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Abstract

Hedgehog (HH) signaling pathway is the cellular pathway for patterning and morphogenesis.
It is controlled by two membrane proteins, the HH receptor Patchedl (PTCH1), a 12-pass
transmembrane (TM) protein, and Smoothened (SMO), a 7-pass transmembrane (TM) signal
transducer. SMO transduces the signal from the extracellular (EC) region to the cytoplasmic
(CP) region. Binding of HH ligand to PTCHI receptor allows SMO entry to the primary cilium
(PC) and activates the downstream signaling process. The malfunctioning of SMO results in
misregulation of the HH signaling pathway, which contributes to birth defects and various can-
cers. The story has evolved from initial conjectures involving direct communication of PTCH1
with SMO to indirect communication between the two TM proteins. In the process, some of
the old theories have been discarded in recent literature. However, the underlying mechanism
of how PTCH1 controls SMO is still not very clear, and thus constitutes an important area
of research. Based on available evidence, the consensus appears to be limited to the assertion
that, driven by HH signaling, PTCH1 regulates the activity of SMO activity through the in-
termediacy of some small molecules (such as cholesterol). In addition, it appears that the lipid
bilayer composition affects SMO orientation and function. In this context, several earlier hy-
potheses involving the primary role of cholesterol are being disputed. At the same time, several
HH pathway inhibitors viz., cyclopamine, taladegib, and vismodegib, which target SMO have
been reported. Notwithstanding their potential utility in the treatment of cancer, long-term
administration of these drugs was reported to lead to the development of resistance.

The broad aim of my research is to build upon the existing molecular-level understanding of
the functioning of the HH pathway, with a view to facilitate the formulation of newer approaches
towards therapeutic intervention. The focus of my research is to investigate the structure and
domain organization of SMO, which is a class F GPCR. This thesis attempts to provide some
insights into the functioning of the SMO receptor, using molecular dynamics-based approaches.
It is shown that SMO is activated by cholesterol molecules and that its dynamics is influenced
by other membrane lipids such as PI4P. The specific objectives include 1. To identify important
motifs, especially including, but not limited to, the lipid-binding sites/motifs. 2. To study the
conformational dynamics of SMO, to help understand its molecular behavior and also the role
of the composition of the primary cilia. 3. To study the regulation mechanisms in SMO by

exploring the different cholesterol-bound structures of SMO.
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Chapter 1

Introduction

1.1 Overview of Hedgehog pathway

The Hedgehog (HH) signaling pathway is one of the most important evolutionarily con-
served cellular pathways associated with embryonic development and cancer throughout the
animal kingdom [57]. The HH pathway is a developmentally and therapeutically significant
pathway responsible for the expression of glioma-associated oncogenes (GLI) that orchestrate
cell morphogenesis and cell proliferation. It controls the development of patterning, tissue
growth, mitogenesis, homeostasis, and tissue repair. The name of the pathway is derived from
its signaling molecule, HH, which facilitates communication between cells. HH pathway activa-
tion is controlled by two transmembrane (TM) membrane proteins, the HH receptor protein,
Patchedl (PTCH1) (a 12-pass transmembrane protein), and Smoothened (SMO), a 7-pass
transmembrane domain protein of the Class F GPCR family, as the signal transducer [49]. In
the absence of HH, PTCHI inhibits downstream SMO (Figure 1.1a). The signaling cascade
begins with the binding of HH to the PTCHI receptor. This leads to the activation of SMO
by releasing the PTCHI1-mediated inhibition [42] and translocation of SMO to the primary
cilia [42, 49, 52, 111, 125, 166]. However, the detail of this mechanism is poorly understood
[128]. The active SMO contributes to the activation of the GLI transcription factors (two ac-
tivators, GLI1 and GLI2; repressor GLI3) by inhibiting the SUFU-PKA complex via a poorly
understood mechanism. These GLI transcription factors then move to the nucleus to bind their
specific target genes, which result in the expression of GLI target genes (genes ptchl acts as a
negative and glil acts as a positive feedback loop) that are involved in cell proliferation and

cell morphogenesis [3, 19, 69, 166] as described in Figure 1.1b.
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Figure 1.1: A schematic overview of the HH pathway. a) In the absence of HH, PTCHI1 inhibits
SMO, enabling SUFU and PKA to inhibit the activity of GLI transcription factors; and b) binding of
HH to PTCH1 displaces it from the primary cilium and stops inhibition of SMO. This allows SMO
to accumulate into the phosphatidylinositol-4-phosphate (PI4P) enriched primary cilium, resulting in
downstream signal transmission and the transcription of HH target genes by the GLI transcription

factors.

1.2 Role of the SMO and HH signaling pathway in cancer

SMO is referred to as a “proto-oncogene”; by definition, proto-oncogenes are genes that play
a role in cell growth and division, and if they undergo mutations or other changes, they can
become oncogenes, which promote uncontrolled cell growth and division [154]. Dysregulated
activation of SMO in HH signaling pathway causes severe developmental abnormalities, serious
diseases, and the development of various cancers, including basal cell carcinoma, leukemias,
medulloblastoma, and cancers of the lung, colon, liver, pancreas, breast, and prostate [8, 50,
75, 96, 130, 137, 168]. In sporadic tumors, missense mutations in SMO have been shown to
activate the HH pathway constitutively [92]. The role of SMO in various cancers is tabulated
here in Table 1.1 (reviewed in [75]).

In the cardiovascular system, the HH pathway promotes both differentiation and prolifera-
tion. During early embryonic development, it is important for the morphogenesis of the heart

to determine left/right asymmetry and control the correct looping of the heart tube [34]. HH



Table 1.1: SMO in cancer.

S.no | Cancer name Cause References
1. Breast carcinoma Expression of SMO (in ductal | [108, 165]
carcinoma)
2. Basal cell carcinoma R562Q, W535L, R199W, S533N, | [8, 75, 92]
V321M, L412F, F460L mutations in
SMO
3. Medulloblastoma W535L, D473H, S533N,  S278I | [75, 112, 154, 185]
mutations in SMO
4. Colorectal cancer Overexpression of SMO [96]
5 Intestinal tumorigenesis | Indirect role of SMO (by increasing | [75]
Wnt signaling)
6. Hepatocellular K575M mutation (missense) in SMO [45, 145]
carcinoma
7. Pancreatic cancer D473H mutation in SMO, | [75, 90]
overexpression of SMO
8. Colon cancer Overexpression of SMO, A324T, | [46, 56, 96, 191]
V404M, and T640A mutations in SMO
9. Lung carcinoma (non— | P641A mutation in SMO [159]
small-cell lung cancer;
NSCLC)

signaling is involved in the maintenance and repair of adult cardiovascular tissues, as well as
the regulation of angiogenesis [14, 149]. Table 1.2 provides an overview of the various tissues
where the HH pathway plays a role in the development and its potential involvement in tu-
mor formation [14]. Based on the role of HH signaling in the development of various cancer
types which have been further classified into three categories. Category 1 represents cases
where abnormal HH signaling initiates the formation of the tumor; Category 2 involves in-
stances where HH signaling contributes towards the maintenance of the tumor; and Category
3 involves cases where the role of HH signaling is implicated, but its specific contribution is
not yet fully understood [14]. According to a report on ”carcinogenesis and tissue repair,” HH,
along with the Wnt signaling pathway, is activated in many cancers, and this activation is
required for cancer growth [15, 153]. These cancers are responsible for roughly one-third of all

cancer deaths [15, 153].

In this scinario, the HH signaling pathway has emerged as a promising therapeutic target
for a range of human cancers. Consequently, SMO being a GPCR, key player of HH pathway,
is highly druggable. SMO is easily accessible, has a suitable binding site, plays a important role
in disease, its activity or function is modifiable by small molecules, and has available structural
information (discusse in section 1.3.1 and 1.4). Therefore, SMO has become the most promi-

nent target for cancer therapies, and various anti-cancer molecules that target SMO, including



cyclopamine, taladegib, and vismodegib, have been reported [51] (Figure 1.2). However, given
the limited efficacy of these molecules against several cancers, there is a need for a rational
drug design approach for a therapeutic intervention involving a molecular-level understanding

of the mechanism of SMO activation.

Table 1.2: HH pathway involvement in tissue development and tumorigenesis. Based on the role of HH in their

respective formation and/or proliferation, the tumors are placed in one of three categories. (Source: [14]).

S.no Role of HH in Category
of tumor

Normal tissue growth Cancer/Tumor growth

1 Eye, tooth, skin, and hair follicle | Basal cell carcinoma (BCC) 1

2 Central nervous system (CNS) Medulloblastoma 1

3 Muscle, bone, epithelial, and soft | Rhabdomyosarcoma 1
tissue

4 Muscle, bone, epithelial, and soft | Breast carcinoma 3
tissue

5 Heart and vasculogenesis

6 Pancreas Pancreas 2

7 Gastrointestinal Colorectal 2

8 Esophageal, gastric, and hepatic | 3

carcinoma

9 Thymocytes and hematopoiesis | Lymphoma and leukemia 3

10 Bronchial branching Lung carcinoma 3

11 Ovary Ovarian carcinoma 3

12 Testis and prostate Prostate carcinoma 3

13 Hepatocellular carcinoma
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Figure 1.2: A schematic representation shows the reported antagonists of the HH signaling pathway at

different stages.



1.3 The central role of SMO and its relationship with other key

players in the HH signaling pathway

1.3.1 Smoothened (SMO) receptor- The queen of the HH pathway kingdom

SMO is a critical component of the HH signaling pathway. It transmits the signal across the
cell membrane. SMO belongs to the Class F (Frizzled/FZD) family of GPCR proteins. It shows
only 10% sequence similarity with class A GPCRs and high sequence similarity to the FZD
receptor, which is involved in the WNT signaling pathway. The closely related FZD receptors
are also seven-pass transmembrane proteins with cysteine-rich domain (CRD). However, the
FZD receptors bind Wnt ligands, whereas SMO does not bind any morphogen. Instead, PTCH1
binds the extracellular signal, HH ligand, and releases the inhibition on SMO. The transition
from active to inactive states of the HH pathway in mammalian cells includes a rapid translo-
cation of SMO and other regulatory components to the primary cilium. In the absence of an
HH ligand, the presence of ciliary SMO is minimal and limited to the base region surrounding
the cilia. The structure of SMO as a seven-pass TM protein (described in Section 1.4) provides
support to the belief that SMO can couple to heterotrimeric («v) G-proteins, a characteristic
common to numerous examples of cell-surface seven-pass TM receptors for hormones, paracrine

substances, and sensory stimuli [141].

As discussed in the previous section, SMO is highly druggable, and there are various small
molecules that can modulate its activity. These may be agonists or antagonists. A few exam-
ples of agonists are the synthetic small molecules SAG [28] or tri-substituted purine derivative
purmorphamine [182]. Examples of antagonists include cyclopamine- naturally occurring plant
alkaloids [154], a few synthetic compounds such as SANT-1 [28], and vismodegib [132].

1.3.2 Other key players in the HH pathway

1.3.2.1 Hedgehog (HH) ligand

The HH signaling pathway is one of the important regulators of animal development and is
found in all bilateral animals. It gets its name from its intercellular signaling molecule called
HH, which is a polypeptide ligand and was first identified in Drosophila. HH is a segment
polarity gene product of Drosophila that is important in forming its body plan. Mammals have
three HH homologs, Desert hedgehog (DHH), Indian hedgehog (IHH), and Sonic hedgehog
(SHH). SHH is the most well-studied vertebrate pathway ligand. The majority of what is
known about HH signaling has come from research into SHH [32, 89, 120, 133]. A comparative
study of three homologs of HH has been done by Pathi et al. to study the role of HH homologs



[119] summarized in Table 1.3.

Table 1.3: Role of HH homologs (source: [119]).

S.no | HH Function
homolog

e Establishment of the early left-right (L-R) axis in the chick embryo
1 SHH e Regulation of ventral cell fates in the central nervous system (CNS)
e Specification of anteroposterior (A-P) axis in the limb

e Modulating chondrogenesis in the appendicular skeleton

2 THH e Negative regulator of the differentiation of proliferating chondrocytes
e Germ-cell proliferation
5 DHH e Development of germ cells toward the later stages of spermatogenesis

e Signaling peripheral nerve ensheathment
e Nerve-Schwann cell interactions

SHH is initially translated as a ~ 45kDa precursor, and it goes through an autocatalytic
process to produce a ~ 20kDa N-terminal domain or N-terminal signaling domain (SHH-N) and
a ~ 25kDa C-terminal domain (which does not have any currently known function in signaling)
[32, 89, 120, 133]. During the cleavage, SHH-N is modified with a cholesterol moiety at its
C-terminal and a palmitic acid group at its N-terminal (Figure 1.3a). Cholesteroylation helps
SHH-N in the trafficking, secretion, and receptor interaction of the ligand [32, 89, 120, 133].
The crystal structure of human SHH-N (PDB ID- 3M1N) shows that this peptide has both
a-helix and f-sheets secondary structure elements and is classified as in a +  protein category
(Figure 1.3b) [120]. A cryo-EM structure of human PTCHI in complex with SHH-N (PDB
ID-6E1H) shows that SHH-N is bound near ECD1 and loop of ECD2 of PTCHI1 (Figure 1.5)
[53]. The interaction occurs mainly through polar and charged amino acid residues. The details

of the interaction are discussed in the next section (1.3.2.2).

Unlike other signaling pathways, where the signaling molecules bind to their signal transducer
protein, SHH does not bind to the HH signal transducer protein SMO.
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Figure 1.3: a) Overview of SHH post-translational modifications, and b) crystal structure of N-terminal

domain of Human SHH.

1.3.2.2 Patched (PTCH) receptor

PTCH is the HH receptor that plays a crucial role in the HH pathway. Mammals have two
PTCH genes, Patchedl (PTCH1; consists of 1447 residues in humans) and Patched2 (PTCH2).
These two PTCH proteins are homologs of PTCH found in Drosophila. PTCH1 and PTCH2
have the expected 12 transmembrane topologies that consist of N- and C-terminal domains,
both located inside the cell, along with six extracellular loops (ECLs) and five intracellular
loops (ICLs). Among these loops, the central intracellular loop is the longest. Interestingly,
PTCH1 and PTCH2 exhibit similarities with the resistance-nodulation-cell division (RND)
family protein, a type of eflux pumps found in gram-negative bacteria, which are known
to contribute significantly to multidrug resistance. They act as a cholesterol transporter
[27, 53, 83]. It has the sterol-sensing domain (SSD) from TM2 to TM6 (Figure 1.4). ECL1 and
ECLA4 loops, two larger loops between TM2 and TM3, TM7 and TMS, respectively, are termed
extracellular domains, ECD1 and ECD2. It has been reported that ECD1 and ECD2 play an
important role in SHH binding to the receptor and are involved in forming the binding site for
SHH-N (Figure 1.5a-b). Residue E212 of ECD1 interacts with K87, R123, and R153 on SHH-N
(Figure 1.5¢). E221 on helix 3 interacts with Y44 and K45 of SHH-N, while the preceding
D217 forms a hydrogen bond with S177 (Figure 1.5¢). ECD2 E947 and E958 on the H loop
form a hydrogen bond with R155 and S151, respectively (Figure 1.5d). ECD1 and ECD2 move



toward each other upon SHH binding to accommodate it [27, 53].

PTCH1 was formerly thought to regulate SMO by directly interacting with it. The theory
has evolved to show that there is no direct interaction between PTCH1 and SMO [155]. It
is believed that PTCH1 controls SMO via some small molecules, such as cholesterol or an
unknown sterol-like molecule, to exert its suppression on the HH pathway [16, 25, 83, 155].

PTCH1

ECD2

N-terminal W %m- |
- ina

ICLs

Figure 1.4: A schematic representation of PTCH1. TM helices are numbered, and TM2-TM6 contain

the sterol-sensing domain (SSD).



PTCH1 SHH-N complex (PDB ID- 6E1H)

Figure 1.5: Structure of PTCH1 and SHH-N complex. a) Overall structure of PTCHI with SHH-N.
SHH-N is represented in ice blue color. The N-terminal intracellular helix and TM1 of PTCH1 are shown
in blue. ECD1 and ECD2 of PTCH1 are colored green and tan, respectively. The SSD region containing
TM2-6 of PTCHL is represented in yellow, while TM7-12 of PTCH1 is shown in cyan. b) The interaction
site between PTCH1 and SHH-N is marked with a rectangle. ¢) Shows the interacting residues between
ECD1 of PTCH1 and SHH-N. d) Shows the interacting residues between ECD2 of PTCH1 and SHH-N
(Source: [53]).
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1.3.2.3 Heterotrimeric GTP-binding regulatory proteins (G-protein)

G-proteins are also important key players in any signaling pathway. They interact with
various types of receptors (Wettschureck and Offermanns 2005). G-protein has three subunits:
«, B, and v subunits. The binding of GPCR to G-protein leads to the exchange of GDP
(guanosine diphosphate) to GTP (guanosine triphosphate) attached to the Ga subunit. After
which, this GTP-Ga is released from GPCR and also disassociated from the 5+ complex subunit
(Figure 1.6).

Membrane

second messengers
and effectors

¢
GDP

Ne_eTPase —

RGS second messengers
and effectors

Figure 1.6: Schematic representation of G-protein and overview of their activation mechanism.
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Vertebrate SMO has been reported to activate several members of the G; family (G;1, Gja,
Gis, Go, and G ), which inhibit the production of cAMP [131, 163]; human SMO also appears to
activate Goy-mediated pigment aggregation in Xenopus melanophores, although whether this

interaction is direct remains unknown [41]. However, it does not bind to the member of Gy,
Gy, and G2 families [131].

a)

oxysterol
(24(S),25-EC)

b)

Figure 1.7: Figure 1.7: a) Shows the ribbon representation of the cryo-EM structure of the hSMO-G;
complex (PDB ID: 60T0). The helices TM1-7 and helix 8, are colored red, blue, green, pink, brown,
gray, purple, and orange. TMD bound oxysterol is shown in tan color. The three subunits Gay, Gg;,

and G-y; are colored yellow, magenta, and cyan, respectively. Fab heavy and light are colored dark gray

and lime green. b) Zoomed view of SMO-Gay; interaction.
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The cryo-EM structure of the hSMO-G; complex (PDB ID: 60T0) shows the SMO and
Gi-protein interactions (Figure 1.7) [126]. In this cryo-EM structure, «, 3, and 7 subunits of
G; are attached to SMO. Additionally, the transmembrane domain (TMD) of SMO contains
an oxysterol molecule. When compared to the inactive hSMO (PDB ID: 5L7D) state, this
structure shows an active conformation, with TM6 moving outward by ~ 7A and TM5 moving
outward by ~ 4A at the cytoplasmic surface. The major contact between hSMO and G; is
formed by ICLs 1 to 3, TM3, and TM5-7 of hSMO and aN region, aN-51 loop, and 5-helix of
Ga; (Figure 1.7b). As seen in Figure 1.7b, the C-terminal of the a5-helix of Gay; inserts into
the intracellular groove of hSMO.

1.3.2.4 Glioma-associated oncogene transcription factors (GLI) proteins

GLI is one of the important regulatory networks, which regulate animal development, and
it is found in various species, ranging from flies to humans, indicating its conservation across
different organisms [76]. Mammals have three transcription factors for HH pathway signal
transduction: GLI1, GLI2, and GLI3 (GLI; glioma-associated oncogene family members 1, 2,
and 3) [70, 72]. They are the first human transcription factors: zinc-finger proteins determined
with a DNA-binding site and resolved with the 3D structure of their DNA-binding domain [70].
GLI1 exists only in the activator form, whereas GLI2 is processed in the active form and is
suppressed by binding to SUFU in the cytosol [37, 80, 115, 116, 160]. Unlike GLI2, GLI3 exists in
the repressor form and does not participate in signaling [170]. Hence, GLI2 acts as the principal
transcriptional activator (GLIA), while GLI3 acts as the principal transcriptional repressor
(GLI®) [10, 121, 167]. Although GLII does not contribute to HH signaling, it does create a
positive feedback loop that increases the ability of the pathway to activate transcription [10,
116]SUFU is another negative regulator of the HH pathway. It regulates the activity of several
GLI proteins. For example, SUFU suppressed the GLI# function through the recruitment of a
corepressor complex [31]. Additionally, it facilitates the formation of GLI® by binding to GSK3
formation through binding GSK3 [85]. Active SMO promotes GLI activation by inhibiting
SUFU at the primary cilium. SUFU is critical for mammalian HH signaling. It has been
reported that SUFU inactivation in mice results in the activation of the ectopic pathway and
death of the developing embryos [34, 151]. The study on drosophila SMO and mice SMO
suggest that in the absence of HH, SUFU binds with the GLI proteins and retains them in the
cytoplasm and hence stops the pathway activation [134].

1.3.2.5 Protein kinase A (PKA)

Protein kinase A (PKA) is a widely recognized kinase that is involved in a wide range of
biological processes. In the HH pathway, the primary targets of PKA are the GLI transcription

factors, which activate and repress HH target gene expression. PKA promotes the phosphory-
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lation of GLI transcription factors, which results in the production of the GLI®, the repressor

forms of GLI discussed in the previous section, thereby suppressing the expression of HH target

genes [88].
Table 1.4: Key players of HH signaling pathway, their property, and function.
Sl. no. | Name Property Function
1 HH (SHH/IHH/ DHH) | Signaling molecule Acts as PTCH ligand
2 PTCH1 12-pass transmembrane | Inhibits SMO, receptor
protein for HH, transport
cholesterol
3 SMO 7-pass transmembrane, | Signal transducer
Class F GPCR family
4 SUFU Binding protein Negative regulator, in-
hibits GLI
5 GLI Transcriptional activa- | Binds to target gene of HH
tors pathway to switch on the
HH pathway

1.4 Molecular architecture of SMO

The structure of SMO reveals that it has an extracellular domain (ECD), a TMD domain, and
an intracellular C-terminal domain (ICD). The amino-(N-) and carboxy-(C-) termini of SMO
are located at the ECD and ICD sides of SMO, respectively (Figure 1.8). The ECD consists of
signal peptide (SP; 27 residues), cysteine-rich domain (CRD; 164 residues), and linker domain
(LD; 30 residues). Like FZD receptors, the CRD of SMO contains four a-helixes and two short
B-barrel motifs. The TMD (333 residues) consists of seven-transmembrane (7TM) a-helices,
three extracellular loops (ECLs; ECL1, ECL2, and ECL3), three intracellular loops (ICLs;
ICL1, ICL2, and ICL3) and a short helix 8. The connection between a-helices is facilitated
by these ECLs and ICLs, and the helix 8 (connected to TM7) runs parallel to the membrane
bilayer (Figure 1.8) [9, 24]. SMO has an “outside-in” topology that refers to the orientation
where the N-terminal is at the extracellular region and the C-terminal is at the intracellular

region (Figure 1.8). The long ICD is composed of 233 amino acid residues.

SMO receptors lack most of the class A GPCR motifs, such as D[EJRY (in TM 3), CWXP
(in TM6), and NPXXY (in TM7) [169]. In SMO, TM6 is straighter than in class A GPCRs
because of the absence of Pro residue in TM6. It has been reported that SMO has multiple
Arg/Lys clusters in the ICD, keeping it inactive. The sequential phosphorylation of the ICD

neutralizes the Arg/Lys cluster and converts SMO into an active form [190].
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Figure 1.8: Molecular architecture of SMO. a) A cartoon representation of the full-length modeled SMO
showing the extracellular (SP, CRD, and LD), transmembrane, and intracellular domains; and b) residue

numbers indicating the domain boundaries and domains included in the simulations.

SMO activation has been a mystery for a long time. The first structure of hSMO came in
2013. Since then, several SMO structures have been solved by multiple laboratories (Figure 1.9
and Table 1.5. Currently, 18 structures (13 X-rays and five cryo-EM) of SMO (near full-length)
have been made available in PDB. Some of these structures are complex with small molecules,
which are agonists and/or antagonists. Most of these structures have thermostable protein
(stretches) substituting some of the loops, which, given their flexibility, would have posed
crystallization related challenges. Additionally, none of these structures are of full length, they
are truncated from N- and C-terminal. Table 1.5 contains this information related to particular
PDB IDs.

Table 1.5: SMO structures available in PDB with details.

S. | PDB | Species | Method Ligand Other Truncated /| Reference
no. (State) | (Resolution| (Type) proteins | replaced
in A) residues
1 7710 Human | X-ray Cholesterol | BRIL SMO- [84]
(Inactive)| (3.0 A) (Agonist) (replaced | BRIL(ICL3)-
with AICD
ICL3)
Continued on next page
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Table 1.5 — continued from previous page

S. | PDB | Species | Method Ligand Other Truncated /| Reference
no. (State) | (Resolution| (Type) proteins | replaced
in A) residues
2 6XBK | Human | cryo-EM Cholesterol | Gi/o ACRD- [125]
(Active) | (3.2 A) (Agonist) + Anti- | AICD,
bodies 1-62,
538-787
3 6XBJ | Human | cryo-EM Cholesterol | Gi/o ACRD- [125]
(Active) | (3.9 A) (Agonist) AICD,
1-62,
538-787
4 | 6XBM | Human | cryo-EM 24,25- Gi/o ACRD- [125]
(Active) | (3.2 A) Epoxy- + scFvl6 | AICD,
cholesterol 1-62,
(PAM 538-787
Agonist)
5 6XBL | Human | cryo-EM SAG, Gi/o ACRD- [125]
(Active) | (3.9 A) Choles- + scFv16 | AICD,
terol (PAM 1-62,
Agonist) 538-787
6 | 603C | Mouse X-ray SAG21k, sckv16 ACRD- [43]
(Active) | (2.8 A) Cholesterol AICD,
(Agonist) 1-64,
557-787
7 | 60T0 | Human | cryo-EM 24,25- Gi/o ACRD- [126]
(Active) | (3.9 A) Epoxy- + scFv16 | AICD,
cholesterol 1-189,
(Agonist) 557-787

Continued on next page
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Table 1.5 — continued from previous page

S. | PDB | Species | Method Ligand Other Truncated /| Reference
no. (State) | (Resolution| (Type) proteins | replaced
in A) residues
8 6D32 | African | X-ray Cyclopamine| BRIL ACRD- [68]
clawed (3.8 A) (Partial (replaced | SMO-
frog Agonist) with ICL3 | BRIL(ICL3)A
(Active) residues AICD,
402-415) | 1-35,
+ Fab | 402-415,
light 526-787
chain
+ Fab
heavy
chain
9 6D35 | African | X-ray Cholesterol | BRIL ACRD- [68]
clawed (3.9 A) (Agonist) (replaced | SMO-
frog with ICL3 | BRIL(ICL3)-
(Active) residues AICD,
402-415) | 1-35,
+ Fab | 402-415,
light 526-787
chain
+ Fab
heavy
chain
10 | 5V56 | Human | X-ray TC114 (An- | Flavodoxin| ACRD- [188]
(Inactive)| (2.9 A) tagonist) BRIL SMO-
(replaced | FLA(ICL3)-
with ICL3 | AICD,
residues 1-52,
434 to | 559787,
443) 434-443

Continued on next page
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Table 1.5 — continued from previous page

S. | PDB | Species | Method Ligand Other Truncated /| Reference
no. (State) | (Resolution| (Type) proteins | replaced
in A) residues
11 | 5V57 | Human | X-ray TC114 (An- | Flavodoxin| ACRD- [188]
(Inactive)| (3.0 A) tagonist) BRIL SMO-
(replaced | FLA(ICL3)-
with ICL3 | AICD,
residues 1-52,
434 to | 559787,
443) 434-443
12 | 5L7D | Human | X-ray Cholesterol | BRIL ACRD- [24]
(Inactive)| (3.2 A) (Antago- (replaced | SMO-
nist) with ICL3 | BRIL(ICL3)-
residues AICD,
429 to | 1-57,
445) 429-445,
5b4-787
13 | BL7I Human | X-ray Vismodegib | BRIL ACRD- [24]
(Inactive)| (3.3 A) (Antago- (replaced | SMO-
nist) with ICL3 | BRIL(ICL3)-
residues AICD,
429 to | 1-57,
445) 429-445,
554-787
14 | 4QIM | Human X-ray AntaXV BRIL ACRD- [168]
(Inactive)| (2.6 A) (Antago- (replaced | SMO-
nist) with ICL3 | AICD,
residues 1-189,
434 to | 434-440,
440) 555-787
15 | 4QIN | Human | X-ray SAG1.5 BRIL ACRD- [168]
(Inactive)| (2.6 A) (Agonist) (replaced | SMO-
with ICL3 | AICD,
residues 1-189,
434 to | 434-440,
440) 555-787

Continued on next page
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Table 1.5 — continued from previous page

S. | PDB | Species | Method Ligand Other Truncated /| Reference
no. (State) | (Resolution| (Type) proteins | replaced
in A) residues
16 | AN4AW | Human | X-ray Sant-1 (An- | BRIL ACRD- [168]
(Inactive)| (2.8 A) tagonist) (replaced | SMO-
with ICL3 | AICD,
residues 1-189,
434 to | 434-440,
440) 555-787
17 | 409R | Human | X-ray Cyclopamine| BRIL ACRD- [174]
(Inactive)| (3.2 A) (Antago- (replaced | SMO-
nist) with ICL3 | BRIL(ICL3)-
residues AICD,
434 to | 1-189,
440) 434-440,
556-787
18 | 4JKV | Human | X-ray Taladegib BRIL BRIL- [169]
(Inactive)| (2.5 A) (Antago- (fused to | ACRD-
nist) the trun- | SMO-
cated N | AICD,
terminus 1-189,
at S190) 555-787
SMO structures in PDB
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Figure 1.9: Statistics of SMO structures in the PDB databank.
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1.5 Role of primary cilia in HH pathway

GPCRs (including SMO) are integral membrane proteins that reside in the plasma membrane
of eukaryotic cells. It has been suggested that membrane lipids affect receptor conformation and
dynamics, which are critical in transferring signals from extracellular to intracellular regions.
The basic structure of the plasma membrane is provided by the heterogeneous phospholipid
bilayer that acts as a stable barrier separating the inside from the outside of the cell. The phos-
pholipid bilayer of the plasma membranes of animal cells harbors four major phospholipids:
phosphatidylcholine (POPC/PC), phosphatidylethanolamine (POPE/PE), phosphatidylserine
(POPS/PS), and sphingomyelin (SM), along with other lipids, including a fifth phospholipid,
phosphatidylinositol (PIP), in varying concentrations. These phospholipids are distributed
asymmetrically between the outer/upper and inner/lower leaflets of the membrane [73] (Figure
1.10a). The outer leaflet has a high content of PC, and SM, with ganglioside (GM). While
the inner leaflet has POPE, POPS, PIP, and other charged lipids. In addition to the phos-
pholipids, the plasma membranes also have glycolipids and cholesterol. The glycolipids (minor
membrane components) are present on the cell surface, with their carbohydrate parts exposed.
Cholesterol, on the other hand, is a key membrane component of mammalian cells and is present
in both leaflets [73]. It is can be noted that both phosphatidylinositol 4-phosphate (PI4P) and
phosphatidylinositol 4,5 bis-phosphate (PI(4,5)P3) are present in the plasma membrane [110].

In vertebrates, the Hedgehog (HH) signaling pathway is intimately linked to primary cilia.
Activation of the HH pathway triggers the translocation of the protein SMO to the primary
cilium, where other signaling components are present, and where crucial signaling events take
place. Primary cilia are specialized organelles that projects out from the surface of a cell (Figure
1.11) and functions as a signaling hub [128, 129]. Therefore, it is also important to examine
the lipid composition of the primary cilium, which is difficult because of the technical issues
involved in isolating and purifying membranes from mammalian primary cilia. However, some
studies show that the main characteristic of primary cilia is the presence of inositol lipids. The
experimental studies show that the PI4P is the major phosphoinositide of the primary ciliary
membrane (Figure 1.11). Whereas another important PIP, (PI(4,5)P2), is limited to the base
of the primary cilia [110].
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Figure 1.10: Distribution of phospho- and other lipids with cholesterol in the plasma membrane. (a)
The first and second pie charts depict the distribution of the lipid headgroups in the outer and inner
leaflets, respectively. The third and fourth pie charts depict the levels of lipid tail unsaturation in the
inner and outer leaflets, respectively. (b) The plasma membrane and the cross section views with outer
and inner leaflets. Cholesterols are shown as yellow, lipid headgroups are colored based on their type
(PC - blue, SM - gray, PE - cyan, GM - red, PIPs - magenta, PS - green, PA - white), and the tails
are colored according to the number of unsaturated bonds (0 - white, 1 - light gray, 2 - dark gray, 3-6 -

black) (source: [73]).
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Figure 1.11: The distribution of phosphoinositides (PI) in various cellular membranes (Source: [110].
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1.6 Understanding SMO dimerization

1.6.1 GPCR dimerization in general

SMO, as discussed in section 1.3.1 earlier, belongs to the class F family of GPCRs. One
important and common aspect of GPCR, functioning is GPCR dimerization [140]. Dimerization
is basically the association of two identical or different GPCR subunits. It has been reported
that GPCR dimerization is an important mechanism for regulating receptor signaling, traffick-
ing, and pharmacology. Dimerization can happen in two ways a) homodimerization, where
two identical subunits dimerize, or b) heterodimerization, where two distinct subunits dimerize
(Figure 1.12). Many GPCRs, including adrenergic, dopamine, opioid, and serotonin receptors,
have been reported to form homodimers that modulate receptor activity by altering ligand

binding, downstream signaling, and trafficking.

a) homodimerization

-+

=4

monomer A monomer B monomer A monomer B

b) heterodimerization

-+

=4

receptor A receptor B receptor A receptor B

Figure 1.12: Schematic representation of GPCR illustrating the a) homodimerization and b) het-

erodimerization.
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Earlier studies on receptor dimerization suggested that dimerization promotes receptor
signaling activity [100, 105, 117, 123, 140]. An example is the dimerization of the S-adrenergic
receptor, which has been shown to enhance receptor desensitization and internalization. Another
is the dopamine D2 receptor, the homodimerization of this receptor increases its affinity for G-
protein coupling [48]. On the other hand, the heterodimerization of GPCRs can result in novel
signaling pathways and pharmacology, as well as alter the function of individual receptors. For
example, the heterodimerization of dopamine D1 and D2 receptors results in synergistic effects
on intracellular calcium signaling [59]. Similarly, the heterodimerization of the adenosine A2A
and dopamine D2 receptors alters receptor trafficking and results in a novel pharmacology for
the treatment of Parkinson’s disease. Table 1.6 lists a few GPCRs that have been shown to

homo dimerize.

Table 1.6: GPCRs known to dimerize are listed below.

S.no Receptor name Receptor class | Reference
1 Adenosine A1 receptor Class A [54]
2 Dopamine D1 receptor Class A [95]
3 Dopamine D2 receptor Class A [94]
4 M1 muscarinic receptor Class A [61, 122]
5 M2 muscarinic receptor Class A [122]
6 Metabotropic glutamate receptor 2 (mGluR2) Class C [7]
7 Neurotensin receptor 1 (NTS1) Class A [178]
8 Secretin receptor (SecR) Class B [7]
9 Serotonin 5HT2c Class A [95, 99, 139]
10 [2-adrenoreceptor Class A [123]
11 p-opioid receptor (MOR) Class A [7]

1.6.2 SMO dimerization in Drosophila Melanogaster

There are multiple reports that suggest the dimerization of SMO in Drosophila Melanogaster
(Table 1.7). It was reported that the D. melanogaster SMO (Drosophila SMO) can exist as
homodimers in vivo. Additionally, dimerization has significance for the function. It promotes
a high level of HH signaling activity (Zhao et al. 2007; Chen et al. 2010, 2011; Maier et al.
2014; Shi et al. 2011, 2013).

