-loop (residues in L2 and L3) and N termini-loop interactions. At the interface,
homogeneous N-termini salt bridges were observed. Most of the bridges were formed
in the late time steps of the simulations (Figure 65). Hydrogen bonds were observed

between chains in the early time points in both simulation environments and conserved
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in most of the runs. The number of bonds did not exceed five in most chain pairs and
mostly increased in the second half of the simulations, especially in the last 15-20 ns
(Figure 66).

Solution

Rank of Chain
Parallel
Simulation A B o D

m

' EEEE]

Figure 64. Hydrophobic contact maps of both Orientation 1 solution and interface
simulation systems with positionally RWM. Each map shows the interaction of the
chain column with the remaining chains of the simulation system. L1, L2, and L3 loops
were highlighted on the maps. The number of atomic contacts was assigned to a color
gradient from dark blue to red. The distance cutoff was set to 4 A.
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Figure 65. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 1 simulation systems with positionally RWM for both
environments. The distance between residues that form bridges was measured in the
time course of the simulations. The chain pairs A& B, A& C,A&D,and C & D
were shown as purple, green, orange, and beige lines in the graphs, respectively.
Oxygen-nitrogen distance cutoff was set to 3.2 A. However, salt bridge distance up to
4 A was acceptable as conserved interaction.
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Figure 66. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 1 simulation systems with positionally RWM in both environments. The
chainpairsA&B,A& C,A&D,B &C, B &D, and C & D were shown in purple,
green, orange, yellow, cyan, and beige lines in the graphs, respectively. Donor-
acceptor distance and angle cutoff were set at 3.5 A and 30° respectively.

Most of the monomers in the interface simulations were stable compared to the
solution. Elevated RMSD values were measured for relatively free monomers at the
interface. N-termini, L1 and L3 loops of solution monomers had higher fluctuations
(Figure 67).
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Figure 67. RMSD and RMSF measurements of chains in Orientation 1 simulations
with positionally RWM in both environments. Blue and red color gradients (from light
to dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.2.2 Orientation 2

In the systems in which L2 loops were centered, interface simulations formed
clusters that contain at least 3 monomers. Varied cluster sizes were observed in
solution simulations (clusters of two, three and four monomers) (Figure 68). In the
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first run, a cluster of two monomers was conserved in the last 10 ns. Other monomers
were transiently interacting with each other. In the second parallel run, a cluster of four
monomers formed and was conserved for 75 ns; three interacting chains were more
stable than the cluster of four. The intermolecular distances experienced smaller
fluctuations in the cluster compared to the first run. An L-shaped cluster of three was
formed in the early steps of the last solution simulation trajectory. The distance
between chain A and C was stable throughout the simulation and had the lowest COM—

COM distance due to the closer central beta barrels of the monomers (Figure 69).
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Figure 68. Cluster analysis of Orientation 2 simulation systems with positionally
RWM. Monomers in a 4 A distance cutoff assumed as clustered in the simulation
systems and the cluster lifetime was measured throughout the trajectories for both
simulation environments.
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Figure 69. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 2 solution simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray cartoon representations, respectively. The COM-COM distances
between chains A & B,A&C,A&D,B &C, B, &D and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

At the interface, monomers formed a planar cluster by facing centered L2 loops
to the interface in the first run. Chains A and C formed a compact pair by stacking of
both L2 and L3 loops; chain D was slightly distant from this pair next to chain A.
Monomer distances were more stable in the last 40 ns. In the second run, three
monomers were interacting from the tips of L2 loops which prevented the formation
of compact cluster. B-D and A-C chain distances were shorter in this cluster. In the
last run, a cluster of three monomers was observed in the later time steps. The
intermolecular distances were stable in the last 20 ns due to the rotation of the
monomers to face L2 loops interface. All monomers were at the upper air/water

interface (Figure 70).
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Figure 70. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 2 interface simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray surface representations, respectively. The COM-COM distances
between chains A & B, A& C,A&D,B & C, B & D and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

Although L2 region was a key interaction site, the N-termini of the monomers also
had a significant impact on intermolecular interactions in the clusters formed in both
simulation environments. The number of atomic contacts was mostly higher in L2
loops. In the inter-chain regions (L1-L2, L2-L3), there were constantly interacting
residues contributing to the stabilization, especially of the interface clusters (Figure
72). Although L2-L2 contacts were conserved for long time steps in both environments
and each parallel run (Appendix 12), the number of monomers involved in L2-L2
interactions was higher at the interface with larger interaction regions (Figure 72).
Varied sizes of sequence regions were observed in clusters in both simulation
environments. However, larger chain—chain interfaces were observed in solution

clusters (Figure 71). The total number of regions involved in the intermolecular
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contacts was higher at the interface systems with an elevated number of atomic

contacts (Figure 72).
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Figure 71. Contact maps of Orientation 2 solution simulation systems with positionally
RWM. Each map shows the interaction of the chain column with the remaining chains
of the simulation system. L1, L2, and L3 loops were highlighted on the maps. L2-L2
interactions were measured by selecting only L2 loops. Light yellow background on
the maps indicates no atomic interactions measured. The number of atomic contacts
was assigned to a color gradient from dark green to red. The distance cutoff set to 4 A.
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Figure 72. Contact maps of Orientation 2 interface simulation systems with
positionally RWM. Each map shows the interaction of the chain column with the
remaining chains of the simulation system. L1, L2, and L3 loops were highlighted on
the maps. L2-L2 interactions were measured by selecting only L2 loops. Light yellow
background on the maps indicates no atomic interactions measured. The number of
atomic contacts was assigned to a color gradient from dark green to red. The distance
cutoff set to 4 A.

