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Introduction

Membrane proteins play a part in various biochemical and regulatory processes including
cellular communications and division, macronucleus transportation, and shaping up the plasma
membrane structure. They form around 20-30% of eukaryotic proteome (Wallin and von
Heijne 1998). Such high percentage of membrane protein indicates the importance of this class
to maintain proper biological functions. Thus, any misfolding or mutations will lead to many
diseases such neurodegenerative disease, heart diseases, cancer and others. The membrane
proteins are classified into two different classes based on the interaction with the membrane:
(i) integral membrane proteins; (ii) membrane- associated proteins. Integral membrane
proteins have segments that imbed in the lipid bilayer of the membrane and have domains on
one or both side(s) of the membrane. They span the membrane as B -sheets or a helices. These
transmembrane proteins are often amphipathic, with hydrophobic and hydrophilic residues.
The hydrophobic side faces the membrane lipid, and hydrophilic side faces the aqueous phase
(Bowie 1997, Tamm, Hong et al. 2004). The membrane-associated proteins are attached
directly (hydrophobic or charge interaction with lipid polar head group) or indirectly (through
integral membrane proteins) to the membrane. They are monotopic membrane proteins, i.e.

do not span the membrane. (Binda, Hubalek et al. 2004).

Only until today, more than 60% of drugs target membrane proteins, yet we know
relatively little about their structures. For years, researchers have been targeting membrane
proteins and studied their functions using different methods such as high-throughput screening

(HTS), and functional assays. These methods are great; yet miss the detailed structural
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Figure 1.1: Membrane protein classes (i) Gray, Integral membrane protein (ii)
blue and green, membrane-associated proteins directly attached to the
cellular membrane. Orange, membrane-associated protein attached to
integral membrane protein.

information, which is crucial for understanding the function, or to develop more selective
drugs. X-ray crystallography and nuclear magnetic resonance (NMR) are the only powerful tools

of elucidating comprehensive information about the structure.

The membrane protein structure field has various challenges. They range from
overexpression of recombinant membrane proteins to developing new ways to improve
solubility. A biological membrane is a complex lipid bilayer in which membrane proteins
interact closely with the lipids and surrounding proteins. Membrane protein structural
determination and characterization studies, mainly via NMR, X-ray crystallography, and circular
dichroism (CD), need an environment that mimics the membrane lipid bilayer. Thus, artificial
detergents and lipid, to mimic the native biological membrane lipid bilayer environment, are
necessary for such studies. Micelles and bicelles are feasible membrane mimetic solutions to

prevent aggregation and insolubility (Figure 1.2A-B). Micelles are formed when the polar groups



(head) of the phospholipid form hydrogen bonds with water molecules in an aqueous solution,
while the hydrophobic groups (tail) clusters due to hydrophobic interactions (Figure 1.2A). The
properties, shape, and size of micelles depend on the type of detergents used (Table 1.1).
Another membrane mimetic is the bicelles (binary bilayered mixed micelles). They are a
combination of a long-chain phospholipid, lipid, short-chain phospholipid, and detergents. The
most commonly used formula is a mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), long-chain, and 1,2-Dihexanoyl-sn-Glycero-3-Phosphocholine (DHPC), short chain, at
certain ratio (g). The bicelles bilayer is formed by the long-chain phospholipid surrounded by a

rim around the edge of short-chain phospholipid. (Figure 1.2B) (Durr, Gildenberg et al. 2012).



Detergents/lipid MW cmC Structure
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Table 1.1: Common lipid and detergents. CMC: is the critical minimal concentration to form
micelle and bicelles. MW: Molecular weight. Source Avanti lipid Inc, Fisher Inc,
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In the following chapters, | will discuss two different membrane proteins: (i) membrane-
associated protein Reticulon-4/Neurite out growth (RTN-4/Nogo); and (ii) integral membrane
protein Jaagsiekete Sheep Retrovirus (JSRV). Both have been associated with disease

development.

Reticulons (RTNs) are found in the endoplasmic reticulum (ER) of most eukaryotes. It has been
proposed that RTNs evolved when the endomembrane system developed ~ 1.7 billion years ago
(Oertle, Klinger et al. 2003). RTNs function to establish curvature of the ER membrane (Voeltz,
Prinz et al. 2006) and have been implicated in assembly of the nuclear envelope (Kiseleva,
Morozova et al. 2007), ER-Golgi trafficking, and vesicle formation (Yang and Strittmatter 2007).
Some viruses exploit the ability of host RTNs to drive lipid bilayers into membrane
compartments, enabling the virus to sequester viral replication behind a host membrane (Diaz
and Ahlquist 2012). In addition to defining the architecture and topology of a lipid membrane,
RTNs have been adapted for other cellular functions including: the regulation of apoptosis
(Tagami, Eguchi et al. 2000, Zhu, Xiang et al. 2007); the inhibition of B-amyloid-converting
enzyme 1 (BACE1) to block amyloid formation (He, Lu et al. 2004, He, Shi et al. 2007); vascular
remodeling (Acevedo, Yu et al. 2004); the inhibition of angiogenesis in the CNS (Walchli, Pernet
et al. 2013); the inhibition of myelination (Chong, Rosenberg et al. 2011); and as an axonal
growth inhibitor, RTN-4 limits plasticity in the brain (Pernet and Schwab 2012, Schmandke,
Schmandke et al. 2014). RTNs have also been implicated in a range of neurodegenerative
diseases (Di Sano, Bernardoni et al. 2012). The C-terminal 150-200 amino acids are common
among all RTNs and are referred to as the reticulon homology domain (RHD). RHDs have two

hydrophobic membrane-embedded regions (Figure 1.3); between these helices is a span of 66



amino acids (RHD-66) that extends beyond the membrane into the aqueous phase. The N-
terminal regions of RTNs can vary dramatically in length and sequence, according to their

distinct function.

RTN-4 is also known as the neurite outgrowth inhibitor (Nogo). Nogo-A is an isoform with two
active domains Nogo-66 in common C-terminal RHD and Nogo-A20 in N-terminal (Kempf and
Schwab 2013). In CNS, It has been well studied that these are involved in axonal regrowth
inhibition and mediates their inhibitory activity by binding to the Nogo receptor (NgR) and
sphingosine 1-phosphate receptor 2 (S1PR2), respectively (Kempf and Schwab 2013) (Kempf,
Tews et al. 2014). In chapter 2, | characterize the Nogo-A20 structure in lipid and agueous
environment using CD. In addition, | use High Ambiguity Driven protein-protein DOCKing server
HADDOCK) (de Vries, van Dijk et al. 2010) to identify the key residues and nature of interaction
with between Nogo-66 and NgR. Then, | use single stranded DNA (ssDNA) aptamer library to
disrupt the interaction, remove the negative effect of Nogo-66, and promote axonal growth. In
ER, RHDs share a common function. Specific contacts between the RHD and lipid and the

dominant forces that enable the RHD to establish membrane curvature are currently unknown.



RHD-66

M (Nogo-66) M
N // — -
variable Reticulon Homology Domain

Figure 1.3: RTN domain organization; the N-terminus varies in length, sequence
and function; M=membrane embedded

Recently, we determined the NMR structure of Nogo-66 embedded in a native-like
environment (Vasudevan, Schulz et al. 2010). Nogo-66 is disordered in an aqueous
environment, but folds into a five-helix bundle in dodecylphosphocholine (DPC). We used
accessibility to paramagnetic reagents and nuclear Overhauser effects (NOEs) between the
protein and DPC to define the regions of Nogo-66 that are either in contact with DPC or
exposed to the aqueous phase, which enabled us to orient the protein. In early functional
assays, the peptide corresponding to residues 31-55 of Nogo-66 was found to have the most
activity in blocking neuronal growth (GrandPre, Nakamura et al. 2000). The residues that are
the most solvent and exposed amino acids in our model of Nogo-66 at the cell surface are also
most active in binding NgR. In Nogo-66, we found several positions conserved in higher
vertebrates that are in contact with lipid including aromatic and hydrophobic side chains. The
position, E/D26 in the 66-amino acid domain, was identified as hyperconserved in RTNs of all
eukaryotes in 2003 (Oertle, Klinger et al. 2003). Furthermore, the structure surrounding Glu-26
is interesting because the side chain is positioned at the base of a cavity that could easily

accommodate a phosphocholine (PC) with no positively charged protein groups in proximity to



neutralize the Glu carboxylate. The distance between Glu26 and the Lys or Arg side chains of
helix 1 and 5 make it impossible for direct interaction, but collectively or individually these
groups could form salt bridges to bind the choline and phosphate of a PC molecule. We
propose a model for the interaction of a single PC with Nogo-66. Here we explore the
structural role of Glu26 and find that interactions between Glu26 and the PC surface of a
micelle or lipid vesicle influence the Nogo-66 structure. Moreover, mutation of Glu26 to Ala
has structural consequences resulting in increased helical content in aqueous solutions,
consistent with Glu26 destabilizing the fold when unpaired with choline. Conversely, E26A
shows significantly decreased order and helical content in a membrane-like environment,
revealing the role that this Glu plays in defining the Nogo-66 structure at the membrane
surface. In Chapter 3, | use Nogo-66 to identify the structural mechanisms by which RTNs

establish membrane curvature.

In chapter 4, | showed the NMR spectra assignment of Jaagsiekete sheep retrovirus (JSRV) C-
terminal cytoplasmic tail (CT) and got the preliminarily structure. JSRV is the causative agent of
lung cancer in sheep. It is called ovine pulmonary adenocarcinoma (OPA). OPA resembles
bronchiole-alveolar carcinoma in humans and it is an excellent animal model for this disease.
Chapter 5, describes the experiments for all conducted studies in all chapters. Finally, in

Appendix A, | describe how the rescue mutants of p53 restore the function of wild type.
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Chapter 2
The Model of Nogo
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Abstract

Several myelin-associated proteins, the neurite outgrowth inhibitor (Nogo), myelin-associated
glycoprotein (MAG), and oligodendrocyte myelin glycoprotein (OMgp) contribute to inhibiting
central nerve system (CNS) regeneration after injuries, mainly by blocking axonal regrowth. The
neurite outgrowth inhibitor (Nogo A) is a multi-domain transmembrane (TM) protein. The loop
domain, connecting the two hydrophobic C-terminal TM helices, is referred to as Nogo66. The
inhibitory effect of Nogo is established when Nogo66 binds to its receptor (NgR) on the axon.
Based on mutagenesis studies performed in our lab, residues Ser 38, Asn 39, Ser 40, Leu 42, Arg
53 and Arg 54 affected the binding of Nogo66 to NgR. Arg 53 and Arg 54 are among the most
affected residues. On the other hand, combinatorial studies on NgR, Asp 111, Asp 114, Asp 163
are the most residues contributing to the interaction of NgR with Nogo66 (1). To confirm this
observation, High Ambiguity Driven Docking (HADDOCK) expert interface server was used (2).
As starting structures for docking studies, | used the crystal structure of NgR (PDB id 10ZN) and
the NMR solution structure of Nogo66 (PDB id 2KO2). The complex structures that resulted
from the HADDOCK studies were in agreement with our mutagenesis studies and provided
insight into the mechanism of inhibition. Following the docking analysis, | used an aptamer to
inhibit its function and help promote the axonal regeneration after injuries. One of the

identified sequences (Ali 3) showed some specificity and affinity.
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Introduction

The mammalian nervous system is divided into two parts: central nervous system (CNS)
and peripheral nervous system (PNS). The CNS (mainly represented by brain and spinal cord)
has a restricted ability to naturally regenerate after injuries/diseases, whereas the PNS has a
self-repair mechanism that allows axonal regrowth. CNS injuries/diseases are complicated and
usually lead to a loss/impaired function. They result from several causes including infections
(meningitis); alteration in blood flow (CNS stroke); immune system (Multiple Sclerosis); or

trauma, as in spinal cord injuries (SCI).