Zhao et al. [190] showed that the presence of HH leads to dimerization of the C-terminal
cytoplasmic tails (C-tail), which is essential for pathway activation (Figure 1.13a). They also
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showed that phosphorylation at multiple Ser/Thr residues in the Drosophila SMO C-tails
leads to receptor cell surface accumulation and activation, which induces a conformational
switch, ultimately leading to the dimerization of Drosophila SMO through its C-tails. In their
fluorescence resonance energy transfer (FRET) experiment on Drosophila SMO tagged with
CFP/YFP to its C- or N-terminal, they found significant increases in FRET C, which means
the (dimerization through the C-terminal). They have also reported that in quiescent cells,
Drosophila SMO adopts a closed conformation, which is an inactive state, where the C-terminal
is in close proximity to ICL3. When HH binds to its receptor, PTCH, it triggers SMO to con-
vert in an open conformation, which is an active state, where its C-terminus shifts away from

ICL3 but near to the C-terminus of its interacting residues.

Table 1.7: Study of SMO dimerization in Drosophila Melanogaster

S.No Species Method | Summary Reference
1 dSMO and mSMO | FRET | dSMO dimerzes by C-tail [190]
2 dSMO FRET | dSMO dimerzes by C-tail followed [29]
by Gprk2 mediated phosphorylation

3 dSMO FRET | dimerization of dSMO-Cos2-Fu [143]
complexes

4 dSMO and mSMO | FRET | dSMO dimerzes by C-tail followed [30]
by Gprk2 mediated phosphorylation

5 dSMO FRET | formation of oligomers/higher order [142]
clusters in lipid rafts of cell plasma
membrane

6 dSMO BRET | dSMO dimerization after phospho- [98]
rylation by PKA/CK1 in SAID and
and Gprk2

7 dSMO FRET | Gprk2 promotes SMO dimerization [77]

Another study [29, 30] (Chen et al. 2010, 2011) also showed that Drosophila SMO dimerization/
oligomerization takes place through its C-tail. Their study reveals that this process is de-
pendent on HH concentration. According to their model, G protein-coupled receptor kinase
2 (Gprk2/GRK2) triggers Drosophila SMO activation and dimerization/ oligomerization by
phosphorylating SMO C-tail at Ser741/Thr742, which happens after Protein kinase A (PKA)
and Casein kinase I (CKI/CK1) phosphorylation at adjacent Ser residues (Figure 1.13b-c). In
other words, HH triggers the phosphorylation of SMO C-tail by PKA and CK1, causing the C-
tail to unfold. This unfolded C-tail then interacts with Gprk2, which phosphorylates it further.
This prevents the C-tail from refolding and maintains the active form of Drosophila SMO. As

a result, Gprk2 forms a dimer or oligomer that activates SMO by connecting their C-tails.
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A study by Shi et al. [143] found that when there is no HH, Drosophila SMO phosphory-
lation is inhibited by the SMO-Cos2/Fu inactive complex (Figure 1.13d). When HH activates
Drosophila SMO, it leads to the phosphorylation of SMO, Cos2, and Fu. As a result, SMO
accumulates on the cell surface, accompanied by a conformational change in its C-tail. This
change leads to the activation of signaling complexes involving SMO, Cos2, and Fu (Figure
1.13d). They hypothesized that the activation of signaling complexes by HH depends on the

concentration of the HH signal.
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Figure 1.13: Different models of SMO dimerization in Drosophila (Source: [29, 77, 143, 190].
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Another study [142] showed that lipid rafts of the cell plasma membrane are required for both
Drosophila SMO oligomerization/higher order clustering and Drosophila SMO activation.From
their experiments on, different construct of SMO (SMOAN, SMOAC, SMOANAC, and SMO-
CT), they suggest that N terminal and TM helices are important for oligomer (tetramer)/higher
order cluster formation in Drosophila SMO. In SMOAN, the residues 32-255 from N-terminal
were truncated. In SMOAC the residue 556-till end from C-terminal were truncated. In
SMOANAC has only residues 256-555 and both N- and C-terminal residues were removed.
SMO-CT has only residue from C-terminal i.e, 556- till end. Their study also reports that
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Drosophila SMO C-tail also forms a dimer.

Maier et al. [98] suggest that Drosophila SMO has SMO autoinhibitory domain (SAID),
which contains four clusters for phosphorylation. Phosphorylation of three clusters at specific
sites by PKA and CK1 is crucial and sufficient for the activation of SMO. Further, the phos-
phorylation initiates the dimerization of Drosophila SMO C-tails, which leads to high-level
signaling activity. The phosphorylation of SAID has two important effects. Firstly, it prevents
the ubiquitination and subsequent internalization and degradation of Drosophila SMO, allowing
it to accumulate on the cell surface. Secondly, it facilitates the dimerization of Drosophila SMO,
as shown by bioluminescence resonance energy transfer (BRET) experiments, resulting in a shift
towards a more active conformation. These findings support previous research indicating that
complete activation of Drosophila SMO requires phosphorylation by Gprk2. Gprk2 has been

found to phosphorylate Drosophila SMO constitutively once it accumulates on the cell surface.

Later, Jiang et al. [77] studied the role of phosphatidylinositol 4-phosphate (PI4P) in SMO

dimerization (Figure 1.13e). They also found that C-tail is important for receptor dimerization.

Based on the findings, it has been suggested that dimerization of the Drosophila SMO C-

terminal region significantly increases signaling activity [30, 98].

1.6.3 SMO dimerization in vertebrates or mammals

In vertebrates, SMO has been shown to require translocation to primary cilia for its function,
and the membrane lipids (membrane cholesterol and PI4P) play an important role in modulat-

ing the organization, dynamics, and function of the protein.

The study on mammalian SMO indicates that mammalian SMO may also exist as a consti-
tutive dimer [30, 190]. In addition to this, a crystal structure of human SMO (PDB: 4JKV)
available in the PDB database revealed the dimer form of SMO [169]. It should be noted
that it is not clear whether the dimer observed in the crystal structure accurately represents
the dimeric state of SMO in its natural cellular environment (in vivo), specifically the cell
membrane [169, 190]. In this construct, SMO is observed to crystallize as a parallel homodimer
(Figure 1.14) with the interface involving TM4 and TM5.

Duarte et al. [47] compiled a comprehensive dataset of validated transmembrane (TM)
protein interfaces in order to study their features. They used the Evolutionary Protein-
Protein Interface Classifier (EPPIC) (www.eppic-web.org), which they developed for evolution-
ary analysis. EPPIC effectively differentiates between biological interfaces and lattice contacts

in crystal structures. EPPIC has 90% accuracy on soluble proteins, and they used it for their

27



TM protein dataset. They have suggested that human SMO and Drosophila SMO have 43%
sequence identity, indicating a significant similarity in their protein sequences. Hence, the
dimer interface in the PDB ID 4JKV (human SMO) is a biological interface [47].

a) PDB ID: 4)KV

Chain A ChainB

== TM1
= TM2
= TM3

TM4
m==TM5
= TM6
w—TM7
we= H8

b) top view
™S5

c) bottom view

Figure 1.14: Crystal structure of SMO (PDB ID: 4JKV). a) SMO dimer interface showing the interaction

between TM4-TM4 of chain A and chain B. b) and ¢) show the top and bottom views. The helices were

displayed in ribbon representation with red, blue, green, pink, brown, gray, purple, and orange colors,

respectively.
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In summary, the dimerization of SMO in vertebrates is still unclear, while It is reasonably
well understood in Drosophila SMO. Multiple studies have been done on Drosophila SMO
dimerization, and there are many unanswered questions about vertebrate SMO dimerization,
such as: How does vertebrate SMO dimerize? Do they also form oligomers? If yes, what is
the size of the oligomers? What is the functional role of vertebrate SMO dimerization? Does
dimerization/oligomerization have a relationship with membrane-lipid interaction? What are
the controlling factors? Can we relate this to receptor druggability? Answers to these questions
will help researchers understand the vertebrate SMO dimerization mechanism/process in great
detail.

1.7 Significance of cholesterol in the HH pathway and related
questions

All three proteins, HH, PTCH1, and SMO, contain cholesterol-binding domains/sites. The
HH ligand has a cholesterol attachment at the C-terminal of SHH-N. The HH receptor PTCH1
also contains SSD, which binds to cholesterol. Further, the main focus of this thesis, SMO, also

has multiple cholesterol-binding motifs/sites.

Despite multiple investigations, a thorough understanding of SMO activation by HH-bound
PTCH1 remains elusive to the scientific community. However, there is enough evidence that
these two TM proteins do not communicate directly [64, 86, 155]. In vertebrates, it has been
observed that SMO accumulates in the primary cilia when the HH pathway is activated [42, 49,
52,111, 125, 166]. In the absence of the HH ligand, PTCHI is localized in the primary cilia. HH
binding leads to the deactivation of PTCH1 molecules, which are then delocalized from primary
cilia and are subsequently degraded [35, 135, 175, 186]. This possibly sets the stage for SMO to
localize in the primary cilia, and initiate pathway activation. In conjunction with reports that
small molecules, including cholesterol, have a regulatory effect on SMO [24, 67, 68, 97, 183],
and given that bound cholesterol molecules have been reported in the 3D structures of SMO; a
hypothesis involving cholesterol mediated translocation of SMO to the primary cilium, triggered
by the binding of HH to PTCHI, has gained some currency [12, 35, 83, 128, 177].
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1.8 Overview of the thesis

Chapter 1 introduces the HH pathway and significant details related to key players and
briefly describes the significance of the problems addressed in this dissertation. This chapter
also provides an overview of the dimerization mechanism of SMO in Drosophila and investi-
gates the possibility of dimerization in humans, an area that is both emerging and of great
significance. Chapter 2 gives an overview of the computational approaches used to carry out
the investigations, methods/tools for structure generation, the principles of molecular dynamics
simulations, details of atomistic and coarse-grained (CG) molecular dynamics simulations, and
an explanation of potential energy functions. This also reports the CG parameterization of
PI4P lipids, which is important for this study. Chapter 3 explores the sequence of SMO to get
the maximum information from it. This includes the identification of known/new conserved
motifs in helices, cholesterol, PI4P, and other lipid-binding motifs/sites. It is shown that the
SMO has several cholesterol-binding motifs in its CRD, LD, and TMD, including the ICD.
This chapter also discusses the re-defining of strict CCM. Chapter 4 describes the computa-
tional modeling of SMO, the dynamics of SMO in the primary cilium, and its interaction with
different ciliary lipids (cholesterol and PI4P), which are in agreement with previous experimen-
tal reports. This also shows that SMO interacts with the strict CCM proposed in Chapter 3,
and PI4P interacts with the Arg/Lys motifs, in agreement with previous experimental reports.
Chapter 5 elucidates my attempt to study the structural changes in SMO in the various states;
apo form (no activity), cholesterol in SMO-TMD (basal activity), cholesterol in SMO-CRD
(medium activity), and cholesterol in SMO TMD+CRD (high activity). Chapter 6 summa-
rizes the findings from this thesis and the possible outcomes of the performed work. This also
discusses the impact of the findings reported here. This also discusses future directions for the

work on this important pathway.
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Chapter 2

Methods

2.1 Computational methods

This chapter discusses the methods and algorithms used for the studies in the current thesis.
Several computational approaches have been used to investigate the objectives discussed in
Chapter 1. Following the paradigm of sequence -> structure -> dynamics and interaction ->
function, first, the analysis of the sequence of SMO has been done to understand the inherent
information coded therein, such as domains, motifs, etc. Section 2.2 discusses the approaches
to decoding the maximum amount of information from the SMO sequence. The thesis includes
some bioinformatic analysis to predict the motifs. After that, the complete structure of SMO
was generated (discussed in Chapter 4) using an online server, a molecular modeling technique
(discussed in the next section), and the workflow and algorithm behind the server are dis-
cussed in Section 2.3. The details will help to understand the selection of the best model based
on the parameters discussed in Chapter 4. Lastly, long-time-scale molecular dynamics (MD)
simulations have been carried out to understand the detailed mechanism of signal transduction
based on SMO dynamics and its interaction with small molecules. Therefore, a brief introduc-
tion to the atomistic MD simulation and the coarse-grained (CG) MD simulation is provided
in Section 2.4. A complex lipid membrane composed of five lipids (outer leaflet- POPC, POPE,
and cholesterol; inner leaflet- POPC, POPE, POPS, PI4P, and cholesterol) has been used to
mimic the primary cilia environment for SMO. The model ciliary membrane was prepared
using the CHARMM-GUI web server, but the CG parameters of PI4P are not available on the
CHARMM-GUI web server. Therefore, this chapter also contains the "CG parameterization of
PI4P lipids” in Section 2.5, which was performed by me. This step is important as PI4P is an

essential component for SMO systems.
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2.2 Multiple sequence alignment

Multiple sequence alignment (MSA) is used to analyze and identify conserved motifs, domains,
and functional elements within sequences. A consensus sequence was prepared that represents
the most common or conserved amino acids at each position within a set of aligned sequences.
The current work has used the GPCR database (GPCRdb; link- https://gpcrdb.org/) to gain
information [87]. The SMO sequence was aligned with a few class A GPCRs to identify the
conserved motifs in the TM helices, CRD, and ICD of the GPCR using the sequence alignment
option provided in GPCRdb (Chapter 3). Further, MSA of SMO with all class F (frizzled)
receptors has been performed to verify/identify the classical or alternative conserved motifs
of class F. Those motifs for which a consensus sequence is known were searched in the SMO

sequence by using the regular expression pattern search.

2.3 Molecular modeling

GPCR I-TASSER is an extension of the iterative threading assembly method (I-TASSER)
server dedicated to predicting the 3D structure of GPCRs [187]. GPCR I-TASSER is a hybrid
method that utilizes distant homology templates and low-resolution experimental data to
generate a high-resolution structure of GPCR models. It uses multiple machine learning (ML)
classifiers to predict the inter-TM contacts with an average accuracy of 62% in the top L/TM-5
predictions. It also uses the information from several mutagenesis experiments performed on

GPCRs to identify the important residues and motifs and improves the quality of the model.

The GPCR-I-TASSER pipeline consists of three steps (Figure 2.1): 1) template identifica-
tion (or ab initio construction of TM-helix) and experimental restraint collection, 2) Monte
Carlo fragment assembly simulation, and 3) atomic-level structural refinement using fragment-
guided MD (FD-MD). In the first step, the Local Meta-Threading Server (LOMETS) matches
the GPCR sequence with the PDB library in order to identify potential templates and deter-
mine the super secondary structure. If there are no closely related templates available, then
the 7TM bundle is created from scratch using an ab initio folding program. The resulting ab
initio 7TM bundle, along with the LOMETS alignments and sparse restraints obtained from
mutagenesis data in GPCR-RD, are used as input for structure assembly simulations in the
subsequent step. It generated five models by using ten templates. The selected templates serve
as a basis for constructing the 3D model. Templates are selected based on various parameters
such as rank, Ident1, Ident2, coverage, normalized Z-score, and confidence score (C-score). The
rank parameter in GPCR-I-TASSER indicates the position of the templates among the top ten
used for threading. Ident]l represented the percentage sequence identity between the templates

and the query sequence in the aligned region. Ident2 indicated the percentage sequence identity
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between the whole template chain and the query sequence. The coverage parameter reflected
the extent of the threading alignment, calculated by dividing the number of aligned residues by
the length of the query protein. The normalized Z-score provided a measure of the quality of
the threading alignments. A higher normalized Z-score indicated a better alignment. The C-
score indicates the quality of the predicted models by taking into account the significance of the
template alignments and the structure assembly simulation convergence parameters. Typically
ranging from -5 to 2, a higher C-score indicates a model with high confidence and vice-versa.
Overall, GPCR I-TASSER combines template-based modeling, loop modeling, and refinement
techniques to predict the 3D structure of GPCRs. It makes use of available experimental data

and computational tools to generate accurate models.
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Figure 2.1: Workflow of the GPCR-I-TASSER for modeling GPCR structure (adapted from [187])

2.4 Molecular dynamics (MD) simulation: a computational
approach to study the dynamics of biomolecules

Molecular dynamics (MD) simulation is the computational study of the motion of atoms
within a molecular system using molecular mechanics by solving Newton’s equations of motion
(F=ma) numerically and using a force field to describe the interactions between the atoms or

molecules. This allows the simulation to predict how the system will behave over time, such as
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how the molecules will move and interact with each other. It is a powerful technique that com-
putational biologists have that allows them to study the complex dynamics of macromolecules.
It serves as a link between theoretical predictions and experimental observations, allowing for
deeper insights into macroscopic phenomena that can be observed experimentally by examining
the microscopic details of the systems of interest at the atomic level. Rapid growth in compu-
tational power and progress in algorithms continue to push the boundaries of MD simulation
to study complex systems containing millions of atoms (i.e., larger length scales) and micro-
scopic processes with longer timescales. Any biological activity is the result of time-dependent
interactions between macromolecules or between macromolecules and micromolecules such as

protein-protein, protein-nucleic acid, protein-ligand, etc. (Figure 2.2) [184].
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Figure 2.2: The hierarchy of time scales shows the varying rates at which motions occur in proteins.

X-axis shows the timescale of the event (source: [184]).

Proteins exhibit a wide range of dynamic motions occurring at different timescales.
Intramolecular vibrations (within the molecule) of secondary structure elements and domains
of the protein, as well as intermolecular vibrations (between molecules) of the water hydrogen
bond network, typically occur within the timescale of 0.1 to 1.0 picoseconds (ps). At slightly
longer timescales, relaxation processes within the water hydrogen bond network, involving
rearrangements of hydrogen bonds, rotation of single molecule, and translational diffusion, take
place within the 1-10 ps range. On the other hand, collective dipole relaxation takes place
in water between 10 and 100 ps. Moving to longer timescales, protein side chain fluctuations
can be seen in the range of 1 to 10 nanoseconds (ns), emphasizing the dynamic nature of these
functional groups. Protein rotational tumbling motions, which involve the overall rotation of the
protein molecule, typically take place at a timescale of 10-100 ns. Furthermore, conformational
transitions in proteins, such as hinge motions observed in glycogen synthase, can be studied at

the microsecond (us) timescale [184].
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2.4.1 Atomistic simulations

Atomistic simulations provide insight into the behavior of biological systems at the atomic
level. In MD simulations, the interactions between atoms are represented by empirical potential
functions. These functions are used to solve the classical equations of motion. This results in
the generation of a time-dependent trajectory of the system. From this trajectory, various
structural and dynamic properties, including kinetic and thermodynamic properties, can be

calculated by using the principles of statistical mechanics.

Potential energy functions The behavior of the system is determined by interatomic
interactions, which are described by a potential energy function. The potential energy function,
also known as a force field, defines the energy associated with the positions of the atoms in the
system. In classical MD simulations, the potential energy of the system is calculated from the
atomic coordinates, with the potential energy being given by the sum of the different bonded
(bond stretching, angle bending, and dihedral or torsional rotation) and non-bonded (electro-

static and Van der Waals interactions) interactions occurring in the system [1]:
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In the above equation,
kp = the spring constant corresponding to the stretching of the bond,
b = the instantaneous bond length for a given bond,
by = the equilibrium bond length,
kg = spring constant corresponding to the bending of the bond angle,
f = the instantaneous bond angle for a given bond angle,
fp = the equilibrium bond angle,
k4 = the height of the potential energy corresponding to the dihedral,
n = the number of maxima/minima that occur as v varies from - to m,
¢ = the dihedral angle for a given dihedral,
¢ gives the phase shift for ¢,
¢; and g; = the charge on particles i and j, respectively,
€ = the permittivity in a vacuum,
r;; = the distance between the particles i and j,
Rynin,i; = the distance at which the Van der Waals energy between atoms i and j are minimum

;5 = the energy at this distance.
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Bonded interactions are important for maintaining the connectivity and flexibility of the
molecular structure. They influence the conformational changes, molecular vibrations, and
overall geometry of the system. Whereas the non-bonded interactions are important for main-
taining the overall structure and stability of the system and play an important role in deter-

mining molecular packing, solvation effects, and intermolecular interactions.

MD simulations allow for the exploration of GPCR conformations, the analysis of ligand-
receptor interactions, and the characterization of receptor dynamics under different conditions.
Several atomistic simulations of GPCRs have been reported. These simulations have iden-
tified important interactions of several GPCRs with lipids and ligands, e.g., mapping of the
cholesterol interaction site. But the limitation of a longer time scale is an important issue.
These simulations are limited to simulation times less than 100 ns and system sizes less than
10 nm. By employing a CG model (discussed in the next section), longer simulations for larger

systems can be achieved.

2.4.2 Coarse-grained (CG) molecular dynamics and Martini mapping

CG simulations are a simplified representation of a system where groups of atoms are treated
as a single interaction site or particle. In CG models, multiple atoms are combined into a single
interaction unit (called CG beads), reducing the overall number of particles in the simulation
and reducing (in comparison with an all-atom description) the number of degrees of freedom,

which requires less resources and runs faster than an all-atom representation.

The MARTINT force field is one of the most widely used CG force fields, developed by Mar-
rink and coworkers at the University of Groningen in 2004. Initially, this was for lipids but
was extended to other molecules (proteins, nucleic acids, carbohydrates, etc.). The details and
terms of MARTINI are described below:

Interaction Sites: It is based on four-to-one mapping, i.e., on average, four heavy atoms
are represented by a single bead or interaction center [20, 101]. Interaction sites are classified
into four main types: polar (P), nonpolar (N), apolar (C), and charged (Q) (Figure 2.3). Each
particle type can be further classified into subtypes based on their hydrogen-bonding capabil-
ities or degree of polarity. The hydrogen-bonding subtypes are represented by letters: d for
donor, a for acceptor, da for both donor and acceptor and 0 for none. The degree of polarity
subtypes ranges from 1 to 5 representing from low (1) to high (5). These subtypes provide a

more detailed understanding of the chemical properties and atomic structure of the particles.
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Acid Acid

Figure 2.3: Representation of CG Martini amino acids. Martini beads are colored by type. Purple
indicates apolar, blue and green represent intermediate, gray and orange denote polar, and red signify

charged particles (Source: [20]).

The interactions between martini beads are represented as the addition of “bonded” and

“nonbonded” terms.

V= W)onded - Vnonbonded (21)

The bonded term includes bonding, angle, dihedral, and improper dihedral potentials. And

non-bonded includes Lennard-Jones and Coulombic potentials.

Bonded Interactions: A weak harmonic potential, Vj,,4(R), has been used to describe
the bonds.

1
‘/bond(R) = §kbond(R - ]:L)bond)2 (22)

Here, Rponq is equilibrium distance.
o is 0.47 nm.
Kpona is a force constant with 1250 kJmol 'nm™2.
The LJ interaction is not considered between particles that are bonded to each other. Bonded
particles are, on average, slightly closer to each other than non-bonded particles (for which the

equilibrium distance is 21/60).

A weak harmonic potential, Vg (6), of the cosine type is employed for the angles to describe

the chain stiffness

Vangle(e) = %kangle(cos(e) - 608(90))2 (2'3)
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LJ interactions between the second nearest neighbors are not ruled out. The force constant

Kangie is 25 kJ mol~! and the equilibrium bond angle 6y is 180° for aliphatic chains.

The force constant K g is 45 kJmol~! (the original value Kangle = 35 kJmol~1) and the
equilibrium angle 6y is 120° for the angles involving the cis double bond. The force constant

Kangie, is 45 kJ mol~! and the equilibrium angle 6 is 180° for trans-unsaturated bonds.

The proper dihedrals (Vgpedrai(¢)) are utilized to enforce the secondary structure of the
peptide backbone.

Vidihedral(¢) = Kdihedrat[1 + cos(ng — ¢q))] (2.4)

The improper dihedral angle potential (Vimp dihedrai(®)) is used to prevent out-of-plane

distortions of planar groups.

‘/'imp_dihedral (W = kimp_dihedral (¢ - wd)Q (25)

Nonbonded Interactions: The nonbonded interactions are described by a shifted Lennard-

Jones (LJ) 12-6 potential energy function.

i (2972

Here, o0;; represents the closest distance of approach between two particles.
g;j represents the strength of their interaction.
o is 0.47 nm for each interaction pair (except for the two special classes of rings and antifreeze

particles).

Charged groups (type Q) with a charge q, interact through a Coulombic energy function.

The interactions incorporate explicit screening with a relative dielectric constant e,¢ set to 15.

4:4;
Vo= —————— 2.7
el 47‘(’6067,617‘1']‘ ( )

Ring Particles: To maintain the geometry of small ring compounds, 2 or 3 to 1 mapping
has been employed, where multiple atoms in the ring have assigned to a single representation.
A special particle set called ”S” represents these ring structures. In this set, the interactions
between ring particles are adjusted to be smaller and weaker compared to regular particles.
Specifically, the size parameter (o) of the LJ potential is reduced to 0.43 nm instead of 0.47
nm, and the energy parameter (¢) is scaled down to 75% of its original value. For example, a

hydrophobic particle of type SC1 (representing a carbon atom in the ring; C1 of set S) belonging
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to a cyclohexane ring interacts with other SC1 particles using the modified LJ potential with
e =0.75 x 3.5 kJmol~! and o = 0.43 nm. However, its interaction with normal C1 particles

remains unaffected, with ¢ = 3.5 kJmol™! and ¢ = 0.47 nm.

CG simulations are particularly useful for studying systems with long-range interactions
or large assemblies of molecules. However, they lost some atomic-level detail, which may
limit their accuracy in capturing fine-grained structural features and dynamics. CG simula-
tions have been extensively employed to study the structural dynamics, receptor conformation,
activation mechanism, allosteric modulation, effects of mutations, and ligand binding of GPCRs
(63, 93, 140, 156].

Both atomistic and CG simulations have advantages and disadvantages, and the choice is
determined by the specific research question, the system of interest, and the computational
resources available. Atomistic simulations are best suited for studying detailed molecular
interactions and processes, whereas CG simulations are better suited for exploring larger sys-
tems and longer time scales. The combination of these methods has also been used to develop

a thorough understanding of intricate biological systems.

The current thesis uses both atomistic and CG simulations to answer the specific research
questions related to SMO that have been asked in Chapters 4, 5, and 6. In Chapter 4, CG sim-
ulations of SMO in a modeled ciliary membrane have been performed to study the larger struc-
tural movement in SMO (larger conformational changes such as domain movement). Whereas
in Chapter 5, atomistic simulations of SMO bound to cholesterol in the CRD and TMD in the
modeled ciliary membrane have been performed. The objective here is to see the structural

changes in SMO upon cholesterol binding at various positions.

2.5 Parameterization of a CG model of phosphatidylinositol 4-
phosphate (PI4P) lipid

For the preparation of the CG system, SMO in the modeled ciliary membrane, CG lipids,
CG water beads, and CG SMO were used. The composition of primary cilia is heteroge-
neous, and the current thesis uses a five lipid component (phosphatidylcholine; POPC, phos-
phatidylethanolamine; POPE, phosphatidylserine; POPS, PI4P, and cholesterol) model of the
ciliary membrane (discussed in Chapter 1, Section Role of Primary Cilia). The system was pre-
pared using the input generator martini maker option available in the CHARMM-GUI server
[78, 127, 181]. PI4P, being a signature lipid for the composition of the tip of primary cilia
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and an important signaling lipid in the HH pathway, needs to be introduced in the simulation
system. The CG PIP2 and PI4P models (old Martini model) have been used by Sansom’s group
[4, 148] to study the binding mechanism of the PIP5K1A kinase to the membrane (Figure 2.4).
However, the CG parameters for PI4P lipids are not available in the CHARMM-GUI server.
Therefore, I have parameterized the PI4P lipid CG model.

Martini lipidome (http://www.cgmartini.nl/index.php/force-field-parameters/lipids)
has several itp(s) of several lipids with phosphatidylinositol [PIP], phosphatidylinositol 3-
phosphate (PI3P, named POP1 on server) and phosphatidylinositol 3-4 bi-phosphate (PIP2(3,4),
named POP2 on server). In the CG representation, the POPC headgroup has two hydrophilic
groups: the choline (type QO0) and the phosphate group (Qa). For POPE lipids, Qd is the
positively charged group, representing the hydrogen-bonding capacities of the amine
moiety. The glycerol ester moiety is represented by two intermediate hydrophilicity (Na) sites.
Each lipid tail is represented by four hydrophobic particles (C1), each of which contains 16
methylene/methyl units. Standard bonded interactions have been used. In the phospholipid
topology, the bond length of the glycerol backbone is 0.37 nm (mimics the underlying chemical
structure better). Oleoyl tails consist of five particles, four of which are of the C1 type, and
the central particle (C3) is slightly more polar to represent the polarizable characteristic of the
double bond.

Wassenaar et al. described the CG beads of POPC [172] using the Martini topology with
the bead order: NC3-PO4-GL1-GL2-C1A-D2A-C3A-C4A-C1B-C2B-C3B-C4B.

In my work, I have utilized the POPC, PIP, PI3P, and PIP2(3,4) Martini lipid parameters
as a reference and extended them to generate the CG parameter for PI4P (Figure 2.5). Upon
examining the topology files (itp) of the Martini/CG lipids from the martini lipidome, I utilized
the existing CG lipid model as a reference to develop the parameterization for PIP2. Specifically,
I focused on the 1’-phosphate, glycerol, and acyl tails of PIP2, following the definition provided
in the POPC CG model. For the ring particles, C1, C2, and C3 were designated as P1, P1, and
P4, respectively, aligning with the particle definitions in PIP, PI3P, and PIP2 (3,4) models.
The 4’-phosphate particles were assigned as Qa type beads with a charge of -2, while the 1’-
phosphate particles were assigned as Qa type beads with a charge of -1, consistent with the
POPC CG model. Non-bonded and bonded interactions were defined in a similar manner to
the POPC CG model and other CG models for PIP.
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Figure 2.4: Comparison of atomistic (AT) and coarse-grained (CG) models of phosphatidylinositol
4,5-bisphosphate (PIP2). The MARTINI particle types used in the CG model are shown for reference
(source: [148]).

41



Atomistic PI4P CG PI4P

0- 4 Carbon saturated chain 0wi!h 1-2 cis-double bonds

. phosphate Q glycerol . N
inositol

Figure 2.5: CG representation of PI4P based on POPC, PIP, PI3P, and PIP2(3,4) CG models.
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Chapter 3

Investigating the sequence and structure of Smoothened
(SMO): Highlighting Lipid Binding and Other Functionally
Conserved Motifs of GPCRs

3.1 Introduction

Smoothened (SMO), which is the primary focus of this thesis, is a G-protein coupled receptor
(GPCR). GPCRs constitute the largest and the most diverse group of membrane receptors
involved in signal transduction in eukaryotes. There are several classes of GPCRs that show
variations in length and other features. However, the basic architecture of all GPCRs reveal
three major domains: the extracellular domain (ED), the transmembrane domain (TMD), and
the intracellular cytoplasmic domain (ICD). They all show structural similarities. They exhibit
homology with other proteins in the specific class of GPCRs. Although the percentage of sim-
ilarity may vary, this sequence similarity extends to other classes as well. Additionally, they
also share a common mechanism of function [106]. The typical pathway for signal transduc-
tion is from ED to ICD via TMD. Being TM receptors, GPCRs are known to interact with
lipids through their lipid-binding motifs, which are essential for their function and signaling.
Cholesterol, a lipid, has been shown to play an important role in the dynamics and function of
GPCRs. Receptors that interact with cholesterol have a characteristic amino acid sequence that
can bind to cholesterol molecules [138]. A few important cholesterol-binding motifs in GPCRs
are the CRAC (Cholesterol Recognition/interaction Amino acid Consensus), CARC (inverted
CRAC), CRAC-like motifs, and strict cholesterol consensus motif (CCM). Not only membrane
cholesterol but also other membrane components, viz., sphingolipids and phospholipids, have
been reported as modulators of ligand binding in GPCRs. A few other lipid-binding motifs are
sphingolipid-binding motifs (SBM) that interact with sphingolipids and Arg/Lys clusters that
interact with charged lipids (phosphatidylinositol; PI and phosphatidylserine; PS). The details

of these motifs are described later.
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Smoothened (SMO), a class F GPCR (protein of interest), also contains a few of these motifs
mentioned above. Class A GPCRs are the most studied GPCRs. It is believed that all GPCRs
have evolved from a common ancestral receptor. Despite their sequential diversity, they share
common structural patterns and similar mechanisms of activation. In addition, the availability
of data such as structures, more experiments, and evolutionary conservation provide a useful
reference point for comparing the structures of other GPCR classes. Notably, SMO and other
class F receptors show very little (less than 10% sequence identity) sequence similarity with
class A GPCRs [169], and lack most of the conserved class A motifs, including D[E]R3.50Y in
TM3, CWXP6.50 in TM5, and NP7.50XXY in TM7. The numbers above are based on the
GPCR Ballesteros-Weinstein (B & W) [11] numbering scheme, where the first number denotes
the helix number, and the digits after the decimal represent the position of a specific residue
with respect to the most conserved residue of that TM helix. The D[E]JR3.50Y motif is located
in TM3, and R is the most conserved residue in TM3 and is represented by the number 3.50.
The first position of this motif is usually D, but it can also be E (in square brackets). The first
two amino acids in the motif are C and W, and the third position can vary and is denoted by
”X” to indicate any amino acid can occupy that position. Similarly, NP7.50XXY is located in
TM7, with P as the most conserved residence. N, P, and Y are in the first, second, and fifth

positions, respectively. The third and fourth positions can include any amino acid.

However, there are a few residues or sets of residues that are conserved in class F, which
could possibly be an important alternative to classical motifs (involved in molecular switches
and receptor activation) of other classes of GPCRs. SMO contains lipid-binding motifs/sites
that interact with sterol/cholesterol, PI4P, POPS, etc.

3.1.1 Comparison of SMO sequence with other class F GPCRs

An earlier study showed that a conserved KTXXXW motif is present in helix 8 of class F
GPCRs. Instead of this, in SMO, there is a “KATXXXW” motif (residues 539-545) with an
extra residue “A” between K and T (Figure 3.8b) [169]. A cation- interaction, between R451 in
TM6 and W535 in TM7, similar to the 3-7 lock switch [158], reported in some of the crystal and
cryo-EM structures of SMO, has been hypothesized to be the ionic lock (6-7 lock instead of 3-7
lock) in SMO (Figure 3.1). It has been suggested that it breaks during its cholesterol-binding-
induced transition to the active state [13, 68, 158]. Furthermore, two salt-bridge networks in
SMO: DRE (or D-R-E) and WGM (or W-G-M), which are conserved in class F receptors (Fig-
ure 3.1) [13], have recently been identified. The salt-bridge interactions between D473 (TM6),
R400 (TM5), and E518 (TMT7) constitute a D-R-E network [13] situated at the extracellular
end of TMD. While the WGM network, between W339 (TM3), G422 (TM5), and M449 (TM6),
is present in the lower TMD region [13].
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DRE network

lonic-lock

Figure 3.1: A schematic representation of SMO illustrating DRE, WGM, and ionic-lock interaction

networks.

3.1.2 Cholesterol binding sites/motifs in GPCRs

A recent review on the binding of cholesterol to GPCRs summarized that proteins that inter-
act with cholesterol molecules have characteristic amino acid sequence patterns, which are called
cholesterol-binding motifs [138]. Several GPCRs have been found to possess these cholesterol-
binding motifs. These include cytochrome P450scc, mouse apolipoprotein A-I, mouse caveolin 1,

Streptomyces cholesterol oxidase, serotonin 1A receptor, §2-adrenergic receptor, and rhodopsin
[138].