Hydrophobic residues contributed to cluster stability; hydrophobic interactions
were conserved in L2 loops in both solution and interface clusters. The second most
dominant hydrophobic interactions were at the N-termini and in L3 loop in solution
and interface monomers, respectively (Figure 73). Despite large clusters formed, salt
bridges were not a key interaction that contributed to the cluster stability. The
interacting residues were mostly at the N-termini and only a few numbers of
interactions formed in total (Figure 74). A small number of hydrogen bonds (< 5)
formed between monomers in the early time steps and were more stable in the clusters
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of solution simulations. At the interface, the number of hydrogen bonds increased in
the last 30-40 ns (Figure 75).
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Figure 73. Hydrophobic contact maps of both Orientation 2 solution and interface
simulation systems with positionally RWM. Each map shows the interaction of the
chain column with the remaining chains of the simulation system. L1, L2, and L3 loops
were highlighted on the maps. The number of atomic contacts was assigned to a color

gradient from dark blue to red. The distance cutoff was set to 4 A.
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Figure 74. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 2 simulation systems with positionally RWM for both
environments. The distance between residues that form bridges was measured in the
time course of the simulations. The chain pairs A & C, A & D, and B & D were shown
as green, orange, and cyan lines in the graphs, respectively. Oxygen-nitrogen distance
cutoff was set to 3.2 A. However, salt bridge distance up to 4 A was acceptable as
conserved interaction.
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Figure 75. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 2 simulation systems with positionally RWM in both environments. The
chainpairsA&B,A& C,A&D,B&C,B & D, and C & D were shown as purple,
green, orange, yellow, cyan, and beige lines in the graphs, respectively. Donor-
acceptor distance and angle cutoff were set at 3.5 A and 30° respectively.

The monomer mobility was higher than the average (higher RMSD) only in two
isolated interface monomers (runl and run3). L3 of solution monomers were in high

fluctuation compared to interface (Figure 76).
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Figure 76. RMSD and RMSF measurements of chains in Orientation 2 simulations
with positionally RWM in both environments. Blue and red color gradients (from light
to dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.2.3 Orientation 3

In the case of Orientation 3 simulations, monomers were placed in a position
where L1 and L3 loops were pointed towards the center of mass of the four monomers.
Clusters of at least two and three monomers were observed in solution and at interface

simulations, respectively (Figure 77). In solution simulations, four monomers
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sequentially interacted and formed an elongated-shaped assembly in the first solution
run. COM—-COM distances between chains A & B and C & D were the smallest due
to the proximity of central B-barrels from the early steps of the trajectory. In the second
run, two clusters were observed after 20 ns and conserved in the rest of the trajectory.
The distances between chains A & B and C & D decreased after 60 ns and were
stabilized around 30 A. A stable interaction was observed only in a chain pair in the

last solution run (Figure 78).
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Figure 77. Cluster analysis of Orientation 3 simulation systems with positionally
RWM. Monomers in a 4 A distance cutoff assumed as clustered in the simulation
systems and the cluster lifetime was measured throughout the trajectories for both
simulation environments.
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Figure 78. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 2 solution simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray cartoon representations, respectively. The COM-COM distances
between chains A & B,A& C,A&D,B & C, B & D and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

At the air/water interface, clusters formed by three or four monomers mostly in
the later time steps of the simulations (Figure 77). In the first run, two, three, and four
monomers were sequentially clustered and formed an elongated assembly (L-shaped)
and all four monomers were adsorbed to the interfaces by facing L2, L3 or both loops
to the upper or lower interface. In these large cluster, monomer pairs were more stable
compared to three or four monomers. Similar sequential clustering behavior was also
observed in the second parallel run in the later time points. Monomers were randomly
oriented at the upper (three monomers) and lower (only one monomer) interface in the
cluster and each monomer was in interaction with the interface through L2 loops. B-D
and B-C-D cluster was formed sequentially with decreasing monomer distances
respectively in the last 30 ns; chain A joined the cluster in the last 15 ns. In the last

interface run, a cluster of three formed in the early steps and was conserved. Each
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monomer in the cluster was in interaction with the interface: Two with the upper and
one with the lower interface. A and D were facing same air/water interface due to the

Y-shaped cluster. The intermolecular distance was not stable (Figure 79).
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Figure 79. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 3 interface simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray surface representations, respectively. The COM-COM distances
between chains A & B,A&C,A&D,B &C,B &D, and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

The intermolecular interaction sites of the monomers in a cluster varied in each
run of both simulation environments. Although L1 and L3 loops were centered in the
initial orientations, most conserved chain interactions were through N-termini and L2
loops were observed in addition to L3 loop in solution simulations. The inter-loop
regions also contributed to the cluster stabilities in different parallel runs (Figure 80).
N-termini were making contacts in the significant time steps of the trajectories with
the loop regions (L1 and L3) (Appendix 13). Relatively larger regions of L2 loops

were involved in interactions in solution simulations. At the air/water interface, N-
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termini were the hotspot for the intermolecular interactions (Figure 81). Larger
monomer regions were found to be involved in the intermolecular interactions in
solution clusters. The high number of atomic contacts concentrated in the small regions
in both simulation environments. Conserved L2-L2 contacts were high in number in

chain pairs in solution clusters (Figure 80).
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Figure 80. Contact maps of Orientation 3 solution simulation systems with positionally
RWM. Each map shows the interaction of the chain column with the remaining chains
of the simulation system. L1, L2, and L3 loops were highlighted on the maps. L2-L2
interactions were measured by selecting only L2 loops. Light yellow background on
the maps indicates no atomic interactions measured. The number of atomic contacts

was assigned to a color gradient from dark green to red. The distance cutoff was set to
4 A
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Figure 81. Contact maps of Orientation 3 interface simulation systems with
positionally RWM. Each map shows the interaction of the chain column with the
remaining chains of the simulation system. L1, L2, and L3 loops were highlighted on
the maps. L2-L2 interactions were measured by selecting only L2 loops. Light yellow
background on the maps indicates no atomic interactions measured. The number of
atomic contacts was assigned to a color gradient from dark green to red. The distance
cutoff was set to 4 A.