SCl, as an example, results from two mechanisms: (1) primary, physical damages, and (2)
secondary, complex processes as the result of the primary injury. In the United State alone, the
annual report of spinal cord injuries is approximately 12,000 new cases per year. Each year,
there are over 700 cases per 1 million people that have resulted in permanent disability, which
decreases the quality of life. A quarter of a million Americans are currently living with spinal
cord injuries, and the cost of managing the care of spinal cord injury patients approaches $4
billion each year. So far there is no treatment available to restore the spinal cord to its original
state after injury. The current treatment is more on prevention of further complication rather
than a cure. Life expectancies of individuals suffering from spinal cord injury are significantly
lower and mortality rates are quite high. Therefore, there is a high demand for the

development of new drugs for proper treatment of spinal cord injuries (Varma, Das et al. 2013).

13



Axons are normally enclosed with myelin to protect them from the surrounding
environment. After injury, these axons are unsheathed and exposed to myelin-associated
inhibitors (MAI’s) (Mosyak, Wood et al. 2006, Pernet and Schwab 2012) and reactive astrocytes
(Yiu and He 2006) (Figure 2.1A). At least three proteins are expressed on myelin membranes in

the adult CNS; Neurite outgrowth protein (Nogo) (Chen, Huber et al. 2000), Myelin Associated

A)  i-normal neuron

Inactive astrocyte

9

AN

%
Ve

N

S &

ot

Oligodendrocytes ®

2y
i

'3
OSLOR

%

ii- injured neuron

Reactive
astrocyte

Figure 2.1: Schematic representation of (A) i-normal and ii- injured adult CNS. After
juries MAIs are released and astrocytes are activated, leading to collapsed growth cones
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Glycoprotein (MAG) (McKerracher, David et al. 1994) and Oligodendrocytes Myelin
Glycoprotein (OMgp)( Figure 2.1B) (Wang, Koprivica et al. 2002). Among these, Nogo was found

to exert the greatest inhibitory effect on axonal growth in the adult mammalian CNS.

B)

Oligodendrocyte

MAG Nogo-A OMgp

Figure 2.1 B: The MAIs proteins are mainly expressed in oligodendrocytes. They
form a secondary barrier axonal regeneration.

Nogo has three different isoforms Nogo-A, Nogo-B, and Nogo-C (Chen, Huber et al.
2000, GrandPre, Nakamura et al. 2000, Oertle, van der Haar et al. 2003). The three isoforms of
Nogo differ in their size and protein sequence. Nogo-A is the largest of the Nogo isoforms with
1163 amino acid long polypeptide chain and is highly expressed in CNS, mainly in
oligodendrocytes. The 172 amino acid long amino terminal of Nogo-A and -B are similarly
encoded by the same exon (exon 1) followed by another short exon 2. Exon 1 and 2 are
followed by a very long exon 3, which adds 800 amino acid long sequence to Nogo A but is
absent in Nogo-B and -C. The N terminal of Nogo-A and -B and the 800 amino acid long stretch
of Nogo-A are rich in proline content and share no homology with any other known protein

(CNS) (Figure 2.2).

15



Ex1 Ex 2 Ex 3 ™ ™

n— ] ST — C Nogo-A
A2 RH
Nogo-66

N— I T — C Nogo-B

N—l B — C Nogo-C

Figure 2.2: Nogo proteins isoforms —A —B —C. Ex=Exon. C-terminals ( 150-200 amino
acids ) are the same in all isoform and contain the highly conserved reticulon
homology domain (RHD) .

The RHD of Nogo protein consists of two long hydrophobic chains, which forms the two
transmembrane domains. The transmembrane domain of Nogo RHD is separated by a 66 amino
acid long stretch called Nogo-66. These 66 amino acids are there to execute the function.
Another important domain is Nogo-A20, which presents in the amino terminal extra cellular
domain, has been shown to be critical for Nogo functions. Nogo-C represents the smallest
isoform and consists of a small amino terminal region followed by RHD domain. The N terminal
of Nogo-C is produced by transcript made through different promoter activity to the Nogo-A
and -B promoter (Schwab 2010). The RTNs isoforms N-terminal heterogeneity implying that
they interact with diverse proteins and thus perform different functions (Kempf and Schwab

2013).

16



Nogo-66 and Nogo-A20 receptors and downstream effect:

Nogo-66 binds to Glycosylphosphatidylinositol (GPI)-linked surface protein called the
Nogo receptor 1 (NgR1; also known as Nogo-66 receptor and reticulon 4 receptor (Fournier,
GrandPre et al. 2001). NgR1 consists of 473 amino acids with N- and C- terminals. It has two
surfaces;(i)concave surface ;(ii) convex surface. The convex surface has 8.5 repeats of Leucine
Rich Region (LRR) (Figure 2.3)(He, Bazan et al. 2003). The N-terminal is responsible for signaling
while the C-terminal is responsible for hosting both NgR1 partners’ p75 neurotrophin receptor
p75" " (Wang, Kim et al. 2002) and LINGO1(Mi, Lee et al. 2004), and consequently forms a
trimeric complex. TROY, tumor necrosis factor-a receptor, is another identified transmembrane

NTR “and form trimeric complex (NgR1/TROY or

receptor that has ability to replace p75
p75""*/LINGO-1) (Park, Yiu et al. 2005). The LRR region is involved in binding to Nogo-66 via its
conserved acidic vicinity (Kempf and Schwab 2013). In addition, Nogo-66 binds to another

receptor, immunoglobulin-like receptor B (PriB).; however, the mechanism of interaction is still

to be discovered.

As for Nogo-A20, the binding receptor was unknown until Anissa Kempf from the Martin
Schwab group in Zurich published their new finding about Nogo-A20 receptor. They showed
that it binds to a G protein-coupled receptor (GPCR) sphingosine 1-phosphate receptor 2
(S1PR2). The binding site of S1PR2 is different from S1P (previous proposed by binding site)
(Kempf, Tews et al. 2014). Although the exact mechanism is still unknown, Nogo -A20 is
believed to play a major role in increment in level of intracellular calcium and reduction in

levels of phosphorylated cAMP response element- binding (pCREB) (Joset, Dodd et al. 2010).

17



Both Nogo-A functional domains, Nogo-66 and Nogo-A20, bind to their respective
receptors and execute similar downstream inhibitory effect via the small GTPase RhoA/ Rho-
associated coiled-coil-containing protein kinase (ROCK) signaling pathway (Schmandke,
Schmandke et al. 2007) (Figure 2.4). Furthermore, blocking RhoA or ROCK activation has been
shown to neutralize the negative effects on neurite growth, and helps in regeneration and

sprouting after brain and spinal cord injury in mice and rats.

Concave surface

=’ Convex surface

Figure 2.3: Nogo-66 Receptor PDB ID10ZN ( NgR)(He, Bazan et al. 2003)
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Figure 2.4. Nogo-A and its Receptors: This scheme summarizes the main signaling pathways
targeted by Nogo-A and its corresponding receptors. Remyelination inhibition is achieved
when (i) Nogo-66 binds to NgR1 and form the complex (LINGO-1/p75) or PirB and (ii) Nogo-
A-A20 binds to S1PR2. This binding leads to activation of RhoA/ROCK pathway, and then,
depolymerization actin cytoskeleton, increased actomyosin contraction, and reduced
stabilization of microtubules. In addition, Nogo-A-A20 was demonstrated to inactivate CREB
and affect gene expression.
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Nogo-A topology and functional domains structures:

Nogo-A adapts a topology different from the typical transmembrane protein because it

has long hydrophobic transmembrane region. In the ER, only Nogo-66 can be detected in the

cytoplasm while in cellular membrane both can be detected on the extracellular space (Figure

2.5). This suggests that RTNs are involved in various functions (Schwab 2010).

N-term

Al

C-term

Cytoplasm Cytoplasm

ER Lumen

Extracellula
N-term

Figure 2.5. Nogo-A topologies: (A) in the plasma membrane, The C-terminal
transmembrane (i) span the whole membrane or (ii) fold into a hairpin. (B) in ER,
the C-terminal are found in the cytoplasm, along with N-terminal. Nogo-66 can be
in the (i) ER lumen or (ii) in the cytoplasm
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Nogo-A20 secondary structure:

Li and Sang have analyzed the ~800-long amino acids at the N-terminal, a domain
specific for Nogo-A, by Circular Dichroism (CD) and Nuclear Magnetic Resonance (NMR).
Circular dichroism spectroscopy is an effective tool for structural biologists. It is a quick
technique to characterize unknown proteins. Mainly, it allows one to estimate the secondary
structure of polypeptides or proteins. When measuring the CD for polypeptides/proteins, the
light (circularly polarized) passes through the sample. The difference in the absorbance
(spectral shapes) of the left and right polarized light in the far-UV range is unique for the
different types of secondary structure (a-helix, negative bands at ~222 and 208 nm and
positive bands at ~192 nm; B-sheet, negative bands at ~215 and 180 nm, and positive bands at
~196 nm). This 800-long amino acids segment includes Nogo-A20. They did two different
studies. In the first study, they divided the long domain (from 201-1016) into 200 amino acids
overlapped fragments. In the second study, they included amino acids from 334-966 as one
fragment. Unfortunately, all fragments from both studies were intrinsically disordered (Li, Shi et

al. 2004, Li and Song 2007).