Depending upon their constitution, these are referred to as structural (strict CCM) or as se-

quence motifs, namely, cholesterol recognition amino acid consensus (CRAC), inverted CRAC
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(CARC), and CRAC-like motifs [138].

1) CRAC (Cholesterol recognition/interaction amino acid consensus) motif-
The CRAC motif consists of a specific linear sequence of amino acids that are arranged in
a particular order from the N-terminal to the C-terminal. This motif is characterized by a
branched apolar residue, either LEU or VAL, followed by a segment of one to five amino acids
of any type, then an aromatic TYR residue as central residue, another segment of one to five

amino acids of any type, and finally a basic LYS or ARG residue.

The pattern of the motif can be represented as -(L/V)-(X)1-5-Y-(X)1-5-(R/K)-, where

(X)1—5 represents one to five residues of any amino acid.

2) CARC motif-
The CARC motif is very similar to the CRAC motif. Here the orientation of the specific linear
sequence of amino acids is in the opposite direction than that of the CRAC motif. Hence, it
is also known as “inverted CRAC”. Unlike the CRAC motif, where the central residue is TYR,
the CARC motif could have any aromatic residue (TYR, PHE, or TRP) as the central residue.

The pattern of the motif can be represented as -(R/K)-(X)1-5-(W/Y/F)-(X)1-5-(V/L)-,

where (X)j_5 represents one to five residues of any amino acid.

3) CRAC-like motif-
This is another important cholesterol interaction motif, similar to the CRAC motif, is CRAC-
like motif. The linear sequence of this motif is similar to the CRAC motif except for the central

residue. Here, the central aromatic residue must be the PHE.

The pattern of the motif can be represented as -(L/V)-(X)1_5-F-(X)1-5-(R/K)-, where

(X)1-5 represents one to five residues of any amino acid.

4) Cholesterol-binding structural motifs (strict CCM) in SMO-
CCM is a structural motif that was first reported in the crystal structure of §2-adrenergic re-
ceptor (B2AR) [58] and later identified in other GPCRs [58, 114, 140, 152]. Spanning both TM4
and TM2, they are separated in the sequence space; unlike in the sequence motifs, residues in
this motif are in close spatial proximity. Based on the GPCR sequence homology, the strict
CCM for GPCRs has been defined by four residues: (i) a positively charged residue (R, K)
between positions 4.39-4.43, (ii) an aromatic residue (W, Y) at 4.50, (iii) a S-branched hy-
drophobic residue (I, L, V) at 4.46, and (iv) an additional aromatic residue (W, Y, F) at 2.41

[138]. The positions here are according to the Ballesteros-Weinstein (BW) numbering scheme
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for GPCRs [11, 58]. In the BW numbering scheme, the first number denotes the helix identifier
(1-7). The second number denotes the residue position relative to the most conserved position,

which is assigned the number 50 [11].

3.1.3 Experimentally and computationally identified cholesterol binding sites/

motifs

Till date, 13 X-ray crystal structures and five cryo-electron microscopy structures of SMO
have been reported (see Table 1.5 Chapter 1 for more details). Notably, most of these struc-
tures have a truncated CRD or truncated ICD. Analysis of these structures, and computational
investigations, searching for sterol binding sites reveal essentially two distinct clusters of sites
where cholesterol and/or other sterols can potentially interact or bind. One of these is in its
extracellular CRD, and another is in the TMD [24, 43, 68, 84, 125]. Interestingly, a crystal
structure of human SMO (hSMO) revealed cholesterol bound to a hydrophobic groove in the
CRD (PDB ID: 5L7D; hereafter called the CRD_SL7D [24]. A more recent structure of hSMO
reported by the same group (PDB ID: 7ZI0) reveals cholesterol in another CRD binding site;
hereafter called the CRD_7ZI0) [84]. Two other crystal structures of African clawed frog and
mouse SMO reveal the cholesterol-binding site in CRD (PDB IDs: 6D35 and 603C; hereafter
called the CRD_6D35 and CRD_603C) [43, 68]. Deshpande et al. also identified a sterol bound
deep within the 7TM core of mouse SMO (PDB ID: 603C; here-after called the TMD_603C site)
[43]. In the most recent electron microscopy structure of the hSMO-G; complex with SAG (an
SMO agonist), Qi et al. [125] reported four sterol-binding sites in SMO. Two of these four sites
(sites 1-4) are situated in the TMD, one in the CRD, and one in the extracellular extension of
TMS6 to connect other sites in the TMD and CRD (Figure 3.2). Site 1 is situated in the central
part of TMD and involves residues from TM2, TM3, TM5, TM6, and TM7. In contrast, site 2
is an extension of site 1 towards the upper TMD region and involves additional residues from
LD and ECL2. Site 3 is further away from the membrane than any other binding site in the
TMD and involves residues of TM6 and LD. The fourth sterol-binding site (Site 4) is defined by
the hydrophobic pocket created by the residues in the CRD. The details of residues involved in
the above-mentioned sterol-binding sites are summarized in Table 3.2 [60], have also observed a
distinct cholesterol interaction site that constitutes extracellular portions of TM2, TM3 helices,
and ECL1 and is hence referred to as the TM2/3e site (Figure 3.2) [60]. Another cholesterol-
binding site near the cytoplasmic region (referred to as a cytoplasmic binding pocket (CBP))
has been identified by a molecular docking study [129]. This site includes residues from the
cytoplasm-facing portion of TM1, TM2, TM6, and Helix 8.
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Table 3.1: List of cholesterol-bound SMO structures available in the PDB.

. no. | PDB ID | Species | Method | State | Ligand Position | Reference
1. 7710 Human X-ray | Inactive | Cholesterol | CRD [84]
2. 6XBK | Human | cryo-EM | Active | Cholesterol | TMD [125]
3. 6XBJ Human | cryo-EM | Active | Cholesterol | TMD [125]
4. 6XBM | Human | cryo-EM | Active | 24,25- TMD [125]
Epoxy- and LD
cholesterol
5. 6XBL | Human | cryo-EM | Active | cholesterol | TMD [125]
6. 603C Mouse X-ray Active | SAG21k, both [43]
cholesterol | CRD
and
TMD
7. 60TO0 Human cryo-EM | Active | 24,25- TMD [126]
Epoxy-
cholesterol
8. 6D35 African X-ray Active | Cholesterol | CRD [68]
clawed
frog
9. 5L7D Human X-ray | Inactive | Cholesterol | CRD [24]

Table 3.2: Cholesterol-binding sites identified by experimental and computational methods.

. no. | Binding sites | Residues Position Method | Reference
1. CRD_7ZI0 95, 105, 108, 109, | CRD  region | X-ray [84]

111, 112, 114, 156, | (CRD, LD,

157, 161, 210, 596, | ECL3)

600

2. Sterol-binding 281, 325, 329, 332, | Central TM | Cryo- [125]
sitel (Sitel) | 394, 404, 408, 459, | region EM
(PDBs: 6XBJ, | 470, 521, 525
6XBL)

3. Sterol-binding 219, 281, 325, 329, | Central-upper | Cryo- [125]
site2  (Site2) | 332, 386, 404, 408, | TM region EM
(PDB:6XBK) | 459, 463, 470, 521,

525

4. Sterol-binding 196, 215, 220, 484, | Extracellular Cryo- [125]
site3 (Site3) | 485, 488 extension  of | EM
(PDB: 6XBM) TM6 and the

LD

Continued on next page
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Table 3.2 — continued from previous page

S. no. | Binding sites | Residues Position Method | Reference
5. Sterol-binding 95, 108, 109, 111, | CRD Cryo- [125]
sited (Sited) 112, 130, 156, 157 EM
6. CRD_5L7D 95, 108, 109, 112, | CRD, LD, | X-ray [24]
130, 156, 157, 164, | TM6 (Choles- | (5L7D)
210, 491, 492, 496 terol binding
groove in
CRD)
7. Extracellular 276, 279, 283, 286, | Upper TM | MD sim- | [60]
portions of TM2 | 292, 312, 313, 316, | region (inside | ulation
and TM3 he- | 317, 320 TMD)
lices with ECL1
(TM2/3e)
8. CRD_603C 99, 109, 112, 113, | CRD X-ray [43]
115, 116, 160, 164, (603C)
165
9. TMD_603C 329, 395, 398, 408, | Inside TMD X-ray [43]
412, 415, 467, 470, (603C)
474, 525, 526, 528,
529, 532
10. CRD_6D35 68, 81, 82, 129, 133, | CRD X-ray [68]
134 (6D35)
11. Cytoplasmic 251-266, 339-346, | Lower TM re- | Molecular| [129]
binding pocket | 446-454, 535-553 gion docking

(CBP)
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CRD binding groove

(PDB: 5L7D)
CRD site (PDB: 6D35)
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sterol binding site 3
(TM6 & LD) (PDB: 6XBM)
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sterol binding site 2

(TMD) (PDB:6XBK)\ .

sterol binding site 1 (TMD)
(PDBs: 6XBJ, 6XBL)

TMD site
(PDB: 603C)

Figure 3.2: A schematic representation of SMO displaying experimentally and computationally identified

cholesterol-binding sites (for more information, see Tables 3.1 and 3.2).

3.2 Method details

Most motifs have been discovered using multiple-sequence alignments (MSA) that give a
consensus sequence. This helps in defining the pattern of a particular motif. The amino acid
sequence of SMO has been taken from the NCBI database. The specific pattern of the lipid-
binding motif has been well-defined in previous studies (discussed in the result section). A
Python script using regular expressions has been written to locate and predict these lipid-
binding motifs/sites. This script uses the well-known motif pattern to detect the presence of
lipid-binding motifs in SMO. Subsequently, the conserved motifs involved in receptor activation
alternatives to class A (or other GPCRs) have been identified by doing an MSA of SMO with
a few representatives of other classes of GPCRs and an MSA of SMO with all known frizzled
receptors of class F GPCRs.
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3.3 Result and Discussion

This thesis focuses on the interaction of SMO with cholesterol and PI4P. Therefore, only the
cholesterol-binding sites/motifs, the PI4P binding motif, and the sphingolipid-binding motif
(SBM) are discussed.

3.3.1 Cholesterol-binding sites/motifs in SMO

3.3.1.1 Cholesterol-binding sequence motifs: CRAC, CARC and CRAC-like motifs
in SMO

The primary sequence of SMO is characterized by 4 CRAC, 13 CARC, and 4 CRAC-like
motifs distributed in its CRD, LD, TMD, and ICD regions. These motifs are depicted in Figure
3.3 in a 3D schematic representation of SMO and in Figure 3.4 in a snake plot diagram. The
details are listed in Tables 3.3, 3.4, and 3.5. Among 21 cholesterol-binding motifs, SMO has
some overlapping sequences between (i) CARC6 and CRAC2 and (ii) CRAC-like3, CRACS3,
and CARCS8 motifs. CRD contains four motifs (1 CRAC and 3 CARC motifs) within the
residue range 105-167. One CARC motif is present in residues 204-210 in the LD. A total of
13 motifs (3 CRAC, 6 CARC, and 4 CRAC-like) are present in the TM helices. Most of these
motifs (8 motifs: 2 CRAC, 4 CARC, and 2 CRAC-like) are located in the lower regions of the
TM helices (TM3, TM4, TM5, TM6) and ICL1 and ICL2. Five motifs (1 CRAC, 2 CRAC-
like, and 2 CARC motifs) are present in the upper regions of the TM helices (TM2, TM5, and
TM6) and ECL1 and ECL2. Helix 8 contains one CARC motif, and ICD has two CARC motifs.

Table 3.3: Details of cholesterol-binding CRAC sequence motifs in SMO, including residue positions, sequence,
length, and presence in SMO region.

CRAC motif
S. no Residues Sequence Length Domain
1. 125-133 LLCAVYMPK 8 CRD
2. 346-356 LGTTYQPLSGK 11 1CL2
3. 392-400 VGYKNYRYR 9 ECL2 and TM5
4. 411-421 VLIVGGYFLIR 11 TM5
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Table 3.4: Details of cholesterol-binding CARC sequence motifs in SMO, including residue positions, sequence,

length, and presence in SMO region.

CARC motif
S. no Residues Sequence Length Domain
1. 105-112 KLVLWSGL 8 CRD
2. 114-126 RNAPRCWAVIQPL 12 CRD
3. 159-167 RERGWPDFL CRD
4. 204-210 KSWYEDV LD
5. 257-267 RNSNRYPAVIL 11 ICL1 and TM2
6. 344-353 KALGTTYQPL 10 TM3 and ICL2
7. 356-363 KTSYFHLL 8 TM4
8. 395-405 KNYRYRAGFVL 11 ECL2 and TM5
9. 451-463 RLGIFGFLAFGFV 13 TM6
10. 482-489 RSFRDYVL TM6
11. 546-552 RRTWCRL Helix 8 and ICD
12. 567-579 KMIAKAFSKRHEL 13 ICD
13. 726-733 RQGAWTLV 8 ICD

Table 3.5: Details of cholesterol-binding CRAC-like sequence

sequence, length, and presence in SMO region.

motifs in SMO,

including residue positions,

CRAC-like motif
S. no Residues Sequence Length Domain
1. 246-257 LFTLATFVADWR 12 TM1 and ICL1
2. 282-291 LAQFMDGARR 10 ECL1
3. 386-395 VSGICFVGYK 10 ECL2
4. 423-430 VMTLFSIK 8 TM5
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Figure 3.3: A schematic representation of SMO displaying computationally identified CRAC, CARC,

and CRAC-like cholesterol-binding sequence motifs.
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Figure 3.4: A schematic representation of SMO highlighting cholesterol-binding motifs. The CRAC,
CARC, and CRAC-like motifs in the sequence are highlighted in green, pink, and blue.
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3.3.1.2 Cholesterol-binding structure motif: strict CCM in SMO

Building upon an earlier attempt to partially identify the CCM [103], the component residues
of a ‘strict CCM’ in SMO were mapped. The fit could be achieved using some minor adjustments
(Figures 3.5a and 3.5b): (i) Considering a positively charged residue K356 at position 4.41 that
comes between the position range from 4.39 to 4.43, (ii) keeping W365 at position 4.50, which
overlays well with the component residue at position 4.50, (iii) considering 1.362 at position 4.47
(instead of H361 at 4.46), which fulfills the requirement of a S-branched hydrophobic residue,
and (iv) considering Y262 at position 2.39, which is conserved in class F GPCRs (the most
conserved residue in TM2 is C273 at 2.50). Therefore, residues K356 (4.41)-W365 (4.50)-L362
(4.47) of SMO correspond to the CCM, and together with, Y262 (2.39) correspond to the strict
CCM found in other GPCRs (Figures 3.6a and 3.6b).
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Figure 3.5: strict CCM in SMO. a) Sequence alignment of SMO with class A GPCRs to map the strict
CCM in SMO; b) Sequence alignment of SMO with class F GPCRs with strict CCM residues of SMO.

The corresponding protein accession numbers are indicated in parentheses.
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Figure 3.6: strict CCM in SMO. a) Structure alignment of SMO with class A GPCRs in ribbon rep-
resentation and the residues of strict CCM (in the ball and stick representation). Key residue 1 (blue)
at position 4.39-4.43 is arginine or lysine. Key residue 2 (cyan) at position 4.50 is the most conserved
tryptophan. Another allowed amino acid in this position is tyrosine. Key residue 3 (green) at position
4.46 is isoleucine or leucine or valine. Key residue 4 (maroon) at position 2.39 is tryptophan or pheny-
lalanine or tyrosine. The four-key residues of SMO corresponding to the strict CCM are highlighted in
tan color; b) shows all four strict CCM key residues only in the SMO TMD.
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3.3.2 Sphingolipid-binding motif in SMO:

Sphingolipids are an important class of bioactive phospholipids without a glycerol backbone
that accounts for 10-20% of total membrane lipids [74]. They play an important role in signal
transduction and cell recognition. Sphingomyelin (SM) is a type of sphingolipid [147]. Several
experimental and computational studies have suggested that SM interacts with membrane
cholesterol [75, 128].

Figure 3.7: A schematic representation of the human serotoninl A receptor embedded in the membrane.
The overlapping lipid binding/interaction motifs are highlighted. The sequence of human serotoninlA is
shown as circles. The sphingolipid binding domain (SBD) present in TM2 and the sphingolipid binding
motif (SBM) present in TM5 are highlighted in cyan. The two boxes show the overlapping between a)
CRAC motif I (yellow) and SBD (cyan) in TM2; and b) CRAC motif II (yellow) and SBM (cyan). The
common residues between CRAC motif I-SBM and CRAC motif II-SBD are depicted in both cyan and
yellow (Source: Sarkar and Chattopadhyay, 2020 [138]).
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A recent study has highlighted the role of SM lipids in the accessibility of cholesterol to SMO
in the primary cilium [128]. It has been suggested that SM sequesters membrane cholesterol
and restricts cholesterol from reaching the SMO. Several GPCRs, including cholecystokinin,
oxytocin, and secretin receptors, as well as subtypes of human serotonin receptors, have been
found to contain a sphingolipid-binding motif (SBM) and/or a sphingolipid binding domain
(SBD) [17, 26, 74, 124, 144).

The pattern of SBM is -(I/L/T/V)XX(I/L/T/V)(I/L/T/V)XX(I/L/T/V)(F/W/Y)-, where
X can be any of the 20 amino acids (Figure 3.7) [144].

An SBM pattern search suggested that SMO also has SBM "IQPLLCAVY” in its CRD
from 122 to 130 in the CRD. SMO has a CRAC motif from "LLCAVYMPK?” from 125 to 133
(Figure 3.8). However, there is no evidence that suggests SM interactions with SMO. The
cholesterol and sphingolipid interaction, the presence of cholesterol in the CRD, and the CRAC
motif with an overlapping SBM give the idea that cholesterol and sphingolipid could interact
simultaneously. The identification of SBM in SMO may lead to result in the construction of

new relationships between SMO and SM.
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Figure 3.8: Snake plot representation of SMO CRD illustrating the overlap of SBM (122-130) and
CRAC (125-133). The common residues between the SBM and CRAC motifs are colored pink.

3.3.3 Arginine/Lysine (Arg/Lys; R/K) clusters in SMO

Inositol plays an important role in the signaling pathway (Tan and Brill 2014). PI4P is the
signature lipid for the tip of primary cilia [35, 52, 77, 110, 135]. They are anionic lipids and
interact with the positively charged amino acid of the receptor. Arg/Lys cluster is a group of

positively charged amino acid residues (arginine and lysine) that interact with anionic phos-
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pholipids (phosphatidylinositol; PI and phosphatidylserine; PS). A previous study on SMO
and PI4P interaction shows that Drosophila SMO has four arginine clusters (R1-R4) in its C-
terminal [77]. They have shown that mouse SMO (mSMO) also has these arginine clusters in its
C-terminal. Their experiments on mSMO suggest that the R3 and R4 clusters are responsible

for PI4P-associated binding and activation.

After that, the sequence of hSMO ICD has been observed in detail. It was found that there
are five Arg/Lys clusters of positively charged residues (arginine and lysine) in hSMO (Figure
3.9), similar to the arginine clusters in Drosophila SMO. Arg/Lys 1 (residue 561-567), Arg/Lys
2 (residue 571-576), Arg/Lys 3 (residue 624-629), Arg/Lys 4 (residue 667-680), and Arg/Lys 5
(residue 703-711).
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Figure 3.9: A snake plot representation of SMO highlights helix 8 (cyan), W549 (yellow), and R551
(orange) next to helix 8. The multiple Arg/Lys clusters are highlighted in blue, olive green, magenta,

red, and green, respectively.
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3.3.4 Conformational switches or conserved GPCR motifs in SMO

As discussed earlier, SMO shows less than 10% sequence similarity with class A GPCRs.

There is some pattern that is common from class A to class F GPCR. The sequence alignment
of the class F GPCRs helps in the identification of conserved motifs in TM helices.

3.3.4.1 The presence of the conserved Class F motifs in SMO

MSA of the TM6 in Class F receptors with SMO shows the presence of conserved residues.
The consensus sequence of these residues in TM6 is CYFYE (Figure 3.10a). Here, SMO has
H at the second position instead of Y and D at the last position in place of E. Both D and E

are negatively charged amino acids. Here, C is the most conserved residue and is numbered
6.50. Class A GPCRs have CWXPY motif [158], where P is the most conserved residue 6.50
that imposes the bend in TM6. These conserved CYFYE residues could be an alternative to
the CWXPY motif in class A GPCRs.

MSA of TM6 of class F receptors

) 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 |

6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6

6 6 6 6
30 .31 .32 .33 34 .35 .36 .37 .38 .30 40 41 42 43 44 45 46 47 48 49 )50 51 52 .53 5455 56 .57 .58 50 60 61 62 63 64 65 66 67 68 69 .70
130 x31 x32 x33 x34 x35 x36 x37 x38 x30 x40 x41 x42 x43 x44 x45 x46 x47 x48 x40 k50 x51 x52 x53 x54[x55 x56 x57 x58 x59 x60 x61 x62 x63 x64 x65 x66 x67 x68 x69 x7(

FZD1(Q9UP38) &
FZD2 (Q14332) v
FZD3 (QINPG1) v
FZD4 (QQULV1) u
FZD5 (Q13467) v
FZD6 (060353)
FZD7 (075084)
FZD8 (Q9H461) ¥
FZD9 (000144) "
FZD10 (QOULW2) *
SMO (Q99835) "

Seq consensus .v R I.v.s V-T-A T IV A

Figure 3.10: Sequence alignment of SMO TM6 (for better visualization, only some part of TM6 sequence

MSA is shown) with class F GPCRs. The set of conserved residues in a TM6 is marked in rectangles.

Similarly, MSA of the TM7 in Class F receptors with SMO shows the presence of the con-
sensus motif GIAMSTWVW (Figure 3.11).
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MSA of TM7 and Helix8 of class F receptors

TM7 Helix8
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Figure 3.11: Sequence alignment of SMO TM7 and helix 8 (for better visualization, only some part
of TMT7 and helix 8 sequence MSA are shown) with class F GPCRs. The set of conserved residues are

marked in rectangles.

The functional significance of these two motifs can not be explained by only the MSA of
SMO with class A and/or other GPCRs. Therefore, further investigations using experimen-
tal or computational methods are necessary to gain a deeper understanding of the functional

implications and potential roles of these motifs.
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3.4 Conclusion

The SMO sequence has been analyzed to identify conserved domains and motifs, which
can provide clues about the function and evolutionary history of the class F receptor or other
GPCRs. Most of these domains and motifs are shared across different classes of GPCRs, and
a few are specific to class F subfamilies. This chapter summarizes the known lipid-binding
motifs/sites and other important conserved motifs of SMO, as well as the identification of
conserved GPCR motifs of the class F receptor in SMO. The next two chapters (Chapters 4
and 5) explored the interaction of membrane cholesterol with these known cholesterol-binding
motifs/sites along with the identified sequence and the redefined strict CCM. The importance of
Arg/Lys clusters in the stabilization of SMO in primary cilia has been highlighted in this study.
The sequence analysis and new motif/domain identification of class F conserved motifs aid in our
understanding of some key features of class F receptors. The SMO sequence analysis provides

valuable information that can be used to understand its structure, function, and dynamics.
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Chapter 4

Structure and dynamics of SMO in ciliary membrane and its

interactions with membrane lipids

4.1 Introduction

Smoothened (SMO) is essentially involved in three sequentially related events in the Hedgehog
(HH) pathway: 1) HH binding to Patchedl (PTCH1), 2) activation of SMO, and 3) activa-
tion of the GLI family of transcription factors. This work focuses on the second component,
which is currently understood to involve the mediation of HH bound PTCH1 in initiating some
conformational changes in SMO [64, 102], which is important for its activation [5]. It has been
established that in response to HH signaling SMO localizes to the primary cilium, and this local-
ization is essential for SMO to function [52, 128]. In addition to cholesterol, ciliary membrane
are rich in phosphatidylinositol-4-phosphate (PI4P) and other phospholipids that likely play a
important role in activating SMO. Further, recent structures (PDB ID(s): 6D35, 6XBK, and
6XBJ) reveal bound cholesterol and a sterol channel in SMO [68, 125], as discussed in chapter
3, and there is evidence that small molecules, including cholesterol (and PI4P), regulate SMO
activity [77, 128]. Given this scenario, there are several yet unanswered questions related to

the stepwise molecular mechanism of this event.

The first step towards SMO activation is its translocation to the primary cilia (Figure 1.1;
Chapter 1), as a result of HH binding to PTCH1, followed by the PTCH1 dislocation. However,
it is still unclear how exactly this happens. What is the driving force behind the translocation
of inactive SMO to the primary cilia? What mediates the anchoring of SMO? Does this also
provide the driving force for the translocation to take place spontaneously when PTCH1 vacates
the cilia? There is an even greater lack of clarity regarding the subsequent steps. They are
related to how cholesterol, PI4P, and other lipids in the primary cilium coordinate to control
SMO activity [77, 128]. What could be the sequence of events? Are there other small molecules

involved? What is the role of cholesterol-binding motifs in the interactions of cholesterol with
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cilia bound SMO? How are the conformational changes in different SMO domains related to
cholesterol binding to SMO? Where does the cholesterol bind initially? Does it bind to the
CRD to transmit the signal to TMD, or does direct cholesterol binding to TMD help in SMO
activation? It has been reported that SMO mutants, including those lacking the CRD, are

functionally viable in a membrane environment [18, 21]. What does this imply in this context?

The 3D structure of SMO helps to comprehend the SMO activation mechanism. There are 18
structures (crystal and cryo-EM) of SMO Table 3.1; Chapter3 in the PDB (Protein Data Bank)
[150]. All the available structures have the transmembrane (TM) region, but the loop region
has been replaced by another protein, such as apocytochrome b562RIL (BRIL), or flavodoxin
(since the protein is highly dynamic because of loops and difficult to crystallize) with truncated
N and C terminals. The complete N to C terminal structure of SMO is not available (including
all loop regions). Therefore, modeling a complete SMO is imperative. In this chapter, the
modeling of the full-length 3D structure of SMO was first described. Then, the structural
dynamics of SMO in the primary cilium were investigated in the presence of cholesterol and
other membrane lipids (PI4P) using CGMD simulations of appropriately designed membrane
protein models [as described in Chapter] section 1.5 and Chapter 2 section 2.5]. The interaction
of ciliary lipids with SMO and the motifs/sites present in SMO, discussed in chapter 3, were
also studied. This study sheds light on some of the questions mentioned above. In addition to
advancing the understanding of the molecular level mechanism of the HH pathway, the results

widen the scope for applying rational drug design approaches targeting the HH pathway.

4.2 Methods Details

4.2.1 3D structure of full-length SMO

The SMO linear sequence was obtained from UniProtKB. The full-length SMO structure was
generated by the GPCR I-TASSER [187] web server. The generated models were validated using
MolProbity [39]. Furher, the best model structure was energy minimized using the steepest
descent algorithm available in GROMACS and used for further studies.

4.2.2 Coarse-grained (CG) system setup

The functional SMO structure was simulated using coarse-grained molecular dynamics
(CGMD) in two different membrane models: (a) a heterogeneous bilayer made up of phos-
phatidylcholine (POPC), phosphatidylethanolamine (POPE), phosphatidylserine (POPS), PI4P,
and cholesterol; and (b) a homogeneous phosphatidylcholine (POPC) bilayer. The composition
of the outer and inner leaflets of the heterogeneous bilayer (modeled ciliary membrane) was

chosen to realistically represent the physiological ciliary membrane [33, 60, 73]. Table 4.1 and
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Figure 4.1a give the composition details. It may be noted here that in the initial setup, the
distribution of the lipids was random. However, during the course of the simulation, it changes
due to the presence of SMO. Control simulations of the POPC membrane with SMO and the
modeled ciliary membrane without SMO are performed. The molecular systems for simulations
were prepared using the CHARMM-GUI input generator [78, 127, 181]. The energy minimized
SMO structure (without SP) was converted to a CG representation using the MARTINI 2.2
force field [40, 107] and embedded into the heterogeneous ciliary and homogeneous POPC
lipid bilayers (Figure 4.1b and 4.1c). A heterogeneous lipid bilayer with phosphatidylinositol
3-phosphate (PI3P) lipids was generated using the replacement method as the CG parameter
of PI4P is not available at CRAMM-GUI web server. Both homogeneous and heterogeneous
bilayer systems were solvated using the standard MARTINI water model [101] and neutralized
with 0.15 M NaCl. Then PI3P lipids from the heterogeneous bilayer system were replaced with
PI4P lipids to mimic the ciliary membrane. PI4P parameters were generated using Martini
mapping version 2.0 [148], as discussed in the Methods chapter (see Chapter 2, Section 2.5
for more details). A ciliary membrane control system was prepared by simply removing SMO

from the SMO in the modeled ciliary membrane system setup, as described above (Figure 4.1d).

Five independent simulations of SMO in the modeled ciliary membrane, each of 15 us, were
performed with different random distributions of lipids around the SMO and different initial
velocities. Similarly, three independent simulations for both control simulations, SMO in the
POPC membrane and ciliary membrane without SMO (membrane only system), each of 15 us
were performed. The total simulation time, including the control simulations, was 165 us. The
details of the simulations performed, along with their system composition, were summarized in
Table 4.1.
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Figure 4.1: CG simulation systems overview a) composition of the modeled ciliary membrane; the
initial structure of b) SMO in the modeled ciliary membrane; ¢) SMO in the POPC membrane, and d)
membrane only system (modeled ciliary membrane without SMO). SMO is shown in gray; water and

ions are not shown for the clarity of the images.

67



Table 4.1: Details of studied simulation systems.

S. | Description Type Membrane Composition (in numbers) | Number and
No. duration  of
simulations
(ps)
Outer leaflet Inner leaflet
1 SMO in mod- | CG POPC: 120 POPC: 24 5x 15 us
eled ciliary POPE: 30 POPE: 84
membrane Cholesterol: 50 POPS: 34
(heterogeneous) PI4P: 24
Cholesterol: 50
2 SMO in POPC | CG POPC: 200 POPC: 202 3x 15 ps
membrane (control)
(homogeneous)
3 Modeled ciliary | CG POPC: 120 POPC: 24 3x 15 us
membrane (control) | POPE: 30 POPE: 84
(Membrane Cholesterol: 50 POPS: 34
only system) PI4P: 24
Cholesterol: 50

4.2.3 Simulation parameters

All simulations were carried out using GROMACS version 2019 [162], with MARTINT force-
field version 2.2 [40, 107]. Energy minimization was carried out using the steepest descent
algorithm and subjected to six successive equilibrations of a total of 500 ns using the leap-frog
algorithm [146]. After the equilibration, the production run was carried out for 15 ps. The
temperature of each molecular group in the system was weakly coupled to a thermostat at 310
K using the v-rescale algorithm [23]. Semiisotropic pressure was controlled at 1 bar using the
Parrinello-Rahman algorithm [23]. Initial velocities for the simulations were chosen randomly
from a Maxwell distribution [136]. The reaction field approach [157] was used for non-bonded
Bond
lengths were kept constant using the LINCS algorithm [62]. Periodic boundary conditions were

interactions with a Coulomb cut off of 1.1 nm and a potential shift Verlet modifier.

maintained along the x, y, and z directions. A time step of 20 fs was used, and snapshots were

taken every 100 ps for analysis.

4.2.4 Backmapping of CG structures

The CG structures were converted back to atomistic models using the backward.py script
[173] provided by the MARTINI website and the CHARMM-GUI martini to all-atom converter
(https://charmm-gui.org/?doc=input/converter.martini2all) with the CHARMM 36 force field
for both protein and lipids.
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4.2.5 Analysis

Trajectories were analyzed using tools implemented in GROMACS, and VMD utilities [71]
together with in-house scripts. VMD was used for visualization, and figures were produced
using VMD, Bendix VMD plugin [36], UCSF Chimera [104], PyMOL (https://pymol.org), and
Inkscape (www.inkscape.org). Plots were generated using Xmgrace [161], Gnuplot [179], and

in-house Python scripts.

4.2.5.1 Structural analysis

The first 1.5 us of the production run was considered as the unrestrained equilibration phase
(required to allow the systems to become stable), and analysis was performed from 1.5 us
onwards. Analyses such as root-mean-square deviation (RMSD), root mean square fluctuation
(RMSF), radius of gyration (Rg), helical tilt, and solvent accessible surface area (SASA) were
performed using tools within GROMACS [162]. The RMSD was calculated with reference to the
starting structure of each simulation. The helical tilt of an individual TM helix was determined
by measuring the angle between a cylindrical model fitted to the helix axis and the normal
direction of the bilayer, using the bundle function of GROMACS.

4.2.5.2 Dynamic cross correlation matrix (DCCM) and Principal component analysis

(PCA)

PCA was performed on backbone atoms by using the Normal Mode Wizard plugin of VMD-
1.9.1 version. DCCM [6] were calculated using the in-house script as a time average along the
simulation trajectory to study the correlated motions between different regions of SMO. PCA
and DCCM analyses were carried out on the concatenated trajectory of 67.5 us and 40.5 us of
SMO in the ciliary membrane and SMO in the POPC membrane systems, respectively.

4.2.5.3 Contact analysis

In order to quantitatively investigate the interaction dynamics, the mindist function available
in GROMACS was used to calculate the minimum of all distances between any two CG beads,
belonging to the two interacting entities (lipids and SMO residues), in every frame of the
trajectory. The interacting entities (cholesterol, PI4P, and other lipids) were appropriately
number-tagged. The contacts between the cholesterol-binding motifs of SMO and individual
cholesterol molecules in the membrane were also calculated by mindist function, and heatmaps

were generated by a Python script.
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4.2.5.4 Occupancy of Cholesterol, PI4P, and POPS lipids around SMO

The occupancies of cholesterol, PI4P, and POPS lipids around SMO were calculated using
in-house protocols. First, the distance between each residue and cholesterol/PI14P /POPS lipid
has been calculated using the mindist function of GROMACS for the last 13.5 us of each

simulation system. Then the frames, where the distance value is within the cut off distance of

no.of framesmaskedl « 100)

0.6 nm, are masked as 1. Occupancy is calculated by this formula- (=52 Frames

The final occupancy was calculated by taking the mean across all replicates.

4.2.5.5 Tilt angles of Cysteine-rich domain (CRD) and intracellular cytoplasmic
domain (ICD)

The tilt angles of CRD and ICD relative to TMD were calculated by the angle function
of GROMACS. The backbone beads of P69, V210, and W535 residues defined the CRD tilt.
Similarly, ICD tilt was defined by the backbone beads of V210, V536, and E650.

4.2.5.6 Membrane dynamics

The dynamical characteristics of cholesterol molecules in the membrane for each replicate
simulation, such as cholesterol concentration in the bilayer and movement of cholesterols within
the bilayer, were analyzed by identifying the position of individual cholesterol in the outer and
inner leaflets for each frame with reference to the starting structure using the FATSLiM analysis
tool [22].

4.3 Results

4.4 Modeling of SMO

The linear sequence of SMO (UniProt ID- Q99835) was retrieved from UniProtKB and sub-
mitted to the GPCR I-TASSER [187] web server for full-length SMO structure. The inactive
SMO structures 5L7D and 4JKV were used as templates to generate five models that satisfy
all of the topological requirements for GPCRs [24, 169]. A model with a C-score of -1.37 and a
lower RMSD with both templates was chosen as the SMO structure (Table 4.2). The selected
model showed 0.322 A and 0.730 A RMSD with the 5L7D and 4JKV templates, respectively.
The model was also validated using MolProbity [39] to estimate the stereo-chemical correctness
of the structure. It showed that 71.46% (561/785) of all residues were in favored (98%) regions,
and 86.37% (678/785) of all residues were in allowed (> 99.8%) regions with 107 outliers (Fig-
ure 4.2a). The model was energy minimized after that. Steepest descent algorithm available in
GROMACS was used for this energy minimization. After that, 82.9% (651/785) of all residues
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were in favored (98%) regions, and 93.6% (735/785) of all residues were in allowed (>99.8%)
regions with 50 outliers (Figure 4.2b).