Conserved hydrophobic contacts were mostly in the loop regions (L2 and L3) of
the solution clusters. On the other hand, hydrophobic interactions were not dominant
at the interface (Figure 82). The number of salt bridges was higher between monomers
clustered freely in the solution and both loop-loop and N termini-loop salt bridges were
observed. At the interface, ionic interactions formed mostly between N-termini and
loops, and most of the bridges formed in the second half of the simulations of the last
parallel run (Figure 83). After 50 ns, the number of hydrogen bonds and the chain pairs

forming these bonds increased in the first two parallel solution simulations (> 5) and
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only a chain pair conserved its hydrogen bonds in the last run; others were fluctuating.
At the air/water interface, there was no hydrogen bond observed in the first half of the
first two parallel runs; a small number of bonds were mostly formed between chain
pairs in the later time steps. In the last run, the A-B-D cluster formed conserved

hydrogen bond networks from the early time steps of the simulation (Figure 84).
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Figure 82. Hydrophobic contact maps of both Orientation 3 solution and interface
simulation systems with positionally RWM. Each map shows the interaction of the
chain column with the remaining chains of the simulation system. L1, L2, and L3 loops
were highlighted on the maps. The number of atomic contacts was assigned to a color
gradient from dark blue to red. The distance cutoff was set to 4 A.
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Figure 83. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 3 simulation systems with positionally RWM for both
environments. The distance between residues that form bridges was measured in the
time course of the simulations. The chain pairs A & B, B & D, and C & D were shown
as purple, cyan and beige lines in the graphs, respectively. Oxygen-nitrogen distance
cutoff was set to 3.2 A. However, salt bridge distance up to 4 A was acceptable as
conserved interaction.
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Figure 84. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 3 simulation systems with positionally RWM in both environments. The
chainpairsA&B,A& C,A&D,B&C,B & D, and C & D were shown as purple,
green, orange, yellow, cyan, and beige lines in the graphs, respectively. Donor-
acceptor distance and angle cutoff were set at 3.5 A and 30° respectively.

Solution monomers were more mobile in the Orientation 3 simulations and L3
loops were fluctuating on large scale. The mobility of L3 loops of monomers at
interface simulations was restricted due to the air interaction at the air/water interface
(Figure 85).
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Figure 85. RMSD and RMSF measurements of chains in Orientation 3 simulations
with positionally RWM in both environments. Blue and red color gradients (from light
to dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.

4.3.2.4 Orientation 4

Clusters of two monomers were dominant in the solution and at interface
simulations of Orientation 4. One of the runs in both environments was unstable and
grouped into more crowded clusters (Figure 86). In the first run of solution
simulations, four monomers assembled in a circular cluster by interacting through their
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loops. The chains A & B and C & D COM-COM distances were shorter due to the
proximities of the central B-barrels of the monomers. Two clusters of two monomers
formed after the first 20 ns; one of the clusters was more stable and loops of similar
type pointed to the same direction in the second parallel run. In the second cluster, the
loop directions of the interacting monomers were not stable relative to each other.
Loops were mostly free and fluctuating in both clusters. In the last parallel run of the
solution simulations, a number of clusters of similar type was formed as in the second
run. However, the directions of L2 and L3 loops were not stable. A-B and C-D chain
distances reached an equilibrium in the last 20 ns, although the monomer pairs were

formed in the earlier steps (Figure 87).
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Figure 86. Cluster analysis of Orientation 4 simulation systems with positionally
RWM. Monomers in a 4 A distance cutoff assumed as clustered in the simulation
systems and the cluster lifetime was measured throughout the trajectories for both

simulation environments.
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Figure 87. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 4 solution simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray cartoon representations, respectively. The COM-COM distances
between chains A& B, A& C,A&D,B &C,B &D, and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

In the first interface run, two clusters formed both at the interface and in the bulk
solution. The monomers in the cluster formed in bulk solution was rotating in a way
to position the same types of loops in the same direction (for L2 and L3). Initially, two
clusters were observed around 20 ns which lasted for ~55 ns in the second parallel run
at the interface simulations; linear transient interactions of four monomers were
observed in the later steps of the simulation. As in the first run, two clusters were
observed from the early steps of the third parallel run at the upper and lower interface.
In one of the clusters, L2 loop of only one monomer was in interaction with the
interface; the loops of the other monomer were submerged due to interchain interaction
through its loops. In the second cluster, monomers were in a relatively parallel
orientation with a fluctuating intermolecular distance. Both L2 loops of the cluster

were in interaction with the air at the interface (Figure 88).
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Figure 88. Snapshots of conformations at three different time points and COM-COM
distances between chains of Orientation 4 interface simulation systems with
positionally RWM. Snapshots were taken at the beginning, middle, and end of the
trajectory. L1, L2, and L3 loops and non-loop regions were denoted in cyan, green,
red, and gray surface representations, respectively. The COM-COM distances
between chains A & B,A&C,A&D,B &C,B &D, and C & D were shown as
purple, green, orange, yellow, cyan, and beige lines, respectively.