In contrast, | examined Nogo-A20 alone (in a phosphate buffer) and in a native-like
environment (dodecylphosphocholine, DPC) to mimic the cell membrane. | found slightly
different results. First, | expressed and purified the Nogo-A20 fragment, then eluted with 8M
urea. To exchange the urea, the protein was dialyzed against 5 mM sodium phosphate (Na,PO,)
buffer, pH7. Subsequently, | collected CD spectra for Nogo-A20 (1mg/ml) in the phosphate

buffer and in the presence of 10 mM DPC micelles (Figure 2.6). The spectra showed that the
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Nogo-A20 is disordered in Na-phosphate. This is in agreement with previously published data
(Li, Shi et al. 2004, Li and Song 2007). However, the CD spectrum is shifted upon addition of DPC
micelles (Figure 2.6). The difference in the Nogo-A20 CD spectra indicates partial changes in the
structure. More studies are needed to further characterize the Nogo-A20 fragment.

In our laboratory, the structure of the Nogo-66 NMR was determined for the very first
time in DPC micelles. The determination of the structure was done in 2 phases: (i) based on a
partial list of short-range NOEs, the first definition of a low resolution structure was formed; (ii)
long-range paramagnetic relaxation enhancements or PREs were measured by probes which
used nitroxide spin labels whose attachment points were designed using the previously defined
structure. In order to better understand the function as an inhibitor, it is necessary to orient
the protein at the phosphocholine surface. Residues 31-55 of Nogo-66 were discovered to have
the greatest activity as neuronal growth inhibition (GrandPre, Nakamura et al. 2000,

Vasudevan, Schulz et al. 2010).
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Figure 2.6: Circular Dichroism (CD) of Nogo-A20 : (Red) Nogo-A20 in Na,PO,
buffer and (blue)in DPC micelles. Changing in spectrum shape indicates some
changing in secondary structural formation.

Figure 2.7 : Nogo-66 NMR
Structure (i) N-terminal ( ii)
C-terminal  (iii)  binding
interface  residues  (iv)
stability residues
(Vasudevan, Schulz et al.
2010) (PDB ID 2K0O2)
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Model of the Nogo: Nogo receptor complex:

It has been well established that down-regulation of Nogo-A or Nogo receptor increase
the regenerative potential of neurons after spinal cord injury. In order to inhibit Nogo, | first
used High Ambiguity Driven protein-protein DOCKing (HADDOCK) to gain insight into the nature
of the interaction. HADDOCK is a server created for the more experienced modeling user. One
of the foremost differences between the HADDOCK web server as compared to less advanced
options is that HADDOCK can handle a major class of modeling issues such as protein-protein,
protein-nucleic acid, and protein-ligand compounds. The HADDOCK web server also provides a
path for the user to upload a hydrogen bond, create and identify a custom distance, and lastly
recognize dihedral angle restraint files. Utilizing this type of docking system permits the user to
perform a variety of tasks. The user is able to choose the number of structures/complexes to
be calculated, while also allowing the user to define and delineate the flexible segments and
protonation states within the various histidine containing proteins. The HADDOCK web server
supports the established guidelines set forth by the HADDOCK program thus allowing for the
same docking mechanisms to be completed with improved efficiency and ease as compared to
using HADDOCK on a local machine. (de Vries, van Dijk et al. 2010).

One of the advantages of using HADDOCK for docking studies is using real experimental
data that drive the docking process. In addition, HADDOCK uses flexible and semi-flexible
backbone and side-chains at the interface (Dominguez, Boelens et al. 2003)(orange website).
Therefore, this SA features allow changes to happen in the structure during the binding process.

Nogo-66 mutagenesis studies showed some residues have great impact on the binding

to NgR (Figure 2.8). This result suggests these residues are strongly interacting with NgR. To
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confirm this observation, | performed binding studies using the HADDOCK server (de Vries, van
Dijk et al. 2010). Interestingly, the side chains of the residues show widespread binding
between the two molecules at various sites, which remains consistent with our mutagenesis
studies. The residues located on the helix nearest to the C-terminal of the Nogo-66 create the
binding edge within the complex. This is further exemplified in Figure 2.9 in which one can see
that the complex NgR protects the C-terminal of Nogo-66 (Figure 2.9). The HADDOCK docking
system takes 162 structures and organizes them into 7 clusters. These clusters represent
approximately eighty-one percent of the water-refined models generated by HADDOCK. Based
on root-mean-square deviation from lowest energy (i-RMSD) vs. HADDOCK score, and Critical
Assessment of Predicted Interactions (CAPRI) docking experiment (Table 2.1), cluster 3 came on
the top (Figure 2.12 A B C D). Ideally, the HADDOCK score should only be used to compare the
diverse range of solutions for a specific complex. The HADDOCK interface cannot forecast
certain binding affinities nor can it differentiate between different complexes.

Cluster 3 contains 17 complexes. The i-RMSD and intermolecular interaction energy
ranged between 0to0 2.94 A and -558.94 to -27.72 Kcal/mol, respectively (Figure 2.12).
The key in this study is to understand how the active residues in Nogo-66 interact with the
active residues in NgR and thus suppress re-myelination of spinal cord. | presented the complex

that in agreement with our mutagenesis studies and yet satisfied CAPRI.
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RMSD criterion

i-RMSD [-RMSD

Acceptable (*) | i-RMSD <=4 | I-RMSD <= 10

Good (**) i-RMSD<=2 | I-RMSD<=5

High (***) | i-RMSD <=1 | I-RMSD <=1

Table 2.1 : Critical Assessment of Predicted Interactions (CAPRI) docking experiment

The complex is mainly stabilized by elaborate hydrogen bonds/salt bridge networks
formed by residues in NgR (Asp111, Asp114, Aspl163, GIn162, GIn211, Asp138) and residues in
Nogo-66 (Arg53, Arg54, Lys50, Asn46). In 2005, Schimmele et al showed that the chief
contribution to the binding activity was primarily as a result of a group of four aspartate
residues. Reduced binding was found when Asp 111, Asp 114 and Asp 163 were mutated. Asp
138 showed no appreciable effect. A reduction in binding capability was also noted when a
mutation was induced at the GIn 162 and GIn 211 residue sites (Schimmele and Pluckthun
2005).

Arg 54 has two binding states. The first is when Arg 53 fully binds to Asp 163. This state
has two cases (conformations) where Arg 53 fully binds to Asp 163 (Arg 53 HH21: Asp 163 OD1,
Arg 53 HH22: Asp 163 OD2): (i) the side chains of GIn 162 and GIn 211 rotate toward Arg 54
(inward) and form hydrogen bonds with the Arg 54 side chain NH2 group (Arg54 HH21: GIn 162

OE1, Arg 54 HH22: GIn162 OE1)(Figure 2.10); (ii) the side chains of GIn 162 and GIn 211 are
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rotated in the opposite direction (outward) (Figure 2.10). The second state is when Arg53
partially binds to Asp 163 (Asp 163 OD1: Arg 53 HH22), Arg 54 side chain NH2 group (HH2) is
closer to Asp 163 OD2 than GIn162 (Asp 163 OD2: Arg 54 HH2). This explains why Arg 53 has
greater impact in stabilizing the complex, and consequently, executing function. In addition, Li.
et, showed that Lys50 in Nogo-66 is a major player in the complex. This positively charged
residue is located in the center above two negatively charged residues in NgR, Asp 114 and Asp
138. From our docking studies, it is clearly forming strong charge-charge interaction with both
Asp 114 and Asp 138 (Figure 2.11). However, Bernhard(.et) showed that mutation of Asp 138
didn’t affect the binding to Nogo-66. That’s because in the absence of Asp 138, Lys50 side chain
rotates and engages itself to another charge-charge interaction with Asp 114 (Ap 114 OD2:
Lys50 HZ3, Ap 114 OD1: Lys50 HZ2)(Figure 2.11). This further stabilizes the complex and
eliminates the effect of lacking Asp 138. Asp 111 forms hydrogen bonds with Asn 46 (Asp 111
OD1: Asn 46 HD21, Asp 111 OD2: Asn 46 HD22) Ap 114 OD2: Lys50 HZ3, Ap 114 OD1: Lys50 HZ2.
Thr 134 is an additional residue bordering the acidic opening. This residue is shown to be an
enhancer of the effect (Schimmele and Pluckthun 2005). It forms a salt bridge with Asn 39 in

Nogo-66 (Thr 134 OG1: Asn 39 HD22) (Figure2.11).
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Relative Binding Affinities

Relative Binding Affinities of Nogo-66 Variants
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Figure 2.8 : Mutagenesis studies test relative binding affinities. Alanine
mutations at each of the active residues in Nogo-66(Vithayathil 2012).
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Binding interface
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Figure 2.9: Nogo-66 (Blue) and NgR (Orange) binding interface in the
complex is formed by concave surface of the receptor and residues of the
helix.
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Figure 2.10: Active residues Arg 53
and Arg 54 interaction A) Arg 53-Asp
163 when Arg 54 binds to
Q211/Q162. B) Arg 53-Asp 163 when
---- : Arg 54 doesn't bind to Q211/Q162. C)

Gln211 Arg 53/54-Asp163 and Arg 54-Q211.

30



A B
7
Asp111 2.0
' ot Asn46
Asp114
737

Asp138 '

C

D J
Asn?l
34

Thr134

1.5 7
1.7 ‘
; Asp114

Figure 2.11 : Active residues Lys 50 Asn 46 and Asn 39 A) Lys50-Asp 114/Asp 138 B) Lys 50-
Asp 114 in the absence of Asp 138 C) Asn46-Asp11 D) Asn 39-Thr 134.
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Figure 2.12: (A) Interface root mean square deviation (i-RMSD), Backbone of
all residues atoms in the binding site are fitted and then RMSD is calculated
over the same atoms (the distance between receptor and protein should be
less than 10A). (B) RMSD -> ligand-RMSD Calculated by first, N=1 molecule
backbone atoms (CA,C,N,O) fitting. Then, the backbone atoms of other
molecules N>1.
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Targeting Nogo-A:

Nogo-66 and Nogo-A20 proteins and their receptors are good therapeutic candidates. |

used aptamers to block the function and help the nervous system recovers after injury.

The term ‘aptamer’ is derived from the Latin word ‘aptus’ (to fit) and the Greek word
‘meros’ (part). Aptamers are short single stranded nucleotides DNA or RNA molecules (20-80
bases ~6-26 kDa) that bind to macromolecule targets (i.e. protein) or small molecules (i.e.
organic compounds) with specific binding characteristics and high affinity (Keefe, Pai et al.
2010). The specificity and affinity is based on the ability of the short nucleotides (aptamers) to
adapt a unique three-dimensional structure that fits the target. Ellington & Szostak, first
described this in 1990 (Ellington and Szostak 1990) (Tuerk and Gold 1990). The interaction
between aptamer and a macromolecule target ensues through combination of hydrogen

bonding, van der Waals, electrostatic, and stacking interactions.