Table 4.2: Five models generated by GPCR I-TASSER with their C-score.

S. no. Model C-score
1 Model 1 -1.37
2 Model 2 -1.44
3 Model 3 -3.86
4 Model 4 -3.78
5 Model 5 -3.93

The distinct domains of the modeled SMO are shown in Figure 4.3a. The extracellular
domain (ECD) spans from amino acid residues 1 to 221 and is composed of three subdomains:
the signal peptide (SP) from residues 1 to 27, the CRD from residues 28 to 191, and the linker
domain (LD) from residues 192 to 221. The transmembrane domain (TMD) is composed of
seven TM helices, labeled TM1 through TM7, and spans from residues 222 to 554. These helices
are linked by three intracellular loops (ICLs) labeled as ICL1, ICL2, and ICL3. The ICD spans
from residues 555 to 787. The N-terminus of SMO is located in the ECD, while the C-terminus
is located in the ICD. SP was removed from the modeled structure to obtain the functional
SMO for simulation and further study (Figure 4.3b).

The results reported herein refer to the simulation of the dynamics of SMO, in the modeled
ciliary membrane system. Other simulations involving SMO in POPC membranes or membrane
systems without SMO were only used for comparison purposes. A visual investigation of the
simulation trajectories using VMD showed that SMO and the different components of the
ciliary membrane interact with each other dynamically, leading to changes in the distribution
of the membrane components on the one hand, and in the conformation of SMO, on the other.
Cholesterol molecules were seen to move around within and across the membrane leaflets,
spending a lot of time in the TM region, while taking turns to interact with different SMO
domains and with other membrane lipids. In contrast, the other lipids move around within

their respective leaflets, while interacting with specific membrane proximal regions of SMO.
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Figure 4.2: Ramachandran plot of modeled SMO before and after minimization.
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Figure 4.3: Molecular architecture of SMO. a) A cartoon representation of the full-length modeled SMO
showing the extracellular domain (SP, CRD, and LD), transmembrane domain (TMD), and intracellular
cytoplasmic domain (ICD); and b) residue numbers indicating the domain boundaries and domains

included in the simulations.
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4.4.1 Cholesterol molecules in the membrane interact with different domains

of SMO

Figure 4.4 shows the domain-wise minimum distance plots for cholesterol molecules with
SMO during the simulations of all five replicates in modeled ciliary membranes. The TMD
and ICD interact with cholesterol molecules with distances less than 0.6 nm throughout the
simulation trajectory in all replicates. However, the interactions of other SMO regions, namely
the CRD and LD domains, were intermittent, and the interaction patterns differ slightly in the
five replicates. For example, for a few frames, the distance between any residue of CRD - any
cholesterol is 0.6 nm in replicates 1, 2, 3, and 5. Similarly, the LD — cholesterol distance value
was also ~0.6 nm in a few frames in replicates 1, 4, and 5. Two representative structures of
SMO along with cholesterol molecules within a cut-off distance of 0.6 nm, at 9.15 us and 2.28
us time points from replicate 1 (Figure 4.5a and Figure 4.5b) selected based on the proximity
of cholesterol to CRD and LD, respectively, provide a glimpse of these interactions. Overall,
it may be concluded that the interaction of cholesterols with CRD, and LD regions were inter-
mittent, while the cholesterol interactions with TMD were persistent. ICD was seen to interact

with cholesterol throughout the simulation time (Figure 4.4).

Detailed VMD-assisted visual analysis of the trajectories, in addition to the distance plots,
showed that the CRD bends towards the outer leaflet of the membrane and interacts with
membrane cholesterols (Figure 4.4a, 4.5a, and Video 4.1). One of the frames selected based on
the proximity of cholesterol to CRD (t= 9.15 us) (Figure 4.5a) shows the interaction between
CRD and two cholesterols (cholesterol referred to as chol; chol 5 and chol 52) through three
residues P39, P41, and R42. The backmapped atomistic structure of this shows that one
cholesterol (chol 52 makes a hydrogen bond with the side chain of R42 (Figure 4.5a). While
in replicate 5, cholesterol interaction with CRD was observed multiple times between 5 and
8 us and again from 13.38 to 14.99 us. Overall, from all replicates, cholesterol interacts with
R28, G29, A30, N35, G38, P39, G40, P41, R42, S43, A44, R49, D95, S96, Q99, E100, E101,
R151, R159, E160, R161, D165, F166, L167, R168, and R173 residues. The interaction of LD
with membrane cholesterol was also observed (Figure 4.5b and Video 4.2), and residue V210
was found to interact with membrane cholesterol (chol 48) (Figure 4.5b). The backmapped
atomistic structure shows additional interactions of this cholesterol with CRD residues R159
and TM5 residues R398 and Y399 (Figure 4.5b).
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Figure 4.4: Domain-wise SMO and membrane cholesterol contacts. (a-e) The distance map for all five
replicates of the simulation system shows the minimum distance between any membrane cholesterol and

the corresponding SMO domain.
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t=9.15 us

b)

Figure 4.5: Interaction of membrane cholesterols with CRD and LD of SMO, shown as a backmapped
atomistic structure. a) Interaction between CRD (orange) and two cholesterol molecules (yellow sticks)
at t = 9.15 us and b) Interaction between LD (magenta) and cholesterol (yellow sticks) at t = 2.28 us

time point.
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Any membrane cholesterol is thought to interact with SMO if it is within 0.6 nm of any
SMO residue. And based on this criterion, the regions of higher cholesterol occupancy in SMO
TMD during the simulations (Figure 4.6) were identified. High cholesterol occupancy was ob-
served near TM1, TM3, TM4, TM5, and TM6 (Figure 4.4). The distance plot of any residues
of ICD with any cholesterol shows persistent interaction of ICD with cholesterol (Figure 4.4).
The maximum occupancy for any cholesterol with any residue of ICD was ~43%. In ICD,
interactions with cholesterols were observed through the LEU-PRO rich region (685 to 713),
particularly with the residues L685, P687, P688, P689, P694, A695, A697, P702, R703, P705,
Q706, L707, P708, R709, Q710, and L713.

Cholesterol occupancy

Figure 4.6: Cholesterol occupancy around SMO. Cholesterol occupancy around SMO was mapped onto
the structure, with each residue colored from blue (less occupancy) to red (high occupancy). The dots
represent the phosphate head group beads of ciliary lipids. The mean occupancy is calculated across all

replicates, using a 0.6 nm distance cut off.
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4.4.2 Cholesterol-binding motifs in TM4, TM5, and TM6 persistently interact
with cholesterols

Thereafter, the persistence of interactions of individual cholesterol molecules with each of
their proximal cholesterol-binding motifs for all five replicate simulations was estimated. Most of
these motifs showed significant interactions with cholesterol in the membrane. The interaction
patterns, however, showed some variations across replicates. For example, the CARC7 motif
shows different extents of cholesterol interactions in different replicate systems. A cholesterol
molecule (chol 78) was found near CARCY in replicate 1 with greater than 21% occupancy,
interacting with residues L362 and L363 in TM4 (Figure 4.7).

Chol 27 Chol 92

t=9.26 ps

Figure 4.7: Interaction of cholesterol with CRAC4 and CARC7 motifs. The structure shows the inter-
action of three cholesterols with cholesterol-binding CRAC4 and CARCT7 motifs at 9.26 us from replicate
1. The color scheme is as follows: SMO TMD (blue) and ICD (red), cholesterol (yellow) and ROH bead
(black), CRAC4 motif (green) from TM5, and CARCT7 motif (pink) from TM4.
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While in replicate 2, CARC7 showed 55% occupancy with cholesterol (chol 81). Two of the
seven residues in the CARCT motif, viz., Y359 and F360, were seen to interact with cholesterol

molecules frequently, but transiently. Such transient interaction of CARCT7 with cholesterol

was also observed in the other four replicates (Figure 4.8b-e).
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Figure 4.8: Distance between individual membrane cholesterol and the CARC7 motif for all five repli-

cates of SMO in modeled ciliary membrane.
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individual cholesterol and CRAC4 motif distance
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The CRAC2 motif present in ICL2, preceding CARC7, also showed different extents of
cholesterol interactions in different replicate systems. The CRAC4 motif present in TM5, and
proximal to CARC7, showed stable interaction with cholesterol molecules, especially with those
that interact with CARCY, in all five replicate systems (Figures 4.8, 4.9, and Video 4.3). There
were multiple cholesterol interactions with this motif. Another motif, CARC9, present in TM6
and near CRACA4, also interacted with more than one cholesterol molecule simultaneously or at

different times. This was observed in two replicates, for reasonable durations, though less than
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those of CARCY interactions. Similarly, CARC8, CARC9, CRAC-like2, and CRAC-likel also
had > 80% total cholesterol occupancy in all replicates (Figure 4.10). Motif CARCS, present

in ECL2 and

TMS5, showed intermittent interaction with cholesterol molecules in all replicates.

However, the interaction distances suggest relatively loose binding.

Taken together, these results suggest that only a few cholesterol-binding motifs are involved

in any significant interactions with cholesterol molecules. Based on persistence and proxim-
ity considerations, the motifs present in the lower TM region (CARC7-TM4, CRAC4-TMS5,
CARC9-TM6) have more interaction with cholesterol than other motifs, except CARCS8 (ECL2
& TM5), which were present in the upper TM region (Figures 4.9, 4.10 and Video 4.3).
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Interestingly, due to the inter-motif proximity of some of these motifs present in the TM
bundle (Figure 3.3b), it was possible for the same cholesterol molecule to interact with more
than one motif simultaneously. This may be one of the reasons for the concentration of choles-
terol molecules in these regions. Thus, interactions of cholesterol with CRAC2-ICL2 were not
persistent, possibly because of the intracellular location of the motif. Notably, Figures 4.8-4.10
confirmed that the respective cholesterol molecules make stable contacts with motifs present
in TM4, TM5, and TM6. For example, cholesterol molecules were found to associate with
these respective sites for more than 2 us. Particularly notable in this context was the 65%
occupancy of cholesterol (chol 81) near the CARCT7 motif present in TM4 (Figure 4.8b). Given
that cholesterol molecules were rarely found to interact persistently, some of these persistent

interactions need some special attention, and will be discussed below.

4.4.2.1 The residue-wise interaction pattern of the strict CCM in SMO with mem-

brane cholesterol shows variation across replicates

Several cholesterols (chol 78, 51, 67) were observed in the vicinity of the strict CCM
(discussed in chapter 3) in the simulation trajectories of all replicates, albeit with large varia-
tions in their respective interaction patterns. All cholesterols within 0.6 nm of the strict CCM
were tracked in the simulation trajectories of all five replicates. Figure 4.11 shows the minimum
distance plots for any cholesterol molecule with any of the strict CCM residues for all five repli-
cates. Figure 4.16 show the interaction of cholesterol with each of the four residues of the strict
CCM and Y269. While persistent cholesterol— strict CCM interactions were observed in repli-
cate 1 and replicate 2, the interactions were intermittent in replicates 3, 4, and 5 (Figure 4.11).
Again, Figure 4.12 also highlights the role of K356 in mediating the persistent interaction with
cholesterol molecules in replicate 1 and replicate 2. However, the interactions of cholesterol
molecules with K356 were intermittent in replicates 3, 4, and 5. Both W365 (Figure 4.13)
and the hydrophobic residue of CCM, L362 (Figure 4.14) did show persistent interaction with
cholesterol molecules in replicates 1 and 2. However, there were some intermittent interactions
with cholesterol in other replicates. These interactions were mostly unstable and showed per-
sistent contact for only a few nanoseconds to a maximum of less than a microsecond during the
entire duration of the simulations. Notably, in replicate 1, the interaction of cholesterols with
K356, W365, and L362 were persistent for around 1-microsecond duration (Figure 4.12-4.14).

Figure 4.17a shows the details of the interaction of two cholesterols (chol 61 and 78) at time
9.15 us in the replicate 1 system. The ROH bead of the cholesterols (chol 61 and 78) interacts
with the side-chain of K356 and W365. The fourth residue from TM2, Y262, does not seem to
contribute much, as the Y262-cholesterol distance value was always greater than 0.6 nm in all
replicates (Figure 4.12d). Although Y269 (2.46), another aromatic residue, is also conserved
in Class F GPCRs (Figure 3.5b), it is located next to W365 (Figure 4.17b). The cholesterol
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interaction with Y269 was also reported, and it was discovered that this residue interacted with
cholesterol frequently in all replicates (Figures 4.12e, 4.13b, and Video 4.4).

SMO in modeled ciliary membrane strict CCM-cholesterol contact
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Figure 4.11: The interaction between strict CCM and cholesterol. Distance map for all five replicates

along the simulation trajectory showing the minimum distance of any membrane cholesterol with any

residues of strict CCM.
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SMO in modeled ciliary membrane
K356-cholesterol contact
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Figure 4.12: The interaction between K356 of strict CCM and cholesterol. Distance map for all five

replicates along the simulation trajectory showing the minimum distance of any membrane cholesterol

with K356.
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SMO in modeled ciliary membrane
W365-cholesterol contact
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Figure 4.13: The interaction between W365 of strict CCM and cholesterol. Distance map for all five
replicates along the simulation trajectory showing the minimum distance of any membrane cholesterol

with W365.
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SMO in modeled ciliary membrane
L362-cholesterol contact

a) b)
235 Replicate 1 25 Replicate 2
£ 2 E 2
[«}} [«}]
e 15 e 15
(3] ©
7] 7]
[=) 1 a 1
0.5 NM 0.5 '
0 ! ! ] ! ] ] ! 0 ! | I ! 1 I !
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (ps) Time (Ms)
c) d)
25 Replicate 3 | __ 29 Replicate 4
E, 2 E 2|
[<}] [}]
o o
c o c
1] ]
2 ®
] Fiholbithd
0 L 1 L L | L L 0 1 1 . L | | Il
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Time (us) Time (us)

L)
~

Replicate 5

Distance (nm)

0 n | . L L n |

0 2 4 6 8 10 12 14
Time (us)

Figure 4.14: The interaction between L362 of strict CCM and cholesterol. Distance map for all five

replicates along the simulation trajectory showing the minimum distance of any membrane cholesterol

with L362.
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SMO in modeled ciliary membrane
Y269-cholesterol contact
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Figure 4.15: The interaction between Y269 of strict CCM and cholesterol. Distance map for all five

replicates along the simulation trajectory showing the minimum distance of any membrane cholesterol

with Y269.
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SMO in modeled ciliary membrane
Y262-cholesterol contact
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Figure 4.16: The interaction between Y269 of strict CCM and cholesterol. Distance map for all five

replicates along the simulation trajectory showing the minimum distance of any membrane cholesterol

with Y269.
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Figure 4.17: A representative snapshot at t=9.15 us from replicate 1 shows the strict CCM-cholesterol
interaction. The CG structure shows two cholesterols (chol 78 and 61; tan and the ROH group in black)
interacting with strict CCM residues K356, L362, and W356. a) The key residues Y262, K356, L362,
and W356, colored orange, ice-blue, green, and red. b) Residue Y269 (dark blue), near residue W365,

interaction with cholesterol (chol 57).
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4.4.2.2 Analysis of PI4P interactions with SMO provides insights into the role of

localization of PI4P to primary cilia

Apart from cholesterol, another important lipid class participating in the HH pathway, par-
ticularly for SMO activation, is the anionic PI4P lipids that are present in the inner leaflet of
the primary cilium. PI4P interaction hotspots were observed on the surface of SMO, where
PI4P molecules interact with SMO at the intracellular region of TM helices (TM1, TMS3,
TM4, and TM5), ICL1, helix 8, and ICD (Figure 4.18a). Further, the conserved motif of SMO
"KATXXXW?” (residues 539-545) present in helix 8 interacts with PI4P lipids. PI4P lipids were
also seen to form strong contacts with R546 and R547 with high occupancy. Furthermore, SMO
has five Arg/Lys clusters in the ICD: 561-567 (cluster 1), 571-576 (cluster 2), 624-629 (cluster
3), 667-680 (cluster 4), and 703-711 (cluster 5) (Figure 3.9; chapter 3). All five clusters showed
higher occupancy for PI4P lipids. Cluster 4 has a contiguous stretch of ten basic residues. C1,
C2, C3, and headgroup phosphate beads of PI4P interact with the sidechain beads of Arg and
Lys residues. Most of the PI4P lipids accumulate near the ICD region. Interestingly, in keeping
with an earlier report [35], that W549 and R550 of mouse SMO are essential for its localization
in the primary cilia, these two residues, W549 and R551 of human SMO, were found to interact
with PI4P in the present system (Figures 4.19 and 4.20). PI4P lipids interacted with W549
transiently in replicates 1 and 2 (after 4.3 us), but persistently in replicates 3, 4, and 5 (Figure
4.19). At the same time, R551 showed persistent interactions in all replicates (Figure 4.20). A
representative structure at time 13.56 us showed that the side chains of W549 and R551 interact
with the glycerol backbone beads of two PI4P lipids (index 9 and 15) (Figure 4.18b). These
observations suggest that the accumulation of anionic PI4P molecules near Arg/Lys clusters
holds an important key to its ciliary role. For example, the high occupancy of PI4P near the
fourth and fifth Arg/Lys clusters in the ICD helps ICD to interact with the membrane surface.
This also helps in mediating strong cholesterol-TMD interactions near the lower leaflet of the

membrane (will be discussed later in the discussion section).
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Figure 4.18: a) PI4P occupancy around SMO TMD was mapped onto the structure, with each residue
colored from green (less occupancy) to red (high occupancy). TM helices are marked as TM1, TM2,
TM4, TM5, TM6, TM7, and helix 8. The mean occupancy was calculated across all replicates, using a
0.6 nm distance cutoff. b) The interaction of PI4P with W549 and R551. The CG structure of 13.56
us from replicate 1 shows the interaction of 9, 11, and 15 PI4P lipids with W549 and R551. The color
scheme is as follows: SMO TMD (blue), ICD (red), W549 (yellow), and R551 (orange), hydrocarbon
chains of PI4P lipids (cyan), glycerol backbone (purple), and headgroup phosphate (PO4) beads (tan).
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Figure 4.20: R551 and PI4P interactions. Distance map for all five replicates (a-e) along the simulation

trajectory showing the minimum distance of any PI4P lipid with R551.
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4.4.2.3 Translational dynamics of lipids in the ciliary membrane

The translational dynamics of the lipids were also examined, especially cholesterol, in the
ciliary membrane. There are 50 cholesterol molecules to begin with, in each of the two leaflets of
the ciliary membranes (with or without SMO; see Table 4.1 for more details) respectively. The
general observation was that as the simulation progressed, some cholesterol molecules moved
from the inner to the outer leaflet. Eventually, the cholesterol concentration in the outer leaflet
became higher than that of the inner leaflet during the simulation of the ciliary membrane, both
in the presence and absence of embedded SMO. Interestingly, though only very occasionally,
the cholesterol concentration goes higher in the inner leaflet during the simulation in the pres-
ence of SMO. In the absence of SMO, the ciliary membrane cholesterol concentration went close
to 50-50 (number) in some frames, but the outer leaflet always showed a high cholesterol con-
centration (Table 4.3 and Figure 4.21). This could be a result of the cholesterol-binding motifs
found in SMO TMD, which draw in cholesterol molecules. PI4P lipids were seen to accumulate
near the ICD and lower TM regions of SMO. A few POPS lipids were seen to interact with the
lower region of TM5. However, SMO selectivity was higher for PI4P than POPS. Some choles-
terol molecules were sandwiched between PI4P lipids in the cholesterol-binding motifs present
in TM4, TM5, and TM6, which mediate persistent interactions with the cholesterol molecules.
These PI4P lipids interacted with the cholesterol molecules through their phospholipid tails
(Figure 4.22).

Table 4.3: Average cholesterol concentration (in numbers) during simulation.

Leaflet SMO in modeled ciliary membrane
position
Replicate 1 | Replicate 2 | Replicate 3 | Replicate 4 | Replicate 5
Outer 56 56 57 56 57
Inner 45 45 44 44 44
Leaflet Modeled ciliary membrane (only membrane system)
position
Replicate 1 | Replicate 2 | Replicate 3 | - -
Outer 56 56 56 - -
Inner 44 44 44 - -
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Figure 4.21: Dynamics of cholesterol

in ciliary membrane. Cholesterol concentration in the outer and

inner leaflets within the ciliary bilayer a) in the presence of SMO for all five replicate systems and b) in

the absence of SMO for all three replicate systems.
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Figure 4.22: Interaction of PI4P-cholesterol together with SMO and sequestering of cholesterol
molecules. a) Shows the interaction of cholesterol and PI4P with SMO TMD and ICD at t = 14.17
us; b) Same representation without cholesterols and PI4P lipids. The color scheme is as follows: CRD

(orange), LD (magenta), ICD (red), Arg/Lys cluster 4 and Arg/Lys cluster 5 (cyan), all ICLs and ECLs
(ice-blue).
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4.4.2.4 Apart from the increase in compactness, no major structural changes were

observed during the simulation of SMO

Domain-wise SMO dynamics were also explored after the lipid dynamics. The CRD and
ICD were dynamic regions (RMSD and RMSF plots; Figures 4.23 and 4.24, respectively),
whose movements lead to increased compactness of SMO during simulation. LD also showed
some movements, but less as compared to CRD and ICD. TM helices were relatively less
dynamic than the non-helical (CRD, LD and ICD) regions of SMO. Though the overall RMSD
for the TMD does not change significantly, some of the replicates showed some fluctuations
in the helices TM1, TM2, TM4, TM6, and TM7 RMSD values with respect to their starting
structures (Figure 4.25). This was also supported by the helix tilt analysis (Figure 4.26). In all
replicates, greater fluctuations were observed in the loops ECL1, ECL3, and ICL3 (relatively
less than ECLs but higher than other ICLs).

SMO in modeled ciliary membrane

RMSD (nm)

10 12 14 0 2 4 6 10 12 14

6 8 8
Time (ps) Time (ps)

TMD

0 2 4 6 8 10 12 14
Time (us) Time (us)
HN Replicate 1 I Replicate 2 I Replicate 3
Hl Replicate 4 I Replicate 5

Figure 4.23: Domain-wise RMSD plots of SMO (CRD, LD, TMD, and ICD) with respect to their

starting structures in the modeled ciliary membrane.
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8) with respect to their starting structure in modeled ciliary membrane.
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Figure 4.26: Axis tilts of 7 TM helices. a-g) Tilts of the individual 7 TM helices with respect to the z-
axis were plotted for the entire simulation length for all replicates of SMO in modeled ciliary membrane,

and h) a schematic representation showing axis tilt calculation for TM helices.
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4.4.2.5 Conformational changes in SMO involve changes in the tilt angles of the

CRD and ICD with respect to the TMD

Analysis of RMSD and RMSF, and visual examination using VMD, revealed the movements
in CRD and ICD regions. In conjunction with earlier reports, the observations support the
assumption that the membrane lipids (cholesterol and PI4P) strongly influence the conforma-
tional dynamics of both CRD and ICD. The CRD showed a far greater conformational diversity
in the presence of these lipids, compared to that in the simulation in a simple POPC membrane.
The tilt angles of CRD and ICD relative to TMD were calculated to measure conformational
changes. CRD tilt is defined by the angle between the backbone beads of P69, V210, and W535
(Figure 4.27a). ICD tilt is defined by the angle between the backbone beads of V210, V536,
and E650 (Figure 4.27b). Figures 4.27c-d showed the CRD and ICD tilts, respectively, in all
replicates of SMO in the modeled ciliary membrane. It was observed that while the tilt angle
of ICD varied with respect to TMD in different replicates, the CRD tilt values indicated the

movement of CRD towards the TM bundle during the simulation in all replicates.

4.4.2.6 DCCM and PCA reveal several distinctive features of overall SMO dynamics

in the ciliary membrane

In order to understand the correlated movements in SMO, and to identify the roles of the
membrane lipids cholesterol and PI4P, the DCCM analysis (Figure 4.28) and PCA (Figures
4.29 and 4.30) were performed on the concatenated trajectories of both SMO in modeled ciliary
membrane (67.5 us) and SMO in POPC (40.5 us) systems, respectively. The DCCM of SMO in
the two-membrane condition, representing correlation coefficients calculated as a time average
over the duration of the simulation, is shown in Figure 4.28. The entire spectrum of correlation
ranges from +1 to -1. Blue represents a positive correlation, white represents no correlation, and
red represents a negative correlation. The significant changes in the ciliary membrane (Figure
4.28a) and POPC membrane (Figure 4.28b) are marked with boxed regions 1 to 16. Figure 4.28
clearly shows different patterns of blue islands, indicating positively correlated fluctuations of
SMO domains implicated in the presence of the ciliary lipids. A closer examination, however,
suggests several notable features that indicate the changes associated with the presence of ciliary

lipids and consequent stabilization of the SMO.
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Figure 4.27: CRD and ICD tilt with respect to TMD. a) CRD angle defined by the backbone beads of
P69, V210, and W535 residues, and b) ICD angle defined by the backbone beads of V210, V536, and
E650 residues; ¢) CRD tilt and d) ICD tilt in all replicate systems of SMO in modeled ciliary membrane.
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The following features resulting from the interactions of SMO with cholesterol and PI4P in
the modeled ciliary membrane were revealed by the maps. Boxl showed an increased in self-
correlation of CRD in the presence of cholesterol and other ciliary lipids in the ciliary membrane
as compared to the POPC membrane. Boxes 2 and 3 demonstrated an increased correlation
of LD with CRD and TMD in the ciliary membrane compared to the POPC membrane. Box
4 showed that the negative correlation between Arg/Lys cluster 4 and a part of C-terminal
residues of CRD in the ciliary membrane was greater than that in the POPC membrane. Box
5 showed an increase in negative correlation between ICD C-terminal residues (684 to 787)
and CRD. Box 6 highlighted an increase in negative correlation of TM1 with Arg/Lys cluster
3 in the presence of the ciliary lipids. Box 7 showed that the negative correlation between
TM4 and ECLI in the ciliary membrane was greater than in the POPC membrane. Box 8
showed an increase in negative correlation of TM4 with TM2-TM3 including ICL1 in ciliary
membrane. Box 9 showed that the TM4 correlation with TM4-TM6 was more positive in the
ciliary membrane, likely due to the interaction of cholesterols with these TM helices. Box 10
showed that the TM2 correlation became positive in the presence of cholesterol and ciliary
lipids. Box 11 depicted an increase in negative correlation between ECL1 and Arg/Lys clusters
1 and 2 in the ciliary membrane. Box 12 showed that the part of ICD (residues ~576 to 629)
became more correlated in the presence of cholesterol and other ciliary lipids. Box 13 depicted
an increase in negative correlation of Arg/Lys cluster with TM4 and TM5. Box 14 showed an
increase in positive correlation of ECL2 with C-terminal residues of ICD (~711 to 787). Box 15
depicted a weak positive correlation of Arg/Lys 5 with TM6 and TM7 in the POPC membrane
but a stronger positive correlation in the ciliary membrane. Box 16 showed that residues 672
to 711 and 561 to 576 in ICD became positively correlated in the presence of cholesterol and

PI4P in the ciliary membrane.
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DCCM of SMO
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Figure 4.28: Time-averaged DCCM for the SMO backbone bead pairs during the simulation. DCCM of
the concatenated trajectory of a) SMO in modeled ciliary membrane and b) SMO in POPC membrane
showing the correlation between the domain movements. Domain demarcations are shown along the
axes. Domain demarcations are shown along the axes. Box 1 indicates CRD self-correlations. Boxes
2 and 3 indicate the correlations of LD with CRD and TMD, respectively. Boxes 4 and 5 show the
correlations of CRD with Arg/Lys cluster 4 and residues 684-787. Boxes 6 and 7 show the correlations
of TM1 with Arg/Lys cluster 3 and ECL1 with TM2, respectively. Boxes 8 and 9 show the correlations
of TM4 with TM1-ICL1-TM2-ECL1-TM3 and TM5-ICL3-TM6. Box 10 indicates the correlations of
TM2 with TM5-ICL3-TM6. Box 11 shows the correlation of ECL1 with ICD residues (~555 to 576,
including Arg/Lys clusters 1 and 2). Box 12 indicates the correlations of ICD residue (~576-629) with
TM3 to TM7. Box 13 indicates the correlations of Arg/Lys cluster 4 with TM4-TM5. Box 14 indicates
the correlations of ECL2 with ICD residues ~711 to 787. Box 15 indicates the correlation of Arg/Lys
cluster 5 with TM6-TM7. Box 16 indicates the correlation of ICD residues ~675 to 711 and with the
rest of the ICD. Domain boundaries are represented in dotted lines. Domain boundaries are represented

in dotted lines.
To complement the DCCM analysis, PCA was performed on the simulation trajectories (Fig-

ures 4.29 and 4.30). The first three principal components, in the modeled ciliary membrane

dynamics, captured around 58.81% (67.19% in the POPC dynamics) of all protein motions.
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The first mode (PC1), accounting for 28.91% (37.91% in the POPC dynamics) of total motion,
depicts the motions of the ICD and CRD towards the membrane plane. These motions were
noticeably lesser in the POPC membrane compared to that in modeled ciliary membrane.
However, in the ciliary bilayer system, high fluctuations were observed in the ICD, including
in Arg/Lys clusters 1 and 2, but other Arg/Lys clusters showed less RMSF. Further, it showed
high fluctuations in TM5, TM6, and ECL3. This mode also captured the Arg/Lys cluster 5
movements towards the membrane near the TM6-TM?7 region, in conjunction with the DCCM
result (Figure 4.28) in the ciliary membrane. In contrast, in the POPC system, CRD and
Arg/Lys cluster 5 showed higher fluctuations as compared to the ciliary membrane. A clear
comparison of mode 1 in two different membrane systems shows ICD residues, which showed
higher fluctuations in the ciliary membrane and lower fluctuations in POPC. This suggests
that the presence of ciliary lipids had a significant impact on the ICD residues. The second
mode (PC2), in the modeled ciliary system dynamics, accounting for 18.92% of the total mo-
tion (24.28% in the POPC dynamics), captured the movement of CRD and ICD towards the
membrane plane. This mode showed the correlated motion of the CRD and ICD while the
TMD remained rigid. This mode showed a high RMSF value for C-terminal residues of CRD
(~33 to 45 and 90 to 100). In contrast, the second mode (PC2) in the POPC dynamics showed
that a part of the CRD moves away from the membrane, while the other part of CRD (~130
to 140) moves toward the membrane. The ECLs were relatively more flexible than the ICLs,
except for ECL2. The third mode (PC3) of the modeled ciliary system, accounting for 10.98%
of the total motion, captures the simultaneous movement of part of CRD (residues ~90 to 114;
CARC1 motif- 105 to 112) and ICD towards the membrane. Here, the fluctuations of ICD were
dampened compared to that in PC1. In contrast, PC3 in the POPC system, (which comprises
only 5% of total motion), shows only very little movement of CRD, no major movements in the
ICD, and a rigid TMD.

The PCA analysis clearly showed that SMO showed major structural movements (CRD and

ICD, especially Arg/Lys clusters) in the presence of cholesterol and other membrane lipids.

The TMD dynamics were restricted in the absence of ciliary lipids.
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Figure 4.29: Essential dynamics of SMO. RMSF plots corresponding to the PC1, PC2, and PC3 for

SMO in a) ciliary membrane and b) POPC membrane with domain demarcation along the abscissa.
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Figure 4.30: Essential dynamics of SMO. PC1 and PC2 of SMO ICD region in a) ciliary membrane
and b) POPC membrane, shows the movement of Arg/Lys cluster 4 and Arg/Lys cluster 5. Only TMD
and ICD of SMO are shown here. The green arrows show the direction and magnitude of the motion

corresponding to the principal components.
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4.5 Discussion

Results of the CG-MD simulations of SMO in the modeled ciliary membrane showed that
SMO and the different constituents of ciliary membrane interact with each other, leading to
dynamic changes in the distribution of the membrane components along with conformational
changes in SMO. Cholesterol molecules were seen to move around within and across the mem-
brane leaflets, spending a lot of time in the TM region, while taking turns to interact with dif-
ferent SMO domains and with other membrane lipids. In contrast, the other lipids (especially
PI4P) moved around within their respective leaflets, while interacting with specific membrane

proximal regions of SMO.

That cholesterol is a key modulator of SMO activation, and therefore of signal transduction
in the HH pathway, has been demonstrated by several researchers [128, 186]. In this context,
analysis of the MD simulations of SMO in the ciliary membrane model, discussed in this chapter,
helped to reiterate the role of cholesterol-binding motifs and sites within SMO [24, 43, 125].
These analyses also helped to identify and define a strict CCM, which may well steer cholesterol
into the hitherto identified binding sites [43, 138] within the TMD of SMO. The results showed
that membrane cholesterols selectively interact with specific sites on the CRD and TMD of
SMO, consistent with previous experimental and computational studies [24, 43, 125]. These
interactions play an important role in the localization of SMO to the primary cilia and its
subsequent activation [24, 43, 52, 109, 125, 128].

4.5.1 SMO cholesterol interaction

The simulations revealed two types of cholesterol-SMO interactions. The first type of in-
teraction was essentially transient interactions with residues that are not part of any motifs,
such as interactions with different CRD, TM1, TM2, TM3, and TM4 upper region residues.
The second type of interaction, such as cholesterol interactions near the lower region of TM2,
TM3, TM4, TM5, and TM6, was more persistent. It was shown that the binding of choles-
terol with CRD changed its conformation and orientation with respect to TMD [24, 75, 109].
The study suggested that the CRD was highly dynamic and bent towards the ciliary membrane
(Figures 4.20, 4.31, and Video 4.1). Interestingly, the forays of the CRD towards the membrane
appeared to be in concert with membrane cholesterol molecules moving upwards from the lower
leaflet to the upper leaflet to make contacts. For example, the CRD-cholesterol interaction in
replicate 1 was for a very short duration (9.14 to 9.16 us) (Video 4.1). However, in replicate 5,
the cholesterol-CRD interaction lasted for a longer duration (13.38 to 14.99 us). Some of these
interactions were with any cholesterol-binding motif (CARC3; residues 159 to 167) present in
CRD and with other residues. Membrane cholesterols showed the interaction with R28, G29,
A30, N35, G38, P39, G40, P41, R42, S43, A44, R49, D95, S96, Q99, E100, E101, R151, R159,
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E160, R161, D165, F166, L167, R168, and R173 residues. Out of these residues, D95 was
reported to be important for cholesterylation [65, 183]. D95 and a few other residues, 99,
E160, and D165, were reported to interact with cholesterol in crystal and cryo-EM structures
[24, 43, 125]. Although the residues of CARC3 were interacting with cholesterol fleetingly, this
was observed in three independent replicate simulations. It was difficult to say if the movement
of CRD was due to the movement of cholesterol in the membrane or the cholesterol movement
was due to that of CRD. Additionally, in some frames, residue V210, which was a part of the
CARC4 motif present in LD, also interacted with cholesterols.

The DCCM of SMO in ciliary and POPC membranes was compared to learn more about
how cholesterol and PI4P influence SMO conformational dynamics. Particularly, the correlated
motion of TM4, TM5, and TM6 with ICD residues (including Arg/Lys clusters) in the ciliary
membrane suggested that the ciliary lipids, such as, cholesterol, and PI4P, play an important
role. During the simulation, PCA showed that there were essential movements of CRD and ICD
towards the membrane, including movements of Arg/Lys clusters 4 and 5 towards TM6-TM?7.