The intermolecular contacts were dominantly observed in the N-termini of the
monomers followed by L2 loops in both simulation environments, especially at the
interface clusters. Moreover, these regions were in interaction with each other with
higher probability in total (Appendix 14). However, the highest number of atomic
interactions was not necessarily observed in these dominant interaction regions. L2-
L3 inter-loop region also contributed to the cluster stabilities and formed a high
number of atomic contacts in both simulation environments. The total number of
interaction regions was higher in solution clusters (Figure 89). Additionally,
interactions involved small concentrated sequence sites in most of the cases.
Conserved L2-L2 interactions were detected in the last 20 ns of one of the parallel runs

in both simulation environments (Figure 89-90).
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Figure 89. Contact maps of Orientation 4 solution simulation systems with positionally
RWM. Each map shows the interaction of the chain column with the remaining chains
of the simulation system. L1, L2, and L3 loops were highlighted on the maps. L2-L2
interactions were measured by selecting only L2 loops. Light yellow background on
the maps indicates no atomic interactions measured. The number of atomic contacts
was assigned to a color gradient from dark green to red. The distance cutoff was set to

4A.
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Figure 90. Contact maps of Orientation 4 interface simulation systems with
positionally RWM. Each map shows the interaction of the chain column with the
remaining chains of the simulation system. L1, L2, and L3 loops were highlighted on
the maps. L2-L2 interactions were measured by selecting only L2 loops. Light yellow
background on the maps indicates no atomic interactions measured. The number of
atomic contacts was assigned to a color gradient from dark green to red. The distance
cutoff was set to 4 A.
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Conserved hydrophobic interactions were only measured in the clusters of the
solution simulations dominantly through the L2 loops in the first two runs. At the
interface, no conserved interactions were observed in the first two runs; hydrophobic
interactions were dominant in L2 loops in the last parallel interface simulation (Figure
91). The contribution of the ionic bonds to the cluster stability was not pronounced in
the clusters of two monomers (Figure 92). There was no difference between the

number of hydrogen bonds both in solution and interface clusters. However, hydrogen
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bonds played a key role in the stability of the clusters from the early time steps of the

simulations in both environments (Figure 93).
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Figure 91. Hydrophobic contact maps of both Orientation 4 solution and interface
simulation systems with positionally RWM. Each map shows the interaction of the
chain column with the remaining chains of the simulation system. L1, L2, and L3 loops
were highlighted on the maps. The number of atomic contacts was assigned to a color
gradient from dark blue to red. The distance cutoff was set to 4 A.
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Figure 92. Measurements of conserved interchain salt bridges throughout the
trajectories in Orientation 4 simulation systems with positionally RWM for both
environments. The distance between residues that form bridges was measured in the
time course of the simulations. The chain pairs A & B and C & D were shown as
purple, and beige lines in the graphs, respectively. Oxygen-nitrogen distance cutoff
was set to 3.2 A. However, salt bridge distance up to 4 A was acceptable as conserved
interaction.
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Figure 93. Measurements of the number of hydrogen bonds between chain pairs in
Orientation 4 simulation systems with positionally RWM in both environments. The
chainpairsA&B,A& C,A&D,B &C,B & D, and C & D were shown as purple,
green, orange, yellow, cyan, and beige lines in the graphs, respectively. Donor-
acceptor distance and angle cutoff were set at 3.5 A and 30° respectively.

Orientation 4 monomers were relatively less mobile in all simulations regardless
of the simulation environment. N- termini of the monomers in solution simulations

were more mobile compared to interface monomers (Figure 94).
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Figure 94. RMSD and RMSF measurements of chains in Orientation 4 simulations
with positionally RWM in both environments. Blue and red color gradients (from light
to dark) were used to differentiate parallel solution and interface simulations,
respectively. Regions between dashed cyan, green, and red lines show L1, L2, and L3
loops, respectively.
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5 DISCUSSION

A. fumigatus is an opportunistic fungal pathogen to humans and may cause severe
respiratory diseases in the immune-deficient host after invasion which is facilitated by
inhaled conidia. Although the cell wall of these spores is rich in polysaccharides which
are known to have the potential to initiate the immune response against the pathogen,
highly ordered self-assembled Class | RodA layers at the outer surface of conidia
masks them from being recognized by the immune system until germination. Also,
RodA itself was found to have the potential to trigger an immune response after
interacting with a complement system protein in the innate immune system. In the
earlier studies, both L2 and L3 loops were in silico determined as amyloidogenic and
suggested to be involved in rodlet formation (11). In this thesis, it was hypothesized
that homogenous L2 loop interactions play a significant role in initial RodA
oligomerization. MD simulations were performed with single, two, and four RodA
monomers both in bulk solution and at air/water interface. The water molecules near
the edges of the simulation boxes were also restrained to prevent the interactions of
RodA monomers with the periodic images. It was aimed to get insight into the initial
steps of self-assembly at hydrophilic’/hydrophobic interfaces by measuring
intermolecular interactions that contribute to hydrophobin oligomerization and

detecting key regions that play a role in RodA self-assembly and interface adsorption.

5.1 RodA Monomers were More Mobile in Bulk Solution Depending on the

Initial Orientation

Class I hydrophobins are known to have larger loops and the contribution of this
regions to hydrophobin solubility were investigated by De Simone et al. for L1 loop
of EAS. Additionally, L1 loop of EAS was found to be less mobile after the adsorption
to the air/water interface in 300 ns long REMD simulations (29). Unfolded SC3 folded
into a PB-sheet rich structure and was found to become more compact at the
hexane/water interface in 100 ns (7). In case of RodA, all three loops (L1, L2 and L3)
were mobile with the dominance of L3 loop, although L2 loop was the longest and

unstructured one. However, the mobility of general structure of RodA and local
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regions (loops) did not appear to be affected after the adsorption in 50 ns long

monomer simulations.