There are different applications for aptamers. They can be used to understand the
interaction between protein and nucleic acid to show original sequences of RNA or DNA
recognized by the protein. Aptamers also can be used for diagnostic purposes in human
diseases. One example is to use aptamer to detect the existence of Glioblastoma multiform by
detecting the presence of Epidermal Growth Factor Receptor (EGFR) (Wan, Kim et al. 2010). The
advantages of aptamers over antibodies are summarized in (Table 2.2). Aptamers could surpass
antibodies in, for example, ELISA, Western blotting, fluorescent hybridization in situ (Jayasena
1999). In addition, aptamers have been successfully used as therapeutic to treat different

diseases. Macugen®, for the treatment of macular degeneration, was the first FDA approved
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aptamer based drug. Currently, there are several aptamer-based drugs under clinical trials for

treating cancer, immune system, and neurological diseases(Zhou, Bobbin et al. 2012).

Aptamers provide a possible option for CNS disorders: the small size relative to
antibodies allows them to penetrate deeper into tissue and potentially cross the blood brain
barrier. The likelihood of side effects is reduced due to high affinity, which reduces the amount
of aptamers that treatment requires; and easy mechanisms for regulation that provides the

treatment with no harm, in case of failure (Zhou, Bobbin et al. 2012)

Neurological disorders like Alzheimer’s(Ylera, Lurz et al. 2002, Rentmeister, Bill et al.
2006), multiple sclerosis (Burmeister, Wang et al. 2006, Pendergrast PS 2006), and myasthenia
gravis (Lee and Sullenger 1997, Seo 2000) have been investigated using aptamers. We can take
the example of an aptamer that was taken in selection against the 40 amino-acid B-amyloid
peptide and results showed that it binds fibrils consisting of the peptide. There has been no
report regarding fibril dissociation or reduction that has any functional data. Another example
for a disorder that has been targeted by aptamers is the neuromuscular disorder Myasthenia
gravis. It is an antibody-mediated autoimmune response to the nicotinic acetylcholine receptor
or AChR. Against Mab198, a monoclonal antibody that can recognize the major immunogenic
epitope on human AChR, modified 29-amino aptamer has been identified. This unique aptamer
protected AChR from antiantibodies, which were found in patients who were afflicted with
myasthenia gravis. An even greater protection was offered by 29-fluoropyrimidine- modified

aptamer. However, in the instances that have been discussed, the primary application of
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aptamers has been the treatment of disorders rather than the modulation of normal neuronal

function. Thus, Wang et al isolated an aptamer specific for NgR (Wang, Khaing et al. 2010).

‘ Properties Aptamers Antibodies
Affinity Down to pM Down to pM
Specificity Very high High
Stability in vivo Stable Stable
Stability in vitro Sensitive to nucleases without chemical Stable
modification
Selection method in vitro in vivo
Reproducibility Synthesized chemically Batch to batch variation
Size Small, <25 kDa Large, >150 kDa
Thermal stability Autoclavable, reversible folding Non reversible thermal
unfolding
Chemical Easy More difficult
modifications
Immunogenicity None found yet Present
Table 2.2. Aptamers and antibodies side by side
Source: http://rina-gmbh.eu/www/support/technology-aptamer/

As | previously mentioned, Nogo-A inhibits remyelination of neuronal axons via Nogo-66
and Nogo-A20. Recent studies show that Nogo-66 binds not only to NgR but also to PriB.
Therefore, targeting NgR alone wouldn’t be as effective as targeting Nogo-66 and Nogo-A20.
Here, | selected DNA aptamers specific for Nogo-66 in different environments (Table 2.3) and

another one for Nogo-A20.

Typically, the therapeutic strategies to identify selective/specific aptamers are to bind
the aptamer directly to the target to regulate downstream effects. The basic process of
identifying aptamer starts through in vitro selection know as Systematic Evolution of Ligands by
EXponential enrichment (SELEX) (Ellington and Szostak 1990, Tuerk and Gold 1990), from a

large and diverse random sequence DNA/RNA library of typically 1 X 10" - 1 X 10 different
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members. The final length of each oligonucleotide, including primers, is between 20-100
nucleotides. In SELEX, several rounds of selection are performed. Each round consists of (1)
incubation (2) complication (3) amplification (Figure 2.13). First, nucleic acids are incubated
with the target molecule. Then, the excess unbound nucleic acid sequences are washed away
leaving only the molecules that form a complex with the target molecule. Finally, the bound
nucleic acid sequences are amplified by Polymerase Chain Reaction (PCR). Repeating this cycle
(6-14 times) will gradually enrich the specificity and the affinity. Treatment of SCI would be
done using an aptamer with high specificity and high affinity to inhibit Nogo-66 and Nogo-
A20.To obtain an aptamer with a high affinity for Nogo-A, | focused on Nogo-66 and Nogo-A20

as the target epitopes.
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Figure 2.13: SELEX steps
Source: http://www.aptamergroup.co.uk/Aptamer-
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Screening for Aptamer

To obtain specific aptamer for Nogo-66 and Nogo-A20, | performed SELEX with an
aptamer library (ssDNA) based on 44 nucleotides (nt) flanked by two constant sequences. The
target proteins were fused with hexahistidine at the N-terminal (6xHis) and then immobilized
individually on separate Ni-NTA (Nickel- Nitrilotriacetic acid) tubes. In each round of selection,
the strongly bound DNA species were removed from weak or non-binding species by washing
the mixture three times with washing buffer. Retained species were amplified (PCR) and then
confirmed of the ssDNA presence by 2% agarose gel (Figure 2.14). | used JSRV protein for
negative selections. This step is to remove aptamers that bound species other than the target,
including Ni-NTA. After round 14, the recovered library was sequenced by using an lllumina

deep sequencing platform, Next Generation Sequencing, NGS (UCI, facility).

Figure 2.14: 2% agarose gel
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Selecting the best candidate

FASTAptamer v 1.0 tool was used for processing the data and identified potential
aptamers for characterization and subsequent analysis (Khalid K. Alam 2014). FASTAptamer
toolkit is an open source tool. It comes with five different scripts to perform multiple tasks.
These tasks range from simple count, rank, delete the duplicate, sort by decreasing the
multiplicity (abundance) to compare the distribution of sequences in two different pools,
combined sequences into several cluster by their homology, compute fold-enrichment ratio and
searches for specific motifs in multiple pool. | executed the script FASTAptamer-Count to
identify the most abundant sequence (Figure 2.15). Then in the next section, | started looking

for conserved motifs with a potential to form secondary structure.

A

Ra nk—Reads—RPM, normalizes the reads for each sequence to reads per million

|1

>1-609132-33083.93

GAGCGTGCCTGCACCTGGGGACGCGTCCTGGGGAATGGGCTCGTGGATCGTTACGACTAGCATCGATGA

>2-550031-29873.97

ACGAGCCCATTCCCCAGGACGCGTCCCCAGGTGCAGGCACGCTCTTTCTCTCCTCTCCCTATAGTGAGTCGTATTAA

>3-209005-11351.74

GAGCGTGCCTGCACCTGGGGACGCGTCCTGGGGAATGGGCTCGTGGATCGTTACGACTAGCATCGATGG

B
>1-1591250-26421.03
CCCACACCAACCAAGCCATGGCCCTCCGACCAGTTTCTCTCGCGGGATCGTTACGACTAGCATCGATG

>2-664385-11031.41

GATTCCACCTCGATCAGCCCCTCCACACCAAACCCTGGCCCATAGGATCGTTACGACTAGCATCGATG

>3-649417-10782.89

CGCGAGAGAAACTGGTCGGAGGGCCATGGCTTGGTTGGTGTGGGTTTCTCTCCTCTCCCTATAGTGAGTCGTATTA

Figure 2.15: Output fasta file format from FASTAptamer-Count script (top three) (A) Nogo-
66 aptamers with and with out lipid in presence of traces of urea and (B) Nogo-66
aptamers without lipid and urea.



In Nogo-66, N66-59 and N66-1 are the most abundant in their respective pool. Therefore, they

were selected for further investigation.

Name Frequency Total sequences (3252581) unique sequences (1154583)
N66-59 68288 GGGAGGGGGCACCAGGGGGGCCAGTCC
N66-85 46006 CCGAACCCTCCCCCACAGG
N66-33 6792 GCACACCCCTATCCGCAAC
Name Frequency Total sequences (18411717) unique sequences (4120826)
N66-1 609132 GAGCGTGCCTGCACCTGGGGACGCGTCCTGGGGAATGGGCTCGTGGATCGTT
ACGACTAGCATCGATGA
N66-2 550031 ACGAGCCCATTCCCCAGGACGCGTCCCCAGGTGCAGGCACGCTCTTTCTCTC
CTCTCCCTATAGTGAGTCGTATTAA
Rev-Comp TTAATACGACTCACTATAGGGAGAGGAGAGAAAGAGCGTGCCTGCACCTGG
GGACGCGTCCTGGGGAATGGGCTCGT
N66-3 209005 GAGCGTGCCTGCACCTGGGGACGCGTCCTGGGGAATGGGCTCGTGGATCGTT
ACGACTAGCATCGATGG
Name Frequency Total sequences (60226636) unique sequences (23651652).
N66L-1 1591250 CCCACACCAACCAAGCCATGGCCCTCCGACCAGTTTCTCTCGCGGGATCGTT
ACGACTAGCATCGATG
N66L-2 664385 GATTCCACCTCGATCAGCCCCTCCACACCAAACCCTGGCCCATAGGATCGTT
ACGACTAGCATCGATG
N66L-3 649417 CGCGAGAGAAACTGGTCGGAGGGCCATGGCTTGGTTGGTGTGGGTTTCTCTC
CTCTCCCTATAGTGAGTCGTATTA
Name Frequency Total sequences (120169601) unique sequences (4222587)
NA20-910 73080 GTACGGGGAAGGACGTCAATAGTCACACAGTCCTTGACGGTATAATAACCA
NA20-271 70369 GAAACCAATCCGCGGCATTTAGTAGCGGTAAAGTTAGACCAAACCATGAAA
NA20-49 64440 GGGGAAGGACGTCAATAGTCACACAGTCCTTGACGGTATAATAACCACCAT

Table 2.3: Representative sequences from SELEX after round 14. Top three
sequences for Nogo-66 and NogoA20.