Interestingly, these clusters were previously reported to interact with PI4P [77].

The displacement of helix 8 was observed at three different time points, where the mode of
SMO-cholesterol interaction varied (Figure 4.30). In the first structure (initial structure), the
distance between the extracellular end of TM5 and TM6 was more than in the structures at
2.28 ps and 9.15 ps. It was because in the initial structure the interaction of SMO with mem-
brane cholesterols is mediated only through the TMD and ICD domains. The LD - cholesterol
interactions at ~2.28 us led to changes in the conformation of LD. At 9.15 us, a change in the
alignment of CRD with respect to TM6 towards the membrane was observed, and CRD bent
towards the membrane to interact with membrane cholesterols. At this point, the distance
between TM5 (extracellular tip) and TM6 decreased with a slight change in the intracellular
part of TM6. The movement of TM6 ultimately also caused the displacement of helix 8, which
changed the conformation of ICD (Figure 4.31). Further, the alignment of the 7.5 us structure
with the last frame (15 ps) structure, of SMO in modeled ciliary membrane, also clearly showed
the shift in the extracellular region of TM1, TM6, and TM7 with a slight shift in helix 8 (Fig-
ure 4.32). To investigate the impact of cholesterol and PI4P on TM helices further, the last
frame (15 us) from both systems was superimposed. The structural comparison of SMO in the
last frame (15 ps) between the POPC membrane and the modeled ciliary membrane showed
a major shift in helix 8 with tilting of all TM helices except TM6 and bending of TM5 at the
extracellular region (Figure 4.33). Therefore, it was predicted that the conformational changes
in SMO were mediated from CRD to LD and reorganized the TM bundle with a conformational
disposition in ICD (Figure 4.34).
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initial structure

Figure 4.31: Different conformations of SMO (in modeled ciliary membrane) domains and TM helices.
Three representative snapshots (initial structure, t= 2.28 us, and 9.15 us) from replicate 1 simulation
showing different conformation of CRD (orange), LD (magenta), ICD (red), helix 8 (orange tube) and

changes in TM helices during simulation in modeled ciliary membrane.
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SMO in modeled ciliary membrane

90°
7.5 us 15 ps
(translucent color) (dark color)
=TMA = TM1
=-TM2 - TM2
T™3 - TM3
mTM5 = TM5
mTM6 = TM6
™7 - TM7
M helix8 M helix8

Figure 4.32: Superposition of 7.5 us and 15 us structures of SMO shows structural changes in TM
helices. The TM helices of structure correspond to the 7.5 us are shown in translucent color than 15 us

in ciliary membrane.
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POPC membrane Modelled ciliary membrane
m TM1 m TM1
mTM2 m TM2
T™M3 m TM3
= TM5 m TM5
m TM6 = TM6
™7 m TM7
Helix8 m Helix8

Figure 4.33: Superposition of the final structures (15 ps) of SMO in POPC and ciliary membrane. The

TM helices of structure correspond to the 15 us in POPC membrane are shown in metallic color than

15 ps in ciliary membrane.
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CRD and ICD conformational disposition

initial structure 7.5 us 15 s

Figure 4.34: The conformational disposition of CRD and ICD of SMO in modeled ciliary membrane
(replicate 1) shown by structures at three different time frames (initial structure, t = 7.5 us, and 15 ps.
The color scheme is as follows: SMO (gray), POPC (pink), POPE (blue), POPS (red), PI4P (green)

and cholesterol (yellow).

4.5.1.1 The role of cholesterol-binding motifs and the interesting scenario of an

unusually persistent SMO-cholesterol interaction in the TMD region

The results showed that, though some cholesterol-SMO interactions do not involve cholesterol-
binding motifs, such motifs do have some role in the interactions of cholesterol with SMO.
Cholesterol-binding motifs such as CARC7 and CRAC4 in the lower TM region interact with
cholesterol, along with other motifs in the lower TMD. The same cholesterol molecule can in-
teract with multiple cholesterol-binding motifs due to their arrangement in the TMD (Figure
3.3; chapter 3). Video 4.3 showed that CRAC4 (TM5) and CARC7 (TM4) motifs participated
in forming cholesterol interaction sites with cholesterol located between the two TM helices.
These cholesterol interactions with TM4 and TM5 were from the inner leaflet, and in most
replicates, were persistent with one cholesterol molecule, supplemented by several additional
transient interactions with different cholesterol molecules. Comparable observations showing
very high cholesterol occupancy at CRAC motif on TM5 in the human serotonin 1A, were
reported earlier [139]. Recently, a study on human serotoninlA receptor and cholesterol found
that the CRAC motif’s lysine residue (K101) in TM2 is critical in cholesterol sensitivity. Other
than in the lower region of TM4 and TMS5, the cholesterol occupancy was also observed near
CARCS8 (TM6) and CARC9 (TM5). This result is in close agreement with two recently iden-
tified sterol binding sites present in TMD [125], as few of the identified residues are part of
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cholesterol-binding motifs CARC8 and CARC9.

A computational study on a truncated SMO (only LD and TMD) was performed in POPC/
cholesterol and modeled ciliary membrane with Phosphatidylinositol 4,5-bisphosphate (PIP2;
to mimic the base of primary cilia) by Hedger et al., [60]. They identified higher occupancy
of cholesterol near TM2/3e (residues from the upper region of TM2, TM3, and ECL1; Figure
3.2 and Table 3.2; chapter3) than that of any cholesterol-binding site (CRAC/CARC motifs)
present in TMD. They found the TM4 and TMS5 intracellular ends have very less cholesterol
occupancy as compared to the TM2/3e [60]. In contrast, a higher cholesterol occupancy was
observed at CARC7, CARCS8, and CRAC4, along with TM2/3e, in the studied simulations. It
is possible that the movement of ICD towards the membrane was caused by the interaction
of ICD with cholesterol and PI4P. Thus, persistent interactions between cholesterol and the

cholesterol-binding motifs located in the lower TMD were formed.

4.5.1.2 Redefining the strict CCM in SMO

The strict CCM has been suggested to bind with cholesterol in GPCRs. The CCM is a
well-known cholesterol-binding site found in GPCRs originally identified in S2AR. This CCM
comprises of three residues from TM4 (i) a positively charged residue (R, K) between positions
4.39-4.43, (ii) an aromatic residue (W, Y) at 4.50, and (iii) a S-branched hydrophobic residue
(I, L, V) at 4.46. To be a strict CCM a fourth aromatic residue (W, Y, F) from TM2, usually
at 2.41 , should be present. Multiple sequence alignments of GPCRs identified the CCM in
44% of human GPCRs [58]. McCabe and Leahy (2015) also attempted to define a CCM in
SMO with only two residues W365 (4.50) and H361 (4.46) [103]. Hedger et al., (2019) did
not see any significant interaction of cholesterol with the CCM of SMO identified by McCabe
and Leahy, which corresponds to the CCM of the 52AR [60]. Here, I have redefined the
CCM motif by doing the multiple sequence alignment of SMO with several GPCRs (Figures
3.5b-d). Residue K356 (4.41)-W365 (4.50)-L362 (4.47) of SMO were defined as CCM, and
the addition of Y269 (2.46) correspond to the strict CCM. L362 (4.47) was a more suitable
candidate to fulfill the requirement of a S-branched hydrophobic residue. K356 (4.41) was
the most suitable positively charged residue to be considered in the range from 4.39 to 4.43.
Initially, two residues Y262 (2.39) and Y269 (2.46) were identified suitable for the CCM to
become a strict CCM (considering the fourth residue from TM2). Cholesterols were observed
to be present near L362, W365, and K356, but no significant interaction of cholesterol with
Y262 was found. However, it was identified that Y269 was proximal to W365 and had more
interactions with cholesterol than Y262 (Figures 4.12-4.16 and Video 4.4). Therefore, it was
proposed that K356 (4.41)-W365 (4.50)-L362 (4.47) and Y269 (2.46) could be the strict CCM
in SMO.
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4.5.1.3 Cholesterol is stable around and inside TMD

Crystal and cryo-EM structures, and computational studies showed that SMO has another
sterol binding site ‘inside’ its TMD that can activate SMO [43, 125]. Cholesterol molecules
were not observed to enter the TM bundle in the simulations performed in this study and in
previous study [60]. Instead, higher cholesterol occupancy was seen near residues of site 1, site 2
[125], and the TM site [43]. But these interactions were through the involved residues of TMD
from the outer surface of the TM helices. Interestingly, a persistent interaction of cholesterol
with the lower regions of TM4 and TM5 from the ’outer side’ of the bundle was observed in
the performed simulations. Is this unusual persistence only due to the proximity of the two
cholesterol-binding motifs, namely, CARC7 and CRAC4?

A simulation was also performed with cholesterol positioned inside the TMD (Figure 4.35a)
[43, 125, 128]. The observation revealed that cholesterol remained stable within the TM site
(Figure 4.35b and Video 4.5) and did not exit. This could be attributed to an activation energy
barrier that prevents a smooth entry of cholesterol molecules into the interior of TMD within

the limited duration of the simulations.

ot . . . . .

0 2 4 6 8 10 12 14
Time (us)

Figure 4.35: A cholesterol molecule positioned inside TMD. a) Initial structure of cholesterol placed
inside TMD near site 1 sterol binding site. b) Average distance between the center of mass of site 1

residues and center of mass of cholesterol along the simulation trajectory.
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4.5.1.4 Cholesterol-PI4P interplay with SMO

A closer look revealed that the interaction dynamics of SMO involved other lipids, and there
was a combined interplay of Arg/Lys clusters, PI4P lipids, several cholesterols, and CARC7
(TM4) and CRAC4 (TM5). PI4P lipids, which were confined in the inner leaflet of primary
cilia, were observed to interact with ICD, helix 8, lower TM regions (TM1, TM3, TM4, TM5,
and TM6), and ICL1. The presence of basic residues in these lower TM regions allowed them
to interact with the PIP4 head group. High occupancy of PI4P (71.63%, 95.32%, and 64.46%,
respectively) was observed in W545, along with R546 and R547 residues of helix 8. Further,
it was reported that W549 and R551 were particularly important for ciliary localization [35,
52]. The observations indicated that W549 and R551 of helix 8 had PI4P occupancies of
80.29% and 67.28%, respectively, during the total simulation time. It was suggested from
the data that helix 8 interact with the ciliary membrane. Additionally, previous reports have
emphasized the critical role of higher PI4P occupancy near the basic residues in the fourth
Arg/Lys cluster for SMO transport and enrichment in cilia [35]. In this context, the interaction
of membrane cholesterol with PI4P seemed particularly important for the persistent interaction
of cholesterol with CARC7 and CRAC4 motifs. PI4P lipids constrained the movement of inner
leaflet cholesterol molecules, which would otherwise participate in frequent movements between
the leaflets. Note that cholesterol movement was rapid in the upper leaflet, where PI4P lipids
were not present (Figure 4.21). Here, the cholesterol molecules, which had persistent contact
with CARC7, CARCS8, and CRAC4 present in the lower TM region of TM4, TM6 and TM5,
respectively, were seen trapped by PI4P lipids interacting with lower TM4, TMS5, helix 8,
Arg/Lys cluster 4, and Arg/Lys cluster 5 of ICD (Figure 4.30). So, such a scenario of the
combined interplay of Arg/Lys cluster, PI4P lipids, several cholesterols, and CARC7 (TM4)
and CRAC4 (TM5) together explained the long residence time of cholesterol, and this helps in

the anchoring of SMO to the ciliary membrane.

4.6 Conclusion

SMO activation is associated with the translocation of the SMO to the primary cilium. The
simulations revealed a notable change in the CRD, together with a rearrangement of the TM
bundle and ICD, when cholesterol and other ciliary lipids were present in the membrane. The
interaction of membrane cholesterols with cholesterol-binding motifs at TM4 and TM5, and
PI4P lipids with the intracellular proximal region of TM helices led to rearrangement of the
TM bundle. While the interactions of CRD and LD with cholesterol molecules (for a few ns to
us) helped them adopt multiple conformations, the interaction of helix 8 and ICD with choles-
terol and PI4P lipids leds to the reorientation of ICD. This study showed that PI4P interaction
with W549 (helix 8) and R551, along with the Arg/Lys clusters 4 and 5 in the central region of
SMO ICD, helped PI4P accumulation. These accumulated PI4P lipids sequestered cholesterol
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molecules near the lower TMD, which helped the cholesterol to make stable interaction with
SMO near the cluster of cholesterol-binding motifs at the lower TM region, including the strict
CCM site. The anchoring of SMO to primary cilia happened through PI4P, and cholesterol
moves within outer or inner leaflets and between the leaflets. The interaction of cholesterols
with SMO was sometimes persistent and sometimes transient. Overall, the study provided
some insights into how localization of SMO in the primary cilia, leading to its stability and
conformational dynamics being modulated by the ciliary environment, may be critical for its
activation (Figure 4.36). Further experiments, including those leading to the identification of
endogenous ligands of SMO, are needed to fully understand the downstream processes leading
to morphogenesis, at the molecular level. The study will facilitate the designing of new exper-

iments.

Dynamics of SMO in the ciliary membrane

CRD CRD

(/Cholesterol + PlaP

SUG

e

ICD Arg/Lys clusters

Figure 4.36: A schematic diagram of SMO in modeled ciliary membrane showing the dynamics of SMO
domains and the interaction of membrane cholesterol with CRAC7 (TM4) and CRAC4 (TM5) motifs,
PI4P interaction of ICD and cholesterol and PI4P interaction.
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Chapter 5

Putative role of cholesterol in shaping the structural and

functional dynamics of Smoothened (SMO)

5.1 Introduction

The presence of cholesterols in the cryo-EM structure of PTCH1 (PDB ID: 6MGS8) supports
the idea of PTCH1 being a cholesterol transporter [189]. Other studies have also reported that
in vertebrates, PTCHI1 uses its cholesterol transporter function to control SMO via deplet-
ing the cholesterol concentration in the ciliary membrane, and thereby reducing the accessible
cholesterol pool for SMO [82, 83]. In this context, it is important to note that cholesterol has
been invoked in the activation of SMO, by several groups [24, 97, 109]. Inhibition of SMO
allows the Suppressor of Fused (SUFU) and Protein Kinase A (PKA) to inhibit the Glioma-
associated (GLI) transcription factors. The first important step of HH signaling, namely the
onward transmission of the signal from PTCHI to SMO [24], involves the binding of HH ligand
to PTCHI1, leading to its displacement from the primary cilium to release the repression on
SMO. This leads to the movement of SMO to the tip of the primary cilium, where it binds to
the SUFU-PKA complex to inhibit its repression of GLI transcription factors. The activated
GLI transcription factors then translocate to the nucleus and promote the transcription of tar-
get genes [3, 8, 12, 19, 69, 128, 130, 166].

With the translocation of SMO to the primary cilium being a necessary prerequisite, the
current understanding of the activation of the downstream processes envisages an additional
role of cholesterol as an agonist (ligand) inducing the binding of the translocated SMO to the
SUFU complex. Several studies have also reported that SMO has more than one ligand-binding
site, viz., (a) in the cysteine-rich domain (CRD) and (b) in the transmembrane domain (TMD)
[24, 43, 60, 68, 84, 125, 126, 169, 174, 188]. The identification of CRD and TMD ligand-binding
sites and the presence of cholesterol in both ligand-binding sites make the activation of SMO

upon cholesterol binding even more puzzling and interesting [24, 43, 68, 84, 125]. The detailed
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mechanism underlying the cholesterol-induced effect on the structure and dynamics of SMO is
not very clear. Though there are multiple structures of SMO available in the PDB in complex
with cholesterol and epoxy-cholesterol at both TMD and/or CRD binding sites (Table 3.1),
they do not provide any clues regarding whether cholesterol binds to TMD or CRD first.

In this context, a recent publication [84] provides significant insights. The detailed study by
Kinnebrew et al. revealed that sterols function as HH-regulated orthosteric ligands at the CRD
and as allosteric ligands in the TMD to regulate SMO activity and, thus, HH signaling. They
suggested that PTCHI can control SMO in two ways: (a) it depletes the accessible cholesterol
from the outer leaflet of the membrane and indirectly inhibits SMO activity, and (b) it removes
cholesterol directly from the SMO CRD by an unknown mechanism. They also found that the
sterol binding to (inside) the TMD site increases SMO activity regardless of HH exposure and
noted that the presence of cholesterol in both the TMD and CRD binding sites is not required
for SMO activation. Thus, SMO has four states based on the presence of cholesterol in neither,
either, or both of the CRD and TMD binding sites related to its activity (Figure 5.1) [84]. State
1 is the apo form of SMO, where there is no bound cholesterol in either of the binding sites,
and hence there is no activity. State 2 is where cholesterol is present inside the TM bundle,
which initiates basal activity. In State 3, cholesterol is present at the binding groove of CRD
and shows medium activity (better than State 2). Lastly, state 4 is the holo form of SMO,
where cholesterol is bound to both TMD and CRD binding sites, showing the highest activity.
Since the primary cilium is rich in cholesterol, SMO mostly exists in state 2, with cholesterol
bound to the TMD, and PTCH1 inhibits the transition from state 2 to the fully active state
4 by reducing accessible cholesterol in the outer leaflet of the membrane. In this hypothesis,
Kinnebrew et al. suggested that cholesterol binding in both the TMD and CRD binding sites
is not necessary for SMO activation. When there is no HH signal, the SMO TMD site is oc-
cupied with membrane cholesterol, as there is an abundance of cholesterol in primary cilia. In
this situation, overexpressed PTCH1 transports the ciliary cholesterol and reduces accessible
cholesterol in the outer leaflet [83], which prevents cholesterol from binding to the CRD site.
When PTCHI1 is inactivated by HH, the accessible cholesterol concentration increases, which
allows cholesterol to bind to the CRD binding site [84].
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Four states of SMO based on cholesterol occupancy at the CRD and TMD sites

al

Basal activity

State 2
(cholesterol in TMD)

Inactive High activity

State 4
State 1

(cholesterol in both
(no cholesterol) i TMD and CRD)

Medium activity

State 3 . Cholesterol
(cholesterol in CRD)

Figure 5.1: Four states of SMO defined by sterol occupancy of the CRD and TMD sites with varying
signaling activities (adapted from: [84]). The width of the arrow shows the strength of SMO state
conversion. State 1 represents a cholesterol-free state and signifies an inactive SMO. State 4 represents
fully cholesterol-occupied as cholesterol is present in both TMD and CRD binding sites and signifies
fully active SMO. State 2 and state 3 represent two additional states with cholesterol present in any of
the TMD or CRD binding sites. State 2 signifies the basal (no SHH) conditions where SMO-TMD is
occupied with cholesterol, and SMO-CRD is free because of less concentration of accessible cholesterol
in the outer leaflet of the membrane. Overexpressed PTCH1 uses its transporter activity to reduce the
cholesterol from the outer leaflet. Hence, this hinders SMO from going to state 4 from state 2. State 3
signifies the medium activity with cholesterol present in SMO-CRD.
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It may be noted that the above hypothesis apparently does not consider earlier reports
suggesting that the localization of SMO to the primary cilia is linked with the displacement of
PTCHI1 from the primary cilia upon HH binding to PTCH1 [42, 52, 171, 176]. This raises the
question of how PTCHI can deplete cholesterol levels in the outer leaflet of the SMO bound
primary cilia, if the localization of SMO is linked to its displacement [171, 176]. In this context,
it must be mentioned that the entry and exit of SMO into the primary cilia is a complex process
that is possibly dependent on more than one factor, including ciliary dynamics during the cell
cycle. Thus, it is in principle possible for SMO to translocate to the primary cilia even in the
absence of HH signaling [42, 52, 81, 171, 176, 180]. Further, it has also been reported that
SMO can show some activity even in the absence of HH signaling [44, 125]. It is also possible
to visualize a modification of Kinnebrew’s hypothesis by combining it with this process of SMO
localization in the primary cilia in response to HH binding driven displacement of PTCH1
[171, 176]. Be that as it may, depending on the strength of HH signaling, it is possible to
imagine situations where PTCH1 and SMO molecules colocalize within the primary cilia, while
PTCHI1 concentration decreases with the increase of HH signaling. In that situation, a scenario
can be imagined where there will be a growing population of SMO molecules, with cholesterol
bound to its TMD, in the primary cilia, coupled with a progressively decreasing population of
PTCH1, and hence, a progressively increasing population of cholesterol molecules in its outer
leaflet. The transition from state 1 to state 2 and on to state 4 may then be mapped with the

progressive increase in HH signaling.

In the context of the role of ciliary lipids stabilizing SMO in primary cilia, based on a
coarse-grained (CG) simulation study described in the previous chapter, it was suggested that
cholesterol from the modeled ciliary membrane is bound at multiple sites of SMO, including
cholesterol binding sequence and structure motifs [91]. Apart from providing several insights
regarding the role of ciliary lipids, and their interactions with SMO binding sites, this study
also provided the basis for addressing larger questions. For example, those related to the effect
of cholesterol, as an agonist ligand, binding to SMO and hence on the transmission of the signal
from the extracellular CRD to intracellular ICD, particularly in the context of the four-state
hypothesis proposed by Kinnebrew et al. [84]. In order to obtain a detailed understanding of the
structure and dynamics of the relevant systems at the molecular level, necessary for pursuing this
goal, atomistic molecular dynamics simulations of four SMO systems in cholesterol-containing
modeled ciliary membranes have been carried out. These systems correspond to the four SMO
activity related states described by Kinnebrew et al. [84]. The results reported here provide a
detailed understanding of the differential dynamics of all three cholesterol-bound states relative
to that of the cholesterol-free state. Not only do they corroborate most of the earlier experi-
mental findings, they also provide important pointers toward the possible mechanism of signal

transduction, consequent to cholesterol binding, leading to different activity levels.
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5.2 Methods

5.2.1 System setup

Four simulation systems were prepared corresponding to the four states of SMO in the cil-
iary membrane: (a) apo SMO, (b) holo SMO-TMD (cholesterol bound to SMO-TMD), (c) holo
SMO-CRD (cholesterol bound to SMO-CRD), and (d) holo SMO with two cholesterol each in
TMD and CRD (Figure 5.2). In system 1, only SMO was embedded in the ciliary membrane.
While in system 2, one cholesterol was placed near the sterol binding site 1 in SMO-TMD,
identified by Qi et al. [125] (Figure 3.2 and Tables 3.1 and 3.2; Chapter 3). The hydroxyl
group was oriented towards the extracellular side. Further, in the third system, one cholesterol
was placed in the hydrophobic groove of SMO-CRD identified by Byrne et al. [24] (Figure 3.2
and Tables 3.1 and 3.2; Chapter 3). Lastly, the fourth system contains two cholesterols; one
cholesterol was placed in SMO-TMD and another in SMO-CRD in the same position as in the

second and third systems.

All the systems were generated using CHARMM-GUI [78, 127, 181]. The minimized SMO
structure, with or without cholesterol, was embedded into the modeled heterogeneous ciliary
membrane. The composition of the outer and inner leaflets of the bilayer was chosen to mimic
the ciliary membrane [60] used in the previous study [91]. Systems were solvated using the
standard TIP3P [79] water model and neutralized with 0.15 M NaCl. The distributions of
lipids around the SMO were random and had different initial velocities. Three independent
simulations of each system were performed for 300 ns. The total simulation time is 3.6 us. The
details of the simulations performed, along with their system composition, were summarized in
Table 5.1.
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a) apo SMO b) cholesterol bound to SMO-TMD c) cholesterol bound to SMO-CRD

in modeled ciliary membrane in modeled ciliary membrane in modeled ciliary membrane
.5‘15 3‘
(— N
o O

System 1 (3 X 300 ns) System 2 (3 X 300 ns) System 3 (3 X 300 ns)

d) holo SMO (cholesterol in both TMD and CRD)
in modeled ciliary membrane

cholesterol bound to SMO-CRD

cholesterol bound to SMO-TMD
System 4 (3 X 300 ns)

Figure 5.2: The initial structures of simulation systems a) system 1: apo SMO, b) system 2: holo SMO-
TMD, c) system 3: holo SMO-CRD, and d) system 4: holo SMO (cholesterol in both CRD and TMD
binding sites). SMO is shown in cartoon representation and colored domain-wise; CRD, LD, TMD, and
ICD are colored in orange, magenta, blue, and red, respectively. White spheres represent the membrane
boundary. Bound cholesterols are colored green and are shown in the sphere representation for systems
2, 3, and 4. The inset used to show the position of the bound cholesterol in TMD and CRD in system 4
also shows the position of cholesterol in TMD and CRD in systems 2 and 3, respectively. The interacting

residues are shown in the stick model, and water and ions are not shown here for clarity.
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Table 5.1: Details of atomistic molecular dynamics simulation systems corresponding to the four states of SMO.
S. No. Descrip- State Cholesterol | Membrane Number
tion bound Composition and
to SMO | (in numbers) duration of
domain simulations
(ns)
Outer Inner
leaflet leaflet
System 1 | SMO in | Inactive | No bound POPC: 120 POPC: 24 3 x 300 ns
modeled Cholesterol POPE: 30 POPE: 84
ciliary Cholesterol: | POPS: 34
membrane 50 PI4P: 24
(apo SMO) Cholesterol:
50
System 2 | Cholesterol | Basal One POPC: 120 POPC: 24 3 x 300 ns
in SMO- | activity | Cholesterol POPE: 30 POPE: 84
TMD in in TMD Cholesterol: | POPS: 34
modeled 50 PI4P: 24
ciliary Cholesterol:
membrane 50
(holo SMO-
TMD)
System 3 | Cholesterol | Medium | One POPC: 120 POPC: 24 3 x 300 ns
in SMO- | activity | Cholesterol POPE: 30 POPE: 84
CRD in in CRD Cholesterol: POPS: 34
modeled 50 PI4P: 24
ciliary Cholesterol:
membrane 50
(holo SMO-
CRD)
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System 4 | Cholesterol | High Two POPC: 120 POPC: 24 3 x 300 ns
in both | activity | Cholesterols, | POPE: 30 POPE: 84
TMD and one in TMD | Cholesterol: | POPS: 34
CRD of and another | 50 PI4P: 24
SMO in in CRD Cholesterol:
modeled 50
ciliary
membrane
(holo SMO)

5.2.2 Simulation parameters

All simulations were carried out using GROMACS version 2019 [162], with CHARMM36
force-field [66]. Energy minimization was carried out using the steepest descent algorithm and
subjected to six successive constrained equilibrations of 2 ns each (a total of 12 ns). After the
equilibration, the production run was carried out for 300 ns. The temperature was maintained
at 310 K using the Nosé-Hoover thermostat [113]. Semiisotropic pressure is controlled at 1 bar
using the Parrinello-Rahman algorithm [118]. Initial velocities for the simulations were chosen
randomly from a Maxwell distribution [136]. Electrostatics was described using the particle-
mesh Ewald method with a 1.2-nm cutoff [38]. Van der Waals interactions were modeled with a
1.2-nm cutoff using the Verlet method [164]. Long-range dispersion corrections were applied for
energy and pressure. All bonds were constrained to the equilibrium lengths using the LINCS
algorithm [62]. Periodic boundary conditions were maintained along the x, y, and z directions.

A time step of 2 fs was used, and snapshots were taken every 100 ps for analysis.

5.2.3 Analysis

Trajectories were analyzed using tools implemented in GROMACS and visual molecular
dynamics (VMD) utilities [71], along with in-house scripts. VMD was used for visualization.
Figures were produced using VMD, Bendix plugin [36], UCSF Chimera [104], PyMOL (https:
//pymol.org), and Inkscape (www.inkscape.org). Plots were generated using in-house Python

scripts.

5.2.3.1 Trajectory concatenation

The first 10 ns of the production run were considered as unrestrained equilibration phase
(required to allow the systems to become stable). Therefore, the individual replicate trajectories

from 10 to 300 ns were combined to create the concatenated 870 ns trajectories for each system.
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5.2.3.2 TMD volume analysis

The volume of SMO-TMD was calculated by the traj cavity tool implemented within GROMACS.
It analyzes the changes in the accessible volume of a given set of residues involved in forming

cavities.

5.2.3.3 Dynamic cross correlation matrix (DCCM) and Principal component analysis

(PCA)

DCCM was calculated using the Bio3D package [55] of R as a time average along the 870 ns
simulation trajectory to study the correlated motions between different regions of SMO. PCA
was performed on TMD backbone atoms for all systems concatenated trajectories using the
Normal Mode Wizard plugin of the VMD-1.9.1 version.

5.2.3.4 Clustering analysis

Clustering was performed on the 870 ns concatenated trajectory of each system using the
gmz cluster function available in GROMACS. The coordinates of the backbone atoms of SMO
TMD were selected as input with the x-means algorithm and the RMSD cutoff of 0.2 nm. Each

cluster has a representative structure of cluster members.

5.2.3.5 Real average structure calculation

The average structure for each system was calculated separately using the gmz rmsf function
in GROMACS with the -ox option. Next, the RMSD between each frame of the respective
system and the corresponding average structure (used as the reference) was calculated. The

structure with the lowest RMSD was then chosen as the real average structure.

5.3 Results

There are two loosely defined binding sites in SMO, one located in the transmembrane
domain (TMD) and the other in the cysteine-rich domain (CRD). System 1 represents the
cholesterol-free SMO state (apo SMO), i.e., no cholesterol in either of the two binding sites,
whereas systems 2, 3, and 4 represent different cholesterol-bound SMO states (Figure 5.3).
System 2 is holo SMO-TMD, where cholesterol is bound to the TMD; system 3 is holo SMO-
CRD, where cholesterol is bound to the CRD; and system 4 is holo SMO, where cholesterol is
bound to both the TMD and the CRD.
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5.3.1 Binding of cholesterol to either or both the binding sites leads to an

increase in the TMD volume

The volume of the SMO TMD was calculated for all four simulated systems (Figure 5.3).
The TMD volumes in systems 1, 2, 3, and 4 are 2796.136 A3, 3473.904 A3, 3226.944 A3, and
3438.232 A3, respectively, in the initial structure. The analysis shows that the average TMD
volume increases from 3494 A3 (SD: 498) in system 1 (apo state) to 4116 A3 (SD: 384) in system
2, 3662 A3 (SD: 350) in system 3, and 4162 A® (SD: 380) in system 4. This suggests that in
systems 2 and 4, the presence of cholesterol in TMD significantly increases the volume of the
TMD. In contrast, in system 3, where cholesterol is only present in the CRD, the increase in
TMD volume (also confirmed by the inter-helical distances at the upper and lower regions of

the TMD discussed below, (Table 5.2) while noticeable, does not appear to be significant.

TMD volume

3494 A3 (+ 498)
4116 A3 (x+ 384)
3662 Az (+ 350)
0.00081/4162 Az (+ 380)

0.0010

0.0006

0.0004 4

Density

0.0002

0.0000 ' T »
0 1000 2000 3000 4000 5000 6000

Volume (A3)

=== System 1: apo SMO we= System 2: holo SMO-TMD
mem System 3: holo SMO-CRD mss= System 4: holo SMO

Figure 5.3: Volume of SMO-TMD. The histogram of SMO-TMD volume was calculated by the
traj_cavity tool for system 1 (in black), system 2 (in red), system 3 (in green), and system 4 (in

blue). The TMD volume increased by the binding of cholesterol to either or both of the binding sites.
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In addition, the inter-helical distances at the upper and lower regions of the TMD were
calculated to investigate the structural details underlying these observations on changes in
TMD volume. The TM residues selected to calculate inter helical upper and lower distance (D1
and D2) are described in Figure 5.4.

/

H231
(TM1) L371
404 (TM4)

E518 (N
(TM7)

S468
(TM6)

F247

q4t (TM1)

‘ < T357

(TM5) .~' '- \ (TM4)
T534 vy265

» Y337(TM7) (TM2)
(TM3)

L452
(TM6)

Figure 5.4: A schematic representation of SMO-TMD. TM helices are colored red, blue, green, pink,
brown, gray, and purple, respectively. The residues selected for upper TM-TM distance (D1) and lower

TM-TM distance (D2) calculations are shown in yellow spheres.
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It is observed that in both systems 2 and 4, respectively, where cholesterol is bound to TMD,
the helices TM1 and TM5 move away from TM6. This is evidenced by noticeable increase in
both the upper and lower TM -TM distances. It may be noted that these distances actually
decrease in system 3. Along with this, the lower region of TM2-TM7, TM3-TM7, TM5-TM7,
and TM6-TM7 distances have increased (Figure 5.4 and Table 5.2 with a decrease in TM3-TM4
and TM5-TM6 distances in system 4 (Table 5.2).

Table 5.2: Inter-helical average distances (nm) of TM helices between D1 and D2 residues from upper and

lower TMD regions, respectively.