In simulations with two monomers, the only difference in monomer stability
between two simulation environments was observed in Orientation 1. L3 loops that
were not involved in intermolecular interactions were in fluctuation on a larger scale
in solution simulations. In the case of four-monomer simulations with positionally
UWM, monomer mobilities were different only between solution and interface
simulations of Orientation 2; L3 loops were more mobile in solution. There was no
difference in terms of monomer stability between Orientation 2 and 4 simulations with
positionally RWM in two different simulation environments, but general mobility
decreased at Orientation 1 and Orientation 3 interface simulations; only L3 loops were
more mobile in solution simulations. Although the interface adsorption was mostly
formed through L2 loops, their flexibility was similar to L2 loops in bulk solution in
which they participated in intermolecular interactions. Thus, longer simulation time
may be required to monitor the changes in the hydrophobin structure and mobility at

the air/water interface.

5.2 Compact Small Clusters were Formed Regardless of Initial Orientation

The clusters with smaller sizes formed in early time steps in general. The solution
RodA dimers formed through anti-parallel monomers proposed by Zykwinska et al.
was not observed in trajectories obtained in our study (24). Instead, clusters of two
monomers with small COM-COM distances were dominant in two and four-
monomers simulations, except Orientation 2 four-monomer simulations in which
elongated clusters were observed. However, intermolecular distances between
monomers of the clusters tend to decrease through a compacting process during most
interface simulations. Clusters with higher compactness were detected in two- and
four-monomer simulations with positionally RWM. This distinction was not observed
in four-monomer simulations with UWM. In bulk solution, the clusters were mostly
disorganized in large clusters of Orientation 1 and 3 simulations compared to small

clusters. However, clusters of two monomers with close B-barrels were dominant in
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four-monomer Orientation 4 simulations regardless of the simulation environment and
water restraints. These clusters formed in the much earlier time steps with smallest

intermolecular distances.

It can be claimed that the air/water interface positively affects the compactness of
small clusters compared to the bulk solution since lower distances were measured
between monomers. This orientation-dependent difference in clustering behavior was
not observed in simulations with UWM, except Orientation 4. These findings indicate
that longer simulation times can contribute to better understanding of the effect of the
interface on hydrophobin mobility and clustering behavior.

5.3 Initial Orientation and RWM Affect Cluster Size

In literature, the self-assembly of several Class | hydrophobins was claimed to be
facilitated through different homogenous loop interactions by forming stacked pB-
sheets of extended loops (33,34). In this thesis, four different initial orientations were
generated for MD simulations of multiple RodA monomers by positioning the same
loop types in proximity to each other to observe their interaction. By using these
orientations, it was aimed to shorten the time that takes for the loop regions of the
monomers to find each other in the water box in order for them to interact and form
oligomers. Random orientation was also considered to increase conformation
sampling (Orientation 1) and Orientation 4 was generated to test if the monomers find
their interaction partners in the case of distant loop orientations.

In the case of two-monomer simulations, a number of RodA clusters were
observed only in solution and interface simulations of Orientation 1 and Orientation 4.
Clustering behavior was not significant in Orientation 2 and Orientation 3 simulations
in which aggregation prone L2 and L3 loops of the monomers were in proximity of

each other, respectively.

Regardless of the simulation environment and conditions of water molecules,

clusters of two monomers formed in the first half of most simulation trajectories of
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four-monomer simulations, except Orientation 1 where higher order clusters were
dominant. Clusters of three monomers were mostly observed in the Orientation 3
interface simulations with positionally RWM. On the other hand, Orientation 4
simulations mostly resulted in the formation of clusters of the two monomers. Large
clusters were mostly formed through a sequential clustering behavior in the later time
steps of the trajectories and were mostly observed in simulations with positionally
RWM.

The RodA cluster size seem to highly dependent on the initial orientation, more
than the simulation environment, although simulations with RWM allowed us to

observe that interface mediated the formation of relatively larger clusters.

54 N-termini and L2 Loops were Highly Involved in Intermolecular

Interactions

The clusters were formed by intermolecular interactions through the N-termini
and L2 loops in most simulations with high atomic contacts. However, the dominance
of these regions in the intermolecular interactions varied between different
simulations. In Orientation 3 simulations, L3 loop also played a role in cluster
formation. Although these regions were highly in interaction, inter-loop regions,
especially L2-L3 region, were making contributions to cluster stability with high
number and long-lasting atomic contacts in the interface simulations with positionally
RWM.

The duration of the intermolecular interactions was longer at Orientation 1 and
Orientation 2 interface simulations with RWM. The interaction regions were relatively
large in solution simulations, but transient interactions were also pronounced
throughout the simulation time. Longer interactions were dominant at interface
simulations with UWM.

To check if homogenous loop interactions had a role in RodA oligomerization,

L2-L2 interactions were monitored since L2 loop is longer than L3 even though both
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L2 and L3 were predicted as amyloidogenic. At the interface simulations with
positionally RWM, high number of L2-L2 interactions were observed, except
Orientation 3. There were also a number of heterogenous loop interactions in clusters.
Contrary to the models proposed in the literature for hydrophobin self-assembly,
heterogeneous loop interactions (L1-L2, L1-L3 and L2-L3) were observed in addition

to interactions of the N-termini.