39



Structure prediction and Docking:

| used two different DNA secondary structure perdition servers: i- Mfold and ii-G-Rich
Sequences (QGRS) Mapper. Mfold predicts the secondary structure of RNA and DNA using
thermodynamic methods while QGRS mapper is based on algorithms that recognize the QGRS
in the context of alternatively spliced isoforms of your sequence (Zuker 2003, Kikin, D'Antonio
et al. 2006). Mfold predicted that N66-59 should have four secondary structures and three
secondary structures for N66-1 (Figure 2.16 A, B). These predicted secondary structures
contain a stem—loop motif (hairpin). In DNA and RNA aptamers, hairpin motifs are one of the
most common secondary structures. In addition, QGRS Mapper also showed that N66-59 and
N66-1 could fold into G-quadruplex (Table 2.4). G-quadruplex is four-guanine bases each
forming a hydrogen bond with two neighboring bases (Kulbachinskiy 2007). Interestingly,
conserved sequence motifs were observed in both hairpin and G-quadruplex. One structured
motif was observed in all predicted secondary structures in N66-59, that | will call Ali3 and
another one in N66-1, that | will call Ali4. All conserved motifs (Ali3, Ali4) sequences were

synthesized by eurofins, San Diego for docking studies and functional assays.

Ali3 (CCGGGAGGGGGCACCAGGGGGGCC) is GCrich region, 87.5%, which indicates that
this region is very stable due to stacking interaction and hydrogen bonds. In order to perform
our docking studies, | used the Rosetta server to generate a 3D de novo structure model for Ali3
(Figure 2.17 A). The server generated 1000 structures and ranked (scored) them according to
their energy. The selected structure was the second best model in terms of energy (Das,

Karanicolas et al. 2010, Lyskov, Chou et al. 2013). Then, | used UCSF Chimera to fit Nogo-66 into
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Ali3 (Figure 2.17 B) (Pettersen, Goddard et al. 2004). From the fitted-model, it is clear that Ali3
is interacting with Nogo-66 active biding site. Ali4 (GAGCGTGCCTGCACCTGGGGACGCGT()
generated 3D structures could not fit the Nogo-66 binding site. This may indicate that this motif

binds to a different site in Nogo-66.
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N66-59 | CATCGATGCT AGTCGTAACG ATCCGGGAGG GGGCACCAGG
GGGGCCAGTC

N66-1 CTGCACCTGG GGACGCGTCC TGGGGAATGG GCTCGTGGAT
CGTTACGACT

Table 2.4: QGRS mapper, predicted secondary structures for N66-59 and
N66-1

Figure 2.17: (A) Ali3 (B) Ali3 and Nogo-66
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Confirmation of Ali3 binding to Nogo-66 by NMR

| used NMR target resonance-based approach chemical shift perturbation, to detect the
intermolecular interaction between Ali3 and Nogo-66 (Hajduk, Meadows et al. 1999). A
chemical shift is very sensitive to ligand binding to a target. It can detect molecules with a wide
range of affinities, (nM up to mM). In this approach, the difference in chemical shift of the
magnetic nuclei between bound and unbound protein indicates the binding site. Thus, the
chemical shift perturbation approach analysis can be a useful experiment to identify the binding
site of the ligand on the target protein.

>N Nogo-66 was prepared to reduce the complexity of the NMR spectrum and increase
the sensitivity and resolution. Then, a two-dimensional 1H-15N heteronuclear single quantum
coherence (HSQC) NMR spectrum was recorded on Varian Inova 800 MHz for both >N Nogo-66
alone and in the presences of Ali3 (CCGGGAGGGGGCACCAGGGGGGCC). HSQC is a fingerprint of
a protein backbone; each peak in the spectrum represents one amino acid. Comparing both
spectra, it appears that Ali3 has affected some residues, mainly in the binding interface with
NgR, by significantly changing the positions of corresponding peaks (Figure 2.18). This

observation reveals that Ali3 did bind at the binding interface between Nogo-66 and NgR.
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Figure 2.18: >N HSQC NMR of Nogo66 with Ali3. The reference Nogo-66 alone (blue) is
overlaid with data from a sample of Nogo-66 mixed with Ali3 (Black) 1:1 ratio. These
are contoured differently for visualization. Complete fingerprint spectrum of backbone
amide signals; most of the peaks are shifted, indicating that Ali3 did bind to the
Nogo66. Affected groups in the binding interface (most expose to solvent ~31-55
residues).
Currently, our lab is performing neuronal growth functional assay to test the therapeutic effects
of Ali3 and Ali4+Ali7 on neuron axonal regeneration. Next, we are going to do analysis for the

rest of selected pool (Nogo-66 with lipid and NogoA20) and perform functional assays.
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Abstract

Human reticulon 4 (RTN-4) has been identified as the neurite outgrowth inhibitor (Nogo). This
protein contains a span of 66 amino acids (Nogo-66) flanked by two membrane helices at the C-
terminus. We previously determined the NMR structure of Nogo-66 in a native-like
environment and defined the regions of Nogo-66 expected to be membrane embedded. We
hypothesize that aromatic groups and a negative charge hyperconserved among RTNs (Glu26)
drive the remarkably strong association of Nogo-66 with a phosphocholine surface. Glu26 is an
isolated charge with no counter ion provided by nearby protein groups. We modeled the
docking of dodecylphosphocholine (DPC) with Nogo-66 and found that a lipid choline group
could form a stable salt bridge with Glu26 and serve as a membrane anchor point. To test the
role of the Glu26 anion in binding choline, we mutated this residue to alanine and assessed the
structural consequences, association with lipid and affinity for the Nogo receptor. In an
aqueous environment, Nogo-66 Glu26Ala is more helical than WT and binds the Nogo receptor
with higher affinity. Thus, we can conclude that in the absence of a neutralizing positive charge
provided by lipid, the glutamate anion is destabilizing to the Nogo-66 fold. Although the Nogo-
66 Glu26Ala free energy of transfer from water into lipid is similar to that of WT, NMR data
reveal a dramatic loss of tertiary structure for the mutant in DPC micelles. These data show that

Glu26 has a key role in defining the structure of Nogo-66 on a phosphocholine surface.
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Introduction

As discussed above, RTNs are involved in various functions. In ER, they are believed to
maintain the membrane curvature (Voeltz, Prinz et al. 2006). Previously, we found that Nogo-
66 was disordered in solution but folded into a structure that was 85% helical in the presence of
DMPC vesicles (Vasudevan, Schulz et al. 2010). Thus, the structure of Nogo-66 is driven by lipid
interactions. To develop a list of potential protein/lipid interactions that could contribute in
defining the protein fold, we mapped conserved positions onto the Nogo-66 structure. RTN
sequences include one position that is hyperconserved among all RHDs (Figure 3.1C red
highlight) and other groups that are conserved within the RTNs of higher vertebrates (e.g.,
Figure 3.1 C yellow, green highlight) (Oertle, Klinger et al. 2003). The positions of proposed
lipid-interacting groups conserved in higher vertebrates (Tyr3, Phel9, Phe56, Leu61) and the
hyperconserved Glu26 are depicted in the structure of Nogo-66 in (Figure 3.1 A-B). There are
other groups conserved in higher vertebrates that appear to participate in intra-molecular
helix-helix interactions (Argl-Asp/Glu32, Leu65) or modulate secondary structure (Gly16,
Pro18). These may play a role in folding the RHD-66 but do not appear to interact directly with

lipid based on our previous study of accessibility and NOE contacts to DPC.

Inspection of the Nogo-66/DPC structure reveals that the hyperconserved Glu26 side chain is
positioned at the base of a cavity and it is not involved in any interactions with charged
functional groups from the protein that could neutralize the carboxylate. A model of PC binding
in the Glu26 cavity shows that the choline group fits very well (Figure 3.2A). In fact, NOEs were
previously found between protein groups and the DPC headgroup (Figure 3.2B). Other

examples of PC-protein binding are shown in Figure 3.2 C-G. Since it appears plausible that the
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Glu26 cavity in Nogo-66 could similarly bind PC, we hypothesized that Glu26 could play a role in
the determining the protein structure; we tested this by mutation of Glu26 to Ala, a group

unable to bind choline through ionic interactions.
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Figure 3.1. Structure and homology of Nogo-66. A) Ribbon diagram of Nogo-66
showing the lipid-protein interface of Nogo-66 (PDB ID: 2K0O2); groups conserved
among higher vertebrate RHDs are highlighted (yellow: Y3, F19, F56; green: L61); a
negative charge is hyperconserved (E or D) among all RHDs at position 26 (red: E26).
B) surface representation of Nogo66 colored according to electrostatic potential;
facing the phosphocholine surface, E26 is visible at the base of a cavity (yellow circle)
with no protein counter ion nearby. C) Sequence Alignment of RHD-66 (extracellular
region) of selected higher vertebrates; conserved groups that contact lipid (featured
in A and B) are highlighted.

51



side view
B

NOE contacts between
Nogo-66 and DPC

|+ Helix 2
Helix1 ~N- S25
R1 s
12 4 Helix 5
Qs 1_ - Se4
o= L65

\
,(.)Z K66

[\

Figure 3.2: A) Model of a single DPC molecule docked into the Nogo-66 Glu26 cavity by
manually adjusting the position of DPC and cationic side chains. Helices 1-5 are numbered.
B) NOEs previously determined between protein and DPC guide placement of the DPC
phosphocholine in contact with helices 1 and 5 and in proximity to Glu26 (Vasudevan, Schulz
et al. 2010). Several other proteins are known to bind the choline cation of a phosphocholine
group via interaction with either a Glu or Asp carboxylate and/or aromatic p-cation bonding.
C) Human C-reactive protein (PDB ID: 1B09) binds a PC at the protein surface through ionic
interactions forming a salt bridge between choline and Glu81. D) The antibody MC/Pc603 Fab-
PC complex (PDB ID: 2MCP) binds the choline using aromatic ring p-cation interactions. E) The
enzyme PfPMT (PDB ID: 3UJC) produces PC as a product. In this case, the protein binds choline
using both p-cation and ionic interactions.
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Secondary structure and partitioning of E26A into the lipid phase