Upper TM-TM residue average distance

System 1 System 2 System 3 System 4
TM1 (H231) -TM2 | 1.25 (£0.07) | 1.19 (£0.05) | 1.17 (£0.04) | 1.23 (£0.05)
(A283)
TM1 (H231) -TM3 | 2.04 (+0.08) | 2.09 (£0.08) | 1.93 (£+0.1) 2.07 (£0.09)
(I316)
TM1 (H231) -TM4 | 2.83 (£0.07) | 2.82 (£0.06) | 2.73 (£0.07) | 2.87 (£0.12)
(L371)
TM1 (H231) -TM5 | 2.26 (+0.07) | 2.27 (£0.06) | 2.21 (£0.06) | 2.25 (£0.06)
(V404)
TM1 (H231) -TM6 | 2.27 (+0.05) | 2.29 (£0.05) | 2.23 (£0.04) | 2.37 (£0.08)
(S468)
TM1 (H231) -TM7 | 1.17 (£0.04) | 1.19 (£0.04) | 1.17 (£0.04) | 1.19 (£0.04)
(E518)
TM2 (A283) -TM3 | 1.1 (+0.06) 1.19 (£0.08) | 1.07 (£0.08) | 1.13 (£0.08)
(I316)
TM2 (A283) -TM4 | 2.3 (+0.06) 2.36 (£0.06) | 2.25 (£0.07) | 2.33 (£0.07)
(L371)
TM2 (A283) -TMS5 | 2.24 (+0.06) | 2.25 (£0.08) | 2.19 (£0.08) | 2.17 (£0.1)
(V404)
TM2 (A283) -TM6 | 2.73 (+0.06) | 2.79 (£0.06) | 2.68 (£0.06) | 2.85 (£0.06)
(S468)
TM2 (A283) -TM7 | 1.97 (£0.07) | 1.97 (£0.08) | 1.92 (£0.06) | 1.93 (£0.11)
(E518)
TM3 (I316) -TM4 | 1.51 (+0.04) | 1.5 (£0.03) 1.5 (£0.04) 1.52 (40.04)
(L371)
TM3 (I316) -TMS5 | 1.84 (£0.04) | 1.84 (£0.04) | 1.81 (£0.05) | 1.78 (£0.07)
(V404)
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TM3 (I316) -TM6 | 2.75 (£0.04) | 2.85 (£0.06) | 2.72 (£0.06) | 2.9 (£0.06)
(S468)
TM3 (I316) -TM7 | 2.33 (£0.05) | 2.39 (£0.09) | 2.25 (£0.07) | 2.29 (£0.12)
(E518)
T™M4 (L371) -TMS5 | 1.06 (£0.05) | 0.99 (£0.05) | 1.0 (£0.05) 1.02 (£0.07)
(V404)
T™M4 (L371) -TMS6 | 2.16 (£0.05) | 2.21 (£0.05) | 2.12 (£0.04) | 2.3 (£0.11)
(S468)
TM4 (L371) -TM7 | 2.43 (£0.06) | 2.42 (£0.09) | 2.34 (£0.05) | 2.39 (£0.18)
(E518)
TM5 (V404) -TM6 | 1.17 (+0.04) | 1.26 (£0.05) | 1.17 (£0.04) | 1.32 (£0.08)
(S468)
TM5 (V404) -TM7 | 1.53 (£0.05) | 1.56 (£0.08) | 1.48 (£0.05) | 1.48 (£0.12)
(E518)
TM6 (S468) -TM7 | 1.15 (£0.03) | 1.16 (£0.05) | 1.13 (£0.03) | 1.22 (£0.06)
(E518)
Lower TM-TM residue average distance

System 1 System 2 System 3 System 4
TM1 (F247) -TM2 | 1.53 (£0.03) | 1.53 (£0.04) | 1.51 (£0.03) | 1.53 (£0.03)
(V265)
TM1 (F247) -TM3 | 2.54 (£0.05) | 2.59 (£0.05) | 2.52 (£0.04) | 2.58 (£0.07)
(Y337)
TM1 (F247) -TM4 | 2.65 (+0.08) | 2.65 (£0.07) | 2.58 (+0.06) | 2.66 (£0.07)
(T357)
TM1 (F247) -TMS5 | 3.17 (£0.06) | 3.23 (£0.05) | 3.16 (£0.06) | 3.22 (£0.11)
(R421)
TM1 (F247) -TMS6 | 1.83 (+£0.06) | 1.88 (£0.07) | 1.79 (£0.05) | 1.9 (£0.13)
(L452)
TM1 (F247) -TM7 | 1.04 (£0.05) | 1.04 (£0.05) | 0.98 (£0.06) | 1.06 (£0.04)
(T534)
TM2 (V265) -TM3 | 1.37 (£0.04) | 1.39 (£0.05) | 1.37 (£0.05) | 1.37 (£0.06)
(Y337)
T™M2 (V265) -TM4 | 1.17 (£0.09) | 1.16 (£0.08) | 1.11 (£0.06) | 1.18 (£0.07)
(T357)
TM2 (V265) -TM5 | 2.21 (+0.07) | 2.23 (£0.06) | 2.24 (£0.07) | 2.22 (£0.11)
(R421)
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TM2 (V265) -TM6 | 1.37 (£0.05) | 1.36 (+£0.05) | 1.33 (+0.05) | 1.39 (+£0.06)
(L452)
TM2 (V265) -TM7 | 1.57 (£0.06) | 1.54 (+£0.04) | 1.55 (£0.04) | 1.58 (+£0.13)
(T534)
TM3 (Y337) -TM4 | 1.31 (£0.1) | 1.26 (+£0.12) | 1.25 (£0.09) | 1.19 (£0.13)
(T357)
TM3 (Y337) -TM5 | 0.93 (£0.05) | 0.94 (+£0.06) | 0.97 (£0.05) | 0.95 (£0.09)
(R421)
TM3 (Y337) -TM6 | 1.24 (£0.05) | 1.22 (+£0.05) | 1.2 (£0.05) | 1.22 (£0.04)
(L452)
TM3 (Y337) -TM7 | 2.0 (£0.08) | 2.04 (+£0.06) | 2.0 (£0.05) | 2.09 (+0.15)
(T534)
TM4 (T357) -TM5 | 2.17 (£0.08) | 2.12 (+£0.15) | 2.16 (+0.1) | 2.07 (+£0.15)
(R421)
TM4 (T357) -TM6 | 2.12 (£0.11) | 2.05 (£0.11) | 2.0 (£0.1) | 2.05 (+£0.13)
(L452)
TM4 (T357) -TM7 | 2.62 (£0.11) | 2.58 (+£0.09) | 2.52 (+0.08) | 2.62 (£0.14)
(T534)
TM5 (R421) -TM6 | 1.49 (£0.06) | 1.48 (+£0.05) | 1.47 (+0.04) | 1.45 (£0.06)
(L452)
TM5 (R421) -TM7 | 2.38 (£0.09) | 2.44 (+£0.08) | 2.4 (£0.07) | 2.47 (+£0.16)
(T534)
TM6 (L452) -TM7 | 1.02 (£0.08) | 1.05 (+£0.08) | 1.04 (+0.07) | 1.1 (£0.18)
(T534)

5.3.2 Dynamics of TMD-bound cholesterol

The TMD has multiple binding sites for cholesterol within the TMD region and hence indi-
cates the presence of a channel in different reported structures. Apart from the sterol binding
site 1 spanning the middle TMD region, where cholesterol was initially placed in both systems 2
and 4, respectively, other reported binding sites of note are sterol-binding site 2 spanning from
the middle TMD region to the upper TMD region and the TMD site in PDB ID 603C spanning
the middle and lower middle TMD regions. The dynamics of the TMD-bound cholesterol was
examined to understand the possible role of these multiple binding sites. This was carried out
by tracking its movements within these binding regions, in both systems 2 and 4, respectively.
Two residues from each of the TM helices, one from the upper TM region and one from the

lower TM region, were selected for this analysis. The set of the seven upper TM region residues
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was labeled as D1, and that consisting of the seven lower TM region residues was labeled as D2.

In both systems, the distances of the COM (Center of Mass) of TMD-bound cholesterol
from those of D1 (upper TM) residues (Figure 5.5a) and D2 (lower TM) residues (Figure 5.5b),
respectively, reveal upward and downward movements of, the cholesterol moiety, within the
TMD channel. Multiple snapshots from systems 2 and 4 with minimum and maximum dis-
tance values (between COMs of TMD-bound cholesterol and those of D1 or D2, respectively)
were chosen to investigate this movement (Figures 5.5¢ and 5.5d). It was observed that in
system 2, cholesterol primarily visits the upper TM region, accompanied by some movements
towards the middle TM region. In contrast, the cholesterol moiety in system 4 spends more
time in the upper middle to lower middle TM region. A comparative analysis of relevant inter-
actions was carried out to rationalize these up-and-down oscillations of TMD-bound cholesterol,
and the observed variations in the two systems, in terms of the interaction of bound cholesterol

with multiple available binding sites in TMD.

The TMD residues with occupancy greater than 30% within a radius of 0.4 nm of TMD-
bound cholesterol were identified (Table 5.3). Some of these interactions of cholesterol with
TMD residues are shown in a representative structure of system 4 (Figure 5.6a). The hy-
drophobic and hydrogen bond interactions observed during simulation may be summarized as

follows:

o Interacting residues common to both systems 2 and 4: W281, L325, V329, F332,
Y 394*4 V404, 1408, A459, H470*, N521*, M525 (initial residues corresponding to sterol
binding site 1) and V270, F274, M326, G328, S387*4, 1389, F391, R400*4, F462, V463,
T466, E518*4, 1522, A524, T528, and M532 (additional residues)

« Residues interacting only in system 2: C273 and D384*2

¢ Residues interacting only in system 4: 1.335, [.405 and 1412

NB. Residues making hydrogen bond with cholesterol OH are marked * (in both systems 2
and 4), *? (in system 2 only) and ** (in system 4 only).
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Figure 5.5: Movement of TMD-bound cholesterol. a) Shows the distance between COMs of D1 residues
(from upper TMD) and bound cholesterol, and b) shows the distance between COMs of D2 residues (from
lower TMD) and bound cholesterol (For details of D1 and D2 residues see Figure 5.4). Representative
structures of SMO-TMD in c¢) system 2 and d) system 4 showing the upward and downward movements
of bound cholesterol in the different positions. The rotation of bound cholesterol along the long axis is
shown by the C18 and C19 (8 face) positions near different TM helices. The helices were displayed in
transparent ribbon representation with red, blue, green, pink, brown, gray, purple, and orange colors,

respectively. In contrast, the TMD-bound cholesterol was shown using stick representation and colored
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Table 5.3: SMO residues with positions and occupancy percentages within 0.4 nm of TMD and CRD-bound

cholesterol. * indicates H-bond with bound cholesterol.

Residues within 0.4 nm (4 A) of CRD-bound cholesterol with > 30.00%
Residue posi- | CRD System Occupancy | System | Occupancy
tion binding 2 (%) 4 (%)

groove

CRD D95 D95* 48 D95* 39
CRD K105* 80 K105* 98
CRD L108 L108* 100 L108 100
CRD W109 W109* 100 W109 100
CRD G111 100 G111 100
CRD L112 L112 100 L112 100
CRD N114 88 N114 95
CRD Al115 83 Al115 99
CRD Y130 Y130* 62 Y130* 87
CRD 1156 1156 100 1156 100
CRD V157 V157 100 V157 100
CRD E160 94 E160 74
CRD R161* 89 R161 99
CRD G162* 78 G162 79
CRD P164 P164 95 P164 99
CRD F166 37 - -
LD L197 98 L197 99
LD Y207 78 Y207 82
LD V210 V210 94 V210 100
LD C213 34 C213 65
TM6 V488 85 V488 98
TM6 L489 78 L489 100
TM6 Q491 - - - -
TM6 A492 A492 85 A492 100
TM6 N493 37 N493 95
TM6 1496 1496 35 - -

Residues within 0.4 nm (4 A) of TMD-bound cholesterol with > 30.00%
Residue posi- | Site 1 System Occupancy | System | Occupancy
tion in TMD 2 (%) 4 (%)
Lower (TM2) V270 68 V270 85
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Table 5.3 — continued from previous page

Middle  lower €273 30

(TM2)

Middle (TM2) F274 100 F274 100
Upper (TM2) | W28l W28l 84 w28l | 77
Middle (TM3) L1325 L325 100 L325 100
Middle upper M326 83 M326 55
(TM3)

Middle (TM3) G328 87 G328 08
Middle (TM3) V329 V329 100 V329 100
Middle  lower | F332 F332 62 F332 99
(TM3)

Lower (TM3) - - L335 32
ECL2 D384* 43 - -
ECL2 S387* 85 S387* 56
ECL2 1389 83 1389 59
ECL2 F391 100 F391 100
ECL2 Y394* Y394* 73 Y394* 71
Upper (TM5) R400* 32 R400* | 92
Upper (TM5) V404 V404 92 V404 99
Upper (TM5) - - L405 30
Middle (TM5) | 1408 1408 100 1408 100
Middle (TM5) - - LA412 30
Middle lower A459 A459 40 A459 90
Middle  lower F462 38 F462 52
(TM6)

Middle (TM6) V463 100 V463 100
Middle (TM6) T466 100 T466 100
Upper (TM6) H470 H470 91 H470* 47
Upper (TMT7) E518* 43 E518* 31
Upper (TM7) Nb521 NbH21 100 N521* 100
Upper (TM7) L1522 86 L522 80
Middle (TM?7) A524 56 A524 88
Middle (TMT7) M525 Mb525 100 M525 100
Middle lower T5H28 100 T528 100
(TM7)

Lower (TM?7) Mb32 63 Mb532 95
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Apart from the TM3 residue F332 (62% in system 2 and 99% in system 4) and the TM6
residues A459 (40% in system 2 and 90% in system 4) and H470 (91% in system 2 and 47%
in system 4), all the residues belonging to the sterol binding site 1 have greater than 75% oc-
cupancy with TMD-bound cholesterol in both systems 2 and 4, respectively. It may be noted
that F332 and A459, both situated in the lower middle TMD region, having much higher occu-
pancy in system 4 compared to that in system 2 and H470, situated in the upper TMD region,
having much higher occupancy in system 2 compared to that in system 4, reinforces the dif-
ferential cholesterol dynamics observed above from the snapshots (Figures 5.5¢ and 5.5d). The
additional residues that came within the 0.4 nm cut off range in both the systems also reveal
the same trend. That is, most of the upper TMD region residues have a higher percentage
occupancy in system 2, while the majority of the residues from the lower TMD region have a
higher percentage occupancy in system 4 (Table 5.3). Of the additional interactions observed
in only one of the systems, D384 (only in system 2) belonging to ECL2 and L335 belonging to
the lower middle region of TM3 are noteworthy. They are in tune with cholesterol binding to

the upper and lower middle TMD regions in systems 2 and 4, respectively.

Apart from its up-down movement, the snapshots in Figures 5.5¢ and 5.5d also suggest that
the cholesterol molecule rotated about its long axis during the simulation. Examination of TMD
residues within a 0.4 nm cut off from C19 of TMD bound cholesterol shows that during the
simulation, the two methyl groups C18 and C19 on its rough S face frequently orient towards
TM1, TM3, TM5, TM6, and TM7, while the smooth a-face gets oriented towards the other two
TM helices (TM2 and TM4). Interestingly, a detailed interaction analysis shows differences in

the interaction pattern in the two systems, respectively (Figures 5.5¢ and 5.5d).

In summary, TMD-bound cholesterol is highly dynamic. Within the TMD binding site, it
moves up and down, and also rotates about its long axis. The dynamics is however different
in the two systems. The dynamics in system 4 appears to be restricted compared to that in
system 2. This is possibly due to the presence of additional cholesterol in the CRD binding
site, which could be pushing the TMD-bound cholesterol from the upper TMD region towards
the middle or lower middle TMD region. The resultant shift explains the differences in the
interaction environment of cholesterol in the two systems. This restriction in dynamics can
also be inferred from RMSF plots (Figure 5.7a) of TMD-bound cholesterol in the two systems,
where the RMSF in system 2 is significantly higher than that in system 4. The RMSF plot also
reveals the high flexibility of the isooctyl chain of cholesterol.
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a) TMD-bound cholesterol interaction with SMO residues
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Figure 5.6: A representative structure from system 4 shows SMO residues within a 0.4 nm cutoff around

a) TMD-bound and b) CRD-bound cholesterol.
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Figure 5.7: a) RMSF of TMD-bound cholesterol in systems 2 (in red) and 4 (in blue); b) structure of

cholesterol with atom names and numbers.

5.3.3 Dynamics of CRD-bound cholesterol

In the initial structures of systems 3 and 4, cholesterol was placed in the CRD binding
groove (residues: D95** L108*, W109*, 1112, Y130**, 1156, V157, P164, V210, Q491, A492,
1496) as in the structure 5L7D (Figures 5.2c¢ and 5.2d) (residues marked ** are involved in
both systems; residues marked * are involved in only one of the 2 systems). The listing of
SMO residues, with greater than 30%, occupancy within 0.4 nm radius of cholesterol bound
to CRD (Table 5.4), revealed that in addition to all the above residues, with the exceptions
of Q491 and 1496, the residues K105**, G111, N114, A115, E160, R161*, G162*, 1L197, Y207,
V488, 1,489, N493, and C213, interacted with CRD-bound cholesterol in the MD trajectories
of both systems 3 and 4. Interestingly, with the initial binding groove residue Q491 missing
from both the lists, the trajectory of system 3 showed contacts with two additional residues
compared to those with system 4: the initial binding groove residue 1496, and an additional
residue F166 (Figure 5.6b and Table 5.4). It may also be noted that out of all the residues
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listed above, the list of CRD residues involved in H-bonds with CRD-bound cholesterols (Table
5.4), implicated the involvement of the residues D95, K105, and Y130 in both systems 3 and
4, while the residues L108, W109, R161, and G162 were implicated only in system 3. These
observations suggest that, in system 4, the CRD-cholesterol interaction pattern is affected by

the presence of cholesterol in the TMD binding site.

Table 5.4: H-bond between bound cholesterol and SMO residues.

System name Replicate Donor ‘ Hydrogen ‘ Acceptor
Cholesterol bound to SMO-TMD (System 2)
System 2 Repl S3870G S387THG1 CLR7880
Y3940H Y394HH CLR7880
R400NH1 R400HH11 CLR7880
R400NH2 R400HH21 CLR7880
CLR7880 CLR788H46 E5180E1
CLR7880 CLR788H46 E5180E2
System 2 Rep2 S3870G S387THG1 CLR7880
Y3940H Y394HH CLR7880
R400NH1 R400HH11 CLR7880
R400NH2 R400HH21 CLR7880
CLR7880 CLR788H46 D3840D1
CLR7880 CLR788H46 D3840D2
CLR7880 CLR788H46 E5180E1
CLR7880 CLR788H46 E5180E2
System 2 Rep3 S3870G S387THG1 CLR7880
Y3940H Y394HH CLR7880
R400NH1 R400HH11 CLR7880
R400NH?2 R400HH21 CLR7880
CLR7880 CLR788H46 E5180E1
CLR7880 CLR788H46 E5180E2
Cholesterol bound to SMO-CRD (System 3)
System 3 Repl K105NZ K105HZ1 CLR7880
Y1300H Y130HH CLR7880
R161IN R161HN CLR7880
Continued on next page
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Table 5.4 — continued from previous page

R161NH2 R161HH21 CLR7880
CLR7880 CLR788H46 D950D2
CLR7880 CLR788H46 L1080
CLR7880 CLR788H46 WI109NE1
CLR7880 CLR788H46 G1620
System 3 Rep2 K105NZ K105HZ1 CLR7880
Y1300H Y130HH CLR7880
CLR7880 CLR788H46 D950D1
CLR7880 CLR788H46 D950D2
CLR7880 CLR788H46 G1620
System 3 Rep3 K105NZ K105HZ1 CLR7880
CLR7880 CLR788H46 D950D1
CLR7880 CLR788H46 D950D2
CLR7880 CLR788H46 Y1300H
System4: TMD-bound cholesterol (index 788) SMO
System 4 Repl Y3940H Y394HH CLR7880
CLR7880 CLR788H46 S3870G
CLR7880 CLR788H46 E5180E1
CLR7880 CLR788H46 E5180E2
System 4 Rep2 Y3940H Y394HH CLR7880
R400NH1 R400HH11 CLR7880
R400NH2 R400HH12 CLR7880
CLR7880 CLR788H46 H470ND1
CLR7880 CLR788H46 H470ND2
CLR7880 CLR788H46 E5180E2
CLR7880 CLR788H46 N5H21IND2
System 4 Rep3 S3870G S387THG1 CLR7880
Y3940H Y394HH CLR7880
R400NH1 R400HH11 CLR7880
R400NH2 R400HH12 CLR7880

Continued on next page
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Table 5.4 — continued from previous page

CLR7880 CLR788H46 E5180E1
CLR7880 CLR788H46 E5180E2
System4: CRD-bound cholesterol (index 789) SMO
System 4 Repl K105NZ K105HZ1 CLR7890
Y1300H Y130HH CLR7890
CLR7890 CLR789H46 D950D1
CLR7890 CLR789H46 D950D2
System 4 Rep2 K105NZ K105HZ1 CLR7890
Y1300H Y130HH CLR7890
CLR7880 CLR788H46 D950D1
CLR7880 CLR788H46 D950D2
System 4 Rep3 K105NZ K105HZ1 CLR7890
Y1300H Y130HH CLR7890
CLR7880 CLR788H46 D950D1
CLR7880 CLR788H46 D950D2

5.3.4 Presence of cholesterol in SMO-TMD limits the flexibility of all domains

Domain-wise root mean square deviation (RMSD) of SMO was calculated for all simulated
systems to see the influence of the bound cholesterol on the structure and stability of its
domains. The density of domain-wise RMSD values (Figure 5.8) suggests that the non-TM
domains (except LD) significantly contributed to the observed structural dynamics in SMO
in all systems. Though the RMSD of LD was less compared to that for other domains, this
decreased even more in the cholesterol-bound systems compared to that in the cholesterol-free
system. The root mean square fluctuations (RMSF) plot also reflected the relatively decreased
flexibility of LD in the cholesterol-bound systems than in the cholesterol-free system (Figure
5.9a). The overall RMSD for the TMD did not change significantly across the systems (the
detailed TM-wise observations are reported in the next section). The RMSD values of CRD
and ICD were highest in system 3 (holo SMO-CRD), followed by slightly lower values in system
4 (cholesterol bound to both the TMD and CRD binding sites). Interestingly, with the RMSD
values of CRD and ICD being lowest in system 2 (holo SMO-TMD with no cholesterol in CRD),

141



the major changes in structural dynamics appears to take place in response to the binding
of cholesterol to CRD. Further, the RMSF plot shows that the fluctuations of N-terminal
residues of CRD were consistently higher in the absence of cholesterol (Figure 5.9a). The visual
inspection of the trajectory of the system 1 (apo SMO) also showed the movement of CRD
N-terminal residues toward the membrane. The RMSF of ICD was higher in the cholesterol-
bound system 3 and 4 than that of the cholesterol-free system. The noticeable point, which also
supports the RMSD analysis, is the decrease in the RMSF value of ICD in cholesterol-bound
system 2, where cholesterol is present in TMD. The RMSD and RMSF patterns indicate that
the presence of cholesterol in CRD makes CRD and ICD more flexible (in both systems 3 and
4), whereas the presence of cholesterol only in TMD limits the flexibility of CRD and ICD.

Domain-wise RMSD (on concatenated trajectories: 870 ns)
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Figure 5.8: The histogram of domain-wise RMSD for a) CRD, b) LD, ¢) TMD, and d) ICD Ca atoms
were calculated for the concatenated trajectories (870 ns) of system 1 (in black), system 2 (in red),
system 3 (in green), and system 4 (in blue). System 2 shows a decrease in the RMSD of CRD and ICD.

The average RMSD value for each system is written in the corresponding color for that system.
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Figure 5.9: a) RMSF of SMO in system 1 (in black), system 2 (in red), system 3 (in green), and system
4 (in blue). The residue-wise RMSF of SMO was mapped onto the modeled SMO structure and shown
in panels b-e, with the thickness of the ribbon indicating low to high fluctuation. The TM helices are

colored according to the scheme used in Figure 5.5.
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5.3.5 Different dynamics of TM6, TM7, and helix 8

Individual TM RMSDs and helix tilt angles were studied in all four systems to capture subtle
changes in TMD (Figures 5.10 and 5.11). No significant changes were observed in TM1, TM2,
TM3, TM4, and TM5 across the systems (Figure 5.10). However, cholesterol binding induces
significant changes in the dynamics patterns of TM6, TM7, and helix 8 (Figure 5.10). RMSD of
TMB6 increases upon cholesterol binding to CRD (system 3), or to both CRD and TMD (system
4), but there is no significant RMSD change upon cholesterol binding to TMD alone (system
2). In contrast, the RMSD of TM7 decreases upon cholesterol binding to either or both the
binding sites (systems 2, 3, and 4).

Interestingly, the RMSD of helix 8 shows higher RMSD values in systems 2 and 4 as com-
pared to systems 1 and 3. Tilt angle analysis showed a decrease in the average tilt angle of
TM6 in cholesterol-bound systems (especially in single cholesterol-bound systems) compared
to the cholesterol-free system, suggesting the straightening of TM6 relative to the membrane
plane (Figure 5.11). In contrast, TMT7 tilted more towards the membrane in cholesterol-bound

systems, indicating a change in its conformation (Figure 5.11).

The dynamics of extracellular and intracellular loops (ECLs and ICLs) were examined by
RMSF analysis (Figure 5.9). ECL1 and ECL3 dynamics were reduced in the presence of choles-
terol in either or both binding sites. At the same time, ECL2 flexibility is limited when choles-
terol is bound to the CRD binding site. There is no significant change in the flexibility of
ICLs. Here, the change in the RMSD value in TM6, TM7, and helix 8, underline the struc-
tural changes observed in these helices with respect to the initial structure. This showed that
cholesterol binding to TMD (system 2) led to an increase in the RMSD of helix 8. In contrast,
cholesterol binding to CRD (system 3) resulted in an increase in the RMSD of TM6. Inter-
estingly, the binding of cholesterol to both TMD and CRD (system 4) or either one of these
(systems 2 and 3) caused a decrease in the RMSD of TMT.
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TM-wise RMSD (on concatenated trajectories: 870 ns)
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Figure 5.10: TM-wise RMSD histograms for a) TM1, b) TM2, ¢) TM3, d) TM4, e) TM5, f) TM6, g)
TMY7, and h) helix 8 calculated for the concatenated trajectories (870 ns) of system 1 (in black), system
2 (in red), system 3 (in green), and system 4 (in blue). The average RMSD value for the respective

system is written in the box for each TM helix, including helix 8.
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Figure 5.11: Axis tilts of TM helices. a-g) histogram of the tilts of the individual TM helices with
respect to the z-axis for simulation system 1 (in black), system 2 (in red), system 3 (in green), and
system 4 (in blue); and h) a schematic representation showing axis tilt calculation for TM helices. The

average tilt value for the respective system is writ%(zl% in the box for each TM helix.



5.3.6 Loss of cation-7 interaction observed in all systems

A cation-7 interaction between R451 in TM6 and W535 in TM7, (Figure 3.1; Chapter 3),
reported in some of the crystal and cryo-EM structures of SMO, has been hypothesized to
characterize the cholesterol-free inactive state of SMO, and has been suggested to break during
its cholesterol binding induced transition to the active state [13, 68, 158]. This ‘ionic lock’ was
monitored by measuring the distance between the COMs of the positively charged guanidine
group of R451 and the indole group of W535 (Figure 5.12). This distance was 0.44 nm in
the modeled SMO structure, which was used for the preparation of all simulated systems.
Interestingly, this ionic lock broke in systems 1 and 2, with the distance values increasing to
0.92 nm and 0.81 nm, respectively, during the equilibration step itself. Further, replica-wise
variations notwithstanding, the observed average distance values of this interaction of 0.92 nm,
0.81 nm, 0.8 nm, and 0.87 nm in systems 1, 2, 3, and 4, respectively, (Figure 5.13 and Table
5.5), indicated that the ionic-lock was broken during the respective production runs in all the
systems (Figure 5.12). Thus, it appears that the hypothesis, based on crystal and cryo-EM
structures, correlating inactive and active states of SMO, respectively with the presence or
absence of this ionic-lock is not supported by the current simulation studies (more on this in

the discussion section).

Table 5.5: System and replica-wise average distance (in nm) between R451 and W535 of TM6 and TMT7 for

ionic-lock (cation-7 interaction).

Ionic-lock

System Concatenated Repl Rep2 Rep3
name trajectory (290ns) (290ns) (290ns)

(870ns)
System 1 | 0.92 (£0.14) 0.94 (£0.11) 0.91 (£0.09) 0.9 (£0.18)
System 2 | 0.81 (+0.27) 0.48 (£0.13) 0.89 (£0.07) 1.07 (£0.08)
System 3 | 0.8 (+0.3) 0.45 (£0.07) 1.03 (40.25) 0.91 (£0.15)
System 4 | 0.87 (£0.12) 0.79 (£0.14) 0.86 (£0.1) 0.93 (£0.11)
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Figure 5.12: Cation-7 (ionic lock) interaction between R451 (TM6) and W535 (TM7). Histogram of
the distances between the COMs of the guanidine group of R451 (TM6) and the indole group of W535
(TMT7) calculated for system 1 (in black), system 2 (in red), system 3 (in green), and system 4 (in blue).
The average distance value is near ~0.9 nm for all systems, suggesting a loss of this interaction. A peak
near ~0.4 nm in systems 2 and 3 indicates a persistent interaction between R451 and W535 in replicate

1 of both systems (see Figures 5.13b and 5.13c).
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Figure 5.13: Replicate-wise distances between the COMs of the guanidine group of R451 (TM6) and
the indole group of W535 (TMT7), respectively, for a) system 1 (in black), system 2 (in red), system 3

(in green), and system 4 (in blue). Replicate 1 in both systems 2 and 3 have less distance value between

R451 and W535, contributing to the curve near ~0.4 nm in the main Figure 5.12.



5.3.7 The primacy of interaction shifts from D-R to E-R within the DRE
network in system 4 (holo SMO)

The salt-bridge interactions between D473 (TM6), R400 (TM5), and E518 (TM7), consti-
tute a DRE network [13] situated at the extracellular end of TMD (Figure 3.1; Chapter 3).
Variations in the distances between the COMs of the side chains of interacting residues, ob-
served in the simulation trajectories of all the systems, were examined to understand the role
of cholesterol binding on the DRE network (Figure 5.14). As shown in Figure 5.14a, the av-
erage interaction distance between D473 and R400, of the DRE salt bridge network, for the
cholesterol-free system (system 1) and the single cholesterol-bound systems (systems 2 and 3)
were respectively significantly shorter (~0.2 - 0.25 nm) than that in the holo system (system 4,
0.44 nm). Interestingly, the histograms corresponding to the former set show peaks at around
0.2 and 0.4 nm respectively, which differ remarkably from the range spanning from around 0.3
nm to 0.6 nm in the holo system histogram. In contrast, as shown in Figure 5.14b, the average
respective interaction distance between E518 and R400 in systems 1, 2, and 3 (~ 0.6 nm) were
significantly longer than that for the system 4 (0.39 nm). The enhanced strength of the E-R
interaction in system 4 is highlighted by the presence of the two sharp peaks at ~0.2 nm and

~0.4 nm respectively, in the corresponding histogram.

The DRE interactions between D473, R400, and E518 in two representative snapshots from
system 4 replicate 2 at 36.6 ns and 214.8 ns were shown by superimposing the TMD (Figure
5.14c¢). In the 36.6 ns structure, the close proximity of D473 and R400 was observed, with the
main interactions formed between the oxygen atom of the negatively charged D473 residue and
the nitrogen atom of the positively charged R400 residue. However, in the 214.8 ns snapshot,
a shift of R400 towards E518 was observed. The existence of a salt-bridge interaction between
R400 and D473 in system 4 was also indicated by a value around 0.4 nm, as shown in Figure
5.14a. It was previously reported that E518 also interacts with TMD cholesterol in system
4, which could possibly have affected the interaction between R400 and D473. Overall, this
DRE network analysis suggests that the extracellular region of TM6-TM5 was close to each
other in the case of cholesterol-free and single cholesterol-bound systems (systems 1, 2, and 3).
In contrast, the extracellular region of TM5-TM7 was close to each other when cholesterol is
bound to both the sites (system 4). It may thus be concluded that within the DRE network,
the primacy of the interaction shifted from D-R to E-R in system 4 (holo SMO).
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Figure 5.14: DRE network at extracellular TMD region. Histogram of the distances between the COMs
of the side chains of interacting residues a) D473 (TM6) and R400 (TM5), b) E518 (TM7) and R400
(TM5) calculated for system 1 (in black), system 2 (in red), system 3 (in green), and system 4 (in blue).
¢) The structural superimposition of two representative TMD snapshots from simulated system 4 at 36.6
ns (yellow) and 214.8 ns (cyan) shows salt bridge interaction between the D-R and R-E by the nearness
of R400 and E518.
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5.3.8 Membrane cholesterol interactions with cholesterol-binding motifs

The interaction occupancy of membrane cholesterol molecules with identified cholesterol-
binding motifs (Figures 3.3 and 5.15a, Table 5.6, and Video 5.1) was calculated to study the
changes in membrane-regulated dynamics of SMO from cholesterol-free system to cholesterol-
bound systems. An interaction is categorized as high, moderate, and low, respectively, depend-
ing on whether the occupancy percentage is greater than 50, between 30 and 50, or less than
30. Table 5.6 suggests that the interactions of motifs vary across different systems. The motifs,
strict CCM (lower TM4 and TM2), CRAC4 (middle TM5), CARC9 (lower TM6), CRAC-like4
(lower TM5), and TMD_603C (within TMD lower region) located at lower TMD regions have
higher interaction with membrane cholesterol in system 1. Compared to system 1, these inter-
actions in system 2 were reduced to moderate or low interactions. However, the interactions of
these motifs increase to a high level in system 3, which further increases in occupancy in system
4. With the exception of CRAC4, interaction occupancy is lower than in system 3 but still shows
high interaction in system 4, and the CRAC-like4 interaction becomes less significant. Another
motif, the CRAC2 (ICL2) interaction with membrane cholesterol, falls in the moderate range in
system 1 (50.89%), decreases in all cholesterol-bound systems, and is not significant in systems
3 and 4. Further, CARCT (lower TM4) shows higher interaction in all systems. The interaction
occupancy of CARCT7 was lower in system 2 compared to system 1, but it gradually increased
in systems 3 and 4. The interaction between the CBP (lower TMD) and CRAC-likel (lower
TM1 and ICL1) motifs is higher in systems 1 and 2, decreases in systems 3, and then rises to
a high level in system 4. This implies that cholesterol binding to TMD has an impact on these
motifs, increasing the interaction. In contrast, the interaction of TMD_603C binding residues
(experimentally identified cholesterol binding site inside lower TMD) was found to be higher
in system 1 but disappears in system 2, and increases in system 3. However, this interaction
also becomes high in system 4. The other two cholesterol-binding sites within the TMD, sites 1
and 2, which are located in the middle and upper TMD regions, respectively, exhibit moderate
interaction in system 1 and disappear in cholesterol-bound systems. Interestingly, CARCI1,
which is present in helix 8, exhibits moderate interaction in systems 1 and 3, diminishes to neg-
ligible interaction in system 2, but exhibits high interaction in system 4. Some motifs, such as
CARCS5 (ICL1 and TM2 lower), CARC12 (ICD), CARC13 (ICD), CARC4 (LD), and CARC10

(TM6 extended region), have consistently low interactions across all systems.

CRAC-like2 (ECL1 upper) interaction is interestingly high in system 1 and gradually de-
clines in systems 2 and 3 (still exhibit high interaction), which unexpectedly shows moderate
interaction in system 4. However, despite a slight decline in the level of interaction in sys-
tem 3, the interaction of TM2/3e (the extracellular portion of TM1, TM2 helices, and ECL1)
with membrane cholesterol is still strong. Finally, cholesterol-binding motifs present in ECL2,
CRAC-like3 (ECL2), CRAC3 (ECL2 and upper TM5), and CARC8 (ECL2 and upper TM5)
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show a moderate level of interaction with membrane cholesterol in system 1, which disappeared
in system 2. But their interaction increases to a very high level in systems 3 and 4 (where
cholesterol is bound to CRD). These results imply that the interactions between membrane
cholesterol and cholesterol-binding motifs are highly system-dependent, which, in turn, is in-
dicative of their correlation with cholesterol binding induced conformational changes in ECD

and TMD, respectively.

In summary, it is apparent that most of the motifs interact with more than one cholesterol
molecule, both simultaneously as well as asynchronously, in all systems. The observed trend of
increase in membrane cholesterol interactions with these motifs located in the middle and lower
TMD regions (CRAC4, CARC7, and CARC9) and the upper TMD region (CARCS8, CRAC3,
and CRAC-like3, TM2/3e) suggests that cholesterol binding to TMD hampers its interaction
with membrane cholesterol. In contrast, the presence of cholesterol in CRD enhances these

interactions.

Table 5.6: Averaged membrane cholesterol occupancy (in percentage) near cholesterol-binding motifs/sites

within the cutoff of 0.5 nm.