5.5 Interactions Contributing to the Cluster Stability Differ Between the Two

Simulation Environments

In most simulations performed with multiple RodA monomers, hydrophobic
interactions were found to play a significant role in intermolecular interactions. This
finding was in line with the study of the Kershaw and Talbot in which short-range
hydrophobic interactions were claimed to be crucial in hydrophobin assemblies (45).
The contribution of these interactions was mostly observed in the clusters formed in
Orientation 1 and 2 simulations in four-monomer simulations with RWM. In general,
the dominance of these interactions varied depending on the simulation environment.
In simulations with positionally RWM and two-monomer simulations, hydrophobic
interactions were measured more dominantly in L2 loops of solution clusters contrary
to four-monomer simulations with UWM. In the case of Orientation 4, the contribution
of the hydrophobic interactions to the cluster stability was not pronounced instead; a
relatively high number of hydrogen bonds formed in the early time steps of both
solution and interface simulations and were conserved. The reason of this decrease in
hydrophobic interactions after interface adsorption probably resulted from the
tendency of hydrophobic regions to remain in contact with air at the interface after
adsorption as observed in the interface simulations of SC3 L1 dimers (27). In the
simulations with UWM, hydrogen bonds formed in clusters either in later time steps
or largely fluctuated throughout the trajectories. In the case of two-monomer
simulations, the number of hydrogen bonds increased only in the second half of the

trajectories of Orientation 1 interface simulations.
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Salt bridges were observed in RodA monomers both in solution and interface
simulations, but only the one that formed on the N-terminal a-helix was measured as
stable (E54-K50). In addition to the ionic interactions (E54-K50 and K107-D109)
stated in the study of Valsecchi et al. (11) for RodA monomers, five additional
interactions (Figure 10) were observed in monomer simulations that may affect the
flexibility of L1 and L2 loops in bulk solution since they were located at both N- and
C- terminals of the loops. In RodA clusters, the contribution of ionic interactions to
the cluster stability was only observed in Orientation 3 simulations regardless of

simulation environment.

56 RodA Monomers Adsorbed to the Interface Mostly Through L2 Loops

In several studies, it was observed that hydrophobic surfaces of hydrophobins face
towards the air at the air/water interfaces (36). In this thesis, both L2 and L3 loops of
RodA that are known to contain hydrophobic stretches were highly surface active since
they adsorbed to the interface within 50 ns individually or together in different runs in
monomer simulations regardless of the initial orientation. Although the parallel runs
were started with the same RodA orientations, short NPT runs performed prior to the
interface simulations resulted in varied initial orientations and distances to the
interfaces in monomer interface simulations. In the case of SC3, homology model of
the monomer was transiently interacting with the air/water interface in 100 ns

simulations and could not completely adsorb to the interface (27).

In the case of multiple monomers simulations, both clusters and individual
monomers reached the interface in the first half of the simulations and L2 loops were
dominantly interacting with the air. The reason of the dominance of L2 in surface
adsorption may be explained as follows: Although the hydrophobic region (residues
136-148) is larger in L3 loops, the total length of the loop is relatively shorter and
therefore could be more easily buried in the protein-protein interfaces in solution
clusters. On the other hand, L2 loops were longer, and it was probably difficult to

prevent them from being exposed in the RodA clusters.
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Orientation 4 simulations provided significant clues about RodA self-assembly at
the air/water interface. The clusters formed in these simulations were highly stable
compared to others, especially the clusters in which both L2 and L3 loops of a
monomer adsorbed to the interface. In the clusters in which L2 loops aligned in the
same side and were interacting with the interface, the cluster stability was lower
compared to former cluster. The reason of this relative instability was probably due to
the fluctuations in L3 loops that were trying to reach the interface. With the help of
these findings, a model could be proposed for self-assembly mechanism of RodA at
the air/water interface: RodA monomers adsorbed to the surface both through their L2
and L3 loops and the loops probably aligned side-by-side in the oligomers in an open
form without loop stacking unlike stacked loops proposed for EAS L3 loops in the
study of Macindoe et al. (33) and with a close beta barrel distance between monomers.
After surface adsorption, conformational rearrangements may result in extended loop
conformations, but longer simulation time is needed to test this hypothesis. Both loops
were found involve rodlet formation in previous studies. In our study, L2 loops were
highly involved in intermolecular interactions in short simulations. I was also
hypothesized that L2 loops were more available for amyloid like fibril formation. The
surface of the hydrophobin which was claimed as to be hydrophobic faces to the air in

this adsorption behavior.

5.7 There is No Common Structural Region Involved in Class | Hydrophobin

Assembly

In addition to RodA, there are a number of hydrophobins in different pathogenic
and non-pathogenic filamentous fungi known to function in the surface coverage of
conidia and other aerial structural components and have ability to form amphipathic
layers after secretion at hydrophilic/hydrophobic interfaces. However, the morphology
of the layers, the number and pattern of secondary structural contents in monomeric
structures (except four-stranded central B-barrels) and sequence lengths between
cysteine residues mostly differ between Class | and Class Il hydrophobins, although
the pattern of disulfide bonds is conserved. The amino acid sequence and structures of

the loop regions are highly divergent even within Class | hydrophobins including the
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loops that were determined or predicted to involve in self-assembly. For example, L3
loop of EAS is unstructured and was claimed to form amyloid structures by adopting
B-sheets in the hydrophobin assemblies, while structured L2 loop of DewA was
suggested as the key player in amyloid formation (14,33). In the case of RodA
monomer where both L2 and L3 were found to be critical regions in RodA self-
assembly, the only significant secondary structural element (a long a-helix) was
determined in the L1 loop; L2 and L3 loops were mostly unstructured in bulk solution
as described in the study of Valsecchi et al. (11). Furthermore, to our knowledge, there
was two loop regions that were suggested to be involve in RodA rodlet formation
unlike remaining Class | hydrophobins. Due to these reasons, it was unlikely to make
a consensus about the behavior of Class | hydrophobin self-assembly and use this

information in determining the mechanism of RodA self-assembly.

5.8 Limitations

A full-length, experimentally determined 3D structure of RodA was not available,
instead, the first model from NMR assemble of RodA missing 20 residues (19-39) was
used in the MD simulations (PDB ID: 6GCJ). Although the model of the full-length
structure was deposited in the AlphaFold Protein Structure Database recently, the

confidence score of the predictions were low for the N-terminal region (91).