The structural features of Nogo-66 wild type (WT) have been described by circular
dichroism (CD) and NMR spectroscopies (Vasudevan, Schulz et al. 2010). These experiments
were performed in the aqueous phase where functional assays have shown Nogo-66 is active as
an axonal growth inhibitor, and in the presence of lipid or detergent. We mutated Glu26 to
alanine and compared CD spectra of this sample to Nogo-66 WT in both the aqueous phase and
in the presence of DMPC lipid vesicles. We assessed the secondary structure of E26A using CD
in Figure 3.3 A. The CD spectrum of Nogo-66 WT in water features little helical content (15%)
and a substantial contribution of random coil below 205 nm. In contrast, the CD spectrum of
the mutant E26A shows a canonical helical signature, estimated to be 38% helix (Figure 3.3 A
blue). Previously, we demonstrated that addition of lipid vesicles to Nogo-66 WT induces a
dramatic increase in helical content (to 85% helix) (Vasudevan, Schulz et al. 2010). We
performed a similar measurement for E26A but found a more modest increase in helical
content when lipid was added, E26A is estimated to be 64% helical in DMPC. Based on these
CD data, E26A is ~23% more helical in water but ~21% less structured in the presence of lipid
compared to WT; transfer of E26A into the lipid phase only increases the helical content by
~16%. Since the lipid bilayer is a liquid phase, the partition coefficient, Kx is the correct term to
compare the affinities of Nogo-66 WT and E26A with the lipid phase (White, Wimley et al.
1998). This can be calculated from a change in ellipticity (6, mdeg) if a peptide or protein shows
substantial folding in the presence of lipid. We measured CD spectra of WT and E26A with
increasing DMPC lipid concentration and normalized the change in ellipticity at 222 nm

between the two samples to determine the fraction of protein (f) partitioned into lipid. Figure
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3.3B shows the partitioning of E26A compared to WT. Notably, the two proteins transfer
favorably into the lipid phase with very similar partition coefficients (WT: Ky =1.8x105; E26A:
Kx = 1.2x105). The corresponding free energies of transfer are virtually identical: DG = -5.8

kcal/mol for WT and DG = -5.6 kcal/mol for E26A.
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Figure 3.3. Secondary structure and lipid partitioning of WT and E26A Nogo-66
determined by CD spectroscopy. A) Comparison of CD spectra of WT (red) and
E26A (blue) in an agueous environment (5 mM NaAcetate, pH 5.0, 25°C). An
increase in helical content (signal at 222nm) is visible in the mutant spectra, WT is
approximately 15% helical; E26A is calculated to be 38%. Addition of DMPC lipid
vesicles (100 nm diameter) to E26A resulted in a significant increase in helical
secondary structure (64%), but less than the increase seen for WT (85%)
(Vasudevan, Schulz et al. 2010). B) A plot of the fraction of protein in the lipid
phase (calculated as 1 - normalized g222nm) With increasing lipid concentrations.
The partition coefficient for E26A (K= 1.2 x 10°) is only slightly lower than that of
WT (K, = 1.8 x 10°).
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NMR characterization of E26A

We prepared a “°N-labeled sample of Nogo-66 E26A and collected >N-HSQC NMR
spectra as a measure of tertiary structure. Although CD data described above indicate that
E26A is more helical in an aqueous environment compared to WT, we found no long range
NOEs in NMR experiments performed on E26A in water (this is similar to the results of NMR
experiments on WT in an agueous environment (Vasudevan, Schulz et al. 2010)). In addition,
the protein amide groups of E26A exchange immediately with D,0, indicating a lack of stable
structure. Previously, WT Nogo-66 was found to be highly ordered in DPC, giving one set of
strong NMR signals with many long-range NOEs (Vasudevan, Schulz et al. 2010). In contrast,
the N-HSQC spectra of E26A in DPC is disordered with broad signals in the random coil region
(Figure 3.4). The protein in DPC appears to be molten and we find only a few NOEs in the E26A
NOESY spectrum. Although Nogo-66 WT samples remained soluble for weeks at low pH, the
E26A mutant is prone to aggregation under the same conditions. Comparison of NMR spectra
for WT and E26A show a dramatic change in structure; the mutant spectra reveal

conformational heterogeneity for this species.
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Figure 3.4: Tertiary structure of WT and E26A Nogo-66 in DPC assessed by NMR
spectroscopy. 800 MHz >N HSQC spectra of A) WT and B) E26A Nogo-66 in 200 mM DPC.

Nogo receptor binding

Functional assays have largely been performed on Nogo-66 in the aqueous phase. Although
Nogo-66 is disordered in water, it is active in blocking neuronal outgrowth. It is possible that
Nogo-66 folds into a helical bundle on the receptor surface with a conformation similar to that
of the lipid-bound state. Since E26A was found to stabilize a helical conformation for Nogo-66
(Figure 3.3 A), we chose to assess receptor binding for this mutant under conditions similar to
functional assays (aqueous phase). The use of phage display has proven a sensitive indicator of
Nogo-66 binding to the receptor(Chen, Huber et al. 2000). Nogo-66 and the NgR are not soluble
at the same pH; this presents a challenge for binding assays. We have determined that the NgR

is unfolded at the pH optimal for Nogo-66 solubility (pH 4) and Nogo-66 begins to precipitate
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above pH 5 where the receptor is stable. Phage display is a powerful technique in determining
binding of a large library of mutant proteins in a single measurement. Display of the protein
Nogo-66 on a phage particle offers another significant advantage: the phage particle is an
enormous solubility tag. Phage can be concentrated to a point where they form liquid crystals
and still remain soluble. Expression of Nogo-66 on the phage surface keeps Nogo-66 in solution
and monodisperse, allowing for robust binding assays.

Monotopic membrane proteins, like Nogo-66, can be displayed consistently using a
mutant helper phage, termed M13-KO7" or KO7", to package the phage. KO7" incorporates an
extra positively charged functionality into the phage coat, which can better mimic the
zwitterionic composition of phospholipid head groups (Vithayathil, Hooy et al. 2011). In the
experiments reported here, Nogo-66 is displayed as a fusion to the major coat protein, P8 on
the surface of KO7" packaged phage particles. A FLAG epitope fused to the N-terminus allows
estimation of relative levels of the displayed proteins.

After successful mutagenesis of the Nogo-66 WT phagemid to incorporate the E26A
point mutation, a phage-based ELISA confirmed the display of the Nogo-66 E26A variant. In this
assay, an anti-FLAG antibody was immobilized on a 96-well microtiter plate. Subsequent to the
wells being blocked with BSA, Nogo-66 E26A-displayed phage was incubated with the anti-FLAG
antibody. The wells were washed to remove any unbound phage. Anti-M13 antibody specific to
the phage was then incubated, and the relative levels of displayed Nogo-66 WT and E26A
variant were measured by HRP activity (Figure 3.6). Following confirmation of the successful
display of the Nogo-66 variant, the binding of the phage-displayed Nogo-66 E26A to NgR was

examined (Figure 2.6). In order to determine the relative binding affinity of the Nogo-66 variant
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from the absorbance levels, the display levels and binding levels were measured on the same
ELISA plate (Figure 3.5 and 3.6). Negative controls included binding to NgR by KO7* phage
without Nogo-66 displayed and binding of phage-displayed Nogo-66, wild-type and variant to
the blocking agent, BSA; as expected, the negative controls for the Nogo-66 variants displayed
essentially no binding (Figure 3.6).

As shown previously (Rossenu, Leyman et al. 2003), the ratio of the Nogo-66 binding
levels (A) to display levels (A°) has a linear correlation to the Ka for the interaction, provided the
concentration of the target protein (NgR) greatly exceeds the concentration of the displayed
protein. This is a reasonable assumption for a phage-displayed 7.5 kD protein. Thus, a
correlation likely exists between the apparent and actual K, of the NgR binding to Nogo66 wild-
type and the variant. The binding affinity as apparent K, of the Nogo-66 E26A relative to wild-
type is represented in Figure 3.5. The mutation of Glu26 to Ala resulted in a four-fold increase

in affinity to the receptor.
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Figure 3.5: Apparent Binding Affinity of Nogo-66 WT and E26A mutant to the Nogo receptor.
The apparent binding affinity is calculated as the apparent Ky of the ligand-receptor
interaction. The apparent K, is determined as the ratio of the binding levels of the protein
(Nogo-66 WT or E26A) with its target (NgR) (A) to the amount of displayed protein (Nogo-66
WT or E26A) on the phage surface (A% (Rossenu, Leyman et al. 2003). A single microtiter
plate was used to simultaneously measure display levels and binding levels of Nogo-66 WT
and E26A mutant. Each concentration was in triplicate and the average plotted. Standard
errors are shown. In the range where the apparent K, is linear, the mutant E26A shows a
binding affinity for NgR that is four-fold higher than that of WT.
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Figure 3.6: Nogo-66 E26A has a higher binding affinity to the Nogo receptor (NgR)
than WT (raw data). In this phage-based ELISA, HRP activity provides a measure of
the amount of phage-Nogo associated with NgR. Levels of displayed Nogo-66 were
assayed through immobilized anti-FLAG (a-Flag) antibody binding to a FLAG epitope
fused to the N-terminus of the phage-displayed protein. The negative controls for
this ELISA include Nogo-displayed phage binding to the blocking agent BSA, and the
helper phage KO7" binding to the Nogo receptor (NgR).

Discussion

Many proteins that act at the membrane interface would be expected to recognize and bind PC.
Interactions between positively charged Arg and Lys side chains and the phosphate or other
lipid anion have been studied in detail, most notably for antimicrobial peptides. However,

choline binding is has been less characterized. Protein crystal structures with good density
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describing the position of the PC reveal two major contributors to binding choline: aromatic p-
cation interactions and Glu or Asp carboxylate-choline ionic interactions. The first structure
showing a bound PC was an antibody determined by the Davies laboratory (Figure 3.2D, (Satow,
Cohen et al. 1986)). In that structure, three aromatic residues Trp107, Tyr33, Tyr100 form a
perfect pocket for the positively-charged choline group, highlighting p-cation binding. Human C-
reactive protein (CRP) levels are elevated in response to acute infection, and it binds to PC on
the surface of dead cells to initiate clearance. From the crystal structure of CRP, it is clear that
the positively charged choline moiety of PC is in contact with the negatively charged Glu81 side
chain, whereas the phosphate group interacts with protein-bound calcium (Figure 2.2C,
(Thompson, Pepys et al. 1999)). Another example of PC binding is seen in the structure of
phosphoethanolaminemethyltransferase from Plasmodium falciparum (PfPMT). In this case, a
mixed p and anion pair: Tyr160 and Asp128, interact with choline to stabilize the PC enzyme
product. (Figure 3.2E, (Lee, Kim et al. 2012)).

Although we previously performed NMR experiments of Nogo-66 in DPC, the NMR
structure calculation relied only on NOE distance constraints between protein groups; no
distance constraints to DPC molecules were included and the structure calculation was
performed on the protein molecule alone (without lipid) (Vasudevan, Schulz et al. 2010).
Notably, the NOE constraints limited to protein-protein contacts created a cavity near Glu26
that can accommodate exactly one PC molecule in the Nogo-66 structure. Tyr22 is one helical
turn from Glu26 and is positioned to p-cation bond with choline in Nogo-66 providing additional
stabilization in PC docking; however, this Tyr is not conserved in all RHDs.