S. no Motif name System 1 System 2 System 3 System 4

1. CRAC1 0 0 0 0

2. CRAC2 50.89 40.2 5.28 9.77

3. CRAC3 40.48 0.56 98.97 99.97

4. CRAC4 100 27.82 86.63 76.88

5. CARC1 0 0 0 0

6. CARC2 0 0 0 0

7. CARC3 0 0 0 0

8. CARC4 0.29 0.37 0.02 0.01

9. CARCH 11.91 1.22 0 11.06

10. CARC6 48.75 10.49 0.28 0.51

11. CARC7 83.79 70.28 75.07 99.44

12. CARCS8 48.86 8.49 99.99 100

13. CARC9 80.61 19.54 71.16 100

14. CARCI10 0.29 0 0 0

15. CARC11 36.79 25.88 36.86 56.84

16. CARCI12 11.69 0.75 1.21 16.32

17. CARC13 0 0 0 0.43

18. CRAC-likel 98.99 91.25 31.46 89
Continued on next page
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S. no. Motif name System 1 System 2 System 3 System 4
19. CRAC-like2 99.55 72.87 68.15 30.82
20. CRAC-like3 39.13 0.52 71.07 99.87
21. CRAC-like4 76.76 1.1 82.51 26.5
22. CCM 100 43.01 63.15 100
23. CRD_BL7D 0 0 0 0

24. CRD_603C 0 0 0 0

25. TMD_603C 97.64 1.99 78.22 99.99
26. CRD_6D35 0 0 0 0

27. TM2/3e 100 100 77.81 92.72
28. TMD_site 1 42.7 0.26 7.22 7.44
29. TMD_site 2 42.71 0.26 7.22 7.48
30. TM_LD_site 3 0 0 0 0
31. CRD_site 4 0 0 0 0

32. CBP 100 80.55 43.87 100
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a) Presence of cholesterol near cholesterol-binding motifs (on concatenated 870 ns trajectory)
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b) Presence of PI4P near PI4P-binding motifs (on concatenated 870 ns trajectory)
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Figure 5.15: The occupancy of ciliary lipids was analyzed in the simulations of system 1 (in black),
system 2 (in red), system 3 (in green), and system 4 (in blue). a) shows the occupancy of membrane
cholesterols at cholesterol-binding motifs/sites, b) shows the occupancy of PI4P lipids at ICD Arg/Lys
clusters. The occupancy values were calculated using the concatenated trajectories for each simulation
system. Most cholesterol-binding motifs interact with membrane cholesterol in system 4, which is reduced
in the single cholesterol-bound systems. All five Arg/Lys clusters interact with PI4P lipids in systems 3

and 4, where cholesterol is bound to CRD binding domains.

Figure 5.16 displays the atomistic details of the interactions of residues of the cholesterol-
binding motifs (CARC7, CRACA4, and strict CCM) with membrane cholesterol molecules as
observed in selected snapshots at 290 ns from replicate 3 of system 1. CARC7 (TM4) and
CRAC4 (TM5) interact with two cholesterols (indexed 882 and 853), while cholesterol 882 is
observed to be sandwiched between CARC7 and CRAC4. The OH of cholesterol 882 interacts
with F360 of CARC7, and the ring of the same cholesterol interacts with 1.363. The OH of
cholesterol 853 is seen to interact with R; and the ring of this cholesterol interacts with Y417.
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Similarly, the OH of bound cholesterol 861 is interacted with by Y269 from TM2 of strict CCM,
and the ring of this cholesterol interacts with W365 from TM4 of strict CCM.

Interaction of membrane cholesterol with cholesterol-binding motifs

-

(strict CCM) N

-~
W365 (TM4) i

CRAC4 (TM5)

L3633 %
0
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“)J _“
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Y269 (TM2) Q Oy -
trict CCM)\o” #53._F360
(stric P E / a

290 ns (system 1 replicate 3)

Figure 5.16: Interaction of membrane cholesterols with cholesterol-binding motifs. A representative
snapshot at 290 ns from system 1 replicate 3 shows the interacting residues of CARCT7 (TM4; pink),
CRAC4 (TMS5; brown), and stricc CCM (W365 from TM4 in pink and Y269 from TM2 in blue) motifs
are shown in stick representation. Membrane cholesterols are shown in stick (yellow) representation with

OH as a red sphere.
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5.3.9 PI4P interacts with all Arg/Lys clusters in systems 3 and 4

SMO has five Arg/Lys clusters in the ICD, and two clusters, Arg/Lys clusters 1 and 4,
show higher occupancy for PI4P lipids (Figure 5.15b and Table 5.7). Arg/Lys cluster 2 has the
highest PI4P occupancy for systems 1, 3, and 4. However, there is no interaction of Arg/Lys
cluster 3 with PI4P in system 1 (apo SMO) and system 2 (cholesterol in the TMD binding
site). Arg/Lys cluster 3 seems to have very less occupancy in system 4 (holo SMO) when both
binding sites are occupied with cholesterol. But when cholesterol is in the CRD, the occupancy
for PI4P is a little higher. Similarly, Arg/Lys cluster 5 shows PI4P occupancy in the presence
of cholesterol in either or both cholesterol-binding sites. Interestingly, Arg/Lys cluster 1 also
has higher occupancy for PI4P in all systems, especially in system 4 (holo SMO). Other than
Arg/Lys clusters, PI4P also interacts with the lower TMD residues of SMO.

Residue-wise PI4P occupancy was calculated for TMD and ICD (Figure 5.17). The analysis
shows PI4P occupancy near the lower regions of TM5 and TMS3 in system 1. Whereas, in
addition to TM5, the lower regions of TM6, TM7 were populated with PI4P in system 2. In
contrast, while TM5 does not show higher occupancy for PI4P in system 3, the TM2, TM4,
TM6, and TM7 lower TM regions show an affinity for PI4P. In system 4, most interactions ap-
pear to be governed by the lower TM region of TM1, TM4, TM5, and helix 8. It is important
to note that in systems 3 and 4, the interaction of TM4 with PI4P was common. It can be
linked to SMO interaction with PI4P lipid in the modeled ciliary membrane with all Arg/Lys

clusters present in the ICD (discussed later).

Table 5.7: Averaged PI4P occupancy (in percentage) near Arg/Lys clusters within the cutoff of 0.5 nm.

S. no. Motif name System 1 System 2 System 3 System 4
1. Arg/Lys motif-1 | 70.00 71.07 87.79 99.54

2. Arg/Lys motif-2 | 94.36 31.48 61.65 84.66

3. Arg/Lys motif-3 | 0.00 0.10 13.19 3.18

4. Arg/Lys motif-4 | 100.00 99.95 93.27 100.00

5. Arg/Lys motif-5 | 0.18 88.60 72.37 18.46
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a) System 1 (apo SMO) b) System 2 (holo SMO-TMD)
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Figure 5.17: PI4P occupancy near SMO TMD and ICD, including Arg/Lys clusters mapped onto the
modeled SMO structure for a) system 1, b) system 2, ¢) system 3, and d) system 4 (domain and TM
helices colored according to the color scheme in Figure 5.9), the thickness of the ribbon shows low to

high occupancy for PI4P lipid.

5.3.10 PCA analysis shows that the binding of cholesterol to TMD affects
helix 8, and that to CRD affects ECL1, ECL3, and ICL3

PCA was performed for the backbone atoms of TMD on the concatenated trajectory for
all simulated systems (Figures 5.18 and 5.19). The top three principal components (PCs)
that accounted for more than 50% of the total motion were analyzed to estimate the effect of
cholesterol binding to one or both binding sites on SMO dynamics. The percentage motion of
each PC for each system is listed in Table 5.8. The major structural movements in the TMD

are displayed in Figure 5.18, with the direction of movement indicated by arrows.
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Table 5.8: The percentage of the top three PC modes for each system.

System PC1 (%) PC2 (%) PC3 (%) Total (%)
name

System 1 29.27 13.38 10.65 53.3
System 2 21.13 17.72 14.89 53.74
System 3 | 42.23 15.08 7.58 64.89
System 4 37.69 14.61 8.55 60.85

The PCA and associated RMSF analyses reveal the dynamics of ECLs, ICLs, and helix 8.
In general, ECL3 is flexible (as shown in Figure 5.19 system 1), but its flexibility was enhanced
when cholesterol was bound to CRD (system 3) and suppressed when bound to TMD (system
2), as indicated by the respective values in Figure 5.19. Similarly, ICL3 is generally flexible,
but the flexibility was enhanced upon cholesterol binding to CRD (system 3). Further, ECL1
showed flexibility only in system 3, indicating that its dynamics are also affected by cholesterol
binding to CRD. On the other hand, the RMSF values of helix 8 were, respectively, high in
the top two PCs of system 2, slightly increased in system 4, and negligible in systems 1 and 3.
As depicted in Figure 5.9, the motion of helix 8 in system 2 was mostly directed towards the
membrane, possibly in response to cholesterol binding to TMD. Thus, it can be concluded that
cholesterol binding to CRD directly influences the loop regions, specifically ECL3, ICL3, and
ECL1, while cholesterol binding to TMD affects the dynamics of helix 8.
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a) System 1
(apo SMO)

b) System 2
(holo SMO-TMD)

c) System 3
{(holo SMO-CRD)

d) System 4
(holo SMO)

Figure 5.18: Essential dynamics of SMO-TMD. The top three PCs (PC1-3) of SMO-TMD with arrows
showing the direction and magnitude of the motion of residues. System 2 shows motion in helix 8,

whereas system 3 shows motion in ECL3 and ICL3.
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5.3.11 Comparative analysis of the DCCM plots of the four SMO systems
indicates varying extents of reinforcement of intradomain interactions

resulting from cholesterol binding

DCCM plots reveal how the fluctuations of different residues correlate with each other, and
the appearance of regions of positive or negative correlation suggests strong interactions be-
tween residues within these regions, respectively. Thus, domain-wise analysis of these regions in
the DCCM plots can provide insights into the interactions between residues within and across
domain boundaries. A quick overview of the DCCM plots corresponding to the four systems
(Figure 5.20) suggested that in system 1 (apo SMO), interactions between residues were dis-
continuous within several domains, respectively, while including interactions with some of the
residues in corresponding adjacent domains. However, in system 4 (holo SMO), and to varying
extents in systems 2 (holo SMO-TMD) and 3 (holo SMO-CRD), the intra-domain interactions

were mostly reinforced.

Therefore the relevant domain-wise DCCM subplots (Figures 5.21-5.27) were closely exam-
ined. Among the domains, ECD (CRD + LD), TMD (TM1 to TM7 + H8 + ICL1 to ICL4 +
ECL1 to ECL3), and ICD, the relatively longish domain stretches were divided into sub-regions

(Figure 5.21), for convenience of some of the analysis detailed below.

1. CRD was divided into two regions: N-terminal CRD (N-CRD, R28 — H63) and the rest
of CRD (R-CRD, C64 — G191).

(a) R-CRD was further subdivided into seven sub-regions: 1 (C64-C78), 2 (L79), 3 (G80-
V107), 4 (L108-A128), 5 (V129-Q148), 6 (A149-C169) and 7 (T170-G191) labelled
as R-CRD-x where x takes values 1-7 respectively.

2. Similarly, TM6 was divided into three subregions TM6-1 (438-452), TM6-2 (453-468),
and TM6-3 (469-498) based on the two noticeable helix bend points at 452 and 468,

respectively.

3. The ICD region has five Arg/Lys (R/K) clusters: R/K1 (561-567), R/K2 (571-576),
R/K3 (624-629), R/K4 (667-680), and R/K5 (703-711) which are known to participate in

different interactions during simulation.

(a) Accordingly, the ICD domain were divided into six sub-regions: ICD-1 (555-567),
ICD-2 (568-576), ICD-3 (577-629), ICD-4 (630-680), ICD-5 (681-711) and ICD-6
(712-787).
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DCCM of SMO
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Figure 5.20: Time-averaged DCCM for the SMO Ca atoms during the simulation. DCCM of the
concatenated trajectory of SMO in system 1, system 2, system 3, and system 4, showing the correlation
between the domain movements with domain demarcations and TM boundaries indicated by dotted lines.
Box 1 represents the self-correlations of ECD (CRD and LD), boxes 2 and 3 indicate the correlations
of CRD with TMD, box 4 shows the correlations of CRD with ICD, boxes 5 and 7 indicate the intra-
correlations of TMD and ICD, respectively, and box 6 shows the correlations of Arg/Lys clusters 4 and
5 (ICD) with TMD.
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Figure 5.21: A snake plot of SMO (modified from www.gpcrdb.org) showing the main structural features
of SMO, its domains, and sub-regions of domains. CRD (N-CRD and R-CRD regions and 7 sub-regions
of R-CRD; R-CRD-1 to R-CRD-7), LD, TMD (7 TM helices, three ICLs, and three ECLs with helix 8
and short ICL4), and ICD (6 sub-regions of ICD; ICD1-6) are shown. Residues involved in cholesterol

O CRD cholesterol binding residues

O TMD cholesterol binding residues

binding at CRD and TMD binding sites are circled in black and yellow.
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5.3.11.1 Self-correlation within ECD

Figure 5.22 shows the DCCM for the self-correlation between the ECD (LD 4+ CRD) residues.
All the residues within LD are strongly positively (+ve) correlated with each other, and strongly
negatively (-ve) correlated with all the N-CRD residues, in all the four systems, with no signif-
icant cholesterol binding induced variations. All the residues within N-CRD are also positively
correlated with each other, albeit with some noticeable cholesterol binding induced variations.
In systems 2 (holo SMO-TMD) and 3 (holo SMO-CRD), there appears to be two positively
correlated sub-regions, while in system 4 there is a remarkable increase in positive correlation
involving all the N-CRD residues.

The correlation patterns involving the seven sub-regions of R-CRD (R-CRD-1 to R-CRD-7)
with all the LD residues generally show the following alternating positive and negative correla-
tions: 1 (-ve), 2 (+ve), 3 (-ve), 4 (+ve), 5 (-ve), 6 (+ve) and 7 (-ve), in both the systems 1 and 2.
The negative correlations noticeably decrease in system 3 and almost completely disappear in
system 4. Given the negative correlation between N-CRD and LD residues, the corresponding
correlation values with N-CRD has the following complementary pattern: 1 (+ve), 2 (-ve), 3
(+ve), 4 (-ve), 5 (+ve), 6 (-ve) and 7 (4ve), in systems 1 and 2. In this case, the spread of
negative correlation regions increases in system 3, and all R-CRD residues become completely

negatively correlated with all N-CRD residues in system 4.

As can be expected from the sub-region wise variations in the dynamics of R-CRD described
above, in the DCCM of R-CRD with itself, there are large islands of negative correlation em-
bedded within the positive correlation region in systems 1 and 2. These negative correlation
islands reduce drastically in system 3, and in system 4 all the residues of R-CRD appear to be

strongly positively correlated with each other.

To summarize, while cholesterol binding to TMD does not noticeably affect the DCC pattern
within ECD residues, cholesterol binding to CRD does have a remarkable effect. Though there
is no noticeable change in the negative correlation between N-CRD and LD residues, all residues
of N-CRD and R-CRD, respectively, strongly correlate positively with each other within their
respective sub-regions and negatively between the two sub-regions. These observations provide
the space for hypothesizing that cholesterol binding to CRD strongly reinforces intra-region
interactions within R-CRD.
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DCCM of CRD_to_LD v/s CRD_to_LD (870 ns)

a) DCCM of ECD V/s ECD (System 1: apo SMO)
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Figure 5.22: Intra-correlation of SMO-ECD (CRD and LD). CRD regions, sub-regions (N-CRD and
R-CRD-1 to R-CRD-7), and LD are shown along the axes according to the color scheme described in
Figure 5.21.
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5.3.11.2 Self-correlation within TMD

A comparative analysis of the DCCM plots showing the self-correlation between TMD
residues (Figure 5.23) reveals the effects of cholesterol binding. The plot for system 1 shows
several clear regions of negative and/or zero correlation as white and red islands within an
otherwise dense blue matrix. All of these involve residues from the loop regions (ICLs and
ECLs) and often include helix residues (TM1 to TM7, H8), thereby disrupting the positive

correlations within individual helix residues. These are:

1. ICL1 with: TM1, lower TM3 — ICL2 — lower TM4, lower TM5 — ICL3 — TM6-1, ECL1,
ECL2, and ECL3

2. Lower TM3 — ICL2 — lower TM4 with: TM1, upper TM2 — ECL1 — upper TM3, ECL2,
TM6-2 — TM6-3 — ECL-3 — TM7, helix 8 and ICL4

3. Lower TMb — ICL3 — TM6-1 with: TM1, ECL2 — upper TM4, TM6-3 — ECL-3 and ICL4

The sizes of these negative correlation regions are mostly progressively reduced in cholesterol
bound systems. In systems 2 and 3, respectively, several of these negative correlations get
restricted to the loop regions only, without their adjoining helix stretches. Finally, barring
notable exceptions such as negative correlations involving ECL3 with the four ICLs (note that
the ECL3 — ICL4 negative correlation is not observed in system 1), most of the residues are
positively correlated in system 4. Here too, cholesterol binding appears to reinforce mutual

interactions among all the residues within TMD.

5.3.11.3 Self-correlation within ICD

Cholesterol binding builds up self-correlated blocks ICD1+ICD2, ICD3+ICD4+I1CD5, and
ICD6 especially in systems 3 and 4 (Figure 5.24).
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DCCM of TMD v/s TMD (870 ns)

a) DCCM of TMD V/s TMD (System 1: apo SMO) b) DCCM of TMD V/s TMD (System 2: holo SMO-TMD)
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Figure 5.23: Intra-correlation of SMO-TMD. TM helices, ICLs, and ECLs are shown along the axes

according to the color scheme described in Figure 5.21.
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DDCCM of ICD v/s ICD (870 ns)
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Figure 5.24: Intra-correlation of SMO-ICD. ICD regions are shown along the axes according to color

scheme described in Figure 5.21. Arg/Lys clusters are colored in cyan.
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5.3.11.4 Cross domain regions of the DCCM plots may provide clues to the mech-

anism of inter-domain communication

ECD vs TMD:

The ECD versus TMD plots combine features above and provide insights into how changes
related to cholesterol binding might affect the communication between CRD and TMD via LD
(Figure 5.25). In systems 1 to 3, N-CRD correlation with ICL1, ICL2 and ICL3 are positive, but
correlations of R-CRD are mixed and are +ve, -ve and indifferent, respectively. In system-4,
because of the cholesterol binding induced stabilization of interactions within ECD and TMD,
positive correlations involving N-CRD increase, while those involving R-CRD become negative.
Further, in systems 1 to 3 correlation of N-CRD with ICL4 is negative but becomes positive in
system 4. R-CRD mainly correlates with TMD domain-wise with alternating signs, in systems
1 to 3. Interestingly, it shows strong positive correlation with upper TM6 — ECL3 — upper TM?7.
Helix 8 shows a positive correlation with N-CRD in all cholesterol-bound systems. However, it
only shows some positive correlation with R-CRD-4, R-CRD-6, and R-CRD-7 in system 2. In
system 1, LD correlates negatively with ICL1 to ICL4 and positively with the rest of R-CRD.

The negative regions reduce progressively with cholesterol binding.
TMD vs ICD:

All cholesterol-bound systems show a positive correlation with Arg/Lys cluster 4, which
seems to emphasize the significance of this cluster. Furthermore, ICD4 (some parts) +I1CD5
(including Arg/Lys cluster 5) show a strong positive correlation with TMD (except TM6-3-
ECL3) in system 3, but is absent in system 4 (Figure 23). It is important to note that ICL3
exhibits a positive correlation with ICD6 only in system 3, which is absent in systems 2 and 4

and weak in system 1.
ECD vs ICD:

In systems 1 and 2, the correlation between ECD and ICD shows scattered regions of +ve
and -ve correlation that don’t appear to follow any recognizable pattern. Interestingly, patterns
begin to emerge as cholesterol binds to CRD. In system 3, N-CRD is negatively correlated with
ICD6, and R-CRD exhibits a strong negative correlation with ICD4+I1CD5. Further consolida-
tion of the dispersed positive and negative correlations regions in the plots of systems 1 and 2,
is observed in system 4, where there is a positive correlation between R-CRD+LD and Arg/Lys
cluster 5+ICD6. Additionally, R-CRD and some parts of ICD4 (~residue 635 to 660) also show

positive correlation (Figure 5.27).
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The specific correlation of helix 8 with some R-CRD subregions, only in system 2, and the
correlation of ICL3 with R-CRD, only in system 3, are suggestive of variations in the flow
of communication in single cholesterol-bound systems. Also, as discussed later, these changes
can be linked to the interaction of membrane cholesterol and PI4P lipids with TMD and ICD
(discussed further).

The specific correlation of helix 8 with some R-CRD subregions, only in system 2, and the
correlation of ICL3 with R-CRD, only in system 3, are suggestive of variations in the flow
of communication in single cholesterol-bound systems. Also, as discussed later, these changes
can be linked to the interaction of membrane cholesterol and PI4P lipids with TMD and ICD

(discussed further).
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DCCM of ECD vs TMD (870 ns)

b) DCCM of ECD V/s TMD (System 2: holo SMO-TMD)

a) DCCM of ECD V/s TMD (System 1: apo SMO)
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DCCM of ECD vs ICD (870 ns)

b) DCCM of ECD V/s ICD (System 2: holo SMO-TMD)

a) DCCM of ECD V/s ICD (System 1: apo SMO)
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Figure 5.26: Correlation between SMO-TMD and SMO-ICD. TMD and ICD regions are shown along

the axes according to the color scheme described in Figure 5.21.
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DCCM of TMD vs ICD (870 ns)

a) DCCM of TMD V/s ICD (System 1: apo SMO) b) DCCM of TMD V/s ICD (System 2: holo SMO-TMD)
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d) DCCM of TMD V/s ICD (System 4: holo SMO)
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Figure 5.27: Correlation between SMO-ECD and SMO-ICD. ECD and ICD regions are shown along

the axes according to the color scheme described in Figure 5.21.
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5.3.11.5 Pairwise comparison of the real average structures of the cholesterol-
bound systems with that of the apo system reveals associated conforma-
tional changes in domains that are distant from the respective binding

sites

Does cholesterol binding only result in conformational changes in the neighborhood of the
respective binding sites, or does it also lead to significant conformational changes in regions
distant from the binding sites? If the latter is the case, identification of the cholesterol-binding
induced conformational changes should in principle help in mapping the inter-region interaction
network responsible for the transduction of the cholesterol binding signal. This was investigated
by a pairwise comparison of the real average structure (defined in section 5.2.3.5) of each of the
three cholesterol bound systems (Systems 2-4) with that of the apo system (System 1) (Video
5.2). Since TM4 was found to be relatively unaffected by cholesterol binding in either of the
binding sites, the pairwise comparison was carried out by superimposing the TM4 helices of the

two structures, followed by an analysis of the conformational variation of the other regions.

While TM1 and TM2 show conformational shifts in the presence of cholesterol in any of
the binding sites, cholesterol binding to CRD revealed significant conformational changes in
TM5, TM7, helix 8, and ICD, and TM6 developed a bend (residue 479; near the outer leaflet
region) in the presence of cholesterol in both the binding sites. The outward movement of
TM5, was maximum in system 3 though slightly reduced in system 2, and was very less in
system 4 as compared to single cholesterol-bound systems. Also, the conformational shift in
the extracellular region of TM7, was maximum in systems 2 and 3 though slightly reduced in
system 4. These changes result in conformational changes in the ICD. Notably, the change in
ICD conformation appears to correlate strongly with the conformational change at helix 8 in

system 2.

5.3.12 Clustering analysis of the frames in the trajectories of the four systems
provides further understanding of the dynamics of cholesterol-binding

induced conformational changes in different domains

The comparative analysis involving real average structures, discussed above, provides a static
view of the conformational changes across domains, in response to cholesterol binding. In or-
der to compare the changes in the conformational dynamics, within and between systems, the
frames belonging to the concatenated trajectories (870 ns) of the systems, respectively, were
clustered by a ‘k-means’ clustering algorithm. To track changes in the TMD, clustering was
done on the backbone atoms of TMD using a 0.2 nm RMSD cut off as input. This resulted in

20, 19, 19, and 22 clusters for systems 1, 2, 3, and 4, respectively. Among these, some clusters
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were sparsely populated; while some structures did not belong to any of the clusters and were
categorized separately. The clusters obtained for each of the four systems were respectively
sorted based on their population (Table 5.9). The top four dominant clusters of the cholesterol-
free state system 1 (apo SMO) added up to 58.90%, while the same for systems 2, 3, and 4
added up to 73.94%, 60.28%, and 62.00% of the total structure frames, respectively (Videos
5.3-5.6).

Visual analysis of the representative structures corresponding to the top 4 clusters within
each system, respectively, (Videos 5.3-5.6) displayed significant changes in the CRD and ICD
conformation, in tune with the correlated motion observed in the DCCM analysis. The up
and down movement of TMD-bound cholesterol within the TMD, discussed earlier, could also
be seen clearly in Videos 5.4 and 5.6. The top 4 cluster representatives of each system were
then aligned by superimposing the TM4. The alignment shows the changes in CRD and ICD
conformation in greater detail. For example, in system 2 (Videos 5.4), in cluster 1, the CRD
residues were closer to the TM6 than in cluster 2. The TM6 extended region (residues con-
nected to ECL3) shows a little bend in cluster 1, though not in any other cluster. TM6 also
showed a sharper bend in its structure near the outer leaflet area in cluster 3 compared to in
any other cluster. At the same time, the conformations of helix 8 in clusters 1 and 2 were differ-

ent from those in clusters 3 and 4. Following that, the ICD reveals a conformational disposition.

For system 3 (Video 5.5), conformational changes are observed in CRD, ICD, as well as in
ECL3 and ICL3. ICL3 is close to a small region of ICD in cluster 1, whereas this is absent in
any other cluster. For system 4 (Video 5.6), in cluster 1, ICD is close to TMD, but moves away
in cluster 2, alongside with conformational changes in the CRD (especially in the N-CRD) and
the outer leaflet region of TM6 . While in cluster 3, ICD was again displaced near the mem-
brane near TM4. In cluster 4, CRD and ICD conformations were different. All four clusters
showed evidence of cholesterol movement within TMD. When comparing these with system 1
representative clusters, the four clusters show that CRD is highly dynamic, as compared to

other system clusters.

Table 5.9: Information about the clusters in all four systems under study, along with the cluster populations

and percentage populations (in parenthesis).

Cluster in- | System 1 System 2 System 3 System 4

dex

154 (17.68%) | 234 (26.87%) | 168 (19.29%) | 228 (26.18%)
145 (16.65%) | 195 (22.39%) | 122 (14.01%) | 117 (13.43%)
109 (12.51%) | 136 (15.61%) | 118 (13.55%) | 98 (11.25%)
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4 105 (12.06%) | 79 (9.07%) 117 (13.43%) | 97 (11.14%)
5 103 (11.83%) | 70 (8.04%) 85 (9.76%) 83 (9.53%)
6 68 (7.81%) 54 (6.2%) 61 (7%) 60 (6.89%)
7 57 (6.54%) 33 (3.79%) 56 (6.43%) 49 (5.63%)
8 46 (5.28%) 24 (2.76%) 43 (4.94%) 31 (3.56%)
9 (3 1%) (2 64%) 40 (4.59%) 31 (3.56%)
10 8 (2.07%) 0 (1.15%) 27 (3.1%) 25 (2.87%)
11 (1 49%) 4 (0.46%) 24 (2.76%) 23 (2.64%)
12 0 (1.15%) 2 (0.23%) 2 (0.23%) 9 (1.03%)
13 6 (0.69%) 1(0.11%) 2 (0.23%) 5 (0.57%)
14 2 (0.23%) 1(0.11%) 1(0.11%) 4 (0.46%)
15 2 (0.23%) 1(0.11%) 1(0.11%) 2 (0.23%)
16 2 (0.23%) 1(0.11%) 1 (0.11%) 2 (0.23%)
17 1(0.11%) 1(0.11%) 1 (0.11%) 2 (0.23%)
18 1(0.11%) 1(0.11%) 1(0.11%) 1 (0.11%)
19 1(0.11%) 1(0.11%) 1(0.11%) 1(0.11%)
20 1(0.11%) — — 1 (0.11%)
21 - = = 1 (0.11%)
22 — — — 1(0.11%)

Along with the real average structure analysis discussed above, and in conjunction with
other studies including PCA and DCCM, these observations provide interesting clues regarding

the mechanism of transduction of the cholesterol binding signal.

5.4 Discussion

5.4.1 The HH signaling pathway and the two roles of PTCH1

In the HH signaling pathway, the binding of HH ligand to its receptor PTCH1 leads to the
activation of SMO by relieving it from its PTCH1-mediated inhibition. Activated SMO, in turn,
activates the GLI transcription factors by relieving them from their inhibition by SUFU and
PKA, resulting in the expression of a wide range of target genes [2, 3, 12, 128]. Though the actual
mechanism is far from being clear, as discussed in the introduction, current understanding on
the process of SMO activation in response to HH signaling appears to converge on two roles of
PTCHI1. The first involves the translocation of SMO to the primary cilia, at the tip of which it
can bind to the SUFU complex. The presence of SMO in the primary cilia is thus a prerequisite

177



to its activity. The current consensus in this regard is that, in the absence of HH signaling,
PTCH1 inhabits the ciliary membrane. On HH binding, it gets displaced from the primary
cilia and allows the translocation of SMO into the cilia. However, though a prerequisite, this
translocation of SMO into the primary cilium, by itself does not lead to SMO activity. Here
the second role of PTCHI, that as a cholesterol transporter which, depending on HH signaling,
controls the availability of accessible cholesterol in the cilia, becomes important. It is now well
accepted that SMO has two sterol (cholesterol) binding sites, one inside the TMD and the other
in the CRD. The activity of SMO is linked to the binding of cholesterol as an agonist ligand to
either or both the sites. The question being asked is "how?”

5.4.2 Kinnebrew’s hypothesis provides a context

The crystal structures of SMO showing bound ligands in two ligand-binding sites, respec-
tively, in TMD and CRD, are silent regarding where the ligand binds first. A recent study by
Kinnebrew et al. suggested that by default, cholesterol binds to the TMD when SMO localizes
to the site of activity, namely the primary cilia, and transitions SMO to a basal activity state
(as in system 2). In the absence of sufficient levels of accessible cholesterol in the outer leaflet
of the membrane, and hence, in the absence of CRD-bound cholesterol, SMO continues to show
only basal activity. With the restoration of cholesterol levels, resulting from HH signaling,
cholesterol binds to the CRD of SMO, which then transitions to the fully active state (system
4). Tt has been proposed that the TMD binding site in this context acts as an allosteric site
that controls HH signaling and SMO activity, whereas the CRD site is the orthosteric site that
serves as the primary target of PTCHI regulation of SMO activity [84].

5.4.3 Investigating the dynamics of cholesterol free and cholesterol bound

SMO in modeled ciliary membrane

Atomistic MD simulations of four systems (Table 5.1) were performed to understand the
stabilization of SMO in primary cilia and its activation upon cholesterol binding to either
or both CRD and TMD binding sites. The interactions of membrane lipids (cholesterol and
PI4P) with SMO were seen in the atomistic simulation of system 1 (apo SMO), which provides
insights into how they may be influencing the dynamics of each other. It may be noted that
the observations, by and large, agree with those made in the earlier CG simulation studies of
SMO in the modeled ciliary membrane [91]. The effect of cholesterol binding as a ligand to
either or both of the cholesterol-binding sites was explored in systems 2, 3, and 4. The analysis
revealed how this binding affects the interplay of SMO with its interacting membrane lipids,
and particularly in the context of the functional states outlined in Kinnebrew’s hypothesis, the

structural and functional dynamics of SMO.
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5.4.4 Cholesterol binding as a ligand to SMO impacts the interplay of its in-
teractions with the PI4P enriched ciliary membrane and its functional

dynamics

It is important to note that there are two types of interactions of lipids with SMO: (a) choles-
terol, as an agonist ligand, binding to the CRD and/or TMD, which leads to conformational
changes and is primarily responsible for the transduction of the signal regulating SMO activity;
and (b) interaction of cholesterol (and other ciliary lipids, such as PI4P) from the ciliary mem-
brane with the TMD and ICD. Unlike the CG simulation, no interaction between membrane
cholesterol and CRD was observed in the atomistic simulation [91]. In order to achieve this,
CRD must bend considerably toward the membrane in order to interact with membrane choles-
terol. One reason might be that CG simulations enable the observation of larger movements
that take place over longer timescales. However, similar membrane cholesterol dynamics were
seen where the cholesterol molecules moved around within and between the upper and lower
membrane leaflets. Additionally, PI4P also showed lateral movement within the inner leaflet to
interact with SMO. It can be inferred that the cholesterol binding as a ligand to SMO impacts
the interplay of its interactions with membrane cholesterol and PI4P in the ciliary membrane

and, thus, its functional dynamics.

5.4.5 Changes in the SMO binding sites and in distant regions upon choles-
terol binding to TMD

On cholesterol binding to TMD, there is a noticeable increase in TMD volume, accompanied
by an increase in the interhelical distances of TM1-TM6 and TM5-TM6. Interestingly, the
binding reduces the RMSD across all SMO domains, stabilizing the CRD, LD, and ICD. The
noticeable RMSD change in TMD, such as a decrease in the RMSD of TM6 and TM7 and an
increase in the RMSD of helix 8 with reference to the initial structure, are indicative of some
structural changes in the region. These changes can be related to the straightening of TM6
(decrease in TM6 tilt angle) and the bending of TM7 with respect to the ciliary membrane,
respectively. The structural superimposition of the real average TMD from systems 2 and 1,
respectively, reveals a conformational change in helix 8, which is supported by an increase in
RMSF from the PCA results. Although DCCM analysis does not show much of an impact on
the self-correlation between residues within CRD, TMD, or ICD, respectively, the positive self-
correlation within TMD begins to improve slowly. One significant observation in the dynamics
of the CRD is the change of the secondary structure of the N-terminal CRD region from a loop
to an a-helix (Figure 5.28b). This structural element change was not observed in system 3 (Fig-
ure 5.28c¢), but it was observed in system 4 (Figure 28d). These results support the hypothesis
that the changes observed in TMD upon cholesterol binding to TMD are an allosteric effect, as

179



it also alters the CRD conformation. Apart from these changes, the interaction between mem-
brane cholesterols and the cholesterol-binding motifs found in lower TMD regions (CARC7 in
TM4, CRAC4 in TM5, CARCY in TM6, strict CCM in TM4 and TM2) either declines to a
moderate level or becomes very negligible. Furthermore, it is important to consider that choles-
terol bound to the TMD shows high levels of dynamics and moves up and down in the TMD
region. Additionally, the bound cholesterol spends more time in proximity to the upper TMD
region, which is evidenced by the increased interaction between bound cholesterol and upper
TMD residues, including ECL2. This may explain the observed lower level of interaction be-

tween membrane cholesterol and cholesterol-binding motifs that are located in the ECL2 region.

Subsequently, the loss of membrane cholesterol interaction in cholesterol-binding motifs
present in TM5 and TM6 could be because of the high interaction of PI4P lipids with TMS5,
TM6, and TMT7. Similarly, the cholesterol-binding motif present in helix 8 loses its interaction
with membrane cholesterol, and this can be linked to high helix 8 flexibility. Definitely, choles-
terol binding to TMD changes helix 8 dynamics, but again, it is unclear whether changes in
the interaction of membrane lipids with helix 8 caused the helix 8 dynamics or the other way
around. Finally, the cholesterol binding to TMD enhances the interaction between ICD and the
membrane by causing a conformational change in ICD as well as a change in the conformation
of helix 8.