There was no experimental study about the self-assembly mechanism of RodA at
the air/water interface or the multimeric state of the hydrophobin in solution to
compare the results obtained in this thesis. There are assumptions about the solution
state and the only available data was related to the morphology of layers on the conidia
surface and Monte Carlo simulations were performed to investigate the layer formation
on a 2D plate (24).

To reduce the computing time and size of the trajectory files, 50 (single and two-
monomer simulations) and 100 ns-long (four-monomer simulations) simulations were
run, and analyses were performed by loading the trajectory files by skipping several

time steps. In addition, a queued system was used in TRUBA, and the queued jobs
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were prioritized depending on the run time and user. Therefore, it was a time-
consuming process to run a simulation even for 50 or 100 ns-long simulations with

minimized atom numbers.

Last but not least, the environment that hydrophobins are secreted are much more
crowded and molecules other than hydrophobins may also be present. It is unlikely to
mimic the exact environment in MD simulations. The salt concentrations or ion types

used in this thesis may not compensate for the ions present in its natural environment.
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6 CONCLUSION

A. fumigatus RodA hydrophobins were studied by performing ns-long all-atom
MD simulations in both bulk solution and air/water interfaces to get insights into the
initial steps of hydrophobin self-assembly. In stability measurements, orientation-
dependent decreases in the hydrophobin mobility and local fluctuations were observed
at the interface simulations. Small hydrophobin clusters were mostly more compact at
the interface and formed in earlier time steps of the trajectories regardless of the
simulation condition. On the other hand, monomers clustered into larger structures
sequentially and required more time to stabilize. The size of a cluster formed in
simulations was also highly dependent on initial orientation; randomly distributed
RodA monomers (Orientation 1) formed larger clusters, while clusters of two
monomers were dominant in simulations in which the loops of RodA monomers were
distant while central B-barrels were in close (Orientation 4). N-termini and L2 loops
were involved in intermolecular interactions with high rates. However, the dominance
of these regions varied in different simulations. Surprisingly, inter-loop regions
contributed to cluster stability with several atomic contacts, especially in the interface
simulations with positionally RWM. Unlike the consensus in the literature,
heterogenous loop and non-loop interactions were observed in the clusters. Depending
on the initial orientation, the type of the interaction contributing to cluster stability
varied. While hydrophobic interactions are common, a number of salt bridges was only
observed in Orientation 3, especially at the interface. Both L2 and L3 loops were
surface active and, with the help of mostly Orientation 4 simulations, a model for
interface self-assembly mechanism was proposed. In the future studies, longer
simulations of the selected initial orientations will be performed to observe the effect
of the interface on RodA self-assembly and conformational changes adopted by the
adsorbed hydrophobins. A higher number of monomers will be used in simulations to
monitor the clustering in a more crowded environment. The self-assembling behavior
of RodA on solid hydrophobic surface can be studied by MD simulations. Lastly, the
interaction between complement system protein CD3 and RodA will be studied by

using molecular docking methods and MD simulations.
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8 APPENDIX

Appendix 1 Intermolecular distance measurements by “dist bw_chains.tcl”.

set outfileAB [open dist_bw_AB results oril runl WR.txt w]
set nf [molinfo top get numframes]

puts $outfileAB "cl 1 AB oril runl WR cl 2 AB oril runl_ WR"
for {set i 0} {$i < $nf} {incr i} {

set chA [atomselect top "protein and chain A" frame $i]
set comA [measure center $chA weight mass]

set chB [atomselect top "protein and chain B" frame $i]
set comB [measure center $chB weight mass]

set comdistAB [vecdist $comA $comB]
puts $outfileAB "$i \t $comdistAB"

}

close $outfileAB
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Appendix 2 Atomic contact measurements by “contacts for chains.tcl”.

set num_steps [molinfo top get numframes]
set rodChains {A B C D}
foreach x $rodChains {

set fp [open "oril runl WR_chain_$x _other_chains.txt" w]
puts $fp "fr_oril runl WR_$x num_oril runl WR_$x "

for {set res_chain 39} {$res_chain < 160} {incr res_chain} {

for {set frame 0} {$frame < $num_steps} {incr frame} {

set sell [atomselect top "protein and chain $x and resid $res_chain" frame
$frame]

set sel2 [atomselect top "protein and not chain $x" frame $frame]

set cont [llength [lindex [measure contacts 4.0 $sell $sel2] 0]]

puts $fp "$frame $cont"

}

}
close $fp

}
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Appendix 3 Hydrophobic contact measurements by “hydrophobic_contacts.tcl”.

set num_steps [molinfo top get numframes]
set rodChains {A B C D}
foreach x $rodChains {

set fp [open "oril runl WR chain_$x
_other_chains_hydrophobic_contacts.txt" w]
puts $fp "fr_oril runl WR_$x num_oril runl WR_$x "

for {set res_chain 39} {$res_chain < 160} {incr res_chain} {

for {set frame 0} {$frame < $num_steps} {incr frame} {

set sell [atomselect top "protein and hydrophobic and chain $x and resid

$res_chain" frame $frame]

set sel2 [atomselect top "protein and hydrophobic and not chain $x" frame

$frame]
set cont [llength [lindex [measure contacts 4.0 $sell $sel2] 0]]
puts $fp "$frame $cont”

}

}
close $fp

}
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Appendix 4. Hydrogen bond measurements by “hbonds.tcl”.