The results presented here show that structural influence of Glu26 depends on the
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environment of the protein — when either dissolved in an aqueous solvent or partially
embedded at a PC surface. A summary of the structural features present under each condition
is shown in Figure 3.7. Both WT and E26A Nogo-66 have similar partition coefficients (Kx) of
transfer from water into the lipid phase, but dramatically different structures on a PC surface.
WT folds into a single conformer in DPC but E26A, unable to form a stable salt bridge to choline,
is disordered and less helical. The similarity in transfer energy between WT and mutant when
partitioning into lipid could be accounted for by compensating effects; an energetically
favorable increase in entropy of disordered E26A in DPC could compensate for the
destabilization resulting from a lost salt bridge between Glu and the lipid headgroup.

In an aqueous environment, Nogo-66 WT is active in functional assays but maintains a
very disordered structure. In contrast, mutation of the buried Glu26 charge to Ala stabilizes
helical conformations and increases helical content by ~23% in E26A. Moreover, Nogo-66 E26A
has a much higher affinity for the receptor than WT in an aqueous environment; this effect is
most likely a consequence of stabilized secondary structure in the lipid-free state. Although a
complete structure of the complex between NgR, Nogo-66 and lipid has not been determined,
these studies provide insight into the state of Nogo-66 when binding the receptor. We observe
that the interaction of Glu26 with lipid stabilizes the WT protein fold. In contrast, when lipid is
absent Glu26 destabilizes both the helical fold and receptor binding. The region 31-55 is known
to contain residues sufficient for Nogo-66 function; Glu26 is positioned on the opposite protein
face compared to the functional groups. The ability of a position within the interior of a
compact helical bundle (Glu26) to affect receptor binding when it is not among the residues

expected to make up the binding interface suggests a model where Nogo-66 folds on the

63



receptor into a structure similar to that induced by lipid.

The RHD-66 domain is flanked by two membrane-embedded helices that are believed to
induce curvature of the ER membrane. These structures would be expected to stabilize the
RHD-66 structure, both in anchoring the protein to the membrane and in extending the N- and
C-terminal helices. It is also expected that the RHD-66 would be more stable in a natural
membrane than in DPC micelles. Compared to planar bilayers, micelles are highly curved and
much more dynamic. It is possible that the loss in structure seen in the lipid-associated state
for the E26A mutant is not as pronounced in the context of the full-length protein and natural
cell membranes. Nevertheless, a system that is on the cusp of stability is actually very useful in
understanding protein folding. Proteins that are extremely stable will often not show a
measurable effect from a single mutation; this can make it difficult to determine the relative
contributions of individual amino acids to the overall protein stability. In deconstructing the
RHD, we have found that Nogo-66 is an excellent model for testing the forces that drive protein
folding at a lipid interface as well as providing specific detail on the RHD-66 fold. The structure
of Nogo-66 in DPC is entirely consistent with functional assays and these studies show that
Nogo-66 is an autonomous folding unit that uses a negative charge at position 26 to anchor the
protein to the membrane surface. Nearby aromatic rings can also anchor Nogo-66 in the
membrane and contribute to the lipid-induced fold. In addition, there are several other
Glu/Asp side chains conserved in higher vertebrates that could interact with choline and drive
docking into the membrane leaflet. Studies are ongoing to extend the structure of Nogo-66

with the flanking membrane embedded regions and define a complete RHD structure.
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Figure 2.7. Summary of the effect of Glu26 mutation in Nogo-66. Although both proteins
are strongly associated with lipid, E26A is more disordered than WT. In contrast, E26A is
more helical in the aqueous phase than WT and binds the receptor with higher affinity.
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Chapter 4

JSRV envelope protein cytoplasmic tail and transmembrane domain
structure determination
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Abstract

Jaagsiekte sheep retrovirus (JSRV) is the etiologic agent of a transmissible lung cancer in sheep,
ovine pulmonary adenocarcinoma (OPA). OPA resembles bronchiole-alveolar carcinoma in
humans, and it is an excellent animal model for this disease. A unique feature of JSRV is that
the viral envelope (Env) protein also functions as an oncogene, in that the expression of the
JSRV Env protein causes morphological transformation of fibroblast and epithelial cell lines, and
vectored Env expression induces epithelial tumors in several animals. Previous studies showed
that the region containing the short 46 amino acid C-terminal cytoplasmic tail (CT) of JSRV Env
is essential for the ability of JSRV to transform cells. Residues in the cytoplasmic tail include a
tyrosine (Y590), which is present in a consensus motif YXXM, which could potentially bind the
regulatory subunit of phosphatidyl inositol 3-kinase (PI3K) if the Y590 is phosphorylated.
Alanine scanning mutagenesis on the JSRV transmembrane (TM) and CT has been conducted.
Mutation of some residues abolished Env transformation potential, while mutation of other
residues had no effect or partial effects. To further understand the mechanism of JSRV
transformation, structure-function analysis of the TM cytoplasm tail (CT) is important. We have
determined the structure of the JSRV CT using NMR spectroscopy. This data allows us to
interpret the alanine scanning mutagenesis, and allows better understanding of previous
studies. Interestingly, using both CD and NMR, we find that the CT is only structured in the
presence of a phosphocholine surface. The results validated some aspects of the predicted

structure, and they also provided a basis for evaluating models of transformation.
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Introduction:

Historically, retroviruses have been known to cause cancer. Retroviruses consist of RNA
surrounded by capsid (lipid envelope). They are classified into simple or complex retroviruses
according to their genome. The oncogenic properties of retroviruses is either acute which
induce tumors rapidly, or non-acute that induce tumors slowly (Hofacre and Fan 2010).

Jaagsiekte sheep retrovirus (JSRV) is a simple betaretrovirus with (acute) transforming
ability of peripheral lung epithelial cells inducing Ovine pulmonary adenocarcinoma (OPA) in
sheep. Ovine pulmonary adenocarcinoma is considered one of the most common transmissible
lung tumors in sheep. Based on some studies, 80% of the flock can be lost after first virus
exposure and the economic impact on the agriculture is high. To date, ovine pulmonary
adenocarcinoma occurs in sheep farming worldwide. Because of the resemblance between the
OPA and bronchiole-alveolar carcinoma in humans (BAC), resulting from smoking, OPA offers an
excellent model for the study of the human lung tumor (Hofacre and Fan 2010).

JSRV encodes Gag, Pro, Pol, and Env proteins. The Env protein is enough to induce
morphological transformation in epithelial cells. Active form of JSRV Env is composed of surface
unit (SU) N-terminal and transmembrane unit (TM) C-terminal, spans the viral envelope (Figure
4.1). Disulfide bonds connect these two units. The surface unit is responsible for binding to the
host cell receptor while the transmembrane unit plays a role in infection, mainly by the 46
amino acid cytoplasmic tail (Figure 4.2). The cytoplasmic tail contains a motif YXXM (Y590),
which is considered a potential binding site to PI3K/p85 regulatory subunit, if phosphorylated.
Alanine scanning mutagenesis studies showed that mutation at specific sites abolished the Env

transformation ability, while others show no or partially no effect. In addition, four sites
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potentiate the transformation more than wild type (Hull and Fan 2006).

Structural studies of transmembrane cytoplasmic tail (CT) of JSRV would further our

understanding about its mechanism of action.

Pro Orf-X Env
A Gag r
—— 5] 1|

Pol LTR

SP SU ™ CT
¢ > 4—’.4—"
B —F | . .

MSR

Figure 4.1: (A) JSRV Genome contains only essential gene gag, pol, orf and env.
(B) Env structure: SU, Surface unit, MSR, Membrane spanning region (i) TM,
Transmembrane (ii) CT, cytoplasmic tail(Liu and Miller 2007).

JSRV Env

Figure 4.2: Downstream effect of
JSRV. Depending on the cell line,
Three different pathways have
showed to be activated (i) Hyal2-RON
pathway, (ii) PI3K pathway, (iii) Ras
pathway(Hofacre and Fan 2010).
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Hydrophilic Hydrophobic

Helical Wheel

Figure 4.3: portion of CT-JSRV Helical Wheel Plot.

18 residues plotted on a helical wheel. Those residues
can potentially form an amphipathic helix and interact
with the lipid(Hull and Fan 2006).

Understanding how CT-JSRV presents groups to the cytoplasm of the host cell:

The cytoplasmic tail of JSRV env protein is a key for transformation (Palmarini, Maeda et
al. 2001). The CT-JSRV encompasses 46 amino acids. The first 18 amino acids (570-587) form an
amphipathic helix with two sides after plotted as a helical wheel (Figure 4.3) (Hull and Fan
2006). According to the predicted model, one side is associated with the membrane while the
other extends into the cytoplasm (Figure 4.4). The C-terminal (607-615) is nonessential. The
YXXM motif (588-606), within CT domain, was believed to be responsible for its mode of action
upon the phosphorylation of tyrosine (Y590). However, according to a mutational analysis study
conducted in Dr. Fan’s laboratory, the function of this motif may not be related to kinase

phosphorylation activity (Figure 4.5) (Hull and Fan 2006). A large range of amino acids within
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the cytoplasmic tail of JSRV env protein are implicated in transformation and there is no
evidence of phosphorylation of Y590 at this time. Thus, studying the CT-JSRV in the structural
setting would help to elaborate the mechanism of transformation by allowing us to define
which groups are accessible to cellular proteins.

A previous graduate student in the Cocco laboratory, Jessica Schulz, characterized the
CT-JSRV. First, ©>N-labeled peptide was synthesized to incorporate specific labels. Then, a series
of 2D and 3D NMR data was acquired for the sample in phosphate buffer at pH 7. The NMR *°N
HSQC spectrum of CT protein in aqueous solution was not dispersed, indicating the protein was
not correctly folded (Figure 4.6). This was in agreement with circular dichroism (CD) data
(Figure 4.7). It has been suggested that proteins with amphipathic helix would become more
folded in a hydrophobic environment. Next, dodecylphosphocholine (DPC) micelles were added
to the protein and CD spectra recollected (Figure 4.7). Significant changes in the CD spectra
indicates that the protein became more structured with DPC. An NMR experiment confirms the
result where the spectrum shows more dispersed peaks compare to the ones in aqueous

solution (Figure 4.7).