5.4.6 Changes in the SMO binding sites and in distant regions upon choles-
terol binding to CRD

On cholesterol binding to CRD in apo SMO, TMD shows a little increase in its volume. In
contrast to cholesterol-binding to TMD, TM1-TM6, and TM5-TM6 interhelical distances de-
crease, which is consistent with the dynamics in TM6 (as the TM6 RMSD value increases). The
remarkable effect of cholesterol binding to CRD results in strong self-correlation in the CRD
(N-CRD and R-CRD), TMD, and ICD subregions (ICD 1-6). The observations reveal a strong
positive correlation between all residues in the N-CRD and R-CRD subregions, and a nega-
tive correlation was observed between the two sub-regions. These findings provide the space
for hypothesizing that cholesterol binding to CRD strongly reinforces intra-region interactions
within R-CRD. Additionally, the TMD loops (aside from ECL3) begin to develop a positive
correlation with the TM helices, and the ICD correlations also get better with CRD (region
from Arg/Lys 2 to ICD-5 with N-CRD and ICD-6 to R-CRD). Furthermore, these dynamics
in SMO domains are corroborated with RMSD and PCA results, as they show an increase in
the flexibility of CRD, ECL2, ECL3, ICL2, ICL3, and ICD. The membrane lipids may have
played an important role in the stabilization of TM helices, as the membrane cholesterol inter-

action with most of the upper and lower cholesterol-binding motifs has increased tremendously
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compared to system 2. This is also the reason for the stability of helix 8, as it moderately in-
teracts with membrane cholesterols. The interaction with the cholesterol-binding motif present
in ICD completely vanishes. Instead, the PI4P interaction with all Arg/Lys clusters in ICD
has improved. The Arg/Lys clusters 1, 4, and 5 even show a positive correlation with TMD,
possibly an important reason for the ICD intra-positive correlation of this part. Though the
cholesterol that is bound to the CRD is not much flexible at this binding site, it interacts with
more residues from the CRD, LD, and TM6 extended regions during the simulation. The visual
inspection of the trajectory and clustering analysis showed that the larger changes in CRD and
ICD dynamics are linked to cholesterol binding to CRD. This ultimately results in the confor-
mational disposition of ICD toward the ciliary membrane. The current data support the notion
that CRD is an orthosteric binding site. This conclusion is supported by the observation that
cholesterol binding to CRD causes a significant conformational change in SMO, which is a cru-
cial attribute of an orthosteric binding site, and that this state has medium signaling activity

[84].

5.4.7 Cooperativity between the allosteric TMD and orthosteric CRD sites
in the fully functional state of SMO (system 4 - holo SMO) and char-

acterizing the changes caused by cholesterol binding to TMD or CRD
in holo SMO

The conversion of state 2 to state 4 has been hypothesized by Kinnebrew et al., which
changes the medium activity state to the high activity state [84]. The findings indicate that
SMO dynamics, its interaction with ciliary lipids, and its interactions with TMD- and CRD-
bound cholesterol with their respective binding sites in states 2 and 3 cannot be used to properly
understand the dynamics in state 4 by routine application of additivity principles. First of all,
compared to system 2, the TMD volume is further increased when the second cholesterol is
introduced to the CRD binding site. Similar to system 2, the upper and lower TM1-TM6
interhelical distances are increasing in this system as well (Figure 5.4 and Table 5.2). Surpris-
ingly, the TM5-TM6 lower distance has decreased, while its upper distance has increased. This
might be connected to a modification in the DRE interaction network seen only in system 4,
where the interaction between D473 (TM6) and R500 (TM5) has been switched to E518 (TMT)
and R500 (TMS5), indicating that this is a cooperative effect of the presence of cholesterol in
TMD and CRD binding sites. This also suggests that the dynamics of TM6 are affected by
cholesterol binding to either the CRD or TMD or both sites. The ECL3 loop, connected to
TM6, becomes more dynamic (high RMSF from PCA), and this is further supported by DCCM
analysis as it exhibits a negative correlation with the rest of the TMD. DCCM of CRD again
reveals the interesting fact that within N-CRD and R-CRD, respectively, self-correlation be-

comes stronger in the presence of the second cholesterol in the CRD site, and they correlate
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negatively with each other. This is clearly the effect of the presence of cholesterol in CRD.
Interestingly, LD also correlated with R-CRD in system 4, suggesting the cooperative effect of
these binding sites. However, this is also correlated with the interaction pattern of CRD-LD
residues with CRD-bound cholesterol (discussed earlier). In addition to this, a change in the
structural elements of the N-terminal CRD region from loop to a-helix (Figure 5.28d) was ob-
served, similar to what was observed in system 2 (although the extent of the change was less
in system 2). These results agree with Kinnebrew et al. that when cholesterol is bound to
both TMD and CRD sites of SMO, the RMSF values of CRD, especially the C-terminal CRD
residues, were reduced (Figure 5.7a) as compared to the single cholesterol-bound SMO states
[84]. TMD also shows different dynamics here; apart from the change in the DRE network,
the positive self-correlation between TMD residues is stronger in system 4 than in any other
system. Notably, this TMD-self correlation gradually gets better from system 1 to system 4,
indicating that this might be the key to connecting the SMO states of apo and holo SMO (two
intermediate states, holo SMO-TMD and holo SMO-CRD) with their corresponding activities
(ranging from no activity to high activity, with intermediate states having basal and medium
activity). Moreover, the function of membrane lipids is included as membrane cholesterol, and
PI4P interaction is high in most of the cholesterol-binding motifs in upper and lower TMD. He-
lix 8 is directly impacted by cholesterol binding to TMD in systems 2 and 4 because it does not
show significant changes from this analysis in system 3 (suggested by PCA). Helix 8 shows the
interaction with membrane cholesterol and PI4P, which is observed independently in systems
3 and 2. Helix 8 has moderate interaction with membrane cholesterol in system 2 and not in
system 3. While the PI4P interaction with helix 8 is observed in system 2 and not in system
3. PCA also reveals higher flexibility in ECL3, ECL1, and ICL3 in system 3, which are also
observed in system 4, suggesting these dynamics are because of the CRD cholesterol binding.
However, ECL3 flexibility is suppressed a little bit by TMD cholesterol binding as compared
to its flexibility in system 3. In this instance, just like in system 3, PI4P lipids interact with
all five Arg/Lys clusters present in the ICD, suggesting the role of CRD cholesterol binding
again, leading to an increase in the membrane and ICD interaction. Last, but not least, the
ICD receives these changes from the CRD to the TMD via loops (ECLs and ICLs), which can

also be seen in clustering results.
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Figure 5.28: Change in the secondary structure elements of SMO during MD simulation. The CRD
region is encircled for each system to highlight the formation of an a-helix in system 4 (also in system

2). Secondary structure content was determined using the STRIDE method available in VMD.

5.4.8 Ionic-lock between R451 and W535 present in TM6 and TM7 does not

correlate with cholesterol-mediated SMO activation

One important mechanism for stabilizing the active conformation of GPCRs is the “ionic
lock” [158]. Huang et al. reported that the inactive SMO is stabilized by a cation-7 interaction
between R451 and W535 (a lock), and this lock is broken in a cancer mutant [68]. They used
mutagenesis and functional assays to determine the role of the cation-m lock in modulating

SMO. Later, Bansal et al. also showed that this cation-7 interaction is broken in active SMO
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by using an active SMO structure for preparing the system [13]. However, no such correlation

has been observed in the present data. This interaction was broken in the cholesterol-free system
and in the system with cholesterol bound to both CRD and TMD. On the other hand, the two
single cholesterol-bound systems showed the presence of the lock. Further, the distance of this
interaction has been calculated in all hSMO structures available in the PDB. The distance
values of this ionic lock interaction in 409R (inactive SMO) and 60T0 (active SMO) are 0.74
nm and 0.48 nm, respectively (Table 5.10). This suggests that the distance values of this ionic

lock interaction is not correlated with the active and inactive states of SMO.

Table 5.10: Distance value of ionic-lock interaction in hSMO available in PDB. The distance between the COMs

of the guanidine group of R and the indole group of W was used to calculate the interaction.

S. PDB ID Species | Method | Arginine Tryptophan | distance | distance
no. (Chain) (State) position position value value
(&) | (am)

1. 4JKV Human | X-ray 451 535 5.22 0.52
(A) (Inactive)

2. 409R Human X-ray 451 535 7.37 0.74
(A) (Inactive)

3. AN4AW Human X-ray 451 535 6.01 0.6
(A) (Inactive)

4. 4QIM Human | X-ray 451 535 5.51 0.55
(A) (Inactive)

5. 4QIN Human X-ray 451 535 4.94 0.49
(A) (Inactive)

6. 5L7D Human X-ray 451 535 4.78 0.48
(A) (Inactive)

7. 5L7I Human | X-ray 451 535 4.83 0.48
(A) (Inactive)

8. 5V56 Human X-ray 451 535 5.27 0.53
(A) (Inactive)

9. 5V57 Human | X-ray 451 535 5.24 0.52
(A) (Inactive)

10. 60T0 Human cryo-EM 451 535 4.79 0.48
(R) (Active )

11. 6XBJ Human cryo-EM 451 535 6.68 0.67
(R) (Active )

12. 6XBK Human cryo-EM 451 535 5.39 0.54
(R) (Active )
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13. 6XBL Human cryo-EM 451 535 4.81 0.48
(R) (Active )

14. 6XBM Human cryo-EM 451 535 4.81 0.48
(R) (Active )

15. 7210 Human X-ray 555 639 5.48 0.55
(A) (Inactive)

16. GPCR Human computa- | 451 535 4.48 0.45
modeled (Inactive)| tional
structure modeling
(A)

5.4.9 TMD-bound cholesterol dynamics is restricted by the CRD-bound
cholesterol in system 4 (holo SMO)

SMO converts from state 1 (apo state; system 1) to state 2 (holo SMO-TMD; system 2) upon
cholesterol binding to TMD. The TMD-bound cholesterol shows a different dynamics pattern
when it is only in the TMD compared to when a second cholesterol binds to the CRD binding
domain. Multiple structures available in the PDB suggest multiple cholesterol-binding sites
within TMD. Huang et. al proposed that the SMO TMD contains a tunnel that extends from
the inner leaflet of the membrane. This tunnel serves as a conduit for cholesterol involved in
SMO activation, allowing it to travel from the membrane to the CRD [68, 125]. Here, in system
2, cholesterol primarily moves to the upper TM region, with some movements also occurring
towards the middle TM region. It oscillates up and down within the TMD binding site and
rotates around its long axis. The residue that interacts with the cholesterol may be one reason
why it stays here for a more extended period of time. The residue from the upper TM regions
shows higher occupancy for this interaction (Table 5.3). The involvement of the ECL2 residue
D384 is also seen in system 2 only. The bound cholesterol is highly dynamic, as suggested
by RMSF analysis. When the second cholesterol binds to the CRD binding site (system 4),
TMD cholesterol dynamics get restricted compared to those in system 2. TMD cholesterol is
seen to be present more often in the TM region from the upper middle to the lower middle.
Extra cholesterol in the CRD binding site may be causing the TMD-bound cholesterol to move
towards the middle or lower middle TMD region from the upper TMD region. Again, this is
supported by the high cholesterol occupancy of most middle and lower interacting residues, the
loss of interaction with D384, and the lower RMSF value of TMD-bound cholesterol in system
4. However, the movement of TMD cholesterol to the CRD binding site was not observed,
as suggested by Huang et al. and Qi et al. [68, 125], which is state 3, SMO with medium
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activity. There is no experimental or computational evidence to support the hypothesis that
cholesterol can move from the TMD to the CRD, i.e., from SMO state 2 to state 3. This
question still remains open as to how cholesterol binds to the CRD, given the fact that the
binding of cholesterol to the CRD alone is also sufficient for SMO activity.

5.4.10 Interaction pattern of membrane lipids with SMO in cholesterol-free

and cholesterol-bound states

These results supported the previous findings from CG simulations [91] when considering the
importance of membrane lipids, particularly membrane cholesterol. The membrane cholesterol
occupancy around identified sequence and structure motifs present in the SMO TMD region
shows interactions in atomistic simulations as well. In previous CG simulation of SMO in
the modeled ciliary membrane [91], strict-CCM, TM2/3e, CARC7, CRAC4, CARCS8, CARC9,
CRAC-like2, and CRAC-likel had higher occupancy with the membrane. The CG simulations
(chapter 4) indicated the significance of the CARC7 and CRAC4 motifs, and a cholesterol
was sandwiched between these two cholesterol-binding motifs at the lower TMD. These results
are consistent with these observations in apo SMO system 1. However, in single cholesterol-
bound systems (systems 2 and 3), the degree of interaction has decreased for both CARC7
and CRAC4 motifs as compared to system 1. Surprisingly, these interactions were regained in
the presence of cholesterol in both the TMD and CRD domains. In contrast, the interaction
of CRAC4 decreased to 27.82% in system 2 (compared to 96.82% in system 1), increased to
86.63% in system 3, and slightly decreased to 76.88% in system 4. Later, the importance of
SMO-ICD is highlighted by the PI4P interactions with Arg/Lys clusters in ICD that are present
in atomistic simulations. The pattern of PI4P interaction with Arg/Lys motifs suggests that
PI4P binding is important for the functioning of SMO, as the apo SMO interacts with PI4P
only via three Arg/Lys clusters out of five, while the holo SMO (system 4) interacts with PI4P
with all five Arg/Lys clusters. In the earlier CG simulation, the presence of an interaction
between the Arg/Lys cluster 5 and PI4P was reported, which is not observed in system 1.
However, this interaction is present in all cholesterol-bound systems, with a lower occupancy in
system 4 as compared to systems 2 and 3. It has to be noted that the CG simulation showed
the movement of ICD toward the ciliary membrane and near TM4 through PCA analysis [91].
This supports the observation that all Arg/Lys clusters (ICD) interact with PI4P. TM4, which
does not interact with PI4P in system 3, significantly interacts with membrane cholesterol and
PI4P (especially in system 4, where holo SMO has high signaling activity). Helix 8 dynamics in
system 2, ICL3 and ICD dynamics in systems 3 and 4, changes in DCCM pattern, and RMSF
PCA analysis are all associated with changes in membrane lipid interaction with lower TMD
and ICD. The conformational changes in CRD and ICD with respect to TMD that were seen
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in CG simulations and in this atomistic simulation demonstrate that it is important for SMO

to stabilize in the ciliary membrane.

5.5 Conclusion

The current study explored how information is transmitted from the extracellular region of
SMO to its intracellular region at the molecular level. In state 2 of SMO, which has basal
activity and has cholesterol bound to TMD, the signal is transmitted from the CRD to ICD
through helix 8. Here, the N-terminal structure of the CRD changes from a loop to an a-helix
with an increase in TMD volume caused by the dynamics of TM1, TM5, TM6, and TM7. This
alters the ICD conformation by having an effect on the dynamics of helix 8. This increase
in TMD volume may facilitate G-protein binding to the TMD lower region. While in state
3 of SMO, which has medium activity and cholesterol bound to CRD, the signal is primarily
transmitted from CRD to ICD through ECL2, ECL3, and ICL3, with a slight increase in TMD
volume. Here, there is an increase in the interaction between ciliary lipid and SMO TMD, and
all five ICD Arg/Lys interact with PI4P lipids to aid in the conformational disposition of ICD,
potentially creating a setting that is conducive to G-protein interaction. Finally, in state 4 of
SMO, which has high activity, the signal is transduced from the CRD to ICD via ECL2, ECL3,
ICL3, and TM helices. The N-terminal CRD residues structured as a-helix, and furthering
the self positive correlation between CRD subregions helped, TMD-bound cholesterol to adjust
in lower TMD region, reorganize the DRE network, and increase in TMD volume, making the
TMD-intra correlation positive (except ECL3), increase in its interaction with membrane lipids.
In this instance as well, all five Arg/Lys clusters of ICD interact with the PI4P lipid of the
ciliary membrane, altering the conformation of ICD relative to the TMD and possibly making

lower TMD available for G-protein.
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Chapter 6

Conclusion and Future Perspective

In this thesis, I discussed the results of molecular dynamics (MD) simulations of SMO under
different membrane conditions and in various ligand dependent activity states to get molecular-
level insights into the activation mechanism of SMO. I have analyzed coarse-grained (CG) and
atomistic MD simulation results in conjunction with experimental data on SMO interactions
with membrane lipids (cholesterol and PI4P), and have obtained reliable insights into the role
of SMO interactions with ligands and membrane lipids in driving the signal transduction mech-

anism crucial for SMO activation. The significant results are summarized below.

6.1 Reading the sequences and structures of SMO

In the first section, I looked at the primary sequences of SMO from different species, care-
fully analyzing them to identify conserved residues and motifs. Here are my findings in the
field of GPCR biology on SMO involved in the HH signaling pathway, along with previous
research providing detailed insights into the sequence and structure of SMO: Identification
of sequence cholesterol-binding motifs: I searched for the cholesterol-binding sequence mo-
tifs (CARC, CRAC, and CARC-like motifs) on full-length SMO sequences that are crucial
in GPCRs. A total of 21 cholesterol-binding sequence motifs are present in SMO from the
N-terminal cysteine-rich domain (CRD) to the C-terminal intracellular cytoplasmic domain
(ICD), consisting of 4 CRAC, 13 CARC, and 4 CRAC-like motifs. Refining the definition of
the strict cholesterol consensus motif (strict-CCM): I refined the definition of the strict choles-
terol consensus motif (CCM) in SMO by performing multiple sequence alignments (MSA) of
the SMO sequence with various class A receptors and then with class F receptors. Residues
K356 (4.41)-W365 (4.50)-L362 (4.47), located in the TM4 of SMO, correspond to the choles-
terol consensus motif (CCM). These residues, along with Y262 (2.39) from TM2, constitute
the strict CCM observed in other GPCRs. Identification of sphingolipids binding motif (SBM):
I also identified the SBM IQPLLCAVY (residue 122-130) present in the CRD domain, which

overlaps with a CRAC motif. Identification of conserved motifs in TM helices: Conserved mo-
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tifs in GPCRs have been reported to have structural and functional importance. They serve as
signature sequences, aiding in their role in receptor activation mechanisms, and can be targeted
for drug development. However, SMO does not have classical TM conserved motifs, which are
present in class A GPCRs with functional significance. There are conserved motifs that are
present in TM helices of all class F GPCRs. I have identified the class F conserved motifs in
TM6 and TMT.

In addition, I collected data from various crystal and cryo-EM structures for all residues
and their positions that interact with cholesterol. I have also highlighted the five stretches of
positively charged residues (Arg/Lys clusters) in the ICD, reported in previous studies, that
help the SMO to stabilize in primary cilia. These analyses helped me to understand the interac-
tion of SMO with various lipid components. I have highlighted previously identified conserved
SMO motif KATXXXW present in helix 8. I also focused on previously identified conserved
switches networks, such as the DRE network present at the upper TM region, the WGM net-
work present at the lower TM region, and the ionic lock between residues of TM6 and TM?7.

These networks and the ionic lock have been reported to be important for the dynamics of SMO.

There is a lot more information present in the sequence and structure of SMO that demands
thorough investigation and careful analysis in order to obtain insights into their functional
implications. However, it is crucial to highlight, that without sufficient experimental validation,
connecting computational findings and conclusions with the actual function of the protein or

receptor is difficult.

6.2 Simulating the functional dynamics of SMO

While molecular dynamics simulations can provide insights into the functional mechanism of
proteins, an appropriate membrane model is essential for a proper investigation of transmem-
brane proteins such as SMO. Further, any investigation into the functional aspects of dynamics
places the twin demands on the simulation setup. On the one hand, it needs the simulation
duration to be long enough to observe the larger movements associated with the functional
dynamics, and on the other hand, it also needs a detailed view of the intra- and intermolecu-
lar interactions which are involved in the structural and functional dynamics. Building upon
previous research, I have designed a membrane consisting of five different lipid components,
with variations in the composition of the outer and inner leaflets. Observations from this study

revealed intriguing dynamics of SMO within the ciliary membrane.

(a) The two major domains, cysteine-rich domain (CRD) and ICD, show notable changes in
the presence of cholesterol, PI4P, and other lipids. They display a tendency to drift toward

the membrane and interact with membrane lipids. Thus, during the course of simulation,
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CRD often interacts with membrane lipids involving both, occasional downward bending

of CRD as well as upward movement of membrane cholesterol molecules.

The configuration of TMD in the ciliary membrane is different from that in the POPC
membrane. I have observed that the membrane cholesterols are attracted more toward the
cholesterol-binding motifs in the lower TM regions compared to that in the upper region,
especially to CARC7 (TM4) and CRAC4 (TM5). Notably, these motifs were found to
engage in interactions not only with a single cholesterol molecule but also simultaneously

with two or more cholesterol molecules.

All four key residues of the strict CCM, which I redefined, also showed higher occupancy

for membrane cholesterol.

The sequence-dependent preference of cholesterol accumulation, as observed during my
simulation, opens up the possibility for future mutational analysis for studying mutation

dependent variations in SMO-cholesterol association patterns.

In addition to TMD, ICD also plays a crucial role in shaping the functional dynamics of
GPCRs. The movement of the ICD towards the membrane facilitates the accessibility of
the TMD for G-protein coupling.

I have also observed the interaction of cholesterol with various regions in the ICD. In
addition to this, I have also highlighted the interaction of PI4P with the five Arg/Lys
clusters present in ICD, especially with Arg/Lys clusters 4 and 5. The PI4P-mediated
interactions associated with the resultant anchoring of SMO to the primary cilia may
possibly have a stabilizing influence on SMO conformation. I have mentioned a few
mutations in ICD (Chapter 1) that switched SMO into a continuously active form. In this
scenario, the results and observations from my study can be helpful in further investigation

of these experimental observations.

Finally, my study highlights the importance of studying the functional dynamics of SMO

in conjunction with the dynamics of the membrane lipids. It is the intricate interplay of the

dynamics of the protein and of the membrane lipids that together shape the functionality.

CRD-membrane lipid interactions, PI4P-mediated SMO anchoring, sequestering cholesterol

near TMD, and other sequence-dependent associative accumulation of cholesterol, etc., are

only some examples of the significance of this integrative view of the functional dynamics of

SMO. This CGMD study also provides the basis for further mechanistic studies using all-atom

molecular dynamics.
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6.3 Further mechanistic insights into SMO activity

The process of SMO activation, which occurs upon the release of PTCH1 inhibition following
a signal from HH, has remained a long-standing mystery. It has been established from previous
studies that cholesterol can activate SMO and that it has two binding sites of SMO in CRD and
TMD. In addition to this, a very recent model of SMO activation suggests that related to the
binding of cholesterol to either or both of these binding sites, SMO can exist in four different
states, which may be correlated with their respective activity levels. SMO exhibits distinct
activity states based on cholesterol binding: the inactive state (SMO in primary cilia without
cholesterol binding), the basal activity state (cholesterol bound to TMD), the medium activity
state (cholesterol bound to CRD), and the high activity state (cholesterol bound to both TMD
and CRD).

I performed multiple atomistic simulations of different SMO states in the ciliary membrane,
with a total simulation time of 3.6 us across all systems. I modeled four systems, systems 1 -
4, having SMO with no bound cholesterol, cholesterol bound only to TMD, cholesterol bound
only to CRD, and cholesterol bound simultaneously to both TMD and CRD, respectively, to
mimic the four experimentally identified states. In addition to corroborating observations from
my CG simulation, analysis of the trajectories from atomistic simulations of the four systems
provided a lot of valuable insights into cholesterol binding induced function and activity of SMO.
Observations from this study provide insights into the relationship between specific structural

changes in different states of SMO and their corresponding functions.

(a) Compared to the inactive state of SMO, in the basal activity state, TMD volume has
increased, which also correlates with the increase in lower TM-TM distance. The choles-
terol bound to TMD was also seen to move up and down and rotate along its axis in the
TMD pocket. However, while the occupancy of membrane cholesterol near most of the
cholesterol-binding motifs in this state is reduced as compared to the inactive state, the
membrane cholesterol interaction with CARC7, CRAC-like 1, CBP, and TM2/3e motifs
remains high. I have reported the conformational change in helix 8 during the simulation
and dislocation of the ICD domain towards the membrane and its interaction with PI4P
lipids, especially the region where Arg/Lys clusters 1, 4, and 5 are present. One important
observation is the change in the formation of the -helix of the N-terminal CRD region.
It shows the allosteric behavior of the TMD binding site.

(b) In the medium activity state, where cholesterol is bound to CRD, some intriguing dy-
namics is observed. Though the cholesterol binding to CRD does not change the TMD
volume much, it has increased the self-correlation within TMD residues as compared to
the inactive and basal activity states of SMO. It also improves the positive correlation
within CRD residues. The loop flexibility (ECL2, ECL3, ICL2, and ICL3) has increased,
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and hence the level of fluctuation dynamics during the simulation. The interaction of
membrane lipids with SMO has also increased. Most of the cholesterol-binding motifs
have higher occupancy for membrane cholesterol, and all five Arg/Lys clusters interact
with PI4P. This shows that the binding of cholesterol to CRD (at the extracellular site)

has a significant effect observable across different regions of SMO.

(¢) In the fully active SMO state, where cholesterol is bound to both TMD and CRD, the
molecular level changes involve the formation of an -helix involving the N-terminal CRD
residues. In addition, I also observed a self-positive correlation between residues within
CRD subregions, similar to our observations in the basal activity state of SMO. This also
shows the dynamics of TMD-bound cholesterol to be gravitating toward the lower TMD
region, thus, possibly further increasing TMD volume. A reorganization of the conserved
DRE network was also observed. In this state, the intra- and inter-correlation between
SMO domains have significantly turned out to be positive. Further, I noticed a substantial
increase in the interaction between SMO and the lipids present in the surrounding mem-
brane. In the high-activity SMO state, most of the cholesterol-binding motifs (including
two from ICD) interact with membrane cholesterol. Further, all five Arg/Lys clusters of
ICD interact with the PI4P lipid of the ciliary membrane, which alters the conformation
of ICD relative to the TMD and possibly making lower TMD available for G-protein.

The observations made from all three with cholesterol (cholesterol-bound) states, along with
their comparison to the without cholesterol (cholesterol-free) state, provide insights into how
the dynamics of SMO progressively change from state 1 to state 4, no activity state to high
activity state, and hence correlate the structural-conformational change with the activity of
SMO. This study offers valuable insights into the intricate relationship between structure and

function by correlating the particular structural changes to the corresponding functional states.

6.4 Future directions

Research can never end. This topic has several outstanding open questions not only related
to SMO but also related to the other components as well. Further computational studies have

the potential to answer many of the unanswered concerns about the HH signaling system.

1. SHH ligand transport: The signal molecule SHH itself is a mystery of how it trav-
eled from one cell to another though it has dual lipid modification (palmitoylation at the
N-terminal and cholesteroylation at the C-terminal). Understanding the transport mech-
anism of SHH is an open question that requires further investigation. Computational
modeling and simulations can be employed to study the diffusion and transport mech-

anisms of the SHH signal molecule. This could involve setting up a membrane bilayer
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and placing the SHH in the extracellular part to investigate how SHH moves across the

membrane.

. Molecular mechanism of PTCH1 regulation on SMO: PTCH]1 is a membrane pro-
tein that is hypothesized to transport cholesterol and regulate the activity of the SMO.
It is also dependent on the concentration of cholesterol in the membrane. However, the
molecular and atomic details of this mechanism are not understood. Exploring the mech-
anisms by which PTCH1 regulates SMO is an area of interest. Molecular dynamics simu-
lations can be used to explore this objective. By simulating PTCH1 and SMO together in
the primary cilia by varying the cholesterol concentration (low to high), it is possible to
gain insights into their structures, dynamics, and conformational changes. Further, the
results can be compared and correlated to understand the cholesterol-mediated PTCH1
regulation of SMO.

. Studying the coupling of G-protein with SMO: The coupling of G-protein with
SMO is another aspect that can be studied to understand one aspect of the downstream
signaling process in HH signaling. Designing a computational system that contains SMO
and G-protein in the ciliary membrane, where the signaling occurs, could provide valuable
information about the binding interfaces, their interaction, and signal transduction from

the cellular component to the intracellular component.

. Investigating the dynamics of SMO variants in particular cancers: Several can-
cers have different SMO variants that influence SMO function. Incorporating these critical
mutations into SMO and examining the resulting interaction and change in dynamics can
illuminate their role in cancer development and progression. Computational modeling
and simulations may be helpful in the study of the structural and functional impact of
SMO variations associated with cancer. It is affordable to investigate changes in protein
stability, binding affinity, and conformational dynamics induced by individual mutations
by introducing them into the SMO structure and performing molecular dynamics simu-

lations.

. Role of sphingomyelin (SM) in the HH pathway: Another important lipid of the
ciliary membrane is sphingomyelin, which is restricted to the upper leaflet. Recent re-
search indicates that SM has a very high affinity for cholesterol, and hence it plays an
important role in regulating the cholesterol accessibility for SMO. Additionally, SM deple-
tion is a common method for increasing cholesterol accessibility at the plasma membrane.
The identification of SBM opens the question of the selectivity of cholesterol or sphin-
gomyelin in a particular state. By simulating SMO in cholesterol and SM containing
ciliary membrane, two important questions can be addressed; i) SMO-SM interactions,
its selectivity of cholesterol or sphingomyelin, and ii) Cholesterol-SM interaction and their

cooperative effects in SMO dynamics.
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6. Understanding SMO dimerization: GPCR dimerization enhances signaling. The role
of lipids such as cholesterol in this process has been successfully studied for -2 adrenergic
and 5-HT receptors. While drosophila and mammalian SMO are known to form dimers,
the dimerization of SMO in humans remains relatively unexplored. This can be explained
using a molecular dynamics simulation of two copies of SMO in the ciliary membrane.
Furthermore, exploring the role of lipids in SMO dimerization can provide more valuable

insights into this process.

7. Simulating the entire HH pathway component: Bringing all the components and
interactions of the HH pathway together in a comprehensive simulation can help visualize
and understand the pathway as a whole. Designing such simulations can provide a more
comprehensive perspective on the dynamics and behavior of the HH pathway. This objec-
tive is computationally demanding, as this will integrate various components of the HH
pathway, including HH ligands, PTCH1 and SMO, G-protein, and downstream proteins
with the ciliary membrane. By constructing such a comprehensive computational model,
simulations can be performed to study the dynamics, signaling outputs, and regulatory

mechanisms of the pathway as a whole.

In summary, I believe that the work I have carried out for my thesis provides significant
insights into SMO dynamics. Some events, such as details of interactions between two compo-
nents, conformational change in specific structural motifs, and the transitions between active
and inactive states, cannot be captured experimentally, but can be done by computational
approach. Together the computational and experimental work can bridge the gaps in our

understanding of the HH signaling pathway smoothly.
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Appendix A

Supplementary Information

Supporting text for Supplementary Videos

A.1 Chapter 4

Structural dynamics of Smoothened (SMO) in the ciliary membrane and its in-

teraction with membrane lipids

Video 4.1: Interaction of membrane cholesterol with CRD. The trajectory (t= 9.1 to 9.2
us) depicts the movement of CRD towards the ciliary membrane and its interaction with two
membrane cholesterols (index 5 and 52), extracted from replicate 1 of SMO in ciliary mem-
brane CGMD simulation (Figure 4.5a, main text). The protein is rendered as a domain-wise
color scheme described in Figure 4.3 (main text), CRD is highlighted in orange, and phosphate
groups of all ciliary lipids are shown as silver transparent spheres. The interested cholesterol
molecules are shown as a yellow surface, and its ROH bead is shown in black. Water, ions, and

other ciliary lipids/cholesterol molecules are omitted for clarity.

Video 4.2: Interaction of membrane cholesterol with LD. The trajectory (t= 2.25 to 2.3
us) depicts the movement of LD towards ciliary membrane and its interaction with membrane
cholesterol (index 48), extracted from replicate 1 of SMO in ciliary membrane CGMD simula-
tion (Figure 4.5b, main text). The protein is rendered as a domain-wise color scheme described
in Figure 4.3 (main text), LD is highlighted in magenta, and phosphate groups of all ciliary
lipids are shown as silver transparent spheres. The interested cholesterol molecules are shown
as a yellow surface, and its ROH bead are shown in black. Water, ions, and other ciliary

lipids/cholesterol molecules are omitted for clarity.

Video 4.3: Interaction of membrane cholesterol with CRAC4 and CARCT7 motifs. The

trajectory (t= 9.2 to 9.5 us) depicts the interaction of three membrane cholesterols (index 27,
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78, and 92) with CARCT7 and CRAC4 motifs, extracted from replicate 1 of SMO in ciliary mem-
brane CGMD simulation (Figure 4.7, main text). The protein is rendered as a gray surface,
CARCT are CRAC4 are highlighted in pink and green, respectively. The interested cholesterol
molecules are shown as a yellow surface, and its ROH bead are shown in black. Phosphate
groups of all ciliary lipids are shown as silver transparent spheres. Water, ions, and other cil-

iary lipids/cholesterol molecules are omitted for clarity.

Video 4.4: Interaction of membrane cholesterol with strict-CCM. The trajectory (t= 9.2
to 9.5 us) depicts the interaction of four membrane cholesterols (index 27, 61, 78 and 96) with
strict-CCM residues, extracted from replicate 1 of SMO in ciliary membrane CGMD simulation
(Figure 4.17, main text). The protein is rendered as silver, TM4 and TM5 are highlighted in
blue and pink, respectively. The strict-CCM residues, W365, K356, L.362, and Y262, are shown
in red, ice-blue, green, and orange beads. Residue Y269 is also shown in blue beads. The
interested cholesterol molecules are shown as a yellow surface, and its ROH bead are shown in
red. Phosphate groups of all ciliary lipids are shown as silver transparent spheres. Water, ions,

and other ciliary lipids/cholesterol molecules are omitted for clarity.

Video 4.5: A cholesterol inside TMD of SMO in ciliary membrane. The 15 us trajectory
shows that the cholesterols positioned inside TMD near site 1 is stable and remains inside
throughout the simulation. SMO in ciliary membrane CGMD simulation (Figure 4.36, main
text). The protein is rendered as a domain-wise color scheme described in Figure 4.3 (main
text), CRD, LD, TMD and ICD are colored in orange, magenta, blue and red. The interested
cholesterol molecule is shown as a yellow surface, and its ROH bead are shown in red. Water,

ions, and other ciliary lipids/cholesterol molecules are omitted for clarity.

A.2 Chapter 5

Putative role of cholesterol in shaping the structural and functional dynamics of
Smoothened (SMO)

Video 5.1: Distance between individual membrane cholesterol and specific cholesterol bind-
ing motifs/sites for all three replicates of SMO in the modeled ciliary membrane for all four

systems.

Video 5.2: Pairwise comparison of the real average structure of each of the three cholesterol-

bound systems (systems 2-4) with that of the apo system (system 1).
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Video 5.3: Shows three views of the representative structure from each cluster (20 clusters)
of system 1 (apo SMO) and changes in the CRD and ICD conformation. SMO is rendered as
a domain-wise color scheme described in Figure 4.3 (main text), with CRD in orange, LD in
magenta, and ICD in red. The helices were displayed in transparent ribbon representation with

red, blue, green, pink, brown, gray, purple, and orange colors, respectively.

Video 5.4: Shows three views of the representative structure from each cluster (19 clusters)
of system 2 (holo SMO-TMD) and changes in the CRD and ICD conformation. SMO is ren-
dered as a domain-wise color scheme described in Figure 4.3 (main text), with CRD in orange,
LD in magenta, and ICD in red. The helices were displayed in transparent ribbon represen-
tation with red, blue, green, pink, brown, gray, purple, and orange colors, respectively. The

TMD-bound cholesterol was shown as a VDW representation in yellow, with OH as a red sphere.

Video 5.5: Shows three views of the representative structure from each cluster (20 clusters)
of system 3 (holo SMO-CRD) and changes in the CRD and ICD conformation. SMO is ren-
dered as a domain-wise color scheme described in Figure 4.3 (main text), with CRD in orange,
LD in magenta, and ICD in red. The helices were displayed in transparent ribbon represen-
tation with red, blue, green, pink, brown, gray, purple, and orange colors, respectively. The

CRD-bound cholesterol was shown as a VDW representation in yellow, with OH as a red sphere.

Video 5.6: Shows three views of the representative structure from each cluster (20 clusters)
of system 4 (holo SMO) and changes in the CRD and ICD conformation. SMO is rendered
as a domain-wise color scheme described in Figure 4.3 (main text), with CRD in orange, LD
in magenta, and ICD in red. The helices were displayed in transparent ribbon representation
with red, blue, green, pink, brown, gray, purple, and orange colors, respectively. Both TMD
and CRD bound cholesterols were shown as a VDW representation in yellow, with OH as a red

sphere.

link: https://figshare.com/s/e60903dfa3063bfe9dd0
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