set sel chA [atomselect top
set sel chB [atomselect top
set sel chC [atomselect top
set sel chD [atomselect top
hbonds -sell $sel chA -sel2
outfile hbonds_AB oril runil

hbonds -sell $sel chA -sel2
outfile hbonds_AC_oril_runl

hbonds -sell $sel chA -sel2
outfile hbonds_AD_oril runil

hbonds -sell $sel_chB -sel2
outfile hbonds_BC_oril_runl

hbonds -sell $sel chB -sel2
outfile hbonds_BD_oril_runil

hbonds -sell $sel chC -sel2
outfile hbonds_CD_oril_runil

"protein and chain A"]
"protein and chain B"]
"protein and chain C"]
"protein and chain D"]
$sel _chB -writefile yes
_WR.txt -type all

$sel chC -writefile yes
_WR.txt -type all

$sel chD -writefile yes
_WR.txt -type all

$sel chC -writefile yes
_WR.txt -type all

$sel chD -writefile yes
_WR.txt -type all

$sel _chD -writefile yes
_WR.txt -type all

-dist

-dist

-dist

-dist

-dist

-dist

-ang

-ang

-ang

-ang

-ang

-ang

30

30

30

30

30

30
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Appendix 5 RMSD measurements by “RMSD _protein.tcl”.

set rodChains {A B C D}
foreach x $rodChains {

set f1 5 [open "rmsd_four_mons_ori4_int run3_WR_100ns Ch_$x .txt" w]

puts $f1 5 "fr_four_mons_ori4_int_run3_100ns_Ch_$x
rmsd_four_mons_ori4 int run3 WR_100ns Ch_ $x"

# use frame O for the reference

set reference [atomselect top "protein and name CA and chain $x" frame 0]
# the frame being compared

set compare [atomselect top "protein and name CA and chain $x"]

set num_steps [molinfo top get numframes]
for {set frame 0} {$frame < $num_steps} {incr frame} {

# get the correct frame

$compare frame $frame

# compute the transformation

set trans_mat [measure fit $compare $reference]
# do the alignment

$compare move $trans_mat

# compute the RMSD

set rmsd [measure rmsd $compare $reference]

# print the RMSD

puts $f1 5 "$frame \t $rmsd"

}

close $f1 5
}
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Appendix 6 RMSF measurements by “RMSF _protein.tcl”.

# use frame @ for the reference

set reference [atomselect top "protein and name CA and chain A" frame 0]
# the frame being compared

set compare [atomselect top "protein and name CA and chain A"]

set num_steps [molinfo top get numframes]

set fp_5 [open "RMSF_TWO_Mon_ori2_int_run3_ChainA.txt" w]

puts $fp 5 "fr_TWO Mon_ori2_int run3_ChainA
RMSF_TWO_Mon_ori2_int_run3_chainA"

for {set frame 0} {$frame < $num_steps} {incr frame} {

# get the correct frame
$compare frame $frame

# compute the transformation
set trans_mat [measure fit $compare $reference]
# do the alignment
$compare move $trans_mat
}
for {set i 0} {$i < [$compare num]} {incr i} {
set rmsf [measure rmsf $compare first @ last 499 step 1]
puts $fp 5 "[expr {$i+1}] [lindex $rmst $i]"
}
close $fp_5
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Appendix 7 Contact maps of four monomers in Orientation 1 simulations.
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Appendix 8 Contact maps of four monomers in Orientation 2 simulations.
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Appendix 9 Contact maps of four monomers in Orientation 3 simulations.
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Appendix 10 Contact maps of four monomers in Orientation 4 simulations.
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Appendix 11 Contact maps of four monomers in Orientation 1 simulations with

positionally RWM.
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Appendix 12 Contact maps of four monomers in Orientation 2 simulations with

positionally RWM.
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Appendix 13 Contact maps of four monomers in Orientation 3 simulations with

positionally RWM.

Run 1

Run 2

Run 3

ARG40
LYsS50
ALAGO
TYR7O0
GLY8O
ILESO
GLY100
LEU110
GLN120
ASN130
ASP140
LEU150

ARG40
rss0
ALAGO
TYR70
GLY80
ILE9O
GLY100
LEU110
GLN120
ASN130
ASP140

LEU1s0 |

ARG40
LYsso
ALAGO
TYR70
GLYso
ILESO
GLY100
LEU110
GLN120
ASN130
ASP140
LEU150

.
Solution
1
1
' 1]
1
i \
§385:888:288¢38
>_-,§ 3 2 3 >z z a S
& FP 23233353
" L . +
i
it
2 2228283388 ¢%¢%
E83F38532z25 3
245
& 33332994
|
.J‘
22388882288 ¢%3
e fsEzisssz28 3
R
¥ == 333349

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000

0.30

0.25

0.20

0.15

0.10

0.05

0.00

0.25

0.20

0.15

0.05

0.00

Interface

ARGA0 A
LYS50
ALAGO -
TYRT0
GLYBO
ILESO
GLY100 -
LEU110 4
GLN120 4
ASN130 4
ASP140 4
LEU150 4

ARG40

LS50

ALAGO

TYR70
GLY80

ILESO

GLY100

LEU110

GLN120

ASN130

ASP140

LEU150

ARG40
LYss0
ALAGO
TYR70
GLY80
ILE9O
GLY100
LEU110
GLN120
ASN130
ASP140

LEU150

ARG40

LYS50

ALAGO

TYR70

GLY80

ILE90
GLY100
LEU110

GLN120

ASN130

ASP140

LEU150

ARG40
LYs50
ALAGO
TYR70
GLY80
ILESO
GLY100
LEU110
GLN120
ASN130
ASP140
LEU150

ARG40

LYss0

ALAGO

TYR70

GLY80

ILESO
GLY100

LEU110

GLN120

ASN130

ASP140

LEU150

0.225

0.200

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000

0.175

0.150

0.125

0.100

0.075

0.050

0.025

0.000

030

0.25

0.10

0.05

0.00

159



Appendix 14 Contact maps of four monomers in Orientation 4 simulations with

positionally RWM.
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