/

Figure 4.4: Model of JSRV Env

protein when interacting with host

cell membrane (i) membrane

spanning region (ii) cytoplasmic tail

(iii) YXXM motif (iv) non structure

C-terminal (Hull, S. and H. Fan
i (2006)
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Figure 4.5 : Mutagenesis studies test transformation efficiencies of
cytoplasmic tail mutants. Alanine mutations at each of the residues in the
cytoplasmic tail (CT) were compared to that of wild-type JSRV Env(Hull
and Fan 2006).
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Figure 4.6: CT-JSRV >N HSQC: (Red) CT-JSRV in aqueous solution (Blue) CT in
presence of DPC. The peaks in red are clustered in small region, the lines
width are wider. However, peaks with DPC are sharper and dispersed(Schulz
2009)
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Figure 4.7: CT-JSRV Circular Dichroism. (Blue) CT-
JSRV in aqueous solution (Red) CT in presence of
DPC (Black) CT with lipid, DMPC(Schulz 2009).

After confirmation of the presence of helical secondary structure, and that the protein is
in a folded state, we performed other experiments on a Varian 800 Mhz NMR spectrometer to
help the sequential assingment of the backbone and side chains, and to get distance constraints
from NOEs. These include HSQC, NOESY, TOCSY, and COSY. Data was collected on samples in
90% H,0 and 10% D,0O. nmrDraw, a graphical interface for NMRPipe, was used for processing
the data and Ccpnmr Analysis 2.1 software for assignemt, visualizating the spectra, and creating
constraits list (Delaglio, Grzesiek et al. 1995, Vranken, Boucher et al. 2005). Almost 50% of
cytoplamic tail was composed of only five amino acids (Arg, Asp, Leu, Lys, Met). Thus, assigning

all peaks is quite difficult due to the overlap and ambiugity. To overcome this problem, three

73



different approaches were proposed: (i) producing a *>N- and **C-labelled sample, (ii) producing
a selectively labelled synthetic sample, by which we can choose which residues would be
labelled, and (iii) collecting the spectra at different temperatures where the peaks will shift
and/or resolve issues with ambiguity. Because the JSRV CT does not express well, the option (i)
13C_labelled sample was not prepared. The selectively labelled sample assisted in unambigous
assignment (Figure 4.8). Moreover, the spectra at different tempretures helped identify

overlaping residues (Figure 4.9).

575 580 585 590
RGMVRDFLKMRVEMLHMKY

595 600 605
RNMLQHQHLMELLKNKERG

Figure 4.8: CT-JSRV sequences: Residues in red indicate the selectively
>N-labeled residues.
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Figure 4.9: N HSQC and >N NOESY-HSQC: A) overlaid HSQC spectra of full length cytoplasmic
tail (pink) and selectively labeled residues (green) B) overlaid NOESY-HSQC spectra at two
different temperature 30°C (blue) and 40°C (red)
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Assigments:

Assigning the peaks in NMR spectra is essential for studying protein structure and
function. To link the backbone residues through sequential (i, i+1) NOEs, we started by looking
for amide proton (HN) backbone sequential connectivities using 20°C and 40°C NOESY

experiments. Based on the previous CD data, we looked for helical NOE signtures. Canonical

alpha-helical connections are defined by NH-NH (i, i+1) and NH-C“H(i, i+4). These were found

between 575-578 and 599-603 ( Figure 4.10 A). Leucine and valine side chains present similar
spin system patterns and can be difficult to distinguish. Assigning their side chains in NOESY
spectra is a challenge. Thus, we used a specifically >N labeled sample to assign four leucines
and two valines. This step was done by correlating the *H HSQC chemical shift of the residue
with a peak at the same H chemical shift on the NOESY experiment. Also we used the TOCSY

experiment to help assign through-bond interaction. We overlaid the NOESY and TOCSY spectra

to determine the interaction between alpha carbon protons C*H and amid protons NH to help

assign the neighboring amino acid (Figure 4.10 B). Then, we generated a list of NOEs for
assigned residues and used NIH-Xplor software to generate set of structures by simulated
annealing script (Schwieters, Kuszewski et al. 2003). The simulated annealing script heats up the
protein until 3500°C and cools it down in 25 steps. The preliminary generated structures were
not in a correct 3-D conformation (Figure 4.11). This was because not all residues were

assigned, or because few numbers of constraints per residues.
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Figure 4.10 : A) NOESY backbone walk for residues V575- H587 and L599-L603 B)
Part of the NOESY and TOCSY spectra of CT-JSRV. The NOESY is shown in Blue
with the TOCSY overlaid in orange (M. Cocco, unpublished). This area of the
spectra describes where the HN and C°H protons resonate. By using a
combination of these connectivities one can assign adjacent amino acids as
shown in the above spectra.
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Figure 4.11 : preliminary structure of JSRV cytoplasmic tail
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While we were trying to assign more residues and optimize the NIH-Xplor run, recent
mutations studies in MSR of TM of env JSRV protein have shown great transformation efficiency
by CT. However, replacing exTM with enTM doses not show any effect. To confirm whether CT
alone is responsible for transformation, we decided to solve the structure in the presence of
MSR. Then, we will compare any conformational changes and find how TM could participate in
the transformation process (Hull and Fan unpublished).

Solving the structure of TM JSRV:

The constructs for expressing JSRV were provided by the laboratory of Professor Henry Fan
(Figure 4.12). First, we tried to grow CT-JSRV alone. In order to produce isotopic *°N labeled
protein, we over expressed the optimized CT pTE15b vector in Escherichia coli BL21 (pLysS) in
minimal media. Then, the protein was purified and eluted in 8M urea. The concentration was
measured by UV spectrophotometry and the size was confirmed by mass spectrometry MALDI-

TOF (Figure 4.13)

MGSSHHHHHHSSGLVPRGSHMVRGMVRDFLKMRVEMLHMKYRNMLOHQHLMELLKNKERGDAGDDP
6His-tag CcT

Optimized CT in pET15b vector

MGSSHHHHHHSSGLVPRGSHMKTLIGVGILVFIIIVVILIFPCLVRGMVRDFLKMRVEMLEMKYRNMLOHQOHLMELLKNKERGDAGDDP
6His-tag ™ CcT

Optimized TM+CT in pET15b vector

Figure 4.12: Optimized JSRV in pET15b vector
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To get rid of the urea, we dialyzed the protein against water for 24 hours at pH 7.5. The UV-
scan showed light scattering, indicating that the protein was aggregated. We tried using a 0.45
um syringe filter to trap the aggregation (Figure 4.14). Then, we tried different dialysis
conditions summarized in (Table 4.1). Unfortunately, all conditions resulted in precipitation and

aggregation of the protein.

Condition pH 7.5 pH 6 pH 5 pH 4 Results
Water X X X X Precipitation
5 mM Na.Phos X Precipitation
5 mM Tris X Precipitation

Table 4.1 : Dialysis conditions for CT-JSRV ( X, tested condition).

The optimized CT pTE15b is a hexahistidine tagged construct. Woestenenk et al. tested the
effect of His tag on the solubility of purified proteins. They found that His tag has a negative
impact on protein solubility (Woestenenk, Hammarstrom et al. 2004). Based on these results,
we needed to counteract the negative effect the His tag. One approach is to cut the His tag off.

For CT-JSRV and MT-JSRV full parameters see (Appendix B).

Improving the solubility will help to prepare the CD and NMR sample to characterize and solve
the structure of recombinant CT alone and in presence of TM. To do so, we will run a series of
2D and 3D NMR experiments, including NOESY with TOCSY and COSY to assign the spin system
by following specific pattern for each amino acid and assign all peaks. Once these assignments
are completed, NOE distance constraints list will be generated. Then, we will apply it to the
structure calculation software (NIH-Xplor) to generate set number of structures, with low
energy, fewer violations, and low RMSD. Later, we will move to the next step and start the

refinement. In this step, the NOE constraints list will be used along with the finest structure
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from the previous step. Then again, pick the structure with low energy, none or fewer

violations, and low RMSD.
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Figure 4.13: N CT-JSRV molecular weight is 7661.8 Da. (A) Mass
spectrometry  (MALDI-TOF) shows CT-JSRV corresponding molecular
weight (B) UV-spectrophotometry scan for purified CT-JSRV, in 8M urea.
Ext. coefficient 1490 M cm™
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Figure 4.14: UV-spectrophotometry scan (i and ii) before and after
dialysis against water, pH 7.5. (iii) UV scan after syringe filtration,

sample was trapped in the filter.
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HADDOCK

We have used the HADDOCK server, Expert interface for the docking studies (de Vries,
van Dijk et al. 2010). HADDOCK is a server created for the more experienced user. One of the

foremost differences between the HADDOCK software as compared to less advanced options is

The HADDOCK Server

PDB Files NgR / Nogo-66 Restrains Files (H-bonds)
Parameter Definition @WebPortal

Topology/parameters Generation

¥

1) 1000 rigid body docking (It0) 2) 200 semi-flexible
docking(ltl) 3) 200 water refinement

-

Analysis

o

Select Best Cluster

Figure 4.1: HADDOCK protocol (High Ambiguity Driven DOCKing) is an experimental-
driven docking approach for bimolecular complexes. It uses information from
identified/predicted protein interfaces in ambiguous interaction restraints (AIRs) to
drive the docking process. This flowchart illustrates HADDOCK protocol used in this
study.
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that HADDOCK can handle a major class of modeling issues such as protein-protein, protein-
nucleic acid, and protein-ligand compounds. HADDOCK software also provides a path for the
user to upload a hydrogen bond, create and identify a custom distance, and lastly recognize
dihedral angle restraint files. Utilizing this type of docking system permits the user to perform a
variety of tasks. The user is able to choose the number of structures/complexes to be
calculated, while also allowing the user to define and delineate the flexible segments and
protonation states within the various histidine proteins. The HADDOCK web server supports
the established guidelines set forth by the HADDOCK program thus allowing for the same
docking mechanisms to be completed with improved efficiency and ease as compared to using
the HADDOCK on a local machine. (de Vries, van Dijk et al. 2010).

Before starting the docking studies, PDB files of the crystal structure of NgR (ID 10ZN)
and the NMR solution structure of Nogo-66 (ID 2KO2) were uploaded into the sever (first
molecule, second molecule). We used hydrogen bonds as restraint to guide the docking
process. H-bonds restraint syntax file for Nogo-66 and all images were created by UCSF Chimera
software (Appendix B.5) (Pettersen, Goddard et al. 2004). In Nogo-66, residues Arg53, Arg54,
Ser38, Asn39, Ser40 were selected as active residues. In NgR, residues Asp 111, Asp 114, Asp
163 were selected as active residues (Schimmele and Pluckthun 2005). Passive re